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Abstract Background/purpose: Natural products are gaining increasing recognition as an
alternative source for alleviating fibrosis as they can regulate various mediators or pathways
against fibrosis by targeting non-coding RNAs. In the current study, we aimed to investigate
the therapeutic effects of osthole in oral submucous fibrosis (OSF), a precancerous condition
of the oral cavity.

Materials and methods: The cytotoxicity of osthole to normal and fibrotic buccal mucosal fi-
broblasts (fBMFs) derived from OSF tissues was assessed using MTT assay. Collagen gel contrac-
tion and transwell migration assays were conducted to examine the myofibroblast activities.
Besides, the expression of TGF-B/Smad2 signaling as well as «-SMA and type | collagen were
measured. Additionally, RNA sequencing was used to identify a potential target involved in
the anti-fibrotic effect of osthole.

Results: Osthole exhibited a higher cytotoxic effect on fBMFs compared to normal BMFs and
dose-dependently reduced several myofibroblast activities, including collagen gel contractility
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and transwell migration ability. In addition, the expression of the TGF-B/Smad2 pathway was
inhibited along with a lower expression of a-SMA and type | collagen in osthole-receiving cells.
Moreover, the administration of osthole downregulated the expression of NCK1-AS1 in fBMFs,
which was proven to mediate the anti-fibrosis property of osthole.

Conclusion: Our results indicate that osthole may be a promising compound to inhibit the pro-

gression of OSF.

© 2025 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

Oral submucous fibrosis (OSF) is a chronic inflammatory
condition characterized by the accumulation of fibrous
tissue in the oral mucosa, possibly leading to restricted
mouth opening and difficulties with mastication. It has
been recognized as an oral potentially malignant disorder
with a has a high rate of malignant transformation (5.7%—
9.13%) into oral squamous cell carcinoma (0SCC)." * A
substantial amount of evidence has been accrued to show
that the development of OSF is attributable to the habit of
areca nut chewing as the constituents in areca nut has been
demonstrated to increase TGF-B production, a central
driver in fibroblast-to-myofibroblast conversion, in epithe-
lial cells and gingival firoblasts.”> Moreover, several studies
have revealed that arecoline, a nicotinic acid-based alka-
loid in areca nut, induced latent TGF-B1 activation and
production of reactive oxygen species, resulting in myofi-
broblast activation of buccal mucosal fibroblasts (BMFs).”
As such, approaches to diminish the TGF-B1-associated
myofibroblast transdifferentiation may represent attrac-
tive anti-fibrotic strategies in OSF.

Osthole, 7-methoxy-8-(3-methyl-2-butenyl), is a member
of coumarins that can be obtained through extraction from
Cnidium monnieri (L.) or via chemical synthesis.® Several
studies have shown that osthole has numerous cellular ac-
tivities, such as anti-oxidative or anti-inflammatory fea-
tures.”'® In addition, it holds the potential to suppress
various types of cancers by prohibiting angiogenesis in he-
patocellular carcinoma,’’ triggering cell autophagy and
pyroptosis in ovarian carcinoma,'? and inducing cell cycle
arrest and apoptosis in head and neck squamous cell carci-
noma.' Osthole also has been demonstrated to inhibit
fibrosis diseases, such as myocardial fibrosis and renal
fibrosis, "'’ by attenuating collagen expression via the TGF-
B/Smad signaling pathway. Moreover, it was found that ost-
hole mitigated myofibroblast activation of cardiac fibro-
blasts, '° kidney interstitial fibroblasts,'” and hepatic stellate
cells.’® Nevertheless, the suppressive effect of osthole on
precancerous OSF has not been investigated.

Non-coding RNA has exhibited its significant role in
regulating the development of OSF and 0SCC.'" Both
INncRNAs (>200 nucleotides) and short non-coding RNAs
(such as microRNAs; ~22 nucleotides) are reported to be
the targets of osthole treatments.??' The (ncRNA, non-
catalytic region of tyrosine kinase adaptor protein 1 anti-
sense 1 (NCK1-AS1), was upregulated in OSCC patients and
correlated with increased invasion and migration in OSCC
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cells.”” Additionally, the positive correlation between
NCK1-AS1 and TGF-B1 in both ESCC and prostate cancer
cells suggests a potential regulatory role for NCK1-AS in the
development of OSF, which might be a target for ost-
hole.?>?* However, the role of NCK1-AS1 in OSF has not
been elucidated.

Given that several studies have shown that osthole
treatment downregulated the activation of TGF-B/Smad
signaling and myofibroblast transdifferentiation, we sought
to examine whether osthole can exhibit anti-fibrotic prop-
erty in OSF and elucidate the mechanism by which osthole
decreases myofibroblast activation. Herein, we tested
numerous myofibroblast activities of osthole-treated
fibrotic buccal mucosal fibroblasts (fBMFs) derived from
OSF tissues and the activation of the TGF-B/Smad pathway.
Subsequently, we used RNA sequencing for screening of
differentially expressed genes between cells with or
without osthole in order to select a putative target that
accounts for the inhibitory property of osthole in OSF.

Materials and methods

Tissue collection and cell culture

Isolation of fBMFs and normal BMFs from buccal mucosa
tissues was carried out among the OSF patients and healthy
individuals, respectively. The primary cell isolation and
culture methods were previously detailed in reference.7
Briefly, buccal mucosa tissues attained from surgery were
placed in Hanks’ Balanced Salt Solution (Thermo Fisher
Scientific, Waltham, MA, USA) at 4 °C and immediately
transferred to the laboratory for further processing.
Following trypsinization, the tissues were cultured in DMEM
medium (Thermo Fisher Scientific) containing 10% fetal
bovine serum (Thermo Fisher Scientific), and 1% penicillin-
streptomycin cocktail and plated into 25-T flasks for 14
days. The cells that were spindle-shaped and migrated out
of the tissues were identified as buccal fibroblasts. These
cells were continuously passaged and used for subsequent
experiments between the 3rd and 8th passages, confirmed
to be free of mycoplasma contamination using short tan-
dem repeat (STR) DNA profiling.

Collagen gel contraction assay

After dispersing the cells in a collagen gel solution from
Sigma-Aldrich (St. Louis, MO, USA), the mixture was placed
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in a 24-well plate and incubated at 37 °C for 2 h. Once
polymerization was complete, the gels were cultured in
0.5 ml of media for 48 h. The change in collagen gel size,
known as the contraction index, was measured using
ImageJ software (NIH, Bethesda, MD, USA).?

Transwell migration assays

This assay was carried out according to our previous
study.?® A total of 1 x 10° cells in low serum medium were
introduced to the top chamber of a transwell (Corning,
Acton, MA, USA), while media supplemented with increased
serum was used as a chemoattractant in the bottom
chamber. After a 24-h incubation, the cells on the bottom
surface of the inserted membrane were stained with crystal
violet. The number of migratory cells in five randomly
selected areas was then counted.

Western blot analysis

As described in our previous study, 20 pg of protein in
whole-cell lysate underwent separation via sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
was then transferred to a polyvinylidene fluoride mem-
brane (Millipore, Merck, Darmstadt, Germany).?” After the
blockade of the non-specific binding sites with 5% bovine
serum albumin (Millipore), the membrane was incubated
with primary antibodies at 4 °C for 16 h. Subsequently, it
was exposed to the corresponding HRP-conjugated sec-
ondary antibody at room temperature for 1 h. The signals
produced by antibody binding were visualized using ECL
substrate (Millipore) and captured using the LAS-1000 plus
analyzer (GE Healthcare, Piscataway, NJ, USA). GAPDH was
used as an internal reference for normalization purposes.
All antibodies used in this study were purchased from Cell
Signaling Inc. (Danvers, MA, USA).

Quantitative real-time PCR (qRT-PCR) analysis

RNA extraction, quality assessment, and quantification
procedures were previously detailed. The Superscript Il
first-strand synthesis system (Invitrogen Life Technologies,
Carlsbad, CA, USA) was employed to reverse-transcribe RNA
into cDNA. PCR experiments using the resulting cDNAs were
conducted on ABI StepOne™ Real-Time PCR Systems
(Applied Biosystems, Waltham, MA, USA). The specific
primer sequences are listed as follows (5'-3'): NCK-AS1,
TTCCCATTTCTCCCAGGTCC (forward),  TGGTTACTTT-
GAGCCTGGC (reverse). The levels of NCK-AS1 were
normalized using GAPDH, CTCATGACCACAGTCCATGC (for-
ward), TTCAGCTCTGGGATGACCTT (reverse) and the 2-ACt
method was applied.?’

Overexpression of NCK-AS1

The NCK-AS1 cDNA was inserted into the pCDHI-MCS1-EF1-
CopGFP plasmid (System Biosciences, Mountain View, CA,
USA). Co-transfection of the pCDH plasmid along with two
helper plasmids (packaging and envelope plasmids) was
performed in 293T cells using Lipofectamine 2000 reagent
(Thermo Fisher Scientific) to generate lentiviral
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pseudoparticles. GFP-positive cells were sorted via flow
cytometry (BD, Becton Drive Franklin Lakes, NJ, USA)
following lentivirus infection. The overexpression of NCK-
AS1 was validated using qRT-PCR and Western blot analysis.
An empty pCDHI-MCSI-EF1-COpGFP vector served as the
control group.?’

Statistical analysis

Statistical analyses were conducted using the Statistical
Package of Social Sciences software (IBM Corporation,
Armonk, NY, USA). Data from at least triplicate experiments
are presented as mean + SD. Student’s t-test, one-way
analysis of variance (ANOVA) with post hoc Tukey’s test,
and other appropriate tests were employed to assess sta-
tistical differences. A P-value<0.05 was considered statis-
tically significant.?’

Results

The chemical structure of osthole was shown in Fig. 1A. To
evaluate the cytotoxic effect of osthole on BMFs and patient-
derived fBMFs, cell proliferation was examined after a 48 h
treatment of various concentrations of osthole using a 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Fig. 1B showed that osthole has a concentration-
dependent inhibitory effect on cell viability for both BMFs
and fBMFs. The half-maximal inhibitory concentrations (1Csg)
for osthole in BMFs-1, BMFs-2, fBMFs-1 and fBMFs-2 were
83.9 4+ 10.8, 73.1 4+ 9.7, 32.5 & 4.5, and 34.7 & 3.9 uM,
respectively (Fig. 1B). These results demonstrated that a
lower concentration of osthole was sufficient to reduce the
cell viability of fBMFs without harming normal cells.
Accordingly, the lower concentrations of osthole (0—20 pM)
were used in the following experiments to determine the
anti-fibrosis effect of osthole.

It is well-known that wound contraction and remodeling
of injured tissue involve the differentiation of fibroblasts
into a-smooth muscle actin (a-SMA)-expressing myofibro-
blasts. Since myofibroblasts are evidently more contractile,
hydrated collagen lattices have often been used to
resemble the stages of wound remodeling and test the
intracellular tension on collagen substrates of the pre-
incubating cells.”® As shown in Fig. 2A, a higher concen-
tration of osthole attenuated cell contractility, suggesting
there was a dose-dependent effect of osthole on collagen
gel contraction of fBMFs. Aside from cell contractility, the
increased migration capacity is another feature of acti-
vated myofibroblasts as they proliferate and migrate to the
wound area to restore tissue integrity. We observed that
the transwell migration ability was downregulated
following osthole treatment (Fig. 2B).

In addition, we measured the secretion of TGF-B1 in two
patient-derived fBMFs and found that the production of
TGF-B1 was markedly repressed in fBMFs incubated with
osthole (Fig. 3A). Results from Western blot showed that
the expression levels of type | collagen, «-SMA, and
phosphorylated-Smad2 were all attenuated in the osthole-
treated fBMFs in a dose-dependent manner (Fig. 3B).
Collectively, these findings indicated that treatment of
osthole may impede the progression of OSF by diminishing
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Figure 1 The cytotoxic effect of osthole on the cell viability of buccal mucosal fibroblasts (BMFs) and fibrotic BMFs (fBMFs).

(A) The chemical structure of osthole. (B) MTT assay was utilized to examine cell survival/proliferation in response to various
concentrations of osthole. The ICsq values were calculated by GraFit software.
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Figure 2 Effects of osthole on collagen gel contractility and migration capacity in fBMFs. The fBMFs were subjected to
collagen gel contraction (A) and transwell migration (B) assays. Collagen gel contraction and migration were measured 48 h post-

osthole exposure. The experiments were repeated three times and representative results were shown. Results are means + SD. *
P < 0.05 compared to no treatment control group.

myofibroblast phenotypes and downregulating the expres- was applied to identify a potential target that mediated the
sion of various fibrosis markers. inhibition of myofibroblasts and TGF-B1 activation following
In an effort to explicate the molecular mechanism un- osthole treatment. As shown in Fig. 4A, NCK1-AS1 is one of

derlying the anti-fibrotic effect of osthole, RNA-sequencing the aberrantly expressed IncRNAs in the osthole-treated
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Suppressive property of osthole on the TGF-B/Smad2 signaling and fibrosis markers. (A) ELISA assay was conducted

to examine the TGF-p secretion with various concentrations of osthole. (B) The expression of type | collagen alpha | (COL1A1), a-
SMA and phosphorylated Smad2 were assessed in the fBMFs treated with the indicated concentration of osthole. The experiments
were repeated three times and representative results were shown. Results are means + SD. * P < 0.05 compared to no treatment

group.

fBMFs. In view of the oncogenic role of NCK1-AS1 in OSCC
and positive relationship with TGF-g1, we then assessed
whether NCK1-AS1 was implicated in the osthole-inhibited
myofibroblast activation.

qRT-PCR was conducted to validate the RNA-sequencing
data, and we found that the expression of NCK1-AS1 was
dose-dependently downregulated in fBMFs by osthole
(Fig. 4B). Moreover, we demonstrated that ectopic
expression of NCK1-AS1 counteracted the inhibitory prop-
erty of osthole on collagen gel contractility (Fig. 5A).
Likewise, the suppressive effect of osthole on migration
capacity was declined in fBMFs overexpressed NCK1-AS1
(Fig. 5B). Taken together, our results demonstrated that
the anti-fibrosis role of osthole in OSF may be associated
with the downregulation of NCK1-AS1.

Discussion

Over the past few decades, non-coding RNAs have emerged
as critical determinants of gene expression during the
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development of various diseases, including OSF.2%"?” Several
studies have examined the therapeutic effect of naturally
derived ingredients on inhibition of myofibroblast activa-
tion in OSF via modulation of non-coding RNAs.?>?° In this
study, we found that the expression of IncRNA NCK1-AS1
was downregulated in osthole-receiving fBMFs. Further-
more, we demonstrated that inhibition of NCK1-AS1 was
essential to the anti-fibrotic effect of osthole in fBMFs, as
evidenced by the reappearance of higher migration ca-
pacity and collagen gel contractility in NCK1-AS1-
overexpressing fBMFs in the presence of osthole.
Currently, the majority of the existing studies regarding
NCK1-AS1 focus on its oncogenic role and there is a lack of
research that explores the role of NCK1-AS1 in the devel-
opment of fibrosis.>®~3? Our results demonstrated that
NCK1-AS1 may contribute to oral fibrogenesis by promoting
myofibroblast activities.

The IncRNA NCK1-AS1, alternatively referred to as NCK1
divergent transcript (NCK1-DT), is located on chromosome
3g22.3 in humans.** Aside from its tumor-promoting role in
0SCC,%*2 NCK1-AS1 in plasma has been used to differentiate
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Figure 4 Osthole treatment decreased the expression of NCK1-AS1. (A) A heatmap showing NCK1-AS1 was one of the
differentially expressed genes in fBMFs treated with or without osthole. (B) The expression level of NCK1-AS1 in two fBMFs was
dose-dependently reduced in response to osthole. The experiments were repeated three times and representative results were
shown. Results are means + SD. * P < 0.05 compared to no treatment group.
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The inhibitory effects of osthole on myofibroblast activities in fBMFs were hindered by overexpression of NCK1-

AS1. (A) Collagen gel contraction and (B) Tranwell migration assays were carried out to examine whether suppression of NCK1-
AS1 was required for the osthole-induced downregulation of myofibroblast activities. The experiments were repeated three
times and representative results were shown. Results are means + SD. * P < 0.05 compared to no treatment group. #P < 0.05

compared to osthole treatment group.

oral ulcers from the early stages of OSCC and holds early
diagnostic value.?” Here, we showed that NCK1-AS1 may
play a part in the development of precancerous OSF.
Although we did not elucidate the detailed molecular
mechanism underlying the effect of NCK1-AS1 on myofi-
broblast activation, there were several studies showing the
relationship between NCK1-AS1 and TGF-B1. As aforemen-
tioned, activation of TGF-B1 signaling is pivotal in the
development of fibrosis diseases by inducing fibroblast
differentiation into myofibroblasts, which overproduce
extracellular matrix. It has been revealed that NCK1-AS1
showed a positive correlation with TGF-B1 in ESCC and
upregulation of NCK1-AS1 led to an increase in TGF-pB1
production of ESCC and prostate cancer cells, while TGF-B1
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overexpression failed to affect NCK1-AS1 expression.”*** In

line with these findings, we showed that both the expres-
sion of INncRNA NCK1-AS1 and TGF-B1 signaling were
inhibited in fBMFs following osthole treatment. Accord-
ingly, it is plausible that suppression of NCK1-AS1 in
response to osthole restrained myofibroblast activation by
downregulation of TGF-B1 pathway.

Osthole has been shown to ameliorate fibrosis diseases
and suppress myofibroblast activation through various
mechanisms. For instance, osthole demonstrated anti-
fibrosis effects by reducing cellular oxidation,
inflammation-related genes and chemokines production in
hepatic fibrosis.'® Another study showed that osthole
exerted an inhibitory effect in renal fibrosis by repression
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of epithelial-mesenchymal transition and hindrance of
myofibroblast proliferation via downregulating DNA syn-
thesis and expressions of proliferation- and cell-cycle-
associated proteins.”” Besides, most of the studies sug-
gested that osthole exhibited a protective effect against
fibrosis diseases through the downregulation of TGF-B1
signaling and collagen | and IIl expression.®'*~ 134 Our re-
sults were consistent with these findings and showed that
osthole blocked the TGF-B1/Smad pathway and suppressed
collagen expression. In addition, we showed that the
myofibroblast activities and the expression of myofibroblast
marker, o-SMA, were all decreased after exposure to
osthole.

In conclusion, the present study demonstrated the
promising results of using osthole to alleviate the progres-
sion of OSF by repressing myofibroblast activation and TGF-
B1/Smad signaling, possibly through downregulation of
NCK1-AS1.
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