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Editorial on the Research Topic 


Achieving Efficient Diabetes Care Now Through Understanding the Risk Factors, Markers, and Patient’s Experiences


Until recently, the concept of a world without diabetes mellitus (DM) was not possible. This is now foreseeable with therapeutic advancements in technology in the form of our ability to create an artificial pancreas, stem cell transplant, personalized medicine of genomic-guided treatments, metabolic surgery, lifestyle interventions (1), and nutraceutical medicine (2). The greater challenges in delivering these therapies require adaptable healthcare systems, a trained healthcare workforce, and accessible and affordable treatments for those in greatest need of it. Bridging the gap between now and a better future for diabetes management requires a collective global effort that crosses international borders and boundaries, and the need for such a development is continuously pressing and supported by all organisations and governments. This begins by achieving an understanding of the increasing burden (3) and challenges of DM and its related complications when it comes to the healthcare systems, healthcare workers, and the person-level risk factors of DM. But this is also true for the markers of diseases related to DM, such as the life experiences of the people living with DM in coping and coming to terms with the disease in the form of a therapeutic relationship with professional careers and healthy living (4). The latter also requires local studies for more direct evidence and contexts (Al-Rifai et al., Sunny et al., Bukhsh et al. and de Jong et al.). In this special Frontiers in Endocrinology Research Topic, a number of articles examine this and the biological evidence of the maternal fasting plasma glucose profile in early pregnancy and its effect on foetal growth and birth outcomes (Guo et al.), preterm birth and birth weight, and the risk of type 1 diabetes (T1D) (Huang et al.), diabetes and sarcopenic obesity (Wang et al.), sodium-glucose cotransporter-2 inhibitors on liver enzyme (Euh et al.), and abnormalities in non-coding RNA as biomarkers (Chi et al.). This collective evidence takes us a step closer to the realisation of effective diabetes care for the prevention and normalisation of DM.

Due to gestational diabetes mellitus (GDM), a new generation of human beings is set to be at higher risk of DM (Guo et al., Huang et al.). Women with GDM have almost a 10 times higher risk for type 2 diabetes (T2D) compared to healthy women (5). Therefore, studying and reporting the prevalence and risk factors for GDM in the Middle East and North Africa (MENA) region is timely. Al-Rifai et al. have conducted a systematic review of 102 articles including 279,202 pregnant women from 16 countries in the MENA region: Algeria (1 included article), Bahrain (2), Egypt (4), Iraq (3), Iran (37), Jordan (4), Lebanon (2), Libya (1), Morocco (1), Oman (5), Qatar (6), Saudi Arabia (22), Sudan (3), Tunisia (1), United Arab Emirates (UAE) (9), and Yemen (1). This study reports a relatively high prevalence of GDM, ranging from 4.7% (95% CI, 3.0-6.7%; six studies) in Jordan to 20.7% (95% CI, 15.2-26.7%; 19 studies) in Qatar, giving an overall pooled weighted GDM prevalence in the MENA region of 13.0% (95% CI, 11.5-14.6%) in the period of 2000–2019. Pregnant women aged ≥30 years (adjusted OR 2.5, 95% CI, 1.5-4.2) and obese pregnant women (aOR 2.9, 95% CI, 1.5-5.7) were significant predictors of GDM. The wide variation in the prevalence rates in a number of published systematic reviews is due to the use of different GDM diagnostic criteria in the included studies. In another linked article, Guo et al. report data on 35,981 women (70% primigravidae); they show that a per-unit increase in the first trimester (9–14 weeks) fasting plasma glucose (FPG) levels was negatively associated with foetal growth parameters in mid pregnancy (18-24 weeks) but positively correlated with those in late pregnancy (28–34 weeks) and with birth characteristics (large-for-gestational age). The effect of first-trimester FPG levels on foetal weight (and preterm birth) was no longer of statistical significance after additional adjustment for pre-pregnancy BMI. However, this effect was present in mothers who were older (35 years), had a family history of diabetes, and had multiparity. Importantly, the study showed in the sensitivity analyses that the negative relationship between maternal FPG and foetal growth in mid pregnancy and the positive relationship in late pregnancy were essentially similar in pregnant women without GDM, and in pregnancy without common medical problems gestational hypertension, preeclampsia, placenta previa, placental abruption and cholestasis of pregnancy. Another study from China by Huang et al. suggests that T1D could be more related to preterm birth (<37 weeks) and less to birth weight, except for Chinese girls with a high birth weight (OR 3.2, 95% CI 1.3-7.5).

Efficient diabetes screening for women with a history of GDM can be hindered by inappropriate self-perceived future risk of T2D as well as many other personal, socioeconomic, and healthcare system-level barriers. These factors reported by Sunny et al. from Singapore (from both women who did and did not take up screening) are not unexpected to many, but it is remarkable how unconcerned many potential social supporters of these women and inaccessible healthcare services can be when it comes to postpartum diabetes screening for these high-risk women. There are very similar personal and psychosocial barriers to self-care among adults with T2D in Lahore, Pakistan (Bukhsh et al.). From the perspectives of human health behaviours, this shows the complexity and interplay of the (intrinsic) psychological (value system, emotion, and cognition) and the (extrinsic) sociological and environmental factors that we see in people living with DM. The intrinsic factors (knowledge, skills, and motivation) are believed to be the key strengths most worthwhile for the implementation of interventions to lower the risk of DM (6). This intrinsic and personal quality is possibly enhanced when extrinsic factors are facilitated, such as having an engaged family and members of your social circle, a healthy diet and good food quality, conducive places for activity, and the experience of readily available drugs and affordable healthcare. In terms of diabetes care specific to cardiovascular risk assessment and screening for diabetes-related complications, de Jong et al. show in their systematic review that men may be less likely to receive retinopathy screenings and women less likely to receive foot exams. This gender disparity in terms of the uptake of routine screening services is likely to be more obvious in lower economic countries, and this poses another challenge to efficient diabetes care that will require creative solutions based on a good understanding of the local context of the people, informed healthcare workers, and genuine involvement from policymakers and pertinent stakeholders.

Finally, Wang et al., Euh et al., and Chi et al. provide further interesting evidence on the clinical sciences of sarcopenic obesity, the effect of sodium-glucose cotransporter-2 inhibitors on weight and the liver, and the potential roles of non-coding RNAs (ncRNAs) in precision medicine of people with DM, respectively. Sarcopenia and obesity in diabetes and ncRNAs are emerging topics that may be worth further attention from researchers that study DM in the quest for a more efficient and effective diabetes care strategy. By bringing all these studies together in this special Research Topic, we hope the linked findings will help to develop and implement healthcare and policy strategies to reduce disparities that occur due to the wider determinants of health.
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Sarcopenic obesity and diabetes are two increasing health problems worldwide, which both share many common risk factors, such as aging, and general obesity. The pathogenesis of sarcopenic obesity includes aging, physical inactivity, malnutrition, low-grade inflammation, insulin resistance, and hormonal changes. Nevertheless, there are two major reasons to cause diabetes: impaired insulin secretion and impaired insulin action. Furthermore, the individual diagnosis of obesity and sarcopenia should be combined to adequately define sarcopenic obesity. Also, the diagnosis of diabetes includes fasting plasma glucose test (FPG), 2-h oral glucose tolerance test (OGTT), glycated hemoglobin (A1C), and random plasma glucose coupled with symptoms. Healthy diet and physical activity are beneficial to both sarcopenic obesity and diabetes, but there are only recommended drugs for diabetes. This review consolidates and discusses the latest research in pathogenesis, diagnosis, and treatments of diabetes and sarcopenic obesity.

Keywords: diabetes, sarcopenic obesity, insulin resistance, aging, inflammation


INTRODUCTION

There are two greatest epidemiological trends of world—aging and obesity with the extension of average lifetime span and the changing lifestyle. The two factors dramatically affect body composition, morbidity and mortality (1). Aging is associated with the decrease in muscle mass and strength and the increase in body fat mass, which leads to frailty, falls, disability, social isolation, and hospitalization. The word sarcopenia from Greek refers to age-related loss of muscle mass. Although the impact of sarcopenia has been well-demonstrated, the effect of obesity on it emerges as a new public health problem (2). Therefore, a new term sarcopenic obesity (SO) arises to represent the coexistence of sarcopenia and obesity (3). Compared to simple sarcopenia or obesity alone, the medical sequelae related to SO are much greater, causing significantly higher healthcare costs (4). Data from Health and Nutrition Examination Survey (NHANES) noted SO rates of 12.6% in men and 33.5% in women (5). With the rapid growth of the elderly population globally, it was estimated that SO would affect 100–200 million people from 2016 to 2051 (6). Although SO is more common in older people due to the natural changes in body composition, it is estimated that younger people with class II or III obesity are vulnerable as well. A study assessed the prevalence of SO in 120 young adults using different diagnostic criteria of SO, revealing that 23.3% female and 58.8% male suffered SO according to the definition of appendicular skeletal muscle mass (ASM) by weight × 100 % (7). Due to the chronic progress of SO, the symptoms hardly draw people's attention, resulting in poor diagnosis, which causes negative consequences of quality of life and all-cause mortality (8).

Moreover, aging and obesity are two risk factors of diabetes as well. A variety of studies have the consensus that aging as well as obesity have positive associations with diabetes. A study in America has suggested that the percentage of diabetics rises with age (9). Furthermore, a study has estimated that the number of global diabetic patients would increase from 422 million in 2014 to at least 592 million in 2,035 and it has been shown that more than 50% of the diabetics are obese (10). Hence, there is a good reason to suspect that diabetes and SO have a strong relationship (11). On the one hand, insulin loses the function to enhance cellular glucose uptake and utilization in diabetics, which is defined clinically as insulin resistance which promotes obesity. Furthermore, the increasing fat mass facilitates various cytokines which accelerate the catabolism of muscles. On the other hand, the loss of muscle mass leads to less insulin-responsive target tissue, resulting in a severe condition of insulin resistance (12, 13). Therefore, the vicious cycle continues until more negative health consequences occur (Figure 1). Hence, it is necessary to deduce the pathogenesis, diagnosis and treatments of both diabetes and SO in order to stop the vicious cycle and increase the quality of life. This review consolidates and discusses the latest research in pathogenesis, diagnosis and treatments of diabetes, and sarcopenic obesity.


[image: Figure 1]
FIGURE 1. This simplified schematic diagram depicts the vicious cycle of unhealthy lifestyle which can eventually lead to diabetes and sarcopenic obesity as well as other adverse metabolic conditions.




PATHOGENESIS AND COMPLICATIONS OF SARCOPENIC OBESITY


Pathogenesis of Sarcopenic Obesity

There are multiple factors that cause sarcopenic obesity, such as aging, lack of physical activity, malnutrition low-grade inflammation, insulin resistance and hormonal changes, which leads to body composition changes (muscle mass and strength decline and fat mass increase). Moreover, each factor has independent impacts on the quality and quantity of muscle and fat, whereas, the cross-talks of them have stronger influences.


Aging

With aging, the reduction of basal metabolic rates may lead to weight gain and muscle mass decrease, which are associated with SO. Indeed, young people generally have more bone mass and muscle strength than old people. Meanwhile, studies have validated that the amount of bone mass and muscle mass peak around 30 years old, and after that, a gradual loss of muscle mass is accompanied with a parallel gain of fat mass (14). Therefore, weight generally increases in elderly people. However, it is also common that SO occurs in the old without increase of body weight, which could be due to the ectopic redistribution of fat. Studies have found that fat tends to move to viscera, muscle and abdomen with age, and the ectopic fat cause disorders of inflammatory factors, insulin and hormones, thus resulting in SO (15).



Lack of Physical Activity

Age-related SO is usually due to the lack of physical activity. In fact, old people tend to decrease physical activity, which contributes to the severe loss of muscle strength. Then atrophic muscles make even more difficult for elderly people to exercise, further aggravating the sedentary lifestyle. Numerous studies have proven that physical activity is necessary to lose weight and improve muscle strength, which is beneficial to ameliorate the state of SO (16, 17).



Imbalanced Nutrition

The imbalance of energy intake and expenditure is also linked to SO, especially for the old. On one hand, old people obtain inadequate protein in their diet. It is difficult to sustain muscle mass and strength with insufficient amount of protein intake (18). On the other hand, owing to decrease of outdoor physical activities, vitamin D produces less with scanty expose of ultraviolet radiation (19). Hence, inadequate vitamin D accelerates SO (20).



Low-Grade Inflammation

Both aging and physical inactivity have contributions on weight gain, by which an increase in adipose cell size may be determined. Specifically, adipocytes promote macrophage recruitment (21), then adipocytes and immune cells secrete more adipokines such as leptin, chemerin, resistin, and more cytokines such as tumor necrosis factor-α (TNF-α), interleukins (ILs), interferon-γ (INF-γ) (22–25), creating a circumstance of low-grade inflammation. Previous studies have indicated that an inflammatory state plays a significant role in the progression of SO as well as the morbidity and mortality driven by SO. A study conducted in Italy has verified that elevated levels of IL-6 and C-reactive protein (CRP) are related to SO, which in turn have suppressive effects on muscle strength (26). Moreover, a similar result has been shown in another cross-sectional study. The study has found the highest level of monocyte chemoattractant protein-1 (MCP-1) and the lowest level of appendicular lean mass in SO group (27), which supports the theory that low-grade inflammation is linked to SO.

Besides, the increased level of leptin contributes to leptin resistance, resulting in accumulation of free fatty acids. As less amount of fatty acid are oxidized in muscles, more fat mass deposits in visceral such as liver, heart, and spleen. Thereby, dysfunctional insulin production occurs, gradually leading to insulin resistance (28). Furthermore, the reduction of fatty acid consumption is coupled with the increase of reactive oxygen species generation. Oxidative stress is strongly associated with the expression of various inflammatory transcription factors, such as nuclear factor-kB (NF- kB) that modulates proteolytic pathways and promotes inflammation (29–31). Moreover, either low-grade inflammation or ectopic fat distribution generates myokine imbalance and mitochondrial dysfunction (32, 33). Particularly, myokines can exacerbate insulin resistance. Also, mitochondrial dysfunction causes more lipid peroxidation, which reinforces the collections of lipid intermediates and reactive oxygen metabolites, accelerating inflammation, insulin resistance, and oxidative stress (33). Hence, another vicious circle leading to SO forms.



Insulin Resistance

The production and efficiency of insulin decline in elderly and obese people. Meanwhile, obesity is related to a low-grade inflammation, the increased production and secretion of multifarious inflammatory factors including TNF-α, IL-6 modulate insulin sensitivity by altering some key steps in the insulin signaling pathway, which is responsible for the subsequent insulin resistance (34–36). Studies have elucidated that insulin resistance is essential for protein anabolism, thus directly concerns muscle fiber atrophy (37). Obese individuals with insulin resistance have a higher rate of muscle catabolism, which has been evidenced in a study that leg muscle strength and quality decrease distinctly in older diabetics (38). Therefore, insulin resistance is involved in poor muscle mass and muscle strength, progressively resulting in SO. Furthermore, insulin resistance is correlated to mitochondrial dysfunction as well. A down-regulation of genes involving mitochondrial enzymes declines mitochondrial content, which has been found in insulin resistant states (39, 40), augmenting accumulation of fat in muscle and liver. Hence, the loss of muscle strength and the gain of fat which characterize SO is attributed by insulin resistance (41).



Hormonal Changes

As an endocrine organ, the muscle can produce a variety of myokines such as myostatin and irisin. It is believed that myostatin inhibits muscle cell growth and differentiation, and irisin stimulates the increase of muscle mass (42, 43). However, several studies have documented that the content of myostatin is upregulated while irisin is downregulated in sarcopenia (44). At the same time, the increase in myostatin and decrease in irisin are tightly associated with poor browning reaction of white fat, reducing energy expenditure, triggering fat gain (45). Eventually, the crosstalk between muscle and fat leads to muscle damage, eliciting SO.

Other hormones, including insulin-like growth factors-1 (IGF-1), growth hormone, testosterone, and estrogen, also regulate the anabolic and catabolic progressions in muscle (46, 47). The reduction of IGF-1 is accompanied by the downregulation of irisin (45), and high level of free fatty acids in obese people inhibits both IGF-1 and growth hormone (48), which lowers the mass and strength of muscle, leading to muscle impairment and thus to SO (49). Moreover, testosterone and estrogen are essential for muscle health (47), but the production of these hormones decline naturally with aging. Hence, the muscle mass and strength weaken with the reduced testosterone and estrogen concentrations (50). Therefore, aberrant hormonal changes with age exacerbate SO.




Complications of Sarcopenic Obesity

It is acknowledged that either low muscle mass and strength or obesity is an independent risk factor for reduced physical capacity and quality of life. Therefore, it is reasonable to speculate when muscle damage and obesity coexist, they act synergistically on the risk of mortality, metabolic disorders, and quality of life (47, 51). Firstly, SO is overtly associated with an increased risk of all-cause mortality. A meta-analysis of 12 prospective cohort studies has indicated that compare to non-SO participants, subjects with SO have a 24% increased risk of all-cause mortality, especially in men. Noteworthily, according to different definition of SO, the risk of all-cause mortality changes. Specifically, all-cause mortality is higher basing on the criteria of mid-arm muscle circumference or muscle strength (HR 1.46, 95% CI 1.23–1.73 and 1.23, 1.09–1.38, respectively) rather than on the definition of skeletal muscle mass (pooled HR 1.24, 95% CI 1.12–1.37, P < 0.001) (52). Moreover, in a Japanese study, all-cause mortality increases in men with SO defined by waist circumference (HR, 1.19; 95% CI, 1.02–1.38), but not body mass index (BMI) or percent body fat (BF%) (53). Secondly, metabolic disorders including cardiometabolic syndrome (CMS), diabetes, cardiovascular disease (CVD), and cancer are common comorbidities of SO (54, 55). Several Korean studies have indicated that individuals with SO are associated with increased waist circumference, elevated fasting blood glucose, insulin resistance, higher blood pressure, and abnormal blood lipids as compared to sarcopenia or obesity alone (13, 23, 56). The cluster of abdominal obesity, hyperglycemia, hyperinsulinemia, dyslipidemia, and hypertension that composes CMS progressively leads to diabetes and CVD. A meta-analysis including 606 articles has demonstrated that SO increases the risk of T2D by almost 38% compared to individuals with excess weight or obesity alone (11). Furthermore, the characteristic may attribute to physical disability and metabolic syndromes, which has been clarified in another Korean study (57). In addition, studies have also estimated 10-years risk of CVD in SO group, non-sarcopenic group, and non-obese group, and a significant increase has been found in the SO group (58). Moreover, adverse clinical cancer outcomes reported to be relevant to SO, especially with respect to dose-limiting toxicity, surgical complications, physical disability, and shorter survival (59–61). Finally, even if there is no discrepancies between SO group and other groups of physical capacity found in a study (62), most studies support that SO causes physical disability. As the loss of muscle mass and strength makes a higher risk of osteoarthritis (63, 64), this exacerbates physical inactivity, worsening both physical and mental health. A cross-sectional study has evaluated the association between SO and cognitive function in geriatric population, and found that SO is an indicator of probable cognitive impairment (65). Therefore, these factors, which significantly affect the quality of life for elderly people, have been illustrated in another study that the highest fall risk and the lowest muscle function test results in the SO group, confirming an inverse association with health-related quality of life scores (66).




PATHOGENESIS AND COMPLICATIONS OF DIABETES


Pathogenesis of Diabetes

Diabetes mellitus is a chronic metabolic disease involving persistently elevated levels of blood glucose. Diabetes can be classified into several types: type 1 diabetes (T1D), type 2 diabetes (T2D), gestational diabetes, maturity-onset diabetes of the youth, neonatal diabetes, and secondary diabetes resulting from endocrinopathies, steroid use. The major subtypes of diabetes are T1D and T2D (67, 68). In 1889, scientists first discovered the role of the pancreas in the pathogenesis of diabetes. There are two main subtypes of endocrine cells in the pancreatic islets: β cells and α cells. β cells are involved in the production insulin, while α cells are responsible for secreting glucagon. The function of β cells and α cells changes with the glucose environment in an individual's body (69, 70). Once the imbalance between the secretion of insulin and glucagon occurs, the levels of blood glucose skew improperly as well. In the case of diabetes, it may be linked to impaired insulin secretion (insulin deficiency), impaired insulin action (insulin resistance), or both (71).


Impaired Insulin Secretion

Impaired insulin secretion is multifactorial, the exact mechanism is still unclear, but commonly develops from glucose toxicity, lipid toxicity, immunoinflammatory response, and oxidative stress, leading to the dysfunction of islet β cells (72). Persistent elevated levels of glucose can swamp the glycolytic process and inhibit glyceraldehyde catabolism, which promotes reactive oxygen species (ROS) production and oxidative damage, inducing β cells apoptosis and inhibiting β cells secretion (73, 74).

The accumulation of free fatty acids in the islet β cells accelerates the production of NO, which causes the apoptosis of β cells. Furthermore, long chain saturated fatty acids can inhibit the expression of adenine nucleotide translocator. Thus, the inner mitochondrial membrane of islet β cells fails to protect, which increases the permeability of mitochondrial membrane, leading to β cells apoptosis (75, 76).

In fact, the chronic activation of the innate immune system, leading to intra-islet inflammation also seems to be the key part of β cells apoptosis (77). Both obesity and hyperglycemia promote the release of inflammatory mediators, like TNF-α, or IL-6, released mediators stimulate macrophages and other innate immune cells, as well as some apoptosis-related signaling pathways, such as Fas/FasL signaling pathway (78, 79). This leads to the destruction and dysfunction of certain cells, like islet β cells that produce insulin. Besides, chronic inflammatory environment is also beneficial for the formation of free radicals such as reactive oxygen species (ROS), exacerbating β cells damage and yielding a positive feedback circle with the secretion of more detrimental cytokines to trigger further damage to β cells (80).

As mentioned above, prolonged as well as elevated levels of glucose blood, high free fatty acids, and chronic inflammatory environment, all increase the levels of ROS, activating the mechanism of oxidative stress (81). Furthermore, the islet β cells are especially sensitive to ROS because of their low inherent level of antioxidant enzymes. Therefore, ROS is capable to directly damage β cells, promoting apoptosis, or it can indirectly regulate insulin signaling pathway to inhibit the function of β cells (82, 83). Moreover, chronically excessive levels of ROS can cause the loss of transcription factors PDX-1 and MsfA, disturbing the expression of insulin gene (84). With the destruction of β cells, the peak of insulin secretion will be delayed, intensifying the fluctuation of blood glucose, resulting in further severe damage of β cells (85). The general mechanism of how glucose toxicity, lipid toxicity, immunoinflammatory response, as well as oxidative stress cause β cell damage, leading to impaired insulin secretion is illustrated in Figure 2.
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FIGURE 2. This figure illustrates the main mechanism of impaired insulin secretion that glucose toxicity, lipid toxicity, immunoinflammatory response, and oxidative stress lead to β cell damage. ANT, Adenine nucleotide translocator.




Impaired Insulin Action

Impaired insulin action refers to the reduction of glucose uptake and utilization. In order to sustain a stable levels of blood glucose, islet β cells secret excessive insulin to compensate, leading to hyperinsulinemia (86). Increased insulin content results in less affinity of insulin receptor (IR) thus, cells (major muscle) gradually become insensitive to insulin. IR is a member of the ligand-activated receptor and tyrosine kinase family of transmembrane signaling proteins composed of two α- subunits and two β-subunits linked by disulfide bonds (87). The main function of the two α- subunits is to bind to insulin as they are located at the extracellular surface. While the two β-subunits are distributed at extracellular, transmembrane, and intracellular sites, which regulate insulin- stimulated tyrosine kinase activity. After the α- subunits bind to insulin, insulin receptor tyrosine kinase is activated by phosphorylating of the β-subunits on multiple tyrosine residues. The main physiological role of insulin receptor tyrosine kinase appears to be metabolic regulation. Therefore, any impairments occur on main phosphorylation sites will reduce insulin receptor tyrosine kinase activity, eventually affecting the insulin function (88–90).

Furthermore, there are multiple factors, particular obesity, increase the levels of adipocytes, inflammatory cytokines (IL-1, IL-6, and TNFα) (91). The elevated amount of these components stimulates several signaling pathways such as inhibitor kappa beta kinase beta (IKKβ), Jun N-terminal kinase (JNK), and NF-κB signaling pathways to induce the development of insulin resistance (92, 93). Meanwhile, the transduction of the insulin PI3K/AKT signaling pathway is weakened, which may be the major manifestation of insulin resistance, impacting the downstream mediator—glycogen synthase kinase-3β (GSK3β). GSK3β is one of the few protein kinases of which the activity can be inhibited by phosphorylation (94).

Insulin signaling pathway begins with the binding to its cell surface IR, which has a tyrosine- protein kinase activity, and regulates the insulin response (95). Then, the binding of insulin and its IR stimulates the association between the receptor and downstream mediators, such as insulin receptor substrate-1 (IRS-1) and phosphatidylinositol 3-kinase (PI3K). The insulin receptor can directly activate PI3K by binding to the p85 regulatory subunit, leading to the production of phosphatidylinositol-3,4,5-triphosphate (PIP3). Moreover, the indirect PI3K activation is associated with phosphorylation and activation of AKT, also known as protein kinase B (PKB). Afterwards, AKT inhibits GSK3β by phosphorylating at Ser9 site. When the insulin signaling pathway fails, the expression of GSK3β improves, which reduces the insulin sensitivity and increases the levels of blood glucose, thus subsequently leading to T2D (72, 96, 97). The general mechanism of how excessive insulin secretion, adipocytes, and inflammatory factors directly affect IR or indirectly interfere the insulin signaling pathway, leading to impaired insulin action is illustrated in Figure 3.
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FIGURE 3. This figure illustrates the main mechanism of impaired insulin action that excessive insulin secretion, adipocytes, and inflammatory factors directly affect IR or indirectly interfere the insulin signaling pathway.





Complications of Diabetes

Unmanaged diabetes can cause multiple complications, most common of which are microvascular complications: nephropathy, retinopathy, and neuropathy, and macrovascular complications: cardiovascular diseases.


Renal Disease

Diabetic kidney disease is defined as persistent albuminuria, accompanied with a persistent reduction of glomerular filtration rate and an increase of arterial blood pressure, which can progress to end-stage renal disease (ESRD) (98). The prevalence of diabetic kidney disease in patients with T1D and T2D is 30 and 40%, respectively (99). A study has found that the risk of diabetic kidney disease is much higher in Asian countries than in Western countries due to different economic outcomes (100). Furthermore, the incidence of ESRD has been estimated to be about 40%-50% in the United States (101). In fact, more than 50% of the patients in America with T1D will eventually receive renal replacement treatments (98). Besides, the prevalence of ESRD is even higher than 60% in Malaysia, Singapore, and Mexico, which may relate to genetic background, lifestyle, health awareness and economic situation (101).



Ocular Disease

There are many diabetes-related ocular diseases, such as cataract, glaucoma, ischemic optic neuropathy, cranial nerve palsies, and recurrent corneal erosion syndrome (102). However, diabetic retinopathy is the most well-known complication, and it is expected to increase from 415 million in 2015 to 642 million by 2040 (103). Moreover, World Health Organization (WHO) has estimated that diabetic retinopathy leads to blindness in 5% of blind people (104). One of the structural changes in diabetic retinopathy is widened retinal arteriolar caliber which might be an early sign of microvascular dysfunction. Also, another change is widened retinal venular caliber which might be independently related to the prevalence and progression in diabetic retinopathy, as well as an indicator of developing retinopathy (105, 106).



Diabetic Neuropathy

Diabetic neuropathy is one of the most prominent complications of diabetes. The true prevalence is unclear but it varies from 10 to 90% in diabetics, according to the different standards and approaches used to define diabetic neuropathy (107). Diabetic neuropathy involves various syndromes, such as mono- and polyneuropathies, plexopathies, radiculopathies and autonomic neuropathy, among which distal symmetric polyneuropathy is very prevalent (108). Meanwhile, distal symmetric polyneuropathy mainly contributes to disability in diabetics, stemming from gait disturbance, fall-related injury, and foot ulceration and amputation (109). It has been reported that neuropathy is associated with a 1.7-fold increase in the risk of amputation, and even higher when coupled with other problems (107). In the UK, approximately one third amputees have a history of diabetes (110), and in Australia, about half of the amputees have diabetes (111). Therefore, diabetic neuropathy extremely influences the quality of life in diabetic people.



Cardiovascular Diseases

Cardiovascular diseases, involving coronary heart disease, peripheral vascular disease and cerebrovascular disease, are the primary contributors of death and disability in diabetic people (112). Individuals with diabetes suffer from a higher risk of cardiovascular diseases compared to those without diabetes, which is associated with a number of common risk factors such as age, obesity, smoking, hypertension, and dyslipidemia (113). Moreover, recent studies have shown that diabetes is considered as an independent risk factor for coronary heart diseases (114). Interestingly, a study has indicated that patients with T2D in Asian countries have a lower risk of coronary diseases than those from eastern Europe or Established Market Economies (100). However, Indian patients with T2D are as twice likely to develop coronary artery diseases as white Europeans who have T2D (115).



Cancer

Numerous epidemiological evidences have indicated that diabetes is considered as an independent risk factor for increased rates of various types of cancer. Cancer is a class of diseases resulted from external factors such as environment, diet and radiation as well as internal factors including obesity and diabetes (31, 116, 117). It has been proven that there is 1–2% of diabetic patients who will develop pancreatic cancer in 3 years (118). Also, diabetes serves as an independent risk factor for colorectal cancer as a study has found that there is a 49% increased risk of colorectal cancer in men with diabetes (119). Moreover, diabetes contributes a 27% increased risk of breast cancer in women and predisposes to more aggressive cancer stages (120). For endometrial cancer, the new-onset diabetics (<5 years) have a two-fold risk compared with those with long-standing diabetes (≥5 years) (121). Besides, diabetic individuals with liver cancer and bladder cancer are associated with a poor survival compared with non-diabetic subjects (122).



Other Complications

Recent studies have regarded Alzheimer's disease as type 3 diabetes because of insulin signaling pathways damage (123). Moreover, sexual dysfunction becomes more and more popular in both men and women with diabetes (124). Besides, high prevalence of depression as one of psychological complications that result from diabetes, makes it harder for diabetics to manage blood glucose, thus leading to further complications (125).





DIAGNOSIS OF SARCOPENIC OBESITY AND DIABETES


Diagnosis of Sarcopenic Obesity

There is currently no consistent diagnosis of SO, nevertheless an adequate one should include the individual diagnosis of obesity and sarcopenia. According to the criteria of WHO, BMI ≥ 30 kg/m2 or wrist circumference (men ≥ 102 cm and women ≥ 88 cm) is considered as obesity. However, whether these criteria are appropriate for each individual has been questioned. Alternatively, cutoffs of BF% (Body Fat Percentage) or other adiposity indices have been regarded as useful outcomes measure of obesity (126, 127).

European Working Group on Sarcopenia in Older People (EWGSOP) has proposed that (1) low muscle mass; (2) low muscle strength; (3) low physical performance are the three important parameters to define sarcopenia (128). Various techniques emerge for assessing muscle mass, among which, computed tomography (CT) and magnetic resonance imaging (MRI) are deemed as the gold standard to distinguish fat from other soft tissues, thereby, effectively estimating fat mass and muscle mass. However, it is hard to generalize CT and MRI due to the high cost, and the risk of radiation (for CT) (129). Therefore, another relatively inexpensive and low radiation method called dual-energy-X-ray absorptiometry (DXA) is recommended to estimate the lean and fat mass of the whole body or certain regions of body. Moreover, it also manifests strength in assessment of bone mass and density, thus simultaneously providing the conditions of bone, muscle, and fat (130, 131). In addition, as an affordable and available tool, bioelectrical impedance analysis (BIA) is used to measure muscle mass as well, whereas, the inaccuracy makes it unrecommended to diagnose sarcopenia (132). For it indirectly reflects body composition by evaluating the entire body and segmental reactance as well as resistance influenced by fluid retention and disease-related conditions. Hence, an overestimation is accompanied with a poor distinction between extracellular and intracellular fluid (133). Furthermore, air displacement plethysmography (ADP) measures body volume and body density and hence, total fat and lean tissue (134). In spite of the widespread use of anthropometric measurements, such as mid-upper arm circumference, calf circumference, and skin fold thickness, they are inaccurate (135). Muscle strength can be assessed by handgrip strength, knee flexion/extension, and peak expiratory flow. Handgrip strength is a great predictor of extremity muscle power and mobility. Furthermore, keen flexion/extension is strongly related with certain functional activities. Although peak expiratory flow manifests the strength of respiratory muscles, it is not considered as a separated method. Physical performance is defined by short physical performance battery (SPPB), usual gait speed, timed get-up-and-go test, and stair climb power test, which evaluate an individual's balance, gait, strength and endurance (136, 137).

In 1998, Baumarterner et al. (138) first defined sarcopenia as ASM divided by body height squared [ASM(kg)/height2 (m2)] two or more standard deviations below the mean of a young reference values measured by DXA. Later, Janssen et al. (139) proposed a definition of sarcopenia that the skeletal muscle mass index [skeletal muscle mass (kg)/weight (kg) × 100] is one or two standard deviations below the reference value of younger, healthy individuals measured by BIA. Then, Newman et al. (140) came up with a new criteria for sarcopenia according to appendiculate lean mass (ALM) adjusted for height and fat mass using residuals from linear regression models.

Based on the abovementioned assessments, the calculation of Baumarterner et al. with the addition of the BF% exceeds 60% of population of the peers is one definition of SO (141). Another definition includes that BF% exceeds 60% of population of the peers and muscle mass is inferior to 60% of population of the peers (142). However, the diagnosis of SO varies with the changes of the diagnosis of obesity and sarcopenia. After 2010, when the standard of sarcopenia was updated by EWGSOP, the diagnosis of SO should change too. The evaluation of muscle strength and physical function are supposed to be combined with the assessments mentioned above (4).



Diagnosis of Diabetes

According to American Diabetes Association (ADA), there are four approaches to diagnosis diabetes: Fasting plasma glucose test (FPG), Two-Hour Oral Glucose Tolerance Test (OGTT), Glycated Hemoglobin (A1C), and Random plasma glucose coupled with symptoms (67). Table 1 summarizes these approaches as well as their respective diagnostic standards.


Table 1. Four approaches to diagnose diabetes according to ADA.
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Fasting Plasma Glucose Test (FPG)

The test should be carried out after at least 8 h fast, the level of FPG more than 126 mg/dL (7.0 mm/L) is considered as diabetes (67).



Two-Hour Oral Glucose Tolerance Test (OGTT)

In this test, individuals should consume at least 150 g per day of carbohydrate for 3–5 days without taking any medications. Then, the test is carried out before and 2 h after consuming 75 g of glucose. The 2-h plasma glucose is more than 200 mg/dL (11.1 mmol/L) is consistent with the diagnosis. Although OGTT is a standard test, it is less convenient and affordable than FPG (67).



Glycated Hemoglobin (A1C)

A1C shows the average of blood glucose over last 2–3 months, and it is relative accurate since less influence by acute illness or stress. Diabetes is diagnosed if the result of A1C is more than 6.5% (48 mmol/mol) (67).



Random Plasma Glucose Coupled With Symptoms

In patients with classic symptoms: polydipsia, polyphagia, and polyuria, random plasma glucose more than 200 mg/dL (11.1 mmol/L) is diagnosed as having diabetes (67).





TREATMENTS FOR SARCOPENIC OBESITY AND DIABETES


Conventional Treatments for Sarcopenic Obesity and Diabetes

The most common treatments of SO and diabetes are dietary intervention and physical activity. Although there are various approved and effective drugs for diabetes, there is currently no recommended pharmacological intervention for SO, not even for diabetics with SO.


Dietary Intervention for Sarcopenic Obesity

The main dietary interventions for SO consist of caloric restriction, protein intake, and micronutrient supplementation. It is noted that lack of proper randomized clinical trials (RCTs) makes expert opinions to be the major guidelines at present of dietary interventions for SO.

Caloric restriction aims to lose weight, inducing body composition changes, and a reasonable weight loss goal should be under 5–8% of the initial body weight (1, 143). As acute caloric restriction could promote proteolysis and negatively affect muscle protein synthesis, resulting in a further reduction of muscle mass, acute caloric restriction is not recommended. In contrast, chronic caloric restriction might increase muscle protein synthesis rather than downregulate (144, 145). Major RCTs in non-sarcopenic women with obesity have suggested that caloric restriction (500 kcal deficit) with at least 0.8 g/kg of protein intake can effectively lose fat and improve physical function (146, 147). Moreover, another study has demonstrated that even caloric restriction might cause loss of muscle mass, and hence, it is still more beneficial to mobility and strength when accompanying with resistance training (148).

Increased dietary protein can prevent weight loss-induced sarcopenia. According to existing evidence, a healthy young individual should take an average daily protein intake of 1 g/kg per day. While in older people, a higher protein intake should be provided in order to promote muscle protein synthesis due to anabolic resistance. Therefore, adequate protein intake of 1–1.2 g/kg per day is recommended for geriatrics, and an even higher intake for older people suffering from SO or other similar diseases. Acceptable protein intake of 1.2–1.5 g/kg per day should be provided for individuals with acute or chronic diseases, which are related to unbalanced body composition. Furthermore, individuals with critical illness or severe malnutrition need an increased protein intake from 2 g/kg per day (149–151). Moreover, oral protein supplements should be considered when ample dietary intake is not practical. A study assessed the effect of a diet moderately rich in proteins on lean mass in SO older women, and has indicated that sufficient protein intake is able to preserve muscle mass in older women with SO (18). A similar result has been shown in another study that high-protein diet improves muscle strength in SO patients and prevent weight loss-induced sarcopenia (152).

Despite that vitamin D supplement has not been properly tested in patients with SO, several studies have suggested that vitamin D deficiency is associated with lower muscle strength, greater body instability, falls and disability in geriatric population (153). Therefore, in order to minimize the adverse effects of weight loss, it may be necessary to increase vitamin D intake (154, 155). Besides, studies have elucidated that vitamin D has the capability of regulating bioactive metabolites, and thus, improving muscle function (156). A study has verified that 25-hydroxyvitamin D3 can indirectly impact muscle function as its free metabolite is more closely related to body fat than muscle gene expression (155).



Dietary Intervention for Diabetes

Dietary intervention plays an important role in the management of diabetes and diabetes-related complications. The intake of low glycemic food including cereal fiber or a mixture of whole grain and bran can decrease 18–40% of risk for diabetics (157). Moreover, the risk of diabetes reduces by 26% due to the consumption of one sugar-containing beverage more than 1 month compared to one per day (158). Furthermore, a systemic review of randomized clinical trials has assessed the effects of low carbohydrate, macrobiotic, vegan, vegetarian, Mediterranean, and intermittent fasting diets, compared to low-fat diets on diabetes control and management. However, there were no evident differences of low carbohydrate diets and low-fat diets in glycemic control, weight and lipids. The macrobiotic and vegan diets were beneficial to glycemic control, while the vegetarian diet demonstrated better weight loss and insulin sensitivity. Besides, the Mediterranean diet showed a greater regulation of A1C levels. Therefore, the study has concluded that vegan, vegetarian and Mediterranean diets are better strategies to control glycemic marker in diabetics (159). In addition, a study has also found that the benefits of Mediterranean diets were greater than low-fat diets in diabetic retinopathy, but no significant differences were found in diabetic nephropathy (160). Furthermore, dietary intervention is an important modifiable factor to reduce the incidence of cardiovascular diseases in diabetics (161). Hence, it may be necessary to implement dietary intervention in public health managements of diabetes.



Physical Activity for Sarcopenic Obesity

A combination of physical activity and dietary intervention is a more effective strategy to treat SO. Indeed, there are multiple biological effects of physical activity: promote insulin sensitivity, improve anabolic response to endogenous amino acids, activate skeletal muscle satellites cells and trigger the proliferation and differentiation of them, amplify irisin production, adjust hormonal milieu, increase mitochondrial biogenesis, ameliorate inflammation and reduce oxidative stress (162–164). Even though various studies have confirmed that exercise has positive effects for SO patients, many professional organizations recommend that a combination of resistance training and aerobic training seems to be the most practical way to improve physical performance (165, 166). For geriatric people, the main goal of physical training is to ameliorate elasticity, strength, and physical endurance. Meanwhile, as resistance training can improve flexibility, muscle strength, and muscle hypertrophy, aerobic training focuses on increasing physical endurance of older people (166). Therefore, two non-consecutive sessions of resistance training coupled with at least 150 min per week of aerobic training is recommended for all older individuals (167, 168). A meta-analysis involving 14 RCTs and a quasi-experimental trial has clarified that exercise, particularly resistance training plays a key part in improving body composition and physical performance in patients with SO (169). Also, an RCT, allocating 60 men and women to four groups (resistance training, aerobic training, combination training, and control), has found that the skeletal muscle mass, body fat mass, ASM/weight % and visceral fat area of treatment groups exhibited better results than control group. Noteworthy, the grip strength and knee extensor performance of resistance group were superior to those of the other groups (170). Furthermore, a clinical study evaluated the effects of resistance training, aerobic training, or combination training in obese older people. It has revealed that the physical performance test score was the highest in the combination group (21% increase) compared to the resistance group (14% increase) and aerobic group (14% increase). But strength increased more in the resistance group (19% increase) than in the combination group (18% increase) and aerobic group (4% increase). While peak oxygen consumption (milliliters per kilogram of body weight per minute) increased most in the aerobic group (18% increase) compared to the combination group (17% increase) and resistance group (8% increase). Thus, resistance training combined aerobic training is the most effective way to alleviated physical disability (171).



Physical Activity for Diabetes

Several studies have demonstrated that physical activity is an effective regimen to lower the risk of developing diabetes by improving the β-cell function (172). A randomized controlled trial has evaluated the effects of moderate to intense exercise on pancreatic fat content and β cell function. The amount of pancreatic fat decreased in both healthy group (from 4.4 to 3.6%) and prediabetes/T2D group (from 8.7 to 6.7%), without significant differences observed for the improvement of β-cell function in different exercise strategies (173). Another study also has confirmed that high-intensity interval training is strongly associated with the improvement of β-cell function in patients with T2D. The total body-fat percentage was reduced, whereas lean body mass was protected. Noteworthy, high-intensity interval training was not able to regulate the levels of fasting plasma glucose, insulin, C-peptide, pro- insulin, and free fatty acids, nor did the levels of first-phase (0–30 min) and late-phase (30–180 min) plasma glucose, insulin, C-peptide, and proinsulin (174). Furthermore, as mentioned previously that the combination of resistance and aerobic training is beneficial to SO, it is a highly effective strategy for diabetes as well. A randomized controlled trial conducted in America has examined the effects of resistance training alone, aerobic training alone, and a combination of both on A1C within diabetics. Compared to control group, there were no significant mean changes of A1C in either the resistance training alone group (−0.16%; 95% CI: −0.46–0.15%; P = 0.32) or the aerobic training alone group (-0.24%; 95% CI: −0.55–0.07%; P = 0.14), however, there was a significant absolute mean change of A1C in the combination training group. Moreover, the combination training group had a maximal progression of oxygen consumption compared to other groups. All three exercise groups decreased waist circumference by 1.9–2.8 cm as compared to the control group. Therefore, in spite of the benefits of resistance training alone and aerobic training alone on diabetics, the combination of both could improve the level of A1C, which could hardly be obtained by each training exercise alone (175).



Pharmacological Intervention for Sarcopenic Obesity and Diabetes

In spite of many novel pharmacological interventions are under investigation, such as testosterone supplement, selective androgen receptor modulators, and myostatin inhibitors, there is currently no approved drugs for SO (176–178). However, there are approved and effectively drugs for diabetes. Metformin is considered as one of the most prevalent medications for diabetes management (179). Based on existing evidence, the National Institute for Health and Care Excellence (NICE) guidance for adults with type 2 diabetes recommends standard-release metformin as the initial drug treatment (180). A considerable number of studies have also found that metformin decreases fasting plasma glucose (PG) concentration and hemoglobin A1c by conserving the β-cell function or by decreasing liver glucose production (hepatic gluconeogenesis) (181–184). Also, thiazolidinediones can promote insulin sensitivity, increase glucose metabolism, and preserve the β-cell function through activating PPAR-γ (185, 186). Meanwhile, they can reduce plasma free fatty acid and intramyocellular lipid content to increase insulin sensitivity and redistribute fats from visceral to subcutaneous adipose to alleviate diabetes. Pioglitazone and troglitazone, belonging to thiazolidinediones, have the effect of controlling the progression on gestational diabetes (187, 188). Besides, α-Glucosidase Inhibitors contribute for prolonging the overall carbohydrate digestion duration and reducing the rate of glucose absorption (189). Whereas, it should be noted that they do not increase insulin sensitization (190), and a systematic review disapproves of acarbose dosages higher than 50 mg (three times a day), as there is no better effects on glycated hemoglobin (191). Therefore, α-Glucosidase Inhibitors should not be applied as initial drugs, and it is more positive to combine them with other types of anti-diabetic drugs. Moreover, incretins can shrink appetite, thus reduce food intake, leading to weight reduction (192). Because of the impact on weight reduction, incretins may find increasing use in diabesity, which is the coexistence of diabetes and obesity (193). In addition, Sodium-Glucose Cotransporter (SGLT) 2 Inhibitors are one of the latest pharmacological interventions to decrease the reabsorption of glucose in kidney and lower FGP and A1C, which enhances urinary glucose elimination and attenuates blood glucose level. Meanwhile, they can also positively affect cardiovascular diseases due to sodium decrease, uric acid absorption, and blood pressure reduction (194).




Complementary and Alternative Treatments for Sarcopenic Obesity and Diabetes
 
Herbal Medicine and Derivative

With the growing of popularity of herbal medicine, many studies have indicated that herbal medicine or related derivatives may be effective methods to treat SO and diabetes. A study has reported two cases about using wild ginseng complex (WGC) on two patients who only wanted to lose abdominal fat, but not in other parts of body. After 3 weeks of WGC intervention, the two patients had an increase in muscle mass, protein content, and basal metabolic rate. Therefore, WGC intervention may be a new alternative treatment for age-related sarcopenic obesity but more studies using larger samples are required to support this (195). In another study, three major herbal medicine including Zuo Gui Wan, red raspberry leaves, and Orthosiphon stamineus were found beneficial to gestational diabetes by controlling glucose (196). Hence, effective management of diabetics with SO using herbal medicine and derivatives may be plausible but more supportive evidences are still required.



Acupuncture

Acupuncture has been used in diabetes for a long time in Asian countries and recent studies have also suggested that acupuncture may alleviate SO (197–199). A randomized controlled trial, using electrical acupuncture coupled with essential amino acid supplementation to treat SO in male older people, has indicated that both electrical acupuncture with oral essential amino acids group and oral essential amino acids alone group can decrease BF% and increase ASM/H2, with the combination group being more effective than another group. Moreover, the combination group can increase muscle mass in a shorter time (197). Besides, a meta-analysis of randomized controlled trials has confirmed that acupuncture should be recommended as a complementary treatment in T2D control, particularly with obesity or other metabolic disorders (195). Although the underlying mechanism of acupuncture on diabetes remains unclear, studies have suggested that it may be related to adjust nerve conduction, modulate signal pathways, regulate hormonal level, and ameliorate oxidative stress level (200). Further investigations are required to prove that acupuncture is indeed effective for the treatment of patients with diabetes and SO.





DISCUSSION

The occurrence of SO and diabetes has a rapid growth worldwide because of lifestyle changes and longer life expectancy. Indeed, they share many common risk factors, especially in aging and obesity. Moreover, a study has found that in the case of similar BMI, diabetics have decreased lean body mass and increased body fat mass compared with non-diabetics (57), indicating that diabetes is associated with increased risk of SO. Although the underlying mechanism of the association remains unclear, we speculate a bidirectional interplay in obesity, low-grade inflammation, insulin resistance and sarcopenia. SO combines sarcopenia and obesity, and low-grade inflammation plays a crucial role in the pathogenesis of diabetes (11). Therefore, SO may have synergistic effect with low-grade inflammation to exacerbate insulin resistance, further impairing glucose metabolism. Noteworthily, physical activity is helpful for both SO and diabetes. However, it should be treated with caution due to the degeneration of muscle mass for SO and venerable feet for diabetes. The young individuals in good metabolic control are able to do most activities, but the middle-aged and older individuals or patients with other complications are encouraged to check with the doctor to avoid injuries of intensive exercise (201). Generally, for patients with SO and diabetes, an appropriate warm-up and cool-down period should be included before and after physical activity session. A short warm-up session at a low-intensity level helps skeletal muscles, heart, lungs prepare before formal exercise. After the physical activity session, a short cool-down session should be conducted similarly as the warm-up session to gradually bring the heart rate down. Proper stretches should be structured after warm-up and cool-down period to protect muscles. Moreover, suitable footwear should be emphasized to prevent blisters and keep the feet dry because it is easy to cause trauma of the feet for diabetics. Fluid intake affects blood glucose levels and heart function, thus, during physical activity, fluid should be taken early and regularly. Finally, the diabetics should never forget to test blood glucose regularly (202, 203).

Although pharmacological intervention has been widely used in treating diabetes, doctors and patients need to be cautious of the side effects of the drugs. Metformin has been reported to cause deficiency in vitamin 12 and folic acid. Thiazolidinediones can cause bladder cancer and fractures, and combined insulin-thiazolidinediones therapy may lead to heart failure. The common adverse reactions of SGLT2 inhibitors are urinary tract infections, increase in low-density lipoprotein (LDL) cholesterol, bone fractures, and they may sometimes cause ketoacidosis. Therefore, pharmacological intervention needs to be monitored, especially in elderly patients and patients with other complications (204). Additionally, there are some limitations in the complementary and alternative treatments. Although several studies have revealed some positive results, the overall quality of the evidence is low, and the available data are too few to adequately suggest that herbal medicine and derivative and acupuncture are useful. Thus, more large-scale, multicenter, high-quality RCTs are required in the future, which will lead to deeper understandings of complementary and alternative treatments for SO and diabetes. Furthermore, it is important to raise the awareness of the high prevalence of the sarcopenia in the obese population, which seems to be strongly associated with diabetes, and screening for SO in subjects with obesity during clinical practice may be necessary. Therapies for SO and diabetes should be treated carefully and personally in order to minimize adverse effects.



CONCLUSION

By analyzing research evidence from previous studies, this review identified possible pathogenesis of SO and diabetes, such as malnutrition, insulin resistance, low-grade inflammation, and hormonal changes. Meanwhile, the underlying mechanisms of insulin deficiency and insulin resistance have been discussed to provide a better understanding of the association between SO and diabetes. Also, complications of SO and diabetes have been explored to urge more attention on SO and diabetes. Additionally, we have consolidated the novel diagnostic methods of SO and diabetes. Furthermore, different treatment options have been exhibited that dietary intervention and physical activity are considered as prevalently effective treatments for diabetics with SO, and some complementary and alternative interventions have shown some positive effects on SO and diabetes. As a final suggestion for the prevention and treatment of diabetes and SO, we recommend dietary intervention and regular exercises, coupled with specific drugs prescribed to individuals by the clinicians.



AUTHOR CONTRIBUTIONS

ZL: conceptualization. YT and PW: resources. MW: writing—original draft preparation. YS: figure preparation. ZL, YT, XW, and PW: writing—review and editing. ZL and PW: supervision. PW: project administration. YT and PW: funding acquisition. All authors have read and agreed to the published version of the manuscript.



FUNDING

This work was funded by the “Double First-Class” Construction Funds of Discipline of Integrated Traditional Chinese and Western Medicine of Beijing University of Chinese Medicine.



REFERENCES

 1. Zamboni M, Rubele S, Rossi AP. Sarcopenia and obesity. Curr Opin Clin Nutr. (2019) 22:13–9. doi: 10.1097/MCO.0000000000000519

 2. Koliaki C, Liatis S, Dalamaga M, Kokkinos A. Sarcopenic obesity: epidemiologic evidence, pathophysiology, therapeutic perspectives. Curr Obesity Rep. (2019) 8:458–71. doi: 10.1007/s13679-019-00359-9

 3. Nezameddin R, Itani L, Kreidieh D, El Masri D, Tannir H, El Ghoch M. Understanding sarcopenic obesity in terms of definition and health consequences: a clinical review. Curr Diabetes Rev. (2020). doi: 10.2174/1573399816666200109091449. [Epub ahead of print].

 4. Xie WQ, Xiao GL, Fan YB, He M, Lv S, Li YS. Sarcopenic obesity: research advances in pathogenesis and diagnostic criteria. Aging Clin Exp Res. (2019). doi: 10.1007/s40520-019-01435-9. [Epub ahead of print].

 5. Batsis JA, Mackenzie TA, Emeny RT, Lopez-Jimenez F, Bartels SJ. Low lean mass with and without obesity, and mortality: results from the 1999-2004 national health and nutrition examination survey. J Gerontol A Biol Sci Med Sci. (2017) 72:1445–51. doi: 10.1093/gerona/glx002

 6. Lee DC, Shook RP, Drenowatz C, Blair SN. Physical activity and sarcopenic obesity: definition, assessment, prevalence and mechanism. Future Sci OA. (2016) 2:FSO127. doi: 10.4155/fsoa-2016-0028

 7. Johnson Stoklossa CA, Sharma AM, Forhan M, Siervo M, Padwal RS, Prado CM. Prevalence of sarcopenic obesity in adults with class II/III obesity using different diagnostic criteria. J Nutr Metab. (2017) 2017:7307618. doi: 10.1155/2017/7307618

 8. Stephen WC, Janssen I. Sarcopenic-obesity and cardiovascular disease risk in the elderly. J Nutr Health Aging. (2009) 13:460–6. doi: 10.1007/s12603-009-0084-z

 9. Fang M. Trends in the prevalence of diabetes among US adults: 1999-2016. Am J Prevent Med. (2018) 55:497–505. doi: 10.1016/j.amepre.2018.05.018

 10. Khan RMM, Chua ZJY, Tan JC, Yang Y, Liao Z, Zhao Y. From pre-diabetes to diabetes: diagnosis, treatments and translational research. Medicina (Kaunas). (2019) 55:546. doi: 10.3390/medicina55090546

 11. Khadra D, Itani L, Chebaro Y, Obeid M, Jaber M, Ghanem R, et al. Association between sarcopenic obesity and higher risk of type 2 diabetes in adults: a systematic review and meta-analysis. World J Diabetes. (2019) 10:311–23. doi: 10.4239/wjd.v10.i5.311

 12. Dominguez LJ, Barbagallo M. The cardiometabolic syndrome and sarcopenic obesity in older persons&nbsp. J Cardiometab Syndr. (2007) 2:183–9. doi: 10.1111/j.1559-4564.2007.06673.x

 13. Baek SJ, Nam GE, Han KD, Choi SW, Jung SW, Bok AR, et al. Sarcopenia and sarcopenic obesity and their association with dyslipidemia in Korean elderly men: the 2008–2010 Korea National health and nutrition examination survey. J Endocrinol Invest. (2014) 37:247–60. doi: 10.1007/s40618-013-0011-3

 14. Mourtzakis M, Pardo CMM, Lieffers JR, Reiman T, McCargar LJ, Baracos VE. A practical and precise approach to quantifica- tion of body composition in cancer patients using computed tomog- raphy images acquired during routine care. Appl Physiol Nutr Metab. (2008) 33:997–1006. doi: 10.1139/H08-075

 15. Polyzos SA, Margioris AN. Sarcopenic obesity. Hormones. (2018) 17:321–31. doi: 10.1007/s42000-018-0049-x

 16. Patel VS, Chan ME, Rubin J, Rubin CT. Marrow adiposity and hematopoiesis in aging and obesity: exercise as an intervention. Curr Osteoporos Rep. (2018) 16:1–11. doi: 10.1007/s11914-018-0424-1

 17. Pedersen BK, Febbraio MA. Muscles, exercise and obesity: skeletal muscle as a secretory organ. Nat Rev Endocrinol. (2012) 8:457–65. doi: 10.1038/nrendo.2012.49

 18. Muscariello E, Nasti G, Siervo M, Di Maro M, Lapi D, D'Addio G, et al. Dietary protein intake in sarcopenic obese older women. Clin Interv Aging. (2016) 11:133–40. doi: 10.2147/CIA.S96017

 19. Oh C, Jeon BH, Reid S, Shaun Nicholas, Jho S, No JK. The most effective factors to offset sarcopenia and obesity in the older Korean: physical activity, vitamin D, protein intake. Nutrition. (2016) 33:169–73. doi: 10.1016/j.nut.2016.06.004

 20. Son J, Yu Q, Seo JS. Sarcopenic obesity can be negatively associated with active physical activity and adequate intake of some nutrients in Korean elderly: findings from the Korea National Health and Nutrition Examination Survey (2008-2011). Nutr Res Pract. (2019) 13:47–57. doi: 10.4162/nrp.2019.13.1.47

 21. Neels JG. Inflamed fat: what starts the fire? J Clin Invest. (2005) 116:33–5. doi: 10.1172/JCI27280

 22. Polyzos SA, Kountouras J, Mantzoros CS. Adipose tissue, obesity and nonalcoholic fatty liver disease. Minerva Endocrinologica. (2016) 42:92–108. doi: 10.23736/S0391-1977.16.02563-3

 23. Kim TN, Park MS, Lim KI, Choi HY, Yang SJ, Yoo HJ, et al. Relationships between sarcopenic obesity and insulin resistance, inflammation, and vitamin D status: the Korean sarcopenic obesity study. Clin Endocrinol. (2013) 78:525–32. doi: 10.1111/j.1365-2265.2012.04433.x

 24. Dong R, Tan Y, Fan A, Liao Z, Liu H, Wei P. Molecular dynamics of the recruitment of immunoreceptor signaling module DAP12 homodimer to lipid raft boundary regulated by PIP2. J Phys Chem B. (2019) 124:504–10. doi: 10.1021/acs.jpcb.9b11095

 25. Wei P, Zuo LM, Qu J, Chen P, Luo S-Z. Critical residues and motifs for homodimerization of the first transmembrane domain of the plasma membrane glycoprotein CD36. J Biol Chem. (2017) 292:8683–93. doi: 10.1074/jbc.M117.779595

 26. Schrager MA, Metter EJ, Simonsick E, Ble A, Bandinelli S, Lauretani F, et al. Sarcopenic obesity and inflammation in the InCHIANTI study. J Appl Physiol (1985). (2007) 102:919–25. doi: 10.1152/japplphysiol.00627.2006

 27. Lim JP, Leung BP, Ding YY, Tay L, Mei SC. Monocyte chemoattractant protein-1: a proinflammatory cytokine elevated in sarcopenic obesity. Clin Intervent Aging. (2015) 10:605–9. doi: 10.2147/CIA.S78901

 28. Michio S. Leptin resistance and lipolysis of white adipose tissue: an implication to ectopic fat disposition and its consequences. J Atheroscler Thromb. (2017) 24:1088–9. doi: 10.5551/jat.ED083

 29. Jensen GL. Inflammation: roles in aging and sarcopenia. JPEN J Parenter Enteral Nutr. (2008) 32:656–9. doi: 10.1177/0148607108324585

 30. Meng SJ, Yu LJ. Oxidative stress, molecular inflammation and sarcopenia. Int J Mol Sci. (2010) 11:1509–26. doi: 10.3390/ijms11041509

 31. Liao Z, Chua D, Tan NS. Reactive oxygen species: a volatile driver of field cancerization and metastasis. Mol Cancer. (2019) 18:65. doi: 10.1186/s12943-019-0961-y

 32. Goya WS, Atkins JL. Muscle loss and obesity: the health implications of sarcopenia and sarcopenic obesity. Proc Nutr Soc. (2015) 74:405–12. doi: 10.1017/S002966511500169X

 33. Kalinkovich A, Livshits G. Sarcopenic obesity or obese sarcopenia: a cross talk between age-associated adipose tissue and skeletal muscle inflammation as a main mechanism of the pathogenesis. Ageing Res Rev. (2017) 35:200–21. doi: 10.1016/j.arr.2016.09.008

 34. Mcternan PG, Kusminski CM, Kumar S. Recent advances in the relationship between obesity, inflammation, insulin resistance. Eur Cytokine Netw. (2006) 17:4–12. doi: 10.1104/pp.92.4.891

 35. Shoelson SE, Herrero L, Naaz Obesity A. Inflammation, insulin resistance. Gastroenterology. (2007) 132:2169–80. doi: 10.1053/j.gastro.2007.03.059

 36. Matulewicz N, Karczewska-Kupczewska M. Insulin resistance and chronic inflammation. Postepy Hig Med Dosw. (2016) 70:1245–58. doi: 10.5604/17322693.1226662

 37. Nomura T, Ikeda Y, Nakao S, Ito K, Ishida K, Suehiro T, et al. Muscle strength is a marker of insulin resistance in patients with type 2 diabetes: a pilot study. Endocr J. (2007) 54:791–6. doi: 10.1507/endocrj.K07-055

 38. Abbatecola AM, Ferrucci L, Ceda G, Russo CR, Lauretani F, Bandinelli S, et al. Insulin resistance and muscle strength in older persons. J Gerontol. (2005) 60:1278–82. doi: 10.1093/gerona/60.10.1278

 39. Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J, et al. PGC-1α-responsive genes involved in oxidative phosphorylation are coordinately downregulated in human diabetes. Nat Genet. (2003) 34:267–73. doi: 10.1038/ng1180

 40. Patti ME, Butte AJ, Crunkhorn S, Cusi K, Mandarino LJ. Coordinated reduction of genes of oxidative metabolism in humans with insulin resistance and diabetes: potential role of PGC1 and NRF1. Proc Natl Acad Sci USA. (2003) 100:8466–71. doi: 10.1073/pnas.1032913100

 41. Abbatecola AM, Paolisso G, Fattoretti P, Evans WJ, Fiore V, Dicioccio L, et al. Discovering pathways of sarcopenia in older adults: a role for insulin resistance on mitochondria dysfunction. J Nutr Health Aging. (2011) 15:890–5. doi: 10.1007/s12603-011-0366-0

 42. Huh JY. The role of exercise-induced myokines in regulating metabolism. Arch Pharm Res. (2018) 41:14–29. doi: 10.1007/s12272-017-0994-y

 43. Díaz BB, González DA, Gannar F, Pérez MCR, de León AC. Myokines, physical activity, insulin resistance and autoimmune diseases. Immunol Lett. (2018) 203:1–5. doi: 10.1016/j.imlet.2018.09.002

 44. Chang JS, Kim TH, Nguyen TT, Park K-S, Kim N, Kong ID. Circulating irisin levels as a predictive biomarker for sarcopenia: a cross-sectional community-based study. Geriatr Gerontol Int. (2017) 17:2266–73. doi: 10.1111/ggi.13030

 45. Colaianni G, Cinti S, Colucci S, Grano M. Irisin and musculoskeletal health. Ann N Y Acad Sci. (2017) 1402:5–9. doi: 10.1111/nyas.13345

 46. Wang C, Bai L. Sarcopenia in the elderly: basic and clinical issues. Geriatr Gerontol Int. (2012) 12:388–96 doi: 10.1111/j.1447-0594.2012.00851.x

 47. Choi KM. Sarcopenia and sarcopenic obesity. Endocrinol Metab (Seoul). (2013) 28:86–9 doi: 10.3803/EnM.2013.28.2.86

 48. Weltman A, Weltman J, Veldhuis JD, Hartman ML. Body composition, physical exercise, growth hormone and obesity. Eat Weight Disord. (2001) 6(3 Suppl):28–37.

 49. Waters DL, Qualls CR, Dorin RI, Veldhuis JD, Baumgartner RN. Altered growth hormone, cortisol, and leptin secretion in healthy elderly persons with sarcopenia and mixed body composition phenotypes. J Gerontol. (2008) 63:536–41. doi: 10.1093/gerona/63.5.536

 50. Sipilä S, Narici M, Kjaer M, Pöllänen E, Atkinson RA, Hansen M, et al. Sex hormones and skeletal muscle weakness. Biogerontology. (2013) 14:231–45. doi: 10.1007/s10522-013-9425-8

 51. Stenholm S, Harris TB, Rantanen T, Visser M, Kritchevsky SB, Ferrucci L. Sarcopenic obesity: definition, cause and consequences. Curr Opin Clin Nutr Metab Care. (2008) 11:693–700. doi: 10.1097/MCO.0b013e328312c37d

 52. Tian S, Xu Y. Association of sarcopenic obesity with the risk of all-cause mortality: a meta-analysis of prospective cohort studies. Geriatr Gerontol Int. (2016) 16:155–66. doi: 10.1111/ggi.12579

 53. Sanada K, Chen R, Willcox B, Ohara T, Masaki K. Association of sarcopenic obesity predicted by anthropometric measurements and twenty-four year all-cause mortality in elderly men: the kuakini honolulu heart program. Nutrition. (2017) 46:97. doi: 10.1016/j.nut.2017.09.003

 54. Hong S-H, Choi KM. Sarcopenic obesity, insulin resistance, and their implications in cardiovascular and metabolic consequences. Int J Mol Sci. (2020) 21:E494. doi: 10.3390/ijms21020494

 55. Liao Z, Tan ZW, Zhu P, Tan NS. Cancer-associated fibroblasts in tumor microenvironment–Accomplices in tumor malignancy. Cell Immunol. (2019) 343:103729. doi: 10.1016/j.cellimm.2017.12.003

 56. Kim TN, Yang SJ, Yoo HJ, Lim KI, Kang HJ, Song W, et al. Prevalence of sarcopenia and sarcopenic obesity in Korean adults: the Korean sarcopenic obesity study. Int J Obes (Lond). (2009) 33:885–92. doi: 10.1038/ijo.2009.130

 57. Kim TN, Park MS, Yang SJ, Yoo HJ, Kang HJ, Song W, et al. Prevalence and determinant factors of sarcopenia in patients with type 2 diabetes: the Korean Sarcopenic Obesity Study (KSOS). Diabetes Care. (2010) 33:1497–9. doi: 10.2337/dc09-2310

 58. Jeong-Hyeon K, Jin CJ, Soon PY. Relationship between sarcopenic obesity and cardiovascular disease risk as estimated by the framingham risk score. J Korean Med Sci. (2015) 30:264. doi: 10.3346/jkms.2015.30.3.264

 59. Baracos VE, Arribas L. Sarcopenic obesity: hidden muscle wasting and its impact for survival and complications of cancer therapy. Ann Oncol. (2018) 29:ii1–9. doi: 10.1093/annonc/mdx810

 60. Carneiro IP, Mazurak VC, Prado CM. Clinical implications of sarcopenic obesity in cancer. Curr Oncol Rep. (2016) 18:62. doi: 10.1007/s11912-016-0546-5

 61. Gonzalez-Molina J, Gramolelli S, Liao Z, Carlson JW, Ojala PM, Lehti K. MMP14 in sarcoma: a regulator of tumor microenvironment communication in connective tissues. Cells. (2019) 8:991. doi: 10.3390/cells8090991

 62. Brochu M. Sarcopenic/obesity and physical capacity in older men and women: data from the nutrition as a determinant of successful aging (NuAge)-the Quebec longitudinal study. Obesity(Sliver Spring). (2012) 17:2082–8. doi: 10.1038/oby.2009.109

 63. Lee S, Kim T-N, Kim S-H. Sarcopenic obesity is more closely associated with knee osteoarthritis than is nonsarcopenic obesity: a cross-sectional study. Arthritis Rheum. (2012) 64:3947–54. doi: 10.1002/art.37696

 64. Misra D, Fielding RA, Felson DT, Niu J, Brown C, Nevitt M, et al. Risk of knee osteoarthritis with obesity, sarcopenic obesity, and sarcopenia. Arthritis Rheumatol. (2019) 71:232–7. doi: 10.1002/art.40692

 65. Magdalena T, Stephanie C, James G. Sarcopenic obesity and cognitive performance. Clin Interv Aging. (2018) 13:1111–9. doi: 10.2147/CIA.S164113

 66. Öztürk ZA, Türkbeyler IH, Abiyev A, Kul S, Edizer B, Yakaryilmaz FD, et al. Health-related quality of life and fall risk associated with age-related body composition changes; sarcopenia, obesity and sarcopenic obesity. Inter Med J. (2018) 48:973–81. doi: 10.1111/imj.13935

 67. American Diabetes Association. (2) Classification and diagnosis of diabetes. Diabetes Care. (2015) 38:S8–16. doi: 10.2337/dc15-S005

 68. Harreiter J, Roden M. Diabetes mellitus-Definition, classification, diagnosis, screening and prevention (Update 2019). Wien Klin Wochenschr. (2019) 131:6–15. doi: 10.1007/s00508-019-1450-4

 69. Giwa AM, Ahmed R, Omidian Z, Majety N, Karakus KE, Omer SM, et al. Current understandings of the pathogenesis of type 1 diabetes: genetics to environment. World J Diabetes. (2020) 11:13–25. doi: 10.4239/wjd.v11.i1.13

 70. Kautzky-Willer A, Harreiter J, Pacini G. Sex and gender differences in risk, pathophysiology and complications of type 2 diabetes mellitus. Endocr Rev. (2016) 37:278–316. doi: 10.1210/er.2015-1137

 71. Liu B, Xiang Y, Liu Z, Zhou Z. Past, present and future of latent autoimmune diabetes in adults. Diabetes Metab Res Rev. (2020) 36:e3205. doi: 10.1002/dmrr.3205

 72. Zhang Y, Huang N-Q, Yan F, Jin H, Zhou S-Y, Shi J-S, et al. Diabetes mellitus and Alzheimer's disease: GSK-3β as a potential link. Behav Brain Res. (2018) 339:57–65. doi: 10.1016/j.bbr.2017.11.015

 73. Mota M, Banini BA, Cazanave SC, Sanyal AJ. Molecular mechanisms of lipotoxicity and glucotoxicity in nonalcoholic fatty liver disease. Metabolism. (2016) 65:1049–61. doi: 10.1016/j.metabol.2016.02.014

 74. Las G, Oliveira MF, Shirihai OS. Emerging roles of β-cell mitochondria in type-2-diabetes. Mol Aspects Med. (2020) 71:100843. doi: 10.1016/j.mam.2019.100843

 75. Nolan CJ. Lipotoxicity, β cell dysfunction, gestational diabetes. Cell Metab. (2014) 19:553–4. doi: 10.1016/j.cmet.2014.03.020

 76. Farrell GC, Haczeyni F, Chitturi S. Pathogenesis of NASH: how metabolic complications of overnutrition favour lipotoxicity and pro-inflammatory fatty liver disease. Adv Exp Med Biol. (2018) 1061:19–44. doi: 10.1007/978-981-10-8684-7_3

 77. Donath MY, Størling J, Maedler K, Mandrup-Poulsen T. Inflammatory mediators and islet β-cell failure: a link between type 1 and type 2 diabetes. (2003) 81:455–70. doi: 10.1007/s00109-003-0450-y

 78. Acharjee S, Ghosh B, Al-Dhubiab BE, Nair AB. Understanding type 1 diabetes: etiology and models. Can J Diabetes. (2013) 37:269–76. doi: 10.1016/j.jcjd.2013.05.001

 79. DeFronzo RA. Pathogenesis of type 2 diabetes mellitus. Med Clin North Am. (2004) 88:787–835. doi: 10.1016/j.mcna.2004.04.013

 80. Blaser H, Dostert C, Mak TW, Brenner D. TNF and ROS crosstalk in inflammation. Trends Cell Biol. (2016) 26:249–61. doi: 10.1016/j.tcb.2015.12.002

 81. Rendra E, Riabov V, Mossel DM, Sevastyanova T, Harmsen MC, Kzhyshkowska J. Reactive oxygen species (ROS) in macrophage activation and function in diabetes. Immunobiology. (2019) 224:242–53. doi: 10.1016/j.imbio.2018.11.010

 82. Robertson RP. Chronic oxidative stress as a central mechanism for glucose toxicity in pancreatic islet beta cells in diabetes. J Biol Chem. (2004) 279:42351–4. doi: 10.1074/jbc.R400019200

 83. Panigrahy SK, Bhatt R, Kumar A. Reactive oxygen species: sources, consequences and targeted therapy in type 2 diabetes. J Drug Target. (2017) 25:93–101. doi: 10.1080/1061186X.2016.1207650

 84. Robertson R, Zhou H, Zhang T, Harmon JS. Chronic oxidative stress as a mechanism for glucose toxicity of the beta cell in type 2 diabetes. Cell Biochem Biophys. (2007) 48:139–46. doi: 10.1007/s12013-007-0026-5

 85. Newsholme P, Cruzat VF, Keane KN, Carlessi R, de Bittencourt PIH Jr. Molecular mechanisms of ROS production and oxidative stress in diabetes. Biochem J. (2016) 473:4527–50. doi: 10.1042/BCJ20160503C

 86. Nolan CJ, Prentki M. Insulin resistance and insulin hypersecretion in the metabolic syndrome and type 2 diabetes: time for a conceptual framework shift. Diab Vasc Dis Res. (2019) 16:118–27. doi: 10.1177/1479164119827611

 87. Chen Y, Huang L, Qi X, Chen C. Insulin receptor trafficking: consequences for insulin sensitivity and diabetes. Int J Mol Sci. (2019) 20:5007. doi: 10.3390/ijms20205007

 88. Abdul-Ghani MA, DeFronzo RA. Pathogenesis of insulin resistance in skeletal muscle. J Biomed Biotechnol. (2010) 2010:476279. doi: 10.1155/2010/476279

 89. Kasuga M. Structure and function of the insulin receptor-a personal perspective. Proc JPN Acad B Phys Biol Sci. (2019) 95:581–9. doi: 10.2183/pjab.95.039

 90. De Meyts P. Insulin and its receptor: structure, function and evolution. Bioessays. (2004) 26:1351–62. doi: 10.1002/bies.20151

 91. Polsky S, Ellis SL. Obesity, insulin resistance, and type 1 diabetes mellitus. Curr Opin Endocrinol Diabetes Obes. (2015) 22:277. doi: 10.1097/MED.0000000000000170

 92. Akash MSH, Rehman K, Liaqat A. Tumor necrosis factor-alpha: role in development of insulin resistance and pathogenesis of type 2 diabetes mellitus. J Cell Biochem. (2018) 119:105–10. doi: 10.1002/jcb.26174

 93. Gomes BF, de Accardo CM. Immunoinflammatory mediators in the pathogenesis of diabetes mellitus. Einstein (Sao Paulo). (2019) 17:eRB4596. doi: 10.31744/einstein_journal/2019RB4596

 94. Yaribeygi H, Farrokhi FR, Butler AE, Sahebkar A. Insulin resistance: review of the underlying molecular mechanisms. J Cell Physiol. (2019) 234:8152–61. doi: 10.1002/jcp.27603

 95. Posner BI. Insulin signalling: the inside story. Can J Diabetes. (2017) 41:108–13. doi: 10.1016/j.jcjd.2016.07.002

 96. Arneth B, Arneth R, Shams M. Metabolomics of type 1 and type 2 diabetes. Int J Mol Sci. (2019) 20:2467. doi: 10.3390/ijms20102467

 97. Gao C, Hölscher C, Liu Y, Li L. GSK3: a key target for the development of novel treatments for type 2 diabetes mellitus and Alzheimer disease. Rev Neurosci. (2011) 23:1–11. doi: 10.1515/rns.2011.061

 98. Lin Y-C, Chang Y-H, Yang SY, Wu K-D, Chu T-S. Update of pathophysiology and management of diabetic kidney disease. J Formos Med Assoc. (2018) 117:662–75. doi: 10.1016/j.jfma.2018.02.007

 99. Alicic RZ, Rooney MT, Tuttle KR. Diabetic kidney disease: challenges, progress, and possibilities. Clin J Am Soc Nephrol. (2017) 12:2032–45. doi: 10.2215/CJN.11491116

 100. Clarke PM, Glasziou P, Patel A, Chalmers J, Woodward M, Harrap SB, et al. Event rates, hospital utilization, and costs associated with major complications of diabetes: a multicountry comparative analysis. PLoS Med. (2010) 7:e1000236. doi: 10.1371/journal.pmed.1000236

 101. Lim AK. Diabetic nephropathy - complications and treatment. Int J Nephrol Renovasc Dis. (2014) 7:361–81. doi: 10.2147/IJNRD.S40172

 102. Henriques J, Vaz-Pereira S, Nascimento J, Rosa PC. Diabetic eye disease. Acta Med Port. (2015) 28:107–13. doi: 10.20344/amp.5361

 103. Simó-Servat O, Hernández C, Simó R. Diabetic retinopathy in the context of patients with diabetes. Ophthalmic Res. (2019) 62:211–7. doi: 10.1159/000499541

 104. Tarr JM, Kaul K, Chopra M, Kohner EM, Chibber R. Pathophysiology of diabetic retinopathy. ISRN Ophthalmol. (2013) 2013:343560. doi: 10.1155/2013/343560

 105. Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. Lancet. (2010) 376:124–36. doi: 10.1016/S0140-6736(09)62124-3

 106. Sosna T. History of diagnosis and therapy of diabetic retinopathy. Vnitr Lek. (2016) 62(11 Suppl 4):S136–41.

 107. Vinik AI, Nevoret M-L, Casellini C, Parson H. Diabetic neuropathy. Endocrinol Metab Clin North Am. (2013) 42:747–87. doi: 10.1016/j.ecl.2013.06.001

 108. Feldman EL, Callaghan BC, Pop-Busui R, Zochodne DW, Wright DE, Bennett DL, et al. Diabetic neuropathy. Nat Rev Dis Primers. (2019) 5:41. doi: 10.1038/s41572-019-0092-1

 109. Lechleitner M, Abrahamian H, Francesconi C, Kofler M, Sturm W, Köhler G. Diabetic neuropathy and diabetic foot syndrome (Update 2019). Wien Klin Wochenschr. (2019) 131:141–50. doi: 10.1007/s00508-019-1487-4

 110. Schofield CJ, Libby G, Brennan GM, Macalpine RR, Leese GP. Mortality and hospitalization in patients after amputation: a comparison between patients with and without diabetes. Diabetes Care. (2006) 29:2252–6. doi: 10.2337/dc06-0926

 111. Lim TS, Finlayson A, Thorpe JM, Sieunarine K, Mwipatayi BP, Brady A, et al. Outcomes of a contemporary amputation series. ANZ J Surg. (2006) 76:300–5. doi: 10.1111/j.1445-2197.2006.03715.x

 112. Henning RJ. Type-2 diabetes mellitus and cardiovascular disease. Future Cardiol. (2018) 14:491–509. doi: 10.2217/fca-2018-0045

 113. de Matheus ASM, Tannus LRM, Cobas RA, Palma CCS, Negrato CA, de Gomes MB. Impact of diabetes on cardiovascular disease: an update. Int J Hypertens. (2013) 2013:653789. doi: 10.1155/2013/653789

 114. Leon BM, Maddox TM. Diabetes and cardiovascular disease: epidemiology, biological mechanisms, treatment recommendations and future research. World J Diabetes. (2015) 6:1246–58. doi: 10.4239/wjd.v6.i13.1246

 115. Forouhi NG, Sattar N, Tillin T, McKeigue PM, Chaturvedi N. Do known risk factors explain the higher coronary heart disease mortality in South Asian compared with European men? prospective follow-up of the Southall and Brent studies, UK. Diabetologia. (2006) 49:2580–8. doi: 10.1007/s00125-006-0393-2

 116. Yang Y, Yang T, Liu S, Cao Z, Zhao Y, Su X, et al. Concentrated ambient PM2. 5 exposure affects mice sperm quality and testosterone biosynthesis. PeerJ. (2019) 7:e8109. doi: 10.7717/peerj.8109

 117. Stone TW, McPherson M, Darlington LG. Obesity and cancer: existing and new hypotheses for a causal connection. EBioMedicine. (2018) 30:14–28. doi: 10.1016/j.ebiom.2018.02.022

 118. Magruder JT, Elahi D, Andersen DK. Diabetes and pancreatic cancer: chicken or egg? (2016) 40:339–51. doi: 10.1097/MPA.0b013e318209e05d

 119. Larsson SC, Giovannucci E, Wolk A. Diabetes and colorectal cancer incidence in the cohort of Swedish men. Diabetes Care. (2005) 28:1805–7. doi: 10.2337/diacare.28.7.1805

 120. Boyle P, Boniol M, Koechlin A, Robertson C, Valentini F, Coppens K, et al. Diabetes and breast cancer risk: a meta-analysis. Br J Cancer. (2012) 107:1608–17. doi: 10.1038/bjc.2012.414

 121. Saltzman BS, Doherty JA, Hill DA, Beresford SA, Voigt LF, Chen C, et al. Diabetes and endometrial cancer: an evaluation of the modifying effects of other known risk factors. Am J Epidemiol. (2008) 167:607–14. doi: 10.1093/aje/kwm333

 122. Wang M, Yang Y, Liao Z. Diabetes and cancer: epidemiological and biological links. World J Diabetes. (2020) 11:227–38. doi: 10.4239/wjd.v11.i6.227

 123. Kandimalla R, Thirumala V, Reddy PH. Is alzheimer's disease a type 3 diabetes? a critical appraisal. Biochim Biophys Acta Mol Basis Dis. (2017) 1863:1078–89. doi: 10.1016/j.bbadis.2016.08.018

 124. Bak E, Marcisz C, Krzeminska S, Dobrzyn-Matusiak D, Foltyn A, Drosdzol-Cop A. Relationships of sexual dysfunction with depression and acceptance of illness in women and men with type 2 diabetes mellitus. Int J Environ Res Public Health. (2017) 14:1073. doi: 10.3390/ijerph14091073

 125. Semenkovich K, Brown ME, Svrakic DM, Lustman PJ. Depression in type 2 diabetes mellitus: prevalence, impact, and treatment. Drugs. (2015) 75:577–87. doi: 10.1007/s40265-015-0347-4

 126. Weir CB, Jan A. BMI Classification Percentile And Cut Off Points. Treasure Island, FL: StatPearls, StatPearls Publishing (2020).

 127. Panuganti KK, Kshirsagar RK. Obesity. Treasure Island, FL: StatPearls, StatPearls Publishing (2020).

 128. Yakabe M, Hosoi T, Akishita M, Ogawa S. Updated concept of sarcopenia based on muscle-bone relationship. J Bone Mineral Metab. (2020) 38:7–13. doi: 10.1007/s00774-019-01048-2

 129. Donini LM, Busetto L, Bauer JM, Bischoff S, Boirie Y, Cederholm T, et al. Critical appraisal of definitions and diagnostic criteria for sarcopenic obesity based on a systematic review. Clin Nutr. (2020) 39:2368–88. doi: 10.1016/j.clnu.2019.11.024

 130. Ilich JZ, Kelly OJ, Inglis JE. Osteosarcopenic obesity syndrome: what is it and how can it be identified and diagnosed? Curr Gerontol Geriatr Res. (2016) 2016:1–7. doi: 10.1155/2016/7325973

 131. Berger-Groch J, Thiesen DM, Ntalos D, Hennes F, Hartel MJ. Assessment of bone quality at the lumbar and sacral spine using CT scans: a retrospective feasibility study in 50 comparing CT and DXA data. Eur Spine J. (2020) 29:1098–104. doi: 10.1007/s00586-020-06292-z

 132. Bosy-Westphal A, Jensen B, Braun W, Pourhassan M, Gallagher D, Müller MJ. Quantification of whole-body and segmental skeletal muscle mass using phase-sensitive 8-electrode medical bioelectrical impedance devices. Eur J Clin Nutr. (2017) 71:1061–7. doi: 10.1038/ejcn.2017.27

 133. Yu S, Alice P, Kareeann K, Renuka V. The performance of five bioelectrical impedance analysis prediction equations against dual x-ray absorptiometry in estimating appendicular skeletal muscle mass in an adult australian population. Nutrients. (2016) 8:189. doi: 10.3390/nu8040189

 134. Kuriyan R. Body composition techniques. Indian J Med Res. (2018) 148:648–58. doi: 10.4103/ijmr.IJMR_1777_18

 135. Choi KM. Sarcopenia and sarcopenic obesity. Korean J Inter Med. (2016) 31:1054–60. doi: 10.3904/kjim.2016.193

 136. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, et al. Sarcopenia: European consensus on definition and diagnosis: report of the European working group on sarcopenia in older people. Age Ageing. (2010) 39:412–23. doi: 10.1093/ageing/afq034

 137. Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyère O, Cederholm T, et al. Sarcopenia: revised European consensus on definition and diagnosis. Age Ageing. (2019) 48:601. doi: 10.1093/ageing/afz046

 138. Baumgartner RN, Koehler KM, Gallagher D, Romero L, Heymsfield SB, Ross RR, et al. Epidemiology of sarcopenia among the elderly in New Mexico. Am J Epidemiol. (1998) 147:755–63. doi: 10.1093/oxfordjournals.aje.a009520

 139. Janssen I, Heymsfield SB, Ross R. Low relative skeletal muscle mass (Sarcopenia) in older persons is associated with functional impairment and physical disability. J Am Geriatr Soc. (2002) 50:889–96. doi: 10.1046/j.1532-5415.2002.50216.x

 140. Newman AB, Kupelian V, Visser M, Simonsick E, Harris TB. Sarcopenia: alternative definitions and associations with lower extremity function. J Am Geriatr Soc. (2003) 51:1602–9. doi: 10.1046/j.1532-5415.2003.51534.x

 141. Baumgartner RN. Body composition in healthy aging. Ann N Y Acad Sci. (2000) 904:437–48. doi: 10.1111/j.1749-6632.2000.tb06498.x

 142. Davison KK, Ford ES, Cogswell ME, Dietz WH. Percentage of body fat and body mass index are associated with mobility limitations in people aged 70 and older from NHANES III. J Am Geriatr Soc. (2002) 50:1802–9. doi: 10.1046/j.1532-5415.2002.50508.x

 143. Trouwborst I, Verreijen A, Memelink R, Massanet P, Boirie Y, Weijs P, et al. Exercise and nutrition strategies to counteract sarcopenic obesity. Nutrients. (2018) 10:605. doi: 10.3390/nu10050605

 144. Heymsfield SB, Gonzalez MCC, Shen W, Redman L, Thomas D. Weight loss composition is one-fourth fat-free mass: a critical review and critique of this widely cited rule. Obes Rev. (2014) 15:310–21. doi: 10.1111/obr.12143

 145. Freiberger E, Goisser S, Porzel S, Volkert D, Bollheimer C. Sarcopenic obesity and complex interventions with nutrition and exercise in community-dwelling older persons – a narrative review. Clin Intervent Aging. (2015) 10:1267–82. doi: 10.2147/CIA.S82454

 146. Backx EM, Tieland M, Borgonjen-van den Berg KJ, Claessen PR, van Loon LJ, de Groot LC. Protein intake and lean body mass preservation during energy intake restriction in overweight older adults. Int J Obesity. (2016) 40:299–304. doi: 10.1038/ijo.2015.182

 147. Petroni ML, Caletti MT, Dalle Grave R, Bazzocchi A, Aparisi Gómez MP, Marchesini G. Prevention and treatment of sarcopenic obesity in women. Nutrients. (2019) 11:1302. doi: 10.3390/nu11061302

 148. Nicklas BJ, Chmelo E, Delbono O, Carr JJ, Lyles MF, Marsh AP. Effects of resistance training with and without caloric restriction on physical function and mobility in overweight and obese older adults: a randomized controlled trial. Am J Clin Nutr. (2015) 101:991–9. doi: 10.3945/ajcn.114.105270

 149. Deutz NEP, Bauer JM, Barazzoni R, Biolo G, Boirie Y, Bosy-Westphal A, et al. Protein intake and exercise for optimal muscle function with aging: recommendations from the ESPEN Expert Group. Clin Nutr. (2014) 33:929–36. doi: 10.1016/j.clnu.2014.04.007

 150. Bauer J, Biolo G, Cederholm T, Cesari M, Cruz-Jentoft AJ, Morley JE, et al. Evidence-based recommendations for optimal dietary protein intake in older people: a position paper from the PROT-AGE Study Group. J Am Med Direct Assoc. (2013) 14:542–59. doi: 10.1016/j.jamda.2013.05.021

 151. Paddon-Jones D, Rasmussen BB. Dietary protein recommendations and the prevention of sarcopenia. Curr Opin Cin Nutr Metab Care. (2009) 12:86–90. doi: 10.1097/MCO.0b013e32831cef8b

 152. Sammarco R, Marra M, Di Guglielmo ML, Naccarato M, Contaldo F, Poggiogalle E, et al. Evaluation of hypocaloric diet with protein supplementation in middle-aged sarcopenic obese women: a pilot study. Obesity Facts. (2017) 10:160–7. doi: 10.1159/000468153

 153. Bellia A, Garcovich C, D'Adamo M, Lombardo M, Tesauro M, Donadel G, et al. Serum 25-hydroxyvitamin D levels are inversely associated with systemic inflammation in severe obese subjects. Inter Emerg Med. (2013) 8:33–40. doi: 10.1007/s11739-011-0559-x

 154. Moyer VA, U.S. Preventive Services Task Force*. Vitamin D and calcium supplementation to prevent fractures in adults: US preventive Services Task Force recommendation statement. Ann Intern Med. (2013) 158:691–6. doi: 10.7326/0003-4819-158-9-201305070-00603

 155. Hassan-Smith ZK, Jenkinson C, Smith DJ, Hernandez I, Morgan SA, Crabtree NJ, et al. 25-hydroxyvitamin D3 and 1,25-dihydroxyvitamin D3 exert distinct effects on human skeletal muscle function and gene expression. PLoS ONE. (2017) 12:e0170665. doi: 10.1371/journal.pone.0170665

 156. Sohl E, de Jongh RT, Heijboer AC, Swart KMA, Brouwer-Brolsma EM, Enneman AW, et al. Vitamin D status is associated with physical performance: the results of three independent cohorts. Osteoporos Int. (2013) 24:187–96. doi: 10.1007/s00198-012-2124-5

 157. Cho SS, Qi L, Fahey GC Jr, Klurfeld DM., Consumption of cereal fiber, mixtures of whole grains and bran, and whole grains and risk reduction in type 2 diabetes, obesity, cardiovascular disease. Am J Clin Nutr. (2013) 98:594–619. doi: 10.3945/ajcn.113.067629

 158. Malik VS, Popkin BM, Bray GA, Després J-P, Willett WC, Hu FB. Sugar-sweetened beverages and risk of metabolic syndrome and type 2 diabetes: a meta-analysis. Diabetes care. (2010) 33:2477–83. doi: 10.2337/dc10-1079

 159. Papamichou D, Panagiotakos DB, Itsiopoulos C. Dietary patterns and management of type 2 diabetes: a systematic review of randomised clinical trials. Nutr Metab Cardiovasc Dis. (2019) 29:531–43. doi: 10.1016/j.numecd.2019.02.004

 160. Díaz-López A, Babio N, Martínez-González MA, Corella D, Amor AJ, Fitó M, et al. Mediterranean diet, retinopathy, nephropathy, and microvascular diabetes complications: a post hoc analysis of a randomized trial. Diabetes Care. (2015) 38:2134–41. doi: 10.2337/dc15-1117

 161. M.C. Archundia Herrera, Subhan FB, Chan CB. Dietary patterns and cardiovascular disease risk in people with type 2 diabetes. Curr Obes Rep. (2017) 6:405–13. doi: 10.1007/s13679-017-0284-5

 162. Barazzoni R, Bischoff S, Boirie Y, Busetto L, Cederholm T, Dicker D, et al. Sarcopenic obesity: time to meet the challenge. Obesity Facts. (2018) 11:294–305. doi: 10.1159/000490361

 163. Joseph A-M, Adhihetty PJ, Leeuwenburgh C. Beneficial effects of exercise on age-related mitochondrial dysfunction and oxidative stress in skeletal muscle. J Physiol. (2016) 594:5105–23. doi: 10.1113/JP270659

 164. Mooren FC, Krüger K. Exercise autophagy, and apoptosis. Prog Mol Biol Transl Sci. (2015) 135:407–22. doi: 10.1016/bs.pmbts.2015.07.023

 165. Lombardo M, Boaria A, Aulisa G, Padua E, Annino G, Pratesi A, et al. Sarcopenic obesity: etiology and lifestyle therapy. Eur Rev Med Pharmacol Sci. (2019) 23:7152–62. doi: 10.26355/eurrev_201908_18761

 166. Batsis JA, Villareal DT. Sarcopenic obesity in older adults: aetiology, epidemiology and treatment strategies. Nat Rev Endocrinol. (2018) 14:513–37. doi: 10.1038/s41574-018-0062-9

 167. Garber CE, Blissmer B, Deschenes MR, Franklin BA, Lamonte MJ, Lee IM, et al. Quantity and quality of exercise for developing and maintaining cardiorespiratory, musculoskeletal, and neuromotor fitness in apparently healthy adults: guidance for prescribing exercise. Med Sci Sports Exerc. (2011) 43:1334–59. doi: 10.1249/MSS.0b013e318213fefb

 168. Garvey WT, Mechanick JI, Brett EM, Garber AJ, Hurley DL, Jastreboff AM, et al. American association of clinical endocrinologists and american college of endocrinology comprehensive clinical practice guidelines for medical care of patients with obesity. Endocr Pract. (2016) 22:1–203. doi: 10.4158/EP161365.GL

 169. Hsu K-J, Liao C-D, Tsai M-W, Chen C-N. Effects of exercise and nutritional intervention on body composition, metabolic health, and physical performance in adults with sarcopenic obesity: a meta-analysis. Nutrients. (2019) 11:2163. doi: 10.3390/nu11092163

 170. Chen H-T, Chung Y-C, Chen Y-J, Ho S-Y, Wu H-J. Effects of different types of exercise on body composition, muscle strength, and igf-1 in the elderly with sarcopenic obesity. J Am Geriatr Soc. (2017) 65:827–32. doi: 10.1111/jgs.14722

 171. Villareal DT, Aguirre L, Gurney AB, Waters DL, Sinacore DR, Colombo E, et al. Aerobic or resistance exercise, or both, in dieting obese older adults. N Engl J Med. (2017) 376:1943–55. doi: 10.1056/NEJMoa1616338

 172. Aune D, Norat T, Leitzmann M, Tonstad S, Vatten LJ. Physical activity and the risk of type 2 diabetes: a systematic review and dose-response meta-analysis. Eur J Epidemiol. (2015) 30:529–42. doi: 10.1007/s10654-015-0056-z

 173. Heiskanen MA, Motiani KK, Mari A, Saunavaara V, Eskelinen J-J, Virtanen KA, et al. Exercise training decreases pancreatic fat content and improves beta cell function regardless of baseline glucose tolerance: a randomised controlled trial. Diabetologia. (2018) 61:1817–28. doi: 10.1007/s00125-018-4627-x

 174. Nieuwoudt S, Fealy CE, Foucher JA, Scelsi AR, Malin SK, Pagadala M, et al. Functional high-intensity training improves pancreatic β-cell function in adults with type 2 diabetes. Am J Physiol Endocrinol Metab. (2017) 313:E314–20. doi: 10.1152/ajpendo.00407.2016

 175. Church TS, Blair SN, Cocreham S, Johannsen N, Johnson W, Kramer K, et al. Effects of aerobic and resistance training on hemoglobin A1c levels in patients with type 2 diabetes: a randomized controlled trial. JAMA. (2010) 304:2253–62. doi: 10.1001/jama.2010.1710

 176. Ferrando AA, Sheffield-Moore M, Yeckel CW, Gilkison C, Jiang J, Achacosa A, et al. Testosterone administration to older men improves muscle function: molecular and physiological mechanisms. Am J Physiol Endocrinol Metab. (2002) 282:E601–7. doi: 10.1152/ajpendo.00362.2001

 177. Papanicolaou DA, Ather SN, Zhu H, Zhou Y, Lutkiewicz J, Scott BB, et al. A phase IIA randomized, placebo-controlled clinical trial to study the efficacy and safety of the selective androgen receptor modulator (SARM), MK-0773 in female participants with sarcopenia. J Nutr Health Aging. (2013) 17:533–43. doi: 10.1007/s12603-013-0335-x

 178. J.-Camporez PG, Petersen MC, Abudukadier A, Moreira GV, Jurczak MJ, Friedman G, et al. Anti-myostatin antibody increases muscle mass and strength and improves insulin sensitivity in old mice. Proc Natl Acad Sci USA. (2016) 113:2212–7. doi: 10.1073/pnas.1525795113

 179. Vallianou NG, Stratigou T, Tsagarakis S. Metformin and gut microbiota: their interactions and their impact on diabetes. Hormones (Athens). (2019) 18:141–4. doi: 10.1007/s42000-019-00093-w

 180. NICE Guideline Updates Team (UK). Type 2 Diabetes In Adults: Management. London: National Institute for Health and Care Excellence (2019).

 181. DeFronzo RA, Barzilai N, Simonson DC. Mechanism of metformin action in obese and lean noninsulin-dependent diabetic subjects. J Clin Endocrinol Metab. (1991) 73:1294–301. doi: 10.1210/jcem-73-6-1294

 182. DeFronzo RA, Goodman AM. Efficacy of metformin in patients with non-insulin-dependent diabetes mellitus. the multicenter metformin study group. N Engl J Med. (1995) 333:541–9. doi: 10.1056/NEJM199508313330902

 183. Foretz M, Guigas B, Viollet B. Understanding the glucoregulatory mechanisms of metformin in type 2 diabetes mellitus. Nat Rev Endocrinol. (2019) 15:569–89. doi: 10.1038/s41574-019-0242-2

 184. Turner RC, Cull CA, Frighi V, Holman RR. Glycemic control with diet, sulfonylurea, metformin, or insulin in patients with type 2 diabetes mellitus: progressive requirement for multiple therapies (UKPDS 49). UK Prospective Diabetes Study (UKPDS) group. JAMA. (1999) 281:2005–12. doi: 10.1001/jama.281.21.2005

 185. Tyagi S, Sharma S, Gupta P, Saini A, Kaushal C. The peroxisome proliferator-activated receptor: a family of nuclear receptors role in various diseases. J Adv Pharmac Technol Res. (2011) 2:236–40. doi: 10.4103/2231-4040.90879

 186. Wendy P, Melissa W, Zehuan L, Nguan T. An aPPARent functional consequence in skeletal muscle physiology via peroxisome proliferator-activated receptors. Int J Mol Sci. (2018) 19:1425. doi: 10.3390/ijms19051425

 187. Berkowitz K, Peters R, Kjos SL, Goico J, Marroquin A, Dunn ME, et al. Effect of troglitazone on insulin sensitivity and pancreatic beta-cell function in women at high risk for NIDDM. Diabetes. (1996) 45:1572–9. doi: 10.2337/diabetes.45.11.1572

 188. Xiang AH, Peters RK, Kjos SL, Marroquin A, Goico J, Ochoa C, et al. Effect of pioglitazone on pancreatic beta-cell function and diabetes risk in Hispanic women with prior gestational diabetes. Diabetes. (2006) 55:517–22. doi: 10.2337/diabetes.55.02.06.db05-1066

 189. Teng H, Chen L. α-Glucosidase and α-amylase inhibitors from seed oil: a review of liposoluble substance to treat diabetes. Crit Rev Food Sci Nutr. (2017) 57:3438–48. doi: 10.1080/10408398.2015.1129309

 190. Shimabukuro M, Tanaka A, Sata M, Dai K, Shibata Y, Inoue Y, et al. α-Glucosidase inhibitor miglitol attenuates glucose fluctuation, heart rate variability and sympathetic activity in patients with type 2 diabetes and acute coronary syndrome: a multicenter randomized controlled (MACS) study. Cardiovasc Diabetol. (2017) 16:86. doi: 10.1186/s12933-017-0571-1

 191. van de Laar FA, Lucassen PL, Akkermans RP, van de Lisdonk EH, Rutten GE, van Weel C. Alpha-glucosidase inhibitors for patients with type 2 diabetes: results from a Cochrane systematic review and meta-analysis. Diabetes Care. (2005) 28:154–63. doi: 10.2337/diacare.28.1.154

 192. Tasyurek HM, Altunbas HA, Balci MK, Sanlioglu S. Incretins: their physiology and application in the treatment of diabetes mellitus. Diabetes Metab Res Rev. (2014) 30:354–71. doi: 10.1002/dmrr.2501

 193. Chia CW, Egan JM. Incretins in obesity and diabetes. Ann N Y Acad Sci. (2020) 1461:104–26. doi: 10.1111/nyas.14211

 194. List JF, Whaley JM. Glucose dynamics and mechanistic implications of SGLT2 inhibitors in animals and humans. Kidney Int. (2011) 79:S20–7. doi: 10.1038/ki.2010.512

 195. Hwang JH, Jung HW. Effects of pharmacopuncture with wild ginseng complex in 2 elderly patients with obesity: case report. Medicine (Baltimore). (2018) 97:e11534. doi: 10.1097/MD.0000000000011534

 196. Xu YXZ, Xi S, Qian X. Evaluating traditional chinese medicine and herbal products for the treatment of gestational diabetes mellitus. J Diabetes Res. (2019) (2019) 9182595. doi: 10.1155/2019/9182595

 197. Zhou X, Xing B, He G, Lyu X, Zeng Y. The effects of electrical acupuncture and essential amino acid supplementation on sarcopenic obesity in male older adults: a randomized control study. Obes Facts. (2018) 11:327–34. doi: 10.1159/000491797

 198. Liao Z, Zhao Y. Effect of heat-producing needling technique on the local skin temperature: clinical dataset. Data. (2018) 3:65. doi: 10.3390/data3040065

 199. Wang M, Liu L, Zhang CS, Liao Z, Jing X, Fishers M, et al. Mechanism of traditional chinese medicine in treating knee osteoarthritis. J Pain Res. (2020) 13:1421–9. doi: 10.2147/JPR.S247827

 200. Feng Y, Fang Y, Wang Y, Hao Y. Acupoint therapy on diabetes mellitus and its common chronic complications: a review of its mechanisms. Biomed Res Int. (2018) 2018:3128378. doi: 10.1155/2018/3128378

 201. Colberg SR, Sigal RJ, Fernhall B, Regensteiner JG, Blissmer BJ, Rubin RR, et al. Exercise and type 2 diabetes: the american college of sports medicine and the american diabetes association: joint position statement. Diabetes Care. (2010) 33:e147–67. doi: 10.2337/dc10-9990

 202. Colberg SR, Sigal RJ, Yardley JE, Riddell MC, Dunstan DW, Dempsey PC, et al. Physical activity/exercise and diabetes: a position statement of the american diabetes association. Diabetes Care. (2016) 39:2065–79. doi: 10.2337/dc16-1728

 203. American Diabetes Association. Physical activity/exercise and diabetes. Diabetes Care. (2004) 27(Suppl. 1):S58–62. doi: 10.2337/diacare.27.2007.S58

 204. Chaudhury A, Duvoor C, Reddy Dendi VS, Kraleti S, Chada A, Ravilla R, et al. Clinical review of antidiabetic drugs: implications for type 2 diabetes mellitus management. Front Endocrinol. (2017) 8:6. doi: 10.3389/fendo.2017.00006

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.

Copyright © 2020 Wang, Tan, Shi, Wang, Liao and Wei. 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.












	
	ORIGINAL RESEARCH
published: 28 August 2020
doi: 10.3389/fendo.2020.00602






[image: image2]

Facilitators and Barriers to Post-partum Diabetes Screening Among Mothers With a History of Gestational Diabetes Mellitus–A Qualitative Study From Singapore

Sharon Hanna Sunny1, Rahul Malhotra1, Seng Bin Ang2,3, C. S. Daniel Lim4, Y. S. Andrew Tan4, Y. M. Benjy Soh4, X. Y. Cassandra Ho4, Martyn Gostelow4, L. P. Marianne Tsang3, S. H. Smily Lock4, Suat Yee Kwek4, Y. T. Jana Lim4, Kayshini Vijakumar4 and Ngiap Chuan Tan3,4*


1Duke-NUS Medical School, Singapore, Singapore

2Family Medicine Service, Kandang-Kerbau Women and Children Hospital, Singapore, Singapore

3SingHealth-Duke NUS Family Medicine Academic Clinical Programme, Singapore, Singapore

4SingHealth Polyclinics, Singapore, Singapore

Edited by:
Rimke Vos, Leiden University Medical Center, Netherlands

Reviewed by:
Nithya Sukumar, University of Warwick, United Kingdom
 Paromita King, Derby Hospitals NHS Foundation Trust, United Kingdom

*Correspondence: Ngiap Chuan Tan, tan.ngiap.chuan@singhealth.com.sg

Specialty section: This article was submitted to Clinical Diabetes, a section of the journal Frontiers in Endocrinology

Received: 15 May 2020
 Accepted: 23 July 2020
 Published: 28 August 2020

Citation: Sunny SH, Malhotra R, Ang SB, Lim CSD, Tan YSA, Soh YMB, Ho XYC, Gostelow M, Tsang LPM, Lock SHS, Kwek SY, Lim YTJ, Vijakumar K and Tan NC (2020) Facilitators and Barriers to Post-partum Diabetes Screening Among Mothers With a History of Gestational Diabetes Mellitus–A Qualitative Study From Singapore. Front. Endocrinol. 11:602. doi: 10.3389/fendo.2020.00602



Introduction: Gestational Diabetes Mellitus (GDM) affects one in six births worldwide. Mothers with GDM have an increased risk of developing post-partum Type-2 Diabetes Mellitus (T2DM). However, their uptake of post-partum diabetes screening is suboptimal, including those in Singapore. Literature reports that the patient-doctor relationship, mothers' concerns about diabetes, and family-related practicalities are key factors influencing the uptake of such screening. However, we postulate additional factors related to local society, healthcare system, and policies in influencing post-partum diabetes screening among mothers with GDM.

Aim: The qualitative research study aimed to explore the facilitators and barriers to post-partum diabetes screening among mothers with GDM in an Asian community.

Methods: In-depth interviews were carried out on mothers with GDM at a public primary care clinic in Singapore. Mothers were recruited from those who brought their child for vaccination appointments and their informed consent was obtained. Both mothers who completed post-partum diabetes screening within 12 weeks after childbirth and those who did not were purposively recruited. The social ecological model (SEM) provides the theoretical framework to identify facilitators and barriers at the individual, interpersonal, organizational, and policy levels.

Results: Twenty multi-ethnic Asian mothers with GDM were interviewed. At the individual and interpersonal level, self-perceived risk of developing T2DM, understanding the need for screening and the benefits of early diagnosis, availability of confinement nanny in Chinese family, alternate caregivers, emotional, and peer support facilitated post-partum diabetes screening. Barriers included fear of the diagnosis and its consequences, preference for personal attention and care to child, failure to find trusted caregiver, competing priorities, and unpleasant experiences with the oral glucose tolerance test. At the organizational and public policy level, bundling of scheduled appointments, and standardization of procedure eased screening but uptake was hindered by inconvenient testing locations, variable post-partum care practices and advice in the recommendations for diabetes screening.

Conclusion: Based on the SEM, facilitators and barriers towards post-partum diabetes screening exist at multiple levels, with some contextualized to local factors. Interventions to improve its uptake should be multi-pronged, targeting not only at personal but also familial, health system, and policy factors to ensure higher level of success.

Keywords: gestational diabetes mellitus, post-partum diabetes screening, facilitators, barriers, socio-ecological model


INTRODUCTION

According to the International Diabetes Federation, up to 20.4 million live births in 2019 were complicated by hyperglycaemia (1). Gestational Diabetes Mellitus (GDM), defined as any extent of hyperglycaemia first identified during pregnancy (2), particularly affects the South-East Asian region which has the highest prevalence of GDM in the world (3). The prevalence of GDM in Singapore, at the centre of South-East Asia, is estimated to be 18.9% (4). This is of concern as mothers with GDM are not only more likely to have hyperglycaemia in subsequent pregnancies (5) but also have a 7-fold increased risk of developing Type 2 Diabetes Mellitus (T2DM) (6). A systematic review and meta-analysis found that this risk was the highest within 3 to 6 years after the affected pregnancy (7), thus necessitating timely and appropriate screening regimens to mitigate the risk.

For early identification and management of T2DM, international and local guidelines recommend that mothers with GDM undergo screening for persistent dysglycemia at 6 to 12 weeks post-partum, with the recommended 75 g 2-h oral glucose tolerance test (OGTT) (8, 9). Whilst up to 18.2% of mothers screened are diagnosed with dysglycemia (10), the uptake of post-partum diabetes screening within the recommended window is suboptimal and varies widely across populations. A study conducted in England identified the uptake rate to be 17% (11), as compared to 81.9% in a Malaysian hospital (12). Unpublished data from a tertiary care institution in Singapore shows that just over half (54%) of mothers with GDM underwent post-partum diabetes screening within the recommended time frame. This calls for the identification of facilitators and barriers to postpartum diabetes screening among mothers with GDM.

The reasons for suboptimal uptake of post-partum diabetes screening have been assessed in Western populations (13). A systematic review in 2019, based on 16 qualitative research studies, detailed four major themes. These were broadly classified according to the health-care system and personal factors such as the mother's relationship with her physician; experience of the OGTT; mother's perceived risk of T2DM and family-related complexities (14). Singaporean mothers with GDM probably encounter similar facilitators and barriers. However, we postulate that the structure of the local health-care system and societal practices may also contribute to the suboptimal uptake of post-partum diabetes screening. In Singapore, the health-system is two-tiered, consisting of public and private health care institutions (15). Differences in demography, family structure, support, education status, social interactions, cultural, and religious background of the multi-ethnic Asian mothers may also affect the screening uptake in Singapore (16).

A framework to provide clarity to the potential interplay of personal, familial, and societal factors (17) would be ideal to understand the complex issues affecting the screening uptake. The Socio-Ecological Model (SEM) seems to be a suitable framework as it posits the role of individual, interpersonal, organisational, and public policy factors in determining health behaviour (18). It has been used widely in the study of health promotion (19). For example, the United States Department of Health and Human Services utilized the four domains of the SEM in the creation of its national objectives in 2020, thereby acknowledging its comprehensive purview in understanding the factors affecting health behaviour (20).

This qualitative research study aimed to explore the facilitators and barriers to post-partum diabetes screening among mothers with GDM in Singapore. These findings can be used to guide the development of multi-pronged strategies to improve the uptake of post-partum diabetes screening.



MATERIALS AND METHODS


Study Design

We used in-depth, semi-structured interviews to identify the facilitators and barriers to post-partum diabetes screening among mothers with GDM in Singapore. The data collected was analyzed for emerging themes, which were subsequently presented using the SEM.



Site

The study was conducted at Punggol Polyclinic, a public primary care clinic that serves an estate populated with young families in northeast Singapore. The clinic manages at least 900 patient attendances daily, with a special focus on women's and children's health.



Period of Study

The study was conducted between October 2019 and January 2020.



Study Population

The target participants were Singapore citizen or permanent resident mothers with a self-reported diagnosis of GDM in their most recent pregnancy, and with a child aged 3 to 6 months at the time of the interview. A lower limit of 3 months was stipulated to ensure that mothers had already attended or not attended their post-partum diabetes screening within the recommended time frame, and an upper limit of 6 months to reduce recall bias. They also had to be English-literate as the interviews were conducted in English, one of the official languages of Singapore. Those with a pre-existing diagnosis of Type 1 and Type 2 Diabetes Mellitus were excluded.



Recruitment

Potential participants brought their child to the study site for their routine childhood vaccination and developmental assessment. Mothers with GDM were directed by the nurses providing these services to the lead investigator, SHS on a consecutive case-encounter basis. SHS provided eligible participants with study-related information and clarified their doubts before obtaining their written informed consent. The recruitment process is described in Figure 1. Purposive sampling was intended to include women of different ethnic groups to identify specific cultural and societal practice related to ethnicity.


[image: Figure 1]
FIGURE 1. Recruitment process of patients.




Conceptual Framework

The SEM was selected as the conceptual framework to identify the facilitators and barriers across the personal, interpersonal, organizational, and public policy domains. Resulting themes were subsequently organized and presented according to the SEM.



Interviews

A total of 20 mothers were recruited. They completed a demographic data questionnaire before commencing the one-to-one interview, which lasted between 20 to 30 min. Mothers were reimbursed with grocery store vouchers of SGD20 value for their time.



Coding

The interviews were audio-recorded and transcribed verbatim. Each interview was independently coded by two investigators and the coding was subsequently discussed with other investigators. The first nine interviews were reviewed to form a coding frame to guide the analysis of the remaining 11 interviews.




RESULTS

Table 1 presents the demographic characteristics of the 20 participants. Ten of them delivered in public hospitals. All ten were reminded to return for post-partum diabetes screening, of whom eight subsequently went for their post-partum diabetes screening. The remaining ten mothers delivered in private hospitals, three of whom were reminded and returned for screening.


Table 1. Demographic characteristics of study participants (n = 20).

[image: Table 1]

The facilitators and barriers were organized according to the domains of the SEM (Figure 2). Verbatim quotes from the participants were selected to illustrate the themes.


[image: Figure 2]
FIGURE 2. Facilitators and barriers to post-partum diabetes screening based on the Socio-Ecological Model.



Individual-Level


Facilitators at the Individual-Level


Self-perceived risk of developing T2DM

Mothers who were aware of their increased risk of developing T2DM were more likely to return for screening. They attained this knowledge from various sources of information, such as online readings, doctor recommendations, and family members who had T2DM.

“But she [mother's obstetrician] did mention that I may have a risk, since I had GDM when I was pregnant … because of my size, um that's quite unlikely for a pregnant lady to have GDM. So usually, it's uh, people who have bigger sizes. So, … I may have (been) a pre-diabetic.” P1, Chinese, attended screening at private hospital.

“Because my age is 34 […] I know my parents, genetics…That's why I am worried, that's why I want to go. Genetically maybe it will continue… Later pregnancy…it [GDM] will come.” P3, Indian, attended screening at a public hospital.



Understanding the need for post-partum diabetes screening

Some mothers undertook post-partum diabetes screening because they understood the rationale for the test. They were aware that the diagnosis of diabetes would impact their lifestyle habits and place them at higher risk of complications in subsequent pregnancies. These mothers recognized the need for behavior change after the affirmative results from the screening tests.

“No, I just have to find out, because if I had known earlier, then I would just have to take note, ok, what I can do from there onwards. If not, I'll never know and then I'll splurge on all the stuff that I have been wanting to eat.” P1, Chinese, attended screening at private hospital.




Barriers at the Individual Level


Fear about the diagnosis and consequences of T2DM

Some mothers did not go for screening as they were reluctant to find out if they had diabetes for fear that the diagnosis might disadvantage them. For instance, one mother expressed concern that this diagnosis would affect her and her child's insurance premiums.

“this sickness will follow you throughout your life … people will always ask, like even the doctor or like the insurer, they ask you this kind of question, do you ever have like diabetes or anything” P12, Chinese, defaulted her screening at a private hospital.



Preference for personal attention and care to child

Some mothers preferred personal attention to their infant and other older children, and felt uneasy for an alternative caregiver to look after them.

“Yeah but it does pose a challenge, you know, right after that one month, where we are still … very new with the baby. You need a lot of attention and we are not sure what to do when you are away from the baby, whether another person will be able to manage. So yeah there's this concern. Maybe this is the challenge for other women.” P16, Chinese, attended screening at a public hospital.



Competing priorities

Women prioritized the comfort and needs of their children over their personal health.

“because of the fasting, they will make my appointment, the first thing in the morning… around 8 plus. And she (child) usually isn't up by then. Yeah, so it will be disruptive to her sleep, if I have to stay there for 2 h. The journey back and forth will be a bit tough.” P20, Chinese, attended screening at a private hospital.

“got appointment [referring to OGTT at hospital], and then got um therapy at school [older son's speech therapy]” P7, Malay, defaulted screening at a private hospital.



Unpleasant OGTT experience

Many of the mothers were averse to the 75 g 2-point OGTT test, which they experienced during their pregnancies. This sentiment was shared widely both by those who had the post-partum screening and those who defaulted. The deterrents included the long duration of the test, the unpalatable taste of the glucose syrup, its perceived inaccuracy and the repeated venipunctures required.

“It's a bit uh… long. And the water [glucose syrup] is very sweet. It's like not, not very fair, because we drink the water, it's so sweet and they don't let us drink water or walk around. It's unfair. Because we don't do that in our daily life. We will move around and we drink water. So … I think the test might not be so accurate on that part.” P4, Chinese, defaulted screening at private hospital.

“I will be able to but … I don't feel like going […] Uhhh! The syrup is so disgusting, it's like ummm (makes a grimace), and after drinking, you feel like giddiness, you cannot stand, and walk around. You have to, like, sit down there and rest.” P12, Chinese, defaulted screening at private hospital.

“Wa! It's like F& N orange [soft drink brand in Singapore], but very, very, very, very, very sweet one! Sweet until you… [mimes gagging] vomit!” P8, Chinese, had screening at a private hospital.




Interpersonal-Level


Facilitators at the Interpersonal-Level



Hiring of stay-in confinement nanny in Chinese family

The hiring of stay-in confinement nanny is more common amongst the Chinese women during the immediate 1 month after their delivery. One mother was able to attend the screening after leaving her child with her stay-in confinement nanny.

“my confinement lady took care of [baby] so I'm able to come out and do the test and go for my gynae review” P1, Chinese, attended screening at a private hospital.



Emotional and peer support

A number of mothers favored a support network that encouraged them to return for post-partum screening. They described the emotional support from spouses, friends, online support groups comprising mothers with similar experiences of GDM, and healthcare professionals. Such support strengthened their decision to undertake the screening test.

“my husband usually helps me…I plan to have the right time when my husband can actually take leave. When the kids are on holidays, or they are not schooling… that will be the best time for extra help. My husband (is) at home, cos he can take care, looks after the 2 small ones.” P9, Malay, attended screening at public hospital.

“Absolutely, they will encourage me! Go and check, every time go and check the sugar levels. … the parents and husband, they are very encouraging.” P3, Indian, attended screening at a public hospital.

“So, going through those conversations [in online ‘mummy chat groups’] helped a lot. P1, Chinese, attended screening at private hospital.




Barriers at the Interpersonal-Level


Failure to find alternate trusted caregivers

Not every mother had ready access to alternative caregivers. They preferred immediate family member such as their spouse, parents or in-laws to look after the child in their absence. This was a common reason for mothers to default their post-partum screening test. One mother recounted that her husband was the sole breadwinner and was not available to take over caregiving for their child.

“because my husband working night shift then he [didn't] sleep…” P7, Malay, defaulted screening at a public hospital.




Organizational-Level


Facilitators at the Organizational-Level



Bundling of scheduled appointments

A number of mothers preferred bundling their screening test appointments with other post-partum investigations, such as Pap smears, for convenience.

“I also thought it was good, at the three-month mark, to see my gynae, for other reasons, for him to just check. I think he wanted to do a Pap smear. So, uh, just doing it all together made it convenient.” P20, Chinese, attended screening at private hospital.

“The main thing [that caused the mother to default post-partum screening in her previous pregnancy] is the busy schedule. [For her latest pregnancy] because I have the Pap smear there too…same day … so that's why I think, just one day off.” P4, Chinese, defaulted screening at private hospital.




Barriers at the Organizational-Level


Inconvenient testing locations

A few mothers expressed reluctance to return to their antenatal care providers for screening due to the long distance from their residences to their obstetricians' clinics. A few also preferred their screening to be at primary care clinics (polyclinics), as compared to hospitals, due to their perceived shorter wait times.

“I don't really have all the time to go all the way to KK [tertiary public healthcare institution] P10, other ethnic group, defaulted screening at public hospital.

“…instead of going to KK [tertiary public healthcare institution], maybe polyclinics can do it also? … cos they [tertiary public healthcare institution] deal with a lot of people, the waiting time is quite long” P13, Malay, attended screening at public hospital.




Public Policy-Level


Facilitators at the Public Policy-Level



Post-partum screening as a standard procedure

Mothers' perception of obligatory screening for T2DM was key to their uptake of the test.

“I thought it's like mandatory?” P16, Chinese, attended screening at a public hospital.

“No, it's like a routine, so just took it.” P1, Chinese, attended screening at a private hospital.




Barriers at the Public Policy-Level


Varying practices in recommending post-partum screening

Some mothers reported a lack of advice and recommendations for T2DM screening from their antenatal care providers despite their diagnosis of GDM during their pregnancies. In particular, one mother recounted that she had to request for screening personally, as it was not offered as part of her pregnancy care “package”.

“…nobody asked me for a check, so I didn't bother to follow-up.” P6, Chinese, defaulted screening at private hospital.

“But the gynae said don't need…then no need […]! I just trust him.” P12, Chinese, defaulted screening at private hospital.

The test of choice for post-partum screening also varied amongst providers, with some offering random blood glucose tests or in-office finger-prick tests instead of an OGTT. Few also revealed that their diagnoses of GDM were dismissed or downplayed when additional random blood glucose tests during pregnancy were normal.

“So maybe it was because of the impromptu blood test that was done without fasting so at like random timing and the value is very good […]. So I think he was not that worried about my GD [referring to GDM]. Maybe it's just borderline case.” P14, Chinese, defaulted screening at private hospital.






DISCUSSION

This study elucidated facilitators and barriers for post-partum diabetes screening among mothers with GDM across multiple domains. While the results largely echo those identified by systematic reviews, new themes have been identified at the interpersonal and public policy levels which are distinctive to Asian mothers in Singapore.

At the individual level, mothers who had greater knowledge about the risks of GDM and T2DM were more likely to take up the screening. Therefore, healthcare professionals should educate mothers about GDM, T2DM, and the importance of post-partum diabetes screening actively, even during antenatal visits (21). A systematic review revealed the short-term relationship between mother and their antenatal care provider ended soon after their delivery (13). Hence health messages were not reinforced to the mothers in the post-partum period by any healthcare professionals. The gap in care can be addressed with proper handover of care to primary care physicians to continue their health monitoring. Mothers who were reassured that GDM was only a “mild condition of pregnancy” were also not as motivated to return for screening (22). Primary care physicians have a role to play in correcting some of these misconceptions during their postnatal visits.

For mothers who are undecided on their post-partum diabetes screening, or have not been adequately counselled on their risks after delivery, a Patient Decision Aid (PDA) can encourage shared-decision making between them and their physician (23). A local pilot study at a public hospital found that mothers perceived that they had received adequate “material,” “emotional,” and “comparison” support. However, they claimed inadequacy of “informational” support despite the abundance of informational pamphlets and brochures which were available to them (24). The investigators are developing a PDA targeting women with GDM on postnatal diabetes screening which may potentially overcome this lack of “informational support.” PDA provides a convenient platform to trigger discussion on postnatal diabetes screening if it is readily accessible to the at-risk women at any clinical practice. Aside from presenting balanced perspectives of the screening test, including its benefits and inconvenience, the PDA will also offer tips to address common barriers such as availability of caregivers. Such PDA can be implemented in public and private healthcare practices to reach out to more women with GDM. It will be assessed for its effectiveness to increase uptake of the screening in the next phase of this project.

The use of alternative screening tests which may be more convenient or pleasant than the OGTT should be explored. The latest National Institute of Care and Excellence guidelines from the UK for post-partum diabetes screening suggest the use of a fasting plasma glucose test at 6 to 13 weeks after delivery. If a fasting glucose test has not been performed by 13 weeks, offer a fasting plasma glucose test, or an HbA1c test if a fasting plasma glucose test is not possible, after 13 weeks (25). Women will not be required to consume the glucose drink, which most Asian women in this study found distasteful and unpleasant. However, other studies reported the HbA1c to have a low sensitivity of only 14.3% in diagnosing T2DM in the post-partum population when compared to the OGTT (26). Hence the validity of diabetes screening tests other than the OGTT for the diagnosis of T2DM in mothers with GDM remains unclear.

At the interpersonal level, most women in our study reported that their child was cared for by their family members (mother, mother-in-law or spouse) while they undertook the post-partum diabetes screening. Asian women appeared to prefer personal attention and care of their child; otherwise they will entrust their child to close family members during their absence. The stay-in confinement nanny is a convenient and immediate caregiver to assist the mother. Almost one third (31%) of women of Chinese ethnic group hired such confinement assistants in a local study by Fok et al. which is less common in other ethnic groups such as the Malay (13.5%) and Indian (9.4%). (27) The confinement period usually lasts between 30 and 45 days. The women's mothers and mother-in-laws are the other major groups of care providers during the confinement period, ranging from 59.4% in Chinese to 71.5% in Malay and 83.3% in Indians. They are also trusted caregivers to take care of the child, if the screening test can be scheduled at 6-week post-partum, which is at the end of confinement period (27).

In addition, most women did not wish to bring their child to the clinic. Fok et al. also reported that Chinese mothers (83.7%) were least likely to bring their child outside the home compared to Indians (79.9%) and Malays (66.1%) (27). If possible, mothers can consider seeking help in looking after their child from their parents, in-laws, spouses, siblings, or even trusted neighbors while they attend their postnatal physician visits (28). Public and social policies such as paternity leave for fathers (29) or encouraging young families to stay near to their parents through housing incentives (30) may also help to address this barrier.

In addition, healthcare institutions can consider offering on-site childcare services or provide play areas for older children, as suggested by many mothers. This proposal aligns with the recommendations suggested by Dennison et al. in their systematic review (14), and will apply not just for postpartum visits but will facilitate mothers seeking medical attention.

At the organizational level, the bundling of the post-partum diabetes screening with other post-partum review can optimize the time and utility of each visit. Mothers should be made aware of such options early during their antenatal visits via clear, uniform instructions by both their obstetricians and primary care physicians. As these test can be planned weeks in advance, the option of scheduling a mother's post-partum diabetes screening with other appointments at suitable locations should be offered routinely by the institution (14).

Clinical practice guidelines are available to recommend the routine screening for T2DM in mothers with GDM (31). However, the variable adherence by healthcare providers to such guidelines, especially with a local two-tiered healthcare system, poses challenges to their implementation. Differences were noted from the recommendations by public and private healthcare providers, which could be due to lack of effective policies to ensure consistent adherence to the guidelines.

The inconsistent handover from obstetricians to other healthcare providers after delivery further compounds the problem. Local mothers can now access their National Electronic Health Records (NEHR) remotely using computers or smart mobile phones. However, while it is implemented across all public healthcare institutions, adoption by private healthcare providers is low. Only 27% of local private healthcare institutions have access to NEHR and a mere 3% of them contribute data (32). Therefore, details about a mother's glycemic control during and after pregnancy may not be readily available should she attend private primary care clinics or obstetricians. While we await a unified nationwide electronic health record, healthcare policy-makers may leverage on existing platforms to automate reminder delivery to mothers for post-partum diabetes screening when a diagnosis of GDM is recorded in their electronic health records. Multiple modalities of info-communication technology are currently available for mothers to fix their OGTT appointments, from phone-calls to mobile applications with various healthcare providers.

Lastly, we must also encourage mothers to take charge of their own health. This can be achieved through interventions to increase their health literacy and specific preventive measures against T2DM. Healthcare professionals and policy-makers can assist to elevate their self-efficacy and risk awareness via official portals of health education and organizing such programs at the healthcare facilities.



STRENGTH AND LIMITATIONS

A key strength of this study is the novel use of the SEM to stratify the facilitators and barriers towards post-partum diabetes screening among mothers with GDM. The model facilitates the formulation of action points targeting personal, interpersonal, organizational, and public policy factors.

The results from this study reflect the perspectives of local Asian mothers who were recruited from primary care. Nevertheless, we have used the findings from this study to construct a questionnaire for a cross-sectional survey to quantify the magnitude of the individual facilitators and barriers identified. The triangulation of the results from both the qualitative study and survey will allow us to develop and prioritize multi-pronged interventions to enhance the enablers and mitigate the barriers within each SEM domain.

The qualitative research method used in this study restricts the generalizability of the findings to the general female population in Singapore. Purposive sampling was deployed to recruit women of different ethnic groups but eventually proportionately more Malay women were interviewed compared to Chinese and Indians. The recruitment was dependent on the provision of written consent.

Another potential limitation is the recruitment of the women from a single public primary care clinic. However, these women have access to both public and private primary healthcare services, so the site of recruitment is unlikely to affect their demographic profiles significantly. More tertiary educated women were interviewed, which could reflect their higher confidence and language proficiency to interact with the interviewer in English. The subsequent questionnaire survey will allow analysis of the impact of ethnicity and educational status on postnatal diabetes screening in women with GDM, which is not appropriate in a qualitative research study.



CONCLUSION

Facilitators and barriers of post-partum diabetes screening for mothers with GDM are not only related to their personal and interpersonal factors but are also influenced by the local health system and policies. The multitude of socio-ecological factors must be acknowledged and addressed to improve the screening rates. Educating mothers on the benefits and risks of testing, assisting them in managing competing demands and policies promoting adherence to clinical practice guidelines across all healthcare providers may be packaged as a multi-dimensional intervention to improve the uptake of post-partum diabetes screening.
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Objective: This study aimed to qualitatively explore perspectives, practices, and barriers to self-care practices (eating habits, physical activity, self-monitoring of blood glucose, and medicine intake behavior) in urban Pakistani adults with type 2 diabetes mellitus (T2DM).

Methods: Pakistani adults with T2DM were recruited from the outpatient departments of two hospitals in Lahore. Semistructured interviews were conducted and audiorecorded until thematic saturation was reached. Two researchers thematically analyzed the data independently using NVivo® software with differences resolved by a third researcher.

Results: Thirty-two Pakistani adults (aged 35–75 years, 62% female) participated in the study. Six themes were identified from qualitative analysis: role of family and friends, role of doctors and healthcare, patients' understanding about diabetes, complication of diabetes and other comorbidities, burden of self care, and life circumstances. A variable experience was observed with education and healthcare. Counseling by healthcare providers, family support, and fear of diabetes-associated complications are the key enablers that encourage study participants to adhere to diabetes-related self-care practices. Major barriers to self care are financial constraints, physical limitations, extreme weather conditions, social gatherings, loving food, forgetfulness, needle phobia, and a hectic job.

Conclusion: Respondents identified many barriers to diabetes self care, particularly related to life situations and diabetes knowledge. Family support and education by healthcare providers were key influencers to self-care practices among Pakistani people with diabetes.

Keywords: type 2 dabetes, self-care, self-monitoring blood glucose (SMBG), barriers and facilitative factors, exercice, diet


INTRODUCTION

Diabetes mellitus (DM) is one of the most challenging health care issues of the twenty first century. Type 2 diabetes (T2DM) is the most common form of diabetes and affects more than 90% of people with diabetes. In addition to genetic pre-disposition, physical inactivity,obesity, and unhealthy eating habits are significant risk factors for T2DM (1, 2). In Pakistan, the diabetes prevalence rate is currently 6.9%, but it is projected to reach 15% by 2040, giving Pakistan the fourth highest prevalence of diabetes globally (3).

Self-care practices have been positively correlated with good glycemic control and significant reductions in the progression and development of complications associated with diabetes (4, 5). Diabetes-related self-care practices include healthy eating, being physically active, self-monitoring of blood glucose, and regularly taking prescribed medications (6).

Adherence to recommended diabetes self-care activities is important in achieving the desired glycemic control and reducing diabetes-related complications (7, 8). Despite known clinical benefits associated with diabetes self-care activities, a number of studies report poor adherence to recommended diabetes-related self-care practices (9–11). Adherence to self care depends on patients' lifestyle behaviors, such as adopting healthy eating practices and physical activity (12). Inadequate disease knowledge; poor communication with healthcare providers; and psychological factors, such as depression, are frequently reported barriers to recommended self care (7). Self-care education, family support, and problem-solving skills are commonly suggested facilitators for improving diabetes self-care practices in people with diabetes (1, 13, 14).

To date, several quantitative studies have examined patient knowledge levels and self-care practices among people with diabetes in Pakistan (9, 15–18). Psychological and cultural factors are frequently reported barriers to diabetes self-care in Pakistan (15, 18). These studies reveal gaps in knowledge regarding diabetes and highlight the importance and feasibility of self-care educational interventions (9, 19). Evidence synthesized from a recent network meta-analysis shows that self-care educational interventions are effective in achieving desired clinical outcomes of people with diabetes; for example, a significant reduction in glycated hemoglobin (HbA1c) levels, systolic blood pressure, and lipid profile was observed (20).

Although there are a few published qualitative studies that address self-care experiences (21, 22) and cultural perceptions (23) of people with diabetes from rural areas of Pakistan, none has explored the perspectives and experiences of self care in adult Pakistani people with T2DM residing in urban areas of Pakistan. Second, diabetes has become a serious health challenge for low- and middle-income countries, such as Pakistan, where self-care aspects of diabetes are not properly discussed with patients (21). Exploring T2DM patients' perspective in depth and identifying facilitators and barriers to diabetes self care will not only yield new knowledge regarding self care among this population, but will also help to prioritize treatment targets and design strategies, such as tailored self-care educational interventions, specific to the culture and needs of Pakistani people with diabetes. The objective of this qualitative study is to provide insights into the experiences, behaviors, and barriers to self-care practice among urban Pakistani adults with T2DM.



METHODOLOGY


Study Design and Setting

This study utilizes qualitative research methods to comprehensively explore patients' perceptions and behaviors toward disease-management practices. In-depth interviews were conducted, using a flexible, semistructured guide with an open-ended questioning approach (24), among people suffering from T2DM at Akhuwat Diabetes Clinic Lahore and Awan Medical Complex Lahore, Pakistan (2016–2017).



Ethical Approval

This study was approved by the Monash University Human Research Ethics Committee (MUHREC, Approval Number 7767) and the data collection centers in Pakistan. Informed written consent was obtained from all study participants after providing them with a verbal and written explanation about the purpose and required procedures of the study. Participation in the study was voluntary, and participants were told that they could withdraw from the study at any time. Only verbal consent could be obtained from illiterate participants. Confidentiality was maintained by using study codes. Data access was restricted to study researchers only. The ethics procedures of the study comply with the Declaration of Helsinki.



Study Sample and Data Collection

Patients with T2DM were recruited using convenience sampling. Inclusion criteria were (1) Pakistani national of age more than 30 years, suffering from T2DM for more than 1 year (to allow patients with T2DM to familiarize with facilitators and barriers toward their diabetes self care) and (2) willingness to be interviewed in Urdu language (audiorecorded) within the hospital premises. Patients who were diagnosed with other diabetes types, pregnancy, and cognitive impairments such as dementia were excluded from the study. In order to identify patients who met the inclusion criteria, the first author screened the patients at both diabetes centers by reviewing their medical record files and after consulting physicians who were attending these patients. Patients meeting the study's inclusion criteria were physically approached by the first author while they were waiting for their appointments with the physician at the diabetes care centers. Sixty-four patients met the inclusion criteria. After explaining the purpose and process of the study to the eligible patients, consent was obtained for an audiorecorded interview at the clinic. Thirty-seven eligible patients (response rate of 57.8%) agreed to participate.

Interviews were conducted until thematic saturation was reached (25). The interviews were conducted by a single interviewer (a researcher who was not involved in the provision of healthcare to the participants in the past) to minimize interindividual variability.



Contents of the Interview

A semistructured interview guide (attached in the Appendix) was developed after a literature review (1, 4, 7, 8, 26–31) and discussion with academic and clinical diabetes experts to ensure that key areas of diabetes self care were covered in a culturally acceptable manner. Key domains of self care on which data were collected included knowledge and practices toward diabetes medicine, self-monitoring of blood glucose, healthy eating, physical activity, and continuity of care. It was then piloted (sample size n = 2) to ensure that the content of the interview guide sufficiently covered all domains of diabetes self care. Pre-test interviews were not included in the final analysis. Widely framed and open-ended questions gave ample opportunities to the study participants to share their personal experiences and factors that facilitate and impede their practices toward diabetes self care. Participants were also encouraged to shape their own narratives and share anything further relevant to the topic. In addition, during the interview, relevant keynotes were also taken so as to document key observations and issues.



Analysis

All interviews were audiotaped in the Urdu language before being translated and transcribed verbatim to English language by the first author (AB). The transcribed interviews were reviewed by a second researcher (TMK) to ensure transcriptions were accurate, complete, and unbiased (32–34).

After familiarizing themselves with the data, two researchers (AB, EZ) independently coded the data by using NVivo® software (version 11 plus). A generic thematic analysis approach (35) was used to categorize the codes through several iterations. Themes were identified from the coded data. Discrepancies in coding between the two investigators were resolved through consensus with a third author as required (CL). Emergent themes were then discussed among all the authors for consistency and to minimize the bias.




RESULTS

Thirty-two patients with T2DM participated in the study, of which 21 (65.5%) were female. The age of participants ranged from 35 to 75 years, and all spoke Urdu as their first language. Ten respondents reported being employed, and most of the female respondents were housewives. Table 1 lists the demographic details of the study participants (demographic details of individual participants are provided in the Appendix).


Table 1. Demographic characteristics of the participants (N = 32).

[image: Table 1]

Six themes were identified after an in-depth analysis of the participants' interviews. The list of themes and subthemes are presented in Figure 1.


[image: Figure 1]
FIGURE 1. Thematic presentation of factors influencing self care in diabetes.




THEME 1: ROLE OF FAMILY AND FRIENDS


Medicine Administration

Getting support from family members is one of the important determinants of compliance with medication-taking behavior. Family support in the form of reminders to take medications and help in medicine identification and administration are important facilitators to diabetes self care. Some participants shared that they can identify their medicines only by color or shape, whereas their family members (e.g., spouse and children) helped in identifying and administering their medicines.

“My son has the responsibility to give me medicines. I can't recognize and remember my medicines, as every time doctors change my medicines. My son buys medicines for me and has the responsibility to administer me.” (P12; Male)

Another male participant (P4) further added

“I started with Glucophage (Metformin), and now on insulin. I can identify my medicine from its color, but mostly my wife and my child administer me medicine. My children help me in identifying my medicine.”



Self-Monitoring of Blood Glucose

Participants repeatedly discussed how family members support and motivate them to practice regular blood glucose testing. Family support in the form of glucometer handling is a key enabler reported by most of the respondents for self-monitoring of blood glucose (SMBG). One participant stated

“I check [blood glucose levels] at home twice a week, I have glucometer at home, I cannot operate it, but my daughter-in-law does it for me.” (P1; Female)

Respondents' children were frequently mentioned family supports in diabetes self care. Many participants stated that their children helped them in performing blood glucose checks.

“I have glucometer at home, but I cannot operate it, my children often do it for me.” (P15; Male)

Another male participant (P4) further added this:

“I don't feel any problem as my wife can use a glucometer, she is educated and can operate it.”



Hypoglycemia Management

Some participants mentioned family members as a source of information for their hypoglycemia:

“When you have so many diabetic patients in your family, you will become a doctor because of their disease experience. No one told me about hypoglycemia, I learned from my family members about the symptoms of hypoglycemia and keep a sugar candy or sugar sachet with me always.” (P18; Female)

Very few participants discussed the assistance provided by family members during their hypoglycemic episodes.

“Once I felt such condition [hypoglycemia], when I was sleeping, felt like shaky, tired and weak, I called my daughter-in-law, she brought for me lemonade with plenty of sugar in it. My son got frightened of my condition, but after some time I became normal, before they took me to hospital.” (P1; Female)



Help in Diagnosis

Information and support from the family is an important source, not only for diabetes self care but in diagnosing interviewees' diabetes as well. A few participants reported that they came to know about their diabetes symptoms because of their family members and friends who were already suffering from diabetes.

“Many of my family members and relatives are suffering from diabetes and that's why I knew about the symptoms of diabetes.” (P3; Female)

Another female participant (P9) described the importance of counseling from her family member:

“One of my family members who also had diabetes counseled me that I should take proper diet, follow doctor advice and regularly take my medicine, only then my diabetes will remain under control.”

Another female participant (P32) discussed how her neighbor counseled her to get checked for blood glucose levels.

“Thirteen years before I suffered from weakness and body pains, upon discussion with my neighbor, who was already suffering from diabetes, advised me to get checked from a physician for diabetes. Upon blood sugar check-up form a private hospital at Lahore, it was revealed that my random blood sugar was 320 mg/dL.”



Social Gathering

Diet management is one of the most problematic self-care behaviors as described by the majority of participants. Among the several challenges for adopting a healthy lifestyle, the most commonly mentioned was difficulty in maintaining a healthy diet. Participants specifically mentioned that it was difficult to follow diabetes-related dietary recommendations when food was presented in wedding ceremonies and social get-togethers.

“On marriage ceremonies and on other social gatherings it is difficult for me to manage my diet, due to plenty of sugar-rich food served there.” (P15; Male)

Some participants highlighted the unavailability of diabetes-specific food in social gatherings, especially marriage ceremonies.

“In marriage ceremonies, no food is available for diabetes patients, so I tend to eat whatever served.” (P22; Female)

Problems with adhering to their medicine intake in social gatherings were also reported by the study participants.

“At maximum, I skip one dose, only when I am out of my house to attend some family get-together, but I take the rest of the medicines properly on my return to home. It's very rare that I forget my dose.” (P13; Female)

A male respondent (P26) further added in to this:

“Whenever I go out to attend family parties, I forget to take my medicine.”




THEME 2: ROLE OF DOCTORS AND HEALTHCARE


Variable Experience With Education and Healthcare Provided

Education from physicians is one of the most important determinants for change in self-care practices. Counseling and education from physicians not only improved the knowledge of the study participants, it was a source of encouragement for them as well. Many participants acknowledged and clearly valued their physician's counseling regarding medication adherence and adopting a healthy diet plan.

The majority of the study participants mentioned that they were strictly adhering to their prescribed antidiabetic medications' schedule as compared to other self-care practices.

“I take my medicines regularly because my doctor advised that whether I take meals or not, I must take my medicines regularly.” (P2; Female)

A female participant (P24) mentioned

“Doctor wrote for me clearly and in bold on medicine pack and blisters, and my children can read that easily.”

Participants indicated that their healthcare providers were a major source of encouragement for medication adherence.

“Initially, I use to take my antidiabetic medicines irregularly because whenever I got my blood sugar levels tested, it used to be normal (140-150), so I did not pay heed toward my regular medicine intake. But my doctor advised me to take it regularly otherwise my disease will worsen. Now I take my medicine regularly.” (P3; Female)

The majority of patients reported being properly counseled by their physicians to do regular exercise and about its importance in their diabetes self care.

“Doctor guided me to do daily 30 minutes' walk early morning. It's the only exercise I have to do, and I do it regularly.” (P30; Male)

Another male participant (P15) further added

“I do 45 minutes' walk daily. My doctor advised me, and I am aware of its importance as well.”

Participants were aware of the need for dietary modification for their diabetes self care. Most of them commonly described being counseled either verbally or in writing by their healthcare providers about dietary modification during their visits for medical checkups.

“Doctor gave me a diet plan, which is hanging on our kitchen wall, I follow it mostly. I avoid sugar, sweets, soft drinks and meat.” (P10; Female)

Another female participant (P13) mentioned

“My doctor gave me a diet plan and I follow it with true spirit. I know about my dietary precautions and I have been counseled by my doctor properly. I avoid sugar, rice, carbonated sugar drinks and beef, but take mutton sometimes.”

Participants elaborated that they had received information on “what to eat and how to eat,” and they had been advised “to eat more green leafy vegetables and locally available fruits.” Interviewees stressed the fact that they should follow what is being advised to them for leading a healthy life and appreciated that a change in dietary behavior is good for their health.

“Doctor advised me to avoid rice, seafood, potatoes. Eat less but more frequently.” (P22; Female)

Participants were aware and educated about the importance of a portion diet and ideal food choices for diabetes. A female participant (P21) shared her views:

“I am aware of my diet planning, as the doctor guided me well about it. I know the kind of food which is beneficial and harmful to me.”

Some participants mentioned that they gained knowledge about hypoglycemia, associated symptoms, and its management from their physicians:

“Doctor told me that if I feel restless and sweating, I should take something sweet and always keep a sugar candy with me.” (P16; Female, P14; Female; P30; Male)

Another male participant (P20) added

“My doctor counseled me about the possibility of being hypoglycemic, as I was prescribed with two types of capsules and insulin for my diabetes.”

Those who received education about hypoglycemia were aware of its emergency management at home:

“Now I am aware that I will eat something sweet whenever my blood sugar levels are low.” (P29; Female)

Very few participants were aware of keeping sugar with them for emergency management of hypoglycemia:

“Quite often I experience fatigue, hunger, palpitation. I know such condition is because of low blood sugar levels and I eat dates or anything sweet available at home.” (P32; Female)

At the same time, a different experience with healthcare providers was shared by some of the participants. According to these interviewees, the self-care aspect of diabetes management and the significance of routine checkups were not discussed with them by their physicians during their consultations.

“Doctors did not advise me to get my eyes and kidneys checked regularly.” (P3; Female)

Another female participant (P5) added

“I did not go for regular checkup of my kidney and eyes, as my doctor did not advise me for these check-ups.”

One female participant (P31) mentioned

“I get my eyes and kidneys checked myself, but doctors never asked me to do so. Doctors use to ask me about my previous medicine intake behavior but never asked me about my dietary habits.”

A few participants expressed their feelings that they were not treated well by their physicians.

“Doctors never guide me about my medicines, if I ask them, they simply reply, ask dispensers for this.” (P2; Female)

A female participant (P24) shared her experience:

“Doctors don't give me sufficient time, just write a prescription for me…”

Another female participant (P25) shared her expectations toward her physician:

“I want my doctor to listen to my medical concerns in detail and counsel me properly.”

A small number of interviewees also reported that their physicians never asked them about their routine diet and medicine intake behaviors. They insisted on getting more information from their physicians about diet planning and lifestyle modifications.

“Doctor never asked me about my diabetes medicines intake and dietary precautions.” (P26; Male)

Participants showed their interest in receiving detailed information from their physicians about their lifestyle modifications:

“Doctor never asked me about my diet and medicine routine. I want my doctor to guide me about my diet plan.” (P22; Female)

Another male participant (P30) further added this:

“Doctors never asked me about my diet and medicine intake. Doctors write in English language which I cannot understand, so I request him to write it for me in Urdu language.” (P30; Male)

One male participant (P20) shared his experience of not receiving written diabetes educational material from the healthcare facility:

“I did not receive any written material from clinics regarding diabetes.” P20

Despite the serious nature of hypoglycemia, most of the participants indicated that they did not receive education about hypoglycemia and its management from their physicians.

“My doctor never told me about the symptoms and management of hypoglycemia.” (P5; Female)

Some participants mentioned that, although they were not properly educated about hypoglycemia and its management, they knew to eat something sweet in case of hypoglycemia:

“I was not told about this (hypoglycemia). But whenever I feel that I am having a low blood sugar level, I take sugar at my own.” (P1; Female)

Another male participant (P12) further added

“I don't know the symptoms of a low blood sugar levels and did not experience it (hypoglycemia) yet. But I know I will eat sugar candy.”



Patients Attend Appointments Irregularly

Most of the study participants shared that they were more likely to consult their physicians when they experienced ill symptoms or in case of disease severity.

“I visit my doctor only in case I feel I am having low blood [blood pressure], but most of the time blood [blood pressure] is normal but my sugar level is high.” (P8; Female)

Another female participant (P29) shared her experience:

“I consult doctor irregularly, only when I am facing some medical problem.”

Some patients shared that they visited their physician only in case of medical emergency:

“Without any medical issue, I never visit my doctor. Today I am visiting my doctor after about 6 months. As I believe if I am taking my medicines regularly and without any emergency condition, there is no need to visit my doctor.” (P19; Female)

One female participant (P28) reported

“I visit my doctor only in case of a medical emergency and when my sugar levels are not being controlled.” P28

A considerable number of study participants mentioned that they visit healthcare facilities only to get their medicines refilled free of cost rather than for a routine medical checkup.

“I visit a hospital after one month, just to take my medicines for diabetes and return home, no one (from hospital) inquires me about my disease and how I am taking my medicines and diet.” (P2; Female)

The same thoughts were shared by other participants:

“I visit my doctor to refill my prescription.” (P9; Female)

“I visit my doctor every month because on the visit I get free (medicine) insulin.” (P15; Male, P22; Female)

A female participant (P1) shared her experience:

“I visit my doctor after every 15 to 30 days, as I have to get insulin free of cost from the diabetic clinic after consultation. Only once I got checked for my kidney and eyes.”

Only a few of the study participants mentioned that they visited their physicians for routine checkups.

“I visit my doctor after every three months for a routine checkup or in case I have some problems. The doctor advised me to get my eyes checked after every 3 months because my vision is being adversely affected by my diabetes.” (P11; Male)

One female participant (P24) mentioned that her physician educated her about the importance of regular medical checkups:

“I visit the doctor after every month, irrespective of having any medical issue. Doctors advised me to get myself checked regularly for follow-up purposes.”

Blood glucose testing was also a reported reason for a healthcare facility visit by a few study participants.

“After every week, as I have to get my blood sugar levels checked. I visit my doctor for my lab reports review too.” P7




THEME 3: PATIENTS' UNDERSTANDING ABOUT DIABETES


Information From Family and Friends

When the participants were asked how they were diagnosed with diabetes, many of them mentioned their family members and friends as primary sources of information for their diabetes.

“People shared with me that excessive urination was due to the weakness of bladder, some said I should drink plenty of water, and some advised to take soft-drinks, but no one told me about diabetes.” (P1; Female)

Some participants perceived diabetes as a curable disease.

“My husband told me that I will be cured of diabetes, and I was not upset, as I did not know about it, and was expecting that it will be cured.” (P13; Female)

A similar experience was shared by another male participant (P6).

“I realized that things will be normal, and nothing is going to happen to me. I was expecting that my diabetes will cure after taking medicine for a couple of months. But now after one year, I have realized that I have to take medication and diet control for rest of my life.”

A few myths were shared by the study participants regarding the cause of their diabetes.

“I thought I became diabetic patient due to herbal medicines, which I was taking for treatment of my kidney stones treatment.” (P23; Female)

According to a female participant (P5), glucose infusions were the cause of her diabetes.

“Due to excessive administration of glucose infusions, when I got gallbladder surgery around 10 years back, was the reason for my diabetes.”

On the other hand, a female (P9) participant thought that depression was the cause of her diabetes

“I became diabetic patient due to depression of my friends' death, the initial symptoms I got were excessive urination.”



Symptomatic Presentation at Diabetes Diagnosis

The majority of participants described experiencing a variety of ill symptoms, such as frequent urination, fatigue, and body pains, especially in their lower limbs (which they did not attribute to diabetes), which drove them to visit a doctor. For instance, according to male participant P1,

“Due to pain in my legs and frequent urination, I consulted the doctor and was diagnosed with diabetes.”

Some patients went for other disease checkups and were diagnosed with diabetes:

“Due to vertigo and fatigue I visited my family physician along with my husband, I was diagnosed with diabetes, at that time I did not even know what diabetes is?” (P13; Female)

Another female participant (P17) shared her experience of diabetes diagnosis:

“I was admitted into a hospital due to dengue fever, and was diagnosed with diabetes, at that time my blood sugar was 300 [mg/dL].”

Delayed wound healing also led to a diabetes diagnosis in a few participants:

“I had a wound on my leg which was not healing despite taking antibiotics. Upon complete lab testing, I was diagnosed with diabetes, which was the reason, why my wound was not healing.” (P21; Female)




THEME 4: COMPLICATIONS OF DIABETES AND OTHER COMORBIDITIES


Fear of Complications—An Incentive to Self Care

Illness perception is a key factor that seems to influence participants' decisions to adhere to their recommended medications and SMBG levels. Irrespective of diet and lifestyle adherence, most of the study participants mentioned that they were strictly adhering to their prescribed antidiabetic medication schedule, which they attributed to fear of ill symptoms and complications associated with poor diabetes control. The appearance of body pains, fatigue, and troublesome frequent urination were the most frequently mentioned fears by the respondents.

“If I discontinue my medicine my blood sugar level will increase and I will suffer from body pains again, that is why I never think of discontinuing my therapy.” (P16; Female)

Fear of acquiring diabetes-related complications is the most notable patient concern if they do not adhere to their recommended medicines.

According to a female participant (P17),

“I know my diabetes get worse if I did not take care of it.”

A female participant (P2) further added to this:

“As I take my medicines regularly, I can walk and perform my daily life activities, otherwise, it becomes difficult for me to walk even.”

Staying healthy and keeping blood sugar levels within normal limits are key enablers to perform blood sugar testing as reported by many respondents.

“I check my blood glucose levels every 2 to 3 days, especially when I am not feeling well.” (P4; Male)



Comorbidities

Comorbidities can limit one's ability to self care. Some participants have a plethora of comorbidities, ranging from joint problems to body pain and fatigue, which restricts them from pursuing regular physical activity. Body pains, especially in the legs and feet, are the most commonly reported barrier to maintaining daily exercise. Some remarks by patients that brought forth this point are

“I have been doing a walk regularly. But for the last 6 months, I am not doing a regular walk, because of pain in my legs.” (P11; Male)

Another female participant (P18) further added to this:

“For a long time, I am not doing exercise because of the pain in my legs and feet. I got weak now and cannot exercise due to muscles pain.”

Many of the study participants mentioned that they tried to do exercise at the same intensity and duration as their healthcare providers advised them, but fatigue, body pains, and injuries to the knee and hip bone hamper their ability to sustain a regular exercise.

“My doctor advised me to do walk, but I can't walk or do any sort of exercise because of my hip bone problem.” (P21; Female)

Some of the participants reported that they were no longer able to do exercise because of their comorbid condition, such as heart problems.

“Before having a heart attack I used to do exercise. Now after having a heart attack I cannot do exercise. I feel like my muscles become weak and get exhausted with a light walk.” (P4; Male)




THEME 5: BURDEN OF SELF-CARE


Loving Food

Cravings for particular types of foods, such as desserts, make it difficult for several respondents to avoid sugar and other foods that are restricted in diabetes. One female participant (P1) shared her experience:

“I don't strictly avoid sugary food, sometimes I do eat those. I love to eat sweets. One month back someone gifted a pack of sweets to us, my family members kept it inside the refrigerator, so that I should not be aware of it, but once I looked at it, I ate it in the absence of my family and nothing happened to me.” (ha-ha. patient laughs aloud)

Participants voiced frustration with sacrificing their food liberty. In regard to dietary issues as barriers to their diabetes self care, one participant stated

“I feel it very difficult to sacrifice my food liberty. I am a food lover and it is hard for me to live a tasteless life, so quite often I enjoy the food of my choice.” (P20; Male)

A female participant (P32) shared her experience:

“Sometimes I do take sweets, for example, I am fond of a traditional sweet ‘Halwa,' and I eat it despite knowing the fact that it is full of sugar.”



Needle Phobia

Fear of pain associated with fingertip pricking is a reported barrier for frequent SMBG by a few participants. One participant stated

“Doctors advised me to check (blood glucose levels) daily, but I am afraid of needle prick.” (P24; Female)

Another male (P30) mentioned a fear of the needle linked with his insulin injections:

“Because of my extensive insulin therapy, I am afraid of needle now,”



Forgetfulness

A few respondents claimed to be negligent in taking their medicine and refilling prescriptions.

“I forget to take medicines sometimes and don't take when medicine stock is finished at home.” (P14; Female)

A male participant (P15) further added

“I take my medicines regularly, but sometimes I forget to take, as I feel I am losing memory due to diabetes. I do take insulin with me when I travel outstation and keep it in the refrigerator but still, sometimes I tend to forget.”




THEME 6: LIFE CIRCUMSTANCES


Unaffordability

Affordability of healthy food is a commonly mentioned barrier to adopting a recommended diet plan.

“There is no question about the diet plan and food restrictions for a person who can hardly afford two times meal for her, I can hardly manage to buy 250 ml of milk and four slices of bread a day, which I utilize for my whole day and sometimes my neighbors give me bread for my lunch.” (P31; Female)

A female participant (P9) further added

“I can't follow the diet plan because the food mentioned in it is difficult to understand and afford. Only rich people can afford such menu and time schedule, like two servants are required to serve it and make you stick with that diet plan. I follow some parts of the diet plan, which I can understand and afford.”

A lot of the interviewees admitted that, despite receiving a diet plan, they ate whatever was cooked at their home:

“My doctor gave me a diet plan. I can understand it but cannot follow it due to unaffordability issues, so eat the food which is cooked at home.” (P16; Female)

The cost associated with blood glucose monitoring is also reported as one of the reasons why participants did not practice blood glucose testing regularly.

“I don't have a blood sugar checking facility in my village … above all it is expensive too, and hard for me to afford.” (P18; Female)

Even so, the cost associated with insulin is also reported as a reason for medicine non-adherence:

“Insulin is very effective, during my job I was provided with free insulin, but as of now I am retired from my job, it's expensive and difficult for me to afford. But the person who discovered insulin God bless him, as he saved millions of lives like mine.” (P15; Male)

A female participant (P18) further added

“I don't have a blood sugar checking facility at my village and its available far away from my home and above all it is expensive and difficult to afford.”



Job is Busy

Hectic work schedules and other job-related responsibilities and obligations are reasons why some of the participants could not adhere to their recommended healthy eating habits. According to one respondent,

“I know to eat less and more frequently, but due to the nature of my job, I cannot adopt it.” (P26; Male)

In regard to the medicine intake schedule, one male participant (P12) mentioned

“I do take medicines regularly but due to business when I have to go out of the city, I don't take medicine stock with me for days”

Participants indicated that it was difficult to incorporate recommended physical activities into their daily life due to the hectic nature of their job:

“I do not do regular exercise due to my overburdened job nature.” (P26; Male)

Some participants further added to this, citing fatigue due to the tiring nature of their job, which impeded their exercise routine:

“I have no spare time from my work to do exercise, after the job I am so tired to even think of exercise” (P8; Male)



Need to Do Housework

Several participants expressed that they are not required to do regular exercise as they think that their routine life activities are a fair substitute for their exercise. One response pointing this aspect is

“I perform my household work which I consider enough replacement for my exercise.” (P21; Female)

Another female participant (P9) further added to this:

“My working at my home and kitchen is my exercise, as I am the only working lady at my home.”



Extreme Weather Conditions

Some respondents mentioned that the harsh weather conditions during winter and summer impede their engagement in regular physical activity.

“I regularly go for a morning walk for about 25 to 30 minutes, except when I had severe body pains and during unfavorable weather conditions, like rain, hot and cold weather. Nearly one month during winter I do not go for a walk due to foggy weather.” (P32; Female)

A similar experience was shared by male respondent (P20):

“I walk for around one hour daily. But for the last few weeks due to extreme weather conditions [hot weather], I am avoiding my routine walk.”




DISCUSSION

This study explores the perceptions, experiences, enablers, and barriers to diabetes self care by patients with T2DM living in urban areas of Pakistan. Diabetes self care requires adopting a healthy lifestyle in addition to adhering to prescribed medicine and regular blood glucose testing. Overall, participants exhibited a poor knowledge about diabetes, complications associated with diabetes, and the importance of healthy diet and regular exercise.

Counseling by healthcare providers and family support assists the participants for better disease management. Those who are unsuccessful in adopting self care identified several barriers, especially adhering to a healthy diet plan and physical activity. Previously published studies focus on views and self-care experiences of people with diabetes living in rural areas of Pakistan (21, 22).

Support from family members promotes self-care practices among study participants in a variety of ways, including medicine identification, medication administration, blood glucose testing, and managing hypoglycemia. Several participants remarked that they had difficulty in medicine identification and glucometer handling for their blood glucose testing although assistance and encouragement provided by their family members facilitated them in medication adherence. The importance of family support as an enabler to improve medication adherence and blood glucose testing in people with diabetes living in rural areas is reported in both low- and middle-income (4, 36) and high-income countries (1, 8).

Participation in social gatherings, such as wedding ceremonies, is a frequently shared barrier to self care by the participants, because the food served at such occasions is highly unsuitable for people with diabetes. Our results are consistent with those of Tewahido and Berhane (37) and Lekoubou et al. (38), which indicate food related to sociocultural norms poses a significant barrier to effective diabetes management. Healthy eating practices can be improved in people with diabetes by considering the cultural aspects of food and individuals' taste preferences (39).

Living as a joint family is a part of Pakistani culture, and the eating behaviors of family members can influence the eating habits of diabetes patients in the family (40). Cultural norms coupled with affordability issues are posing a lot of difficulties for Pakistani people with diabetes in adopting healthy eating practices (21) as is evident from the fact that most of the study participants mentioned that they had to eat whatever was cooked at home. Our results are also consistent with those of Ansari et al. (21), who find a lack of social and family support in dietary adherence of middle-aged diabetic patients residing in rural areas of Pakistan.

Variable experience with healthcare providers and disease education is shared by the participants. Most of the participants describe education by healthcare providers as one of the major facilitators to their diabetes self care. Interviewees expressed that their physicians were not only a source of information for their medicines, blood glucose level monitoring, diet planning, and hypoglycemia management, their encouragement also supported the participants in improving medication compliance, physical activity, and healthy eating habits. These findings are consistent with many published studies in which the knowledge and reassurance provided by healthcare providers assists participants in behavior modifications and managing their diabetes in a better way (8, 41).

At the same time, a different experience was shared by other interviewees. Concerning the patient–doctor relationship, some participants shared the fact that they were not educated about various aspects of self care. A similar experience of dissatisfaction with physicians' attitudes has been reported by Ansari et al. (21), in which the self-care component of disease management was not discussed with Pakistani people with diabetes dwelling in rural areas.

Hypoglycemia is an acute medical complication and requires immediate identification and management to minimize vital organ damage. Although the incidence rate of hypoglycemic episodes is very low in T2DM patients in the first few years of their diagnosis, it can increase up to 25% with disease progression and the patient's shift to insulin (42). While attaining the target of glycemic control in people with diabetes, prevention of hypoglycemia remains one of the main hurdles (43). In our study, only a few participants shared that they were instructed by their physicians about hypoglycemia and its management at home. Whereas the majority were unaware of the symptoms of hypoglycemia and its management and urged their physicians to guide them about hypoglycemia and its emergency management at home. Educating people with diabetes about symptoms of hypoglycemia, associated risk factors, and preventive strategies will result in achieving desired health-related outcomes (44).

Delayed and irregular access to healthcare services leads to poor disease management and increased morbidity (45, 46). In our study, an irregular pattern of healthcare access was reported by the participants; patients visit healthcare facilities only when they are experiencing ill symptoms, in case of a medical emergency, to refill their prescription for free medicine, and for free blood sugar testing. Unaffordability, low education levels, and poor counseling by healthcare professionals about the importance of regular medical visits are the main barriers to regular healthcare facility visits.

Surprisingly, the majority of interviewees stated that their diabetes diagnosis was unexpected: They were suffering from diabetes symptoms, but they did not know that these symptoms were due to diabetes. Family and friends were the source of information for diabetes and its associated symptoms, which mentally prepared the participants for healthcare facility visits and arriving at their diabetes diagnosis.

After being diagnosed with diabetes, many of the participants in our study believed that diabetes was a curable disease. A realm of myths about the cause of diabetes was cited by study participants. Some attributed cause of their diabetes to herbal medicine use, depression, and as a consequence of medication side effects.

Self-perception about their health is a strong facilitator that emerged from this study. In the case of chronic diseases, illness perceptions can shape a positive framework that promotes self-care (47). Fear of complications due to poorly controlled diabetes motivates study participants to adhere to their therapeutic regimens. Broadbent et al. (48) also report similar findings, in which adherence to medication, physical activity, and diet is significantly influenced by patients' diabetes perceptions.

Several barriers to self-care practices emerge from this study. These barriers include financial constraints, the hectic nature of their job, physical limitations, needle phobia, a food-loving nature, and extreme weather conditions. Unintentional non-adherence to medicine due to financial constraints and being over-occupied with a job among Pakistani people suffering from chronic diseases are also reported in another recently published study (30). Injection site pain, unaffordability, and being fed up with routine medicine intake significantly reduces medication compliance and frequency of blood glucose testing.

Cravings for specific foods coupled with unaffordability are among serious challenges that make dietary adjustments difficult for people with diabetes. High costs associated with healthy food choices make it difficult to adopt recommended dietary practices for patients with chronic diseases with a low socioeconomic status (27, 29).

Physical activity in people with diabetes is an important aspect of effective glycemic control and controlling the progression of the disease. Adopting healthy lifestyle modifications, especially physical activity, are frequently reported barriers in many studies (49, 50). Similar to the finding of Lawton et al. (28), in our study, the hectic nature of the job, suffering from comorbid conditions, and extreme weather conditions are commonly reported barriers to physical activity. Several myths are also observed, such as respondents (especially housewives) thinking that their household work was a fair replacement for their exercise.

Our study findings have some practical implications for the healthcare system of Pakistan. First, the inadequate knowledge about a healthy diet and the importance of exercise necessitates healthcare providers to educate their patients about these important aspects of diabetes self care by dedicated face-to-face educational sessions supplemented with informational leaflets and other relevant materials. Second, self-care education must also include information about the causes, complications, and prognosis of diabetes and should be tailored to the cultural perspective and individual patient needs.


Limitations

Although our study presents new insights into the practices and experiences of T2DM patients in urban areas of Pakistan, there are a few limitations. First, being a qualitative study, one of the limitations is its possible selection bias. Second, there is gender asymmetry in our study participants. Third, self-care practices have not been explored with respect to socioeconomic status and educational background of the study participants. We planned to recruit an equal number of male and female T2DM patients, but due to a higher proportion of female patients at the data-collection sites, more females volunteered for the study. However, it is important to bear in mind the qualitative design of the study, in which the objective of the study is in-depth exploration of problem rather than generalizability.



Conclusion

Overall, study participants demonstrated poor knowledge about diet planning, the importance of regular exercise, blood sugar testing, and hypoglycemia management. The interviewees also demonstrated the need for counseling by their healthcare providers for diabetes-related self-care practices. Barriers to self care received more prominence in comparison to the facilitating factors. Thus, catering to the informational needs of people with diabetes by an individualized and culturally sensitive self-care educational program should be considered an ideal approach to achieve the desired therapeutic outcomes. Patient education and motivation for appropriate diabetes self care are of paramount importance to improve patients' disease knowledge and self-care practices. The findings of this study will help in designing culturally appropriate and patient-tailored self-care educational interventions for people with diabetes in Pakistan.
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Background

Insight in sex disparities in the detection of cardiovascular risk factors and diabetes-related complications may improve diabetes care. The aim of this systematic review is to study whether sex disparities exist in the assessment of cardiovascular risk factors and screening for diabetes-related complications.



Methods

PubMed was systematically searched up to April 2020, followed by manual reference screening and citations checks (snowballing) using Google Scholar. Observational studies were included if they reported on the assessment of cardiovascular risk factors (HbA1c, lipids, blood pressure, smoking status, or BMI) and/or screening for nephropathy, retinopathy, or performance of feet examinations, in men and women with diabetes separately. Studies adjusting their analyses for at least age, or when age was considered as a covariable but left out from the final analyses for various reasons (i.e. backward selection), were included for qualitative analyses. No meta-analyses were planned because substantial heterogeneity between studies was expected. A modified Newcastle-Ottawa Quality Assessment Scale for cohort studies was used to assess risk of bias.



Results

Overall, 81 studies were included. The majority of the included studies were from Europe or North America (84%).The number of individuals per study ranged from 200 to 3,135,019 and data were extracted from various data sources in a variety of settings. Screening rates varied considerably across studies. For example, screening rates for retinopathy ranged from 13% to 90%, with half the studies reporting screening rates less than 50%. Mixed findings were found regarding the presence, magnitude, and direction of sex disparities with regard to the assessment of cardiovascular risk factors and screening for diabetes-related complications, with some evidence suggesting that women, compared with men, may be more likely to receive retinopathy screening and less likely to receive foot exams.



Conclusion

Overall, no consistent pattern favoring men or women was found with regard to the assessment of cardiovascular risk factors and screening for diabetes-related complications, and screening rates can be improved for both sexes.
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Introduction

In 2019, an estimated 463 million adults aged between 20 and 79 years had diabetes, affecting 9.0% of women and 9.6% of men globally. Cardiovascular diseases (CVD) are one of the most common complications of diabetes, with individuals with diabetes being two to three times more likely to develop CVD compared to those without diabetes (1). Other common diabetes-related complications include diabetic nephropathy, retinopathy, neuropathy, certain cancers, physical and cognitive impairment, depression and several types of infectious diseases (1, 2).

Although incidence rates of major CVD have been reported to be higher in men than women with and without diabetes (3, 4), there is a growing body of evidence showing that the relative risk of major cardiovascular complications conferred by diabetes is larger in women than men (2–8). Several large studies have shown that the relative risk of ischemic heart disease conferred by diabetes can be up to 50% higher in women than men (3, 5, 8). A sex differential in the consequence of diabetes has also been reported for stroke, where the relative risk of stroke was 27% higher among women than men (6). Less is known about sex differences in the effects of diabetes on microvascular complications. A meta-analysis has demonstrated that diabetes confers a 19% higher relative risk of vascular dementia in women than men (9). Sex differences have also been shown for end-stage renal disease, but not for chronic kidney disease (10).

Underlying mechanisms that explain the higher excess risk of (vascular) complications, conferred by diabetes, in women remain uncertain but may include sex disparities in the uptake and provision of healthcare (2). Currently, many guidelines on diabetes management exist. These evidence-based guidelines provide similar recommendations for both sexes on the assessment of risk factors and screening for diabetes-related complications. Therefore, throughout this systematic review, the term “disparity” will be explicitly used to refer to differences in risk factor assessment and screening for cardiovascular risk factors between men and women.

More insight in sex disparities concerning the uptake and provision of diabetes management may eventually result in more personalized diabetes care, thereby helping to further diminish the burden in both sexes. We conducted a systematic review to study whether sex disparities exist in the assessment of cardiovascular risk factors and screening for diabetes-related complications among people with diabetes.



Methods

The protocol of this study was registered at the international prospective register of systematic reviews (PROSPERO) registry (registration number: CRD42018104414). We performed this review according to the guidelines of the preferred reporting items for systematic reviews and meta-analyses (PRISMA) (11).


Search Strategy and Study Selection

Observational studies (including before-after studies) on the assessment of cardiovascular risk factors (HbA1c, lipids, blood pressure, BMI, and smoking status), and screening for complications (retinopathy, nephropathy, and foot ulcerations/deformities/sensory decline), in men and women with diabetes, were identified through systematically searching PubMed (1/1/2009 up to April 2020) (Supplemental Table I). After having identified a set of eligible studies using our search strategy, we performed manual reference and citation screening (snowballing) using Google Scholar. This method has previously been described as a good alternative to database searches once a number of eligible studies have been identified (12). Studies were included if data on the assessment of cardiovascular risk factors or screening for diabetes-related complications were provided separately for men and women. Studies presenting insufficient information about the effect size or direction of sex disparities were excluded (i.e. studies only presenting p-values). Only full-text articles written in English or Dutch were considered eligible for inclusion. Studies also including individuals without diabetes were eligible if results for individuals with diabetes were presented separately. Studies on gestational diabetes were excluded, as well as studies on which data on risk factor assessment were only adjusted for, rather than analyzed by, sex. Furthermore, studies primarily focusing on children or adolescents were excluded.



Outcomes

The outcomes of interest were; assessment of HbA1c, lipids, blood pressure, smoking status, and BMI, screening for nephropathy, retinopathy, and performance of foot examinations, or any combination, all reported as binary variables (yes vs. no). For all outcomes of interest, we used “assessment of cardiovascular risk factors” and “screening for complications” as defined by the original article. When studies showed multiple outcome definitions, we chose the one closest to (inter)national guidelines.



Data Collection and Management

Data extraction was performed by one author (MJ) and checked by a second author (RV). Any discrepancies between the authors during data collection were discussed with a third author (SP). The extracted data comprised: authors’ names and year of publication, country, study period, number of participants (% women), age, reported outcomes (including measures of association with corresponding confidence intervals (CIs)), and data source (Supplemental Table II).



Quality Assessment

The methodological quality of the included studies was assessed by one author (MJ) and checked by a second author (RV), using a modified Newcastle-Ottawa Quality Assessment Scale for cohort studies (13). The modified scale includes six items under three categories: selection, comparability and outcome. Any discrepancies were discussed with a third author (SP).



Data Synthesis and Analyses

It was decided beforehand not to perform any meta-analyses due to the expected heterogeneity between the included studies. Qualitative analyses were restricted to studies adjusting their analyses for age or when age was considered as an important covariable but left out from the final analyses for various reasons (i.e. backward selection). Studies only presenting crude numbers and percentages or unadjusted results are presented in Supplemental Table III. Where reports with overlapping study populations were found and similar outcomes of interest were studied, the study presenting data from the most recent study period or the study with most participants was included. Similarly, where studies were repeated over time, only studies with the most recent data or largest number of study participants were included. For example, the UK National Diabetes Audit is repeated every year and only data from the most recent report relevant for the outcomes of interest were extracted. Characteristics of the studies excluded from qualitative analyses are shown in Supplemental Table IV.

The results are presented as odds ratios (ORs) or risk ratios (RRs) with 95% CIs, with men as the reference category, unless otherwise specified. When studies only reported stratified results, e.g. by age group, ORs/RRs and the 95% CIs in each stratum were summarized using a fixed effect model. For studies that stratified the results by year, with potential overlap of included participants between strata, results from the most recent year were extracted. If studies presented multiple models, only the most extensive adjusted models were extracted. Forest plots without pooled effects were used to visualize the adjusted estimates and corresponding CIs across studies included for qualitative analysis.




Results

Overall, 81 studies were included for qualitative analyses (14–92) (Figure 1). Characteristics of the included studies are presented in Supplemental Table II. The majority of studies were from Europe or Northern America (37% and 47% respectively), eight from Asia, two from Oceania, one from Africa, and one from South America. Of the 81 studies, 55 (68%) reported data on individuals with diabetes (without specifying the subtype), and 24 (30%) on individuals with type 2 diabetes. In addition, two reports from the UK National Diabetes Audit reported data on individuals stratified by diabetes subtype. Given that no other reports presented data on individuals with type 1 diabetes, only data from individuals with type 2 diabetes were extracted from the two reports. The number of included individuals per study ranged from 200 to 3,135,019. Data were extracted from various data sources (i.e. (population-based) surveys, medical records and administrative claims data) in a variety of settings, including primary care, outpatient clinics, and hospital settings.




Figure 1 | Flowchart of study selection. PubMed search was used to obtain a suitable start set for snowballing.




Risk of Bias

The risk of bias was moderate with 78% of studies showing either fair or good study quality with clearly reported information about study design, in- and exclusion criteria, data collection, and assessment of the outcome. Although most studies included a representative sample, there was considerable heterogeneity between studies with regard to the study populations making it more challenging to score this aspect (Supplemental Table IV).



Assessment of HbA1c

In total, 36 studies, including 6.6 million individuals, were included with median assessment rates of 74% in women and 73% in men. Most studies showed no statistically significant sex disparities in the assessment of HbA1c (70%), while 19% showed that women were more often receiving assessment of HbA1c than men, and 11% showed that men were more often receiving assessment of HbA1c than women (Figure 2).




Figure 2 | Assessment of HbA1c, expressed as adjusted odds ratios (OR) or relative risks (RR) with corresponding 95% confidence intervals (CI). Two studies are not presented in this figure because of their measure of association: Swietek et al. (33): Average Marginal Effect, (SE; p-value): −0.00031 (−0.0044; >0.05), Du et al. (92): Prevalence difference (95% CI): 3.5 (−1.0;8.0). W = % of screened women; M = % of screened men; US, United States; UK, United Kingdom; ± = 99% CI; # = Relative risk; ^ Weighted %; ^^ = Kaplan-Meyer estimates; ^^^ = Estimated %; * = statistically significant. Men = reference.





Assessment of Blood Pressure

The assessment of blood pressure, by sex, was reported by nine studies including 3.7 million individuals. Median assessment rate across studies was 79% (range 48% - 98%). Sex-specific percentages of blood pressure assessment were reported by three studies, ranging from 78% to 94% in women and 77% to 96% in men. Five studies showed no statistically significant disparities in the assessment of blood pressure, while three studies showed that women were more likely to receive blood pressure screening and one study reported men being more likely to receive blood pressure screening (Figure 3).




Figure 3 | Assessment of blood pressure, expressed as adjusted odds ratios (OR) or relative risks (RR) with corresponding 95% confidence intervals (CI). W = % of screened women; M = % of screened men; US, United States; UK, United Kingdom; # = Relative risk; ^ Assumed to be weighted %; * = statistically significant. Men = reference.





Assessment of Lipids

The assessment of lipids, by sex, was reported by 27 studies, including 5.4 million individuals. These studies reported on various lipid measurements, including the assessment of LDL, HDL, lipid profile, (total) cholesterol, HDL/TC-ratio, and triglycerides. Among the fifteen studies reporting the assessment of either lipids or (total) cholesterol, assessment rates ranged from 40% to 96%, with a median of 73%.

Over half the studies (8/15) reported no statistically significant or only small sex disparities, while four studies reported that, compared with men, women were less likely to receive screening, and three studies showed that women were more likely to receive screening.

Twelve studies, including data from 829,819 individuals, reported sex-specific assessment of LDL. Five studies reported that women were less likely to receive screening, four studies reported that women were more likely to receive screening than men, and the remaining three studies showed no sex disparities.

Two studies investigated sex disparities in the assessment of HDL measurements, with one reporting that women were more likely to receive screening.

One study reported on the assessment of triglycerides, showing that women were less likely to receive screening than their male counterparts (Figure 4).




Figure 4 | Assessment of lipids, expressed as adjusted odds ratios (OR) or relative risks (RR) with corresponding 95% confidence intervals (CI). One study is not presented in this figure because of the measure of association: Swietek et al. (33): Average Marginal Effect (LDL), (SE; p-value): 0.0045 (−0.0042; >0.05). W = % of screened women; M = % of screened men; US, United States; UK, United Kingdom; # = Relative risk; ^ = Kaplan-Meyer estimates; * = statistically significant. Men = reference.





Assessment of BMI

Two studies reported sex-specific BMI assessment; one study found that women were less likely to receive screening and the other found no sex differences (Figure 5).




Figure 5 | Assessment of BMI, expressed as adjusted odds ratios (OR) or relative risks (RR) with corresponding 95% confidence intervals (CI). W = % of screened women; M = % of screened men; UK, United Kingdom; # = Relative risk. Men = reference. * = statistically significant.





Nephropathy Screening

Twenty studies, including 3.9 million individuals, examined sex disparities in nephropathy screening. These studies reported on various measures to assess renal function, including estimated glomerular filtration rate (eGFR), microalbuminuria, urine albumin, albumin/creatinine ration, and serum creatinine. Two-thirds of studies reported screening rates less than 70%. Overall, there was no consistent pattern in nephropathy screening favoring either women or men (Figure 6).




Figure 6 | Nephropathy screening, expressed as adjusted odds ratios (OR) or relative risks (RR) with corresponding 95% confidence intervals (CI). One study is not presented in this figure because of the measure of association: Swietek et al. (33): Average Marginal Effect, (SE; p-value): −0.0073 (−0.0042; <0.05 (women less likely to receive screening). W = % of screened women; M = % of screened men; US, United States; UK, United Kingdom; # = Relative risk; ^ = Kaplan-Meyer estimate. Men = reference. * = statistically significant.





Retinopathy Screening

Fifty studies, including 3.4 million individuals, reported on retinopathy screening. Screening rates ranged from 13% to 90% across studies, with nearly half the studies reporting screening rates equal to or less than 50%. Five studies reported that women were less likely to receive retinopathy screening than men and 22 studies showed that women were more likely to receive screening (Figure 7).




Figure 7 | Retinopathy screening, expressed as adjusted odds ratios (OR) or relative risks (RR) with corresponding 95% confidence intervals (CI). Two studies are not presented in this figure because of their measure of association: Swietek et al. (33): Average Marginal Effect, (SE; p-value): 0.017 (−0.0043; <0.01 (women more likely to receive screening), Du et al. (92): Prevalence difference (95% CI): 12.6 (4.1;21.2). W = % of screened women; M = % of screened men; US, United States; UK, United Kingdom; # = Relative risk; ^ = 662 weighted %; ^^ = assumed to be weighted %; ^^^ = Kaplan-Meyer estimate; ± = Studies assessing screening adherence after screening invitation. Men = reference. * = statistically significant.





Foot Exams

Thirteen studies, including over 3.9 million individuals, reported on the sex-specific performance of foot exams. Screening rates varied from 13% to 99% across studies, with a median screening rate of 58%. Six reported that women were less likely to receive foot exams, and one study reported women being more likely to receive foot exams. The other studies reported no sex differences (Figure 8).




Figure 8 | Foot exams, expressed as adjusted odds ratios (OR) with corresponding 95% confidence intervals (CI). One study is not presented in this figure because of the measure of association: Du et al., (92): Prevalence difference (95% CI 4.2 (−6.4; 14.9).W = % of screened women; M = % of screened men; US, United States; UK, United Kingdom; ^ = assumed to be weighted %. % Chen et al. extracted from the last available year. Men = reference. * = statistically significant.





Assessment of Smoking Status

Two studies reported on the assessment of smoking status. Both studies found high screening rates (95%), and women were more likely to be screened for smoking status than men (Figure 9).




Figure 9 | Assessment of smoking status, expressed as adjusted odds ratios (OR) with corresponding 95% confidence intervals (CI). W = % of screened women; M = % of screened men; Men = reference. * = statistically significant.





Combination

Fifteen studies reported on the assessment of a combination of risk factors and screening activities. The presence and direction of sex disparities varied across studies, with a third of the included studies reporting that, compared with men, women were less likely to receive a combination of care, one-third of studies found no sex disparities, and one-third found that women were more likely to receive a combination of care than men (Figure 10).




Figure 10 | Combination of risk factor assessment and screening, expressed as adjusted odds ratios (OR) or risk ratios (RR) with corresponding 95% confidence intervals (CI). # = risk ratio; ^ = Kaplan-Meyer estimates; * = statistically significant. W = % of screened women; M = % of screened men; Men = reference. 1 = All measurements received within 12 months: blood pressure, HbA1c, cholesterol, urine albumin: creatinine ratio/protein:creatinine or proteinuria, eGFR or serum creatinine, foot and eye exams, BMI, smoking status, within 15 months (6 for HbA1c). 2 = Receiving at least 2 HbA1c measurements and 1 LDL measurement received within 12 months. 3 = All measurements received within 12 months: HbA1c, blood pressure, cholesterol, smoking status. 4 = At least one of the following measurements received within 12 months: HbA1c, proteinuria, foot exam. 5 = All measurements received within 15 months: HbA1c, blood pressure, cholesterol, serum creatinine, urine albumin, foot exam, BMI, smoking status. 6 = All measurements received within 24 months: eye exam, four HbA1c tests, and two cholesterol tests. 7 = Assessment of HbA1c and at least two measurements from among eye exams, total cholesterol, and microalbuminuria. 8 = Receiving one or more measurements within 12 months: HbA1c, blood pressure, total cholesterol, LDL, HDL, or BMI. 9 = All measurements received within 36 months: HbA1c, lipid profile, urine albumin, eye exam, and foot exam. 10 = All measurements received within 12 months: HbA1c, LDL, microalbuminuria, eye and foot exams, blood pressure and BMI. 11 = All measurements received within 12 months: HbA1c, LDL, eye exam, and medical attention for nephropathy (including screening and treatment). 12 = Receiving at least two out of three measurements: albuminuria and monofilament (foot exam) within 12 months, eye exam within 30 months. 13 = Receiving all measurements within 12 months: HbA1c, eye and foot exams. 14 = Receiving all measurements within 12 months: HbA1c, LDL, eye and foot exams. 15 = Receiving at least 2 measurements: HbA1c during 708 the measurement year, eye exam, LDL, and medical attention for nephropathy (screening test during the past year or evidence of nephropathy).






Discussion

This systematic review including 81 studies showed that the presence, magnitude, and direction of sex disparities in the assessment of cardiovascular risk factors and screening of diabetes-related complications varied considerably across studies, with some evidence suggesting that women, compared with men, may be more likely to receive retinopathy screening and less likely to receive foot exams. In addition, only two studies reported on the assessment of smoking status; both showing that women were more likely to be screened. Overall, screening rates can be improved for both sexes.

To our knowledge, this is the first systematic review studying sex disparities in the assessment and screening of cardiovascular risk factors and diabetes-related complications among individuals with diabetes. A recent meta-analysis, including 22 studies with 4,754,782 individuals from the general population in primary care setting, showed that assessment rates of CVD risk scores and risk factors were similar between the sexes (93). In contrast to our study, the authors did find evidence of women being less likely to be assessed for smoking (93). Nevertheless, the results were comparable to our study in that no consistent pattern in risk factor assessment and complication screening favoring either men or women was found and screening rates could be improved for both sexes.

Assessment of cardiovascular risk factors and screening for diabetes-related complications is critical in guiding treatment decisions. The present study demonstrates that there is no consistent pattern in screening activities favoring men or women, suggesting that disparities in risk factor assessment and screening activities do not account for the higher relative risk of CVD conferred by diabetes previously found in women compared with men (2–8). However, other factors related to the uptake and provision of healthcare, such as treatment and adherence, may still be involved in explaining these sex differences. Although assessment of cardiovascular risk factors is one of the first steps in guiding treatment decisions, it may not necessarily be followed by equal treatment. For example, a recently published meta-analyses, including data from 2.2 million individuals in primary care, showed that women at high risk or with established CVD were less likely to be prescribed aspirin, statins, and angiotensin-converting enzyme (ACE) inhibitors, and more likely to be prescribed diuretics, than men (94). Other studies have suggested that women are less adherent to statins than men (95–97). Differences in biology may also impact women’s excess risk of CVD and it has previously been hypothesized that women experience a relatively greater increase of cardiovascular risk factor levels in the transition from normal glycaemia to diabetes (98). Differences in body anthromorphy and fat storage may be of particular interest in explaining the women’s excess risk of CVD, as fat distribution differs by sex. Sex differences in fat distribution may impact the duration of the transition from normoglycemia to overt diabetes and consequently impact the increase of other related cardiovascular risk factor levels (2).


Strengths and Limitations

The main strength of this systematic review is the inclusion large number of studies providing sex-specific data. The majority of studies included more than 1000 individuals, of which 41 (51%) studies included over 10.000 individuals. This study also has several limitations. First, there was substantial heterogeneity between studies regarding patient population, outcome definitions, and data source and no meta-analyses were performed. Second, there was a lack of studies that specifically evaluated risk factor assessment in individuals diagnosed with type 1 diabetes. Of the studies that included individuals with diabetes without specifying the subtype, we assume that majority of the included study participants were diagnosed with type 2 diabetes. The results of this systematic review are therefore mainly applicable to those with type 2 diabetes. An appropriate method to study sex disparities separately for type 1 and type 2 diabetes would be an individual participants data (IPD) analysis, and future research should attempt to obtain individual-level patient data. Third, the majority of studies were from Europe and Northern America, thereby limiting the generalizability to other parts of the world. Fourth, screening rates varied widely between studies and across the outcomes of interest and can be improved for both sexes, nonetheless strategies on how to improve these rates are not discussed in this review. Further research is needed to explore the reasons for the suboptimal screening rates found in both sexes within the context of local and national healthcare settings.




Conclusion

Mixed findings were found regarding the presence, magnitude, and direction of sex disparities with regard to the assessment of cardiovascular risk factors and screening for diabetes-related complications. Overall, no consistent pattern favoring men or women was found and screening rates can be improved for both sexes.
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Aims

Findings from previous studies about the association of preterm birth as well as birth weight with the risk of T1DM were still inconsistent. We aimed to further clarify these associations based on Chinese children and explore the role of gender therein.



Methods

A nationwide multicenter and population-based large cross-sectional study was conducted in China from 2017 to 2019. Children aged between 3 and 18 years old with complete information were included in this analysis. Multiple Poisson regression models were used for evaluating the associations of birth weight as well as preterm birth with T1DM in children.



Results

Out of 181,786 children, 82 childhood T1DM cases were identified from questionnaire survey. Children with preterm birth (<37 weeks) had higher risk of type 1 diabetes (OR: 3.17, 95%CI: 1.76-5.71). Children born with high birth weight (≥4,000g) had no statistically significant risk of T1DM (OR:1.71, 95%CI: 0.90-3.22). However, children’s gender might modify the effect of high birth weight on T1DM (girls: OR: 3.15, 95%CI: 1.33-7.47; boys: OR: 0.99, 95%CI: 0.38-2.55, p for interaction=0.065). In addition, children with low birth weight were not associated with T1DM (OR: 0.70, 95%CI: 0.24-2.08). The findings from matched data had the similar trend.



Conclusions

In China mainland, preterm birth increased the risk of childhood T1DM, but high birth weight only affected girls. Therefore, early prevention of T1DM may start with prenatal care to avoid adverse birth outcomes and more attention should be paid to children with preterm birth and girls with high birth weight after birth.





Keywords: China, preterm birth, birth weight, type 1 diabetes, gender difference



Highlights

What is already known about this subject?

	Some previous studies, including meta-analyses, have indicated that preterm birth and high birth weight had higher risk for childhood type 1 diabetes, but inconsistent results are still emerging.



What is the key question?

	Whether the associations between preterm birth and birth weight and type 1 diabetes based on Chinese children are different for other countries and whether the gender plays a role therein?



What are the new findings?

	Preterm birth was associated with higher risk of childhood T1DM in China.

	High birth weight was only associated with higher risk for T1DM in girls, which had not been reported before.



How might this impact on clinical practice in the foreseeable future?

	Prevention of T1DM may start with prenatal care to avoid adverse birth outcomes.

	More attention should be paid to children with preterm birth and girls with high birth weight after birth to improve the adverse effects.





Introduction

Type 1 diabetes mellitus (T1DM) is an immune-mediated disease characterized by destruction of pancreatic β-cells, resulting in absolute insulin deficiency (1). The incidence of T1DM is increasing globally with an average annual increase of 3–4% (2). Although, China is at low incidence of T1DM, the incidence among children under 15 years old increased from 0.51 per 100,000 in 1985-1994 to 1.93 per 100,000 in 2010-2013 (3). Human leucocyte antigen (HLA) genotypes is thought to be the major genetic contribution to T1DM but genetic factors fail to completely account for its rapid increase and regional differences under similar genetic background (4–6). In the last 2 decades, there is an increasing clinical interest in birth history. Perinatal factors, including preterm birth and birth weight, have been thought to play an important role in T1DM (2, 7). The estimated rate of preterm birth (gestational age < 37 weeks), low birth weight (<2,500g) and high birth weight (≥4,000g) in China were approximately 6.9%, 4.0% and 7.6%, respectively (8–10). Although previous meta-analyses have shown that preterm birth as well as high birth weight was associated with increased risk of T1DM and low birth weight was not associated with significantly decreased risk of T1DM, several limitations existed as highlighted by authors. For example, lack of consistent adjustment for appropriate confounding factors and most studies were conducted in Europe, America and Australia, which might limit the findings to be extrapolated to population in other countries (11–13). Moreover, inconsistent results are still emerging recently. The latest findings from Swedish cohort of over 4 million people published in 2020 reported that preterm birth (22-36 weeks) was associated with approximately 1.2-fold risk of T1DM among people younger than 18 years (14). While another cross-sectional study in the Middle East indicated that preterm birth was not associated with T1DM during childhood (15). In addition, to our knowledge, a paucity of evidence exists on the association of adverse birth outcomes and childhood T1DM in China and few studies have focused on gender difference. To narrow these gaps, we conducted a population-based cross-sectional study with large sample size in China to determine whether birth weight and preterm birth were significantly associated with T1DM and whether the association could be modified by gender.



Methods


Study Design and Population

This study was a nationwide large population-based cross-sectional study, conducted at kindergarten, primary, secondary and high schools in 13 medical centers of China (Beijing, Chongqing, Fujian, Guangdong, Guangxi, Henan, Hubei, Jiangxi, Jilin, Shanghai, Tianjin, Xinjiang and Zhejiang) from 2017 to 2019, but Jiangxi was not included in this analysis due to missing the information of T1DM. Schools were selected using stratified cluster random sampling. The study protocol was approved by the ethics board of Zhejiang University. All participants’ informed consents were acquired from children or their parents. 231,937 children aged between 3 and 18 years old were included, and children with serious disease, logic errors in the questionnaire, type 2 diabetes or missing information of key variables were excluded. Finally, 181,786 children were included in this final analysis (Figure 1).




Figure 1 | The flowchart of study subjects.





Exposure Variables

Birth weight (g), whether preterm birth or not (according to the definition of <37 gestational weeks, which is the internationally accepted definition of preterm, ICD10 P07.3) were self-reported by parents and children who were born prematurely were further asked about their delivery gestational age. According to the World Health Organization (16), we categorized birth weight into 3 groups: low birth weight (<2,500g), normal birth weight (2,500-3,999g) and high birth weight (≥ 4,000g). Preterm birth was further divided into gestational age of 32th to 37th week and before gestational age of 32th week.



Outcome Measurement

Childhood T1DM cases were identified by questionnaire surveys with the question: “Has your child been diagnosed with type 1 diabetes? ① Yes ② No.” The questionnaire was completed by their guardians. In addition, to minimize errors, we again asked those who answered yes to confirm the diagnosis of type 1 diabetes.



Other Variables Definition

The height was measured to the nearest 0.1 cm, whereas weight was measured with a precision of 0.1 kg. The children were weighted without shoes and wearing light clothing. Body mass index (BMI) was calculated as weight (in kg) divided by height (in m) squared. We categorized children’s BMI into four status according to the BMI Z-score (underweight:< -2, normal: -2 to 1, overweight: 1 to 2, and obesity: >2), as defined by WHO 2007 standards and classifications (17). Other variables (demographic characteristics, family history of diabetes, intrauterine exposure and breast feeding) were all acquired from questionnaires. Maternal age at delivery was calculated as maternal age subtracts children’s age at the time of the survey. According the common definition of advanced maternal age (18), we classified into two categories (<35 years old and ≥35 years old).



Statistical Analysis

We used mean and standard deviations (Mean ± SD) to describe continuous variables, and frequency and percentage (n, %) were reported for categorical variables. Student’s t test and Chi square test were used for continuous variables and categorical variables, respectively, to compare the characteristic difference between groups. Associations of preterm birth as well as birth weight with T1DM were analyzed by multiple Poisson regression, respectively. To explore independent effects, we adjusted potential confounders, including maternal age at delivery, maternal education, annual family income, diabetes of mother, father and siblings, maternal gestational diabetes, children’s characteristics including age, gender and breast feeding. To control the effect of gestational age when analyzed the effects of birth weight on T1DM, whether preterm birth or not was further adjusted. The crossover analysis was conducted to further elucidate the role of preterm birth and birth weight in increasing the risk of T1DM in children. In addition, we also explored the interaction between birth outcomes and gender on childhood T1DM. Interaction analyses with multiplicative interaction terms were conducted. The P<0.05 was considered as statistically significant and all statistical analyses were performed using R software (version 3.6.0).



Sensitivity Analyses

In sensitivity analyses, we repeated the analyses but used the matched data. We identified children with T1DM (n=82) as cases and randomly selected children without T1DM (n=328) as controls on a 1:4 ratio through Propensity Score Matching based on maternal age, maternal education, annual family income, diabetes of mother, father and siblings, maternal GDM, children’s characteristics including age, gender and breast feeding. And conditional logistic regression was used to test the association between preterm birth as well as birth weight and T1DM.




Results

A total of 181,786 children aged between 3 and 18 years old were included in the analysis (Figure 1), among which 82 children were T1DM cases and the prevalence was 45.1 per 100,000. In boys, the prevalence of low birth weight, high birth weight and preterm birth was 3.0%, 11.5% and 5.8%, respectively. In girls, the prevalence of low birth weight, high birth weight and preterm birth was 3.6%, 7.6% and 5.1%, respectively. The comparisons of general characteristics between children with and without T1DM were depicted in Table 1. Children with T1DM had a higher proportion of family history (including diabetes of mother, father and siblings), higher proportion of maternal GDM and poor maternal education in comparison with normal children. However, the similar distributions were showed about children’s gender, breastfeeding and obesity, maternal age at delivery and diabetes of grandparents in two groups. All variables were balanced between two groups after Propensity Score Matching (Supplementary Table 1).


Table 1 |  Comparison of characteristics between children with and without T1DM.




Association of Preterm Birth and Birth Weight With T1DM

As showed in Table 2, preterm birth was significantly associated with an increased risk of T1DM after adjusting for or matching potential confounding factors (whole sample size: OR: 3.17, 95%CI: 1.76-5.71; matched sample size: OR: 2.31, 95%CI: 1.14-4.68) and the dose effect emerged when preterm birth was further divided into gestational age of 32th to 37th week (whole sample size: OR: 2.32, 95%CI: 1.14-4.71; matched sample size: OR: 1.68, 95%CI: 0.74-3.81) and before gestational age of 32th (whole sample size: OR: 9.14, 95%CI: 3.63-23.05; matched sample size: OR: 7.01, 95%CI: 1.68-29.78), taking term birth (≥ 37 weeks) as reference. As for birth weight, we initially did not find statistically significant association between children born at neither low birth weight (<2,500g) nor high birth weight (≥4,000g) with childhood T1DM (OR: 0.70, 95% CI: 0.24-2.08; OR: 1.71, 95% CI: 0.90-3.22, respectively). However, high birth weight tended to increase the risk of T1DM in children and then we found that it had significantly higher risk of T1DM (OR: 2.25, 95%CI: 1.03-4.91) when using matched sample size.


Table 2 | Associations of preterm birth and birth weight with Type 1 diabetes in Chinese children.



To further elucidate the independent effect of preterm birth, birth weight on the risk of T1DM in children, we took children with normal birth weight and term birth as reference and found that children with preterm birth but normal birth weight had higher risk of childhood T1DM (OR: 3.61, 95%CI: 1.50-8.67) than children with high birth weight but term birth (OR: 2.24, 95%CI: 1.02-4.89), using the matched sample size. Similar trends were shown when we used original data (Table 3).


Table 3 | The association of birth weight and preterm birth on Type 1 diabetes in Chinese children.





Gender-Specific Analyses

Considering the possible modification by gender, we conducted analyses stratified by gender. It turned out that findings were different between girls and boys. As shown in Table 4, compared to girls born with normal birth weight, girls born with high birth weight had higher risk of T1DM (OR: 3.15, 95%CI: 1.33-7.47), but high birth weight was not associated with T1DM in boys (OR: 0.99, 95%CI: 0.38-2.55). And P for interaction was close to statistically significant (P for interaction = 0.065 and 0.069 for adjusted model and matched data, respectively.). However, there was no interaction between gender and preterm birth (P for interaction = 0.906 and 0.865 for adjusted model and matched data, respectively. Data was not shown).


Table 4 | The association between birth weight and Type 1 diabetes stratified by gender in Chinese children.






Discussion

In present national study, both preterm birth and high birth weight were associated with increased risk of T1DM and the effect of preterm birth was stronger than that of high birth weight. However, children’s gender modified the effect of high birth weight on T1DM, with high birth weight only increasing the risk of T1DM in girls.

The adverse effect of preterm birth on T1DM demonstrated in the current study was in line with the findings from previous meta-analysis with 18 studies and 22,073 cases published in 2014 (13) After 2014, three cohort studies in Sweden (14, 19, 20), one cohort study in England (21) and one cohort study in Taiwan (22) also came to similar conclusions. However, one cross-sectional study in Israel indicated that neither early preterm birth (<34 weeks) nor late preterm birth (34-36 weeks) was associated with T1DM during childhood (15). The different results from Israel may be due to different study designs and absence of adjusting for some important confounders, such as family history of diabetes. There are several alternative mechanisms supported the association of preterm birth and T1DM. Firstly, the adverse effects of preterm birth may be related to the accelerator hypothesis (23), which may be plausibly explained by the mechanism that rapid growth increases the demand of insulin secreting and causes β-cell stress and insulin resistance (24, 25). Secondly, permanent changes in insulin sensitivity emerges during the early third trimester (26) and preterm birth may alter development of β-cell mass (27, 28). Thirdly, intrauterine growth restriction is regard as one of mechanisms (29). In addition, preterm birth may also be linked to infection-driven inflammation and gut dysbiosis, which play an important role in the pathophysiology of T1DM (30–32).

When further subdivided gestational age, we found that both children born before 32 and born between 32 and 36 gestational weeks were associated with increased T1DM, furthermore, the dose-response effect was observed. However, results from other studies were different. A population-based register study from Swedish with 14,949 cases found that compared to full-term infants, birth between 32 and 36 gestational weeks had a higher risk (OR: 1.24, 95%CI: 1.14-1.35), while birth before 32 weeks of gestation had a lower risk of childhood-onset T1DM (OR: 0.54, 95%CI: 0.38-0.76) (20). Another national cohort study with 4,193,069 singletons born in Sweden reported increased risk of T1DM among children born at late preterm (34 to 36 gestational weeks) and early term (37 to 38 gestational weeks), while decreased risk among extremely preterm children (22 to 28 gestational weeks) (14). A register-based case-cohort study in Finland reported 21% and 17% increased risk among those born at 33 to 36 gestational weeks and 37 to 38 gestational weeks, respectively but failed to demonstrate decreased risk among birth before 33 gestational weeks (33). We speculate that the difference above might be caused by different divisions of gestational age, different reference levels, study designs and countries.

We found that high birth weight was associated with increased risk of T1DM but low birth weight had no statistically significant effect on T1DM, using the matched sample. It was consistent with one meta-analysis published in 2010 (12). However, inconsistent with our findings, Khashan et al. found no association between high birth weight and T1DM (OR: 1.01, 95%CI: 0.96-1.05) in 2015 (19) and Raphael found a significantly decreased risk of T1DM in children with low birth weight (OR: 0.82, 95%CI: 0.67-0.99) in 2018 (21), which might be explained by different reference levels. The reference levels of birth weight in Khashan’s study (3,000 - 3,999g) and Raphael’s study (3,000- 3,499g) were relatively higher than that in our study (2,500 - 3,999g). Overall, the mechanism behind birth weight and T1DM remains unclear. Kuchlbauer et al. found that there was no sign of excessive weight gain before T1DM among children born at high birth weight (34). Therefore, the effect of high birth weight on T1DM may not be explained by the accelerator hypothesis. Moreover, birth weight might be unlikely to have a direct association with T1DM, and may be a marker of intrauterine exposure, such as maternal nutrition and disease (35). For example, Larsson et al. have demonstrated that general population with high-risk HLA genotypes of T1DM had higher birth weight, but it was due to infections during pregnancy (36). To speculate, the effect of birth weight on T1DM is less direct than that of preterm birth and thus the effect of preterm birth is more obvious and stable.

To our knowledge, only one prior cohort study has reported there was no potential sex-specific difference between preterm birth and T1DM, which was consistent with present study (14). However, we also observed that high birth weight was significantly associated with an increased risk of T1DM among girls while not among boys, which has not been previously reported. The incidence of high birth weight in boys was higher than that in girls but the incidence of T1DM was opposite in China (3). Therefore, we hypothesized that high birth weight had a greater effect on the increased risk of T1DM in girls than in boys. This finding indicated that more attention should be paid to girls with high birth weight after birth for timely detection and treatment of type 1diabetes. Of course, the number of cases in our study was small, which led to poor power (whole sample size: 0.36; matched sample size: 0.68), and thus well-powered studies are warranted to confirm the finding. Whatever, our result may suggest that differences in gender composition may be responsible for inconsistent findings in previous studies and we also provide some information for future research to promote target prevention.


Strengths and Limitations

There were several strengths in our study. Firstly, to our knowledge, this was the largest study to show the association between birth outcomes and childhood T1DM in China Mainland. Secondly, we considered a wide range of confounders, including demographic characteristics, family history of diabetes, intrauterine exposure and feeding patterns. Thirdly, we also explored the gender differences, which had been less taken into account in previous studies. However, some limitations also should not be ignored. Firstly, although present study was based on large sample size but the number of cases was still relatively small. The power of high birth weight was only 0.36, which might prevent us from finding that the effect of high birth weight was statistically significant. After using propensity score matching, the power increased to 0.68. However, due to the limited number of cases, we were still unable to further divide the gestational weeks into more subgroups. Secondly, in this study, we only investigated the gestational age of children with preterm birth, so it was not possible to assess whether all children had intrauterine growth restriction. However, we adjusted whether preterm birth when exploring the role of birth weight to avoid the effect of preterm birth on birth weight to some extent. Thirdly, cases in this study were from self-report, which might lead to recall bias. But generally, those without disease are not likely to be filled in as sick, so the prevalence rate is likely to be underestimated, and the impact of exposure on the outcome may be underestimated. However, recall bias may also be overestimated, because parents of children with diabetes may be more likely to associate possible factors and remember exposure factors. Finally, we still could not exclude potential confounders such as pregnancy history, pre-pregnancy obesity and pregnancy complications due to the limitations of the investigation and the cross-sectional study failed to consider the effects of recent life styles, which might be influenced by interventions after diagnosis. But previous studies with the adjustment only led to a little alteration, which would have probably made no difference.

In conclusion, children with preterm birth had independently higher risk of childhood T1DM, and girls with high birth weight were more susceptible to have T1DM. Therefore, early prevention should start with prenatal care to avoid adverse birth outcomes and more attention should be paid to children with preterm birth and girls with high birth weight after birth for timely detection and treatment of type 1diabetes.




Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The study protocol was approved by the Institutional Review Board of The Children’s Hospital of Zhejiang University School of Medicine (Approval Number 2016-JRB-018). Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author Contributions

JF is the chief of the study and is responsible for the study concept and design, funding acquisition and critical revision of the manuscript. KH and SS contributed to analysis and interpreting of the data and writing of the draft. RC, CW, SC, YL, HY, RZ, FL, BC, ZS, MM, FHL, PL, HD, MZ, YY, and LC contributed to study design, investigation and data curation. YXY contributed to the study concept and design, analysis and interpreting of the data and critical revision of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was funded by Chinese National Natural Science Foundation (81973055), the national key research and development program of China (2016YFC1305301) and the Fundamental Research Funds for the Central Universities. The funder/sponsor did not participate in the work.



Acknowledgments

We cordially thanked for all medical centers, all participants and the family members.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2021.603277/full#supplementary-material



References

1. Vehik, K, and Dabelea, D. The changing epidemiology of type 1 diabetes: why is it going through the roof? Diabetes Metab Res Rev (2011) 27(1):3–13. doi: 10.1002/dmrr.1141

2. Norris, JM, Johnson, RK, and Stene, LC. Type 1 diabetes-early life origins and changing epidemiology. Lancet Diabetes Endocrinol (2020) 8(3):226–38. doi: 10.1016/S2213-8587(19)30412-7

3. Weng, J, Zhou, Z, Guo, L, Zhu, D, Ji, L, Luo, X, et al. Incidence of type 1 diabetes in China, 2010-13: population based study. BMJ (2018) 360:j5295. doi: 10.1136/bmj.j5295

4. Borchers, AT, Uibo, R, and Gershwin, ME. The geoepidemiology of type 1 diabetes. Autoimmun Rev (2010) 9(5):A355–65. doi: 10.1016/j.autrev.2009.12.003

5. Krischer, JP, Lynch, KF, Lernmark, A, Hagopian, WA, Rewers, MJ, She, JX, et al. Genetic and Environmental Interactions Modify the Risk of Diabetes-Related Autoimmunity by 6 Years of Age: The TEDDY Study. Diabetes Care (2017) 40(9):1194–202. doi: 10.2337/dc17-0238

6. Krischer, JP, Liu, X, Vehik, K, Akolkar, B, Hagopian, WA, Rewers, MJ, et al. Predicting Islet Cell Autoimmunity and Type 1 Diabetes: An 8-Year TEDDY Study Progress Report. Diabetes Care (2019) 42(6):1051–60. doi: 10.2337/dc18-2282

7. Raju, TNK, Buist, AS, Blaisdell, CJ, Moxey-Mims, M, and Saigal, S. Adults born preterm: a review of general health and system-specific outcomes. Acta Paediatr (2017) 106(9):1409–37. doi: 10.1111/apa.13880

8. Chen, Y, Li, G, Ruan, Y, Zou, L, Wang, X, and Zhang, W. An epidemiological survey on low birth weight infants in China and analysis of outcomes of full-term low birth weight infants. BMC Pregnancy Childbirth (2013) 13:242. doi: 10.1186/1471-2393-13-242

9. Shan, X, Chen, F, Wang, W, Zhao, J, Teng, Y, Wu, M, et al. Secular trends of low birthweight and macrosomia and related maternal factors in Beijing, China: a longitudinal trend analysis. BMC Pregnancy Childbirth (2014) 14:105. doi: 10.1186/1471-2393-14-105

10. Chawanpaiboon, S, Vogel, JP, Moller, AB, Lumbiganon, P, Petzold, M, Hogan, D, et al. Global, regional, and national estimates of levels of preterm birth in 2014: a systematic review and modelling analysis. Lancet Glob Health (2019) 7(1):e37–46. doi: 10.1016/S2214-109X(18)30451-0

11. Harder, T, Roepke, K, Diller, N, Stechling, Y, Dudenhausen, JW, and Plagemann, A. Birth weight, early weight gain, and subsequent risk of type 1 diabetes: systematic review and meta-analysis. Am J Epidemiol (2009) 169(12):1428–36. doi: 10.1093/aje/kwp065

12. Cardwell, CR, Stene, LC, Joner, G, Davis, EA, Cinek, O, Rosenbauer, J, et al. Birthweight and the risk of childhood-onset type 1 diabetes: a meta-analysis of observational studies using individual patient data. Diabetologia (2010) 53(4):641–51. doi: 10.1007/s00125-009-1648-5

13. Li, S, Zhang, M, Tian, H, Liu, Z, Yin, X, and Xi, B. Preterm birth and risk of type 1 and type 2 diabetes: systematic review and meta-analysis. Obes Rev (2014) 15(10):804–11. doi: 10.1111/obr.12214

14. Crump, C, Sundquist, J, and Sundquist, K. Preterm birth and risk of type 1 and type 2 diabetes: a national cohort study. Diabetologia (2020) 63(3):508–18. doi: 10.1007/s00125-019-05044-z

15. Adar, A, Shalitin, S, Eyal, O, Loewenthal, N, Pinhas-Hamiel, O, Levy, M, et al. Prevalence of early and late prematurity is similar among pediatric type 1 diabetes patients and the general population. Diabetes Metab Res Rev (2018) 34(5):e2996. doi: 10.1002/dmrr.2996

16. World Health Organization. International statistics classification of diseases and related health problems Vol. 10. . Geneva, Switzerland: WHO (1993). 

17. de Onis, M, Onyango, AW, Borghi, E, Siyam, A, Nishida, C, and Siekmann, J. Development of a WHO growth reference for school-aged children and adolescents. Bull World Health Organ (2007) 85(9):660–7. doi: 10.2471/BLT.07.043497

18. Khalil, A, Syngelaki, A, Maiz, N, Zinevich, Y, and Nicolaides, KH. Maternal age and adverse pregnancy outcome: a cohort study. Ultrasound Obstet Gynecol (2013) 42(6):634–43. doi: 10.1002/uog.12494

19. Khashan, AS, Kenny, LC, Lundholm, C, Kearney, PM, Gong, T, McNamee, R, et al. Gestational Age and Birth Weight and the Risk of Childhood Type 1 Diabetes: A Population-Based Cohort and Sibling Design Study. Diabetes Care (2015) 38(12):2308–15. doi: 10.2337/dc15-0897

20. Waernbaum, I, Dahlquist, G, and Lind, T. Perinatal risk factors for type 1 diabetes revisited: a population-based register study. Diabetologia (2019) 62(7):1173–84. doi: 10.1007/s00125-019-4874-5

21. Goldacre, RR. Associations between birthweight, gestational age at birth and subsequent type 1 diabetes in children under 12: a retrospective cohort study in England, 1998-2012. Diabetologia (2018) 61(3):616–25. doi: 10.1007/s00125-017-4493-y

22. Huang, YT, Lin, HY, Wang, CH, Su, BH, and Lin, CC. Association of preterm birth and small for gestational age with metabolic outcomes in children and adolescents: A population-based cohort study from Taiwan. Pediatr Neonatol (2018) 59(2):147–53. doi: 10.1016/j.pedneo.2017.07.007

23. Wilkin, TJ. The accelerator hypothesis: weight gain as the missing link between Type I and Type II diabetes. Diabetologia (2001) 44(7):914–22. doi: 10.1007/s001250100548

24. Liu, X, Vehik, K, Huang, Y, Elding Larsson, H, Toppari, J, Ziegler, AG, et al. Distinct Growth Phases in Early Life Associated With the Risk of Type 1 Diabetes: The TEDDY Study. Diabetes Care (2020) 43(3):556–62. doi: 10.2337/dc19-1670

25. Magnus, MC, Olsen, SF, Granstrom, C, Joner, G, Skrivarhaug, T, Svensson, J, et al. Infant Growth and Risk of Childhood-Onset Type 1 Diabetes in Children From 2 Scandinavian Birth Cohorts. JAMA Pediatr (2015) 169(12):e153759. doi: 10.1001/jamapediatrics.2015.3759

26. Wang, G, Divall, S, Radovick, S, Paige, D, Ning, Y, Chen, Z, et al. Preterm birth and random plasma insulin levels at birth and in early childhood. JAMA (2014) 311(6):587–96. doi: 10.1001/jama.2014.1

27. Bloomfield, FH. Impact of prematurity for pancreatic islet and beta-cell development. J Endocrinol (2018) 238(3):R161–71. doi: 10.1530/JOE-18-0021

28. Bansal, A, Bloomfield, FH, Connor, KL, Dragunow, M, Thorstensen, EB, Oliver, MH, et al. Glucocorticoid-Induced Preterm Birth and Neonatal Hyperglycemia Alter Ovine beta-Cell Development. Endocrinology (2015) 156(10):3763–76. doi: 10.1210/en.2015-1095

29. Tinnion, R, Gillone, J, Cheetham, T, and Embleton, N. Preterm birth and subsequent insulin sensitivity: a systematic review. Arch Dis Child (2014) 99(4):362–8. doi: 10.1136/archdischild-2013-304615

30. Cappelletti, M, Della Bella, S, Ferrazzi, E, Mavilio, D, and Divanovic, S. Inflammation and preterm birth. J Leukoc Biol (2016) 99(1):67–78. doi: 10.1189/jlb.3MR0615-272RR

31. Marino, E, Richards, JL, McLeod, KH, Stanley, D, Yap, YA, Knight, J, et al. Gut microbial metabolites limit the frequency of autoimmune T cells and protect against type 1 diabetes. Nat Immunol (2017) 18(5):552–62. doi: 10.1038/ni.3713

32. Vatanen, T, Franzosa, EA, Schwager, R, Tripathi, S, Arthur, TD, Vehik, K, et al. The human gut microbiome in early-onset type 1 diabetes from the TEDDY study. Nature (2018) 562(7728):589–94. doi: 10.1038/s41586-018-0620-2

33. Metsälä, J, Hakola, L, Lundqvist, A, Virta, LJ, Gissler, M, and Virtanen, SM. Perinatal factors and the risk of type 1 diabetes in childhood and adolescence-A register-based case-cohort study in Finland, years 1987 to 2009. Pediatr Diabetes (2020) 21(4):586–96. doi: 10.1111/pedi.12994

34. Kuchlbauer, V, Vogel, M, Gausche, R, Kapellen, T, Rothe, U, Vogel, C, et al. High birth weights but not excessive weight gain prior to manifestation are related to earlier onset of diabetes in childhood: ‘accelerator hypothesis’ revisited. Pediatr Diabetes (2014) 15(6):428–35. doi: 10.1111/pedi.12107

35. Gluckman, PD, Hanson, MA, Cooper, C, and Thornburg, KL. Effect of in utero and early-life conditions on adult health and disease. N Engl J Med (2008) 359(1):61–73. doi: 10.1056/NEJMra0708473

36. Larsson, HE, Lynch, K, Lernmark, B, Hansson, G, Lernmark, A, and Ivarsson, SA. Relationship between increased relative birthweight and infections during pregnancy in children with a high-risk diabetes HLA genotype. Diabetologia (2007) 50(6):1161–9. doi: 10.1007/s00125-007-0648-6



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.

Copyright © 2021 Huang, Si, Chen, Wang, Chen, Liang, Yao, Zheng, Liu, Cao, Su, Mireguli, Luo, Li, Du, Zhu, Yang, Cui, Yu and Fu. 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.




ORIGINAL RESEARCH

published: 10 June 2021

doi: 10.3389/fendo.2021.613389

[image: image2]


Sodium-Glucose Cotransporter-2 Inhibitors Ameliorate Liver Enzyme Abnormalities in Korean Patients With Type 2 Diabetes Mellitus and Nonalcoholic Fatty Liver Disease


Won Euh 1‡, Soo Lim 1,2†‡ and Jin-Wook Kim 1,2*†


1 Department of Internal Medicine, Seoul National University College of Medicine, Seoul, South Korea, 2 Department of Internal Medicine, Seoul National University Bundang Hospital, Seongnam, South Korea




Edited by: 
Boon-How Chew, Putra Malaysia University, Malaysia

Reviewed by: 
Asimina Mitrakou-Fanariotou, National and Kapodistrian University of Athens, Greece

Manash P. Baruah, Excel Care Hospital, India

*Correspondence: 
Jin-Wook Kim
 kimjw@snubh.org 

†ORCID ID:
Soo Lim
 orcid.org/0000-0002-4137-1671
 Jin-Wook Kim
 orcid.org/0000-0003-0934-3344


‡These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Clinical Diabetes, a section of the journal Frontiers in Endocrinology


Received: 02 October 2020

Accepted: 24 May 2021

Published: 10 June 2021

Citation:
Euh W, Lim S and Kim J-W (2021) Sodium-Glucose Cotransporter-2 Inhibitors Ameliorate Liver Enzyme Abnormalities in Korean Patients With Type 2 Diabetes Mellitus and Nonalcoholic Fatty Liver Disease. Front. Endocrinol. 12:613389. doi: 10.3389/fendo.2021.613389



Sodium-glucose cotransporter-2 inhibitors (SGLT2is) are reported to reduce body fat in patients with type 2 diabetes mellitus (T2DM), and SGLT2i-induced weight reduction may help improve comorbid nonalcoholic fatty liver disease (NAFLD). This study aimed to investigate the potential benefit of SGLT2is over other oral antidiabetic drugs (OADs) in patients with T2DM-associated NAFLD. We enrolled real-world Korean patients with T2DM-associated NAFLD in whom initial metformin therapy had been modified by stepwise addition of OAD(s) due to insufficient glucose control. Propensity score (PS) matching was used for the comparison of changes in clinical and biochemical parameters to balance potential covariates. Among the 765 enrolled patients, 663 patients received additional OADs other than SGLT2i and 102 patients received SGLT2i therapy. PS matching selected 150 and 100 patients from the control and the SGLT2i group, respectively. The SGLT2i group lost more weight than the control group at 6 months (mean –1.3 kg vs. 0.0 kg; P < 0.001). Alanine aminotransferase (ALT) levels also decreased more in the SGLT2i group at 3 (–11 U/L vs. –1 U/L), 6 (–12 U/L vs. –1 U/L), and 12 months (–14 U/L vs. –2 U/L) (all P < 0.05). Addition of SGLT2is was an independent predictor of ALT improvement in a multivariate logistic regression model (odds ratio 1.91; P = 0.016). Compared with other OADs, addition of SGLT2is was more effective in weight reduction and ALT improvement in patients with T2DM and comorbid NAFLD.




Keywords: type 2 diabetes mellitus, sodium-glucose cotransporter 2 (SGLT2) inhibitor, alanine aminotransferase, body weight, propensity score (PS) matching (PSM)



Introduction

Nonalcoholic fatty liver disease (NAFLD) is a common comorbidity of type 2 diabetes mellitus (T2DM) and one half to two thirds of T2DM patients have NAFLD (1). Close association between T2DM and NAFLD is related to the fact that metabolic syndrome is a common risk factor for both conditions, frequently associated with adiposity and insulin resistance (2, 3).

The shared disease pathogenesis between T2DM and NAFLD raised the possibility of the potential role of antidiabetic drugs in NAFLD management. There have been several studies which investigated the effects of oral antidiabetic drugs (OADs) such as metformin (4), thiazolidinediones (5, 6) and dipeptidyl peptidase 4 inhibitors (DPP4is) (7) on NAFLD. Although some studies reported histologic improvements in NAFLD, the clinical benefit of OADs lack sufficient evidence for them to be routinely recommended in NAFLD treatment (8, 9).

Sodium-glucose cotransporter 2 inhibitors (SGLT2is) decrease blood sugar levels by increasing urinary glucose excretion. Interestingly, SGLT2is are shown to decrease total body and visceral fat masses in patients with T2DM (10–12). Since weight reduction is the main strategy for decreasing hepatic steatosis, it may be postulated that SGLT2is have potential for the management of T2DM-associated NAFLD. In a recent phase 4 study (n = 84), empagliflozin 25 mg/day for 24 weeks reduced liver fat content by 22% as measured by magnetic resonance imaging (MRI) in European patients with T2DM (13). Notably, the addition of 10 mg empagliflozin daily led to a significant reduction in the MRI proton density fat fraction (MRI-PDFF), a useful quantitative indicator of the liver fat content, from 16.2% to 11.3% at 20 weeks in Indian patients with T2DM (n = 50) (14). After treatment for 24 weeks with 2.5 mg luseogliflozin, another SGLT2i, the MRI-PDFF was reduced significantly from 21.5 ± 7.2% to 15.7 ± 6.8% in Japanese patients with T2DM (n = 40) (15). In another European study (n = 32), treatment with dapagliflozin 10 mg/day for 8 weeks significantly decreased liver MRI-PDFF by 13% in patients with T2DM (16). These findings suggest that SGLT2is may have additional benefit of improving steatosis in T2DM-associated NAFLD.

Since alanine aminotransferase (ALT) is commonly used to measure liver injury, ALT has been used as an endpoint marker in many NAFLD and nonalcoholic steatohepatitis (NASH) studies. Several observational studies and recent small, controlled trials also reported that SGLT2i therapy improved ALT levels in T2DM-associated NAFLD (17–19). A recent meta-analysis reported that SGLT2is could reduce the level of ALT, an easily accessible serum marker of hepatic steatosis, although heterogeneity of the studies included in this analysis was substantial (I2 = 73%) (20). Thus, the effect of SGLT2i on liver enzyme levels is yet to be confirmed in larger studies.

In this study, we aimed to investigate the benefit of SGLT2is over other OADs, especially effect on serum transaminase levels, in a real-world practice of T2DM-associated NAFLD. For this purpose, we assessed changes in serum transaminase levels as an endpoint in a propensity score (PS) matched cohort of T2DM patients with comorbid NAFLD.



Methods


Study Design

This single-center retrospective cohort study recruited consecutive patients with T2DM and NAFLD who visited Seoul National University Bundang Hospital (SNUBH), a tertiary medical center in South Korea, between September 2014 and September 2018. An electronic cohort was established retrospectively by using the electronic medical record system of SNUBH (21). The eligibility criteria were as follows: patient age >18 years, presence of fatty liver by ultrasound, and at least 3 months of metformin-alone therapy for T2DM followed by stepwise addition of OADs and maintenance for at least 3 months. The exclusion criteria were as follows: treatment with a glucagon like peptide-1 receptor agonist (GLP-1 RA) or insulin within 6 months from the initial metformin therapy, chronic liver diseases other than NAFLD (e.g., viral hepatitis, autoimmune liver disease and drug-induced liver injury), significant alcohol consumption (daily intake >30 g for men and >20 g for women), or malignancies.

The enrolled patients were classified into either SGLT2i or control groups according to the modification of metformin therapy. The SGLT2i group added one of the available SGLT2is (dapagliflozin, empagliflozin, or ipragliflozin) to metformin. The control group added OAD(s) other than SGLT2is, i.e., DPP4is, sulfonylureas, or thiazolidinedione, to metformin. The choice of additional OADs was at the discretion of the attending physicians. All patients in this study were advised to maintain a healthy lifestyle by being more active in daily life and to avoid consuming a high fat, high carbohydrate diet. Diagnosis of fatty liver was made when ultrasonographic findings showed increased hepatic echogenicity compared with the right renal cortex (22). Hepatic steatosis manifests as increased echogenicity and beam attenuation in the ultrasonographic examination (22). This results in liver parenchyma appearing relatively hyperechoic compared with the renal cortex (normally liver and renal cortex are of a similar echogenicity) (23). Fatty liver also shows hyperechogenicity relative to the spleen (23).

PS matching was used to balance potential covariates between the two groups by matching the following baseline variables as covariates: age, body mass index (BMI), hypertension, dyslipidemia, and circulating glycated hemoglobin (HbA1c) and ALT levels. The PS was calculated from a logistic model, and k-nearest-neighbor matching without replacement and caliper of 0.01 was performed using the “psmatch2” tool of STATA software (version 14, STATA Corporation, College Station, TX, USA).

This study was performed in accordance with the Ethical Principles for Medical Research Involving Human Subjects outlined in the Declaration of Helsinki in 1975 (revised in 2013; https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/). The institutional review board of SNUBH reviewed the study protocols and case report form and approved this study (IRB No: B-1810/497-007). Informed consent was waived because of the retrospective nature of the study and anonymous nature of the clinical data according to the by Guideline for Good Clinical Practice of International Council for Harmonization of Technical Requirements for Registration of Pharmaceutical for Human Use (E6R2).



Assessment of Anthropometric Parameters

Clinical parameters, including blood pressure, body weight, and BMI, were measured using standard methods. The BMI was calculated by dividing the subject’s weight (kg) by height squared (m2). Systolic and diastolic blood pressures (SBP and DBP, respectively) were measured with subjects in a seated position using an electronic blood pressure meter (UA-1020 device; A&D Co., Tokyo, Japan). Blood pressure was measured twice 5 min apart and the mean value was used in the analysis.



Measurement of Biochemical Factors

Blood sampling was carried out after a 10-h overnight fast. The samples were centrifuged immediately at 3,000 rpm for 10 min at 4°C. HbA1c level was measured using a Bio-Rad Variant II Turbo HPLC analyzer (Bio-Rad, Hercules, CA, USA) in SNUBH, the National Glycohemoglobin Standardization Program level II certified laboratory. Fasting plasma glucose (FPG) levels were analyzed using the hexokinase method. Triglyceride (TG) levels were measured by the glycerol-3-phosphate oxidase peroxide method, and high-density lipoprotein (HDL)- and low-density lipoprotein (LDL)-cholesterol were measured by homogeneous enzymatic assays. ALT and aspartate aminotransferase (AST) levels were measured using the NADH-UV method. Hepatic steatosis index (HSI) was calculated: HSI = 8 × ALT/AST ratio + BMI (+2, if diabetes mellitus; +2, if female) (24). Serum creatinine (Cr) was measured by Jaffe’s kinetic method using a Hitachi 747 chemistry analyzer (Hitachi, Tokyo, Japan). The Chronic Kidney Disease Epidemiology Collaboration (EPI) equations were employed to derive the estimated glomerular filtration rate (eGFR).



Efficacy Assessment

The primary endpoint was a change in the ALT concentration from baseline. Secondary outcomes included changes in FPG and HbA1c levels, changes in AST, and changes in lipid profiles. Renal function was also assessed. The relationship between changes in ALT levels and pre-specified parameters such as age, sex, and BMI was also investigated.



Statistical Analysis

Clinical and biochemical parameters were compared using Student’s t tests for continuous variables and chi-square tests for categorical variables. The Mann–Whitney nonparametric U test and  χ2 test were used for the assessment of continuous and categorical variables, respectively. Subgroup analysis was performed to identify subsets of patients who would be more likely to benefit from therapy with SGLT2is. The “ipdover” tool of STATA was used to generate data for forest plots outside the context of meta-analysis, without pooling or heterogeneity testing. Ipdover creates forest plots of subgroup analyses within one trial dataset. A p value < 0.05 was considered to be significant.




Results


Baseline Characteristics Before and After PS Matching

The selection process of the study population is shown in Figure 1. A total of 1,736 records of patients with T2DM were retrieved from the databank, who had received initial metformin-based therapy for at least 3 months and subsequent additional OAD(s) for ≥3 months. After excluding 971 patients due to use of insulin or GLP-1 RA (n = 397), missing laboratory data (n = 87), a lack of liver ultrasound data (n = 416), and other liver diseases such as viral hepatitis, autoimmune liver diseases and drug-induced liver injury (n = 71), 765 patients with T2DM and NAFLD were finally enrolled.




Figure 1 | Flowchart of the selection process. *Other liver diseases included viral hepatitis B and C, autoimmune hepatitis, drug-induced liver injury, and history of excessive alcohol intake (daily intake > 30 g for men and > 20 g for women). GLP-1, glucagon-like peptide-1; US, ultrasound; SGLT2i, sodium-glucose cotransporter-2 inhibitor.



The baseline characteristics of the study population are presented in Table 1. Before PS matching, the SGLT2i group (n = 102) was significantly younger and had higher body weight and BMI compared with the non-SGLT2i control group (n = 663). The HSI was significantly higher in the SGLT2i group (24). The prevalence of hypertension, triglyceride levels, HbA1c and ALT levels were also significantly different between the two groups. The PS matching procedure selected 95 patients from the SGLT2i group and 188 from the control group. After PS matching, the two groups were balanced for all parameters, including HSI.


Table 1 | Baseline characteristics of the study population.



Among other OADs, DPP4is were the most common agent used (n = 160), followed by sulfonylureas (n = 23) and thiazolidinedione (n = 5). Among the SGLT2is, dapagliflozin was most frequently used (n = 58), followed by empagliflozin (n = 34) and ipragliflozin (n = 3).



Changes in Body Weight, FPG, HbA1c, Lipid Profiles, and Transaminases by SGLT2is

Table 2 shows the changes in body weight and laboratory values at 6 months after the addition of OADs to metformin. Body weight reduced more in the PS-matched SGLT2i group (mean –2.5 kg, 95% confidence interval [CI]: –0.6 to –4.5) compared with controls (mean –0.2 kg, 95% CI: 0.2 to –0.5) (P = 0.001). Changes in HbA1c and lipid levels were similar between the two groups, whereas glomerular filtration rate increased significantly in the PS-matched SGLT2i group. Changes in AST levels were similar between the two groups, whereas ALT levels decreased more in the PS-matched SGLT2i group than in controls 6 months (–13 U/L vs. –5 U/L; P = 0.033) and 9 months (–15 U/L vs. –5 U/L; P = 0.014; Table 3). The HSI also decreased significantly more at 6 months in the SGLT2i group (–1.1 vs. 0.2, P = 0.005; Table 3). When the comparison was limited to DPP4i vs. SGLT2i, ALT responses were still better in the SGLT2i group (Supplementary Table 1).


Table 2 | Comparison of 6-month changes in body weight, serum glucose, and lipid profiles between the propensity score-matched control and SGLT2i groups.




Table 3 | Comparison of changes in transaminase levels and hepatic steatosis index between the propensity score-matched control and SGLT2i groups.





Predictors of ALT Improvement by SGLT2i Therapy

Next, logistic regression analysis was performed to identify predictors of ALT improvement (>15% reduction from baseline) during the OAD therapy (Table 4). Younger age, male sex, body mass index, TG levels and addition of SGLT2is were identified as significant predictors by univariate analysis. In the multivariate analysis, addition of SGLT2is remained significant as a predictor for ALT improvement (odds ratio [OR] 1.73; 95% CI: 1.04–2.92; P = 0.036), along with baseline TG levels.


Table 4 | Logistic regression analyses for predictors of ALT decrease greater than 15% of baseline over 9 months in the propensity score-matched cohort (n=283).



Finally, we performed a sensitivity analysis to gain additional insights as to how SGLT2i therapy might improve ALT levels in T2DM-associated NAFLD (Figure 2). The beneficial effect of SGLT2is over other OADs was evident in younger patients (<55 years), male patients, patients with baseline BMI >26 kg/m2, and patients with less weight reduction during treatment with the study drugs.




Figure 2 | Sensitivity analysis of odds ratio of SGLT2is for managing ALT levels. This Forest plot indicates the odds ratio of SGLT2i over control for the endpoint of ALT decrease ≥ 15% of baseline values. The benefit of SGLT2i for ALT decrease was more prominent in younger patients, male sex, high baseline BMI, and patients with less weight reduction.






Discussion

Our study showed that addition of SGLT2is induced significantly greater ALT and HSI improvements compared with other OADs in patients with T2DM and ultrasound-confirmed NAFLD on metformin. SGLT2is have emerged as a promising candidate for treating NAFLD because of their potential favorable effect on hepatic fat content in several small studies (14, 25, 26). A retrospective study of 102 Korean patients with T2DM and NAFLD showed that dapagliflozin therapy exhibited greater improvement in liver enzyme levels than DPP4is when used with metformin (27). A few small placebo-controlled trials reported significant decreases in hepatic fat content and/or serum ALT levels by SGLT2i treatment in patients with T2DM and NAFLD (14, 19). However, decreases in ALT were not significantly different in other randomized trials of patients with NAFLD using metformin (26) and pioglitazone (28) as an active control. Inadequate statistical power might have been the reason for these negative results. Our present study included sufficient patient numbers to observe significant changes in ALT levels produced by SGLT2i therapy. Of note, our PS-matching analysis suggests that the use of SGLT2is might confer additional benefits for liver function compared with other OADs among patients with T2DM and NAFLD.

In this study, the HSI was improved by SGLT2i therapy. HSI was derived and validated in a large cohort of >10,000 individuals who underwent health check-ups (24). However, it has a moderate accuracy to detect fatty liver as determined by ultrasonography (24, 29). In a recent prospective cohort study from the Nonalcoholic Steatohepatitis Clinical Research Network (NASH CRN), changes in the ALT levels were significantly associated with fibrosis regression in NAFLD (30).

Reductions in body fat mass and subsequent improvements in insulin resistance might account for the reduction in hepatic fat and ALT levels by SGLT2i therapy. Indeed, addition of SGLT2is significantly reduced body weight compared with other OADs (Table 2). Interestingly, the superiority of SGLT2is over other OADs in ALT improvement was observed in patients with less than 5% of weight reduction (Figure 2). This result suggests that other mechanisms, such as reduction in inflammatory markers, decreased oxidative stress, and decreased hepatic lipogenesis might have been involved independently of weight reduction (31, 32). Further studies are needed for a mechanistic explanation for the SGLT2i-induced reduction of ALT levels. Being younger and male were also found to be better factors for responding to therapy with SGLT2is in terms of the improvements in liver function.

Small case studies have reported histological improvements in T2DM-associated NAFLD by SGLT2i therapy (33–35). Although our study did not take histological changes into account, previous studies reported associations between ALT improvement and hepatic fat content reduction, as assessed by MRI or computed tomography (14, 19, 26). Because we only assessed ALT changes up to 9 months, long-term hepatic outcomes such as prevention of hepatic fibrosis and hepatic carcinogenesis need to be determined by longer studies.

Current standards of medical care guidelines for T2DM (36, 37) and NAFLD (8) do not recommend specific classes of OADs for T2DM patients with NAFLD, except for pioglitazone in patients with biopsy-proven NASH. Collaborative studies by endocrinologists and hepatologists might help elucidate the natural history and long-term prognosis of T2DM-associated NAFLD and establish a standard-of-care guideline for optimal management. We believe that our real-world study may be of use in designing further collaborative studies on the role of SGLT2is in such patients.

In this study, we found that male sex and younger age group showed more favorable results with SGLT2is. In a recent study on patients with T2DM, empagliflozin treatment decreased liver fat content in males but not in females, although the interaction of sex and treatment was not significant (13). In a randomized, active‐controlled trial on patients with T2DM and NAFLD, 5 mg dapagliflozin treatment for 24 weeks improved the controlled attenuation parameter, which was significantly correlated with younger age (18). In another study on patients with T2DM and NAFLD, younger age was associated with a greater reduction in ALT levels with dapagliflozin treatment, but it was not statistically significant (OR = 0.954, P = 0.147) (27). Thus, males and younger age people are likely to respond to the SGLT2i therapy for fatty liver. Additional targeted randomized controlled trials focusing on age and sex are required to confirm this finding.

We also found that the advantage of SGLT2i in the improvement of ALT levels was more prominent in patients with baseline BMI > 26 kg/m2 and with less weight reduction during follow-up. To our knowledge, the effect of SGLT2i therapy on liver enzyme activities relative to BMI has not been reported in previous studies. This finding warrants mechanistic explanation through further studies and may provide some clue to the mechanism of action of SGLT2i on fatty liver. Since the effect on glucose control was similar between SGLT2i and other OADs (Table 2), SGLT2is may improve adipose tissue-induced hepatic inflammation (38) and oxidative stress (39) before weight reduction is achieved. Of note, the effect of non-pharmacologic intervention of body weight reduction might have overshadowed the weight-reducing effect of SGLT2i therapy.

Many studies have discovered a close association between NAFLD and impaired glucose regulation, resulting in the development of T2DM (40). Recent studies provide much evidence for an association between NAFLD and atherosclerosis and cardiovascular diseases (CVD) (41). Of note, the new descriptor ‘metabolic dysfunction-associated fatty liver disease’ (MAFLD) is proposed to replace the term NAFLD, because it more closely implicates obesity and metabolic dysregulation, leading to better identification of individuals with metabolic liver disease (42). MAFLD is not only associated with liver-related complications, but also with adverse cardiometabolic outcomes. Moreover, since many international guidelines recommend using SGLT2is for patients with established atherosclerotic CVD (ASCVD) or chronic kidney disease (CKD) or at high such risk (43, 44), it would be more prudent to conduct randomized controlled trials on people with good glycemic control and no ASCVD or CKD, in order to confirm the magnitude of the beneficial effect of SGLT2is and its mechanism of action.

Our study had several limitations. First, ALT was used as a surrogate marker for NAFLD activity in this study. It has been reported that ALT is a suboptimal marker for diagnosis of NASH with the area under the receiver operating characteristics for ALT level of 0.61–0.62 for NASH (45, 46). However, since ALT response may reflect histologic improvement in NASH (47), transaminase response is suggested as a better endpoint in early phase development trials (48). Apparently, the effect of SGLT2is on NAFLD needs to be further validated by long-term studies with histologic confirmation. Second, since our study was retrospective and observational, our results were prone to selection bias. We have matched most relevant variables by PS to minimize unbalancing, but the potential influence of unmeasured variables might still have biased the outcome. Applying PS matching is likely to achieve a better balance of covariates, but there is no consensus on the best way of capturing all relevant confounders for incorporation into the PS model. PS matching has advantages in situations with large numbers of covariates but relatively few outcome events captured in databases. By contrast, unmatched patients are excluded from analysis, thus increasing validity but at the expense of loss of information and generalizability (49). Moreover, various combinations of OADs have been used in our patients, so the potential interactions of SGLT2is and other OADs could not be fully controlled. These potential sources of bias can only be controlled by further prospective randomized trials. Third, different types of SGLT2is might have affected the outcome differently, but we did not assess the potential difference between individual SGLT2is because of limitations in statistical power given the patient numbers were not large. Fourth, as mentioned above, the hepatic histologic improvement by SGLT2i therapy needs to be assessed by long-term follow-up trials. Finally, since our data were obtained from Korean patients, further validation would be warranted in other ethnic groups.

In conclusion, this PS-matched comparative real-world study showed that the addition of SGLT2is decreased body weight and ALT levels significantly compared with other OADs in T2DM patients with NAFLD on metformin therapy. SGLT2is might be a preferable option for these patients.
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Introduction

Although the role of maternal hyperglycemia on birth outcomes is clear, literature regarding fetal growth is scarce. We examined the possible associations between maternal fasting plasma glucose (FPG) and fetal growth.



Materials and Methods

A total of 35,981 singleton-pregnant women with FPG in the first trimester were included. Fetal growth parameters were measured during pregnancy by ultrasound at mid and late pregnancy. Information on birth characteristics was retrieved from medical records. We used multivariable linear and logistic regression to determine the associations between FPG and z-scores of fetal parameters and risks of birth outcomes and to assess effect modification by maternal characteristics.



Results

A per-unit increase in FPG levels was negatively associated with fetal parameters in mid pregnancy but positively correlated with those in late pregnancy and with birth characteristics. The effect estimates in late pregnancy were attenuated by maternal pre-pregnancy body mass index (BMI). A significant relationship between FPG and abdominal circumference (AC), an indicator of fetal adiposity, was sustained in subgroups of women with advanced age, positive family history of diabetes, and multiparity in fully adjusted models. After stratification by BMI, high FPG was associated with accelerated AC only in normal controls (0.044 SD; 95% CI: 0.010, 0.079) and overweight/obese women (0.069 SD; 95% CI: -0.002, 0.140) but not in underweight women. High FPG was an independent risk factor for large-for-gestational age in the whole group and stratified subgroups.



Conclusions

Increased FPG in early pregnancy is closely related to fetal growth. Maternal characteristics may modify the associations between FPG and fetal adiposity in late pregnancy.





Keywords: pregnancy, fetal grow, modification effects, body mass index, fasting plasma glucose



Introduction

Since the human fetus is highly dependent on glucose derived from maternal circulation, the glucose homoeostasis transferred from mother to placenta is considered to be the dominant determinant of fetal development (1). Substantial studies have shown that a higher gestational glycemia in each trimester, regardless of fasting or postprandial state, is associated with increased risks of adverse birth outcomes, even in non-diabetic pregnancy (2–5). However, the majority of neonates with abnormal fetal growth are unidentified until birth. Given the prolonged exposure to hyperglycemia from early pregnancy, the impact of metabolic variation in mothers on the fetus in uterus is poorly understood. This notion is reinforced by the view that birth weight is only the endpoint of different fetal exposures, and different fetal growth parameters and body proportions may result in the same birth size (6). Altered fetal growth is a critical predictor of neonatal morbidity and mortality and may increase the susceptibility to multiple diseases later in life (7). For instance, accelerated fetal growth predisposes individuals to obesity later in life, and fetal growth retardation is related to adult diabetes and cardiovascular diseases (8–10).

To our knowledge, only two studies have reported the impact of maternal blood glucose in early pregnancy on fetal growth trajectories. Specifically, Geurtsen et al. (11) reported that high maternal early-pregnancy random blood glucose levels contributed to decreased fetal growth in mid pregnancy and increased fetal growth from late pregnancy onward in the US. Li et al. (12) only found early-pregnancy random blood glucose increased fetal growth in late pregnancy in China. However, non-fasting glucose levels can be affected by the collection date and timing of the last meal and may not truly represent women’s insulin resistance levels. At present, there are few reports about the effect of maternal fasting plasma glucose (FPG) levels in early pregnancy, which are relatively steady, on fetal intrauterine growth. In addition, the International Association of Diabetes and PregnanThe associations with LGAcy Study Groups (IADSPG) has once recommended women with FPG of ≥5.1 mmol/L as having early gestational diabetes mellitus (GDM) (13). However, little is known about fetal growth trajectories in early GDM and non-early GDM pregnancies. Meanwhile, easily obtained clinical subject characteristics such as family history of diabetes, maternal age, parity, fetal sex, and pre-pregnancy BMI, are important factors influencing intrauterine growth and birth outcomes, but few studies have investigated the potential interplay between circulating glucose and these variables (14–18).

In this study, our primary objective was to quantify the associations between maternal first-trimester FPG and the processes of fetal growth in different developmental periods. Our secondary objective was to explore potential modifiers.



Materials and Methods


Study Participants

Retrospective medical records of pregnant women who underwent their first trimester antenatal care in the International Peace Maternity and Child Health Hospital (IPMCH) in Shanghai, China, from January 2016 to December 2018, were obtained. Women who did not take the FPG test in the first trimester (9–14 weeks), had twin or multiple pregnancies, had preexisting diabetes, became pregnant through in vitro fertilization treatment or the use of ovulation stimulation drugs, or had incomplete medical data were excluded from the analysis. A total of 35,981 women were included in our study after excluding the abovementioned subjects (Figure 1). To evaluate potential selection bias, we conducted non-response analyses to compare the characteristics between the included (N = 35,981) and excluded pregnant women without first-trimester FPG data (N = 6,960). The results showed that there was no significant difference in maternal age, pre-pregnancy BMI, or birth outcomes, except for that mothers with FPG measurements had a higher proportion of multiparity (69.22% vs. 61.26%, p = 0.001), a lower rate of preterm birth (5.25% vs. 5.86%, p = 0.039), and slightly higher gestational age (39.1 vs. 39 weeks, p < 0.001) (Supplementary Table 1). The study was approved by the ethics committee of IPMCH (GKLW 2019-58) and performed in accordance with the Declaration of Helsinki. Written informed consent was obtained from all participants.




Figure 1 | Flowchart of the study population.





Data Collection

During the first antenatal visit, fasting blood samples were drawn for later measurement of glucose. Information about maternal age, education level, obstetrical history, last menstrual period (LMP), family history of diabetes, and anthropometry measurements were extracted from the medical record system. Previous study reported that advanced maternal age, defined as 35 years or greater, plays an important role in fetal growth (19). Therefore, maternal age was categorized as young (<35 years) and advanced age (≥35 years) in this study. Pre-pregnancy body mass index (BMI; kg/m2) was calculated using nurse-measured height in early pregnancy and self-reported weight from weight prior to pregnancy. Pre-pregnancy BMI was calculated as weight divided by height squared and was further classified into three groups: underweight (<18.5 kg/m2), normal weight (18.5–23.9 kg/m2), and overweight/obese (≥24.0 kg/m2). Dichotomous variables were used to indicate maternal parity (nulliparous and multiparous), fetal sex (male and female), and family history of diabetes (positive and negative). Gestational age was estimated using ultrasound screening of the crown–rump length (CRL). If the difference between LMP and CRL based on gestational age was >10 days, we chose the latter method.

Women who have not previously been diagnosed with diabetes underwent a 75-g oral glucose tolerance test (OGTT) at 24–28 weeks of gestation. The diagnosis of GDM was made when any of the following plasma glucose values were met or exceeded: fasting, 5.1 mmol/L; 1 h, 10.0 mmol/L; 2 h, 8.5 mmol/L.



Fetal Growth and Neonatal Outcomes

In the follow-up prenatal visits, pregnant women were monitored with routine ultrasound measurements using transabdominal sonography (Philips iU22, Netherlands) to measure fetal head circumference (HC), abdominal circumference (AC), and femur length (FL) to the nearest millimeter in mid pregnancy (18–24 weeks of gestation) and late pregnancy (28–34 weeks of gestation). All ultrasound measurements were conducted by experienced faculty.

Information on fetal sex, date of birth, birth weight (BW), and birth length (BL) was obtained from hospital medical records. Gestational age-adjusted z-scores for fetal biometry, estimated fetal weight (EFW), and newborn BL and BW were constructed according to the INTERGROWTH-21st Standard (20). The INTERGROWTH-21st Standard is a multicenter, multi-ethnic, population-based project, conducted between 2009 and 2014, in eight countries. The project strictly selected eligible pregnancies and assessed longitudinal fetal growth and newborn size to construct prescriptive intrauterine growth standards for each gestational age (21).

Preterm birth was defined as birth at <37 weeks of gestation (20). Small-for-gestational age (SGA) was defined as BW <10th percentile gestational age- and sex-specified BW, and large-for-gestational age (LGA) was defined as BW >90th percentile gestational age- and sex-specified BW based on the INTERGROWTH-21st Standard (21).



Statistical Analysis

In this analysis, we investigated the relationship between the first trimester FPG concentrations and offspring growth patterns (mid pregnancy, late pregnancy, and at birth) using unbalanced repeated measurement regression models. Since body length cannot be estimated by ultrasound, we used FL instead to assess overall length growth (22). This regression technique considers the correlation of repeated measurements within one subject into account, assesses both the time-independent and time-dependent effects of FPG in early pregnancy, and allows for incomplete data (23). We included early-pregnancy FPG in these models as an intercept and as an interaction term with gestational age to estimate fetal growth rates over time (23). The models performed with R can be written as: fit<-lmer (weight ~ FPG + time + FPG * time + β0 + β1 + βj + (1|id), data = newdata). The term “weight,” including the estimated fetal weight in the second and third trimesters and weight at birth, reflects the time-dependent outcome variable, while “time” is a continuous variable that reflects the gestational week of estimated weight in the second and third trimesters and weight at birth. “FPG” and “FPG * time” reflect the time-independent and time-dependent growth differences, respectively. “(1|id)” refers to a random intercept for subjects (repeated subject = id). “β0 + β1 + βj” is the regression coefficient for covariates 0 to j, where j is the number of covariates. A similar model was used for length growth. Crude models were adjusted for model 1 (including maternal age, parity, education levels, family history of diabetes, and fetal sex) and model 2 (model 1 plus pre-pregnancy BMI).

Differences in fetal weight growth through pregnancy by early GDM and pre-pregnancy BMI were examined by linear mixed modeling. Analysis was repeated with the exception of women with GDM.

Furthermore, we examined the association of early FPG concentrations with fetal growth characteristics in the second and third trimesters and at birth using linear regression models. The results are expressed as β coefficients (95% CIs). Crude models were adjusted for model 1 (including maternal age, parity, education levels, family history of diabetes, and fetal sex) and model 2 (model 1 plus pre-pregnancy BMI). Subsequently, we assessed the associations with the risks of adverse birth outcomes using logistic regression models adjusted for the same covariates.

Stratified analyses by maternal characteristics and fetal sex mentioned in the covariates were conducted in each pregnancy period to examine which group was more affected by FPG. Analyses were adjusted for covariates when they were not the strata variables conducted in model 1 and model 2.

To validate the confidence of the association of higher maternal FPG with fetal growth during pregnancy, sensitivity analyses were performed in two steps. First, we repeated the analyses limited to fetuses from mothers without GDM because we were interested in non-diabetic women. The second analysis conducted excluded pregnancies with complications, such as gestational hypertension, preeclampsia, placenta previa, placental abruption, and cholestasis of pregnancy.

Normally distributed variables are presented as the means ± SD; non-normally distributed variables are presented as medians with 95% ranges. All statistical analyses were performed using R statistical software version (package rms, lme4, ggplot).




Results


Population Characteristics

Descriptive characteristics of mothers and newborns are listed in Table 1. The mean (SD) maternal age was 30.89 (3.86) years, and the mean BMI (SD) was 21.13 (2.71) kg/m2. Delivery took place at a median of 39.1 weeks (95% CI: 35.6, 41), and the mean (SD) birth weight was 3,327.67 (437.23) g. A total of 69.22% of women were nulliparous, and 12.95% were overweight/obese. The mean maternal FPG values was 4.49±0.36 mmol/L, with 2,015 (5.6%) women having over 5.1 mmol/L. The rates of LGA, SGA, and preterm birth were 13.13%, 3.29%, and 5.25%, respectively. When compared to women delivering average-for-gestational age (AGA) newborns, higher mean FPG concentrations in early pregnancy were observed in women delivering LGA newborns (4.55±0.38 vs. 4.48±0.36 mmol/L, p < 0.001), and lower mean FPG concentrations were observed in mothers who gave birth to babies with SGA (4.45±0.37 vs. 4.49 ± 0.36 mmol/L, p = 0.001). Women who gave birth to premature babies also had higher levels of FPG than women who gave birth to term (4.51 ± 0.39 vs. 4.49 ± 0.36 mmol/L, p = 0.03).


Table 1 | Baseline characteristics of study participants.





First-Trimester Fasting Plasma Glucose Concentrations With Fetal Growth and Birth Outcomes

Considering the variation in maternal FPG during early pregnancy, we first modeled a curve to evaluate the potential effect of gestational week on maternal FPG values by using a Locally Weighted Scatterplot Smoothing procedure. The results showed a small fluctuation at the end of the first trimester (Figure 2). Repeated measurement analysis showed that first-trimester FPG levels were positively associated with the fetal growth trajectory based on fetal weight and length from visits 2 and 3 and delivery [adjusted for model 1: length: 0.046 SD (0.030–0.082), p < 0.001; weight: 0.039 SD (0.014–0.064), p = 0.002]. After additional adjustment for pre-pregnancy BMI, the significant association for fetal weight no longer reached statistical significance.




Figure 2 | The effect of timing in gestation for FPG values during early pregnancy. FPG, fasting plasma glucose.



In mid pregnancy, fetuses of early GDM mothers had lighter EFW [mean difference in EFW SDS: -0.10 (-0.14, -0.07)] compared to non-early GDM mothers (reference). From this time until birth, they grew faster [difference in mean EFW at late pregnancy and weight at birth was 0.10 (0.07, 0.13) and 0.20 (0.16, 0.25), respectively] (Figure 3A). This pattern was maintained after excluding fetuses of mothers who were later diagnosed with GDM (Figure 3B). Compared to fetuses of normal-weight women (reference), fetuses of underweight women were smaller from mid to birth [mean difference in EFW SDS: -0.09 (-0.13, -0.05); -0.22 (-0.26, -0.18); -0.3 (-0.33, -0.27), respectively], and fetuses of overweight/obese women were heavier across pregnancy [mean difference in EFW SDS: 0.06 (0.01, 0.11); 0.24 (0.19, 0.28); 0.26 (0.23, 0.29), respectively] (Figure 3C). Results were similar after excluding fetuses of mothers who were later diagnosed with GDM (Figure 3D).




Figure 3 | Mean differences in estimated fetal weight (EFW) across pregnancy stratified by early gestational diabetes mellitus (GDM) and pre-pregnancy body mass index (BMI). Women with non-early GDM are the reference group in panels (A, B), represented by the black zero-line. Normal weight women are the reference group in panels (C, D).



The effects of maternal first-trimester FPG on fetal growth patterns during each pregnancy period are summarized in Table 2. Higher FPG was associated with a pattern of reduction in z-scores for all fetal growth parameters in mid pregnancy in multivariable-adjusted model 2, except for FL. However, as in late pregnancy, higher FPG was associated with increased AC, EFW, and FL SDS in model 1, resulting in significantly increased weight and length at birth. The positive associations between FPG and AC or EFW in late pregnancy lost statistical significance after additional correction for pre-pregnancy BMI, while the association with birth weight and length remained significant in the fully adjusted model.


Table 2 | Association of maternal early-pregnancy glucose concentrations with fetal growth during pregnancy and birth outcomes.



Higher first-trimester FPG was independently associated with an increased risk of LGA after correction for model 2 [odds ratio (OR): 1.250 (95% CI: 1.148, 1.436)]. There was a protective effect on SGA and an increased risk of preterm birth in the crude model [ORSGA: 0.766 (95% CI: 0.652, 0.898) and ORPTB: 1.159 (95% CI: 1.022, 1.313); respectively], but both became non-significant after adjustments for model 1 and model 2 (Table 2).



Response of Trimester-Specific Fetal Biometry Parameters to First-Trimester Fasting Plasma Glucose Stratified by Known Maternal Phenotypes

No interaction terms for maternal traits were found in mid pregnancy (all p-interaction >0.05; Figure 4A and Supplementary Table 2). In late pregnancy, although no evidence of an association between FPG and AC growth was present in the fully adjusted model, analyses stratified by maternal characteristics showed significantly positive estimates among mothers who were older (35 years), had a family history of diabetes, and had multiparity after controlling for BMI [0.067 SD (0, 0.134), 0.103 SD (-0.001, 0.207), and 0.054 SD (0.002, 0.105), respectively). However, the effect estimates in subjects with age younger than 35 years, without a family history of diabetes, and nulliparity were all close to zero (Figure 4B and Supplementary Table 2). Analysis stratified by BMI showed that the positive association between FPG and AC was evident in women with BMI ≥18.5 kg/m2 (Figure 4B and Supplementary Table 2). No clearly different effects between groups stratified by age, family history, parity, and BMI were present for FL.




Figure 4 | Results for effect modification by maternal and fetal characteristics in mid pregnancy (A) and late pregnancy (B). Covariates of adjustment in models: maternal age, parity, pre-pregnancy BMI, gestational age of sample collection, family history of diabetes, and fetal gender. AC, abdominal circumference; HC, head circumference; EFW, estimated fetal weight; FL, femur length; FH, family history of diabetes; BMI, body mass index. *Represent significant association after full adjustment in subgroups for AC.



The estimates of FPG with birth weight and length were similar between subgroups, except for women carrying female fetuses and those with BMI ≥18.5 kg/m2, who showed a pattern of higher estimates for the association between FPG and BL (Figures 5A, B and Supplementary Table 3). The associations with LGA were similar to the results shown for the continuous birth weight results (Supplementary Table 3). However, the curves for LGA showed an incremental separation of their probabilities in the three BMI subgroups with increasing FPG at the lower levels of FPG and exhibited overlap or reversal of their relative probabilities at higher levels (Figure 5C). Stratified analyses showed that the OR values (95% CI) of LGA for women who were underweight, normal weight, and overweight/obese were 1.802 (1.285, 2.513), 1.351 (1.219, 1.497), and 1.333 (1.129, 2.574), respectively. There were no statistical associations for SGA and PTB in any subgroup (data not shown).




Figure 5 | Associations between maternal FPG with birth weight (A), birth length (B) and the estimated probability for LGA stratified by pre-pregnancy BMI (C).





Sensitivity Analysis Results

In the sensitivity analyses, the negative relationship between maternal FPG and fetal growth in mid pregnancy and the positive relationship in late pregnancy were not materially changed after excluding pregnant women with GDM. Exclusion of individuals with GDM and further exclusion of individuals with pregnancy complications did not materially change the results (data not shown).




Discussion

In this study, we showed that higher early FPG levels were associated with lower fetal growth in mid pregnancy, and subsequently compensatory increased growth from late pregnancy, resulting in significantly heavier weight and elevated risk of LGA delivery. The whole associations between maternal FPG and detailed measurements of fetal growth parameters in late pregnancy except for FL were fully explained by maternal pre-pregnancy BMI. Furthermore, we showed that advanced age, multiparity, positive family history of diabetes, and higher BMI were associated with an increased AC response to maternal FPG in early pregnancy. Based on pre-pregnancy BMI stratification, FPG was associated with significantly increased risks of LGA in all the three BMI subgroups.

FPG is one of the most commonly used indicators for diabetes, as it reflects beta cell function and generally indicates the secretion of basal insulin (24). This was the first study using fasting plasma samples to investigate fetal growth trajectories during pregnancy. In the current study, per-unit increases in maternal FPG were associated with slowed mid pregnancy fetal growth. This suggests that hyperglycemia affects embryonic development and is a risk factor for fetal growth retardation in the first half of pregnancy. The underlying biological mechanisms may be attributed to a combination of glucose-mediated effects mediated by mitochondrial function, epigenetic modification, and oxidative stress (25–28). Experimental data have indicated that trophoblast cell exposure to hyperglycemia limits migration and invasion, often with dose–response patterns, which further impedes the normal function of the placental villi and interferes with the placentation process (29). These findings suggest that decreased fetal growth may be associated with the worsening of FPG within the respective normal reference range. Alternatively, other studies also demonstrated that hyperglycemia induced upregulation of the C-X3-C motif chemokine ligand 1 (CX3CL1)/C-X3-C motif chemokine receptor 1 (CX3CR1) signaling pathway, which is known to disturb placental perfusion (30, 31). This notion is supported by a study by Stridsklev et al. (32) showing that higher FPG concentrations during early pregnancy positively correlated with the mid pregnancy pulsatility index of the uterine artery. All of these factors triggered a lower chance of efficient glucose flux on the maternal side.

Although the placenta development as a whole is affected by exposure to hyperglycemia, the role of the fetal compensatory response specific to gestational age cannot be ignored. Human fetal glucose availability relies completely on transplacental glucose from mothers (1). The rate of glucose flux to the fetus is controlled by the maternal-to-fetal glucose concentration gradient across the placenta (33). Hyperglycemia-induced apoptosis of non-proliferative syncytiotrophoblast cells leaves incomplete holes in the placenta, which will cause a large flux of glucose into the fetal blood circulation (34). Data have demonstrated that women with higher FPG levels at baseline had a greater risk of developing GDM at approximately 26 weeks, which coincides with the period of elevated maternal endogenous glucose production and reduced insulin sensitivity (35, 36). Stimulation of fetal insulin secretion by maternal hyperglycemia lowered fetal glycemia, which, in turn, increased the maternal–fetal glucose gradient, resulting in rapid fetal growth and excess fat deposition (33). This might be the biological process of accelerated fetal growth in late pregnancy triggered by maternal FPG. In line with these theories, a study among 184 Asian women observed an intrauterine “catch-up” in GDM-exposed fetuses in late pregnancy (32). Furthermore, the exaggerated maternal–fetal glucose gradient by hyperinsulinemic fetuses further attenuates maternal glucose levels, providing an explanation for our study why women who did not develop GDM also share phenotypic characteristics with obesogenic fetopathy. In another study conducted in the UK, Ong et al. (4) reported that FPG levels assessed in the second trimester in non-GDM mothers independently contributed to neonatal macrosomia. However, due to a lack of data about FPG from periconception or early pregnancy, they were unable to explain the potential biological mechanisms. More challenging is whether early exposure to elevated glucose and subsequently accelerated maturation of fetal beta cells will predispose offspring to metabolic diseases in adulthood. Further study in this population is certainly warranted.

We found that the influences of FPG on accelerated AC and EFW in late pregnancy could be explained by pre-pregnancy BMI but that on birth weight could not. However, the discrepancy is not necessarily contradictory. Body composition in neonates includes but is not limited to those measured in our study (i.e., the head, abdomen, and femur), as well as the trunk and limbs. It is likely that FPG may act preferentially in fetal extremities and the thoracic truncus. As stated in another study by Ong et al. (4), elevated maternal glycemia contributed to offspring fat deposition in the arms and the subscapular and suprailiac regions at birth. The positive relationship with femoral growth from late pregnancy in our study may also provide some clues. It has been well documented that fetal adipocyte proliferation occurs primarily in the third trimester and that AC is a good indicator of fetal fat deposition (37). The subgroup analyses showed that a significantly positive association between FPG and AC was robust to adjustment for BMI among individuals with advanced age, multiparity, and positive family history of diabetes. One possible explanation is that maternal conditions with these traditional risk factors might be profoundly involved in fetal programming through modification of oocyte metabolism, predominantly of their mitochondria, leading to increased susceptibility to or aggravated physiological insulin resistance during pregnancy (38, 39). We further stratified continuous BMI values into categories. AC and EFW in late pregnancy reflected changes in FPG concentrations to a lesser extent in lean women than in normal or obese women. This may be attributed to adiponectin, an antidiabetic adipokine that is richly expressed in lean women to regulate glucose metabolism and therefore attenuate fetal growth (1). Similarly, a study conducted in the UK showed that fetuses exposed to GDM mothers combined with obesity showed the greatest AC growth rates at 28 weeks (40). An unexpected observation was that the effects of FPG on the risk of LGA were strongest in underweight women when FPG levels were at high level. This might partly be explained by the fact that more attention might be given to overweight mothers, and interventional management effectively offsets the adverse pregnancy. In contrast, underweight women were regarded as overlooked. Differential DNA methylated regions might be a potential mechanism linking maternal glucose metabolism and offspring outcomes in different BMI subgroups (41).

In this study, we observed positive associations of first-trimester FPG with FL and BL, even after full adjustment. Both FL and BL are predictors of offspring height. However, few studies have investigated the effect of blood glucose on FL, BL, and height, and more studies are needed to replicate our observations.

The interventions of physical activity and diet counseling have not remarkably benefited those diagnosed with GDM at 24–28 weeks’ gestation. In this regard, the IADSPG recommended that early FPG ≥5.1 mmol/L should be considered to define early GDM and supported immediate intervention of maternal glycemic control. To date, whether women with early-onset GDM could benefit from surveillance and management remains controversial due to lack of evidence from large randomized controlled trials (RCTs) (13), and they only observed the outcomes at birth and ignored the process of intrauterine growth. This finding in our study provides potential clinical implications to encourage future large-scale RCTs to pay extra attention to the fetal growth pattern during the management process.

Some limitations of our study should be considered. First, we cannot exclude bias in the selection of the population, since some of the information was based on the medical records and not all participants provided blood samples. It should be noted that self-reported pre-pregnancy weight was applied to calculate BMI, which may cause bias because women tended to underreport their initial weight and it should be used with caution. Second, this study was a hospital-based cohort, and the homogeneous ethnicity of the cohort may increase the internal validity and weaken the generalizability of our findings to other ethnicities. Third, we did not adjust for gestational weight gain (GWG), as fetal growth is a major component of GWG, and additional adjustment of GWG would thus lead to overadjustment. Last, among Caucasians, the Hadlock equation for estimated fetal weight based on FL, AC, and HC has been more widely employed. Although INTERGROWTH-21st has been used less, it is based on a large number of healthy women from eight countries including China. The INTERGROWTH-21st method had strictly defined protocols for conducting of the ultrasound scans, and the statistical analysis was rigorous. Further research is needed to repeat our study with performance of the Hadlock equation.



Conclusion

In conclusion, the current findings suggest significant glycemia-related fetal growth deviation and an increased risk of LGA infants, highlighting a potentially imperative need for recognition and management in early pregnancy. This is a first step toward emphasizing that the first trimester is a potentially key window of pregnancy for intervention studies. Additional studies including prospective cohorts or RCTs are needed to confirm a feasible strategy to improve fetal growth and birth outcomes.
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Women in the Middle East and North Africa (MENA) region are burdened with several risk factors related to gestational diabetes mellitus (GDM) including overweight and high parity. We systematically reviewed the literature and quantified the weighted prevalence of GDM in MENA at the regional, subregional, and national levels. Studies published from 2000 to 2019 reporting the prevalence of GDM in the MENA region were retrieved and were assessed for their eligibility. Overall and subgroup pooled prevalence of GDM was quantified by random-effects meta-analysis. Sources of heterogeneity were investigated by meta-regression. The risk of bias (RoB) was assessed by the National Heart, Lung, and Blood Institute’s tool. One hundred and two research articles with 279,202 tested pregnant women for GDM from 16 MENA countries were included. Most of the research reports sourced from Iran (36.3%) and Saudi Arabia (21.6%), with an overall low RoB. In the 16 countries, the pooled prevalence of GDM was 13.0% (95% confidence interval [CI], 11.5–14.6%, I2, 99.3%). Nationally, GDM was highest in Qatar (20.7%, 95% CI, 15.2–26.7% I2, 99.0%), whereas subregionally, GDM was highest in Gulf Cooperation Council (GCC) countries (14.7%, 95% CI, 13.0–16.5%, I2, 99.0%). The prevalence of GDM was high in pregnant women aged ≥30 years (21.9%, 95% CI, 18.5–25.5%, I2, 97.1%), in their third trimester (20.0%, 95% CI, 13.1–27.9%, I2, 98.8%), and who were obese (17.2%, 95% CI, 12.8–22.0%, I2, 93.8%). The prevalence of GDM was 10.6% (95% CI, 8.1–13.4%, I2, 98.9%) in studies conducted before 2009, whereas it was 14.0% (95% CI, 12.1–16.0%, I2, 99.3%) in studies conducted in or after 2010. Pregnant women in the MENA region are burdened with a substantial prevalence of GDM, particularly in GCC and North African countries. Findings have implications for maternal health in the MENA region and call for advocacy to unify GDM diagnostic criteria.
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Introduction

Gestational diabetes mellitus (GDM) (1) is usually diagnosed during the second and third trimesters of pregnancy (2). Risk factors of GDM include excessive body weight, low level of physical activity, consanguineous marriage, previous history of GDM, glycated hemoglobin >5.7%, and history of cardiovascular disease (3). As the toll of overweight and obese reproductive-age females soars, the risk of developing hyperglycemia in pregnancy increases (4).

GDM has a global public health burden (5) with both short- and long-term consequences on health. The short-term ramifications of GDM include adverse perinatal outcomes for the affected women (e.g., preeclampsia, polyhydramnios, and increased cesarean section [“C-section”] risk) and their neonates (e.g., macrosomia and shoulder dystocia) (1, 6), whereas the long-term complications of GDM incorporate the risk of type 2 diabetes mellitus (T2DM) for the mother and the risk of childhood obesity, impaired glucose tolerance, and/or metabolic syndrome for their neonates (6). Since increased blood glucose levels are associated with certain perinatal complications, gestational blood glucose control is vital (7).

Understanding population-specific healthcare needs at specific points of time is essential, and prevalence estimates are ideal for such purposes (8). Unfortunately, the global GDM prevalence estimates (<1%–28%) show a wide variation due to ethnicity, ethnic variation among various populations, and inconsistent use of screening and diagnostic criteria (4, 9). To precisely estimate the burden of GDM of a particular geographic area, it is essential to determine the region-specific prevalence estimate. There is scant literature on the prevalence of GDM in the Middle East and North Africa (MENA) region, although two of the main risk factors [physical inactivity and above-normal body mass index (BMI)] are identified as being highly prevalent in this region (10). Moreover, three of the world’s top ten most prevalent countries for diabetes mellitus belong to this region: Saudi Arabia (24%), Kuwait (23%), and Qatar (23%) (11). For the entire Eastern Mediterranean region, the existing prevalence estimate of GDM is 14.5%, although this includes only cases diagnosed according to the World Health Organization (WHO) 1999 criteria (4). One previous survey showed that physicians and hospitals in this region use different criteria to diagnose GDM (12).

A systematic review and meta-analysis of prevalence studies is considered to be an ideal method to understand the burden of GDM at regional and national levels. In this systematic review, meta-analysis, and meta-regression, we estimated the weighted pooled prevalence of GDM in the MENA region, at the regional, subregional, and national levels, based on literature published between January 2000 and December 2019.



Methods

This review follows the Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) 2009 guidelines (13). The PRISMA checklist is provided elsewhere (Supplementary File 1). Following our published protocol, we report here “systematic review 2” (14). We implemented minor amendments whenever needed, including an updated database search.


Data Source and Searches

To identify eligible studies reporting the prevalence of GDM in the MENA countries, we conducted a comprehensive search of five electronic databases (MEDLINE, EMBASE, Web of Science, SCOPUS, and Cochrane library) from January 1, 2000, to December 31, 2019, using variant Medical Subject Headings and free-text terms. Restricting the literature search to 2000 was to estimate changes in the GDM prevalence over the past two decades (before and after 2010), at national, sub-regional, and regional levels, whenever enough data is available for the meta-analysis. The literature search strategy was developed in consultation with an expert librarian at the National Medical Library at the United Arab Emirates University. The full search strategy available in the published protocol (14). Retrieved references were imported to the Covidence software (Covidence, Melbourne, Australia) (15). Deduplication of similar references was performed automatically by the Covidence software.



Study Selection

To identify and select studies for inclusion, we followed the PECO(T) framework: participants, exposure, comparator, outcome(s), and type of study (16). However, we considered only participants and outcomes because the focus of this review was on studies reporting the prevalence of GDM. Study eligibility criteria are presented in Table 1.


Table 1 | Study eligibility criteria.





Identifying Eligible Studies

Titles and abstracts were screened by RHA, NMA, and MSP to detect eligible research reports on the prevalence of GDM. For studies that appeared eligible, the full text was reviewed (RHA, NMA, and MSP). Screening of all titles and abstracts and full text articles was performed independently by two reviewers. Disagreements among reviewers were resolved by discourse. We also searched the reference lists of eligible studies for studies that might have been missed. Figure 1 shows the PRISMA flowchart of study selection.




Figure 1 | PRISMA flowchart of study selection.



In this review, the term “research report” is used to refer to a full published research document. The term “study” is used to refer to a single study on a specific population group. One big observational study (one research report) provides GDM data stratified into four age groups (four studies). Hence, one research report could contribute several studies on GDM prevalence.



Data Extraction and Quality Assessment

Relevant data from eligible studies were extracted into a predesigned Excel sheet using a predefined list of numerical and string variables. The outcome of interest was the weighted prevalence of GDM in pregnant women in the MENA countries, according to various characteristics including, but not limited to, age, BMI, trimester, and time period. We extracted author names, publication year, country, city, and study setting. In addition, data on the implemented methodology (design, data collection period, sampling strategy, and GDM diagnosis and ascertainment methodology) and characteristics of the studied pregnant women (age, pregnancy trimester, sample size, number of women with GDM and GDM prevalence) were extracted whenever available.

In addition to the overall prevalence of GDM, some research reports also reported the prevalence of GDM stratified according to different characteristics, such as age, parity, comorbidity, pregnancy trimester, and BMI. In such reports, data extraction was performed for the stratified GDM prevalence, following the rule that the study had to have at least ten tested subjects per strata; otherwise, information on the entire tested sample was extracted. A predefined sequential order was established when extracting stratified GDM prevalence estimates as follows: GDM stratified first according to comorbidities followed by parity, age, and BMI. This prioritization was used to identify the strata with more information on the tested pregnant women. When there was no stratification for the prevalence of GDM, we extracted the overall GDM prevalence measured.

For each research report reporting the stratified prevalence of GDM according to more than one category (i.e., age and BMI), one category per research report was considered and included based on the aforementioned prioritization scheme, to avoid double counting. In studies in which GDM was ascertained using different guidelines, the most sensitive and reliable ascertainment assay was considered (i.e., prioritizing fasting blood glucose over self-reported) or was based on the most recent and updated criteria (i.e., prioritizing WHO 2010 over 2006 criteria).

The risk of bias (RoB) assessment was performed at the level of the research report rather than the study. The quality of each research report was evaluated according to criteria of the National Heart, Lung, and Blood Institute (18). Six of 14 items from the quality assessment tool for prevalence studies were used (18). The six quality-related items assessed the research question/objectives, studied population, sample size justification, and outcome measures and assessment. Eight items were not used because they are applicable only to follow-up cohort studies. For additional quality assessment, we also assessed the robustness of the implemented methodology using three additional quality-of-evidence criteria: sampling methodology, GDM ascertainment methodology, and precision of the estimate. Studies were considered to have “high” precision if at least 100 women were tested for GDM. We computed the overall proportion of research reports with potentially low RoB across each of these nine quality criteria and also computed the proportion (out of nine) of quality items with a potentially low RoB for each of the included research reports.

Data abstraction and quality assessment were performed independently by two reviewers (NA and MP) and cross-checked for disagreements. Any discrepancies in the extraction phase or in the quality assessment between the reviewers were discussed and resolved with a consultation of a senior reviewer (RA-R).



Data Synthesis and Analysis

To estimate the weighted pooled prevalence of GDM and the corresponding 95% confidence interval (CI), we performed meta-analyses of the extracted data. The Freeman–Tukey double arcsine transformation method was applied to stabilize the variances of the prevalence measures (19). The inverse variance method was used to weight the estimated pooled prevalence measures (20). Dersimonian–Laird random-effects model was used to estimate the overall pooled GDM prevalence (21). Cochran’s Q statistic and the inconsistency index, I2, were calculated to measure heterogeneity (22). Along with the pooled estimates, ranges and median were also reported to describe the dispersion of the GDM prevalence measures reported in the literature. The prediction interval, which estimates the 95% interval in which the true effect size in a new prevalence study will lie, was also quantified and reported (22).

For the subgroup meta-analysis, country-level pooled estimates were generated overall and based on time period. In addition, to estimate the change in GDM both at the country level and overall, the data collection period was stratified into two time periods: 2000–2009 and 2010–2019. For studies in which the data collection period overlapped, the collection period was defined as “overlap” so as not to miss any important data when estimating country-level, subregional, and regional prevalence. The median (~2 years) was used in studies with an unclear data collection period. In these studies, the median was subtracted from the year of publication to estimate the year of data collection.

The weighted pooled prevalence, regardless of country, was also estimated according to the age of the pregnant women, trimester, BMI, study period, GDM ascertainment guidelines, and sample size (<100 or ≥100). The provision of pooled estimates regardless of the ascertainment guidelines was justified by the fact that the women were defined and treated as GDM patients following each specific ascertainment guideline.

Accumulated evidence has shown that GDM is associated with an increased risk of C-section (23, 24) and maternal mortality (4). Independent of the research report and the characteristics of the tested pregnant women for GDM, we estimated the pooled GDM prevalence according to the C-section rate and maternal mortality ratio (MMR). Information on the C-section rate (25, 26) and MMR were retrieved from various resources (27). Depending on data availability, information on C-section rate and MMR was extracted in the same or the closest year to the estimated GDM prevalence. For every GDM study, the rate of C-section was then categorized as <15%, 15–29%, >30%, or unclear, whereas the MMR was categorized as either ≤100/100,000 live births, >100/100,000 live births, or unclear.

To provide prevalence estimates at a subregional level, we regrouped MENA countries into four subregions, namely, North Africa, Gulf Cooperation Council (GCC) countries, Levant, and Iran/Iraq region. We estimated the overall pooled prevalence in these subregions and according to patient age, trimester, BMI, study period, GDM ascertainment guidelines, rate of C-section, and MMR.

Random-effects univariate and multivariable meta-regression models were implemented to identify sources of between-study heterogeneity and to quantify their contribution to variability in the prevalence of GDM. In univariate meta-regression models, analysis was performed by country, age, pregnancy trimester, BMI, and sample size. All variables with a p-value <0.1 in the univariate models were included in the multivariable model. In the final multivariable model, a p-value ≤0.05 was considered statistically significant, which contributed to the heterogeneity in prevalence estimates.



Publication Bias

A funnel plot was generated to explore the small-study effect on the pooled GDM prevalence estimates. The funnel plot was created by plotting each GDM prevalence measure against its standard error. The asymmetry of the funnel plot was tested using Egger’s test (28).

All analyses were performed using the metaprop (29) and metareg packages in Stata/SE v15 (30).

The study is registered with PROSPERO, number CRD42018100629.




Results


Database Search and Scope of the Review

Of the 13,139 citations retrieved from the 5 databases, 102 research reports were deemed eligible and included in this review (Figure 1).

The research reports were from 16 countries in the MENA region: Algeria (one), Bahrain (two), Egypt (four), Iraq (three), Iran (37), Jordan (four), Lebanon (two), Libya (one), Morocco (one), Oman (five), Qatar (six), Saudi Arabia (22), Sudan (two), Tunisia (one), United Arab Emirates (UAE) (eight), and Yemen (one). The prevalence data for both decades (time periods) were available from six countries (Bahrain, Iran, Oman, Qatar, Saudi Arabia, and the UAE); for the other countries, data were available for the time period 2010–2019 (Table 2). Self-reported GDM status was documented in five research reports (31, 73, 83, 90, 119). The predominantly used GDM diagnostic criteria in the MENA region were from the American Diabetes Association and the International Association of Diabetes and Pregnancy Study Group (ADA/IADPSG; 48.5% of studies).


Table 2 | Summary of the included studies reporting the prevalence of GDM in pregnant women in the MENA region, 2000–2019, stratified by country (102 reports with 198 prevalence measures).














Crude GDM Prevalence

The 102 research reports (31–67, 69–132) yielded 198 GDM prevalence studies. Iran (32.3%) (41, 43–67, 69–77) and Saudi Arabia (24.2%) (97–118) contributed to most of the prevalence studies, followed by Qatar (9.7%). In these prevalence studies, a total of 279,202 pregnant women were tested for GDM between 2000 and 2019, and the crude GDM prevalence was estimated to be about 11.0%. The prevalence of GDM ranged from 0.0% in three studies (60, 98, 104) to 50.7% in pregnant women aged 40–49 years in Saudi Arabia tested between 2007 and 2009 (111). The GDM prevalence range was identical in studies reported in the two decades (Tables 2 and 3).


Table 3 | Weighted national prevalence of GDM in pregnant women in 16 MENA countries by study period and overall.





Regional and National Pooled GDM Prevalence

The overall pooled weighted GDM prevalence in the MENA region was 13.0% (95% CI, 11.5–14.6%, I2, 99.3%; Table 3; Figure 2). The highest GDM prevalence was observed in Qatar (20.7%, 95% CI, 15.2–26.7%; 19 studies), followed by 15.5% in Saudi Arabia (95% CI, 12.6–18.8%; 48 studies) and 13.4% in the UAE (95% CI, 9.4–18.0%; 14 studies; Table 3). The lowest pooled GDM prevalence was 4.7% in Jordan (95% CI, 3.0–6.7%; six studies) reported between 2010 and 2019. In the studies conducted between 2000 and 2009, the prevalence estimates ranged from 3.2% in Oman (95% CI, 2.3–4.2%) to 22.3% in Qatar (95% CI, 15.9–29.4%), and in the studies conducted between 2010 and 2019, it ranged from 3.0% in Algeria (95% CI, 1.4–6.4%) to 23.0% in Sudan (95% CI, 3.3–45.2%; Table 3).




Figure 2 | Forest plot of the meta-analyses of the studies on GDM from 16 MENA countries.



For the six countries reporting data on both decades, the overall GDM prevalence was estimated separately for each decade. There was a rise in the prevalence of GDM by 4% to 8% in Iran, Oman, and Saudi Arabia and a decrease of 2% to 4% in Bahrain, Qatar, and the UAE from 2000–2009 to 2010–2019 periods. The largest increase in prevalence occurred in Oman: from 3.2% in 2000 (95% CI, 2.3–4.2%) to 11.0% in 2019 (95% CI, 8.0–15.0%, I2, 84.2%). An appreciable reduction in the prevalence of GDM was observed in the UAE: from 15.5% in 2000 (95% CI, 9.2–23.0%, I2, 99.2%) to 11.3% in 2019 (95% CI, 7.6–15.69, I2, 93.2%; Tables 2 and 3).



Subgroup Pooled GDM Prevalence

The prevalence of GDM in pregnant women aged ≥30 years was 2.26 times higher (21.9%, 95% CI, 18.5–25.5%, I2, 97.1%) than that estimated in younger (15–29 years) pregnant women (9.7%, 95% CI, 6.7–13.2%, I2, 98.0%). A trend was observed between GDM and pregnancy trimester. The weighted GDM prevalence increased by 45.0%, from 8.9% in the first trimester to 12.9% in the second trimester, and by 55.0% in the third trimester (20.0%, 95% CI, 13.1–27.9%, I2, 98.8%) compared with the second trimester. It was also noticeable that, as the BMI increased, the prevalence of GDM increased by 54% in overweight (12.0%, 95% CI, 5.7–20.1%, I2, 96.7) and by 120% in obese (17.2%, 95% CI, 12.8–22.0%, I2, 93.8%) compared with normal-weight pregnant women (7.8%, 95% CI, 4.1–12.4%, I2, 95.0%). No GDM cases were reported in two studies that included underweight women (Table 4).


Table 4 | Subgroup weighted prevalence of GDM in pregnant women in 16 MENA countries by age, pregnancy trimester, body mass index, study period, ascertainment methodology, tested sample, C-section, and maternal mortality ratio.



From the 137 studies conducted between 2010 and 2019, the pooled GDM prevalence (14.0%, 95% CI, 12.1–16.0%) was 32.0% higher than that reported in the 45 studies conducted in the previous decade (2000–2009; 10.6%, 95% CI, 8.1–13.4%). The pooled GDM prevalence was relatively higher in 32 studies with a sample size of <100 pregnant women (14.8%, 95% CI, 10.7–19.5%) compared with that in 164 studies with a sample size of ≥100 pregnant women (12.8%, 95% CI, 11.2–14.8%; Table 4).

The prevalence of GDM was 25.2% higher in countries with a C-section rate of 15–29% (weighted estimate of 14.4%, 95% CI, 12.3–16.6%, I2, 99.5%) than countries with a C-section rate of <15% (weighted estimate of 11.5%, 95% CI, 5.36–19.0%, I2, 97.9%; Table 4). In addition, in four studies in countries with high MMR (i.e., >100 per 100,000 live births), the prevalence of GDM was 25.0% higher than in countries with MMR ≤100 per 100,000 live births (weighted estimates of 16.5%, 95% CI, 3.4–36.3%, and 14.4%, 95% CI, 12.3–16.6%, respectively; Table 4).



Subregional Specific Pooled GDM Prevalence

In Sudan, one of the North African countries with a C-section rate of 15–29%, a lower GDM prevalence (weighted prevalence of 7.9%) was observed compared with countries with a C-section rate of <15% (weighted prevalence of 23.0%). In North African countries with an MMR of >100/100,000 live births, the prevalence of GDM was 32.0% higher than in countries with an MMR of ≤100/100,000 live births (Supplementary File 2).

The highest weighted GDM prevalence was in the GCC countries (14.7%, 95% CI, 13.0–16.5%, I2, 99.0%), followed by North African countries (13.5%, 95% CI, 7.4–20.9%, I2, 98.9%) and Iran/Iraq 11.2% (95% CI, 9.0–13.5%, I2, 97.4%), whereas the lowest prevalence was estimated in the Levant region countries (5.8%, 95% CI, 3.9–7.9%, I2, 97.1%; Supplementary File 3).

In GCC countries, the prevalence of GDM rose from 11.9% to 15.9% over the two successive decades. Overweight (12.5%) and obese (18.5%) pregnant women and pregnant women with a C-section rate of 15–29% (15.5%) were burdened with high GDM prevalence (Supplementary File 3). In these countries, pregnant women aged ≥30 years were burdened with higher GDM prevalence than the other subregions. As compared with the first decade, the weighted GDM prevalence in the subsequent decade increased by almost 4% in Iraq.

Tables 2–4 in the appendix provide additional weighted GDM prevalence estimates in each subregion according to different measured characteristics (Supplementary Files 2–5).



Predictors of Heterogeneity in GDM

In the univariate meta-regression models, country, age, pregnancy trimester, BMI, and sample size were associated with variability in the prevalence of GDM at p<0.1. In the multivariate meta-regression model, only pregnancy trimester was retained, with no significant association with the prevalence of GDM at p<0.05. Compared with Saudi Arabia, the adjusted GDM prevalence was 135% (adjusted odds ratio [aOR], 2.35, 95% CI, 1.39–3.95) and 122% (aOR, 2.22, 95% CI, 1.30–3.76) higher in Qatar and Morocco, respectively, but lower in Libya (aOR, 0.09, 95% CI, 0.02–0.52) and Jordan (aOR, 0.38, 95% CI, 0.18–0.80). Pregnant women aged ≥30 years had a 152% higher prevalence of GDM (aOR, 2.52, 95% CI, 1.51–4.21) relative to younger pregnant women. Obese pregnant women were burdened with a 192% higher prevalence of GDM relative to normal-weight pregnant women (aOR, 2.92, 95% CI, 1.50–5.69; Supplementary File 6).



Publication Bias in GDM Prevalence

Both the visual (funnel plot asymmetry) and statistical assessment (Egger’s test, p<0.001) of publication bias suggested the role of a small-study effect (Supplementary File 7).



Quality Assessment of the GDM Research Reports

Supplementary Figure 2 presents the findings of the research report-specific quality assessment for relevant GDM prevalence studies. In all 102 research reports, the research question(s) and/or objective(s) were clearly stated, and the study population group was clearly specified and defined. Half of the research reports (49.5%) did not provide information on the sample size calculation or justification. Most (79.2%) of the research reports used biological assays or extracted data from medical records to ascertain GDM, whereas the GDM status was self-reported in only five reports. In more than half (58.4%) of the 102 research reports, the tested sample size was at least 100 pregnant women. Overall, the research reports were judged to be of potentially low RoB, with an average of seven of the nine measured assessment items. Four (4.0%) of the reports (70, 85, 105, 120) were of low RoB in all of the assessed RoB items (Supplementary File 8).




Discussion


Main Findings

A total of 102 eligible research reports comprising 198 GDM prevalence studies were reported in 16 countries in the MENA region between 2000 and 2019. Most of these reports (58.41%) were from Iran and Saudi Arabia. The pooled prevalence of GDM in the 16 MENA countries was appreciably high (13.0%, 95% CI, 11.5–14.6%, I2, 99.3%), particularly in the GCC and North African countries. The prevalence of GDM increased with maternal age, gestational age, and BMI. It was also high in countries with a C-section rate of 15–29% and an MMR of >100/100,000 live births.

The pooled GDM prevalence (13.0%) was alarmingly higher than that of European countries (2–6%) (133) but was similar to the sub-Saharan Africa region (14.0%). In contrast to the pooled prevalence estimates of Asia (11.5%) (134), the prevalence estimated in the present meta-analysis was slightly higher. The Asian meta-analysis included prevalence estimates from Saudi Arabia, Iran, and Qatar, and when compared with our estimates, they were 3.5% and 7.4% lower for Iran and Saudi Arabia, respectively, and 7.4% higher for Qatar (134). Such variations might be due to the differences in the literature search dates and languages, eligible sample size, GDM ascertainment criteria, and differences in the type of observational studies used for the prevalence estimation.

Our overall weighted GDM prevalence estimate depicted substantial heterogeneity (I2, 99.3%). This could be attributable to the less restrictive inclusion criteria in this review. In addition, the prevalence estimates of GDM can significantly differ with the variation in the GDM diagnostic criteria (135, 136). We noted clinical inconsistency in GDM diagnostic criteria used in the prevalence studies we reviewed (Table 4). This corresponds to the common use of existing nonuniform GDM diagnostic criteria in different countries (12, 134). Given the importance of the prevalence of GDM in meaningful intervention development, its estimation can be affected by the inclusion of studies that use different GDM diagnosing criteria (137, 138). The prevalence of GDM estimated based on the IADPSG criteria is usually high due to the low threshold for fasting blood glucose level relevant to other criteria. In our study, more than 25% of the studies used IADPSG criteria. To obtain homogenous and comparable prevalence estimates and to avoid confusion in practices of screening, diagnosis, and follow-up of GDM, health authorities should consider implementing uniform GDM diagnostic criteria nationally and across the MENA region.

The GDM prevalence estimates in our analysis suggested an increasing trend, parallel to the increase in BMI, correlating with the known fact that overweight and obesity are risk factors of GDM (139, 140). Although this does not prove a causal link between these parameters, it inevitably might significantly reflect the impact of the high burden of overweight and obesity in several countries in the MENA region, such as Egypt and the six GCC countries (141). This highlights the importance of investigating dietitians’ role in ensuring the appropriate caloric intake of GDM patients based on their BMI as per the recommendations of the ADA (142) and promoting exercise, especially among those with increased BMI (143).

GDM can have devastating maternal and birth consequences. Mothers with GDM are at higher risk of developing T2DM, dying, and undergoing C-section (23, 24, 144). Children born to mothers with untreated GDM face an increased risk of neonatal death and long-term disability (145, 146). Notably, diabetes in pregnancy is a neglected cause of maternal mortality globally, affecting one of every sixth pregnancy in the world, and some of the known GDM morbidities that may cause maternal death are postpartum hemorrhage, obstructed labor, and preeclampsia (147). In our analysis, although the prevalence of GDM was higher (16.35%) in countries with high MMR (>100/100,000 live births), it was also substantial in countries with lower MMR (≤100/100,000 live births). Although this does not prove temporality, it highlights the importance of researching complications of GDM (if any) leading to maternal deaths, to help healthcare providers in the MENA region establish protocols to prevent these anticipated adversities. GCC countries with the highest GDM prevalence, as presented in this study, are also burdened with high T2DM (148). There is no doubt that controlling GDM would have multiple benefits in avoiding unfavorable health consequences for both mothers and their babies.



Strengths, Implications, and Limitations

The strengths of our review included its comprehensive characterization of the burden of GDM among pregnant women in several MENA countries. The review provides several weighted estimates in different population groups of the pregnant women at national, subregional, and regional levels that could be used, in addition to future work, to guide the planning, implementation, and evaluation of programs to prevent and control GDM. The overall and national-based pooled prevalence estimates might help policy makers of the respective MENA countries to contrast and quantify the local burden of GDM and introduce better policy initiatives regarding the flow of resources and funds for GDM care and management. Moreover, the finding of higher GDM prevalence corresponding to higher BMI categories might help in developing BMI-specific dietary and exercise guidelines. Furthermore, health authorities and organizations in the region are encouraged to review and consider standardizing the GDM diagnostic criteria at least at the national levels to improve the measurability and comparability of GDM rates and burden across the country and over time. Since we found a wide range of GDM diagnostic criteria used in the MENA region, health organizations across this region might consider moving toward the use of uniform GDM diagnostic criteria to produce better comparable statistical estimates in the future. For instance, in the UAE, different hospitals within the country use different GDM screening and ascertainment criteria (12). Having different GDM diagnostic criteria will preclude understanding the exact burden of the GDM.

Limitations included that our review did not provide any prevalence estimate for about 29% of the MENA region countries, as no prevalence data were available. This might have compromised the comprehensiveness of our prevalence estimates at the regional level. Since we believe that this study is the first to determine the prevalence of GDM in the MENA region, a comparison with previous similar estimates was not possible. This study offers scarce help regarding the prevalence of GDM with its associated comorbidities, such as gestational hypertension, preterm birth, and traumatic vaginal delivery (149), and separate review articles are warranted. The prevalence of GDM can also vary depending on several sociodemographic and maternal characteristics as well as within [urban or rural setting (150, 151)] and between countries and regions; however, our study does not provide such distinction on the prevalence data. In some of the reviewed studies, detailed information on the methodology and GDM measurement procedures was missing, and this limits the category-based generalizability of the measured pooled GDM prevalence. For instance, the 3.35-times increase in the prevalence of GDM in studies reported before 2009 compared with studies reported after 2009 should be cautiously interpreted, as there was an overlap in the time period in 14 studies that tested 29,983 women. The various thresholds for fasting blood glucose level to diagnose GDM, applied on the several criteria considered from the studies, might suggest a bias in the estimated GDM prevalence. Unless estimated by rigorous comparable survey and testing methodology in individual population-based studies, the burden of GDM at the country, subregional, or regional level should not be interpreted as the burden of the measured outcomes at the population level. Moroever, this review did not explore the associations between various maternal and neaonatal characterstics and GDM. Therefore, future systematic reviews and meta-analyses studies focusing on the burden of GDM according to different maternal and neonatal characteristics as well as on the strength of association between various maternal characteristics and GDM are warranted.




Conclusions

Pregnant women in the MENA region are burdened with a relatively high GDM prevalence. Particularly, in the GCC and North African countries, the observed high burden of GDM may be mainly driven by the high prevalence of several risk factors for DM including overweight and obesity, parity, and late maternal age. To avoid maternal and newborn consequences, vigilant risk factor prevention programs and screening and management programs are necessary in the context of GDM. Moreover, unifying the GDM screening and diagnostic criteria, at least at the country level, is warranted to understand the precise burden of GDM. In countries that lack GDM burden data, high-quality research and surveillance programs are also warranted.
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Diabetes, a metabolic disease characterized by high blood glucose and other complications, has undefined causes and multiple risk factors, including inappropriate diet, unhealthy lifestyles, and genetic predisposition. The two most distinguished types of diabetes are type 1 and type 2 diabetes, resulting from the autoimmune impairment of insulin-generating pancreatic β cells and insulin insensitivity, respectively. Non-coding RNAs (ncRNAs), a cohort of RNAs with little transcriptional value, have been found to exert substantial importance in epigenetic and posttranscriptional modulation of gene expression such as messenger RNA (mRNA) silencing. This review mainly focuses on the pathology of type 2 diabetes (T2D) and ncRNAs as potential biomarkers in T2D development and clinical management. We consolidate the pathogenesis, diagnosis, and current treatments of T2D, and present the existing evidence on changes in multiple types of ncRNAs in response to various pathological changes and dysfunctions in different stages of T2D.
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1 Introduction

Diabetes is a kind of metabolic disease characterized by a high level of blood glucose with multiple complications, including macrovascular complications (cardiovascular disease) and microvascular complications (e.g., diabetic kidney disease, diabetic retinopathy, and neuropathy), and higher risks of developing several types of cancer, which subsequently could result in decreased life quality and even death (1–8). Type 1 and type 2 diabetes are the two most common types of this disease. Type 1 diabetes (T1D) presents an absolute insulin deficiency resulting from the autoimmune impairment of insulin-generating β cells, while type 2 diabetes (T2D) displays a relative insulin deficiency due to metabolic dysfunction (9). According to the estimation of International Diabetes Federation, the prevalence of diabetes increases dramatically; by 2045, diabetes is projected to affect approximately 700 million people worldwide, up from the previous estimation of 463 million in 2019. Moreover, approximately one in every two persons living with diabetes is undiagnosed. In 2019, diabetes causes over 4 million deaths globally in the 20–79 years age range (10, 11). To be diagnosed as diabetic, one’s blood glucose should be equal to or above certain values. According to the classification and diagnosis of diabetes by the American Diabetes Association (12), the methods and criteria are as follows: fasting plasma glucose test [FPG ≥126 mg/dl (7.0 mm/L)] and fasting are defined as no caloric intake for the past 8 h at least; 2-h oral glucose tolerance test [OGTT ≥ 200 mg/dl (11.1 mmol/L)] and the test should be conducted strictly as described by WHO, using a glucose load containing the equivalent of 75 g anhydrous glucose dissolved in water; glycated hemoglobin test [A1C ≥ 6.5% (48 mmol/mol)]; or random plasma glucose ≥ 200 mg/dl (11.1 mmol/L), coupled with classic symptoms of hyperglycemia or hyperglycemic crisis. In the absence of definitive hyperglucose, at least two of the abnormal test results are required for the diagnosis of diabetes, either from one same sample or two separate ones.

Non-coding RNA (ncRNA) refers to a type of RNA that is not involved in producing proteins but plays a key role in cellular function and development of different diseases. More than 90% of human genome RNAs consist of ncRNAs, and they can be divided into several types based on their size (13). The small ncRNAs such as microRNAs (miRNAs) and longer ncRNAs including long non-coding RNAs (lncRNAs) have been discovered that their up- or downregulation may regulate endothelial function in the vasculature, which is associated with the occurrence of diabetes (Table 1) (50). Moreover, the development of islet autoimmunity and dysfunction of β cells may result from the deregulation of immune-cell-specific T1D loci-associated lncRNAs and islet-specific lncRNAs, which leads to T1D (51). In addition, lncRNAs are linked to poor glycemic control, insulin resistance, senescence, and proinflammation in patients with T2D (45). Thus, the specificity that ncRNAs exert significant functions in adjusting cellular pathways and the development of diseases affects their expression patterns, which is reflected in various body fluids, make them ideal as biomarkers for diabetes. This review aims to consolidate the pathogenesis, diagnosis, and treatments of T2D, and the role of ncRNAs as biomarkers in progress and management of T2D.


Table 1 | Summary of different expressions of ncRNAs in various target cells of T2D and prediabetic patients.





2 Type 2 Diabetes


2.1 Current Pathogenesis

According to the American Diabetes Association (ADA) (12), diabetes can be classified into the following general categories: type 1 diabetes; type 2 diabetes; gestational diabetes mellitus; specific types of diabetes due to other causes, e.g., monogenic diabetes syndromes (such as neonatal diabetes and maturity-onset diabetes of the young) and diseases of the exocrine pancreas (such as cystic fibrosis and pancreatitis); and drug- or chemical-induced diabetes (such as with glucocorticoid use, in the treatment of HIV/AIDS, or after organ transplantation).

T2D is characterized by hyperglycemia, insulin resistance, and relatively impaired insulin secretion. Ever since the study of the impaired responsiveness to insulin of the diabetics opened by Berson and Yalow in the 1960s (52), insulin resistance has been proposed, investigated, demonstrated, and concluded as the initial defect in T2D. To compensate for the insufficient insulin functions due to the presence of insulin resistance, hyperinsulinemia occurs, consequent to increased β-cell insulin secretion. However, it is worth noting that patients with primary insulin resistance, characterized by marked hyperinsulinemia and genetically dysfunctional insulin receptor, namely, those with type A insulin resistance, Rabson–Mandenhall syndrome, or Leprechaunism, may have close to normal glucose tolerance, retain normal weight, and normotrygliceridemic, in spite of congenital significantly elevated plasma insulin concentrations (53). Therefore, it is the secondary insulin resistance that is being discussed here, which is remarkably associated with T2D. In a popular context of chronic energy surplus, usually caused by sedentary lifestyle, adipocyte dysfunction may arise as a result of fibro-inflammation process, when white adipose tissue fails to properly adapt and expand in response to positive energy balance, which is normally induced by insulin, liver, pancreas, and skeletal muscle, T2D occurs (54).

It is widely assumed that aside from the aged tendency of population, changes in diet and lifestyle are also responsible for the speedy boost in the global prevalence and incidence of type 2 diabetes in recent decades. These two factors also contribute largely to the ongoing global obesity epidemic, while obesity is tightly correlated with the incidence of T2D (55). Epidemiological studies have shown that the level of overall physical exercise is related to a decline in the relative risk of diabetes by roughly 30% (56). There are also some evidence that T2D may derive from infection. For example, Chlamydia pneumoniae may induce β-cell dysfunction in the case of systemic inflammation (57). Although lifestyle and overeating seem to be the activating factors, genetic factors also play an important role in the pathogenesis of T2D. GWAS published in 2007 identified six new diabetes susceptibility genes: SLC30A8, HHEX-IDE, CDKN2A/2B, IGF2BP2, CDKAL1, and FTO (58–62). The first GWAS (61) repeated the previously known correlation between TCF7L2 and type 2 diabetes, which has been found in Icelandic populations (63). TCF7L2 is the most replicated genetic variant related to T2D so far, with a relative risk of 1.4. Besides, epigenetic factors (such as DNA methylation) are particularly crucial as they may mediate the impact of environmental exposure to T2D (64).




3 Different Types of ncRNAs Used as Biomarkers of Diabetes

Non-coding RNA (ncRNA) is a functional RNA molecule that is not translated into a protein. The ncRNAs, making up more than 90% of human genome RNAs, were once labeled “molecular fossils” or “relics” due to their conserved nature and for being “useless” transcriptional products. However, countless significant functions have been unveiled during the past decades, including recruitment of epigenetic modifier proteins, control of mRNA decay and translation, and DNA sequestration of transcription factors, showcasing tremendous biological and medical potential with fast-gaining momentum (65). Categorized by size and length, members of ncRNA family include miRNAs, siRNAs, piRNAs, snoRNAs, snRNAs, exRNAs, scaRNAs, and the long ncRNAs, and the nonlinear circular RNAs. Furthermore, ncRNAs such as miRNAs, lncRNAs, and circRNAs have been proven to have tight links or direct participation in the pathogenesis, development, and prognosis of T2D. Due to their unique roles in modulating biological actions preceding the changes on glucose level and improved detectability and accuracy boosted by technological progression, ncRNAs are emerging as potent biomarkers in the diagnosis of the development and clinical management, utilized alone or complementary to the traditional yardsticks (Figure 1).




Figure 1 | This figure illustrates the simplified mechanism of miRNA and lncRNA in post-transcriptional modulation of gene expression, the target organs and cells, and their corresponding changes in the pathological state of diabetes.




3.1 miRNA

miRNAs are a large group of small (15–22 nts), non-coding sequences with hairpin conformation, and are highly conserved among the species. Their major roles include direct posttranscriptional repression or cleavage of mRNA targets, resulting in the destabilization of the transcripts, functioning as a critical regulator of an overarching array of cellular processes such as cell development, proliferation, differentiation, apoptosis, and metabolism (66). miRNAs have underestimated potentials, owing to technological limitations. It is only until the discovery of two miRNAs, lin-4 and let-7, which occupies pivotal niches in the timing of development of Caenorhabditis elegans. There are over 2,000 miRNAs listed for Homo sapiens, and it is predicted that approximately 60% of protein-coding human genes possess miRNA target sites (67, 68).


3.1.1 miRNA and Pancreatic β Cells

The orchestra between pancreatic β cells, insulin, and peripheral recipient cells including hepatic cells, skeletal muscle cells, and adipocytes is key to the occurrence of T2D. Therefore, apart from the conventional focus on the insulin insensitivity of recipient cells where blood glucose fails to enter or being stored as glycogen, attention should also be placed on the secretion and transportation of insulin as well. It has been proven that defective insulin secretion shares association with both reduced β-cell mass and impaired β-cell function, where miRNAs exert effect on (69).

The secretory functions of β cell relies on its physical existence, with emphasis on the proliferation and apoptosis thereof. In human T2D islets, the incidence of methylation of the DLK1-MEG3 cluster is high. This region contains cell-specific histone modifications and is home to over 50 miRNAs, among whom miR-376 and miR-432 has been exemplified to control islet amyloid polypeptide (IAPP) level, which is involved in β-cell apoptosis (21). It has also been found that the expression of miR-200 is highly induced in the islets of diabetic mice, whose beta-cell-specific overexpression suffices to induce beta cell apoptosis and lethal T2D, while its ablation can rescue β cells against apoptosis (22). The downregulation of miR-184 has been witnessed both in vitro and in vivo in obese diabetic mice, and a decreased expression in the islets of T2D patients, which corroborates the inhibitory effect of miRNA on beta-cell proliferation (23). Another phenomenon concerning beta-cell survival worth mentioning is the extracellular miR-16, which is delivered to β cell by exosome-like vesicles released by skeletal muscles in insulin-resistant conditions. Probably as a compensatory effect, the upregulated expression of said miRNA is in favor of insulin-secreting cell expansion, which increases islet size (14).

Intact as the cell structure may be, pancreatic β cell loses its existential significance once the secretory function proves useless. Before reaching target cells, insulin has to be synthesized and transported out of β cells. In diabetic mice models and cultured beta cells, miR-204 expression has been demonstrated to be induced, which blocks insulin production by directly targeting and downregulating MAFA, a known insulin transcription factor (24). A similar effect has been witnessed in line with the downregulation of a cohort of miRNAs, namely, miR-24, miR-26, miR-148, and miR-182, in isolated islets and cultured β cells where insulin content has been shown to be decreased due to reduced insulin promoter activity (25). MiR-9, among the first detected islet miRNAs, is one of the modulators of insulin granule exocytosis. Its increased expression represses the transcription factor ONECUT2 and increases the expression of granuphilin, which negatively regulates of insulin exocytosis (26). Intracellular energy production also plays a role in the secretion of insulin granules. miR-130a, miR-130b, and miR-152 are found to have overexpression in T2D patient islets, where they each reduced the level of the common target pyruvate dehydrogenase E1 alpha 1 subunit (PDHA1), thereby reducing intracellular ATP and insulin secretion (27). According to a global profiling of islet miRNAs in cohorts of individuals with and without T2D conducted by Locke et al., a dramatic increase in the expression of miR-187 in the islets obtained from T2D donors was noticed. Its exact mechanism on insulin secretion remains to be precisely defined; however, certain relations with homeodomain-interacting protein kinase 3 (HIPK3) were suspected, a protein kinase that is required for normal insulin secretion and a direct target of this miRNA (28).

miR-7 is abundantly expressed in pancreatic islet cells. Studies showed that miR-7 directly regulates insulin granule exocytosis by controlling late stages of insulin granule fusion with the plasma membrane and ternary SNARE complex activity, with no effect on cell proliferation and apoptosis (29). Transgenic mice overexpressing miR-7a in β cells developed diabetes due to impaired insulin secretion and β cell dedifferentiation, while in human, its pattern of expression oscillates responding to the extent of insulin resistance: it is reduced under moderate insulin resistance conditions, contributing to improved insulin secretion; however, it raises progressively under severe diabetic conditions and can reach levels even higher than in healthy individuals (29). The abovementioned phenomenon has established itself as a major obstacle in applying the expression of miR-7 as an independent or complementary biomarker in determining the diagnosis of T2D. In addition to that, challenges for the clinical application of miRNAs as biomarkers also include but not limited to genetic background, treatment types, glycemic control quality, and disease duration.

Reactive oxygen species (ROS) has been placing a great threat to various tissues/cells, causing pathologies including inflammation, metabolic dysfunction, age-related degeneration, and diabetes. β Cells may be at higher risk of oxidative damage from ROS, as a consequence of excessive levels of mitochondrial ROS generation and reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity, failure of antioxidant defense, and endoplasmic reticulum (ER) stress (38). Chronic hyperglycemia and hyperlipidemia are characteristic of patients with T2D. Several studies have indicated that mammalian (human and murine) pancreatic islets cultured at high glucose concentration manifested miR-708 upregulation, treated with ER stress reliever, which was known to improve ER folding capacity; however, this upregulation is reversed (30). High levels of free fatty acids (FFAs) can be another trigger for beta-cell oxidative stress. Related miRNA such as miR-34a and miR-146a showed an increasing pattern after palmitate treatment on islet cells, in parallel with increased beta-cell apoptotic behaviors, whose inhibition rescued the viability of beta-cells but not their insulin secretory functions (31, 32). Other miRNA with negative regulation on β-cell survival include miR-182-5p, miR-33, and miR-370, whose effect could be corrected by thrombospondin 1 (THBS−1) and Glucagon Like Peptide-1 (GLP-1), respectively (33, 34).



3.1.2 miRNA and Peripheral Recipient Cells

Insulin resistance is the inability of the target tissues to orchestrate well-coordinated glucose-lowering processes, including the suppression of gluconeogenesis, lipolysis, net glycogen synthesis, and cellular glucose uptake in response to physiological blood insulin levels (70). The glucose-insulin balance is maintained through the liver, skeletal muscle, and white adipose tissue, with the liver exerting major effects as the metabolic center of an organism. Hence, once the hepatic insulin signaling cascade faces impairment resulting in hepatic insulin resistance, other metabolic symptoms occur, incurring hyperglycemia, inflammation, and de novo lipogenesis, and further, hepatic steatosis and nonalcoholic fatty liver disease (NAFLD) (67). Thus, it is beyond reasonable that tools for early diagnosis of hepatic insulin resistance is beneficial. miRNAs has been investigated for their potential as biomarkers for hepatic insulin resistance, and to qualify as one, whose circulating levels must correlate to corresponding hepatic states and must be crucial in the signaling cascade. miR-802, an intensively studied miRNA in the oncological field, has been demonstrated to be associated with oxidative stress and hepatic insulin resistance. In high-fat diet (HFD) mice, studies have shown that, along with increased expression of miR-802, ROS generation was significantly greater, and the expression of gluconeogenesis-related genes was significantly downregulated (35, 36), and its circulating levels were dramatically elevated in T2D patients, qualifying it as a biomarker. Other miRNAs with changed expression patterns include miR-499-5p, which affects insulin signaling cascade and glycogen synthesis by suppressing phosphatase and tensin homolog (PTEN), alongside the improvement of Akt/GSK activation, and is found to be reduced in prediabetic patients (19, 20), and miR-122-5p, which affects the hepatic gluconeogenesis process, whose circulating levels were significantly higher in cohorts with insulin resistance, T2D, or MetS (37).

Aside from liver cells, another important target of insulin is skeletal muscle, whose glucose uptake also substantially contributes to glucose and metabolic homeostasis. In an investigation on the antioxidant effects of berberine (BBR), an isoquinoline alkaloid, it was found that BBR could attenuate oxidative stress of diabetic mice partly through inhibiting miR-106b/SIRT1 pathway, an miRNA associated with skeletal muscle insulin resistance (38, 39). Interleukin (IL)-13 has been revealed having an autocrine role in the glucose metabolism of skeletal muscle according to Jiang et al., and its exposure increases skeletal muscle glucose uptake, oxidation, and glycogen synthesis via an Akt-dependent mechanism. In T2D patients, such bioactivities are found to be suppressed by the increased expression of miRNA let-7a and let-7d, which repress IL-13 genes on translational level (40). To put it simpler, insulin functions by combining to insulin receptor substrate 1 (IRS-1), subsequently triggering a signaling cascade consisting of phosphorylation of protein kinase B (PKB/AKT), translocation of glucose transporter-4 (Glut4) from the cytosol to the membrane, and glucose uptake. The overexpression of miR-29 was demonstrated to be capable of disrupting the glucose metabolism of skeletal muscle by inhibiting insulin signaling, expression of insulin receptor substrate 1 (IRS-1), and phosphoinositide 3-kinase (41).

Since obesity are getting more and more attention as a risk factor of T2D, the role white adipose tissues play in diabetes is receiving piling investigational highlights. Researchers have found that certain exosomes extracted from obese mice were able to induce glucose intolerance in lean mice transfected with certain exosomes, which was demonstrated to be viable through the miRNA content, namely, miR-192, miR-122, miR-27a-3p, and miR-27b-3p, the expression of all of which was increased in obese mice. Data further showed that the mechanism of induced diabetes in white adipose tissue was navigated by the targeting of peroxisome proliferator-activated receptor α (PPARα) (42, 71).




3.2 lncRNA

lncRNAs are a group of transcripts, with lengths extending 200 nucleotides, that also do not translate into proteins. Divided by functions, lncRNAs have three subtypes: the non-functional ones, which serve no purpose other than being by-products of transcriptions; the second type are those whose own transcription is of a self-sufficient manner; and the third type consists of those that are able to act in cis and/or trans orientations (72). lncRNAs interact intensively with miRNAs, acting as the molecular sponges or decoys of miRNAs to regulate their cytoplasmic level by binding specific miRNAs and actively sequestrate them from their target mRNAs. In turn, lncRNAs can be destabilized by miRNAs’ direct targeting and posed as competitors on shared mRNA targets (67). With such intertwined involvement in gene expression regulation, lncRNAs have been presenting some potential in T2D development and management.

H19 is among the earliest-discovered lncRNAs, whose biofunctions have been relatively thoroughly investigated. A recent study conducted by Sanchez-Parra et al. found that H19 may act upstream of miRNA let-7 and the activation of Akt, whose silencing decreased β-cell expansion in newborns and re-expression promoted proliferation of β cells in adults (43). Moreover, the circulating levels of H19 have been demonstrated to be significantly increased in T2D patient cohorts, according to Fawzy et al., which indicates its potential as a biomarker in insulin resistance (44).

MEG3 is another lncRNA known to researchers for a long time as well, mostly indicated in cancer suppression. Its association has been noted with pancreatic cell apoptosis, insulin synthesis, and secretion, whose expression may function as a new regulator of maintaining beta cells identity (46). However, its overexpression, suggested by Zhu et al., may be a promoter for hepatic insulin resistance via increasing FOXO1 expression by acting as a sponge for miR-214 (47). It has also been reported that the competitive binding of MEG3 to miR-185-5p, acting as a competing endogenous RNA (ceRNA), promoted the expression of early growth response 2 (EGR2), which was reported to inhibit IRS. Clinical evidence also supported this hypothesis: its overexpression in T2D patients was significant (45).

Like its counterparts, lncRNAs are associated with oxidative stress-induced insulin resistance as well, according to studies. lncRNA MALAT1, which has been shown to take part in regulation of cell proliferation and motility, has been found to partake in suppressing insulin signaling by inhibiting the phosphorylation of IRS and Akt, via the upregulation of the c-Jun N-terminal kinase (Jnk), a stress-sensitive kinase (48). This negative regulatory effect has been corroborated by its increased expression in GDM patients (49).



3.3 circRNAs

Circular RNAs (circRNAs) are a group of non-linear, naturally occurring ncRNAs with covalently closed circular structures. They are usually generated from precursor mRNA by a non-canonical event called backsplicing, displaying exceptional stability and evolutionary conservation, and tissue or development stage-specific expression patterns (73). Compared to miRNAs and lncRNAs, where many research results have been obtained, the biological functions discovered for circRNAs are relatively scarce, whereas a few associations have been made between them and glucose metabolism, insulin resistance, and T2D.

Certain circRNAs are capable of fulfilling various intracellular functions mainly by acting as sponges of miRNAs or RNA-binding proteins (RBPs). The best understood endogenous circRNA to this date has been CDR1as (also termed as ciRS-7). By potently binding to miR-7, it relieves the inhibitory effect of miR-7 on β-cell function, subsequently promoting islet β-cells proliferation and insulin secretion (15). Such phenomenon has also been observed in vivo, where the expression of CDR1as was reduced in diabetic mice (16). A similar effect has been witnessed in another circRNA, circRNA-HIPK3, whose regulation on islet cell function was mediated by sequestering miR-124-3p and miR-338-3p (16). Clinically, such effect could be potentially employed as a marker for therapeutic outcome evaluation. Reverse transcription polymerase chain reaction (RT−PCR) and quantitative polymerase chain reaction (qPCR) analyses were adopted for the screening of circRNAs related to T2D, and several circRNAs were detected to show statistical significance between T2D patients and healthy controls. Among them, there are hsa_circ_0054633 and circANKRD36, with the former being a potential diagnostic biomarker of prediabetes and T2D in peripheral blood cells and the latter displaying a potential in discerning the T2D-inflicted within cohorts with chronic inflammation (17, 18).




4 Discussion

Early detection of diabetes mellitus is very useful for preventing onset and progression. Several biomarkers of diabetes mellitus have been reported, such as GDF-15, YKL-40, 2-aminoadipic acid, serum adipocyte fatty acid–binding protein, and urinary 8-oxo-7,8-dihydro-2′-deoxyguanosine (74–78). While many current biomarkers are based on proteins, ncRNAs have been recognized as a new sensitive, noninvasive biomarker for diagnosis, prognosis, and prediction to therapeutic responses in the recent years due to their high stability in body fluids (urine, plasma, exosomes, etc.) and the development of new detection techniques (79).

miRNAs are very stable and resistant to ribonucleases, freezing/thawing cycles, and other severe experimental conditions (80). Therefore, serum or plasma samples can be stored at −20°C or −80°C for several months without causing significant degradation of miRNAs, which serves as valid evidence to support the use of miRNAs as ideal biomarkers (81). lncRNAs are less stable than miRNAs, but compared to protein-coding mRNAs and miRNAs that are frequently expressed in multiple tissues, they show higher tissue specificity (82) and tend to show remarkable level of overexpression in diabetes. circRNAs are presumably more stable than most linear RNAs because they form a unique, circular, covalently closed continuous loop that is resistant to exonuclease-mediated degradation as they have no 5′ or 3′ ends. Recent evidence indicates that circRNAs usually regulate the transcription of miRNA-target genes by acting as miRNA sponges.

The extensive role of ncRNAs in physiological processes and deregulation in human diseases also makes them very attractive targets for new therapies. Several strategies that either silence overexpressed ncRNAs or reactivate downregulated ncRNAs are currently being investigated. Some of the ncRNAs have even shown encouraging therapeutic effects in animal models. For instance, MEG3 knockdown in STZ-induced diabetic mice resulted in increased levels of acellular capillary formation, microvascular leakage, and inflammatory proteins (83). MIAT knockdown in STZ-induced diabetic rats did not affect body weight or blood glucose levels but corresponded with improvements in visual function and partial reversal of a-wave, b-wave, and oscillatory potentials. MIAT downregulation also decreased the number of apoptotic retinal cells and attenuated retinal vessel impairment and retinal vascular leakage (84). In short, the therapeutic potential of ncRNA has been discovered, but the current findings are only the tip of the iceberg, and further research is still needed.

However, the pivotal issue is how to apply the molecular markers determined in the laboratory to the clinical environment. Currently, various limitations impede this research field and delay the clinical application of ncRNAs. On the grounds that ncRNAs are a quite novel area of research, most of the information obtained from the previous studies is only descriptive and correlational, and it is not possible to precisely infer the cause and effect. In particular, the deficiency of thorough understanding regarding the explicit origin, synthesis, modification, and regulatory pathways, and the interactions, cross-talk and coregulation of ncRNAs may hinder the clinical utilization of these ncRNAs. Hence, more edge leading and precise approaches in ncRNAs expression quantification and functional analysis are required.

According to association studies, prevalent assertion arises that ncRNAs can be used as biomarkers for diabetes. Nonetheless, as mentioned above, correlation does not imply causation; thus, pilot results still require large-scale clinical trials. Furthermore, it is strongly advocated to perform in vitro/in vivo verification of ncRNAs with candidate predictive functions and therapeutic targets since what occurs under physiological and pathophysiological conditions may not necessarily be consistent with the results from pure calculation and analysis. Therefore, the current data should be regarded as exploratory data and illustrated discreetly before further experiments and comprehensive clinical verification can prove the biological effects of ncRNAs.

The tissue specificity of ncRNAs and their enhanced stability in body fluid also enable them to be a promising future antidiabetic therapy. However, ncRNA therapy that can be authentically applied in the clinics still faces considerable obstacles, including the development of reliable delivery systems, dosage regimens, and technologies to improve off-target effects. On top of these, just like any other therapies, it is expected that ncRNAs as drugs may cause adverse side effects or induce drug resistance.



5 Conclusion

ncRNAs have a role in regulation of cellular functions including development, proliferation, differentiation, and apoptosis. ncRNAs anomalies would be indicative as molecular signatures under disease states, which can be applied to arrive at different diagnoses and explore treatments. Considering the rawness of this research field, many ncRNAs functions are waiting to be discovered. In conclusion, studies combining ncRNAs and clinical, genetic, epigenetic, and classical markers could help direct the medical decisions on diabetic patients and show broad prospect in precision medicine.
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Criteria

Inclusion

Exclusion

Population

Outcome

Sample size
Study design

Geographical
region

Publication
period
Language
Setting
Duplicate
studies

Pregnant women regardless of their age, parity, or any maternal or
sociodemographic characteristics

Studies reported quantitative or calculable GDM prevalence estimate
(s) regardless of the GDM diagnostic criteria/guidelines or pregnancy
trimester

Studies with at least ten pregnant women tested for GDM
Cross-sectional, cohort studies, case-control studies comparing no-
GDM with no-GDM subpopulations, and trials with
nonpharmaceutical interventions

Any of the 18 Arab countries (Algeria, Bahrain, Djibouti, Egypt, Iraq,
Jordan, Kuwait, Lebanon, Libya, Morocco, Oman, Qatar, Saudi
Arabia, Syria, Tunisia, United Arab Emirates, West Bank and Gaza,
and Yemen) in addition to Iran and Malta in the MENA region,
according to the definition of the World Bank Country and Lending
Groups (17).

January 2000 to December 2019

English language
No limitations. Hospital based, population based, or clinic based.

Non-pregnant women

Studies on pregnant women with no information related to GDM prevalence

Studies with less than ten pregnant women tested for GDM

Case-control studies comparing GDM with no-GDM populations, qualitative
studies, modeling studies, case reports and case series regardless of the
number of cases, narrative and systematic reviews, conference abstracts with
no full information, editorials, commentaries, letters to the editor, author replies,
and other publications that did not include quantitative data on the prevalence of
GDM

All other countries

Studies conducted before January 2000 or after December 2019 and studies for
which the time period of the GDM tests in pregnant women was unclear
Non-English studies

No limitations

Studies duplicating or potentially duplicating GDM ascertainment in the same
population. In the case of duplicate publications, we included only the study
containing the most relevant information in the context of the prevalence of GDM
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Characteristics All (N = 35,981)
Maternal characteristics
Age, mean+SD, years 30.89 + 3.86
<35, n (%) 29,387 (81.67)
>35, n (%) 6,594 (18.33)
BMI, mean+SD, kg/m? 2113 +2.71
<18.5, n (%) 4,694 (13.05)
18.5-23.9, n (%) 26,626 (74)
>24, n (%) 4,661 (12.95)
Nullipara, n (%) 24,905 (69.22)
Family history of diabetes, n (%) 2,491 (6.92)
Maternal education levels, n (%)
Primary education 6,240 (17.34)
Bachelor’s 24,049 (66.84)
Master's 5,242 (14.57)
Doctoral 450 (1.25)
FPG in first trimester, mean +SD, mmol/L 4.49 + 0.36
FPG >5.1 mmol/L, n (%) 2,015 (5.6%)
Neonatal characteristics
Fetal gender (boys, %) 18,520 (51.47)
Gestational weeks, median (95% Cl) 39.1 (35.6, 41)
Birth weight, g 3,327.67 + 437.23
Birth length, mm 49.81 +1.41
Pregnancy complications and outcomes, n (%)
GDM 4,758 (13.22)
Preeclampsia 845 (2.35)
Pregnancy-induced hypertension 990 (2.75)
Intrahepatic cholestasis 238 (0.66)
Placental abruption 86 (0.24)
Placenta previa 398 (1.11)
Preterm birth 1,888 (5.25)
LGA 4,723 (13.13)
SGA 1,186 (3.29)

Values are means+SD.
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Period

Mid pregnancy
AC (N = 35,569)
HC (N = 35,532)
EFW (N = 35,516)
FL (N = 35,698)
Late pregnancy
AC (N = 35,273)
HC (N = 34,272)
EFW (N =,34,254)
FL (N = 35,261)
Birth size
Weight

Length

Birth outcomes

LGA
SGA
Preterm birth

Basic model
beta (95% CI)

-0.011(-0.041, 0.019)
-0.068 (-0.099, -0.037)"
-0.037 (-0.069, -0.005)"

0.032 (0.004, 0.06)*

0.111 (0.08, 0.142)*
0.029 (-0.009, 0.067)
0.104 (0.073, 0.136)"
0.071 (0.041, 0.101)"

02 (0.167, 0.223)"
0.083 (0.062, 0.103)"
Basic model
OR (95% CI)
1.658 (1.528, 1.8)"
0.766 (0.652, 0.898)"
1.159 (1.022, 1.313)"

Model 1t
beta (95% CI)

-0.03 (-0.046, 0)*
-0.074 (-0.105, -0.044)"
-0.051 (-0.086, -0.016)*

0.022 (-0.007, 0.05)

0.079 (0.047,0.111)*
0.014 (-0.024, 0.051)
0.072 (0.04, 0.103)"
0.059 (0.029, 0.09)*

0.162 (0.135, 0.189)*
0.063 (0.042, 0.083)"
Model 1*

OR (95% Cl)
1.546 (1.422, 1.679)"
0.82 (0.697, 0.965)
1.094 (0.963, 1.241)

Model 2*
beta (95% CI)

-0.051 (-0.081, -0.02)"
-0.08 (-0.111, -0.049)"

-0.073 (-0.109, -0.037)"
0.008 (-0.021, 0.087)

0.019 (-0.013, 0.051)
-0.013 (-0.051, 0.025)
0.014 (-0.018, 0.046)
0.048 (0.017, 0.078)"

0.083 (0.059, 0.066)*
0.028 (0.007, 0.048)*
Model 2*

OR (95% Cl)
1.25 (1.148, 1.362)*
0.92 (0.781, 1.091)
1.061 (0.932, 1.208)

*Adjusted for maternal age, education levels, parity, family history of diabetes, fetal gender, and gestational age of sample collection.

*Adjusted for maternal age, education levels, parity, gestational age of sample collection, pre-pregnancy BMI.
BMI, body mass index; FPG, fasting plasma glucose; GDM, gestational diabetes mellitus; LGA, large-for-gestational age; SGA, small-for-gestational age; AC, abdominal circumference;

HC, head circumference; EFW, estimated fetal weight; FL, femur length; OR, odds ratio.

n <0.05.
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Characteristic Mean (SD) or percentage ()

Age (years) 54,81+ 9.59
Gender
Male 34.5% (1)
Female 65.5% (21)
Working status
Housewives/stay at home 53.1% (17)
Business 6.2% (2)
Doing job 31.2% (10)
Retired 95% (3)
Education (years)
No formal education 34.4% (11)
Primary level 219% (7)
Secondary level 21.9% (7)
High secondary level 9.3% (3)
University level 12.5% (4)
Duration of diabetes (years) 974758

SD, Standard deviation.
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Characteristics N (%)

26-30 3(15%)
31-35 15 (80%)
36-40 2(10%)
Chinese 13 (65%/76%)
Malay 5 (25%/15%)
Indian 1 (5%/7.5%)
Other 1 (5%/1.5%)
Primiparous 9 (45%)
Diagnosis of GDM in previous pregnancies 4(20%)
Family/friends with GDM 11(55%)
Family/friends with DM 11 (65%)
Secondary (O, N levels) 4(20%)
e 4(20%)
Polytechnic 3(15%)
University 9 (45%)
Housingtype
1 o 3-room HDB flat 2(10%)
4-room or bigger HDB flat 18 (90%)
Attended 1

Defaulted 9

¢ of antenatal/post-partum car

Public healthcare institution 10
Private healthcare institution 10

GDM, Gestational Diabetes Melitus; DM, Diabetes Melltus; ITE, Institute of Technical
Education; HDB, Housing Development Board.
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Country/study
period

Algeria
20102019

Bahrain
2000-2009
20102019
Overall

Egypt
20102019

Overlapping
Overall

Iran
2000-2009

20102019
Overlapping
Overall

Iraq
2010-2019

Jordan
20102019

Lebanon
2010-2019

Libya
Overlapping

Morocco
20102019

Oman
2000-2009
2010-2019
Overlapping

Overall

Qatar
2000-2009

2010-2019
Overall

Saudi Arabia
2000-2009

2010-2019

Overall

Sudan
2010-2019

Tunisia
2010-2019

United Arab

Emirates
2000-2009
2010-2019
Overall

Yemen

2010-2019
Overall®

Cl, confidence interval calculated using the exact binomial method; GDM, gestational diabetes mellitus; MENA, Middle East and North Africa.

No. of
studies

"

16

39

64

17

19

16

32

48

2
198

Tested
sample

200

10,495

49,552

60,047

1,239
308

1,547

7,343

21,028

1,388

29,759

383

43,847

21

28,140

1,880

1,345
2,757

147

4,249

150

21,518

21,663

17,499

44,918

62,417

411

821

18,738

4,578

23,316

311

GDM

1,394
4,982

6,376

184

24

208

492

2,235

166

2,893

35

604

23

405

393

44
344

24

412

35

4,772

4,807

1,286

9,331

10,617

94

76

3,402

530

3,932

16

279,202 30,797

GDM prevalence

Heterogeneity measures

Range (%) Median

7.5-15.5

6.9-13.3

6.9-15.5

5.9-26.3

7.6-79

5.9-26.3

22-24.4

0.0-50.0

5.9-28.6

0.0-50.0

2.6-24.5

1.2-31.7

6.5-15.4

13.3-18.3

2.9-44

3.1-17.9

9.9-26.8

2.9-26.8

12.0-34.7

2.4-47.0

24-47.0

0.0-50.7

2.1-34.6

0.0-50.7

12.0-46.2

7.1-80.7

4.0-19.1

4.0-30.7

0.0-50.7

(%)

7.8

9.0

7.4
9.2
13.5

8.8

14.2

4.7

15.8
3.7

1.2
18.3

10.3

23.3
225

225

02

17.6

16.1

1561

13.4

18.3

13.3

123

Weighted
prevalence %

3.0
13.0
9.7

10.0

135
7.8

1.2

8.2
12.3

135

4.7

10.5

15.5

3.2
iy

15.5

101

223
20.5

20.7

10.8

18.2

16.5

23.0

9.3

13.0

95% Cl

1.4-6.4

12.4-
137
8.1-
1.6
8.3-
1.9

6.2—
21.8
5.0-
1A
6.2—
17.4

5.9-
1.0
9.0-
16.0
8.2-
19.7
9.2-
13.9

3.3~
23.3

3.0-6.7

6.7-
151

1.3-1.6

13.9-
17.2

2.3-4.2
8.0~
15.0
10-
21.9
6.5-
14.3

15.9-
29.4
14.8-
26.9
156.2-
26.7

6.2—
16.5
15.9-
20.6

12.6-
18.8

3.3
45.2

7.5~
1.4

9.2-
23.0
7.6~
15.69
9.4~
18.0

11.5-
14.6

Q: Cochran’s Q statistic is a measure assessing the existence of heterogenetty in estimates of GDM prevalence.

22

Q(p-

value)'

352.4
(p<0.001)
572.3
(0<0.001)

49.9
(p<0.001)

59.7
(0<0.001)

2153
(p<0.001)
2,135
(0<0.001)
67.8
(0<0.001)
2,491
(p<0.001)

245
(p<0.001)

193.7
(p<0.001)

59.2
(0<0.001)

184.5
(p<0.001)

1,869.0
(0<0.001)
1,880.3
(p<0.001)

1,330.5
(0<0.001)
1,116.5
(0<0.001)

4,989.3
(p<0.001)

47.2
(p<0.001)

736.7
(0<0.001)
87.8
(0<0.001)
945.1
(p<0.001)

28,154
(p<0.001)

F
()

97.7

98.3

94.0

91.6

93.0
98.2
88.2

97.5

87.8

97.4

84.8

93.0

99.1

99.0

98.9

97.2

99.1

95.8

99.2
93.2
98.6

99.3

SPrediction intervals estimate the 95% confidence interval in which the true GDM prevalence estimate in a new study is expected to fall.

“Heterogeneity between subgroups using random-effects model (fixed-effect model).

95% prediction
interval (%)°

42-17.2

4.0-18.3

0.0-63.8

0.0-37.7

0.8-21.9
0.0-41.0
0.3-38.4

0.1-35.8

0.0-76.6

0.4-125

1.9-258

0.2-29.7

1.6-52.6

1.7-62.4

0.0-41.1

7.1-32.9

1.0-41.9

0.2-46.9
1.3-28.8

1.1-35.6

0.1-40.6

is a measure assessing the percentage of between-study variation due to differences in GDM prevalence estimates across studies rather than chance.

p-value* (fixed
model)

<0.001 (<0.001)

0.21(0.002)

0.07 (<0.001)

<0.001 (<0.001)

0.65 (0.59)

0.02 (<0.001)

0.3 (<0.001)

SOverall pooled estimates in the 16 countries regardless of the tested population, sample size, and data collection period, using the most updated criteria when GDM is ascertained using
different criteria in the same population.





OPS/images/fendo.2021.668447/table4.jpg
No. of Tested GDM ‘GDM prevalence Heterogeneity measures p-value*
studies sample (fixed model)
Range (%) Median Weighted 95% CI Q (p- P 95% prediction
(%)  prevalence % value)'  (%)® interval (%)°
Age <0.001
(<0.001)
15-29 years 24 19,187 2,883 0.0-29.9 10.8 97 6.7- 1,1407  98.0 0.0-31.4
132 (p<0.001)
>30 years 26 22,186 5617 4.1-50.7 25.4 21.9 18.5- 868.6 97.1 7.0-42.0
255 (p<0.001)
Unclear age 148 237,518 22,281 0.0-50.0 112 12.3 106- 20,9672 99.3 0.1-37.6
140  (p<0.001)
Trimester 0.06 (<0.001)
First " 5,807 387 22-37.2 7.6 8.9 5.3~ 2725 96.3 0.0-29.7
133 (p<0.001)
Second 85 184,792 14,378  0.0-50.0 120 129 10.9- 96872 99.1 0.6-36.3
15.0 (p<0.001)
Third 18 14,146 1,354 2.7-50.7 18.5 20.0 13.1- 14282 988 0.0-60.6
27.9 (p<0.001)
Not reported 84 124,457 14,678 0.0-47.0 125 125 9.8- 16,6188 99.5 0.0-46.1
155  (p<0.001)
BMI <0.001
(<0.001)
Underweight 2 94 0 0 0 0 - — — -
Normal weight 1" 3,822 335 1.0-29.2 6.0 7.8 41— 200.8 95.0 0.0-29.5
124 (p<0.001)
Overweight 7 2,502 334 4.3-35.1 9.2 12.0 5.7= 182.2 96.7 0.0-47.5
201 (p<0.001)
Obese 17 4,8459 941 7.6-47.0 15.8 17.2 12.8- 2415 93.8 2.6-40.2
220 (p<0.001)
Unclear 161 267,6925 29,187 0.0-50.7 12.8 13.4 7= 27,0660 99.4 0.1-41.2
152 (p<0.001)
Study period 0.14 (<0.001)
2000-2009 45 55,570 6,653 0.0-50.7 111 10.6 8.1- 4,1180 989 0.0-34.2
134 (p<0.001)
2010-2019 139 193,3649 23,527 0.0-50.0 127 14.0 121~ 19,6139 993 0.2-42.2
16.0 (p<0.001)
Overlapping 14 29,983 619 1.4-28.6 9.1 12.0 6.5- 4141 96.9 0.0-45.3
18.7 (p<0.001)
GDM ascertainment® <0.001
(<0.001)
WHO guidelines
WHO 1985 4 633 79 0.0-28.3 9.9 10.4 3.2- 254 88.2 0.0-67.5
205 (p<0.001)
WHO 1999 6 3,335 178 1.4-20.2 14.8 1.4 3.6- 228.9 97.8 0.0-62.4
22.8 (p<0.001)
WHO 2013 14 30,348 7,125 13.3-34.6 226 228 20.2- 3445 96.2 18.0-34.5
255 (p<0.001)
WHO year not 1 2,221 801 - — 36.1 34.1- — — —
mentioned 38.1
ADA guidelines - = = - =
ADA 1997 1 5,347 1,641 . — 30.7 29.5- — = A=
31.9
ADA 2002-2010 16 19,604 2269 24-37.2 120 1.7 9.0- 364.6 96.4 2.6-25.9
147 (p<0.001)
ADA 2011-2013 4 3,180 605 13.4-30.5 24.9 22.7 16.4- 67.5 95.6 0.2-65.0
30.9 (p<0.001)
ADA 2015-2016 4 3,229 243 6.9-9.3 7.0 7.5 6.4-8.7 4.435 324 4.2-11.7
(p=0.218)
ADA year not 1 877 143 — - 16.3 14.0- - - —
mentioned 189
ADA/IADPSG 2 700 306  15.1-50.0 32,5 43.1 39.4- . = =
46.8
Self-reported 6 1,833 119 2.9-46.2 5.5 9.6 27~ 148.2 96.6 0.0-56.2
19.8 (p<0.001)
Medical records 45 70,833 2,803 0.6-47.0 11.4 1.5 9.1- 3,688.1 98.8 0.4-33.1
142 (p<0.001)
Unclear 36 31,541 1,319 0.0-314 8.4 9.3 6.2- 1,7705  98.0 0.0-36.9
129 (p<0.001)
IADPSG 23 32911 5577  2.7-50.7 18.0 20.9 15.6- 3,071.8 993 1.6-563.5
266  (p<0.001)
Carpenter and Coustan 13 8,468 755 2.2-244 82 8.8 5.6- 356.1 96.6 0.1-27.4
127 (p<0.001)
NDDG 10 51,102 5076 6.1-13.3 87 9.4 7.8- 382.7 97.6 4.0-16.7
111 (p<0.001)
Fourth International 2 10,495 1,394 7.5-155 11.5 13.0 12.4- = — =
Workshop-Conference 13.7
Fifth International 5 1,010 215 7.3-44.4 79 17.4 5.6- 149.9 97.3 0.0-85.6
Workshop-Conference 339 (p<0.001)
ACOG 4 1,279 100 0.0-16.7 76 7.7 3.7- 18.11 83.4 0.0-36.8
129 (p<0.001)
NICE 1 256 49 — — 19.1 14.8- — = —
24.4
Sample size 0.25 (<0.001)
<100 32 1,779 300 0.0-50.7 128 14.8 10.7- 198.8 84.4 0.0-44.3
195 (p<0.001)
=100 166 277,423 30,497 0.6-50.0 12.0 12.8 11.2- 27,8737 994 0.1-40.1
14.5 (p<0.001)
C-section rate <0.001
(<0.001)
<15% 7 10,206 481 2.7-46.2 120 11.5 5.6- 285.6 97.9 0.0-44.2
19.0  (p<0.001)
15-29% 118 235,106 27,222  0.0-50.7 13.5 14.4 123- 243071  99.5 0.2-43.3
166  (p<0.001)
>30% 69 29,101 3,010 0.0-50.0 92 11.6 9.4- 2,461.8 97.2 0.1-36.1
14.1 (p<0.001)
Unclear 4 4,789 147 1.4-15.0 39 4.8 1.8-9.0 89.2 96.6 0.0-34.3
(p<0.001)
Maternal mortality ratio <0.001
(<0.001)
<100/100,000 188 273,491 30,534 0.0-50.7 12.5 18.2 116-  27,5561.7 99.3 0.1-40.8
14.9 (p<0.001)
>100/100,000 6 922 1116 3.0-46.2 136 16.5 3.4- 971 96.9 0.0-100.0
363  (p<0.001)
Unclear 4 4,789 147 1.4-15.0 39 4.8 1.8-9.0 89.2 96.6 0.0-34.3
(p<0.001)
Overall® 198 279,202 30,797 0.0-50.7 123 13.0 11.5- 28154 99.3 0.1-40.6 =
14.6 (p<0.001)

Cl, confidence interval calculated using the exact binomial method; ACOG, American College of Obstetricians and Gynecologists; ADA, American Diabetes Association; GDM, gestational
diabetes mellitus; IADPSG, International Association of Diabetes and Pregnancy Study Groups; NDDG, National Diabetes Data Group; NICE, National Institute for Health and Care
Excellence; WHO: World Health Organization.
'Q: Cochran’s Q statistic is a measure assessing the existence of heterogeneity in estimates of GDM prevalence.
2P is a measure assessing the percentage of between-study variation due to differences in GDM prevalence estimates across studies rather than chance.

SPrediction intervals estimate the 95% confidence interval in which the true GDM prevalence estimate in a new study is expected to fall.

“Heterogeneity between subgroups using random-effects model (fixed-effect model).
SRegardless of the year of the guidelines for the most updated criteria when GDM was ascertained, based on different criteria in the same population.
SOverall pooled estimates in the 16 countries regardless of the tested population, sample size, and data collection period, using the most updated criteria when GDM was ascertained
using different criteria in the same population.
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Entered the information system January 2016 to
December 2018: N=49596

Excluded, N=6955.
In vitro fertlization, N=6120

Twin or multiple pregnancy, N=424
Pre-existing diabetes, N=50
Missing medical records, N=361

v
Eligible subjects, N=42041

Pregnant women without firs- rimester
fasting plasma ghucose data, N=6960

v
Final included, N=35981
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Control SGLT2i P

n=188 n=95
AWeight (kg) -0.2 (-0.5,0.2) 2.5 (4.5, -0.6) 0.001
AHbA1C (%) -0.5 (-0.6,-0.4) -0.6(-0.8,-0.4) 0.273
AFasting glucose (mg/dL) -14 (-20, -8) —21(-26, -15) 0.130
ATriglyceride (mg/dL) -11 (=20, -1) -16 (-28, -4) 0.510
AHDL-cholesterol (mg/dL) 0(1,1) 10,2 0.267
ALDL-cholesterol (mg/dL) -1(-4,2) -4 (-7,0) 0.309
AeGFR (mL/min/1.73 m?) -1.6 (3.0, -0.3) 1.2(-1.4,3.9) 0.035

A: changes at 6 months from baseline values, expressed as the mean and (95%
confidence interval). P values were calculated using Student’s t-test. HbATc, glycated

hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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Control SGLT2i P
n=188 n=95
AST changes (IU/L)
3 months —2(-5,0) -7 (<12, -1) 0.109
6 months -4 (=7,-1) —7 (<13, -1) 0.363
9 months -4 (-7, 0) -8(-14,-2) 0.135
ALT changes (IU/L)
3 months -4(-8,0) 11 (-18, -4) 0.063
6 months -5(-9, 0) -13 (20, -6) 0.033
9 months -5(-9,0) -15 (22, -7) 0.014
HSI change at 6 months 0.2 (-0.5,1.0) -1.1 (2.0, 0) 0.005

Values are expressed as the mean (95% confidence interval). P values were calculated
using Student’s t-test. ALT, alanine aminotransferase; AST, aspartate aminotransferase;

HSI, hepatic steatosis index.
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Baseline parameter

Age

Male sex

Body mass index (kg/m?)
Fasting glucose (mg/dL)
HoA1cC (%)

Triglyceride (mg/dL)
LDL-cholesterol (mg/dL)
HDL-cholesterol (mg/dL)
SGLT2i vs.control

Univariate analyses

OR 95% CI P

0.98 0.96-1.00 0.047
1.63 1.00-2.64 0.049
1.10 1.08-1.18 0.008
1.00 0.99-1.01 0532
1.06 0.84-1.35 0.623
1.01 1.00-1.01 0.003
1.00 0.99-1.01 0427
0.99 0.97-1.02 0.681
1.78 1.08-2.93 0.023

Multivariate analysis

OR

1.00
1.48
1.07

1.01

1.78

95% Cl

0.98-1.2
0.88-2.49
0.99-1.16

1.00-1.01

1.04-2.92

0.995
0.140
0.076

0.010

0.036

OR. odds ratio: Cl, confidence interval: other abbreviations as described in Table 1.
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T2DM patients who received metformin monotherapy (= 3 mo),
followed by additional antihyperglycemic agent(s) for = 3 mo (n

=1,736)
Exclusion
- GLP-1 receptor agonist or insulin as an
> aditional antinyperalycemic agent (n = 397)
- Incomplete data (n = 87)
n=1252
v
US-confirmed fatty liver
=836
Exclusion:
| - Otner liver diseases” (n =71)

Control SGLT2i
n =663 n=102
Propensity score matching
v
Control SGLT2i
n=188 n=95
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No.

Subgroup  pts Odds Ratio (95% C1)
Age
<=55Yr 125 ——®—— 2284(1.085,4.808)
>55Yr 158 — 1370(0.690, 2.720)
Sex :
female 13 —_—— 1169 (0523, 2.614)
male 170 + 2349(1.222,4515)
BMI :
<=26 114 — 1% 1388(0:629,3062)
>26 169 — @ 2.121(1.106,4.069)
Weight reduction H
<=5%in6mo 225 —_—— 1.961(1.100, 3.497)
>5%in6mo 58 —fs——— 1154(0411,3237)
Overall 283 <> 1.782 (1.083,2.933)
T T
12 5

Foma: b S3LEAL favors SGLT2i
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Original cohort Propensity score-matched cohort

Control SGLT2i P Control SGLT2i P
n=663 n=102 n=188 n=95

Age (years) 63 (18) 54 (17) <0.001 58 (17) 56 (14) 0.138
Male gender 338 (52%) 63 (62%) 0.080 112 (60%) 58 (61%) 0.811
Body weight (kg) 69.0 (15.7) 76.5 (22.4) <0.001 72.7 (16.4) 73.0 (22.2) 0.240
BMI (kg/m?) 257 (3.9) 27.7(63) <0.001 26.7 (4.2) 27.5(5.0) 0.229
Fasting glucose (mg/dL) 146 (41) 145 (38) 0.256 130 (38) 125 (35) 0.105
HbA1c (%) 7.4(0.9) 7.3(1.0) 0.007 7.4(0.8) 7.3(1.1) 0.438
Total cholesterol (mg/dL) 165 (35) 170 (34) 0.201 159 (55) 162 (49) 0.376
Triglyceride (mg/dL) 134 (83) 155 (104) 0.006 140 (76) 147 (93) 0.135
HDL-cholesterol (mg/dL) 49 (10) 50 (10) 0.482 47 (12) 49 (12) 0.220
LDL-cholesterol (mg/dL) 90 (38) 90 (34) 0.926 89 (39) 87 (35) 0.889
Serum creatinine (mg/dL) 0.8(0.2) .8(0.2) 0.395 0.8(0.3) 0.8 (0.4) 0.394
eGFR-EPI (mL/min/1.73 m?) 91 (21) 99 (21) <0.001 95 (16) 99 (29) 0.075
AST (UAL) 27 (25) 29 (15) 0.501 29(18) 29 (17) 0.908
ALT (U/L) 26 (25) 36 (31) 0.021 30 (37) 35 (31) 0.809
YGT (UL) 56 (65) 54 (68) 0.768 37 (48) 32 (28) 0.319
Hepatic steatosis index* 36.8 (7.2 40.1 (10.1) < 0.001 37.9 (8.5) 39.4(7.1) 0.409
Comorbidity

Hypertension (%) 343 (52%) 42 (41%) 0.047 89 (47%) 41 (43%) 0.505
Dyslipidemia (%) 324 (49%) 52 (51%) 0.691 99 (563%) 48 (51%) 0.734
Statin usage (%) 458 (69%) 75 (74%) 0.363 134 (71%) 73 (77%) 0318
Liver cirrhosis (%) 28 (4%) 1(1%) 0.110 2 (1%) 0(0%) 0.313

Continuous variables are expressed as the median (interquartile range) and categorical variables are expressed as the number (percentage). P values were calculated by using Mann-
Whitney nonparametric U test and y? test for continuous and categorical variables, respectively. BMI, body mass index; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
YGT, y-glutamyl transferase; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

*Hepatic steatosis index = 8 x ALT/AST + BMI (+2 if diabetes mellitus yes, +2 if female) (24).
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