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ARTICLE INFO ABSTRACT

Keywords: Objectives: Vitamin D3 status profoundly affects oral health and disease. Over the last decade, evidence has
Vitamin D3 emerged that vitamin D3 activation can also occur in peripheral tissues. This narrative review was conducted to
25(0H)D; critically analyze the state of the art about the presence and activity of enzymes involved in the bioactivation of
;5 (OH),Ds vitamin D3 in the oral tissues.

oral tissues Design: A comprehensive literature search was performed in PubMed and Google Scholar. The search included
CYP27B1 articles published in English without any time limit. Keywords included but not limited to the combinations of:
antimicrobial peptides “vitamin D3”, “25(OH)D3”, “1,25(OH)yD3”, “oral tissues”, “megalin”, “CYP27B1”, “extrarenal”, and “antimi-
inflammation crobial peptides”. Further studies were identified by screening the reference lists of the relevant publications.

Resuits: Various vitamin D3 metabolites influence the inflammatory response and the production of antimicrobial
peptides in various oral cells. The enzyme CYP27B1, which is responsible for the conversion of 25(0OH)Dj3 into
1,25(0OH)2D3 and its bioactivation, is present in various oral tissues and cells. The existence and physiological
significance of local vitamin D3 activation in oral tissues remain unclear. Most of 25(OH)Dj3 is bound to the
vitamin D-binding protein (DBP) and must be dissociated for activation. It is unclear whether and how this
uncoupling occurs in oral tissue.

Conclusion: Currently, there is rather indirect evidence that vitamin D3 could be bioactivated in oral tissues.
Further studies on the local conversion of vitamin D3 to 25(OH)D3 and, subsequently, to 1,25(0OH),D3 in oral
tissue, their regulation, and the role of free and bioavailable vitamin D3 metabolites are required.

In this narrative review, we examine the local effects of various
vitamin D3 metabolites on oral tissue. In particular, we will summarize
evidence on the local activation of vitamin D3 in oral tissue, such as oral
mucosa, gingiva, and periodontal ligament. Further, the effects of
various vitamin D3 metabolites on oral cells in vitro and in vivo, the
potential role of free and bioavailable vitamin D3, and the significance of
local vitamin D3 in saliva are discussed. The role of vitamin D3 status in
oral health and disease will be addressed only superficially, as it has
already been described in numerous experimental studies and system-
atic reviews (Botelho et al., 2020; Liang et al., 2023; Lu, 2023; Machado

et al., 2020). The review will focus exclusively on the conversion of
vitamin D3 to 25(OH)D3, and subsequently to 1,25(0OH),Ds, as well as
other related metabolites. Alternative vitamin D3 activation pathways
associated with the formation of 20(OH)Ds in skin, mediated by
CYP11A1 (Slominski et al., 2024), are out of the scope of the present
review.

Abbreviations: BGLAP, bone gamma-carboxyglutamate protein; DBP, vitamin D binding protein; FBS, fetal bovine serum; FGF-23, fibroblasts growth factor 23;
GCF, gingival crevicular fluid; IFN, interferon; IL, interleukin; LC-MS/MS, Liquid Chromatography-Tandem Mass Spectrometry; MSCs, mesenchymal stromal cells;
OPG, osteoprotegerin; OTM, orthodontic tooth movement; PTH, parathyroid hormone; RANKL, receptor activator of nuclear factor kB; TGF, transforming growth

factor; TNF, tumor necrosis factor; VDR, vitamin D receptor.
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1. Systemic vitamin D3 production and metabolism
1.1. Vitamin D3 production and metabolites

Vitamin Dj is considered both a secosteroid hormone and a vitamin
because, on the one hand, like hormones, it can be produced by the
human body (Ellison & Moran, 2021; Wacker & Holick, 2013), and on
the other hand, like other vitamins, its deficiency has detrimental effects
on the body, and it should be obtained through the diet (Amrein et al.,
2020; Vieth, 2004). Most commonly, vitamin D3 (cholecalciferol) is
produced from 7-dehydrocholesterol in the skin upon UV exposure
(Wacker & Holick, 2013). In addition to endogenous production,
vitamin D3 can be obtained from foods such as oily fish, mushrooms,
reindeer lichen, and fish liver oils, as well as from dietary supplements
(Benedik, 2022). Upon formation or dietary uptake, vitamin Dj is
transported to the liver, where it is metabolized to 25-hydroxyvitamin
D3 (25(0OH)Dg, calcifediol) (Jones, 2008). This process is mediated by
CYP2R1, a major but not exclusive 25-hydroxylase (Bikle, 2014; Cheng
et al., 2004). 25(OH)Ds has a half-life of about 15 days and is commonly
used as an indicator of vitamin D3 status (Giustina et al., 2024). As the
next step, 25(OH)Ds is further transported to the kidney, where it is
converted to 1,25-dihydroxyvitamin D3 (1,25(0OH)sD3, calcitriol) by
CYP27B1, also known as la-hydroxylase (Hewison et al., 2000). 1,25
(OH);Ds is a biologically active vitamin D3 metabolite. Activation of the
vitamin D receptor (VDR) upregulates several genes (Haussler et al.,
1998), including CYP24A1, which is the cytochrome P450 component
of the 24-hydroxylase enzyme (Jones et al., 2012). This mitochondrial
enzyme catalyzes the 24-hydroxylation of 1,25(OH);Ds, thereby inac-
tivating it and forming 1,24,25-trihydroxyvitamin D3 (1,24,25(0H)3D3)
metabolites (Jones et al., 2012). Besides, CYP24A1 can also hydroxylate
25(0OH)Dg, resulting in the formation of another vitamin D3 metabolite,
24,25(0H)2D3 (Jones et al., 2012). For a long time, both 24,25(0OH)»D3
and 1,24,25(0OH)3D3 were considered as biologically inactive, but this
assumption was denied by several recent studies(Boyan et al., 1988;
Domzalski et al., 2025; Pedrozo et al., 1999). However, the exact role
and significance of these vitamin D3 metabolites has still to be
investigated.

1.2. Vitamin D3 status assessment and systemic levels of various vitamin
D3 metabolites

Vitamin Dj status is usually evaluated based on the measurements of
the total level of 25(OH)D3 metabolite in serum (Giustina et al., 2024).
Although the question of what is the optimal serum level of vitamin D3 is
still a matter of debate and is differently regarded by various regulatory
agencies, it is broadly accepted that a serum level of total 25(0H)D3
lower than 20 ng/mL (or 50 nmol/L) is an indicator of vitamin D defi-
ciency (Amrein et al., 2020; Holick & Chen, 2008). There is no consensus
on the optimal serum 25(OH)Ds levels: they may vary by age, gender,
race, and other factors (Fuleihan Gel et al., 2015; Giustina et al., 2024).
Several reports suggest that optimal serum 25(OH)Ds levels, or vitamin
D3 sufficiency, are achieved when levels exceed 30 ng/mL (75 nmol/L)
(Alshahrani & Aljohani, 2013; Bischoff-Ferrari, 2014). Interestingly, the
recently issued Endocrine Society guidelines no longer endorse specific
25(0OH)D3 levels to define vitamin Dj3 sufficiency, insufficiency, and
deficiency (Demay et al., 2024), and suggest that optimal 25(OH)D3
levels be specific for the specific health state, age, and population.

Other vitamin D3 metabolites, besides 25(OH)Ds, are also detectable
in serum. The biologically active 1,25(0H),Dj3 is not considered an ideal
marker of vitamin Dg status due to its relatively short half-life of 4-6 h
and its regulation by parathyroid hormone (PTH) (Holick, 2009). Serum
1,25(0H),D3 levels are about 1000 times lower than those of 25(0OH)D3
(Holick, 2009); the levels of about 20-30 pg/mL (48-72 pmol/L) were
reported (Aksoy et al., 2000; Biancuzzo et al., 2013). Supplementation
with vitamin D3 has only a marginal or no effect on serum 1,25(0H),D3
levels (Biancuzzo et al., 2013), which is due to the regulation of its
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production by PTH (Holick, 2009). The most abundant product of 25
(OH)Dj3 catabolism, 24,25(0H),Ds, has a half-life of about 7 days and is
present in serum in nanomolar concentrations (Bosworth et al., 2012;
Leeuwenkamp et al. 1993). One study measured serum 24,25(OH)2D3
levels in 1996 young healthy British Army recruits using the LC-MS/MS
method and reported the reference interval of this metabolite of
1.1-13.5 nmol/L (Tang et al., 2017). A total 24,25(0OH),D3 level above
4.2 nmol/L was suggested to correspond to a 25(OH)Dj3 level above
20 ng/mL (50 nmol/L) (Tang et al., 2017). An earlier study reported
serum levels of 1,24,25(0H)3D3 of 3.9-7.8 pg/mL (9.3-18.5 pmol/L) as
measured by radioimmunoassay (Clemens et al., 1982). Later studies
using mass spectrometry have reported slightly higher values for this
metabolite, with a mean of about 15 pg/mL (35 pmol/L), accounting for
about 35-40% of 1,25(0H),D3 (Turner et al., 2023, 2022).

1.3. Vitamin D binding protein and free hormone hypothesis

The majority of assays used in clinical and research settings estimate
total vitamin D3 metabolite levels and do not discriminate between free
and protein-bound forms. In healthy individuals, only approximately
0.03% of the total 25(0OH)Ds is free, whereas about 85% of 25(0OH)Ds3 is
bound to the vitamin D binding protein (DBP) and 15% to albumin
(Bikle & Schwartz, 2019). The vitamin D-binding protein (DBP) is well
conserved across vertebrates and specifically binds all known vitamin D3
metabolites (Bouillon et al., 2019). DBP is highly polymorphic: different
DBP variants exhibit distinct abilities to bind vitamin D3 and are asso-
ciated with various pathologies(Rozmus et al., 2020). It is assumed that
25(0OH)D3 bound to DBP is biologically unavailable until it is trans-
ported into the cells and uncoupled from DBP. This function is fulfilled
by the complex megalin/cubulin, which is abundant in kidney proximal
tubule epithelial cells (Nykjaer et al., 1999) and mediates the endocy-
tosis of DBP—25(0OH)D3 complex and its uncoupling from DBP
(Christensen & Birn, 2001). Although megalin is most abundantly
expressed in the kidney proximal tubuli (Kukida et al. 2020), it was also
detected in some extra-renal tissues and cells, particularly parathyroid
glands, placenta, and macrophages (Khan et al., 2022; Lundgren et al.,
1997; Pieper-Furst et al., 2011).

The binding of 25(0H)D3 to albumin is weaker than to DBP, and
therefore albumin-bound 25(0OH)D3 can be easily processed by cells
(Bhan et al., 2012). The sum of free and albumin-bound 25(0OH)D3 is
considered bioavailable 25(OH)D3 and was postulated to be biologically
active by the free hormone hypothesis (Bhan et al., 2012; Bikle &
Schwartz, 2019; Chun et al., 2014). Measuring free vitamin D3 metab-
olite levels in serum is technically challenging, and the rationale for
doing so remains debated (Alexandridou et al., 2025; Bikle et al., 2017;
Macova & Bicikova, 2021; Tsuprykov et al., 2018). Most studies use a
formula to calculate free and bioavailable 25(0OH)D3 from its total level,
and the levels of DBP and albumin (Bikle et al., 1986; Powe et al., 2011).
It should be noted that vitamin D3 supplementation also increases DBP
(Glendenning et al., 2013). Furthermore, genetic polymorphisms in DBP
can also affect vitamin D3 status (Newton et al., 2019; Sinotte et al.,
2009). Nevertheless, a study on 5060 patients investigated the rela-
tionship between total and free 25(0OH)D3 and found a near-linear as-
sociation, with a correlation coefficient of about 0.84 (Zeng et al., 2021).
This study suggests that a free 25(OH)Ds level of 8.5 pg/mL corresponds
to a total 25(OH)Ds level of 30 ng/mL (Zeng et al., 2021).

2. Vitamin D3 metabolism in oral tissues and its regulation

The classical role of the vitamin D3 pathway includes regulating in-
testinal calcium absorption, renal calcium reabsorption, and calcium
and phosphate mobilization from bone (Christakos et al., 2011; Khazai
et al., 2008; Kumar et al., 2012). In addition to these classical effects,
which are beyond the scope of the present review, vitamin D3 exerts
pleiotropic effects across various tissues (Bikle, 2009; Christakos et al.,
2016). These effects are particularly associated with the regulation of
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the innate and adaptive immune response, cancer metabolism, and the
cardiovascular system (Christakos et al., 2016). Various vitamin Ds
metabolites have been shown to affect the activity and properties of
various oral tissues and cells, including oral epithelial cells and
mesenchymal stromal cells (MSCs) from different tissues (Andrukhov
et al., 2020; Karaca et al., 2025; Menzel et al., 2019). The expression of
CYP2R1 and CYP27B1, which are responsible for the conversion of
vitamin D3 to 25(OH)D3 and further to 1,25(0H),D3, respectively, was
also described in various oral tissues and cells (Andrukhov et al., 2020;
Liu et al., 2012a; Menzel et al., 2019; Sundaram et al., 2014). In this
chapter, we will address the potential bioactivation of vitamin Dg in oral
tissues.

2.1. Expression and regulation of CYP27B1 in oral tissues

It is well recognized that CYP27B1, an enzyme responsible for the
conversion of 25(OH)Ds into biologically active 1,25(OH)sDs3, is
expressed in numerous extrarenal tissues, but its physiological signifi-
cance remains unclear and is currently under investigation (Adams &
Hewison, 2012; Bikle et al., 2018). However, it has already been shown
that there are essential differences in the regulation of the renal and
extrarenal forms of this enzyme. In the kidney, CYP27B1 expression is
activated by PTH and suppressed by fibroblast growth factor 23
(FGF—23) and 1,25(0H)2D3 (Meyer & Pike, 2023). In contrast, extra-
renal CYP27B1 is not regulated by these factors, but rather by inflam-
matory environments (Adams et al., 2014; Meyer et al., 2019;
Zittermann, 2025). There are some indications that extrarenal CYP27B1
contributes to the 1,25(0H),D3 production in vivo (Meyer et al., 2024).

The evidence on the expression and activity of CYP27B1 in oral tissue
primarily comes from in vitro studies based on the ability of various cells
to activate VDR-regulated proteins upon treatment with 25(OH)D3
(Andrukhov et al., 2020). Thus, the ability to be activated by 25(0OH)Ds
was shown for the mesenchymal stromal cells isolated from gingiva (Liu
et al.,, 2012a), periodontal ligament (Andrukhov et al., 2014; Behm
et al., 2023), dental pulp (Khanna-Jain et al., 2010), and dental follicle
(Khanna-Jain et al., 2010; Meyer & Pike, 2023), as well as for different
types of oral epithelial cells (Karaca et al., 2025; Menzel et al., 2019;
Zhang et al., 2018). To date, only one histological study described the
expression of CYP27B1 protein in both the gingival epithelium and
connective tissue, and this expression was increased in the inflamed
tissue of patients with periodontitis (Liu et al., 2021).

The regulation of CYP27B1 in oral tissues is generally under-
investigated, and the data are partly contradictory. The expression of
CYP27B1 in dental pulp- and dental follicle-derived MSCs is upregulated
by 25(0OH)D3 but not by 1,25(0H)3D3 (Khanna-Jain et al., 2010). In
MSCs derived from the gingiva and periodontal ligament, CYP27B1
expression was up-regulated by interleukin (IL)—1p and sodium buty-
rate, but not affected by Porphyromonas gingivalis LPS, PTH, calcium
chloride, and 1,25(0OH)»D3 (Liu et al., 2012b). In gingival epithelial
cells, the expression of CYP27B1 is upregulated by 1,25(OH)2D3
(McMahon et al., 2011). Our data show that the expression of CYP27B1
in periodontal ligament-derived MSCs is regulated by pro- and
anti-inflammatory cytokines, such as interleukin (IL)—1p, tumor ne-
crosis factor a, interferon y, and transforming growth factor p, and is
only weakly influenced by PTH and FGF—23 (unpublished data).
Despite the presence of CYP27B1 in various oral tissues, whether and
how 25(0OH)Ds is activated in oral tissues in vivo, and the physiological
significance of this activation, remain to be established. The major issue
is that, as mentioned above, most of 25(0OH)D3 is bound to DBP and
therefore is biologically unavailable. Activation of 25(OH)Ds3 by
CYP27B1 in the oral tissues and its conversion to biologically active 1,25
(OH)2D3 would be possible only after the transport of 25(OH)D3 inside
the cells and its uncoupling from DBP and/or albumin. The possibility of
this process is discussed in the next paragraph.
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2.2. Can 25(0H)Ds3 be transported into the cells in oral tissues to be
activated locally?

To be activated in peripheral tissue and converted to 1,25(0H),D3 by
local CYP27B1, 25(0OH)D3 should be uncoupled from the DBP and
transported into cells. In the kidney proximal tubuli, this function is
fulfilled by the complex megalin/cubulin (Christensen, Birn, 2001).
There is evidence that megalin is also expressed in extrarenal tissues,
such as bone and parathyroid cells (Khan et al., 2022). However, the
expression of these proteins in oral tissue is either not reported or rarely
investigated. Megalin expression was detected in premalignant and
malignant oral squamous epithelial lesions but not in healthy oral mu-
cosa (Zulijani et al., 2021). We did not find any report of megalin
expression in gingiva- or periodontal ligament-derived MSCs. Analysis
of the dataset from our single-cell RNA-seq study (Behm, Milek,
Schwarz, Kovar, et al., 2024), which includes data from gingiva- and
periodontal-ligament-derived MSCs, did not reveal megalin expression
in these cells (unpublished observation). Megalin expression in extra-
renal tissues may be individual-dependent. Thus, one study of bone
marrow MSCs found variable megalin expression across donors: some
exhibited high constitutive megalin expression, whereas others showed
low expression (Gao et al., 2019). Further, this study showed that 25
(OH)D;3 stimulated osteogenic differentiation and the expression of
VDR-regulated genes only in cells with high constitutive megalin
expression; silencing megalin with siRNA abolished this effect (Gao
et al., 2019).

The ability of 25(OH)Ds to influence the cellular activity in the cells
of oral tissues in vitro should be interpreted with caution. In our studies,
we observed that stimulation of human periodontal ligament-derived
MSCs with 25(0OH)D3 at concentrations of 10-100 nM in fetal bovine
serum (FBS)- free media significantly upregulates the expression of VDR-
regulated genes, such as bone gamma-carboxyglutamate protein
(BGLAP, also known as osteocalcin) (Blufstein et al., 2020) and
CYP24A1 (unpublished observation, manuscript in preparation). How-
ever, under these conditions, almost all 25(OH)Ds is bioavailable, which
does not reflect the natural situation. The ability of 25(OH)Dj3 to in-
crease BGLAP expression is strongly diminished when human peri-
odontal ligament-derived MSCs were cultured in the osteogenic
differentiation media containing 10% FBS (Blufstein et al., 2021).
Similarly, a stimulatory effect of 25(OH)D3 on CYP24A1 is abolished by
FBS in a concentration-dependent manner (unpublished observation,
manuscript in preparation). This could be explained by the presence of
DBP in FBS, which binds 25(0OH)D3 and prevents its entrance into the
cells (Kongsbak et al., 2014; Rowling et al., 2006). Interestingly, a small
stimulating effect of 25(OH)D3 on the expression of BGLAP was
observed even in the presence of 10% FBS after 21 days of culturing.
Other studies have also observed a stimulating effect of 25(OH)D3 on
osteogenic differentiation in MSCs from bone marrow, dental pulp, and
dental follicle (Khanna-Jain et al., 2010; Lou et al., 2017), typically
induced by culturing in osteogenic media containing 10% FBS. These
observations suggest that 25(OH)D3 may enter various MSCs even in the
presence of FBS and DBP. However, this assumption needs to be
approved by additional well-designed experiments. In summary, the
interpretation of in vitro data on the effects of 25(OH)D3 and its bio-
activation in oral tissues should be approached with caution, given the
binding of 25(0OH)D3 to DBP and/or other serum components.

The possibility of local activation of vitamin D3 in oral tissues is
indirectly supported by animal studies on the topical application of
vitamin D3 (Ayyad et al., 2025; Kirkwood et al., 2024; Menzel et al.,
2019; Salomo-Coll et al., 2016). In particular, a topical application of
vitamin D3 reduced bone loss and improved bone-to-implant contact in
dogs (Salomo-Coll et al., 2016), reduced the expression of inflammatory
genes in mouse gingiva(Menzel et al., 2019), and reduced bone loss and
inflammation in a ligature-induced periodontitis model in mice
(Kirkwood et al., 2024). Local vitamin D3 metabolism may mediate the
effects observed after topical application of vitamin D3, but the exact
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mechanisms underlying this action remain to be established.

3. Implications of vitamin D3 metabolism in oral health and
disease

Vitamin Dj status and vitamin D3 deficiency affect various aspects of
oral health (Botelho et al., 2020). In particular, there is a connection
between various pathological states, including periodontitis (Liang
et al., 2023; Machado et al., 2020), caries (Dura-Trave &
Gallinas-Victoriano, 2024; Nireeksha et al., 2024), temporomandibular
disorders (Tabrizi et al., 2025), marginal bone loss in dental implants
(Miron et al., 2025), oral lichen planus (Saeed et al., 2022), and oral
malignant disorders (Hung et al., 2023; Samanta et al., 2024), and
vitamin D3 deficiency. A recently published case series also suggests a
potential role for vitamin D3 in oral mucosal wound healing (Siregar &
Hidayat, 2023). In this chapter, we will discuss whether and how local
vitamin D3 metabolism may be implicated in the effects of vitamin D3 on
oral health and disease.

3.1. Antimicrobial effects of vitamin D3 and its implications in oral health

It is largely recognized that vitamin D3 induces the production of
antimicrobial peptides and enhances their antimicrobial activity in a
variety of cell types, and this effect is intracrine, i.e., associated with the
local conversion of 25(0OH)D3 to 1,25(0H)D3 (Hewison, 2011; Youssef
et al., 2011). In vitro studies showed that 25(OH)D3 and 1,25(0H),D3
enhance the expression of genes encoding various antimicrobial pep-
tides, particularly cathelicidin (LL—37) and beta-defensins, as well as
their release by oral epithelial cells, gingiva- and periodontal
ligament-derived MSCs, and immune cells (Aidoukovitch et al., 2024; De
Filippis et al., 2017; Figgins et al., 2024; Karaca et al., 2025; McMahon
et al., 2011; Menzel et al., 2019; Tada et al., 2016; Zhang et al., 2023).
Furthermore, treatment of oral epithelial cells with 25(OH)D3 or 1,25
(OH)2D3 enhances their antibacterial activity against various
periodontitis-associated microorganisms, particularly P. gingivalis,
Aggregatibacter actinomycetemcomitans, Tannerella forsythia, Filifactor
alocis, and Fusobacterium nucleatum (De Filippis et al., 2017; Karaca
et al., 2025; McMahon et al., 2011). The extent and clinical relevance of
vitamin Ds-induced antimicrobial peptide production in vivo remain to
be investigated. A study on 72 healthy adults showed that salivary
cathelicidin levels exhibited a stronger correlation with the salivary 25
(OH)Dj3 levels (Pearson’s r 0.667) than with serum 25(OH)Ds levels
(Pearson’s r 0.328) (Davidopoulou et al., 2025). This observation un-
derlines a potentially important role of local vitamin D3 activation in the
production of antimicrobial peptides. Furthermore, VDR polymorphism
is associated with differences in bacterial load and in the detection of
certain periodontitis-associated bacteria by PCR (Cafiero et al., 2022).
Stimulation of antimicrobial peptides production by vitamin D3 can
hypothetically contribute to caries prevention (Grundmann et al., 2025).
This assumption is reinforced by a recent systematic review showing
that VDR polymorphism, in combination with ethnic background, might
influence the caries experience (Chisini et al., 2025). Nevertheless, the
exact role of vitamin D3-induced production of antimicrobial peptides in
vivo, and their clinical relevance, still needs to be established.

3.2. The presence of vitamin D3 metabolites in saliva and their functional
importance

Several studies measured 25(OH)D3 in the saliva of patients with
different oral statuses (Bahramian et al., 2018; Costantini et al., 2020;
Davidopoulou et al., 2025; Nireeksha et al., 2024; Samanta et al., 2024).
Most of these studies used commercially available ELISAs to assess total
25(0OH)D3 and reported that salivary levels of these metabolites are
about 2-3 times lower compared to those measured in serum. One study
reported similar salivary and serum 25(0OH)Dj3 levels and a moderate
correlation between them (Sari et al., 2021). It should be noted that the
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concentration of reported salivary 25(0OH)Dj3 could be influenced by the
saliva collection method. The significance and role of salivary 25(OH)D3
are rather unclear. However, individual studies have reported an asso-
ciation between low salivary 25(OH)D3; levels and periodontitis
(Costantini et al., 2020), caries (Nireeksha et al., 2024), and oral ma-
lignant disorders (Samanta et al., 2024). The origin of 25(0OH)D3 in
saliva and its physiological importance are rather unclear. Saliva is a
promising diagnostic fluid, but the levels of various substances in saliva
depend substantially on the collection method (Giannobile et al., 2009;
Haririan et al., 2021).

3.3. Vitamin D3 metabolism and periodontitis

Vitamin D3 deficiency is widely recognized as an important risk
factor for periodontitis (Laky et al., 2017; Liang et al., 2023; Machado
etal., 2020). The reasons for this association are diverse and not yet fully
understood and could be explained by various mechanisms, particularly
the antimicrobial, immunomodulatory, and anti-inflammatory effects of
vitamin D3 (Moszura et al., 2026).

The association between vitamin D3 deficiency and periodontitis
could be partially attributed to the local anti-inflammatory or antimi-
crobial effects of vitamin Ds. In particular, both 25(OH)D3 and 1,25
(OH),D3 have been shown to attenuate the response of various dental
MSCs or MSCs-like cells to TLR agonists or inflammatory cytokines
(Andrukhov et al., 2014; De Filippis et al., 2017; Hosokawa et al., 2015;
Nakashyan et al., 2017; Nastri et al., 2018; Nebel et al., 2015). Dental
MSCs fulfill various functions and may contribute to the inflammatory
response in periodontitis and antimicrobial activities (Andrukhov, 2021;
Andrukhov et al., 2021). Besides, dental MSCs possess the immuno-
modulatory properties (Andrukhov et al., 2019), which can be either
enhanced or suppressed by various vitamin D3 metabolites depending on
the inflammatory environment (Behm et al., 2020, 2019, 2023; Behm,
Milek, Schwarz, Rausch-Fan, et al., 2024). Furthermore, 25(OH)D3 and
1,25(0H)2D3 modulate the inflammatory response in epithelial cells and
macrophages (Figgins et al., 2024; Karaca et al., 2025; Xu et al., 2016).
However, the clinical relevance of these effects should be critically
regarded. The anti-inflammatory effects of 1,25(OH),D3 are reported for
concentrations (> 1 nmol/L) that are markedly higher than those re-
ported for the serum levels of this metabolite (usually < 100 pmol/L).
Regarding 25(OH)Ds, as discussed above, its effects are affected by the
presence of DBP. However, some cells, particularly M1 macrophages,
express very high levels of CYP27B1 and are able to convert 25(0OH)D3
into 1,25(0OH),D3 even in the presence of DBP in physiologically rele-
vant concentrations (Lopez et al., 2021).

The evidence regarding the contribution of the local vitamin Dj
levels to periodontitis in vivo is rather limited. One study reported a
moderately negative correlation between salivary levels of 25(0OH)D3
and those of IL—17, IL—35, and matrix metalloproteinase—9 in peri-
odontitis patients (Costantini et al., 2020). As already mentioned, local
application of vitamin D3 reduces the bone loss and inflammation in the
experimental periodontitis model in mice (Kirkwood et al., 2024). Two
studies also showed that DBP levels in gingival crevicular fluid (GCF) are
elevated in periodontitis-affected pockets (Chakravarthy et al., 2022;
Zhang et al., 2014). Moreover, one of these studies reported a negative
correlation between DBP levels in GCF and clinical parameters,
including pocket depth and clinical attachment loss (Zhang et al., 2014).
Alteration in local DBP levels might affect the bioavailability of local
vitamin D3 metabolites. Therefore, the association between local DBP
levels and clinical parameters of periodontitis might also indicate the
importance of the local vitamin D3 effects.

3.4. Vitamin D3 metabolism and orthodontic tooth movement
Orthodontic tooth movement (OTM) is a process characterized by

aseptic inflammation and complex interactions between the skeletal and
immune systems (Behm et al., 2022; Chaushu et al., 2022; Jiang et al.,
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2015). As summarized in recent systematic reviews, local application of
1,25(0OH)2D3 usually accelerates the orthodontic tooth movement in
animal studies and clinical trials (Ferrillo et al., 2024; Gratton et al.,
2026; Tini et al., 2024). These effects of 1,25(OH);D3 are presumably
attributed to the regulation of the OPG/RANKL system. However, since
these studies used a biologically active 1,25(OH)»Ds, they do not pro-
vide insight into whether the local activation of vitamin Dj is essential
for OTM. Nevertheless, there is still some evidence supporting such
involvement. Particularly, a genetic polymorphism of CYP27B1 had a
significant effect on the extent of external apical root resorption (Tini
et al., 2024). Furthermore, local DBP levels also seem to affect the
OTM (Bayirli et al., 2025; Tashkandi et al., 2021). In particular, very low
or very high DBP levels in the saliva were associated with reduced tooth
movement (Tashkandi et al., 2021). The levels of DBP in saliva and GCF
exhibited negative and positive correlations with collagen degradation
and synthesis, respectively (Bayirli et al., 2025).
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4. Free and bioavailable vitamin D3, vitamin D3 metabolite ratio
and oral health

To date, the association between free and bioavailable vitamin D3
and oral health and disease remains largely unexplored. To the best of
our knowledge, only one study reports the levels of free and bioavailable
25(0OH)D3 in periodontitis patients (Aydin et al., 2023). However, this
study did not measure free 25(OH)Ds, but calculated these levels from
measurements of total 25(OH)D3 and serum levels of DBP and albumin
using a specific formula (Aydin et al., 2023). Total 25(OH)D3 levels were
about 1.7 times higher in the healthy group than in the periodontitis
group, whereas free and bioavailable 25(OH)D3 were about 2.2 and 2.5
times, respectively (Aydin et al., 2023). Thus, it seems that free and
bioavailable 25(OH)D3 levels provide slightly better discrimination be-
tween healthy and periodontitis groups. The importance of free and
bioavailable vitamin D3 in periodontitis is also underscored by studies
on serum DBP levels. Particularly, a recent systematic review suggests a
positive association between serum DBP levels and periodontitis (Dhaif
et al., 2024). The rationale for this association is that higher serum DBP
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levels are associated with lower free and bioavailable 25(OH)Ds.
Furthermore, several studies reported an association between DBP
polymorphism and the risk of periodontitis (Du et al., 2022; Nie et al.,
2024). The local DBP levels also affect OTM. However, additional
studies on the free and bioavailable levels of 25(0OH)Ds3, as well as on the
levels of other vitamin D3 metabolites in individuals with various oral
conditions, would be essential.

5. Conclusion and future perspectives

Cells of oral tissue express enzymes involved in the activation of
vitamin D3 and its conversion to 25(OH)D3 and the biologically active
1,25(0H),D3, but it is not clear whether intracrine activation actually
occurs in vivo (Fig. 1). To be activated, vitamin D3 metabolites must first
be dissociated from the vitamin D-binding protein (DBP). The proteins
that fulfill this function in the kidney, megalin and cubulin, are rarely
reported in oral tissues. Nevertheless, there are still some indications
that vitamin D3 might be locally activated. This assumption is supported
by the effectiveness of topical vitamin D3 application and the depen-
dence of clinical parameters on local levels of 25(0OH)D3 and DBP.
Furthermore, immune cells, particularly macrophages, can uncouple 25
(OH)D3 from DBP, transport it into the cell, and convert it to 1,25
(OH)2Ds3. The major local effects of vitamin D3 in oral tissues are thought
to include regulation of the inflammatory response, stimulation of
antimicrobial peptide production, regulation of epithelial barrier
integrity, and wound healing. Future studies should focus on several
questions, particularly the possibility of intracrine activation of 25(0H)
D3 in oral tissues in vivo, the role of free and bioavailable 25(0OH)D3 in
various processes, and the possibility and effectiveness of local vitamin
D3 delivery.
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