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Abstract: Background: Oral mucosal inflammatory diseases comprise a diverse array of conditions that affect the
delicate tissues lining the oral cavity, posing a multifaceted challenge in clinical practice. Further studies are needed
to elucidate the pathogenesis of these conditions. Melatonin has emerged as a promising antioxidant that scav-
enges free radicals and attenuates oxidative stress, a key contributor to inflammatory processes. Methods: This
study employed two oral epithelial cell lines, human oral epithelial cells (HOEC) and human oral keratinocytes
(HOK), alongside a three-dimensional (3D) epithelial cell model, to investigate the effects of melatonin on oral
epithelial inflammation. Results: The findings revealed that TNFa significantly induced inflammation in oral epithe-
lial cells, whereas melatonin inhibited TNFa-induced inflammation. Furthermore, melatonin’s action in mitigating
inflammation in oral epithelial cells was mediated via its receptor, MTNR1A. Mechanistically, melatonin suppressed
inflammation in oral epithelial cells through the Keapl/Nrf2 signaling pathway. Additionally, melatonin attenuated
TNFa-induced inflammation in the 3D oral epithelial cell model. Conclusion: These findings offer novel insights into

the potential development of therapies for treating oral epithelial inflammation.
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Introduction

Oral mucosal inflammatory diseases encom-
pass a heterogeneous spectrum of disorders
that disrupt the integrity of oral cavity linings,
imposing substantial clinical burdens due to
their chronicity, recurrent presentation, and
limited therapeutic efficacy [1]. Treatment strat-
egies are equally diverse, aiming to alleviate
symptoms, address underlying causes, and
prevent recurrence [2]. Management approach-
es range from topical corticosteroids and anti-
fungals to immunomodulatory agents and life-
style modifications, tailored to each patient’s
unique presentation and needs [2]. In addition
to pharmacotherapy, patient education plays a
pivotal role in empowering individuals to adopt
optimal oral hygiene practices, recognize symp-
tom triggers, and seek timely professional care
[3]. Despite these interventions, a critical gap

persists: the lack of targeted therapies that
address the oxidative stress-driven inflamma-
tory cascades underlying disease pathogene-
sis. This knowledge gap underscores the urgent
need to identify novel, mechanistically validat-
ed agents that can modulate key signaling path-
ways involved in oral mucosal inflammation.

Melatonin, often referred to as the “hormone of
darkness” due to its secretion by the pineal
gland in response to darkness, is a versatile
molecule with wide-ranging functions beyond
its renowned role in regulating the sleep-wake
cycle [4]. Its emergence as a potent anti-inflam-
matory agent indicates new therapeutic ave-
nues for inflammation management [4]. In addi-
tion to modulating circadian rhythms, melato-
nin demonstrates remarkable antioxidant prop-
erties, scavenging free radicals and mitigating
oxidative stress - a pivotal contributor to inflam-
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matory processes [5]. As research continues to
unravel the intricacies of melatonin’s immuno-
modulatory actions, its burgeoning utility as a
supplementary agent in inflammation manage-
ment holds promise for enhanced therapeutic
strategies and improved patient outcomes.

Beyond its canonical role in circadian rhythm
regulation, melatonin acts as a key modulator
of the Keap1/Nrf2 signaling pathway-a central
cellular defense axis against oxidative stress
that governs the transcription of antioxidant
and detoxification genes [6]. Melatonin exerts
its regulatory effects by promoting Nrf2 nuclear
translocation, enhancing its binding to antioxi-
dant response elements in target gene promot-
ers, and inducing Keapl degradation to amplify
Nrf2 activation [6]. This targeted modulation of
the Keapl/Nrf2 pathway underscores melato-
nin’s capacity to restore cellular redox balance,
a function particularly relevant to oral epithelial
inflammation, where oxidative stress-driven da-
mage and pro-inflammatory cascades are core
pathogenic drivers. Importantly, this mecha-
nism positions melatonin as a potential thera-
peutic agent for oral mucosal inflammatory dis-
orders, with its pathway-specific activity offer-
ing a mechanistic basis for mitigating epithelial
injury [7]. While preclinical studies have hinted
at melatonin’s anti-inflammatory potential in
oral epithelial tissues, the specific mechanistic
link between melatonin, the Keapl/Nrf2 path-
way, and inflammation modulation in oral muco-
sal cells remains unelucidated, representing a
critical scientific question that has not been
systematically addressed.

Against this backdrop, the present study was
designed to fill this knowledge void with three
core objectives: (1) to evaluate the direct anti-
inflammatory effects of melatonin on two repre-
sentative oral epithelial cell lines (human oral
epithelial cells [HOEC] and human oral keratino-
cytes [HOK]) under inflammatory stimuli; (2) to
elucidate the mechanistic role of the Keapl/
Nrf2 signaling pathway in mediating melato-
nin’s anti-inflammatory actions in these cells;
and (3) to validate the therapeutic potential of
targeting this pathway for oral mucosal inflam-
mation management. We hypothesized that
melatonin would suppress pro-inflammatory
cytokine production and oxidative stress in
HOEC and HOK cells by activating the Keapl/
Nrf2 pathway, with Nrf2 knockdown abrogating
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these protective effects. The primary innova-
tion of this work lies in its cell-type-specific
mechanistic validation of melatonin’s Keapl/
Nrf2-dependent anti-inflammatory activity in
oral epithelial cells-a critical step that bridges
translational gaps between basic melatonin
research and its clinical application for oral
mucosal inflammatory diseases. Our findings
confirm that melatonin exerts anti-inflammato-
ry effects in oral epithelial cells via the Keapl/
Nrf2 signaling pathway, providing a mechanis-
tic foundation for developing melatonin-based
targeted therapies to address unmet clinical
needs in oral mucosal inflammation manage-
ment.

Materials and methods
Cell culture

Two human oral epithelial cell lines, HOEC (cat-
alog #AC34021) and HOK (catalog #FE1439),
were obtained from ATCC. These cell lines were
cultured in Dulbecco’s modified Eagle medium
(ThermoFisher, catalog #10569010) supple-
mented with 10% fetal bovine serum (Ther-
moFisher, catalog #16140071) and 1% penicil-
lin-streptomycin (ThermoFisher, catalog #151-
40148). Cultures were maintained in a humidi-
fied chamber at 37°C with 5% CO,. Human oral
epithelial cells (HOEC) and human oral kerati-
nocytes (HOK) were authenticated by short tan-
dem repeat (STR) profiling to confirm their spe-
cies origin, identity, and absence of cross-con-
tamination. STR analysis was performed by the
vendors.

3D oral epithelial model culture

The culture of the 3D oral epithelial model fol-
lowed a previously established protocol [8].
Briefly, a scaffold-based method using Matri-
gel® (hereafter referred to as Matrigel®, Corning,
catalog #356231) was used, and oral epithelial
cell lines, HOEC (20,000 cells/well) and HOK
(20,000 cells/well) were mixed (1:1) with 50%
Matrigel®, followed by seeding onto the bottom
of a 96-well plate (8 mL per well). The plate was
incubated in a cell culture incubator for at least
10 min to allow the Matrigel to solidify, followed
by the addition of 100 uL of cell culture media
to each well. The entire medium was renewed
every other day. The 3D models were validated
by assessing 3D spheroid morphology (as
shown in Figure 6) and were cultured for a
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Figure 1. TNFa significantly induces inflammation in oral epithelial cells. A. TNF« significantly increased expres-
sion of IL8 in HOEC cells (**P<0.01, ***P<0.001). B. TNF« significantly increased expression of IL8 in HOK cells
(**P<0.01, ***P<0.001). C. TNFa significantly increased expression of TNFa in HOEC cells (*P<0.05, **P<0.01).
D. TNFa significantly increased expression of TNFa in HOK cells (***P<0.001). E. TNF« significantly increased
expression of IL6 in HOK cells. TNFa significantly increased expression of IL6 in HOK cells (*P<0.05, **P<0.01). F.
TNFa significantly increased expression of IL6 in HOK cells (**P<0.01).

4-day period before the initiation of subsequent
experimental procedures.

Enzyme-linked immunosorbent assay (ELISA)
for detecting inflammatory and anti-inflamma-
tory factors

The ELISA assay was performed as described
previously [9, 10]. Cell supernatants from HOEC
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and HOK cultures were harvested to quantify
interleukin (IL)-6, IL-8, and IL-10 levels after
treatment for 48 hours. Detection of these
cytokines in cell supernatants was perform-
ed using specific ELISA kits for IL-8 (Abcam,
catalog #ab214030), IL-6 (Abcam, catalog
#ab178013), and IL-10 (Abcam, catalog #ab-
185986). The assays were conducted acc-
ording to the manufacturer’s instructions
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Figure 2. Melatonin inhibits TNFa induced inflammation. A. Melatonin (50 pM) inhibited expression level of IL-8 at
basal levels and TNFa stimulated conditions in HOEC cells (*P<0.05, ***P<0.001). B. Melatonin (50 uM) inhibited
expression level of IL-11 at basal levels and TNFa stimulated conditions in HOEC cells (*P<0.05, ***P<0.001). C.
Melatonin (50 uM) inhibited expression level of IL-6 at basal levels and TNFa stimulated conditions in HOEC cells
(*P<0.05, **P<0.01, ***P<0.001). D. Melatonin (50 uM) inhibited expression level of IL8 at basal levels and TNFx
stimulated conditions in HOK cells (**P<0.01, ***P<0.001). E. Melatonin (50 yM) inhibited expression level of
IL-11 at basal levels and TNFa stimulated conditions in HOK cells (**P<0.01, ***P<0.001). F. Melatonin (50 uM)

inhibited expression level of IL-6 at basal levels and TNFa stimulated conditions in HOK cells (*P<0.05, **P<0.01,
***P<0.001).

(Shanghai ExCell Biotechnology) and read at a concentrations, facilitating assessment of
wavelength of 600 nm. These assays enabled inflammatory responses in HOEC and HOK
precise measurement of IL-8, IL-6, and IL-10 cells.
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Figure 3. Melatonin inhibits inflammation of oral epithelial cells via its receptor, MTNR1A. (A) MTNR1A knock-
down (KD) significantly compromised effects of melatonin on expression levels of IL-8 in HOEC cells (**P<0.01,
**%P<0.001). (B) MTNR1A knockdown (KD) significantly compromised effects of melatonin on expression levels of
IL-11 in HOEC cells (***P<0.001). (C) MTNR1A knockdown (KD) significantly compromised effects of melatonin on
protein levels of IL8 in HOEC cells. (D) Quantification of IL-8 protein of (C). (E) MTNR1A knockdown (KD) significantly
compromised effects of melatonin on expression levels of IL-8 in HOK cells (***P<0.001). (F) MTNR1A knock-
down (KD) significantly compromised effects of melatonin on expression levels of IL11 in HOK cells (**P<0.01,
***P<0.001). (G) MTNR1A knockdown (KD) significantly compromised effects of melatonin on protein levels of IL8
in HOK cells. (H) Quantification of IL-8 protein of (G).

RNA isolation and reverse transcription-quanti- expression levels of genes including IL-8, I1L-10,
tative polymerase chain reaction (RT-gPCR) and IL-6 in both HOEC and HOK cells using

BeyoFast SYBR Green qPCR Mix (2x; catalog
TRIzol reagent (Beyotime Institute of Biotech- #D7260-25 ml; Beyotime Institute of Biote-
nology) was used for total RNA extraction from chnology) on a 7500 Fast Real-time PCR Sys-
HOEC and HOK cells (seeded in 96-well plates tem (Applied Biosystems, ThermoFisher Scien-
at a density of 6,000 cells per well), following tific, Inc.). The qPCR program comprised initial
the manufacturer’s instructions. The BeyoRT denaturation at 95°C for 2 min, followed by 40
First Strand cDNA Synthesis kit (catalog cycles of denaturation at 95°C for 15 s, anneal-
#D7166; Beyotime Institute of Biotechnology) ing at 60°C for 1 min, extension at 72°C for 1
was used for cDNA synthesis from the isolat- min, and a final extension step at 72°C for 10
ed RNA. RT-gPCR was performed to measure min. GAPDH served as an internal reference
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Figure 4. Melatonin inhibits inflammation of oral epithelial cells via Keap1. (A) Keapl KD significantly compromised
effects of melatonin on expression levels of IL-8 in HOEC cells (**P<0.01, ***P<0.001). (B) Keap1 KD significantly
compromised effects of melatonin on expression levels of IL-11 in HOEC cells (**P<0.01, ***P<0.001). (C) Keap1
KD significantly compromised effects of melatonin on protein levels of IL-8 in HOEC cells. (D) Quantification of IL-8
protein of (C). (E) Keapl KD significantly compromised effects of melatonin on expression levels of IL-8 in HOK cells
(***P<0.001). (F) Keapl KD significantly compromised effects of melatonin on expression levels of IL-11 in HOK
cells (**P<0.01 ***P<0.001). (G) Keapl KD significantly compromised effects of melatonin on protein levels of

IL-8 in HOK cells. (H) Quantification of IL-8 protein of (G).

gene. Relative gene expression levels were
determined using the 224 method [11]. The
primers for IL-8, IL-10, IL-6, and GAPDH used in
this study are listed in Table 1. Each experi-
ment was performed in triplicate.

Western blotting analysis

Cell supernatants from HOEC and HOK cultures
were harvested to perform western blotting
after treatment for 48 hours. Cell lysates were
prepared using RIPA buffer (50 mM Tris, pH 7.6;
150 mM NaCl; 1% Triton X-100; 1 mM EDTA;

2385

0.5% sodium deoxycholate; and 0.1% SDS) con-
taininga protease inhibitor (Roche, Indianapolis,
IN). Protein concentrations were measured
using the BCA method (Pierce™ BCA Protein
Assay Kit, Thermo Fisher Scientific, Lenexa,
KS). Equal amounts of protein (35 pg) were sep-
arated by SDS-polyacrylamide gel electropho-
resis and transferred onto nitrocellulose mem-
branes (Bio-Rad, Hercules, CA, USA). Blots
were probed overnight at 4°C using polyclonal
antibodies specific for IL-8 (Anti-IL-8 antibody,
Abcam, catalog number: ab7747) or B-actin
(Abcam, catalog number: ab8226). Membranes

Am J Transl Res 2026;18(3):2380-2392
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Figure 5. Melatonin inhibits inflammation of oral epithelial cells via Nrf2. (A) Nrf2 KD significantly compromised ef-
fects of melatonin on expression levels of IL-8 in HOEC cells (***P<0.001). (B) Nrf2 KD significantly compromised
effects of melatonin on expression levels of IL-11 in HOEC cells (**P<0.01, ***P<0.001). (C) Nrf2 KD significantly
compromised effects of melatonin on protein levels of IL-8 in HOEC cells. (D) Quantification of IL-8 protein of (C).
(E) Nrf2 KD significantly compromised effects of melatonin on expression levels of IL-8 in HOK cells (*P<0.05,
**%P<0.001). (F) Nrf2 KD significantly compromised effects of melatonin on expression levels of IL-11 in HOK cells
(**P<0.01, ***P<0.001). (G) Nrf2 KD significantly compromised effects of melatonin on protein levels of IL-8 in

HOK cells. (H) Quantification of IL-8 protein of (G).

were then washed and probed with secondary
antibodies (Beyotime, catalog number: AO208)
for 2 h at room temperature. Protein bands
were visualized using Odyssey CLx. Band inten-
sities were quantified via ImageJ and normal-
ized to the internal reference protein (e.g.,
B-actin).

Small interfering (si)RNA-based knockdown
assay

Gene knockdown (KD) was achieved using
siRNA, following a previously described method
[12]. Sequences targeting MT1, Keapl, and
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Nrf2 were designed using the siRNA-Target-
Finder (GeneScript) and subsequently synthe-
sized and procured from Synbio Technologies.
The sequence for the negative control (NC)
siRNA within the empty vector was 5-UUCUC-
CGAACGUGUCACGU-3’, siRNA-MTNR1A was 5'-
AAGAAGCTCAGGAACGCAGGA-3’, while that for
siRNA-Keapl was 5-AAGTGCGAGATCCTGCA-
GTCC-3’, and for siRNA-Nrf2 was 5'-AAGTAGG-
TAACTGTAGTCCAC-3'.

The siRNAs, including both non-targeting con-

trol siRNA and target-specific siRNA, were tran-
siently transfected into HOEC and HOK cells

Am J Transl Res 2026;18(3):2380-2392
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Figure 6. Melatonin inhibits TNFa induced inflammation on 3D oral epithelial cell model. A. A 3D oral epithelial
cell model was developed and used for investigating effects of melatonin on inflammation in oral epithelial cells
(magnification: 40x). B. Melatonin significantly reduced TNFa induced increase of protein levels of IL6 in a 3D oral
epithelial cell model (**P<0.01, ***P<0.001). C. Melatonin significantly reduced TNFa induced increase of protein
levels of IL8 in a 3D oral epithelial cell model (***P<0.001, ****P<0.0001). D. Melatonin significantly reduced
TNFa induced increase of protein levels of IL11 in a 3D oral epithelial cell model (***P<0.001, ****P<0.0001).

Table 1. Primers used in the present study

Gene  Primer Sequence

MT1 Sense GACCATGCAGGGCAACGG
Anti-sense  CCACAAAGATGTTTCCTGCGTT

Keapl Sense ATGGCCACATCTATGCCGTC
Anti-sense  GCTCTGGCTCATACCTCTCC

Nrf2 Sense AGGTTGCCCACATTCCCAAA
Anti-sense  ACGTAGCCGAAGAAACCTCA

GAPDH Sense AATGGGCAGCCGTTAGGAAA
Anti-sense  GCCCAATACGACCAAATCAGAG

using FUGENE HD Transfection Reagent (cata-
log no. E2311; Promega Corporation) as per
the manufacturer’s guidelines, in a cell culture
incubator (maintained at 37°C with 5% CO,).
Transfection with siRNA was performed 24 h
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before subsequent experiments. Knockdown
efficiency was assessed using RT-gPCR and
western blot assays, following the protocols
described in this study.

Statistical analysis

Data are expressed as mean + standard error
of the mean. Statistical analysis of continuous
variables was conducted using one-way ANOVA
followed by Tukey’s post-hoc test, while cate-
gorical variables were analyzed using Fisher’s
exact test. Correlation analysis was performed
using Pearson’s correlation coefficient. Statis-
tical analyses were performed using GraphPad
Prism 5.0 software (GraphPad Software, Inc.).
A p-value <0.05 was considered statistically
significant.

Am J Transl Res 2026;18(3):2380-2392
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Results

TNFa significantly induces inflammation in oral
epithelial cells

To study the effects of TNFa on oral epithelial
cell inflammation, HOEC and HOK cells were
treated with different doses (0, 0.1, 1, and 5
ng/mL) of TNFa for 48 h. TNFa significantly
increased expression of inflammation markers,
including IL-8 in both HOEC (Figure 1A) and
HOK (Figure 1B) cells, TNFa in both HOEC
(Figure 1C) and HOK (Figure 1D) cells, and IL-6
in both HOEC (Figure 1E) and HOK (Figure 1F)
cells. Overall, these findings demonstrated that
TNFa significantly induces inflammation in oral
epithelial cells.

Melatonin inhibits TNFa-induced inflammation

Accumulating evidence suggests that melato-
nin plays an important role in anti-inflammatory
effects [5]. Therefore, it is important to explore
the impact of melatonin on inflammation in oral
epithelial cells. We found that melatonin (50
uM) could inhibit expression of inflammation
markers, including IL-8 in both HOEC (Figure
2A) and HOK (Figure 2D) cells, IL-11 in both
HOEC (Figure 2B) and HOK (Figure 2E) cells,
and IL-6 in both HOEC (Figure 2C) and HOK
(Figure 2F) cells with either non-TNFa treat-
ment or TNFa treatment conditions. Taken toge-
ther, our data demonstrate that melatonin
inhibits TNFa-induced inflammation in oral epi-
thelial cells.

Melatonin inhibits inflammation of oral epithe-
lial cells via its receptor, MTNR1A

Since melatonin exerts its biological effects pri-
marily through binding to specific G protein-
coupled receptors (GPCRs), among which the
melatonin receptor family (MTNRs) plays an
indispensable role in mediating downstream
signaling cascades that regulate cellular activi-
ties - including inflammation, proliferation, and
stress responses - we aimed to dissect the
molecular mechanism underlying melatonin’s
anti-inflammatory actions in oral epithelial ce-
lIs. Notably, among the major melatonin rece-
ptor subtypes (MTNR1A/MT1 and MTNR1B/
MT2), MTNR1A has been widely characterized
as a key mediator of melatonin’s anti-inflamma-
tory effects across multiple tissues and cell
types. Accumulating evidence demonstrates
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that MTNR1A is highly expressed in epithelial
tissues, including the oral mucosa, and its acti-
vation has been shown to inhibit pro-inflamma-
tory cytokine production (e.g., TNF-«, IL-6, and
IL-1B) and suppress NF-kB signaling - pathways
critically involved in oral epithelial inflamma-
tion. In contrast, MTNR1B exhibits a more
restricted tissue distribution and has been less
frequently implicated in epithelial inflamma-
tory regulation compared to MTNR1A. Given
these observations, combined with the lack of
clarity regarding which melatonin receptor sub-
type mediates anti-inflammatory responses in
oral epithelial cells, we specifically focused on
MTNRZ1A to test the hypothesis that mela-
tonin alleviates oral epithelium inflammation
through the activation of this receptor subtype.
Oral epithelial cells were treated with siRNA-
MTNR1A. MTNR1A KD significantly compro-
mised the effects of melatonin on the expres-
sion of inflammatory markers, including IL-8
(Figure 3A) and IL-11 (Figure 3B), in HOEC cells.
Moreover, MTNR1A KD reduced the effects of
melatonin on IL-8 protein levels (Figure 3C and
3D) in HOEC cells. Similarly, MTNR1A KD signifi-
cantly compromised the effects of melatonin
on the expression of inflammatory markers,
including IL-8 (Figure 3E) and IL-11 (Figure 3F),
in HOK cells. Moreover, MTNR1A KD compro-
mised the effects of melatonin on IL-8 protein
levels (Figure 3G and 3H) in HOK cells. Taken
together, these results demonstrate that mela-
tonin inhibits inflammation in oral epithelial
cells via its receptor, MTNR1A.

Melatonin inhibits inflammation in oral epithe-
lial cells via Keap1

Melatonin has been reported to be involved in
Keapl/Nrf2 signaling [13, 14], prompting us to
explore whether its effects on oral epithelial
inflammation are mediated through Keapl/
Nrf2. Oral epithelial cells were treated with siR-
NA-Keapl. Keapl KD significantly compro-
mised the effects of melatonin on the expres-
sion levels of inflammatory markers, including
IL-8 (Figure 4A) and IL-11 (Figure 4B), in HOEC
cells. Keapl KD also compromised the effects
of melatonin on IL-8 protein levels (Figure 4C
and 4D) in HOEC cells. Similarly, Keap1 KD sig-
nificantly compromised the effects of melato-
nin on expression of inflammatory markers,
including IL-8 (Figure 4E) and IL-11 (Figure 4F),
in HOK cells. Keapl KD also diminished the
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Figure 7. Schematic of melatonin’s anti-inflammato-
ry mechanism in TNFa-induced oral epithelial cells
TNFa induces inflammation by promoting pro-inflam-
matory cytokines (IL-6/1L-8/1L-11). Melatonin binds
to MTNR1A to further attenuate oral epithelial cell
inflammation via the Keap2-Nrf2 signaling pathway.

effects of melatonin on IL-8 protein levels
(Figure 4G and 4H) in HOK cells. Taken togeth-
er, these results demonstrate that melatonin
inhibits inflammation in oral epithelial cells via
Keapl.

Melatonin inhibits inflammation in oral epithe-
lial cells via Nrf2

We further explored whether the effects of mel-
atonin on oral epithelial inflammation were
mediated through Keapl/Nrf2. Oral epithelial
cells were treated with siRNA-Nrf2. Nrf2 KD sig-
nificantly impaired the effects of melatonin on
expression of inflammatory markers, including
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IL-8 (Figure 5A) and IL-11 (Figure 5B), in HOEC
cells. Moreover, Nrf2 KD compromised the
effects of melatonin on IL-8 protein levels
(Figure 5C and 5D) in HOEC cells. Nrf2 KD also
significantly compromised the effects of mela-
tonin on expression of inflammatory markers,
including IL-8 (Figure 5E) and IL-11 (Figure 5F),
in HOK cells. Nrf2 KD also compromised the
effects of melatonin on IL-8 protein levels
(Figure 5G and 5H) in HOK cells. Furthermore,
influence of Nrf2 on the downstream gene,
HO-1, was explored, which indicated that knock-
down of Nrf2 reduced expression of HO-1 in
both types of cells (Supplementary Figure 1).
Taken together, these results demonstrate that
melatonin inhibits inflammation in oral epithe-
lial cells via Nrf2.

Melatonin inhibits TNFa-induced inflammation
in a 3D oral epithelial cell model

We further explored the effects of melatonin on
inflammation in oral epithelial cells. A 3D oral
epithelial cell model was developed and used
to investigate the effects of melatonin on oral
epithelial cell inflammation (Figure 6A). ELISA
was used to detect effects of melatonin on
TNFa-induced inflammation in our 3D oral epi-
thelial cell model. Melatonin significantly re-
duced TNFa-induced increases in the protein
levels of inflammatory markers, including IL-6
(Figure 6B), IL-8 (Figure 6C), and IL-11 (Figure
6D), in a dose-dependent manner. Taken toge-
ther, these experiments demonstrated that
melatonin inhibits TNFa-induced inflammation
in a 3D oral epithelial cell model.

Discussion

In this study, we investigated the potential anti-
inflammatory effects of melatonin on oral epi-
thelial cells in the context of TNFa-induced
inflammation, focusing on the involvement of
the Keapl-Nrf2 axis (Figure 7). Our findings
reveal that melatonin administration effectively
attenuates TNFa-induced inflammation in oral
epithelial cells through modulation of the Ke-
ap1-Nrf2 pathway. These findings represent a
significant advancement in our understanding
of the role of melatonin in combating inflamma-
tory processes within the oral cavity, suggest-
ing its therapeutic potential for managing oral
inflammatory diseases. By elucidating the un-
derlying mechanisms involving Keap1-Nrf2 sig-
naling, our study sheds light on the intricate
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molecular pathways through which melatonin
exerts its anti-inflammatory effects and pro-
vides valuable insights for the development of
novel therapeutic strategies targeting oral
inflammatory conditions.

The induction of inflammation in oral epithelial
cells by TNFa stands as a pivotal aspect in
understanding oral health and disease [1].
Research consistently demonstrates that TNFa
significantly activates inflammatory pathways
in oral epithelial cells, leading to the release of
various inflammatory mediators and recruit-
ment of immune cells [15]. This inflammatory
cascade contributes to the pathogenesis of
several oral diseases including periodontitis,
oral mucositis, and oral lichen planus [15].
Understanding the mechanisms by which TNF«x
induces inflammation in oral epithelial cells is
paramount for developing targeted therapies to
mitigate oral inflammatory conditions and ulti-
mately improve oral health outcomes. In this
study, we demonstrated that TNFo induced
increases in inflammation markers in two oral
epithelial cell lines in a dose-dependent man-
ner (Figure 1), consistent with previous studies.
For instance, Hosokawa et al. found that TNFa
could induce inflammation in oral epithelial
cells [16].

The inhibitory effect of melatonin on TNFo-
induced inflammation presents a fascinating
avenue for potential therapeutic intervention in
various inflammatory conditions [5]. Melatonin
exerts potent anti-inflammatory effects on vari-
ous cell types, including oral epithelial cells, by
inhibiting the production of pro-inflammatory
cytokines, reducing oxidative stress, and en-
hancing antioxidant defenses [5]. Melatonin’s
ability to regulate immune responses and pro-
mote tissue repair further underscores its
potential as a therapeutic agent for mitigating
TNFa-induced inflammation in oral tissues and
beyond [17]. In the present study, melatonin
inhibited TNFa-induced inflammation in a 3D
oral epithelial cell model (Figure 2). Thus, mela-
tonin may be an effective agent for inhibiting
inflammation. Our results are consistent with
those of previous studies. For example, melato-
nin inhibited lipopolysaccharide-induced infla-
mmation in cultured mouse mammary tissue
[18]. A previous study also demonstrated that
postoperative melatonin administration reduc-
es oxidative stress and inflammation, while sig-
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nificantly improving cardiac function in patients
undergoing coronary artery bypass grafting
(CABG) surgery [19]. To the best of our knowl-
edge, our study is the first to demonstrate that
melatonin alleviates inflammation in oral epi-
thelial cells.

Inhibition of inflammation in oral epithelial cells
by melatonin through its receptor, MTNR1A,
elucidates a fascinating mechanism underlying
the anti-inflammatory properties of this hor-
mone [14]. MTNR1A, a high-affinity melatonin
receptor, is abundantly expressed in various
tissues, including oral epithelial cells [14].
Research indicates that melatonin exerts its
anti-inflammatory effects by bindingto MTNR1A
and subsequently modulating downstream sig-
naling pathways involved in inflammation [15].
Activation of MTNR1A by melatonin inhibits
pro-inflammatory cytokine production, sup-
presses NF-kB activation, and regulates inflam-
matory gene expression in oral epithelial cells
[14]. This interaction highlights the intricate
interplay between melatonin and its receptors
in orchestrating immune responses and main-
taining tissue homeostasis. Understanding the
role of MTNR1A-mediated signaling in mediat-
ing the anti-inflammatory actions of melatonin
provides valuable insights into potential thera-
peutic strategies for managing oral inflamma-
tory conditions and promoting oral health [15].
In the present study, melatonin inhibited inflam-
mation in oral epithelial cells via MTNR1A
(Figure 3). Further exploration of the molecular
mechanisms underlying this interaction may
uncover novel therapeutic targets for develop-
ing targeted interventions for oral inflammation
and related diseases.

Inhibition of inflammation in oral epithelial cells
by melatonin through the Keap1/Nrf2 signaling
pathway reveals a sophisticated mechanism
underlying the anti-inflammatory properties of
this hormone [6]. Keapl/Nrf2 signaling is a
critical cellular pathway involved in the regula-
tion of oxidative stress and inflammation [6]. A
previous study has demonstrated that melato-
nin activates the Keap1/Nrf2 pathway in oral
epithelial cells, suppressing inflammation [16].
Upon stimulation by melatonin, Nrf2 is liberat-
ed from its inhibitor Keap1, allowing it to trans-
locate into the nucleus and induce the expres-
sion of antioxidant and cytoprotective genes
[16]. Consistently, our study confirmed that
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melatonin inhibits inflammation in oral epithe-
lial cells via the Keapl/Nrf2 pathway (Figures 4
and 5). This interaction highlights the specifici-
ty of the mechanism by which melatonin exerts
its anti-inflammatory effects, offering potential
therapeutic avenues for managing oral inflam-
matory conditions and promoting oral health.
Further exploration of this signaling pathway
may uncover novel targets for developing tar-
geted interventions against oral inflammation
and associated diseases.

The inhibition of TNFa-induced inflammation in
a 3D oral epithelial cell model by melatonin rep-
resents a significant advancement in under-
standing the therapeutic potential of this hor-
mone in oral health. Utilizing 3D cell models
provides a more physiologically relevant plat-
form to study complex cellular interactions and
responses [17]. Our research demonstrated
that melatonin effectively mitigated TNFo-
induced inflammation in this model system,
indicating its promising anti-inflammatory prop-
erties in oral epithelial tissues (Figure 6). By
modulating the signaling pathways involved in
inflammation, melatonin can suppress the pro-
duction of pro-inflammatory mediators and
attenuate tissue damage, thereby contributing
to the maintenance of oral health. These find-
ings underscore the importance of exploring
melatonin as a potential therapeutic agent for
managing oral inflammatory conditions and
offer new avenues for the development of tar-
geted interventions to improve oral health out-
comes. Further investigations using 3D cell
models will provide valuable insights into the
molecular mechanisms underlying the anti-
inflammatory effects of melatonin and its
potential applications in clinical settings.

In conclusion, this study demonstrates that
melatonin exhibits anti-inflammatory effects on
TNFa-induced inflammation, mediated primari-
ly through the melatonin receptor, MTNR1A.
Specifically, we elucidated that the effect of
melatonin on oral epithelial inflammation
occurred via the Keapl/Nrf2 signaling path-
way. This study also provides additional valida-
tion of the anti-inflammatory properties of mel-
atonin using a 3D oral epithelial model. These
findings provide valuable insights for the devel-
opment of novel therapies targeting oral epi-
thelial inflammation.
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Limitations and prospects

This study has certain limitations that warrant
consideration. First, the anti-inflammatory ef-
fects of melatonin were primarily validated in
two oral epithelial cell lines (HOEC, HOK) and a
3D cell model; in vivo verification using animal
models of oral mucosal inflammation (e.g., peri-
odontitis or oral mucositis models) is lacking to
confirm translational potential. Second, while
the Keapl-Nrf2 axis and MTNR1A receptor
were identified as core mediators, crosstalk
with other inflammatory pathways (e.g., NF-kB)
or potential synergistic effects with clinical anti-
inflammatory agents remain unexamined. For
future research, we plan to: (1) establish animal
models to evaluate melatonin’s therapeutic
efficacy in vivo and explore its pharmacokinetic
profiles in oral tissues; (2) investigate the inter-
play between the Keapl-Nrf2 pathway and
other signaling cascades to clarify the compre-
hensive anti-inflammatory mechanism of mela-
tonin; and (3) optimize melatonin’s delivery sys-
tem (e.g., topical formulations) to enhance its
bioavailability in oral mucosal lesions, laying a
foundation for clinical application.
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Supplementary Figure 1. Effects of Nrf2 on expression of HO-1 in HOEC and HOK cell lines.



