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Background: Although many molecular studies have tried to explore the relationship between vitamin D metabolism and kidney function, the association between 25-hydroxyvitamin D [25(OH)D] and kidney function is still controversial. Previous studies reported that low vitamin D status and decreased kidney function were associated with insulin resistance (IR). However, neither of them was confirmed by large population-based studies. This study evaluated the associations between 25(OH)D and kidney function and the associations between both of them and IR among adults in the United States of America (USA).

Methods: We analyzed 36,523 adults from the National Health and Nutrition Examination Survey (NHANES) (2001–2014). Kidney function was assessed by the estimated glomerular filtration rate (eGFR), and IR was assessed by homeostasis model assessment (HOMA-IR). All data were survey-weighted, and corresponding linear regression models were performed to examine the associations.

Results: The mean serum 25(OH)D levels were found to be increased in participants with decreased kidney function (eGFR < 90 ml/min/1.73 m2), and each unit of decreased serum 25(OH)D concentrations predicted 0.453 ml/min/1.73 m2 (95% CI: 0.426 to 0.480, p < 0.0001) higher eGFR. In addition, each unit of decreased eGFR was associated with 0.007 higher HOMA-IR, while each unit of decreased 25(OH)D concentrations led to 0.025 higher HOMA-IR.

Conclusions: Serum 25-hydroxyvitamin D concentrations were negatively associated with kidney function. IR appears in the early stage of kidney dysfunction, and both serum 25(OH)D concentrations and kidney function are negatively associated with IR. Clinicians should maintain appropriate serum 25(OH)D concentrations and doses of vitamin D supplements for different populations. The underlying mechanism of these associations still needs more research, especially the negative association between serum 25(OH)D concentrations and kidney function.
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INTRODUCTION

Humans can acquire vitamin D from sunlight exposure, diet, and dietary supplements (1). The main circulating form of vitamin D is 25-hydroxyvitamin D [25(OH)D], which is also the measure of vitamin D that the body stores (2). With the enzyme 1-a hydroxylase (CYP27B1), 25-hydroxyvitamin D [25(OH)D] can be converted to its more active form, 1,25-dihydroxyvitamin D [1,25(OH)2D]. 1,25-dihydroxyvitamin D has endocrine effects in the gut, parathyroid gland, kidneys, and bones (3). Abnormal kidney function can cause a decrease in the ability of the kidney to produce 1,25(OH)2D (4). Disruption of vitamin D metabolism can result in calcium, phosphorus, and bone metabolism disorders and even secondary hyperparathyroidism (SHPT) (5). However, vitamin D treatment for patients with kidney diseases has always been controversial. Although many studies support the use of vitamin D in patients with kidney diseases, especially for patients with SHPT (2, 3, 6), the association between 25(OH)D and estimated glomerular filtration rate (eGFR) is also confusing. A previous study showed that even though 25(OH)D levels were sufficient, they did not seem to have the ability to protect kidney function (7). In addition, with increasing 25(OH)D levels, kidney function represented by eGFR significantly decreased (8).

Insulin resistance (IR) is characterized by a reduced action of insulin despite increased insulin concentrations (hyperinsulinemia) (9, 10). IR may cause a series of metabolic syndromes (11). IR is not limited to specific etiologies of kidney disease, and it is common in patients with chronic kidney disease (CKD) (12). With the decrease in glomerular filtration rate, IR occurs more frequently and is almost universal in patients with end-stage kidney failure (ESKF) (13). In addition, IR in patients with CKD was associated with poor functional outcomes and risk factors that contribute to cardiovascular disease (CVD) (13, 14). Much evidence supports that low vitamin D status is associated with IR (15–17). Vitamin D deficiency can accelerate the progression of IR, and vitamin D supplement can reduce IR and the related pathologies (15). However, most of the previous studies were based on clinic-based samples, and few focused on large samples at the population level. In addition to affecting blood glucose, vitamin D is thought to be a risk factor for metabolic syndrome (18). Many studies have supported the link between vitamin D and IR, suggesting that vitamin D could directly improve insulin sensitivity and indirectly improve pancreatic β-cell function and IR by reducing inflammation (19). However, conclusive pieces of evidence from more studies are still needed.

Therefore, we used the National Health and Nutrition Examination Survey (NHANES) data representing the US population, which included more than 35,000 samples, aimed to examine the relationship among vitamin D levels, kidney function, and IR at the population level.



METHODS


Data Source and Participants

We conducted a retrospective analysis of a cohort in the US population. The NHANES is a periodic survey performed by the National Center for Health Statistics (NCHS) with informed consent from every participant. Therefore, there was no need for any ethical consent in this study. NHANES includes extensive demographic data, physical examinations, laboratory tests, health-related questionnaires, and lists of prescription medications. Data from NHANES (2001–2014) is the only continuous collection providing information on laboratory tests of 25(OH)D and variables to calculate eGFR, fasting glucose, and insulin. The NHANES cycles (2000–2014) covered 72,126 participants, of which 15,889 individuals without 25(OH)D data, 11,585 participants without serum creatinine data, and 130 with an eGFR ≤ 15 ml/min/1.73 m2 or self-reported receiving dialysis were excluded. In addition, 7,999 children or adolescents (age ≤ 20 years) were also excluded. Finally, 36,523 individuals were included in the final analysis (Supplementary Figure 1).



Measures of Serum 25(OH)D Concentration

Serum 25(OH)D concentration was tested using the principle that utilizes ultra-high performance liquid chromatography–tandem mass spectrometry (UHPLC-MS/MS) for quantitative detection.



Measures of Kidney Function

The main biochemistry outcomes were covered by standard biochemistry profiles in the NHANES. Blood samples collected during the examination were centrifuged, aliquoted, frozen to −70°C on site, and shipped on dry ice to central laboratories, where they were stored at −70°C until analysis. The LX20 modular chemistry side uses the Jaffe rate method (kinetic alkaline picrate) to determine the concentration of creatinine in serum, plasma, or urine (20).

The eGFR was calculated according to the following equation: GFR = 141 * min(Scr/k, 1)α * max(Scr/k, 1)−1.209 * 0.993Age * 1.018 [if female] * 1.159 [if black], where Scr is serum creatinine, k is 0.7 for females and 0.9 for males, α is −0.329 for females and −0.411 for males, min indicates the minimum of Scr/k or 1, and max indicates the maximum of Scr/k or 1 (21).

The estimated GFR was reported in mL/min/1.73 m2 and grouped as normal (≥90), mild (60–90), moderate (30–59), and severe (15–29). Participants with eGFR <15 and self-reported receiving dialysis on the questionnaire “Kidney Conditions - Urology” were excluded.



Measures of Insulin Resistance

Insulin levels were tested by the Merocodia insulin enzyme-linked immunosorbent assay, which is a two-site enzyme immunoassay utilizing the direct sandwich technique. Plasma glucose was measured by a modified hexokinase enzymatic method. IR was assessed by homeostatic model assessment (HOMA) (22). HOMA-IR was calculated using fasting glucose and insulin measurements as HOMA-IR = fasting insulin (mU/ml) * fasting glucose (mmol/l)/22.5. The fasting glucose value in mg/dL was converted to mmol/L by multiplying by 0.05551 (rounded to 3 decimals).



Covariables

In the home interview, information was collected on a wide range of variables, including age, sex, ethnicity, smoking history, and drinking history. Information on the frequency of vitamin D supplements in the previous month was also collected. BMI was calculated as weight in kilograms divided by the square of height in meters. Blood pressure was measured at the mobile examination centers by physicians with mercury sphygmomanometers using a standard protocol. Current knowledge of heart disease, stroke, and diabetes was collected, and hypertension was defined as both told-to-have hypertension and tested systolic ≥140 mmHg or diastolic ≥90 mmHg.



Missing Covariables

Addresses for 11% of the participants could not be geocoded and contributed to missing data in cross-sectional analyses. As such, 10 multiple imputations using fully conditional specifications were used to address potential biases arising from item non-response.



Statistical Analysis

All statistical analyses were conducted according to CDC guidelines (https://wwwn.cdc.gov/nchs/nhanes/tutorials/default.aspx). Sample weight was taken into consideration and assigned to each participant (23). Continuous variables were presented as the mean ± standard error (se). Categorical variables were presented as frequencies or percentages. Weighted ANOVA (for continuous variables) or weighted chi-square test (for categorical variables) were used to calculate the differences among different groups.

The association between 25(OH)D and eGFR first employed weighted univariate and weighted multivariate line regression models. Two models were constructed and used in our analyses. The unadjusted and adjusted models were based on sex, age, ethnicity, ratio of family income to poverty, education level, BMI, drinking history, smoking history, diabetes, heart disease, stroke, hypertension, protein intake, vitamin D supplements, and serum albumin. To further address the non-linearity of 25(OH)D and eGFR, we conducted smooth curve fitting (penalized spline method) and weighted generalized additive model. Weighted continuous covariables were then converted into categorical variables according to their clinical cut points or quartiles and used to perform an interaction test. To ensure the robustness of the data analysis, we conducted the following sensitivity analysis. First, 25(OH)D was included as a categorical variable by quartiles, and testing for linear trends was performed. One purpose was to verify the results of 25(OH)D as a continuous variable, while another was to determine whether there was a non-linear relationship. The associations between eGFR, 25-hydroxyvitamin D and HOMA-IR were performed in a similar way as before, and the model adjusted not only the covariables above but also the addition of total cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL) and triglycerides. Furthermore, the interaction effect of eGFR and 25(OH)D was assessed by applying a weighted generalized additive model. Value of p < 0.05 was considered of significant difference. All analyses were conducted using StataSE 15.1 (StataCorp LLC, College Station).




RESULTS


25(OH)D Levels According to Demographic, Lifestyle, and Cardiometabolic Disease Variables

A total of 36,523 participants were included in the final analysis, 48.56% of whom were males. The Mean and mean difference in serum 25-hydroxyvitamin D (ng/ml) by level of demographic variables, lifestyle variables influencing vitamin D status and eGFR category are shown in Table 1. The percentages of normal kidney function and mildly, moderately, and severely decreased kidney functions were 60.93, 30.43, 7.96, and 0.68%, respectively. Mean concentrations of serum 25(OH)D were found to be higher in females (p < 0.0001), older people (p < 0.0001), people with lower BMI (P <0.0001), higher income ratio (p < 0.0001), higher education level (p < 0.0001), and more vigorous physical activity (p < 0.0001). In addition, the level of 25(OH)D showed significant ethnic differences (p < 0.0001)—it was highest in non-Hispanic whites and lowest in non-Hispanic blacks. In terms of lifestyle variables, mean serum vitamin D levels appeared to be increased with more daily doses of vitamin D supplements (p < 0.0001), current drinking habits (p < 0.0001) and former smoking history (p < 0.0001).


Table 1. Mean (s.e.) and mean difference (s.e.) in serum 25-hydroxyvitamin D (ng/ml) by level of demographic variables, lifestyle variables influencing vitamin D status, and eGFR category.
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Association Between 25(OH)D Concentrations and Kidney Function

Compared to participants with normal kidney function (eGFR ≥90 ml/min/1.73 m2), the mean serum 25(OH)D levels were higher in participants with decreased kidney function (eGFR <90 ml/min/1.73 m2), and it was highest in participants with moderately decreased kidney function (eGFR = 30–59 ml/min/1.73 m2) (Table 1).

The association between 25(OH)D concentrations and kidney function is shown in Table 2. Models were adjusted for sex, age, ethnicity, ratio of family income to poverty, education level, BMI, drinking history, smoking history, vitamin D supplements, physical activity, protein intake, serum albumin, heart disease, stroke, hypertension, and diabetes. With potential confounders adjusted, the eGFR of participants in the first quartile of serum 25(OH)D concentrations was 12.201 ml/min/1.73 m2 higher than those in the fourth quartile. In addition, each unit of decreased serum 25(OH)D concentrations predicted 0.453 ml/min/1.73 m2 (95% CI: 0.426, 0.48, p < 0.0001) higher eGFR. In addition, it suggested the protective effect of low vitamin D levels on kidney function.


Table 2. Association between vitamin D levels and kidney function.
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Mean Levels of the Components of Metabolic Syndrome

Metabolic syndrome is composed of abdominal obesity, blood pressure, high-density lipoprotein cholesterol, triglycerides, and fasting glucose (24). Mean levels of the components of metabolic syndrome were evaluated by eGFR category, and the serum 25(OH)D quartile is shown in Table 3.


Table 3. Mean (s.e.) levels of the components of metabolic syndrome.
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Participants with severely decreased kidney function (eGFR = 15–29 ml/min/1.73 m2) had higher waist circumference, BMI, systolic blood pressure, triglycerides, and blood glucose values. In addition, those participants had lower diastolic blood pressure and cholesterol, including total cholesterol, high-density lipoprotein (HDL), and low-density lipoprotein (LDL) cholesterol. Participants in the first quartile of serum 25(OH)D concentrations seemed to have higher waist circumference, BMI, and blood glucose values.



Association Between Kidney Function and IR

The mean fasting insulin and HOMA-IR were the highest in participants with severely decreased kidney function (eGFR = 15–29 ml/min/1.73 m2). IR appeared in the early stage of kidney dysfunction (Table 4).


Table 4. Mean (s.e.) levels of fasting insulin levels, and IR.
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The association between kidney function and IR is shown in Table 5. Kidney function was negatively associated with IR. After potential confounder adjustment, including sex, age, ethnicity, ratio of family income to poverty, education level, BMI, alcohol consumption, smoking history, diabetes, heart disease, stroke, hypertension, protein intake, serum albumin, vitamin D supplements, physical activity, total cholesterol, HDL cholesterol, LDL cholesterol, and triglycerides, the association was stable. Participants with severely decreased kidney function (eGFR = 15–29 ml/min/1.73 m2) had 0.802 higher HOMA-IR than participants with normal kidney function (eGFR ≥90 ml/min/1.73 m2), and each unit of decreased eGFR was associated with 0.007 higher HOMA-IR.


Table 5. Association between kidney function and IR and association between 25-hydroxyvitamin D concentrations and IR.
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Association Between 25(OH)D Concentrations and IR

The mean fasting insulin and HOMA-IR levels were highest in participants in the first quartile of serum 25(OH)D concentrations (Table 4).

Table 5 suggests that vitamin D had an inverse association with IR, and the association was in accordance with both the unadjusted and adjusted models. The HOMA-IR scores of participants in the first quartile of serum 25(OH)D concentrations were 0.644 higher than those of participants in the fourth quartile. Each unit of decreased serum 25(OH)D concentrations would lead to 0.025 higher HOMA-IR scores.




DISCUSSION

Vitamin D status is customarily defined as deficient, insufficient, and sufficient when the serum 25(OH)D concentrations are <20 ng/ml, 20–29.9 ng/ml, and more than 30 ng/ml, respectively (1, 7, 25). The high prevalence of vitamin D deficiency (VDD) and vitamin D insufficiency (VDI) was shown in past NHANES and Korean NHANES (KNHANES) studies (26, 27). Our research presented similar results, which suggested that VDD and VDI could be public nutrition problems that need to be given more attention. Due to kidney functional abnormalities, the metabolism and utilization of vitamin D are influenced (3, 4). With the support of previous research, VDD is thought to be worse in patients with CKD (28). However, our research presented different results: the mean 25(OH)D concentrations were increased in participants with decreased kidney function (eGFR <90 ml/min/1.73 m2) compared with participants with normal kidney function (eGFR ≥90 ml/min/1.73 m2). The reason could be that patients with CKD are more likely to take vitamin D supplements and calcitriol than those with normal kidney function.

Many studies have suggested the use of vitamin D in patients with CKD, especially for patients with SHPT (2, 3, 6, 29). Current evidence supports that improvement in 25(OH)D is associated with a decline in parathyroid hormone (PTH) levels (30). However, the association between 25(OH)D and kidney function has been controversial. Studies have shown that 25(OH)D has no protective effect on kidney function, and even has the opposite effect (7, 8). There were even case reports of acute kidney failure caused by the use of vitamin D drops (31). Teumer et al. (32) conducted a Mendelian randomization study and indicated the negative association between circulating vitamin D metabolite levels and eGFR. They also suggested that reduced kidney function can result in reduced serum vitamin D levels, which could cover up the effect of high vitamin D levels on low eGFR. Our results showed a consistent trend, which suggested a protective effect of low vitamin D levels on kidney function. Each unit of decreased serum 25(OH)D concentrations predicted 0.453 ml/min/1.73 m2 (95% CI: 0.426, 0.48, p < 0.0001) higher eGFR. The results remained stable after adjustment for sex, age, ethnicity, ratio of family income to poverty, education level, BMI, alcohol consumption, smoking history, vitamin D supplements, protein intake, serum albumin, heart disease, stroke, hypertension, and diabetes. In addition, our study was based on the general adult population in the USA. Compared with clinic-based studies, our results are more universally applicable and can more truly reflect the relationship between vitamin D and kidney function. However, the level of vitamin D is not the lower the better. The study of Jhee et al. (27) found that severe vitamin D deficiency was associated with renal hyperfiltration (RHF). Hence, vitamin D supplementation should be given cautiously for patients with decreased kidney function, and serum 25(OH)D concentrations should be detected regularly. At present, vitamin D supplement is mainly used to control secondary hyperparathyroidism and regulate bone metabolism disturbance and calcium and phosphorus metabolism disturbance caused by CKD. It is hoped that in the future, researchers could find a substitute for vitamin D supplement to improve the above symptoms and reduce the damage to kidney function caused by therapeutic drugs. For healthy people, it is not recommended to supplement vitamin D without indication. It is also a research direction in the future to find the appropriate serum 25(OH)D concentrations for different populations.

Patients with CKD have a higher risk of CVD and diabetes (33, 34). Metabolic syndrome is a predictor of CVD and diabetes (24). Referring to the definition of metabolic syndrome (Table 3) proposed by the National Cholesterol Education Program's Adult Treatment Panel III report (ATP III) (24), participants with severely decreased kidney function met the definition criteria in terms of waist circumference, systolic blood pressure, triglycerides, and blood glucose. This result was consistent with the expected trend. However, the mean levels of the components of metabolic syndrome by serum 25(OH)D quartile were not up to the defined criteria. Although some studies have suggested an association between low vitamin D levels and metabolic syndrome, the evaluation method they used varied (18, 19), and there are few related clinical trials. Therefore, it is difficult for us to obtain a definite conclusion based on the current evidence. Another problem is that the current definition of metabolic syndrome is composed of five indicators. A more comprehensive index is needed to help researchers better explore and evaluate metabolic syndrome.

Our study showed the inverse association between kidney function represented by eGFR and IR, which was similar to previous studies (35–37). Combining the above associations between kidney function and metabolic syndrome, our study provided solid evidence that kidney function caused metabolic perturbations. This might explain why patients with CKD had a higher risk of CVD. The inverse association also existed between serum 25(OH)D concentrations and IR, which supported the studies of Szymczak-Pajor et al. (15) and Garbossa et al. (16). The difference between our study and their studies is the choice of study population. Their studies were based more on clinical patients, and ours was based on the population level. In addition, we adjusted diabetes status rather than excluding patients with diabetes during the analysis to make our results more generalized. Therefore, for patients with IR, we recommend the use of vitamin D supplements for improvement, but kidney function should be monitored regularly because CKD has a high prevalence in patients with diabetes (38). For patients with both CKD and diabetes, it is recommended to use vitamin D supplement cautiously after a comprehensive assessment of the patient's condition. The appropriate dose of vitamin D supplement for different populations needs to be further explored in the future.

One strength of this study is that we used a representative sample of the population of USA and included more than 36,000 samples. In addition, many covariates were adjusted in the analysis process to ensure that our results were applicable to a wide range of people. However, there were still some limitations in this study. Since this was a cross-sectional study, the evidence for causal inference was weak, which led to the directionality of association not being determined. Furthermore, due to the lack of data for direct measurement of GFR and insulin sensitivity, we cannot exclude the possibility that some of the associations observed in this study result from differences between estimated and true values. In addition, although some other confounding factors might influence the vitamin D level (such as milk intake), we did not include them due to coverage of already existing covariants or lack of data in NHANES cycles. Therefore, we could not adjust it in the process of analysis.

In conclusion, our results showed that the mean serum 25(OH)D concentrations were increased in participants with decreased kidney function and that serum 25(OH)D concentrations were negatively associated with kidney function. In addition, IR appears in the early stage of kidney dysfunction, and both serum 25(OH)D concentrations and kidney function were negatively associated with IR. Further studies are needed to find the appropriate serum 25(OH)D concentrations and the appropriate dose of vitamin D supplement for different populations. The underlying mechanism of these associations still needs more research, especially the negative association between serum 25(OH)D concentrations and kidney function.
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Serum 25-hydroxyvitamin D was converted from a continuous variable to a categorical variable (quartiles), which revealed the change of éGFR with the decrease of vitamin D level.

ap; effect sizes.
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