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Abstract 

The major active form of vitamin D, 1,25‑dihydroxyvitamin D3 (1,25D3), is known for its wide bioactivity in periodontal 
tissues. Although the exact mechanisms underlying its protective action against periodontitis remain unclear, recent 
studies have shown that 1,25D3 regulates autophagy. Autophagy is vital for intracellular pathogen invasion control, 
inflammation regulation, and bone metabolic balance in periodontal tissue homeostasis, and its regulation could 
be an interesting pathway for future periodontal studies. Since vitamin D deficiency is a worldwide health problem, 
its role as a potential regulator of autophagy provides new insights into periodontal diseases. Based on this premise, 
this narrative literature review aimed to investigate the possible connection between 1,25D3 and autophagy in peri‑
odontitis. A comprehensive literature search was conducted on PubMed using the following keywords (e.g., vitamin 
D, autophagy, periodontitis, pathogens, epithelial cells, immunity, inflammation, and bone loss). In this review, the 
latest studies on the protective action of 1,25D3 against periodontitis and the regulation of autophagy by 1,25D3 are 
summarized, and the potential role of 1,25D3‑activated autophagy in the pathogenesis of periodontitis is analyzed. 
1,25D3 can exert a protective effect against periodontitis through different signaling pathways in the pathogenesis of 
periodontitis, and at least part of this regulatory effect is achieved through the activation of the autophagic response. 
This review will help clarify the relationship between 1,25D3 and autophagy in the homeostasis of periodontal tissues 
and provide perspectives for researchers to optimize prevention and treatment strategies in the future.
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Background
Periodontitis is a complex infectious disease that destroys 
periodontal tissues and has various etiological and con-
tributing factors. It is highly prevalent in populations 
worldwide [1]. The dynamic interaction between com-
plex periodontal polymicrobial infection and destruc-
tive immune response is a pivotal pathogenic factor of 
periodontitis [1, 2]. Further improvements in the diag-
nosis and treatment of periodontitis are still needed, and 
new types of therapies with low cost and high impact 
should be developed [1]. There are over one billion 

*Correspondence:
Shogo Takashiba
stakashi@okayama‑u.ac.jp
1 Department of Pathophysiology‑Periodontal Science, Graduate School 
of Medicine, Dentistry and Pharmaceutical Sciences, Okayama University, 
2‑5‑1 Shikata‑Cho, Kita‑Ku, Okayama, Japan
2 Department of Periodontics and Endodontics, Okayama University 
Hospital, Okayama, Japan

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12903-023-02802-9&domain=pdf
http://orcid.org/0000-0002-4712-6829


Page 2 of 14Chen et al. BMC Oral Health           (2023) 23:90 

people worldwide suffering from vitamin D (VD) defi-
ciency, which is a global public health issue that can-
not be underestimated [3]. Serum 25-hydroxyvitamin D 
[25(OH)D] level below 20 ng/mL (50 nmol/L) is defined 
as deficiency and 21–29  ng/mL (52.5–72.5  nmol/L) is 
insufficiency [4]. VD deficiency is related to the risk of 
periodontitis [5, 6]. Therefore, studying the role of VD in 
periodontal health is of great importance.

VD is a fat-soluble vitamin and precursor of ster-
oid hormones. After two hydroxylations mainly in the 
liver and kidney (or some other tissues) [7], it is con-
verted to its major active form, 1,25-dihydroxyvitamin 
D3 (1,25D3), which regulates a wide range of biologi-
cal processes in target tissues through genomic and 
non-genomic pathways [8] (Fig.  1). Interestingly, the 
local vitamin D3 conversion to both 25(OH)D3 and 
1,25(OH)2D3 in oral keratinocytes, human gingival fibro-
blasts (HGFs) and periodontal ligament cells (HPDLCs) 
was observed [9, 10]. Topical administration of inactive 
vitamin D3 showed a similar anti-inflammatory effect 
as 1,25(OH)2D3 did, indicating the possibility of the 
direct application of inactive vitamin D3 to the gingiva 
[10]. Furthermore, the biological functions of 1,25D3 
are mainly achieved by binding to the vitamin D recep-
tor (VDR), a member of the nuclear receptor superfam-
ily that mediates the transcription of target genes (Fig. 1). 
It has been shown that VDR not only exists in classical 
small intestinal epithelial cells, bone cells, and kidney 
cells but also in various immune cells, tumor cells, and 
epithelial cells, revealing the pivotal role of 1,25D3 in 
many extra-skeletal diseases [8, 11]. Recently, 1,25D3 has 
become a hot topic in periodontitis research. Its impor-
tant role in defending against microbial infection and 
modulating immune responses in the oral environment 
has been actively discussed. However, the exact underly-
ing molecular mechanism remains unclear.

Autophagy, a highly conserved lysosomal degradation 
process, is central to maintaining organismal homeo-
stasis. Alterations in autophagy have been associated 
with various diseases, including periodontitis [12]. Its 
potential role in the pathogenesis of periodontitis has 
been reported [13]. Hence, keeping autophagy homeo-
stasis is important. In recent years, the development of 
autophagy modulators has attracted widespread interest; 
these modulators have shown great therapeutic poten-
tial for some related diseases [14]. Increasing evidence 
indicates that 1,25D3 can promote autophagy to protect 
against the development of infectious and inflamma-
tory diseases [15]. In addition, experimental studies on 
the association between 1,25D3 and autophagy in peri-
odontitis are still in their infancy and no comprehensive 
review has been published to analyze the possibility that 
autophagy regulation is involved in the 1,25D3-mediated 

protection against periodontitis. In view of the signifi-
cance of the interplay between 1,25D3 and autophagy, 
this review summarizes the latest evidence related to (1) 
the protective mechanism of 1,25D3 against periodonti-
tis discovered so far, (2) the connection between 1,25D3 
and autophagy, and (3) possible roles of 1,25D3-modu-
lated autophagy in the killing of pathogens, modulation 
of immune and inflammatory responses, and reduction 
of bone loss.

Protective action of 1,25D3 against periodontitis
Pathogen killing
Compared to antibiotics that may lead to bacterial resist-
ance and some allergic reactions, 1,25D3 has a high safety 

Fig. 1 Metabolism of vitamin D and biological response 
with genomic and non‑genomic effects. VD is formed mainly 
through exposure to solar ultraviolet B (UVB) radiation by 
7‑dehydrocholesterol (7‑DHC) in the human skin and can also be 
derived from the diet. The amount of VD obtained from diets and 
supplements is very low. VD is delivered in circulation in combination 
with VD‑binding proteins (VDBPs) to the liver, where it is converted to 
25(OH)D by the action of vitamin D‑25‑hydroxylase (25‑OHase). After 
the binding of 25(OH)D to VDBPs, it subsequently reaches the kidney 
or other tissues (such as epithelial cells) [7], where it is converted to 
the active form 1,25(OH)2D by 25‑hydroxyvitamin D‑1 hydroxylase 
(1‑Ohase, CYP27B1). The most biologically active metabolite of 
VD is 1,25(OH)2D3 (1,25D3), which is derived from vitamin D3 
(cholecalciferol) and exerts its biological effects mainly by binding to 
the VDR. In the nucleus, 1,25D3 can bind successively to the nuclear 
receptor VDR, retinoid X receptor (RXR), and VD response elements 
(VDREs), which affect the transcription of target genes, ultimately 
affecting protein synthesis and decomposition. In addition, 1,25D3 
can bind to the membrane receptor membrane‑associated, rapid 
response steroid (MARRS)‑binding protein to exert a non‑genetic 
effect by interacting with other signaling pathways
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profile because it modulates innate immunity (including 
antimicrobial peptides (AMPs) and autophagy) to exert 
antimicrobial effects and may also directly act on bacteria 
(Fig. 2A).

AMPs, including cathelicidin, β-defensins, and S100 
proteins, are mainly produced by immune and epithe-
lial cells [16]. LL-37, the only human member of the 
cathelicidin family, has antibacterial activity against 
various oral pathogens [17]. The cathelicidin antimi-
crobial peptide (CAMP) gene is a direct target of VDR-
mediated transcription [18]. The antibacterial properties 
of 1,25D3 against Aggregatibacter actinomycetemcomi-
tans (A. actinomycetemcomitans) might also result from 
1,25D3-induced LL-37 [19]. When the concentration of 
the vitamin D biomarker 25(OH)D3 in serum was lower 
than 30  ng/mL in patients with dental caries, the lev-
els of secretory immunoglobulin A (sIgA), LPS binding 

protein (LBP), cathelicidin and total antioxidant activity 
decreased. After VD supplementation (VDS), the lev-
els returned to normal [20], and saliva LL-37 levels was 
related to serum concentration of vitamin D in six-year-
old children [21]. These results demonstrate the impor-
tant role of 1,25D3-induced AMPs, suggesting a potential 
association between VD deficiency and susceptibility to 
microbial infections.

Recently, a few studies have reported a direct effect of 
1,25D3 on some bacterial cells. Due to its strong lipid 
solubility, cell membrane integrity might be altered, and 
permeability to other substances, such as antibiotics, 
might be increased [22, 23]. 1,25D3 exerts an inhibi-
tory effect on Fusobacterium nucleatum (F. nucleatum), 
A. actinomycetemcomitans, Solobacterium moorei, and 
Streptococcus mutans (S. mutans) at high concentrations 
(≥ 100 μg/mL), whereas 1,25D3 has been found to exert 

Fig. 2 Possible mechanism by which 1,25D3 exerts biological effects on periodontal tissues. A 1,25D3 had a direct antimicrobial effect against 
specific pathogens by its lytic activity and inhibition of P. gingivalis virulence factors, and it also increased the expression levels of LL‑37 and sIgA 
in the saliva. After P. gingivalis invasion, 1,25D3 induces functional autophagy to degrade P. gingivalis, upregulates AMPs gene expression to kill 
pathogens, exerting indirect antimicrobial action. B 1,25D3 impedes TNF‑α‑NF‑κB signaling and upregulates VHL signaling to protect the epithelial 
barrier from pathogen invasion into deep tissues. Its protective role includes strengthened intercellular junctions, decreased inflammatory response 
(reduced levels of TNFα, IL‑6, IL‑12, IFNγ, IL‑1β, and HIF‑1α), and reduced keratinocyte apoptosis. In addition, 25(OH)D3 is converted to active 
1,25D3 in gingival epithelial cells and subsequently exhibits its biological effects by binding to VDR. C 1,25D3 may exert its anti‑inflammatory 
properties against P. gingivalis infection by regulating different signaling pathways in the macrophages/monocytes (such as NF‑κB and MAPK) and 
increasing the polarization of Th cells to the Th2/Treg phenotype, accompanied by downregulation of some pro‑inflammatory cytokines (such as 
IL‑17 and IL‑6) and upregulation of AMPs, AhR, IL‑4, and IL‑10. D 1,25D3 may exert its effect on alveolar bone via immune regulation, inhibition of 
osteoclastogenesis, induction of osteogenic differentiation, and transcriptional regulation of osteogenesis‑related factors. However, its response to 
bone loss, such as the regulation of osteogenesis‑related factors, may be locally diminished by inflammatory stimuli



Page 4 of 14Chen et al. BMC Oral Health           (2023) 23:90 

specific antibacterial activity against Porphyromonas gin-
givalis (P. gingivalis) at very low concentrations (mini-
mum inhibitory concentration [MIC]: 3.125 to 6.25  μg/
mL, MBC: 6.25 to 25 μg/mL). In addition, 1,25D3 can sig-
nificantly reduce the gene expression of virulence factors 
involved in bacterial colonization (fimA, hagA, and hagB) 
and factors involved in tissue destruction (rgpA, rgpB, 
and kgp) [24]. Unlike antibiotics that target the in  vitro 
viability of bacteria, targeting bacterial virulence factor 
genes that are critical for in vivo viability can reduce bac-
terial resistance–another valuable alternative antibacte-
rial approach. Interestingly, 1,25D3 was found to exert a 
partial synergistic effect against P. gingivalis when com-
bined with metronidazole. In combination with tetracy-
cline, 1,25D3 showed an additive effect [24].

Epithelial barrier
The oral epithelial barrier separates the host from the 
oral environment, and the body’s natural physiological 
barrier prevents pathogens and exogenous substances 
from entering the deep tissues. In the gingival epithe-
lium, oral keratinocytes are the primary cell type con-
nected by various transmembrane proteins with special 
structures and functions, such as tight junctions, adhe-
rens junctions, and gap junctions [25]. Tight junctions 
are semi-permeable barriers composed of claudin, occlu-
din, and zonula occludens (ZO)-1-3. Adherens junctions 
consist of transmembrane cadherin (mainly E-cadherin) 
and intracellular catenin [25]. VDR is expressed in the 
entire gingival epithelial layer [26]. 1,25D3/VDR signal-
ing regulates the expression of different proteins involved 
in intercellular junctions (including claudin, occludin, 
ZO-1/2, E-cadherin, and β-catenin) to maintain epithelial 
barrier integrity [27, 28]. In human oral keratinocytes, 
E-cadherin intercellular junctions (ECJs) can be dissoci-
ated by matrix metalloproteinase 9 (MMP-9) induced 
by tumor necrosis factor-α (TNF-α) [26]. Furthermore, 
1,25D3 can reduce MMP-9 production by inhibiting 
nuclear factor-κB (NF-κB) signaling, thus attenuating the 
downregulation of ECJs and enhancing intercellular junc-
tions [26].

Increased apoptosis of oral epithelial cells can disrupt 
the mucosal barrier and accelerate bacterial invasion. 
1,25D3/VDR reduces oral keratinocyte apoptosis by 
inhibiting the activation of NF-κB-dependent p53-upreg-
ulated modulator of apoptosis (PUMA), which is a key 
pro-apoptotic regulator. In addition, other apopto-
genic factors induced by Escherichia coli LPS, including 
phospho-p65 (p-p65) and active caspase 3/9, were also 
reduced by 1,25D3 [29].

1,25D3/VDR can reduce the inflammatory response in 
both von Hippel-Lindau (VHL)- and NF-κB-dependent 
pathways [29, 30]. Human oral keratinocytes stimulated 

by LPS can produce a large amount of hypoxia-inducible 
factor-1α (HIF-1α), and four key cytokines (interferon-γ 
[IFNγ], interleukin-1β [IL-1β], TNFα, and IL-6) [30]. 
HIF-1α increases cytokine transcription and acceler-
ates inflammatory responses [31]. The overexpression 
of HIF-1α and inflammatory cytokines in human oral 
keratinocytes were found to be reversed by 1,25D3 treat-
ment via impeded NF-κB signaling pathway and upreg-
ulated VHL expression; however, whether 1,25D3 has a 
direct regulatory effect on HIF-1α remains unknown. 
IFNγ and IL-1β expression can be reduced by 1,25D3 in 
a HIF-1α-dependent pathway, while the downregulation 
of TNF-α and IL-6 may occur through the inhibition of 
the NF-κB signaling pathway [30]. An in vivo study found 
that the lack of 1,25D3 in oral epithelial cells exacerbates 
the inflammatory response induced by LPS in the gingi-
val epithelium. Furthermore, IL-1α mRNA levels were 
inhibited in oral keratinocytes treated with 10  nM of 
1,25D3 [10]. The expression of other pro-inflammatory 
cytokines IL-8 and IL-12 was decreased by 1,25D3 treat-
ment in human gingival epithelial cells (HGECs) infected 
with P. gingivalis, while in other periodontal tissue cells, 
such as HGFs and HPDLCs, 1,25D3 was also found to 
reduce inflammatory levels [32, 33].

These findings suggest that the inhibition of NF-κB 
signaling by 1,25D3 plays an important role in enhancing 
intercellular junctions, reducing apoptosis, and reliev-
ing the inflammatory response in oral epithelial cells 
(Fig. 2B).

Immune and inflammation regulation
The development of periodontitis caused by oral patho-
gen infection is related to the inflammatory media-
tors locally produced during the host immune process. 
Regarding VDS, it is recommended that patients with VD 
deficiency should be administered VDS before periodon-
tal surgery to avoid the negative effects on the treatment 
outcomes [34]. Recently, in some in  vivo studies, VDS 
significantly reduced inflammatory response and alveo-
lar bone loss [10, 35, 36]. However, the modest effect of 
1,25D3 on periodontitis with limited clinical relevance 
was also reported [37], which may partly result from dif-
ferent standardized criteria, study populations, short 
follow-up period and study design. Thus, the long-term 
efficacy and standardized criteria of VDS as an adjuvant 
therapy for periodontal treatment need to be further 
studied. In addition to HGECs, HGFs and HPDLCs men-
tioned above, 1,25D3/VDR signaling in various immune 
cells also participates in the defense mechanism against 
pathogens invasion and inflammatory response (Fig. 2C).

In the case of innate immunity, 1,25D3 regulates 
different signaling pathways and cytokine expres-
sions in monocytes/macrophages to exert specific 
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anti-inflammatory properties against P. gingivalis infec-
tion. 1,25D3 inhibits the activation of NF-κB [24], p38 
mitogen-activated protein kinase (MAPK), and extra-
cellular signal-regulated kinase-1/2 (ERK-1/2) signaling 
pathway [38]. 1,25D3 can also inhibit the expression of 
IL-6 while elevating the expression of IL-10 [38, 39]. In 
addition, studies have found that in patients with type 
2 diabetes mellitus and periodontitis, 1,25D3 may pro-
mote neutrophil apoptosis through the p38-MAPK path-
way [40]. In addition, in the case of adaptive immunity, 
1,25D3 regulates the differentiation of T lymphocytes, 
secretion of immunoglobulin, and production of inflam-
matory cytokines [41]. 1,25D3 intervention can regulate 
Th cell polarization toward different subsets. Polarized 
subsets, especially Th1, Th17, Th2, and Treg subsets, 
together with secreted cytokines, are key players in the 
destructive and reparative phases of periodontitis [42]. 
1,25D3 decreased the proportions of Th1 and Th17 
cells, increased the proportions of Th2 and Treg subsets, 
downregulated IL-17 levels, and upregulated IL-4 and 
IL-10 levels [42, 43].

Reduction of alveolar bone loss
1,25D3 may exert its effects on alveolar bone via its 
immunomodulatory effect, inhibition of osteoclastogene-
sis, induction of osteogenic differentiation, and transcrip-
tional regulation of osteogenesis-related factors (Fig. 2D). 
One study reported increased alveolar bone resorption 
with a VD intake of less than 400 IU/d and a reduced risk 
of severe chronic periodontitis with a VD intake of more 
than 800 IU/d [44]. In in vivo experiments, the addition 
of 1,25D3 reduced bone loss, possibly because of the 
inhibition of the inflammatory response [36, 45, 46]. In 
gingival epithelium, after 1,25D3 addition, the expres-
sion of VDR and aryl hydrocarbon receptor (AhR) sign-
aling was upregulated, and subsequently, LPS-induced 
activation of NF-κB and the nucleotide-binding oli-
gomerization domain-like receptor family pyrin domain 
containing 3 (NLRP3) inflammasome were suppressed 
[36]. AhR is widely expressed in immune cells and has 
been identified as a potential target for immunomodu-
lation [47]. NLRP3 inflammasome is closely associated 
with periodontal damage. In macrophages, activated AhR 
signaling blocks the activation of the NLRP3 inflammas-
ome by NF-κB, and subsequent production of inflamma-
tory cytokines is inhibited [48]. The expressions of IL-1β 
and IL-6 were downregulated, possibly due to the regula-
tion of the inflammasome pathway by 1,25D3.

As mentioned previously, 1,25D3 administration inhib-
ited alveolar bone resorption activity by modulating the 
polarization of Th cells in experimental periodontitis 
[43]. Further studies demonstrated the potential asso-
ciation between the effect of 1,25D3 on Th cells and 

osteoclast activation. In an inflammatory environment, 
the expressions of osteoclastogenesis-related markers 
(such as MMP-9) and RANKL in vitro are downregulated 
by 1,25D3 via the regulation of Th cell subsets [42]; thus, 
osteoclastogenesis is inhibited.

In addition, 1,25D3 has been shown to significantly 
promote osteogenic differentiation of human periodon-
tal ligament stromal cells/stem cells (hPDLSCs) and 
increase the expression of osteogenesis-related factors 
(osteocalcin and osteopontin) [49, 50]. However, inflam-
matory stimulation was recently found to diminish the 
1,25D3-induced expression of osteocalcin and osteopon-
tin in hPDLSCs [49], which may be a result of the inhib-
ited transcriptional activity of VDR [51]. This study had 
some limitations due to the addition of an artificial addi-
tive, such as dexamethasone, to the osteogenic induction 
medium, which may have influenced the results. Future 
in-depth research on the mechanisms by which the 
inflammatory responses affect the bioactivity of 1,25D3 
may help improve the effectiveness of VDS as an adjunc-
tive periodontal therapy.

1,25D3 and autophagy
Autophagy
Autophagy is a major intracellular degradation process 
in which cytoplasmic components (misfolded proteins, 
internalized pathogens, and damaged organelles) are 
delivered to lysosomes for degradation [52]. Autophagy 
generates energy for cell renovation, maintains cellular 
homeostasis, and participates in various biological pro-
cesses. In mammals, according to the different pathways 
in which cellular components are delivered to lysosomes, 
autophagy is mainly divided into three categories: mac-
roautophagy, microautophagy, and chaperone-mediated 
autophagy. Since macroautophagy is the main way of 
regulating cellular physiological activity, in this review, 
we will simply refer to macroautophagy as “autophagy.” 
The autophagy process involves five major steps (Fig. 3): 
initiation, elongation, maturation, fusion with lysosomes, 
and degradation [53]. The isolated membrane struc-
ture that wraps the target contents gradually expands to 
form a unique double-layer membrane structure, namely 
the autophagosome. Subsequently, the lysosomes and 
autophagosomes fuse to form an autolysosome, which 
becomes a monolayer membrane structure, and the tar-
get content is degraded by lysosomal hydrolases to meet 
the needs of cell metabolism, renewal of these organelles, 
and removal of pathogens [52].

Regulatory effect of 1,25D3 on autophagy
In recent years, many studies have found that in addition 
to affecting calcium and phosphorus metabolism and 
regulating immunity and infection, 1,25D3 also mediates 
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autophagy via genomic and non-genomic signaling path-
ways to influence the physiological functions of differ-
ent organs [15]. VD deficiency also affects autophagy 
[54]. However, its specific mechanism of action remains 
unclear. At present, related research has mainly focused 
on regulating cytosolic calcium levels, autophagy-related 
gene expression, AMPs, and lysosomes. 1,25D3-induced 
autophagy signaling has been reported to play a protec-
tive role in various diseases through its antioxidant, anti-
infective, anti-inflammatory, and anticancer effects [15].

In detail, 1,25D3/VDR can induce autophagy by 
increasing the levels of cytosolic free calcium and down-
regulating the expression of mammalian target of rapa-
mycin (mTOR) and Bcl-2 which represses  Ca2+ release 
[15]. Regulation of the class III phosphoinositide 3-kinase 
(PI3KC3)/Beclin-1 pathway by 1,25D3 in different cells 
and tissues influences autophagosome nucleation [55, 
56]. Beclin-1, a core component of the P13K complex 
involved in autophagosome nucleation and maturation, 
is a key regulator of autophagy and is affected by NF-κB, 

Bcl-2, 1,25D3, and 1,25D3 analogs [57]. Additionally, 
1,25D3/VDR induces CAMP synthesis and activates 
autophagy in Mycobacterium tuberculosis (Mtb)-infected 
monocytes. Cathelicidin LL-37 is a downstream tar-
get gene that promotes the fusion of autophagosomes 
and lysosomes to form autolysosome [58]. Moreover, 
1,25D3-induced human cathelicidin LL-37 was found to 
promote human monocyte autophagy via transcriptional 
activation of Beclin-1 and autophagy-related (ATG) 5 
[58]. Another recent study revealed 1,25D3-VDR-PTPN6 
axis-regulated autophagy in macrophages. Protein tyros-
ine phosphatase non-receptor type 6 (PTPN6), a cyto-
plasmic phosphatase, is induced by 1,25D3 and regulates 
autophagy-related genes to promote 1,25D3-mediated 
autophagy [59]. In addition, 1,25D3/VDR was found to 
promote the transcriptional upregulation of ATG16L1 
to affect autophagy [60]. Treatment with 1,25D3 
increases basal levels of autophagy by de-repressing the 
key autophagy gene LC3B (MAP1LC31B) which is con-
stitutively repressed by VDR [61] (Fig.  3). Interestingly, 

Fig. 3 General regulatory mechanism of 1,25D3/VDR on autophagy. The classic macroautophagic process is induced by different stress signals 
and consists of five steps: (1) Phagophore (or isolation membrane) initiation from the endoplasmic reticulum (ER), and other different cellular 
membranes, including the Golgi complex, mitochondria, and plasma membrane may also deliver phospholipids to phagophore; (2) phagophore 
nucleation; (3) phagophore elongation forming an autophagosome after closure; (4) fusion of autophagosome and lysosome forming an 
autolysosome; and (5) degradation of cytoplasmic components within the autolysosome. Through genomic and non‑genomic pathways, 1,25D3 
induces autophagy at different steps. 1,25D3 increases cytosolic‑free calcium that is released from ER and inhibited by Bcl‑2, and it downregulates 
mTOR expression to initiate autophagy induction, regulates PI3KC3/Beclin‑1 pathway to affect phagophore nucleation, and upregulates human 
cathelicidin (LL‑37) to promote the fusion of the lysosome and autophagosome. Besides, 1,25D3 can transcriptionally upregulate the gene 
expressions of ATG16L1, PTPN6, LC3, and CAMP to induce autophagy. 1,25D3 de‑represses the LC3B gene (MAP1LC31B) by VDR. These pathways 
found in different cell and tissue types induce autophagy and play a protective role in different diseases through antioxidant, anti‑infective, 
anti‑inflammatory, and anticancer effects
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1,25D3 can also reduce autophagy by decreasing the lev-
els of NF-κB, TNF-α, or IFN-γ [62], which indicates that 
regulation of autophagy by 1,25D3/VDR signaling is bidi-
rectional and may vary in different infectious diseases.

It was found that compared to healthy gingival tissues, 
inflammatory sites from naturally occurring periodontitis 
of rhesus monkeys showed significant alterations in the 
expression of some autophagy-related genes, suggesting 
that autophagy may be impaired in periodontal lesions 
and involved in the pathogenesis of periodontitis [12]. 
Other human clinical studies have also found significant 
differences in the levels of autophagy between healthy 
periodontal subjects and patients with periodontitis. For 
example, peripheral blood mononuclear cells (PBMCs) 
from patients with periodontitis showed significantly 
downregulated levels of the autophagy-related proteins 
ATG5-12 conjugate, ATG16L1, and ATG7. The regula-
tion of autophagy is therefore a potential therapeutic 
target for periodontitis in the future. A study showed 
that vitamin D supplementation enhanced autophagy by 
upregulating the expression of these proteins in PBMCs 
and upregulating the expression of ATG5 and ATG16L1 
in gingival tissue from patients with periodontitis [35]. 
This study had the limitation of a small sample size and 
selected patients without initial VD deficiency. In addi-
tion, clinical studies have also found that inflammatory 
periodontal tissue and peripheral blood in patients with 
periodontitis showed a higher LC3 II/I ratio relative to 
healthy periodontium [63, 64]. An in  vitro study found 
that vitamin D3 supplementation further increased the 
LC3 II/I ratio upregulated by Pg [65]. It has been men-
tioned that the general effect of vitamin D on autophagy 
is bidirectional. Therefore, more in  vivo and in  vitro 
experiments are needed to verify the association between 
vitamin D and autophagy in periodontitis in order to 
develop a new therapeutic strategy for periodontitis.

Possible role of 1,25D3 via autophagy modulation 
in periodontitis
Although the specific mechanism remains unclear, there 
have been already some in vivo and in vitro studies sup-
porting the hypothesis of the involvement of autophagy 
regulation in the protective effects of vitamin D in other 
infectious and inflammatory diseases such as Salmonella 
colitis [66], UV-mediated sunburn and inflammation 
[67], allergic airway inflammation [68], and osteoarthri-
tis [69]. The potential role of 1,25D3-induced autophagy 
signaling in different cell and tissue types was discussed 
in a recent review [15]. However, little information is 
available about its role in oral health. Existing studies 
provide sufficient evidence to support the multidimen-
sional regulatory role of autophagy in the pathogenesis 
of periodontitis, including the regulation of pathogen 

invasion, immunity, inflammation, and alveolar bone 
homeostasis. 1,25D3, a key regulator of autophagy, shows 
great potential in preventing and alleviating pathological 
responses in periodontitis, which is mediated, at least in 
part, via the modulation of autophagy.

Barrier
Autophagy activated in infected cells is involved in intra-
cellular antimicrobial defense mechanisms via a lysoso-
mal degradation pathway [70]. Active 1,25D3 mediating 
autophagy enhances Salmonella clearance in intestinal 
epithelia and appears to be a promising treatment strat-
egy for the control of Mtb infection [71]. In periodontal 
tissue, P. gingivalis, a major opportunistic pathogen, can 
induce autophagy with different functions in phagocytic 
(macrophages and dendritic cells) and non-phagocytic 
cells (GECs, endothelial cells, and gingival fibroblasts) 
after internalization [72–75]. Autophagy enhances the 
clearance of P. gingivalis internalized by macrophages 
and dendritic cells. However, to avoid clearance by the 
host immune system, P. gingivalis has developed specific 
survival strategies against GECs. In GECs and human 
coronary artery endothelial cells (HCAECs), P. gingivalis 
impairs the formation of autolysosomes to escape lyso-
somal degradation and replicate inside autophagosome 
vacuoles for persistent intracellular survival [70, 75]. P. 
gingivalis-induced autophagy provides a favorable micro-
environment for replication, survival, and dissemination 
in the GECs and HCAECs, indicting its significant role 
in the progression of periodontitis and atherosclerosis 
[70, 76]. Interestingly, under active 1,25D3 treatment, 
the disabled autophagy induced by P. gingivalis in epi-
thelial cells could become effective via increased num-
ber of autophagosome vacuoles and promoted fusion of 
autophagosomes and lysosomes. 1,25D3 significantly 
reduced the number of live P. gingivalis internalized into 
HeLa cell subline KB cells and U937 cells by promoting 
autophagy in a dose-dependent manner (Fig.  4A). The 
antibacterial effect of 1,25D3 greatly decreased after 
autophagy inhibition with 3-methyladenine (3-MA) 
treatment [65]. A. actinomycetemcomitans infection 
induced autophagy in human junctional epithelium 
keratinocytes (JEKs); this process inhibits the intracel-
lular survival of the bacteria and significantly reduces 
the number of JEKs undergoing cell death [77]. 1,25D3 
treatment enhances antibacterial activity to decrease the 
number of viable colonies of A. actinomycetemcomitans 
in cultured GEC [19]. However, whether its antibacterial 
mechanism is related to the regulation of autophagy and 
whether 1,25D3 plays a protective role against cell death 
via autophagy induction requires further exploration.

Interestingly, excessive autophagy or inadequate acti-
vation of autophagy may lead to cellular damage or even 
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death [78]. Butyrate is a metabolite of some anaerobic 
periodontal bacteria that activate cell death via autophagy 
in the GECs and gingival fibroblasts. It is highly concen-
trated in the periodontal pocket and plays an important 
role in the initiation and progression of periodontal dis-
ease [79, 80]. However, butyrate also has a protective 
effect against infection in the gut. Butyrate produced 
by gut microbes upregulated VDR expression in a dose-
dependent manner in human intestinal epithelial cells, 
and a decrease in the proliferation of butyrate-producing 
bacteria was observed in mice intestinal epithelia lacking 
VDR [81]. The reasons behind the different functions of 
butyrate at different sites remain unclear (Fig. 4A). Inves-
tigating the relationship between 1,25D3 and butyrate in 
the oral cavity may help us better understand the regu-
latory role of 1,25D3 in the progression of periodontal 
diseases.

Immune regulation
1,25D3 plays a pivotal role in regulating immunity 
through autophagy, providing an antimicrobial defense 
mechanism against pathogens that invade immune cells. 
1,25D3-induced autophagy is critical for the elimina-
tion of intracellular Mtb in human monocytes/mac-
rophages [71], and cathelicidin is considered as an 
essential mediator of 1,25D3-induced autophagy [58]. 
Interestingly, the pathway through which IFN-γ pro-
motes antimicrobial activity is dependent on 1,25D3 
signaling-induced autophagy in human macrophages 
[82]. 1,25D3 is reported to induce autophagy in a cathel-
icidin-independent manner for the inhibition of human 
immunodeficiency virus type-1 (HIV-1) replication in 
macrophages [83]. 1,25D3 provides a therapeutic strat-
egy for viral infections, such as the influenza virus, 
by restoring the autophagic flux, thereby preventing 

Fig. 4 Possible role of 1,25D3 via autophagy modulation in the pathogenesis of periodontitis. A P. gingivalis‑induced autophagy provides a 
favorable microenvironment for its replication and survival, whereas 1,25D3 could convert this impaired autophagy into a functional one by 
promoting fusion with lysosomes. Butyrate activates cell death via excessive autophagy in GECs and gingival fibroblasts. Whether there is an 
interaction between 1,25D3 and butyrate in periodontal tissue remains unknown. B TLRs activation by bacteria (such as Mtb) on monocytes 
upregulates the expression of VDR and 1‑hydroxylase genes (CYP27B1), thereby leading to CAMP production and subsequent antimicrobial 
activity. The VD pathway was first described by Liu et al. in [91]. Similarly, 1,25D3‑mediated autophagy was required for IFN‑γ‑induced antimicrobial 
activity. C 1,25D3 has been found to upregulate AhR expression, thus blocking NF‑κB and NLRP3 which lead to tissue destruction, promote 
autophagy‑mediated degradation of NLRP3 and downregulate IL‑1β expression mediated by the NLRP3 inflammasome. Autophagy protects cells 
from apoptosis under inflammatory conditions, reduces ROS accumulation, and promotes angiogenesis in patients with periodontitis; however, 
whether 1,25D3 can induce autophagy in patients with periodontitis to exert such an effect is still unknown. D An increase in autophagy can 
promote the differentiation, survival, and normal functions of osteoblasts, osteoclasts, and osteocytes. 1,25D3 restores PA‑mediated impaired 
autophagy to protect osteoblasts from lipotoxicity of PA and inhibits cell death of osteocytes in an mTOR pathway‑dependent manner under 
hypoxic conditions. 1,25D3 plays a dual role in regulating the autophagy of OCPs, a process dependent on the RANKL intervention status; it inhibits 
autophagy of OCPs in the absence of RANKL and enhances RANKL‑induced autophagy if the OCPs to exert a pro‑osteoclastogenesis effect
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apoptosis [84]. In periodontal diseases, the induction 
of autophagy enhances the killing of periodontal patho-
gens that invade into the macrophages and dendritic 
cells. In THP-1-derived macrophages, the intracellular 
survival of P. gingivalis and A. actinomycetemcomitans 
is inhibited by enhanced autophagy [73, 85]. It has been 
reported that after 1,25D3 treatment, the amount of P. 
gingivalis in U937-derived macrophages decreased in a 
dose-dependent manner. Its mechanism of action may 
be related to the degradation of live P. gingivalis due to 
the 1,25D3-promoted co-localization of P. gingivalis with 
autophagosome and lysosomal markers [86]. Moreo-
ver, the survival of P. gingivalis within dendritic cells is 
impaired by rapamycin-induced autophagy [72]. The rec-
ognition of P. gingivalis by dendritic cells results in two 
scenarios: blocking autophagy for survival and promot-
ing autophagy for degradation. Using autophagy pro-
moters could help promote the killing of pathogens and 
periodontitis resolution, thus providing insights into a 
novel therapeutic approach [87].

In addition, autophagy has become more interrelated 
with TLRs signaling. TLR signaling stimulated by TLR 
ligands is important for the initiation and regulation of 
autophagy activation [88]. Additionally, 1,25D3/VDR 
signaling is involved in the TLR-induced autophagic 
pathway. 1,25D3-dependent autophagy is induced by 
TLR signaling. For example, TLR2/1/CD14 stimulation 
by mycobacterial lipoprotein LpqH increased the mRNA 
expression of Cyp27b1 hydroxylase and functional VDR 
activation in a time-dependent manner, thereby induc-
ing autophagy in human monocytes [89]. The interac-
tion between the 1,25D3/VDR-AMP axis and autophagy 
is currently a hot research topic [90]. In 2006, Liu et al. 
first named the reaction in monocytes caused by the 
activation of Toll-like receptors (TLRs) by bacteria dur-
ing the production of CAMP as the VD pathway. TLR 
activation by bacteria on macrophages could upregulate 
the expression of VDR and 1-hydroxylase genes, thereby 
leading to CAMP production and subsequent antimi-
crobial activity [91]. This pathway also exists in HGECs, 
HGFs, and HPDLCs infected by P. gingivalis [32, 92, 93]. 
These results indicate the pathway in which TLRs induce 
1,25D3-dependent antibacterial activity against intracel-
lular bacteria. Insufficient 1,25D3 levels in the body may 
lead to a reduction in TLR-induced antibacterial activity, 
thereby increasing the risk of periodontitis (Fig. 4B).

Autophagy is also considered a regulator of T cells, 
affecting T cell function, differentiation, and metabo-
lism [94]. In patients with active systemic lupus erythe-
matosus, severe VD deficiency affects the expression of 
ATG proteins (mTOR and LC3) and leads to a significant 
increase in  CD4+ T cell counts and a decrease in  CD8+ T 
cell counts [54].

Inflammation regulation
Autophagy activation can limit excessive inflammation in 
periodontal tissue by inhibiting IL-1β secretion, NLRP3 
inflammasome formation, and reactive oxygen species 
(ROS) accumulation [73, 95–97], protecting cells from 
apoptosis under inflammatory conditions [63] and pro-
moting angiogenesis [98–101] (Fig. 4C).

IL-1β amplifies periodontal inflammation and plays an 
important role in tissue destruction. LPS-induced p-p65 
activates the NLRP3 inflammasome in immune cells by 
binding to NF-κB sites in the promoter region of NLRP3 
[102]. The NLRP3 inflammasome, which is responsible 
for IL-1β secretion, significantly contributes to alveolar 
bone resorption by promoting osteoclast differentiation, 
and NLRP3 knockout reduced pathological alveolar bone 
loss in experimental periodontitis [103, 104]. As men-
tioned in SubSect.  1, 1,25D3 has been shown to inhibit 
NLRP3 and NLRP3-mediated IL-1β expression to attenu-
ate experimental periodontitis in mice and reduce oral 
keratinocyte apoptosis. Little is known about whether 
autophagy mediates 1,25D3-induced anti-inflamma-
tory and anti-apoptotic effects in periodontal disease. 
However, some connections have also been found in 
other diseases. In LPS-primed primary peritoneal mac-
rophages in a mouse model, 1,25D3 has been found to 
promote autophagy-mediated degradation of NLRP3 and 
downregulate IL-1β expression mediated by the NLRP3 
inflammasome [105] (Fig.  4C). ROS, an important ele-
ment in NLRP3 activation, was found to be significantly 
decreased after 1,25D3 treatment in peritoneal mac-
rophages [105]. 1,25D3 treatment increases autophagy 
in skin flaps, which might contribute to the reduction of 
oxidative stress, thereby significantly enhancing skin flap 
survival [106].

In addition, 1,25D3 is known to induce autophagy to 
inhibit apoptosis in some diseases. For instance, 1,25D3 
prevents influenza virus-induced cellular apoptosis by 
restoring autophagic flux, providing a therapeutic strat-
egy for viral infection [84] (Fig. 4C).

Since VDR exists widely in vascular endothelial cells 
and smooth muscle cells, the regulatory role of 1,25D3 in 
angiogenesis and vascular cell activity has been reported 
[107]. Studies have demonstrated the promotion of vascu-
larization by 1,25D3 in skin flaps [106]. However, 1,25D3 
was also reported to reduce retinal and corneal neovas-
cularization in mice [108]. These results suggest that the 
role of 1,25D3 in the regulation of angiogenesis varies in 
different diseases. In addition, the pro-angiogenic abil-
ity of autophagy has been investigated in the periodon-
tium. Autophagy promotes angiogenesis mediated by the 
mesenchymal stem, including PDLSCs [99, 100]. Activa-
tion of autophagy by rapamycin in PDLSCs was found 
to increase the secretion of angiogenesis-promoting 
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cytokines such as angiogenin and basic fibroblast growth 
factor, whereas inhibition of autophagy with knockdown 
of Beclin1 led to the suppression of pro-angiogenic abil-
ity [101]. The above results provide new insights into the 
potential autophagy-mediated angiogenesis by 1,25D3 in 
the periodontium (Fig. 4C).

Bone homeostasis
Alveolar bone homeostasis is tightly controlled by the 
balance between osteoclastogenesis and osteoblas-
togenesis. In periodontitis, an imbalance favoring bone 
resorption leads to pathological resorption of alveolar 
bone [109]. Autophagy, a new player, identified in recent 
years, plays an important role in bone homeostasis and 
is involved in the regulation of alveolar bone metabo-
lism in the case of periodontitis [13, 110]. In general, 
autophagy is indispensable for the differentiation, sur-
vival, and normal functions of bone cells (including 
osteoclasts, osteoblasts, and osteocytes); thus, impaired 
autophagy could lead to bone pathologies [111–114]. For 
example, autophagy contributes not only to the survival 
of osteoblasts under oxidative stress [113, 114] and pro-
vides energy sources for osteoblast differentiation [115] 
but also to osteoclast reabsorption [114]. Autophagy 
is also involved in the terminal differentiation of osteo-
blasts into osteocytes and plays an important role in 
osteocyte survival [116]. During this process, autophagy 
adjusts the size and content of organelles and helps cells 
adapt to hypoxia and poor nutritional conditions and 
store energy, thus hindering bone loss [111]. Moreover, 
enhanced autophagy in osteoblasts has been shown to 
diminish bone resorption associated with inflammation, 
such as apical periodontitis [117].

The above findings suggest that the regulation of 
autophagy in bone cells may have therapeutic implica-
tions [110]. 1,25D3, a key autophagy regulator, promotes 
osteoblast production and protects osteoblasts from 
apoptosis [118, 119]. Autophagy may be an emerging 
mechanism through which 1,25D3 regulates bone cell 
differentiation and function (Fig.  4D). Recent studies 
have investigated the role of 1,25D3 in bone metabo-
lism through the regulation of autophagy. For example, 
1,25D3 protects osteoblasts from palmitate-induced 
lipotoxicity in vitro by regulating impaired autophagy to 
functional autophagy, thereby improving cell survival and 
function [119]. 1,25D3 plays a dual role in the autophagy 
of osteoclasts. In the absence of RANKL, 1,25D3 directly 
inhibits the autophagy of osteoclast  precursors (OCPs). 
However, due to its positive impact on RANKL signaling, 
1,25D3 could increase RANKL-induced autophagy of 
OCPs, eventually leading to a net pro-osteoclastogenesis 
effect. RANKL-induced osteoclastogenesis was dramati-
cally decreased by the addition of autophagy inhibitors, 

further supporting the pro-osteoclastogenesis effect of 
1,25D3 via autophagy [120]. 1,25D3 has also been found 
to inhibit osteocyte death under hypoxic conditions in 
an mTOR pathway-dependent manner. This raises the 
possibility of using 1,25D3 as a therapeutic intervention 
for conditions in which osteocyte death occurs under 
hypoxia [121]. Further, diabetes mellitus is known to be 
a major risk factor for periodontal disease, and these 
conditions are believed to be biologically associated with 
each other. Diabetes mellitus is associated with a high 
incidence of bone fractures and decreased bone density. 
1,25D3 exerts an osteoprotective effect by reducing high-
glucose-induced autophagy via the PI3K/Akt/FoxO1 
signaling pathway, providing new insights on strategies 
for diabetes-induced bone loss [122].

Conclusions
The protective role of 1,25D3 in the pathogenesis of peri-
odontitis, including the clearance of periodontal patho-
gens, maintenance of the epithelial barrier, relief from 
inflammation, and reduction of alveolar bone loss, may 
be achieved, in part, through the regulation of autophagy. 
1,25D3 signaling regulates autophagy, and that the regu-
lation of autophagy is important for periodontal health. 
Given that autophagy is involved in the protective effect 
of 1,25D3 on infection, inflammation and bone metabo-
lism in various diseases, further studies on the connec-
tion between 1,25D3 and autophagy in periodontitis may 
reveal the therapeutic potential of 1,25D3 and new strat-
egies for periodontal prevention and treatment.
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