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Abstract: Vitamin D has important anti-inflammatory, anti-microbial properties and plays a central
role in the host immune response. Due to the crucial role of the kidneys in the metabolism of vitamin
D, patients with chronic kidney disease (CKD) are prone to vitamin D deficiency. The resultant
reduction in the production of calcitriol, the activated form of vitamin D, in patients with CKD is
responsible for exacerbating the existing renal impairment and periodontal inflammation. Recent
evidence suggests a bidirectional, causal relationship between periodontitis and renal functional
status. Both conditions have shared pathophysiological mechanisms including oxidative stress,
increases in the systemic inflammatory burden and impaired host response. This review explores the
association between vitamin D, CKD and periodontitis. The review summarises the current evidence
base for the classical and non-classical vitamin D metabolic pathways, the biological mechanisms
linking vitamin D deficiency, CKD and periodontitis, as well as the bidirectional relationship between
the two chronic inflammatory conditions. Finally, the paper explores the impact of vitamin D
deficiency on CKD, periodontitis, and related co-morbidities.
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1. Introduction

Vitamin D deficiency is associated with various noncommunicable diseases, among
which are chronic kidney disease (CKD) and periodontal disease. As well as its fundamental
roles in calcium and phosphate homeostasis, vitamin D possesses important antibacterial,
anti-inflammatory and host modulatory effects [1], which exert “renoprotective” and
“perio-protective” effects.

CKD is a global health concern affecting 5–10% of the world population [2]. According
to Kidney Disease Improving Global Outcomes (KDIGO), CKD is diagnosed on the basis
of an estimated glomerular filtration rate (eGFR) and values less than 60 mL/min/1.73 m2

have been identified as the threshold for CKD [3,4], together with abnormalities of renal
structure or function, present for more than 3 months with implications for health [4]. There
are five stages in CKD, the higher the staging the lower the eGFR [4].

Periodontitis is a chronic multifactorial inflammatory disease with an overall preva-
lence of 11.2% and is the 6th most prevalent disease worldwide [5]. It is associated with
dysbiosis of the oral flora, characterised by the progressive destruction of the periodon-
tium, with loss of clinical attachment, loss of the alveolar bone, presence of periodontal
pockets and gingival bleeding [6]. Periodontitis is a serious public health issue, as it can
cause not only local symptoms, but it can also have a negative impact on the individ-
ual’s general health, contributing to the development, and to the worsening, of chronic
non-communicable degenerative diseases, such as chronic kidney disease (CKD) [7].

Periodontal disease and CKD have shared pathophysiological mechanisms, namely
an increased inflammatory state, impaired immune response, and oxidative stress [8].
Therefore, the occurrence of both conditions is likely to result in an amplification of adverse
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outcomes [9]. A recent large cohort study suggested a bidirectional, causal relationship
between periodontal inflammation and renal function [10], such that a 10% increase in
periodontal inflamed surface area (PISA) was associated with a 3.0% decrease in eGFR and
a 10% decrease in eGFR led to a 25.0% increase in PISA [10].

This review will discuss (1) the vitamin D metabolic pathway and how this is altered
in CKD patients; (2) the bidirectional relationship between periodontal inflammation and
renal impairment; (3) the biological mechanisms linking vitamin D deficiency, CKD, and
periodontitis; and (4) the impact of Vitamin D deficiency on systemic inflammation and
co-morbidities associated with CKD and periodontitis.

2. Vitamin D Metabolic Pathways

Vitamin D is a fat-soluble hormone that can be obtained from two main sources.
Firstly, it can be obtained from dietary sources such as fatty fish and mushrooms. It is
found in the form of Ergocalciferol (D2) from plant sources or Cholecalciferol (D3) from
animal sources [11]. Secondly, it can be obtained through the action of sunlight’s ultraviolet
rays on skin in the form of 7-Dehydrocholesterol which is converted into the previtamin
Cholecalciferol (D3) [12]. Due to the relatively small proportion of vitamin D from the diet,
dermal synthesis accounts for 90% of vitamin D provision [13].

2.1. Classical Pathway

The classical pathway for the activation of vitamin D involves two stages of hydroxy-
lation. Firstly, the Vitamin D2 and D3 precursors are transported to the liver by vitamin
D-binding protein (DBP) [14]. Precursors D2 and D3 are then converted into inactive 25-
hydroxvitamin D (25(OH)D) by hydroxylation at the C25 position by 25-hydroxylase, coded
by cytochrome P2R1 (CYP2R1) [15]. 25(OH)D acts as the main circulating and storage
form of vitamin D in the body. 25(OH)D is then circulated in blood as the 25(OH)-DBP
complex and undergoes glomerular filtration and uptake into the kidney proximal tubule
cell by the receptor megalin. 25(OH)D-DBP then undergoes 1-α-hydroxylation by the Cy-
tochrome P450 Family 27 Subfamily B Member 1 gene (CYP27B1) to its most activated state,
1,25-dihydroxyvitamin D (1,25(OH)2D), also known as calcitriol [15]. This is illustrated in
Figure 1.

Calcitriol has wide ranging physiological and pharmacological effects [1]. Calcitriol
is responsible for increasing intestinal calcium and phosphate absorption when serum
calcium and phosphate levels are low. It also increases phosphorus resorption from bone
and is involved in the production of antimicrobial peptides, epithelial defence mechanisms,
host modulatory effects, the maintenance of the renin-angiotensin system, the inhibition of
host tumour cells and suppression of parathyroid hormone (PTH) release [1]. Calcitriol
exerts these affects by binding to intracellular vitamin D receptors (VDRs), which are
steroid hormone nuclear receptors and function as transcription factors [16].

In health, the activation of the CYP27B gene is regulated by PTH, phosphorus, calcium,
and fibroblast growth factor-23 (FGF-23) levels, and subsequently calcitriol levels [17].
Increased PTH levels combined with decreased phosphorus and calcium levels activate
the CYP27B gene and lead to increased calcitriol levels [13]. Meanwhile, increased FGF-23
levels inhibit the CYP27B gene and decrease calcitriol levels [18].

2.2. Non-Classical Pathway

Aside from the classical metabolism of vitamin D and its role in calcium and phosphate
homeostasis, a non-classical pathway of calcitriol synthesis appears to be present in various
tissues, both including and peripheral to the kidneys. Additionally, 1-α-hydroxylase
(which is primarily expressed in the kidneys) may also be expressed in extrarenal cells
and tissues [19]. Thus, the extra-renal production of calcitriol primarily functions as an
autocrine or paracrine factor at extra-renal sites and thus plays a role in the non-classical
actions of vitamin D [20,21].
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Figure 1. Vitamin ’s classical activation pathway in the human body. Sources of Vitamin D such as 
UV rays and diet deliver vitamin D in their precursor forms, D2 and D3 [11]. These precursors then 
bind to the Vitamin D-binding protein (DBP) at the site of synthesis and form the DBP-D protein 
complex. Vitamin D is then carried in the DBP-D complex through the blood plasma to the liver. 
Precursors D2 and D3 are hydroxylated into inactive 25-hydroxvitamin D [25(OH)D] by 25-hydrox-
ylase, coded by the cytochrome P2R1 (CYP2R1) gene [14]. 25(OH)D is taken up into the kidney from 
the blood and activated via 1-α-hydroxylation by the CYP27B gene to the 1,25-dihydroxyvitamin D 
(1,25(OH)2D) activated state. An increase in parathyroid hormone (PTH), reductions in phospho-
rous and calcium upregulates CYP27B gene activity, while an increase in fibroblast growth factor 
(FGF-23) downregulates CYP27B gene activity [15]. 
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Figure 1. Vitamin ’s classical activation pathway in the human body. Sources of Vitamin D such
as UV rays and diet deliver vitamin D in their precursor forms, D2 and D3 [11]. These precursors
then bind to the Vitamin D-binding protein (DBP) at the site of synthesis and form the DBP-D
protein complex. Vitamin D is then carried in the DBP-D complex through the blood plasma to
the liver. Precursors D2 and D3 are hydroxylated into inactive 25-hydroxvitamin D [25(OH)D]
by 25-hydroxylase, coded by the cytochrome P2R1 (CYP2R1) gene [14]. 25(OH)D is taken up into
the kidney from the blood and activated via 1-α-hydroxylation by the CYP27B gene to the 1,25-
dihydroxyvitamin D (1,25(OH)2D) activated state. An increase in parathyroid hormone (PTH),
reductions in phosphorous and calcium upregulates CYP27B gene activity, while an increase in
fibroblast growth factor (FGF-23) downregulates CYP27B gene activity [15].

Central to the non-classical function is the regulation of the renin–angiotensin–aldosterone
system (RAAS). Calcitriol is regarded as a negative endocrine regulator of the renin gene, thereby
inhibiting the RAAS and preserving renal function. The RAAS stimulates the production of
renin, which cleaves angiotensin into angiotensin I, which is then processed into angiotensin II
by the angiotensin-converting enzyme (ACE). Angiotensin II binds to the type 1 angiotensin
II receptor (AT1R) to produce various deleterious effects for renal and cardiovascular tissues,
including hypertension [22,23]. This is described in more detail in Figure 2.



Medicina 2024, 60, 420 4 of 21

Medicina 2024, 60, x FOR PEER REVIEW 4 of 23 
 

 

Central to the non-classical function is the regulation of the renin–angiotensin–aldos-
terone system (RAAS). Calcitriol is regarded as a negative endocrine regulator of the renin 
gene, thereby inhibiting the RAAS and preserving renal function. The RAAS stimulates 
the production of renin, which cleaves angiotensin into angiotensin I, which is then pro-
cessed into angiotensin II by the angiotensin-converting enzyme (ACE). Angiotensin II 
binds to the type 1 angiotensin II receptor (AT1R) to produce various deleterious effects 
for renal and cardiovascular tissues, including hypertension [22,23]. This is described in 
more detail in Figure 2. 

 
Figure 2. Vitamin D deficiency leads to the progression of chronic kidney disease (CKD) and cardi-
ovascular disease (CVD). Vitamin D deficiency leads to a decrease in VDR-mediated functions. VDR 
activation is responsible for stimulation of the juxtaglomerular apparatus, which usually suppresses 
the renin–angiotensin–aldosterone system (RAAS) and the secretion of renin. In the absence of VDR 
activation (created by vitamin D deficiency), intracellular calcium is not stimulated within the jux-
taglomerular apparatus, and RAAS activity increases. Renin and subsequent angiotensin-II produc-
tion will increase in turn. Renin cleaves angiotensinogen into angiotensin I, which is then converted 
into angiotensin II by the angiotensin-converting enzyme (ACE). Angiotensin-II can produce more 
downstream angiotensin sub-types [23,24]. Angiotensin-II binds to the type 1 angiotensin-II recep-
tor (AT1R) [25], increasing sympathetic tone [26], blood pressure [22,27], inflammation [28], fibrosis 
[29], aldosterone production [30], anti-diuretic hormone (ADH) production [31] and cardiac hyper-
trophy [32]. Aside from the vascular damage caused, AT1R activation increases vascular smooth 
muscle cell dedifferentiation, leading to atherosclerosis [33]. AT1R activation also decreases para-
sympathetic tone [34] and nitric oxide production [35], contributing to hypertension. These effects 
culminate as renal and cardiovascular damage [22,23,36]. Vitamin D works to protect against this 
damage by suppressing RAAS, but this suppression is reversed during CKD. 

There is also evidence that VDR activation by calcitriol may also downregulate other 
RAAS components aside from renin, including the Ang II type one receptor, renin recep-
tor and transforming growth factor beta [37]. This can aid in the reduction of renal blood 
pressure and fibrogenesis. VDR activation by calcitriol could also have anti-inflammatory 
effects, via the suppression of nuclear factor-kB (NF-kB) activation. It also appears that 
VDR can form complexes with various transcription factors and engage in crosstalk with 
a wide range of cellular signals [38], thus illustrating the depth of the relationship between 
VDR activation and RAAS components.  
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Figure 2. Vitamin D deficiency leads to the progression of chronic kidney disease (CKD) and cardio-
vascular disease (CVD). Vitamin D deficiency leads to a decrease in VDR-mediated functions. VDR
activation is responsible for stimulation of the juxtaglomerular apparatus, which usually suppresses
the renin–angiotensin–aldosterone system (RAAS) and the secretion of renin. In the absence of
VDR activation (created by vitamin D deficiency), intracellular calcium is not stimulated within
the juxtaglomerular apparatus, and RAAS activity increases. Renin and subsequent angiotensin-II
production will increase in turn. Renin cleaves angiotensinogen into angiotensin I, which is then con-
verted into angiotensin II by the angiotensin-converting enzyme (ACE). Angiotensin-II can produce
more downstream angiotensin sub-types [23,24]. Angiotensin-II binds to the type 1 angiotensin-II
receptor (AT1R) [25], increasing sympathetic tone [26], blood pressure [22,27], inflammation [28],
fibrosis [29], aldosterone production [30], anti-diuretic hormone (ADH) production [31] and car-
diac hypertrophy [32]. Aside from the vascular damage caused, AT1R activation increases vascular
smooth muscle cell dedifferentiation, leading to atherosclerosis [33]. AT1R activation also decreases
parasympathetic tone [34] and nitric oxide production [35], contributing to hypertension. These
effects culminate as renal and cardiovascular damage [22,23,36]. Vitamin D works to protect against
this damage by suppressing RAAS, but this suppression is reversed during CKD.

There is also evidence that VDR activation by calcitriol may also downregulate other
RAAS components aside from renin, including the Ang II type one receptor, renin receptor
and transforming growth factor beta [37]. This can aid in the reduction of renal blood
pressure and fibrogenesis. VDR activation by calcitriol could also have anti-inflammatory
effects, via the suppression of nuclear factor-kB (NF-kB) activation. It also appears that
VDR can form complexes with various transcription factors and engage in crosstalk with a
wide range of cellular signals [38], thus illustrating the depth of the relationship between
VDR activation and RAAS components.

The suppression of the NF-kB pathway by calcitriol has extra-renal consequences
too. Its suppression of the pathway is twofold: calcitriol suppresses NF-kB nuclear migra-
tion and phosphorylation, and it downregulates IkB phosphorylation (a protein involved
in NF-kB signalling) by suppressing ROS activity [39]. The NF-kB pathway promotes
pro-inflammatory cytokine expression, and thus a reduction in NF-kB activity results in
a reduction in inflammatory markers. Thus, the suppression of the NF-kB pathway in
turn can prevent insulin resistance [40], have neuroprotective effects against ischaemic
strokes [39], and protect against other inflammatory disorders. Therefore, both the inhibi-
tions of the RAAS and the NF-kB pathway are responsible for the “reno-protective” effects
of vitamin D [41].

It is also worth noting the role of vitamin D in muscle health, perhaps best characterised
by the link between vitamin D deficiency and sarcopenia, a generalised degenerative
skeletal muscle disorder [42,43]. Low serum 25(OH)D levels are associated with sarcopenia
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in haemodialysis patients [42]. This is explained by the fact that calcitriol binds to VDRs
in skeletal myocytes, stimulating protein synthesis [44,45]. Patients suffering from renal
failure have an increased risk for the development of sarcopenia, due to their accelerated
protein catabolism, the dialysis procedure itself, as well as their low energy and protein
intakes [46]. Therefore, replenishing vitamin D levels would facilitate the restoration of
muscle health [46].

3. Serum 25(OH)D Thresholds

The serum 25-(OH)vitamin D level is the ideal indicator of deficiency. However, there
is a lack of agreement in the defining serum concentrations associated with deficiency and
adequacy [1]. Most guidelines currently define vitamin D sufficiency as any value above
50 nmol/L (20 ng/mL) [47,48]. However, various studies have indicated that optimal
serum levels should be anywhere between 100 to 200 nmol/L (40–80 ng/mL) [49,50], and
that a concentration below 50 nmol/L (20 ng/mL) is considered vitamin D deficient [51].

4. Biological Mechanisms Linking Vitamin D Deficiency, CKD and Periodontitis

Vitamin D plays a central role in the host immune response and possesses important
anti-inflammatory, anti-microbial and host modulatory properties [1]. Due to the wide-
ranging physiological and pharmacological role of calcitriol [1], vitamin D deficiency is
responsible for the exacerbation of renal impairment and the progression of periodontitis.
CKD is characterised by an altered vitamin metabolism, as well as elevations in PTH and
FGF23. Additionally, the oxidative stress which promotes inflammation and an impaired
host response provides the pathophysiological mechanisms for disease progression in both
CKD and periodontitis. Finally, the vitamin D-binding protein (DBP) polymorphisms
which are associated with bioavailable 25(OH)D are linked to the severity and progression
of CKD and periodontitis.

4.1. Altered Vitamin D Pathways in CKD

The kidney plays a central role in the vitamin D metabolism and the regulation of its
circulating levels. Vitamin D deficiency has been identified in more than 80% of patients
with CKD [52]. The trend is that the deficiency worsens with progressive renal impairment,
ultimately the onset of hyperparathyroidism. There are several mechanisms responsible for
the reduced production of calcitriol: (1) in CKD, there is an overall reduction in renal mass,
limiting the 1-α-hydroxylase available for the production of calcitriol [38]; (2) reduced eGFR
also limits the conversion of 25(OH)D by 1-α-hydroxylase, further reducing the production
of calcitriol [20]; (3) reduced renal megalin receptors in CKD will lead to the reduced uptake
of 25(OH)D and therefore reduced production of calcitriol; (4) the elevation of FGF23 in
CKD, inhibits the CYP27B gene [53,54], which also reduces 1-α-hydroxylase activity [55,56];
(5) hyperphosphatemia due to impaired renal phosphate excretion in CKD also contributes
to reduced 1-α-hydroxylase activity [57]. Thus, the downregulation of 1-α-hydroxylase
activity reduces the overall production of calcitriol from the kidneys.

While the inverse relationship between serum 25(OH)D and renal function has tradi-
tionally been explained by alterations in the classical vitamin D metabolism (Section 2.1), it
is clear that non-classical functions of calcitriol also play a role (Section 2.2). A deficiency in
vitamin D and thus a reduction in calcitriol promotes RAAS activity, and the sequential
activation of angiotensin II could raise blood pressure and damage the renal microvascu-
lature. Aside from its direct action on the RAAS, vitamin D deficiency promotes insulin
resistance via a wide range of molecular mechanisms involved in glucose homeostasis and
immune modulation [58], which could lead to diabetic nephropathy and subsequent RAAS
activation [59].

Indeed, intrarenal angiotensin II levels may be up to a hundred times higher in diabetic
patients [59], and diabetic nephropathy remains a leading cause of CKD [60]. Therefore,
RAAS activation is an important factor in the progression on CKD, and a deficiency in
vitamin D both directly and indirectly promotes RAAS activity. However, it should be
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noted that there is a lack of evidence linking vitamin D supplementation to the slowed
progression of CKD.

Locally synthesised angiotensin II is also detrimental to the cardiovascular system,
and cardiovascular disease is responsible for much of the mortality of CKD [61]. In these
ways, a deficiency in vitamin D can lead to profound consequences for renal, endocrine
and cardiovascular function, all of which exacerbate the development and severity of CKD.

4.2. Elevations in PTH and FGF23 Levels in CKD

Vitamin D levels are also regulated by PTH and FGF23. Increases in the serum levels
of FGF23 and PTH are responsible for vitamin D deficiency (Figure 1). PTH increases renal
calcium reabsorption, the excretion of phosphorus, and stimulates calcitriol synthesis [62,63].

FGF23 is a phosphaturic hormone secreted by osteoblasts and osteocytes which is
strongly associated with inflammation. The elevation of FGF23, which is to offset phospho-
rus retention in CKD, inhibits the renal expression of 1-a-hydroxylase [64], and reduces
the production of calcitriol. Thus, serum FGF23 increases with the decline in eGFR and
an increased phosphate level. This results in the downstream reduction of 1,25(OH)D
concentrations and the onset of secondary hyperparathyroidism (SHPT) [64,65] due to
elevated PTH but low or normal calcium levels. SHPT ultimately progresses to tertiary
hyperparathyroidism (THPT), where both the PTH and calcium levels are elevated [66]. As
a result, vitamin D deficiency (<20 ng/mL) and insufficiency (20–29 ng/mL) are common
in individuals with CKD [67].

4.3. Oxidative Stress

Oxidative stress is a consequence of vitamin D deficiency and plays a role in the
disease progression of both CKD and periodontitis [8]. The detrimental impact of oxidative
stress on the body derives from its promotion of inflammation by stimulating the release
of pro-inflammatory medicators (via the NF-kB-related cascade) [68]. Vitamin D down-
regulates various intracellular oxidative stress-related pathways, including the enhanced
expression of the nuclear factor, erythroid-2(Nf-E2)-related factor (Nrf2) and Klotho [69–71].
Klotho is a family of proteins involved in antioxidant production [72], expressed mainly
in the kidneys [73], but also in the human alveolar bone [74]. The α-Klotho protein pro-
motes FGF23 signalling in both renal and periodontal tissues, which regulates vitamin D
homeostasis [75,76]. In renal tissues, α-Klotho has been shown to reduce oxidative stress
by modulating NF-kB expression [77], and preventing other delirious effects of CKD [75].
In periodontal tissues, α-Klotho has been shown to resist the oxidative stress-related apop-
tosis of periodontal ligament stem cells, and maintain the antioxidant capacity in these
cells [78]. In fact, α-Klotho serum levels have been shown to be indirectly proportional to
periodontitis severity [76]. In these ways, vitamin D deficiency can lead to oxidative stress,
namely via the subsequent reduction in Klotho expression.

The progressions of CKD and periodontitis are both linked to oxidative stress, and
so the progression of one morbidity can encourage the progression of the other. A recent
animal study showed that renal tissue damage is linked to oxidative stress following
periodontitis [79]. This concept was reinforced in a recent longitudinal study that pointed to
oxidative stress, rather than inflammatory load, as the biological basis for the bidirectional
relationship between impaired renal function and periodontitis [10]. Thus, oxidative stress
is responsible for progressive renal impairment [80], tissue damage in periodontitis [80], as
well as systemic implications for the development of atherosclerosis [81], and cardiovascular
disease [82]. Interestingly, oxidative stress is considered a non-traditional risk factor for
all-cause mortality [83,84].

4.4. Impaired Host Response

The mechanisms linking vitamin D status, CKD and periodontitis are related to the
biological functions of calcitriol, which possesses various immunomodulatory properties
that affect both the innate and adaptive immune system. Calcitriol downregulates the
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expression of MHC class II (and co-stimulatory molecules) on antigen-presenting den-
dritic cells (Figure 3). It also suppresses pro-cytokine production—whilst stimulating
anti-inflammatory cytokine production—and both these mechanisms suppress subsequent
T-cell activation and differentiation [85,86].
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Figure 3. Vitamin D modulates the functions of various immune cells. 25-hydroxyvitamin D
(vitamin D) is metabolised into its active form 1,25-dihydroxyvitamin D (calcitriol) by CYP27BQ
(1-α-hydroxylase) [1]. Calcitriol binds to vitamin D receptors (VDRs) both on the cell-surface
(membrane-bound VDRs) and in the cytoplasm (intracellular VDRs) of immune cells [87]. Cal-
citriol downregulates the production of MHC class II in dendritic cells, which is necessary for antigen
recognition and dendritic cell activation. Activated dendritic cells stimulate T-lymphocyte (T-cell)
activity, so the suppression of dendritic cells leads to reduced T-cell function [88,89]. The influence
of innate dendritic cells in the adaptive T-cell response demonstrates the crosstalk between innate
and adaptive immunity (as highlighted by the arrow). Calcitriol also suppresses the production of
pro-inflammatory cytokines like interleukin-2 (IL-12) in dendritic cells, whilst stimulating the produc-
tion of anti-inflammatory cytokines. Calcitriol binds to intracellular VDRs in macrophages and their
monocyte precursors, forming heterodimers with the retinoid-X receptor [33]. This stimulates the
production of cell membrane-destroying antibiotic peptides, including β-defensins [70,90]. Calcitriol
also epigenetically regulates the immunological memory and differentiation of macrophages and
monocytes [91]. Calcitriol reduces the differentiation of T-helper cells into types Th1 and Th17 and
their production of pro-inflammatory cytokines [92,93], whilst stimulating their differentiation into
the Th2-type and favouring their production of anti-inflammatory cytokines like interleukin 10 (IL-10).
T-cell-derived pro-inflammatory cytokines are important for B-lymphocyte (B-cell) differentiation,
and so the suppression of T-cell pro-inflammatory activity also suppresses B-cell activity. Calcitriol
also directly suppresses naïve B-cell differentiation and maturation into memory and plasma cells [94].

Vitamin D exercises various effects on macrophages and their monocyte precursors,
which are involved in phagocytosis and the cytokine (Figure 3). Upon pathogen recognition
and antigen presentation, monocytes and macrophages upregulate VDR expression and
metabolise vitamin D into calcitriol. Calcitriol activates intracellular VDRs to promote
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the production of antibiotic peptides including β-defensins and cathelicidins [90,95,96].
Calcitriol also epigenetically regulates the immunological memory and differentiation of
monocytes and macrophages (Figure 3) [97].

Calcitriol also suppresses the activity of T- and B-lymphocytes. It reduces the differen-
tiation of T-helper cells into the Th1-type and pro-inflammatory cytokine generation, in
favour of Th2-type differentiation and the production of anti-inflammatory cytokines [92].
It also suppresses Th17-type differentiation and its inflammatory cytokines [93]. Calcitriol
also suppresses naïve B-cell differentiation and their maturation into memory and plasma
cells [94].

Overall, a lack of calcitriol promotes chronic inflammation through the inhibition of
the aforementioned mechanistic pathways. Therefore, a vitamin D deficiency enhances the
risk of both CKD and periodontitis through an impaired host response.

4.5. DBP Genetic Polymorphisms and Bioavailable 25(OH)D

DBP serves to transport vitamin D and its metabolites such as 25(OH)D in the blood to
specific target tissues where vitamin D will exert its biological effects. Only the bioavailable
25(OH)D, rather than the total serum 25(OH)D, is associated with serum calcium, and
plasma PTH concentrations in patients on haemodialysis [98]. Bioavailable forms of vitamin
D include the free fraction (<1% of total 25(OH)D) and the fractions bound to albumin or
lipoprotein which are 10–15% of the total 25(OH)D.

DBP genetic polymorphism rs7041 and rs4588 result in different phenotypes of the
DBP that have varying binding affinities to 25(OH)D [10]. These polymorphisms have been
associated with differences in bioavailable levels of vitamin D and have been implicated in
the elevated risk of CKD [99] as well as periodontitis [100].

Additionally, DBP polymorphisms potentially explain the racial predilection for a
particular DBP phenotype [101,102], as well as the differential responses to vitamin D
supplementation in patients with low serum total 25(OH)D concentrations [103]. Thus, DBP
polymorphisms can impact the relationship between serum total 25(OH)D concentrations
and clinical outcomes and the effect of vitamin D supplementation [104].

Therefore, it may be inappropriate to assess the vitamin D status of individual patients
using serum total 25(OH)D concentrations alone. Rather, the DBP phenotype (affinity)
should be taken into account, due to the likely implications in the clinical prognosis of CKD
and periodontitis, as well as responses to vitamin D supplementation.

5. Impact of CKD on Periodontal Inflammation

Longitudinal studies have demonstrated an association between CKD and the pro-
gression of periodontal disease [105]. CKD is associated with a two-fold increase in the
prevalence of periodontitis [9]. A recent meta-analysis also suggested that individuals with
CKD presents with higher mean PPD, and CAL, compared to healthy subjects without
CKD. The difference in PPD and CAL between CKD and healthy subjects was 0.25 mm
and 0.041 mm, respectively [106].

CKD- Mineral and Bone Disorder and Impact on Periodontitis

Homeostatic imbalances associated with CKD lead to changes in the regulation of cal-
cium, phosphorous, PTH, fibroblast growth factor 23 (FGF23) and sclerostin levels, resulting
in increased bone demineralisation, often referred to as CKD–mineral and bone disorder
(CKD-MBD) [107]. In failing kidneys, there is a significant reduction in the hydroxylation of
inactive vitamin D (25-hydroxvitamin D) [25(OH)D] into active calcitriol (1,25(OH)2D) by
the 1-α-hydroxylase enzyme [1]. Hence, reduced calcitriol levels combined with reduced
renal phosphate excretion lead to systemic hypocalcaemia and hyperphosphataemia, and
secondary hyperparathyroidism. Eventually, secondary hyperparathyroidism progresses to
tertiary hyperparathyroidism and the development of hyperparathyroid bone disease that
is characterised by high bone turnover, a thinned cortical bone, and an increased abnormal
trabecular bone [107].
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CKD-MBD can exacerbate periodontitis by accelerating alveolar bone loss [108]. This
concept was reinforced in an animal study where mice with chronic uraemia and hyper-
parathyroidism showed a significantly reduced cortical alveolar bone compared to healthy
controls, and that a further decrease in bone levels was seen after a high phosphate diet
was given to increase PTH hormone serum levels [109]. Furthermore, studies suggest
that elevated levels of sclerostin in CKD increase the progression of periodontitis by in-
hibiting bone remodelling [110–112] and therefore, elevated sclerostin levels secondary to
CKD-MBD may potentiate periodontitis-related alveolar bone loss [112,113].

6. Impact of Periodontal Inflammation on Renal Function

Large epidemiologic surveys such the NHANES III [114] have demonstrated that
periodontitis has been predictive for the occurrence of CKD [79,87,115]. In particular, peri-
odontitis has been identified as a non-traditional risk factor for eGFR decline [116], and
a contributor of oxidative stress [10]. Furthermore, P. gingivalis lipopolysaccharide (LPS)
exposure resulted in the elevation of FGF23 in the kidneys [117]. FGF23 has been identified
as a risk factor for cardiovascular mortality in CKD patients [67,118,119]. Another possible
link between decreased renal function and periodontal inflammation is the decreased levels
of Fetuin-A [120]. Fetuin A is downregulated by common pro-inflammatory mediators
associated with periodontitis such as: tumour necrosis factor alpha (TNFα), IL-1, and
IL-6 [121]. As the severity of periodontitis progresses, Fetuin A levels decrease [122]. Low
Fetuin A levels are linked to overall declining renal function, and increased renal calcifi-
cation, but also notably an increased risk of endothelial dysfunction and cardiovascular
mortality rates in CKD patients [123–125].

Recently, it has been shown that the presence of periopathogenic bacteria resulted in
an elevation of TNFα that was predictive of the severity of renal impairment reflected by
eGFR and periodontal clinical parameters such as the plaque index (PI), gingival index
(GI), probing pocket depths (PPD) and clinical attachment loss (CAL) [126]. A meta-
analysis suggested that periodontitis significantly increased the risk of all-cause mortality in
CKD [127]. However, this result was refuted by a large database study from Taiwan—where
it was concluded that periodontitis was not a predictor for long-term mortality or morbidity
in patients with advanced CKD [128]. Therefore, future well-designed prospective studies
are needed to verify these findings.

Further evidence supporting the impact of periodontal inflammation on renal function
comes from improved renal outcomes following non-surgical periodontal treatment. Recent
systematic reviews and meta-analyses which have only included a limited number of stud-
ies suggest that periodontal treatment improved renal function in CKD patients [129,130].
This is also demonstrated by two case series studies, which showed improved eGFR and
creatinine, as well as periodontal clinical outcomes at 3–6 months after non-surgical pe-
riodontal therapy [131]. The biological plausibility underlying the favourable outcomes
relates to the shared pathophysiologic mechanisms between CKD and periodontitis includ-
ing oxidative stress and an impaired host response (Section 4). Therefore, these findings
reinforce the impact of periodontal inflammation on the progression of renal failure.

7. Impact of Vitamin D Deficiency on CKD

Vitamin D deficiency is associated with a higher risk of mortality, secondary and
tertiary hyperparathyroidism [132]. Due to impaired renal function, the eGFR is reduced,
and there is therefore a decline in the conversion of 25(OH)D to calcitriol, the active form of
vitamin D. The latter reduces intestinal calcium absorption and, together with phosphate
retention, contributes to the onset of secondary and tertiary hyperparathyroidism.

CKD Patients who are vitamin D deficient have high mortality rates [133] and an
increased cardiovascular risk [134]. In addition, the elevation of FGF23, which is linked
with vitamin D deficiency, is associated with the progression of CKD towards end-stage
renal disease (ESRD), the occurrence of cardiovascular (CVS) events and increased mortality
rates in patients with CKD [118,119].
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The serum total 25(OH)D concentrations were predictive of renal outcomes, such as
the doubling of serum creatinine in ESRD, and associated with disease progression and
morality [55,135]. A meta-analysis of prospective studies demonstrated an increased re-
lationship between all-cause mortality in patients with CKD and serum total 25(OH)D
concentrations [136]. Conversely, a recent systematic review and meta-analysis concluded that
higher levels of serum 25(OH)D were associated with lower risks of all-cause mortality [137].

Therefore, to ensure that patients with CKD avoid vitamin D deficiency and pre-
vent complications such as secondary and tertiary hyperparathyroidism and other co-
morbidities [67,138,139], the Kidney Disease Outcomes Quality Initiative (KDOQI) and
Kidney Disease Improving Global Outcomes (KDIGO) group have suggested the use of
vitamin D supplementation [138,139].

Vitamin D Supplementation in CKD Patients

Vitamin D supplementation is associated with the reduced risk of all-cause mortality [140]
and cardiovascular mortality in patients in CKD, including those with ESRD [92,139]. In
particular, therapies with calcitriol and analogues are associated with reduced mortality in CKD
patients, particularly those suffering from SHPT [141].

CKD patients are deficient in vitamin D, even in the early stages of the disease [61].
Vitamin D plays a vital role not only in mineral homeostasis, but also in systemic health.
As such, it is advised that vitamin D supplementation in CKD patients begins as soon as
possible, to ensure a pool of vitamin D can be turned into calcitriol.

During the early stages of CKD, where there is still evidence of residual renal function,
supplementation can be achieved for CKD patients with oral forms of inactive vitamin D3
or D2. Vitamin D3 (cholecalciferol) is the natural form synthesised in the dermis, whilst
vitamin D2 (ergocalciferol) is a synthetic product made using fungi [142]. Another reason
is that vitamin D2 is associated with higher catabolic processes, and therefore, the overall
improvement in serum vitamin D levels is not as sustainable as that seen with D3. Therefore,
vitamin D3 is superior to vitamin D2 in raising the total 25(OH)D and thus ideally used for
supplementation [143].

It is important to appreciate that the renal production of calcitriol becomes suppressed
during Stages 3–4 of CKD [49,50] that are characterised by the significant loss of renal 1-α-
hydroxylase, and the development of SHPT with declining kidney function. The current
KDIGO guidelines recommend that calcitriol and vitamin D analogue supplementation
should be reserved for predialysis CKD patients with severe and progressive hyperparathy-
roidism [2]. However, in line with the above points and existing clinical research [49,50,144],
vitamin D supplementation (ideally with D3) should begin immediately after diagnosis to
facilitate endogenous conversion into calcitriol and its positive downstream effects.

8. Impact of Vitamin D Deficiency on Periodontitis

The relationship between vitamin D and periodontitis was recently reviewed [1]. In
general, an inverse association exists between serum 25(OH)D and periodontal disease
inflammation. Most of the studies supporting this association were cross-sectional or case–
control studies. One of these was the NHANES III study which showed that low serum
vitamin D was associated with periodontal inflammation [145].

Vitamin D supplementation may improve clinical outcomes in patients with peri-
odontitis. One RCT demonstrated that the administration of vitamin D (700 IU/day)
and calcium (500 mg/day) significantly reduced tooth loss in older patients during three
years of observation [146]. While some studies have demonstrated moderately improved
short-term periodontal outcomes after non-surgical periodontal therapy in patients on
vitamin D supplementation [147–149], others have not [150]. One RCT demonstrated im-
proved clinical and radiographic outcomes following periodontal surgery in patients where
presurgical teriparatide, which is a commercially available PTH, was provided [151,152].
However, a 2020 meta-analysis concluded further investigations are needed before robust
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conclusions could be drawn on the benefits of vitamin D supplementation in periodontitis
patients [153].

Interestingly, it was shown in a case–control study that patients with CKD and peri-
odontitis showed lower serum levels of vitamin D compared to control patients without
periodontitis [154]. In other words, vitamin D deficiency was more severe in patients with
CKD and periodontitis than patients with CKD only [151]. This is plausible, given the
shared pathophysiologic mechanisms between CKD and periodontitis, including the eleva-
tion of pro-inflammatory cytokines, impaired host response cytokines, and the increase in
oxidative stress.

Impact of Vitamin D Deficiency on Periodontitis in Pregnant Women and Adverse
Pregnancy Outcomes

The impacts of pregnancy hormone and immunological changes on the increased
risk of periodontal inflammation is well documented [155]. Periodontitis may potenti-
ate adverse pregnancy outcomes, including preterm birth (PTB), and low birth weight
(LBW) [155,156], via the direct actions of periopathogens on the feto-placental unit [157,158]
and/or the increased levels of periodontitis associated proinflammatory cytokines that
potentiate placental inflammation [159]. A deficiency in vitamin D further elevates the
systemic inflammatory burden, adversely affecting the feto-placental unit and periodontal
health of pregnant women. A recent study demonstrated a correlation between vitamin
D deficiency, periodontitis and the prevalence of PTB and LBW in pregnant women [160].
Other recent studies have also demonstrated an association between vitamin D deficiency
and an increased risk of PTB [161,162], and therefore it was suggested that pregnant women
should receive vitamin D supplementation where necessary, to reduce the risk of PTB [162].

9. Impact of Vitamin D Deficiency on Co-Morbidities Associated with CKD
and Periodontitis

Vitamin D has wide-ranging roles in promoting inflammation and reducing the risk
of various co-morbidities. Therefore, aside from exacerbating CKD and periodontitis,
a deficiency in vitamin D can also negatively and independently affect systemic health.
The impact of vitamin D deficiency on systemic health will be specifically discussed
here for cardiovascular disease, diabetes mellitus, autoimmune disease. However, as
both CKD and periodontitis are directly and independently associated with a myriad of
co-morbidities [83,163–165], it can be challenging to establish whether it is the contribution
from vitamin D deficiency or the cause and effect of CKD and periodontitis that is driving
the systemic inflammatory burden.

9.1. Cardiovascular Disease

A severe deficiency in vitamin D is positively correlated with a higher risk of cardio-
vascular disease (CVD) [166]. This is partly due to the reduction of cardiovascular risk
factors by vitamin D, but also due to the direct effects of vitamin D on vascular tissues and
cardiomyocytes, which express VDRs that respond to calcitriol [167]. Calcitriol has various
positive effects on the vascular wall, namely reduced thrombogenicity and vasoconstriction,
the inhibition of atherogenesis and the promotion of endothelial repair [168]. These effects
protect against atherosclerosis and hypertensive damage.

In cardiomyocytes, calcitriol regulates the intracellular calcium metabolism [169].
Calcitriol binds to VDRs on the cell-surface and in the cytoplasm. Membrane-bound
receptors activate adenylate cyclase, which increases cytoplasmic calcium via downstream
pathways. Cytosolic receptors, complex with retinoid-X receptors, migrate to the nucleus
and upregulate the synthesis of the calcium-binding protein cholecalcin.

Interestingly, the cardiovascular synthesis of calcitriol from its vitamin D precursor
can be regulated by PTH, as is known to be the case in renal tissues [170]. Calcitriol is a
known inhibitor of PTH action [171]. In this way, a deficiency in serum vitamin D (and
therefore calcitriol) can lead to secondary and tertiary hyperparathyroidism, which has its
own consequences for cardiovascular health. These include an increase in oxidative stress,
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the RAAS, thrombogenicity and foam cell formation, which can all lead to cardiovascular
disease [167]. Given the fact that nutritional rickets, hypocalcaemia and SHPT have all been
associated with heart failure [172], this PTH-mediated pathway could explain the negative
cardiovascular effects of vitamin D deficiency, aside from VDR activation.

CVD and its associated mortality are significant concerns for patients with CKD [173].
This is particularly true for CKD-MBD patients, and the presence of vascular calcifications
provides an important assessment of cardiovascular risk for these patients, as per the
KDIGO [2]. The presence of vascular calcifications is assessed based on the plain x-ray-
based Adragao score, that is a good predictor of all-cause and CVD mortality in CKD-MBD
patients [174], emphasising the link between CKD and CVD.

Studies have also shown that periodontitis is also a major contributor to the devel-
opment of atherosclerosis by potentiating endothelial dysfunction, inflammation, and the
advancement of atherosclerotic plaque [164]. As such, periodontitis is considered to be
independently linked to cardiovascular morbidity in patients with CKD [165].

9.2. Diabetes Mellitus

Diabetes mellitus is largely characterised by insulin resistance, where systemic inflam-
mation plays a key role [175]. Diabetic nephropathy is responsible for almost 50% of ESRD
cases [176]. the serum 25(OH)D levels of patients with type II diabetic nephropathy have
been linked to renal disease progression [177]. In patients with diabetes, periodontitis is
also independently associated with the progression of renal disease [178], while individuals
suffering with diabetic nephropathy have a higher risk of periodontitis resulting in missing
teeth compared to those patients without CKD [179].

Calcitriol protects tissues against inflammatory damage, by suppressing the sys-
temic production of pro-inflammatory cytokines whilst encouraging the release of anti-
inflammatory cytokines [180], as well as playing a protective role against insulin resistance
by modulating pancreatic β cell activity [181]. Therefore, vitamin D deficiency could lead
to insulin resistance and potentiate the development of diabetes mellitus.

Calcitriol also maintains insulin secretion by β-cells, which, when reduced, can lead
to the development of DM. It modulates calcium-mediated exocytosis, which is necessary
for the secretion of insulin vesicles [182]. During the progression of insulin resistance, the
β-cells secrete more insulin in response and this hyperactivity results in β-cell dysfunc-
tion and eventually apoptosis [183]. Calcitriol also controls intracellular reactive oxygen
species (ROS) levels, by promoting the expression of cellular antioxidants, maintaining
mitochondrial function [184], maintaining redox homeostasis [185] and decreasing nitrogen
oxide production [186]. Vitamin D also regulates the target cell response to insulin by
promoting insulin receptor expression [187]. Vitamin D deficiency can lead to secondary
and tertiary hyperparathyroidism, which are also linked to glucose intolerance and insulin
resistance [188]. In these ways, calcitriol protects the tissues against insulin resistance.

Vitamin D also influences DM epigenetically. It suppresses the hypermethylation of
diabetes-related genes by increasing the expression of demethylases, ensuring that those
genes remain inactivated [189,190].

9.3. Autoimmune Disease

Vitamin D deficiency is correlated with the development of various autoimmune
diseases [191]. Rheumatoid arthritis (RA) is an autoimmune disease of the joints, charac-
terised by chronic synovial inflammation. Various studies have found a negative corre-
lation between serum vitamin D levels and disease severity [191,192], though this could
be blamed—at least in part—on the associated lack of mobility and sunlight exposure
in RA patients [193]. Even so, a decrease in vitamin D is associated with the increased
TNF-α and interleukin-6 (IL-6) secretion by inflammatory cells, and the suppression of
endothelial function [194]. The pharmacological use of calcitriol in RA patients has been
shown to inhibit pro-inflammatory cytokines and matrix metallopeptidase production in
synoviocytes [195], reducing the recruitment of inflammatory cells to the site and conse-
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quent joint destruction. In these ways, vitamin D deficiency could contribute to the onset
or progression of rheumatoid arthritis.

Systemic lupus erythematosus (SLE) is an autoimmune disease characterised by sys-
temic inflammation and the presence of immune complexes. SLE patients tend to have
lower serum vitamin D levels, and there is some evidence of a relationship between vitamin
D levels and disease severity [195–197]. The main reason for this association is due to the
role of calcitriol, which suppresses T lymphocytes and the antinuclear antibody production
by B lymphocytes and thus dampens the formation of immune complexes [198]. However,
the depth of the relationship between SLE and vitamin D is still poorly understood.

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system and
is more common in high-latitude regions where sunlight exposure and consequent vita-
min D synthesis are limited [199]. It is known that reduced serum vitamin D levels are
negatively correlated with disease severity in MS [200]. Calcitriol inhibits the differen-
tiation and proliferation of type 1 T helper (Th1) cells by promoting the production of
pro-inflammatory cytokines, such as IL-10 and transforming growth factor beta (TGF-β),
over anti-inflammatory cytokines (such as IL-12 and TNF-α) in dendritic cells [86,201,202].
The anti-inflammatory effects of calcitriol on dendritic cells in the CNS can suppress the
onset or exacerbation of MS, thus increasing the risk of MS without vitamin D and calcitriol.

Vitamin D deficiency can also be implicated with various autoimmune disorders of
the endocrine system, including diabetes mellitus, Hashimoto’s thyroiditis, and Addison’s
disease. One possible mechanism is the production of autoantibodies associated with VDR
polymorphisms [203–205].

10. Conclusions

A wealth of evidence supports the association between Vitamin D deficiency and
chronic inflammatory conditions such as chronic kidney disease and periodontitis. Both
conditions share common pathophysiologic mechanisms including insufficient inflamma-
tion, an impaired host response and oxidative stress. The kidneys play a crucial role in the
metabolism of vitamin D. Thus, altered vitamin D metabolic pathways and elevations of
PTH and FGF23 are key biochemical observations in CKD. Emerging evidence also supports
the bidirectional relationship between renal impairment and periodontal inflammation.
Vitamin D plays a significant role in the host immune response and possesses important
anti-inflammatory, anti-microbial and host modulatory properties. Vitamin D status is also
associated with renal outcomes and clinical outcomes related to periodontitis. However,
as many of these studies were based on large observational studies, further prospective
randomised controlled trials are needed to provide deeper insights into this relationship.

Author Contributions: Conceptualisation, E.M.-C.L.; methodology, E.M.-C.L.; resources I.G., E.C. and
E.M.-C.L.; data curation, I.G., E.C. and E.M.-C.L.; writing—original draft preparation, I.G., E.C. and
E.M.-C.L.; writing—review and editing, I.G., E.C. and E.M.-C.L.; visualisation, I.G., E.C. and E.M.-C.L.;
supervision, E.M.-C.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded in part by a grant received from the Royal College of Surgeons
of Edinburgh.

Data Availability Statement: Not applicable.

Conflicts of Interest: There are no conflicts of interest to declare.

References
1. Lu, E.M.C. The role of vitamin D in periodontal health and disease. J. Periodontal Res. 2023, 58, 213–224. [CrossRef] [PubMed]
2. Kidney Disease: Improving Global Outcomes (KDIGO) CKD-MBD Update Work Group. KDIGO 2017 Clinical Practice Guideline

Update for the Diagnosis, Evaluation, Prevention, and Treatment of Chronic Kidney Disease-Mineral and Bone Disorder
(CKD-MBD). Kidney Int. Suppl. 2017, 7, 1–59. [CrossRef] [PubMed]

3. Schaeffner, E.S.; Ebert, N.; Delanaye, P.; Frei, U.; Gaedeke, J.; Jakob, O.; Kuhlmann, M.K.; Schuchardt, M.; Tölle, M.; Ziebig, R.;
et al. Two novel equations to estimate kidney function in persons aged 70 years or older. Ann. Intern. Med. 2012, 157, 471–481.
[CrossRef] [PubMed]

https://doi.org/10.1111/jre.13083
https://www.ncbi.nlm.nih.gov/pubmed/36537578
https://doi.org/10.1016/j.kisu.2017.04.001
https://www.ncbi.nlm.nih.gov/pubmed/30675420
https://doi.org/10.7326/0003-4819-157-7-201210020-00003
https://www.ncbi.nlm.nih.gov/pubmed/23027318


Medicina 2024, 60, 420 14 of 21

4. Stevens, P.E.; Levin, A. Kidney Disease: Improving Global Outcomes Chronic Kidney Disease Guideline Development Work
Group Members. Evaluation and management of chronic kidney disease: Synopsis of the kidney disease: Improving global
outcomes 2012 clinical practice guideline. Ann. Intern. Med. 2013, 158, 825–830. [CrossRef]

5. Tonetti, M.S.; Jepsen, S.; Jin, L.; Otomo-Corgel, J. Impact of the global burden of periodontal diseases on health, nutrition and
wellbeing of mankind: A call for global action. J. Clin. Periodontol. 2017, 44, 456–462. [CrossRef] [PubMed]

6. Papapanou, P.N.; Sanz, M.; Buduneli, N.; Dietrich, T.; Feres, M.; Fine, D.H.; Flemmig, T.F.; Garcia, R.; Giannobile, W.V.; Graziani,
F.; et al. Periodontitis: Consensus report of workgroup 2 of the 2017 World Workshop on the Classification of Periodontal and
Peri-Implant Diseases and Conditions. J. Periodontol. 2018, 89 (Suppl. S1), S173–S182. [CrossRef]

7. Parsegian, K.; Randall, D.; Curtis, M.; Ioannidou, E. Association between periodontitis and chronic kidney disease. Periodontol.
2000 2022, 89, 114–124. [CrossRef]

8. Tonetti, M.S.; Van Dyke, T.E.; on behalf of Working Group 1 of the Joint EFP/AAP Workshop. Periodontitis and atherosclerotic
cardiovascular disease: Consensus report of the Joint EFP/AAP Workshop on Periodontitis and Systemic Diseases. J. Periodontol.
2013, 84 (Suppl. S4), S24–S29. [CrossRef]

9. Deschamps-Lenhardt, S.; Martin-Cabezas, R.; Hannedouche, T.; Huck, O. Association between periodontitis and chronic kidney
disease: Systematic review and meta-analysis. Oral Dis. 2019, 25, 385–402. [CrossRef]

10. Sharma, P.; Fenton, A.; Dias, I.H.K.; Heaton, B.; Brown, C.L.; Sidhu, A.; Rahman, M.; Griffiths, H.R.; Cockwell, P.; Ferro, C.J.; et al.
Oxidative stress links periodontal inflammation and renal function. J. Clin. Periodontol. 2021, 48, 357–367. [CrossRef]

11. Benedik, E. Sources of vitamin D for humans. Int. J. Vitam. Nutr. Res. 2022, 92, 118–125. [CrossRef]
12. Lehmann, B.; Genehr, T.; Knuschke, P.; Pietzsch, J.; Meurer, M. UVB-Induced Conversion of 7-Dehydrocholesterol to 1α,25-

Dihydroxyvitamin D3 in an In Vitro Human Skin Equivalent Model. J. Investig. Dermatol. 2001, 117, 1179–1185. [CrossRef]
13. Chang, S.W.; Lee, H.C. Vitamin D and health—The missing vitamin in humans. Pediatr. Neonatol. 2019, 60, 237–244. [CrossRef]

[PubMed]
14. Bikle, D.D. Vitamin D metabolism, mechanism of action, and clinical applications. Chem. Biol. 2014, 21, 319–329. [CrossRef]
15. Christakos, S.; Ajibade, D.V.; Dhawan, P.; Fechner, A.J.; Mady, L.J. Vitamin D: Metabolism. Endocrinol. Metab. Clin. N. Am. 2010,

39, 243–253. [CrossRef]
16. Rochel, N.; Wurtz, J.M.; Mitschler, A.; Klaholz, B.; Moras, D. The crystal structure of the nuclear receptor for vitamin D bound to

its natural ligand. Mol. Cell. 2000, 5, 173–179. [CrossRef]
17. Silver, J.; Naveh-Many, T. FGF-23 and secondary hyperparathyroidism in chronic kidney disease. Nat. Rev. Nephrol. 2013, 9,

641–649. [CrossRef] [PubMed]
18. Nakashima, A.; Yokoyama, K.; Yokoo, T.; Urashima, M. Akio Nakashima, Keitaro Yokoyama, Takashi Yokoo, Mitsuyoshi

Urashima. World J. Diabetes 2016, 7, 89–100. [CrossRef] [PubMed]
19. Hewison, M. Vitamin D and the immune system: New perspectives on an old theme. Endocrinol. Metab. Clin. N. Am. 2010, 39,

365–379. [CrossRef]
20. Dusso, A.S. Kidney disease and vitamin D levels: 25-hydroxyvitamin D, 1,25-dihydroxyvitamin D, and VDR activation. Kidney

Int. Suppl. 2011, 1, 136–141. [CrossRef]
21. Adams, J.S.; Hewison, M. Update in Vitamin D. J. Clin. Endocrinol. Metab. 2010, 95, 471–478. [CrossRef] [PubMed]
22. Maranduca, M.A.; Clim, A.; Pinzariu, A.C.; Statescu, C.; Sascau, R.A.; Tanase, D.M.; Serban, D.N.; Branisteanu, D.C.; Branisteanu,

D.E.; Huzum, B.; et al. Role of arterial hypertension and angiotensin II in chronic kidney disease (Review). Exp. Ther. Med. 2023,
25, 153. [CrossRef] [PubMed]

23. Paz Ocaranza, M.; Riquelme, J.A.; García, L.; Jalil, J.E.; Chiong, M.; Santos, R.A.; Lavandero, S. Counter-regulatory renin-
angiotensin system in cardiovascular disease. Nat. Rev. Cardiol. 2020, 17, 116–129. [CrossRef] [PubMed]

24. Ferrario, C.M. Role of angiotensin II in cardiovascular disease—Therapeutic implications of more than a century of research.
JRAAS J. Renin-Angiotensin-Aldosterone Syst. 2006, 7, 3–14. [CrossRef] [PubMed]

25. Forrester, S.J.; Booz, G.W.; Sigmund, C.D.; Coffman, T.M.; Kawai, T.; Rizzo, V.; Scalia, R.; Eguchi, S. Angiotensin II signal
transduction: An update on mechanisms of physiology and pathophysiology. Physiol. Rev. 2018, 98, 1627–1738. [CrossRef]
[PubMed]

26. Huang, B.S.; Chen, A.; Ahmad, M.; Wang, H.W.; Leenen, F.H.H. Mineralocorticoid and AT1 receptors in the paraventricular
nucleus contribute to sympathetic hyperactivity and cardiac dysfunction in rats post myocardial infarct. J. Physiol. 2014, 592,
3273–3286. [CrossRef]

27. Iyer, S.N.; Lu, D.; Katovich, M.J.; Raizada, M.K. Chronic control of high blood pressure in the spontaneously hypertensive rat by
delivery of angiotensin type 1 receptor antisense. Proc. Natl. Acad. Sci. USA 1996, 93, 9960–9965. [CrossRef]

28. Wolf, G.; Wenzel, U.; Burns, K.D.; Harris, R.C.; Stahl, R.A.K.; Thaiss, F. Angiotensin II activates nuclear transcription factor-κB
through AT1 and AT2 receptors. Kidney Int. 2002, 61, 1986–1995. [CrossRef]

29. Schieffer, B.; Wirger, A.; Meybrunn, M.; Seitz, S.; Holtz, J.; Riede, U.N.; Drexler, H. Comparative effects of chronic angiotensin-
converting enzyme inhibition and angiotensin II type 1 receptor blockade on cardiac remodeling after myocardial infarction in
the rat. Circulation 1994, 89, 2273–2282. [CrossRef]

30. Aguilera, G. Role of angiotensin II receptor subtypes on the regulation of aldosterone secretion in the adrenal glomerulosa zone
in the rat. Mol. Cell. Endocrinol. 1992, 90, 53–60. [CrossRef]

https://doi.org/10.7326/0003-4819-158-11-201306040-00007
https://doi.org/10.1111/jcpe.12732
https://www.ncbi.nlm.nih.gov/pubmed/28419559
https://doi.org/10.1002/JPER.17-0721
https://doi.org/10.1111/prd.12431
https://doi.org/10.1902/jop.2013.1340019
https://doi.org/10.1111/odi.12834
https://doi.org/10.1111/jcpe.13414
https://doi.org/10.1024/0300-9831/a000733
https://doi.org/10.1046/j.0022-202x.2001.01538.x
https://doi.org/10.1016/j.pedneo.2019.04.007
https://www.ncbi.nlm.nih.gov/pubmed/31101452
https://doi.org/10.1016/j.chembiol.2013.12.016
https://doi.org/10.1016/j.ecl.2010.02.002
https://doi.org/10.1016/S1097-2765(00)80413-X
https://doi.org/10.1038/nrneph.2013.147
https://www.ncbi.nlm.nih.gov/pubmed/23877588
https://doi.org/10.4239/wjd.v7.i5.89
https://www.ncbi.nlm.nih.gov/pubmed/26981182
https://doi.org/10.1016/j.ecl.2010.02.010
https://doi.org/10.1038/kisup.2011.30
https://doi.org/10.1210/jc.2009-1773
https://www.ncbi.nlm.nih.gov/pubmed/20133466
https://doi.org/10.3892/etm.2023.11852
https://www.ncbi.nlm.nih.gov/pubmed/36911375
https://doi.org/10.1038/s41569-019-0244-8
https://www.ncbi.nlm.nih.gov/pubmed/31427727
https://doi.org/10.3317/jraas.2006.003
https://www.ncbi.nlm.nih.gov/pubmed/17083068
https://doi.org/10.1152/physrev.00038.2017
https://www.ncbi.nlm.nih.gov/pubmed/29873596
https://doi.org/10.1113/jphysiol.2014.276584
https://doi.org/10.1073/pnas.93.18.9960
https://doi.org/10.1046/j.1523-1755.2002.00365.x
https://doi.org/10.1161/01.CIR.89.5.2273
https://doi.org/10.1016/0303-7207(92)90101-B


Medicina 2024, 60, 420 15 of 21

31. Qadri, F.; Culman, J.; Veltmar, A.; Maas, K.; Rascher, W.; Unger, T. Angiotensin II-induced vasopressin release is mediated through
alpha-1 adrenoceptors and angiotensin II AT1 receptors in the supraoptic nucleus. J. Pharmacol. Exp. Ther. 1993, 267, 567–574.
[PubMed]

32. Sadoshima, J.I.; Izumo, S. Molecular characterization of angiotensin II-induced hypertrophy of cardiac myocytes and hyperplasia
of cardiac fibroblasts critical role of the AT1 receptor subtype. Circ. Res. 1993, 73, 413–423. [CrossRef] [PubMed]

33. Viswanathan, M.; Strömberg, C.; Seltzer, A.; Saavedra, J.M. Balloon angioplasty enhances the expression of angiotensin II AT1
receptors in neointima of rat aorta. J. Clin. Investig. 1992, 90, 1707–1712. [CrossRef] [PubMed]

34. Jara, Z.P.; Icimoto, M.Y.; Yokota, R.; Ribeiro, A.A.; Dos Santos, F.; Souza, L.E.D.; Watanabe, I.K.M.; Franco, M.D.C.; Pesquero, J.L.;
Irigoyen, M.C.; et al. Tonin overexpression in mice diminishes sympathetic autonomic modulation and alters angiotensin type 1
receptor response. Front. Med. 2019, 6, 365. [CrossRef]

35. Kramár, E.A.; Krishnan, R.; Harding, J.W.; Wright, J.W. Role of nitric oxide in angiotensin IV-induced increases in cerebral blood
flow. Regul. Pept. 1998, 74, 185–192. [CrossRef] [PubMed]

36. Williams, S.; Malatesta, K.; Norris, K. Vitamin D and Chronic Kidney Disease. Ethn. Dis. 2009, 19, S5–S11.
37. Freundlich, M.; Quiroz, Y.; Zhang, Z.; Zhang, Y.; Bravo, Y.; Weisinger, J.R.; Li, Y.C.; Rodriguez-Iturbe, B. Suppression of

renin–angiotensin gene expression in the kidney by paricalcitol. Kidney Int. 2008, 74, 1394–1402. [CrossRef]
38. Andress, D.L. Vitamin D in chronic kidney disease: A systemic role for selective vitamin D receptor activation. Kidney Int. 2006,

69, 33–43. [CrossRef]
39. Tajalli-Nezhad, S.; Karimian, M.; Beyer, C.; Atlasi, M.A.; Tameh, A.A. The regulatory role of Toll-like receptors after ischemic

stroke: Neurosteroids as TLR modulators with the focus on TLR2/4. Cell. Mol. Life Sci. 2019, 76, 523–537. [CrossRef]
40. Wamberg, L.; Kampmann, U.; Stødkilde-Jørgensen, H.; Rejnmark, L.; Pedersen, S.B.; Richelsen, B. Effects of vitamin D supple-

mentation on body fat accumulation, inflammation, and metabolic risk factors in obese adults with low vitamin D levels-results
from a randomized trial. Eur. J. Intern. Med. 2013, 24, 644–649. [CrossRef]

41. Li, Y.C. Renoprotective effects of vitamin D analogs. Kidney Int. 2010, 78, 134–139. [CrossRef] [PubMed]
42. Hori, M.; Takahashi, H.; Kondo, C.; Hayashi, F.; Tokoroyama, S.; Mori, Y.; Tsujita, M.; Shirasawa, Y.; Takeda, A.; Morozumi, K.;

et al. Association between serum 25-hydroxyvitamin D levels and sarcopenia in patients undergoing chronic haemodialysis. Am.
J. Nephrol. 2024. ahead of print. [CrossRef] [PubMed]

43. Wintermeyer, E.; Ihle, C.; Ehnert, S.; Stöckle, U.; Ochs, G.; De Zwart, P.; Flesch, I.; Bahrs, C.; Nussler, A.K. Crucial Role of Vitamin
D in the Musculoskeletal System. Nutrients 2016, 8, 319. [CrossRef] [PubMed]

44. Simpson, R.U.; Thomas, G.A.; Arnold, A.J. Identification of 1,25-dihydroxyvitamin D3 receptors and activities in muscle. J. Biol.
Chem. 1985, 260, 8882–8891. [CrossRef] [PubMed]

45. Gallieni, M.A.U.R.I.Z.I.O.; Kamimura, S.H.I.G.E.H.I.T.O.; Ahmed, A.D.N.A.N.; Bravo, E.R.I.C.; Delmez, J.A.M.E.S.; Slatopolsky,
E.D.U.A.R.D.O.; Dusso, A.D.R.I.A.N.A. Kinetics of monocyte 1 alpha-hydroxylase in renal failure. Am. J. Physiol.-Ren. Physiol.
1995, 268, F746–F753. [CrossRef] [PubMed]

46. Sabatino, A.; Cuppari, L.; Stenvinkel, P.; Lindholm, B.; Avesani, C.M. Sarcopenia in chronic kidney disease: What have we learned
so far? J. Nephrol. 2021, 34, 1347–1372. [CrossRef]

47. Francis, R.; Aspray, T.; Fraser, W.; Sanjeev Patel, M.; Mavroeidi, A.; Schoenmakers, I.; Stone, M. Vitamin D and Bone Health: A
Practical Clinical Guideline for Patient Management. Natl. Osteoporos. Soc. 2018, 2. Available online: https://strwebprdmedia.blob.
core.windows.net/media/ef2ideu2/ros-vitamin-d-and-bone-health-in-adults-february-2020.pdf (accessed on 22 January 2024).

48. Rosen, C.J.; Abrams, S.A.; Aloia, J.F.; Brannon, P.M.; Clinton, S.K.; Durazo-Arvizu, R.A.; Gallagher, J.C.; Gallo, R.L.; Jones, G.;
Kovacs, C.S.; et al. IOM Committee Members Respond to Endocrine Society Vitamin D Guideline. J. Clin. Endocrinol. Metab. 2012,
97, 1146–1152. [CrossRef]

49. Jones, G. Expanding role for vitamin D in chronic kidney disease: Importance of blood 25-OH-D levels and extra-renal 1alpha-
hydroxylase in the classical and nonclassical actions of 1alpha,25-dihydroxyvitamin D(3). Semin. Dial. 2007, 20, 316–324.
[CrossRef] [PubMed]

50. Heaney, R.P. Vitamin D in Health and Disease. Clin. J. Am. Soc. Nephrol. 2008, 3, 1535–1541. [CrossRef] [PubMed]
51. Holick, M.F. Vitamin D status: Measurement, interpretation, and clinical application. Ann. Epidemiol. 2009, 19, 73–78. [CrossRef]

[PubMed]
52. Filipov, J.J.; Zlatkov, B.K.; Dimitrov, E.P.; Svinarov, D. Relationship between vitamin D status and immunosuppressive therapy in

kidney transplant recipients. Biotechnol. Biotechnol. Equip. 2015, 29, 331–335. [CrossRef]
53. Shimada, S.; Hirose, T.; Takahashi, C.; Sato, E.; Kinugasa, S.; Ohsaki, Y.; Kisu, K.; Sato, H.; Ito, S.; Mori, T. Pathophysiological and

molecular mechanisms involved in renal congestion in a novel rat model. Sci. Rep. 2018, 8, 16808. [CrossRef] [PubMed]
54. Faul, C. FGF23 effects on the heart—Levels, time, source, and context matter. Kidney Int. 2018, 94, 7–11. [CrossRef] [PubMed]
55. Shimada, T.; Kakitani, M.; Yamazaki, Y.; Hasegawa, H.; Takeuchi, Y.; Fujita, T.; Fukumoto, S.; Tomizuka, K.; Yamashita, T. Targeted

ablation of Fgf23 demonstrates an essential physiological role of FGF23 in phosphate and vitamin D metabolism. J. Clin. Investig.
2004, 113, 561–568. [CrossRef]

56. Perwad, F.; Azam, N.; Zhang, M.Y.H.; Yamashita, T.; Tenenhouse, H.S.; Portale, A.A. Dietary and Serum Phosphorus Regulate
Fibroblast Growth Factor 23 Expression and 1,25-Dihydroxyvitamin D Metabolism in Mice. Endocrinology. 2005, 146, 5358–5364.
[CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/8246129
https://doi.org/10.1161/01.RES.73.3.413
https://www.ncbi.nlm.nih.gov/pubmed/8348686
https://doi.org/10.1172/JCI116043
https://www.ncbi.nlm.nih.gov/pubmed/1331171
https://doi.org/10.3389/fmed.2018.00365
https://doi.org/10.1016/S0167-0115(98)00039-1
https://www.ncbi.nlm.nih.gov/pubmed/9712180
https://doi.org/10.1038/ki.2008.408
https://doi.org/10.1038/sj.ki.5000045
https://doi.org/10.1007/s00018-018-2953-2
https://doi.org/10.1016/j.ejim.2013.03.005
https://doi.org/10.1038/ki.2009.175
https://www.ncbi.nlm.nih.gov/pubmed/19471320
https://doi.org/10.1159/000536582
https://www.ncbi.nlm.nih.gov/pubmed/38310857
https://doi.org/10.3390/nu8060319
https://www.ncbi.nlm.nih.gov/pubmed/27258303
https://doi.org/10.1016/S0021-9258(17)39433-4
https://www.ncbi.nlm.nih.gov/pubmed/2991224
https://doi.org/10.1152/ajprenal.1995.268.4.F746
https://www.ncbi.nlm.nih.gov/pubmed/7733332
https://doi.org/10.1007/s40620-020-00840-y
https://strwebprdmedia.blob.core.windows.net/media/ef2ideu2/ros-vitamin-d-and-bone-health-in-adults-february-2020.pdf
https://strwebprdmedia.blob.core.windows.net/media/ef2ideu2/ros-vitamin-d-and-bone-health-in-adults-february-2020.pdf
https://doi.org/10.1210/jc.2011-2218
https://doi.org/10.1111/j.1525-139X.2007.00302.x
https://www.ncbi.nlm.nih.gov/pubmed/17635821
https://doi.org/10.2215/CJN.01160308
https://www.ncbi.nlm.nih.gov/pubmed/18525006
https://doi.org/10.1016/j.annepidem.2007.12.001
https://www.ncbi.nlm.nih.gov/pubmed/18329892
https://doi.org/10.1080/13102818.2014.995415
https://doi.org/10.1038/s41598-018-35162-4
https://www.ncbi.nlm.nih.gov/pubmed/30429498
https://doi.org/10.1016/j.kint.2018.03.024
https://www.ncbi.nlm.nih.gov/pubmed/29933856
https://doi.org/10.1172/JCI200419081
https://doi.org/10.1210/en.2005-0777


Medicina 2024, 60, 420 16 of 21

57. Usatii, M.; Rousseau, L.; Demers, C.; Petit, J.L.; Brossard, J.H.; Gascon-Barré, M.; Lavigne, J.R.; Zahradnik, R.J.; Nemeth, E.F.;
D’amour, P. Parathyroid hormone fragments inhibit active hormone and hypocalcemia-induced 1,25(OH)2D synthesis. Kidney Int.
2007, 72, 1330–1335. [CrossRef]
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