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Chronic Kidney Disease (CKD), a disorder that affects 11% of the world’s population,
is characterized by an acceleration in skeletal, immune, renal, and cardiovascular
aging that increases the risk of cardiovascular mortality by 10- to 20-fold, compared
to that in individuals with normal renal function. For more than two decades, the
progressive impairment in renal capacity to maintain normal circulating levels of the
hormonal form of vitamin D (1,25-dihydroxyvitamin D or calcitriol) was considered
the main contributor to the reduced survival of CKD patients. Accordingly, calcitriol
administration was the treatment of choice to attenuate the progression of secondary
hyperparathyroidism (SHPT) and its adverse impact on bone health and vascular
calcification. The development of calcitriol analogs, designed to mitigate the resistance
to calcitriol suppression of PTH associated with CKD progression, demonstrated survival
benefits unrelated to the control of SHPT or skeletal health. The exhaustive search for
the pathophysiology behind survival benefits associated with active vitamin D analogs
has identified novel anti-inflammatory, anti-hypertensive, anti-aging actions of the vitamin
D endocrine system. A major paradigm shift regarding the use of calcitriol or active
vitamin D analogs to improve survival in CKD patients emerged upon demonstration
of a high prevalence of vitamin D (not calcitriol) deficiency at all stages of CKD and, more
significantly, that maintaining serum levels of the calcitriol precursor, 25(0OH)vitamin D,
above 23 ng/ml delayed CKD progression. The cause of vitamin D deficiency in CKD,
however, is unclear since vitamin D bioactivation to 25(0OH)D occurs mostly at the liver.
Importantly, neither calcitriol nor its analogs can correct vitamin D deficiency. The goals
of this chapter are to present our current understanding of the pathogenesis of vitamin
D deficiency in CKD and of the causal link between defective vitamin D bioactivation
to calcitriol and the onset of molecular pathways that promote CKD progression
independently of the degree of SHPT. An understanding of these mechanisms will
highlight the need for identification of novel sensitive biomarkers to assess the efficacy
of interventions with vitamin D and/or calcitriol(analogs) to ameliorate CKD progression
in a PTH-independent manner.
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INTRODUCTION

The vitamin D endocrine system is critical for human health,
and a structurally normal kidney is essential to maintain the
functional integrity of the vitamin D endocrine system. In the
general population, vitamin D deficiency is associated with an
increased relative risk for cardiovascular and all-cause mortality
(1, 2). Accordingly, in chronic kidney disease (CKD), a disorder
that affects 11% of the world’s population, there are progressive
reductions in renal capacity to produce the active form of
vitamin D, 1,25-dihydroxyvitamin D (calcitriol), and a surprising
inability to maintain circulating vitamin D levels, resulting in an
accelerated immune, skeletal, renal and cardiovascular aging. The
end-result is a 10-20-fold increase in cardiovascular morbidity
and mortality, compared to those in gender- and age-matched
individuals with normal renal function (3, 4).

Defects in mineral metabolism, including intestinal calcium
absorption and renal phosphate excretion, are best characterized
features of CKD associated with vitamin D/calcitriol deficiency.
These defects in mineral metabolism contribute to the onset
and progression of secondary hyperparathyroidism (SHPT) and
its associated abnormal bone remodeling including defective
mineralization, increases in bone resorption and fracture risk
and the propensity to vascular and soft tissue calcifications
(5). It is also important to note that hyperphosphatemia is
negatively correlated with lifespan in mammals. Maintenance of
phosphate homeostasis requires a complex endocrine network
involving PTH, vitamin D, FGF 23, and Klotho to provide
appropriate signals to the kidney, parathyroid glands, gut, and
bone. While hyperphosphatemia is known to stimulate pro-
inflammatory, pro-aging and pro-fibrotic signals to exacerbate
renal and cardiovascular damage (6), the mechanisms by which
active vitamin D induces expression of the FGF23 and «-klotho
genes to attenuate the pro-aging effects of hyperphosphatemia
and maintain the plethora of anti-aging/pro-survival actions of
renal and circulating klotho are not fully understood (7).

The prevalence of vitamin D deficiency increases with
advancing CKD (8) and has a more severe impact on survival
than that of calcitriol deficiency (9). This finding has challenged
30 years of clinical experience, where calcitriol was exclusively
administered to control SHPT. In fact, particularly pertinent to
topic of this review on vitamin D prevention of CKD progression,
levels of the calcitriol precursor 25(OH)D above 23 ng/ml and not
of calcitriol are independently associated with reno-protective
actions (10). Since neither calcitriol nor its analogs correct
vitamin D deficiency, and in view of the controversies from
prospective trials regarding the actual efficacy of vitamin D
supplementation strategies to improve survival in individuals
with normal renal function, or SHPT and kidney injury in
early CKD, the overall goal of this chapter is to update our
understanding on (1) CKD-induced defects in systemic and local
vitamin D bioactivation and calcitriol actions and (2) outline
approaches to improve strategies to effectively ameliorate CKD
progression independently of the degree of SHPT by attenuating
its strongest inducers, systemic inflammation, hypertension,
renal and cardiovascular damage. Special focus will be directed at
the pathophysiology driving calcitriol/ VDR-mediated reduction

in pro-inflammatory and hypertensive signals unrelated to klotho
reductions that promote multi-organ damage, including:

1) Hypertension-driven renal and vascular damage unrelated to
the suppression of renin gene expression

2) Immune cell-driven systemic inflammation and oxidative
stress-mediated multi-organ damage

3) Inflammation-induced renin-driven hypertension.

This mechanistic knowledge is a mandatory first step to evaluate
the accuracy of current biomarkers of the severity of CKD
progression and of the response to vitamin D therapy.

DEFECTIVE VITAMIN D BIOACTIVATION
TO CALCITRIOL IN CKD

Vitamin D is not truly a vitamin because, in mammals, the sun
light [ultraviolet B range (UV-B)] converts the skin precursor 7-
dehydrocholesterol into vitamin D3 (cholecalciferol) (11). This
conversion is completely prevented by sunscreen (12). The next
step occurs primarily in the liver, where two cytochromes p450
enzymes, mitochondrial CYP27A1 and microsomal CYP2RI,
hydroxylate cholecalciferol at the 25-position to produce 25-
hydroxyvitamin D (25(OH)D), the main circulating vitamin D
metabolite, with a biological half- life of 15-18 days. Since only
mutations in CYP2R1 result in severe vitamin D deficiency (13)
(serum 25(OH)D levels below 10 ng/ml), CYP2R1 is considered
the most critical vitamin D-25-hydroxylase. Even though skin
and parathyroid cells, immune cells and endometrial cells express
25-hydroxylases (14, 15), neither their distribution in other
tissues nor the regulation of their expression or activity are
fully understood. Nevertheless, because vitamin D measurements
require assays too complex for routine biochemistry laboratories,
and 25-hydroxylases efficaciously convert most circulating
vitamin D into 25(OH)D (16), measurements of 25(OH)D levels
are used to estimate the vitamin D status of an individual.

An important clinical consideration is that only mass
spectrometry accurately measures 25(OH)D levels. Most
common assays used worldwide have a 100% cross reactivity of
25(OH)D with 24,25(OH);D, a metabolite that marks the first
step in 25(OH)D degradation, and consequently, there is an
overestimation of vitamin D status.

The most critical and tightly regulated step in vitamin D
bioactivation occurs mainly, although not exclusively, in renal
proximal tubules, where the mitochondrial cytochrome p450
CYP27B1 catalyzes the 1a-hydroxylation of 25(OH)D to produce
calcitriol, the most active endogenous vitamin D metabolite (17).
Under physiological conditions, this renal conversion is the main,
if not the only, contributor to circulating calcitriol. Thus, vitamin
D is actually an inactive pro-hormone whose biological actions
require a two-step bioactivation to 1,25-dihydroxyvitaminD
(1,25D or calcitriol), a potent steroid hormone (Depicted in
Figure 1) (11).

In contrast to the 25-hydroxylases, where the enzymatic
activity is not closely regulated, CYP27B1 is tightly regulated
to maintain serum calcitriol within the narrow limits required
to avoid hypercalcemic and hyper-phosphatemic episodes.

Frontiers in Medicine | www.frontiersin.org

December 2021 | Volume 8 | Article 790513


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Dusso et al. Vitamin D and Renal Protection

-, -~
OH

| CYP2R1 |
CYP2TA1 CYP2781
HO Skin Liver Kidney

H L
Cholecalciferol Calcidiol Calcitriol
7-dehydrocholesterol vitamin Ds 25-hidroxivitamina Ds 1.25-dihidroxivitamina Ds
(nactive) [25(OH)D) [1,25(0OH):D)

CYP27B1
24 25(0H)D3 L CYP24A1 2> 1,25(0H):D CYP2
ﬂ;m,w’) e \ 4 1.24(.25(0%03
CYP2R1 Y
CYP2ZTAY
Vitamin D, =———=» 25(0H)D-VDR 1,25(0OH):D-VDR
1 1
4 v NUCLEUS v )
25(OH)D-VDR Wmmmzo-von
RENOPROTECTIVE GENES
TARGET CELL

FIGURE 1 | Vitamin D Bioactivation and calcitriol/VDR renoprotective actions. Systemic and intracellular vitamin D activation to 25(OH)D and calcitriol; intracellular
balance between activating CYP2R1/CYP27A1 or CYP27B1 with catabolizing CYP24A1 responsible for final 25(0H)D and calcitriol concentrations for VDR binding
and activation, and 25(0OH)/calcitriol-synergy to enhance calcitriol-VDR transcriptional regulation of renoprotective genes.

CYP27B1 is induced by PTH and suppressed by FGF23 and The high incidence of vitamin D deficiency at all stages of
klotho. Calcitriol itself also controls its own circulating levels ~ CKD (8) emphasizes the critical role of normal kidney function
through a feed-back suppression of its own synthesis, but in maintaining normal serum 25(OH)D by facilitating the
mostly through the induction of CYP24A1 gene expression. This  reabsorption of 25(OH)D that has been previously filtered at the
enzyme, responsible for calcitriol and 25(OH)D degradation,  glomerulus. 25(OH)D is a lipid soluble molecule that circulates
is constitutively expressed in the kidney and strongly induced  bound to its main carrier, the vitamin D binding protein
by either calcitriol or its analogs in every vitamin D target  (DBP), a low molecular weight protein (60 KDaltons), similar
tissue, thus reducing the toxicity associated with high  in mass to albumin. The 25(OH)D/DBP complex is filtered at
circulating calcitriol (18). Accordingly, to maintain normal the glomerulus and its reabsorption occurs at proximal tubules
circulating calcitriol levels, PTH and FGF23 suppress and induce  and requires adequate tubular cell levels of the endocytosis
CYP24A1, respectively. receptor, megalin (20). In CKD, an early loss of renal megalin (21)

Numerous other cell types express CYP27B1 and produce  impairs the renal uptake of 25(OH)D compromising non only
calcitriol in a cell/tissue specific manner. This extrarenal calcitriol =~ mitochondrial calcitriol production, but also 25(OH)D recycling
production is of high clinical relevance beyond CKD. In fact,  back to the circulation to ensure adequate extrarenal calcitriol
the multiple health disorders associated to vitamin D deficiency =~ synthesis. Interestingly, vitamin D induces the expression of renal
in the general population occur despite normal serum calcitriol. ~ megalin (22). Thus, the early correction of vitamin D deficiency
The low circulating 25(OH)D levels during vitamin D deficiency ~ in CKD recommended by KDIGO guidelines may attenuate
(below 20 ng/ml) reduce local calcitriol synthesis by non-renal  renal megalin reductions, thereby improving renal and extrarenal

cyp27B1s, thus compromising the plethora of tissue-specific pro-  calcitriol production.

survival actions of calcitriol. The actual contribution of impaired uptake of 25(OH)D
CKD severely compromises renal and extrarenal vitamin  on renal calcitriol production was demonstrated by a strong

D bioactivation to calcitriol starting with an impaired photo-  correlation between serum calcitriol and 25(OH)D levels in

activation of the skin precursor 7-dehydrocholesterol to  advanced CKD patients with a glomerular filtration rate below

cholecalciferol (19). 25 ml/min (23, 24), which does not exist in individuals with
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normal renal function. Importantly, in addition to defective
substrate availability for calcitriol production in CKD, a higher
fragmentation of PTH in the parathyroid gland, elevations
in FGF23, and the accumulation of uremic toxins further
reduce CYP27B1 expression to exacerbate calcitriol deficiency, as
reviewed in (17).

Importantly, 25(OH)D supplementation to hemodialysis
patients can normalize serum calcitriol, even though renal
mRNA levels for CYP27B1 should be markedly reduced by
high serum FGF23 (24). The contribution of extrarenal calcitriol
production cannot be fully disregarded as FGF23 increases
rather than decreases parathyroid CYP27B1 expression (25).
Similarly, despite the increases in CYP24A1 mRNA induced by
high FGF23, serum levels of 24,25-dihydroxyvitamin D in non-
supplemented or in cholecalciferol supplemented patients were
persistently lower than normal (26, 27). Clearly, in advanced
CKD, the activity of either enzyme fails to reflect FGF23 control
of the respective genes—that is, the damaged kidney fails to
respond to regulation of renal calcitriol production by FGF23.

Furthermore, as will be discussed in the section of vitamin D
control of systemic inflammation, CKD also impairs the substrate
availability for immune cell calcitriol production.

DEFECTIVE CALCITRIOL-VITAMIN D
RECEPTOR (VDR) ACTIONS IN CKD

Once calcitriol is synthesized in the kidney or extrarenally, most
of its biological actions are mediated by binding to the VDR.
VDR binding of calcitriol promotes a conformational change
in VDR that facilitates heterodimerization with the retinoid
X receptor (RXR) and the binding of the VDR/RXR complex
to vitamin D responsive sequences (VDREs) in the promoter
regions of vitamin D responsive genes to regulate gene expression
(18). There are multiple simultaneous rather than a single site
for binding of the ligand-activated VDR/RXR complex up or
downstream from the transcription start site of a target gene (28)
which are juxtaposed by chromatin looping, thus facilitating the
recruitment of basic transcription factors, co-activator and/or co-
repressor molecules to multiply the potency of VDR-RXR/VDRE
complexes at regulating vitamin D responsive genes (29).

These calcitriol/ VDR-DNA interactions activate/repress the
expression of the 500-1,000 genes responsible for the survival
benefits associated with normal vitamin D status. The most well-
characterized calcitriol/ VDR actions in nephrology relate to the
control of the calcium/PTH and phosphate/FGF23-klotho axes,
including the suppression of PTH synthesis and the induction
of the phosphaturic hormone FGF23, the longevity gene klotho,
and the calcium channel TRPV6 in enterocytes, the rate limiting
step in intestinal calcium absorption. Other upregulated genes
include the parathyroid calcium sensing receptor, which controls
the responsiveness of the parathyroid gland to serum calcium and
senses high circulating phosphate suppressing its inhibitory effect
on PTH (30), and the receptor of the canonical Wnt pathway
LRP5 in bone (18).

Some of these calcitriol/ VDR target genes code for
microRNAs (31), short (18-25 nucleotides) non-coding

RNAs that control the expression of more than 30% of the
genes in the genome by binding the 3’ untranslated region
of target mRNA, decreasing either their stability or protein
translation. Calcitriol/ VDR induction of miR-145 is of particular
interest. miR-145 is the most abundant microRNA in normal
vascular smooth muscle cells and may contribute to vascular
protection, as miR145 is downregulated in proliferative vascular
diseases (32) and also in uremia and hyperphosphatemia
(33, 34). Reductions in miR145 directly augment ADAM17 gene
expression, an enzyme which is critical for (1) the severity of
parathyroid hyperplasia in the course of CKD (35), (2) release
of TNFa that enhances systemic inflammation and multiorgan
damage (36), and (3) angiotensin II-driven renal damage at early
CKD stages (37).

The calcitriol/ VDR complex also indirectly controls certain
“apparent” target genes through the regulation of the expression
of an essential inducer or repressor gene. Important examples
related to attenuation of CKD progression include induction of
C/EBP to facilitate suppression of parathyroid ADAMI17 gene
expression, which is critical to attenuate hyperplastic growth of
parathyroid tissue (38). Additionally, VDR activation results in
a 30-fold induction of FGF23 expression, critical for the renal
handling of excess phosphate, which is markedly attenuated by
inhibiting new protein synthesis. This finding suggests that the
increase in FGF23 expression by calcitriol/ VDR occurs via a yet
unknown mediator (39).

Undoubtedly, the intracellular levels of both calcitriol and
VDR determine the magnitude of calcitriol/ VDR complex
formation and the efficacy for direct or indirect control of target
genes expression by the calcitriol/ VDR complex, and both are
reduced in CKD (17). Decreases in cellular levels of the VDR
partner for the regulation of gene expression, the retinoid X
receptor (RXR), as well as increases in systemic levels of uremic
toxins reduce calcitriol/VDR-RXR binding to DNA, further
impairing the response of CKD patients to vitamin D therapy
[Reviewed in (40)].

Therapeutically, the development of calcitriol analogs that
selectively maintain the benefits of VDR activation with less
calcemic or phosphatemic activity (41) has helped improve
outcomes, by allowing a safer escalation of analog dosage
to counteract the progressive resistance to therapy caused
by CKD-induced VDR reductions (42). Two of these “so
called” analogs, 1-a-hydroxyvitamin D3 and 1-a-hydroxyvitamin
D2 (doxercalciferol), are calcitriol precursors, as they can be
activated to 1,25-dihydroxyvitamin D3 or D2, respectively, in
the liver, through their hydroxylation at carbon 25. On the
other hand, paricalcitol and maxacalcitol are true calcitriol
analogs, structurally different compounds that maintain calcitriol
selective actions in the control of SHPT with less adverse effects
on calcium and phosphate metabolism as reviewed in (43). There
are important clinical considerations for interventions using high
doses of calcitriol, calcitriol precursors or its analogs: (1) They
are incapable of correcting underlying vitamin D deficiency,
and (2) their induction of CYP24A1 expression may further
reduce not only systemic levels of 25(OH)D for local calcitriol
production, but also intracellular calcitriol for VDR activation
(see Figure 1).
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A previously unrecognized synergy between 25(OH)D and
calcitriol for VDR activation could be exploited to safely
improve clinical outcomes in CKD without escalating calcitriol
(analog) doses (see Figure1). Studies in the CYP27B1 null
mouse (44), which lack the capacity to convert 25(OH)D to
calcitriol, and using 25(OH)D analogs chemically modified to
prevent hydroxylation at carbon 1 (45, 46) have demonstrated
that 25(OH)D can activate the VDR directly, and more
importantly, it synergizes with calcitriol activation of the
VDR. This 25(OH)D/calcitriol synergy, achieved by normalizing
serum 25(OH)D levels, was shown sufficient to overcome the
parathyroid resistance to low doses of the calcitriol analog
paricalcitol caused by VDR reductions and accumulation
of uremic toxins, even in hyper-phosphatemic experimental
CKD (38). Thus, in tissues like the parathyroid glands and
monocyte macrophages expressing 25-hydroxylases, and whose
activities are not as tightly regulated as renal CYP27B1
and CYP24Al1, appropriate vitamin D supplementation will
help promote synergistic 25(OH)D/calcitriol interactions by
increasing intracellular 25(OH)D levels with minimal, if any,
impact on systemic calcium homeostasis. If the capacity
for extrahepatic conversion of circulating cholecalciferol to
25(0OH)D is tissue specific, current recommendations to
achieve certain 25(OH)D levels to improve outcomes may
not be accurate. A recent comprehensive review updates our
understanding of the epidemiology of native hypovitaminosis
D in CKD, current available therapeutic interventions and the
existing challenges to achieve an appropriate correction of
vitamin D deficiency/insufficiency, not only to ameliorate the
progression of SHPT, but also to confer renal and cardiovascular
protection improving outcomes (47). A better understanding of
the modulators of the tissue specific expression and activity of 25-
hydroxylases in CKD could improve current recommendations
to enhance the survival benefits of a normal vitamin D status in
these patients.

LESSONS FROM THE DEFECTIVE
CALCITRIOL SUPPRESSION OF PTH
SYNTHESIS AND PARATHYROID
HYPERPLASIA IN CKD

The parathyroid gland is the calcium sensor of the body
and one of the best studied targets of vitamin D actions,
where it inhibits PTH synthesis and secretion and suppresses
hyperplastic parathyroid cell growth, thus attenuating bone loss
and the propensity to develop vascular calcification that increases
mortality rates in the course of CKD. Indeed, in hemodialysis
patients, the COSMOS study, a large European prospective study
with a 3 year follow up on the clinical handling of more than
6,000 CKD-5D patients, has provided an optimal range of serum
PTH that associates with the lowest relative risk of mortality
(48). Furthermore, COSMOS has also corroborated the survival
benefits associated with correction of serum PTH to achieve
values within the optimal range.

Hypocalcemia, hyperphosphatemia and vitamin D deficiency
are the main causes of SHPT (49). The calcitriol/VDR complex

suppresses PTH synthesis through a direct negative regulation
of the PTH gene promoter (18). Vitamin D deficiency (50)
and progressive reductions in serum calcitriol in the course of
CKD (51) also impair the response of the parathyroid gland
to calcium due to reductions in parathyroid content of the
calcium sensing receptor (CaSR), a gene directly stimulated by
the calcitriol/ VDR complex (52). In addition to the control of the
calcium/PTH axis, the calcitriol/VDR complex induces FGF23
synthesis by cells of the osteoblastic/osteocyte lineage, providing
an additional mechanism to reduce PTH secretion if there is
sufficient parathyroid klotho (53), another gene induced by the
calcitriol/ VDR complex (18).

In individuals with normal renal function, the correction of
vitamin D deficiency through cholecalciferol supplementation is
sufficient to prevent the elevations in serum PTH. However, in
CKD, the recommendations of the KDIGO guidelines to correct
vitamin D deficiency prior to initiating therapy with calcitriol
often fails to correct serum PTH. In fact, in CKD stages 3-4,
daily cholecalciferol doses of 4,000 IU/day for 1 month followed
by 2,000 IU for 2 additional months, which effectively corrected
serum 25(OH)D from 14 to 37 ng/ml, did not reduce serum PTH,
despite achieving normal serum calcitriol levels (54). Instead, in
the same CKD3-4 group, 50% of patients receiving 50,000 U
of ergocalciferol (vitamin D2) every 14 days, reached 25(OH)D
levels above 35 ng/ml that suppressed PTH (5), while daily doses
of 8,000 IU of cholecalciferol for 12 weeks effectively controlled
SHPT without hyper-calcemic or hyper-phosphatemic episodes
(55). In renal transplant recipients, effective PTH suppression
requires 100,000 IU of ergocalciferol every 14 days (56).

Part of the difficulty in normalizing serum PTH with vitamin
D supplementation as CKD progresses results from the impact of
prolonged hypocalcemia or vitamin D deficiency on parathyroid
cell proliferation to meet the requirements for higher serum PTH
to normalize serum calcium. Persistent hyperphosphatemia also
stimulates parathyroid hyperplasia (57).

The severity of parathyroid cell growth determines not only
the degree of SHPT but also contributes to marked reductions
in parathyroid VDR, calcium sensing receptor, FGF receptors,
and cell membrane klotho, thus impairing PTH suppression
in response to the correction of vitamin D deficiency or to
therapeutic interventions with calcitriol or its analogs, oral
calcium, or by the progressive elevations in FGF23 that take place
in the course of CKD. The pathogenic link between parathyroid
hyperplasia and VDR reductions and its reversal by synergistic
25(OH)D/calcitriol interactions is summarized in Figure 2.

The release of mature TGFa from its transmembrane
precursor by ADAMI17, an enzyme essential for parathyroid
gland development (38), initiates a powerful autocrine loop for
excessive TGFa/EGFR-growth signals because TGFa induces
its own gene expression (58) and that of the ADAMI17
gene (38). TGFo/EGFR-driven increases of oncogenic LIP is
responsible for the suppression of VDR gene expression (59)
and may contribute to the transformation of parathyroid
growth from diffuse to nodular (60). The importance of this
pathway to the degree of SHPT and resistance to vitamin D
therapy was corroborated in nephrectomized mice harboring
a parathyroid-specific EGFR inactivation (35). Importantly, in
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FIGURE 2 | Pathogenesis of parathyroid hyperplasia and resistance to calcitriol actions in CKD. Increases in ADAM17 release of TGFa initiate a vicious
ADAM17/TGFa-EGFR cycle responsible for elevations in LIP, the dominant negative isoform of C/EBPB. Reductions in parathyroid C/EBPB/LIP ratio induce the
ADAM17 gene and suppress VDR gene expression exacerbating parathyroid growth and creating resistance to calcitriol actions. Synergistic interactions between
25(0OH)D and calcitriol induce C/EBPB expression to safely counteract both exacerbated growth and VDR reductions.

Parathyroid Cell

a rat model of hyperphosphatemic CKD, when intraperitoneal
doses of 25(OH)D that correct vitamin D deficiency but
are insufficient to reduce serum PTH, are combined with a
paricalcitol dose, also insuflicient per se to suppress serum
PTH or parathyroid cell growth, the 25(OH)D/paricalcitol
combination effectively inhibited parathyroid ADAM17 resulting
in a 50% PTH reduction (38), despite no changes in serum
calcium (38). Mechanistically, improved parathyroid calcitriol
synthesis upon vitamin D supplementation, and/or synergistic
25(OH)D/calcitriol interactions that enhance VDR activation
partly explain the higher efficacy of the combination to
inhibit serum PTH and parathyroid hyperplasia over that
of either monotherapy. This synergy may help improve the
control of SHPT in advanced CKD patients, whose degree
of hypercalcemia or hyperphosphatemia impedes escalating
calcitriol or analog dosage. Importantly, a strict control of doses
is mandatory, particularly when using oral formulations, as
the 25(OH)D/calcitriol (analog) combination will also synergize
to activate intestinal VDR increasing calcium and phosphorus
absorption. Undoubtedly, the risks of hypercalcemia and
hyperphosphatemia will be lower if cholecalciferol, rather than
25(OH)D, is used to normalize vitamin D levels.

DIRECT RENOPROTECTIVE ACTIONS OF
THE CALCITRIOL/VDR COMPLEX

Induction of CYP24A1
In the kidney, the induction of CYP24A1 was considered for
decades the most critical action of the calcitriol/ VDR complex,

as it maintains serum calcitriol within normal limits to prevent
hypercalcemia and hyperphosphatemia. CYP24A1 degrades
excessive circulating levels of calcitriol and also, of 25(OH)D.
In agreement with the distinct calcitropic potency of these two
vitamin D metabolites, CYP24A1 has a 25-fold higher affinity for
calcitriol than for 25(OH)D (18). The severe hypercalcemia and
nephrocalcinosis in children and adults with a loss of function
mutation of this gene (61, 62), which corroborated the phenotype
of the CYP24A1 null mouse (63), strongly supports the clinical
significance of calcitriol induction of CYP24Al in vitamin D
responsive tissues.

Induction of Klotho
Progressive reductions in renal content of the longevity gene
klotho (64) increase mortality rates in the course of CKD due to
accelerated skeletal, immune, renal and cardiovascular aging.
Klotho is expressed mostly in the kidney, the parathyroid
gland, and the choroid plexus (65). Interestingly, only renal
klotho content appears to be essential for survival, since a kidney
specific klotho ablation sufficed to reproduce the accelerated
skeletal, immune, renal and cardiovascular aging of the klotho
null mice (66). This finding and the identification of a VDRE
in the human klotho promoter (67) suggested that defects in
vitamin D induction of renal klotho could mediate, in part,
the epidemiological association between vitamin D deficiency
and higher risk of all-cause mortality in the general population
(68), a risk markedly augmented in CKD patients (9). In fact,
the lower survival rates in hemodialysis patients carrying a
klotho polymorphism that impaired function were improved by
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calcitriol (analog) administration (69). However, it is unclear
whether the increases in survival involved elevations in the
levels of the defective klotho, or direct pro-survival actions
of vitamin D interventions unrelated to the induction of
renal klotho.

Our understanding of the cross-talk between CKD and loss
of klotho pro-survival actions, including protection against
CKD progression, has evolved substantially in the last 10
years. Initially, membrane bound renal klotho was considered,
exclusively, a high affinity receptor for circulating FGF23 and,
therefore, essential for FGF23 phosphaturic actions that attenuate
the pro-aging features of hyperphosphatemia: SHPT, systemic
inflammation, vascular calcification (70).

Klotho also exists in a soluble form, with FGF23-independent
endocrine actions. Soluble klotho is generated by proteolytic
cleavage of the transmembrane klotho, is found in blood, urine
and cerebrospinal fluid (71, 72), and is associated with identical
survival benefits, which also include phosphaturic actions, as well
as anti-inflammatory, anti-apoptotic, and anti-oxidant properties
(73, 74).

Distinct mechanisms mediate the phosphaturic actions
of membrane bound- and soluble klotho (s-klotho). The
FGF23/FGFR/membrane bound klotho complex decreases the
expression of the sodium-phosphate co-transporter NPT2a at
the cell surface of proximal tubular cells reducing phosphate
reabsorption (75). Instead, S-klotho cleaves residues in the
NPT2a that promote its endocytosis, thus impeding phosphate
entrance into renal tubular cells in an FGF23- independent
manner (72). Clinically, the importance of the FGF23/klotho and
S-klotho actions to attenuate the mortality risks associated with
hyperphosphatemia were demonstrated in CKD patients stages
3-4. Progressive reductions of renal klotho impaired the response
to high serum FGF23, markedly reducing fractional excretion
of phosphate and causing 4-fold higher Kauppila indexes,
a measure of abdominal aortic calcification (76). Calcitriol
induction of renal klotho will reduce the resistance to FGF23-
driven phosphaturia. In addition, calcitriol/VDR induction of
renal megalin (22), essential for the endocytosis of the NPT2 co-
transporter (77), could synergize with the phosphaturic actions
of s-klotho.

In mice with normal kidney function, Klotho induction of
autophagy by disruption of the formation of the Beclinl/Bcl2
complex (78), is one of the mechanisms critical for klotho
prevention of premature aging and lifespan improvements that
are unrelated to the attenuation of hyperphosphatemia. Similar
Klotho-mediated increases in authophagic flow could explain
why systemic administration of recombinant klotho rescues the
renal and cardiovascular damage associated to acute or chronic
renal injury (79-81).

Significantly, two mouse models of acute kidney injury (AKI),
namely bilateral ischemia reperfusion injury, and unilateral
ischemia and unilateral nephrectomy, have demonstrated that
klotho/s-klotho induction of autophagic flow also contributes to
attenuate AKI progression to CKD. Briefly, it is well-accepted
that despite a complete recovery of renal function, AKI later
progresses to CKD with decreases in creatinine clearance,
hyperphosphatemia, and increases in renal fibrosis. While klotho

haplo-insufficient mice progressed to CKD much faster, klotho
overexpressing mice were protected. Importantly, administration
of recombinant a-klotho also protected mice from AKI-driven
CKD mostly through increases in renal cell autophagic flow.
However, the anti-oxidant, anti-apoptotic actions of soluble
klotho cannot be ruled out (82).

Vitamin D anti-oxidant, pro-autophagic, and anti-apoptotic
properties may synergize with klotho actions to protect the
kidney from CKD progression (83).

Overall, preventing the reduction of renal and/or circulating
klotho is essential to reduce the severity of CKD progression
and the risk for cardiovascular mortality. Indeed, serum s-
klotho decreases with age, hypertension (84), and systemic
inflammation (85), all recognized determinants of renal damage
and cardiovascular disease.

The main contribution of the kidney to serum s-klotho levels
was strongly supported by an 80% reduction in circulating
s-klotho upon specific ablation of renal klotho (66). This
finding was critical to consider that serum s-klotho levels
could be an accurate biomarker of renal klotho content, CKD
progression and of cardiovascular mortality risk in CKD patients.
However, the kidney is also the main organ for the clearance
of circulating klotho into the urine, through a process of
transcytosis through tubular cells (86). Therefore, increases in
circulating s-klotho could reflect an impaired transcytosis to
the urine by the damaged kidney, which may mask both,
actual renal klotho reductions and potential improvements
in renal klotho content induced by vitamin D interventions.
Therefore, before serum or urinary s- klotho can be used as
biomarkers of renal and cardiovascular risk, it will be important
to establish the optimal range for serum and urinary s-klotho
that are associated with the lowest mortality risks at different
CKD stages.

Regarding therapy with calcitriol or its analogs to recover
renal klotho in advanced CKD, it is important to consider
the severe alterations in the vitamin D/klotho-FGF23 axis
in CKD to avoid hyperphosphatemia and excess levels of
circulating calcitriol that could compromise klotho pro-
survival actions.

CALCITRIOL REDUCTION OF
HYPERTENSION-DRIVEN RENAL AND
VASCULAR DAMAGE UNRELATED TO THE
SUPPRESSION OF THE RENIN GENE

Suppression of Renin

Vitamin D deficiency has been associated with the development
of hypertension. Calcitriol/ VDR suppression of renin gene
expression (87) explains in part the causal association between
increases in circulating 25(OH)D levels and reductions in
blood pressure and hypertension demonstrated by Mendelian
randomization analysis (88). However, randomized controlled
trials in individuals with normal renal function have yielded
controversial results, partly due to variable vitamin D
interventions as well as the inclusion of subjects with normal
vitamin D levels or receiving anti-hypertensive medications
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(89). In experimental models of diabetic nephropathy, the
simultaneous administration of the angiotensin receptor 1
(AT1R) inhibitor Losartan and the calcitriol analog paricalcitol
effectively attenuated Losartan-induced compensatory increases
in renin, which resulted in much lower serum angiotensin II
(90). The efficacy of calcitriol (analog) therapy at decreasing the
activation of the RAAS has also demonstrated a beneficial impact
on proteinuria, systemic inflammation and the progression of
the cardiorenal syndrome (91). However, as will be presented
below, the calcitriol (analog)/VDR complex may ameliorate
angiotensin II-driven renal damage independently of its
downregulation of RAAS activation by suppressing renin
gene expression.

Suppression of ADAM17

The pioneer work of Lautrette and collaborators demonstrated
that Angiotensin II causes tubular hyperplasia, fibrosis,
glomerulosclerosis, proteinuria, and inflammatory infiltration to
the renal parenchyma through the enhancement of ADAM17
activity at the surface of renal tubular cells (Summarized in
Figure 3) (37). Significantly, ADAMI17-promoted release of
TGFa to drive EGFR activation—the pathway responsible for the
onset of parathyroid hyperplasia and resistance to calcitriol/ VDR
actions—also mediates angiotensin-driven progression of renal
injury. In fact, in a mouse model of mild CKD, either ablation of
TGFa, inhibition of EGFR activation, or inhibition of ADAM17
markedly reduced the degree of renal injury in response to a
prolonged exposure to high levels of angiotensin II, despite
persistent hypertension.

Since the activation of renal ADAM17/TGFa signals occurs in
human CKD of any etiology (92), calcitriol/ VDR suppression of
ADAM17 (38) could contribute to ameliorate CKD progression
in hypertensive individuals (see Figure3). The combined
suppression of renin and ADAM17 gene expression by calcitriol
could contribute to the synergy between paricalcitol and the
ACE-inhibitor, enalapril. In addition, the increases in renal
ADAM17 in CKD also contribute to the renal damage caused by
excessive inflammation.

ADAM17, also called TACE for Tumor Necrosis Factor
Converting Enzyme, is the enzyme responsible for the release
of TNFa to the circulation. Since TNFa induces ADAMI17
gene transcription (93), a vicious cycle is initiated to increase
renal ADAM17 and TNFa-driven systemic inflammation, further
potentiating renal inflammatory damage in an angiotensin II-
independent manner. Consequently, this process is no longer
responsive to anti-RAS therapy. Calcitriol/VDR suppression of
renin, ADAM17 and, also of TNFo gene expression, explain
the synergy between the calcitriol analog paricalcitol and the
angiotensin I converting enzyme inhibitor enalapril at reducing
inflammatory macrophage infiltration in the renal parenchyma
in rat CKD (94).

Induction of ACE2

Calcitriol induction of Angiotensin converting enzyme II (ACE2)
expression can effectively counteract angiotensin II-driven
hypertensive, inflammatory and pro-fibrotic signals, as depicted
in Figure 3. ACE2 catalyzes the conversion of both angiotensin

I and angiotensin II into angiotensin 1-9 and angiotensin
1-7, respectively, thereby reducing circulating levels and the
deleterious effects of an excess of angiotensin II that follows
RAS hyperactivation (95). In addition to reducing circulating
angiotensin II, angiotensin 1-7 binding to its receptor MAS
activates signaling pathways that promote anti-fibrotic, anti-
oxidant, and vasodilatory signals, thus favoring multiorgan
protection and normotension (96, 97).

Calcitriol induction of ACE2 exerts neuroprotective effects
in the hypertensive brain by attenuating ROS production and
shifting microglia polarization from M1 to M2 (98), and
also prevents LPS-induced acute lung injury by attenuating
the accelerated neutrophil infiltration and severe inflammation
of the lung that follows ACE2 reductions (99). However,
in CKD patients with no history of cardiovascular damage,
levels of circulating, soluble ACE2 correlated with the classical
cardiovascular risk factors (older age, diabetes, male gender)
(100). Since ADAM17 cleaves ACE2, the increases in ADAM17
expression and activity that occurs in kidney disease of
all etiologies could partly account for the increases in
circulating ACE2 and a higher risk for cardiovascular events
(100). Conversely, the cardiovascular protection by calcitriol
and its analogs could result from suppression of ADAM17
expression and induction of ACE2. In fact, in non-obese
diabetic mice, the calcitriol analog paricalcitol, alone or in
combination with aliskiren, effectively counteracted the rise
in circulating, soluble ACE2 levels associated with diabetes.
Reduced ADAMI17 expression, oxidative stress and proteinuria
(101) were also observed, emphasizing the reno-protective effects
of ACE2 induction.

In summary, the actions of the vitamin D endocrine
system at mitigating RAS hyperactivation extend far beyond
the initial discovery of calcitriol’s ability to suppress renin
gene expression. Calcitriol exerts reno-protective effects to
attenuate CKD progression induced by excessive angiotensin
IT by (1) counteracting ADAMI17/TGFa signals, (2) inducing
ACE2/Angiotensin 1-7/MAS receptor activity at the cell surface
by preventing ACE2 shedding in the setting of increased
ADAM17 activity in uremia and, (3) by preventing excessive
renal inflammation through the simultaneous suppression of
the vicious TNFa/ADAM17 feed-forward loop. Undoubtedly,
in the course of CKD, elevations in circulating ACE2 activity
provide a novel biomarker of the failure of vitamin D/calcitriol
interventions to effectively suppress the deleterious effects of
ADAM17 and RAS hyperactivation.

Despite the recommendation that circulating levels of
25(OH)D above 23ng/ml may effectively attenuate CKD
progression (10), it is imperative to recognize that levels
above 35ng/ml may be necessary to suppress PTH with
cholecalciferol supplementation in more advanced CKD, as
angiotensin II-driven increases in ADAMI17/TGFa signaling
may cause renal resistance to calcitriol actions through VDR
reductions, as demonstrated in hyperplastic parathyroid
glands. Thus, optimal vitamin D intervention may require
the synergistic 25(OH)D/calcitriol (analog) interactions
through normalization of vitamin D levels and low doses of
calcitriol (analogs).
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inflammation and renal injury.

CALCITRIOL ATTENUATION OF IMMUNE
CELL FUNCTION AUGMENTING
SYSTEMIC INFLAMMATION AND
OXIDATIVE STRESS-MEDIATED
MULTI-ORGAN DAMAGE

Calcitriol is a well-recognized immunomodulator. A normal
vitamin D status is essential for adequate function of the immune
system to ensure protection from bacterial and viral infections,
minimize progression of autoimmune disorders, and avoid
excessive inflammation (102). The benefits of normal vitamin D
on innate and acquired immunity involve multiple mechanisms
including decreasing the antigenicity of antigen presenting
cells, downregulating the production of pro-fibrotic and pro-
inflammatory Th1 cytokines, and enhancing the production of
anti-inflammatory Th2 cytokines. Calcitriol/ VDR acts on T cells
to shift their polarization toward a Th2/regulatory phenotype
and stimulates T regulatory lymphocyte development (1, 102).
Calcitriol inhibition of Skp2 expression is a key mechanism for
the maintenance of T regs (103) and may be critical at avoiding
the blockage on autophagic flow driven by the cell invasion

by Middle East respiratory syndrome coronavirus (MERS-CoV)
(104). Calcitriol immune regulatory properties confer protection
not only from inflammation-driven multiple organ damage but
also from inflammation-driven reductions of renal klotho that
accelerate CKD progression.

ADAM17-mediated release of TNFa to the circulation is
a main determinant of the degree of systemic inflammation
and renal and cardiovascular damage. In fact, a polymorphism
of ADAM17 that results in a mild increase in TNFa release
is associated with a higher degree of cardiovascular mortality
in individuals with normal renal function (105). Furthermore,
specific deletion of ADAM17 in myeloid cells markedly reduces
mortality rates in a rat model of LPS-induced sepsis (106).

In CKD patients, circulating mononuclear cells express
higher levels of ADAMI17 and higher serum levels of TNFa,
which can be reduced by combined vitamin D and calcitriol
(analog) administration (107). These circulating mononuclear
cells from hemodialysis patients also have a 40% reduced
capacity for 25(OH)D uptake, which mimics impaired 25(OH)D
uptake in renal proximal tubular cells with advancing CKD.
Interestingly, even when mononuclear cells do not express
megalin, the defective uptake was corrected with calcitriol
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administration (108), further supporting the use of combined
25(OH)D and calcitriol (analogs) as discussed with hyperplastic
parathyroid cells.

In the vasculature, calcitriol suppression of the
ADAM17/TNFa loop should decrease TNFa-induction of
vascular neutral sphyngomyelinase 2 that drives the release
of pro-calcifying exosomes propagating—calcium deposition
(109). Moreover, calcitriol induction of miR145 is critical
for vascular health, as this is the prevalent miR in vascular
smooth muscle cells and the master regulator of their contractile
phenotype (110). Reductions in miR145 are associated with
vascular diseases and calcification (111). Importantly, decreases
in miR145 increase ADAMI17 gene expression (112), thus
initiating the ADAM17-TNFa loop for vascular injury. It is
unclear at present whether monocyte expression of ADAM17,
TNFa and neutral sphingomyelinase 2 reflect their vascular
levels. Therefore, the assessment of the benefits of vitamin
D/calcitriol interventions on vascular health in the course of
CKD is limited to less sensitive markers of changes in vascular
function, such as pulse wave velocity or Kauppila index. Finally,
as indicated earlier, the induction of ADAMI17 by increased
angiotensin II provides a causal link between hypertension
and inflammation. Importantly, as described below, a novel
causal link between inflammation driving hypertension has been
identified recently.

INFLAMMATION-INDUCED RENIN-DRIVEN
HYPERTENSION

Hypertension and inflammation are interrelated processes.
In mice, while the absence of monocyte lineage prevents
angiotensin II-driven hypertension (113), the overactivation
of the renin-angiotensin system results in renal and
vascular accumulation of proinflammatory macrophages
resulting in increased oxidative stress and its associated
tissue damage. In the vasculature, hypertension-induced
macrophage infiltration drives nitric oxide scavenging causing
reductions in renal blood flow (114), which in turn induce
renin secretion by juxtaglomerular cells (114). However,
until recently, there was no evidence for immune -cell-
induced hypertension or its modulation by vitamin D. The
pioneer work by Oh and collaborators has demonstrated that
increases in ER stress in response to vitamin D deficiency
are sufficient to cause renin dependent hypertension
through the secretion of micro-RNA 106b-5p that enables
a direct communication between innate immune cells and
juxtaglomerular cells (115). Importantly, the miR106b-
5p link between inflammatory immune cells and renin
secretion by juxtaglomerular cells can be prevented by the
calcitriol/ VDR complex.

In summary, as depicted in Figure 4, the integrity of the
vitamin D endocrine system protects from CKD progression
through direct inhibition of renal klotho reductions, systemic
inflammation, and hypertension. Maintenance of renal klotho
ensures the reduction of the pro-aging actions of phosphate

miR106b-5p

=

Hypertension |/ CKD |

I RENAL KLOTHO REDUCTIONS

! ]

CKD Progression

:

Cardiovascular Mortality

Inflammation

1

FIGURE 4 | Integration of non-classical vitamin D actions conferring
renoprotection. Vitamin D protects against CKD progression through direct
inhibition of systemic inflammation, hypertension and renal klotho reductions;
indirect attenuation of the reductions in renal klotho content through the
control of its most potent downregulators, systemic inflammation and
hypertension; inhibition of the release of miR106b-5p by pro-inflammatory
monocyte-macrophages, a novel link between inflammation with
renin-dependent hypertension.

retention, as well as the longevity properties of klotho-
mediated induction of renal autophagic flow. However,
circulating soluble klotho is not an accurate marker of renal
klotho reductions.

Vitamin D-mediated suppression of hypertension has a
dual impact on CKD progression by reducing angiotensin
II-driven renal damage and attenuating the reductions in renal
klotho. The former is achieved through the maintenance of
an adequate balance between pro-hypertensive (Renin and
ADAM17) and anti-hypertensive signals (ACE2). Increases in
circulating ACE2 levels provide an accurate measurement
of increased ADAMI17 activity and the cardiovascular
risk associated to reductions in ACE2 expression at the
cell membrane in CKD, which may be corrected with
calcitriol (analog) therapy. Finally, calcitriol reduction of
miR106b-5p release to the circulation by pro-inflammatory
monocyte-macrophages provides the first causal link between
macrophage ER stress activation and the induction of
renin-dependent hypertension.

At this time, the optimal supplementation strategy to
ensure the desired outcome is not known. This is due to
a tremendous variability among individuals in their capacity
non only for local calcitriol production, but also for the
local bioactivation of vitamin D to 25(OH)D in tissues
bearing 25-hydroxylases. To overcome these limitations, it is
mandatory to examine whether miR106b, circulating ACE2,
angiotensin II, or angiotensin 1-7 levels can better reflect
the benefits of vitamin D/calcitriol (analog) interventions and
serve as biomarkers to optimize the reno-protective effects
of vitamin D therapy in CKD compared to circulating
25(OH)D levels.
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