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Abstract

Diabetic kidney disease (DKD) is a major complication of diabetes mellitus that contributes
substantially to chronic kidney failure and increased cardiovascular risk. Beyond progres-
sive deterioration of renal function, DKD is associated with disturbances in endocrine
and vascular regulation. Among these, alterations in vitamin D homeostasis and blood
pressure (BP) control represent clinically relevant, yet incompletely integrated aspects of
DKD pathophysiology. This narrative review synthesizes current evidence on the multidi-
rectional relationships between DKD, vitamin D deficiency, and arterial hypertension (AH).
Attention is given to renal mechanisms responsible for reduced vitamin D availability in
DKD, including proteinuria-related loss of vitamin D-binding proteins, impaired proximal
tubular reabsorption, decreased renal activation of vitamin D, and hormonal regulators
such as fibroblast growth factor-23. It further discusses how insufficient vitamin D signal-
ing may influence renal and vascular pathways involved in BP regulation. Mechanistic
links between vitamin D deficiency and AH in DKD are discussed, with emphasis on
maladaptive activation of the renin—angiotensin—-aldosterone system (RAAS), persistent
inflammation, oxidative stress, endothelial dysfunction, and insulin resistance. These inter-
dependent processes promote both renal injury progression and sustained elevations in
BP, forming a self-reinforcing pathogenic loop. Finally, available data on vitamin D-based
therapeutic strategies in DKD are reviewed, including native vitamin D supplementation,
active vitamin D metabolites, and vitamin D receptor agonists. Although experimental
and observational studies suggest potential nephroprotective and vasculoprotective effects,

evidence from randomized clinical trials remains heterogeneous. Further well-designed
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1. Introduction

Diabetic kidney disease (DKD) represents a complex and progressive microvascular
complication of diabetes mellitus that arises from the long-standing interplay between
metabolic dysregulation, hemodynamic stress, and inflammatory signaling. Chronic hyper-
glycemia induces structural and functional alterations in the kidney, resulting in persistent
albuminuria and/or a gradual decline in glomerular filtration rate (GFR). DKD affects
approximately 30-40% of patients with diabetes and remains a leading cause of end-stage
renal disease requiring renal replacement therapy. As a renal manifestation of diabetes-
related microangiopathy, DKD constitutes the predominant clinical subtype of chronic
kidney disease (CKD) and shares core pathophysiological mechanisms with CKD. As
DKD advances, abnormalities of the glomerular and tubular compartments extend be-
yond localized tissue injury and contribute to systemic disturbances that promote arterial
hypertension (AH) and disrupt cardiovascular homeostasis [1,2].

One of the potentially key, yet often underrecognized consequences of progressive
renal damage in DKD is impairment of vitamin D metabolism and signaling, as the kidney
plays a central role in maintaining vitamin D homeostasis [3]. Damage to glomeruli and
proximal tubules, therefore, directly compromises vitamin D availability and biological
activity, predisposing patients with DKD to both quantitative and functional vitamin D
deficiency [1,2].

Definitions of vitamin D deficiency vary across expert groups. The Food and Nutrition
Board (FNB) of the National Academies of Sciences, Engineering, and Medicine considers
serum 25-hydroxyvitamin D [25(OH)D] concentrations below 30 nmol/L (12 ng/mL) to
indicate deficiency, 30-50 nmol/L (12-20 ng/mL) to reflect potential inadequacy, and
concentrations > 50 nmol/L (>20 ng/mL) to be sufficient for most individuals [4]. In
contrast, the Endocrine Society Task Force on Vitamin D defines vitamin D deficiency
as serum 25(OH)D levels below 50 nmol/L (20 ng/mL) [5]. Given the lack of universal
consensus regarding optimal 25(OH)D concentrations, for the purposes of this review
vitamin D deficiency is defined as serum 25(OH)D < 20 ng/mL (50 nmol/L).

Concurrently, DKD is closely linked to dysregulation of blood pressure (BP) con-
trol through mechanisms intrinsic to renal injury, most notably maladaptive activation
of the renin—angiotensin—aldosterone system (RAAS) [6,7]. In parallel, vitamin D defi-
ciency that develops in the course of DKD further contributes to BP dysregulation by
impairing the physiological inhibitory effects on renin expression, inflammatory signal-
ing, and endothelial function [5,8-14]. As a result, AH in DKD reflects the combined
effects of kidney-derived mechanisms and impaired vitamin D signaling. It acts both as a
consequence of renal dysfunction and as a driver of progressive kidney injury.

At the population level, vitamin D deficiency has been in the spotlight as a ma-
jor public healthcare issue with an estimated prevalence of more than a billion people
worldwide [12,15]. AH also constitutes a major global public health problem, affecting
over 1.5 billion individuals worldwide and representing one of the leading modifiable risk
factors for cardiovascular morbidity and mortality [13,16]. Its prevalence is particularly
high among patients with diabetes and DKD [17].

Against this background, DKD, vitamin D deficiency, and AH should not be viewed
as isolated clinical entities but rather as interconnected components of a vicious cycle
in which renal injury disrupts vitamin D homeostasis, impaired vitamin D signaling
contributes to BP dysregulation, and sustained hypertension further aggravates renal and
cardiovascular damage.

The aim of this review is to examine the mechanisms linking DKD, vitamin D de-
ficiency, and AH, and to explore their implications for disease progression and clinical
management across these interrelated conditions.
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2. Material and Methods

This narrative review was conducted to synthesize current evidence on the relation-
ships between diabetic kidney disease, vitamin D deficiency, and arterial hypertension,
with particular focus on pathophysiological mechanisms and clinical implications.

A structured literature search was performed in the PubMed /MEDLINE and Sco-
pus databases. The search covered publications from 2017 to 2025 and was limited to
peer-reviewed articles published in English. Search terms were combined using Boolean
operators (AND, OR) and included: “diabetic kidney disease”, “vitamin D deficiency”,

Z7i V7S v

“vitamin D metabolism”, “vitamin D receptor”, “vitamin D supplementation”, “arterial hy-

”ou

pertension”, “renin-angiotensin-aldosterone system”, “RAAS”, “endothelial dysfunction”,
“oxidative stress”, “inflammation”, “insulin resistance”, and “proteinuria”. Additional
sources were identified through manual screening of reference lists from selected key
publications. All sources were last searched /consulted on 10 December 2025.

Eligible studies included randomized controlled trials, observational studies, clin-
ical guidelines, systematic reviews, and relevant experimental or translational studies
examining mechanistic or clinical links between DKD, vitamin D status, and hyperten-
sion. Preference was given to original research articles as well as recent high-quality
systematic and narrative reviews providing comprehensive mechanistic or clinical insights.
Mechanistic and experimental studies were included when they contributed to understand-
ing the biological pathways involved. Publications were selected based on their novelty,
methodological quality, and clinical relevance, with particular emphasis on those providing
up-to-date data, clinical insight, or addressing areas of uncertainty.

Papers were excluded if they were case reports, conference abstracts without full
text, non-peer-reviewed publications, or were not sufficiently relevant to the pathophysi-
ological or clinical relationships among DKD, vitamin D status, and BP regulation. Both
human and mechanistic animal studies were considered when relevant to the biological
pathways discussed.

All retrieved records were screened independently by three researchers (B.K.; P.C.;
W.S.) under the supervision of two senior investigators (A.R.-W.; M.W.). Duplicates were
removed using database tools and manual verification. Screening was performed in
two stages: title and abstract review followed by full-text assessment. Discrepancies
were resolved through discussion and consensus; when necessary, a senior reviewer
adjudicated disagreements.

The review was structured into thematic chapters covering: (1) mechanisms leading
to vitamin D deficiency in DKD; (2) the nephroprotective role of vitamin D with emphasis
on regulation of the RAAS; (3) mechanisms linking vitamin D deficiency to the devel-
opment of AH in DKD, including RAAS overactivation, inflammation, oxidative stress,
endothelial dysfunction, and insulin resistance; and (4) therapeutic implications of vitamin
D supplementation in patients with DKD and AH.

Given the narrative design of this review, no formal risk-of-bias scoring or meta-
analysis was conducted. However, study quality and methodological rigor were considered
descriptively during evidence synthesis. Due to heterogeneity in study designs and re-
ported outcomes, findings were summarized narratively to provide a structured qualitative
overview of the available evidence.

3. Results
3.1. Why Does Vitamin D Deficiency Occur in Diabetic Kidney Disease?

Observational and experimental studies have demonstrated that patients with DKD
exhibit reduced circulating concentrations of both 25-hydroxyvitamin D [25(OH)D] and its
biologically active form, 1,25-dihydroxyvitamin D [1,25(OH), D], with these deficiencies
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becoming more pronounced as renal function declines [1,2,5,11]. These observations
suggest that disturbances in vitamin D homeostasis represent a clinically relevant feature of
DKD [1]. The following section, therefore, focuses on the renal and hormonal mechanisms
linking glomerular and tubular injury to the development of vitamin D deficiency in DKD
[Figure 1].

DIABETIC KIDNEY DISEASE (DKD)
glomerular injury - tubular injury - nephron loss - hormonal dysregulation

Loss of functional Glomerular barrier damage ) Early elevation of FGF-23 excess and
nephrons and proximal fibroblast growth factor
tubular damage 23 (FGF-23)

Glomerular proteinuria

Reduced renal CYP27B1 Inhibition of renal Upregulation of
activity ) e CYP27B1 CYP24A1
Urinary loss of vitamin
D-binding protein (VDBP)

uremic milieu

Accelerated
degradation of 25(OH)D
and 1,25(0H),D

Impaired conversion of Suppressed synthesis of
25(OH)D to 1,25(0H).D 1,25(0H).D
Impaired transport and
reduced bioavailability of
vitamin D metabolites

Reduced circulating vitamin D levels
[v25(0OH)D and ¥1,25(0H),D]

Figure 1. Mechanisms linking diabetic kidney disease to reduced circulating vitamin D levels.
DKD disrupts vitamin D homeostasis through multiple, parallel mechanisms involving glomerular
injury, proximal tubular damage, nephron loss, and hormonal dysregulation. Loss of functional
nephrons and suppression of renal CYP27B1 activity impair the conversion of 25(OH)D to its active
form, 1,25(OH),D (blue boxes). Proximal tubular injury reduces reabsorption of the VDBP-25(OH)D
complex, limiting substrate availability (yellow boxes), while glomerular proteinuria leads to urinary
loss of VDBP and impaired transport of vitamin D metabolites (green boxes). Early elevations in
FGEF-23 further inhibit vitamin D activation (red boxes) and promote CYP24A1-mediated catabolism
(pink boxes). Collectively, these processes converge to reduce circulating concentrations of both
25-hydroxyvitamin D and 1,25-dihydroxyvitamin D.

One of the earliest and most direct mechanisms contributing to vitamin D deficiency
in DKD is the urinary loss of vitamin D-binding protein (VDBP) secondary to glomerular
proteinuria [9]. In circulation, vitamin D is predominantly transported bound to VDBP,
a low-molecular-weight protein of approximately 58 kDa [1,2,12,15]. In DKD, disruption
of the glomerular filtration barrier results in proteinuria and increased urinary loss of
VDBP [18]. Because VDBP serves as the primary carrier of 25(OH)D in plasma, its urinary
loss may contribute to depletion of circulating vitamin D stores. Elevated urinary VDBP con-
centrations have been consistently reported in patients with kidney damage, highlighting
proteinuria as a disease-specific contributor to vitamin D deficiency in DKD [2,11,18].

In addition to glomerular protein loss, tubular dysfunction is considered an important
mechanism through which DKD disrupts vitamin D homeostasis [1]. Under normal
conditions, the filtered VDBP-25(OH)D complex is efficiently reabsorbed in the proximal
tubule. However, tubular injury characteristic of DKD compromises this reabsorptive
process, leading to reduced recovery of filtered 25(OH)D and progressive depletion of
vitamin D stores [1,2,12]. Consequently, tubular damage in DKD impairs not only solute
handling but also the renal conservation of vitamin D metabolites, thereby contributing to
systemic vitamin D deficiency [12].

DKD also compromises the renal enzymatic activation of vitamin D, as the kidneys
represent the principal site of vitamin D activation. In the proximal renal tubules, the
enzyme la-hydroxylase (CYP27B1) catalyzes the conversion of 25(OH)D into its biologi-
cally active form, 1,25(OH);D, underscoring the dependence of vitamin D activation on
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preserved renal tubular structure and function [13]. In CKD, including DKD, progressive
loss of functional nephrons and tubular injury impair the kidney’s capacity to activate
vitamin D. Damage to proximal tubular cells leads to reduced CYP27B1 activity, thereby
limiting the conversion of circulating 25(OH)D into its active form and resulting in a decline
in circulating 1,25(OH),;D concentrations [1,2,11,13,18]. Notably, a marked reduction in
1,25(0OH),D levels has been observed particularly when GFR declines to 40 mL/min or
below [2].

In parallel with structural alterations, hormonal dysregulation further contributes
to impaired vitamin D metabolism in DKD. Vitamin D metabolism is tightly regulated
by mineral homeostasis-related hormones, including fibroblast growth factor 23 (FGF-23).
FGF-23 acts as a potent inhibitor of renal CYP27B1 while simultaneously inducing 24-
hydroxylase (CYP24A1), thereby suppressing the synthesis of 1,25(0OH),;D and promoting
its catabolism [2,9,13,15,19]. In DKD, elevated FGF-23 levels observed early in the disease
course further reduce the availability of active vitamin D, even in the presence of residual
renal function [8]. Increased CYP24A1 expression has also been reported in diabetic
patients and experimental models of uremia, which additionally contribute to reduced
concentrations of both 25(0OH)D and 1,25(0OH), D, supporting the concept of a progressive
nature of vitamin D deficiency in DKD [1,2,11].

Given the high prevalence of vitamin D deficiency among patients with DKD and
its association with impaired renal structure, function, and endocrine activity, the mecha-
nisms outlined above provide a mechanistic basis for reduced vitamin D-mediated nephro-
protection [2,15,18]. This impairment may contribute to progressive renal injury and,
consequently, to the development of AH [8,11,12], as discussed in the following section.

3.2. How Does Vitamin D Deficiency Lead to Loss of Nephroprotection Through RAAS
Oweractivation in DKD?

In DKD, chronic activation of the RAAS is widely regarded as a central mechanism
implicated in progressive renal injury rather than a purely physiological regulator of
BP [20,21]. Beyond its systemic hemodynamic effects, the RAAS is integral to the regulation
of renal activity [21]. Sustained RAAS activation is associated with a cascade of pathogenic
events, including renal inflammation, podocyte injury, endothelial dysfunction, disruption
of the glomerular filtration barrier, glomerulosclerosis, and progressive renal fibrosis [20].

Renin, encoded by the REN gene and predominantly synthesized and secreted by
juxtaglomerular cells of the kidney, catalyzes the rate-limiting step of RAAS activation
by converting angiotensinogen into angiotensin I (Ang I) [22]. Angiotensin II (Ang II),
generated downstream via angiotensin-converting enzyme, exerts potent vasoconstrictive
and profibrotic effects through activation of the angiotensin II type 1 receptor (AT1R) [23].
Tightly controlling REN gene expression is therefore critical to maintaining renal structure
and function, which, in turn, helps maintain normotension [21,22].

Vitamin D deficiency may be associated with a loss of nephroprotective restraint on
RAAS by disrupting suppression of cAMP response element-binding protein (CREB) activ-
ity mediated by the vitamin D receptor (VDR), contributing to increased renin expression
and excessive Ang II production [22,24]. This mechanism has been demonstrated primarily
in experimental models, whereas human data remain largely indirect. Transcriptional
regulation of renin is largely mediated by the CREB, which promotes REN gene expression
through its interaction with cAMP response elements (CREs) located within the proxi-
mal promoter and enhancer regions of the renin gene. CREB activity is modulated by
1,25(0OH),D, the biologically active form of vitamin D, via activation of the nuclear VDR.
Experimental evidence from murine models indicates that ligand-activated VDR directly
interacts with CREB, thereby preventing its binding to CRE sites and suppressing renin
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transcription [22]. However, translation of these findings into consistent clinical effects in
DKD patients has not been uniformly confirmed.

Beyond CREB-mediated regulation of renin transcription, the kidney represents a
major target for vitamin D due to its high expression of VDRs. These nuclear receptors
modulate key pathogenic pathways implicated in DKD progression, including inflamma-
tion, oxidative stress, and fibrosis. Experimental studies in diabetic animal models have
demonstrated that VDR deficiency leads to upregulated expression of renin, angiotensin,
and angiotensin receptors, resulting in excessive intrarenal RAAS activation. This dys-
regulation precipitates severe renal injury [20]. Albuminuria is a well-established early
clinical marker of DKD and reflects underlying glomerular damage driven in part by RAAS
overactivation [25,26].

The clinical efficacy of RAAS blockade in reducing albuminuria and slowing disease
progression further supports the important role of RAAS dysregulation in DKD [25,26].
Calcitriol and vitamin D analogues such as paricalcitol suppress renin and angiotensinogen
expression in renal cells [20,27]. These observations indirectly support the concept that loss
of effective vitamin D signaling in DKD removes an important physiological restraint on
RAAS activity.

Thus, in DKD, vitamin D deficiency manifests not as an isolated metabolic abnormality
but as a functional loss of nephroprotection, leading to RAAS overactivation. This RAAS-
centered mechanism provides the upstream trigger for many of the hemodynamic and
non-hemodynamic processes discussed in subsequent sections, creating a self-perpetuating
pathogenic loop in which excessive RAAS activity accelerates renal injury and promotes
progressive kidney damage, including the development of AH [20,21,24].

3.3. Mechanisms Linking Vitamin D Deficiency to the Development of Arterial Hypertension in
DKD Patients

3.3.1. RAAS Overactivation and Local Ang II Accumulation

The inhibitory effect of vitamin D on RAAS activity is supported by experimental and
some clinical data, although the strength of evidence varies across study designs [5]. In
DKD, vitamin D deficiency may further exacerbate the diabetic milieu, characterized by
persistent hyperglycemia, oxidative stress, and chronic inflammation, which synergistically
amplify both systemic and intrarenal RAAS activity [20]. Excessive Ang II production
is associated with a cascade of pathogenic events characterized by potent vasoconstric-
tion, enhanced tubular sodium retention, increased aldosterone secretion, and subsequent
extracellular fluid volume expansion [28,29].

While the systemic consequences of RAAS overactivation have been outlined above,
local dysregulation of the intrarenal RAAS represents an additional pathogenic mechanism
in DKD. Hyperglycemia directly stimulates renin and Ang II synthesis within mesangial
cells, leading to local Ang II accumulation independent of systemic RAAS activity [30].
Intrarenal Ang II profoundly alters glomerular hemodynamics, as the efferent arteriole
is markedly more sensitive to Ang Il-induced vasoconstriction than the afferent arteriole.
This imbalance elevates intraglomerular capillary pressure [31].

Regardless of its systemic or local origin, excess Ang II promotes both hemodynamic
and non-hemodynamic effects that drive renal and cardiovascular pathology.

The hemodynamic consequences of RAAS overactivation play a central role in the
development of AH. Ang II-mediated vasoconstriction and enhanced tubular sodium
reabsorption may increase extracellular fluid volume and contribute to sustained BP ele-
vation [29]. Clinically, this pathological RAAS-driven BP elevation meets the diagnostic
criteria for hypertension, commonly defined as systolic blood pressure > 140 mmHg
and/or diastolic blood pressure > 90 mmHg in office-based measurements according to
the International Society of Hypertension (ISH) Global Hypertension Practice Guidelines.
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It should be noted that diagnostic thresholds and treatment targets may differ in patients
with chronic kidney disease or diabetes, in whom pharmacological therapy is typically ini-
tiated at >140/90 mmHg, while recommended blood pressure targets are <130/80 mmHg
(or <140/80 mmHg in elderly individuals) [32]. Chronic hypertension imposes exces-
sive mechanical stress on the vascular endothelium, contributing to progressive vascular
injury [33]. Within the kidney, prolonged hypertension induces ischemic injury of the
renal vasculature, glomeruli, and tubulointerstitial, culminating in nephrosclerosis and
interstitial fibrosis [34,35]. Renal ischemia further stimulates Ang II synthesis, thereby
perpetuating RAAS overactivation and renal damage [34].

Beyond its hemodynamic actions, sustained Ang II signaling exacerbates renal injury
through non-hemodynamic mechanisms, including stimulation of renal cell hypertrophy;,
induction of pro-inflammatory cytokines, enhanced extracellular matrix deposition, and
macrophage infiltration, collectively accelerating glomerulosclerosis and tubulointersti-
tial fibrosis [30,36]. Non-hemodynamic effects also include Ang Il-induced aldosterone
secretion, which activates the mineralocorticoid receptor (MR), abundantly expressed in
renal and vascular tissues. Chronic MR overactivation promotes inflammation and fibrosis,
further reinforcing renal structural damage and cardiovascular remodeling [28]. These
mechanisms are well established experimentally. However, their modulation by vitamin D
in humans remains incompletely characterized.

As renal function declines, RAAS activity becomes increasingly upregulated, creating
a cycle [Figure 2] in which hypertension both drives and results from progressive kidney
injury [29].

Vitamin D deficiency
in DKD

+ VDR
¥ CREB inhibition

~ REN gene expression
A renin

RAAS overactivation
1 Angll taldosterone

Systemic effects:
= Renalischemia = vasoconstriction

= Further trenin/Ang Il = Na+ retention
=volume expansion

= Progression of DKD . .
X Arterial hypertension
* Glomerulosclerosis/
ibrosi ~BP
glomerulofibrosis

= Endothelial
dysfunction
= Arterial stiffens

Figure 2. The vicious cycle linking vitamin D deficiency, RAAS overactivation, DKD, and AH.
Vitamin D deficiency leads to reduced activation of the VDR, resulting in loss of CREB-mediated
suppression of renin transcription and subsequent RAAS overactivation. Excessive Ang II promotes
intrarenal hemodynamic disturbances, fibrosis, and albuminuria, accelerating DKD progression.
RAAS-driven arterial hypertension further exacerbates renal ischemia and injury, reinforcing RAAS
activation and perpetuating the pathogenic cycle. Upward arrows (1) indicate an increase or upregu-
lation, whereas downward arrows (]) indicate a decrease or suppression of the respective process,
mediator, or physiological parameter.
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3.3.2. Chronic Inflammation and Oxidative Stress

Chronic inflammation and oxidative stress are widely considered interrelated con-
tributors to the pathogenesis of DKD and its cardiovascular complications. Chronic hy-
perglycemia is regarded as an important driver of these processes, as it induces profound
metabolic disturbances in endothelial cells, vascular smooth muscle cells, renal tubular
cells, and mesangial cells. Persistently elevated glucose levels are thought to promote both
microvascular and macrovascular injury through several interrelated pathways [37].

These pathways include enhanced glycoxidation, increased intracellular generation
of reactive oxygen species (ROS), and accumulation of glycated proteins. Excessive ROS
production is associated with disruption of cellular redox balance and may amplify inflam-
matory signaling, while progressive impairment of endogenous antioxidant systems may
sustain this pathological state [38].

As a result, pro-inflammatory signaling becomes chronically activated, leading to
persistently elevated circulating levels of inflammatory mediators, including IL-1, IL-6,
CRP, MCP-1, and TNF-«. This pattern is consistent with the view of DKD as a metabol-
ically driven immune-inflammatory disorder. Consistently, elevated levels of systemic
inflammatory markers, such as high-sensitivity C-reactive protein (hs-CRP), have been as-
sociated with disease progression in patients with type 2 diabetes mellitus (T2DM), though
causality remains difficult to establish [39]. The consequences of sustained inflammation
and oxidative stress likely extend beyond the kidney. Mitochondrial dysfunction develops
not only in renal and vascular cells but also in pancreatic 3-cells, where it may contribute
to impaired insulin secretion and worsening glycemic control [37].

An important mechanistic link between oxidative stress and vitamin D signaling in this
context is glutathione (GSH), the major intracellular antioxidant. Experimental data suggest
that vitamin D may contribute to redox homeostasis in part by upregulating intracellular
GSH levels and antioxidant enzyme activity, thereby limiting excessive ROS generation.
At the same time, adequate GSH availability appears necessary for optimal bioavailability
and intracellular signaling of vitamin D metabolites. In diabetes, and particularly in
DKD, chronic oxidative stress is associated with GSH depletion, which may compromise
vitamin D signaling, exacerbate IR, and further weaken endogenous antioxidant defenses.
Although this reciprocal interaction has been described primarily in selected clinical studies,
it provides a plausible framework for understanding how redox imbalance and altered
vitamin D status may interact [40,41].

As these redox and inflammatory disturbances extend beyond the cellular level,
they may manifest as systemic vascular alterations with clinically relevant hemodynamic
consequences. Both experimental and clinical studies suggest an association between
inflammatory and redox-related pathways in the development of AH. Prospective cohort
and meta-analytic data indicate that elevated inflammatory markers are associated with a
20-40% increased risk of incident hypertension, while biomarkers of oxidative stress and
reduced antioxidant capacity consistently correlate with higher BP levels [42,43]. These
observations suggest that inflammatory and redox-related mechanisms may converge at
the level of the vascular endothelium, rather than acting as independent parallel pathways.

3.3.3. Endothelial Dysfunction

In DKD, endothelial dysfunction represents a common pathway through which chronic
metabolic, inflammatory, and hormonal disturbances are translated into vascular injury
and dysregulation of BP [44,45]. In this setting, endothelial dysfunction provides the func-
tional basis for progressive structural vascular alterations, leading to increased peripheral
resistance and hypertension.

https://doi.org/10.3390 /healthcare14050662


https://doi.org/10.3390/healthcare14050662

Healthcare 2026, 14, 662

9of 17

Vascular homeostasis is maintained by endothelial cells through the tightly coor-
dinated release of vasoactive mediators that balance vasodilation and vasoconstriction.
Nitric oxide (NO) plays a central role in this process by promoting vasodilation, limit-
ing vascular smooth muscle cell contraction, and reducing peripheral vascular resistance,
thereby supporting normal BP regulation [46]. In contrast, endothelin-1 (ET-1) exerts po-
tent vasoconstrictive effects and functionally opposes NO-mediated vasodilation. The
balance between NO and ET-1 is regarded as critical for maintaining vascular tone and
resistance [38]. Loss of this vasomotor equilibrium compromises endothelial regulation
of vascular tone. Reduced NO availability not only limits vasodilatory capacity but also
favors a shift toward vasoconstriction. In this context, the combined actions of NO, ET-1,
and oxidative stress have been implicated in processes extending beyond altered vascular
reactivity to influence extracellular matrix synthesis by vascular smooth muscle cells and
fibroblasts. This interaction is thought to promote fibrotic remodeling of the vascular
wall and progressive arterial stiffening potentially contributing to sustained increases in
vascular resistance and the development of AH [38,43,47].

Chronic hyperglycemia is considered an additional driver of endothelial injury in
DKD. Sustlained elevations in glucose favor the formation and accumulation of advanced
glycation end products (AGEs) within the vascular wall. AGEs have been shown to impair
endothelial integrity by reducing NO bioavailability, enhancing inflammatory signaling,
and increasing endothelial permeability, thereby compromising renovascular function and
promoting vasoconstrictive responses [34,37,39].

As endothelial dysfunction persists, these functional abnormalities translate into
structural remodeling of the arterial wall. Continuous endothelial injury has been associated
with thickening of the vessel wall and a gradual loss of arterial elasticity. As large and
medium-sized arteries stiffen, their ability to dilate with each cardiac cycle diminishes,
leading to elevated systolic BP and increased cardiac workload. Arterial stiffness is therefore
considered a key mechanistic link between sustained endothelial dysfunction and the
development and progression of AH in patients with DKD.

Against this background, vitamin D deficiency has been proposed as an important
amplifying factor that exacerbates endothelial dysfunction and contributes to the tran-
sition from functional vascular impairment to overt hypertension. Vitamin D supports
endothelial function primarily by maintaining NO bioavailability [46]. In the setting of
vitamin D deficiency, NO availability may be reduced, due to impaired nitric oxide synthase
activity and enhanced oxidative inactivation of NO, leading to attenuated NO-dependent
vasodilation [46,48]. At the same time, vitamin D deficiency has been associated with
increased ET-1 activity, further shifting the vasomotor balance toward vasoconstriction.
The combined effect of reduced NO-mediated vasodilation and enhanced ET-1-dependent
vasoconstriction may lead to sustained increases in peripheral vascular resistance and may
favor the development of AH, particularly in patients with CKD and DKD [37].

3.3.4. Insulin Resistance

Observational studies have shown inverse associations between serum 25(OH)D levels
and markers of IR, such as HOMA-IR, suggesting that vitamin D deficiency may impair
insulin sensitivity. This metabolic abnormality has been associated with the development
of AH, particularly in patients with DKD [49].

At the molecular level, vitamin D has been reported to modulate insulin signaling
through both genomic and non-genomic mechanisms, including regulation of insulin
receptor substrate (IRS) transcription and calcium flux. Activation of the vitamin D receptor
has been shown in experimental models to influence the transcription of genes involved
in insulin action, including the insulin receptor and IRS. Experimental data indicate that
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vitamin D supplementation may increase IRS expression, enhancing insulin sensitivity in
peripheral tissues [40]. The presence of vitamin D response elements within the promoter
region of the insulin receptor gene further supports a direct regulatory role of vitamin D in
insulin signaling [41].

IR is thought to contribute to vascular dysfunction through impaired endothelial
signaling. Insulin stimulates endothelial NO production while suppressing ET-1 secretion.
In IR states, this balance may shift toward systemic and renal vasoconstriction. Reduced
NO bioavailability also promotes renal vasoconstriction and increases sodium reabsorption,
thereby contributing to elevated BP [50]. Vitamin D is also involved in the regulation
of intracellular calcium homeostasis, which is important for insulin signal transduction
and glucose uptake in insulin-sensitive tissues. Vitamin D deficiency can impair glucose
transporter activity and thereby exacerbate peripheral IR [49]. Moreover, vitamin D has
been reported to influence calcium-dependent insulin secretion in pancreatic (3-cells via
both direct binding to the vitamin D receptor and indirect modulation of calcium flux,
influencing systemic insulin sensitivity [51,52].

In DKD patients, IR has been linked to elevated BP through hemodynamic mecha-
nisms, including hyperinsulinemia-induced activation of the sympathetic nervous system,
increased cardiac output, enhanced peripheral vascular resistance, and stimulation of
vascular smooth muscle proliferation and endothelin synthesis. Additionally, IR has been
associated with activation of RAAS, promoting sodium retention and further elevation of
blood pressure [53,54].

Beyond its hemodynamic effects, IR has been implicated in the progression of kidney
damage. Hyperinsulinemia has been associated with glomerular hyperfiltration, increases
vascular permeability, and promotes proteinuria, contributing to nephron loss and renal
fibrosis [53,55]. Neurohormonal activation and increased efferent arteriolar tone elevate
intraglomerular pressure, leading to podocyte injury and accelerating DKD progression [56].
Furthermore, RAAS dysregulation has been proposed to aggravate insulin resistance by
increasing angiotensin II-mediated oxidative stress and promoting proteasome-mediated
degradation of IRS-1, impairing insulin signaling [57]. Taken together, vitamin D deficiency
may represent one of several mechanistic links connecting DKD, IR, and AH [Figure 3].

= 4 Systemic and intrarenal RAAS

activity
= 2 Angiotensin Il

=Chronic hyperglycaemia
= 1 |ntracellular ROS production

= 1 Vasoconstriction
= Sodium retention
= 1 Aldosterone secretion
= 1 Blood pressure (arterial
hypertension)
= Intrarenal Ang ll-mediated efferent

arteriole constriction

= 7 Intraglomerular pressure

RAAS
Overactivation
and local Ang Il
accumulation

Endothelial
Dysfunction

=v Nitric oxide (NO) bioavailability
= ¢ Nitric oxide synthase
activity
= * Oxidative inactivation of
NO
= 2 Endothelin-1 activity
= Loss of NO-ET-1 balance
= 1 Peripheral vascular resistance

=4 Glycoxidation and accumulation of
glycated proteins
=¥ Antioxidant defences
=2 Inflammatory mediators (IL-1, IL-6,
MCP-1, TNF-a, CRP)
=¥ Glutathione
= Impaired vitamin D signalling
= Mitochondrial dysfunction

Chronic
Inflammation
and Oxidative

Stress

=¥ Insulin signalling (IRS expression)
=2 Insulin resistance
=¥ NO, * ET-1
=1 Sodium reabsorption
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* Hyperinsulinemia-induced
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proteinuria, fibrosis

Figure 3. Interplay between vitamin D deficiency, DKD, and key mechanisms driving AH. Vitamin
D deficiency contributes to reduced inhibition of RAAS, leading to increased systemic and intrarenal
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RAAS activity and elevated Ang II levels. Excess Ang II promotes vasoconstriction, sodium reten-
tion, aldosterone secretion, and intraglomerular hypertension through preferential efferent arteriole
constriction. In parallel, chronic hyperglycemia induces oxidative stress and chronic inflammation,
characterized by increased reactive oxygen species production, glycoxidation, depletion of antioxi-
dant defenses, and mitochondrial dysfunction. These processes converge on endothelial dysfunction,
marked by reduced nitric oxide bioavailability, increased ET-1 activity, loss of vasomotor balance, and
elevated peripheral vascular resistance. Vitamin D deficiency further exacerbates insulin resistance,
impairing insulin signaling and endothelial nitric oxide production, activating RAAS and sympa-
thetic pathways, and promoting renal hyperfiltration and fibrosis. Collectively, these interrelated
mechanisms create self-perpetuating loops that accelerate vascular dysfunction, progressive kidney
injury, and the development of AH in patients with DKD. Upward arrows () indicate an increase
or upregulation, whereas downward arrows (J) indicate a decrease or suppression of the respective
process, mediator, or physiological parameter.

3.4. Therapeutic Implications of Vitamin D Supplementation

Over the past decade, assessment of vitamin D status and prescription of vitamin D
supplementation have become routine in clinical practice. This growing interest reflects the
expectation that correction of vitamin D deficiency may confer benefits beyond mineral
metabolism. However, in the absence of robust evidence, widespread testing and supple-
mentation may contribute to clinical uncertainty. In patients with CKD, particularly those
with DKD, vitamin D deficiency frequently coexists with AH, raising a clinically relevant
question: does such supplementation represent a meaningful therapeutic strategy in this
setting, or does it remain an attractive yet unproven intervention [5]?

Vitamin D is a fat-soluble secosteroid hormone that exists primarily as cholecalciferol
(vitamin Ds3) and ergocalciferol (vitamin D;), with D3 representing the principal physio-
logical form in humans. Its biological activity depends on sequential hydroxylation steps,
including renal conversion of 25-hydroxyvitamin D [25(OH)D] to the active metabolite
1,25-dihydroxyvitamin D [1,25(OH),; D], which exerts its effects via the vitamin D receptor
(VDR). In clinical practice, vitamin D status is assessed by measuring serum 25(OH)D
concentrations [58,59].

In patients with DKD, coexisting vitamin D deficiency, and AH, vitamin D-based
interventions should therefore be considered in the context of impaired renal activation
and increased cardiometabolic risk. Native vitamin D supplementation remains the most
commonly used therapeutic approach. Among available formulations, D3 is generally
considered preferable to D5, as it produces greater and more sustained increases in serum
25(0OH)D concentrations. This difference is attributed to the lower affinity of D, for the
VDBP and its more rapid clearance, resulting in less stable 25(OH)D exposure [60-62].

However, correction of systemic vitamin D deficiency alone may be insufficient in
DKD, as impaired renal activation can limit downstream vitamin D signaling. Oral calcife-
diol allows for more rapid and predictable increases in serum 25(OH)D concentrations and
may be advantageous in selected patients, particularly in patients in whom native vitamin
D supplementation appears less effective [63]. Active vitamin D metabolites and selective
VDR agonists bypass renal 1a-hydroxylation and represent additional options in selected
patients. In particular, VDR agonists such as paricalcitol have been shown in randomized
trials to be associated with reductions in albuminuria when added to established RAAS
blockade; however, evidence regarding long-term renal or cardiovascular outcome mod-
ification remains limited. Experimental data also suggest potential beneficial effects on
mitochondrial function and oxidative stress in diabetic renal tissue [60,64].

From a hierarchy-of-evidence perspective, mechanistic and experimental findings
should be interpreted separately from observational associations and randomized interven-
tional data.
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Beyond correction of deficiency, the potential systemic effects of vitamin D-based
interventions are also relevant in DKD. Insulin resistance is highly prevalent in this popula-
tion and contributes to metabolic dysregulation and progression toward type 2 diabetes
mellitus. Observational studies have reported that vitamin D supplementation is associated
with modest reductions in hyperinsulinemia and improvements in insulin sensitivity [40].
Experimental data suggest that vitamin D may modulate insulin signaling by upregulating
insulin receptor expression, enhancing IRS signaling, attenuating inflammatory pathways,
and improving skeletal muscle glucose uptake via GLUT4 translocation [58,65]. Never-
theless, meta-analyses of randomized controlled trials have demonstrated only modest
and inconsistent improvements in glycemic indices, and large interventional studies have
failed to show sustained metabolic benefits, particularly in patients with DKD [58,60]. Thus,
while mechanistic and observational data suggest potential metabolic effects, randomized
evidence remains inconsistent.

Given the close interplay between metabolic dysfunction and BP regulation in DKD,
the potential impact of vitamin D supplementation on AH has also been examined. Several
clinical trials in vitamin D-deficient hypertensive patients, including individuals with
impaired kidney function, have reported reductions in BP following daily or weekly
supplementation with vitamin D or its analogs [5,66]. These findings, however, require
cautious interpretation. Many studies are limited by small sample sizes and heterogeneous
populations, and impaired kidney function does not necessarily equate to established
DKD. Moreover, large randomized controlled trials and meta-analyses have not consis-
tently demonstrated clear or sustained antihypertensive effects of vitamin D supplementa-
tion [63]. Overall, the antihypertensive effect appears modest and inconsistent, particularly
in patients with established DKD, based on currently available randomized evidence.

Importantly, despite biological plausibility and selected positive findings, current
evidence does not support targeted vitamin D supplementation as a disease-modifying
intervention for DKD-associated hypertension, particularly in the absence of confirmed
vitamin D deficiency.

Despite promising experimental data and selected clinical observations, vitamin D-
based interventions in patients with DKD, vitamin D deficiency, and AH are subject to
important limitations. Chronic high-dose supplementation may lead to hypercalcemia and
hyperphosphatemia, and the optimal upper threshold for serum 25(OH)D concentrations
remains uncertain. These concerns are particularly relevant in DKD, where disturbances
in mineral metabolism necessitate cautious and individualized supplementation strate-
gies [67].

From a clinical perspective, vitamin D supplementation in DKD should therefore
primarily aim at correction of documented deficiency in accordance with CKD guidelines,
rather than routine use as an antihypertensive or disease-modifying strategy.

4. Discussion
4.1. Limitations of the Study

Several limitations should be considered when interpreting this narrative review.
Although experimental and observational studies support individual associations between
DKD, vitamin D deficiency, and AH, we have not found many studies that examine these
three conditions simultaneously within a single, integrated mechanistic framework. As
a result, most proposed interactions are based on indirect evidence rather than direct
confirmation in unified clinical or experimental models.

The mechanisms discussed involve multiple overlapping renal, metabolic, inflamma-
tory, and vascular processes, making it difficult to clearly separate the effects of vitamin D
deficiency from other DKD-related factors.
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Evidence regarding vitamin D-based interventions in patients with DKD and AH is
heterogeneous, and we have not found consistent data to guide the choice between native
vitamin D, active metabolites, or vitamin D receptor agonists.

It is also impossible to determine the patient’s compliance with dietary recommenda-
tions and supplementation in most available studies, which limits assessment of exogenous
vitamin D intake. In addition, information on the degree of glycemic control in patients
with DKD is frequently incomplete or unavailable, making it difficult to account for the
influence of diabetes severity and treatment on renal and cardiovascular outcomes.

Finally, current clinical guidelines do not provide specific recommendations for vita-
min D supplementation in patients with DKD and AH, reflecting the lack of large, well-
designed randomized trials with clinically meaningful renal and cardiovascular outcomes.

4.2. Conclusions

Diabetic kidney disease, vitamin D deficiency, and arterial hypertension are common
conditions that often coexist and influence one another. In this review, we examined the
mechanisms linking these disorders and discussed their implications for disease progres-
sion and clinical management.

The available evidence shows that they should not be considered separately, but rather
as interrelated processes occurring within the same patients.

Although AH arises from a multifactorial and mosaic pathogenesis, the interactions
described in this review highlight the relevance of renal dysfunction and disrupted vitamin
D signaling as important contributing elements within this complex network. Given the
global burden of DKD, vitamin D deficiency, and AH, understanding these interactions is
clinically relevant.

Some questions remain unanswered. There is still a lack of recommendations about
vitamin D supplementation specifically tailored to patients with DKD and coexisting AH.
In addition, available studies often provide limited information on exogenous vitamin D
intake from diet and supplementation, as well as on the level of glycemic control in patients
with DKD, which makes interpretation of clinical outcomes difficult. More prospective
studies in large groups are necessary to establish the prevalence of these interactions and
to determine their clinical significance.

Taken together, viewing DKD, vitamin D deficiency, and AH as elements of a vicious
cycle may improve understanding of their coexistence and support a more integrated
approach to future research and clinical management. At the same time, the true impact
of vitamin D on renal and cardiovascular health remains part of a complex and evolving
landscape that requires continued scientific exploration.
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Abbreviations

The following abbreviations are used in this manuscript:

DKD diabetic kidney disease

GFR glomerular filtration rate

CKD chronic kidney disease

AH arterial hypertension

RAAS renin-angiotensin—aldosterone system
BP blood pressure

25(CH)D 25-hydroxyvitamin D
1,25(OH)2D  1,25-dihydroxyvitamin D

VDBP vitamin D- binding protein
FGF-23 fibroblast growth factor 23

Angl Angiotensin I

AngII Angiotensin II

ATIR angiotensin II type 1 receptor
CREB cAMP response element-binding protein
VDR vitamin D receptor

CREs cAMP response elements

MR mineralocorticoid receptor

ROS reactive oxygen species

IL-1 interleukin-1

IL-6 interleukin-6

CRP C-reactive protein

MCP-1 monocyte chemoattractant protein-1
TNF-« tumor necrosis factor alpha
hs-CRP high-sensitivity C-reactive protein
T2DM type 2 diabetes mellitus

IR insulin resistance

GSH glutathione

NO nitric oxide

ET-1 endothelin-1

AGEs advanced glycation end products
IRS insulin receptor substrate

GLUT4 glucose transporter type
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