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ABSTRACT
Vitamin D deficiency, persistent hyperparathyroidism, and bone loss are common after kidney transplantation (KTx). However, limited
evidence exists regarding the effects of cholecalciferol supplementation on parathyroid hormone (PTH) and bone loss after KTx. In
this prespecified secondary endpoint analysis of a randomized controlled trial, we evaluated changes in PTH, bone metabolic
markers, and bonemineral density (BMD). At 1month post-transplant, we randomized 193 patients to an 11-month intervention with
cholecalciferol (4000 IU/d) or placebo. The median baseline 25-hydroxyvitamin D (25[OH]D) level was 10 ng/mL and 44% of partici-
pants had osteopenia or osteoporosis. At the end of the study, the median 25(OH)D level was increased to 40 ng/mL in the cholecal-
ciferol group and substantially unchanged in the placebo group. Compared with placebo, cholecalciferol significantly reduced whole
PTH concentrations (between-group difference of �15%; 95% confidence interval [CI] �25 to �3), with greater treatment effects in
subgroups with lower 25(OH)D, lower serum calcium, or higher estimated glomerular filtration rate (pint < 0.05). The percent change
in lumbar spine (LS) BMD from before KTx to 12 months post-transplant was�0.2% (95% CI�1.4 to 0.9) in the cholecalciferol group
and �1.9% (95% CI �3.0 to �0.8) in the placebo group, with a significant between-group difference (1.7%; 95% CI 0.1 to 3.3). The
beneficial effect of cholecalciferol on LS BMD was prominent in patients with low bone mass pint < 0.05). Changes in serum calcium,
phosphate, bone metabolic markers, and BMD at the distal radius were not different between groups. In mediation analyses, change
in whole PTH levels explained 39% of treatment effects on BMD change. In conclusion, 4000 IU/d cholecalciferol significantly reduced
PTH levels and attenuated LS BMD loss after KTx. This regimen has the potential to eliminate vitamin D deficiency and provides ben-
eficial effects on bone health even under glucocorticoid treatment. © 2021 The Authors. Journal of Bone and Mineral Research pub-
lished by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research (ASBMR).
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Introduction

Kidney transplantation (KTx) is the treatment of choice for
patients with end-stage kidney disease from the viewpoint

of cost, quality of life, and mortality.(1-3) However, bone mineral
density (BMD) declines progressively after KTx(4) and, accord-
ingly, the fracture risk in kidney transplant recipients (KTRs) is
higher than in patients who remain on dialysis in the first 3 years
after KTx.(5) The fracture event in KTRs is associated with higher
all-cause mortality.(6,7)

The bone disease in KTRs is complex and the increased frac-
ture risk after KTx may be explained by several factors, includ-
ing preexisting mineral bone disorder (MBD), de novo MBD,
and immunosuppressive drugs.(4) Among these factors, sec-
ondary hyperparathyroidism and vitamin D deficiency are com-
mon and may be modifiable to improve skeletal health among
KTRs.(8) Meta-analyses have demonstrated that vitamin D sup-
plementation effectively restored 25-hydroxyvitamin D (25
[OH]D) levels and reduced circulating parathyroid hormone
(PTH) levels in subjects with preserved kidney function and pre-
dialysis chronic kidney disease but not in patients on dialy-
sis.(9-11) However, it is not fully investigated whether vitamin
D supplementation reduces PTH concentration among KTRs, a
population with potentially reduced expression of vitamin D
receptor (VDR) in parathyroid glands similar to patients on
dialysis.(12)

Controversy exists regarding the efficacy of vitamin D sup-
plementation on BMD.(13,14) The Kidney Disease: Improving
Global Outcomes (KDIGO) guidelines published in 2009 recom-
mended performing randomized controlled trials (RCTs) to con-
firm the effect of vitamin D supplementation on BMD among
KTRs with vitamin D deficiency;(15) however, no RCTs on this
issue have been published since then. Therefore, we evaluated
the effect of cholecalciferol on MBD parameters, including PTH
levels and BMD, in a prespecified secondary endpoint analysis
of a randomized, double-blind, placebo-controlled trial among
incident KTRs.

Materials and Methods

Study design and participants

This study is a prespecified secondary endpoint analysis of a
single-center, parallel-arm, randomized, double-blind, placebo-
controlled, 11-month trial reported in detail elsewhere.(16) Briefly,
this study was conducted in Japanese Red Cross Aichi Medical
Center Nagoya Daini Hospital, Japan, among KTRs at 1 month
after living KTx who were aged 20 to 80 years and had an esti-
mated glomerular filtration rate (eGFR) ≥30 mL/min/1.73 m2.
Patients taking native vitamin D (ergocalciferol or cholecalcif-
erol) and/or having hypercalcemia, defined as a corrected cal-
cium level of ≥11 mg/dL, were excluded. All participants
provided written informed consent, and the study adhered to
the Declaration of Helsinki. This original trial was approved by
the ethics committees of Japanese Red Cross Aichi Medical Cen-
ter Nagoya Daini Hospital (IRB approval number: 1038) and reg-
istered at the UMIN Clinical Trials Registry (ID: UMIN000020597).

Randomization and intervention

Participants were randomized using a computer-generated
sequence at an allocation ratio of 1:1 to receive either cholecal-
ciferol 4000 IU or a matching placebo daily from 1 to 12 months

post-transplant, with a random block size of 8 and stratified by
age (<50 or ≥50 years) and sex. None of the patients received
active forms of vitamin D, or antiresorptive or anabolic agents
for the prevention or treatment of osteoporosis throughout the
study period.

Endpoints

In the present study, we report the following prespecified sec-
ondary endpoints: (i) the percent changes in whole PTH,
tartrate-resistant acid phosphatase-5b (TRACP-5b), and bone-
specific alkaline phosphatase (BAP) levels from baseline to
12 months post-transplant and (ii) the percent changes in BMD
at the lumbar spine (LS) and the distal one-third radius from
before KTx to 12 months post-transplant.

Measurements

Blood and urine samples were collected at baseline, 6, and
12 months post-transplant and stored at �80�C until assayed.
Serum 25(OH)D levels were measured using an electrochemilu-
minescence immunoassay (Roche Diagnostic GmBH, Mannheim,
Germany). Serum 1,25-dihydroxyvitamin D (1,25[OH]2D) concen-
trations were evaluated using a radioimmunoassay
(Immunodiagnostic Systems Ltd, Boldon, UK). Plasma whole
PTH level was measured using a chemiluminescent enzyme
immunoassay (Fujirebio, Inc., Tokyo, Japan). Serum TRACP-5b
level was evaluated using an enzyme immunoassay
(DS Pharma Promo Co., Ltd., Osaka, Japan). Serum BAP level
was measured using a one-step immunoenzymatic assay
(Beckman Coulter Inc., Brea, CA, USA). BMD measurements were
performed at the LS (L2 through L4) and the distal one-third
radius using dual-energy X-ray absorptiometry (DXA) just before
KTx and at 12 months post-transplant using a Hologic Discovery
densitometer (Hologic Discovery; Hologic, Inc., Bedford, MA,
USA). The eGFR value was calculated on the basis of the Chronic
Kidney Disease Epidemiology (CKD-EPI) creatinine–cystatin C
equation.(17) Osteoporosis and osteopenia were defined as
T-scores of ≤ �2.5 and between �1 and �2.4, respectively.

Immunosuppressive therapy

Induction immunosuppressive therapies were administered to
all participants according to their risk of acute rejection, followed
by triple immunosuppression therapies consisting of predniso-
lone, calcineurin inhibitor (cyclosporine or tacrolimus), and
mycophenolate mofetil or everolimus. Corticosteroid therapy
was initiated with methylprednisolone 500 mg intravenously
on the day of KTx, followed by oral prednisolone 60 mg, with
progressive tapering to 5 mg daily by 3 months post-transplant.
Then, the prednisolone dosage was maintained at 5 mg daily.

Statistical analysis

Specific sample size calculations were not conducted for prespe-
cified secondary endpoints. The effects of cholecalciferol versus
placebo onwhole PTH, TRACP-5b, BAP, and BMD levels were esti-
mated by analysis of covariance (ANCOVA), adjusting for base-
line values based on the full analysis set that included all
randomized participants who took the allocated drugs at least
once. Whole PTH, TRACP-5b, and BAP values were log-
transformed before analysis and then back-transformed. Post
hoc several sensitivity analyses were conducted as follows:
(i) using 100 imputed data sets, with missing data handled with
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multivariate imputation by chained equations; (ii) using mixed-
effects models with repeated measures using all available data
and median imputation for missing baseline data; and
(iii) excluding patients with poor adherence (defined as taking
less than half the allocated drugs during the study). The hetero-
geneity of treatment effects on whole PTH and LS BMD levels
according to baseline characteristics including sex, preemptive
kidney transplant, body mass index, eGFR, serum calcium level,
phosphate level, 25(OH)D level, and their baseline values was
assessed in a post hoc manner. To avoid arbitrary cut-points
and preserve the statistical power, we used the multivariable
fractional polynomial interaction approach to evaluate the
interactions between continuous variables and treatment.(18)

Moreover, mediation analyses were performed to evaluate the
extent of treatment effects on LS BMD that was explained by
the change in whole PTH levels using structural equation
modeling. Considering the lack of adjustment for multiplicity,
the results should be interpreted with caution. The statistical
test was two-tailed, and p values <0.05 were considered statis-
tically significant. Analyses were performed with Stata/SE
15 statistical software package (Stata Corp., College Station,
TX, USA).

Results

Study patients and study flow

A total of 193 patients were randomized to either cholecalcif-
erol (n = 96) or placebo (n = 97) (Supplemental Fig. SS1). Of
these patients, 187 (92 in the cholecalciferol group and 95 in
the placebo group) participants who received at least one dose
of the study drug were included in the analyses (full analysis
set). Baseline characteristics were similar across the two treat-
ment groups, except for higher whole PTH levels in the chole-
calciferol group (Table 1). {TBL 1} The median age of the
participants was 52 years, and approximately 70% were men.
Median eGFR and 25(OH)D levels were 46 mL/min/1.73 m2

and 10 ng/mL, respectively. Most participants (96%) had defi-
cient concentrations of serum 25(OH)D (ie, <20 ng/mL).(19)

Regarding LS BMD, 44% of them had osteopenia or osteoporo-
sis before KTx. At the end of the study, serum 25(OH)D levels
showed minimal changes in the placebo group (3 ng/mL
[95% CI 2 to 5]), but substantial increases in the cholecalciferol
group (28 ng/mL [95% CI 27 to 30]), resulting in a significant
between-group difference of 25 ng/mL (95% CI 22 to 28;
Table 2). {TBL 2} There were 77% of patients with a serum
25(OH)D >30 ng/mL at 12 months post-transplant in the chole-
calciferol group but none in the placebo group. The increase in
serum 1,25(OH)2D levels in the cholecalciferol group was higher
than that in the placebo group (between-group difference
14 pg/mL [95% CI, 9 to 20], Table 2).

Whole PTH, TRACP-5b, BAP, and other laboratory
parameters

The geometric mean of the percent change in whole PTH level
was �28% (95% CI �34 to �22) in the placebo group and
�39% (95% CI �44 to �33) in the cholecalciferol group, with a
significant between-group difference (�15% [95% CI �25 to
�3, p = 0.02]; Table 2 and Fig. 1). {FIG1} The sensitivity analyses
also revealed similar results (Supplemental Table SS1). The
effects of cholecalciferol on whole PTH levels were modified by
baseline eGFR, calcium, and 25(OH)D levels, with greater

Table 1. Baseline Characteristics and Laboratory Values

Cholecalciferol
(n = 92)

Placebo
(n = 95)

Basic information
Age (years) 52 (42, 63) 52 (43, 62)
Male sex, n (%) 64 (70) 65 (68)
BMI (kg/m2) 22.5 (20.4, 24.5) 22.1 (20.3, 24.7)
PEKT, n (%) 45 (49) 52 (55)
Dialysis vintage
(months)

2 (0, 17) 0 (0, 13)

ABO compatible
transplantation, n (%)

59 (64) 61 (64)

Second
transplantation, n (%)

3 (3) 1 (1)

Prior
parathyroidectomy,
n (%)

0 (0) 2 (2)

Immunosuppressive
drugs, n (%)
Cyclosporine 32 (35) 29 (31)
Tacrolimus 60 (65) 66 (69)
Everolimus 24 (26) 22 (23)
Mycophenolate mofetil 68 (74) 73 (77)

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)
Whole PTH (pg/mL) 77 (50, 107) 63 (46, 85)
TRACP-5b (mU/dL) 602 (438, 795) 577 (434, 756)

BAP (μg/L) 13 (10, 19) 12 (9, 18)
Bone mineral density T-
score
Distal 1/3 radius �1.6 (�1.6, �0.8) �1.4 (�2.5, �0.2)
Lumbar spine �0.8 (�1.5, 0.0) �0.9 (�1.8, 0.3)
Normal, n (%) 49 (55) 54 (57)
Osteopenia,a n (%) 31 (34) 29 (31)
Osteoporosis,b n (%) 9 (10) 12 (13)

BMI = body mass index; PEKT = preemptive kidney transplantation;
eGFR = estimated glomerular filtration rate; 25(OH)
D = 25-hydroxyvitamin D; 1,25(OH)2D = 1,25-dihydroxyvitamin D;
PTH = parathyroid hormone; TRACP-5b = tartrate-resistant acid
phosphatase-5b; BAP = bone-specific alkaline phosphatase.
Data are based on the full analysis set. Continuous variables are pre-

sented as median (25th, 75th percentile) or n (%).
aOsteopenia was defined as a T-score �1 to �2.5 at the lumbar spine.
bOsteoporosis was defined as a T-score below�2.5 at the lumbar spine.

Journal of Bone and Mineral Research CHOLECALCIFEROL SUPPLEMENTATION AND POST-TRANSPLANT BONE DISEASE 305 n

 15234681, 2022, 2, D
ow

nloaded from
 https://asbm

r.onlinelibrary.w
iley.com

/doi/10.1002/jbm
r.4469 by O

saka U
niversity, W

iley O
nline L

ibrary on [03/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



treatment effects being observed in participants with higher
eGFR, lower calcium level, and lower 25(OH)D level (all p value
for interaction <0.05; Fig. 2 and {FIG2} Supplemental Table S2).

Changes in serum TRACP-5b, BAP, calcium, and phosphate con-
centrations were similar between groups (Table 2 and Supple-
mental Table SS1).

Table 2. Changes in Biochemical Parameters From Baseline to 12 Months Post-Transplant

Parameter Treatment Baseline 6 months
12

months
Within-group difference

(95% CI)a p*
Between-group difference

(95% CI)a p*

25(OH)D Cholecalciferol 10 (9, 14) 38 (31, 45) 40 (30–49) 28 (26 to 30) <0.01 25 (22 to 28) <0.01
(ng/mL) Placebo 10 (8, 13) 13 (10, 17) 14 (10, 18) 3 (2 to 5) <0.01
1,25(OH)2D Cholecalciferol 46 (30, 59) 68 (47, 89) 69 (50, 62) 21 (17 to 25) <0.01 14 (9 to 20) <0.01
(pg/mL) Placebo 42 (34, 51) 47 (39, 64) 51 (43, 62) 7 (3 to 11) <0.01
eGFR
(mL/min

Cholecalciferol 46 (37, 55) 45 (36, 53) 46 (37, 57) 1.2 (�0.7 to 3.1) 0.23 �0.6 (�3.3 to 2.0) 0.63

per
1.73 m2)

Placebo 46 (36, 57) 44 (38, 54) 48 (40, 55) 2.8 (�0.01 to 3.7) 0.05

Corrected Cholecalciferol 9.5 (9.2,
9.7)

9.6 (9.3,
9.9)

9.6 (9.3,
9.9)

0.2 (0.03 to 0.3) 0.01 0.1 (�0.1 to 0.2) 0.33

calcium
(mg/dL)

Placebo 9.4 (9.2,
9.8)

9.5 (9.2,
9.7)

9.5 (9.2,
9.8)

0.1 (�0.04 to 0.2) 0.23

Phosphate Cholecalciferol 2.7 (2.1,
3.3)

3.2 (2.9,
3.5)

3.1 (2.8,
3.4)

0.4 (0.2 to 0.5) <0.01 0.03 (�0.1 to 0.2) 0.63

(mg/dL) Placebo 2.8 (2.1,
3.2)

3.2 (2.9,
3.5)

3.0 (2.8,
3.5)

0.3 (0.2 to 0.4) <0.01

Whole PTH Cholecalciferol 77 (50,
107)

42 (30, 60) 40 (31, 56) �39% (�44 to �33) <0.01 �15% (�25 to �3)b 0.02

(pg/mL) Placebo 63 (46, 85) 47 (34, 64) 47 (33, 61) �28% (�34 to �22) <0.01
TRACP-5b Cholecalciferol 602 (438,

795)
344 (252,
502)

315 (236,
429)

�44% (�49 to �38) <0.01 �2% (�14 to 12)b 0.76

(mU/dL) Placebo 577 (434,
756)

366 (263,
497)

308 (232,
443)

�43% (�48 to �37) <0.01

BAP Cholecalciferol 13 (10, 19) 13 (10, 19) 11 (9, 15) �11% (�19 to �2) 0.02 �8% (�18 to 4)b 0.19
(μg/L) Placebo 12 (9, 18) 14 (10, 18) 13 (9, 16) �3% (�11 to 6) 0.51

CI = confidence interval; 25(OH)D = 25-hydroxyvitamin D; 1,25(OH)2D = 1,25-dihydroxyvitamin D; eGFR = estimated glomerular filtration rate;
PTH = parathyroid hormone; TRACP-5b = tartrate-resistant acid phosphatase-5b; BAP = bone-specific alkaline phosphatase.
Data are presented as median (25th, 75th percentile).
*The p values were derived from analysis of covariance.
aAdjustment for baseline values.
bEstimated values are presented as the geometric mean of the percent change.

Fig 1. The geometric mean of the percent change in whole parathyroid hormone (PTH) level according to time and trial group. The I bars indicate 95%
confidence intervals.
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Bone mineral density

The mean percent change in LS BMD was �0.2% (95% CI �1.4
to 0.9) in the cholecalciferol group and �1.9% (95% CI �3.0 to
�0.8) in the placebo group, with a significant between-group
difference (1.7% [95% CI 0.1 to 3.3, p = 0.04]; Table 3 and Fig.
3A). {TBL 3}{FIG3} Several sensitivity analyses provided robust
results (Supplemental Table SS1). Adjusting for cumulative
corticosteroid doses at 12 months post-transplant (mean
doses [prednisolone equivalent] were 2981 mg in the chole-
calciferol group and 2920 mg in the placebo group, respec-
tively) did not alter the primary results substantially (data not
shown). The effects of cholecalciferol were generally consis-
tent except for baseline BMD (Fig. 4 and Supplemental

Table S2). {FIG4} The beneficial effect of cholecalciferol on LS
BMD was prominent in patients with lower baseline BMD at
the LS (p for interaction <0.05; Fig. 4). For easy interpretation,
we conducted stratified analyses according to baseline LS
BMD (osteoporosis/osteopenia or not). Results showed that
cholecalciferol significantly increased LS BMD in patients with
osteoporosis/osteopenia but not in those with normal BMD
(between-group differences 3.5% [95% CI 0.9 to 6.1,
p = 0.01] and 0.7% [95% CI �1.4 to 2.7, p = 0.53], respectively;
Fig. 3B). The percent change in BMD at the distal one-third
radius did not differ according to treatment allocation
(between-group difference �0.4% [95% CI �1.7 to 0.9,
p = 0.54]; Table 2 and Supplemental Table SS1).

Fig 2. The heterogeneity of treatment effects on changes in whole parathyroid hormone (PTH) level at 12 months post-transplant across baseline (A)
body mass index (BMI), (B) estimated glomerular filtration rate (eGFR), (C) corrected calcium, (D) phosphate, (E) 25-hydroxyvitamin D, and (F) whole
PTH levels. A negative value on the vertical axis indicates that cholecalciferol reduced whole PTH levels compared with placebo. The p values are for inter-
action between baseline variables and treatment effect. The green line represents the point of estimate, and the gray area represents the 95% confidence
interval.

Table 3. The Mean Percent Changes in Bone Mineral Density From Before Kidney Transplantation to 12 Months Post-Transplant

Treatment Before KTx 12 months
Within-group

difference (95% CI)a p*
Between-group

difference (95% CI)a p*

Lumbar spine (g/cm2)
Cholecalciferol 0.94 (0.87, 1.04) 0.93 (0.85, 1.02) �0.2% (�1.4 to 0.9)b 0.68 1.7% (0.1 to 3.3)b 0.04
Placebo 0.94 (0.85, 1.06) 0.92 (0.81, 1.03) �1.9% (�3.0 to �0.8)b <0.01

Distal 1/3 radius (g/cm2)
Cholecalciferol 0.68 (0.61, 0.76) 0.68 (0.62, 0.76) �0.8% (�1.7 to 0.1)b 0.10 �0.4% (�1.7 to 0.9)b 0.54
Placebo 0.72 (0.64, 0.78) 0.71 (0.62, 0.77) �0.4% (�1.2 to 0.5)b 0.39

KTx = kidney transplantation; CI = confidence interval.
Data are presented as median (25th, 75th percentile).
*The p values were derived from analysis of covariance.
aAdjustment for baseline values.
bEstimated values are presented as the mean percent change.
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Mediating effect of change in whole PTH on LS BMD

As shown in Table 2, cholecalciferol significantly reduced whole
PTH levels compared with placebo. Furthermore, changes in
PTH levels from baseline to 12 months post-transplant were
associated with changes in LS BMD (p < 0.01). In the mediation
analysis using structural equation modeling, the indirect effect
mediated by changes in whole PTH levels was 39% (p = 0.02).

Adverse effects

During the study period, the incidences of hypercalcemia,
all-cause death, and fracture were similar between groups
(Supplemental Table S3). Three fractures were identified,
vis., distal radius fracture and patellar fracture in the
cholecalciferol group and scaphoid fracture in the placebo
group.

Fig 3. Themean percent change in BMD at the lumbar spine from before kidney transplantation to 12months post-transplant in the (A) whole population
and (B) subgroups with or without osteopenia/osteoporosis. Box plots show median, interquartile, 1.5 � interquartile range, and outliers. BMD = bone
mineral density.

Fig 4. The heterogeneity of treatment effects on changes in lumbar spine (LS) bone mineral density (BMD) at 12 months post-transplant across baseline (A)
bodymass index (BMI), (B) estimated glomerular filtration rate (eGFR), (C) corrected calcium, (D) phosphate, (E) 25-hydroxyvitamin D, and (F) LS BMD levels. A
positive value on the vertical axis indicates that cholecalciferol increased LS BMD compared with placebo. The p values are for interaction between baseline
variables and treatment effect. The green line represents the point of estimate, and the gray area represents the 95% confidence interval.
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Discussion

In this prespecified analysis of a randomized, double-blind,
placebo-controlled trial among incident KTRs, we observed that
cholecalciferol significantly reduced whole PTH levels and atten-
uated bone loss at the LS compared with placebo. The treatment
effects of cholecalciferol on whole PTH level were greater among
participants with high eGFR, low calcium level, and low 25(OH)D
level. Meanwhile, its effects on LS BMD were prominent in
patients with low BMD (eg, osteopenia/osteoporosis).

The key finding of the present study was that cholecalciferol
decreased whole PTH levels compared with placebo. Previous
studies have suggested that, with a decline in kidney function,
the effect of vitamin D supplementation on PTH secretion dimin-
ished because of a progressive loss of VDR in the parathyroid
gland.(20,21) Consistently, most RCTs conducted among patients
on dialysis failed to demonstrate a beneficial effect of vitamin
D supplementation on PTH levels.(9,10,22-24) Meanwhile, Tanigu-
chi and colleagues demonstrated that successful KTx causes
regression of the parathyroid gland with diffuse hyperplasia
and restores its expression of VDR.(12) Probable VDR restoration
and high 25(OH)D levels, coupled with accelerated conversion
of 25(OH)D to 1,25(OH)2D due to secondary hyperparathyroid-
ism and healthy kidney transplanted, could contribute to PTH
reduction by cholecalciferol supplementation in the current
study. Besides, greater expression of CYP27b1 in parathyroid
cells among patients with secondary hyperparathyroidism may
strengthen its PTH-lowering effects.(25,26) We observed the het-
erogeneity in terms of treatment effects on PTH changes accord-
ing to baseline serum 25(OH)D, calcium, and eGFR levels. Based
on this observation, the relative contribution of vitamin D to sup-
press PTH levels should be minor in the setting of hypercalcemia
because high serum calcium level, per se, suppresses PTH secre-
tion through the calcium-sensing receptor on the parathyroid
gland. Regarding a diminished treatment effect in patients with
impaired renal function, we speculated that insufficient improve-
ment of uremia could hinder the restoration of VDR in the para-
thyroid hyperplasia among KTRs.(12)

To date, the only small open-label RCT of 79 incident KTRs
demonstrated that a monthly single dose of 25,000 IU cholecal-
ciferol with oral calcium significantly reduced intact PTH levels
compared with oral calcium alone.(27) We confirmed this result
based on a larger, double-blind, placebo-controlled trial. Hence,
cholecalciferol supplementation can be a promising strategy to
reduce PTH levels among KTRs without increasing serum calcium
levels. Considering the relationship between high PTH levels and
worse outcomes, including incident fracture, graft survival, and
all-causemortality among KTRs,(28-30) further studies are required
to determine whether vitamin D supplementation provides ben-
efits on long-term outcomes.

An earlier study demonstrated that a decrease in LS BMD was
6.8% during the first 6 months post-transplant, with a further
decline in subsequent years.(31) In contrast, consistent with our
data, recent studies have reported that the BMD loss in the first
year post-transplant is limited probably because of less cumula-
tive glucocorticoid exposure.(32-35) We observed that cholecalcif-
erol supplementation completely canceled the BMD loss
observed in the placebo group under low-dose glucocorticoid
treatment (a maintenance dose of 5 mg prednisolone). To date,
only one randomized trial has been conducted to evaluate the
effect of cholecalciferol supplementation on bone loss among
KTRs, which reported a rather detrimental effect on BMD loss,

although not statistically significant.(27) This discrepancy with
our data may be explained by differences in the administration
doses and/or methods (4000 IU daily versus a single monthly
dose of 25,000 IU). The bolus administration of high-dose vita-
min D has been reported to be associated with an acute increase
in bone resorption markers independent of PTH levels.(36) The
small changes in LS BMD by cholecalciferol compared with
bisphosphonate(33) raise suspicion with clinical significance for
fracture prevention. However, because favorable bisphospho-
nate response is attained under optimal vitamin D status,(37) we
think that cholecalciferol is a safe, effective, and inexpensive
foundation for preventing bone loss among incident KTRs.

In the mediation analysis, the change in whole PTH levels
explained 40% of treatment effects on LS BMD. However, caution
is necessary when interpreting this finding because unmeasured
mediator-outcome confounding (eg, calcium intake) may influ-
ence this result. Moreover, mediation analyses do not guarantee
causality. A possible explanation for the positive bone effect of
cholecalciferol could be the treatment of undetected mineraliza-
tion abnormality, which is common among KTRs.(33,38) Some
studies have reported that mineralization abnormality occurred
or worsened after KTx,(31,39) probably through hypophosphate-
mia in the early phase of the post-transplant period. Additionally,
a previous histomorphometric analysis demonstrated that a
25(OH)D level of <30 ng/mL was associated with bone minerali-
zation defects.(40) Further studies are required on the histomor-
phometric evaluation to clarify the mechanisms underlying the
effect of cholecalciferol supplementation on LS BMD.

The present study had several limitations. It was a single-
center study involving only Japanese KTRs from living donors,
thereby limiting generalizability to wider populations. Most par-
ticipants had poor vitamin D status at baseline; hence, these
results may not extrapolate to sufficient vitamin D KTRs. The lack
of inclusion/exclusion criteria for BMD allowed us to enroll indi-
viduals with normal BMD, who comprised more than half of
the total population, thereby diluting the effect size on BMD in
KTRs at high risk for fracture. A lack of bone histomorphometric
evaluation prohibited us from detecting bone mineralization
abnormality. The strength of this study was the double-blind,
placebo-controlled design. The high proportion of participants
who completed the study (96%) was another strength.

In summary, compared with placebo, cholecalciferol supple-
mentation resulted in a greater decrease in whole PTH levels
and a stabilization in BMD at the LS among incident KTRs.
Although the recently updated KDIGO guidelines recommend
correcting low 25(OH)D levels in KTRs, a specific protocol has
not been proposed.(41) Cholecalciferol supplementation at
4000 IU daily could be a promising regimen for KTRs with vita-
min D deficiency. Further studies are required to evaluate the
protective effects of cholecalciferol not only on surrogate
markers but also on clinical outcomes including parathyroidec-
tomy and fracture.
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