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Abstract

Chronic kidney disease (CKD) is considered an independent risk factor for cardiovascular disease,
with increased cardiovascular morbidity and mortality seen even in the early stages of CKD.
Several studies have shown a high prevalence of vitamin D deficiency in individuals with CKD.
Low vitamin D levels upregulate the renin-angiotensin-aldosterone system (RAAS), cause
endothelial dysfunction and increase inflammation. Epidemiological studies show an association
between vitamin D deficiency and risk factors for cardiovascular disease, but a causal relationship
has not been established. The high cardiovascular morbidity and mortality associated with CKD in
adults requires therapies to decrease this elevated risk. However, results from several meta-
analyses and randomized clinical trials in adults have not shown convincing evidence for the use
of vitamin D therapy in improving cardiovascular outcomes. Lack of high quality evidence from
randomized clinical trials in children regarding the effectiveness and long-term safety of vitamin D
treatment, precludes any recommendations on its use to mitigate the cardiovascular burden of
CKD.
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Introduction

Vitamin D is an essential steroid hormone with effects extending beyond its classical role in
bone-mineral disease. Recently, the importance of vitamin D in the kidneys, cardiovascular
disease, immune system, and cancer has been recognized [1, 2]. With these new roles being
studied, there is growing interest in the therapeutic potential of vitamin D.

According to the 2011 report on dietary requirements for calcium and vitamin D from the
Institute of Medicine (IOM), vitamin D deficiency has been defined as 25(OH)D levels <20
ng/ml (50 nmol/l) and adequacy as levels =30 ng/ml (75 nmol/l). Serum concentrations of
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25(0OH)D above 50 ng/ml (125 nmol/liter) should be prevented, since risks have been
identified for some outcomes [3]. Vitamin D deficiency is highly prevalent in the general
population in the US and prevalence varies by geographical location, diet and comorbidities

[1].

The spectrum of cardiovascular disease (CVD) in adult CKD patients includes ischemic
heart disease, congestive heart failure, arrhythmias and peripheral vascular disease. Vitamin
D deficiency has been linked to cardiovascular mortality, both in the general population and
in adult patients with CKD [4, 5].

In adult patients with mild to moderate CKD the incidence of cardiovascular mortality is
much higher than the incidence of kidney failure, making it the more important reason for
increased morbidity seen in CKD [6-8].

It is imperative to focus on therapies that reduce the cardiovascular risk to decrease the
morbidity and mortality of CKD.

Vitamin D Metabolism

Vitamin D is a prohormone which plays a vital role in bone metabolism, cardiovascular
disease, the immune system, and the kidneys [9] (Fig. 1).

Vitamin D is unique, as it can be obtained from certain foods and also be synthesized in the
human body. The term “Vitamin D’ includes ergocalciferol (Vitamin D2), a plant and fungal
derived calciferol and cholecalciferol (Vitamin D3). These are inactive precursors and
sometimes referred to as “nutritional or inactive” vitamin D. Ergocalciferol and
cholecalciferol need to be hydroxylated twice in order to become active. Ultraviolet
irradiation accounts for approximately 80% of the daily Vitamin D (D3) synthesis, whereas
nutritional intake accounts for approximately 20%, consisting of both D2 and D3 [10, 11].
Cholecalciferol is synthesized endogenously when the epidermal layer of the skin is exposed
to ultraviolet B radiation. In the epidermis, 7dehydrocholesterol undergoes photolytic
cleavage and produces pre-vitamin D3, which undergoes isomerization to produce
cholecalciferol [12, 13]. Vitamin D2 and D3 are found in the bloodstream where they bind to
vitamin D binding protein (DBP) a carrier molecule responsible for systemic transport.
Upon transport to the liver D2 and D3 undergo the first hydroxylation into 25(OH)D
(calcifediol) by a hydroxylase enzyme known as CYP2R1 (cytochrome P4502R1) forming
stable 25(OH)D-DBP complex. This complex undergoes a second hydroxylation after it is
excreted into the urine and reabsorbed via megalin/cubilin at the proximal tubule cells,
where it is converted into the active form of vitamin D, 1,25(0OH),D (calcitriol), by the
enzyme la-hydroxylase (CYP27B1) [2, 14].

The final hydroxylation step is highly regulated. 1a-hydroxylase is upregulated by factors
such as low calcium, low phosphate, high parathyroid hormone (PTH), calcitonin, growth
hormone (GH), and insulin-like growth factor (IGF). 1a-hydroxylase is down-regulated by
high phosphate, high Fibroblast growth factor 23 (FGF23), and 1,25(0OH),D itself [15, 16].
Both 25(OH)D and 1,25(0OH),D are inactivated by the enzyme 24-hydroxylase (CYP24A1).
CYP24A1 expression and 24-hydroxylase production are induced most strongly by
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1,25(0OH),D, as part of a negative feedback loop. In addition to the kidney, cells from the
skin, immune system, gastrointestinal tract, brain and endothelium among others, also
express the 1a-hydroxylase enzyme and are able to produce 1,25(0OH),D, which accounts
for the paracrine/non-classical actions of active vitamin D. In these tissues the activity of
la-hydroxylase enzyme is under cell-function-specific control, rather than the mineral
metabolism hormones.

Mechanism of action of 1,25(OH),D

The actions of 1,25(0OH),D are mediated via the nuclear vitamin D receptor (VDR). VDR
acts as a ligand-active transcription factor playing an imperative role in the regulation of
expression of several genes involved in calcium phosphate homeostasis. VDR is distributed
throughout the body in various cells and tissues, such as the epithelium cells of the small
intestine, large intestine, distal tubule of kidneys, parathyroid, bronchus, thymus, prostate
gland, mammary gland, and the cells of the osteoblasts in bones. The 1,25(OH),D3 binds to
VDR and allows the heterodimerization of VDR with the retinoid X receptor (RXR),
forming the VDR-RXR complex. This complex is able to recognize specific DNA sequences
known as vitamin D response elements (VDRE). When the 1,25(0OH),D/VDR/RXR
complex binds to VDREs, it is able to recruit transcription factors and increase or decrease
transcription of genes involved in bone and calcium metabolism, and a multitude of
signaling pathways affecting cellular proliferation, differentiation and function. It has also
been suggested that 1,25(0OH),D has rapid, hon-genomic effects by activating apical voltage-
dependent calcium channels and increasing intracellular calcium, a process that may or may
not require the VDR [17]. The non-genomic effects also include triggering of downstream
signaling pathways in diverse tissues that affect cell differentiation, apoptosis and
proliferation [18].

Vitamin D Deficiency in Chronic Kidney Disease

Controversy exists regarding the optimal 25(OH)D level. According to the 2011 report on
dietary requirements for calcium and vitamin D from the Institute of Medicine (IOM),
vitamin D deficiency has been defined as 25(OH)D levels <20 ng/ml, as this level was
considered adequate for bone health in most of the population. The Endocrine Society
disagrees with the recommendations of the IOM and consider a level of 30 ng/ml as the
lower limit of acceptable [19]. This is based on the studies that have shown decrease in
osteoporatic fractures by 33% when the 25(OH)D level was raised from 20 to 21-29 ng/ml
[19], meta analyses that have shown no appreciable decrease in fracture rates with 25(OH)D
levels below 30 ng/ml [20, 21] and an abnormal osteoid seam width in 6 of 28 subjects in an
autopsy study with 25(OH)D levels between 20 to 30 ng/ml [22]. Although controversy
exists regarding the definition of vitamin D deficiency, generally levels between 21-29
ng/ml are considered insufficient and levels below 20 ng/ml are considered deficient [23].
We found a 9% prevalence of 25(OH)D deficiency (<15 ng/ml) and 61% prevalence of
insufficiency (levels between 16-29 ng/ml) in a nationally representative sample of healthy
children and young adults aged 1 to 21 years in the National Health and Nutrition
Examination Survey 2001-2004 [24]. This study was done prior to the IOM guidelines
being released and used the cut off as <15 ng/ml to define deficiency.
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In the Chronic Kidney Disease in Children (CKiD) cohort study, the largest study of
children with CKD in North America, we found a 28% prevalence of 25(OH)D levels <20
ng/ml and a 50% prevalence of levels <30 ng/ml [25]. In both the general pediatric and CKD
populations, deficiency of 25(OH)D was associated with older age, non-white race, higher
BMI, lower milk intake and absence of vitamin D supplement use. The CKD-specific risk
factor for deficiency was nephrotic range proteinuria [24, 25]. We did not find an association
between severity of CKD and 25(OH)D deficiency, but others have reported a higher
prevalence with lower glomerular filtration rate (GFR) [26, 27]. We also evaluated the
determinants of 1,25(OH),D deficiency in the CKiD cohort and found serum 25(OH)D and
GFR to be significantly positively associated, and age, FGF23 levels and proteinuria to be
inversely associated with 1,25(0OH),D levels [25].

Both the classical effects on bone/mineral metabolism and non-classical actions of vitamin
D can be affected by its deficiency.

Cardiovascular Risk in Chronic Kidney Disease

Impaired kidney function has been associated with a wide spectrum of cardiovascular
diseases. The causes for increased cardiovascular morbidity in CKD are many, including
traditional cardiovascular risk factors such as hypertension, diabetes mellitus, left ventricular
hypertrophy (LVH), coronary artery disease, dyslipidemia as well as factors such as chronic
inflammation, increased activity of the renin-angiotensin-aldosterone system (RAAS) and
sympathetic nerve activity. However, increased cardiovascular risk in CKD is not just due to
the high prevalence of hypertension and diabetes. Meta-analyses of several studies [7, 8],
involving more than 1.4 million individuals, showed that after adjustment for traditional
cardiovascular risk factors and albuminuria the risk for cardiovascular mortality increased
linearly with decreasing estimated GFR below 75 ml/min/1.73m?2. Cardiovascular mortality
was about twice as high in patients with stage 3 CKD (estimated GFR 30-59 mL/min/1.73
m?2) and three times higher at stage 4 (15-29 mL/min/1.73 m2) than in individuals with
normal kidney function. The association of alouminuria with cardiovascular risk was even
more significant. After adjustment for traditional cardiovascular risk factors and estimated
GFR, the adjusted risk of cardiovascular mortality more than doubled at the upper end of the
microalbuminuria category (30-299 mg/g) compared with the risk in individuals with no
albuminuria. Even slight increases in albuminuria have significant clinical consequences.
This was studied in a large population cohort in Canada. Life expectancy for 30-year-old
subjects with CKD stage 3B and 4 was reduced by 17 and 25 years, respectively. Similarly,
in 30-year-olds with albuminuria, minimally elevated (30-299 mg/g) and =300 mg/g
albuminuria, was associated with a 10 and 18 year shorter life expectancy, respectively [6].

Children with CKD too have a shortened life span and cardiovascular disease is the main
cause of this increase in mortality, especially in children on dialysis. Even after a kidney
transplant the increased risk persists and the average life span of a child with a transplant is
10-15 years less than the general population [28]. Processes that contribute to this increased
risk include, uncontrolled hypertension, dyslipidemia, vascular endothelial dysfunction,
medial arterial calcification, increased carotid artery intima-media thickness and cardiac
dysfunction [29-32]. In children, fewer approved therapies are available to manage the
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above complications and there are few if any randomized clinical trials to assess the long-
term benefits in terms of overall and cardiovascular morbidity and mortality in this
vulnerable population.

Vitamin D deficiency and increased cardiovascular risk

Vitamin D

Observational studies have mostly evaluated the associations between 25(OH)D levels (the
inactive form of vitamin D) and cardiovascular outcomes, whereas most clinical trials have
used both inactive vitamin D supplements (ergocalciferol or cholecalciferol) or active
vitamin D analogues (calcitriol, paricalcitol, doxercalciferol and 1-a calcidiol) as an
intervention to assess the effects of vitamin D on cardiovascular outcomes.

Observational studies have shown associations between 25(OH)D deficiency and increased
cardiovascular events in the general population. In evaluation of vitamin D deficiency in the
normal pediatric population, using the NHANES cohort, we and others have shown that
lower 25(OH)D levels were more likely to be associated with lower HDL cholesterol levels,
diabetes mellitus, hypertension and the metabolic syndrome [24, 33]. Similarly in adults,
using the NHANES |11 database it was shown that the adjusted prevalence of hypertension
(OR, 1.30), diabetes mellitus (OR, 1.98), obesity (OR, 2.29), and high serum triglyceride
levels (OR, 1.47) were significantly higher in the first than in the fourth quartile of serum
25(0H)D levels (P<0.001 for all) [34]. In the CKD and end-stage renal disease (ESRD)
populations too low 25(0OH)D levels have been associated with increased cardiovascular
morbidity and mortality [35-37].

Vitamin D may have cardiovascular effects via several mechanisms. 25(OH)D is a known
regulator of the RAAS and treatment with calcitriol leads to renin suppression in
experimental studies [38]. VDR is present on vascular smooth muscle cells and calcitriol can
affect proliferation of these cells [39]. VDR agonists can increase the expression of
calcification inhibitors, such as matrix-gla protein and osteopontin, in vascular cells and
decrease the expression of pro-inflammatory cytokines [40].

Vitamin D may act by the above and multiple other ways, like decreasing proteinuria and
lowering blood pressure to mitigate the increased cardiovascular risk seen in CKD patients
[41].

and Hypertension

Preclinical studies suggest a role for vitamin D in modulating the RAAS, vascular smooth
muscle cells and the endothelium [38, 42—44]. Hence, a biological plausibility exists for the
associations seen between 25(OH)D and blood pressure in observational studies.

Ke et al. performed a mixed effects meta-analysis of observational studies published
between 2007 to 2014. Ten prospective studies (n=58,262) and 19 cross-sectional studies
(n=90,535) were included. Pooled risk for incident hypertension when comparing the
highest vs. lowest category of 25(OH)D showed a relative risk of 0.76 (0.63-0.90) for the
prospective studies and an odds ratio of 0.79 (0.73-0.87) for the cross-sectional studies [45].
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These observational data, although significant, could not prove causality between 25(OH)D
and hypertension.

Intervention studies of vitamin D supplementation, both inactive (cholecalciferol or
ergocalciferol) and active vitamin D analogues (calcitriol, 1-a calcidiol, paricalcitol, and
doxercalciferol) for hypertension have shown conflicting results so far [46, 47], with some
showing decrease in blood pressure, while some showing no effect. A recent systematic
review investigated whether supplementation with vitamin D, (ergocalciferol), vitamin D3
(cholecalciferol), calcitriol (1,25-hydroxyvitamin D3), 1-a-hydroxylated vitamin D,
paricalcitol, and doxerocalciferol may reduce blood pressure [48]. It included 46 randomized
placebo-controlled clinical trials with 4,541 participants from 1966 to 2014. Trials that used
vitamin D supplementation for a minimum of 4 weeks for any indication and reported blood
pressure data were part of the analyses. Co-interventions were permitted if identical in all
treatment arms. At the trial level, no effect of vitamin D supplementation was seen on
systolic blood pressure (effect size, 0.0 [95% CI, 0.8 to 0.8] mm Hg; P =0.97; 1 2 = 21%)
or diastolic blood pressure (effect size, —0.1 [95% CI, 0.6 to 0.5] mm Hg; P =0.84; 12 =
20%). Similar results were found analyzing individual patient data for systolic blood
pressure (effect size, —0.5 [95% CI, —1.3 to 0.4] mm Hg; P = 0.27; | 2 = 0%) and diastolic
blood pressure (effect size, 0.2 [95% CI, —0.3 to 0.7] mm Hg; P = 0.38; | 2 = 0%). Subgroup
analysis did not reveal any baseline factor predictive of a better response to therapy. The
authors concluded that vitamin D supplementation, active or inactive, is not effective as a
treatment for decreasing blood pressure and is not recommended as an antihypertensive
drug.

Studies evaluating effects of vitamin D supplementation in the CKD population are very few
and most of them have hypertension only as a secondary outcome. A small study compared
blood pressure reduction and insulin sensitivity in 7 pediatric patients on hemodialysis and 7
controls after pharmacological doses of IV calcitriol (2 pg/m?2). There was a significant
reduction in mean arterial blood pressure (from 108 £ 2 to 96 £ 3 mmHg, p <0.05) in the
dialysis patients when compared to the controls [49].

Pediatric data is available from one of the few randomized clinical trials in pediatric CKD:
The Effect of Strict Blood Pressure Control and ACE Inhibition on Progression of CKD in
Pediatric Patients (ESCAPE) study. This randomized controlled study showed that strict
blood pressure control with a fixed dose of ACE inhibition slowed the progression of renal
disease. A post hoc analysis of this data was done to determine whether 25(OH)D levels
influence proteinuria and CKD progression. In the 167 children included in the analysis it
was shown that there was an inverse association between the diastolic blood pressure before
the start of ACE inhibitor treatment and baseline serum 25(OH)D levels (P=0.014, r=—0.19
and P=0.038, r=—0.16 for diastolic blood pressure (mmHg) and diastolic blood pressure
standard deviation score, respectively). Patients with 25(OH)D levels <20 ng/ml had higher
diastolic blood pressure than those with levels =20 ng/ml (P=0.004). The association
between diastolic blood pressure and 25(OH)D persisted even on ACE inhibitor treatment
(P=0.004, r=-0.22). The systolic blood pressure and 24-hour mean arterial blood pressure at
baseline and follow-up did not show any association with 25(OH)D levels at any time point
[50].
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The Vitamin D Receptor Activator for Albuminuria Lowering (VITAL) was a randomized,
placebo-controlled study that evaluated the effect of different doses of an active vitamin D
analogue, paricalcitol (2 ug daily or 1 pg daily) on proteinuria over 24 weeks compared to
placebo, in 281 patients with diabetic CKD and albuminuria. The subjects were randomized
to receive placebo (n=93), 1 ug paricalcitol (n=93), or 2 ug paricalcitol (n=95) [51]. There
was a dose-dependent decrease in systolic blood pressure in the paricalcitol group compared
with placebo (range -3 to -9 mmHg, p=0.03). Another randomized controlled trial, the
Paricalcitol Capsule Benefits in Renal Failure-Induced Cardiac Morbidity (PRIMO) trial
included 227 patients with stage 3 and 4 CKD and LVH who were randomized to
paricalcitol (2ug daily) or matching placebo for 48 weeks. There was no difference in the
primary outcome (left ventricular mass index (LVMI)) or in systolic or diastolic blood
pressure (P=0.87 and 0.97, respectively) [52]. Both the above studies did not require patients
to be vitamin D deficient; all patients were being treated for hypertension and
antihypertensive medication doses were either not available or were not included in the
analysis.

As the above variable results suggest, it is still unclear whether inactive or active vitamin D
supplementation affect blood pressure or not. Currently ongoing clinical trials such as
Vitamin D and Omega-3 Hypertension Trial (VITAL Hypertension) is evaluating if
cholecalciferol (2000 units daily) and omega-3 fatty acids (fish oil, 1 gram daily)
supplementation lowers blood pressure and decreases the risk of incident hypertension
compared to placebo. This study might provide additional insights into the link between
25(0OH)D and blood pressure.

Randomized controlled studies in the pediatric CKD and ESRD populations are needed to
delineate the effect of vitamin D supplementation on blood pressure and other hard
outcomes, like decreased cardiovascular mortality over long-term follow-up.

Vitamin D and Cardiac Structure and Function

Vitamin D can affect cardiac structure and function via its effects on the RAAS system,
cardiac myocytes and vascular calcification [53, 54].

In the CKD population, observational studies have reported an association between vitamin
D and LVH in both pediatric and adult patients. Patange et a/. in a small cross-sectional
study of 34 children with CKD (20 on dialysis and 14 with pre-dialysis CKD) explored the
relationship between various parameters of calcium-phosphorus metabolism including
25(0OH)D and cardiovascular structure and function [55]. Pearson’s correlation analysis
showed that increased LVMI was negatively correlated with 25(OH)D (r = -0.54; p <0.05)
and GFR (r = -0.31; p <0.05). A positive correlation was observed with systolic blood
pressure (r = 0.36; p <0.05). Multiple regression analysis showed that low 25(OH)D and
systolic hypertension were the only independent predictors of increased L\VMI in children
with CKD.

In the Hoorn Study, a population-based cohort from Netherland, low serum 25(OH)D levels
were only associated with higher LVMI at 8-year follow-up in subjects without prior
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cardiovascular disease and median estimated GFR <77.5 ml/min/1.73m?2. This association
attenuated after adjustments for parathyroid hormone [56].

One of the earliest intervention studies treated 15 adult patients undergoing hemodialysis
with intravenous calcitriol over 15 weeks. It showed reduced interventricular wall thickness
(13.943.6 mm vs.12.8+3.1 mm; P=0.01), left ventricular posterior wall thickness (12.5+2.4
mm vs. 11.3+1.8 mm; £=0.05), and LVMI (178+73 g/m? vs. 155+61 g/m2; P=0.01). Serum
levels of atrial natriuretic peptide and angiotensin 11 were also reduced after calcitriol
treatment [57].

However, more recent larger randomized control trials have failed to show any benefit of
active vitamin D analogues on cardiac structure and function. In the PRIMO study, a double-
blind, randomized placebo-controlled trial of 227 patients with CKD, mild to moderate
LVH, and preserved left ventricular ejection fraction, participants were randomly assigned to
receive oral paricalcitol, 2 ug/d (n=115), or matching placebo (n=112). Change in LVMI was
assessed over 48 weeks by cardiac magnetic resonance imaging. Secondary end-points
included echocardiographic changes in left ventricular diastolic function. Treatment with
paricalcitol reduced parathyroid hormone levels within 4 weeks and maintained levels within
the normal range throughout the study duration. At 48 weeks, the change in LVMI did not
differ between the two groups. Doppler measures of diastolic function also did not differ.
However, paricalcitol did decrease the number of cardiovascular hospitalizations [52].
Similarly, the OPERA study, a prospective, double-blind, randomized, placebo-controlled
trial to determine whether 52 weeks of 1 pg oral paricalcitol reduces left ventricular mass in
patients with stages 3-5 CKD with LVVH did not show any decrease in LVMI, left ventricular
volume and ejection fraction, but did show a decrease in the number of cardiovascular-
related hospitalizations compared with placebo [58].

A post hoc analysis of data from the PRIMO study showed a significant decrease in left
atrial volume index (LAVi, an indicator of diastolic dysfunction) in the paricalcitol group
compared with the placebo, despite similar blood pressure control and RAAS inhibitor use.
There was a synergistic effect between RAAS inhibitors and paricalcitol with the greatest
decline in LAVi seen in patients receiving both medications. LAVi continued to improve in
weeks 24 to 48 of the study, suggesting that longer therapy might be of further benefit. Brain
natriuretic peptide (BNP), a marker for heart failure, was also evaluated. BNP levels
increased throughout the study in both groups, however the rise was attenuated in the
paricalcitol group. The change in LAVi correlated with log transformed BNP change.
Limitations of this study include potential for false positive results due to the post hoc
analysis, exclusion of patients with severe CKD, severe LVH or left ventricular dysfunction
and the small number of cardiovascular events which precluded the evaluation of any
benefits of LAVi reduction on hard outcomes like heart failure [59].

In pediatric CKD patients there is a significant burden of hypertension and LVH. The
Cardiovascular Comorbidity in Children with CKD Study (4 C) is a multicenter, prospective,
observational study in children aged 6-17 years old with initial GFR of 1060 ml/min/1.73
m? in Europe. This study showed that at baseline 26.1% of children had uncontrolled
hypertension (24-hour ambulatory blood pressure monitoring; n=545), and the prevalence
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increased from 24.4% in CKD stage 3, to 47.4% in CKD stage 5. The prevalence of LVH
was higher with each CKD stage, from 10.6% in CKD stage 3a to 48% in CKD stage 5 [60].
In the CKiD cohort study, 1 year after study entry (n=332), only half of the subjects had a
normal ambulatory blood pressure monitoring. Blood pressure load was elevated (>25%) in
52% (n=172), while mean blood pressure was elevated in 32% (n=105) [61]. At baseling,
17% of children had LVH (11% eccentric and 6% concentric) and 9% had concentric
remodeling of the left ventricle [62].

Given the above reports, apart from effective control of hypertension, other treatments, such
as vitamin D analogues, also need to be evaluated in children with advanced CKD. The
effects of vitamin D on FGF23 and in turn LVH also need to be delineated, as studies have
shown increases in FGF23 levels with vitamin D supplementation [63].

Vitamin D and Vascular dysfunction in CKD

Vascular dysfunction in CKD includes a combination of endothelial dysfunction, medial
arterial calcification and intimal thickening. Progressive vascular calcifications are linked to
altered bone and mineral metabolism. Changes in vessels are assessed by measuring carotid
artery intima-media thickness (cIMT) and pulse wave velocity that determine loss of
compliance or stiffness.

Inflammation and endothelium:

The endothelium is a single vessel layer between blood and the vascular supply to tissues. It
is responsible for regulating vascular tone (vasoconstriction vs. vasodilation), angiogenesis,
smooth muscle cell proliferation, inflammation and wound healing. The endothelial cells
also activate 25(OH)D to 1,25(OH),D which has autocrine, paracrine, and endocrine effects,
particularly on vascular tone, preventing vascular inflammation and oxidative stress [64—67].

Endothelial dysfunction can be detected even at early stages of CKD. The Hoorn study
revealed that it independently contributed to a higher cardiovascular mortality [68]. Methods
to assess endothelial dysfunction include functional response to ischemia, Flow-mediated
vasodilation (FMD) and measurement of certain biomarkers released during endothelial
injury, e.g. ICAM, VCAM, E-selectin and von Willebrand factor [69-73]. However, these
markers only partially reflect the complex nature of endothelial dysfunction. They do not
encompass in entirety the impaired nitric oxide synthesis in patients with decreased renal
function [74].

In a randomized, double-blind, placebo-controlled trial, the effect of cholecalciferol
supplementation on vascular function in 120 adult patients with nondiabetic CKD stage 3—4
and 25(0OH)D levels <20 ng/ml was evaluated. Patients were randomized to either two
directly observed oral doses of cholecalciferol (300,000 1U) or matching placebo at baseline
and 8 weeks. The primary outcome was change in endothelium-dependent brachial artery
flow-mediated dilation at 16 weeks. Secondary outcome measures included changes in pulse
wave velocity and circulating biomarkers. Cholecalciferol supplementation significantly
increased endothelium-dependent brachial artery flow-mediated dilation at 16 weeks,
whereas placebo did not (between-group difference in mean change: 5.49%; 95% ClI, 4.34%
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to 6.64%; P <0.001). Intervention also led to significant favorable changes in pulse wave
velocity and circulating IL-6 levels [75].

In the PENNY study, a double-blind randomized controlled trial, paricalcitol (2 pg/day) was
given to 88 patients with stage 3—-4 CKD for 12 weeks, and the effects on endothelium-
dependent vasodilatation were studied. After 12 weeks of treatment, flow-mediated dilation
rose in the paricalcitol but not in the placebo group, and the between-group difference in
flow-mediated dilation changes was significant (1.8%, 95% CI, 0.33.1%, P=0.02), and the
mean proportional change in flow-mediated dilation was 61% higher in paricalcitol-treated
patients than in placebo-treated patients [76]. Another randomized clinical trial involving 60
patients with stage 3—-4 CKD with type 2 diabetes found no improvement in FMD after 3
months of 1 pg paricalcitol treatment [77]. Similarly, a randomized clinical trial including
115 CKD patients given 6 months of oral cholecalciferol (2000 U daily) or calcitriol (0.5mg
daily) revealed no effect on FMD [78]. Supplementation with cholecalciferol 50,000 units
once a week for 12 weeks in patients with CKD and 25(OH)D level <30 ng/ml, showed an
increase in FMD after intervention, and decrease in soluble vascular cell adhesion
molecule-1 (sVCAM-1) and sE-selectin [79].

Pharmacological interventions using vitamin D supplementation have shown variable effects
on markers of endothelial dysfunction. The studies are difficult to compare due to varying
inclusion criteria, e.g. enrollment of individuals with diabetes, varying cutoff for initial
vitamin D levels (deficiency vs. insufficiency) and dosage/formulations of vitamin D used.

Atherogenesis

Increased inflammation and endothelial cell changes are implicated in the initiation of the
atherothrombotic process, progressing to sub-endothelial low-density lipoprotein (LDL)
accumulation, and chronic arterial wall inflammation with formation of a plaque [80, 81].

Epidemiologic studies revealed an inverse relationship between serum 25(0OH)D levels and
atherosclerotic changes in healthy individuals. According to the Framingham Offspring
Study, there was a correlation between vitamin D deficiency and major adverse
cardiovascular events. The Framingham Offspring Study included 1,739 participants (mean
age 59 years; 55% women; all white) without prior cardiovascular disease. Individuals with
25(0OH)D level <15 ng/mL had a multivariable-adjusted hazard ratio of 1.62 (95%
confidence interval 1.11 to 2.36, P=0.01) for incident cardiovascular events compared with
those with 25(OH)D =15 ng/mL. There was a graded increase in cardiovascular risk across
categories of 25(OH)D, with multivariable-adjusted hazard ratios of 1.53 (95% CI11.00 to
2.36) for levels 10 to <15 ng/mL and 1.80 (95% CI11.05 to 3.08) for levels <10 ng/mL (P for
linear trend=0.01) [82].

Carotid intima media thickness (cIMT) is a marker of large artery atherosclerosis and shown
to be predictive of cardiovascular events [83]. A cross-sectional study involving 100 stage 3—
4 CKD patients, however, showed no difference in common carotid artery intima-media
thickness (CCA-IMT) between patients with and without 25(OH)D deficiency. It also
showed no relationship or correlation between serum 25(OH)D levels and CCA-IMT or the
presence of plaques [84]. Contrary to this, an observational study conducted in patients with
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more severe CKD (stage 4-5) reported an inverse association between serum 25(OH)D and
CCA-IMT in CKD patients [85].

Data from the CKiD study showed that pediatric CKD patients had a 0.02 mm higher cIMT
as compared to controls (P=0.03 for difference), and hypertension and dyslipidemia were
significantly associated with the increased cIMT [32].

The effect of high dose cholecalciferol (300,000 units oral once) on vascular stiffness and
endothelial dysfunction markers was compared between 41 children with CKD and 24
healthy controls. Comparisons were made with healthy children for LVH, cIMT, local
arterial stiffness, and endothelium-dependent vasodilatation, C-reactive protein (CRP),
fibrinogen, plasma concentrations of von Willebrand factor (vWTf) and homocysteine levels.
Children with CKD had higher LVMI and cIMT. Following cholecalciferol supplementation,
a significant increase in FMD (p <0.001) and endothelium-independent FMD (p=0.004) was
observed only in the CKD group. There was an increase in the distensibility coefficient and
fall in the stiffness index [86].

Shroff et al. showed a bimodal association between 1,25(0OH),D levels and vascular disease
in dialysis-dependent children [87]. 61 children on dialysis and 40 age-matched controls
were included. Dialysis patients were prescribed daily oral 1-a hydroxyvitamin D3. Both
cIMT and calcification scores showed a U-shaped distribution: patients with both low and
high 1,25(0OH),D levels had significantly greater cIMT (P <0.0001) and calcification (P=
0.0002) than those with normal levels. 25(OH)D levels did not correlate with any vascular
measure. The effects of 1,25(0OH),D on calcium-phosphate balance was thought to be
responsible for this relationship. This study highlights the potential pitfalls of active vitamin
D therapy and the possible increase in vascular calcifications as a potential adverse effect
has to be monitored when designing trials in pediatric as well as adult CKD populations.

Vitamin D and Albuminuria

Albuminuria is an independent risk factor for increased cardiovascular morbidity and
mortality [7]. There have been few randomized clinical trials in adult CKD patients that have
examined the effect of vitamin D on proteinuria [88-90].

In the VITAL study described above there was a dose-dependent change in albumin/
creatinine ratio, —3% (from 61 to 60 mg/mmol; 95% CI —16 to 13) in the placebo group;
-16% (from 62 to 51 mg/mmol; —24 to —9) in the combined paricalcitol groups. Patients on
2 Jg paricalcitol showed a reduction in albuminuria, ranging from -18% to 28% (p=0.014 vs
placebo). Incidence of hypercalcaemia, adverse events, and serious adverse events was
similar between groups receiving paricalcitol versus placebo [51].

These promising results need to be replicated in larger trials with longer follow up duration
to assess both persistent efficacy as well as incidence of hypercalcemic adverse events that
increase the risk for vascular calcifications.
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Vitamin D and Inflammation

Chronic kidney disease is a state of low-grade inflammation and this is an important
contributor to the increased cardiovascular risk seen in patients with CKD. Elevated levels of
pro-inflammatory cytokines (CRP, IL-6, MCP-1 and TNF-a.) are seen early in CKD [91,
92]. Low 25(0OH)D and 1,25(0OH),D levels have been associated with higher cytokine levels
in children and adults with pre-dialysis CKD and ESRD [27, 93]. Zehnder et a/. measured
vitamin D metabolites and markers of inflammation in 174 adult patients with CKD.
Logistic regression analysis with urinary MCP-1 as binary outcome showed that a 10-unit
increase in serum 1,25(0OH),D or 25(OH)D resulted in lower renal inflammation. Patients
with acute renal inflammation had a significant increase in urinary and tissue MCP-1,
macrophage infiltration, and macrophage and renal epithelial CYP27B1 expression, but
significantly lower levels of serum 1,25(0OH),D in comparison to patients with chronic
ischemic disease, despite similar levels of renal damage. /n vitro, 1,25(0OH),D attenuated
TNF a-induced MCP-1 expression by human proximal tubule cells [93].

Vitamin D supplementation studies in CKD and ESRD patients have shown a reduction in
inflammatory cytokines in some but not all studies. 30 hemodialysis patients with iPTH
levels of <300 pg/mL, not receiving any vitamin D therapy, and presenting with 25(OH)D
levels of <30 ng/mL were prescribed cholecalciferol 50,000 1U once a week in the first 12
weeks and 20,000 IU in the last 12 weeks of the study. Inflammatory markers, such as high-
sensitivity CRP, interleukin-6 and serum albumin, were evaluated. There was a significant
reduction in high-sensitivity CRP levels after 3 months (median: 0.62 [0.05 to 29.6] mg/L
vs. 0.32 [0.02 to 3.13] mg/L; P = 0.02) which persisted after 6 months (P=0.04) of
cholecalciferol supplementation. Interleukin-6 levels also decreased (median: 6.44 pg/mL
vs. 3.83 pg/mL; P = 0.018) after 6 months of supplementation [94].

A double-blind, randomized, placebo-controlled trial enrolled 46 adult subjects with early
CKD (stages 2 and 3) and supplemented them with cholecalciferol (50000 1U weekly for 12
weeks followed by 50000 1U every other week for 40 weeks) or a matching placebo for 1
year. Serum tumor necrosis factor-a, interleukin-6, monocyte chemo-attractant protein-1
(MCP-1), interferon gamma-induced protein-10 and neutrophil gelatinase-associated
lipocalin were measured at baseline, 12 weeks and 1 year. By 12 weeks, serum MCP-1
decreased in the cholecalciferol group (66.2+2.5 to 60.8+2.6 pg/ml, group-by-time
interaction P <0.02) but was not different from baseline at 1 year. Other markers of
inflammation did not change. The authors speculated that inflammation in early stages of
CKD may not be as pronounced as in dialysis patients and that may have resulted in the null
results with respect to other markers of inflammation [95].

Alborzi et al. conducted a pilot trial in 24 adult patients with CKD stage 2 and 3 to evaluate
the effects of active vitamin D on endothelial function, blood pressure, albuminuria and
inflammation. Patients were randomly allocated equally to 3 groups to receive 0, 1, or 2 ug
of paricalcitol orally for 1 month. At 1 month, the treatment: baseline ratio of high
sensitivity CRP was 1.5 (95% ClI: 1.1 to 2.1; £=0.02) with placebo, 0.8 (95% CI: 0.3 to 1.9;
P=0.62) with a 1 ug dose, and 0.5 (95% CI: 0.3 to 0.9; P=0. 03) with a 2 g dose of
paricalcitol. At 1 month, the treatment: baseline ratio of 24-hour albumin excretion rate was
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1.35 (95% CI: 1.08 to 1.69; P=0.01) with placebo, 0.52 (95% CI: 0.40 to 0.69; P<0.001)
with a 1-pg dose, and 0.54 (95% CI: 0.35 to 0.83; P=0. 01) with a 2 pg dose (P<0.001 for
between group changes). No differences were observed in iothalamate clearance, flow-
mediated dilation (a measure of endothelial function), 24h ambulatory blood pressure, or
PTH with treatment or upon washout. The limitations of this trial include the small sample
size and short duration. All patients had low 25(OH)D levels in this study; whether
nutritional vitamin D replacement could have also improved albuminuria or inflammation is
not known [88].

The above studies seem to suggest that both inactive and active vitamin D supplementation
may result in a decrease in inflammatory markers, especially in the ESRD population.
Active vitamin D compounds may be of benefit in the earlier stages of CKD, although this
needs to be evaluated in large, longer duration randomized controlled trials using different
vitamin D receptor agonists for comparison.

Recommendations for vitamin D supplementation in Chronic Kidney

Disease

In 2017, KDIGO published an update to clinical practice guidelines for Chronic Kidney
Disease-Mineral Bone Disorder in children and adults and the European Society for
Pediatric Nephrology published clinical practice guidelines for native and active vitamin D
therapy in children with CKD stage 2-5 and on dialysis. Most of these guidelines are based
on low quality of evidence and hence are not strongly and unequivocally recommended.

Both groups recommend measuring 25(OH)D levels and correcting deficiency to maintain
levels greater than 30 ng/ml. In children with CKD Stages 2—-3, native vitamin D
supplements could be used for the prevention or treatment of secondary
hyperparathyroidism. Active vitamin D therapy was recommended only for severe and
progressive secondary hyperparathyroidism and to maintain normal serum calcium levels in
children.

No recommendations were made with regards to the extra-skeletal actions of vitamin D. The
guidelines recommended evaluating cardiovascular outcomes of PTH lowering strategies as
an area of future clinical research.

We agree with the recommendation for measuring 25(OH)D levels in early CKD and
correcting deficiency to maintain levels greater than 30 ng/ml, as this can prevent and delay
the onset of secondary hyperparathyroidism. Care must be taken to avoid levels greater than
50 ng/ml. It is more challenging to make recommendations for active vitamin D
supplementation as we have no consensus on optimal PTH levels to target in children with
CKD. Even less is known about the extra-skeletal benefits of vitamin D in pediatric CKD,
precluding any recommendations at this point.
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Conclusions

In summary, multiple observational studies have shown strong associations between vitamin
D deficiency in CKD and cardiovascular diseases. However, given the wide variations in the
study designs of randomized clinical trials (i.e., sample size, geographical variation, patient
population selection, duration of intervention, and formulation of vitamin D
supplementation used) and lack of beneficial effects in some trials, it becomes challenging to
make definitive recommendations about vitamin D use for the prevention and treatment of
cardiovascular outcomes. As illustrated by the above review, there are no randomized trials
in children that have evaluated the effects of vitamin D supplementation on cardiovascular
outcomes. The somewhat discouraging results from some of the adult randomized clinical
trials makes it even more challenging to study these outcomes systematically in children.
However, given that children stand to gain most if cardiovascular risk is mitigated, it is
imperative that effects of vitamin D treatment, both nutritional and active be evaluated in
well-designed clinical trials. There are several possible adverse effects of vitamin D
therapies that have to be kept in mind; primary ones being the risk of vascular calcifications
with active vitamin D supplementation, increase in FGF23 levels due to inactive vitamin D
supplementation and the possible adverse effects of inactive vitamin D supplementation on
the lipid profile in CKD patients. There are several large-scale randomized clinical trials
currently being conducted (clinicaltrial.gov) in adult CKD patients that could provide more
definitive answers about vitamin D and its role in decreasing the cardiovascular burden in
CKD patients.
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Key points

. Inadequate vitamin D levels (<30 ng/ml) are highly prevalent in the adult and
pediatric chronic kidney disease populations

. Vitamin D deficiency is associated with hypertension, diabetes, proteinuria
cardiac dysfunction and dyslipidemia

. Low vitamin D levels upregulate the renin-angiotensin-aldosterone system,
increase inflammation and cause endothelial dysfunction leading to higher
cardiovascular risk

. Clinical trials and meta-analyses data in adults have failed to show a benefit
of vitamin D therapy on cardiovascular outcomes

. Lack of randomized clinical trials and high quality evidence in the pediatric
CKD population make it difficult to recommend use of vitamin D therapy for
reduction of cardiovascular disease burden
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1.

5.

Questions

The following are important determinants of 25(OH)D levels in patients with

chronic kidney disease, EXCEPT

a. age
b. nutritional vitamin D supplement use
C. gender

d. proteinuria

e. race

1,25 dihydroxyvitamin D levels in CKD are regulated by which one of the
following:

a. FGF23
b. Klotho
C. Sclerostin

d. Osteopontin

The production of 24-hydroxylase enzyme which inactivates both 25(OH)D

and 1,25(0OH),D is induced most strongly by:

a.  25(0H)D
b.  FGF23
c. PTH

d.  1,25(0H),D

A bimodal association is seen between 1,25 dihydroxy vitamin D and which

of the following:

a. Left ventricular mass index
b. Pulse wave velocity
C. Flow mediated dilation

d. Fibrinogen
e. Carotid intima media thickness

In adult clinical trials, paricalcitol, a vitamin D receptor agonist has been
shown to do all of the following, EXCEPT:

a. Decrease proteinuria
b. Decrease markers of inflammation (CRP)
c. Decrease left ventricular mass index
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Answers:
1. c
2. a
8 d
4. ®
5. c
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Figure 1. Vitamin D bioactivation and actions.
Classical and nonclassical vitamin D actions require vitamin D conversion to 25-

hydroxyvitamin D (25(OH)D, open circle), and its bioactivation to its hormonal form 1,25-
dihydroxyvitamin D (calcitriol, diamond) by renal and extrarenal 1-hydroxylase and
calcitriol binding to and activation of its receptor, the vitamin D receptor (VDR). Calcitriol-
activated VDR binds its partner the retinoic X receptor (RXR, heterodimerization) and
vitamin D-responsive elements (VDRE) in the promoter of VDR-responsive genes (DNA
binding), and recruits basal transcription factors (B) and co-activator and corepressor
molecules (CoReg) to induce or repress the transcription of vitamin D-responsive genes by
RNA polymerase Il (transcriptional regulation). The net balance between cellular uptake of
calcitriol and/or 25(OH)D, the rate of 25(OH)D conversion to calcitriol versus the activity of
24-hydroxylase (cyp24), responsible for the inactivation of 25(OH)D and calcitriol (crossed
blue circle and purple diamond), determines the degree of VDR activation by intracellular
calcitriol. Most of these steps are impaired in kidney disease. Ca, calcium; P, phosphate;
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RAAS, renin-angiotensin-aldosterone system. Reproduced from Dusso ef a/. [96], used with
permission.
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Summary of the intervention studies of inactive and active vitamin D supplementation
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Author/
(reference #)

Subjects

Study type

Vitamin D
Intervention

Outcome evaluated

Results

Witham, MD et
al. (46)

Non CKD adults

Meta-analysis of
11 RCTs

-Inactivated
-Active
-UVB radiation

-Office BP
-Ambulatory BP

-Decrease in DBP
-Greater decrease with
inactivated vitamin D

Wu, SH et al. (47)

Normotensive and
hypertensive non

Meta analysis of
4 RCTs

-Cholecalciferol

-Change in SBP and
DBP

-Decrease in SBP
-No decrease in DBP

CKD adults
Beveridge, LA et Non CKD adults Meta analysis of | -Inactive -Change in SBP and -No effect
al. 46 RCTS -Active DBP
(48)
Mak, RH et al. Pediatric Clinical trial -1V calcitriol -Change is BP -Decrease in mean arterial
(49) hemodialysis -Change in insulin BP -Increase in insulin
patients & healthy sensitivity sensitivity
controls
de Zeeuw, D etal. | Adult diabetic RCT -Paricalcitol -BP -Decrease in BP
(51) CKD patients -Albuminuria -Decrease in albuminuria
Thadani, R et al. Adult CKD RCT -Paricalcitol -LVMI -No change in LVMI
(52) patients -BP -No change in BP
-Decrease in left atrial
volume index
-Decrease in cardiovascular
hospitalizations
Park, CW et al. Adult hemodialysis | Clinical trial -1V calcitriol -myocardial Decrease in LVMI, LV
(57) patients hypertrophy posterior wall and
interventricular wall
thickness
Wang, AY et al. Adult CKD RCT -Paricalcitol -LVMI -No change in LVMI
(58) patients -Decrease in cardiovascular
hospitalizations
Lerch, Cetal. Pediatric CKD Post-hoc analysis | -ergocalciferol -sclerostin -normalization of Klotho
(63) patients of an RCT and -cholecalciferol -Klotho and Sclerostin
observational -FGF23 -increase in FGF23
study
Kumar, V et al. Adult non diabetic RCT -cholecalciferol -flow mediated -increase in FMD
(75) CKD dilation (FMD)
patients -pulse wave velocity -decrease in PWV
-IL-6 -decrease in IL-6 levels
Zoccali, C et al. Adult stage 3-4 RCT -Paricalcitol -FMD -Improve in endothelium
(76) CKD dependent FMD
Thethi, TK et al. Adult stage 3-4 RCT -Paricalcitol -FMD -no change in FMD
77) CKD patients with
diabetes
Kendrick, J et al. Adult CKD RCT -Cholecalciferol -FMD -No change in FMD
(78) patients -Calcitriol
Zhang, Q et al. Adult CKD RCT -Cholecalciferol -FMD -increase in FMD
(79) patients -soluble vascular -decrease in sSVCAM and

adhesion molecule-1
(SVCAM-1)
-soluble Eselectin
(SES)

SES

Aytac, MB et al.
(86)

Pediatric CKD
patients

Intervention
study with
healthy controls

-Cholecalciferol

-cIMT
-LVH -FMD
homocysteine level

-increase in FMD
-decrease in homocysteine -
no change in cIMT and LVH
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Author/ Subjects Study type Vitamin D Outcome evaluated Results
(reference #) Intervention
Alborzi, P et al. Adult CKD RCTs -Paricalcitol -FMD -increase in FMD
(88) patients -hsCRP -decrease in hsCRP and
Agarwal, R et al. -Albuminuria albuminuria
(89)
Fishbane, S et al.
(90)
Bucharels, S (94) Adult hemodialysis | Prospective -Cholecalciferol -hsCRP, I1L-6 -decrease in LVH, IL-6 and
interventional -LVH hsCRP
study
Alvarez, JA (95) Adult CKD stage RCT -Cholecalciferol -TNF-a, IL-6, -decrease in MCP-1
2,3 MCP-1, NGAL, -no change in others
IP-10
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