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Diabetes sensory polyneuropathy (DSPN) is a significant complication of diabetes affecting up to 50% of patients in their lifetime and approximately 20% of patients suffer from painful diabetes neuropathic pain. DSPN – both painless and painful - leads to considerable morbidity including reduction of quality of life, increased lower limb amputations and is associated with worsening mortality. Significant progress has been made in the understanding of pathogenesis of DSPN and the last decade has seen newer techniques aimed at its earlier diagnosis. The management of painful DSPN remains a challenge despite advances made in the unravelling the pathogenesis of pain and its transmission. This article discusses the heterogenous clinical presentation of DSPN and the need to exclude key differential diagnoses. Furthermore, it reviews in detail the current diagnostic techniques involving both large and small neural fibres, their limitations and advantages and current place in the diagnosis of DSPN. Finally, the management of DSPN including newer pharmacotherapies are also discussed.
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1 Introduction

The term diabetes sensorimotor polyneuropathy (DSPN) refers to a heterogeneous group of neurological disorders – either clinically evident or subclinical – that occur in the setting of diabetes mellitus and cannot be attributed to other aetiologies of peripheral neuropathy (1). It is by far the he commonest form of diabetes polyneuropathy (DPN) (Table 1) affecting up to 50% of people with diabetes, while its yearly incidence amounts to approximately 2% (3, 4). DSPN is defined as a symmetrical, length-dependent polyneuropathy attributable to not only chronic hyperglycaemia-mediated microvascular alterations but also contributed by other cardiovascular factors including dyslipidaemia, hypertension and smoking (1).


Table 1 | Classification of diabetes neuropathy [adapted from Pop-Busui et al. (2)].



The classification of DSPN varies and is based on a number of factors including presence or absence of painful symptoms, pattern of neural involvement and the setting of its evaluation – clinical or research. Chronic painful DSPN is found in up to 25% of subjects with diabetes and is defined as persistent or recurrent pain lasting 3 months and caused by a lesion or disease of the somatosensory system due to diabetes and after exclusion of other causes (5, 6). (Table 2) The position statement by American Diabetes association (ADA) proposed a clinical classification of DSPN into either primarily large and small fibre or mixed based on the type of neural fibres involved (2). This differentiation will be more elaborately discussed later.


Table 2 | Common non-diabetes neuropathies that need to be excluded whilst diagnosing DSPN.



A practical definition of DSPN in the clinical setting is the presence of neuropathic symptoms as reported by the patient and/or signs of peripheral nerve dysfunction in diabetes subjects after exclusion of other causes. Historically – in busy diabetes clinics – the presence of abnormal ankle reflex, abnormal 128 Hz tuning fork sensation or insensitivity to 10-gm Semmes-Weinstein monofilament (SWMF) was considered to be valid evidences to diagnose DPN. More accurate assessments like nerve conduction studies were time consuming and resource-specific and hence reserved for atypical presentation including truncal radiculopathy, entrapment neuropathy and amyotrophy (7, 8). Whist these methods were undoubtedly useful in assessing risk of patients of foot ulceration, they are limited in their capabilities to assess mostly Aα and Aβ nerve myelinated fibres (Figure 1) which serve touch, proprioception, position sense, vibration and muscle control. Consequently, they are affected later in the natural history of diabetes (10). There is now a large body of evolving evidence that small neural fibres (thinly myelinated Aδ and unmyelinated C fibres) are affected early in the natural history of DSPN and precedes large fibre involvement (11). Hence the specific assessment of this group offers hope for earlier diagnosis of DSPN which can lead to quicker adoption of disease modifying strategies such as life style modification, glycaemic, blood pressure and lipid control or novel therapeutics to prevent onset and progression of worsening neuropathy (9).




Figure 1 | Types of neural fibres [adapted from Sharma S et al. (9)].






2 Clinical presentation of DSPN

The commonest clinical presentation of DSPN is a distal symmetrical type of progressive sensorimotor polyneuropathy which is length dependent i.e., the lower limbs are affected earlier than upper extremities and with progression of the condition, there is distal to proximal axonal degeneration; hence many patients present with the typical “stocking and glove” distribution of symptoms (2). Up to 50% of subjects remain asymptomatic and hence the need for at least annual review of their feet sensations to prevent ulceration. Symptoms at presentation can be either “negative” (loss of sensations including touch, vibration, position or deficits including ataxia) or “positive” (pain, paraesthesia, allodynia). Not uncommonly patients report the subjective symptoms of “numbness” which could indicate either of the above group of symptoms and it is up to the clinicians to make this differentiation to enable treatment (12). It is important to note that autonomic dysfunction is common in patients with DSPN but is largely undetected unless heralded by symptoms as mentioned in Table 1 (2).

Common determinants for progression of DSPN include patient characteristics (advancing age, height and obesity), clinical parameters (presence of hypertension and uncontrolled dyslipidaemia) and adverse glycaemic matrices (poor glycaemic control, longer duration of diabetes, beta cell insufficiency) (1, 3, 13). Whilst it is beyond the scope of this article to examine each of these determinants individually, research into early diabetes neuropathy using methods of small fibre function have shown that the impact of glycaemic control in the progression of microangiopathy is much more important in type 1 diabetes whilst in type 2 diabetes, the impact is more multifactorial (14, 15).




3 Assessment of DSPN



3.1 Bedside foot screening

The traditional and still mostly prevalent screening tool assessment of diabetes feet in busy clinical environments remains the use of a 10gm-SWMF or 128-Hz tuning form (detects large fibres) and pin-prick sensation (detects small fibres) (2). It must be highlighted that these bedside techniques are useful for assessing diabetes feet at risk of future ulceration and are not sensitive for early detection of DSPN (16). More recently, the Ipswich Touch test has been shown to be an equally sensitive method for evaluating at-risk feet with a strong concordance with the 10-gm monofilament (17, 18).

The diagnosis of painful DSPN is based on presence of painful neuropathic symptoms and a clinical diagnosis of DSPN after exclusion of other neuropathies as shown in Table 2.




3.2 Use of Scored clinical assessments

Over the years, many scored clinical assessments have been proposed as standardized objective and quantitative measures for screening and grading of severity of DSPN. Their utility is particularly useful for epidemiological studies looking at prevalence of DSPN in larger populations. Of these, the Michigan Neuropathy Screening Instrument (MNSI) (2, 19), Toronto Clinical Neuropathy Score (20), modified Toronto Neuropathy Score (21), Neuropathy Disability Score (16), Neurological Disability Score (22), Neuropathy Symptom Score (22) and Utah Early Neuropathy (23) are commonly used. It is beyond the scope of this article to examine each score individually but their usage is limited by the time required in busy clinical settings. Recently, machine-learning severity prediction tools based on the MNSI have been proposed to save time (24).

For painful DSPN, useful scoring tools include the Neuropathy Total Symptom Score-6 (25), DN4 (26), PainDETECT (27) and Neuropathic Pain Symptom Inventory (28).




3.3 Rapid point-of care devices

In order to overcome the shortcomings of screening tools and to reduce the time taken by scoring systems in clinical practice, a number of point-of-care devices have evolved in the past few years which have the ability to reduce bias and provide more accurate results. The Vibratip™ for objective assessment of vibration sense is one such device (29). Another device is DPNCheck™ which a hand-held device providing sural nerve conduction velocity and amplitude in under five minutes correlates well with Neuropathy Disability score (30, 31). Similarly the SUDOSCAN™ is another well-established device which by assessing electrochemical skin conductance as a measure sudomotor function has been shown to show early small fibre changes (autonomic system) in patients at risk of DSPN (32, 33).




3.4 Large fibre methodologies

	i) The neurothesiometer is a battery-operated device that provides mechanical vibration with a fixed frequency of approximately 100 Hz while the vibration amplitude is controlled manually using a rotatory control knob. The knob is used to adjust the voltage applied and ranges from 0 to 50 V (0-250 µm in amplitude). The operator applies the handheld probe to the pulp of the great toe and the vibration stimulus gradually increased, until the subject feels the vibration sensation. The voltage displayed on the neurothesiometer is the measured vibration perception threshold (VPT). It has been shown to more consistent than vibration sense and hence reflective of peripheral nerve function; hence it is commonly used in clinical research trials (34). The major drawback of such a device is its manual observer-dependent operability and its limited vibration intensity (35, 36).

	ii) Nerve conduction studies (NCS) measure properties of transmission of electrical current along nerve and muscle fibre membranes. The nerves tested in diabetes for DSPN include both lower and upper limb peripheral nerves which include motor and sensory nerve. The first NCS abnormality observed in DSPN is a reduction of sural nerve amplitude and as the condition progresses, the distal sensory latency increases and finally there is reduction of conduction velocity (37).

	One of the major criticisms of NCS in DSPN is that only large fibre activity is measured which is known to be affected in later stages (9). Furthermore, the normative ranges for NCS parameters overlap with abnormal values in DSPN limiting the sensitivity and accuracy of testing. Also, NCS must be corrected for anthropomorphic factors such as gender and body mass index to improve their accuracy (38). Despite these concerns, NCS remains an important objective measure of neuropathy and is still used to differentiate DSPN from other atypical aetiologies.

	iii) Electromyography in DSPN is supplementary and exploratory to NCS above. It is of value when there are atypical presentations like radiculopathy, pure motor myopathy or inflammatory myopathy. Percutaneous needle insertion into muscles in required; a procedure that can be uncomfortable and hence not well suited for serial studies (37).






3.5 Small fibre methodologies

Small fibre neuropathy (SFN) is a sub-type of peripheral neuropathy affecting the thinly myelinated Aδ or the non-myelinated C fibres (Figure 1). These fibres constitute 79.6% to 91.4% (39, 40), of peripheral nerve fibres and mediate several key functions including temperature and pain perception, sweating, and tissue blood flow - all of which, when impaired are pathophysiologically related to adverse outcomes associated with foot ulcerations in people with diabetes

Small fibre methods can be broadly classified into methods for assessing small fibre function and small fibre structure. Table 3 provides a summary of methods currently available.


Table 3 | Overview of the current methodologies for testing small fibres in DSPN [adapted from Sharma S et al. (9)].






Figure 2 | The laser doppler imager (LDIflare) is a non-invasive technique of measuring C fibre-mediated cutaneous vasodilatation in the foot skin in response to thermal heating. The heating is done by a 1cm2 probe and the area of induced hyperaemia measured by a 610nm laser probe. The scan image on left is a 11cm2 flare area in a healthy control while on the right is 1.1cm2 flare in a subject with small fibre neuropathy.






3.6 Tests for autonomic neuropathy

Autonomic dysfunction is common in up to 50% of subjects with DSPN but remains either asymptomatic or undiagnosed. The presenting features include impairment of cardiovascular, gastrointestinal, urogenital, thermoregulatory, sudomotor, and pupillomotor function. The accurate diagnosis of the autonomic neuropathies has been enhanced by the availability of physiological tests that measure autonomic function, and more recently, structural studies of the autonomic cutaneous innervation (57). Presence of cardiovascular autonomic neuropathy (CAN) in the presence of DSPN is an independent risk factor increased mortality and morbidity (58). The Composite Autonomic Symptom Score (COMPASS) 31 score is a validated, easy-to-use, quantitative assessment tool for autonomic symptoms in diabetic neuropathy, with a fair diagnostic accuracy for both cardiovascular autonomic neuropathy and diabetic polyneuropathy (59). A detailed description for autonomic neuropathy tests is beyond the scope of this article where the focus in mainly on DSPN.




3.7 Newer research methodologies

Both the brain and the spinal cord have been implicated in the genesis of painful DSPN and broadly involves a shift towards excitation and reduced inhibition of transmission of pain signals (60). The brain network involved in such chronic pain states is partially distinct from those involved in acute pain. Magnetic resonance spectroscopy has been used to determine the neuronal function in the thalamus and primary somatosensory cortex in patients with and without painful DSPN. Early results have shown thalamic neuronal dysfunction was found in only advanced painless DSPN but preserved in both subclinical and painful DSPN. These methods show promise in improving our understanding of painful DSPN and might have a role in future targeted pharmacotherapy (61).





4 The conflicting evidences supporting early use of small fibre methodologies for diagnosis of DSPN

The pillars of diabetes management include early diagnosis of complications and steps to prevent their worsening. For other microangiopathic complications, advances have been made for their early detection e.g., retinal screening for diabetes retinopathy and urinary microalbuminuria for diabetes nephropathy (62). Yet in contrast, The current ADA position statement on DPN endorses the following: “Assessment for distal symmetric polyneuropathy should include a careful history and assessment of either temperature or pinprick sensation (small-fibre function) and vibration sensation using a 128-Hz tuning fork (for large-fibre function). All patients should have annual 10-g monofilament testing to identify feet at risk for ulceration and amputation” (2, 4). It should be emphasized that the ADA’s position is to “identify feet at risk for ulceration and amputation” rather than early diagnosis of neuropathy; in essence the major focus of this guidance is the prevention of disabling diabetes lower limb complications.

A comprehensive review of various methodologies for the assessment of DSPN has been done but it is to be noted that none of them, except the screening bedside tools have found their way to any established guidance for detection of DPN. There are many reasons for this: firstly, the evidences available are mostly cross-sectional and only 6 studies have been performed longitudinally – the longest being at 5 years (63). Secondly, the lack of globally agreed-upon normative data for these tests make them less practical for routine use. So far, only confocal microscopy (CCM) and intra-epidermal nerve fibre density (IEFND) have acceptable normative values (64, 65). Thirdly, age-related decline in neural function and structure is well recognised. Hence normative data should also be age-linked and only the LDIFLARE technique has shown such age-linked reduction of small fibre function (43).

Furthermore, it well known that with duration of diabetes, there is progression of other microangiopathic complications including diabetes kidney disease and it is well known that progressive uraemia affects neural health (66). Hence normative values should also be linked to renal health i.e. linked to measures of creatinine and eGFR. Finally, the methodologies of various techniques are still not uniform with various centers using their own adaptions to improve performance. Hence in view of considerable heterogeneity involved with various techniques, it is unlikely that they will appear in guidelines soon unless a much-needed consensus is agreed upon by investigators and equally importantly accepted by legislators.




5 Management of DSPN

The pillars of management of DSPN can be categorized as follows;



5.1 Reduction of risk factors contributing to progression of DSPN

Adoption of healthy lifestyle measures and weight loss remain the cornerstone of non-pharmacological management of DSPN. Whilst there are epidemiological studies which have shown the prevalence of less neuropathic symptoms in type 2 diabetes subjects with lower body weight (67). Interestingly, in a recent prospective cohort study of 131 obese participants attending a medical weight-management program, improvements were observed on the MNSI questionnaire, two Quality of Life in Neurological Disorders subdomains, and quantitative sensory testing cold thresholds whilst IENFD remained stable (68).

The impact of intensive glycaemic control in retarding the progression of DSPN has been well demonstrated in type 1 diabetes in the DCCT/EPIC study (69) but specific evidence to suggest the same is lacking in type 2 diabetes (70, 71). The reason for the latter could be due to the difference of pathogenesis of neuropathy in both types of diabetes and the effect of metabolic syndrome in type 2 diabetes. Nevertheless, it is well accepted that improved glycaemic control reduces the onset and progression of DSPN.

The EURODIAB IDDM study (13) of 3250 type 1 diabetes subjects showed significant correlations between the presence of diabetic peripheral neuropathy with age, duration of diabetes, quality of metabolic control, height, the presence of background or proliferative diabetic retinopathy, smoking, dyslipidaemia and the presence of cardiovascular disease. However prospective studies are lacking to indicate that control of any of the above factors are helpful in retarding the progression of DSPN although it is widely believed that hypertension and dyslipidaemia need to be aggressively managed to limit microangiopathic complications (72, 73).




5.2 Specific pharmacotherapy

Several compounds are available which target major pathways implicated in the pathogenesis of DSPN including polyol pathway, hexosamine pathway, protein kinase C (PKC) activity, and advanced glycation end products (AGEs) pathway (29). The AGE inhibitor Benfotiamine and antioxidant A-lipoic acid are licensed as drugs for treatment of DSPN in many countries (74, 75). In the NATHAN 1 trial, neuropathic deficits improved after 4 years in patients with mild to moderate largely asymptomatic DSPN (76). Actovegin, a poly(ADP-ribose) polymerase (PARP) inhibitor, is authorized in mainly eastern European countries, while the aldose reductase inhibitor Epalrestat is being used in India and Japan for DPN (77, 78).

Similarly for painful DSPN, several pharmacotherapies have been shown to reduce painful symptoms by their mechanisms of action on the pathways mentioned above. Treatment with A-lipoic acid 600mg twice daily for 6 months has been shown to reduce symptoms of pain, paresthesia and numbness in symptomatic DSPN (79). A-lipoic acid infusions over 3 weeks have also been shown to significantly reduce neuropathic symptoms (75). Larger randomized controlled trials are needed to study their efficacy in multicentered population subsets to strengthen the rationale of use in DSPN.




5.3 Symptomatic pharmacological treatment of painful DSPN

Painful DSPN can often be a crippling symptom leading to significant reduction of quality of life for patients, many of whom also have neuropathic deficits leading to complications. The management of painful DSPN is often challenging due to difference in efficacy between individual agents, balance between side-effects and working patterns and drug interactions. Monotherapy is usually not tolerated in maximal dosages and recent evidences from the OPTION-DM study showed that combination treatment was well tolerated and led to improved pain relief in patients with suboptimal pain control with a monotherapy (80, 81). The broad group of mediations in this class are shown in Table 4.


Table 4 | Dosages and adverse events and pharmacotherapies used in the management of DSPN in clinical practice (82–86).






5.4 Non-pharmacological treatment of painful DSPN

In diabetes subjects with refractory pain, spinal cord stimulation has been shown to significant pain relief and improved quality of life. It is an expensive invasive procedure needing insertion of percutaneous leads placed epidurally and connected to an implantable pulse generator typically placed in the low back. Whilst the mechanism of action is yet to fully understand, early results are promising but long-term results are awaited (87, 88). Other methods such as cognitive behavioral therapy, transcutaneous electrical nerve stimulation and acupuncture have a low level of evidence but can be successful in individual subjects (89).





6 Conclusion

DSPN is a major complication of diabetes. By the time a diabetes subject develops foot ulceration, the cardiovascular risk for death is increased by 50% and their 5-year mortality is worse than most cancers. With the worldwide prevalence of diabetes increasing to pandemic standards, it is anticipated that the consequences of DSPN in diabetes will continue to be on rise leading to serious challenges in both personal wellbeing and global health expenditure. Whilst on one hand, considerable advances in the understanding of the mechanisms of DSPN have been made, as discussed in this article, its early diagnosis and effective management remains uncertain and lacks uniformity. Whilst medications like the glucagon-like-peptide 1 receptor agonists and sodium-glucose co-transporters 2 have shown significant benefit in reducing cardiovascular mortality, heart failure and chronic kidney disease associated with diabetes, there is still a substantial unmet need in the therapeutics governing DSPN and other aspects of diabetes polyneuropathy. It is our combined responsibility to pool our resources, invest in uniform management algorithms and convince legislators to embrace newer diagnostic techniques so that burden and sequalae of DSPN can be lessened.
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Objective

To assess the relationship between use of sodium-glucose cotransporter-2 inhibitors (SGLT2i) and the risk of gout among patients with type 2 diabetes mellitus (T2DM).





Methods

A systemic review and meta-analysis were designed by reviewing articles published between 2000 January 1 and 2022 December 31 using PubMed system and Web of Science system based on the PRISMA 2020 guidelines. The end point of interest was gout (including gout flares, gout events, starting uric-acid lowering therapy and starting anti-gout drugs use) among patients with T2DM using SGLT2i versus not using SGLT2i. A random-effects model was utilized to measure the pooled hazard ratio (HR) with 95% confidence interval (CI) for the risk of gout associated with SGLT2i use.





Results

Two prospective post-hoc analyses of randomized controlled trials and 5 retrospective electronic medical record-linkage cohort studies met the inclusion criteria. The meta-analysis demonstrated that there was a decreased risk of developing gout for SGLT2i use as comparing with non-use of SGLT2i among patients with T2DM (pooled HR=0.66 and 95%CI=0.57-0.76).





Conclusions

This meta-analysis demonstrates that SGLT2i use is associated with a 34% decreased risk of developing gout among patients with T2DM. SGLT2i may be the treatment options for patients with T2DM who are at high risk of gout. More randomized controlled trials and real-world data are needed to confirm whether there is a class effect of SGLT2i for the risk reduction of gout among patients with T2DM.





Keywords: diabetes mellitus, gout, meta-analysis, sodium-glucose cotransporter-2 inhibitor (SGLT2i), randomized controlled trials (RCT)





Introduction

Sodium-glucose cotransporter-2 inhibitors (SGLT2i) belong to a new development of oral anti-diabetic drug to treat persons with type 2 diabetes mellitus (T2DM). SGLT2i also demonstrates other beneficial effects on cardiorenal protection including the risk reduction for atherosclerotic events, hospitalization and progression of heart failure, and progression of chronic kidney disease (1–4). In addition to these pleiotropic effects mentioned above, recent studies demonstrated that SGLT2i has a uric-acid lowering effect and then such an effect seems to be a class effect for SGLT2i (5–11).

Although the academic community has not yet established a consensus, it is generally agreed that when the serum uric acid value is greater than or equal to 6.8 mg/dL, it is called hyperuricemia (12, 13). Hyperuricemia is linked to the development of gout (14). Theoretically, SGLT2i use can decrease the risk of developing gout based on the uric-acid lowering effect. However, clinical data demonstrated conflicting results about the relation between SGLT2i use and the risk of gout. Some demonstrated benefit (15–20), but some demonstrated no benefit (21). For example, a prospective post-hoc analysis of randomized controlled trials by Li et al. demonstrated that canagliflozin use (one SGLT2i) correlated with a reduced risk of gout in persons with T2DM (hazard ratio=0.53, 95% confidence interval=0.40-0.71) (15). A retrospective electronic medical record-linkage cohort study by Subramanian et al. demonstrated that no risk difference for gout was noted among patients with T2DM receiving SGLT2i compared with those receiving dipeptidyl peptidate-4 inhibitors (hazard ratio=1.10, 95% confidence interval=0.71-1.68) (21).

These conflicting results raise concern and also inspire efforts to find solution. In view of the conflicting evidence, a systematic review and meta-analysis was designed to check the relationship between SGLT2i use and the risk of gout among patients with T2DM.





Methods




Search strategy

A systemic review and meta-analysis was designed by reviewing articles published between 2000 January 1 and 2022 December 31 using PubMed system and Web of Science system based on the PRISMA 2020 guidelines (22). The following keywords were selected to find articles of interest:”sodium-glucose cotransporter”, “sodium-glucose transport”, “canagliflozin”, “dapagliflozin”, “empagliflozin”, “ertugliflozin”, “ipragliflozin”, “luseogliflozin”, “tofogliflozin”, “gout” and “uric acid”. These keywords were used in combination as following strategies: sodium-glucose cotransporter [title] AND gout [title], sodium-glucose transport [title] AND gout [title], canagliflozin [title] AND gout [title], dapagliflozin [title] AND gout [title], empagliflozin [title] AND gout [title], ertugliflozin [title] AND gout [title], ipragliflozin [title] AND gout [title], luseogliflozin [title] AND gout [title], tofogliflozin [title] AND gout [title], sodium-glucose cotransporter [title] AND uric acid [title], sodium-glucose transport [title] AND uric acid [title], canagliflozin [title] AND uric acid [title], dapagliflozin [title] AND uric acid [title], empagliflozin [title] AND uric acid [title], ertugliflozin [title] AND uric acid [title], ipragliflozin [title] AND uric acid [title], luseogliflozin [title] AND uric acid [title], as well as tofogliflozin [title] AND uric acid [title].





Inclusion and exclusion criteria

The following inclusion criteria were addressed to find articles of interest for meta-analysis: (1) randomized controlled trials (RCTs) and/or post-hoc analysis of RCTs which selected subjects with T2DM investigating individual SGLT2i and/or all SGLT2i; (2) observational studies (including cohort and case-control studies) which selected subjects with T2DM investigating individual SGLT2i and/or all SGLT2i; (3) the end point of interest was gout (including gout flares, gout events, starting uric-acid lowering therapy and starting anti-gout drugs use) among subjects with T2DM using SGLT2i versus not using SGLT2i; (4) the hazard ratio or odds ratio of gout was shown.

The exclusion criteria were applied as follows: (1) meeting abstract, case report, case series, study protocol, review article, comment article, editorials and a letter to the editor; (2) data were not fully demonstrated; (3) research without peer review (Figure 1).




Figure 1 | Flow chart of searching articles.







Data extraction

Two authors (KFL and YHK) assessed the eligibility of all found articles according to the above inclusion and exclusion criteria. The following terms were extracted: the surname of first author, study population, baseline characteristics of study subjects (including mean age and male percentage), number of SGLT2i use, number of comparator use, treatment/follow-up duration, and adjusted hazard ratio (HR) with 95% confidence interval (CI). Two authors (BFH and CSL) discussed together to resolve the conflicting opinions.





Assessment of research quality

The Newcastle-Ottawa Scale system was utilized to check the quality and the risk of bias of the observational studies included (23). The Cochrane Collaboration’s tool was utilized to check the quality and the risk of bias of RCTs and/or post-hoc analysis of RCTs (24).





Statistical analysis

A random-effects model was done to estimate the pooled HR with 95%CI for the risk of gout associated with SGLT2i use versus non-use of SGLT2i. Three sub-analyses were performed to measure the subtotal HR with 95%CI for the risk of gout associated with SGLT2i use versus placebo, SGLT2i use versus glucagon-like peptide-1 receptor agonists (GLP1RA), and SGLT2i use versus dipeptidyl peptidate-4 inhibitors (DPP4i), respectively. The I2 statistics were used to check the heterogeneity between included studies. The I2 value > 50% indicates that there could be a significant heterogeneity between included studies (25). The statistical analyses were performed by the aid of RStudio and the meta package (26, 27). The P value < 0.05 indicates statistically significant.






Results




Characteristics of included studies

Table 1 lists the characteristic information of the 7 eligible studies. There were 2 prospective post-hoc analyses of RCTs and 5 retrospective electronic medical record-linkage cohort studies.


Table 1 | Characteristics of included studies in a met-analysis.



The 2 prospective post-hoc analyses of RCTs by Li et al. and by Ferreira et al. demonstrated a lower HR for gout associated with SGLT2i use as comparing with placebo, with reaching statistical significance (HR=0.53 and HR=0.67, respectively) (15, 16). The 4 retrospective electronic medical record-linkage cohort studies demonstrated a lower HR for gout associated with SGLT2i use as comparing with GLP1RA use or DPP4i use, with reaching statistical significance (17–20). But one retrospective electronic medical record-linkage cohort study by Subramanian et al. demonstrated an elevated HR for gout associated with SGLT2i use as comparing with DPP4i use, but not achieving statistical significance (HR=1.10 and 95%CI=0.71-1.68) (21).

The 2 prospective post-hoc analyses of RCTs had a low risk of bias from the Cochrane Collaboration’s tool. The 5 retrospective electronic medical record-linkage cohort studies had high-quality with a low risk of bias based on the Newcastle-Ottawa Scale system.





Pooled hazard ratio of gout

Figure 2 demonstrates a forest plot with the pooled HR and 95%CI for the risk of gout. Overall, there was a decreased risk of developing gout for SGLT2i use as comparing with non-use of SGLT2i among patients with T2DM (pooled HR=0.66, 95%CI=0.57-0.76 and P<0.01). In sub-analysis for the 2 prospective post-hoc analyses of RCTs, there was a decreased risk of developing gout for SGLT2i use as comparing with placebo (subtotal HR=0.60 and 95%CI=0.48-0.76). In the sub-analysis for the 2 retrospective electronic medical record-linkage cohort studies (SGLT2i vs. GLP1RA), there was a decreased risk of developing gout for SGLT2i use as comparing with GLP1RA use (subtotal HR=0.63 and 95%CI=0.57-0.70). In the sub-analysis for 5 retrospective electronic medical record-linkage cohort studies (SGLT2i vs. DPP4i), there was a decreased risk of developing gout for SGLT2i use as comparing with DPP4i use (subtotal HR=0.70 and 95%CI=0.54-0.91).




Figure 2 | Forest plot for total and subgroup analyses revealing the effect of SGLT2i on the development of gout among patients with T2DM as comparing with placebo or other anti-diabetic drugs.



There was a significant heterogeneity between included studies (I2 = 88% and P<0.01).





Assessment of publication bias

The funnel plot is presented in Figure 3. A visual inspection demonstrates symmetry. It indicates that there was no publication bias. These results were confirmed by The Begg’s test (P=0.8348) and the Egger’s test (P=0.1937) (28, 29).




Figure 3 | Funnel plot revealing the assessment of publication bias.







Sensitivity analysis

One study from Subramanian et al. demonstrated an elevated HR for gout associated with SGLT2i use as comparing with DPP4i use, but not achieving statistical significance (21). After excluding Subramanian et al’s study, a pooled HR was 0.63(95%CI =0.55-0.73 and P<0.001). It still achieved statistical significance.






Discussion

This present meta-analysis demonstrated that there was a 34% decreased risk of developing gout for SGLT2i use as comparing with non-use of SGLT2i among patients with T2DM. In sub-analysis, no matter comparing with placebo, GLP1RA use or DPP4i use, the risk reduction of gout remained to be observed. Based on the above findings, SGLT2i may be the treatment options for patients with T2DM who are at high risk of gout, including those patients with a history of gout, high levels of serum uric acid and/or other risk factors for gout.

The potential mechanisms underlying the use of SGLT2i, and risk reduction of gout are not fully understood. We review the literature and summarize as below. It is well known that lowering serum uric acid levels is a key goal for the prevention and treatment of gout. SGLT2i works by blocking the reabsorption of glucose and sodium in the proximal tubule of the kidney, leading to increased urinary glucose and sodium excretion, and increased urinary volume, which then lowers blood glucose levels. This increased urinary volume may also enhance uric acid excretion, which could explain the reduction in blood uric acid levels (30–32). It is a rational hypothesis that SGLT2i reduces blood uric acid levels by enhancing urinary excretion of uric acid. Thus, the risk of gout is reduced after the use of SGLT2i.

Some caveats and limitations should be discussed. First, recently many real-world studies utilized the electronic medical record-linkage database for analysis. The immortal time bias is possibly encountered when using such a database (33). If the immortal time bias is not managed correctly during the stages of research design and research analysis, the outcome results can lead to the wrong direction (34–36). Some research included the immortal time into the treatment group, but some research simply excluded the immortal time from the research (34–36). All of these methods may overestimate of the benefit of the studied drug (34–36). How the immortal time bias was handled was not mentioned in the method section of the 5 retrospective electronic medical record-linkage cohort studies. Therefore, interpretation of their results should be cautious. The RCTs can avoid the immortal time bias. In order to overcome the potential immortal time bias which could be present in the 5 retrospective electronic medical record-linkage cohort studies, the sub-analysis of the 2 prospective post-hoc analyses of RCTs demonstrated that there was a risk reduction of gout associated with SGLT2i use. These findings partially support the results of the 5 retrospective electronic medical record-linkage cohort studies that SGLT2i use could be associated with a risk reduction of gout when comparing with GLP1RA use or DPP4i use. Second, there are 7 SGLT2i available in the markets, including canagliflozin, dapagliflozin, empagliflozin, ertugliflozin, ipragliflozin, luseogliflozin and tofogliflozin. Six of these 7 drugs show a uric acid-lowering effect (5–11). It seems to be a class effect of SGLT2i for lowering uric acid. Currently, only two individual SGLT2i (canagliflozin and empagliflozin) had performed the post-hoc analyses of RCTs on the risk of gout. The other 5 SGLT2i did not demonstrate the post-hoc analyses of RCTs on the risk of gout. Further RCTs or post-hoc analyses of RCTs are needed to clarify whether there is a class effect of SGLT2i for the risk reduction of gout. Third, the heterogeneity of the 2 prospective post-hoc analyses of RCTs and the 2 retrospective electronic medical record-linkage cohort studies (SGLT2i vs. GLP1RA) was low, but the heterogeneity of all included studies seemed to be high in this meta-analysis. Some potential sources of heterogeneity should be mentioned. For example, differences in study populations, differences in study design, differences in intervention characteristics, or differences in outcome measures, might contribute to heterogeneity across studies (37, 38).





Conclusion

This present meta-analysis demonstrates that SGLT2i use is associated with a 34% decreased risk of developing gout among patients with T2DM. SGLT2i may be the treatment options for patients with T2DM who are at high risk of gout. More RCTs and real-world data are needed to confirm whether there is a class effect of SGLT2i for the risk reduction of gout among patients with T2DM.
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Background

Previous studies found that Jinlida granules could significantly reduce blood glucose levels and enhance the low-glucose action of metformin. However, the role of Jinlida in the standard-reaching rate of blood glucose and improving clinical symptoms has yet to be studied. We aimed to elaborate on the efficacy of Jinlida in type 2 diabetes (T2D) patients who experience clinical symptoms based on secondary analysis of a randomized controlled trial.





Methods

Data were analyzed from a 12-week, randomized, placebo-controlled study of Jinlida. The standard-reaching rate of blood glucose, the symptom disappearance rate, the symptom improvement rate, the efficacy of single symptoms, and the total symptom score were evaluated. The correlation between HbA1c and the improvement of clinical symptoms was analyzed.





Results

For 12 weeks straight, 192 T2D patients were randomly assigned to receive either Jinlida or a placebo. The treatment group showed statistically significant differences in the standard-reaching rate of HbA1c < 6.5% (p = 0.046) and 2hPG (< 10 mmol/L, 11.1 mmol/L) (p < 0.001), compared with the control group. The standard-reaching rate of HbA1c < 7% (p = 0.06) and FBG < 7.0 mmol/L (p = 0.079) were not significantly different between the treatment and control groups. Five symptoms exhibited a statistical difference in symptom disappearance rate (p < 0.05). All the symptoms exhibited a significant difference in symptom improvement rate (p < 0.05). The mean change in total symptom score from baseline to week 12 was −5.45 ± 3.98 in the treatment group and −2.38 ± 3.11 in the control group, with statistically significant differences (p < 0.001). No significant correlations were noted between symptom improvement and HbA1c after 12 weeks of continuous intervention with Jinlida granules or placebo.





Conclusion

Jinlida granules can effectively improve the standard-reaching rate of blood glucose and clinical symptoms of T2D patients, including thirst, fatigue, increased eating with rapid hungering, polyuria, dry mouth, spontaneous sweating, night sweat, vexing heat in the chest, palms, and soles, and constipation. Jinlida granules can be used as an effective adjuvant treatment for T2D patients who experience those symptoms.
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1 Introduction

Diabetes is becoming an increasingly serious global public health issue. The International Diabetes Federation (IDF) shows that patients with diabetes mellitus are on the rapid rise worldwide, and the number of patients with diabetes worldwide is expected to reach 783 million by 2045 (1). An epidemiological investigation exhibited that the estimated prevalence of diabetes in China in 2018 was 12.4%, and only 50.1% of treated diabetic patients were adequately controlled (2). People living with diabetes are at risk of developing several serious and life-threatening complications, leading to an increased need for medical care, reduced quality of life, and undue stress on families (3). Diabetes and its complications, if not well managed, can lead to frequent hospital admissions and premature death (4). Despite the emergence of new antidiabetic drugs, the glycemic control achieved is far from perfect, and some drugs may cause adverse events and increase cardiovascular disease as well as ineffectively improve the clinical symptoms (5–8).

Therefore, there is an urgent need for new drugs that are effective with minimal side effects and favorable hypoglycemic effects, as well as relieving clinical symptoms. Traditional Chinese medicine (TCM) has been applied in the treatment of diabetes for thousands of years. In recent years, TCM has made significant progress in modernization and globalization. Jinlida granule is a Chinese patent medicine composed of 17 Chinese herbs (Ginseng, rhizoma polygonati, rhizoma atractylodis lanceae, sophorae flavescentis, ophiopogon japonicus, rehmanniae, polygoni multiflori, dogwood, poria perrin, eupatorium, coptis chinensis, anemarrhena, epimedium, salvia, puerariae, semen litchi, and cortex lycii radices). It was approved by the China Food and Drug Administration (CFDA) as a treatment drug for type 2 diabetes (T2D) in 2005 (National Drug Approval No. Z20050845) and has been widely used in clinical practice (9). In the previous work, our research team conducted a randomized, placebo-controlled clinical trial to evaluate the efficacy and safety of Jinlida in T2D with a sample size of 192 subjects who received the Jinlida or placebo for 12 weeks based on using metformin. Our results showed that glycosylated hemoglobin (HbA1c) was reduced more significantly in the Jinlida group (10, 11). Furthermore, meta-analysis and systematic reviews of Jinlida granules showed significant reductions in fasting blood glucose (FBG), 2-h postprandial blood glucose (2hPG), and HbA1c (12, 13). Animal experiments show that Jinlida granules could promote the thermogenesis of brown and beige adipocytes by enhancing the mitochondrial function and inhibiting the expression of miR-27a, thereby improving the metabolism of glucose and lipids (14, 15). Jinlida granules could also reduce insulin resistance in rats fed with high fat by regulating phosphorylation of c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase (MAPK) (16). However, as previously reported, current studies in Jinlida put more emphasis on the effect of blood glucose levels and their potential mechanisms and largely ignore the role of improving clinical symptoms in T2D.

Though the efficacy and safety of Jinlida, as well as its potential action mechanisms, were elucidated, the role of improving clinical symptoms in Jinlida has yet to be studied. Hence, in this work, we conducted a secondary analysis based on the previous randomized controlled trial (10) to investigate the role of the standard-reaching rate of blood glucose and improving clinical symptoms in Jinlida to bridge the gap between hypoglycemic agents and improvement in diabetic clinical symptoms.




2 Methods



2.1 Study design and population

A 12-week randomized controlled trial was designed to evaluate the efficacy of Jinlida as an add-on medication in T2D. All subjects in both groups also continuously received their metformin without any dose changes. Treatment group: Jinlida granules were orally given at 9 g three times per day after meals. Control group: placebos were orally given at 9 g three times per day after meals. The eligible subjects were T2D patients who received metformin treatment for more than 3 months but HbA1c ≥ 7.0% and FPG 7.0–13.9 mmol/L or 2hPG ≥ 11.1 mmol/L. Patients who took other hypoglycemic drugs or insulin besides metformin in the past 3 months were excluded. People with complications of diabetes, severe kidney, liver, or cardiovascular disease, or mental illness, and who were pregnant or preparing to become pregnant were also excluded.




2.2 Outcomes

The primary outcomes were the standard-reaching rates of blood glucose, including HbA1c (HbA1c < 6.5%, < 7%), FBG (< 7 mmol/L), and 2hPG (< 10mmol/L, 11.1 mmol/L) in the two groups after 12 weeks of treatment. The secondary outcomes were symptom disappearance rate, symptom improvement rate, efficacy of single symptom, and total symptom score. During this 12-week study period, all the subjects received a clinical symptom evaluation at 0, 4, 8, and 12 weeks. The assessed symptoms were nine common symptoms of patients with T2D, including thirst, fatigue, increased eating with rapid hungering, polyuria, dry mouth, spontaneous sweating, night sweat, vexing heat in the chest, palms, and soles, and constipation. The efficacy of a single symptom was marked as disappearance, improvement, and ineffective. It was scored according to the severity of symptoms. None, mild, moderate, and severe of the thirst and fatigue symptoms were scored 0, 2, 4, and 6, respectively, and of the other seven symptoms were scored 0, 1, 2, and 3, respectively. The cumulative score of the nine symptoms was the total symptom score. A correlation analysis between symptom improvement (change of the total symptom score) and HbA1c was also evaluated.




2.3 Statistics analysis

The primary analyses were performed according to the intention-to-treat (ITT) principle. The missing data were processed by the last observation carried forward (LOCF). The counting data were described by composition ratio. The measurement data are described by mean ± standard deviation. Group t-tests or Wilcoxon rank sum tests were used to compare measurement data between groups. A paired t-test was used to compare the changes in symptom scores before and after the intervention. The classification variables were compared using the Chi-square test. The level of statistical significance was set at p < 0.05. SPSS 19.0 software (SPSS Inc., Chicago, IL, USA) was used to analyze all the data. The correlation between symptom improvement and HbA1c was analyzed through Pearson correlation analysis.





3 Results



3.1 Patients

In this trial, 186 participants completed the study, including 94 in the placebo group and 92 in the Jinlida group. There was no statistically significant difference in HbA1c, FBG, 2hPG, body weight, and BMI between Jinlida and placebo groups at baseline. Demographic information of subjects has been reported previously (10). Symptom assessment of subjects at baseline is shown in Table 1.


Table 1 | The symptom assessment of subjects in the treatment and control groups at baseline.






3.2 Standard-reaching rate of blood glucose

The standard-reaching rates of HbA1c (< 6.5%, < 7%) were 25.0% (16.6%~35.1%) and 43.5% (33.2%~54.2%) in the treatment group, compared with 14.9% (8.4%~23.7%) and 31.9% (22.7%~42.3%) in the control group. The standard-reaching rate of FBG (< 7 mmol/L) was 34.8% (25.2%~45.4%) in the treatment group and 23.4% (15.3%~33.3%) in the control group. The standard-reaching rates of 2hPG (< 10 mmol/L, < 11.1 mmol/L) were 32.6% (23.2%~43.2%) and 39.1% (29.1%~49.9%) in the treatment group, compared with 10.6% (5.2%~18.7%) and 18.1% (10.9%~27.4%) in the control group. The treatment group showed statistically significant differences in the standard-reaching rate of HbA1c < 6.5% (p = 0.046), and 2hPG (< 10 mmol/L, 11.1 mmol/L) (p < 0.001), compared with the control group. Although the standard-reaching rates of HbA1c < 7% (p = 0.06) and FBG < 7.0 mmol/L (p = 0.079) were not significantly different between the treatment and control groups, the trend was significant (Table 2).


Table 2 | The standard-reaching rates of blood glucose in the treatment and control groups after 12 weeks of intervention.






3.3 Symptom disappearance rate

All the symptom disappearance rates had an upward trend (Figure 1). However, only five of nine symptoms exhibited a statistical difference in the treatment group, including increased eating with rapid hungering, polyuria, dry mouth, spontaneous sweating, and vexing heat in the chest, palms, and soles, compared to that in the control group (Figure 1). Especially in spontaneous sweating, compared with the control group, the treatment group showed a significant difference at week 4, with a faster rate of clinical improvement than other symptoms (Figure 1).




Figure 1 | The symptom disappearance rate in the treatment and control groups after 12 weeks of intervention. Comparison of outcomes between groups: *p < 0.05; **p < 0.01; ***p < 0.001.






3.4 Symptom improvement rate

After 12 weeks of intervention, all symptoms showed statistically significant differences in symptom improvement rates in the treatment group compared to the control group (Figure 2). Four of nine symptoms exhibited a significant difference in the treatment group at week 8, including thirst, polyuria, dry mouth, and vexing heat in the chest, palms, and soles, compared to that in the control group (Figure 2). Spontaneous sweating symptoms in the treatment group achieved a statistically significant difference at week 4 (Figure 2). Notably, though night sweat symptoms achieved a statistically significant difference in weeks 4 and 12, they did not exhibit a significant difference in week 8 (Figure 2).




Figure 2 | The symptom improvement rate in the treatment and control groups after 12 weeks of intervention. Comparison of outcomes between groups: *p < 0.05; **p < 0.01; ***p < 0.001.






3.5 The efficiency of a single symptom

Every symptom was evaluated as ineffective, improved, and disappeared. All the symptoms exhibited a statistical difference comparing the treatment group to the control group after 12 weeks of continuous intervention (Figure 3).




Figure 3 | The efficiency of a single symptom in the treatment and control groups after 12 weeks of intervention.






3.6 Total symptom score

Compared with pretreatment, the total symptom score was statistically significant in both groups in weeks 4, 8, and 12 (Figure 4). The mean change in total symptom score from baseline to week 12 was −5.45 ± 3.98 in the treatment group and −2.38 ± 3.11 in the control group, with statistically significant differences.




Figure 4 | The total symptom score in the treatment and control groups after 12 weeks of intervention. Comparison of outcomes with baseline: #p < 0.001.






3.7 Correlation of symptom improvement and HbA1c

Pearson correlation was applied to analyze the correlation between symptom improvement and HbA1c. The correlation coefficient was 0.13, and the p-value was 0.072. No significant correlations were noted between symptom improvement and HbA1c after 12 weeks of continuous intervention with Jinlida granules or placebo (Figure 5).




Figure 5 | The correlation between HbA1c and the improvement of clinical symptoms.







4 Discussion

The control of T2D has become a global challenge. For the management of diabetes, there are various oral hypoglycemic drugs (OHDs) that are available worldwide, which is major management for most T2D patients. Of all the OHAs to treat T2D, metformin is the first-line oral hypoglycemic agent for the treatment of T2D recommended by the American Diabetes Association (17). However, like many lowering-glucose agents, metformin may not improve clinical symptoms despite its favorable lowering-glucose effects. The treatment strategy for T2D patients is inadequate. The necessity to develop new strategies for diabetic patients is in high demand. Clinical studies, including randomized double-blind placebo-controlled trials, have shown that the use of traditional Chinese medicine can significantly reduce HbA1c levels and improve clinical symptoms in patients with T2D (18, 19).

In TCM theory, the pathogenesis of T2D is closely related to Pi (spleen) deficiency. Pi (spleen) deficiency usually leads to clinical symptoms such as fatigue, thirst, and abnormal sweating. Jinlida granules is a herbal formula developed according to the Chinese understanding of the pathogenesis theory of diabetes, Pi (spleen) deficiency. It reduces blood glucose and improves clinical symptoms by nourishing Pi (spleen) and regulating the body fluid of diabetic patients (20, 21).

From the current evidence of the trials, both Jinlida and metformin reduced the level of blood glucose, and the curative effect of Jinlida add-on metformin was superior to metformin monotherapy (10–13). In terms of the standard-reaching rate of blood glucose, Jinlida add-on metformin has obvious advantages in comparison to metformin monotherapy. Jinlida add-on metformin could improve the standard-reaching rate of blood glucose. Notably, HbA1c < 7% and FBG < 7mmol/L did not show a statistically significant difference but exhibited a standard-reaching tendency. The nonsignificant finding might be related to the small sample size.

In the aspect of improving clinical symptoms, Jinlida granules have an improvement effect on all symptoms, especially the five symptoms: increased eating with rapid hunger, polyuria, dry mouth, spontaneous sweating, and vexing heat in the chest, palms, and soles. Among them, the disappearance rate of spontaneous sweating symptoms was statistically significant after 4 weeks of treatment. It shows that spontaneous sweating is the most effective symptom of Jinlida granules. At weeks 4 and 12, the night sweat symptom in the treatment and control groups showed significant differences. At week 8, the night sweat symptom showed an insignificant difference. The curative effect was improved in a spiral pattern, indicating that the effect of Jinlida granules was mild and stable. In addition, we analyzed the correlation between HbA1c and the improvement of clinical symptoms, and there was no significant difference. Therefore, the effect of Jinlida on improving clinical symptoms is considered to be independent of regulating blood glucose.

There were also some limitations in the present study. First, subjectivity in assessing subjective symptoms is a notable confounding factor. Second, due to the long follow-up interval, the patient’s symptoms may not be able to get timely feedback. Third, the 12-week intervention period is short, and the long-term benefits of Jinlida granules in improving clinical symptoms are unclear. Future research should focus on developing more effective strategies to evaluate subjective clinical symptoms and longer follow-up times to evaluate the improvement of T2D clinical symptoms.




5 Conclusion

Jinlida granules can effectively improve the standard-reaching rate of blood glucose and clinical symptoms of T2D patients, including thirst, fatigue, increased eating with rapid hungering, polyuria, dry mouth, spontaneous sweating, night sweat, vexing heat in the chest, palms, and soles, and constipation, and their action might be independent of regulating blood glucose. Jinlida granules can be used as an effective adjuvant treatment for T2D patients who experience those symptoms. However, these findings need to be further confirmed by evidence-based medicine (22).
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Diabetic nephropathy (DN) is a serious microvascular complication of diabetes. It has become a leading cause of death in patients with diabetes and end-stage renal disease. Ferroptosis is a newly discovered pattern of programmed cell death. Its main manifestation is the excessive accumulation of intracellular iron ion-dependent lipid peroxides. Recent studies have shown that ferroptosis is an important driving factor in the onset and development of DN. Ferroptosis is closely associated with renal intrinsic cell (including renal tubular epithelial cells, podocytes, and mesangial cells) damage in diabetes. Chinese herbal medicine is widely used in the treatment of DN, with a long history and definite curative effect. Accumulating evidence suggests that Chinese herbal medicine can modulate ferroptosis in renal intrinsic cells and show great potential for improving DN. In this review, we outline the key regulators and pathways of ferroptosis in DN and summarize the herbs, mainly monomers and extracts, that target the inhibition of ferroptosis.
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1 Introduction

Diabetes mellitus is one of the major diseases that seriously endanger human health. According to the International Diabetes Federation, 536.6 million adults aged 20 to 79 had diabetes mellitus worldwide in 2021, and that number is expected to rise to 783.2 million by 2045 (1). Diabetic nephropathy (DN) is one of the major microvascular complications of diabetes mellitus and the most common cause of end-stage renal disease (2). According to statistics, DN occurs in 20% to 40% of patients with type 1 and type 2 diabetes mellitus (3). About 30% to 50% of end-stage renal disease worldwide is caused by DN (4). Previous studies have shown that hyperglycemia, hypertension, dyslipidemia, and being overweight or obese are common risk factors for DN (5). Therefore, lifestyle changes, aggressive glycemic control, blood pressure reduction, lipid regulation, and reduction of proteinuria are currently the main measures in the clinical management of DN. In the past twenty years, angiotensin-converting enzyme inhibitors (ACEI) and angiotensin receptor blockers (ARB) have shown good renoprotective effects in patients with DN. In recent years, newer drugs, including sodium-glucose co-transporter 2 inhibitors, glucagon-like peptide-1 receptor agonists, mineralocorticoid receptor antagonists, and endothelin antagonists, have also provided more options for the treatment of DN (6). However, some DN patients still progress to end-stage renal disease. Hence, finding new targets for the prevention and treatment of DN has become an urgent problem in this field.

The pathogenesis of DN has not been fully elucidated. Various pathogenic mechanisms such as oxidative stress (7), inflammatory response (8), the accumulation of advanced glycation end products (9, 10), endoplasmic reticulum stress (11), autophagy (12), and pyroptosis (13) are involved in the pathological process of DN. Ferroptosis is a newly discovered iron-dependent novel form of programmed cell death that differs morphologically, biochemically, and genetically from apoptosis, autophagy, and necrosis (14). The occurrence of ferroptosis in cells is usually accompanied by a large accumulation of iron and lipid peroxidation (15). Increased iron accumulation, free radical production, fatty acid supply, and lipid peroxidation are currently thought to be key to the induction of ferroptosis. Previous studies have shown that renal iron overload is prevalent in diabetic animal models, and even serum creatinine and urine protein levels are positively correlated with renal iron and ferritin levels (16, 17). Excess iron not only increased oxidative/nitrative stress and decreased antioxidant capacity but also activated the renin-angiotensin system, thereby promoting the progression of DN (17, 18). Since the presence of ferroptosis in DN was first reported by Wang et al. (19) in 2020. With the advancement of research, accumulating evidence suggests that ferroptosis is an important factor in promoting the occurrence and development of DN (20). Therefore, targeted inhibition of ferroptosis is expected to be a new tool for the treatment of DN. In recent years, Chinese herbal medicine has played an increasingly important role in the prevention and treatment of DN. Several clinical studies have shown that either the use of Chinese herbal medicine alone or in combination with ACEI or ARB helps to improve renal function and reduce proteinuria in patients with DN (21–23). More importantly, there is a growing body of research on Chinese herbal medicine to prevent and treat DN by regulating ferroptosis. This paper reviews the key regulators and signaling pathways of ferroptosis in DN and the research progress of Chinese herbal medicine in the treatment of DN by regulating ferroptosis, in order to provide a new research direction for the treatment of DN.




2 Key regulators and signaling pathways of ferroptosis in diabetic nephropathy

Ferroptosis in renal intrinsic cells is prevalent in the pathological process of DN. Previous studies have demonstrated that it is regulated by a variety of regulatory factors and signal transduction pathways (Figure 1; Supplementary Table 1). We have summarized these in detail.




Figure 1 | Key regulators and signaling pathways of ferroptosis in diabetic nephropathy.





2.1 Non-coding RNAs

It is well known that although non-coding RNAs are not directly involved in the protein translation process, they can produce non-coding transcripts that regulate gene expression and protein function (24). The most studied non-coding RNAs are microRNA, long non-coding RNA, and circular RNA. Previous studies have found that non-coding RNAs are widely involved in the biological processes of renal intrinsic cells, including cell proliferation (25), apoptosis (26), cellular senescence (27, 28), autophagy (29, 30), and pyroptosis (31, 32). Clinical data have confirmed that non-coding RNAs are important biomarkers for the early diagnosis and prognosis of patients with diabetic kidney disease (33, 34). The emerging evidence has shown that non-coding RNAs are important regulators of ferroptosis (35, 36). Li et al. (37) found that circASAP2 expression was downregulated and miR-770-5p expression was upregulated in DN mouse serum, kidney, and high-glucose cultured HK-2 cells. Upregulation of miR-770-5p suppressed the target gene SOX2 and its induced SLC7A11 expression, thereby promoting inflammation and ferroptosis. Xiong et al. (38) observed that hsa_circ_0006370 expression was significantly upregulated in HK-2 cells cultured with high glucose, while interference with hsa_circ_0006370 expression significantly increased the survival of HK-2 cells. Mechanistically, hsa_circ_0006370 silencing attenuated ferroptosis by inhibiting intracellular reactive oxygen species (ROS) production, enhancing antioxidant capacity, reducing iron ion levels, and regulating ferroptosis-associated protein expression. Therefore, circASAP2 and hsa_circ_0006370 may be potential intervention targets for DN ferroptosis.




2.2 Cyclooxygenase-2

Cyclooxygenase (COX), also known as prostaglandin synthase, is the key rate-limiting enzyme that catalyzes the conversion of arachidonic acid to prostaglandins. At least three isoforms of COX have been identified, namely COX-1, COX-2, and COX-3 (39). COX-3 is poorly studied, and COX-1 is constitutively expressed in most tissues and cells (40). COX-2 is an inducible enzyme that is less expressed in normal tissues. However, COX-2 is abundantly expressed in certain inflammatory stimuli, such as cytokines, tumor inducers, oncogenes, etc. (41, 42). In recent years, numerous studies have confirmed that COX-2 expression is significantly increased in mesangial cells, podocytes, and renal tubular epithelial cells induced by high glucose, as well as in the kidney of animal models of diabetes (43–47). Wei et al. (43) pointed out that activation of the c-Src/NF-κB/COX-2 pathway in the high-glucose state promoted extracellular matrix accumulation and mesangial proliferation, which exacerbated glomerulosclerosis. Ma et al. (48) found a positive correlation between COX-2 expression levels and low-density lipoprotein receptor expression levels in the kidney of diabetic rats. Increased COX-2 expression exacerbated renal lipid accumulation and inflammatory cytokine production, including interleukin-1beta (IL-1β), interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-α), and monocyte chemoattractant protein-1 (MCP-1). In addition, COX-2 also contributes to diabetic nephropathy through the glomerular EP4 receptor (49). The latest report showed that increased COX-2 expression was accompanied by ferroptosis, while COX-2 knockdown reduced the sensitivity of renal tubular cells to ferroptosis in the high glucose state (47).




2.3 Arachidonate 15-lipoxygenase

Lipoxygenases are non heme-iron containing dioxygenases, and arachidonate 15-lipoxygenase (ALOX15) is a member of its family (50). Several studies have shown that ALOX15 is a key mediator in the formation of lipid peroxidation products and ultimately leads to ferroptosis (51, 52). In tert-butyl hydroperoxide-induced primary cortical neurons, Zhao et al. (53) observed that ALOX15 inhibition reversed SSAT1 upregulation-triggered neuronal loss and ferroptosis. Similarly, Gao et al. (54) found that inhibition of lipid peroxidation by downregulating the expression of ALOX15 contributed to the attenuation of ferroptosis in microglia and endothelial cells after subarachnoid hemorrhage. In addition, both the selective ALOX15 inhibitor PD146176 and siRNA-mediated silencing of ALOX15 significantly reduced ferroptosis in erastin-induced and RSL3-induced cancer cells (e.g., HT1080, Calu-1). Conversely, ALOX15 activators enhanced the sensitivity of cancer cells to these compounds (52). In recent years, ALOX15 has been extensively studied in diabetes and its complications (55–58). In the field of DN, Kim et al. (59) found that the 12/15-lipoxygenase and TGF-β pathways can cross-talk and activate each other. Another study showed that 12/15-lipoxygenase knockout reduced the expression of SET7 and profibrotic genes, which in turn improved proteinuria and renal pathological changes in diabetic mice (60). It was recently reported that ALOX15 protein expression was significantly increased in the renal tissues of streptozotocin (STZ)-induced diabetic mice, db/db mice, and DN patients. Correlation analysis suggested that ALOX15 protein expression was closely associated with renal pathological changes in DN patients, such as glomerular lesions, interstitial fibrosis and tubular atrophy, and interstitial inflammation. More importantly, immunofluorescence double staining also observed glutathione peroxidase 4 (GPX4) and ALOX15 expression in the same region. This study confirmed that ALOX15 is an important factor involved in DN ferroptosis (58). Therefore, targeting ALOX15 provides a new idea for the intervention of DN ferroptosis.




2.4 Peroxiredoxin 6

Peroxidases (Prdxs) are a family of antioxidant proteins widely found in prokaryotes and eukaryotes. Peroxidase 6 (Prdx6) is the only member of the Prdxs family that belongs to the 1-cysteine subclass. Unlike other Prdxs, Prdx6 is a bifunctional enzyme with both glutathione peroxidase and phospholipase A2 activities (61). It has been found that Prdx6 is widely expressed in human and mouse kidneys. Moreover, Prdx6 is involved in the maintenance of PH homeostasis by interacting with anion exchanger 1 (62). Another study showed that Prdx6 overexpression attenuated lipopolysaccharide-induced apoptosis in primary renal proximal tubule cells by scavenging ROS (63). Bioinformatics analysis showed that seven hub ferroptosis-related genes, including Prdx6, could accurately distinguish between diabetic kidney disease and control samples (64). Zhang et al. (65) found that Prdx6 was significantly downregulated in high glucose-induced podocytes and in the kidneys of DN mice. Overexpression of Prdx6 in vivo reduced urinary protein, blood creatinine, and urea nitrogen in DN mice. In vitro, Prdx6 overexpression ameliorated podocyte dysfunction by attenuating high glucose-induced oxidative stress and ferroptosis. Therefore, enhancing the activity of Prdx6 is an important way to alleviate ferroptosis in high glucose-induced podocytes.




2.5 ZRT/IRT-like protein 14

ZRT/IRT-like protein 14 (ZIP14, also known as SLC39A14), a member of the solute-linked carrier 39 family, is a transporter protein that mediates cellular uptake of zinc (66), manganese (67), and iron (68, 69). As an essential trace element, zinc and its carrier protein are closely related to the synthesis, secretion, and biological activity of insulin (70). Previous studies have shown the presence of ZIP14 in pancreatic β-cells, and modulation of ZIP14 activity is expected to be an important target for improving β-cell dysfunction (71). Lawson et al. (72) discovered that prolonged high glucose stimulation disrupted the expression of several ZIP transporter proteins, including SLC39A6, SLC39A7, and SLC39A14, depleted zinc from pancreatic β-cells, and resulted in the loss of β-cell markers, thereby promoting β-cell dedifferentiation. Maxel et al. (71) demonstrated that silencing of ZIP14 in pancreatic β-cells affects insulin processing and disturbs mitochondrial function. Recent studies have found that ZIP14 can be detected in both the proximal and distal tubules of the human kidney (73). In human proximal tubule epithelial cells, ZIP14 is involved not only in non-transferrin-bound iron uptake but also in transferrin-bound iron-derived iron uptake (74). Tubular iron deposition is common in chronic kidney disease, with glomerular dysfunction as the primary pathology, accompanied by increased ZIP14 expression in the proximal and distal tubules (73). Iron overload is both a major source of ROS and a key participant in ferroptosis (75). The emerging evidence has shown that ZIP14 expression was upregulated in the renal tubules of both DN patients and DN rats, as well as in HK-2 cells cultured with high glucose. Increased ZIP14 promotes iron deposition and is involved in diabetic kidney injury via ferroptosis (76). This study confirms a novel role of ZIP14 in ferroptosis in DN. Thus, ZIP14 may become an important pharmacological target for the treatment of DN.




2.6 High mobility group box 1

High mobility group box 1 (HMGB1), a highly conserved nuclear protein, is widely distributed in mammalian cells. As a DNA binding protein, nuclear HMBG1 is involved in a series of key nuclear events, such as nucleosome stability and sliding, gene transcription, DNA replication, DNA repair, gene transfer, gene delivery, etc. (77–79). Extracellularly, HMGB1 acts as a damage-associated molecular pattern molecule involved in cell differentiation, inflammation, immunity, cell migration, tissue regeneration, and other biological processes (77, 79, 80). Additionally, cytoplasmic HMBG1 is important for autophagy regulation (81). DN is a chronic inflammatory disease in which low-grade inflammation and the immune response are important mechanisms in its pathogenesis (82–85). HMGB1, an important mediator that can participate in the inflammatory response, drives the development of DN. Clinical data have shown that serum HMGB1 is closely associated with urinary albumin excretion and renal tubular damage in patients with type 2 diabetes (86). Preclinical studies have demonstrated that HMGB1 promotes the expression of markers of oxidative stress, inflammation, and fibrosis in DN cell models (87, 88). Knockdown of HMGB1 or inhibition of HMGB1-mediated inflammatory signaling pathways (e.g., HMGB1-RAGE-NF-κB and HMGB1-TLR4) significantly attenuated podocyte apoptosis, epithelial mesenchymal transition, renal inflammation, and fibrotic processes (87, 89, 90). Recent studies have revealed that HMGB1 is also an important regulator of ferroptosis (91, 92). Both type I and type II ferroptosis activators, including erastin, sorafenib, RSL3, and FIN56, induced the release of HMGB1 (93). HMGB1 could regulate ferroptosis through the RAS-JNK/p38 pathway (94). Zhao et al. (95) found that cytoplasmic HMGB1 induced renal tubular ferroptosis through regulation of acyl-CoA synthetase long-chain family member 4 (ACSL4). In HL-60/NRASQ61L cells, Ye et al. (94) observed that knockdown of HMGB1 inhibited erastin-induced ROS and malondialdehyde (MDA) production, degradation of GPX4, and cell death in an iron-mediated lysosomal pathway. It has been recently reported that serum HMGB1 expression is elevated in DN patients compared to healthy controls, accompanied by an increase in ferroptosis. Further studies revealed that knockdown of HMGB1 significantly inhibited high glucose-induced ferroptosis in mesangial cells. Mechanistically, silencing of HMGB1 not only decreased the expression of ACSL4, prostaglandin-endoperoxide synthase 2 (PTGS2), and NADPH oxidase 1 (NOX1), but also increased the level of GPX4 (96). This study suggests that HMGB1 inhibition may have potential therapeutic value for ferroptosis-associated DN.




2.7 Nuclear factor erythroid 2-related factor 2

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a key transcription factor in the body’s antioxidant stress response. In addition to antioxidant responses, Nrf2 is involved in the regulation of a variety of other biological processes, including drug detoxification, amino acid metabolism, lipid metabolism, heme and iron metabolism, autophagy, unfolded protein response, inflammation, and immunity (97). Several studies have found significantly lower circulating Nrf2 levels in DN patients compared to healthy controls (96, 98). Nrf2 deficiency resulted in more severe diabetic symptoms, renal inflammation, and interstitial renal fibrosis in Akita diabetic model mice (99). Conversely, Nrf2 activation delayed DN progression by increasing the expression of the downstream antioxidant enzymes HO-1 and NADPH quinone oxidoreductase-1 (NQO-1) (100, 101). Ferroptosis is a new regulatory cell death mode. Three key events are required for its occurrence: iron deposition, lipid peroxidation, and glutathione depletion (102). Accumulating studies confirm that Nrf2 is an important regulator of ferroptosis (103, 104). Many components that are involved in the prevention of lipid peroxidation and the regulation of cellular iron homeostasis are target genes of Nrf2 (105–107). New evidence suggests that specific knockdown of Nrf2 enhanced the susceptibility of HK-2 cells to ferroptosis under high glucose conditions, while upregulation of Nrf2 expression contributed to the inhibition of ferroptosis and thus reduced kidney injury in diabetic mice (108). Another study found that high glucose promoted salusin-β expression in HK-2 cells in a time- and dose-dependent manner. Upregulated salusin-β mediated ferroptosis in renal tubular epithelial cells by inhibiting the Nrf2 expression (109). Taken together, the above results demonstrate that Nrf2 is an important regulator of ferroptosis in DN.




2.8 GPX4

GPX4 is a unique antioxidant enzyme in mammals. Functionally, GPX4 converts lipid hydroperoxides to non-toxic lipid alcohols. This limits the propagation of lipid peroxidation in the membrane (110). GPX4 is a key and central regulator of ferroptosis, as is now generally accepted (111, 112). Overexpressing and knocking down GPX4 modulates the lethality of 12 ferroptosis inducers (113). In addition, GPX4 is closely associated with kidney damage. Inducible GPX4 disruption was reported to cause acute renal failure and death in mice as early as 2014 (114). In recent years, GPX4 has gradually become the star molecule in the DN field. A number of studies have shown that the expression of GPX4 is significantly lower in kidney biopsy samples from patients with diabetic kidney disease (115–117). Moreover, reduced GPX4 levels were associated with the severity of diabetic kidney disease and an increased risk of progression to end-stage renal disease (117). A recent study found that activation of the SIRT3-SOD2-GPX4 signaling pathway, including upregulation of sirtuin 3 (SIRT3) expression, inhibition of superoxide dismutase 2 (SOD2) acetylation, and consequently promotion of GPX4 expression, helped restore mitochondrial redox homeostasis, thereby alleviating ferroptosis in DN models (118).




2.9 HIF-1α/HO-1 pathway

Hypoxia-inducible factor-1alpha (HIF-1α) is an important regulator of cellular oxygen homeostasis. Previous studies have found that HIF-1α is aberrantly expressed in the serum of diabetic patients and in the kidneys of DN patients and is significantly associated with the progression of interstitial renal fibrosis (119–121). HIF-1α, as a transcription factor, is able to regulate the expression of its downstream target, heme oxygenase-1 (HO-1) (122). It has been reported that deletion of HIF-1α in proximal renal tubule cells exacerbates mitochondrial dysfunction and renal injury in diabetic mice via the HO-1 pathway (123). A number of studies have also shown that the HIF-1α/HO-1 signaling pathway plays an important role in the regulation of ferroptosis (124–126). Destabilization of HIF-1α enhanced the sensitivity of gastric cancer cells to erastin and RSL3 (127). Furthermore, HO-1 regulates ROS production and iron metabolism (128). HO-1 deficiency promotes erastin-induced ferroptosis (129). Another study showed that HO-1 in renal proximal tubule cells is similarly antiferroptotic (130). Diabetes promoted renal ROS formation, lipid peroxidation, and renal tubular iron overload. However, this phenomenon can be blocked by the ferroptosis inhibitor Ferrostatin-1. Further studies revealed that ferroptosis may exacerbate proteinuria, tubular injury, and renal fibrosis in db/db mice via the HIF-1α/HO-1 pathway (131). Therefore, targeting the HIF-1α/HO-1 signaling pathway and regulating ferroptosis may be an effective strategy for improving DN.

The above findings suggest that ferroptosis is closely associated with renal intrinsic cell death in diabetic conditions, mainly in renal tubular epithelial cells, mesangial cells, and podocytes. Non-coding RNAs (e.g., circASAP2, hsa_circ_0006370), COX-2, ALOX15, Prdx6, etc. are important regulators of ferroptosis in renal cells. HIF-1α/HO-1 is a critical regulatory pathway. Therefore, an in-depth exploration of the role of these regulators and signaling pathways in ferroptosis is important for both understanding the pathogenesis of DN and finding new drug targets.





3 Modulatory role of Chinese herbal medicine in ferroptosis in diabetic nephropathy

A variety of natural compounds and extracts from Chinese herbal medicine have been reported to delay the progression of DN by inhibiting ferroptosis (Figure 2; Supplementary Table 2). Common natural compounds include flavonoids, terpenoids, anthraquinones, alkaloids, etc. (Figure 3). We will comprehensively review the anti-ferroptotic properties of Chinese herbal medicine and its potential in the treatment of DN.




Figure 2 | Schematic of Chinese herbal medicine against diabetic nephropathy by inhibiting ferroptosis. The activation of Nrf2/HO-1, GPX4, FSP1/CoQ10, AdipoR1/AMPK signaling pathways and so on, or the inhibition of the ASCL4 signaling pathway, can inhibit ferroptosis in renal intrinsic cells, which benefits diabetic nephropathy treatment.






Figure 3 | Chemical structures of natural compounds from Chinese herbal medicine.





3.1 Flavonoids



3.1.1 Glabridin

Glabridin is a prenylated isoflavone extracted from the roots and rhizomes of Glycyrrhiza glabra L (132). Previous studies have found that glabridin has hepatoprotective, neuroprotective, antidiabetic, and antioxidant effects in animal models of diabetes (133–135). Tan et al. (136) found that glabridin not only reversed hyperglycemia and insulin resistance in diabetic rats but also attenuated diabetes-induced damage to kidney function and structure. Mechanistically, glabridin increased SOD, glutathione (GSH), and catalase (CAT) activities; up-regulated GPX4, SLC7A11, and SLC3A2 expression; down-regulated transferrin receptor 1 (TfR1), vascular endothelial growth factor (VEGF), p-AKT, and p-ERK1/2 expression; and decreased MDA content and iron concentration in vitro and in vivo. These results suggest that glabridin delays DN progression in association with inhibition of oxidative stress, ferroptosis, and the VEGF/Akt/ERK signaling pathway.




3.1.2 Calycosin

Calycosin is an isoflavone phytoestrogen extracted from the Chinese herb Astragalus membranaceus, which has various pharmacological activities such as anti-inflammatory, antioxidant, anti-diabetic, anti-osteoporosis, anti-tumor, hepatoprotective, neuroprotective, and cardioprotective (137). In recent years, an increasing number of studies have explored the role and underlying mechanisms of calycosin in the treatment of DN (138–140). Huang et al. (141) observed that calycosin improved renal function, attenuated tubular injury, inhibited renal fibrosis in db/db mice in vivo, and increased the viability of high glucose-induced HK-2 cells in vitro. This protective effect of calycosin was associated with its reduction of lactate dehydrogenase (LDH), MDA, and lipid ROS levels; increase of GSH activity; promotion of GPX4 expression; and inhibition of nuclear receptor coactivator 4 (NCOA4) expression in DN models. Moreover, the above effects of calycosin were reversed when co-treated with the ferroptosis inducer erastin. These results suggest that calycosin reduces diabetes-induced kidney injury by inhibiting ferroptosis.




3.1.3 Total flavones of Abelmoschus manihot

Total flavones of Abelmoschus manihot (TFA) is a total flavonoid component extracted from the flowers of Abelmoschus manihot (L.) Medic. There are eight flavone glycosides whose chemical structures have been identified in TFA, including quercetin-3-O-robinobioside, hyperoside, quercetin, myricetin, quercetin-3′-O-glucoside, gossypetin, gossypetin-3-O-glucoside, and isoquercetin (142). Previous studies have shown that TFA has significant anti-inflammatory, endoplasmic reticulum stress-inhibiting, and podocyte-protective activities and is therefore widely used in the treatment of inflammatory bowel disease, DN, and chronic renal failure (142–146). Recent studies have found that TFA has effects similar to those of ferrostatin-1, a ferroptosis inhibitor. TFA inhibited ROS production, upregulated GPX4 and SLC7A11 expression, downregulated TfR1 and ACSL4 expression, and decreased MDA levels and iron content in the DN model (147). These data suggest that inhibition of ferroptosis in renal tubular cells by reducing iron deposition and improving antioxidant capacity may be an important mechanism by which TFA attenuates diabetic tubulopathy.




3.1.4 Mangiferin monosodium salt

Mangiferin is a natural flavonoid extracted mainly from mangoes and has a wide range of pharmacological activities, including antioxidant (148), anti-inflammatory and immunomodulatory (149), anti-diabetic (150), anti-cancer (151), anti-fibrotic (152), nephroprotective (153), cardioprotective (154), and neuroprotective (155). However, the poor solubility and low bioavailability of mangiferin limit its wide application (156). The mangiferin monosodium salt (MGM) obtained by structural modification of mangiferin can improve the solubility and bioavailability of mangiferin to some extent (157). The emerging evidence has shown that MGM also has a good renoprotective effect in DN rats. Mechanistically, MGM not only attenuated systemic insulin resistance (IR)-induced renal inflammation by inhibiting the MAPK/NF-κB signaling axis, but also ameliorated podocyte IR by activating the p-IRS1 (Tyr608)/p-PI3K/p-Akt signaling pathway. More importantly, this study also revealed the mechanism of ferroptosis in MGM attenuated renal injury in DN rats. MGM enhanced mevalonate-mediated antioxidant capacity (FSP1/CoQ10 axis and GPX4) and attenuated ACSL4-mediated proferroptotic lipid drivers’ generation in the kidney, thereby improving renal ferroptosis in DN rats (158).





3.2 Terpenoids



3.2.1 Glycyrrhizic acid

Glycyrrhizic acid is a triterpene isolated from the traditional medicinal plant Glycyrrhiza glabra, which has various pharmacological properties such as anti-inflammatory, antibacterial, antioxidant, anti-fibrotic, antiviral, anti-diabetic, anti-obesity, anti-cancer, hepatoprotective, renoprotective, and immunomodulatory (159–162). Previous studies have demonstrated that glycyrrhizic acid is an effective inhibitor of HMGB1 and ROS production and that it can effectively attenuate renal injury in DN models (162, 163). Recent studies found that glycyrrhizic acid upregulated GPX4 expression and reduced ROS production in high glucose-induced mouse glomerular podocytes, suggesting that glycyrrhizic acid attenuates high glucose-induced podocyte injury in association with inhibition of ferroptosis (164).




3.2.2 Ginkgolide B

Ginkgolide B is a diterpenoid isolated from the leaves of Ginkgo biloba with a variety of pharmacological effects, including anti-inflammatory (165), antioxidant (166), anti-apoptotic (167), and anti-ferroptosis (168, 169), etc. Recently, Chen et al. (170) found that ginkgolide B significantly reduced blood glucose in DN model mice, improved dyslipidemia and renal lipid accumulation, and attenuated renal dysfunction and histopathological damage, such as glomerular basement membrane thickening, tubular dilatation, extracellular matrix deposition, and fibrosis. Mechanistically, ginkgolide B promoted the expression of ferroptosis-associated proteins ferritin heavy chain 1 (FTH1) and GPX4, inhibited TfR1 expression, and decreased ROS levels and iron content in the DN model. Of these, inhibiting the ubiquitinated degradation of GPX4, increasing the level of GPX4 and thus inhibiting ferroptosis is the key of ginkgolide B to delay the progression of DN.




3.2.3 Germacrone

Germacrone, a monocyclic sesquiterpene natural compound, is one of the main bioactive components of the Chinese medicine Curcumaelongae Rhizoma. Modern research has confirmed the significant anti-tumor (171), anti-viral (172), anti-fibrotic (173), anti-inflammatory (174), and antioxidant (174) effects of germacrone. The renoprotective effects of germacrone have also attracted the attention of researchers in recent years (175, 176). Jin et al. (177) found that germacrone reduced blood glucose and urinary protein in db/db mice and alleviated the structural damage to the kidney caused by hyperglycemia. Mechanistically, germacrone upregulated the expression of mmu_circRNA_0000309 in the DN model, followed by mmu_circRNA_0000309 sponge miR-188-3p which in turn promoted the expression of GPX4, thereby inhibiting ferroptosis and ultimately attenuating mitochondrial damage and podocyte apoptosis.





3.3 Anthraquinones

As we all know, Rhubarb and Senna are commonly used Chinese herbs for constipation. Sennoside A is an important bioactive component extracted from Rhubarb and Senna with a wide range of pharmacological activities, including laxative (178), anti-obesity (179, 180), anti-diabetic (181), anti-tumor (182), and hepatoprotective (183, 184). A recent study found that PTGS2 protein expression and MDA levels were significantly increased, while GPX4 protein expression and GSH activity were significantly decreased, in the kidneys of DN mice. Sennoside A treatment was able to reverse this phenomenon and reduce urinary protein levels. Mechanistically, sennoside A attenuated ferroptosis through inhibition of the Nrf2/HO-1 signaling pathway, thereby treating DN (185).




3.4 Alkaloids



3.4.1 Berberine

Berberine, an isoquinoline alkaloid, is mainly extracted from the Chinese herb Coptis chinensis. Previous studies found that berberine has strong pharmacological activities, such as antidiabetic (186), hypolipidemic (187), antiviral (188), antitumor (189), anti-inflammatory (190), antioxidant (191), hepatoprotective (192), neuroprotective (193), etc. Currently, berberine is widely used in the treatment of diabetes and its complications, including type 2 diabetes (194), diabetic nephropathy (195), diabetic retinopathy (196), diabetic encephalopathy (196), and diabetic cardiomyopathy (197). Accumulating evidence suggests that berberine has a significant anti-ferroptosis effect (198–200). Bao et al. (200) found that berberine improved the viability and proliferation of pancreatic β cells. Mechanistically, berberine attenuated ferroptosis in β cells by promoting GPX4 expression. Guan et al. (201) demonstrated that berberine blocked high glucose-induced ferroptosis in glomerular podocytes by activating the Nrf2/HO-1/GPX4 signaling pathway, decreasing ROS levels, and increasing GSH activity.




3.4.2 Leonurine

Leonurine is an alkaloid extracted from Leonurus cardiaca L. (motherwort), a plant in the Labiatae family, with various biological effects such as antioxidant (202–204), anti-inflammatory (204), regulating autophagy (205), improving mitochondrial dysfunction (203), and protecting pancreatic β cells (206). Huang et al. (207) thought that leonurine is a promising therapeutic agent to prevent diabetes and its complications by inhibiting the formation of advanced glycation end-products (AGEs). A recent study found that leonurine could reduce iron accumulation, lipid peroxidation, and ferroptosis by activating the Nrf2 antioxidant pathway (208). Similarly, Wu et al. (209) found that leonurine significantly reversed erastin-induced damage in HK-2 cells. Mechanistically, leonurine promoted p62 expression, activated Nrf2 entry into the nucleus, and upregulated HO-1 protein expression, thereby protecting HK-2 cells from ferroptosis injury. The above results suggest that leonurine may be a natural compound that effectively inhibits ferroptosis.





3.5 Coumarins

Umbelliferone is a natural coumarin compound extracted from Eucommiae Cortex, Prunellae Spica, and Angelica Dahurica. It has been reported to possess a variety of biological activities, including anti-diabetic and anti-hyperlipidemic (210), anti-diarrheal and anti-ulcerogenic (211), anti-rheumatic (212), anti-tumor (213), antivirulence (214), neuroprotective (215, 216), cardioprotective (217, 218), hepatoprotective (219), and renoprotective (220). Recent studies have found that umbelliferone shows great potential in DN treatment. Wang et al. (221) demonstrated that umbelliferone improved renal function in DN rats through modulation of inflammation and the TLR/NF-κB pathway. Jin et al. (222) observed that umbelliferone inhibited ROS production, increased GSH activity, decreased MDA levels and iron content, upregulated GPX4, Nrf2 and HO-1 expression, and downregulated ACSL4 expression in both db/db mice and high glucose-induced HK-2 cell models. This finding suggests that umbelliferone has inhibitory effects on oxidative stress and ferroptosis both in vitro and in vivo. However, this effect of umbelliferone was reversed when Nrf2 was knocked down. Thus, umbelliferone delays DN progression mainly by activating the Nrf-2/HO-1 pathway and inhibiting ferroptosis.




3.6 Lignans

Schisandrin A is the main bioactive component isolated from the traditional Chinese medicine Schisandra chinensis. Previous studies have shown that Schisandrin A has a variety of pharmacological effects, including anti-inflammatory, antioxidant, antitumor, antidiabetic, hepatoprotective, neuroprotective, and musculoskeletal protection (223). The emerging evidence has shown that Schisandrin A not only attenuated oxidative stress, the inflammatory response, mitochondrial damage, and ROS/TXNIP/NLRP3 signaling pathway-mediated pyroptosis in DN models but also inhibited high glucose-induced ferroptosis (224). Specifically, Schisandrin A reduced lipid ROS levels by activating AdipoR1/AMPK signaling, which in turn induced Nrf2, HO-1, GPX4, and SOD2 protein expression in the DN model. Therefore, Schisandrin A may be a potential therapeutic agent for DN.




3.7 Polysaccharides

In China, Polygonatum sibiricum is a medicinal and edible plant. Polygonatum sibiricum polysaccharides (PSP) are one of the main active ingredients of Polygonatum sibiricum, which is also the only content determination component of Polygonatum sibiricum prescribed by the Chinese Pharmacopoeia (2020 edition). Modern pharmacological studies have shown that PSP has antioxidant (225, 226), anti-aging (227, 228), anti-inflammatory (226), hepatoprotective (229), immunomodulatory (230, 231), and anti-diabetic (232) effects. A recent study has found that PSP significantly improved renal function parameters and attenuated renal histopathological damage in DN rats (233). Mechanistically, PSP reduced MAD and total iron content, increased GSH content, down-regulated transferrin and FTH1 expression, and up-regulated GPX4 expression in the renal tissues of DN rats. This study confirms that PSP can play a therapeutic role in DN by inhibiting ferroptosis.




3.8 Saponins

Platycodin D, a triterpenoid saponin, was isolated from the root of Platycodon grandiflorum. Previous studies have demonstrated that platycodin D has various pharmacological properties, such as anti-tumor (234, 235), anti-diabetic (236), anti-hypercholesterolemic (237), anti-inflammatory (238), anti-asthmatic (239), anti-obesity (240), and hepatoprotective effects (241). The emerging evidence has shown that platycodin D significantly reduced LDH release and increased cell viability in high glucose-induced HK-2 cells (242). Mechanistically, platycodin D inhibited lipid ROS production, decreased MDA levels and iron content, increased GSH levels, inhibited ACSL4 and TfR1 expression, and promoted FTH1, SLC7A11, and GPX4 expression. In addition, this effect was enhanced by the combination of platycodin D with the ferroptosis inhibitor deferasirox, while the effect was attenuated by GPX4 knockdown. Therefore, the reversal of high glucose-induced HK-2 cell injury by platycodin D was associated with upregulation of GPX4 expression and inhibition of ferroptosis.




3.9 Carotenoids

Crocetin, a natural carotenoid, is one of the main active ingredients in the traditional Chinese medicine saffron. Modern pharmacology has demonstrated that crocetin possesses a variety of pharmacological activities, including cholesterol-lowering (243), antidiabetic (244), antiatherosclerotic (245), antidepressant (246), cardioprotective (247), and nephroprotective (248, 249). In recent years, it has been found that crocetin could alleviate DN by inhibiting the expression of inflammatory cytokines and fibrotic factors in the kidney of diabetic rats (248). In high glucose-induced human glomerular mesangial cells, Lu et al. (250) observed that crocetin promoted Nrf2, GPX4, and HO-1 protein expression, reduced intracellular ROS production, and improved cell survival. Therefore, inhibition of ferroptosis in human glomerular mesangial cells is also an important mechanism for the prevention or treatment of DN by crocetin.

In conclusion, the active ingredients of some herbal medicines have shown good effects in the treatment of DN by targeting ferroptosis. Mechanistically, ferroptosis is inhibited mainly by enhancing antioxidant capacity, reducing lipid peroxidation levels, and reducing iron overload. Nrf2/HO-1 is a well-studied signaling pathway. GPX4 is a key signaling molecule for the antiferroptotic effect of Chinese herb medicine. Unlike other studies, Ding et al. (185) found that inhibition of excessive activation of the Nrf2/HO-1 signaling pathway was an important mechanism by which sennoside A attenuated ferroptosis in DN models. Therefore, scholars can explain this inconsistency in further studies.





4 Conclusion and prospects

As a newly discovered mode of cell death, ferroptosis has been a hot topic of research in the field of kidney disease in recent years. Throughout the past studies, great progress has been made in the study of ferroptosis in DN pathogenesis and in the prevention and treatment of DN through the regulation of ferroptosis by Chinese herbal medicine. From the available literature, multiple regulatory factors (non-coding RNAs, COX-2, ALOX15, Prdx6, ZIP14, HMGB1, Nrf2, and GPX4) and the HIF-1α/HO-1 pathway are involved in the regulation of ferroptosis in DN. A variety of herbal active ingredients such as glabridin, calycosin, glycyrrhizic acid, germacrone, berberine, etc. have been shown to reduce DN by targeting the inhibition of ferroptosis. However, the research on the regulation of ferroptosis in DN by Chinese herbal medicine is still in the preliminary exploration stage. There are still some limitations in the existing studies. Firstly, there is a lack of specific biomarkers for ferroptosis. Current studies can only indirectly demonstrate the occurrence of iron death by detecting ROS levels, lipid peroxidation products, iron levels, GPX4 activity, etc. Secondly, almost all studies are preclinical, and models are limited to cellular and animal models. Thirdly, most studies have only explored the molecular mechanism of Chinese herbal medicine to alleviate ferroptosis in DN via a single pathway. Finally, Chinese herbal medicine contains several components, such as Chinese herbal formulas, Chinese patent medicines, extractive compounds, etc. At the present stage, the research on Chinese herbal medicines is mostly limited to monomers and extractive compounds. Fewer studies have been conducted on Chinese herbal formulas and Chinese patent medicines that are used frequently in clinical practice. Therefore, in future research, we should focus on exploring the molecular mechanisms of ferroptosis regulation by Chinese herbal medicines from multiple pathways and perspectives, conducting relevant clinical trials, and further exploring new Chinese herbal medicines with anti-ferroptotic effects. We believe that as ferroptosis research progresses, it is expected to provide new effective therapeutic strategies for the treatment of DN.
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Objective

We aimed to explore the value of Huobahuagen tablet (HBT) in improving decreased renal function for patients with diabetic kidney disease (DKD) over time.





Methods

This was a single-center, retrospective, real-world study on eligible 122 DKD patients who continued to use HBT + Huangkui capsule (HKC) therapy or HKC therapy without interruption or alteration in Jiangsu Province Hospital of Chinese Medicine from July 2016 to March 2022. The primary observation outcomes included estimated glomerular filtration rate (eGFR) at baseline and 1-, 3-, 6-, 9-, and 12-month follow-up visits and changes in eGFR from baseline (ΔeGFR). Propensity score (PS) and inverse probability treatment weighting (IPTW) were used to control for confounders.





Results

eGFR was significantly higher in the HBT + HKC group than in the HKC alone group at the 6-, 9-, and 12-month follow-up visits (p = 0.0448, 0.0002, and 0.0037, respectively), indicating the superiority of HBT + HKC over HBT alone. Furthermore, the ΔeGFR of the HBT + HKC group was significantly higher than that of the HKC alone group at the 6- and 12-month follow-up visits (p = 0.0369 and 0.0267, respectively). In the DKD G4 patients, eGFR was higher in the HBT + HKC group at the 1-, 3-, 6-, 9-, and 12-month follow-up visits compared with baseline, with statistically significant differences at the 1-, 3-, and 6- month follow-up visits (p = 0.0256, 0.0069, and 0.0252, respectively). The fluctuations in ΔeGFR ranged from 2.54 ± 4.34 to 5.01 ± 5.55 ml/min/1.73 m2. Change in the urinary albumin/creatinine ratio from baseline did not exhibit a significant difference between the two groups at any of the follow-up visits (p > 0.05 for all). Adverse event incidence was low in both groups.





Conclusion

The findings of this study based on real-world clinical practice indicate that HBT + HKC therapy exhibited better efficacy in improving and protecting renal function with a favorable safety profile than HKC therapy alone. However, further large-scale prospective randomized controlled trials are warranted to confirm these results.





Keywords: Huobahuagen tablet, Huangkui capsule, diabetic kidney disease, efficacy, real-world evidence





Introduction

Diabetic kidney disease (DKD), a major microvascular complication of diabetes with an incidence of 30%–40% (1), is the leading cause of end-stage kidney disease and a major social and economic burden worldwide. However, DKD is more difficult to treat than other types of kidney diseases owing to metabolic factors and the effects of metabolic memory (2). The findings of the Irbesartan Diabetic Neuropathy trial (3) and STENO-2 study (4) emphasized that the rigorous control of hyperglycemia and hypertension and use of renin–angiotensin system inhibitors (RASIs) failed not only to control the decrease in the estimated glomerular filtration rate (eGFR) but also to effectively reduce urinary protein levels or delay the decline of renal function in patients with clinical DKD. Although both the CREDENCE (5) and DAPA-CKD (6) studies reported that sodium–glucose cotransporter 2 inhibitors (SGLT2i) exhibited renoprotective effects in addition to lowering blood glucose levels, these drugs can only delay renal function decline but not reverse it. Therefore, the development of novel therapeutic agents that can effectively reverse the decline in renal function in patients with DKD is clinically important.

Traditional Chinese medicine (TCM) has a long history of being commonly used to treat DKD owing to its promising effectiveness in clinical practice because of its multitarget nature (7). Huangkui capsule (HKC) is a TCM comprising the ethanol extract of Abelmoschus manihot flowers and has been approved by the Chinese State Food and Drug Administration to treat kidney disease (8). A meta-analysis reported the efficacy and safety of HKC in patients with decreasing serum creatinine (Scr) levels and proteinuria (9). As a representative of traditional Chinese medicine in treating DKD, HKC was selected as the medication of the control group. However, the longest course of DKD treatment with HKC was only 6 months as far as we know, and most research used HKC for treating DKD G1-2 (10, 11). Therefore, for DKD patients with decreased renal function, clinicians prefer to combine HKC with tripterygium glycosides (TGs) extracted from Tripterygium wilfordii to enhance renal protection. In 2022, our team’s previous research confirmed that TGs combined with HKC could be more effective in decreasing the Scr levels (11). However, TGs can engender systemic adverse effects with an incidence of 30.75% (12), including gastrointestinal reactions, liver and kidney dysfunction, and reproductive toxicity, particularly in long-term and high-dose clinical applications (13). Thus, the widespread application of TGs for treating chronic kidney diseases is hindered by the narrow therapeutic window owing to severe toxicity.

Huobahua, also known as Tripterygium hypoglaucum (Lévl.) Hutch (THH), is a plant native to the southwest region of China that has pharmacological effects similar to those of T. wilfordii Hook F (TwHF) with lower toxicity (14). Huobahuagen tablet (HBT) is prepared from the peeled and dried root of THH and can be used to effectively treat chronic kidney disease (CKD). A recent review regarding the clinical applications and pharmacological effects of HBT over the past two decades revealed that HBT exhibited an excellent ability to reduce Scr levels and albuminuria in the treatment of DKD due to its anti-inflammatory and anti-fibrotic properties (15). Moreover, combination treatment with HBT and HKC has been clinically applied as a potential therapeutic regimen for DKD in China. However, to the best of our knowledge, no clinical study to date has focused on the therapeutic efficacy of the combination of HBT and HKC for DKD. To fill this knowledge gap, we conducted a retrospective real-world study (RWS) to evaluate the clinical efficacy and safety of HBT combined with HKC for treating DKD.





Methods




Patient selection

Overall, 35,361 patients were diagnosed with DKD in the Jiangsu Province Hospital of Chinese Medicine from July 2016 to March 2022 (Figure 1). The study cohort included patients with DKD who were treated with HKC or HKC + HBT and fulfilled the inclusion and exclusion criteria. DKD diagnosis was based on the Kidney Disease Outcomes Quality Initiative (KDOQI) clinical practice guidelines (16). According to GFR categories in KDOQI, we described eGFR 30–89 ml/min/1.73 m2 as DKD G2-3 and eGFR 15–29 ml/min/1.73 m2 as DKD G4 in this paper.




Figure 1 | Flowchart of the selection process of the study population.



The “as treated” set of 344 patients was selected by excluding patients who used TCM preparations other than the study drugs (n = 32,518), those with a treatment course duration of <3 months (n = 1,986), and those who interrupted or altered the treatment plan during the treatment course (n = 513). Among these 344 patients, those with missing Scr values before or after treatment in patient records (n = 177), those with end-stage kidney disease at baseline (eGFR < 15 ml/min/1.73 m2; n = 4), and those without impaired renal function at baseline (eGFR > 90 ml/min/1.73 m2; n = 41) were excluded. Additionally, the patients were required to have received a stable dose of RASIs throughout the TCM treatment. The study cohort included 122 patients.





Study design

This was a retrospective, single-center, RWS study that included primary data regarding patient characteristics, comorbidities, laboratory test results, and medical treatment. This study was initiated by investigators who provided scientific decisions on the study objectives, protocol, conduct, and analysis.

Following the selection of the eligible patients, the ones with mild/moderate renal impairment (DKD G2-3, n = 104) were likely to be assigned HBT + HKC as well as HKC therapy alone, and those with severe renal insufficiency (DKD G4) were more likely to be assigned HBT + HKC therapy in the clinic, as HKC therapy alone might be insufficient based on the evaluation of the collected data and opinion of experts in the field. Therefore, a separate analysis of only HBT + HKC therapy in that group was performed.

According to the TCM treatment, DKD G2-3 patients were divided into the HBT + HKC (n = 63) and HKC alone (n = 35) groups. For DKD G4 patients, only 16 patients who received HBT + HKC were analyzed, and two patients who received HKC alone were excluded due to the lack of representativeness.





Data collection

Data for the present study were retrospectively collected from the electronic patient records of Jiangsu Province Hospital of Chinese Medicine. Patient records were individually reviewed using a standardized, structured data collection protocol for 1) demographic characteristics and pretreatment events including age, sex, disease course of diabetes, comorbidities, and concomitantly prescribed medicines; 2) physical examination and laboratory results at baseline, including body mass index (BMI), systolic and diastolic blood pressures, fasting blood glucose, total cholesterol, and low-density lipoprotein cholesterol; and 3) primary follow-up efficacy indicators, including Scr levels and urinary albumin/creatinine ratio (UACR). The therapeutic efficacy indices of eGFR and UACR were also calculated. eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation. Moreover, the DKD stage was inferred accordingly.





Groups and treatments

In this retrospective observational study, the patients were categorized according to the TCM administered for DKD. To be included in the study, the patients were required to receive stable daily doses of agents that controlled blood glucose, pressure, and lipid levels; have infections; have fluid/electrolyte balance; and have acid–base homeostasis. The following were the medication methods of the different groups:

	(1) HKC alone group (HKC): orally treated with HKC five capsules thrice daily (6.45 g/day).

	(2) HBT combined with HKC group (HBT + HKC): orally treated with HKC five capsules thrice daily (6.45 g/day) and HBT four capsules thrice daily (2.16 g/day).







Statistical analysis

Continuous variables were reported as means ± standard deviation for normally distributed data and as medians (25th–75th percentiles) for data with skewed distribution. The normality of data distribution was assessed using Shapiro–Wilk test. Independent and paired t-tests were used to assess between- and within-group differences in normally distributed data, and Wilcoxon’s rank-sum and paired rank-sum tests were used to evaluate between- and within-group differences in non-normally distributed data. Categorical variables were described as counts and percentages, reported as n (%), and χ2 or Fisher’s exact test was performed for between-group comparisons. All analyses were separately performed in the “as treated” datasets.

In this observational RWS, the two comparison groups exhibited substantial differences in the baseline risk factors, including renal function, age, sex, and risk level, which were primarily introduced by the treatment choice based on the clinical status of patients. Therefore, to control for confounders, propensity score (PS) matching was performed to assess the conditional probability of assignment to a particular treatment given the observed covariates, and inverse probability treatment weighting (IPTW) was applied to balance the two groups. Owing to the contribution to the outcome and the completeness of risk factors, logistic regression including age, sex, baseline eGFR, and risk level as input variables, was applied to calculate the propensity score, and weighting was considered appropriate if the standardized mean difference between the groups was <0.2 following adjustment. After adjustment, no significant differences were noted in the baseline renal function, age, sex, and risk level between the two groups, and the baseline was balanced and comparable.

As the study analysis included data collected as a part of daily practice and not for a specifically designed study protocol, missing key data were inevitable, especially as this non-interventional, long-term study included both inpatients and outpatients. An interpolation strategy was applied to generate corresponding data for the main outcome indicators eGFR and UACR at the time to perform the comparison, which was 1, 3, 6, 9, and 12 months following treatment. According to the reference and development trend, we applied a simple and robust strategy to fill those two: for eGFR, a linear interpolation was used; for UACR, a linear interpolation in logarithmic space was used.

To compare the changes in eGFR and UACR as the endpoints in the between-group analyses and to compare the change in eGFR as the endpoint among different stratifications in the experimental group, logistic regression was used to calculate odds ratios (ORs) with 95% confidence intervals (CIs). Unless otherwise specified, a p-value of <0.05 was considered statistically significant, whereas a p-value of <0.01 was considered highly significant. IPTW analysis was performed using R statistical software version 4.2.1, and other analyses were performed using SAS 9.4.






Results




Patient characteristics

The final analyses included a total of 98 DKD G2-3 patients who fulfilled all the study inclusion and exclusion criteria. Among these, 63 and 35 patients were included in the HBT + HKC (experimental) and HKC alone (control) groups, respectively. Furthermore, a separate study group included 16 DKD G4 patients who were treated with HBT + HKC therapy (Figure 1).

The patients who were treated with HKC alone were younger and exhibited shorter disease duration than those treated with HBT + HKC. The balance in the baseline characteristics between the two groups improved following IPTW (standardized differences <0.2; Table 1). Age, sex, disease course, and eGFR were more balanced and demonstrated no statistical differences between the groups; furthermore, after matching, BMI, systolic blood pressure, fasting blood glucose, UACR, total cholesterol, and low-density lipoprotein cholesterol were not significantly different between the two groups.


Table 1 | Baseline demographic and clinical characteristics of the DKD G2-3 patients.



In the group of patients with DKD G4, the mean age was 63.63 ± 7.19 years, and men accounted for 62.5%. The mean course of the disease was 17.90 ± 5.57 years, the mean BMI was 24.91 ± 3.67 kg/m2, the mean eGFR at baseline was 21.70 ± 4.50 ml/min/1.73 m2, and the mean UACR was 3,062.54 ± 2,579.54 mg/g (Table 2).


Table 2 | Baseline demographic and clinical characteristics of the DKD G4 patients.







Clinical outcomes




Comparing the efficacy of HBT + HKC and HKC alone

The eGFR and UACR were calculated at baseline and 1-, 3-, 6-, 9-, and 12-month follow-up visits. Subsequently, the cohorts were weighted using IPTW, the statistical description of each visit was summarized, and changes in the variables from the baseline were calculated. Next, between-group differences in absolute values and changes from baseline were evaluated using Wilcoxon’s rank-sum test.

The HBT + HKC group exhibited a stable trend of eGFR, the primary therapeutic index, after the baseline. Additionally, eGFR increased at the 1-, 3-, 6-, 9-, and 12-month follow-up visits compared with the baseline value (Figure 2A). The HKC alone group exhibited an upward trend from the 1- to 3-month follow-up visits, followed by a downward trend till the 12-month follow-up visit. The baseline eGFR did not significantly differ between the two groups (p = 0.954). However, eGFR was significantly higher in the HBT + HKC group than in the HKC alone group at the 6-, 9-, and 12-month follow-up visits (p = 0.0448, 0.0002, and 0.0037, respectively), whereas no significant difference was noted at the 1- and 3-month follow-up visits (p > 0.05). Additional analyses included comparing the change in eGFR (ΔeGFR) between the HBT + HKC and HKC alone groups and the baseline; ΔeGFR was calculated for each visit after the baseline. Briefly, ΔeGFR was significantly higher in the HBT + HKC group than in the HKC alone group at the 6- and 12-month follow-up visits (p = 0.0369 and 0.0267, respectively). Furthermore, median ΔeGFR was higher in the HBT + HKC group than in the HKC alone group at the 1-, 3-, and 9-month follow-up visits, although the differences were not statistically significant (p > 0.05).




Figure 2 | Effectiveness of HBT + HKC versus HKC alone on eGFR and UACR in DKD G2-3 patients over time. (A) The line plot shows the eGFR at specific time points. The eGFR, ΔeGFR, and p-values are listed below the line plot. (B) The line plot shows the UACR at specific time points. The UACR, ΔUACR, and p-values are listed below the line plot. p-Values were between-group statistical results at baseline and 1-, 3-, 6-, 9-, and 12-month time points. HBT, Huobahuagen tablet; HKC, Huangkui capsule; eGFR, estimated glomerular filtration rate; UACR, urinary albumin/creatinine ratio; DKD, diabetic kidney disease.



In the HBT + HKC group, UACR exhibited a slow upward trend after the baseline, albeit without statistical significance (Figure 2B). Conversely, in the HKC alone group, UACR followed a downward trend from the 1- to 6-month follow-up visits, subsequently showing an upward trend from the 6- to 12-month follow-up visits; however, these changes were not statistically significant. Although no statistically significant difference was observed in the baseline UACR values of the two groups (p > 0.05), at the 1-month follow-up visit, UACR was significantly lower in the HBT + HKC group than in the HKC alone group (p = 0.0391). No significant differences in UACR values were observed between the two groups at the 3-, 6-, 9-, and 12-month follow-up visits (p > 0.05); however, the median UACR was lower in the HBT + HKC group than in the HKC alone group at the 3-, 9-, and 12-month follow-up visits. The change in UACR from the baseline (ΔUACR) was calculated for each visit, and differences in ΔUACR between the two groups were compared, revealing that the two groups did not exhibit significant differences in ΔUACR at any of the visits (p > 0.05).





Subgroup and sensitivity analyses

As the main therapeutic efficacy indicators, eGFR and ΔeGFR exhibited statistically significant superiority in the HBT + HKC group compared with the HKC alone group at 6 months. Furthermore, the data at 6 months were complete as dropout occurred at the 9th and 12th months; therefore, the results at 6 months were selected for comparison between the two groups. The differences in the eGFR and UACR improvement rates were compared, and the corresponding forest plots were drawn (Figure 3).




Figure 3 | Forest plot of differences in eGFR and UACR improvement rates at 6 months. eGFR, estimated glomerular filtration rate; UACR, urinary albumin/creatinine ratio.



The study cohort was further categorized into the following six subgroups according to the outcome: 1) increasing eGFR, 2) increasing eGFR and decreasing UACR, 3) increasing eGFR and UACR, 4) decreasing UACR decreasing, 5) decreasing eGFR and UACR, and 6) decreasing eGFR and increasing UACR. With the use of IPTW data, the number and percentage of each case at 6 months were determined. Logistic regression analyses revealed that in subgroup 3 (increasing eGFR and UACR), the proportion of patients treated with HBT + HKC was significantly higher than that of the patients treated with HKC alone (36.22% versus 8.05%; OR 6.489, 95% CI 1.978–21.285; p = 0.002), indicating that the HBT + HKC group had more patients with improved eGFR but not with improved UACR compared with the HKC alone group. In subgroup 6 (decreasing eGFR and increasing UACR), the proportion of patients treated with HBT + HKC was significantly lower than that of the patients treated with HKC alone (18.64% versus 39.89%; OR 0.345, 95% CI 0.136–0.878; p = 0.0256), indicating that the HKC alone group had more patients with worsening eGFR and UACR, suggesting that the inefficiency of both eGFR and UACR was significantly higher in the control group.





Efficacy of HBT + HKC therapy in DKD G4 patients

In patients with DKD G4, an increasing trend in eGFR (Figure 4A) with fluctuations was observed from the baseline to the 12-month follow-up visit; the eGFR values at all the follow-up visits were higher than the baseline value. Moreover, eGFR was significantly higher at the 1-, 3-, and 6-month follow-up visits compared with the baseline (p = 0.0256, 0.0069, and 0.0252, respectively). The fluctuation in ΔeGFR ranged from 2.54 ± 4.34 to 5.01 ± 5.55 ml/min/1.7 m2.




Figure 4 | Effect of HBT + HKC therapy on eGFR and UACR over time. (A) The line plot shows the eGFR at specific time points. The eGFR and ΔeGFR values are listed below the line plot. (B) The line plot shows the UACR at specific time points. The UACR and ΔUACR values are listed below the line plot. HBT, Huobahuagen tablet; HKC, Huangkui capsule; eGFR, estimated glomerular filtration rate; UACR, urinary albumin/creatinine ratio.



In these patients, UACR exhibited an initial decreasing trend, with a subsequent increase. The best improvement (i.e., reduction in UACR) was noted at the 3-month follow-up visit, slightly higher than the baseline at 9 and 12 months, and no statistical significance was noted in the within-group comparison (p > 0.05) (Figure 4B). For ΔUACR, from 1 to 9 months, the reduced value from the baseline almost gradually increased. The fluctuation in ΔUACR ranged from −386.82 ± 2,171.29 to −101.32 ± 245.05 mg/g.






Adverse events

In the study cohort, two of the 63 patients in the HBT + HKC group developed adverse events, including abdominal discomfort and constipation in each; the incidence of adverse events was 3.2%. Among the 35 patients in the HKC group, one patient developed abdominal discomfort, and the incidence of adverse events was 2.9%. The incidence of adverse events was comparable between the HBT + HKC and HKC alone groups (p > 0.05). No adverse events were reported in the DKD G4 patients who received HBT + HKC therapy. All adverse events were mild and resolved after symptomatic treatment.






Discussion

In the present study involving patients with DKD, HBT + HKC therapy exhibited better efficacy than the HKC therapy alone in improving renal function in DKD G2-3 patients, with the observed efficacy becoming more evident with increasing therapy duration. At 12 months, under similar baseline conditions, the eGFR of the HBT + HKC group was stable at 61.1 ml/min/1.73 m2, whereas that of the HKC alone group decreased to 31.63 ml/min/1.73 m2; the difference in the eGFR between the two groups was nearly twofold. For DKD patients with severe renal insufficiency (DKD G4), the eGFR exhibited an increasing trend following treatment with HBT + HKC. After 3–12 months of continuous treatment, the eGFR increased from 21.70 (4.50) to 27.35 (7.81) ml/min/1.73 m2, indicating that the HBT + HKC therapy was associated with a trend toward improvement in renal function to some extent. In addition, the clinical effectiveness of the HBT + HKC therapy in this real-world study was unaccompanied by any significant adverse reactions.

eGFR is the most common prognostic indicator used for the renal function of DKD patients in clinical trials and practice (17, 18). Because eGFR can be affected by some interference factors (19), continuous monitoring of long-term and multi-time points is more meaningful. However, many clinical trials of TCM therapy for DKD were only for the observation of therapeutic indicators at the time point before and after treatment. Similar to previous longitudinal DKD studies (20, 21), our study also chose multiple time points, allowing for a more direct and robust observation of change in renal function and UACR over time, which included baseline and 1-, 3-, 6-, 9-, and 12-month time points. Meanwhile, there were some differences between our study and previous clinical studies on the treatment of DKD with traditional Chinese medicine. 1) Selection of the control group: most clinical trials used angiotensin-converting enzyme inhibitors (ACEIs)/angiotensin receptor blockers (ARBs) as the control group, and the treatment group received the combined therapy of Chinese herbal medicine and ACEI/ARB (22–24). Contrary to previous trials, our study selected HKC as the drug of the control group based on a stable dose of ARB/ACEI treatment. Systematic review and meta-analysis have demonstrated that HKC may treat DKD effectively (9). In 2022, a randomized, double-blind, parallel-controlled multicenter clinical trial further confirmed that HKC combined with irbesartan could exert a greater beneficial effect on DKD than the two alone (25). Therefore, the results of HBT on improving renal function in our study were obtained based on comparison with a more effective control group. 2) The course of treatment: the course of previous clinical studies related to HKC or TwHF was mostly limited to 6 months, while the treatment period of our study was extended to 1 year, which not only filled the clinical gap related to HBT or HKC but also made its efficacy and safety in improving renal function more convincing. In addition, in the real-world clinical setting, many DKD patients go to the hospital only when they find a significant decline in renal function or overt proteinuria, which can be called the “silent crowd effect” (26, 27). For such DKD patients with decreased renal function, the clinical efficacy of HKC alone is unknown. Our study found that when HKC alone was continuously used for 6–12 months, eGFR showed a significant downward trend compared to baseline, and the clinical efficacy was far less than that of HBT + HKC therapy, which might explain why so few DKD patients were using HKC alone in DKD G4 and emphasize the necessity and importance of HBT for DKD patients.

The pathogenesis of DKD is complex, and many factors are involved, such as metabolic disorders, hemodynamic abnormalities, oxidative stress, inflammatory response, and epigenetics (28). The essence of DKD can be expressed as inflammation-induced excessive tissue self-repair and subsequent chronic fibrosis, which ultimately leads to loss of renal function (29). Several epigenetic modifications, extensively studied the mechanism of metabolic memory, are involved in the progression of inflammation and fibrogenesis (2, 30). However, ACEI/ARB, which is widely used clinically, does not have anti-inflammatory and anti-fibrotic effects, which to some extent limit the improvement of renal function. TCM has both anti-inflammatory and anti-fibrotic effects by reversing epigenetic modification (22). HBT in this study, similar to HKC and TwHF, can act on inflammatory response and fibrosis process. Pharmacological studies have confirmed that HBT is an effective and low-toxicity Chinese patent medicine, which contains large amounts of flavonoids, such as (+)-catechin and l-epicatechin, and low quantities of terpenoids (14, 31). Because of the active ingredients, HBT can reduce inflammation, combat oxidative stress, protect renal tubular epithelial cells, and inhibit renal fibrosis with low toxicity (14). In addition, terpenoids of the extracts of T. wilfordii plants, such as triptolide and celastrol, have high toxic side effects (32, 33), while flavonoid components are relatively safe, which may explain the low toxic side effects of HBT in clinical practice. Notably, epicatechin (EC), as the most abundant natural flavonoid in THH, has been shown to have an immediate protective effect on DKD (34), which cannot be found in HKC and TwHF. EC can not only directly inhibit inflammatory factors (TNF-α, iNOS, and IL-6) but also prevent activation of the TLR4-NF-κB pathway and NOX-dependent oxidant production to reduce proinflammatory factor expression (34, 35). DCCT/EDIC and UKPDS follow-up studies have found that patients with poor early blood sugar control cannot prevent the development of microvascular complications even if they intensify blood sugar reduction later, a phenomenon academically called the adverse “metabolic memory” effect, which is considered an essential reason for the progression of renal fibrosis (2, 36). Studies have confirmed that various post-transcriptional/translation modifications (such as acetylation and microRNA) in a high blood sugar environment have the nature of “metabolic memory” and can be inherited. The resulting epigenetic changes can cause related gene expression disorders, leading to sustained excessive secretion of inflammation and fibrosis factors, resulting in chronic “inflammation-fibrosis” damage to organs (2). EC has been shown to induce epigenetic changes by regulating the levels of histone acetyltransferases (HATs) and histone deacetylase 4 (HDAC4), decreasing H3K9 acetylation and H3K4 dimethylation and increasing H3K9 dimethylation triggered by high glucose (37), thereby indirectly downregulating the TGF-β1 pathway to reduce the deposition of extracellular matrix (38), which play an important role in DKD treatment. Therefore, HBT, in which the primary active component is EC, may regulate epigenetics (acetylation modification) and block the adverse “metabolic memory” effect mediated DKD renal fibrosis, which may provide a breakthrough direction for DKD prevention and treatment. However, further basic experiments are needed to verify this hypothesis. Thus, this study focused on the clinical effect of HBT on DKD.

We found that for DKD G2-3 patients, HKC decreased UACR within 6 months, which was consistent with previous literature (25). UACR of the HBT + HKC group exhibited a gentler trend compared with that of the HKC group at 12 months; however, no significant difference in efficacy was observed. For DKD G4 patients, UACR demonstrated a significant downward trend within 6 months of HBT + HKC therapy. However, no remarkable and stable effect on UACR reduction was noted in the HBT + HKC group, which was slightly inconsistent with our expectations. One plausible reason for this finding is that the observed UACR is easily affected by several factors, such as dietary protein intake, physical exercise, metabolic disorder, and fever, and the urine protein level itself cannot completely reflect the degree of renal function (1, 18). Of course, the possibility that some patient characteristics may have affected therapeutic outcomes cannot be completely ruled out, as shown in the subgroup analyses. However, it needs a larger subgroup sample size to confirm.

The present study has several strengths. First, to the best of our knowledge, this is the first clinical study to compare the efficacy of HBT combined with HKC to that of HKC alone in patients with DKD. Our analyses indicated that the efficacy of the combination therapy might be superior to that of HKC alone in patients with DKD and decreased eGFR. Additionally, the observed efficacy might become more evident after 6–12 months of treatment, without major side effects. Furthermore, HBT + HKC therapy represents a potential treatment option that may increase eGFR and truly achieve the effect of reversing renal function for DKD G4 patients. Second, this is also the first RWS on the treatment of DKD with HBT; we aimed to achieve results that are more closely related to real-world clinical settings. Therefore, based on clinical authenticity, our findings might provide a reference for follow-up randomized controlled studies. Finally, we used rigorous eligibility criteria; that is, we only included patients with DKD who had three consecutive months of treatment with the study drugs following their first drug exposure. The “as treated” patient cohort ensured that all the patients had sufficient data depth.

The present study has several limitations. First, our study was a retrospective RWS, so the data were based on the patients’ detection at that time, which indicated that we were unable to capture data on relevant indicators of inflammation and fibrosis if undetected to support the mechanism. In the future, we will conduct prospective research on HBT to confirm the mechanism. Second, our strict control standards for the use of HBT or HKC resulted in a relatively small sample size after the screening. Meanwhile, many DKD patients who visited the hospital progressed to the middle and late stages due to therapeutic inertia, which resulted in fewer patients using HKC alone. Additionally, the results regarding DKD G4 patients should be interpreted with caution owing to the small sample size. Prospective, randomized, double-blind studies are needed in the future to validate the results.





Conclusion

In conclusion, this is the first RWS to evaluate the efficacy and safety of HBT in combination with HKC for the treatment of DKD. The current study on HBT is limited, and sufficient attention has not been given to the relationship between ingredients, pharmacological activities, and toxicity. This study is a good attempt at real-world research on TCM.
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Background

Previous experimental studies have shown that mice overexpressing amyloid precursor protein, in which β-amyloid (Aβ) is overproduced, exhibit peripheral insulin resistance, pancreatic impairment, and hyperglycemia. We aimed to explore the effects of Aβ on insulin action and insulin secretion in vitro and the association of plasma Aβ with prediabetes in human.





Methods

We examined the effects of Aβ40 and Aβ42 on insulin-inhibited glucose production in HepG2 cells, insulin-promoted glucose uptake in C2C12 myotubes, and insulin secretion in INS-1 cells. Furthermore, we conducted a case-control study (N = 1142) and a nested case-control study (N = 300) within the prospective Tongji-Ezhou cohort. Odds ratios (ORs) and 95% confidence intervals (CIs) for prediabetes were estimated by using conditional logistic regression analyses.





Results

In the in vitro studies, Aβ40 and Aβ42 dose-dependently attenuated insulin-inhibited glucose production in HepG2 cells, insulin-promoted glucose uptake in C2C12 myotubes, and basal and glucose-stimulated insulin secretion in INS-1 cells. In the case-control study, plasma Aβ40 (adjusted OR: 2.00; 95% CI: 1.34, 3.01) and Aβ42 (adjusted OR: 1.94; 95% CI: 1.33, 2.83) were positively associated with prediabetes risk when comparing the extreme quartiles. In the nested case-control study, compared to the lowest quartile, the highest quartile of plasma Aβ40 and Aβ42 were associated with 3.51-fold (95% CI: 1.61, 7.62) and 2.75-fold (95% CI: 1.21, 6.22) greater odds of prediabetes, respectively.





Conclusion

Elevated plasma Aβ40 and Aβ42 levels were associated with increased risk of prediabetes in human subjects, which may be through impairing insulin sensitivity in hepatocytes and myotubes and insulin secretion in pancreatic β-cells.





Keywords: peripheral β-amyloid, in vitro study, insulin resistance, insulin secretion, prediabetes, population-based study




1 Introduction

β-amyloid (Aβ), mainly including Aβ40 and Aβ42, is a natural product from enzymatic proteolysis of amyloid precursor protein (APP) and has been found to be deposited in the brains of Alzheimer’s disease patients (1). Notably, Aβ is widely generated in the brain as well as various peripheral tissues (2–5). Accumulating evidence indicates that peripheral Aβ involves in regulating metabolism, especially glucose and insulin metabolism. Previous animal studies have demonstrated that mice overexpressing APP, in which Aβ is overproduced, exhibit peripheral insulin resistance and pancreatic impairment (6, 7). In addition, Aβ deposition has been found in human peripheral tissues taking part in glucose regulation, including skeletal muscle, liver, and pancreas (8–11). However, the effects of Aβ40 and Aβ42 on these peripheral tissues remain unclear.

Prediabetes, defined as an intermediate condition between normoglycemia and diabetes, is mainly manifested as peripheral insulin resistance and β-cell dysfunction (12). There is increasing number of individuals with prediabetes worldwide, with approximated 470 million people suffering from prediabetes by 2030 (13). Prediabetes individuals have been reported to exert greater risk of type 2 diabetes (T2D), cardiovascular disease (CVD), and mortality later in life (14, 15). Previous animal studies found that APP transgenic mice with high plasma Aβ concentrations displayed a prediabetes phenotype (16, 17). Yet, few epidemiological studies have explored the relationship between plasm Aβ and prediabetes.

Therefore, we examined the effects of Aβ40 and Aβ42 on insulin sensitivity in hepatocytes and myotubes as well as insulin secretion in pancreatic β-cells via in vitro studies. Furthermore, we evaluated the associations between plasma Aβ40 and Aβ42 and prediabetes in two independent populations, including a case-control study and a nested case-control study within the prospective Tongji-Ezhou cohort.




2 Materials and methods



2.1 Cell culture and Aβ treatment

HepG2 (human hepatoma) cell line was purchased from ATCC (Rockville, MD, USA); C2C12 (murine myoblast) and INS-1 (rat insulinoma) cell lines were purchased from the Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). All reagents were purchased from Gibco (Grand Island, NY, USA) unless otherwise mentioned. We cultured HepG2 cells in minimal essential medium supplemented with 10% (vol./vol.) fetal bovine serum (FBS), 1% (vol./vol.) non-essential amino acids, 1 mmol/l sodium pyruvate, and 1% (vol./vol.) penicillin-streptomycin. We maintained C2C12 cells in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% (vol./vol.) FBS and 1% (vol./vol.) penicillin-streptomycin, and differentiated the cells into myotubes in the medium supplemented with 2% (vol./vol.) horse serum for 4 days when they reached confluence. We cultured INS-1 cells in RPMI 1640 medium supplemented with 10% (vol./vol.) FBS, 10 mmol/l HEPES, 1 mmol/l sodium pyruvate, 50 μmol/l 2-mercaptoethanol (Genom, Hangzhou, China), and 1% (vol./vol.) penicillin-streptomycin. All cells were cultivated in a humidified condition (37 °C, 5% CO2).

Synthetic Aβ40, Aβ42, Aβ40-1, and Aβ42-1 (Chinapeptides, Shanghai, China) were dissolved in dimethyl sulfoxide at 5 mmol/l and then diluted with phosphate buffered saline at 400 μmol/l. They were further incubated at 37 °C, 220 rev/min for 48 h before use. Considering the deposition of Aβ in human peripheral tissues (8–11), Aβ concentrations in peripheral tissues may greatly exceed that in plasma. We treated cells with different doses (0, 2, 10, and 20 μmol/l) of Aβ40 or Aβ42 according to previous studies (17–20). In addition, Aβ40-1 and Aβ42-1 were used as control peptides with reverse sequence, and cells were treated with 20 μmol/l Aβ40-1 or Aβ42-1.




2.2 Cell viability assay

Cell viability of various cell lines was detected by CCK-8 (Dojindo, Kyushu Island, Japan). HepG2 cells, C2C12 myotubes, and INS-1 cells in 96-well plates were treated with different doses (0, 2, 10, and 20 μmol/l) of Aβ40 or Aβ42 for different periods of time (12, 24, and 48 h). Next, we added 10 μl CCK-8 reagent per well and measured optical density values by a microplate reader (Tecan, Männedorf, Switzerland) at 450 nm.




2.3 Glucose production assay

We performed glucose production assay according to the method described previously (21). We seeded HepG2 cells in 12-well plate and treated the cells with different doses of Aβ for 48 h. After treatment, we further incubated the cells with the medium for glucose production (glucose-free DMEM containing 2 mmol/l sodium pyruvate and 20 mmol/l sodium lactate) without or with 100 nmol/l insulin. After 3 h, the glucose level of supernatant was measure by a fluorescent glucose assay kit (Invitrogen, Carlsbad, CA, USA) and normalized to total protein amount.




2.4 Glucose uptake assay

Glucose uptake in C2C12 myotubes was determined as previously described (22). C2C12 myotubes in 12-well plate were treated with different doses of Aβ for 48 h. Next, C2C12 myotubes were glucose starved in glucose-free DMEM for 1 h and further incubated in phenol red-free DMEM supplemented without or with 100 nmol/l insulin for 2 h. Subsequently, we detected the glucose level of supernatant with the use of glucose assay kit (Invitrogen). Glucose intake was calculated by subtracting the remaining medium glucose from the fresh medium glucose and further normalized to the total protein amount.




2.5 Insulin secretion assay

We conducted insulin secretion assay according to the method described previously (23). We seeded INS-1 cells in 12-well plate and treated the cells with different doses of Aβ for 24 h. After treatment, the cells were glucose starved in the glucose-free RPMI 1640 media for 2 h and then incubated in the glucose-free RPMI 1640 media supplemented with 3 mmol/l or 15 mmol/l glucose for 2 h. After 2 h, the insulin level of supernatant was determined with a rat insulin assay kit (Mercodia, Uppsala, Sweden), and total protein amount was quantified to normalize insulin values.




2.6 Study design and population

The initial case-control study included 1142 participants (571 newly diagnosed prediabetes cases and 571 healthy controls) in Wuhan, China. We recruited cases from patients for the first time diagnosed as prediabetes in Tongji Hospital from 2012 to 2015. Concurrently, healthy controls were recruited from a general population receiving a regular medical examination in Tongji Hospital and matched 1:1 to cases on basis of age ( ± 3 years) and gender. In this study, we included participants who were aged ≥30 and ≤80 years, body mass index (BMI) <40 kg/m2, no previous diagnosis of prediabetes or diabetes, and no use of antihyperlipidemic medication. Additionally, patients diagnosed as any other clinically systemic illness, infectious disease, chronic inflammatory illness, or acute disease were excluded.

To clarify the prospective association of plasma Aβ concentration with risk of prediabetes, we further conducted a nested case-control study within the Tongji-Ezhou cohort, a prospective cohort of 5533 participants from Echeng Stell, including 3101 retired employees and 2432 in-service employees. The cohort enrollment period was 2013–2015, and the first follow-up survey was completed by mid-2020. We conducted this study within the sub cohort of retired employees because the incidence rate of prediabetes was low in young in-service employees. At the first follow-up, 119 retired employees were diagnosed as new-onset prediabetes cases by detecting fasting plasma glucose (FPG). According to the same inclusion criteria as the case-control study, we excluded 2 new-onset prediabetes cases with age >80 years. We also excluded 17 new-onset prediabetes cases without adequate blood samples. Two control participants were matched to each case on basis of age ( ± 3 years) and gender from retired employees without prediabetes or diabetes. Eventually, 100 cases and 200 age- and gender-matched controls were included for analysis.

These two population-based studies were approved by the Ethics Committee of Tongji Medical College and conducted by complying with the Declaration of Helsinki. Written informed consent was provided by the participants included in the study.




2.7 Assessment of prediabetes

In the case-control study, the definition of prediabetes was in accordance with the 1999 WHO criteria (24): FPG ≥6.1 and <7.0 mmol/l or 2-h oral glucose tolerance test (OGTT) ≥7.8 and <11.1 mmol/l. In the Tongji cohort, new-onset prediabetes was diagnosed when FPG was ≥6.1 and <7.0 mmol/l.




2.8 Assessment of covariates

Sociodemographic characteristics of all participants, including age, gender, family history of diabetes, lifestyle habits (alcohol drinking, smoking, and physical activity), and history of diseases (CVD and hypertension) were obtained from a standardized questionnaire. The definition of physical activity was regular exercise for more than 60min/week in the past 6 months. The trained staff measured weight (kg) and height (m) and calculated BMI by dividing weight by the square of height. We determined fasting plasma insulin (FPI), FPG, total cholesterol, triacylglycerols, HDL-cholesterol (HDL-C), and LDL-cholesterol (LDL-C) using fasting plasma samples as previously described (25). 2-h OGTT plasma samples were collected from subjects who were enrolled from Tongji Hospital and used to determine 2-h post-glucose load values. We calculated the index of homeostasis model assessment of insulin resistance (HOMA-IR) and β-cell function (HOMA-β) according to the following equations: HOMA-IR = FPI (pmol/l) × FPG (mmol/l) ÷ 156.3; HOMA-β = 2.88 × FPI (pmol/l) ÷ [FPG (mmol/l) - 3.5]. The triglyceride-glucose (TyG) index was calculated as: ln [FPG (mg/dl) × fasting TG (mg/dl) ÷ 2].




2.9 Measurement of plasma Aβ levels

We simultaneously determined Aβ40 and Aβ42 levels in fasting plasma with the use of validated assay kits (Meso Scale Discovery, Rockville, USA). Both the within- and between-assay coefficients of variation of plasma Aβ40 and Aβ42 were <10%. Plasma Aβ levels of the included participants were above the limit of detection (Aβ40: 20.0 ng/l; Aβ42: 2.5 ng/l). The assays were performed by investigators who were blind to prediabetes status.




2.10 Statistical analysis

For the in vitro studies, all data are expressed as mean ± standard error of mean (SEM) of three independent experiments. We assessed the differences among groups using one-way analysis of variance and further conducted multiple comparisons by least significant difference test.

For the population-based studies, characteristics of prediabetes cases and control subjects were compared using t-test, Mann–Whitney U test, or χ2 test. We further evaluated the correlation between plasma Aβ and the variables of interest with Spearman correlation test. ORs and 95% CIs for prediabetes were estimated by conditional logistic regression analyses, in which plasma Aβ40 and Aβ42 levels were classified into quartiles according the distribution in control group or as continuous variables presented as an increment by 30 ng/l (Aβ40) or 5 ng/l (Aβ42). Adjustments were made for several potential confounders, including age (years), gender (female or male), BMI (<18.5, 18.5–23.9, 24–27.9, or ≥28 kg/m2), family history of diabetes (yes or no), alcohol drinking habit (current, former, or never), smoking habit (current, former, or never), physical activity (yes or no), CVD (yes or no), and hypertension (yes or no). We conducted the linear trend test by assigning each quartile with the median of plasma Aβ40 or Aβ42 and using it as a continuous variable. Receiver-operating characteristic (ROC) curves were plotted to estimate the prediction of plasma Aβ levels on prediabetes. We compared area under the curves (AUCs) of model 1 including traditional risk factors (age, gender, BMI, family history of diabetes, alcohol drinking habit, smoking habit, physical activity, CVD, hypertension, FPG, and FPI) and model 2 with plasma Aβ40 and Aβ42 levels further added in.

All data analyses were conducted with the use of SPSS 20.0 (SPSS Inc., Chicago, IL) and R 4.2.2 (The R Foundation, http://www.r-project.org). All presented p values are 2-tailed and considered as significance at level of 0.05.





3 Results



3.1 In vitro studies

Cells were treated with different doses of Aβ40 and Aβ42, and viability was detected at 12, 24, and 48 h. Exposure to 20 μmol/l Aβ40 and Aβ42 induced a significant decrease in cell viability for all cell lines (Supplemental Figures 1–3). The viability of HepG2 cells and C2C12 myotubes were still above 80% after exposure to 20 μmol/l Aβ40 and Aβ42 for 48 h. In INS-1 cells treated with 20 μmol/l Aβ40 and Aβ42 for 48 h, cell viability decreased to 67% and 77%, respectively. To maintain high cell viability (>80%), INS-1 cells were treated with various doses of Aβ40 and Aβ42 for 24 h in insulin secretion assay. To rule out the effects of cytotoxicity of Aβ on subsequent experiments, the amounts of glucose production, glucose uptake, and insulin secretion were normalized to total protein amount of the remaining cells in the culture plate.

As expected, insulin significantly inhibited the glucose production in HepG2 cells and promoted the glucose uptake in C2C12 myotubes (p <0.001) (Figures 1A-D). Aβ40 and Aβ42 dose-dependently attenuated the inhibitory effect of insulin on the glucose production in HepG2 cells (Figures 1A, B). The promotional effect of insulin on the glucose uptake in C2C12 myotubes gradually decline with increasing dose of Aβ40 and Aβ42 (Figures 1C, D). In addition, Aβ40 and Aβ42 dose-dependently suppressed the basal and glucose-stimulated insulin secretion in INS-1 cells (Figures 1E, F). Conversely, neither Aβ40-1 nor Aβ42-1 affected the insulin sensitivity in HepG2 cells and C2C12 myotubes and insulin secretion in INS-1 cells (Figures 1A-F).




Figure 1 | Effects of Aβ on insulin sensitivity in hepatocytes and myotubes and insulin secretion in pancreatic β-cells. (A,B) Glucose production in HepG2 cells treated with the indicated concentrations of Aβ40 or Aβ40-1 (A) or Aβ42 or Aβ42-1(b) for 48 h and then incubated without or with 100 nmol/l insulin for 3 h (n = 3). (C, D) Glucose uptake in C2C12 myotubes treated with the indicated concentrations of Aβ40 or Aβ40-1 (C) or Aβ42 or Aβ42-1(D) for 48 h and glucose starved for 1 h, and then incubated without or with 100 nmol/l insulin for 2 h (n = 3). (E, F) Insulin secretion in INS-1 cells treated with the indicated concentrations of Aβ40 or Aβ40-1 (E) or Aβ42 or Aβ42-1(F) for 24 h and glucose starved for 2 h, then incubated with 3 mmol/l or 15 mmol/l glucose for 2 h (n = 3). Data are presented as mean ± SEM. *p <0.05, **p <0.01, and ***p <0.001 for indicated comparisons.






3.2 Case-control study

General characteristics of the 1142 participants (571 newly-diagnosed prediabetes cases and 571 matched controls) are described in Table 1. Prediabetes cases showed higher BMI, higher levels of FPI, FPG, triglyceride, LDL-C, HOMA-IR and TyG index as well as lower levels of HDL-C and HOMA-β compared with control subjects. A higher proportion of prediabetes cases had a family history of diabetes, CVD, and hypertension. Additionally, prediabetes cases exhibited higher plasma Aβ40 and Aβ42 levels compared to control subjects.


Table 1 | Characteristics of the newly diagnosed prediabetes cases and matched controls in the case-control study.



Plasma Aβ40 and Aβ42 were significantly relevant to several parameters of glucose metabolism among healthy participants (Supplemental Table 1). After adjustment for age, gender, BMI, family history of diabetes, alcohol drinking habit, smoking habit, physical activity, CVD, and hypertension, plasma Aβ40 was significantly related to FPG (r = 0.220), FPI (r = 0.128), HOMA-IR (r = 0.175), and TyG index (r = 0.204). Plasma Aβ42 was also significantly correlated with FPG (r = 0.145), HOMA-IR (r = 0.114), and TyG index (r = 0.106) after these adjustments.

Table 2 presents odds of newly-diagnosed prediabetes associated with plasma Aβ40 and Aβ42 levels. In multivariate-adjusted analyses, the ORs of prediabetes were 2.00 (95% CI: 1.34, 3.01) for plasma Aβ40 and 1.94 (95% CI: 1.33, 2.83) for plasma Aβ42 when comparing the extreme quartiles. The adjusted ORs for prediabetes were 1.19 (95% CI: 1.03, 1.38) for every 30 ng/l higher plasma Aβ40 and 1.41 (95% CI: 1.20, 1.65) for every 5 ng/l higher plasma Aβ42.


Table 2 | ORs (95% CIs) for newly diagnosed prediabetes associated with plasma Aβ40 and Aβ42 concentrations in the case-control study.






3.3 Nested case-control study

The baseline characteristics of all subjects, including 100 incident prediabetes cases and 200 matched controls, are described in Table 3. Individuals who subsequently developed prediabetes had higher FPG, FPI, triglyceride, HOMA-IR, TyG index, and plasma Aβ40 and Aβ42 levels compared to control subjects.


Table 3 | Baseline characteristic of the incident prediabetes cases and matched controls in the nested case-control study.



Table 4 presents odds of incident prediabetes associated with plasma Aβ40 and Aβ42 levels. In multivariable analyses, compared to the lowest quartile, the highest quartile of plasma Aβ40 and Aβ42 were associated with 3.51-fold (95% CI: 1.61, 7.62) and 2.75-fold (95% CI: 1.21, 6.22) greater odds of prediabetes, respectively. Every 30 ng/l of plasma Aβ40 and every 5 ng/l of plasma Aβ42 were associated with 56% (95% CI: 24%, 96%) and 60% (95% CI: 17%, 119%) increased odds of prediabetes, respectively.


Table 4 | ORs (95% CIs) for incident prediabetes associated with plasma Aβ40 and Aβ42 concentrations in the nested case-control study.



The AUC for prediction of incident prediabetes was 0.69 (95% CI: 0.62, 0.75) by Model 1, including age, gender, BMI, family history of diabetes, alcohol drinking habit, smoking habit, physical activity, CVD, hypertension, FPG, and FPI (Figure 2). The AUC was markedly improved to 0.74 (95% CI: 0.69, 0.80; p = 0.018 for the comparison) when plasma Aβ40 and Aβ42 were added to the model (Model 2).




Figure 2 | ROC curves and corresponding AUCs for prediction of incident prediabetes by models without or with plasma Aβ40 and Aβ42 in the nested case-control study. Model 1 included age, gender, BMI, family history of diabetes, alcohol drinking habit, smoking habit, physical activity, CVD, hypertension, FPG, and FPI; Model 2 included Model 1 plus plasma Aβ40 and Aβ42.







4 Discussion

In the in vitro studies, Aβ40 and Aβ42 dose-dependently attenuated insulin-inhibited glucose production in HepG2 cells and insulin-promoted glucose uptake in C2C12 myotubes. Meanwhile, Aβ40 and Aβ42 dose-dependently inhibited the basal and glucose-stimulated insulin secretion in INS-1 cells. In the cross-sectional and prospective population-based studies, we consistently found that elevated plasma Aβ40 and Aβ42 levels were associated with higher odds of prediabetes. Additionally, plasma Aβ40 and Aβ42 significantly improved the predictive value for prediabetes.

It has been reported that APP transgenic mice with high plasma Aβ40 and Aβ42 concentrations exhibited peripheral insulin resistance (17, 26). Peripheral insulin resistance in the mice was ameliorated by the active immunity and passive immunity for Aβ (26, 27). Similarly, mice deficient in BACE1, a hydrolase for APP, showed decreased Aβ production and improved insulin resistance when fed a high-fat diet (28). These experimental studies suggest Aβ as a negative regulator of peripheral insulin sensitivity. The current study found positive relevance of plasma Aβ40 and Aβ42 to HOMA-IR and TyG index in healthy subjects. Meanwhile, we observed that both Aβ40 and Aβ42 attenuated insulin action on hepatocytes and myotubes. Our findings indicate that Aβ may promote peripheral insulin resistance in human by directly impairing insulin signaling in liver and skeletal muscle. Supporting our findings, Zhang and colleagues discovered that Aβ could impair hepatic insulin signaling via activating Janus kinase 2 (17, 27). In addition, Aβ has also been reported to impair neuronal insulin signaling through competing for insulin binding to the insulin receptor (29), removing insulin receptors from neuronal surface (30, 31) and activating c-Jun N-terminal kinase to trigger insulin receptor substrate-1 inhibition (32, 33). But whether these mechanisms are involved in Aβ-induced insulin resistance in peripheral tissues needs to be further explored.

Previous study, using gene regulation network analyses, identified APP as a top candidate gene for the regulation of insulin secretion from pancreatic islets (34). Meanwhile, the study found that knockout of APP in mice enhanced insulin secretion from pancreatic islets through an unclear mechanism. Our in vitro study revealed the negative effect of Aβ on insulin secretion, suggesting APP-derived Aβ may mediate the role of APP in pancreatic islets. Supporting this hypothesis, mice overexpressing APP exhibited Aβ accumulation in the pancreatic islets and decreased insulin levels in Aβ-positive regions (7). Additionally, Aβ deposition has been detected in the pancreas of subjects with T2D, leading us to speculate that peripheral Aβ might be a biomarker for β-cell dysfunction in human (8, 9). However, we did not find significant correlations between plasma Aβ40 and Aβ42 and HOMA-β among controls. This may be explained by the normal β-cell function in healthy controls, and we found significant and negative association of plasma Aβ40 with HOMA-β when combining both cases and controls (data not shown). Further epidemiological researches are needed to evaluate the forecast value of plasma Aβ for β-cell dysfunction.

Prediabetes is a metabolic intermediate state between normoglycemia and T2D, with 5-10% of prediabetic people progressing to T2D each year (15). Prediabetes is considered as a critical stage in preventing or delaying the onset of T2D due to its reversibility (15), therefore, it is important to understand the underlying mechanisms of prediabetes and to develop corresponding human biomarkers. This study, for the first time, reveals that plasma Aβ40 and Aβ42 are positively associated with prediabetes in human subjects. Similarly, our previous report demonstrated that higher plasma Aβ40 and Aβ42 levels were associated with increased risk of T2D (35). Previous case-control study also observed higher serum Aβ-autoantibody concentration, a biomarker reflecting Aβ level, in subjects with T2D (36). Yet, another case-control study reported that T2D cases exhibited lower plasma Aβ40 and Aβ42 levels than the controls (37). A plausible explanation for the inconsistency might be that the aforementioned study included cases with using hypoglycemic agents (37), which have been reported to affect plasma Aβ40 and Aβ42 levels (38–40). Therefore, the use of hypoglycemic agents should be considered when plasma Aβ is used as a biomarker for prediabetes and T2D.

Our study is the first that has combined in vitro studies and population-based studies to systematically explore the role of peripheral Aβ in insulin resistance, insulin secretion, and prediabetes. However, our study also has several limitations. Firstly, we were unable to determine the causality between plasma Aβ and prediabetes due to the observational nature of population-based studies. Secondly, the findings from population-based studies might be affected by residual confounding of other unmeasured factors, although we controlled for multiple risk factors of prediabetes. Thirdly, new-onset prediabetes was diagnosed only based on FPG in the Tongji-Ezhou cohort, and subjects who developed T2D might be misdiagnosed as prediabetes. Taken together with our previous study (35), plasm Aβ levels were not significantly different between prediabetes and T2D individuals. Hence, the positive association between plasma Aβ and new-onset prediabetes could persist if misdiagnosed subjects were excluded. Fourthly, glycated hemoglobin, an important parameter for glucose homeostasis, was not determined in our population-based studies. Fifthly, cognitive function was not evaluated in our population-based studies. Considering the positive associations of prediabetes and T2D with cognitive impairment and Alzheimer’s disease (41, 42), further studies are needed to explore the role of plasma Aβ in linking these conditions.

In conclusion, elevated plasma Aβ40 and Aβ42 levels were associated with increased risk of prediabetes in human subjects, which may be through impairing insulin sensitivity in hepatocytes and myotubes and insulin secretion in pancreatic β-cells. Plasma Aβ could be used as a predictor for prediabetes, and reducing plasma Aβ level may be a novel therapy for prediabetes. The molecular mechanisms of Aβ affecting peripheral insulin sensitivity and insulin secretion need to be further clarified.
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Background

Numerous studies have demonstrated that retinal chronic inflammation plays a critical role in the pathogenesis of diabetic macular edema (DME). However, studies about the association between peripheral complete blood count, an inexpensive and easily measurable laboratory index, and DME are limited.





Research design and methods

The current study was a hospital-based, cross-sectional study. The participants were inpatients with type 2 diabetes who underwent vitrectomy for PDR, and the contralateral eyes in these PDR patients meeting the criteria were included in the study. Central macular thickness (CMT) was measured automatically and the DME was characterized as CMT ≥ 300 μm.





Results

A total of 239 PDR participants were enrolled. The average age was 55.46 ± 10.08 years old, and the average CMT was 284.23 ± 122.09 μm. In the fully adjusted model, for CMT, the results revealed a significantly negative association between CMT and both white blood cell (WBC) count and neutrophil count (β = −11.95, 95% CI: −22.08, −1.82; p = 0.0218; β = −14.96, 95% CI: −28.02, −1.90; p = 0.0259, respectively); for DME, the results showed an inverse association between DME and WBC count, monocyte count, and eosinophil count (OR = 0.75, 95% CI: 0.59, 0.95; p = 0.0153; OR = 0.07, 95% CI: 0.00, 0.92; p = 0.0431; OR = 0.03, 95% CI: 0.00, 0.88; p = 0.0420, respectively).





Conclusions

In conclusion, our results suggest that WBC and its subtypes in circulation may play an important role in the pathogenesis of DME in PDR patients.





Keywords: diabetic macular edema, proliferative diabetic retinopathy, peripheral complete blood count, inflammation, white blood cell (WBC)





Introduction

Among the working-age population in developed countries, diabetic retinopathy (DR) is the leading cause of visual impairment (1). Proliferative DR (PDR) is the most advanced stage of DR and is characterized by neovascularization and proliferative membrane formation, which can cause vitreous hemorrhage and tractional retinal detachment, leading to progressive vision loss (2–5). Diabetic macular edema (DME) is caused by the accumulation of intra-retinal fluid due to the breakdown of blood–retinal barrier, resulting in inflammatory changes and retinal thickening (6). DME as a sight-threatening complication can occur at any stage of DR; the prevalence of DME is related to the duration of diabetes mellitus (DM) duration and the severity of DR. PDR and DME frequently co-occur, with the prevalence of DME ranging from 30% to 72.6% in patients with PDR (7, 8).

Previous studies have shown that DM and its microvascular complications are associated with chronic inflammation (9–11). These findings suggested an interaction between inflammation and the pathogenesis of DR. Substantial evidence indicates that retinal inflammation plays a crucial role in the pathogenesis of DME (12), which is well illustrated by current treatment of DME, including intravitreal injection of anti-vascular endothelial growth factor (VEGF) drugs (13, 14) and anti-inflammatory therapy (Ozurdex, triamcinolone acetonide, etc.) (15, 16). The complete blood count is an affordable and readily available test; white blood cell (WBC, also known as leukocyte) and its subtypes are considered to be the biomarkers of inflammatory response, as their activation results in the synthesis of inflammatory cytokines. Recently, increasing concern has been demanded regarding WBC and its subtypes and its relations in several ocular inflammatory conditions such as uveitis (17–19), DR (20–22), and DME (23–25). All these inflammation indexes derived by peripheral complete blood count parameters including the neutrophil-to-lymphocyte ratio (NLR) (24, 26) and systemic immune-inflammation index (SII, calculated as platelet count*neutrophil count/lymphocyte count) (24, 27) have been investigated as potential biomarkers for predicting or guiding treatment in DME.

The risk factors for DME have been extensively explored, including DM duration (28), hypertension (29, 30), glycosylated hemoglobin (HbA1c) levels (31–33), and other factors (29). Numerous studies have demonstrated that retinal chronic inflammation plays a critical role in the pathogenesis of DME. However, whether WBC in circulation is related to DME in PDR patients is still unknown and there have been limited reports in the literature investigating risk factors for DME in patients with PDR. Therefore, we aimed to employ an inexpensive and effective method to study the potential relationship between peripheral blood biomarkers and DME in PDR patients with type 2 DM by blood cell count or blood cell count-derived index.





Materials and methods




Study population

The current study was a hospital-based, cross-sectional study. The study protocol followed the principles of the Declaration of Helsinki and the trial was ethically approved by the West China Hospital of Sichuan University (2020-834). The data were anonymous; therefore, the requirement for informed consent was waived. The participants were inpatients with type 2 diabetes who underwent vitrectomy for PDR at the Ophthalmology Department of West China Hospital of Sichuan University from May 2020 to February 2022, and the contralateral eyes in these PDR patients meeting the criteria were included in the study.

Inclusion criteria were as follows: (1) the contralateral PDR-graded eyes of inpatients undergoing vitrectomy for PDR with clear refractive media and no history of vitrectomy; (2) fasting blood glucose lower than 8 mmol/L; blood glucose < 11 mmol/L 2 h after three meals; consistent blood glucose levels for at least 7 days; and (3) no missing peripheral complete blood count parameters and central macular thickness (CMT). Exclusion criteria were as follows: (1) refractive error exceeding ± 6.00 diopters, or an axial length of more than 26.50 mm; (2) acquired immune deficiency syndrome, syphilis, or leukemia; (3) type 1 diabetes; and (4) neovascular glaucoma or iris neovascularization, retinal vein occlusion, retinal artery occlusion, uveitis, age-related macular degeneration, paracentral acute middle maculopathy, ocular trauma, endophthalmitis, and vitreomacular interface abnormalities, such as vitreomacular traction and epiretinal membrane.





Laboratory variables

For all relevant laboratory tests, all participants underwent a forearm venous puncture for peripheral overnight fasting blood (fasting for at least 8 h) extraction and were sent to the central laboratory for measurement in 2 h. Complete blood counts were obtained using an automated hematology analyzer (Japan Sysmex company’s automatic XN-9000/XN-9100/XN3100 five-classification blood cell analyzer) for detection. Complete blood count parameters were as follows: red blood count (RBC), hemoglobin, platelet count, and WBC and its subtypes including neutrophil, lymphocyte, monocyte, eosinophil, and basophil. In addition to complete blood counts themselves, we also used indicators generated by parameters in whole blood cells such as NLR, platelet-to-lymphocyte ratio (PLR), lymphocyte-to-monocyte ratio (LMR), and SII; the aforementioned indicators have been investigated as potential risk markers in several clinical conditions. Fasting laboratory values included serum lipid profile, fasting blood glucose, preoperative HbA1c, serum creatinine, and estimated glomerular filtration rate (eGFR).





Optical coherence tomography imaging

All participants underwent comprehensive ocular examinations on admission (on the same day), including visual acuity, intraocular pressure, axial length, slit-lamp examination, and enhanced depth imaging-optical coherence tomography (OCT). The OCT examination was conducted after pupil dilation with compound tropicamide eye drops (Mydrin-P; Santen, Osaka, Japan). The standardized OCT scans were obtained using spectral-domain (SD) OCT (Heidelberg Engineering; Heidelberg, Germany) by horizontal/vertical scans and carried out by experienced technicians in the afternoon. The CMT centered on the fovea was measured automatically. CMT was defined as the vertical distance from the macular inner limiting membrane to the retinal pigment epithelium. The measurements were performed independently by two experienced physicians blinded to patients’ clinical data, and the average of all measurements was used for the final statistical analysis.

Patients with CMT measured as ≥300 μm could perform intravitreal anti-VEGF inhibitors or steroid injections (34). Therefore, in the current study, the DME was characterized as CMT ≥ 300 μm.





Other variables

The relevant baseline characteristics that were important in the management of hospitalized patients with PDR were retrieved from the electronic medical record system. Demographic information included age, sex, and educational level. The educational level was grouped into less than 12th grade, high school, and college or above. Hypertension history was defined as physician diagnosis or the use of antihypertensive medications. DM was defined as physician diagnosis or the use of insulin/diabetic tablets. Relevant medical history included the duration of diabetes, hypertension, chronic kidney disease, stroke, and heart disease. The degree of panretinal photocoagulation (PRP) in the contralateral eyes of patients with PDR and the history of anti-VEGF treatment were collected. The degree of PRP was grouped into three categories, none, partial, and whole, according to the scope of the laser. All of the above data were obtained from the medical conditions that were self-reported by participants. Systemic medication history was extracted, including oral glucose-lowering drugs, insulin treatment, and oral antihypertensive drugs. Physical characteristics were extracted for the initial presentation, including height, weight, and systolic and diastolic blood pressure. The body mass index (BMI) was calculated as the weight (kilogram) divided by the height (meter) squared.





Statistical analysis

Demographic characteristics and findings were summarized using descriptive statistics. Continuous variables were summarized as means ± standard deviation, and the categorical variables were summarized as frequencies and percentages. We compared the data distribution of each covariate between two groups with or without DME using the t-test (normal distribution) or Kruskal–Wallis rank-sum test (non-normal distribution) for continuous variables and χ2 tests for categorical data. Multivariate linear regression analysis was used to detect the independent association of complete blood count parameters with CMT, and logistic regression analysis was used to detect the independent association of complete blood count parameters with DME.

We selected candidate confounders based on their associations with the outcomes of interest or a change in effect estimate of greater than 10% (35). Statistical analyses were performed using R software, version 3.4.3 (http://www.R-project.org/, The R Foundation) and Empower Stats (http://www.empowerstats.com; X&Y Solutions Inc., Boston, MA). A two-sided p < 0.05 was considered to be statistically significant.






Results




Baseline characteristics of participants

A total of 239 participants with PDR were enrolled in the final analysis. The average age of the participants was 55.46 ± 10.08 years old, and 58.16% of them were men. The average CMT was 284.23 ± 122.09 μm and the average axial length was 23.18 ± 0.98 mm. Except for BMI, visual acuity (logMAR), WBC count, neutrophil count, monocyte count, direct bilirubin, and anti-VEGF therapy, there was no statistical difference in other variables between the two groups. Baseline characteristics of participants are shown in Table 1.


Table 1 | Baseline characteristics of participants.







Univariate analysis

As for CMT, univariate analysis results showed a significant negative correlation between WBC count, neutrophil count, and CMT in participants (β = −12.04, 95% CI: −21.42, −2.67; p = 0.0124; β = −17.68, 95% CI: −29.82, −5.54; p = 0.0047, respectively). Apart from the factors aforementioned, no other complete blood count parameters were found to be associated with CMT. There was a statistically significant difference in CMT by BMI, visual acuity, and anti-VEGF therapy.

As for DME, univariate analysis results revealed a significant inversely association between WBC count, neutrophil count, monocyte count, and DME in PDR participants (OR = 0.78, 95% CI: 0.64, 0.94; p = 0.0108; OR = 0.74, 95% CI: 0.58, 0.95; p = 0.0179; OR = 0.06, 0.57, 95% CI: 0.01, 0.57; p = 0.0139, respectively). Apart from the factors mentioned above, no other complete blood count parameters were found to be associated with DME. In addition, there was a statistically significant association between BMI, direct bilirubin, visual acuity, anti-VEGF therapy, and DME in PDR participants. The results of univariate analysis are listed in Table 2.


Table 2 | The results of univariate analysis.







The relationship between complete blood count parameters and both CMT and DME in patients with PDR

We used multivariate linear regression models to assess the relationship between complete blood count parameters and CMT and logistic regression analysis to detect the association between complete blood count parameters and DME in PDR patients (Table 3). Three adjusted models are shown in Table 3.


Table 3 | Relationship between complete blood count parameters and central macular thickness/diabetic macular edema in Chinese patients with proliferative diabetic retinopathy in different models.



For CMT, in adjusted model I (adjusted age and sex), CMT was significantly associated with WBC count and neutrophil count (β = −12.06, 95% CI: −21.50, −2.62; p = 0.0129; β = −17.51, 95% CI: −29.77, −5.24; p = 0.0056, respectively). In adjusted model II (adjusted sex, age, duration of diabetes, hypertension, HbA1c, total cholesterol, BMI, eGFR, and direct bilirubin), the results revealed a significantly negative association between CMT and both WBC count and neutrophil count (β = −10.65, 95% CI: −20.88, −0.43; p = 0.0424; β = −13.27, 95% CI: −26.34, −0.20; p = 0.0479, respectively). Furthermore, in adjusted model III (adjusted sex, age, duration of diabetes, hypertension, HbA1c, total cholesterol, BMI, eGFR, direct bilirubin, PRP degree, and anti-VEGF therapy), the results were consistent (β = −11.95, 95% CI: −22.08, −1.82; p = 0.0218; β = −14.96, 95% CI: −28.02, −1.90; p = 0.0259, respectively). Apart from the factors aforementioned, no other complete blood count parameters were found to be associated with CMT.

For DME, in adjusted model I (adjusted age and sex), DME was inversely associated with WBC count, neutrophil count, and monocyte count (OR = 0.78, 95% CI: 0.64, 0.95; p = 0.0118; OR = 0.74, 95% CI: 0.58, 0.96; p = 0.0207; OR = 0.05, 95% CI: 0.01, 0.54; p = 0.0132, respectively). In adjusted model II (adjusted sex, age, duration of diabetes, hypertension, HbA1c, total cholesterol, BMI, eGFR, and direct bilirubin), the results revealed a significant association between DME and WBC count (OR = 0.78, 95% CI: 0.63, 0.98; p = 0.0325). Furthermore, in adjusted model III (adjusted sex, age, duration of diabetes, hypertension, HbA1c, total cholesterol, BMI, eGFR, direct bilirubin, PRP degree, and anti-VEGF therapy), the results revealed an inverse association between DME and WBC count, monocyte count, eosinophil count (OR = 0.75, 95% CI: 0.59, 0.95; p = 0.0153; OR= 0.07, 95% CI: 0.00, 0.92; p = 0.0431; OR= 0.03, 95% CI: 0.00, 0.88; p = 0.0420, respectively). Apart from the factors aforementioned, no other complete blood count parameters were found to be associated with DME.





The relationship between inflammation indexes and both CMT and DME in PDR patients

In the present study, all the inflammation indexes derived by peripheral complete blood count parameters including NLR, PLR, LMR, and SII were not associated with CMT/DME. The results are shown in Table 3.






Discussion

The results of the present study provide evidence that lower physiological peripheral WBC levels were associated with increased CMT as well as odds of DME in Chinese patients with PDR. However, WBC subtypes associated with DME as well as CMT are inconsistent, and some indicators are cutoff values. CMT was associated with the neutrophil count, while eosinophil count showed a cutoff value. DME was correlated with monocyte and eosinophil counts, while neutrophil and lymphocyte counts showed a cutoff value. All other laboratory parameters in complete blood count did not reach statistical significance. Taken together, our results indicated that the peripheral WBC concentrations as well as some of its subtypes, even at normal concentrations in the physiological range, might play a crucial role in the pathogenesis of DME in Chinese PDR patients. As far as we know, this is the first study targeting the association between peripheral complete blood count parameters and CMT as well as in patients with PDR.

WBC subtypes include neutrophil, monocyte, lymphocyte, eosinophil, and basophil, and their total numbers make up the WBC count. Neutrophils have previously been implicated in the pathogenesis of DR (20, 36), and their ability to kill microvascular endothelial cells in vitro may be related to retinal capillary degeneration observed in diabetes (20, 37). Recently, Lessieur and collaborators (38) confirmed that neutrophil-derived proteases contribute to the pathogenesis of early DR. In short, neutrophils seem to be positively correlated with DR. Few studies have explored the relationship between neutrophils and DME in PDR patients. Contrary to our expectations, our results showed that neutrophils were negatively associated with CMT, while the relationship between neutrophil counts and DME showed a cutoff value.

For peripheral blood monocytes, our results demonstrated that DME was inversely correlated with monocytes. Wan et al. (21) demonstrated that in diabetic adults, decreased peripheral blood monocyte levels are associated with increased odds of DR after adjusting for potential confounders. They suggested that the attraction and influx of monocytes into the retina by adhering to the outer surface of retinal capillaries and disrupting the blood–retinal barrier may reduce the level of monocytes in the peripheral blood (39, 40). For peripheral blood lymphocytes, Zhu et al. (23) found the inverse relationship between and DME, indicating that for patients suffering from severe DR, lymphocyte percentage may be an important diagnostic tool for detecting the onset and progress of DME. Our results showed a critical association between DME and lymphocyte counts, but no association between CMT and lymphocyte counts. Therefore, at present, we are unable to make a firm conclusion about the relationship between DME and lymphocytes, which needs to increase the sample size for further exploration. In the present study, eosinophils were reversely associated with DME and critically related to CMT. While basophils had no relationship with CMT and DME.

Compelling evidence suggests that the elevated physiological WBC count is associated with the presence and severity of DR (41–44) as well as DME (45). A cross-sectional study of 3,776 Chinese diabetic patients by Tong et al. (41) showed that WBC counts within the normal range had a positive correlation with DR. Moradi et al. (42) found that the increase of WBC count in the physiological range was also related to the presence of DR. A study (45) aiming to investigate potential associations between peripheral blood biomarkers and morphological features of retinal imaging in DME patients revealed that the presence of hyperreflective foci on SD-OCT was found to be associated with significantly elevated WBC count. The previous work (46) demonstrated that adherent leukocytes are temporally and spatially associated with retinal endothelial cell damage and death within 1 week of streptozotocin-induced experimental diabetes in rats. Taken together, even within the normal physiological range, leukocytosis appears to be associated with a high incidence of DR and DME. However, the aforementioned results are different from our study. In the current study, we found that lower physiological serum WBC levels were associated with increased CMT as well as the odds of DME in Chinese patients with PDR.

In general, our results suggested that WBC and some subtypes with lower physiological levels have an association with increased CMT as well as increased odds of DME, which is different from other studies. The following reasons might account for this: First, differences in study populations can lead to inconsistent results. The previously studied population included DME patients from all stages of DR. In the present study, all Chinese PDR patients were comparable in their DR stages. Under the unified classification of diabetes and DR staging, it is more reasonable to study the relationship of WBC and its subtypes with CMT and DME. Second, PDR is characterized by neovascularization and proliferative membrane formation. WBCs may enter the retina through the compromised blood–retinal barrier, such as neovascularization. Compared to patients without DME, PDR patients with DME have more severe damage to the blood–retinal barrier, which may lead to an increase in WBCs in the bloodstream entering the eye, leading to a decrease in WBCs and all subtypes in circulation. Last, the sample size or statistical sensitivity to indicators may be responsible for the results between different subtypes and DME as well as CMT.

Increasing evidence has shown that inflammation indexes derived by peripheral complete blood count parameters are associated with DME (24–27). Elbeyli and collaborators (27) revealed that the SII may be a diagnostic biomarker for identifying DME to improve the risk stratification and management of patients with non-PDR. Özata Gündoğdu et al. (24) confirmed that NLR and SII levels were significantly higher in DME with serous macular detachment. There have been limited reports in the literature comparing CMT and DME with LMR and PLR and we have not found any evidence of the association between CMT as well as DME and LMR as well as PLR. In the current study, we failed to find any association between inflammatory indexes and DR as well as DME in Chinese patients with PDR, which is inconsistent with previous studies. We believe that the following were the reasons: First, our study population is PDR patients with type 2 diabetes requiring PPV surgery, which is inconsistent with other studies. Second, the classification of DME is mainly carried out by CMT. Although it reflects some characteristics of DME to a certain extent, it is not classified in detail and accurately. Because the sample of subjects in the previous study was smaller than ours and we could control for almost all possible risk factors for DME, we believe the association between inflammatory indexes and CMT as well as DME has not been established and that inflammatory indexes should not be used as a target for DME monitoring in Chinese PDR patients.

Our study has some advantages. First, we investigated the relationship between not only CMT, but also a dichotomous variable (DME) defined by CMT, and complete blood count, which is useful for assessing the robustness of data analysis. Second, this was a hospital-based cross-sectional study and therefore prone to potential confounding. However, we used strict statistical adjustments to minimize the effect of residual confounders. Last, the results of the present study provide new ideas for studying the relationship between CMT/DME and WBC as well as its subtypes. As biomarkers for the progression of DME in PDR patients, their clinical significance deserves further study.

However, the current study has some limitations. First, the study design was cross-sectional; thus, the causal relationship between CMT as well as DME and WBC as well as its subtypes cannot be determined. These findings should be interpreted with caution, and further longitudinal studies are required. Second, we just used the CMT to define DME, without a more detailed classification. The relationship between both WBC and its subtypes and different types of DME is unclear and needs further study. Moreover, since the study population was all Chinese PDR patients, the generalization of the results may be limited. Despite these limitations, we believe our study is valuable in that we analyzed many clinical and laboratory parameters in PDR subjects and showed a novel clinical risk factor for DME. More well-designed prospective longitudinal studies are necessary to confirm our findings and to further define the role of serum WBC and its subtypes in Chinese patients with PDR.





Conclusions

In conclusion, this clinical study demonstrated that lower physiological WBC levels are associated with increased CMT as well as the odds of DME in Chinese patients with PDR. Our results suggest that WBC and its subtypes in circulation may play an important role in the pathogenesis of DME in PDR patients.
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Aims

To verify whether the oral insulin N11005 is administered as a prandial insulin by assessing the pharmacokinetics (PK), pharmacodynamics (PD), and safety profiles of N11005 with a short-acting biosynthetic human insulin (Novolin R) as reference.





Methods

This was a randomized, open-label, single-dose, crossover hyperinsulinemic-euglycemic clamp study in healthy Chinese male subjects. A total of 12 subjects were enrolled in the test (T) group (N11005, 300 IU, p.o.) and the reference (R) group (Novolin R, 0.1 IU/Kg, i.h.) with a washout period of 14 days. All subjects were administered on the same day of the clamp study. Glucose Infusion Rates (GIR), serum insulin, and C-peptide concentration were determined during every 8-hour clamp cycle. Trial registration: Clinicaltrials.gov identifier NCT04975022.





Results

After administration, the ratios of mean serum C-peptide concentration to baseline concentration in both T and R groups were lower than 50%, which confirmed the stability of the clamp platform. T group (N11005) showed a more rapid onset of action (tGIR10%max≈11 min) and a comparable duration of action to the R group, which was basically in line with the characteristics of prandial insulins. No adverse events (AEs) occurred throughout the study, which demonstrated that N11005 and Novolin R are safe and well-tolerated.





Conclusions

The PD profiles of the single-dose N11005 in the human body are similar to those of prandial insulins, with an excellent safety profile.





Clinical trial registration

Clinicaltrials.gov, identifier NCT04975022.





Keywords: oral insulin, pharmacokinetics, pharmacodynamics, safety, healthy subjects





Introduction

Diabetes is caused by a relative or absolute deficiency in insulin secretion in the patient’s body. There are two forms of normal insulin secretion: continuous secretion at basal state, i.e., basal insulin secretion, and secretion in response to exogenous stimuli (mainly meal-stimulated response), i.e., prandial insulin secretion. Abnormalities in the early phase of insulin secretion are early signs of insulin secretion defects in the progress of Type 2 diabetes mellitus (T2DM) and exist throughout the course of diabetes, which constitute the main cause of postprandial hyperglycemia that is an independent risk factor for all-cause death and fatal cardiovascular death (1–3). Postprandial glucose control is beneficial in maintaining hemoglobin A1c (HbA1c) levels within the normal range and controlling risk factors of cardiovascular diseases in patients with diabetes mellitus. Therefore, it is of great significance to control postprandial glucose with prandial insulin supplements. Guidelines for Management of Postmeal Glucose in Diabetes (4) released by the International Diabetes Federation (IDF) and Chinese Expert Consensus on Management of Postprandial Hyperglycemia for Type 2 Diabetes Mellitus (5) recommend that short-acting human insulins and rapid-acting insulin analogs are used to supplement the inadequate prandial insulins to control post-meal hyperglycemia. Currently, most commercially available prandial insulins, including Novolin R, NovoRapid, and Humalog, are administered via injection, which causes pain and inconvenience to patients and reduces compliance with treatment. In addition, long-term injection activities will cause adverse reactions at injection sites. For this reason, it is urgent to develop a new easy-to-use, effective, safe, and reliable insulin formulation.

N11005 is an oral insulin with human insulin as its active ingredient. Drawing on studies related to insulin molecular structure, characteristics of solid self-microemulsifying preparations, and oral absorption of insulin, N11005 was developed and modified as a rapid-acting oral dosage form using Oralpas Pro®, a new solid self-microemulsifying system. After oral administration, it will rapidly disperse due to gastric peristalsis into uniform-sized microemulsion droplets by which insulin molecules are wrapped to prevent degradation by gastric acid, enzymes, and intestinal fluid, hence improving the stability of the drug in the digestive tract. To investigate the permeability of N11005, we performed the in vitro study using the Caco-2 cell model. When N11005 or the control group (free insulin) were incubated with Caco-2 cells for 30 min, the cumulative amount transported was 6.53% and the Papp was 16*10-6cm/s for N11005 while no insulin was detected in the control group, illustrating that the formulation of N11005 can promote insulin transmembrane absorption. To investigate gastrointestine absorption and rapid-action of N11005, we performed mechanistic studies in Rats. Prevention of intestinal absorption by pyloric ligation, followed by intragastric N11005 dosing resulted in insulin plasma concentrations in 15 min was comparable to those observed in unligated rats received oral dosing, illustrating that absorption of oral N11005 can rapidly occur in the stomach. Preclinical PD studies in animals also demonstrated that N11005 had hypoglycemic effects after single administration in normal rats and dogs, the Tmax values were 7.5-15min and 15min, respectively, and the insulin level returned to baseline in 2 hours.

In this study, we analyzed the PK, PD, and safety profiles of N11005 in healthy subjects by using the hyperinsulinemic-euglycemic clamp technique.





Methods

This is a randomized, open-label, crossover study under fasting and hyperinsulinemic-euglycemic clamp conditions in healthy Chinese subjects, which was conducted at Beijing Hospital (the clinical study site) with the approval of its Drug Clinical Trial Institutional Ethics Committee in accordance with the Declaration of Helsinki, Good Clinical Practice (GCP), and applicable laws and regulations. All subjects involved have signed informed consent forms (ICFs).

The objective of this study was to preliminarily verify whether oral insulin N11005 is a prandial insulin by assessing the PK, PD, and safety profiles of N11005. A total of 12 healthy male subjects aged 18 to 45 years were enrolled in a test group (oral insulin N11005, 300IU, p.o.; T group) and a reference group (reference drug Novolin R, 0.1 IU/Kg, i.h.; R group). This study was designed to include a 10-day screening period (Day -14 ~ -4), a 2-day preparation period (Day -3~ -1), and a 2-day treatment period: from the admission of subjects to the Clinical Site on the day prior to drug administration per cycle (Day -1) to the end of that clamp cycle (2 days in total). The next cycle of administration started after a washout period of 14 days (during which relevant examinations were performed, such as physical examinations, vital signs measurements, 12-lead electrocardiogram (ECG), hematology, blood biochemistry, and urinalysis), and then subjects entered the 7-days follow-up period.

For the duration of the study, blood glucose levels were measured every 5 min within 2 h prior to and 0~4 h after drug administration, and subsequently measured every 10 min within 4~8 h after drug administration. The glucose infusion rates (GIR) were calculated. At the same time, blood samples were obtained for the measurement of insulin and C-peptide levels at the following time points: every 30 min within 2 h before administration and 5, 10, 20, 30, 40, 50, 60, 75, 90, 105, 120, 150, 180, 210, 240, 270, 300, 330, 360, 420, and 480 min post drug administration.




Rationale for dosage determination

According to dosing requirements in Technical Guidelines for Research, Development, and Evaluation of Biosimilars (Trial) (6)issued by the Center for Drug Evaluation (CDE), National Medical Products Administration (NMPA), “Comparative studies on PK and PD variability of drugs shall be designed on the basis of the most sensitive population, parameters, dosage, route of administration and testing methods, and scientific demonstration is needed for required sample size determination. The study shall apply the administration route and dose of the reference drug or a sensitive dose under which the difference is more likely to be shown.” and “Comparative PK studies shall be conducted in the most sensitive population where the difference is most easily detected and with the dose in the steepest part of the dose-effect curve, which can usually be investigated in PK/PD studies”. The human dose range converted from the effective animal dose ED30 was estimated to be 300-833 IU, with the adult body weight calculated at 60 kg. In addition, the data from animal toxicology trials showed that the no observable adverse effect level (NOAEL) of dogs was determined to be 100 IU/kg from which a corresponding Human Equivalent Dose (HED) was extrapolated to be 50 IU/kg using body surface area (BSA) normalization method, and 3000 IU based on an adult body weight of 60 kg. Considering the differences in pharmacological activity and PK profiles between animals and humans, the limitations of animal models, the receptor characteristics, and other factors, the first-in-human (FIH) dose was initially adjusted to be 300 IU by dividing an appropriate factor of safety (determined to be 10 in this study). The relative bioavailability of N11005 administered by subcutaneous injection in dogs was 1.83% (0.89%~4.44%). The oral dose of N11005 was set at 300 IU (T group), and its corresponding subcutaneous dose was 5.49 IU. Considering the Instructions for Use (IFU) of Novolin R, relevant regulations and requirements, clinical safety of drug administration, and feasibility of sample testing, the reference group (R group) in this study was administered at a dose of 0.1 IU per kg of body weight.





Hyperinsulinemic-euglycemic clamps

All subjects were admitted to the study site one day prior to the start of the clamp test and fasted overnight after receiving a standard meal before 8:00 p.m. On the morning of the test day, with all subjects in fasting condition and supine position, intravenous blood collection and infusion channels were established by means of an indwelling catheter inserted via retrograde venipuncture of the forearm superficial veins and infused with normal saline to maintain channel patency to facilitate blood sampling (PK/PD blood samples were collected through this channel). A heated box was used to obtain arterialized venous blood by keeping the temperature around that arm at about 50~60°C, and then an intravenous catheter was inserted into the median cubital vein for insulin and glucose infusion.

At the start of the test, short-acting human insulin (human insulin) was injected using a syringe pump through the median cubital vein at a rate of 2.0 mU/kg/min for the first 10 minutes, and 1.0 mU/kg/min for the next 590 minutes simultaneously with 20% glucose solution being infused.

Plasma glucose levels were measured for blood samples obtained every 10 minutes through the forearm’s superficial venous access. The infusion rate of glucose, 20% (w/v), was adjusted, based on measured blood glucose levels, to maintain blood glucose at ±10% of the target value. The target blood glucose value during this clamp test was equal to the baseline glucose value subtracting 0.28 mmol/L (5 mg/dL), of which the baseline glucose value was the average of three plasma glucose values measured by intravenous blood sampling at 10-minute intervals after the subject arm was placed in the heated box for 15 minutes.

After confirming that GIR was stable, investigators gave either the study drug (oral insulin N11005, 300 IU, p.o.) or the reference drug (Novolin R, 0.1 IU/kg, i.h. in the abdomen).





PK

Serum insulin and C-peptide concentrations at 2 hours before and 8 hours after drug administration were analyzed using a validated enzyme-linked immunosorbent assay (ELISA). PK parameters were analyzed via noncompartmental analysis techniques using Phoenix WinNonlin® (Version 8.1). The peak concentration (Cmax) and time to Cmax (Tmax) were presented as measured values. The elimination half-life (t1/2) of serum insulin was calculated by area under the curve (AUC). The AUC for insulin from time zero to 2 h, 4 h, 8 h, and infinite time after dosing was calculated using the trapezoidal rule.





PD

The PD profiles were assessed by GIR in this study. The area under the curve of GIR (AUCGIR) was calculated via the trapezoidal method using the Phoenix WinNonlin® (Version 8.1) software according to GIR at 2 h, 4 h, and 8 h after drug administration. The maximum GIR (GIRmax) and the time to GIRmax (tGIRmax) were presented as measured values. The time to early 10% of GIRmax (early tGIR10%max) and early 50% of GIRmax (early tGIR50%max) were calculated based on measured values.





Safety assessments

For the duration of the study, all subjects were monitored in terms of adverse events (AEs), vital signs, laboratory examinations, electrocardiogram indicators, and other safety parameters.





Statistical analyses

All statistical analyses were performed using SAS 9.4 programming (SAS Institute Inc., North Carolina, USA). PK and PD parameters were descriptively expressed as N, arithmetic mean, standard deviation (SD), coefficient of variation (CV), median, minimum, and maximum. Primary PK and PD parameters were analyzed using multivariate analysis of variance (ANOVA) after logarithmic conversion. The 90% confidence interval (CI) was used to evaluate the relative bioavailability of the drugs, with intraindividual CV (intra-CV%) calculated. The mixed-effect model was adopted in ANOVA, with treatment, period, and sequence of administration as fixed effects, and subjects (sequence of administration) as random effects. The relative bioavailability of the study drug was calculated by the ratio of the AUC value of the normalized dose of oral insulin to that under injection, as follows:

Bioavailability = (AUCoral/AUCinjection)* (Doseinjection/Doseoral) *100

Data were analyzed using nonparametric tests considering the small sample size of this study. The two-side test was used to determine the significances between pairs of measurements. Differences with P<0.05 was considered statistically significant while those with P>0.05 was considered not statistically significant.






Results




Demographics and other baseline characteristics

A total of 12 healthy male adult subjects were enrolled in this study. Subjects were considered as TR sequence and RT sequence based on the sequence of their drug administration (study drug: oral insulin, 300 IU. p.o. or subcutaneous injection of reference drug). The mean age (SD) in the two sequences was 29.8 (5.19) and 27.8 (2.50) respectively; mean body weight (kg, SD) was 62.98 (7.067) and 66.40 (4.428) respectively; and mean BMI (kg/m2, SD) was 22.045 (1.8659) and 21.753 (1.4750) respectively. Both sequences of patients had no previous medical history, surgical history, or combined medication. The demographic baseline data of the two treatment groups were similar; their overall baseline characteristics and demographic data met the eligibility criteria as specified in the protocol. All subjects completed study medications. The baseline blood glucose values of all subjects were within the normal range, indicating good compliance during the study.





Quality assessments of clamp test

The baseline serum C-peptide level was defined as the arithmetic mean of serum C-peptide concentrations measured at -120, -90, -60, -30, and 0 min before drug administration. The mean of serum C-peptide levels and the changes from baseline in T group and R group were respectively calculated at the following time points: 5, 10, 20, 30, 40, 50, 60, 75, 90, 105, 150, 120, 180, 210, 240, 270, 300, 330, 360, 420, and 480 min after drug administration. After administration, the means of serum C-peptide levels (mean ± SD) of subjects in the T group and R group were 126.77 ± 49.619 and 130.17 ± 67.753, respectively. The ratios of the mean serum C-peptide value to baseline in the two groups were 32.6% and 33.2%, respectively. After the subjects were in a stable state, C peptide levels in both groups were lower than 50% of the baseline levels, which verified that the dominant insulin concentration achieved by exogenous intravenous infusion had inhibited the production of endogenous insulin in subjects. The euglycemic clamp platform was stable (Figure 1). During the clamp tests, measured blood glucose values were within the range of ± 10% of the target level (baseline blood glucose average-0.28 mmol/L), as shown in Figure 2.




Figure 1 | Mean concentration-time curves for serum C-peptide (pmol/L) at specified time points (PK concentration set). T, study drug, 300 IU, p.o.; R, reference drug, 0.1 IU/Kg, i.h.






Figure 2 | Concentration-time curves for serum glucose (mmol/L) at specified time points. T, study drug, 300 IU, p.o.; R, reference drug, 0.1 IU/Kg, i.h.







PK assessments




Serum insulin concentration

Serum insulin concentration levels were detected in all subjects after they received the test or reference drugs. The two treatment groups showed basically comparable serum insulin concentration levels and trends of concentration change, as demonstrated by mean serum insulin concentration (μU/mL) versus time curves in Figure 3.




Figure 3 | Mean serum insulin concentration (μU/mL) versus time curves (PK analysis set). T, study drug, 300 IU, p.o.; R, reference drug, 0.1 IU/Kg, i.h.







PK parameters of serum insulin

PK parameters of oral insulin (T group) and Novolin R (R group) are presented in Table 1. PK parameters of two groups were analyzed based on the PKP analysis set: Cmax mean ± SD (CV%) was 16.33 ± 5.227 μU/mL (32.02%) vs. 40.30 ± 14.552 μU/mL (36.11%); Tmax median (minimum, maximum) was 4.980 (0.07~7.97) h vs. 1.730 (0.8~7.98) h; t1/2 mean ± SD was 2.985 ± 2.5691 h vs. 2.825 ± 3.0532 in T group and R group, respectively. The relative bioavailability of serum insulin was calculated as follows:


Table 1 | Summary of PK parameters (PK parameter set).



F= (AUC0-8 h, oral/AUC0-8 h, injection) * (Doseinjection/Doseoral) *100%

The relative bioavailability of serum insulin (F%) in subjects from T group was calculated to be (0.710 ± 0.5107) %.






PD assessments




GIR

In this study, the PD concentration analysis of 12 subjects was based on the PDC analysis set. The blood glucose-lowering properties of the study drug (oral insulin) were reflected by the change of GIR after drug administration. The GIR values of the two groups were observed to be gradually increasing after oral administration of oral insulin and subcutaneous injection of Novolin R. The GIR variations indicated that the study and reference drugs were all absorbed. More details are shown by mean GIRs ( ± SD) calculated after baseline correction versus time curves in Figure 4.




Figure 4 | Mean GIR (mg/kg/min) calculated after baseline correction versus time curves (pharmacodynamic analysis set). T, study drug, 300 IU, p.o.; R, reference drug, 0.1 IU/Kg, i.h.







GIR parameters

GIR parameters of oral insulin (T) and Group Novolin R (R) are presented in

Table 2. which shows that there are differences between the two groups: mean ± SD (CV%) of GIRmax was 3.0308 ± 0.9512 mg/kg/min (31.39%) vs. 4.1939 ± 1.0278 mg/kg/min (24.51%); median of tGIRmax was 174.00 min (73.8~379.2 min) vs. 145.20 min (49.2~204 min); median of early tGIR10%max was 11 min (3~30 min) vs. 15 min (2~23 min); median of early tGIR50%max was 42 min (23~164 min) vs. 66 min (31~115 min). The relative bioavailability of GIR was calculated as follows:


Table 2 | Summary of pharmacodynamic parameters for GIR (mg/kg/min) (pharmacodynamic parameter set).



F=AUCGIR,0-8 h, oral/AUCGIR,0-8 h, injection* (Doseinjection/Doseoral)*100%

The relative bioavailability of GIR in patients from Group T was calculated to be (1.890 ± 1.0553) %.






Safety assessments

A total of 12 subjects were included in the safety analysis set. There was no occurrence of any adverse events during the study, including deaths, serious adverse events other significant adverse events, adverse events requiring special attention, and hypoglycemic events. No statistical significance was observed in laboratory parameters when compared with the baseline during this study.






Discussion

This is the first clinical study of N11005, to evaluate its pharmacokinetics, pharmacodynamics, and safety in healthy subjects so as to verify its use as a prandial insulin.

Microemulsified human insulin (N11005) is a nanodroplet with a size smaller than 200 nm, which contributes to drug penetration in the gastrointestinal tract and absorption of protein drugs after oral administration. Its solid form overcomes the storage instability of human insulin in a liquid environment. The representation data of multiple batches of N11005 have demonstrated that this microemulsified drug is characterized by uniform size, good stability, and avoidance of a layered character in storage. Compared with insulin injection, oral insulin has the following dominant advantages. Firstly, it can relieve patients from discomfort due to frequent daily injections, hence higher compliance. Secondly, it can avoid the embarrassment caused by injection and is more convenient to administer on a daily basis because there are no restrictions regarding the administration environment. Thirdly, this oral insulin drug is cost friendly as it is easy to store and carry in granular form. There is no need for low-temperature storage by patients and for cold-chain transportation by manufacturers. Fourthly, it is more acceptable because its administration is so simple and convenient that patients can use it without training. They only need add water to emulsify the granule before administration. Fifthly, it can enter the liver through portal vein circulation after it is absorbed by the gastrointestinal tract (7, 8), which is identical to the normal physiology of insulin. In this way, it can reduce the risk of hyperinsulinemia, body weight gain caused by systemic insulin treatment, and hypoglycemia.

The rationale of dose selection for the study drug was based on the preclinical studies of N11005 in pharmacology and toxicology as well as the clinical trial dosing of other similar dosage forms. Considering the bioavailability of N11005 in dogs was 1.83%, 300 IU was determined as a dose of administration in the present study. During the study, the C-peptide levels and blood glucose levels of subjects reflected the stability of the euglycemic clamp platform. After oral administration of N11005 at a dose of 300 IU, C-peptide was remarkably inhibited, and GIRs also indicated excellent absorption of N11005.

For healthy people, beta cells in pancreatic islets will secrete insulin within 5 minutes after a meal due to stimulation of glucose, with an onset of action in 10-20 minutes, peak of action in 1-2 hours, and duration of action of 3-5 hours. This kind of rapid- and short-acting insulin is called prandial insulin whose major function is to normalize postprandial blood glucose (9, 10). According to the results of this study, the time to 10% of the maximal GIR (early tGIR10%max) was observed to be 11 minutes after oral insulin N11005 was administered at a dose of 300 IU to subjects, indicating the onset of action of the drug (11). In other clamp studies, the time until 50% of the maximal GIR (early tGIR50%max) was also used clinically to observe the onset of action of drugs. According to their study results, the early tGIR50%max of conventional recombinant human insulins was about 1 hour (12–16), and rapid-acting insulins, 0.5~1 hour (12, 14–17). The early tGIR50%max of oral insulin N11005 (300 IU) in this study was observed to be 42 minutes which was faster than that in the control group (66 minutes) and also within the range for rapid-acting insulins in literature. In spite of the fact that the duration of action of the study drug was difficult to evaluate exactly in this study, it was similar to that of the conventional insulin in the control group. To sum up, the study drug N11005 basically conforms to the characteristics of prandial insulin and its action profiles are close to the postprandial secretion pattern of regular human insulin. It can effectively control postprandial blood glucose in diabetic patients and help improve long-term blood glucose control.

The study drug is oral insulin most of which enters the liver through the portal vein after being absorbed in the digestive tract and forms a local high concentration in the liver with only a small amount joining systemic circulation. In this way, it inhibits the decomposition of glycogen in the liver and reduces the occurrence of peripheral hyperinsulinemia, which is identical to normal physiology. The fact that its relative pharmacokinetic bioavailability was lower than relative pharmacodynamic bioavailability might be due to the decrease of serum insulin concentration caused by insulin uptake and utilization by the liver and the first pass effect. In addition, no significant peak of serum insulin concentration was observed after administration in this study. Apart from the reasons above, it might also result from so high an insulin level in the circulation system that direct serum insulin in subjects became less obvious, and from great individual variation because of the small sample size in this study. Further observation will be conducted in the follow-up clinical trial. We did not use somatostatin to inhibit endogenous insulin and glucagon secretion and compared its hypoglycemic effect with oral insulin, which is a limitation of the study.

The adverse reactions of the study drug N11005 and the reference drug Novolin R were monitored during this study. No adverse events were discovered in any subjects.





Conclusions

The present study preliminarily verified that N11005 exhibited prandial insulin characteristics in healthy Chinese male subjects. The relative bioavailability of GIR for a single dose of 300 IU oral insulin (N11005) administered in fasting condition was (1.890 ± 1.0553) % compared with subcutaneous injection of Novolin R. In general, reference and study drugs were both safe and well-tolerated.
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Background and Purpose

Nonproliferative diabetic retinopathy (NPDR) occurs in the early stages of Diabetic retinopathy (DR), and the study of its metabolic markers will help to prevent DR. Hence, we aimed to establish a risk score based on multiple metabolites through untargeted metabolomic analysis of venous blood from NPDR patients and diabetic non-DR patients.





Experimental Approach

Untargeted metabolomics of venous blood samples from patients with NPDR, diabetes melitus without DR were performed using high-performance liquid chromatography-mass spectrometry.





Results

Detailed metabolomic evaluation showed distinct clusters of metabolites in plasma samples from patients with NPDR and diabetic non-DR patients. NPDR patients had significantly higher levels of phenylacetylglycine, L-aspartic acid, tiglylglycine, and 3-sulfinato-L-alaninate, and lower level of indolelactic acid, threonic acid, L-arginine (Arg), and 4-dodecylbenzenesulfonic acid compared to control. The expression profiles of these eight NPDR risk-related characteristic metabolites were analyzed using Cox regression to establish a risk score model. Subsequently, univariate and multivariate Cox regression analyses were used to determine that this risk score model was a predictor of independent prognosis for NPDR.





Conclusions

Untargeted metabolome analysis of blood metabolites revealed unreported metabolic alterations in NPDR patients compared with those in diabetic non-DR patients or MH. In the venous blood, we identified depleted metabolites thA and Arg, indicating that they might play a role in NPDR development.





Keywords: nonproliferative diabetic retinopathy (NPDR), diabetic retinopathy (DR), venous blood, untargeted metabolomics, risk score




1 Introduction

With socioeconomic development and lifestyle changes, the incidence of diabetes is increasing yearly. There are 462 million people with diabetes worldwide, and more than 100 million people in China have diabetes (1). Diabetic retinopathy (DR) is one of the most common microvascular complications of diabetes and the leading cause of vision loss and blindness worldwide (2). Identifying the risk factors or markers associated with DR can help identify people at risk for DR and is essential for the early diagnosis and treatment of the disease. Nonproliferative diabetic retinopathy (NPDR) is often overlooked as an early stage of DR owing to a lack of significant symptoms (3). A meta-analysis summarizing studies on the prevalence and risk factors of DR in China from 1990 -2017 found that among people with diabetes, the prevalence of DR was 18.45% (4). DR not only affects the quality of life of patients, but also a risk factor for increased all-cause mortality, vascular mortality and non-cancer mortality (5).

Identifying markers of NPDR facilitates disease screening and the prevention of progression to proliferative diabetic retinopathy (PDR). The main risk factors for DR include hyperglycemia or significant blood glucose fluctuations, hypertension, hyperlipidemia, prolonged diabetes, diabetic kidney disease, pregnancy, and obesity (6, 7). However, these features cannot reveal DR pathogenesis. To date, there are no recognized biomarkers with high specificity and diagnostic efficiency for NPDR.

Growing evidence has shown that metabolomics can reflect the pathophysiological processes of diseases and facilitate the exploration of their mechanisms (8). The discovery of tumor metabolites, including l-2-hydroxyglutaric acid, cystathionine, hypotaurine, sarcosine, and several secondary bile acids, which may induce hypermethylation, modify key signaling proteins, prevent apoptosis, and induce metabolic reprogramming, has renewed interest in cancer metabolism (8). Metabolomics can be divided into non-targeted and targeted metabolomics based on the coverage of metabolites (9, 10). Untargeted metabolomics aims to detect all measurable metabolites and, therefore, has a broader coverage of substances (11). DR development is closely related to metabolic disorders, and correcting metabolic disorders improves DR status (11). These studies support the essential role of metabolites in the development and progression of DR.

DR is a complex metabolism-related disease for which one or a few metabolites are insufficient to assess the risk. In contrast to PDR, NPDR is in the early stages of DR, and the study of its metabolic markers may be more useful for preventing DR. The true primary prevention is to identify people at risk in the absence of NPDR and to prevent them from developing diabetic microangiopathy through interventions. The aim of this study was to develop a risk scoring system in conjunction with metabolomics to characterise individuals according to their risk of developing NPDR in the future.




2 Methods



2.1 Plasma collection from NPDR and diabetic non-DR patients

We enrolled patients with a history of type 2 diabetes and divided them into two groups based on the presence or absence of comorbid NPDR, while excluding patients with a history of malignancy, active hepatitis, and HIV. Diabetic NPDR patients (n = 70) and diabetic non-DR patients (n = 71) were included as a control group. Clinical data, such as sex, age, and duration of diabetes, were routinely collected from all participants. Blood samples were collected in K2-ethylenediaminetetraacetic acid tubes and centrifuged at 3000 g for 10 min (4°C). The plasma was separated from whole blood, and the final plasma was stored at -80°C. Ophthalmic screening was performed at Shenzhen People’s Hospital, where NPDR was diagnosed using dilated fundus photography and classified into three levels of mild to moderate severity according to the International Clinical Classification of DR. The experiments were approved by the Institutional Review Board and the Ethics Committee of the Shenzhen People’s Hospital (approval no. LL-KT-2018338). Informed written consent was obtained from all participants prior to inclusion in the study.




2.2 Sample preparation

Frozen plasma was thawed at 4°C before the metabolomic analysis. We then added a mixture of acetonitrile and methanol to the plasma (100 μL) in 1.5 mL tubes to precipitate the proteins. The mixture was vortexed for 60 s and left to stand for 10 min, followed by centrifugation of the samples at 12,000 rpm for 10 min at 4°C. The supernatant was evaporated to dryness using a concentrator. Finally, the residue was resuspended in 100 μL of mobile phase before liquid chromatography-mass spectrometry (LC-MS) analysis. Quality control (QC) samples were prepared by mixing the same amount of plasma for each sample and using the same procedure to extract the metabolites as the test samples. QC samples constituted approximately 20% of the total sample.




2.3 LC-MS analysis

The target compounds were separated on a Waters ACQUITY UPLC BEH Amide (2.1 mm × 100 mm, 1.7 μm) liquid chromatography column using a Vanquish (Thermo Fisher Scientific) ultra-performance liquid chromatograph. The A phase of the liquid chromatography was aqueous, containing 25 mmol/L ammonium acetate and 25 mmol/L ammonia, and the B phase was acetonitrile. The separation was performed on a gradient elution: 0‒0.5 min, 95% B; 0.5‒7 min, 95%‒65% B; 7‒8 min, 65%‒40% B; 8‒9 min, 40% B; 9‒9.1 min, 40%‒95% B; 9.1‒12 min, 95% B. The mobile phase flow rate was 0.5 mL/min, the column temperature was 25°C, and the sample tray temperature was 4 °C. The Thermo Q Exactive HFX mass spectrometer is capable of primary and secondary mass spectrometry data acquisition under the control of the control software (Xcalibur, Thermo). The detailed parameters are as follows: Sheath gas flow rate: 50 Arb, Aux gas flow rate:10 Arb, Capillary temperature: 320°C, Full MS resolution: 60000, MS/MS resolution: 7500, Collision energy: 10/30/60 in NCE mode, Spray Voltage: 3.5 kV (positive), or -3.2 kV (negative).




2.4 Identification of metabolites

Raw data were converted to mzXML format using the ProteoWizard software and processed for peak identification, peak extraction, peak alignment, and integration using the R package (kernel XCMS). Subsequently, it was matched to the secondary mass spectrometry database of BiotreeDB (V2.1) for substance annotation, with the algorithm scoring cutoff value set to 0.3.




2.5 Data analysis



2.5.1 Metabolomics analysis

The ionization source of the high-resolution mass spectrometry platform was electrospray ionization, with positive and negative ionization modes. In this study, the data in positive ion mode were used for analysis.




2.5.2 Raw data processing

Individual peaks were filtered to eliminate noise. The filtering of deviations was based on relative standard deviation. Regarding the filtering of individual peaks, only peak area data with no more than 50% null values in a single group or no more than 50% null values in all groups were retained. Regarding the simulation of missing values in the raw data, numerical simulation methods were used for a minimum value of one-half. Data were normalized using internal standards.




2.5.3 Principal component analysis

PCA is a statistical method for transforming a set of observed potentially correlated variables into linearly uncorrelated variables (i.e., principal components) through an orthogonal transformation (12). PCA can reveal the internal structure of the data and, thus, better explain the data variables. Metabolomic data can be considered a multivariate data set that can be visualized in a high-dimensional data space coordinate system. Subsequently, PCA can provide a relatively low-dimensional image (two or three-dimensional), presented as a ‘projection’ of the original object at the point containing the most information, effectively using a small number of principal components to reduce the dimensionality of the data using a small number of principal components. Using the SIMCA software (V15.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden), the data were log-transformed, centrally formatted, and analyzed by automated modeling.




2.5.4 Orthogonal projections to latent structures-discriminant analysis

Metabolomics data based on high-resolution mass spectrometry platforms are high-dimensional (detects many metabolite species) and small-sample (detects small sample size) in nature. In addition, they contain categorical variables and a large number of non-differential variables that may be correlated with each other. Therefore, when we use the PCA model for analysis, the different variables are spread over more principal components owing to the influence of the correlated variables, preventing better visualization and subsequent analysis. Therefore, we used the OPLS-DA statistical method to analyze the results. The OPLS-DA analysis allows us to filter out orthogonal variables in metabolites that are not correlated with categorical variables and to analyze non-orthogonal and orthogonal variables separately, thus obtaining more reliable information on the degree of correlation between-group differences in metabolites and experimental groups. The data were log-transformed plus UV-formatted using the SIMCA software (V15.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden). First, OPLS-DA modeling analysis was performed on the first principal component, and the quality of the model was tested with 7-fold cross-validation. Subsequently, the cross-validated R Y (interpretability of the model for the categorical variable Y) and Q (predictability of the model), and the validity of the model was further tested by a permutation test in which the order of the categorical variable Y was randomly changed several times to obtain different random Q values.




2.5.5 OPLS-DA permutation test

The permutation test builds the corresponding OPLS-DA model by randomly changing the order of the categorical variable Y several times (n = 200) to obtain the R and Q values of the random model, which is essential to avoid overfitting and assess the statistical significance of the model.




2.5.6 Analysis of variance

The R software (version 4.1.0, http://r-project.org/) was applied for data analysis and plotting. The “limma” package was used to screen for differential metabolites, followed by the “ggplot2” package to plot the heat and volcano maps of differential metabolites (13).




2.5.7 Signaling pathway analysis

In this study, we evaluated different chemical metabolites for pathway analysis and visualization using the Metabolic Analysis website (http://www.metaboanalyst.ca/) (14).




2.5.8 Metabolite screening

The Least Absolute Shrinkage and Selection Operator (LASSO) method is suitable for reducing high-dimensional data. It was used to select the best predictive features for NPDR patients (15). LASSO is performed via the “glmnet” package (16). The subject operating characteristic (ROC) curve is useful for evaluating diagnostic performance. The area under the curve (AUC) for single or multiple factors was calculated using the “pROC” software package (17).




2.5.9 Correlation between metabolites

Spearman’s correlation analysis between metabolites was performed using the “ggstatsplot” package, and the results were subsequently visualized using the “ggplot2” package (18).




2.5.10 Prognostic analysis of metabolites

Kaplan‒Meier (KM) curves were constructed to illustrate the probability of NPDR occurring at a given period, and log-rank tests were used to determine differences between groups. The prognostic value of the diagnostic markers was assessed using univariate and multivariate Cox proportional hazards models. KM curves were calculated and plotted using the ‘survival’ and ‘survminer’ software packages (19, 20).




2.5.11 Risk score

In this study, patients’ risk score was calculated based on the normalized expression levels of each metabolite and their corresponding regression coefficients. The risk score was calculated as follows: risk score = coefficient 1 × metabolite 1 expression + coefficient 2 × metabolite 2 expression + coefficient 3 × metabolite 3 expression + coefficient N × metabolite N expression. Patients were divided into high- and low-risk groups according to the median risk score.






3 Result



3.1 Metabolomic profile of NPDR and diabetes melitus without DR

The scatter plot of OPLS-DA scores showed that the NPDR and diabetic non-DR patient (DM without DR) groups were more significantly differentiated, with samples largely within the 95% confidence interval (CI) (Figure 1A; Table 1). The R2Y of the original model was greater than 0.5, indicating that the model established is more consistent with the real situation of the sample data; the Q2 values of the random model of the replacement test were all smaller than the Q2 values of the original model; and the intercept between the regression line of Q2 and the vertical axis was less than zero. At the same time, as the replacement retention gradually decreases, the proportion of the replaced Y variables increases, and the Q2 of the random model gradually decreases, indicating that the original model is robust with no overfitting(Figure 1B). The heat map demonstrated the 38 plasma metabolites that were differentially expressed in NPDR patients (P<0.05) (Figure 1C and EXCEL EV1). We demonstrated the enrichment of these metabolites in signaling pathways, with the top five ranked according to P value being: urea cycle, aspartate metabolism, malate-aspartate shuttle, ammonia recycling, and glutamate metabolism (Figure 1D).




Figure 1 | Metabolite characteristics of NPDR and DM patients without DR. (A) horizontal coordinates indicate the predicted principal component scores of the first principal component, vertical coordinates indicate the orthogonal principal component scores, and the color of the scatter indicates the different groupings. (B) horizontal coordinates indicate the permutation retention of the permutation test (the proportion of the Y variables in the same order as the original model, the points where the permutation retention equals 1 are the R2Y and Q2 values of the original model), the vertical coordinates indicate the values of R2Y or Q2, the green dots indicate the R2Y values from the permutation test, the blue squares indicate the Q2 values from the permutation test, and the two dashed lines indicate the regression lines for R2Y and Q2 respectively. (C) Heat map showing the 38 metabolites differentially expressed in the NPDR (P<0.05 by Benjamini & Hochberg). Only urea cycles had a P-value <0.05 by Benjamini & Hochberg. (D) Enrichment of differential metabolites in the signaling pathway in NPDR, where only the urea cycle had a P-value less than 0.05 by Hypergeometric Text.




Table 1 | Clinical characteristics of NPDR and DM without DR in blood samples.



The LASSO method was used to reduce the dimensionality of the data and select metabolite characteristics of NPRD patients (Figures 2A, B). Nine screened metabolites were distributed in the volcano plot, with four being downregulated and five upregulated (Figure 2C). Among all metabolite categories that could be identified, the top five were lipids and lipid-like molecules, organic acids and derivatives, organoheterocyclic compounds, organic oxygen compounds, and benzenoids (Figure 2D).




Figure 2 | Screening of characteristic metabolites and distribution of metabolites. (A, B) LASSO coefficient curves for 38 features. The coefficient curve plots were produced for the log(λ) sequence. A vertical line was drawn at the value selected using the five-fold cross-validation method, where the best λ resulted in coefficients for nine features that were not 0. The best parameter (λ) selection for the LASSO model was cross-validated five-fold by the minimum criterion. Partial likelihood deviation (binomial deviation) curves were plotted against log(λ). Dashed vertical lines were drawn at the optimal values by using the minimum criterion and the 1SE of the minimum criterion (1-SE criterion). (C) volcano plot of the distribution of the nine characteristic metabolites in the NPDR blood samples. (D) percentage of all metabolite classes that could be identified in the NPDR.






3.2 KM analysis of the characteristic metabolites

The KM method was used to analyze the probability of NPDR occurrence in the corresponding period, and the variables included were nine characteristic metabolites screened by LASSO regression. Metabolites significantly associated with a negative prognosis using NPDR as the endpoint event included phenylacetylglycine, tiglylglycine, L-aspartic acid, and 3-sulfinato-L-alaninate, while indolelactic acid, threonic acid, 4-dodecylbenzenesulfonic acid, and L-arginine were elevated, suggesting a good prognosis (Figure 3). However, adenylsuccinic acid was not associated with NPDR risk.




Figure 3 | KM curves for characteristic metabolites. KM curves are based on nine metabolites. Hazard ratio (HR) and 95% confidence intervals (CI) for metabolites determined by univariate Cox regression. Time units are years.






3.3 Temporal diagnostic validity of characteristic metabolites associated with NPDR risk

The eight characteristic metabolites associated with NPDR prognosis were plotted as time-to-subject ROC curves. Consistent with the KM curves, phenylacetylglycine, tiglylglycine, L-aspartic acid, and 3-sulfinato-L-alaninate positively predicted NPDR, whereas indolelactic acid, threonic acid, 4- dodecylbenzenesulfonic acid and L-arginine inversely predicted NPDR. However, of these metabolites, only tiglylglycine showed good diagnostic validity in predicting the risk of NPDR over 20 years (AUC = 0.82) (Figure 4).




Figure 4 | Temporal diagnostic potency of the characteristic metabolites associated with NPDR. The horizontal coordinate represents: 1-specificity, and the vertical coordinate represents: sensitivity. When the AUC was > 0.5, higher values were associated with greater diagnostic potency. When AUC was < 0.5, the lower the value, the stronger the diagnostic potency, and when AUC = 0.5, there was no diagnostic potency.






3.4 Differential expression and correlation analysis of characteristic metabolites associated with NPDR risk

Phenylacetylglycine, tiglylglycine, L-aspartic acid, and 3-sulfinato-L-alaninate were significantly highly expressed in the plasma of NPDR patients, whereas indolelactic acid, threonic acid, 4-dodecylbenzenesulfonic acid, and L-arginine were significantly less expressed in the plasma of NPDR patients (Figure 5A). Interestingly, there was a strong positive correlation among the four elevated expression signature metabolites (Figure 5B).




Figure 5 | Differential expression and correlation analysis of characteristic metabolites associated with NPDR risk. (A) Differential expression of metabolites (NPDR vs. DM without DR). (B) Spearman correlation analysis between metabolites. (Red represents positive correlation, blue represents negative correlation). **p<0.01, ***p<0.001 by Wilcox Text.






3.5 Risk score modeling and prognostic analysis

The expression profiles of the eight NPDR risk-related characteristic metabolites were analyzed using Cox regression to establish a risk score model. Patients were stratified into high-risk (n = 70) and low-risk groups (n = 71) based on the median cutoff values (Figure 6A). KM curves showed that the odds of developing NPDR were higher in the high-risk group than in the low-risk group, and that the risk of developing NPDR accelerated with a longer history of diabetes (Figure 6B). The predictive performance of the risk score for NPDR was assessed using a time-dependent ROC curve, with the AUC reaching 0.803 at 10 years, 0.858 at 20 years, and 0.862 at 30 years (Figure 6C).




Figure 6 | Risk score modeling and prognostic analysis. (A) Patients were divided into high- and low-risk groups, using the median risk score as the cutoff value (the upper and middle panel). Heat map consisting of eight characteristic metabolites associated with risk of NPDR (the bottom panel). (B) KM curves for patients in the high- and low-risk groups for NPDR. (C) AUC of time-dependent ROC curves validating the prognostic performance of the risk score for NPDR.






3.6 Independent prognostic value of eight characteristic metabolites

Univariate and multivariate Cox regression analyses were performed among the available variables to determine whether the risk score was a predictor of an independent prognosis for NPDR. In the univariate Cox regression analysis, the risk score was significantly associated with NPDR (hazard ratio [HR]=3.106, 95% CI=2.237‒4.314, P<0.001) (Figure 7A). After correcting for other confounders, risk score still proved to be an independent predictor of NPDR in the multivariate Cox regression analysis (HR=2.841, 95% CI=1.893‒4.264, P<0.001) (Figure 7B).




Figure 7 | Forest plot. (A) Univariate Cox regression analysis of NPDR risk score and clinical characteristics. (B) Multivariate Cox regression analysis of NPDR risk scores and clinical characteristics.







4 Discussion

In this study, we developed a risk-score model that can independently predict NPDR using plasma untargeted metabolomics. The risk score was composed of eight metabolites, of which indolelactic acid, thA, 4-dodecylbenzenesulfonic acid, and Arg were protective factors for NPDR, whereas phenylacetylglycine, tiglylglycine, L-aspartic acid, and 3-sulfinato-L-alaninate were risk factors.

DR is divided into two stages: NPDR and PDR. NPDR is divided into three stages according to the severity of the disease (21). The common clinical manifestations of NPDR include microaneurysms, venous beading, and intraretinal microvascular abnormalities. As the disease progresses, NPDR can develop into PDR (22). An untargeted metabolic study in China found that pyruvate, aspartate, glycerol, and cholesterol were differentially expressed in the plasma of PDR and NPDR patients (23). Another untargeted metabolomics analysis found that fumaric acid, uridine, acetic acid, and cytidine can differentiate between NPDR and PDR (24). In addition, a US study found that arginine- and citrulline-related metabolic pathways were abnormal in DR and that fatty acid metabolism is altered in patients with PDR compared with those with NPDR (25).The metabolites screened in this study differed significantly from those reported in other studies, which may be related to the following reasons. First, different experimental and control groups were used. In the current study, NPDR was the experimental group, and DM (without DR) was the control group. Most other studies used NPDR as the control group and PDR as the experimental group. Second, the samples were different. In this study, plasma samples were chosen. Third, different analytical methods were used. The present study used untargeted metabolomics analysis, while some other studies used targeted metabolomics analysis.

Indolelactic acid is a tryptophan metabolite found in human plasma, plasma, and urine. Tryptophan is metabolized by two major pathways in humans, either through kynurenine or via a series of indoles, and some of its metabolites are known to be biologically active (26). Indolelactic acid is also a microbial metabolite; urinary indole-3-lactate is produced by clostridium sporogenes (27). Tetracosahexaenoic acid, also known as C24:6N-3 or C24:6omega-3, belongs to the class of organic compounds known as very long-chain fatty acids. 4-dodecylbenzenesulfonic acid is a major component of laundry detergent. Arginine belongs to the class of organic compounds known as l-alpha-amino acids. These are alpha amino acids which have the L-configuration of the alpha-carbon atom. L-Arginine hydrochloride is a drug. Coronary artery endothelial cells from spontaneously diabetic rats were found to have impaired arginine metabolism, which may be associated with diabetic cardiovascular pathology (28). Above all, indolelactic acid, thA and Arg but not 4-dodecylbenzenesulfonic acid,were considered as protective factors for NPDR. A Chinese plasma metabolomics study reported that aspartate was a risk factor for PDR (29). Similarly, we found that aspartate was a risk factor for NPDR, suggesting aspartate plays an essential role in the early and progressive stages of DR. Phenylacetylglycine and tiglylglycine are two kinds of different acyl glycines. Acyl glycines are normally minor metabolites of fatty acids. However, the excretion of certain acyl glycines is increased in several inborn errors of metabolism (30, 31). In certain cases the measurement of these metabolites in body fluids can be used to diagnose disorders associated with mitochondrial fatty acid beta-oxidation. 3-sulfinato-L-alaninate is the organosulfinic acid arising from oxidation of the sulfhydryl group of L-cysteine. It has a role as a metabotropic glutamate receptor agonist, a human metabolite, an Escherichia coli metabolite and a mouse metabolite. It is an organosulfinic acid and a S-substituted L-cysteine. Hence, phenylacetylglycine, tiglylglycine, L-aspartic acid, and 3-sulfinato-L-alaninate were availably identified as risk factors for NPDR.

These metabolites may be affected by certain drugs. Drugs that affect the metabolism of L-aspartic acid may include those that inhibit or induce L-asparagine synthetase or L-asparaginase. For example, methotrexate can inhibit L-asparagine synthetase and reduce the synthesis of L-asparagine from L-aspartic acid2 (26, 27). Tiglylglycine is a metabolite of isoleucine and valine. Tiglylglycine can be elevated in urine of patients with beta-ketothiolase deficiency or with disorders of propionate metabolism (28). Drugs that affect the metabolism of tiglylglycine may include those that interfere with the enzymes involved in the catabolism of isoleucine and valine, such as beta-ketothiolase, propionyl-CoA carboxylase, and methylmalonyl-CoA mutase (29). Indolelactic acid is a metabolite of tryptophan. Drugs that affect the metabolism of indolelactic acid may include those that interfere with the enzymes involved in the biosynthesis and degradation of tryptophan and its metabolites, such as tryptophan hydroxylase, indoleamine 2,3-dioxygenase, kynurenine aminotransferase, and kynureninase. Drugs that induce or inhibit these enzymes may alter the level of indolelactic acid in the body. For example, fluoxetine can inhibit tryptophan hydroxylase and reduce the synthesis of serotonin from tryptophan. On the other hand, interferon-gamma can induce indoleamine 2,3-dioxygenase and increase the catabolism of tryptophan to kynurenine and its derivatives (30, 31). Threonic acid is a sugar acid derived from threose. Threonic acid can also be produced from the metabolism of ascorbic acid (vitamin C) by L-threonate 3-dehydrogenase2. Threonic acid can be further metabolized to glyceraldehyde 3-phosphate and acetyl-CoA by threonate 4-dehydrogenase and threonate aldolase. Drugs that affect the metabolism of threonic acid may include those that interfere with the enzymes involved in the biosynthesis and degradation of ascorbic acid and threonic acid, such as L-threonate 3-dehydrogenase, threonate 4-dehydrogenase, and threonate aldolase. Drugs that alter the level of ascorbic acid or threonic acid may also affect the level of other metabolites in the same pathway. For example, acetaminophen can deplete ascorbic acid and increase the oxidative stress in the body (29, 32–34). Drugs that affect the metabolism of L-arginine may include those that interfere with the enzymes involved in the biosynthesis and degradation of L-arginine and its metabolites, such as arginase, nitric oxide synthase, arginine decarboxylase, argininosuccinate synthase, and argininosuccinate lyase2. Drugs that alter the level of L-arginine or nitric oxide may also affect the level of other metabolites in the same pathway. For example, sildenafil can enhance the effect of nitric oxide by inhibiting its breakdown by phosphodiesterase type 5. On the other hand, methotrexate can inhibit argininosuccinate synthase and reduce the synthesis of L-arginine from L-citrulline (35).

Our study has a few limitations. First, we have not yet validated these plasma metabolites diagnostic efficacy in a cohort. Second, this study included only the yellow race, and the results should be validated in more races.

In conclusion, we identified previously unreported metabolic alterations in patients with NPDR based on untargeted metabolome analysis of venous plasma. We constructed a risk score model for NPDR from seven effective plasma metabolites, including indolelactic acid, thA, Arg, Phenylacetylglycine, Tiglylglycine, L-Aspartic acid, and 3-Sulfinato-L-alaninate.
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Aim

This study aims to assess the association between sodium–glucose cotransporter type-2 inhibitor (SGLT-2i) treatment and muscle atrophy in patients with type 2 diabetes mellitus (T2DM).





Methods

We searched six databases from 1 January 2012 to 1 May 2023, without language restrictions. The primary outcome was muscle. Secondary outcomes were weight loss, weakness, malaise, or fatigue. Subgroup analyses were performed according to different definitions of muscle, treatment duration, and measurement methods. The quality of the studies was assessed using the Cochrane tool. The quality of the evidence was assessed using the Grading of Recommendations, Assessment, Development and Evaluations (GRADE) tool.





Results

Nineteen randomized controlled trials (RCTs) involving 1,482 participants were included. Compared with the control group, a meta-analysis showed that T2DM participants in the group treated with SGLT-2i demonstrated statistically significant reductions in lean body mass of 0.66 (95% confidence interval (CI), −1.05 to −0.27; p = 0.0009) and skeletal muscle mass of 0.35 (95% CI, −0.66 to −0.04; p = 0.03). No deaths or serious adverse events were reported. The quality of evidence in the included trials was low.





Conclusions

SGLT-2i may lead to a reduction in muscle strength in the treatment of T2DM compared to the control group. However, there is still a lack of high-quality evidence to evaluate muscle atrophy caused by SGLT-2i.





Systematic review registration

https://inplasy.com/inplasy-2022-12-0061/, identifier 2022120061.
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Introduction

The global incidence of type 2 diabetes mellitus (T2DM) is very high, and the International Diabetes Federation (IDF) estimates that approximately 463 million people suffered from T2DM in 2019. This number will reach 700 million by the year 2045 (1). T2DM and its complications will contribute substantially to the global rates of death and disability. Commonly used treatments include lifestyle interventions, pharmacological interventions, and bariatric surgery (2).

Sodium-glucose cotransporter-2 inhibitors (SGLT-2i) represent a new type of oral hypoglycemic agent (3). The world’s first SGLT-2i, dapagliflozin, was approved in 2012 for treating T2DM in Europe, with nearly 10 types of SGLT-2i in clinical use up to the present (4). The incidence and mortality from T2DM are considered to be mainly related to chronic cardiovascular complications. SGLT-2i lowers blood glucose mainly by promoting urinary glucose excretion and can assist in reducing weight, blood pressure, and cardiovascular and renal risks (5–9). The pathophysiology of the cardioprotective outcome produced by the application of SGLT-2i is not known. Possible mechanisms of action include its role in anti-inflammatory and oxidative stress pathways (10). A recent review summarized animal studies and clinical trials of SGLT-2i analogs, which showed that they have pharmacological effects in the treatment of diabetes by attenuating oxidative stress associated with T2DM, which may explain their cardiovascular benefits and have promising applications in the treatment of T2DM (11). A previous large cardiovascular outcomes trial investigated the efficacy of empagliflozin in 7,020 patients with T2DM and established ASCVD and reported a significant 38% reduction in cardiovascular mortality and a 32% reduction in heart failure. This review not only mentioned empagliflozin but also mentioned the pharmacological effects of other SGLT-2i on diabetes (11). Their pharmacological effects are similar. Standards of Medical Care in Diabetes-2021 stated that among patients with type 2 diabetes who have established atherosclerotic cardiovascular disease (ASCVD) or indicators of high risk, established kidney disease, or heart failure, a SGLT-2i is recommended as part of a glucose-lowering regimen independent of A1C and in consideration of patient-specific factors (12). Additionally, the latest guidelines of the American Diabetes Association (ADA) recommend that SGLT-2i be actively recommended to all patients with T2DM who also have comorbid cardiovascular disease (13). As can be seen from the above, SGLT-2i has gained great importance in the treatment of type 2 diabetes patients with cardiovascular and other diseases.

Symptoms of muscle atrophy and weakness were observed during T2DM treatments with SGLT-2i. Some patients experience improvement or complete regression of these symptoms after discontinuing SGLT-2i (14–17). Additional case reports suggest a potential relationship between SGLT-2i use and myopathy episodes, both of which raise concerns about SGLT-2i-induced muscle atrophy. However, current clinical trials involving the effects of SGLT-2i on muscles have shown inconsistent results. Several clinical trials have shown beneficial or insubstantial effects of SGLT-2i application on muscle (18, 19), whereas others have reached the opposite conclusion (20). Overall, the actual effect of SGLT-2i on muscles is not known.

The aim of this systematic review and meta-analysis was to evaluate the association between SGLT-2i and muscle atrophy when treating patients with T2DM, with the aim of providing a basis for clinical practice and new directions for research in this field.





Methods

This study followed the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) reporting guidelines (21, 22). The protocol was registered in INPLASY (2022120061). The DOI number is 10.37766/inplasy2022.12.0061.




Search strategy

We searched six databases, including PubMed, Web of Science, Embase, Cochrane Library, Chinese National Knowledge Infrastructure (CNKI), and Wan Fang Database, for randomized controlled trials of SGLT-2i for T2DM from 1 January 2012 to 1 May 2023. A detailed search strategy is presented in Supplementary Material 1.





Eligibility criteria

Studies were included in the systematic screening if they met the following criteria: (1) the study was conducted in adults with T2DM; (2) the use of SGLT-2i, including canagliflozin, dapagliflozin, empagliflozin, tofogliflozin, ipragliflozin, luseogliflozin, and so on, had been prescribed to patients with T2DM; (3) single or add-on therapy with SGLT-2i as an intervention, with no restrictions on dosage or frequency of use; (4) data on at least one of the outcome indicators of muscle mass, skeletal muscle mass, fat-free mass, or lean body mass was provided, with information on the mean and standard deviation of the change in the above outcome indicators; and (5) the design was a randomized controlled trial. Studies were excluded if they included (1) pregnant women, (2) adults without diabetes, (3) SGLT-2i treatment prior to the intervention, (4) combination formulations of SGLT-2i in fixed-dosage combinations with other commonly used drugs, (5) an intervention period of less than 4 weeks, (6) a lack of required outcome data, (7) nonrandomized controlled trials, and (8) duplicate reports.





Study selection

The retrieved studies were imported into NoteExpress, and duplicate records were removed. The title, abstract, and full-text screening were independently evaluated by three reviewers (Chengdong Xia, Yufeng Han, and Chunhui Yin). Any disagreements between the three reviewers were resolved through discussion with a fourth reviewer or a senior author.





Data extraction

Table 1 lists the trial-level characteristics of the 19 studies, including the first author, year of publication, sample size, baseline characteristics of the participants (age, HbA1c, and body mass index), interventions and controls, treatment duration, and measurement method. The risk factors evaluated in this meta-analysis were the mean and standard deviation of the measures of change before and after the intervention. The definitions were largely similar (40). The data were extracted independently by three authors (Chengdong Xia, Yufeng Han, and Chunhui Yin). Disagreements were resolved through discussion with a fourth reviewer or senior author.


Table 1 | Characteristics of the included 19 studies.







Statistical analysis

We assessed the risk of bias in each included study based on the Cochrane risk-of-bias tool, which consists of the following aspects: random sequence generation (selection bias), allocation concealment (selection bias), blinding of participants and personnel (performance bias), blinding of outcome assessment (detection bias), incomplete outcome data (attrition bias), selective reporting (reporting bias), and other biases. For each of these aspects, the assessment tool has three options: “low risk of bias,” “unclear risk of bias,” and “high risk of bias.” (41) In addition, we used the Grading of Recommendation, Assessment, Development, and Evaluation (GRADE) system to assess the quality of evidence for primary outcomes (42).





Data synthesis

We used Review Manager 5.4 to synthesize the extracted data. Muscle-related outcome indicators were considered continuous variables and analyzed using standardized mean differences (SMD) and 95% confidence intervals (95% CI).





Subgroup analysis and investigation of heterogeneity

Heterogeneity between the studies was assessed using the I2 statistic. When heterogeneity was not significant (I2 < 50%), a fixed-effects model was used to synthesize the data. When heterogeneity was significant (I2 < 50%), a random-effects model was used.

Subgroup analyses were performed according to different definitions of muscle, the SGLT-2i measurement method, and treatment duration. In addition, sensitivity analyses were performed to assess the robustness of the meta-analysis by excluding trials with poor methodological quality (those with insufficient randomization methods and trials with selective reporting bias).

One of the subgroup analyses was performed based on different definitions of muscle: lean body mass, skeletal muscle mass, fat-free mass, and muscle mass (Supplementary Figures 1, 4 in Supplementary Material 2). Lean body mass was defined as body weight without fat minus total bone mass; skeletal muscle mass was defined as lean body mass minus connective tissue, skin, and other organ mass; and fat-free mass was defined as total body weight minus total fat mass (as defined in each original study) (40).






Results

A total of 16,727 studies were identified through our search, and 19 were included (Figure 1).




Figure 1 | Flow chart of the included studies.






Study characteristics

In this systematic review, 19 RCTs involving 1,482 participants were included. Three studies (23, 26, 37) were conducted in adults with T2DM combined with nonalcoholic fatty liver disease, and the remaining 16 studies (9, 20, 24, 25, 27–36, 38, 39) were conducted in adults with T2DM. Fourteen studies (9, 23–29, 31, 32, 35, 37–39) had a treatment duration of 24 weeks, whereas the remaining five studies (20, 30, 33, 34, 36) had treatment durations beyond 24 weeks. Eight studies (20, 23, 30–34, 36) used dual X-ray absorptiometry (DXA) to measure lean body mass, six studies (9, 26, 27, 28, 29, 38) used bioelectrical impedance analysis (BIA) to measure skeletal muscle mass, one study (24) used DXA to measure lean body mass and used BIA to measure muscle mass, one study (25) used DXA to measure fat-free mass and used BIA to measure muscle mass, one study (35) used InBody to measure muscle mass, one study (37) used InBody to measure lean body mass, and one study (39) used InnerScan V with reactance technology to measure lean body mass. The sample sizes ranged from 15 to 90 patients in each study.





Risk of bias assessment

Most studies demonstrated a low or unclear risk of bias, mainly owing to a lack of blinding of the study personnel and participants (8/19, 42.1%), no blinding of the outcome assessment (10/19, 52.6%), and other unclear biases (14/19, 73.7%) (Figure 2).




Figure 2 | Risk of bias graph for 19 studies.







Effect of SGLT-2i on lean body mass

Twelve studies (20, 23–25, 28, 30–34, 36, 37) with 1,103 participants were included to compare the differences in lean body mass between the SGLT-2i and control groups. The meta-analysis results of the random-effects model showed that lean body mass was reduced by 0.66 (95% CI, −1.05, −0.27; p = 0.0009) in the SGLT-2i group compared to the control group (Figure 3A), indicating that SGLT-2i significantly reduced lean body mass in patients with T2DM. The certainty of evidence was low (Table 2). Because the heterogeneity was significant (I2 = 89%), we performed three subgroup analyses based on muscle definition, treatment duration, and measurement method (Supplementary Figures 1, 2 and 3 in Supplementary Material 2). The results showed that lean body mass (SMD = −0.41; 95% CI, −0.77 to −0.04; p = 0.03) or fat-free mass (SMD = −0.70; 95% CI, −1.54 to 0.15; p = 0.11) or muscle mass (SMD = −3.27; 95% CI, −4.22 to −2.32; p < 0.00001) decreased, which indicated that lean body mass and muscle mass showed statistically significant reductions. We also performed subgroup analyses based on the treatment duration. The results showed that treatment duration within 24 weeks (SMD = −0.93; 95% CI, −1.60 to −0.26; p = 0.007) or beyond 24 weeks (SMD = −0.36; 95% CI, −0.80 to 0.07; p = 0.10) reduced lean body mass, and treatment duration within 24 weeks caused a statistically significant reduction in lean body mass. Our subgroup analysis also showed that compared with the control group, the lean body mass in DXA (SMD = −0.67; 95% CI, −1.12 to −0.23; p = 0.003) or BIA (SMD = −1.30; 95% CI, −1.86 to −0.74; p < 0.00001) or InBody (SMD = −0.03; 95% CI, −0.37 to 0.31; p = 0.86) decreased, which indicated that DXA and BIA both showed statistically significant reductions in lean body mass. Removing each study individually failed to alter the results of the meta-analysis.




Figure 3 | Meta-analysis of changes in lean body mass (A) and skeletal muscle mass (B) between the SGLT-2i group and the control group.




Table 2 | Summary of primary outcomes of randomized controlled trials.







Effect of SGLT-2i on skeletal muscle mass

Nine studies (9, 24–27, 29, 35, 38, 39) with 475 participants were included to compare differences in skeletal muscle mass between the SGLT-2i and control groups. The meta-analysis results of the random-effects model showed that skeletal muscle mass was reduced by 0.35 (95% CI, −0.66, −0.04; p = 0.03) in the group treated with SGLT-2i for T2DM compared with the control group (Figure 3B). The certainty of evidence was low (Table 2). Because the heterogeneity was significant (I2 = 63%) and all studies including skeletal muscle mass as an outcome metric had a treatment duration of 24 weeks, we performed two subgroup analyses based on different definitions of muscle and measurement methods (Supplementary Figures 4, 5 in Supplementary Material 2). The results of subgroup analyses based on different definitions of muscle showed that skeletal muscle mass (SMD = −0.06; 95% CI, −0.31 to 0.20; p = 0.67) or fat-free mass (SMD = −0.57; 95% CI, −1.29 to 0.15; p = 0.12) or muscle mass (SMD = −0.66; 95% CI, −1.30 to −0.01; p = 0.05) decreased, which indicated the muscle mass showed a statistically significant reduction. Subgroup analyses were performed using this measurement method. The results showed that compared with the control group, the skeletal muscle mass in BIA (SMD = −0.40; 95% CI, −0.79 to −0.01; p = 0.04) or InBody (SMD = −0.15; 95% CI, −0.57 to 0.26; p = 0.46) decreased, which indicated that BIA showed a statistically significant reduction in skeletal muscle mass. Removing each study individually failed to alter the results of the meta-analysis.





Adverse events

The most commonly reported adverse effects in the 19 studies were urinary tract and genital infections; however, these were not serious. No deaths were reported in any of the included studies.






Discussion




Summary of results

We conducted an extensive literature search and identified 19 studies (1,482 participants). Treatment with SGLT-2i in patients with T2DM resulted in statistically significant reductions in lean body mass and skeletal muscle mass compared to the controls. In a more detailed subgroup analysis of different definitions of muscle, meaningful muscle loss occurred only in lean body and muscle mass. In the subgroup analysis, lean body mass showed statistically significant reductions based on DXA and BIA measurements; skeletal muscle mass showed a statistically significant decrease in BIA measurements; and both showed a meaningless decrease in InBody measurements. In the subgroup analysis based on treatment duration, lean body mass significantly decreased at treatment duration within 24 weeks. No sources of heterogeneity were found. There was no evidence that SGLT-2i intervention led to death or serious side effects. However, the quality of evidence in the included trials was moderate to low.





Implications for clinical research

Some studies have shown that SGLT-2i may induce or worsen muscle atrophy in patients with T2DM (14, 43–45). SGLT-2i promotes glucose excretion through urine primarily by inhibiting the reabsorption of glucose from the proximal tubules, thereby lowering blood glucose levels. However, SGLT-2i may increase energy expenditure and hypoxia in the kidney medulla. Hypoxia and a low-glucose environment can stimulate gluconeogenesis in the liver, leading to lipolysis, which reduces body fat mass (8, 46). The underlying mechanism of muscle atrophy in T2DM patients caused by SGLT-2i may be related to the fact that SGLT-2i activates gluconeogenesis and promotes lipolysis, as well as facilitates the breakdown of skeletal muscle proteins into amino acids that are supplied to the liver as substrates. However, the exact mechanism remains debatable. As the balance between vitamin D (Vit-D) and parathyroid hormone (PTH) is considered a key regulator of muscle strength, it is unclear whether SGLT-2i can disrupt this balance and cause muscle atrophy (47). Therefore, it is necessary to further explore its specific mechanisms in clinical studies.

The findings of this meta-analysis indicated that SGLT-2i resulted in statistically significant reductions in lean body mass and skeletal muscle mass. This is nearly identical to the results of a previously published study (48). That study showed meaningful and significant changes in skeletal muscle mass after SGLT-2i treatment, with a meaningless reduction in lean body mass. The latter was confirmed through our analysis. Our analysis demonstrated that following treatment with SGLT-2i, lean body mass was significantly reduced. Compared to a previous study (48), we performed more in-depth subgroup analyses based on muscle definition, measurement methods, and treatment durations. Based on the subgroup analysis, we believe that there is a clinical need to standardize the metrics that reflect muscle gain or loss so that data can be extracted and analyzed more accurately to guide clinical practice. Our data suggest that using DXA or BIA to measure lean body mass or skeletal muscle mass is more accurate than using InBody measurements. It should be noted that there are very few studies using InBody as a measurement method. Muscle loss in patients treated with SGLT-2i within 24 weeks should be closely evaluated. There is significant heterogeneity between the results of different clinical studies. Whether this heterogeneity is related to individual drug characteristics, measurement methods, or treatment cycles remains unknown and deserves further study.

Muscles and bones are closely integrated. SGLT-2i may cause muscle atrophy, which appears to be a potential factor for increased fracture risk (49–51). Researchers have suggested that the fracture risk observed in elderly patients treated with SGLT-2i does not appear to be directly related to its effect on the bone and that the effect of SGLT-2i on bone metabolism and bone turnover may be indirect (52). SGLT-2i-induced hypovolemia and hyponatremia may induce fatigue, weakness, or other psychosomatic and neurological symptoms. Muscle atrophy is a major feature of frailty (45), which can further contribute to debilitation and seriously jeopardize the health and function of the elderly. Such outcomes can lead to increased clinical adverse events such as falls, fractures, and incapacitation, severely affecting their quality of life and increasing the risk of death. Several speculations point to the possibility that fractures related to falls are secondary to factors such as weakness, upright hypotension, or postural dizziness (53, 54). Further studies are necessary to determine whether SGLT-2i-induced muscle atrophy is associated with an increased risk of fracture.

In addition, studies have shown that muscle function can be balanced and enhanced through physical activity and exercise, including resistance training, aerobic training, and whole-body vibrational therapy (55). We suggest that future clinical trials on the relationship between SGLT-2i and muscle function should consider physical exercise and exercise intensity as possible influencing factors.





Implications for clinical practice

SGLT-2i may cause muscle atrophy, and sarcopenia is a serious consequence of muscle atrophy. Therefore, we recommend that clinicians conduct a thorough assessment of patients before drug administration, including physical indicators such as age, weight, body mass index, muscle mass, muscle strength, and muscle fat infiltration (56,) and use SGLT-2i with caution, especially in certain high-risk groups of patients with T2DM and sarcopenia (57).

The European Working Group on Sarcopenia in Older People (EWGSOP) and the Asian Working Group for Sarcopenia (AMGS) both propose muscle mass, muscle strength, and physical function as diagnostic criteria for sarcopenia (58, 59). Declines in muscle strength and body functions are a result of the loss of muscle mass and have an adverse effect on prognoses. T2DM is one of the risk factors for sarcopenia. SGLT-2i should be used in T2DM patients with attention to the risk of sarcopenia and can be used to evaluate indicators of muscle mass, muscle strength, and somatic function and thereby more comprehensively detail the possible effects of SGLT-2i treatment on muscles. In addition to DXA or BIA, diagnostic B-mode ultrasonography (60), MRI, and CT can be considered.

Several investigators have focused on the correlation between SGLT-2i and muscle atrophy. However, comprehensive and systematic research supported by sufficient data from clinical trials is still lacking. We call on researchers to focus on this issue and provide more high-quality evidence to guide future clinical practice.





Strengths and limitations

This systematic review of the association between SGLT-2i and muscle atrophy in the treatment of T2DM provides data to answer the current question of whether SGLT-2i has harmful, insubstantial, or beneficial effects on muscles while reducing fat mass, lowering body weight, and altering the body composition of patients. We also evaluated the robustness of the meta-analysis using sensitivity analysis. Compared with a previous study (48), we went a step further and performed a subgroup analysis based on muscle definition, measurement methods, and treatment duration. We searched two Chinese databases to increase the breadth of this data.

Our review has some limitations. The results showed excessive heterogeneity, suggesting significant variability among the samples, which may have impacted the overall estimates. Subgroup analyses were performed based on different definitions of muscle, measurement methods, and treatment duration for each outcome indicator. However, subgroup analyses based on treatment duration were missing for the skeletal muscle quality group because the treatment duration of all studies using skeletal muscle quality as an outcome index was within 24 weeks. Furthermore, negligible muscle atrophy may have contributed to statistical bias. Owing to the large number of studies screened, it was uncertain whether all studies that met the criteria were included in the meta-analysis. However, we believe that these methodological limitations do not affect the overall conclusions of this meta-analysis. In addition, the studies included in this meta-analysis did not consider muscle-related indicators as primary outcomes.






Conclusions

Our systematic review and meta-analysis suggest that treatment with SGLT-2i in patients with T2DM may lead to muscle loss. As mentioned above, this study had some limitations. To fully evaluate the possible effects of SGLT-2i treatment on the muscles of patients with T2DM, a large-sample, multicenter, and well-designed randomized controlled trial involving measures of muscle mass, muscle strength, and physical function is required.
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Background

Ketosis-prone type 2 diabetes (KPD), as a unique emerging clinical entity, often has no clear inducement or obvious clinical symptoms at the onset of the disease. Failure to determine ketosis in time may lead to more serious consequences and even death. Therefore, our study aimed to develop and validate a novel nomogram to predict KPD.





Methods

In this retrospective study, clinical data of a total of 398 newly diagnosed type 2 diabetes in our hospital who met our research standards with an average age of 48.75 ± 13.86 years years old from January 2019 to December 2022 were collected. According to the occurrence of ketosis, there were divided into T2DM groups(228 cases)with an average age of 52.19 ± 12.97 years, of whom 69.74% were male and KPD groups (170cases)with an average age of 44.13 ± 13.72 years, of whom males account for 80.59%. Univariate and multivariate logistic regression analysis was performed to identify the independent influencing factors of KPD and then a novel prediction nomogram model was established based on these independent predictors visually by using R4.3. Verification and evaluation of predictive model performance comprised receiver-operating characteristic (ROC) curve, corrected calibration curve, and clinical decision curve (DCA).





Results

4 primary independent predict factors of KPD were identified by univariate and multivariate logistic regression analysis and entered into the nomogram including age, family history, HbA1c and FFA. The model incorporating these 4 predict factors displayed good discrimination to predict KPD with the area under the ROC curve (AUC) of 0.945. The corrected calibration curve of the nomogram showed good fitting ability with an average absolute error =0.006 < 0.05, indicating a good accuracy. The decision analysis curve (DCA) demonstrated that when the risk threshold was between 5% and 99%, the nomogram model was more practical and accurate.





Conclusion

In our novel prediction nomogram model, we found that age, family history, HbA1c and FFA were the independent predict factors of KPD. The proposed nomogram built by these 4 predictors was well developed and exhibited powerful predictive performance for KPD with high discrimination, good accuracy, and potential clinical applicability, which may be a useful tool for early screening and identification of high-risk population of KPD and therefore help clinicians in making customized treatment strategy.





Keywords: ketosis-prone type 2 diabetes, nomogram model, prediction, risk factors, glycosylated hemoglobin A1c, free fatty acid





Introduction

As one of the serious acute medical hyperglycemic emergency of diabetes mellitus, ketosis has been largely considered as an unique initial clinical manifestation of type 1 diabetes to a large extent because of the serious and irreversible insulin deficiency due to disorders of the autoimmune system (1). However, In recent decades, there is increasing evidence suggests that ketosis can also occur in type 2 diabetes as well (2). An emerging subtype of diabetes, known as ketosis-prone type 2 diabetes (KPD), which shares a similar pathophysiology as type 2 diabetes and does not necessarily meet the typical features of autoimmune type 1 diabetes has been well defined (3). Patients with KPD are usually overweight or obese young and middle-aged males, have a high frequency of family history with type 2 diabetes, present with elevated plasma glucose levels of 500-700 mg/dl as well as positive blood and urine ketone bodies and different from type 1 diabetes, it do not exibit autoantibodies against islet beta cells (4). The main pathogenesis of KPD is β-cell dysfunction manifesting as a short-term insulin deficiency based on severe insulin resistance that causes severe hyperglycemic and ketosis (5). Unlike ketosis seen in type 1 diabetes, these subjects often have no clear inducement and obvious clinical symptoms initially, which may be the reason for the greatly underestimated prevalence (6). According to reports, after several weeks to months of active initial hypoglycemic treatment with insulin, many of the subjects with KPD become insulin independent and their abnormal blood glucose levels can be well controlled through lifestyle and dietary changes alone or with oral hypoglycemic medication (7). If the management is quite poor or the precipitating factors are not addressed, severe and persistent glucotoxicity will lead to dysfunction of β-cell function, which will form a vicious circle, resulting in a high mortality rate in patients with KPD (8).

Currently, the diagnosis of KPD relies heavily on the detection of blood or urine ketone bodies (9). While this method can indicate the presence of ketosis, it is unable to identify individuals who may be at a higher risk of developing the condition (10). Various studies, both domestic and foreign, have identified certain risk factors associated with KPD (11). However, there is a need for a quantitative method that can effectively evaluate the risk of KPD and enable more precise and efficient clinical predictions. The Nomogram model is capable of integrating multiple independent predict factors and presenting them in a visual manner. By calculating scores, it provides a more intuitive, clear, and quantitative prediction of the probability of disease occurrence, enabling effective risk assessment (12).

Therefore, this study aims to establish and verify a Nomogram model for predicting the risk of KPD, so as to screen and identify high-risk groups of KPD as early as possible in a convenient and intuitive way, and provide clinical reference for prevention and treatment of acute complications of diabetes.





Methods and materials




Study design and participants

We conducted this retrospective case analysis study based on data collected from our previous studies and data collected from open source databases (13). In this retrospective study, we strictly followed the inclusion and exclusion criteria and finally enrolled 398 patients with initial diagnosis of type 2 diabetes (18~88 years old, mean age: 48.75 ± 13.86 years), who were hospitalized in our hospital from January 2019 to December 2022. According to the definition and criteria for diabetes set by the America Diabetes Association (ADA) of 2019, type 2 diabetes was defined by fasting blood glucose (FBG)≥7.0 mmol/L and/or 2h-postprandial plasma glucose (2h PG) >11.1mmol/L during a 75 g oral glucose tolerance test. The inclusion criteria were as follows: (1) Newly diagnosed with untreated type 2 diabetes, the course of disease is within half a year; (2) KPD patients with ketosis were defined as positive blood ketones (β-hydroxybutyric acid > 0.30 mmol/L) and/or moderate to heavy urine ketones (urine ketones ≥ (2+)), and in the absence of glutamic acid decarboxylase antibody (GAD) and insulin autoantibody (IAA); T2DM without ketosis were defined as diabetes with neither diabetic ketosis (β-hydroxybutyric acid ≤ 0.30mmol/L and ketone body (-)) nor GAD or IAA autoantibodies. The exclusion criteria were as follows: (1) Patients with severe infection, acute myocardial infarction, acute cerebral infarction, kidney injury, delirium, seizures, acute alcohol intoxication, pregnancy diabetes, severe trauma, malignant tumor, surgery, corticoid therapy, etc., which might result in ketosis; (2) Patients with diabetic ketoacidosis; (3) Patients who have taken any hypoglycemic drugs or other drugs that may affect glucose and lipid metabolism; (4) Patients with severe liver function or renal insufficiency; (5) Secondary diabetes, such as pancreatic exocrine diseases and other endocrine diseases; (6) Patients with incomplete clinical data. A total of 398 patients with newly diagnosed T2DM were finally enrolled in this study, 50 patients with positive islet-related autoantibodies were excluded, and 83 patients who did not meet the other criteria of the study were also excluded. Of the 398 T2DM patients, 170 (42.71%) were diagnosed for KPD and 228 (57.29%) were diagnosed for non-ketotic T2DM. During the patient’s hospitalization, T2DM group were treated with insulin and/or oral hypoglycemic drugs, and for the KPD group, all patients received intensive insulin therapy, including external insulin infusion pump or insulin injection at least three times a day, and intravenous fluids, electrolytes etc.

The study complies with the Declaration of Helsinki and has been approved by the Ethics Committee of Wuhan Fourth Hospital (KY2023-067-01).





Data collection

General clinical data of patients were collected through a comprehensive and careful consultation by professional doctors, including basic information such as age, sex, present and past medical history. Nurses with standardized training underwent a simple physical examination, including the measurement of height (m) and body weight (kg) of all patients, from which the body mass index (BMI) = kg/m²was measured, and overweight/obesity was defined as BMI≥25 kg/m2 for Asian population. When the patient first visited a doctor, the random blood glucose of the finger or vein, blood β-hydroxybutyric acid, blood lactic acid, urine routine, arterial blood gas analysis and other indexes were urgently checked. The inpatients were instructed to keep fasting for at least eight hours before exsanguinate assay in the next morning. The venous blood samples collected including GAD-Ab, IAA-Ab, fasting plasma glucose (FPG), glycosylated serum protein (GSP), glycosylated hemoglobin A1C (HbA1c), total triglycerides (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), lipoprotein a [LP (a)], serum uric acid (UA) and free fatty acid (FFA), etc., among which GDA-AB and IAA-Ab were determined by qualitative ELISA, FPG was determined by serum oxidase, GSP was determined by enzymatic method, HbA1c was determined by high performance liquid chromatography, and TC, TG, HDL-C, LDL-C, UA and FFA were determined by standard enzymes. All indexes were measured on Beckman AU5400 automatic analyzer according to standard laboratory methods.





Statistical analysis

The statistical analyses of our data were performed by using SPSS 22.0 and R4.2 software. A two-tailed p-value less than 0.05 was considered as statistically significant. All continuous variables were presented as the mean ± standard deviation (`x ± s) or as median (lower quantile, upper quantile) [M (P25,P75)] and all categorical variables were expressed as a number (percentage constituent ratio,%). Two independent sample t test or nonparametric rank sum test (Wilcoxon) were used for comparisons of continuous variables and chi-square test (χ2) was used for comparisons of categorical variables between the two groups. In order to determine the independent predict factors of KPD, we first carried out univariate logistic regression analysis to preliminarily screen predict factors, and further conducted multivariate logistic regression analysis by adjusting for potential confounding factors to finally identify independent predict factors. Based on the independent predict factors of KPD, we used R4.2 software and rms package to construct a novel nomogram prediction model. In order to assess and validate the proposed model, we used three methods. First, receiver operation characteristic (ROC) curve was drawn, and the prediction performance was evaluated by calculating the area under curve (AUC) of ROC curve. Second, a corrected calibration curve containing 2000 bootstrap samples was used for the internal verification of the nomogram model to verify how well the predictive model was calibrated. Thirdly, the decision analysis curve (DCA) was generated to evaluate the clinical efficacy of the predictive model by analyzing the net benefit rate of KPD patients under different risk thresholds.






Results




Baseline clinical characteristics of participants

Compared with T2DM group, KPD group had a significantly lower value of ageand HDL-C and a significantly higher value of the proportion of male patients, family history of T2DM, HbA1c, FBG, FFA (all P < 0.05), there were no statistically significant differences in the proportion of overweight/obesity, serum UA, TC, TG, LDL-C, LP (a) and LAC between the two groups (all P > 0.05), as shown in Table 1.


Table 1 | Comparison of clinical Characteristics between the KPD group and the T2DM group [n(%), x ± s, M (P25,P75)].







Single factor logistic regression analysis

Taking the occurrence of KPD (assignment: without KPD = 0, KPD = 1) as dependent variable, the predictive factors (assignment: female = 0, male = 1; without family history of T2DM = 0, with family history of T2DM = 1; other independent variables are introduced linearly) as independent variables, univariate logistic regression analysis was performed. The results revealed that age, proportion of male patients, family history of T2DM, HDL-C, HbA1c, FBG, FFA and GSP were predict factors for KPD (P<0.05).





Multiple factor logistic regression analysis

Taking the occurrence of KPD as the dependent variable, the forward method was used to conduct multivariate logistic regression analysis on the eight significant variables in the above univariate regression analysis to screen the independent predict factors of KPD. The results exhibited that age, family history of T2DM, HbA1c, FFA became independent predict factors of KPD, as shown in Table 2.


Table 2 | Multivariate logistic regression analysis of predict factors for KPD.







Construction of nomogram prediction model

Based on the four independent predictors (age, family history of T2DM, HbA1c, FFA) according to the results of multivariate logistic regression analysis. The nomogram model for predicting the occurrence of KPD was established using the “lrm” function in the rms package of the R4.2 software to establish a Logistic regression model for the above four factors, and using the “plot” function to further develop a nomogram scoring system, the predictive factor with the highest score is FFA; followed by HbA1C; Age is ranked No.3 predictors, the last is the family history of type 2 diabetes (Figure 1). Among these variables, each factor was assigned a score on the point scale. After calculating the total score by adding the corresponding score value of each factor and positioning on the total score scale, a vertical line can be drawn down to obtain the predicted probability of KPD. The higher the score of total points, the greater the risk of KPD in patients with T2DM. As an example to better understand the predictive nomogram model, if the subject of T2DM is age of 62, HbA1c of 12.3%, FFA of 753.0 umol/L and has a family history of T2DM, the probability of KPD is estimated to be 85.3% (Figure 2).




Figure 1 | Development of the risk nomogram. The nomogram to predict the risk of Ketosis-prone type 2 diabetes (KPD) patients with T2DM was developed with the predictors including age, family history of T2DM, HbA1c, FFA Note: family history of T2DM:1;no family history of T2DM:0.






Figure 2 | If a patient has a genetic family history of diabetes, was 62 years old, had an HbA1c of 12.3%, and had an FFA of 753.2umol/L, the probability of developing KPD is estimated to be 85.30%.







Validation and clinical use of nomogram prediction model

For the predictive model, the receiver operating characteristic (ROC) curve (Figure 3) was used to evaluate the performance of the model in predicting the risk of KPD and the area under curve (AUC) of ROC was 0.945, indicating that this model had a good prediction performance. The accuracy of the nomogram model was validated internally by bootstrap self-sampling method which was performed by generating 2,000 bootstrap samples to replace the original samples and repeating the calibration curve of the whole modeling process. The calibration curve of Nomogram (Figure 4) presented that there was a good agreement between the predicted probabilities and the actual probabilities with mean absolute error=0.006<0.05, and the accuracy and discrimination were both good. In addition, the DCA curve (Figure 5) showed that when the risk threshold was between 5% and 99%, the clinical net benefit obtained by patients is higher, indicating that the model had a wider range of application thresholds and was more clinically practical and accurate. Based on the the results from the above validation, the nomogram of KPD prediction model showed good prediction ability.




Figure 3 | ROC curves of the Nomogram model predicting KPD occurrence.






Figure 4 | Correction curves in the Nomogram model.






Figure 5 | Clinical Decision Curve Analysis (DCA) in the Nomogram Model.








Discussion

In recent years, with the increasing number of people with diabetes and its rising complication rate, an emerging special type of diabetes known as ketosis-prone type 2 diabetes (KPD) has become more and more common in clinical work (7). The peculiar manifestations of KPD are the presence of an acute severe hyperglycaemic state and marked hyperketaemia at the time of onset, but unlike classical type 1 diabetes, it lacks evidence of associated autoimmunity and has no apparent precipitating factors. The function of beta cells presents a transient impairment which can be recovered within a period of time after reasonable treatment. Insulin therapy can be discontinued and replaced with oral antidiabetic agents (14). However, due to its rapid onset and severe damage to β-cell function, acute hyperglycemia can trigger a vicious cycle leading to the development of acidosis, coma, and even death if left untreated (15). Given its harmful effects, there is an urgent need in clinical practice for an approach that enables early recognition and prevention of the occurrence of KPD, thereby reducing the incidence of associated adverse events and improving the long-term quality of life of patients. According to previous studies, many indicators of predict factors have been reported to be associated with the occurrence of KPD, such as age, gender, family history, BMI, HbA1c, C-peptide, TG, FFA and so on (16, 17). However, the vast majority of these studies only stay in the exploration of predict factors for KPD, and there is no systematic, easy, and efficient clinical tool for predicting the occurrence of KPD. Nomogram prediction model can synthesize multiple predict factors, demonstrate the different contribution of each predict factor to the occurrence of disease, and graphically predict the probability of outcome events, with good clinical practical performance, which is widely used in various fields (18). This study analyzed the predict factors for KPD occurrence on the basis of the inclusion of each clinical indicator and successfully constructed a nomogram model to predict the risk of KPD occurrence, and adopted a calibration curve with 2000 bootstrap samples for internal validation. The results showed an area under the curve of 0.945 for the ROC, indicating good discrimination, while the calibration curve showed a good degree of fit. Therefore, the model had good discrimination and consistency. The DCA curve indicates that the clinical net benefit obtained for patients is higher when the risk threshold is between 5% and 99%, indicating that the model has a broader range of thresholds for application and is more clinically practical and accurate.

Our results suggest that age, family history, HbA1c, FFA were independent predict factors for the development of KPD. HbA1c reflects glycemic control over the past 2-3 months and is a more stable indicator of long-term blood glucose control than fasting blood glucose and postprandial blood glucose (19). Studies have shown that HbA1c is significantly higher in patients with ketoacidosis, both in type 1 diabetes and T2DM, and in known and newly diagnosed diabetes (20). The average HbA1c level of KPD patients in this study was significantly higher than that of T2DM patients (12.1%& 9.1%), similar to previous studies (21), suggesting that KPD is likely to occur on a background of long-term chronic hyperglycemia. Severe and persistent glucotoxicity will have undesirable effects for insulin gene expression, proinsulin biosynthesis, and finally beta cell insulin secretion at each step that ultimately lead beta cells appeared dysfunctional (22). After the occurrence of hyperglycemia in patients with KPD, the function of islet beta cells declines sharply, thereby leading to the onset of ketosis. Patients with KPD cannot tolerate the transient diminution of islet function by hyperglycemia is also a major contributor to ketogenesis (23). T2DM patients maintain a certain amount of insulin secretion for a long period of time and can remain in a hyperglycemic state without ketosis (24). In patients with KPD, the function of islet beta cells is almost completely restored after normalizing their blood glucose by insulin treatment, so KPD is more sensitive to glucotoxicity (5). FFA was similarly shown to be independent predict factors for the development of KPD in the results of this study. KPD patients develop insulin resistance and hyperglycemia due to obesity and abnormal lipid metabolism, and the beta cells of these patients are prone to glucotoxicity (5, 7). The current study argues that the development of ketosis in KPD patients is largely attributed to a vicious cycle of glucolipotoxicity (25). A long hyperglycemic environment in the body and disturbed lipid metabolism caused by chronically elevated FFA reduced function and activity of beta cells, sharply decreases insulin secretion and aggravates persistent insulin resistance, leading to the onset of ketosis (26). In the case of severe insufficiency of insulin secretion in the circulation, the body is unable to properly utilize glucose and subsequently break down fat to produce energy for cellular utilization. After β-oxidation, a large amount of FFA generated from fat metabolism is condensed into ketones in liver tissue. Increased fatty acids can further impair islet function and increase obesity-related insulin resistance (27). Long-term chronic elevation of FFA can disturb the regulation of lipid metabolism, and lipid signals participate in FFA-induced apoptosis through receptors and intracellular mechanisms, thus leading to lower beta cell function and activity and higher blood sugar, thus forming a vicious cycle (28). It has been previously reported that KPD patients are usually obese middle-aged men with a strong family history of type 2 diabetes (7). In this study, 50.59% of KPD had a family history of diabetes, and the risk of developing KPD in patients with a family history was 2.614 times that of those without a family history, reflecting that KPD has an obvious genetic susceptibility. It may be associated with mutations in Ngn3 (Neurogenin3) and Pax4, which are closely related proendocrine genes in beta cell development (29). Alternatively, KPD may be associated with impaired defense mechanisms against oxidative stress due to mutations in the glucose-6-phosphate dehydrogenase (G6PD) gene, manifesting that β Cells are vulnerable to oxidative stress which can lead to acute insulin deficiency (30). Study found that young and middle-aged male patients with high blood ketone levels, are more likely to develop ketosis, lower than that of type 2 diabetes onset age (31), which are consistent with our results. The average age of KPD patients in this study was 44.13 ± 13.72 years old. The prevalence of obesity in young and middle-aged people is increased due to the accelerated pace of life, low physical activity, lack of regular healthy diet, and reduced exercise (32). On this basis, the sensitivity to glycolipid toxicity increased, the apoptosis and functional destruction of beta cells increased, and the ability of mitochondrial β-oxidation of fatty acids is reduced. When beyond their upper capacity limits, accelerated ketogenesis in the liver greater than tissue utilization may be responsible for ketogenesi (28).

As far as we know, this Nomogram model can be used to visually predict the risk of KPD occurrence with high accuracy based on various independent predict factors. However, the limitation of this study is that the obtained sample was derived from a single center and the sample size was limited, although the nomogram model exhibited better accuracy, which still needs to be further prospective multicenter and external validation to improve the reliability of the model and increase the clinical usefulness. In addition, this study was of a retrospective design, not all clinical observation variables were included due to the limited availability of data and the presence of other potential predict factors, and further refinement is needed to explore a more comprehensive and accurate intensive model.





Conclusion

In summary, after evaluating multiple variables and screening independent predict factors through multivariate logistic regression analysis, we demonstrated that age, family history of T2DM, HbA1c and FFA were the independent predict factors of KPD in patients with newly diagnosed T2DM. Combining with these four feasible clinical variables, a novel nomogram for the risk of KPD among patients with T2DM were constructed and internal validation was carried out. The developed nomogram exhibited a great accurate value and behaved good discrimination as a remarkable intuitive risk assessment and prediction tool for KPD prediction. As one of the acute complications of diabetes, ketosis will produce serious adverse consequences if it is not detected in time and treated actively. In view of its serious harm and possible adverse events, rapid diagnosis and early and timely glucose lowering therapy are clinically necessary for diabetes related acute metabolic complications. According to the above evaluation results, this simple and intuitive nomogram improves the early prediction and identification of high-risk groups, and help clinicians and T2DM patients to estimate the risk of KPD, so as to actively adopt targeted treatments on medical interventions to prevent the emergence of acute complications in time.
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Introduction

The aim of this study was to cluster patients with chronic complications of type 2 diabetes mellitus (T2DM) by cluster analysis in Dalian, China, and examine the variance in risk of different chronic complications and metabolic levels among the various subclusters.





Methods

2267 hospitalized patients were included in the K-means cluster analysis based on 11 variables [Body Mass Index (BMI), Systolic Blood Pressure (SBP), Diastolic Blood Pressure (DBP), Glucose, Triglycerides (TG), Total Cholesterol (TC), Uric Acid (UA), microalbuminuria (mAlb), Insulin, Insulin Sensitivity Index (ISI) and Homa Insulin-Resistance (Homa-IR)]. The risk of various chronic complications of T2DM in different subclusters was analyzed by multivariate logistic regression, and the Kruskal-Wallis H test and the Nemenyi test examined the differences in metabolites among different subclusters.





Results

Four subclusters were identified by clustering analysis, and each subcluster had significant features and was labeled with a different level of risk. Cluster 1 contained 1112 inpatients (49.05%), labeled as “Low-Risk”; cluster 2 included 859 (37.89%) inpatients, the label characteristics as “Medium-Low-Risk”; cluster 3 included 134 (5.91%) inpatients, labeled “Medium-Risk”; cluster 4 included 162 (7.15%) inpatients, and the label feature was “High-Risk”. Additionally, in different subclusters, the proportion of patients with multiple chronic complications was different, and the risk of the same chronic complication also had significant differences. Compared to the “Low-Risk” cluster, the other three clusters exhibit a higher risk of microangiopathy. After additional adjustment for 20 covariates, the odds ratios (ORs) and 95% confidence intervals (95%CI) of the “Medium-Low-Risk” cluster, the “Medium-Risk” cluster, and the”High-Risk” cluster are 1.369 (1.042, 1.799), 2.188 (1.496, 3.201), and 9.644 (5.851, 15.896) (all p<0.05). Representatively, the “High-Risk” cluster had the highest risk of DN [OR (95%CI): 11.510(7.139,18.557), (p<0.05)] and DR [OR (95%CI): 3.917(2.526,6.075), (p<0.05)] after 20 variables adjusted. Four metabolites with statistically significant distribution differences when compared with other subclusters [Threonine (Thr), Tyrosine (Tyr), Glutaryl carnitine (C5DC), and Butyryl carnitine (C4)].





Conclusion

Patients with chronic complications of T2DM had significant clustering characteristics, and the risk of target organ damage in different subclusters was significantly different, as were the levels of metabolites. Which may become a new idea for the prevention and treatment of chronic complications of T2DM.





Keywords: T2DM, chronic complications, K-means, cluster analysis, metabolite




1 Introduction

Type 2 diabetes mellitus (T2DM) is a highly prevalent endocrine and metabolic disease worldwide (1), which causes a variety of chronic complications such as cardiovascular disease (CVD), non-alcoholic fatty liver disease (NAFLD), renal disease, diabetic neuropathies, amputation, blindness, mortality, some brain lesions and so on (2–5). T2DM and its chronic complications bring a huge burden to the global medical and economy (6, 7). Meanwhile, chronic complications of T2DM are the leading causes of CVD, blindness, end-stage renal disease, and high mortality in China (7–9). Currently, experts divide the chronic complications of T2DM into microvascular complications, atherosclerotic cardiovascular disease (ASCVD), nervous system complications (NSC), diabetic foot (DF), and others (eye, oral cavity, skin lesions, etc.) (10), to facilitate clinical diagnosis and classification of complications. Unfortunately, the current classification measure mainly based on the location of target organs of lesion damage cannot effectively reduce the occurrence of chronic complications of T2DM or slow down their progress, because this classification method fails to take into account the pathology, mechanisms, and associated risk factors of various chronic complications. Another not-so-optimistic situation is that most patients with T2DM often develop multiple chronic complications at the same time, which greatly increases the difficulty of treatment for clinicians. Therefore, we need a more accurate division way to differentiate the T2DM patients with chronic complications, it could help doctors to clearly stratify these patients based on their clinical characteristics, the most important of all, to give effective intervention targeting the distinguished risk factors of different hierarchical patients.

Recently, cluster analysis based on clinical features has played an important role in clinical treatment strategies and disease management in many diseases. Ahlqvist E et al. performed a cluster analysis of 8980 patients with adult-onset diabetes based on 6 variables (glutamate decarboxylase antibodies, age at diagnosis, BMI, HbA1c, homoeostatic model assessment 2 estimates of β-cell function, and insulin resistance), and identified 5 replicable clusters (11). They found that different clusters of diabetic patients had significantly different characteristics and risks of diabetes complications, which helps the implementation of precision medicine for diabetes and its complications (11). Meanwhile, they confirmed their results in 3 independent cohorts. Subsequently, more studies reproduced the results of cluster analysis in multiple regions, including China (12, 13). Furthermore, based on this method, some researchers conducted cluster analysis on patients with T2DM, and compared the differences in clinical characteristics, disease progression, treatment response, and complication status of different subgroups, providing a basis for the new strategy for treatment of T2DM (14, 15). Similarly, this method of cluster analysis has also obtained meaningful results in the subgroup classification of diseases such as metabolic-associated fatty liver disease (MAFLD) (16), idiopathic pulmonary fibrosis (IPF) (17), ASCVD (18), bronchiectasis (19), and so on. Furthermore, these results have innovative implications for the early diagnosis of diseases, precise grouping, determining the severity of diseases, and providing optimization of clinical care.

In addition, several studies have explored the potential impact of serum metabolite levels on the development of T2DM and its complications. In 2022, an Updated Systematic Review and Meta-analysis of Prospective Cohort Studies investigated the relationship between metabolomics and the risk of T2DM, the findings revealed significant associations between certain metabolites and the risk of developing type 2 diabetes (20). Recently, according to the study conducted by Wang S et al., there is a positive correlation between a range of amino acids and serum carnitine with T2DM (21). And these studies have identified the related biomarkers, such as branched-chain amino acids, metabolites of phenylalanine, metabolites involved in energy metabolism and lipid metabolism, thereby improved the prevention and treatment of T2DM and its complications (22).

This observational study included the real data of hospitalized patients with chronic complications of T2DM. We aimed to identify characteristic clusters of inpatients with chronic complications of T2DM by K-means clustering based on common clinical variables. We also sought to further analyze the risk of associated chronic complications in each cluster and to compare the differences in metabolite levels among the clusters.




2 Materials and methods



2.1 Study population

This observational study included patients hospitalized at the Department of Endocrinology, The Second Affiliated Hospital of Dalian Medical University from January 2018 to October 2020. The data were retrieved and collected anonymously through the Yidu Cloud data management platform, mainly including hospitalization measurement indicators, laboratory testing indicators, and diagnostic information on the homepage of discharged medical records. This study was approved by the Ethics Committee of the Second Affiliated Hospital of Dalian Medical University. In this observational study, written informed consent was waived since there was no clinical intervention or treatment involved.

A total of 8 186 hospitalized patients were retrieved. First, we carefully checked all the information of 8186 inpatients, and found that there were serious deviations in the information of 14 patients, who were excluded. Then, non-type 2 diabetic patients, patients with acute and infectious complications, patients with incomplete data, patients with outliers (Outliers are defined as five standard deviations above the mean), and patients without chronic complications were gradually excluded, and the specific process is shown in Figure 1.




Figure 1 | Selecting process for hospitalized patients with chronic complications of T2DM.






2.2 Measurements

The gender and age of hospitalized patients were entered into the medical system based on personal ID cards when registering for admission. Height, Weight, waist circumference (WC), systolic blood pressure (SBP), and diastolic blood pressure (DBP) were measured by professional medical staff after admission. Body mass index (BMI) was calculated by the formula: BMI=weight/height2 (Kg/m2). All patients were required to fast for at least 8 hours on the first night after admission. The blood samples were collected by professional nurses on the morning of the second day after admission. The inspection items were mainly completed in a special department, and the same items were completed with the same reagents and instruments. The research mainly included liver biochemical indicators[γ-glutamyl transpeptidase (γ-GGT), aspartate transaminase (AST), alanine aminotransferase (ALT)], renal function [Creatinine (Cr), Urea (Ur), uric acid (UA)], fasting blood glucose (Glucose), blood lipid[triglycerides (TG), total cholesterol (TC), low-density lipoprotein-cholesterol (LDL-C), high-density lipoprotein (HDL-C)], fasting insulin, vitamin D (25-(OH)-D), urine creatinine (Cr-urine), urine microalbumin (mAlb-urine) and serum metabolites (see Supplementary Material 1 for details). Insulin sensitivity index, ISI=1/[fasting blood glucose (mmol/L) × fasting insulin (mU/L)] (23). Homeostatic model assessment (HOMA) insulin resistance, HOMA-IR=[fasting insulin (μU/ml) × fasting blood glucose (mmol/L)]/22.5 (24). Estimated glomerular filtration rate, eGFR=142 × min(Serum creatinine/kappa, 1)alpha × max(Serum creatinine/kappa, 1)-1.2 × 0.9938Age × SexFactor (calculation details and variables: For females, the following values are used: SexFactor = 1.012; alpha = -0.241; kappa = 0.7; For males, the following values are used: SexFactor =1; alpha = -0.302; kappa = 0.9) (25).




2.3 Definitions

The diagnosis for all inpatients with T2DM was diagnosed by endocrinologists according to the diagnostic criteria proposed by World Health Organization (WHO) Diabetes Expert Committee in 1999 (26). Microangiopathy mainly includes diabetic nephropathy (DN) and diabetic retinopathy (DR). DN was defined as follows: GFR<60 ml/min/1.73 m2 and/or urinary albumin to creatinine ratio (UACR) ≥ 30 mg/g after excluding renal diseases caused by other lesions, which has not returned to normal for more than 3 months (27). DR was diagnosed by a professional ophthalmologist after a fundoscopy. Atherosclerotic cardiovascular disease (ASCVD) mainly included atherosclerosis in the aorta, coronary arteries, cerebral arteries, renal arteries, and limb arteries, and were mainly diagnosed by arterial ultrasound, arterial computed tomography angiography (CTA) examination, or coronary angiography, and confirmed by a professional physician. Nervous system complications (NSC) were diagnosed after a professional endocrinologist or professor evaluates the patient’s clinical symptoms and completes the nerve conduction velocity test. Diabetic foot (DF) was diagnosed by clinicians based on clinical symptoms and damage of limb tissues after excluding other lesions.




2.4 Cluster analysis

After obtaining the complete data of all hospitalized patients, we selected 11 continuous variables, namely: BMI (kg/m2), SBP (mmHg), DBP (mmHg), Glucose (mmol/L), TG (mmol/L), TC (mmol/L), UA, mAlb, Insulin, ISI and Homa-IR for cluster analysis. The clustering analysis (k-means) is implemented using Python. For the 11 variables screened, min-max normalization was first performed. Then, selecting the optimal number of clusters according to the Silhouette Score (Supplementary Material 2). All these variables were the main risk factors for the development of chronic complications of T2DM, and we further named each cluster based on the entirely different characteristics about these variables.




2.5 Statistical analysis

Statistical analysis was performed using R Studio, version 4.0.3. Continuous variables conforming to normal distribution were expressed as the mean ± standard deviation (M ± SD) after the normality test, and continuous variables with non-normal distribution were expressed as the median and interquartile range (Median, IQR). Binary categorical variables were expressed as frequencies and percentages. Logistic regression analysis was used to calculate ORs for the occurrence of chronic complications in different sub-clusters. The Kruskal-Wallis H test was used to analyze the differences in metabolite levels of each cluster. The Nemenyi test was used to compare the differences of metabolites in each cluster pairwise. p<0.05 was statistically significant.





3 Results



3.1 Study population and cluster analysis

In this study, a total of 2 267 hospitalized patients were included for the data analysis, with a median age of 63 years, including 1 230 males (about 54.26%) and 1 037 females (about 45.74%). According to cluster analysis based on 11 clinical variables including BMI, SBP, DBP, Glucose, TG, TC, UA, mAlb (urine), Insulin, ISI, and Homa-IR, all inpatients were divided into four clusters, each cluster has distinct characteristics. The other detailed clustering process and evaluation indicators are in Supplementary Material 2. The general situation and clinical status of all inpatients and ones in each cluster are shown in Table 1. Cluster 1 was the “Low-Risk”, contained 1112 inpatients (49.05%), characterized by acceptable blood sugar control, good purine, and lipid metabolism (with the lowest glucose, UA, TG, TC, and LDL-C, as well as the highest HDL-C levels among the four clusters), low insulin secretion, high sensitivity, mildest insulin resistance (with the lowest Insulin, the highest ISI, and the lowest Insulin). Cluster 2 was “Medium-Low-Risk”, included 859 inpatients (accounting for 37.89%), characterized by poor blood sugar control (average level<10mmol/L), the highest blood pressure level, and insulin secretion and sensitivity were relatively good, but insulin resistance level was low. Cluster 3 was “Medium-Risk”, included 134 inpatients (accounting for 5.91%), characterized by the worst blood sugar control, the insulin sensitivity was the worst, and the degree of insulin resistance (IR) was also the most serious among the four groups. Cluster 4 was “High-Risk”, included 162 inpatients (accounting for 7.15%), characterized by the highest BMI, the worst lipid metabolism and purine metabolism, and extreme urine microalbumin levels elevated (with the highest TG, TC, LDL-C, UA, and mAlb-urine among four groups). Figure 2 shows the mean levels of 11 variables in each cluster.


Table 1 | Basic characteristics of inpatients with chronic complications of T2DM in allocated clusters.






Figure 2 | The mean levels of 11 variables in four clusters. (Cluster 1: the Low-Risk cluster; Cluster 2: the Medium-Low-Risk cluster; Cluster 3: the Medium-Risk cluster; Cluster 4: the High-Risk cluster. The horizontal axis represents four different clusters, and the left vertical axis represents the levels of the variable).






3.2 Prevalence of chronic complications in each cluster

Furthermore, to explore the occurrence of chronic complications in each cluster, we counted the incidence of three types of more frequently occurring chronic complications (Microangiopathy, ASCVD, and NSC) in all patients. The proportions of these chronic complications were different in each cluster. For the co-incidence rate of three chronic complications, 232 (20.86%) in the Low-Risk cluster (cluster 1), 251 (29.22%), and 46 (34.33%) in the Medium-Low-Risk cluster (cluster 2) and Medium-Risk cluster (cluster 3) separately. Most seriously, 90 (55.56%) in the High-Risk cluster (cluster 4) had three chronic complications (Figure 3).




Figure 3 | The number of chronic complications of T2DM in each cluster. (MIC, Microangiopathy; ASCVD, Atherosclerotic cardiovascular disease; NSC, Nervous system complications).






3.3 The risk for chronic complications in each cluster

Here we further illustrated the risk trends for various chronic complications in each cluster by logistic regression analysis (Figure 4). As shown in Figure 4A, in model 1, the risk of microangiopathy in the Medium-Low-Risk cluster (cluster 2), the Medium-Risk cluster (cluster 3), and the High-Risk cluster (cluster 4) was higher than the Low-Risk cluster (cluster 1) (ORs>1, p<0.05). Significant high trends were also observed for all three clusters after 20 variables (Gender, Drink, Smoke, Age, WC, BMI, SBP, DBP, TG, TC, LDL-C, HDL-C, γ-GGT, AST, ALT, eGFR, UA, Crea, 25(OH)D) were adjusted in model 2. For the risk of ASCVD, the Medium-Low-Risk (Cluster 2) was associated with high risk compared with the Low-Risk cluster (cluster 1) [OR(95%CI):1.440(1.132,1.831), p=0.003]. However, after adjusting for potential confounders, this association was relatively low [OR(95%CI):1.059(0.734,1.527), p=0.76]. It is worth mentioning that the Medium-Risk cluster (cluster 3) has a significant reduction of the ASCVD risk [OR(95%CI):0.597(0.400,0.892), p=0.012] (Figure 4B). Similarly, this result was observed in model 2 [OR(95%CI): 0.526 (0.332,0.834), p=0.006]. Compared with the Low-Risk cluster (cluster 1), a significant reduction of the NSC risk was observed only in the Medium-Low-Risk (Cluster 2) in model 1[OR(95%CI):0.805(0.653,0.993), p=0.043] (Figure 4C). In addition, no significant difference was observed in all models for the risk of DF (Figure 4D). More detailed results are shown in Supplementary Table 3-1.




Figure 4 | Logistic regression models analyzed the risk for chronic complications in each cluster. (A) for Microangiopathy; (B) for ASCVD (Atherosclerotic cardiovascular disease); (C) for NSC (Nervous system complications); (D) for DF (Diabetic foot); (Notes: Model 1: no variables were adjusted; Model 2: adjusted Gender, Drink, Smoke, Age, Weight, WC, BMI, SBP, DBP, TG, TC, LDL-C, HDL-C, γ-GGT, AST, ALT, eGFR, UA, Crea, 25(OH)D).



Considering the significant high risk of microangiopathy was observed in the other three clusters as compared to the Low-Risk cluster. In addition, we further explored the risk for DN and DR (the two most elements in microangiopathy) in each cluster (Figure 5) and Supplementary Table 3-2. When Compared with the Low-Risk cluster (cluster 1), the OR(95%CI) of DN in the Medium-Low-Risk cluster (cluster 2), the Medium-Risk cluster (cluster 3), and the High-Risk cluster (cluster 4) were: 1.711(1.396,2.096), 2.269(1.556,3.308), and 15.602(10.282,23.673) (all p<0.05), respectively. The associations remained statistically significant after further adjusting in model 2 (all p<0.05) (Figure 5A). We also noted that the Medium-Low-Risk cluster (cluster 2), the Medium-Risk cluster (cluster 3), and the High-Risk cluster (cluster 4) had more DR risk, the OR(95%CI) were 1.278(1.023,1.596), 1.940(1.300,2.896), and 3.558(2.517,5.029) (all p<0.05). These associations were consistent after multivariable adjustment in model 2 (Figure 5B).




Figure 5 | Logistic regression models analyzed the association of (A) DN (diabetic nephropathy) and (B) DR (diabetic retinopathy) with each cluster.(Notes: Model 1: no variables were adjusted; Model 2: adjusted Gender, Drink, Smoke, Age, Weight, WC, BMI, SBP, DBP, TG, TC, LDL-C, HDL-C, γ-GGT, AST, ALT, eGFR, UA, Crea, 25(OH)D).






3.4 Comparison of metabolite profile in each cluster

Previous research has demonstrated that alterations in metabolites and metabolic pathways play a significant role in the onset of diabetes and its associated complications (20). Here, in order to investigate the variations of metabolites in distinct clusters, the Kruskal-Wallis H test was analyzed. The results showed 24 metabolites with statistically significant distribution differences among the clusters (Table 2).


Table 2 | The specific differences of metabolites among 4 clusters.



To further clarified the specific metabolites in every cluster, we used each cluster as the reference and compared the other clusters with this one. For the Low-Risk cluster (cluster 1), only one metabolite had a significant difference with the other three clusters, that was Thr, significantly high in cluster 1 (Figure 6A). For the High-Risk cluster (cluster 4), Glutaryl carnitine and Butylcarnitine were higher and Tyr was lower than the other three clusters (all p<0.05) (Figures 6B-D). However, for the Medium-Low-Risk cluster (Cluster 2) and the Medium-Risk cluster (Cluster 3), there was no metabolites that had a significant difference compared with the other three clusters.




Figure 6 | The metabolic profiles in clusters of (A) Thr, (B) Tyr, (C) Butyryl carnitine, (D) Glutaryl carnitine. (Note:Cluster 1: the Low-Risk cluster; Cluster 2: the Medium-Low-Risk cluster; Cluster 3: the Medium-Risk cluster; Cluster 4: the High-Risk cluster).







4 Discussion

The K-means method is a traditional and relatively simple machine learning method (28). It had been used for iterative subspace projection and clustering, consensus clustering (29), disease phenotype recognition (11, 16), and the results hold significant value in the clinical progression study of the disease. In this retrospective real data study, 4 clusters of patients with chronic complications of T2DM were divided using K-means cluster analysis based on 11 common clinical variables. Each cluster showed substantially different phenotypes in clinical patterns and the risks of microangiopathy, ASCVD, and NSC were significantly differential enriched in each cluster. In the current analysis, we also found distinct metabolic characteristics and specific metabolites in each cluster.

Cluster analysis based on clinical features is of great value in disease subtype decision-making. Several published studies in recent years have tried to phenotype T2DM patients. These studies proved novel hierarchical clusters of T2DM patients could express significant differences including clinical characteristics, disease progression, complications, and treatment responses (14, 15, 30). To the best of our knowledge, limited studies focused on T2DM patients with chronic complications. In this current study, we stratified T2DM patients with chronic complications into 4 distinct clusters based on clinical data: the Low-Risk cluster, the Medium-Low-Risk cluster, the Medium-Risk cluster, and the High-Risk cluster. The four clusters showed different risks of the accumulation of chronic complications for T2DM patients, the High-Risk cluster had 55.55% of the patients with comorbidity of three chronic complications. Moreover, patients in the High-Risk cluster had more risk to have microangiopathy (OR:9.644, p<0.001, after adjusting for 20 covariates), especially for DR (OR:15.602, p<0.001, after adjusting for 20 covariates). That means patients in the High-Risk cluster need to pay more attention to preventing the occurrence of multiple complications of T2DM.

What is special is that, compared with the Low-Risk cluster, the ASCVD risk of the Middle-Low-Risk cluster was higher (OR:1.440, p=0.003, no variables were adjusted), and it was also relatively high in the High-Risk cluster (OR >1, although p<0.05, regardless of adjustment for covariates), but the Medium-Risk cluster shows a lower ASCVD risk (OR:0.526, p=0.006, after adjusting for 20 covariates). Tracing back to the variable characteristics of each cluster in Table 2, it was found that the corresponding levels of SBP and DBP in the Middle-Low-Risk cluster and High-Risk cluster were higher, and also showed relatively higher ASCVD risk values; while the blood pressure control level of patients in the Middle-Risk cluster was slightly better than the former two clusters, meanwhile, the middle-risk group showed a lower risk of ASCVD, regardless of model 1 or model 2, with a p-value of less than 0.05. This result reflects that the risk of ASCVD in patients may be closely related to blood pressure levels. Previous studies have also suggested that blood pressure is one of the risk factors for ASCVD in patients with T2DM (31), and a meta-analysis also found that antihypertensive treatment reduces the risk of CVD events in patients with T2DM (32). Stefano Ciardullo et al. also found that the seasonal change of SBP is the main factor leading to the seasonal variation of ASCVD risk score in patients with T2DM (33).

It was also found that patients in the Medium-Low-Risk cluster had a lower risk of developing NSC (OR=0.805, p=0.043), but this trend lost statistical significance after adjusting for 20 covariates. This may be related to the joint effect of multiple NSC risk factors in the pathogenic process. Xiuxiu Liu et al. pointed out that the risk factors for diabetic peripheral neuropathy (DPN) are: the duration of diabetes, age, glycosylated hemoglobin A1c(HbA1c), and DR, but BMI, smoking, total triglyceride (TG), and total cholesterol (TC) did not increase the risk of DPN (34). The study on the risk factors of DPN in young patients with diabetes found that risk factors for DPN in youth with type 1 diabetes were older age, longer diabetes duration, smoking, increased DBP, obesity, increased LDL-C and triglycerides (TG), and lower HDL-C. While in youth with T2DM, risk factors were older age, male sex, longer diabetes duration, smoking, and lower HDL-C (35). In addition, an observational study of childhood and adolescents with diabetes found that people with T2DM were more likely to develop DPN than those with type 1 diabetes (36). Overall, the pathogenesis and core pathogenic factors of neurological complications of type 2 diabetes still need to be further studied.

In the metabolite analysis of the 4 clusters, we found that 24 metabolites had statistically significant differences among the clusters, and screened out metabolites with typical characteristics in some clusters. Glutaryl carnitine and Butylcarnitine increased while Tyr decreased in the High-Risk cluster, and Thr increased in the Low-Risk cluster. These findings will provide new possibilities for risk intervention targeting metabolite levels in patients with chronic complications of T2DM. These characteristic metabolites can be used as biomarkers for the screening, diagnosis, and prediction of chronic complications of T2DM, which will help to understand the metabolic information and metabolic pathways of chronic complications of T2DM and explore the possible mechanisms of complications, thus providing possible targets for its treatment (22). For example, J Ricardo Lucio-Gutiérrez et al. used partial least squares analysis (PLS-DA) to obtain the PLS-DA model for distinguishing type 2 diabetic nephropathy based on urinary metabolites, and it was well validated (37). This provides a new diagnostic option for the diagnosis of asymptomatic DN in patients with T2DM.

In the correlation analysis of characteristic metabolites and chronic complications, we found that Thr was negatively correlated with microangiopathy(especially DN), but positively correlated with ASCVD. And Tyr was negatively correlated with microangiopathy (regardless of DN or DR) and NSC. Both Butylcarnitine and Glutaryl carnitine were positively associated with ASCVD risk. Cornelia G Bala et al. found that the disruption of the tyrosine biosynthesis pathway might be disrupted related to the high oxidative stress response in patients with type 2 diabetes (38). Oxidative stress is a key pathogenic factor in diabetic complications and can lead to the development of microangiopathy and ASCVD (39, 40). Changes in metabolite levels may reflect the occurrence of multiple pathogenic mechanisms. Therefore, further research on the underlying mechanisms involved in changes in other metabolites is particularly important for the study of disease progression. And thereby reducing the huge disease burden of diabetes (41).

Our study is based on real data of hospitalized patients without any missing values, which can better reflect the practical situation of patients with chronic complications of T2DM. With a relatively ideal amount of data and a balanced male-to-female ratio, the cluster analysis obtained the cluster characteristics of patients with a high risk of chronic complications of T2DM. The relationship between metabolic changes and chronic complications was analyzed from the level of metabolites, which provides new ideas and targets for the prevention and treatment of chronic complications of T2DM and is helpful for the precise treatment of chronic complications of T2DM. However, our study also has certain limitations. It is a single-center study, which only includes patients from Dalian, Northeast China, and has not yet included subjects from other countries and regions. At the same time, this study was also retrospective and failed to observe the progression of chronic complications in each subcluster. In order to extend our research and comprehensively promote the guiding significance of our research results to clinical decision-making, it is very necessary to carry out corresponding prospective follow-up research and observe the treatment response. In the future, we will continue to improve this part of the research to enhance its value of the research.




5 Conclusions

The complication status of patients with chronic complications of T2DM has obvious cluster characteristics, and the performance of different target organ damage risks is not completely consistent. However, the current classification of complications has not considered the impact of these pathogenic risk factors on the occurrence of complications. The clustering results of this study reflect the clustering characteristics of different risk levels of target organ damage and the clustering characteristics of multiple complications. Different clusters also had significant differences in the levels of most metabolites, which helps to explore the potential role of the pathogenic mechanism of metabolic pathway alterations in the progression of complications. This will provide novel decision support for the prevention and treatment of chronic complications of T2DM.
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Type 2 diabetes mellitus (T2DM) has become a major health problem, threatening the quality of life of nearly 500 million patients worldwide. As a typical multifactorial metabolic disease, T2DM involves the changes and interactions of various metabolic pathways such as carbohydrates, amino acid, and lipids. It has been suggested that metabolites are not only the endpoints of upstream biochemical processes, but also play a critical role as regulators of disease progression. For example, excess free fatty acids can lead to reduced glucose utilization in skeletal muscle and induce insulin resistance; metabolism disorder of branched-chain amino acids contributes to the accumulation of toxic metabolic intermediates, and promotes the dysfunction of β-cell mitochondria, stress signal transduction, and apoptosis. In this paper, we discuss the role of metabolites in the pathogenesis of T2DM and their potential as biomarkers. Finally, we list the effects of anti-hyperglycemic drugs on serum/plasma metabolic profiles.
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1 Introduction

According to the latest statistics from the International Diabetes Federation (IDF), as of 2021, about 537 million adults worldwide had diabetes, and this number is expected to increase to 783 million by 2045, causing 6.7 million deaths and high health costs every year (1). T2DM is the most common type of diabetes mellitus, accounting for about 90% of the total number of diabetes mellitus. It is of great significance to explore the pathogenesis of T2DM and develop precise and reliable prevention and treatment strategies. T2DM is a typical metabolic disease, usually accompanied by the disorder of systemic metabolic networks including carbohydrates, lipids, and amino acids, which is very suitable for metabolomics and lipidomics studies. Metabolites are not only ending products of genome regulation and cellular energy transfer, reflecting biological situations that have occurred or are occurring in the body, but also have multiple functions such as signaling molecules, immune regulation, and environmental sensors. Thus, the exploration of metabolite changes can reflect the metabolic phenotype of T2DM in a relatively comprehensive way. In contrast to biopsies, blood sample collection is a minimally invasive method with the advantages of rapid, economical and high availability, and is essential for facilitating mapping of disease metabolic profiles and prognostic diagnosis.




2 Metabolite profiles of T2DM

Metabolites are commonly recognized as end products of a wide range of gene transcription and biochemical reactions, and there is growing evidence that metabolites can be involved in disease development as biomarkers (Figure 1) and regulators. When acting as regulators, metabolites have an impact on the pathogenesis of T2DM in at least the following aspects: (1) Metabolites can regulate the downstream signaling pathway of insulin and directly affect insulin sensitivity; (2) Accumulation of harmful metabolic intermediates; (3) Cause organelle dysfunction; (4) Directly or indirectly mediates the inflammatory response of target tissues. A comprehensive understanding of metabolic pathways may be a novel direction for the prevention and treatment of T2DM.




Figure 1 | BCAA, branched-chain amino acids; AAA, aromatic amino acids; LPC, lysophosphatidylcholine; BAs, bile acids.





2.1 Carbohydrate

Chronic hyperglycemia is not only a major feature of diabetes, but also a key factor in accelerating its progression and inducing complications. High glucose can damage the mitochondrial aerobic metabolic flux of pancreatic β-cells and reduce insulin content, which may be the pathological basis of the progressive decline of β-cell function in patients with T2DM. Excess fructose can cause a dramatic increase in hepatocyte carbohydrate response element binding protein (ChREBP) activity, which not only mediates changes in circulating triglycerides and high density lipoprotein (HDL) levels, but also is an important upstream regulator of a key enzyme in BCAA metabolism, branch chain ketoate dehydrogenase kinase (BCKDK)/metal ion-dependent protein phosphatase (PPM1K), integration affects BCAA oxidation and lipid metabolism (2). Evidence suggests that overproduction of the subtype ChREBP-β mediates glucose toxicity and subsequent cell death in β-cells. Overexpression of the different subtypes of ChREBP-α enhances glucose-stimulated β-cell proliferation and antagonizes Chrebp-β-cell death mediated by Nuclear factor erythroid 2-related factor 2 (Nrf2) antioxidant pathway (3).

Single-cell sequencing results showed that genes related to oxidative phosphorylation and ATP synthesis were significantly downregulated in the islets of T2DM patients (4), and this phenomenon was verified in animal models. Nearly all glycolytic enzymes were significantly upregulated in the diabetic mouse islets. In contrast, genes, proteins, and BCAA metabolic pathways associated with mitochondrial oxidative phosphorylation were significantly reduced (5, 6). Haythorne et al. have found that the impairment of β-cell function by high glucose is not glucose per se, but mediated by metabolic intermediates associated with increased glycolysis flux, one or more metabolites located between phosphofructokinase (PFK) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). By stimulating mammalian rapamycin complex 1 (mTORC1) and inhibiting AMPK activity, preventing pyruvate from entering the TCA cycle, and the imbalance of NADH/NAD+ in mitochondria and cytoplasm exacerbates the accumulation of upstream metabolites of GAPDH, creating a vicious cycle. This may partly explain the impaired oxidative phosphorylation of mitochondria. More importantly, glucose stimulation at 8mM appears to be sufficient to initiate this cycle, suggesting that cumulative impairment of pancreatic function may have already begun in patients with early impaired glucose tolerance (7).

Impaired glucose oxidative phosphorylation metabolic pathways and increased glycolysis flux are determinants of increased lactate levels. In patients at high risk of CVD, plasma lactate, pyruvate, glycerol-3 phosphate, and isocitrate were significantly positively correlated with the risk of T2DM (23%-44% higher for every 1 SD increase) (8, 9), and was associated with various pathological phenomena of T2DM: (1) Increased blood lactate concentration reflects decreased mitochondrial oxidation capacity and is strongly positively correlated with IR index (10); (2) Blood lactate level may reflect liver dysfunction in T2DM patients (9); (3) Blood lactate levels may be indicative of susceptibility to T2DM to some extent (11). However, the effect of lactate as a signaling molecule on disease is complex and may depend on exposure duration and specificity of tissue and organ (Figure 2). Recent evidence suggests that lactate signaling is involved in inflammatory response (12–14), cells proliferation and migration (15), appetite regulation (16), redox homeostasis regulation (17), histone modification (18), and vascular cells damage (19–21). Diabetes is commonly accompanied by oxidation and systemic chronic inflammation. Elevated lactate levels can lead to an increase in NADH/NAD+ ratio, and mitochondria actively oxidize lactate to produce additional ROS accordingly. When antioxidants are out of balance, oxidative damage may be caused. Lactate is one of the main fuels of TCA cycle. Acute lactate exposure can stimulate mitochondrial coupling efficiency and promote bioenergetics of mitochondria in heart, skeletal muscle, and liver (22), while chronic hyper-lactate exposure may negatively affect mitochondrial respiration rate, reduced metabolic flexibility (23).




Figure 2 | Lactate is involved in physiological and pathological processes of various tissues, including cardiovascular disease, immune response, fatty acid metabolism, cognitive function, and tumor cell angiogenesis. OXPHOS, oxidative phosphorylation; VSMC, vascular smooth muscle cell.



Chronic hyperglycemia can also trigger the activation of collateral glucose metabolic pathways, such as polyol, hexosamine, and AGE, resulting in oxidative stress, promoting the transcription of pro-inflammatory factors and apoptosis, and thus contribute to the occurrence and development of diabetes mellitus and its complications. AGE, cytokines and ROS can promote the production of triose phosphate, an intermediate of glucose metabolism, and increase de novo synthesis of diacylglycerol (DAG), the activator of protein kinase C (PKC) (24). In the polyol pathway, aldose reductase activated by hyperglycemia reduces glucose to sorbitol, which is further metabolized to fructose by sorbitol dehydrogenase. An increase in plasma fructose concentration is positively correlated with the development of T2DM and can lead to liver insulin resistance (IR) and non-alcoholic fatty liver disease development (25–28). In tissues such as nerves, sorbitol cannot easily cross the cell membrane, so the accumulation of sorbitol and fructose can increase the osmotic pressure in the cytoplasm and cause the leakage of myoinositol, a deficiency of which can lead to the production of DAG. On the other hand, the activation of the polyol pathway leads to the consumption of NADPH and promotes the conversion of NAD+ to NADH, which may not only reduce the production of the antioxidant glutathione, resulting in oxidative stress (29), but also competitively inhibit GAPDH, down-regulate glycolytic flux, and promote the transfer of more glucose to non-traditional metabolic pathways (such as hexosamine), thus aggravating glucotoxicity (30, 31). As the hexosamine biosynthesis pathway is also activated in diabetes, fructose-6-phosphate is detached from glycolysis and subsequently catalyzed to glucosamine 6-phosphate by fructose 6-phosphate aminotransferase. Glucosamine 6-phosphate forms the end product uridine diphosphate-N-acetylglucosamine through acetylation and isomerization. It then serves as the basic substrates for the formation of glycosyl side chains in post-translational modifications of proteins and lipids (32). This post-translational modification can aggravate glucotoxicity by regulating target protein stability, activity and subcellular localization, which can promote liver gluconeogenesis, lead to impaired insulin signaling and pancreatic β-cell function (33), and is directly involved in the pathogenesis of several diabetic complications, especially in cardiovascular disease and kidney dysfunction (34).




2.2 Amino acid

Since Felig et al. found in the 1970s that the increased concentration of circulating amino acids in obese people is associated with decreased insulin sensitivity (35), a large number of studies have confirmed the value of amino acids in the early identification and risk stratification of diabetes and its complications (36–40). Among the known and relatively clear amino acid biomarkers, plasma branched-chain amino acids (BCAA) and aromatic amino acids (AAA) increased significantly (Table 1), while glycine and glutamine decreased in diabetes and prediabetes (25, 41–43, 52–56).


Table 1 | Association of amino acids profiles with T2DM in cohort studies.



BCAA is most closely related to homeostasis model assessment for insulin resistance (HOMA-IR) and blood glucose (46, 57, 58). The results of large sample size genome-wide association studies (GWAS) show that BCAA contributes to the increase of the incidence of IR and T2DM (59). Under physiological conditions, BCAA promotes protein synthesis or inhibits its breakdown by activating the mTOR signaling pathway, a catalytic subunit of two distinct structural and functional complexes mTORC1 and mTORC2. mTORC1 promotes protein synthesis and regulates autophagy, and mTORC2 is a classic insulin/PI3K signaling pathway effector (60). BCAA supplementation alone did not significantly affect skeletal muscle mass and glycemic control in patients with T2DM (61), nor worsen diet-induced insulin resistance and glucose intolerance in obese mice (62). Whereas HFD combined with BCAA supplementation caused chronic activation of mTORC1, p70-S6 kinase (p70S6K), and phosphorylation of insulin receptor substrate 1 (IRS1) serine, promoting the accumulation of multiple acylcarnitines in muscle, decreased insulin sensitivity (37), which can be reversed by the mTOR inhibitor rapamycin (63). Reducing dietary BCAA intake rapidly reduced diet-induced obesity, improved glucose tolerance, reversed fatty acyl-coA accumulation in skeletal muscle, normalized glycine content, and improved skeletal muscle insulin sensitivity (64, 65). In leucine-incubated skeletal muscle, AMPK activity decreased by more than 50%, phosphorylation of mTOR and p70S6K was concentration-dependent, phosphorylation of insulin-stimulated Akt was impaired, and AMPK agonist was used to inhibit these changes (66).

Paradoxically, Leucine has also been suggested to increase GLUT4-mediated glucose uptake, stimulate insulin-dependent PI3K and protein kinase C (PKC) signaling cascades, and increase mitochondrial biogenesis and substrate oxidation capacity (67, 68). Leucine supplementation has been shown to reduce body weight by 32% and improve insulin sensitivity, plasma total cholesterol, and low-density lipoprotein cholesterol (LDL) levels in mice (69). This may be related to the insulinotropic properties of BCAA (especially Leu), short-term (4 weeks) BCAA-restricted diet decreased postprandial insulin secretion, increased postprandial insulin sensitivity and mitochondrial metabolism efficiency in adipose tissue (70). On the other hand, Long-term (60 weeks) supplementation with amino acids has also been shown to improve glycemic control and insulin sensitivity in older non-obese (BMI within 19∼23) T2DM patients (71). Since protein degradation is commonly increased in populations with poor IR and T2DM control (72), and the provision of additional BCAAs in the diet can mitigate protein degradation (73), it is necessary to tailor nutritional programs to different populations. In addition, valine and isoleucine are major contributors to the production of cyclic odd-chain FA (74), among which valine not only promotes α oxidation by activating PPARα, but also promotes odd-chain FA production by providing PrCoA as a substrate (75).

Different organs also show differences in amino acid profiles, liver but not muscle IR was associated with increased levels of leucine and tyrosine, leucine deprivation enhances insulin sensitivity by increasing AMPK phosphorylation and inhibiting the mTOR/S6K pathway in the mouse liver (76), while both showed higher levels of isoleucine and alanine and lower levels of glycine (48). In the liver, BCAA supplementation activates mTORC1 and suppresses mTORC2, blocks insulin-mediated Akt2 phosphorylation, and promotes its ubiquitination and degradation, negative regulation of Akt2 increases FoxO1-mediated gluconeogenesis and inhibits liver lipogenesis mediated by the sterol-regulatory element binding protein (SREBP)1/INSIG2a signaling pathway (77). It is believed that when FA are excessive, the accumulation of metabolic intermediates of BCAA (rather than BCAA itself) can competitively “block” FA β oxidation flux, resulting in the accumulation of BCAA and incomplete oxidation products of FA, leading to a corresponding decrease in glucose utilization (37). All of these suggest that the increase of BCAA in T2DM is likely to be a downstream effect caused by obesity and IR, and then plays a further mediating role in disease development (37).

Studies have suggested that increased IR leads to increased levels of circulating fasting BCAA and inflammation (78, 79). Obesity and T2DM reduce the activity of metabolic enzymes involved in BCAA catabolism, leading to BCAA accumulation (80). BCAA catabolism involves the first transamination of BCAA aminotransferase (BCAT) to branch alpha-ketoic acid (BCKA), followed by decarboxylation of BCKA by BCKA dehydrogenase complex (BCKDC), which is activated by dephosphorylation of PPM1K phosphatase and deactivated by phosphorylation of BCKD kinase. The expression of BCAT and BCKDC is relatively low in the liver, where adipose tissue and skeletal muscle are major sites of BCAA oxidative metabolism (81, 82). In human and animal models of metabolic syndrome, hypoxia, inflammation, and ER stress in adipose tissue can lead to a significant decrease in the level of BCAA catabolic enzyme (83, 84), and the accumulation of BCAA directly inhibits the activity of pyruvate dehydrogenase (PDH) and reduces the oxidative metabolism of glucose and FA (85). Another study suggested that reduced oxygenation in adipose tissue inhibited BCAA catabolism (86). Oxygen partial pressure in subcutaneous adipose tissue was negatively correlated with the expression of markers of inflammation and fibrosis. Meanwhile, hypoxia inhibited the catabolism and oxidation of BCAA, resulting in increased plasma BCAA concentration, thus promoting IR. Surgical weight loss interventions can reverse the increase in plasma concentrations by improving BCAA metabolism in adipose tissue, suggesting that changes in plasma BCAA reflect IR or relative insulin deficiency in obesity (87). Muscle biopsies in patients with T2DM also showed decreased expression of two enzymes necessary for valine and isoleucine metabolism (88). In contrast, increased BCAA catabolism effectively reduced plasma BCAA levels in T2DM patients, significantly improved peripheral glucose utilization, and increased pyruvate mitochondrial oxidation flux by 10% in muscle (89).

In addition to BCAA and AAA, multiple additional amino acids and derivatives are associated with diabetes progression (49, 90, 91). Studies have shown that glutamate is significantly increased in people with T2DM, while glutamine and glycine are associated with a 15% and 11% reduction in diabetes risk, respectively (52). After adjusting for BMI, concentrations of aspartic acid, asparagine, and histidine were strongly correlated with the incidence of prediabetes. For every 1 standard deviation increase in baseline aspartic acid and asparagine levels, the risk of prediabetes increased by 2.72 times, while for every 1 standard deviation increase in baseline histidin level, the risk of prediabetes decreased by 10% (47). This may be related to histidine’s role in regulating gluconeogenesis and anti-inflammatory (92).

Studies have shown that alanine, tryptophan, and trytophan-related metabolic intermediates are associated with a higher risk of T2DM and prediabetes (40, 43, 44, 93), and that kynurenine is the main metabolic intermediate of tryptophan, chronic inflammatory can induce activation of the tryptophan/kynurenine metabolic pathway (94), and may mediate the increased mortality associated with inflammation in T2DM (95). Circulating kynurenine levels are also affected by dietary tryptophan intake. As a result, it has been suggested that the ratio of kynurenine/tryptophan can reflect the metabolic status of tryptophan further than that of tryptophan or kynurenine concentration alone (96). This partly explains why the level of tryptophan increases at the beginning of T2DM and reverses as the disease progresses (45), and why there is no significant association between the plasma kynurenine/tryptophan ratio and T2DM risk, but the urine kynurenine/tryptophan rate is strongly associated with T2DM risk (96). In addition, indolepropionate, a tryptophan-breaking metabolite derived from the gut microbiome, was negatively associated with T2DM risk, while increased indolelactate was associated with higher T2DM risk (44, 53).

Elevated levels of lysine and its metabolic intermediate 2-aminoadipic acid were associated with an increased risk of T2DM. 2-aminoadipic acid metabolism occurs primarily in mitochondria and is broken down into acetyl-CoA before entering the (tricarboxylic acid, TCA) cycle. Plasma 2-Aminoadipic acid level increases by 47% in obesity and is positively correlated with IR (97). As a novel biomarker to predict the risk of T2DM, 2-aminoadipic acid, independent of common BCAA and AAA, has been shown to increase in concentration 12 years before the onset of diabetes symptoms (98), and as a biomarker to predict childhood obesity and related metabolic disorders 2 years later (99). In addition, the level of circulating 2-Aminoadipic acid is significantly negatively correlated with HDL, which is closely associated with cardiovascular complications such as atherosclerosis and coronary artery calcification (100, 101).




2.3 Lipids and acylcarnitines

Elevated blood levels of triacylglycerols (TAGs) are traditional risk indicators for T2DM (48, 102, 103). Free fatty acids (FFA) are non-esterified fatty acids in the serum that comes primarily from the breakdown of TAG. When caloric intake exceeds the normal storage and consumption capacity of lipids, fatty acids “spillover” will result in increased FFA (104). Elevated fasting FFA is associated with a three-fold increased risk of impaired glucose tolerance or T2DM over the next 5∼8 years (105). After clinical intervention, the level of FFA can also serve as an effective prognostic evaluation index (106). FFA can be divided into saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA) according to the difference of hydrocarbon saturation. Serum FFA variations of different types are generally suggestive of hyperglycemia or T2DM (Table 2). Specifically, increased levels of partial n-6, n-7 and n-9 were significantly positively correlated with elevated blood glucose, while some n-3 PUFA was significantly inversely correlated with T2DM (107, 108, 113, 116). In addition, different chain lengths of SFA have particular metabolic and biological effects. Increased circulating concentrations of C15:0, C17:0 and C24:0 and very long chain of SFA are associated with lower risk of T2DM (114, 117), while C14:0, C16:0, C16:1, and C18:0 are positively correlated with T2DM risk (109, 111).


Table 2 | Association of lipids profiles with T2DM in cohort studies.



Increased FFA release and oxidation rate can antagonize glucose oxidation, resulting in the disturbance of pyruvate metabolism and impaired insulin sensitivity (118, 119), and this damage to glucose homeostasis by FFA is commonly referred to as lipotoxicity. Extensive evidence has demonstrated the role of lipotoxicity in IR and pancreatic β-cell injury (120, 121). Elevated plasma FFA levels are also known to cause TAG and DAG deposition in a variety of tissues and organs, gradually accumulating DAG enhances NADPH oxidase activity through the PKC pathway, exacerbates oxidative stress and cytokine transcription, and promotes cell differentiation, proliferation, and apoptosis. Activation of the PKC pathway is a critical mechanism leading to diabetes cardiovascular disease (122). Thus, lipid management is absolutely recommended for the prevention and treatment of vascular complications of T2DM.

The inflammatory response mediated by SFA is an essential cause of IR and β-cell damage (Figure 3). SFA and lipopolysaccharide synergistically amplifies the effects of decreased β-cell viability, increased apoptosis, and decreased basal insulin secretion, and significantly alleviates lipid-induced β-cell damage by blocking toll-like receptor 4 (TLR4) or overexpressing neutral ceramidase (NCDase) activity (123, 124). Palmitate (C16:00) is the most abundant SFA in dietary and plasma, palmitate can enhance the interaction between TLR and myeloid differentiation primary response protein MyD88, mediating β-cell death (125). On the one hand, it directly inhibits insulin signal transduction by activating the phosphorylation of Jun N-terminal kinase (JNK) and the inhibitor of nuclear factor-κB (NF-κB) kinas (IKKβ). On the other hand, degradation of inhibitor of NF-κB (IκB) leads to nuclear translocation of NF-κB, this increases cytokine transcription and exacerbates inflammation. TLR4, IKKβ, or JNK knockout inhibited the expression of inflammatory cytokines in adipocytes and macrophages and protected mice against lipid-induced IR (126–128). In contrast, some PUFA such as docosahexaenoic acid (DHA) inhibit the production of TLR4-induced inflammatory cytokines (129), improve insulin sensitivity and insulin secretion capacity to some extent, and reduce the risk of T2DM (128, 130).




Figure 3 | Palmitate cooperated with LPS to amplify TLR4-related signaling pathways, directly or indirectly inhibited insulin signaling, and caused β-cell apoptosis in islets. The activation of FFA4 by certain PUFAs such as oleic acid, DHA and EPA can competitively bind TAB1 through the recruitment of β-arrestin-2, inhibit the phosphorylation and activation of TAK1, inhibit the pro-inflammatory response, and promote the release of insulin and GLP-1. LPS, lipopolysaccharide; IRS-1, insulin receptor substrate 1; TLR4, toll-like receptor 4; AKT, protein kinase B; GLUT, glucose transporter; ROS, reactive oxygen species; IKK-β, inhibitor kappa B kinase-β; JNK, Jun N-terminal kinase; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FFA, free fatty acid receptor; TAB1, TAK1 binding protein 1; β-ARR2, β-arrestin-2; GLP-1, glucagon-like peptide-1.



In specific lipids and derivatives, baseline lysophosphatidylcholine (LPC), phosphatidylcholine (PC), sphingomyelin, and cholesterol esters were inversely associated with T2DM risk (112). LPC were strongly associated with IR and β-cell dysfunction (50). Decreased concentrations of LPC18:2 and 16:0 are associated with the onset of T2DM (41, 131), and increased levels of PC O-16:1/0:0, (O-18:1/0:0)/(P-18:0/0:0) and LPC 20:2 can increase the 10-year risk of T2DM by 29% (132). Diacylphosphatidylcholine C32:1, C36:1, C38:3 and C40:5 were positively associated with T2DM risk. PC O-20:0/O-20:0, 22:6/20:4, LPC18:0, sphingomyelin C16:1 and acyl-alkyl-phosphatidylcholine C34:3, C40:6, C42:5, C44:4 and C44:5 were negatively correlated with T2DM risk (133–135). In the early stages of dysglycemia and IR, fasting concentration of linoleoylglycerophosphocholine is decreased, independent of classical predictors, as an indicator of worsening glucose tolerance (50).

Ceramide is a relatively minor component of the total cellular lipidome with a particularly low abundance, and increased ceramide content has been shown to be positively correlated with HOMA-IR, fasting glucose, and cardiovascular diseases (136, 137). Elevated ceramides are key lipotoxic species in skeletal muscle, liver, adipose tissue, and vascular cells, and contribute to disease progression by interfering with insulin signaling, stimulating lipid uptake, and enhancing inflammatory cytokines (138–142). Of the different types of sphingolipids, C16 ceramides and C18 ceramides are more damaging to adipose and liver function. C16:0 ceramides can impair mitochondrial oxidative phosphorylation by inhibiting mitochondrial complex II and promoting mitochondrial fission, reduce mitochondrial respiration, and promote the release of cytochrome c to induce apoptosis by increasing the permeability of mitochondrial outer membrane (139, 143). Inhibition of ceramide synthesis can improve insulin sensitivity and prevent obesity-induced diabetes (144). It also increases brown adipocyte numbers, mitochondrial activity, and promotes the polarization of adipose tissue macrophages towards the M2 anti-inflammatory phenotype (145).

Acylcarnitines, metabolites of FA, play crucial roles in cellular energy metabolism and are gradually considered as influential biomarkers of metabolic disorders in metabolic syndrome, diabetes, cardiovascular diseases and other diseases. For example, C2, C3DC-CH3, C4, C5, C7 and C26 have been observed to be associated with HOMA-IR (49). In cross-sectional studies, acylcarnitines were elevated in IGT and diabetic individuals (146), reflecting incomplete fatty acid beta oxidation in the organism, but acetylcarnitine C2 did not predict IGT or T2DM years before onset, so it is more likely to be a quick-acting event (41).

Recently, FFA ligand-specific G-protein-coupled receptor (GPR) including GPR40 (also known as FFA1), GPR43 (FFA2), GPR41 (FFA3), GPR120 (FFA4) has been extensively studied. In HFD-fed mice, FFA2 function is more mediated by Gi/o and activated by short-chain FA, which inhibit insulin signaling in adipose tissue, increasing energy expenditure and improving insulin sensitivity in different tissues, including liver and muscle (147, 148). Propionic acid (C3) and valeric acid (C5) can increase basal glucose uptake in adipocytes and muscle cells by activating FFA3, while this effect is decreased after FFA3 inhibition (149).

FFA1 and FFA4, as long chain FFA receptors, are expressed in a variety of tissues and cells, such as adipocytes, macrophages, and pancreatic β-cells. FFA1 activation alone or synergistically amplifies glucose-dependent insulin secretion by affecting cellular Ca2+ signaling and increasing intracellular Ca2+ concentration (150, 151), which is critical for maintaining the homeostasis of glucose and lipid metabolism in IR individuals, making it an attractive research target for the regulation of glucose and lipid metabolism (152, 153). However, the exact mechanism of FFA1 in β-cells is still under debate. Although FFA1 mediates insulin secretion in response to acute FFA exposure, long-term activation of FFA1 is also involved in lipotoxicity to β-cells. The diversity of FFAs may partly explain the difference in efficacy, for example, palmitate increases endoplasmic reticulum stress and mitochondrial dysfunction through FFA1 activation (154–157), resulting in increased apoptosis and decreased insulin secretion. In addition, FFAR1 also responds to trans isomers of conjugated linoleic acid or arachidonic acid (158), regulating the crosstalk between Akt/mTOR and IRS-1 signaling in β-cells under lipotoxicity conditions, promoting the progression of IR and T2DM (159). Oleic acid can inhibit the activation of JNK and NF-κB, inhibit inflammatory cytokine secretion, and improve insulin sensitivity (160), while palmitoleic acid can reverse the HFD-induced proinflammatory polarization of macrophages by activating AMPK and FFA4 (161, 162), independently of the PPAR-α mechanism (163). n-3 PUFA activates FFA4, which inhibits inflammation and increases insulin sensitivity (162). This is at least in part through the regulation of NOD-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome and macrophage conversion to the M2 anti-inflammatory standard (164), and FFA4 also mediates a variety of effects such as glucagon-like peptide-1 (GLP-1) secretion, islet function, and appetite control (165, 166).




2.4 Others

α-hydroxybutyrate (α-HB) is an organic acid derived from α-ketobutyrate, a by-product of amino acids such as methionine and threonine catabolism and glutathione synthesis (167). Increasing evidence has shown that α-HB is an early predictor of IR and impaired glucose tolerance (168, 169), the combination of α-HB and L-glycerophosphate choline showed similar accuracy to glucose in OGTT assay, and the plasma level of α-HB was negatively correlated with insulin sensitivity (Table 3). It has also been shown to be associated with β-cell dysfunction in statistical and mechanism studies (50, 51, 170). Since glutathione is a vital antioxidant, which can inhibit oxidative damage caused by an imbalance of lipid peroxides and free radicals in cells, the potential mechanism of increased α-HB may be a compensatory increase in liver glutathione synthesis flux after body REDOX dysplasia (169).


Table 3 | Association of metabolic intermediate profiles with T2DM in cohort studies.



3-Hydroxyisobutyrate (3-HIB), an intermediate product of valine decomposition, is considered a higher sensitive biomarker of T2DM than valine. Impaired valine catabolism increases 3-HIB production, leading to increased lipid oxidation and acylcarnitine accumulation. Currently, 3-HIB is believed to mediate the occurrence of IR by affecting FA uptake in endothelial cells, and 3-HIB treatment has a regulatory effect on mitochondrial metabolism in white and brown adipocytes (171). Recent studies have shown that changes in the gut microbiome are involved in the metabolic disorders of T2DM, where imidazole propionate (ImP) is a product of histidine microbial metabolism. Serum ImP expression is upregulated in T2DM patients due to changes in microbial metabolism rather than histidine intake per se (172). It affects insulin receptor substrates and inflammatory signals by activating p38γ/MAPK/p62/mTORC1 signals, leading to impaired glucose metabolism (173). In addition, ImP (but not the precursor histidine) also showed a significant association with diastolic blood pressure in the overweight/obesity population, showing a possible role in CVD complications (174).

Serum concentrations of 3-carboxy-4-methyl-5-propyl-2-furan propionic acid (CMPF), the main endogenous metabolite of furan FA, are elevated in patients with impaired glucose tolerance and T2DM, and can directly act on pancreatic β-cells to lead to impaired insulin secretion (175–177). However, one study showed the opposite result: compared with the control group, the concentration of serum CMPF in the T2DM group was lower and was negatively correlated with the changes in serum TAG (178), although this study was limited by the small sample size, it still suggested that the metabolism of CMPF might be affected by race, diet and other factors. Supplementation of n-3 FA can increase the level of CMPF, and there is a positive correlation between docosahexaenoic acid (DPA) and DHA levels and CMPF, but no significant relationship between eicosapentaenoic acid (EPA) (179). It should be noted that although exogenous n-3 FA intake (e.g. fish) can significantly increase circulating CMPF concentration, it is still far below the level of T2DM and low doses of CMPF do not have a significant effect on glucose metabolism (180).

Bile acids (BAs) can act as signaling regulators for lipids and glucose metabolism, and the concentration of BAs changed has been linked to metabolic disorders such as IR. Studies have shown that after adjusting for age, sex, BMI, waist circumference, and fasting blood glucose, increased circulating 12α-hydroxylated BAs concentration is significantly associated with increased HOMA-IR and fasting blood glucose (132, 181), but it cannot be used as an effective predictor of diabetes (182, 183). This may be because decreased insulin sensitivity and impaired glucose tolerance occur before the rise in BAs. The increase in circulating BAs is not the factor that causes the change in glucose metabolism, but its downstream effect (184). Recent study has also confirmed that the increase of circulating BAs in T2DM individuals is positively correlated with fasting blood glucose, HbA1c, and HOMA-IR, which may be due to insulin signaling dysfunction. However, insulin treatment did not significantly affect the total level of BAs. Therefore, more studies are needed on the composition of BAs and its role as a regulator in metabolic disorders (185).





3 Effects of anti-hyperglycemic medications on metabolites

Many of commonly used anti-hyperglycemic medications can also have pleiotropic effects on the metabolite profile, which may positively affect T2DM and complications. In the following, we summarize the therapeutic effects of current mainstream hypoglycemic drugs on metabolites associated with different diabetes risks.



3.1 Metformin

Metformin is a common drug for T2DM management. In randomized controlled trials, taking metformin was associated with increased levels of betaine, alanine, histidine, leucine/isoleucine and decreased levels of carnitine, phenylalanine, tyrosine and valine (186, 187). In terms of blood lipids, metformin was associated with an increase in TAG of higher carbon numbers (188), and elevated levels of the latter seemed to predict a reduced risk of T2DM (102), and very-low-density lipoprotein (VLDL)-triglyceride levels were significantly reduced (189). In another small sample size study, T2DM patients treated with metformin had increased serum trimethylamine-N-oxide, α-HB, and tryptophan, while acetoacetic acid, phenylalanine, and LPC (16:0, 18:0, and 18:2) were decreased (190).




3.2 Thiazolidinedione

Compared with metformin, pioglitazone increased myocardial glucose uptake and decreased hepatic TAG content (191, 192), but did not show any effect on subcutaneous fat volume. Compared with rosiglitazone, pioglitazone has a smaller increase in LDL and a larger increase in HDL, and promotes the transformation of VLDL to larger LDL by reducing asymmetric dimethylarginine levels (193, 194), which has a protective effect on cardiovascular diseases.




3.3 GLP−1 receptor agonist

Treatment with liraglutide can significantly reduce serum tyrosine, valine and isoleucine levels in obese people, but has no significant effect on T2DM patients (195, 196). After liraglutide treatment, ceramides, phospholipids, hexocyl-ceramides, LPC, sphingolipids, and TAG were significantly deregulated in T2DM patients, demonstrating the cardiovascular system benefits of liraglutide (197–200). Exenatide treatment for 6 months was effective in reducing body weight, cysteine, and FFA concentration, while levels of aminoisobutyric acid, anandamide, and sarcosine tended to increase (201, 202). The efficacy of duraglutide was also associated with a significant reduction in 2-hydroxybutyric acid and a significant upregulation of threonine compared to placebo (203). ​In addition, high doses of trusted downregulated BCAA, glutamate, 3-hydroxyisobutyrate, branched-chain ketoacids, and 2-hydroxybutyrate (204).




3.4 DPP-4 inhibitor

Studies have shown that 6 months of vildagliptin treatment can reduce the level of asymmetric dimethylarginine in T2DM patients (205), but has no significant effects on FFA, glycerol, lactic acid and pyruvate (206, 207).




3.5 Concomitant drugs

The present investigation shows that 3 months of metformin plus pioglitazone can significantly reduce the levels of phenylalanine/tyrosine, citrulline/arginine, and lysine/α-aminoadipic acid in T2DM and obese adults (208). Compared with treatment alone, the combination of pioglitazone and exenatide reduced hepatic fat and plasma TAG more significantly (209).

At present, the effects of hypoglycemic drugs on serum metabolites in patients with T2DM are more focused on the effects of lipids and lipoproteins, but the number of studies on amino acids and metabolic derivatives are limited. GLP-1 agonists have shown relatively better effects on lipid and amino acid metabolites, and improvements in metabolites associated with cardiovascular risk have been observed in short-term trials, but long-term follow-up evidence is still lacking. An anti-hyperglycemic drug’s effect on blood metabolites needs more prospective, intervention and randomized clinical trial studies to confirm the molecular mechanism of further metabolites.





4 Perspective

As a typical metabolic disease, exploring changes in metabolites and their regulatory mechanisms is closer to the essence of T2DM. ​Among the promising metabolites, blood concentrations of hexose, BCAA, AAA, TAG, phospholipids and sphingomyelins were significantly and positively associated with T2DM incidence, while glycine and glutamine were negatively associated with T2DM risk. However, using only one metabolite type as a biomarker has many limitations in terms of disease duration, race, or diet, so a comprehensive judgment of multiple metabolite prediction models is necessary. Understanding the metabolism of metabolites in specific tissues and the influence of the regulation of corresponding receptors on immune response and biological efficacy, as well as verifying causality through mechanism studies, is key to metabolite research. Finally, while we have an initial understanding of the functions of metabolites as regulators, the results of dietary interventions do not completely match our expectations. How dietary nutrients cause changes in metabolic pathways and certain protein signaling pathways, as well as the role of gut flora in metabolite synthesis and downstream regulation, will be attractive topics.
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Aims

Diabetic cheiroarthropathies limit hand mobility due to fibrosis and could be markers of a global profibrotic trajectory. Heterogeneity in definitions and lack of a method to measure it complicate studying associations with organ involvement and treatment outcomes. We measured metacarpophalangeal (MCP) joint extension as a metric and describe magnetic resonance (MR) imaging determinants of MCP restriction.





Methods

Adults with type 1 diabetes were screened for hand manifestations using a symptom questionnaire, clinical examination, and function [Duruoz hand index (DHI) and grip strength]. Patients were segregated by mean MCP extension (<20°, 20°–40°, 40°–60°, and >60°) for MR imaging (MRI) scanning. Patients in the four groups were compared using ANOVA for clinical features and MRI tissue measurements (tenosynovial, skin, and fascia thickness). We performed multiple linear regression for determinants of MCP extension.





Results

Of the 237 patients (90 men), 79 (33.8%) with cheiroarthropathy had MCP extension limitation (39° versus 61°, p < 0.01). Groups with limited MCP extension had higher DHI (1.9 vs. 0.2) but few (7%) had pain. Height, systolic blood pressure, and nephropathy were associated with mean MCP extension. Hand MRI (n = 61) showed flexor tenosynovitis in four patients and median neuritis in one patient. Groups with MCP mobility restriction had the thickest palmar skin; tendon thickness or median nerve area did not differ. Only mean palmar skin thickness was associated with MCP extension angle on multiple linear regression.





Conclusion

Joint mobility limitation was quantified by restricted mean MCP extension and had structural correlates on MRI. These can serve as quantitative measures for future associative and interventional studies.





Keywords: magnetic resonance imaging (MRI), outcome measure (healthcare), tenosynovitis, metacarpophalangeal (MCP) joint, limited joint mobility (LJM), stiffness





Highlights

What is already known:

	- Diabetic cheiroarthropathies (limited joint mobility, carpal tunnel syndrome, flexor tenosynovitis, and carpal tunnel syndrome) limit hand function in type 1 diabetes.

	- Associations with vascular complications are inconsistent, and a relationship with internal organ fibrosis is not known.

	- A lack of a method to measure the amount of hand fibrosis contributes to difficulties in establishing associations.



What is the key question:

Is average metacarpophalangeal (MCP) joint extension a marker of joint stiffness in type 1 diabetes?

What are the new findings:

	- Cheiroarthropathies limit extension at the MCP joint, despite being rarely symptomatic.

	- Mean MCP extension was associated with other indicators of tissue stiffness such as blood pressure and proteinuria.

	- MCP extension limitation has structural correlates on magnetic resonance imaging, chiefly skin thickening.



How this study might affect research:

- Mean MCP extension angle in the clinic, and standardized measurements of tissue thickness on hand MRI could both potentially be used as metrics of hand fibrosis in diabetes. With further validation, they could be used for associations with internal organ fibrosis as well as outcome measures for anti-fibrotic therapies.





Introduction

Limitation of joint mobility in type 1 diabetes was described by Rosenbloom in 1974 (1). “Diabetic cheiroarthropathies,” hand conditions with a higher prevalence in diabetes, include limited joint mobility (LJM), carpal tunnel syndrome (CTS), flexor tenosynovitis (FTS), and Dupuytren’s contracture (DC) (2–4). Prevalence in type 1 diabetes ranges widely (8% to 66% LJM, 30% CTS, 28% FTS, and 9% DC) (2, 5–8). Their presence correlates with some but not all microvascular complications; these associations have often not been replicated (9). This variability owes to a heterogeneity in definitions and diagnostic methods in addition to population differences.

All cheiroarthropathies are fibrotic on histomorphology; biopsies demonstrate excessive collagen deposition in periarticular connective tissue (10). Irrespective of diabetes, hand tissue fibrosis in DC is associated internal organ fibrosis, especially the liver (11). Diabetes is associated with increased organ fibrosis, affecting the kidneys, heart, and liver, that leads to considerable morbidity and mortality (12). With a perceived common pathology, it is tempting to speculate that hand fibrosis externally reflects a more global profibrotic trajectory (13, 14). In such a situation, examining the hand could serve as a useful clinical biomarker to select out patients for internal organ fibrosis. However, establishing such associations is currently hampered by a lack of consensus in measuring the severity of hand involvement.

It is only in severe cases that flexion contractures ensue, affecting professional and self-care activities, as well as metabolic complications (15–17). However, an ideal metric should be able to detect subclinical involvement, encapsulate all the differing manifestations, and be easy and reproducible. Measurement of joint mobility has been previously used, and subjects with type 1 diabetes had limitations in wrist and interphalangeal (IP) flexion (18). All cheiroarthropathies result in a preferential inelasticity of structures on the palmar aspect of the hand, thus principally limiting finger extension. This typically involves all fingers in LJM, and one or two in FTS and DC. We therefore explored the utility of measuring mean metacarpophalangeal (MCP) extension as a measure of joint stiffness in diabetes in a cohort of adult patients with type 1 diabetes. In a subset of patients chosen across the spectrum of MCP extension limitation, we report magnetic resonance imaging (MRI) findings, including tissue thickening and contributors to joint stiffness.





Patients and methods




Patients and clinical setting

The study was conducted at the Diabetes Unit, KEM Hospital Research Centre, a tertiary care specialized unit in Pune, India. We screened consecutive adult patients (>18 years of age) with type 1 diabetes, from March 2021 to December 2022. We excluded pregnant patients, those who needed hospital admission, and those with hand trauma or concurrent active inflammatory arthritis that precluded hand examination. We recorded age, gender, education, and occupation. Manual work was classified as agriculture work, manual labor, or operating heavy machinery for more than 6 h a day; keyboard work if usage was more than 6 h a day. Smoking (current, previous, and never) and alcohol habits were recorded.

We extracted date of diagnosis, insulin compliance, and micro- and macro-vascular complications from patient files. Retinopathy was diagnosed on fundus photographs, nephropathy with proteinuria and/or end stage renal disease, neuropathy on biothesiometry, and clinical composite score. Common comorbidities (hypertension and hypothyroidism) and conditions or medications that could contribute to fibrosis (systemic sclerosis, skin disease involving the palms, malignancy, controlled inflammatory arthritis; methotrexate, amiodarone, aspirin, statins, and anti-epileptics) were recorded. Height, weight, and blood pressure were recorded using standard procedures. We looked for keloid scars, lipo-hypertrophy, or atrophy at insulin injection sites. We used skin autofluorescence as an indirect measurement of advanced glycation end-product (AGE) deposition, using the AGE reader on the non-dominant forearm in standard light conditions (19).





Quantitative measures of hand manifestations

We screened for hand involvement using a structured history and measurements by trained research staff. The musculoskeletal history included presence of palmar pain, symptoms of compressive neuropathy (sensory and motor), grip difficulty, finger triggering, and perceived stiffness and tightness of palmar skin. We used the Duruoz Hand Index (DHI) that assesses activity limitation in 18 daily activities on a visual analogue scale, for hand function (20).

We recorded maximum possible passive extension at the MCP joint (second to fifth of both hands) until restriction or pain, with the palm approximated on a flat surface, using a protractor (Figure 1A). Mean passive MCP extension was calculated for each hand as the average of four finger extension angles. A prayer sign was defined as a visible gap between the two palms with an inability to approximate them fully. We measured the distance between the two fifth MCP and fifth proximal IP (PIP) joints, viewed from the ulnar aspect (Figure 1B). The presence of flexor tendon thickening, nodularity, triggering, and crepitus was noted. For CTS, we examined for the Tinel sign, the Phalen sign, and sensation in the median nerve distribution, recorded as normal, reduced, or absent. Hand grip strength was measured as an average of three readings using a Jamar hand dynamometer (Patterson Medical, Warrenville, IL). A physician (rheumatologist or diabetologist) examined all patients independently without access to the above measurements and assessed if one or more hand manifestation was present (LJM, FTS, CTS, and DD). Inter-rater reliability between two physicians (SD and SP), seen in 30 patients, was 0.88.




Figure 1 | Measurement methodology, clinical and MRI. (A) Measurement of maximum passive extension at MCP joint of the left second finger, here showing 50° extension. (B) Measurements of distance between the fifth proximal interphalangeal joints and the fifth MCP joints as a quantification of the prayer sign. (C) Measurement of tenosynovial thickness at the level of carpal tunnel. (D) Measurement of median nerve area at the level of the carpal tunnel. (E) Measurement of skin and subcutaneous fat. (F) Measurement of palmar fascia overlying the fourth flexor tendon on PDFS images. MRI, magnetic resonance imaging; PDFS, proton density fat saturation.







Selection of patients for MRI scans

Non-dominant hand mean MCP extension was used as a metric of joint mobility limitation to segregate patients into 20° bins (0°–20°, 20°–40°, 40°–60°, and >60°). Consecutive patients within each group were approached for MRI with a plan of including 15 per group, regardless of physician opinion.

Unless manifestations were unilateral, an MRI of the non-dominant hand was performed at the Star Imaging Research Centre using a 3T MRI Superconducting system with eight-channel extremity coil (Ingenia Release 5, Philips Healthcare, Amsterdam, The Netherlands). Consenting patients were invited to the Diabetes Unit, where earlier clinical findings were confirmed; contraindications to MRI were excluded (metallic bone; cardiac, cochlear, or dental implants; metallic intrauterine contraceptive devices; pregnancy; and claustrophobia). Two patients were on insulin pumps, and both the pump and sensor-transmitters were removed for the scan. Random plasma glucose measurements were performed, and the diabetologist (SD) managed insulin dosages accordingly, to prevent hypoglycemia while inside the MRI scanner.





MR sequences and measurements

The following MR sequences were performed: axial and coronal T2 weighted images, and pre-contrast fat-saturated T1-weighted axial coronal with fat saturation. All MRI scans were read by the same musculoskeletal radiologist (PM) who provided a qualitative report (altered signals, thickening, and edema) on the status of bones, tendons, joints, median nerve, and other salient findings. Quantitative measurements were performed by one of two trained researchers (SC and SJ) on axial images, in addition to the radiologist (PM). The readers had good internal consistency (Cronbach alpha of 0.95) and agreement with each other (correlation coefficient of 0.78). Measurements included tenosynovial thickness for the four flexor digitorum longus tendons and the flexor hallucis longus tendon, at four levels: MCP joint, proximal phalanx midpoint, metacarpal bone midpoint, and carpal tunnel midpoint (Figure 1C). Mean tenosynovial thickness was calculated as average of these 20 data points. In addition, the thickness at a point of visually perceived maximum thickness for each tendon sheath was recorded. Skin and subcutaneous tissue thickness was measured at four points at the level of MCP joint and carpal tunnel, respectively, and an average was calculated (Figure 1E). Palmar fascia was visible only when thickened; it was measured at the site of thickening and was considered zero in others (Figure 1F). The median nerve cross-sectional area was measured at the level of the carpal tunnel outlet and median nerve signal abnormalities were noted (Figure 1D). An instinctive “total hand fibrosis” score was calculated by adding mean tenosynovial thickness, palmar fascia thickness, and palmar skin thickness. A similar score was also calculated using Z-scores of mean tenosynovial thickness, palmar fascia thickness, and palmar skin thickness (total hand fibrosis Z-score).





Statistical analysis

Data are presented as mean (standard deviation) and median (interquartile range) as appropriate. Patients with cheiroarthropathy were compared with those without, using T-tests. Patients with different levels of MCP extension (0°–20°, 20°–40°, 40°–60°, and >60°) were compared with each other with respect to demographics, diabetes characteristics, and MRI characteristics using ANOVA; we report p-value for the trend, with <0.05 considered significant. Univariate linear regression adjusted for age and sex was used for determinants of hand stiffness, using mean MCP extension of non-dominant hand as the dependent variable. Because this was explorative and MRI parameters were not known previously, the sample size for MRI scanning was not hypothesis based. MRI quantitative descriptors are described as mean (standard deviation) for each group. Univariate and then multiple linear regression were used for structural determinants of hand stiffness (mean MCP angle of the imaged hand as the dependent variable, average skin thickness, average subcutaneous thickness, tenosynovial thickness, palmar fascia thickness, and median nerve area as predictor variables). We first standardized the independent and the dependent variables of the dataset into their corresponding Z-scores. All statistical analysis were performed using SPSS (IBM Corporation, Armonk, NY) and R (R Foundation, Vienna, Austria).




Ethics

This study received ethics permission from the KEM Hospital Research Centre Ethics Committee (KEMHRC/RVC/EC/1518), and patients signed separate informed consent forms for clinical examination and MRI scans. The study is registered with the Clinical Trials Registry of India (CTRI/2020/12/030057). Data sharing agreements were signed with Star Imaging and Research Centre and Indian Institute of Science Education and Research (IISER), Pune. The study received a waiver from the IISER Ethics Committee for Human Research (IEHCR/Admin/2021/007). All clinical and imaging data are stored at the Diabetes Unit, KEM Hospital Research Centre. Individual MRI results were made available to patients immediately; abnormalities found were offered treatment, such as perilesional steroids. Patient groups will be involved in disseminating the results of this study.
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Results




Cohort characteristics

We examined 237 adults with type 1 diabetes (90 male subjects, median age of 26.8 years). Fifteen (6%) patients were manual workers, and three patients were keyboard workers. The median duration of diabetes was 13.7 years; apart from insulin, 57 patients received metformin. One-fifth of the cohort (20 patients, 8.5%) had retinopathy, 28 (11.8%) patients had nephropathy, and 45 (19%) patients had neuropathy on clinical examination (Table 1).


Table 1 | Patient characteristics at time of assessment.







Musculoskeletal history and hand examination

Only nine (3.8%) patients complained of hand pain; 26 patients had a history of trigger finger, and 16 (6.8%) patients had a history of paresthesia. Prayer sign was seen in 73 (30%) patients. Fifty-three patients had CTS on clinical examination. Seventy-nine (33.8%) patients had a cheiroarthropathy manifestation on physician’s assessment; 30, 46, 24, and 3 patients had FTS, LJM, CTS, and DC, respectively; 24 patients had more than one condition. Patients with a physician-diagnosed cheiroarthropathy had a significantly different average MCP extension angle (39° vs. 61°, p < 0.01) and a significantly higher DHI (1.67 vs. 0.21, p < 0.01).





Patient characteristics as divided by MCP extension limitation

Mean extension at the MCP joint was 50.8° (SD) on the right hand and 54.2° on the left hand, with a range of 0° to 85° (Table 2). The largest group of patients (103, 43%) had mean extension in the range of 40° to 60°, whereas 64 (27%) patients had extension limited to less than 40°. The group with the most severe limitation (<20°) was predominantly male subjects (11/15, 73%), unlike all the other groups. Groups with limitation (0°–20° and 20°–40°) tended to be older and had diabetes for nearly a decade longer. One-fifth of the <20° group were manual workers; the group also had a much higher prevalence of smoking and/or alcohol use (nearly 30%) as compared with the other groups (approximately 10%). The group with the most severe restriction also had the highest prevalence of retinopathy (20%) and nephropathy (33%) but not neuropathy. Body composition did not vary across groups; subjects with MCP restriction had higher systolic blood pressure but not diastolic. They also had the highest prevalence of lipohypertrophy and keloid scar formation. Autofluorescence on AGE reader did not differ in the four groups.


Table 2 | Clinical and MRI findings in patients grouped by degree of metacarpophalangeal joint mobility restriction.



Hand joint restriction was rarely painful: Only 7% complained of hand pain even in the most limited group. Similarly, although more often seen in the restricted groups, only a small fraction had symptoms (14%) of neuropathy. Both observations translated into a small but statistically significant higher DHI in the restricted groups (mean of 1.9 compared with that of 0.2). Only six percent in the <20° group had a DHI of more than 10, which we considered clinically relevant hand function restriction. Most patients (80%) were observed to have a prayer sign in the <20° group. All patients in the <20° group and three-fourths of the 20°–40° group had at least one described cheiroarthropathy phenotype on physician opinion. In univariate linear regression analyses adjusted for gender and duration of diabetes, height, systolic blood pressure, urine–albumin creatinine ratio/clinically determined nephropathy, and the presence of frozen shoulder were significantly associated with average non-dominant hand MCP extension angle (Table 3).


Table 3 | Linear regression for factors contributing to metacarpophalangeal joint limitation.







MRI findings

MRI scans of the hand were performed in 61 patients (12 in the <20° group, 14 in the 20°–40° group, 20 in the 40°–60° group, and 15 in the >60° group). The radiologist’s findings included flexor tendon thickening or edema in four, whereas one has tenosynovial edema in the abductor pollicis longus tendon (De-Quervain tenosynovitis). One patient had median nerve neuritis, and one had bifid median nerve. Eight patients had ganglion cysts, five of which in dorsal scapholunate ligament. One patient had early MCP degenerative changes; other MRI scans were reported as normal.

When analyzed by group, there was no significant difference within the groups in mean tendon sheath thickness, maximum tendon sheath thickness or median nerve area (Table 2). The group with the most stiffness had the highest skin thickness and reduced progressively; but subcutaneous thickness did not differ across groups (Figure 2). Both the total hand fibrosis score and the total hand fibrosis Z-score were able to differentiate between the four groups (Table 2).




Figure 2 | MRI findings in two patients with MCP extension restriction. (A1) A patient with severely restricted MCP extension – mean 10°. (A2) MRI demonstrates considerable palmar skin thickening alone on T1-weighted axial images, seen at mid-metacarpal level; there is no tenosynovial or palmar fascia thickening. (B1) A patient with bilateral Dupuytren’s contracture on the fourth finger (black arrow); (B2) PDFS scan shows ill-defined PDFS hyperintense soft tissue thickening in relation to flexor thickening also involving A1 pulley and the palmar fascia.



Mean palmar skin thickness correlated significantly with palmar fascia thickness (correlation coefficient of 0.298, p = 0.02) but not with mean tenosynovial thickness (p = 0.25). Similarly, mean tenosynovial thickness also correlated with palmar fascia thickness (correlation coefficient of 0.28, p = 0.03). Univariate linear regression showed that only palmar skin thickness and palmar fascia thickness correlated with MCP angle restriction (Table 4). Only mean palmar skin thickness remained significantly associated with MCP angle in multiple linear regression (Table 4).


Table 4 | Linear regression model for structural contributors to mean metacarpophalangeal extension on MRI.








Discussion

One-third of an Indian cohort of adults with type 1 diabetes had diabetic cheiroarthropathy that was rarely symptomatic or functionally limiting but did substantially limit average MCP joint extension. The utility of the intuitively selected MCP extension limitation as a measure of hand stiffness is given plausibility by associations with structural correlates of fibrotic skin thickening on MRI. Expected features such as tenosynovial inflammatory edema or median nerve enlargement were rare. An additive score of tissue thickening was able to differentiate between levels of joint stiffness. Apart from novel insights into the patho-anatomy of hand stiffness, our data suggest a framework for quantification of hand fibrosis regardless of individual cheiroarthropathy manifestation, both on clinical examination and imaging. After further validation, they could be used as metrics for associative studies with other profibrotic manifestations and interventions.

Although cheiroarthropathy is often reported in both type 1 and type 2 diabetes, its implications in clinical practice are yet inconclusive. Age and duration of diabetes are pervasively associated, regardless of definitions and population (2, 7, 9). An older age and longer duration of the cohort explains the near double prevalence found in the Epidemiology of Diabetes Interventions and Complications/Diabetes Control and Complications Trial cohort as well as a Danish patient registry (2, 21) LJM prevalence reduced from 43% to 23% in adult patients with type 1 diabetes over two decades (7). Reduced prevalence has been attributed to better glycemic care; however, the association of hand manifestations with hemoglobin A1C is inconsistent (22). The pathobiology in the ones who do have hand manifestations is intriguing. Associations with microvascular disease including retinopathy are reported (2, 23) but not always replicated (9). Could hand stiffness demonstrate a profibrotic tendency not entirely explained by vascular disease? (14) We found some associative signals with systolic blood pressure, proteinuria, and adhesive capsulitis; each a proxy for arterial, renal, and musculoskeletal fibrosis, respectively, but not with other microvascular disease. Similar associations with nephropathy have been found with MCP and wrist flexion angles (18). Future studies of associations with markers of fibrotic liver and cardiac disease would be informative if the hand could be used as a clinical biomarker of internal fibrosis.

Although hand stiffness was common, it was rarely symptomatic or functionally limiting, thus making the case for active screening by a physician. Painful hand conditions are often encapsulated by functional indices such as the Health Assessment Questionnaire (HAQ); Disabilities of the Arm, Shoulder, and Hand (DASH); and the DHI (24–26). The higher DHI seen in our study in the stiffer group would not be considered clinically significant (20). Other studies echo the insubstantial functional impact of these conditions using different scores such as HAQ and the DASH score (2, 27). Only 10% of patients with diabetes volunteered symptoms in the hand, showing wide discrepancy in patient-volunteered symptoms and physician-examined manifestations (8). Symptomatic patients likely represent a subset with advanced stiffness; a quantitative metric would be useful if it can detect early manifestations, especially in irreversible but potentially preventable process like fibrosis. Most descriptions of joint stiffness use the table top test or prayer sign (28). Goniometry offers a more reproducible, quantitative metric. Using goniometry, authors showed that, although most joints assessed were less flexible in diabetics, the MCP and distal IP joints were most severely affected (29). We selected average resistance to MCP stretch as a metric that would intuitively encapsulate stiffness regardless of specific manifestation: Whereas LJM affects all fingers, DC and FTS may affect one or multiple digits. All of these would reduce mean MCP extension, but DC and FTS are not expected to reduce wrist extension. Although we did not check for MCP flexion, it is likely to be far less affected as attested by normal grip strengths; average MCP flexion was well preserved in a type 1 longitudinal cohort, with only a 10° loss over 15 years (18). Although ours is not a longitudinal study, the range of LJM extension was wide.

Previous MRI descriptions of diabetic cheiroarthropathy are limited to a single case report that showed flexor tenosynovial sheath thickening on T2-weighted images and tenosynovial proliferation on axial T1 fat saturation gadolinium enhancement (30). Similarly, flexor tendon sheath and subcutaneous tissue thickening were found on ultrasound in diabetic cheiroarthropathy (31). We found that skin thickening contributed most to LJM; these may be explained by differences in patient selection, population differences, and diagnostic modality. A notable feature in our cohort was the relatively normal size of the median nerve, suggesting that patients with type 1 diabetes may not have the expected increase in median nerve cross-sectional area routinely used to diagnose CTS (32). Median nerve cross-sectional area was smaller in diabetics with CTS (mean of 8.8 mm2) than with patients with CTS without diabetes (mean of 10.4 mm2) (33). Future work in conjunction with nerve conduction velocities is useful in determining whether patients with diabetes need separate cutoff values for MRI diagnosis of CTS.

Regardless of the degree of hand stiffness, inflammation on MRI was conspicuous by its absence, contrasting with MRI findings in FTS in rheumatoid arthritis (34) and systemic sclerosis (35). A small number of our patients, like the one in the previous case report, had tenosynovial edema (30). It is possible that the time of assessment along the temporal evolution of the manifestation makes a difference, with an inflammatory initiation continuing to fibrosis. Most inflammatory tenosynovitis cases are painful, although pain was rare in our group (34). It could be postulated that non-inflammatory profibrotic pathways such as AGE deposition and hypoxia might be more important disease mechanisms.

Our study has many strengths: To our knowledge, it is the first systematic evaluation of joint stiffness in type 1 diabetes, and the structural differences on MRI provide credence to MCP extension angle as a quantifiable clinical measure of hand fibrosis. Both clinical measurements and MRI measurements were performed by more than one assessor, suggesting a reproducibility of methods.

This study has limitations: Even the “controls” with no hand stiffness were diabetic, and future work would include age-matched non-diabetic controls. We restricted this study to type 1 diabetes, despite the hand conditions being seen in both types. We reckoned that patients with type 1 diabetes would have fewer clinical confounders, including age, medications with antifibrotic properties (such as metformin and pioglitazone), and accrual of damage with manual work. Future work would encompass both types of diabetes as well as prediabetes. We did not compare the performance of MCP extension to other joints. The groupings of 20° were arbitrarily decided on the basis of perceived convenience for a clinician, and each group had unequal numbers on MRI. The sample for imaging was not calculated statistically, because a goniometer was not used to measure MCP extension angles; however, the lack of specialized equipment would, in our opinion, make the screening measurement easier to perform in the community.

In conclusion, we found a substantial subset of patients with adult type 1 diabetes had diabetic cheiroarthropathy and resulting limitations in MCP extension. Joint mobility limitation was rarely symptomatic or functionally limiting, warranting an active search in the clinic. Joint stiffness was driven by skin thickening, and inflammatory tenosynovial involvement was rare on MRI. Our data provide a framework for a quantitative assessment of hand fibrosis even in subclinical disease, using mean MCP extension in the clinic, and using additive tissue thickness scores on MRI. Pending more extensive validation, these measurements could potentially be used to elucidate associations with internal organ fibrosis, as well as for sample size calculations and outcome measures for trials for musculoskeletal fibrosis.
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Objective

The safety results of different recommended doses of sodium-glucose cotransporter 2 inhibitors (SGLT-2i) for patients with type 2 diabetes mellitus (T2DM) remain uncertain. This study aims to comprehensively estimate and rank the relative safety outcomes with different doses of SGLT-2i for T2DM.





Methods

PubMed, Embase, the Cochrane Central Register of Controlled Trials, ClinicalTrials.gov, Chinese National Knowledge Infrastructure, WanFang database, and SinoMed database were searched from the inception to 31 May 2023. We included double-blind randomized controlled trials (RCTs) comparing SGLT-2i with placebo or another antihyperglycemic as oral monotherapy in the adults with a diagnosis of T2DM.





Results

Twenty-five RCTs with 12,990 patients randomly assigned to 10 pharmacological interventions and placebo were included. Regarding genital infections (GI), all SGLT-2i, except for ertugliflozin and ipragliflozin, were associated with a higher risk of GI compared to placebo. Empagliflozin 10mg/d (88.2%, odds ratio [OR] 7.90, 95% credible interval [CrI] 3.39 to 22.08) may be the riskiest, followed by empagliflozin 25mg/d (83.4%, OR 7.22, 95%CrI 3.11 to 20.04)) and canagliflozin 300mg/d (70.8%, OR 5.33, 95%CrI 2.25 to 13.83) based on probability rankings. Additionally, dapagliflozin 10mg/d ranked highest for urinary tract infections (UTI, OR 2.11, 95%CrI 1.20 to 3.79, 87.2%), renal impairment (80.7%), and nasopharyngitis (81.6%) when compared to placebo and other treatments. No increased risk of harm was observed with different doses of SGLT-2i regarding hypoglycemia, acute kidney injury, diabetic ketoacidosis, or fracture. Further subgroup analysis by gender revealed no significantly increased risk of UTI. Dapagliflozin 10mg/d (91.9%) and canagliflozin 300mg/d (88.8%) ranked first in the female and male subgroups, respectively, according to the probability rankings for GI.





Conclusion

Current evidence indicated that SGLT-2i did not significantly increase the risk of harm when comparing different doses, except for dapagliflozin 10mg/d, which showed an increased risk of UTI and may be associated with a higher risk of renal impairment and nasopharyngitis. Additionally, compared with placebo and metformin, the risk of GI was notably elevated for empagliflozin 10mg/d, canagliflozin 300mg/d, and dapagliflozin 10mg/d. However, it is important to note that further well-designed RCTs with larger sample sizes are necessary to verify and optimize the current body of evidence.





Systematic Review Registration

https://www.crd.york.ac.uk/PROSPERO/, identifier CRD42023396023.





Keywords: sodium-glucose cotransporter 2 inhibitors, type 2 diabetes mellitus, adverse events, randomized controlled trials, network meta-analysis




1 Introduction

Type 2 diabetes mellitus (T2DM) is a chronic disease that results from a combination of insulin resistance and insulin deficiency caused by progressive beta-cell failure. It is associated with both microvascular and macrovascular complications, causing significant psychological and physical distress for patients and carers while placing a substantial burden on healthcare systems (1). According to the International Diabetes Federation, in 2021, 537 million adults were estimated with diabetes worldwide, with China accounting for approximately 26% of this total, equating to 141 million adults, of which T2DM represents 90% of all diabetes cases in China (2, 3).

The National Institute for Health and Care Excellence (NICE) clinical practice guidelines recommend metformin, along with lifestyle modifications, as the first-line treatment for T2DM (4). However, some patients may be intolerant to metformin due to gastrointestinal events, and metformin alone may not be sufficient to achieve or maintain glycemic goals (5). Based on increasingly high-quality randomized clinical trials (RCTs) and meta-analyses, sodium-glucose transporter 2 inhibitors (SGLT-2i) were recommended as one of the effective hypoglycemic agents for second-line therapy after metformin failure or intolerance (6). SGLT-2i reduce hyperglycemia in T2DM patients by inhibiting renal glucose reabsorption and increasing glucose excretion in the urine. Currently, SGLT-2i are strongly recommended as the preferred initial medical treatment in combination with metformin for T2DM patients, as they have demonstrated favorable effects on blood glucose control, cardiovascular outcomes, and renal benefits. These effects have led to reduce the 3-point major adverse cardiovascular effect (MACE), total mortality, and heart failure, as highlighted by clinical practice guidelines (7, 8). However, post-marketing adverse event reports have raised concerns about the safety of SGLT-2i, including adverse effects such as genital and urinary tract infections, amputation, and diabetic ketoacidosis (DKA). Regulatory authorities have issued drug safety communications regarding the potential risk of acute kidney injury (AKI), DKA, hypoglycemia, bone fractures, and Fournier’s gangrene associated with the use of SGLT-2i (9, 10). Although several systematic reviews and meta-analyses have been conducted to assess the safety outcomes of SGLT-2i, the findings have not proved consistent across trials, and most studies have primarily focused on comparing the class of SGLT-2i (11–13). To date, there is a lack of comprehensive studies that have analyzed the risk of adverse outcomes related to all approved SGLT-2i, particularly in relation to the different recommended doses of each SGLT-2i. As a result, clinicians and patients are left uncertain about the potential health outcomes. Therefore, it is crucial for clinicians and policymakers to continuously integrate new pharmacotherapeutic evidence to optimize health outcomes.

The aim of this study is to conduct a Bayesian network meta-analysis (NMA) to estimate and rank the relative safety outcomes associated with different recommended doses of each approved SGLT-2i for T2DM. The results of this analysis are expected to provide valuable insights for clinical decision-making, enabling the development of optimal treatment strategies for patients with T2DM in the future.




2 Methods

The NMA was performed in accordance with Preferred Reporting Items for Systematic Review and Meta-Analysis extension statement for NMA (Table S1) (14). This study was registered in PROSPERO (CRD42023396023).



2.1 Search strategy and selection criteria

PubMed, Embase, the Cochrane Central Register of Controlled Trials, ClinicalTrials.gov, China National Knowledge Infrastructure, WanFang database, and SinoMed database were searched from inception to 31 May 2023, using the term “SGLT-2”, “T2DM”, “randomized controlled trials”, and their synonyms shown in Supplementary Material (Table S2). Additionally, a manual search of reference lists of relevant studies was performed to identify further eligible studies. We only identified double-blind RCTs comparing any marketable SGLT-2i with either placebo or another active antihyperglycemic as oral monotherapy in the adults (≥18 years old) with a diagnosis of T2DM, and the languages searched were limited to either English or Chinese. To be eligible, one of the RCT study groups needed to receive one of the recommended doses of SGLT-2i according to the drug instructions and Food and Drug Administration (FDA) guidelines. These recommended doses included canagliflozin (100mg/d, 300mg/d), dapagliflozin (5mg/d, 10mg/d), empagliflozin (10 mg/d, 25 mg/d), ertugliflozin (5 mg/d, 15mg/d), ipragliflozin (50mg/d, 100mg/d), luseogliflozin (2.5mg/d, 5mg/d), tofogliflozin (20 mg/d), or henagliflozin (5mg/d, 10mg/d).

We excluded trials that patients with severe hepatic impairment (Child-Pugh class C), severe renal dysfunction or end-stage renal failure (estimated glomerular filtration rate/eGFR < 30mL/min/1.73 m2), pregnancy or lactation, insulin therapy, or allergies or contraindication to the study drugs. Additionally, trials that combined treatment with other antihyperglycemic drugs during the study period were also excluded.

The outcomes of this study included adverse events (AEs) of special interest, such as confirmed hypoglycemic events (plasma glucose ≤ 3.9 mmol/l and/or requiring assistance), as well as AEs related to urinary tract infections (UTI), genital infections (GI), renal-related AEs, bone fractures, amputations, DKA, and nasopharyngitis.

Four reviewers (C.L., X.Q.X. Y.C.Y., and W.L.) independently screened the reports against pre-designed eligibility criteria, and any disagreements were resolved through discussion, consulting another reviewer (Z.B. or Z.Q.).




2.2 Data extraction

Three reviewers (C.L., X.Q.X., T.B.Y.) independently screened each trial by reviewing titles, abstracts, and full text using standardized and piloted forms. The baseline information was extracted, including the first author, the publication year, the clinical trials number, participants characteristics (including age, gender, BMI, eGFR, and sample size), intervention and comparison groups with dosage and usage, as well as the outcomes. Discrepancies were resolved through discussion or by a third reviewer (Z.B. or Z.Q.).




2.3 Risk-of-Bias assessments

Two reviewers (C.L. and X.Q.X.) independently assessed the risk of bias using the Cochrane Collaboration’s Risk of Bias 2 (RoB V.2.0) tool, encompassing domains such as randomization process, deviations from intended interventions, missing outcome data, outcome measurement, and selection of the reported result (15). Each study was classified as low risk, some concerns, or high risk. Discrepancies were resolved through discussion or by a third reviewer (Z.B. or Z.Q.).




2.4 Statistical analysis

We estimated intervention effects by calculating odds ratios (OR) with 95% credible interval (CrI). We performed NMA using Bayesian random effect models with the Markov chain Monte Carlo simulation method for interventions that connected to an evidence network by data available from ≥ 2 studies. For outcomes with inadequate network structure, pairwise meta-analyses were conducted instead. Heterogeneity among studies was assessed using the Q test and I² statistic, with significance defined as p < 0.10 and I² ≥ 50% (16). Consistency between direct and indirect evidence in the existing closed loops was examined using the node-splitting approach. A meta-regression method was employed to analyze differences in baseline characteristics when at least 10 studies included.

Model convergence was evaluated via visual inspection of four chains, considering the Brooks-Gelman-Rubin diagnostic, as well as trace and density plots (17). Within the Bayesian framework, all interventions were ranked using the surface under the cumulative ranking (SUCRA) curve (18). A larger SUCRA value, the higher the risk of such drugs occurring in this outcome.

Subgroup analyses were performed by gender when sufficient information was available. Additionally, Sensitivity analysis was performed by excluding high risk of bias of studies. A comparison-adjusted funnel plot and Egger test were used to evaluate small-study effects for individual outcomes when at least 10 eligible studies were available (19). Statistical significance was set at p < 0.05. All NMAs were performed using OpenBUGS version 3.2.3 and the Stata software version 15.0.





3 Results



3.1 Study selection and characteristics

A total of 7,486 studies were identified after removing duplications, 164 potentially eligible studies underwent full-text review. Following the application of eligibility criteria, 25 RCTs involving 12,990 patients were included in NMA. The study selection process is illustrated in Figure 1. A network of eligible comparisons for the multiple treatment meta-analysis of each safety outcome was constructed (Figure 2). The included RCTs compared 11 treatments, including canagliflozin, dapagliflozin, empagliflozin, ertugliflozin, ipragliflozin, luseogliflozin, tofogliflozin, henagliflozin, metformin, sitagliptin, and placebo. The baseline characteristics of the included studies are summarized in Table 1. Notably, the interested outcomes of two RCTs (NCT00643851 and NCT00859898) were extracted in one study (32). Among these, three studies were four-arm trials, 15 were three-arm trials, and the remainder were double-arm trials. Specifically, five RCTs compared dapagliflozin to placebo, five compared canagliflozin to placebo, three compared empagliflozin to placebo, one compared ertugliflozin to placebo, two compared ipragliflozin to placebo, one compared luseogliflozin to placebo, one compared tofogliflozin to placebo, one compared henagliflozin to placebo, and four respectively compared dapagliflozin, empagliflozin, and canagliflozin to metformin. The mean sample size of the included studies was 519 patients, ranging from 22 to 4,307 patients, and the mean age was 55.6 years (standard deviation: 3.6). The duration of trials ranged from 2 to 287 weeks (median: 26 weeks).




Figure 1 | Study selection process.






Figure 2 | Network diagrams of comparisons on different safety outcomes. (A) Genital infections; (B) unitary tract infections; (C) nasopharyngitis; (D) hypoglycemia; (E) bone fracture; (F) renal-related adverse events. Each circular node represents a type of treatment. The node size corresponds to the number of patients for each treatment. Lines indicate direct head-to-head comparisons, and the line width corresponds to the number of trials in the comparison.




Table 1 | Study characteristics of the included trials and participants.



The results of the risk of bias assessment are presented in Table S3 and Figure S1. Overall, 16 (64%) studies had a low risk of bias, and 9 (36%) studies were evaluated as having some concerns due to a lack of allocation concealment. All studies were at low risk of bias from blinding, selective outcome reporting, and missing outcome data.




3.2 Primary analysis



3.2.1 Genital infections

Twenty RCTs involving 12,076 patients provided data on GI (20–23, 25–38, 40), the direct and network results were summarized in the Supplementary Material Table S4 and Table S5A. Based on the synthesized results, all SGLT-2i, except for ertugliflozin 5mg/d and ipragliflozin 100mg/d, were associated with a higher risk of GI compared to placebo and metformin 2000mg/d, respectively. Patients taking canagliflozin (100mg/d, 300mg/d), empagliflozin (10mg/d, 25mg/d), dapagliflozin 10mg/d, and ipragliflozin 50mg/d had a higher risk of GI compared to those taking sitagliptin 100mg/d. No significant association was observed between different SGLT-2i, regardless of the recommended dose. Furthermore, the ranking of treatments based on SUCRA values (Table S6) showed that ipragliflozin 50mg/d (95.7%) ranked first among the SGLT-2i, followed by ipragliflozin 100mg/d (89.9%), empagliflozin 10mg/d (75.9%), empagliflozin 25mg/d (72.2%), and canagliflozin 300mg/d (60.7%). However, this pooled result may be influenced by only one trial each for ipragliflozin and ertugliflozin, both with small sample sizes, leading to limited precision. After excluding these two trials, the overall pooled estimate remained stable. The SUCRA values indicated that empagliflozin 10mg/d (88.2%, compared to placebo: OR 7.86, 95% CrI 3.45 to 21.03) ranked first, followed by empagliflozin 25mg/d (83.4%, compared to placebo: OR 7.23, 95% CrI 3.08 to 19.36), canagliflozin 300mg/d (70.8%, compared to placebo: OR 5.46, 95% CrI 2.30 to 13.62), and dapagliflozin 10mg/d (69.7%, compared to placebo: OR 5.09, 95% CrI 1.92 to 13.66). The node-splitting analysis revealed inconsistencies in three out of the 21 comparisons, and the comparison-adjusted funnel plot and Egger’s test (p=0.10) indicated no asymmetry (Table S7A; Figure S3A).




3.2.2 Urinary tract infections

Twenty-one RCTs involving 12,399 patients reported UTI (20, 21, 23, 25–29, 31–41, 43). The direct comparison showed that only dapagliflozin 10mg/d was significantly associated with a higher risk of UTI compared to placebo (OR 2.14, 95% CrI 1.03 to 4.44) or metformin 2000mg/d (OR 2.72, 95% CrI 1.23 to 6.00) (Table S4). The synthesized results indicated that dapagliflozin 10mg/d was associated with a higher risk of UTI compared to empagliflozin 10mg/d (OR 2.40, 95% CrI 1.26 to 4.64), empagliflozin 25mg/d (OR 2.27, 95% CrI 1.20 to 4.36), canagliflozin 100mg/d (OR 1.90, 95% CrI 1.06 to 3.49), ertugliflozin 15mg/d (OR 4.97, 95% CrI 1.59 to 17.09), metformin 2000mg/d (OR 2.00, 95% CrI 1.18 to 3.44), sitagliptin 100mg/d (OR 2.44, 95% CrI 1.21 to 5.02), and placebo (OR 2.11, 95% CrI 1.20 to 3.79), whereas there was no significant association between other treatments (Table S5B). Moreover, based on the SUCRA values ranking of treatments (Table S6), dapagliflozin 10mg/d (87.2%) ranked first among the SGLT-2i, followed by ipragliflozin 50mg/d (80.6%) and dapagliflozin 5mg/d (71.1%). The node-splitting method revealed no inconsistencies between direct and indirect evidence, and the comparison-adjusted funnel plot and Egger’s test (p=0.67) indicated no asymmetry (Table S7B; Figure S3B).




3.2.3 Hypoglycemia

Seventeen RCTs involving 11,464 patients reported hypoglycemia (20–23, 25–29, 31–35, 37–39). The direct comparison did not show any treatments significantly associated with a higher risk of hypoglycemia compared to placebo or other active treatments (Table S4). The synthesized results indicated that all SGLT-2s, except for canagliflozin 100mg/d (OR 3.12, 95%CrI 1.18 to 8.36), were not significantly associated with a higher risk of hypoglycemia compared to placebo (Table S5C). It is worth noting that other drugs, such as metformin 1000mg/d, showed a lower risk of hypoglycemia compared to placebo and other active drugs. However, due to the low number of patients included, the statistical certainty was low, resulting in a wide credible interval. Based on the SUCRA values ranking of treatments, metformin 2000mg/d (82.7%) ranked first, followed by canagliflozin 100mg/d (80.6%), and canagliflozin 300mg/d (72.1%) (Table S6). The node-splitting analysis revealed inconsistencies in one of the 15 comparisons, and the comparison-adjusted funnel plot and Egger’s test (p=0.37) indicated no asymmetry (Table S7C; Figure S3C).




3.2.4 Nasopharyngitis

Thirteen RCTs involving 4,315 patients reported nasopharyngitis (22, 24, 27, 28, 31, 34–37, 39, 42–44). Both the direct comparison and the synthesized results from the NMA did not show any treatments significantly associated with a higher risk of nasopharyngitis compared to placebo or other active treatments (Tables S4, S5D). However, it should be noted that despite the 95%CrI of dapagliflozin 10mg/d including the null value, the network results indicated a higher point estimate for the risk of nasopharyngitis when compared with placebo and other SGLT-2 inhibitors. According to the SUCRA values, dapagliflozin 10mg/d (81.6%) ranked first (Table S6). The comparison-adjusted funnel plot and Egger’s test (p=0.424) indicated no asymmetry (Figure S3D). There was no information to perform analyses of consistency.




3.2.5 Bone fracture and amputation

Four RCTs involving 5,393 patients reported bone fracture (23, 25, 32, 43). Both the direct comparison and the synthesized results from the NMA did not show any treatments significantly associated with a higher risk of bone fracture compared to placebo or other active treatments (Table S4). However, it is important to note that this result is heavily influenced by one study that used canagliflozin 100mg/d, specifically the NCT02065791 trial (25). The pooled result remained stable after removing this trial. Insufficient information was available to perform analyses of consistency and publication bias. Additionally, only one trial included in our study reported amputation, involving 4,397 patients. The results showed no significant difference in the risk of lower limb amputation, with rates of 12.3 versus 11.2 per 1000 patient-years in the canagliflozin group and the placebo group, respectively (hazard ratio, 1.11; 95% CI, 0.79 to 1.56).




3.2.6 Diabetic ketoacidosis

Two RCTs involving 4,705 patients reported DKA (23, 25). The synthesized results showed no significant difference between canagliflozin 100mg/d and placebo in terms of the risk of DKA (OR 3.45, 95%CrI 0.41 to 29.41) (Table S4). One trial with a large sample size from the NCT02065791 study reported low rates of DKA but a higher incidence in the canagliflozin 100mg/d group compared to the placebo group (2.2 vs. 0.2 per 1000 patient-years) (25). Another trial reported an incidence of DKA of 2.6% (4/154 patients) in the canagliflozin 100mg/d group and 1.9% (3/154 patients) in the placebo group (23).




3.2.7 Renal-related AEs

Eight RCTs involving 6,883 patients reported renal-related AEs, with four trials specifically examining renal impairment in the context of dapagliflozin (21, 23, 25, 27, 31, 32, 42, 43). The direct comparison did not show any significant associations between treatments and a higher risk of renal-related AEs compared to placebo or other active treatments (Table S4). However, the synthesized results demonstrated that dapagliflozin 10mg/d (OR 30.82, 95% CrI 1.85 to 1682.39) and canagliflozin 100mg/d (OR 17.18, 95% CrI 1.05 to 1000.50) were significantly associated with a higher risk of renal-related AEs compared with metformin 2000mg/d, while no significant differences were observed between the other treatments (Table S5E). One trial with a large sample size from the NCT02065791 study reported similar but lower rates of AKI in the canagliflozin 100mg/d group compared to the placebo group (16.9 vs. 20.0 per 1000 patient-years, hazard ratio 0.85; 95% confidence interval [CI] 0.64 to 1.13). Based on the SUCRA values, dapagliflozin 10mg/d (80.7%) ranked first in terms of their association with renal-related AEs (Table S6).





3.3 Heterogeneity and subgroup analysis

The pairwise comparisons of heterogeneity in outcome estimates were presented in Supplementary Material Table S4, and it was observed that there were no significant heterogeneities between each treatment. According to the meta-regression results, the duration of trials did not significantly impact the risk of the adverse events of interest between interventions (Table S8). Subgroup analyses were conducted for gender in the UTI and GI outcomes (Tables S9, S10; Figure S2). Regarding UTI, the synthesized results of the NMA showed that no treatments were significantly associated with a higher risk of UTI compared to placebo or other active treatments, regardless of gender (Table S9 and S10B). The SUCRA values indicated that dapagliflozin 10mg/d ranked first, with 90.8% in females and 79.4% in males, followed by dapagliflozin 5mg/d with 78.5% in females and 75.7% in males (Table S11). One trial that compared different dosages of dapagliflozin showed that the incidence of UTI was higher in the female group than the male group (dapagliflozin 10mg/d: 11.1% vs. 5.9%, dapagliflozin 5mg/d: 18.2% vs. 6.5%). Regarding GI, the synthesized results of the female subgroups showed that empagliflozin and dapagliflozin were associated with a higher risk of GI compared to placebo, with OR ranging between 6.21 (95% CrI 1.55 to 44.90) for empagliflozin 10mg/d and 20.18 (95% CrI 2.77 to 184.78) for dapagliflozin 10mg/d (Table S10A). However, in the synthesized results of the male subgroups, canagliflozin 100mg/d (OR 9.18, 95% CrI 1.77 to 53.68), canagliflozin 300mg/d (OR 18.84, 95% CrI 2.38 to 224.88), and empagliflozin 10mg/d (OR 5.38, 95% CrI 1.24 to 38.56) were associated with a higher risk of GI compared to placebo. It is important to note that the small number of included patients resulted in wide CrIs in most comparative analyses. Furthermore, the SUCRA values indicated that dapagliflozin 10mg/d (91.9%) and canagliflozin 300mg/d (88.8%) ranked first in the female and male subgroups, respectively (Table S11).





4 Discussion

This NMA of 10 pharmacological interventions from 25 double-blind trials, enrolling a total of 12,990 patients, and provides the comprehensive evidence with respect to the key safety outcomes associated with different recommended doses of SGLT-2i. Our study demonstrated that SGLT-2i do not appear to increased risk of DKA, nasopharyngitis, or bone fracture. Through direct comparison and the mixed treatment comparison, empagliflozin 10mg/d and canagliflozin 100mg/d were associated with the higher risk of GI and hypoglycemia, respectively. Moreover, dapagliflozin 10mg/d may be the riskiest according to the probability rankings for both UTI and renal impairment, however, the association for renal impairment with large uncertainty in the estimates owing to the small sample sizes of trials. Notably, this NMA and rankings have the potential to serve as a valuable decision-making tool for clinicians, facilitating informed treatment selection based on the safety profiles of different SGLT-2 inhibitors and their respective doses.

SGLT-2i are known for their ability to reduce hyperglycemia in patients by inhibiting renal glucose reabsorption in the proximal tubule of the kidney, leading to increased glucose excretion in the urine. However, this mechanism of action is also associated with an elevated risk of genital and urinary tract infections (45). Regarding UTI, our study revealed that only dapagliflozin at a dose of 10mg/d significantly increased the risk of UTI compared to other active SGLT-2i and placebo. This association was confirmed through overall synthesized results and gender subgroup analyses, particularly in females as indicated by SUCRA values. Although previous meta-analyses have shown no significant differences or only slight differences in UTI between patients using SGLT-2i and those taking placebo, subgroup analyses have consistently identified dapagliflozin 10mg/d as being associated with a higher risk of UTI, suggesting a dose-response relationship (12, 46–48). These findings are in line with previous studies and provide further support to our results. Additionally, retrospective studies on dapagliflozin 10mg/d discontinuation and hospitalization have reported UTI as a primary reason, with a significantly higher proportion of affected females (49, 50). In terms of GI, our study demonstrated that SGLT-2i had a greater association with GI risk compared to placebo and metformin 2000mg/d in patients with T2DM based on direct and network comparisons. However, no apparent differences were observed between lower and higher dosages of SGLT-2i. These findings were generally consistent with previous studies’ results (13, 48). Specifically, in the direct meta-analysis, dapagliflozin 10mg/d showed a higher risk of GI compared to dapagliflozin 5mg/d when compared to placebo. This correlation persisted in the network comparisons. This dose-response relationship is consistent with our previous finding for the risk of UTI with dapagliflozin, and one trial reported that dapagliflozin 10mg/d had a higher risk of GI compared to dapagliflozin 2.5mg/d (OR 1.55, 95% CI, 1.08 to 2.23) (51). Nevertheless, most genitourinary infections were typically mild to moderate in nature in our study, with a low rate of treatment discontinuation, and can be effectively resolved with routine antimicrobial therapy. Notably, our study found that empagliflozin 10mg/d ranked highest in terms of the probability of GI risk, which is consistent with the findings of a previous meta-analysis and a real-world analysis of the FAERS database (52, 53). Furthermore, an additional noteworthy finding in our study was that canagliflozin 300mg/d and dapagliflozin 10mg/d may be associated with the highest risk of GI in male and female subgroup analyses, respectively. However, due to limited up-to-date studies focusing on each gender, these conclusions should be interpreted cautiously, considering the sparse data available. Future well-designed trials with larger sample sizes are needed to validate these results. Considering the current evidence and the underlying mechanism of action of SGLT-2i, the potential risks of genitourinary infections should be carefully considered before initiating SGLT-2i therapy.

SGLT-2i have shown significant renal protective effects, including a 30% to 50% reduction in proteinuria and favorable outcomes in renal composite hard endpoints. The EMPA-REG OUTCOME trial demonstrated lower composite renal outcomes in patients treated with empagliflozin compared to placebo (HR = 0.68) (54). Similarly, the CREDENCE trial reported a reduced risk of composite renal outcomes in the canagliflozin group compared to placebo (HR = 0.70), with similar or lower rates of AKI in the canagliflozin 100mg/d group (HR = 0.85) (25). This systematic review highlights a lack of reporting on renal-related adverse events, with only 8 out of 25 randomized comparisons providing data, and only 4 reporting renal impairment related to dapagliflozin. Although the overall NMA suggests that dapagliflozin 10mg/d and canagliflozin 100mg/d may increase the risk of renal-related adverse events, the available evidence was insufficient to support or refute the potential risk of renal impairment or AKI specifically associated with the use of canagliflozin or dapagliflozin. Additionally, SGLT-2i medications may carry a risk of DKA by stimulating insulin release and promoting ketone reabsorption from the renal tubules, although the incidence of DKA is rare, approximately 0.1% (55). It has been suggested that the risk of DKA is negligible when the drug is properly prescribed (56). Similarly, due to their unique mechanism of action that is not dependent on promoting β-cell function or improving insulin resistance, SGLT-2i do not significantly increase the risk of hypoglycemia compared to placebo (57). Regarding nasopharyngitis, although no statistical differences were found between treatments in the studies reviewed, dapagliflozin 10mg/d may be associated with a higher risk of nasopharyngitis compared to placebo and other treatments. However, it is important to note that no clinical trials have been specifically conducted to evaluate this issue, and further data are needed to establish the true risk and determine if this is a class effect or specific to certain agents and dosages.

In 2016 and 2017, the FDA issued warnings regarding a potential increased risk of fractures and leg amputations with the use of canagliflozin (58, 59). However, the specific underlying mechanism leading to these risks associated with canagliflozin remains unknown. It has been suggested that SGLT-2i, by promoting glucosuria and volume depletion, may potentially reduce lower-limb tissue perfusion, which could play a role in the increased risk of fractures or amputations. Additionally, SGLT-2i increase serum phosphate levels by enhancing the tubular reabsorption of phosphate, and elevated phosphate levels can stimulate the release of parathyroid hormone, which may enhance bone resorption and increase the risk of fractures (60). However, recent meta-analyses have shown that neither the overall analysis nor subgroup analyses of SGLT-2i demonstrate a significant increased risk of fractures compared to other diabetes medications such as DPP-4 inhibitors, GLP-1 agonists, or placebo. Specifically, there is no evidence to suggest that individual SGLT-2i, including canagliflozin, dapagliflozin, and empagliflozin, at various doses were associated with an increased risk of bone fractures (61, 62). The results of the current study support the existing literature and demonstrate a neutral risk profile for fractures. In terms of amputation, based on the assessment of recent new clinical data and large-scale real-world studies, although the subgroup analyses suggest that the risk of amputations, although still increased with canagliflozin, is lower than previously described. Furthermore, overall analyses have not shown a significantly increased risk of amputations associated with SGLT-2i (63–67), thus, the boxed warning about e risk of amputations for canagliflozin was removed from the prescribing information by the FDA in 2020.




5 Limitation

This study has several limitations that should be taken into account. First, in order to directly observe the safety of SGLT-2i in patients with T2DM, we excluded the effects of combined with other drugs, and for that reason, the number of original trials included in this study was relatively small, and further confirmation of the findings are necessary. Second, the exclusion of all non-English and non-Chinese language literature may introduce potential publication bias. Third, certain outcomes may have been inadequately characterized within study or with wide 95% CrIs for OR values and imprecise estimates, primarily due to the limited number of studies available. Fourth, the specific types of infection between genital and urinary tract infections were not distinguished in this study, as very few of the included trials reported the specific types of infection in detail, this issue need more detailed clinical trials to address the data gap in the future.




6 Conclusion

In this NMA, current evidence from RCTs indicated that SGLT-2i were not significantly increased the risk of harm among comparison of different doses, except for dapagliflozin 10mg/d, which showed an increased risk of UTI and may be associated with a higher risk of renal impairment and nasopharyngitis. In terms of GI, empagliflozin 10mg/d, canagliflozin 300mg/d, and dapagliflozin 10mg/d were associated with a higher risk compared to placebo and metformin. Additionally, the evidence does not suggest a significantly increased risk of DKA, nasopharyngitis, and bone fracture with SGLT-2i, over placebo or active comparators. Further well-designed RCTs with larger sample sizes and more detailed information are required to verify and optimize the current body of evidence.
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Objective

To evaluate the clinical value of glycosylated hemoglobin (HbA1c) in newly diagnosed ketosis-prone type 2 diabetes (KPD).





Methods

A total of 330 patients with newly diagnosed type 2 diabetes (T2DM) hospitalized in our department with an average age of 48.72 ± 13.07 years old were selected and divided into T2DM group (193 cases) and KPD group (137 cases) according to whether they were combined with ketosis. According to the quartile level of HbA1c, they were divided into group A (HbA1c < 8.90%, 84 cases), group B (8.90%≤HbA1c < 10.70%, 86 cases), group C (10.70%≤HbA1c ≤ 12.40%, 85 cases) and group D (HbA1c > 12.40%, 75 cases). The general clinical features, laboratory indicators and islet function of each group were compared. Spearman correlation analysis was used to explore the correlation between HbA1c and β- Hydroxybutyric acid (β- HB) and islet function. ROC curve was used to analyze the sensitivity and specificity of HbA1c in diagnosing KPD, and the optimal tangent point was obtained.





Results

HbA1c, β-HB, FFA, RBG, insulin dosage, GSP, OGTT (0, 0.5, 1, 2, 3h) in KPD group were significantly higher than those in T2DM group (P< 0.001). HDL-C, IRT (0, 0.5, 1, 2, 3h), HOMA-β, HOMA-IR, HOMA-IS, ΔC30/ΔG30, AUC insulin were significantly lower than those in T2DM group (P< 0.001). With the increase of HbA1c level, the incidence of ketosis, β-HB, FFA and insulin dosage increased, while IRT (0, 0.5, 1, 2, 3h), ΔC30/ΔG30, AUC insulin, HOMA-β and HOMA-IS decreased accordingly (P< 0.001). In all newly diagnosed T2DM patients, Spearman correlation analysis showed that HbA1c was positively correlated with β-HB (r=0.539, P < 0.001), and was negatively correlated with HOMA-β (r=-0.564, P < 0.001), HOMA-IS (r=-0.517, P < 0.01, P < 0.001), HOMA-IR (r=-0.177, P < 0.001), ΔC30/ΔG30 (r=-0.427, P < 0.01) and AUC insulin (r=-0.581, P < 0.001). In ROC curve analysis, the optimal threshold for the diagnosis of KPD was 10.15%, Youden index was 0.616, area under the curve (AUC) was 0.882, sensitivity = 92.70%, specificity = 70.50%.





Conclusion

In newly diagnosed T2DM patients, if HbA1c > 10.15%, it is more likely to develop KPD. Monitoring HbA1c level is conducive to timely detection of high-risk individuals with KPD and taking appropriate measures to prevent the occurrence and development of the disease.
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Introduction

Among the acute complications of diabetes, ketosis or ketoacidosis (DKA) is a serious medical emergency which may lead to serious complications or even fatal consequences if not managed in time. It is usually considered to be the typical feature and first manifestation of Type 1 diabetes mellitus (T1DM) which is caused by the destruction of islet beta cells due to autoimmunity (1). However, in recent decades, research has found that more and more patients who have not found the classic autoimmune phenotype of T1DM are also often characterized by ketosis at the time of initial diagnosis, which has led to the recognition of a new atypical form of diabetes called Ketosis-prone type 2 diabetes (KPD) (2).

First reported in the U.S. literature in 1987, KPD is characterized by acute and severe hyperglycemia (blood glucose usually higher than 500 mg/dL and mean HbA1c> 10%) with ketosis similar to T1DM, but distinct from classic T1DM, it lacks autoimmune markers for islet beta cells (3). Over the past few decades, KPD has attracted increasing attention around the world and its incidence has been found to be on the rise (4). KPD is thought to account for 25% to 50% of African Americans and Hispanics with newly diagnosed diabetic ketoacidosis (5). Although most cases have been reported in Africans and African Americans in the United States, So far, such cases have been reported in different ethnic groups around the world including Japanese, Chinese, Hispanic, and white populations (3, 6–9). Regarding the prevalence of KPD, the perception of low prevalence of KPD among Asians may need to be changed, as a Korean study showed that 42% of all newly diagnosed T2DM patients had DKA (7)and in a Chinese study, KPD was diagnosed in 38% of patients with new-onset type 2 diabetes (8).

KPD patients are usually middle-aged men who are overweight or obese and have a strong family history of T2DM (10). The increased incidence of KPD may be related to the increased speed of life, lack of physical activity, lack of regular healthy diet and reduced exercise (11). In addition, the progress of examination methods also has a certain correlation with the increased incidence of KPD. The onset of ketosis may be related to the transient acute insulin deficiency on the basis of the underlying severe insulin resistance state. In the acute stage of KPD onset, the suddenly rising levels of glucose and free fatty acids (FFA) will lead to severe and persistent glycolipid toxicity (12). Continuous overstimulation of pancreatic beta cells is triggered, which further induces oxidative stress and mitochondrial dysfunction of pancreatic beta cells, resulting in dysfunction, failure or even death of beta cells. If the acute dysfunction of glucose and lipid metabolism in patients is not controlled in a timely and effective manner, it will lead to higher blood glucose due to the reduced function and activity of beta cells, thus forming a vicious cycle (13).

It is worth noting that KPD patients, after several months of initial short-term intensive insulin therapy to correct hyperglycemia, beta cell function will gradually recover from the initial decompensated state, with significant improvements in insulin sensitivity (14). Patients can safely discontinue exogenous insulin therapy and maintain nearly normal good blood glucose control by relying solely on diet, lifestyle changes and/or oral hypoglycemic drugs, with a small number of patients suffering from recurrent ketosis (15).

Different from the typical T1DM, KPD patients usually have no clear inducement and obvious clinical symptoms at the onset of the disease, thus the prevalence of KPD has been greatly underestimated. However, KPD patients have a rapid onset, and they have a fairly high blood glucose level at the first visit, and the function of islet beta cells is seriously damaged, which is manifested by the significant reduction of C-peptide level (11). If ketosis is not judged and treated in time and thus accelerates the vicious cycle of glucolipid toxicity, it may lead to more serious consequences, such as acidosis, coma and even death (16).

Given its serious harm and potential adverse events, rapid diagnosis and early and timely hypoglycemic treatment are necessary for ketosis in clinical practice. At the same time, clinical work also urgently needs a method to recognize and prevent the occurrence of DK at an early stage, so as to reduce the incidence of diabetes-related emergencies and adverse events and improve the long-term quality of life of patients.

HbA1c plays an indispensable role in the management and control of diabetes. It is the gold standard to judge the long-term blood glucose control status, reflecting the average range of blood glucose levels over the past 2 to 3 months (17). Relevant retrospective studies found that almost all DKA patients had significantly increased HbA1c upon admission. Although DKA is considered to be an acute metabolic complication of diabetes, study shows that DKA is likely to occur in the context of long-term chronic hyperglycemia, suggesting that improving long-term glucose control in known diabetes patients may reduce the occurrence of DKA (18).

According to previous domestic and foreign studies, HbA1c, as a special predictor, has been widely used in the chronic complications of microvascular and macrovascular diseases of diabetes (19, 20). At present, the scope of use of HbA1c has been extended to the diagnosis of diabetes and the detection of diabetic retinopathy, and relevant reports have determined the diagnostic critical value (21).

At present, studies have shown that DKA in type 1 diabetes patients is associated with long-term elevated HbA1c levels, while the relationship between KPD and HbA1c levels is insufficient (22). This study hypothesized that there was a correlation between KPD and HbA1c, discussed the influence of HbA1c level on the occurrence of KPD in newly diagnosed T2DM patients, and quantitatively analyzed the relationship between HbA1c level and β-HB and islet function, aiming to preliminatively monitor the occurrence of KPD early through HbA1c and provide clinical application value for prevention and treatment of KPD.





Materials and methods




Study design and participants

We conducted this retrospective case analysis study based on data collected from our previous studies and data collected from open source databases (23). The G*Power 3.1.9.2 software was used to calculate the sample size for prior power analysis, and the required sample size was 210 participants when the effect size f=0.5, α=0.05, 1-β=0.95. This cross-sectional retrospective clinical study included 330 newly diagnosed T2DM patients hospitalized from January 2019 to December 2022 who tested negative for islet autoantibodies and had not received any medication, including 249 males (75.45%) and 81 females (24.55%), aged 21-77 years, with an average age of 48.72 ± 13.07 years. According to the presence or absence of ketosis, the patients were divided into type 2 diabetes without ketosis group (T2DM group, 193 cases, 58.48%) and T2DM with ketosis group (KPD group, 137 cases, 41.52%). At last, G*Power software was used to conduct a posterior power analysis of the statistical efficacy of the sample size included in this study. When the effect size d=0.5, α=0.05, 1-β=0.994 was obtained, it was proved that this sample size could achieve good statistical efficacy. According to the HbA1c quartile level, the included subjects were divided into group A (HbA1c < 8.90%, 84 cases), group B (8.90%≤HbA1c<10.70%, 86 cases), group C (10.70%≤HbA1c ≤ 12.40%, 85 cases), and group D (HbA1c > 12.40%, 75 cases). According to the definition and criteria for diabetes set by the America Diabetes Association (ADA) of 2019, T2DM was defined by fasting blood glucose (FBG)≥7.0 mmol/L and/or 2h-postprandial plasma glucose (2h PG) ≥11.1mmol/L during a 75 g oral glucose tolerance test. The inclusion criteria were as follows (1): Newly diagnosed with untreated type 2 diabetes, the course of disease is within half a year; (2) KPD patients with ketosis were defined as positive blood ketones (β-hydroxybutyric acid > 0.30 mmol/L) and/or moderate to heavy urine ketones (urine ketones ≥ (2+)), without glutamic acid decarboxylase antibody (GAD) and insulin autoantibody (IAA), and there were no obvious inducement, no clinical manifestations of ketoacidosis, nor did they meet the diagnostic criteria for ketoacidosis; T2DM without ketosis were defined as diabetes with neither diabetic ketosis (β-hydroxybutyric acid ≤ 0.30mmol/L and ketone body (-)) nor GAD or IAA autoantibodies. The exclusion criteria were as follows: (1) Patients with severe infection, acute myocardial infarction, acute cerebral infarction, kidney injury, delirium, seizures, acute alcohol intoxication, pregnancy diabetes, severe trauma, malignant tumor, surgery, corticoid therapy, etc., which might result in ketosis; (2) Patients with diabetic ketoacidosis; (3) Patients who have taken any hypoglycemic drugs or other drugs that may affect glucose and lipid metabolism; (4) Patients with severe liver function or renal insufficiency; (5) Secondary diabetes, such as pancreatic exocrine diseases and other endocrine diseases; (6) Patients with incomplete clinical data. The study complies with the Declaration of Helsinki and has been approved by the Ethics Committee of Wuhan Fourth Hospital (KY2023-067-01).





Data collection

(1) General clinical data of patients were collected through a comprehensive and careful consultation by professional doctors, including basic information such as age, sex, present and past medical history. Nurses with standardized training underwent a simple physical examination, including the measurement of height (m) and body weight (kg) of all patients, from which the body mass index (BMI) = kg/m²was measured. When the patient first visited a doctor, the random blood glucose (RBG) of the finger or vein, blood β-hydroxybutyric acid (β- HB), urine routine, arterial blood gas analysis and other indexes were urgently checked.

(2) The inpatients were instructed to keep fasting for at least eight hours before exsanguinate assay in the next morning. The venous blood samples collected including GAD-Ab, IAA-Ab, glycosylated serum protein (GSP), HbA1c, total triglycerides (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), lipoprotein a [LP (a)] and FFA, etc., among which GDA-AB and IAA-Ab were determined by qualitative ELISA, FPG was determined by serum oxidase, GSP was determined by enzymatic method, HbA1c was determined by high performance liquid chromatography, and TC, TG, HDL-C, LDL-C, and FFA were determined by standard enzymes. All indexes were measured on Beckman AU5400 automatic analyzer according to standard laboratory methods.

(3) In T2DM patients without ketosis, 75g glucose tolerance test (standard OGTT test) and insulin release test (IRT) were performed in the morning of the second day after hospitalization, while patients with KPD first took insulin hypoglycemic and related measures, and then performed OGTT test and IRT test within 24 hours after ketosis was corrected. The subject patients fasted overnight from the previous day. From 7 am to 9 am, blood was drawn for fasting plasma glucose (OGTT0h) and fasting insulin (IRT0h) under the condition of fasting and then 75 g anhydrous glucose dissolved in 200-300ml water was taken within 5 minutes. KPD patients were replaced with steamed bread containing 100g flour and finished eating within 10-15 minutes. Blood samples were collected from the anterior cubitus vein at intervals of 30, 60, 120, and 180 minutes to measure blood glucose concentration (OGTT 0.5h, OGTT 1h, OGTT 2h, OGTT 3h) and serum insulin concentration (IRT 0.5h, IRT 1h, IRT 2h, IRT 3h). The 5-phase blood glucose was measured by glucose oxidase method, and the level of serum 5-phase insulin level was determined by radioligand method established by radioimmunoassay. The blood samples should be submitted for examination by professionals as soon as possible after blood collection.

(4) During the patient’s hospitalization, the specific daily insulin adjusted dose was recorded in detail. Go through the discharge according to whether the blood glucose level was stable, and the daily insulin dose required for subcutaneous injection at discharge was recorded at the same time.





Assessment of islet function

Insulin secretion index (HOMA-β) = 20×FINS (uIU/L)/[FPG (mmol/L) -3.5] and insulin resistance index (HOMA-IR=FBG (mmol/L)×FINS (uIU/L)/22.5 were evaluated according to homeostasis model. The ratio ΔI30/ΔG30 of insulin increment to glucose increment at 30min after glucose loading in OGTT test was used to evaluate the early phase (phase 1) secretion of pancreatic β-cells. The area under the OGTT insulin curve AUCinsulin = (I0h+2×I0.5h+3×I1h+4×I2h+2×I3h)/4 was used to evaluate the late phase (phase 2) secretion of islet beta cells, and the trapezoidal method was used to calculate the AUC value.





Statistical analysis

This study utilized IBM SPSS 22.0 software and MedCalc software for data processing and statistical analysis. G*Power 3.1.9.2 software was used to perform a prior and a posterior statistical analysis. The Kolmogorov–Smirnov test was used to determine the index’s distribution. The continuous measurement data subject to normal distribution and non-normal distribution are represented by “mean ± standard deviation (x ± s)” and “median (lower Quartile, upper Quartile) [(M (P25, P75)]” respectively. The comparison of data between two groups was conducted using two independent sample t-tests and wilcoxon rank sum tests, while the comparison of data between multiple groups was conducted using Single factor analysis of variance and Kruskal Wallis H-test (Bonferroni method was used to correct for pairwise comparisons between groups). Counting data adopted χ 2 test, expressed as a rate (%), and two-way ordered data were analyzed by trend chi-square test. Correlation analysis between variables uses Spearman correlation analysis to determine the hierarchical correlation between variables. Receiver operating characteristic (ROC) curve was used to analyze the sensitivity and specificity of different HbA1c levels for the occurrence of KPD, and the area under the ROC curve was calculated. MedCalc software was used to plot ROC curves and perform comparisons between multiple ROC curves and calculate P-values. The optimal HbA1c threshold for the diagnosis of KPD was determined by Youden index (sensitivity + specificity -1), so as to identify high-risk groups of KPD early. A two-tailed p-value less than 0.05 was considered as statistically significant and the adjusted test level for data comparison among the four groups was P<0.0125.






Results




Baseline clinical characteristics of participants

Among the total 330 patients included in this study, 193 were in the T2DM group, accounting for 58.48% of the total, and 137 were in the KPD group, accounting for 41.52% of the total. Compared with T2DM group, KPD group had a younger onset age, a higher proportion of male patients, and a higher dosage of insulin when blood glucose was stabilized. RBG, HbA1c (12.67% vs 9.32%), β-HB, FFA, GSP, OGTT (0, 0.5, 1, 2, 3h) were significantly higher than those in T2DM group (P< 0.05). HDL-C, IRT (0, 0.5, 1, 2, 3h), HOMA-IR, HOMA-β, ΔC30/ΔG30 and AUC insulin were significantly lower than those in T2DM group (P< 0.05), and there were no statistically significant differences between the two groups in BMI, TG, TC, LDL-C and LP (a) (P> 0.05) (Table 1).


Table 1 | Comparison of clinical characteristics between the KPD group and the T2DM group [n (%), x ± s, M (P25,P75)].







Comparison of ketosis incidence, β-HB, FFA and islet function at different HbA1c levels

According to the Quartile level of HbA1c, they were divided into group A (84 cases with HbA1c<8.90%), group B (86 cases with 8.90% ≤ HbA1c<10.70%), group C (85 cases with 10.70% ≤ HbA1c ≤ 12.40%), and group D (75 cases with HbA1c>12.40%). In this study, it was found that with the increase of HbA1c level, the incidence of ketosis also increased, and the difference was statistically significant (x2 trend =111.723, P < 0.001) (Figure 1). There were significant differences in β-HB, insulin dosage, FFA, IRT (0, 0.5, 1, 2, 3h), HOMA-β, HOMA-IR, ΔC30/ΔG30 and AUC insulin among the four groups (P < 0.05). With the increase of HbA1c level, β-HB, insulin dosage and FFA increased successively, while IRT (0, 0.5, 1, 2, 3h), ΔC30/ΔG30, AUC insulin and HOMA-β decreased successively and the concentration of β-HB in group D was significantly higher than that in groups A, B and C, and the concentration in group C was significantly higher than that in groups A and B (P<0.05). The insulin dosage in group D was significantly higher than that in groups A, B, and C, while group B and C were significantly higher than group A (P<0.05). The FFA concentration in group D was significantly higher than that in group A, and there was no statistically significant difference between the other groups (P>0.05). The IRT (0, 0.5, 1, and 3 h) and AUC insulin levels in groups C and D were significantly lower than those in groups A and B (P<0.05). IRT2h, Δ C30/Δ G30, HOMA- β in group C and D was significantly lower than groups A and B, and Group B was significantly lower than Group A (P<0.05). With the increase of HbA1c level, HOMA-IR showed a trend of first increasing and then decreasing, and there was no significant difference between the other groups (P > 0.05) except for the difference between group B and group D (P < 0.05) (Table 2).




Figure 1 | The incidence of ketosis at different HbA1c levels: As HbA1c levels increase, the incidence of ketosis also increases (8.33% < 20.93% < 58.82% < 82.67%).




Table 2 | Comparison of ketosis incidence, β-HB, FFA and islet function at different HbA1c levels [n (%), M (P25,P75)].







Correlation analysis of HbA1c level with β-HB and islet function

Spearman correlation analysis of all patients included in the study showed that HbA1c was positively correlated with β-HB (r=0.539, P < 0.05), and was negatively correlated with HOMA-β (r=-0.564, P < 0.05), HOMA-IR (r=-0.177, P < 0.05), ΔC30/ΔG30 (r=-0.427, P < 0.05) and AUC insulin (r=-0.581, P < 0.05). In T2DM patients, HbA1c was positively correlated with HOMA-IR (r=0.151, P < 0.05),while in KPD patients, HbA1c was negatively correlated with HOMA-IR (r=-0.254, P < 0.05) (Table 3).


Table 3 | Correlation analysis of HbA1c level with β-HB and islet function (r).







Diagnostic value of HbA1c in KPD

ROC curve analysis showed that in newly diagnosed T2DM, the efficiency of diagnosing KPD is the highest, Youden index was 0.616, area under the curve (AUC) was 0.882 (95% confidence interval (CI) was 0.845 to 0.919), sensitivity was 92.70% and specificity was 70.50%. The positive predictive value was 73.26% and the negative predictive value was 81.95%. The positive likelihood ratio was 3.142, and the negative likelihood ratio was 0.104 (Table 4; Figure 2).


Table 4 | Sensitivity, specificity and Youden index of HbA1c thresholds in the diagnosis of KPD.






Figure 2 | ROC curve of HbA1c, OGTT0h and OGTT2h for the diagnosis of KPD in newly diagnosed T2DM.







The diagnostic value of OGTT test for KPD

In all newly diagnosed T2DM patients, the AUC for KPD diagnosed with OGTT0h (fasting blood glucose) was 0.690 (95% confidence interval (CI) 0.632 to 0.748) and the AUC for OGTT2h(2-hour postprandial blood glucose) was 0.745 (95% confidence interval (CI) 0.692 to 0.798) (Figure 2). The AUC for HbA1c was significantly higher than the AUC for OGTT0h and OGTT2h, while the AUC for OGTT2h were significantly higher than the AUC for OGTT2h (P<0.05) (Table 5).


Table 5 | Pairwise comparison of ROC curves.








Discussion

This study found a significant association between higher HbA1c levels and the occurrence of ketosis in KPD patients who were newly diagnosed with T2DM. If HbA1c levels are above 10.15%, there is a greater likelihood of developing KPD. The findings suggest that monitoring and predicting the occurrence of ketosis in newly diagnosed T2DM patients can be done promptly based on their HbA1c levels so as to prevent the emergence of diabetes-related acute complications and provide a timely and effective clinical prediction tool for the occurrence of KPD.

This study found that 41.52% of newly diagnosed T2DM patients had KPD, which was consistent with previous research (25). In this study, KPD patients had a younger age of onset, a higher proportion of male patients, and were more likely to be overweight or obese. Additionally, they had significantly lower islet secretion function and required a larger daily insulin dosage to stabilize blood sugar. HbA1c, FFA, and blood sugar levels were also significantly increased in KPD patients compared to T2DM patients without ketosis.

In a study of clinical characteristics of KPD patients, the average HbA1c was 11.3 ± 1.8% (11). Another cross-sectional study of 734 newly diagnosed diabetic patients found that the average HbA1c of KPD patients was 11.56 ± 2.51% (26). The average HbA1c of KPD patients in this study was 12.67%, which was consistent with previous studies. It has been shown that in both T1DM and T2DM, whether in known or newly diagnosed diabetes, HbA1c levels are significantly elevated in patients with ketoacidosis (18). HbA1c reflects the average blood glucose level in the past 8-12 weeks, and it is therefore inferred that ketosis may occur in the context of chronic hyperglycemia, leading to metabolic decompensation through glucotoxic mechanisms that impair β-cell reserves and insulin receptor function (27).

This study divided patients into four groups, A, B, C, and D, based on the quartile levels of HbA1c. The results showed that as the HbA1c concentration increased, the incidence of blood β-HB and ketosis also increased. The incidence of ketosis in the HbA1c quartiles ranged from 8.33% to 82.67%, with a nearly ten-fold increase from the lowest to the highest quartile. These findings suggest that patients with T2DM may be at risk of ketosis in a long-term hyperglycemic environment, and the risk increases with higher HbA1c levels.

The study utilized Spearman correlation analysis to investigate the relationship between HbA1c and various factors. The results indicated a positive correlation between HbA1c and β-HB, but a negative correlation between HbA1c and HOMA-β, ΔC30/ΔG30, and insulin AUC. These findings suggest that as HbA1c levels increase, the secretory functions of islet cells in both early and late stages decrease. Therefore, HbA1c may serve as an indicator of islet function, which is consistent with previous research (28). It is worth noting that with the increase of HbA1c, HOMA-IR also increased. However, when HbA1c levels reached 10.70% or higher, HOMA-IR levels decreased. In the T2DM group, there was a positive correlation between HbA1c and HOMA-IR, while in the KPD group, HbA1c was negatively correlated with HOMA-IR. These results may be related to the decrease of fasting insulin (FIns) at this time, rather than the decrease of insulin resistance.

Current research suggests that ketosis in KPD patients may be linked to a decrease in glucose homeostasis due to prolonged exposure of islet β cells to excess glucose and FFA, which is attributed to the vicious cycle of glycolipid toxicity. chronic hyperglycemia, and lipid metabolism disorders resulting from increased levels of FFA (29). These factors ultimately reduce the function and activity of β cells, leading to a significant decrease in insulin secretion and worsening insulin resistance, ultimately leading to the onset of ketosis (30).

The long-term hyperglycemia environment and the lipid metabolism disorder caused by chronically increased FFA in the body reduce the function and activity of β cell, leading to a sharp decrease in insulin secretion and the persistent aggravation of insulin resistance, ultimately causing the onset of ketosis (26). Each step in the process of insulin synthesis, from gene expression to biosynthesis of proinsulin and secretion of β-cell insulin, plays a crucial role in glucose metabolism in the human body (31). Glucose toxicity can negatively impact any of these processes, ultimately resulting in β-cell dysfunction (13). These pathophysiological mechanisms can cause glucose to continuously accumulate, indicating that glucose toxicity may be a significant contributing factor (32).

This study discovered that patients with KPD had higher levels of FFA, which increased further with higher HbA1c levels. This suggests that there may be an interaction between hyperglycemia and blood lipid metabolism disorders. Glucose utilization disorder can result in a significant increase in the production of FFA which are then used to produce ketone bodies for human utilization (33). In addition, excessive production of FFA in the liver can lead to a reduction in β-cell function and activity, and stimulate gluconeogenesis (30).

Long-term chronic elevation of FFA disrupts the regulation of lipid metabolism, leading to β-cell injury and death through various intracellular mechanisms such as ceramide formation, lipid droplet formation, endoplasmic reticulum stress, oxidative stress, mitochondrial dysfunction, inflammation, and autophagy, etc (34). These mechanisms ultimately result in reduced β-cell function and activity, impaired insulin secretion, and elevated plasma glucose concentrations, creating a vicious cycle (35). FFA exposure for a prolonged period can disrupt glucose metabolism at various stages, resulting in elevated blood sugar levels (36). Therefore, glucose metabolism markers can serve as an indicator for lipid metabolism disorders to some extent (37).

In conclusion, hyperglycemia and severe lipid metabolism disorders can initiate a series of chain amplification effects that damage islet cell function and increase the risk of ketosis. The study found a close correlation between HbA1c and islet function and ketosis, as well as an association with FFA. These findings support previous research on the topic.

According to our study, KPD patients had high HbA1c levels upon admission to the hospital, with an average of 12.67%. Our findings support the correlation between HbA1c levels and KPD, indicating that these patients suffer from chronic hyperglycemia for a long time without noticeable symptoms or timely treatment. Failure to identify and treat such patients can lead to serious complications such as ketoacidosis, coma, shock, and even death (4). Therefore, it is crucial to identify high-risk KPD patients in the early stages of the disease.

Previous studies have not examined the potential of HbA1c levels as a predictor and screening indicator of ketosis in T2DM. Our study aimed to fill this gap, and we found that in newly diagnosed T2DM patients, the highest diagnosis efficiency of KPD was achieved when HbA1c levels were at 10.15%. The Youden index was 0.616.

In this study, we placed special emphasis on high sensitivity in order to better identify patients in the early stages of diabetic ketosis and ketoacidosis. This is due to the severe adverse consequences of these conditions, including death and heavy economic burden during hospitalization. By early identification of individuals in this state, the onset and progression of acute hyperglycemic complications can be properly recognized and prevented.

Our results show that this method has high sensitivity (92.70%) and medium specificity (70.50%), proving its high clinical application value in early identification of KPD high-risk patients. If a patient’s HbA1c level is found to be greater than 10.15% during examination, it is important to monitor their blood sugar, blood and urine ketones more frequently throughout the course of their disease. Appropriate insulin therapy should be actively taken and the dose adjusted accordingly. This will help prevent delays in the patient’s diagnosis and monitoring, and ensure they receive proper treatment (38).

While blood β-HB or urine ketone body detection can determine the presence of ketosis, it is insufficient in identifying high-risk groups for ketosis early on. Additionally, it cannot predict the occurrence of acute complications of diabetes and take preemptive measures in a timely manner. Therefore, there is a need for more comprehensive diagnostic tools to address these issues.

HbA1c is a crucial factor to consider when assessing the level of long-term blood sugar management. It reflects the blood sugar control over the past 2-3 months and serves as a common screening and diagnostic tool for T2DM (39). HbA1c is not affected by transient hyperglycemia caused by stress, nor is it interfered by factors such as stress, diet, exercise, or drugs. It can be checked at any time without fasting or consuming sugar water, making it a better test compliance. Additionally, there is no need for rapid and regular sampling, and blood samples for HbA1c measurement can be kept at 4°C for up to a week, making it a cost-effective and convenient option with high practicality (40). Moreover, with the improvement of the clinical application value of HbA1c, the measurement of it requires strict quality assurance tests, and the determination is highly standardized to meet the standards of international reference values (41).

The OGTT test is a valuable tool for diagnosing diabetes and judging islet function, but it has high requirements and is a lengthy and expensive process. It necessitates regular and rapid sample collection, as well as additional human resources and professional knowledge (42). Patients must fast for at least 12 hours overnight and the test must be conducted in the early morning. During the test period, eating, drinking tea or coffee, smoking, and engaging in strenuous exercise are prohibited. Short-term diet control or physical exercise may also affect the test results (43). If the patient fails to follow the proper regulations for the OGTT test, the procedure will need to be repeated on the following day. Patients with poor islet function are at risk when undergoing this test as it may lead to acute fluctuations in blood sugar levels and potentially cause hyperglycemic emergencies, resulting in artificial secondary damage to the islet function (44). In addition, there are strict requirements on the processing of blood and the preservation of specimens, including rapid separation and storage of plasma and serum at 4°C (45).

However, the high costs associated with the test and poor reproducibility are important factors to consider (46). This study found that the AUC values of OGTT0h and OGTT2h were lower than that of HbA1c, indicating that HbA1c has better diagnostic performance for KPD than OGTT test.

This study highlights the clinical significance of HbA1c, which has a strong correlation with islet function and blood β-HB. The high sensitivity of HbA1c in diagnosing KPD can aid in the early identification of high-risk groups and prevent disease progression. It should be noted that this study has limitations in terms of its scope and methodology. Specifically, it is a single-center retrospective study of hospitalized patients, and the sample size is limited. Therefore, further research with a larger sample size is necessary to draw more definitive conclusions.





Conclusion

In summary, for newly diagnosed T2DM patients, HbA1c > 10.15% was associated with a greater likelihood of developing KPD. In clinical practice, timely and active examination for the presence of ketosis should be conducted and treatment measures such as islet hypoglycemia should be promptly taken to prevent the occurrence of KPD and further deterioration of the disease.
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Background

Previous observational studies have indicated an association between serum uric acid (SUA) and diabetic neuropathy (DN), but confounding factors and reverse causality have left the causality of this relationship uncertain.





Methods

Univariate Mendelian randomization (MR), multivariate MR and linkage disequilibrium score (LDSC) regression analysis were utilized to assess the causal link between SUA and DN. Summary-level data for SUA were drawn from the CKDGen consortium, comprising 288,648 individuals, while DN data were obtained from the FinnGen consortium, with 2,843 cases and 271,817 controls. Causal effects were estimated primarily using inverse variance weighted (IVW) analysis, supplemented by four validation methods, with additional sensitivity analyses to evaluate pleiotropy, heterogeneity, and result robustness.





Results

The LDSC analysis revealed a significant genetic correlation between SUA and DN (genetic correlation = 0.293, P = 2.60 × 10-5). The primary methodology IVW indicated that each increase of 1 mg/dL in SUA would increase DN risk by 17% (OR = 1.17, 95% CI 1.02-1.34, P = 0.02), while no causal relationship was found in reverse analysis (OR = 1.00, 95% CI 0.98~1.01, P = 0.97). Multivariate MR further identified that the partial effect of SUA on DN may be mediated by physical activity, low density lipoprotein cholesterol (LDL-C), insulin resistance (IR), and alcohol use.





Conclusion

The study establishes a causal link between elevated SUA levels and an increased risk of DN, with no evidence for a reverse association. This underscores the need for a comprehensive strategy in DN management, integrating urate-lowering interventions with modulations of the aforementioned mediators.





Keywords: diabetic neuropathy, serum urate acid, Mendelian randomization study, linkage disequilibrium score regression (LDSC), genetic correlation





Introduction

Diabetes mellitus (DM), a prominent metabolic disorder characterized by chronic hyperglycemia (1, 2), is increasingly widespread, with the World Health Organization (WHO) estimating over 422 million global cases. By the year 2045, this figure is projected to rise to 629 million (3, 4). As the paramount complication arising from DM, Diabetic Neuropathy (DN) demonstrates an elevated prevalence, exceeding 50%, in the populace diagnosed with this metabolic condition (5, 6). Diabetic polyneuropathy (DPN) and Peripheral Diabetic Neuropathy (PDN) are the most prevalent manifestations of DN (7). People living with DN experience a significant economic loss in addition to the medical costs of the disease due to missed opportunities at work and lost pay. According to a U.S. study on the financial consequences of diabetic neuropathy, the yearly immediate expense for each people is $4,841, and the quarterly supplementary expense is $9,730 (8). According to a study, the annual cost of healthcare for persons with painful DN is about three times higher than the cost for comparable control populations (9). Despite the clinical and financial costs associated with DN, there is no cure. Thus, the exploration of additional modifiable risk factors for DN is critical to enhance clinical management and prevent DN onset and progression.

Serum urate acid (SUA), which is the terminal product of purine metabolism, is under the regulatory influence of the enzyme xanthine oxidase. High SUA levels have been associated with vascular dysfunction and irreversible damage, potentially leading to tissue ischemia and compromised peripheral nerve function (10). Numerous investigations propose an associative relationship between augmented serum urate concentrations and the escalated incidence of DN (11–14). However, the evidence supporting this association is debatable. Contrasting investigations have found inconsistent associations between levels of SUA and DN. One study using data from the National Health and Nutrition Examination Survey (NHANES) discerned no consequential correlation between moderately increased urate levels and the peril of PDN, after adjustments for multivariate factors (15). Meanwhile, another study engaging 1,784 male and 1,025 female participants established that escalated SUA concentration constituted an autonomous risk determinant for non-alcoholic fatty liver disease and diabetic nephropathy. Nevertheless, no association was discernible with DPN (16).

Antecedent scholarly exploration failed to unequivocally substantiate the causal liaison between exposure constituents and outcome variables, due to the intricate scenarios engendered by confounding elements and the phenomenon of reverse causality. In light of these inconsistencies and the limitations of observational studies in determining causality, genetic research methods such as Mendelian randomization (MR) can offer valuable insights. Experiments utilizing MR apply genetic variations, identified via genome-wide association analyses, as instrumental variables (IVs). These IVs aid in estimating the cause-and-effect relationship between environmental exposure and the intended outcome. This methodology allows for causality inference under certain circumstances, using the genetic variants as stand-ins for environmental exposure (17). Conceptualized as a natural randomized controlled trial, MR operates on Mendelian laws of inheritance, assigning parental alleles to progeny. This method delivers a higher degree of evidence and a lower susceptibility to confounding factors. Compared to observational epidemiological research, MR has a greater level of evidence. Therefore, conducting a bidirectional MR study could play a pivotal role in uncovering the elusive causal relationships between SUA and DN, potentially leading to more effective preventative measures and treatments.





Materials and methods




Study design

To investigate the potential causal relationships between SUA concentrations and the risk of DN, bidirectional univariate MR (UVMR) and multivariable MR (MVMR) analyses were developed. (Figure 1). This study posited SUA as the exposure, DN as the outcome variable. The choice of IVs for serum urate levels hinged on three crucial assumptions: (i) the selected genetic variant, acting as the instrumental variable, demonstrates a robust association with the exposure; (ii) the genetic variant maintains no connection with potential confounders; and (iii) the influence of genetic variants on the outcome is mediated exclusively via the exposure, eliminating the possibility of alternate pathways (18). Conversely, we probed the reciprocal impact of DN on SUA, acknowledging the potential for reverse causation. Consequently, to ensure a robust correlation between all instrumental variables and the exposure, only SNPs demonstrating a genome-wide significance with SUA levels were considered. Furthermore, these genetic variants needed to display independence and avoid linkage disequilibrium, signifying their random allocation at conception. Given the potential for horizontal pleiotropy, additional analyses leveraging alternative statistical methodologies were conducted. In addition, as body mass index (BMI), alcohol use, smoking, education attainment (EA), and physical activity may play confounding roles in the exposure to outcome pathway, further bidirectional MVMR analyses were conducted to estimate the direct causal effect of exposure on outcome. Compared with the UVMR hypothesis, assumption 1 of the MVMR refers to genetic variation linked with one or more exposures, and the remaining assumptions are aligned with the UVMR (19).




Figure 1 | Overview of research design and analysis strategy. Overview of the research design. Exposures come from SUA, with outcomes including DN. The MR framework is based on three fundamental MR assumptions, with MVMR analyses adjusting for ten mediating factors for positive results. MVMR, multivariate Mendelian randomization; UVMR, Univariate Mendelian randomization; BMI, body mass index; EA, education attainment; DN, diabetic neuropathy; SUA, Serum urate acid; HbA1c, Glycated Hemoglobin A1c; LDL-C, Low Density Lipoprotein Cholesterol; HDL-C, High Density Lipoprotein Cholesterol; TG, Triglyceride; IR, insulin resistance.







Data sources

DN (2,843 ncase and 271,817 ncontrol) data were obtained from the FinnGen consortium. The DN were defined by ICD-10 codes, with the phenotype adjusted for age, sex, and up to 20 genetic principal components. Instituted in Finland in 2017, the FinnGen study embarked on an expedition to collate and scrutinize genomic and health-related data from an expansive cohort of approximately half a million Finnish individuals (https://www.finngen.fi/en).

The data for SUA was sourced from the CKDGen consortium. The aggregated statistical data used in this study encompassed a total of 74 cross-ethnic studies involving 457,690 individuals, of which 288,649 were of European ancestry (20). The study adjusted for key components such as age, gender, and ancestry in the Genome-wide association studies (GWAS) meta-analysis and identified 183 urate-related genetic loci, with 147 being novel discoveries. Concurrently, the research designated a genetic urate risk score and significantly enhanced the prediction of gout risk for 334,880 participants.

Furthermore, we obtained genetic associations for BMI from the Genetic Investigation of Anthropometric Traits (GIANT) consortium (21), low density lipoprotein cholesterol (LDL-C), high density lipoprotein cholesterol (HDL-C), triglyceride (TG) from the Global Lipids Genetics Consortium (GLGC) (22), glycated hemoglobin A1c (HbA1c) from the Meta-Analyses of Glucose and Insulin-related traits Consortium (MAGIC) (23), insulin resistance (IR) from the Dupuis J et al (24), alcohol use from the Psychiatric Genomics Consortium (PGC) (25), EA from the GWAS of 1.1 million individuals conducted by the Social Science Genetic Association Consortium (SSGAC) (26), physical activity from the family GWAS consortium (27) and smoking were identified from the GWAS and Sequencing Consortium of Alcohol and Nicotine use (GSCAN), involving 1.2 million individuals (28).

A detailed presentation of the summary statistics from the data sources is available in Table 1; Supplementary File 1. Each investigation incorporated within the GWAS framework was sanctioned by the relevant ethical review panels. Written informed consent was procured from every participant involved. The data utilized in the present study maintain public accessibility.


Table 1 | Detailed information of data sources.







Genetic instrument selection

Within the framework of our MR studies, we treated the included SNPs as genetic IVs. To ensure the accuracy of the MR estimates, these SNPs were required to satisfy specific criteria:

(1) All SNPs chosen as IVs manifested a correlation with the respective exposure at a genome-wide significance threshold (P<5×10-8). (2) SNPs were ensured to be unassociated with any potential confounders and independent of one another to prevent biases stemming from linkage disequilibrium (r2 < 0.001, clumping distance = 10,000 kb); (3) F-statistics were employed to test for weak instrumental variables, and all of the F-statistics of the incorporated SNPs exceeded 10. A larger F-statistic indicates stronger instrument strength. We calculated an F-statistic (F=beta2/se2; beta for the SNP-exposure association (beta); variance (se)) for each SNP (29). (4) To maintain the robustness of the results, proxy SNPs were not used and MR-Steiger filtering was employed to eliminate variations demonstrating stronger correlations with outcomes than with exposures (30).(5) The effect of an SNP on exposure and the effect of that SNP on outcome must each correspond to the same allele. (6) If an SNP is absent in the outcome dataset, we employ the SNiPa online tool (http://snipa.helmholtz-muenchen.de/snipa3/) to locate the respective SNP. We calculated the variance explained by each assay SNP. This tool utilizes European population genotype data derived from Phase 3 of the 1000 Genomes Project. Subsequently, another SNP exhibiting linkage disequilibrium (r2 > 0.8) with the initial SNP is identified as a proxy SNP.





LDSC regression analysis

The linkage disequilibrium score (LDSC) regression analyses was applied to summary-level GWAS data to ascertain genetic correlations between the two distinct phenotypes. Initial stages of analysis involved employing munge_sumstats.py (https://github.com/bulik/ldsc/blob/master/munge_sumstats.py) to restructure summary statistics, and to eliminate variants that do not align with SNPs, such as indels, ambiguous strand SNPs, and duplicated SNPs. As a subsequent step, aligning with the methodology proposed by the original developers, we used the 1000 Genomes Project as the linkage disequilibrium (LD) reference panel to compute the LD score. In the final stage, the LDSC tool (https://github.com/bulik/ldsc) facilitated the assessment of genetic correlation between SUA, DN, and DPN.





Statistical analysis

In the process of UVMR analysis, the Wald ratio test was meticulously employed to scrutinize individual IVs. Subsequently, causal relationships involving multiple IVs (≥2) were systematically explored using the multiplicative random-effects inverse-variance-weighted (IVW) method. A fixed-effects model was implemented when the heterogeneity index I2 was less than 50%, further enhanced by the integration of both MR-Egger and weighted median approaches. In this framework, the IVW weighting has a direct correlation with the Wald ratio estimate for each SNP and an inverse relationship with the variance estimate of the Wald ratio for the specific SNP (31). In scenarios where all genetic variations are classified as valid, IVW yields both dependable and efficient estimations. Conversely, the weighted median method proves superior when a minimum of half of the genetic variations are evaluated as invalid, and the MR-Egger method is called upon when all genetic variations are considered invalid (32). Finally weighted mode and simple mode are used as complementary methods to increase the confidence of the results.

To ensure reliable MR estimates, a series of sensitivity analyses were conducted. Cochran’s Q test was utilized to evaluate the heterogeneity of each genetic variant, with a P-value under 0.05 indicating significant heterogeneity among the selected SNPs (33). Directional pleiotropy in our MR study was scrutinized using MR-Egger regression (34), and a P-value below the 0.05 threshold concerning the MR-Egger’s intercept may suggest significant directional pleiotropy. Although the MR-Egger method has relatively lower accuracy, its intercept can indicate the presence of directional pleiotropy (35). The MR-PRESSO method was employed to identify potential outliers and investigate horizontal pleiotropy, which is presumed if the global P-value falls below 0.05 (36). Any outliers would be removed to enhance the accuracy of the correction. Lastly, a leave-one-out analysis was conducted to evaluate the impact of individual SNPs on the overall results (37).

The study calculated R2 = 2×MAF×(1-MAF)×beta2, where MAF indicates minor allele frequency, of each instrumented SNP and summed the values for the coefficient necessary for the power calculator (38). We calculated the statistical power using the mRnd website (https://shiny.cnsgenomics.com/mRnd/) (39).






Results




Genetic instrument selection and genetic correlation between phenotypes

The research report indicates that the F-statistics for all IVs exceeded 100, signifying a substantial reduction in bias due to weak instruments. In both forward and reverse MR analyses, 89 (Supplementary File 2-Table 1) and 7 (Supplementary File 2-Table 2) SNPs were selected as IVs, accounting for 7.92% and 27.93% of the explained variance, respectively. We possess 75% statistical power to detect a correlation between SUA and DN, with an OR of 1.17.

LDSC analysis revealed a significant genetic correlation between SUA and DN (rg = 0.293, P = 2.60×10-5), and the SNP-based heritability (h²) for SUA and DN were found to be 9.64% and 1.05%, respectively.





Association of genetically predicted SUA with DN

In the forward MR analysis, scatter plots vividly displayed a positive correlation between SUA and DN (Supplementary File 1-Figure 1). Since an I2 of 42% (less than 50%) was detected, a fixed-effects model was also chosen to estimate the causal effect. The main method, IVW (fixed effects model), indicated that each increase of 1 mg/dL in SUA would increase the risk of DN by 17% (OR = 1.17, 95% CI 1.02~1.34, P = 0.02) (Figure 2). A random-effects result did not detect a causal relationship (OR = 1.17, 95% CI 0.971.39, P = 0.09). Further, the weighted median estimate was consistent with the primary method (OR = 1.27, 95% CI 1.02~1.57, P = 0.03), considering the main results robust, albeit with a wide 95%CI.




Figure 2 | Mendelian randomization association of genetically predicted SUA with DN using different statistical models. Odds ratios are scaled per 1 mg/dL increase in the genetically predicted serum urate level. IVW, inverse-variance-weighted method; MR, Mendelian randomization; MR-PRESSO, MR-pleiotropy residual sum and outlier; OR, odds ratio; CI, confidence interval; SUA, Serum urate acid; DN, Diabetic Neuropathy.



Sensitivity analyses confirmed the robustness of these results (Supplementary File 2-Table 3). MR-PRESSO did not find any outliers, but there was unavoidable horizontal pleiotropy (P < 0.05). Leave-one-out analysis further substantiated that the causal relationship was not influenced by any individual SNP. The symmetry of the funnel plot was maintained, and after performing the steiger test, the causal relationship remained significant, bolstering the stability of our findings (Supplementary File 1-Figure 1).

In the reverse MR analysis (Supplementary File 1-Figure 2), the primary analytical method indicated that there was no causal association between genetically predicted DN and SUA (OR = 1.00, 95% CI 0.98~1.01, P = 0.97) (Supplementary File 2-Table 4). The estimates from Supplemental Methods were consistent with this finding. A series of sensitivity analyses revealed no outliers, pleiotropy, or heterogeneity, and the results were not distorted by any individual SNP. Thus, the findings are robust (Supplementary File 2-Table 3).





MVMR analysis adjusted for ten confounders

In the MVMR analysis (Figure 3), after adjusting for potential confounders such as LDL-C, physical activity, IR, and alcohol use, the causal association between SUA and DN was no longer significant (P > 0.05). This suggests that the partial causal relationship of SUA on DN might be mediated through these phenotypes.




Figure 3 | The effect of potential confounders was adjusted individually. BMI, body mass index; CI, confidence interval; LDL-C, Low Density Lipoprotein Cholesterol; HDL-C, High Density Lipoprotein Cholesterol; TG, Triglyceride; IR, insulin resistance; EA, Education Attainment; HbA1c, Glycated Hemoglobin A1c.








Discussion

This study conducted a comprehensive MR analysis to delve into the relationship between genetic predisposition to SUA levels and DN. The MR findings corroborate prior epidemiological studies (11–14), establishing a causal link between elevated SUA levels and an increased risk of DN. Additionally, no reverse causal association was identified between DN and SUA. Further MVMR analysis indicated that physical activity, LDL-C, IR, and alcohol use may mediate a portion of this causal relationship.

Previous research has suggested a connection between SUA and DN, with findings indicating an association between SUA and a heightened risk of DN (40–43). A meta-analysis involving 12 studies with 6,134 patients supported that hyperuricemia independently correlates with an elevated risk of peripheral neuropathy amongst patients diagnosed with type 2 diabetes (44). However, prior studies have reported conflicting findings regarding the connection between generalized SUA and DN (15, 16). Specifically, a cross-sectional study found no association between hyperuricemia and diabetic polyneuropathy (45). Moreover, SUA is a recognized risk factor for diverse conditions such as Alzheimer’s disease, sudden cardiac death, and gout.

SUA acts as a surrogate marker for oxidative stress, where environments with elevated uric acid can trigger oxidative stress, intimately tied with inflammation (46, 47). Oxidative stress epitomizes a disparity between reactive oxygen species (ROS) and the body’s inherent antioxidant defense mechanism (48). Chronic hyperglycemic disorders can incite protein glycation and stimulate an increase in free radicals, including ROS. At the same time, the antioxidant defense system suffers impairment in these hyperglycemic conditions (49, 50). Additionally, SUA promotes inflammatory responses and activates inflammatory pathways (51). A specific study revealed that uric acid innately incites inflammation by direct activation of the NLRP3 inflammasome, resulting in an upsurge in IL-1β and IL-18 expression within lung macrophages (52). Uric acid can penetrate the blood-brain barrier and initiate an inflammatory response through the activation of the NFκB-mediated inflammation pathway (53). High uric acid levels might aggravate these conditions, leading to nerve cell damage and inflammatory responses that could precipitate DN. Meanwhile, Uric acid is observed to interfere with nitric oxide (NO) synthesis, inciting vascular endothelial dysfunction (54). NO is known to dilate blood vessels and enhance local tissue perfusion (55). NO deficiency may contribute to nerve ischemia and hypoxia, further intensifying the progression of diabetic neuropathy. Recent findings have demonstrated uric acid’s role in influencing insulin secretion by escalating oxidative stress in β cells (56), thereby triggering insulin resistance. This insulin resistance is closely associated with the development of neuropathy and could deteriorate glycemic control further, exacerbating oxidative stress and inflammatory responses.

Considering the intrinsic limitations of observational studies, these investigations might not eliminate the influence of unobserved confounding factors and reverse causality. Observational studies typically emphasize correlation over causation. Despite some data suggesting a link, the causal relationship between SUA and DN is yet to be definitively established. We employed MR analysis to explore the genetic basis of the causal relationship between SUA and DN, aiming to negate these biases and confounders. The results of this analysis support that SUA is a risk factor for DN. As blood uric acid levels can be modified, uric acid-lowering therapy may offer preventive or therapeutic advantages in patients with DN.

Further MVMR analyses underscored the significance of physical activity, LDL-C, IR, and alcohol use. Firstly, physical activity impacts metabolic health and systemic inflammatory responses. Regular exercise has been shown to enhance insulin sensitivity, a notion that’s also supported by a NHANES study conducted by Yajuan Lin et al. (57). Secondly, Hui Zhang and colleagues have demonstrated that elevated LDL-C can instigate endothelial dysfunction and inflammation, exacerbating the pathophysiology of diabetic neuropathy (58). Additionally, a meta-analysis by Dovell et al. has pointed out a link between increased SUA and heightened IR (59), which further amplifies the risk of DN. Lastly, chronic alcohol consumption not only elevates serum urate levels but can also directly impact glucose metabolism and intensify the risk of neuropathic complications (60, 61). Hence, this suggests a multifaceted approach to the management of diabetic neuropathy, considering these factors collectively.

Our study possesses several strengths. This MR study is the first to establish a causal relationship between SUA and DN. All the SNPs set as IVs were derived from the European population, thereby reducing the likelihood of population stratification bias and enhancing the validity of the bidirectional MR assumption. Our robust tools employed in this study (e.g., an F statistic significantly exceeding 10) should mitigate potential bias from sample overlap. However, our study is not without its constraints. Some of the first selected exposures originated from the UKB cohort and the lack of other GWAS studies prevented a positive control analysis. Finally, due to the availability of only summary-level GWAS data, further subgroup analyses were precluded.





Conclusion

To encapsulate, our MR study establishes a causal link between elevated SUA levels and increased risk of DN, with no evidence for a reverse association. The potential therapeutic role of urate-lowering strategies in DN management warrants further investigation.
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Objective

Sex steroid hormones are associated with the advancement of metabolic diseases such as dyslipidemia. This cross-sectional study aimed to investigate the relationship between dehydroepiandrosterone, dehydroepiandrosterone sulfate, androstenedione, and testosterone levels and the risk of dyslipidemia in people with type 2 diabetes mellitus.





Materials and Methods

The analysis included 1,927 patients with type 2 diabetes mellitus. Serum dehydroepiandrosterone, dehydroepiandrosterone sulfate, androstenedione, and testosterone levels were determined using lipid chromatography-tandem mass spectrometry. Multivariable analyses were performed to investigate the association between the variables and dyslipidemia.





Results

The multivariable-adjusted odds ratio (OR) and 95% confidence interval (CI) of dyslipidemia across DHEA tertiles were 0.39 and 0.24-0.64, respectively (p trend = 0.001). This relationship was still maintained when analyzed as a continuous variable (odds ratio, 0.96; 95% confidence interval, 0.92–0.99; P < 0.01). However, in males with type 2 diabetes mellitus, no significant correlations were found between rising levels of dehydroepiandrosterone sulfate, androstenedione, and total testosterone and the risk of dyslipidemia (all P > 0.05). Furthermore, there was no significant association between androgen precursors and total testosterone with regard to the risk of developing dyslipidemia (all P > 0.05).





Conclusions

Serum dehydroepiandrosterone levels were substantially and adversely correlated with dyslipidemia in adult men with T2DM. These results indicated that dehydroepiandrosterone may have an essential role in the development of dyslipidemia. More prospective research is required to validate this link.
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Introduction

Dyslipidemia is a prevalent problem in people with type 2 diabetes mellitus (T2DM), presenting with varied manifestations depending on the amount and/or quality of lipoproteins. Primary and secondary dyslipidemia, which have strictly inherited origins, and dyslipidemia caused by other diseases or pathological conditions are frequently distinguished depending on the etiology. Genetic mutations are the most common cause of primary dyslipidemia. Secondary dyslipidemia is caused by other conditions (such as diabetes or obesity), with the latter being more common (1, 2). Patients with T2DM are more likely to develop coronary artery disease as a result of a type of secondary dyslipidemia known as diabetic dyslipidemia (3). Cardiovascular disease is the leading cause of morbidity and mortality in patients with diabetes, and it is highly influenced by dyslipidemia (4). Diabetic dyslipidemia is characterized by increasing low-density lipoprotein cholesterol (LDL-C) and triglyceride (TG) levels and decreased high-density lipoprotein cholesterol (HDL-C) levels (5).

Dehydroepiandrosterone (DHEA) and its sulfate ester dehydroepiandrosterone sulfate (DHEAS) are precursors of sex hormones secreted by the adrenal cortex (6, 7). In particular, DHEA is produced by the adrenocorticotropic hormone (ACTH) reaction and is converted into androstenedione, which is metabolized in the liver by dehydrogenation to testosterone or aromatization to estrogen (8). In the human body, the two most abundant cyclic steroid hormones are DHEA and DHEAS (9). DHEA and DHEAS blood concentrations in men and women reduce with age (10, 11). DHEA has been found to improve diabetes and obesity in animal models. DHEA may alleviate diabetes by increasing pancreatic insulin output as well as insulin sensitivity in the liver, fat, and muscle (12–14). Furthermore, by decreasing lipid synthesis and raising resting metabolic rate and calorie output, DHEA may have anti-obesity benefits (15, 16). However, the connection between DHEA and dyslipidemia remains unclear.

The purpose of this cross-sectional study was to investigate the link between DHEA, DHEAS, testosterone, and androstenedione levels and the risk of dyslipidemia in T2DM patients.





Materials and methods




Study participants

Medical records from 2,107 T2DM patients were evaluated between October 12, 2020, and June 30, 2022. All patients were treated at Tianjin Medical University General Hospital’s Department of Endocrinology and Metabolism, and their sex steroids hormone levels were assessed. When a person had numerous hospital records, only one of them was chosen. Patients under the age of 18 who did not have lipid data and pregnant women were excluded from the trial. Given that hormone usage can impact sex steroid hormone levels, this was also an exclusion criterion. Figure 1 depicts the patient-identifying method. Based on exclusion criteria, 1,927 T2DM individuals were enrolled in the final investigation.




Figure 1 | Flow chart of identification of study population. A total of 1,927 patients with T2DM were included in the final analysis based on the exclusion criteria. T2DM, type 2 diabetes mellitus.



The Tianjin Medical University General Hospital Institutional Review Board approved the project. The informed consent requirement (approval number: IRB2020-YX-027-01) was waived as the patient data were collected from the Department of Endocrinology and Metabolism’s electronic medical record and the patient’s identity was obscured.





Covariates

Age, sex, lifestyle factors, insurance, history of diabetes, hypertension, and dyslipidemia, height and weight, systolic and diastolic blood pressures (SBP, DBP), as well as blood levels for glycated hemoglobin (HbA1c), total cholesterol (TC), TG, LDL-C, HDL-C, uric acid (UA), ACTH, and C-reactive protein (CRP), were all taken from medical records. Body mass index (BMI) is computed by dividing a patient’s weight in kilograms by their height in meters squared. Cigarette smoking was defined as smoking more than one cigarette per day for at least one year, and participants were divided into three groups: never-smokers, prior smokers (those who had quit smoking for at least 6 months), and current smokers. Alcohol use was defined as consuming more than 400 mL alcohol/week > 1 year. Participants were divided into three groups: non-drinkers, former drinkers (characterized by temperance for at least 6 months), and current drinkers. The Endocrine and Metabolism Laboratory at Tianjin Medical University’s General Hospital used liquid chromatography-tandem mass spectrometry to evaluate the levels of androgen precursors. After the patients had fasted for at least 8 hours, venous blood samples were taken at 6 a.m. on the second day of admission. Our lab performed the steroid hormone assay as previously described (17–19).





Definitions

A fasting blood glucose (FBG) level of 7.0 mmol/L, a 2-hour plasma glucose level of 11.1 mmol/L, an HbA1c level of 6.5%, a self-identified diagnosis of diabetes, or usage of hypoglycemic drugs was considered diabetes (20). SBP of 140 mmHg, DBP of 90 mmHg, self-identified diagnosis of hypertension, or usage of antihypertensive medication were all considered hypertension (21). Dyslipidemia was defined as TC >6.20 mmol/L, LDL-C >4.13 mmol/L, TG >2.25 mmol/L or HDL-C <1.03 mmol/L, or usage of lipid-lowering drugs (22).





Statistical analyses

For continuous variables, standard deviations (SDs) and means are used to express normally distributed data, and the Student’s t-test was used to compare the groups. Interquartile ranges (IQRs) and medians were employed to represent non-normally distributed data, and the Mann–Whitney U test was employed to compare the groups. The chi-square test was used to compare results between the groups for categorical variables, which are expressed as numbers and frequencies.

The value and significance of the correlation coefficients of sex hormone concentrations in males and females were estimated using the Spearman’s correlations. To explore the influence of sex hormones on dyslipidemia, three models were adjusted for covariates. Model 1 was corrected for age; Model 2 was further adjusted for current alcohol and smoking use; and Model 3 was corrected for Model 2 plus BMI, type of insurance, T2DM duration, SBP, ACTH, and HbA1c. Testosterone, androstenedione, DHEAS, and DHEA levels were individually divided into tertile groups. The lowest tertile was utilized as the reference group for binary logistic regression analysis. After adjusting for age, BMI, current smoking, insurance type, current alcohol consumption, T2DM duration, SBP, and HbA1c, the dose–response relationship between sex hormones and dyslipidemia was analyzed with restrictive cubic splines. A p-value < 0.05 (two-tailed test) was considered significant for correlation intervals (CIs). IBM SPSS Statistics for Windows, version 25.0 (IBM Corporation, Armonk, NY, USA) was used for all analyses.






Results




Characteristics of the study participants

In the study’s male cohort of 1021, 786 (77%) of the participants had dyslipidemia. Table 1 shows that males with dyslipidemia had higher BMI, TG, FBG, UA, CRP, and creatinine (Cr) values, as well as a higher prevalence of hypertension than those in males with no dyslipidemia. However, the mean age, HDL-C, and duration of T2DM among males with dyslipidemia were lower than those in males with non-dyslipidemia (P < 0.05). In males with dyslipidemia, total testosterone (TT) and DHEA levels were decreased (P < 0.05).


Table 1 | Demographic characteristics and clinical parameters of patients with and without dyslipidemia (men, n=1021).



A total of 633 (69.9%) females met the criteria for dyslipidemia. Females with dyslipidemia had higher TC, TG, FBG, HbA1c, UA, and CRP levels but lower mean HDL-C levels than those of females without dyslipidemia (all P < 0.05). Similar to that of males, females with dyslipidemia had a higher prevalence of hypertension (all P < 0.05). Lower DHEA levels in females with dyslipidemia were also observed (P = 0.008; Table 2).


Table 2 | Demographic characteristics and clinical parameters of patients with and without dyslipidemia (women, n=906).







Prevalence of dyslipidemia by tertiles of TT, androstenedione, DHEA, and DHEAS levels

Figure 2 shows the prevalence of dyslipidemia assessed in males and females in tertiles of serum DHEA, DHEAS, TT, and androstenedione levels. As the serum DHEA level of tertile increased, the percentage of males with dyslipidemia reduced considerably, with 81.8%, 75.1%, and 74.1% in tertiles 1–3, respectively (P < 0.05). Moreover, in males, the prevalence of dyslipidemia rose with increasing TT level tertiles, with 79.7%, 74.5%, and 69.7% in tertiles 1–3, respectively (P < 0.05). Dyslipidemia was more common in females as DHEA level tertiles increased, with 74.8%, 69.9%, and 64.9% in tertiles 1–3, respectively (P < 0.05).




Figure 2 | Prevalence of dyslipidemia by tertiles of TT, androstenedione, DHEA, and DHEAS levels: (A) prevalence of dyslipidemia by DHEA level; (B) prevalence of dyslipidemia by DHEAS level; (C) prevalence of dyslipidemia by androstenedione level; (D) prevalence of dyslipidemia by TT level. The prevalence of dyslipidemia significantly decreased in line with increasing tertiles of serum DHEA levels in females (P = 0.008) and (P = 0.018) in males. The percentage of males with dyslipidemia significantly decreased in accordance with increasing tertiles of serum TT level (P = 0.002).







Relationships between DHEA, DHEAS, androstenedione, and TT levels with dyslipidemia risk

Table 3 shows the associations between the risk of dyslipidemia in males after correcting for DHEA, androstenedione, DHEAS, and testosterone levels, as well as confounding factors, in logistic regression analysis. After adjusting for relevant variables (age, current smoking, BMI, current drinking, T2DM duration, insurance type, SBP, ACTH, and HbA1c) in model 3, the risk of dyslipidemia was reduced with increasing serum DHEA levels (OR, 0.39, tertile 3 vs. tertile 1; 95% CI, 0.24–0.64, P < 0.001 for trend). Moreover, when DHEA level was measured as a continuous variable, each SD increase was related to a decrease of 4% in the odds of developing dyslipidemia in model 3 (OR, 0.96; 95% CI, 0.92-0.99; P = 0.009). Higher concentrations of serum androstenedione, TT, and DHEAS were not correlated with a higher risk of dyslipidemia (all P > 0.05).


Table 3 | Odds ratios of dyslipidemia among men by different types of androgens.



Table 4 illustrates that lower serum DHEA levels in females with T2DM were related to a higher OR of dyslipidemia in Models 1 (OR, 0.50; 95% CI, 0.34–0.73; P < 0.05) and 2 (OR, 0.49; 95% CI, 0.33–0.73; P < 0.05). When DHEA level was analyzed as a continuous variable, a 1-SD increase in serum DHEA level was associated with a 3% reduction in dyslipidemia risk in females in Models 1 (OR, 0.97; 95% CI, 0.95–0.99; P = 0.005) and 2 (OR, 0.97; 95% CI, 0.95–0.99; P = 0.003). In the fully corrected mode, however, this link was not statistically significant (OR, 0.98; 95% CI, 0.96–1.00; P > 0.05). There were no statistically significant connections between higher DHEA, androstenedione, and TT levels and the hazard ratio of dyslipidemia. (P > 0.05).


Table 4 | Odds ratios of dyslipidemia among women by different types of androgens.








Discussion

In this cross-sectional study, we present evidence for the connection of DHEA with the risk of developing dyslipidemia in T2DM patients. After correcting for potential confounders such as age, smoking, alcohol use, BMI, T2DM duration, insurance type, SBP, ACTH, and HbA1c levels, we found that lowered serum DHEA levels in males with T2DM are independently associated with the risk of dyslipidemia. In females with T2DM, DHEA levels and the risk of dyslipidemia had no statistically significant connection. Moreover, there was little association between androstenedione, TT, and DHEA levels and the incidence of dyslipidemia in males and females with T2DM.

DHEA secretion in humans is age-related (23). DHEA is the primary byproduct of prenatal adrenal production, resulting in high circulating DHEA levels at birth. Throughout the primary year of life, serum DHEA concentrations fall to nearly inconspicuous levels, which corresponds to the postnatal development of the fetal adrenal gland. DHEAS levels continue little until the sixth to the tenth year of life when they gradually increase due to increasing DHEA secretion from the adrenal reticular zone, a condition known as adrenal primordium (24, 25).

DHEA has been demonstrated to have a positive effect on the progression of T2DM. Yamaguchi et al. discovered that serum DHEA levels were considerably less in patients with T2DM having high blood insulin levels compared with those in controls and those with T2DM without high serum insulin levels (26). Previous research has linked raised serum DHEA levels to an elevated risk of coronary heart disease (CHD) in men. Lower blood DHEA concentrations were connected with the occurrence of CHD, regardless of established risk factors, according to prospective research enrolling males between the ages of 40 and 70 (27). Low-dose DHEA treatment enhanced vascular endothelial functionality and insulin sensitivity while decreasing plasminogen activator inhibitor type 1 concentration in a randomized, double-blind investigation of men with hypercholesterolemia (28). In a 1-year randomized controlled trial, a healthy population aged 60-79 years was administered 50 mg/day of taking DHEA, and their serum DHEAS levels were restored to young adult levels after 6 months. DHEA treatment enhanced the density of bone minerals in women, primarily at the femoral neck, Ward’s triangle, and upper radius. In men, no effect on bone turnover was observed (29). According to a 4-month cross over controlled study involving patients with adrenal insufficiency randomized to receive DHEA or placebo, DHEA significantly reduced TC and HDL-C levels and increased overall well-being, compared to placebo (30). In addition, among 270 postmenopausal women who participated in the observational Women’s Ischemia Syndrome Evaluation (WISE) study, decreased DHEAS levels were found to be linked with a higher probability of cardiovascular disease and all-cause death (31).

However, findings regarding the link between DHEA and dyslipidemia are inconsistent. In a previous meta-analysis, DHEA supplementation was administered to both older men and postmenopausal women. DHEA supplementation decreased fat mass in older men (32). When compared to a placebo group, DHEA did not affect glycemia, insulin, or TC. This action depends on the conversion of DHEA metabolites into androgens or estrogens. In another study, DHEA treatment had no impact on TC, HDL-C, LDL, TG, serum glucose, weight, or BMI in postpartum women (33). In a crossover of double-blinding placebo-controlled research, DHEA supplementation had no consequence on serum insulin, glucose, or lipid profiles in aged men (34). DHEA treatment increased the concentrations of TC, phospholipids, LDL-C, TG, and apo-B in rabbits with hyperlipidemia fed with an atherogenic diet. DHEA, a weakened androgenic and probable predecessor of androgens and estrogens, might affect sex hormone levels as well as serum lipid concentrations indirectly by altering the hormone environment (35).

Findings from animal studies indicate that DHEA supplementation may be effective in reducing chronic complications of diabetes, however, the mechanism is unknown. The db/db mouse was used as a T2DM animal model. Coleman et al. discovered that DHEA therapy decreased hyperglycemia, increased insulin sensitivity, and retained islet function and β-cell structure in db/db mice (36). Kimura et al. found that DHEA reduced serum TNF levels in Zucker fatty rats (37), whereas Aoki et al. discovered that DHEA suppressed increased glucose-6-phosphatase and fructokinase levels in C57BL/Ksj-db/db mice (38). Campbell et al. DHEA activates the PI3-kinase/AKT pathway in the liver and the PI3K/atypical PKCzeta/lambda pathway in muscle (39). These researchers concluded that DHEA supplementation could help prevent insulin resistance. As a result, we hypothesized that DHEA’s alleviated insulin resistance effect explains certain aspects of the inverse connection between DHEA and diabetic dyslipidemia. Furthermore, a hepatic androgen receptor deficiency decreases fatty acid oxidation and increases hepatic de novo lipogenesis by decreasing PPARα expression, which causes hepatic steatosis and insulin resistance (40). This may also explain the link between low serum DHEA levels and dyslipidemia. The lack of a significant relationship between DHEA and dyslipidemia in women may be because of estrogenic protective mechanisms that improve lipid metabolism by preventing the accumulation of white adipose tissue by decreasing fatty acid and triglyceride production and lipogenesis (41).

There are some limitations to the current investigation. The association of DHEA, DHEAS, testosterone, and androstenedione with dyslipidemia does not establish a causal association due to the cross-sectional methodology. Second, we did not collect data on all the characteristics associated with dyslipidemia, such as eating habits, which may have limited our multivariable analysis. Third, the sample size was limited. As a result, future studies should rely on larger sample sizes. Fourth, because the study’s population was drawn from hospitalized patients, the results may not fully reflect the general community, which should be included as a control in future research. Finally, because this trial enrolled patients with T2DM, the results might not accurately reflect the general diabetic community.

As a result, after controlling for risk variables, lower serum DHEA levels in males with T2DM were found to be correlated with the risk of dyslipidemia. Interestingly, no associations were identified among DHEAS, androstenedione, testosterone, and the incidence of dyslipidemia in either males or females. According to our data, DHEA may play a part in the progression of dyslipidemia in males with T2DM. More prospective research is required to validate this link.
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Objective

This prospective study aimed to evaluate the effect of beinaglutide combined with metformin versus aspart 30 with metformin on metabolic profiles and antidrug antibodies (ADAs) in patients with type 2 diabetes (T2D).





Methods

A total of 134 eligible participants were randomly assigned to the test group and the control group. Patients in the test group were treated with beinaglutide and metformin, whereas patients in the control group were randomly treated with aspart 30 and metformin, with a follow-up period of 6 months. The metabolic profiles and ADAs over 6 months were evaluated.





Results

After 6 months, 101 (75.37%) patients completed the study. Compared with the control group, the beinaglutide group had significant reductions in 2-h postprandial blood glucose (2hBG) and low blood glucose index (LBGI). Glycated hemoglobin (HbA1c) decreased in both groups relative to baseline. In the test group, one had treatment-emergent beinaglutide ADAs. Significant reductions in triglycerides (TG), non-fasting TG, weight, waist circumference (WC), and body mass index (BMI) were observed. The values of insulin sensitivity index (HOMA-IR) were decreased to a statistically higher degree with beinaglutide treatment.





Conclusion

Beinaglutide reduces metabolic dysfunction, LBGI, and weight in patients of T2D with a low risk of ADAs. Beinaglutide may offer the potential for a disease-modifying intervention in cardiovascular disease (CVD).





Clinical trial registration

www.chictr.org.cn, identifier ChiCTR2200061003.





Keywords: type 2 diabetes, beinaglutide, anti-drug antibodies, non-fasting triglyceride, cardiovascular disease





Introduction

Type 2 diabetes (T2D) epidemic is a major health concern, and obesity is contributing to the increase in T2D prevalence (1). T2D is currently considered a systemic disease in which there is dysfunction in multiple organs and tissues (2). Disturbed glucose levels due to obesity-related insulin resistance or release of inflammatory factors cause endothelial and smooth muscle cell dysfunction (3). Thus, microvascular and macrovascular complications are common complications of T2D and the latter remains the most common cause of death (4). People with diabetes have a 1.6 to 2.6 times increased risk of cardiovascular disease (CVD) compared with non-diabetics (5). Obesity and dyslipidemia are important contributors to the increased risk of CVD. Recently, triglyceride (TG) levels have become a predictor and therapeutic target for reducing CVD (6). In clinical practice, serum TG values are usually measured after an 8–12-h fast to avoid the effects of diet. However, most people are not fasting except for a few hours in the early morning. Therefore, fasting serum TG levels may not reflect average daily serum TG levels, which may have a greater impact on atherosclerosis (7). Therefore, the non-fasting period reflects the true atherosclerotic load better than the fasting period (8).

Glucagon-like peptide-1 receptor agonists (GLP-1RAs) are a new emerging drug class in treatment of T2D that act on several targets including the pancreatic β-cell, liver, kidney, brain, and CV system (9). In general, GLP-1 RAs reduce body weight, lower blood pressure, and positively affect the lipid profile (10). Other pleiotropic effects could involve protection against CVD since GLP-1 receptors have been found in the heart and endothelium (11). Different homologies to human GLP-1 (7–36) among GLP-1 RAs may result in various actions, efficacy, and tolerability of these medications in the administration (12). Beinaglutide is one of the GLP-1 RAs that have 100% homology to human GLP-1 approved in China for the treatment of patients with T2D (13). Previous studies have shown that patients with T2D who were treated with beinaglutide for 3 months have a mean reduction in body weight of 10.05 kg and improved glycemic control (14). Currently, there is still limited evidence for the incidence of antidrug antibodies (ADAs) and the effect on non-fasting TG levels of beinaglutide. The aim of this study was to evaluate the effect of beinaglutide combined with metformin versus aspart 30 with metformin on metabolic profiles including glucose and lipid profile and ADAs of beinaglutide in patients with T2D.





Methods




Study design and participants

A prospective randomized controlled study was conducted from 14/02/2020 to 26/08.2022 in Qingpu Hospital Affiliated to Fudan University. Ethical approval was obtained by the Ethical Committee of Qingpu Hospital Affiliated to Fudan University (ID number: IEC-C-007-A08-V.03), and all participants provided a written informed consent. The study was also registered on www.chictr.org.cn (ID number ChiCTR2200061003).

Sample size was determined based on glycated hemoglobin (HbA1c), a key variable from previous studies (15). Considering a = 0.05 and statistical efficacy 1 − b = 0.8, the sample size was calculated as 47 cases in each group. Of 490 prescreened T2D patients, 449 met the eligibility criteria. Taking into account the 30% dropout rate, a total of 134 participants (67 per group) were included in the study. All participants diagnosed with T2D according to World Health Organization (WHO) 1999 criteria (16) underwent monotherapy with metformin but with poor metabolic control (7%≤ HbA1c ≤10%). Inclusion criteria included the following: subjects willing and able to comply with the requirements of the trial program and agree to sign the informed consent form; subjects aged 18–65 on the date of signing the informed consent form (including the threshold); at least 8 weeks of stable treatment with metformin alone (daily dose ≥1,000 mg) prior to screening; body mass index (BMI) of 22.0–40.0 kg/m2 (both extremes) at screening and change in body weight (difference between maximum and minimum body weight in 3 months) of not more than 5 kg in the 3 months prior to screening. The following were the exclusion criteria: treated with GLP-1RAs previously; acute complications of diabetes such as diabetic ketoacidosis (DKA) or hyperosmotic hyperglycemia syndrome (HHS) that occurred in the past 6 months; glucocorticoid treatment (oral or intravenous) that lasted for more than 7 days within 6 months; have a history of idiopathic pancreatitis, chronic pancreatitis, or gastrointestinal diseases; moderate to severe renal insufficiency or end-stage renal disease; there were significant cardiovascular and cerebrovascular events within 3 months; pregnant and lactating women.





Intervention

Participants who met the inclusion criteria were randomly divided into two groups at a 1:1 ratio. Patients in the test group (n = 67) were randomly treated with beinaglutide and metformin, whereas patients in the control group (n = 67) were randomly treated with aspart 30 and metformin, with a follow-up period of 6 months. The recommended dosage of beinaglutide is 0.1mg three times daily (tid) by subcutaneous injection in the upper arm, thigh, or abdomen. The dosage may be increased to 0.2 mg tid if the glycemic response is inadequate (17). The dosage of aspart 30 is determined by the endocrinologist according to the patient’s blood glucose (BG).





Outcomes

The primary objective of this study was to demonstrate the superiority of beinaglutide versus aspart 30 in reducing blood glucose and the low blood glucose index (LBGI) levels after 6 months. At the same time, the incidence of ADAs was used to assess the safety of beinaglutide. The secondary efficacy endpoints were lipid profile, especially non-fasting TG levels. Other endpoints were weight, waist circumference (WC), BMI, subcutaneous fat, and insulin sensitivity index (HOMA-IR).





Follow-up and outcome measurements

All participants were required to undergo anthropometric and laboratory examinations at baseline and after the intervention. Height (in centimeters) was measured using a wall-mounted height-measuring device, barefoot. Weight was measured with light clothing and no shoes, and the same electronic scale is used before and after the intervention. The previous calibration error may be ±100 g. BMI is calculated in kg/m2. WC is measured while standing, with the tape measure placed above the umbilical cord, against the skin.





Blood samples

Venous blood was drawn at 5:30 am after fasting for 12 h. Blood samples were sent to the laboratory within an hour. The serum levels of fasting blood glucose (FBG), total cholesterol (TC), TG, low density lipoprotein (LDL) cholesterol, and high density lipoprotein cholesterol (HDL) were measured using the standard enzymatic procedure (Hitachi LABOSPECT 008 AS, Japan).

Non-fasting TG was taken 120 min after eating 100 g of standard carbohydrate provided by China Foods Limited (Beijing, China) (18). Blood was used with K2EDTA anticoagulant for HbA1c and determined by high-performance liquid chromatography (HPLC) (Tosoh HLC-723G11, Japan).

The commercial Roche test on the Cobas 8000/801 automatic analyzer (Roche Diagnostics, Mannheim, Germany) was used to measure fasting insulin (FI) by electrochemiluminescence (ECL). HOMA-IR was calculated by the formula HOMA-IR = FBG (mmol/L) × FI (mIU/L)/22.5 (19).

LBGI was used to evaluate the frequency and degree of hypoglycemia based on the mathematical processing of BG measurements. The specific calculation methods were as follows:

1) The BG value was transformed:

	

Xi is the converted BG; G is the measured BG.

2) The risk value for BG was calculated according to Xi:

	

N is the total number of blood glucose measurements; rl is the risk of hypoglycemia (Xi<0) (20).

ADAs of beinaglutide were measured by the electrochemiluminescence method, which is based on beinaglutide labeled with biotin and metal ruthenium, using the classic bridging principle to detect ADAs against beinaglutide in human serum. The ruthenium in the complex “biotin-labeled beinaglutide–ADAs–ruthenium-labeled beinaglutide” excites a light signal value at 620 nm and is captured by an MSD (Meso Scale Discovery) instrument. The captured signal intensity is proportional to the titer of ADAs.





Statistical analysis

Baseline and post-intervention data were summarized as mean and standard deviation (SD) for normal variables, median and quartile ranges for abnormal variables, and number and percentage for categorical variables. Baseline and 6-month follow-up characteristics of each group were compared using an independent two-sample t test or chi-square test. Paired t test was used to compare the differences before and after the same intervention. The missing values were interpolated with the mean. Double-tailed P value<0.05 was considered statistically significant. SPSS Statistics 25 (IBM) software was used for statistical analysis.






Results

Table 1 shows the baseline demographic characteristics of the study population. There were no significant differences in clinical and biochemical indexes among all groups. Of the 490 prescreened patients, 134 agreed to participate in the study. Of the 134 participants with T2D starting on treatment, 101 patients completed the study (Figure 1).


Table 1 | Patients’ characteristics on baseline.






Figure 1 | Study design and flowchart.



Compared with the control group, the beinaglutide group had significant reductions in 2hBG (p< 0.01) and LBGI (p = 0.02) (Table 2). HbA1c decreased in both groups relative to baseline (p< 0.01) (Table 2). There was no significant difference in HbA1c levels between groups (p = 0.86). In the beinaglutide group, one had treatment-emergent beinaglutide ADAs, exhibiting low titers. For the lipid profile, beinaglutide significantly reduced FTG and non-fasting triglyceride (TG) levels after 6 months of supplementation (p<0.01) (Table 2). At the same time, significant reductions in weight, WC, hip, and BMI were observed (p<0.05) (Table 2). The values of HOMA-IR were decreased to a statistically higher degree with beinaglutide treatment (p<0.01) (Table 2).


Table 2 | Comparison of the differences between groups.







Discussion

This study aimed to evaluate the efficacy and safety of beinaglutide in treatment of T2D. After 6 months, HbA1c decreased in both groups relative to baseline and the beinaglutide group had significant reductions in 2hBG compared with the control group. The LBGI of the test group was significantly lower than that of the control group, and no patient experienced hypoglycemia in the test group, suggesting that beinaglutide offered a treatment option that improved glycemic control with a low risk of hypoglycemia. Similar results were obtained in the study by Gao, Lijun et al. (13). Beinaglutide is a short-acting recombinant human GLP-1 (21). GLP-1, as a type of incretins, secreted from L cells in the distal ileum and colon within minutes of oral glucose load (22). Islet B cells contain GLP-1 receptors that, when activated by GLP-1, enhance insulin secretion. Incretins are responsible for around 50% to 70% of total insulin release (23). This clarifies why, around 50 years ago, it was observed that oral glucose intake leads to higher insulin release compared with an equal amount of intravenous glucose (23).

Beinaglutide is a recombinant human GLP-1 analog with an identical amino acid sequence to native human GLP-1 (24). Zhang et al. postulated that beinaglutide may facilitate its beneficial effects by stimulating GLP-1R-dependent 3′5′-cyclic adenosine monophosphate (cAMP) generation in HEK 293 cells (12). This in turn augments insulin secretion in mice in response to glucose. Furthermore, beinaglutide has a half-life of approximately 5 min (25), akin to the half-life of endogenous GLP-1, which ranges from approximately 1.5 to 5 min. Consequently, compared with other long-acting GLP-1 receptor agonists, beinaglutide has a shorter onset time, rapidly reduces blood glucose levels, and more effectively controls postprandial blood glucose. At the 6-month follow-up in this study, the beinaglutide group showed a significant improvement in their 2hBG levels when compared with the control group. Additionally, the level of HbA1c decreased significantly from the initial value, and this reduction was as effective as that achieved with aspart 30. However, beinaglutide carries a reduced hypoglycemia risk. At the 6-month follow-up, the beinaglutide group exhibited significantly lower LBGI levels compared with the control group, which can be attributed to beinaglutide’s glucose-dependent hypoglycemic mechanism (26). In this study, antidrug antibodies to beinaglutide, a compound exhibiting 100% homology with human endogenous GLP-1 and minimal immunogenicity, were detected for the first time. Out of the 49 patients in the beinaglutide group, one patient generated ADAs during the 6 months of treatment. The patient with treatment-emergent beinaglutide ADAs showed a significant increase in FBG and HbA1c compared with baseline at the 6-month follow-up, and no weight loss was observed (Figure 2), indirectly confirming the production of ADAs. This patient was not observed to have a progressive increase in titers in 6 months. In summary, beinaglutide exhibits low hypoglycemia risk, minimal immunogenicity, and strong safety while effectively lowering blood glucose levels.




Figure 2 | Clinical indicators of the patient with treatment-emergent beinaglutide ADAs.



Postprandial elevated lipid levels are a significant aspect of dyslipidemia in patients with T2DM and are linked to atherosclerosis (5). Animal experiments have shown that beinaglutide can counteract weight gain from a high-fat diet, promote fat storage in adipose tissue, and improve the lipid profile associated with obesity (24). This study examined the effect of beinaglutide on non-fasting TG in T2D subjects for the first time, with a prominent decrease after use. In the fasting state, only hepatogenic lipoproteins are present in plasma, whereas in the non-fasting state, enterogenic lipoproteins coexist with hepatogenic lipoproteins in plasma (27). The development of atherosclerosis begins with damage to the endothelium of the artery, after which lipoproteins enter the intima (28). The monocytes are then activated and transformed into foam cells in the lining of the artery; then, the foam cells collect cholesterol and triglycerides from the blood (29). The exact mechanism through which GLP-1 and GLP-1 RAs influence postprandial lipid and lipoprotein metabolism is not fully elucidated at this time. However, it is commonly associated with enhanced clearance of intestinal lipoproteins. Beinaglutide, a recombinant human GLP-1, notably slows down the emptying of the stomach (30), a trait shared to some extent by the GLP-1 RAs used in clinical practice. This delayed gastric emptying results in a postponement of the passage of high-fat foods into the small intestine. GLP-1 suppresses gastric lipase secretion and intestinal movement (31). The findings of this study suggest that beinaglutide is effective in reducing body weight, alleviating insulin resistance, and improving insulin sensitivity. Insulin is a strong stimulator of lipoprotein lipase, speeding up the removal of triglyceride-rich particles after meals (32). In conclusion, it is plausible to suggest that various mechanisms, including those mentioned, could contribute to the impact of beinaglutide and other GLP-1 RAs on postprandial lipid metabolism. This study demonstrated that beinaglutide can influence postprandial TG in an “anti-atherogenic” fashion in patients with T2D, which related to atherosclerosis and CVD outcomes (5).

Our study had some limitations. Firstly, it was a randomized but not a placebo controlled trial. Secondly, it is a non-multicenter, non-double-blind study with a short follow-up time. Thirdly, only the ADAs of beinaglutide in the test group were tested, and the number of subjects was relatively small. All of this might have significantly affected the quality of the data.





Conclusion

Our study has indicated that beinaglutide improved glycemic control with a low risk of hypoglycemia and low titers of beinaglutide ADAs. In addition, beinaglutide reduced non-fasting TG, slowing atherogenesis and the progression of CVD via direct and indirect mechanisms, which may be a benefit beyond its pleiotropic effects.
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Introduction

It’s not clear whether there are differences in musculoskeletal damage and body composition among different age groups of type 2 diabetes. Therefore, the purpose of this study is to analyze the difference between early-onset type 2 diabetes (EOT2D) and non-early-onset type 2 diabetes (NOT2D) in musculoskeletal damage.





Methods

A total of 964 patients with type 2 diabetes mellitus were selected by 1:1 propensity score matching, including 534 males and 430 females, with an average age of 52 ± 7 years and an average course of 10 ± 8.5 years. Bone mineral density and body composition were measured, and combined with biochemical tests, linear regression and binary logic regression were used to analyze the relationship between EOT2D, NOT2D and musculoskeletal damage. In addition, 414 patients with T2DM were selected according to whether they were hospitalized twice or not, and the median follow-up period was 44 months. COX survival analysis further elucidates the relationship between EOT2D, NOT2D and musculoskeletal damage.





Results

Compared with patients with non-early-onset type 2 diabetes, A/G was negatively correlated with the age of onset, and had statistical significance. EOT2D has a higher risk of sarcopenia, osteoporosis and even musculoskeletal damage. With the prolongation of the course of the disease, the risk of muscle mass and/or bone mineral density decrease in EOT2D increases.





Conclusion

EOT2D brings a greater risk of sarcopenia and/or osteoporosis, as well as a higher risk of reduced ASM and BMD. In addition, fat distribution may be more central.





Keywords: onset-age, diabetes, osteoporosis, sarcopenia, musculoskeletal damage




1 Introduction

A recent national survey shows, the prevalence of type 2 diabetes in the national survey from 2015 to 2017 was 11.2% (1). According to the data in 2019, the number of elderly diabetic patients in China is about 35.5 million, ranking first in the world, accounting for 25% of the elderly diabetic patients in the world, and showing a rising trend (2). The definition of diabetes high-risk group includes: (1) age greater than or equal to 40 years old, (2) overweight [body mass index (BMI) greater than or equal to 24kg/m2] or obesity (BMI greater than or equal to 28kg/m2) and/or central obesity (male waist circumference greater than or equal to 90cm, female waist circumference greater than or equal to 85cm), (3) dyslipidemia, (4) family history or prediabetes personal history, etc. (1). Some studies have shown that patients with type 2 diabetes mellitus (T2DM) tend to be younger (3). Age is used as the cut-off value for the type of diabetes, that is, early-onset diabetes (EOD, age ≤ 40 years old) and non-early-onset diabetes (NOD, age > 40 years old) (4). There is no comprehensive view on whether there is a difference between the two different types of diabetes.

Osteoporosis is an age-related disease (5). And some studies have concluded that T2DM is an independent risk factor for osteoporosis (6), can increase the risk of fracture (7). Recently, however, some scholars have suggested that osteoporosis may also be a kind of diabetic microvascular complication (7). Sarcopenia is also an age-related disease (8). It is similar to the mechanism of diabetic microvascular complications, which is mainly related to the expression of oxidative stress pathway (9–13). Musculoskeletal damage includes osteoporosis and sarcopenia, which have similar pathophysiological mechanisms and can worsen each other (14).

In clinical practice, we have observed that patients with T2DM are often accompanied by changes in body weight during the treatment. Other studies have shown that people with early-onset type 2 diabetes (EOT2D) are more obese (15). Combined with the diabetes, this involves a concept called “Metabolic Syndrome”, which includes hyperlipidemia, hyperglycemia, hypertension and abdominal obesity (16). Metabolic syndrome is a common risk factor for osteoporosis, which increases the risk of osteoporosis and fracture in patients with diabetes (16).

Weight gain and obesity have always been considered to be risk factors for diabetes (17). The development of musculoskeletal damage can be regard as a change in body composition. During the treatment of diabetes, we observed changes in body composition in many patients. The relationship between diabetes and musculoskeletal damage has been paid more and more attention by many scholars, and have also been fully studied. But there is no clear point of view on whether there are differences in the changes of musculoskeletal damage and body composition among diabetic people with different age of onset. Therefore, the purpose of this study is to expound the difference of musculoskeletal damage between EOT2D and non-early-onset type 2 diabetes (NOT2D).




2 Materials and methods



2.1 Research object

This study selected patients who were hospitalized in the Department of Endocrinology, the first affiliated Hospital of Fujian Medical University from April 2008 to November 2020, which is a cross-sectional study, and set the inclusion criteria as follows: (1) patients meeting the diagnostic criteria of T2DM (1); .(2) patients have complete data on body composition and bone mineral density (BMD), and improve the relevant biochemical tests. The exclusion criteria were as follows: (1) patients with type 1 diabetes, gestational diabetes and other special types of diabetes, type 2 diabetic ketoacidosis, type 2 diabetic hyperglycemia and hyperosmotic syndrome, hypoglycemia and lactic acidosis; (2) patients with acute and chronic infection, hepatic and renal insufficiency, cardiac insufficiency, malnutrition and malignant tumor; (3) patients have used or are using anti-osteoporotic drugs such as zoledronic acid and denosumab; (4) excluding the influence of secondary factors (such as hyperthyroidism, parathyroid dysfunction, chronic nephropathy, etc.), and refer to the guidelines for diagnosis and treatment of Primary Osteoporosis (5); (5) pregnant women or athletes. 5176 patients with type 2 diabetes were selected, and the selected patients were classified according to the age of onset. 1:1PSM was performed according to age and sex. Then the original data of 5176 patients with type 2 diabetes were screened according to whether they had two or more hospitalization experiences. Finally, 414 re-admitted patients were obtained, and a cohort study was conducted.




2.2 Research methods



2.2.1 Medical history collection and physical examination

By using the patient’s hospitalization number and ID card number for case retrieval, we record the patient’s age, sex, current history, course of type 2 diabetes, age of onset, medication history, past history, personal history and other basic data. and manually proofread it again and record them in the cross-sectional database. For the patients who have been hospitalized at least twice, we judge the order according to the hospitalization time, record the first and last hospitalization records, and check them manually and record them in the cohort database.

All patients underwent a comprehensive physical examination, including but not limited to height, weight, waistline, hip circumference, etc. Measurement of height and weight: getting up in the morning on an empty stomach, after emptying urine, the patient wore light clothes and stood barefoot on the measuring instrument (model: RGZ-120-RT), with both heels together, heel, sacrum and shoulders close to the post of the altimeter. Waist circumference, hip circumference measurement: the patient wears light clothing and the upper limbs are naturally abduction at an angle of about 45 degrees. Take 2 cm above the navel plane and use a soft ruler to surround the skin as closely as possible without pulling the soft ruler; then ask the patient to stand upright with legs together, the upper limbs droop naturally, take the most prominent part of the buttocks, circle around the horizontal plane through the pubic symphysis. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured after resting for at least 15 minutes. BMI equals weight (kg) divided by height squared (m2). Waist-to-hip ratio equals waist circumference (cm) divided by hip circumference (cm).




2.2.2 BMD and body composition examination

Dual energy X-ray absorptiometry (GE LUNAR company, prodigy) was used to detect the BMD. The nosocomial standard BMD model is used to correct the BMD of 1.000g/cm2 in the imaging examination room every year. The patients were tested by instrument, and the information of appendicular skeletal muscle mass (ASM), trunk fat mass (TFM), lumbar bone mineral density (L1-4BMD), left femoral neck bone mineral density (FNBMD), left hip joint bone mineral density (Hip-BMD) and android/gynoid ratio (A/G) were measured and recorded. Appendicular skeletal muscle mass index (ASMI) is equal to ASM divided by height2 (m2). Trunk fat mass index (TFMI) is equal to TFM divided by height2 (m2). Limb muscle mass/trunk fat mass (A/T) equals ASMI divided by TFMI.




2.2.3 Clinical biochemical examination

All patients fasting, fasting water, and did not get calories from other channels (such as infusion) for more than 8 hours to collect blood in the early morning. We selected glycosylated hemoglobin (HbA1c) (variant II glycosylated hemoglobin analyzer, Bio-Rad, HPLC), total cholesterol (TC), triglyceride (TG), high density lipoprotein cholesterol (HDL-C), low density lipoprotein cholesterol (LDL), creatinine (Cr), serum calcium concentration (Ca2+), Serum inorganic-phosphate concentration (P) level (German Siemens ADVIA2400 automatic biochemical analyzer). The glomerular filtration rate (eGFR) of each patient was calculated by Cr. The selection of the formula was determined by the patient’s serum creatinine concentration and sex, as follow: female patients with Cr ≤ 62mmol/L: eGFR=144 × (Cr/62) ^ (- 0.329) × 0.993 ^ (age); female patients with Cr > 62mmol/L: eGFR=144 × (Cr/62) ^ (- 1.209) × 0.993 ^ (age); male patients with Cr ≤ 80mmol/L: eGFR=141 × (Cr/80) ^ (- 0.411) × 0.993 ^ (age). male patients with Cr > 80mmol/L: eGFR=141 × (Cr/80) ^ (- 1.209) × 0.993 ^ (age) (18). Insulin release test was performed to extract and detect the levels of serum C-peptide and blood glucose at the time of 0min, 30min and 120min. Measurement of urinary Microalbumin/creatinine in morning urine samples.






3 Diagnosis and definition



3.1 Early-onset type 2 diabetes and non-early-onset type 2 diabetes mellitus

According to the age of onset, patients with type 2 diabetes can be divided into patients with early-onset type 2 diabetes (onset age ≤ 40 years old) and non-early-onset type 2 diabetes patients (onset age > 40 years old) (4).




3.2 Chronic complications of diabetes mellitus



3.2.1 Diabetic nephropathy

After excluding nephropathy caused by other non-diabetic factors, the diagnostic criteria of diabetic nephropathy (DN) were eGFR < 60mL/min and/or ACR > 30mg/g, lasting for 3 months (19, 20). Because this study is mainly a cross-sectional study, at least one of the patients whose renal function reaches eGFR < 60mL/min and/or ACR > 30mg/g is considered to have diabetic nephropathy. In order to reduce the error, we confirm whether the previous diagnosis of DN is based on the patient’s case data.




3.2.2 Diabetic retinopathy

Regardless of whether the patient has vision loss or not, we recommend that the patient complete the fundus examination. Fundus examination is performed by professional ophthalmologists after mydriasis. Fundus examination after mydriasis showed typical retinal changes, including microhemangioma, hemorrhage and exudate (21).




3.2.3 Diabetic peripheral neuropathy

Possible symptoms of diabetic peripheral neuropathy (DPN) include loss of sensation and numbness or tingling of the lower extremities, tingling or burning pain; these signs may include a decrease in symmetry of the distal sensation or a significant decrease or loss of ankle reflex (22). We use acupuncture to measure pain, 10g nylon for touch, temperature tester for temperature, standard 128Hz tuning fork for vibration, and tendon hammer for ankle reflex (23). This study referred to the clinical diagnostic criteria recommended by the International Conference on Diabetic Peripheral Neuropathy in Toronto in 2009 (22): (1) definite history of diabetes; (2) peripheral neuropathy during or after diagnosis of diabetes; (3) clinical symptoms and signs consistent with the manifestations of DPN; and (4) any one of the following five examinations (acupuncture pain, tactile pressure, temperature, vibration, ankle reflex) in patients with clinical symptoms (pain, numbness, sensory abnormality, etc.). If there are no clinical symptoms, any 2 of the 5 examinations are abnormal, which can be diagnosed as DPN. And neuropathy caused by other causes was excluded at the same time.




3.2.4 Diabetic foot

According to the guidelines of the National Institute of Health and Nursing Excellence, diabetic foot (DF) is defined as an active diabetic foot problem: ulcers, transmitted infections, severe ischemia, gangrene, suspected acute Charcot’s arthropathy, or unexplained fever, redness, swollen feet, or no pain (24).





3.3 Sarcopenia

We use the standards developed by the Asian Working Group on Sarcopenia to diagnose sarcopenia when the Appendicular skeletal muscle mass of the patient is corrected by height2 (m2), male < 7.0kg/m2, female < 5.4kg/m2 (8, 25). Have study shown that muscle mass is decreasing at a rate of about 2% a year (26). Therefore, we set the change rate of ASM measured in two hospitalizations to be more than 2%, which can be determined as a change in muscle mass. Therefore, patients can be divided into three groups: ASM loss group (ASM <-2%), ASM slight change group (ASM from-2% to 2%), ASM improvement group (ASM > 2%).




3.4 Osteoporosis

According to the standards set by the World Health Organization (WHO), osteoporosis means that the BMD of the lumbar vertebrae, hips, femoral neck and distal radius is lower than or above the average 2.5SD of the same age (T-Score ≤-2.5) (5, 27). Studies have shown that the minimum significant change in BMD is set at 3%, that is, a change in BMD of more than 3% is considered to have changed from the previous (28). Therefore, patients can be divided into three groups: BMD loss group (BMD <-3%), BMD slight change group (BMD from-3% to 3%), BMD improvement group (BMD > 3%).




3.5 Musculoskeletal damage

Musculoskeletal disease includes three motor system diseases: sarcopenia, osteoporosis and osteoarthritis (14). However, at present, this study only involves sarcopenia and osteoporosis, in order to avoid conflicts in the description of the disease, we use musculoskeletal damage to refer to the presence of sarcopenia and/or osteoporosis.




3.6 Statistical analysis

The research data were statistically analyzed using SPSS Statistics 25.0 software (IBM Corp., NY, USA). The normality test was carried out using the single sample Kolmogorov-Smirnov test. The quantitative data with normal distribution were expressed as “average ± standard deviation”, whereas the “median (quartile range)” was used for data with nonnormal distribution. The differences in demographic characteristics, physical examination, and clinical and metabolic parameters of the patients were compared. One-way analysis of variance was used for continuous variables with normal distribution, whereas the rank-sum test was used for continuous variables with nonnormal distribution. Pearson chi-square test (χ2 test) was used for classified variables. After adjusting for the confounding factors of diabetic nephropathy, diabetic retinopathy, diabetic peripheral neuropathy, diabetic foot, history of use insulin, history of use biguanide drugs, history of use thiazolidines drugs, history of use antihypertensive drugs, A/G, ACR, TC, TG, HDL, LDL, eGFR, P, Ca, HBA1C and serum C-peptide, linear regression was used to analyze the relationship between onset age and ASMI, TFMI, A/T, A/G. Binary logistic regression was used to analyze the correlation between early-onset diabetes and sarcopenia, osteoporosis, even musculoskeletal damage. And conduct COX survival analysis for patients with at least two hospitalization history, and analyze the correlation between early-onset diabetes, and sarcopenia, osteoporosis and musculoskeletal damage after correcting the above confounding factors. The outliers were rechecked and corrected; otherwise, they were deleted. R studio and R software (version 4.2.3) were used to further analyze the correlation between early-onset diabetes, non-early-onset diabetes and sarcopenia, osteoporosis, musculoskeletal damage; and draw restricted cube bar graph (RCS). A P value < 0.05 indicated a statistically significant difference.





4 Results




4.1.Demographic characteristics

As shown in Table 1, a total of 964 T2DM patients were included in this study, including 534 males and 430 females. The average age was 52 ± 7 years, and the average course of T2DM was 10 ± 8.5 years. Compared with patients with NOT2D, patients with EOT2D were more likely to have sarcopenia, osteoporosis and even musculoskeletal damage (P < 0.05). There were also more patients with EOT2D with hypertension than those with NOT2D (P < 0.05). There was also an above-mentioned trend in drug use (P < 0.05). Similarly, we also observed that the detection rates of DKD, DR, DPN and DF in patients with EOT2D were higher than those in patients with NOT2D (P < 0.05). In the biochemical indexes, it can be seen that the blood lipid level of patients with EOT2D is not as high as the risk of imbalance in patients with NOT2D (P < 0.05). However, in terms of body composition, patients with EOT2D had lower muscle mass and more centrally distributed fat than those with NOT2D (P < 0.05).


Table 1 | baseline description of 964 patient data after 1:1 PSM*.






4.2 Relationship between age of onset and body composition and BMD

As shown in Figure 1, the age at which diabetes was diagnosed in each patient was recorded and linear regression analysis was performed with BMI, ASMI, TFMI, A/T, A/G, L1-4BMD, FNBMD, Hip-BMD. We corrected some confounding factors (DN, DR, DPN, DF, insulin use history, biguanide use history, thiazolidines use history, antihypertensive drug use history, hypertension history, A/G, ACR, TC, TG, HDL, LDL, eGFR, P, Ca, HbA1c, serum C-peptide). After analysis, it was found that there was a negative correlation between the age of onset and A/G, and there was statistical significance (P=0.003, B=-0.004, 95%CI: -0.006~-0.001). However, there was no significant correlation between the age of onset and BMI, ASMI and TFMI (P > 0.05), but the trend of positive correlation can still be seen from the figure. At the same time, the age of onset was positively correlated with FNBMD, Hip-BMD, but the results were not statistically significant (P > 0.05). FNBMD, It can also be seen in the figure that A/T has a negative correlation with the age of onset, and there is no significant statistical significance (P > 0.05), which may be due to the different correlation between the age of onset and ASMI and TFMI. Similarly, the trend of correlation between L1-4BMD and age of onset is different from that of other sites. This may be caused by the interference of visceral fat, body weight and other factors in the detection of L1-4BMD (Supplementary Table 1).




Figure 1 | Linear scatter plot between onset age and BMI, ASMI, TFMI, A/T, A/G, L1-4BMD, FNBMD, Hip-BMD. BMI, Body mass index; ASMI, Appendicular skeletal muscle mass index; TFMI, Trunk fat mass index; A/T, Ratio of appendicular skeletal muscle mass to trunk fat mass; A/G, Android gynoid ratio. Adjusted confounding factors: DN, DR, DPN, DF, history of insulin use, history of biguanides use, history of thiazolidines use, history of antihypertensive drugs use, history of hypertension use, ACR, TC, TG, HDL, LDL, eGFR, P, Ca, HbA1c, serum C peptide. P < 0.05 indicates that it is statistically significant.






4.3 Relationship between EOT2D, NOT2D and musculoskeletal damage

As shown in Figure 2, according to the age of onset, diabetic patients are divided into EOT2D and NOT2D (4), then calculate the ASMI and T value according to the patient’s bone mineral density test report to judge whether the patient can be diagnosed as sarcopenia, osteoporosis, or even musculoskeletal damage. After adjusting confounding factors (DN, DR, DPN, DF, history of insulin use, history of biguanides use, history of thiazolidines use, history of antihypertensive drugs use, history of hypertension use, ACR, TC, TG, HDL, LDL, eGFR, P, Ca, HbA1c, serum C peptide), we found: compared with NOT2D, people with EOT2D are at greater risk of developing sarcopenia, osteoporosis and even musculoskeletal damage (sarcopenia: P<0.001, OR= 7.802, 95%CI: 5.131~11.865; osteoporosis: P= 0.017, OR= 1.814, 95%CI: 1.110~2.964; musculoskeletal damage: P<0.001, OR= 4.705, 95%CI: 3.241~6.832). (Supplementary Table 2) In addition, we import this data into R software to draw restricted cube splines (Figure 3). It can be directly observed from the Figure 3 that the onset age of diabetes is different, and the risk of sarcopenia, osteoporosis and even musculoskeletal damage is different, but they all show a younger age of onset and a higher risk of sarcopenia, osteoporosis and even musculoskeletal damage (all P < 0.05).




Figure 2 | Binary logistic regression analysis of EOT2D, NOT2D and musculoskeletal damage. Adjusted confounding factors: DN, DR, DPN, DF, history of insulin use, history of biguanides use, history of thiazolidines use, history of antihypertensive drugs use, history of hypertension use, ACR, TC, TG, HDL, LDL, eGFR, P, Ca, HbA1c, serum C peptide. P < 0.05 indicates that it is statistically significant.






Figure 3 | Restricted cubic spline plots of EOT2D, NOT2D and musculoskeletal damage. P < 0.05 indicates that it is statistically significant. The grey part represents the 95% confidence interval of Odds Ratio.






4.4 Changes of ASM and BMD in EOT2D and NOT2D

As shown in Figure 4A–C, we selected 414 T2DM patients according to whether the patient was hospitalized at least twice. The median follow-up period was 44 months. COX survival analysis was performed on this part of the case data, setting the occurrence of ASM reduction and/or BMD reduction is the final event, which threshold values are respectively 2% and 3%, to further clarify the changes of ASM and/or BMD of EOT2D and NOT2D with the increase of disease course. The results showed that after adjusting for confounding factors (DN, DR, DPN, DF, history of insulin use, history of biguanides use, history of thiazolidines use, history of antihypertensive drugs use, history of hypertension use, ACR, TC, TG, HDL, LDL, eGFR, P, Ca, HbA1c, serum C peptide). With the increase of follow-up time, the cumulative risk of decreased ASM and/or BMD increased in patients with EOT2D and NOT2D, but the risk was higher in patients with EOT2D. and there was statistical significance in the group of ASM change and even ASM-BMD change (ASM decrease: P= 0.032, OR= 1.555, 95%CI: 1.039~2.327; BMD decrease: P= 0.029, OR= 1.473, 95%CI: 1.041~2.085; ASM&BMD decrease: P<0.001, OR= 1.715, 95%CI: 1.271~2.314) (Supplementary Table 3).




Figure 4 | COX survival analysis of EOT2D and NOT2D with the changes of ASM and/or BMD. ASM, appendicular skeletal muscle mass; BMD, bone mineral density; EOT2D, early-onset type 2 diabetes; NOT2D, non-early-onset type 2 diabetes. (A) Cumulative risk curve of EOT2D and NOT2D with the changes of ASM. (B) Cumulative risk curve of EOT2D and NOT2D with the changes of BMD. (C) Cumulative risk curve of EOT2D and NOT2D with the changes of ASM and BMD.







5 Discussion

To the best of our knowledge, this is a rare study that directly discusses the age of onset of diabetes and muscle and bone. In terms of body composition, patients with EOT2D had lower ASM and more centrally distributed fat than those without NOT2D. In terms of diseases, patients with EOT2D were more likely to have sarcopenia, osteoporosis and even musculoskeletal damage. With the increase of follow-up time, the cumulative risk of decreased ASM and/or BMD increased in patients with EOT2D and NOT2D, but the risk was higher in patients with EOT2D.

Diabetes is a disease characterized by elevated blood sugar and affected by various genetic and environmental factors, resulting in progressive loss of islet β-cell mass and/or function (17). High levels of blood glucose promote mitochondrial and cytoplasmic oxidases in vascular endothelial cells, such as NADPH oxidase, which produce excessive reactive oxygen species (ROS) and cause microvascular damage (29). Studies have shown that muscle adipotoxicity can lead to insulin resistance in skeletal muscle cells (12), and oxidative stress is an important pathway leading to sarcopenia (13). These two diseases have similar biochemical mechanisms and are widely distributed in the elderly.

Osteoporosis as an age-related disease (5), which is characterized by low bone mass and degeneration of bone tissue microstructure, resulting in increased bone brittleness, thus increasing the risk of fracture (30). Previous studies have suggested that the increase of BMI is a protective factor of bone mineral density (31), but overweight and even obesity are also important risk factors for diabetes and cardiovascular disease (2, 32).

Sarcopenia is also defined as a disease associated with age-related loss of muscle mass, muscle strength, and muscle function (8). Sarcopenia and T2DM are cause and affect each other. The study of Kalyani et al. (33) shows that the increase of HbA1c is related to the decrease of muscle strength and aging. The study also emphasized that diabetic patients with cognitive impairment had a higher incidence of muscular dystrophy and that blood sugar fluctuations were associated with muscle function. This suggests that blood glucose fluctuations and HbA1c levels are related to muscle mass and function, and continuous monitoring of blood glucose is needed to determine the relationship between blood glucose fluctuations and sarcopenia. Optimal blood glucose control can reduce the prevalence of muscular dystrophy in T2DM patients (34). The treatment of muscular dystrophy includes removing the inducement and improving the etiology. Our guidelines recommend improving bad lifestyle, quitting smoking and drinking, strengthening nutritional support, maintaining good health, exercise, drug intervention and so on (25).

Changes in body composition, or the relationship between body composition and diabetes, osteoporosis and sarcopenia, have attracted more and more attention of scholars. Our previous studies have suggested that the relationship between different BMI and diabetic microvascular complications is different (35). This study showed that with the increase of BMI, the detection rate of DPN and peripheral artery disease (PAD) decreased at first and then increased, while the detection rate of DN and carotid atherosclerotic plaque (CAP) showed an upward trend; however, the change of DR is irregular (35). In addition, other studies evaluated the relationship between BMI, abdominal obesity and FNBMD. In the uncorrected BMI model, waist circumference was positively correlated with FNBMD, while when adjusted for BMI, waist circumference was negatively correlated with FNBMD (36). Although such studies do not directly explore the relationship between specific body composition and osteoporosis and/or sarcopenia, but the weight itself includes muscle, bone, fat and so on, and abdominal obesity refers to the result of fat accumulation in the abdomen. The above studies have demonstrated to varying degrees that the increase of total fat is a risk factor for diabetes and musculoskeletal damage.

The relationship between diabetes, osteoporosis, sarcopenia and body composition changes has been studied by many scholars. However, there are few studies on the relationship between EOT2D and body composition changes or musculoskeletal damage.

Our cross-sectional and follow-up cohort studies have shown that patients with EOT2D may have a higher risk of developing musculoskeletal damage than patients with NOT2D. Cheng Qingfeng et al. (24) systematically studied the relationship between sarcopenia and DF. In their study, patients with sarcopenia had foot ulcers, a higher Wagner grade and a higher amputation rate than patients without sarcopenia, and concluded that sarcopenia was associated with DF. Patients with DF complicating sarcopenia have a poorer prognosis. Compared with DPN and DR, sarcopenia can cause an increase in proteinuria, which has been confirmed by many scholars (37–40). Similarly, other scholars have also discussed the relationship between diabetes and osteoporosis. Chen Hui, Li Xiaoxu and other studies have shown that there is a significant disorder of bone mineral metabolism in patients with T2DM, especially in patients with DN (41). Some studies have shown that there is a negative correlation between microalbuminuria and FNBMD (42). Poor peripheral nerve function may also be directly related to the decrease of BMD (43). The incidence of DR and the detection rate of osteoporosis also increased (44).

In addition, our study also discussed the body composition. Our research shows that the earlier the onset of diabetes, the lower the muscle mass and bone mineral density, and the more fat distribution may tend to be central obesity. This trend is reflected in the A/G ratio, but in this study, there is no significant statistical difference between the onset-age of diabetes and other body composition changes even bone mineral density, but the trend is relatively obvious. Studies have shown that diabetics under the age of 45 are more likely to be obese (15). These studies illustrate the opinion that the younger the onset of diabetes, the greater the proportion of fat in body composition. Our study discussed this more directly and analyzed the fat distribution.

The advantage of this study is that, first of all, we introduce the age of onset and divide type 2 diabetes into EOT2D and NOT2D, instead of just focusing on the occurrence of diabetes, or the relationship between T1DM, T2DM, or other specific types of diabetes and musculoskeletal damage. Secondly, the sample size of our study is large and the time span is long enough, after the PSM, there are still 964 patients. And 414 patients with follow-up data. This makes our data closer to the occurrence and distribution of diseases in the natural population. Third, not only from the diagnosis of osteoporosis and/or sarcopenia to study the relationship between diabetes and musculoskeletal damage, but also from the perspective of body composition, onset age, follow-up time and other angles to understand the relationship between them, and from the cross-section and cohort two different studies and discuss the risk of the disease.

It should be noted that the baseline did not exclude patients with sarcopenia and/or osteoporosis when processing follow-up data in this study, because binary logistic regression analysis showed that patients with EOT2D had a higher risk of developing musculoskeletal damage and that musculoskeletal damage itself, as an age-related disease, increased risk over time. Therefore, simply screening people with related diseases among patients at the baseline level may cause huge errors, which will be difficult to correct and affect the authenticity of the final results. For this reason, we set the changes of ASM and BMD to help determine the effect of the early or late age of onset on muscle and bone. In the linear regression analysis, we can see that the trend of L1-4BMD is different from that of other parts, which may be caused by the dense bone microstructure of lumbar vertebrae caused by the stress of their own body weight for a long time, or by the thickening of abdominal organs and/or fat, which is negatively consistent with the age trend of onset.

Of course, this study also has the following shortcomings. First, all the patients are from inpatients, which will cause group bias, and there may be laboratory errors in different states of the perfect examination. Second, there are still many confounding factors that have not been corrected, such as the daily habits of patients, the history of the use of other drugs, the age of menopause and so on. Third, the division of EOT2D and NOT2D is relatively simple, dichotomy may cause some characteristics to be covered up. Fourth, the course of disease of patients is generally long, and patients may have memory bias in describing their own condition. Therefore, a larger sample size and closer to the real-world study is needed to further explore the relationship between EOT2D and muscle, bone and body composition.

Our study makes a preliminary study on the relationship between EOT2D and musculoskeletal damage and body composition, which is a preliminary description of the relationship between EOT2D and musculoskeletal damage, age of onset and bone density body composition. This may inspire subsequent more complete sample size studies, and provide some ideas and key points for clinical diagnosis and treatment.

In conclusion, EOT2D brings a greater risk of sarcopenia and/or osteoporosis, as well as a higher risk of reduced ASM and BMD. In addition, fat distribution may be more central.
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Objective

To explore the correlations between diabetic nephropathy (DN) and serum levels of glutathione peroxidase 4 (GPX4), acyl-CoA synthetase long-chain family member 4 (ACSL4), iron, transferrin (Tf), and ferritin in patients with type 2 diabetes mellitus (T2DM).





Methods

According to the urinary albumin excretion rate(UAER) or estimated glomerular filtration rate (eGFR) levels, a total of 123 patients with T2DM were separately divided into normoalbuminuria (NO), microalbuminuria (MI), macroalbuminuria (MA) groups, and G1 (eGFR ≥ 90 mL/min), G2 (eGFR ≤ 60 mL/min to < 90 mL/min), and G3 groups (eGFR< 60 mL/min), with 33 healthy participants as the control (HC). The differences in serum GPX4, ACSL4, iron, Tf, and ferritin levels between groups were compared, and the relationships between these levels were analysed. The independent correlations between UAER or DN severity and serum GPX4, ACSL4, iron, Tf, and ferritin levels were analysed by multiple linear and multinomial logistic regression, respectively.





Results

To the patients with T2DM, with the increase in UAER levels, GPX4, iron, and Tf levels gradually decreased, whereas ACSL4 levels increased, meanwhile with the decrease in eGFR levels, GPX4 and Tf levels gradually decreased, whereas ACSL4 levels increased. UAER were independently and positively correlated with ACSL4 [β = 17.53, 95% confidence interval (CI; 11.94, 23.13)] and negatively correlated with GPX4 [β = −1.633, 95% CI (−2.77, -0.496)] and Tf [β = −52.94, 95% CI (-95.78, −10.11)].The NO and MI groups were considered as reference groups, respectively. The severity of DN was negatively correlated with serum GPX4 [odds ratio (OR) = 0.925 and 0.902, p =0.015 and 0.001], and Tf (OR = 0.109 and 0.119, p =0.043 and 0.034), and positively correlated with ACSL4 (OR = 1.952 and 1.865, both p <0.001) in the MA group.





Conclusion

DN severity was negatively correlated with serum GPX4 and Tf levels and positively correlated with serum ACSL4 levels in patients with T2DM.





Keywords: type 2 diabetes, ferroptosis, GPx4, ACSL4, iron metabolism




1 Introduction

Diabetes is a chronic disease that seriously affects human health. In the last 20 years, the number of people with diabetes worldwide has more than doubled (1). Diabetic nephropathy (DN), as one of the most common microvascular complications of diabetes and the main cause of end-stage renal disease (ERSD), is closely related to the increased mortality of diabetic patients, and about 40% of diabetic patients eventually develop DN (2). Early diagnosis and treatment of DN can prevent the further deterioration of renal function in diabetic patients (3, 4). There are many pathways and mediators involved in the development and progression of DN, including oxidative stress, angiotensin II (Ang-II), and inflammatory processes, which are recently considered to play an important role (5). Currently, the treatment methods for DN mainly include controlling blood pressure and blood sugar and using angiotensin-converting enzyme inhibitors, etc. However, the above methods have limited effect on preventing the progression of DN (6). Therefore, it is necessary to conduct in-depth research on the pathogenesis of DN to explore new methods of diagnosis and treatment.

Iron metabolism is the process by which iron is absorbed, transported, distributed, stored, utilised, transformed, and excreted by an organism. It has been demonstrated that iron overload induces oxidative stress and promotes kidney damage in diabetic rats (7).Previous studies have found that the increased iron deposition in the kidneys of T2DM patients progressing to DN (8) as well as a connection between serum ferritin and urinary microalbumin (9). However, in-depth research on the relationship between DN and serum iron, transferrin (Tf), and ferritin is lacking.

Ferroptosis, an iron-dependent, non-apoptotic type of cell death, is characterised by iron overload, the accumulation of reactive oxygen species (ROS), and lipid peroxidation (10). Over the past few years, the process and function of ferroptosis have been well studied. Its main regulators include systemic Xc-, glutathione peroxidase 4 (GPX4), p53, ferroptosis suppressor protein 1, acyl-CoA synthetase long-chain family member 4 (ACSL4), and nuclear factor erythroid 2-related factor (Nrf-2) (10). GPX4 can convert the peroxide bond of lipid peroxidation (L-OOH) to a hydroxyl group (L-OH) by the action of the cofactor glutathione, and loses its peroxide activity (11). This process counteracts ferroptosis in cells. ACSL4 participates in the synthesis of polyunsaturated fatty acid-containing phospholipids that can form lipid hydroperoxides via the action of lipoxygenase, which can promote cellular ferroptosis (12).

ROS accumulation is at the centre of ferroptosis (13). In addition, multiple ROS production pathways have been identified as potentially major factors in the pathogenesis of DN (14), suggesting that ferroptosis may be related to DN. The mechanisms underlying ferroptosis in DN were initially studied primarily at the cellular and animal levels. Wang et al. found that in a DN mouse model, the expression of the ferroptosis-related protein GPX4 decreased, whereas the expression of ACSL4, and the lipid peroxide products and iron content increased (15). Subsequently, Kim et al. reported that the ferroptosis-related molecules SlC7A11 and GPX4 were reduced in kidney biopsy samples from patients with DN compared to those from patients without DN (16).These studies indicate that ferroptosis is associated with DN.

As mentioned above, GPX4 and ACSL4 are key regulators of ferroptosis process; while Tf and ferritin reflect the transport, binding and storage of iron in the body, respectively, and are the core molecules to maintain the balance of iron metabolism in the body. Therefore, in this study, we compared serum iron, Tf, ferritin, GPX4, and ACSL4 levels in T2DM patients with and without DN to analyse the correlation between DN and ferroptosis or iron metabolism.




2 Participants and methods



2.1 Participants

In total, 229 patients with T2DM admitted to the Department of Endocrinology, The First Hospital of Lanzhou University from October 2019 to December 2020 were enrolled in this study. Of these, 221 patients were screened according to the inclusion and exclusion criteria and divided into three groups: the normoalbuminuria group [NO, urinary albumin excretion rate (UAER)<20 µg/min)] with 113 patients, the microalbuminuria group [MI, 20 ≤ UAER<200 µg/min] with 57 patients, and the macroalbuminuria group [MA, UAER ≥ 200 µg/min] with 51 patients. Forty-one patients were randomly selected from each of these three groups by simple random sampling using Statistical Package for the Social Sciences (version 26.0; IMB, Armonk, New York, USA). Ultimately, 123 patients were enrolled in this study, and 33 healthy participants were included as controls. This study was approved by the Ethics Committee of The First Hospital of Lanzhou University. A STROBE flowchart is shown in Figure 1.




Figure 1 | Diagram of the study design.



Sample size estimation

Serum GPX4, ACSL4, iron, Tf, and ferritin levels were used as the main outcome indexes for sample size calculation, and the ratio of sample size for each group was 1:1:1:1. We used Power Analysis and Sample Size (PASS, version 15.0) for the calculations, setting testing level α =0.05, testing effectiveness β =0.1 (17), the estimates of the mean and standard deviation for each group were obtained using the results of the pre-experiment, and the number of included cases in each group was estimated to be at least 29.



2.1.1 Inclusion criteria

(1) Patients with T2DM aged ≥ 18 years; (2) Duration of T2DM ≥1 year; (3) T2DM diagnosed according to the 1999 World Health Organization criteria;(4) DN was defined as patients with T2DM and UAER ≥ 200µg/min or patients with diabetes and 20≤ UAER<200µg/min and/or estimated glomerular filtration rate (eGFR) less than 60ml/min/1.73m2 (18).




2.1.2 Exclusion criteria

(1) Type 1 diabetes, gestational diabetes, or other special types of diabetes; (2) Acute complications of diabetes, such as diabetic ketoacidosis and hyperosmolar hyperglycaemia; (3) Kidney diseases caused by diseases other than diabetes, such as primary nephrotic syndrome, glomerulonephritis, renal artery stenosis, acute renal failure, polycystic kidney disease, and urinary tract infection; (4) Lack of clinical data.





2.2 Methods



2.2.1 Data collection



2.2.1.1 Characteristics of the participants

The name, sex, age, height, weight, systolic and diastolic blood pressures (SBP and DBP, respectively), diabetes duration, hypertension (HP), and history of other diseases and therapeutic drugs prescribed to each participant were reviewed.

The Body mass index (BMI) was calculated as weight (kg) divided by height (m2).




2.2.1.2 Laboratory examination

The levels of total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), haemoglobin (Hb) serum uric acid (UA), serum creatinine (SCr), and iron were measured using a BS-220 automatic biochemical analyser (Shenzhen Mindray Bio-Medical Electronics Co., Ltd., Shenzhen, China). Glycosylated haemoglobin (HbAlc) levels were measured via high-performance liquid chromatography (Bio-Rad-D10; Bio-Rad Laboratories, Hercules, California, USA). Fasting plasma glucose (FPG) and fasting insulin (FINS) levels were measured using chemiluminescence assays (ADVIA Centaur-XP; Siemens Healthineers, Erlangen, Germany). Urinary microalbumin levels were determined using rate-scatter turbidimetry, and urinary creatinine (CR) was measured using the creatinine oxidase method.

Serum ferritin levels were determined using an electrochemiluminescence immunoassay (Roche, Shanghai, China).Serum Tf levels were determined viaimmuno-turbidimetry (Hitachi), the linear range was 0.05– 6.8 g/L, the intra-batch relative deviation was ≤6.0%, and the inter-batch relative range was ≤10.0%.

Serum GPX4 levels were determined via an enzyme-linked immunosorbent assay (HM11433, Bioswamp, Wuhan, China); the detection range was 0.75 – 60 ng/ml, the sensitivity was ≤0.15 ng/ml, and the intra-plate and inter-plate coefficients of variation were ≤9% and ≤11%, respectively. Serum ACSL4 levels were determined using an enzyme-linked immunosorbent assay (HM13015, Bioswamp, Wuhan, China); the detection range was 0.125 – 10 ng/ml, the sensitivity was ≤0.025 ng/ml, and the intra-plate and inter-plate coefficients of variation were ≤9% and ≤11%, respectively.

Homeostasis model assessment of insulin resistance (HOMA-IR) was performed using the following formula: HOMA-IR = FPG × FINS/22.5.

eGFR was calculated using the following formula: eGFR = 186 × SCr-1.154 × age-0.203 (Female × 0.742) mL/min/1.73 (19).





2.2.2 Statistical methods

Data were analysed using Statistical Package for the Social Sciences (version 26.0; IMB, Armonk, New York, USA). Normally distributed measurement data were expressed as the mean ± standard deviation (  ± s), and non-normally distributed measurement data were expressed as the median and interquartile range. Numerical data are expressed as frequencies and percentages (%). According to the normal or non-normal distributions of measurement data, one-way ANOVA and the Kruskal-Wallis test were used for comparisons among groups, whereas the chi-square test was used for analysing numerical data. The p values of intragroup multiple comparisons were adjusted using the Bonferroni method. Correlation analysis was performed using Pearson’s or Spearman’s rank correlation tests. Multiple linear regression was used to evaluate the independent correlations between UAER and serum GPX4, ACSL4, iron, Tf, and ferritin levels. Associations between DN severity and iron metabolism or ferroptosis-related indexes were assessed using multinomial logistic regression. P < 0.05 was considered statistically significant.






3 Results



3.1 Clinical characteristics of study participants

In total, 123 patients with T2DM (79 males and 44 females) were included in this study, with 33 healthy participants as controls.

Age, SBP, DBP, FPG, FINS, HOMA-IR, and TG levels in the NO, MI, and MA groups were higher (all p < 0.05), whereas HDL-C levels were lower in T2DM patients (p < 0.05) than those in the HC group. The UA level was higher in the MI group than that in the HC group (p < 0.05), and also higher in the MA group than those in the HC, NO, and MI groups (all p < 0.05).

SCr levels were higher in the MI group than those in the HC and NO groups (both p < 0.05), and also higher in the MA group than those in the HC, NO, and MI groups (all p < 0.05). The eGFR was lower in the MI group than those in the HC and NO groups (both p < 0.05), and also lower in the MA group than those in the HC and NO groups (both p < 0.05) (Table 1).


Table 1 | Clinical characteristics of study participants.






3.2 Comparison of serum levels of GPX4, ACSL4, and iron metabolism-related indexes in the T2DM groups with different urinary albumin levels

Serum GPX4 levels were lower in the T2DM with MA [(53.54 ± 12.55)ng/ml, p <0.001], MI[(67.05 ± 16.07)ng/ml, p <0.001], and NO groups [(68.97 ± 17.95)ng/ml, p <0.001] than in the HC group [(94.35± 30.71)ng/ml]. In addition, serum GPX4 levels in the MA group were significantly lower than those in the MI and NO groups (p= 0.014, p= 0.003) (Figure 2A). Serum ACSL4 level in the MA group was higher [(9.96 ± 2.84)ng/ml, p<0.001]than that in the HC group [(5.07± 1.26)ng/ml].In addition, serum ACSL4 levels in MA group were higher than those in the NO and MI groups [(5.67 ± 2.11)ng/ml and [(6.31 ± 2.72)ng/ml, respectively; both p <0.001](Figure 2B). Serum iron level in the MA group [(11.26 ± 4.55)μmol/l] was lower than that in the HC group [(16.12 ± 7.07)μmol/l, p = 0.001](Figure 2C). Serum Tf levels in the NO [(2.15 ± 0.39)g/l],MI [(2.13 ± 0.46)g/l], and MA groups[(1.90 ± 0.37)g/l]were lower than those in the HC group [(2.57 ± 0.42)g/l, all p < 0.001]Serum Tf level in the MA group was lower than that in the NO group (p = 0.047) (Figure 2D). Serum ferritin levels in the NO [(120.55(84.76-220.44)μg/l], MI[(97.00(59.51 –198.25)μg/l], and MA groups [(153.49(66.95 – 206.92)μg/l] were higher than those in the HC group [38.30(18.40 – 68.00)μg/l, all p< 0.001](Figure 2E)




Figure 2 | Comparison of serum GPX4, ACSL4,iron,Tf, and Ferritin levels in different urinary albumin levels groups. (A) Comparison of serum GPX4 levels. (B) Comparison of serum ACSL4 levels. (C) Comparison of serum iron levels. (D) Comparison of serum Tf levels. (E) Comparison of serum Ferritin levels. NO, normoalbuminuria group; urinary albumin excretion rate(UAER)<20μg/min; MI, microalbuminuria group:20μg/min≤UAER<200μg/min; MA, macroalbuminuriagroup,UAER≥200μg/min; GPX4, glutathione peroxidase 4; ACSL4, acyl-CoA synthetase long-chain family member 4; Tf, transferrin;*p<0.05;**p<0.001.






3.3 Comparison of serum levels of GPX4, ACSL4, and iron metabolism-related indexes in the T2DM groups with different eGFR levels

Patients with T2DM were divided into three groups according to eGFR levels: G1 (eGFR≥ 90 mL/min), G2 (eGFR ≤ 60 mL/min to < 90 mL/min), and G3 (eGFR< 60 mL/min), with healthy participants as the HC group.

The serum GPX4 levels in the G3 [(51.55 ± 12.16)ng/ml], G2[(61.27 ± 14.39)ng/ml], and G1 groups[(69.19 ± 17.8)ng/ml]were lower than those in the HC group [(94.35 ± 30.71)ng/ml, all p <0.001]. Serum GPX4 level in the G3 group was lower than that in the G1 group (p= 0.003) (Figure 3A). Serum ACSL4 levels in the G3 group [(9.45 ± 2.12)ng/ml] were higher than those in the HC [(5.07 ± 1.26)ng/ml, p <0.001], G1 [(6.57 ± 3.31)ng/ml, p <0.001]and G2 groups [(7.18 ± 3.04)ng/ml, p =0.011] The serum ACSL4 level in the G2 group [(7.18 ± 3.04)ng/ml]was higher than that in the HC group [(5.07 ± 1.26)ng/ml, p =0.007](Figure 3B). The serum iron levels in the G1 and G3 groups [(12.69 ± 4.45)μmol/l and (11.37 ± 3.74)μmol/l, respectively] were lower than those in the HC group [(16.12 ± 7.07)μmol/l, p = 0.025 and 0.009) (Figure 3C). The serum Tf levels in the G1 [(2.13 ± 0.39)g/l], G2 [(2.12 ± 0.44)g/l], and G3groups[(1.77 ± 0.34)g/l]were lower than those in the HC group [(2.57 ± 0.42)g/l, all p < 0.001], and serum Tf levels in the G3 group were lower than those in the G1 and G2 groups (p =0.002 and 0.005) (Figure 3D). Serum ferritin levels in the G1 [122.91(56.77 – 235.28)μg/l], G2 [102.27(70.60 – 196.54)μg/l], and G3 groups [153.49(79.62 – 2198.82)μg/l]were higher than those in the HC group [38.30(18.40 - 68.00)μg/l, all p <0.001) (Figure 3E).




Figure 3 | Comparison of serum GPX4, ACSL4, iron, Tf, and Ferritin levels in different eGFR levels (A) Comparison of serum GPX4 levels. (B) Comparison of serum ACSL4 levels. (C) Comparison of serum iron levels. (D) Comparison of serum Tf levels. (E) Comparison of serum Ferritin levels. G1:estimated glomerular filtration rate(eGFR)≥ 90 mL/min, G2:eGFR≤ 60 mL/min to < 90 mL/min;G3:eGFR< 60 mL/min; HC, healthy participants; GPX4, glutathione peroxidase 4; ACSL4, acyl-CoA synthetase long-chain family member 4; Tf, transferrin*p<0.05;**p<0.001.






3.4 Correlation between UAER or eGFR levels and serum GPX4, ACSL4, and iron metabolism indexes in patients with T2DM

Pearson’s correlation analysis showed that UAER levels were positively correlated with ferritin and ACSL4 levels (r = 0.187, p = 0.038; r=0.546, p < 0.001), and negatively correlated with Tf and GPX4 levels (r = −0.285, p= 0.001; r = −0.413, p < 0.001) (Table 2).


Table 2 | Correlation between UAER or eGFR levels and serum GPX4, ACSL4, and iron metabolism indexes in patients with T2DM.



eGFR levels were positively correlated with Tf and GPX4 levels (r = 0.243, p = 0.002; r = 0.302, p < 0.001), and negatively correlated with ACSL4 levels(r = −0.493, p < 0.001) (Table 2).




3.5 Simple and multiple linear regression analysis of the independent correlated factors of UAER levels in patients with T2DM

UAER was considered as the dependent variable, and sex, age, SBP, DBP, BMI, FPG, FINS HOMA-IR, HbAlc, TC, TG, HDL-C, LDL-C, UA, SCr, eGFR, iron, Tf, ferritin, GPX4, and ACSL4 as the independent variables. Simple linear regression analysis showed that UAER were positively correlated with FINS,TG, UA, SCr, ferritin, and ACSL4 (all p< 0.05) and negatively correlated with eGFR, iron, Tf, and GPX4 (all p< 0.05).

The UAER-correlated variables as independent variables, the multiple linear regression analysis was conducted through the stepwise method. The results showed that UAER levels were independently and positively correlated with UA, SCr, and ACSL4, and negatively correlated with Tf and GPX4 (Table 3).


Table 3 | Simple and Multiple linear regression analysis of the independent correlated factors of UAER levels in patients with T2DM.






3.6 Multinomial logistic regression analysis of the relationships between the severity of DN and serum GPX4, ACSL4, and iron metabolism indexes in T2DM patients

DN severity was considered as the dependent variable (NO=1, MI=2, MA=3), UA, SCr, TG, FINS, eGFR,GPX4, ACSL4, iron, Tf, and Ferritin as independent variables, multinomial logistic regression analysis was performed to evaluate the associations between DN severity and GPX4, ACSL4, iron, Tf, and Ferritin levels.

In Model 1, the NO and MI groups as reference groups, respectively; serum Tf and GPX4 were negatively correlated with DN severity in the MA group, and serum ACSL4 was positively correlated with DN severity in the MA group (Table 4). In Model 2, after adjusting for confounding factors such as UA, SCr, and eGFR based on Model 1, the NO and MI groups as reference groups, respectively. Serum Tf and GPX4 were still negatively correlated with DN severity in the MA group, and serum ACSL4 was positively correlated with DN severity in the MA group (Table 4). In Model 3, after adjusting for confounding factors such as TG and FINS based on Model 2, the NO and MI groups as reference groups, respectively. Serum Tf and GPX4 were still negatively correlated with DN severity in the MA group, and serum ACSL4 was positively correlated with DN severity in the MA group (Table 4).


Table 4 | Multinomial logistic regression analysis of the relationship between the severity of DN and iron metabolism indexes, serum GPX4 levels, and serum ACSL4 levels in patients with T2DM.







4 Discussion

Previous studies demonstrated that iron metabolism and ferroptosis are closely associated. In this study, we found that serum GPX4 was negatively correlated with serum ferritin and that ACSL4 was negatively correlated with serum iron and Tf, suggesting that ferritin and Tf may be involved in the development of ferroptosis, possibly because of the excessive deposition of iron and Tf in the kidney (8).

UAER is an important index of DN severity, and an increasing number of studies have shown that iron metabolism is associated with the occurrence and progression of DN (20).In the present study, we found that UAER and serum Tf levels were independently and negatively correlated, and serum Tf levels tended to decrease as the severity of DN increased. Similarly, Zhaoet al. reported that low Tf levels were associated with ERSD (8). Tf is a more sensitive indicator of glomerular injury than albumin and can be filtered more easily through the glomerular barrier (21).Decreased serum Tf levels in patients with DN may be attributed to the increased urinary excretion of Tf and increased Tf deposition in the kidneys (8).

Ferritin is a major iron storage protein involved in a wide range of physiological and pathological processes and is a serum marker of systemic iron stores (22). A positive correlation between serum ferritin and urinary microalbumin levels in patients with T2DM has been reported (9, 23). In the present study, serum ferritin was also found to be positively correlated with UAER. It is hypothesised that excessive iron stores may induce ROS release and promote oxidative stress; alternatively, ferritin may participate in ferroptosis via autophagy (24), thus promoting renal injury in patients with DN. Ferritin is also affected by inflammation and can disrupt glucose metabolism via the systemic inflammatory response, increasing the risk of diabetes mellitus and its complications (25).

Excessive iron is detrimental to health because the iron pool in cells can produce ROS viathe Fenton reaction, which may be more pronounced in diabetes-induced, highly redox-active mitochondria (26). However, the present study demonstrated that serum iron levels were negatively correlated with UAER and decreased with increasing DN severity, which is inconsistent with the results of previous studies (3, 27). The possible reason is that the present study was conducted to detect serum iron levels, whereas previous studies were conducted to detect renal iron deposition in animals. The mechanism of decreased serum iron content is assumed to be related to excessive iron deposition in the kidneys on the one hand (8) and functional iron deficiency in patients on the other, which is characterised by the impaired release of stored iron (28).Iron deficiency anaemia has long been reported in DN (28).Similarly, Chen et al. showed that serum iron levels were lower in patients with DR than in non-DR patients (29).

A negative correlation between DN and serum GPX4 levels and a positive correlation between serum ACSL4 levels were observed in this study. Kim et al. also reported that ferroptosis was associated with DN, that ferroptosis-related molecules, such as SlC7A11 and GPX4, were reduced in kidney biopsy samples from patients with DN compared with those from non-DN patients, and that the mRNA and protein expression of SLC7A11 and GPX4 were reduced in the kidneys of DM mice compared with that in control mice (16).Wang et al. found that the expression of the ferroptosis-related protein GPX4 decreased, whereas ACSL4 expression increased; lipid peroxide products and iron content also increased in a DN mouse model (15).Tan et al. observed increased cell viability and apoptosis and decreased expression levels of GPX4 and SLC7A11 in NRK-52E cells induced by high glucose in vitro, suggesting that high glucose damages NRK-52E cells by triggering ferroptosis. In vivo, the expression of GPX4 and SLC7A11 was reduced in the kidneys of DM rats compared to that in control rats (30). MDA levels were increased, and SOD and GSH-Px levels were reduced in the kidneys of db/db mice than in the kidneys of db/m mice (31) To dated, the relationships between serum GPX4 and ACSL4 levels and DN in diabetic patients have not been reported. In the study, we found that the severity of DN was negatively correlated with serum GPX4 and positively correlated with ACSL4; however, the association between serum GPX4 and ACSL4 levels and expression levels of GPX4 and ACSL4 in renal tissue is not clear and further studies may be needed in the future.

A correlation between DN, ferroptosis, and iron metabolism was shown in this study, indicating that iron homeostasis imbalance and ferroptosis may be important steps in DN progression. DN pathogenesis includes altered renal haemodynamics, oxidative stress, inflammation, hypoxia, and the renin-angiotensin-aldosterone system (32). Iron metabolic homeostasis in diabetes patients is disrupted, with hyperglycaemia-induced ferrous iron overload and accumulation of ROS from multiple sources (3);moreover, the reduced utilisation of iron–binding sites in circulating Tf also promotes increased free iron-induced ROS accumulation (33), which depletes GPX4 content and promotes ferroptosis. Simultaneously, the disruption of system Xc function during ferroptosis prevents GPX4 from performing its normal antioxidant function (3), and activation of the Hippo pathway induces the upregulation of ACSL4 expression, leading to increased lipid peroxidation (34) and exacerbation of oxidative damage in the kidneys in DN; this may be a potential mechanism by which iron metabolism and ferroptosis promote the development and progression of DN. Interventions in ferroptosis may be a new direction to slow down the progression of DN.

Iron chelators are also effective in inhibiting ferroptosis and slowing the progression of DN by reducing excess intracellular iron, as the occurrence of ferroptosis depends on the generation of large amounts of ROS from excess intracellular iron via the Fenton reaction (35).The ACSL4 inhibitor rosiglitazone has been shown to markedly improve the survival of and renal function in DN mice and reduce renal MDA and iron levels (15).Huang et al. found that dapagliflozin improved ferroptosis in DN mice with tubular injury and that dagliflozin and SLC40A1 could bind to each other to reduce the ubiquitinated degradation of SLC40A1 and stabilise SLC40A1 to inhibit ferroptosis, thus improving tubular injury in DN mice (36). Empagliflozin prevents ferroptosis by activating the AMPK-NRF2 pathway (37). Glab ameliorated renal pathological changes and impaired renal function in DN mice, whereas it inhibited ferroptosis by increasing SOD and GSH activity and the expression of GPX4 and SLC7A11 and decreasing MDA and iron content and the expression of TFR1 (30). The ferroptosis inhibitor Fer-1 attenuates renal injury in DN mice (16, 31, 38). Li et al. reported that the treatment of DN mice with fenofibrate in vitro upregulated Nrf2 expression to inhibit diabetes-related ferroptosis and delay DN progression (3). Umbelliferone may inhibit ferroptosis,both in vivo and in vitro, by activating the Nrf2/HO-1 pathway to downregulate ACSL4 expression and upregulate GPX4 expression, eventually delaying DN (39).

Current studies on the relationship between ferroptosis markers and diabetic nephropathy are mostly limited to the cellular and animal levels, while diabetic nephropathy patients are not very well studied. The present study have found that serum ferroptosis markers GPX4 and ACSL4 as well as iron metabolism indexes are closely related to the severity of renal disease in type 2 diabetic patients, which may become biomarkers for diagnosis and treatment monitoring of diabetic nephropathy in the future. However, the present study has some limitations. First, this is a cross-sectional study and cannot elaborate on the causal relationship between DN and ferroptosis or iron metabolism; extensive cohort studies are needed to explore causality in the future. Second, the small number of participants may have led to a bias in the results. Third, due to the invasive nature of renal puncture biopsy, the diagnosis of DN is only based on clinical indicators and lacks pathological diagnosis via renal biopsy.




5 Conclusion

In conclusion, the results of this study showed that DN severity was negatively correlated with serum GPX4 and Tf levels and positively correlated with serum ACSL4 levels in patients with T2DM. The severity of DN correlates with ferroptosis and iron metabolism, which may serve as a guide for the early diagnosis, prevention, and delay of DN onset and progression.
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Aim

Hepatic ketogenesis is a key metabolic pathway that regulates energy homeostasis. Some related controversies exist regarding the pathogenesis of metabolic-associated fatty liver disease (MAFLD). We aimed to investigate whether intact ketogenic capacity could reduce the risk of MAFLD based on transient electrography (TE) in patients with newly diagnosed type 2 diabetes (T2D).





Methods

A total of 361 subjects with newly diagnosed T2D were recruited and classified into two groups based on the median serum β-hydroxybutyrate (βHB) level, referred to as the intact and impaired ketogenesis groups. The glucometabolic relevance of ketogenic capacity and associations of the baseline serum β-HB and MAFLD assessed with TE were investigated.





Results

Compared to the impaired ketogenesis group, the intact ketogenesis group showed better insulin sensitivity, lower serum triglyceride levels, and higher glycated hemoglobin levels. The controlled attenuation parameter (CAP) was lower in the intact ketogenesis group without statistical significance (289.7 ± 52.1 vs. 294.5 ± 43.6; p=0.342) but the prevalence of moderate–severe steatosis defined by CAP ≥260 dB/m was significantly lower in the intact group. Moreover, intact ketogenesis was significantly associated with a lower risk of moderate–severe MAFLD after adjusting for potential confounders (adjusted odds ratio 0.55, 95% confidence interval 0.30–0.98; p=0.044).





Conclusion

In drug-naïve, newly diagnosed T2D patients, intact ketogenesis predicted a lower risk of moderate–severe MAFLD assessed by TE.
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Introduction

With pathophysiologic homeostasis of fatty acids (FAs), nonalcoholic fatty liver disease (NAFLD) develops due to the accumulation of overwhelmingly delivered FAs from peripheral tissues or de novo lipogenesis and the limited capacity of FA disposal in a milieu of metabolic disorders with no evidence of secondary causes (1). With advances in the understating of disease unmet requirements (2–4), growing interests and studies have accumulated regarding the recently proposed definition of metabolic-associated fatty liver disease (MAFLD) to achieve a more accurate representation of the underlying pathophysiology of fatty liver disease as metabolically driven (5).

Unlike pathological ketogenesis that mainly arises from acute hyperglycemic complications of diabetes in the absence or absolute deficiency of insulin, physiologic ketone bodies are produced under a fasting state, are utilized as compensatory energy sources for extrahepatic tissues, especially for the brain, and are considered to be related to beneficial metabolic effects, according to recent studies (6–8). In stable homeostatic states, ketogenesis could serve as an optimal pathway for the clearance of excess lipids, but it is often impaired and underutilized in specific subgroups of individuals (9–11). In the healthy liver with normal glucose tolerance status, FAs delivered into the liver are disposed of through β-oxidation resulting in the generation of ketone bodies, including acetone, acetoacetate, and β-hydroxybutyrate (βHB), along with down-regulation of de novo lipogenesis (6). However, in the metabolic dysregulated liver, FAs driven from peripheral tissues might be oxidized to carbon dioxide via the tricarboxylic acid (TCA) cycle, which promotes gluconeogenesis and increases plasma glucose concentrations (12, 13). Based on previous studies that looked at suppressed ketogenesis in individuals with fatty liver disease (14, 15) and the correlation between ketone bodies and anti-hepatic steatotic effects (16, 17), we recently demonstrated that intact ketogenesis might be associated with decreased risk of hepatic steatosis using non-image based specific MAFLD indices, including NAFLD liver fat scores, Framingham steatosis indices, and other measurements, in patients with newly diagnosed type 2 diabetes (T2D) (18). In the present study, we aimed to define MAFLD more accurately using transient elastography (TE), which is a more reliable method for assessment of the liver steatosis stage to elucidate whether the presence of ketogenesis influences hepatic steatosis in newly diagnosed T2D patients.





Materials and methods




Study design and population

From the prospective cohort diabetes registry at the Severance Diabetes Center, a tertiary care hospital in Seoul, which was conducted on newly diagnosed glucose intolerance or diabetic patients, we evaluated the association between ketogenesis and risk of hepatic steatosis in patients with newly diagnosed T2D using a cross-sectional design. The cohort comprised patients who underwent a standardized mixed-meal stimulation test on their first visit to the diabetes center in 2009. The registry protocol required routine collection of blood samples at 0 and 90 minutes (basal and stimulated, respectively) to analyze glucose, insulin, and C-peptide levels.

The inclusion criteria of this study were as follows: aged 19 years or older, newly diagnosed with T2D according to the 2019 guidelines of the Korean Diabetes Association, serum βHB levels measured at the center since its availability in 2017, TE results measured within six months before or after the baseline measurement of βHB. Patients who had received organ transplantation or chemotherapy, as well as those who used steroids or had previously taken antidiabetic medications before the initial blood sampling or visited the emergency room due to hyperglycemia, were excluded. Additionally, we excluded those who were extreme outliers [i.e., alanine aminotransferase (ALT) ≥1,000 IU/L, triglycerides (TGs) ≥1,000 mg/dL], aged ≥80 years, and with glycated hemoglobin (HbA1c) ≥11% from the study. Finally, 361 newly diagnosed T2D patients were included as study participants. The study protocol was approved by the institutional review board of Severance Hospital (4–2022–1101). Informed consent was waived because of the retrospective nature of the study.





Clinical measurement and laboratory assessment

Patient data, such as age, sex, weight, height, and use of antidiabetic drugs or antihypertensive drugs at baseline, were collected by reviewing electronic medical records. The following laboratory variables were measured at baseline: serum HbA1c, creatinine, aspartate aminotransferase (AST), ALT, total cholesterol, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), TGs, urine albumin, urine creatinine, and serum βHB. Body mass index (BMI) was calculated as body weight divided by height squared (kg/m2) and the estimated glomerular filtration rate (eGFR) was assessed based on the four-variable modification of diet in the renal disease study formula. Glucometabolic parameters, including serum glucose, C-peptide, and insulin, were measured after overnight fasting and postprandial. The postprandial level was obtained 90 minutes after the mixed-meal test (Mediwell Diabetic Meal; Meail Dairies Co., Yeongdong-gun, Chungbuk, Korea) was given. The homeostasis model assessments of insulin resistance (HOMA-IR) index and HOMA-β were calculated to assess insulin resistance and pancreatic β-cell function.

The ketogenic capacity of the subject was assessed prior to the administration of diabetes medication by measuring the concentration of serum βHB, which is the most prevalent form of ketone bodies. The concentration of serum βHB in a fasting state was quantified with a commercial enzymatic assay from Landox Laboratories Ltd. (County Antrim, UK) and an Atellical CH 930 analyzer (Siemens Healthcare Diagnostics, Marburg, Germany). In cases where the concentration of βHB was below the lower limit of detection for the assay, a value of zero was recorded.





Measurements of hepatic steatosis using transient elastography

TE was performed by an experienced specialist without knowing the subject’s clinical details using a Fibroscan 501® (Echosens, Paris, France). The procedure was conducted with a standard probe and the final value was obtained using a standard procedure. The principles of controlled attenuation parameter (CAP) measurement for TE have been described previously (19, 20). Hepatic steatosis was categorized into four grades based on the CAP value [decibels per meter (dB/m)]: less than 238 dB/m for steatosis stage 0 (S0), 238 dB/m to 259 dB/m for steatosis stage 1 (S1, mild), 260 dB/m to 292 dB/m for steatosis stage 2 (S2, moderate), and greater than 293 dB/m for steatosis stage 3 (S3, severe) (21, 22).





Statistical analysis

The characteristics of the study participants were analyzed according to the status of ketogenesis using Student’s t-test for continuous variables and Pearson’s χ2 test for categorical variables. All continuous variables were presented as the mean ± standard deviation, and categorical variables were presented as a number with percentage (%). The correlations between serum βHB levels and steatosis stages and CAP scores were assessed with Pearson’s correlation analysis. Multivariable logistic regression analysis was applied to determine the independent association between ketogenesis and hepatic steatosis. The ketogenic capacity defined as intact or impaired ketogenesis based on the median serum βHB level was used as a variable in the logistic regression. Age, sex, BMI, HbA1c, LDL-C, HOMA-IR, and HOMA-β were adjusted in the multivariable regression analysis. Statistical analyses were performed using R software version 3.6.3 (R Project for Statistical Computing, Vienna, Austria). The adjusted odds ratio (OR) and 95% confidence interval (CI) were determined. P-values <0.05 were considered statistically significant.






Results




Clinical and laboratory characteristics of participants

A total of 361 newly diagnosed T2D patients who satisfied both inclusion and exclusion criteria were included as study participants. Subjects were divided into intact (βHB>0, n=163) and impaired ketogenesis (βHB=0, n=198) groups according to the baseline level of βHB. Baseline characteristics stratified by the level of βHB are presented in Table 1. The mean age and BMI of the study subjects were 54.3 ± 12.5 years and 27.4 ± 4.2 kg/m2, respectively. A total of 60.9% of the patients were men. Both groups had similar characteristics in terms of age, sex, BMI, and liver enzyme levels. However, the group with intact ketogenesis had notably higher levels of HbA1c, indicating poorer glycemic control, compared to the group with impaired ketogenesis. In the context of insulin secretory function, the intact ketogenesis group also demonstrated markedly lower levels of fasting and postprandial C-peptide and insulin levels compared to patients with impaired ketogenesis. Additionally, subjects in the intact ketogenesis group had decreased HOMA-β and lower HOMA-IR without significance compared to the impaired group. Meanwhile, TG levels were lower and LDL-C levels were higher, without statistical significance, but TG/LCL-C was significantly lower in the intact group. Collectively, the subjects with intact ketogenesis capacity at the time of first diagnosis of T2D showed higher serum glucose levels with more prominent insulin deficiency and potentially lower insulin resistance.


Table 1 | Characteristics of the study population according to baseline βHB.



In this study, the presence of significant MAFLD was defined as steatosis stage ≥S2 (moderate–severe) (21, 22). The intact ketogenesis group showed a tendency to lower levels of steatosis stage and CAP values (290.1 ± 52.0 vs. 295.5 ± 43.0) compared with the impaired ketogenesis group, but this difference was not statistically significant. However, moderate–severe hepatic steatosis was less common in the intact group (67.5% vs. 79.3%) with statistical significance (p=0.015).





Intact ketogenesis is correlated with lower CAP value

Collinearity among ketogenic capacities based on serum βHB levels and hepatic steatosis was calculated using Pearson’s correlation analysis (Table 2). Liver steatosis stages stratified from stage S0 to S4 showed a significant negative correlation with βHB and moderate–severe hepatic steatosis showed a negative correlation. Additionally, a negative correlation was observed between CAP scores and βHB levels (r=-0.094, p=0.009).


Table 2 | Correlations between βHB and hepatic steatosis.







Ketogenic capacity is associated with MAFLD

To evaluate whether intact ketogenesis was independently associated with hepatic steatosis, a multiple logistic regression analysis was performed adjusting for age, sex, BMI, HbA1c, LDL-C, HOMA-IR, and HOMA-β. When analyzing each steatosis stage separately, no significant association was found between the ketogenic capacity and all stages of hepatic steatosis. However, statistically significant results were obtained when comparing the stages of moderate–severe MAFLD with normal–mild MAFLD (Figure 1). Intact ketogenesis was associated with a lower OR for the risk of higher hepatic steatosis stage (adjusted OR, 0.55; 95% CI, 0.30–0.98). Adjusted ORs for each variable of hepatic steatosis are summarized in Table 3. BMI (adjusted OR, 1.43; 95% CI, 1.28–1.61; p<0.001) and HbA1c (adjusted OR, 1.37; 95% CI, 1.02–1.85; p=0.037) were associated with moderate–severe hepatic steatosis after adjusting for multiple risk factors. Intact ketogenesis was notably associated with a lower risk of moderate–severe hepatic steatosis compared with impaired ketogenesis.




Figure 1 | Risk of hepatic steatosis according to intact and impaired ketogenesis.




Table 3 | Logistic regression analysis for MAFLD incidence based on TE.








Discussion

Most studies have reported reduced risk for incident hepatic steatosis or advanced hepatic fibrosis in subjects with fasting ketonuria and intact ketonemia (23, 24); however, some studies reported higher ketone levels in subjects with suspected fatty liver disease, prediabetes, or diabetes (25–27). In this cross-sectional study, we investigated the relationship between ketogenic capacity and MAFLD in newly diagnosed T2D patients by measuring serum βHB and CAP levels using TE to assess the ketogenic capacity and MAFLD, respectively. We used the CAP score rather than liver stiffness measurements (LSMs) because we expected that metabolic properties, such as ketogenesis, would preferentially appear in the form of hepatic steatosis rather than fibrosis.

This study had three main findings. First, 42.7% of the T2D patients had serum βHB>0.1 mmol/L, and 3.3% of the patients had >0.57 mmol/L, which was the median serum βHB level of subjects with 2+ ketonuria in the previous study (28). Second, intact ketogenesis predicted a lower risk of moderate–severe MAFLD assessed by TE. Third, T2D patients with intact ketogenesis tended to be more insulin sensitive and had relatively lower insulin secretory function compared to those with impaired ketogenesis.

Either physiologic or pathologic ketogenesis in humans is an effective way to supply efficient energy because it has an adaptive mechanism that allows the liver to utilize deposited TGs to provide energy in the form of ketone bodies during periods of glucose deprivation as well as to dispose of the delivered FAs in the liver; delivered FAs are converted to acetyl-CoA through β-oxidation, thereby undergoing non-oxidative pathway processing to produce ketone bodies (6, 29). In the excess glucose status of T2D, activation of ketogenesis might not be a pathophysiologic mechanism for producing more metabolic fuel but may be an efficient pathway for the disposal of excess FAs. Impairment of the ketogenic pathway in T2D might be activation of gluconeogenesis rather than ketone body generation in the dysregulated liver. In a dysregulated situation, converted acetyl-CoA from FAs is oxidized to carbon dioxide via the TCA cycle, which increases hepatic oxygen consumption and promotes gluconeogenesis (30). As a result, both hepatic de novo lipogenesis and oxidative stress are increased, thereby inducing or aggravating MAFLD. In addition, intact or efficient ketogenesis might have other putative mechanisms that prevent the development of MAFLD; the ketogenic process is reported to induce the hepatic peroxisome proliferation-activated receptor α (PPARα)-fibroblast growth factor 21 (FGF21) axis, which plays a critical role in energy metabolism and whose dysregulation is associated with MAFLD (31, 32). In addition, the ketogenic pathway activates hepatic autophagy and suppresses inflammatory responses (33–35), which is also thought to be beneficial in improving MAFLD.

With respect to intact ketogenesis and MAFLD, our measurements in βHB are in line with a previous study that obtained serum βHB measurements in T2D patients using a nuclear magnetic resonance spectroscopy-based test (36) and found reduced risk for incident hepatic steatosis or advanced hepatic fibrosis in subjects with fasting ketonuria (18, 23, 24). In this study, T2D patients with intact ketogenesis showed a tendency towards lower steatosis stages and CAP values. In particular, the prevalence of moderate–severe hepatic steatosis was significantly lower in the intact ketogenesis group compared to the impaired group. In the logistic regression analysis, intact ketogenesis was significantly associated with lower risk of moderate–severe steatosis. These results are in line with our previous study that reported the relationship between ketogenic capacity and hepatic steatosis indices (18). Considering the ketogenic mechanisms that were described above, the results of our study, showing an association between intact ketogenesis and lower risk of moderate–severe MAFLD in subjects with T2D, are convincing.

Relatively severe insulin resistance in impaired ketogenic subjects is considered to have contributed to the development or aggravation of MAFLD. The greater difference in the plasma insulin levels between the two groups, compared to the difference in the HOMA-IR, might be due to lower hepatic insulin clearance in the impaired ketogenesis group, which has been reported to be associated with MAFLD (37).

The strength of this study, to the best of our knowledge, is it is the first to show the association between ketogenic capacity and hepatic steatosis using TE imaging in subjects with drug-naïve, newly diagnosed T2D. The present study has some limitations to be considered. First, our study was a cross-sectional design, so we cannot offer a conclusive opinion on the association between ketogenic capacity and MAFLD. Second, we used TE to investigate the presence and extent of MAFLD. Although it is relatively less accurate than magnetic resonance imaging-based methods (38, 39), TE is well known for its good accessibility, reproducibility, and validation. Therefore, TE is recommended as an acceptable non-invasive method to assess MAFLD according to current guidelines (40, 41). Third, we only used blood βHB to assess ketogenic capacity. As mentioned in the introduction section, ketone bodies include βHB, acetoacetate, and acetone. Although βHB is the most abundant form of the blood ketone bodies, lack of data on acetoacetate and acetone might be a limitation. Especially, the βHB/acetoacetate ratio is known to reflect the hepatic redox state, which is a major phenotype of the genetic aspect of MAFLD pathogenesis (42). Therefore, if we had collected data on acetoacetate, the mechanistic explanation might be a little clearer. Finally, we do not have histological data based on liver biopsies, the gold standard for diagnosis of liver steatohepatitis and fibrosis.





Conclusion

In T2D patients, intact ketogenesis is related to the lower risk of moderate–severe MAFLD assessed by TE. This result is in line with a previous study that used MAFLD indices and is supported by putative pathophysiologic mechanisms, such as the favorable aspects of de novo lipogenesis and oxidative stress, induction of the PPARα-FGF21 axis, activation of hepatic autophagy, and suppression of inflammatory processes. Longitudinal studies including large populations, advanced imaging modalities, and/or histological data are needed to elucidate the relationship between ketogenesis and MAFLD.
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Background

Diabetic foot ulcers constitute a substantial healthcare burden on a global scale and present challenges in achieving healing. Our objective was to assess the efficacy of modified tibial cortex transverse transport surgery in managing refractory diabetic foot ulcers.





Methods

We retrospectively analyzed clinical data from 98 patients suffering from diabetic foot ulcers classified as Wagner grade ≥II who were admitted to our medical facility between January 2020 and June 2022. All the patients were treated by modified tibial cortex transverse transport surgery, wherein the osteotomy scope was reduced to two rectangular bone windows measuring 1.5cm × 1.5cm each. Record the patient’s general information and ulcer healing time; ulcer area, ankle-brachial index, WIFi classification, and visual analogue scale before and 3 months following the surgical intervention.





Results

The average duration of diabetes of 98 patients with diabetic foot ulcer was 20.22 ± 8.02 years, 52 patients had more than one toe gangrene on admission. The postoperative wound healing rate was 95.83% and the average healing time was 53.18 ± 20.18 days. The patients showed significant improvement in ankle-brachial index, WIFi classification, and visual analogue scale at 3 months postoperatively compared to preoperatively, with statistically significant differences (P< 0.05). Eight patients experienced complications, and the incidence of complications was 8.16%. Throughout the follow-up period, there were no instances of ulcer recurrence noted.





Conclusion

Modified tibial cortex transverse transport surgery demonstrates effectiveness in the management of diabetic foot ulcers by enhancing lower limb microcirculation and facilitating the process of wound healing.
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Introduction

In 2021, type 2 diabetes was estimated to be 537 million worldwide (1), affecting one in every 11 adults (2). Diabetes and its complications pose a great threat to global health. Among them, approximately 19-34% of individuals with diabetes (3) will develop foot vasculopathy and neuropathy due to poor blood glucose control, leading to peripheral circulation blockage, foot deformities, and subsequent uneven pressure distribution on the feet. Coupled with diminished protective sensation, this cascade ultimately leads to skin ulceration, necrosis, and secondary infections. Simultaneously, due to compromised lower limb blood supply in patients and aggravated tissue damage from infections, this eventually leads to prolonged non-healing of diabetic foot ulcer (DFU) (4). Moreover, more than 15% of DFUs eventually necessitate amputation (3).

Although amputation surgery can enable patients to quickly return to normal life after surgery (5), it is associated with a high post-surgery recurrence rate, and the long-term prognosis is poor (6). Furthermore, the patients strongly desire limb preservation, making amputation surgeries difficult to carry out. The currently common clinical treatment methods include debridement, off-loading surgery, free flap transplantation, and vacuum sealing drainage. However, as these conventional methods often fail to enhance blood supply to lower limbs, patients’ ulcers often encounter challenges in achieving smooth healing. Although percutaneous transluminal angioplasty can restore patency in some major lower limb vessels, it cannot reconstruct the peripheral microcirculation, leading to limited effectiveness (7). At present, surgeons and DFU patients are faced with the problem that patients cannot achieve definite curative effects after paying huge medical expenses.

How to reconstruct or restore the blood perfusion to the distal limb is the key to the treatment of DFU. Wolff J (8) discovered that normal bone tissue possesses compensatory capability, allowing it to maintain dynamic metabolic equilibrium when subjected to external forces. Ilizarov G A (9) proposed the law of tension stress: giving suitable stretch stress to bone can stimulate the active growth of local tissues of the body, facilitate the restoration of microcirculation, subsequently augmenting local blood supply. Based on the above theory, Ilizarov G A designed and developed tibial cortex transverse transport (TTT) to address bone nonunion and found that TTT has the effect of promoting blood vessels and tissue regeneration (10). Subsequently, numerous researchers’ studies further affirmed the role of TTT in reconstructing local and distant tissue microcirculation and restoring blood supply (11). Hua et al. (12) took the lead in introducing TTT into the treatment of DFU, and reduced the corticotomy area of the original surgical method (5.0cm×1.5cm). Recent studies have shown that compared with conventional surgical treatment, TTT is more helpful for wound healing and limb salvage in DFU patients (13, 14). However, extensive osteotomy can result in excessive damage to the surrounding soft tissues, increasing the risk of bone flap necrosis and tibial fractures. Moreover, the angiogenic promotion effect does not intensify as the osteotomy area increases. In this study, to reduce the related complications caused by tibial osteotomy, we further reduced the osteotomy area by switching to two rectangular bone windows (1.5cm×1.5cm). The aim of this study is to assess the short-term effectiveness of modified TTT in managing DFU and to ascertain the occurrence of associated complications, thereby laying the groundwork for the surgical management of DFU.





Methods




Study population

This retrospective study used the clinical data of Wagner grade (15) ≥II DFU patients who underwent modified TTT at our medical facility between January 2020 and June 2022. Surgical indications (1): DFU with Wagner grade ≥II or showing no signs of remission for over 2 months following debridement, vacuum sealing drainage (VSD), and other traditional treatment methods; (2) participants aged 18 years or older; (3) ultrasonography or CT angiography showed that the popliteal artery and superficial femoral artery were unobstructed, with at least one branch of the posterior tibial artery, anterior tibial artery, and peroneal artery remained patent up to the ankle joint level. Surgical contraindications: (1) patients with life-threatening illnesses in the past 3 months or those who are currently unable to tolerate anesthesia and surgery; (2) patients diagnosed with tibial osteomyelitis; (3) the tibial incision area exhibited noticeable wounds, lesions, or infections within a 5cm distance from its edge; (4) disagreeing with the surgical treatment plan; and (5) individuals suffering from severe mental illness who were unable to engage in treatment collaboration. The selection of patients for TTT will be undertaken in accordance with the above. Patients were followed up for at least 3 months, excluding those lost to follow-up or with incomplete data.





Preoperative preparation

Following hospital admission, the patients underwent detailed specialist assessment and routine preoperative examination. The abnormal blockage of the major supplying arteries (including popliteal artery anterior tibial artery, superficial femoral artery, peroneal artery, and posterior tibial artery) of the lower extremities was excluded by angiography or B-ultrasound examination of both lower extremities. Endocrine consultation was arranged, blood glucose was regularly monitored, and diet was controlled. The blood glucose control target was< 8.0mmol/L before meals and< 12.0mmol/L 2 hours after meals. Patients with infection and obvious foot ulcers were subjected to drug sensitivity test of bacterial culture medium of wound secretion, and anti-infective treatment was administered based on the drug sensitivity test results (16).





Surgical technique

Modified TTT was performed using the following protocol: (1) The location of incision, corticotomy, and nail were marked before the operation. After the implementation of epidural anesthesia, the patient was positioned supine and subjected to standard disinfection procedures; (2) Starting at the upper third of the medial tibia (2cm below the tibial tubercle), two incisions of about 2cm in length were made along the medial side of the tibial diaphysis, with an incision interval of 3cm. The tissue was separated in layers until reaching the periosteum. The bone window locations were delineated on the medial aspect of the tibia, which were two 1.5cm×1.5cm rectangular bone windows. The periosteum was incised along the inner edge of the tibia and peeled off to both sides of the tibia. Then, the periosteum was lifted, and the periosteum integrity was protected during the whole process; (3) Two 3mm mobile external fixation pins were threaded into the bone windows (only screwed into the unilateral cortical bone) for transporting the bone blocks. Drill holes at the edge of the bone windows with a bone drill and connect the holes with a osteotome. The bone blocks were moved free to form mobile bone flaps. Damage to the marrow in the medullary cavity should be avoided during the operation; (4) Two 4mm external fixation needles were threaded into the proximal and distal tibial sides of the bone windows (penetrating both sides of the bone cortex). Install and tighten the external fixator. The subcutaneous skin and tissue were sutured in layers, and the incision was disinfected with 75% ethanol and bandaged with dressing. In cases of extensive wound infection or significant tissue necrosis, intraoperative debridement was executed. Pure dry gangrene cases did not necessitate specialized treatment.





Postoperative management

Blood glucose was monitored regularly, and the blood glucose control range was< 8.0 mmol/L before meal and< 12.0 mmol/L 2 hours after meals (consistent with the preoperative management goal). The wound was bandaged with diluted iodine gauze, the wound dressing was changed every day and 75% alcohol was used to disinfect the needle site regularly. Antibiotics were routinely used to prevent infection and anticoagulants were given appropriately to prevent thrombosis. Cushion the heel and ankle with a soft pillow to reduce foot edema. Postoperative X-ray were obtained to determine the location of the incision and the placement of the screws for the external fixator (Figure 1A). External bone transport commenced on the fifth day post-surgery at a daily increment of 1 mm, divided into four sessions, spanning a duration of two weeks (Figure 1B), and then the radiographs were reviewed. After 3 days of maintenance, the bone was moved in the opposite direction at the same rate (Figure 1C). After 2 weeks, the tibial bone windows were moved back to the original position, and the X-rays were reviewed to evaluate the bone healing. When the wound showed complete epithelization without drainage and was maintained for 2 weeks, the ulcer was considered to be completely healed. Upon complete healing and stabilization of the bone blocks, the external fixator was removed (Figure 1D). Subsequently, a protective brace was applied to the operated side’s lower leg for a period of 6 to 8 weeks. And the patients with stable bone healing could walk normally.




Figure 1 | Schematic diagram of modified tibial cortex transverse transport. Position of bone windows opening, bone blocks fixation and external fixator screws during operation (A). Continuous external traction of the bone blocks from the 5th day after operation (B). Reverse traction of the bone blocks reduction after 2 weeks of traction (C). Removal of the external fixator and gradual healing of the tibial cortex (D).







Assessment indicators

During the treatment, the relevant indicators of the patients were closely monitored. The clinical efficacy was evaluated by ulcer healing time, changes in ulcer area, wound/ischemia/foot infection classification (WIFi), ankle-brachial index (ABI) (17), and visual analogue scale (VAS) (18). Additionally, general patient information and adverse events were also documented. Assessors who were not part of the surgical procedure or routine wound care recorded indicators.





Statistical analysis

Data were analyzed with IBM SPSS version 25.0 (IBM Corp, Armonk, NY, USA) and presented as  . Kolmogorov Smirnov test was used to determine the distribution form of preoperative and postoperative data. Paired-sample t-test was used to analyze the continuous measurement data with normal distribution. Wilcoxon rank-sum test was used for preoperative and postoperative non-parametric data or ranked data. P< 0.05 was considered statistically significant.






Results




General information and follow-up

Between January 2020 and July 2022, a total of 103 patients underwent modified TTT surgery. Five patients with incomplete data or loss of follow-up were excluded from this study. Ninety-eight patients were enrolled in the study (Table 1). Patients with toe gangrene before operation underwent toe amputation in the first stage. The wounds involved the toe in 77 cases, the foot in 33 cases, the heel in 2 cases, and the ankle in 3 cases. Ninety-eight patients were followed up for 3 months, which was terminated prematurely in cases of complete wound healing, wound expansion or patient mortality. Throughout the follow-up duration, 2 patients (2.04%) died due to severe perioperative complications (myocardial infarction/gastrointestinal bleeding, cerebral hemorrhage), thus, 96 patients were included in the follow-up statistics. The wound healing time was (21-108) days with an average of (53.18 ± 20.18) days.


Table 1 | General information of DFU patients (n=98).







Clinical efficacy

The WIFi classification of patients at 3 months after operation exhibited significant improvement compared to the pre-operative status, with the difference being statistically significant (P< 0.05, Table 2). At 3 months after operation, ABI was higher, wound area was significantly smaller and VAS was lower than that before operation. These differences were statistically significant (P< 0.05, Table 3). Ninety-two cases of foot wounds healed completely after operation and the healing rate was 95.83% (92/96) (Figures 2, 3). In 4 cases of incomplete healing, the wound area was significantly reduced compared with that before operation.


Table 2 | Comparison of preoperative and postoperative WIFi classification (n=96).




Table 3 | Comparison of preoperative and postoperative assessment indicators (n=96).






Figure 2 | Efficacy of TTT for recalcitrant plantar ulcers. This 46-year-old male patient had skin ulcers on his right foot that lasted 6 months. He underwent conventional treatments such as debridement and lower extremity vascular intervention, but the progress of ulcers was not effectively curbed. These images show the distribution of ulcers in patients before surgery (A, B). He had large ulcers on the right plantar thumb. There was purulent exudation at the web between the thumb and the second toe of the right foot. TTT was performed on the patient, and wound debridement and VSD placement were performed at the same time (C, D). Ten weeks after surgery, the ulcers healed completely (E, F).






Figure 3 | Efficacy of TTT in patients with recurrent ulcers after toe amputation and multiple debridement. The 41-year-old man’s right foot ulcers lasted for 3 months. He underwent multiple debridement, but the wound did not heal. Amputation was performed because of toe necrosis, and there were residual wounds after the operation. The image shows the patient’s ulcers before surgery (A). There was purulent exudation on the surface of the ulcer and much necrotic tissue around it. Granulation tissue filling in the wound after right foot amputation. The swelling of the foot was evident. TTT was performed on patients with phase I wound debridement and VSD placement (B, C). Thereafter, wound debridement and VSD replacement were performed weekly until the wound granulation tissue was completely fresh. In the third week after the operation, the skin grafting and the healing of the patients after skin grafting were observed (D, E). There was epithelial formation at the edge of the wound. There was no pain, swelling, or infection in the wound. The ulcers healed completely 2 months after the operation (F).







Complications

A total of eight patients experienced complications and the overall complication rate was 8.16%. Among them, three patients underwent amputation following TTT because of uncontrolled ulcer infection, and the amputated incisions of these patients healed after receiving standard wound care (Figure 4). Two patients (2.04%) died during the follow-up period, with causes of death reported myocardial infarction/gastrointestinal bleeding and cerebral hemorrhage. Additionally, three patients developed pin tract infections after external fixation, and their infections were controlled successfully managed through alcohol irrigation of the pin tract and local disinfection. None of these patients progressed to osteomyelitis. There were no cases of ulcer recurrence or tibia fractures.




Figure 4 | Efficacy of TTT in patients with multiple toe ulcers. This 68-year-old male patient had left foot bunion ulcers lasting 2 years and left little toe ulcers lasting 1 month. The patient changed dressing by himself several times, but the ulcers still recurred. Prior to surgery, the patient’s left foot was swollen and had pigmentation (A). The skin of the little toe was ruptured with purulent secretion. The patient’s little toe was amputated and then TTT was performed (B, C). Three weeks after surgery, the ulcer area was significantly reduced (D). The wound at the toe amputation site was dry and healed well without infection. One month after surgery, the ulcers healed completely (E).








Discussion

DFU is not only impose a significant financial burden due to the high treatment costs but also present a formidable challenge in terms of management, frequently culminating in non-traumatic amputations. At present, it is generally believed that diabetic foot ulcer is the joint result of vascular and neurological diseases of the lower limbs. Eighty percent of DFU patients undergoing amputation are related to foot ischemia (19), and small artery occlusion is the main cause of foot perfusion defects (20). Due to the poor vascular condition of lower limbs and the limited self-repair ability of the body, it is difficult to heal the wound by local debridement and dressing change alone. Studies have shown that after standard surgical treatment (21) (including decompression, infection control, revascularization, and wound debridement), the healing rate of ulcers within 1 year is 77%, and the recurrence rate are 40%, 60%, and 65% in 1, 3 and 5 years, respectively (22). It can be seen that although conventional surgery can heal the wound, the postoperative recurrence rate and amputation rate are still high due to the lack of intervention for the ischemic condition of the lower limbs of patients. Hence, the central challenge in the treatment of DFU lies in the restoration of blood supply to the distal foot, enhancement of microcirculation, and optimization of oxygen metabolism in neighboring tissues, all while conducting comprehensive debridement of infected tissue.

In the 1980s, Ilizarov introduced the Principle of Tension Stress: giving an appropriate stretch stress to the bone can stimulate the active growth of local tissues in the body, promote the rejuvenation of microcirculation and increase local blood supply. Subsequently, Ilizarov proposed TTT based on this theory and took the lead in applying this technique to the clinical treatment of bone nonunion, which achieved good therapeutic results. Later, Hua and his colleagues implemented this approach in the management of DFU and observed the postoperative ulcer healing rate was 96.3% and the 2-year recurrence rate was 2.9% (23). The therapeutic efficacy of TTT is evidently superior to conventional surgical treatment approaches. Further research found that TTT can improve the expression levels of angiopoiesis related factors and tissue repair-associated factors in the patients’ serum, consequently promoting angiogenesis (24–26). In addition, TTT also has a stimulating effect on immune cells. TTT has the ability to facilitate the transition of M1 macrophages into M2 macrophages during the wound healing proliferation phase, thereby promoting the polarization balance of macrophages and the reconstruction of anti-inflammatory function, and accelerating wound healing (27). Furthermore, VEGF-A released by M2 macrophages can also promote angiogenesis, guiding Schwann cells along neovascularization and inducing axonal regeneration, thereby improving patients’ neurological function (27). In this study, the osteotomy site was in the tibial diaphysis, but it was manifested as healing of foot ulcers (13, 14, 23, 28). This suggests that TTT can elicit a systemic response. This phenomenon may be related to the mobilization of bone marrow stem cells by TTT, which promotes the migration of stem cells to the site of injury, restores vascular endothelial function, and promotes angiogenesis (29). In addition, the occurrence of systemic reactions may be related to circulating cytokines produced by mechanical stimulation (30). TTT can provide effective pain relief. The decrease in VAS scores in patients after surgery is attributed to the reestablishment of collateral circulation in the foot and the reduction of intramedullary pressure through fenestration, which alleviates vascular spasms.

The modified TTT procedure used two small rectangular bone windows of 1.5cm×1.5cm, which reduced the overall bone window area. Small bone windows have significant advantages, including avoiding extensive periosteal stripping, reducing necrosis of free bone fragments, and maximizing the tibial stability and biomechanical integrity. The average incidence of postoperative tibial fractures using the traditional large area of osteotomy method was 2.6% (31). However, during the three-month follow-up period, no patient in our study experienced tibial fracture. Despite our follow-up period was relatively short, the complications related to TTT predominantly occur between 3 to 12 weeks postoperatively (31). Therefore, our record of complication rates remains valid. In comparison to the conventional osteotomy method, patients who underwent the modified TTT procedure had a significantly lower incidence of postoperative tibial fractures. This finding underscores the importance of reducing the dimensions of the osteotomy area is one of the key factors in preventing fractures, which is consistent with the views expressed by Wang et al. (31). It should be emphasized that the size of the tibial bone window is not entirely determined and can be appropriately reduced for patients with a shorter stature. In addition, due to the smaller osteotomy area, patients can engage in weight-bearing activities shortly after surgery, which serves to mitigate the risk of deep vein thrombosis formation in the lower limb. The postoperative ulcer healing rate in patients who underwent the modified TTT was 95.83%, and there was an increase in the ABI of the patients after treatment, consistent with findings from previous studies (13, 14, 23, 28). This indicates that reducing the size of the bone windows does not appear to weaken the subsequent traction’s stimulating effect on the periosteum, which is consistent with the findings of Kostopoulos et al.’s study (32). These results tentatively indicate the potential application of this technique for tissue regeneration therapy in smaller bone areas, such as the craniofacial region. However, further experimental studies are also necessary to validate these findings.

By transporting the bone blocks, the foot microcirculation and inflammatory balance were reconstructed. However, the efficacy of modified TTT should not be overstated. At the end of the follow-up of this study, there were still 4 patients whose wounds had not healed completely, and 3 patients underwent amputation due to the progression of local infection. And patients with DFU remain compromised static balance and alterations in plantar load distribution of the lower limbs following surgery. As can be seen from these adverse cases, DFUs are the result of multiple factors and cannot be expected to be completely cured by surgery alone. Thus, attention to patients’ self-management is crucial. Additionally, bone transport should be accompanied by thorough debridement, professional wound care, anti-infection treatment, static standing balance training, and blood glucose control.

It is worth noting that modified TTT is not a universal solution for all patients with DFU. Patients with mild ulcers often heal with conventional treatment and do not need modified TTT treatment. The effectiveness of TTT appears to be limited in individuals with severe or complete occlusion of the main vessels supplying the ankle. This limitation can be attributed to factors such as oxidative stress, impaired endothelial function, and regeneration defects commonly observed in diabetic patients. These factors collectively pose challenges for the regeneration and remodeling of large blood vessels through TTT, and the role of TTT in the reconstruction of middle and large vessels still requires further investigation.

The primary limitations of this study encompass the following aspects: Firstly, one major limitation of this study is the retrospective design of the study. Secondly, given the relatively recent emergence of this technique, our research was designed to evaluate the short-term therapeutic outcomes of modified TTT. In the future, we will conduct long-term large-sample controlled clinical trials on the basis of the original research to further clarify the therapeutic effect of modified TTT, and provide more reliable basis for limb salvage treatment of DFU.





Conclusions

Modified TTT can effectively improve the foot microcirculation of patients, promote wound healing, and significantly reduce the amputation rate. After reducing the osteotomy area, the incidence of local tibial complications was reduced. In the future, more large-scale clinical trials are needed to further evaluate its efficacy. In addition, related experiments based on modified TTT are needed to explore its local biomechanical characteristics and related mechanisms.
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Background

Light influences the secretion of melatonin in the body and regulates circadian rhythms, which play an important role in sleep and mood. The light level of rooms in long-term care facilities is usually far below the threshold required to regulate the body’s circadian rhythm, and insufficient light can easily lead to sleep and mood disturbances among older residents in nursing homes. Therefore, the objective of this study was to investigate the effects of light therapy on sleep and circadian rhythm in older adults with type 2 diabetes residing in long-term care facilities.





Methods

This study was a prospective, single-blind, randomized controlled trial. Participants were randomly assigned to either the light therapy (LT) group or the control group and received the intervention for four weeks. Primary outcomes included the Pittsburgh Sleep Quality Index (PSQI) and objective sleep parameters recorded by a sleep monitoring bracelet, Morningness-Eveningness Questionnaire (MEQ). The secondary outcome included glycated serum protein (GSP). Data was collected at three time points: at baseline (T0), immediate post-treatment (T1), and 4-week follow-up (T2). A linear mixed model analysis was used to analyzed the data.





Results

We enrolled 45 long-term care residents. Compared with the control group, significant reductions in PSQI scores were observed at T1 and T2. At T2, the sleep score of objective sleep parameters was significantly higher in the LT group compared to the control group. Additionally, compared to the baseline T0, MEQ scores were significantly lower in the LT group at T1 and T2, with no significant difference in the control group. There was no significant difference between groups in glycated serum protein values at T1 and T2. However, compared to T0, glycated serum protein values decreased in the LT group while increased in the control group at T2.





Conclusion

Light therapy had a positive effect on subjective sleep quality and circadian rhythm time type in long-term care residents with type 2 diabetes, and had a possible delayed effect on objective sleep. However, no discernible alterations in blood glucose levels were detected in this study.





Keywords: older adults, long-term care facility, type 2 diabetes, light therapy, sleep disturbance, circadian rhythm




1 Introduction

The increasing global prevalence of type 2 diabetes, particularly among individuals aged 65 years and older, is a concerning public health issue, the more than 19% of people at least 65 years old have type 2 diabetes worldwide (1). It is estimated that 592 million people around the world will have diabetes by 2035 (2). Sleep disturbance is a global public health problem. It is prevalent in patients with type 2 diabetes. with reported rates of 42-71% in this population (3, 4). Furthermore, long-term care residents are particularly susceptible to sleep disorders, with up to 70% of long-term care residents suffering from sleep problems (5–7), Additionally, a significant proportion of long-term care residents, ranging from 25% to 34%, also suffer from type 2 diabetes (8). Previous research suggests a bidirectional cause-and-effect relationship between type 2 diabetes and sleep disturbance (9–11). Unfortunately, sleep disturbance is an important factor in the deterioration of diabetic patients. It has an impact on the endocrine regulatory system of the body, leading to unstable blood glucose control and aggravating the deterioration of the patient’s condition (12). For example, sleep disturbance can exacerbate the progression of diabetes and diabetic complications by stimulating the body’s sympathetic system, triggering systemic inflammation via the hypothalamic-pituitary-adrenocortical system, thus exhibiting a higher risk of diabetes complications and mortality (13).

Pharmacological treatments such as hypnotic drugs are frequently utilized for sleep disturbance management, however, long-term use may lead to adverse reactions (14), therefore non-pharmacological therapies such as light therapy (LT) are recommended. Light plays an important role in circadian rhythm regulation, with its effects sensed by the intrinsic photosensitive retinal ganglion cells (ipRGC) within the eye and transmitted directly to the suprachiasmatic nucleus (SCN) of the hypothalamus, which regulates sleep-wake rhythms (15). Therefore, exposing patients to bright light therapy is expected to improve their sleep primarily by stabilizing their sleep-wake rhythm. The ipRGC in the eye responds more sensitively to the light of shorter wavelength (blue light) than the light of longer wavelength (red or yellow) (16–19), therefore exposing an individual to blue−enriched light can better regulate sleep-wake circadian rhythms (15, 20), and mitigating sleep disturbances (21–23). The therapeutic efficacy and tolerance of light therapy have been well established, and even for older individuals (24, 25). Given the significance of circadian rhythms for regulating glucose metabolism (26), light therapy may help to improve blood glucose levels in individuals with diabetes.

Light exposure is critical for regulating circadian rhythms, and insufficient exposure to daytime light could be an essential factor contributing to people’s poor sleep outcomes and mood (27, 28). However, light levels in long-term care are usually far below the threshold that regulates people’s circadian rhythms (5, 29, 30). For example, studies have shown that a large percentage of nursing homes have indoor lighting levels lower than 750 lux (31). Even in summer, the median vertical illumination of living rooms in the Norwegian dementia unit was less than 300 lux (32). Furthermore, older adults become less sensitive to light as age increases, which may further reduce the effectiveness of indoor light exposure in stimulating the circadian system (33). In addition, most nursing homes are for older and frail patients whose opportunities for outdoor activities are limited (34), reducing the effective circadian light exposure that older adults receive during the day, which further exacerbating the sleep disorder (33). Insufficient light exposure is related to disrupted sleep, poor sleep quality and depression mood complaints (27, 28). Therefore, light therapy poses a promising non-drug treatment, which may play an important role in treating sleep disorders of type 2 diabetes patients living in long-term care facilities.

Light therapy has been shown to have therapeutic benefits in treating affective disorders such as bipolar disorder, seasonal, and non-seasonal affective disorders (35, 36). Furthermore, light therapy has been demonstrated to has a positive effect on sleep quality, depressive symptoms, and cognitive-behavioral impairment in patients with Parkinson’s and dementia (37–40). Currently, only two studies (41, 42) were identified that examined the effects of light therapy on patients with type 2 diabetes. One study (41) found that while light therapy did not affect insulin sensitivity in type 2 diabetic patients, it did have a positive effect on depressive symptoms in type 2 diabetic patients with high insulin resistance. In another study (42), light therapy was found to improve daytime sleepiness in patients with type 2 diabetes, though no significant improvement was observed in subjective sleep quality. Limited research has been conducted on the use of light therapy as an intervention for diabetic patients, and the available evidence is inconclusive regarding its potential to improve sleep quality and blood glucose levels. Additionally, no studies have been seen to explore the application of light therapy for older type 2 diabetic patients living in long-term care facilities. The aim of this study was to investigate the effect of light therapy on sleep, circadian rhythms, and blood glucose levels in residents with older type 2 diabetes living in long-term care facilities. ​Therefore, we performed a randomized controlled trial, and hypothesized that light therapy (LT) group would have more effects on outcome measures including subjective and objective sleep quality and circadian rhythm, and blood glucose than the control immediately post-treatment and at 4-week follow-up.




2 Methods



2.1 Trial design

This was a randomized, single-blind trial in which participants were randomly assigned to an intervention (Light therapy) or a control group. Participants were blinded to the grouping. The trial protocol has been approved by the Biomedical Ethics Committee of Chengdu Medical College (Ethical Review Opinion 2021. No. 05). The study was undertaken in accordance with the Declaration of Helsinki. Written informed consent was obtained from each participant before enrollment. Personally identifiable information of participants is anonymously numbered during data analysis to ensure the privacy of participants. The trial was registered at the Chinese Clinical Trial Registry (ChiCTR) with the registration number ChiCTR2200062809. The study is reported according to the Consolidated Standards of Reporting Trials (CONSORT) Trials. (S1 CONSORT Checklist).




2.2 Participants and enrollment criteria

Study participants were recruited from three wards of a single long-term care facility (specialized nursing home) in Chengdu, China. The screening of participants was carried out by attending physicians and investigators, and only those individuals who satisfied the following inclusion criteria were enrolled in the study: (1) 65 years or older; (2) diagnosed with type 2 diabetes in accordance with World Health Organization criteria (43) at least 6 months prior to enrollment; (3) diagnosis of any of the circadian rhythm sleep-wake disorders (CRSWD) categories of sleep disorders according to the ICSD-3 (44), and (4) The baseline assessment of the Pittsburgh Sleep Index Scale (PSQI) score is more than 5.

Participants were not enrolled if they (1) have been diagnosed unsuitable for light therapy by an ophthalmologist; (2) have been diagnosed with retinopathy or eye diseases such as cataracts, macular degeneration, glaucoma, or blindness; (3) have ever undergone eye surgery or phototherapy; (4) used photosensitizing drugs in the 30 days before enrollment; (5) currently have acute or severe complications of type 2 diabetes, such as diabetic ketoacidosis, or hyperglycemic hyperosmolar status; (6) had a history of bipolar disorder, severe cognitive impairment or other mental illness diagnosed according to the DSM-5 (45); (7) had a history of cerebral apoplexy, heart failure or other serious physical diseases; (8) Current usage of any medication that affects the circadian rhythms; or (9) being suspected or diagnosed with primary sleep disorders except for insomnia disorder (i.e., restless legs syndrome, sleep-disordered breathing disorder; hypersomnia, or narcolepsy). Participants were not enrolled unless they provided written informed consent.




2.3 Sample size

We calculated the minimal sample size of the LT group, N1, and control group, N2, to ensure detection of a significant difference in Pittsburgh Sleep Quality Index (PSQI) score between the intervention and control groups, based on a published study (46). Based on the formula:

	

where δ = 9.79 - 6.81 = 2.98 and S=2.79 (46) and a standard normal distribution table (47) indicated tα/2 = 1.96 and tβ/2 = 1.282, we calculated N1 = N2 = 18.39. We increased these values to 22 subjects in each group in order to compensate for 20% loss to follow-up.




2.4 Randomization, concealment and blinding

Participants were randomly divided into LT group or control group using online random number generator software (www.random.org; Dublin, Ireland). The intervener grouped the participants according to sequence numbers randomly generated by the computer-generated list. The randomly generated list order was hidden before the intervention assignment. Participants themselves were blinded to their group assignment. The light therapy group uses bright 1500 Lux light therapy glasses and the control group uses a virtual low-light light therapy glasses model. Despite the difference in nature in the bright light and virtual low light conditions, the shape of the glasses devices worn by the two groups was similar and the older adults had less autonomous activity, which the participants were not aware of it. To avoid interference between the two groups, participants housed in the same room at the nursing room facility were assigned to the same group. The researchers and caregivers kept information about the light therapy and control groups strictly confidential, and participants were not aware of the differences between the two types of light, and participants did not know whether they are receiving the actual light therapy or the virtual low-light condition.




2.5 The intervention

The study was conducted in three phases for nine weeks. During the baseline period of seven days, data was collected on objective and subjective sleep parameters, glycosylated serum protein, and depressive symptoms. During the intervention phase of four weeks, participants in the LT group wore Luminette light therapy glasses (Lucimed, Villers-Le-Bouillet, Belgium) with a corneal level of 1500 lux (blue-enriched white light at a wavelength of 468 nm), while the control group wore custom-made light therapy glasses identical in appearance to those of the LT group but emitting a corneal level of 0.3 lux (faint yellow light), which did not affect circadian rhythms (48). Luminette glasses can deliver the same light therapy as conventional light boxes operating at 10,000 lux (49, 50). Both groups will wear their glasses every morning from 9:00 to 10:00 am. After the intervention, participants were followed up for four weeks, during which the same assessments were carried out as during the baseline phase.

The researcher conducted regular assessments to verify the adherence of participants to wearing light therapy glasses throughout the intervention, and maintain a comprehensive record of their compliance. Additionally, the nursing staff actively monitor participants’ adherence to wearing the glasses during their daily routines, thereby ensuring continuous compliance with the prescribed light therapy protocol.




2.6 Assessment

Trained assessors collected data from participants at three time points: at baseline (T0), immediate post-treatment (T1), and 4-week follow-up (T2). Primary outcomes included Pittsburgh Sleep Quality Index (PSQI) score, objective sleep parameters recorded by a sleep monitoring bracelet, Morningness-Eveningness Questionnaire (MEQ) score, and secondary outcome included glycated serum protein (GSP) value.



2.6.1 Subjective sleep quality

At T0, T1 and T2, participants completed the Chinese version (51) of the Pittsburgh Sleep Quality Index (PSQI) (52) to assess their nocturnal sleep quality and daytime sleepiness during the preceding four weeks. The scale comprises seven dimensions: subjective sleep quality, sleep latency, sleep duration, sleep efficiency, sleep disorders, use of sleep medications, and daytime dysfunction. The subscore on each dimension can range from 0 to 3, so the total score can range from 0 to 21, with higher total score indicating worse sleep quality. An overall score > 5 is be defined as a sleeping disorder (53). Cronbach’s α for the Chinese version of the PSQI is 0.84, and retest reliability is 0.81 (51).




2.6.2 Objective sleep

At baseline, throughout weeks 4 of the intervention and throughout weeks 4 of follow-up (7 days), participants wore a sleep monitor bracelet (Honor Band 5i, Huawei, Shenzhen, China) daily to record objective sleep parameters. The sleep monitoring bracelet is a wristband smart wearable device that features cardiopulmonary coupling (CPC) technology, which can accurately analyze sleep patterns (54, 55). The sleep monitor bracelet automatically record daily data on sleeping time and waking time, total sleep time (TST), light sleep duration (LST), deep sleep duration (DST), rapid eye movement (REM) sleep, and time of awakening (TOA). The device determines an overall “sleep quality score”. The total score can range from 0 to 100, with higher score indicating better sleep quality.




2.6.3 Circadian rhythms

At T0, T1 and T2, participants completed the Chinese version (56) of the Morningness-eveningness Questionnaire (MEQ) (57). The scale is a chronotype classification tool for natural trends of circadian rhythm to assess the type of circadian rhythm. In this study, MEQ scores were compared to determine the trend change of circadian rhythm. The scale contains 19 items, and individuals scoring 16-30 will be classified as “absolute night type”; 31-41, “moderate night type”; 42-58, “intermediate type”; 59-69, “moderate morning type”; and 70-86, “absolute morning type”. Cronbach’s α for the Chinese MEQ is 0.701-0.738, and retest reliability is 0.638-0.831 (56). In this study, MEQ scores will be compared among three time points to determine the change trend of circadian rhythm.




2.6.4 Blood glucose level

At T0, T1, T2, peripheral venous blood (2-3 mL) were collected from subjects at 9:00 am and assayed for levels of glycosylated serum protein (GSP) as an index of mean glycemic control (58) using the nitroblue tetrazolium method on a Cobas8000 automatic biochemical analyzer (Roche, Germany).





2.7 Statistical analysis

Data was analyzed using SPSS 26.0 (IBM, Chicago, IL, USA). For intention-to-treat (ITT) analysis, the last observation carried forward (LOCF) method were used to impute any missing data of the objective questionnaire and glycated serum protein data (59). When poor compliance in wearing the sleep monitoring bracelet results in less than <5 days of recorded sleep parameters, the sleep parameter data was discarded. Measurement data conforming to normal distribution were expressed as mean ± standard deviation, differences between the two groups were assessed by Student’s t test; skewed continuous data by M (Q1, Q3), and differences between were measured by non-parametric rank-sum test. Counting data were described by n (%), and the significance of differences between groups was assessed by Chi-square test. Differences between different time points within each group were assessed for significance using linear mixed models (60). Group (intervention vs. control), time (treated as categorical with levels at T0, T1 and T2), and the group-by-time interaction were included as fixed effects in the model. Bonferroni correction was used for post hoc analysis. Differences associated with p < 0.05 were considered significant.





3 Results



3.1 Baseline patient characteristics

A total of 45 older adults with type 2 diabetes and sleep disturbances in nursing homes were included in this study (see the flow chart in Figure 1), with a mean age of 85.33 ± 5.924 (years), 16 cases were (35.56%) males and 29 cases were (64.44%) females. There were 24 cases (53.3%) in the LT group and 21 cases (46.7%) in the control group. There were no significant differences between the two groups in PSQI, MEQ scores, sleep parameters measured by sleep monitoring bracelet and GSP values. Table 1 gives additional demographic aspects of the subjects, including length of long-term care residence, duration of type 2 diabetes, duration of sleep disturbance, co-morbidity, type of dementia diagnosis and sleep medication use, as well as the baseline of outcome measures. Figure 2 shows the number of participants included in each analysis or sleep parameters at each time point and the reasons for missing data.




Figure 1 | CONSOR flow diagram.




Table 1 | Descriptive statistics at baseline for the 45 participants.






Figure 2 | Summarizes the number of participants included in each analysis for sleep parameters as measured by sleep monitoring bracelet at each data collection time point and the reasons for missing data.






3.2 Outcomes

The linear mixed model was used to analyze the data, and the fixed effects results showed that the differences in group effect, time effect, and time × group interaction effect of PSQI and MEQ scores of patients in the two groups at different times were statistically significant (p < 0.05), and The difference in GSP was not statistically significant (p > 0.05), indicating that the magnitude of change in PSQI and MEQ scores was significantly different between the two groups before and after the intervention, and there was no significant change in GSP in both groups before and after the intervention (see Figure 3 and Table 2). Furthermore, the linear mixed model was used to analyze the objective sleep parameters recorded by the sleep monitoring bracelet, and the fixed-effects results showed that the time effects of TST and LST were statistically different between the two groups (p < 0.05). The group effect, time effect, and time × group interaction effect of other sleep parameters were not statistically different between the two groups of participants (p > 0.05) (see Table 2).




Figure 3 | Comparison of PSQ, MEQ and GSP mean scores at T0, T1 and T2. Pittsburgh Sleep Quality Index (PSQI) (A), Morningness-Eveningness Questionnaire (MEQ) (B), Glycosylated Serum Protein (GSP) (C); T0, baseline; T1, immediate post-treatment; 4-week follow-up (T2). ***p < 0.001 (vs. the control group); ###p < 0.001 (vs. T0 in LT group); NS (p > 0.05, vs. control group); ns (p > 0.05, vs. T0 in LT group).




Table 2 | Comparison of outcomes between the light therapy (LT) group and control group (mean ± standard deviation).





3.2.1 Sensitivity analysis

We performed a sensitivity analysis. A total of 40 (out of 45) subjects were included in the analysis (18 in the LT group and 22 in the control group). There were no significant differences in the baseline characteristics of the two groups. The results of sensitivity analysis showed statistically significant differences in the group effect, time effect, and time × group interaction effect for PSQI and MEQ scores across time in both groups (p < 0.05), consistent with the ITT results, indicating the stability of the statistical results (see Table 3).


Table 3 | Sensitivity analysis.






3.2.2 Post hot analysis

Regarding subjective sleep, the results showed that the PSQI scores of the LT group were significantly lower than those of the control group at T1 (β = -3.413, 95% CI: -4.988 to -1.839, p < 0.001) and T2 (β = -2.512, 95% CI: -4.088 to -0.936, p = 0.002) (see Table 4).


Table 4 | Results of the post hoc analyses.



The linear mixed model analysis of sleep parameters measured by the sleep monitoring bracelet showed no statistical differences between two groups at T1 (p > 0.05). However, at T2, the LT group had a significantly higher sleep score than the control group (β = 5.903, 95% CI: 0.228 to 11.578, p = 0.042) (see Table 4).

Regarding the type of circadian rhythm, the results showed that compared with T0, MEQ scores were significantly lower in the LT group at T1 (β = -4.852, 95% CI: -7.566 to -2.137, p < 0.001) and T2 (β = -8.500, 95% CI: 11.232 to -5.768, p < 0.001), with no significant difference in the control group (p > 0.05) (see Table 4). The type of circadian rhythm in the LT group changed from “intermediate wakefulness” (66.47 ± 0.80 points) to “intermediate” (57.97 ± 0.80 points) at T2.






4 Discussion

In this prospective, single-blind, randomized controlled trial, we investigated the effects of light therapy on sleep disturbances, circadian rhythm and blood glucose in older adults with type 2 diabetes with sleep disturbance living in long-term care facilities. This study was conducted in long-term care facilities, and the included older adults with diabetes were all aged 70 and above. Therefore, the results of this study reflect the situation of older adults with diabetes in long-term care facilities in China.

In the present study, we found that light therapy improved the subjective sleep quality of patients. Our findings indicate that light therapy may have a direct and lasting effect on subjective sleep quality in people with type 2 diabetes. This is consistent with the results of Figueiro et al. (40) who showed a significant reduction in overall PSQI score in Alzheimer’s patients in nursing facilities after light intervention. Results also showed that PSQI scores remained lower four weeks after the light intervention, indicating that the effects of light therapy on subjective sleep quality were long-lasting.

The results of sleep parameters measured by the sleep bracelet showed a significant improvement in sleep scores at T2 in the LT group and an increase in total nighttime sleep time compared to the control group after 4 weeks of follow-up, but not significant (p = 0.073). The results of this study were similar to the findings of Kim et al. (39) who found no significant changes in objective sleep parameters after the intervention, but there was a trend towards an improvement in total nighttime sleep duration in the intervention group compared to the control group, suggesting that light therapy may have a delayed effect on objective sleep quality. Longer periods of circadian stimulation may be required to determine the effectiveness of light on patients to consolidate sleep (61–63). However, previous studies have shown the benefits of light therapy on objective sleep parameters assessed by sleep monitors. A previous study by Sloane et al. (64) found that the use of high-intensity ambient light significantly increased the duration of nighttime sleep in patients with dementia. Figueiro et al. (65) found improvement in TST and SE as measured by activity loggers in most patients with dementia using a blue-white light device.

In this study, we investigated the effect of light therapy on sleep quality in older type 2 diabetics living in long-term care facilities. This study is innovative in terms of population selection. To our knowledge, this is the first study of light therapy in older type 2 diabetics living in long-term care facilities. The results showed that light therapy showed significant effects in improving patients’ subjective sleep quality, although in terms of objective sleep parameters, light therapy only produced significant improvements in sleep scores. However, sleep quality itself is a more subjective feeling, and we observed a significant improvement in patients’ subjective perception of sleep quality. This improvement helped to reduce anxiety and depression in patients and promote psychological well-being, which could play an important role in preventing further disease progression in patients with type 2 diabetes.

No significant changes in objective sleep parameters were found in this study. A possible explanation for this finding is the short duration of the intervention. In a study with a prolonged (3.5 years) lighting intervention (66), objective nighttime sleep duration was significantly increased and the improvement in sleep quality was consistently greater in the test group than the control condition. Thus, the small or insignificant changes in objective sleep parameters in our study may be related to the duration of light exposure, as four weeks may be relatively short, and our findings need to be validated by further studies with longer intervention durations.

The type of circadian rhythm in the LT group changed from “intermediate wakefulness” (66.762 ± 0.850 minutes) at T0 to “intermediate” (57.967 ± 0.795 points) at T2, which prolonged the patients’ morning waking time, suggesting that light therapy can appropriately adjust the circadian rhythm and can stabilize nighttime sleep. Similarly, Baandrup et al. (67) found that a light intervention improved circadian rhythms and circadian activity patterns in older adults with cognitive impairment living in nursing homes. Figueiro et al. (65) also found that a tailored lighting intervention had a modulating effect on circadian rhythms in patients with dementia. This observed phenomenon is posited to arise from the regulatory effects of light therapy on sleep-wake cycles through the modulation of intrinsically photosensitive retinal ganglion cells (ipRGC), with direct delivery to the suprachiasmatic nucleus (SCN) of the hypothalamus, thereby contributing to an enhancement in sleep quality (20). Inadequate levels of indoor light in nursing homes may not be conducive to proper entrainment of circadian rhythms. Moreover, sleep disturbances in older patients with type 2 diabetes can result in altered sleep structure, characterized by increased awakenings, earlier awakenings, and greater difficulty in falling back asleep after awakening (68). The reason for the results of this study may be that light regulates circadian rhythms, solidifies nighttime sleep, and prolongs wakefulness in type 2 diabetic patients.

Although the results of this study did not find significant differences in glycated serum protein values between the two groups, several studies have shown a significant association between sleep disturbances and circadian rhythm disturbances and increased glycemic level control in type 2 diabetes (69, 70). Sleep disturbances and circadian rhythm disturbances impair β-cell function and insulin sensitivity, leading to impaired glucose tolerance, which severely affects glycemic level control and thus exacerbates the progression of type 2 diabetes (71). It has also been shown that light improves sleep structure in patients with type 2 diabetes. Therefore, improving sleep quality through light therapy is important for glycemic control in type 2 diabetes (42). Future studies could select patients with poorer levels of glycemic control for longer interventions to better explore the effects of light therapy on the level of glycemic control in patients with type 2 diabetes.

This study was conducted in a single-center study with limited sample size and may lack the representativeness of the sample. Future randomized, controlled, multicenter studies can be undertaken to further confirm the effectiveness of light therapy on sleep quality and glycemic control in older patients with type 2 diabetes. Furthermore, circadian biochemical indicators were not collected in this study to objectively assess the circadian phase of patients, such as dark-light melatonin onset levels. Melatonin serves as a major marker of circadian rhythm changes. Future studies could be designed to collect dark-light melatonin episodes levels as an objective assessment of circadian rhythm changes. Besides, the diabetes complications and the use of anti-diabetic medications should be considered in future studies to provide more robust evidence for the benefits of light therapy for people with type 2 diabetes. Moreover, an evaluation of sleep behavior and associated sleep parameters at approximately 15 years prior to their diabetes diagnosis, should also be considered due to the impact of sleep habits on outcomes.




5 Conclusion

In conclusion, our findings provide evidence for a positive effect of light therapy on subjective sleep among older adults with type 2 diabetes and sleep disturbance in long-term care facilities, contributing to the regulation of circadian rhythm time type, with a possible delayed effect on objective sleep. No changes in blood glucose levels were found in this study for the time being, and it may be necessary that longer periods of light exposure in patients with poorer levels of glycemic control would help to detect the beneficial effects of light therapy.
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Background

Previous research has indicated a vital association between hypertension, intraocular pressure (IOP), and diabetic retinopathy (DR); however, the relationship has not been elucidated. In this study, we aim to investigate the causal association of hypertension, IOP, and DR.





Methods

The genome-wide association study (GWAS) IDs for DR, hypertension, and IOP were identified from the Integrative Epidemiology Unit (IEU) Open GWAS database. There were 33,519,037 single-nucleotide polymorphisms (SNPs) and a sample size of 1,030,836 for DR. There were 16,380,466 SNPs and 218,754 participants in the hypertension experiment. There were 9,851,867 SNPs and a sample size of 97,465 for IOP. Univariable, multivariable, and bidirectional Mendelian randomization (MR) studies were conducted to estimate the risk of hypertension and IOP in DR. Moreover, causality was examined using the inverse variance weighted method, and MR results were verified by numerous sensitivity analyses.





Results

A total of 62 SNPs at the genome-wide significance level were selected as instrumental variables (IVs) for hypertension-DR. The results of univariable MR analysis suggested a causal relationship between hypertension and DR and regarded hypertension as a risk factor for DR [p = 0.006, odds ratio (OR) = 1.080]. A total of 95 SNPs at the genome-wide significance level were selected as IVs for IOP-DR. Similarly, IOP was causally associated with DR and was a risk factor for DR (p = 0.029, OR = 1.090). The results of reverse MR analysis showed that DR was a risk factor for hypertension (p = 1.27×10-10, OR = 1.119), but there was no causal relationship between DR and IOP (p > 0.05). The results of multivariate MR analysis revealed that hypertension and IOP were risk factors for DR, which exhibited higher risk scores (p = 0.001, OR = 1.121 and p = 0.030, OR = 1.124, respectively) than those in univariable MR analysis. Therefore, hypertension remained a risk factor for DR after excluding the interference of IOP, and IOP was still a risk factor for DR after excluding the interference of hypertension.





Conclusion

This study validated the potential causal relationship between hypertension, IOP, and DR using MR analysis, providing a reference for the targeted prevention of DR.
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1 Introduction

According to the report of the International Diabetes Federation, approximately 400 million people have diabetes currently, and the prevalence rate of diabetes will be close to 600 million by 2035 (1, 2). Among the microvascular complications of diabetes, diabetic retinopathy (DR) is reported to be the most common cause of visual impairment in adults of working age (3). Additionally, some patients with diabetes mellitus type 2 (T2DM) still acquire javascript:;DR after 6.5–13.3 years even if blood sugar is strictly controlled (4, 5). Identifying the risk factors of DR is an important part of implementing preventive interventions to deal with the growing threat.

Since hypertension is a condition that can be controlled, an increasing number of observational epidemiological studies are focusing on how it impacts DR. Based on the existing research, the relationship between the outcomes of hypertension-related factors and the emergence of DR is controversial and inconsistent. Based on the findings of the Large Prospective UK Prospective Diabetes Study, DR is associated with systolic blood pressure (SBP) in patients with T2DM (6). However, the onset and progression of DR in patients with T2DM were not correlated with baseline systolic and diastolic blood pressure in the same study (7). Some studies have reported that SBP and hypertensive retinopathy are the primary predictors of DR in patients with T1DM solely and have no impact on T2DM (8). In a community-based DR screening study of Chinese adults with T2DM, it is necessary to reduce SBP (<140 mmHg) and glycosylated hemoglobin (HbA1c) (<7.0%) levels in combination rather than alone, which is believed to be related to a significant reduction in the possibility of DR (9).

An increasing number of studies are focusing on the relationship between DM/DR/intraocular pressure (IOP). DM is believed to easily damage the optic nerve via retinal vascular destruction and imbalance and various neurodegenerative mechanisms and destroy the trabecular meshwork route of water outflow, further causing high IOP and optic nerve injury (10–12). A cohort study has revealed that among patients with diabetes, patients with glaucoma and/or high IOP were more likely to develop DR within 5 years (13). However, Gangwani et al. conducted a cross-sectional study on 470 patients with DR and demonstrated that there was no correlation between DR and glaucoma (14). Nevertheless, there may be a longitudinal association between DR, glaucoma, and/or high IOP in the DR population.

To recapitulate, the causal relationship between IOP and DR remains elusive. Although the potential confounding factors are strictly controlled, residual unmeasured confounding factors can still affect the analysis of observational studies. Both the causal relationship between potential risk factors and the risk of DR and the suggestion for preventive treatment cannot be established solely based on observational data. Mendelian randomization (MR) analysis used genetic predictors as instrumental variables (IVs) to examine the causal relationship between risk factors and diseases. Since genetic variation is randomly distributed at conception, each IV is considered an alternative to randomized controlled trials (RCTs), which can prevent various deviations present in traditional observational studies.

MR analysis of DR exhibits that intestinal flora and adiponectin are also reported to have a direct causal relationship with DR in addition to traditional unhealthy habits such as smoking and drinking (15–18). However, whether there is a direct causal relationship between hypertension, IOP, and DR remains elusive. Our study for the first time provides direct evidence of the causal relationship between hypertension and IOP as independent risk factors and their combined effects on the risk of DR via MR analysis.




2 Materials and methods



2.1 Outcome source and data pre-processing

Our study was a bidirectional MR analysis. The DR dataset was gathered from the genome-wide association studies (GWAS) database (https://gwas.mrcieu.ac.uk/). There were 33,519,037 single-nucleotide polymorphisms (SNPs) and a sample size of 1,030,836 for DR. There were 16,380,466 SNPs and a sample size of 218,754 for hypertension. There were 9,851,867 SNPs and a sample size of 97,465 for IOP. Genetic variants for hypertension and IOP were derived from GWAS datasets with 408,442 and 307,638 individuals each, respectively. The overview of this study’s design is presented in Figure 1. Since the data we used were based on published studies and public databases, no additional ethical approval from an institutional review board was required.




Figure 1 | Overview of Mendelian randomization (MR) analyses process and basic assumptions.






2.2 Selection of eligible instrumental variable

This MR study was based on the following three core assumptions: (1) there is a robust association between IVs and exposure; (2) the IVs are independent of confounders; and (3) the IVs can only affect the outcome via exposure without other pathways. Therefore, to meet the first assumption, the SNP set was restricted to be directly associated with the exposure at the genome-wide significant p-value threshold at p< 5 × 10-8 as potential instruments. Reading of exposure factors and filtering of IVs were done using the two-SampleMR R package (version 0.5.6) and the extract instrument function (19). The strength of IVs was assessed by calculating the F-statistic using the formula , where R2 represents the proportion of variance in the exposure explained by the genetic variants, N represents sample size, and K represents the number of instruments. If the corresponding F-statistic was > 10, it was considered that there was no significant weak instrumental bias (20).




2.3 MR analysis

Independent SNPs were clumped at a threshold of linkage disequilibrium (LD) at r2 = 0.001 within the window of 10 megabase pairs; eligible IVs were selected to prevent double counting and biased causal effect estimates. Furthermore, the IVs were extracted from the outcome trait and harmonized in both exposure and outcome GWAS. In this step, palindromic SNPs with intermediate allele frequency were removed.

We performed a total of two univariable MR analyses using summary statistics from a GWAS to investigate the bidirectional association between hypertension, IOP, and DR. The forward MR analyses considered hypertension and IOP as the exposure and DR as the outcome, while the reverse MR analyses considered DR as the exposure and hypertension and IOP as the outcome. Five methods—MR Egger, weighted median, inverse variance weighted (IVW), simple mode, and weighted mode—were used to complete the univariable MR analysis. IVW was utilized as the primary MR analysis method, which yielded reliable results if there was no horizontal pleiotropy, with the other methods serving as secondary methods. We used multivariable MR analysis, an extension of univariable MR that enables concurrent detection of causative effects of multiple risk factors, to investigate the direct effects of hypertension and IOP on DR. The IVW method was used for MR analysis, which provided a consistent estimate of the relationship between exposure and the risk of outcomes when IVs were not pleiotropic. The SNPs used to conduct multivariable MR were combinations of IVs of each exposure. Cochran’s Q statistics was performed to assess the heterogeneity across individual SNPs.

Sensitivity testing was performed using the following three methods: (1) the heterogeneity test mr_heterogeneity, where a Q value >0.05 indicates that there is no heterogeneity; (2) the horizontal pleiotropy test Horizontal pleiotropy, where a p-value >0.05 indicates that there is no horizontal pleiotropy; (3) the Leave-One-Out method, which aims at determining whether there are outlier values for the effect of each SNP.





3 Results



3.1 Forward univariable MR analysis of hypertension, IOP, and DR

In the primary analysis, a total of 62 SNPs at the genome-wide significance level were selected as IVs for hypertension-DR (Supplementary Table 1). The results of univariable MR analyses suggested a causal relationship between hypertension and DR and hypertension as a risk factor for DR (p = 0.006, OR = 1.080). The weighted median method result was similar to that of IVW (p = 0.022, OR = 1.090, Figure 2). The scatter plot suggested that the slope of the lines for all five methods was positive, indicating that hypertension is a risk factor for DR (Figure 3A). The results of the forest plot implied that the SNP points for both MR Egger and IVW methods were on the right, supporting the notion that hypertension is a risk factor for DR (Figure 3B). The funnel plot depicted that MR is consistent with Mendel’s second law of random grouping (Figure 3C). The results of sensitivity analysis demonstrated that the Q value of this analysis was 0.057, which was greater than 0.05 without heterogeneity, and the p-value of horizontal pleiotropy was 0.621, indicating that there was no horizontal multi-effect. The forest plot of the leave-one-out method indicated that all error lines were to the right of 0, indicating that there were no points of deviation and that hypertension was a risk factor for DR (Figure 3D).




Figure 2 | Univariate result forest map. The orange circle indicates that hazard ratio (HR) > 1, and the line segments on either side of the circle are 95% confidence intervals (CI) for HR values.






Figure 3 | (A) Scatter plots of the MR analyses for the association of hypertension and the risk of diabetic retinopathy (DR). The colored lines represent fitting result of different algorithms. Error bars indicate 95% CI. (B) Forest plot of MR results of hypertension effect on DR. (C) Funnel plots of MR estimates for the effect of hypertension on the risk of DR. (D) Leave-One-Out plot for sensitivity test for the effect of hypertension on DR.



A total of 95 SNPs at the genome-wide significance level were selected as IVs for IOP-DR (Supplementary Table 2). Similarly, IOP was causally associated with DR, and IOP was a risk factor for DR (p = 0.029, OR = 1.090). The result of the weighted median method was similar to that of IVW (p = 0.013, OR = 1.160, Figure 2). The scatter plot suggested that the slope of the lines for all five methods was positive, suggesting that IOP is a risk factor for DR (Figure 4A). The results of the forest plot indicated that the SNP points for both MR Egger and IVW were on the right, supporting the notion that IOP is a risk factor for DR (Figure 4B). The funnel plot depicted that MR is consistent with Mendel’s second law of random grouping (Figure 4C). The results of sensitivity analysis implied that the Q value of this analysis was 0.052, which was greater than 0.05 without heterogeneity, and the p-value of Horizontal pleiotropy was 0.311, indicating that there was no horizontal multi-effect. The forest plot of the leave-one-out method demonstrated that all error lines were to the right of 0, indicating that there were no points of deviation and that IOP was a risk factor for DR (Figure 4D).




Figure 4 | (A) Scatter plots of the MR analyses for the association of intraocular pressure (IOP) and the risk of DR. (B) Forest plot of MR results of IOP effect on DR. (C) Funnel plots of MR estimates for the effect of IOP on the risk of DR. (D) Leave-One-Out plot for sensitivity test for the effect of IOP on DR.






3.2 Reverse univariable MR analysis of DR, hypertension, and IOP

In the primary analysis, a total of 14 SNPs at the genome-wide significance level were selected as IVs for DR-hypertension (Supplementary Table 3). The results of reverse univariable MR analyses suggested a causal relationship between DR and hypertension and DR as a risk factor for hypertension (p = 1.27×10-10, OR = 1.119, Table 1). The weighted median method result was similar to that of IVW (p = 2.72×10-9, OR = 1.131, Table 1). The scatter plot suggested that the slope of the lines for all five methods was positive, indicating that DR is a risk factor for hypertension (Figure 5A). The results of the forest plot implied that the SNP points for both MR Egger and IVW methods were on the right, supporting the notion that DR is a risk factor for hypertension (Figure 5B). The funnel plot depicted that MR is consistent with Mendel’s second law of random grouping (Figure 5C). The results of sensitivity analysis demonstrated that the Q value of this analysis was 0.250, which was greater than 0.05 without heterogeneity, and the p-value of horizontal pleiotropy was 0.598, indicating that there was no horizontal multi-effect. The forest plot of the leave-one-out method indicated that all error lines were to the right of 0, indicating that there were no points of deviation and that DR was a risk factor for hypertension (Figure 5D).


Table 1 | Reverse Mendelian randomization (MR) results of diabetic retinopathy (DR) on hypertension.






Figure 5 | (A) Scatter plots of the MR analyses for the association of DR and the risk of hypertension. (B) Forest plot of MR results of DR effect on hypertension. (C) Funnel plots of MR estimates for the effect of DR on the risk of hypertension. (D) Leave-One-Out plot for sensitivity test for the effect of DR on hypertension.



A total of 11 SNPs at the genome-wide significance level were selected as IVs for DR-IOP (Supplementary Table 4). The p-values of the five MR methods were all greater than 0.05, indicating that there was no causal relationship between DR and IOP (Table 2). The combination of forest plots, scatter plots, and funnel plots supported the idea that there was no causal relationship between DR and IOP (Figures 6A-C). The results of sensitivity analysis showed that the reverse MR analysis was reliable (Figure 6D).


Table 2 | Reverse MR results of DR on intraocular pressure (IOP).






Figure 6 | (A) Scatter plots of the MR analyses for the association of DR and the risk of IOP. (B) Forest plot of MR results of DR effect on IOP. (C) Funnel plots of MR estimates for the effect of DR on the risk of IOP. (D) Leave-One-Out plot for sensitivity test for the effect of DR on IOP.






3.3 Multivariable MR analyses

Multivariable MR was used to determine how hypertension and IOP affected DR. After the screening of the IVs, 260 IVs (SNPs) associated with any exposure factor for hypertension or IOP were obtained. Of these 260 SNPs, 131 were unrelated to DR and were used as input for multivariate analysis. Table 3 depicts that hypertension and IOP are still risk factors for DR, which have increased (p = 0.001, OR = 1.121, p = 0.030, OR = 1.124, Figure 7). Therefore, hypertension is still a risk factor for DR after the interference of IOP is eliminated; IOP is still a risk factor for DR after the interference of hypertension is eliminated.


Table 3 | Multivariable MR analysis results of hypertension and IOP on DR.






Figure 7 | Univariate multivariate result forest map. The red square indicates that HR > 1, and the line segments on either side of the square are 95% CI for HR values.







4 Discussion

This study is the first to explore the potential causal relationship between hypertension and IOP and the risk of DR via bidirectional MR analysis. It is confirmed at the genetic level that hypertension and IOP are independent risk factors of DR in forward MR, which will increase the risk of DR while changing simultaneously. Similarly, it is confirmed at the genetic level that DR is an independent risk factor of hypertension in reverse MR, which will increase the risk of hypertension while changing simultaneously. However, we did not find an association between DR and IOP from reverse MR analyses.

Numerous metabolic pathways are involved in the occurrence and development of DR; however, the interaction among various mechanisms remains elusive, necessitating additional research and clarification. It has been determined that various environmental, systemic, and ocular factors impact the incidence and risk of DR based on the study of clinical demographic characteristics and epidemiological and laboratory data. It has been confirmed that numerous risk factors, such as age, sex, hypertension, diabetes course, diabetic neuropathy, fasting blood glucose, serum total cholesterol, serum triglyceride, and HbA1c, are linked to the occurrence and development of DR; however, these risk factors only contribute to a small part of DR progression (21).

Epidemiological research on the relationship between DR and hypertension has been conducted for a long time. Although it is generally accepted that hypertension is associated with the risk of DR, there are conflicting views on this relationship in previous studies. Numerous studies have confirmed that hypertension can be a potential risk factor for DR. A cross-sectional study by Yang et al. revealed that the progression of diabetes, hypertension, and HbA1c are independent risk factors for DR formation in patients with diabetes but do not impact the diagnostic rate of DR in the general population (22). Some RCTs have proved that good regular blood pressure control is advantageous for the emergence of DR. Higher blood pressure level may be associated with the occurrence and progress of DR; however, mildly elevated hypertension does not significantly impact the development of DR (23). Meta-analysis based on clinical trials has demonstrated that low blood pressure can effectively reduce the risk of microvascular and macrovascular complications in DM (24, 25). Recently, an increasing number of researchers have revealed the close relationship between hypertension and DR via deep machine learning, the construction of risk prediction models, and the phenotypic and genetic analysis of large sample banks such as the UK Biobank (26–28). A large cohort study by Li et al. demonstrates that there is a non-linear dose–response association between higher SBP and an increased risk of microangiopathy in patients with diabetes (29). It remains elusive how the specific mechanism of hypertension affects the occurrence and development of DR. Some studies indicate that hypertension may affect microvascular and macrovascular diseases through hemodynamic changes and vascular endothelial growth factor-dependent pathways. Although certain studies continue to contest the multivariate regression analysis-based significant correlation between blood pressure and DR (30–33), the findings of this study are consistent with the majority of earlier publications (21, 34–37). The interaction between hypertension and DR is more evident, and for the first time, the clear causal inference that DR is the effect of hypertension is advanced. The mutual causal relationship between hypertension and DR was verified by bidirectional MR.

There are several publications on IOP and blood glucose; however, there is limited research that focuses on DR cohorts, and the previous studies’ findings regarding IOP and DR occurrence and development have not always been consistent. This study is the first to examine the relationship between IOP and DR by MR. Changes in IOP have reportedly been linked to DR in some earlier investigations (38–41). Jain et al. believed that low IOP was related to DR and proposed that low IOP or IOP changes would accelerate the formation of microhemangioma, which was the primary manifestation of DR (42). Other researchers have confirmed that IOP in individuals with DR progression exhibits a downward trend, which may be related to myopia, glaucoma, and arterial stenosis (41, 43, 44). Blanksma et al. observed that the IOP of children with DR was significantly higher than that of children with diabetes without retinopathy (45). This research’s conclusion is not widely accepted by scholars. Li et al. unexpectedly observed in a cross-sectional study in 2023 that IOP change is not an independent risk factor in DR progression, which is contrary to certain early research findings and the results of this study (31). Although a growing number of studies focus on the relationship between diabetes, DR, and IOP, up to now, studies directly correlating glaucoma with DR are still rare, and the results are inconsistent. A study conducted in India in 2020 revealed that glaucoma and DR are positively correlated in individuals with T2DM, and some other studies have confirmed this conclusion. A recent article released by Hong Kong scholars reveals that there is no significant correlation between DR and glaucoma, and stronger epidemiological and clinical evidence is needed to explain the relationship between DR and glaucoma (14, 46–48). Many scholars proposed the concept of mean ocular perfusion pressure (MOPP) based on the complex relationship between DR, blood pressure, and IOP. MOPP is calculated from mean arterial pressure (MAP) and IOP (MOPP = 2/3 MAP-IOP). Many studies have reported that MOPP is related to the occurrence and development of DR; however, the relationship between high MOPP and low MOPP and DR remains controversial. Some studies suggest that high MOPP is related to the development of DR, and low MOPP can prevent the development of DR. Other studies indicate that MOPP decreases with the deterioration of DR progression. However, Raman et al. demonstrated that there is no evidence to prove that there is a significant correlation between MOPP and DR through univariate and multivariate analysis. In a study published in 2023 by Chinese scholars, it was proposed that the increase in MOPP affected the occurrence of DR rather than affecting its progression (49–53). Currently, there is no widespread consensus on how IOP and DR are related. This study focuses on the genetic variation related to exposure factors. For the first time, other confounding factors were eliminated using the data from GWAS and MR analysis methods, and the causal relationship between IOP and DR is established. The change in IOP affects the risk of DR, which provides a clear direction for future research.

Additionally, this study is the first to evaluate the effects of hypertension and IOP on DR. Using multivariate Mendelian analysis, it was confirmed that hypertension and IOP were still independent risk factors after eliminating their mutual interference. In multivariate analysis, the risk factors of both increased; thus, we can speculate that when the two exposure variables of hypertension and IOP change simultaneously, the risk of DR would be greatly increased. Although previous studies have also analyzed the effect of combined blood pressure and IOP (MOPP, average intraocular perfusion pressure) on DR, the effect of simultaneous changes in blood pressure and IOP on DR risk has not been mentioned (54).

Compared with the traditional randomized controlled analysis, MR analysis has certain advantages. First, this study systematically examined the relationship between hypertension, IOP, and the risk of DR using univariate and multivariate MR analyses. Second, bidirectional MR was used to analyze the potential association between genetic variations related to hypertension, IOP, and DR, eliminating potential outliers and other confounding factors, and the reliability of the analysis results was verified by a series of sensitivity analyses. Third, before beginning the costly RCT, acquiring relatively reliable and accurate data through MR research will save time, energy, and research funds, thus enabling more valuable research.

However, there are still some shortcomings. The original analysis data in this study came from the Open GWAS database, which summarized and collected a large amount of GWAS data, but did not provide the original data or even sample information. Owing to objective data limitations, we unfortunately cannot provide baseline characteristics of participants. The MR study was conducted according to the GWAS database of the European population. Although the population differences were removed, it has not been confirmed whether it applies to other groups, such as those in Asia. The outcome of this MR study only suggests the causal relationship between hypertension, IOP, and DR; however, the potential mechanism is not specified, and the relationship between the increase and decrease in IOP and DR has not been addressed in this study. In addition, because of objective data limitations, we unfortunately cannot calculate the power of this study. Although the author is not an expert in MR analysis, he has extensive academic and research background in the field and has the appropriate knowledge and understanding.

In conclusion, this study confirmed at the genetic level that hypertension and IOP are independent risk factors of DR, which will increase the risk of DR while changing simultaneously. Numerous traditional observational studies, prospective studies, and considerably larger samples of GWAS data are still needed to test the causal relationship. Based on the previous research results and the conclusion of this MR analysis, clarifying the risk factors related to the occurrence of DR is crucial for early prevention, diagnosis, management, and extensive and effective screening of DR. We are supposed to delay or at least delay the onset and progression of DR through careful blood pressure and IOP control.
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Background

As one of the recognized indicators of kidney function, blood urea nitrogen (BUN) is a key marker of metabolic diseases and other diseases. Currently, data on the relationship of BUN levels with the risk of diabetes mellitus (DM) in Chinese adults are sparse. This study aimed to investigate the correlation between BUN levels and DM risk in Chinese adults.





Data and methods

This study is a secondary analysis of a multicenter, retrospective cohort study with data from the Chinese health screening program in the DATADRYAD database. From 2010 to 2016, health screening was conducted on 211833 Chinese adults over the age of 20 in 32 locations and 11 cities in China, and there was no DM at baseline. Cox proportional hazards regression analysis assessed an independent correlation between baseline BUN levels and the risk of developing DM. The Generalized Sum Model (GAM) and smoothed curve fitting methods were used to explore the nonlinear relationship. In addition, subgroup analyses were performed to assess the consistency of correlations between different subgroups and further validate the reliability of the results.





Results

After adjusting for potential confounding factors (age, sex, etc.), BUN levels were positively correlated with the occurrence of DM (HR=1.11, 95% CI (1.00~1.23)). BUN level had a nonlinear relationship with DM risk, and its inflection point was 4.2mmol/L. When BUN was greater than 4.2mmol/L, BUN was positively correlated with DM, and the risk of DM increased by 7% for every 1 mmol/L increase in BUN (P<0.05). Subgroup analysis showed that a more significant correlation between BUN levels and DM was observed in terms of sex, BMI, systolic blood pressure (SBP), diastolic blood pressure (DBP), total cholesterol (TC), triglycerides (TG), low-density lipoprotein (LDL), alaninetransaminase (ALT), aspartate transaminase (AST), creatinine (Cr) and smoking status (interaction P<0.05).





Conclusion

High levels of BUN are associated with an increased risk of DM in Chinese adults, suggesting that active control of BUN levels may play an important role in reducing the risk of DM in Chinese adults.





Keywords: urea nitrogen, diabetes, adult, risk of disease, correlation





Introduction

Diabetes is a metabolic disorder characterized by elevated blood sugar levels, which can lead to various pathological changes (1). According to the data of the World Health Organization, the global population of diabetes is about 463 million, which is expected to exceed 500 million by 2030 (2). As a major global public health problem, DM is particularly prevalent in China (3). At present, the prevalence of diabetes in adults over 18 years old in China is as high as 11.2%, and the all-cause mortality rate of diabetic patients is 2~4 times that of non-diabetic patients, which has become one of the four major chronic diseases that cause death of residents, and it is crucial to formulate an effective DM prevention strategy (4, 5). In recent years, studies have found that elevated levels of circulating urea nitrogen (BUN) can directly damage pancreatic β cell function by increasing islet protein O-GlcNAcylation and impairing glycolytic processes, resulting in impaired glucose secretion, disruption of sugar homeostasis, occurrence of T2DM and decreased renal function. BUN may play an important role in the development of T2DM (6). Currently, few epidemiological studies have evaluated the association between BUN and the risk of DM in Chinese adults (7–9). Li et al. showed that BUN level was positively correlated with the risk of DM through a cohort study of 38578 adults in Beijing (4). Based on the small sample size and geographical differences of previous studies, this study based on a cohort of 211833 Chinese adults, and a secondary analysis based on the published available data was conducted to explore the potential relationship between BUN level and DM risk.





Methods




Participants selection and study grouping

A retrospective cohort study design was used for secondary analysis. The data came from the DATADRYAD database (www.DATADRYAD.org) provided by Chen et al (10). The study included Chinese adults over the age of 20 and covered 32 regions and 11 cities in China (Shanghai, Beijing, Nanjing, Suzhou, Shenzhen, Changzhou, Chengdu, Guangzhou, Hefei, Nantong and Wuhan) from 2010 to 2016.





Data collection

A total of 211833 Chinese adults over the age of 20 were selected in the initial study who did not have diabetes at baseline, including 116123 men (54.82%) and 95,710 women (45.18%). The variables were as follows: age, sex, body mass index (BMI), diastolic blood pressure (DBP), systolic blood pressure (SBP), BUN, fasting blood glucose (FPG), triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), serum creatinine (Scr), alanine aminotransferase (ALT), aspartate aminotransferase (AST), year of follow-up, and diabetes screening at follow-up. All data is based on standardized conditions that follow uniform procedures.





Diagnostic and exclusion criteria

DM is defined as fasting blood glucose≥7.00 mmol/L and/or self-reported DM during follow-up. Patients are tested at the time of diagnosis or at their last visit, whichever comes first; In this study, participants with missing BUN levels at baseline were excluded, and finally, 190282 participants were included in the secondary analysis.

The research programme is in line with the Declaration of Helsinki. In addition, the project was approved by various hospital institutional review boards, and access to patient data was anonymous and confidential due to the retrospective nature of the study. Since this study is a secondary analysis of a retrospective study, it has been approved by the Ethics Committee of Shaanxi Provincial People’s Hospital(2023-0632).





Statistical methods

The mean of BUN was 4.658mmol/L, the median was 4.53mmol/L, the lowest was 0.1mmol/L, and the highest was 29.4mmol/L. Participants were grouped according to BUN quartiles (Q1:<0.692, Q2:0.692–1.093, Q3:11. 092–1.718, Q4:≥1.718). Continuous variables with normal distributions are represented by mean ± standard deviation (SD), skewed distributions by median, and frequency and percentage for categorical variables. Differences between different BUN groups were tested using χ2 (categorical variables) and one-way ANOVA (normal distribution) or Kruskal–Wallis H test (skewed distribution). To explore the association between baseline BUN levels and diabetes risk, univariate and multivariate Cox proportional hazards regression models were used after collinear screening, including unadjusted models (rough model: unadjusted covariate), minimally adjusted models (model I: adjusted age; Gender; BMI; SBP; DBP; CCR), and fully adjusted models (Model II: age-adjusted; Gender; BMI; SBP; DBP; CCR; FBG; TC; TG; HDL; LDL; ALT; AST; smoking status; Drinking status; family history). Effect sizes (HR) for 95% CI were calculated. A smoothed curve-fitting Cox proportional hazards regression model was used to show a nonlinear relationship between baseline BUN levels and DM risk. Finally, a log-likelihood ratio test is used to determine the most appropriate model. Multiple subgroups were analyzed using a hierarchical Cox proportional hazards regression model. Finally, a likelihood ratio test is used to determine whether there are interactions.

The study used R statistical software (https://www.r-project.org) and EmpowerStats (http://www.empowerstats.com, X&Y Solutions, Inc. Boston MA) to analyze the data. P<0.05 was statistically significant.






Result




Basic information characteristics when obtaining participant data

A total of 190282 Chinese adults over the age of 20 were included in this study (Table 1). Age, BMI, SBP, DBP, FBG, TC, TG, LDL-c, HDL-c, ALT, AST, and CCR increased significantly in the highest quartile compared to the lowest quartile (Q1:<0.692) (Q4:≥1.718). In addition, in the highest quartile, the proportion of men, current smokers, and current drinkers was higher (Table 1).


Table 1 | Baseline characteristics of participants.







Univariate Cox proportional hazard regression analysis

Age, BMI, SBP, DBP, FBG, TC, TG, LDL, AST, BUN, CCR, and family history were positively associated with risk in patients with DM, but gender, HDL, smoking status, and alcohol consumption status were negatively associated with risk in patients with DM (P<0.05; Table 2).


Table 2 | Results of univariate Cox proportional hazard regression analysis of BUN level and DM risk in Chinese adults.







Relationship between baseline BUN level and the risk of DM

Three models were constructed using the Cox proportional hazards regression model. In the unadjusted model (rough model), the risk of DM increased by 25% for each increase in baseline BUN level by 1 mmol/L (HR = 1.25, 95% CI: 1.22~1.28, P<0.005). In Model I (adjusted for age, sex, MI, SBP, DBP and CCR), for each 1 mmol/L increase in baseline BUN level, the risk of DM increased by 10% (HR = 1.10, 95% CI: 1.04~1.16), P<0.005). In model II (adjusted for age, sex, BMI, SBP, DBP, CCR, FBG, TC, TG, HDL, LDL, ALT, AST, SMOKING STATUS, DRINKING STATUS, AND FAMILY HISTORY), THE RISK OF DM INCREASED BY 11% FOR EACH INCREASE IN BASELINE BUN LEVEL (HR=1.11, 95%CI: 1.00~1.23, P<0.005). The distribution of confidence intervals suggests that the relationship between baseline BUN levels and DM risk in Chinese adults obtained by this model is reliable. To confirm the robustness of the results, sensitivity analyses were performed on baseline BUN levels by categorical variables (quartile groupings). The results showed that BUN levels were positively correlated with the risk of diabetes (Table 3).


Table 3 | Cox proportional hazard regression model of BUN level and DM risk in Chinese adults.







Nonlinear relationship analysis

Through polynomial Cox proportional hazards regression model analysis, after adjusting for age, sex, BMI, SBP, DBP, TC and CCR, the nonlinear relationship between baseline BUN level and DM risk was found (Figure 1). Through the analysis of the two-stage Cox proportional hazards regression model, it is found that the inflection point is 4.2mmol/L, and the effect size and confidence interval on the right side of the inflection point are 1.07(1.04~1.11, P<0.05). However, on the left side of the inflection point, no association between BUN levels and DM risk was observed (P=0.075) (Table 4).




Figure 1 | A non-linear relationship of BUN levels with DM risk in Chinese adults.




Table 4 | The results of two-piecewise linear regression model.







Subgroup analysis

To further analyze the impact of other risk factors associated with baseline BUN levels and risk of DM, the following stratified variables were analyzed in this study: age, gender, BMI, etc. Stronger correlation interactions were found in gender, BMI, SBP, DBP, TC, TG, LDL, ALT, AST, CCR, SMOKING STATUS, AND DRINKING STATUS (P<0.05). (Figures 2A–F).




Figure 2 | (A-F) Effect of BUN levels on DM risk in Chinese adults by subgroups of gender, BMI, SBP, DBP, TC and CR.








Discussion

This study found that an increase in baseline BUN levels in Chinese adults was associated with a significant increased risk of DM. In addition, a threshold effect of curve fitting was also found, and when the baseline BUN level was equal to 4.2mmol/L, the effect size and confidence interval on the right side of the inflection point were 1.07(1.04~1.11 P<0.05). However, on the left side of the inflection point, no association between BUN levels and DM risk was observed (P=0.075). The robustness of the results was further demonstrated by subgroup analysis, and stronger correlation interactions were found in sex, BMI, SBP, DBP, TC, TG, LDL, ALT, AST, CCR, and smoking status (P<0.05).

BUN is a protein metabolism of the end produced by the liver and excreted by the kidneys, and it is used as a biomarker for the periodic assessment of kidney function (11, 12). It has long been thought that its toxicity is negligible. However, the idea that urea is just an innocent bystander has recently been challenged by several new ideas (13–15). Du et al. showed that BUN levels at admission were closely correlated with the length of hospital stay of AECOPD patients, and when BUN levels were less than 40 mg/dl, length of stay was positively correlated with BUN levels (16). Canalin et al. investigated the NHANES database of adults in the United States and found a clear correlation between BUN levels and cardiovascular disease prevalence and all-cause mortality (17). In addition, protein intake, corticosteroid levels, gastrointestinal bleeding, and dehydration are several factors that alter BUN levels. BUN can indicate a link between nutritional status, protein metabolism, and renal function, and is a key marker of metabolic and other diseases (18). BUN helps reduce insulin sensitivity and plays an important role in the urine concentration process and water preservation in mammalian kidneys (19, 20). Results from numerous cross-sectional and longitudinal population studies suggest that blood BUN levels are associated with an increased risk of diabetes (7–9), which is consistent with higher urea levels in the diabetes group in this study population.

BUN is recognized as one of the indicators of renal function, and previous experimental studies have shown that high concentrations of BUN can increase reactive oxygen species (ROS) in the medulla (mIMCD3) cells of mice, resulting in insulin resistance in fat cells, which is closely related to the development of DM (21, 22). Elevated urea nitrogen levels in vivo may induce insulin resistance, inhibit insulin secretion, reduce glycolytic flux, and attenuate insulin signaling (23, 24). In addition, studies have shown that some metabolites of BUN, including arginine, citrulline, and ornithine, are associated with the risk of T2DM in Chinese adults, and that the arginine/ornithine, arginine/citrulline, and citrulline/ornithine ratios are significantly increased in patients with TDM2 compared with controls (25). The correlation between elevated BUN concentrations and disease may be related to the following mechanisms: renal dysfunction to some extent represents acute and predominantly hemodynamic renal impairment. In the absence of urea boosters, such as gastrointestinal bleeding, corticosteroid therapy, or a high-protein diet, an increase in BUN levels is usually due to a decrease in glomerular filtration rate. Higher BUN levels at baseline may indicate renal disease and have been associated with coronary artery disease (26). On the other hand, BUN not only reflects kidney function, but is also associated with neurohormonal activation (27). The increase in BUN reflects the cumulative effect of hemodynamic and neurohormonal changes, which leads to hypoperfusion of the kidneys. A large cohort of 1337452 U.S. veterans, with a mean follow-up of 4.93 years, found that higher levels of BUN were associated with an increased risk of developing DM in non-DM populations (28), and higher BUN levels were associated with an increased risk of insulin use in patients with diabetes (29); Another cross-sectional study of 3227 women and 610 patients with T2DM also showed a positive association with T2DM. Pei et al. conducted a prospective, multicenter cohort study of 13,448 pregnant women and showed that higher BUN concentrations in the first trimester of pregnancy were associated with an increased risk of DM during pregnancy (7). Our study shows a positive nonlinear relationship between baseline BUN levels and DM risk in Chinese adults. This result is expected to provide a reference for clinicians to actively control abnormal BUN levels in patients.




Strength of the study

This study has several advantages: (i) The total sample size is relatively large. (ii) To our knowledge, this is the first time that Chinese adults have been used as a study population to explore the relationship between baseline BUN levels and DM risk. And (iii) significant improvements in studies targeting nonlinearity compared to previous studies.





Limitations of the study

There are also some limitations to this study: this is a retrospective study and no data can be obtained before diabetes diagnosis, so conclusions cannot be drawn about the causal relationship between risk factors and blood glucose abnormalities. BUN is a single measurement that may be influenced by other factors such as protein intake and hydration status. However, such related variables were not collected in the original data. Perhaps because the original data included a relatively large national representative sample of Chinese adults, some confounding factors were not collected. Although we adjusted for a wide range of confounding factors, residual confounding factors due to measurement errors in confounding factor assessment, as well as unmeasured factors such as physical activity and dietary factors, cannot be excluded. Collecting as many variables as possible for further exploration in future clinical and epidemiological studies may be considered.






Conclusion

In conclusion, when the baseline BUN level was equal to 4.2mmol/L, the effect size and confidence interval on the right side of the inflection point were 1.07(1.04~1.11 P<0.05). These findings indicate a significant correlation between BUN and DM risk, and although we have provided some clinical clues, further prospective studies are needed to provide more evidence.
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Introduction

Hypertriglyceridemia and its derivatives are independent predictors of diabetes mellitus type 2 (T2DM). However, the relationship between triglyceride concentrations within the normal range and the incidence of T2DM remains to be clarified. This study investigated the potential relationship between variations in plasma triglyceride levels within the normal range and T2DM onset using data from a longitudinal study of health and retirement in China.





Methods

Between, 2010 and, 2016, we conducted a retrospective cohort study involving 36,441 individuals with normal triglyceride levels. Using a Cox proportional hazards regression model, we examined the connection between normal triglyceride levels and T2DM incidence. We employed this method with smooth curve fitting to investigate potential nonlinear associations. Subgroup analyses were performed based on age, sex, body mass index, smoking and drinking status, hypertension, and family history of diabetes.





Results

A significant linear relationship was observed between normal triglyceride levels and the incidence of T2DM. The hazard ratio for T2DM in individuals with normal triglycerides was 1.81 (95% confidence interval: 1.39, 2.36); P<0.001). Kaplan–Meier analysis further demonstrated a prospective association between the higher tertiles of normal triglyceride levels and the development of T2DM (P<0.001). Subgroup analysis revealed a stronger positive correlation between normal triglyceride levels in females and the risk of T2DM.





Discussion

An increase in triglyceride levels within the normal range is related to a continuous increase in the incidence of T2DM in the general population. These findings show that almost everyone can benefit from reducing triglyceride levels, further emphasizing the importance of lifestyle changes in the general population.
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1 Introduction

Diabetes is a complex metabolic disorder influenced by both genetic and environmental factors. It is characterized by reduced insulin sensitivity, inadequate insulin production, and impaired biological functions. The global prevalence of diabetes is steadily increasing, posing a significant public health challenge. By, 2021, 536.6 million adults aged 20–79 years worldwide will have diabetes (uncertainty interval: 424.2–612.3 million), and it is estimated that 783.2 million people will have diabetes by, 2045 (uncertainty interval: 605.2–898.6 million) (1). Worryingly, nearly half of the world’s adults (44.7%; 239.7 million) do not know that they have diabetes. China has the highest number of patients with undiagnosed diabetes (2).

Triglycerides are lipids in the bloodstream that are a significant source of energy storage and supply within the human body. Elevated triglyceride levels have been linked to an increased risk of cardiovascular diseases, including coronary heart disease, heart failure, and atherosclerosis (3–7). Detecting triglyceride levels can help assess patients’ cardiovascular risk, and take corresponding preventive measures. Regarding diabetes, elevated triglyceride levels increase the risk of diabetes and prediabetes (8, 9). An increasing number of studies have found that triglycerides combined with other indicators as a composite indicator (such as the triglyceride glucose index) are an independent predictor of diabetes (10–12). In addition, research suggests that high triglyceride levels increase the risk of insulin resistance, as they can lead to fat accumulation in the liver and muscles. This accumulation triggers insulin resistance and affects the secretion of adipokines, thereby further impacting insulin signaling and glucose uptake (13). This close association between triglyceride levels and the development of diabetes highlights the importance of triglycerides as a biomarker for assessing the risk of diabetes.

Nevertheless, there are limited reports or cohort studies that have corroborated the association between normal triglyceride levels and the onset of diabetes mellitus type 2 (T2DM) following thorough adjustment for possible confounding factors. Furthermore, the exact dose-response correlation between gradual fluctuations in triglyceride levels within the normal range and the development of T2DM is still uncertain. Consequently, this study investigated the potential relationship between variations in plasma triglyceride levels within the normal range and T2DM onset using data from a longitudinal study of health and retirement in China. This study included a sample of 36,441 participants from 32 locations in 11 cities in China. The aim of this study was to investigate the relationship between normal triglyceride levels and the risk of developing T2MD, and to describe the related dose-response relationship.




2 Methods



2.1 Data source

The dataset used in this study was sourced from the DATADRYAD database (www.datadryad.org) that was originally published by Chen et al. The data for this study were derived from the primary research data of the article titled “Association of body mass index and age with incident diabetes in Chinese adults” (14) (Dryad, https://doi.org/10.5061/dryad.ft8750v). This work is licensed under a CC0 1.0 Universal (CC0 1.0) Public Domain Dedication license.




2.2 Study population

The primary data used in this study were acquired from a computerized database established by the Rich Healthcare Group in China. The comprehensive database used in this study included medical records of all participants who underwent health examinations at 32 sites across 11 major Chinese cities. The database used in this study encompassed 685,277 study participants aged ≥20 years who had a minimum of two visits between, 2010 and, 2016. Exclusion criteria were applied to ensure data quality and integrity. Specifically, participants were excluded if they had missing baseline weight, height, sex, extreme body mass index (BMI) values (<15 kg/m2 or >55 kg/m2), or no available fasting plasma glucose (FPG) values (n=103,946, n=1, n=152, n=31,370, respectively). Additionally, individuals with a baseline diagnosis of diabetes (2,997 participants with self-reported diagnosis and 4,115 participants diagnosed by FPG≥7.0 mmol/L), a follow-up interval of less than 2 years (n=324,233), or unclear diabetes status at follow-up (n=6,630) were also excluded. Consequently, the final study cohort comprised 211,833 participants. According to the National Cholesterol Education Program (NCEP) guidelines, 158,984 participants with baseline triglycerides (TG)<1.7 mmol/L were included in our study. After applying strict exclusion criteria, 122,543 participants were excluded from the initial dataset due to missing baseline measurements of height, systolic blood pressure (SBP), diastolic blood pressure (DBP), cholesterol, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), blood urea nitrogen (BUN), creatinine clearance rate (CCR), and follow-up FPG values. Thus, a final cohort of 36,441 eligible participants was used for comprehensive data analysis. The flowchart in Figure 1 visually represents the participant selection process.




Figure 1 | Study design and flowchart of study participants.






2.3 Data collection

Classification variables, including sex, smoking status, drinking status, and family history of diabetes, were collected from all participants. Continuous variables were also recorded, such as age, BMI, SBP, DBP, cholesterol, HDL-C, LDL-C, alanine aminotransferase (ALT), aspartate aminotransferase (AST), and FPG. At each visit to the health examination center, detailed information on demographic characteristics, such as age and sex, and lifestyle habits, including smoking and alcohol consumption, were collected through comprehensive questionnaires. Additionally, the participants were asked about their family history of diabetes. Height, weight, and blood pressure were measured by trained staff using standardized protocols. BMI (kg/m2) was calculated by dividing the weight (in kilograms) by the square of height (in meters). An automated analyzer (Beckman, 5800) was used to conduct laboratory tests for cholesterol, triglyceride, LDL-C, and HDL-C levels. Blood samples were collected from fasting individuals after a minimum of 10 hours of fasting. The glucose oxidase method was used to measure plasma glucose levels using the same automated analyzer (Beckman, 5800).




2.4 Definition of diabetes mellitus type 2

T2DM was diagnosed using one or more of the following established criteria, which have been previously validated: fasting blood glucose levels of 7.0 mmol/L or higher, and self-reported T2DM during the follow-up period (15).




2.5 Statistical analysis

Normally distributed data are presented as mean ± standard deviation for continuous variables, whereas the median (quartile) is used for data with skewed distribution. Categorical variables are presented as numbers (percentages). To analyze the baseline characteristics of the different triglyceride tertiles, one-way ANOVA was employed for continuous variables with normal distribution, the Kruskal–Wallis H test for those with skewed distribution, and the chi-square test for categorical variables. A multivariate Cox regression analysis was conducted to assess the risk of developing T2DM, yielding the hazard ratio (HR) and 95% confidence interval (95% CI). The unadjusted and adjusted multivariable models are listed. In cases where the exclusion of covariates in the complete model leads to a change exceeding 10% in the regression coefficient for normal triglyceride concentration or if the p-value for the covariate regression coefficient on the incidence of T2DM is below 0.1, the covariate is deemed to have an impact and requires adjustment. In this study, the Cox model was adjusted for age, sex, BMI, DBP, FPG, cholesterol, HDL-C, LDL-C, AST, ALT, BUN, CCR, smoking status, drinking status, hypertension, and family history of diabetes. The Kaplan–Meier curve was constructed based on the triglyceride tertiles, and the significance was discussed using the log-rank test. A generalized additive model incorporating a smoothing function was used to explore the potential nonlinear association between triglycerides and the occurrence of T2DM. For subgroup analysis, a hierarchical Cox regression model was used. Interactions between the subgroups were evaluated using the likelihood ratio test. Statistical analyses were performed using the R software package (http://www.r-project.org, R Foundation), SPSS (version 26.0; SPSS Inc., Chicago, Illinois, USA), and EmpowerStats (www.empowerstats.net, X&Y Solutions, Inc., Boston, Massachusetts). Statistical significance was set at P<0.05 (two-tailed).





3 Results



3.1 Baseline characteristics of individuals

This study included 34,441 individuals, with a mean age of 42.76 years. Among them, 50.63% were male and 49.37% were female. Table 1 presents the baseline characteristics of the participants according to the tertiles of fasting triglyceride levels. Participants with higher fasting triglyceride levels were more likely to be male, older, and have higher BMI, DBP, SBP, FPG, AST, ALT, LDL-C, BUN, and CCR. They were also more likely to have hypertension, drink, smoke, and have lower HDL-C levels (all P<0.05). However, the participants were healthy, and the recorded values were generally within the normal range. Moreover, no significant difference was observed in the proportion of individuals with a family history of diabetes among the tertiles of fasting triglyceride levels (P=0.497).


Table 1 | Baseline characteristics stratified by tertiles of fasting triglyceride levels.






3.2 Incidence of diabetes mellitus type 2

During a mean follow-up period of 3.09 years, 593 (1.63%) individuals developed T2DM. The cumulative incidence of T2DM stratified by tertiles of fasting triglyceride levels is shown in Figure 2. Kaplan–Meier analysis revealed a significant association between higher triglyceride tertiles and an increased incidence of T2DM (P<0.001).




Figure 2 | Kaplan-Meier analysis of diabetes mellitus type 2 incidence stratified by tertiles of triglyceride levels (log-rank test, P< 0.001).






3.3 Association of normal triglyceride levels with diabetes mellitus type 2 risk

The association between triglyceride concentration and the risk of T2DM was assessed using multivariate Cox regression analysis (Table 2). The results of the three Cox regression models adjusted to varying degrees consistently demonstrated similar key findings. In the crude model, triglyceride levels were positively correlated with the risk of diabetes mellitus type 2 [HR and 95% CI=4.76 (3.77, 6.01), P<0.001]. In the fully adjusted model III, the HR value weakened, but a positive correlation between triglyceride concentration and the risk of T2DM persisted [HR and 95% CI=1.81 (1.39, 2.36), P<0.001]. Sensitivity analysis was performed by treating triglyceride concentration as a categorical variable. In the fully adjusted model, the HR and 95% CI for the middle and high tertiles of triglyceride concentration were 1.12 (0.87, 1.45) and 1.51 (1.19, 1.92), respectively (P for trend<0.001).


Table 2 | Association of normal triglyceride levels with incident diabetes mellitus type 2.






3.4 Threshold effect analysis of normal triglyceride levels on incident diabetes mellitus type 2

We employed a smoothing curve function analysis to evaluate the association between normal triglyceride concentrations and the risk of T2DM (Figure 3). This analysis showed that after adjusting for age, sex, BMI, DBP, FPG, cholesterol, HDL-C, LDL-C, AST, ALT, BUN, CCR, smoking status, and family history of diabetes, there was a continuous positive correlation between normal triglyceride concentration and T2DM, and the triglyceride concentration increased without a threshold effect.




Figure 3 | Hazard ratios (95% confidence intervals) for the association between triglyceride concentration and the risk of diabetes mellitus type 2. The red line represents the estimated risk of diabetes mellitus type 2, whereas the blue line represents the 95% confidence interval after adjusting for covariates.






3.5 Subgroup analyses

Figure 4 illustrates the findings of the subgroup analysis performed to examine the association between triglyceride concentration and the development of T2DM. Participants were stratified by age, sex, BMI, smoking status, drinking status, hypertension, and family history of diabetes to explore other potential risk factors and identify any special populations that may affect this relationship. Subgroup analyses revealed no significant interactions between triglyceride concentration and the incidence of T2DM across various strata of age, BMI, smoking status, drinking status, hypertension, and family history of diabetes. However, sex was observed to modify the relationship between triglyceride concentration and incidence of T2DM (P for interaction<0.05); females exhibited a more pronounced association [HR=2.72, 95% CI (1.78, 4.16)], whereas males showed a less significant association [HR=1.35, 95% CI (0.95, 1.91)].




Figure 4 | Subgroup analysis of the relationship between triglyceride concentration and diabetes mellitus type 2. Adjustments were made based on age, sex, BMI, SBP, DBP, FPG, cholesterol, HDL-C, LDL-C, ALT, AST, BUN, CCR, hypertension, smoking status, drinking status, family history of diabetes, except for subgroup variables. As in Table 1.







4 Discussion

The findings of this extensive longitudinal cohort study conducted in a Chinese adult population suggest that even among individuals considered healthy within the general population, an increase in triglyceride levels within the normal range is linked to elevated susceptibility to T2DM. After adjusting for covariates, the results indicate that for every 1 mmol/L increase in normal triglyceride levels, there was an 81% increase in the risk of developing T2DM. Furthermore, our analysis revealed a consistent and proportional relationship between normal triglyceride levels and the risk of developing T2DM, spanning the entire spectrum of normal triglyceride values. According to our subgroup analysis, sex was a significant factor in determining normal triglyceride concentration and the risk of developing T2DM. Specifically, in the female cohort, a stronger positive correlation was observed between normal triglyceride levels and the risk of T2DM.

Increasing evidence suggests that triglycerides, when combined with other indicators, serve as independent predictive factors for the risk of developing T2DM. A longitudinal study spanning 5 years and comprising 25,248 participants from China discovered that the triglyceride-glucose index (TyG index) shows potential as a reliable marker for forecasting the transition from normal blood sugar levels to prediabetes among the Chinese population (16). In a 13-year cohort study conducted in Japan with a participant pool of 15,464 individuals, multivariate Cox regression analysis revealed the triglyceride-glucose BMI index (TyG-BMI) as an autonomous prognosticator for the initiation of T2DM (10). A common thread among these studies is the use of triglycerides as a fundamental parameter, indicating a potential association between triglyceride levels and diabetes. This collective observation underscores the possibility of an underlying connection between triglyceride concentration and the development of diabetes.

Previous studies have also indicated a positive correlation between elevated triglyceride levels and the risk of diabetes. In, 2019, Zhao et al. conducted an 8-year follow-up study in China involving 7,241 middle-aged and senior individuals with a mean baseline age of 61.49 ± 13.85 years. The study showed that compared to the normal triglyceride group (TG<1.7 mmol/L), the hazard ratios for the critical group (TG=1.7–2.25 mmol/L) and high triglyceride group (TG>2.26 mmol/L) were 1.30 (95% CI 1.04–1.62) and 1.54 (95% CI 1.24–1.90), respectively (8). In, 2018, Zheng et al. conducted a study on the relationship between triglyceride levels and glycemic control in patients with T2DM who were undergoing insulin therapy (17). This study demonstrated that inhibiting triglyceride levels can lead to optimized glycemic control in patients with T2DM. An increasing body of literature has established a positive correlation between elevated triglyceride levels and the risk of developing T2DM. The interaction between high levels of triglycerides and glucose may lead to “glucolipotoxicity” exerting negative effects on the function and quantity of beta cells. This phenomenon is mediated through multiple pathways and is influenced by various factors (18). Elevated triglyceride levels may result in insulin resistance, which is a significant risk factor for diabetes. During the development of insulin resistance and diabetes, beta cells undergo a series of adaptations and failures. In the early stage of insulin resistance, beta cells compensate through increased function and quantity (referred to as glucolipid adaptation). However, over time, sustained hyperglycemia and lipid levels can lead to gradual deterioration of beta cell function, ultimately leading to the development of diabetes (19).

To our knowledge, few studies have investigated the relationship between normal fasting triglyceride levels and the incidence of T2DM in the general population. In, 2022, Szili-Torok et al. conducted a median follow-up of 11.4 years on 2,085 participants with normal triglyceride levels and no metabolic syndrome in the Netherlands. This study showed an independent correlation between the incidence of T2DM and triglyceride levels within the normal range (20). In their investigation, the researchers observed a consistent association between normal triglyceride levels and the risk of T2DM across various subgroups, including age, BMI, smoking status, waist circumference, hypertension, glomerular filtration rate, and antihypertensive drug use. Similarly, we conducted a subgroup analysis and revealed a stable relationship between triglyceride levels and T2DM risk according to age, BMI, smoking status, drinking status, family history of diabetes, and hypertension. However, within the sex subgroup, we observed a stronger correlation between normal triglyceride levels and the risk of T2DM in females than in males. Numerous sex-based differences have been observed in the occurrence and progression of diabetes (21). Moreover, similar sex differences have been reported to exist in the relationship between body roundness index (BRI) and T2DM (22). These differences may be associated with the protective effects of estrogen. Before menopause, women exhibit a lower incidence of insulin resistance and T2DM than men of similar age. However, this protective effect is weakened or disappeared after menopause, and men and postmenopausal women showed similar incidences of insulin resistance and T2DM (23–25). Insulin resistance and the incidence of T2DM are also influenced by metabolic differences between the sexes (26). Previous studies have shown that women have lower insulin sensitivity than men of the same age, which may make women more vulnerable to insulin resistance, thus increasing the risk of diabetes (27). In addition, women tend to have fat distribution in the waist and abdomen after postpartum and menopause, which is closely related to the increased risk of metabolic syndrome and diabetes (28). Additionally, TyG is calculated by multiplying fasting triglyceride levels and fasting blood sugar concentrations; therefore, as the value of the TyG index increases, the severity of insulin resistance also intensifies (29, 30). Sex differences in the association between normal triglyceride levels and the risk of developing T2DM could potentially be explained by these factors. Owing to the current lack of relevant data to define menopause and insulin resistance, our study was unable to delve deeper into the specific role of normal triglyceride levels in sex differences and T2DM. Further research is required for a more comprehensive analysis.

This study has important clinical implications, suggesting that re-evaluating the normal range of plasma triglycerides may be necessary. Our results suggest that individuals can benefit from adopting certain lifestyle modifications, including reducing alcohol consumption, increasing physical activity, substituting saturated fats with monounsaturated fats (such as extra virgin olive oil) and polyunsaturated fats (non-tropical plant oils), and limiting the intake of refined carbohydrate-rich foods such as sucrose and fructose (31). By minimizing triglyceride levels to the greatest extent possible, these guidelines can mitigate triglyceride levels and attenuate the probability of T2DM onset in a broader population. However, to ensure the generalizability of our findings, it is essential to obtain independent validation from other populations, including diverse ethnicities and socioeconomic backgrounds. Furthermore, it would be highly valuable to conduct experimental studies in humans and appropriate preclinical models to elucidate the underlying mechanisms by which triglycerides affect insulin resistance and beta-cell function. Our findings provide a foundation for further investigations into the role of triglycerides in T2DM pathogenesis, potentially leading to the development of novel therapeutic strategies.

Our study has several strengths. First, this was a large-scale population-based cohort study that enabled us to observe the correlation between normal triglyceride levels and the risk of T2DM. However, further research on the pathological and physiological mechanisms is needed to strengthen this association and overcome potential limitations. Second, we implemented rigorous statistical adjustments to minimize the influence of confounding factors. We systematically included all the relevant covariates in the Cox regression model and compared the regression coefficients by inputting or eliminating each covariate individually in the basic and complete models. Third, our study is the most comprehensive investigation of the association between normal triglyceride levels and the risk of T2DM, with a substantial sample size and extensive adjustments for confounding factors. Fourth, we conducted a sensitivity analysis to ensure the robustness of our findings across subgroups. Moreover, we employed curve function fitting to reveal a persistent linear relationship between normal triglyceride concentration and the risk of T2DM. However, our study has a few limitations. First, owing to data constraints, we could not obtain information on glycosylated hemoglobin, a valuable biomarker for diabetes diagnosis. Second, more detailed follow-up data such as sleep, nutrition, and exercise status were unavailable, potentially introducing additional confounding factors that should be considered. Third, the incidence of T2DM may have been underestimated, as oral glucose tolerance tests were not performed. Finally, our study focused on a Chinese population cohort, primarily from urban areas in southern China; thus, the generalizability of our results to northern Chinese and non-Chinese populations requires further investigation.




5 Conclusion

Our research demonstrates an independent positive association between normal triglyceride levels and the likelihood of developing diabetes mellitus type 2. For every 1 mmol/L increase in triglycerides, the risk of developing T2DM increased by 81%. Moreover, we established a positive linear relationship between triglyceride levels and the risk of T2DM across the entire range of normal triglyceride concentrations. Further investigation is necessary to elucidate the causal relationship between normal triglyceride levels and T2MD.





Data availability statement

Publicly available datasets were analyzed in this study. This data can be found here: http://charls.pku.edu.cn/zh-CN.





Ethics statement

The studies involving humans were approved by Rich Healthcare Group Review Board. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required from the participants or the participants’ legal guardians/next of kin because For this type of study, formal consent is not required.





Author contributions

RG: Data curation, Writing – original draft, Writing – review & editing, Methodology, Project administration, Software. LW: Supervision, Writing – review & editing. YC: Supervision, Writing – review & editing. WZ: Funding acquisition, Methodology, Supervision, Writing – review & editing, Project administration.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. National High Level Hospital Clinical Research Funding (No., 2023-NHLHCRF-PY-04); Wu Jieping Medical Foundation (No. 320.6750.2023-06-60); Research Projects of Gansu Provincial Hospital (23GSSYD-25).




Acknowledgments

The authors are very grateful to the data providers of this study, who completed the whole study. These are Ying Chen, Xiao Ping Zhang, Jie Yuan, Bo Cai, Xiao Li Wang, Xiao Li Wu, Yue Hua Zhang, Xiao Yi Zhang, Tong Yin, Xiao Hui Zhu, Yun Juan Gu, Shi Wei Cui, Zhi Qiang Lu, and Xiao Ying Li [the names of these researchers are ranked according to their ranking in reference (14)]. We are very grateful to WZ for his help with statistics.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Sun, H, Saeedi, P, Karuranga, S, Pinkepank, M, Ogurtsova, K, Duncan, BB, et al. IDF Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for 2021 and projections for 2045. Diabetes Res Clin practice. (2022) 183:109119. doi: 10.1016/j.diabres.2021.109119

2. Ogurtsova, K, Guariguata, L, Barengo, NC, Ruiz, PL, Sacre, JW, Karuranga, S, et al. IDF diabetes Atlas: Global estimates of undiagnosed diabetes in adults for 2021. Diabetes Res Clin practice. (2022) 183:109118. doi: 10.1016/j.diabres.2021.109118

3. Reiner, Ž. Hypertriglyceridaemia and risk of coronary artery disease. Nat Rev Cardiol (2017) 14(7):401–11. doi: 10.1038/nrcardio.2017.31

4. Halldin, AK, Lissner, L, Lernfelt, B, and Björkelund, C. Cholesterol and triglyceride levels in midlife and risk of heart failure in women, a longitudinal study: The prospective population study of women in Gothenburg. BMJ Open (2020) 10(6):e036709. doi: 10.1136/bmjopen-2019-036709

5. Peng, J, Luo, F, Ruan, G, Peng, R, and Li, X. Hypertriglyceridemia and atherosclerosis. Lipids Health disease. (2017) 16(1):233. doi: 10.1186/s12944-017-0625-0

6. Wang, C, Zhao, Z, Deng, X, Cai, Z, Gu, T, Li, L, et al. Association of triglyceride-glucose with cardiac hemodynamics in type 2 diabetes. Diabetes Vasc Dis Res (2022) 19(1):14791641221083396. doi: 10.1177/14791641221083396

7. Liu, L, Wu, Z, Zhuang, Y, Zhang, Y, Cui, H, Lu, F, et al. Association of triglyceride-glucose index and traditional risk factors with cardiovascular disease among non-diabetic population: A 10-year prospective cohort study. Cardiovasc diabetology. (2022) 21(1):256. doi: 10.1186/s12933-022-01694-3

8. Zhao, J, Zhang, Y, Wei, F, Song, J, Cao, Z, Chen, C, et al. Triglyceride is an independent predictor of type 2 diabetes among middle-aged and older adults: a prospective study with 8-year follow-ups in two cohorts. J Trans Med (2019) 17(1):403. doi: 10.1186/s12967-019-02156-3

9. Peng, J, Zhao, F, Yang, X, Pan, X, Xin, J, Wu, M, et al. Association between dyslipidemia and risk of type 2 diabetes mellitus in middle-aged and older Chinese adults: a secondary analysis of a nationwide cohort. BMJ Open (2021) 11(5):e042821. doi: 10.1136/bmjopen-2020-042821

10. Song, B, Zhao, X, Yao, T, Lu, W, Zhang, H, Liu, T, et al. Triglyceride glucose-body mass index and risk of incident type 2 diabetes mellitus in Japanese people with normal glycemic level: A population-based longitudinal cohort study. Front endocrinology. (2022) 13:907973. doi: 10.3389/fendo.2022.907973

11. Zou, S, Yang, C, Shen, R, Wei, X, Gong, J, Pan, Y, et al. Association between the triglyceride-glucose index and the incidence of diabetes in people with different phenotypes of obesity: A retrospective study. Front endocrinology. (2021) 12:784616. doi: 10.3389/fendo.2021.784616

12. Kim, JA, Kim, J, Roh, E, Hong, SH, Lee, YB, Baik, SH, et al. Triglyceride and glucose index and the risk of gestational diabetes mellitus: A nationwide population-based cohort study. Diabetes Res Clin practice. (2021) 171:108533. doi: 10.1016/j.diabres.2020.108533

13. Vesković, M, Šutulović, N, Hrnčić, D, Stanojlović, O, Macut, D, and Mladenović, D. The interconnection between hepatic insulin resistance and metabolic dysfunction-associated steatotic liver disease-the transition from an adipocentric to liver-centric approach. Curr Issues Mol Biol (2023) 45(11):9084–102. doi: 10.3390/cimb45110570

14. Chen, Y, Zhang, XP, Yuan, J, Cai, B, Wang, XL, Wu, XL, et al. Association of body mass index and age with incident diabetes in Chinese adults: A population-based cohort study. BMJ Open (2018) 8(9):e021768. doi: 10.1136/bmjopen-2018-021768

15.4. Comprehensive medical evaluation and assessment of comorbidities: Standards of medical care in diabetes-2021. Diabetes Care (2021) 44(Suppl 1):S40–s52. doi: 10.2337/dc21-S004

16. Chen, X, Liu, D, He, W, Hu, H, and Wang, W. Predictive performance of triglyceride glucose index (TyG index) to identify glucose status conversion: A 5-year longitudinal cohort study in Chinese pre-diabetes people. J Trans Med (2023) 21(1):624. doi: 10.1186/s12967-023-04402-1

17. Zheng, D, Dou, J, Liu, G, Pan, Y, Yan, Y, Liu, F, et al. Association between triglyceride level and glycemic control among insulin-treated patients with type 2 diabetes. J Clin Endocrinol Metab (2019) 104(4):1211–20. doi: 10.1210/jc.2018-01656

18. Vilas-Boas, EA, Almeida, DC, Roma, LP, Ortis, F, and Carpinelli, AR. Lipotoxicity and β-cell failure in type 2 diabetes: Oxidative stress linked to NADPH oxidase and ER stress. Cells. (2021) 10(12):3328. doi: 10.3390/cells10123328

19. Plötz, T, von Hanstein, AS, Krümmel, B, Laporte, A, Mehmeti, I, and Lenzen, S. Structure-toxicity relationships of saturated and unsaturated free fatty acids for elucidating the lipotoxic effects in human EndoC-βH1 beta-cells. Biochim Biophys Acta Mol basis disease. (2019) 1865(11):165525. doi: 10.1016/j.bbadis.2019.08.001

20. Szili-Torok, T, Bakker, SJL, and Tietge, UJF. Normal fasting triglyceride levels and incident type 2 diabetes in the general population. Cardiovasc diabetology. (2022) 21(1):111. doi: 10.1186/s12933-022-01530-8

21. Greenhill, C. Obesity: Sex differences in insulin resistance. Nat Rev Endocrinology. (2018) 14(2):65. doi: 10.1038/nrendo.2017.168

22. Zhao, W, Tong, J, Li, J, and Cao, Y. Relationship between body roundness index and risk of type 2 diabetes in Japanese men and women: A reanalysis of a cohort study. Int J endocrinology. (2021) 2021:4535983. doi: 10.1155/2021/4535983

23. Kautzky-Willer, A, Leutner, M, and Harreiter, J. Sex differences in type 2 diabetes. Diabetologia. (2023) 66(6):986–1002. doi: 10.1007/s00125-023-05891-x

24. Tramunt, B, Smati, S, Grandgeorge, N, Lenfant, F, Arnal, JF, Montagner, A, et al. Sex differences in metabolic regulation and diabetes susceptibility. Diabetologia. (2020) 63(3):453–61. doi: 10.1007/s00125-019-05040-3

25. Kautzky-Willer, A, Harreiter, J, and Pacini, G. Sex and gender differences in risk, pathophysiology and complications of type 2 diabetes mellitus. Endocrine Rev (2016) 37(3):278–316. doi: 10.1210/er.2015-1137

26. Ciarambino, T, Crispino, P, Leto, G, Mastrolorenzo, E, Para, O, and Giordano, M. Influence of gender in diabetes mellitus and its complication. Int J Mol Sci (2022) 23(16):8850 doi: 10.3390/ijms23168850

27. Xie, Q, Kuang, M, Lu, S, Huang, X, Wang, C, Zhang, S, et al. Association between MetS-IR and prediabetes risk and sex differences: a cohort study based on the Chinese population. Front endocrinology. (2023) 14:1175988. doi: 10.3389/fendo.2023.1175988

28. Hadaegh, F, Abdi, A, Kohansal, K, Hadaegh, P, Azizi, F, and Tohidi, M. Gender differences in the impact of 3-year status changes of metabolic syndrome and its components on incident type 2 diabetes mellitus: A decade of follow-up in the Tehran Lipid and Glucose Study. Front endocrinology. (2023) 14:1164771. doi: 10.3389/fendo.2023.1164771

29. Tahapary, DL, Pratisthita, LB, Fitri, NA, Marcella, C, Wafa, S, Kurniawan, F, et al. Challenges in the diagnosis of insulin resistance: Focusing on the role of HOMA-IR and Tryglyceride/glucose index. Diabetes Metab syndrome. (2022) 16(8):102581. doi: 10.1016/j.dsx.2022.102581

30. Ramdas Nayak, VK, Satheesh, P, Shenoy, MT, and Kalra, S. Triglyceride Glucose (TyG) Index: A surrogate biomarker of insulin resistance. JPMA J Pakistan Med Assoc (2022) 72(5):986–8. doi: 10.47391/jpma.22-63

31. Laufs, U, Parhofer, KG, Ginsberg, HN, and Hegele, RA. Clinical review on triglycerides. Eur Heart J (2020) 41(1):99–109c. doi: 10.1093/eurheartj/ehz785




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Guo, Wei, Cao and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 14 February 2024

doi: 10.3389/fendo.2024.1336123

[image: image2]


Parallelism and non-parallelism in diabetic nephropathy and diabetic retinopathy


Shanshan Tang 1†, Xuedong An 2†, Wenjie Sun 2†, Yuehong Zhang 3†, Cunqing Yang 2, Xiaomin Kang 2, Yuting Sun 2, Linlin Jiang 2, Xuefei Zhao 2, Qing Gao 2, Hangyu Ji 2* and Fengmei Lian 2*


1 College of Traditional Chinese Medicine, Changchun University of Traditional Chinese Medicine, Changchun, China, 2 Guang’an Men Hospital of China Academy of Chinese Medical Sciences, Beijing, China, 3 Fangshan Hospital, Beijing University of Chinese Medicine, Beijing, China




Edited by: 

Qi Pan, Peking University, China

Reviewed by: 

Anu Grover, Ipca Laboratories, India

Eberval Gadelha Figueiredo, University of São Paulo, Brazil

*Correspondence: 

Fengmei Lian
 lfm565@sohu.com

Hangyu Ji
 jihangyuecho@163.com














†These authors have contributed equally to this work



Received: 10 November 2023

Accepted: 23 January 2024

Published: 14 February 2024

Citation:
Tang S, An X, Sun W, Zhang Y, Yang C, Kang X, Sun Y, Jiang L, Zhao X, Gao Q, Ji H and Lian F (2024) Parallelism and non-parallelism in diabetic nephropathy and diabetic retinopathy. Front. Endocrinol. 15:1336123. doi: 10.3389/fendo.2024.1336123



Diabetic nephropathy (DN) and diabetic retinopathy (DR), as microvascular complications of diabetes mellitus, are currently the leading causes of end-stage renal disease (ESRD) and blindness, respectively, in the adult working population, and they are major public health problems with social and economic burdens. The parallelism between the two in the process of occurrence and development manifests in the high overlap of disease-causing risk factors and pathogenesis, high rates of comorbidity, mutually predictive effects, and partial concordance in the clinical use of medications. However, since the two organs, the eye and the kidney, have their unique internal environment and physiological processes, each with specific influencing molecules, and the target organs have non-parallelism due to different pathological changes and responses to various influencing factors, this article provides an overview of the parallelism and non-parallelism between DN and DR to further recognize the commonalities and differences between the two diseases and provide references for early diagnosis, clinical guidance on the use of medication, and the development of new drugs.
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Introduction

The International Diabetes Federation (IDF) Diabetes Map 2021 shows that the world’s adult diabetic population has reached 537 million in 2021, while the adult population with the disease grows by 1.7% to a projected 783 million in 2045 (1). Complications of diabetes mellitus can be categorized into acute and chronic complications, and chronic complications caused by long-term exposure to hyperglycemia can be categorized into microangiopathy, macrovascular disease, and neuropathy (2, 3). Among them, diabetic nephropathy (DN) and diabetic retinopathy (DR), as highly prevalent microvascular complications of diabetes, have become the leading causes of end-stage renal disease (ESRD) and blindness in adult patients, and the disease puts enormous economic pressure on the healthcare system as well as on the patients themselves (4–7). The study provides a comprehensive and up-to-date assessment of the current and 2045 global prevalence of DR through the largest meta-analysis to date, showing that the global prevalence of DR in the diabetic population is estimated to be 22.27%, in 2020, the number of adults with DR will be approximately 103.12 million globally. It will increase by 55.6% to 160.5 million in 2045 (6). DN is now the leading cause of ESRD in the adult working population, accounting for approximately 50% of developed countries (7). A meta-analysis of the prevalence of comorbid DN in the Chinese type 2 diabetes mellitus type 2 (T2DM) population (79,364 study subjects) showed that nearly 1/5 of diabetic patients have comorbid DN (8). It has been reported that type 1 diabetes mellitus (T1DM) patients with DR and T2DM patients without DR are 13.39 and 3.51 times more likely to develop DN, respectively. The prevalence of DN increases with the increasing severity of DR, and the two diseases are closely related (9). A cross-sectional study based on 26,809 patients in five primary hospitals in China showed prevalence rates of DN and DR of 32.3% and 34.6%, respectively, with a positive predictive value of 47.4% for DN (10). Increases in DR severity were strongly associated with increases in DN severity (11).

DN and DR have parallelism and non-parallelism in disease onset and progression. The parallelism of the two diseases includes the mutual predictive effect of predicting the development of the other diseases through one of them, the four aspects of common causative factors, similar pathogenesis, and common use of medication. Non-parallelism includes asynchrony of onset, variability of pathogenic factors, different pathogenic mechanisms, and medications. Exploring the parallelism of two diseases can, on the one hand, predict the development of the other diseases through one disease and take timely and effective preventive measures to prevent the development and deterioration of the disease; on the other hand, the use of generic drugs to treat the two diseases through the parallelism of the diseases can reduce the use of drugs, optimize the management of the disease and the use of medication, and alleviate the financial burden of the patients and the country. This paper reviews the parallelism and non-parallelism of the two diseases, recognizes the commonalities and differences between the two diseases, and guides the selection of clinical drugs, with a view to early diagnosis, delaying the onset and progression of the two diseases, improving patients’ quality of life, and reducing the burden on society.





Parallelism between DN and DR development

Microvascular pathological changes in diabetes mellitus include the thickening of capillary basement membranes due to hyperglycemia (12), increased permeability and dysfunction of endothelial cells (13–15), and vascular smooth muscle cell dysfunction (16, 17). Despite their functional differences, the kidney and the eye share similarities in developmental pathways and molecular structure (18, 19); the glomerulus and choroid have similar structures and vascular networks (19); the internal blood–retina barrier (BRB) and the glomerular filtration barrier have similar developmental pathways (20); the renin–angiotensin–aldosterone system (RAAS) found in both organs, the eye and the kidney (21, 22), leads to parallelism in their pathogenesis. In the following, the parallelism of the two diseases’ development will be described in terms of their mutual predictive effects, disease-influencing factors, identical pathogenesis, and common medication.




Reciprocal predictive effects of DN and DR

DN and DR are closely related as both microvascular complications of diabetes mellitus (23). The severity of renal impairment in DN correlates with the severity of ocular damage in DR (24). The presence of DR can be diagnosed by fundus examination. In contrast, the kidneys are hidden in the abdomen of the human body, so doctors cannot accurately see the specific situation, and the gold standard for diagnosing renal disease is renal puncture biopsy (25). However, renal puncture biopsy is an invasive test, which is often difficult for the majority of patients to accept, so the use of fundus examination to predict renal disease is increasingly becoming the primary means of clinical doctors to screen for DN. At the same time, proteinuria in patients with DN is also often used to predict the severity of DN and predict the development of DR.




DN predicts DR

In a cross-sectional study, 250 T2DM patients with DN diagnosed by renal biopsy were divided into two groups: 130 patients in the DN without DR group and 120 patients in the DN and concomitant DR group. Logistic regression analysis was performed on the above 250 patients to clarify the risk factors for DR, and the results showed that the risk of DR was significantly associated with the risk of developing DR by proteinuria, hematuria, estimated glomerular filtration rate (eGFR) baseline correction, glomerulopathy severity, and DM history >10 years were significantly associated with the risk of developing DR (26). Through a cross-sectional study of 1,102 T2DM patients aged not less than 30 years recruited in Korea in 2010–2011, the results showed that grouped according to DR severity, non-proliferative diabetic retinopathy (NPDR), severe NPDR, and proliferative diabetic retinopathy (PDR), with their early morning field urine samples retained for urinary albumin–creatinine ratio (ACR) measurement, the results showed that the optimal cutoff value of ACR for predicting DR was 2.26 mg/mmol (20 μg/mg), and as the severity of DR increased, ACR ≥ 2.26 mg/mmol tended to increase, and the risk of severe NPDR and PDR also increased, demonstrating that ACR is an independent risk factor for DR (27). Also, in DR patients, even in the absence of proteinuria, we can predict subclinical DN based on eGFR (11).





DR predicts DN

DR was found to be associated with an increased risk of DN prevalence in patients with T2DM through a prospective study. However, the predictive value of DR for the risk of DN in patients with T2DM was relatively low, possibly since the predictive value of DR for DN may be affected by aspects such as mean age, proportion of men, and study quality (28). In a 25-year follow-up based on a cohort study of 184 patients from Denmark, it was suggested that PDR in patients with T1DM may be an independent marker of long-term nephropathy development (29). A deep learning model validated with 115,344 retinal fundus photographs from 57,672 patients indicates that chronic kidney disease staging and eGFR prediction can be performed by retinal fundus image testing and that the model evaluates the level of agreement between the algorithm’s predicted GFR and the measured eGFR by means of a Bland–Altman plot. The results showed that the artificial intelligence (AI) model was able to extract the information for predicting GFR and embed it skillfully in the fundus images, and the deployment of AI fundus diagnostic system can be used as a non-invasive, high-throughput, and low-cost screening tool in the early stage of renal disease regardless of geographic display to effectively predict the progression of renal disease (30). A cross-sectional study shows that DR, especially PDR, is an independent predictor of kidney disease (9).






Risk factors associated with DN and DR

Age, male gender, hypertension, diabetes duration, diabetic neuropathy, DN, diabetic foot ulcers, and foot amputation were used as independent risk factors for DR based on two cross-sectional studies in urban hospitals in China (31, 32). A cross-sectional study based on 13,473 diabetic patients complemented postprandial glucose, glycosylated hemoglobin (HbAlc), triglycerides, and low-density lipoprotein as independent risk factors for DR, with preprandial glucose, postprandial glucose, and HbAlc all being significant predictors of the development or progression of DR (33), which showed that each 1% increase in HbAlc was associated with a 40% increase in the risk of microvascular events (34). In addition, anemia (35, 36), pregnancy (37), smoking (38), genetic factors (39), and microalbuminuria (40, 41) have been shown in multiple trials to increase the risk of DR. Meta-analysis of multiple prospective cohort studies suggests that obesity is a risk factor for DR (42, 43).

Studies have shown that elevated blood glucose levels, long duration of diabetes, hypertension, obesity, and dyslipidemia can contribute to the development of DN (44). Elevated microalbuminuria levels increase the risk of DN (45, 46). Numerous epidemiologic investigations have shown that genetic susceptibility contributes to the development of DN (47–49). A systematic evaluation and meta-analysis based on 20 cohorts identified age, body mass index, smoking, DR, glycosylated hemoglobin, systolic blood pressure, high-density lipoprotein, triglycerides, and urinary albumin/creatinine ratio as risk factors for the development of DN (50). The study results show a substantial overlap in the causative risk factors of the two diseases.





Similar pathogenesis of DN and DR

DN and DR are microvascular complications of diabetes mellitus, and the pathological features of retinal tissue in patients with DR include loss of pericytes and endothelial cells, destruction of BRB, and retinal neovascularization (51, 52). Pathological changes in DN may include glomerular tunica dilatation, basement membrane thickening, glomerular endothelial injury, podocyte injury, and tubular junction abnormalities (53–56). Diabetes-induced endothelial dysfunction in microangiopathy is characterized by decreased nitric oxide (NO) bioavailability, increased oxidative stress, imbalance between vascular endothelial growth factor (VEGF) and NO, and impaired endothelial function repair (57). In the diabetic microvascular system, intracellular hyperglycemia induces vascular endothelial injury through various pathophysiological processes, including inflammation, endothelial cell–reticulocyte/pericyte conversation, and exocytosis (58). In addition, several key regulators such as cell adhesion molecule (CAM), VEGF family, and Notch signaling are involved in developing DN and DR diseases (58). Since the eye and the kidney share similarities in organizational structure and physiological function, exposure to the same risk factors often leads to the occurrence of the two diseases, with simultaneous similarities in pathogenesis (Figure 1).




Figure 1 | Diagram of the common mechanism of DN and DR. DN, diabetic nephropathy; DR, diabetic retinopathy.






Oxidative stress

Oxidative stress plays a vital role in the development of microvascular and cardiovascular complications in diabetes mellitus (59). Excessive production of reactive oxygen species (ROS) is a major cause of oxidative stress (60–62). Hyperglycemia plays a central role in the development of microvascular complications in diabetes mellitus (63), with a 37% reduction in the incidence of microvascular end-point events for every 1% reduction in HbAlc (64), and a sustained state of hyperglycemia in the cell induces an overproduction of mitochondrial ROS (65). This increased production of ROS is a central and primary mediator of diabetic tissue damage, with this single upstream mediator leading to the activation of five major pathways involved in the pathogenesis of complications, including activation of the polyol pathway (66), increased formation of advanced glycosylation end products (AGEs) (67), increased expression of receptors for AGEs and their activating ligands (68), activation of protein kinase C (PKC) isoforms (69), and enhancement of the hexosamine pathway (70), which are present in the mechanisms of DN and DR production (65, 71) Hyperglycemia-induced ROS triggers renal fibrosis and inflammation and causes significant tissue damage by promoting lipid peroxidation, DNA damage and protein modification, and mitochondrial dysfunction, inducing DN (72). Overproduction of ROS in the diabetic retina leads to retinal cell damage by altering cell signaling, ultimately leading to DR (73).

AGEs aggregated in the hyperglycemic state play an important role in DR (74). AGEs can induce the cross-linking of extracellular matrix proteins through direct action, leading to endothelial dysfunction and neural and vascular components (75, 76). AGEs also interact with specific receptors and binding proteins to induce oxidative stress and cellular dysfunction involved in the progression of DN (77). The polyol pathway contains aldose reductase (AR), mainly found in tissues such as the retina, lens, and kidney (78). Abnormally elevated blood glucose can lead to activation of the AR, which oxidizes glucose to sorbitol and can induce or exacerbate intracellular oxidative stress (79–81), promoting diabetic microangiopathy. Hyperglycemia triggers the glycolytic pathway, which further enhances the synthesis of di-glycerol (DAG), and PKC is activated as a target protein kinase for di-glycerol (82). Total DAG levels in vascular tissues are increased in the retina (83, 84) and glomeruli (85, 86) of diabetic patients. PKC activation impairs glomerular blood flow and filtration, causing renal hypertrophy and glomerular hyperplasia and contributing to the onset and progression of DN, which is mainly characterized by proteinuria (87, 88). PKC-mediated upregulation of extracellularly regulated protein kinases ERK1/2 and matrix metalloproteinases (MMPs) accelerates cell proliferation, migration, maturation, and formation of new blood vessels (89). PKC activation affects blood flow, causes retinal microvascular constriction, induces neovascularization, and promotes the development of DR (90).





Inflammatory response

Chronic subclinical inflammation underlies the vascular pathology of DR, and the stimulated inflammation of leukocyte adhesion to the retinal vascular system and the role of leukocytes in leukocyte stasis with risk of capillary closure suggest that this condition may represent a form of low-grade inflammation (91, 92). A study has shown that DR vascular leakage and no perfusion are temporally and spatially associated with retinal leukocyte stasis in a streptozotocin-induced diabetic rat model (93). NLRP1, NLRP3, NLRC4, and AIM2 inflammatory vesicles can lead to DR pathogenesis (94). DN is a chronic low-grade inflammatory disease (95, 96). Proinflammatory cytokines, chemokines and their receptors, adhesion molecules, and transcription factors are involved in the development and progression of DN (97). Low-grade inflammation accumulates extracellular matrix in the glomerular basement membrane by stimulating endothelial cells and podocytes, while excessive extracellular matrix deposition can cause an acute phase reaction (98). Nuclear factor κB (NF-κB), one of the major factors involved in the inflammatory response, is a crucial link in regulating chemokines, cell adhesion proteins, inflammatory cytokines, and other molecules associated with DN mechanisms (99). Meanwhile, thioredoxin-interacting protein (TXNIP), macrophages, and various cytokines are involved in the pathogenesis of DN and DR.

TXNIP is highly expressed in diabetic retina (100–103). TXNIP, as an early response gene in the high-glucose environment, can induce AGE receptor expression; at the same time, high glucose-induced TXNIP expression enhances AGE receptor expression, leading to feedback in the TXNIP expression loop, which produces persistent chromatin remodeling and sustained inflammatory gene expression in diabetic retinal capillary endothelial cells (101), which can induce NLRP3 expression, increase IL-1β production in Müller cells (103, 104), and promote DR development. At the same time, hyperglycemia upregulates TXNIP expression and induces ROS production and inflammatory and fibrotic responses in diabetic kidneys, leading to dysregulation of autophagy and contributing to the development of DN (101, 105). Macrophages were recruited in rat glomeruli early after the onset of hyperglycemia (106). Macrophages cause tissue damage and sclerosis by producing ROS, cytokines, and proteases (107, 108). Macrophage-restricted protein tyrosine phosphatase 1B (PTP1B) is a crucial regulator of inflammation in the metabolic syndrome resulting from insulin resistance, and aberrant regulation of PTP1B may underlie retinal microvascular disease (109). Several cytokines are involved in the pathogenesis of DN and DR, among which VEGF is one of the essential cytokines (110, 111). Activation of VEGF leads to neovascularization and glomerular injury, and loss of late-stage podocytes induces a decrease in VEGF signaling, which can trigger vascular thinning and renal fibrosis and promote the DN process (58). The generation of neovascularization and enhanced vascular permeability in the retina are associated with the upregulation of VEGF, which is involved in pathological retinal neovascularization and increased vascular permeability, and its mechanism of action is to induce vascular endothelial cells to divide and proliferate through the action of secreting high levels of affinity receptors on retinal vascular endothelial cells (112, 113).





Hemodynamic changes

Early diabetes is characterized by increased blood flow, which is reflected in the kidneys as glomerular hyperfiltration (114). Abnormally elevated blood glucose leads to increased permeability of the glomerular filtration membrane, which results in an increased glomerular filtration rate (115). Hyperfiltration and hyperperfusion can stimulate the proliferation of glomerular mesangial cells, increase the mesangial matrix, damage the endothelial cells, and increase platelet aggregation, leading to the formation of micro-arteriolar flow. It can also cause inflammatory cell infiltration, increase the apoptosis of the mesangial cells, and so on. Thus, glomerulosclerosis is constantly progressing, and the loss of renal units is progressive, inducing the DN (22, 115). High blood glucose levels in the RAAS and its elevated angiotensin levels led to a slowing of renal blood flow, impaired glomerular filtration barrier, and proteinuria, leading to DN. At the same time, the pathological changes of DN can lead to renal small, micro-arteriolar sclerosis and micro-arteriolar constriction enhancement, so the renal blood flow is reduced, and glomerular sclerosis is exacerbated, leading to renal insufficiency (22, 116). Studies have shown that diabetic patients have elevated blood and serum viscosity and elevated red blood cell aggregation and adhesion, which increase the resistance to blood flow and reduce its stability in the flow process, leading to slow blood flow and decreased blood flow rate and triggering circulatory disorders (117). From a hemodynamic perspective, ocular blood flow is determined by the balance between ocular perfusion pressure and vascular resistance (118). Prolonged hyperglycemia leads to endothelial dysfunction, increased vascular resistance, abnormal retinal perfusion, and exacerbation of retinal ischemia and hypoxia (119). As feedback from local ischemia, excessive ischemic dilatation as well as uneven capillary resistance cause other vessels to undergo overcompensation, resulting in a vicious cycle that promotes the development of DR (120).





Hyperactivation of RAAS

Increased RAAS activity is an essential factor in the development of DN, and the end product of this system is angiotensin II (AngII), whose damaging effects include vasoconstriction, increased aldosterone secretion, growth, fibrosis, thrombosis, inflammation, and oxidative (121). Local expression of RAAS is upregulated by glomerular capillary hypertension associated with hyperglycemia-induced hyperfiltration state (122). Hyperactivation of RAAS leads to renal injury by pro-fibrotic and pro-inflammatory factors (123). High glucose leads to overactivation of the RAAS, causing AngII to activate AT1 receptors, and AngII is involved in glucose- and lipid-induced oxidative stress, inflammation, and apoptosis via AT1 receptors. It produces elevated glomerular hydrostatic pressure, proteinuria, and structural damage with sclerosis and fibrosis and promotes the development of DN (124, 125). Studies have shown that patients with DR have higher than average concentrations of reninogen, renin, and AngII in the vitreous humor (126). The presence of its own independent RAAS in the retina regulates blood flow and intraocular pressure (IOP) (127); its key effector molecule, AngII, modulates pericyte function (128); the retinal RAS is activated to stimulate growth factors, such as VEGF, which leads to vascular leakage, pericyte migration, angiogenesis, fibrosis, and exacerbation of DR (129).





Kallikrein–kinin system

The kallikrein–kinin system (KKS) exerts multiple effects on vascular and neuronal tissues through activation of B1 and B2 receptors, which are constitutively expressed in most tissues, and B1 receptors, which are induced to be expressed under stress conditions such as inflammation and diabetes mellitus (130, 131). In the eye, the KKS is one of the identified pathways in the vitreous of patients with PDR and diabetic macular edema (DME) (132). The KKS plays a key role in the pathophysiology of DR, including vascular inflammation and hyperpermeability, oxidative stress, vasodilation, retinal thickening, and neovascularization (133). Activated plasma kinin-releasing enzymes in the retinal and vitreous fluids of patients with PDR may directly contribute to the development of interstitial swelling and macular edema in these patients (134). In the kidney, B2 receptor deficiency has been shown to increase albumin excretion and glomerular thylakoid sclerosis in diabetic mice starting with the Akita mutation (130). Diabetic test mice lacking bradykinin B2 receptors show a significant increase in dominant albuminuria with increasing glomerular mesangial sclerosis (135). Bradykinin has been shown to have NO-releasing properties, induce endothelium-dependent vasodilation, exert antifibrotic and antihypertrophic effects, and stimulate glucose uptake (136). The study suggests a novel role for the KKS in preventing salt-induced and hypertension-induced kidney injury by inhibiting oxidative stress and inflammatory responses (137).





MiRNAs

MiRNAs play an essential role in the pathogenesis of microvascular diabetic complications DR and DN by regulating various pathways including inflammation, apoptosis, and oxidative stress (138). Growing evidence suggests that altered genomic DNA methylation, chromatin histone modifications, and non-coding RNA dysregulation are involved in the pathogenesis of DN (139). Dysregulation of miRNAs promotes DR progression by affecting pathways such as inflammation, oxidative stress, endothelial apoptosis, and vascular cell function (138).

Studies have shown that plasma miR-21 expression is elevated during the development of T2DM combined with DR and can be used to indicate the severity of T2DM combined with DR (140). The high glucose-induced upregulation of miR-21 expression in retinal endothelial cells indirectly regulates NF-κB expression and promotes apoptosis in retinal endothelial cells (141), as well as having a pro-angiogenic effect (142, 143). Serum and renal tissue miR-21 was found to be significantly elevated with the progression of DN (144). MiR-21 promotes epithelial–mesenchymal transition (EMT) and extracellular matrix (ECM) deposition through the downregulation of bone morphogenetic protein 7 (BMP-7), and EMT and ECM deposition in renal tubular epithelial cells is critical for DN pathogenesis (145). Significant histopathological changes in miR-21 expression in DN kidney biopsies can fully reflect the key role of miR-21 in the development of DN (146). Meanwhile, the pathogenic role of miR-21 in DN can also manifest as renal fibrosis (147) and inflammation (148).





Hypoxia

Hypoxia plays a vital role in diabetic complications and occurs in tissues central to the development of diabetes (pancreatic β-cells and adipose tissue) and in tissues susceptible to diabetic complications (nerves, retina, heart, blood vessels, kidneys, and wounds) (149). Hypoxia-inducible factor 1α (HIF-1α) gene polymorphisms may be associated with diabetes and diabetic complications (150). HIF-1α is a transcription factor that is expressed in response to decreased cellular oxygen partial pressure and activated to participate in angiogenesis, glycolysis, and regulation of vascular tone (151) The cellular adaptive response to hypoxia is mediated by hypoxia-inducible factor-1α, and hyperglycemia leads to decreased stability and low transcriptional potency of the HIF-1α protein in response to hypoxia (152), which also leads to a pseudo-hypoxic state that activates HIF-1α activity to adapt to hypoxia (153). Hypoxia is present in the diabetic kidney (154, 155), and renal tubular hypoxia is due to a combination of increased energy demand and decreased perfusion with non-hypoxia-related forces that drive the development of tubular atrophy and interstitial fibrosis, promoting the progression of DN in a vicious cycle (156). The maintenance of normal retinal function depends on a continuous supply of oxygen and the ability to detect and respond to localized hypoxia rapidly (157). Hypoxia occurs frequently during the development of DR (158, 159), and hyperglycemia-induced endothelial dysfunction, as well as inhibition of endothelial NO synthase and disturbances in vascular self-regulation, can lead to the development of hypoxia in retinal tissue (160). Oxygen (O2) is essential for the retina (161, 162), and reduced retinal blood flow in diabetic patients can lead to retinal hypoxia (163). Retinal hypoxia can cause neuroretinal dysfunction and degeneration, which directly lead to vision loss (164) and promote the development of DR.






Co-medication of DN and DR

Because of the similarity between DN and DR in terms of pathogenic factors and pathogenesis, there is partial concordance in terms of the clinical use of drugs. Active control of blood glucose, blood pressure, blood lipids, and other related risk factors can slow down the development of the disease process, so the treatment of the two diseases used in the choice of glucose control drugs, antihypertensive drugs, lipid regulating drugs, and other related drugs have essential consistency (165). In addition, some of the drugs also have the effect of DN and DR at the same time, and the therapeutic effects of some of the drugs are listed below.




Inhibition of aberrant activation of the polyol pathway: the aldose reductase inhibitor epalrestat

AR plays a crucial role in the etiology of long-term diabetic microvascular complications such as retinopathy, nephropathy, and neuropathy (166). Epalrestat is a carboxylic acid derivative that inhibits aldose reductase in the polyol pathway, and the ability of epalrestat to reduce intracellular sorbitol accumulation has been linked to the pathogenesis of microvascular complications in diabetes mellitus (167). A 3-year multicenter aldose reductase inhibitor-diabetic complications trial in Japan, which included 594 patients, showed that epalrestat was particularly effective in patients with reasonable glycemic control and mild microvascular disease (168). Patients treated with epalrestat have also been shown to slow the progression of diabetic retinopathy–nephropathy, possibly due to the inhibition of oxidative and inflammatory stress through the inhibition of the polyol pathway by epalrestat (169).





Antioxidant: α-lipoic acid

α-Lipoic acid (ALA) is a potent antioxidant (170–172) and is valuable in preventing and treating ocular complications such as diabetic keratopathy and DR (170, 173, 174). ALA has insulin-mimetic and anti-inflammatory activities (175), which increase insulin sensitivity (176), prevent retinal lipid peroxidation in early diabetes (177), inhibit the activation of NF-κB induced by late glycosylation end products in endothelial cells (178), and inhibit apoptosis in retinal capillary cells (179), thereby controlling the development of DR. ALA attenuates oxidative stress by regulating the expression of enzymes involved in the formation of reactive oxygen species (180), prevents glomerular thylakoid matrix expansion (181), inhibits diabetic renal fibrosis by improving mitochondrial function and regulating the expression and activation of isotretinoin receptor α (RXRα) (182), and protects the kidneys by possibly inhibiting neutrophil infiltration, modulating inflammatory mediators (183), and delaying the development of DN.





Inhibitors of the RAS system: angiotensin-converting enzyme inhibitors and angiotensin II receptor blockers

Angiotensin-converting enzyme inhibitor (ACEI) versus angiotensin II receptor blocker (ARB) as first-line therapy for hypertension in DN patients presenting with proteinuria has been shown to have renal and cardiac-related benefits (184). Studies have shown that RAS induces various tissue responses, including vasoconstriction, inflammation, oxidative stress, cellular hypertrophy, proliferation, angiogenesis, and fibrosis, triggering diabetic microangiopathy (185). Mechanisms of ACEI and ARB analogs for DR are mostly related to the RAS system (186). RAS inhibition is the single most effective treatment for slowing the progression of diabetic nephropathy (187). Some experiments indicated that captopril, an ACEI representative drug, and chlorosartan, an ARB representative drug, inhibited hyperglycemia-induced leukocyte retention in the retinal vasculature in rats at 6 weeks and 1 week, respectively; that AngII-induced expression of vascular cell adhesion molecules was inhibited by chlorosartan in experimentally cultured human retinal endothelial cells; that captopril blocks capillary degeneration in the early stages of DR; and that the two drugs inhibit the development of DR by inhibiting the RAS system, which can block the early retinal capillary degeneration and the inflammatory response (188). Meanwhile, an animal study has shown that captopril can reduce oxidative stress in DR patients (189).





Vasoprotective drug: calcium 2,5-dihydroxybenzenesulfonate

Calcium 2,5-dihydroxybenzenesulfonate (CaD) is considered a vasoprotective drug that alleviates microcirculatory and hemorheological abnormalities (190), attenuates diabetes-induced endothelial dysfunction and inflammation (191, 192), and reduces diabetic vascular complications by interfering with acetyl heparin sulfate binding sites to decrease VEGF signaling (193). A systematic review and meta-analysis supports the validity of CaD’s multi-targeted effects on DR through antioxidant, anti-free radical, and vasoprotective effects and inhibition of inflammatory cytokines (194). CaD, as an antioxidant and microvascular protector, has significantly improved the renal impairment of DN. CaD controls the development of DN by alleviating vascular damage, improving microcirculation, delaying renal fibrosis, enhancing the barrier effect on glomerular capillary filtration, preventing or reducing the thickening of the glomerular capillary basement membrane, preventing the disruption of the podocyte process, and maintaining the integrity of the glomerular basement membrane, which then protects the glomerular filtration barrier of DN from being further disrupted and improves the glomerular terminal filtration function (195). CaD prevents DN by downregulating the key apoptotic factor Bim and inhibiting apoptosis in renal proximal tubular epithelial cells (196).







Non-parallelism of DN and DR

As two different organs, the kidney and the eye have their own unique internal environment and physiological processes, each with specific influencing molecules, and the target organs themselves have different pathological changes and responses to various influencing factors, leading to different manifestations of diabetic microangiopathic damage in the two, and at the same time, the diagnostic means of the two also make the two diseases have non-parallelism. The article describes the non-parallelism of the two diseases in terms of the differences in their causative factors, the asynchrony of the disease, the differences in mechanisms, and the different medications used (Figure 2).




Figure 2 | Schematic of the different mechanisms of DN and DR. DN, diabetic nephropathy; DR, diabetic retinopathy.






Asynchrony in the onset of DN and DR




With DN without DR

In a prospective, randomized, blinded research trial of 144 Hispanics and 671 non-Hispanic white patients with non-insulin-dependent diabetes mellitus (NIDDM), it was shown that dominant albuminuria (urinary albumin excretion rate >200 μg/min) (197) was a strong independent risk factor for DR in the Hispanic study population, whereas non-Hispanic white patients did not show such an association, and the study suggests that early care may differ between the two ethnic groups due to differences in economic level as well as healthcare, which may be a possible reason for differences in the prevalence of diabetes complications, particularly DN and DR (198). Renal biopsy is the gold standard for the diagnosis of DN, by which renal disease and its prognostic classification can be accurately diagnosed but may not be performed in diabetic patients due to the limitations of the patient’s age, comorbidities, anticoagulant therapy, and additional costs (199). By screening T2DM patients who underwent renal biopsy, 96 (38.71%) in the DN group and 152 (61.29%) in the non-diabetic renal disease (NDRD) group, it was found that DR was prevalent in 79 (82.3%) and 12 (7.9%), respectively, suggesting that diabetic patients without retinopathy were the most likely to develop NDRD, which suggests that clinically, some DN patients have no DR may be because clinically some patients diagnosed with DN did not undergo renal biopsy, and some patients with NDRD combined with IgE, for example, were included. This suggests that diabetes mellitus without retinopathy has the highest likelihood of developing NDRD, which suggests that some patients with DN are not clinically comorbid with DR possibly because renal biopsy is not practiced in some of the clinically diagnosed patients with DN, and some patients with diabetes mellitus comorbid with NDRD, e.g., IgA nephropathy, are included and therefore do not have DR (200). Of the 98 patients with simple DN, 64 (65.3%) had DR and 34 (34.7%) had no DR, and the analysis concluded that advanced age (p = 0.003) and male gender (p < 0.001) were significantly associated with DN without DR (201).





With DR without DN

In 138 patients with insulin-dependent diabetes mellitus aged between 25 and 34 years with onset before 30 years of age, it was found that nephropathy was rare in patients without retinopathy, but retinopathy was often seen in patients without nephropathy. In both cases, DR was often detected earlier than DN in patients with insulin-dependent diabetes mellitus (202). This may be due to the higher vulnerability of the retina compared to the kidneys and the higher detection rate of DR, as fundus photography or fundography is more accessible to perform and therefore allows for easier detection compared to renal biopsy (203). The trial studied 100 insulin-treated diabetic patients, 35% of whom had PDR without DN changes, suggesting that the two types of microangiopathy, DN and DR, may not evolve similarly (204).






Different Pathogenesis of DN and DR




Different susceptibility genes

The development of DN and DR is hereditary and has familial aggregation, and the extent of disease damage is also determined by the genetic determinants of individual susceptibility as well as the presence of multiple independent risk factors (205–207). In a meta-analysis of genome-wide association studies, the folliculin gene (FLCN) was identified as a susceptibility gene for DR (208). Methylenetetrahydrofolate-reducing gene (MTHFR), a key enzyme regulating nucleotide synthesis and DNA methylation, is a susceptibility gene for DN and may be a risk factor for DN in white people and Africans (209). Chromosome 7 and chromosome 20 are susceptibility genes for DN (210). Chromosome 1 (211) and chromosome 6 (212) are susceptibility genes for DR.





DR: diabetic microvascular complications, neurovascular lesions

The American Diabetes Association defines DR lesion as a highly tissue-specific neurovascular complication (213, 214), a neurovascular disease resulting from the destruction of the retinal neurovascular unit (NVU) (214), which consists of retinal neurons, glial cells, and vascular cells coordinately regulating blood flow, vascular density, and permeability in response to the similarly dynamic demands of the retinal neurons, through the supply of oxygen and nutrients, the recycling of neurotransmitters, and the removal of metabolic wastes, a vascular function whose fine-tuning is essential for maintaining retinal homeostasis (215). Retinal neurodegeneration is involved in the development of microvascular abnormalities as an early event in DR (215, 216). In addition to premature neuronal death, biochemical and structural changes in neurons and glial cells contribute to neurodegeneration, and the functional abnormalities that occur in DR may be due to early changes in neural organization (217).





Different cytokines

The growing agreement that DN is an inflammatory process is because leukocyte infiltration occurs at all stages of kidney damage (96). The involvement of proinflammatory factors, Th1, Th2, and Th17 cytokines and TGF-β1 in the development of DN predicts susceptibility and progression of DN (218, 219). Inflammatory cytokines and oxidative stress-related pathways DR in different systems such as red blood cells (RBC) and retinal pigment epithelium (RPE) cells provide important potential biomarkers (220). Some findings support the association of PDR bleeding with IL-8, MCP-1, TNF-α, and other inflammatory cytokines in atrial fluid (221).






Different medications for DN and DR




DN clinical use

Treatment of DN includes strict control of blood glucose and blood pressure, restriction of protein intake, and maintenance of water–electrolyte and acid–base balance (222). In addition to hypoglycemic effects, dipeptidyl peptidase-IV (DPP-4) inhibitors exert renoprotective effects through antioxidant and anti-inflammatory mechanisms, and anti-fibrotic effects through inhibition of TGF-β-mediated signaling (223). Inhibitors of sodium-dependent glucose transporters 2 (SGLT-2) reduce hyperglycemia while preventing glomerular hyperfiltration and slowing the development of DN (224, 225). Aldosterone is pro-inflammatory and pro-fibrotic and promotes kidney injury (226), and aldosterone can elevate arterial and glomerular pressure (227). Aldosterone receptors are present in glomerular endothelial and epithelial cells, and abnormal aldosterone infusion can lead to proteinuria and glomerulosclerosis by damaging glomerular epithelial cells (228). Clinically available aldosterone receptor antagonists are used to treat DN, and proteinuria continues to be significantly reduced during spironolactone treatment; however, it should be noted that aldosterone receptor antagonists, such as spironolactone, increase the risk of hyperkalemia (229). Currently, a number of new drug targets have recently been identified against the underlying pathophysiological mechanisms of DN that may contribute to the development of new drugs to prevent renal and vascular damage and slow down the progression of DN in patients with DN, including the development of personalized medicines based on genetic and epigenetic variations (230). New therapeutic targets such as the GSK3β signaling pathway (231), NLRP3 inflammatory vesicles (232), PI3K/Akt and JAK/STAT pathways (233), endothelin receptor (234), and DPP-4 (235) are involved in the pathological progression of DN, and there is still an urgent need to identify and validate new drug targets and candidates for better DN therapy.





DR clinical use

The main methods of DR treatment include strict control of blood glucose, blood pressure, and blood lipids, medication to improve microcirculation and anti-neovascularization, laser therapy, and vitrectomy (236). Lipid-lowering drug fenofibrate slows DR progression through anti-inflammatory, anti-angiogenic, and retinal neuroprotective effects (237). VEGF inhibitors: VEGF is a hypoxia-induced angiogenic peptide (238) that mediates BRB destruction and angiogenesis in the pathogenesis of DR (239). Clinicians reduce VEGF signaling in the retina by vitreous cavity injections of anti-VEGF biologics. In a series of disease models and clinical studies, it has been shown that multiple pharmaceutical agents that successfully target VEGF significantly improve vascular permeability and retinal edema (240). Anti-VEGF drugs improve DR severity and are the first-line treatment for diabetic macular edema with PDR (241). Current anti-VEGF agents for the treatment of DR include bevacizumab, ranibizumab, and abciximab (240, 242), which have demonstrated their safety in several trials (243). Studies have shown that ranibizumab rapidly and consistently improves vision and reduces the risk of further vision loss in patients with diabetic macular edema (244). The anti-VEGF regimen is usually 1 injection per month for 3 months and every 4–6 weeks if necessary (245). Commonly used drugs for treatment with intravitreal injections of corticosteroids include dexamethasone, triamcinolone acetonide, and flurazepam (246). Studies have shown that dexamethasone is safer, has the lowest risk of causing glaucoma and cataracts, and can be classified as the drug of choice for intraocular corticosteroid injections (247, 248). Corticosteroids target pro-inflammatory mediators in DME, including IL-6, IL-8, MCP-1, ICAM-1, and TNF-α (249), producing anti-inflammatory effects through various mechanisms, including reducing the synthesis of inflammatory mediators and adhesion proteins and lowering VEGF (250). These drugs are commonly used to treat patients with refractory and vision-threatening DR and DME because of the bracketed IOP elevation and cataract risk (251).

Future directions in DR treatment will focus on the following two areas: the development of retinal imaging techniques and the discovery of new molecules for the treatment of refractory patterns of DME (252). The continued refinement of new technologies such as AI (253) and ultra-wide-angle (UWF) retinal imaging (254) provide important support for early screening for DR. New targets such as anti-VEGF (255), anti-inflammatory (249), neuroprotection (190, 194), soluble epoxide hydrolase (sEH) (256), nano molecules (52), and photo-biomodulation (PBM) (257) provide more directions for the development of new therapeutic approaches for DR and suggest that the future trend in the management of DR may be a multi-pathway targeted therapy. Among them, high treatment burden, treatment adherence problems, and under-treatment are the challenges that DR treatment needs to face.







Summary and outlook

DN and DR, as diabetic microvascular comorbidities, are the main factors of end-stage renal disease and blindness, respectively, which bring a heavy economic burden to society. Parallelism and non-parallelism exist in the process of disease development of the two diseases, and the parallelism of the two helps to guide the co-medication of the two diseases. DN and DR homeopathic drugs can be used as a future research direction for the treatment and prevention of the two diseases to reduce the types of medication used by patients, optimize the management, alleviate the burden of hepatic and renal metabolism, and improve the patients’ quality of life, as well as further alleviate the burden of patients and the country’s medical care. Early comprehensive intervention is of great significance. Current research suggests that the two diseases are treated with polyol pathway inhibitors, antioxidants, RAS system inhibitors, and vasoprotective agents, which have a better potential for development, and in the development of new anti-inflammatory drugs, miRNA is a new therapeutic target in seeking breakthroughs. The development of drugs targeting these common molecular pathways may provide new therapeutic approaches for both diseases.
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Background: In Ethiopia, the prevalence of chronic kidney disease (CKD) among the adult population ranges to 19.1%. The disease's impact has increased in low-resource settings due to a lack of knowledge about the condition and its risk factors. Diabetes is one of the numerous causes of CKD. Despite this, little was known in Ethiopia, particularly in the study area. This study aimed to identify the determinants of CKD among diabetic patients enrolled in care and follow up at pastoralist health facility of Jinka General Hospital (JGH), Southern Ethiopia, 2023.

Methods: An institutional-based cross-sectional study design was conducted among 626 diabetic patients recruited through a systematic random sampling. Data was collected using a structured interviewer-administered questionnaire and entered into Epi data version 7.2 and then exported to the Statistical Package for Social Sciences (SPSS) version 25 for further analysis. Bivariate and multivariate logistic regression analyses were conducted to find eligible variables for the later analysis. Variables with p < 0.25 at bivariate logistic regression were selected for multivariate logistic regression analysis. The variables with p < 0.05 at the multivariate analysis were taken as statically significant in the final model.

Results: The prevalence of CKD was 2.7% (95% CI: 1.12–6.01%). Place of residence (AOR: 4.84; 95% CI: 1.51–15.40), presence of hypertension (AOR: 5.69; 95% CI: 1.58–20.51) and family history of CKD (AOR: 6.20; 95% CI: 1.40–15.49) were factors associated with CKD among diabetes patients.

Conclusion: The prevalence found in this study was low when compared with the local studies. Provision of health education to diabetic patients on preventative measures such as physical exercise is cost-effective approach. Factors associated with CKD among diabetics can be significantly mitigated by strengthening the existing NCDs prevention packages in the study area particularly and in Ethiopia generally.
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Background

Chronic kidney disease (CKD) is the severest form of kidney disease characterized by poor glomerular filtration rate (GFR) below 60 ml/min per 1.73 m2 or the presence of albuminuria over 3 months or abnormalities in the kidney structure (1). It is regarded as a silent killer that takes various forms from simple to advanced stage and severe health problems. Diabetes mellitus (DM) is a chronic metabolic disorder caused by either failure of pancreatic beta cells to produce an insulin or tissue resistance to use insulin or both (2). It remained as the most common cause of CKD and end-stage renal disease (ESRD) globally.

Worldwide, the prevalence of CKD is significantly rising above the optimum level and demands global urgent attention (3). Each year, more than 700 million cases of CKD and over a million people die because of CKD due to lack of access to renal replacement therapy treatment such as kidney transplant or dialysis in 2017 (4, 5). Sub-Saharan Africa (SSA), which remains the home for various non-communicable diseases (NCDs) reported hypertension and DM were primary causes of CKD (3). Despite some improvements in the prevention and treatment of NCDs, the prevalence of CKD still ranges between 2% and 41% in the SSA region (6). Various studies from African countries such as Ethiopia, South Africa, and Morocco were conducted on the magnitude of CKD and yielded different rates such as 18.2, 24.6, and 34.7% respectively (7–9). In Ethiopia, NCDs accounted for nearly 39% of annual deaths in the country each year and out of those, 10–40% of deaths were associated with diabetes and as high as 19% of the adult population had CKD in 2018 (10, 11). Poor awareness about the disease and its risk factors has been a problem for its increased prevalence in resource-limited settings including Ethiopia.

World Health Organization (WHO) report showed that 40% of total death in adults was attributed to NCDs in 2018 (12). If CKD is left untreated, it will lead to kidney failure or ESRD, increase premature death from cardiovascular disease (CVD), and reduce life expectancy. Previous studies further pointed that being low socioeconomic class, the presence of acute renal infection, health illiteracy, and unaffordable medical cost for both screening and treatment hinders the clients from seeking health care and has been the main risk factor for the high prevalence (5). In addition to this, changes in lifestyle, urbanization, and rapid growth of the population make CKD an important public health problem nowadays (7, 11). Therefore, early detection, as well as appropriate treatment of chronic diseases such as diabetes, and hypertension, can better improve renal outcomes and further slow or prevent the progression to an advanced stage (13).

Pastoralists are people who practice extensive livestock production systems as a livelihood. In Ethiopia, almost all (more than 97%) of them are clustered in the sparsely populated lowlands of the south, east and northeast making up 61% of the country's total land area. These segments of the population live in resource-limited settings (RLS) characterized by frequent droughts, famine and related manmade and natural disasters. On top of that, changes in climate conditions, frequent consumption of fats and salt and their sedentary way of life affect their health status.

Most studies conducted in different parts of the countries focused solely on urban settings, thereby overlooking pastoralist communities, confined only to CKD, and did not include DM. Despite this, limited shreds of information exist and whether the association exists among this community is not studied to date, especially among pastoralists of Southern Ethiopia. This reason pointed out to assess the problem in the light of context-specific insight to better design appropriate strategies and alleviate the health problem. Therefore, this study is primarily aimed at assessing the determinants of CKD among diabetic patients who were attending care and follow up at pastoralist health facilities of Jinka General Hospital, Southern Ethiopia.



Methods

An institutional-based cross-sectional study design was conducted among diabetic patients who were attending care and follow-up at pastoralist health facility of southern Ethiopia namely, Jinka General Hospital (JGH) from June 01–August 30, 2023. Jinka town is the capital of South Omo zone, found on the border line to the way of Kenya and 750 km from the center of Addis Ababa. The zone is typically characterized by having socially marginalized population with the lowest and varying levels of socioeconomic status as well as dominated by so-called nomadic and pastoralist ways of life. Data from zonal administration indicated that it has a diverse ethnic group of about 21 different tribes. Jinka town has the largest governmental hospital namely Jinka General Hospital (JGH) that serves more than 100,000 populations.

All diabetic patients aged 18 years and above attending care and follow-up at JGH were the source population. All consequentively sampled diabetic patients attending care and follow-up at JGH during data collection period were study population. All diabetic patients aged 18 years and above attending care and follow-up during the data collection period and volunteered to participate were included in the study whereas, diabetic patients who were pregnant (to rule out gestational diabetes), and critically sick during data collection time were excluded from the study.

The sample size was calculated using a single population proportion formula with the following assumption;

[image: image]

Where, n = sample size, Z = 95% level of the confidence interval, p = 38.6%, the proportion of CKD among diabetic patients from the study conducted at Addis Ababa (11), d = the assumed marginal error (5%), and
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Through adding a 10% non-response rate (to increase the precision of the study and make more representative), the final sample size obtained was 626. We also calculated the sample size for the determinants using Epinfo software and got a small number of sample size and as a result, the largest sample size (sample size for objective 1) was taken (n = 626) as the final sample for this study. There were 720 diabetic patients in the hospital who were attending care and follow up. Since the source population is small (N = 720), all consequentively sampled diabetic patients in the selected hospital that fulfill the inclusion criteria were included in the final analysis.



Variables

The outcome of interest (dependent variable) in this study was chronic kidney disease [presence of CKD (yes or no)]. Independent variables included sociodemographic characteristics (age, religion, sex, ethnicity, educational status, marital status, residence, monthly income, occupation), clinical characteristics (Systolic blood pressure, diastolic blood pressure, presence of hypertension, types of diabetes, family history of kidney disease, fasting blood sugar, presence of CKD), behavioral-related characteristics (alcohol habit, smoking habit, use of non-steroidal anti-inflammatory drugs (NSAIDs), and laboratory-related findings (serum creatinine level, urea level, serum sodium level, serum potassium level).


Operational definitions

Alcohol consumption: Measured by the patients who have consumed greater than two alcoholic beverages per day (2).

Previous history of alcohol consumption: Those patients who consume more than two alcoholic beverages but have not consumed alcohol for the last 12 months before this study happens (2, 14).

Current smoker: Patients who have smoked more than 100 cigarettes in their lifetime and have smoked in the last 28 days before the study (15).

Ex-smoker: Those who have smoked more than 100 cigarettes in their lifetime but have not smoked in the last 28 days before the study (9).

CKD: Defined as having either the GFR cut-off value of < 90 ml/min/1.73 m2 or having the markers of kidney damage or both for a duration greater than 3 months (16).

High blood glucose level: According to an American diabetes association's (ADA) guideline, defined as random blood glucose levels >200 mg/dl and fasting blood sugar >126 mg/dl (9).

High serum cholesterol level: Patients with cholesterol levels >200 mg/dl during the study period (11).



Data collection tools and procedures

A structured and validated data collection instrument was adapted from various literature conducted on similar topics previously. The data was collected using an interviewer-administered questionnaire after 2 days of training given for supervisors and data collectors on objective, process and confidentiality of the data.

To ensure the quality of data, training was given to data collectors. Four experienced bachelor holder nurses working in nearby health facilities collected the data to minimize bias and two master's holders supervised the entire data collection process. A pretest was done on 5% (n = 20) of the total sample size at a site other than the study site (Arbaminch General Hospital) to ensure the tools' appropriateness, simplicity, clarity, understandability, and coherence before collecting the actual data. During each day of collection, data was checked for its consistency and completeness by the supervisor.



Data analysis

Data were entered and cleaned using EpiData version 3.5.1 and then exported to SPSS version 25, for further analysis. The prevalence of CKD was addressed by univariate analysis (through descriptive statistics such as proportions, means, and standard deviations to describe relevant variables). The association between CKD and explanatory variables was addressed using bivariate logistic regression analysis to identify eligible variables for multivariate analysis with a significance level of p < 0.25. Then, significant variables in bivariate logistic regression analysis were included in multivariate logistic regression analyses to identify the determinant variables. The significance was set at a P-value of 0.05 and model fitness was checked by using the Hosmer and Lemeshow model fitness test. Finally, odds ratios with 95% confidence intervals (CIs) were used to measure the presence and strength of association between the independent variables and CKD among diabetic patients.



Ethical consideration

An ethical approval was obtained from Institutional review board of Arbaminch University, College of Medicine and Health Science (Ref No: 11269/14). Then, an official letter was written to Jinka General Hospital (JGH). Written informed consent was taken from each patient after presenting the objectives of the study. Written informed consent was taken from each patient after presenting a detailed explanation on the benefits and harm of the study. Moreover, before an interviewer administers the questionnaires, participants were informed about their full rights to agree or disagree and with the way to participate in the study and they were told about the possibility of withdrawing at any time during filling out the questionnaire. Each study participant was provided with written informed consent for willingness and confidentiality purposes.




Results


Magnitude of CKD among diabetic patients

In the current study, the prevalence of CKD among diabetic patients was 2.7% (95% CI: 1.12–6.01%) (Figure 1).


[image: Figure 1]
FIGURE 1
 Magnitude of CKD among diabetic patients who were on follow-up at JGH, Southern Ethiopia, 2023.




Sociodemographic characteristics of the diabetic patients

A total of 626 sampled diabetic patients were participated in the final analysis making an overall response rate of 100%. Nearly half (45.4%) of the patients were aged 20–40 and more than fifty percent (52.2%) were males by sex. Regarding educational status, more than half (55.6%) of the patients were not able to read and write and the majority (85.9%) of them were married. Above half (52.2%) of the patients were from rural setting and nearly half (46.0%) had a monthly income of 1400–3000 Ethiopian Birr (ETB) (Table 1).


TABLE 1 Socio-demographic characteristics of the patients in JGH, Southern Ethiopia, 2023.
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Correlation coefficients—clinical characteristics of the diabetic patients

Nearly half (48.1%) of the patients had hypertension when enrolled to diabetic care. More than three-fourth (78.0%) had type II DM and above half (52.6%) had a family history of CKD. Additionally, nearly 80 percent (79.7%) had a fasting blood sugar of ≥150 mg/dl (Table 2).


TABLE 2 Correlation coefficients—clinical characteristics of the patients in JGH, Southern Ethiopia, 2023.
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Behavioral-related characteristics of the diabetic patients

More than one-third (34.7%) of the patients never used alcohol and 210 (33.5%) had never smoked in their lifetime. The majorities (88.5%) had not used any kind of non-steroidal anti-inflammatory drugs (NSAIDs) (Table 3).


TABLE 3 Behavioral-related characteristics of the patients in JGH, Southern Ethiopia, 2023.
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Laboratory-related characteristics of the diabetic patients

More than two-third (68.3%) of the patients had a normal serum creatinine level and above three fourth (78.9%) had a normal urea level (Table 4).


TABLE 4 Laboratory-related characteristics of the patients in JGH, Southern Ethiopia, 2023.
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Factors associated with chronic kidney disease among diabetic patients

Four variables were entered into bivariate and multivariate logistic regression analysis. These were a place of residence, presence of hypertension, and family history of CKD and types of DM. The multivariable logistic regression indicated that place of residence, presence of hypertension, and family history of CKD was found to be associated with chronic kidney disease among diabetic patients.

The odds of CKD among DM patients from urban areas were four times higher when compared with patients from rural areas (AOR: 4.84; 95% CI: 1.51–15.40). Likewise, hypertensive patients were over five times more likely to develop CKD than those who were not hypertensive (AOR: 5.69; 95% CI: 1.58–20.51). Patients with a family history of chronic kidney disease were six times more likely to have chronic kidney disease than their counterparts (AOR: 6.20; 95% CI: 1.40–15.49) (Table 5).


TABLE 5 Bivariate and multivariable logistic regression analysis of CKD among diabetic follow-up patients attending JGH, Southern Ethiopia, 2023.
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Discussion

In this study, the prevalence of CKD among diabetic patients was 2.7% (95% CI: 1.12–6.01%). Place of residence, presence of hypertension, and family history of CKD were found to be associated with CKD among diabetic patients.

The rate found in this study was lower than most studies conducted in Ethiopia [Gondar (21.8%) (17), Jimma (26.1%) (14), Mekelle (22.1%) (18)], and outside [sub-Saharan African (18.2%) (19), Spain (27.9%) (20), Mediterranean area (34.1%) (21), United States of America (39.6%) (22) and Japan (42.3%) (23)]. The higher rate in countries outside Ethiopia could be due to the high prevalence of NCDs in general adult population and difference in nutritional habit (nutritional changes) among sampled population in the mentioned countries. Furthermore, the consumption of ultra-processed food and drinks (junk foods, more fats and oils) and decrease in regular physical activity leads to various cardiovascular disease and type 2 DM that further increases the chance of getting CKD. Additionally, difference in study population contributed to observed variation as this study only considered pastoralists.

The odds of CKD among DM patients from urban areas were four times higher when compared with patients from rural areas. This is in line with the scientific justification that CKD patients living in urban areas are more exposed to various non-communicable diseases due to their lifestyle changes (physical inactivity because of long time sitting for office jobs) and consumption of more saturated fats (24). In addition to this, urban population was less likely to use fruits and vegetables as compared with rural population. This finding is found to be consistent with the study conducted in the States of Palestine and Greece (25, 26).

Likewise, hypertensive patients were five times more likely to develop CKD than their counterparts. This goes with evidence in the field that hypertension can be taken as both a cause and effect of CKD and further contributes to its fast progression. It is also believed that as the eGFR level declines, the incidence as well as the severity of hypertension increase and vice versa (27, 28). High blood pressure can decrease blood supply to the vital organs including kidney which results in stopping of function to remove waste and other fluid from the body or bloodstream, which in turn further complicates the kidney. This statement is consistent with the findings from the Tigray region (18, 29). In the current study, nearly half (48.1%) of the patients with CKD have high blood pressure, which might have increased the chance that kidney disease will get worse (30). Various studies showed that hypertension remains the most important risk factor for CKD and whenever there is hypertension, glomerular filtration dramatically declines (31, 32).

In our study, patients with a positive family history of CKD were six times more likely to have chronic kidney disease than their counterparts. This is due to the evidence that if there is CKD or DM or different types of NCDs or cancer in one family, an individual with higher relativeness to that family is highly exposed as compared with non-familial relative (33, 34). Another justification for this might be CKD more affects immediate and near relatives who shared more genes through mutation that increases the risk of getting kidney problem either to immediate child or family. This statement goes with the studies conducted in Korea and Japan (35, 36).

Our study is strong as it used both primary and secondary data to collect as many information as possible to identify the determinants of CKD among diabetic patients attending care and follow up at pastoralist health facility. However, it has several limitations. Firstly, since the study used cross sectional study design, the causal association would not be inferred. Secondly, the use of secondary data resulted in incompleteness of some data. Thirdly, the study might have been affected by recall, and desirability bias due to the study design. We suggest that future studies should take these limitations into account to improve the robustness of studies on similar topics. Despite this, the study tried to see the main determinants of CKD at its best.



Conclusion/recommendation

The prevalence found in this study was low when compared with the local studies. Provision of health education to diabetic patients on preventative measures such as physical exercise is cost-effective approach. Factors associated with CKD among diabetics can be significantly mitigated by strengthening the existing NCDs prevention packages in the study area particularly and in Ethiopia generally.
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Background

Adiposity and adipokines are closely associated with obesity-related metabolic abnormalities, but little is known regarding whether abdominal obesity is linked to type 2 diabetes mellitus (T2DM) through circulating adiponectin levels. Thus, this large-population–based study was designed to investigate the mediating effect of adiponectin in the relationship between abdominal obesity and T2DM.





Methods

A total of 232,438 adults who lived in Dongguan, Guangdong Province, China, were enrolled in the present study. The circulating adiponectin concentrations were measured using latex-enhanced immunoturbidimetric assay. The association between circulating adiponectin and other clinical parameters was detected by Spearman’s correlation analysis. Restricted cubic spline (RCS) regression was also used to address the non-linearity of the relationship between waist circumference and diabetes. Mediation analyses of circulating adiponectin were conducted using linear and logistic regression.





Results

Subjects with abdominal obesity had lower levels of circulating adiponectin (P < 0.001). The circulating adiponectin value was inversely related to BMI (r = −0.370, P < 0.001), waist circumference (r = −0.361, P < 0.001), and fasting plasma glucose (r = −0.221, P < 0.001). The RCS plot showed a non-linear relation linking waist circumference with T2DM (P for non-linearity < 0.001). Patients with abdominal obesity presented 2.062 times higher odds of T2DM in comparison with those with non-abdominal obesity (odds ratio, 2.062; 95% confidence interval, 1.969–2.161) after adjusting for confounders. In the mediation analyses, the circulating adiponectin mediated the association between abdominal obesity and T2DM, with a mediation effect of 41.02% after adjustments. The above results were consistent in both men and women.





Conclusion

The relationship between abdominal obesity and T2DM is mediated through circulating adiponectin level in adults, suggesting that circulating adiponectin might be a potential predictor for controlling the adverse progression from adiposity to T2DM.
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Introduction

Type 2 diabetes mellitus (T2DM) is becoming a serious public health crisis affecting 783.2 million adults worldwide by 2045 and imposing a substantial burden on the healthcare system (1). In recent decades, lifestyle modification and, consequently, excess body fat accumulation have triggered obesity epidemic, which, in turn, have contributed to the increase in diabetes and diabetes-related conditions (2). Thus, obesity is summarized as a leading risk factor for T2DM (3, 4). Despite the clear and significant obesity–T2DM association, the exact mechanism that connects these conditions has not been fully elucidated. In recent years, basic scientific studies have attempted to explore the pathogenesis involved in a variety of obesity-induced processes able to favor the development and progression of T2DM. Among them, the dysregulation of adipose tissue and the aberrant secretion of adipokine induced by obesity have been established as the forefront of the relation between obesity and diabetes, which emerged as one of the major underlying mechanisms of T2DM (5).

Adipose tissue has been documented as not only a primary site of energy storage but also an endocrine organ releasing a wide array of adipokines, which are closely linked to metabolic disease (6). Among them, adiponectin, the most abundant adipokine synthesized and secreted from fatty tissue, has gained much attention recently. Adiponectin has been recognized as a metabolically favorable adipokine, whose reduction plays a crucial role in both obesity and T2DM (7–9). Previous studies have shown that adiponectin has many beneficial metabolic effects, particularly lipid metabolism–regulating, insulin-sensitizing, and anti-inflammatory properties, which might be the potential roles that are linked to adiponectin in protecting from obesity-related diseases (10, 11). Ghoshal et al. showed that adiponectin played a crucial role in diabetic dyslipidemia by regulating glucose levels and fatty acid breakdown (12). Moreover, accumulative clinical evidence also indicated that the circulating adiponectin levels were negatively correlated with insulin resistance/T2DM and metabolic syndrome in human subjects (13–16).

As mentioned above, adiponectin secreted from adipose tissue has effects on obesity-related insulin resistance and T2DM. However, whether abdominal obesity is linked to T2DM through adiponectin remains unknown in humans. Thus, we sought to explore whether the association between abdominal obesity and T2DM is mediated by adiponectin and then further evaluate the degree of mediating effect in Chinese population.





Methods




Study population

This study recruited a representative sample of community dwelling members who lived in Dongguan, Guangdong Province, China, from 2021 to 2022. Analyses were based on the selected sample with available clinical data and diabetic status. From the initial sample of 238,965 Chinese population, we identified 238,599 participants aged 18 years and older. Those with missing information on adiponectin, fasting blood glucose, and blood pressure were excluded from further analysis. Moreover, we also excluded those without data on anthropometric measurements at baseline. Overall, 232,438 participants were included, and the sample selection for the analysis was described in Figure 1. This study obtained ethical approval from The Tenth Affiliated Hospital of Southern Medical University (Dongguan People’s Hospital). Each participant gave a written informed consent.




Figure 1 | Flow chart of the study design.







Clinical and biochemical measurements

The standardized questionnaires were applied to obtain the age, gender, and medical history of all participants. Each questionnaire was filled out by personnel who have received uniformly trained. The anthropometric parameters, including waist circumference, weight, height, and blood pressure were used in the final analysis. Waist circumference of each participant was measured as the midpoint between the lower costal border and the roof of the iliac crest. Body mass index (BMI) was calculated as body weight (kg)/height (m2). Blood pressure was assessed after resting for at least 5 min using an electronic sphygmomanometer. Fasting plasma glucose (FPG) was determined using the glucose oxidase method after 12 h of fasting.





Measurement of adiponectin

Circulating adiponectin concentrations were measured by a latex-enhanced immunoturbidimetric assay, following the manufacturer’s protocol. The kits were kindly provided by Guangdong Uniten Biotechnology Co., Ltd (NMPA registration number: 20182400947). The dynamic range of the adiponectin assay is from 2 to 40.0 µg/mL, with a detection sensitivity at 0.5 µg/mL and the inter/intra-assay coefficients of variation less than 5%.





Assessment of type 2 diabetes mellitus

The diabetes mellitus was defined as FPG ≥7.0 mmol/L or a self-reported history of diabetes. Each study participant was invited to respond to the following question: “Have you ever been diagnosed with diabetes by a doctor?”, and patients with a positive response were considered as diabetic. Otherwise, the FPG ≥7.0 mmol/L also confirms diabetes. In these cases, the type of diabetes was not available, but, as type 1 diabetes is significantly less prevalent and most often occurs in young adults or children, we considered that the majority of incident cases in this study were T2DM.





Statistical analyses

The characteristics of the participants were classified according to abdominal obesity status. Quantitative variables were presented as mean ± standard deviation (SD) or as median (Q1–Q3). In addition, the qualitative variables were expressed as frequencies (percentages). Statistical differences between the two groups were assessed by Student’s T-tests for normally distributed data and Mann–Whitney U-tests for skewed data. The chi-square tests were carried out for categorical variables. Then, Spearman’s correlation analysis was used to evaluate the correlations between adiponectin and other clinical variables. Moreover, logistic regression analyses were also performed to address the association between abdominal obesity and T2DM. The results were presented as odds ratio (OR) and 95% confidence interval (CI). Restricted cubic spline (RCS) regression was also used to evaluate any potential linearity or non-linearity of the relationship between waist circumference and diabetes.

In this study, general causal mediation analysis was constructed to distinguish the direct effect of abdominal obesity on the risk of T2DM and the indirect effect mediated by adiponectin. Total effect is the effect of abdominal obesity on T2DM without adiponectin. Direct effect is defined as the effect of abdominal obesity on T2DM when adiponectin is included in the model as a covariate. Indirect effect is the effect of abdominal obesity on T2DM via adiponectin. The proportion mediated (%) is the proportion of the effect of abdominal obesity on T2DM that goes via generalized adiponectin. Linear regression models and logistic regression were applied to calculate the standardized regression coefficient (β). The mediation analysis model was presented in Supplementary Figure 1. In the mediation effect model, the predictor variable (X) was abdominal obesity; the mediator variable (M) was adiponectin; the outcome variable (Y) was T2DM. βTot (total effect) is the coefficient relating X to Y. β1 (indirect effect 1) is the coefficient relating X to M. β2 (indirect effect 2) is the coefficient relating M to Y after adjusting for X. βDir (direct effect) is the coefficient relating X to Y adjusted for M. The total indirect effect was calculated as β1 × β2. The proportion of mediation effect (%) = total indirect effect/total effect × 100. In mediation analysis, testing the significance of the mediation effect is equivalent to testing the null hypothesis H0: β1 × β2 = 0 versus the alternative hypothesis Ha: β1 × β2 ≠ 0, by using the Bootstrap tests. Statistical analysis was carried out using SPSS 26.0 (IBM Corporation, Armonk, NY, USA). P-value <0.05 was considered to be statistically significant.






Results




Population characteristics

This studied sample consisted of 232,438 participants (mean age, 42.6 years; 44.9% men). The average BMI (SD) was 23.9 (3.5) kg/m2, and the median of adiponectin was 4.9 µg/mL (IQR, 2.6). The prevalence of T2DM was 3.9% and that for hypertension was 9.8%. Among the included population, 66,411 (28.6%) have abdominal obesity and 166,027 (71.4%) have non-abdominal obesity. Overall, adults with abdominal obesity were older, were more often men, have a higher family history of diabetes, and were more likely to present a higher prevalence of comorbidities. Moreover, higher BMI, waist circumference, blood pressure, and FPG were more prevalent among adults with abdominal obesity (Table 1). However, the level of circulating adiponectin was significantly lower in patients with abdominal obesity than that in their counterparts. The median of adiponectin was 4.2 µg/mL for abdominal obesity subjects and 5.2 µg/mL for participants without abdominal obesity (P < 0.001).


Table 1 | Characteristics of the study participants.







Relationship between circulating adiponectin and other variables

The association between adiponectin and clinical parameters in all participants and by gender was shown in Table 2. Of the whole study population, Spearman’s correlation analysis revealed that the adiponectin value was significantly related to BMI (r = −0.370, P < 0.001) and waist circumference (r = −0.361, P < 0.001). Moreover, FPG, diastolic blood pressure (DBP), and systolic blood pressure (SBP) were also inversely correlated with adiponectin (all P < 0.001), whereas age exhibited a weak positive association with adiponectin (r = 0.072, P < 0.001). The results of Spearman’s correlation analysis between adiponectin and other clinical parameters were consistent in both men and women.


Table 2 | Spearman’s correlation analysis of adiponectin and other variables.







Relationship between abdominal obesity and T2DM

In multivariate logistic regression analyses, patients with abdominal obesity presented 2.817 times higher risk of T2DM in comparison with those with non-abdominal obesity (OR, 2.817; 95% CI, 2.700–2.939). After additional adjustment for age, gender, SBP, DBP, coronary atherosclerotic heart disease, stroke, and family history of diabetes, abdominal obesity remained significantly related to T2DM (Table 3). The relationship between abdominal obesity and T2DM was consistent in both men and women after adjusting for confounding factors in Model 3. Furthermore, the RCS plot for analyzing the relationship between waist circumference and the risk of T2DM was exhibited in Figure 2. The shape of the dose–response correlation between waist circumference and diabetes risk was non-linear (P for non-linearity < 0.001). We found that, when waist circumference was about 82 cm, the OR corresponding to the risk of T2DM was about 1; when waist circumference was greater than 82 cm, the risk of T2DM increased gradually. As waist circumference elevated, the positive relationship between waist circumference and T2DM risk became steeper when waist circumference exceeded 78 cm for women (P for non-linearity < 0.001).


Table 3 | Effect of abdominal obesity on T2DM.






Figure 2 | RCS of the association between waist circumference and T2DM. The association was adjusted for gender, age, SBP, DBP, coronary atherosclerotic heart disease, stroke, and family history of diabetes. Gender was not adjusted in the RCS regression analysis stratified by gender. T2DM, type 2 diabetes mellitus; RCS, restricted cubic spline; SBP, systolic blood pressure; DBP, diastolic blood pressure.







Regression-based mediation analysis of adiponectin on association of abdominal obesity with T2DM

The mediation effect of adiponectin on the association between abdominal obesity and T2DM is shown in Figure 3. The total effect of abdominal obesity on T2DM was notable according to a standardized regression coefficient (βTot = 0.724, P < 0.001). The abdominal obesity was negatively correlated with circulating adiponectin (β1 = −0.887, P < 0.001). The total indirect effect through adiponectin defined as the product of β1 and β2 was significant (βInd = 0.297, P < 0.001). The mediation effect of adiponectin on abdominal obesity–T2DM association was 41.02% after adjusting the confounders, including age, gender, SBP, DBP, coronary atherosclerotic heart disease, stroke, and family history of diabetes. Similarly, the mediation effects of adiponectin levels on the association between abdominal obesity and T2DM were significant in both genders, with the mediation effect of 45.56% in men and 34.66% in women.




Figure 3 | The mediation effect of adiponectin on the association between abdominal obesity and T2DM. β, standardized regression coefficient; β1, indirect effect 1; β2, indirect effect 2; βInd, total indirect effect; βDir, direct effect; βTot, total effect. X, independent variable; Y, dependent variable; M, mediator. *P < 0.001. Models were adjusted for age, gender, SBP, DBP, coronary atherosclerotic heart disease, stroke, and family history of diabetes. Gender was not adjusted in the mediation effect analysis stratified by sex.








Discussion

This study demonstrated a non-linear and positive correlation between waist circumference and the risk of diabetes in the Chinese population. In addition, we also found that abdominal obesity was closely related to T2DM through circulating adiponectin. Our study highlighted that the secretory adiponectin played an important intermediary role in obesity-induced T2DM, and this mediation effect accounts for a relatively large proportion of T2DM (41.02%). The level of circulating adiponectin could be used to represent the risk of obesity-induced diabetes.

It has been generally accepted that adiposity is closely related to various obesity-related chronic metabolic diseases, especially T2DM (17). The current opinion recommended that waist circumference threshold for central obesity is a useful indicator for the detection of obesity-related diabetes. Numerous previous studies have revealed that waist circumference can serve as an excellent instrument for detecting T2DM (18, 19). Consistently, we also found that abdominal obesity was significantly correlated with increased odds of T2DM in Chinese population. As an important endocrine organ, adipose tissue is responsible for not only fat storage but also releasing a great number of adipokines that play important roles in the pathogenesis of various metabolic disorders (20). Thus, the relationship between central obesity and T2DM may be attributed to the adipose that regulates metabolic homeostasis by secreting adipocytokines.

Several adipokines secreted from adipocytes, including adiponectin, have been identified to play an essential role in modulating lipid and glucose metabolic homeostasis. Of note, though, adiponectin differs from other secretory adipokines in that it decreases in patients with obesity and it is inversely proportional to the distribution of body fat (21). Consistently, our data also showed that the circulating adiponectin level was negatively associated with BMI and waist circumference. Moreover, previous studies reported that the serum adiponectin was negatively correlated with plasma insulin and might be a primary protective factor in the development of T2DM. Coltell et al. suggested that the level of plasma adiponectin was not only strongly related to HDL-C and triglycerides but also inversely associated with fasting glucose and T2DM (22). Our results also indicated that adiponectin was inversely related to FPG, and patients with T2DM also presented with a lower level of circulating adiponectin (data were not shown). However, it was still unclear to whether the effect of adiposity on T2DM is mediated by circulating adiponectin. Of note, our mediating effect model demonstrated that central obesity had an adverse effect on T2DM, which was partially mediated by the decreased adiponectin, with a mediation effect of 41.02% in the central obesity–T2DM association. This mediating effect may be explained, in part, by the major function of adiponectin, which not only increased fatty acid oxidation and glucose utilization in the skeletal muscle and liver but also increased insulin sensitivity through increasing peroxisome proliferator–activated receptor–α activity and AMP-activated protein kinase (23). The present study suggested that the expansion of abdominal adipose tissue decreased the circulating adiponectin, which may have a potential impact on the occurrence and development of T2DM. However, the exact mechanisms of adiponectin in the pathogenesis of obesity-induced T2DM remain for further investigation in vitro and in vivo. Nonetheless, this observation provided additional and strong evidence that the fat-secreted factor, adiponectin, is involved in cross talk between abdominal obesity and obesity-related diabetes. In the future clinical and epidemiological practices, patients with obesity with low circulating adiponectin levels can be recognized as a high-risk group for T2DM.

The novelty of this large-scale, population-based study is that we evaluated and further quantified the mediating effects of circulating adiponectin on the association between abdominal obesity and T2DM. We found that the path from central obesity and T2DM was adversely mediated by adiponectin, suggesting that elevating adiponectin secretion may be the therapeutic potentials for protecting obesity from T2DM. These findings demonstrated that adiponectin could be served as a monitoring marker for weight management or lifestyle intervention in the future. However, some limitations also existed in the present study. Firstly, because of the cross-sectional study design, we are unable to exclude the existence of inverse direction in the pathways of association. Thus, the pathway of the association needs to be further corroborated in future prospective studies with long follow-up periods. Secondly, we did not distinguish the type of diabetes in surveys. However, because T2DM accounts for more than 90% of all diabetes diagnosed cases (24), our finding is likely more representative of T2DM. Thirdly, although we adjusted for a series of confounders, residual confounding due to the measurement errors in evaluation and unmeasured factors such as dietary and physical activity cannot be excluded. Moreover, we did not further explore the potential role of other markers, such as leptin, insulin resistance, lipids, and visceral adiposity in this mediating effect analysis. Thus, the interaction between these factors needs to be further investigated in future studies. Finally, our analysis was performed on the Chinese adults who lived in Dongguan, Guangdong Province, which limits the generalizability to other geographic regions or ethnicities; however, given its large sample size and wide age range, the results of our present study will have wide applicability for the population in China.





Conclusion

In this study, abdominal obesity was significantly related to T2DM through decreased circulating adiponectin level, which was strong and applied to both men and women. The quantification of the mediation effect supports an intermediary role of adiponectin in the occurrence and development of T2DM among population with abdominal obesity. Thus, our finding may help to facilitate development of the novel prevention and therapeutic strategies for controlling the adverse progression from obesity to T2DM in future practice.
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Background

The mechanism of Nicotinamide Adenine Dinucleotide (NAD+) metabolism-related genes (NMRGs) in diabetic peripheral neuropathy (DPN) is unclear. This study aimed to find new NMRGs biomarkers in DPN.





Methods

DPN related datasets GSE95849 and GSE185011 were acquired from the Gene Expression Omnibus (GEO) database. 51 NMRGs were collected from a previous article. To explore NMRGs expression in DPN and control samples, differential expression analysis was completed in GSE95849 to obtain differentially expressed genes (DEGs), and the intersection of DEGs and NMRGs was regarded as DE-NMRGs. Next, a protein-protein interaction (PPI) network based on DE-NMRGs was constructed and biomarkers were screened by eight algorithms. Additionally, Gene Set Enrichment Analysis (GSEA) enrichment analysis was completed, biomarker-based column line graphs were constructed, lncRNA-miRNA-mRNA and competing endogenouse (ce) RNA networks were constructed, and drug prediction was completed. Finally, biomarkers expression validation was completed in GSE95849 and GSE185011.





Results

5217 DEGs were obtained from GSE95849 and 21 overlapping genes of DEGs and NMRGs were DE-NMRGs. Functional enrichment analysis revealed that DE-NMRGs were associated with glycosyl compound metabolic process. The PPI network contained 93 protein-interaction pairs and 21 nodes, with strong interactions between NMNAT1 and NAMPT, NADK and NMNAT3, ENPP3 and NUDT12 as biomarkers based on 8 algorithms. Expression validation suggested that ENPP3 and NUDT12 were upregulated in DPN samples (P < 0.05). Moreover, an alignment diagram with good diagnostic efficacy based on ENPP3 and NUDT12 were identified was constructed. GSEA suggested that ENPP3 was enriched in Toll like receptor (TLR) pathway, NUDT12 was enriched in maturity onset diabetes of the young and insulin pathway. Furthermore, 18 potential miRNAs and 36 Transcription factors (TFs) were predicted and the miRNA-mRNA-TF networks were constructed, suggesting that ENPP3 might regulate hsa-miR-34a-5p by affecting MYNN. The ceRNA network suggested that XLOC_013024 might regulate hsa-let-7b-5p by affecting NUDT12. 15 drugs were predicted, with 8 drugs affecting NUDT12 such as resveratrol, and 13 drugs affecting ENPP3 such as troglitazone.





Conclusion

ENPP3 and NUDT12 might play key roles in DPN, which provides reference for further research on DPN.
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1 Introduction

Diabetic peripheral neuropathy (DPN) is a common complication that occurs in individuals with diabetes and is closely associated with detrimental effects, particularly in the context of diabetic foot. The diminished sensation caused by DPN can prevent timely detection of external stimuli and pressure, resulting in a heightened vulnerability to injuries and wounds (1). DPN can lead to severe consequences, including an increased risk of foot ulcers, infections and even lower extremity amputations (1). Additionally, DPN-induced excruciating pain significantly impacts the patients’ quality of life, causing persistent discomfort during sleep, walking and daily activities (2, 3). Furthermore, the understanding of the underlying mechanisms of DPN remains incomplete (4), and the available treatment options are limited, primarily focused on symptom management (5). Therefore, it is crucial to delve deeper into the mechanisms of diabetic peripheral neuropathy and develop novel approaches for early detection and intervention, given the current challenges in effectively treating DPN.

Nicotinamide Adenine Dinucleotide (NAD+) plays a critical role in cellular energy metabolism and redox reactions (6). It serves as an essential coenzyme for numerous enzymatic reactions involved in glycolysis, the tricarboxylic acid cycle, and oxidative phosphorylation (7). By accepting and donating electrons, NAD+ participates in vital cellular processes such as ATP production, DNA repair and gene expression regulation (8). NAD+ is also an essential cofactor for non-redox NAD+-dependent enzymes, including sirtuins and poly(ADP-ribose) polymerases (PARPs) (9), which are involved in cellular homeostasis and stress responses (10). Recent studies have indicated that NAD+ exerted an influence on the SIRT1-PGC-1α-TFAM pathway, contributing to the occurrence of DPN (11, 12). Nicotinamide riboside (NR) is a precursor of the NAD salvage pathway that enhances respiratory function, reduces mitochondrial ROS (mtROS) production, and reduces IL-1B production in peripheral blood mononuclear cells (PBMCs) (13). In addition, studies have shown that the increase of NAD levels in heart failure is associated with the improvement of maximum mitochondrial respiration of PBMC and the decrease of the expression of pro-inflammatory markers of PBMC, that is, the increase of NAD levels has potential beneficial effects on mitochondrial function and inflammatory activation (14). These observations raise the possibility that DPN patients may benefit by regulating genes associated with NAD+ metabolism. Future discoveries on disease pathogenesis will be crucial to successfully address all aspects of DPN, from prevention to treatment (5). The combined study of DPN and NAD+ metabolism-related genes (NMRGs) is an area that has received limited attention in current research (15). However, investigating the intricate relationship between DPN and NMRGs holds significant scientific value. By integrating the analysis of DPN pathogenesis and the influence of NMRGs on NAD+ metabolism, we can gain deeper insights into the underlying molecular mechanisms. This integrated approach has the potential to uncover novel biomarkers, therapeutic targets, and personalized treatment strategies for DPN. Therefore, further exploration in this field is crucial to enhance our understanding of DPN and bridge the gap between basic research and clinical applications, ultimately improving patient outcomes.

In the genomic era, gene chips have been widely used to explore disease mechanisms, providing new insights into the pathogenesis at the genetic level (16). Therefore, this study aims to identify and validate NAD+ metabolism-related biomarkers in patients with DPN using bioinformatics analysis and provide a reference for further DPN research.




2 Materials and methods



2.1 Data source

Enter keywords Diabetic Peripheral Neuropathy into the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/gds) to determine the species as Homo sapiens. In order to ensure the reliability of the data, more than 5 disease and control samples were controlled to obtain our dataset, and two DPN datasets (GSE95849 and GSE185011) were acquired. The GSE95849 includes gene expression data for 6 peripheral blood mononuclear cell (PBMC) samples of DPN patients and 6 PBMC samples for normal control. The GSE185011 includes gene expression data for 5 PBMC samples of DPN patients and 5 PBMC samples for normal control. A total of 51 NMRGs were collected from previous article  (17).




2.2 Differential expression analysis

Differential expression analysis was performed between DPN samples and control samples using the limma R package (18) in the GSE95849 to screen differentially expressed genes (DEGs) by setting |log fold change (FC)| > 1 and adjust P-values (P.adj) < 0.05. To better visualize the differences in gene expression among the two groups, the R packages ggpubr and ggplot2 were used to plot volcano and heat maps of DEGs, respectively. The intersecting genes of DEGs and NMRGs were obtained with R package ggvenn and defined as DE-NMRGs. In addition, Gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis of DE-NMRGs were completed using the clusterProfiler package (19) to explore the functions of DE-NMRGs.




2.3 Acquisition of biomarkers

To explore whether protein interactions existed between the DE-NMRGs, a protein-protein interactions (PPI) network was created by STRING (https://string-db.org) database. Topological properties of PPI network nodes were analyzed using eight algorithms (Degree, Density of Maximum Neighborhood Component (DMNC), Edge Percolated Component (EPC), Maximal Clique Centrality (MCC), Maximum Neighborhood Component (MNC), Closeness, Radiality, Clustering Coefficient (CC)) in Cytohubba plugin, and the TOP 10 genes from each algorithm were selected for taking intersection using UpsetR (20) R package according to the ranking, the intersection genes were defined as biomarkers. Expression validation of biomarkers was completed in GSE95849 and gse185011. In order to understand whether there was a correlation among biomarkers, correlations among the biomarkers were calculated. In addition, the analysis of regulatory relationships among biomarkers and their interacting genes as well as the enrichment analysis was conducted with the GeneMANIA database (http://genemania.org).




2.4 Construction of alignment diagram and gene set enrichment analysis

Alignment diagram of biomarkers were constructed using the rms package (21) in R. The predictive power of the alignment diagram was assessed using calibration curves and decision curves. Moreover, to explore the potential mechanism of biomarkers, Gene Set Enrichment Analysis (GSEA) was conducted with ClusterProfiler package (19) in GSE95849, the KEGG pathway gene set and GO biological process gene set were used as the enrichment background. The significant enrichment threshold was set as |Normalized Enrichment Score (NES)|>1& nominal P-value (NOM P-val) <0.05. Biomarkers-related diseases were predicted using the Comparative Toxicogenomics Database (CTD, http://ctdbase.org/) based on Inference Score > 60 and the biomarker-diseases network was visualized using Cytoscape software.




2.5 Construction of a miRNA-mRNA-TF regulatory network and ceRNA network and drug prediction

To understand the regulatory relationships associated with biomarkers, potential target miRNAs of biomarkers were predicted by the miRNet database (https://www.mirnet.ca/) and NetworkAnalyst database (https://www.networkanalyst.ca/). The prediction results of the above two databases were intersected to obtain the intersection miRNA. In addition. Moreover, the potential transcription factors (TF) of biomarkers were predicted by the NetworkAnalyst database. The miRNA-mRNA-TF interaction network was constructed using Cytoscape. Moreover, the possibly regulated lncRNAs of intersection miRNAs were retrieved in the lncBaseV2 database (http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php), and lncRNA-miRNA-mRNA network was constructed using Cytoscape. Drugs that may have potential effects on biomarkers were predicted by using the CTD (http://ctdbase.org/), and to visualize the relationship among genes and drugs, gene-drugs networks were constructed by Cytoscape.




2.6 Statistical analysis

Limma was used to identify DEGs. The Benjamini & Hochberg (BH) test was used for multiple test correction screening of DEGs. Venn and UpsetR was used for multiple gene sets to take intersections. The associations among the genes determined using the spearman correlation analysis. Statistical analysis was carried out through R software (version 4.1.1, https://www.r-project.org/). Differences between groups were analyzed via the Wilcox test. P < 0.05 represented a significant difference.





3 Results



3.1 DE-NMRGs were associated with glycosyl compound metabolic process

A total of 5217 DEGs were obtained from the GSE95849, and 3691 DEGs were upregulated and 1526 DEGs were downregulated in DPN (Figures 1A, B). A total of 21 overlapping genes of DEGs and NMRGs were defined as DE-NMRGs (Figure 1C). Moreover, functional enrichment analysis revealed that DE-NMRGs were associated with the nicotinate and nicotinamide metabolism, NAD biosynthesis via nicotinamide riboside salvage pathway and other functional pathways related to NAD metabolism, enriched in pyridine-containing compound metabolic process and pyridine nucleotide metabolic process in GO terms, and enriched in NAD biosynthetic process and glycosyl compound metabolic processin KEGG terms (Figure 1D).




Figure 1 | Identification and enrichment analysis of DE-NMRGs. (A) Volcano plot of differentially expressed genes. The upper-left nodes represent downregulated DEGs, the upper-right nodes represent upregulated DEGs. (B) Heat map and clustering analysis DEGs and NMRGs. The marked genes are the hub genes obtained by subsequent analysis. (C) Venn diagram of shared gene between DEGs. DEGs: Differentially expressed genes screened from GSE95849. NMRGs: NAD+ metabolism related genes downloaded from previous article (17) (D) Chord diagram of the top 10 enriched terms of DE-NMRGs. The upper left plot is BP enrichment; the upper right plot is CC enrichment; the lower left plot is MF enrichment; the lower right plot is KEGG pathway enrichment analysis chord diagram. BP, Biological Process; CC, Cellular Component; MF, Molecular Function.






3.2 Two biomarkers were obtained by using machine learning algorithms

To explore whether protein interactions existed among these 21 DE-NMRGs, a PPI network was created (Figure 2A) by setting a confidence level as 0.4 (Confidence = 0.4). There were 93 protein-interaction relationship pairs and 21 nodes, with strong interactions between NMNAT1 and NAMPT, NADK and NMNAT3. Topological properties of PPI network nodes were analyzed (Figure 2B), ENPP3 and NUDT12 were identified as biomarkers based on 8 algorithms. Expression validation of biomarkers was completed in GSE95849 and GSE185011. The results of expression validation suggested that NUDT12 showed significant differences in both training and validation sets. Alteration of ENPP3 expression was not significant in the validation set, however the trend of biomarker ENPP3 remained consistent in both data sets, and both biomarkers showed upregulation in the disease samples (Figure 2C). The PPI regulatory network of biomarkers constructed by GeneMANIA database was shown in the Figure 2D, suggesting that biomarkers were enriched to pathways such as organophosphate catabolic process, nucleoside phosphate catabolic process.




Figure 2 | PPI network analysis and validation of potential biomarkers. (A) PPI network diagram of DE-NMRGs. Red indicates genes that are up-regulated, whereas blue indicates genes that are down-regulated. (B) Venn diagram showing the overlap of potential biomarkers were identified by 8 different algorithms. (C) Validation of ENPP3 and NUDT12 expression in GSE95849 and GSE185011. (D) PPI regulatory network of ENPP3 and NUDT12.






3.3 Alignment diagram with good diagnostic efficacy based on biomarkers were constructed

Moreover, based on the biomarkers, an alignment diagram was constructed, and the score of each sample was calculated by the alignment diagram, the higher the total score of the patient, the higher the likelihood that the patient will develop DPN disease (Figure 3A). The calibration curve suggested that the alignment diagram possesses good diagnostic efficacy (Figure 3B). Correlation analysis among biomarkers suggested a significant positive correlation (Figure 3C).




Figure 3 | Diagnostic model construction and correlation analysis based on biomarkers. (A) Nomogram based on the expression of biomarkers ENPP3 and NUDT12. (B) Calibration curve of the nomogram model in (A) The x-axis shows the nomogram-predicted probability of DPN. The y-axis shows the actual probability of DPN occurrence (C) Bubble chart showing correlation analysis between the expression levels of biomarkers ENPP3 and NUDT12.



The results of GSEA suggested that the ENPP3 was enriched in Toll like receptor signaling pathway and natural killer cell mediated cytotoxicity, NUDT12 was enriched in maturity onset diabetes of the young and insulin signaling pathway (Figure 4A). A total of 59 biomarker-associated diseases were obtained through the CTD database, and a total of 55 biomarker-disease association pairs were obtained, such as ENPP3 and Glucose Intolerance, and NUDT12 and Neurotoxicity Syndromes (Figure 4B).




Figure 4 | GSEA enrichment and disease association analysis of biomarkers. (A) GSEA enrichment results for biomarkers ENPP3 (upper) and NUDT12 (lower). The left figures show top 10 enriched GO biological processes (BP); the right figures show top 10 enriched KEGG pathways. (B) Biomarker-disease association network. Red nodes represent biomarkers and purple nodes represent associated disease.






3.4 Biomarkers were associated with oxidative phosphorylation

A total of 18 potential miRNAs and 36 TF were predicted and the miRNA-mRNA-TF interaction networks were constructed, the network suggested that ENPP3 was regulated by hsa-miR-34a-5p and MYNN (Figure 5A). A total of 25 lncRNA-miRNA-mRNA relationship pairs were obtained, and ceRNA networks were constructed which contains 9 lncRNA and 15 miRNA, the network suggested that XLOC_013024 might regulate NUDT12 by affecting hsa-let-7b-5p (Figure 5B). A total of 15 drugs were predicted, among them, 8 drugs had potential effects on NUDT12 such as resveratrol, and 13 drugs had potential effects on ENPP3 such as troglitazone (Figure 5C).




Figure 5 | Regulatory network and drug prediction analysis of biomarkers. (A) miRNA-mRNA-TF regulatory network of biomarkers. Red nodes represent biomarkers; yellow diamonds TFs; blue triangles represent miRNAs. (B) ceRNA network of biomarkers. Red nodes represent biomarkers; yellow diamonds represent lncRNAs; blue triangles represent miRNAs. (C) Drug-target network of biomarkers. Red nodes represent biomarkers; green nodes represent drugs.







4 Discussion

After our comprehensive analysis, 5217 DEGs were obtained, including 21 DE-NMRGs, shedding light on their role in DPN. A key finding is the identification of NUDT12 and ENPP3 as central biomarkers in these DEGs, offering novel insights into DPN’s pathogenesis. Our bioinformatics analysis indicates these genes are upregulated in DPN, suggesting their potential impact on disease progression. NUDT12, involved in NAD+ metabolism and associated insulin signaling and diabetic pathways, along with ENPP3, linked to purinergic signaling and inflammatory responses, both contribute critically to metabolic and inflammatory aspects of DPN.

Neuronal mitochondrial(Mt) dysfunction is an important mechanism leading to axonal degeneration in DPN (22). As a result of Mt damage, oxidative stress occurs in diabetic dorsal root ganglion (DRG) neurons, axons, and Schwann cells, and has been proposed as a unifying mechanism for diabetic neuropathy (12, 23). One of the key pathways that is impaired in DPN is the energy sensing pathway comprising the NAD+-Dependent SIRT1–PGC-1α–TFAM pathway (12). The mitochondrial energy metabolism is greatly dependent on NAD+ as a cofactor that is essential for both the activity of respiratory and TCA cycle enzymes (24). NAD+ and its precursors play critical roles in DPN progression by modulating SIRT1 activity. Administration of NAD+ precursors nicotinamide riboside (NR) and nicotinamide mononucleotide (NMN) could prevent and reverse DPN in animal models, indicating that correct NAD+ depletion in the DRG may be sufficient to prevent DPN (23, 24). However, we suggest that the mere supplementation of NAD+ precursors may not suffice for disease modification. An in-depth understanding of the roles of NMRGs could provide key insights into the complex molecular mechanisms of DPN. Herein, we identified 21 DE-NMRGs. The enrichment analysis revealed that DE-NMRGs were primarily engaged in nicotinate and nicotinamide metabolism, NAD biosynthesis via nicotinamide riboside salvage pathway and other functional pathways related to NAD metabolism. The topological properties of these genes were analyzed by algorithm to obtain two biomarkers NUDT12 and ENPP3.

NUDT12 is a Protein Coding gene (25). Among its related pathways are Metabolism of water-soluble vitamins and cofactors and Nicotinate metabolism (25). The human NUDT12 Nudix hydrolase has been expressed in insect cells from a baculovirus vector as a His-tagged recombinant protein (26, 27). In vitro, it efficiently hydrolyses NAD(P)H to NMNH (the reduced-form of NMN) and AMP (2’,5’-ADP), and diadenosine diphosphate to AMP. It also has activity towards NAD(+), ADP-ribose and diadenosine triphosphate (26). For NUDT12, some previous studies have linked its overexpression with oxidative stress and redox imbalance in neural tissues, while others argued the association was circumstantial (25, 26, 28). Our results not only validated the upregulated expression of NUDT12, but also revealed its involvement in insulin signaling and diabetes-related pathways through enrichment analysis. The results showed NUDT12 is enriched in maturity onset diabetes of the young (MODY), a common form of monogenic type 2 diabetes in youth (29). Advances in molecular diagnostics have identified 14 different subtypes of MODY. Specially, insulin secretion defect is the molecular pathogenesis of MODY10, MODY11, MODY12, MODY13, MODY14.The insulin ligation enhances neurite outgrowth by activating the PI3K–Akt signaling pathway and attenuates phenotypic features of DPN (30). In addition, Insulin signaling plays an important role in restoring the myelin proteins in DPN (31). Given the involvement of NUDT12 in NAD+ metabolism, supporting that it may impact DPN by influencing insulin sensitivity and glucose homeostasis. These novel findings suggest NUDT12 may contribute to DPN pathogenesis by disrupting insulin signaling and glucose homeostasis, although the specific mechanisms need further validation.

On the other hand, ENPP3 has gained wide attention recently as a purinergic signaling-related gene. Among its related pathways are metabolism of water-soluble vitamins and cofactors and NAD metabolism (32). ENPP3 is involved in various physiological and pathological processes, such as nucleotide and phospholipid signaling, bone mineralization, fibrotic diseases and tumor-associated immune cell infiltration. ENPP3 also limits the inflammatory and allergic responses of mast cells and basophils, by eliminating extracellular ATP as a signaling molecule, inhibiting the activation and pro-inflammatory cytokine release of mast cells and basophils (33). According to the results, ENPP3 is enriched in the Toll like receptor (TLR) signaling pathway. TLRs can recognize pathogen-associated molecular patterns and activate downstream nuclear factor κB (NF-κB) to induce inflammatory cytokine release and inflammatory responses (34). ENPP3 may influence TLR activation by regulating extracellular ATP levels, and inflammation is also an important pathogenic mechanism of DPN. As a member of ectonucleotide pyrophosphatase family, studies have shown ENPP3 could modulate neuronal metabolism and purinergic signaling by regulating ATP levels (35, 36). ATP acts as a neurotransmitter and modulator of neurotransmitter release, but also as a trophic factor that stimulates proliferation and differentiation of neural cells (37). Purinergic signaling also plays important roles in neuronal function and diabetes. Extracellular ATP can activate P2X and P2Y receptors, causing downstream calcium influx and signal transduction (38). This disturbance of neuronal homeostasis can render neurons more vulnerable to damage in diabetes. Further investigation into the precise molecular mechanisms connecting ENPP3, purinergic signaling, calcium signaling and DPN development is still needed.

This study found that the competitive endogenous RNA network showed that XLOC_013024 may regulate NUDT12 by inhibiting hsa-let-7b-5p. NUDT12 is a Nudix hydrolase involved in NAD+ metabolism. As mentioned before, NUDT12 is associated with MODY, supporting its potential role in influencing diabetic peripheral neuropathy through affecting insulin and glucose homeostasis. lncRNAs and miRNAs can reciprocally regulate each other and form competitive endogenous RNA networks to control gene expression. Therefore, this finding suggests that XLOC_013024 and hsa-let-7b-5p may participate in the occurrence of diabetic peripheral neuropathy through NUDT12. XLOC_013024 may act as a competitive RNA to inhibit hsa-let-7b-5p, while NUDT12 is a downstream target of hsa-let-7b-5p. Abnormal XLOC_013024 may lead to altered activity of hsa-let-7b-5p, which then affects diabetic peripheral neuropathy through NUDT12-mediated pathways, but this network still needs experimental verification. In addition, this study also found that ENPP3 may regulate the expression of hsa-miR-34a-5p by affecting the transcription factor MYNN. As a nucleotidase regulating ATP levels, ENPP3 may affect metabolism by influencing neuronal response to ATP. Ghada Tagorti et al. found hsa-miR-34a-5p interacts with key genes related to type 2 diabetes (39). MYNN is involved in gene expression regulation of various biological processes. Therefore, we speculate that increased expression of ENPP3 may affect MYNN activity, dysfunction of MYNN may in turn lead to altered miRNA expression such as hsa-miR-34a-5p, eventually resulting in neuronal dysfunction. This newly discovered regulatory axis provides new insights into exploring the key pathological processes of diabetic peripheral neuropathy. However, the exact molecular mechanisms and functional significance of these regulatory networks still require experimental validation.

We predicted potential drugs that may affect the identified biomarkers using the CTD. The results showed that resveratrol was predicted to target NUDT12. Resveratrol is a natural polyphenol enriched in foods such as red grapes and red wine. It has been widely studied for its antioxidative, anti-inflammatory, antidiabetic and neuroprotective properties (40). For example, a previous study showed that resveratrol could alleviate diabetic peripheral neuropathy in mice by activating Nrf2 and inhibiting NF-kB pathways (41). It also reduced oxidative stress and improved Sirtuin 1 level in elderly patients with type 2 diabetes (42). Additionally, a systematic review suggested resveratrol could lower blood glucose and improve insulin resistance in adults with type 2 diabetes (43). These multifaceted effects indicate resveratrol may participate in the pathogenesis of diabetes and its complications through modulating oxidative stress, inflammation, glycemic control and more. Moreover, troglitazone was predicted to target ENPP3. Troglitazone acts as a free-radical scavenger and TNF-α inhibitor, can inhibit the slowing of motor nerve conduction velocity and morphological changes of the peripheral nerve in diabetic rats. troglitazone has a beneficial effect on peripheral neuropathy in streptozotocin-induced diabetic rats irrespective of blood glucose concentrations (44). In addition, there are some drugs that target NUDT12 and ENPP3 at the same time, such as Tetrachlorodibenzodioxin, cyclosporine, etc. However, its exact mechanisms of action still require further research. As a potential drug targetting NUDT12 and ENPP3 respectively predicted in this study, resveratrol and troglitazone may serve as a promising supplementary therapy for DPN pending experimental and clinical validation. Further studies are warranted to verify its efficacy and safety.

This study had certain limitations. Firstly, the sample size of patients used in this study was small, and we planned to expand the number of cohorts in future research. Secondly, this study only used bioinformatics to identify the NAD+ metabolism-related biomarkers associated with DPN, necessitating more biological experiments to validate the specific mechanisms of the biomarkers screened. Finally, there was potential for gene overlap between DPN patients and other vascular risk factors. Future research should emphasize larger-scale studies and experimental approaches to further elucidate the specific roles of these genes in DPN.




5 Conclusion

In conclusion, our comprehensive bioinformatics analysis has identified NUDT12 and ENPP3 as crucial biomarkers in DPN, emphasizing their roles in metabolic and inflammatory pathways linked to the disease, and constructed a diagnostic model based on the two genes. This study lays the foundation for elucidating the roles of the two genes in disease progression, and provides reference for developing personalized diagnosis and treatment of DPN. However, it is crucial to validate these findings through larger-scale research to further explore their clinical application value and expression mechanisms.
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Aim

The comparative effectiveness of basal insulins has been examined in several studies. However, current treatment algorithms provide a list of options with no clear differentiation between different basal insulins as the optimal choice for initiation.





Methods

A comprehensive search of MEDLINE, Embase, Cochrane Library, ISI, and Scopus, and a reference list of retrieved studies and reviews were performed up to November 2023. We identified phase III randomized controlled trials (RCTs) comparing the efficacy and safety of basal insulin regimens. The primary outcomes evaluated were HbA1c reduction, weight change, and hypoglycemic events. The revised Cochrane ROB-2 tool was used to assess the methodological quality of the included studies. A random-effects frequentist network meta-analysis was used to estimate the pooled weighted mean difference (WMD) and odds ratio (OR) with 95% confidence intervals considering the critical assumptions in the networks. The certainty of the evidence and confidence in the rankings was assessed using the GRADE minimally contextualized approach.





Results

Of 20,817 retrieved studies, 44 RCTs (23,699 participants) were eligible for inclusion in our network meta-analysis. We found no significant difference among various basal insulins (including Neutral Protamine Hagedorn (NPH), ILPS, insulin glargine, detemir, and degludec) in reducing HbA1c. Insulin glargine, 300 U/mL (IGlar-300) was significantly associated with less weight gain (mean difference ranged from 2.9 kg to 4.1 kg) compared to other basal insulins, namely thrice-weekly insulin degludec (IDeg-3TW), insulin degludec, 100 U/mL (IDeg-100), insulin degludec, 200 U/mL (IDeg-200), NPH, and insulin detemir (IDet), but with low to very low certainty regarding most comparisons. IDeg-100, IDeg-200, IDet, and IGlar-300 were associated with significantly lower odds of overall, nocturnal, and severe hypoglycemic events than NPH and insulin lispro protamine (ILPS) (moderate to high certainty evidence). NPH was associated with the highest odds of overall and nocturnal hypoglycemia compared to others. Network meta-analysis models were robust, and findings were consistent in sensitivity analyses.





Conclusion

The efficacy of various basal insulin regimens is comparable. However, they have different safety profiles. IGlar-300 may be the best choice when weight gain is a concern. In contrast, IDeg-100, IDeg-200, IDet, and IGlar-300 may be preferred when hypoglycemia is the primary concern.
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Introduction

Diabetes Mellitus (DM) is a chronic and progressive metabolic disorder that affects 9.3% of the world population (463 million people), with increasing incidence and prevalence (1). Type-2 diabetes mellitus (T2D) accounts for 90-95% of all cases and is caused by progressive insulin resistance and relative insulin deficiency (1). T2D can initially be treated with diet, increased physical activity, and oral glycemia-lowering medications (2, 3). However, as the disease progresses, many patients require and benefit from additional medications, including insulin, due to the progressive and gradual loss of insulin-producing cells in the pancreas over 5 to 10 years (4). Insulin initiation and intensification are required when lifestyle modifications, oral glucose-lowering drugs (OGLDs), Glucagon-like peptide 1 receptor agonists (GLP-1RAs), and SGLT2 inhibitors fail to provide adequate glycemic control (5, 6).

Although insulin was introduced nearly a century ago, and its use has prolonged survival and has saved the lives of countless people with diabetes, significant unmet needs remain (7–11). The proportion of people with T2D who achieve their glycemic goals with hypoglycemic events remains high (7, 9–11). This study focuses on various long-acting (basal) insulin preparations, their usage, efficacy, and side effects.

Neutral Protamine Hagedorn (NPH) insulin, a long-acting basal insulin preparation, has been considered the standard treatment for many years, and a large number of insulin analogs have been produced in recent years and are increasingly used in the treatment of diabetes (11). Despite the fundamental advances in their design, pharmacokinetics, and pharmacodynamics, hypoglycemia and weight gain remain two major problems with their use (8, 10). Significant improvements have been made with the introduction of long-acting insulin analogs regarding glycemic variability and risk of hypoglycemia (7, 11). Furthermore, new generations of basal insulin analogs have been developed to improve their efficacy and safety (11–15).

Several studies have compared first and second-generation basal insulins regarding glycemic control, weight gain, and hypoglycemic events; however, their results have been inconsistent and largely compared to insulin glargine and NPH (14–20). In the absence of adequate data on direct comparisons, network meta-analysis can synthesize evidence from direct and indirect comparisons of multiple interventions to determine the best available treatment option (21, 22).

The results of the present comprehensive systematic review and network meta-analysis address the challenging question regarding selecting the “best” treatment alternative (preferred or with a high priority to choose) among basal insulins. The purposes of the study included: determining the benefits (efficacy) and risks (safety) of basal insulins in T2D and determining the best treatment alternative (preferred or with a high priority to choose) among basal insulins in terms of glycemic control, weight gain, and hypoglycemic events. This can help clinicians, patients, and policymakers decide the best treatment options with optimal balance for increased efficacy and less harm.





Methods

The PRISMA-NMA guideline was followed to report the present systematic review and network meta-analysis (23). The protocol was registered in the International Prospective Register of Systematic Reviews, PROSPERO (CRD42022325625).




Search strategy

A comprehensive search of online databases, including MEDLINE, Embase, Cochrane Library, ISI, and Scopus, was performed through November 2023, using the MeSH terms ‘basal’ or ‘basal insulin’ or ‘neutral protamine Hagedorn’ or ‘NPH’ or ‘isophane’ or ‘insulin lispro protamine suspension’ or ‘ILPS’ or ‘human insulin’ or ‘glargine’ or ‘lantus’ or ‘long-acting insulin’ or ‘ultra long-acting insulin’ or ‘insulin analogue’ or ‘detemir’ or ‘levemir’ or ‘Toujeo’ or ‘degludec’ or ‘Tresiba’ AND ‘efficacy’ or ‘safety’ or ‘benefit’ or ‘risk’ or ‘glycemic’ or ‘glycated hemoglobin’ or ‘fasting plasma glucose’ or ‘fasting blood sugar’ or ‘body weight’ or ‘weigh gain’ or ‘hypoglycemia’ AND ‘diabetes mellitus.’ Also, meeting abstracts, ClinicalTrials.gov, and the annual meeting abstract books of the ADA and EASD were searched. The time and language of publications were not restricted. In addition, we contacted experts and other researchers in the field for ongoing studies and additional data using Email. We reviewed the reference lists of retrieved publications and relevant reviews for further pertinent studies. Duplicate publications were removed. Two authors (MD and MS) independently screened the studies based on titles and abstracts, and finally, the full texts were reviewed in case the studies met the inclusion criteria based on the title and abstract. Conflicts were resolved by consensus.





Selection criteria

All phase III randomized controlled trials (RCTs) that compared basal insulins (long and ultra-long-acting insulins) with each other for study outcomes (glycemic control, weight gain, and hypoglycemia) in adults with T2D were included in the present systematic review. The population of interest was defined as adults with T2D, including those who were newly initiating insulin (insulin-naïve and on OGLDs), as well as individuals who were already exposed to insulin. This encompassed a diverse range of patients, reflecting both those at the initiation stage of insulin therapy and those with prior exposure to insulin treatments. Our decision to include both subgroups is supported by the findings of Freemantle et al. (24), who performed subgroup analysis specifically on studies assessing outcomes in insulin-naïve patients. Remarkably, their results indicated that the estimates remained largely unchanged even after including all studies, irrespective of the pretreatment status. Regarding the assessed interventions among RCTs, studies were considered eligible as long as the treatment regimens of the study arms contained at least two distinct basal insulins, including all intermediate/long and ultra-long-acting basal insulins including NPH, ILPS, glargine, 100 U/mL (IGlar-100); glargine, 300 U/mL (IGlar-300); detemir (IDet); degludec, 100 U/mL (IDeg-100); degludec, 200 U/mL (IDeg-200); and thrice-weekly degludec (IDeg-3TW). When the interventions comprised basal-bolus insulin regiments, the RCTs were included only when the short-acting components of the treatment regimens in various arms were precisely the same. Studies on Premixed insulin preparations and insulin peglispro were excluded (25). HbA1C, FPG, Body weight, Overall, Nocturnal, and severe hypoglycemia were all considered primary outcomes of the present study. RCTs were included when they assessed and compared these outcomes in T2D patients between different intervention arms. A minimum follow-up time of 12 weeks was also deemed an inclusion criterion. Inhaled insulins were also excluded. Glargine biosimilars (including MK-1293, MYL-1501D, LY2963016, etc.) were also excluded due to their similar efficacy and safety profile and similar pharmacokinetic and pharmacodynamics properties with the reference product (glargine). An adequate and standard randomization process in the RCTs was considered a vital inclusion criterion. The studies were included in the review if the two treatment arms were similar regarding main baseline variables, namely diabetes duration, mean age of the participants, HbA1c level, and body mass index. In addition, patients’ antidiabetic treatments prior to study initiation were assessed. In studies evaluating patients with different treatment backgrounds, ensuring that the two arms did not differ regarding the pretreatment medications or that pretreatments were considered during the randomization and stratification of patients was crucial.

The following studies were excluded: those with no control group, non-randomized trials, post-hoc or pooled analyses, real-world data, OGLDs/placebo/unknown comparison groups, unknown treatment period, follow-up period less than 12 weeks, data registries, non-standard randomized clinical trial, incorrect, insufficient or incomplete statistical analyses. In addition, studies including participants with cardiovascular or renal diseases or people with known risk factors for cardiovascular diseases were excluded. Figure 1 shows the process of identifying, screening, and selecting randomized controlled trials to include in the systematic review and final analyses.




Figure 1 | Flowchart for selection of studies.







Data extraction and risk of bias assessment

The main characteristics that were extracted from eligible studies were as follows: author name, publication year, name of the country, gender, age, body weight, body mass index, fasting blood sugar, HbA1c, study setting and population, duration of follow-up, type of diabetes, diabetes duration, number of patients in each treatment group, treatment regimens, insulin dosage, study outcomes (change in HbA1c from baseline, change in fasting plasma glucose (FPG) from baseline, change in body weight from baseline, the number of patients experiencing any/overall, nocturnal, or severe hypoglycemia events, effect size estimates (odds ratio or mean difference) and their 95% confidence intervals. Two reviewers (MD and MS) extracted the data independently, and the observed differences were resolved by consensus of review team members.

To assess the risk of bias or methodological quality of included RCTs, the new and revised Cochrane risk of bias tool (ROB-2) was used (26). The tool consists of five domains: bias based on the randomization process, deviations from intended interventions, missing outcome data, measurement of the outcome, and selection of the reported results. Each domain contains several questions, and the answer to each question has five options (yes, probably yes, probably no, no, no information). At the end of each domain, a risk of bias judgment is made for the domain as either low risk of bias, some concerns, or high risk of bias. Finally, an overall judgment of the risk of bias is made for each study, which summarizes all five domains (26). Two reviewers (MD and MS) assessed the risk of bias in studies, and three (HRB, LJ, and FB) verified it.





Data synthesis and analysis

Basal insulin regimens were compared in all RCTs that were included. Treatment effects were estimated as mean differences (MDs) with 95% confidence intervals in HbA1c, fasting plasma glucose, and body weight (continuous outcomes), or odds ratios (ORs) with 95% confidence intervals (CIs) for any/overall, nocturnal, and severe hypoglycemia. Random-effects network meta-analyses within frequentist general linear mixed model framework were performed for data analyses. Network plots containing all basal insulin treatments were drawn for each outcome (27).

Extended forest plots were used to show pairwise comparisons of treatments using direct evidence. To assess the uncertainty in the estimated treatment effects, which includes the extent of heterogeneity, the predictive interval (PrI) plot was also used. Estimated treatment effects in a random-effects network meta-analysis for pairwise comparisons of all evidence in the network (both direct and indirect evidence) with 95% CIs were displayed using a league table. Diagonal cells contain the names of competing treatments in the network in the league table.

The assumption of heterogeneity was examined both qualitatively and quantitatively using study and participant characteristics across all eligible trials and the magnitude of tau2 (between study variance). We assessed the transitivity assumption by considering the distributions of potential effect modifiers (age, diabetes duration, baseline HbA1c level, and baseline body mass index) across pairwise comparisons. A design-by-treatment approach was used to check the consistency assumption in the entire analytical network (28). A loop-specific approach was applied to evaluate the presence of inconsistency locally in each closed loop (29). Inconsistency factor (IF) for continuous outcomes and the ratio of two odds ratios (ROR) for dichotomous outcomes in each closed loop and the ifplot was used for this purpose. The node-splitting method was also used to assess the inconsistency of the model by separating evidence on particular comparisons into direct and indirect evidence (30).

Sensitivity analyses were conducted by restricting the analyses to studies with a sample size of more than 100 participants in each treatment arm of the trial, only trials that had a low risk of bias, and trials with a parallel design (excluding the crossover designs) to assess the generalizability and the robustness of the network meta-analyses findings for each outcome. If any differences were observed in the distribution of effect modifiers (participants’ baseline characteristics) across the studies, subgroup analyses and, in particular, meta-regression were performed. The results before and after the adjustment with the effect modifiers were evaluated to derive clinically valid conclusions.

To rank the basal insulins for an outcome, we used mean rank and surface under the cumulative ranking (SUCRA) cumulative probabilities that express (as a percentage) the efficacy or safety of every intervention relative to an imaginary intervention that is always the best without uncertainty. Consequently, larger SUCRA scores might indicate a more effective or safer intervention. The presence of small-study effects in a network meta-analysis was assessed by comparison-adjusted funnel plots (31). All network meta-analyses were performed using Stata version 17.0 (Stata Corp., College Station, TX, USA) with a multivariate meta-analysis model using the mvmeta command and routines in Stata and R version 3.3.0 using the netmeta package.





Assessing certainty of the evidence

We used the approach suggested by the GRADE (Grading of Recommendations Assessment, Development, and Evaluation) working group for rating the certainty of evidence for each network estimate (32–35). This approach ranks the overall certainty in effect estimates from very low to high (4 levels).

We initially rated the certainty of direct estimates for each pair-wise comparison. At this stage, since all the evidence was from RCTs, we started at high certainty in effect estimates and rated down in cases of serious concerns regarding the risk of bias, publication bias, indirectness, and inconsistency. Then, we rated the certainty in indirect estimates, focusing on the dominant lowest-order loop that contributed to the indirect estimate. The indirect estimate would be further rated down for concerns regarding intransitivity. The main effect-modifying factors that were considered to cause conceptual transitivity were baseline BMI, baseline HbA1c, duration of follow-up, and duration of DM. Cut-offs for decision-making were set based on the standard minimally clinically important differences as suggested by previous studies in patients with T2D.

To judge the overall certainty in the network estimates, we selected the certainty in the estimate that contributed more to the network estimate between the direct and indirect estimates as a baseline. We then considered rating down the certainty of the network estimate if there was incoherence (local inconsistency) between the contributing direct and indirect estimates. The certainty of the network estimate was subsequently assessed for serious or very serious imprecision that would further downgrade the overall certainty in the effect estimate according to the GRADE guidance articles (33, 34).

Using a minimally contextualized approach, we then chose the intervention with the highest number of studies (IGlar-100) as the reference and categorized the interventions for each outcome into three colored groups relative to this reference: 1) Among the most effective/least harmful (Green), 2) Not convincingly different from standard treatment (Yellow), and 3) Among the most harmful/least effective (Red). We further categorized each of these groups based on certainty about the effect estimate of the intervention relative to IGlar-100 as obtained from the GRADE approach, coloring the “very low” to “low” certainty evidence with light colors and “moderate” to “high” certainty evidence in dark colors (36, 37).






Results




Characteristics of RCTs

We identified 20,817 records through a comprehensive systematic search of databases. One thousand two hundred-and-thirty-three (1,254) records remained after removing duplicates and studies unrelated to the research question. After excluding the studies that did not meet the eligibility criteria, 226 full texts were assessed and selected 67 RCTs in the systematic review based on the defined criteria. In our network meta-analyses, we conducted separate analyses for changes in HbA1c (44 RCTs included), changes in body weight (38 RCTs included), overall hypoglycemia (43 RCTs included), and nocturnal hypoglycemia (40 RCTs included). Inclusion criteria were based on methodological, clinical, and baseline homogeneity, as illustrated in Figure 1.

Supplementary Table 1 demonstrates the main characteristics of the 44 randomized controlled clinical trials included in this analysis (14, 17, 18, 38–78). The included trials were published between 2000 and 2021. Most trials were multicenter and multinational from most to all continents and with relatively large sample sizes. Only five studies had a total sample size of smaller than 100 participants, i.e., less than 50 patients in each group (31, 45, 61, 70, 71), and about 80% of trials had included more than 100 patients in each study arm (Supplementary Table 1). Three studies were conducted as a crossover clinical trial design (39, 42, 61), and the rest were parallel clinical trials. We handled these crossover trials similarly to parallel trials by only extracting data from the first period (79). Regarding the sample size and design of trials, sensitivity analyses were performed to assess the robustness of the findings.

Both men and women were included in all studies. The mean age of patients with T2D was 58.7 years (range 54 to 66 years). The mean treatment period (follow-up period) was 38 weeks, and the mean duration of T2D was 10.8 (range 6.8 to 16) years. The mean HbA1c level and body mass index (BMI) at baseline were 8.5% (range 7.1% to 9.5%) and 30.2 (range 24.6 to 36.6), respectively. Moreover, the qualitative synthesis revealed a diverse range of pretreatment backgrounds among patients initiating basal insulins in included studies, with 27 RCTs specifically comparing efficacy and/or safety in insulin-naive patients (solely using oral anti-diabetic therapy), six assessing those already using basal insulin, three examining a population comprised of both insulin-naive individuals and those already using basal insulins, and eight RCTs focusing on patients utilizing a basal-bolus regimen before the commencement of the trial.





Risk of bias assessment

All 44 randomized clinical trials were assessed for methodological quality, the results of which are presented in detail in Supplementary Table 2. Based on the assessment, two RCTs (4.5% of studies) were at high risk of bias, nine RCTs (19.5% of studies) posed some concerns at risk of bias, and 35 RCTs (76% of the studies) were placed in the low risk of bias category. More than two-thirds of the studies had a low risk of bias because of their standard design, conduct, analysis, and reporting. Most of the studies suffered from two domains: deviations from intended interventions and the measurement of the outcome. Deviation from the intervention was almost balanced among the groups in most of the studies, and the outcome assessors were aware of the type of insulin received by the patients in some studies. Sensitivity analysis was also conducted by excluding studies with a high risk of bias to examine the robustness of the model findings.





Network plots

Network plots compare basal insulins regarding the effect on HbA1c level, FPG, body weight, any/overall, nocturnal, and severe hypoglycemia outcomes (six networks) (Figure 2). Basal insulins in the main analyses included IGlar-100, IGlar-300, IDet, IDeg-100, IDeg-200, IDeg-3TW, NPH, and ILPS. Among all comparisons, IGlar-100 was the most commonly used treatment (more participants were assigned in the trials). The number of RCTs comparing IGlar-100 against NPH and IDeg-100 was more than the other comparators in all networks.




Figure 2 | Network plots comparing basal insulins for change in HbA1c level (A), FPG (B), body weight (C), overall/any hypoglycemia (D), nocturnal hypoglycemia (E), and severe hypoglycemia (F) in people with T2DM. Each node (circle) represents a basal insulin regimen, and its size is proportional to the number of participants randomly assigned to each treatment. The width of the line joining two nodes is proportional to the number of trials that directly compare the two respective treatments. Glargine, 100 U/mL (IGlar-100); Glargine, 300 U/mL (IGlar-300); Detemir (IDet); Degludec, 100 U/mL (IDeg-100); Degludec, 200 U/mL (IDeg-200); Thrice-weekly degludec (IDeg-3TW).







Evaluation of transitivity, heterogeneity, and inconsistency in all networks

The distribution of potential effect modifiers, including baseline HbA1c level and body weight as well as age and duration of T2D, were examined qualitatively; they were relatively the same across included studies in all six networks, so the transitivity assumption was accepted. Heterogeneity was assessed qualitatively by examining participants’ clinical and methodological characteristics across trials. Heterogeneity was also examined visually through the predictive interval plot. This plot assessed the uncertainty in the estimated treatment effects, which also includes the extent of heterogeneity (tau2 for HbA1c=0.01, for FPG=0.17, for body weight=0.23, for overall hypoglycaemia=0.02, for nocturnal hypoglycaemia=0.01, and for severe hypoglycaemia=0.001 indicating low heterogeneity among the studies in all networks).

Local consistency was evaluated using a loop-specific approach and confirmed (except for 2 of the 8 closed loops in HbA1c, 3 of the 8 closed loops for FPG, 2 of the 8 closed loops for body weight, 2 of the 8 closed loops for overall hypoglycemia, and 3 of the 8 closed loops for nocturnal hypoglycemia). In each network, most of the studies with small sample sizes and larger estimated standard errors caused local inconsistency. After excluding these trials from the networks (seven studies in the FPG network, four studies in body weight, three studies in overall hypoglycemia, and four studies in nocturnal hypoglycemia network), local consistency was established in each closed loop and led to more global consistency in some networks. Local consistency was also confirmed by comparing direct and indirect estimates through the node-splitting method (none of the p-values were statistically significant). Global consistency through the design-by-treatment interaction model showed no inconsistency in the networks (p-values for consistency ranged from 0.43 to 0.98 in networks of outcomes). The qualitative and quantitative assessments indicated that the network meta-analyses’ consistency was logical.





Network meta-analyses estimates




Change in HbA1c level

The league table shows the random-effects network meta-analysis estimates (relative treatment effects, pooled mean difference) for comparison of basal insulins to change HbA1c level (Table 1). The findings of 44 RCTs (28 direct and indirect comparisons) indicated that IDeg-200 (pooled MD: -0.21% with 95% CI: -0.12% to -0.30%), IDeg-100 (Pooled MD:-0.15% with 95% CI: -0.02% to -0.27%), IDeg-3TW (Pooled MD: -0.27% with 95% CI: -0.08% to -0.45%), IDet (Pooled MD: -0.23% with 95% CI: -0.10% to -0.36%), and NPH (Pooled MD: -0.16% with 95% CI: -0.05% to -0.27%) are statistically significant effective than IGlar-100 in reducing HbA1c level. No other significant differences were identified in comparing basal insulins regarding changes in HbA1c levels. It seems that the observed difference between these insulins is not clinically significant, and therefore it can be said that almost all of them are equally effective in reducing the HbA1c level and do not have any particular preference over each other. Consistent results were observed when the included studies were restricted to RCTs with sample sizes of more than 100 patients in each study arm (excluding nine trials), parallel trials (excluding three trials), and RCTs with low risk of bias in separate sensitivity analyses. Visual inspection of the funnel plot did not reveal evidence of small-study effects (likely no publication bias).


Table 1 | Random-effects network meta-analyses estimate for all direct and indirect evidence comparing basal insulins regarding the defined outcomes (A-F) for T2DM.







Change in FPG level

Forty RCTs that compared eight basal insulins were included in the network meta-analysis. Based on an extended forest plot for direct evidence and a predictive interval plot using direct and indirect evidence, except for a few comparisons, there is no clinically significant difference between basal insulins regarding the effect on FPG level in T2D.

Estimates from network meta-analysis for all 28 direct and indirect comparisons (league Table, Table 1) showed that IDeg-3TW and IDeg-100 compared to IGlar-300 (Pooled MD:-13.8 mg/dL with 95% CI: -22.7 to -4.8 and -12.4 mg/dL with 95% CI: -20.3 to -4.5 respectively), IGlar-100 (Pooled MD: -10.8 mg/dL with 95% CI: -17.05 to -4.5 and -9.9 mg/dL with 95% CI: -14.3 to -4.5 respectively), IDet (Pooled MD: -8.6 with 95% CI: -13.6 to -3.6 and -7.3 mg/dL with 95% CI: -11.2 to -3.4 respectively), ILPS (Pooled MD: -10.1 with 95% CI: -17.1 to -3.0 and -8.6 mg/dL with 95% CI: -14.5 to -2.8 respectively), and NPH (Pooled MD: -9.9 with 95% CI: -15.6 to -4.3 and -8.6 mg/dL with 95% CI: -12.8 to -4.4 respectively) were slightly more effective in reducing FPG level, but this magnitude of difference was not clinically important. Results were consistent in sensitivity analyses when included studies were restricted to RCTs with a low risk of bias and a sample size of more than 100 patients in each treatment arm. Inspection of the funnel plot indicated no evidence of publication bias, implying no evidence of small-study effects in the network.





Change in body weight

Data on the changes in body weight from baseline were available from 36 RCTs. The league table findings from the network meta-analysis for all 28 direct and indirect comparisons of eight basal insulins indicated that patients with T2D treated with IGlar-300 were significantly associated with less body weight gain compared to IDeg- 3TW (pooled MD: -4.12 kg with 95% CI: -0.87 kg to -7.36 kg), IDeg-100 (pooled MD: -2.96 kg with 95% CI: -0.06 kg to -5.8 kg), IDeg- 200 (Pooled MD: -3.65 kg with 95% CI: -0.85 kg to -6.45 kg), NPH (Pooled MD: -3.66 kg with 95% CI: -0.72 kg to -6.61 kg), and IDet (Pooled MD: -3.1 kg with 95% CI: -0.14 kg to -6.08 kg) (Table 1). The weight gain by IGlar-300 compared to other basal insulins is considered important from a clinical point of view. It might represent this insulin as the preferred choice regarding the less harmful effect on body weight (where the weight gain is of lower magnitude). Sensitivity analyses demonstrated the consistency of the results, indicating that the network meta-analysis model was robust. The comparison-adjusted funnel plot showed publication bias was unlikely.






Overall (any) hypoglycemia

Forty-three randomized clinical trials were considered in the network meta-analysis to compare the effect of eight basal insulins on hypoglycemia. Overall (any) hypoglycemia was defined as typical symptoms associated with hypoglycemia with or without a plasma glucose level (3.9 mmol/L or less) or a confirmed plasma glucose level of 3.9 mmol/L or less. In general, findings from the extended forest plot for direct evidence and the predictive interval plot using direct and indirect evidence showed a significant difference in the incidence of overall/any hypoglycemia between some comparisons.

The findings from the network meta-analysis of 43 RCTs (league table) indicated that the use of all basal insulins except IDeg-3TW was associated with significantly lower odds of hypoglycemia compared to NPH (ranging from 25% (IGlar-100) to 48% (IDeg-100)). The odds of any hypoglycemia in patients with T2D treated with IDeg-200 (pooled odds ratio: 0.78 with 95% CI: 0.66 to 0.93) and IDeg-100 (pooled OR: 0.69 with 95% CI: 0.51 to 0.92) were significantly lower than IGlar-100. IDet was also associated with lower odds of overall hypoglycemia compared to IGlar-100. No significant differences were observed for other treatment comparisons (Table 1). Both findings of relative ranking and network meta-analysis estimates showed that IDeg-100, IDeg-200, and IDet could be preferred choices, and IDeg-3TW and NPH should be the least favored options for attaining less hypoglycemia. Small-study effects were unlikely in assessing comparison-adjusted funnel plots in the network.





Nocturnal hypoglycemia

To compare basal insulins to investigate their effect on nocturnal hypoglycemia, 40 RCTs contributed to the network. All trials included in the network meta-analysis defined nocturnal hypoglycemia as any hypoglycemic event between bedtime and waking (usually between 12:00 PM and 6:00 AM). Extended forest and predictive interval plots showed significant differences in the occurrence of nocturnal hypoglycemia in some comparisons among basal insulins.

Administration of all basal insulins except IDeg-3TW compared to NPH and ILPS significantly reduced the odds of nocturnal hypoglycemia (Table 1). IGlar-100 and IGlar-300 significantly increased the odds of nocturnal hypoglycemia compared to IDet (pooled OR: 1.32 with 95% CI: 1.11 to 1.56; and pooled OR: 1.30 with 95% CI: 1.01 to 1.67 respectively). Patients with T2D treated with IDeg-100 had significantly lower odds of nocturnal hypoglycemia compared to other basal insulins [except IDeg-200) (ranging from 28% (against IDet) to 68% (against NPH)]. As with overall hypoglycemia, it can be stated that IDeg-100, IDeg-200, and IDet could be the first choices for obtaining less nocturnal hypoglycemia, and the use of NPH and IDeg-3TW should be the last priority in terms of prevention of nocturnal hypoglycemia. Results were consistent in sensitivity analyses when only low-risk-of-bias trials, parallel designs, and studies with more than 100 patients per arm were included. There was no evidence of publication bias.





Severe hypoglycemia

Thirty-five RCTs were included in the network meta-analysis to assess basal insulins’ effect on severe hypoglycemic events. All studies consistently defined severe hypoglycemia as an event that required third-person assistance. Considerable difference in the occurrence of severe hypoglycemia was observed in some comparisons among basal insulins based on extended forest plots using direct evidence and predictive interval plots using direct and indirect evidence.

Treatment with IDeg-100, IDeg-200, and IGlar-300 was associated with significantly reduced odds of severe hypoglycemia compared to NPH and ILPS. IDeg-100 significantly resulted in lower odds of severe hypoglycemia compared to IGlar-100, IDet, ILPS, and NPH (pooled OR: 0.38 with 95% CI: 0.20 to 0.75; pooled OR: 0.41 with 95% CI: 0.23 to 0.70; pooled OR: 0.15 with 95% CI: 0.04 to 0.52; and pooled OR: 0.28 with 95% CI: 0.13 to 0.59) respectively (Table 1). Both relative ranking and league table findings indicated that the first choices that result in less severe hypoglycemia could be IDeg-100, IDeg-200, and IGlar-300, and the last options are NPH, ILPS, and IDeg-3TW. The network meta-analysis model was robust, and findings were consistent in sensitivity analyses restricted to large trials and studies with low risk of bias. Small-study effects were unlikely in assessing comparison-adjusted funnel plots in the network.

To achieve accurate and reliable findings, network meta-regressions were performed considering HbA1c, body mass index, and age of patients at baseline. However, due to the homogeneity among studies and consistency of the networks, no significant differences were observed in the estimated treatment effects (data not shown).





Summary of findings and certainty of the evidence

Despite the statistically significant difference in the reduction of HbA1c among specific network comparisons, these differences did not reach the minimal clinically important differences (more than 0.5%). Although the evidence is relatively uncertain for this outcome (most comparisons had low to very low certainty), the current effect estimates differ by such a small magnitude that future studies are unlikely to change this conclusion. Similarly, the effects of different basal insulins on the reduction of FPG were comparable, with statistically significant differences ranging between 3 to 13 mg/dl.

Regarding the effect of insulins on patients’ weight, IGlar-300 and IGlar-100 may be associated with less weight gain than other basal insulins. However, these differences were slight (3-4 kg), and the effect estimates were imprecise (low to very low-quality evidence).

Moderate to high certainty evidence showed that IDeg-100 and IDeg-200 were the safest options when considering hypoglycemia-related outcomes, followed by IDet for nocturnal and overall hypoglycemia. The next safe option regarding nocturnal and overall hypoglycemia was IDeg-3TW (low-certainty evidence). Based on moderate-quality evidence, ILPS, IGlar-100, and IGlar-300 have similar profiles concerning overall hypoglycemia. However, ILPS was associated with higher rates of nocturnal hypoglycemia than IGlar-100 (moderate-certainty evidence). The intermediate-acting insulin NPH was associated with the highest odds of overall and nocturnal hypoglycemia (moderate-certainty evidence). Table 2 presents the summary of findings using the GRADE minimally-contextualized framework.


Table 2 | The summary of findings table with the certainty of the rankings using the GRADE minimally-contextualized framework.








Discussion

The current study’s findings enable patients and healthcare practitioners to make informed choices to individualize insulin therapy, depending on whether weight gain or hypoglycemia is the most significant concern in the shared decision-making process. The control and management of T2D are always complex and require careful consideration of patient-related factors such as capability and desire for self-care, co-morbidities, and costs (80). Type 2 diabetes is a progressive disease, and many patients require injectable medications, including insulin, at some point in the course of the disease (81, 82). As a result, decision-makers and clinicians must rely mainly on research evidence and clinical judgment in choosing a specific basal insulin among all available basal insulins. By conducting a network meta-analysis of the current evidence, we try to address these issues and provide evidence for decision-makers and clinicians to select the most appropriate option for their patients. For instance, older, frail patients who are at the highest risk of hypoglycemia may choose to prioritize insulins that have a lower risk of hypoglycemia. Conversely, insulins that have a lower propensity to cause weight gain may be the preferred option in patients who are concerned about the complications of becoming overweight or obese.

We combined direct and indirect evidence to compare the effects of basal insulin regimens on HbA1c reduction, weight gain, and hypoglycemic events. Regarding glycemic control, subtle yet statistically significant differences were observed when comparing the efficacy of distinct basal insulin regimens in reducing HbA1C. It is crucial to emphasize that relying solely on the interpretations derived from a network meta-analysis may not align perfectly with clinical practice objectives. Various guidelines, including the recent National Institute for Health and Care Excellence (NICE) recommendations for diabetes management, have established a more than 0.5% change in HbA1C as the minimal clinically significant threshold (83). Our analysis demonstrated that neither the crude calculated differences nor their associated confidence intervals surpassed this threshold. Consequently, despite statistical significance, we deemed these observed differences clinically insignificant.

Regarding changes in body weight, IGlar-300 was associated with the least weight gain compared to insulin degludec, detemir, and NPH. Treatment with NPH was associated with the highest odds of overall and nocturnal hypoglycemia compared to all other basal insulins, while patients treated with IDeg-100, IDeg-200, IDet, and IGlar-300 were less likely to experience overall and nocturnal hypoglycemia than the patients treated with other basal insulin regimens. Treatment regimens that consisted of NPH and ILPS were more likely to cause severe hypoglycemia, whereas treatment with IDeg-100 was associated with a significant reduction in the odds of severe hypoglycemia compared to IGlar-100 and IDet, NPH, and ILPS. NPH insulin exhibits lower efficacy in weight management and has a higher propensity to induce hypoglycemic events compared to other basal insulins. These observations are consistent with each other since the increased weight gain associated with NPH may be partially attributed to the overconsumption of food triggered by the hypoglycemic episodes elicited by this drug.

Choosing the optimal treatment among intermediate, long, and ultra-long-acting basal insulins in people with T2D should be based on the effects of insulins on clinically relevant parameters, including unmet needs (84). The present study’s findings indicate that newer-generation basal insulins do not seem to improve glycemic control compared to first-generation basal insulins such as insulin glargine-100, insulin detemir, or even NPH insulin. However, where less weight gain is a priority, insulin glargine-300 is the superior choice. Also, considering nocturnal hypoglycemia, administration of insulin degludec-100, insulin degludec-200, or insulin glargine-300 is associated with the lowest incidence odds.

We did not find a significant difference between IDeg-100 and IDeg-200 in the present study. Therefore, both could be considered potential clinical practice options when indicated (24). Challenges remain regarding the clinical use of ILPS, as it is associated with an increased risk of severe and nocturnal hypoglycemia without relative beneficial effects on blood glucose control or body weight. It is also recommended to consider patients’ compliance with treatment and cardiovascular safety in deciding on the best treatment options (85–87).

To our knowledge, cardiovascular outcomes have not been compared in patients receiving different basal insulins. However, a recent meta-analysis by Rados et al. demonstrated that basal insulins, regardless of their type, are not associated with an increased risk of either cardiovascular events incidence or all-time cardiovascular mortality compared to other potential T2D treatments (88). Further investigation and comparison of different basal insulin effects on cardiovascular outcomes can aid physicians in devising personalized treatment plans best suited to individual patients’ unique needs.

Patients’ adherence significantly affects the efficacy of glucose-lowering agents. Although treatments demonstrate comparable effectiveness in randomized controlled trials, it’s crucial to recognize that trial participants are a selectively motivated and highly adherent group. As a result, findings from clinical trials may not consistently represent the broader characteristics of the general population (89, 90).

Experience from real-world data suggests that T2D treatment adherence is greatly influenced by the ease of drug administration, dosing frequency, treatment complexity, out-of-pocket costs, and incident hypoglycemia (91). For example, non-adherence is more significant with injectable drugs than with oral medications, as drug injections are more challenging and can be inconvenient for patients (92). Similarly, adherence is better for insulin pens than for insulin administered by vial and syringe (91, 93). Hence, when comparing ease of use between medication groups, differences between insulin administered by vial and syringe versus insulin done through the pen should be considered.

As T2D advances, individuals on NPH insulin may require more than one injection per day (5), a factor that could compromise treatment adherence. Considering its suboptimal performance in various aspects of efficacy and safety, the utilization of NPH insulin is recommended primarily in situations where cost considerations weigh significantly on the patient’s decision-making process.

In a similar design to the current study, Madenidou et al. conducted a network meta-analysis on RCTS assessing the efficacy and safety of basal insulins in T2D patients in 2018. They indicated that the difference in efficacy among basal insulin analogs is minimal (94). The present study’s findings suggest the same regarding the efficacy of basal insulins. They also observed that IDet was associated with less weight gain than other basal insulins, and IGlar-300 had a more favorable weight gain profile than IDeg-100, IDeg-200, Ideg-3TW, and IGlar-100. Similarly, we report less weight gain associated with IGlar 300 than IDeg-100, IDeg-200, and Ideg-3TW. However, our network meta-analysis showed the superiority of IGlar 300 to IDet regarding weight gain. Moreover, Madenidou et al. indicated that the incidence of severe hypoglycemia did not differ between basal insulins, except for ILPS, which was associated with a higher risk of hypoglycemia compared to other basal insulin regimens. It should be noted that the researchers included Glargine biosimilars and did not include NPH insulin in their review. In contrast, the present network meta-analysis included NPH insulin as well as larger randomized clinical trials reported in recent years that are expected to further contribute to the external validity or generalizability of the findings in the current study. Insulin glargine and glargine biosimilars were similar in terms of efficacy and safety related to the reduction of HbA1c level, effect on body weight, or occurrence of hypoglycemia in various reported studies as well as in a comprehensive systematic review (94, 95); hence, glargine biosimilars were not included in our review and analyses. In 2016, Freemantle et al. conducted a network meta-analysis on randomized clinical trials comparing different basal insulins (including IGlar-300, IGlar-100, NPH, Detemir, and Degludec) and premixed insulins with each other in T2D patients (96). They reported the superiority of IGlar-300 over NPH and premixed insulins in reducing hypoglycemic events. They also stated that the safety of other basal insulins is comparable. In line with their findings, we also report the superiority of IGlar-300 over NPH. However, the results of the current meta-analysis suggest the superiority of IDeg-100 and IDeg-200 in reducing the odds of nocturnal hypoglycemia. This might be due to the fact that the findings of more recent large sample RCTs comparing Degludec and Glargine insulins have been released since they conducted their network meta-analysis. It is also worth mentioning that Freemantle et al. included premixed insulins in their network. In contrast, our analysis focused exclusively on basal insulins, contributing to a more targeted investigation of this specific insulin category.




Limitations and strengths

There are some limitations in the present study. The findings of the network meta-analysis should be interpreted with caution in the context of limitations of the available data. The comparative effectiveness of newer basal insulins has been based mainly on indirect comparisons. Therefore, any inferences about the favorable effect of second-generation basal insulins should be interpreted with caution. Differences in the use of background glucose-lowering medications among some trials are important to consider. Although we tried to maintain homogeneity among the participants, the efforts did not eliminate heterogeneity ideally. Measurement of specific outcomes between intervention groups has been similar in the reviewed studies. Still, in some cases, the outcome assessors were aware of the type of insulin received by the patients. Therefore, the outcome measurement may be affected by the knowledge of the type of insulin received. Also, the variation in daily insulin dose plans among the trials included in the analyses should be considered. Also, the present network meta-analysis has the same limitations and common challenges present in other network meta-analyses (97), indicating that the findings should be interpreted cautiously. We took steps to minimize these limitations by applying methods proposed by GRADE (32–37) and presented the findings’ certainty and the effect estimates to avoid misinterpretation of the results.

The present study also has some strengths. Publication bias was most unlikely in our systematic review because we have searched multiple sources, including abstracts and trial registries. The favorable quality of the included studies (76% of the trials had a low risk of bias) and the multinational and multicenter nature of the majority of trials with a considerable number of participants strengthen the validity and confidence of the research findings. The low heterogeneity of the participants (especially in terms of the main and important baseline variables), study designs, and the clinical characteristics of the patients led to the acceptable consistency of the networks and relatively realistic findings.






Conclusions

Findings of the combination of direct and indirect evidence with acceptable quality indicate that basal insulin regimens are comparable in glycemic control in people with T2D. Insulin glargine, 300 U/mL, may be associated with a slightly less severe weight gain than other basal insulins. Insulin degludec 100 U/mL, degludec 200 U/mL, detemir, and glargine 300 U/mL are preferred options when hypoglycemia is the primary concern.
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Objective

This study aims to map evidence from Randomized Controlled Trials (RCTs) and systematic reviews/Meta-analyses concerning the treatment of Diabetic Nephropathy (DN) with Traditional Chinese Medicine (TCM), understand the distribution of evidence in this field, and summarize the efficacy and existing problems of TCM in treating DN. The intention is to provide evidence-based data for TCM in preventing and treating DN and to offer a reference for defining future research directions.





Methods

Comprehensive searches of major databases were performed, spanning from January 2016 to May 2023, to include clinical RCTs and systematic reviews/Meta-analyses of TCM in treating DN. The analysis encompasses the publishing trend of clinical studies, the staging of research subjects, TCM syndrome differentiation, study scale, intervention plans, and outcome indicators. Methodological quality of systematic reviews was evaluated using the AMSTAR (Assessment of Multiple Systematic Reviews) checklist, and evidence distribution characteristics were analyzed using a combination of text and charts.





Results

A total of 1926 RCTs and 110 systematic reviews/Meta-analyses were included. The majority of studies focused on stage III DN, with Qi-Yin deficiency being the predominant syndrome type, and sample sizes most commonly ranging from 60 to 100. The TCM intervention durations were primarily between 12-24 weeks. Therapeutic measures mainly consisted of Chinese herbal decoctions and patented Chinese medicines, with a substantial focus on clinical efficacy rate, TCM symptomatology, and renal function indicators, while attention to quality of life, dosage of Western medicine, and disease progression was inadequate. Systematic reviews mostly scored between 5 and 8 on the AMSTAR scale, and evidence from 94 studies indicated potential positive effects.





Conclusion

DN represents a significant health challenge, particularly for the elderly, with TCM showing promise in symptom alleviation and renal protection. Yet, the field is marred by research inconsistencies and methodological shortcomings. Future investigations should prioritize the development of standardized outcome sets tailored to DN, carefully select evaluation indicators that reflect TCM’s unique intervention strategies, and aim to improve the robustness of clinical evidence. Emphasizing TCM’s foundational theories while incorporating advanced scientific technologies will be essential for innovating research methodologies and uncovering the mechanisms underlying TCM’s efficacy in DN management.
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1 Introduction

Diabetes Mellitus (DM) is a chronic disease severely jeopardizing human health, with approximately one-third of patients with DM advancing to Diabetic Nephropathy (DN) (1). In recent years, with the aging population, the prevalence of obesity, significant changes in dietary structures and lifestyles, the incidence of diabetes has been increasing (2, 3), becoming a major chronic disease affecting the quality of life and physical health of the elderly population. A recent survey by the International Diabetes Federation revealed that approximately 537 million adults (10.5%) worldwide were affected by diabetes in 2021, with projections suggesting that the global number of people with diabetes will reach 783 million by 2045 (4). China leads globally in DM prevalence and counts of elderly patients (5, 6). The global patient count is projected to reach 578 million by 2030 (7), with the highest incidence rates found amongst individuals aged 65 to 79 (8), constituting 50% of adult DM patients (6). Diabetic nephropathy, as a severe microvascular complication of DM, has a high mortality and morbidity rate, with an all-cause mortality rate approximately 30 times higher than that of DM patients without nephropathy (9). The structural damage to the kidneys and functional impairments worsen with the progression of DM, eventually leading to irreversible lesions that severely harm the patient’s physical health, affecting their normal life and work. It becomes a major cause of chronic kidney disease, end-stage renal disease (ESRD), and cardiovascular events (10, 11).

With the swift increase of DM cases, aging populations, and improvements in life quality, the incidence of DN in the elderly continues to rise (12), accounting for 46% of elderly diseases (13) and becoming a significant global health issue, thereby exacerbating the burden on societal, economic, and medical systems (14).

The onset of DN is insidious, and once it progresses to the stage of significant proteinuria, its progression speed to ESRD is approximately 14 times that of other renal diseases (15), becoming the leading cause of ESRD among middle-aged and elderly people in China. As the elderly experience physiological decline and weakened defense mechanisms, elderly DN patients present heterogeneity in clinical characteristics, blood glucose control targets, and choices of hypoglycemic agents. Thus, implementing effective intervention measures to delay renal disease progression is vital, and optimizing treatment outcomes is crucial.

Modern medical treatment of DN is predominantly symptomatic and lacks specificity and efficacy (16). On the other hand, TCM, grounded in a holistic approach, employs Chinese patent medicine, herbal compound formulas, and external therapies, offering individualized, multi-targeted, multi-pathway treatments. It exerts anti-inflammatory, antioxidative, and anti-apoptotic effects (17), inhibiting glomerular hypertrophy and sclerosis, protecting podocytes, delaying interstitial fibrosis, reducing proteinuria, creatinine, and urea nitrogen (18–20), improving clinical symptoms, delaying renal disease progression, and even reversing early DN (21). It has proven effective in enhancing patient quality of life and reducing the incidence of endpoint events (22), and with its stable efficacy, minimal side effects, and affordability (23), it plays a pivotal role in DN prevention and treatment (24).

Traditional Chinese Medicine (TCM) treatment emphasizes a holistic approach, offering personalized therapies based on the patient’s condition, medical history, psychological state, and environmental factors, aiming to improve the patient’s physical and mental imbalances and promote recovery from diseases. The clinical efficacy evaluation in TCM is based on a holistic view of the health state adjustment effect, encompassing comprehensive assessments including Western medicine efficacy, TCM syndrome efficacy, quality of life, patient-reported outcomes (PRO), and clinician-reported outcomes (CRO). It utilizes the TCM way of thinking, applying evidence-based medicine, epidemiology, and other modern clinical research methodologies to standardize and quantify the information obtained from the four TCM diagnostic methods, thereby forming an integrated evaluation system. This system provides objective efficacy feedback for TCM clinical practice (25).

Various clinical efficacy trials on Chinese patent medicines and herbal compound formulas for DN treatment have been conducted in clinical and scientific research work, and numerous systematic reviews and Meta-analyses have been published. However, the overall clinical evidence for DN treatment with different TCM classification measures is still unclear.

As a novel method of evidence integration, evidence mapping systematically combs through and comprehensively analyzes research in the concerned field, presenting evidence, advancements, and shortcomings of this research domain in a thorough, multi-dimensional manner (26, 27). It enhances the effectiveness and practicality of related research and optimizes scientific research resource allocation (28, 29). This study adopts an evidence map in a textual and graphical format to visualize the evidence distribution in the field of TCM treating DN (30), clarifying existing issues in current research, further refining the evidence system, and aiming to pinpoint directions for subsequent research.




2 Materials and methods



2.1 Search strategy

A systematic search was conducted across various databases: China National Knowledge Infrastructure (CNKI), WanFang, VIP Database, SinoMed, The Cochrane Library, EMbase, Web of Science, and PubMed to procure both Chinese and English literature regarding TCM in treating DN.

DN has always been a widely focused area with numerous related studies. Since 2016, there has been an increased attention towards the treatment of DN, particularly in the context of TCM. Therefore, we chose to start our search from that year. This strategy allowed us to select a significant number of recent and relevant publications, specifically focusing on the research of TCM treatments for DN from January 2016 to May 2023. This approach provides a comprehensive reference for future studies in this field.

Literature retrieval primarily combined subject words and free words, utilizing the following search strategy: TS=((“Diabetic Nephropathies”[MeSH Terms] OR “diabetic nephropathy”[Title/Abstract] OR “diabetic kidney disease”[Title/Abstract] OR “diabetic kidney diseases”[Title/Abstract] OR “diabetic glomerulosclerosis”[Title/Abstract]) AND (“medicine, Chinese traditional”[MeSH Terms] OR “traditional Chinese medicine”[Title/Abstract] OR “Chinese traditional medicine”[Title/Abstract] OR “zhong yi xue”[Title/Abstract] OR “acupuncture”[Title/Abstract] OR “herbal medicine”[Title/Abstract] OR “Chinese patent medicines”[Title/Abstract])).In addition to these sources, grey literature was also within the scope of the search, acknowledging its potential to offer unique and valuable perspectives not found in the indexed literature.




2.2 Inclusion criteria



2.2.1 Type of studies

Randomized controlled trials (RCTs), systematic reviews and and meta-analyses involving TCM treatment for DN.




2.2.2 Study participants

Individuals who meet the diagnostic criteria for DN are eligible for inclusion, without any limitations based on age, gender, or disease duration.




2.2.3 Interventions

The treatment group received various forms of TCM interventions, including decoctions, patent Chinese medicines, acupuncture, acupoint sticking, Chinese medicine enemas, integrated TCM nursing care, and exercise therapy, either alone or in combination with standard treatment. The control group was subject to blank control, placebo control, or conventional Western medicine treatments.





2.3 Exclusion criteria

Excluded were duplicated publications, articles for which the full text could not be retrieved, and studies with incomplete data, as well as literature reviews, experimental studies, experience reports, and other types of clinical research.




2.4 Literature selection and data extraction

Three researchers participated in screening literature and extracting data with cross-verification. Initially, a preliminary screening was conducted on 50 articles, with formal screening proceeding after standardizing the selection criteria. In cases of disagreement, consensus was sought through team discussion or consultation with a third-party researcher.

NoteExpress, a software tool which integrates knowledge collection, management, and application for literature retrieval and management, was used to identify and reject duplications, as well as to consolidate literature information from different databases for summary analysis (31). First, import the retrieved records into NoteExpress and delete duplicates; then, read the titles and abstracts to exclude literature that does not meet the inclusion criteria; finally, read the full texts of the remaining potentially eligible literature to determine the final inclusion, and carry out data extraction. Information from the literature is extracted using a standardized information extraction form, including publication information, study type, grouping method, disease classification, sample size, duration of treatment, Traditional Chinese Medicine (TCM) syndrome patterns, intervention measures, outcome indicators, and efficacy.




2.5 Data analysis

Research results are presented through textual descriptions complemented by various forms of graphical data representation, such as tables, line charts, bar graphs, histograms, and bubble charts, to vividly display the distribution and status of key evidence, enhancing readability and facilitating understanding and utilization of evidence (32, 33).

Specifically, line charts represent publication trends; tables display sample size, disease staging, and indicator classification; pie charts exhibit the proportions of TCM syndromes and intervention categories; histograms indicate intervention duration; and heat maps and bubble charts describe evidence distribution, clearly illustrating the quality, sample size, and intervention actions or relationships between multiple variables in included studies on a single three-dimensional graph.




2.6 Methodological quality assessment

The included RCTs are assessed for methodological quality using the Cochrane Risk of Bias assessment tool, which encompasses the following main aspects: generation of the random sequence; allocation concealment; blinding of participants and personnel; blinding of outcome assessment; completeness of outcome data; selective reporting of study results; and other potential biases. Each of the studies included is evaluated on these seven criteria to determine whether they pose a high risk, unclear risk, or low risk of bias.The AMSTAR (Assessment of Multiple Systematic Reviews) tool was employed to evaluate methodological quality and assess control for bias in the included studies (34), encompassing 11 items, such as provision of an a priori design and comprehensive search strategy. Each item is scored as “yes” (1 point), “no,” “unclear,” or “not applicable” (0 points) according to its criteria, with total scores higher indicating superior methodological quality.

The clinical efficacy in systematic reviews is categorized as follows: “Evidence Uncertain” refers to cases where similar systematic review results are contentious, or the authors consider the conclusions insufficient to constitute definite evidence; “Evidence of No Effect” indicates that the TCM treatment group’s efficacy was equivalent to or worse than the control group; “Evidence of Potential Efficacy” refers to systematic review results demonstrating efficacy but lacking sufficient evidence for a definitive conclusion; and “Evidence of Efficacy” refers to statistically significant efficacy in TCM treatment, with authors expressing no doubt and recommending the method (35).





3 Results



3.1 Literature search

A preliminary search of Chinese and English databases yielded 15,943 articles, of which a total of 2,036 were eventually included. This encompassed 1,926 clinical RCTs and 110 systematic reviews/Meta-analyses. The literature screening process is depicted in Figure 1.




Figure 1 | Flow diagram representing the process of literature screening.






3.2 Publication trends

An analysis of 2,036 RCTs and systematic reviews/Meta-analyses on the prevention and treatment of diabetic nephropathy with traditional Chinese medicine, published from January 2016 to May 2023, reveals a generally steady trend in the number of publications. This suggests that traditional Chinese medicine therapies for diabetic nephropathy have consistently attracted widespread attention in recent years, as shown in Figure 2.




Figure 2 | Annual trends in the clinical research literature.






3.3 Characteristics of study population



3.3.1 Staging of diabetic nephropathy

In this study, the staging of included studies was categorized according to the Mogensen staging criteria. When the staging of the study subjects was not explicitly stated in the literature, it was defined as “not stated”. Among them, clinical studies involving patients at stage III of DN were the most numerous, totaling 823 articles, the staging of patients from a total of 466 studies was unclear, as shown in Table 1.


Table 1 | Staging of subjects.






3.3.2 TCM syndromes

This study, referencing the “Guidelines for TCM Prevention and Treatment of Diabetic Nephropathy (2011)” (36) and the “Guideline for the Diagnosis and Treatment of Diabetic Nephropathy Integrating Disease with Syndrome” (37), categorized TCM syndromes from the included RCTs. A total of 1,165 studies explicitly specified the TCM syndromes of the study population, with Qi-Yin deficiency syndrome being the most prevalent, as depicted in Figure 3.




Figure 3 | TCM syndrome types in the study subjects.






3.3.3 Sample size

Within the included RCTs, the largest sample size accounted for 1,660 participants, while the smallest encompassed 20. Studies with a participant number ranging from 60 to 100 were the most abundant, constituting 65% of the research, as presented in Table 2.


Table 2 | Sample size.







3.4 Treatment regimens and intervention duration



3.4.1 Treatment regimens

TCM intervention measures mainly include nine categories: herbal decoctions, patent medicines, comprehensive TCM care (including diagnostic treatments, diet, emotion management, etc.), acupuncture, acupoint application, herbal enemas, TCM exercise therapy, combination therapies, and other methods (such as acupoint massage, herbal ion introduction, fumigation, foot baths, etc.).

	Herbal Decoctions: 1322 articles (68.74%), highest proportion.

	Patent Medicines: 356 articles.

	Combination Therapies: 125 articles.

	TCM Care: 68 articles.

	Herbal Enemas: 22 articles.

	Others: 11 articles.

	Acupuncture: 12 articles.

	Acupoint Application: 9 articles.



TCM Exercise Therapy: Only 1 article, least proportion. Refer to Figure 4.




Figure 4 | Distribution map of intervention measures categories in RCTs.



Analyzing the 1926 articles evaluating clinical TCM regimens for DN, 1272 articles (66.04%) utilized TCM diagnostic principles. These either set patients with specific diagnostic patterns as research subjects or provided different interventions or prescription modifications based on varying symptom manifestations. Herbal decoction RCTs mainly used custom prescriptions, focusing on strengthening the spleen and kidneys, nourishing Qi and Yin, and promoting blood circulation. Research on several formulas such as “Yi Qi Yang Yin Huo Xue Fang,” “Yi Shen Huo Xue Tang,” “Yi Qi Huo Xue Tang,” “Tang Shen Fang,” and “Jian Pi Gu Shen Hua Yu Fang” all exceeded 15 items. Studies on decoctions involve 64 classic formulas, with the top 7 most frequently used being “Shen Qi Di Huang Tang,” “Zhen Wu Tang,” “Liu Wei Di Huang Tang,” “Bu Yang Huan Wu Tang,” “Dang Gui Bu Xue Tang,” “Ji Sheng Shen Qi Wan,” and “San Ren Tang.”

Patent medicine studies included oral preparations and herbal injections. Research articles exceeding 5 for specific drugs included 11 oral medications like “Huang Kui Capsules,” “Jin Shui Bao,” “Bai Ling Capsules,” “Dan Hirudo Hypoglycemic Capsules,” and 3 injections: “Huang Qi Injection,” “Shen Kang Injection,” “Dan Shen Injection.” The basic information on the composition and efficacy of herbal decoctions and patent medicines is presented in Supplementary Tables 1, 2.

Combination therapy regimens involved patent medicines combined with decoctions, oral TCM combined with acupuncture or enemas, and comprehensive TCM care combined with other interventions. TCM exercise therapy included “Ba Duan Jin” and “Hu Shen Cao.” Acupuncture treatments embraced conventional needling, moxibustion, and thread embedding, while acupoint application included ear-seed application and herbal acupoint application. Other methods encompassed fumigation, medicinal baths, sealing packages, and soaking, among others.




3.4.2 Intervention duration

The statistical results reveal that the treatment durations are primarily concentrated at 8 weeks and 12 weeks, with 562 and 658 instances respectively. This may be related to the fact that many of the included studies focused on stages III-IV of the disease, and longer intervention durations can be challenging for patients to adhere to. There are 105 studies with an intervention time exceeding six months. See Figure 5 for details.




Figure 5 | Courses of the TCM control programmes.







3.5 Outcome indicators

Research into the therapeutic effects of TCM on DN predominantly utilizes nine categories for evaluating efficacy: ① Clinical effectiveness rate; ② Symptoms and signs, including improvements in clinical symptoms and TCM syndromes; ③ Biophysical examinations, including urine protein, kidney function, renal injury markers, blood pressure, blood sugar, blood lipids, inflammatory factors, coagulation function, hemorheology, endothelial markers, oxidative stress markers, renal fibrosis markers, immune function, and ultrasound imaging; ④ Safety indicators such as routine blood tests, electrocardiograms, and adverse reactions; ⑤ Quality of life and psychological state, using SF-36 life quality score, DQOL (specific life quality scale), SAS (self-rating anxiety scale), and SDS (self-rating depression scale); ⑥ Disease progression and prognosis, focusing on kidney function progression and endpoint event rates; ⑦ Economic indicators, including hospitalization duration and costs; ⑧ Reduction of Western medicine usage; and ⑨ Others, such as treatment satisfaction and compliance.

Bubble chart results reveal that RCTs for DN interventions using herbal decoctions pay significant attention to clinical effectiveness rates, TCM syndromes, blood sugar, urine protein, and kidney function indicators, while less emphasis is placed on renal hemodynamics, quality of life, Western medicine usage, and disease progression (Figure 6).




Figure 6 | Evidence distribution of outcome indicators of herbal decoctions in treating DN.The x-axis represents the outcome indicator, the y-axis represents the name of the decoction, and the number in the circle represents the number of literature evaluating the outcome indicators of the party.



Clinical research on patent Chinese medicines for DN treatment generally focuses more on clinical effectiveness rates, TCM syndromes, blood sugar, urine protein, kidney function, and safety indicators, and less on symptom improvement, renal hemodynamics, quality of life, Western medicine usage, and disease progression (Figure 7).




Figure 7 | Evidence distribution of outcome indicators of Chinese patent medicines in treating DN.The x-axis represents the outcome indicator, the y-axis represents the name of the drug, and the number in the circle represents the number of literature evaluating the outcome indicators of the party.



Both primarily focus on clinical effectiveness rates and biophysical indicators, wherein clinical effectiveness rates amalgamate evaluations of biophysical objective indicators with subjective indicators reflecting symptom improvement, effectively providing a comprehensive clinical efficacy evaluation.

Although TCM treatment for DN has significant advantages in improving renal function and clinical symptoms, differences in outcomes between studies exist, potentially related to treatment duration, medication dosage, dosage form, and individual differences. The dosage of the prescription directly affects the clinical efficacy of TCM, with the same medicinal composition having vastly different effects due to dosage variations; even a single herb in a formula can have significantly different effects depending on its dosage (38). The clinical efficacy of medicines also varies depending on the method of preparation. Differences in treatment duration across studies can introduce measurement bias. The selection of outcome indicators is influenced by subjective factors of both researchers and subjects, posing a risk of not fully objectively reflecting clinical efficacy; furthermore, the outcome indicators selected in the included literature are not entirely the same, leading to publication bias, potential reporting, and missing data issues (39). These factors may all contribute to heterogeneity in results, affecting the scientific validity of the research. Future studies should consider multiple influencing factors and include more literature for subgroup analysis among multiple groups to reduce heterogeneity between studies, aiming for a more objective evaluation of the clinical efficacy of TCM treatment for DN.




3.6 Methodological quality assessment

Among the 1,926 RCTs included, approximately 59% employed reasonably sound random allocation methods, classified as low bias risk. These methods included the use of random number tables, Excel rand functions, and SPSS random grouping. The remaining studies merely mentioned randomization without detailing the specific plan, thus the risk of bias was unclear. Only 27 articles used envelope concealing schemes, considered to be at low risk of bias; the rest did not describe any concealing scheme. Thirty-eight articles detailed specific blinding procedures, two studies were non-blinded, evaluated as high risk of bias, while the others did not specify any blinding methods. Regarding data integrity, about 10% of the studies reported cases of loss to follow-up, dropout, and other similar issues, indicating low risk of bias. All studies reported outcome assessment indicators listed in the study methods, without clear mention of other potential biases (Figure 8). The overall quality of the included literature was not high, and while the integrity of result data was relatively satisfactory, most studies did not mention allocation concealment, implementation of blinding, evaluation of blinding, or other bias situations, indicating a large number of studies with unknown bias risks. Therefore, further standardization of RCT designs for TCM treatment of DN is required to provide high-quality trial data for clinical use.




Figure 8 | Bias analysis of RCTs on traditional Chinese medicine in treatment of DN.



In this study, a total of 110 Systematic reviews/Meta analyses were included, based on the types of TCM interventions. These encompassed: 49 articles on herbal decoctions; 32 articles on oral and injectable patent medicines; 9 articles on compound preparations of Chinese medicines; 6 articles on non-pharmacologic therapies (enemas, acupuncture, acupoint patching); and 14 articles on comprehensive TCM therapies. Evaluating the methodological quality of the included studies revealed that none of them provided a complete list of included and excluded literature. There were 93 articles that did not provide preliminary design schemes; 18 articles exhibited a lack of redundancy in data extraction; 87 articles did not consider the retrieval and inclusion of grey literature; 27 study reports did not evaluate the possibility of publication bias; and 89 study reports did not provide declarations of conflict of interest (Figure 9).




Figure 9 | Distribution of evaluation items for Systematic reviews/Meta analyses.



The bubble chart (Figure 10) results show that among the included literature quality scores, 2 articles scored 10 and 4 articles scored 9, classified as high-quality literature; 1 article scored 4, considered low-quality; articles scoring between 5 and 8 were of medium quality, with 70% of the studies scoring between 7 and 8. The overall methodological quality assessment of the included studies was relatively low, primarily due to: the lack of pre-study protocol development and registration, which could lead to reporting bias; failure to provide excluded literature, reducing the rigor of the research; incomplete literature searches, not clarifying research-related conflicts of interest, decreasing the credibility of the research, and leading to potential publication bias. The majority of conclusions suggested potential efficacy, with 14 articles showing effectiveness and 2 articles showing unclear efficacy, with no conclusions indicating ineffectiveness. In summary, most systematic reviews/meta-analyses included original research of limited quality and quantity, with methodological flaws, failing to reach definitive conclusions on long-term efficacy. Future research should focus on the registration of study protocols, supplement searches in professional databases and grey literature, standardize research processes, and improve research quality to increase the credibility of the study conclusions, providing stronger support for evidence-based conclusions.




Figure 10 | Methodological quality evaluation of Systematic reviews/Meta analyses.



The x-axis represents the evaluation items, and the y- axis represents the intervention measures of TCM. The change in color of “blue-white-red” represents the number of research literature from low to high, and the number represents the corresponding number of literature.

The x-axis represents the intervention measures, the y-axis represents the methodological quality score, the size of the circle represents the number of included literature, and different colors represent different efficacy conclusions.Red indicates evidence of potential evidence of Systematic reviews/Meta analyses, yellow indicates effective evidence of Systematic reviews/Meta analyses, blue indicates unclear evidence of Systematic reviews/Meta analyses.





4 Discussion

This investigation provides a comprehensive review of clinical RCTs and systematic reviews/meta-analyses of TCM in treating DN since 2016. Through evidence mapping, data on publication trends, preventive measures, and outcome measures, among other factors, were analyzed and presented. The intent is to encapsulate the current state of TCM research in treating DN, offering insights for the future design and optimization of clinical studies in TCM. The primary observations based on the current evidence are as follows:



4.1 Quality of clinical RCTs needs enhancement

While a considerable number of RCTs have been executed, nearly 65% of these studies possess a small sample size, mainly ranging between 60 to 100 participants. The typical treatment duration lies between 12 to 24 weeks, indicating a relatively brief intervention period. As a consequence, the long-term efficacy of TCM might not be sufficiently demonstrated or even discerned (40). Continuous outcome assessment studies across various stages of DN are of pressing importance. All examined studies referenced random grouping, yet half of the RCTs did not clarify the specific randomization methods. Of the 1,150 studies that described randomization methods, a significant majority didn’t report the rationale for their sample size determination. They also neglected to describe aspects like allocation concealment, blinding settings, or drop-outs. Such design deficiencies might introduce bias, possibly affecting the reliability of the study findings (41). Thus, future research endeavors should lean towards more extensive, double-blind RCTs with prolonged follow-up durations. Adhering to proper trial design and aligning with the CONSORT statement (42) will facilitate the provision of substantial evidence-based information for clinical practice.




4.2 Precision in disease staging is imperative

Approximately 76% of the included studies specified staging criteria, encompassing the Mogensen stages and the GA staging standards released by the Kidney Disease: Improving Global Outcomes (KDIGO) in 2012 (43). However, there is a noticeable absence of a unified staging standard.DN’s prevention and treatment follow a continuous trajectory. Accurate staging enables crafting interventions aligned with the condition’s severity. Ambiguities in disease staging can potentially usher in overtreatment or undertreatment scenarios, compromising drug efficacy. Such inconsistencies present hurdles for future guideline formations, consensus development, and their subsequent influence on clinical practices.

Nearly 20% of the RCTs confined their subjects to patients across multiple disease phases but refrained from basing their efficacy analyses on these stages. Such an approach might cause the study results not to mirror the disease’s severity or the therapeutic efficacy accurately (44). Studies that amalgamate patients across different stages can be counterproductive when merging data for meta-analyses, creating avenues for heterogeneity (45, 46).

Given the swift progression of DN, varying diagnostic markers emerge at different disease stages. Distinct differences in the degree of target organ damages, symptom complexities, and therapeutic objectives are observed. As such, consistent staging principles and therapeutic strategies become vital. These can effectively guide and standardize clinical practices, aiming to hone the therapeutic efficacy of TCM in addressing DN (47).




4.3 The Diagnostic and therapeutic philosophy of TCM must be fully emphasized

The principle of “Bian Zheng Lun Zhi”–which involves diagnosis and treatment based on an individual’s specific symptoms and signs – embodies the essence of TCM. This approach integrates and analyses the symptoms and signs gathered through the four diagnostic methods: inspection, listening and smelling, inquiry, and palpation. A treatment strategy is then determined based on the identified syndrome pattern (48, 49). In this context, depending on the patient’s constitution and disease stage, different treatments might be prescribed for the same disease with different syndrome types, or for different diseases with the same syndrome type, showcasing the uniqueness and strength of individualized treatment in TCM (50, 51). The syndrome, pivotal to this process, links the diagnosis and treatment and serves as a key aspect in integrating disease patterns with symptomatology (52).

However, in the included RCTs, 40% did not specify the TCM syndrome type for the study participants, and about 53% did not use TCM disease and syndrome indicators as outcomes to evaluate clinical efficacy. Currently, multiple classifications exist for diagnosing diabetic nephropathy in TCM, and there’s a lack of uniform diagnostic criteria and objective evaluation indicators, limiting the comparability and reproducibility of TCM syndrome-specific treatments. Future research should prioritize the identification and assessment of TCM syndromes, while also refining integrated treatment strategies that combine both Western and traditional Chinese medicine.

Research (53) suggests that an integrated model, which combines macro-level syndrome differentiation with micro-level indicators, offers a precise and effective method for TCM treatment of diabetic nephropathy. This model enables accurate diagnosis of the disease and syndrome-targeted treatment. Therefore, subsequent studies should leverage systems biology to explore the common material basis at structural or functional levels in both TCM and Western medicine (54). This can help in optimizing the syndrome scale, elucidating the essence of syndromes, and laying the foundation for an integrated diagnostic and therapeutic approach to diabetic nephropathy.




4.4 Challenges and advancements in the early diagnosis of DN and evaluation of TCM symptomatology

Effective early intervention strategies are pivotal to mitigating the risk of adverse outcomes and the associated disease costs, with timely diagnosis being paramount. Extensive research and clinical evidence underscore the challenges in early diagnosis of DN. Commonly utilized markers, such as the urine albumin-to-creatinine ratio, can be greatly influenced by factors like exercise and fever, and exhibit considerable inter-individual variability (55). These markers often lack specificity and sensitivity (56, 57). Moreover, DN’s onset can be insidious; by the time these markers decline, optimal intervention opportunities may have been missed (58). Notably, tubular damage is present in the early stages of DN and closely aligns with disease progression (59, 60). This damage serves as an indicator for early detection and monitoring of DN progression. Recent years have witnessed a surge in studies on biomarkers for early DN, but many such studies have small sample sizes, are cross-sectional in nature, or show limited results due to decomposition factors affecting the detection of urinary neutrophil gelatinase-associated lipocalin (NGAL) and kidney injury molecule-1 (KIM-1) at times of tubular injury (61). Therefore, larger prospective clinical trials are essential to further evaluate their predictive value, aiming to identify sensitive and reliable predictors, providing a window for early intervention and averting or delaying the onset of irreversible complications, thereby minimizing severe cardiac and renal morbidity and mortality (62).

Furthermore, although efficacy rates and TCM symptom scores originate from roughly the same sources, the specific standards set differ, leading to underutilization of the data. TCM symptomatology, unique to Chinese medicine, is based on a four-diagnosis symptom scale, reflecting changes in symptomology and signs constituting the syndrome before and after treatment. Despite widespread use, several shortcomings exist in the evaluation methods for TCM efficacy. There lacks a unified standard for its connotation and assessment, often focusing solely on primary symptoms of a syndrome type without distinguishing between subjective and objective content. This can undermine the content validity of evaluations. Assessments are also prone to observer bias, compromising test-retest reliability.




4.5 Outcome indicators should be more representative

In current research, the utilization of efficacy rates, renal function, and blood glucose markers exceeds 50%. However, key outcome indicators, such as renal injury biomarkers, quality of life, economic evaluations, and clinically relevant outcomes, have been under-emphasized.

DN is a progressive renal disease characterized by recurrent symptoms and prolonged treatment cycles. Economic considerations are increasingly recognized in evaluating its therapeutic outcomes. As the disease progresses, patients experience a decline in quality of life (63) and see a significant surge in healthcare costs and disease burden (64). Inadequate treatment can lead to renal insufficiency, advancing to end-stage renal disease, which in turn escalates the risks of cardiovascular complications, renal failure, and mortality (65). Hemodialysis, the primary treatment in this stage, effectively prolongs patient survival but demands high patient compliance and incurs substantial costs. Additionally, patients frequently experience psychological issues like depression and anxiety, severely affecting prognosis and quality of life (66). Health economic evaluations are a crucial aspect of national health insurance reform policies (67). Incorporating health economic indicators in clinical research assists clinicians in making informed clinical decisions and aids patients in selecting the most appropriate treatment modalities (68).

In treating DN, TCM primarily emphasizes delaying renal failure and gives priority to clinical outcome assessments over merely relying on biochemical markers. Long-term therapeutic outcomes are its crucial evaluation metrics. Most RCTs focus on Stage III patients, who typically show minimal symptoms, incur lower treatment costs, maintain stable quality of life, and participate in short-term clinical trials. Rarely do these studies focus on long-term clinical endpoint events, necessitating extended follow-ups to gauge patients’ life quality. Such outcome deficiencies can impact the evaluation of the long-term effects of herbal medicines and the reliability of research findings, hindering a comprehensive assessment of TCM’s advantages in treating DN. To better evaluate the efficacy and reliability of TCM in treating DN, future research should establish a core outcome set for DN (69), select more representative evaluation indicators, and place greater emphasis on patient quality of life, economic conditions, and endpoint outcomes. This approach will allow a more holistic assessment of drug clinical efficacy and safety.





5 Limitations and future perspectives

For the first time, this study employs an evidence map to elucidate and showcase the current state of systematic reviews/meta-analyses and clinical research on TCM treatments for DN. The findings indicate that TCM holds certain advantages in the treatment of diabetic nephropathy. However, there remains room for improvement in our research.

This search was limited to Chinese and English databases post-2016, leading to a single study type and somewhat restricted evidence. Future endeavors could encompass a broader range of databases, clinical trial registries, and web sources, with periodic updates to research data. The overwhelming majority of studies included were conducted in China, thus limiting the generalizability of the results. The quality of evidence from original studies was not thoroughly evaluated, posing a risk of an incomplete evidence distribution assessment. During literature screening, we noted instances of split publishing of research findings, which could potentially influence aggregate results. There was variability in the types of medications, dosages, and treatment durations for each intervention, which introduces some limitations to the applicability of the study outcomes.

In recent years, there has been a rising incidence of DN, and consequently, the rate of ESRD has been increasing (70). It is projected that by 2030, the global demand for hemodialysis and kidney transplantation will double, placing substantial strain on healthcare systems (71). Therefore, effective prevention of DN onset, slowing the progression of renal function decline, reducing the incidence of endpoint events, improving the quality of life for dialysis patients, decreasing cardiovascular event rates, and harnessing the significant therapeutic advantages of TCM in DN prevention, progression, and comprehensive treatment are pressing issues that need to be addressed in the clinical management of DN.




6 Conclusion

Future research should focus on addressing the limitations identified, with a particular emphasis on the clinical challenges associated with DN. There is a critical need for conducting high-quality clinical trials that enhance the credibility of evidence for practical application. Establishing clinically relevant, standardized outcome measures is essential, incorporating multiple indicators for a comprehensive assessment of efficacy. Integrating the TCM concepts of disease and symptom patterns can significantly improve the practicality and research potential of therapeutic evaluation metrics.

A crucial element in clinical research involves leveraging emerging evidence-based medicine and clinical research techniques for indicator selection. This process should account for the disease characteristics, study objectives, and intervention properties while fostering innovation, practicality, sensitivity, and specificity. The adoption of sensitive measurement time points aims to identify indicator patterns and systems that resonate with TCM’s core principles. The development of a Core Outcome Set for TCM Treatment of DN (CMOS) intends to offer a standardized set of essential indicators for trial reporting. This initiative will not only facilitate study comparisons and result integration but also mitigate the heterogeneity in outcome indicators across similar studies, thereby enhancing the utility of research evaluation metrics and the overall value of research outcomes.

Incorporating advanced techniques such as genomics and bioinformatics into TCM research represents a significant step forward. This approach not only modernizes TCM research but also provides insights into the active components, their target actions, and the underlying molecular mechanisms of TCM treatments. Integrating these precision tools can refine the accuracy and effectiveness of TCM interventions. Embracing real-world evidence and adopting proven evaluation methodologies will strengthen the evidence base, enriching the TCM therapeutic arsenal for managing diabetic renal diseases.

Ultimately, the goal is to elevate the scientific validity and efficacy profile of TCM through evidence-based clinical research. By embracing these strategies, future research can overcome existing hurdles and unlock new possibilities for the effective treatment of DN, ensuring that TCM’s rich heritage is harnessed to meet contemporary healthcare needs.
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Background

Coronary artery disease (CAD) is a common complication of Type 2 diabetes mellitus (T2DM). Understanding the pathogenesis of this complication is essential in both diagnosis and management. Thus, this study aimed to characterize the presence of CAD in T2DM using molecular markers and pathway analyses.





Methods

The study is a sex- and age-frequency matched case-control design comparing 23 unrelated adult Filipinos with T2DM-CAD to 23 controls (DM with CAD). Healthy controls served as a reference. Total RNA from peripheral blood mononuclear cells (PBMCs) underwent whole transcriptomic profiling using the Illumina HumanHT-12 v4.0 expression beadchip. Differential gene expression with gene ontogeny analyses was performed, with supporting correlational analyses using weighted correlation network analysis (WGCNA).





Results

The study observed that 458 genes were differentially expressed between T2DM with and without CAD (FDR<0.05). The 5 top genes the transcription factor 3 (TCF3), allograft inflammatory factor 1 (AIF1), nuclear factor, interleukin 3 regulated (NFIL3), paired immunoglobulin-like type 2 receptor alpha (PILRA), and cytoskeleton-associated protein 4 (CKAP4) with AUCs >89%. Pathway analyses show differences in innate immunity activity, which centers on the myelocytic (neutrophilic/monocytic) theme. SNP-module analyses point to a possible causal dysfunction in innate immunity that triggers the CAD injury in T2DM.





Conclusion

The study findings indicate the involvement of innate immunity in the development of T2DM-CAD, and potential immunity markers can reflect the occurrence of this injury. Further studies can verify the mechanistic hypothesis and use of the markers.





Keywords: type 2 diabetes mellitus, coronary artery disease, transcriptomics, differential gene expression, pathway analysis




1 Introduction

It is widely accepted that Type 2 diabetes mellitus (T2DM) increases the likelihood of developing coronary artery disease (CAD) (1), which leads to a medical condition termed diabetic CAD (DM-CAD). Separately, T2DM and CAD are significant global concerns affecting individuals of all ethnicities and geographic locations (2). Unfortunately, the interaction between T2DM and CAD results in excessive morbidity and mortality, wherein 75% of T2DM patients die due to CAD.

Despite the advancements in intervention devices and medications, T2DM-CAD remains a clinical conundrum. This warrants further investigation of its molecular mechanisms that can yield novel perspectives that may improve the management of T2DM CAD. As people with diabetes have different susceptibility to CAD, several studies have shown genetic differences (3, 4). This is important as pathogenesis and subsequent management diverge significantly from other T2DM patients and CAD-related injuries due to other causes, such as primary hypertension or degenerative changes (2, 5). DM-related CAD usually manifests early in life, involving diffuse lesions with more involved major coronary vessels. In a recent study, for example, blood triglyceride levels (6) and nutritional interventions (7) seem to affect DM-CAD more than nonDM-CAD in terms of clinical outcomes. This finding implies distinct mechanisms for DM-CAD compared to other risk factors.

Gene expression profiling, in particular, provided insights into which molecular pathways had been linked to the development of certain diseases, although recently more into oncology and drug discovery. However, most gene expression studies for T2DM only address the disease’s presence and rarely the specific complications. In addition to the mechanistic insights, whole transcriptome studies can lead to discoveries of molecular markers that can impact the diagnosis, prognosis, and monitoring of complications.

By performing whole transcriptome interrogation, the present study aimed to surmise molecular mechanisms associated with CAD in T2D, infer potential causal mechanisms, and determine molecular markers associated with the condition.




2 Materials and methods



2.1 Study design and patient recruitment

The study was implemented from March 2014 to December 2018 upon the approval of the Review Ethics Board of the University of the Philippines Manila (UPMREB-2012-0184-NIH). The study used an age- (within three years) and sex- frequency-matched case-control design comparing participants with T2DM with coronary artery disease to those without CAD. A reference comparator comprised a healthy control set without T2DM. Upon signing an informed consent from the Philippine General Hospital Medical Center, the study participants were enrolled in primary care clinics, communities, and hospitals within Metro Manila.




2.2 Inclusion and exclusion criteria

The main comparators will comprise adult (>18-year-old) participants with Filipino lineage up to the 3rd generation of ascendancy and are not related to at least three generations of consanguinity. There should be documented T2DM that satisfies the following criteria according to the American Diabetes Association (8): fasting blood sugar (FBS) ≥ 126 mg/dL or glycated hemoglobin (HbA1C) ≥ 6.5% or random blood sugar (RBS) ≥ 200 mg/dL with signs and symptoms of hyperglycemia or 2-hour post-75-gram oral anhydrous glucose tolerance test (2-hr. OGTT) ≥ 200 mg/dL.

The non-T2DM reference group is defined by the following criteria for non-diabetics by the presence of all the following: FBS < 100 mg/dL (5.6 mmol/L), 2-hr OGTT <140 mg/dL, HbA1c <6.5%, and no family history of diabetes mellitus within first-degree relatives. The reference group was age- and sex-matched with the comparator groups.

CAD was determined clinically by the presence of any of the following prior to or concurrent with the first diagnosis of T2DM: documented myocardial infarction (MI), typical angina (described to have at least one of the following symptoms based on the ACC/AHA/ACP-ASIM guidelines (9): retrosternal chest discomfort; localized pain in the epigastrium, back, neck, jaw, or shoulders; pain precipitated by exertion, eating, exposure to cold, or emotional stress, lasting for about 1-5 minutes and relieved by rest or nitroglycerin; or pain intensity that does not change with respiration, cough, or change in position); atypical angina with positive stress test; angiographic evidence of stenosis involving at least one large epicardial artery; or documented history of coronary artery revascularization or reperfusion therapy. Non-CAD controls should not have any of the above signs and symptoms despite having documented T2DM in the past 15 years.

The exclusion criteria include previous diagnosis with type 1 diabetes mellitus, current pregnancy or lactation, active alcohol abuse or illicit drug use within three months, malignancy with active systemic disease, and disease-free malignancy for less than five years.




2.3 Clinical data collection

If applicable, demographic data and clinical characteristics (diagnosis, comorbidities, medications taken, and available laboratory results) were obtained through interview and chart review. Laboratory tests and imaging include lipid profile (triglyceride, high-density lipoprotein, low-density lipoprotein, serum creatinine, aspartate aminotransferase, alanine transaminase, alkaline phosphatase, urine albumin-creatinine ratio, 12-lead electrocardiogram, fundoscopy, and ankle-brachial index.




2.4 Sample collection and processing

Within 2 hours of blood collection, peripheral blood mononuclear cells (PBMCs) from 4-ml blood samples were isolated using density gradient centrifugation through Lymphoprep (Stemcell Technologies, Vancouver, Canada). Using 1:1 dilution, the mixture was centrifuged at 800 g for 20 minutes at room temperature, with the Lymphoprep-plasma interphase retained, washed, and pelleted. Isolated PBMCs were resuspended in 0.5 ml Trizol, and temporarily stored at -80°C until RNA extraction, which is two weeks within the extraction. Total RNA was extracted from the PBMCs using QIAamp RNA Blood Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. Quantification and OD260/280 determination of total RNA from PBMCs were performed using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The quality of the total RNA in terms of RNA Integrity Number (RIN) was analyzed on the 2200 TapeStation (Agilent Technologies, Santa Clara, CA) system using the TapeStation RNA analysis kits. Typically, RIN scores remain ≥ 6 upon microarray processing, but some samples were not run due to the unavailability of tapes. All RNA samples had A260:280 at 2.00 to 2.20 before microarray processing.

Various studies have indicated that high-quality RNA samples can be extracted from PBMC samples stored at -80°C, even in different media (10–12), even up to 83 days from blood extraction (13). Data for Qiazol-resuspended PBMCs showed that quality is retained (RIN>7) regardless of whether the samples were stored in an RNA preservation agent or not.




2.5 Whole-genome expression profiling and microarray data processing

Whole genome gene expression profiling was performed following manufacturers’ protocols of two microarray platforms: (1) the Illumina DirectHyb HumanHT-12 v4.0 Expression Beadchip (Illumina, San Diego, CA, USA) comprising 47,231 oligonucleotide probes representing 34,602 genes and scanned on the Illumina HiScan System (RRID : SCR_020126). The raw gene expression data and initial pre-processing were acquired via GenomeStudio Software version 2011.1 (Illumina; RRID : SCR_010973). Data were normalized using quantile normalization.

All subsequent data processing and integration procedures were performed using R statistical programming language (version 3.5.1). To ensure uniformity of raw data pre-processing procedures between the two different platforms for each analysis, raw gene expression values from the Illumina platform were forced to be positive through an offset via the lumi package, subjected to quantile normalization using the preprocessCore package and log-transformed via the Biobase package and R default functions. Collapsing of probes with multiple gene targets and inter-platform normalization (i.e., removal of batch effects and preservation of variance due to affliction through designated “Batch” and “Affliction” parameter values for each sample) were performed using weighted gene correlation network analysis (WGCNA) (14) and the linear models for microarray data (limma) packages (15).




2.6 Differential gene expression

The gene expression datasets for the study were analyzed using the limma package in R [15; RRID : SCR_001905], explicitly computing for empirical Bayes t-statistics, B-statistics, and log2-fold change (logFC) to determine significant differences in gene expression. Differentially expressed genes were determined and ranked according to the Benjamini-Hochberg adjusted p-value with a set cutoff 0.05.

Overlapped differentially expressed genes (DEGs) were also determined in participants with T2DM with CAD compared with T2DM without CAD and healthy controls. The results were illustrated using the Venn diagram web tool of the VIB-UGent Center for Plant Systems Biology (http://bioinformatics.psb.ugent.be/webtools/Venn/; RRID : SCR_002083).

Supplemental statistical analysis was done using GraphPad Prism (version 8.4.2; GraphPad Software, La Jolla, CA, USA; RRID : SCR_002798) and STATA v14.2 (Stata Corp., College Station, TX; RRID : SCR_012763). Differences within multiple groups were analyzed using the non-parametric Kruskal-Wallis H test and posthoc analysis using Dunn’s multiple comparisons tests. Differences between the two groups were analyzed using the non-parametric Wilcoxon signed-rank test for paired data. In contrast, the non-parametric Mann-Whitney U test was used when comparing unpaired data. Finally, receiver operating characteristic curve (ROC) analysis evaluated the diagnostic potential of identified genes of interest, with genes with an area-under-the-curve (AUC) of >0.80 being considered to have favorable ROC statistics.




2.7 Weighted gene co-expression network analysis

Weighted gene co-expression network analysis (WGCNA, RRID : SCR_003302) was performed separately on the gene expression dataset using the WGCNA package in R (16). For each study, a scale-free topology network of genes was constructed by calculating the biweight mid-correlation between different pairs of genes in all samples (16). To calculate the adjacency matrix, the soft-thresholding power β of 8 was applied. The adjacency matrix was transformed into a topological overlap matrix, from which the dissimilarity values were used to construct the scale-free topology network. Gene modules from the resulting network were produced by setting the minimum module size to 30. Gene modules labeled with arbitrary colors were tested for association with CAD, complications of interest, and comorbidities based on the correlation between the module eigengenes and the traits mentioned above.

To facilitate a concise discussion of the findings for the gene modules, we will only be extensively discussing modules deemed to be of interest (from now on referred to as “top modules”). The top 5 modules of interest will be selected if they strongly correlate with the condition and are not significantly correlated with potential confounders such as age and sex. This will ensure that the gene modules are purely associated with the disease condition and not affected by the inherent biology of the individuals.




2.8 Gene ontogeny analysis

Candidate genes from the DGE overlap analysis and significant modules from WGCNA were characterized via functional enrichment analysis to identify likely molecular mechanisms. Gene lists were uploaded to the STRING 12.0 database (Search Tool for the Retrieval of Interacting Genes/Proteins; https://string-db.org; RRID : SCR_005223). A minimum required interaction score threshold of 0.7 for the significant modules was applied. Biological processes that the gene modules could be involved in were identified.




2.9 Module-SNP causation inference

To explore the potential causality of the modules, we utilized the findings of a related genotyping study within the research program in this project is included (unpublished results). The genotyping study aimed to identify single nucleotide polymorphisms (SNPs) associated with the same conditions, mainly utilizing the same recruited participants. With this analysis (from now on referred to as “module-SNP causation inference”), the potential causality of the module with the specific condition was deemed if several SNPs were commonly found enriched in a specific module.





3 Results and discussion

Understanding the pathogenesis of coronary artery disease (CAD) in type 2 diabetes mellitus (T2DM) is crucial in improving its clinical management, including treatment, diagnosis, and prevention. Thus, this study attempted to determine gene biomarkers and biological processes associated with this condition. It compared a group of T2DM with CAD (DMCAD, n=23) with two comparator groups of age- and sex-matched participants of T2DM without CAD (DMNoCAD, n=23) and without T2DM and no CAD (NoDMNoCAD, n=23). Due to the chronic nature of both T2DM and CAD and the inflammatory assumptions for atherosclerosis and CAD, the study used peripheral blood mononuclear cells (PBMCs) to reflect likely causal mechanisms and involved DM with a minimum of 15 years in duration.



3.1 Clinical data

Table 1 summarizes the clinical characteristics of the participants of this study. The mean age and sex frequency values of all the clinical groups were comparable. Expectedly, both diabetic groups exhibited a higher proportion of hypertension (p<0.001) and metabolic syndrome (p=0.036) compared with healthy individuals. LDL levels (p=0.012) were reduced in both diabetic groups, probably due to the intake of hypolipidemic agents. Glycated hemoglobin (HbA1c) levels were higher among people with diabetes but were not significantly different among the diabetic groups.


Table 1 | Clinical characteristics of participants of the CAD study.



A comparison with a CAD-only group is interesting in inferring differences with respect to the presence of T2DM, but is not the aim of the paper. However, such an approach may not be appropriate as the group is from a different source population, which is not the interest of the study. Nonetheless, the comparison to a CAD-only group might be interesting in future investigations. As a main principle in a case-control-designed study, the comparators must come from a common source population (17, 18). In this paper, the assumed source population is composed of subjects with T2DM, of which all subjects were selected. In effect, the assumption is that CAD occurs in the context of T2DM. The healthy group served as a reference for the normal gene expression (down- or upregulation).




3.2 Differentially expressed genes in T2M-CAD

Using differential gene expression analyses of PBMCs, 458 genes were differentially expressed between T2DM with and without CAD (Benjamini-Hochberg adjusted p value<0.05). For consideration for diagnostic marking, we presented the 5 top genes according to p-value (Table 2 and Figure 1). These include the transcription factor 3 (TCF3), allograft inflammatory factor 1 (AIF1), nuclear factor, interleukin 3 regulated (NFIL3), paired immunoglobulin-like type 2 receptor alpha (PILRA), and cytoskeleton-associated protein 4 (CKAP4). The gene expression levels of the top genes in the various groups were illustrated in Figures 1A–E with the corresponding receiver-operator curve analyses (Figures 1F–J). In DMCAD, expression levels of TCF3 (A, F) were lower while that of AIF1 (B, G), NFIL3 (C, H), PILRA (D, I), and CKAP4 (E, J) were higher compared with DMNoCAD and with NoDMNoCAD. Among the selected genes, TCF3 has the highest AUC (0.941 ± 0.03). Hence, it is interesting that the genes retained a solid statistical association that may warrant further research as potential biomarkers for diabetic CAD.


Table 2 | Top differentially expressed genes in T2DM with CAD versus those without CAD.






Figure 1 | TCF3, AIF1, NFIL3, PILRA and CKAP4 are potential biomarkers for T2DM CAD. In T2DM with CAD, expression levels of TCF3 (A, F) were higher while that of AIF1 (B, G), NFIL3 (C, H), PILRA (D, I) and CKAP4 (E, J) were lower compared with T2DM without CAD and with healthy controls. TCF3 displayed the highest diagnostic potential with the largest ROC-AUC in differentiating diabetic individuals with and without CAD. Significant differences in gene expression were determined through Kruskal Wallis test with posthoc Dunn’s multiple comparisons test: ***p<0.001.



To emphasize, the basis for the selection of the five expression markers is the p values based on the Benjamini-Hochberg multiple testing adjustment. These genes are just arbitrary representations to demonstrate the possibility of transcriptional marking, as well as secondary mechanistic inferences. In effect, the paper still recognized the whole transcriptome in its analyses to infer its main mechanistic insights.

The idea behind differential gene expression analyses of whole transcriptomes is that genes that are statistically different in expression be identified and interpreted biologically. Therefore, it is possible that genes that are typically expressed in PBMCs but are not differentially expressed will not come out as interesting. The findings of the top genes being not obviously related to immunity or inflammation make the present findings intriguing and suggest novel insights into the role of PBMCs in T2DM-associated CAD.

Taken together, the top genes still suggest an involvement of the immune response and reparative processes with the development of atherosclerosis, which may eventually progress to coronary artery disease. However, it has not yet been established how directly these genes are related to diabetic CAD, with causality being speculative and circumstantial. Nonetheless, the results are limited to the expression of the PBMCs, and data is biased toward immunity.

TCF3 has been reported to be a marker for CAD. It is best known to be the downstream repressor for the Wnt signaling implicated in cellular proliferation during development and repair processes (19). In particular, its involvement in intracellular signaling for T-cell development and its downregulation has been implicated (20). However, the role of TCF3 in B cell development is well known (21). its role in CAD seems to be a good point of interest.

AIF1 expression has been proposed as an indicator of activated macrophages (22). Cytokines and interferon activate it and may enhance macrophage activation and growth of blood vessel smooth muscle cells and T-lymphocytes. Macrophage activation is a critical step in the development and progression of inflammation, and macrophages are a primary biological component of atherosclerotic plaque and are present at all phases of atherogenesis, the process of atherosclerotic plaque formation that leads to CAD (23). In vivo, AIF1 is located in the same area as CD68+ macrophages in human arteries affected by atherosclerosis (24). Additionally, mice genetically modified to overproduce AIF1 in microparticles (25) or vascular smooth muscle cells (26) showed an increased risk of atherosclerosis. Shirai et al. (27) also uncovered the possibility that macrophages and elevated glucose uptake are related. Accordingly, macrophages ensconced in an arterial plaque displayed an increased glucose uptake that could cause the heart to become hyper-inflammatory. These findings imply that CAD may partly be induced by hyper-aggressive macrophages that gorge on glucose.

NFIL3, which is also referred to as the b-ZIP transcription repressor, E4-binding protein 4 (E4BP4), a protein that functions as a transcription regulator, which binds to activating transcription factor (ATF) sites found in various cellular and viral promoters as a homodimer. The expression of E4BP4 is primarily found in the liver and is just slightly present in the heart, lung, brain, spleen, and skeletal muscle of mice (28). What function E4BP4 performs in the heart, however, remains uncertain. Although no published studies explicitly associate E4BP4 with T2DM CAD, it was implicated in CAD. In a 2017 study that integrated five datasets of coronary heart disease, E4BP4 was among the top genes that were differentially expressed between patients and controls (29). These results indicate that E4BP4 may play a substantial role in coronary heart disease. Remarkably, as a protein wearing multiple hats, E4BP4 also plays a significant role in innate immunity, which is presumed to be linked to the development of CAD (30, 31). E4BP4 is required to grow NK cells and CD8a+ traditional dendritic cells. It also plays a role in macrophage activation, the polarization of CD4+ T cell responses, and B cell class switching to IgE, all of which can exacerbate or mitigate the atherogenic process and the onset of CAD.

Although the role of PILRα in diabetic CAD has not yet been established, it has been associated with immune activation. The PILRα gene, a cell surface receptor that detects particular O-glycosylated proteins, is present in various innate immune cells. In one study, it is implicated in the negative activation of neutrophils during inflammatory reactions (32) and in monocytic deposition (33). Emerging evidence suggests that neutrophils have a role in sterile inflammation, such as the formation of atherosclerosis, which contributes to CAD (34, 35). Neutrophils that have migrated out of blood vessels release a protein called Cramp, carried back across the endothelium, activating a receptor called formyl-peptide receptor 2, which subsequently activates a protein called β1/2 integrin and recruits inflammatory monocytes. This lends credence to the notion that neutrophils contribute to the emergence of inflammatory diseases (35). Moreover, PILRα is essential in regulating neutrophil recruitment during inflammatory responses by modulating the activation of integrins induced by chemical attractants (32). The ability of neutrophils to draw and direct inflammatory monocytes to regions of atherosclerosis underlies the probable relationship between neutrophils, their granule proteins, and the emergence of atherosclerosis. This is corroborated by the findings that in mice aorta samples, lowering neutrophil counts results in a decrease in monocytes/macrophages (36). Thus, the role of PILRα in downregulating myelocytic activity may confer risk to those with impaired genetic function.

CKAP4 (cytoskeleton-associated protein 4) is a type II transmembrane protein that is present in the endoplasmic reticulum and has been implicated as an interactor with the extracellular matrix and integrins by acting as a receptor for DKK1 (Dickkopf1) (37). Currently, no evidence shows a direct association between CKAP4 and T2DM-CAD. However, a study discovered that CKAP4 is intimately linked to the progression of atherosclerosis (38). CKAP4 suppresses the recycling of the α5β1 integrin, which is closely associated with atherosclerosis and is essential for the progression of the condition (37, 39). Therefore, CKAP4 may affect atherosclerosis via regulation of the α5β1 integrin, although further research is required to comprehend these findings fully.




3.3 Pathways analyses



3.3.1 Ontogeny analyses for differentially expressed genes

Using overlap analysis of differentially expressed genes from the comparator groups, we showed an enrichment of genes in innate immune system processes. Results show that most genes differentiate CAD from the DM condition (Figure 2). Overlapping differentially expressed genes that differentiate CAD from both NoCAD groups (DM and NoDM) revealed a 360-gene set that, on ontogeny analyses, suggests an implied theme on the myeloid and leukocytic component of the immune system. This is consistent with our inference on the role of innate and myelocytic activity in T2DM-CAD.




Figure 2 | Differential expression of genes involved in immune processes in T2DM CAD. Comparison and gene enrichment of differentially expressed genes (FDR<0.05) common in DMCAD, DMNoCAD, and NoDMNoCAD conditions display potential association of immune system processes with diabetic CAD.






3.3.2 Weighted gene co-expression network analysis

We perform a weighted gene co-expression network analysis (WGCNA) to support a mechanistic insight further. Results suggest roles for mechanisms involved in NK-cell mediated cytotoxicity (downregulated in CAD; black module) and oxygen transport, probably in conjunction with the immune response (upregulated in CAD; purple module) (Figure 3 and Table 3). Other interesting modules were the green, blue, and turquoise modules. These were discussed in detail below.




Figure 3 | Gene modules correlated with T2DM CAD. T2DM CAD significantly correlates with reduced expression of the black and green modules and increased expression of the turquoise, blue, and purple modules. The black module is enriched for genes responsible for NK cell-mediated cytotoxicity, while the turquoise and blue module is enriched for immune system process-related genes. The purple module is enriched for oxygen transport-genes, while the green module is not enriched for any biological theme. The arrows point to the top modules of interest. Upper values in each box indicate Pearson correlation values (i.e., mean gene significance) while the lower values indicate the corresponding p-value; red shading indicates direct correlation; blue shading indicates inverse correlation).




Table 3 | Top enriched biological processes for the genes within the top modules correlated with CAD.



The black module was discovered to have genes involved in NK-cell-mediated toxicity. This module showed downregulation in T2DM with CAD and upregulation in T2DM without CAD. A subset of lymphocyte effectors known as NK cells in the innate immune system can attack cells under stress, such as cancerous and virus-infected cells (40). NK cells also release various cytokines and can affect both innate and adaptive immunity (41). Moreover, NK cells may serve a substantial but unclear impact in chronic inflammatory conditions such as atherosclerosis. Previous studies demonstrated a decrease in both the number and activity of NK cells in individuals with CAD when compared to healthy (42, 43). This finding is consistent with reports demonstrating that NK cell numbers diminish in CAD, especially among those with metabolic syndrome (44). This decreased NK cell population could result in reduced activity of inhibitory cytokines, such as NKB1 and CD158b, that can mitigate long-term inflammation (45). On the other hand, apoptosis of NK cells may explain this observation, which is attributed to exposure to toxic oxidized lipids (46, 47). The resolution of the role of NK cells may be crucial in the development of therapies in case of causal implications.

The turquoise module, upregulated in T2DM-CAD, is enriched in themes involved in immune response, specifically neutrophil activation. It has been reported that T2DM patients have higher circulating neutrophil levels than healthy individuals (48). The number of neutrophils in the peripheral blood increases in T2DM and is closely related to the remaining β-cell function. Additionally, experiment data indicate that insulin resistance and high blood sugar levels contribute to increased neutrophil count (49). In addition, there seems to be enhanced systemic and local neutrophil activation in acute coronary syndromes (50).

Notably, the relationship between decreased lymphocyte effector NK-cells and increased expression of neutrophils in T2DM CAD, as demonstrated by the black and turquoise modules, is particularly intriguing. Earlier research has indicated that the neutrophil-to-lymphocyte ratio (NLR) in T2DM patients can predict CAD and coronary artery susceptible plaques (51). Short-term adverse events, such as mortality, coronary artery disease (CAD), stroke, and heart failure, have also been linked to a higher NLR (52). Changes in NLR occur due to a shift in the balance of innate (neutrophils) and adaptive (lymphocytes) immunity. If this proves to be causal, the implication is that interventions targeting this phenomenon may be plausible considerations.

The blue module is also upregulated and correlates significantly with T2DM- CAD. The inferred role of the blue module overlapped with the turquoise module, which centers on the immune system. In line with this, it is already observed that the innate immune system is dysregulated in T2DM (53, 54). It is particularly interesting how the dysregulated immune system mediates the interaction between T2DM and CAD. Interestingly, the current understanding of the pathogenesis of T2DM-CAD focuses on the synergistic interaction between T2DM and CAD through sterile inflammation caused by a dysfunctional immune system (55), which coincides with the thematic role of the blue module.

The purple module was also enriched with oxygen transport themes. In T2DM-CAD, the oxygen transport was upregulated. As this theme was derived from the gene expression of PBMCs, this is probably a response to chronic mitochondrial dysfunction (56) and increased reactive oxygen species production in the blood cells of diabetics (57). Generally, the exact cause of this phenomenon is unclear. Moreover, its cause-effect relationship with CAD needs further investigation.

Lastly, the green module was recognized as significant but contained genes not significantly enriched for any biological process. It has to be noted that since enrichment analysis via STRING is largely based on empirical data, the modules without any significant enrichment could still be representative of a theme that has not been fully elucidated yet.




3.3.3 Genomic variant anchoring analysis

The variants associated with T2DM-CAD from a concurrent related study were identified by genotyping and correlated to the derived modules (see Table 4). Hypothetically, the correlation of these variants with the significant modules increases the likelihood of the causal implications of the derived pathways. Here, these associations seem to be enriched in the blue module. As this module appears to be enriched with innate immune response genes, this supports the idea that innate immune system dysfunction may contribute to the development of T2DM-CAD. Reiterating, the blue module, together with the related turquoise module, has been associated with innate immunity — a common theme throughout the paper. This supports the surmised roles of innate immunity, especially of the myelocytic cells, which are repeatedly highlighted. The present data point to this biological process as probably causal for T2DM-associated CAB, which, in turn, could imply potential therapeutic targets in future investigations.


Table 4 | Association of derived T2DM CAD-associated variants to interesting modules in the study.



This paper underscores the potentially significant role of innate immune reactions in the pathogenesis of CAD in T2DM. The inflammatory inferences of the findings are consistent with the notion that the synergistic interaction between T2DM and CAD can be due to metabolic inflammation or meta-inflammation, a type of inflammation that does not entail an infection (58). The innate immune system is crucial in defending the body against invading pathogens. The downregulation may reflect a dysfunctional state rather than an overactivation. Thus this can also trigger meta-inflammation in DM-CAD (55). Meta-inflammation is caused by an imbalance in the immune system, which can have both positive and negative effects. Meta-inflammation can result in insulin resistance, in which the body’s insulin becomes less effective in its target organs. Typically, meta-inflammation begins as a specific inflammation in organs that are significant targets of insulin, such as adipose tissue, skeletal muscles, and the liver. When the body can no longer manufacture enough insulin to overcome resistance, high blood sugar (hyperglycemia) ensues, leading to T2DM (59). The progression of atherosclerosis is sped up by the hyperglycemia brought on by T2DM, which causes a higher infiltration of inflammatory macrophages and T cells and increases inflammation in the coronary arteries. Meta-inflammation exacerbates the development of atherosclerosis by promoting the buildup of lipids in the arterial walls and stimulating the growth and movement of smooth muscle cells (60).

In exploring whole transcriptome inference, confidence in data interpretation can come from stringent statistics, the strength of gene-gene interactions, and coherence with meaningful biological insights. Validation with other expression platforms for this purpose could lessen the useful information (61). Note that the focus of the present study is to gain insights into the mechanisms associated with T2DM-associated CAD, in which current microarray designs have proved to be very reliable.

The need for other expression platform for validation is important for biomarker discovery (62). This is both for technical (e.g., verification, reproducibility, accuracy) and practical reasons (e.g., cost, portability). The discovery of potential diagnostic markers is a secondary finding that is understandably appealing for future research. For this purpose, the data is shared for data mining with possible future marker validation by other parties (GSE250283 in the Gene Expression Omnibus [GEO datasets] in https://www.ncbi.nlm.nih.gov/gds.






4 Summary and conclusion

In summary, the present study points to an association of immune mechanisms to the progression of T2DM-CAD. Specifically, variations in the activity of the innate immune system centering on the myelocytic lineage-derived cells can provide a predisposition to T2DM-CAD. Dysfunction in these cells may have been associated previously with atherosclerosis and CAD, especially among diabetics. This study focused on PBMCs, so that the findings may be limited to a larger picture. Nonetheless, the data still hint that T2DM-CAD injuries may be due to inflammatory dysfunction.
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Objective

The co-occurrence of kidney disease in patients with type 2 diabetes (T2D) is a major public health challenge. Although early detection and intervention can prevent or slow down the progression, the commonly used estimated glomerular filtration rate (eGFR) based on serum creatinine may be influenced by factors unrelated to kidney function. Therefore, there is a need to identify novel biomarkers that can more accurately assess renal function in T2D patients. In this study, we employed an interpretable machine-learning framework to identify plasma metabolomic features associated with GFR in T2D patients.





Methods

We retrieved 1626 patients with type 2 diabetes (T2D) in Liaoning Medical University First Affiliated Hospital (LMUFAH) as a development cohort and 716 T2D patients in Second Affiliated Hospital of Dalian Medical University (SAHDMU) as an external validation cohort. The metabolite features were screened by the orthogonal partial least squares discriminant analysis (OPLS-DA). We compared machine learning prediction methods, including logistic regression (LR), support vector machine (SVM), random forest (RF), and eXtreme Gradient Boosting (XGBoost). The Shapley Additive exPlanations (SHAP) were used to explain the optimal model.





Results

For T2D patients, compared with the normal or elevated eGFR group, glutarylcarnitine (C5DC) and decanoylcarnitine (C10) were significantly elevated in GFR mild reduction group, and citrulline and 9 acylcarnitines were also elevated significantly (FDR<0.05, FC > 1.2 and VIP > 1) in moderate or severe reduction group. The XGBoost model with metabolites had the best performance: in the internal validate dataset (AUROC=0.90, AUPRC=0.65, BS=0.064) and external validate cohort (AUROC=0.970, AUPRC=0.857, BS=0.046). Through the SHAP method, we found that C5DC higher than 0.1μmol/L, Cit higher than 26 μmol/L, triglyceride higher than 2 mmol/L, age greater than 65 years old, and duration of T2D more than 10 years were associated with reduced GFR.





Conclusion

Elevated plasma levels of citrulline and a panel of acylcarnitines were associated with reduced GFR in T2D patients, independent of other conventional risk factors.





Keywords: type 2 diabetes, metabolomics, amino acids, acylcarnitine, machine learning, glomerular filtration rate, renal function




1 Introduction

Type 2 diabetes (T2D) has emerged as a major global health concern (1). According to the US Renal Data System, certain countries have reported high incidence rates of end-stage renal disease (ESRD) caused by diabetes, accounting for approximately 50% of cases (2, 3). Despite glucose control, the progression from T2D to diabetic nephropathy and ESRD is often inevitable (4). Glomerular filtration rate (GFR) is an independent predictor of the incidence of ESRD (5), which is recommended by the American Kidney Foundation as the most important basis for the definition, staging, screening, and monitoring of chronic kidney disease (CKD) (6). However, the commonly used creatinine-based eGFR is not sensitive to detect incipient kidney dysfunction (7). Therefore, it is necessary to identify novel biomarkers for early detection of the onset and progression of renal function.

With advances in metabolomics technology, it has become feasible to identify novel makers that can predict disease (8, 9). Numerous studies have demonstrated significant metabolic disorders associated with diabetes and diabetes-related complications (10, 11). Cross-sectional studies have shown that the plasma amino acids related to the urea cycle (including ornithine and citrulline) and tryptophan, as well as most short- and medium-chain acylcarnitines, are associated with CKD (12, 13). Additionally, an animal experiment showed that amino acid administration can increase eGFR (14). However, there is limited data linking the metabolome to the development of DKD. In this study, we aimed to identify GFR-associated metabolic phenotypes in patients with T2D, which may serve as novel biomarkers for kidney function and the pathophysiology of CKD in T2D patients.

Due to the multidimensional and highly correlated nature of metabolomics data, it is necessary to employ appropriate methods to effectively narrow down the range of significant candidate biomarkers. This is essential to achieve higher learning speed, improved generalization ability, and enhanced interpretability of classification models (15–17). Orthogonal partial least squares discriminant analysis (OPLS-DA) is considered a powerful statistical analysis tool for addressing collinearity and information redundancy issues (18, 19). Machine learning (ML) algorithms provide new techniques for integrating and analyzing various omics data, aiding in the discovery of new biomarkers and extensively used in disease prediction (20). For example, metabolomic-based predict individual multi-disease outcomes (21); metabolic detection of malignant brain gliomas through support vector machine-based machine learning (22); a novel deep convolution neural network-based brain tumor classification model (23); brain tumor identification using data augmentation and transfer learning approach (24); U-Net-Based models towards optimal MR brain image segmentation (25); an intuitionistic approach for the predictability of anti−angiogenic inhibitors in cancer diagnosis (26).

In this study, the combination of plasma metabolomic profiling and ML approaches may lead to the identification of metabolic profiles that enhance our understanding of the underlying causes of renal impairment.




2 Materials and methods



2.1 Study settings and subjects

From May 2015 to August 2016, a total of 4352 consecutive patients with T2D were enrolled at Liaoning Medical University First Affiliated Hospital (LMUFAH), Jinzhou, China. T2D was diagnosed by the 1999 WHO’s criteria (27) or treated with antidiabetic drugs. Inclusion criteria for this study were: 1) Patients diagnosed as T2D or treated with antihyperglycemic therapy; 2) Complete eGFR, amino acid, and Acylcarnitine. Exclusion criteria were: 1) T2D patients under 18 years old; 2) Patients with cancer. A total of 1626 subjects were included.

From April 2018 to April 2019, a total of 1011 consecutive patients with T2D were enrolled at the Second Affiliated Hospital of Dalian Medical University (SAHDMU). Removing 295 samples of missing data, 716 patients with complete data were included as an external validation cohort.

The Ethics Committee for Clinical Research of LMUFAH and SAHDMU approved the ethics of the study, and informed consent was waived due to the retrospective character of the cross-sectional study, which is consistent with the Helsinki Declaration.




2.2 Date collection and clinical definitions

We retrieved the data from electronic medical records including demographic and anthropometric information, current clinical data, and diabetes course. Demographic data included gender, age, smoking, and drinking. Anthropometric measurements included weight, height, systolic blood pressure (SBP), and diastolic blood pressure (DBP). Clinical parameters encompassed plasma creatinine (SCR), cholesterol (CHOL), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C). Medication information included antidiabetic agents and lipid-lowering drugs. Amino acids and acylcarnitines in plasma were quantified using liquid chromatography coupled with mass spectrometry.

According to the eGFR: Improving Global Outcomes (KDIGO) Diabetes Work Group (28), three patient groups were enrolled: normal or elevated (NOE) eGFR (eGFR≥90mL/min•1.73m2), mild reduction (MR) eGFR (60≤eGFR<90mL/min•1.73m2) and moderate or severe reduction (MOMR) eGFR (eGFR<60mL/min•1.73m2). CKD-EPI formula (29): Calculation formula:

	Female: ① SCR ≤ 0.7 mg/dl, GFR = 144*(SCR/0.7)−0.329*(0.993)age; ② SCR > 0.7 mg/dl, GFR = 144*(SCR/0.7)−1.209*(0.993)age.

	Male: ① SCR ≤ 0.9 mg/dl, GFR = 141*(SCR/0.9)−0.411*(0.993)age; ② SCR > 0.9 mg/dl, GFR = 141*(SCR/0.9)−1.209*(0.993)age.






2.3 Determination of amino acids and acylcarnitine

The quantification of amino acids and acylcarnitines was conducted following the method described in previous studies (30). In brief, metabolomics analysis was performed using mass spectrometry. After fasting for a minimum of 8 hours, capillary whole blood samples were collected from the subjects and prepared as dry blood spots for metabolomic analysis. Metabolites were measured using direct infusion MS technology with the AB Sciex 4000 QTrap system (AB Sciex, Framingham, MA, USA). High-purity water and acetonitrile from Thermo Fisher (Waltham, MA, USA) were used as the diluting agent and mobile phase, respectively. Amino acid and acylcarnitine quantification utilized isotope-labeled internal standards from Cambridge Isotope Laboratories (Tewksbury, Massachusetts, USA).




2.4 Statistical description

Continuous variables that followed a normal distribution were described as mean ± standard deviation (SD), while non-normally distributed variables were presented as median (interquartile range). Categorical data were reported as numbers (percentages). To test for differences among different eGFR groups, we employed chi-square tests for categorical variables, one-way ANOVA for variables with a normal distribution, and the Kruskal-Wallis H test for variables with a skewed distribution.




2.5 Data preprocessing and data set division

Variables with more than 20% missing data were excluded from the analysis. The missing values were then interpolated using the multiple imputation (MI) method (31), which is an advanced technique for handling missing data. Subsequently, the dataset was randomly divided into a training set (70%) and an internal test set (30%).




2.6 Feature selection

The objective of feature selection is to eliminate redundant factors, reduce the complexity of the prediction model, and improve accuracy without losing key information. Regarding general information and physical indicators, we applied zero-mean normalization (Z-Score) to numerical variables and performed feature selection using the least absolute shrinkage and selection operator (LASSO). LASSO regression includes a regularization/penalty term in the cost function to prevent overfitting and ensure that the model selects relevant features while disregarding correlated ones. According to the one standard error rule (1SE rule), the optimal value corresponds to the simplest model, with the cross-validation error no more than one standard error above the minimum (32). For plasma amino acids and acylcarnitines, we first applied the Benjamini-Hochberg false discovery rate (FDR) procedure for multiple test adjustments. Additionally, we calculated the fold change (FC) of metabolites between different groups. The FC represents the difference in expression levels of a particular metabolite between two groups based on quantitative results. Furthermore, after logarithmic transformation of the variables, multivariate analysis was performed using the OPLS-DA method. Metabolites with FDR < 0.05, FC > 1.2, and VIP > 1 were considered significant.




2.7 Model development and validation

Models can be implemented in Python 3.9 using standard libraries that are publicly available, including pandas (1.5.3), numpy (1.23.5), scikit-learn (1.2.1), and matplotlib (3.7.0). We constructed four predictive models: conventional logistic regression model (LR), support vector machine (SVM), random forest (RF), and eXtreme Gradient Boosting (XGBoost). Four models were first trained on the randomly selected training set (fivefold-stratified cross-validation) and then applied to the withheld test set to access the final performance. We employed a grid search method to select the optimal hyperparameters for RF (n_ estimators, max_depth, min_samples_split, and min_samples_leaf) and XGBoost (n_ estimators, max_depth, min_child_weight, gamma, and subsample) models. For the LR and SVM models, we implemented the default settings provided by scikit-learn. AUROC is a widely used metric for evaluating the performance of classification models, which provides a comprehensive assessment of the model’s sensitivity and specificity trade-off at different thresholds. The range of AUC values is typically explained from 0.5 to 1, with a higher value indicating a better ability to distinguish between different classes of samples. AUPR, as a complimentary assessment, considers the trade-offs between precision (or positive predictive value) and recall (or sensitivity) and it is more robust for imbalanced datasets. The AUPRC ranges from 0 to 1 with a value of 0 signifies no positive examples identified and a value of 1 indicating perfect identification of all positive examples. In addition, the calibration plot and Brier score (BS) were used to evaluate calibration.




2.8 Model interpretation

We used Shapley Additive exPlanations (SHAP) to unlock the machine learning results (33, 34). SHAP measured the impact of genus characteristics on predicted scores by employing a game theory approach based on test sets, which allowed us to assess the importance of each feature. The SHAP value, which quantifies the influence of a variable on a prediction in terms of direction and magnitude, was computed by considering the prediction outcome for every possible combination of features. This comprehensive analysis provided valuable information about the contribution of each genus characteristic to the overall predictions.

Statistical description and feature selection were conducted using R V4.2.2, which is widely recognized as a popular statistical analysis software. For building the model, Python v3.9.13 was chosen due to its extensive machine-learning libraries and tools, such as scikit-learn, which offer a wide range of tuning parameters and algorithm options.





3 Results



3.1 Baseline characteristics

Table 1 presents the patient characteristics of both LMUFAH and SAHDMU. LMUFAH included a total of 1626 patients, while SAHDMU consisted of 716 patients with type 2 diabetes (T2D). Among the 1626 T2D patients in LMUFAH, 1145 (70.4%) had an estimated glomerular filtration rate (eGFR) ≥ 90 mL/min•1.73m², 329 (20.2%) had 60 ≤ eGFR < 90 mL/min•1.73m², and 68 (9.4%) had an eGFR < 60 mL/min•1.73m². The subject selection procedure is depicted in Figure 1.


Table 1 | Patient characteristics.






Figure 1 | Schematic diagram of subject screening process.






3.2 Feature selection



3.2.1 Pairwise comparison of clinical factors

After excluding variables with more than 20% missing data, Lasso was used to screen variables for 12 clinical factors. Eight variables in the NOE vs MR group and seven variables in the NOE vs MOMR group were selected to be included in the model (Supplementary Figure 1). Among these variables, age, SBP, TG, HDL_C, and gender were all included.




3.2.2 Pairwise comparison of differentially expressed metabolites in plasma

In metabonomic analysis, we obtained adjusted p-value (FDR), FC, and VIP for every metabolite (Supplementary Table 1). Compared with NOE, four AAs (asparagine, citrulline, leucine and valine) and six AcylCNs (3-hydroxyisovalerylcarnitine (C5-OH), glutarylcarnitine (C5DC), octanoylcarnitine (C8), decanoylcarnitine (C10), lauroylcarnitine (C12), and tetradecenoylcarnitine (C14:1) were elevated in the other two groups and had significant differences (FDR<0.05) (Supplementary Table 1). A volcano map based on FC and p values is displayed in Supplementary Figure 2, with over-expressed and under-expressed metabolites marked in red and blue colors, respectively. OPLS-DA analysis, a widely used multivariate analysis method in metabolomics, was employed to identify significant metabolites for predicting sample classes. We used this method to screen for important metabolites with VIP > 1 (Supplementary Figure 3). In the NOE vs MR group, two metabolites (C5DC and C10) were selected for the final model. In the NOE vs MOMR group, citrulline and nine acylcarnitines met the inclusion criteria.





3.3 Model performance

We developed machine learning prediction methods, including LR, SVM, RF, and XGBoost. Model 1 utilized common clinical factors, while Model 2 integrated plasma metabolites and clinical factors. Due to the data imbalance, we employed the area under the precision-recall curve (AUPRC) as the primary evaluation metric and the area under the receiver operating characteristic curve (AUROC) as the secondary evaluation metric.



3.3.1 NOE vs MR

In the internal validation cohort, the XGBoost model incorporating clinical factors demonstrated the best predictive performance [AUPRC: 0.561 (0.45-0.66), AUROC: 0.799 (0.74-0.83)]. However, there were no significant differences observed when compared to the other models (P > 0.05) (Supplementary Table 2, Supplementary Figure 4, Table 2).


Table 2 | Comparison of performance of XGBoost models in the internal validation cohort.






3.3.2 NOE vs MOMR

The predictive abilities of all models using only clinical factors were not high, while the addition of metabolite features significantly promoted the prediction ability of renal function (Supplementary Table 3, Supplementary Figure 5). The performance of the XGBoost2 model was optimal in the internal validation cohort [AUPRC: 0.648 (0.50-0.77), AUROC: 0.894 (0.85-0.94)] compared with LR2, AUPRC and AUROC increased by 23% and 6.9%, respectively (Supplementary Table 3, Table 2). At the optimal threshold determined by Youden’s index, we obtained the precision, recall, and false negative rate in the internal validation cohort. Among them, the XGBoost2 model had the highest precision (0.532), while the SVM model had the best recall (0.804) and false negative rate (0.196) (Table 3). The result of the calibration evaluation is shown in Supplementary Figure 6. Among the four models, the XGBoost2 model had the best consistency with the true situation and with the smallest BS score (0.064).


Table 3 | The performance of the four models for NOE vs MOMR after the selected thresholds in the internal validation cohort.







3.4 GFR influencing factors assessment

We selected the optimal XGBoost models to further analyze the influence of predictors on reduced GFR.



3.4.1 NOE vs MOMR

We interpret the model with metabolites using a SHAP plot and find that age older than 65 and C5DC higher than 0.08μmol/L are important predictors of mild reduction GFR (Supplementary Figure 7).




3.4.2 NOE vs MOMR

We constructed a SHAP summary plot to assess the importance of features in the XGBoost2 mode (Figure 2A). As shown in the SHAP summary plot, the red dots indicate high feature values, however, blue dots represent low feature values. The higher the SHAP value, the greater the risk of moderate or severe reduction of GFR. C5DC, age, citrulline, and duration of T2D contributed more to the model and they are all the risk factors for moderate or severe reduction of GFR. The SHAP dependence plot more clearly shows the effect of a single indicator on the outcome of the study. (Figures 2B–F). When the SHAP value of each characteristic exceeds zero, it indicates an increased risk of moderate or severe reduction GFR. C5DC higher than 0.1μmol/L, Cit higher than 26μmol/L, age greater than 65 years old, duration of T2D more than 10 years, and triglyceride higher than 2 mmol/L were associated with increased risk of moderate or severe reduction GFR.




Figure 2 | SHAP plot of XGBoost2 model for NOE vs MOMR. (A) SHAP summary plot. Features are ranked from top to bottom according to their importance. Each dot on the plot is a SHAP value for each feature. Red dots indicate high feature values, but blue dots represent low feature values for the per-patient model. (B–F) SHAP dependence plot. The SHAP value of each feature exceeded zero, indicating an increased risk of moderate or severe reduction of eGFR. C5DC, Cit, age, duration of T2D, and triglyceride were risk factors for moderate or severe reduction of eGFR. SHAP, Shapley Additive explanation; C2, acetylcarnitine; C4, butyrylcarnitine; C6, hexanoylcarnitine; C8, octanoylcarnitine; C10, decanoylcarnitine; C12, lauroylcarnitine; C14:1, tetradecenoylcarnitine; C14-OH, 3-hydroxyl-tetradecanoylcarnitine.







3.5 External validation



3.5.1 Selection of models for external validation

The comparison between the two groups demonstrated that the XGBoost model exhibited superior performance, thus we selected this model for external validation. We proceeded to assess the risk of reduced GFR in patients with type 2 diabetes (T2D) with and without metabolite features.




3.5.2 Characteristics of the external validation cohort

Of the 716 patients with T2D, 491 (68.5%) had eGFR≥90mL/min•1.73m2; 157 (22%) had 60≤eGFR<90mL/min•1.73m2; 68 (9.5%) had eGFR<60mL/min•1.73m2) (Table 1).




3.5.3 Performance of external validation

The Discriminatory ability of XGBoost models was significantly promoted with the addition of plasma metabolites. XGBoost2 models with plasma metabolites and clinical factors performed best for NOE vs MR [AUPRC: 0.661(0.58-0.73), AUROC: 0.837 (0.80-0.88)] (Table 4, Figure 3) and for NOE vs MOMR [AUPRC: 0.857 (0.77-0.92), AUROC: 0.970 (0.95-0.98)] (Table 4, Figure 3). XGBoost2 models had the best consistency with the true situation and BS were both the smallest for NOE vs MR (0.128) and for NOE vs MOMR (0.046) (Figure 4).


Table 4 | Comparison of performance of XGBoost models in the external validation cohort.






Figure 3 | Performance of XGBoost models in the external validation cohort. (A, C) Receiver operating characteristic curves of models with clinical factors and the combination of plasma metabolites and clinical factors, respectively; (B, D) Precision recall curves of models with clinical factors and the combination of plasma metabolites and clinical factors, respectively. XGBoost1 is a model that only includes traditional clinical factors; XGBoost2 adds plasma metabolites. LR, logistic regression; SVM, support vector machine; RF, random forest; XGBoost, extreme Gradient Boosting; No skill is the reference line. NOE, Normal or elevated eGFR; MR, Mild reduction eGFR; MOMR, moderate or severe reduction eGFR.






Figure 4 | The calibration curve of XGBoost models in the external validation cohort. (A) was a comparison of NOE vs MR and (B) was a comparison of NOE vs MOMR. XGBoost1 is a model that only includes traditional clinical factors; XGBoost2 adds plasma metabolites. The values in brackets represent the Brier score of the corresponding prediction model. Perfectly calibrated is the reference line; XGBoost, extreme Gradient Boosting. NOE, Normal or elevated eGFR; MR, Mild reduction eGFR; MOMR, moderate or severe reduction eGFR.








4 Discussion

In contrast to previous studies, we employed three criteria to screen for important metabolic information: FDR < 0.05, FC > 1.2, and VIP > 1. As an extension of PLS-DA, OPLS-DA is capable of reducing model complexity and enhancing model interpretability without compromising predictive performance. This allows us to gain maximum insight into the differences between groups. Generally, the VIP value associated with a variable indicates its importance in explaining the X dataset and its association with the Y dataset. A VIP value greater than 1 indicates the variable’s significance in the analysis.

As the end products of cellular regulatory processes, metabolites are considered to be the ultimate response of biological systems to pathophysiological changes in various metabolic disorders. They closely reflect the disease phenotype and address a critical clinical need, as they represent the downstream expression of the genome, transcriptome, and proteome (35). The focus of the study was on profiling the continuously changing metabolites from normal or elevated eGFR to mild reduction eGFR, and then to moderate or severe reduction eGFR. In the cohort of patients with T2D in China, we found significant associations between plasma levels of citrulline, asparagine, leucine, tryptophan, valine, and most acylcarnitines with changes in GFR (Supplementary Table 1). After applying multiple screening criteria (FDR < 0.05, FC > 1.2, VIP > 1), only C5DC and C10 were retained in the comparison between the normal or elevated eGFR and mild reduction eGFR group (NOE vs MR group), while citrulline and 9 acylcarnitines (C2, C4, C5DC, C6, C8, C10, C12, C14:1, and C14-OH) were reserved in the comparison between the normal or elevated eGFR and moderate or severe reduction eGFR group (NOE vs MOMR group). We constructed machine learning models by combining common clinical factors and screened plasma metabolites to predict renal function. The addition of plasma metabolites improved the predictive performance of the XGBoost models for renal function status. Furthermore, we conducted an interpretation of the influence of important metabolites and general clinical features on the progressive impairment of renal function.

Previous studies have shown that plasma amino acids varied significantly in patients with CKD (36, 37). Additionally, changes in plasma valine, glutamate, and glycine have been associated with different stages of CKD (38). Homocysteine and citrulline have been proposed as potential biomarkers for kidney injury and GFR (39). Consistently, our study found that among all amino acids, citrulline exhibited the strongest association with GFR. Citrulline is a non-essential amino acid primarily synthesized in the intestine through the conversion of glutamine (40). In the kidney, citrulline is produced by the enzyme dimethyl arginine dimethyl amino hydrolase (DDAH), which metabolizes asymmetric dimethylarginine (ADMA). Subsequently, citrulline is converted to arginine through the actions of argininosuccinate synthase (ASS) and argininosuccinate lyase (ASL) (41). This finding suggests that renal injury may inhibit the activity of ASS or ASL, leading to abnormal arginine metabolism. Abnormal ADMA metabolism is indicative of arginine metabolism disorders. ADMA possesses biological properties that inhibit nitric oxide (NO) function (42). NO is a potent endothelial vasodilator that maintains vascular tone and regulates blood pressure. We speculate that elevated plasma citrulline levels may be a consequence of the extensive accumulation of ADMA, which inhibits NO synthesis and subsequently leads to decreased GFR.

The strongest correlation with renal function performance was observed with short-chain acylcarnitines. Acylcarnitines are metabolites of fatty acids (FA) that play critical roles in various cellular energy metabolism pathways (43). Acylcarnitines are freely filtered by the glomerulus, with approximately 75% being excreted. Decreased eGFR can result in reduced excretion of acylcarnitines. Acylcarnitines assist in the transport of FA across the inner mitochondrial membrane for β-oxidation (44). Our analysis revealed elevated levels of acylcarnitines in patients with a moderate or severe reduction in eGFR, which may be attributed to a saturated capacity for mitochondrial β-oxidation in the presence of insulin resistance mediated by lipotoxicity, driving the progression of kidney injury (45, 46). Mice fed a high-fat diet exhibited mitochondrial damage in multiple types of kidney cells, possibly due to the inhibition of AMP-activated protein kinase (AMPK) activity, which hinders fatty acid oxidation (FAO) in the kidney (47). Previous research has also demonstrated the significance of short- and medium-chain acylcarnitines as metabolic markers in the progression of renal impairment (13). In our study, both in mild and moderate or severe reduction in eGFR, C5DC, and C10 showed increased levels, indicating their potential as biomarkers for early impaired renal function.

In addition to plasma amino acid and acylcarnitine levels, several other factors such as a long duration of diabetes, high systolic blood pressure (SBP), and high triglyceride (TG) levels are also important risk factors affecting kidney function. Therefore, these groups should receive particular attention, and the frequency of renal function screening should be adjusted accordingly. This will enable more efficient diagnosis and treatment of diseases related to kidney function.

Our study developed an interpretable XGBoost model framework to identify eGFR-related features. By incorporating nine acylcarnitines and citrulline into the model, the AUROC increased significantly from 0.794 to 0.894 (P < 0.001) (Figure 2, Table 2). The SHAP value of each feature exceeded zero, indicating an increased risk of reduction of eGFR. C5DC > 0.1μmol/L, Cit > 26 μmol/L, triglyceride > 2 mmol/L, age greater > 65 years old and duration of T2D > 10 years were associated with eGFR < 60 mL/min•1.73m² (Figures 2B–F). To our knowledge, this is the first use of interpretable machine learning methods to investigate the association of amino acid and acylcarnitine profiles in relation to change in eGFR in Chinese patients with T2D cohort. Another strength of this study is that we used the population of two centers for analysis and the results of the external cohort further proved the reliability of our conclusions. Our prediction model could remind doctors and patients to pay attention to the primary and secondary prevention of renal impairment and increase the renal function screening rate of the high-risk groups.

However, there are limitations in our study. First, proteinuria and glycosylated hemoglobin were not included in the analysis due to too many missing values. However, adjustment for proteinuria in a Japanese cohort study did not abolish the association between amino acid and incident-reduced eGFR (48). Second, the subjects we collected were inpatients with T2D which limits our application to non-hospitalized T2D patients. Third, due to the nature of cross-sectional studies, we cannot prove the existence of causality, which needs to be confirmed in more prospective studies. In the future, we will try to develop models in larger scale data and explore the associations between metabolites with eGFR in prospective study.

Our study demonstrated that plasma metabolites offer new insights into identifying the filtration status of the glomeruli. These metabolites provide information about the cellular metabolic status and function, reflecting the underlying biological processes involved in the onset and progression of diseases. Additionally, analyzing the levels of plasma amino acids and acylcarnitines can help us gain information pertaining to protein metabolism, energy metabolism, and fatty acid metabolism. This information is crucial for the diagnosis, treatment, and monitoring of metabolic disorders, providing valuable clinical insights.
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Background

Type 1 (T1D) and type 2 (T2D) diabetes lead to an aberrant metabolism of sialoglycoconjugates and elevated free serum sialic acid (FSSA) level. The present study evaluated sialidase and sialyltranferase activities in serum and some organs relevant to diabetes at early and late stages of T1D and T2D.





Methods

Sialic acid level with sialidase and sialyltransferase activities were monitored in the serum, liver, pancreas, skeletal muscle and kidney of diabetic animals at early and late stages of the diseases.





Results

The FSSA and activity of sialidase in the serum were significantly increased at late stage of both T1D and T2D while sialic acid level in the liver was significantly decreased in the early and late stages of T1D and T2D, respectively. Furthermore, the activity of sialidase was significantly elevated in most of the diabetes-relevant organs while the activity of sialyltransferase remained largely unchanged. A multiple regression analysis revealed the contribution of the liver to the FSSA while pancreas and kidney contributed to the activity of sialidase in the serum.





Conclusions

We concluded that the release of hepatic sialic acid in addition to pancreatic and renal sialidase might (in)directly contribute to the increased FSSA during both types of diabetes mellitus.
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Introduction

Diabetes mellitus is a metabolic disorder associated with increased blood glucose levels due to impaired pancreatic insulin secretion or action. The International Diabetes Federation (IDF) classifies the disease into two major types viz; Type 1 (T1D) and Type 2 Diabetes (T2D). The T1D is associated with absence of circulating insulin and the inability of pancreatic β-cells to express insulinogenic stimuli response resulting in hyperglycemia. Although T1D accounts for less than 10% of the 451 million diabetes patients (1, 2), it has continually been an important health menace because it relates to heredity. The T2D accounts for >90% of all the diabetic cases and it is associated with both insulin resistance and pancreatic β-cell dysfunction resulting to chronic hyperglycemia. Although the two types of diabetes result in hyperglycemia, the pathogenesis, pathophysiology and some complications associated with the two forms of the disease are quite distinct. Therefore, it is imperative to pursue independent scientific enquiries for the two types of diabetes.

Sialic acids are negatively charged nine carbon amino sugars that mainly exist at terminal end of glycoproteins and glycolipids where they mediate a number of vital functions including immunity, repulsiveness and cell to cell recognition (3). Elevated serum level of sialic acid has been repeatedly demonstrated as a key feature of diabetes mellitus in humans, and has been considered as a risk for the disease and related complications (4–6). Specifically, high levels of serum sialic acid were reported in T1D and T2D patients from India (6, 7), Pakistan (8), Trinidad and Tobago (9), Sweden (5) and England (10) for both patients with or without diabetic complications. Elevated plasma sialic acid was shown to be strongly associated with microvascular complications in T1D (4). In type 1 diabetic dogs, the elevated plasma sialic acid was also a potent biomarker (11). In rodents, the sialic acid-containing gangliosides of heart, skeletal muscle, liver, brain, kidney, spleen and pancreas decreased in alloxan induced diabetes (12). A different study reported a decrease in gangliosides of skeletal muscle of rats with STZ-induced T1D model, but an increase in animals with T2D two weeks after diabetes induction (13). Pari and Rothinam (14) reported a decrease in total sialic acid content of the liver and kidney of rats induced with T2D while Ibrahim et al. (15) reported an increase in total sialic acid content of the organs in rats with insulin resistance or hyperglycemia induced by high fructose or high glucose feeding respectively. Furthermore, elevated levels of sialic acid and/or sialylation were reported in the kidney (16), immunoglobulins (17) and erythrocytes (18) of patients with diabetes mellitus. It seemed therefore that the T1D/T2D - sialic acid nexus is a complex phenomenon that might be dependent on the type and stage of diabetes as well as the nature of the organism.

In mammals, the de novo biosynthesis of sialic acid is related to the hexosamine pathway whose metabolic flux is also increased during T2D. However, sialylation of glycoconjugates catalyzed by sialyltransferases is the major event that occurred after the biosynthesis. On the other hand, breakdown of glycoconjugates usually involves the hydrolysis of sialic acid by neuraminidases (sialidases). The hydrolyzed sialic acid is mostly returned to the cytosol and serves as a substrate for sialyltransferases for the biosynthesis of newer glycoconjugate molecules or further degradation (19). Indeed, mammalian sialidase (Neu1) was shown to play an important biological role in the development of insulin resistance through cellular signaling processes (20). Moreover, neuraminidase activity was also shown to increase in type 2 diabetic patients with or without cardiovascular complications (21) in addition to other organs of diabetic rats (12, 22). These enzymes may thus be linked to some of the pathophysiological features of diabetes mellitus. In our recent study, we also observed an increase in the mRNA expression of NEU1 gene in some organs of T2D rats while the gene expression of UDP-N-acetylglucosamine-2-epimerase/N-acetylmannosamine kinase (GNE) was elevated in the pancreas, but not other organs (23). These suggest that the increased sialic acid level in the organs (except for pancreas) of diabetic rats could not be due to increased endogenous synthesis of sialic acid but probably due to increased recycling of glycoconjugates. Collectively, the sialyltransferases and sialidases enable the recycling of sialic acid within the mammalian systems (19) and this appears to be the main modulatory point for the observed sialic acid changes across cells and tissues during diabetes mellitus.

Herein, we monitored sialidase and sialyltransferase activities in the serum and some diabetes-relevant organs (liver, pancreas, skeletal muscle, and kidney) at the early and late stages of both T1D and T2D rat model, as well as attempted to decipher the relationship between the enzymes and total sialic acid across the organs during the disease. This might provide the possible role of hydrolysis (sialidase) and/or transfer (sialyltranferase) of sialic acid as key mediators to the observed sialic acid metabolism dysregulation within many organs of diabetic animals. Understanding the modulation of these enzymes in relation to sialic acid changes in T1D and T2D could also afford some unique molecular insights into the biological processes responsible for the increased sialic acid in the organs of diabetic animals. Additionally, the information would further deepen our current understanding of the pathophysiology of diabetes mellitus, especially with respect to glycobiology.





Materials and methods



Chemicals and reagents

Thiobarbituric acid, Streptozotocin (STZ), asialofetuin, cytidine 5’ monophosphate-N-acetylneuraminic acid (CMP-sialic acid), fetuin, standard sialic acid and DEAE-Cellulose were procured from Sigma Chemical Company, USA while rat insulin ELISA kit was purchased from Wkea Med Supplies Corporation, China. Sodium arsenite from Hopkin and Williams Ltd., England while sodium periodate was procured from BDH Chemicals, Poole, England.





Experimental animals and induction of T1D and T2D

A total of 58 apparently healthy male Wistar rats with a body weight range of 150–200 g were obtained from the Department of Pharmacology and Therapeutics, Ahmadu Bello University, Zaria, Nigeria, and kept in well-ventilated laboratory cages in the animal house at room temperature. Animals were supplied with commercial rat chow (Vital Feeds, Jos, Nigeria) and drinking water ad libitum. Prior to the experiment, the animals were also allowed to acclimatize for a week and maintained according to the guidelines of Ahmadu Bello University Committee on Animal Use and Care (ABUCAUC) with an approval number of ABUCAUC/2018/006.

The animals were grouped into three (3); Normal Control group, NC, (21 animals) and Type 1 Diabetic Group (16 animals) and Type 2 Diabetic Group (21 animals). The T1D group animals were induced with diabetes by injecting a single intraperitoneal dose (60 mg/kg body weight) of STZ dissolved in citrate buffer (100 mM, pH 4.5) to overnight fasted animals (24) while the T2D group were induced with T2D by a prior feeding of fructose solution ad libitum (10%) for 2 weeks for induction of insulin resistance which was followed by a similar injection of a low dose (40 mg/kg body weight) of the STZ for the induction of partial pancreatic β-cell dysfunction (25). The rats in the NCG were given drinking water and intraperitoneally administered with 100 mM citrate buffer instead of 10% fructose and STZ injection, respectively.

The T1D animals with non-fasting blood glucose (NFBG) >400 mg/dL and T2D animals with NFBG within 200 – 400 mg/dL were considered diabetic (26), 7 days after the STZ injection. For further confirmation of T2D, five animals were removed from the NCG and T2D group each, fasted overnight and the blood collected by cardiac puncture to investigate the FBG level by using a portable glucometer (Glucoplus Inc., Saint-Laurent, Quebec, Canada) and fasting serum insulin level by an enzyme-linked immunosorbent assay (ELISA) method using a rat insulin ELISA kit (Wkea Med Supplies Corporation, China) as described by the manufacturer. This was done to allow the computation of homeostasis model assessment (HOMA-IR and HOMA-β) scores in order to ascertain the degree of insulin resistance and β- cells damage for the two groups one week after the diabetes induction in the respective groups. The calculation of the HOMA scores was done using the following formulas:

	

	

Conversion factor: insulin (1U/L = 7.174 pmol/L).

The experiment lasted for 9 weeks and during the period, weekly NFBG levels of rats in all the three experimental groups were monitored from the blood collected via the tail vein.





Collection and preparation of blood and organs homogenates

For the early stage of T1D and T2D, eight (8) animals from each of the three experimental groups were euthanized three weeks after the onset of T1D and T2D, and the whole blood from each experimental animal was collected by cardiac puncture. Thereafter, these blood samples were centrifuged (920 × g, 15 min) to obtain the serum from each blood sample which were used for sialic acid, sialidase and sialyltransferase assays. The liver, pancreas, skeletal muscle and kidney samples were also removed aseptically from each animal, and immediately kept in -20°C freezer until needed. The same procedure was repeated at week 9 after the onset of T1D and T2D using the remaining 8 animals in each group and was considered as the late stage of the disease. The selection of the 3rd and 9th weeks was based on the temporal dynamics of diabetes progression. The 3rd week after diabetes induction confirmation was considered to be an early stage of the disease’s development, in line with previous studies on animal models (25). Similarly, the 9th week represented a later stage in the progression of diabetes where additional changes in enzyme activities and glycosylation patterns might have occurred.

For the sialic acid and sialidase assays, each organ (0.5 g) was homogenized in 2.5 mL of phosphate buffer saline (50 mM) and the resulting mixture was divided into 2 equal parts. One of these homogenate preparations was centrifuged (2058 × g, 50 min), and the supernatant was immediately used for sialidase activity assay. However, the other homogenate preparation was mixed with equal volume of 0.1 M H2SO4 and incubated at 80 °C in a water bath for one hour for optimal hydrolysis of the bonded sialic acid. At the end of the incubation, the resulting hydrolysates were also centrifuged (102 × g, 15 min) and the supernatant was collected and used for sialic acid assay. For sialyltransferase assay, each organ (0.5 g) was also homogenized in 1.5 mL Tris-HCl buffer (0.1 M, pH 6.8) containing 2-mercaptoethanol (2 mM) and 0.1% Triton X-100. The homogenates were also centrifuged (9125 × g, 1 h) and the resultant supernatants were removed and filtered through a glass wool to obtain filtrates which were then used for the analysis of sialyltransferase activity.





Sialic acid analysis

The sialic acid level of each of the organ and serum samples was analyzed by the thiobarbituric acid assay (TBA) method. Exactly 500 µL aliquots of sample containing sialic acid (tissue homogenates and serum) was added to periodate solution (250 µL, 25 mM) and incubated at 37 °C for 30 min. Excess periodate was reduced with 2% arsenite solution (200 µL) and 70% thiobarbituric acid (2 mL) was added. The mixture was then incubated at 90 °C for 7.5 min. After cooling, acid butanol reagent (2.5 mL) was added and centrifuged (920 × g, 5 min) to allow the partitioning of two phases. Afterwards, the absorbance of the butanol layer was taken at 549 nm from where the sialic acid concentration in each of the samples was calculated from a standard curve of sialic acid.





Sialidase assay

The activity of sialidase was analyzed by monitoring the release of sialic acid from fetuin as described by Aminu et al. (27). Here, the serum or homogenates (100 μL) was incubated with fetuin (50 μL, 1 mg/mL) in acetate buffer (pH 5.9) at 37°C for 30 min. The sialic acid released from the fetuin was then quantified using TBA assay method as earlier described. To account and zero the effects of non-specific degradation of the substrate, a control tube was set up alongside the experimental samples. This control tube contained all the experimental reagents except the samples. One unit of sialidase activity was defined as the amount of enzyme that hydrolyzed 1 μmol of sialic acid from fetuin per min under standard assay conditions.





Sialyltransferase assay

The activity of sialyltransferase was determined by evaluating the transfer of sialic acid from the CMP-sialic acid to asialo-fetuin (28). Each assay mixture contained 25 μL of each of the followings; Tris-HCl buffer (0.2M, pH 6.5) containing 0.1 M MnCl2 and 0.1% Triton X100, bovine serum albumin (5 mg/mL), asialofetuin (1 mg/mL) dissolved in 0.85% NaCl, CMP-sialic acid (100 μg/mL) and the serum or organ homogenate. In the control set up, the acceptor substrate (asialofetuin) was replaced with 0.2 M Tris-HCI (pH 6.5). The reaction mixture was incubated for 30 min at 37°C and diluted with 1 mL of 5mM sodium phosphate buffer (pH 6.9). The mixture was then immediately made to pass through a pre-equilibrated DEAE-cellulose column (4.95 mm x 10.7 cm) and eluted with 750 μL of 5 mM phosphate buffer (pH 6.9). The traces of free sialic acid and unreacted CMP-sialic acid were trapped by the column. To each eluate, 170 μL of 1 M H2SO4 was added and the mixture was heated for 1 h at 80°C to hydrolyze the sialyl-conjugates (sialofetuin) and the sialic acid released from the conjugates was then determined using TBA assay method as earlier described. One unit of sialyltransferase activity was defined as the amount of enzyme that incorporated 1 μmol of sialic acid from CMP-sialic acid to asialofetuin per minute under standard assay conditions.





Statistical analysis

Data was analyzed using Statistical Package for Social Sciences (SPSS) version 20 (IBM Corporation, NY, USA). Multiple regression analysis was performed and Pearson correlation test was used for correlation analysis. Statistical difference between enzymes in serum and organs were analyzed using one way analysis of variance (ANOVA). P values less than 0.05 were considered as significant.






Results

The two most prominent characteristics of T2D pathogenesis (insulin resistance and partial pancreatic β cells dysfunction) were successfully induced in the rats of T2D group as demonstrated by the significantly higher HOMA-IR scores (P< 0.05) in addition to the significantly lower HOMA-β scores (P< 0.05) among the T2D group compared to the NCG (Table 1). The NFBG levels monitored over the 9-week experimental period revealed a progressive and significant increase (P<0.05) in both T1D and T2D groups compared to NCG. Within the diabetic groups, T1D group had a significantly (P<0.05) higher NFBG which was maintained at > 400 mg/dL while the NFBG of T2D group was maintained between 200–300 mg/dL throughout the 9-week experimental period (Figure 1).


Table 1 | Homeostasis model assessment scores of insulin resistance (HOMA-IR) and β-cell function (HOMA- β) for the normal and type 2 diabetic animals one week after diabetes induction.






Figure 1 | The weekly non-fasting blood glucose levels of type 1 and type 2 diabetic rats in relation to normal control. Data for each group are presented as mean ± standard deviation of 16 and 8 animals for 1 - 3 and 4-9 weeks intervals, respectively. NCG: Normal Control Group, T1DG: Type 1 Diabetic Group, T2DG: Type 2 Diabetic Group. Different alphabets within a week indicate significant difference (P < 0.05).



At the early stage (3 weeks) of the disease, the diabetic groups had a statistically similar (P> 0.05) free serum sialic acid (FSSA) with NCG but a significantly higher FSSA (P< 0.05) was observed in the two diabetic groups at the late stage (9-week) of the disease. The FSSA was significantly higher (P< 0.05) in T1D group compared to the T2D group (Table 2). Similarly, serum sialidase activity was not affected at the early stage of both types of diabetes but a significant increase was observed at the late stage of diabetes compared to NCG (P< 0.05). Although the T1D group had a higher serum sialidase activity than the T2D group, the difference was statistically insignificant (P>0.05). In contrast to the FSSA level and sialidase activity, the serum sialyltransferase activity was neither affected by the type or stage of the diabetes mellitus (Table 2).


Table 2 | The effects of type 1 and type 2 diabetes on the free serum sialic acid levels and sialidase and sialyltransferase activities in rats.



In the liver, the T1D did not affect the total sialic acid level at the first 3 weeks, but led to a significant reduction (P>0.05) in the total sialic acid level at week 9. Conversely, the T2D induced a significant decrease in the liver total sialic acid level which was reversed at the 9th week (Figure 2A). With respect to sialidase activity, an opposing pattern was observed at the early stage, where the enzyme activity was significantly elevated in the T1D group (P<0.05) whilst a significant reduction was recorded in the T2D group (P<0.05). However, both T1D and T2D caused a significant reduction in sialidase activity at the late stages. Meanwhile, the activity of sialyltransferase in the liver was significantly decreased (P<0.05) only at the early stage of T1D which was reversed at the late stage while T2D did not affect sialyltransferase activity at both early and late stages. On the other hand, both T1D and T2D significantly increased the pancreatic total sialic acid at the early stages (P<0.05) and the pattern was maintained at the late stage of the experiment (Figure 2B). Pancreatic sialidase activity was significantly increased (P<0.05) at the early stage of T2D while sialyltransferase activity was increased at the late stage only. The T1D had no effect on pancreatic sialidase activity at both stages but significantly decreased (P<0.05) sialyltransferase activity at the early stage (Figure 2B).




Figure 2 | Sialic acid distribution with sialidase and sialyltransferase activities of liver (A), pancreas (B), skeletal muscle (C) and kidney (D) of type 1 and type 2 diabetic rats at early (3rd week) and late (9th week) stages. Data are presented as mean ± standard deviation of 8 animals. NCG: Normal Control Group, T1DG: Type 1 Diabetic Group, T2DG: Type 2 Diabetic Group. Different alphabets within a week indicate significant difference (P < 0.05).



The total sialic acid level of skeletal muscle was not affected by both T1D and T2D at the early stage of the diseases but the levels were significantly increased (P<0.05) at the late stage with the T1D causing a more profound increase in the total sialic acid level in the skeletal muscle (Figure 2C). In contrast, both T1D and T2D significantly increased (P<0.05) the sialidase and sialyltransferase activities at the early stage but in the case of T1D, there was reversal of sialidase activity to near-normal, at the late stage (Figure 2C). In the kidney, the total sialic acid content and sialidase activity were significantly increased (P<0.05) by both T1D and T2D at the early stage and the pattern was maintained at the late stage in the case of sialic acid level but a reversal of sialidase activity to normal level occurred at the late stage (Figure 2D). The renal sialyltransferase activity was also significantly (P>0.05) increased in the two types of diabetes mellitus at both early and late stages of T1D and T2D (Figure 2D).

Multiple regression analysis was conducted to identify the possible contribution of the various organs to the serum total sialic acid level and activities of sialidase and sialyltransferase. Serum total sialic acid level was strongly and significantly associated with liver total sialic acid level of T2D group at the late stage (R2 = 0.971; P= 0.015) whereas the regression was strong but not statistically significant in T1D group (R2 = 0.856; P = 0.075) (Table 3). On the other hand, the possible contribution of pancreas to serum sialidase activity in T1D group at the late stage was identified (R2 = 0.907; P = 0.048), whereas in T2D group, the possible contribution of the kidney at the early stage was identified (R2 = 0.842; P = 0.004). There was a moderate regression between serum sialidase activity and sialidase activity in the kidney of T1D group (R2 = 0.595; P = 0.228). Serum sialyltransferase activity was dependent on liver sialyltransferase activity at the late stage in both T1D (R2 = 0.937; P = 0.032) and T2D groups (R2 = 0.980; P = 0.001). In addition, sialyltransferase activity in the skeletal muscle of T1D group was strongly and significantly associated with serum sialyltransferase activity at the late stage (R2 = 0.957; P = 0.013). Correlation analysis of FSSA level with the sialidase and sialyltransferase activities in the serum revealed a non-significant (P>0.05) negative correlation at early stages for the two types of diabetes, except sialyltransferase activity at the early stage of T2D which was significant (r=-0.846; P=0.034) (Table 4). At later stages of both types of diabetes, the correlation was positive and statistically non-significant (P>0.05).


Table 3 | Multiple regression analysis of sialic acid level and sialidase/sialylytransferaseactivities of various organs associated with the corresponding serum parameters.




Table 4 | Correlation analysis serumsialic acid level and serum sialidase/sialyltransferase activities.







Discussion

Both T1D and T2D are associated with increased output of sialic acid in the serum and some organs in humans and experimental animals (5–7, 11). Increased de novo biosynthesis measured as the mRNA expression level of the rate determining enzyme (GNE), might not account for the observed increase of sialic acid level in most organs of diabetic animals (23). In this study, we reported that the activities of sialidase and sialyltransferase are modulated in serum and selected organs of diabetic rats and could be involved in the recycling of sialic acid depending on the organ, stage and type of diabetes.

Although previous reports have demonstrated an increase in FSSA during diabetes, it was evident from this study that the increase could be stage specific because there was no increase at the early phases of both types of diabetes. Moreover, sialidase was also unaffected at the early phase of the diseases but the activity was enhanced at the late stage, which corroborates with the observed pattern for FSSA. The actual source of elevated FSSA in diabetes has not been established with certainty, but endothelial damage has been implicated. Indeed, vascular endothelium is associated with high level of sialic acid; therefore, tissue injury during the diabetes may lead to the observed activation of sialidase (29), especially the GPI-anchored acidic form of sialidase which was increased in the erythrocyte membrane of diabetic patients (18). It has been established that diabetes leads to increase in serum sialic acid-containing gangliosides (30–32). In response to the increase, cell surface associated sialidase (NEU3) may be secreted from the cell surface as hypothesized in cancer (31, 33), which could account for the elevated serum sialidase activity in our study. Furthermore, from the findings of the present study, the pancreas may contribute to circulating serum sialidase at late stages of T1D, probably as a result of leakage due to prolonged and more severe oxidative insults and pancreatic β-cell death in T1D. This could be supported by the higher activity of the enzyme in the serum of T1D group compared to T2D group. In addition to the contribution of circulating sialidase in the serum, sialic acid release from the liver may contribute to the elevated FSSA in the diabetic rats as suggested by the regression analysis (Table 3).

The concomitant increase in total sialic acid content of the organs as well as sialidase and sialyltransferase activities may indicate an active recycling of exogenous sialoconjugates. It is noteworthy that the activity of sialyltransferase decreased or did not change only in the pancreas of the diabetic rats (Figure 2), despite the significant increase in pancreatic total sialic acid content. This indicates that elevated pancreatic sialic acid level may not be due to the influx of exogenous sialoglycoconjugates. In our previous study (23), the GNE gene expression was elevated in the pancreas of diabetic animals with a concomitant elevation in total sialic acid content of the organ. Since it has been previously demonstrated that sialyltransferases are insensitive to the rate of flux through the sialic acid biosynthetic pathway (34), the data in the present study also support increased endogenous synthesis of sialic acid by the pancreas rather than recycling of exogenous sialic acid.

Cohen-Forterre et al. (22) showed fluctuations in bound sialic acid content, sialidase and sialyltransferase activities in the kidney cortex of spontaneously-diabetic and STZ-induced diabetic rats. In the spontaneously diabetic rats with three to five weeks diabetes, sialidase activity was elevated while sialyltransferase activity was unchanged in the kidney cortex compared to age-matched controls. There was a reduction in the amount of bound-sialic acid in the report by Cohen-Forterre et al. (22) while in our analysis, the total sialic acid content of the kidney increased early. Herein, there was also a significant elevation in sialidase and sialyltranferase activities in the kidney of the rats. The increase in the total sialic acid content of the kidney despite the increase in sialidase and sialyltransferase activities at the early stage of diabetes (when serum sialic acid content has not yet significantly changed) may indicate that the kidney modulates its sialylation pattern at the early stage of diabetes.

In conclusion, there was an increase in FSSA level that manifests at the late stages of experimental T1D and T2D. The increase in the FSSA level may be partially contributed by increased sialic acid content of the liver and increased circulating sialidase. Damage to the pancreas and kidney caused by diabetes may cause further elevation in serum sialidase activity. The liver and skeletal muscle may be responsible for activity of sialyltransferase activity in the serum. Whether these observations are true in diabetic patients need to be carefully investigated due to the complex interplay between various organs and etiologic factors in the metabolism of sialic acid and sialoglycoconjugates. Additionally, our future study would focus on the enzymatic roles and gene expression changes of individual isozymes of both sialidases and sialyltransferase during TID and T2D.
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(incident (years)
cases)
769 6 NMR BCAA, phenylalanine, alanine, tyrosinet HOMA-IR 2.09* (36)
Glutamine | (Men)
189 12 LC-MS BCAA, tyrosine, phenylalaninet Diabetes 1.70- (40)
242°
91 2 LC-MS Glycine] T2DM 0.85" (41)
76 5 MS-MS BCAA, phenylalanine, alanine, glutamine and T2DM 1.56- (42)
glutamate? 222
Aspartate/asparagine, glycine| 0.42-
0.58"
340 19 NMR BCAA, alanine, isoleucine, phenylalanine, Diabetes 1.27- (43)
tyrosinet 148"
Glycine 0.77°
9180 57 LC-MS Tryptophant T2DM = (44)
251 38 LC-MS Tryptophant T2DM 1.29° (45)
17 L5 LC-MS/MS BCAAT HOMA-IR - (46)
70 55 MS-MS Aspartic acid/asparagine, phenylalaninet Prediabetes 2.39- 47)
Histidine} 272
0.89-
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540 — NMR isoleucine, alaninet Liver/muscle - (48)
HOMA-IR
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glycine, arginine).
151 9.5 UHPLC-MS/ BCAA, alanine, glutamate, argininet T2DM — (50)
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16 23 NMR BCAAT IR - (51)

HOMA-IR, homeostasis model assessment for insulin resistance; IR, insulin resistance; NMR, nuclear magnetic resonance; LC-MS, liquid chromatography-mass spectrometry; MS-MS, tandem
mass spectrometry; GC-MS, gas chromatography-mass spectrometry; IGT, impaired glucose tolerance; BCAA, branched-chain amino acids; T2DM, type 2 diabetes mellitus; SDMA, symmetric
dimethylarginine; 1, increaseds |, decreased; —, not available, %, odd ratio (OR), ¥, hazard ratio (HR).
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91 2 LC-MS LPC182) T2DM 069" (41)
151 95 UHPLC- linoleoyl-glycerophosphocholine | T2DM 067" (50)
MS/MS
540 — NMR TAGT HOMA- — (48)
IR
152 13 LC-MS Carnitine (C3, C4, C5)1 HOMA- — (49)
LPC (18:1, 22:6), SM16:0, Carnitines (C9, C10:2, C18, C18:10H, C18:2), R

LPEI16:0, lysophosphatidylethanolamine C16:0, acetylcholine]

189 12 LC-MS TAG (44:1, 46:1, 48:0, 48:1, 500, 52:1), PC (34:2, 26:2), LPE18:21 T2DM 135- | (102)

MS-MS TAG (569, 58:10, 60:12), PC38:6, LPC22:6| 1.94*
0.67-
0.78*
189/364 14/38 HPLC- LPI16:1, PC34:3, TAG50:2(16:2), TAG51:0(17:0), TAG54:7(22:6) 1 T2DM - (103)
MRM PE38:4p(18:0p/20:4) |
12132 16 GC n-3 (EPA20:5), n-6 (GLA18:3, DGLA20:3, AA20:4, DTA22:4, DPA2255)1  T2DM 1.02- (107)
n-3 (ALA18:3, DPA22:5, DHA22:6), n-6 (LA18:2)] 146"
0.80-
095"
276 45 NMR Glycerol, FFAs, total TAG, MUFAs, SFA (n-7, n-9)1 T2DM 1.09- (108)
n-6 FAs| 1.26*
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12132 16 GC SFA (14:0, 16:0, 18:0)1 T2DM 1.06- (109)
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284 10 GC-MS$ SFA (C20:0, 22:0, 24:0)| Diabetes  0.68- (114)
099"
251 38 LC-MS Carnitine C4OH T2DM 144 (115)

T2DM, Type 2 diabetes mellitus; GC, gas chromatography; GLA, -linolenic acids; DGLA, dihomo-y-linolenic acid; DTA, docosatetraenoic acids n-6 DPA, docosapentaenoic acid; ALA, o-
linolenic acid; SFA, saturated fatty acid; LC-MRM, liquid chromatography multiple reaction monitoring; HPLC, high-performance liquid chromatographys MS-MS, tandem mass spectrometry;
CE, cholesteryl ester; PC, phosphatidylcholine; LPI, lyso-phosphatidylinositol; PPPE, polyunsaturated plasmalogen phosphatidylethanolamine; LPE, lysophosphatidylethanolamines; LPC,
lysophosphatidylcholines; SM, sphingomyelin; TAG, triacylglycerol; DAG, diacylglycerol; PE, phosphatidylethanolamine; LP, lysophospholipid; PC-PL, phosphatidylcholine-plasmalogen; CE,
cholesterol ester; 1, increaseds J, decreaseds —, not available, *, odd ratio (OR); ®, hazard ratio (HR); %, relative risk (RR).
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T2DM, type 2 diabetes mellitus; IR, insulin resistance; LC-MS, liquid chromatography-mass spectrometry; HOMA-IR, homeostasis model assessment for insulin resistance; HPLC, high-

performance liquid chromatography; MS/MS, tandem mass spectrometry; NMR, nuclear magnetic resonance; 1, increased; |, decreased;

not available, *, odd ratio (OR); ®, hazard ratio (HR).
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Variables  ALL(N=2267) Low-Risk Medium-Low-Risk Medium-Risk
(N=1112) (N=859) (N=134)
Gender
Female 1037(45.74%) 501(45.05%) 403(46.92%) 74(55.22%) 59(36.42%)
Male 1230(54.26%) 611(54.95%) 456(53.08%) 60(44.78%) 103(63.58%)
Drink 534(23.56%) 261(23.40%) 214(24.90%) 22(16.40%) 37(22.80%)
Smoke 632(27.88%) 314(28.20%) 235(27.30%) 28(20.80%) 55(33.90%)
Age 63(56,70) 63(56,70) 64(56,71) 63(56,70.25) 62(54,70)
Height 167(160,173) 167(160,173) 166(160,173) 167(160,172.25) 170(160,176)
Weight 71(64,80) 70(62,78) 74(66,83) 75(64.75,80.25) 75(66,89)
wce 93(86,100) 91(85.97) 95(88,100) 95(89,100) 97(89,105)
BMI 25.70(23.70,28.00) 24.80(23.10,26.80) 26.7(24.40,28.90) 26.6(24.73,28.20) 26.95(24.58,29.30)
SBP 144(131,156) 133(123,141) 157(148,173) 143.5(133,155.50) 54(142,172)
DBP 80(73.89) 75.5(70,81) 88(81,95) 80(72,87.5) 87(78.75,95.25)
¥-GGT 21.79(15.42,33.76) 19.26(14.21,30.07) 23.95(17.08,37.14) 23.16(17.06,34.54) 24.34(17.23,37.83)
AST 19.64(16.23,24.3) 19.58(16.06,23.59) 19.83(16.39,25.37) 19.65(16.64,25.29) 19.52(15.98,24.39)
ALT 21.45(15.95,30.56) 20.92(15.66,28.75) 22.56(16.56,33.32) 24.66(17.48,32.68) 18.98(14.52,26.66)
Glucose 8.61(6.76,11.28) 7.89(6.22,10.18) 9.47(7.55,12.02) 10.625(7.59,13.90) 9.495(7.24,12.24)
TG 1.56(1.11,2.28) 1.405(1.01,1.96) 1.74(1.23,2.53) 1.69(1.19,2.60) 1.9(1.39,3.07)
TC 4.92(4.12,5.64) 4.74(3.96,5.38) 5.13(4.35,5.82) 4.92(4.23,5.72) 5.44(4.48,6.43)
LDL-C 2.59(1.99,3.12) 2.48(1.9,2.98) 2.71(2.08,3.22) 2.61(1.92,3.255) 2.79(2.11,3.54)
HDL-C 1.16(0.99,1.37) 1.17(0.99,1.39) 1.16(0.99,1.37) 1.1(0.98,1.32) 1.13(0.94,1.33)
Crea 61.34(51.03,73.56) 60.71(50.74,71.69) 60.68(50.83,73.05) 60.75(47.93,73.19) 78.79(60.60,102.58)
Urea 5.78(4.91,6.88) 5.63(4.87,6.76) 5.75(4.89,6.80) 5.75(4.86,6.66) 6.905(5.62,8.74)
eGFR 100.50(91.89,107.42) 101.05(93.94,107.89) 100.10(92.07,107.41) 101.32(90.86,107.61) 88.47(65.34,105.59)
UA 32144 313.83(260.63,372.38) 330.73(277.05,397.27) 322.15(258.67,392.11) 391.76(325.31,467.37)
(270.26,388.57)
25(0H)D 17.88(13.25,23.05) 18.41(14.00,23.69) 17.55(12.76,22.55) 17.59(13.08,22.01) 15.64(11.38,21.79)
Insulin 1091(6.77,17.3) 9.04(5.89,13.91) 11.46(7.12,16.81) 50.8(38.66,66.62) 14.60(9.97,21.04)
1S1 0.01(0.01,0.01) 0.0136(0.0087,0.0220) 0.0093(0.0062,0.0148) 0.0021(0.0014,0.0027) 0.0081(0.0047,0.0126)
HOMA-IR 4.12(2.53,7.01) 3.26(2.02,5.09) 4.77(3.00,7.20) 21.36(16.60,32.05) 5.46(3.53,9.54)
Erurine 8637.23 8678.75 8653.67 8112.50 8537.11
(5642.40,12452.00) (5761.21,12850.01) (5622.38,12253.14) (5298.26,11524.25) (4700.38,11887.14)
mAlb-urine 22.82(12.24,60.21) 18.125(9.66,32.27) 25.91(14.08,61.38) 27.81(15.41,58.92) 621.42(472.10,772.55)
Mic 949(41.86%) 367(33.00%) 373(43.42%) 72(53.73%) 137(84.57%)
DN 691(30.48%) 237(21.31%) 272(31.67%) 51(38.06%) 131(80.86%)
DR 499(22.01%) 200(17.99%) 188(21.89%) 40(29.85%) 71(43.83%)
ASCVD 1859(82.00%) 893(80.31%) 734(85.45%) 95(70.90%) 137(84.57%)
NSC 1744(76.93%) 873(78.51%) 641(74.62%) 107(79.85%) 123(75.93%)
DF 14(0.62%) 7(0.63%) 3(0.35%) 1(0.75%) 3(1.85%)
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Medium-Risk

Ala 184.625(141.138,225.678) 188.670(147.960,229.910) 181.600(154.918,238.960) 176.705(133.135,218.523) 0023
Arg 3.265(2.073,4.738) 2.940(1.920,4.590) 2.785(1.645,4.145) 3.365(2.240,5.368) 0.001
Asp 27.425(19.725,35.898) 25.670(18.430,33.970) 26.515(18.850,34.685) 27.785(21.183,35.863) 0014
Cit 21.755(16.493,27.810) 21.810(16.930,27.160) 22225(17.393,28.113) 24.045(18.315,30.448) 0.006
Cys 295.970(266.348,330.780) 312.130(280.990,346.030) 304.175(263.718,340.828) 321.265(290.273,370.673) <0.001
Met 14.990(12.460,17.650) 14.670(12.460,17.170) 15.070(13.128,18.255) 13.950(11.728,16.563) 0015
Phe 14.155(10.470,19.885) 13.300(9.730,18.340) 13.480(10.113,18.290) 14.130(10.520,19.195) 0014
Pip 202.395(140.013,275.530) 182.390(129.910,244.420) 178.515(132.613,222.075) 183.755(128.178,245.068) <0.001
Thr 25.915(20.733,32.350) 24.510(19.740,30.680) 24.160(20.178,28.895) 23.825(19.615,29.700) <0.001
Tyr 50.785(39.688,62.740) 50.440(40.560,62.360) 52.360(41.103,65.030) 42.980(34.880,54.573) <0.001
Val 145.335(123.813,169.685) 149.770(127.520,175.270) 155.865(129.628,178.603) 143.850(119.735,168.465) 0.002
2 11.740(8.893,15.018) 11.660(9.230,14.730) 11.160(8.008,14.600) 12.740(10.023,15.818) 0035
c3 1.470(1.090,1.968) 1.540(1.140,2.070) 1.630(1.158,2.040) 1.605(1.093,2.243) 0024
c4 0.180(0.130,0.230) 0.180(0.140,0.240) 0.170(0.130,0.243) 0.200(0.160,0.280) <0.001
C4:0-OH 0.050(0.040,0.070) 0.050(0.040,0.070) 0.050(0.040,0.080) 0.060(0.040,0.090) 0011
cs 0.110(0.080,0.140) 0.110(0.090,0.150) 0.110(0.090,0.150) 0.130(0.090,0.160) 0.001
C5DC 0.070(0.050,0.100) 0.070(0.040,0.110) 0.065(0.040,0.100) 0.090(0.050,0.120) 0.003
[e3 0.070(0.050,0.090) 0.070(0.060,0.100) 0.070(0.050,0.090) 0.080(0.060,0.100) 0.001
C6DC 0.340(0.210,0.510) 0.350(0.230,0.530) 0330(0.220,0.533) 0.400(0.260,0.580) 0022
C50H 0.200(0.150,0.270) 0.220(0.160,0.290) 0.230(0.160,0.313) 0.230(0.170,0.310) <0.001
cl4 0.060(0.040,0.090) 0.070(0.050,0.090) 0.060(0.040,0.080) 0.070(0.050,0.100) 0011
C16 0.830(0.660,1.050) 0.880(0.680,1.110) 0.870(0.760,1.113) 0.930(0.730,1.173) <0.001
ci8 0.490(0.380,0.620) 0.490(0.380,0.600) 0.550(0.415,0.653) 0.545(0.408,0.653) 0.003
C26 0.030(0.020,0.040) 0.030(0.020,0.040) 0.030(0.020,0.040) 0.030(0.020,0.040) 0037

Ala, Alanine; Arg, Arginine; Asp, Aspartate; Cit, Citrulling; Cys, Cysteine; Met, Methionine; Phe, Phenylalanine; Pip, Piperamide; Thr, Threonine; Tyr, Tyrosine; Val, Valine; C2:Acetyl-carnitine;
C3:Propionyl-carnitine; C4:Butyryl-carnitine; C4:0-OH, Hydroxybutyryl-carnitine; C5:Isovaleryl-carnitine; CSDC, Glutaryl-carnitine; C6:Hexanoyl-carnitine; C6DC, Adipyl carnitine; C50H,
Hydroxyisovaleryl-carnitine; C14:Myristoyl-carnitine; C16:Palmitoyl-carnitine; C18:Octadecanoyl-carnitine; C26:26-carboacyl carnitine.
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Alcohol habit Never used 217 347
Active Users 188 30.0
Ex-drinkers 221 35.3
Smoking habit Never used 210 335
Active users 238 38.0
Ex-smokers 178 284
Use of non-steroidal | Yes 72 115
Anti-inflammatory
drugs No 554 88.5
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hypertension
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chronic kidney
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Fasting blood sugar <150 mg/dl 127 203
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Age (year) <20 88 14.1
20-40 284 45.4
>40 254 40.6

Sex Male 327 522
Female 299 47.8

Educational level Not able to read 348 55.6
and write
Able to read and 131 209
write
Primary education 94 15.0
Secondary 53 85
education

Marital status Unmarried 41 6.5
Married 538 85.9
Divorced/separated/ ra 75
widowed

Place of residence Rural 327 522
Urban 299 47.8

Occupation Student 58 9.3
Employed 214 342
Unemployed 116 185
Self-employed 183 292
Retired 55 8.8

Monthly income <1,500 264 422

(Ethiopian Birr)
1,400-3,000 288 46.0
>3,000 74 11.8
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Average MCP extension angle, nondominant hand

categories (degrees)

Number 15: 49 103 69
Male subjects 11 (73.3%) 19.0 (38.8%) 45 (43.7%) 22 (31.9%) 0.02
Age, years (median, range) 33(26,44) | 34 (23, 43.5) 25 (19, 33) 22 (19, 30) 0.00
s . . 13.5 (6.6, 124 (92, 11.8 (9.3,
Age at diagnosis, years (median, range) 14.4) 12 (8.8, 16.9) 159) 16) 0.51
i @ < 239 (189, 221 (132, 114 (7.2, 10.4 (7,
Duration of diabetes, years (median, range) 33.6) 303) 187) 15.) 0.00
Occupation: manual labor 3 (20.0%) 6 (12.2%) 4 (3.9%) 2 (2.9%)
Occupation: keyboard workers 0 0 2 (1.9%) 1(1.4%)
Current or past smoking (n, %) 4 (26.7%) 4 (8.2%) 8 (7.8%) 5(7.2%) 0.10
Current or past alcohol (n, %) 5(33.3%) 3 (6.1%) 10 (9.7%) 7 (10.1%) 0.22
Metformin use (n, %) 5(33.3%) 12 (24.5%) 20 (19.8%) 19 (27.5%) 0.50
Retinopathy (n, %) 3 (20.0%) 7 (4.3%) 7 (6.9%) 5.0 (7.4%) 0.06
Nephropathy (n, %) 5 (33.3%) 3.0 (6.1%) 14.0 (13.6%) 6.0 (8.7%) 0.11
Neuropathy, clinical (n, %) 2 (13.3%) 15.0 (30.6%) 19.0 (18.4%) 9.0 (13.0%) 0.11
Exposure to fibrogenic medication 5(33.3%) 15 (30.6%) 10 (9.7%) 3 (4.3%) 0.00
y ’ 60.8 (44.6, 582 (52, 55.3 (49, 56.6 (48,
W .
eight (kg) (median, range) 67.5) €92) 644) ) 0.14
. . 163 (150, 159 (154.3, 160.5 (153.4, 160 (153.8,
Height (cm) (median, range) 167) 168.8) 170) 169) 0.92
4 . 21.9 (20.1, 23.1 (205, 21.5 (19, 217 (187,
BMI (kg/cm”®) (median, range) 247) 263) 248) 24.9) 0.05
§ 5 118 (110, 1225 (111, 116 (109, 114 (104.3,
Systolic BP (mm Hg) (median, range) 148) 139.8) 124.4) 120) 0.00
. . " 74.5 (67, 76.5 (683, 73.5 (67.3, 725 (68,
Diastolic BP (mm Hg) (median, range) 80) 84.5) 50) 799) 0.17
5 12.0
Lipohypertrophy (n%) 6 (40.0%) 11.0 (22.4%) 20.0 (19.4%) (17.4%) 0.09
Lipoatrophy (n%) 0 0 2 (1.9%) 1 (1.5%) 0.53
Keloid scar (n%) 2 (13.3%) 2.0 (4.1%) 6 (5.8%) 4 (5.8%) 0.75
. . 2422,
AGE reading (median, IQR) 27) 26(22,3.1) 22(1.7,28) 2.5(2,29) 0.17
Hand pain on day of exam (n, %) 1 (6.7%) 3 (6.1%) 4(3.9%) 1 (1.5%) 0.17
Finger locking (n, %) 3 (20.%) 12 (24.5%) 7 (6.8%) 4 (5.8%) 0.00
Paresthesia (n, %) 2.0 (13.3%) 7.0 (14.3%) 5.0 (4.8%) 2.0 (3.0%) 0.01
Frozen shoulder (n, %) 3 (20.%) 12 (24.5%) 5 (4.8%) 0 0.00
Duruoz hand index (mean) 1.87 1.94 0.26 0.23 0.00
Duruoz hand index >10 (n%) 1.0 (6.7%) 3.0 (6.1%) 1.0 (0.97%) 1.0 (1.5%) 0.07
” . : 46.7 (36.7, 43.3 (325, 43.3(33.3, 400 (325,
Grip strength, dominant hand (mm Hg), median, IQR 633) 625) 600) 183) 0.03
: 2 5 51.7 (40.0, 417 (333, 45.0 (33.3, 400 (317,
Grip strength, non-dominant hand (mm Hg), median, IQR 633) 633) 567) 167) 0.01
Prayer sign (n%) 12 (80.0%) 24 (48.9%) 10 (9.7%) 27 (39.1%) 0.00
Distance between both fifth MCP (cm) (mean, SD) 3.14 (4.54) 1.73 (5.77) 0.43 (0.93) 0.26 (0.66) 0.00
Distance between both fifth PIP (cm) (mean, SD) 5 (6.86) 2.15 (4.69) 0.64 (1.43) 0.29 (0.79) 0.00
MCP extension angle, degrees - dominant hand (mean, SD) 13(7.1) 329 (5.2) 53.4(5.8) 67.8 (5.5) 0.00
MCP extension angle, degrees - non-dominant hand (mean, SD) 16.2 (11.4) 36.6 (7.1) 57.4 (7) 70.1 (6.4) 0.00
Physician diagnosis of diabetic cheiroarthropathy (n%) 15 (100%) 35 (71.4%) 21.0 (20.4%) 7.0 (10.1%) 0.00
Number of MRI scans 12 14 20 15 P for trend
X 0.58 (0.55, 0.55 (0.46, 0.5 (0.45, 0.65 (0.52,
M he hickng .821
ean tendon sheath thickness (mm) 061) 0.64) 0.55) 07) 0.8
. . 0.7 (0.63, 0.64 (0.55, 0.56 (0.52, 0.72 (0.56,
Maximum tendon sheath thickness (mm) 0.8) 0.77) 063) 0.82) 0.1
o 1.48 (L1, 1.38 (1.09, 0.95 (0.8,
Mean skin thickness (mm) 17) 1.4 (1.03, 1.6) 155) 1.25) 0.003
. 2.58 (2.08, 248 (2.25, 2.15 (171, 35 (2.5,
Mean subcutaneous thickness (mm) 3.48) 316) 274) 13) 0.211
Mean median nerve area (mm?) 8'959.(98)'03’ 101 5858’ 8.6 (7.1,9.1) 91(06:28)8’ 0.076
Ad.diliv.e MRI fibrosis (mean skin thickness + mean tendon thickness + mean palmar 240 (14) 202 (07) 1,87 (0.34) 164 (0.30) 0011
facia thickness) (mean, SD)
Z-score addition score (mean, SD) 1.32 (3.37) 0.03 (1.65) -0.48 (1.16) —0.45 (1.1) 0.018

BMI, body mass index; MCP, metacarpophalangeal; PIP, proximal interphalangeal; AGE, advanced glycation end-product; SD, standard deviation; IQR, interquartile range.
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Model 2 Model 3
(adjusted for gender) (adjusted gender and duration of diabetes)

Model 1 (unadjusted)

Std B P-value Std B P-value Std B P-value
Weight ~0.074 0.257 -0013 0847 0.041 0.537
Height 0.021 0.753 0.262 0.003 0.212 0.01
Systolic BP -0.305 0.000 ~0.281 0.000 -0.203 0.002
Diastolic BP -0.11 0.098 -0.128 0051 -0.073 0242
HbAIC 0.004 0.952 -0.005 0.939 -0.132 0.043
UACR -0.164 » 0.024 -0.171 0.017 -0.204 0.002
Occupation (Manual Labor) ~0.071 0.28  ooss 0306 ~0.003 0967
Metformin 0.047 0477 0.066 0315 0.055 0.366
Retinopathy -0.148 0.033 ~0.144 0036 ~0.055 0.393
Nephropathy -0.115 0.097 ~0.099 015 -0.122 0.058
Neuropathy ~-0.065 0.322 -0.088 0.179 -0.048 0.436
Fibrotic medication or disease -0.242 » 0.000 -0.224 0.001 -0.205 0.001
Frozen shoulder -0.258 ‘ 0.000 -0.263 0.000 -0.182 0.004
Lipohypertrophy -0.168 0.01 -0.173 0.007 ~0.109 0.078
Lipoatrophy 0.045 0.494 0.031 0631 0.025 0.681
Hypothyroidism 0003 0.967  oom 0616 | 0.026 | 0.683

BP, blood pressure; UACR, urine-albumin creatinine ratio.





OPS/images/fendo.2023.1238825/table4.jpg
Model 1 (univariate) Model 2 (multiple univariate)
Std B P-value Std B P-value

Skin thickness -0.376 0.003 -0.326 0.012
Mean subcutaneous thickness 0.182 0.161 -
Palmar fascia thickness -0.262 0.041 —0.165 0.193
Median nerve cross-sectional area -0.243 0.064 -
Tendon sheath thickness -0.032 0.808 -
R-Squared (R2) 13.7%
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Pa

nt characteristics
Male subjects (n, %)

Age in years (median, range)

Age at diagnosis, years (median, range)
Duration of diabetes (median, range)
Occupation: manual labor

Occupation: keyboard >6 h

Nicotine use, current or past

Alcohol use, current or past

Metformin use (n%)

Retinopathy

Proliferative

Non-proliferative

Nephropathy (n%)

Neuropathy, clinical

Exposure to additional fibrogenic disease or medication
Weight (kg) (median, range)

Height (cm, median, range)

BMI (kg/cmz) (median, range)

Lipohypertrophy

Lipoatrophy

Keloid scar

AGE reading (median, IQR)

Hand pain on the day of assessment

Finger locking/triggering, current or past

Paresthesia in hands, current or past

Duruoz hand index (DHI), median

Duruoz hand index (DHI) >10 (n, %)

Grip strength, dominant hand (mm Hg), median, IQR
Grip strength, non-dominant hand (mm Hg), median, IQR
Prayer sign (n%)

Distance between fifth MCP, cm (mean, SD)

Distance between fifth PIP, cm (mean SD)

MCP extension angle, degrees - dominant hand (mean SD)

MCP extension angle, degrees - non-dominant hand
(mean SD)

CTS (Tinel sign or Phalen sign or reduced/absent
sensation)

Physician diagnosis of diabetic cheiroarthropathy (n%)
Dupuytren’s disease (n%)

Flexor tenosynovitis (n%)

Limited joint mobility (n%)

CTS (n%)

>1 condition

257

90 (40.9%)

26.8 (20.4, 36.0)
123 (9.2, 16.4)
137 (8.1, 22.4)
15.0 (6.3%)

3.0 (1.3%)

21.0 (8.9%)
25.0 (10.5%)
57.0 (24.0%)

20 (8.4%)

7

13

28 (11.8%)

45 (18.9%)

34 (14.3%)

56.8 (49.0, 66.1)

160.0 (154.0,
169.0)

22,0 (19.1, 24.9)
49 (20.7%)

3 (1.3%)

14 (5.9%)

24 (1.9, 29)

9 (3.8%)

26 (10.9%)

16 (6.8%)

0

6 (2.5%)

41.7 (33.3, 57.5)
417 (33.3, 56.7)
73.0 (30.8%)
0.815 (3.01)
1.116 (3.10)
50.8 (16.7)

54.2 (16.9)

53 (22.4%)

79 (33.8%)
3 (1.2%)
30.0 (12.6%)
46.0 (19.4%)
24 (10.1%)

24 (10.1%)

BMI, body mass index; MCP, metacarpophalangeal; PIP, proximal interphalangeal; AGE,
advanced glycation end-product; SD, standard deviation; IQR, interquartile range; CTS, carpal

tunnel syndrome.
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Quality assessment No of patients Effect Quality Importance

No of Design Inconsistency  Indirectness Imprecision Other consid- SGLT- Control Relative Absolute
studies erations 2i (95%
(e)}

Lean body mass

12 Randomized | No serious Serious” No serious Serious” None 566 537 - SMD 0.6 lower @@OO0  Important
trials risk of bias indirectness (10510027 lower) | LOW

Skeletal muscle mass

9 Randomized  Noserious  Serious No serious Serious” None 211 234 = SMD 035 lower @00 Important
trials risk of bias indirectness (06610004 lower)  LOW

SMD, standardized mean differences; Cl, confidence interval; NA, not applicable
* There is significant statistcal heterogeneity, as indicated by a large I value.
® All trials are small samples.
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Records identified from
PubMed. Web Of Science-
Embase. Cochrane Library-
Chinese National Knowledge
Infrastructure (CNKI) and Wan
Fang Databases

(n=16727)

Title and abstract screening
(n=12268)

Full-text articles assessed for
eligibility
(n=241)

Studies included in quantitative
synthesis (meta-analysis)
(n=19)

Records removed before
screening:
Duplicate records removed
(n =44589)

Title and abstract excluded
(n=12027)

Reports excluded (n = 222):
No ending of interest (n=212)
The duration of treatment is
short (n=1)
Non-randomized controlled
(n=9)
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random. 95% CI IV, Random, 95% Cl
Eugene Han 2020 07 03 28 03 03 15 61% -3.2714.22,-232) ¢
G.Kim 2014 15 18 36 03 204 26 82% -0.93[-1.47,-0.40)
Hideka Inoue 2019 -0.61 029 22 -023 027 24 7.6% -1.34-1.98,-0.69]
Hirotatsu Nakaguchi 2020 -06 223 31 -05 164 30 83% -0.05-0.55,0.45) T
J. Bolinder 2014 -1.3 203 66 -08 19 71 90% -0.20(-0.54,0.13) -
Kayo Horibe 2022 -017 117 26 -038 158 24 81% 0.15(-0.41,0.70 T
Lawrence Blonde 2016 -09 225 56 -03 212 50 88% -0.27 [-0.66,0.11] ===
Rory J. McCrimmon 2020 -1.48 266 90 -226 281 88  9.2% 0.28-0.01,0.58] |
Seon Mee Kang 2022 0 98 63 03 96 67 9.0% -0.03(-0.37,0.31) =
Toru Kitazawa 2020 13 13 32 08 2 29 81% -1.30-1.86,-0.74] —
Vaneza Lira W. Wolf 2021 -0.347 108 44 0929 118 45 86% -1.12-1.57,-0.67) e
William T Cefalu 2013 -09 253 kil 11 247 68 9.0% -0.80[-1.14,-0.45) —
Total (95% CI) 566 537 100.0% -0.66 [-1.05,-0.27] -

Heterogeneity: Tau®= 0.41; Chi*= 104.43, df=11 (P < 0.00001); F= 83%

Test for overall effect: Z= 3.33 (P = 0.0009)

2 0 1 2
Favours [experimental] Favours [control]

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean __SD_Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
Gian Paolo Fadini 2017 -28 52 15 01 503 16 93% -0.571.29,0.15] —
Hajime Yamakage 2020 01 7.08 27 -02 62 27 120% 0.04 [-0.49,0.58] i
Hideka Inoue 2019 -058 034 22 001 033 24 97% -1.73[-2.42,-1.05] = =
Hiroyuki lgarashi 2023 -08 129 8 13 1424 8 65% -0.15[1.13,0.84] —
Hiroyuki Kayano 2020 -02 38 3 03 24 38 132% -0.16 [-0.61,0.30] ===
Kayo Horibe 2022 -0.64 138 26 -012 167 24 116% -0.34(-0.89,0.22) =1
Masanori Shimizu 2019 -09 785 33 -03 521 24 121% -0.08[-0.61,0.44]
Seigo Sugiyama 2018 -02 4186 28 -03 495 22 118% 0.02[-0.54,0.58] 1
Yi-Hong Zeng 2022 -044 244 46 083 3 51 141% -0.39(-0.79,0.02) ]
Total (95% CI) 241 234 100.0% -0.35[-0.66, -0.04] >
Heterogeneity: Tau®= 0.14; Chi*= 21.40, df= 8 (P = 0.006); = 63% + + ) 1 )

Test for overall effect: Z= 2.19 (P = 0.03)

Favours [experimental] Favours [control]
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HbAlc, % BMI, kg/m?  Interventions Measurement  Treatment

(S:Q) (S;C) (S; C) method duration, w
McCrimmon (2020)  S: 90 $:586 (10.1)  S:83 (1.0) $:32.3 (5.5) S: Canagliflozin DXA 52
@0 C: 88 C: 57.8 (9.9) C: 85 (1.1) C: 32,6 (6.4) C: Semaglutide
Han (2020) (23) S: 30 $:525(10.3)  S:6.7(0.7) S: 30.4 (5.4) S: Ipragliflozin + DXA 24
metformin + pioglitazone
C15 C:56.7 C: 6.6 (0.6) C:30.2 (2.5) C: Metformin +
(11.8) pioglitazone
[ Inoue (2019) (24) S:22 51+9 S: 8.12 (0.93) S: 27.9 (4.0) S: Ipragliflozin + insulin BIA 24
C:24 C: 8.3 (0.65) C:277 (45) C: Insulin
Horibe (2022) (25) $:26 $:59.7 (12.0) | S:7.68 (0.53) $: 28.0 (4.0) S: Dapagliflozin + OAD | DXA 24
C: 24 C: 62.3 (6.5) C: 7.73 (0.50) C: 27.6 (3.8) C: OAD
Shimizu (2019) (26) S:33 $:56.2 (11.5)  S:8.37 (1.48) $:27.6 (4.7) S: Dapagliflozin BIA 24
C:24 C:57.1 C: 7.7 (1.24) C: 283 (3.5) C: Standard treatment
(13.8) without SGLT2 inhibitors
Yamakage (2020) (9) = S:27 $:584 (13.0) | S:7.5(0.8) $:31.3 (7.6) S: Dapagliflozin BIA 24
C:27 C: 60.7 C: 7.4 (0.9) C:30.7 (6.2) C: Conventional
(11.9) medications
Sugiyama (2018) S:28 S:55.6 (7.4) S:79 S:27.5(2.4) S: Dapagliflozin BIA 24
e C22 C:56.7 (7.9) C:76 C:26.2 (3.4) C: Non-SGLT2i
Kitazawa (2020) (28)  S: 32 20-75 S: 7.4 (0.5) $:25.3 (3.9) S: Tofogliflzin + DPP4i + BIA 24
metformin
C:29 C: 7.5 (0.4) C: 254 (3.8) C: Glimepiride + DPP4i +
metformin
Fadini (2017) (29) $:15 $: 663 (1.8) $:82(0.2) S:28.4 (1.4) S: Dapagliflozin BIA 12
C: 16 C: 61.0 (1.8) C:82(0.2) C:32.8 (1.4) C: Placebo
Kim (2014) (30) S: 36 55.7 NA NA S: Empagliflozin + DXA 52
metformin
C:26 C: Glimepiride +
metformin
Wolf (2021) (31) S: 44 S: 58 (7) $:7.7 (1.2) $:30 (7) S: Dapagliflozin DXA 12
C45: C:58 (7) C:7.9 (14) C:31(7) C: Glibenclamide
Nakaguchi (2020) S: 31 S:66.3 (9.5) S: 8.08 (0.76) S: 25.8 (4.1) S: Empagliflozin + insulin DXA 24
2 C: 30 C: 67.2 (9.0) C: 8.04 (0.75) C: 26.4 (4.6) » C: Liraglutide + insulin
Cefalu (2013) (33) S1: 71 I S1:56.4 (9.5)  S1:7.8 (0.8) S1:31.0 (5.3) S1: Canagliflozin 100 mg = DXA 52
$2: 69 $2:558 (9.2)  $2:7.8 (0.8) $2:31.2 (5.4) $2: Canagliflozin 300 mg
C: 68 C: 56.3 (9.0) C: 7.8 (0.8) C: 309 (5.5) C: Glimepiride
Blonde (2016) (34) S1: 56 S1:64.3 (6.6) = S1:7.8 (0.8) S1: 30.9 (4.8) S1: Canagliflozin 100 mg DXA 26
§2: 60 $2:63.0 (6.0)  S2:7.8 (0.8) $2:31.6 (4.3) $2: Canagliflozin 300 mg
C: 50 C: 64.2 (6.4) C: 7.8 (0.7) C: 32,0 (5.5) C: Placebo
Igarashi (2023) (35) S: 8 S:53.8 (152)  S:11.8 (1.3) S:26.3 (5.1) S: Canagliflozin + CON InBody 12
(o] C: 50.4 C: 12,9 (1.8) C:27.7 (51) C: CON
(14.0)
Bolinder (2014) (36) S: 66 60.7 7.2 319 S: Dapagliflozin + DXA 102
metformin
C:71 C: Placebo + metformin
Kang (2022) (37) S: 63 20-75 S: 8.5 (0.7) >23 S: Ipragliflozin | InBody 24
C:67 C:85(0.7) C: Sitagliptin
Zeng (2022) (38) S: 46 $:58.9 (9.9) $:92 (1.4) $:27.7 (5.0) S: Empaglifozin + BIA 24
premixed insulin
C: 51 C:58.7 C:9.0(1.2) C: 280 (3.5) C: Linagliptin + premixed
(10.2) insulin
Kayano (2020) (39) S: 36 S: 694 (7.1) S:7.6 (0.7) S:25.6 (4.2) S: Traditional treatment + | InnerScan V with 24
dapagliflozin reactance technology
C: 38 C:66.0 (95  C:7.5(0.6) C:258 (3.9) C: Traditional treatment

Data are expressed as the mean (standard deviation).
S, SGLT-2i group; C, control group; NA, not applicable; HbA 1, glycated hemoglobin; BMI, body mass index; y, year; w, weeks; DXA, dual X-ray absorptiometry; BIA, bioelectrical impedance
analysis; CON, control diet; OAD, oral antidiabetic agent.
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P value

Age (years) 44.13 £ 1372 52.19 +12.97 5.983 <0.001

Gender (male/female) 137/33 (80.59%) 159/69 (69.74%) 6.017 0.014
Overweight/obesity (with/without) 91/79 (53.53%) 116/112 (50.88%) 0.274 0.600
Family history of T2DM (with/without) 86/84 (50.59%) 71/15 7(31.14%) 15.420 <0.001
HbAIlc (%) 12.10 (10.48, 13.50) 9.10 (7.60, 10.90) -10.358 <0.001

FBG (mmol/L) 10.70 (8.41, 13.39) 9.48 (7.73, 12.13) -3.076 0.002

UA (umol/L) 338.70 (273.88, 421.73) 344.75 (284.35, 411.55) -0.090 0.928

TC (mmol/L) 5.04 (4.33,6.00) 5.05 (4.35, 5.72) -0.710 0.477

TG (mmol/L) 1.94 (1.23, 3.15) 1.95 (1.36, 2.76) -0.172 0.864

HDL-C (mmol/L) 0.91 (0.75, 1.07) 1.01 (0.85, 1.17) -3.849 <0.001

LDL-C (mmol/L) 3.07 + 1.10 3.08 +£0.92 0.132 0.895

LP (a) (mg/L) 69.45 (36.75, 179.38) 84.80 (40.80, 149.80) -0.937 0.349

FFA (umol/L) 820.41 + 220.58 490.75 + 149.00 -17.776 <0.001

GSP (umol/L) 454.77 +120.38 449.33 +138.43 -6.614 <0.001

LAC (mmol/L) 3.07 (2.22,3.77) 3.23 (2,50, 3.95) -1.350 0.177

HbAL, glycosylated hemoglobin A1C; FBG, fasting plasma glucose; UA, serum uric acid; TC, total cholesterol; TG, total triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; LP (a), lipoprotein a; FFA, free fatty acid; GSP, glycosylated serum protein; LAC, Lactic acid.
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variable B SE Wald P OR (95%Cl)

Age -0.041 0.013 10845 0.001 0.959 (0.936, 0.983)
Family history of T2DM 0.961 0.343 7.844 0.005 2,614 (1,334, 5.122)
FFA 0011 0.001 68.782 <0001 LO11 (1.008, 1.014)
HbAlc 0538 0.083 42,183 <0001 1712 (1.456, 2.014)

EFA, free fatty acid; HbAI, glycosylated hemoglobin A1C.
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Endocrinology Patients from
2018.01-2020.10 (N=8 186)

Patients samples after
cleaning (N=8172)

* With acute and infectious complications (n=603)
* With missing values (n=2 453)

* Outliers (n=353)

* Without chronic complications (n=141)

Final inclusion of patients

with T2DM with chronic
complications (N=2 267)
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Subjects who were at least 18 years old lived in Dongguan, Guangdong, China
between April 2018 and December 2019 (n=238599)

Excluded

¢ No available weight and height measurements (n=10)

* No available fasting plasma glucose value (n=1950)

* No available information on adiponectin (n=2518)

*  Extreme BMI values (<14 kg/m? or >55 kg/m?) (n=465)
¢ Unknown waist circumference (n=373)

*  Unknown blood pressure (n=845)

Final inclusion analysis
(n=232438)

Abdominal obesity group Non-abdominal obesity group
(n=66411) (n=166027)
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Variables

Category

CKD among DM patients

Overall (N = 626)

Positive (%)

COR (95% Cl)

AOR (95% Cl)

Presence of hypertension No 316 3(0.5) 1 1

Yes 310 14(22) 493 (140-1734)* | 5.69 (1.58-20.51)**
Place of residence Rural 325 3(05) 1 1

Urban 301 14(22) 362(116-1123)* | 4.84 (1.51-15.40)**
DM types Typel 139 6(1.0) 1 1

Type Il 487 11(1.8) 051 (0.18-1.41)* 0.43 (0.16-2.01)
Family history of CKD No 285 2(03) 1 1

Yes 341 15(2.4) 651 (147-2871)* | 6.20 (1.51-15.40)**

*Variables statistically significant at p < 0.25, **variables statistically significant at p < 0.05, AOR; Adjusted Odds Ration, COR; Crude Odds Ration; *p < 0.05 (significant).
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Variables Category Frequency Percent

(n = 626;

n = 400)
Serum creatinine Low 85 13.6
Normal 396 63.3
High 145 232
Urealevel Low 56 8.9
Normal 500 789
High 70 1.2
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Variables All subjects

P-value
Age 0.072 <0.001 0.088 <0.001 ‘ 0.075 <0.001
BMI -0.370 <0.001 -0.352 <0.001 ‘ -0.298 <0.001
‘Waist circumference -0.361 <0.001 -0.308 <0.001 ‘ -0.257 <0.001
Systolic blood pressure -0.163 <0.001 -0.126 <0.001 \ ~0.089 <0.001
Diastolic blood pressure ~0.167 <0.001 ~0.134 » <0.001 \ ~0.088 <0.001
FPG -0.221 <0.001 | -0.224 I <0.001 \ ~0.206 <0.001

BMI, body mass index; FPG, fasting plasma glucose.
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Variables All subjects (n = 232,438) Abdominal obesity Non-abdominal obesity P-value

(n = 66,411) (n = 166,027)
Age (years) 42.6 + 5.6 433+ 5.6 424 +57 <0.001
Gender, n (%) <0.001
Male 104,274 (44.9) 39,283 (59.2) 64,991 (39.1)
Female 128,164 (55.1) 27,128 (40.8) 101,036 (60.9)
Height (cm) 161.9£ 7.8 164.3 £ 8.2 160.9 £ 7.5 <0.001
Weight (kg) 63.0+11.8 73.8 £ 11.0 587 £9.0 <0.001
BMI (kg/m?) 23935 27.3+32 22627 <0.001
‘Waist circumference (cm) 82.9 + 103 94.7 + 83 782 + 6.5 <0.001
SBP (mmHg) 122.6 + 14.5 127.9 £ 15.0 120.4 +13.7 <0.001
DBP (mmHg) 789 +10.3 82.6 + 10.9 774+96 <0.001
FPG (mmol/L) 5.1 (4.6-5.5) 5.2 (4.7-5.7) 5.0 (4.6-5.4) <0.001
Adiponectin (ug/mL) 4.9 (3.8-6.4) 4.2 (3.3-5.3) 5.2 (4.0-6.7) <0.001
T2DM, n (%) <0.001
Yes 8,960 (3.9) 4,644 (7.0) 4,316 (2.6)
No 223,478 (96.1) 61,767 (93.0) 161,711 (97.4)
Hypertension, n (%) <0.001
Yes 22,670 (9.8) 11,629 (17.5) 11,041 (6.7)
No 209,361 (90.2) 54,685 (82.5) 154,676 (93.3)
Coronary atherosclerotic heart disease, n (%) <0.001
Yes 719 (03) 321 (0.5) 398 (0.2)
No 231,264 (99.7) 65,959 (99.5) 165,305 (99.8)
Stroke, n (%) <0.001
Yes 421 (0.2) 160 (0.2) 261 (0.2)
No 231,544 (99.8) 66,117 (99.8) 165,427 (99.8)
Family history of diabetes, n (%) <0.001
Yes 26,353 (12.1) 8,737 (14.0) 17,616 (11.3)
No 191,933 (87.9) 53,647 (86.0) 138,286 (88.7)

BMLI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose.
Abdominal obesity was defined as waist circumference 285 cm in women and 290 cm in men.
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Disease progression
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Western medicine dosage
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Renal hemodynamics
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Difference between Standard Error @ 95% Confidence Z statistic Significance level

EIES Interval
HbA1c~OGTTO0h 0.192 0031 0.132 to 0.252 6269 P < 0.0001
HbA1c~OGTT2h 0.137 0.027 0.083 to 0.191 5.004 P < 0.0001
OGTTOh~OGTT2h 0,055 0021 | 0,015 t0 0095 2,689 P = 0.0072

“ The standard error of the area under the ROC curve is calculated using the method of DeLong et al. (24).





OPS/images/fendo.2024.1324782/fendo-15-1324782-g006.jpg
!
1
g
=
z

Zhenwu Decoction

Yiqi Yangyin Huoxue Recipe
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Sensitivity Specificity Youden

(%) (VA index
10.05 93.40 68.90 0597
10.15 9270 | 7050 0.616
1025 90.50 72.00 0.610
1035 $8.30 7310 0.603
1045 86.90 73.60 0.600
1055 86.10 75.10 0.597
10.65 86.10 7620 0.612
10.85 81.80 78.80 0.590
1125 75.90 85.00 0.598
1145 73.70 7.0 0.597
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HOMA - IR HOMA - B

HbAlc
r 0539 -0.177 -0.564 0427 -0.581
P <0.001 0.001 <0.001 <0.001 <0.001
HbA1c (T2DM group)
I r 0.155 0.151 -0.505 -0397 0433
P 0040 0.036 <0.001 <0.001 <0.001
HbA1c (KPD group)
r 0261 0254 -0.298 0.184 -0.380
P 0.002 0.003 <0.001 0031 <0.001

HbAIc, glycosylated hemoglobin Alc; B-HB, B-hydroxybutyric acid; HOMA-IR, insulin resistance index; HOMA-P, insulin secretion index; HOMA-IS, Insulin sensitivity index; AC30/AG30,

insulin early phase secretion index; AUC insuiin area under the insulin curve.
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X?yenalF value = P value

HbAc(%) <8.90 8.90-10.70 10.70-12.40 >12.40

Ketosis(with/without)  7/77 (8.33%) 18/68 (20.93%) 50/35 (58.82%) 62/13(82.67%) 111723 <0.001
B-HB(mmol/L) 0.11(0.08,0.17)™ 0.14(0.11,0.23)™ 0.25(0.12,048)° 0.75(0.22,2.29) 79.583 <0.001
Insulin dosage(u/d*kg)  0.00 (0.00, 0.30)™ 032 (0.00, 0.46)* 042 (0.22, 0.54)* 0.56 (0.40, 0.70) 104.39 <0.001
FEA(ummol/L) 510,16 (355.48, 663.99)" | 546.71 (444.17, 688.34) | 570.83 (439.03,703.68) = 587.10(462.57,754.90)  9.859 0.020
IRTOh(ummol/L) 11.62(6.63,17.25)™ 10.33(6.65,15.23)™ 7.72(4.50,10.45) 5.55(3.25,10.40) 40.998 <0.001
IRTO.5h(ummol/L) 24.60(13.37,42.85)" 17.00(12.20,22.20)™ 9.69(7.03,16.45) 7.70 (4.96, 13.20) 83.166 <0.001
IRT1h(ummol/L) 41.15(22.45,71.63)"™ 25.15(1845,35.70)" 13.60(8.68,20.50) 9.91(6.40,17.38) 109.844 <0001
IRT2h(ummol/L) 46.00(28.50,97.40)"> 32.50(20.90,43.45)" 17.40(11.05,29.80) 11.90(8.07,23.10) 101724 <0.001
IRT3h(ummol/L) 36.25(19.92,57.82)" 28.00(17.54,40.51)*° 15.02(10.90,22.40) 11.70(6.70,21.60) 81.256 <0.001
HOMA - B 55.31(30.82,92.46)" 36.07(20.85,54.60)"° 18.27(10.16,28.43) 12.94(7.21,24.75) 91.548 <0001
HOMA - IR 4.07(2.30,5.86) 4.70(2.73,6.60) 3.67(2.28,6.00) 2.71(1.58,4.58) 13.616 0.003
AC30/AG30 2.81(1.02,5.10)" 1.32(0.53,2.94)" 065(0.32,1.23) 0.59(0.21,1.13) 53.696 <0.001
AUCpquin(ummol/L)  116.65(66.41,194.38)™ | 74.00(53.15,10549)™ | 43.70(28.31,68.44) 31.39(20.82,56.56) 99.296 <0.001

Compared with group D, *P (adjusted) was < 0.05; Compared with group C, "P (adjusted) was <0.05; Compared with group B, °P (adjusted) was <0.05.
HbAc, glycosylated hemoglobin Alc; B-HB, B-hydroxybutyric acid; FFA, free fatty acids; IRT (0,0.5,1,2,3h), Insulin release test (0,0.5,1,2,3h); AC30/AG30, insulin carly phase secretion index;
AUC insulin» area under the insulin curve; HOMA-IR, insulin resistance index; HOMA-, insulin secretion index; HOMA-IS, Insulin sensitivity index.
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KPD group P value
Age (years) 52.00 (42.00, 62.00) 46.00 (33.50, 55.00) -4.301 <0.001
Gender (male/female) 135/58(69.95%) 114/23(83.21%) 7.611 0.006
BMI(kg/m2) 2539 (23.78, 27.62) 24.93 (2239, 28.08) 1313 0.189
Insulin dosage(u/d*kg) 0.15 (0.00, 0.45) 0.46 (0.34, 0.59) -6.471 <0.001
RBG(mmol/L) 14.32 £ 3.70 21.86 £ 6.23 -13.764 <0.001
HbA1lc(%) 9.32+ 201 12,67 £2.22 -14.253 <0.001
B-HB(mmol/L) 0.12 (0.08, 0.17) 0.5(0.29, 1.21) -12.740 <0.001
TC(mmol/L) 5.00 (4.35,5.68) 5.04 (4.35,5.97) 0.666 0505
TG(mmol/L) 1.93 (1.37, 2.78) 1.94 (1.23,2.87) 0.288 0773
HDL-C(mmol/L) 1.01 (0.85, 1.14) 092 (0.76, 1.15) -2.700 0.007
LDL-C(mmol/L) 3.06 + 0.90 3.05+1.13 0.083 0.934
LP(a)(mg/L) 81.90(40.05,149.50) 77.80 (39.00, 182.50) -0.373 0.709
FFA(ummol/L) 509.23(411.79,668.07) 613.87 (465.16, 791.49) -3.897 <0.001
GSP(umol/L) 379.85 (320.80,468.81) 521.60 (451.05, 610.30) 9364 <0.001
OGTT0h(mmol/L) 892 (7.59, 11.25) 11.99 (9.00, 13.75) -5.876 <0.001
OGTTO.5h(mmol/L) 14.18 + 343 16.10 +3.84 4753 <0.001
OGTT1h(mmol/L) 17.99 + 413 2046 + 4.22 -5.302 <0.001
OGTT2h(mmol/L) 18.53 + 4.68 2279 £437 -8.360 <0.001
OGTT3h(mmol/L) 15.06 + 5.31 20.10 £ 4.56 -8.998 <0.001
IRTOh(mmol/L) 10.70 (668, 16.05) 574 (3.58, 10.11) 7.420 <0.001
IRTO.5h(mmol/L) 18.90 (12.10, 28.40) 8.89 (5.40, 15.60) -8.245 <0.001
IRT1h(mmol/L) 28.50 (16.60, 44.34) 12.10 (697, 20.30) -9.096 <0.001
IRT2h(mmol/L) 34.80 (21.40, 56.15) 14.30 (9.14, 24.45) -8.758 <0.001
IRT3h(mmol/L) 29.20 (16.90, 44.30) 12.80 (8.23, 22.00) -8.409 <0.001
AC30/AG30 1.52(0.66, 3.24) 0.55 (0.22, 1.27) -6.076 <0.001
AUCjngiin(mmol/L) 85.18 (51.63, 132.20) 36.50 (23.94, 61.55) -8.980 <0.001
HOMA - IR 432 (273, 6.64) 2.77(1.72, 4.70) 5253 <0.001
HOMA - B 41.46 (20.54, 68.40) 15.01(8.38, 27.45) -8.440 <0.001

BMI, body mass index; RBG, random blood glucose; HbAlc, glycosylated hemoglobin Alc; B-HB, B-hydroxybutyric acid; TG, triglyceride; TC, total cholesterol; HDL-C, high density lipoprotein
cholesterol; LDL-C, low density lipoprotein cholesterol; LP (a), lipoprotein a; FFA, free fatty acids; GSP, glycosylated serum protein; OGTT (0,0.5,1,2,3h), oral glucose tolerance test (0,0.5,1,2,3h);
IRT (0,0.5,1,2,3h), Insulin release test(0,0.5,1,23h); AC30/AG30, insulin early phase secretion index; AUC insulin, area under the insulin curve; HOMA-IR, insulin resistance index; HOMA-B,
insulin secretion index; HOMA-IS, Insulin sensitivity index.
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(A) Change in HbA1c level from baseline (MD, mean difference and 95% Cl)

IDeg-200
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0.15 (-0.27,-0.02) -0.27 (-0.45,-0.08) -0.06 (-0.28,0.16) 1Glar-100
0.02 (-0.07,0.11) 008 (-0.03,0.19) -0.04 (-0.20,0.12) 0.17 (-0.05,0.39) 0.23 (0.10,0.36) | IDet

-0.10 (-0.23,0.03) -0.04 (-0.20,0.12) 0.05 (-0.19,0.29) 0.11 (-0.04,0.26) ILPS ‘

-0.05 (-0.13,0.03) 0.10 (-0.12,0.32) 0.16 (0.05,0.27) 0.05 (-0.10,0.21) NPH ‘

(B) Change in FPG level from baseline (MD, mean difference and 95% Cl) ‘

IDeg-200
5.27 (2.18,8.36) ‘ IDeg-100
6.65 (1.68,11.61) 138 (-3.75,6.50) IDeg-3TW
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-2.02 (-5.07,1.03) -7.29 (-11.17,-3.42) -8.67 (-13.68,-3.65) 5.15 (-2.94,13.24) ‘ 2.14 (-2.71,7.00)

-8.64 (-14.50,-2.79)

-3.37 (-8.35,1.60) 3.80 (-5.25,12.84) 0.79 (-4.72,6.30)
3.84 (-4.24,11.92) 0.83 (-3.54,5.20) 0.04 (-5.60,5.68) NPH

(C) Change in body weight from baseline (MD, mean difference and 95% CI)

IDeg-200

0.69 (-0.25,1.63) 1Deg-100

e o
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0.89 (-1.21,2.99) 0.20 (-2.11,2.50) 1.36 (-1.33,4.04) -2.76 (-6.26,0.73) -0.23 (-2.42,1.96) 0.34 (-2.00,2.69) ILPS ‘

-0.01 (-0.95,0.92) -0.71 (-2.03,0.62) 0.45 (-1.46,2.37) -3.66 (-6.61,-0.72) -1.13 (-2.42,0.15) 6,1.36) NPH

(D) Occurrence of overall/any hypoglycemia (OR, odds ratio and 95% Cl)

IDeg-200

1.14 (0.84,1.55) IDeg-100

0.80 (0.56,1.13) 121 (0.74,1.99) IGlar-300
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1.08 (0.87,1.35) 0.95 (0.71,1.27) 1.44 (0.88,2.35) 1.19 (0.91,1.54)

0.86 (0.62,1.19) 0.75 (0.51,1.13) 1.14 (0.67,1.95) 0.94 (0.69,1.28) 1.10 (0.83,1.44)

0.59 (0.46,0.75) 0.52 (0.37,0.73) 0.78 (0.48,1.28) _ 0.75 (0.63,0.90)

(E) Occurrence of nocturnal hypoglycemia (OR, odds ratio and 95% Cl) ‘

s l
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129 (0.93,1.78) Deg-100

(E) Occurrence of nocturnal hypoglycemia (OR, odds ratio and 95% Cl) ‘

0.54 (0.28,1.05)

1.32 (0.65,2.67) 1Glar-300

0w R

0.55 (0.40,0.75)

0.93 (0.75,1.16) 0.72 (0.54,0.98) 1.72 (0.86,3.43) 1.30 (1.01,1.67) 1.32 (1.11,1.56) IDet
0.51 (0.36,0.72) 0.40 (0.26,0.61) 0.94 (0.45,1.98) 0.71 (0.52,0.98) 0.72 (0.53,0.98) 0.55 (0.39,0.77) ILPS ‘
0.41 (0.32,0.53) 0.32 (0.22,0.45) 0.75 (0.37,1.52) 0.57 (0.45,0.71) 0.58 (0.48,0.69) 0.44 (0.34,0.56) 0.80 (0.57,1.13) NPH ‘

(F) Occurrence of severe hypoglycemia (OR, odds ratio and 95% Cl) ‘

IDeg-200
1.82 (0.82,4.02) IDeg-100
0.67 (0.12,3.80) 0.37 (0.06,2.32) IDeg-3TW
0.86 (0.46,1.63) 0.47 (0.21,1.05) 1.28 (0.22,7.51) IGlar-300
0.69 (0.44,1.10) 0.38 (0.20,0.75) 1.03 (0.19,5.73) 0.81 (0.52,1.25) | IGlar-100
0.74 (0.41,1.34) 0.41 (0.23,0.70) 1.10 (0.19,6.37) 0.86 (0.47,1.55) 1.06 (0.71,1.59) ‘ IDet
0.27 (0.09,0.86) 0.15 (0.04,0.52) 0.40 (0.05,3.02) 0.32 (0.11,0.92) 0.39 (0.14,1.12) 037 (0.12,1.14) ‘ ILPS

0.51 (0.29,0.90) 0.28 (0.13,0.59) 0.76 (0.13,4.34) 0.59 (0.35,1.00) 0.74 (0.53,1.02) 1.87 (0.63,5.61) NPH

Moderate Certainty Based on GRADE Ratings

Low Certainty Based on GRADE Ratings

Diagonal cells contain the names of competing treatments. The tables show column-to-row mean differences or odds ratio with 95% Cls for change in HbA1c level from baseline, change in FPG
from baseline, change in body weight from baseline, and odds of overall, nocturnal, and severe hypoglycemia. Statistically significant differences are bolded and favor the column-defining
treatment (for example i.e., the treatment in the column is associated with a less weight gain than the treatment in the row).
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20,817 retrieved studies from online
databases and gray literature

Duplicate records
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Records remained
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Excluded due to irrelevance to the study question
(15,140 records)

Titles and abstracts for further review
(1,254 records)

1,028 studies excluded based on title/abstracts
were not related:

Reviews: 274

Observational studies: 312

Animal studies: 118

Editorial, comments, and letters: 195
Guidelines, documents, media: 43

Case reports: 86

159 Excluded due to:

Comparison with OGLDs, or placebo (27)
Single-arm trials, non-randomized trials, post-hoc or
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Duration less than 12 weeks (13)

Undesirable intervention and comparison group (36)

l : Hospitalized or surgical patients (5)
67 RCTs included in the systematic review Other outcomes (11)
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35 RCTs for severe hypoglycemia
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OR 95% ClI P-value
All subjects Crude model 2.817 2.700-2.939 <0.001
Model 1 2.429 2.326-2.537 <0.001
Model 2 2.120 2.028-2.216 <0.001
Model 3 2.062 1.969-2.161 <0.001
Male Crude model 2125 2.013-2.243 <0.001
Model 1 2.106 1.995-2.223 <0.001
Model 2 1.874 1.773-1.981 <0.001
Model 3 1.798 1.696-1.905 <0.001
Female Crude model 3.329 3.106-3.569 <0.001
Model 1 3.067 2.859-3.291 <0.001
Model 2 2.606 2.425-2.800 <0.001
Model 3 2.607 2.418-2.811 <0.001

Model 1: Adjusted for age and gender.
Model 2: Adjusted for age, gender, SBP, and DBP.
Model 3: Adjusted for age, gender, SBP, DBP, coronary atherosclerotic heart disease, stroke, and family history of diabetes.

Gender was not adjusted in the regression analyses stratified by gender. The non-abdominal obesity was defined as the referent category.
T2DM, type 2 diabetes mellitus; SBP, systolic blood pressure; DBP, diastolic blood pressure; OR, odds ratios; CI, confidence interval.
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NOE vs M-GFE NOE vs MOMR

XGBoostl XGBoost2 XGBoostl XGBoost2
AUROC 0.799(0.74-0.85) 0.784(0.73-0.84) 027 0.794(0.73-0.85) 0.894(0.85-0.94) <0001
AUPRC 0.561(0.45-0.66) 0.544(0.43-0.65) 020 0.374(0.24-0.53) 0.648(0.50-0.77) <0001

XGBoost, extreme Gradient Boosting.

XGBoostl is a model that only includes traditional clinical factors; XGBoost2 adds plasma metabolites.

P, Delong test for the area under the curve of the receiver operating characteristic curve and precision-recall curve.
NOE, Normal or elevated eGFR; MR, Mild reduction eGFR; MOMR, moderate or severe reduction eGFR.
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LMUFAH SAHDMU

MR MR
n 1145 329 152 491 157 68
gender (%) man 548 (47.9) 149 (45.3) 77 (50.7) 0.521 252 (51.3) 85 (54.1) 31 (45.6) 0.498
female | 597 (52.1) 180 (54.7) 75 (49.3) 239 (48.7) 72 (45.9) 37 (544) ‘
Current smoking 837 (73.1) 267 (81.2) 113 (74.3) 0.012 389 (79.2) 138 (87.9) 58 (85.3) | 0.036
Current drinking 908 (79.3) 281 (854) 125 (82.2) 0.041 440 (89.6) 145 (92.4) 63 (92.6) ‘ 0.486
Age, years ‘ 54.92 (12.57) 68.36 (10.36) 65.66 (12.10) <0.001 56.15 (12.21) 69.30 (9.86) 66.79 (9.76) <0.001
BMI 25.95 (4.03) 25.59 (3.32) 2579 (3.82) 0.339 26.71 (4.12) 26.03 (3.05) 2742 (3.32) 0032
Duration of T2D, years 7.40 (7.40) 10.74 (9.09) 14.03 (8.82) <0.001 8.80 (7.87) 12,61 (9.77) 17.37 (9.36) <0.001
SBP 141.79 (22.69) 149.01 151.62 <0.001 145.50 152.78 157.19 <0.001
(21.97) (25.31) (20.90) (19.42) (21.37)
DBP 82.94 (12.59) 80.33 (13.31) 80.05 (14.51) 0.001 82.65 (11.97) 78.18 (11.95) 80.74 (12.92) ‘ <0.001
Total cholesterol, 4.94 (1.32) 476 (1.42) 4.99 (1.61) 0.109 5.04 (1.28) 4.85 (1.31) 5.51 (1.71) 0.003
(mmol/1)
HDL_C 1.14 (0.35) 1.15 (0.33) 1.12 (0.35) 0.763 1.18 (0.34) 1.20 (0.31) 1.23 (0.31) 0.497
LDL_C 2.75 (0.93) 266 (1.02) 255 (0.91) 0.044 2.55 (0.83) 2.50 (0.87) 2.51 (0.92) ‘ 0.805
Triglyceride, (mmol/L) 1.64 1.50 1.86 0.003 1.60 144 204 <0.001
(1.13-2.41) (1.06-2.15) (1.17-2.81) (1.11-2.24) (1.05-1.95) (1.31-3.23)
Antidiabetic agents (%) 512 (81.1) 133 (77.8) 67 (80.7) 0.615 435 (88.6) 142 (90.4) 61 (89.7) 0.614
Lipid-lowering 512 (81.1) 126 (73.7) 70 (84.3) 0.056 295(100) 0 46(100) -
agents (%)

NOE, Normal or elevated ¢GFR; MR, Mild reduction ¢GFR; MOMR, Moderate or severe reduction eGER; SBP, Systolic blood pressure, mmHg; DBP, Diastolic blood pressure, mmHg; HDL,_C,
High-density lipoprotein cholesterol, mmol/L; LDL_C, Low-density lipoprotein cholesterol, mmol/L.
Data are mean (standard deviation), median (IQR), or n (%).
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Beinaglutide Control
Baseline 6-month P value Baseline 6-month Pvalue P value
FBG (mmol/L) 747 £1.77 6.67 £ 1.90 0.02 7.86 + 2.16 6.90 £ 2.17 <0.01 <0.01
2hBG (mmol/L) 12.94 +223 802+ 172 <0.01 13.26 + 2.63 10.34 +2.99 038 <0.01
HbAlc% 9.45 (7.70,11.22) 6.87 (4.90,8.25) <0.01 9.60 (8.10,11.91) 6.87 (5.29,8.79) <0.01 086
LBGI 262 1.81 212 £0.94 0.03 271+ 120 252+ 116 022 <0.01
Weight (kg) 84.34 £ 13.86 7930 + 12.92 0.039 83.12 = 16.09 85.39 + 15.94 0.65 <0.01
BMI (kg/mz) 27.08 £ 3.64 26.08 + 2.89 0.029 26.87 £ 2.94 27.40 +2.87 0.56 <0.01
WC (cm) 98.15 + 9.67 93.62 + 9.64 0.086 97.44 + 8.29 98.38 + 8.00 0.86 <0.01
SFA (cm?) 17596 + 37.47 171.34 £ 40.30 0.63 171.86 + 3949 17264 + 41.66 0.99 007
LMI (kg/m?) 19.08 + 2.87 20.08 £ 1.79 0.92 19.87 + 3.56 1840 + 2.87 0.58 077
ALT (U/L) 26.67 (19.96,37.15) 25.46 (17.79,37.63) 0.81 23.00 (17.00,37.12) 23.03 (16.24,34.71) 0.80 052
AST (U/L) 26.57 (19.00,35.00) 27.37 (17.73,35.17) 0.77 23.00 (17.00,33.00) 22.89 (17.08,33.33) 0.73 0.64
Cr (mmol/L) 70.82 +21.43 60.47 + 22.36 0.092 69.16 + 20.68 67.53 +21.38 0.35 0.07
UA (mmol/L) 364.96 + 87.96 357.61 + 81.49 055 357.29 + 91.75 35934 + 82.29 0.76 028
Non-fasting TG (mmol/L) 274 +5.96 1.67 +3.50 <0.01 268 + 5.61 264 +5.27 0.84 <0.01
TC (mmol/L) 4.96 (4.33,6.10) 4.41 (3.79,5.67) 0.08 4.96 (4.10,6.47) 4.45 (3.56,5.72) 0.13 078
HDL-C (mmol/L) 1.00 + 0.24 1.17 £0.23 <0.01 1.04 + 0.22 1.23 £0.21 <0.01 0.88
LDL-C (mmol/L) 293 £0.85 258 +£0.78 0.05 2.85+0.84 253 £0.76 0.07 0.28
TG (mmol/L) 2.12 (1.23,291) 1.61 (0.98,2.61) 0.08 2.24 (1.23,3.08) 2.16 (1.27,2.91) 0.72 <0.01
ApoB (mg/dL) 1.01 +0.41 096 +0.38 0.62 1.02 036 1.02 £ 0.36 099 034
FFA (nmol/L) 042 0.20 040 +0.20 0.61 0.39 +0.17 038 +0.16 096 057
HOMA-IR 2.40 (1.16,3.23) 2.03 (1.25,3.49) 0.04 2.41 (1.19,3.19) 2.95 (1.11,2.95) 0.03 <0.01
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Characteristics Beinaglutide

(n=67)
Age (years) 52.1+9.2 51.8 +8.3 0.68
FBG (mmol/L) 747 £1.77 7.86 +2.16 0.25
2hBG (mmol/L) 1294 £2.23 13.26 + 2.63 0.92
9.60
HbA1c% 9.45 (7.70,11.22) (8.10,11.91) 0.29
LBGI 262 +1.81 271120 0.54
Weight (kg) 84.34 + 13.86 83.12 £ 16.09 0.64
BMI (kg/m?) 27.08 + 3.64 26.87 +2.94 0.71
WC (cm) 98.15 + 9.67 97.44 £8.29 0.65
SFA (cm?) 175.96 + 37.47 171.86 + 39.49 0.25
23.00
ALT (U/L) 26.67 (19.96,37.15) (17.00,37.12) 0.22
23.00
AST (U/L) 26.57 (19.00,35.00) (17.00,33.00) 0.24
Cr (mmol/L) 70.82 +21.43 69.16 + 20.68 0.65
UA (mmol/L) 364.96 + 87.96 35729 £91.75 0.26
Non-fasting TG
(mmol/L) 2.74 £5.96 2.68 +5.61 0.96
TC (mmol/L) 4.96 (4.33,6.10) 4.96 (4.10,6.47) 0.71
HDL-C (mmol/L) 1.00 £ 0.24 1.04 £0.22 0.26
LDL-C (mmol/L) 293 £0.85 2.85+0.84 0.61
TG(mmol/L) 2,12 (1.23,2.91) 2.24 (1.23,3.08) 0.75
ApoB (mg/dL) 1.01 +£0.41 1.02 £ 0.36 0.89
FFA (nmol/L) 042 £0.20 0.39 +0.17 0.43
HOMA-IR 240 (1.16,3.23) 241 (1.19,3.19) 0.90

*p<0.05.
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Patients with T2D in Patients with T2D in

LMUFAH (n=4352) SAHDMU (n=1011)

No e¢GFR (n=330),

No amino acid and acylcarnitine
(n=2395),

Age<18 years old (n=1)

Eligible dataset
(n=1626)

Internal validation External validation

raining cohort (n=1138):
£ ( : cohort (n=488): cohort (n=716):

eGFR>90 (n=792),
( ) eGFR>90 (n=353), eGFR290 (n=491),

60<eGFR<90 (n=240
B ( & 60<eGFR<90 (n=89), 60<eGFR<90 (n=157),
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Individulas screened
(n=490)

Excluded (n=356)
*Declined to join the study (n=315)
eIneligible (n=41)

Randomized allocation (n=134)
Beinaglutide Aspart 30
(n=67) (n=67)

Withdrawn (n=18) Withdrawn (n=15)

*Adverse events (n=4) *Adverse events (n=2)
*Unwilling to contiune (n=8) *Unwilling to contiune (n=7)
*Other (n=6) *Other (n=6)

Completed 36 Completed 36
weeks (n=49) weeks (n=52)

Analysis (n=101)
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Variants* Implicated Relevant function Correlated Theme
Gene module/s description**
1rs3755863 PPARGCIA Synonymous/3’ UTR/downstream gene/non-coding transcript
exon variant
158192678 PPARGCIA Missense/3” UTR/downstream gene/non-coding transcript
exon variant
151894116 YAPI Intron/regulatory region variant Platelet degranulation
rs4311394 ARLI5 Intron variant Turquoise Immune system
156545814 ADCY3 Intron/regulatory region variant Blue Immune system process
1510830963 MTNRIB Intron variant Green No significant enrichment
157588550 ERBB4 Intron/non-coding transcript variant -
154402960 IGF2BP2 Intron/non-coding transcript variant Platelet degranulation
151470579 IGF2BP2 Intron/non-coding transcript/downstream gene variant Platelet degranulation
152383208 CDKN2B- Downstream gene variant Blue Immune system process
AS1
rs944797 CDKN2B- Intron/non-coding transcript/upstream gene/regulatory Blue Immune system process
ASI region variant

*Variant derived as associated with T2DM CAD at FDR<0.05.
**Associated theme for modules.





OPS/images/fendo.2023.1267503/crossmark.jpg
©

2

i

|





OPS/images/fendo.2024.1323168/table3.jpg
Pathway Classification #Pathway ID Pathway Description Observed False

System gene count Discovery
Rate
Black KEGG hsa04650 Natural killer cell- 12 0.0024
(n=383) mediated cytotoxicity
Green no significant enrichment
(n=656)
Turquoise Gene ontology GO:0002283 Neutrophil activation is involved 115 1.04e-10
(n=2696) in the immune response
KEGG hsa04142 Lysosome 32 0.0047
Reactome HSA-168256 Immune system 317 2.90e-12
Black Gene ontology GO:0002376 Immune system process 125 6.29¢-10
(n=2562)
KEGG hsa04380 Osteoclast differentiation 12 0.0399
Reactome HSA-168256 Immune system 108 3.52e-11
Purple Gene ontology GO:0015671 Oxygen transport 6 0.00062
(n=261)
GO:0015701 Bicarbonate transport 6 0.0445
Reactome HSA-1247673 Erythrocytes take up oxygen and 4 0.0073

release carbon dioxide

HSA-1237044 Erythrocytes take up carbon 4 0.0129
dioxide and release oxygen
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TCF3

AIF1
NFIL3
PILRA

CKAP4

Description

transcription factor 3

allograft inflammatory
factor 1

nuclear factor, interleukin
3 regulated

paired immunoglobin-like
type 2 receptor alpha

cytoskeleton-associated
protein 4

Relevant function

Member of the E protein (class 1) family of helix-loop-helix transcription factors

The protein binds actin and calcium. Plays a role in vascular inflammation

The transcriptional regulator that binds as a homodimer to activating transcription factor
(ATE) sites in many cellular and viral promoters

ITIM-bearing member of the paired immunoglobin-like type 2 receptor pair, which
functions in the inhibitory role. Involved in cell signaling

High-affinity epithelial cell surface receptor for antiproliferative factor, which mediates the
anchoring of the endoplasmic reticulum to microtubules

Fold
change

(log 2)

-0.458

1.005

0534

0.890

0.736

Adjusted
p-value

1.117E-04

1.603E-04

3.449E-04

3.449E-04

3.449E-04
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QOdds ratios (95% Cl)

Modell Model2 Model3
DHEA
Tertilel 1 1 1
Tertile2 0.72(0.50,1.03) 0.70(0.48,1.01) 0.69(0.46-1.04)
Tertile3 0.50(0.34,0.73) 0.49(0.33,0.73) 0.56(0.36-0.88)
P for trend 0.002* 0.002* v 0.036*

Per SD increment 0.97(0.95,0.99) 0.97(0.95,0.99) 0.98(0.96-1.00)

P value 0.005** 0.003** 0.073

DHEAS
Tertilel 1 1 1
Tertile2 0.84(0.59,1.19) 0.83(0.59,1.18) 0.92(0.6201.37)
Tertile3 1.00(0.68,1.46) 0.98(0.66,1.44) 1.15(0.74-1.78)
P for trend 0.524 0.535 0.5940

Per SD increment 0.96(0.88,1.04) 0.95(0.88,1.04) 0.96(0.88-1.06)
P value 0.316 0.264 0.4440

Androstenedione

Tertilel 1 1 1
Tertile2 0.79(0.56,1.13) 0.82(0.57,1.16) 0.78(0.52-1.15)
Tertile3 0.79(0.54,1.16) 0.77(0.53,1.14) 0.95(0.60-1.51)
P for trend 0.359 0.376 0.3940

Per SD increment 0.99(0.88,1.12) 0.99(0.88,1.11) 1.07(0.93-1.24)
P value 0.875 0.819 0.3280

mr
Tertilel 1 1 1
Tertile2 0.79(0.56,1.12) 0.81(0.57,1.16) 0.86(0.58-1.29)
Tertile3 0.77(0.54,1.10) 0.77(0.54,1.10) 0.80-0.54-1.20)
P for trend 0.284 0314 0.557

Per SD increment 0.77(0.56,1.05) 0.77(0.56,1.06) 0.85(0.55-1.31)

P value 0.102 0.106 0.46

* P <0.05* P<0.01

Model 1: adjusts for age.

Model2: modell+current smoking (yes/no), current drinking (yes/no).

Model 3: model2+BMI, insurance type, duration of diabetes, SBP, ACTH, and HbAlc.
BMI, body mass index; T2DM, type 2 diabetes mellitus; SBP, systolic blood pressure; ACTH,
adrenocorticotropic hormone; HbAlc, glycosylated hemoglobin; TT, total testosterone;
DHEA, dehydroepiandrosterone; AE, androstenedione; DHEAS, dehydroepiandrosterone
sulfate; CI confidence interval; SD, standard deviation.

Bold results are statistically significant.
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Odds ratios (95% Cl)

Modell Model2 Model3
DHEA
Tertilel 1 1 1
Tertile2 055 (0.38,0.81) | 056 (0.38,0.83) 057 (0.37-0.88)
Tertile3 040 (026,0.61) | 041 (027,062) 039 (0.24-0.64) ‘
P for trend <0.001* <0.001* <0.001*

Per SD increment 0.95 (0.93,0.98) 0.96 (0.93,0.99) 0.96 (0.92-0.99)

P value <0.001*** 0.003** 0.009**

DHEAS
Tertilel 1 1 1
Tertile2 0.82 (0.57,1.19) ‘ 0.83 (0.58,1.20) 0.95 (0.63-1.43)
Tertile3 0.79 (0.53,1.18) 0.81 (0.54,1.21) 0.82 (0.51-1.30)
P for trend 0.454 ‘ 0.517 0.676 ‘

Per SD increment 0.98 (0.92,1.04) 1.00 (0.93,1.06) 0.99 (0.92-1.07)
P value 0.476 0.877 0.798

Androstenedione

Tertilel 1 1 1

Tertile2 0.68 (0.47,0.98) 0.69 (0.48,0.99) 0.65 (0.43-0.98)
Tertile3 073 (051,1.06) | 075 (0.52,1.09)  0.81 (0.5201.26)
P for trend 0.098 0.12 0.117

Per SD increment 0.89 (0.77,1.04) 0.90 (0.77,1.05) 0.96 (0.79-1.17)

P value 0.133 0.167 0.689

o |
Tertilel 1 ‘ 1 1
Tertile2 1.1 (0.78,1.66) 1.11 (0.75,1.63) 1.42(0.92-2.18)
Tertile3 0.60 (0.42,0.86) 0.61 (0.43,0.87) 0.84(0.56-1.27)
P for trend <0.001*** 0.002** 0.040*

Per SD increment 0.95 (0.92,0.97) 0.95 (0.92,0.97) 0.97(0.94-1.00)

P value <0.001*** <0.001*** 0.089

* P <0.05, ** P <0.01, ** P < 0.001.

Model 1: adjusts for age.

Model2: modell+current smoking (yes/no), current drinking (yes/no).

Model 3: model2+BM], insurance type, duration of diabetes, SBP, ACTH, and HbAlc.
BMI, body mass index; T2DM, type 2 diabetes mellitus; SBP, systolic blood pressure; ACTH,
adrenocorticotropic hormone; HbAlc, glycosylated hemoglobin; TT, total testosterone;
DHEA, dehydroepiandrosterone; AE, androstenedione; DHEAS, dehydroepiandrosterone
sulfate; CI confidence interval; SD, standard deviation.

Bold results are statistically significant.
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General data

Age (years), mean + SD 61.39 +7.70
Male sex, frequency (%) 8 (34.8)
Body mass index, mean + SD 24.73 £3.37
Currently smoking 2(87,23)

Laboratory parameters

HbAlc (%), mean + SD 8.60 + 1.99°
Triglyceride (mg/dL), mean + SD 14647 + 73.10
HDL-C (mg/dL), mean + SD 48.95 + 12.87
LDL-C (mg/dL), mean + SD 117.39 + 36.76"

Co-morbidities n (%, N)

Obesity 3(13.0,23)
Hypertension 22 (966, 23)a
Metabolic syndrome 17 (739, 23)a

Diabetic complications, n (%, n)

Nephropathy 6 (37.5, 16)
Retinopathy 10 (66.7, 15)
Peripheral arterial disease 8 (36.4, 22)
Cerebrovascular disease 6(27.3,22)

ns, not significant; SD, standard deviation.

61.30 £ 6.70

8 (34.8)
24.99 + 447

1(4.6,22)

897 + 1.90°

128.08 + 59.08
51.40 + 13.80

117.93 + 46.58"

2(87,23)
21 (913, 23)b

17 (739, 23)b

11 (579, 19)
13 (65.7, 20)
9 (429, 21)

2(8.7,23)

59.70 £ 7.19

8 (34.8)
23.80 + 6.67

1(48,21)

561 +027°

99.45 + 48.29
53.74 £ 14.43

14847 + 34.62°

6(27.3,22)
12 (52.2, 23)c

8 (40.0, 20)c

ns

ns
ns

ns

<0.001
(a,b>c)

ns
ns

0.012
(ab<c)

ns
<0.001

0.036

ns
ns
ns

ns
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Women (n=906)

Dyslipidemia P

Participants, % 273(30.1) 633(69.9) -

Age, years 58.27+14.63 56.71+14.98 0.225
BMI, Kg/m2 26.99+6.3 27.53£5.82 0.059
Current smoking, % 10(3.7) 38(6.1) 0.144
Current drinking, % 6(2.2) 24(3.8) 0.213

Insurance type, %

Urban workers 228(83.5) 516(81.5)

Non-working 29(10.6) 90(14.2)
urban residents

Self-pay 16(5.9) 27(4.3)

Duration of type 2 7.00 (0.50-13.00) 7.00 (1.00-16.00) 0.205
diabetes mellitus,
year

Hypertension, % 273 633 0.030*

Blood pressure, mmHg

Systolic 136.67+19.52 135.75+11.79 0.743
Diastolic 80.64+11.28 80.83£11.58 0.767
TC, mmol/L 4.81+0.7 5.13£1.52 0.032*
TG, mmol/L 1.33 (1.04-1.63) 1.95 (1.47-2.82) <0.001**
LDL-C, mmol/L 2.88+0.64 31111 0.075
HDL-C, mmol/L 1.3+0.22 1.05+£0.26 <0.001**
FBG, mmol/L 7.09£2.45 7.89+2.99 <0.0001%+**
HbAlc,% 8.06+1.93 8.63+2.13 <0.001***
UA, umol/L 296.37+93.76 334.13+£105.87 <0.001%*
CRP, mg/dl 0.27 (0.16-0.46) 0.35 (0.19-0.60) <0.001%%*
Cr, umol/L 46.00 (40.00- 47.00 (39.00- 0.383
55.00) 58.00)

TT, nmol/L 0.50 (0.35-0.76) 0.48 (0.32-0.72) 0.129

| Androstenedione, 1.74 (1.18-2.61) 1.78 (1.15-2.51) 0918
nmol/L
DHEA, nmol/L 9.25 (5.93-14.06) 8.13 (5.01-12.62) 0.008**
DHEAS, pmol/L 220 (1.44-3.64) 2.33 (1.32-3.82) 0.968
ACTH, pg/mL 29.4 (18.70-43.00) 284 (19.63-43.18) 0.9160
Lipid lowing, n (%) 234(37.1)

* P <0.05, ** P < 0.01, ** P < 0.001, *** P < 0.0001.

BMI, body mass index; T2DM, type 2 diabetes mellitus; TC, total cholesterol; TG,
triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; UA, uric acid; CRP, C-reactive protein; HbAlc, glycosylated hemoglobin; TT,
total testosterone; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate;
ACTH, adrenocorticotropic hormone.

Bold results are statistically significant.
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021)

Dyslipidemia P
Participants, % 235 (23.0) 786 (77.0) -
Age, years 57.54+13.95 54.40+14.55 0.004**
BMI, Kg/m2 26.10+4.90 27.67+5.26 <0.0001++**
Current smoking, % 99 (42.1) 373 (47.5) 0.135
Current drinking, % 109 (46.4) 354 (45.0) 0.783
Insurance type, %
Urban workers 197 (83.8) 661 (84.1)
Non-working 28 (11.9) 76 (9.7)
urban residents
Self-pay 10 (4.3) 49 (6.2)
Duration of type 2 8.50 (2.00-15.00) 7.00 (0.71-14.00) 0.018*
diabetes mellitus,
year
Hypertension, % 124 (52.8) 501 (63.7) 0.002**
Blood pressure, mmHg
Systolic 137.62+17.91 137.63+18.90 0.676
Diastolic 83.97+12.19 84.92+12.29 0.259
TC, mmol/L 4.68+0.79 4.89%1.79 0.837
TG, mmol/L 1.30 (0.96-1.64) 2.05 (1.37-3.02) <0.001***
LDL-C, mmol/L 2.92+0.70 2.94+1.03 0.784
‘ HDL-C, mmol/L 1.2240.21 0.97+0.23 <0.001**
‘ FBG, mmol/L 7.2£2.62 7.84+3.01 0.014*
‘ HbAlc,% 8.51+2.38 8.7142.23 0.085
‘ UA, pumol/L 329.41+92.65 369.53+107.76 <0.001***
‘ CRP, mg/dl 0.23 (0.15-0.35) 0.28 (0.17-0.56) ‘ <0.001***
Cr, umol/L 63.00 (53.00- 65.00 (55.00- 0.008**
73.00) 78.00)
TT, nmol/L 13.34 (9.49-18.17) 11.86 (9.12-15.07) <0.001***
Androstenedione, 2.06 (1.55-2.63) 1.98 (1.48-2.57) 0.288
nmol/L
DHEA, nmol/L 8.51 (6.25-13.23) 8.21 (5.42-12.06) 0.050*
DHEAS, pumol/L 4.07 (2.38-5.73) 391 (2.43-5.93) 0.592
ACTH, pg/mL 35 (25.00-49.95) 32.3 (22.4-47.90) 0.145

Lipid lowing, n (%)

260 (33.2)

*P <0.05, % P <0.01,** P <0.001, *** P < 0.0001.
BMI, body mass index; T2DM, type 2 diabetes mellitus; TC, total cholesterol; TG,
triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; UA, uric acid; CRP, C-reactive protein; HbAlc, glycosylated hemoglobin; TT,
total testosterone; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate;
ACTH, adrenocorticotropic hormone.
Bold results are statistically significant.
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2107 patients with type 2 diabetes mellitus as one of the

diagnosis were measured sex steroid hormones from October 12,
2020 to June 30, 2022 in Tianjin, China

61 records excluded due to deduplication for repeated
hospitalization

2046 patients with type 2 diabetes mellitus

12 records excluded due to age less than 18 years
7 records excluded due to pregnancy

Data from 2027 unique inpatients were collected

75 records excluded due to use of glucocorticoids

Data from 1952 unique inpatients were collected

25 records excluded due to lack of blood lipids results

Analysis data set of 1927 patients with type 2 diabetes mellitus
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Study sample Number of Proportion(%)
size (n) research
articles (n)
n<60 191 ‘ 9.92
60 < n < 100 1246 ‘ 64.69
100 < n <200 444 ‘ 23.05
200 < n < 300 32 ‘ 1.66

n =300 13
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Explore or Outcome Ref leu id Consortium Participants
Phenotypes

Diabetic Neuropathy NA NA FinnGen European 2,843 cases / 271,817 controls
Serum urate acid 31578528 NA CKDGen European 288,649 individuals

Adjustment of the model

LDL-C 24097068 ieu-a-300 GLGC 96% European 173,082 individuals
HDL-C 24097068 ieu-a-299 GLGC 96% European 187,167 individuals
TG 24097068 ieu-a-302 GLGC 96% European 177,861 individuals
HbAlc 20858683 ieu-b-104 MAGIC European 46,368 individuals
IR 20081858 ebi-a-GCST005179 Dupuis ] et al European 37,037 individuals
I Smoking 30643251 ieu-b-4877 GSCAN European 311,629 cases / 321,173 controls
Alcohol use 30336701 NA PGC European 141,932 individuals
Physical activity 35534559 ieu-b-4860 The Within Family European 78,007 individuals
BMI 30239722 NA GIANT European 694,649 individuals
EA 30038396 ieu-a-1239 SSGAC European 1,131,881 individuals

BMI, body mass index; GSCAN, GWAS and Sequencing Consortium of Alcohol and Nicotine use; GIANT, Genetic Investigation of Anthropometric Traits; GLGC, Global Lipids Genetics
Consortium; MAGIC, Meta-Analyses of Glucose and Insulin-related traits Consortium; LDL-C, Low Density Lipoprotein Cholesterol; HDL-C, High Density Lipoprotein Cholesterol; TG,
Triglyceride; IR, insulin resistance; PGC, Psychiatric Genomics Consortium; EA, Education Attainment; SSGAC, Social Science Genetic Association Consortium; HbAlc, Glycated Hemoglobin
Al Ref, reference(Pubmed id). NA, Not Applicable.
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i 1 0.05
itk 823 4273
v 212 11.01
v 27 1.40
I-1T 11 0.57
I-IT 40 2.08
LIV 16 0.83
v 4 0.21
II-1IT 24 125
II-1Iv 11 0.57
I-v 2 0.10
II-1V 264 13.71
-V 20 1.04
w-v 3 0.16
Not stated 466 24.19






OPS/images/fendo.2023.1277984/fendo-14-1277984-g003.jpg
Model
Adjusted for LDL-C
Adjusted for HDL-C
Adjusted for TG
Adjusted for Physical activity
Adjusted for HbA lc
Adjusted for IR
Adjusted for Smoking nitiation
Adjusted for Alcohol use
Adjusted for BMI
Adjusted for EA

0.4

0.6

0.8

1.4

1.6

1.8

OR(95%Cl)
1.19 (0.93, 1.54)
1.26 (1.01, 1.58)
1.33 (1.05, 1.68)
1.14 (0.98, 1.32)
1.25 (1.05, 1.49)
1.19 (0.94, 1.52)
1.17 (1.02, 1.34)
1.04 (0.73, 1.48)
1.28 (1.10, 1.49)
1.16 (1.00, 1.34)

Pval
0.17
0.04
0.02
0.10
0.01
0.15
0.03
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1.11E-03
0.04





OPS/images/fendo.2024.1324782/fendo-15-1324782-g010.jpg
=)
-

JUDUNEAN AU PA ST
eURUR NDL

s3uup Juajed asamyd
amyoundnoy

uonedtdde yurodnoy
uonemredaid punodwos WO L
uondafuy ibsuenyy
uonoalu] ramopyes
o1 T eZIYLION I BIAJES
012092 NMUZ
uono00a( NANYZ nyeny
uono0%3( SUINYZ
111d tbueys Suaysip
012023 anxng Mssueq
uonp023 Sueny( 1busys
sStup anxonyrbrx
sje[qeL ySuey uekuays
aMueID 1ZSUEqIN
anuern SmbnporIN
[11d Swenqiq AT
uonjeredard nproyyim wisKoydury,

sausde) oequuysuif
sansde) mySueny
snsded xueys uyYreH
saqnsde) SuejBuelr 1qzueq
sansde) Sureg





OPS/images/fendo.2023.1277984/fendo-14-1277984-g002.jpg
Statistical Method
IVW (random effects)
IVW (fixed effects)
MR Egger

Weighted median
Weighted mode
Simple mode
MR-PRESSO

nSNP
89
89
89
89
89
89
89

0.5

OR (95% CI)
1.17 (0.97, 1.39)
117 (1.02, 1.34)
1.04 (0.75, 1.46)
1.27 (1.02, 1.57)
1.22(0.95, 1.57)
1.22 (0.80, 1.86)
1.17(0.97, 1.39)

Pval
0.09
0.02
0.80
0.03
0.12
0.36
0.10
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Bailing Capsules

Danzhi Jiangtang Capsules
Haikun Shenxi Capsule

Huangkui Capsules

Jinshuibao Capsules

Tripterygium wilfordii preparation
Liuwei Dihuang Pill

Niaoduqing Granule

Niubangzi Granule

Shenyan Kangfu Tablets
Yiqthuoxue drugs

Shenqi Dihuang Decoction
Danggui Buxue Decoction
Jisheng Shenqi Pill

Zhuling Decoction

Xuefu Zhuyu Decoction

Zhenwu Decoction

Salvia miltiorrhiza Injection
Safflower Injection

Huangqi Injection

Chinese medicine compound preparations
Acupoint application
Acupuncture

Chinese patent drugs

Traditional Chinese medicine enema

Chinese medicine treatment
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Random sequence generation (selection bias)

Allocation concealment (selection bias)

Blinding of participants and personnel (performance bias)

Blinding of outcome assessment (detection bias)

Incomplete outcome data Cattrition bias)

Selective reporting (reporting bias)

Other bias
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Treatment group

Control group

Rank sum test

Thirst
0 score (1 (%)) 12 (13.0) 14 (14.9) —-0.465 0.642
2 score (1 (%)) 50 (54.3) 50 (53.2)
4 score (n (%)) 22 (23.9) 27 (28.7)
6 score (n (%)) 8(8.7) 3(3.2)
Total (n (%)) 92(100.0) 94(100.0)
‘ Fatigue
‘ 0 score (n (%)) 17 (18.5) 8 (8.5) ~1.807 0.071
‘ 2 score (n (%)) 61 (66.3) 67 (71.3)
‘ 4 score (n (%)) 14 (15.2) 19 (20.2)
6 score (n (%)) 0(0.0) 0 (0.0)
Total (n (%)) 92 (100.0) 94 (100.0)
Increased eating with rapid hungering
0 score (1 (%)) 22 (23.9) 19 (20.2) -0.376 0.707
1 score (n (%)) 47 (51.1) 51 (54.3)
2 score (n (%)) 22 (23.9) 24 (25.5)
3 score (n (%)) 1(1.1) 0 (0.0)
Total (n (%)) 92 (100.0) 94 (100.0)
Polyuria
0 score (n (%)) [ 20 (21.7) I 17 (18.1) -0.095 0.924
1 score (n (%)) 44 (47.8) 51 (54.3)
2 score (n (%)) 26 (28.3) 23 (24.5)
3 score (1 (%)) 2(2.2) 3(32)
Total (n (%)) 92 (100.0) 94 (100.0)
Dry mouth
0 score (n (%)) 12 (13.0) 23 (24.5) ~1.526 0.127
1 score (n (%)) 42 (45.7) 38 (40.4)
2 score (n (%)) 37 (40.2) 32 (34.0)
3 score (n (%)) 1(1.1) 1(1.1)
Total (n (%)) 92 (100.0) 94 (100.0)
Spontaneous sweating 7
0 score (1 (%)) 29 (31.5) 35(37.2) -0.617 0.537
1 score (n (%)) 51 (55.4) 46 (48.9)
2 score (n (%)) 10 (10.9) 13 (13.8)
3 score (n (%)) 2(2.2) 0 (0.0)
Total (n (%)) 92 (100.0) 94 (100.0)
Night sweat
0 score (1 (%)) 52 (56.5) 52 (55.3) -0.123 0.902
1 score (n (%)) 32 (34.8) 34 (36.2)
2 score (n (%)) 6 (6.5) 7(7.4)
3 score (n (%)) 2(22) 1(L1)
Total (n (%)) 92(100.0) 94(100.0)
Vexing heat in the chest, palms, and soles
[ 0 score (1 (%)) 29 (31.5) 38 (40.4) —0.675 0.500
1 score (n (%)) 49 (53.3) 38 (40.4)
2 score (1 (%)) 12 (13.0) 18 (19.1)
3 score (1 (%)) 2(22) 0 (0.0)
Total (1 (%)) 92 94
(100.0) (100.0)
Constipation
0 score (1 (%)) 36 (39.1) 38 (40.4) ~0.255 0.798
1 score (1 (%)) 47 (51.1) 48 (51.1)
2 score (n (%)) 9 (9.8) 8 (8.5)
3 score (n (%)) 0 (0.0) 0 (0.0)
Total (n (%)) 92 (100.0) 94 (100.0)
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Study or Hazard Ratio Hazard Ratio
Subgroup logHR SE Weight IV, Random, 95% CI IV, Random, 95% CI
Subgroup = SGLT2i vs placebo

Li et al (2019) 06349 0.1464 96% 0.53[0.40;0.71] ——
Ferreira et al (2022) -0.4005 0.1205 10.8% 0.67[0.53;0.85] ——
Subtotal (95% CI) 20.4%  0.60 [0.48; 0.76] -
Heterogeneity: Tau® = 0.0095; Chi® = 1.53, df = 1 (P = 0.22); I* = 35%
Subgroup = SGLT2i vs GLP1RA
Fralick et al (2020) -0.4463 0.0596 136% 0.64[0.57;0.72] . 3
Lund et al (2021) -0.5447 01360 101%  0.58[0.44;0.75] ——
Subtotal (95% Cl) 23.7% 0.63[0.57; 0.70] -
Heterogeneity: Tau® = 0; Chi® = 0.44, df =1 (P = 0.51); F = 0%
Subgroup = SGLT2i vs DPP4i
Fralick et al (2020) -0.4155 0.0656 13.4% 0.66[0.58;0.75] R 3
Lund et al (2021) 05108 0.1588 9.0% 0.60[0.44;0.82] ——
Chung et al (2021) -0.1165 0.0402 14.3%  0.89[0.82;0.96] |
Zhou et al (2022) 07133 0.0823 127% 0.49[0.42;0.58] = o
Subramanian et al (2023) 0.0953 02197 66% 1.10[0.71;1.68] f— -
Subtotal (95% Cl) 55.9% 0.70 [0.54; 0.91] —euiiin-
Heterogeneity: Tau® = 0.0766; Chi® = 53.51, df = 4 (P < 0.01); I* = 93%
Overall (95%Cl) 100.0%  0.66 [0.57; 0.76] et
Heterogeneity: Tau® = 0.0387: Chi° = 67.55, df = 8 (P < 0.01); I* = 88% ! '

Test for subgroup differences: Chi- = 0.75. df = 2 (P = 0.69) 02 05 1
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Population Baseline SGLT2i Comparator ~ Treatment/ = Adjusted HR (95% Cl)
characteristics (n) (n) follow-up of gout

(SGLT2i vs duration
comparator)

Prospective post-hoc analysis of randomized controlled trials (SGLT2i vs placebo)

Li et al. (2019) (19) T2DM Age(63.2 £ 83 vs Canagliflozin Placebo 3.6 years 0.53
63.4 + 8.2 years), 100 or 300 mg (n=4347) (0.40-0.71)
male(65% vs 63%) daily(n=5795)

Ferreira et al. (2022) (16) T2DM Age(63.1 £ 8.6 vs Empagliflozin Placebo Median 0.67
63.2 + 8.8 years), 10 or 25 mg (n=2333) 2.6 years (0.53-0.85)
male(71.2% vs 72%) daily(n=4687)

Retrospective electronic medical record-linkage cohort studies (SGLT2i vs GLP1RA)

Fralick et al. (2020) (17) T2DM Age(54.22 £ 9.85 vs Any SGLT2i Any GLPIRA 9 months 0.64
54.23 + 10.08 years), (n=119530) (n=119530) (0.57-0.72)
male(48% vs 48.3%)

Lund et al. (2021) (18) T2DM Median age(59 vs Any SGLT2i Any GLPIRA 3 years 0.58
59 years), (n=11047) (n=11047) (0.44-0.75)

male(57% vs 58%)

Retrospective electronic medical record-linkage cohort studies (SGLT2i vs DPP4i)

Fralick et al. (2020) (17) T2DM Not available Any SGLT2i Any DPP4i 9 months 0.66
(n=97442) (n=97442) (0.58-0.75)
Lund et al. (2021) (18) T2DM Median age(61 vs Any SGLT2i Any DPP4i 15010 vs 15076 0.60
60 years), (n=9694) (n=9694) person-years (0.44-0.82)
male(62% vs 62%)
Chung et al. (2021) (19) T2DM Age (57.72£12.15 vs Any SGLT2i Any DPP4i 2.5 years 0.89
57.75+12.08 years), n=47405) (n=47405) (0.82-0.96)

male(53.72% vs 53.64%)

Zhou et al. (2023) (20) T2DM Age(58.2%10.9 vs Any SGLT2i Any DPP4i 2.5 years 0.49
60.0£10.9 years), (n=16144) (n=16144) (0.42-0.58)
male(57.57% vs 51.26%)

Subramanian et al. (2023) T2DM Age(58.97+10.65 vs Any SGLT2i Any DPP4i 15836 vs 1.10

1) 58.97+11.56 years), (n=8650) (n=8650) 14553 (0.71-1.68)
male(57.13% vs 57.17%) person-years

RCT, randomized controlled trial.

T2DM, type 2 diabetes mellitus.

HR, hazard ratio; 95%Cl: 95% confidence interval.

SGLT2i, sodium-glucose cotransporter-2 inhibitors; GLP1RA, glucagon-like peptide-1 receptor agonists;
DPP4i, dipeptidyl peptidate-4 inhibitors.

Gout: including gout flares, gout events, starting uric-acid lowering therapy and starting anti-gout drugs use.
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Hepatic steatosis

In all subjects (N=36

sted OR (95% CI)

Age (years) 0.98 (0.95-1.01) 0.147
Sex (female vs. male) 0.66 (0.36-1.20) 0.178
BMI (kg/m2) 1.43 (1.28-1.61) <0.001
HbAlc (%) 1.37 (1.02-1.85) 0.037
LDL-C (mg/dL) 1.01 (1.00-1.01) 0.119
HOMA-IR 0.95 (0.87-1.08) 0277
HOMA-B 1.02 (0.99-1.04) 0.089
Ketogenic capacity* 0.55 (0.30-0.98) 0.044

BMI, body mass index; HbAlc, glycosylated hemoglobin; LDL-C, low-density lipoprotein
cholesterol; HOMA-IR, homeostasis model assessment for insulin resistance; HOMA-B,
homeostasis model assessment of beta cell function.

*Ketogenic capacity is defined as being divided into intact/impaired based on the median
serum BHB level. The bolded items are statistically significant variables.





OPS/images/fendo.2023.1306134/table2.jpg
In all subjects (N=361)

B-hydroxybutyrate

r p-value
Steatosis (Stage 0-3) -0.155 ‘ 0.003
Moderate to severe steatosis (Stage 2-3) -0.129 ‘ 0.015
CAP (dB.m) -0.094 ‘ 0.009

CAP, controlled attenuation parameter.
Bold values indicate statistically significant values.
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Intact ketogenesis Impaired ketogenesis

(N=163) (N=163)

Demographic

Age (years) 518 £13.6 552 £11.9 0.116
Sex (Male, n (%)) 100 (61.3%) 120 (60.6%) 0971
HTN 82 (50.3%) 114 (57.6%) 0.203
BMI (kg/mz) 27142 277 +4.1 0.122
Biochemistry
AST (IU/L) 40.9 +39.3 36.0 £22.2 0.154
ALT (IU/L) 474 +44.4 453 +43.6 0.646
Total cholesterol (mg/dL) 189.2 +48.2 187.5 + 46.0 0.724
TG (mg/dL) 169.7 £ 130.8 181.0 £ 114.5 0.380
HDL-C (mg/dL) 475 +13.4 464 +11.0 0.405
LDL-C (mg/dL) 114.0 + 41.1 108.7 + 42.9 0.241
TG/LDL-C 1512 21+£35 0.016
eGFR (ml/min/1.73 m?) 89.6 +19.1 91.0 +244 0.753
uACR (mg/g creatinine) 504 + 147.0 57.6 + 171.6 0.678

Gluco-metabolic parameters

Fasting glucose (mg/dL) 148.8 £ 50.1 144.3 £ 596 0436
HbAIc (%) 8013 7.5+ 1.0 0.001
Fasting C-peptide (ng/mL) 28+1.1 32+12 <0.001
Postprandial C-peptide (ng/mL) 6.6 £2.6 7.3£27 0.027
Fasting insulin (uIU/mL) 129+9.5 16.7 + 21.4 0.019
Postprandial insulin (uIU/mL) 61.3 +£42.4 74.7 £ 54.7 0.010
HOMA-IR 51+58 6.0 £8.5 0.240
HOMA-B 31.6 £21.3 44.2 £51.0 0.002
BHB (mmol/L) 0.2+0.2 0.0 £0.0 <0.001
BHB x 100/glucose 0.2+03 0.0 £0.0 <0.001
Fibroscan
| Steatosis 0 ] 29 (17.8%) 22 (11.1%) 0.090

1 24 (14.7%) 19 (9.6%)

2 33 (20.2%) 48 (24.2%)

3 77 (47.2%) 109 (55.1%)
Steatosis (CAP 2 260) 0,1 53 (32.5%) 41 (20.7%) 0.015

2,3 110 (67.5%) 157 (79.3%)
CAP (dB/m) 290.1 £ 52.0 295.5 + 43.0 0.287

BMI, body mass index; HbALc, glycosylated hemoglobin; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HOMA-IR, homeostasis
model assessment for insulin resistance; HOMA- B, homeostasis model assessment of beta cell function; BHB, B-hydroxybutyrate; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; HTN, hypertension; eGFR, estimated glomerular filtration rate; uACR, urine albumin-creatinine ratio.

Bold values indicate statistically significant values.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The underlying mechanisms and novel approaches for diabetes and its related complications



		Frontiers in diagnostic and therapeutic approaches in diabetic sensorimotor neuropathy (DSPN)



		1 Introduction



		2 Clinical presentation of DSPN



		3 Assessment of DSPN



		3.1 Bedside foot screening



		3.2 Use of Scored clinical assessments



		3.3 Rapid point-of care devices



		3.4 Large fibre methodologies



		3.5 Small fibre methodologies



		3.6 Tests for autonomic neuropathy



		3.7 Newer research methodologies









		4 The conflicting evidences supporting early use of small fibre methodologies for diagnosis of DSPN



		5 Management of DSPN



		5.1 Reduction of risk factors contributing to progression of DSPN



		5.2 Specific pharmacotherapy



		5.3 Symptomatic pharmacological treatment of painful DSPN



		5.4 Non-pharmacological treatment of painful DSPN









		6 Conclusion



		Author contributions



		Acknowledgments



		Conflict of interest



		References









		Sodium-glucose cotransporter-2 inhibitors use and the risk of gout: a systematic review and meta-analysis



		Objective



		Methods



		Results



		Conclusions



		Introduction



		Methods



		Search strategy



		Inclusion and exclusion criteria



		Data extraction



		Assessment of research quality



		Statistical analysis









		Results



		Characteristics of included studies



		Pooled hazard ratio of gout



		Assessment of publication bias



		Sensitivity analysis









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Conflict of interest



		References









		Jinlida granules combined with metformin improved the standard-reaching rate of blood glucose and clinical symptoms of patients with type 2 diabetes: secondary analysis of a randomized controlled trial



		Background



		Methods



		Results



		Conclusion



		1 Introduction



		2 Methods



		2.1 Study design and population



		2.2 Outcomes



		2.3 Statistics analysis









		3 Results



		3.1 Patients



		3.2 Standard-reaching rate of blood glucose



		3.3 Symptom disappearance rate



		3.4 Symptom improvement rate



		3.5 The efficiency of a single symptom



		3.6 Total symptom score



		3.7 Correlation of symptom improvement and HbA1c









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Ferroptosis: a new strategy for Chinese herbal medicine treatment of diabetic nephropathy



		1 Introduction



		2 Key regulators and signaling pathways of ferroptosis in diabetic nephropathy



		2.1 Non-coding RNAs



		2.2 Cyclooxygenase-2



		2.3 Arachidonate 15-lipoxygenase



		2.4 Peroxiredoxin 6



		2.5 ZRT/IRT-like protein 14



		2.6 High mobility group box 1



		2.7 Nuclear factor erythroid 2-related factor 2



		2.8 GPX4



		2.9 HIF-1α/HO-1 pathway









		3 Modulatory role of Chinese herbal medicine in ferroptosis in diabetic nephropathy



		3.1 Flavonoids



		3.1.1 Glabridin



		3.1.2 Calycosin



		3.1.3 Total flavones of Abelmoschus manihot



		3.1.4 Mangiferin monosodium salt









		3.2 Terpenoids



		3.2.1 Glycyrrhizic acid



		3.2.2 Ginkgolide B



		3.2.3 Germacrone









		3.3 Anthraquinones



		3.4 Alkaloids



		3.4.1 Berberine



		3.4.2 Leonurine









		3.5 Coumarins



		3.6 Lignans



		3.7 Polysaccharides



		3.8 Saponins



		3.9 Carotenoids









		4 Conclusion and prospects



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Huobahuagen tablet improves renal function in diabetic kidney disease: a real-world retrospective cohort study



		Objective



		Methods



		Results



		Conclusion



		Introduction



		Methods



		Patient selection



		Study design



		Data collection



		Groups and treatments



		Statistical analysis









		Results



		Patient characteristics



		Clinical outcomes



		Comparing the efficacy of HBT + HKC and HKC alone



		Subgroup and sensitivity analyses



		Efficacy of HBT + HKC therapy in DKD G4 patients









		Adverse events









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		The role of peripheral β-amyloid in insulin resistance, insulin secretion, and prediabetes: in vitro and population-based studies



		Background



		Methods



		Results



		Conclusion



		1 Introduction



		2 Materials and methods



		2.1 Cell culture and Aβ treatment



		2.2 Cell viability assay



		2.3 Glucose production assay



		2.4 Glucose uptake assay



		2.5 Insulin secretion assay



		2.6 Study design and population



		2.7 Assessment of prediabetes



		2.8 Assessment of covariates



		2.9 Measurement of plasma Aβ levels



		2.10 Statistical analysis









		3 Results



		3.1 In vitro studies



		3.2 Case-control study



		3.3 Nested case-control study









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		The correlation between peripheral complete blood count parameters and diabetic macular edema in proliferative diabetic retinopathy patients: a cross-sectional study



		Background



		Research design and methods



		Results



		Conclusions



		Introduction



		Materials and methods



		Study population



		Laboratory variables



		Optical coherence tomography imaging



		Other variables



		Statistical analysis









		Results



		Baseline characteristics of participants



		Univariate analysis



		The relationship between complete blood count parameters and both CMT and DME in patients with PDR



		The relationship between inflammation indexes and both CMT and DME in PDR patients









		Discussion



		Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Abbreviations



		References









		Pharmacokinetics, pharmacodynamics, and safety of prandial oral insulin (N11005) in healthy subjects



		Aims



		Methods



		Results



		Conclusions



		Clinical trial registration



		Introduction



		Methods



		Rationale for dosage determination



		Hyperinsulinemic-euglycemic clamps



		PK



		PD



		Safety assessments



		Statistical analyses









		Results



		Demographics and other baseline characteristics



		Quality assessments of clamp test



		PK assessments



		Serum insulin concentration



		PK parameters of serum insulin









		PD assessments



		GIR



		GIR parameters









		Safety assessments









		Discussion



		Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Novel risk score model for non-proliferative diabetic retinopathy based on untargeted metabolomics of venous blood



		Background and Purpose



		Experimental Approach



		Results



		Conclusions



		1 Introduction



		2 Methods



		2.1 Plasma collection from NPDR and diabetic non-DR patients



		2.2 Sample preparation



		2.3 LC-MS analysis



		2.4 Identification of metabolites



		2.5 Data analysis



		2.5.1 Metabolomics analysis



		2.5.2 Raw data processing



		2.5.3 Principal component analysis



		2.5.4 Orthogonal projections to latent structures-discriminant analysis



		2.5.5 OPLS-DA permutation test



		2.5.6 Analysis of variance



		2.5.7 Signaling pathway analysis



		2.5.8 Metabolite screening



		2.5.9 Correlation between metabolites



		2.5.10 Prognostic analysis of metabolites



		2.5.11 Risk score















		3 Result



		3.1 Metabolomic profile of NPDR and diabetes melitus without DR



		3.2 KM analysis of the characteristic metabolites



		3.3 Temporal diagnostic validity of characteristic metabolites associated with NPDR risk



		3.4 Differential expression and correlation analysis of characteristic metabolites associated with NPDR risk



		3.5 Risk score modeling and prognostic analysis



		3.6 Independent prognostic value of eight characteristic metabolites









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Relationship between sodium–glucose cotransporter-2 inhibitors and muscle atrophy in patients with type 2 diabetes mellitus: a systematic review and meta-analysis



		Aim



		Methods



		Results



		Conclusions



		Systematic review registration



		Introduction



		Methods



		Search strategy



		Eligibility criteria



		Study selection



		Data extraction



		Statistical analysis



		Data synthesis



		Subgroup analysis and investigation of heterogeneity









		Results



		Study characteristics



		Risk of bias assessment



		Effect of SGLT-2i on lean body mass



		Effect of SGLT-2i on skeletal muscle mass



		Adverse events









		Discussion



		Summary of results



		Implications for clinical research



		Implications for clinical practice



		Strengths and limitations









		Conclusions



		Data availability statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Development and validation of a novel nomogram for prediction of ketosis-prone type 2 diabetes



		Background



		Methods



		Results



		Conclusion



		Introduction



		Methods and materials



		Study design and participants



		Data collection



		Statistical analysis









		Results



		Baseline clinical characteristics of participants



		Single factor logistic regression analysis



		Multiple factor logistic regression analysis



		Construction of nomogram prediction model



		Validation and clinical use of nomogram prediction model









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Conflict of interest



		Supplementary material



		References









		Unsupervised cluster analysis of clinical and metabolite characteristics in patients with chronic complications of T2DM: an observational study of real data



		Introduction



		Methods



		Results



		Conclusion



		1 Introduction



		2 Materials and methods



		2.1 Study population



		2.2 Measurements



		2.3 Definitions



		2.4 Cluster analysis



		2.5 Statistical analysis









		3 Results



		3.1 Study population and cluster analysis



		3.2 Prevalence of chronic complications in each cluster



		3.3 The risk for chronic complications in each cluster



		3.4 Comparison of metabolite profile in each cluster









		4 Discussion



		5 Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Metabolite profiles of diabetes mellitus and response to intervention in anti-hyperglycemic drugs



		1 Introduction



		2 Metabolite profiles of T2DM



		2.1 Carbohydrate



		2.2 Amino acid



		2.3 Lipids and acylcarnitines



		2.4 Others









		3 Effects of anti-hyperglycemic medications on metabolites



		3.1 Metformin



		3.2 Thiazolidinedione



		3.3 GLP−1 receptor agonist



		3.4 DPP-4 inhibitor



		3.5 Concomitant drugs









		4 Perspective



		Author contributions



		Funding



		Conflict of interest



		References









		Quantification of joint mobility limitation in adult type 1 diabetes



		Aims



		Methods



		Results



		Conclusion



		Highlights



		Introduction



		Patients and methods



		Patients and clinical setting



		Quantitative measures of hand manifestations



		Selection of patients for MRI scans



		MR sequences and measurements



		Statistical analysis



		Ethics



		Role of funding















		Results



		Cohort characteristics



		Musculoskeletal history and hand examination



		Patient characteristics as divided by MCP extension limitation



		MRI findings









		Discussion



		Preprint



		Guarantor statement



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Comparative safety of different recommended doses of sodium–glucose cotransporter 2 inhibitors in patients with type 2 diabetes mellitus: a systematic review and network meta-analysis of randomized clinical trials



		Objective



		Methods



		Results



		Conclusion



		Systematic Review Registration



		1 Introduction



		2 Methods



		2.1 Search strategy and selection criteria



		2.2 Data extraction



		2.3 Risk-of-Bias assessments



		2.4 Statistical analysis









		3 Results



		3.1 Study selection and characteristics



		3.2 Primary analysis



		3.2.1 Genital infections



		3.2.2 Urinary tract infections



		3.2.3 Hypoglycemia



		3.2.4 Nasopharyngitis



		3.2.5 Bone fracture and amputation



		3.2.6 Diabetic ketoacidosis



		3.2.7 Renal-related AEs









		3.3 Heterogeneity and subgroup analysis









		4 Discussion



		5 Limitation



		6 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		The clinical value of glycosylated hemoglobin level in newly diagnosed ketosis-prone type 2 diabetes



		Objective



		Methods



		Results



		Conclusion



		Introduction



		Materials and methods



		Study design and participants



		Data collection



		Assessment of islet function



		Statistical analysis









		Results



		Baseline clinical characteristics of participants



		Comparison of ketosis incidence, β-HB, FFA and islet function at different HbA1c levels



		Correlation analysis of HbA1c level with β-HB and islet function



		Diagnostic value of HbA1c in KPD



		The diagnostic value of OGTT test for KPD









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Conflict of interest



		Supplementary material



		References









		Serum uric acid and risk of diabetic neuropathy: a genetic correlation and mendelian randomization study



		Background



		Methods



		Results



		Conclusion



		Introduction



		Materials and methods



		Study design



		Data sources



		Genetic instrument selection



		LDSC regression analysis



		Statistical analysis









		Results



		Genetic instrument selection and genetic correlation between phenotypes



		Association of genetically predicted SUA with DN



		MVMR analysis adjusted for ten confounders









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Low serum dehydroepiandrosterone is associated with diabetic dyslipidemia risk in males with type 2 diabetes



		Objective



		Materials and Methods



		Results



		Conclusions



		Introduction



		Materials and methods



		Study participants



		Covariates



		Definitions



		Statistical analyses









		Results



		Characteristics of the study participants



		Prevalence of dyslipidemia by tertiles of TT, androstenedione, DHEA, and DHEAS levels



		Relationships between DHEA, DHEAS, androstenedione, and TT levels with dyslipidemia risk









		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		References









		Effect of beinaglutide combined with metformin versus aspart 30 with metformin on metabolic profiles and antidrug antibodies in patients with type 2 diabetes: a randomized clinical trial



		Objective



		Methods



		Results



		Conclusion



		Clinical trial registration



		Introduction



		Methods



		Study design and participants



		Intervention



		Outcomes



		Follow-up and outcome measurements



		Blood samples



		Statistical analysis









		Results



		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Abbreviations



		References









		Early onset age increases the risk of musculoskeletal damage in patients with type 2 diabetes



		Introduction



		Methods



		Results



		Conclusion



		1 Introduction



		2 Materials and methods



		2.1 Research object



		2.2 Research methods



		2.2.1 Medical history collection and physical examination



		2.2.2 BMD and body composition examination



		2.2.3 Clinical biochemical examination















		3 Diagnosis and definition



		3.1 Early-onset type 2 diabetes and non-early-onset type 2 diabetes mellitus



		3.2 Chronic complications of diabetes mellitus



		3.2.1 Diabetic nephropathy



		3.2.2 Diabetic retinopathy



		3.2.3 Diabetic peripheral neuropathy



		3.2.4 Diabetic foot









		3.3 Sarcopenia



		3.4 Osteoporosis



		3.5 Musculoskeletal damage



		3.6 Statistical analysis









		4 Results



		4.1.Demographic characteristics



		4.2 Relationship between age of onset and body composition and BMD



		4.3 Relationship between EOT2D, NOT2D and musculoskeletal damage



		4.4 Changes of ASM and BMD in EOT2D and NOT2D









		5 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Indexes of ferroptosis and iron metabolism were associated with the severity of diabetic nephropathy in patients with type 2 diabetes mellitus: a cross-sectional study



		Objective



		Methods



		Results



		Conclusion



		1 Introduction



		2 Participants and methods



		2.1 Participants



		2.1.1 Inclusion criteria



		2.1.2 Exclusion criteria









		2.2 Methods



		2.2.1 Data collection



		2.2.1.1 Characteristics of the participants



		2.2.1.2 Laboratory examination









		2.2.2 Statistical methods















		3 Results



		3.1 Clinical characteristics of study participants



		3.2 Comparison of serum levels of GPX4, ACSL4, and iron metabolism-related indexes in the T2DM groups with different urinary albumin levels



		3.3 Comparison of serum levels of GPX4, ACSL4, and iron metabolism-related indexes in the T2DM groups with different eGFR levels



		3.4 Correlation between UAER or eGFR levels and serum GPX4, ACSL4, and iron metabolism indexes in patients with T2DM



		3.5 Simple and multiple linear regression analysis of the independent correlated factors of UAER levels in patients with T2DM



		3.6 Multinomial logistic regression analysis of the relationships between the severity of DN and serum GPX4, ACSL4, and iron metabolism indexes in T2DM patients









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Abbreviations



		References









		Intact ketogenesis predicted reduced risk of moderate-severe metabolic-associated fatty liver disease assessed by liver transient elastography in newly diagnosed type 2 diabetes



		Aim



		Methods



		Results



		Conclusion



		Introduction



		Materials and methods



		Study design and population



		Clinical measurement and laboratory assessment



		Measurements of hepatic steatosis using transient elastography



		Statistical analysis









		Results



		Clinical and laboratory characteristics of participants



		Intact ketogenesis is correlated with lower CAP value



		Ketogenic capacity is associated with MAFLD









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		References









		Modified tibial cortex transverse transport for diabetic foot ulcers with Wagner grade ≥ II: a study of 98 patients



		Background



		Methods



		Results



		Conclusion



		Introduction



		Methods



		Study population



		Preoperative preparation



		Surgical technique



		Postoperative management



		Assessment indicators



		Statistical analysis









		Results



		General information and follow-up



		Clinical efficacy



		Complications









		Discussion



		Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Abbreviations



		References









		Effects of light therapy on sleep and circadian rhythm in older type 2 diabetics living in long-term care facilities: a randomized controlled trial



		Background



		Methods



		Results



		Conclusion



		1 Introduction



		2 Methods



		2.1 Trial design



		2.2 Participants and enrollment criteria



		2.3 Sample size



		2.4 Randomization, concealment and blinding



		2.5 The intervention



		2.6 Assessment



		2.6.1 Subjective sleep quality



		2.6.2 Objective sleep



		2.6.3 Circadian rhythms



		2.6.4 Blood glucose level









		2.7 Statistical analysis









		3 Results



		3.1 Baseline patient characteristics



		3.2 Outcomes



		3.2.1 Sensitivity analysis



		3.2.2 Post hot analysis















		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Abbreviations



		References









		The causal effect of hypertension, intraocular pressure, and diabetic retinopathy: a Mendelian randomization study



		Background



		Methods



		Results



		Conclusion



		1 Introduction



		2 Materials and methods



		2.1 Outcome source and data pre-processing



		2.2 Selection of eligible instrumental variable



		2.3 MR analysis









		3 Results



		3.1 Forward univariable MR analysis of hypertension, IOP, and DR



		3.2 Reverse univariable MR analysis of DR, hypertension, and IOP



		3.3 Multivariable MR analyses









		4 Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Association between blood urea nitrogen levels and the risk of diabetes mellitus in Chinese adults: secondary analysis based on a multicenter, retrospective cohort study



		Background



		Data and methods



		Results



		Conclusion



		Introduction



		Methods



		Participants selection and study grouping



		Data collection



		Diagnostic and exclusion criteria



		Statistical methods









		Result



		Basic information characteristics when obtaining participant data



		Univariate Cox proportional hazard regression analysis



		Relationship between baseline BUN level and the risk of DM



		Nonlinear relationship analysis



		Subgroup analysis









		Discussion



		Strength of the study



		Limitations of the study









		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Normal triglyceride concentration and the risk of diabetes mellitus type 2 in the general population of China



		Introduction



		Methods



		Results



		Discussion



		1 Introduction



		2 Methods



		2.1 Data source



		2.2 Study population



		2.3 Data collection



		2.4 Definition of diabetes mellitus type 2



		2.5 Statistical analysis









		3 Results



		3.1 Baseline characteristics of individuals



		3.2 Incidence of diabetes mellitus type 2



		3.3 Association of normal triglyceride levels with diabetes mellitus type 2 risk



		3.4 Threshold effect analysis of normal triglyceride levels on incident diabetes mellitus type 2



		3.5 Subgroup analyses









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Parallelism and non-parallelism in diabetic nephropathy and diabetic retinopathy



		Introduction



		Parallelism between DN and DR development



		Reciprocal predictive effects of DN and DR



		DN predicts DR



		DR predicts DN









		Risk factors associated with DN and DR



		Similar pathogenesis of DN and DR



		Oxidative stress



		Inflammatory response



		Hemodynamic changes



		Hyperactivation of RAAS



		Kallikrein–kinin system



		MiRNAs



		Hypoxia









		Co-medication of DN and DR



		Inhibition of aberrant activation of the polyol pathway: the aldose reductase inhibitor epalrestat



		Antioxidant: α-lipoic acid



		Inhibitors of the RAS system: angiotensin-converting enzyme inhibitors and angiotensin II receptor blockers



		Vasoprotective drug: calcium 2,5-dihydroxybenzenesulfonate















		Non-parallelism of DN and DR



		Asynchrony in the onset of DN and DR



		With DN without DR



		With DR without DN









		Different Pathogenesis of DN and DR



		Different susceptibility genes



		DR: diabetic microvascular complications, neurovascular lesions



		Different cytokines









		Different medications for DN and DR



		DN clinical use



		DR clinical use















		Summary and outlook



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References



		Glossary









		Out of sight: chronic kidney diseases among diabetic patients attending care and follow up. Findings from pastoralist health facilities of Southern Ethiopia



		Background



		Methods



		Variables



		Operational definitions



		Data collection tools and procedures



		Data analysis



		Ethical consideration









		Results



		Magnitude of CKD among diabetic patients



		Sociodemographic characteristics of the diabetic patients



		Correlation coefficients—clinical characteristics of the diabetic patients



		Behavioral-related characteristics of the diabetic patients



		Laboratory-related characteristics of the diabetic patients



		Factors associated with chronic kidney disease among diabetic patients









		Discussion



		Conclusion/recommendation



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Abbreviations



		References









		The role of adiponectin in the association between abdominal obesity and type 2 diabetes: a mediation analysis among 232,438 Chinese participants



		Background



		Methods



		Results



		Conclusion



		Introduction



		Methods



		Study population



		Clinical and biochemical measurements



		Measurement of adiponectin



		Assessment of type 2 diabetes mellitus



		Statistical analyses









		Results



		Population characteristics



		Relationship between circulating adiponectin and other variables



		Relationship between abdominal obesity and T2DM



		Regression-based mediation analysis of adiponectin on association of abdominal obesity with T2DM









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Identification and validation of NAD+ metabolism-related biomarkers in patients with diabetic peripheral neuropathy



		Background



		Methods



		Results



		Conclusion



		1 Introduction



		2 Materials and methods



		2.1 Data source



		2.2 Differential expression analysis



		2.3 Acquisition of biomarkers



		2.4 Construction of alignment diagram and gene set enrichment analysis



		2.5 Construction of a miRNA-mRNA-TF regulatory network and ceRNA network and drug prediction



		2.6 Statistical analysis









		3 Results



		3.1 DE-NMRGs were associated with glycosyl compound metabolic process



		3.2 Two biomarkers were obtained by using machine learning algorithms



		3.3 Alignment diagram with good diagnostic efficacy based on biomarkers were constructed



		3.4 Biomarkers were associated with oxidative phosphorylation









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		References









		Efficacy and safety of basal insulins in people with type 2 diabetes mellitus: a systematic review and network meta-analysis of randomized clinical trials



		Aim



		Methods



		Results



		Conclusion



		Introduction



		Methods



		Search strategy



		Selection criteria



		Data extraction and risk of bias assessment



		Data synthesis and analysis



		Assessing certainty of the evidence









		Results



		Characteristics of RCTs



		Risk of bias assessment



		Network plots



		Evaluation of transitivity, heterogeneity, and inconsistency in all networks



		Network meta-analyses estimates



		Change in HbA1c level



		Change in FPG level



		Change in body weight









		Overall (any) hypoglycemia



		Nocturnal hypoglycemia



		Severe hypoglycemia



		Summary of findings and certainty of the evidence









		Discussion



		Limitations and strengths









		Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Analysis of clinical evidence on traditional Chinese medicine for the treatment of diabetic nephropathy: a comprehensive review with evidence mapping



		Objective



		Methods



		Results



		Conclusion



		1 Introduction



		2 Materials and methods



		2.1 Search strategy



		2.2 Inclusion criteria



		2.2.1 Type of studies



		2.2.2 Study participants



		2.2.3 Interventions









		2.3 Exclusion criteria



		2.4 Literature selection and data extraction



		2.5 Data analysis



		2.6 Methodological quality assessment









		3 Results



		3.1 Literature search



		3.2 Publication trends



		3.3 Characteristics of study population



		3.3.1 Staging of diabetic nephropathy



		3.3.2 TCM syndromes



		3.3.3 Sample size









		3.4 Treatment regimens and intervention duration



		3.4.1 Treatment regimens



		3.4.2 Intervention duration









		3.5 Outcome indicators



		3.6 Methodological quality assessment









		4 Discussion



		4.1 Quality of clinical RCTs needs enhancement



		4.2 Precision in disease staging is imperative



		4.3 The Diagnostic and therapeutic philosophy of TCM must be fully emphasized



		4.4 Challenges and advancements in the early diagnosis of DN and evaluation of TCM symptomatology



		4.5 Outcome indicators should be more representative









		5 Limitations and future perspectives



		6 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Transcriptional profiles associated with coronary artery disease in type 2 diabetes mellitus



		Background



		Methods



		Results



		Conclusion



		1 Introduction



		2 Materials and methods



		2.1 Study design and patient recruitment



		2.2 Inclusion and exclusion criteria



		2.3 Clinical data collection



		2.4 Sample collection and processing



		2.5 Whole-genome expression profiling and microarray data processing



		2.6 Differential gene expression



		2.7 Weighted gene co-expression network analysis



		2.8 Gene ontogeny analysis



		2.9 Module-SNP causation inference









		3 Results and discussion



		3.1 Clinical data



		3.2 Differentially expressed genes in T2M-CAD



		3.3 Pathways analyses



		3.3.1 Ontogeny analyses for differentially expressed genes



		3.3.2 Weighted gene co-expression network analysis



		3.3.3 Genomic variant anchoring analysis















		4 Summary and conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Interpretable machine learning identifies metabolites associated with glomerular filtration rate in type 2 diabetes patients



		Objective



		Methods



		Results



		Conclusion



		1 Introduction



		2 Materials and methods



		2.1 Study settings and subjects



		2.2 Date collection and clinical definitions



		2.3 Determination of amino acids and acylcarnitine



		2.4 Statistical description



		2.5 Data preprocessing and data set division



		2.6 Feature selection



		2.7 Model development and validation



		2.8 Model interpretation









		3 Results



		3.1 Baseline characteristics



		3.2 Feature selection



		3.2.1 Pairwise comparison of clinical factors



		3.2.2 Pairwise comparison of differentially expressed metabolites in plasma









		3.3 Model performance



		3.3.1 NOE vs MR



		3.3.2 NOE vs MOMR









		3.4 GFR influencing factors assessment



		3.4.1 NOE vs MOMR



		3.4.2 NOE vs MOMR









		3.5 External validation



		3.5.1 Selection of models for external validation



		3.5.2 Characteristics of the external validation cohort



		3.5.3 Performance of external validation















		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Possible involvement of sialidase and sialyltransferase activities in a stage-dependent recycling of sialic acid in some organs of type 1 and type 2 diabetic rats



		Background



		Methods



		Results



		Conclusions



		Introduction



		Materials and methods



		Chemicals and reagents



		Experimental animals and induction of T1D and T2D



		Collection and preparation of blood and organs homogenates



		Sialic acid analysis



		Sialidase assay



		Sialyltransferase assay



		Statistical analysis









		Results



		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References























OPS/images/fendo.2023.1306134/fendo-14-1306134-g001.jpg
" 1.00
—_——— 1.03 (0.41-2.63)
—— 0.50 (0.19-1.25)
—— 0.70 (0.29-1.67)
" 1.00
—a— 0.55 (0.30-0.98)
e e |
0 05 1 2 3 5

Odds ratio for diabetic retinopathy





OPS/images/fendo.2023.1306134/crossmark.jpg
©

2

i

|





OPS/images/fendo.2023.1297166/table4.jpg
Dependent variables  Independent variables Model 1 Model 2 Model 3

DN Wald OR(95%Cl) 12 Wald OR(95%Cl) 2 Wald OR(95%Cl) 2
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OR, odds ratio; Cl, confidence interval. areference group.
Model 1, not adjusted; Model 2, adjusted Model 1+UASCr+eGER; Model 3, adjusted Model 2+TG and FINS.
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Index B (95%Cl)

Simple linear regression analysis

Sex(Male=1,Female=2) 0.460
Age -0.434(-3.187,2.318) -0.312 0.755
SBP 0.940(-0.463,2.343) 1.326 0.187
DBP 0.365(-1.828,2.559) 0.330 0.742
BMI -4.269(-12.89,4.353) -0.980 0.329
FPG -0.022(-7.949,7.904) -0.006 0.996
FINS 2.763(0.525,5.001) 2.444 0.016
HOMA-IR 3.230(-2.397,8.856) 0.838 0.258
HbAlc 5.598(-7.627,18.824) 0.838 0.404
TC 16.054(-1.892,34.00) 1771 0.079
TG 14.087(0.723,27.451) 2.087 0.039
HDL -5.526(-79.49,68.44) -0.148 0.883
LDL 18.07(-8.355,44.50) 1.354 0.178
UA 0.670(0.401,0.938) 4.945 <0.001
SCr 2.375(1.755,2.995) 7.582 <0.001
eGFR -2.089(-2.753,-1.425) -6.228 <0.001
Iron -5.436(-10.54,-0.335) -2.110 0.037
Tf -95.15(-152.7,-37.56) -3.271 0.001
Ferritin 0.167(0.009,0.325) 2.093 0.038
GPX4 -3.564(-4.907,-2.220) -5.250 <0.001
ACSL4 24.09(17.43,30.76) 7.1600 <0.001

Multiple linear regression analysis

UA 0.292(0.061,0.523) 2.504 0.014
SCr 1.060(0.405,1.714) 3.205 0.002
Tf -52.94(-95.78,-10.11) -2.448 0.016
GPX4 -1.633(-2.77,-0.496) -2.845 0.005
ACSL4 17.53(11.94,23.13) 6.204 <0.001

UAER, urinary albumin excretion rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; FPG, Fasting Plasma Glucose; FINS, fasting insulin; HOMA-IR,
homeostasis model assessment of insulin resistance; HbAlc, glycosylated hemoglobin; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; UA, serum uric acid; SCr, serum creatinine; eGFR, estimated glomerular filtration rate; Tf:transferrin; GPX4:glutathione peroxidase 4; ACSL4, acyl-CoA synthetase long-
chain family member 4.
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Type Week

of diabetes after induction
Serum sialic acid vs organ sialic acid TID Liver 3 0.856 0.075
T2D Liver g 0.971 0.015
Serum sialidase activity vs organ sialidase activity TID Pancreas ot 0.907 0.048
TID Kidney ot 0595 0228
T2D Kidney 34 0.842 0.004
T2D Skeletal muscle |~ 9" v 0616 0.116
Serum sialyltransferase activity vs organ TID Liver o 0.937 0.032
sialyltransferase activity
TID Skeletal muscle | 3" 0.664 0.185
TID Skeletal muscle | 9" 0.957 0.013
T2D Liver gt 0.980 0.001

Multiple regression analysis was carried out using Graphpad Prism and only analyses with R*> 0.5 (moderate to strong associations) were shown in this table. Total sialic acid levels, sialidase and
sialyltransferase activities of individual organs (liver, pancreas, skeletal muscle and kidney) were used as predictors (independent variables) of the serum total sialic acid level, and sialidase/
sialyltransferase activities. Values in bold are statistically significant (P < 0.05).
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A. Distal symmetrical polyneuropathy (DSPN)

i) Primary large fibre involvement

i)  Primarily small fibre involvement

iii) Mixed large and small fibre involvement (commonest)
B. Autonomic neuropathy

i) Cardiovascular

Resting tachycardia
Orthostatic hypotension
Reduced heart-rate variability
Malignant arrhythmias

ii) Gastrointestinal
Diabetes gastropathy
Diabetes enteropathy
Colonic dysmotility

iii) Urogenital
Erectile dysfunction

Neurogenic bladder
Female sexual dysfunction

iv) Sudomotor dysfunction
Gustatory sweating
Distal hypohydrosis

v) Hypoglycaemic unawareness
vi) Pupillary abnormalities
‘ IIl.  Mononeuropathy (mononeuritis multiplex)
A. Isolated cranial nerve (III/VI) palsy
B. Peripheral nerve palsies (ulnar, median, femoral, peroneal)
C. Mononeuritis multiplex
‘ lll. Radiculopathy or polyradiculopathy ‘

A. Radiculoplexus neuropathy (lumbosacral radiculopathy, diabetes amyotrophy)

B. Thoracic radiculopathy
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1. Chronic inflammatory demyelinating polyneuropathy
II.  Pressure palsies

1L Neuropathies caused by alcohol abuse, uraemia, vitamin B12 deficiency,
paraproteinaemias, hypothyroidism, cancer and infectious diseases and
neurotoxic drugs

IV. Neurotoxic drugs (platinum analogues, taxanes, vinca alkaloids etc.)
V. Radiculoplexus neuropathy

VL. Acute painful small fibre neuropathy (e.g. acute insulin neuritis syndrome)
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Functional tests for SFN

Test Type Technique Equipment Time to Normative Operating Limitations
Needed acquire Data Characteristics
results for DSPN
Quantitative ~ Non- Computerised Computerised Takes about Commercial None available Psychophysical test-
sensory invasive, measurement of assessment device, half an hour normative results are dependent on
testing quantitative thermal thresholds temperature but could take  data present subject compliance and
(QST) (41) and heat pain controlled laboratory longer, from the attention. Complex
thresholds and a trained depending on bigger testing protocols present.
technician subject manufacturers. Varying reproducibility
concentration depending on experience
of the unit undertaking
testing.
Laser Non- Measurement of the  Laser Doppler Image One site For the newer Dependent on the
Doppler invasive, axon-reflex imager, temperature acquisition normative technique: microcirculation. Patients
imager Flare  quantitative mediated flare controlled room, took ~1 hour values Sensitivity of 70- need to have no
(LDIflare) (Figure 2) response as a operator with with the older  determined at | 75%, specificity of significant macrovascular
(42) marker of small experience method. a single centre. | 66-85%, positive distal circulatory
fibre function Newer method  Larger data set  predictive value of impairment. Has
takes of normative 74%, and negative correlation with Confocal
approximately  valves desired  predictive value of microscopy (44).
25 minutes. (43) 86%
Results
available
immediately
Current Non- Low current Neurometer device Takes about None None available Requires active patient
perception invasive, intensity temperature half an hour available. co-operation. Like QST,
threshold quantitative | stimulation of the controlled room and  but could take  Most studies therefore reproducibility
(CPT) (45) small nerve fibres at  a trained technician longer, have included has been a challenge and
frequency of 250 depending on age matched other methodological
Hz for A-delta subject controls for challenges persist (such
fibres and the concentration comparison. as what frequency to use.
5 Hz for C-fibres. Not widely available.
Contact Non- Measure cerebral Needs thermal Takes about Multicentre The AUC for Requires active patient
Heat Evoked  invasive, responses to threshold testing half an hour normative DSPN detection in co-operation. Like QST
Potentials quantitative thermal stimuli first. Then small but could take data on 226 a small sample has and CPT, therefore
(CHEPs) mediated by A- discs are placed on longer, adult subjects been estimated at reproducibility has been
(46) delta fibres the head to record depending on are available 0.778. a challenge. Not widely
signals received to subject available. Also unclear if
the brain from concentration both A-delta and C-
application of 10 to fibres are assessed.
20 short (a fraction
of a second) heat or
cold
stimuli at a
particular point of
interest (face, arm or
leg)
Microneuro- | Minimally Measurement of Skilled operator and May take up to  None available | None available. Still primarily a research
graphy (47) invasive, Single fibre extensive equipment 3 hours to get Considered by tool. May have a role in
semi recordings from list. Preserve of a a satisfactory EFNS to possess assessment of
quantitative peripheral axons large recording. grade A evidence neuropathic pain rather
neurophysiology lab for assessing than early neuropathy.
rather than clinic function of the A- Expensive and needs skill
based procedure. delta fibre pathways  to elicit responses.
in patients with Patient cooperation is
neuropathic pain also extensively required.
Laser Evoked | Non- Radiant heat CO2-laser May take up to  Single centre None available. Limited availability. May
Potentials invasive, generate by laser stimulator, 1 hour to normative Studies have used be useful in
(LEPs) (48) quantitative selectively excites technician with complete the values age matched demonstrating reduced
free nerve endings experience and a procedure and available on control data. function but unable to
in the superficial temperature ensure no 100 subjects. detect enhanced
skin layers controlled room artefacts No decade transmission as found in
| Adelta and C fibre ideally. presents in specific data hyperalgesia. Small
nociceptors readings reported. changes in pain
gained sensitivity are not easily
detectable with LEP
Quantitative | Sudomotor | Information on Purpose built lab, 45-60 minutes  Normative No specific data Requires precautions for
sudomotor Non- skin autonomic iontophoresis and to complete. data available available for DSPN  electrical safety and small
axon reflex invasive, function and sudomotor from specific but has been widely  risk of minor local injury
test quantitative evaluation of quantification centres for used, especially in to the skin
(QSART) postganglionic equipment. QSART. A the Rochester
(49) sudomotor commercially Diabetic
function using available Neuropathy study
acetylcholine device
iontophoresis QSWEAT is
also available
Thermo- Sudomotor ‘When core Needs a laboratory and  90-120 Unclear Helpful data on the = Patients may not be able
regulatory Non- temperature a digital camera minutes to TST available in to tolerate 60 minutes of
sweat test invasive, rises beyond a perform DSPN mainly from | warming up
(TST) (50) semi- hypothalamic correctly. the autonomic lab
quantitative thermoregulatory Maximal at the Mayo Clinic,
set point (>38°C), sweating is Rochester USA.
sweating occurs achieved
within 30-65
minutes.
Sympathetic | Sudomotor | Information on Purpose built lab, SR 45-60 minutes | Normative Minimal data only  Limited availability,
Skin Non- skin autonomic equipment includes to complete. data available available in DSPN. needs expertise and
Response invasive, function and electrodes. from specific Some helpful data experience to test
(51) quantitative evaluation of centres but in diabetic correctly. Popular in
postganglionic usually has autonomic Japan.
sudomotor been derived neuropathy and
function using from a small bladder
electrodermal normative dysfunction.
activity group
Sudoscan® Sudomotor Testing is based Just the Sudoscan® Takes less than ~ Comes with Increasing literature  Still limited availability.
(32) Non- on stimulation of device 5 minutes inbuilt now available of its Needs more detailed
invasive, sweat glands by a normative use in DSPN. validation work for
quantitative low-voltage data. Limited Similar AUC as different ethnicities.
current (<4volts) experience at IENFD (0.761) in
representing a the moment one study. For
electrochemical Cardiac autonomic
reaction between neuropathy
electrodes and sensitivity was 65%,
chloride ions, specificity 80%.
Neuropad® Simple Simple sticker Cheap and easy to Takes less than ~ Qualitative, Lots of available Difficult to interpret
(52) qualitative which changes avail. 10 minutes does not need literature and has when there is partial
indicator of | colour in the normative been validated change in colour though.
sudomotor presence of data. against IENFD. In One centre has published
dysfunction sweating. one study, data on semi-
Neuropad had a quantification using
sensitivity 85% and  digital imaging of the
specificity of 45% Neuropad®.
for detection of
clinical DSPN.
Structural tests for SFN
Skin Biopsy  Invasive Measurement  Sterile equipment for Procedure Worldwide Published Challenging to use in
(53) (minimally), | of intra- biopsy, access to trained takes 5-10 normative sensitivity doe prospective studies of
quantitative epidermal personnel and laboratory minutes but Data present DSPN is between very large cohorts,
nerve fibre takes a few 60% and 95% and infection risk at site of
density days to get the specificity between biopsy
results back. 90% and 95%
Sural nerve  Invasive, Ultrastructure  Experienced operator Procedure may ~ None available = None available Infection, pain and
biopsy (54) quantitative and who can perform biopsy take up to 45 hypoesthesia at biopsy
morphometric and access to pathologist minutes. site
analysis of and at times, electron or Results usually
sural nerve confocal microscope take a few
biopsy days.
specimens
Corneal Non- Measurement Corneal scanning Image Worldwide Reported sensitivity = Surrogate marker of
Confocal invasive, of nerve confocal microscope, acquisition normative of 85% and DSPN rather than a
Microscopy quantitative parameters of trained technician takes 5-10 Data present specificity of 84% direct indicator.
(55, 56) the corneal minutes. Previously reliant on
sub-basal layer Results manual counting but
available newer automated
immediately if methods emerging.
automated Unclear which of the
counting used three- CNFB, CNFL or
CBNFD best

representative/predictive
of DSPN
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D "

uloxetin reuptake inhibitors
Amitriptyline tricyclic antidepressants
Pregabalin 23 calcium channel ligand
Gabapentin 23 calcium channel ligand
Venlafaxine serotonin-norepinephrine
sustained release reuptake inhibitors
Tapentadol 3
extended release eopioid
Oxycodone s
extended release eopioid
Tramadol extended .

p-opioid

release
Topical 8% transient receptor potential

Capsaicin patch vanilloid agonist

aily dosage range Com ide effects

30 - 120 mg somnolence, headache, nausea, dry mouth

somnolence, dizziness, headache, dysarthria, aggression, dry mouth, nausea,

10 - 100 m
s constipation, weight gain, hyperhidrosis

75 - 600 mg somnolence, dizziness, headache
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insomnia, dizziness, sedation, headache, nausea, dry mouth, constipation,

75 - 225 mg . . i 3
hyperhidrosis
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50 - 200 mg vertigo, nausea

Plaster applied for 30 min

every 60-90 days pain and erythema in site of application
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Sex(Male=1,Female=2) -0.67 0.46 -0.126 0.117

Age -0.28 0.755 -0.262 <0.001
SBP 0.12 0.187 -0.267 0.001
DBP 0.03 0.742 -0.109 0.175
i BMI -0.089 0.329 -0.023 0.78
FPG -0.001 0.996 -0.143 0.075
FINS 0.217 0.016 -0.146 0.069
HOMA-IR 0.103 0.258 -0.085 0.293
HbAlc 0.076 0.404 -0.046 0.617
TC 0.159 0.079 -0.085 0.294
TG 0.186 0.039 | -0.097 0.230
HDL -0.013 0.883 -0.007 0.93
LDL 0.122 0.178 -0.031 0.698
UA 0.41 <0.001 -0.446 <0.001 ‘
SCr 0.568 <0.001 -0.824 <0.001 ‘
eGFR -0.493 <0001 | ———— | e———_—— ‘
I Tron -0.188 0.037 0.1 0.215 ‘
Tf -0.285 0.001 0.243 0.002
Ferritin 0.187 0.038 -0.019 0.816
GPX4 -0.413 <0.001 0.302 <0.001
ACSL4 0.546 <0.001 -0.198 0.013
UAER e -0.493 <0.001

SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI,;:body mass index; FPG, Fasting Plasma Glucose; FINS, fasting insulin; HOMA-IR, homeostasis model assessment of insulin
resistance; HbAlc, glycosylated hemoglobin; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; UA, serum uric
acid; SCr, serum creatinine; eGER, estimated glomerular filtration rate; Tfitransferrin; GPX4:glutathione peroxidase 4; ACSL4, acyl-CoA synthetase long-chain family member 4; UAER, urinary
albumin excretion rate.
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Female(%) 25(75.8) 12(29.3) 20(48.8) 12(29.3) <0.001

Male(%) 8(24.2) 29(70.7)* 21(51.2)* 29(70.7)*

Age(years) 41.94 +13.90 60.27 + 9.20* 64.41 + 7.93% 61.05 + 10.03** <0.001
SDP(mmHg) 114.58 + 10.43 139.90 + 16.95** 148.10 + 17.48** 147.51 + 18.54** <0.001
DBP(mmHg) 67.70 + 6.83 80.44 + 11.25** 80.49 £ 11.81** 80.83 + 11.84* <0.001
BMI(kg/m?) 2328 £3.72 25.06 + 2.82 24.69 + 3.16 2469 + 2.85 0.089
FPG(mmol/L) 459 +0.35 943 + 346" 971 + 3.44% 9.46 £ 2.71% <0.001
FINS(mU/L) 3.10(2.51,4.38) 7.18(5.30,9.58)* 8.06(4.81,11.49)* 8.49(5.82,13.34)** <0.001
HOMA-IR 0.63(0.49,0.90) 2.91(1.79,4.27)** 3.86(2.48,5.21)* 3.04(1.98,7.42)** <0.001

HbAl(%) | 8.40 £ 2.00 9.20 £1.90 8.78 £ 1.77 0.167

Hb(g/L) 118.58 + 23.94 117.95 + 1791 123.59 + 19.34 112.85 + 15.36 0.095
TC(mmol/L) 421+.52 412+ 092 433 +1.05 468 +1.95 02
TG(mmol/L) 0.97(0.66,1.22) 1.43(1.02,1.95) * 1.82(1.35,2.40)* 1.90(1.23,2.87)** <0.001

HDL-C(mmol/L) 134 £0.22 1.04 + 0.30* 1.01 +0.20%* 1.06 + 0.48* <0.001
LDL-C(mmol/L) 272+ 045 2.82+0.76 277 £0.71 3.05+1.28 0371

UA(umol/L) 288.39 + 72.03 315.39 + 77.57 343.68 + 75.77* 401.12 + 83.56"% <0.001
SCr(umol/L) 65.55 + 10.85 62.32 £ 12.02 82.12 + 2647** 105.41 + 40.83+*%% <0.001
eGFR(ml/min) 101.75 + 15.40 115.73 + 25.01 8247 + 23.80*** 72.37 + 33.36**"* <0.001

UAER(ug/min) | e 13.00(10.00,15.70) 72.90(56.00,117.16) ** 286.40(244.30,390.75) **%% <0.001

SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI,:body mass index; FPG, Fasting Plasma Glucose; FINS, fasting insulin; HOMA-IR, homeostasis model assessment of insulin
resistance; HbAlc, glycosylated hemoglobin; Hb, hemoglobin; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
UA, serum uric acid; SCr, serum creatinine; eGFR, estimated glomerular filtration rate; Tf, transferrin; UAER, urinary albumin excretion rate. DR, diabetic retinopathy; Compared with HC
group, *p<0.05, **p<0.001; Compared with NO group *p<0.05, **p<0.001; Compared with MI group, *p<0.05, **p<0.001.
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Sialic acid Sialidase Sialyltransferase

(mg/mL) (umol/min) (umol/min)
3I‘d 9th 3I‘d 9th 3I‘d 9th
week week week week week week
NCG | 0.54 0.56 32.68 28.32 46.12 46.85
+0.19 +0.10° +2.76 +1.84° +2.10 +3.01
TIDG | 0.56 0.86 27.03 48.58 47.59 48.83
+0.01 +0.08° +4.33 +331% | +£393 +3.95
T2DG  0.63 0.75 32.85 44.98 50.46 50.00
+0.01 +0.09° +4.33 +1.72° +2.39 +5.08

Data are presented as the mean + SD of eight animals. *“*Different superscript letters along a
row indicate significant difference at P< 0.05. NCG: Normal Control Group; T2DG: Type-2
Diabetic Group.
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Homeostasis

Model Assessment

HOMA-IR 1.82+0.25° 8.7442.19°
HOMA-B 555.12 15.22+3.59"
+131.39°

Data are presented as the mean + SD of five animals. *"Different superscript letters along a
row indicate significant difference at p <0.05. NCG: Normal Control Group; T2DG: Type-2
Diabetic Group.

HOMA-IR = [(Fasting serum insulin in U/L x Fasting blood glucose in mmol/L) / 22.5].
HOMA-B = (Fasting serum insulin in U/L x 20 / Fasting blood glucose in mmol/L - 3.5).
Conversion factor: insulin (1U/L= 7.174 pmol/L).
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Patients with T2DM
(n=229)

Excluded(n=8)

6 patients without UAER data.

2 patients with other causes of kidney
disease(eg., polycystic kidney disease)

Divided into three groups
(n=221)

NO group (n=114)
MI group (n=57)
MA group (n=52)

41 patients were randomly selected from
the each of three groups

NOm=41),MI(n=41),MA(n=41)
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Blood circulation

Prolonged inflammatory reactions
cause the release of acute phase
proteins into the serum

mobilisation of free sialic
acid at the early diabetic

Elevation of
sialidase ac

Initial Inflammatory reactions
cause the mobilisation of acute
phase proteins (sialidase and
sialyltransferase) to other tissues
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Age [year, P50(P25, P75)]

Male [N (%)]

Time of onset (year, x + s)
Course of DM (year, x )
DN [N (%)]

DR [N (%)]

DPN [N (%)]

DF [N (%)]

Insulin [N (%)]

Biguanides [N (%)]
Thiazolidines [N (%)]
Antihypertensive drugs [N (%)]
Hypertension [N (%)]
Smoking [N (%)]

Drinking [N (%)]

Sarcopenia [N (%)]
Osteoporosis [N (%)]
Musculoskeletal damage [N (%)]
TC [mmol/L, P50(P25, P75)]
TG [mmol/L, P50(P25, P75)]
HDL [mmol/L, P50(P25, P75)]
LDL [mmol/L, P50(P25, P75)]
eGFR [ml/min, P50(P25, P75)]
P [mmol/L, P50(P25, P75)]
Ca®* [mmol/L, P50(P25, P75)]
HBAIc [%, P50(P25, P75)]

Omin C-peptide
[nmol/L, P50(P25, P75)]

30min C-peptide
[nmol/L, P50(P25, P75)]

120min C-peptide
[nmol/L, P50(P25, P75)]

ACR [mg/g, P50(P25, P75)]
BMI [kg/m?, P50(P25, P75)]
ASMI [kg/m?, P50(P25, P75)]
TEMI [kg/m?, P50(P25, P75)]
A/T [P50(P25, P75)]

A/G [P50(P25, P75)]

50 (47, 56)
267 (55.4)
37 (34, 39)
14.5 (10, 20)
261 (54.1)
195 (40.5)
262 (54.4)
8(3.7)
348 (72.2)
306 (63.5)
59 (12.2)
155 (32.2)
222 (46.1)
123 (25.5)
56 (11.6)
209 (43.4)
83 (17.2)
226 (46.9)
4.71 (3.97, 5.60)
1.44 (0.97, 2.29)
1.09 (0.94, 1.37)
2.94 (2.22, 3.60)
106.45 (9347, 114.13)
1.20 (1.10, 1.34)
223 (214, 231)

9.10 (7.60, 10.73)

051 (0.31, 0.62)

076 (0.45, 0.81)

1.49 (0.81, 1.55)

2825 (9.25, 164.32)
2433 (21.88, 26.68)
663 (5.83, 7.54)
3.89 (2.79, 4.86)
1.77 (1.33, 2.44)

1.26 (1.11, 1.43)

50 (47, 56)

267 (55.4)

45 (43, 50)
3(1,7)

154 (32.0)

81(16.8)

180 (37.3)

4(08)

226 (46.9)
253 (52.5)
40 (8.3)
114 (237)
182 (37.8)
122 (25.3)

51 (106)

66 (13.7)

45 (9.3)

97 (20.1)
5.70 (4.87, 6.68)
1.73 (119, 2.35)
1.14 (0.96, 1.38)
3.87 (3.18, 4.70)
10875 (99.99, 115.95)
1.20 (109, 1.33)
2.26 (2.18, 2.36)

9.70 (7.60, 11.60)

056 (0.42, 0.72)

0.78 (0.6, 0.94)

1.52 (1.10, 1.92)

13.18 (6.87, 33.37)
24.16 (22.13, 26.57)
7.03 (6.16, 7.84)
3.94 (3.08, 491)
1.76 (1.39, 2.39)

121 (1.03, 1.39)

50 (47, 56)
534 (55.4)
40 (37, 45)
93, 15)
415 (43.0)
276 (28.6)
442 (45.9)
22 (23)
574 (59.5)
559 (58.0)
99 (103)
269 (27.9)
404 (41.9)
245 (25.4)
107 (11.1)
275 (285)
128 (13.3)
323 (335)
521 (435, 6.16)
159 (1.07, 2.33)
1.13 (094, 1.37)
338 (261, 4.29)
107.62 (97.34, 115.11)
1.20 (1.09, 1.34)
2.25 (2.16, 2.34)

9.40 (7.60, 11.20)

0.54 (0.37, 0.65)

0.77 (0.54, 0.84)

1.51 (0.94, 1.67)

17.93 (7.80, 73.36)
24.22 (22.03, 26.57)
6.81 (6.05, 7.67)
3.91 (3.00, 4.89)
176 (1.35, 2.41)

1.23 (1.07, 1.41)

1.000

1.000

<0.001

<0.001

<0.001

<0.001

<0.001

0.002

<0.001

<0.001

0.028

0.002

0.005

0.500

0.341

<0.001

<0.001

<0.001

<0.001

<0.001

0.148

<0.001

0.007

0.695

<0.001

0.002

<0.001

<0.001

<0.001

<0.001

0.897

<0.001

0.270

0.683

0.001

*EOT2D, early-onset type 2 diabetes; NOT2D, non-early-onset type 2 diabetes; DM, Diabetes mellitus; DN, Diabetic nephropathy; DR, Diabetic retinopathy; DPN, Diabetic peripheral
neuropathy; DF, Diabetic foot; TC, Total cholesterol; TG, Triglyceride; HDL, High density lipoprotein cholesterol; LDL, Low density lipoprotein cholesterol; eGFR, Glomerular filtration rate; P,
Inorganic phosphate; Ca**, Calcium; HbAlc, Glycosylated hemoglobin Alc; ACR, Ratio of urinary microalbumin to creatinine; BMI, Body mass index; ASMI, Appendicular skeletal muscle mass
index; TEMI, Trunk fat mass index; A/T, Ratio of appendicular skeletal muscle mass to trunk fat mass; A/G, Android gynoid ratio. P < 0.05 indicates that it is statistically significant.
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Figture 3C. The relationship between the onset age of diabetes mellitus and musculoskeletal damage
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NOE vs C-GFE NOE vs MOMR

XGBoostl XGBoost2 XGBoostl XGBoost2
AUROC 0.823(0.79-0.86) 0.837(0.80-0.88) 0.10 0.868(0.82-0.91) 0.970(0.95-0.98) <0.001
AUPRC 0.630(0.55-0.71) 0.661(0.58-0.73) <0.001 0.542(0.42-0.67) 0.857(0.77-0.92) <0.001

XGBoost, Extreme Gradient Boosting; AUROC, the area under the curve of the receiver operating characteristic curve; AUPRC, area under the precision recall curve; Ref, reference.
XGBoostl is a model that only includes traditional clinical features; XGBoost2 adds plasma metabolite features.

P, Delong test for the area under the curve of the receiver operating characteristic curve and precision-recall curve.

NOE, Normal or elevated eGFR; MR, Mild reduction eGFR; MOMR, moderate or severe reduction eGFR.
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model  Cutoff Precisi- Recall False

on Negative
Rate
LR2 0.143 0.333 0717 ‘ 0.283
SVM2 0.101 0.272 0.804 ‘ 0.196
RF2 0.240 0.507 0.695 ‘ 0304
XGBoost2 | 0.080 0.532 0717 ‘ 0.283

LR, logistic regression; SVM, support vector machine; RF, random forest; XGBoost, extreme
Gradient Boosting.
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Changes between time points Group difference

AT0to T1 ATO to T2 Lt T
95% CL p Value® B 95% Cl 95% Cl p Value® BISE] 95%Cl
[SE]
psQr LT -4497 [-5.642,-3.351] <0.001 3833 | [-5054-2613] <0.001 3413 [-4988,1839] <0.001 2512 [-4.0880.936] 0.002
(0.468] [0.488] [0790) [0791]
Control | -0.048 [1.260,1.164] 1.000 0286 | [1590,1.019] 1.000
[0.495] [0.521]
MEQ" r 4852 (L110]  [-7.566,2.137] <0.001 8500 | [11232:5768] | <0.001 5242 | [7545,:2.9%9) <0.001 10652 [12955:8349]  <0.001
[1.126] [1.164] [1.164]
Control 0,095 [1.185]  [-2.807,2.998] 1.000 1857 [-1.064,4.778] 0.376
(1.204]
TST, min LT 72645 (15627160917 0.142 12324 | [12257397.924] | 1.000 32615 | [-67.97,13319] 0521 94637 [-9.023198297] 0073
136.066] [45.315] (50.611] [52.165]
Control | 56.401 [-21767,134.568] 0244 33454 | [-63762130670] | 1000
[31.924] [39.944
LST, min o 79331 [8.763,149.900]  0.022 33319 [-56680,123318] | 1000 14067 | [10031572181] | 0.747 17657 [71168106482) 0694
[28.860] [36.984] [43.380] [44.685]
Control 41,525 [-20896,103.947] 0323 27238 | [-51967.106442] | 1.000
[25519] [32.536]
Sleep score LT 0302(147]  [-33003.904] 1000 0738 | [-5548.4071) 1,000 4945 [-0594,10.485] 0079 5903 0228,11.578] 0042
[1972] [2774] [2:844]
Control  L511[1.297)  [-1.667:4.690] 0744 1429 [-2781,5.639] 1.000
[1.726]

Post hoc analysis of time effect, group effect, Time x Group interaction effect p<0.05 in outcome indicators. The group effect of sleep score p=0.055 was performed post hac analysis.
PSQI, Pittsburgh Sleep Quality Index; MEQ, Morningness-Eveningness Questionnaire; TST, Total Sleep Time; LST, Light Sleep Time.

“Intention-to-treat analysis population.

“By Linear mixed model.

Bold values indicate that the difference was statistically significant or close to statistical significance.
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PSQI LT
Control

MEQ LT
Control

GSp LT
Control

16.100 + 0.57

15.03 £ 0.63

66.47 £ 0.80

66.76 + 0.85

276.55 + 9.42

273.44 + 1035

11.39 + 0.57

15.04 + 0.62

61.62 £ 0.80

66.86 + 0.85

282.77 £ 10.28

277.04 £9.393

12.10 £ 0.57 <0.001* 0.013*
14.86 + 0.63
57.97 + 0.80 <0.001* <0.001*
68.62 + 0.85
282.60 + 10.35 0.689 0.742
27342 +9.43

Comparison of outcomes between the light therapy (LT) group and control group (mean + standard deviation).

“Per-protocol analysis population.
"By Linear mixed model.

PSQL, Pittsburgh Sleep Quality Index; MEQ, Morningness-Eveningness Questionnaire; GSP, Glycosylated Serum Protein.

* Statistically significant difference.

Time X
Group

interaction

<0.001*

<0.001*

0.682
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Time effect  Group effect Time X

Group
interaction
p value®

PSQI* LT 1613 + 0.54 11.63 +0.54 1230 £ 0.54 <0.001 0.021 <0.001
Control 1510 + 058 15.05 + 0.58 14.81 £ 0.58

MEQ* LT 66.47 £ 0.76 61.62 + 0.80 57.97 £ 0.80 <0.001 <0.001 <0.001
Control 66.76 + 0.85 66.86 = 0.85 68.62 = 0.85

Gsp* LT 27847 + 953 278.56 + 9.50 27559 + 9.53 0.798 0919 0.802
Control 27252 £ 10.30 27848 + 10.30 277.81 + 10.30

TST, min LT 53431 +33.32 590.71 + 33.32 567.76 + 34.00 0.010 0153 0.455
Control 48545 +35.97 558.10 + 38.10 473.13 £ 3957

LST, min LT 379.29 + 28.63 42081 + 28.63 406.53 + 29.18 0.007 0.065 0.676
Control 355.55 + 30.95 43488 + 32.59 388.87 + 33.84

DST, min LT 97.80 + 11.17 1211+ 1117 | 108291 = 11.36 0.111 0281 0.903
Control 85.00 + 12.11 97.47 + 12.63 88.18 + 13.09

REM sleep LT 57.82 + 5.56 50.52 + 5.56 50.62 + 5.67 0463 0163 0.103
Control 41.00 £ 6.00 49.80 £ 6.35 39.48 + 6.60

TOA, mim LT 281 +0.28 314+ 028 298 +0.29 0717 0455 0170
Control 3.60 + 0.30 3.08 +0.33 297 £0.34

Daytime sleep time, min LT 16331 + 15.80 13971 £ 15.80 129.89 = 16.12 0576 0.196 0.204
Control | 16025 + 17.02 179.93 = 18.12 | 165.75 + 18.81

Sleep score LT 68.54 = 1.84 70.05 + 1.84 69.97 £ 1.87 0591 0.055 0.708
Control 64.80 +2.00 65.10 + 2.07 64.06 + 2.14

“Intention-to-treat analysis population.

By Linear mixed model.

PSQY, Pittsburgh Sleep Quality Index; MEQ, Morningness-Eveningness Questionnaire; GSP, Glycated Serum Protein; TST, Total Sleep Time; LST, Light Sleep Time; DST, Deep Sleep Time;
REM, Rapid Eye Movement, TOA, Times of Awakening.

Bold values indicate that the difference was statistically significant or close to statistical significance.
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Age (mean, SD) 86.33 (5.58) 84.46 (6.19) 0.295

Sex, n (%)

Women 12 (57.1) 17 (70.8) 0.338

Man 9 (42.9) 7(29.2)

Duration of type 2 diabetes 14.83 (10.92) 16.13 (9.67) 0.676

since diagnosis, years,

mean (SD)

Duration of sleep 3.00 2.00 0.267

disturbance, years, M (5.50,1.50) (3.75,1.00)

(Q1, Q3)

Residence time of long- 2.59 (1.70) 2.88 (1.88) 0.599

term care settings, years,

mean (SD)

Number of comorbid chronic diseases, n (%)

2 1(4.8) 4 (16.7) 0.205

=23 20 (95.2) 20 (83.3)

Dementia diagnoses, n (%)

No diagnosis 14 (66.7) 10 (41.7) 0.096

AD 4(19.0) 12 (50.0)

VD 3(14.3) 2(83)

Types of sleeping drugs, n (%)

None 7(33.3) 9 (37.5) 0.567

Alprazolam 6(28.6) 5(20.8)

Estazolam 7(33.3) 6 (25.0)

Clonazepam 1(4.8) 4 (16.7)

PSQI score (mean, SD) 15.10 (0.58) 16.13 (0.54) 0.138

Sleep parameter (mean, SD)

Sleep duration 485.45 534.31 0.241
(35.97) (3332)

LST, min 355.55 379.29 0.414
(30.95) (28.63)

DST, min 85.00 (12.11) 97.80 (11.17) 0.406

REM, min 41.00 (6.00) 57.82 (5.56) 0.061

TOA, min 3.60 (0.30) 2.81 (0.28) 0.085

Daytime sleep time, min 160.25 163.31 0.870
(17.02) (15.80)

Sleep quality score 64.80 (2.00) 68.54 (1.84) 0.234

MEQ (mean, SD) 66.47 (0.80) 66.76 (0.85) 0.766

GSP (mean, SD) 272.52 278.47 (9.53) 0.850
(10.30)

AD, Alzheimer’s Disease; VD, Vascular Dementia; PSQ, Pittsburgh Sleep Quality Index; TST,
Total Sleep Time; LST, Light Sleep Time; DST, Deep Sleep Time; REM, Rapid Eye Movement,
TOA, Times of Awakening; MEQ, Morningness-Eveningness Questionnaire; GSP, glycated

serum protein.
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PK parameters T Group
(unit) (mean = sd)

Cinax (RU/mL) 1633 + 5227

AUCq., (h*nU/mL) 8.808 + 6.3928

AUCq.4 p (h*pU/mL) 18.417 + 12.7240

AUCy.g 1, (h*uU/mL) 37.142 £ 25.5412

AUG,... (h*uU/mL) 52.572 +40.9234

4.980 (0.07,7.97)

Tmax (h)*
tiyz (h) 2.985 + 2.5691
F (%) 0710 + 0.5107

aTiax s presented as median (minimum, maximum).
T group: study drug, 300 IU, p.o; R group: reference drug, 0.1 IU/Kg, ih.

R Group

(mean =+ sd)

40.30 £ 14.552
37.538 £ 16.1951
81.220 + 27.8741
133.280 + 53.1209
198.500 + 201.5001

1.730 (0.8,7.98)

2.825 £ 3.0532
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Pharmacodynamic parameters Group T
(vrid) (mean =+ sd)
GIRpya(mg/kg/min) 3.0308 +0.9512
AUCaro-2 n(mg/kg) 158.542 + 91.9319
AUCGiro-1 n(mg/kg) 422,510 + 2034403
AUCGrro-s n(mg/kg) 956.126 + 444.0072
{GIR o (min)* 174.00 (73.8, 379.2)

Onset of action

early tGIR gy, may(min) * 11 (3, 30)
early tGIRsgy, max(min) * 42 (23, 164)
F(%) 1.890 + 1.0553

* tGIRmax and onset of action are presented as median (minimum, maximum).

Group R

(mean =+ sd)
4.1939 + 1.0278
224.819 + 57.9694
614.073 + 162.1420
1234760 + 4433238

145.20 (49.2, 204)

150 (2, 23)

66 (31, 115)
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Exposure(CMT) Adjusted | model Adjusted Il model Adjusted Il model

Complete blood count B, 95%Cl B, 95%Cl B, 95%Cl
RBC count, x10 12/L -7.00 (-31.19, 17.18) 0.5709 -1.96 (-29.86, 25.93) 0.8904 -5.72 (-33.36, 21.93) 0.6857
Hemoglobin, g/L -0.27 (-1.11, 0.58) 0.5362 0.21 (-0.78, 1.20) 0.6777 0.17 (-0.81, 1.14) 0.7389
Platelet count, x10 10/L -0.03 (-0.28, 0.22) 0.8131 -0.09 (-0.36, 0.18) 0.5156 -0.12 (-0.38, 0.15) 0.4031
WBC, x10 9/L -12.06 (-21.50, -2.62) 0.0129 -10.65 (-20.88, -0.43) 0.0424 -11.95 (-22.08, -1.82) 0.0218
Neutrophil count, x10 9/L -17.51 (-29.77, -5.24) 0.0056 -13.27 (-26.34, -0.20) 0.0479 -14.96 (-28.02, -1.90) 0.0259
‘ Lymphocyte count, x10 9/L -12.92 (-39.75, 13.90) 0.3459 -14.01 (-43.62, 15.60) 0.3548 -17.27 (-46.68, 12.15) 0.2513
Monocyte count, x10 9/L -83.92 (-191.21, 23.38) 0.1266 -44.41 (-153.71, 64.88) 0.4267 -57.14 (-165.68, 51.39) 0.3033
Eosinophil count, x10 9/L -19.19 (-136.05, 97.68) 0.7479 -116.70 (-249.19, 15.79) 0.0858 -130.25 (-261.14, 0.64) 0.0525
Basophil count, x10 9/L 8629 (-627.49, 800.06) 0.8129 66.00 (-700.64, 832.65) 0.8662 60.44 (-701.06, 821.94) 0.8765
NLR -6.83 (-19.80, 6.14) 0.3030 -2.18 (-15.53, 11.16) 0.7489 -2.46 (-15.77, 10.86) 0.7181
LMR -0.65 (-11.04, 9.75) 0.9033 -5.57 (-17.44, 6.29) 0.3584 -5.65 (-17.39, 6.09) 0.3469
PLR 0.14 (-0.20, 0.48) 0.4079 0.10 (-0.25, 0.45) 0.5658 0.10 (-0.25, 0.45) 0.5779
SIT -0.02 (-0.08, 0.03) 0.3870 -0.02 (-0.08, 0.04) 0.4447 -0.03 (-0.09, 0.03) 0.3486
Exposure(DME)
Complete blood count OR, 95%CI s OR, 95%CI P OR, 95%CI P
RBC count, x10 12/L 0.85 (0.54, 1.34) 0.4804 1.06 (0.59, 1.87) 0.8519 0.99 (0.5, 1.80) 0.9798
Hemoglobin, g/L 1.00 (0.98, 1.01) 0.5761 1.01 (0.99, 1.03) 0.5005 1.01 (0.99, 1.03) 0.5102
Platelet count, x10 10/L 1.00 (1.00, 1.00) 0.9900 1.00 (0.99, 1.00) 0.4604 1.00 (0.99, 1.00) 0.3457
WBC, x10 9/L 0.78 (0.64, 0.95) 0.0118 0.78 (0.63, 0.98) 0.0325 0.75 (0.59, 0.95) 0.0153
Neutrophil count, x10 9/L 0.74 (0.58, 0.96) 0.0207 0.80 (0.60, 1.05) 0.1075 0.75 (0.56, 1.01) 0.0557
Lymphocyte count, x10 9/L 0.67 (0.40, 1.12) 0.1301 0.57 (031, 1.07) 0.0781 0.54 (0.29, 1.02) 0.0562
Monocyte count, x10 9/L 0.05 (0.01, 0.54) 0.0132 0.11 (0.01, 1.34) 0.0839 0.07 (0.00, 0.92) 0.0431
Eosinophil count, x10 9/L 0.30 (0.03, 3.10) 0.3120 0.06 (0.00, 1.35) 0.0762 0.03 (0.00, 0.88) 0.0420
Basophil count, x10 9/L 0.65 (0.00, 326897.50) 0.9490 3.09 (0.00, inf.) 0.8866 3.05 (0.00, inf.) 0.8910
NLR 0.95 (0.75, 1.21) 0.6785 1.04 (0.80, 1.36) 0.7749 1.02 (0.78, 1.35) 0.8612
LMR 1.01 (0.84, 1.22) 0.8952 0.88 (0.69, 1.13) 0.3195 0.89 (0.69, 1.14) 0.3389
PLR 1.00 (1.00, 1.01) 0.1246 1.00 (1.00, 1.01) 0.2752 1.00 (1.00, 1.01) 0.3093
SIT 1.00 (1.00, 1.00) 0.8143 1.00 (1.00, 1.00) 0.7088 1.00 (1.00, 1.00) 0.5291

Adjust T model adjust for: sex and age.
Adjust 11 model adjust for: sex, age, duration of diabetes, hypertension, HbAlc, total cholesterol, BMI, eGFR, and direct bilirubin.

Adjust I1T model adjust for: sex, age, duration of diabetes, hypertension, HbAIc, total cholesterol, BMI, eGFR, direct bilirubin, PRP degree, and anti-VEGF therapy. SBP: systolic blood pressure;
DBP, diastolic blood pressure; BMI, body mass index; HbAlc, hemoglobin Alc; logMAR, logarithmic minimum resolution angle; IOP, intraocular pressure; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; ¢GFR, estimated glomerular filtration rate; CMT, central macular thickness; SECT, subfoveal choroidal thickness; VEGE, vascular
endothelial growth factor; PRP, panretinal photocoagulation; triglyceride; TC,0 total cholesterol; Hb, hemoglobin; RBC, red blood cell; WBC, white blood cell; NLR, neutrophil-to-lymphocyte
ratio; LMR, lymphocyte-to-monocyte ratio; PLR, platelet- to-lymphocyte ratio; SII, systemic immune-inflammation index.
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tal No DME group Eg
No. 239 173 66
Age (year) 55.46 + 10.08 55.11 £ 9.94 56.36 £ 10.47 0.391
Male sex, n (%) 139 (58.16%) 102 (58.96%) 37 (56.06%) 0.685
Educational level, n (%) 0.585
Less than 12th grade 150 (63.56%) 106 (61.63%) 44 (68.75%)
High school 41 (17.37%) 31 (18.02%) 10 (15.62%)
College or above 45 (19.07%) 35 (20.35%) 10 (15.62%)
BMI (kg/m2) 24.04 £ 3.07 24.32 £ 323 2324 £2.43 0.021
SBP (mmHg) 136.66 + 20.04 137.04 + 20.71 135.65 + 18.29 0.647
DBP (mmHg) 82.88 +10.76 83.18 + 10.73 82.10 £ 10.89 0.507
Duration of diabetes (year) 1223 £ 6.74 12.02 + 6.64 12.77 £ 7.03 0.443

Ocular parameters

Visual acuity (logMAR) 0.74 + 0.54 0.67 £ 0.53 0.95 + 048 <0.001
10P (mmHg) 16.18 + 3.87 15.98 + 3.69 16.70 + 4.31 0.208
Axial length (mm) 23.18 £0.98 2321 +097 23.08 £ 1.02 0539
CMT (um) 284.23 +122.09 220.53 + 39.64 451.19 + 106.39 <0.001

Complete blood count

RBC count, x10 12/L 429 +0.65 4.30 + 0.67 424 £ 061 0.502
Hemoglobin, g/L 125.64 + 18.94 126,01 + 19.72 124.68 + 16.83 0.629
Platelet count, x10 10/L 188.52 + 62.41 188.53 + 64.48 188.50 + 57.12 0.998
WBC count, x10 9/L 6.69 + 1.64 6.86 + 1.67 625 + 146 0.010
Neutrophil count, x10 9/L 431127 444 £ 129 4.00 +1.14 0.016
Lymphocyte count, x10 9/L 172 £0.58 175+ 0.59 1.63 +0.57 0.144
Monocyte count, x10 9/L 044 £0.15 0.45 + 0.16 040 + 0.10 0.012
Eosinophil count, x10 9/L 017 +0.14 0.17 £ 0.14 0.15+0.13 0.322
Basophil count, x10 9/L 0.04 +0.02 0.04 + 0.02 0.04 +0.02 0.900
Index

NLR I 279 121 [ 281+ 124 | 273+ 115 [ 0.630
LMR 420 + 1.56 419+ 1.59 424 151 0.839
PLR 118.05 + 46.14 11520 + 4578 125.48 = 46.60 0.124
SII 516.60 + 278.41 519.67 + 290.43 508.64 + 246.45 0.785

Other laboratory data

Total bilirubin (umol/L) 9.59 +4.02 9.79 £ 4.22 9.08 +3.43 0.358
Direct bilirubin (umol/L) 254 £1.29 2.67 £ 138 221 +£094 0.043
Indirect bilirubin (umol/L) 7.04 = 3.08 711435 6.87 £2.92 0.650
Fasting blood glucose (mmol/L) 7.26 £2.52 7.20 237 741 £290 0.557
Serum creatinine (umol/L) 145.78 + 180.60 150.29 + 193.50 133.97 + 141.96 0.533
‘ eGFR (ml/minx1.73m 2) 66.88 + 30.36 67.11 + 30.68 66.28 £29.72 0.853
‘ Triglyceride (mmol/L) 149 +0.75 1.54 + 0.79 1.37 £ 0.62 0.226
‘ Total cholesterol (mmol/L) 458 +1.19 4.51 + 1.13 4.75 + 1.32 0.282
HDL-C (mmol/L) 1.33 £0.47 1.28 + 0.42 1.45 £ 0.57 0.063
LDL-C (mmol/L) 2.66 + 1.03 2.62 093 276 +1.24 0.475
HbAlc (%) 7.63 + 1.60 7.59 £ 1.71 7.72 £ 135 0.710

Systemic diseases, n (%)

Hypertension 113 (47.28%) 83 (47.98%) 30 (45.45%) 0.727
Diabetic nephropathy history 47 (19.67%) 35 (20.23%) 12 (18.18%) 0.722
Stroke history 12 (5.02%) 10 (5.78%) 2 (3.03%) 0.384
Anemia 8 (3.35%) 5(2.89%) 3 (4.55%) 0.525
Heart disease 12 (5.02%) 10 (5.78%) 2(3.03%) 0.384

Treatment, n (%)

PRP degree 0.256
None 114 (47.70%) 88 (50.87%) 26 (39.39%)
Partial 44 (18.41%) 31 (17.92%) 13 (19.70%)
Whole 81 (33.89%) 54 (31.21%) 27 (40.91%)
Anti-VEGF therapy 60 (25.10%) 37 (21.39%) 23 (34.85%) 0.032
Insulin 123 (51.46%) 86 (49.71%) 37 (56.06%) 0.380
Oral glucose-lowering drugs 178 (74.48%) 130 (75.14%) 48 (72.73%) 0.702
Calcium antagonist 50 (21.01%) 37 (21.39%) 13 (20.00%) 0.815

SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; HbA Ic, hemoglobin Alc; logMAR, logarithmic minimum resolution angle; IOP, intraocular pressure; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; eGFR, estimated glomerular filtration rate; CMT, central macular thickness; VEGF, vascular endothelial growth
factor; PRP, panretinal photocoagulation; triglyceride; TC, total cholesterol; Hb, hemoglobin; RBC, red blood cell; WBC, white blood cell; NLR, neutrophil-to-lymphocyte ratio; LMR,
lymphocyte-to-monocyte ratio; PLR, platelet-to-lymphocyte ratio; SII, systemic immune- inflammation index.





OPS/images/fendo.2023.1190239/table2.jpg
cMT DME

B, 95%Cl OR, 95%Cl P-value
Male vs female -2.75 (-34.20, 28.69) 0.8639 0.89 (050, 1.57) 0.6847
Age, per 1 year increase 0.93 (-0.61, 2.46) 0.2384 1.01 (0.98, 1.04) 0.3898

Educational level

Less than 12th grade Ref. Ref.
High school -22.77 (-64.36, 18.82) 0.2844 0.78 (035, 1.72) 0.5340
College or above -18.86 (-58.97, 21.25) 0.3576 0.69 (031, 1.51) 0.3515
BMI, per 1 kg/m2 increase -5.47 (-10.46, -0.48) 0.0328 0.89 (0.80, 0.98) 0.0223
‘ SBP, per 1 mmHg increase -0.20 (-1.00, 0.60) 0.6224 1.00 (0.98, 1.01) 0.6458
‘ DBP, per 1 mmHg increase -0.25 (-1.75, 1.25) 0.7477 0.99 (0.96, 1.02) 0.5052
‘ Duration of diabetes, per 1 year increase -0.66 (-2.98, 1.66) 0.5774 1.02 (0.97, 1.06) 0.4416
| |

Ocular parameters

Visual acuity, per 1 logMAR increase 47.29 (18.92, 75.67) 0.0012 2.68 (1.57, 4.56) 0.0003
10P, per 1 mmHg increase 3.19 (-0.82, 7.20) 0.1207 1.05 (0.97, 1.13) 0.2095
Axial length, per 1 mm increase 6.41 (-13.29, 26.11) 0.5248 0.87 (0.57, 1.34) 0.5363

Complete blood count

RBC count, per 1x1012/L increase -5.84 (-29.64, 17.96) 0.631 0.86 (0.55, 1.34) 0.5006
Hemoglobin, per 1 g/L increase -0.19 (-1.01, 0.63) 0.6481 1.00 (0.98, 1.01) 0.6272
Platelet count, per 1x10 10/L increase -0.03 (-0.28, 0.22) 0.7951 1.00 (1.00, 1.00) 0.9977
WBC count, per 1x10 9/L increase -12.04 (-21.42, -2.67) 0.0124 0.78 (0.64, 0.94) 0.0108
Neutrophil count, per 1x10 9/L increase -17.68 (-29.82, -5.54) 0.0047 0.74 (0.58, 0.95) 0.0179
Lymphocyte count, per 1x10 9/L increase -12.15 (-38.84, 14.55) 0.3733 0.68 (0.41, 1.14) 0.1452
Monocyte count, per 1x10 9/L increase -78.12 (-182.75, 26.51) 0.1447 0.06 (0.01, 0.57) 0.0139
Eosinophil count, per 1x10 9/L increase -12.59 (-126.01, 100.84) 0.828 0.32 (0.03, 3.08) 0.3221
Basophil count, per 1x10 9/L increase 77.02 (-625.19, 779.23) 0.8300 0.44 (0.00, 0.8997
174374.31)

Index

NLR -7.18 (-20.03, 5.68) 0.2751 0.94 (0.74, 1.20) 0.6285
LMR -0.67 (-10.66, 9.33) 0.8961 1.02 (0.85, 1.22) 0.8378
PLR 0.14 (-0.20, 0.48) 0.4181 1.00 (1.00, 1.01) 0.1253

SIT -0.03 (-0.08, 0.03) 0.3651 1.00 (1.00, 1.00) 0.7841

Other laboratory data

Total bilirubin, per 1umol/L increase -147 (-5.33, 2.39) 04553 095 (0.89, 1.03) 0.2269

Direct bilirubin, per 1umol/L increase -10.38 (-22.36, 1.60) 0.0906 0.72 (0.55, 0.93) 0.0137
Indirect bilirubin, per 1pmol/L increase -0.66 (-5.70, 4.39) 0.7987 0.98 (0.89, 1.07) 0.6031
Fasting blood glucose, per 1 mmol/L -0.89 (-7.09, 5.30) 0.7776 1.03 (0.93, 1.16) 0.5554
increase

Serum creatinine, per 1 pmol/L increase -0.06 (-0.15, 0.03) 0.1759 1.00 (1.00, 1.00) 0.5345
eGFR, per 1 ml/minx1.73m 2 increase -0.09 (-0.60, 0.43) 0.7395 1.00 (0.99, 1.01) 0.8525
Triglyceride, per 1 mmol/L increase -5.53 (-34.84, 23.78) 0.7122 0.71 (0.41, 1.24) 0.2268
Total cholesterol, per 1 mmol/L increase 12.57 (-5.63, 30.78) 0.1781 1.19 (0.87, 1.62) 0.2817
HDL-C, per 1 mmol/L increase 12.76 (-33.23, 58.74) 0.5875 2.04 (0.91, 4.56) 0.0835
LDL-C, per 1 mmol/L increase 13.38 (-7.64, 34.40) 0.2145 1.14 (0.80, 1.63) 0.4725
HbAlc, per 1% increase 270 (-11.81, 17.21) 0.7161 1.05 (0.81, 1.37) 0.7068

Systemic diseases

Hypertension vs absent -8.13 (-39.18, 22.92) 0.6082 0.90 (051, 1.60) 0.7270
‘ Diabetic nephropathy history vs absent -28.22 (-67.08, 10.64) 0.1560 0.88 (0.42, 1.81) 0.7217
‘ Stroke history vs absent -37.53 (-108.40, 33.34) 0.3003 0.51 (0.11, 2.39) 0.3923
‘ Anemia vs absent 17.67 (-68.54, 103.88) 0.6882 1.60 (0.37, 6.89) 0.5282
‘ Heart disease vs absent -31.01 (-101.93, 39.91) 0.3923 0.51 (0.11, 2.39) 0.3923
Treatment
PRP degree
None Ref. Ref.
Partial 17.29 (-25.10, 59.68) 0.4248 1.42 (0.65, 3.10) 0.3798
Whole 30.07 (-4.63, 64.78) 0.0908 1.69 (0.90, 3.20) 0.1051
Anti-VEGF therapy vs absent 38.14 (2.70, 73.59) 0.0360 1.97 (1.05, 3.67) 0.0335
Insulin vs absent 16.57 (-14.39, 47.54) 0.2952 1.29 (0.73, 2.28) 0.3804
Oral glucose-lowering drugs vs absent 14.66 (-20.87, 50.19) 0.4194 0.88 (0.46, 1.68) 0.7017
Calcium antagonist vs absent 0.07 (-38.14, 38.27) 0.9972 0.92 (0.45, 1.87) 0.8150

SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; HbAlc, hemoglobin Alc; logMAR, logarithmic minimum resolution angle; IOP, intraocular pressure; HDL- C,
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; ¢GFR, estimated glomerular filtration rate; CMT, central macular thickness; SECT, subfoveal choroidal
thickness; VEGE, vascular endothelial growth factor; PRP, panretinal photocoagulation; triglyceride; TC, total cholesterol; Hb, hemoglobin; RBC, red blood cell; WBC, white blood cell; NLR,
neutrophil-to-lymphocyte ratio; LMR, lymphocyte-to-monocyte ratio; PLR, platelet-to- lymphocyte ratio; SII, systemic immune-inflammation index.
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Values at 3 months Z value or t value

after operation(n)

Characteristics

Preoperative values(n)

P value

ABI 055 £ 0.03 066 + 0.06 -18.39
Ulcer area(cm?) 1317 £ 11.78 0.12 £ 0.52 -8.33
VAS 572+ 117 079 +0.99 -8.56

0.00

Data are presented as % + 5. The ABI data showed a normal distribution and was analyzed using a paired T-test; the remaining indices showed a non-normal distribution and were tested by

Wilcoxon rank-sum test. ABI, ankle brachial index; VAS, visual analogue scale.
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Period

Preoperative values(n) 0 2 71 23 0 42 47 7 0 1 83 12

Values at 3 months after operation(n) 92 \ 4 0 0 32 63 1 v 0 96 v 0 0 0
Z value -8.94 -7.47 -9.28
P value 0.00 0.00 0.00

ischemia; Fi, foot infection.
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Age(years)
Female, %(n)
Poor blood sugar control, %(n)
Course of disease(years)
The time from diagnosis to surgery(days)
Hypertension, %(n)
Coronary herat disease, %(n)
Number of gangrenous toes, %(n)
=3
2
1

0

Data are presented as X s or %(n).

otal (n

8)
63.66 + 13.02
35.71(35) ‘
69.39(68)
20.22 + 8.02
57.01 + 85.86
76.53(75)

30.61(30)

5.10(5)
15.31 (15)
32,65 (32) ‘

46.94 (46)
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NPDR patients (| P value

Sex Male : Female=47:24 Male : Female=46:24 NS
Age 59.9 £9.6 60.7 + 10.4 NS
Duration of diabetes (y) 11.7 £ 6.8 124 £7.5 NS

Data are calculated by unpaired Student’s ¢ test and presented as mean + SD. The number of patients in each group was as indicated. NS, not significant.
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ow tertile (n=12114) Medium tertile ( i i P value

Triglyceride (mmol/L) 0.6+ 0.1 0.9+0.1 13+02 <0.001

Age (years) 398+ 113 427 £12.7 45.6 % 134 <0.001

Sex ‘ <0.001

Male 4116 (34.0%) 5638 (50.0%) 8237 (63.1%)

Female 7998 (66.0%) 5642 (50.0%) 4810 (36.9%)

BMI (kg/m2) 216 +27 22.6+30 23931 <0.001

SBP (mmHg) 113.7 £ 150 117.2 £ 159 1217 £ 166 <0.001

DBP (mmHg) 704 £ 99 729+ 103 75.6 + 10.8 <0.001

FPG (mmol/L) 49£05 4906 5006 <0.001

Cholesterol (mmol/L) 4407 46+08 4.9+ 09 <0.001

HDL-C (mmol/L) 15403 14403 14+03 <0.001

LDL-C (mmol/L) 25106 27406 29407 <0.001

ALT (U/L) 14.0 (11.0-19.0) 16.2 (12.0-23.1) 20.0 (14.1-28.7) <0.001

AST (U/L) 20.0 (17.1-24.0) 21.0 (18.0-25.0) 22.5 (19.0-27.0) <0.001

BUN (mmol/L) 46+ 12 46+ 12 4712 <0.001

CCR (umol/L) 66.6 + 14.9 704 %156 738+ 168 <0.001

Family history of diabetes 242 (2.0%) 228 (2.0%) 286 (2.2%) 0.497

Hypertension 902 (7.45%) 1275 (11.30%) 2271 (17.41%) <0.001

Smoking status ‘ <0.001

Yes 346 (2.86%) 537 (4.76%) 908 (6.96%)

No 2485 (20.5%) 2320 (20.6%) 2521 (19.3%)

Not recorded 9283 (76.6%) 8423 (74.7%) 9618 (73.7%)

drinking status <0.001
!

Yes 435 (3.6%) 558 (5.0%) 830 (6.4%)

No 2396 (19.8%) 2299 (20.4%) 2599 (19.9%)

Not recorded 9283 (76.6%) 8423 (74.7%) 9618 (73.7%)

Continuous variables with a normal distribution were reported as mean + standard deviation (SD), whereas skewed continuous variables were presented as medians (interquartile range [IQR]).
Categorical data are presented as n (%). To assess the presence of statistically significant differences among the tertiles, the x2-test was employed for categorical variables, the Kruskal-Wallis test
was used for skewed variables, and one-way analysis of variance (ANOVA) was applied for variables with a normal distribution.

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; BUN, blood urea nitrogen; CCR, creatinine clearance rate; DBP, diastolic blood pressure; FPG, fasting
plasma glucose; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure.
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According to the data source

685277 participants who received a health check from 2010

t0 2016, covering 32 regions and 11 cities in China

473744 participants were excluded

no information about sex, TG or HDL-c indicators, FPG
value, weight and height at baseline(n=135317)

extreme BMI values (<15 or >55 kg/m2) (n=152)
Participants with <2 years between visits(n=324233)
participants diagnosed with diabetes at enrolment(n=7112)
participants with unknown diabetes status at
follow-up(n=6630)

a)
—
d)
e)

v

211833 cligible participants were included in the original study

According to our study
v

158984 participants with TG<1.7 mmol/L at baseline were included

122543 participants were excluded due to missing data on
height, systolic blood pressure, diastolic blood pressure, total
cholesterol, HDL-C, LDL-C, blood urea nitrogen, creatinine

clearance, and follow-up fasting plasma glucose values

A 4

36441 eligible participants were included in our study
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Crude Model Model | Model Il Model Il
Outcome

HR (95% Cl) P-value HR(95% Cl) P-value HR (95% Cl) P-value HR(95% Cl) P-value

Triglyceride(mmol/L)  4.76 (3.77, 6.01) <0.001 270 (2.11, 3.45) <0.001 1.79 (1.39, 2.31) <0.001 1.81 (1.39, 2.36) <0.001

Triglyceride(mmol/L) tertile

Low Reference Reference Reference Reference

Middle 165 (1.28,2.12)  <0.001 119 (092, 154) 0179 095 (0.73,1.23) | 0705 1.12 (087,145 0386
High 348 (279,434) | <0.001 201 (1.60,252)  <0.001 140 (111, 1.77) | 0.004 151 (119, 1.92) | <0.001
P for trend <0.001 <0.001 <0001 <0.001

Model I was adjusted for age and sex.

Model II was adjusted for age, sex, BMI, SBP, DBP, hypertension, smoking status, drinking status, and family history of diabetes.

Model 111 was adjusted for age, sex, BMI, SBP, DBP, FPG, cholesterol, HDL-C, LDL-C, ALT, AST, BUN, CCR, hypertension, smoking status, drinking status, and family history of diabetes.
CI, confidence interval; HR, hazard ratios; other abbreviations as in Table 1.
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Treatment gre Control group p-value
HbAlc < 6.5% 25.0% (16.6%~35.1%) 14.9% (8.4%~23.7%) 0.046
HbAlc < 7.0% 43.5% (33.2%~54.2%) 31.9% (22.7%~42.3%) 0.06
FBG < 7.0 mmol/L 34.8% (25.2%~45.4%) 23.4% (15.3%~33.3%) 0079
2hPG < 10.0 mmol/L 32.6% (23.2%~43.2%) 10.6% (5.2%~18.7%) 0.000
2hPG < 11.1 mmol/L 39.19% (29.1%~49.9%) 18.1% (10.9%~27.4%) 0.000

‘The 95% confidence interval of the standard-reaching rates of the two groups was estimated using the accurate method (Clopper-Pearson).
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Exposure Outcome nSNP p-val  OR

Diabetic retinopathy (DM_RETINOPATHY) || id:finn-

Hypertension || id:finn-b-19_HYPTENS b-DM_RETINOPATHY 49 0.115 0.034 0.001 1121
Intra-ocular pressure, Goldmann-correlated Diabetic retinopathy (DM_RETINOPATHY) || id:finn-

79 0.117 0.054 0.03 1124
(left) || id:ukb-b-12440 b-DM_RETINOPATHY

OR, odds ratio; nSNP, number of single-nucleotide polymorphisms; p-val, p values, p < 0.05 were considered statistically significant; b, the slope of the scatter plot; SE, standard error.
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Qutcome Exposure Method nSNP
finn-b-19_HYPTENS ukb-b-12440 MR Egger 10
finn-b-19_HYPTENS ukb-b-12440 ‘Weighted median 10
finn-b-19_HYPTENS ukb-b-12440 Inverse variance weighted 10
finn-b-19_HYPTENS ukb-b-12440 Simple mode 10

finn-b-19_HYPTENS ukb-b-12440 ‘Weighted mode 10

b

0.049181
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Qutcome Exposure Method
finn-b-19_HYPTENS finn-b-DM_RETINOPATHY MR Egger 13
finn-b-19_HYPTENS finn-b-DM_RETINOPATHY ‘Weighted median 13

finn-b-19_HYPTENS finn-b-DM_RETINOPATHY Inverse variance weighted 13
finn-b-19_HYPTENS finn-b-DM_RETINOPATHY Simple mode 13

finn-b-19_HYPTENS finn-b-DM_RETINOPATHY Weighted mode 13

b

0.122877
0.122979
0.112657
0.095871

0.11957

SE
0.02608
0020678
0017517
0039243
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Character Prediabetes Control (n
Age (years) 51.46 (11.18) 51.87 (11.08) 0.525
Gender (male), n (%) 376 (65.85) 376 (65.85) 1.000
BMI (kg/m?) 24.85 (3.30) 23.63 (3.10) <0.001
Family history of diabetes, 1 (%) 78 (13.66) 42 (7.36) <0.001
Current drinker, n (%) 172 (30.12) 177 (30.40) 0.748
Current smoker, n (%) 176 (30.82) 206 (36.08) 0.060
Regular physical activity, n (%) 214 (37.48) 233 (40.81) 0.249
CVD, n (%) 55 (9.63) 32 (5.60) 0.010
Hypertension, 1 (%) 178 (31.17) 115 (20.14) <0.001
FPG (mmol/l) 6.33 (6.14-6.61) 549 (5.18-5.78) <0.001
FPI (pmol/l) 6491 (46.18-92.33) 50.57 (34.76-72.99) <0.001
HOMA-IR 2.63 (1.86-3.67) 1.75 (1.21-2.58) <0.001
HOMA-B 67.27 (46.97-101.05) 77.36 (52.12-110.44) 0.011
Triglyceride (mmol/l) 1.49 (1.00-2.39) 1.29 (0.91-1.70) <0.001
Total cholesterol (mmol/l) 4.76 (4.12-5.46) 4.62 (4.10-5.19) 0.054
I LDL-C (mmol/l) 2.57 (1.85-3.25) 244 (1.78-3.03) 0.014
HDL-C (mmol/l) 129 (1.03-151) 1.34 (1.19-1.51) <0.001
TyG index 8.93 (8.53-9.37) 8.63 (8.26-8.91) <0.001
APB40 (ng/l) 134.09 (118.72-153.59) 127.68 (114.58-145.10) <0.001
APB42 (ng/l) 13.25 (10.78-16.58) 12.27 (10.19-14.92) <0.001

Values are means (standard deviations) for parametrically distributed data, medians (interquartile ranges) for nonparametrically distributed data, or n (%) for categorical data.
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Variable rtiles of plasma AR concentrations

Q1 (lowest) Q2 Q3 Q4 (highest)
Plasma AB40
Range (ng/l) <114.52 114.52-<127.69 127.69-<145.13 >145.13
Median (ng/l) 106.30 121.14 134.54 164.86
Case/control, n 105/143 115/143 159/143 192/142
Model"
Crude 1.00 (ref.) 1.13 (0.78, 1.62) 1.55 (1.10, 2.19) 2.07 (143, 2.99) <0.001 1.21 (1.06, 1.37)
Model 1 1.00 (ref.) 1.13 (0.7, 1.66) 1.57 (1.09, 2.24) 2.10 (1.43, 3.09) <0.001 1.22 (1.06, 1.40)
Model 2 1.00 (ref.) 1.10 (0.74, 1.63) 1.53 (1.05, 2.24) 2.00 (1.34, 3.01) <0.001 1.19 (1.03, 1.38)
Plasma AB42
Range (ng/l) I <10.19 10.19-<12.28 12.28-<14.95 21495
Median (ng/l) 8.70 11.28 13.44 17.69
Case/control, n 116/143 109/142 140/144 206/142
Model*
Crude 1.00 (ref.) 0.96 (0.68, 1.36) 1.25 (0.89, 1.76) 1.91 (1.35, 2.69) <0.001 1.41 (1.22, 1.63)
Model 1 1.00 (ref.) 1.01 (0.70, 1.46) 1.37 (0.96, 1.97) 2.00 (1.40, 2.87) <0.001 1.42 (1.22, 1.65)
Model 2 1.00 (ref.) 0.93 (0.64, 1.37) 1.26 (0.86, 1.85) ‘ 1.94 (133, 2.83) <0.001 1.41 (1.20, 1.65)

“Model 1 was adjusted for age, gender, and BMI. Model 2 was additionally adjusted for family history of diabetes, alcohol drinking habit, smoking habit, physical activity, CVD, and hypertension.
PORs (95% CIs) of newly diagnosed prediabetes associated with each 30 ng/l increase in plasma AB40 and each 5 ng/l increase in plasma AB42.
Q, quartile; ref,, reference.
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Characteri Prediabetes (n = 10( Control (n = 200) 14
Age (years) 62.40 (594) 62.39 (5.80) 0.983
Gender (male), n (%) 63 (63.00) 126 (63.00) 1000
BMI (kg/mz) 24.11 (293) 23.59 (2.76) 0.128
Family history of diabetes, (%) 7 (7.00) 8 (400) 0261
Current drinker, n (%) 31 (31.00) 59 (29.50) 0.789
Current smoker, n (%) 25 (25.00) 66 (33.00) 0.155
Regular physical activity, n (%) 57 (57.00) 106 (53.00) 0512
Hypertension, n (%) 31 (31.00) 54 (27.00) 0.469
CVD, n (%) 10 (10.00) 20 (10.00) 1.000
FPG (mmol/l) 5.54 (5.15-5.78) 5.31 (4.99-5.62) 0.003
FPI (pmol/l) 56.95 (40.42-80.16) 48.75 (33.70-67.64) 0.022
HOMA-IR 2.05 (1.37-2.78) 1.69 (1.09-237) 0.008
HOMA-B 87.17 (62.23-121.00) 81.33 (56.84-115.78) 0.416
Triglyceride (mmol/l) 1.40 (0.98-1.84) 1.15 (0.82-1.58) 0.004
Total cholesterol (mmol/l) 4.72 (4.30-5.23) 4.85 (4.10-5.40) 0.912
LDL-C (mmol/l) 2.79 (2.38-3.44) 2.86 (2.33-337) 0.849
HDL-C (mmol/l) 137 (116-161) 138 (1.19-160) 0611
TyG index 8.70 (8.35-8.96) 8.46 (8.13-8.85) 0.001
AB40 (ng/) 143.98 (124.22-174.89) 130.36 (113.03-150.65) <0.001
ABA2 (ng/l) 13.96 (12.12-1731) 12.42 (1081-14.88) <0001

Values are means (standard deviations) for parametrically distributed data, medians (interquartile ranges) for nonparametrically distributed data, or n (%) for categorical data.
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artiles of plasma AB concentra

Q1 (lowest) @ Q3
Plasma AB40
Range (ng/l) <1302 113.02-<13037 130.37-<150.68 15068
Median (ng/l) 101.06 12163 140.96 175.97
Case/control, n 13/50 20/50 23/50 44/50
Modela
Crude 1.00 (ref) 1.51 (0.67, 3.38) 1.78 (0.78, 4.03) 3.25 (156, 6.79)
Model 1 1.00 (ref) 1.47 (0.65, 3.33) 171 (075, 3.94) 3.37 (1.60, 7.08)
Model 2 1.00 (ref) 149 (064, 3.49) 192 (081, 4.54) 351 (161,7.62)
Plasma AB42
Range (ng/l) <1082 1082-<12.02 12421491 21491
Median (ng/l) 924 1171 1349 17.77
Caselcontrol, n 14/50 16/50 34/50 36/50
Modela
Crude 1.00 (ref) 1.24 (053, 2.93) 2.74 (125, 6.01) 2.85(1.32,6.15)
Model 1 1.00 (ref.) 1.19 (049, 2.86) 2.73 (1.24, 6.00) 2.84 (1.30, 6.21)
Model 2 1.00 (ref) 117 (047, 2.90) 2.61 (1.16, 5.90) 2.75(1.21, 6.22)

“Model 1 was adjusted for age, gender, and BMI. Model 2 was additionally adjusted for family history of diabetes, alcohol drinking habit, smoking habit, physical activity, CVD, and hypertension.
PORs (95% Cls) of incident prediabetes associated with each 30 ng/l increase in plasma AP40 and each 5 ng/l increase in plasma AP42.
Q. quartile; ef,, reference.

p for trend

0.001

<0001

0.001

0.003

0.003

0.006

Continuous®

150 (1.21, 1.87)
153 (1.23,192)

1.56 (1.24, 1.96)

158 (117, 2.12)
157 (116, 2.13)

160 (1.17, 2.19)
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Age (years)

Sex Male (%)

Female (%)

Duration of diabetes (years)
BMI (kg/m?)

Systolic BP (mmHg)
Diastolic BP (mmHg)

FBG (mmol/L)

€GFR (ml/min/1.73 m?)
UACR (mg/g)

TC (mmol/L)

LDL-C (mmol/L)

Hypertension (%)

T + HKC (

63.63 £ 7.19

10 (62.50)

6 (37.50)
17.90 + 5.57
24.91 £ 3.67

158.00 (124.00, 159.00)
77.67 £ 14.50

6.06 + 1.40

21.70 £ 4.50
3,778.29 + 2,485.81
745 £2.39
4.88 +1.83

14 (87.50)

BMI, body mass index; BP, blood pressure; FBG, fasting blood-glucose; eGFR, estimated
glomerular filtration rate; UACR, urinary albumin/creatinine ratio; TC, total cholesterol;
LDL-C, low-density lipoprotein cholesterol; DKD, diabetic kidney disease.
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Before IPTW After IPTW

Characteristics HBT + HKC p-Value HBT + HKC HKC
(n=63) (n =63) 35)

Age (years) 55.40 + 10.15 60.60 + 8.49 0.0117 57.00 (50.00, 63.00) 56.00 (51.00, 66.00) 0.4138
Sex Male (%) 51 (81.0) 26 (74.3) 0.4409 77 (80.6) 73 (79.0) 0.7967

Female (%) 12 (19.0) 9(25.7) 19 (19.4) 19 (21.0)
Duration of diabetes 10.00 (9.00, 16.00) 16.00 (9.50, 21.50) 0.0579 10.00 (9.00, 20.00) 13.00 (9.00, 18.00) 0.6955
(years)
BMI (kg/rnz) 25.65 +2.99 25.11 +£2.41 0.5123 24.90 (23.01, 26.75) 25.14 (24.62, 27.53) 0.3653
Sys(olic BP (mmHg) 142.50 (132.50, 165.00) 138.50 (129.50, 158.00) 0.5343 150.00 (135.00, 180.00) 133.00 (130.00, 143.00) 0.0739
Diastolic BP (mmHg) 91.25 + 6.29 78.70 + 7.85 0.0067 90.00 (90.00, 100.00) 78.00 (77.00, 85.00) 0.0021
FBG (mmol/L) 6.99 (6.07, 8.69) 6.53 (5.85, 7.60) ‘ 0.2733 7.48 (6.14, 9.27) 6.81 (5.85, 8.72) 0.1925
eGFR (ml/min/1.73 mz) 55.40 (40.07, 70.18) 57.68 (44.07, 70.89) 0.5832 59.09 (39.29, 70.18) 51.72 (44.07, 70.89) 0.9542
UACR (mg/g) 1,228.00 (343.00, 1,799.00) 518.00 (319.00, 1,056.00) 0.3209 808.00 (213.00, 1,799.00) 812.00 (412.00, 2,176.00) 0.1326
TC (mmol/L) 4.89 + 1.38 4.70 + 1.07 0.7022 4.86 (4.68, 5.69) 4.02 (2.86, 6.05) 0.5685
LDL-C (mmol/L) 3.21 (2.13,3.72) 2.63 (2.14, 3.73) 0.926 3.56 (2.41, 3.71) 2.24(2.19,3.77) 0.6837
Hypertension (%) 50 (79.4) 9(25.7) <0.0001 77.5 (80.7) 232 (25.2) <0.0001

BMLI, body mass index; BP, blood pressure; FBG, fasting blood glucose; eGFR, estimated glomerular filtration rate; UACR, urinary albumin/creatinine ratio; TC, total cholesterol; LDL-C, low-
density lipoprotein cholesterol; IPTW, inverse probability treatment weighting; DKD, diabetic kidney disease.






