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It is unknown whether cholecalciferol supplementation improves allograft outcomes 
in kidney transplant recipients (KTRs). We conducted a single-center randomized, 
double-blind, placebo-controlled trial of daily 4000 IU cholecalciferol supplementa-
tion in KTRs at 1-month posttransplant. The primary endpoint was the change in eGFR 
from baseline to 12-month posttransplant. Secondary endpoints included severity of 
interstitial fibrosis and tubular atrophy (IFTA) at 12-month posttransplant and changes 
in urinary biomarkers. Of 193 randomized patients, 180 participants completed the 
study. Changes in eGFR were 1.2 mL/min/1.73 m2 (95% CI; −0.7 to 3.1) in the chole-
calciferol group and 1.8 mL/min/1.73 m2 (95% CI, −0.02 to 3.7) in the placebo group, 
with no significant between-group difference (−0.7 mL/min/1.73 m2 [95% CI; −3.3 to 
2.0], p = 0.63). Subgroup analyses showed detrimental effects of cholecalciferol in 
patients with eGFR <45 mL/min/1.73 m2 (Pinteraction <0.05, between-group difference; 
−4.3 mL/min/1.73 m2 [95% CI; −7.3 to −1.3]). The degree of IFTA, changes in urine 
albumin-to-creatinine ratio, or adverse events including hypercalcemia and infections 
requiring hospitalization did not differ between groups. In conclusion, cholecalciferol 
supplementation did not affect eGFR change compared to placebo among incident 
KTRs. These findings do not support cholecalciferol supplementation for improving 
allograft function in incident KTRs.

Clinical trial registry: This study was registered in the University Hospital Medical 
Information Network Clinical Trials Registry (UMIN-CTR) as UMIN000020597 (please 
refer to the links below). UMIN-CTR: https://upload.umin.ac.jp/cgi-open-bin/ctr_e/
ctr_view.cgi?recpt​no=R0000​23776
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1  |  INTRODUC TION

Vitamin D deficiency (i.e., low 25-hydroxyvitamin D [25(OH)
D] level) is commonly observed in kidney transplant recipients 
(KTRs), particularly in the early phase postransplant, due to cat-
abolic effect of glucocorticoid and/or sun-avoidance behavior.1,2 
We previously reported that low 25(OH)D levels predicted a 
rapid decline in estimated GFR (eGFR) in patients with less than 
10 years after transplantation.3 Bienaimé et al presented that low 
25(OH)D levels at 3-month posttransplant were associated with 
lower glomerular filtration rate (GFR) and progression of allograft 
interstitial fibrosis at 12-month posttransplant.4 From the results 
of basic researches, vitamin D is expected to exert protective ef-
fects on allograft function via reducing kidney inflammation and 
fibrosis, suppressing the renin-angiotensin system (RAS), and ex-
erting prosurvival effects on podocytes resulting in reduced albu-
minuria and glomerulosclerosis.5,6

In Japan, it is quite distinctive that living kidney donation ac-
counts for about 90% of the total kidney transplantation, and the 
most common age group of living donors is 60–70 years.7 The num-
ber of living donors aged 70 and older has increased.7 An aging 
allograft is a limiting factor of long-term graft survival and is asso-
ciated with interstitial fibrosis and tubular atrophy (IFTA).8 The de-
gree of IFTA is a proxy of allograft survival and progresses especially 
during the first year after transplantation.9-11

Among non-KTRs, nutritional vitamin D supplementation was 
reported to reduce urinary TGF-β1 (u-TGF-β1), albuminuria, and 
suppress RAS activity.12-14 Hence, we hypothesized that nutritional 
vitamin D supplementation provides a beneficial effect on allograft 
function, if any, via inhibiting the progression of IFTA. No published 
randomized control trial exists to date focusing on the renoprotective 
effects of nutritional vitamin D in incident KTRs. Hence, we conducted 
a randomized trial to demonstrate the effects of cholecalciferol sup-
plementation on changes in eGFR among incident KTRs who are at 
high risk of vitamin D deficiency. We also evaluated its effect on kid-
ney fibrosis and several biomarkers related to kidney damage.

2  |  METHODS

2.1  |  Study design and participants

This study was a randomized, double-blind, placebo-controlled 
trial conducted at Nagoya Daini Red Cross Hospital, Japan. Eligible 
criteria included age between 20 and 80  years, eGFR ≥30  mL/
min/1.73 m2, and 1 month after living kidney transplantation. Key 
exclusion criteria included patients receiving nutritional vitamin D 
(ergo- or cholecalciferol) or patients with hypercalcemia, defined 

as serum-corrected calcium level ≥11  mg/dL. Patients were also 
excluded if they were deemed ineligible based on the judgment of 
the attending physicians and no criteria were provided for 25(OH)D 
levels. All patients provided written informed consent, and the study 
adhered to the Declaration of Helsinki and was registered in the 
UMIN Clinical Trials Registry (ID: UMIN000020597). This study was 
approved by the Nagoya Daini Red Cross Hospital Ethics Committee 
(IRB approval number: 1038).

2.2  |  Randomization and intervention

With the use of a computer-generated random sequence, stratified 
block randomization (block size: 8) according to age (<50 or ≥50 year) 
and gender was applied within 1 month posttransplant at an allocation 
ratio of 1:1. Participants received one capsule of either cholecalcif-
erol 4000 IU or a matching placebo daily from 1 month to 12 months 
posttransplant (an 11-month intervention). Participants and investiga-
tors were masked to treatment allocation throughout the entire study. 
Adherence to the study drugs was monitored by interviewing the pa-
tients at every visit. Poor adherence was defined as taking less than 
half the prescribed drugs throughout the study period.

2.3  |  Endpoints

The primary endpoint was a change in eGFR from baseline to 
12  months posttransplant. GFR was estimated using the Chronic 
Kidney Disease Epidemiology (CKD-EPI) creatinine–cystatin C equa-
tion.15 Prespecified secondary endpoints included (a) IFTA on trans-
planted kidney at 12 months posttransplant; (b) changes in urinary 
biomarkers including urine albumin-to-creatinine ratio (UACR), urine 
protein-creatinine ratio (UPCR), urinary liver-type fatty acid-binding 
protein (u-LFABP), and u-TGF-β1; (c) incidence of hypercalcemia, de-
fined as corrected serum calcium ≥11 mg/dL; and (d) incidence of 
infections requiring hospitalization. Post hoc exploratory endpoints 
were changes in blood pressure, urinary angiotensinogen (u-AGT), 
and plasma renin activity (PRA) at the end of the study.

2.4  |  Kidney histology

We performed protocol kidney allograft biopsies at 12 months post-
transplant. Two trained nephrologists (M.T. and A.T.), who were una-
ware of the patients’ treatment, scored the biopsy samples based on 
the Banff scheme. Banff's chronic interstitial score (ci) and chronic 
tubular score (ct) were combined as IFTA score in order to assess the 
effects of cholecalciferol on IFTA.4

K E Y W O R D S
clinical research/practice, clinical trial, kidney (allograft) function/dysfunction, kidney 
transplantation/nephrology
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2.5  |  Measurements

Blood and urine samples were obtained at baseline, 6, and 12 months 
posttransplant and samples were stored at −80°C until they were ana-
lyzed. Chemical parameters were measured using standard automated 
techniques. Serum 25(OH)D levels were determined through chemilu-
minescent immunoassay (DiaSorin Inc). Serum 1,25-dihydroxyvitamin 
D (1,25[OH]2D) concentrations were determined with radioimmu-
noassay (Immunodiagnostic Systems Ltd). PRA was measured with 
an enzyme immunoassay (Yamasa Co. Ltd). Serum intact PTH (iPTH) 
was measured with electrochemiluminescence immunoassay (Roche 
Diagnostics K. K.). u-LFABP was evaluated using a two-step sand-
wich enzyme-linked immunosorbent assay (ELISA) (CMIC Holdings). 
u-TGF-β1 and u-AGT were measured with ELISA using the Quantikine 
Human TGF-beta 1 Immunoassay (R&D Systems, Inc, USA) and Human 
Total Angiotensinogen Assay (IBL Co. Ltd), respectively. Stored sam-
ples were used to measure 25(OH)D, PRA, urinary albumin, u-TGF-β1, 
and u-AGT levels after the end of the study.

2.6  |  Immunosuppressive therapy

All participants received standard induction therapies based on their 
risk of developing acute rejection. Maintenance regimens consisted 
of triple immunosuppression therapies with the following agents: (a) 
prednisolone, (b) calcineurin inhibitor (cyclosporine or tacrolimus), 
and (c) mycophenolate mofetil or everolimus. We administered 

500 mg methylprednisolone intravenously on the day of transplan-
tation, then initiated 60 mg oral prednisolone, which was lowered to 
10 mg/day by 3 weeks posttransplant. Thereafter, the daily dose of 
prednisolone was tapered to 5 mg (maintenance dose) by 3 months 
following transplantation.

2.7  |  Statistical analyses

Sample size was calculated as follows: The expected group differ-
ence in 25(OH)D levels was 23.4  ng/mL based on a previous in-
terventional study.16 In the observational study, 25(OH)D levels 
at 3  months posttransplant were positively associated with GFR 
at 12  months posttransplant (coefficient = 0.17 per 1  ng/dL in-
crease in 25[OH]D).4 Assuming that the intervention brings 80% 
of the estimated effects, the expected group difference in eGFR at 
12 months posttransplant was 3.2 mL/min/1.73 m2. We used data 
from 40 KTRs seen at our facility to estimate the standard devia-
tion of change in eGFR, which was 7.32 mL/min/1.73 m2. The sample 
size of 95 for each arm was calculated based on a power of 85% to 
show a between-group difference in eGFR of 3.2 mL/min/1.73 m2 
and a standard deviation of 7.32 mL/min/1.73 m2 at a two-sided sig-
nificance level of less than 0.05. We planned to enroll a total of 200 
patients assuming a dropout rate of 5%.

An analysis of covariance (ANCOVA) with adjustment for baseline 
values was used in the primary endpoint analysis based on the modi-
fied intention-to-treat set which included all randomized patients who 

F I G U R E  1  Flowchart of the study population. *The primary analysis included all randomized patients who had a final eGFR value
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received the study drug at least once. Changes in other continuous param-
eters were also analyzed in a manner similar to that of the eGFR changes. 
We employed Fisher's exact test to detect group differences in histological 
findings, the incidence of hypercalcemia, and infections requiring hospi-
talization. PRA at 12 months posttransplant was compared between the 
study groups using Wilcoxon rank-sum test. Prespecified subgroup anal-
yses were conducted for the primary endpoint based on baseline eGFR 
(<45, ≥45 mL/min/1.73 m2), hemoglobin (≤ the median, > the median), 
gender, presence or absence of diabetes mellitus, and the use of mycophe-
nolate mofetil or everolimus. We also carried out post hoc subgroup anal-
yses according to the UACR (<30, ≥30 mg/g Cre), 25(OH)D (<12, ≥12 ng/
mL), and iPTH levels (≤the median, >the median). For continuous variables 
in the secondary endpoints, effect modifications by their baseline values, 
25(OH)D, eGFR, and UACR levels were tested incorporating interaction 
terms with an intervention into the models. The stratified analyses were 
performed only when the interaction term was significant.

We used mixed-effects models with repeated measures, including 
treatment, time, and treatment by time interaction, as fixed effects 
with unstructured variance–covariance using data collected at base-
line, 6, and 12 months posttransplant for the prespecified sensitivity 
analysis of the primary endpoint. Furthermore, we imputed missing 
values according to the last observation carried forward method. Post 
hoc sensitivity analysis was also conducted using eGFR based on the 
CKD-EPI cystatin C equation because vitamin D supplementation may 
alter creatinine metabolism.17 Additionally, we performed a post hoc 
sensitivity analysis, with missing data handled with multivariate im-
putation by chained equations. We included only patients with ≥50% 
compliance, as a per-protocol analysis. Imputation for missing data 
was not used unless otherwise stated and we did not control for mul-
tiple comparisons. Therefore, the results of subgroup and sensitivity 
analyses should be interpreted with caution. The statistical test was 
two-tailed, and p  <  0.05 was considered statistically significant. All 
statistical analyses were conducted using the Stata/SE 15 statistical 
software package (Stata Corp.).

TA B L E  1  Baseline characteristics

Cholecalciferol 
(N = 92) Placebo (N = 95)

Basic information

Age, years 52 (42, 63) 52 (43, 62)

Male gender, n (%) 64 (70) 65 (68)

BMI, kg/m2 22.5 (20.4, 24.5) 22.1 (20.3, 24.7)

SBP, mmHg 134 (124, 141) 130 (121, 140)

PEKT, n (%) 45 (49) 52 (55)

Dialysis vintage, months 2 (0, 17) 0 (0, 13)

ABO compatible 
transplantation, n (%)

59 (64) 61 (64)

Preformed DSA, n (%)a  2 (2) 5 (5)

Second transplantation, 
n (%)

3 (3) 1 (1)

Donor age, years 65 (57, 71) 63 (55, 71)

Immunosuppressive drugs, n (%)

Cyclosporine 32 (35) 29 (31)

Tacrolimus 60 (65) 66 (69)

Everolimus 24 (26) 22 (23)

Mycophenolate mofetil 68 (74) 73 (77)

Antihypertensive drugs, n (%)b 

Angiotensin II receptor 
blocker

52 (57) 47 (49)

β-Blocker 21 (23) 22 (23)

Calcium channel blocker 51 (55) 62 (65)

Other antihypertensive 
drugs

14 (15) 22 (23)

Primary renal disease, n (%)

Chronic 
glomerulonephritis

29 (32) 27 (28)

Diabetic nephropathy 24 (26) 27 (28)

Polycystic kidney disease 7 (8) 11 (12)

Hypertensive 
nephropathy

7 (8) 6 (6)

Others 25 (27) 24 (25)

Laboratory data

Hemoglobin, g/dL 11.4 (10.6, 12.2) 11.3 (10.4, 12.0)

Albumin, g/dL 4.0 (3.8, 4.3) 4.0 (3.8, 4.2)

eGFR, mL/min per 1.73 m2 46 (37, 55) 46 (36, 57)

Corrected calcium, mg/dL 9.5 (9.2, 9.7) 9.4 (9.2, 9.8)

Phosphate, mg/dL 2.7 (2.1, 3.3) 2.8 (2.1, 3.2)

25(OH)D, ng/mL 10 (9, 14) 10 (8, 13)

1,25(OH)2D, pg/mL 46 (30, 59) 42 (34, 51)

Intact PTH, pg/mL 127 (91, 87) 113 (74, 147)

UACR, mg/g Cre 27 (9, 56) 26 (10, 56)

UPCR, g/g Cre 0.09 (0.06, 0.17) 0.08 (0.04, 0.15)

Urinary LFABP, µg/g Cre 10.5 (4.5, 23.9) 7.2 (3.3, 15.1)

Urinary TGF-β1, ng/g Cre 36 (20, 60) 41 (22, 79)

(Continues)

Cholecalciferol 
(N = 92) Placebo (N = 95)

Urinary AGT, µg/g Cre 40 (16, 87) 29 (16, 53)

Urinary calcium-creatinine 
ratio, g/g Cre

0.07 (0.04, 0.11) 0.06 (0.03, 0.11)

Note: Data are based on the intention to treat population. Continuous 
variables are presented as median (25th, 75th percentile).
Abbreviations: 25(OH)D, 25-hydroxyvitamin D; 1,25(OH)2D, 
1,25-dihydroxyvitamin D; AGT, angiotensinogen; BMI, body mass 
index; DSA, donor-specific antibody; eGFR, estimated glomerular 
filtration rate; LFABP, liver-type fatty-acid binding protein; PEKT, 
preemptive kidney transplantation; PRA, plasma renin activity; PTH, 
parathyroid hormone; SBP, systolic blood pressure; TGF, transforming 
growth factor; UPCR, UACR, urine albumin-to-creatinine ratio; urine 
protein-to-creatinine ratio.
aAll positive patients had class 1 DSA. Three patients in the placebo 
group had both classes I and II DSA. 
bBefore transplantation. 

TABLE 1 (Continued)
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3  |  RESULTS

3.1  |  Study patients and study flow

A total of 193 patients underwent randomization from January 
2016 to July 2018 (Figure  1). Four patients withdrew consent 
and two patients withdrew from the study due to heart failure 
or multiple myeloma before receiving the allocated drug. During 
the study, two patients in the cholecalciferol group died and 

five others discontinued the allocated drug and, therefore, 180 
(96%) patients completed the study. In the trial population as a 
whole, median age, eGFR, and 25(OH)D levels, were 52  years, 
47  mL/min/1.73  m2, and 10  ng/mL, respectively. All except for 
one participant in the placebo group were vitamin D insufficient 
(<30  ng/mL) according to an Endocrine Society clinical practice 
guideline.18 Baseline characteristics were well balanced between 
groups, except for the u-LFABP creatinine ratio in the cholecalcif-
erol group (Table 1). Median 25(OH)D level was increased from 10 

TA B L E  2  Clinical and laboratory parameters at baseline, 6 months, and 12 months posttransplant

Parameters Treatment Baseline 6 months 12 months

Between-group difference 
at 12 months posttransplant 
(95% CI)a  p-valueb 

25(OH)D, ng/mL Cholecalciferol 10 (9, 14) 38 (31, 45) 40 (30–49) 25 ng/mL (22 to 28) <0.01

Placebo 10 (8, 13) 13 (10, 17) 14 (10, 18)

1,25(OH)2D, pg/mL Cholecalciferol 46 (30, 59) 68 (47, 89) 69 (50, 62) 14 pg/mL (9 to 20) <0.01

Placebo 42 (34, 51) 47 (39, 64) 51 (43, 62)

eGFR, mL/min per 1.73 m2 Cholecalciferol 46 (37, 55) 45 (36, 53) 46 (37, 57) −0.7 mL/min/1.73 m2

(−3.3 to2.0)
0.63

Placebo 46 (36, 57) 44 (38, 54) 48 (40, 55)

UACR, mg/g Cre Cholecalciferol 27 (9, 56) 30 (11, 83) 12% (−30 to 79) 0.64

Placebo 26 (10, 56) 23 (9, 61)

UPCR, g/g Cre Cholecalciferol 0.09 (0.06, 0.17) 0.06 (0.04, 0.13) 0.07 (0.04, 0.14) 6% (−19 to 39) 0.65

Placebo 0.08 (0.04, 0.15) 0.05 (0.03, 0.11) 0.06 (0.04, 0.12)

Urinary LFABP, µg/g Cre Cholecalciferol 10.5 (4.5, 23.9) 8.4 (3.5, 19.3) 9.9 (3.9, 24.9) 14% (−22 to 64) 0.50

Placebo 7.2 (3.3, 15.1) 7.3 (3.3, 15.1) 7.3 (3.5, 17.7)

Urinary TGF-β1, ng/g Cre Cholecalciferol 36 (20, 60) 35 (20, 56) 14% (−9 to 43) 0.25

Placebo 41 (22, 79) 29 (20, 51)

Urinary calcium-creatinine 
ratio, g/g Cre

Cholecalciferol 0.07 (0.04, 0.11) 0.05 (0.03, 0.10) 0.06 (0.03, 0.11) 0% (−24 to 32) 0.98

Placebo 0.06 (0.03, 0.11) 0.05 (0.03, 0.08) 0.06 (0.03, 0.09)

Corrected calcium, mg/dL Cholecalciferol 9.5 (9.2, 9.7) 9.6 (9.3, 9.9) 9.6 (9.3, 9.9) 0.1 mg/dL (−0.1 to 0.2) 0.33

Placebo 9.4 (9.2, 9.8) 9.5 (9.2, 9.7) 9.5 (9.2, 9.8)

Phosphate, mg/dL Cholecalciferol 2.7 (2.1, 3.3) 3.2 (2.9, 3.5) 3.1 (2.8, 3.4) 0.03 mg/dL (−0.1 to 0.2) 0.63

Placebo 2.8 (2.1, 3.2) 3.2 (2.9, 3.5) 3.0 (2.8, 3.5)

SBP, mmHg Cholecalciferol 134 (124, 141) 126 (120, 133) 128 (119, 135) −0.7 mmHg (−4.3 to 2.9) 0.70

Placebo 130 (121, 140) 127 (123, 133) 127 (118, 134)

PRA, ng/mL/hc  Cholecalciferol 2.2 (1.3, 5.2) 0.20

Placebo 2.1 (1.0, 4.1)

Urinary AGT, µg/g Cre Cholecalciferol 40 (16, 87) 28 (11, 77) 21% (−23 to 91) 0.40

Placebo 29 (16, 53) 25 (8, 71)

Intact PTH, pg/mL Cholecalciferol 127 (91, 87) 68 (53, 100) 65 (50, 90) −12% (−23 to −0.5) 0.04

Placebo 113 (74, 147) 80 (55, 107) 70 (53, 95)

Note: Data are presented as median (25th, 75th percentile).
Abbreviations: 25(OH)D, 25-hydroxyvitamin D; 1,25(OH)2D, 1,25-dihydroxyvitamin D; AGT, angiotensinogen; eGFR, estimated glomerular filtration 
rate; LFABP, liver-type fatty-acid binding protein; PRA, plasma renin activity; PTH, parathyroid hormone; SBP, systolic blood pressure; TGF, 
transforming growth factor; UACR, urine albumin-to-creatinine ratio; UPCR, urine protein-to-creatinine ratio.
aAdjustment for baseline values. 
bp-values were tested with analysis of covariance except for PRA. 
cBetween-group difference was analyzed using the Wilcoxon rank-sum test. 
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to 40 ng/mL in the cholecalciferol group and changed minimally 
in the placebo group at the end of the study (Table 2, Figure 2A). 
No patients in the placebo group but 67 (77%) participants in the 
cholecalciferol group had a 25(OH)D above 30  ng/mL. Overall, 
the between-group difference in the 25(OH)D levels, with adjust-
ment for baseline values, was 25 ng/mL (95% CI; 22–28) (Table 2). 
Serum 1,25(OH)2D levels were also significantly increased in the 
cholecalciferol group (between-group difference 14 pg/mL [95% 
CI; 9–20], Table  2, Figure  2B). Poor adherence was observed in 
only two participants (one patient in each group) throughout the 
study.

3.2  |  Primary endpoint: Change in eGFR

The mean change in eGFR from baseline to 12 months posttrans-
plant was 1.2 mL/min/1.73 m2 (95% CI; −0.7 to 3.1) in the chole-
calciferol group and 1.8 mL/min/1.73 m2 (95% CI; −0.02 to 3.1) in 
the placebo group, with no significant between-group differences 
(−0.7  mL/min/1.73  m2 [95% CI; −3.3 to 2.0, p  =  0.63], Table  2, 
Figure 3A). Similar results were obtained from several sensitivity 
analyses (Figure S1). The result was not substantially unchanged 
in the per-protocol analysis, excluding subjects who discontin-
ued the study drug, with an estimated treatment difference of 
−0.7  mL/min/1.73  m2 (95% CI; −3.4 to 1.9). Stratified analyses 
by baseline eGFR and UACR revealed significant heterogenei-
ties in the treatment effect (Figure 4). Patients on cholecalciferol 
had significantly less improvement in eGFR than those on pla-
cebo among those with an eGFR of less than 45 mL/min/1.73 m2 
(between-group difference of −4.3  mL/min/1.73  m2 [95% CI; 
−7.3 to −1.3], Figure 3B, Figure 4). Also, cholecalciferol reduced 
eGFR significantly in patients with UACR greater than or equal 
to 30 mg/g Cre, as compared with the placebo group (between-
group difference of −4.7 mL/min/1.73 m2 [95% CI; −8.4 to −0.9], 
Figure 3C, Figure 4).

3.3  |  Kidney pathology

An evaluation of the kidney biopsies at 12 months posttransplant 
is summarized in Table 3 and Table S1. The tubulointerstitial area 
was preserved, as a whole, and approximately 70% of patients 
showed no interstitial fibrosis. The severity of IFTA at 12 months 
did not differ between groups (Table 3). Furthermore, no signifi-
cant differences were observed when comparing the scores of 
IFTA individually (Table 3). Besides, inflammation in each kidney 
compartments was similar between the groups (Table S1). No one 
showed moderate-to-severe calcification, defined as the number 
of calcification foci of ≥3 in serial histological slides, in the tubu-
lointerstitial region.

3.4  |  Urinary biomarkers

Table  2 depicts a series of urinary biomarkers used during the 
study period. Overall, cholecalciferol supplementation did not re-
duce UACR, UPCR, u-LFABP, or u-TGF-β1 compared to placebo 
(Table  2), with no effect modification by their baseline values, 
25(OH)D levels, or UACR (all pinteraction > 0.15). Besides, changes 
in the urinary calcium-creatinine ratio were similar between the 
groups (Table 2).

3.5  |  Renin-angiotensin system, blood 
pressure, and parathyroid hormone

We conducted post hoc exploratory analyses regarding RAS, blood 
pressure, and iPTH to search for mechanisms of decline in eGFR with 
cholecalciferol among patients with low eGFR (i.e., eGFR <45 mL/
min/1.73  m2) or elevated UACR (i.e., UACR ≥30  mg/g Cre). To in-
crease the statistical power of stratified analyses, we employed 
mixed-effects models using all available data to test between-group 

F I G U R E  2  The changes in (A) 25-hydroxyvitamin D and (B) 1,25-dihydroxyvitamin D. The mean levels of (A) 25-hydroxyvitamin D and (B) 
1,25-dihydroxyvitamin D are shown at different time points during the study. The I bars indicate standard deviations
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differences in systolic blood pressure (SBP) and iPTH. As a whole 
group, the changes in systolic blood pressure (SBP), u-AGT creati-
nine ratio, and PRA levels at 12 months posttransplant did not differ 

between groups (Table  2, Figure  5A), whereas iPTH levels were 
mildly suppressed in the cholecalciferol group (between-group dif-
ference of −12% [95%CI; −23 to −0.5], Table 2). The change in u-AGT 

F I G U R E  3  Relative mean changes in 
eGFR according to time and trial group 
among (A) the whole population, (B) 
patients with eGFR less than 45 mL/
min/1.73 m2, and (C) patients with UACR 
greater than or equal to 30 mg/g Cre. 
The change in eGFR denotes eGFR at a 
given time minus its baseline value. The 
I bars indicate standard deviation. eGFR, 
estimated glomerular filtration rate; 
UACR, urine albumin-to-creatinine ratio
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creatinine ratio and PRA levels at 12  months posttransplant was 
comparable in subgroups with low eGFR or elevated UACR (data not 
shown). Suppressions of iPTH by cholecalciferol in two subgroups 
were similar to that of the whole population (between-group differ-
ence of −11% [95%CI; −31 to 14] in those with low eGFR and −17% 
[95%CI; −31 to 0.5] in those with elevated UACR, respectively, Table 
S2). Meanwhile, cholecalciferol lowered SBP significantly compared 
to placebo in subjects with low eGFR (between-group difference of 
−5.8 mmHg [95%CI; −11.4 to −0.2], Figure 5B, Table S2) and patients 
with elevated UACR (between-group difference of −6.7  mmHg 
[95%CI; −12.3 to −1.2], Figure 5C, Table S2).

3.6  |  Adverse events

The incidence of hypercalcemia, defined as a corrected calcium level 
above 11 mg/dL, was uncommon and did not differ between treat-
ment groups (p  >  0.99, Table  4). Seven infections requiring hospi-
talization, of which more than half were due to cytomegalovirus, 
occurred in the cholecalciferol group and 10 occurred in the placebo 

group (p = 0.61, Table S3). No significant differences were observed 
between groups for serious adverse events including death, biopsy-
proven rejection, and fracture. The most frequent adverse events 
were nasopharyngitis, followed by cytomegalovirus and varicella 
zoster virus infection.

4  |  DISCUSSION

This randomized clinical trial among incident KTRs showed no evi-
dence of the beneficial effects of an 11-month intervention with 
cholecalciferol on changes in eGFR. Furthermore, cholecalciferol 
supplementation did not provide favorable results in histology, uri-
nary biomarkers related to kidney damage. Contrary to our hypoth-
esis, subgroup analyses indicated that subjects with low eGFR or 
elevated UACR at baseline had a significant decline in eGFR with 
cholecalciferol compared to placebo. In contrast, oral cholecalciferol 
supplementation at a daily dose of 4000 IU elevated 25(OH)D levels 
into the physiological range and the incidence of adverse events did 
not differ between the two groups.

F I G U R E  4  Effects of cholecalciferol on changes in eGFR among participant subgroups. *Prespecified subgroup analyses. †Post hoc 
subgroup analyses. ‡Adjustment for baseline eGFR. eGFR, estimated glomerular filtration rate; Hb, hemoglobin; DM, diabetes mellitus; MMF, 
mycophenolate mofetil; EVL, everolimus; UACR, urine albumin-to-creatinine ratio; 25(OH)D, 25-hydroxyvitamin D; iPTH, intact parathyroid 
hormone
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Our findings are consistent with those of the VITAL-DKD (Vitamin 
D and Omega-3 Trial to Prevent and Treat Diabetic Kidney Disease) 
trial conducted to assess the efficacy of vitamin D among patients 
with type 2 diabetes mellitus (T2DM).19 A total of 1312 adults with 
T2DM were randomized to receive 2000 IU cholecalciferol or placebo 
daily during the VITAL-DKD trial, resulting in no significant between-
group differences in eGFR change from baseline to year 5 (0.9 mL/
min/1.73  m2 [95%CI; −0.7 to 2.5]). Nonetheless, the results of the 
VITAL-DKD did not preclude the possibility that cholecalciferol sup-
plementation might be effective in vitamin D-deficient patients since 
baseline mean 25(OH)D level in the VITAL-DKD was 30 ng/dL. Our 
trial (median 25[OH]D level; 10 ng/dL) suggested that cholecalciferol 
did not have renoprotective effects in terms of eGFR or UACR even in 
patients with vitamin D deficiency. Unexpectedly, a significant decline 
in eGFR with cholecalciferol compared with the placebo was observed 
in patients with low eGFR (<45 mL/min/1.73 m2) or elevated UACR 
(≥30 mg/g Cre). The mechanism for the detrimental effect of cholecal-
ciferol remains uncertain. Based on our exploratory analyses, at least 
in part, lower SBP in those subgroups with cholecalciferol might have 
led to a decline in GFR. The results should be confirmed by future 
studies, considering the exploratory nature of subgroup analysis and 
the lack of multiplicity adjustment.

IFTA on kidney allograft biopsy is a strong predictor of graft 
loss.20 An observational study in T2DM showed that cholecalciferol 
supplementation reduced u-TGF-β1, which is an indicator of kidney 
fibrosis.14 The degree of IFTA and change in u-TGF-β1 did not differ 
between groups in this study. Our findings may be considered as in-
consistent with the observational study reporting the link between 
low 25(OH)D levels and the progression of IFTA.4 Proteinuria could 

be a candidate for residual confounding in that observational study,4 
given the negative relationship between circulating 25(OH)D levels 
and proteinuria.21 In line with our results, two randomized trials with 
incident KTRs demonstrated that vitamin D analog provided little or 
no anti-fibrotic effect on kidney allograft.22,23

Cholecalciferol supplementation did not affect urinary bio-
markers, including UACR, u-LFABP, or UPCR in our investigation, 
despite the increase in 1,25(OH)2D concentrations. Again, no anti-
proteinuric effects of cholecalciferol in our study were consistent 
with the VITAL-DKD trial.19 However, a meta-analysis among non-
KTRs concluded that active vitamin D and its analog reduced pro-
teinuria.24 Two possible reasons might explain this discrepancy. 
First, much higher levels of 25(OH)D may be needed to obtain the 
efficacy of treatment. Considering that there was no calcemic ac-
tion by cholecalciferol in our trial, vitamin D receptor activation by 
cholecalciferol seems to be weak compared to active vitamin D or 
its analog, which were reported to increase serum calcium levels.22 
Second, low baseline proteinuria may mask the anti-proteinuric ef-
fects of cholecalciferol. The median UACR values were less than 
30 mg/g Cre in our trial and the VITAL-DKD.19

The negative regulatory role of vitamin D in renin gene tran-
scription 25,26 was postulated as one potential explanation of why 
vitamin D deficiency is associated with the development of hyper-
tension, and cardiovascular and kidney disease. Some observational 
studies demonstrated an association between low 25(OH)D levels 
and higher RAS activity.27,28 However, most interventional trials re-
ported negligible effects of nutritional vitamin D on blood pressure 
and RAS activity, which is consistent with our results.29-31 Notably, 
we observed lower SBP at the end of the study with cholecalciferol 
than with placebo in the subgroup with low eGFR or elevated UACR. 
Further studies are warranted to confirm this finding.

The null finding for the primary endpoint is noteworthy because 
our participants had very low levels of 25(OH)D at baseline, which 
can maximize the potential to demonstrate the beneficial effect of 
cholecalciferol supplementation. Other strengths of our trial in-
cluded an adequate protocol and high participant adherence, which 
resulted in the expected group difference in 25(OH)D levels. Also, 
various evaluations of the allograft were performed including eGFR, 
histology, and urinary biomarkers. In contrast, there were several 
limitations. First, GFR was not measured but estimated with equa-
tions. Because vitamin D supplementation may change creatine 
metabolism,17 it is uncertain whether changes in eGFR reflect true 
changes in GFR. However, using the GFR equation with cystatin C 
alone yielded robust results in our investigation. Second, the study 
follow-up duration may be too short to fully evaluate the renopro-
tection effects of cholecalciferol. Third, incident KTRs might not 
be a suitable population to observe the renoprotective effects of 
cholecalciferol because of the intensive immunosuppressive ther-
apy and low proteinuria. Fourth, drug adherence monitoring was 
solely dependent on self-report. However, the achievement of ex-
pected group difference in 25(OH)D levels suggested good partici-
pant adherence as reported by themselves. Fifth, given the limited 
size of participants and nonadjustment for multiple comparisons, 

TA B L E  3  Results of interstitial fibrosis and tubular atrophy score 
at 12 months posttransplant

Histology
Cholecalciferol 
(N = 79)

Placebo 
(N = 88) p-value

No. of patients (%)

Interstitial Fibrosis 
(ci)

0.44

0 56 (71) 57 (65)

1 20 (25) 30 (34)

2 2 (3) 1 (1)

3 1 (1) 0 (0)

Tubular Atrophy (ct) 0.29

0 20 (25) 32 (36)

1 56 (71) 55 (63)

2 2 (3) 1 (1)

3 1 (1) 0 (0)

IFTA (ci+ct) 0.40

0 or 1 56 (71) 57 (65)

2 to 6 23 (29) 31 (35)

Note: IFTA scores were calculated using the total of “ct” and “ci” scores 
based on the Banff scheme. Between-group differences were compared 
using Fisher's exact test. IFTA, interstitial fibrosis and tubular atrophy.
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F I G U R E  5  The relative mean changes 
in SBP based on time and trial group 
among (A) the entire population, (B) 
patients with eGFR less than 45 mL/
min/1.73 m2, and (C) patients with UACR 
greater than or equal to 30 mg/g Cre. The 
change in SBP denotes SBP at a given 
time point minus its baseline value. The 
I bars indicate standard deviations. SBP, 
systolic blood pressure; eGFR, estimated 
glomerular filtration rate; UACR, urine 
albumin-to-creatinine ratio
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the results of subgroup analysis should be considered hypothesis 
generating.

In summary, this trial provided the first evidence that a daily 
dose of 4000  IU cholecalciferol was effective in achieving suffi-
cient 25(OH)D levels with good tolerability and safety profile among 
incident KTRs. However, we did not find evidence of the clinically 
meaningful benefit of cholecalciferol on allograft outcomes. Caution 
is required when prescribing cholecalciferol in KTRs with low eGFR 
or elevated UACR.
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