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Abstract

Vitamin D plays an important role in proliferation and differentiation of cells and deficiency of
vitamin D disturbs angiogenic balance. Previous studies in animal models have reported an
association between serum levels of vitamin D and balance between pro- and anti-angio-
genic factors. There is insufficient evidence about the effect of vitamin D on mediators of
angiogenesis in patients with CKD. We investigated the effect of cholecalciferol supplemen-
tation on serum levels of angiogenic markers in non-diabetic patients with CKD stage 3—4.
In this secondary analysis on stored samples of our previously published randomized, dou-
ble-blind, placebo-controlled trial, stable patients of either sex, aged 18-70 years, with non-
diabetic CKD stage 3—4 and vitamin D deficiency (serum 25-hydroxyvitamin D <20 ng/ml)
were randomized to receive either two directly observed oral doses of cholecalciferol
(300,000 IU) or matching placebo at baseline and 8 weeks. The primary outcome was
change in brachial artery flow-mediated dilatation at 16 weeks. Changes in levels of serum
angiogenesis markers (angiopoietin-1, angiopoietin-2, VEGF-A, VEGEF-R, and Tie-2)
between groups over 16 weeks were compared. A total 120 patients were enrolled. Supple-
mentation with cholecalciferol led to significant improvement in FMD. Serum 25(OH)D levels
were similar in both groups at baseline (13.211£4.78 ng/ml and 13.40£4.42 ng/ml; p = 0.888).
At 16 weeks, the serum 25(OH)D levels increased in the cholecalciferol group but not in the
placebo group (between-group difference in mean change:23.40 ng/ml; 95% Cl, 19.76 to
27.06; p<0.001). Serum levels of angiogenic markers were similar at baseline. At 16 weeks,
angiopoietin-2 level decreased in cholecalciferol group (mean difference:-0.73 ng/ml, 95%
Cl, -1.2510-0.20, p = 0.002) but not in placebo group (mean difference -0.46 ng/ml, 95%ClI,
-1.091t0 0.17, p = 0.154), however there was no between-group difference at 16 weeks
(between-group difference in mean change: -0.27 ng/ml, 95%ClI, -1.09 to 0.55, p = 0.624).
Serum angiopoietin-1 level increased [mean change: 5.63 (0.51 to 10.75), p =0.018] and
VEGF-R level decreased [mean change: -87.16 (-131.89 to -42.44), p<0.001] in placebo
group but did not show any change in cholecalciferol group. Our data shows the changes in
Ang-1, Ang-2 and Ang-1/Ang-2 ratio after high dose oral cholecalciferol supplementation in
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patients with non-diabetic G3-4 CKD. The data suggests changes in circulating levels of
angiogenic markers which needs to be confirmed through an adequately powered study.

Introduction

Angiogenesis, a physiological process that generally refers to the development of new blood
vessels from pre-existing vessels [1], involves migration and proliferation of endothelial cells,
lumen formation, maturation, and remodelling and is affected by a number of factors [2]. The
balance between pro-angiogenic and anti-angiogenic molecules control the process of angio-
genesis and imbalance of angiogenesis-related factors is implicated in the pathogenesis of vari-
ous disorders like cancer, cardiovascular disease, kidney disease, and autoimmune diseases [3].
Many strands of evidence indicate that along with angiogenesis factors like angiopoietin-1
(Ang-1), angiopoietin-2 (Ang-2), vascular endothelial growth factor-A (VEGF-A), vascular
endothelial growth factor receptor (VEGFR), and Tie-2, vitamin D also plays a role in the regu-
lation of angiogenesis [4]. Experimental studies have demonstrated an association between the
balance of angiogenesis-related factors and the progression of CKD [5, 6].

Vitamin D plays an important role in the proliferation and differentiation of cells by affect-
ing the balance of angiogenesis-related factors. Previous studies have demonstrated that 1,25
(OH),D; has antiangiogenic properties in vivo and in vitro, and inhibits angiogenesis in a
tumor model [7]. Vitamin D supplementation studies showed protective effects on the inci-
dence of preeclampsia by promoting angiogenesis in endothelial progenitor cells [8, 9]. Vita-
min D deficiency may disturb the angiogenic balance by increasing the production of
angiotensin II, which further stimulates expression of Ang-2 and inhibits Ang-1 and Tie-2
leading to endothelial rarefaction in vitamin D deficient CKD [10, 11]. Futrakul et.al. reported
areduction in levels of serum VEGF-A and Ang-1, and high Ang-2 levels in patients with
CKD [12]. Another observational study demonstrated that the imbalance between Ang-1 and
Ang-2 (high Ang-2 and low Ang-1) was associated with a subclinical cardiovascular abnormal-
ity in patients with CKD [13].

Not much is known about the effect of vitamin D on mediators of angiogenesis in vitamin
D-deficient patients with CKD. In a prespecified secondary analysis of randomized, double-
blind, placebo-controlled trial of cholecalciferol supplementation in vitamin D-deficient, non-
diabetic subjects with stage 3-4 CKD, we investigated the effect of oral cholecalciferol supple-
mentation on serum levels of various angiogenic markers.

Materials and methods

The current study is a secondary analysis on stored biological samples of a parallel-arm, ran-
domized, double-blind, placebo-controlled trial that investigated the effect of a high dose of
oral cholecalciferol supplementation on vascular function [14]. The study was done at the
Postgraduate Institute of Medical Education and Research (PGIMER), Chandigarh, India. Eth-
ics approval was obtained from Institute Ethics Committee to use the stored biological samples
of the trial for biomarker analysis. Prior provided written informed consent was taken from all
study subjects. The authors confirm that all ongoing and related trials for this drug/interven-
tion are registered. The detailed study protocol and subject enrolment process including the
Consolidated Standards of Reporting Trials (CONSORT) flow diagram have been described
earlier [14]. Briefly, 120 non-diabetic, CKD stage 3-4 subjects, age between 18 to 70 years and
serum 25(OH)D levels <20 ng/ml were included in this study. A computer generated
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Bernoulli random number table was used for randomization of study subjects. Randomization
was done in a 1:1 allocation ratio to receive two directly observed doses of either 300,000 IU of
cholecalciferol or matching placebo at baseline and 8 weeks later. Follow up was done at 16
weeks after randomization. The time gap between cholecalciferol doses and analysis of vari-
ables is concordant with what has already been published [15].

Demographic, clinical, and biochemical parameters were recorded at baseline and 16
weeks. Flow-mediated dilatation was assessed at baseline and 16 weeks using a Philips IU22
xMatrix ultrasound system (Philips, Cambridge, MA) and automated continuous edge detec-
tion and wall tracking software (Brachial Analyzer for Research 6, Medical Imaging Applica-
tions LLC, Coralville, IA). Angiogenic biomarkers were analysed at baseline and 16 weeks in
serum samples. Serum 25(OH)D and 1,25(OH), D was measured by enzyme immunoassay
[EIA; Immunodiagnostic Systems (IDS), UK], as described earlier [14]. Serum levels of Ang-1,
Ang-2, vascular endothelial growth factor (VEGF), vascular endothelial growth factor receptor
(VEGEFR), and Tie-2 receptor were analysed using Quantikine ® ELISA kit (R&D Systems,
USA) as per manufactures protocol.

Outcomes

We compared changes in levels of angiogenesis biomarkers—Ang-1, Ang-2, VEGF, VEGFR,
and Tie-2 receptor at 16 weeks from baseline after cholecalciferol supplementation.

Statistical analysis

Data in this study are presented as mean with standard deviation (SD), mean change (95%
confidence interval) and frequency (percentage) as appropriate. Normally distributed continu-
ous variables were compared with independent samples Student’s ¢ test, or Mann-Whitney U
test. Categorical variables were analysed by Chi-Square or Fisher’s Exact tests as appropriate.
Paired Student’s t-test and Wilcoxon signed-rank test were used for within-group comparisons
for normally and non-normally distributed data, respectively. P-values <0.05 with two tailed
were considered significant. Statistical Package for the Social Sciences (SPSS) software for
Macintosh, version 21.0 (IBM Corp., Armonk, NY, USA) was used for all the statistical
analysis.

Results

A total of 423 subjects were screened in this study and 120 were enrolled, randomized after
exclusion of 303 subject due to various reasons (Fig 1). Out of 120 randomized patients, 59
and 58 patients in the placebo and cholecalciferol group respectively completed their follow
up. The baseline demographic characteristics of the two groups are shown in Table 1. Partici-
pant demographics and causes of CKD were similar in both groups. Biochemical parameters
and serum level of angiogenic markers were also similar in both groups at baseline (Table 2).

Change in biochemical parameters, endothelial function, and angiogenic
biomarkers

Levels of serum 25(OH)D were similar in both groups at baseline (13.21+4.78 ng/ml and 13.40
+4.42 ng/ml; p = 0.88). Serum 25(OH)D levels were increased in cholecalciferol group (mean
change: +24.91 ng/mL; 95% CI: 21.77 to 28.06 ng/mL; p < 0.001) but not in the placebo group
(mean change: +1.51 ng/mL; 95% CI: -0.46 to 3.48 ng/mL; p = 0.130) at 16 weeks. There was
significant between-group difference in mean change (23.40, 95% CI; 19.76 to 27.06, p<0.001;
Table 3) in 25(OH)D levels at 16 weeks. Similarly, there was a rise in the serum 1,25 (OH), D
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Assessed for eligibility (n=423)

Excluded (n=303)
Not meeting inclusion criteria (n=295)

Declined to participate (n=4)
Other reasons (n=4)

Randomized (n=120)

l " |

Allocated to cholecalciferol group (n=60) Allocated to placebo group (n=60)
Received allocated intervention (n=60) Received allocated intervention (n=60)
Did not receive allocated intervention (n=0) Did not receive allocated intervention (n=0)
Did not come for follow up (n=2) Lost to follow-up (n=0)
Discontinued intervention (n=0) Discontinued intervention (n=0)
Completed follow up (n=58) Completed follow up (n=59)
Follow up data not available (n=2) FMD and PWV data not available at follow up
(n=1)

Fig 1. CONSORT flowchart.
https://doi.org/10.1371/journal.pone.0268946.9001

levels in the cholecalciferol group, whereas the placebo group did not show any change. The
difference in mean change in the levels of 1,25 (OH), D between the two groups was signifi-
cant (between-group difference in mean change: 14.98 ng/ml; 95% CI: 4.48 to 27.18; p = 0.001;
Table 3). At 16 weeks, the FMD improved in the cholecalciferol group but not in the placebo
group [14].

Table 3 and Fig 2 shows the within and between group difference of biomarkers as well as
the levels of biomarkers at baseline and follow-up in placebo and cholecalciferol group. Distri-
bution of biomarkers at baseline and follow-up has been shown in S1 Fig. At 16 weeks, Ang-2
levels decreased in cholecalciferol group (mean difference: -0.73 ng/ml; 95% CI, -1.25 to -0.20,
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Table 1. Baseline characteristics of study subjects.

Parameters Placebo (n = 59) Cholecalciferol (n = 58) P value
Gender (M/F) 40/19 41/17 0.845
Age (years) 45.20+11.61 43.17+11.79 0.400
Body mass index (kg/m”) 23.45+2.91 23.57+2.67 0.818
SBP (mmHg) 127.88+15.67 128.48+14.43 0.971
DBP (mmHg) 82.33+10.21 83.38+10.09 0.902
Fasting blood sugar (mg/dl) 93.17+11.73 92.00+13.11 0.660
Duration of disease (months) 32.30+46.94 39.53+49.71 0.415
Number of subjects with proteinuria 30 (51) 31(53) 0.778
Hypertension 54 (92) 53 (91) 0.542
Family history of CAD 5(8) 6 (10) 0.751
Family history of diabetes 17 (29) 14 (24) 0.531
Family history of kidney disease 7 (12) 8 (14) 0.782
Cause of CKD

Chronic interstitial nephritis 11(19) 10 (17) 0.810
Chronic glomerulonephritis 5(8) 6 (10) 1.000
Polycystic kidney disease 6 (10) 6 (10) 1.000
Unknown 30 (51) 27 (47) 0.583
Others 7 (12) 9 (16) 0.306

Data presented as mean+ standard deviation and number (percentage).

SBP; systolic blood pressure, DBP; diastolic blood pressure, CAD; coronary artery disease, CKD; chronic kidney disease.

https:/doi.org/10.1371/journal.pone.0268946.t001

p =0.002) whereas the levels remained unchanged in the placebo group (mean difference -0.46
ng/ml, 95% CI, -1.09 to 0.17, p = 0.154). However, there was no significant between group dif-
ference at 16 weeks (-0.27 ng/ml; 95%CI: -1.09 to 0.55; p = 0.624; Table 3). Serum Ang-1 levels

Table 2. Baseline level biochemical and circulating biomarkers in study subjects.

Parameter Placebo (n = 59) Cholecalciferol (n = 58) P values
Haemoglobin (g/dl) 12.02+1.94 11.97+1.69 0.878
eGFR (min/m1/1.73m2) 34.63+12.25 35.77+12.37 0.723
Albumin (g/dl) 4.62+0.63 4.74+0.54 0.261
Calcium (mg/dl) 9.09£0.94 9.01£0.73 0.630
Inorganic phosphorus (mg/dl) 3.60 (3.07, 4.40) 3.58 (3.01, 4.08) 0.316
Uric acid (mg/dl) 7.66£2.37 8.01£2.32 0.435
25(OH)D (ng/ml) 13.86 (9.19, 17.79) 14.48 (9.34, 17.08) 0.888
1,25 (OH), D(pg/ml) 17.32 (10.58, 27.02) 18.13 (11.58, 23.69) 0.976
Ang-1 (ng/ml) 2.82(0.90, 10.86) 5.73 (1.62, 10.44) 0.558
Ang-2 (ng/ml) 1.39(0.92, 2.69) 1.52(0.90, 2.39) 0.777
VEGF (pg/ml) 57.20 (17.40, 114.36) 61.10 (26.57, 87.42) 0.935
VEGEFR (pg/ml) 400 (331, 494) 387 (335, 515) 0.931
Tie-2 (ng/ml) 20.71 (16.85, 24.87) 20.86 (15.08, 27.08) 0.881
Ang-1/Ang-2 ratio 1.50 (0.83, 5.80) 3.20 (1.01, 8.68) 0.185

Data presented as meanz standard deviation and median (25, 75" percentile).
eGFR; estimated glomerular filtration rate, 25(OH)D; 25 hydroxy vitamin D, 1,25 (OH), D; 1,25 di-hydroxy vitamin D, Ang-1; Angiopoitein-1, Ang-2; Angiopoitein-2
VEGEF; vascular endothelial growth factor-A, VEGFR; vascular endothelial growth factor receptor, Tie 2; tyrosine kinase receptor-2.

https://doi.org/10.1371/journal.pone.0268946.t002
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Table 3. Change in serum levels of vitamin D and angiogenic marker at 16 weeks follow-up.

Placebo (n = 59) Cholecalciferol (n = 58) Between group difference

Mean change (95% CI) | p value Mean change (95% CI) p value Difference of Mean change (95% CI) p value

25(OH)D (ng/ml) 1.51 (-0.46 to 3.48) 0.130 24.91 (21.77to 28.06) <0.001 23.40 (19.76 to 27.06) <0.001
1,25 (OH), D (pg/ml) 0.48 (-4.65 to 5.62) 0.608 15.46 (5.42 to 25.50) <0.001 14.98 (4.48 to 27.18) 0.001
Ang-1 (ng/ml) 5.63 (0.51 to 10.75) 0.020 1.36 (-2.39to 5.11) 0.280 -4.27 (-10.56 to 2.01) 0.445
Ang-2 (ng/ml) -0.46 (-1.10 to 0.18) 0.154 -0.73 (-1.25 to -0.20) 0.002 -0.27 (-1.09 to 0.55) 0.624
VEGEF (pg/ml) 34.11 (-66.11 to 134.35) 0.592 20.77 (-046.68to 88.24) 0.335 -13.34 (-133.38 to 106.60) 0.990
VEGEFR (pg/ml) -87.16 (-131.89 to -42.44) <0.001 -69.77 (-142.74 to 3.20) 0.061 17.39 (-67.47 to 102.25) 0.985
Tie-2 (ng/ml) 0.14 (-3.28 to 3.55) 0.686 3.70 (-1.95 to 9.36) 0.427 3.56 (-2.98 t0 10.12) 0.366
Ang-1/Ang-2 ratio 5.5 (1.73 t0 9.31) 0.003 2.19 (2.30 to 6.68) 0.049 -3.32 (-9.12 to 2.48) 0.563

Data presented as mean change (95% CI).

25(OH)D; 25 hydroxy vitamin D, 1,25 (OH), D; 1,25 di-hydroxy vitamin D, Ang-1; Angiopoitein-1, Ang-2; Angiopoitein-2 VEGF; vascular endothelial growth factor-A,

VEGFR; vascular endothelial growth factor recepto

https://doi.org/10.1371/journal.pone.0268946.t003

r, Tie 2; tyrosine kinase receptor-2.

did not change significantly in cholecalciferol group (mean change: 1.36 ng/ml; 95% CI: -2.39
to 5.11; p = 0.280; Table 3) while in placebo group showed an increasing trend (mean change:
5.63 ng/ml; 95%CI: 0.51 to 10.75; p = 0.020). Further, the difference in change in the Ang-1 lev-
els between the two groups was not significant (-4.27 ng/ml; 95%CI: -10.56 to 2.01; p = 0.445).
Serum VEGR levels decreased in placebo group [mean change: -87.16 pg/ml; 95%CI: -131.89
to -42.44; p<0.001] but no change in cholecalciferol group was noted (mean change: -69.77
pg/ml; 95%CI: -142.74 to 3.20; p = 0.061; Table 3). The levels of serum VEGF and Tie-2
remained unchanged in cholecalciferol as well as placebo groups (Table 3). Further, we ana-
lysed the Ang-1/Ang-2 ratio but did not found any significant difference in mean change
between groups (-3.32, 95% CI: -9.12 to 2.48, p = 0.563, Table 3).

Discussion

We have shown through this randomized double-blind placebo-controlled trial that oral high-
dose cholecalciferol supplementation can correct native vitamin D deficiency in stable non-
diabetic, subjects with G3-4 CKD and induce a favorable change in FMD, a marker of endo-
thelial function [14]. The main intention of the present study was to evaluate the effect of oral
cholecalciferol supplementation on serum levels of angiogenic markers in subjects with CKD.
Overall, we found no significant effects of a high dose of oral cholecalciferol supplementation
on angiogenic markers in these subjects. Although the serum level of Ang-2 was reduced in
the cholecalciferol group, the intergroup difference was not significant. There was no effect on
the levels of other angiogenic markers such as Ang-1, VEGFR, VEGF, and Tie-2.

Patients with CKD show impaired balance of angiogenic factors caused by an elevation in
the circulating level of Ang-2, and reduction in level of Ang-1 [12]. Reduced Ang-1/Ang-2
ratio is a strong predictor of long-term mortality in CKD patients [16]. We found that chole-
calciferol supplementation significantly reduced serum levels of Ang-2, as also shown in a
recent study that reported a reduction in circulating levels of VEGF-A and Ang-2 in breast
cancer patients after treatment with cholecalciferol supplementation [17]. We did not find any
difference in the Ang-1/Ang-2 ratio between the two groups.

In vitro studies have also confirmed that treatment with vitamin D analogues decreased the
expression of Ang-2 in cell lines [18, 19]. In fact, some studies suggested that vitamin D supple-
mentation could inhibit angiogenesis in tumor cells [7, 20, 21]. However, endothelial cells
within the tumors are not the same as in normal tissues. In fact, vitamin D shows pro-
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https://doi.org/10.1371/journal.pone.0268946.9002
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angiogenic effects in other disorders like preeclampsia, an early stage of CKD, and CVD [8,
14]. Therefore, it is important to understand whether the antiangiogenic effect of vitamin D
occurs in both tumor and normal tissues and whether these effects occur by direct or indirect
actions on the signalling of angiogenesis. It is well known that Ang-1 is a key regulator of
angiogenesis, and stabilizes endothelial cells, but adenoviral delivery of Ang-1 induced inflam-
matory and fibrotic responses in a mouse folic acid-induced nephrotoxicity model [22]. How-
ever, none of the studies has shown the effect of cholecalciferol supplementation on Ang-1 and
Tie-2 except this current study and, results suggested that a high dose of oral cholecalciferol
has no significance effect on these angiogenic markers.

The interaction between vitamin D and angiogenesis balance has been studied in other con-
ditions. Oral vitamin D3 supplementation reduces the risk for preeclampsia, a state of anti-
angiogenesis [23-25]. Irani et al. demonstrated a significant decrease in VEGF levels in vita-
min D-deficient patients with polycystic ovary syndrome after vitamin D3 supplementation
[26]. There are some observational studies which reported the high circulating VEGF-A in
CKD and diabetic nephropathy and a lower Ang-1/VEGF-A ratio is in patients with CKD [27,
28]. VEGF levels were detected to be increased [29], decreased [30], or did not differ between
patients with CKD and healthy controls [31]. But none of these studies has analysed the associ-
ation or effect of vitamin D on VEGF levels. In our study, VEGF levels remained unchanged in
both the groups suggesting that oral cholecalciferol supplementation did not significantly alter
the expression of VEGF in patients with early CKD. Interestingly, VEGFR levels significantly
declined in the placebo group, but remain unchanged in the cholecalciferol group. The signifi-
cance of this finding is unclear.

The major strength of our study is the setting of a randomized, double-blind, placebo-con-
trolled trial, homogenous study populations, and adequate sample size to estimate the primary
outcome. The relatively short duration, analysis at only two time points, exclusion of subjects
with diabetes and the post-hoc nature of the secondary analysis are an important limitation of
this study. The study may not be significantly powered to detect differences in outcome
parameters for this secondary analysis.

In conclusion, our data shows the changes in Ang-1, Ang-2 and Ang-1/Ang-2 ratio after
high dose oral cholecalciferol supplementation in patients with non-diabetic G3-4 CKD. The
data suggests changes in circulating levels of angiogenic markers which needs to be confirmed
through an adequately powered study.
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