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Editorial on the Research Topic 


Vitamin D and mineral ion homeostasis: endocrine dysregulation in chronic diseases


This ‘Research Topic’ is intended to bring together experts to share their experiences in explaining the roles and regulations of vitamin D and mineral ions in various chronic human diseases. A total of 15 articles by 102 authors have been published in this ‘Research Topic’ to accomplish the intended objectives. Seven of those published articles detail various functional aspects of vitamin D, two articles explain kidney stone-related complications, another two articles discuss parathyroid pathology, and the remaining articles elaborate mineral ion dysregulation in various disease pathologies. Micronutrients, including mineral ions and trace elements, work together to optimize the biological and biochemical functions of the body. Essential components such as calcium, phosphate, zinc, iron, selenium and magnesium, as well as vitamins, play crucial roles in maintaining metabolic balance within the body. Delicate interactions of these nutrients are vital for the physiological functioning of various systems and organs.

Liu et al. studied the relationships of serum 25(OH)D levels with blood pressure and glucose metabolism. They reported that low 25(OH)D levels are correlated with increased diastolic blood pressure, HbA1c, and triglycerides and decreased HDL-C. Vitamin D deficiency may impair glucose tolerance by reducing calcium levels, insulin secretion, and beta-cell function. Vitamin D also suppresses renin synthesis to lower blood pressure. Vitamin D deficiency increases PTH, leading to arterial stiffness and increased lipid factor levels through the expression of receptor for advanced glycation end products (RAGE) and cytokine production (1). Li et al. summarized the vitamin D-diabetes relationship. Studies have shown that serum 25(OH)D levels are negatively correlated with type 2 diabetes risk. Vitamin D supplementation reduces diabetes risk, especially in prediabetic individuals, improves glucose tolerance, and decreases the risk of complications. However, the benefits may be limited to nonobese patients (2). Vitamin D deficiency has been associated with endothelial dysfunction and atherosclerosis. These vascular changes may result in nephropathy and alterations in renal function, particularly in diabetic patients (3).

Hu and Yang studied U.S. vitamin D trends via NHANES data from 2001–2018 and reported that serum 25(OH)D levels increased among adults, with an L-shaped correlation between vitamin D levels and cardiovascular disease (CVD)/all-cause mortality. Levels below 50 nmol/L were associated with increased CVD and mortality risk. Improved awareness, living standards, dietary inclusion, and supplementation likely contributed to better vitamin D status. The study emphasized the need for continued awareness to prevent vitamin D deficiency. Vitamin D plays an immunomodulatory role, stimulating innate immunity and suppressing acquired immunity. 25(OH)D levels are correlated with autoimmune antibody titers, including those related to thyroid function (4).

Vitamin D has a U-shaped effect on both inflammation and calcium-phosphate metabolism. This was recently demonstrated for 25(OH)D and 1,25(OH)2D in a large cross-sectional study (5). Consequently, it is not surprising that vitamin D supplementation does not benefit everyone. Clear benefits from vitamin D supplementation are observed in patients with vitamin D deficiency (6, 7). However, patients who already have adequate vitamin D levels usually do not benefit from additional supplementation. This highlights the need for the status of vitamin D assessment in chronic kidney disease (CKD) patients to avoid both under- and over-dosing of supplementary vitamin D. The recent study by Li et al. provides useful targets for both 25(OH)D and 1,25(OH)2D levels (5).

Yu et al. investigated the causal link between vitamin D supplementation and autoimmune thyroid disease (AITD) prognosis. They reported that a) higher serum vitamin D levels correlate with reduced AITD risk and that b) vitamin D may inhibit AITD by suppressing T-cell activation, increasing Tregs, inhibiting naïve T-cell differentiation, and reducing HLA II gene expression. While vitamin D is essential for many physiological functions, excess vitamin D can cause severe hypercalcemia, leading to symptoms such as confusion, vomiting, abdominal pain, and polyuria. Although rare, vitamin D toxicity can result from long-term overconsumption, metabolic pathway malfunction, or diseases that cause overproduction of active vitamin D metabolites (8). Xing et al. compared venous and capillary blood collection methods for 25(OH)D detection via a chemiluminescence immunoassay (CLIA): a) venous blood yielded higher 25(OH)D values than capillary blood did, b) capillary blood testing is useful when venous collection is challenging (e.g., obesity, burns, cancer, children), and c) they recommend the use of a truncation value from a linear equation for vitamin D status assessment. Despite global vitamin D deficiency concerns, testing is expensive and not recommended for the general population. The Endocrine Society suggests screening only at-risk individuals. Consequently, a tool for identifying those at risk of vitamin D deficiency is needed to optimize screening efforts. Guo et al. developed a cost-effective tool to predict vitamin D deficiency (<50 nmol/L) via machine learning: a) used easily collectable community data, b) employed the XGBoost method in an online web calculator, and c) allowed clinicians to avoid unnecessary vitamin D testing.

PTH is essential for calcium homeostasis and vitamin D activation. However, thyroidectomy patients are at risk of accidental parathyroid gland removal because of their location behind the thyroid poles (9). Leszczyńska et al. reported a rare case in which a 58-year-old female who underwent parathyroidectomy developed recurrent hypercalcemia 2 years after vitamin D supplementation. Tests revealed suppressed PTH, high serum calcium, and elevated 1,25(OH)2D. A low 24,25(OH)D and high 25(OH)D/24,25(OH)D ratio indicate vitamin D catabolism defects. The patient had a CYP24A1 gene mutation, affecting the 24-hydroxylase enzyme for vitamin D catabolism. Díez et al. compared the development of various comorbidities in patients suffering from long-term hypoparathyroidism resulting from thyroidectomy with comorbidities in subjects without hypoparathyroidism following thyroidectomy. Those authors noted that those with hypoparathyroidism have a greater risk of suffering from chronic kidney disease, cardiovascular disease, and nephrolithiasis. However, these patients have a lower risk of incident fractures. Disease of the kidney may be due to hypercalciuria with the formation of calcium phosphate deposits and their deposition in the renal tubules. Hypocalcemia and PTH deficiency at the vascular and cardiac levels may lead to cardiovascular complications (10). On the other hand, hypercalcemia with hypocalciuria may also result in symptoms such as fatigue, weakness, increased risk of coronary heart disease, chronic kidney disease, chondrocalcinosis, pancreatitis, and femoral fractures (11).

The circadian rhythm affects vitamin D and PTH homeostasis: vitamin D shows diurnal variation, decreases in the morning and plateaus during the day (12). Vitamin D deficiency is linked to inadequate sleep or abnormal light exposure. Night shift workers have lower serum 25(OH)D levels than day workers do because of reduced sunlight exposure (13). He et al. conducted a review in which they highlighted those conditions such as hypertension, metabolic syndrome, microbiome dysbiosis, inflammatory bowel syndrome, vitamin D deficiency, and PTH disorders were related to a disruption in the circadian clock. Each of these diseases also causes the development of kidney stone disease. Oxidative stress, insulin resistance, calcium metabolism disorders, high blood lipid levels, and inflammation may be the underlying pathologies of kidney stone development due to these diseases.

Liu et al. summarized the potential role of magnesium in osteoporosis. Magnesium inadequacy can disrupt the regulation of parathyroid hormone (PTH) and vitamin D, which in turn affects the RANK/RANKL/OPG signaling pathway. This dysregulation results in increased osteoclastic activity, contributing to bone loss and the development of osteoporosis (14). Studies indicate that magnesium supplementation can increase bone density and prevent further bone loss; neuroprotective effects of magnesium in cognitive decline is also reported (15). Therefore, magnesium supplementation represents an easy and cost-effective strategy to delay the progression of osteoporosis, particularly in elderly individuals (16).

Li et al. investigated the potential association between nonalcoholic fatty liver disease (NAFLD) and kidney stone formation. Although they reported no significant link between the two, they proposed that mechanisms such as oxidative stress, insulin resistance, lipotoxicity, and inflammation could contribute to kidney stone formation in individuals with NAFLD. Additionally, elevated blood lipid levels may lead to hyperuricemia. Liu et al. reported that adiposity markers are correlated with hyperuricemia. Lipid parameters strongly predict hyperuricemia, especially in women. Elevated triglycerides and lipid metabolism disorders may impair renal function, reducing uric acid excretion and causing hyperuricemia. Knowing the levels of serum vitamin D is crucial for individuals with metabolic, cardiovascular, autoimmune, and bone disorders. Both venous and capillary blood can be used for testing (17). Zhang et al. reported a correlation between renal function and vascular damage in the carotid artery among individuals with type 2 diabetes mellitus. Specifically, serum creatinine levels were positively correlated with carotid artery damage, whereas the estimated glomerular filtration rate (eGFR) was negatively correlated with carotid artery atherosclerosis.

Familial hypocalciuric hypercalcemia (FHH) is characterized by increased serum calcium, a normal to high concentration of PTH, and hypocalciuria and is an autosomal disorder. This occurs due to genetic mutation. Lin et al. investigated the genetic cause of FHH. They reported that FHH is caused by a mutation in the CASR gene; the mutation is a de novo heterozygous mutation. The specific mutation is c. T1661A,1554 N; this mutation occurs in the cysteine-rich domain of the CASR gene. This finding helps characterize the genetic basis of FHH, providing insight into its development and potential diagnostic markers.

Sun et al. conducted a study examining the relationships among dietary potassium intake, serum potassium levels, and survival in hemodialysis patients, both with and without dietary potassium restrictions. They reported that plant-based foods high in potassium, such as potatoes and melons, also contain significant carbohydrates that can lower plasma potassium levels through insulin release. Animal-based foods are high in potassium but low in carbohydrates, leading to elevated serum potassium levels. In hemodialysis patients, potassium excretion occurs primarily through feces (18). Meat consumption can worsen uremia and cause constipation through the formation of nitride-containing products, whereas a plant-based diet may help reduce uremic toxins through increased fiber intake (19). The authors concluded that there is little to no direct association between dietary potassium and serum potassium levels in these patients. They recommended that dietary considerations should focus not only on potassium content but also on the type of food and its overall nutrient profile.

The articles published in this Research Topic highlighted the significant clinical and biological roles of various minerals and vitamins in maintaining metabolic balance. Minerals and vitamins play crucial roles in maintaining overall health, and proper metabolic balance depends on adequate levels of these nutrients. Additional research into diseases related to mineral ion metabolism is needed to gain a deeper understanding of the conditions associated with vitamin D and mineral ion dysregulation (20–24). Additionally, identifying populations at risk for nutrient deficiencies and encouraging the consumption of diets rich in minerals and vitamins to potentially delay the onset of associated diseases will open new avenues for preventive medicine. Finally, this Research Topic provides valuable insights while also highlighting areas where more research is needed to fully understand the complex relationships between nutrients and health.
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The circadian rhythm generated by circadian clock genes functions as an internal timing system. Since the circadian rhythm controls abundant physiological processes, the circadian rhythm evolved in organisms is salient for adaptation to environmental change. A disturbed circadian rhythm is a trigger for numerous pathological events. Recently, accumulated data have indicated that kidney stone disease (KSD) is related to circadian rhythm disturbance. However, the mechanism between them has not been fully elucidated. In this narrative review, we summarized existing evidence to illustrate the possible association between circadian rhythm disturbance and KSD based on the epidemiological studies and risk factors that are linked to circadian rhythm disturbance and discuss some chronotherapies for KSD. In summary, KSD is associated with systemic disorders. Metabolic syndrome, inflammatory bowel disease, and microbiome dysbiosis are the major risk factors supported by sufficient data to cause KSD in patients with circadian rhythm disturbance, while others including hypertension, vitamin D deficiency, parathyroid gland dysfunction, and renal tubular damage/dysfunction need further investigation. Then, some chronotherapies for KSD were confirmed to be effective, but the molecular mechanism is still unclear.
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1 Introduction

With the Earth’s planetary rotation, there is a 24-h oscillating light-dark cycle (1). To adapt to this environmental cycle, all animals and plants have evolved universal internal circadian rhythms (2). Such rhythms are observed in cellular, physiological, and biological behavioral processes within a 24-hour cycle. For instance, heart rate and body temperature increase in the morning and decrease in the evening (1, 3). It is also found in the diet, sleep-wake cycle, endocrine, absorption, and reproduction (4–7). Hence, circadian rhythm is of great significance for maintaining homeostasis and normal physiological activities.

Before artificial light was created, humans adjusted their lives to a natural day-night alteration cycle (8). With the great development of technology and society, life patterns have changed greatly, and the phenomenon of circadian rhythm disorder is now common due to social jet lag (SJL), shift work, and sleep disruption, which all contribute to abnormal daily rest/wake cycles and chronically disrupt endogenous circadian rhythms. The asynchrony between endogenous circadian rhythm and the sleep-wake cycle is defined as circadian rhythm disruption (9, 10). Growing epidemiological and genetic evidence shows that circadian disruption leads to various diseases, such as insomnia, hypertension, type 2 diabetes (T2D), chronic kidney disease (CKD), and even cancer (10–12). All of these factors finally cause immense loss of public health.

Kidney stone disease (KSD) is a common health concern with increasing incidence during the past few decades and occurs in a wide range of ages, including children, adolescents, and adults (13). The prevalence is approximately 10% globally, with a high recurrence rate of 50% within 5-10 years and 75% within 20 years (14–16). It causes such a large burden on public health since it is not only a transient acute symptom but is also linked to cardiovascular disease (CVD), CKD, end-stage renal disease (ESRD), and renal cancer (17, 18). An updated meta-analysis signifies that KSD is associated with an approximately 20%-40% higher risk for coronary artery disease, transient ischemia/stroke, and arterial disease (19). Then, the risks of ESRD, renal cell carcinoma, and transient cell carcinoma are all increased in patients with prior KSD history (18, 20). Although great progress has been achieved in traditional surgical management to provide better prognosis, the incidence and recurrence rates are still very high with little breakthrough in prevention methods (especially drug interventions) (21). Therefore, it is pivotal to explore the potential pathophysiological mechanisms of KSD to provide insights for prevention and therapy.

There is plenty of evidence to suggest that a circadian rhythm disturbance can promote KSD (22, 23). Herein, this review summarizes the relationship between circadian rhythm disturbance and KSD and discusses the potential mechanisms by which circadian rhythm affects KSD.




2 Biological characteristics of the circadian clock

The central circadian rhythm clock in the suprachiasmatic nucleus (SCN) is in the anterior part of the hypothalamus. It synchronizes with Earth’s time and feeds back to the downstream brain and peripheral regions by sympathetic nervous system transduction and hormone secretion after light signals from the light-dark cycle are received by the retina and transmitted to the SCN as electrical signals (10, 24). Some synchronization factors also called “time givers” or zeitgebers vary with temperature, diet, pharmacological manipulation, and social interactions (25). Additionally, peripheral organs, including the heart, liver, and kidney, participate in the “peripheral clock” and regulate cyclic physiological functions by manipulating the transcription of circadian genes, protein synthesis, energy metabolism, and so on. Both the central and peripheral clocks essentially share the same molecular structure, but the relationship between them remains unclear (10, 26).

At the molecular level, approximately 10% of genes are clock-controlled genes (CCGs) with circadian oscillations, also called circadian clock genes. The maintenance of circadian rhythm depends on a transcription-translation negative feedback loop formed by a series of interacting clock genes (25, 27, 28) (see Figure 1). The cycle of potential molecular mechanisms generating circadian rhythm is approximately 24 hours without synchronizing input; the central-peripheral network can adapt to a limited range of day lengths (29, 30). Some genes and regulators that are vital for initiating and maintaining circadian rhythm have been well investigated, such as the circadian locomotor output cycles kaput (CLOCK), a gene encoding the protein related to the length and persistence of a circadian circle (2); brain and muscle aryl hydrocarbon receptor nuclear translocator-like protein-1 coding gene (BMAL1), encoding the basic-helix–loop-helix transcription factor BMAL1 protein (2); the period family (PER1/2/3), key regulators in the cell cycle (31); cryptochrome 1&2 (CRY1/2), the main part of the negative feedback loop of the circadian clock and REV-ERBα/β, members of the orphan nuclear receptor family, which play a key role in regulating the expression of CLOCK and BMAL1 (32, 33). These circadian clock genes regulate the day-night cycles by both positive and negative feedback cycles in the SCN and peripheral tissues and organs (10).




Figure 1 | Molecular mechanism of the circadian rhythm. After cues from Zeitgebers of light, temperature, and feeding are perceived and transmitted to the SCN as electrical signals, the central circadian clock system will synchronize with geophysical time and feedback to the downstream brain regions and peripheral organs through the nervous system and hormone release. CLOCK and BMAL1 act as the center transcription factors of a heterodimer complex and activate the transcription of PER, CRY, REV-ERβ and RORα by cis-acting E-box and ROR elements. A multimeric complex formed by the PER/CRY proteins subsequently enters the nucleus to inhibit CLOCK/BMAL1 activity. Then, REV-ERBα and ROR proteins compete for response RORα/CLOCK/BMAL1 transcription. REV-ERBα reduces CLOCK/BMAL1 transcription, while RORα induces it. The main circadian genes are reactivated by the last with a new cycle beginning, and this feedback loop occurs at approximately 24 h.






3 Mechanism of KSD

KSD is a common urological disease with a complicated pathological process. The major types include calcium stones (calcium oxalate [CaOx] & calcium phosphate [CaP]), uric acid (UA) stones (UAS), struvite stones (infection stones), and cystine stones. The biochemical process of stone formation is successive and complex and involves various physicochemical changes. Generally, four steps participate in pathogenesis: urinary supersaturation, crystal nucleation, growth, and aggregation. Crystal formation from supersaturated urine retained in the kidney is the driving force (16, 34). Then, the crystals gather together to grow to a size as further aggregation, which can interact with intrarenal structures (also called crystal-cell interaction) to cause renal tubular epithelial cell (RTEC) injury (34, 35). Crystal-cell interaction leads to the movement of crystals from the basolateral side of cells to the basement membrane and results in the retention of crystals in the kidney or collecting duct to eventually form the clinical stone (34, 36). Furthermore, a plaque of calcium deposited in the interstitial tissue of the renal papilla observed by electron microscopy, called Randall’s plaque (RP), appears to be the origin of urinary stones since it contributes greatly to crystal retention (37, 38). It should be noted that some factors are reported to be critical modulators for stone formation, including promoters and inhibitors. Promoters are receptors or receptor-like features that play vital roles in crystal−cell interactions for crystal retention in the kidney, while inhibitors can decrease crystallization and inhibit crystal aggregation and/or adhesion to RTECs. For example, serum calcium and vitamin D (vit D) act as promoters in KSD, while some metallic cations, such as magnesium, can inhibit crystal growth and aggregation (16, 39, 40). It is now widely accepted that stone formation usually depends on the imbalance between promoters and inhibitors.




4 Epidemiological evidence of circadian rhythm disruption in KSD

Light is the main zeitgeber that regulates the 24-h circadian cycle. Sleep and wakefulness can coregulate the circadian rhythm and maintain sleep homeostasis with light exposure. However, the day-night circadian rhythm has been altered greatly with the invention of incandescent lighting (2, 41). Circadian sleep disorder is defined medically as an inability to sleep at the desired time rather than an inability to sleep, for instance, staying up late working (night shift work) and rapidly travelling to new time zones (social jet lag [SJL]). Both shift work and SJL are popular and involve a large population and diverse professions (42, 43). Altered sleep-wake cycles disturb the internal circadian clock. Growing evidence shows that disordered circadian sleep and sleep insufficiency are closely related to multiple disorders, including KSD. Yin et al. (44) investigated the relationship between sleep status and KSD risk in a cross-sectional study and found that short sleep duration (< 7 h) was associated with a higher KSD prevalence than normal sleep duration (7-9 h) (odds ratio [OR] = 1.21, 95% confidence interval [CI]: 1.08 to 1.35). Another large population-based study obtained similar results, and it estimated the sleep score to assess sleep quality according to a previous study and indicated that a reduced sleep score led to increased KSD risk (hazard ratio [HR] = 1.07, 95% CI: 1.05 to 1.10) (45, 46). A prospective study in China measured sleep quality using the Pittsburgh Sleep Quality Index (PSQI) and KSD prevalence, and the PSQI was positively correlated with KSD prevalence (OR=1.18, 95% CI: 1.08 to 1.28) (47). Another sleep disturbance, obstructive sleep apnea (OSA), is common, with an incidence of 4.0% to 32.8% for middle age and 22.4% for older than 60 years (42), and has been confirmed to be a risk factor for KSD (HR=1.35, 95% CI: 1.23 to 1.48) (48). A retrospective study including 127 patients performed a univariable comparison of 24-h urine components and found that OSA is related to changes in urinary analytes that promote KSD (49).

Although several studies have elucidated that disturbed circadian rhythm can induce KSD, the endogenous mechanism is poorly understood. KSD is a multifactorial systemic disease with diverse triggers. Based on epidemiological studies, metabolic syndrome, hypertension, inflammatory bowel disease, microbiome dysbiosis, parathyroid hormone disorder, and vitamin D deficiency can induce KSD, and they are related to a disrupted circadian clock (50–52) (Figure 2).




Figure 2 | Involvement of circadian rhythm disturbance in KSD.






5 Association between circadian rhythm disturbance and KSD

Sleep and circadian rhythm disturbance is associated with alterations in circadian gene expression, and mammals with specific circadian gene deficiencies or mutations exhibit abnormal sleep/awake rhythms (1, 53–55). Here, we comprehensively summarize some potential links between circadian rhythm disturbance and KSD. The factors related to KSD that are affected by sleep and circadian rhythm disturbance and the mechanisms are described as follows.



5.1 Glycolipid metabolism disorder (metabolic syndrome)

Metabolic syndrome (MetS) is a cluster of conditions that usually occur together to increase the risk of T2D and CVD, including hypertension, chronic hyperglycemia (T2D and impaired glucose tolerance [IGT]), and dyslipidemia (obesity, decreased high-density lipoprotein [HDL] level, increased low-density lipoprotein [LDL] or total cholesterol [TC] level), and its prevalence is approximately 25% of adults with an increasing trend at advanced ages (56, 57). MetS is confirmed to be an independent risk factor for KSD (OR=1.49, 95% CI: 1.26 to 1.76) (58, 59). The pathological mechanism of MetS in KSD mainly consists of insulin resistance (IR), hyperglycemia, and vascular dysfunction (59, 60).

MetS is significantly associated with circadian rhythm disturbance. A new concept, circadian syndrome (CirS), was suggested to indicate MetS related to disrupted circadian rhythm (61, 62). Xiao et al. first reported the relationship between CirS and KSD prevalence in a cross-sectional study and obtained similar results (OR=1.42, 95% CI: 1.06 to 1.91) (23). A longitudinal analysis from Canada investigated 393 participants for a mean 6-year follow-up and found that short sleepers were at significantly higher risk of MetS (relative risk [RR]=1.74; 95% CI: 1.05-2.72) (63). The large population-based study by Bayon et al. revealed that shift work was correlated with higher MetS risk (OR=4.45, 95% CI: 1.36 to 14.56) (64). The cross-sectional data from the New Hoorn Study cohort indicated that SJL was correlated with MetS with a prevalence ratio of 1.62 (65). Additionally, OSA can cause MetS and increased waist circumference (WC) and triglyceride (TG) levels in MetS can induce OSA (66, 67). Here, we reviewed the effects of MetS on KSD from two aspects.



5.1.1 Type 2 Diabetes (T2D)

The KSD prevalence was higher in T2D patients than in healthy controls (21% vs. 8%, p < 0.05), and the recurrence rate was twice as high (2.1 vs. 1.3, p < 0.05) (68, 69). A cohort study showed that the population with T2D had a higher KSD risk (OR=2.44, 95% CI: 1.84 to 3.25) (70). IR can hamper the ability of ammonia genesis to respond to acid load in the kidney, which results in hyperacid urine and elevated urinary calcium excretion by compensatory hyperinsulinemia (60, 68). Oxidative stress (OS) is another link between T2D and KSD; increased reactive oxygen species (ROS) generated by disordered glycometabolism, oxidative damage of β-cells in the pancreas, and endothelial dysfunction cause OS and inflammation in RTECs, resulting in increased levels of superoxide dismutase and malondialdehyde and decreased levels of antioxidants (71). These factors eventually lead to KSD.

Glycometabolism is a complicated physiological process and presents a significant diurnal oscillation. Variations in both the secretion and sensitivity of insulin display obvious circadian rhythms, and glucose tolerance (GT) is higher in the morning than in the evening in healthy people, but this oscillation disappears in T2D patients and IGT appears when the circadian oscillation is damaged (72–74). Many studies have revealed that the risk of IR and T2D is higher in populations with sleep disorders, SJL, and shift work, and it may be reduced by extended sleep duration and circadian readjustment strategies (11, 75). Cui et al. investigated the association between sleep duration and the risk of T2D in a case-control study and found a U-shaped association (≤ 6 h, OR = 1.74, 95% CI: 1.01 to 3.01; 8-9 h, OR = 1.46, 95% CI: 1.04 to 2.06) compared to sleep duration of 6-8 h, in which abnormal sleep duration increased the T2D risk (76). A prospective study including night workers and day workers with 4 years of follow-up showed that the risk of obesity and T2D was 5 times higher in night shift workers than in daytime workers (77). Then, a meta-analysis assessed the association between shift work and T2D and revealed that shift work increased the risk of T2D (RR=1.10, 95% CI: 1.05 to 1.14), and the trend was similar in the population with SJL (78, 79).

The possible relationship between disrupted circadian rhythm and T2D has been clarified by numerous studies. Rodents with SCN dysfunction display global or partial circadian gene disruption and easily developed IGT, hyperglycemia, hyperinsulinemia, decreased insulin secretion and sensitivity, and β-cell defects in the pancreas (80–82). Clock mutant mice show hyperglycemia, decreased levels of expression, and phase shifts of RNA oscillation of genes that participated in glucose sensing, insulin signaling, islet growth, and development (83, 84). It also disrupts hepatic glycogen oscillation and changes the circadian mRNA and protein expression of glycogen synthase 2 (limiting enzyme in glycogenesis) in mice (85). Whole-body Bmal1 knockout (KO) obliterates the systemic insulin sensitivity rhythm to develop increased fasting blood glucose, glucose intolerance, and hypoinsulinemia (83, 86). Severe IGT, increased glycemia levels, and decreased insulin secretion are found in pancreas- or β-cell-specific Bmal1 KO mice (87). The whole-body Cry1/2 KO severely damages glucose homeostasis with IGT (88). Another study by Zhang et al. demonstrated that the hepatic overexpression of Cry1 results in decreased gluconeogenesis and lower glycemia in diabetic mice (89). Qian et al. investigated Per1:LUC transgenic rats exposed to light during the night for 10 weeks and showed disruption of islet circadian clock through impairment in the amplitude, phase, islet synchrony of clock transcriptional oscillations, and diminished glucose-stimulated insulin secretion (90). Furthermore, Per2 inhibition decreases glycemia levels and gluconeogenesis and stimulates insulin secretion (91). Then, global Rer-erbα/β dual KO mice exhibit hyperglycemia by disturbing the insulin signaling pathway (92). Meanwhile, Rev-erbα mutant mice fed a chow diet have slight hyperglycemia without IR, which can be explained by REV-ERBα affecting glycemia by regulating glucose-6-phosphatase and phosphoenolpyruvate carboxylase (93).

In summary, primary findings indicated that a disturbed circadian rhythm leads to T2D mainly by regulating enzymes and insulin in glycometabolism. However, direct evidence about how circadian disorders affect T2D and KSD remains unclear.





5.2 Lipid abnormalities and obesity

Lipid metabolism disorders are common in KSD patients. A retrospective study enrolled 2242 patients with KSD and found that high TC levels were significantly associated with higher UAS risk (p=0.006), and the 24-h urine analysis presented a significant positive correlation between low HDL levels and lower urine pH and higher urinary oxalate and uric acid levels (94, 95). A demonstrably increased KSD risk in the obese population was observed in a cohort study, and in particular, an increased level of visceral adiposity was a risk factor for hypercalciuria and UAS (OR=3.64, 95% CI: 1.22 to 10.85) (96, 97). Obesity promotes systemic inflammation and OS, leading to tissue immune cell infiltration and contributing to stone formation. It facilitates the expression of adipokines and some inflammatory molecules, such as tumor necrosis factor-α and interleukin-6, which were detected in the renal tissue and urine of KSD patients (98). Furthermore, calcifications by lipid deposition within the hyperosmotic turbulent vasa recta erode into the nearby collecting system and interstitium to promote RP formation, which is further confirmed by the presence of cholesterol identified in stones and renal papillary (95).

Lipid metabolism is precisely regulated by the circadian clock. Plasma lipids present a day-night variation within a narrow range independent of food intake, with the peak level of HDL in the early rest phase and a decrease in the active phase (99, 100). Circadian rhythm disturbance causes lipid abnormalities and obesity. A study investigated the association between sleep duration and obesity in children and adolescents and revealed that short sleep duration increases the risk of obesity (OR=1.69, 95% CI: 1.25 to 2.29) and elevated WC (OR=1.49, 95% CI: 1.13 to 1.97), which is similar to the study by Brocato et al. (101, 102). Another longitudinal investigation including 815 workers showed that workers with greater SJL are more likely to be obese (OR=1.20, 95% CI: 1.00 to 1.50) (103). In addition, circadian rhythm disturbance alters the plasma lipid profile by increasing the levels of cholesterol, TGs, and LDL and decreasing the level of HDL (104, 105).

Clock gene expression alteration has been comprehensively verified in both human and animal models. Vieira et al. analyzed the 24-h pattern of clock gene expression in an obese population and showed that the expression of CRY2 and REV-ERBα was upregulated in obese participants. A positive correlation was observed between REV-ERBα expression and body mass index and WC in the obese population. The expression of CLOCK was positively correlated with LDL and RORα with HDL levels. Obese people with MetS presented a positive correlation between PER2 expression and LDL, while REV-ERBα was correlated with WC. CRY2 and REV-ERBα are considered clock genes upregulated in obesity (106). Hepatic PER2, PER3, and CRY2 showed lower expression in the obese groups than in the normal control group (107). In animal experiments, the diurnal feeding rhythm is significantly impaired in homozygous Clock mutant mice, and they are more likely to develop hyperphagia, obesity, hyperleptinemia, and hepatic steatosis (80, 83). Microsomal TG transfer protein levels in the enterocytes of ClockΔ19/Δ19Apoe−/− mice are higher, and enterocytes secret more chylomicrons. ClockΔ19/Δ19 protein enhances intestinal cholesterol absorption, as well as the secretion of chylomicrons and cholesterol (108). The Bmal1 KO mice display ectopic body and liver fat formation, hyperlipidemia, increased circulating leptin levels, and the absence of glucose fluctuation, also presenting earlier signs of obesity under a high-fat diet (HFD) (86, 109). In liver-specific and global Bmal1−/− mice, an elevation of circulating free fatty acids and higher TG formation is detected and can be reversed by Bmal1 overexpression (110). Adipose-specific Bmal1−/− mice show increased weight gain and fat formation with increased calorie intake during the daytime (84). Per1/2/3 triple-deficient mice are more likely to be obese, suggesting a potential role in body weight regulation (111). Moreover, PER1 is identified to bind with major hepatic enzymes in bile acid synthesis, and Per1 expression can be enhanced to increase fat absorption and accumulation in mice (112). Per2 KO mice gain an altered lipid profile and downregulated triacylglycerol levels, while Per2 deficiency in fibroblasts can promote adipocyte differentiation via the direct interaction with PPARα/γ and their target genes (113, 114). Per3 KO promotes adipogenesis in vivo by a clock output pathway in which PER3 and BMAL1 directly affect transcription factor Klf15 expression in adipocyte precursor cells (115). In addition, Cry1/2 double null mice have abnormal serum and hepatic TG levels (88). Furthermore, Rev-erbα deficiency increases plasma lipid levels and decreases hepatic cholesterol and TG levels (116).

Although circadian genes in lipid abnormalities have been extensively studied, the pathological process in KSD deserves further research.




5.3 Hypertension

The kidney is the central organ that regulates blood pressure (BP). Poorly controlled BP results in kidney diseases and influences BP regulation in positive feedback (117). According to historical clinical investigations, hypertension (HTN) may correlate with KSD. Cappuccio et al. recruited 688 male workers in a cross-sectional study and found the relative risk of hypertensive participants having a history of KSD was twice that of the normal group (OR=2.11, 95% CI: 1.17 to 3.81), which is similar to the larger cohort study based on U.S. population by Hill et al. (RR=1.79, 95% CI: 1.19 to 2.71) (118). Data from a prospective cohort proved this finding (119, 120). A study confirmed that HTN can be an independent predictive determinant for recurrent KSD, especially in non-obese SFs (121). Inconsistently, the studies published by Madore et al. showed that the KSD incidence was comparable in both the hypertensive population and normal population (OR= 0.99, 95% CI: 0.82 to 1.21), and similar results were obtained when limited to middle-aged women (122, 123). The inconsistency of diagnostic criteria for HTN can lead to opposite results, and it is essential to remeasure the association in new criteria. Considering the widespread popularity of HTN and the link between HTN and metabolism, it cannot be ignored. Currently, the etiology of HTN in KSD consists of an alteration of urine components, IR, inflammation, and OS (124). Increased urine calcium excretion is caused by central volume expansion (the ‘central blood volume’ theory), and higher excretion levels of oxalate and uric acid were detected in hypertensive patients (119, 124, 125). Furthermore, ROS overgeneration by the activated renin-angiotensin-aldosterone system (RAAS) promotes RTEC injury and crystal formation (124, 126).

BP in healthy individuals exhibits precise daily variation, which is characterized by an increase after awakening followed by a decrease at night during sleep (1, 127). Disturbed circadian rhythm eliminates the diurnal rhythm of BP, resulting in elevated BP that transfers to HTN (127–129). Grandner et al. analyzed more than 700,000 adults from two large cohorts to illustrate that the HTN risk was higher in sleep deficiency compared to 7 h (≤ 4 h: OR=1.86, ≤ 5 h: OR=1.56, ≤ 6 h: OR=1.27, p < 0.0005 for all) (130). A dose-response meta-analysis found a higher HTN risk for shorter sleep duration, and previous meta-analyses reported similar results to strengthen this association (47, 131). For OSA patients, the HTN risk was higher than that in healthy controls (OR=2.84, 95% CI: 1.70 to 3.98) and was positively correlated with the OSA grade (132). Additionally, night shift workers have a higher HTN risk than normal controls, which increases with an increasing frequency of night shift work (133). Although there is no significant association between SJL and HTN in historical studies, it is worth noting that a recent study presented a morning BP surge caused by acute SJL (134, 135).

The underlying mechanism of disturbed circadian rhythm in HTN is complicated. First, in OSA patients, sympathetic nervous system overactivity, disruption by OS, and inflammation in vascular structure and functions contribute to the abnormal diurnal pattern of BP (132, 136). Intermittent hypoxia (IH) and negative pressure against obstruction activate adrenal, renal, and peripheral chemoreceptors to increase the circulating levels of hormones such as renin and catecholamine and decrease nitric oxide (NO) synthesis, leading to upregulated sympathetic system activity (136, 137). The interactions between the sympathetic system and the kidney secondarily activate RAAS to increase BP (138). Additionally, IH disrupts endothelial NO expression by promoting ROS generation. Endothelial dysfunction is mainly caused by inhibited NO bioactivity and bioavailability impairs vascular vasodilation and enhances vasoconstriction (25, 136).

Circadian gene abnormalities also trigger HTN. Clock mutation represses the expression level of Atp1b1, which encodes the β1 subunit of the Na+/K+-ATPase to elevate BP (139). In hypertensive rodents, myeloid-specific deficiency of Bmal1 exacerbates vascular remodeling and accelerates HTN formation by influencing the profibrotic macrophage phenotype (140). A human study showed a higher level of Per1 mRNA in the renal medulla in the hypertensive group than in the normal control group, suggesting a role for Per1 in the regulation of BP by renin (141). Doi et al. examined BP regulation in global Cry1/2 double null mice and revealed that Cry1/2 KO mice developed salt-sensitive HTN compared to wild-type (WT) mice (142). Surprisingly, KO or mutation of circadian genes also causes the absence of diurnal rhythm in BP and significantly decreased BP (127, 128, 143). To explain this, glycolipid metabolism disorders should be considered due to the close link between HTN and MetS (143, 144). Moreover, the relationship between circadian genes and the proteins expression in the local kidney that play roles in water and electrolyte balance is inspiring. The sodium chloride (NaCl) co-transporter (NCC) is involved in sodium reabsorption and BP maintenance and Richards et al. proved that Per1 inhibition reduces NCC expression and results in lower BP in mice (145). Zuber et al. also investigated the intrinsic circadian rhythm system and found that Clock mutant mice exhibit significant alterations in the renal expression of several key regulators of water or sodium balance (vasopressin V2 receptor, aquaporin-2, aquaporin-4, epithelial sodium channel), which functionally leads to dysregulation of sodium excretion rhythms and a significant decrease in BP (146). In addition to circadian genes, serum- and glucocorticoid-induced kinase 1 (SGK1) in renal tubules, a clock-controlled and glucocorticoid receptor- and mineralocorticoid receptor-induced gene was recently shown to participate in BP circadian regulation. Staub et al. generated a tubular-specific Sgk1 KO model and found that Sgk1 deletion elevates pulse pressure by increasing the circulating aldosterone level and disrupts the BP rhythm (147).

Together, these studies indicated that circadian rhythm disturbance can disrupt BP homeostasis bidirectionally. However, since epidemiological studies focused on KSD and HTN are full of controversies, this hypothesis needs further verification.




5.4 Inflammatory bowel disease

Inflammatory bowel disease (IBD) is an autoimmune disease characterized by chronic intestinal granulomatous inflammation and includes two main types: Crohn’s disease (CD) and ulcerative colitis (UC) (148, 149). KSD is one of the most frequent extraintestinal manifestations of IBD, with a higher prevalence in IBD patients than in normal controls. In the cohort from Mississippi, 6% and 6.7% of CD and UC patients developed KSD, respectively, which is similar to the data in Switzerland (150–152). An observational study revealed that UC was a risk factor for KSD (OR = 4.2, 95% CI: 1.1-15), and the KSD prevalence in UC and CD was comparable (153). The pathological process of IBD in KSD was exhaustively reviewed by Corica et al. (152). Briefly, UA supersaturation by low urine volume and pH, hypercalciuria by bile salt malabsorption, increased colonic epithelium permeability to oxalate, and decolonization of Oxalobacter formigenes (O. formigenes) are radical.

IBD is strongly affected by circadian rhythm disturbance. The IBD incidence was significantly higher in patients with shorter sleep durations than in normal controls (HR = 1.51, 95% CI: 1.10 to 2.09) in a 10-year follow-up analysis (154). A retrospective study enrolled 115 IBD subjects and 76 healthy controls to measure chronotype, SJL and sleep debt (SD), which showed that later chronotype was negatively correlated with severe IBD (r = -0.209, p < 0.05) and that SJL was higher in the IBD group than in the controls (1.32 h ± 1.03 vs. 1.05 h ± 0.97, p < 0.05), while SD was also elevated in the IBD group compared to the controls (21.90 min ± 25.37 vs. 11. 49 min ± 13.58, p < 0.05) (155).

In IBD patients and animals, abnormal expression and status of clock genes are considered initial manifestations. Weintraub et al. analyzed clock genes in peripheral blood and intestinal mucosa and found that the expression levels of clock genes (CLOCK, BMAL1, CRY1, CRY2, PER1, and PER2) were significantly lower in both inflamed intestinal mucosa and leukocytes than in healthy controls, which was also reported in different tissues (peripheral blood monocytes, colon) (156–158). Rodents with artificially induced colitis displayed decreased Per2, Cry1, Rev-erbα, and Npas2 levels and increased Rorα in colon tissue (159). Kyoko et al. measured the tight junction proteins occludin and claudin-1 in Clock mutation ((Clock△19/△19) mice to show that mice lacking Clock have persistently low levels of these two proteins and were more susceptible to intestinal injury (160). Similarly, Bmal1 KO mice show worse UC and the absence of time-dependent variation in disease activity compared to Bmal1+/+ controls, and epithelial proliferation in the colon presents a daily rhythm in Bmal1+/+ controls but is absent in the Bma1 KO group, resulting in poor regeneration (161). Mice lacking Rorα or Bmal1-driven Lnc-UC (a long noncoding RNA that is associated with colitis, particularly by reducing Rev-erbα expression) are more likely to have colitis than the control group. Lnc-UC deactivates the activity of NLR family pyrin domain (NLRP) 3, which is essential in the induction of proinflammatory cytokines (159, 162, 163). Bmal1 KO also leads to a lower level of regulatory B cells in the intraepithelial region, which expresses highly programmed death ligand 1 to alleviate colitis severity (164). Then, colitis is more severe in Per1/2 KO mice than in WT mice, with decreased Paneth cells, goblet cells, lysozyme transcripts, and lysozyme proteins (165). Oh et al. presented that intestinal epithelial-specific Rorα KO leads to severe inflammation by reducing the level of Ki67, a cell proliferation marker, and p-DRP1, a molecule active in ATP production (162). All the evidence indicates that IBD is related to abnormal expression of circadian genes.

All these studies demonstrated that circadian rhythm disturbance can promote KSD via IBD. However, further research is necessary to better clarify the internal molecular pathways in the process of KSD.




5.5 Microbiome dysbiosis

Microbiomes coexisting with humans are important in maintaining health and causing diseases. The gut microbiome (GMB) is a large set of microorganisms that colonize our digestive tract, and the diverse mixture of bacteria within the genitourinary tract (often at low levels) is defined as the urinary microbiome (UMB) (166–168). Dysbiosis of GMB and UMB contributes greatly to KSD (168). The colonization rate of O. formigenes in CaOx stones has attracted great attention. Several studies have proven that the colonization rate of O. formigenes is lower in SFs than in controls (169–171). Stern et al. studied the distinct GMB in SFs and non-SFs and revealed that Bacteroides was 3.4 times more abundant in SFs than in non-SFs (34.9% vs. 10.2%, p = 0.001), and Prevotella was 2.8 times more abundant in non-SFs than in SFs (34.7% vs. 12.3%, p = 0.005). In urinary analysis, Eubacterium was negatively correlated with oxalate levels, and Escherichia tended to have an inverse correlation with citrate levels (172). Compared to GMB, UMB in KSD is underexplored due to dramatic variation (168, 173). A case-control investigation profiling the UMB in male patients with calcium-based stones found that the UMB diversity was markedly lower than that in healthy controls, and the components were also different in the two groups (p < 0.001). The taxa at the genus level that significantly differentiated the two groups were Prevotella in the normal group and Acinetobacter in the KSD group (174). A meta-analysis including 8 studies indicated that the abundance of Bacteroides, Lactobacillus, and Prevotella showed the most significant difference in GMB between KSD patients and healthy controls (175). In UMB, Escherichia coli (E. coli), Lactobacillus, Staphylococcus, Streptococcus, and Klebsiella are considered vital in KSD based on evidence in vivo and in vitro (166, 168, 176–178). The pathogenic mechanism of GMB is poorly understood, oxalate accumulation by oxalate degradation dysfunction and related metabolic disorders is widely recognized (166, 179). Meanwhile, urease enzymes and inflammation are also important (16, 180).

Microbiomes have been found to follow a strict circadian rhythm (167, 181). Up to 60% of the total microbial composition oscillates rhythmically, which translates to diurnal fluctuations in 20% of commensal species of the GMB in mice and 10% in humans. The GMB abundance of ad libitum-fed mice under a strict light-dark cycle was measured at the changing point, and significant diurnal fluctuations were identified in the abundance of more than 15% of the GMB (182). Circadian misalignment disrupts GMB homeostasis and causes diseases. Smith et al. explored the correlation between GBM diversity and sleep physiology to show that diversity was positively correlated with sleep efficiency and duration. Sleep duration reduction can significantly decrease GBM diversity (183, 184). Additionally, exposure to SJL exacerbated GBM and metabolite homeostasis in the jejunum and colon of mice and was also detected in humans (181, 185).

Studies support that clock gene expression alterations contribute to GMB dysbiosis. Compared to WT mice, Clock mutant (ClockΔ19/Δ19) mice have a decreased Firmicutes/Bacteroidetes ratio, especially when paired with alcohol consumption or HFD (186). Liang et al. constructed Bmal1 KO mice and found that Bmal1 KO abolishes the oscillation and composition of GMB with a decreased abundance of Prevotella and an increased abundance of Bacteroides (187). In Per1/2-deficient mice, Bacteroides and Lactobacillus lost oscillations in relative abundance (182). Furthermore, in the interaction between GBM and MetS, dysbiosis significantly promotes the development of MetS. A high-sugar diet and HFD can aggravate the impact of circadian disorganization on GBM and further disturb glycolipid metabolism (188–190). In UMB, studies are limited. The diurnal oscillation in Streptococcus pneumoniae (S. pneumoniae) is driven by external clues, such as temperature (191). Per1 mutant flies are more sensitive to S. pneumoniae, and the elevated infection sensitivity can be a consequence of the circadian regulation disturbance of phagocytosis in these fly mutants (192, 193). In E. coli, circadian rhythms are driven by special genes, including radA and KaiC (194). Furthermore, a red and blue photoreceptor was contained in E. coli to adapt to the day-night cycle, which may provide evidence for dysbiosis in abnormal light exposure by circadian disturbance (195).

These studies provide a preliminary indication of the correlation between MB and KSD. However, data from mammals are still necessary, and since there is an interaction between GMB and UMB, further research is needed.




5.6 Other factors



5.6.1 Parathyroid gland hormone disorder

Disordered calcium metabolism contributes greatly to KSD. Goodman et al. concluded that the risk of hypercalcemia was 9 times higher in KSD patients than in normal controls (196). Parathyroid hormone (PTH) is essential to enhance calcium reabsorption and inhibit phosphorus reabsorption in the kidney (197). Elevated PTH with hypercalcemia in primary hyperparathyroidism (PTHP) is a well-recognized reason for KSD (198). An observational study revealed that parathyroidectomy was effective in the therapy of KSD recurrence by idiopathic hypercalciuria and that stone activity significantly decreased after surgery (0.05-0.15 vs 0.50-0.75, p < 0.001) (199, 200).

The PTH level exhibits a bimodal pattern over 24 hours, with a maximum peak in the afternoon and a small peak at night (201). Circadian impairment leads to abnormal PTH levels. Higher serum PTH level was observed in patients with moderate OSA and severe OSA than in healthy controls (63.11 ± 36.11 and 53.16 ± 25.29 vs 43.71 ± 24.45, p < 0.05) (202). Then, Sleep disturbance is common in PTHP patients, but the causation is unclear (203, 204).

Clock genes in the parathyroid gland (PTG) were explored, and their disturbance caused parathyroid gland dysfunction (205). Normal circadian clock operation was confirmed in animal models with a periodicity of 24 hours and was significant for Bmal1, Npas2, Per1,2,3, Cry1,2, and Rev-Erbα. In hyperplastic PTG tissue, circadian genes were deregulated, with significant upregulation of Per1,2 and Rev-Erbα and downregulation of Npas2 (206). Egstrand et al. investigated the alteration of circadian genes during a 24-h cycle in murine PTG and found rhythmic expression of parathyroid signature genes, and this rhythm is essential for PTG function regulation. Mice with PTG-specific Bmal1 knockdown (PTHcre;Bmal1flox/flox) were created, and a global decrease in circadian genes was observed, including Clock, Npas2, Cry1,2, and Per1,2,3. Compared to WT, PTHcre;Bmal1flox/flox shows a higher parathyroid cell proliferation response and led to PTHP (205). The identification of transcriptional patterns in human PTG tissues presents that the transcript expression levels of PER1 and CRY1/2 are significantly lower in PHPT tissue than in healthy tissue (207).

Taken together, these studies indicate that circadian gene disturbance leads to PTG disorder and is a risk factor for KSD. However, more investigations are needed.




5.6.2 Vitamin D Deficiency

Vitamin D (vit D) participates in maintaining calcium homeostasis, and vit D deficiency (VDD) is defined as a serum 25-hydroxyvitamin-D [25(OH)D] concentration less than 30 ng/ml (208). VDD affects a large population globally and is more prevalent in KSD patients (209). The investigation by Elkoushy et al. showed that more than 80% of KSD patients have VDD, which is consistent with a multicenter study (210, 211). A case-control study in Spain including 366 participants found that calcium SFs had lower levels of Vit D (25.7 vs. 28.4 ng/ml, p = 0.02) and a higher percentage of VDD than non-SFs (28.0% vs. 15.7%, p = 0.009) (212). Vit D is a fundamental regulator of systemic inflammation, OS, and mitochondrial respiratory function. Based on current studies, cell injury by OS and inflammation by overproduced ROS are the cardinal pathogenic factors for KSD in VDD (213, 214).

Vit D status is significantly influenced by a circadian rhythm in which serum Vit D presents a significant diurnal rhythm with a nadir in the morning and is followed by a rapid increase to a plateau during the day (215). VDD is widespread in populations with abnormal light exposure or insufficient sleep (216). Piovezan et al. indicated that short sleep duration showed an independent association with VDD (OR = 1.61, 95% CI: 1.25 to 2.26) (217). Then, shift workers are more likely to develop VDD. An investigation in Italy measured serum 25(OH)D in workers and observed that the level was lower in night shift workers than in daily workers (13.4 ± 5.3 ng/mL vs. 21.9 ± 10.7 ng/mL, p < 0.001) (218, 219).

Endogenous vit D is synthesized in the skin from the cholesterol-like precursor (7-dehydrocholesterol) present in epidermal cells by exposure to ultraviolet B (UV-B) from sunlight (220). Therefore, a lack of UV exposure reduces vit D levels and exacerbates OS in RTECs, which leads to KSD (129, 218). Moreover, research on the interaction between VDD and circadian genes is limited. Kwai et al. created an intestinal Bmal1 KO model (Bmal1Int-/- mice) and found that the vit D receptor (VDR) target genes in the intestine are disrupted. The expression of VDR and Vdr peaks at ZT8 (zeitgeber time [ZT]: light on, ZT0–ZT12; lights off, ZT12–ZT24) in the control group but disappears in Bmal1Int-/- mice. The experiment in Caco-2 cell lines also reveals that the BMAL1 KO reduced VDR and VDR expression (221). However, other circadian genes are still unclear in VDD, which is worth more analysis.




5.6.3 Renal Tubular Damage or Dysfunctions

The combination of urinary supersaturation and renal tubular damage is vital in stone formation. Renal tubular damage is related to sleep disorders, especially OSA (222, 223). The high oxygen demand of renal tubules makes them vulnerable to hypoxia by chronic IH in OSA and easily advanced to renal tubular injury (223). However, such a theory needs to be backed up by more research, and its relationship with KSD should be further elucidated based on direct evidence.

Distal renal tubular acidosis (dRTA) syndrome is a condition caused by the acidification defect in the collection tubule and the inability of the distal nephron to maximally increase the urinary secretion of protons ([H+]) in the presence of metabolic acidosis, characterized by a persistent hyperchloremia, normal plasma anion gap and metabolic acidosis with a relatively normal glomerular filtration rate. Patients with dRTA have elevated urinary calcium, recurrent CaOx or CaP stone formation, and nephrocalcinosis (224, 225). In addition to inherited dRTA, secondary dRTA is caused by numerous triggers, including autoimmune diseases, nephrotoxins, and miscellaneous aetiologies. Currently, there are insufficient epidemiological and basic studies to confirm the relationship between dRTA and circadian rhythm disturbance.






6 Future perspective

Growing evidence indicates that some therapeutic strategies enhancing circadian clock function or circadian gene expression may be beneficial for the prevention of KSD. First, feeding time is one of the most important external Zeitgebers in peripheral tissues, and unhealthy feeding time promotes diseases. A systematic review suggested that fasting results in altered urine metabolites and density, although this did not transfer to clinical outcomes. Safe fasting practices are vital for high-risk patients to prevent KSD (226). For OSA patients, continuous positive air treatment significantly reduces tubular damage, which may decrease the KSD risk (223). Moreover, melatonin (Mel), a hormone released from the pineal gland against SJL and sleep disorders with anti-inflammatory and antioxidative functions, can prevent crystalluria and kidney damage caused by crystal formation and aggregation (227, 228). Song et al. found that Mel has protective effects on oxalate-induced endoplasmic reticulum stress and apoptosis via the activation of the adenosine 5’-monophosphate-activated protein kinase pathway in HK-2 cells (229). In addition, BMAL1 is a therapeutic target in vitro. BMAL1 overexpression stimulated the OS-related NRF2/HO-1 pathway to reduce CaOx stone formation. This suggests that maintaining normal rhythms and properly intervening in some related circadian genes and downstream antioxidant pathways may benefit the prevention of CaOx stones (230). According to current limited studies, it can be speculated that artificial interventions in sleep status and circadian rhythm have the potential to prevent KSD. However, more clinical and basic research is needed.




7 Conclusions

Since KSD is a major challenge for global health, its potential mechanism should be investigated. Increasing convincing evidence has elucidated that a disordered circadian clock is a putative factor for KSD. This review summarizes the biological characteristics of the circadian rhythm, the mechanism of KSD, and the putative mechanism of the circadian rhythm disturbance in KSD. Existing clinical and basic studies have indicated that circadian rhythm-based interventions have potential clinical value in the management of KSD, but the specific and accurate mechanism of KSD caused by circadian rhythm disturbance is still unclear. KSD is not an isolated kidney disease, but a systemic disorder affected by various factors. Understanding the relationship between circadian rhythm and systemic multi-organ and multi-system health status is essential. In addition, both behavioral and pharmacological interventions related to rhythm modification deserve more research. A comprehensive and in-depth exploration of the mechanism of KSD caused by sleep and circadian rhythm disturbance and the efficacy of chronothrapies for KSD are necessary and can provide a new strategy for the clinical management of KSD.
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For the general population, increasing potassium intake can reduce the incidence of cardiovascular and cerebrovascular diseases. However, since hyperkalemia is a common and life-threatening complication in maintenance hemodialysis patients, which can increase the risk of malignant arrhythmia and sudden death, the current mainstream of management for hemodialysis patients is dietary potassium restriction in order to prevent hyperkalemia. Hemodialysis patients are usually advised to reduce dietary potassium intake and limit potassium-rich fruits and vegetables, but there is limited evidence to support this approach can reduce mortality and improve quality of life. There is still no consistent conclusion on the association between dietary potassium intake and serum potassium and survival in hemodialysis patients. According to the current small observational studies, there was little or even no association between dietary potassium intake and serum potassium in hemodialysis patients when assurance of adequate dialysis and specific dietary patterns (such as the plant-based diet mentioned in the article) are being followed, and excessive dietary potassium restriction may not benefit the survival of hemodialysis patients. Additionally, when assessing the effect of diet on serum potassium, researchers should not only focus on the potassium content of foods, but also consider the type of food and the content of other nutrients. However, more large-scale, multi-center clinical trials are required to provide high-quality evidence support. Besides, further research is also needed to determine the optimal daily potassium intake and beneficial dietary patterns for hemodialysis patients.
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Introduction

Maintenance hemodialysis (MHD) is one of the primary alternatives to prolong the survival time and improve the quality of life of patients with end-stage renal disease. As renal function declines, the incidence of hyperkalemia progressively rises, which increases the risk of arrhythmias and sudden death (1–4). MHD patients mainly regulate potassium metabolism in the body through hemodialysis, restriction of potassium intake, potassium-lowering medications and potassium excretion by residual renal function (5, 6). Despite the fact that dialysis can effectively remove potassium ions from the body, the increase in pre-dialysis serum potassium caused by extended dialysis intervals poses a grave threat to patients’ lives. Interventions to reduce pre-dialysis serum potassium may effectively reduce the mortality of hemodialysis patients (7). According to a study of 55,183 patients in the Dialysis Outcomes and Practice Patterns Study (DOPPS) multinational cohort, those with pre-dialysis serum potassium levels between 4-5.5 mEq/L had the lowest risk of mortality, whereas those with levels >5.6 mEq/L had a significantly higher risk of both death and arrhythmia (8). In their study of the influence of serum potassium and dialysate concentration on hemodialysis patient survival, Kovesdy et al. discovered that when pre-dialysis serum potassium was in the range of 4.6-5.3 mEq/L, the survival rate was highest, and with adequate nutrient intake, dietary strategies should be combined to prevent substantial fluctuations in serum potassium (9). Hemodialysis alone is insufficient to maintain normal serum potassium levels, and studies have indicated that controlling dietary potassium intake plays a crucial role in achieving stable serum potassium levels (10). A systematic review of changes in serum potassium (11), chronic kidney disease (CKD) progression, and mortality in patients with CKD following a low-potassium diet versus an unrestricted diet indicates that dietary potassium restriction, compared with higher potassium intake, may lower serum potassium in patients with normokalemia, and they discovered no evidence that dietary restriction is associated with decreased all-cause mortality in patients with CKD stages 3-5. For hemodialysis patients, dietary potassium restriction is currently the mainstream of management in order to prevent hyperkalemia, the latest Nutrition KDOQI Guidelines (12) propose an individualization of the dietary potassium intake recommendation. Other clinical practice guidelines in the field of renal nutrition recommend reducing dietary potassium intake to 2–2.5 g/day for patients undergoing hemodialysis, but evidence supporting such restriction independent of food source to improve morbidity, mortality, and quality of life in hemodialysis populations is limited and not supported by rigorous randomized controlled trials (11, 13–18).

Adequate and satisfying food is an essential human need and enjoyment before security, belonging, self-esteem, and self-actualization are satisfied. Moreover, for the general population, increasing dietary potassium intake can not only lower blood pressure (19–25) and the risk of cardiovascular and cerebrovascular disorders (26–30), but also have other protective effects, such as anti-inflammatory, anti-fibrosis and anti-oxidation effects, improve endothelial function and prevent atherosclerosis (31).

However, to prevent and manage hyperkalemia, many medical institutions have incorporated dietary instruction for hemodialysis patients advising them to limit their consumption of potassium-rich fruits and vegetables (32), more than half of hemodialysis patients report feeling deprived, feeling that the prescribed diet is bland (33). In addition, dietary restrictions that are too stringent might cause malnutrition and lower the quality of life for hemodialysis patients (34, 35).

Currently, there is no evidence from observational studies regarding the optimal daily potassium intake for hemodialysis patients, nor is there a consistent conclusion regarding the relationship between dietary potassium intake, serum potassium, and survival rate. This article is a narrative review to illustrate the relationship between dietary potassium intake and serum potassium and survival in hemodialysis patients by comparing the changes in serum potassium, the occurrence of hyperkalemia, and the impact on survival with dietary potassium restriction and non-dietary potassium restriction. We searched PubMed, Embase, and the Cochrane Central Register of Controlled Trials from inception to June 12, 2023, using the terms “Dietary Potassium or Potassium, Dietary and dialysis, renal disease, or kidney failure.” All studies titles and abstracts were examined by two independent reviewers. A third investigator was consulted in the event of a disagreement to enable consensus-building. Finally, seven studies were included for analysis (Figure 1).




Figure 1 | Study selection.







Overview of studies on the relationship between dietary potassium intake and serum potassium and its effect on hemodialysis patients

(The basic characteristics and outcomes of the clinical researches included in our study are shown in Table 1).


Table 1 | Characteristics and the effects of dietary potassium intake on serum potassium of 7 clinical researches in hemodialysis patients.



Khedr et al. (36) conducted a study with 400 MHD patients to investigate the prevalence of hyperkalemia in hemodialysis patients in Egypt. The study found that the pre-dialysis serum potassium of patients in the potassium-rich diet group (5.691 ± 0.462 mEq/L) was higher than that in the average potassium diet group (4.941 ± 0.376 mEq/L) and the low-potassium diet group (4.309 ± 0.321 mEq/L) (p < 0.01), and the incidence of hyperkalemia in hemodialysis patients was higher in the potassium-rich diet group than in the average or low-potassium diet group (p < 0.01) (36). Similarly, in exploring the association between dietary potassium intake and mortality in hemodialysis patients, Noori et al. (37) observed a positive correlation between dietary potassium and pre-dialysis serum levels (r=0.14, p<0.05), and the higher the potassium intake, the higher the risk of death.

However, in a study of dietary intake in 8043 adults with end-stage renal disease undergoing maintenance hemodialysis (DIET-HD) (38), dietary potassium intake was not associated with baseline serum potassium levels, dietary potassium was not associated with all-cause, cardiovascular, or noncardiovascular mortality, and consumption of fruits and vegetables was associated with a lower risk of all-cause death.

Likewise, Ramos et al. (39) investigated whether dietary potassium or specific food groups were linked with serum potassium in the presence of other risk factors, they discovered that potassium intake was directly related to fiber intake, as well as the intake of fruits, vegetables, and dairy products in the dialysis population’s diet, with no association founded between dietary potassium and protein intake or beans, meat, and eggs. Furthermore, this study also revealed that dietary potassium did not correlate with serum potassium in either HD or nondialysis CKD patients (r=-0.06, P=0.46; r=0.01, P=0.98) (39).

Additionally, Garagarza et al. (40) conducted a multi-center, cross-sectional study to investigate the association between the dietary approaches to stop hypertension (DASH) dietary pattern, which is high in potassium-rich foods, and serum potassium in hemodialysis patients, including 582 patients from 37 dialysis centers. No statistically significant association was found between serum potassium and dietary potassium intake in this study (r=0.080; p=0.060), which was consistent with the conclusion of Ramos et al. (39). This study showed no association between serum potassium and dietary potassium intake in the low potassium intake(≤3000 mg/d) and high potassium intake(>3000 mg/d) groups, and no apparent differences in serum potassium value between the two groups (40). According to the study, serum potassium levels were favorably connected with milk, eggs, beef, pork, chicken liver, fatty fish, squid, octopus, banana, canned fruit, wine, and coffee (P<0.05, respectively) in terms of food types. Additionally, boiled potatoes, cow and pork meat, white cabbage, apples and pears, cherries, yogurt, oranges, beans, peaches, tomatoes, and milk had larger positive correlations (r≥0.300) with dietary potassium consumption (P<0.001, respectively) (40).

In the Malnutrition, Diet, and Racial Disparities in Chronic Kidney Disease (MADRAD) study (415 participants), a higher risk of death was shown to be connected with reduced dietary potassium consumption, which also suggested that severe dietary potassium restriction may be detrimental for hemodialysis patients (41). Furthermore, González-Ortiz et al. (42) also emphasized that in a healthy plant-based diet (HPD), a higher healthy plant-based diet score (HPDS) was not connected with serum potassium levels or hyperkalemia (potassium >5.5 mEq/L) in hemodialysis patients and a higher HPDS was associated with a lower malnutrition inflammation score (MIS), indicating improved nutritional status. They concluded that in their observational study challenged the routinely advice to avoid fruits and vegetables in dialysis patients and emphasize the significance of conducting interventional studies that investigate the potential benefits and harms of liberalizing the diet of dialysis patients in term of the consumption of plant foods (42).





Discussion

The above several studies have no consistent conclusions on the correlation between dietary potassium intake and serum potassium. The reason for the absence of a consistent positive correlation between serum potassium and dietary potassium could be related to the type of potassium-containing food and its content in other nutrients (40). In the DIET-HD trial, Bernier-Jean et al. (38) found that higher potassium intake from only whole plant sources was linked with a lower mortality risk, and that this association vanished after controlling for dietary groups, such as consumption of fruits and vegetables. Noori et al. (37) observed a positive correlation between dietary potassium and pre-dialysis serum levels in hemodialysis patients, in this study, dietary potassium was mainly derived from beef, chicken, Mexican food, burgers, beans, fresh fruits, fruit juices, fried potatoes, cheeseburgers and canned fruit, whereas in the DIET-HD study, the majority of potassium sources were vegetables, fresh fruit, red meat, potatoes, milk, and bread. Garagarza et al. (40) also found no association in their study of dietary patterns of high-potassium foods (DASH) and serum potassium in hemodialysis patients, considering that although there is no positive correlation between serum potassium and dietary potassium, this does not imply that high-potassium foods do not cause hyperkalemia in patients, due to differences in potassium bioavailability, distinct sources of dietary potassium (animal, plant, and potassium-based food additives) could contribute to elevations in different ways. In this study, the DASH dietary pattern emphasized consumption of plant-based foods with low potassium bioavailability (43, 44), with the exception of bananas, canned fruit, wine, and coffee, foods positively associated with serum potassium levels are primarily animal sources (milk, beef, pork and chicken liver, fatty fish, squid, and octopus).

Besides, an article on plant-based diets by Carrero et al. published in Nature Reviews Nephrology stated that for patients with chronic kidney disease(CKD) (17), current evidence shows that encouraging the adoption of plant-based diets has few hazards and has potential benefits for the primary prevention of CKD, and delaying progression in patients with CKD G3-5. This article recommended that limiting plant-based foods as a strategy for preventing hyperkalemia or malnutrition be done on an individual basis to avoid depriving CKD patients of the possibly positive effects of a plant-based diet (17). According to a European survey, only 4% of 8,078 hemodialysis patients took in four or more servings of fruits and vegetables per day, which is the recommended quantity for the general population (45). Besides, increasing fruit and vegetable consumption is associated with a lower risk of all-cause mortality, and there is an inverse correlation between consumption and non-cardiovascular mortality, which could be related to a lower risk of cancer death in hemodialysis patients (45). In a study of 81,013 hemodialysis patients investigating the association between pre-dialysis serum potassium levels and all-cause and cardiovascular mortality, potassium concentrations between 4.6-5.3 mEq/L were related to the lowest all-cause mortality (9). After correcting for confounding variables related to comorbidities and nutritional status, potassium levels ≥5.6 mEq/L were most strongly associated with higher mortality, although potassium levels <4.0 mEq/L were associated with increased mortality when malnutrition owing to inadequate dietary intake was taken into account (9).

Other than that, nutritional interactions must be taken into account when controlling dietary potassium intake and serum potassium levels. Plant-based foods with high potassium content include melons, citrus juice, and potatoes, it should be noted, however, that some food sources with high potassium content also contain high carbohydrates, which could stimulate insulin release and thus reduce the increase in plasma potassium concentration (6). Contrarily, animal products have higher potassium content but lower carbohydrate content, which may lead to higher plasma potassium levels after intake, therefore, not all potassium-rich foods are likely to result in similar increases in serum potassium concentrations (6). Garagarza et al. (40) noted that carbohydrate-rich and potassium-rich foods may have less effect on serum potassium than low-carbohydrate and high-potassium foods, because there are other nutrients in food, such as fiber, affect potassium distribution and excretion, and increased carbohydrate intake contributes to high fiber intake, which in turn causes potassium excretion (46). Besides, when increased potassium intake sufficiently increases plasma potassium concentrations, aldosterone also enhances potassium excretion in the distal colon (47), and adaptation of this function may be very crucial, especially when renal function is impaired (48). Hayes et al. (49) demonstrated that fecal potassium excretion was three times higher in hemodialysis compared with normal controls and could even reach 80% of dietary potassium in some cases, in addition to fecal potassium content being proportional to dietary potassium intake consumption and fecal weight. Since the digestive system is another route for excreting potassium (48, 50), it’s crucial to consume enough fiber in the diet. For example, the DASH diet includes plenty of plant foods, which are high in fiber and can increase fecal excretion of potassium through stimulating intestinal peristalsis (46, 51, 52). On the other hand, considering the relatively high incidence of constipation in HD patients (53%) (53), infrequent bowel movements, rather than dietary potassium load, may be a major driver of hyperkalemia in HD patients (46). In a review of plant-based low-protein diets in the conservative management of patients with CKD, it was shown that meat consumption increases the production of nitride-containing end products, exacerbates uremia, and may lead to constipation due to inadequate fiber intake, thereby increasing the risk of hyperkalemia (54). In contrast, a plant-based diet may lower gut-derived uremic toxins by increasing intake of fiber and regulating the intestinal microbiota (55). In one study, increasing dietary fiber intake for 6 weeks in hemodialysis patients could reduce free plasma indoxyl sulfate (a uremic toxin produced by the breakdown of aromatic amino acids by intestinal microbiota) levels by 29% (56). On the other hand, a plant-based diet of wholesome fruits and vegetables reduces the likelihood of potassium-containing additives commonly found in meat products (57, 58). This dietary pattern also includes additional factors that may assist prevent serum potassium increases, such as a high consumption of alkaline foods (fruits and vegetables), which may enhance intracellular potassium transport, particularly in the context of metabolic acidosis (40).

Therefore, when evaluating the effect of diet on serum potassium, it is important to consider not only the potassium content of foods, but also the type of food and other nutrient content. Furthermore, excessive dietary potassium restriction may not be beneficial for survival in hemodialysis patients, and further research is required to explore the ideal dietary potassium intake for this population. Some studies have advocated for moderate potassium restriction in hemodialysis patients, or relaxation of potassium intake with the prescription of potassium binders (59, 60).





Analysis of other common influencing factors of predialysis serum potassium

Angiotensin converting enzyme inhibitor/Angiotensin receptor blocker (ACEI/ARB), Spironolactone, β-Receptor Blockers are common drugs that affect serum potassium fluctuations. Taking ACEI/ARB in patients with end-stage renal disease can not only cooperate with renin-angiotensin-aldosterone system (RAAS) related blood pressure increase, but also improve ventricular remodeling, which can effectively reduce the mortality of MHD patients by reducing blood pressure and reversing left ventricular hypertrophy (LVH) (61). ACEI/ARB drugs affect serum potassium levels by inhibiting aldosterone secretion, increasing prostaglandin or bradykinin synthesis, and decreasing potassium ion excretion. Knoll et al. (62) studied the risk of hyperkalemia in patients with renin-angiotensin system blockade and chronic hemodialysis, they found that the use of ACEIs/ARBs was significantly associated with an increased risk for hyperkalemia (p <0.05). However, other clinical trials and meta-analysis evaluating RAAS blockers in hemodialysis populations have shown no difference in serum potassium or frequency of hyperkalemia between intervention and control groups (63–67). It has also been reported that the use of ACEIs/ARBs had no effect on hyperkalemia in MHD patients, where neither monotherapy (ACEIs or ARBs) nor combination therapy (ACEIs plus ARBs) was associated with an excess risk of hyperkalemia in MHD patients (68). Similarly, clinicians tend to worry that spironolactone would raise the risk of hyperkalemia in hemodialysis patients and limit its usage due to its “sodium excretion and potassium retention” (69, 70). The addition of low-dose of spironolactone or combined with conventional treatment is safe and will not significantly increase serum potassium levels, but more importantly, can improve LVH by lowering left ventricular mass index (LVMI) and raising left ventricular ejection fraction (LVEF), according to systematic reviews and meta-analyses of several studies analyzing the effects and safety of spironolactone on the cardiovascular system in the routine treatment of hemodialysis patients (71–76). In contrast to controls, spironolactone increased the frequency of moderate hyperkalemia (6.0-6.5 mmol/L), but not severe hyperkalemia (≥6.5 mmol/L), according to a study on the safety and efficacy of the drug in hemodialysis patients (77). With regards to β-receptor blockers, because nonselective β-receptor blockers (such as propranolol) can interfere with Na+-K+-ATPase on the cell membrane and prevent potassium ions from entering the cell, serum potassium levels rise (78). Some studies have demonstrated that β-blocker therapy could be used safely in hemodialysis patients, with severe hyperkalemia occurring in only a minority of patients (36, 79). In contrast, serum potassium levels were observed to correlate with spironolactone, ACEIs, and β-blocker intake in a study by Muschart X et al. (80). Furthermore, insulin resistance, race, and gender variances can all have an impact on serum potassium levels (81–83). Among the studies included in this paper, Khedr et al. (36) found no significant association between serum potassium and ACEls, β-blockers, or diabetes, and Ramos et al. (39) observed no notable distinction in serum potassium between the normokalemic and hyperkalemic groups in dialysis patients treated with β-blockers (P=0.79).

At present, there are still differing conclusions regarding whether aforementioned medications can affect the serum potassium level of hemodialysis patients. Since the renal potassium excretion function is nearly lost in MHD patients, dialysis is the primary means of controlling serum potassium excretion. Some researchers believe that hyperkalemia may not be a major concern in hemodialysis patients since dialysis, rather than renal tubular function, controls the factors affecting serum potassium in dialysis patients (84, 85). Thus, with the adequacy of dialysis, close monitoring of serum potassium, and timely adjustment of dialysate composition, whether taking ACEIs/ARBs, β-blockers, mineralocorticoid antagonists, or different residual renal function, may not have a significant effect on serum potassium levels in hemodialysis patients.





Conclusion

Based on the current small observational studies, we discovered that in cases where dialysis adequacy was ensured and specific dietary patterns (such as the above-mentioned plant-based diet) were followed, there was less or even no correlation between dietary potassium intake and serum potassium in hemodialysis patients; excessive dietary potassium restriction may not benefit the survival of hemodialysis patients. Additionally, when assessing the effect of diet on serum potassium, researchers should not only focus on the potassium content of foods, but also consider the type of food and the content of other nutrients. Meanwhile, we admit that publication bias may be present in this result attributed to the several positive small center series. Therefore, more large-scale, multi-center clinical trials are needed to provide high-quality evidence support, and we also need to further explore the dietary patterns and optimal daily dietary potassium intake that are beneficial to hemodialysis patients.
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Background

This study aimed to assess the correlation between renal function-related indices and vascular damages among patients with type 2 diabetes mellitus (T2DM) and normal renal function.





Methods

We screened a cohort of eligible patients with T2DM, ultimately including 826 individuals. Utilizing multifactorial logistic regression, we conducted an in-depth analysis to explore the potential associations between renal function-related indices—specifically BUN, Cr, ALB, ACR, and eGFR—and the incidence of diabetic vascular damage. Additionally, to comprehensively understand the relationships, we employed Spearman correlation analysis to assess the connections between these indicators and the occurrence of vascular damage.





Results

In this cross-sectional study of 532 patients with carotid atherosclerosis (CA), the prevalence of CA was positively correlated with Cr (53.1%, 72.3%, 68.0%, P<0.05) and negatively correlated with eGFR (71.6%, 68.5%, 53.1%, P<0.05). the higher the Cr, the higher the predominance ratio of CA (T1: reference; T2:OR. 2.166,95%CI:1.454,3.225; T3:OR:1.677, 95%CI:1.075, 2.616; P<0.05), along with an eGFR of 66.9% and 52.0% in terms of sensitivity and specificity, with a 95% CI of 0.562-0.644.





Conclusion

Within our experimental sample, a noteworthy observation emerged: Creatinine (Cr) exhibited a positive correlation with the prevalence of individuals affected by carotid atherosclerosis (CA), underscoring a potential connection between Cr levels and CA incidence. Conversely, the estimated Glomerular Filtration Rate (eGFR) demonstrated a negative correlation with the occurrence of CA, implying that lower eGFR values might be associated with an increased likelihood of CA development.
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Introduction

Diabetes mellitus, a chronic and systemic metabolic disorder, stems from the intricate interplay of genetic and environmental factors over extended periods (1). Among the crucial disorders of the endocrine system, it stands as one of the most prevalent and significant (2). Statistics extracted from the 2020 Report on Nutrition and Chronic Disease Status of Chinese Residents underscore its prominence, revealing a diabetes prevalence rate of 11.9 percent among Chinese adults aged 18 and above, alongside a pre-diabetes detection rate of 35.2 percent. Notably, Type 2 diabetes exerts its most substantial impact on individuals aged 50 and above. This disease exhibits a disquieting trend toward earlier onset, prolonged duration, increased complications, amplified health risks, and augmented medical expenditures (3). The “IDF Diabetes Atlas (10th Edition),” published in 2021, forecasts that in 2021, approximately 537 million adults (aged 20-79 years) worldwide will grapple with diabetes—constituting 1 in 10 adults. This unsettling figure is anticipated to swell to 643 million by 2030 and further burgeon to 783 million by 2045. Simultaneously, as the global population is projected to grow by 20 percent within the same span, the estimated diabetes count is set to surge by 46 percent (4). These projections portend a future where more individuals are burdened by diabetes (5). Given that diabetes-associated vascular damage stands as the primary cause of mortality among T2DM patients, the imperative for enhanced predictive methodologies for these complications cannot be overstated (6).

Traditionally, risk factors linked to atherosclerosis encompass age, male gender, smoking, dyslipidemia, hypertension, and diabetes (7). Remarkably, individuals with chronic kidney disease demonstrate an elevated prevalence of atherosclerosis, a phenomenon subject to various academic propositions. These notions range from escalated oxidative stress and compromised endothelial function (8), heightened arterial rigidity (9), and compromised renal hemodynamics (10–12), to unfavorable conditions fostering plaque development and rupture (13, 14). Numerous investigations have established connections between glomerular filtration rate, serum creatinine levels, and atherosclerosis in otherwise healthy subjects before atherosclerotic onset. Intriguingly, however, no study to date has successfully identified parallels between renal function-related markers and atherosclerosis in T2DM patients with intact renal function (15).

Hence, the primary objective of this study was to meticulously assess the potential correlations between BUN, Cr, ALB, ACR, eGFR, and the occurrence of CA in patients diagnosed with T2DM, all while maintaining normal renal function.





Methods




Study subjects

The Division of Endocrinology and Metabolism at the Affiliated Hospital of Southwest Medical University undertook a retrospective cross-sectional investigation involving hospitalized individuals with type 2 diabetes, spanning the years 2017 to 2023. Inclusion criteria encompassed (1): Age exceeding 18 years; (2) Diagnosis by the American Diabetes Association’s “Standards of Medical Care in Diabetes” (2019 version) (16); (3) Normal renal function defined by specific parameters: BUN within the range of 2.9-7.5 mmol/L, Cr ranging from 44-133 μmmol/L, Urine Albumin (ALB) levels below 20 mg/L, albumin-to-creatinine ratio (ACR) under 30 mg/g, and eGFR exceeding 90 mL/min/1.73m². On the other hand, exclusion criteria encompassed: (1) Aberrant results in kidney function tests; (2) History of kidney disease or kidney-related surgeries; (3) Usage of kidney function-impacting medications like cyclosporine.

Data acquisition for this study was meticulously executed by healthcare professionals, employing standard questionnaires and validated equipment. Each participant furnished demographic information alongside comprehensive medical records. The categorization of participants included identifying smokers and non-smokers, as well as distinguishing current drinkers from non-drinkers. During physical examinations, mean arterial blood pressure was continuously monitored for at least 30 minutes, with three consecutive measurements taken from the right arm arterial pressure.

In the realm of ethical considerations, this study strictly adhered to the principles outlined in the Helsinki Declaration of 2013 and obtained approval from the Ethics Committee of the Affiliated Hospital of Southwest Medical University (Ethics Approval Code: 2018017) (17). Informed consent was procured from all enrolled participants.





Calculation of eGFR

	





Diagnosis of vascular damage in diabetes mellitus

Carotid artery intima-media thickness (CA-IMT) measurement has established itself as a secure and replicable technique to assess atherosclerosis severity. With guidance from ultrasound physicians, the bilateral carotid arteries of all participants underwent scanning using an identical color Doppler ultrasonic diagnostic apparatus. Throughout the data collection phase, a single operator carried out the measurements. The criterion for identifying atherosclerotic plaques hinged on a local carotid artery intima-media thickness (CIMT) ≥ 1.5 mm or a local CIMT surpassing 50% of the outer surface area. A diagnosis of carotid atherosclerosis was predicated on a CIMT increase ≥ 1.0 mm and/or the presence of carotid artery plaques (18–21).





Statistical analysis

Baseline clinical characteristics of CA patients with different genders were compared using descriptive statistics. For group comparisons, one-way analysis of variance (ANOVA) was employed for normally distributed continuous variables, the Kruskal-Wallis H test for non-normally distributed continuous variables, and the Chi-square test (X2 test) for categorical variables. The assessment of variables impacting diabetes vascular damages was accomplished using a Logistic regression analysis model, we additionally adjusted for age, sex, FBG, HbA1c, BMI, duration of diabetes, history of smoking, history of drinking, history of hypoglycemic drug usage, and history of insulin usage. To establish the relationship between renal function indicators and vascular damage, Spearman correlation analysis was employed. The predictive accuracy of renal function-related indicators for vascular damages was evaluated through Receiver Operating Characteristic (ROC) curves. All hypotheses were tested at a two-tailed significance level of 0.05. Risk factors were evaluated based on their odds ratio (OR) values. Forest plots were constructed using GraphPad Prism (version 9.0). The entire data analysis was conducted utilizing SPSS (version 26.0).






Results

Figure 1 shows a summary chart that visualizes the summary information of this article. A total of 826 T2DM patients participated in this study, comprising 440 males and 386 females. Males had an average age of 53.61 ± 10.35 years, while females averaged 58.33 ± 10.19 years. The mean duration of diabetes was 78.93 ± 76.73 months, and the study documented a total of 532 cases of cardiovascular damage. A comprehensive presentation of participants’ demographic and biochemical information is detailed in Table 1. Comparative analysis revealed noteworthy distinctions between males and females. Specifically, males exhibited significantly higher values in height, weight, body mass index (BMI), waist circumference (WC), diastolic blood pressure (DBP), triglycerides (TG), fasting blood glucose (FBG), alanine transaminase (ALT), blood urea nitrogen (BUN), serum creatinine (Cr), urine microalbumin (ALB), current smoking rate, and current drinking rate (all with P < 0.05). Conversely, females displayed significantly higher mean values in average age, systolic blood pressure (SBP), high-density lipoprotein cholesterol (HDL), urine albumin-to-creatinine ratio (ACR), and estimated glomerular filtration rate (eGFR) (all with P < 0.05).




Figure 1 | Summary chart. Correlation of renal function indicators and vascular damage in T2DM patients with normal renal function.




Table 1 | Clinical characteristics according to gender.



Table 2 illustrates the distribution of CA across the tertiles of BUN, Cr, ALB, ACR, and eGFR. A direct correlation was identified between the prevalence of CA and Cr(53.1%,72.3%,68.0%, P<0.05) and BUN(59.7%,65.5%,68.1%, P<0.05)levels, whereas an inverse relationship was observed with eGFR(71.6%, 68.5%,53.1%, P<0.05). Notably, the prevalence of CA remained nearly consistent across all tertiles of ALB, and ACR.


Table 2 | Prevalence of CA in different renal function indicator tertiles.



Odds ratios for CA were computed through a multivariate regression model, as depicted in Table 3. In Model 2, after gender adjustment, higher Cr levels were linked with amplified odds ratios for CA(T1: reference; T2:OR:2.158,95%CI: 1.473, 3.162; T3: or:1.696, 95%CI: 1.122, 2.565; P<0.05). This pattern persisted predominantly in Model 3, even after considering the influence of other potentially confounding variables (T1:reference; T2:OR:2.166,95%CI:1.454,3.225; T3:OR:1.677,95%CI:1.075, 2.616; P<0.05). A direct correlation emerged between Cr levels and CA risk, while eGFR displayed an inverse pattern. Regrettably, no discernible correlations materialized between BUN, ALB, ACR, and the prevalence of CA.


Table 3 | Corrected OR and 95% CI for tertiles of renal function indicators.



As depicted in Table 4, the connection between renal function indicators and CA in T2DM patients with normal kidney function was established through Spearman correlation analysis. This analysis unveiled a positive correlation between Cr(rs=0.144, P<0.001) and BUN(rs=0.068, P=0.049) with CA, while eGFR(rs=-0.170, P<0.001) exhibited a negative correlation. However, no substantial association was discerned between CA and ALB or ACR.


Table 4 | Association of renal function indicators with carotid atherosclerosis.



As illustrated in Figure 2, we conducted a multivariable regression analysis on variables that remain independent of diabetes-related vascular damage. The forest plot provided a visual representation, showcasing Cr(OR:1.021, 95%CI:1.011,1.031) and Duration of diabetes(OR:1.004, 95%CI:1.0020,1.006) as the notable risk factor for CA(all P < 0.001). Moreover, it was observed that eGFR(OR: 0.990, 95% CI:0.986, 0.994, P<0.001) played a protective role against CA development.




Figure 2 | Multiple regression analysis of variables independently associated with CA in all participants. BMI, body mass index; WC, waist circumference; TG, triacylglycerol; TC, total cholesterol; LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol; FBG, fasting blood glucose; HbA1c, hemoglobin A1c; Cr, Creatinine; eGFR, estimated glomerular filtration rate; CA, carotid atherosclerosis. *P<0.05.



Finally, we evaluated the diagnostic efficacy of renal function-related indicators for CA through Receiver Operating Characteristic (ROC) curves (Figure 3). Remarkably, eGFR emerged as the most accurate indicator, boasting the highest Area Under the Curve (AUC) of 0.062 (95% CI: 0.562, 0.644, P<0.001). This was succeeded by Cr(AUC: 0.587, 95% CI: 0.54, 0628, P<0.001), BUN(AUC: 0.541, 95% CI:0.500, 0.583, P=0.049), ALB(AUC:0.530, 95% CI:0.488, 0.572, p=0.154), and ACR(AUC:0.520, 95% CI:0.479, 0.560, P=0.352). By utilizing the Youden index, we determined the optimal cutoff value for eGFR to be 138.2. The sensitivity of eGFR reached 66.9%, accompanied by a specificity of 52.0%.




Figure 3 | ROC curve of kidney function indicators CA in T2DM with normal kidney function. ROC, receiver operating characteristic; CA, carotid atherosclerosis; ALB, urine albumin; Cr, Creatinine; ACR, albumin-to-creatinine ration; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate.







Discussion

This cross-sectional study involved 826 T2DM patients and sought to investigate the interplay between CA prevalence and renal function-related indicators, specifically BUN, Cr, ALB, ACR, and eGFR, in T2DM patients possessing normal kidney function. Data analysis outcomes unveiled an escalating CA prevalence as Cr quartiles ascended (P < 0.05), while a distinct reduction in CA patients was discerned among the upper eGFR quartiles (P < 0.05). Following the adjustment for confounding factors, including gender, a positive correlation emerged between Cr and CA (P < 0.05), while eGFR exhibited a negative association with CA (P < 0.05).

Collectively, kidney function demonstrated an adverse connection with CA, remaining unaffected by recognized risk factors such as age, gender, blood pressure, serum LDL cholesterol, and blood glucose. Remarkably, eGFR showcased the most robust performance in evaluating the correlation between renal function indicators and CA prevalence, closely trailed by Cr. Regrettably, up to this point, significant correlations between BUN, ALB, ACR, and CA prevalence have yet to be observed in T2DM patients boasting normal kidney function.

Furthermore, an intriguing yet perplexing observation surfaced during our analysis. While employing Spearman correlation analysis to discern the interrelation between renal function-related indicators and CA in T2DM patients with normal kidney function, BUN(rs=0.068, P=0.049) seemed to hint at a plausible positive correlation with CA occurrence. However, the outcomes derived from applying a multivariable regression model failed to demonstrate a significant association between the two. This discrepancy could potentially be attributed to the relatively modest size of our dataset or even potential limitations within our research methodology.

Currently, numerous research groups have delved into the intricate relationship between renal function and the onset of CA within diverse clinical contexts. For instance, Silvio Buscemi et al. (15) uncovered a distinct link between GFR and CA in individuals without renal insufficiency, substantiating a consistent negative correlation between renal function and CA, which aligns with our findings. Moreover, in patients grappling with chronic kidney failure, there has been validated affirmation of a closely intertwined association between compromised renal function and atherosclerosis. Multi-ethnic investigations involving a substantial cohort of Chronic Kidney Disease (CKD) patients have consistently reported a robust correlation between carotid intima-media thickness (c-IMT) and GFR, irrespective of patients’ metabolic conditions (22–24). Notably, even during the incipient stages of chronic kidney failure, the prevalence of CA is augmented (25). Certain inquiries have spotlighted a nexus between atherosclerosis and diminishing GFR or Cr levels, irrespective of the patient’s renal function status (12, 26)

Consequently, amalgamating the insights from our study with the existing body of research, a tentative inference can be drawn: sustaining GFR in proximity to the lower boundary of the normal range and maintaining Cr within the upper threshold of normal across the long term might potentially foster systemic atherosclerosis, exacerbate atherosclerotic damage, and potentially yield unfavorable consequences for kidney health. Furthermore, we have observed that the optimal eGFR threshold, calculated using the Youden index, is 138.2 ml/min/m2. This value suggests that patients may be experiencing a state of hyperfiltration. While some studies have indicated an upward trend in eGFR with the progression of diabetes, it is worth noting that a high eGFR is recognized as one of the risk factors for diabetic kidney disease (27). Notably, the early onset of high filtration in diabetes is associated with more severe kidney damage in the advanced stages of the disease (28–31). However, the determination of the factors contributing to renal hyperfiltration involves intricate physiological and pathological mechanisms, making it challenging to pinpoint whether this state results from physiological or pathological factors. Additionally, there is currently a shortage of relevant research exploring the relationship between kidney function and vascular damage in diabetes patients who are experiencing hyperfiltration. To a certain extent, our study addresses this research gap. Of course, it’s important to acknowledge a counter perspective presented by David Leander Rimmele et al., asserting that CA is independently associated with higher levels of NT-proBNP, through common risk factors and NT-proBNP with AF, and not with renal function (32).

Unlike our study and that of Silvio Buscemi, the divergent findings in the research by David Leander Rimmele et al. could plausibly emanate from varying population characteristics across different geographical regions or differences in methodological approaches.

Moreover, given that it stands as one of the most prevalent complications of Type 2 Diabetes Mellitus (T2DM), the significance of early intervention in addressing CA cannot be overstated, as it profoundly impacts patients’ quality of life. Numerous studies have delved into the intricate web of associations between diverse indicators in T2DM patients and CA. For instance, the work of Jie Lin et al. (33) underscored a discernible correlation between thyroid-related hormones, diabetic peripheral neuropathy, and CA. Concurrently, Chenxi Wang et al. brought to the forefront the independent links between liver fat content index, fatty liver index, and CA within the landscape of T2DM. These indices could potentially serve as straightforward and invaluable markers, facilitating the evaluation of diabetic macrovascular damages and their progression (34).

The underlying biological mechanisms that tether Cr, GFR, and carotid atherosclerosis may be entwined with more profound factors. According to the perspective put forth by Kazuyuki Yahagi et al. (25), the pivotal driving forces behind diabetic atherosclerosis encompass a panorama of elements including oxidative stress, endothelial dysfunction, alterations in mineral metabolism, an overabundance of inflammatory cytokines, and even the mobilization of bone progenitor cells into the circulation. Nevertheless, it’s important to acknowledge that due to the constrained exploration of these factors within our study, a comprehensive elucidation remains elusive, thereby underscoring the necessity for further animal studies to plumb the depths of this intricate subject.

Typically, other researchers tend to focus on exploring the correlation between a single indicator and CA. In contrast, this study adopted an innovative approach, delving into the correlation between five renal function indicators – namely eGFR, Cr, BUN, ALB, and ACR – and CA in patients with T2DM. This distinct methodology yields more comprehensive insights that hold immense value for clinical practitioners managing T2DM patients, regardless of their CA status. However, it’s important to acknowledge the limitations inherent in this study. Chief among them is the relatively modest sample size, which could potentially introduce a degree of imprecision into the findings. Equally important, our study has certain limitations in diagnosing vascular damage in diabetes. According to the new expert consensus (35), flow-mediated dilation (FMD) and arterial stiffness are considered more valuable for assessing vascular damage, with FMD often regarded as the gold standard. However, in this study, we employed IMT as the diagnostic indicator for vascular damage, which is not widely recognized. This choice was made because FMD is not commonly used for diagnosing vascular damage in our study region, which may introduce some degree of error in the study results. Furthermore, the cross-sectional design employed in this research falls short of establishing definitive causality and fails to provide an intricate dissection of the mechanisms underpinning the connection between eGFR, Cr, and CA in T2DM patients. To substantiate the potential causal link between eGFR, Cr, and CA as unearthed in this study, subsequent longitudinal investigations are imperative.





Conclusions

In the context of T2DM patients possessing normal renal function, it becomes evident that those with lower eGFR levels and higher Cr levels are predisposed to a heightened likelihood of developing CA. Recognizing that elevated Cr and diminished eGFR serve as risk factors for CA, it’s noteworthy that even when patients’ eGFR and Cr values fall within the normal range, proactively managing and maintaining optimal eGFR and Cr levels within the T2DM population could yield substantial benefits in terms of CA prevention.
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Objective

The influence of vitamin D on autoimmune thyroid disease (AITD) remains a subject of ongoing debate. This study employs Mendelian randomization (MR) to investigate the causal correlations of serum 25-hydroxyvitamin D (25[OH]D) levels with autoimmune thyroiditis (AIT), autoimmune hyperthyroidism (AIH), and Graves disease (GD).





Methods

Data on single nucleotide polymorphisms related to serum 25(OH)D levels, AIT, AIH, and GD were sourced from UK Biobank and FinnGen. Inverse variance weighted, MR-Egger, and weighted median were employed to test the exposure-outcome causal relationship. Assessments of horizontal pleiotropy, heterogeneity, and stability were performed using the MR-Egger intercept, Cochran’s Q test, and leave-one-out sensitivity analysis, respectively.





Results

The results of MR analysis showed increased serum 25(OH)D levels was associated with a reduced risk of AIT (OR 0.499, 95% CI 0.289 to 0.860, p = 0.012) but not causal associated with AIH (OR 0.935, 95% CI 0.695 to 1.256, p = 0.654) and GD (OR 0.813, 95% CI 0.635 to 1.040, p = 0.100). Intercept analysis showed no horizontal pleiotropy (p > 0.05), and Cochran’s Q test showed no heterogeneity (p > 0.05). Sensitivity analysis suggested that these results were robust.





Conclusion

An increased serum 25(OH)D level is associated with AIT risk reduction but unrelated to AIH and GD. This finding suggests that vitamin D supplementation can be valuable for preventing and treating AIT.





Keywords: vitamin D, autoimmune thyroid disease, autoimmune thyroiditis, Graves disease, Mendelian randomization




1 Introduction

Autoimmune thyroid disease (AITD), an autoimmune disorder characterized by the breakdown of tolerance in the immune system towards thyroid antigens (1), is one of the most common autoimmune diseases. In recent years, the incidence of AITD has been increasing (2). Reports indicate that AITD affects about 5% of the general population, with a higher prevalence among females (2). The pathogenesis of AITD remains incompletely understood but is generally attributed to immune system dysregulation mediated by genetic and environmental triggering factors, with T cells and B cells infiltration into the thyroid glands being its typical manifestation (3). Hashimoto’s thyroiditis (HT) and Graves disease (GD) are the two most frequently discussed AITD types. HT is the most common autoimmune thyroiditis (AIT), which causes damage to thyroid follicular cells, leading to hypothyroidism (4). GD is the most prevalent form of hyperthyroidism, causing thyroid cell proliferation and excessive thyroid hormone synthesis, resulting in hyperthyroidism (5). Currently, levothyroxine is the primary treatment for HT (6), while antithyroid drugs, radioactive iodine therapy, and surgical treatment are the main strategies for GD (7). Nutrients such as vitamin D and selenium have also been considered to positively impact AITD (8).

Vitamin D is a type of steroid hormone produced from the skin or absorbed from the diet, and its primary function is to regulate calcium phosphate metabolism and promote bone homeostasis (9). A relevant study has shown that vitamin D is related to immune regulation functions, which affects monocyte-mediated innate immune responses and regulates adaptive immune responses by inhibiting antigen-presenting cell functions (10). Vitamin D deficiency is believed to be associated with an increased risk of autoimmune diseases such as rheumatoid arthritis, systemic lupus erythematosus, multiple sclerosis, and others (11). However, its role in AITD is not yet clear. It has been reported that serum 25-hydroxyvitamin D (25[OH]D) levels are closely correlated with autoimmune antibody titers such as thyroid peroxidase antibodies (TPOAb), thyroglobulin antibodies (TGAb), and thyroid stimulating hormone receptor antibodies (TRAb) (12, 13). Vitamin D supplementation therapy may potentially enhance AITD prognosis (14). However, some studies have refuted the benefits of vitamin D supplementation for AITD patients (15, 16). The influence of vitamin D on AITD remains controversial, and the causal relationship between the two needs to be further elucidated.

Mendelian randomization (MR) is an epidemiological method used to study causal relationships between exposure factors and outcome variables (17). MR effectively avoids the influence of confounding factors due to the random nature of the genes (18). This study aims to investigate the causal correlations of serum 25(OH)D levels with AIT, autoimmune hyperthyroidism (AIH), and GD from genetic prediction by MR.




2 Materials and methods



2.1 Study design

MR relied on three basic assumptions: (1) The relevance assumption: Single nucleotide polymorphisms (SNPs) were closely associated with the exposure factor. (2) The independence assumption: SNPs were independent of confounding factors. (3) The exclusion restriction assumption: SNPs could not affect the outcome variable through pathways other than the exposure factor. The study used a two-sample MR design. “Two-sample” refers to the fact that the exposure factor and the outcome variable came from two different datasets. In this MR analysis, the dataset for serum 25(OH)D levels as an exposure factor was obtained from UK-Biobank, while the datasets for AIT, AIH, and GD as outcome variables were obtained from FinnGen. This approach helped avoid data overfitting problems, horizontal pleiotropy and weak instrumental bias. The MR design process is shown in Figure 1.




Figure 1 | MR design for causal analysis of serum 25(OH)D levels and AITD.






2.2 Data sources

Data on serum 25(OH)D levels, AIT, AIH, and GD were sourced from UK Biobank (www.nealelab.is/uk-biobank) and FinnGen (www.finngen.fi/en). The criteria for defining the status of serum 25(OH)D levels are as follows: Desirable ≥ 75 nmol/L, Sufficient 50 to 74.9 nmol/L, Insufficient 25 to 49.9 nmol/L, Deficient< 25 nmol/L. All data were sourced from publicly available databases, eliminating the need for additional ethical approval.




2.3 Selection of genetic instrumental variables

First, SNPs closely associated with exposure factors were screened in the genome-wide association studies (GWAS) database according to a threshold of p< 5×10-8 to fulfill assumption 1. Second, independent SNPs were screened according to R2< 0.001 and kb = 10,000 to mitigate potential linkage disequilibrium bias. Third, the F-statistics of each SNP were calculated, and the SNPs were further screened according to the parameter of F > 10. The calculation of the F-statistic is as follows: F= [ /( )]*[ )/ ].   R2: The cumulative explained variance of the selected instrumental variables on exposure; MAF: The effect of minor allele frequency; β: The estimated effect of SNP; N: The sample size of the GWAS. Forth, SNPs potentially related to AITD were removed based on PhenoScanner (www.phenoscanner.medschl.cam.ac.uk) and relevant literature to satisfy assumption 2. Finally, duplicates and mismatched SNPs were excluded based on EAF values while harmonizing the allelic orientation of exposure-SNPs and outcome-SNPs. The remaining SNPs were used to perform MR analysis.




2.4 Data analysis

The study followed the STROBE-MR guidelines (19). The two-sample MR analysis used the “TwoSampleMR (0.5.7)” package in R 4.3.1 (Lucent Technologies, MurrayHill, State of New Jersey, USA). The primary methods for assessing causal relationships were inverse variance weighting (IVW), MR-Egger, and weighted median. IVW, the main analytical method (20), provides unbiased causal estimates without horizontal pleiotropy and is considered the most informative. MR-Egger and the weighted median are used as complementary methods to MR analysis. MR-Egger can yield effective causal estimates in the presence of some horizontal pleiotropy, while weighted median has a lower sensitivity to outliers and measurement errors.

MR-Pleiotropy Residual Sum and Outlier (MR-PRESSO) was used to remove outlier (p < 1) SNPs. The remaining SNPs were used to re-perform the MR analysis and obtain the final results. Horizontal pleiotropy was assessed using MR-Egger’s intercept analysis, with p ≥ 0.05 indicating the absence of horizontal pleiotropy, satisfying assumption 3. Heterogeneity was assessed using Cochran’s Q, with p ≥ 0.05 indicating the absence of heterogeneity. Sensitivity analysis was performed using the leave-one-out method to assess the robustness of the MR results and identify individual SNPs that significantly affect the combined results.





3 Results



3.1 GWAS data for serum 25(OH)D levels

Data on serum 25(OH)D levels was obtained from UK-Biobank, which included GWAS data from 417,580 individuals of European descent. UK Biobank provided 113 SNPs closely associated with serum 25(OH)D levels. Among these, 8 SNPs were excluded due to their association with known confounding factors, leaving 105 SNPs included in this study, as shown in Supplementary Table S1. Duplicates and mismatched SNPs were excluded based on EAF values while harmonizing the allelic orientation of exposure-SNPs and outcome-SNPs, and the final included SNPs are shown in Supplementary Tables S2-S4.




3.2 GWAS data from AITD

Comprehensive details of the GWAS datasets utilized in this study are presented in Table 1. Data for AIT was obtained from the FinnGen database, including 321,192 individuals of European descent (dataset ID: finngen_R9_E4_THYROIDITAUTOIM). Data for AIH was also sourced from FinnGen, including 281,683 European individuals (dataset ID: finngen_R9_AUTOIMMUNE_HYPERTHYROIDISM). Data for GD was obtained from FinnGen, including 377,277 individuals of European descent (dataset ID: finngen_R9_E4_GRAVES_STRICT).


Table 1 | Details of the GWAS studies included in the Mendelian randomization.






3.3 Two-Sample MR Analysis Results

This study conducted MR to analyze the causal correlations of serum 25(OH)D levels with AIT, AIH, and GD. The forest plot of the MR analysis is shown in Figure 2, and the effect estimates for each SNP are displayed in Figure 3. MR-Egger intercept analysis is presented in Supplementary Table S5, heterogeneity test results are in Figure 4; Supplementary Table S6, and sensitivity analysis is in Figure 5.




Figure 2 | Forest plot of MR analysis on the causal relationship between serum 25(OH)D levels and AITD.






Figure 3 | Scatter plot of MR analysis on the causal relationship between serum 25(OH)D levels and AITD. (A) AIT, (B) AIH, (C) GD. *AITD, autoimmune thyroid disease; AIT, autoimmune thyroiditis; AIH, autoimmune hyperthyroidism; GD, Graves disease.






Figure 4 | Funnel plot of heterogeneity analysis on serum 25(OH)D levels and AITD. (A) AIT, (B) AIH, (C) GD. *AITD, autoimmune thyroid disease; AIT, autoimmune thyroiditis; AIH, autoimmune hyperthyroidism; GD, Graves disease.






Figure 5 | Leave-one-out sensitivity analysis on serum 25(OH)D levels and AITD. (A) AIT, (B) AIH, (C) GD. *AITD, autoimmune thyroid disease; AIT, autoimmune thyroiditis; AIH, autoimmune hyperthyroidism; GD, Graves disease.





3.3.1 AIT

IVW (OR 0.499, 95% CI 0.289 to 0.860, p = 0.012) and weighted median (OR 0.327, 95% CI 0.131 to 0.817, p = 0.017) revealed that increased serum 25(OH)D levels are associated with a reduced risk of AIT. At the same time, MR-Egger (OR 0.639, 95% CI 0.274 to 1.493, p = 0.304) did not observe such a causal relationship. Intercept analysis indicated the absence of horizontal pleiotropy (p = 0.455), heterogeneity test showed no significant heterogeneity (p = 0.734), and sensitivity analysis suggested the results were robust.




3.3.2 AIH

All three analytical methods showed no significant causal relationship between serum 25(OH)D levels and AIH: IVW (OR 0.935, 95% CI 0.695 to 1.256, p = 0.654), MR-Egger (OR 1.240, 95% CI 0.786 to 1.956, p 0.358) and weighted median (OR 1.173, 95% CI 0.761 to 1.806, p = 0.470). Intercept analysis indicated the absence of horizontal pleiotropy (p = 0.116), heterogeneity test showed no significant heterogeneity (p=0.264), and sensitivity analysis suggested the results were robust.




3.3.3 GD

All three analytical methods showed no significant causal relationship between serum 25(OH)D levels and GD: IVW (OR 0.813, 95% CI 0.635 to 1.040, p = 0.100), MR-Egger (OR 0.767, 95% CI 0.522 to 1.129, p = 0.183) and weighted median (OR 0.828, 95%CI 0.598 to 1.146, p = 0.255). Intercept analysis indicated the absence of horizontal pleiotropy (p = 0.706), heterogeneity test showed no significant heterogeneity (p = 0.112), and sensitivity analysis suggested the results were robust.






4 Discussion

AITD is a significant risk factor for thyroid cancer (21). Recent studies have shown that vitamin D deficiency increases the risk and difficulty in treating AITD (22), which may be related to its role in modulating the adaptive immune response (23). However, other reports suggest that vitamin D levels are not associated with AITD (15, 16), and supraphysiological levels of vitamin D supplementation may even increase the risk of death (24). To gain a clearer understanding of the role of vitamin D on AITD, this study used MR to analyze the causal relationship of serum 25(OH)D levels with AIT, AIH, and GD.

Our study results indicated increased serum 25(OH)D levels was associated with a reduced risk of AIT but not causal associated with AIH and GD. These results were free of horizontal pleiotropy and heterogeneity, and sensitivity analysis suggested they were robust. Since all our data were derived from Europeans, this study primarily illustrated the link between elevated serum 25(OH)D levels and reduced AIT risk in Europeans. Additionally, we found that increased serum 25(OH)D levels were associated with a lower risk of AIT but not GD, probably due to the different pathogenesis and specific antibodies of the two.

HT is one of the main types of ATID and the most common form of AIT (25). Our study results indicated an association between elevated serum 25(OH)D levels and a diminished AIT risk. Unal AD et al. (26) conducted a cross-sectional investigation, revealing markedly lower serum 25(OH)D levels in HT patients compared to healthy individuals. At the same time, they found serum 25(OH)D levels exhibited a negative correlation with TPOAb and TGAb titers in HT patients. A subsequent study confirmed this conclusion and reported a substantial association between vitamin D deficiency and notable thyroid dysfunction among individuals with HT (27). A study of Polish women showed a strong negative correlation between thyroid stimulating hormone (TSH) and vitamin D levels across healthy individuals, HT patients, and hypothyroid patients, while TPOAb and TGAb exhibited a weak negative correlation with vitamin D levels (12). Bozkurt NC et al. (28) highlighted that the severity of vitamin D deficiency was not only related to antibody levels but also to the HT duration and thyroid volume. Therefore, vitamin D deficiency may be a potential risk factor for AIT, and vitamin D supplementation may benefit patients with AIT.

A clinical study by Ucan B et al. (29) found that vitamin D supplementation therapy at 50,000 IU per week for eight weeks can slow down thyroid dysfunction in HT patients and reduce their cardiovascular risk. In a double-blind randomized controlled trial, Chahardoli R et al. (30) reported that weekly supplementation with 50,000 IU of vitamin D reduced TSH and TGAb levels in female HT patients, attenuating their disease activity. Meta-analysis suggested that vitamin D supplementation ≤3 months effectively reduced TGAb titers in HT patients but had no benefit in TPOAb titers, while supplementation ≥3 months reduced both TGAb and TPOAb titers, indicating that long-term vitamin D intake may have more significant benefits to HT patients (31).

However, some studies believe that HT is unrelated to higher vitamin D deficiency rates (32). Pani MA et al. (33), through a study on polymorphic vitamin D binding protein (DBP), found that DBP allelic variation did not confer susceptibility to HT in people of Caucasian ancestry. Cvek M et al. (16), through observation of CROHT biobank, found that vitamin D levels showed no correlation with the presence of HT. Anaraki PV et al. (34) reported that vitamin D supplementation therapy (50,000 IU per week for 12 weeks) did not improve metabolism-related parameters such as glucose, lipids, albumin, and electrolytes in HT patients with vitamin D deficiency. Although the causal relationship between vitamin D and AIT remains controversial, most studies support the connection between vitamin D deficiency and an elevated AIT risk. These findings align with our study results, suggesting that vitamin D supplementation may mitigate the risk and improve the prognosis of AIT.

The effect of vitamin D on AIT may be related to the inhibition of T and B lymphocytes. Vitamin D inhibits dendritic cell-dependent T-cell activation and reduces HLA II gene expression to suppress pro-inflammatory factor expression (10). The vitamin also increases the number of Tregs while inhibiting the differentiation of naive T cells into Th17 (35).

GD is one of the main AITD types and is the most common form of hyperthyroidism (36). Our study found that serum 25(OH)D levels are not associated with AIH and GD risk, similar to previous reports. A clinical study in China showed that serum 25(OH)D levels were relatively deficient in HT patients but similar to healthy individuals in GD patients (37). Although cross-sectional studies in India by Mangaraj S et al. (38) and Planck T et al. (39) reported lower serum 25(OH)D levels in GD patients, they did not support a correlation between these levels and thyroid hormones or TRAb. Research by Yasuda T et al. (40) further confirmed that serum 25(OH)D levels affected only thyroid volume but were not associated with thyroid function or TRAb. Conversely, Zhang H et al. (13) found that although vitamin D levels were unrelated to FT3, FT4, TSH, TGAb, TPOAb, and other indicators in GD patients, they were closely related to TRAb titers. They suggested that vitamin D deficiency might be linked to heightened autoimmune responses in GD patients (13). Veneti S et al. (41) pointed out from a genetic perspective that the vitamin D receptor gene polymorphism was associated with GD, and the TT subtype of TaqI polymorphism was linked to heightened GD susceptibility. Xu MY et al.’s (42) meta-analysis suggested that low vitamin D status may increase the risk of developing GD. These pieces of evidence point to a possible association of serum 25(OH)D levels with GD risk.

However, previous studies have suggested that vitamin D supplementation is ineffective in treating GD. The DAGMAR Trial (15) showed that supplementing vitamin D did not significantly benefit GD patients with normal or insufficient vitamin D levels. Cho YY et al.’s (43) report showed that vitamin D supplementation did not significantly affect the recurrence rate of GD within one year of discontinuing antithyroid drugs. Clinical trials by Grove-Laugesen D et al. (44, 45) found that vitamin D supplementation of 2,800 IU per day for nine months did not achieve a positive effect on pulse wave velocity and even had adverse effects on the recovery of muscle performance. In summary, the association between vitamin D and GD remains controversial and needs to be explored in more studies in the future. There is insufficient evidence to suggest that vitamin D supplementation benefits GD, so we do not recommend it for GD patients without vitamin D deficiency.

Interestingly, we found that increased serum vitamin D levels were associated with a reduced risk of AIT but not with a GD risk. This difference may be related to the different pathogenesis of the two. Studies have shown that AIT is dominated by an autoimmune response mediated by Th1 cells (46), whereas GD is dominated by a humoral response mediated by Th2 cells (47). Vitamin D can inhibit the proliferation and differentiation of Th1 cells, and it can reduce the risk of AIT by suppressing the Th1-dominated immune response (48).

Of the 105 SNPs for serum 25(OH)D levels included in this study, only ten SNPs have been reported in the literature, as shown in Supplementary Table S7. Of these, rs801872, located in the SEC23A gene, was reported to be significantly associated with 25(OH)D levels (49), and the remaining nine SNPs were not reported to be associated with vitamin D and its receptor. Moreover, the published literature did not report the relevance of these SNPs to AITD. More studies are needed in the future to explore the role of these SNPs in the pathogenesis of AIT and to search for the key loci of vitamin D regulation of AIT.

Our study also has certain limitations. First, because the GWAS database only contains datasets for AIT, AIH, and GD, this study can only explain how serum 25(OH)D levels relate to them and does not apply to all types of AITD. Second, because the database lacks matched data on Asian ancestry and African ancestry, the entirety of our data was derived from Europeans, which leads to the possibility that the results of this study may not apply to other races. Third, this study was conducted based on the exposure factor serum 25(OH)D levels for the outcome variables AIT, AIH, and GD. Therefore, it can only describe the effect of serum 25(OH)D levels on disease risk and does not apply to antibody levels.

Given these limitations, we look forward to future research improvements: First, conducting some stratified experiments. In these experiments, relevant variables should be controlled to investigate the effects of different doses and durations of vitamin D supplementation on thyroid hormone levels and autoimmune antibody levels in different AITD patients. Second, establishing research centers in multiple continents and countries to investigate the effects of vitamin D levels on AITD patients of different races to provide a more comprehensive data source for MR studies.




5 Conclusion

This MR analysis suggests that elevated serum 25(OH)D levels correlate with a decreased AIT risk but are not associated with AIH and GD. Vitamin D supplementation may help mitigate the risk and enhance the prognosis of AIT. In forthcoming studies, further investigation is warranted to delve into the causal relationship and underlying mechanisms linking vitamin D to AITD.
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Objectives

Non-alcoholic fatty liver disease (NAFLD) has been linked to an increased risk of kidney stones in prior observational studies, However, the results are inconsistent, and the causality remains to be established. We aimed to investigate the potential causal relationship between NAFLD and kidney stones using two-sample Mendelian randomization (MR).





Methods

Genetic instruments were used as proxies for NAFLD. Summary-level data for the associations of exposure-associated SNPs with kidney stones were obtained from the UK Biobank study (6536 cases and 388,508 controls) and the FinnGen consortium (9713 cases and 366,693 non-cases). MR methods were conducted, including inverse variance weighted method (IVW), MR-Egger, weighted median, and MR-PRESSO. MR-Egger Regression Intercept and Cochran’s Q test were used to assess the directional pleiotropy and heterogeneity.





Results

cALT-associated NAFLD did not exhibit an association with kidney stones in the Inverse variance weighted (IVW) methods, in both the FinnGen consortium (OR: 1.02, 95%CI: 0.94-1.11, p = 0.632) and the UKBB study (OR: 1.000, 95%CI: 0.998-1.002, p = 0.852). The results were consistent in European ancestry (FinnGen OR: 1.05, 95%CI: 0.98-1.14, p = 0.144, UKBB OR: 1.000, 95%CI: 0.998-1.002, p = 0.859). IVW MR analysis also did not reveal a significant causal relationship between NAFLD and the risk of kidney stone for the other three NAFLD-related traits, including imaging-based, biopsy-confirmed NAFLD, and more stringent biopsy-confirmed NAFLD. The results remained consistent and robust in the sensitivity analysis.





Conclusions

The MR study did not provide sufficient evidence to support the causal associations of NAFLD with kidney stones.





Keywords: NAFLD, kidney stone, Mendelian randomization, causality, genome wide association study




1 Introduction

Kidney stones, diverse in type and composition, affect approximately 15% of the population and have a high recurrence rate, with 50% of patients experiencing a recurrence within the first 5 years after the initial stone episode (1). This prevalence and recurrence impose a significant burden on healthcare resources and public health, with the total annual healthcare resources and public health, with the total annual healthcare expenditure for kidney stone treatment exceeding 2 billion dollars in the USA (2). The main cause of kidney stone disease lies in an imbalance of promoters and inhibitors of crystallization (3). Kidney stones can be classified based on their composition, with common types including calcium oxalate (65%), calcium phosphate (10%), uric acid (15%), magnesium ammonium phosphate (10%) and cystine stones (1%) (4). Comprehending the distinct characteristics of these stones is crucial for devising effective preventive and management strategies. Genetic variation, nutritional factors, and metabolic disorders play crucial roles in the pathogenesis of kidney stones.

Non-alcoholic fatty liver disease (NAFLD) represents a spectrum of disease consisting of simple steatosis, non-alcoholic steatohepatitis, fibrosis and cirrhosis (5). It ranks among the most prevalent causes of chronic liver disease globally, impacting approximately 25% of the population worldwide (6, 7).

Several cross-sectional and prospective studies have consistently revealed a substantial rise in the prevalence of kidney stones among patients with NAFLD (8–12). Two meta-analyses have further consolidated the association between NAFLD and an elevated risk of urolithiasis (13, 14). Several potential mechanisms linking NAFLD to kidney stone formation have been proposed, primarily concerning hepatic steatosis, insulin resistance, and oxidative stress (15–18).

The observed links between NAFLD and kidney stones, as highlighted by previous epidemiological studies, are undoubtedly noteworthy. However, the question of whether these associations represent causal relationships remains undetermined. This uncertainty can be attributed to several potential limitations in the existing body of observational research, including residual confounding and other biases. NAFLD shares strong connections with risk factors for kidney stones, such as obesity and type 2 diabetes (19). These overlapping risk factors could confound the relationship between NAFLD and kidney stones in observational studies.

Mendelian randomization (MR) is a powerful tool for inferring causality in observational research. As individuals are randomized at conception to receive genetic variants that either predispose to or protect from the exposure of interest, these variants can be used as instruments to study for a causal relationship with a clinically relevant outcome (20). MR is considered less susceptible to biases stemming from confounding factors and reverse causality compared to traditional observational studies (21).

In our study, we employ a two-sample MR approach to explore the potential causal links between NAFLD and the risk of developing kidney stones. This method offers a robust framework for examining these associations, minimizing the impact of common biases encountered in observational research.




2 Materials and methods



2.1 Study design

Our study adopts a two-sample MR approach, as depicted in Figure 1, employing single nucleotide polymorphisms (SNPs) as instrumental variables (IVs). The primary objective is to assess the causal link between NAFLD and the risk of kidney stones. This method relies on three key assumptions (1): the SNPs must exhibit a robust association with NAFLD (2), the SNPs should not exert an influence on confounding factors that could affect the association between the exposure (NAFLD) and the outcome (kidney stones), and (3) the SNPs should solely impact the outcome through their effect on the exposure and not through any other pathways.




Figure 1 | Workflow of Mendelian randomization study revealing causality from NAFLD on kidney stones. NAFLD, Non-alcoholic fatty liver disease; SNP, single-nucleotide polymorphisms; cALT, chronically elevated serum alanine aminotransferase levels; IVW, inverse variance weighted; MR, Mendelian randomization; MR-PRESSO, MR pleiotropy residual Sum and outlier.






2.2 The data source for NAFLD and the selection of IVs

All the databases utilized for gene-exposure and gene-outcome data were shown in Table 1. The data source for NAFLD and the selection of IVs were derived from the Million Veteran Program (MVP) consortium, which commenced participant recruitment in 2011 and has evolved into one of the world’s largest biobanks (26). Gene-exposure data were obtained from a recent genome-wide association study (GWAS) within the MVP consortium, where NAFLD was defined by (1): elevated ALT>40 U liter−1 for men or >30 U liter−1 for women during at least two time points at least 6 months apart within a 2-year window at any point prior to enrollment and (2) exclusion of other causes of liver disease, chronic liver diseases or systemic conditions and/or alcohol use disorders (22). This comprehensive study identified 77 independent SNPs with genome-wide significance (p < 5×10^-8) in the discovery cohort, which included 90,408 cases of chronically elevated ALT (cALT) and 128,187 controls. In the European ancestry analysis including 68725 cases and 95472 controls, 55 independent significant SNPs were identified. Of all the 77 SNPs, 22 and 36 SNPs from this initial set were further validated in two external cohorts. The first cohort comprised individuals with liver fat quantified via imaging (either computed tomography or magnetic resonance imaging), totaling 44,289 participants. The second cohort consisted of individuals with biopsy-confirmed NAFLD, comprising 7,397 cases and 56,785 controls. Impressively, 17 of the 77 cALT SNPs demonstrated nominal significance in both the imaging and biopsy-confirmed NAFLD cohorts.


Table 1 | Databases utilized for gene-exposure and gene-outcome data.



Five sets of IVs were extracted for consideration (1): All cALT-associated SNPs (n=77, p<5×10^−8): This set included all SNPs that exhibited a strong association with cALT levels, surpassing the genome-wide significance threshold (2). cALT-associated SNPs (n=55, p<5×10^−8) in European ancestry discovery analysis (3). cALT-associated SNPs with nominal significance and directional concordance in the imaging cohorts (n=22, p<0.05): This subset comprised SNPs that not only displayed nominal significance in relation to cALT but also exhibited a consistent directional association in the imaging cohorts. Importantly, the effect estimates for the imaging data (expressed as Z-scores) were employed for this analysis (4). cALT-associated SNPs with Nominal Significance and Directional Concordance in the Biopsy Cohorts (n=36, p<0.05): This group consisted of SNPs that achieved nominal significance with cALT and maintained consistent directional concordance in the biopsy cohorts. Here, the effect estimates were represented as biopsy-confirmed NAFLD (yes/no) (5). cALT-associated SNPs with nominal significance and directional concordance in both the imaging and biopsy cohorts (n=17, p<0.05): SNPs in this category satisfied the criteria of nominal significance and directional agreement with both imaging and biopsy cohorts. The effect estimates for this analysis were also expressed as biopsy-confirmed NAFLD (yes/no).

SNPs were disregarded if they exhibited linkage disequilibrium (r^2>0.001 and clump_distance<10,000kb), were palindromic with intermediate allele frequencies, or were unavailable in the outcome GWAS data. Furthermore, proxy SNPs were not included in the analysis. To assess the strength of the IVs, F statistics were calculated, with only SNPs possessing an F statistic exceeding 10 being deemed valid and reliable IVs for NAFLD.




2.3 Outcome data

The outcome data for the associations of NAFLD-associated was derived from the UK Biobank study (23) and the FinnGen consortium (25). In UK Biobank, cases with kidney stones were defined by the International Classification of Diseases, 10th Revision (ICD-10), Office of Population and Censuses Surveys, and self-reported operation codes. GWAS was performed on 6,536 cases and 388,508 controls of European ancestry with the adjustment for sex, age, and the genotyping platform (24).

The FinnGen consortium provided the second source of outcome data. In the latest release 9 (https://r9.finngen.fi/), this dataset KSD (N14_CALCUKIDUR) comprised a remarkable 9,713 individuals who had experienced kidney stone formation, as well as 376,406 healthy controls, all of European ancestry. The dataset underwent association tests that were meticulously adjusted for various factors, including age, sex, genetic principal components, and genotyping batch. It is noteworthy that individuals who had chosen to withdraw their consent were thoughtfully excluded from the dataset.




2.4 Statistical analysis

After harmonization of the effect alleles of NAFLD and kidney stones, we used the following MR approaches to determine MR estimates of NAFLD for kidney stones: the Inverse variance weighted (IVW), weighted median, and MR-Egger (1). IVW meta-analysis: This method was employed as the primary approach to estimate the causal relationship between NAFLD and kidney stones. For exposures instrumented by at least 3 SNPs, the IVW method under a multiplicative random-effects model was used as the primary statistical method; otherwise, the IVW fixed-effects method was applied. It utilizes the Wald ratio for individual SNPs and assumes that IVs only influence the outcome (kidney stones) through the exposure of interest (NAFLD) (27) (2). Weighted median methods: In addition to the IVW, the weighted median method was used to provide more robust estimates in a broader range of scenarios, even though it might yield wider confidence intervals (28).

Sensitivity analysis is an essential component of MR analysis to detect pleiotropy and ensure the reliability of the results. We conducted several sensitivity tests, including (1): Cochran Q derived p value threshold: A threshold of less than 0.05 was used from the IVW method to assess the heterogeneity among estimates of SNPs in each analysis (2). MR-Egger Regression Intercept: This was used to detect horizontal pleiotropy, with a threshold of less than 0.05 indicating the presence of pleiotropy (29) (3). MR-Pleiotropy Residual Sum and Outlier Methods (MR-PRESSO): MR-PRESSO was employed to identify and correct horizontal pleiotropy through outlier removal, and MR-PRESSO global test was used to detect horizontal pleiotropy (28). It is known for its accuracy when the proportion of horizontal pleiotropy variants is less than 10% (30).

We estimated R2, representing the proportion of IVs that could explain each kidney stone event. Statistical power was calculated using an online tool (https://shiny.cnsgenomics.com/mRnd/) (31). The results and calculation methods are listed in Supplementary Table 2. The TwoSample MR package (version 0.5.7) in the R software (version 4.3.1) was employed to conduct all the analyses.





3 Results

The selection process of all IVs in each group was detailed in Supplementary Table 1. The F-statistic range for the association between NAFLD and the GWAS conducted in the MVP consortium was robust, ranging from 26.4 to 1113.9, signifying the excellent strength of the IVs (Supplementary Table 2).

As shown in Figure 2 and Supplementary Table 3, for the cALT-associated SNPs, IVW MR analysis with a random-effects model demonstrated no significant causal relationship between NAFLD and the risk of kidney stones in both the FinnGen consortium and the UK Biobank (UKBB) study (FinnGen: OR: 1.02, 95% CI: 0.94-1.11, p = 0.632; UKBB: OR: 1.000, 95% CI: 0.998-1.002, p = 0.852). While for participants of European ancestry, the results remained consistent (FinnGen: OR: 1.05, 95% CI: 0.98-1.14, p = 0.144; UKBB: OR: 1.000, 95% CI: 0.998-1.002, p = 0.859). Consistent results were observed with the weighted median and MR-Egger methods. MR-Egger regression analysis indicated no significant intercept in either the FinnGen consortium (All ancestries: p-value 0.618, European ancestries: p-value 0.365) or the UKBB study (All ancestries: p-value 0.252, European ancestries: p-value 0.322), suggesting no evidence of pleiotropy. Cochran’s Q test revealed potential SNP heterogeneity using the IVW method in both outcome databases. For participants with all ancestries, MR-PRESSO analyses identified one outlier in the FinnGen consortium and one in the UKBB study, respectively. Notably, the association remained robust even after the removal of these outliers (FinnGen: OR: 1.04, 95% CI: 0.96-1.12, p = 0.372; UKBB: OR: 1.000, 95% CI: 0.999-1.002, p = 0.662). For participants with European ancestry, MR-PRESSO analyses identified one outlier in the UKBB study. The association persisted robustly upon excluding the outliers (OR: 1.000, 95% CI: 0.999-1.002, p = 0.642).




Figure 2 | Forest plot for associations of NAFLD and kidney stones in the FinnGen consortium and UK Biobank study. NAFLD, Non-alcoholic fatty liver disease; OR, Odds ratio; CI, Confidence interval; SNP, single-nucleotide polymorphisms; cALT, chronically elevated serum alanine aminotransferase levels; IVW, inverse variance weighted; MR, medelian randomization; MR-PRESSO, MR pleiotropy residual Sum and outlier.



For the other three groups of NAFLD-related SNPs, IVW MR analysis also showed no significant causal relationship between NAFLD and the risk of kidney stones in both the FinnGen consortium and the UKBB study. Weighted median and MR-Egger methods yielded consistent results. MR-Egger regression analysis showed no statistically significant intercept, except for the subgroup analysis between biopsy-confirmed NAFLD and the risk of kidney stones in the UKBB study (p = 0.005), rendering the result invalid in this subgroup. In the FinnGen consortium, Cochran’s Q test indicated significant SNP heterogeneity for all three group analyses. MR-PRESSO analyses identified one outlier for each MR analysis using imaging-based NAFLD IVs, Biopsy-confirmed NAFLD IVs, and imaging and biopsy-confirmed NAFLD IVs. The MR-PRESSO global test outcomes revealed controlled false positive rates of approximately 5% in the majority of analyses. However, an exception was noted in the analysis that incorporated SNPs associated with biopsy-confirmed NAFLD and those related to imaging and biopsy-confirmed NAFLD in the UKBB database. Remarkably, the association remained consistent even after outlier removal. In the UKBB study, Cochran’s Q test revealed mild SNP heterogeneity in MR analysis using imaging-based NAFLD IVs, but no outliers were identified using MR-PRESSO analysis.

All the forest plots, scatter plots, funnel plots and leave-one-out plots were shown in Supplementary Figures 1-10. The leave-one-out sensitivity analysis revealed that no single SNP notably challenged the overall impact of NAFLD on urolithiasis.




4 Discussion

Our MR study analysis do not provide sufficient evidence of significant associations of genetically predicted NAFLD and risk of kidney stones, which was different from most but not all observational studies. In a previous systematic review and meta-analysis, large-scale, population-based studies found that NAFLD was associated with an increased risk of kidney stones (13). Additionally, another two meta-analysis reached similar conclusions, and subgroup analysis suggested a stronger association when diagnostic criteria based on computed tomography were used (14, 32). However, discrepancies remained in the literature. One prospective cohort study with a large sample size concluded that NAFLD was associated with an increased incidence of nephrolithiasis in men but not in women (11). Conversely, a recent study utilizing NHANES data reported an association between NAFLD and an increased risk of nephrolithiasis, but this association was observed only in women (33). In a noteworthy parallel, Zeina’s and Wei’s study, they reported that the association between fatty liver and nephrolithiasis remained significant, albeit with a reduced effect size, after adjusting for other confounding factors (8, 9). This finding suggests that while the direct causal link between NAFLD and kidney stones might not be strong, there could still be a nuanced connection influenced by multiple factors.

It is worth noting that several mechanisms have been proposed to explain the potential link between NAFLD and kidney stone formation. On one hand, it has been reported that NAFLD may lead to changes in urinary constituents, potentially increasing the risk of stone formation. Studies suggest that metabolic defects associated with NAFLD, such as impaired glyoxylate detoxification, could contribute to the development of hyperoxaluria, a known risk factor for kidney stones (34, 35). On the other hand, NAFLD is characterized by increased levels of proinflammatory molecules and lipotoxicity, which might also play a role in kidney stone formation. Inflammatory processes and lipotoxic effects could potentially contribute to the pathogenesis of calcium oxalate nephrolithiasis (36, 37).

However, it is essential to consider several potential factors that might account for the discrepancies observed in previous observational studies. First and foremost, the majority of these studies employed a cross-sectional study design, which inherently lacks the capacity to establish causal relationships. Moreover, many previous systematic reviews and meta-analyses also relied heavily on cross-sectional data when reporting an increased risk of kidney stones in individuals with NAFLD. This reliance on cross-sectional studies could introduce a level of bias and complicate the interpretation of causality, given the limitations of such study designs. Another crucial aspect to consider is the presence of classic metabolic risk factors for NAFLD, including obesity, hypertension, diabetes mellitus, and metabolic syndrome. These factors have gained recognition as predisposing elements for urolithiasis in their own right (38). This shared association between these metabolic risk factors and kidney stone formation raises the possibility of confounding variables in observational studies. Furthermore, a significant limitation in many previous studies is the lack of comprehensive multivariable analyses that adjust for all relevant confounding factors. Finally, retrospective study designs and the potential for selection bias in these studies may further impact the accuracy and reliability of the results.

Our study possesses several noteworthy strengths that merit discussion. The foremost strength lies in the MR design employed, which enhances the capacity for causal inference in examining the associations between NAFLD and the risk of kidney stones. MR leverages genetic IVs, minimizing the potential for reverse causality and unmeasured confounding, thereby strengthening the validity of our findings. Second, our study benefited from the use of large-scale, summary-level data from the GWAS within the MVP consortium, ensuring sufficient IV strength. The range of F statistics, a measure of IV strength, for the association between NAFLD and kidney stones (ranging from 26.4 to 1113.9) underscores the robustness of the chosen IVs. Third, we incorporated gene-exposure data for four distinct NAFLD-related traits, including cALT-confirmed NAFLD, imaging-related NAFLD, biopsy-confirmed NAFLD, and imaging and biopsy-confirmed NAFLD. The gene-exposure data for cALT-confirmed NAFLD in European ancestry was analyzed separately. Notably, the consistent lack of significant causal associations between NAFLD, as defined by these alternative genetic instruments, and the risk of kidney stones reinforces the conclusion that NAFLD is not causally linked to kidney stone development. Finally, we examined these associations on two independent populations, and the consistent results guaranteed the robustness of findings.

However, our study is not without its limitations. One limitation pertains to the restriction of the studied population to individuals of European ancestry in the outcome database. While this choice facilitated the internal validity of our study, it might limit the generalizability of our findings to other populations. To enhance the external validity of our conclusions, future research should explore the relationship between NAFLD and kidney stones in diverse populations. Another notable limitation is the lack of distinction between different histological stages of NAFLD in the original GWAS data. This differentiation is of significance, as certain histological features, particularly fibrosis, have been specifically associated with kidney stone formation (39, 40). Future research might benefit from a more nuanced analysis that considers the histological heterogeneity of NAFLD in the context of kidney stone risk. Furthermore, the outcome database lacked information about the types of kidney stones, limiting the analysis of the causal relationship between NAFLD and kidney stones of specific compositions. Finally, our study relied on summary-level data, precluding the performance of subgroup analyses, such as stratification by sex or ethnicity. Such subgroup analyses have been conducted in previous observational studies and could provide valuable insights into potential variations in the association (11, 33).

The interpretation of our MR study warrants careful consideration. While our findings suggest no significant causal association between NAFLD and kidney stones, it is imperative to acknowledge the limitations inherent in our study design, such as the reliance on summary-level data and the absence of distinction between different histological stages of NAFLD. In addition, the gene-environment equivalence assumption must be approached with caution. The validity of our MR estimates relies on the assumption that genetic variants used as instruments influence the outcome (kidney stones) solely through their impact on the exposure (NAFLD). While this assumption is theoretically sound, it is crucial to recognize that the inherent complexity of biological processes may introduce nuances not fully captured by our genetic instruments. Therefore, cautious interpretation is warranted. We incorporated MR-PRESSO global test results into our analysis, providing insights into the performance of MR methods in detecting horizontal pleiotropy. The controlled false positive rates of approximately 5%, observed in most analyses, enhance the robustness of our conclusions. However, the deviation noted in the analysis involving SNPs related to Imaging and biopsy-confirmed NAFLD in the UKBB database emphasizes the importance of cautious interpretation in this specific context. From a clinical perspective, our findings underscore the importance of a comprehensive patient assessment when evaluating the risk of kidney stones in individuals with NAFLD. Healthcare providers should consider a wide range of risk factors, including metabolic, dietary, and genetic factors.

In conclusion, the comprehensive MR analysis conducted in this study fails to provide compelling evidence of a causal association between NAFLD and an increased risk of kidney stones. The solidity of our IVs, the absence of pleiotropy, and the persistence of our results after the removal of outliers collectively underscore the strength and stability of our conclusions. This study challenges conventional assumptions and substantially contributes to our comprehension of the complex interplay between NAFLD and kidney stones. While our findings do not substantiate a direct causal link, they prompt further exploration of the multifaceted factors involved in the relationship between NAFLD and kidney stones.
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Supplementary Figure 1 | Mendelian randomization plots of SNPs associated with cALT-associated NAFLD and kidney stones in the FinnGen consortium. (A) Forest plot; (B) Scatter plot; (C) Funnel plot; (D) leave-one-out forest plot. SNP, single-nucleotide polymorphisms; cALT, chronically elevated serum alanine aminotransferase levels; NAFLD, Non-alcoholic fatty liver disease.

Supplementary Figure 2 | Mendelian randomization plots of SNPs associated with cALT-associated NAFLD and kidney stones in the UK Biobank consortium. (A) Forest plot; (B) Scatter plot; (C) Funnel plot; (D) leave-one-out forest plot. SNP, single-nucleotide polymorphisms; cALT, chronically elevated serum alanine aminotransferase levels; NAFLD, Non-alcoholic fatty liver disease.

Supplementary Figure 3 | Mendelian randomization plots of SNPs associated with European cALT-associated NAFLD and kidney stones in the FinnGen consortium. (A) Forest plot; (B) Scatter plot; (C) Funnel plot; (D) leave-one-out forest plot. SNP, single-nucleotide polymorphisms; cALT, chronically elevated serum alanine aminotransferase levels; NAFLD, Non-alcoholic fatty liver disease.

Supplementary Figure 4 | Mendelian randomization plots of SNPs associated with European cALT-associated NAFLD and kidney stones in the UK Biobank consortium. (A) Forest plot; (B) Scatter plot; (C) Funnel plot; (D) leave-one-out forest plot. SNP, single-nucleotide polymorphisms; cALT, chronically elevated serum alanine aminotransferase levels; NAFLD, Non-alcoholic fatty liver disease.

Supplementary Figure 5 | Mendelian randomization plots of SNPs associated with biopsy-confirmed NAFLD and kidney stones in the FinnGen consortium. (A) Forest plot; (B) Scatter plot; (C) Funnel plot; (D) leave-one-out forest plot. SNP, single-nucleotide polymorphisms; NAFLD, Non-alcoholic fatty liver disease.

Supplementary Figure 6 | Mendelian randomization plots of SNPs associated with biopsy-confirmed NAFLD and kidney stones in the UK Biobank consortium. (A) Forest plot; (B) Scatter plot; (C) Funnel plot; (D) leave-one-out forest plot. SNP, single-nucleotide polymorphisms; NAFLD, Non-alcoholic fatty liver disease.

Supplementary Figure 7 | Mendelian randomization plots of SNPs associated with imaging-based NAFLD and kidney stones in the FinnGen consortium. (A) Forest plot; (B) Scatter plot; (C) Funnel plot; (D) leave-one-out forest plot. SNP, single-nucleotide polymorphisms; NAFLD, Non-alcoholic fatty liver disease.

Supplementary Figure 8 | Mendelian randomization plots of SNPs associated with imaging-based NAFLD and kidney stones in the UK Biobank consortium. (A) Forest plot; (B) Scatter plot; (C) Funnel plot; (D) leave-one-out forest plot. SNP, single-nucleotide polymorphisms; NAFLD, Non-alcoholic fatty liver disease.

Supplementary Figure 9 | Mendelian randomization plots of SNPs associated with imaging and biopsy-confirmed NAFLD and kidney stones in the FinnGen consortium. (A) Forest plot; (B) Scatter plot; (C) Funnel plot; (D) leave-one-out forest plot. SNP, single-nucleotide polymorphisms; NAFLD, Non-alcoholic fatty liver disease.

Supplementary Figure 10 | Mendelian randomization plots of SNPs associated with imaging and biopsy-confirmed NAFLD and kidney stones in the UK Biobank consortium. (A) Forest plot; (B) Scatter plot; (C) Funnel plot; (D) leave-one-out forest plot. SNP, single-nucleotide polymorphisms; NAFLD, Non-alcoholic fatty liver disease.
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Background: The focus of this survey is on survey data for adults aged 20 and above, covering nine survey cycles from 2001 to 2018. Additionally, the present study explored the correlation between vitamin D concentrations and both cardiovascular disease (CVD) and all-cause mortality.

Objective: The objectives of this study were to evaluate the trend of changes in the serum 25(OH)D concentration changes in US adults during the survey period, the prevalence of vitamin D deficiency, and the current status of vitamin D dietary intake and supplementation.

Methods: In-home health interviews were performed using meticulously designed questionnaires that gathered information on demographic details, socioeconomic conditions, dietary patterns, and overall health status. Health assessments were conducted in specially designed mobile centers.1

Results: Survey data from 2001 to 2018 revealed a rise in serum 25(OH)D levels, from a weighted mean (95% CI) of 65.6 (63.8–67.4) nmol/L during 2001–2002 to 73.5 (70.4–76.5) nmol/L during 2017–2018, among US adults, while overall vitamin D deficiency rates remained stable (p = 0.152). Notably, in adults aged 20–39, 25(OH)D levels decreased (p = 0.002 for trend), and 25(OH)D deficiency increased (p = 0.003 for trend), especially among those with low incomes (deficiency >30%). Upon multivariable adjustment, an L-shaped relationship was found between serum 25(OH)D concentrations and both CVD and all-cause mortality (p < 0.001 for nonlinearity), as corroborated by sensitivity analyses.

Conclusion: From 2001 to 2018, US adults experienced a significant increase in their serum 25(OH) D concentration. However, subgroups of individuals, including young adults and individuals with lower socioeconomic status, exhibited a heightened risk of 25(OH)D deficiency. Furthermore, an L-shaped relationship was found between 25(OH)D concentration and both all-cause and CVD mortality among US adults.
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1 Introduction

Vitamin D, a lipophilic nutrient, is primarily obtained from dietary intake and is synthesized in skin tissue. This nutrient plays a crucial role in several vital physiological processes, including calcium and phosphate homeostasis, bone metabolism, immune modulation, and diverse cellular activities (1, 2). Deficits in the serum 25(OH)D concentration have been associated with osteoporosis, metabolic syndrome, cardiovascular disease, chronic kidney disease, asthma, and respiratory tract infections (3–5). Hence, exploring the impacts of serum 25(OH)D concentration, vitamin D ingestion, and supplementation on public health is a significant scientific endeavor.

An investigation from 1988 to 2010 demonstrated an increasing trend in the serum 25(OH)D concentration over time, with disparities among races, sexes, and age groups (6). Another study investigated the trends in vitamin D deficiency from 2001 to 2018 using NHANES data. However, this study did not explore the trends in vitamin D concentrations or deficiency rates over time across different age groups, educational levels, or income strata. Understanding these trends is essential for obtaining comprehensive insight into the public’s nutritional status (7). In addition, a large number of randomized controlled trials (RCTs) and meta-analyses have reported the impact of vitamin D supplementation on disease progression and specific mortality (8–11). However, the existing evidence from RCTs and meta-analyses only supports the survival benefits of vitamin D supplementation in targeted populations, such as elderly COVID-19 patients or cancer sufferers (12, 13), but fails to reveal benefits for unscreened populations in clinical studies (11). In fact, due to ethical considerations, existing clinical evidence cannot be used to determine whether vitamin D supplementation can benefit patients with vitamin D deficiency. Therefore, utilizing cycle-based nutritional survey data to investigate the relationship between the serum vitamin D concentration and mortality can serve as an important complement to RCT research.

The National Health and Nutrition Examination Survey (NHANES) is a key resource for public health research and has provided health and nutritional data for the US population since 1960 (14). This database provides valuable research data, such as serum 25(OH)D concentration, dietary and supplementary vitamin D intake, and related mortality data. Our study focused mainly on the trend of changes in the serum 25(OH)D concentration (25(OH)D2 + 25(OH)D3) in the US population, the prevalence of 25 (OHD) deficiency throughout the NHANES survey cycle, and the trend of vitamin D intake through diet and supplementation. Additionally, we also investigated the associations between serum 25(OH)D levels and cardiovascular disease (CVD) and all-cause mortality. Its purpose is to provide guidance for population health management.



2 Methods


2.1 Study design and population

The NHANES study protocol was approved by the Research Ethics Review Board of the National Center for Health Statistics (NCHS) of the Centers for Disease Control and Prevention. In-home health interviews were performed using meticulously designed questionnaires that gathered information on demographic details, socioeconomic conditions, dietary patterns, and overall health status. Health assessments were conducted in specially designed mobile centers. These evaluations included comprehensive evaluations of medical, dental, and physiological parameters and were, supplemented by laboratory tests performed by a professional medical team (14). We used open access data from the NHANES database. There was no financial incentive or reward for participation in the NHANES project. Informed consent form was signed by all participants at the time of their recruitment. In alignment with National Institutes of Health (NIH) guidelines, our study did not involve direct interaction with the participants and hence was not categorized as involving human subjects. The focus of this survey is on survey data for adults aged 20 and above, covering nine survey cycles from 2001 to 2018. The objectives of this study included evaluating the trend of changes in the serum 25(OH)D concentration changes in US adults during the survey period, the prevalence of vitamin D deficiency, and the current status of vitamin D dietary intake and supplementation. Additionally, present the study examined the correlation between vitamin D concentrations and both CVD and all-cause mortality.



2.2 Evaluation of serum 25(OH)D levels and definition of 25(OH)D deficiency

The methods used to determine the serum 25 (OH) D concentrations and regression used equations are detailed in https://wwwn.cdc.gov/nchs/nhanes/vitamind/analyticalnote.aspx. Based on previous reports, this study defined vitamin D deficiency as a serum 25 (OH) D level less than 50 nmol/L (15).



2.3 Assessment of vitamin D intake

To gather dietary information, participants engaged in 24-h dietary recall interviews. The initial interview was performed at the Mobile Examination Center (MEC), followed by a telephone interview 3 to 10 days later. This process provides a reliable means to survey the dietary habits of the study population. Dietary and supplementary intake data on vitamin D from individuals were collected on the first day of the interviews.



2.4 Extraction of CVD and all-cause mortality

We combined NHANES data with data from the US National Death Index up to 2019 to determine the trend of mortality rates over time. All-cause mortality included all potential causes of death but was not limited to the analysis of specific causes. The definition of CVD mortality was defined according to the tenth revision of the International Classification of Diseases and Related Health Problems (encapsulating codes I00 to I09, I11, I13, I20 to I51, and I60 to I69) (16).



2.5 Assessment of covariates

Standard questionnaires were used to obtain covariates such as age, sex, race/ethnicity, education attainment, poverty income ratio (PIR), smoking status, physical activity, and health status. Anthropometric data such as body weight and height, as well as alcohol consumption data, were obtained from mobile centers (17).

To evaluate alcohol consumption, individuals were divided into two groups: the nonalcoholic group (drinking <12 alcohol drinks for 1 year) and the alcoholic group. By answering “Have you smoked at least 100 cigarettes in your lifetime?” and “Do you smoke now?,” the study population was divided into nonsmokers, former smokers, or current smokers. The incidence rate of diseases, including malignant tumors, diabetes, hypertension and hypercholesterolemia. By integrating these parameters, the scope and accuracy of epidemiological investigations have been clarified.



2.6 Statistical analysis

This study complies with the Preferred Reporting Items for Complex Sample Survey Analysis (PRICSSA) guidelines. We used sample weighting, stratification and cluster analysis to ensure the representativeness of the study population and analyzed the trend of the serum 25(OH)D concentration as a continuous variable over a two-year period. The weight variable design, PSU/stratum and survey’s response rate are detailed in the NHANES.2 The serum 25(OH)D concentration and deficiency were measured with “WTMEC2YR” as the weighting variable, vitamin D intake from food and supplements was measured with “WTDRD1,” and mortality was measured with “WTMEC2YR” as the weighting variable. The unweighted sample size was reported. We utilized weighted linear regression analyses to determine the trends in the serum 25(OH)D concentration, as well as the trends in the intake of vitamin D from food and supplements. Weighted logistic regression analysis was used to estimate the trend of occurrence of serum 25(OH)D deficiency in each cycle. We employed Taylor series linearization for standard error calculations, and weighted averages and 95% confidence intervals were estimated for each follow-up cycle. We calculated the difference in estimated mean values between the first and last cycles and evaluated the trend of changes in the serum vitamin D concentration according to age, sex, PIR, education level, and ethnicity. We removed samples with missing values and reported the removal ratio. We deleted the group that retained only one primary sampling unit and reported the sample proportion of the deleted group. A weighted Cox multivariable regression model was used to calculate hazard ratios (HRs) and 95% confidence intervals (CIs) between serum 25(OH)D levels and CVD and all-cause mortality. The proportional hazards assumption was verified using Schoenfeld residual analysis. The correlation between serum 25(OH)D levels and all-cause mortality was explored using restricted cubic spline analysis, with likelihood ratio tests employed for nonlinear investigations. In this study, we developed three models: Model 1, a correlation between the serum 25(OH)D concentration and all-cause mortality without adjusting for covariates; Model 2, an adaptation of Model 1 with the inclusion of significant demographic and socioeconomic covariates; and Model 3, an extension of Model 2 with the addition of pertinent medical and lifestyle covariates. In the mortality sensitivity analysis, age -related structural variances were assessed using the standard set by the 2000 US Census population, and participants with less than 2 years of follow-up were omitted to mitigate reverse causality. For mortality correlation analysis, we stratified the serum vitamin D concentrations into four quartiles. The data were analyzed using R software (Version: 4.2.0), for which a p-value of <0.05 indicated statistical significance. We stratified the data by sex and separately investigated the relationship between serum 25(OH)D levels and mortality rates in male and female.




3 Results


3.1 Population characteristics

During the period from 2001 to 2002 to 2017 to 2018, serum 25(OH)D concentrations were recorded for 92.7% (44,461 out of 47,954) of the adult participants aged 20 and above. The selection process for the data can be found in Supplementary material S1. The proportion of individuals aged 60 and above in this study increased from 21.6 to 31.4%. In terms of education, the number of participants with education below high school declined from 19.5 to 11.3%, while the number of participants with education at university or above rose from 55.2 to 61.5%. In terms of ethnic group, the proportion of non-Hispanic white participants decreased from 71.4 to 62.2% (Table 1).



TABLE 1 Sociodemographic characteristics of US adults, 2001 to 2018.
[image: Table1]



3.2 Trends in the serum 25(OH)D concentration

In the current study population, we found a significant increase in the serum 25(OH)D concentration, from 65.6 nmol/L (95% CI, 63.8–67.4 nmol/L) in the 2001–2002 cycle to 73.5 nmol/L (95% CI, 70.4–76.5 nmol/L) in the 2017–2018 cycle (p < 0.001 for trend; Table 2). Although the serum 25(OH)D concentration showed an increasing trend, the incidence rate of 25(OH)D deficiency remained relatively stable [22.7% (95% CI, 19.7–25.8%) for 2001–2002 and 21.7% (95% CI, 18.1–25.4%) for 2017–2018] (p = 0.152 for trend; Table 3). According to the subgroup analysis of sex and age, the serum 25(OH)D concentration in the ≥60-year-old (p < 0.001 for trend) and female (p < 0.001 for trend) populations also showed an upward trend. Conversely, in the cohort aged 20–39 years, the exhibited a decreasing serum 25(OH)D concentration decreased trajectory from 66.2 nmol/L (95% CI, 64.3–68.1 nmol/L) in 2001–2002 to 61.9 nmol/L (95% CI, 59.1–64.8 nmol/L) in 2017–2018 (p < 0.002 for trend; Table 2). During the survey period, there was no significant change in the trend of serum 25(OH)D concentration in individuals with a PIR ≤ 1 (p = 0.325 for trend; Table 2), while the incidence of 25(OH)D deficiency remained above 30% (Table 3). A significant increase trend in the 25(OH)D concentration was noted among individuals with PIRs 1–3.9 and ≥ 4 (p = 0.002 and < 0.001 for trend, respectively, Table 2). The PIR ≥4 subgroup exhibited a decrease in the occurrence of serum 25(OH)D deficiency, from 15.8% (95% CI, 12.1–19.6%) in 2001–2002 to 13.4% (95% CI, 10.0–16.8%) in 2017–2018 (Table 3), suggesting at a notable association between the incidence of 25(OH)D deficiency and poverty level. According to the stratified analysis of population education level, there was no significant change in the trend of serum 25(OH)D concentration or the incidence of vitamin D deficiency among individuals with lower levels of university education.



TABLE 2 Trends of serum vitamin D concentration (nmol/L) among adults, 2001 to 2018.
[image: Table2]



TABLE 3 Trends in the weighted percentage of individuals with vitamin D deficiency among adults, 2001 to 2018.
[image: Table3]



3.3 Trends in dietary supplements and vitamin D

During the survey period from 2007 to 2018, the intake of vitamin D in dietary supplements increased (Supplementary material S2). Regarding the survey of food vitamin D intake, we found that during the 2017–2018 period, the total study population had lower vitamin D intake (difference: −0.13 nmol/L; 95% CI, −0.52 to 0.26 nmol/L). However, vitamin D intake was greater in the other survey cycles than in the compared to 2007–2008 cycle (Supplementary material S3).



3.4 Associations between the serum 25(OH)D concentration and mortality

After stratification by serum 25(OH)D deficiency status, the baseline characteristics of the study population are shown in Supplementary material S4. Among the 426,438 individuals, 6,870 had all-cause mortality. There was a V-shaped nonlinear correlation between the serum 25(OH)D concentration and all-cause mortality in Model 1 (p < 0.001 for nonlinearity; Figure 1A) and an L-shaped nonlinear association in Models 2 and 3 (p < 0.001 for nonlinearity; Figures 1B,C). Moreover, we studied the relationship between serum 25(OH)D levels and CVD mortality and found 2,120 CVD deaths. According to the three models established, it was found that the serum vitamin D concentration was associated with CVD mortality in a nonlinear L-shaped fashion (p < 0.001 for nonlinear; Figures 1D–F).

[image: Figure 1]

FIGURE 1
 Correlations between the serum 25 (OH) D concentration and CVD and all-cause mortality. (A) V-shaped nonlinear correlation between serum 25(OH)D concentration and all-cause mortality in Model 1. (B) The L-relationship between serum 25 (OH) D concentration and all-cause mortality in Model 2. (C) The L-shaped relationship between the serum 25 (OH) D concentration and all-cause mortality in Model 3. (D–F) The L-shaped relationship between the serum 25 (OH) D concentration and CVD mortality in models 1 (D), 2 (E), and 3 (F). Model 1, without adjusting covariates; Model 2, adjusting for covariates such as age, education level, PIR, sex, and race; Model 3, adjusted for include Model 2 covariates and disease history, as well as covariates such as smoking and alcohol consumption.




3.5 Sensitivity analysis

The sensitivity analysis was partitioned into five parts: (1) we used the 2000 US Census data for age standardization and observed no significant changes in the serum vitamin D concentration, the incidence rate of vitamin D deficiency, or the trend of dietary vitamin D intake (Supplementary materials S5–S8); (2) after excluding participants with a follow-up time of 2 years, the results showed an L-shaped relationship between the serum 25(OH)D concentration and CVD mortality as well as all-cause mortality (p < 0.001 for nonlinearity; Supplementary materials S9, S10). (3) We divided the concentration of serum 25(OH)D into four concentration gradients: (1) < 25 nmol/L, (2) 25.0–49.9 mmoL/L, (3) 50–74.9 nmol/L, and (4) ≥ 75 nmol/L. We adjusted for multiple variables using 25.0–49.9 nmol/L subgroup as the reference standard for all-cause mortality. The results showed that the hazard ratio (HR) and 95% confidence interval (CI) were 1.48 (1.18–1.86) for the <25 nmol/L group, 0.74 (0.68–0.81) for the 50–74.9 nmol/L group and 0.66 (0.60–0.73) for the ≥75 nmol/L group (Supplementary material S11). (5) CVD mortality was greater when the concentration was lower than 25 nmol/L. The other subgroups of HR and 95% CI subgroups were as follows: 1.76 (1.22–2.53) for the <25 nmol/L group; 0.68 (0.58–0.80) for the 50–74.9 nmol/L group; and 0.67 (0.56–0.79) for the ≥75 nmol/L group (Supplementary material S12). We investigated the impact of serum vitamin D levels on all-cause and cardiovascular mortality in both the male and female groups. We observed that, in each sex subgroup, there was an L-shaped nonlinear relationship between 25(OH)D concentration and mortality risk. These findings are largely consistent with previous conclusions (Supplementary material S13).




4 Discussion

Our analysis revealed an upwards trend in the serum 25(OH)D concentrations among American adults from 2001 to 2018. Furthermore, we identified an L-shaped correlation between serum 25(OH)D levels and both CVD and all-cause mortality, which became more pronounced when the serum 25(OH)D concentration decreased to less than 50 nmol/L. By eliminating reverse causality, converting the concentration of 25-hydroxyvitamin D [25(OH)D] into categorical variables, and conducting sensitivity analysis using methods such as stratification by gender, we have confirmed the reliability of these results. Our conclusions were corroborated through an exhaustive stratification and sensitivity analysis.

Cui et al. reported on the trends in vitamin D levels during the 2001–2018 NHANES survey cycle, focusing on the changes in the proportions of patients with different vitamin D concentrations. Their overall conclusion aligns with our study, which showed a general decrease in the proportion of the population with a serum vitamin D concentrations < 50 nmol/L (7). This consistent trend may be attributed to increased public health awareness about the role of vitamin D, improvements in living standers, and a growing understanding of the negative health consequences associated with vitamin D deficiency. Such awareness likely spurred interventions, including greater emphasis on dietary vitamin D intake and more widespread use of supplements, Supporting this, studies have shown the beneficial effects of sun exposure in ameliorating vitamin D deficiency (18, 19). Nevertheless, the need for additional vitamin D supplementation remains critical, especially for those at high risk of deficiency (20). However, our study, using finer stratification, draws additional conclusions on temporal trends. Our study highlights an escalating trend in the serum 25(OH)D concentration among American adults, particularly in elderly people (≥ 60 years old) and female, which parallels reports from the NHANES study for the period 1988–2010 (6). Previous studies overlooked income and education-based stratification, factors that can significantly affect serum 25(OH)D levels. While no significant vitamin D deficiency fluctuations were observed in our study population, disaggregation by age, sex, or income revealed stark disparities. Serum 25(OH)D levels among 20–39-year-olds remained stable during the 1988–2010 survey phase (6). However, this age bracket exhibited the highest vitamin D deficiency rates in a 2001–2018 study, despite the absence of an age-stratified trend analysis (7). Our study reveals a decline in serum vitamin D and a rise in deficiency among this demographic, contrasting with decreased deficiency in individuals aged 40 and older. Changes in lifestyle patterns may explain this discrepancy, as indicated by increases in indoor occupations, decreases in outdoor activities, and shifts in dietary intake in younger cohorts (21–23). Therefore, a decrease in dietary intake or vitamin D supplementation alone cannot fully explain the observed serum 25(OH)D concentration and the simultaneous increase in vitamin D deficiency in the 20–39 age cohort. Obesity and lack of exercise were noted as primary vitamin D causes of deficiency causes in young populations in an Australian study (21).

In addition, we discerned a significant increase in 25(OH)D levels in more educated and higher-income (PIR ≥ 4) individuals. Individuals lacking college education revealed no significant increase in the serum vitamin D concentration, with deficiency rates consistently exceeding 30%. Consequently, we posit that these specific populations warrant special attention. Interestingly, a downwards trend in vitamin D deficiency incidence prevalence was detected in high-income groups (PIR ≥ 4), suggesting a relationship between 25(OH)D levels and economic income. In the low-income groups (PIR ≤ 1), no significant shifts in serum 25(OH)D concentration were observed across the nine survey cycles. However, a persistently high prevalence of vitamin D deficiency, approximately 30%, was observed in low-income populations, aligning with findings from other demographic studies. For instance, studies involving UK children have indicated that low household income as a significant risk factor for vitamin D deficiency (23). Similarly, a separate study of Chinese women of reproductive age identified a clear correlation between economic income level and vitamin D deficiency incidence (24). A systematic review echoed these findings, analyzing populations in 29 low- and middle-income countries (25). A density-equalizing mapping analysis revealed that, globally, epidemiological surveys of vitamin D are extremely limited, especially in Asian, African, and South American countries (26). The prevalence rates of vitamin D deficiency that are affected by poverty, worldwide, and the extent to which comprehensive epidemiological studies are conducted is influenced by poverty. This indicates that it is very necessary to conduct similar surveys in less developed countries and regions.

To further elucidate the connection between vitamin D and overall mortality, we adjusted for an array of covariates, such as sociodemographic factors and health conditions. Following this adjustment, an L-shaped inverse association was observed between serum 25(OH)D levels and CVD mortality and between 25(OH)D levels and all-cause mortality. Below a certain inflection point of vitamin D concentration, no additional reduction in CVD or all-cause mortality was observed. Specifically, a serum 25(OH)D concentrations less than 50 nmol/L was significantly negatively correlated with all-cause mortality. With 25(OH)D levels between 50 and 75 nmol/L, all-cause mortality seemed to plateau. Echoing the findings of previous, we found a nonlinear association between 25(OH)D levels and both CVD and all-cause mortality. Specifically, when serum vitamin D concentrations dipped are less than 25 ng/L, the risk of CVD and all-cause mortality significantly increased (27–30).

Based on our results and previous studies, boosting vitamin D intake could benefit public health and potentially lower CVD and all-cause mortality. Given the L-shaped relationship between the serum vitamin D concentration and all-cause mortality, vitamin D supplementation may primarily benefit deficient individuals, emphasizing the need for wide-scale screening and intervention within these groups. A recent meta-analysis and a Cochrane review indicated that while vitamin D and calcium supplementation may not reduce all-cause mortality, they do decrease the risk of cancer death (8). This is further supported by the RCTs, which revealed a significant reduction in cancer mortality (9, 13). Consistent with our hypothesis, in a real-world study based on the UK Biobank, the prescription of vitamin D supplements did indeed reduce cancer mortality, all-cause mortality, or the risk of respiratory infections (2).



5 Strengths and limitations

The current research has the following strengths. First, it offers a comprehensive long-term analysis reflecting serum vitamin D trends and their association with CVD and all-cause mortality across a large population. Second, by employing stratification based on age and socioeconomic factors, this study effectively elucidated vitamin D variations and their impact on deficiency prevalence. Third, after we adjusted for several demographic factors, a detailed exploration of the relationship between the serum 25(OH)D concentration and mortality was performed to further guarantee the accuracy of the study. However, our study has several limitations: (1) the trend-based nature of the study restricts causal interpretation of the observed outcomes; (2) potential biases may emerge from a single measurement of serum vitamin D concentrations; (3) vitamin D deficiency may be influenced by various uncontrollable factors, such as sunlight exposure and genetic variations; (4) recall bias due to self-reported dietary data and disease status; and (5) measurement errors from different serum 25(OH)D assessment methods in the NHANES study could also increase potential error; (6) In the estimation of the association between 25(OH)D concentrations and mortality, the interval with concentrations >125 nmol/L exhibited a wide 95% CI for the HR, indicating a lack of precision in this value interval.



6 Conclusion

From 2001 to 2018, serum vitamin D levels in U.S. adults increased, but deficiency rates remained unchanged. We observed an L-shaped correlation between vitamin D levels and all-cause mortality, showing a significant inverse relationship when vitamin D levels are below 50 nmol/L. This highlights the importance of a nationwide survey on serum vitamin D levels to inform targeted public health strategies, particularly for high-risk populations.
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Objective

Although obesity is a known risk for hyperuricemia (HUA), the associations between adiposity indices and incident HUA and whether sex-specific differences exist is still unknown. We aimed to investigate the associations between adiposity indices and incident HUA in a longitudinal study.





Methods

Data from the China Health and Retirement Longitudinal Study (CHARLS) in 2011–2012 and 2015–2016 were used to conduct a cohort study. Participants aged ≥45 years without HUA at baseline were included in this study. Adiposity indices, including body mass index (BMI), waist circumference (WC), waist-to-height ratio body roundness index (BRI), conicity index (CI), lipid accumulation product (LAP) index, waist-to-height ratio (WHtR), visceral adiposity index (VAI), and Chinese visceral adiposity index (CVAI), were calculated. Logistic analysis was used to analyze the association between adiposity indices and incident HUA risk stratified by gender. Receiver operating characteristic curve analysis was performed to evaluate the power of predictions for incident HUA.





Results

Of 5,873 participants aged 59.0 ± 8.7 years enrolled in this study, 578 (9.8%) participants developed HUA during the 4-year follow-up period. After adjusting for confounding variables, LAP, VAI, and CVAI showed significant association with incident HUA. BMI, WC, WHtR, BRI, and CI were significantly associated with incident HUA in women but not in men. LAP had the highest area under the curve (AUC) (0.612) followed by CVAI (0.596) in men, while CVAI had the highest AUC (0.707) followed by LAP (0.691) in women. All indices showed better predictive ability in women than in men.





Conclusion

Our findings indicated that adiposity indices were effective predictors of incident HUA and showed better predictive power in women than men. In clinical practice, adiposity indices could be used to assess and prevent incident HUA among Chinese middle-aged and older adults.





Keywords: obesity, adiposity indices, hyperuricemia, longitudinal study, CHARLS





Introduction

Uric acid is the end enzymatic product of purine metabolism (1). Hyperuricemia (HUA) is the elevation of serum uric acid (SUA) concentrations, usually resulting from excessive production or reduced urinary excretion of uric acid (1, 2). In recent years, HUA has become a critical public health issue worldwide. It was reported that 14.0% of Chinese adults had HUA during 2018–2019 according to a nationwide study (3), and approximately 20% of American adults had HUA according to the National Health and Nutrition Examination Survey (4). HUA is a known risk factor for gout, diabetes, chronic kidney disease, hypertension, cardiovascular diseases, and all-cause mortality (5–7). Given the increasing number of people with HUA, it is important to understand the modifiable risk factors and well-predictive indicators for HUA in clinical practice.

Although the impact of uric acid on metabolic syndrome has been thoroughly studied (8), only a few studies to date have linked obesity to serum uric acid and incident HUA (9–12). Accumulating evidence demonstrates obesity, especially visceral obesity, is positively associated with SUA levels and HUA (9). Obesity is highly related to metabolic disorders, which is a major risk of HUA. Ryu et al. reported that obesity was a primary determinant risk factor of HUA in middle-aged South Korean men (13). Moreover, obese individuals, especially those with abdominal obesity, displayed a significantly increased risk of HUA (9–11). In recent years, many adiposity indices have been developed to evaluate obesity status, body fat distribution, and visceral adiposity proportions (14). The associations between these adiposity indices and HUA have been explored in cross-sectional studies (11, 15, 16). However, these studies yielded inconsistent results. Furthermore, some traditional adiposity indices without lipid parameters such as body mass index (BMI), waist circumference (WC), waist-to-height ratio (WHtR), and body roundness index (BRI) reported inconsistent associations in different studies, especially in different genders (11, 15, 16). However, several novel adiposity indices containing lipid parameters such as lipid accumulation product (LAP) index and visceral adiposity index (VAI), which have shown stronger correlations with metabolic abnormality, consistently show a positive association with HUA (9, 11). In addition, previous studies reported the effect of cumulative burden of abnormal VAI, and its components were more pronounced in women (17), and several adiposity indices showed higher predictive power for HUA in women (15, 16), which suggested that there might be gender differences in relationships between adiposity indices and HUA.

Although several cross-sectional studies have explored the associations between adiposity indices and HUA, the results were still mixed, and longitudinal evidence was lacking (9, 11, 12, 18). Therefore, we aimed to investigate the relationship between adiposity indices and incident HUA in a cohort of Chinese middle-aged and older adults, which may provide the basis for individuals to prevent the incidence of HUA.





Methods




Study population

Data used in this study were from the China Health and Retirement Longitudinal Study (CHARLS), an ongoing national representative survey conducted in China. Details of the study could be found elsewhere (19). Briefly, this survey recruited participants from 450 urban communities and rural areas in 28 provinces of China from 2011 to 2012 (Wave 1). They were followed up every 2 years subsequently. In the present study, data collected at Wave 1 and Wave 3 (2015 to 2016) were used because data on laboratory blood samples were only available in the two waves.

Of 17,708 participants, we excluded 6,053 participants with missing data on SUA, 243 participants aged <45 years, 2,031 participants in whom all the eight adiposity indices were unable to be calculated, 101 participants with missing data on other blood tests such as blood urea nitrogen (BUN) and plasma creatinine, and 528 participants with HUA at baseline in Wave 1. We further excluded 2,879 participants lost to follow-up in Wave 3. Finally, we included a total of 5,873 participants in the present study. Details regarding the study population selection are provided in Figure 1.




Figure 1 | Flowchart of study population.







Anthropometric and laboratory measurements

Face-to-face interviews were performed to collect data on demographic information. Participants reported their age, gender, educational levels (primary school or below, middle school, and high school or above), places of residence (rural and urban), marital status, and history of smoking and alcohol drinking. Their height, weight, and WC were measured by trained investigators using standard methods.

Fasting blood samples were collected to measure the blood biochemical indices, including SUA, fasting plasma glucose (FPG), glycosylated hemoglobin (HbA1c), total cholesterol (TC), triglyceride (TG), high-density lipoprotein-cholesterol (HDL), low-density lipoprotein-cholesterol (LDL), C-reactive protein (CRP), blood urea nitrogen, and serum creatinine. SUA was measured using the UA plus method. FPG, TG, TC, HDL, and LDL were measured using an enzymatic colorimetric test method. The HbA1c assay was performed using the boronate-affinity high-performance liquid chromatography (HPLC) method. BUN was measured using the enzymatic ultraviolet method with urease. CRP was measured using an immunoturbidimetric assay. Serum creatinine was measured by rate-blanking and compensated Jaffe creatinine method.





Definitions of HUA and adiposity indices

According to a previous study, HUA was defined as SUA ≥7.0 mg/dL in men and ≥6.0 mg/dL in women (20, 21).

Adiposity indices were calculated using formulas in Table 1 and were then categorized into quantiles (14, 22, 23).


Table 1 | Formulas of adiposity indices.



Hypertension was defined as self-reported hypertension, systolic blood pressure (SBP) ≥140 mmHg, and/or diastolic blood pressure (DBP) ≥90 mmHg.





Statistical analysis

Continuous data are presented as means ± SD, and categorical data are presented as frequency (percentage). The differences between continuous variables and categorical variables were compared using t-test and chi-squared test, respectively. Logistic regression analyses were performed to examine the association between adiposity indices and incident HUA using three models. Model 1 was unadjusted. Model 2 was adjusted for age, educational levels, places of residence, drinking status, smoking status, marital status, and SBP. Model 3 was further adjusted for BMI, WC, BRI, WHtR, and conicity index (CI) and for LAP, VAI, and Chinese visceral adiposity index (CVAI), without TG. In addition, a sensitivity analysis was performed under the definition that HUA was defined as SUA ≥ 7.0 mg/dL in men and women.

The area under the curve (AUC) was calculated by receiver operating characteristic (ROC) curve analysis to compare the predictive ability of different adiposity indices for incident HUA. The cutoff value of adiposity indices calculated by ROC curve analysis was determined using the maximized Youden index value (24). Finally, chi-squared tests were used to determine differences in the incidence of HUA based on the cutoff values obtained by ROC analysis, and then Cramer’s V was applied to determine the interpreted effect size (23, 25). All data analyses were performed using SPSS version 24.0 (IBM Corp., Armonk, NY, USA) and R software (version 4.1.0, http://www.r-project.org). A two-sided p-value < 0.05 was considered statistically significant.






Results

Of 5,873 participants (mean age, 59.0 ± 8.7 years) without HUA at baseline enrolled in this study, 2,669 (45.4%) were men. During the 4-year follow-up period, 578 (9.8%) participants developed HUA, with 296 (11.1%) in male participants and 282 (8.8%) in female participants.




Baseline characteristics

The baseline characteristics of participants are summarized in Table 2. Compared to those without incident HUA, male participants with incident HUA had a higher prevalence of hypertension; higher SBP, DBP, SUA, serum creatinine, TC, and TG; and lower HDL. Female participants with incident HUA had higher age; higher prevalence of hypertension; higher SBP, DBP, SUA, CRP, serum creatinine, TC, TG, FPG, HbA1c, and BUN; and lower HDL. Regarding the adiposity indices, participants with incident HUA had higher levels of all eight adiposity indices than those without incident HUA in both male and female participants.


Table 2 | Baseline characteristics of the study participants were classified by the presence of different genders and incident HUA.







Associations between adiposity indices with incident HUA stratified by gender

The associations between adiposity indices with incident HUA in men are shown in Table 3. After adjusting for potential covariates, LAP, VAI, and CVAI were significantly associated with incident HUA. Compared with the first quartile, the hazard ratio (HR) of incident HUA in the highest quartile of the LAP was 1.821 (95%CIs, 1.18 to 2.852); the HR in the highest quartile of the VAI was 1.735 (95%CIs, 1.162 to 2.617); the HR in the highest quartile of the CVAI was 1.547 (95%CIs, 1.023 to 2.360).


Table 3 | Association between adiposity indices with incident hyperuricemia multivariate logistic regression analysis in male participants.



The associations between adiposity indices with incident HUA in women are shown in Table 4. After adjusting for potential covariates, all adiposity indices were significantly associated with incident HUA. Compared with the first quartile, the HRs for HUA in the highest quartile of the adiposity indices were 3.550 (95%CIs, 2.173 to 5.989) for CVAI, 2.099 (95%CIs, 1.396 to 3.204) for VAI, 3.616 (95%CIs, 2.258 to 5.996) for LAP, 3.370 (95%CIs, 2.136 to 5.485) for BMI, 2.596 (95%CIs, 1.668 to 4.136) for WC, 3.206 (95%CIs, 1.976 to 5.391) for WHtR, 3.206 (95%CIs, 1.976 to 5.391) for BRI, and 1.673 (95%CIs, 1.089 to 2.602) for CI. The sensitivity analyses showed a similar association with the primary analyses in that all adiposity indices except CI were significantly associated with incident HUA (Supplementary Table 1).


Table 4 | Association between adiposity indices with incident hyperuricemia multivariate logistic regression analysis in female participants.







Predictive ability of the adiposity indices to identify incident HUA stratified by gender

Results from the ROC analysis and AUCs for the eight indices are shown in Figure 2. Results of the ROC analysis of the adiposity indices to identify incident HUA in male and female participants are shown in Tables 5, 6, respectively. In male participants, LAP had the highest AUC (0.612), followed by CVAI (0.596), VAI (0.593), BRI (0.592), WHtR (0.592), BMI (0.586), WC (0.579), and CI (0.563). In female participants, CVAI had the highest AUC (0.707), followed by LAP (0.691), BRI (0.669), WHtR (0.669), VAI (0.664), WC (0.664), BMI (0.644), and CI (0.616) (all p < 0.001). The sensitivity analyses showed similar AUCs to the primary analyses (Supplementary Table 2).




Figure 2 | Comparison of the predictive value of eight adiposity indices for diagnosis of incident HUA in (A) men and (B) women. HUA, hyperuricemia.




Table 5 | Area under the curve (AUC), cutoff value, sensitivity, specificity, and Youden index of eight adiposity indices in male participants.




Table 6 | Area under the curve (AUC), cutoff value, sensitivity, specificity, and Youden index of eight adiposity indices in female participants.







Incidence of HUA according to adiposity indices

Compared with their counterparts, participants with high levels of adiposity indices had a significantly higher risk of HUA in both men and women. All eight adiposity indices had higher Cramer’s V to identify HUA in women than in men (Figures 3, 4).




Figure 3 | Incidence of HUA according to adiposity index cutoff values in men and women. (A, B) BMI. (C, D) WC. (E, F) WHtR. (G, H) BRI. HUA, hyperuricemia; BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio; BRI, body roundness index.






Figure 4 | Incidence of HUA according to adiposity index cutoff values in men and women. (A, B) CI. (C, D) LAP. (E, F) VAI. (G, H) CVAI. HUA, hyperuricemia; CI, conicity index; LAP, lipid accumulation product; VAI, visceral adiposity index; CVAI, Chinese visceral adiposity index.








Discussion

In this nationally prospective study, we investigated the relationships of adiposity indices with HUA risk in 5,873 Chinese middle-aged and older adults during 4 years of follow-up. The present study demonstrated that high visceral adiposity levels were positively associated with a higher risk of HUA among Chinese adults. All adiposity indices showed significant association with incident HUA in female participants, while only LAP, VAI, and CVAI, which contained lipid parameters, were significantly associated with incident HUA in male participants. Furthermore, all the adiposity indices showed better predictive power for incident HUA in women than men. CVAI had the highest AUC for the prediction of incident HUA, followed by LAP and VAI in the female participants, while LAP had the highest AUC for the prediction of incident HUA, followed by VAI in male participants. The results suggested that adiposity indices containing lipid parameters had stronger predictive power for incident HUA than other indices in both genders. In this study, the cumulative incidence of HUA was 9.8% in total, with 11.1% in men and 8.8% in women. Different HUA incidences have been reported in previous studies. For example, Zhang et al. showed that the cumulative incidence of hyperuricemia was 20.2% in total participants, with 21.3% in men and 16.6% in women, in an 8-year follow-up study (20), and 20.3% in total participants, with 27.7% in men and 13.2% in women in a prospective study performed in Tianjin, China, from 2013 to 2019 (26). The main reason for the lower incidence of HUA in our study compared with other studies was the shorter follow-up time. Consistent with previous studies, our study also demonstrated that men had a greater risk of developing HUA than women. This observation may be partially attributed to the fact that men typically exhibit higher baseline levels of uric acid compared to women (27). Moreover, men were more likely to drink alcohol, which had been significantly associated with HUA (28). Thus, more interventions should be taken to change the risk factors for HUA, especially in men.

The present study showed that several adiposity indices containing lipid parameters, such as CVAI, VAI, and LAP, were positively associated with incident HUA in both genders. Our results were consistent with several previous studies (11, 22, 23). Liu et al. reported that LAP was positively associated with HUA in China’s Yangtze River Delta region population (11), and Kahaer et al. found that LAP and VAI were positively associated with HUA in the Chinese Xinjiang population (16). Huang et al. reported that evaluated VAI increased the risk of hyperuricemia, independently of BMI and waist circumference, among middle-aged and elderly Chinese adults (21). Previous studies demonstrated that adiposity indices containing lipid parameters showed a better ability to identify obesity and the distribution of adipose tissue, especially visceral adiposity tissue (VAT), than those that did not contain lipid parameters (11, 14, 22). It was indicated that the distribution of adipose tissue instead of the amount had major effects on metabolism (29). Previous studies suggested that uric acid and metabolic syndrome were closely related and that such an association might be bidirectional (8). Some possible mechanisms might explain the effect of metabolic disorders on HUA. First, increased VAT accumulation caused the free flow of free fatty acids to the liver and the overproduction of very-low-density lipoprotein (VLDL) and TG. The increase in lipid synthesis increased the need for NADPH and then accelerated the pentose phosphate pathway, which led to the de novo purine synthesis, thus increasing the production of UA (20, 30). Second, the elevation of TG and/or TC lipid metabolism disorders may impair kidney function and result in decreased renal blood flow and reduction of the excretion and reabsorption of uric acid (31, 32). Third, previous studies demonstrated that VAT-induced adiponectin and leptin were significantly associated with insulin resistance, which could affect kidney functions, increase reabsorption of uric acid, decrease excretion of uric acid, and lead to hyperuricemia (33, 34).

Our results showed that several adiposity indices, including BMI, WC, WHtR, BRI, and CI, displayed gender-specific associations with incident HUA between men and women. The significant associations between these incidences and incident HUA were observed exclusively in women. Furthermore, all adiposity indices in the present study showed a higher predictive ability of HUA in women than in men. Previous studies reported inconsistent results on the association between these indices and HUA. Kahaer et al. reported that BMI, WC, WHtR, and BRI exhibited no significant association with HUA in both men and women (16), while Zhang et al. reported that BRI, WHtR, BMI, and WC were associated with HUA in both genders (15). Several previous studies also demonstrated that the adiposity indices had a greater predictive ability of HUA in women than men in longitudinal and cross-sectional studies (15, 16). The gender variation regarding the association between adiposity indices with HUA and the predictive ability may be explained by biological differences between men and women. Middle-aged and older women showed age-related increases in serum uric acid levels, while such a trend was not found in men (35). In the present study, the female participants were generally in perimenopause and menopause. Their estrogen levels decreased with aging (36, 37), thus reducing the renal clearance of urate and resulting in increased SUA levels (36). Furthermore, a clinical study reported that sex hormone replacement therapy can reduce SUA concentrations and decrease the risk of gout flare in postmenopausal women. This suggested that the decreased estrogen levels in postmenopausal women could increase the risk of HUA (38). Taken together, these physiological changes may cause women to be more sensitive to metabolic changes and thus more likely to develop HUA. In addition, the associations were explored in 4-year folloe-up study.

The present study has several strengths. The data in this study came from a population-based nationwide prospective survey, which provides a representative sample of the population. Then, a longitudinal study was conducted, whose evidence power was stronger than that of previous cross-sectional studies. Furthermore, the predictive ability of a total of eight adiposity indices with HUA was investigated, and for the first time, the associations between several adiposity indices (such as CVAI, VAI, and LAP) and incident HUA were reported in a longitudinal survey. In addition, we also proposed optimal cutoff values for these indices by ROC curve analysis and further verified the effectiveness in the diagnosis of HUA. Nevertheless, there are several limitations in this study. First, although we have adjusted for several potential confounding variables, we did not include data on variables that could potentially influence uric acid levels, such as dietary factors (consumption of dairy, meat, and micronutrients). Second, the use of uric acid-lowering drugs, such as allopurinol, was not available in the study, which may cause diagnostic bias. Third, the participants were Chinese adults aged ≥45 years, which may limit the generalizability of our results to the younger population and other ethnic groups.

In conclusion, our study provided strong evidence that the adiposity indices were effective predictors of incident HUA in general middle-aged and older Chinese adults. Furthermore, some indices, including BMI, WC, WHtR, BRI, and CI, displayed gender-specific associations with incident HUA, with a significant association observed exclusively in women. All adiposity indices showed better predictive ability for incident HUA in women than men. For the preventive prospect and clinical practice, adiposity indices, especially those containing lipid parameters, were obtainable and cost-effective and could be used in HUA prevention among Chinese middle-aged and older adults.
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Background

Evidence of vitamin D status and cardiometabolic health in adults with type 2 diabetes mellitus (T2DM) is still limited. This study aimed to investigate the association between vitamin D status and cardiometabolic risk factors among adults with T2DM in Shenzhen, China.





Methods

This cross-sectional study included 164 adults (aged ≥18 years) with T2DM who were hospitalized at Peking University Shenzhen Hospital from March 1, 2023, to May 31, 2023. Serum 25-hydroxyvitamin D [25(OH)D] concentration, the active marker of vitamin D, and three major cardiometabolic risk factors including blood pressure (BP), glucose metabolism-related indicators, and blood lipid profiles were collected. Vitamin D deficiency (VDD) was defined as 25(OH)D < 20 ng/mL. Correlation, Regression, and Logistic analysis were applied to verify the association among serum 25(OH)D concentration, VDD, and 11 cardiometabolic risk factors.





Results

Median 25(OH)D concentration was 21.78 [interquartile range (IQR)=17.51-28.05] ng/mL. The prevalence of VDD was 40.24%. Serum 25(OH)D concentration was significantly negatively correlated with diastolic BP (DBP) and glycated hemoglobin A1c (HbA1c) rather than systolic BP, plasma glucose, plasma C-peptide, and blood lipid profiles among adults with T2DM in both correlation and linear regression analysis. Furthermore, the adjusted odd ratio for poor DBP control (≥90 mmHg) of T2DM patients with VDD was 3.164 (95% confidence interval=1.303, 7.683; P=0.011) compared to those without VDD.





Conclusion

In China, VDD was highly prevalent among adults with T2DM and associated with greater cardiovascular risk factors, especially with increased chances of uncontrolled DBP. These findings suggest that vitamin D levels should be monitored in T2DM patients, especially those with high DBP.
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1 Introduction

Diabetes mellitus (DM), especially type 2 DM (T2DM), is known as one of the most prevalent chronic, life-threatening diseases worldwide. According to the latest estimates from the International Diabetes Federation, there are 536.6 million adult (20-79 years old) people with DM in 2021, which represents more than 10% of the global adult population (1). Compared to people without T2DM, in addition, those with T2DM are at higher risk of cardiovascular disease (CVD), which is a well-known cause of morbidity and mortality (2). Although advanced progress has been made in preventing future CVD risk among patients with T2DM, mainly due to early screening and treatment of its risk factors like blood pressure (BP), blood lipid, and glucose metabolism, CVD remains the main cause of death among patients with T2DM (3). Thus, the identification of other modifiable risk factors is of great significance in postponing the development of CVD among patients with T2DM.

Over the last decade, along with the discovery of the expression of vitamin D receptors in non-skeletal organs and tissues, including adipose, cardiomyocytes, pancreatic β-cells, and others, vitamin D status has been described to be linked with the onset of T2DM and the development of complications among patients with T2DM, including CVD (4–8). Also, increasing studies have linked vitamin D status with the common and important cardiometabolic risk factors including BP, blood lipids profile, and glucose metabolism-related indicators in the non-diabetes population. However, the association between vitamin D and these cardiometabolic risk factors remains controversial and limited, especially for patients with T2DM. To date, only two studies have investigated the association between vitamin D status and BP and hypertension, respectively, and one of these studies simultaneously looked at its association with dyslipidemia among patients with T2DM according to the recent systematic review by Md et al. (9–11) In terms of glucose metabolism, most results of related studies are consistent, suggesting that lower concentrations of serum vitamin D are closely related to poor glycemic control, however, these studies were limited to the general population, the older, pregnant women, and other nondiabetic populations, and few studies focused on patients with T2DM, who are more prone to vitamin D deficiency (VDD) (12–18).

Above all, the association between vitamin D status and BP, blood lipids, and glucose metabolism remains further explored. Thus, this study aims to comprehensively explore the association of serum 25(OH) level, the most common active marker of vitamin D, and VDD with BP [including systolic BP (SBP) and diastolic BP (DBP)], glucose metabolism-related indicators [including oral glucose tolerance test (OGTT) that includes both fasting plasma glucose (FPG) and 2h post-load plasma glucose (2hPG), fasting plasma C-peptide, glycated hemoglobin A1c (HbA1c), and insulin  resistance (IR)], and blood lipids profile [including total cholesterol (TC), high-density lipoprotein-cholesterol (HDL-c), low-density lipoprotein-cholesterol (LDL-c), and triglyceride (TG)] among adult T2DM patients in China, to provide more theoretical clues for reducing risk of CVD in this population.




2 Materials and methods



2.1 Study population and design

In this cross-sectional study, we initially included 488 adults (aged ≥18 years) with DM who were hospitalized in the endocrinology units of the Peking University Shenzhen Hospital from March 1, 2023, to May 31, 2023. First of all, those well-diagnosed with DM were included according to the Chinese Guidelines for the Prevention and Treatment of Type 2 Diabetes (2020 edition) as follows (19): 1) FPG  ≥ 7.0 mmol/L, or 2h post glucose load BG ≥ 11.1 mmol/L, or HbA1c  ≥ 6.5%; 2) self-reported diagnosis of DM in a secondary or tertiary hospital, or 3) currently receiving hypoglycemic therapy, including oral hypoglycemic agents and the use of insulin. Then, we excluded those with a diagnosis of unclassified DM, type 1 DM, gestational DM, and other special types of DM. Next, we further excluded participants with conditions that could affect the production and secretion of 25(OH)D, which included hyperparathyroidism, hypoparathyroidism, and hepatic insufficiency.

In addition, participants with pregnancy, infection, and cancer or missing data were also excluded. Finally, 164 patients with diagnosed T2DM were included in the analysis. The flowchart of the study population is shown in Figure 1. This study followed the guidelines of the Declaration of Helsinki and was approved by the Ethics Committee of the Peking University Shenzhen Hospital. All the participants signed an informed consent form at admission and agreed to share their health information for medical research.




Figure 1 | Study flowchart. DM, diabetes; 25(OH)D, 25-hydroxyvitamin D; T2DM, type 2 diabetes mellitus.






2.2 Data collection

The basic information, clinical assessment, and biochemical indicators (serum) of all participants were collected from the Hospital Information System (HIS), including age, sex (female/male), weight, height, SBP, DBP, 25(OH)D, TC, TG, LDL-c, HDL-c, HbA1c, FPG, 2hPG, fasting plasma C-peptide, calcium (Ca), calcitonin, parathyroid hormone (PTH), osteocalcin (OC), β-C-terminal cross-linked telopeptide of type I collagen (β-CTX), and procollagen-1 N-terminal peptide (P1NP), creatinine (Cr), calcitonin (CT), uric acid (UA), urinary Albumin-to-Creatinine Ratio (uACR), 24-hour urinary protein quantity (UP), alanine aminotransferase (ALT), thyrotropin (TRH), thyroid stimulating hormone (TSH), and free thyroxine (FT4).




2.3 Clinical assessment

Each participant’s weight, height, and BP were measured by well-trained nurses at the time of admission. Specifically, weight and height were measured with the participants wearing light clothing and no shoes to the nearest 0.1 kg and 0.1 cm, respectively. Body mass index (BMI) was calculated as weight in kilograms (kg) divided by the square of height in meters (m). SBP and DBP of the right upper arm were measured using a validated digital automatic analyzer (Omron, Japan) in a seated position after at least 5 minutes of rest and an additional recording after a 2-minute break. SBP and DBP were each measured twice and the mean of the two readings was used for analyses. If the two readings differed by >5 mmHg, a third measurement was performed, and the average of all three readings was applied.




2.4 Biochemical measurements

Blood samples of each participant who was included in the final analysis were drawn in the morning after overnight fasting (≥8 hours) during hospitalization. The main outcome parameters of the laboratory included blood lipids (TC, TG, LDL-c, HDL-c) and glucose metabolism-related indicators (HbA1c, FPG, 2hPG, and  fasting plasma C-peptide). Participants underwent a 75 g OGTT with plasma glucose measured using a routine hexokinase method and C-peptide measured by Chemiluminescence immunoassay before (fasting) and 2 h post glucose load (i.e., FPG, 2hPG, and  fasting plasma C-peptide). HbA1c was measured using capillary electrophoresis. TG, TC, and LDL-c/HDL-c were measured using enzymatic assays (GK-GPO-POD colorimetric method), cholesterol oxidase methods, and homogeneous methods, respectively. Levels of all the above parameters were measured by an automatic biochemical analyzer (AU5800 Series Chemistry Analyzers, Beckman Coulter) in the clinical laboratory of Peking University Shenzhen Hospital.




2.5 Measurement of serum 25(OH)D and classification of vitamin D status

Serum 25(OH)D concentration was measured by electrochemiluminescence immunoassay (ECLIA) using the same automatic biochemical analyzer  in the clinical laboratory of Peking University Shenzhen Hospital. VDD was defined as 25(OH)D <20 ng/mL, and vitamin D sufficiency (VDS) was defined as 25(OH)D ≥20 ng/mL according to the Endocrine Society clinical practice guidelines and methods provided by serval published research (20).




2.6 Definition of outcomes

The cardiometabolic risk factors of interest in this study include BP (including SBP and DBP), glucose metabolism-related indicators (including FPG, 2hPG, fasting plasma C-peptide, HbA1c, and IR), and blood lipid profile (including TC, TG, LDL-c, and HDL-c). Usually, IR is expressed by HOMA, which can calculated from fasting blood insulin, blood glucose, and C-peptide values. Since most patients with T2DM may use insulin to control blood glucose levels, the measurement of fasting insulin may be affected by exogenous insulin; therefore, C-peptide values were used to calculate HOMA in this study [i.e., HOMA2 based on C-peptide (HOMA2-Cpep)]. According to the method provided by Ferrannini G et al. (21), HOMA2-Cpep was calculated at https://www.dtu.ox.ac.uk/homacalculator/, with high HOMA-IR values indicating insulin resistance.

Poor BP control included the following two situations: SBP ≥140 mmHg or DBP ≥90 mmHg. Poor blood lipid control was defined as the following four situations: hypertriglyceridemia (TG ≥2.26 mmol/L), hypercholesterolemia (TC ≥6.2 mmol/L), high levels of LDL-c (LDL-c ≥4.14 mmol/L), or low levels of HDL-c (HDL-c ≤1.04 mmol/L). Poor glycemic control was defined as the occurrence of any one of the following three situations: HbA1c ≥7%, FPG ≥ 7.0 mmol/L, or 2h post glucose load BG ≥ 11.1 mmol/L.




2.7 Statistical analysis

Baseline characteristics of the participants classified by vitamin D status were presented as means ± standard deviation (SD) or median [interquartile range (IQR)] for continuous variables with normal or skewed distribution, respectively; and percentages (%) for categorical variables. To compare the differences between VDD and VDS groups, the student T-test or Mann-Whitney U test was performed for continuous variables with normal or skewed distribution, respectively; and the Chi-square test was performed for categorical variables. Pearson correlation analysis or Spearman correlation analysis for continuous variables with normal or skewed distribution were used to analyze whether 25(OH)D concentrations linked to SBP, DBP, HbA1c, FPG, 2hPG, fasting plasma C-peptide, HOMA2-Cpep, TC, TG, LDL-C, and HDL-C, respectively.

To determine whether 25(OH)D levels independently affected these indicators, multivariable linear regression analysis was further performed by three models (model 1: unadjusted; model 2: adjusted for age and sex; and model 3: adjusted for age, sex, BMI, ALT, CR, TSH, and FT4). Furthermore, multivariable logistic analysis was used to clarify the association between VDD and these risk factors that were significant in the correlation analysis and linear regression analysis based on the same models. All statistical analysis was performed by Stata statistical software version 17.0 (Stata Corp LP, College Station, TX, United States). The value of P < 0.05 was considered statistically significant.





3 Results



3.1 Characteristics of the study population

A total of 164 adults with T2DM with a mean age of 58.2 ± 11.0 years met the criteria and were finally enrolled in this study. The characteristics of these participants are shown in Table 1. The median 25(OH)D concentration in the present study was 21.78 (IQR=17.51-28.05) ng/mL. Overall, 66 (40.24%) participants were confirmed to have VDD. In addition, adults with T2DM in the VDD group exhibited significantly elevated DBP (80.91 ± 11.04 vs 74.76 ± 10.67; P=0.001), β-CTX [0.45 (0.31-0.58) vs 0.36 (0.23-0.51); 0.048], HbA1c (8.69 ± 1.70 vs 8.03 ± 1.69; 0.016), and uACR [21.66 (7.40-67.60) vs 10.89 (5.68-27.61); 0.038], whereas those in the VDS group exhibited significantly higher age (55.7 ± 11.6 vs 59.9 ± 10.3; 0.014).


Table 1 | Baseline characteristics of the study participants.






3.2 Serum 25(OH)D concentration and cardiometabolic health

Table 2 and Figure 2 show the results of the correlation analysis of 25(OH)D and cardiometabolic risk factors. For both measures of BP, the correlation analysis showed that serum 25(OH)D concentration was only significantly negatively correlated with DBP (r=-0.219, P=0.005), but SBP (r=-0.008, P=0.922) among adult T2DM patients in China. For different indicators of lipid profile (TC, TG, LDL-C, HDL-C) and glucose metabolism (HbA1c, FPG, 2hPG, fasting plasma C-peptide, HOMA2-Cpep), serum 25(OH)D concentration was only significantly negatively correlated with TG (r=-0.247, P=0.001), FPG (r=-0.152, P=0.053), and HbA1c (r=-0.200, P=0.010) among this population.


Table 2 | Correlation between serum 25(OH)D concentrations and cardiometabolic risk factors in adult T2DM patients.






Figure 2 | Correlation between serum 25(OH)D concentration and (A) DBP, (B) HbA1c, (C) FPG, and (D) TG in adults with T2DM. Spearman rank correlation analysis was used due to the skewed distribution of serum 25(OH)D in this study. 25(OH)D, 25-hydroxyvitamin D; HbA1c, glycated hemoglobin A1c; FPG, fasting plasma glucose; TG, triglyceride; DBP, diastolic blood pressure.



The results of multiple linear regression analysis of serum 25(OH)D concentrations and cardiometabolic risk factors are shown in Table 3. Among adults with T2DM, serum 25(OH)D concentration were significantly negatively correlated with HbA1c [β (95% CI): -0.037 (-0.070, -0.005), P=0.026], TG [-0.028 (-0.054, -0.001), 0.040], and DBP [-0.303 (-0.513, -0.093), 0.005], and they were significantly positively correlated with HDL [0.006 (0.001, 0.012), 0.027]. Similar results were obtained when some or all potential confounders were adjusted, that is, serum 25(OH)D concentration was significantly negatively correlated with HbA1c [-0.040 (-0.075, -0.005), 0.024] and DBP [-0.252 (-0.470, -0.034), 0.024] and significantly positively correlated with HDL [0.007 (0.001, 0.012), 0.016], but there was no significant correlation with TG [-0.015 (-0.0413, 0.012),0.280].


Table 3 | Regression analyses between serum 25(OH)D concentrations and cardiometabolic risk factors in adult T2DM patients.






3.3 Vitamin D deficiency and cardiometabolic health

Compared to adults with T2DM in the VDS group, the logistic analysis showed that the unadjusted odds ratios (ORs) for poor DBP control (≥90 mmHg), low levels of HDL (≤1.04 mmol/L), and poor glycemic control (HbA1c ≥7%) among those in the VDD group were 3.164 (95%CI=1.303, 7.683; P=0.011), 1.163 (0.616, 2.196; 0.640), and 1.800 (0.839, 3.863; 0.131) and adjusted ORs were 3.168 (95%CI=1.303, 7.683; P=0.019), 1.258 (0.611, 2.592; 0.534), and 2.177 (0.942, 5.030; 0.069), respectively (shown in Figure 3).




Figure 3 | ORs and 95%CI of the vitamin D deficiency for poor control of DBP, HDL, and HbA1c in adults with T2DM. *Model 1: unadjusted; Model 2: adjusted for age and sex; and Model 3: adjusted for age, sex, BMI, ALT, CR, TSH, and FT4. ORs, odds ratios; CI, confidence interval; HbA1c, glycated hemoglobin A1c; DBP, diastolic blood pressure; HDL, high-density lipoprotein-cholesterol; BMI, body mass index; ALT, alanine aminotransferase; Cr, creatinine; TSH, thyroid stimulating hormone; FT4, and free thyroxine.







4 Discussion

This study demonstrated that there was a significant correlation between serum 25(OH)D concentration and cardiometabolic risk factors of DBP, HbA1c, TG, and HDL-c, especially DBP, in Chinese adults with T2DM. Specifically, lower concentrations of serum 25(OH)D significantly correlated with higher levels of DBP, HbA1c, and TG, but with lower levels of HDL-C. These associations were robust after adjusting multiple variables including age, sex, BMI, ALT, Scr, TSH, and FT4. Further analysis revealed that the prevalence of VDD reached 40.24% of the studied population, and adults with T2DM in the VDD group increased the risk of poor DBP control compared to those in the VDS group in China. These findings suggest that adults with T2DM who have poor BP control, especially DBP, should monitor their vitamin D levels and consider taking vitamin D supplementation, if necessary, to reduce future CVD risk.

At present, CVD remains the main cause of death among adults with T2DM (22). For example, a contemporary multi-ethnic population-based observational study reported that the adjusted hazard ratio of CVD events for patients with T2DM was 1.28 (1.09-1.51) in individuals of South Asian ethnicity compared to those without T2DM (23). In addition, poor glycemic control is a major risk factor for the microvascular and macrovascular complications of patients with T2DM, such as retinopathy, diabetic nephropathy, and CVD. In this context, good glycemic control is a priority of T2DM management, but no more than 50% of patients are satisfied with glycemic control, especially in China. Therefore, the identification of risk factors other than the well-known ones such as poor glycemic control, increased BP or hypertension, and obesity is essential to improve glycemic control rates. Over the last decade, the pleiotropic metabolic roles of vitamin D have attracted widespread concern, especially in glucose metabolism and cardiovascular health, along with the discovery of the expression of vitamin D receptors in non-skeletal organs and tissues such as adipose, vascular smooth muscles, cardiomyocytes, and pancreatic β-cells (11). Most of the epidemiologic and meta-analysis studies have reported consistent inverse associations between serum 25(OH)D level and the risk of incident diabetes in the general population and that of poor glycemic control among adults with T2DM. For example, Khan et al. (24) found that vitamin D at baseline is inversely associated with future risks of T2DM in apparently healthy adults. Song et al. (25) combined data from 21 longitudinal cohorts with a total of 76,220 participants and showed that the estimated risk reduction for incident diabetes in the highest versus the lowest category of 25(OH)D was 38%.

In terms of vitamin D and glycemic control of patients with T2DM, several previous research studies have shown that low vitamin D levels have been associated with poor control of FPG and HbA1c. Consistent with these studies, our study found that 25(OH)D levels were significantly inversely associated with HbA1c, but not FBG, in both correlation and linear regression analyses, which provided more evidence that vitamin D may play an important role in the long-term glycemic control of patients with T2DM. The underlying mechanism by which VDD affects glycemic control is not fully understood. In recent years, some studies have suggested that VDD might indirectly decrease the level of intracellular calcium, thereby reducing the level of insulin secretion and beta-cellular dysfunction and, or directly reducing intracellular calcium level, as a result, impaired glucose tolerance (26–28). In addition, vitamin D may reduce systemic inflammation via the vitamin D receptor on pancreatic beta cells and in muscles and the liver to improve peripheral IR. However, our study found no significant association between vitamin D and HOMA2-Cpep, a marker of IR, suggesting that the inverse association of vitamin D with long-term poor glycemic control may not be acting through insulin function and accurate underlying mechanisms need to be further explored in the future.

In addition to glycemic control, poor control of BP and blood lipid are the two main factors contributing to the elevated risk of future CKD in patients with T2DM. For the association between vitamin D and BP, early in the 1980s, Sowers et al. (29) found a significant inverse association between the estimated dietary intake of vitamin D and SBP in younger women. Since then, an increasing number of studies have explored the association between 25(OH)D levels and BP and lipid profile in the general population, overweight/obese population, childhood, and pregnant (30–32). However, few relevant studies have focused on patients with T2DM, although this group has a higher risk of VDD (33). Of them, the case-control study included 80 overweight/obese subjects with T2DM and 77 healthy subjects matched by sex, age, and BMI from Tabriz, identifying that there was a significant negative association between serum 25(OH)D concentrations and DBP among adults with T2DM compared with healthy controls (9). However, another study by Ahmed et al. (10) suggested the association between vitamin D and BP was influenced by vitamin D type, and higher levels of vitamin D2, but not vitamin D3, are associated with hypertension in patients with diabetes. Consistent with the case-control study, this study observed a significant inverse association between 25(OH)D concentrations and DBP, which provides a new possible treatment strategy for T2DM patients with high DBP.

In addition, our study also found that lower 25(OH)D concentrations were associated with poorer lipid management including TG and HDL-C, especially lower HDL-c levels, among adults with T2DM. This trend is consistent with some previous studies focusing on the non-diabetes population. The underlying mechanisms by which vitamin D influences the BP and lipid profile have not been fully elucidated. First, it has been recognized that vitamin D might lower BP by suppressing renin synthesis to downregulate the activity of the renin-angiotensin-aldosterone system (RASS) (34). Second, reduced active vitamin D can lead to increased iPTH production in the parathyroid gland and stimulate the expression of PTH2 receptors in vascular smooth muscle cells, thereby up-regulating the expression of the receptor for advanced glycation end products (RAGE) and the production of monocyte-macrophage cytokines and IL-6, as a result, promoting calcium deposition in the arterial wall, leading to collagen deposition, and increased vascular stiffness (35). These pathways can also affect lipid metabolism, for example, high iPTH levels may also accelerate calcium influx into adipocytes, thereby increasing lipase expression, and then increasing various lipid factors (36). Furthermore, vitamin D can inhibit the synthesis and excretion of TG by promoting the intestinal absorption of calcium. Furthermore, vitamin D may participate in the reverse cholesterol transport process by regulating the efflux of cholesterol from cholesterol-carrying macrophages, which removes excess cholesterol from the liver, thus causing an increase in HDL levels (37). But for now, why VDD is only significantly associated with DBP in BP and with HDL in lipid profile needs to be further verified and explored by studies with larger sample sizes.



4.1 Strengths and limitations

To the best of our knowledge, this is the first population-based study from China to simultaneously compare the association between vitamin D status and multiple cardiovascular risk factors in the same population with T2DM. Meanwhile, it should be noted that our study also has some limitations. First, this study is a cross-sectional study, the results of which cannot determine the causal association. Second, several vital potential indicators were not included in the final analysis, such as the duration of T2DM and whether use of VD supplements. Moreover, the sample size of this study was relatively small.





5 Conclusions

In conclusion, this population-based study showed serum 25(OH)D concentration was significantly associated with multiple cardiometabolic risk factors including DBP, HbA1c, TG, and HDL-c among adults with T2DM, especially with DBP, which suggests that vitamin D may contribute to increased CVD risk through poor management of DBP in patients with T2DM. The role of vitamin D in the management of BP, especially DBP, and this role in the increased risk of CVD among adults with T2DM deserves further investigation.
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Background

Vitamin D deficiency is strongly associated with the development of several diseases. In the current context of a global pandemic of vitamin D deficiency, it is critical to identify people at high risk of vitamin D deficiency. There are no prediction tools for predicting the risk of vitamin D deficiency in the general community population, and this study aims to use machine learning to predict the risk of vitamin D deficiency using data that can be obtained through simple interviews in the community.





Methods

The National Health and Nutrition Examination Survey 2001-2018 dataset is used for the analysis which is randomly divided into training and validation sets in the ratio of 70:30. GBM, LR, NNet, RF, SVM, XGBoost methods are used to construct the models and their performance is evaluated. The best performed model was interpreted using the SHAP value and further development of the online web calculator.





Results

There were 62,919 participants enrolled in the study, and all participants included in the study were 2 years old and above, of which 20,204 (32.1%) participants had vitamin D deficiency. The models constructed by each method were evaluated using AUC as the primary evaluation statistic and ACC, PPV, NPV, SEN, SPE, F1 score, MCC, Kappa, and Brier score as secondary evaluation statistics. Finally, the XGBoost-based model has the best and near-perfect performance. The summary plot of SHAP values shows that the top three important features for this model are race, age, and BMI. An online web calculator based on this model can easily and quickly predict the risk of vitamin D deficiency.





Conclusion

In this study, the XGBoost-based prediction tool performs flawlessly and is highly accurate in predicting the risk of vitamin D deficiency in community populations.





Keywords: machine learning, vitamin D deficiency, clinical decision rules, nutrition surveys, public health




1 Introduction

Vitamin D is a unique fat-soluble vitamin, and as it is produced primarily through exposure of human skin to sunlight, few foods contain natural vitamin D (1). Its main role in humans is to increase the absorption of calcium and phosphate to mineralize the bones (2). In children, vitamin D deficiency leads to growth retardation and rickets (3). In adults, vitamin D deficiency can lead to osteochondrosis and osteoporosis (3). Vitamin D deficiency and its health consequences first gained attention with the industrialization of Northern Europe. As research progressed, vitamin D deficiency was also found to be strongly associated with the development of diabetes (4), sarcopenia (5), psychiatric disorders (6), autoimmune diseases (7), cardiovascular diseases (8), and tumors (9). Because of the role of vitamin D in the antiviral immune response (10, 11), vitamin D-related studies have gained more attention since the COVID-19 pandemic. Vitamin D levels have also been shown to be associated with the prevention and prognosis of COVID-19 (12–14). Vitamin D deficiency has now been defined as a pandemic. As an important part of public health, identifying vitamin D deficiency is vital. However, a single measurement of vitamin D costs £9.86 and between 70.4% and 77.5% of tests are likely to be inappropriate (15). Testing for vitamin D in all populations does not appear to be appropriate. An Endocrine Society Clinical Practice Guideline recommends screening for vitamin D in people at risk for deficiency; they do not recommend screening for vitamin D in people who are not at risk (16). The use of prediction tools to identify patients at high risk of vitamin D deficiency is necessary. As of now, there are no prediction tools for predicting vitamin D risk in the general community population.

Machine learning is one of the fastest growing technology areas today and is widely used to enable evidence-based decision making in industries such as healthcare, manufacturing, and education (17). Machine learning is primarily based on large datasets to develop robust risk models and predict the type of person being studied (18, 19). Prediction tools developed using machine learning can be a good predictor of vitamin D deficiency risk in participants. The purpose of this study was to construct a prediction tool to predict participants’ risk of vitamin D deficiency using a machine learning method based on data that can be easily collected in a general community population.




2 Materials and methods



2.1 Data sources and study population

Data for this study were obtained from the National Health and Nutritional Examination Surveys (NHANES), a population-based, cross-sectional survey study conducted in two-year cycles since 1999 to assess the health and nutritional status of adults and children in the United States. Serum 25(OH)D as a good biomarker for evaluating vitamin D status was used in this study as a laboratory test to determine vitamin D deficiency (20). The definition of vitamin deficiency used in this study was 25(OH)D < 50 nmol/L as recommended by an Endocrine Society Clinical Practice Guideline (16). Data from NHANES 2001-2018 containing 25(OH)D measurements were included in this study. In particular, serum 25(OH)D data from NHANES 2001-2006 were determined by the radioimmunoassay (RIA) method, which, due to excessive methodological bias and inaccuracy, was switched to liquid chromatography-tandem mass spectrometry (LC-MS/MS), a method that has better specificity and sensitivity, in the follow-up to NHANES 2007-2018 (21). Whereas serum 25(OH)D data from NHANES 2001-2006 have been converted to 25(OH)D measurements from equivalent LC-MS/MS methods by using regression.

For simplicity and ease of use of the model, only information that could be obtained in the community through a simple interview was included as variables for instrument development: gender, age, race, total number of people in the Household (H.Size), household income to poverty income ratio (H.PIR), body mass index (BMI), whether or not someone smokes in the household (H.Smoke), past 30-day milk product consumption (Milk), diabetes. Race is categorized as Mexican American, Non-Hispanic White, Non-Hispanic Black, Other Hispanic, or Other Race. For H.Size over 7 or more defined as 7. For H.PIR more than 5 is defined as 5. For the past 30-day milk product consumption, four frequencies were used to distinguish between never, rarely, sometimes, and often, with never meaning never drinking milk; rarely meaning less than once a week; sometimes meaning once a week or more but less than once a day; and often meaning once a day or more.

The data analyzed in this study were obtained from NHANES and did not require additional ethical review by the investigator’s affiliated institution. NHANES has received approval from the National Center for Health Statistics (NCHS) Research Ethics Review Board.




2.2 Statistical analysis

Normally distributed continuous variables are expressed as mean ± standard deviation, non-normally distributed continuous variables as median (interquartile range), and categorical variables as percentages. Continuous variables were analyzed with the Independent Student’s t-test or Mann-Whitney U analysis; categorical variables were analyzed with the chi-square test or Fisher’s test. All statistical analyses were realized based on the “CBCgrps” package in R software.




2.3 Model construction, evaluation and validation

Data from the NHANES database for nine cycles from 2001-2018 were included for analysis. The included data were randomly divided into training and validation sets in the ratio of 70:30. We used the extracted variables as machine learning features for analysis. Six machine learning algorithms, Gradient Boosting Machine (GBM), Logistic Regression (LR), Neural Network (NNet), Random Forest (RF), Support Vector Machine (SVM), and eXtreme Gradient Boosting (XGBoost), were used to construct the classification model. Ten 10-fold cross validation resampling was used to ensure stability and reproducibility of model performance. Receiver operating characteristic (ROC) curves were plotted to evaluate the discriminative performance of the model, and the area under the curve (AUC) of the ROC curve was calculated. The AUC value was used as the main statistical indicator to evaluate the predictive performance of the model. To evaluate the predictive performance of the model more comprehensively, this study also reports accuracy (ACC), positive predictive value (PPV), negative predictive value (NPV), sensitivity (SEN), specificity (SPE), F1 score, Matthews correlation coefficient (MCC). The closer these statistics are to 1 the better the predictive performance of the model. Kappa values are used to determine whether the model’s results are consistent with actual results. The Kappa value is between -1 and +1, the closer the Kappa value is to 1, the better the consistency is, and if it is greater than 0.75, the consistency is excellent. The Brier Score combines the differentiation and calibration of the model and is used to evaluate the overall performance of the model, and the closer the Brier Score is to 0, the closer the predicted value is to the actual value (22). Decision curve analysis (DCA) is used to assess the clinical utility of models in decision making (23). The best machine learning predictive model was selected using AUC statistic value as the main statistic combined with various statistical indicators. Shapely Additive exPlanations (SHAP) values were used to interpret the best machine learning models (24). In addition, for the best machine learning models, an online web calculator is further constructed to facilitate the use of the models.

All statistical analyses, model construction and validation in this study were based on R software (version 4.1.3).





3 Results

There were 62,919 participants enrolled in the study, all the participants included in the study were 2 years old and above, of which 20,204 (32.1%) participants had vitamin D deficiency. The entire flow of the analysis is shown in the flowchart (Figure 1). The included data were randomly divided into training and validation sets in a ratio of 70:30, and the characteristics of the patients in the training set are shown in Table 1. The performance of the models constructed by each method was determined by resampling with ten ten-fold cross validation. AUC values were calculated based on the ROC curves (Figures 2A, B). The AUC values of GBM, LR, NNet, RF, SVM, and XGBoost in the training set are 0.796, 0.76, 0.778, 0.96, 0.8, and 0.995, respectively; and in the validation set are 0.786, 0.767, 0.79, 0.979, 0.837, and 1, respectively (Table 2). The model constructed by the XGBoost method has the best and near-perfect prediction performance in both the training and validation sets. To avoid the bias caused by data imbalance, this study further calculates ACC, PPV, NPV, SEN, SPE, F1 score, and MCC to evaluate the prediction performance of the model more comprehensively, as shown in Table 2. XGBoost obtained excellent results on all types of statistical metrics used to evaluate differentiation. The Kappa values of GBM, LR, NNet, RF, SVM, XGBoost in the training set are: 0.407, 0.353, 0.382, 0.745, 0.476, 0.928; and in the validation set are: 0.395, 0.36, 0.38, 0.821, 0.53, 0.997 (Table 2). The Brier score values of GBM, LR, NNet, RF, SVM, XGBoost in the training set are: 0.165, 0.178, 0.172, 0.084, 0.166, 0.042 respectively; and in the validation set are: 0.168, 0.175, 0.166, 0.068, 0.154, 0.013 respectively (Table 2). The XGBoost method also shows excellent consistency. The DCA curves show that the XGBoost-based model achieves higher net gains than the “all intervention” or “no intervention” strategies over the full range of thresholds, both in the training set (Figure 2C) and the validation set (Figure 2D). Combined with the various model performance evaluation statistics, the XGBoost-based model has the best and almost perfect performance.




Figure 1 | Flowchart of data screening and analysis. NHANES, National Health and Nutritional Examination Surveys; GBM, Gradient Boosting Machine; LR, Logistic Regression; NNet, Neural Network; RF, Random Forest; SVM, Support Vector Machine; XGBoost, eXtreme Gradient Boosting; ACC, accuracy; PPV, positive predictive value; NPV, negative, predictive value; SEN, sensitivity; SPE, specificity; MCC, Matthews correlation coefficient.




Table 1 | Characterization of participants in the training set.






Figure 2 | ROC and DCA curves for each method. (A) ROC in the training set. (B) ROC in the validation set. (C) DCA curves in the training set. (D) DCA curves in the validation set.




Table 2 | Evaluation metrics of the models constructed by each method.



We further plotted a summary of SHAP values (Figure 3) to interpret the XGBoost model results. For each feature, a point corresponds to a patient. The position of the point on the X-axis (i.e., the actual SHAP value) indicates the effect of the feature on the model output for that particular patient.The higher the feature on the Y-axis, the more important the feature is to the model. The results show that for this model, the features included are, in order of importance, Race, Age, BMI, H.PIR, Milk, H.Size, Gender, H.Smoke, and Diabetes. We also constructed an online web calculator based on the XGBoost method in order to facilitate the use of the model (Figure 4, https://jialeguo.shinyapps.io/vitamin_D_deficiency/).




Figure 3 | Summary plot of SHAP values for the model constructed by XGBoost algorithm. The horizontal position “SHAP value” indicates whether the impact of the value is associated with a higher or lower prediction, and the color of each SHAP value point indicates whether the observed value is higher (purple) or lower (yellow). The vertical coordinates show the importance of the features, sorted by the importance of the variables in descending order, with the upper variables being more important to the model.






Figure 4 | Online web calculator based on XGBoost modeling. Race is categorized as Mexican American, Non-Hispanic White, Non-Hispanic Black, Other Hispanic, or Other Race. Household Size: total number of people in the Household. Household Size over 7 or more defined as 7. Household PIR: household income to poverty income ratio. Household PIR more than 5 is defined as 5. BMI, body mass index; Household smoking, whether or not someone smokes in the household; Milk consumption, past 30-day milk product consumption. For Milk consumption, four frequencies were used to distinguish between never, rarely, sometimes, and often, with never meaning never drinking milk; rarely meaning less than once a week; sometimes meaning once a week or more but less than once a day; and often meaning once a day or more.






4 Discussion

This study uses data collected through interviews in a community-based population: gender, age, race, H.Size, H.PIR, BMI, H.Smoke, Milk, and diabetes. These nine variables were used as machine learning features to construct the model. Six machine learning methods (GBM, LR, NNet, RF, SVM, and XGBoost) were used to construct the model, and the model was evaluated for discrimination, fit, and clinical efficacy. Figures 2A, B show the main evaluation result of the discrimination: the ROC curve. The higher the convexity and the more skewed towards the upper left corner of the corresponding curve for each machine learning model, the better its differentiation. The results of the ROC curves in this study show that XGBoost-based has the best discrimination performance both in the training and validation sets. This is also confirmed in other complementary evaluation metrics: ACC, PPV, NPV, SEN, SPE, F1 score, and MCC. The results of the evaluation of clinical efficacy are presented in Figures 2C, D: DCA curves. The line corresponding to “Treat All” in the DCA curves shows the net benefit of intervening on all participants, and the line corresponding to “Treat None” shows the net benefit of not intervening on all participants. Therefore, it makes sense to construct a model that has a threshold probability that the net benefit is higher than both “Treat All” and “Treat None”. In this study, all the models have some clinical utility within a certain threshold. In particular, the model constructed by the XGBoost method has a higher net benefit than the “Treat All” or “Treat None” strategies within all thresholds. Ultimately, the model of the XGBoost method has the best and near perfect performance. This study further used SHAP values to interpret the model of XGBoost method, and among the variables included, race, age, and BMI were the top three important characteristics. In addition, an online web calculator was constructed based on the model of the XGBoost method for ease of use. Using this online web calculator, it is possible to screen community populations for vitamin D deficiency through a simple interview. The population in this study originated from the American community, where the prevalence of vitamin D deficiency was 32.11%. Vitamin D deficiency, a global public health problem, has different prevalence rates in different regions. Defined as vitamin D deficiency with 25(OH)D less than 50 nmol/L as recommended by an Endocrine Society Clinical Practice Guideline, the prevalence of vitamin D deficiency is 34.22% in Africa (25); 34.76% in South America (26); and 57.69% in Asia (27).

Both major forms of vitamin D forms (vitamin D2 and vitamin D3) are rarely found in food; vitamin D2 is found in plants and mushrooms; vitamin D3 is found in foods of animal origin, e.g., salmon, butter, and liver. Vitamin D in the body comes mainly from ultraviolet light exposure of the skin rather than through food intake. When human skin is exposed to ultraviolet light at wavelengths between 290 and 315 nm, it converts 7-dehydrocholesterol present in the epidermis to pre-vitamin D3 (28, 29). In turn, it is rapidly metabolized to vitamin D3 by thermal isomerization, which in turn is bound to vitamin D-binding proteins in the blood and transported to the liver. Converted to 1α,25(OH)2D3, the major biologically active metabolite form of vitamin D, sequentially by primary hydroxylation in the liver and kidney, respectively (28). This major source form of vitamin D in the body determines differences in vitamin D levels among different races and populations. The risk of vitamin D deficiency is related to race (30, 31), with darker-skinned races being less able to synthesize vitamin D from sunlight (32). In addition, latitude, season, atmospheric pollution, time spent outdoors, use of sunscreen, and habitual dress of some races, all factors that can affect the skin’s exposure to ultraviolet light, contribute to differences in vitamin D levels (32). The effect of age on vitamin D deficiency presents a different role in adults and minors. The results of a multicenter cross-sectional study of adults aged 30-75 years in Saudi Arabia suggest that older age is a protective factor against vitamin D deficiency (33). This has been confirmed in studies from other regions (34–36). Instead, for minors, a higher risk of vitamin D deficiency was predicted with increasing age (37, 38). Obesity increases the risk of vitamin D deficiency in different regions and ages (39–41). The results of a meta-analysis showed a positive association between BMI and vitamin D deficiency (42). Several Mendelian randomization studies have also demonstrated this relationship at the causal level (43, 44). Low vitamin D levels in the obese population may be caused by the deposition of vitamin D in the adipose zone of the body, which reduces its bioavailability (45).

Vitamin D plays a crucial role in the maintenance of calcium and phosphate homeostasis, normal bone growth and mineralization (46). The effect of vitamin D on mineral homeostasis is mediated by 1,25(OH)2 D activation of the vitamin D receptor (VDR) to stimulate intestinal calcium and phosphate absorption, renal tubular calcium reabsorption, and skeletal calcium mobilization (47). Vitamin D deficiency leads to decreased calcium and phosphorus absorption and lower circulating blood calcium, which is secondary to hyperparathyroidism. Parathyroid hormone (PTH) increases renal tubular calcium reabsorption and inhibits phosphorus reabsorption in order to maintain blood calcium levels (48), and ultimately, insufficient calcium phosphate products lead to systemic bone mineralization, causing rickets in children and osteomalacia in adults (49). Vitamin D is essential for bone health, and supplementation is essential for patients at risk for fractures and/or vitamin D deficiency (50). Besides roles closely related to calcium and phosphate homeostasis and bone metabolism, vitamin D has many roles to play, especially in the immune response. It can act directly on immune cells to promote an anti-inflammatory state and maintain the balance between pro- and anti-inflammatory (51). However, although vitamin D can affect the immune system in a number of ways, it tends to be interconnected with the microbiome and influence each other and the immune system (52). Vitamin D plays an important role in the immune response and maintenance of intestinal homeostasis by influencing the number and pathways of innate lymphoid cells (ILCs), which affect the immune response in the gut (53, 54). Recent studies have shown that the composition of the gut microbiota is altered by vitamin D levels (55, 56). The gut microbiota also influences calcium and vitamin D absorption, regulates intestinal permeability, hormone secretion and immune response (57). The intestinal epithelial VDR regulates autophagy and innate immune function through genes such as ATG16L1, which may influence the microbiota profile in the gut (58). Vitamin D deficiency also plays a key role in airway microbiome composition, as weekly oral supplementation has an impact on cystic fibrosis patients (59). Therefore, it is extremely important to use vitamin D and probiotics to regulate the immune system (60).

Prediction tools are widely used in the medical field to predict clinical disease diagnosis and prognosis. Several prediction tools have been used to predict vitamin D deficiency. However, there are no prediction tools for predicting the risk of vitamin D deficiency in the general community, including young people. In addition, the sample size included in this study far exceeds that of similar previous studies. The machine learning prediction tools developed by Sluyter et al. (61) are similar to ours: both are tools developed using data that could have been collected in the community through simple inspection and interviews. However, Sluyter et al.’s study was only applicable to adults older than 50 and performed worse than the XGBoost method in this study: the best AUC value for Sluyter et al.’s prediction tool was only 0.73; whereas the AUC value for the XGBoost method in this study was 0.995. Carretero et al. (62) and Kheir et al. (63) on the other hand developed prediction tools applied to hypertensive population and ICU admitted population respectively. Their AUC values were 0.74 and 0.64, respectively. This study is the first predictive tool that can be widely applied to predict vitamin D deficiency in community populations. The best performing XGBoost method in this study had perfect predictive performance. The large number of subjects is one of the strengths of this study, which resulted in the high accuracy of the results. The results of this study show that an online web calculator using the XGBoost method can be a good predictor of vitamin D deficiency in the general population. Using this predictive tool, screening for vitamin D deficiency in the community or primary care settings can be achieved at almost no cost, avoiding much of the public health expenditure on unnecessary vitamin D testing and providing an intuitive and powerful scientific tool for health education and further testing. Based on the results of the online web calculator in this study, primary care providers can give appropriate clinical advice to their patients and make timely interventions for those at high risk of vitamin D deficiency, especially for children, pregnant women, and the elderly.

However, we need to recognize that there are still some limitations to this study. First, in order for the predictor tool to be widely applicable to various scenarios, the vast majority of the predictors used in this study were based on participants’ self-reports, which may be subject to some bias. The NHANES database, on the other hand, has a strictly standardized process for data collection, and the large sample size of the studies included in this study can avoid these biases to a certain extent. Second, although internal validation was performed in this study by dividing the entire dataset into training and validation sets, we lacked external cohort studies to validate the performance of the prediction tool. All of the populations studied in this study were from the United States, and since vitamin D levels are related to factors such as race and latitude, the results of the study need to be viewed with caution when applied to populations in other regions. External validation of the study results using external datasets, especially from other continents, is necessary in the future.




5 Conclusion

The machine learning model constructed by the XGBoost method in this study possesses almost perfect performances. Based on this model, an online web calculator was further constructed, through which the risk of vitamin D deficiency in community populations can be predicted easily and quickly, and the public health expenditures caused by unnecessary vitamin D testing can be reduced.
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Purpose

Population-based and registry studies have shown that chronic hypoparathyroidism is accompanied by long-term complications. We aimed to evaluate the risk of incident comorbidity among patients with chronic postsurgical hypoparathyroidism in real-life clinical practice in Spain.





Methods

We performed a multicenter, retrospective cohort study including patients with chronic postsurgical hypoparathyroidism lasting ≥3 years with at least a follow-up visit between January 1, 2022 and September 15, 2023 (group H). The prevalence and incidence of chronic complications including chronic kidney disease, nephrolithiasis/nephrocalcinosis, hypertension, dyslipidemia, diabetes, cardiovascular disease, central nervous system disease, mental health disorders, eye disorders, bone mineral density alterations, fracture and cancer were evaluated. Patient data were compared with a group of patients who did not develop hypoparathyroidism, matched by gender, age, and follow-up time after thyroidectomy (group NH).





Results

We included 337 patients in group H (median [IQR] age, 45 [36-56] years; median time of follow-up, 8.9 [6.0-13.0] years; women, 84.3%) and 669 in group NH (median age, 47 [37-55] years; median time of follow-up, 8.0 [5.3-12.0] years; women, 84.9%). No significant differences were found in the prevalence of comorbidities at the time of thyroidectomy between both groups. In multivariable adjusted analysis, patients with chronic hypoparathyroidism had significantly higher risk of incident chronic kidney disease (OR, 3.45; 95% CI, 1.72-6.91; P<0.001), nephrolithiasis (OR, 3.34; 95% CI, 1.55-7.22; P=0.002), and cardiovascular disease (OR, 2.03; 95% CI, 1.14-3.60; P=0.016), compared with patients without hypoparathyroidism. On the contrary, the risk of fracture was decreased in patients with hypoparathyroidism (OR, 0.09; 95% CI, 0.01-0.70; P=0.021).





Conclusion

This study demonstrates that, in the clinical practice of Spanish endocrinologists, a significant increase in the risk of chronic kidney disease, nephrolithiasis and cardiovascular disease, as well as a reduction in the risk of fractures is detected. These results are of interest for the development of new clinical guidelines and monitoring protocols for patients with hypoparathyroidism.





Keywords: postsurgical hypoparathyroidism, comorbidity, incidence, prevalence, thyroidectomy





Introduction

Hypoparathyrodism is a rare endocrine disorder characterized by absence or inappropriately low levels of parathyroid hormone leading to hypocalcemia and hyperphosphatemia (1). In approximately 75% of cases it occurs as a complication of anterior neck surgery and is therefore seen more frequently in older adult women (2). Postsurgical hypoparathyroidism is a result of inadvertent removal or injury of the parathyroid glands during thyroid or parathyroid surgery. Hypoparathyroidism may be transient, lasting several days or weeks, protracted, lasting some months, or permanent (1, 3, 4). Hypoparathyroidism is considered definitive or permanent when the need for treatment with calcium and active vitamin D metabolites lasts more than 6 months (3, 4) or 12 months after surgery (5–7). The prevalence of permanent hypoparathyroidism varies depending on patient characteristics, diagnostic criteria, surgical experience and geographical area (8). Based on data from reviews and meta-analyses, the prevalence of postoperative persistent hypoparathyroidism had been estimated to be 0-3% (8). However, more recent studies conducted using national registries (9, 10) or multicenter cohort analyses (6, 11, 12) have shown prevalence values between 11-28%. In the particular case of Spain, a multicenter, nationwide study, carried out in the setting of clinical practice, in reference centers, showed that the prevalence of definitive hypoparathyroidism among patients with total thyroidectomy was 14.5% (6). All these data emphasize the potential importance of this hormonal deficiency in patients undergoing thyroid surgery.

Main goals of management of patient with hypoparathyroidism include normalization of calcium and phosphate metabolism parameters and preventing signs and symptoms of hypocalcemia and hypercalcemia (1). An additional objective in long-term follow-up should be the prevention of complications and comorbidities (3, 4). It has been reported that patients with hypoparathyroidism have a high risk of developing kidney failure, kidney stones, neuropsychiatric disease, epilepsy and cataracts in comparison with normal population (13–15). More recent studies have found that hypoparathyroidism is also associated with cardiovascular disease, infections and even an increased risk of mortality (16). The association of hypoparathyroidism with fractures is controversial, since variable results have been found in different studies (16, 17). Furthermore, a study showed that the risk of gastrointestinal cancer was significantly reduced in patients with postsurgical hypoparathyroidism (14).

Most authors who have associated chronic hypoparathyroidism with various comorbidities have carried out population-based studies or have used data from large national registries. To our knowledge, no clinical series of patients with hypoparathyroidism or studies that use data from routine clinical practice have been published to elucidate the risks of comorbidity in these patients in real life. Hence, in this study we aimed to compare the appearance of different comorbidities diagnosed after total thyroidectomy in a group of patients with long-term definitive hypoparathyroidism with those found in a similar group of thyroidectomized patients without hypoparathyroidism.





Methods




Subjects

This is a multicenter, retrospective cohort study, with data from routine clinical practice, performed in patients treated by total thyroidectomy for any cause with a follow-up time of at least three years after surgery. We included all patients with permanent hypoparathyroidism lasting at least 3 years (group H) who attended the endocrinology clinics of the participating hospitals during the study period. For comparison purposes, we also analyzed a control group of patients who did not develop permanent hypoparathyroidism after surgery (group NH). For each patient, 1-3 controls matched by sex, age, and follow-up time after thyroidectomy were selected.

Inclusion criteria for patients with and without hypoparathyroidism were the following: age ≥18 years at the time of total thyroidectomy (one or two stages), availability of histological report, follow-up in the same hospital for a period ≥3 years, and date of last visit between January 1, 2022 and September 15, 2023.





Study design

This project was disseminated through the Thyroid Task Force of the Spanish Society of Endocrinology and Nutrition (Sociedad Española de Endocrinología y Nutrición, SEEN) composed of endocrinologists with special expertise and dedication to thyroid disease. Twenty investigators from 16 hospital centers agreed to participate in the study. A review of the medical records of all patients who met the inclusion criteria was performed. Each investigator selected patients with hypoparathyroidism who met the inclusion criteria and with at least one follow-up visit during the recruitment period.

We collected information on clinical and demographic data, initial surgery, pathological details, prevalent chronic diseases before thyroidectomy, follow-up time after surgery, and incident diseases detected in clinical practice until the last visit. For the study of prevalence and incidence, the following conditions were considered: chronic kidney disease (stage 3 or higher, i.e., estimated glomerular filtration rate <60ml/min/1.73m2), nephrolithiasis/nephrocalcinosis, hypertension, dyslipidemia, diabetes, cardiovascular disease, central nervous system disease, mental health disorders, eye disorders, bone mineral density (BMD) alterations, fracture and cancer. The usual criteria were used for the diagnosis of these procedures in clinical practice and the presence of the diagnoses was verified in the patients’ medical record. The glomerular filtration rate was estimated by the usual method in each of the participating hospitals (CDK-EPI equation (18) in 58% of the subjects and MDRD 4-variable equation (19) in 42%). For each patient we recorded all prevalent diseases at the time of thyroidectomy and all incident diseases, with the date of diagnosis, from thyroidectomy to the end of follow-up. We also registered the chronic pharmacological treatments used by patients both at the time of thyroidectomy and at the last follow-up visit.

All patient’s data were obtained under the standard medical care conditions. The patient’s confidential information was protected according to national law, and the study received favorable report from the ethics committee of the Hospital Universitario Puerta de Hierro Majadahonda (PI 253/22).





Statistical analysis

For quantitative variables, results are expressed as median (interquartile range, IQR). Categorical variables are described as absolute values, ratios, or percentages. For proportion comparisons, the chi-square test or Fisher’s exact test was used. The McNemar test was used to compare the proportions of drug use at the time of thyroidectomy and at the last follow-up visit (paired data). For the analysis of incident comorbidities we estimated the values (with the 95% confidence interval) for the cumulative incidence and incidence rate in patients in group H. For the NH group we estimated the proportion of patients who developed incident diseases. For this analysis, the risk of each comorbidity was assessed among patients free of that condition during the baseline period.

Cumulative incidence (%) was calculated as the number of new cases of disease during follow-up divided by the total number of individuals in the population at risk at the beginning of follow-up. Incidence rate (cases per 100 patient-years) was estimated as the number of new cases of disease divided by the sum of the individual observation times of the at-risk population. To analyze the risk of developing comorbidities in patients with hypoparathyroidism we estimated the odds ratio (OR) as the ratio between the odds in group H and those obtained in the group NH, along with the corresponding 95% confidence interval.

To assess the association of hypoparathyroidism with the appearance of incident comorbidities, we selected the incident diseases in which a significant increase or decrease in odds ratio was detected in patients with hypoparathyroidism compared to group NH. In these cases, we performed a survival analysis using the Kaplan-Meier method, with the log-rank test used to compare groups. Multivariable logistic regression analysis was conducted to evaluate the relative importance of hypoparathyroidism as well as demographic and clinical characteristics of patients for the development of the different comorbidities. For the multivariable analysis, two models were used. Model 1 was adjusted for hypoparathyroidism, gender, age, thyroidectomy, histopathology, hypertension, dyslipidemia, diabetes, cardiovascular disease, and BMD alterations; model 2 was adjusted for the same covariates, and nephrolithiasis, central nervous system disease, mental health disorders, eye disorders, fracture, and cancer. All used tests were two-sided and differences were considered significant when P < 0.05. SPSS software version 21 was used to perform the statistical analysis.






Results




Studied patients

Of the 366 patients with hypoparathyroidism initially selected for the study, 59 were excluded due to lack of clinical data during follow-up. Finally, in group H, 337 patients were included (284 women, 84.3%), aged between 18-80 years (median, 45[36-56] years). One hundred and twelve patients (33.2%) underwent thyroidectomy due to benign thyroid disease (follicular nodular disease in 65.2% of these cases, Graves’ disease in 16.1%, chronic thyroiditis in 12.5% and others in 6.3%) and 225 (66.8%) due to thyroid cancer (papillary in 86.2% of these cases, follicular in 8.0%, oncocytic in 1.3% and others in 4.4%). The median follow-up time after thyroidectomy was 8.9 (6.0-13.0) years. The most common prevalent diseases at the time of thyroidectomy were dyslipidemia (19.3%), hypertension (16.3%), mental health disorders (13.1%), diabetes (4.5%), cancer (5.3%), eye disorders (3.3%), and cardiovascular disease (3.0%). The rest of the comorbidities were detected in less than 3% of the patients (Table 1).


Table 1 | Demographic and clinical characteristics of patients with and without hypoparathyroidism.




The majority of patients in group H followed replacement treatment with oral calcium and calcitriol (n=191, 86.4%). There were 41 patients (12.2%) who only required calcitriol and 5 (1.5%) that were treated with only oral calcium. In addition, 138 patients (40.9%) were receiving treatment with vitamin D supplements (Supplementary Material, Supplementary Table 1). Control of hypoparathyroidism was generally adequate (Supplementary Material, Supplementary Table 2). 88.1% of the patients had serum calcium values equal to or greater than 8.0 mg/dl, 65.5% of them had serum phosphorus values equal to or less than 4.5 mg/dl and 98.5% had a serum calcium-phosphorus product less than 55 mg2/dl2. 24-hour urinary calcium excretion (quantified in 152 patients) was considered normal (<250 mg/24 h in women, <300 mg/24 h in men) in 73.7% of patients with this parameter available.

The group NH consisted of 669 patients (568 women, 84.9%) aged between 18 and 79 years (median 47[37-55] years). Demographic and clinical characteristics are shown in Table 1. We did not observe any differences between groups regarding gender, age, time of follow-up, and type of thyroidectomy. However, the percentage of patients with thyroid cancer was higher in group NH (82.1%) in relation to group H (66.8%; P<0.001). Differences between both groups in the prevalence of the different studied comorbidities were not observed.





Incident comorbidities during follow-up

The values of cumulative incidence and incidence rate in patients with hypoparathyroidism are summarized in Table 2 and row data are shown in Supplementary Table 3 (Supplementary Material). Incident comorbidities more commonly diagnosed during follow-up in patients in group H were dyslipidemia (incidence rate 2.14[1.57-2.70] cases per 100 patient-years), mental health disorders (1.61[1.14-2.08] cases per 100 patient-years) and arterial hypertension (1.58[1.11-2.05] cases per 100 patient-years).


Table 2 | Obtained values of cumulative incidence and incidence rates of incident comorbidities in patients with hypoparathyroidism and proportion of patients without hyperparathyroidism who develop incident comorbidities.



When analyzing the association of hypoparathyroidism with the appearance of incident diseases, we found that, in comparison with group NH, patients in group H exhibited a significantly higher OR for the incidence of chronic kidney disease (2.94[1.56-5.55]; P=0.001), nephrolithiasis (3.07[1.46-6.45]; P=0.003) and cardiovascular disease (1.98[1.15-3.42]; P=0.014), and a significantly lower relative risk for fracture (0.10[0.01-0.72]; P=0.023) (Table 2; Figure 1). When each of the considered cardiovascular diseases were studied individually (i.e., coronary heart disease, cerebrovascular disease, and others), no significant increase in the OR was observed in patients with hypoparathyroidism (Table 2).




Figure 1 | Odds ratio (with 95% confidence intervals) in patients with hypoparathyroidism in comparison with patients without hypoparathyroidism for chronic kidney disease, nephrolithiasis, cardiovascular disease, and fracture. *P < 0.05, **P < 0.01.







Survival analysis

To assess the influence of hypoparathyroidism for the development of incident comorbidities, we performed a survival analysis using the Kaplan-Meier curves. Only the four incident comorbidities in which a significant increase or reduction in OR was detected in patients with hypoparathyroidism were analyzed (Figure 2). Survival free of incident disease was significantly lower in group H regarding chronic kidney disease (P=0.002), nephrolithiasis (P=0.004) and cardiovascular disease (P=0.020). However, incident fracture-free survival was significantly higher in group H compared to group NH (P=0.004).




Figure 2 | Kaplan-Meier curves for time of follow-up without developing incident chronic kidney disease, nephrolithiasis, cardiovascular disease, and fracture in patients with (solid lines) and without (dashed lines) hypoparathyroidism. Ordinate scale: survival function (proportion of patients not developing incident disease). Abscissa scale: time of follow-up (years).







Multivariable logistic regression analysis

Results of multivariable logistic regression analysis are shown in Supplementary Tables 4–7 (Supplementary Material). A summary of the most relevant findings is shown in Figure 3. This multivariable analysis, both in model 1 and model 2, showed statistically significant association of chronic kidney disease with the presence of hypoparathyroidism (OR in model 2, 3.45[1.72-6.91]; P<0.001), and advanced age (OR in model 2, 1.07[1.03-1.10]; P<0.001). In the case of nephrolithiasis, the only factor significantly related in the multivariate analysis was hypoparathyroidism (OR in model 2, 3.34[1.55-7.22]; P=0.002). Incident cardiovascular disease was significantly related to hypoparathyroidism (OR in model 2, 2.03[1.14-3.60]; P=0.016) and age (OR in model 2, 1.03[1.01-1.06]; P=0.010). Lastly, our analysis showed that the risk of fracture was significantly increased in patients with nephrolithiasis (OR in model 2, 6.86[1.06-44.37]; P=0.043) but reduced in patients with hypoparathyroidism (OR in model 2, 0.09[0.01-0.70]; P=0.021).




Figure 3 | Summary of the results of the multivariable logistic regression analysis (model 2) to study the influence of hypoparathyroidism and different variables on the development of incident comorbidities (chronic kidney disease, nephrolithiasis, cardiovascular disease, and facture). Data are the odds ratio with 95% confidence intervals. NS, non-significant; *P < 0.05, **P < 0.01, ***P < 0.001.







Pharmacological treatments

No significant differences were found between both groups in the drug categories studied before thyroidectomy. As expected, at the last visit, patients in group H had a significantly greater use of drugs related to the treatment of hypoparathyroidism, i.e., calcium, calcitriol, and thiazide diuretics, as well as a slight but significant lower use of angiotensin-converting enzyme (ACE) inhibitors. The proportions of use of most pharmacological categories increased significantly in both groups, without clinically relevant differences. However, the use of insulin, antiarrhythmic and antipsychotic agents did not increase significantly in any group. Finally, the use of non-thiazide diuretics and calcium antagonists increased significantly only in the NH group (Table 3).


Table 3 | Pharmacological treatments used by patients before thyroidectomy and at the last follow-up visit.








Discussion

The results of the present study show that, in real-life clinical practice in Spain, patients with permanent postsurgical hypoparathyroidism have a higher risk of developing chronic kidney disease, nephrolithiasis, and cardiovascular disease, compared to thyroidectomized patients with normal parathyroid function. On the contrary, hypoparathyroidism seems to reduce the risk of incident fracture. Our data do not show any influence of hypoparathyroidism on other chronic conditions such as hypertension, dyslipidemia, diabetes, mental health disorders, eye disorders, BMD alterations or cancer.

Chronic hypoparathyroidism is associated with different complications that affect multiple organ systems. A recent systematic review (20) recognizes the presence of cataracts in 17% of patients, nephrocalcinosis/nephrolithiasis in 15%, renal failure in 12%, depression in 12%, seizures in 11%, infection in 11%, ischemic heart disease in 7% and arrhythmias in 7%. Most of these prevalence data have been obtained from registry or population-based studies (13–15, 21, 22). Our study has used a different methodology and should be understood as a real-life analysis of the comorbidities presented by patients with long-term chronic hypoparathyroidism and that are diagnosed in the clinical practice of Spanish endocrinologists. To correctly interpret and analyze these results, we must take into account that the clinical guidelines do not clearly establish the necessary examinations for the detection of comorbidities in hypoparathyroidism and that, therefore, most Spanish endocrinologists do not carry out a formal assessment of all possible complications in clinical practice. This fact has recently become evident in an international survey of expert endocrinologists that showed that most of them do not monitor intracerebral calcifications, ophthalmological examination for cataract or BMD on a regular basis (23).

Renal conditions are among the most common complications in patients with hypoparathyroidism (21). The prevalence of chronic kidney disease in patients with hypoparathyroidism ranges from 2.5 to 41% (7, 24) and nephrolithiasis/nephrocalcinosis occurs in 19-31% of patients (13, 24, 25). Our data obtained in clinical practice differ from the findings of previous population-based and registry studies (16, 22, 26, 27). Our results in group H showed that 7.27% of patients developed chronic kidney disease and 5.41% presented with nephrolithiasis throughout the follow-up. In patients with normal parathyroid function these values were only 2.60% for renal failure and 1.83% for nephrolithiasis. The incidence rate was 0.73 cases per 100 patient-years for chronic kidney disease and 0.54 cases per 100 patient-years for nephrolithiasis. Similar to that reported in other studies (13), our multivariate analysis shows that patients with hypoparathyroidism, compared to the NH group, have a three-fold increased risk for chronic kidney disease (OR 3.45; 95% CI, 1.72-6.91) and nephrolithiasis (OR 3.34; 95% CI, 1.55-7.22). Age was also a factor significantly related to chronic kidney disease, while for nephrolithiasis the only factor was hypoparathyroidism.

Hypoparathyroidism may increase the risk of hypercalciuria due to the lack of tubular calcium reabsorption by PTH. Furthermore, treatment with large doses of calcium and active vitamin D can also increase the risk of hypercalciuria, renal stones, and renal insufficiency (25, 28). An increase in the calcium-phosphorus product, together with the deposit of calcium phosphate has been implicated in the increase of renal failure and nephrolithiasis in patients with hypoparathyroidism (13, 27). The number of episodes of hypercalcemia and the duration of disease have also been considered risk factors associated with kidney disease (26).

One of the most noteworthy findings of our study is the increased risk of overall cardiovascular disease in patients with hypoparathyroidism (OR in multivariable analysis, 2.03; 95% CI, 1.14-3.60). Although the subgroup analysis did not show an increase in risk in each of the considered conditions, 8.26% of our patients developed some type of cardiovascular disease during follow-up. Our results contrast with those found in a study of 688 patients with postsurgical hypoparathyroidism identified in a Danish national registry by Underbjerg et al. (13). Compared with controls, these patients did not have an increased risk of cardiovascular disease, cardiac arrhythmias or death. However, in a subsequent study, conducted in 180 patients with nonsurgical hypoparathyroidism, these authors (15) found a significantly increased risk of cardiovascular disease (HR 1.91; 95% CI, 1.29-2.81), similar to that found in the present survey. The population-based study by Vadiveloo et al. (21) showed that nonsurgical hypoparathyroid patients had increased risk of cardiovascular (HR 2.18; 95% CI, 1.41-3.39) and cerebrovascular disease (HR, 2.95, 95% CI, 1.46-5.97). A national population-based Korean study (22) also showed that patients with nonsurgical hypoparathyroidism had a higher risk of cardiovascular disease, especially arrhythmia (HR, 2.03; 95% CI, 1.11-3.70) and heart failure (HR, 2.43; 95% CI, 1.22-4.83). Similarly, a retrospective cohort study using a large medical insurance database in USA showed that patients with chronic hypoparathyroidism had significantly higher risk of incident cardiovascular conditions compared with those without hypoparathyroidism (HR 1.63; 95% CI, 1.52-1.75) (29).

Chronic hypocalcemia and the lack of action of PTH at the cardiac and vascular levels have been implicated as causal factors in cardiovascular complications. In an elegant study, Underbjerg et al. (26) have shown that disturbances in calcium-phosphate homeostasis are significantly associated with risk of complications. In particular, the increased cardiovascular risk was associated with an increased number of hypercalcemic episodes, lower time-weighted serum ionized calcium, and longer duration of hypoparathyroidism.

We analyzed changes in the drug therapies of the two groups of patients. The use of drugs in the baseline situation prior to surgery was very similar between both groups. As expected, at last visit, the use of drugs related to hypoparathyroidism was significantly higher in group H. However, the use of remaining drugs at last visit was similar in both groups, with the exception of a higher proportion of ACE inhibitor users in group NH (group (27.1 vs. 20.8%; P=0.031). The use of calcium and vitamin D has been linked to a possible increase in cardiovascular risk, although study results have been conflicting (13). Our data suggest, but do not prove, that the lower use of ACE inhibitors in group H could be related to the increased risk of cardiovascular disease, although this relationship is uncertain.

On the other hand, our study did not show any relationship between hypoparathyroidism and some of the classic risk factors for cardiovascular disease, such as diabetes, dyslipidemia, and hypertension. We have not found any previous studies showing associations of chronic hypoparathyroidism with hypertension or dyslipidemia. Nevertheless, a recent retrospective database report suggests that chronic hypoparathyroidism is associated with an increased risk of type 2 diabetes (HR 1.80; 95% CI, 1.64-1.96) (30). Further research is needed to confirm these results and understand the potential mechanisms of this association.

It has been well established that PTH deficiency is accompanied by a reduction in bone turnover and abnormalities in skeletal microstructure, both in cortical and cancellous compartments (31–33). An increase in BMD in patients with hypoparathyroidism compared to individuals matched for age and sex has been reported (25, 32, 34). This increase in BMD, in general, affects all skeletal sites, with higher values in the lumbar spine (33). It is not, however, well established whether this increase in BMD is accompanied by a decrease in the risk of fractures, since the available studies have shown contradictory results (14–16, 21, 22, 35, 36). Apart from BMD, other risk factors for fractures in patients with hypoparathyroidism, such as impairment in the trabecular microarchitecture, should be considered. A recent study has shown that bone marrow adipose tissue is increased in postmenopausal women with postsurgical hypoparathyroidism and negatively associated with trabecular microarchitecture (37).

On the other side, it should be emphasized that the evaluation of clinical fractures is not a sensitive method and, therefore, is not the ideal procedure to study the incidence of skeletal health problems in patients with hypoparathyroidism. Recent data showed that a morphometric approach is essential for evaluating bone health in patients with endocrine disorders known to affect skeletal health (38). Therefore, the proactive search of clinically asymptomatic fractures by this method has been recognized as one of the most useful tools in these patients (38). In fact, in a study carried out on 50 postmenopausal women with chronic hypoparathyroidism and 40 age-matched healthy postmenopausal women, Cipriani et al. (36) demonstrated that, although BMD values were higher in the hypoparathyroid group in comparison to healthy controls, patients exhibited a higher incidence of asymptomatic skeletal fractures at vertebral spine.

Furthermore, clinical guidelines do not give precise indications (4) or recommend against routine BMD monitoring (3). However, the detection of incident alterations in BMD in 6.38% of patients in group H and 5.72% of patients in group NH suggests that this examination is frequently used in the clinical practice of Spanish endocrinologists. Although our data did not show statistically different changes in BMD between both groups, a lower risk of incident fracture in patients with hypoparathyroidism compared to subjects with normal calcium metabolism was found. This finding is in line with a recent study that have shown that prevalence of fragility fractures was low in women with hypoparathyroidism and compatible with low fracture risk estimated by the FRAX tool (39). Taken together, these data suggest, although they do not demonstrate, that hypoparathyroidism protects against fracture risk (32). Nonetheless, these data should be taken with caution, because the incidence of fractures was not actively sought by the researchers of this retrospective study and it is possible that some cases of fractures were not detected in clinical practice. Our study also showed a strong association of nephrolithiasis with the incidence of fractures. This data is difficult to explain and could be related to the small number of events recorded in group H.

Mental health disorders, including depression, anxiety and bipolar affective disorder have been reported in patients with hypoparathyroidism (14, 21, 22). Our survey detected that 15% of patients with hypoparathyroidism had mental health disorders throughout the follow-up. This cumulative incidence was slightly higher than that found in group NH, although it did not reach statistical significance. The detection of psychiatric problems is common in patients with hypoparathyroidism and has been related to a decrease in the quality of life of these patients. Different studies have been able to demonstrate a significant negative impact on mental and emotional health using instruments validated for chronic diseases (40–42) and also disease-specific instrument developed and validated for hypoparathyroidism (43). As with tumor development, a protective role of vitamin D for neurocognitive disorders is possible. In fact, some data suggest that vitamin D is important for normal brain development and function in rodents and humans (44). In a recent study, carried out in coronoavirus disease-19 (COVID) survivors with long COVID, lower 25(OH)-vitamin D levels were observed in those with neurocognitive symptoms at follow-up than those without (45). However, vitamin D supplements have produced conflicting results on neurocognitive performance (44).

Although our patients with hypoparathyroidism had a higher proportion of eye disorders during follow-up (4.60%), the difference with patients in the NH group (3.66%) was not significant. The increased risk of cataract in hypoparathyroidism has been well documented (15, 20–22) and has been related to the duration of disease (16, 22). Similarly, we have also not found an increased risk of central nervous system diseases even though the prevalence of basal ganglia calcifications has been reported in 37% of nonsurgical patients and in 15% of postsurgical patients (46), and the risk of epilepsy has been found to be elevated in nonsurgical and surgical hypoparathyroidism (13, 20–22).

The detection of complications is clearly dependent on carrying out an active search. In the study by Mitchell et al. (25), of those patients with renal imaging, 31% had renal calcifications, and 52% of those with head imaging had basal ganglia calcifications. The lack of detection of an increased risk of cataract or central nervous system conditions can be explained because this is a retrospective study of routine clinical practice and, in our country, there are no protocols or clinical guidelines on screening for these chronic complications of hypoparathyroidism. Unfortunately, our data suggest that most of Spanish endocrinologists do not actively search for cases of cataract or central nervous system disease (47). Nevertheless, it is worth mentioning that basal ganglia calcification was not identified as one of the common complications of hypoparathyroidism in a recent systematic review of observational studies (7).

Our data do not provide evidence of a higher incidence of malignancies in patients with hypoparathyroidism. We must assume that in our study population no specific detection tests are performed on these patients, but only general population cancer screening. Our results agree with those from the Danish registry study, which showed that the risk of overall malignant diseases did not differ between patients with postsurgical hypoparathyroidism and controls (14). Nonetheless, the risk of gastrointestinal cancers was significantly lower in patients in this study (14) and the risk of overall malignancy was decreased among patients with nonsurgical hypoparathyroidism (15). This cancer risk reduction has been attributed to the use of calcium and vitamin D in these patients, since there is an inverse association between vitamin D status, calcium intake and the risk of digestive cancer (14)

Our results may have implications for clinical practice. Prevalence of complications of chronic hypoparathyroidism may vary among patient populations and the methodology used. Our findings, based on clinical practice, could provide useful information for future guidelines and consensus on the practical management of patients with hypoparathyroidism. The increased risk of cardiovascular disease registered in our analysis might explain the increased mortality in hypoparathyroidism reported in some epidemiological studies (21, 48). However, this aspect is not conclusive, since other studies have not detected an increase in mortality (13, 15, 22).

Monitoring of complications of chronic hypoparathyroidism is not well established and the recommendations offered by the guidelines are based on expert opinions and consensus statements (23). Our study highlights the long-term morbidity associated with hypoparathyroidism found in real clinical practice by Spanish endocrinologists. We suggest that a more active and rigorous monitoring of hypoparathyroidism comorbidities will lead to greater detection of complications and will have an impact on the epidemiology of the disease and the prognosis of patients.

The main strengths of our study include the high sample size, taking into account the rarity of the disease, and its multicenter and nationwide design, as well as the non-inclusion of patients with hypoparathyroidism of short duration (<3 years). Our investigation includes diagnoses made in real clinical practice by expert specialists. Although all diagnoses are reliable and are recorded in the patients’ medical records, it is possible that there are unrecorded diagnoses and, therefore, comorbidities not detected in this study. Additionally, in our study, the two groups studied were comparable at baseline not only in age, sex and time of evolution, but also in prevalent disease burden and use of drugs.

Among the limitations, we must point out that our study included a cohort with selection of a non-exposed group that is not representative of the total. However, our non-exposed group (group NH) can be considered at higher risk of developing comorbidities, since they are patients with hospital follow-up. Our study required the included patients to be alive at the time of the study, that is, it presents an immortal time bias. However, our study did not aim to analyze mortality and, furthermore, patients have a mean age (45 years) at which deaths are not expected in the short term. Although our sample size is noteworthy, it may not have a sufficient size to detect comorbidities with a low incidence. In the particular case of fractures, we have to recognize that the use of anamnesis or records of fractures with clinical manifestation are not the most appropriate procedures to investigate the impact of hypoparathyroidism on the skeleton. We do not have data on quality of life or the incidence of infections, aspects of clinical interest in these patients. Another limitation is that our study design did not include smoking and, therefore, we cannot analyze the effect of smoking on incident comorbidities in patients with hypoparathyroidism. Further to this, our study was limited to the setting of specialized medical care in Spain, so the results could vary in different settings or countries.

In summary, to our knowledge, this is the first study that analyzes a large number of incident comorbidities in patients with chronic hypoparathyroidism using clinical practice data. The results are consistent with the associations found in large-scale database and registry analysis. However, some results from clinical practice do not agree with registry studies. This may be due to the lack of agreed criteria for exhaustive screening of complications in chronic hypoparathyroidism. We believe that further real-life studies are necessary to inform the writing of future clinical guidelines and monitoring protocols.
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Context

Although a monoallelic mutation in the calcium-sensing receptor (CASR) gene causes familial hypocalciuric hypercalcemia (FHH), the functional characterization of the identified CASR mutation linked to the clinical response to calcimimetics therapy is still limited.





Objective

A 45-year-old male presenting with moderate hypercalcemia, hypocalciuria, and inappropriately high parathyroid hormone (PTH) had a good response to cinacalcet (total serum calcium (Ca2+) from 12.5 to 10.1 mg/dl). We identified the genetic mutation and characterized the functional and pathophysiological mechanisms, and then linked the mutation to calcimimetics treatment in vitro.





Design

Sanger sequencing of the CASR, GNA11, and AP2S1 genes was performed in his family. The simulation model was used to predict the function of the identified mutant. In vitro studies, including immunoblotting, immunofluorescence, a cycloheximide chase study, Calbryte™ 520 Ca2+ detection, and half-maximal effective concentration (EC50), were examined.





Results

This proband was found to carry a de novo heterozygous missense I554N in the cysteine-rich domain of CASR, which was pathogenic based on the different software prediction models and ACGME criteria. The simulation model showed that CASR I554N mutation decreased its binding energy with Ca2+. Human CASR I554N mutation attenuated the stability of CASR protein, reduced the expression of p-ERK 1/2, and blunted the intracellular Ca2+ response to gradient extracellular Ca2+ (eCa2+) concentration. The EC50 study also demonstrated the correctable effect of calcimimetics on the function of the CASR I554N mutation.





Conclusion

This novel CASR I554N mutation causing FHH attenuates CASR stability, its binding affinity with Ca2+, and the response to eCa2+ corrected by therapeutic calcimimetics.





Keywords: calcium-sensing receptor, familial hypocalciuric hypercalcemia, calcimimetics, parathyroid hormone, half-maximal effective concentration





Introduction

Familial hypocalciuric hypercalcemia (FHH) is an autosomal dominant disorder characterized by a lifelong elevation of serum calcium (Ca2+) level with hypocalciuria and inappropriately normal or high parathyroid hormone (PTH) concentrations (1, 2). Based on the causative genetic mutations, FHH type 1 (FHH1; OMIM #145980) caused by a heterozygous loss-of-function mutation in the Ca2+-sensing receptor (CASR) gene is the most common and estimated to represent approximately 85-90% of all FHH cases, followed by the AP2S1 gene (FHH3), at approximately 5-10%, and the GNA11 gene (FHH2), at less than 5% (3–7). Although most FHH patients are usually asymptomatic or mildly symptomatic, e.g., fatigue, weakness, or thought disturbances (8), the increased risk of chronic kidney disease (CKD), coronary heart disease, pancreatitis, femoral fracture, and chondrocalcinosis with advancing age has been reported (9–11). Additionally, patients with FHH may be misdiagnosed as primary hyperparathyroidism, receiving an unnecessary parathyroidectomy, which typically does not successfully normalize hypercalcemia (12).

The majority of the inactivating mutations in the CASR gene are missense and are scattered throughout the protein sequence with some clustering in the first half of the extracellular domain (ECD) (venus flytrap (VFT) domain and closely associated with the Ca2+-binding sites) and the latter part of the ECD (cysteine-rich region and parts of the transmembrane-spanning region) (Supplementary Figure 1) (13). With respect to treatment, calcimimetics act as positive allosteric modulators of the CASR that increases the receptor’s response to extracellular Ca2+ (eCa2+) levels (8), thus they have been used to treat symptomatic hypercalcemia in certain cases of FHH (14–16). To date, the use of calcimimetics in FHH is still a matter of debate, and the long-term effects of calcimimetic therapy in FHH are not yet fully understood (8). Considering the different mutant sites of the CASR gene for biodiversity, the comprehensive identification and characterization of de novo variants in CASR will provide valuable insights into the pathogenesis and elucidate the role of calcimimetics in the treatment of FHH (17).

We have encountered an adult FHH patient with moderate hypercalcemia, hypocalciuria, inappropriately high PTH levels, and progressive deteriorated renal function who had a good response to 25 mg oral cinacalcet daily for 6 months. In this study, our objective was to identify his responsible genetic mutation and assess the functional analysis of the identified mutation in relation to calcimimetic response. The results revealed a de novo heterozygous mutation (c.T1661A, I554N) in the cysteine-rich domain of the CASR gene responsible for his FHH. This missense mutation disrupted the binding of CASR I554N with eCa2+ in simulation models, leading to a decrease in the stability of CASR protein, a reduction in the expression of p-ERK 1/2, and a diminished response to eCa2+ concentration. The half-maximal effective concentration (EC50) study also demonstrated the correctable effect with the use of calcimimetics.





Materials and methods




Human subjects

This study followed the tenets of the Declaration of Helsinki and was approved by the Ethics Committee of the Institutional Review Board of the Tri-Service General Hospital (TSGH), National Defense Medical Center (TSGHIRB No.:A202105016). All methods were performed in accordance with approved guidelines. Written informed consent was obtained from the participants after a detailed description of the study.





Index case

The 45-year-old man was referred because of hypercalcemia of unknown causes for more than 5 years and a progressive decline in the estimated glomerular filtration rate (eGFR). There were no obvious symptoms related to hypercalcemia, but easy fatigue, constipation, and worsening renal function were noticed. Family and personal histories were unremarkable. The most striking laboratory abnormality was hypercalcemia (12.5 mg/dL; range, 8.6-10.2) with hypocalciuria (spot urine Ca2+/Cr ratio 0.019 mg/mg, 24-hour urinary Ca2+ excretion 32 mg/day) and an inappropriately increased iPTH (65 pg/mL; range, 10.0-69.0) (Table 1). A sonography of the parathyroid gland and abdomen were normal. Under the diagnosis of FHH, an allosteric modulator of the CASR, oral cinacalcet (25 mg/day), was given. It reduced his serum Ca2+ concentration to 10.1 mg/dL and iPTH level to 25 pg/mL, coupled with an increased urine Ca2+ excretion (spot urine Ca2+/Cr ratio of 0.06) and improved eGFR after the use of calcimimetic agent 6 months later.


Table 1 | Blood and urine data before and after cinacalcet treatment.







Molecular screening of FHH and confirmation of CASR mutation

Peripheral blood was collected and deoxyribonucleic acid (DNA) extracted following a classic phenol–chloroform protocol (QIAamp Blood Kit; Qiagen, Dusseldorf, Germany). Molecular screening of the entire CASR, GNA11, and AP2S1 coding sequences (18 exons–21 amplicons, including exon–intron boundaries) was performed. Furthermore, CASR mutation was confirmed by sequencing in both directions on the original amplicon and on a different polymerase chain reaction (PCR) product. Nine primer pairs were used to amplify exons 2–7 (which encode the receptor protein) of the CASR gene, as described previously (18). Forward and reverse primers were modified at their 5′-ends by the addition of a T7 or T3 promoter sequence, respectively, to aid in the subsequent nucleotide sequencing of the PCR product.





Simulation models of CASR mutation

The resolved structures of the extracellular domain of human CASR (PDB code: 5K5S and 5K5T) were used as a template to build the models of WT-CASR using the Homology Modeling protocol (Biovia Discovery Studio 2019). The simulation includes the loop refinement at a high optimization level. The mutant I554N model was generated using the Built Mutants protocol followed by energy minimization. The geometries of the models were optimized using the algorithm of smart minimization in the CHARMM force field including the generalized born implicit solvent model in the calculation.





Evaluating the effect of the change in mutation energy caused by mutations on the stability of CASR

AlphaFold is a computational method for predicting protein structures with atomic accuracy, even in cases in which no similar structure is known. Additionally, it can be used to evaluate and compare the similarity of these two predictive models and then utilize the results in additional advanced bioinformatic analyses. The effect of residue substitution on the stability of CASR was determined from the predictive Alphafold model using Discovery studio visualizer version v19.1.0.18287 (BIOVIA, San Diego, CA, USA). As for the calculation of the change in mutation, the energy is normalized to CASR-WT.





cDNA expression vectors and mutagenesis

The CASR variants of interest were introduced into a pCMV6 vector expressing Myc-DDK-tagged human WT CASR cDNA (RC211229, OriGene) through site-directed mutagenesis (QuikChange, Stratagene, La Jolla, CA, USA) and confirmed by DNA sequencing analysis. Briefly, the mutagenesis reaction was carried out to generate mutant pCMV6-CASR I554N-Myc-DDK and pCMV6-CASR R220W-Myc-DDK constructs using the following primers: p. I554N, For: 5′-GCAGGGACCAGGAAAGGGAACATTGAGGGGGAGCCCACC-3′ and Rev: 5′-GGTGGGCTCCCCCTCAATGTTCCCTTTCCTGGTCCCTGC-3′; p. R220W, For: 5′- GCTGATGACGACTATGGGTGGCCGGGGATTGAGAAATTC-3′ and Rev: 5′- GAATTTCTCAATCCCCGGCCACCCATAGTCGTCATCAGC-3′, the mutated bases are underlined).





Cell culture, plasmid transfection, and protein stability assay

HEK-293 cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% (v/v) fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin at 37°C in a humidified 5% CO2 incubator. HEK-293 cells (4 × 105 cells per 6-well plate) were transfected with the indicated amount of plasmid DNA using Lipofectamine 3000 reagent (Invitrogen). For each transfection, 5 µg of expression vectors was used, and the total amount of plasmid DNA was adjusted by adding empty vectors. Cells were visualized using a fluorescence microscope (Carl Zeiss, Inc., Oberkochen, Germany) with an epifluorescence filter, and images were captured using Openlab software (Improvision Inc. Lexington, MA, USA).

For protein stability analysis, transfected cells were treated with 50 mg/mL cycloheximide (CHX) for the indicated time and harvested for IB, which was performed using mouse anti-Myc monoclonal antibody (TA150121-1; OriGene). Phospho-ERK1/2 (Thr202 and Tyr204) antibody (#9101; Cell Signaling Technology) was used for IB.





Fluorescence measurements of iCa2+ in the whole cell population

The iCa2+ was measured in CASR-expressing HEK293 cells (approximately 5×105 cells/ml for each experiment). HEK293 cells were loaded with 10 mM Calbryte™ 520 (NC1424566; Fisher Scientific), incubated for 120 min in a 5% CO2 incubator at 37°C, as described previously (19). The dye loading solution was removed, and fresh cell culture medium was added to the plate. To study the response of mutant CASR variants to eCa2+ stimulation, the eCa2+ was increased stepwise by the addition of CaCl2 at concentrations between 0 mmol/l and 10.0 mmol/l. The cells were collected at the indicated eCa2+ concentrations and washed once with Ca2+- and magnesium-free Hanks’ balanced salt solution (HBSS) (Invitrogen) before analysis.

For the in vitro rescue study, the calcimimetic NPS R-568 (SI-SML2160; Sigma-Aldrich) was added at a concentration range of 1.0 to 100 μmol/l in the presence of the same CaCl2 concentration (0.6 mmol/l) (20). The iCa2+ was calculated from the ratio of the fluorescence emission recorded at the two-excitation wavelengths (19). The EC50 (i.e., iCa2+ required for 50% of the maximal response) for each normalized concentration–response curve was determined.





Statistical analysis

The results were presented as the mean ± standard deviation (SD) for continuous variables. Comparisons between groups were carried out using the Wilcoxon test or χ2 test as appropriate. The mean EC50 was calculated, and statistical analysis performed using the Mann–Whitney U test. All analyses were performed using SPSS 20.0 for Windows (SPSS, Chicago, IL). A p-value less than 0.05 was considered statistically significant.






Results




Identification of a novel CASR I554N mutation

Direct sequence analysis of the relevant genes, including CASR, GNA11, and AP2S1, revealed a heterozygous missense T>A nucleotide substitution in exon 6 of the CASR gene at codon 1661. This substitution resulted in an amino acid change from isoleucine to asparagine (ATC to AAC, I554N) (Figures 1A, B). The missense I554N mutation was located in the cysteine-rich (CR) domain (residues 542–612) of the C-terminus of CASR. The mutated residue (I554) is highly conserved across different species (Figure 1C) and was not inherited from his parents. The de novo I554N mutation was not identified in 1517 healthy Taiwanese subjects according to the Taiwan Biobank database. Furthermore, it was predicted to be a pathogenic variant based on PROVEAN and Polyphen-2 scores.




Figure 1 | Our FHH1 patient with a de novo I544N mutation localized the cysteine-rich region of CASR. (A) Pedigree of the family. The squares and circles indicate male and female, respectively. The black shading indicates the affected FHH1 patient. Sanger sequencing identified the heterozygous de novo mutation in CASR. The arrow indicates the mutation site (c.T1661A, p.I554N). (B) Schematic representation of human CASR structure and the corresponding site of I554N mutation (exon 6). (C) Conservation of the local amino acid sequence by multiple alignment of CASR from different species; I554 is a highly conserved position. (D) CASR I554N mutation localized in the cysteine-rich region, which was critical for Ca2+ binding.







The effects of CASR I554N mutation on binding energy

According to The Human Gene Mutation Database in April 2023, 399 CASR mutations causing FHH1 have been reported, with the majority (88.1%) being missense/nonsense mutations. However, the pathogenic mechanism of the newly identified missense CASR I554N mutation has not been thoroughly investigated in vitro, and the therapeutic response to calcimimetic treatment has not been validated in affected patients. Fundamentally, CASR I554 was localized in the CR region (Figure 1D; Supplementary Figure 1), which may impact CASR signal transduction (21). In line with this, the simulation model predicted that the I554N mutation affects the binding energy between CASR and Ca2+ (WT, -720 kcal/mol vs. I554N, -664 kcal/mol) (Figure 2). The impact of FHH1-associated mutations on the stability of our predicted CSB structures was calculated using BIOVIA Discovery Studio 2019 software. As for the calculation of the change in mutation, the corresponding mutation energy was normalized by CASR-WT protein. The result showed that I554N mutation exerted a destabilizing effect on Alphafold’s model (Figure 2).




Figure 2 | Simulation of the CASR models (PDB codes: 5K5S and 5K5T). Superimposition of wild-type (WT) and mutant CASR I554N models. The dimeric proteins were presented as a ribbon model and colored white and green for subunit A and pink and cyan for subunit B in WT and mutant CASR, respectively. The residues involved in interactions are shown as a stick model. The magenta and yellow spheres represent the calcium ions in WT CASR and mutant CASR, respectively. The hydrogen bond and electrostatic and hydrophobic interactions are shown as dashed green, orange, and pink lines, respectively. The CASR I554N mutation showed decreased binding ability to eCa2+ and its stability based on the CBS module and AlphaFold model.







The instability of CASR I554N protein and decreased p-ERK1/2 levels

To substantiate the above prediction, we generated mutant CASR constructs of interest for subsequent in vitro functional studies, and they expressed well in HEK-293 cells (Supplementary Figure 2). The time-course of cycloheximide (CHX) chase analysis showed that CASR I554N protein was more unstable than CASR-WT (Figures 3A, B). In addition, we selected the previously reported CASR R220W mutation as a positive control. The R220 residue is positioned within the VFT domain of the CASR and is crucial for ligand binding and receptor activation (22). It has been demonstrated that the CASR R220W mutation hinders the normal conformational changes in the VFT domain upon Ca2+ binding, leading to decreased sensitivity to eCa2+ levels and impairing the transduction of Ca2+ signaling (22). In comparison with CASR-WT, the levels of CASR and p-ERK1/2 proteins, both basal and Ca2+-stimulated, were decreased in the CASR I554N and CASR R220W mutations, indicating the abrogation of the MAPK pathway (Figures 3C, D).




Figure 3 | Analysis of the stability of CASR proteins and downstream p-ERK1/2 levels. A cycloheximide (CHX) chase study. (A) CASR protein expression was examined at different time points in HEK-293 cells transfected with CASR-WT-Myc and CASR-I554N-Myc vectors. (B) Representative quantified data expressed as the CASR/β-actin ratio. Results were normalized to β-actin control levels and expressed as the ratio change based on the level at time zero, which was set to 1.0. (C, D) Representative immunoblots and densitometry plots. (C) Representative IB analyses of the levels of CASR and p-ERK1/2 proteins in the HEK-293 cells transfected with CASR-WT-Myc, CASR-I554N-Myc, and CASR-R220W-Myc (inactivating CASR mutant: positive control) vectors. Compared with CASR-WT, the CASR I554N and CASR R220W mutations exhibited reduced CASR and p-ERK1/2 protein levels under basal and Ca2+-stimulated conditions. (D) The densitometry plots reflect the results of semi-quantification by densitometry (expressed as percentages and means ± SDs). Mouse Anti-Myc monoclonal antibody (TA150121-1; OriGene) was used to detect CASR expression in (A, C).







Blunt iCa2+ response to eCa2+ in the CASR I554N mutation

CASR-WT showed a brisk intracellular Ca2+ (iCa2+) response after the eCa2+ concentration was slightly increased (0.2 mM), and a plateaued iCa2+ response was noted when eCa2+ reached 1.0 mM (Figure 4). In contrast, both the CASR I554N mutation and inactivating CASR R220W mutation exhibited a blunt response to the addition of eCa2+, indicating the inactivating function of the CASR I554N mutant.




Figure 4 | The intracellular calcium response in various CASR mutations. Calbryte™ 520 (Ex/Em=490/525 nm) is a new fluorescent and cell-permeable calcium indicator, which produces a bright fluorescence signal in the presence of iCa2+ at a high concentration. In contrast to CASR-WT, the CASR I554N mutation and the inactivating CASR R220W mutation exhibited a diminished response of iCa2+ to the increase in eCa2+ concentration.







Calcimimetics rescue CASR function impaired by the I554N mutation

As the simulation model showed that I554 is localized in the CR region, the issue of whether calcimimetics (positive allosteric modulators) can rescue the dysfunction of CASR I544N should be clarified. Therefore, a fluorescence-based assay of Calbryte™ 520 was used to detect iCa2+. HEK-CASR WT and HEK-CASR I554N cells were stimulated with increasing concentrations of calcimimetic NPS R-568 (ranging from 1.0 to 100  μmol/l, Figure 5) in the presence of the same CaCl2 concentration (0.6  mmol/l). There was no significant difference in NPS R-568-EC50 between HEK-CASR I554N and HEK-CASR WT cells (NPS R-568-EC50: 10.02± 0.27 μmol/l vs. 7.10 ± 0.18 μmol/l, respectively), indicating calcimimetics can correct CASR function impaired by the I554N mutation. These findings also support the clinical presentation of our case, which showed an excellent therapeutic response to cinacalcet and the rapid correction of hypercalcemia within 6 months.




Figure 5 | Response to calcimimetic NPS R-568 in CASR-WT and CASR-I554N. Calbryte™ 520 intensity [Percentage of iCa2+stimulation (%)] was examined at different calcimimetic NPS R-568 concentrations in HEK-293 cells transfected with CASR-WT-Myc and CASR-I554N-Myc vectors. HEK-WT and HEK-I554N cells were loaded with Calbryte™ 520 and stimulated by increasing NPS R-568 concentrations in the presence of 0.6  mmol/l CaCl2. The response was normalized and the percentage of iCa2+ stimulation was plotted against the logarithm of NPS R-568 concentrations. The dotted lines indicate the logarithmic values of NPS R-568 EC50.








Discussion




The main findings regarding the CASR I554N mutation

A de novo heterozygous CASR I554N mutation was identified in our FHH1 patient. Simulation models showed decreased binding energy between the mutant CASR I554N and Ca2+, supporting pathogenic predictions based on PROVEAN and PolyPhen-2 scores. The CASR I554N mutation exhibited protein instability and reduced pERK1/2 expression, suggesting it could abrogate the MAPK pathway (Figure 6). The notion of defective CASR I554N protein was further supported by a decreased iCa2+ response to the gradient eCa2+ concentrations in a Calbryte 520 staining study. In vitro EC50 analysis revealed that the mutant CASR I544N responded well to the calcimimetic compound NPS R-568, restoring its function to a level comparable with CASR WT. These findings consistently demonstrated that our patient carrying the CASR I554N mutation presented with a dramatic response of cinacalcet to correct hypercalcemia in a short time.




Figure 6 | Summary of the mechanism of the pathogenic CASR I554N mutation.







Decreased expression and stability of CASR and disruption of the downstream MAPK pathway

In vitro study showed that the I554N mutation contributed to the decreased CASR expression and the instability of CASR protein. It was reported that approximately 50% of the CASR mutations associated with FHH1 can reduce CASR expression due to defective trafficking to the plasma membrane (5, 15, 23). In short, mutant CASR is often retained intracellularly and is unable to exit the endoplasmic reticulum or Golgi apparatus (5, 15, 23). These previous findings align with our results, which demonstrate that the I554N mutation attenuates CASR protein expression and its downstream substrate phosphorylated ERK1/2, leading to a reduction in CASR function through the MAPK pathway (15). In addition to unstable expression, whether CASR I554N mutation can affect the binding affinity with eCa2+ should be investigated to gain new insight into the molecular mechanism of FHH1.





The I554N mutation affected CASR dimerization and decreased the binding affinity to eCa2+

The human CASR is a dimeric cell-surface protein consisting of 1078 amino acids (5). It has a large ECD comprising 612 amino acids, which forms two globular lobes adopting a venus flytrap (VFT) conformation (5). A previous study examining FHH1-causing CASR mutations found that these mutations tend to cluster around the predicted calcium-binding sites, primarily located within the cleft region of the bilobed VFT domain (3). These mutated residues can directly disrupt the binding of eCa2+ or indirectly affect the conformational changes that occur upon eCa2+ binding, ultimately leading to the impairment of intracellular signaling cascades (3, 24–26). In our simulation model, the CASR I554 mutation was observed to impact the dimerization structure of CASR. Additionally, the CASR I554 mutation is situated in a cysteine-rich (CR) region, which potentially serves as an intramolecular switch regulating the entry and binding of eCa2+. Consistent with this notion, our in vitro study demonstrated that the CASR I554N variant exhibited a diminished response to increased eCa2+ concentrations, similar to the previously identified inactivating CASR R220W mutation (1).





Limited calcimimetic functional study of missense CASR mutations

To date, FHH1 has been associated with 399 different mutations of CASR, with missense substitutions accounting for over 85% of cases, while nonsense, deletion, insertion, and splice-site mutations leading to truncated CASR proteins have been reported in less than 15% of cases (12, 27). Furthermore, CASR mutations have been found to cluster in three regions: the second peptide loop of the ECD, the VFT cleft region (eCa2+o-binding site), and the region encompassing transmembrane domains (TMD) 6 and 7 (5, 12). Intriguingly, FHH1 patients with CASR mutations in different domains exhibit distinct and variable phenotypic severities (1, 11). Although one in vitro study showed that calcimimetics can correct the expression in some CASR mutations (11), research on personalized treatment using calcimimetics for different CASR variants is limited (28–30). In addition, cinacalcet-unresponsive patients might harbor the missense mutations or in-frame deletions of CASR exon 5 encoding amino acids 460-536 in the extracellular domain (ECD) (31, 32), indicating that the different CASR mutations are likely responsible for the biodiversity in calcimimetics treatment. A better understanding of the effect of calcimimetics on heterogeneous FHH1 patients could greatly contribute to the development of novel therapeutics targeting the CASR-regulated MAPK pathway (33–36).





A calcimimetic restored CASR I554N dysfunction in an EC50 study

Although FHH1 is considered the least severe form of FHH (3, 5–7), it still can result in unfavorable CKD or severe hypercalcemia associated with nephrolithiasis, for which surgical treatment is ineffective (9). To prevent these complications, calcimimetics may act as pharmacochaperones and provide a promising treatment option for FHH1 patients. They promote proper folding and/or increase the plasma membrane targeting of CASR mutants, as well as activate the CASR signaling pathway (MAPK pathway) (14, 23, 37–41). Of note, our in vitro study demonstrated that the EC50 value of NPS R-568 for the CASR I554N variant was similar to that of CASR WT, indicating that the calcimimetic corrected the dysfunction of the CASR I554N mutant by increasing iCa2+ mobilization (28). Although CASR mutations can exhibit different responses to calcimimetics due to the diverse types and locations of mutant variants in affected individuals, our study showed an excellent therapeutic response to the calcimimetic in our FHH1 patient. This suggests the calcimimetic could restore the function of the missense CASR I554N mutation localized in the CR region to a certain extent.






Conclusion

Our study identified a de novo heterozygous pathogenic CASR I554N mutation that decreased CASR protein expression and stability, impaired binding to eCa2+, and attenuated pERK1/2 expression. The calcimimetics effectively corrected these dysfunctions in vitro. These findings have significant implications for FHH1 patients with CR region mutations, offering a practical approach to modulate CASR signal transduction.
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Supplementary Figure 1 | Summary of CASR pathogenic variants and corresponding locations among FHH1 patients. (A) The percentage of reported pathogenic variants in CASR, categorized by mutation types. (B) The percentage of missense/nonsense mutations in CASR, categorized by location. (C) The missense/nonsense mutations in CASR plotted according to their corresponding locations.

Supplementary Figure 2 | Validation of mutant CASR construct transfection. Representative immunofluorescence micrographs of CASR proteins in the HEK-293 cells transfected with pCMV6-AN-mRFP-vector (negative control), pCMV6-CASR-WT-Myc (RC211229, OriGene), pCMV6-CASR-I554N-Myc, and pCMV6-CASR-R220W-Myc (inactivating CASR R220W: positive control). WT-CASR and mutant CASR constructs all expressed well in HEK-293 cells. Original magnification 400× (A) and 1000× (B). Scale bars = 10 μm.
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Diabetes is a common chronic metabolic disease with complex causes and pathogenesis. As an immunomodulator, vitamin D has recently become a research hotspot in the occurrence and development of diabetes and its complications. Many studies have shown that vitamin D can reduce the occurrence of diabetes and delay the progression of diabetes complications, and vitamin D can reduce oxidative stress, inhibit iron apoptosis, promote Ca2+ influx, promote insulin secretion, and reduce insulin resistance. Therefore, the prevention and correction of vitamin D deficiency is very necessary for diabetic patients, but further research is needed to confirm what serum levels of vitamin D3 are maintained in the body. This article provides a brief review of the relationship between vitamin D and diabetes, including its acute and chronic complications.
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1 Introduction

Diabetes mellitus (DM) is a group of metabolic diseases characterized by chronic hyperglycemia, caused by defects in insulin secretion and/or utilization. Over the past 30 years, the prevalence of diabetes in China has significantly increased. A thyroid iodine nutrition status and diabetes epidemiological survey conducted by the Endocrinology Branch of the Chinese Medical Association from 2015 to 2017 showed that the prevalence of diabetes among the Chinese population aged 18 and above was 11.2% (1). Vitamin D, a fat-soluble vitamin, not only plays a role in calcium and phosphorus regulation but is also closely related to diabetes, cardiovascular diseases, immune regulation, tumors, muscle strength enhancement, and fall prevention. Studies have shown that vitamin D is closely related to pancreatic function, immunity, genetic polymorphism, and the occurrence of diabetic complications. In recent years, the relationship between vitamin D and the development of diabetes has become a research focus in the field of diabetes. This article provides a brief overview of the effects of vitamin D on the pathogenesis and progression of complications in different types of diabetes.




2 Overview of vitamin D

Vitamin D, a derivative of steroids, belongs to the cyclopentane polyhydrophenyl compound class. It is chemically stable, except for being light-sensitive. There are two main sources of vitamin D: one is converted from 7-dehydrocholesterol in the skin under the influence of ultraviolet light; the other is from vitamin D2 in mushrooms exposed to sunlight and vitamin D3 in foods such as liver, milk, and cod liver oil. The vitamin D2 and D3 obtained from these sources are inactive forms, and they cannot be converted into each other, collectively referred to as vitamin D. To obtain biologically active 1,25(OH)2D3, it needs to undergo two hydroxylations in the body (Figure 1). Firstly, the inactive vitamin D is converted to 25(OH)D3 in the liver under the catalysis of the 25-hydroxylase enzyme. 25(OH)D3 is the main storage form in the body, and its level reflects the nutritional status of vitamin D. Then, 25(OH)D3 is further converted to 1,25(OH)2D3 in the kidneys under the action of 1α-hydroxylase. 1,25(OH)2D3 binds to vitamin D receptors(VDR) widely present in tissues and exerts its effects in the body (2).




Figure 1 | Metabolic pathways of vitamin D.






3 Relationship between vitamin D levels and diabetes



3.1. Vitamin D and diabetes

A number of studies have been conducted in the population to explore the relationship between vitamin D3 and glycemic control (Table 1). Serum 25(OH)D3 levels have been shown to have a negative dose-response correlation with the risk of type 2 diabetes mellitus (T2DM) (3), and vitamin D supplementation reduces the risk of T2DM (4), decreases the risk of T2DM in pre-diabetic patients, and increases the chances of restoring normal glucose tolerance (5). However, the benefits of vitamin D3 for the prevention of T2DM may be limited to non-obese subjects (5) or patients with vitamin D deficiency (6).


Table 1 | The relationship between vitamin D and diabetes.



Achieving blood glucose control is one of the goals of diabetes treatment. Serum 25(OH)D 3 levels can be an independent risk factor for increased levels of glycated hemoglobin in T2DM, with women being at a higher risk of vitamin D deficiency (7). In addition to finding that vitamin D can be a risk factor for glycemic control, it is interesting to note that in patients with T2DM, the combined administration of metformin and vitamin D resulted in better glycemic and glycosylated hemoglobin control compared to metformin alone (8). The efficacy of vitamin D on glycemic stability and insulin function was also found in patients with prediabetes (9). Similar results were obtained in animal experiments. Vitamin D supplementation reduced blood glucose, insulin levels, and improved insulin resistance (IR) in rats in a prediabetic model, and this efficacy was proportional to the dose of vitamin D supplementation (10). The above findings suggest that vitamin D helps in blood sugar control. However, there is still a need for larger studies in the future to examine the dose, duration, and most appropriate population for vitamin D supplementation to determine the relationship between vitamin D and glycemic control in diabetes. Serum 25(OH)D3 insufficiency is closely related to the development of type 1 diabetes mellitus (T1DM) in children (11).




3.2 Vitamin D and diabetic complications

Vitamin D is not only related to the occurrence and development of diabetes, but numerous studies have also confirmed that vitamin D deficiency is closely associated with diabetic complications (Figure 2).




Figure 2 | The relationship between vitamin D and diabetic complications.



Although vitamin D does not reduce all-cause mortality in older adults (12). However, there are still a series of studies proving that vitamin D can prevent cardiovascular risk in people with diabetes. The incidence of cardiovascular diseases in T2DM patients increases by 2 to 3 times (13), and a follow-up study of T2DM patients confirmed that vitamin D deficiency is the strongest correlating factor for the occurrence of cardiovascular diseases in these patients (14). Vitamin D deficiency is also related to endothelial dysfunction and atherosclerosis (15, 16). The non-high-density lipoprotein cholesterol/high-density lipoprotein cholesterol ratio (NHHR) is a new comprehensive index of atherosclerotic lipids (17). NHHR is negatively correlated with vitamin D in T2DM patients (18). A higher NHHR index indicates a greater tendency for peripheral cholesterol deposition, and an increased distribution of cholesterol to the periphery may lead to IR or pancreatic β-cell dysfunction (19), resulting in vitamin D deficiency. Supplementing vitamin D can slow down the progression of myocardial dysfunction in T2DM patients without complications (20).

A prospective study on T2DM patients found that higher serum 25(OH)D3 levels can reduce the risk of diabetic retinopathy, diabetic nephropathy, and diabetic neuropathy, and serum 25(OH)D3 levels within a certain range (10-106 nmol/L) have a linear dose-response relationship with diabetic retinopathy and diabetic nephropathy (21). Inflammation has been shown to contribute to the occurrence and development of diabetic retinopathy (22–27). The pathogenesis of diabetic retinopathy is related to inflammation and fibrosis (23), and it has been reported that the production of pro-inflammatory cytokines such as IL-1, TNF-α, and VEGF increases in the vitreous body of patients with diabetic retinopathy and in animal models of the retina (22, 24). High glucose-induced upregulation of pro-inflammatory cytokines can lead to the destruction of the blood-retinal barrier (BRB), cell death, and angiogenesis (22, 25). Supplementing vitamin D can protect retinal epithelial cells from high glucose-induced oxidative stress, inflammation and ferroptosis which may be one of the mechanisms by which vitamin D prevents the progression of diabetic retinopathy (28, 29).

Diabetic nephropathy is a major cause of disability and death in middle-aged and elderly patients with T2DM, significantly affecting their quality of life and safety. Progressive proteinuria and renal function deterioration are the main clinical symptoms of diabetic nephropathy (30–32). A study on elderly T2DM patients in China found that the incidence of vitamin D deficiency was significantly higher in patients with proteinuria than in those without (33). In animal experiments, vitamin D can prevent podocyte damage, thereby reducing proteinuria and glomerulosclerosis (34).

Peripheral nerve damage is also a common complication of diabetes mellitus. Patients lacking vitamin D are more likely to experience nerve function deficits associated with diabetic peripheral neuropathy than those with sufficient vitamin D (35). Among the Kurdish population, lower levels of vitamin D and higher levels of HbA1c are predictive risk factors for painful diabetic peripheral neuropathy (36). Controlling blood glucose alone cannot prevent the progression of peripheral neuropathy in T2DM. Chen T (37) found that monthly intramuscular injections of high-dose vitamin D improved peripheral neuropathy. This may provide new ideas for treating diabetic peripheral nerves. However, more research is needed to determine the exact course of treatment and dosage. In a study of diabetes mellitus in children (38), children with vitamin D deficiency did not complain of peripheral neuropathy, but sensory nerve action potential of sural nerve and motor peroneal nerve velocity were statistically significantly lower in diabetic patients with vitamin D deficiency compared to diabetic patients with normal vitamin D levels.

Diabetic ketosis is one of the acute complications of diabetes mellitus. Serum 25(OH)D3 levels are lower in ketosis-prone T2DM compared to non-ketosis-prone T2DM (39, 40), and serum 25(OH)D3 levels are related to the severity of pancreatitis concurrent with diabetic ketoacidosis (41).





4 Vitamin D and the pathogenesis of diabetes



4.1 Vitamin D and pancreatic function

Vitamin D may affect pancreatic function through several signaling pathways (Figure 3). Glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK) are two key enzymes that convert non-carbohydrate substances into glucose (42, 43). Their abnormal expression is closely associated with enhanced gluconeogenesis and considered a marker for T2DM (44). Combined treatment with vitamin D and aerobic exercise can upregulate protein kinase B (AKT) in liver cells of T2DM rats, downregulate PEPCK and G6Pase expression, improve liver function, and alleviate IR (45). Vitamin D-binding protein (VDBP) is the primary plasma carrier maintaining vitamin D and its metabolites. Deficiency of VDBP may lead to pancreatic α-cell atrophy and proliferation, alters Na+ channel conductance, reduces cellular activation by glucose, and decreases the rate of glucagon secretion in vivo, potentially increasing the incidence of late-onset T1DM (46). A double-blind, randomized, controlled clinical trial (47) showed that vitamin D supplementation improved β-cell function in patients with serum 25(OH)D3 levels below 12 ng/mL compared to placebo.




Figure 3 | Mechanisms of vitamin D involvement in pancreatic function. (AKT, protein kinase B; PEACK, phosphoenolpyruvate carboxykinase; G6Pase, Glucose-6-phosphatase; AMPK, Adenosine 5’-monophosphate (AMP)-activated protein kinase; mTOR, mammalian target of rapamycin).



Intraperitoneal injection of 1,25(OH)2D3 treats dexamethasone-induced IR in rats and improves islet function. The reason is related to the alteration of calcium ions after activation of L-type voltage-dependent calcium channel (VDCC), K+-ATP, K+-Ca2+, and Kv channels by 1,25(OH)2D3, followed by activation of downstream PKC, PKA, and so on, which promotes insulin secretion (48). In vitro studies indicate that vitamin D can activate AMP-dependent protein kinase, inhibit the mammalian target of rapamycin (mTOR) pathway, thereby inhibiting the activation of the NLRP3 inflammasome and reducing β-cell apoptosis, promoting insulin release (49). Vitamin D may also reduce β-cell apoptosis in T2DM by inhibiting nuclear factor κB and downregulating the expression of divalent metal transporter 1 (DMT1) , alleviating pancreatic iron overload (50).

Ferroptosis, a newly discovered form of cell death, is considered a crucial factor in the pathogenesis of many inflammatory diseases (51). Ferroptosis is also considered a new target for diabetes (52). In the rat diabetes model, ferroptosis-related indicators such as GPX4 and SLC7A11 were downregulated (53) and ACSL4 was upregulated (54). 1,25(OH)2D3 treatment not only lowered blood glucose, but also reversed the changes in the above metrics. The mechanism is related to 1,25(OH)2D3/VDR/FOXO1. Binding of 1,25(OH)2D3 to the VDR inhibits ferroptosis in pancreatic β-cells and ameliorates IR by down-regulating FOXO1 expression (54). Vitamin D induces cellular autophagy while inhibiting streptozotocin-induced β-cell apoptosis, increasing insulin secretion and increasing β-cell resistance to cellular stresses encountered in hyperglycemic states (55). Excessive or prolonged exposure to nitric oxide leads to β-cell dysfunction, whereas vitamin D induces and maintains high levels of the A20 gene protein and reduces nitric oxide levels, thus serving to protect β-cell function (56).




4.2 Vitamin D and immune function

Type 1 diabetes is an autoimmune disease. Vitamin D, by binding with its receptor, reduces pro-inflammatory cytokines in immune cells and has an immunomodulatory effect (57, 58). CD4+ T lymphocytes are the primary immune-mediated cells in the development of T1DM (59). Vitamin D supplementation can downregulate cathepsin G (Cat G) expression, hindering CD4+ T lymphocyte activation, thus enhancing pancreatic β-cell function (60). Systemic lupus erythematosus (SLE) is an immune disease. It has been found that IR is more prevalent in SLE patients than in controls (61), while serum vitamin D is negatively correlated with CD4+/CD8+ T cells (62), IFN-α levels (63), IL-17, IL-23 (64) in SLE patients. 25(OH)D3 is further converted into 1,25(OH)2D3 in the kidneys by 1α-hydroxylase, which is expressed by antigen-presenting cells (65), indicating an association of the immune microenvironment with active vitamin D production, suggesting that vitamin D may mediate the disease process in T1DM. Complement can trigger the contraction of CD4+ type 1 helper T cell responses by inducing the intrinsic expression of VDR and vitamin D-activating enzyme CYP27B1, enabling T cells to both activate and respond to vitamin D (66). Vitamin D deficiency can epigenetically suppress Jarid2 expression in hepatic stellate cells (HSCs) and activate the Mef2/PGC1a pathway, leading to fat macrophage infiltration. Macrophages secrete MiR-106b-5p, inducing downregulation of the PIK3CA/PIK3R1/PDPK1/AKT signaling pathway, promoting fat IR (67). Vitamin D supplementation can reduce IR in diabetic rats by lowering phosphorylation levels of insulin receptor substrate 1 (IRS1), leading to impaired glucose transporter 4 and reduced glucose uptake, as well as increasing peroxisome proliferator-activated receptor γ expression and reducing nuclear factor κB phosphorylation levels (10). In addition, vitamin D increases insulin secretion and sensitivity by up-regulating mitogen-activated protein kinase phosphorylase-1 (MKP-1), inhibiting lipopolysaccharide-induced p38 phosphorylation, suppressing the production of IL-6 and TNF-α in human monocytes (68), and increasing the activity of the antioxidant system (69). Vitamin D has a strong protective effect on chronic kidney diseases (70, 71). The possible mechanism is that 1,25(OH)2D3 reduces oxidative stress by increasing renal antioxidant capacity, inhibiting hyperglycemia-induced cell apoptosis, preventing podocyte damage, promoting anti-inflammatory action, and improving endothelial function (72–74) (Figure 4). In T1DM, some patients may experience a clinical remission period, also known as the “honeymoon phase”, after receiving insulin therapy in the early stage of the disease, in which the islet function of the patient may partially or completely return to normal levels, and vitamin D may reduce the concentration of serum TNF-α through immunomodulatory effects, thereby reducing the inflammatory response during the honeymoon phase and prolonging the duration of the honeymoon phase (75), but the amount of vitamin D supplementation needs to be further studied.




Figure 4 | Vitamin D is involved in diabetes through immunization.






4.3 Vitamin D polymorphism and diabetes

Polymorphism in the VDR gene plays a role in the control and progression of T1DM, with higher levels of vitamin D providing protection for pancreatic cells (76). Polymorphisms in the 25-hydroxylase (CYP2R1) gene, rs12794714 and rs10766196, are associated with a higher risk of T1DM (77). It was found that CYP2R1 mRNA expression in the livers of mice fed a high-fat diet was significantly lower than in those fed a low-fat diet (78). As well, an activity analysis of the isolated liver showed that obese mice produced significantly less 25(OH)D3 than lean mice, indicating that reduced circulating 25(OH)D3 is partly due to the decreased expression of CYP2R1 in obese mice. The onset of T1DM might also be related to polymorphism in the CYP27B1 gene located on chromosome 12, where polymorphisms in the CYP27B1 gene could lead to reduced levels of 1α-hydroxylase, thereby affecting the conversion of vitamin D to 1,25(OH)2D3 and increasing the susceptibility to T1DM (79). Tangjittipokin (80) found that VDR gene-related variations of ApaI (rs7975232), TaqI (rs731236), and BsmI (rs1544410) were negatively associated with vitamin D and IL-10 levels in children with T1DM. Alleles of DHCR7, GC, CYP2R1, and CYP24A1 play a synergistic role in susceptibility to type 1 diabetes by functioning in the vitamin D pathway and serum vitamin D levels (81). A genome-wide association Meta-analysis study by Jiang X et al. (82) of 79,366 European individuals suggests that CYP24A1 (rs17216707) is negatively correlated with 25(OH)D3 levels. The correlation between VDR gene rs739837 polymorphism and susceptibility to T2DM and gestational diabetes mellitus (GDM) (83) pointed out that the VDR gene rs739837 polymorphism is significantly correlated with susceptibility to T2DM. Studies in gestational diabetes mellitus (84, 85) confirmed that single nucleotide polymorphisms (SNPs) mutations at VDR-rs10783219 and MTNR1B-rs10830962 significantly increased the risk of GDM, ApaI-rs79785232, BsmI-rs1544410, FokI-rs2228570 and TaqI-rs731236 are associated with GDM occurrence in the Saudi Arabian region (Table 2).


Table 2 | Effects of vitamin D and genes on diabetes.







5 Conclusion and prospects

In recent years, from D to D, the role of vitamin D in the occurrence and development of diabetes has gained attention. The relationship between vitamin D and the onset, progression of diabetes, the ideal daily dosage of vitamin D supplementation, and the optimal serum 25(OH)D3 levels for maximum benefits in diabetes risk individuals, early-stage patients, blood sugar control, and diabetes-related complications still require more reliable clinical studies and basic experiments for confirmation. Current research suggests that moderate supplementation of vitamin D can improve the onset and progression of diabetes and its complications, but routine large-dose supplementation is not recommended. It is believed that the relationship between the two will be further verified in the near future.
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Introduction

24-Hydroxylase, encoded by the CYP24A1 gene, is a crucial enzyme involved in the catabolism of vitamin D. Loss-of-function mutations in CYP24A1 result in PTH-independent hypercalcaemia with high levels of 1,25(OH)2D3. The variety of clinical manifestations depends on age, and underlying genetic predisposition mutations can lead to fatal infantile hypercalcaemia among neonates, whereas adult symptoms are usually mild.





Aim of the study

We report a rare case of an adult with primary hyperparathyroidism and loss-of-function mutations in the CYP24A1 gene and a review of similar cases.





Case presentation

We report the case of a 58-year-old woman diagnosed initially with primary hyperparathyroidism. Preoperatively, the suspected mass adjoining the upper pole of the left lobe of the thyroid gland was found via ultrasonography and confirmed by 99mTc scintigraphy and biopsy as the parathyroid gland. The patient underwent parathyroidectomy (a histopathology report revealed parathyroid adenoma), which led to normocalcaemia. After 10 months, vitamin D supplementation was introduced due to deficiency, and the calcium level remained within the reference range. Two years later, biochemical tests showed recurrence of hypercalcaemia with suppressed parathyroid hormone levels and elevated 1,25(OH)2D3 concentrations. Further investigation excluded the most common causes of PTH-independent hypercalcaemia, such as granulomatous disease, malignancy, and vitamin D intoxication. Subsequently, vitamin D metabolites were measured using LC–MS/MS, which revealed high levels of 25(OH)D3, low levels of 24,25(OH)2D3 and elevated 25(OH)2D3/24,25(OH)2D3 ratios, suggesting a defect in vitamin D catabolism. Molecular analysis of the CYP24A1 gene using the NGS technique revealed two pathogenic variants: p.(Arg396Trp) and p.(Glu143del) (rs114368325 and rs777676129, respectively).





Conclusions

The diagnostic process for hypercalcaemia becomes complicated when multiple causes of hypercalcaemia coexist. The measurement of vitamin D metabolites using LC–MS/MS may help to identify carriers of CYP24A1 mutations. Subsequent molecular testing may contribute to establishing the exact frequency of pathogenic variants of the CYP24A1 gene and introducing personalized treatment.
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Introduction

The active form of vitamin D (1,25(OH)2D3 or calcitriol), in addition to parathyroid hormone (PTH) and fibroblast growth factor 23 (FGF23), is critical for maintaining calcium haemostasis (1). Primary hyperparathyroidism (PHPT) and malignancy are the most common causes of hypercalcaemia. Among the less frequent aetiologies, vitamin D-mediated hypercalcaemia should be considered.

The main source of vitamin D is skin synthesis from 7-dehydrocholestrol (7-DHC); however, it can also be obtained from the diet. For full hormonal activity, vitamin D3 requires two-stage hydroxylation. First, 25 hydroxylase generates 25(OH)D3 in the liver. The second hydroxylation by 1-alpha-hydroxylase (CYP27B1, Cytochrome P450 Family 27 Subfamily B Member 1) leads to the conversion of 25(OH)D3 to the biologically active metabolite of vitamin D (1,25(OH)2D3) (2). This process occurs mainly in the kidneys, but CYP27B1 is also expressed at several external sites (3). 1,25(OH)2D3 and 25(OH)D3 are inactivated by 24-hydroxylase (24HD) (cytochrome P450 family 24 subfamily a member 1 (CYP24A1)), the key enzymes involved in vitamin D catabolism. The direct products of the CYP24A1 reaction are 24,25(OH)2D3 and 1,24,25(OH)2D3, which are further converted to calcitroic acid destined for biliary excretion (4) (Figure 1). The activity of CYP24A1 is regulated by numerous biochemical factors. Hypocalcaemia and PTH downregulate CYP24A1 expression and enzymatic activity (5). The opposite stimulating effect is caused by 1,25(OH)2D3 and FGF23, together with its coreceptor α-Klotho protein (5).




Figure 1 | Overview of vitamin D synthesis, activation and inactivation. The main source of vitamin D is skin synthesis from 7-dehydrocholestrol (7-DHC), however, it can also be obtained from the diet. For full hormonal activity, vitamin D3, requires two-stage hydroxylation. First, 25 hydroxylase generates 25(OH)D3 in the liver. The second hydroxylation by 1-alpha-hydroxylase (CYP2781, Cytochrome P450 Family 27 Subfamily B Member 1) leads to the conversion of 25(OH)D3 to the biologically active metabolite of vitamin D (1,25(OH)2D3). This process occurs mainly in the kidneys. 1,25(OH)2 D3 and 25(OH)D3 are inactivated by 24-hydroxylase (CYP24A1, cytochrome P450 family 24 subfamily a member 1) the key enzymes involved in vitamin D catabolism. The direct products of the CYP24A1 reaction are 24,25(OH)2D3 and 1,24,25(OH)2D3, which are further converted to calcitroic acid or a 26,23- lactone derivative.



The concentration of 25(OH)D, the best indicator of vitamin D status, can be measured by numerous diagnostic methods. The following immunoassays were used: chemiluminescence immunoassay (CLIA), electrochemiluminescence immunoassay (ECLIA), vitamin D binding protein (DBP-based assays), high-performance liquid chromatography (HPLC) and liquid chromatography with tandem mass spectrometry (LC−MS/MS). However, the ‘gold standard’ and reference technique that allows for the most reliable assessment of many vitamin D metabolites simultaneously is LC–MS/MS (6).

Excessive vitamin D or calcitriol ingestion, ectopic production of 1,25(OH)2D3 in granulomatous or lymphoproliferative disease and genetically determined dysregulation of vitamin D metabolism may lead to PTH-independent hypercalcaemia (7). There are two known underlying genetic mechanisms resulting from either mutations in CYP24A1encoding 24HD leading to an inability to deactivate 25(OH)D3 and 1,25(OH)2D3 or in the sodium phosphate cotransporter IIa gene (SLC34A1, Solute Carrier Family 27 Subfamily B Member 1), resulting in excessive 1,25(OH)2D3 biosynthesis secondary to chronic phosphate wasting (8). Both genetic disorders cause idiopathic infantile hypercalcaemia (HCINF), which is associated with hypersensitivity to vitamin D, especially in patients receiving vitamin D supplementation. In patients with CYP24A1 mutations, laboratory tests revealed an increased 25(OH)D3/24,25(OH)2D3 ratio. This investigation has been recommended as a screening tool whenever genetic causes of hypercalcaemia are considered (9).





Aim of the study

The aim of this study was to determine the importance of determining vitamin D metabolites in the differential diagnosis of hypercalcaemia and the possibility of co-occurring various causes of hypercalcaemia. In this study, we present a rare case of an adult patient with PHPT and hypercalcaemia caused by two heterozygous pathogenic CYP24A1 variants (confirmed by next-generation sequencing [NGS]) with a review of reported cases of patients with hypercalcaemia associated with pathogenic variants of CYP24A1 and concomitant PHPT.





Case presentation




Clinical data

A 58-year-old woman was referred to the Endocrinology Unit in 2019 due to incidental findings of hypercalcaemia. Her medical history included hypertension, stage 3a chronic kidney disease (CKD), and carpal tunnel syndrome treated surgically. She had no family history of endocrine diseases or nephrolithiasis.





Biochemical tests

A laboratory test revealed hypercalcaemia, hypercalciuria, and unsuppressed PTH levels (27 pg/mL, reference range, 15-65 pg/mL) (Table 1; Figure 2).


Table 1 | Laboratory results presented in chronological order.






Figure 2 | Timeline summarization of the patient’s clinical course. Asymptomatic hypercalcaemia was incidentally found in 2019. The same year, primary hyperparathyroidism (PHPT) was diagnosed, and the presence of suspected lesion was confirmed in the imaging studies. The patient underwent parathyroidectomy which led to normocaicaemia. After 10 months, vitamin D supplementation was initiated due to deficiency. In 2022, biochemical tests revealed recurrence of hypercalcaemia with suppressed PTH concentration. After the exclusion of the common causes of PTH-independent hypercalceamia, the presence of two heterozygous loss-of-function mutations in the CYP24A1 gene was confirmed in Next-Generation Sequencing (NGS). After discontinuation of vitamin D supplementation, calcium and PTH concentrations normalized. PTH-parathormone; MIBI -technetium-99m-sestamibi scintigraphy; CYP24A1- cytochrome P450 family 24 subfamily a member 1.







Imaging

Computed tomography (CT) scans of the chest, abdomen and pelvis were conducted and showed no signs of malignancy or granulomatous disease.

Neck ultrasonography and technetium 99m sestamibi (MIBI) scintigraphy revealed a mass in the upper pole of the left thyroid gland lobe, which was confirmed to be the parathyroid gland after biopsy via immunohistochemical staining (Figure 2).

There were no abnormalities in the densitometry results (T score of the lumbar spine 1.1; T score of the proximal femur -0.2; T score of the radius 0.5). However, an X-ray revealed advanced subperiosteal bone resorption in the fingers and bone loss in the thoracic spine and clavicles. There were no renal stones or fractures.





Treatment and outcomes

The patient underwent effective parathyroidectomy, after which the calcium level was normalized (2.45 mmol/L, reference range, 2.2-2.55 mmol/L). Histopathology confirmed parathyroid adenoma.

Ten months after the operation, postoperative assessment revealed a normal calcium concentration (2.48 mmol/L), but vitamin D deficiency (16.4 ng/mL, reference range, 30-50 ng/mL); thus, supplementation with cholecalciferol was administered (4000 IU/daily) (Table 1; Figure 2). The patient did not attend her follow-up appointments for two years. In 2022, a laboratory test showed hypercalcaemia and hypercalciuria recurrence, which was initially identified as recurrent primary hyperparathyroidism. However, blood tests revealed PTH suppression with elevated 1,25(OH)2D3 concentrations (Table 1; Figure 2).

The patient was screened for granulomatous disease and hypercalcaemia of malignancy again, and the results were negative.

Vitamin D metabolites were measured using LC–MS/MS, which revealed high 25(OH)D3 (72.62 ng/mL) and low 24,25(OH)2D3 (0.09 ng/mL) concentrations and an elevated 25(OH)D3/24,25(OH)2D3 ratio 806,9 (reference range, 7.0-23.6), suggesting a defect in vitamin D catabolism.





Molecular testing

The genetic testing of the CYP24A1 gene was conducted using the NGS technique, and two pathogenic variants were identified NM_000782.5:c; 1186C>T(p.Arg396Trp, rs114368325) and NM_000782.5:c; 428_430del (p.Glu143del, rs777676129). Both variants are classified as pathogenic/likely pathogenic, and associated with hypercalcemia in the available databases, including ClinVar NIH (ClinVar archives, National Institutes of Health). Due to the unavailability of family members, it was impossible to assess whether the variants were located in the same of different alleles of CYP24A1, what would be a direct proof of their dominant or recessive involvement in development of the observed symptoms.

The recommendation was to discontinue vitamin D supplementation, maintain adequate hydration and avoid excessive sunlight exposure. Follow-up evaluation showed normalization of calcium and PTH concentrations (Table 1).






Discussion

Hypercalcaemia is a common clinical abnormality. PTH measurement is the key initial test for differentiating between PTH-dependent and PTH-independent hypercalcaemia.

A high or inappropriately normal PTH level in relation to a high calcium concentration is typical for PTH-dependent causes. Among them, the most common is PHPT, whose reported incidence varies between 0.2% and 1.3% across the population (10). In PTH-independent hypercalcaemia, the PTH level is appropriately suppressed for hypercalcaemia status. Malignancy is the most common disorder in this population. Among other causes of PTH-independent hypercalcaemia, vitamin D-mediated hypercalcaemia should be considered.

Currently, in many countries where the evaluation of serum calcium levels has become routine, PHPT appears to be the most common cause of hypercalcaemia and is identified most frequently in the initial asymptomatic stage (11). A growing prevalence of PHPT results in the identification of unusual cases of overlapping PTH-dependent and PTH-independent causes of hypercalcaemia. We described a woman with asymptomatic mild hypercalcaemia and ambiguous low-normal PTH, which made the initial classification of hypercalcaemia difficult. For this reason, in the differentiation, we considered both PTH-dependent and PTH-independent causes of hypercalcaemia. After excluding malignancy and granulomatous diseases, PHTP was diagnosed based on imaging studies and parathyroid biopsy. The patient underwent successful parathyroidectomy. Only the recurrence of PTH-independent hypercalcaemia after vitamin D supplementation revealed the other cause of hypercalcaemia, which turned out to be a genetic disorder of vitamin D catabolism.

Pathogenic mutations in the CYP24A1 gene clinically manifest as infantile hypercalcaemia-1 (HCINF1, OMIM 143880), a rare disorder linked with a disturbance in vitamin D degradation (12). HCINF1 is classically characterized by severe symptoms such as vomiting, polysomnia, hypotonia, constipation, failure to thrive, and renal stone disease (13). The first case reports of HCINF1 were published in the 1950s, when approximately 200 cases of PTH-independent hypercalcaemia in infants were noted in the United Kingdom because of the wide use of formula milk enriched with increased doses of vitamin D (up to 4000 International Units (IU)) (14, 15). Although the majority of affected children developed mild hypercalcaemia not associated with other syndromic features (HCINF1), the percentage of fatal cases was remarkable, and some affected children had multisystem disorders, which were later described as Willams–Beuren syndrome (OMIM 194050) (12, 16). At that time, vitamin D dietary intake was identified as a precipitating factor of HCINF1, yet the exact pathogenesis has remained unknown (12, 14).

Only recently, the structure of the CYP24A1 gene and the pathways involved in vitamin D metabolism leading to HCINF1 were revealed. In 1991, Ohyama et al. described the isolation of complementary deoxyribonucleic acid (cDNA) from a rat kidney cDNA library utilizing antibodies specific for the enzyme (17). Two years later, Chen et al. published a paper on the isolation, sequencing and expression of cDNA encoding the human 24HD (18). In the same year, Hahn et al. independently isolated human kidney cDNA encoding vitamin D 24HD (19). In 2011, Schlingmann et al. confirmed that HCINF1 is mutated in CYP24A1 based on 8 cases of infants receiving vitamin D supplementation (either daily or bolus doses) (12). The affected children were homozygotes or compound heterozygotes for nonsense or missense mutations of CYP24A1 (inherited as autosomal recessive trait), leading to complete loss of function of 24HD confirmed in the transfected eukaryotic cell line (12). Since then, multiple pathogenic variants (PVs) in the CYP24A1 gene have been identified, revealing that the spectrum of biallelic variants (either homozygous or compound heterozygous) ranges from severe hypercalcaemia in infants to mild hypercalcaemia in adults (20–23). Heterozygotes usually present with milder or asymptomatic phenotypes (24). However, in the case of a 44-year-old patient with intermittent hypercalcaemia and two intron−exon splice junction mutations (IVS5 + 1G>A and IVS6–2A>G) of CYP24A1, an analysis of family members suggested autosomal dominant inheritance with partial penetrance (25). Furthermore, the clinical phenotype is dependent not only on the PV but also on vitamin D intake, sunlight exposure or pregnancy (12, 26, 27). It is known that 1,25(OH)2D3 is elevated during normal pregnancy, which additionally promotes hypercalcaemia in women with disturbed calcitriol catabolism associated with CYP24A1 mutation (5, 28).

Hypercalcaemia related to the presence of PVs in the CYP24A1 gene is often overlooked. Although epidemiological data concerning the prevalence of PVs of the CYP24A1 gene are scarce, the estimated frequency of deleterious minor alleles is 0.140 (29). Thus, the calculated frequency (using the Hardy−Weinberg equilibrium) of recessive disorders is 1960 per 100.000 people (29). By adding patients harbouring monoallelic mutations who may present with a clinical phenotype, the number of affected individuals is significant, and this should be considered more often in the differential diagnosis of hypercalcaemia (30, 31).

In 2016, an autosomal recessive loss-of-function mutation in the SLC34A1 gene was identified as the second cause of infantile hypercalcaemia-2 (HCINF2, OMIM 616963) (32). Like in patients with CYP24A1 mutations, hypercalcaemia, suppressed PTH and inappropriately high 1,25(OH)2D3 are observed. The distinguishing feature is hypophosphatemia due to renal phosphate wasting. (32)

Low PTH and high 1,25(OH)2D3 levels are specific to the whole group of endogenous causes of vitamin D related to hypercalcaemia (including HCINF, granulomatous disease and some lymphomas); therefore, 24,25(OH)2D3 assessment is crucial for differentiation. The distinguishing feature of HCINF1 is the very low concentration of 24,25(OH)2D3. Therefore, the measurement of this metabolite is the first screening tool for HCINF1, allowing to select subjects for further genetic tests. However, in healthy individuals, there is a positive linear correlation between the concentration of 25(OH)D3 and 24,25(OH)2D3, which results in physiological inhibition of the production of 24,25(OH)2D3 when the serum 25OHD3 concentration falls into the vitamin D deficiency range (33). For this reason, a more accurate parameter for expressing the absence of 24,25(OH)2D3 in HCINF1 patients is the ratio of 25(OH)D3 to 24,25(OH)2D3, especially because some of these patients have a low vitamin D status (34). The technique allowing a reliable assessment of 24,25(OH)2D3 is LC−MS/MS. Chromatographic separation is the reference method that allows for the precise resolution of 24,25(OH)2D3 from other vitamin D metabolites. Using the LC−MS/MS method involving derivatization with DMEQ-TAD {4-[2-(6,7-dimethoxy-4-methyl-3,4-dihydroquinoxalinyl)ethyl]-1,2,4-triazoline-3,5-dione}, a ratio greater than 80 (normal ratio, 5 to 25) allows for the identification of HCINF1 due to the CYP24A1 mutation (34). Using extended chromatography, which resolves 24,25(OH)2D3, 25,26-(OH)2D3 and 1,25(OH)2D3, a ratio > 140 was used as the cut-off value (35).

To date, 6 cases of primary hyperparathyroidism coexisting with a CYP24A1 mutation have been reported in 5 publications (Table 2) (36–40). The diagnosis of PHPT was made due to elevated serum calcium and inadequate nonsuppressed PTH. In most of these patients, parathyroidectomy was initially performed following the diagnosis of primary hyperparathyroidism, and after surgery, due to the persistence of hypercalcaemia, a diagnosis of 24-hydroxylase deficiency was established. Pathological examination revealed hyperplasia in the parathyroid glands in 2 patients after total or partial parathyroidectomy (37, 38). For the other subjects, adenomas were found; in one patient, a complete histopathology report was unavailable (36, 37, 39, 40). In all patients, removal of autonomous parathyroid tissue resulted in a significant decrease in the serum calcium concentration. PTH reduction may have additional value for individuals with a CYP24A1 mutation because it eliminates the continuous stimulation of 1,25(OH)2D3 synthesis, whose catabolism is disrupted. In the present case, the relatively low concentration of PTH (27 pg/mL) before parathyroidectomy was noteworthy. Primary hyperparathyroidism is characterized by elevated calcium concentrations and a lack of portal feedback between calcium concentration and PTH secretion. Usually, the PTH level is significantly elevated but can also be within the normal range. In both situations, PTH levels are clearly inadequate for elevating serum calcium levels. However, well-documented PHPT has been reported with PTH levels as low as 20 pg/mL to 25 pg/mL, given a reference range of 10 pg/mL to 65 pg/mL (11).


Table 2 | The summary of reported cases of concomitant primary hyperparathyroidism and mutations in the CYP24A1 (human cytochrome P450 24 subfamily A member 1) gene leading to impaired function of 24-hydroxylas.



Vitamin D and PTH are conjugated: 1,25(OH)2D3 reduces PTH directly by inhibiting its transcription and indirectly by increasing calcium absorption from the gastrointestinal tract (41). Furthermore, calcitriol induces the expression of FGF23 in bones, and FGF23 decreases PTH secretion and PTH mRNA levels (42). (42). On the other hand, PTH is the main stimulator of 1,25(OH)2D3 synthesis in the kidneys (43).

As shown in a systematic review and meta-analysis by Song et al., vitamin D supplementation in patients with PHPT and vitamin D deficiency significantly reduces PTH without causing hypercalcaemia or hypercalciuria (44). The coexistence of 24-hydroxylase insufficiency and the consequent extraordinarily high 1,25(OH)2D3 level may intensify this process. The observed concentrations of PTH in earlier described patients with HPT coexisting with CYP24A1 mutations differed greatly from each other. Loyer et al. described 2 patients with inappropriate/high PTH levels (22 pg/mL to 92 pg/mL) (37). In the case described by Helmuth et al., the preoperative PTH concentration was 58 pg/mL (36). Another patient had PTH ranging between 36.6 pg/mL and 80.3 pg/mL during the year preceding parathyroid surgery (38). In a recent case, low-normal PTH concentrations (23.6 pg/mL) before and after the first partial parathyroidectomy were observed, and after the second parathyroid surgery, PTH became undetectable (39). The only known patient with a heterozygous pathogenic variant in CYP24A1 had a preoperative PTH level of 63 pg/mL (40).

It is unclear whether the co-occurrence of PHPT with a CYP24A1 mutation in these patients is a unique coincidence or is a new phenotype of CYP24A1 mutation combined with hyperparathyroidism. The biochemical profile of patients with 24-hydroxylase deficiency-hypercalcaemia and especially high 1,25(OH)2D3 decreases not only PTH secretion but also parathyroid cell proliferation. Calcitriol reduces parathyroid volume through the suppression of the cell cycle regulator c-Myc, the suppression of transforming growth factor-α (TGF-α), and the induction of p21 (p21 protein), which is an inhibitor of the cell cycle (45). The opposite condition in which parathyroid hyperplasia occurs as a result of hyperphosphatemia, calcitriol deficiency, or hypocalcaemia is renal failure. In our patient, as well as in the other 5 described patients with the CYP24A1 mutation and PHPT, mild renal failure was noted; however, the phosphate concentration remained low (36–39).

In most of the discussed cases, the 25(OH)D3:24.25(OH)2D3 ratio was determined before genetic testing (37, 38, 40). Except for one patient with a heterozygous pathogenic variant in CYP24A1 (25(OH)D3:24.25(OH)2D3 ratio of 25.18), the ratios were above 100 (37, 38, 40).

In the first reported case, a homozygous loss-of-function mutation (p.Arg396Trp) in the gene encoding vitamin D 24-hydroxylase was identified; second, the most prevalent mutation in the CYP24A1 gene was found in patients with HCINF1 (5, 30, 36). In patients with the p.Arg396Trp mutation, the arginine-to-tryptophane substitution leads to complete loss of catabolic activity of 24-hydroxylase due to destruction of the hydrogen bonds between arginine and the haem propionate group, thus blocking transient but crucial 24-hydroxylase substrate binding to haem (46, 47). Interestingly, the homozygous p.Arg396Trp mutation was also found in the cases described by David et al. and Collins et al. (38, 39). In most of the reported cases, the genetic panel was extended by the analysis of the genes associated with hyperparathyroidism, i.e., MEN1 (encoding the tumour suppressor protein menin; MEN1, Multiple Endocrine Neoplasia type 1), CaSR (encoding the G protein-coupled extracellular calcium-sensing receptor), HRPT2 (encoding the tumour suppressor parafibromin) and CDK (encoding the tumour suppressor cyclin-dependent kinase) (37, 48, 49). In the case reported by David et al., CaSR and MEN1 mutations, which are underlying causes of hyperparathyroidism, were excluded (38). In the case described by Collins et al., genetic testing confirmed that the patient was homozygous for the pathogenic variant c.1186C>T, p.Arg396Trp in the CYP24A1 gene (39). (39) Documented cases of primary hyperparathyroidism and missense p.Arg396Trp mutation raise the question of whether the described genetic alteration predisposes patients to parathyroid autonomy. The link between loss-of-function CYP24A1 mutations and the development of primary hyperparathyroidism has not been confirmed (50). In the present case, a heterozygous missense variant (rs114368325; p.Arg396Trp) was also identified, together with the second pathogenic variant. In this study, we were unable to confirm the heterozygosity or compound heterozygosity of both variants; therefore, we cannot discuss the recessive or dominant inheritance of the disease.

The coexistence of parathyroid autonomy and pathogenic variants in the CYP24A1 gene is not associated only with p.Arg396Trp mutations. Loyer et al. reported two cases of concomitant PTH-dependent hypercalcaemia and deleterious compound heterozygous mutations in the gene encoding vitamin D 24-hydroxylase (37). In the first case, a 39-year-old female with persistent hypercalcaemia after the removal of hyperplastic parathyroid fluid, p.Cys380Arg/p. Leu409Ser compound heterozygous mutations were identified (37). Interestingly, in the same patient, an intronic HRPT2 gene polymorphism (c.1418-17C>G) was found (37). In the second case, genetic testing confirmed compound heterozygous (p.Leu335Profs11/.p.Arg396Gln) mutations in the CYP24A1 gene, intronic polymorphisms (c.237 + 28 T>C) in the HRPT2 gene and the p.Gln1011Glu variant in the CaSR gene (37). Hypercalcaemia due to a novel heterozygous pathogenic variant (p.Pro392Argfs*9) in the CYP24A1 gene and concomitant primary hyperparathyroidism were documented in the case of a 23-year-old female by Liu et al. (40).

In PHPT, the only curative treatment is parathyroidectomy. In patients with proven CYP24A1 mutations, management should concentrate on eliminating or reducing hypercalcaemia and hypercalciuria. Thus, the basis of long-term strategies is a low vitamin D and calcium diet, in which vitamin D supplementation is omitted and sunlight exposure is avoided. In patients for whom this approach is not sufficient, various pharmacologic therapies have been described. Glucocorticoids that reduce enteral calcium absorption and inhibit the conversion of serum 25(OH)D3 to active 1,25(OH)2D3 were found to be ineffective in patients with CYP24A1 defects (7, 51). However, effective therapeutic outcomes have been described in patients treated with imidazoles, such as ketoconazole or less toxic fluconazole, which reduce 1,25(OH)2D3 synthesis by inhibiting CYP enzymes (cytochrome enzymes) (25, 52).

The limitation of this study was the unavailability of patient family members, which allowed us to clearly determine whether the variants were located cis or trans within the CYP24A1 gene and therefore how their concurrence affected the clinical outcome of the patient.





Conclusions

The present case underlines the importance of accurate clinical evaluation of hypercalcaemia. Rarely may multiple causes of hypercalcaemia coexist, which complicates the diagnostic process. Identification of such conditions often requires a wider range of diagnostic techniques. In patients with PTH-independent hypercalcaemia, the measurement of vitamin D metabolites using LC–MS/MS analytical technique, followed by genetic testing (e.g., NGS technique), may help to identify carriers of CYP24A1 mutations.




Patient perspective

Currently, the patient reports an improvement in her wellbeing. The patient is pleased that the present treatment was limited by adequate hydration, the avoidance of sun exposure and the lack of vitamin D supplementation.
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Magnesium (Mg), a nutritional element which is essential for bone development and mineralization, has a role in the progression of osteoporosis. Osteoporosis is a multifactorial disease characterized by significant deterioration of bone microstructure and bone loss. Mg deficiency can affect bone structure in an indirect way through the two main regulators of calcium homeostasis (parathyroid hormone and vitamin D). In human osteoblasts (OBs), parathyroid hormone regulates the expression of receptor activator of nuclear factor-κ B ligand (RANKL) and osteoprotegerin (OPG) to affect osteoclast (OC) formation. In addition, Mg may also affect the vitamin D3 -mediated bone remodeling activity. vitamin D3 usually coordinates the activation of the OB and OC. The unbalanced activation OC leads to bone resorption. The RANK/RANKL/OPG axis is considered to be a key factor in the molecular mechanism of osteoporosis. Mg participates in the pathogenesis of osteoporosis by affecting the regulation of parathyroid hormone and vitamin D levels to affect the RANK/RANKL/OPG axis. Different factors affecting the axis and enhancing OC function led to bone loss and bone tissue microstructure damage, which leads to the occurrence of osteoporosis. Clinical research has shown that Mg supplementation can alleviate the symptoms of osteoporosis to some extent.
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1 Introduction

Bone is continuously remodeled through the coordination and interaction between osteoclasts (OCs) and osteoblasts (OBs) to achieve bone homeostasis (1). Individuals with osteoporosis (OP), a systemic bone disease associated with ageing, are prone to fractures because of decreased bone density and quality caused by bone homeostasis imbalance and destruction of the bone microstructure (2, 3). In addition, patients with OP are more prone to micronutrient deficiency. An increase in micronutrient intake may have an osteoprotective effect on patients with OP (4). A meta-analysis by Feng et al. showed that dietary patterns were related to the incidence of OP (5). Magnesium (Mg), along with calcium (Ca) and vitamin D (VD), are key regulators of bone health and have an obvious influence on OP risk (6).

Approximately 99% of Mg is found in bones, muscles and soft tissues (7). Approximately 50–60% of Mg resides as surface substituents of the hydroxyapatite mineral component of bone (8). A considerable portion of skeletal Mg is mainly distributed on cortical bones (9). A large part of the Mg in bone may be deposited as apatite crystals. In addition to its structural function, Mg is a key element for all living cells, including OBs and OCs. In cells, Mg is essential for many physiological functions. First, Mg is the basis of ATP, and ATP is an essential energy source for cells (10). In addition, Mg is a cofactor of different enzymes associated with the synthesis of lipids and proteins. Moreover, Mg antagonizes Ca and acts as a signal sensor (11, 12). Therefore, changes in Mg homeostasis can affect cell and tissue function.

Many studies have suggested that Mg deficiency is a risk factor for OP (6, 13). In a study of rats, researchers have shown that controlling Mg intake in the daily diet can alleviate the symptoms of OP (13). If animals consume less Mg, it can lead to fragile bones and further cause microfractures of the trabeculae, resulting in extremely significant harm (14). Cohort research involving 73684 postmenopausal women revealed that lower Mg intake was related to reduced hip bone density (15). In addition, cross-sectional studies from the UK have found that dietary Mg may play a role in musculoskeletal health and is associated with population prevention strategies for myopenia, osteoporosis and fractures (16). Therefore, the main aim of this article is to summarize the effect of Mg on the pathogenesis of OP.




2 Pathogenesis of OP

Bone remodeling is regulated by osteocytes, OCs, OBs, bone lining cells, and endothelial cells in the bone microenvironment (17). These cells play a dynamic role in the formation and maintenance of bone integrity. Osteocytes exist in the voids of the matrix and are the mechanical receptors of bone tissue. Osteocytes maintain the physiological function of bone by interacting with various signals to transmit mechanical force to chemical signaling pathways (18). The OB plays an important role in body tissues and is synthesized by undifferentiated mesenchymal cells. Medical research has shown that OBs are involved in bone formation and growth. OCs are a type of multinucleated giant cell whose function is to promote bone resorption. Their main function is to absorb bone and prepare a matrix for bone generation (18, 19).

A variety of proteins and signaling molecules are involved in the regulation of bone homeostasis. It is wildly believed that the RANK/RANKL/OPG axis is a key factor in the molecular mechanism of OP (20–22). (Figure 1) Various factors affect the axis and enhance the formation of OCs to a state of decompensation, resulting in reduced bone mass and damage to the bone tissue microstructure, which leads to the occurrence of OP (23). In the process of OC differentiation and activation, OBs participate in the regulation of OC differentiation by expressing RANKL and OPG (24). RANKL binds to RANK and activates OC differentiation through the activation of downstream signaling pathways, while OPG inhibits these effects by inhibiting the RANKL-RANK interaction.




Figure 1 | RANK/RANKL/OPG axis in the pathogenesis of osteoporosis. The RANK/RANKL/OPG axis plays a key role in the molecular mechanism of osteoporosis. Various factors affect the axis and cause osteoclast formation to a state of bone remodeling decompensation, resulting in a reduction in bone mass and damage to the bone tissue microstructure, which leads to the occurrence of osteoporosis. For example, in the process of osteoclast differentiation and activation, osteoblasts express RANKL and OPG, which participate in the regulation of osteoclast differentiation. RANKL binds to RANK and activates the downstream signaling pathway, leading to the activation of osteoclast differentiation. OPG suppresses the above effects by inhibiting the RANKL-RANK interaction. The RANKL secreted by osteocytes plays an important role in the formation of osteoclasts in bone. The expression of RANK in vascular endothelial cells in the bone microenvironment is upregulated by vascular endothelial growth factor (VEGF), which enhances the angiogenic response to RANKL. Previous studies have shown that bone lining cells express RANKL and other osteoblast markers during active remodeling intervals in the lining, which is responsible for the interaction between RANKL and the osteoclast precursor receptor RANK.



Osteocytes have been shown to be regulators of mineral metabolism and periluminal matrix remodeling as well as the function of mechanosensory cells (25). It has been determined that osteocytes express RANKL and that RANKL secreted by osteocytes is most important for the formation of physiologically supported OCs in developing bones (26). After long-term research, some scholars have shown that bone lining cells can synthesize factors such as RANKL (27). Further research revealed that these cells can also regulate the ability of RANKL to bind to RANK receptors (28). Long-term studies have shown that vascular endothelial growth factor (VEGF) is involved in bone remodeling (29). OBs can express VEGF receptor 1 (VEGFR1) and VEGFR2 and release VEGF upon stimulation with VD3 (30). The expression of RANK on endothelial cells in the bone microenvironment was upregulated by VEGF, which subsequently enhanced the angiogenic response to RANKL (29).

The most common cause of OP is a lack of estrogen in postmenopausal women, which can lead to increased OC activity and bone mass loss, resulting in OP and osteoporotic fractures (31). Ca is the most basic mineral component in bone, and insufficient Ca intake will lead to decreases in bone mass. Therefore, VD deficiency can cause OP. Parathyroid hormone (PTH) is a hormone secreted by the parathyroid gland that is mainly responsible for the metabolism of Ca and phosphorus and regulating the levels of these two elements in the body. PTH plays a key role in maintaining Ca and phosphorus levels. A high or low level of secreted PTH may lead to abnormal metabolism of the two elements in the body, leading to OP (32).




3 The role of Mg in the pathogenesis of OP

Mg can strongly promote bone development and mineralization, by increasing the activity of phosphatase (33). Insufficient intake of magnesium in daily diet can lead to a decrease in bone mineral density. According to the results of animal studies, insufficient dietary Mg intake promotes the occurrence of OP (6). That not only reduces bone density but also alters the levels of PTH and 1,25(OH)2-VD in tissues, thereby inhibiting the body’s absorption of Ca and ultimately inducing hypocalcemia. Scholars have conducted long-term studies on humans, and the results show that hypomagnesemia can significantly inhibit the synthesis of PTH in the body, leading to damage to related organs (34). For example, clinical studies by Ohya et al. have shown a significant correlation between serum Mg and intact PTH (iPTH) levels (35). The clinical evidence of Cheung et al. shows that combined Mg and VD therapy may increase serum 25-hydroxyvitamin D concentration more effectively than supplementation of VD alone (36). Due to the increase in PTH levels, the activity of adenylate cyclase can be enhanced, thereby promoting the secretion of cyclic adenosine monophosphate (AMP) (13, 37). And these enzymes need sufficient participation of Mg to function, which means that resistance to PTH can lead to not fully stimulated enzyme activity. Notably, hypomagnesemia can also induce an inflammatory response (38) and further lead to bone loss (39). Scholars have analyzed the effects of Mg on blood vessels by constructing animal models and concluded that Mg can improve endothelial function and lower blood pressure. However, a decrease in the volume of blood vessels within the bone may trigger nerve injury-induced OP (40) and OP in elderly individuals (41).



3.1 Effect of Mg on OBs in the pathogenesis of OP

Several researchers have investigated the influence of Mg on the differentiation or function of OBs (42, 43). Bed et al. indicated that extracellular Mg (2+) and melastatin-like transient receptor potential 7 (TRPM7) are important for platelet-derived growth factor (PDGF)-induced proliferation and migration of human osteoblasts (44).

In vivo experiments and clinical studies have shown that high concentrations of Mg can inhibit the secretion of PTH (45–47). Under normal physiological conditions, Mg affects the secretion of PTH in a manner similar to that of Ca. (Figure 2) Specifically, increased serum Mg binds to Ca sensor receptors on parathyroid cells, resulting in increased levels of intracellular Ca and decreased PTH secretion. In contrast, the level of serum PTH increased with decreasing serum Mg. PTH enhances bone formation via different mechanisms, including direct activation on OBs, induction of insulin-like growth factor (IGF)-1 and possible inhibition of sclerostin (SOST) (48). PTH mainly promotes OB division through the involvement of enzymes such as protein kinase A (PKA) (49). Scholars have explored the effects of PTH on bone tissue by constructing animal models and conducting intergroup control experiments in humans (50). The results showed that PTH administration can significantly promote the division of OBs, thereby accelerating the formation of bone tissue stimulated. Moreover, PTH administration can also promote the deposition of mineralized matrix by regulating the proliferation of osteoblast precursors and other pathways (51).




Figure 2 | Effect of Mg on osteoclasts in the pathogenesis of osteoporosis. With decreasing serum Mg, the serum parathyroid hormone level increased. PTH enhances bone formation through a variety of mechanisms, including direct action on osteoblasts, induction of insulin-like growth factor (IGF)-1 and possible inhibition of sclerostin (SOST). The direct stimulation of osteoblast function by PTH is mainly mediated by the activation of cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA) and mitogen activated protein kinase (MAPK). PTH signal transduction in osteoblasts affects Runx2. Runx2 is a transcription factor that plays an important role in osteoblast differentiation and function. Notch signal regulation is another mechanism by which PTH promotes osteogenesis. Notch1 inhibits the differentiation of mesenchymal progenitor cells and mature osteoblasts and bone trabecular formation, and Notch2 has a similar inhibitory effect on the function of osteoblasts. In addition to patients with parathyroid hormone secretion disorders, patients with Mg deficiency usually have low serum vitamin D concentrations. Vitamin D can affect not only the proliferation of osteoblasts but also the differentiation of osteoblasts. The extracellular environment (growth factors, cytokines, matrix proteins, calcium/phosphorus and other signaling molecules) and the intracellular environment (e.g., insulin-like growth factor binding protein-6) influence the final effect of vitamin D.



Nevertheless, the main direct effect of iPTH on OBs in vivo is to reduce the apoptosis of OBs but not to promote the proliferation of preosteoblasts. Moreover, PTH signal transduction in OBs affects Runx2, which is a transcription factor associated with OB differentiation and function (52). In addition to Runx2, many studies have suggested that multiple additional target genes (liver ligand protein B2, IGF-1, FGF2, PTH-related protein and MMP13) in OBs contribute to the antiapoptotic effect of iPTH therapy (53–57). In addition to apoptosis, iPTH can play a vital role in OB differentiation and function through the WNT signaling pathway (58). However, WNT signaling has different effects on OBs depending on their differentiation stage (59). Research has shown that in preosteoblasts, WNT signaling can stimulate and accelerate the division of OBs, playing a very important role in the development of bone tissue (60). In mature OBs, these signals can increase the level of OPG, which is the bait receptor for RANKL, thereby slowing the absorption of bone (61).

PTH can also promote bone tissue growth through Notch signaling. Previous studies have shown that PTH upregulates Jag1 expression in OBs (62). In addition to Jag1, PTH can up-regulate the expression of other Notch components in bone, especially Notch2 and Dll1 (63). Researchers have shown that Notch1 can prevent the proliferation and division of mature OBs and interfere with the formation of bone trabeculae. Moreover, Notch2 has a similar inverse effect on OB function (64). Studies by Canalis et al. have shown that gene activation of Notch2 signal transduction stimulates OC differentiation and absorption (65). In addition, Jesus et al. shown that the increases in Notch ligands and receptors lead to Notch activation, as PTH also elevated the expression of several Notch target genes in bone, particularly Hes1 that was elevated across all the experiments (63). In addition, the activation of WNT signal in OBs or osteocytes increases the Notch signal in bone, indicating that there is crosstalk between the two pathways (66, 67).

In addition to PTH secretion disorders, the serum concentrations of the VD active metabolite 1,25(OH) 2 D 3 are often low in patients with Mg deficiency. This may be due explained by low serum PTH levels or renal are resistant to PTH because PTH is the main physiological regulator of 1,25(OH)2-VD synthesis. Mg deficiency is harmful to this process because the synthesis of 1,25(OH)2-VD depends on the presence of Mg. Previous studies have demonstrated the direct influence of 1α,25(OH) (2)D(3) on the survival of OBs, which varies with the treatment time, dose, source and environment of the OBs (68–70).

Additionally, 1α,25(OH) (2)D(3) can affect not only the proliferation of OBs but also the differentiation of OBs (71, 72). The extracellular environment (VEGF, cytokines, Ca/phosphorus ions et al.) and the intracellular environment (IGF binding protein-6) affect the final effect of 1α,25(OH) (2)D(3) (73). These factors can regulate the role of 1α,25(OH) (2)D(3) and impact the final reaction. A typical intracellular pathway is WNT signaling. Standard WNT signals are essential for bone formation. The lipoprotein-related receptors 5 and 6 (LRP5/6) promote the secretion of members of the WNT-related protein family and binds to the membrane receptor on OBs. The absence of LRP5 leads to a decrease in the number of OBs, delayed mineralization and a reduction in peak bone mineral density. However, 1α,25(OH) (2)D(3) can cause the binding of vitamin D receptor (VDR) to the LRP5 locus (74). Therefore, VD3 is a key factor in OB differentiation and bone generation because it affects WNT signaling (74, 75).




3.2 Effect of Mg on OC in the pathogenesis of OP

Mg deficiency promotes OC formation and bone loss (6, 76). Mg deficiency in animal models has been shown to stimulate the generation of cytokines, which can promote bone resorption by OCs. For example, an increase in RANKL and a reduction in OPG can lead to increased bone resorption (77).

As previously described, high levels of Mg inhibit PTH secretion (45). In body tissue, PTH mainly enhances bone resorption by enhancing OC activity (78). In recent years, some scholars have conducted in vitro experiments and found that if OCs are cocultured with conditioned medium from stromal cells and other similar cells, they are more likely to interact with PTH (79). Therefore, PTH may indirectly activate OCs via its effect on OBs, thus inducing bone resorption. In OBs, RANKL and OPG play different roles by coordinating with each other to maintain the stability of bone tissue (80, 81). The combination of RANKL and RANK can accelerate the generation of OCs. The above functions of RANKL are inhibited by OPG, thereby reducing the activity of OCs (80, 81). (Figure 3) Specifically, with the participation of OPG, RANKL binding can inhibit its entry into the corresponding receptor (82). After PTH administration, OPG mRNA (83) can be detected in rat bones. Currently, Fu et al. (84) conducted a series of in vitro studies to explore the mechanism of action of PTH. These results indicate that PTH mainly enhances RANKL levels by activating cAMP/PKA-CREB. and during this process, it can also downregulate OPG levels by regulating PKA-CREB-AP-1.




Figure 3 | Effect of Mg on osteoclasts in the pathogenesis of osteoporosis. PTH may activate osteoclasts indirectly through its effect on osteoblasts, thus inducing bone resorption. In osteoblasts, parathyroid hormone regulates the expression of RANKL and OPG, and these two receptors play a leading role in osteoclast formation. PTH directly increases the expression of RANKL by activating the cAMP/PKA-CREB pathway and inhibits the expression of OPG via the PKA-CREB-AP-1 pathway. These PTH actions lead to an increase in the RANKL/OPG ratio, which is considered to be the main mechanism by which PTH affects osteoclast formation and bone resorption. The formation of OCs can also be regulated directly by vitamin D. In addition, vitamin D inhibits the expression of OC-related genes and proteins (Ctsk, MMP-9 and NFATc1) to inhibit osteoclast formation. In addition, vitamin D and its analogue decalcified alcohol inhibit OC formation by regulating the sphingosine-1-phosphate (S1P) receptor system.



Mg may affect the bone remodeling activity of VD3. For example, VD3 usually participate the activation of OBs and OCs. Mg deficiency leads to an imbalance in OC activation, which in turn leads to bone resorption (85). A Mg-deficient diet may be associated with abnormal bone remodeling, and increased OC activity as well as the risk of OP in animals. In addition, an Mg-integrated diet results in Ca deposition in bones through interactions with VD3, thus increasing bone mass to block or limit OP (86). In addition, 1α,25(OH) (2)D(3) can indirectly promote OC formation by enhancing the level of RANKL. The formation of OCs is also associated with 1α,25(OH) (2)D (3). In addition, 1α,25(OH) (2)D (3) prevents the expression of OC-associated proteins, such as Ctsk, MMP-9 and NFATc1 (87). Sakai reported that 1α,25(OH) (2)D (3) inhibits OC generation by preventing the expression of c-Fos and NFATc1 (88). Kikuta et al. reported that 1α,25(OH) (2)D(3) promoted OC migration by regulating the sphingosine 1-phosphate (S1P) receptor system (89). Therefore, 1α,25(OH) (2)D (3) can promote the genealogical nature of OCs and inhibit the formation of OCs in different environments, thus achieving bone health balance.




3.3 Effect of Mg on osteocytes in the pathogenesis of OP

Recent evidence suggests that osteocytes are important cellular targets for PTH (90). PTH can prevent the synthesis of sclerotin in osteocytes to accelerate the development of bone tissue. Research has shown that SOST is a secreted protein that can directly act on the WNT–β-catenin signaling pathway to delay the development of bone tissue (91). Scholars have also pointed out that the substances formed by the binding of WNT ligands to frizzled (Fzd) receptors can act on the WNT–β-catenin signaling pathway to accelerate the development of bone tissue (50). The relevant research results indicate that RANKL can also be produced by osteocytes (26). In osteocytes, this protein is upregulated by PTH, which in turn plays a role in osteoclastogenesis (92). Therefore, Mg can regulate PTH signals through paracrine mediators (such as RANKL) in osteocytes to affect bone remodeling.

Mg is the second most abundant cation in cells and is an essential factor in the synthesis and metabolism of PTH and VD (93, 94). Previous studies have shown that the activities of the three main enzymes that determine 25(OH)D levels and VD-binding proteins are dependent on Mg (95). In addition, a previous study showed that people with a combined 25(OH)D and Mg deficiency were more likely to have OP than those with a single 25(OH)D deficiency (96). These findings suggest a potential interaction between VD and Mg. The osteocytes are closely related to increased blood phosphate and 1,25(OH)2 VD (97, 98). Pereira et al. reported that the overall influence of active VD sterols on bone in patients with chronic kidney disease is to promote the generation of osteocytes in the early stage of maturation, increase the number of late osteocytes, and increase osteocyte turnover (97). In addition, VD may be a key factor in regulating OB/OC/osteocyte coupling by promoting RANKL/OPG expression (97).




3.4 Effect of Mg on vascular endothelial cells in the pathogenesis of OP

Bone angiogenesis is closely associated with bone metabolism, remodeling and repair. There is evidence that the influence of PTH is mediated by the BMP/Smad1 pathway and is associated with the regulation of angiogenesis (99). VEGF can increase bone vascular invasion and regulate the morphology of growth plates (100). Fu et al. reported that the zinc-finger E-box-binding homeobox-1 (ZEB1)/Notch signaling pathway controls the recruitment/differentiation of perivascular bone progenitor cells, thus promoting osteogenesis by regulating the expression of many vascular secretory factors (such as TGF-β 1, 2, BMP2, BMP4, FGF1 and Noggin) (101). All these vascular secretory factors are thought to be actively involved in osteogenesis.

As described in previous studies, Mg deficiency is associated with decreased PTH levels and induced PTH resistance in terminal organs (102). Currently, VEGF is the most well-studied angiogenic factor in the skeletal system of mammals. As the most important HIF1α target gene after translocation to the nucleus, VEGF is considered to be a key link between angiogenesis and osteogenesis (100, 103, 104). Many scholars have shown that PTH may increase the expression of VEGF in OBs, and VEGF can increase the activity of endothelial cells and promote angiogenesis (99, 105–107). In addition, Ding et al. showed that PTH may affect the expression of VEGF through the PKA/pAKT/HIF1α pathway, thus affecting angiogenesis (108). In addition, Previous studies have suggested that PTH can induce oxidative stress, but current studies have shown that its effect depends on the level of PTHR in endothelial cells (109).




3.5 Effect of Mg on osteosarcopenia

Mg plays an important metabolic and physiological role in musculoskeletal system (110, 111). For example, the results of Welch et al. show that dietary Mg may have a clinical effect on skeletal muscle and bone health in the middle-aged and elderly (16). In addition, in a nationwide cross-sectional survey in 10,279 participants with hypertension based on NHANES, a positive association was observed between dietary Mg intake and appendicular skeletal muscle mass index (ASMI), but not between Mg supplements and ASMI, implying the importance and uniqueness of dietary source of Mg (112). The positive correlation between dietary Mg intake and ASMI can be explained by several possibilities. Animal studies have shown that Mg may improve exercise performance by increasing glucose availability in muscles and blood (113). Mg may also affect muscle performance by maintaining protein synthesis and circulation in muscle through energy metabolism (114). In addition, recent studies have shown that Mg deficiency may increase inflammation and be associated with muscle damage. Inflammation is one of the important factors leading to the occurrence and development of myopenia (115). Experimental animals with Mg deficiency showed systemic inflammation and increased levels of inflammatory markers. Dietary Mg supplements reduced the production of pro-inflammatory cytokines and oxidative stress (116). Several studies have shown that higher Mg intake is associated with lower serum CRP (117).

Previous studies showed that a decrease in muscle mass may be the result of a decrease in protein synthesis or an increase in protein degradation, particularly the ATP-dependent ubiquitin–proteasome proteolytic pathway (118–120). Mg may also affect muscle performance through energy metabolism (production of ATP), transmembrane transport, and muscle contraction and relaxation (121). Skeletal muscle aging is strongly affected by the loss of balance between molecular and muscle cell injury and repair processes, and is characterized by immune activation (122). Chronic systemic inflammation during aging is associated with muscle decrease and weakness, and involves the increase of resident macrophages in aging muscles (123). Cui et al. found that oral Mg supplements could modulate macrophage phenotype by decreasing the M2 population and reduce inflammation during sarcopenia (124). In addition, they found that oral Mg supplements can reduce the deterioration of muscle function in the later stage of muscular dystrophy (124).





4 Mg supplements and clinical treatment of osteoporosis

An increasing number of clinical studies are exploring the influence of Mg supplementation on bone mass and OP. Consistent with the results of a meta-analysis by Farsinejad-Marj et al. (125), Groenendijk et al. reported a significant positive correlation between Mg intake and hip joint BMD (126). Moreover, Groenendijk et al. found a significant positive correlation between Mg intake and the bone density of the femoral neck but no significant association between Mg intake and the bone density of the lumbar spine. (Table 1) In addition, Aydin et al. analyzed the influence of various nutrients on OP (127). Researchers have studied the effects of bone Mg supplementation on postmenopausal women. The experimental group received daily oral administration of Mg citrate, while the control group did not receive any form of intervention. Afterwards, blood was collected for testing, and the results showed a significant decrease in PTH content in the experimental group; moreover, the content of osteocalcin increased (127).


Table 1 | Clinical evaluation of magnesium in the treatment of osteoporosis.



A previous Israeli clinical case−control study showed that Mg therapy significantly increased bone mineral density in 71% of women and prevented bone loss in 16% of women (128). In addition, Mg supplements in menopausal women have been shown to be more effective in combination with other elements. For example, patients who consumed a complete supplement of 500 mg of Ca citrate and 200 mg of Mg oxide exhibited an increase in the average bone mineral density of 11% compared with that of patients who received 500 mg of Ca citrate alone (132). Ca: Mg intake in the range of 2.2–3.2 seems to have the most protective effect, which indicates that the balance of these nutrients can be included in the recommendations for patients with OP (129). Veronese et al. reported that Mg had a greater effect on fracture risk in women than in men (62% and 53%, respectively) (130). Ryder et al. also reported that the correlation between Mg intake and whole-body BMD and hip BMD in men was lower than that in women (131).

A large number of studies have indicated that moderate supplementation of Ca and VD is an effective intervention for preventing bone loss (133). Some scholars believe that supplementing 1000 mg/d Ca and VD appropriately is necessary to prevent bone loss in individuals in the elderly population (134, 135). In addition, the intake of Mg should also be strictly controlled, with adult men consuming approximately 350 milligrams per day and women consuming 300 milligrams per day (136). Not all older people can meet this intake recommendation. In Western countries, the average Mg intake of healthy elderly people ranges from 274 to 421 mg/day for men and from 227 to 373 mg/day for women. This proportion is lower among the weaker elderly. Dietary sources rich in Mg include leafy vegetables, legumes, nuts, and seeds (137, 138). In addition, nuts and seeds contain abundant protein and Ca, which has a positive impact on bone homeostasis. These phenomena indicate that the effect of nutrients on OP cannot be considered in isolation.




5 Conclusion and prospects

There is an important relationship between the occurrence and development of OP and the imbalance of bone homeostasis, in which the interaction among OBs, OCs and osteocytes is a key factor in maintaining bone stability. Although the effects of various trace elements on bone health and OP have been widely studied, there are no related articles summarizing the role of Mg in maintaining bone homeostasis. Therefore, in the present article, we explore the influence of Mg on various cells involved in the maintenance of bone homeostasis during the pathogenesis of OP and summarize the current clinical studies on the use of Mg in the treatment of OP. The findings are expected to fully clarify the relationship between Mg and OP from a basic to a clinical perspective.
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Introduction: The study assessed the correlation and concordance of 25-hydroxyvitamin D [25(OH)D] levels in capillary and venous plasma collected simultaneously after vitamin D3 supplementation in 42 healthy adults. They were randomly divided into three groups by random number table method. Group A took 1,000 IU vitamin D3 daily, group B took 10,000 IU vitamin D3 every 10 days, and group C took 30,000 IU vitamin D3 every 30 days until the end of the 12th month. Venous blood serum 25(OH)D level was detected by chemiluminescence immunoassay (CLIA) and mass spectrometry (LC-MS) at day 1, day 14, day 28, month 6, and month 12 respectively, the capillary blood serum 25(OH)D level was detected by chemiluminescence immunoassay (CLIA) at the same time. Pearson correlation analysis and linear regression analysis were employed to investigate the relationship and transformation equation between the findings of the two samples and the results obtained from different detection methods within the same sample. The Bland-Altman method, Kappa analysis, and receiver operating characteristic (ROC) curve were utilized for assessing consistency, sensitivity, and specificity.

Results: The three groups all reached a stable peak at 6 months, and the average levels of the three groups were 49.21, 42.50 and 43.025 nmol/L, respectively. The average levels of group A were higher than those of group B and group C (P < 0.001). The mean values of serum 25(OH)D measured by LC-MS and CLIA in 42 healthy adults were 45.32 nmol/L and 49.88 nmol/L, respectively, and the mean values of 25(OH)D measured by LC-MS in capillary blood were 52.03 nmol/L, and the difference was statistically significant (P < 0.001). Pearson correlation analysis showed that the linear fitting formula of scatter data was as follows: venous 25(OH)D concentration (nmol/L) = 1.105 * capillary 25(OH)D concentration −7.532 nmol/L, R2 = 0.625. Good agreement was observed between venous and corrected capillary 25(OH)D levels in clinical diagnosis (Kappa value 0.75). The adjusted serum 25(OH)D in capillary blood had a high clinical predictive value.

Conclusions: The agreement between the two methods is good when the measured 25(OH)D level is higher. Standardized capillary blood chemiluminescence method can be used for 25(OH)D detection.

Keywords
25 hydroxyvitamin D, venous blood, capillary blood, detection methods, consistency evaluation


1 Introduction

Vitamin D exists in many forms in the body's circulation and participates in the body's metabolism. The two important forms of vitamin D are 25(OH)D2(Ergocalciferol) and 25(OH)D3(Hydroxycholecalciferol). The body cannot synthesize 25(OH)D2 and can only obtain it through food or supplements. Therefore, most of the 25(OH)D detected in serum is 25(OH)D3, and only a small number of people whose serum contains 25(OH)D2 can reach detectable levels (1, 2).

1, 25-dihydroxyvitamin D [1,25 (OH) 2D] is the active form of vitamin D in the body, but its content in the human body is very small and difficult to detect. Circulating 25-hydroxyvitamin D [25 (OH)D, including 25(OH)D2 and 25(OH)D3] is one of the main metabolic forms of vitamin D in the human body (3). The stable form and long half-life are the best indicators to evaluate the nutritional status of vitamin D in the human body (4). At present, the detection methods of serum 25(OH)D include liquid chromatography-tandem mass spectrometry, LC-MS/MS), electrochemiluminescence immunoassay (ECLISA), etc. LC-MS/MS can simultaneously detect multiple vitamin D variants such as 25(OH)D2 and 25(OH)D3, with strong specificity and high sensitivity. It is currently recognized as the gold standard method for 25(OH)D detection, and the measurement results are accurate and reliable. However, the requirements for laboratory equipment, personnel and measurement support conditions are high, and the detection technology is more complex and relatively expensive. Benefits of ECLIA include high throughput, labor savings, and real-time reporting of results. At present, the ECLIA method is widely used in medical institutions and is the only method for the detection of 25(OH)D in capillary serum analyzers. The specificity and detection principle of the two methods for detecting venous serum 25(OH)D mentioned in this paper are different.

To determine 25(OH)D levels in body fluids, serum samples must be collected for analysis. For sample collection, different blood collection methods can be used clinically to obtain two blood samples: venous blood and capillary blood. Venous blood is widely used in clinical practice and is a long-acting blood collection method. However, for patients who are not suitable or unable to perform intravenous blood collection, such as children, extremely obese people, patients with severe burns, and patients with advanced cancer, it is more convenient to use the capillary tips of the heels and fingertips for blood collection. Different collection methods may affect the interpretation of the final data (Figure 1).


[image: Figure 1]
FIGURE 1
 Deciding the better alternative for blood collection.


Relevant studies have shown that there is a good correlation between the levels of metabolites in venous blood and fingertip blood. However, the specific values that need to be converted may differ (5). It is important to explore effective and convenient methods to determine vitamin D status in order to timely detect vitamin D deficiency and supplement vitamin D. Therefore, our study aimed to analyze the effectiveness of two blood collection methods for 25(OH) D detection in healthy people during vitamin D supplementation, and to evaluate the consistency of the two detection methods, so as to provide references for clinicians.

This study was based on the practicability of vitamin D supplementation strategies in healthy people. Therefore, daily, 10-day, and monthly vitamin D supplementation groups were set, and the selection of monitoring time points was based on the comprehensive consideration of pharmacokinetics and practicability of real-world studies.



2 Materials and methods


2.1 Research participants

The study participants were 42 healthy adults recruited from the Second Hospital of Hebei Medical University in October 2022. The study subjects were 42 healthy adults recruited by our advertisement in the Second Hospital of Hebei Medical University in October 2022.The inclusion criteria were as follows: (1) healthy adults, (2) age >18 years old, and (3) no special vitamin D supplementation has been given in the past 6 months from the first visit. The exclusion criteria are as follows: (1) presence of congenital or hereditary diseases (phenylketonuria, nodular sclerosis, neurofibromatosis, etc.); (2) significant history of traumatic brain injury and other neurological functional diseases; (3) severe visual and hearing impairment; (4) heart, lung, liver, kidney, endocrine, or autoimmune diseases; (5) gastrointestinal diseases, difficulty eating, and malnutrition; (6) acute or chronic infectious diseases in recent 3 months; and (7) intake of nutritional supplements such as vitamins and minerals in the past 6 months or taking medication recently. For each participant, detailed clinical examinations were conducted, and personal medical history records, including height, weight, body mass index, etc., were collected.

This study was approved by the Ethics Committee of the Second Hospital of Hebei Medical University (Ethical batch no. 2022-R766), the participants signed the informed consent form, and the original study was registered with the China Clinical Trial Registration Center (Registration no. ChiCTR230069387).



2.2 Research methods
 
2.2.1 25(OH)D serum sample collection

Serum samples were collected and sent to the subjects on day 1, day 14, day 28, month 6, and month 12 after the formal start of the study. On the day of sampling, all subjects were in a fasting state, and there was no inflammation or edema in the blood collection area. Venous blood collection and capillary blood collection were carried out successively by the same group of medical personnel. After routine disinfection, disposable venous blood collection needle (sphenwing type, Shandong Zhu Pharmaceutical) was used to puncture the left elbow vein of the subject, and vacuum negative pressure collection vessel was connected (special coagulant and special separation glue were added, Shanghai Aoxiang Medical), 2 ml venous blood was collected and injected into the collection vessel, and centrifuged for 1 h (4,000 r/min, 10 min) and stored away from light. Select the inner tip of the middle or ring finger for capillary blood collection, massage the blood collection site, after routine disinfection, use a disposable blood collection needle (Shandong Zhushe Pharmaceutical) to Pierce the skin 2 mm, wipe off the first drop of blood, use a disposable micro-blood collection straw (Changsha Global Medical Equipment Co., LTD.) to collect 100 μl capillary blood. The blood is squeezed from a microsampling pipette into an EP tube (Eppendorf) containing the anticoagulant EDTA, immediately mixed at least 10 times, and stored at room temperature away from light. All samples will be labeled and stored for future reference, and tested at low temperature on the same day.

From 1 day, 14 days, 28 days, and 6 months after recruitment, two samples of venous serum and two samples of capillary blood were collected on an empty stomach for testing. Venous blood is collected from the cubital vein or jugular vein, with a volume of 2 ml, and injected into a vacuum test tube. Select the inner side of the middle or ring finger tip for capillary blood collection, and collect a blood volume of 100 μl using a disposable micro blood collection pipette. The blood sample was stored at room temperature and away from light. After 1 h, it was centrifuged (4,000 r/min, 10 min) and kept for collection. It was stored at 4°C before being sent for testing. Low-temperature transportation testing was contacted on the same day. Then, 100 μL of capillary blood was collected using a disposable micro blood collection pipette. The blood was squeezed from the micro blood collection vessel into the EP (Eppendorf) tube containing anticoagulant ethylenediaminetetraacetic acid and immediately mixed at least 10 times. The sample was marked and kept for future reference, and low-temperature transportation testing was contacted on the same day.



2.2.2 25(OH)D detection

To reduce the effect of testing instruments and methods on data accuracy, venous serum samples were sent to the laboratory of Beijing Jinyu Testing Center for unified testing. Liquid chromatography-tandem mass spectrometry (LC-MS/MS, 4500MD, AB SCIEX, USA) was used for the detection of serum 25(OH)D levels. Serum 25(OH)D levels in venous and capillary blood samples were measured by chemiluminescence immunoassay using automatic chemiluminescence analyzer (MCL60, Nanjing Renpulse Biotechnology Co., Ltd.). LC-MS/MS is defined as the most recognized “gold standard” for the measurement of 25(OH)D. Internal quality control (IQC) is carried out on all test samples by the tester to ensure that the laboratory test results can be subsequent statistical analysis.



2.2.3 25(OH)D standard deviation score calculation

Using the reference range of serum 25(OH)D levels in the Chinese Journal of Pediatrics “Practice Guidelines for Clinical Issues Related to Vitamin D Nutrition in Children” to grade vitamin D nutritional status: Based on serum 25(OH)D levels, vitamin D nutritional status is classified as vitamin D deficiency [25(OH)D < 30 nmol/L] and vitamin D insufficiency [25(OH)D 30–50 nmol/L]. There are four levels of vitamin D adequacy [25(OH)D > 50–250 nmol/L] and vitamin D toxicity [25(OH)D > 250 nmol/L] (3). By establishing a mathematical model, generate polynomial equations for the mean and standard deviation, with SDS = (measured value average)/s.




2.3 Statistical methods

Statistical analysis was conducted using IBM SPSS Statistics version 27.0 (IBM Corp., Armonk, NY, USA). The Kolmogorov-Smirnov test (KS test) was used to test the normality of the three groups of data. Pearson correlation analysis was used to analyze the correlation between the results of the two detection methods and the results of the two samples. Pearson correlation analysis and linear regression analysis were used to detect the correlation and determine the correction algorithm. Bland-Altman plot and Kappa statistic were used to analyze the consistency. The concepts of approximate entropy and least squares were added to the curve fitting. The weighted Kappa coefficient of 25(OH)D classification was calculated to analyze the consistency of the three groups of data. Using receiver operating characteristic (ROC) curve method to evaluate the sensitivity and specificity. The results were analyzed according to the p value and kappa value, and the difference was statistically significant (two-tailed P < 0.05). We use Cronbach α The coefficient (a commonly used reliability analysis method) is used to compare the consistency or stability of the results obtained from the 25(OH)D test of venous blood serum samples and capillary blood serum samples. If the reliability coefficient is above 0.8, the reliability of the experiment or scale is very good; A reliability coefficient above 0.6 is acceptable; If it is below 0.6, the scale needs to be redesigned.




3 Results


3.1 Basic information

The serum samples of 42 participants [including 14 men (33%) and 28 women (65%)], including 168 venous blood serum samples and 168 capillary blood serum samples, were statistically compared using 168 pairs. In the 42 samples from day 1 of the study, according to the “Practice Guidelines for Clinical Issues Related to Vitamin D Nutrition in Chinese Children,” 27 participants had vitamin D deficiency, 10 had vitamin D insufficiency, and 5 had vitamin D adequacy (3). Data were analyzed for normality using the Jarque Bra test, and the results showed a normal distribution of 25(OH)D values in the venous blood (Table 1, Figure 2). The mean values of the three groups were: 30.00, 29.93, 29.33 nmol/L, there was no statistical significance (P > 0.05). The three groups all reached a stable peak at 6 months, and the average levels of the three groups were 49.21, 42.50, and 43.025 nmol/L, respectively. The average levels of group A were higher than those of group B and group C, and the difference was statistically significant (P < 0.001, Table 2).


TABLE 1 Basal metabolic data and body composition analysis data of the subjects.

[image: Table 1]


[image: Figure 2]
FIGURE 2
 Frequency distribution and normality curve of initial venous blood 25(OH)D concentration in 42 participants.



TABLE 2 Summaries of statistical results from each time period (nmol/L).

[image: Table 2]

The levels of vitamin D in venous blood with two different detection methods and capillary blood with chemiluminescence method were analyzed by paired t-test. The paired t-test showed that the vitamin D levels in venous blood detected by mass spectrometry and capillary blood detected by chemiluminescence method were significantly different (t = 8.326, p < 0.01) (Table 3). Paired t-test showed that the difference of 25(OH)D levels in venous blood and capillary blood detected by chemiluminescence method was also statistically significant (t = 5.636, P < 0.05), and the mean value of capillary 25(OH)D level was significantly higher than that of venous 25(OH)D level detected by the two methods (P < 0.05).


TABLE 3 Paired T-test analysis results for venous blood and capillary blood 25(OH)D concentration.

[image: Table 3]



3.2 Consistency analysis of the two detection samples

The linear fitting formula of scatter data from venous blood detected by chemiluminescence and mass spectrometry was as follows: venous blood 25(OH)D(CLIA) nmol/l =1.128*venous blood 25(OH)D(LC-MS) + 3.628 nmol/l R2 = 0.702. Normality test was carried out on the three groups of data, and all of them were normal distribution. Pearson correlation analysis showed that there was a good correlation between 25(OH)D levels measured by the two methods (r = 0.732, P < 0.001). When the concentration of 25(OH)D in venous and capillary samples was measured by chemiluminescence, the concentration of 25(OH)D in capillary blood was higher than that in venous (Figures 3, 4). The linear fitting formula of scatter data measured by chemiluminescence was as follows: concentration of 25(OH)D in venous blood (nmol/L) = 1.105 * concentration of 25(OH)D in capillary blood −7.532 nmol/L, R2 = 0.625.


[image: Figure 3]
FIGURE 3
 Scatter plots of serum 25(OH)D levels analyzed by mass spectrometry and chemiluminescence, respectively.



[image: Figure 4]
FIGURE 4
 Chemiluminescence was used to analyze the scatter plots of venous 2 and capillary 25(OH)D concentrations.


Taking into account that the variability of differences increases with amplitude, we plotted the percentage difference on the Bland-Altman. Analysis revealed a significant positive bias in venous blood 25(OH)D measured by CLIA compared to LC-MS. The results of CLIA were significantly higher than those of LC-MS. The standard deviation of the difference was 4.259 nmol/ml (95% confidence interval [CI] −2.013 to 8.465), which translates to a percentage difference of 6.259%. Bland-Altman analysis showed that the serum 25(OH)D of capillary blood and venous blood measured by CLIA method had a significant positive bias, and the detection result of capillary blood was significantly higher than that of venous blood. The standard deviation of the difference was 2.234 nmol/mL (95% confidence interval [CI] −10.662–15.130), which translates to a percentage difference of 1.266% (Figures 5, 6).


[image: Figure 5]
FIGURE 5
 The results of 25(OH)D in venous blood were analyzed by mass spectrometry and chemiluminescence and Bland-Altman analysis.



[image: Figure 6]
FIGURE 6
 Bland-Altman analysis of 25(OH)D concentration in venous and capillary blood by chemiluminescence method.


In Cronbach's reliability analysis, the reliability coefficient value was 0.765 which was >0.6, indicating that the reliability quality of the research data was acceptable. For the “CITC value,” the values of the analysis items were all >0.4, indicating a good correlation between the analysis items and a good level of reliability. In summary, the reliability coefficient value of the research data was >0.6, indicating that the quality of data reliability was acceptable.

We used approximate entropy, a non-linear dynamic complexity measure, to evaluate the efficacy of vitamin D treatment. The approximate entropy of other variables to vitamin D ratio was measured, with a T-value of 0.4614 for bone density, 0.5864 for vitamin A, and 0.7462 for capillary blood vitamin D. Among other possibly related analysis results, the correlation between vitamin D in the capillary blood and venous blood was good.

Kappa statistic analysis was used to evaluate the consistency of the results of vitamin D detection among the above three groups of data. When the data were classified as vitamin D sufficient, insufficient, and deficient, paired analysis was performed for the comparison between the three groups of data (Table 4). The p values of the three groups of data were all < 0.01, and the Kappa value was >0.7, indicating that the results of 25(OH)D analysis in venous blood by chemiluminescence method were consistent with the results of 25(OH)D analysis in capillary blood by mass spectrometry. Combined with the Kappa coefficient analysis, the Kappa coefficient of the results of venous blood 25(OH)D analysis by chemiluminescence method and capillary blood 25(OH)D analysis by mass spectrometry was 0.723, which was between 0.6 and 0.8, indicating that the results of the two groups had a strong consistency in judging whether vitamin D deficiency and the results were reliable.


TABLE 4 Kappa coefficient table for the consistency evaluation of the three 25(OH)D results.

[image: Table 4]

There was a significant positive correlation between capillary blood serum 25(OH)D and venous blood serum 25(OH)D. When the corrected capillary serum 25(OH)D was used to diagnose vitamin D deficiency, the capillary serum 25(OH)D result was able to identify subjects with vitamin D deficiency (clinical thresholds 30.00 and 50.00 nmol/L) with sensitivity of 0.97–0.98,. The specificity was 0.89–0.94, and the ROC AUC was 0.96–0.97 (P < 0.001, Figures 7, 8).


[image: Figure 7]
FIGURE 7
 Corrected receiver operating curves of capillary and venous 25(OH)D with 30 nmol/L as the cutoff value.



[image: Figure 8]
FIGURE 8
 Corrected receiver operating curves of capillary and venous 25(OH)D with 50 nmol/L as the cutoff value.





4 Discussion

Vitamin D is an important nutrient that maintains bone metabolism in the human body. Vitamin D deficiency is closely related to chronic diseases such as multiple sclerosis, type I and II diabetes (6). Conversely, vitamin D deficiency increases the risk of preeclampsia, and lower serum 25(OH)D concentrations are associated with cardiovascular diseases in pregnant women and their offspring (7). 25(OH)D is an active form of vitamin D produced by liver hydroxylation in the body. It is relatively stable in the blood and has no significant pulse secretion or circadian rhythm changes. It is the best indicator for evaluating the vitamin D nutritional status in the body (8). Many studies on this topic have been conducted in different directions both domestically and internationally (9–11). The accurate detection of 25(OH)D and the correct interpretation by clinical doctors are of great significance to monitor the efficacy and safety of vitamin D deficiency-related diseases in the diagnosis and treatment process.

There are consistent assessments of serum 25(OH)D levels in venous and capillary blood, and consistent assessments of 25(OH)D levels in the same blood sample by different assays. A study assessing vitamin D nutritional status in newborns indicated that two common immunoassays lead to very different classifications of vitamin D status. May be related to interference with other vitamin D metabolites (12). In other studies, although there was good agreement between capillary blood and venous blood measurements, the subjects were mostly children, and capillary blood 25(OH)D measurements were lower than venous blood measurements (13).

The detection methods for serum 25(OH)D range from initial radioimmunoassay and enzyme-linked immunosorbent assays to high-performance liquid chromatography, electrochemiluminescence immunoassay (ECLISA), and LC-MS/MS, which have become increasingly accurate methods for detecting serum 25(OH)D levels. At present, the mainstream detection methods are ECLISA and LC-MS/MS. LC-MS has higher specificity in detecting 25(OH)D, which can more accurately distinguish 25(OH)D from other similar compounds, improving the sensitivity and accuracy of detection. This reduces the possibility of cross-reactivity and non-specific binding, and the measurement results are generally considered to be closer to the actual level. CLIA uses antibodies, and other vitamin D metabolites with structures similar to 25(OH)D are also likely to cross-react, leading to higher CLIA measurements. Therefore, there may be significant differences in the results of 25(OH)D determination between the two methods.

Some clinicians use immunoassay to detect 25(OH)D. If the serum 25(OH)D standard used in the determination of vitamin D nutritional level is consistent with CLIA method, the vitamin D status of patients may be misjudged. Therefore, caution must be exercised when interpreting the serum 25(OH)D detection report and the detection method must be clearly defined. In this trial, we tried to establish a linear relationship between the different results in order to obtain a more accurate vitamin D level.

According to the test results, the result of serum 25(OH)D in venous blood measured by CLIA method was greater than that of capillary blood serum 25(OH)D measured by CLIA method. The clinician may not be able to determine the vitamin D level of the patient due to different methods or different samples using the same judgment criteria, so we suggest using the truncation value derived from the linear equation for vitamin D status assessment: The cut-off values of 25(OH)D in venous blood were 30.00, 50.00, and 250.00 nmol/L by LC-MS, and the corresponding cut-off values of 25(OH)D in venous blood serum by CLIA method were 37.468, 60.028, and 285.628 nmol/L, respectively. The cut-off values of 25(OH)D in capillary blood by CLIA were 40.723, 66.844, and 265.303 nmol/L, respectively.

When detecting vitamin D, venous blood volume of 3–5 mL must be collected, and the capillary blood volume must be 20 μL. The amount of capillary blood collected is small (13), the tools used are simple, the detection process is time-consuming, and it is more convenient when the patient cannot, or is not suitable, or have conditions that do not support it. Clinicians are faced with different blood collection methods, and their concentration relationships must be compared. In this study, the two detection methods showed good consistency when the measured value of 25(OH)D was >37.5 nmol/L, and the two can be mutually referenced. However, for capillary blood, during the collection process, owing to the possibility of infiltration of the squeezed fabric into the collected samples, different vitamin D levels in different body parts, and the susceptibility of capillary blood examination results to environmental temperature, humidity, and other factors may lead to certain deviations in the test results, and the results cannot be distinguished between D2 and D3, which must be taken into consideration.



5 Conclusions

In summary, the detection results of 25(OH)D in the capillary and venous blood are comparable. When venous blood collection is inconvenient or there are special requirements for blood collection volume and frequency, the vitamin D level in capillary blood samples can be measured to replace the venous blood. The obtained results can be calculated using a common formula to determine the vitamin D content in the venous blood or converted into a reference range for the capillary blood. However, owing to the small sample size of this study, the normal distribution of 25(OH)D in the serum of the participants did not show extreme values. The detection method, data conversion, and result interoperability must be confirmed, and the feasibility still needs to be further expanded to provide more accurate references for clinical practice.
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Analysed parameter,
units

2022°

Reference range

Corrected calcium, mmol/L 3.0 248 2388 2.51 22-2.55
Phosphate, mg/dL 0.81 1.1 0.93 1.06 0.81-1.45
25(0OH)Ds, ng/mL 34.8 16.4 342 27.4 30-50
1,25(0H),D3, pg/mL 720 48.0 90.6 64.4 19.9 - 79.3
Parathormone, pg/mL 27.0 19.0 7.7 15.0 15-65
Creatinine, mg/dL 1.05 1.08 1.38 1.26 0.5-0.9
GFR, ml/min/1,73 m* 54.6 52.5 393 43.4 >90
Calcium in 24h urine collection, mmol/24hr 1197 513 7.81 N/A 2575

a. baseline results before parathyroidectomy; b. 10 months after parathyroidectomy without vitamin D supplementation; c. 3 years after parathyroidectomy with vitamin D 4000 IU daily; d. 4
years after parathyroidectomy without vitamin D supplementation; GFR- glomerular filtration rate; N/A - not available.
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Reference Year Sample Research Conclusion of the study

size Design
3) 2020 6940 Cohort In subjects with healthy sleep patterns, the higher the serum 25(OH)Dj; concentration, the lower the risk of
studies developing T2DM.
(4) 2022 2423 Randomized Supplementing with 4,000 IU of vitamin D per day can reduce the risk of diabetes. Vitamin D had a small
clinical beneficial effect on change in fasting plasma glucose.
trials (RCT)
(5) 2020 4896 Meta-analysis  Vitamin D supplementation reduces the risk of T2DM in participants with prediabetes. Reversion of

prediabetes to normoglycemia was significantly increased by vitamin D supplementation. The benefit of the
prevention of T2DM appears to be confined to nonobese subjects.

(6) 2019 2423 Clinical Among persons at high risk for T2DM not selected for vitamin D insufficiency, vitamin D supplementation
trial (CT) ata dose of 4000 IU per day did not result in a significantly lower risk of diabetes than placebo.
(7) 2023 1074 A cross- In the T2DM patient cohort, the mean blood 25(OH)D; levels were 17.05 ng/ml. In comparison to the
sectional winter and spring, both males and females showed higher 25(OH)D; levels in the summer. HbAlc and
study vitamin D levels were negatively correlated.
(8) 2021 130 RCT Oral daily doses of vitamin D improve HbAlc levels over the 3-month and 6-month period, followed by a

significant decrease in advanced oxidation protein products levels over the 3-month period when higher
vitamin D doses are given.

©) 2021 1932 Meta-analysis  Vitamin D supplementation significantly improved fasting blood glucose, postprandial blood glucose, and
quantitative insulin sensitivity check index in diabetes and prediabetes with baseline 25(0OH)D3<30 ng/ml.
Higher percentages regressing from prediabetes to normal glucose status and lower percentage progressing
from prediabetes to diabetes were found in the supplementation group. The positive effects of vitamin D
supplementation on body mass index, waist, HDL-C, LDL-C, and CRP were also demonstrated.

T2DM, type 2 diabetes mellitus.
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Variables

Age,years old 53.61 + 10.35 5833 £10.19  <0.001*
Height,cm 166.44 + 5.91 154.46 + 10.17 <0.001*
Weightkg 68.99 + 11.05 58.15 £10.17  <0.001*
BMI,Kg/m* 24.85 £3.38 2432 + 3.62 0.032*
WC,cm 88.36 + 9.69 83.35 £ 9.62 <0.001*
SBP,mmHg 127.65 + 16.63 131.66 + 18.05  0.001*
I DBP,mmHg 77.96 + 10.40 7542 = 9.64 <0.001*
TG,mmol/L 245+ 231 2.04 £ 1.89 0.006*
TC,mmol/L 4.57 £ 1.24 4.70 + 1.10 0.125
LDL,mmol/L 2.70 £ 0.93 2.80 £0.93 0.128
HDL,mmol/L 1.09 £0.33 1.25 £ 035 <0.001*
FBG,mmol/L 9.20 + 3.38 8.54 +3.09 0.006*
HbA1c,% 9.85 + 2.52 9.37 £2.53 0.008*
ALT,mmol/L 35.42 + 48.86 27.52 233 0.004*
AST,mmol/L 26.13 £ 3349 ‘ 24.14 + 1839 0.299
BUN,mmol/L 543 + 1.16 520+ 1.13 0.004*
Cr,umol/L 65.91 + 14.00 50.39 + 12.09 <0.001*
ALB,mg/L 645 + 6.02 5.34 £552 0.006*
ACR,mg/g 10.32 + 6.44 ‘ 11.82 + 6.80 0.001*
eGFR,mL/min/1.73m’ 127.55 + 33.26 143.60 + 84.50  <0.001*
Duration of diabetes,mouth 74.01 + 73.03 84.74 + 80.61 0.057
Current Drinking(No/Yes) 179/261 368/18 <0.001*
Current Smoking(No/Yes) 199/241 ‘ 379/7 <0.001*
Hypoglycemic Drugs 182/258 140/246 0.135
(No/Yes)
Insulin(No/Yes) 331/109 303/83 0.267

The values were expressed as the mean + SD, n. BMI, body mass index; WC, waist
circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG,
triacylglycerol; TC, total cholesterol; LDL, low-density lipoprotein cholesterol; HDL, high-
density lipoprotein cholesterol; FBG, fasting blood glucose; HbAlc, hemoglobin Alc; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; Cr,
Creatinine; ALB, urine albumin; ACR, albumin-to-creatinine ratio; eGFR, estimated
glomerular filtration rate; *P<0.05.
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The values were expressed as n (%). *P<0.05.
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Model 1: unadjusteds Model 2: adjusted for sex; Model 3: adjusted for sex, FBG, HbAlc, BMI, duration of diabetes, current smoking, current drinking, hypoglycemic drugs, insulin. OR, odds
ratio; CI, confidence interval. *P<0.05.
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BUN 0.068 0.049*%

Cr 0.144 <0.001*
ALB -0.050 0.153
ACR -0.032 0.353

| eGFR -0.170 <0.001*

BUN, blood urea nitrogen; Cr, Creatinine; ALB, urine albumin; ACR, albumin-to-creatinine
ratio; eGFR, estimated glomerular filtration rate; CA, carotid atherosclerosis; rs, Spearman’s
correlation coefficient. *P<0.05.
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. - . mutation pg/ml
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Helmuth %
etal. 2014 | Switzerland = M 31 ‘missense He:{' p- Arg396Trp 350 19
(36)
missense/ Yes, p.Cys380Arg
F 39 347 92
Loyer missense CH /p.Leud09Ser
etal. 2016 France
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No.
Patients

Country Study

design

Cairo, Egypt Observational HD
study patients

(n=400)

the South Observational HD

Bay Los study patients

Angeles, (n=224)

California,

United States

Europe Prospective, HD

(France, multinational patients

Germany, study (n=8043)

Italy,

Hungary,

Poland,

Portugal,

Romania,

Spain,

Sweden, and

Turkey) and

South

America

(Argentina)

Mexico Cross- HD

City, Mexico sectional study | patients
(n=117)

Observational, | HD
cross-sectional, | patients
multicenter (n=582)
study

Portugal

Southern
California,
United States

Prospective HD

cohort study patients
(n=415)
Tertilel
(dietary
potassium
intake of
<903 mg/
day,
n=138)
Tertile 2
(dietary
potassium
intake of
903-<1631
mg/day,
n=138)
Tertile 3
(dietary
potassium
intake of
1631- 7411
mg/
day,
n=139)

Observational HD
single-centre patients
cohort study (n=150)

Mexico
City, Mexico

Study
duration

Not mentioned

63 months
follow-up

4 years
follow-up

Not mentioned

1 year
follow-up

3 years
follow-up

1 year
follow-up

Dietary
potassium
Intake

The patients were
classified into
three groups:
potassium-rich
diet (n=214), low
potassium diet
(n=11), and
average diet
(n=129), but the
specific intake
was

not mentioned.

Quartiles of
potassium intake:
Quartile 1: 879
+161 mg/d
(n=56);
Quartile 2: 1342
+109 mg/d
(n=56) ;
Quartile 3: 1852
+217 mg/d
(n=56);
Quartile 4: 3440
+969 mg/

d (n=56)

Quartiles of
potassium intake:
Quartile 1: 1.84 g/
d (n=2011);
Quartile 2: 3.00 g/
d (n=2011)
Quartile 3: 4.19 g/
d (n=2010)
Quartile 4: 7.18 g/
d (n=2011)

Potassium intake
in the
normokalemia
group: 1.7 g/day
(n=58);
Potassium intake
in the
hyperkalemia
group: 1.6 g/
day (n=59);

Mean dietary
potassium intake:
2465£1005
mg/day

Tertile 1: 543+221
mg/day;

Tertile 2: 1234
+198 mg/day;
Tertile 3: 2606
£1166 mg/day

Median dietary
potassium intake
in the low HPD
adherence group:
993 mg/1000kcal/
day(n = 43);
Median dietary
potassium intake
in the moderate
HPD adherence
group: 1039 mg/
1000kcal/day(n =
53);

Median dietary
potassium intake
in the high HPD
adherence group:
1094 mg/
1000kcal/day(n
=54)

HD, Hemodialysis; HPDS, healthy plant-based diet score; DASH, the dietary approaches to stop hypertension.

Serum
Potassium

Pre-dialysis
serum
potassium
(low-
potassium
diet):4.309
+0.321 mEq/L
Pre-dialysis
serum
potassium
(average diet):
4.941+0.376
mEq/L
Pre-dialysis
serum
potassium
(potassium-
rich diet):
5.691+0.462
mEq/L

Serum
potassium
(Quartile 1 of
potassium
intake): 5.1
+0.5 mg/dl;
Serum
potassium
(Quartile 2 of
potassium
intake): 5.0
+0.5 mg/dl;
Serum
potassium
(Quartile 3 of
potassium
intake): 5.1
+0.5 mg/dl;
Serum
potassium
(Quartile 4 of
potassium
intake): 5.2
+0.5 mg/dl

Serum
potassium
(Quartile 1 of
potassium
intake): 4.9
mEq/L;
Serum
potassium
(Quartile 2 of
potassium
intake): 5.0
mEq/L;
Serum
potassium
(Quartile 3 of
potassium
intake): 5.0
mEq/L;
Serum
potassium
(Quartile 4 of
potassium
intake): 5.1
mEq/L;

Serum
potassium in
the
normokalemia
group: 4.3+0.5
mEq/L (n=58);
Serum
potassium in
the
hyperkalemia
group: 5.840.6
mEq/L (n=59)

Mean serum
potassium: 5.3
+0.67 mEq/L
The lower
potassium
intake group
(<3000 mg/
day): 5.2
069 mEq/L(n
=418);

The higher
potassium
intake group
(>3000 mg/
day): 5.4
0.60 mEq/L(n
=126)

Tertile 1: 4.9
+0.6 mEq/L;
Tertile 2: 4.9
+0.5 mEq/L;
Tertile 3: 5.0
+0.5 mEq/L

Median serum
potassium in
the low HPD
adherence
group: 4.9
mmol/L(n =
43);

Median serum
potassium in
the moderate
HPD
adherence
group: 5.1
mmol/L(n =
53);

Median serum
potassium in
the high HPD
adherence
group: 4.7
mmol/L(n
=54)

Patients on the potassium-rich diet had
higher mean serum potassium at pre-
dialysis, post-dialysis, and pre-next
session than those on the average
potassium diet and those on the low-
potassium diet (p < 0.01).

potassium intake was positively
correlated with the dietary energy,
protein and phosphorus intake, and also
marginally (r=0.14, p<0.05) with
predialysis serum potassium.

1. Dietary potassium intake was not
associated with allcause mortality (per 1
g/d higher dietary potassium intake:
hazard ratio, 1.00; 95% CI, 0.95 to 1.05).
2. Potassium intake was not significantly
associated with serum levels (0.03; 95%
CI, -0.01 to 0.07 mEq/L per 1 g/d higher
dietary potassium intake) or the
prevalence of hyperkalemia (26.0 mEq/
L) at baseline (odds ratio, 1.11; 95% CI,
0.89 to 1.37 per 1 g/d higher dietary
potassium intake). 3. Hyperkalemia was
associated with cardiovascular death
(hazard ratio, 1.23; 95% CI, 1.03 to 1.48).
3. Higher dietary potassium intake was
associated with a lower risk of
noncardiovascular mortality but not of
all-cause or cardiovascular mortality.

4. The intake of fruitsand vegetables was
associated with a lower risk of all-

cause mortality.

1. No association was found between
serum potassium and potassium intake
(r=-0.06, P=0.46).

2. Dietary potassium was not associated
with serum potassium or hyperkalemia
in HD patients.

1. The potassium-rich DASH dietary
pattern was not associated with elevated
serum potassium levels in HD patients.
2. High adherence to the DASH dietary
pattern predicted lower serum potassium
levels (P=0.004).

1. There was a monotonic increase in
death risk with incrementally lower
levels of dietary potassium intake.

2. No differences in serum potassium
among groups with dietary
potassium intake.

1. There was no association between
HPDS and serum potassium levels.
2. Higher HPD adherence was not
associated with the odds of
hyperkalaemia [OR 1.00 (95% CI
0.94- 1.07)].
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Please input the following information to predict the risk of vitamin D deficiency

Gender

Male -

Household Size

4

Household Smoking

Yes -

The outcome is:

Age
30

Household PIR

25

Milk Consumption

Never

Waiting for prediction...

Race

Mexican American

BMI (kg/m"2)

25

Diabetes

Yes
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Variables

Gender, n (%) < 0.001
Female 22419 (51) 14712 (49) 7707 (54)
Male 21624 (49) 15106 (51) 6518 (46)
Age, Median (Q1, Q3) 31 (14, 54) 31 (12, 56) 30 (17, 51) <0.001
Race, n (%) | | <0001
Mexican American 8954 (20) 5636 (19) 3318 (23)
Non-Hispanic Black 9958 (23) 4191 (14) 5767 (41)
Non-Hispanic White 17339 (39) 14743 (49) 2596 (18)
Other Hispanic 3538 (8) 2463 (8) 1075 (8)
Other Race 4254 (10) 2785 (9) 1469 (10)
H.Size, n (%) < 0.001
1 3935 (9) 2635 (9) 1300 (9)
2 9364 (21) 6673 (22) 2691 (19)
3 7570 (17) 4964 (17) 2606 (18)
4 8782 (20) 6030 (20) 2752 (19)
5 6991 (16) 4750 (16) 2241 (16)
6 3746 (9) 2462 (8) 1284 (9)
7 3655 (8) 2304 (8) 1351 (9)
H.PIR, Median (Q1, Q3) 1.87 (0.99, 3.69) 2.04 (1.05, 3.98) 1.6 (0.88, 3.1) <0001
BMI, Median (Q1, Q3) 252 (2045, 30.2) 244 (19.6,29.2) 26.9 (22.16, 32.49) < 0.001
H.Smoke, n (%) < 0.001
No 34722 (79) 23934 (80) 10788 (76)
Yes 9321 (21) 5884 (20) 3437 (24)
Milk, n (%) < 0.001
Never 5329 (12) 3029 (10) 2300 (16)
Often 22374 (51) 16986 (57) 5388 (38)
Rarely 5618 (13) 3172 (11) 2446 (17)
Sometimes 10722 (24) 6631 (22) 4091 (29)
Diabetes, n (%) < 0.001
No 40652 (92) 27637 (93) 13015 (91)
Yes 3391 (8) 2181 (7) 1210 (9)

NVDD, non-vitamin D deficiency; VDD, vitamin D deficiency; H.Size, total number of people in the Houschold; H.PIR, household income to poverty income ratio; BMI, body mass index;
H.Smoke, whether or not someone smokes in the household; Milk, past 30-day milk product consumption.





OPS/images/fendo.2024.1327058/table2.jpg
F1score

GBM 0.796 0.717 0.546 0.849 0.736 0.708 0.627 0.419 0.407 0.165
LR 0.76 0.685 0.509 0.837 0.728 0.664 0.599 0.368 0.353 | 0.178
Nnet 0.778 0.706 0.534 0.836 0.71 0.705 0.61 0.392 0.382 0.172
" RF 0.96 0.882 0.76 0.962 0.928 0.86 0.835 0.754 0.745 0.084
SVM 0.8 0.747 0577 0.887 0.808 0.718 0.674 0.494 0.476 0.166
XGBoost 0.995 0.968 0.937 0.984 0.967 0.969 0.952 0.929 0.928 0.042
GBM 0.786 0.716 0.539 0.842 0.709 0.719 0.612 0.404 0.395 0.168
LR 0.767 0.689 0.506 0.847 0.74 0.665 0.601 0.378 0.36 0.175
Nnet 0.79 0.694 0.511 0.865 0.78 0.654 0.618 0.404 0.38 0.166
v RF 0979 0.919 0.817 098 0.96 09 0.882 0.828 0.821 0.068
SVM 0.837 0.772 0.597 0921 0.866 0.728 0.706 0.554 053 0.154
XGBoost 1 0.999 0.998 . 0.999 0.998 0.999 0.998 0.997 0.997 0.013

T'ra, training set; Val, validation set; AUC, area under the curve; ACC, accuracy; PPV, positive predictive value; NPV, negative predictive value; SEN: sensitivity; SPE: specificity, MCC, Matthews
correlation coefficient.
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mal ranges Before After

Blood biochemistries

BUN (mg/dL) 7-25 16 15
Cre (mg/dL) 0.7-1.2 1.1 0.8
eGFR (mL/min/1.73m?) 100-120 76 111
Sodium (mmol/L) 136-145 139 138
Potassium (mmol/L) 35-5.1 43 4.1
Chloride (mmol/L) 98-107 102 104
Total Ca** (mg/dL) 8.6-10.2 125 10.1
P (mg/dL) 27-45 26 2.8
Mg** (mg/dL) 17-2.55 23 22
iPTH (pg/mL) 10.0-69.0 65 25

Urine biochemistries

Ca®/Cr (mg/mg) 0.019 0.060

FEc,”" (%) 0.17 048

BUN, blood urea nitrogen; Cre, creatinine; Ca*, calcium; P, inorganic phosphorus; Mg?*, magnesium; iPTH, intact parathyroid hormone; FE¢,?* represents the fractional excretion of Ca®".
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CASR Mutation
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CYTOPLASMIC

Human CaSR VPFSNCSRDCLAGTRK IEGEPTCCFECVECPDGEYS Exon 6: I554N
PAN VPFSNCSRDCLAGTRK IEGEPTCCFECVECPDGEYS - [
Dog VPFSNCSRDCLAGTRKGIIEGEPTCCFECVECPDGEYS ~ Kuman = ss¢ atc sasc
Mouse VPFSNCSRDCQAGTRKGJJEGEPTCCFECVECPDGEYS
Rat VPFSNCSRDCLAGTRK IEGEPTCCFECVECPDGEYS
I554N
Anion bimiinx Anion binding * Interact RNF19A
w
12 188 325 414 541 612 879 1078
Metal binding (Ca?*)
& Disulfide bond LB1: Ligand-binding 1

LB2: Ligand-binding 2
CR: Cysteine-rich region
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Before thyroidectomy Last visit Comparison last visit vs.
before surgery

up H Group NH Group H Group NH Group H Group NH
P B

Calcium 9(27) 17 (2.5) 0.526 | 296 (87.8) 57 (8.5) <0.001 | <0.001 <0.001
Calcitriol 332 (98.5) 0(0) <0.001
Levothyroxine 32(95) 44 (6.6) 0.066 | 337 (100) 669 (100)
Vitamin D 21 (6.2) ‘ 26 (3.9) 0.068 | 138 (40.9) 238 (35.6) 0098 | <0.001 <0.001
Hypolipidemic drugs 48 (14.2) 101 (15.1) 0394 | 91 (27.0) 200 (29.9) 0337 | <0.001 <0.001
Oral antidiabetics 13 (39) 35(52) 0211 | 32(9.5) 67 (10.0) 0824 | <0.001 <0.001
Injectable antidiabetics 2 (0.6) 4(0.6) 0.677 | 10 (3.0) 18 (2.7) 0840 | 0.008 0.001
Insulin 3(09) 9(1.3) 0387 | 5(15) 15 (22) 0482 ] 0.500 0.109
Thiazide diuretics 16 (4.7) 32 (4.8) 0562 | 65(19.3) 93 (13.9) 0028 | <0.001 <0.001
Non thiazide diuretics 11 (3.3) 12 (1.8) 0.108 | 19 (5.6) 37 (5.5) 1000 0.057 <0.001
Beta-blockers 11(33) 27 (4.0) 0339 | 29 (8:6) 51(7.6) 0622 | <0.001 <0.001
Calcium antagonists 20 (5.9) 28 (4.2) 0.142 | 30 (8.9) 64 (9.6) 0.819 0.064 <0.001
ACE inhibitors 36 (10.7) 91 (13.6) 0.111 | 70 (20.8) 181 (27.1) 0031 | <0.001 <0.001
Antiarrhythmics 1(0.3) 4(0.6) 1 0457 | 4(12) 9(1.3) 1.000 | 0375 0.227
Oral anticoagulants 1(03) 6(0.9) 0259 | 8(24) 14 (2.1) 0821 | 0016 0.039
Anxiolytics 35 (10.4) 63 (9.4) 0350 | 62 (18.4) 130 (19.4) 0734 | <0.001 <0.001
Antidepressants 18 (53) 43 (6.4) 0298 | 38 (11.3) 87 (13.0) 0479 0.001 <0.001
Antipsychotics 1(12) 9(1.3) 0547 | 5(15) 14 (2.1) 0627 | 1.000 0.125

Data are the number of patients (percentage) in each pharmacological group.
ACE, angiotensin-converting enzyme.
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Model 1 Model 2 Model 3

HR (95%Cls) p-Value HR (95%Cls) p-Value HR (95%Cls)  p-Value

BMI QI (<21.436) 1 (Ref) 1 (Ref) 1 (Ref)

Q2 (21.436-23.766) 2390 (1.542, 3.793) <0.001 2664 (1.707, 4.254) <0.001 2.196 (1.368, 3.604) 0.001
Q3 (23.766-26.440) 2.549 (1.652, 4.032) <0.001 2.846 (1.827, 4.541) <0.001 [ 1.948 (1.211, 3.203) | 0.007
Q4 (>26.440) 4.554 (3.036, 7.046) <0.001 5.162 (3.387, 8.107) <0.001 3.089 (1.949, 5.026) <0.001

wcC Q1 (<78.50) 1 (Ref) 1 (Ref) » 1 (Ref)
Q2 (78.50-86.00) 1.788 (1.150, 2.830) 0011 1.807 (1.160, 2.867) 0.010 1.539 (9.580, 2.513) 0.079
Q3 (86.00-92.60) 2571 (1.679, 4.022) <0.001 2471 (1.608, 3.881) <0.001 1.821 (1.145, 2.951) 0013
Q4 (>92.60) 4581 (3.090, 6.991) <0.001 4232 (2.834, 6.502) <0.001 2.596 (1.668, 4.136) <0.001

WHtR I Q1 (<0.515) 1 (Ref) 1 (Ref) I 1 (Ref) |

Q2 (0.515-0.560) 2348 (1.441, 3.944) <0.001 2333 (1430, 3.924) <0.001 2.015 (1.201, 3.475) 0.009
Q3 (0.560-0.606) 4228 (2691, 6.913) <0.001 3.994 (2.534, 6.547) <0.001 3.091 (1.902, 5.205) <0.001
Q4 (>0.606) 5.844 (3.767, 9.462) <0.001 5207 (3.327, 8.494) <0.001 3.206 (1976, 5.391) <0.001

BRI Q1 (<3.636) 1 (Ref) 1 (Ref) 1 (Ref)
Q2 (3.636-4.544) 2.348 (1.441, 3.944) <0.001 2333 (1430, 3.924) <0.001 2015 (1.201, 3475) 0.009
| Q3 (4.544-5.565) 4228 (2.691, 6.913) <0.001 3.994 (2.534, 6.547) <0.001 3.091 (1.902, 5.205) | <0.001
Q4 (>5.565) 5.844 (3.767, 9.462) <0.001 5.207 (3.327, 8.494) <0.001 3.206 (1.976, 5.391) <0.001

CI QI (<1.240) 1 (Ref) 1 (Ref) 1 (Ref)
Q2 (1.240-1.300) 1.375 (0.905, 2.107) 0.138 1.356 (0.890, 2.083) 0.159 1.137 (0.724, 1.797) 0578
Q3 (1.300-1.357) 2170 (1477, 3.238) <0.001 2027 (1372, 3.040) <0.001 1.548 (1.015, 2.392) 0.045
Q4 (>1.357) 2.902 (2.005, 4.278) <0.001 2.420 (1.636, 3.642) <0.001 1.673 (1.089, 2.602) 0.020

LAP QI (<20.866) 1 (Ref) 1 (Ref) 1 (Ref)
Q2 (20.866-33.892) 1.649 (1.008, 2.749) 0.049 1.592 (0971, 2.658) 0.069 1.42 (0.845, 2.427) 0.191
Q3 (33.892-56.491) 3.034 (1.945, 4.881) <0.001 2.884 (1.842, 4.654) <0.001 2.150 (1.336, 3.556) 0.002
Q4 (>56.491) 6313 (4.173, 9.920) <0.001 5918 (3.881, 9.363) <0.001 337 (2.136, 5.485) <0.001

VAI ] QI (<1.168) 1 (Ref) 1 (Ref) I 1 (Ref)
Q2 (1.168-1.895) 1.369 (0.928, 2.031) 0.115 0.829 (0.515, 1.326) 0.435 0.66 (0.399, 1.085) 0.102
Q3 (1.895-3.133) 1.585 (1.086, 2.332) 0018 2.009 (1.359, 3.013) <0.001 1.560 (1.021, 2.415) 0.042
Q4 (>3.133) 2,570 (1.809, 3.702) <0.001 3424 (2371, 5.042) <0.001 2099 (1396, 3.204) <0.001

CVAI QI (<74.526) 1 (Ref) 1 (Ref) 1 (Ref)
Q2 (74.526-96.724) 1.702 (1.024, 2.888) 0.043 1.653 (0.991, 2.812) 0.058 1.420 (0.832, 2.469) 0204
Q3 (96.724-122.642) 3.246 (2.055, 5.307) <0.001 3.081 (1.935, 5.074) <0.001 » 2.115 (1.294, 3.561) 0.004
Q4 (>122.642) 7.156 (4.678, 11.419) <0.001 6.587 (4.191, 10.758) <0.001 3.550 (2.173, 5.989) <0.001

Abbreviations are the same as in Table 1. HR, hazard ratio; Cls, confidence intervals.
Model 1 was unadjusted. Model 2 was adjusted for age, educational levels, places of residence, drink history, smoke history, marital status, and SBP. Model 3 was further adjusted for history of
hypertension, LDL, CRP, creatinine, BUN, FPG, TG, and SUA for BMI, WC, BRI, WHtR, and CI and for LAP, VAL and CVAI, without TG.
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Adiposity indices AUC (95%Cls) p-Value Cutoff value Sensitivity Specifici en index

BMI 0.586 (0.552, 0.619) <0.001 22443 0.639 0.504 0.143
wcC 0.579 (0.545, 0.614) <0.001 84.050 0.605 0.530 0.135
WHR 0.592 (0.558, 0.626) <0.001 0519 0611 0.555 0.166
BRI 0.592 (0.558, 0.626) <0.001 3.728 [ 0.611 0.555 0.166
CI 0.563 (0.529, 0.597) <0.001 ‘ 1.303 0.453 0.676 0.129
LAP 0.612 (0.579, 0.645) <0.001 23.553 0.605 0.584 0.189
VAL 0.596 (0.562, 0.630) <0.001 1372 0537 0.617 0.154
CVAI 0.593 (0.559, 0.627) <0.001 88.454 0.642 0.515 0.157

Abbreviations are the same as in Table 1. CIs, confidence intervals.
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Adiposity indices Cutoff value ensitivity pecificity en index

BMI 0.644 (0.611, 0.678) <0.001 24.881 0.592 0.638 0.230
wC 0.664 (0.632, 0.696) <0.001 84.850 0.766 0.483 0.249
WHIR 0.669 (0.638, 0.700) <0.001 0.576 0.652 0.617 0.269
BRI 0.669 (0.638, 0.700) <0.001 4.890 0.652 0.617 0.269
CI 0.616 (0.583, 0.650) <0.001 1316 0.603 0.588 0.191
LAP 0.691 (0.660, 0.723) <0.001 46.747 0.610 0.694 0.304
VAI 0.664 (0.630, 0.697) <0.001 2331 0.663 0.639 0.302
CVAI 0.707 (0.676, 0.737) <0.001 109.471 0.663 0.657 0.320

Abbreviations are the same as in Table 1. CIs, confidence intervals.
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Adiposity

index

Formula

BMI weight/height’ %)

WHR WC(m/heightm)

CI (WC(my) x0.1097" x (weight(g/height(my) ™"

BRI 364.2 - 365.5 x [1 — [(WC/2m)/(0.5 x height)]?]""

LAP TGmmoty X (WCiem) — 65) (men)
TGmmotry X (WCiem) — 58) (women)

VAI [(WC(enmy/[39:68 + (1.88 x BMD)]] % (TGmmoiy/1.03) x (1.31/
HDL(mmoyt)) (men)
[(WC(emy/[36.58 + (1.889 x BMD)]] X (TGmmoiny/0.81) x
(1.52/HDL(mmoi/1)) (Women)

CVAI —267.93 + 0.68 x age + 0.03 x BMI + 4 x WC + 22 x logTG

(mmoy = 1632 X HDL (mmoir) (men)

—187.32 + 1.71 x age + 4.23 x BMI + 1.12 x WC + 39.76 x
10gTG (mmoiy = 11.66 X HDL (mmoyr) (Women)

BMI, body mass index; WC, waist circumference; WHIR, waist-to-height ratio; BRI, body
roundness index; CI, conicity index; LAP, lipid accumulation product index; VAL visceral
adiposity index; CVAI, Chinese visceral adiposity index.
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Male (N = 2,669) Female (N = 3,204)

Not incident Incident Not incident Incident
HUA(N=2373) HUANN=296) PVaUe LuA(N=2922) HUAN=282) PValue
Age, year 60.0 + 8.7 60.5 + 9.0 0.341 57.9 + 8.6 60.3 9.4 <0.001
Smoking, n (%) 1,801 (75.9) 217 (73.3) 0.329 205 (7.0) 27 (9.6) 0.113
Drinking, n (%) 1,332 (56.1) 176 (59.5) 0.276 342 (11.7) 36 (12.8) 0.598
Marriage status, n (%) 0.410 0.064
Married 2,154 (90.8) 273 (92.2) 2,558 (87.5) 236 (83.7)
Not married 219 (9.2) 23 (7.8) 364 (12.5) 46 (16.3)
Places of residence, n (%) I 0.143 ) I 0.183
Rural 2,032 (85.6) 244 (82.4) 2,433 (83.3) 226 (80.1)
Urban 341 (14.4) 52 (17.6) 489 (16.7) 56 (19.9)
Educational level, n (%) 0.526 0.988
Primary school and lower 1,449 (61.0) 190 (64.1) 2,321 (79.4) 225 (79.8)
Middle school 630 (26.6) 75 (254) » 424 (14.5) 40 (14.2)
High school and above 294 (12.4) 31 (10.5) 177 (6.1) 17 (6.0)
Hypertension, n (%) 880 (37.1) 156 (52.7) <0.001 1,150 (39.4) 162 (57.4) <0.001
SBP 129.0 £19.7 134.7 £ 22.5 <0.001 129.4 +£22.5 136.0 +22.1 <0.001
DBP 75.6 £ 12.2 782 + 129 <0.001 751+ 118 784 £12.3 <0.001
HDL (mmol/L) 1.32 +£0.42 1.25 + 0.41 <0.001 1.35+0.37 1.20 +0.36 <0.001
LDL (mmol/L) 29+09 3.0£09 0.125 31+£09 3111 0.548
TG (mmol/L) 14 £1.0 17£13 <0.001 1.5+ 1.0 2012 <0.001
TC (mmol/L) 48 £0.9 5009 <0.001 5110 52+1.1 0.017
FPG (mmol/L) 6.1 £2.0 6.2 +2.0 0.556 6.1+19 63 £2.1 0.033
HbAIc, % 52+07 53+08 0.672 53+08 54+ 1.0 0.007
Creatinine (mg/dL) 08 +0.2 0.9 +0.2 <0.001 0.7+0.1 0.7 £0.1 <0.001
CRP 27+8.1 27 £55 0911 22+58 3275 0.007
BUN (mg/dL) 164 £ 44 164 + 4.0 0.798 148 £42 152 3.9 0.014
SUA (mg/dL) 46 £ 1.0 57+09 <0.001 3.8+08 4.8 £0.7 <0.001
BMI 231+11.2 238+33 0.277 239 +4.0 258 £4.0 <0.001
wC 84.6 £94 874 +9.9 <0.001 85.3 + 10.0 91.1 £9.6 <0.001
CI 1.27 £ 0.08 1.28 + 0.08 <0.001 1.30 + 0.09 1.33 £ 0.09 <0.001
WHIR 0.52 +0.07 0.53 + 0.06 <0.001 0.56 + 0.07 0.60 + 0.06 <0.001
BRI 38+18 41+£12 <0.001 4.6 £ 14 54+13 <0.001
LAP 29.3 £35.2 40.3 + 41.8 <0.001 429+ 373 66.3 +£47.2 <0.001
VAL 16+23 23+3.6 <0.001 2730 4.0 £ 4.4 <0.001
CVAI 91.6 +42.8 1059 + 44.9 <0.001 97.1 + 343 122.2 +33.1 <0.001

HUA, hyperuricemia; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglycerides; HDL, high-density lipoprotein; TC, total cholesterol; LDL, low-density lipoprotein; FPG,
fasting plasma glucose; HbA ¢, glycosylated hemoglobin; CRP, C-reactive protein; BUN, blood urea nitrogen; SUA, serum uric acid; BMI, body mass index; WC, waist circumference; WHR,
waist-to-height ratio; BRI, body roundness index; CI, conicity index; LAP, lipid accumulation product index; VAL visceral adiposity index; CVAL Chinese visceral adiposity index.
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Model 1 Model 2 Model 3

HR (95%Cls) p-Value HR (95%Cls) p-Value HR (95%Cls) p-Value

BMI QI (<20.525) 1 (Ref) 1 (Ref) 1 (Ref)

Q2 (20.525-22.540) 1501 (1.013, 2.240) 0.044 1419 (0.959, 2.115) 0.082 1.378 (0.902, 2.117) 0.140
Q3 (22.540-24.972) 2.029 (1.390, 2.994) <0.001 1.843 (1.261, 2.721) 0.002 1.481 (0.979, 2.258) 0.065
Q4 (>24.972) 2487 (1.707, 3.672) <0.001 2099 (1429, 3.119) <0.001 1.421 (0.924, 2.204) 0113

we Q1 (<78.00) 1 (Ref) 1 (Ref) 1 (Ref)
Q2 (78.00-84.00) 1.184 (0.804, 1.750) 0.393 1.130 (0.767, 1.668) 0.537 1.267 (0.835, 1.929) 0267
Q3 (84.00-91.20) 1.513 (1.046, 2.205) 0.029 1.376 (0.950, 2.008) 0.094 1.122 (0.747, 1.696) 0.581
Q4 (>91.20) 2.123 (1484, 3.067) <0.001 1.818 (1.263, 2.641) 0.001 1.326 (0.877, 2.018) 0.184

WHIR Q1 (<0477) 1 (Ref) 1 (Ref) 1 (Ref)
Q2 (0.477-0.513) 1.293 (0.869, 1.933) 0207 1214 (0.817, 1.815) 0339 1.140 (0.744, 1.753) 0548
Q3 (0.513-0.557) 1.845 (1.269, 2.709) 0.002 1.670 (1.147, 2.454) 0.008 1.295 (0.861, 1.962) 0217
Q4 (>0.557) 2468 (1.718, 3.593) <0.001 2.109 (1.457, 3.089) <0.001 1.449 (0.959, 2.207) 0.081

BRI QI (<2.945) 1 (Ref) 1 (Ref) 1 (Ref)
Q2 (2.945-3.615) 1.293 (0.869, 1.933) 0.207 1.214 (0.817, 1.815) 0.339 1.140 (0.744, 1.753) 0.548
Q3 (3.615-4.482) 1.845 (1.269, 2.709) 0.002 1.670 (1.147, 2.454) 0.008 1.295 (0.861, 1.962) 0.217
Q4 (>4.482) 2.468 (1.718, 3.593) <0.001 2.109 (1.457, 3.089) <0.001 1.449 (0.959, 2.207) 0.081

CI Ql (<1.222) 1 (Ref) 1 (Ref) 1 (Ref)
Q2 (1.222-1.271) 1.314 (0.906, 1.915) 0.152 1.292 (0.890, 1.885) 0.180 1.110 (0.741, 1.669) 0614
Q3 (1.271-1.321) 1485 (1.032, 2.151) 0.034 1413 (0.981, 2.049) 0.065 1.180 (0.793, 1.765) 0416
Q4 (>1.321) 1.783 (1.247, 2.572) 0.002 1.626 (1.132, 2.353) 0.009 1.280 (0.858, 1.919) 0.229

LAP QI (<11.211) 1 (Ref) 1 (Ref) 1 (Ref)
Q2 (11.211-20.227) 1.828 (1.206, 2.807) 0.005 1.715 (1.134, 2.627) 0.012 1.65 (1.059, 2.599) 0.028
Q3 (20.227-37.687) 2.715 (1.829, 4.105) <0.001 2.462 (1.659, 3.718) <0.001 1.957 (1.274, 3.051) 0.003
Q4 (>37.687) 3.337 (2.259, 5.029) <0.001 2.919 (1.970, 4.407) <0.001 1.821 (1.180, 2.852) 0.008

VAI Q1 (<0.690) 1 (Ref) 1 (Ref) 1 (Ref)
Q2 (0.690-1.132) 1.352 (0.912, 2.015) 0.135 1.398 (0.945, 2.081) 0.095 1.254 (0.821, 1.925) 0.297
Q3 (1.132-1.949) 1.949 (1349, 2.849) <0.001 1601 (1.091, 2.369) 0.017 1.286 (0.847, 1.965) 0240
Q4 (>1.949) 2354 (1.645, 3.414) <0.001 2575 (1795, 3.743) <0.001 1.735 (1.162, 2.617) 0.008

CVAI Ql (<61.339) 1 (Ref) 1 (Ref) 1 (Ref)
Q2 (61.339-88.559) 1.396 (0.939, 2.089) 0.101 1.345 (0.906, 2.009) 0.144 1.425 (0.933, 2.191) 0.103
Q3 (88.559-122.368) 2.013 (1.384, 2.962) <0.001 1.827 (1.255, 2.689) 0.002 1.637 (1.091, 2.481) 0.019
Q4 (>122.368) 2.466 (1.705, 3.612) <0.001 2.137 (1471, 3.143) <0.001 1.547 (1.023, 2.36) 0.040

Abbreviations are the same as in Table 1. HR, hazard ratio; Cls, confidence intervals.
Model 1 was unadjusted. Model 2 was adjusted for age, educational levels, places of residence, drink history, smoke history, marital status, and SBP. Model 3 was further adjusted for history of
hypertension, LDL, CRP, creatinine, BUN, FPG, TG, and SUA for BMI, WC, BRI, WHtR, and CI and for LAP, VAI, and CVAI, without TG.
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Vitamin D deficiency Vitamin D sufficiency

(<20 ng/mL) (>20 ng/mL)
Characteristics  All participants
Mean + SD or Median Mean + SD or
(IQR) * Median (IQR)
Female/male 70/94 28/38 / 42/56 1 0956
Age, year 58.2 % 11.0 66 557 + 11.6 98 59.9 + 10.3 0.014

Clinical assessment

BMI, kg/m’ 24.06 (22.13-25.90) 66 24.24 (26.30-22.49) 98 23.94 (21.87-25.85) 0.474
SBP, mmHg 122 (112.5-136) 66 122 (113-136) 98 119.5 (108-136) 0.508
DBP, mmHg 77.23 £11.20 66 80.91 + 11.04 98 74.76 + 10.67 0.001

Laboratory assessment (serum)

Osteocalcin, ng/mL | 13.2 (10.45-16.8) 66 14.00 (10.60-17.70) 98 12.5 (10.4-15.9) 0.148
B-CTX, ng/mL 0.395 (0.26-0.54) 66 0.45 (0.31-0.58) 98 0.36 (0.23-0.51) 0.048
PINP, g/mL 35.6 (27.5-48.2) 66 39.35 (29.5-50.5) 98 34 (263-46.3) 0.066
25(0H)D, g/mL 21.78 (17.51-28.05) 66 16.73 (14.57-18.43) 98 27.02 (22.98-32.96) <0.001
Ca, mmol/L | 226 (220-2.31) 66 227 (220-231) 98 225 (2.19-231) 0365
Cr, pmol/L 67.00 (53.50-78.50) 66 64.00 (51.00-80.00) 98 67.00 (54.00-77.00) 0735
UACR, mg/g 14.11 (5.75-39.61) 66 2166 (7.40-67.60) 98 10.89 (5.68-27.61) 0.038
24hUP, g/24h 0.1 (0.08-0.16) 66 0.10 (0.06-0.16) 98 0.11 (0.08-0.15) 0385
PTH, pmol/L 3.4 (27-4.5) 34 35 (29-49) 61 34 (26-42) 0125
Calcitonin, pg/ml 0.58 (0.50-2.02) 32 0.50 (0.50-1.34) 54 0.77 (0.50-2.14) 0211
UA, pumol/L 330.18 + 85.50 66 336.36 + 84.95 98 32601 + 86.05 0449
ALT, UL 19.34 + 855 66 2055 £ 9.10 98 18.52 + 8.09 0291
TSH, mIU/L 171 (1.09-2.38) 64 1.77 (1.14-2.60) 98 1.60 (0.97-2.14) 0231
FT4, pmol/L 11.18 (9.95-12.74) 66 11.25 (10.01-13.00) 98 1112 (9.75-12.61) 0837

Glucometabolic status

FPG, mmol/L 6.66 (5.68-8.50) 66 741 (6.02-9.04) 98 6.46 (5.45-8.09) 0.057
2hPG, mmol/L 16.63 + 4.84 66 17.01 + 5.02 98 16.38 £ 4.73 0418
HbAlc (%) 829+ 172 66 8.69 + 1.70 98 8.03 + 1.69 0.016
Fasting plasma C-
peptide, nmol/L 0.44 (0.25-0.67) 66 0.40 (0.27-0.67) 98 0.46 (0.24-0.66) 0.960
HOMA2-Cpep ’ 1.23 (0.89-1.73) 58 1.17 (0.82-1.79) 80 1.28 (1.00-1.72) 0.449
Lipid profile
TG, mmol/L 1.28 (0.94-2.06) 66 1.35 (1.00-2.30) 98 1.27 (0.86-1.78) 0.078
TC, mmol/L 4.32 (343-5.23) 66 4.34 (344-5.24) 98 431 (342-5.14) 0.667
HDL-c, mmol/L 1.08 (0.93-1.28) 66 1.06 (0.91-1.25) 98 1.09 (0.93-1.34) 0.282
LDL-¢, mmol/L 2.73 (2.05-3.38) 66 273 (2.16-3.41) 98 273 (2.01-3.31) 0473

“Data present as Mean + SD or Median (IQR) for continuous variables and percentages (%) for categorical variables.

*HOMA2-Cpep was calculated at https://www.dtu.ox.ac.uk/homacalculator/.

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; B-CTX, B-C-terminal cross-linked telopeptide of type I collagen; PINP, procollagen-1 N-terminal peptide; 25
(OH)D, 25-hydroxyvitamin D; Ca, calcium; Cr, creatinine; HbAlc, glycated hemoglobin Alc; uACR, urinary Albumin-to-Creatinine Ratio; UP, 24-hour urinary protein quantity; PTH,
parathyroid hormone; TG, triglyceride; TC, total cholesterol; HDL-c, high-density lipoprotein-cholesterol; LDL-c, low-density lipoprotein-cholesterol; ALT, alanine aminotransferase; TSH,
thyroid stimulating hormone; FT4, free thyroxine; FBG, fasting plasma glucose; 2hPG, 2h post-load plasma glucose; HOMA2-Cpep, HOMA2 based on C-peptide.

The bold values mean their value less than 0.05, which is statistically significant (i.e., P<0.05).
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Cardiometabolic risk factors

Serum 25(OH)
D concentrations

P-value

Blood pressure

SBP, mmHg -0.008 0.922
DBP, mmHg -0.242 0.002
Glucometabolic status
HbAlc, % -0.200 0.010
FPG, mmol/L -0.152 0.053
2hPG, mmol/L -0.026 0.740
Fasting plasma C-peptide, nmol/L -0.041 0.604
HOMA2-Cpep -0.018 0.834
Lipid profile
TG, mmol/L -0.247 0.001
TC, mmol/L -0.078 0.324
HDL-¢, mmol/L 0.139 0.077
LDL-c, mmol/L -0.101 0.197

*Data are Spearman Correlation Coefficient. Spearman rank correlation analysis was used due
to the skewed distribution of serum 25(OH)D in this study.

25(OH)D, 25-hydroxyvitamin D; T2DM, type 2 diabetes mellitus; SBP, systolic blood
pressure; DBP, diastolic blood pressure; TG, triglyceride; TC, total cholesterol; HDL-c,
high-density lipoprotein-cholesterol; LDL-c, low-density lipoprotein-cholesterol; HbAlc,
glycated hemoglobin Alg; FBG, fasting plasma glucose; 2hPG, 2h post-load plasma glucose;

HOMA2-Cpep, HOMA2 based on C-peptide.

The bold values mean their value less than 0.05, which is statistically significant (i.e., P<0.05).
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Model 1 * Model 2 Model 3

Outcomes
B (95% Cl) P-value B (95% Cl) P-value B (95% ClI) P-value

No. participants 164 164 162

Blood pressure ‘

SBP, mmHg 0.008 (-0.351, 0.366) 0.967 -0.097 (-0.460, 0.267) 0.600 -0.067 (-0.439, 0.306) 0.724
DBP, mmHg -0.303 (-0.513, -0.093) 0.005 -0.244 (-0.453, -0.034) 0.023 -0.252 (-0.470, -0.034) 0.024

Glucometabolic status ‘

HbAIC, % -0.037 (-0.070, -0.005)  0.026 -0.035 (-0.069, -0.002) | 0.039 -0.040 (-0.075, -0.005)  0.024
FPG, mmol/L -0.029 (-0.071, 0.013) 0.177 -0.027 (-0.070, 0.016) | 0.222 -.0295 (-0.073, 0.014) 0.185
2hPG, mmol/L 0.008 (-0.085, 0.101) 0.869 -0.015 (-0.109, 0.080) | 0.760 -.0235 (-0.120, 0.073) 0.632
Fasting plasma C-peptide, nmol/L  -3257 (-10.398, 3.885)  0.369 -0.747 (-7.919, 6.425) | 0.837 1.913 (-5.118, 8.944) 0.592
HOMA2-Cpep -0.008 (-0.026, 0.011) 0.415 -0.003 (-0.022,0.015) | 0.726 0.001 (-0.017, 0.019) 0.898
Lipid profile
TG, -0.028 (-0.054, -0.001)  0.040 -0.023(-0.050, 0.004) 0.096 -0.015 (-0.0413, 0.012)  0.280
TC -0.013 (-0.039, 0.012) 0.305 -0.009 (-0.035,0.017) | 0.502 -0.003 (-0.029, 0.023) 0.832
HDL-c 0.006 (0.001, 0.012) 0.027 0.005 (-0.000, 0.011) 0.067 0.007 (0.001, 0.012) 0.016
LDL-c -0.011 (-0.031, 0.009) 0.264 -0.008 (-0.028,0.013) | 0.466 -0.004 (-0.024, 0.017) 0.726

“Model 1: unadjusted; Model 2: adjusted for age and sex; and Model 3: adjusted for age, sex, BML, ALT, CR, TSH, and FT4.

CI, confidence interval; 25(OH)D, 25-hydroxyvitamin D; T2DM, type 2 diabetes mellitus; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglyceride; TC, total cholesterol; HDL-
¢, high-density lipoprotein-cholesterol; LDL-c, low-density lipoprotein-cholesterol; HbA1c, glycated hemoglobin Alc; FBG, fasting plasma glucose; 2hPG, 2h post-load plasma glucose; HOMA2-
Cpep, HOMA2 based on C-peptide; BMI, body mass index; ALT, alanine aminotransferase; Cr, creatinine; TSH, thyroid stimulating hormone; FT4, free thyroxine.

The bold values mean their value less than 0.05, which is statistically significant (i.e., P<0.05).
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People with DM aged over 18 years and hospitalized in
the endocrinology units of the Peking University
Shenzhen Hospital from 2023-03-01to 2023-05-31
(N=488)

1 excluded:

Those with a diagnosis of unclassified DM,
type 1 diabetes, gestational DM, and other
special types of DM

2 excluded:
Those with conditions that could affect the
production and secretion of 25(OH)D (e.g.,
hyperparathyroidism, hypoparathyroidism,
hepatic insufficiency)

3 excluded:
Those with pregnancy, infection, and
cancer or with missing data

Final eligible people with T2DM for analysis
(N=164)
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Kappa value

Standard error

Z value

p value*

95%Cl

0.203-0.443

Venous blood 25(OH)D(LC-MS) & capillary blood 25(OH)D(CLIA) | 0.723 0066 4890 001
Venous blood 25(OH)D(LC-MS) & venous blood 25(OH)D(CLIA) 0895 0071 8431 001 0485-0.704
Venous blood 25(OH)D(LC-MS) & capillary blood 25(OH)D(LC-MS) | 0.793 0063 6730 001 0.403-0653

"The 95% confidence interval calculation formula in Table 4 has been added to the note of the table. 95%CI = [Kappa value % 1.96* (progressive standardized error)]. *p < 0.05.
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ltem Mean Stand
value deviatiol
Venous blood 25(0OH)D 45.32 8.56
LC-MS nmol/L
8.326 | <0.01
Capillary blood 52,03 7.44
25(0H)D LC-MS CLIA
nmol/L
5636 = <0.05
Venous blood 25(OH)D 49.88 12.66
LC-MS nmol/L

25(OH)D concentration.
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Group A Group B up C tal
Day 1 30003472 | 2993+3.64 | 2933288 | 29.912 3.468
Day 14 3852363 | 39.54£326 | 39.66+290 | 397123208
Day 28 4132£287 | 4074+ 2866 | 4098245 | 40.886+3.104
Month6 | 4921+274 | 4250329 | 4303203 | 44943+ 2930
Month 12 | 48.75+3.58 | 42.88+4.11 | 4322+ 158 | 45.136%3.393
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Group B

Baseline P-value*  Baseline 12m P-value’ Baseline P-value*  P-value* Cohen’s d
Height, cm 168.00 £7.63 168.00 + 7.62 0.854 167.56 £ 3.25 167.55 £ 3.12 0.873 168.21 £ 5.42 168.20 £ 5.41 0.862 0.234 0.00
BMI kg/m? 2535:£0.18 2530 £022 001 2246 £035 | 2244 £0.46 0.04 21354026 | 2130£0.11 0.001 0.001 0.10
Body fat, kg 1514 £3.38 1622 +4.24 <0.001 1846+254 | 1857+2.44 0.03 1933£324 | 1724£322 <001 001 0.14
Body fat% 3374 £10.25 36.58 + 054 <0.001 3433+£424 | 3445£5.66 0.01 312541122 | 29.51+9035 <0.01 0001 0.01
Total body water, kg 34.46 £5.62 34.50 +4.82 0.24 34.25 £3.65 3417 £2.51 0.38 34.68 £2.65 34.70 £2.51 0.28 0.09 0.07
Waist-to-hip ratio 0.87 £0.18 0.88 £0.17 0.45 0.85+0.25 0.85 % 0.65 0.77 0.83 4+ 0.31 0.82 4027 0.64 0.15 0.06
Bone mass, kg 3.07 £0.49 3.44 £058 <001 324022 3.36 £ 0.68 <0.01 380025 385022 <0.01 <001 0.16

*p <0.05,*p < 0.01.
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Tral Population Sample size Web source
2020 Serum 25-Hydroxyvitamin D levels European 417,580 www.nealelab.is/uk-biobank
2023 Autoimmune thyroiditis European 321,192 www.finngen.fi/en
2023 Autoimmune hyperthyroidism European 281,683 www.finngen.fi/en

2023 Graves disease European 377,277 www.finngen.fi/en
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A total of 17,708 participants included at baseline survey (2011-2012)
evaluation of the CHARLS

Participants exclude (N=8,956):
Missing data on SUA (N=6,053),
Aged < 45 years (N=243),
Unable to calculate all the eight adiposity indices (N=2,031),
Missing data on other blood sample data (N=101),
With HUA at baseline (N= 528).

Participants without HUA at baseline (N=8,752) ]

Participants exclude (N=2,879):
Lost to follow up (N=2,879).

Participants included in this study (N=5,873) ’
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Percentage (%) of adults by year (95% CI)*®

Characteristics 2001-2002  2003-2004  2005-2006  2007-2008 2009-2010 2011-2012 2013-2014 2015-2016 2017-2018
(n=5,027) (n=4,742) (n=4,773) (n=5,707) (n=6,059) (n=5,319) (n=5,588) (n =5,475) (n=5,265)

Age group, y

20-39 38.6(35.6-41.6) 36.7 (33.8-39.5) 36.3(33.7-38.9) 35.4(32.9-37.9) 34.6(32.2-36.9) 345 (30.0-39.1) 345 (32.2-36.9) 35.0(32.4-37.6) 344 (319-36.9)

40-59 39.8(37.8-41.8) 39.5(37.2-41.8) 39.2(36.2-42.1) 395 (37.4-41.6) 39.1(37.9-40.3) 37.5(35.1-39.9) 36.5 (34.5-38.5) 35.1(33.0-37.3) 342 (31.4-36.9)

260 21.6(197-23.6) 23.9(21.8-26.0) 24.6(20.7-28.4) 25.1(23.1-27.2) 26.3(24.1-28.6) 28.0(25.1-30.9) 28.9(27.1-30.8) 29.9(27.0-32.8) 314 (282-347)
Sex

Male 47.8(46.9-48.7) 47.9 (46.6-49.3) 48.1(47.0-49.2) 48.2(47.1-49.3) 48.2(47.3-49.2) 48.0(46.4-49.6) 48.1(46.7-49.4) 48.1(469-49.2) 48.1(46.5-49.8)

Female 52.2(51.3-53.1) 52.1(50.7-53.4) 51.9.(50.8-53.0) 518 (50.7-529) 51.8(508-52.7) 52.0(50.4-53.6) 519 (50.6-53.3) 519 (50.8-53.1) 519 (502-53.5)

Income-to-poverty ratio*

<1 143 (125-16.0) 131 (10.6-15.6) 112(97-12.7) 142 (120-16.5) 148 (13.0-16.7) 180 (14.6-21.4) 162 (128-19.6) 145 (118-17.2) 129 (108-15.1)
1-39 47.2 (44.4-50.0) 50.5 (47.4-53.5) 516 (48.5-54.6) 47.1 (43.9-50.3) 48.4 (45.5-51.4) 45.6 (41.0-50.3) 48.5 (45.5-51.5) 48.0 (44.0-52.0)
>4 38.6(34.8-42.3) 364 (32.3-40.6) 37.2(33.4-411) 387 (34.2-432) 367 (34.4-39.1) 364 (30.6-42.1) 35.3(30.2-40.3) 375 (31.6-43.4) 39.3(35.1-43.4)

Education level'

Less than high school 195 (17.5-215) 185 (16.3-20.7) 17.8 (15.0-20.5) 20.5(17.6-20.4) 190 (17.1-21) 167 (13.4-20.1) 153 (122-18.4) 146 (11.2-17.9) 113 (9.7-129)
High school or equivalent | 25.2(23.5-26.9) 27.1(25.1-29.0) 25.0(23.5-26.6) 25.5(23.0-28.0) 22.8(206-25.1) 20.2(17.6-22.8) 21.8(19.4-24.2) 20.7 (18.5-22.8) 27.2(24.1-30.2)
College or more 55.2(52.1-58.3) 545 (51.9-57.0) 57.2(53.5-60.9) 54.0 (49.3-58.8) 58.1(55.3-61.0) 63.1(58.1-68.1) 629 (58.8-67.0) 64.8(602-69.3) 615 (57.6-65.4)
Race
Mexican American 7.2(5.5-8.9) 7.8 (4.0-11.6) 80(6.0-9.9) 84(55-11.2) 8.6(43-129) 7.7 (44-11.1) 92(57-12.6) 89 (47-13.0) 8.8(56-12.0)
Non-Hispanic White 714 (665-76.3) 72.1(65.4-78.7) 718 (66.4-77.3) 69.4(623-76.6) 67.9(61.4-74.5) 66.4(58.8-74.0) 65.8(59.4-72.2) 63.8(563-71.4) 62.2(57.2-67.3)
Non-Hispanic Black 109 (75-143) 112(76-14.8) 115(7.7-15.3) 113 (76-15.0) 114(97-13.1) 115(7.1-15.9) 114 (83-14.6) 114 (7.1-156) 114 (83-14.6)
Other 105 (6.1-14.8) 9.0(69-11.0) 87(6.5-10.9) 109 (7.5-14.4) 121 (86-15.6) 143 (113-17.4) 136 (112-160) 159 (125-19.3) 17.5 (143-20.7)

‘Percentages were adjusted for NHANES survey weights.
“The proportional sum may not be equal to 1 in some cycles due to rounding.
4115 (8.6%) samples reported income-to-poverty ratio (PIR) missing valu
'68 (0.19%) samples reported education level missing value.
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Trends of serum vitamin D concentration (nmol/L), weighted mean (95%CI)* Difference,  P-value
2017-2018 for

2001~ 2003 2005- 2007-  2009-2010 2011-2012 2013-2014 2015-2016 2017-2018  “C5001-  trend
2002 2004 2006 2008 (n1=6059) (n=5319) (n=5588) (1=5475 (1=5265 00 (95%
5,027) 4742) (n=4773) (n=5707) e
Overall 65.6(63.8-67.4)  63.2(60.0-66.4)  67.4(654-69.5) = 67.1(65.2-69.1) 67.7 (65.0-70.4) 70.8 (67.7-73.9) 69.6 (67.0-72.1) 72.0 (68.8-75.3) 73.5(70.4-76.5) 7.88 (4.19-11.6) <0.001
Age
20-39 66.2(64.3-68.1) | 63.6(60.0-67.1)  69.0(66.3-71.8) = 66.0(62.7-69.3) 63.4(62.3-66.5) 62.9 (59.8-66.0) 61.6 (58.6-64.6) 62.6 (59.3-66.0) 61.9(59.1-64.8) = —4.24 (~7.78--0.70) 0.002
40-59 65.8(63.7-68.0) = 62.8(59.0-66.7) 667 (64.5-68.9) = 67.0(64.2-69.6) 68.7 (66.1-71.3) 70.9 (66.6-75.2) 68.9 (66.0-71.7) 71.7 (68.2-75.2) 72.8 (69.6-76.0) 6.99 (3.00-11.0) <0.001
260 64.0 (61.8-66.1) = 63.2(61.0-654)  66.0(63.9-68.2)  69.0(66.9-71.1) 726 (69.5-75.7) 81.7 (78.3-85.1) 81.4(78.7-84.1) 84.3 (80.9-87.8) 883 (85.2-91.5) 244 (20.4-28.3) <0.001
Sex
Male 66.3(64.5-68.2) | 63.6(60.2-67.0)  67.3(65.5-69.1) = 65.5(63.1-67.9) 65.6 (63.0-68.2) 67.7 (64.5-70.9) 65.8(63.6-68.1) 68.2 (65.5-70.9) 70.2(67.4-73.0) 3.86 (0.40-7.32) 0.09
Female 649 (62.8-67.0) = 62.9(59.8-659) = 67.6(65.0-70.1) = 68.7 (66.8-70.6) 69.6 (66.6-72.7) 73.7(70.2-77.2) 73.1(69.8-76.3) 75.6 (71.4-79.8) 76.5 (73.0-80.0) 116 (7.31-15.9) <0.001
Income-to-poverty ratio
<1 60.5(57.6-63.4)  57.0(52.2-61.8) = 61.6(57.9-65.3) = 61.2(57.4-65.1) 60.0 (57.4-62.5) 62.2(60.0-64.5) 59.8(56.6-63.1) 60.9 (56.6-65.2) 64.2(61.1-67.4) 3.8(-0.69-8.20) 0325
1-39 643 (62.6-66.0) = 622(59.2-65.3)  66.5(64.4-68.7) = 66.5 (62.9-68.1) 65.9 (62.3-69.5) 68.9 (65.3-72.5) 67.7 (65.2-70.2) 69.2(66.3-72.2) 70.8 (66.7-74.8) 6.48 (1.87-11.09) 0.002
24 69.9(67.4-724) | 67.1(63.4-70.9)  70.5(68.1-729) = 71.5(69.9-73.2) 73.8(71.4-76.2) 77.3 (74.0-80.6) 76.7 (73.3-80.0) 79.4(75.3-83.5) 80.7 (77.0-84.4) 10.8 (6.2-15.4) <0.001
Education level
Less than high
<chool 60.9(58.6-63.1) | 57.3(52.9-61.7)  61.9(58.9-64.9) = 62.1(57.6-66.5)  61.9(59.0-64.8) 66.1(60.1-72.0)  64.3(61.2-67.3) 63.9 (60.0-67.8) 65.3 (60.8-69.9) 445 (~0.85-9.76) 0.147
:5:::::“ o 65.9(64.1-67.7) | 64.6(61.2-68.1) = 66.5(64.1-68.9)  67.8 (65.2-70.4) 67.3 (64.4-70.1) 68.2(64.8-71.7) 68.2 (64.4-72.0) 694 (65.4-73.3) 71.2(67.2-75.1) 5.29(0.74-9.84) 0241
College or more ~ 67.1 (64.9-69.3) = 64.5(61.1-67.8)  69.5(67.5-71.5) = 68.7 (66.6-70.9) 69.8 (67.1-72.6) 72.8(69.7-75.9) 71.3(69.0-73.7) 74.6 (71.4-77.9) 76.0(73.1-78.8) 8.90(5.13-12.7) <0.001
Race®
Mexican
Americant 56.9(55.0-58.7) | 545(51.2-57.9) = 58.3(54.6-61.9) = 54.1(50.4-57.8)  54.2(52.8-55.7) 54.4(50.2-58.5) 55.4(51.2-59.6) 55.2(52.8-57.6) 57.3(54.5-60.1) 0.42 (=3.15-4.00) 0276
Non-Hispanic
White 70.1(68.1-72.1) | 685(65.3-71.7) = 72.1(70.2-739) = 73.9(72.1-72.6) 74.8(724-77.2) 78.0 (75.3-80.6) 76.0(73.4-78.6) 79.9(77.5-82.4) 81.0(77.6-84.4) 109 (6.79-15.0) <0.001
Non-Hispanic
Black! 43.6(425-447) | 41.6(38.8-443)  49.0(469-51.0) = 42.0(39.2-44.9) 46.5 (42.0-51.0) 50.8 (48.4-53.1) 50.4(47.5-53.2) 51.6(49.3-53.8) 547 (51.7-57.8) 111 (7.74-14.6) <0.001
Other* 586(55.4-61.9) | 53.4(50.7-56.2) = 60.3(57.2-63.4) = 56.8(53.9-59.8) 55.6 (52.8-58.5) 61.1(58.4-63.8) 63.1(61.4-64.8) 63.4(60.2-66.6) 66.6 (63.7-69.5) 7.93 (3.39-12.5) <0.001

‘Data were adjusted for NHANES survey weights o be nationally representative.
“Values may not equal the difference between the beginning and ending estimates because of rounding.

Stratification by ethnic characteristics leaded to stratum with a single PSU. Samples in the stratum with the singleton PSU were removed.
261 (3.3%) samples removed.

38 (0.2%) samples removed.

147 (1.4%) samples removed.

68 (0.8%) samples removed.
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Weighted percentage (%) of individuals with vitamin D deficiency, % (95% CI)® P-value
for trend

2001-2002 2003-2004 2005-2006 2007-2008 2009-2010 2011-2012  2013-2014  2015-2016  2017-2018
(n=5,027) (n=4742)  (n=4773) (n=5,707) (n=6,059) (n=5,319) (n=5,588) (n =5,475) (n=5,265)

Overall 27(197-258) | 305(245-365) | 25078-250) | 261(24-297) | 257(219-95) | 245(195-296) | 245(08-282) | 231(188-274) | 207(18.1-25.4) 0.152
Age
20-39 24(188-261) | 326(57-395)  206(161-252) | 294(236-352) | 08(256-360) | 323(259-387) | 321(69-37.2) | 37Q57-377)  316(27.0-362) 0.003
40-59 24(188-259) | 296(226-36.6) | 26(178-275)  250(10-290) | 241(199-282) | 237(178-296) | 243(197-288)  216(170-262)  198(157-239) 0076
>60 201(202-279) | 285(47-323) | 08(73-243) | 229(92-266) | 207(180-234)  48(12-185) | 147(123-170)  140(113-167) | 120(9.1-149) <0001
Sex
Male 196(171-222) | 269(205-333) | 196(162-230) | 243(0.1-286)  243(01-285)  247(188-307) | 258C15-300) | 235(193-278)  231(186-276) 0364
Female 357(Q17-296) | 3BIQ79-398) | B2(190-275)  27(41-313) | 270(31-310) | 243(196-290) | 33095271 | 26(177-275) | 205(172-238) <0.001

Income-to-poverty ratio

<1 33.6(269-103)  416(310-522)  318(253-384) 377 (298-456) 367(315-41.9)  33.9(28.0-39.8) 38.3 (32.4-44.1) 37.01(300-441)  33.9(28.7-39.0) 0.896
139 246(215-27.7) | 329(264-394) | 227(190-264) | 27.9(237-321) 285(23.5-335)  27.1(20.8-335) 265 (22.5-30.4) 25.5(204-306) 236 (18.5-286) 0.2667
24 158(121-196) | 226(165-287)  156(114-197)  19.0(159-22.1) 164(126-202) 165 (12.6-204) 153 (11.6-19.0) 146 (10.4-18.8) 134 (10.0-16.8) 0.024

Education level

Lessthanhighschool | 322(282-36.1)  40.5(305-506)  317(260-374)  339(264-413)  334(288-380)  298(209-388) | 321(263-379) | 318(256-379)  307(255-359) 0.144
:'i:i:o' = 24(196-27.1) | 274QL1-337) | 233(187-280) | 252(207-297)  259(223-29.6) | 296(225-366) | 262(214-3LD) | 249(191-308)  232(192-273) 0953
College or more 19.2(15.7-22.7) 175(139-212) | 236(197-275) | 230(188-27.2)  216(17.2-259) | 220(186-255) | 206(167-245)  194(157-232) 0.279
Race®

Mexican American 338(289-387) | 435(59-512) | 346(262-429)  437(343-530) | 431 (388-47.4)  440(326-554) | 4L1(3L4-508) | 452(392-513)  40.2(345-46.0) 0174
Non-Hispanic

o 140(115-164)  211(161-261) 127 (97-157) 159 (138-18.0) 147(119-174)  143(106-180)  155(120-189) 124 (97-15.1) 122(8.7-157) 0027
Non-Hispanic Black® | 724 (69.5-75.3) | 715(645-785) | 608 (541-67.5) = 70.7(648-766) | 64.4(553-734) | 583(542-623) | 583(532-635) | 563(5L6-6L1) 531 (46.7-59.5) <0.001
Other' 326(253-400) | 467(39.0-544) | 327(261-392)  380(296-464) | 420(353-485)  365(304-426) | 304(259-350)  3L1(266-356) | 269(232-306) <0.001

‘Data were adjusted for NHANES survey weights to be nationally representative
Stratification by ethnic characteristics leaded to stratum with a single PSU. Samples in the stratum with the singleton PSU were removed.
261 (3.3%) samples removed

138 (0.2%) samples removed.

147 (1.4%) samples removed.

68 (0.8%) samples removed.
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GWAS

dataset Phenotype

Sample size

Adjustment variables

GWAS with the MVP
consortium (22)

cALT (yes/no)
CALT (yes/no)

Imaging-based NAFLD
(Z-scores)

biopsy-confirmed
NAFLD (yes/no)

UK Biobank (23, 24) Kidney stones

FinnGen consortium (25) Kidney stones

90,408 cases and
128,187 controls

68725 cases and
95472 controls

44,289

7,397 cases and
56,785
controls

6,536 cases and
388,508 controls

9,713 cases and
376,406 controls

Ethnicity
Age, gender, audit-C and first 10 European-American, African-American,
principal components. Hispanic- American

and Asian-American

Age, gender, audit-C and first 10 principal Hisropean:Amesican
components of ancestry

Age, gender, and first 10 European-American, African-American
principal components. and Hispanic
American

Age, gender, and first 10

European-American and
principal components. P!

Hispanic American

Age, sex, and the genotyping platform European ancestry

Age, sex, genetic principal components, and  European ancestry
genotyping batch.

GWAS, genome-wide association study; MVP, Million Veteran Program; cALT, chronically elevated alanine transaminase; NAFLD, Non-alcoholic fatty liver disease.
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