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Abstract

Introduction: Tertiary hyperparathyroidism (THPT) and vitamin D deficiency are commonly 
seen in kidney transplant recipients, which may result in persistently elevated fibroblast 
growth factor 23 (FGF23) level after transplantation and decreased graft survival. The aim 
of this study is to evaluate the effect of vitamin D supplementation on THPT, FGF23-alpha 
Klotho (KLA) axis and cardiovascular complications after transplantation.
Materials and methods: Two hundred nine kidney transplant recipients were included and 
further divided into treated and untreated groups depending on whether they received 
vitamin D supplementation. We tracked the state of THPT, bone metabolism and FGF23–KLA 
axis within 12 months posttransplant and explored the predictors and risk factors for intact 
FGF23 levels, KLA levels, THPT and cardiovascular complications in recipients.
Results: Vitamin D supplementation significantly improved FGF23 resistance, THPT and high 
bone turnover status, preserved better graft function and prevented coronary calcification 
in the treated group compared to the untreated group at month 12. The absence of vitamin 
D supplementation was an independent risk factor for THPT and a predictor for intact 
FGF23 and KLA levels at month 12. Age and vitamin D deficiency were independent risk 
factors for coronary calcification in recipients at month 12.
Conclusion: Vitamin D supplementation effectively improved THPT, FGF23 resistance  
and bone metabolism, preserved graft function and prevented coronary calcification  
after transplantation.

Introduction

Secondary hyperparathyroidism (SHPT) is one of the 
common complications that occurs among uraemic 
patients and is expected to be corrected after kidney 
transplantation (KT). However, long-lasting SHPT 
leads to a shift in the growth of parathyroid cells from 
a polyclonal to a monoclonal manner, which forms 
parathyroid nodules that lack vitamin D receptor and 
calcium-sensing receptor and secrete autonomously (1).  

The autonomous secretion of parathyroid hormone  
(PTH) is defined as tertiary hyperparathyroidism 
(THPT), which is characterized by hypercalcaemia and 
hypophosphatemia (2). According to previous studies, 
THPT still existed in 15–50% of the kidney transplant 
recipients (KTRs) (3, 4) and was reported to be closely 
associated with bone fracture, graft loss, cardiovascular 
events and all-cause death after KT (2, 3, 4).
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Fibroblast growth factor 23 (FGF23) is a phosphaturic 
hormone produced by osteocytes and osteoblasts. By 
binding to FGF receptor 1 (FGFR1), FGF23 activates its 
canonical signalling pathway and induces the degradation 
and internalization of sodium-dependent transport 
protein 2A, which leads to the decrease of phosphate 
reabsorption, thus promoting the fractional excretion of 
phosphate (5). alpha Klotho (KLA) is a newly discovered 
antiaging protein mainly synthesized by kidney distal 
convoluted tubules and excreted by glomerular filtration 
(6). While the binding affinity of FGF23 to FGFR1 is rather 
low, KLA can significantly improve the binding affinity 
by forming a complex with FGFR1 and therefore is vitally 
important for FGF23 to exert biological effects (7, 8).

The regulation of FGF23 is complex. Elevated serum 
phosphate levels can directly elicit the expression of FGF23 
(5, 9). In addition, PTH and vitamin D can both transactivate 
FGF23 expression (5, 9). Conversely, FGF23 can inhibit the 
synthesis of calcitriol (5, 9) and the transcription of the 
PTH gene (10, 11). However, studies have demonstrated 
that feedback regulation was disrupted under the uraemic 
milieu, with the expression of FGFR1 and KLA remarkably 
downregulated in the nodular hyperplasia of parathyroid 
glands (1, 12), which consequently led to FGF23 resistance 
in the parathyroid and induced persistent and refractory 
hyperparathyroidism (13). Studies also reported that 
massively elevated FGF23 was able to target cells in an 
KLA-independent way and cause a series of pathological 
changes, including cardiac hypertrophy, myocardial 
fibrosis (14, 15, 16), abnormal expression of cytokines and 
disordered immunocyte function (17, 18, 19).

Although vitamin D synthesis defects are supposed 
to be ameliorated by KT, vitamin D deficiency persists 
in most KTRs (20). Previous studies have suggested 
that vitamin D supplementation may help attenuate 
hyperparathyroidism and prevent bone disease (21, 22). 
However, very few studies have focused on the effect of 
vitamin D supplementation on the THPT, FGF23–KLA axis 
and coronary lesions at an early stage after KT. The primary 
objective of this study was to evaluate the effects of 
vitamin D supplementation on THPT, the FGF23-KLA axis, 
graft function and coronary calcification within the first  
12 months after transplantation.

Methods and materials

Description of the cohort

KTRs who underwent their first kidney transplant in 
West China Hospital between June 2020 and December 

2020 were recruited as a prospective cohort to study the 
impacts of vitamin D supplementation on THPT, the 
FGF23–KLA axis and coronary calcification after KT. 
The inclusion criteria were as follows: (i) recipients aged 
from 18 to 65 years; (ii) recipients receiving their first KT 
with regular follow-ups at West China Hospital; and (iii) 
PTH level >65 pg/mL within 1 month posttransplant. 
The exclusion criteria included recipients with (i) acute 
rejection and infection occurring within 4 weeks prior to 
vitamin D supplementation; (ii) delayed graft function; 
(iii) parathyroidectomy before KT; (iv) ABO-incompatible 
transplantation; (v) history of malignancy or autoimmune 
diseases; and (vi) primary parathyroid disease. All KTRs 
received basiliximab for induction therapy following 
standard triple immunosuppressive maintenance therapy 
consisting of tacrolimus (Tac), mycophenolate mofetil 
and corticosteroids. Healthy adults who had physical 
examinations at West China Hospital were also included 
in the healthy control (HC) group, and adult patients 
under 65 with chronic kidney disease (CKD) stage 3 were 
included in the CKD group. This study was approved by 
the Ethics Committee of West China Hospital, and written 
informed consent was obtained from each participant 
before enrolment. The study was preregistered in the 
Chinese Clinical Trial Registry, and the register number is 
ChiCTR2200056077.

Data collection and measurements

General demographic information and pretransplant 
history were collected for all study participants. All KTRs 
were regularly followed up, and immunosuppression 
medication was strictly monitored by physicians in the 
West China Hospital.

Fasting blood samples of KTRs were collected in the 
morning at pretransplant and at 2 weeks, 3 months,  
6 months and 12 months posttransplant for biochemical 
testing. Fasting blood samples of CKD patients and HC 
were collected at the same cross-sectional time points. 
The estimated glomerular filtration rate (eGFR) was 
calculated using the Chronic Kidney Disease Epidemiology 
Collaboration equation. Routine examinations, including 
complete blood count, serum creatinine (SCr), serum 
calcium, serum inorganic phosphate, urinary calcium and 
PTH, as well as bone turnover markers (BTMs), including 
bone-specific alkaline phosphatase (bALP), N-terminal 
propeptide of type 1 collagen (P1NP), type I collagen 
carboxyl-terminal peptide (BCTX), and N-MID osteocalcin 
(NMID), were measured in the central laboratory of the 
West China Hospital. Chest routine scan and coronary 
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calcification score (CACS) on a dual-source CT scanner 
(Syngo CaScore; Siemens, Forchheim, Germany) were 
obtained, and images were also reconstructed with  
0.6-mm and 3.0-mm slice thicknesses for each patient. The 
Agatston scoring method was applied to the reconstructed 
image set by commercially available software (Syngo 
CaScore) to obtain the CACS for each patient at  
month 12. Serum concentrations of intact FGF23 (iFGF23) 
(Boster Biological Technology., Ltd., Wuhan, China) and 
KLA (Immuno-Biological Laboratories Co., Ltd., Gunma, 
Japan) were measured using ELISA methods with the 
available commercial kits. The serum concentration 
of 25 hydroxyvitamin D (25(OH)D) was measured by  
HPLC/mass spectrometry. Cardiovascular events were 
obtained by phone calls to patients’ homes and by 
reviewing the hospital records. In the study, we defined 
hypercalcaemia and hypophosphatemia as serum calcium 
≥2.52 mmol/L and phosphataemia ≤0.85 mmol/L, 
respectively. Hyperparathyroidism was defined as  
PTH ≥65 pg/mL. 25(OH)D status was defined according 
to Holick’s definition: 25(OH)D > 75 nmol/L indicated 
vitamin D sufficiency, and 25(OH)D ≤ 75 nmol/L indicated 
vitamin D deficiency (20).

Hyperparathyroidism treatment strategy

Since not every physician held the same opinion on the 
necessity of early treatment of hyperparathyroidism, 
whether the KTRs included received treatment for 
hyperparathyroidism was dependent on the patients’ and 
physicians’ own will. The detailed hyperparathyroidism 
treatment strategy was based on the levels of 25(OH)D, 
serum calcium and PTH. Cholecalciferol was administered 
to KTRs at an initial dose of 2000 international units (IU) 
per day to correct vitamin D deficiency, and the levels of 
25(OH)D were monitored once every 3 months thereafter. 
The cholecalciferol doses were cut to 400–800 IU/day once 
KTRs had a sufficient 25(OH)D level. For KTRs who still 
had hyperparathyroidism but no vitamin D deficiency, 
calcitriol was then added to control hyperparathyroidism 
(Fig. 1). Serum calcium levels were monitored during the 
follow-up. In KTRs with hypercalcaemia, calcitriol would 
be stopped to remit hypercalcaemia, and cholecalciferol 
would be cut to 400 IU/day if vitamin D deficiency existed 
persistently. KTRs with consistently elevated serum 
calcium levels (≥2.6 mmol/L) were given cinacalcet, and 
single-photon emission CT of the parathyroid glands was 
arranged and then discussed with the hyperparathyroidism 
multidisciplinary team for further treatment, such as 
parathyroidectomy or radiofrequency ablation.

Statistical analysis

Normality tests of continuous variables were performed 
with the Shapiro–Wilk test. Variables with a normal 
distribution are displayed as the mean ± s.d. and were 
compared using independent samples t-test or ANOVA. 
Asymmetric variables are reported as the median 
(interquartile range), and comparisons were assessed 
with the Mann–Whitney U test and Kruskal–Wallis test. 
Categorical variables were compared using the chi-square 
test or Fisher’s exact test. Multiple linear regression was 
used to explore the potential correlates of postoperative 
iFGF23 and KLA levels. Potential risk factors for THPT and 
positive findings in CACS after KT were explored using 
logistic regression models, and the number of bootstraps 
was 500. A nomogram to predict THPT and CACS at  
12 months after KT was constructed using stepwise 
selection and the Akaike information criterion (AIC). The 
stepwise selection method was used to select variables 
and determine model fit. AIC was used for model 
evaluation and model selection. A receiver operating 
characteristic (ROC) curve and area under the receiver 
operating characteristic curve (AUROC) were used to 
analyse the predictive performance of the model. All 
the reported P values are two-tailed, and P < 0.05 was 
considered statistically significant for the tests above. All 
statistical analyses were performed using Empower® (www.
empowerstats.com, X&Y Solutions Inc., Boston MA) and 
SPSS version 28.0 statistical software (SPSS Company).

Results

Description of the study population

A total of 255 patients received KT at West China Hospital 
between June 2020 and December 2020, among whom 
212 adult KTRs met the inclusion criteria and were 
recruited. Two KTRs died from severe infection, and one 
KTR underwent parathyroidectomy within 12 months 
posttransplant. A total of 209 KTRs were included in the KT 
group. The treatment strategy for THPT in the KT group is 
shown in Fig. 1. The characteristics of KTRs and the specific 
regimens of vitamin D supplementation are shown in 
Supplementary Table 1 (see section on supplementary 
materials given at the end of this article). The Tac 
concentration was controlled within 5.95–7.11 ng/mL, 
and the area under the curve of mycophenolate acid was 
controlled within 45.7–70.9 mg·h/L during the follow-up. 
Vitamin D supplementation was initiated at 2 (1-4) weeks 
posttransplant in the treated group.
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Forty-eight healthy adults and 46 patients with stage 
3 CKD were included in the study as the HC group and 
CKD group, respectively (Supplementary Table 2). No 
significant difference was found in age, sex ratio or calcium 

level among the three groups. Although the eGFR level in 
the KT group was much higher than that in the CKD group, 
the KT group still had significantly higher levels of iFGF23 
and PTH at week 2 than the CKD group.

Figure 1
THPT treatment strategy for KTRs included in the present study. *If hypercalcemia is observed in KTRs with vitamin D deficiency during follow-up, the 
dose of cholecalciferol will be cut from 2000–400 IU/day to remit hypercalcemia. KTRs with both vitamin D deficiency and consistent hypercalcemia will 
be given cinacalcet to lower the serum calcium level.
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Changes in biochemical parameters in KTRs

The graft function and laboratory parameters of the KT  
group at pretransplant, week 2, month 3, month 6 and  
month 12 and the comparison between the KT group 
and the HC/CKD group are displayed in Table 1. A total of  
118 (56.46%) and 108 (51.67%) KTRs still had 
hyperparathyroidism at month 6 and month 12, respectively.

In accordance with that in previous studies, we 
observed stable graft function and a gradually improved 
state of THPT in all 209 KTRs. The levels of serum calcium 
and phosphate tended to be normal, and abnormal BTM 
levels were improved (Table 1). Meanwhile, the levels 
of PTH and iFGF23 decreased significantly within 12 
months posttransplant, and the levels of 25(OH)D and 
KLA increased continuously and significantly within 12 
months posttransplant (Table 1).

Effects of vitamin D supplementation on laboratory 
parameters, graft function and CACS

A total of 209 KTRs were further divided into a treated group 
(108 KTRs) and an untreated group (101 KTRs) according 
to whether they received vitamin D supplementation. No 
significant difference was noted in baseline parameters 
between the two groups (Supplementary Table 3). The 
number of KTRs with coronary calcification examined by 
chest routine scanning (CT) showed no difference between 
the two groups (Supplementary Table 3).

The serum calcium levels at month 3, month 6 and 
month 12 were significantly higher in the untreated group 
than in the treated group (Fig. 2A and Tables 2, 3). The 
serum phosphate level in the treated group rose above 
the lower limit after month 3 and was significantly higher 
than that in the untreated group at month 6 and month 
12 (Fig. 2B and Tables 2, 3). The PTH level in the treated 
group was significantly lower than that in the untreated 
group after month 3 (Fig. 2C). Since KTRs in the treated 
group received vitamin D supplementation, the 25(OH)D 
levels since month 3 were significantly higher than those 
in the untreated group (Fig. 2D). At month 6 and month 
12, the prevalence rates of KTRs with hypercalcaemia, 
hypophosphatemia and hyperparathyroidism in the 
untreated group were found to be dramatically higher than 
those in the treated group (Tables 2 and 3).

The iFGF23 levels in the treated group were 
significantly lower after month 3 than those in the 
untreated group (Fig. 3A and Tables 2, 3). While KTRs in 
the untreated group also had an iFGF23 level equivalent 
to that in the CKD group, the iFGF23 level in the treated 

group showed no difference compared to that in the HC 
group at month 6 and remained the same at month 12. 
The levels of KLA were significantly higher in the treated 
group after month 6 than in the untreated group (Fig. 3B 
and Tables 2, 3). However, the KLA levels in both groups 
were significantly higher than those in the CKD group 
after month 3 (Fig. 3B).

For BTM, BCTX and P1NP levels decreased dramatically 
at week 2 after the kidney transplant and then gradually 
increased ever since. With vitamin D supplementation, 
significantly lower BCTX and P1NP levels were noted in 
the treated group than in the untreated group since month 
6 posttransplant (Fig. 3C, D and Tables 2, 3).

A difference was not observed in graft function between 
the two groups until month 12, as the treated group had a 
significantly lower creatinine level and a higher eGFR level 
at month 12 than the untreated group (Fig. 2E and Table 3).

At 12 months, the CACS in the untreated group 
significantly exceeded that in the treated group, and the 
number of KTRs with CACS>0 was significantly higher in 
the untreated group than in the treated group (Table 3). 
However, no cardiovascular events were observed in any of 
the 209 KTRs within 12 months posttransplant.

Correlations between vitamin D treatment and 
THPT, iFGF23, KLA and CACS

To identify the risk factors for hyperparathyroidism and 
CACS >0 at month 12 after KT, we performed univariate 
regression analyses. As shown in Table 4, sex, FGF23 levels 
at week 2 and vitamin D supplementation before and 
after KT were associated with the odds of THPT at month 
12. Age, coronary calcification before KT and vitamin 
D supplementation before and after KT were associated 
with positive findings on the CACS. Further multivariate 
logistic regression including the variables above identified 
sex and vitamin D supplementation before and after KT as 
the final variables for the final logistic regression model for 
THPT at month 12. Age and vitamin D supplementation 
before and after KT were selected as the final logistic 
regression models for CACS >0 at month 12. All variables 
were selected based on stepwise selection and AIC values 
(Table 4). The results showed that female sex and the 
absence of vitamin D supplementation before and after 
transplantation were three independent risk factors for 
persistent hyperparathyroidism at month 12. Male KTRs 
were associated with an 88.9% (95% CI: 0.014–0.902, 
P = 0.004) decreased risk of persistent THPT at month 
12, while KTRs without vitamin D supplementation 
before and after KT were associated with 2.269  
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(95% CI: 1.246–4.129, P = 0.007) and 2.418 (95% CI: 1.343–
4.356, P = 0.003) higher risks of persistent THPT at month 
12, respectively. For CACS, logistic regression showed that 
age and the absence of vitamin D supplementation before 
and after KT were independent risk factors for coronary 
calcification at month 12. Every 1-year increase was 
associated with a 1.205 higher risk (95% CI: 1.156–1.269, 

P > 0.001), and the absence of vitamin D supplementation 
before and after KT was associated with 2.144 (95% CI: 
0.941–4.885, P = 0.003) and 3.540 (95% CI: 1.315–9.530, 
P = 0.012) higher risks of CACS >0 at month 12. Based on 
the multivariate logistic regression analysis, a prognostic 
nomogram (Figs 4 and 5) for predicting the occurrence of 
hyperparathyroidism and CACS at month 12 was built. 

Figure 2
Natural history of (A) serum calcium, (B) serum phosphate, (C) PTH, (D) 25(OH)D and (E) eGFR in treated and untreated group within 12 months posttransplant. 
*P < 0.05 compared between groups. **P < 0.01 compared between groups. #P < 0.05 compared with the HC group. †P < 0.05 compared with the CKD group.
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Internal validation was performed via the bootstrapping 
method (number of resamples: 500), and the ROC curve 
was generated, with satisfactory AUROCs of 0.668 (95% 
CI: 0.596–0.740) and 0.897 (95% CI: 0.856–0.938) for 
hyperparathyroidism and CACS at month 12, respectively 
(Fig. 6).

The results of the multivariate linear analysis 
demonstrated that female sex (β = 27.85; P = 0.0168) and 
vitamin D supplementation after transplantation (β = −7.8; 
P < 0.0001) were independent predictors of iFGF23 levels 
at month 12, indicating that the application of vitamin D  

after transplantation was correlated with a 7.8 pg/mL 
decrease in iFGF23 levels. Vitamin D supplementation at 
month 12 (β = 209.49; P = 0.046) was found to be the only 
predictor for the KLA level at month 12, indicating that 
vitamin D supplementation was associated with a 209.49 
pg/mL increase in serum soluble KLA at month 12 in KTRs.

Discussion

In this study, we observed hyperparathyroidism and 
vitamin D deficiency in more than half of the KTRs at 

Table 2 Comparison of laboratory parameters between vitamin D-treated group and -untreated group at month 6 (n  = 209).

Treated Group (n  = 108) Untreated Group (n  = 101) P

SCr (µmol/L) 125.67 ± 41.31 112.24 ± 24.96 0.192
eGFR (mL/min/1.73 m2) 66.14 ± 24.82 64.58 ± 23.13 0.833
Calcium (mmol/L) 2.45 (2.33–2.48) 2.54 (2.38–2.62) 0.011a

Hypercalcemia 14 (12.96%) 75 (74.26%) 0.000a

Phosphate (mmol/L) 1.01 ± 0.23 0.83 ± 0.17 0.014a

Hypophosphatemia 31 (28.70%) 78 (77.23%) 0.000a

Ca×Pi product (mg2/dL2) 29.52 ± 6.38 25.75 ± 6.78 0.095
PTH (pg/mL) 63.74 ± 13.21 178.70 ± 81.18 0.000a

Hyperparathyroidism 26 (24.07%) 92 (91.09%) 0.000a

25(OH)D (nmol/L) 96.09 ± 26.77 53.81 ± 21.97 0.004a

Vitamin D deficiency 14 (12.96%) 90 (89.11%) 0.000a

FGF23 (pg/mL) 42.00 (37.00–56.17) 103.00 (76.63–163.08) 0.001a

KLA (pg/mL) 803 (470.5–925) 680 (523-815) 0.041a

bALP (ug/L) 18.41 (12.86–30.74) 17.98 (14.41–25.43) 0.179
P1NP (ng/mL) 55.14 (37.34–93.65) 178.27 (124.00–231.68) 0.000a

BCTX (ng/mL) 0.94 ± 0.80 1.78 ± 0.87 0.001a

NMID (ng/mL) 33.93 ± 21.14 29.96 ± 10.48 0.423

aP < 0.05 compared with treated group.

Table 3 Comparison of laboratory parameters and CACS between vitamin D-treated group and -untreated group at month 12 
(n  = 209).

Treated Group (n  = 108) Untreated Group (n  = 101) P

SCr (µmol/L) 114.28 ± 32.53 123.41 ± 37 0.000a

eGFR (mL/min/1.73 m2) 71.34 ± 10.57 59.47 ± 12.79 0.000a

Calcium (mmol/L) 2.41 ± 0.14 2.51 ± 0.15 0.011a

Hypercalcemia 12 (11.11%) 72 (71.29%) 0.000a

Phosphate (mmol/L) 1.12 ± 0.27 0.85 ± 0.25 0.014a

Hypophosphatemia 23 (21.29%) 80 (79.21%) 0.000a

Ca×Pi product (mg2/dL2) 35.39 ± 8.73 25.73 ± 7.61 0.000a

PTH (pg/mL) 50.80 ± 25.91 165.83 ± 44.63 0.000a

Hyperparathyroidism 19 (17.59%) 89 (88.12%) 0.000a

25(OH)D (nmol/L) 89.7 ± 16.00 58.35 ± 24.15 0.004a

Vitamin D deficiency 10 (9.23%) 68 (67.33%) 0.000a

FGF23 (pg/mL) 30.30 (24.16–37.50) 87.00 (74.83–109.50) 0.000a

KLA (pg/mL) 961.00 (752.5–1133) 791.00 (485–1045.5) 0.000a

CACS 1.16 (0–9.59) 6.9 (0.63–133.99) 0.016a

CACS >0 60 (55.56%) 75 (74.26%) 0.005a

bALP (µg/L) 21.5 (12–28) 19 (11.25–22) 0.144
P1NP (ng/mL) 40.28 ± 15.15 109.07 ± 30.21 0.000a

BCTX (ng/mL) 0.62 (0.49–0.84) 1.27 (0.99–1.37) 0.033a

NMID (ng/mL) 29 (20–36.75) 22.5 (14–30.75) 0.097

aP < 0.05 compared with treated group.
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week 2, as well as decreased phosphate levels, elevated 
calcium levels and active bone turnover caused by THPT 
and continuous FGF23 secretion posttransplant. These 
results were consistent with those of previous studies (23, 
24, 25). Compared with the treated group, the prevalence 
of THPT in the untreated group barely improved if 
no intervention was administered within 12 months 
posttransplant (Tables 1, 2 and 3). Although the KT group 
had higher eGFR levels than the CKD group, the PTH levels 
in the KT group still dramatically exceeded those in the 
CKD group even at month 12 (Table 1). Our data proved 
that hyperparathyroidism would not be spontaneously 
ameliorated after KT and would persistently affect bone 
mineral metabolism and the function of the FGF23–KLA 
axis in KTRs with well-recovered graft function and that 
cholecalciferol supplementation after KT could improve 
hyperparathyroidism and bone mineral metabolism. In 
our cohort, most KTRs experienced a hyperparathyroidism 
with hypercalcaemia and/or hypophosphatemia, 
indicating the occurrence of THPT. In THPT, nodular 
hyperplastic parathyroid cells express fewer vitamin D 

receptors (VDRs) and calcium-sensing receptors, thus 
leading to uncontrolled PTH secretion with no response to 
the suppression by vitamin D or calcium (1), which seems 
to conflict with our findings. The explanation may exist in 
the fact that the pathological changes of the parathyroid 
gland in the early stage after KT might be a mixture of 
polyclonal and monoclonal hyperplasia of parathyroid 
tissue, therefore the response to the regulation of vitamin 
D was partially preserved. Several studies reported that 
up to 29% of KTRs with THPT had only one or two 
nodular hyperplastic glands (26). However, data about 
the pathological changes of parathyroid glands in the 
early posttransplant period are scarce given that surgical 
intervention of mild THPT after KT is recommended to be 
assessed and carried out after 12 months posttransplant 
when graft function is stable (27).

Studies in various regions reported that the prevalence 
of vitamin D deficiency was above 50% in both short-term 
and long-term KTRs (28). In another study of KTRs in the 
northern region, 45% of 334 KTRs were found to have 
vitamin D deficiency, even if they were given oral vitamin D  

Figure 3
Change of (A) iFGF23 (logarithmic scale; Ln iFGF23), (B) KLA, (C) BCTX and (D) P1NP in treated and untreated group within 12 months posttransplant.  
*P < 0.05 compared between groups. **P < 0.01 compared between groups. #P < 0.05 compared with HC group. †P < 0.05 compared with CKD group.
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supplementation (29). Our data demonstrated that the 
proportion of KTRs with vitamin D deficiency increased 
dramatically at week 2 compared to pretransplant and 
barely changed thereafter if vitamin D supplementation 
was not applied (Fig. 1D and Tables 2, 3). Theoretically, the 
expression of CYP27B1 increases with the recovery of graft 
function, which leads to the consumption of 25(OH)D 
and vitamin D deficiency in a short period of time after KT. 
However, the shortage of 25(OH)D was difficult to recover 
without exogenous vitamin D supplementation within  
12 months posttransplant in our study.

Previous studies reported that calcitriol improved the 
expression of the FGF23 gene in vitro (30, 31, 32). However, 

we found that iFGF23 in the treated group was significantly 
lowered by vitamin D supplementation compared 
with that in the untreated group. In vivo, numerous 
factors work together to regulate iFGF23 levels after 
transplantation. The increased levels of serum phosphate, 
serum calcium, serum iron, PTH, calcitriol, inflammation, 
etc. are all responsible for the elevation in iFGF23 levels 
(9). Therefore, the decline in iFGF23 levels in KTRs with 
vitamin D supplementation might be multifactorial. 
Firstly, since PTH can induce the expression of the FGF23 
gene (33), active vitamin D metabolites may indirectly 
reduce the expression of the FGF23 gene by suppressing 
hyperparathyroidism. Secondly, the expression of several 

Table 4 Multivariate regression analysis of risk factors for THPT and CACS at month 12.

Clinical factor
Unvariate regression Multivariate regression

OR 95% CI P value OR 95% CI P value

Risk factors for SHPT at month 12
 Age 1.009 0.985–1.034 0.476
 Vitamin D supplementation after KT 2.108 1.211–3.669 0.008 2.418 1.343–4.356 0.003a

 Vitamin D supplementation before KT 2.545 1.363–4.752 0.003 2.269 1.246–4.129 0.007a

 Gender (male) 0.421 0.241–0.736 0.002 0.889 0.014–0.902 0.004a

 Dialysis duration 1.036 0.863–1.243 0.706
 BMI 1.079 0.910–1.278 0.381
 DM 1.407 0.619–3.198 0.415
 Donor type (DCD) 0.937 0.522–1.682 0.828
 2 week sCa 0.279 0.057–1.364 0.115
 2 week sPi 0.851 0.433–1.029 0.256
 2 week PTH 1.000 1.000–1.001 0.265
 2 week FGF23 0.999 0.998–1.000 0.011 0.998 0.979–0.999 0.256
 2 week 25(OH)D 0.993 0.979–1.008 0.343
 2 week KLA 0.678 0.423–0.985 0.265
 PTH before KT 1.064 0.999–1.139 0.038 1.010 1.000–1.139 0.098
 sCa before KT 1.254 0.870–2.634 0.435
 sPi before KT 1.003 0.985–1.050 0.358
 FGF23 before KT 1.254 0.842–3.601 0.522
Risk factors for CACS >0 at month 12
 Age 1.193 1.136–1.253 0.000 1.205 1.156–1.269 0.000a

 Vitamin D supplementation after KT 4.580 2.102–9.980 0.004 3.540 1.315–9.530 0.012a

 Vitamin D supplementation before KT 2.347 1.305–4.219 0.000 2.144 0.941–4.885 0.003a

 Gender (male) 0.762 0.430–1.349 0.351
 Dialysis duration 1.148 0.989–1.331 0.069
 BMI 0.984 0.825–1.174 0.860
 DM 0.930 0.402–2.151 0.865
 Donor type (DCD) 1.787 0.982–3.254 0.057
 2 week sCa 0.344 0.066–1.791 0.205
 2 week sPi 1.099 0.870–1.372 0.098
 2 week PTH 1.308 0.809–2.411 0.309
 2 week FGF23 1.029 0.828–1.348 0.052
 2 week 25(OH)D 0.991 0.976–1.006 0.246
 2 week KLA 0.989 0.560–1.746 0.969
 Coronary calcification before KT 2.144 1.194–3.851 0.011 3.567 1.549–8.212 0.069
 PTH before KT 1.162 0.846–1.534 0.309
 sCa before KT 1.058 0.708–1.695 0.605
 sPi before KT 1.206 1.001–1.601 0.309
 FGF23 before KT 2.331 1.402–3.830 0.002 2.012 1.168–4.541 0.198

aSelected in final logistic regression model.
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proinflammatory cytokines, including interleukin 1 (IL1), 
IL6 and TNF, can induce the expression of the FGF23 
gene directly through nuclear factor KB activation (34) or 
indirectly by promoting the secretion of hepcidin (35). The 
immunomodulatory effect of active vitamin D may inhibit 

the production of proinflammatory cytokines (36) and 
further lead to decreased expression of the FGF23 gene. 
Previous in vitro studies have proven that VDR and CYP27B1 
are expressed in several innate and adaptive immune cells, 
which enables immune cells to synthesize active vitamin D 

Figure 4
Nomogram for predicting THPT at month 12. The 
nomogram represents the predicted probability 
of THPT at month 12 on a scale of 0–240. For each 
predictor, draw a vertical line straight up to the 
point axis and note the corresponding points. 
Sum the points from each predictor, and the total 
score corresponding to a predicted probability of 
THPT at month 12 can be found at the bottom of 
the nomogram.
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Figure 5
Nomogram for predicting coronary calcification 
(CACS >0) at month 12. The nomogram represents 
the predicted probability of coronary calcification 
on a scale of 0–130. For each predictor, draw a 
vertical line straight up to the point axis and note 
the corresponding points. Sum the points from 
each predictor, and the total score corresponding 
to a predicted probability of coronary calcification 
can be found at the bottom of the nomogram.
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metabolite and regulate both innate and adaptive immune 
functions in an autocrine or paracrine manner (36, 37), 
indicating that correcting vitamin D deficiency with 
cholecalciferol might maximize the immunomodulatory 
function of vitamin D.

In our study, vitamin D supplementation after 
transplantation was found to be closely related to the 
increase in KLA, which was consistent with the in vitro 
research findings (9). Studies have proven that soluble 
KLA plays a protective role in ischemia-reperfusion injury 
and renal fibrosis by regulating the function of several 
growth factors and ion transporters involved in epithelial–
mesenchymal transition and proteinuria. The results of our 
study indicated that vitamin D supplementation might 
benefit graft function by elevating the level of soluble 
KLA, which provides another basis for the application of 
vitamin D after KT. Vitamin D was reported to directly 
induce the expression of KLA by binding to VDR and 

thereafter transactivating the promoter of the KLA gene 
(9). In previous studies, a transient reduction in KLA 
levels during the acute postoperative phase followed by 
a consistent increase was generally observed (24, 38, 39), 
which showed a similar trend to our findings (24). Since the 
kidney is responsible for both the synthesis and cleavage 
of soluble KLA, the main reason for the initial decline at 
week 2 may lie in the increased excretion of soluble KLA 
and reduced soluble KLA production, which may be caused 
by the transient dysfunction of renal tubules at the acute 
postoperative phase. However, correlation analyses in a 
previous study at month 12 showed no relationship between 
the use of immunosuppressants and renal function with 
KLA, indicating that KLA levels might be affected by non-
renal-related factors (24). Our data suggested that vitamin 
D significantly contributed to the increase in soluble KLA 
levels within 12 months posttransplant. However, we 
believe that the effect of vitamin D supplementation on KLA 
in KTRs requires further investigation. First, the expression 
of the KLA gene is regulated by numerous factors other 
than vitamin D and PTH. Previous studies have reported 
that the renin–angiotensin–aldosterone system and other 
factors promoting FGF23 expression were associated with 
the downregulation of KLA gene expression (40), while 
thiazolidinediones could induce the expression of the KLA 
gene (41). Adiponectin and leptin were also reported to be 
correlated with the increase and reduction in KLA levels in 
KTRs (42). Secondly, the soluble KLA level is closely related 
to the ectodomain shedding of membrane KLA. Yoon et al. 
reported a novel pathway consisting of Ca-sensing receptor, 
ADAM metallopeptidase domain 10 and KLA. The pathway 
was activated by Ca-sensing receptor activators, including 
serum calcium, calcimimetics and alkali, and resulted in 
the increased shedding of membrane KLA and elevated 
soluble KLA (43). Given that cinacalcet was prescribed to 
approximately 10% of KTRs in the treated group, the effect 
of increased ectodomain shedding on elevated soluble KLA 
levels should not be ignored. Therefore, a randomized, 
double-blinded controlled trial with larger samples is 
needed to identify the independent effect of vitamin D 
supplementation on soluble KLA levels.

Another encouraging result in our study was that the 
levels of BCTX and P1NP were significantly lower in the 
treated group than in the untreated group since 6 months 
posttransplant (Tables 2 and 3). P1NP is a metabolic 
marker of bone formation, while BCTX is a marker of bone 
resorption. The increased BCTX and P1NP levels in KTRs 
since month 3 indicated the high turnover status of bone 
metabolism, which will induce the increased loss of bone 
mass. Vitamin D supplementation will increase the active 

Figure 6
ROC curve for predicting THPT and coronary calcification (CACS >0) at 
month 12. (A) ROC curve for predicting THPT obtained by the 
bootstrapping method (resample: 500), with an AUROC of 0.897 (95% CI: 
0.856–0.938). (B) ROC curve for predicting coronary calcification obtained 
by the bootstrapping method (resample: 500), with an AUROC of 0.668 
(95% CI: 0.596–0.740).
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vitamin D levels in vivo, which plays a dual-directional 
regulatory effect according to the different types of bone 
metabolic disorders. For the KTRs in our study, vitamin D 
supplementation suppressed the high turnover status of 
KTRs in the treated group and may decrease the bone mass 
loss thereafter.

Regarding graft function, we found higher eGFR levels 
in the treated group than in the untreated group. One 
possible explanation is that vitamin D can induce immune 
tolerance by regulating the effector function of immune 
cells and suppressing the secretion of proinflammatory 
cytokines and chemokines (36), so it is possible that graft 
function can be affected by vitamin D supplementation. 
However, the effect of vitamin D on graft function remains 
controversial. A recent randomized controlled trial from 
Japan showed that vitamin D supplementation exerted no 
effect on graft function and pathological changes in renal 
grafts within 12 months posttransplant (22). One possible 
reason for the inconsistent result between our study and 
the Japanese study was that the average 25(OH)D level in 
our treated group was 89.7 ± 16.00 nmol/L at month 12, 
which was much higher than that in the Japanese study, 
with a median level of 40 (30–49) nmol/L. However, we 
found no correlation between vitamin D supplementation 
and graft function at month 12, which might be associated 
with limited follow-up time. Thus, the effect of vitamin D 
supplementation on graft function needs to be evaluated 
with more immune markers and longer follow-up times.

In our study, we discovered that vitamin D 
supplementation before and after KT delayed the 
progression of coronary artery calcification within 12 
months posttransplant. Vitamin D deficiency was reported 
to be associated with coronary artery calcification by 
previous studies concerning both CKD patients and KTRs. 
The protective effect of vitamin D on vascular calcification 
after KT is likely multifactorial. First, excessively elevated 
levels of PTH and serum calcium were associated with the 
development and progression of extraskeletal calcification 
(44, 45). Sufficient vitamin D is able to suppress the 
secretion of PTH and increase skeletal calcium deposition, 
thus preventing the development and progression of 
vascular calcification. Secondly, emerging evidence 
suggests that the anti-inflammatory effect of vitamin D 
contributes to preventing endothelial dysfunction and 
vascular calcification. The expression of several cytokines 
involved in the development of the early stage of vascular 
calcification, including IL1, IL6, IL8 and TNF, could be 
reduced by vitamin D in a paracrine way or an intracrine way 
in monocytes (46, 47, 48). Thirdly, as an antiaging protein, 
KLA was also reported to be protective against vascular 

calcification in both soluble and membrane-bound forms 
(49, 50). Existing evidence has demonstrated that KLA can 
suppress the phosphate-induced calcification of vascular 
smooth cells and reduce the expression of plasminogen 
activator inhibitor 1, p21, p16 and senescence-associated 
galactosidase beta, which are involved in cell senescence 
and lead to damage to endothelial integrity (51). As a 
noninvasive examination, CACS was reported to be an 
early independent predictor of cardiovascular morbidity 
and mortality in haemodialysis patients (52, 53). However, 
no cardiovascular events were reported in either group of 
our study. The impact of vitamin D supplementation on 
the incidence of cardiovascular disease after KT needs to be 
evaluated with a longer follow-up.

To our knowledge, our study is the first to prospectively 
explore the effects of vitamin D supplementation on 
iFGF23 and KLA levels and CACS in KTRs. However, 
there were still a few limitations. First, our study was a 
nonrandomized cohort trial, which may induce selection 
bias. Secondly, the follow-up time in our study was only 
12 months, which might not be sufficient to observe the 
impacts of vitamin D supplementation on bone mineral 
metabolism, graft function and cardiovascular events. 
Thirdly, our sample size was not large enough. Therefore, 
randomized control studies with a longer follow-up time 
and a larger sample size should be performed to further 
assess the role of vitamin D supplementation in KTRs.

Conclusion

In summary, THPT and disorders of the FGF23–KLA 
axis occurred in most KTRs with ordinary graft function 
within 12 months posttransplant. Coronary calcification 
also developed with poorly controlled THPT and elevated 
iFGF23 levels after transplantation. Correction of vitamin 
D deficiency using cholecalciferol within 12 months 
posttransplant was effective in attenuating persistent 
hyperparathyroidism, improving FGF23 resistance and 
high bone turnover status, preserving graft function and 
preventing coronary calcification.

Supplementary materials
This is linked to the online version of the paper at https://doi.org/10.1530/
EC-22-0123.

Declaration of interest
All of the authors have read the manuscript and approved its submission. 
The manuscript has not been published previously and is not being 
considered for publication in any language elsewhere, either in whole or in 
part, except as an abstract.

This work is licensed under a Creative Commons 
Attribution-NonCommercial 4.0 International License.https://doi.org/10.1530/EC-22-0123

https://ec.bioscientifica.com © 2022 The authors
Published by Bioscientifica Ltd

Downloaded from Bioscientifica.com at 11/24/2022 12:12:58PM
via free access

https://doi.org/10.1530/EC-22-0123
https://doi.org/10.1530/EC-22-0123
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-22-0123
https://ec.bioscientifica.com


S-M Hu et al. e220123

PB–XX

11:8

Funding
This study was supported by grants from the National Natural Science 
Foundation of China (grant numbers: 81771714) and 1·3·5 project for 
disciplines of excellence-Clinical Research Incubation Project, West China 
Hospital, Sichuan University (grant numbers: ZYJC18004, 21HXFH016). 
Fundings were mainly used in purchasing testing kits and consumables for 
experiments.

Author contribution statement
Yun-Ying Shi and Lan-Lan Wang contributed to the conception and 
designation of the research. Xian-Ding Wang, Tao Lin, Yun-Ying Shi and Ye 
Tao contributed to the recruitment and follow-up of subjects. Ya-Mei Li, 
Shu-Meng Hu and Yang-Juan Bai contributed to the conduct of experiment 
and the analysis of data. Shu-Meng Hu, Yun-Ying Shi and Lan-Lan Wang 
contribute to the drafting, revising and the final approval of the article.

References
 1 Tominaga Y & Takagi H. Molecular genetics of hyperparathyroid 

disease. Current Opinion in Nephrology and Hypertension 1996 5 336–341. 
(https://doi.org/10.1097/00041552-199607000-00008)

 2 Evenepoel P, Claes K, Kuypers D, Maes B, Bammens B & 
Vanrenterghem Y. Natural history of parathyroid function and 
calcium metabolism after kidney transplantation: a single-centre 
study. Nephrology, Dialysis, Transplantation 2004 19 1281–1287. 
(https://doi.org/10.1093/ndt/gfh128)

 3 Heaf JG. Bone disease after renal transplantation. Transplantation 2003 
75 315–325. (https://doi.org/10.1097/01.TP.0000043926.74349.6D)

 4 Bouquegneau A, Salam S, Delanaye P, Eastell R & Khwaja A. Bone 
disease after kidney transplantation. Clinical Journal of the American 
Society of Nephrology 2016 11 1282–1296. (https://doi.org/10.2215/
CJN.11371015)

 5 Shimada T, Hasegawa H, Yamazaki Y, Muto T, Hino R, Takeuchi Y, 
Fujita T, Nakahara K, Fukumoto S & Yamashita T. FGF-23 is a potent 
regulator of vitamin D metabolism and phosphate homeostasis. 
Journal of Bone and Mineral Research 2004 19 429–435. (https://doi.
org/10.1359/JBMR.0301264)

 6 Kuro-O M, Matsumura Y, Aizawa H, Kawaguchi H, Suga T, Utsugi T, 
Ohyama Y, Kurabayashi M, Kaname T, Kume E, et al. Mutation of the 
mouse klotho gene leads to a syndrome resembling ageing. Nature 
1997 390 45–51. (https://doi.org/10.1038/36285)

 7 Urakawa I, Yamazaki Y, Shimada T, Iijima K, Hasegawa H, Okawa K, 
Fujita T, Fukumoto S & Yamashita T. Klotho converts canonical FGF 
receptor into a specific receptor for FGF23. Nature 2006 444 770–774. 
(https://doi.org/10.1038/nature05315)

 8 Kurosu H, Ogawa Y, Miyoshi M, Yamamoto M, Nandi A, Rosenblatt KP, 
Baum MG, Schiavi S, Hu MC, Moe OW, et al. Regulation of fibroblast 
growth factor-23 signaling by klotho. Journal of Biological Chemistry 
2006 281 6120–6123. (https://doi.org/10.1074/jbc.C500457200)

 9 Kuro-O M. The klotho proteins in health and disease. Nature Reviews: 
Nephrology 2019 15 27–44. (https://doi.org/10.1038/s41581-018-
0078-3)

 10 Ben-Dov IZ, Galitzer H, Lavi-Moshayoff V, Goetz R, Kuro-O M, 
Mohammadi M, Sirkis R, Naveh-Many T & Silver J. The parathyroid is a 
target organ for FGF23 in rats. Journal of Clinical Investigation 2007 117 
4003–4008. (https://doi.org/10.1172/JCI32409)

 11 Olauson H, Lindberg K, Amin R, Sato T, Jia T, Goetz R, Mohammadi M, 
Andersson G, Lanske B & Larsson TE. Parathyroid-specific deletion 
of klotho unravels a novel calcineurin-dependent FGF23 signaling 
pathway that regulates PTH secretion. PLoS Genetics 2013 9 e1003975. 
(https://doi.org/10.1371/journal.pgen.1003975)

 12 Kumata C, Mizobuchi M, Ogata H, Koiwa F, Nakazawa A, Kondo F, 
Kadokura Y, Kinugasa E & Akizawa T. Involvement of alpha-klotho 

and fibroblast growth factor receptor in the development of secondary 
hyperparathyroidism. American Journal of Nephrology 2010 31 230–238. 
(https://doi.org/10.1159/000274483)

 13 Silver J & Naveh-Many T. FGF23 and the parathyroid. Advances in 
Experimental Medicine and Biology 2012 728 92–99. (https://doi.
org/10.1007/978-1-4614-0887-1_6)

 14 Grabner A, Amaral AP, Schramm K, Singh S, Sloan A, Yanucil C, 
Li J, Shehadeh LA, Hare JM, David V, et al. Activation of cardiac 
fibroblast growth factor receptor 4 causes left ventricular hypertrophy. 
Cell Metabolism 2015 22 1020–1032. (https://doi.org/10.1016/j.
cmet.2015.09.002)

 15 Faul C, Amaral AP, Oskouei B, Hu MC, Sloan A, Isakova T, 
Gutiérrez OM, Aguillon-Prada R, Lincoln J, Hare JM, et al. FGF23 
induces left ventricular hypertrophy. Journal of Clinical Investigation 
2011 121 4393–4408. (https://doi.org/10.1172/JCI46122)

 16 Grabner A, Schramm K, Silswal N, Hendrix M, Yanucil C, Czaya B, 
Singh S, Wolf M, Hermann S, Stypmann J, et al. FGF23/FGFR4-
mediated left ventricular hypertrophy is reversible. Scientific Reports 
2017 7 1993. (https://doi.org/10.1038/s41598-017-02068-6)

 17 Singh S, Grabner A, Yanucil C, Schramm K, Czaya B, Krick S, Czaja MJ, 
Bartz R, Abraham R, Di Marco GS, et al. Fibroblast growth factor 23 
directly targets hepatocytes to promote inflammation in chronic 
kidney disease. Kidney International 2016 90 985–996. (https://doi.
org/10.1016/j.kint.2016.05.019)

 18 Rossaint J, Oehmichen J, Van Aken H, Reuter S, Pavenstadt HJ, 
Meersch M, Unruh M & Zarbock A. FGF23 signaling impairs 
neutrophil recruitment and host defense during CKD. Journal of 
Clinical Investigation 2016 126 962–974. (https://doi.org/10.1172/
JCI83470)

 19 Yang K, Peretz-Soroka H, Wu J, Zhu L, Cui X, Zhang M, Rigatto C, Liu Y 
& Lin F. Fibroblast growth factor 23 weakens chemotaxis of human 
blood neutrophils in microfluidic devices. Scientific Reports 2017 7 
3100. (https://doi.org/10.1038/s41598-017-03210-0)

 20 Holick MF. Vitamin D deficiency. New England Journal of Medicine 2007 
357 266–281. (https://doi.org/10.1056/NEJMra070553)

 21 Barros X, Rodriguez NY, Fuster D, Rodas L, Esforzado N, Mazza A, 
Rubello D, Campos F, Tapias A & Torregrosa JV. Comparison of two 
different vitamin D supplementation regimens with oral calcifediol 
in kidney transplant patients. Journal of Nephrology 2016 29 703–709. 
(https://doi.org/10.1007/s40620-015-0237-6)

 22 Doi Y, Tsujita M, Hamano T, Obi Y, Namba-Hamano T, Tomosugi T, 
Futamura K, Okada M, Hiramitsu T, Goto N, et al. The effect of 
cholecalciferol supplementation on allograft function in incident 
kidney transplant recipients: a randomized controlled study. American 
Journal of Transplantation 2021 21 3043–3054. (https://doi.org/10.1111/
ajt.16530)

 23 Kawarazaki H, Shibagaki Y, Fukumoto S, Kido R, Ando K, Nakajima I, 
Fuchinoue S, Fujita T, Fukagawa M & Teraoka S. Natural history of 
mineral and bone disorders after living-donor kidney transplantation: 
a one-year prospective observational study. Therapeutic Apheresis 
and Dialysis 2011 15 481–487. (https://doi.org/10.1111/j.1744-
9987.2011.00932.x)

 24 Tan SJ, Crosthwaite A, Langsford D, Obeysekere V, Ierino FL, 
Roberts MA, Hughes PD, Hewitson TD, Dwyer KM & Toussaint ND. 
Mineral adaptations following kidney transplantation. Transplant 
International 2017 30 463–473. (https://doi.org/10.1111/tri.12925)

 25 Wolf M, Weir MR, Kopyt N, Mannon RB, Von Visger J, Deng H, Yue S 
& Vincenti F. A prospective cohort study of mineral metabolism after 
kidney transplantation. Transplantation 2016 100 184–193. (https://
doi.org/10.1097/TP.0000000000000823)

 26 Lee PP, Schiffmann L, Offermann G & Beige J. Effects of 
parathyroidectomy on renal allograft survival. Kidney and Blood 
Pressure Research 2004 27 191–196. (https://doi.org/10.1159/000079810)

 27 Jamal SA & Miller PD. Secondary and tertiary hyperparathyroidism. 
Journal of Clinical Densitometry 2013 16 64–68. (https://doi.
org/10.1016/j.jocd.2012.11.012)

This work is licensed under a Creative Commons 
Attribution-NonCommercial 4.0 International License.https://doi.org/10.1530/EC-22-0123

https://ec.bioscientifica.com © 2022 The authors
Published by Bioscientifica Ltd

Downloaded from Bioscientifica.com at 11/24/2022 12:12:58PM
via free access

https://doi.org/10.1097/00041552-199607000-00008
https://doi.org/10.1093/ndt/gfh128
https://doi.org/10.1097/01.TP.0000043926.74349.6D
https://doi.org/10.2215/CJN.11371015
https://doi.org/10.2215/CJN.11371015
https://doi.org/10.1359/JBMR.0301264
https://doi.org/10.1359/JBMR.0301264
https://doi.org/10.1038/36285
https://doi.org/10.1038/nature05315
https://doi.org/10.1074/jbc.C500457200
https://doi.org/10.1038/s41581-018-0078-3
https://doi.org/10.1038/s41581-018-0078-3
https://doi.org/10.1172/JCI32409
https://doi.org/10.1371/journal.pgen.1003975
https://doi.org/10.1159/000274483
https://doi.org/10.1007/978-1-4614-0887-1_6
https://doi.org/10.1007/978-1-4614-0887-1_6
https://doi.org/10.1016/j.cmet.2015.09.002
https://doi.org/10.1016/j.cmet.2015.09.002
https://doi.org/10.1172/JCI46122
https://doi.org/10.1038/s41598-017-02068-6
https://doi.org/10.1016/j.kint.2016.05.019
https://doi.org/10.1016/j.kint.2016.05.019
https://doi.org/10.1172/JCI83470
https://doi.org/10.1172/JCI83470
https://doi.org/10.1038/s41598-017-03210-0
https://doi.org/10.1056/NEJMra070553
https://doi.org/10.1007/s40620-015-0237-6
https://doi.org/10.1111/ajt.16530
https://doi.org/10.1111/ajt.16530
https://doi.org/10.1111/j.1744-9987.2011.00932.x
https://doi.org/10.1111/j.1744-9987.2011.00932.x
https://doi.org/10.1111/tri.12925
https://doi.org/10.1097/TP.0000000000000823
https://doi.org/10.1097/TP.0000000000000823
https://doi.org/10.1159/000079810
https://doi.org/10.1016/j.jocd.2012.11.012
https://doi.org/10.1016/j.jocd.2012.11.012
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-22-0123
https://ec.bioscientifica.com


S-M Hu et al. e22012311:8

 28 Stavroulopoulos A, Cassidy MJ, Porter CJ, Hosking DJ & Roe SD. 
Vitamin D status in renal transplant recipients. American Journal of 
Transplantation 2007 7 2546–2552. (https://doi.org/10.1111/j.1600-
6143.2007.01978.x)

 29 Beique LC, Kline GA, Dalton B, Duggan K & Yilmaz S. Predicting 
deficiency of vitamin D in renal transplant recipients in northern 
climates. Transplantation 2013 95 1479–1484. (https://doi.org/10.1097/
TP.0b013e31828eea93)

 30 Barthel TK, Mathern DR, Whitfield GK, Haussler CA, Hopper HA, 
Hsieh JC, Slater SA, Hsieh G, Kaczmarska M, Jurutka PW, et al. 
1,25-Dihydroxyvitamin D3/VDR-mediated induction of FGF23 as well 
as transcriptional control of other bone anabolic and catabolic genes 
that orchestrate the regulation of phosphate and calcium mineral 
metabolism. Journal of Steroid Biochemistry and Molecular Biology 2007 
103 381–388. (https://doi.org/10.1016/j.jsbmb.2006.12.054)

 31 Inoue Y, Segawa H, Kaneko I, Yamanaka S, Kusano K, Kawakami E, 
Furutani J, Ito M, Kuwahata M, Saito H, et al. Role of the vitamin D 
receptor in FGF23 action on phosphate metabolism. Biochemical 
Journal 2005 390 325–331. (https://doi.org/10.1042/BJ20041799)

 32 Masuyama R, Stockmans I, Torrekens S, Van Looveren R, Maes C, 
Carmeliet P, Bouillon R & Carmeliet G. Vitamin D receptor in 
chondrocytes promotes osteoclastogenesis and regulates FGF23 
production in osteoblasts. Journal of Clinical Investigation 2006 116 
3150–3159. (https://doi.org/10.1172/JCI29463)

 33 Chow EC, Quach HP, Vieth R & Pang KS. Temporal changes in tissue 
1alpha,25-dihydroxyvitamin D3, vitamin D receptor target genes, 
and calcium and PTH levels after 1,25(OH)2D3 treatment in mice. 
American Journal of Physiology: Endocrinology and Metabolism 2013 304 
E977–E989. (https://doi.org/10.1152/ajpendo.00489.2012)

 34 Lawrence T. The nuclear factor NF-kappaB pathway in inflammation. 
Cold Spring Harbor Perspectives in Biology 2009 1 a001651. (https://doi.
org/10.1101/cshperspect.a001651)

 35 David V, Francis C & Babitt JL. Ironing out the cross talk between 
FGF23 and inflammation. American Journal of Physiology: 
Renal Physiology 2017 312 F1–F8. (https://doi.org/10.1152/
ajprenal.00359.2016)

 36 Charoenngam N & Holick MF. Immunologic effects of vitamin D 
on human health and disease. Nutrients 2020 12 2097. (https://doi.
org/10.3390/nu12072097)

 37 Ponticelli C & Sala G. Vitamin D: a new player in kidney 
transplantation? Expert Review of Clinical Immunology 2014 10 
1375–1383. (https://doi.org/10.1586/1744666X.2014.949674)

 38 Malyszko J, Koc-Zorawska E, Matuszkiewicz-Rowinska J & Malyszko J. 
FGF23 and klotho in relation to markers of endothelial dysfunction 
in kidney transplant recipients. Transplantation Proceedings 2014 46 
2647–2650. (https://doi.org/10.1016/j.transproceed.2014.09.015)

 39 Tartaglione L, Pasquali M, Rotondi S, Muci ML, Leonangeli C, 
Farcomeni A, Fassino V & Mazzaferro S. Interactions of sclerostin with 
FGF23, soluble klotho and vitamin D in renal transplantation. PLoS 
ONE 2017 12 e0178637. (https://doi.org/10.1371/journal.pone.0178637)

 40 de Borst MH, Vervloet MG, ter Wee PM & Navis G. Cross talk 
between the renin-angiotensin-aldosterone system and vitamin 
D-FGF-23-klotho in chronic kidney disease. Journal of the American 
Society of Nephrology 2011 22 1603–1609. (https://doi.org/10.1681/
ASN.2010121251)

 41 Zhang H, Li Y, Fan Y, Wu J, Zhao B, Guan Y, Chien S & Wang N. Klotho 
is a target gene of PPAR-gamma. Kidney International 2008 74 732–739. 
(https://doi.org/10.1038/ki.2008.244)

 42 Marchelek-Myśliwiec M, Dziedziejko V, Nowosiad-Magda M, 
Wiśniewska M, Safranow K, Pawlik A, Domański L, Dołęgowska K, 
Dołęgowska B, Stępniewska J, et al. Bone metabolism parameters in 
hemodialysis patients with chronic kidney disease and in patients 
after kidney transplantation. Physiological Research 2019 68 947–954. 
(https://doi.org/10.33549/physiolres.934118)

 43 Yoon J, Liu Z, Lee E, Liu L, Ferre S, Pastor J, Zhang J, Moe OW, 
Chang AN & Miller RT. Physiologic regulation of systemic klotho levels 
by renal CaSR signaling in response to CaSR ligands and pHo. Journal 
of the American Society of Nephrology 2021 32 3051–3035. (https://doi.
org/10.1681/ASN.2021020276)

 44 Rashid G, Plotkin E, Klein O, Green J, Bernheim J & Benchetrit S. 
Parathyroid hormone decreases endothelial osteoprotegerin 
secretion: role of protein kinase A and C. American. American Journal 
of Physiology: Renal Physiology 2009 296 F60–F66. (https://doi.
org/10.1152/ajprenal.00622.2007)

 45 Neves KR, Graciolli FG, dos Reis LM, Graciolli RG, Neves CL, 
Magalhaes AO, Custodio MR, Batista DG, Jorgetti V & Moyses RM. 
Vascular calcification: contribution of parathyroid hormone in 
renal failure. Kidney International 2007 71 1262–1270. (https://doi.
org/10.1038/sj.ki.5002241)

 46 Zehnder D, Bland R, Chana RS, Wheeler DC, Howie AJ, Williams MC, 
Stewart PM & Hewison M. Synthesis of 1,25-dihydroxyvitamin D(3) 
by human endothelial cells is regulated by inflammatory cytokines: 
a novel autocrine determinant of vascular cell adhesion. Journal of 
the American Society of Nephrology 2002 13 621–629. (https://doi.
org/10.1681/ASN.V133621)

 47 Equils O, Naiki Y, Shapiro AM, Michelsen K, Lu D, Adams J & 
Jordan S. 1,25-Dihydroxyvitamin D inhibits lipopolysaccharide-
induced immune activation in human endothelial cells. Clinical and 
Experimental Immunology 2006 143 58–64. (https://doi.org/10.1111/
j.1365-2249.2005.02961.x)

 48 Ertek S, Akgul E, Cicero AF, Kutuk U, Demirtas S, Cehreli S & 
Erdogan G. 25-Hydroxy vitamin D levels and endothelial vasodilator 
function in normotensive women. Archives of Medical Science 2012 8 
47–52. (https://doi.org/10.5114/aoms.2012.27280)

 49 Hu MC, Shi M, Zhang J, Quinones H, Griffith C, Kuro-O M & Moe OW. 
Klotho deficiency causes vascular calcification in chronic kidney 
disease. Journal of the American Society of Nephrology 2011 22 124–136. 
(https://doi.org/10.1681/ASN.2009121311)

 50 Chang JR, Guo J, Wang Y, Hou YL, Lu WW, Zhang JS, Yu YR, 
Xu MJ, Liu XY, Wang XJ, et al. Intermedin1-53 attenuates vascular 
calcification in rats with chronic kidney disease by upregulation of 
alpha-klotho. Kidney International 2016 89 586–600. (https://doi.
org/10.1016/j.kint.2015.12.029)

 51 Leibrock CB, Alesutan I, Voelkl J, Pakladok T, Michael D, Schleicher E, 
Kamyabi-Moghaddam Z, Quintanilla-Martinez L, Kuro-O M & Lang F. 
NH4Cl treatment prevents tissue calcification in klotho deficiency. 
Journal of the American Society of Nephrology 2015 26 2423–2433. 
(https://doi.org/10.1681/ASN.2014030230)

 52 Okamoto T, Morimoto S, Ikenoue T, Furumatsu Y & Ichihara A. 
Visceral fat level is an independent risk factor for cardiovascular 
mortality in hemodialysis patients. American Journal of Nephrology 2014 
39 122–129. (https://doi.org/10.1159/000358335)

 53 Shimoyama Y, Tsuruta Y & Niwa T. Coronary artery calcification 
score is associated with mortality in Japanese hemodialysis patients. 
Journal of Renal Nutrition 2012 22 139–142. (https://doi.org/10.1053/j.
jrn.2011.10.024)

Received in final form 14 June 2022
Accepted 30 June 2022
Accepted Manuscript published online 1 July 2022

This work is licensed under a Creative Commons 
Attribution-NonCommercial 4.0 International License.https://doi.org/10.1530/EC-22-0123

https://ec.bioscientifica.com © 2022 The authors
Published by Bioscientifica Ltd

Downloaded from Bioscientifica.com at 11/24/2022 12:12:58PM
via free access

https://doi.org/10.1111/j.1600-6143.2007.01978.x
https://doi.org/10.1111/j.1600-6143.2007.01978.x
https://doi.org/10.1097/TP.0b013e31828eea93
https://doi.org/10.1097/TP.0b013e31828eea93
https://doi.org/10.1016/j.jsbmb.2006.12.054
https://doi.org/10.1042/BJ20041799
https://doi.org/10.1172/JCI29463
https://doi.org/10.1152/ajpendo.00489.2012
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.1152/ajprenal.00359.2016
https://doi.org/10.1152/ajprenal.00359.2016
https://doi.org/10.3390/nu12072097
https://doi.org/10.3390/nu12072097
https://doi.org/10.1586/1744666X.2014.949674
https://doi.org/10.1016/j.transproceed.2014.09.015
https://doi.org/10.1371/journal.pone.0178637
https://doi.org/10.1681/ASN.2010121251
https://doi.org/10.1681/ASN.2010121251
https://doi.org/10.1038/ki.2008.244
https://doi.org/10.33549/physiolres.934118
https://doi.org/10.1681/ASN.2021020276
https://doi.org/10.1681/ASN.2021020276
https://doi.org/10.1152/ajprenal.00622.2007
https://doi.org/10.1152/ajprenal.00622.2007
https://doi.org/10.1038/sj.ki.5002241
https://doi.org/10.1038/sj.ki.5002241
https://doi.org/10.1681/ASN.V133621
https://doi.org/10.1681/ASN.V133621
https://doi.org/10.1111/j.1365-2249.2005.02961.x
https://doi.org/10.1111/j.1365-2249.2005.02961.x
https://doi.org/10.5114/aoms.2012.27280
https://doi.org/10.1681/ASN.2009121311
https://doi.org/10.1016/j.kint.2015.12.029
https://doi.org/10.1016/j.kint.2015.12.029
https://doi.org/10.1681/ASN.2014030230
https://doi.org/10.1159/000358335
https://doi.org/10.1053/j.jrn.2011.10.024
https://doi.org/10.1053/j.jrn.2011.10.024
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-22-0123
https://ec.bioscientifica.com

	Abstract
	Introduction
	Methods and materials
	Description of the cohort
	Data collection and measurements
	Hyperparathyroidism treatment strategy
	Statistical analysis

	Results
	Description of the study population
	Changes in biochemical parameters in KTRs
	Effects of vitamin D supplementation on laboratory parameters, graft function and CACS
	Correlations between vitamin D treatment and THPT, iFGF23, KLA and CACS

	Discussion
	Conclusion
	Supplementary materials
	Declaration of interest
	Funding
	Author contribution statement
	References

