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Abstract: Vitamin D is a hormone involved in many physiological processes. Its active form,
1,25(0OH); D3, modulates serum calcium-phosphate homeostasis and skeletal homeostasis. A growing
body of evidence has demonstrated the renoprotective effects of vitamin D. Vitamin D modulates
endothelial function, is associated with podocyte preservation, regulates the renin-angiotensin—
aldosterone system, and has anti-inflammatory effects. Diabetic kidney disease (DKD) is a leading
cause of end-stage kidney disease worldwide. There are numerous studies supporting vitamin D as a
renoprotector, potentially delaying the onset of DKD. This review summarizes the findings of current
research on vitamin D and its role in DKD.
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1. Introduction

Vitamin D is essential for regulating calcium—phosphate homeostasis and promoting
bone health. In addition, a growing body of evidence reveals that vitamin D is involved
in a wide range of pleiotropic functions mediated by vitamin D receptors (VDR) [1]. VDR
has been identified in almost all tissues, including vascular smooth muscle cells, cardiomy-
ocytes, and endothelial cells. Vitamin D deficiency is associated with various health issues,
including defects in bone mineralization, an increased risk of diabetes [2], immune de-
fects [3], and cardiovascular diseases [4]. Several studies have demonstrated that vitamin
D levels are lower in patients with diabetic kidney disease (DKD) [5,6]. In this review, we
looked into the current experimental animal and human evidence regarding the role of
vitamin D in DKD.

2. Vitamin D metabolism

In humans, almost 80% of vitamin D is generated in the skin in the form of vitamin Dj
(cholecalciferol) upon exposure to ultraviolet B radiation; the remaining 20% comes from
food in the forms of vitamin D, (ergocalciferol) and D3 (Figure 1) [7].

Vitamin D is produced in the epidermis by photochemical transformation, which in-
volves hydroxylating 7-dehydroxycholesterol to produce biologically active 1x,25-dihydro-
xyvitamin D (1,25(OH),;D3) [8,9]. This pathway involves the binding of vitamin D to vita-
min D binding protein (VDBP), which is then transported to the liver and hydroxylated
by 25-hydroxylase (CYP2R1) or sterol-27-hyroxylase (CYP27A1) to form 25(OH)D5 [10].
Both vitamin D; and D3 can be hydroxylated by CYP2R1. Vitamin D3 is more commonly
hydroxylated by CYP27A1 [11]. The 25(OH)Ds is then hydroxylated by 1a-hydroxylase
either in the kidney or in peripheral tissues expressing CYP27B1 to form 1,25(OH),Ds.
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Figure 1. Metabolic pathway of Vitamin D.

1,25(0OH); D5 is the active form of vitamin D which is responsible for most of its
biological activities by binding to VDR in target tissues, triggering a wide range of biological
activities including the non-genomic and genetic control of signaling pathways [1]. VDR is
present in various tissues in the human body, including the kidneys. VDR can be identified
specifically in proximal and distal tubular epithelial cells, the parietal epithelium of the
glomerulus, the juxtaglomerular apparatus, mesangial cells, collecting duct cells, and
podocytes. In all cases, these VDR locations indicate that the kidneys play a crucial role in
vitamin D metabolism [7,12].

Alterations of serum calcium or phosphate affect circulating levels of 1,25(OH),Dj.
1,25(OH), D3 is regulated by parathyroid hormone (PTH) and fibroblast growth factor 23
(FGF-23). PTH activates 1x-hydroxylase when a decrease in serum calcium is detected. FGF-
23 inhibits 1a-hydraxylase and activates 24-hydroxylase (CYP24A1), reducing 1,25(OH), D3
levels [3,13]. Increased levels of CYP24A1 have been found in the kidney of animals with
uremia and patients with diabetes [7,14].

3. Diabetic Kidney Disease

Diabetes mellitus (DM) is a metabolic disorder characterized by chronic hyperglycemia
related to deficits in insulin production. Uncontrolled diabetes leads to serious damage
to many organs, especially the nerves and blood vessels. DM is recognized as one of the
leading causes of kidney failure by the World Health Organization [15]. According to the
International Diabetes Federation (IDF), DM is estimated to be responsible for 6.7 million
deaths among adults under 70 years of age, not including the mortality risk associated
with COVID-19 [16]. DKD was previously known as diabetic nephropathy (DN) and is
defined as elevated urine albumin excretion, decreased glomerular filtration rate (GFR), or
both [17]. The clinical phase of DKD is generally divided into five stages in most guidelines
characterized initially by GFR and albuminuria based on the classification and staging of
chronic kidney disease (CKD) [18,19]. Morphologically, the thickening of the glomerular
basement membrane, the expansion of the mesangium, glomerulosclerosis, and podocyte
injury are typically revealed in kidney biopsies [20-22]. Approximately 40% of patients with
diabetes develop DKD, risk progressing to end-stage kidney disease, and are at increased
risk of cardiovascular diseases [23,24]. As the United States Renal Data System (USRDS)
report, the age-standardized DKD incidence among adults aged >18 years with diagnosed
diabetes differed greatly across countries and ranged from 81.7 to 363.6 per 100,000 diabetic
population in 2014 [25]. Several factors may contribute to vitamin D deficiency in patients
with diabetes, including a loss of VDBP due to proteinuria [26]. As a result of proximal
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tubular damage, filtered 25(OH)D3; bound to VDBP in the glomerular may be reabsorbed to
a less extent, contributing to vitamin D deficiency in DKD [26]. Many attempts have been
made to standardize the treatment of patients with DKD while minimizing kidney damage.
The pleiotropic actions of vitamin D play an essential role in the management of DKD.
Various hypotheses have been proposed that explain the mechanisms by which vitamin
D reverses the progression of DKD, including that vitamin D assists in glucose handling,
reduces the activation of the renin-angiotensin system (RAS), and reduces fibrosis [26].

4. Vitamin D Signaling Pathway in Diabetic Kidney Disease

Vitamin D is transported via the bloodstream throughout the human body by binding
to VDBP [26]. VDBP has a low molecular weight (58 kDa) and can predict the bioavail-
ability of 25(OH)Dj3 in the bloodstream [26]. Urinary VDBP concentrations are higher in
individuals with damaged kidneys [27].

VDR is a nucleophilic protein belonging to the steroid/thyroid hormone receptor
superfamily [28]. The binding of vitamin D to VDR activates the dimerization of the
retinoid X receptor (RXR). This trimer binds to the VDR response element located in the
promotor region of vitamin D-regulated genes via its DNA binding domain, leading to the
modification of the gene expression, transcriptional response, and protein formation [26,28].
The VDR gene is located on chromosome 12q13 with several restriction enzyme sites [29].
Penna-Martinez et al. discovered that type I DM was associated with polymorphisms in
these restriction enzymes [30]. A growing body of evidence suggests that the vitamin D-
VDR-RXR complex regulates cell differentiation, antiproliferation, and immune modulation
in the heart, kidneys, and immune system [1].

The third National Health and Nutrition Examination Survey (NHANES III) discov-
ered that decreases in 25(OH)D levels were associated with an increase in the incidence of
albuminuria in the general population [12]. Vitamin D deficiency becomes more severe as
DKD progresses [31]. Several animal studies have observed lower 25(OH)Dj levels in a
DKD group than in a control group, indicating that vitamin D plays a pivotal role in the
development of DN [26,32]. A reduction in CYP27B1 activity occurs in kidney disease,
which subsequently inhibits the production of 1,25(OH),;D3 and impairs the reabsorption
of 25(OH)D [1]. A significant decrease in 1,25(OH),Dj3 levels is observed when the GFR
is 40 mL/min or less [33,34]. The decrease in CYP27B1 enzyme activity and 1,25(OH), D3
levels can be explained by the increase in FGF-23 activity observed in the early stages of
kidney disease [35,36].

5. Vitamin D and the Pathogenesis of Diabetic Kidney Disease

Several factors contribute to DKD’s pathophysiology, including metabolic abnormali-
ties. Hyperglycemia triggers the dysregulation of intracellular metabolism, inflammation,
an increase in cell apoptosis, and tissue fibrosis [22]. The role of vitamin D in the pathogen-
esis of DKD is discussed in the following sections in terms of insulin resistance, podocyte
injury, RAS alteration, and the inflammatory response. Figure 2 summarized the major role
of vitamin D in the pathogenesis of DKD.

5.1. Insulin Resistance

Vitamin D deficiency is an independent risk factor for diabetes. Several studies
have observed an association between vitamin D deficiency and the impairment of the
glucose-mediated secretion of insulin in rat pancreatic 3-cells [37,38]. Inversely, the glucose-
mediated secretion of insulin seems to be restored after vitamin D supplementation [37,39].

The results from preclinical studies have indicated that vitamin D is a potential regula-
tor of insulin secretion and CaZ* influx and modulates pancreatic 3-cell survival [40]. Both
VDR and CYP27B1 are expressed in pancreatic 3-cells. Through the binding of vitamin D
to VDR, vitamin D exerts direct action toward pancreatic 3-cells [41]. Several experimental
studies showed that insulin synthesis decreased after glucose loading in mice without
functional VDR [40,42]. In pancreatic 3-cells, the VDR response element was identified
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Figure 2. The Major Role of Vitamin D in the Pathogenesis of DKD.

Both animal and clinical studies have documented an inverse relationship between
low vitamin D levels and the risk of DKD [45,46]. Karnchanasorn et al. discovered that
serum 25(OH)D levels are positively associated with (3-cell function and insulin sensitiv-
ity [47]. An intervention study involving patients receiving hemodialysis demonstrated
that 1,25(OH), D3 administration improved glucose utilization by increasing insulin pro-
duction and sensitivity [48]. Chertow et al. and Kadowaki et al. demonstrated that in rats,
vitamin D deficiency was associated with impairment of insulin secretion from pancreatic
[-cells [38,49]. Supplementation with vitamin D or its active derivative has been shown to
improve insulin secretion [50,51].

5.2. Podocyte Injury

Podocytes form the outermost layer of the glomerular filtration barrier. Nephrin,
podocin, and podocalyxin are proteins that constitute the slit diaphragm. Nephrin regulates
the podocyte intracellular signaling pathway and plays a renoprotective role [52]. A
loss of slit diaphragm integrity will lead to the appearance of proteins and other large
molecules in urine and cause further damage to the kidney filtration structure. As a result
of DKD, nephrin, podocin, and podocalyxin expression is reduced in podocytes while the
urinary secretion of nephrin, podocin, and podocalyxin is elevated, which is consistent
with proteinuria [53]. Thus, podocyte injury is one of the major causes of proteinuria and
glomerulosclerosis.

Vitamin D exerts pharmacological effects via VDR on podocytes, forming a het-
erodimer with RXR to regulate gene expression and mediate biological activities [22,26].
VDR signaling protects podocytes from hyperglycemia-induced apoptosis and prevents
DN [54]. Nakhoul et al. discovered that paricalcitol treatment, a modified form of active
vitamin D and VDR agonist, was associated with the upregulation of VDR expression and a
decrease in fibrosis markers such as fibronectin in their diabetic mouse model [55]. Trohatou
et al. demonstrated that treatment with vitamin D3 and its analog ameliorated podocyte
injury through the restoration of the nephrin signaling pathway [52]. Furthermore, in the
same study, paricalcitol supplementation stimulated VDR expression in podocytes, induced
co-localization between VDR and RXR in the nucleus, and alleviated high glucose-mediated
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nephrin downregulation [52]. Recently, Shi et al. revealed that active vitamin D3 can re-
verse autophagy deficiencies in the podocytes of diabetic kidneys by maintaining ATG16L1
expression and autophagy activity [56]. By modulating vitamin D3/ VDR signaling and
the downstream regulation of ATG16L1 expression, autophagy can protect podocytes from
DKD-associated damage [56].

5.3. Suppression of the Renin—-Angiotensin System

A well-known pathogenic mechanism of DN is the induction of hyperglycemia and
oxidative stress through the activation of the RAS. RAS activation increases the level of
angiotensin II (ANGII), which stimulates renal transforming growth factor-beta 1 (TGF-{31)
production in the mesangium and epithelial tubular cells and stimulates the production of
other cytokines and growth factors in renal cells, such as endothelin-1; monocyte chemoat-
tractant protein-1 (MCP-1); interleukin-6 (IL-6); regulated upon activation, normal T cell
expressed and presumably secreted (RANTES); and osteopontin. TGF-{3 is an important
fibrogenic cytokine in the development of kidney fibrosis [57]. Elevated ANGII levels,
observed in injured kidneys, cause renal inflammation and cortical damage, increase
glomerular capillary pressure and permeability, intensify proteinuria, and alter renal hemo-
dynamics [58]. In addition, ANGII is involved in the initiation of epithelial-mesenchymal
transition (EMT) and renal interstitial fibrosis [59]. TGF-f activates interstitial fibroblasts
and induces tubular EMT [60]. In a study by Chen et al., hyperglycemia-induced oxidative
stress activated the RAS, induced EMT, and contributed to kidney fibrosis in an exper-
imental diabetes model [61]. Vitamin D as a strong negative regulator of the RAS and
suppression of renin biosynthesis has been observed in various models of kidney diseases.
Eltablawy et al. observed significant inhibition of the RAS in diabetic rats receiving vi-
tamin D supplementation [62]. Combination treatment with losartan and paricalcitrol
resulted in the reversal of the aforementioned effects, reestablished the glomerular filtra-
tion barrier structure, and reduced glomerulosclerosis in diabetic mice. A study by Riera
et al. demonstrated that paricalcitol, a synthetic analog of vitamin D, inhibits angiotensin-
converting enzyme (ACE) 2 activity in non-obese diabetic mice and provides protection
against DKD [63]. In cell cultures, 1,25(0OH),D suppressed renin gene transcription by
a VDR-dependent mechanism [60]. In a hyperglycemic environment, 1,25(0OH),D also
suppresses the activation of the RAS and TGF-f3, abrogating tubulointerstitial fibrosis [64].

5.4. Inflammatory Response

Inflammation is a common feature of diabetes and can lead to DKD [65]. An in-
flammatory response exacerbates insulin resistance and intensifies hyperglycemia, which
aggravates the long-term complications of diabetes [21,66]. A number of factors have been
implicated in the pathogenesis of DKD, including the infiltration of leukocytes, monocytes,
and macrophages into the kidneys [65]. Studies have supported the role of inflammatory
cytokines such as IL-1, IL-6, and IL-18 in the development of DKD [67-69]. An increase
in the levels of these molecules is associated with microvascular complications such as
nephropathy [70].

IL-1 is associated with increased permeability of the endothelium of the vascular
system [71]. Milas et al. investigated inflammation in early-stage DKD and discovered
that urinary and plasma IL-1 levels in patients with type II diabetes are associated with
podocyte and proximal tubular epithelial cell injury markers [72]. The upregulation of IL-1
in many types of kidney cells has been observed in several animal models of DKD [70,73].
IL-6 facilitates the neutrophil infiltration of the tubule interstitium; influences extracellular
matrix dynamics; and promotes kidney hypertrophy, the thickening of the glomerular base-
ment membrane, podocyte hypertrophy, and cell cycle arrest, which are factors associated
with albuminuria [71]. The upregulation of IL-6 levels in patients with DKD was identified
by Suzuki et al. decades ago [68]. They discovered that the mRNA expression of IL-6 in
renal glomerular, epithelial, and mesangial cells was positively correlated with the severity
of mesangial expansion [68]. By reducing IL-6 secretion, 1,25(OH), D3 exerts a protective
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effect in DN [26]. The immunomodulatory activities of vitamin D were demonstrated by
Lucisano et al. Acute supplementation with paricalcitol significantly reduced IL-17, IL-6,
IL-1B, tumor necrosis factor « (TNF-x), and interferon y (IFN-y) in a CKD cohort [74].

IL-18 is a member of the IL-1 superfamily that stimulates the release of IFN-y and
other cytokines and modulates innate and adaptive immune cells [71]. IL-18 also stimu-
lates the expression of intracellular adhesion molecule 1 (ICAM-1) and the production of
other inflammatory cytokines in mesangial cells and is responsible for endothelial apopto-
sis [65,71,75]. A direct correlation between IL-18 and increased urinary albumin excretion
has been confirmed. Some researchers consider IL-18 to be an early indicator of DKD [65,75].
Miyauchi et al. found that TGF-f3-mediated MAPK pathway activation-induced renal tubu-
lar IL-18 expression, which was increased in patients with type 2 DKD [76]. High serum
IL-18 levels have been noted in patients with macroalbuminuria, suggesting a role in the
development of microvascular kidney complications [71]. Vitamin D induces CD4+ and
CD25+ regulatory lymphocytes that inhibit inflammation and the effects of TNF-«, ICAM,
and VCAM-1 [26,77,78].

The activation of macrophages plays a crucial role in DN [79]. Macrophages release
inflammatory mediators that contribute to kidney fibrosis and the immune response [21].
The cell function of a macrophage depends on its phenotype: M1 macrophages promote
tissue inflammation and tissue damage, whereas M2 macrophages are anti-inflammatory
and promote tissue repair [80]. Zhang et al. demonstrated that active vitamin D3 promotes
M1 to M2 phenotype macrophage transition, which inhibits podocyte injury and glomeru-
lar dysfunction, thereby protecting kidney function [81]. Zhang et al. also demonstrated
the renoprotective effects of active vitamin D3 in DKD by showing that active vitamin D3
reduced the expression of triggering receptor expressed on myeloid cells 1 (TREM-1) and
inhibited the transition of macrophages to the M1 phenotype [80]. Korf et al. demonstrated
that the VDR-mediated immune signaling pathway reduces the macrophage inflamma-
tory response and suppresses T-cell activation pathways through an IL-10-dependent
mechanism [82].

The expression of proinflammatory cytokines, chemokines, and cell adhesion molecules
is increased in the serum and urine of patients with DKD [12]. Transcription factor NF-«B,
which regulates a variety of genes, cell adhesion molecules, chemokines, and cytokines, is
a crucial inflammatory stimulus in DKD [83]. NF-«B is a key regulator in several pathways,
such as the activation of the RAS, advanced glycation end-product accumulation, and
nicotinamide adenine dinucleotide phosphate hydrogen-dependent oxidative stress [84,85].
NEF-kB was shown to inhibit the inflammatory process, thereby alleviating the progres-
sion of kidney damage in a diabetic animal model [86]. In an experimental study on DN,
Sanchez-Nino et al. demonstrated that VDR activation has local renal anti-inflammatory
effects. VDR activation inhibits NF-«B activation in tubular and mesangial cells [87]. Using
in vivo and in vitro experiments, Liu et al. revealed that high levels of 1,25(OH), D3 protect
against tubulointerstitial fibrosis by downregulating the expression of TLR4-MyD88-NF-
kB [88].

6. Role of Vitamin D in Management of Diabetic Kidney Disease

Patients with diabetes and low serum levels of vitamin D are at an increased risk of
DKD and the subsequent deterioration of renal function [45,46,89-92]. A new strategy
for treating DKD involves supplementation with vitamin D in addition to conventional
glycemic control and RAS blockade [93]. However, whether vitamin D supplementation
benefits patients with DKD with suboptimal vitamin D levels is controversial (Table 1).
A previous study revealed that RAS inhibitors, particularly ACE inhibitors and ANGII
receptor blockers, in combination with vitamin D supplementation, were associated with
an increased reduction in albuminuria. A recent systematic review and meta-analysis
assessed the effects of different types of vitamin D on 1464 patients with DKD [66]. Cal-
citriol, alfacalcidol, and vitamin D3 reduced urinary protein excretion and levels of key
inflammatory markers, including high-sensitivity C-reactive protein (hs-CRP), TNF-«, and
IL-6, but had no effects on serum creatinine, eGFR, or glycemic control.
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Table 1. Main findings from clinical studies of vitamin D treatment in DKD patients.

Study

Design

Population

Intervention

End point Measures

Main Results

Vitamin D and its analogs

Krairittichai et al. [94]
(2012)

Randomized controlled
trial

T2DM, UPCR> 1 g/g,
eGFR> 15 mL/min/
1.73 m? (n = 91)

Oral calcitriol 0.5 pg
twice weekly for
16 weeks (n = 46)

UPCR, eGFR

Percent changes in UPCR (—18.7% vs. +9.9%,

p < 0.01), a 30% or more decrement in proteinuria
(43.5% vs. 11.1%, p < 0.01), mean eGFR (35.5 vs.
36.9 mL/min/1.73 m?, p = 0.83) in treatment group
vs. placebo.

Oral calcitriol 0.5 pg

Bonakdaran et al. [95] Cross-sectional study T2DM, albuminuria daily for 8 weeks Albumin excretion rate, FBS, = Albumin excretion rate (73.1 to 57.1, p = 0.22) in
(2012) (n=119) (n = 43) HbAIC, hs-CRP, lipid profile  vitamin D insufficiency/deficiency group.
Urinary albumin excretion, Urinary albgmin excretion (1?7.05 to 104.81 pg/mg,
o urine MCP-1, urine TGE-p, p < 0.05), urine MCP-1/ creat.mme (99.38 to o
Prospective T1DM, Oral calcitriol 0.25 pg TNF-a, IL-6, C-peptide 89.57 ng/mmol, p < 0.05), urine TGF-f3/ creatinine
Mao et al. [96] (2014) observational stud microalbuminuria daily for 6 months HbA1 (’: ser{un calciuml (79 to 72.33 ng/mmol, p < 0.05), TNF-c (57.7 to
y (n=31) (n=24) ! ¢ 47.09 pg/mL, p < 0.05), IL-6 (44.04 to 39.88 pg/mL,

phosphorus, PTH, 25(0OH)D
levels, CRP

p < 0.05) in vitamin D insufficiency/deficiency
group.

Randomized controlled

T2DM, eGFR 15-59

Oral paricalcitol 1 pg

IL-6, hs-CRP, TNF-«, MCP-1,

No significant differences in outcomes between the

Thethi et al. [97] (2015) . mL/min/1.73 m? daily for 3 months ) o
trial (n = 60) (n=27) ICAM-1 paricalcitol and placebo groups.
Plasma renin (8.83 vs. 14.19 pg/mL, p = 0.006),
. . DN, UACR >30mg/g, IM vitamin D3 50,000 . urine albumin (117.6 vs.163.4 mg/g, p = 0.001),
ggf;)age etal. [98] E?;domlzed controlled  -pp - 30 mL/min IU monthly for 6 féi‘iﬁiigﬁ;%g“& CFR, erum creatinine (0.77 vs. 0.87 mg/dL, p = 0.10),
(n=82) months (n = 41) GEFR (93.7 vs. 83.9 mL/min, p = 0.03) in treatment

group vs. placebo.

DN, albuminuria

Oral calcitriol 50,000 IU

Blood /urine parameters,

Urine protein (233.96 vs. 319.91 mg/dL, p = 0.006),

Barzegari et al. [99] Randomized controlled > 30 mg/day, 1 AR serum creatinie (1.13 vs.1.31 ug/mL, p = 0.59), GFR
(2019) trial GFR < 60 mL/min weekly for 8 weeks oxidative/anti-oxidative (46.96 vs. 46.46 mL/min/1.73 m?, p = 0.81) in
(n=25) markers, lipid profile
(n=>50) treatment vs. placebo.
' . DN, UACR >30mg/g, M vitamin D3 To?al body BMD, total body BMC anc':i BMDs of
Liyanage et al. [100] Randomized controlled . spine, femoral neck and total hip regions (+2.0%,
. GFR > 30 mL/min 50,000 IU monthly for BMD, BMC
(2021) trial +2.2%, +1.8%, +2.1% and +2.6%, p < 0.05 for all
(n=85) 6 months (n = 42)

within-group differences) in treatment group.
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Table 1. Cont.

Study Design

Population

Intervention

End point Measures

Main Results

Synergistic drug combinations

de Zeeuw et al. [101] Randomized controlled

T2DM, UACR 11-339
mg/mmol, eGFR
15-90 mL/min/

Oral paricalcitol 1 pg
daily (n =93), or

UACR, albumin excretion

UACR (—18%, p = 0.053), albumin excretion rate
(—28%, p = 0.009), eGFR (—3 to —5 mL/min/

(2010) trial 1.73 m?, receiving stable  paricalcitol 2 pg daily rate, eGFR 1.73 m?, p = 0.001) in paricalcitol 2 ug group vs.
doses of ACEIs or ARBs (n =95) for 6 months placebo
> 3 months (n = 281)
UACR at 2 months (16.4 to 12.2 mg/mmol,
T2DM, UACR > 30 p =0.0011) ancjl at 4 months (16.4 t.o .12 mg./mmol,
p = 0.0201), urinary TGF-31 /creatinine ratio at
mg/g, eGFR 15-90 2 months (26.5 to 15.5 ng/mmol, p = 0.0095) at
. mL/min/1.73 m2, Oral vitamin D3 40,000  Urinary MCP-1, TGF-f31, ’ N P .
. Prospective . 4 months (26.5 to 9.5 ng/mmol, p < 0.0001), urinary
Kim et al. [102] (2011) . receiving stable doses of  IU weekly for 8 weeks UACR and eGFR at 2 and 4 .. .
observational study MCP-1/ creatinine ratio at 2 months (10.4 to
ACEIs or (n=54) months
ARBs > 3 months 12.7 ng/mmol, p = 0.1799) at 4 months (10.4 to
(n= 633 11.9 ng/mmol, p < 0.4916), eGFR at 2 months (42 to
- 41 mL/min/1.73 m?2, p > 0.05) at 4 months (42 to
40 mL/min/1.73 m?, p > 0.05) in treatment group.
T2DM, UACR > 30 Oral vitamin Ds 800 TU UACR at 2 months (97.39 to 71.65 mg/g, p = 0.01)
Huang et al. [103] Cross-sectional stud mg/g, receiving stable dailv for 6 months UACR. eGFR and at 6 months (97.39 to 120.36 mg/g, p = 0.239),
(2012) y doses of ACEIs or ARBs n —}]22) ’ changes in eGFR at 6 months (p > 0.05) in treatment
> 3 months (n = 46) B group.
T2DM
’ . . .. Serum creatinine (1.09 vs. 1.04 mg/dL, p = 0.251),
Ahmadi et al. [104] Randomized controlled ~ DACR >30mg/g, Oral vitamin D 50,000 Serum creatinine, UACR, UACR (11149 vs. 88.43, p = 0.844); GFR (72.00 vs.
(2013) trial receiving permanent IU weekly for 12 weeks  GFR, lipid profile, HbA1C, 73.18 mL/min/1.73 m? p= 0.482) in treatment
doses of ACEIs or ARBs  (n =28) 25(OH)D level ) ) ! '

> 3 months (n = 51)

group vs. placebo.

Randomized Controlled
Trial

Joergensen et al. [105]
(2015)

T1DM, albuminuria >
300 mg/day, eGFR
15-70 mL/min/1.73 m?,
receiving stable doses of
ACEIs or ARBs (n = 48)

Oral paricalcitol 2 pug
daily for 12 weeks
(n=24)

Urinary albumin excretion
rate, eGFR, MR-proANP

Urinary albumin excretion rate (—18% vs. +21%,
p =0.03), eGFR (41 vs. 46 mL/min/1.73 m2,
p = 0.0012) in treatment group vs. placebo.

Randomized controlled
trial

Munisamy et al. [106]
(2016)

T2DM, UACR > 30
mg/g, receiving stable
doses of ACEIs or ARBs
(n="70)

Oral alfacalcidol 0.25 ug
daily for 6 months
(n=34)

Microvascular endothelial
function, arterial stiffness, BP,
calcium, phosphate and
hsCRP

CSBP (124.13 to 118.48 mmHg, p = 0.027); calcium
(2.35 to 2.41 mmol/L, p = 0.002); phosphate (1.13 to
1.02 mmol/L, p = 0.024) in treatment group.
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Table 1. Cont.

Study Design Population Intervention End point Measures Main Results

T2DM, albuminuria,

Plasma PTH level (p = 0.003), UACR (186.58 to

Tiryaki et al. [107] Randomized controlled fgglfn > izcmei%i/fg““/ dosﬁ;cfff‘grgégﬁ &  PplasmaPTH level, UACR, 14272 mg/g, p = 0.014), UAGT/UCre (12.96 to
(2016) trial ACEIs or ARBs > (n = 48) UAGT/UCre and eGFR 8.64 mg/g, p =0.012), eGFR (62.13 to 67.48, p = 0.09)

3 months (n = 98) in treatment group.
Abbreviations: T2DM, type 2 diabetes mellitus; TIDM, type 1 diabetes mellitus; DN, diabetic nephropathy; UPCR, urine protein to creatinine ratio; eGFR, estimated glomerular filtration
rate; UACR, urine albumin to creatinine ratio; ACEISs, angiotensin- converting enzyme inhibitors; ARBs, angiotensin receptor blockers; IM, intramuscular; HS-CRP, high-sensitive
C-reactive protein; FBS, fasting blood sugar; HbA1C, glycated hemoglobin; MCP-1, monocyte chemoattractant protein-1; ICAM-1, intercellular adhesion molecule-1; TGF-f3, transforming
growth factor-3; TNF-«, tumor necrosis factor-o; IL-6, interleukin 6; BMD, bone mineral density; BMC, bone mineral content; CSBP, central systolic blood pressure; MR-proANP,
mid-regional pro-atrial natriuretic peptide; UAGT, urinary angiotensinogen; PTH, pararthyroid hormon.
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6.1. Vitamin D Status in Diabetic Kidney Disease

Patients with DKD are more likely to be vitamin D deficient than those without
DKD [6,108-115]. A cross-sectional study involving 300 patients with diabetes found that
CKD was significantly associated with vitamin D deficiency (p = 0.043). Patients with CKD
were 1.7 times more likely to be vitamin D deficient than those without CKD [6]. In another
study involving 448 patients with DM, serum 25(OH)D levels were significantly lower
in patients with DN than in those without DN [8.5 (interquartile range 6.8-11.3) vs. 13.9
(interquartile range 11.2-18.2) ng/mL, p < 0.0001]. Moreover, an optimal 25(OH)D cutoff
of 10.5 ng/mL (a 6.559-fold increased risk of DN) was identified as an indicator for the
diagnosis of DN [108]. In 161 patients with type Il DM with biopsy-proven DN, levels of
25(OH)D of less than 5 ng/mL were associated with worse renal function, pathological
injury, and poor renal prognoses [92]. In a retrospective study involving 182 patients with
type II DM and CKD (stages 1-4), the risk of CKD progression was significantly greater
among patients with the lowest tertile of serum 25(OH)D levels than among those with
the highest tertile of serum 25(OH)D levels (p = 0.03). Lower baseline and time-weighted
average serum 25(OH)D levels were associated with an increased risk of CKD progression,
which suggests that the long-term maintenance of optimal vitamin D levels from early
in life might be associated with a reduced risk of CKD in patients with type II DM [113].
By contrast, no significant relationship between baseline serum levels of vitamin D and
urine albumin to creatinine ratio (UACR) was observed in patients with DN compared
with those without DN [102,116].

A retrospective observational study involving 240 patients with CKD and 60 patients
without CKD investigated the association of 25(OH)D levels with renal function at different
CKD stages. Patients were sequentially grouped according to the CKD stage. Serum
25(OH)D levels were significantly lower in patients with CKD than in those without CKD
(p <0.05) and were positively correlated with CKD stage (CKD 5: 7.74 £ 2.90, CKD 4: 8.44
=+ 2.53, CKD 3: 10.31 £ 3.36, CKD 1-2: 12.23 4 4.07, vs. control: 29.43 +10.15 ng/mL) [111].
In 502 patients with type II DM grouped according to CKD stage, significantly lower levels
of 25(OH)D3 were observed in patients who were microalbuminuric (UACR 30-300 p1g/mg)
or macroalbuminuric (UACR > 300 ug/mg) than in patients who were normoalbuminuric
(UACR < 30 pg/mg; p < 0.01). A significant positive correlation between 25(OH)D levels
and eGFR was observed (r = 2.785, p < 0.001) [109]. Ray S et al. in their cross-sectional
study evaluated vitamin D levels in 72 patients with diabetes with newly diagnosed stage 4
and 5 CKD [112]. The Vitamin D level in patients with stage 4 CKD was 19.15 (interquartile
range 13.6-23.4) ng/mL and that in patients with stage 5 CKD was 10.95 (interquartile
range 9.3-16.4) ng/mL (p = 0.006). A significant negative correlation between UACR and
25(OH)D levels was also observed (p = 0.002) [112]. A nonlinear relationship between
25(0OH)D and UACR was found in a more recent retrospective study that enrolled 549
participants with type II DM. Serum 25(OH)D levels were negatively correlated with UACR
when 25(OH)D levels were less than 67 nmol /L [114].

Two studies have investigated the association of vitamin D levels with all-cause
mortality [110,115]. In a study involving 12,763 patients with diabetes with stage 3 or 4
CKD, the patients were divided into three groups according to vitamin D level: <15, 15-29,
and 30 ng/mL. 25(OH)D levels of <15 ng/mL were associated with a 34% higher risk of
all-cause mortality [110]. Another recent cross-sectional study that involved a total of 1202
patients with DKD categorized into quartiles based on 25(OH)D levels (<25.0, 25.0-49.9,
50.0-74.9, and >75nmol/L) demonstrated that higher 25(OH)D levels were significantly
correlated with a lower risk of mortality (p for trend = 0.003). For per one-unit increment
in natural log-transformed 25(OH)D level, an 18% lower risk of all-cause mortality was
observed [115]. These findings indicate that maintaining adequate vitamin D levels has
potential advantages in the primary prevention of mortality among individuals with DKD.



Int. J. Mol. Sci. 2023, 24, 3751

11 0f 18

6.2. Treatment with Vitamin D and its Analogs for Diabetic Kidney Disease

Several well-designed observational and interventional studies have reported the
recovery of renal function after vitamin D therapy in patients with DKD [94,96,98-100].
Different forms of vitamin D medication are listed in Table 2. An open-label randomized
controlled trial (RCT) revealed that calcitriol (0.5 pg twice weekly) treatment for 16 weeks
resulted in an 18.7% decrease in the urine protein to creatinine ratio in the calcitriol group
compared with a 9.9% increase in the control group [94]. In a double-blind RCT, patients
with DN were given 50,000 IU per month of intramuscular vitamin D3 or a placebo for
6 months; the patients in the treatment group exhibited a significant reduction in UACR
(51.8 mg/g) and an increase in GFR (7.0 mL/min) compared with the placebo group [98].
A prospective study observed that urinary albumin excretion decreased significantly (from
127.05 & 84.79 to 104.81 + 74.05 ug/mg) in patients with type I DM with microalbumin-
uria with vitamin D deficiency after oral administration of 0.25 pug calcitriol per day for
6 months [96]. Lower levels of urinary protein (p = 0.006) were observed in an oral calcitriol
50,000 IU weekly treatment group than in a placebo group, but no significant differences in
serum creatinine and GFR were observed at 8 weeks between the groups [99]. A few studies
have shown no statistically significant benefit of vitamin D therapy on renal function [95,97].
A cross-sectional study observed a non-significant reduction in urinary albumin excretion
in patients with type Il DM with albuminuria with vitamin D deficiency receiving 0.5 ug of
calcitriol daily for 8 weeks (p = 0.22) [95].

Table 2. Different forms of vitamin D medication.

Generic Name

Brand Name Dosage Forms and Common Formulations

Inactive precursors

Ergocalciferol . . . Oral capsule (50 mcg; 1250 mcg)
(Vitamin D») Calcidol, Calciferol, Drisdol Oral liquid (200 mcg/mL)
Oral capsule (2000 IU; 5000 IU; 10,000 IU; 50,000 IU)
Cholecalciferol nglSE‘r‘lf[a)l;l[i)ld];‘_’gf_'sgfCliza'lg)sita Oral tablet (400 IU; 1000 TU; 5000 IU; 10,000 IU; 50,000 IU)
. . 4 . ! p ! Oral liquid (10,000 IU/mL; 25,000 IU/mL; 50,000 IU/mL)
(Vitamin Dj3) Thera-D Rapid Repletion, li 1 liaui
UpSpringbaby D, etc. Sublingual liquid (5000 IU/mL)
Pop ’ Injectable solution (300,000 IU/mL; 600,000 IU/mL)
Alfacalcidol Oral capsule (0.5 mcg; 1 mcg)
(1a-hydroxy vitamin Ds) One-Alpha Oral drops (2 meg/mL)
Y 3 Injectable solution (2 mcg/mL)
Active forms
Calcitriol Oral capsule (0.25 mcg; 0.5 mcg)

(1,25-dihydroxyvitamin Dj3)

Rocaltrol, Calcijex Oral liquid (1 mcg/mL)
Injectable solution (1 mcg/mL)

Injectable solution (2 mcg/mL; 5 mcg/mL)

Paricalcitol Zemplar Oral capsule (1 mcg; 2 mcg; 4 mcg)
Maxacalcitol Oxarol Injectable solution (2.5 mcg/mL)
Doxercalciferol Hectorol Injectable solution (2 meg/mL)

Oral capsule (0.5 mcg; 1 mcg; 2.5 mcg)

Abbreviations: IU, international unit.

Inflammation plays a pivotal role in the progression of DN. Patients with vitamin D
deficiency exhibited higher inflammatory markers compared with those with vitamin D
sufficiency [96]. Vitamin D attenuates DN-induced proteinuria by suppressing the secretion
of inflammatory cytokines. Treatment with 0.25 ug of oral calcitriol daily for 6 months
significantly reduced levels of serum and urinary inflammatory markers, including MCP-1,
TGF-f3, IL-6, and TNF-« in patients with type I DM with microalbuminuria [96]. A meta-
analysis involving 284 patients with DKD from three RCTs observed that levels of IL-6
and TNF-« decreased by 0.73 mg/L and 56.79 mg/L, respectively, after supplementation
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with calcitriol (p < 0.00001) [66]. Seven RCTs involving 534 patients with DKD observed
a significant decrease in hs-CRP after supplementation with vitamin D (p < 0.00001) [66].
However, a study by Thethi et al. observed no statistically significant differences in changes
in the levels of inflammatory cytokines (CAM-1, MCP-1, TNF-«, IL-6, and hs-CRP) between
a treatment group receiving paricalcitol and a placebo group [97].

Whether vitamin D supplementation supports glycemic control is unclear. No signifi-
cant changes in fasting blood glucose (FBG), glycated hemoglobin (HbAlc), the area under
the curve of C-peptide, and daily insulin consumption were observed after treatment with
0.25 pg of calcitriol daily for 6 months, suggesting that vitamin D supplementation does
not alter glucose metabolism [96]. A previous study observed a significant improvement in
HbAIC (p = 0.014) but not FBG (p = 0.16) in patients with DKD receiving 0.5 pug of calcitriol
daily for 8 weeks [95]. A meta-analysis involving a relatively small number of studies
investigating the effects of vitamin D on glycemic control in patients with DKD observed
no differences in HbA1C and FBG between a vitamin D treatment group and a control
group [66].

Previous reports have indicated that vitamin D treatment has a beneficial effect on risk
factors for DN such as hyperlipidemia and hypertension. A cross-sectional study involving
119 outpatients with type II DM with albuminuria observed significant reductions in
diastolic blood pressure (p = 0.004) and levels of total cholesterol (TC) (p = 0.019) and low-
density lipoprotein (LDL) (p = 0.04) and an increase in levels of high-density lipoprotein
(p = 0.001) after treatment with vitamin D [95]. Significant reductions in the serum levels of
triglyceride, LDL, and TC were also observed (p = 0.04, p = 0.006, and p = 0.02, respectively)
in patients with DKD receiving 50,000 IU of oral vitamin D per week for 8 weeks [99].
Additionally, a double-blind RCT observed significant reductions in total bone mineral
density and bone mineral content in patients with DN receiving 50,000 IU of intramuscular
vitamin D3 per month for 6 months compared with a treatment group (p =0.009) [100].

6.3. Synergistic Drug Combinations of Vitamin D and RAS Inhibitors

A novel treatment strategy for preventing DKD progression that involves a combina-
tion of VDR activation and RAS inhibition has been proposed [101-107]. In the VITAL study,
a significant decrease (28%) in albumin excretion and the maintenance of a stable eGFR was
demonstrated in patients with type II DM with albuminuria receiving RAS inhibitors and
2 ug of paricalcitol daily compared with a control group [101]. Antiproteinuric effects of
paricalcitol were also observed in patients with type I DM with renal impairment [105]. Two
observational studies observed a significant reduction in UACR but no change in eGFR after
combination treatment with vitamin D3 and RAS inhibitors [102,103]. An RCT conducted
by Tiryaki et al. demonstrated that supplementation with 0.25 ug of calcitriol daily for 6
months in conjunction with RAS inhibition induced significant reductions in UACR and
the urine angiotensinogen/creatinine ratio compared with baseline [107]. This indicates
that VDR activation might blunt albuminuria by reducing urinary angiotensinogen levels,
reflecting intrarenal RAS status. The additive effects of RAS blockade and vitamin D on
proteinuria control may be attributed to the reduced FGF-23 levels as a consequence of
RAS inhibitor therapy, which increases the bioavailability of active 1,25(OH),D5 [117,118].
However, no statistically significant difference in UACR was observed in patients with
type II DM with vitamin D deficiency receiving 50,000 IU of vitamin D weekly for 3 months
under RAS blockade [104].

6.4. Potential Side Effects of Vitamin D Treatment

Vitamin D therapy has not been associated with serious adverse events. Hypercalcemia
and increased calcium—-phosphate products are known to occur more frequently in patients
treated with vitamin D in some but not all trials [119,120]. Episodes of hypercalcemia were
more frequent in the paricalcitol group compared with the placebo group in the PRIMO
RCT (paricalcitol: 22.6% vs. placebo: 0.9%; p < 0.001) [121]. The incidence of hypercalcemia
was similar between the groups receiving either 1 or 2 ug paricalcitol versus placebo in
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the VITAL RCT (p > 0.99 vs. placebo and p = 0.62 vs. placebo, respectively) [101]. Notably,
a small but significant reduction in creatinine-based measures of eGFR was observed in
both the PRIMO and VITAL studies [101,121]. Although this finding could reflect a true
GEFR reduction with conventional RAS blockade, a possible explanation might be an effect
on creatinine metabolism or inappropriate eGFR measures reported with paricalcitol or
calcitriol treatment in patients with diabetes; therefore, the finding should be interpreted
with caution [119,122]. In addition, side effects such as hyperkalemia and hypotension
should be considered when combining vitamin D with RAS inhibitors in an attempt to
further reduce residual proteinuria [123].

7. Conclusions

Vitamin D deficiency is recognized as a risk factor for the development of DKD. The
mechanisms by which vitamin D reverses the progression of DKD, including that vitamin
D assists in glucose handling, protects podocytes from apoptosis, reduces the activation
of the RAS, reduces fibrosis, and exhibits anti-inflammatory effects, are manifold and still
largely remain speculative. It is expected that vitamin D supplementation may be bene-
ficial for DKD patients regarding its possible renoprotective role; however, controversial
results are shown in several interventional studies. Furthermore, there are currently no
recommendations about the optimal dosage and timing of vitamin D treatment in DKD.
More research into the interindividual variability of vitamin D metabolism and different
response to vitamin D regimens are needed in the future.

In summary, the studies reviewed here emphasize the possible roles of vitamin D
beyond calcium—phosphate homeostasis modulation in DKD. Experimental studies, ob-
servational studies, and clinical trials have indicated the possible effects of vitamin D in
protecting against the progression of DKD and preserving the integrity of the glomerular
filtration barrier. These studies have highlighted the necessity of clinicians to be alert to
vitamin D deficiency in patients with DKD and the importance of supplementation among
high-risk groups.
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