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Inhibition of soluble epoxide hydrolase i

reverses bone loss in periodontitis
by upregulating EMCN and inhibiting
osteoclasts
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Yanrong Zhao'?, Jie Zhao* and Fu Wang'**"

Abstract

Background Improving the microenvironment to augment endogenous regenerative potential has emerged

as a fundamental concept for stimulating and expediting periodontal tissue repair and regeneration. Previous studies
have demonstrated that TPPU, a soluble epoxide hydrolase inhibitor (sEHi), mediates the suppression of inflammatory
bone loss in periodontitis models. However, the underlying mechanisms remain largely elusive.

Methods In this study, we constructed a human umbilical vein endothelial cell (HUVEC) and periodontal ligament
stem cell (PDLSC) coculture system in vitro and tested the anti-inflammatory effect of TPPU under inflammatory
conditions. The roles of HIF-1a and Endomucin (EMCN) in the anti-inflammatory effects of TPPU were analyzed. The
effects of TPPU on osteogenesis and osteoclastogenesis in cocultured cells were examined. The in vivo periodon-
titis model further verified the effects of TPPU on inhibiting neutrophil adhesion and inflammation and inhibiting
osteoclasts.

Results Our in vitro experiments demonstrated that TPPU enhances the interaction between mesenchymal stem
cells and vascular endothelial cells to enhance anti-inflammatory and osteogenic differentiation effects and revealed
a new anti-inflammatory mechanism of TPPU involving the upregulation of EMCN in endothelial cells to prevent lym-
phocyte recruitment. We also confirmed that TPPU inhibits osteoclast activity. Our in vivo findings showed that TPPU
inhibits osteoclast activity and neutrophil adhesion and enhances periodontal tissue repair and regeneration.

Conclusions TPPU promotes local regeneration in periodontitis by inhibiting inflammation and bone resorp-
tion. Thus, targeting soluble epoxide hydrolase represents an endogenous regenerative strategy for periodontitis
treatment.
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Introduction

Periodontitis is a chronic, destructive, inflammatory
disease affecting the soft and hard supporting tissues
of teeth due to multifactorial interactions. It currently
ranks among the most prevalent oral diseases in humans
[1]. A global oral epidemiology survey reported that its
prevalence affects up to 50% of the world’s population
[2]. The initial clinical manifestations of periodontitis
include redness and bleeding, progressing to the forma-
tion of periodontal pockets and subsequent destruction
of alveolar bone. Advanced stages may result in tooth
loosening, displacement, and ultimately tooth loss, con-
stituting a primary cause of adult tooth loss [3, 4]. In
addition, periodontitis not only compromises the health
of periodontal support tissues but is also correlated with
various systemic disorders, including cardiovascular dis-
eases, diabetes, rheumatoid arthritis, respiratory disease,
adverse pregnancy outcomes, cancer and neurodegen-
erative disease [5, 6]. Thus, the prevention and treatment
of periodontitis have significant implications for human
health.

Current treatment modalities for periodontitis include
nonsurgical treatments and surgical interventions, which
are selected based on disease stage [7]. Despite consider-
able advancements in periodontal disease management,
existing and emerging therapeutic paradigms exhibit
limited and variable efficacy. For instance, while nonsur-
gical treatments can prevent disease onset and progres-
sion, they fail to restore damaged or lost periodontal soft
and hard tissues [8, 9]. Clinical evidence indicates lim-
ited new attachment formation following conventional
flap surgery with guided tissue regeneration [10, 11].
However, therapeutics leveraging endogenous regenera-
tive technologies are lacking. Recent regenerative surgi-
cal approaches have aimed at reducing microcirculation,
attenuating inflammation, inhibiting osteoclast activity,
and stimulating endogenous periodontal tissue regenera-
tion [12, 13].

Mesenchymal stem cell (MSC)-based repair and regen-
eration for periodontitis treatment have emerged as
highly promising therapeutic strategies [11, 14]. Although
the mechanisms of action underlying stem cell therapies
remain unclear, it has been proven that enhancing the
effect of transplanted stem cells and their interaction
with host vascular endothelial cells can help improve the
therapeutic outcomes of stem cells [15]. TPPU, a potent
soluble epoxide hydrolase inhibitor (sEHi), has been con-
firmed to exert cardioprotective, antihypertensive, anti-
inflammatory, and neuroprotective analgesic effects by
increasing the levels of endogenous epoxyeicosatrienoic
acids (EETs)[16]. Preliminary studies have suggested the
therapeutic efficacy of TPPU in periodontitis, showing
reductions in inflammatory bone loss and inflammatory
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responses in a mouse model of periodontitis [17, 18].
However, the precise therapeutic mechanism for peri-
odontitis remains elusive. Our research confirmed that
TPPU promotes the healing of oral ulcers and the pres-
ervation of tooth extraction sockets [19, 20]. Further-
more, we recently established that TPPU enhances the
interaction between vascular endothelial cells and den-
tal pulp stem cells, thereby promoting bone repair and
regeneration by increasing the number of type H vessels
(CD31"e"EMCNMEM[21]. Whether these effects also con-
fer benefits for periodontitis treatment remains uncer-
tain and warrants further investigation, particularly with
regard to the topical application of TPPU.

Postcapillary venules are major sites of leukocyte
recruitment. Endomucin (EMCN), a salivary glyco-
protein expressed by postcapillary venules, has been
implicated in exerting anti-inflammatory effects by pre-
venting neutrophil adhesion and reducing the infiltration
of leukocytes [22]. Treatment of human umbilical vein
endothelial cells (HUVECs) with tumor necrosis factor-a
(TNF-a) decreased EMCN expression at both the gene
and protein levels. In vivo experiments revealed reduced
EMCN expression in the ciliary body within 24 h post-
vitreous injection of TNF-a, and EMCN overexpression
significantly mitigated neutrophil accumulation in the
ciliary body after TNF-a injection [22]. Our previous
investigations indicated that TPPU enhances the interac-
tion between vascular endothelial cells and surrounding
stem cells and upregulates HIF-1a and EMCN to pro-
mote type H vessel formation [23]. The local expression
of EMCN in the periodontium remains unclear, neces-
sitating further exploration into whether topical TPPU
administration can enhance EMCN expression to mod-
ulate the local periodontal microenvironment. To expe-
dite clinical translation, comprehensive therapeutics for
TPPU warrant ongoing development.

Here, we demonstrated that TPPU facilitates the recon-
struction and regeneration of periodontal tissues through
its multiple biological effects, including enhancing the
interaction between vascular endothelial cells and stem
cells, inhibiting osteoclast activity and preventing neutro-
phil adhesion. Our findings provide additional evidence
supporting the targeting of soluble epoxide hydrolase
(sEH) for the clinical treatment of periodontal disease.

Materials and methods

Animals

Male Sprague—Dawley (SD) rats, aged 8—12 weeks, were
provided by the Experimental Animal Center of Dalian
Medical University and maintained under standard con-
ditions with a 12 h light—dark cycle and ad libitum access
to food and water. All procedures adhered to the guide-
lines for laboratory animal care outlined in the NIH
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Guide for the Care and Use of Laboratory Animals and
were approved by the Animal Care and Use Committee
of Dalian Medical University (No. AEE22006). The work
has been reported in line with the ARRIVE guidelines
2.0. The sample size was decided according to the guide-
lines for sample size calculations of Boston University. If
the animal died prematurely, preventing the collection of
histological data (no died prematurely in our study).

TPPU treatment

TPPU (HY-101249, MCE, USA) was dissolved in DMSO
(Solarbio, China) to prepare a stock solution (10 mg/ml).
According to our previous study, 20 pM of TPPU were
selected for in vivo experiments [20], 100 puL of TPPU
working solution (TPPU stock solution diluted in PBS
to 20 pM) was injected into local gingival tissue of rats
every 3 days for 2 weeks. The vehicle group received PBS
only. For in vitro experiments, TPPU stock solution was
added directly to the medium to achieve a final concen-
tration of 10 uM. Inflammatory conditions were created
with LPS (1 pg/mL, Sigma-Aldrich, America).

Cell culture

Murine macrophage RAW264.7 cells and primary pooled
human umbilical vein endothelial cells (HUVECs)
derived from 10 individual donors were obtained from
the American Type Culture Collection (ATCC, USA).
RAW?264.7 cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Gibco, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco), 100 U/mL
penicillin, and 100 pg/mL streptomycin (Gibco) follow-
ing the manufacturer’s instructions. HUVECs were cul-
tured in endothelial cell medium (ECM, ScienCell, USA)
supplemented with 10% FBS, 1% endothelial cell growth
supplement (ECGS, ScienCell), 100 U/mL penicillin, and
100 pg/mL streptomycin (Solarbio).

Periodontal ligament stem cells (PDLSCs) were isolated
and cultured as previously described [24]. Briefly, Human
third molars from five patients, aged 18 to 24 years, with-
out caries or signs of inflammation, were selected from
routinely extracted teeth at the Affiliated Stomatological
Hospital of Dalian Medical University (n=5). Written
informed consent was obtained from all donors, and the
study received approval from the Ethics Committee of
the Affiliated Stomatological Hospital of Dalian Medical
University (NO.2022001). The teeth were cleaned with
PBS containing 2% penicillin and streptomycin, followed
by tissue scraping from the mid-root area. The tissue was
cut with scissors and incubated in a mixture of 3 mg/mL
type I collagenase (Sigma-Aldrich) and 4 mg/mL dis-
pase type II collagenase (Sigma-Aldrich) at 37 °C for 1 h
to obtain single cells. PDLSCs were cultured in DMEM/
F12 (Gibco) supplemented with 10% FBS, 100 U/mL
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penicillin, and 100 pg/mL streptomycin. The cells were
incubated in a humidified atmosphere of 95% air and 5%
CO, at 37 °C.

Blocking of EMCN by neutralization antibody

To investigate whether TPPU inhibits inflammation via
EMCN, an anti-EMCN antibody (RRID: AB_10859306,
Abcam, Britain) was added to the medium at a concen-
tration of 10 pg/mL for 3 days with TPPU (10 uM) and
LPS (1 pg/mL), followed by RT-qPCR to assess related
gene expression.

Viral infection

The virus used for HIF-1a knockdown was purchased
from the GiKai gene (GiKai gene, China), and the
sequence details were provided in Additional file 1. The
virus was added to the endothelial cell medium at an
MOI of 1:20, and the medium was changed after 6 h.
GFP-tagged positive cell expression was observed after
72 h. Samples were collected one week after puromycin
screening to verify the knockdown efficiency.

Western blotting

HIF-1a was knocked down in HUVECs using a viral
vector. Cellular protein was extracted with RIPA buffer
(Solarbio), and the protein concentration was measured
using a BCA assay kit (Beyotime, China). Gel electro-
phoresis was performed to detect the protein levels of
HIF-1a (RRID: AB_302883, Abcam) and EMCN (RRID:
AB_302883, Abcam). Each well was loaded with 15 ng
of sample. Following electrophoresis, the proteins were
transferred to a PVDF membrane (MCE), blocked with
milk for 1 h, and incubated with a HIF-1a antibody for
16 h at 4 °C. After washing with TBST, the membrane
was incubated with a secondary antibody (ZSGB-BIO,
China) for 1 h. Protein bands were visualized using High-
sig ECL Western Blotting (Tanon, China), and the Bio-
Rad VersaDoc image system (Bio-Rad, USA) was used
for detection. Statistical analysis was performed using
Image] (National Institutes of Health, USA).

Enzyme-linked immunosorbent assay (ELISA)

The cell culture supernatant was collected and centri-
fuged at 3000 rpm for 10 min to remove particles and
polymers. The cytokines levels of IL-6 and IL-1p were
analyzed using an ELISA kit (MeiMian, China), accord-
ing to the manufacturer’s instructions. The ELISA kit was
equilibrated at room temperature for 20 min. Standard
wells and sample wells were set up, with 50 pL of stand-
ard added to each standard well, and 10 uL of sample and
40 pL of sample diluent added to each sample well. Then,
100 pL of horseradish peroxidase (HRP)-labeled detec-
tion antibody were added to each well. The reaction wells
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were sealed with sealing film and incubated at 37 °C for
60 min. The plate was washed five times with washing
solution, followed by the addition of 50 pL of substrate
solutions A and B to each well. The plate was incubated
at 37 °C in the dark for 15 min. Finally, 50 pL of stop solu-
tion was added to each well, and the optical density (OD)
value was measured at a wavelength of 450 nm using the
Bio-Rad VersaDoc image system (Bio-Rad, USA).

Osteogenic differentiation in vitro

HUVECs and PDLSCs were cocultured at a 1:1 ratio,
and osteogenic induction was initiated when the cell
density reached 90%. The osteogenic induction medium
consisted of a-MEM supplemented with 10% FBS, 1%
penicillin—streptomycin, 50 mg/L ascorbate 2-phosphate,
0.1 pM dexamethasone, and 10 mM B-glycerophosphate
disodium. After 7 days of osteogenesis, the cells were
fixed with 4% paraformaldehyde (PFA) and stained
with ALP (Solarbio) according to the manufacturer’s
instructions.

Osteoclast differentiation in vitro

RAW?264.7 cells were plated at a density of 4x10*
cells/mL with 50 ng/mL recombinant mouse RANKL
(ab270070, Abcam) with/without TPPU treatment (10
uM). After osteoclast differentiation, the cells were
washed and fixed with 4% PFA, followed by staining using
a tartrate-resistant acid phosphatase (TRAP) staining kit
(TRAP, Sigma-Aldrich). Mature osteoclasts were identi-
fied as TRAP-positive multinucleated cells with three or
more nuclei. Osteoclast numbers were determined using
a microscope and Image] software (National Institutes of
Health, USA).

Porphyromonas gingivalis culture

The W83 Porphyromonas gingivalis strain (W83 Pg,
ATCC) was cultured and maintained in TSB anaerobic
agar medium (Solarbio) supplemented with 36 g/L agar
(Solarbio), 500 g/L vitamin K1 (Huayang, China), 5% defi-
brillated sheep blood (Solarbio) and 0.5 g/L yeast extract
(Solarbio) in an anaerobic chamber with 85% N,, 10%
H,, and 5% CO, at 37 °C. Bacteria in the early logarith-
mic growth phase were used for inoculation procedures.
Approximately 2 x 10° colony-forming units of W83 Pg in
100 pL of PBS supplemented with 2% carboxymethyl cel-
lulose (Sigma—Aldrich) were utilized.

Periodontitis model

The SD rats were randomly divided into no treatment
group (Control group, n=6); PBS treated periodon-
titis group (TPPU- group, n=6); TPPU treated peri-
odontitis group (TPPU + group, n=6). The periodontitis
model was induced by silk ligature with Pg infection as
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previously described to evaluate the therapeutic effect
of TPPU. Briefly, a 5-0 silk ligature was tied around the
mandible first molar on day O after the rats were anes-
thetized with an intraperitoneal injection of ketamine
(100 mg/kg, VetaKetam, Poland) and xylazine (10 mg/kg,
VetaKetam, Poland). Subsequently, the silk ligatures of
the rats were inoculated with Pg. After successful estab-
lishment of the periodontitis model, the SD rats were
randomly divided into two groups. The TPPU+ group
received local injections of 100 pL of TPPU (20 uM) into
the periodontium, while the TPPU- group was injected
with PBS every 3 days for 2 weeks. All rats were eutha-
nized with overdose of carbon dioxide (CO,) 4 weeks
after TPPU or PBS treatment, and the jaws were isolated
for subsequent analysis.

Histology, immunohistochemistry and immunofluorescence
The mandibles of SD rats were fixed with 4% PFA for
48 h, followed by decalcification with 10% EDTA and par-
affin embedding. Sections with a thickness of 8 pm were
stained with tartrate-resistant acid phosphatase (TRAP),
and TRAP-positive multinucleated cells (>3 nuclei) were
counted as osteoclasts. Immunohistochemistry was
conducted to observe protein expression changes. Pri-
mary antibodies, including rat monoclonal anti-EMCN
(RRID: AB_10859306, Abcam) and rabbit monoclonal
anti-MPO (RRID: AB_2864724, Abcam), were incu-
bated overnight at 4 °C. Horseradish enzyme labeling
followed by DAB coloring and hematoxylin for nuclear
staining were performed. Images were captured using an
inverted microscope (IX71, Olympus, Japan). For immu-
nofluorescence (IF) staining, the sections were incubated
with a primary antibody (rabbit polyclonal anti-EMCN,
RRID: AB_11090525, Bioss, China) and HIF-1a (RRID:
AB_302883, Abcam) overnight at 4 °C, washed in PBS
and then incubated with a fluorescent secondary anti-
body (Abcam) for 1 h at room temperature. Nuclei were
counterstained with DAPI, and images were acquired
using a fluorescence microscope (Olympus Corporation,
Tokyo, Japan).

Real-time reverse transcription polymerase chain reaction
(RT—qPCR)

Total RNA was extracted with RNAkey Reagent (SM139-
02, SEVEN, China), and reverse transcription and
RT-qPCR were performed with a SevenFast Two Step
RT—-qPCR Kit (SRQ-01, SEVEN). Relative mRNA expres-
sion was calculated after normalization to the house-
keeping gene GAPDH using the 2722¢* method. The
sequences of primers used for RT-qPCR were listed in
Additional file 2.
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Fig. 1 TPPU reduces LPS-induced inflammation in vitro. a RT—qPCR analysis showing the expression levels of /-6, IL-18, and TNF-a in HUVECs alone,
alongside ELISA results demonstrating the levels of IL-6 and IL-13 in HUVECs cultured alone. b RT—gPCR analysis showing the expression levels

of IL-6, IL-1, and TNF-a in PDLSCs alone, accompanied by ELISA results indicating the levels of IL.-6 and IL-1 in PDLSCs alone. ¢ RT—gPCR analysis
showing the expression levels of /-6, IL-16, and TNF-a in cocultured HUVECs and PDLSCs, along with ELISA results demonstrating the levels of IL-6
and IL-13 in cocultured cells. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001

Radiographic analysis and three-dimensional reconstruction
Representative radiographic images of the rat mandi-
ble were captured using micro-CT (InspexiosMX-90CT
Plus, Japan) and reconstructed using Mimics 16 software.
Analysis was conducted with VGSTUDIO MAX software
(Volume Graphics, USA).

Statistical analysis

All the data were presented as the means+SEM. Nor-
mality tests were conducted to confirm the normal
distribution of data for parametric statistical analy-
sis. Statistical differences were assessed using one-
way ANOVA or t-tests. All statistical analyses were
performed with GraphPad Prism 10 (GraphPad Software,
USA). A p-value of less than 0.05 was considered statisti-
cally significant.

Results

TPPU mitigates LPS-induced inflammation in vitro

We first examined the anti-inflammatory effects of
TPPU on HUVECs and PDLSCs alone and cocultured
HUVECs and PDLSCs (cocultured cells) under LPS-
induced inflammatory conditions. The expression

of IL-6 and IL-1 was significantly upregulated in
LPS-stimulated HUVECs alone and cocultured cells
(Fig. la-c). Notably, gene expression of these inflam-
matory factors was higher in HUVECs alone than in
cocultured cells, suggesting that interactions between
vascular endothelial cells and stem cells may enhance
resistance to inflammation. TPPU partially reduced IL-
6 and IL-13 expression in LPS-stimulated HUVECs and
PDLSCs alone, but the reduction was more pronounced
in cocultured cells (Fig. 1a-c). ELISA results indicated
that TPPU partially decreased the IL-6 and IL-1f pro-
tein levels induced by LPS, though the PDLSCs group
showed less reduction (Fig. 1a-c). Meanwhile, the level
of TNF-a did not change significantly in LPS-treated
HUVECs alone and PDLSCs alone, whereas a marked
decrease in TNF-a was observed in the TPPU-treated
co-culture system. These results suggest that TPPU
has the potential to enhance anti-inflammatory effects
by promoting cell interactions, providing a basis for its
clinical application in the local microenvironment to
alleviate inflammation.
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TPPU restores the LPS-induced reduction in EMCN
expression

We previously confirmed in vivo and in vitro that TPPU
can upregulate EMCN expression and promote type H
vessel formation under noninflammatory conditions.
Recent studies have shown that EMCN can prevent lym-
phocyte adhesion in noninflammatory tissues. Next,
we examined the effect of TPPU on EMCN expression
under inflammatory conditions. IF revealed a significant
decrease in EMCN expression in both HUVECs alone
and cocultured cells under LPS stimulation, with TPPU
treatment restoring EMCN expression, particularly in
cocultured cells (Fig. 2a, b). Western Blot analysis con-
firmed that the EMCN protein levels were reduced under
inflammatory conditions, while TPPU treatment signifi-
cantly increased EMCN protein levels in HUVECs alone
and cocultured cells (Fig. 2¢, d). RT-qPCR further con-
firmed that TPPU partially restored the mRNA expres-
sion of EMCN in HUVECs alone and completely restored
the mRNA expression of EMCN in cocultured cells under
LPS-induced inflammatory conditions (Fig. 2e, f). EMCN
mainly exerts its anti-inflammatory effects by prevent-
ing neutrophils from binding to intercellular adhesion
molecule-1 (ICAM-1) on endothelial cells. Therefore,
we examined ICAM-1 expression and found that TPPU
reduced LPS-induced ICAM-1 upregulation, especially
in cocultured cells (Fig. 2e, f). The results suggested that
TPPU upregulated EMCN expression in both HUVECs
alone and cocultured cells under LPS treatment, with a
more pronounced effect in cocultured cells.

EMCN inhibition reduces the anti-inflammatory effect

of TPPU

Next, we used EMCN-neutralizing antibodies to detect
the effect of TPPU on inflammation. The results demon-
strated that the EMCN-neutralizing antibody impaired
the anti-inflammatory effect of TPPU in both HUVECs
alone and cocultured cells under LPS-induced inflamma-
tory conditions, as indicated by the sustained high levels
of ICAM1, IL-6, IL-1f3 and TNF-a expression (Fig. 3a-f).
These findings confirmed that TPPU exerts a novel anti-
inflammatory effect through the upregulation of EMCN.

TPPU suppresses inflammation by enhancing HIF-1a
expression

We previously found that TPPU enhances crosstalk
between HUVECs and MSCs under noninflammatory
conditions to increase the number of type H vessels via
the SLIT3-HIF-1a axis for osteogenic-angiogenic cou-
pling. We further investigated the potential of TPPU to
alleviate inflammation by regulating HIF-1a. IF stain-
ing and Western blot analysis revealed that HIF-1la
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expression was elevated in LPS-treated HUVECs
alone and cocultured cells, and this increase was fur-
ther amplified by TPPU treatment (Fig. 4a, b). Knock-
ing down HIF-1a in HUVECs abolished the ability of
TPPU to reduce IL-6, IL-1 and TNF-a expression in
HUVECs alone and cocultured cells under inflamma-
tory conditions (Fig. 4d, e), and also downregulated
EMCN expression (Fig. 4f, g). Our results suggested
that the anti-inflammatory effects of TPPU and the
upregulation of EMCN expression were closely asso-
ciated with the stabilization of HIF-la expression
in endothelial cells, with biologically relevant func-
tions enriched even at very low fold changes in mRNA
levels.

Our results from the co-culture system indicated that
TPPU treatment activated the Notch signaling pathway
(Additional file 4: Fig. Sla). This finding suggested that
TPPU may promote Notch signal transduction through
interactions between endothelial cells and stem cells.
Furthermore, following the targeted knockdown of
HIF-1a in endothelial cells, we observed significant inhi-
bition of Notch signaling in the co-culture system (Addi-
tional file 4: Fig. S1b). These results imply that TPPU
regulated Notch signaling through HIF-1a, which in turn
modulated EMCN expression in endothelial cells. Fur-
ther research is required to elucidate the precise mecha-
nisms involved.

TPPU rescues LPS-impaired osteogenic differentiation

and restrains osteoclastogenesis

Restoring the osteogenic potential of PDLSCs in the local
inflammatory microenvironment is crucial. We have
previously demonstrated that TPPU can promote osteo-
genic differentiation of cocultured cells but has no effect
on stem cells alone or on HUVECs alone. Therefore, we
investigated the effect of TPPU on the osteogenic dif-
ferentiation of cocultured cells under LPS-induced
inflammatory conditions. After 7 days of osteogenic dif-
ferentiation in vitro, RT-qPCR revealed that the expres-
sion of the osteogenesis-related factors ALP and RUNX2
was significantly decreased under inflammatory condi-
tions, while TPPU treatment restored the expression of
osteogenic genes and EMCN (Fig. 5a). Similar to the RT-
qPCR results, the ALP staining results confirmed that
TPPU reversed the LPS-induced decrease in ALP activity
(Fig. 5b).

The bacterial products, proinflammatory cytokines
secreted by activated immune cells in periodontal tis-
sue, contribute to osteoclast differentiation and activity
and thus activate pathological bone loss. Therefore, we
tested the effect of TPPU on osteoclastic activity. TPPU
downregulated the expression of osteoclast-related
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genes (Mmp-9, Ck, Trap, and c-fos) induced by RANKL
in RAW?264.7 cells and reduced the number of TRAP-
positive cells compared to those in the RANKL group
(Fig. 5¢, d).

TPPU elevates local EMCN expression and reduces
neutrophil infiltration

Finally, we tested the therapeutic effect of TPPU in a per-
iodontitis model in SD rats. Micro-CT revealed less peri-
odontal bone resorption in rats treated with local TPPU
injection than in those treated with PBS. Quantification
of the BV/TV (bone volume fraction) and BS/BV (bone
surface area—bone volume ratio) ratio revealed superior

bone conditions in the TPPU+group (Fig. 6a). TRAP
staining revealed fewer TRAP + cells in the TPPU + group
(Fig. 6b). Immunohistochemical results revealed more
EMCN-positive cells in the TPPU-treated group (Fig. 6¢).
Furthermore, there were fewer MPO +cells in the peri-
odontal region in the TPPU +group than in the TPPU-
group (Fig. 6d). These in vivo results confirmed that
TPPU increased EMCN expression, reduced osteoclastic
activity and inhibited neutrophil adhesion, which con-
tributed to the repair and regeneration of periodontitis.
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Discussion

Periodontitis is a chronic infectious disease character-
ized by the destruction of periodontal tissue. It ranks
among the three most prevalent oral diseases globally
and is a leading cause of tooth loss. With the aging global
population and inadequate oral health care, periodontal

disease-induced tooth loss has emerged as a widespread
concern. Consequently, the prevention and treatment of
periodontal disease represent critical medical and social
issues. Periodontitis involves local inflammation, immu-
nity, and destruction of periodontal tissue, presenting
a significant challenge in achieving periodontal tissue
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regeneration [25]. In recent years, there has been increas-
ing interest in improving the microenvironment through
physical, chemical, and tissue engineering techniques to
stimulate local endogenous regeneration potential [26,
27].

Due to the complexity of the periodontium, conven-
tional mechanical and anti-infective treatments, as well
as guided tissue regeneration and tissue engineering
technologies for lost periodontal tissue, have shown lim-
ited and variable outcomes. Approaches based on endog-
enous regenerative technologies, which use stem cells,

biologically active proteins, growth factors, and biomate-
rial scaffolds, provide a new strategy for stimulating and
accelerating periodontal tissue repair and regeneration.
Stem cell-based tissue engineering has achieved prom-
ising results in creating an osteogenic and odontogenic
microenvironment for periodontal regeneration [28,
29]. However, translating stem cell therapies into clini-
cal practice faces challenges such as production, storage,
maintaining optimal cell viability, stem cell immuno-
genicity, ethical concerns, and safety. As an alternative,
cell-free therapies aim to promote local tissue repair
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by facilitating cell mobilization and homing. Biomate-
rial scaffolds and growth factors have been developed to
accelerate and enhance periodontal bone regeneration by
modulating the inflammatory microenvironment, pro-
moting the endogenous activity of stem cells, suppressing
pro-inflammatory cytokines, and ensuring an adequate
blood supply [30, 31]. The role of cytokines and growth
factors in tissue repair and regeneration depends on their
design, mode of administration, and controlled release
[32].

This study focuses on cell-free therapy to promote local
endogenous periodontal regeneration. Compared with
other treatments for endogenous periodontal regen-
eration, TPPU not only exhibits anti-inflammatory and
pro-angiogenic effects but also achieves these effects by
inhibiting soluble epoxide hydrolase, which targets fatty
acid metabolism and exerts multiple biological effects to
improve the local microenvironment of the periodon-
tium. Its anti-inflammatory action is primarily mediated
by enhancing the inhibitory effect of EMCN on local
neutrophil adhesion [21], as the adhesion and migration
of neutrophils are key mechanisms in the occurrence
and progression of periodontitis [33]. Additionally, as an
important marker of type H blood vessels, EMCN expres-
sion indicates that enhancing local H-type blood vessel
osteogenic coupling is beneficial for bone tissue repair
and regeneration. Our in vitro experiments confirmed
that TPPU not only promotes the interaction between
stem cells and endothelial cells to stimulate osteogenesis
and angiogenesis but also enhances its anti-inflammatory
effect. Furthermore, we established that TPPU’s inhibi-
tion of local osteoclast activity can help reduce bone loss.
The localized drug effect also demonstrates the feasibility
of clinical translation, providing potential avenues for the
future development of drugs targeting fatty acid metabo-
lism pathways to improve the periodontal microenviron-
ment for the treatment of periodontitis.

EETs exhibit various biological functions, including
promoting angiogenesis and possessing anti-inflamma-
tory properties, as well as inhibiting osteoclastogen-
esis and adipogenesis [33, 34]. In this study, TPPU was
employed to increase local EET levels. In vivo experi-
ments demonstrated that TPPU enhances CD31 expres-
sion in periodontal tissue and promotes alveolar bone
regeneration, suggesting that increasing endogenous
EETs via sEHi can enhance microcirculation. Further-
more, we propose that TPPU may facilitate the recon-
struction and regeneration of periodontal tissues by
suppressing inflammation and osteoclastogenesis.

Inflammatory conditions disrupt the periodontal
microenvironment and contribute to the progression
and outcome of periodontitis. For instance, local inflam-
mation-induced vasculitis and increased blood vessel
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permeability facilitate the infiltration of inflammatory
cells, immune cells, and inflammatory factors into peri-
odontal connective tissue, triggering cascade immunity
and resulting in periodontal tissue destruction [35, 36].
Mice infected with Aggregatibacter actinomycetem-
comitans exhibited increased sEH expression, which was
mitigated by TPPU treatment, leading to reduced sEH
expression and several proinflammatory cytokines in
gingival tissue [22]. Previous studies have demonstrated
the anti-inflammatory effects of EETs, which can pre-
vent activated leukocytes from adhering to blood vessel
walls [37]. Exogenous EETs downregulate the expression
of cell adhesion molecules (CAMs), including vascular
cell adhesion molecule-1 (VCAM-1) and E-selectin, in
endothelial cells. These effects are mediated by the inhi-
bition of the transcription factors NF-kB and IkB kinase
[36].

In the environment of periodontal inflammation, com-
munication disorders among cells can also affect bone
regeneration. Our study showed that sEHi effectively
suppresses the expression of HUVEC-related inflam-
matory factors and promotes periodontal regenera-
tion. This effect is primarily attributed to the ability of
TPPU to increase EMCN expression while simultane-
ously reducing endothelial cell adhesion molecules.
Additionally, communication between osteoblasts and
endothelial cells plays a crucial role in bone remodeling.
Studies have indicated that under inflammatory condi-
tions, the STAT1 transcription factor can upregulate
CXCL9 expression in osteoblasts, which competitively
binds with VEGF to obstruct endothelial cell and osteo-
blast VEGF signal transduction, thereby impairing angio-
genesis and osteogenesis [37]. Further research into the
interaction between EETs and endothelial cells, as well as
osteoblasts, will elucidate the mechanisms underlying the
actions of EETs.

Local microcirculation is crucial for ensuring the deliv-
ery of oxygen and nutrients essential for tissue regenera-
tion, as well as for the absorption of necrotic substances
and the control of local infections [38]. Research has
demonstrated that capillaries in the epiphysis exhibit
elevated expression of CD31 and EMCN (type H ves-
sels), while those in the bone marrow cavity display lower
levels of these markers (referred to as type L vessels).
Type H capillaries are characterized by relatively high
expression of osteogenesis-related factors, facilitating
the coupling of angiogenesis and osteogenesis [39]. Our
previous research verified that TPPU can promote type
H vessel-coupled angiogenesis and osteogenesis, leading
to enhanced long bone growth and skull defect regen-
eration [21]. However, further investigations are needed
to determine whether EETs play a role in mediating the
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coupling between periodontal tissue regeneration and
type H angiogenesis.

Limitations of the study

This study has several limitations. First, while we
demonstrated the anti-inflammatory effect of TPPU
through EMCN, we did not validate the effect of TPPU
on the inhibition of neutrophil adhesion in vitro, nor
did we examine the impact of EMCN antibody neu-
tralization on this effect. Second, both our prior study
and the present investigation demonstrated that TPPU
upregulates EMCN, which is closely associated with
HIF-1a; however, the detailed regulatory mechanisms
require further exploration. Finally, this study did not
provide information on the optimal dosage of TPPU or
the assessment of systemic versus local administration
for potential clinical applications.

Conclusions

We present evidence demonstrating that TPPU exerts
anti-inflammatory effects and impaired endothelial
cell adhesion by upregulating EMCN, consequently
reducing osteoclast activity. Mechanistically, the abil-
ity of TPPU to enhance HIF-la expression is pivotal.
Targeted inhibition of sEH alleviates periodontitis and
promotes the repair and regeneration of periodontal
tissue, representing a promising therapeutic strategy
for the treatment of periodontal disease.
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