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ABSTRACT

Background and objectives. A low circulating 25-hydroxyvitamin D (25(OH)D) level and 

high sodium intake are both associated with progressive albuminuria and renal function loss 

in chronic kidney disease (CKD). Both vitamin D and sodium intake interact with the renin-

angiotensin-aldosterone system (RAAS). We therefore investigated whether plasma 25[OH]D or 

1,25-dihydroxyvitamin D (1,25[OH]
2
D) are associated with developing increased albuminuria or 

reduced renal function, and whether these associations depend on sodium intake. 

Design, setting, participants, and measurements. Baseline plasma 25(OH)D and 1,25(OH)
2
D 

were measured by LC-MS/MS and sodium intake was assessed by 24h-urine collections in 

the general population-based PREVEND cohort (n=5051). The two primary outcomes were 

development of urinary albumin excretion >30 mg/24h or an eGFR (creatinine/cystatin C-based 

CKD-EPI) <60 ml/min/1.73m2. Participants with CKD at baseline were excluded. In Cox regression 

analyses, we assessed associations of vitamin D with developing increased albuminuria or 

reduced eGFR, and potential interaction with sodium intake. 

Results. During a median follow-up of 10.4 [6.2-11.4] years, 641 (13%) participants developed 

increased albuminuria and 268 (5%) participants developed reduced eGFR. Plasma 25(OH)

D was inversely associated with increased albuminuria (fully adjusted HR per SD higher 0.86 

[95%CI 0.78-0.95], P=0.003), but not with reduced eGFR (HR 0.99 [0.87-1.12], P=0.85). There was 

interaction between 25(OH)D and sodium intake for the risk of developing increased albuminuria 

(P-interaction=0.03). In participants with high sodium intake, the risk of developing increased 

albuminuria was inversely associated with 25(OH)D (lowest vs. highest quartile: adjusted HR 

1.81 [1.20-2.73], P=0.005), whereas this association was non-significant in participants with low 

sodium intake (HR 1.29 [0.94-1.77], P=0.12). Plasma 1,25(OH)2
D was not significantly associated 

with increased albuminuria or reduced eGFR. 

Conclusions. Low plasma 25(OH)D is associated with a higher risk of developing increased 

albuminuria. Especially participants with low plasma 25(OH)D and high sodium intake are at risk 

for developing increased albuminuria.
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INTRODUCTION

The current prevalence of CKD in the United States is estimated at 14%, and has increased by 2% 

over the past two decades.1 Early diagnosis and treatment or, ideally, prevention of CKD is likely 

to reduce the risk of cardiovascular events and renal failure, and the high CKD-associated costs. 

Therefore, it is crucial to identify modifiable factors affecting the development of CKD. 

Vitamin D deficiency, usually defined as a 25(OH)D level below 15 or 20 ng/mL (<37 or 50 

nmol/L)2 is common in CKD and has been associated with increased albuminuria and progressive 

renal function loss.3-5 The 25-hydroxylation of vitamin D is mainly substrate-dependent; 

consequently, circulating levels of 25(OH)D are used to determine vitamin D status. In the second 

hydroxylation step, 25(OH)D is converted into the biologically active form 1,25-dihydroxyvitamin 

D (1,25[OH]
2
D) by 1α-hydroxylase, which is predominantly, but not exclusively, expressed in renal 

proximal tubular cells. A previous study suggested that 25(OH)D deficiency is associated with 

increased albuminuria.6 Whether 1,25(OH)
2
D is associated with CKD development is unknown. 

Vitamin D may influence the course of CKD by cross-talk with the renin-angiotensin-

aldosterone system (RAAS).7 Moreover, several lines of evidence suggest interaction between 

the renal effects of vitamin D deficiency and sodium intake. High dietary sodium intake adversely 

affects albuminuria levels and glomerular hemodynamics, even independent of blood pressure, 

and induces renal fibrosis,8-11 which might be related to activation of the intrarenal renin-

angiotensin-aldosterone system (RAAS)12. Furthermore, recent studies suggest an interaction 

between sodium intake and the anti-albuminuric efficacy of vitamin D receptor activator (VDRA) 

treatment.13,14  

We therefore prospectively investigated whether 25(OH)D or 1,25(OH)
2
D levels are associated 

with the risk of developing increased albuminuria or reduced renal function, and whether these 

associations depend on sodium intake, in a general population-based cohort with long-term 

follow-up. 

MATERIALS AND METHODS

Study design and population
This study was performed using data of PREVEND (Prevention of Renal and Vascular End-stage 

Disease, http://www.prevend.org), a large prospective population-based cohort investigating 

albuminuria, renal, and cardiovascular disease. Details of this study have been described 

elsewhere.15,16 In summary, from 1997 to 1998, all inhabitants of Groningen, the Netherlands, 

aged 28 to 75 years (n=85,421), received a questionnaire and a vial to collect a first-morning 

void urine sample. Pregnant women and patients with type 1 diabetes mellitus were excluded. 

Some participants in which existence of type 2 diabetes was newly discovered at the PREVEND 

screening were included. Urinary albumin concentration (UAC) was assessed in 40,856 responders. 

Participants with a UAC >10 mg/L (n=7,768) were invited to participate, of whom 6,000 were 

enrolled. In addition, a randomly selected group with a UAC <10 mg/L (n=3,394) was invited to 
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participate, of whom 2,592 enrolled.  In the present study sample, 1,928 participants (38%) had 

UAC <=10 mg/L, whereas 3,122 participants (62%) had UAC >10 mg/L. The PREVEND study was 

approved by the institutional Medical Ethics Committee and conducted in accordance with the 

Declaration of Helsinki. All participants provided written informed consent.

For this study, we excluded participants with missing data on 25(OH) or 1,25(OH)
2
D (n=661), 

serum creatinine, serum cystatin, urinary albumin excretion (UAE) (n=397) or urinary sodium 

excretion (n=31) at baseline, with eGFR <60 ml/min/1.73m2 or albuminuria >30 mg/24h at 

baseline (n=1,236), on vitamin D analogues, lithium or thyroid therapy at baseline (n=132), or 

with no follow-up data on kidney function (n=1,084), leaving 5,051 participants for the analyses. 

Each examination included two outpatient clinic visits separated by three weeks.

Data collection
Prior to the first visit, all participants completed a self-administered questionnaire regarding 

demographics, cardiovascular and renal disease history, smoking habits and medication use. 

Information on medication use was combined with information from a pharmacy-dispensing 

registry. Weight and height were measured at the outpatient clinic, and blood pressure was 

measured by an automatic Dinamap. The mean of the last two recordings from each visit was 

used. The week before the second baseline visit, participants collected 24h-urine twice, on two 

consecutive days. Participants were instructed to postpone urine collection in case of urinary 

tract infection, menstruation or fever. Urine specimens were stored at -20°C. Furthermore, fasting 

blood samples were taken and stored at -80°C. Type 2 diabetes was defined as fasting plasma 

glucose >7.0 mmol/L, non-fasting plasma glucose >11.1 mmol/L, or use of anti-diabetic drugs. 

Albuminuria and eGFR ascertainment
Albuminuria was calculated as the average from two consecutive 24h-urine collections. eGFR 

was calculated based on the CKD Epidemiology equation (EPI) combining creatinine and 

cystatin C.17 The primary outcomes were either new onset albuminuria >30 mg/24h or eGFR <60 

mL/min/1.73m2, respectively.

Laboratory measurements
Circulating 25(OH) and 1,25(OH)

2
 vitamin D

3
 levels were measured in baseline plasma samples 

using liquid chromatography tandem mass spectrometry (LC-MS/MS), with intra- and interassay 

coefficients of variation for 25(OH)D of 7.2% and 6.7%, respectively and for 1,25(OH)
2
D of 5.0% 

and 14.1%, respectively. UAC was determined by nephelometry (BNII, Dade Behring Diagnostic, 

Marburg, Germany) with a threshold of 2.3 mg/L and intra- and interassay coefficients of 

variation of 2.2% and 2.6%, respectively. Serum creatinine was measured by an enzymatic 

method on a Roche Modular analyzer (Roche Diagnostics Mannheim, Germany, intra- and 

interassay coefficients of variation 0.9% and 2.9%, respectively). Serum cystatin C concentrations 

were determined by Gentian Cystatin C Immunoassay (Gentian AS, Moss, Norway) on a Roche 

Diagnostics Modular auto-analyzer. Cystatin C was calibrated using the standard supplied by the 
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manufacturer (traceable to the International Federation of Clinical Chemistry Working Group for 

Standardization of Serum Cystatin C). Intra- and interassay coefficients of variation were <4.1% 

and <3.3%, respectively. Urinary sodium concentration was determined with a MEGA clinical 

chemistry analyzer (Merck, Darmstadt, Germany). Urinary sodium excretion was calculated as 

the average value from two consecutive 24h-urine collections. Other laboratory measurements 

have been described before.18

Statistical analysis
The study population was subdivided into four groups according to baseline 25(OH)D level (above 

versus below the median) and baseline urinary sodium excretion. High sodium represented the 

third tertile of sodium excretion, whereas low sodium represented the first and second tertile 

of sodium excretion, in line with our pre-specified hypothesis that high sodium intake interacts 

with the association between vitamin D status and increased albuminuria or reduced eGFR. 

Differences between categories were assessed with ANOVA for normally distributed continuous 

data, Kruskal-Wallis test for skewed data, and χ2 test for nominal data. 

To examine the prospective association between baseline vitamin D status and risk of 

developing increased albuminuria or reduced eGFR, we performed Cox proportional hazards 

regression models. Because the PREVEND study is enriched with the presence of an elevated 

urinary albumin concentration (>10 mg/L), all models took the sampling design of the study into 

account by specifying stratum-specific baseline hazard functions. These design-based analyses 

allow us to draw conclusions that are valid for the general population. In the Cox regression 

models, follow-up time was counted from the date of the first examination until the date the 

renal outcome was reached, or the date of the last examination. The multivariable-adjusted 

model included baseline age, sex, type 2 diabetes, history of cardiovascular disease, current 

smoking, use of lipid-lowering drugs, use of blood pressure-lowering drugs, body mass index, 

systolic blood pressure, day of blood sampling, total-HDL cholesterol ratio, triglycerides, baseline 

eGFR and baseline albuminuria as potential confounders. To adjust for day of blood sampling, 

the time variable t (day) was transformed as sine ((2π / 365) x t) and cosine ((2π / 365) x t), which 

was then fitted as two variables in multivariable-adjusted models.19 As an alternative approach to 

account for seasonal variation, we performed additional analyses using month-specific quartiles 

of 25(OH)D.20 The methods of the other sensitivity analyses performed are presented in the 

Supplemental information.

We explored potential interaction between sodium excretion and 25(OH)D levels for 

increased albuminuria or reduced eGFR. This was evaluated for sodium excretion and 25(OH)

D as continuous variables, for categories of sodium (high versus low) and 25(OH)D (high versus 

low), and for quartiles or clinical categories (i.e. <12 ng/mL, 12-15 ng/mL, 15-20 ng/mL, 20-40 ng/

mL, and >40 ng/mL) of 25(OH)D. Interactions were assessed in a crude model and multivariable-

adjusted models identical to the Cox regression models outlined above except for baseline 

albuminuria, because we have previously shown that sodium intake is cross-sectionally related to 

albuminuria and is longitudinally associated with albuminuria increase in the PREVEND study.9,21

1
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Baseline continuous data are reported as mean ± standard deviation (SD) for normal distributed 

data or median and interquartile range (IQR) for skewed data. Categorical data are presented 

as percentiles. A P-value <0.05 (two-tailed) was considered to indicate statistical significance. 

Statistical analyses were performed using SPSS 22.0 for Windows (SPSS Inc., Chicago, IL), R 

Foundation for Statistical Computing (Vienna, Austria), GraphPad Prism version 5.00 for Windows 

(GraphPad Software, San Diego, CA) and Stata Statistical Software: Release 11 (College Station, TX). 

RESULTS

Participants
At baseline, mean age was 48±12 years, and 47% were male. Mean 25(OH)D and 1,25(OH)

2
D 

levels were 23.2±9.3 ng/mL and 60.6±19.6 pg/mL, respectively. Mean urinary sodium excretion 

was 141±50 mmol/24h, corresponding to 3.2 grams of sodium (8.1 grams of salt) daily. Overall, 

20.7% (n=1,045) had 25(OH)D <15 ng/mL and 40.0% (n=2,020) had 25(OH)D <20 ng/mL. Baseline 

characteristics of the study population according to urinary sodium excretion and 25(OH)D 

groups are shown in Table 1. Significant differences between the four groups were observed 

for age and sex, season of sampling, ethnicity, body mass index, blood pressure, serum glucose, 

lipids, serum albumin, eGFR, and urinary excretion of calcium, potassium and albumin. The 

subgroup of patients excluded due to missing follow-up showed small but significant differences 

regarding baseline 25(OH)D levels, sodium excretion, and UAE, compared with participants 

included in the cohort (Supplemental Table 1). 

Vitamin D and the risk of increased albuminuria or reduced eGFR
During a median follow-up period of 10.4 (IQR, 6.2-11.4) years, a total of 641 (13%) participants 

developed increased albuminuria (>30 mg/24h) and 268 (5%) participants developed reduced 

eGFR (<60 ml/min per 1.73m2). The subgroup of participants who developed increased 

albuminuria (>30 mg/24h) had a median baseline albuminuria of 15.6 (IQR, 10.1-22.1) mg/24h. The 

median absolute change from baseline to the visit at which the outcome was reached was +27.8 

(IQR, +19.6 to +43.7) mg/24h. Plasma 25(OH)D was inversely associated with the risk of increased 

albuminuria (HR per SD higher 0.86, [95%CI 0.80-0.94], P<0.001). This inverse association was 

independent of potential confounders (adjusted HR per SD higher 0.85, [0.78-0.94], P=0.001, 

Figure 1, Table 2). When using month-specific quartiles results were similar (adjusted HR 0.91 

[0.85-0.98], P=0.009).

The subgroup of participants who developed reduced eGFR had a mean baseline eGFR of 

74.3±10.4 mL/min/1.73 m2. The median absolute change from baseline to the visit at which the 

outcome was reached was -17.2 (IQR, -26.0 to -10.4) mL/min/1.73 m2. Plasma 25(OH)D was not 

associated with reduced eGFR (HR per SD higher 0.99, [0.87-1.12], P=0.85). Plasma 1,25(OH)
2
D was 

neither significantly associated with reduced eGFR nor with increased albuminuria (Figure 1, 

Table 2). Results were similar when the eGFR endpoint (<60 ml/min/1.73 m2) was defined 
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Table 1. Baseline characteristics of the study population according to urinary sodium excretion-
25(OH)D groups

Total
n=5,051

low Na+- 
low 25(OH)D 

n=1,726

low Na+- 
high 25(OH)D 

n=1,640

high Na+- 
low 25(OH)D 

n=803

high Na+-  
high 25(OH)D 

n=882
P

Urinary sodium excretion, mmol/24h <156.8 <156.8 ≥156.8 ≥156.8 -
Plasma 25(OH)D, ng/mL <22.6 ≥22.6 <22.6 ≥22.6
Male sex, n (%) 2,391 (47) 687 (40) 589 (36) 528 (66) 587 (67) <0.001
Age, y 48.4±11.7 49.3±12.4 48.6±11.5 46.8±11.1 47.6±10.9 <0.001
Season - - - - - <0.001
   Summer (Jun-Aug), n (%) 1,069 (21) 216 (13) 476 (29) 95 (12) 282 (32) -
   Autumn (Sep-Nov), n (%) 1,555 (31) 442 (26) 596 (36) 179 (22) 338 (38) -
   Winter (Dec-Feb), n (%) 1,039 (21) 481 (28) 214 (13) 247 (31) 97 (11) -
   Spring (Mar-May), n (%) 1,388(28) 587 (34) 354 (22) 282 (35) 165 (19) -
Ethnicity - - - - - <0.001
   Caucasian, n (%) 4,810 (96) 1588 (93) 1615 (99) 735 (93) 872 (99) -
   Black, n (%) 45 (1) 28 (2) 1 (0.1) 15 (2) 1 (0.1) -
   Asian, n (%) 100 (2) 61 (3.6) 9 (1) 28 (4) 2 (0.2) -
   Others, n (%) 60 (1) 31 (2) 7 (0.4) 17 (2) 5 (1) -
Body mass index, kg/m2 25.7±3.9 25.4±4.0 24.9±3.4 27.1±4.6 26.5±3.6 <0.001
Smoking status - - - - - <0.001
  Never, n (%) 1,597 (32) 553 (32) 507 (31) 266 (33) 271 (31) -
  Quit > 1 yr, n (%) 1622 (32) 501 (29) 545 (33) 239 (30) 337 (38) -
  Quit < 1 yr, n (%) 197 (4) 64 (4) 69 (4) 28 (4) 36 (4) -
  Current, n (%) 1621 (32) 599 (35) 517 (32) 267 (33) 238 (27) -
Type 2 diabetes, n (%) 95 (2) 33 (2) 27 (2) 20 (3) 15 (2) 0.52
History of CVD, n (%) 168 (3) 72 (4) 52 (3) 22 (3) 22 (3) 0.08
Systolic blood pressure, mmHg 125.8±17.9 126.0±19.3 123.5±17.7 128.4±16.6 127.3±16.2 <0.001
Diastolic blood pressure, mmHg 72.8±9.1 72.5±9.3 72.0±9.0 74.1±8.9 73.8±8.7 <0.001
Blood pressure-lowering drugs, n (%) 583 (12) 225 (13) 179 (11) 93 (12) 86 (10) 0.07
ACEi or ARB, n (%) 160 (4) 51 (4) 45 (3) 36 (6) 28 (4) 0.07
Lipid-lowering drugs, n (%) 254 (5) 85 (5) 90 (6) 40 (5) 39 (4) 0.70
Serum glucose,  mg/dL 82.9 [77.5-90.1] 82.9 [77.5-90.1] 82.9 [75.7-88.3] 84.7 [79.3-91.9] 84.7 [79.3-93.7] <0.001
Serum total cholesterol, mg/dL 215±43 214±43 215±43 217±41 217±42 0.20
Serum HDL cholesterol, mg/dL 52.1±15.4 52.6±15.5 54.6±15.4 48.1±13.9 50.3±15.3 <0.001
Serum triglycerides, mg/dL 98.2 [71.7-141.6] 93.8 [69.0-136.3] 94.7 [69.9-132.7] 108.8 [77.9-161.1] 107.1 [78.8-149.6] <0.001
hsCRP, mg/L 1.08 [0.49-2.55] 1.08 [0.48-2.59] 1.08 [0.49-2.45] 1.11 [0.48-2.77] 1.07 [0.54-2.37] 0.88
Plasma phosphate, mg/dL 3.11±0.49 3.12±0.49 3.10±0.49 3.14±0.50 3.10±0.50 0.35
Plasma calcium, mg/dL 9.11±0.37 9.11±0.36 9.12±0.37 9.10±0.35 9.13±0.39 0.56
Serum albumin, g/dL 4.11±0.80 4.05±0.85 4.07±0.78 4.15±0.80 4.31±0.72 0.006
Plasma 1,25(OH)

2
D, pg/mL 60.6±19.6 52.7±15.8 68.6±19.5 52.1±15.9 68.8±20.4 <0.001

eGFR, mL/min/1.73m2 97.3±14.6 96.9±15.2 95.6±14.5 100.2±13.8 98.3±14.0 <0.001
Urine potassium, mmol/24h 71.8±21.0 65.4±19.2 68.0±19.0 81.3±21.2 82.8±20.5 <0.001
Urine calcium, mmol/24h 4.0±2.0 3.4±1.6 3.7±1.6 4.8±2.2 5.1±2.2 <0.001
Urine albumin, mmol/24h 8.1 [5.9-12.1] 8.0 [5.7-11.8] 7.4 [5.6-11.1] 9.3 [6.8-14.2] 8.9 [6.5-12.7] <0.001
P-values for differences between groups were assessed with ANOVA for normally distributed continuous data, the Kruskal-Wallis test for skewed 
distributed data, and the χ2 test for nominal data. 
Abbreviations: 1,25(OH)

2
D, 1,25 dihydroxyvitamin D; 25(OH)D, 25-hydroxyvitamin D; ACEi, angiotensin converting enzyme inhibitor; ARB, 

angiotensin receptor blocker; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein.

according to the creatinine-based CKD-EPI formula (Supplemental Table 2). Other independent 

determinants of increased albuminuria and reduced eGFR are presented in Supplemental Table 3.
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The line in the graphs represents the risk for developing either renal outcome compared to average 25(OH)
D or 1.25(OH)

2
D level, respectively. The grey area represents the 95% confidence interval of the hazard 

ratio. The hazard ratios of the multivariable-adjusted model are shown. Data of one participant with an 
extreme value of 1,25(OH)

2
D (260 pg/mL) is not shown.

Figure 1. The relative risk of developing increased albuminuria (A+B) 
or reduced eGFR (C+D) according to 25(OH)D (A+C) or 1.25(OH)2D 
levels (B+D), respectively, in the PREVEND study 

Table 2. Associations of 25(OH) and 1,25(OH)2 vitamin D levels with risk of developing reduced 
estimated glomerular filtration rate (eGFR) or increased albuminuria in the PREVEND study 

25-hydroxyvitamin D

Univariable No. of cases P Multivariable No. of cases P

Reduced eGFR 0.99 (0.87-1.12) 268 0.85 0.96 (0.84-1.10) 260 0.59

Increased albuminuria 0.86 (0.80-0.94) 641 <0.001 0.85 (0.78-0.94) 628 0.001

   1,25 dihydroxyvitamin D

Univariable No. of cases P Multivariable No. of cases P

Reduced eGFR 0.90 (0.80-1.02) 268 0.11 0.99 (0.86-1.13) 260 0.86

Increased albuminuria 1.00 (0.93-1.09) 641 0.91 0.99 (0.91-1.08) 628 0.79
Data are presented as hazard ratio (HR) per standard deviation higher in 25(OH)D and 1,25(OH)

2
D concentrations plus 95% confidence interval (CI). 

Reduced eGFR is defined as an eGFR <60 ml/min/1.73m2 and increased albuminuria is defined as urinary albumin excretion (UAE) >30 mg/24h. 
Multivariable model includes adjustment for age, sex, presence of type 2 diabetes, history of cardiovascular disease, current smoking, use of lipid-
lowering drugs, use of blood pressure-lowering drugs, body mass index, systolic blood pressure, day of blood sampling, cholesterol - high-density 
lipoprotein cholesterol ratio, triglyceride level, baseline UAE and eGFR. 
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Sodium intake, vitamin D status, and increased albuminuria
The association between 25(OH)D levels and the development of increased albuminuria was 

modified by baseline sodium intake (P-interaction=0.03), and persisted in multivariable-adjusted 

analysis (P-interaction=0.01).  Participants with high sodium intake and low 25(OH)D levels had 

a higher risk of developing increased albuminuria than participants with low sodium intake 

and high 25(OH)D levels (Table 3). Excluding participants using ACEi/ARB therapy (3%) did not 

materially change the results (P-interaction=0.03). In participants with high sodium intake, the risk 

of developing increased albuminuria was inversely associated with quartiles of 25(OH)D (lowest 

vs. highest quartile: adjusted HR 1.81 [1.20-2.73], P=0.005), whereas this effect was non-significant 

in participants with low sodium intake (HR 1.29 [0.94-1.77], P=0.12; P-interaction=0.04; Figure 2). 

Using clinical cut-offs for 25(OH)D levels yielded highly similar results (P-interaction=0.04).

We found no interaction by sodium intake for the association between 25(OH)D and reduced 

eGFR (P-interaction=0.27).

Increased albuminuria is defined as urinary albumin excretion (UAE) >30 mg/24h. Crude model (A) 
and multivariable model (B) are shown. Model B includes adjustment for age, sex, presence of type 2 
diabetes, history of cardiovascular disease, current smoking, use of lipid-lowering drugs, use of blood 
pressure-lowering drugs, body mass index, systolic blood pressure, day of blood sampling, cholesterol - 
high-density lipoprotein cholesterol ratio, triglyceride level and eGFR.  
Model A: P interaction low/high urinary sodium excretion × 25(OH)D quartiles = 0.04 (crude model) 

Model B: P interaction low/high urinary sodium excretion × 25(OH)D quartiles = 0.02 (multivariable 
model)

Figure 2. Hazard ratios of 25(OH)D quartiles with increased 
albuminuria events stratified by urinary sodium excretion 

1
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Sensitivity analyses
After exclusion of non-Caucasian participants, plasma 25(OH)D was inversely associated with 

increased albuminuria (adjusted HR 0.87, [0.79-0.97], P=0.008, 594 events), but not with reduced 

eGFR (adjusted HR 0.95, [0.83-1.10], P=0.50, 253 events). The interaction between sodium intake 

and 25(OH)D on increased albuminuria did not materially change (P-interaction=0.02). Second, 

after excluding 24h-urine samples with possible over- or under-collection, 25(OH)D was inversely 

associated with increased albuminuria (adjusted HR 0.87, [0.79-0.96], P=0.005, 589 events), but 

not with reduced eGFR. Additional adjustment for urine volume and creatinine excretion did not 

materially change the results (adjusted HR for albuminuria>30 mg/24h 0.89 [0.81-0.98], P=0.02). 

Interaction by urinary sodium excretion persisted for the association between 25(OH)D and the 

risk of increased albuminuria (P-interaction=0.02). Third, we redefined increased albuminuria as 

UAE>40 mg/24h (instead of >30 mg/24h). Plasma 25(OH)D remained inversely associated with 

increased albuminuria (adjusted HR 0.79, [0.70-0.89], P<0.001, 428 events). The interaction of 

25(OH)D and developing increased albuminuria remained (P-interaction=0.002). Fourth, when 

we redefined reduced eGFR as <54 mL/min/1.73m2 (instead of <60 mL/min/1.73m2), 25(OH)

D was not associated with reduced eGFR (adjusted HR per SD higher 1.04, [0.85-1.26], P=0.70, 

125 events). Last, when we re-analyzed the association between 25(OH)D and outcomes in 

participants followed up until the last time-point, 25(OH)D was associated with a lower risk of 

increased albuminuria (odds ratio [OR] per 1 SD higher 0.83 [95% CI 0.70-0.98], P=0.03), but not of 

reduced eGFR (OR 1.04 [0.88-1.23], P=0.68).

In the above sensitivity analyses, plasma 1,25(OH)
2
D was consistently not associated with the 

risk of developing increased albuminuria or reduced eGFR.

Table 3. Associations of categories based on 25(OH)D and urinary sodium excretion with 
increased albuminuria events in the PREVEND study 

Na+/25(OH)D category Participants Events Crude model a  
HR (95%CI)

Multivariable model b  
HR (95%CI)

Low Na+- high 25(OH)D 1,640 176 1.00 (reference) 1.00 (reference)

Low Na+- low 25(OH)D 1,726 216 1.18 (0.97-1.44) 1.13 (0.92-1.40)

High Na+- high 25(OH)D 882 106 1.04 (0.82-1.33) 0.90 (0.70-1.16)

High Na+- low 25(OH)D 803 143 1.62 (1.30-2.02) 1.42 (1.11-1.82)

Data are presented as hazard ratio (HR) per standard deviation higher in 25(OH)D concentrations plus 95% confidence interval (CI). Increased 
albuminuria is defined as urinary albumin excretion (UAE) >30 mg/24h. Multivariable model includes adjustment for age, sex, presence of type 2 
diabetes, history of cardiovascular disease, current smoking, use of lipid-lowering drugs, use of blood pressure-lowering drugs, body mass index, 
systolic blood pressure, day of blood sampling, cholesterol - high-density lipoprotein cholesterol ratio, triglyceride level and eGFR. 
a P interaction urinary sodium excretion × 25(OH)D categories = 0.07 (crude model) 
b P interaction urinary sodium excretion × 25(OH)D categories = 0.04 (multivariable model)
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DISCUSSION

In this prospective, observational, general population-based cohort study, a low plasma 25(OH)

D level was associated with a higher risk of developing increased albuminuria (UAE>30 mg/24h). 

Moreover, we found effect modification by sodium intake, with a more prominent association 

between low 25(OH)D and increased albuminuria in individuals with high sodium intake. Plasma 

25(OH)D was not associated with reduced eGFR, nor was plasma 1,25(OH)
2
D associated with 

either outcome.

The inverse association between 25(OH)D and increased albuminuria is in line with a 

previous cross-sectional study4 and a prospective general population-based study showing 

an association between 25(OH)D deficiency and 5-year incidence of increased albuminuria6. 

We extend these observations by demonstrating an association between low 25(OH)D and 

incident increased albuminuria during 10 year’ follow-up. Several mechanisms could underlie 

the relationship between low 25(OH)D levels and increased albuminuria, including interaction 

with the RAAS. The vitamin D receptor (VDR) directly modulates prorenin gene expression 

by binding to its promoter region.22 In line, 1α-hydroxylase- and VDR-knockout mice display 

elevated renin expression and a strongly activated RAAS23-25, whereas treatment with vitamin 

D analogues decreases renin expression26. Thus, low vitamin D levels, through excessive RAAS 

activation resulting in high levels of angiotensin II (Ang II), can induce systemic hypertension 

and stimulates renal inflammation and fibrosis.27,28 Furthermore, effects of vitamin D on Wnt/β-

catenin signaling29, transforming growth factor beta (TGF-β)30, or suppression of NF-κB activity in 

macrophages31,32 could mediate the effect of vitamin D on albuminuria. 

Interestingly, we observed that the association between 25(OH)D and increased albuminuria 

was modified by sodium intake. We found that individuals with high sodium intake (>3.6 grams 

sodium/24h) who also have low 25(OH)D levels are at particular risk to develop increased 

albuminuria. In our population, only 12% reached the sodium intake recommended by the World 

Health Organization (WHO, <2.0 grams).33 The interaction of vitamin D and increased albuminuria 

by sodium intake could, at least partly, be mediated by the intrarenal RAAS. Preclinical studies 

have shown that high sodium intake increases several components of the intrarenal RAAS, 

including angiotensinogen12, ACE-activity34, and Ang II35. Accordingly, in humans, high sodium 

intake increased the peripheral vascular conversion of Ang I to Ang II, indicating an increase 

in tissue ACE activity.36 Increased renal ACE activity due to high sodium intake combined with 

increased renin production due to low vitamin D24,37 may concertedly promote progression of 

albuminuria. Pro-inflammatory and pro-fibrotic pathways could also underlie the interaction, 

since both vitamin D deficiency37-40 and high sodium intake11,41,42 have been linked to increased 

renal inflammation and fibrosis. 

We could not demonstrate an association between 25(OH)D levels and reduced eGFR. This 

is in line with previous studies6,43, although others did report an association with renal function 

loss44. The relatively small decrease in eGFR during follow-up (-17.2 [IQR, -26.0 to-10.4] mL/

min/1.73m2) may explain this negative result; studies with longer follow-up may be needed to 

further explore this association. 
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Plasma 1,25(OH)
2
D was not associated with increased albuminuria or reduced renal function. 

We hypothesize that the discordant associations of 25(OH)D and 1,25(OH)
2
D with increased 

albuminuria may be explained by autocrine/paracrine activation of 25(OH)D. This is supported 

by the fact that 1a-hydroxylase is expressed by various cell types other than tubular epithelial 

cells including podocytes, with subsequent local activation of VDRs45-47, and by circulating levels 

of 25(OH)D exceeding 1,25(OH)
2
D by ~400-fold in our study.

Potential limitations of our study should be acknowledged. First, our findings are 

observational, and therefore, despite extensive adjustment for potential confounders, residual 

confounding may be present. Second, vitamin D and urinary sodium excretion were measured at 

a single time point only; therefore, we could not take changes over time into account. Third, the 

endpoint reduced eGFR was defined using a single measurement rather than two values at least 

90 days apart, as recommended by KDIGO. Although 24h urinary sodium excretion is considered 

the method of choice to assess sodium intake33, the day-to-day variability of sodium excretion 

could not be accounted for since we assessed baseline collections only. On the other hand, this 

variability is more likely to weaken, rather than to enhance the effect. Furthermore, participants 

excluded due to missing follow-up showed small but significant differences from participants 

included in the cohort, which could have introduced selection bias. The Cox regression models 

were discrete-time analyses, limiting the collection of outcomes to visits instead of continuous 

registration. Last, this cohort consisted almost entirely of whites, which limits the generalizability 

of our results. On the other hand, major strengths of our study are the large sample size, the 

serial screenings for CKD during follow-up using robust methods (creatinine-cystatin C-based 

eGFR and two consecutive 24h UAE measurements at each screening) and the measurement of 

vitamin D levels using LC-MS/MS.

In conclusion, we found that sodium intake modifies the association between plasma 25(OH)

D level and the risk to develop increased albuminuria. Participants with both high sodium intake 

and a low 25(OH)D level have an elevated risk to develop increased albuminuria.
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