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Abstract

Aims Researches have shown that diabetes mellitus (DM) can promote the risk and progression of oral squamous cell
carcinoma (OSCC). Semaglutide, a glucagon-like peptide-1 receptor agonist, is currently employed to treat type 2 diabetes
mellitus (T2DM) and obesity. This study intends to explore the potential effects and mechanism of Semaglutide on OSCC.
Methods The expression of GLP-1R in OSCC cells and tissues was evaluated by qRT-PCR, western blot and immunohis-
tochemistry assays. Cell proliferation, invasion, migration and apoptosis abilities were determined by relevant experiments.
Western blot was employed to verify the expression of relevant proteins and examine the effect of Semaglutide on the MAPK
signaling pathway. The xenograft transplantation model of OSCC was established to examine the anti-cancer effects of
Semaglutide in vivo and immunohistochemistry assays were performed on tumor tissues.

Results GLP-1R expression was elevated in OSCC cells and tissues as compared with that in normal. Semaglutide effec-
tively inhibited the proliferation, migration and invasion of OSCC cells while concurrently promoting apoptosis. Moreover,
Semaglutide specifically activated the P38 MAPK signaling pathway without significant influence on ERK1/2 or SAPK/
JNK, and its pro-apoptotic effects in OSCC cells was related to P38 pathway activation. Animal experiments verified the
inhibitory effect of Semaglutide on OSCC tumors in mice.

Conclusions Semaglutide exerts inhibitory actions on OSCC and may induce apoptosis in OSCC cells via the P38 MAPK
signaling pathway. This study has significant implications for the treatment of patients with diabetes who are also afflicted
by OSCC.
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Introduction

04 Bin Cheng As the sixth most prevalent cancer globally and the second
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leading cause of cancer-related fatalities worldwide, oral
cancer has emerged as an increasingly serious global health
problem (Ramos-Garcia et al. 2021; Li et al. 20244, b). Oral
squamous cell carcinoma (OSCC) is the predominant type
of oral cancer, accounting for approximately 90% of cases.
It is particularly prevalent in low- and middle-income coun-
tries, with high morbidity and mortality rates (Suri et al.
2024). Diabetes mellitus (DM) is also a major global health
concern. Currently, approximately 537 million adults are
afflicted with diabetes, and this number is expected to rise
to 783 million by the year 2045 (Ahmad et al. 2022). Stud-
ies have revealed that individuals with DM possess a higher
propensity to develop oral cancer and a greater risk of mor-
tality compared with nondiabetics. The prevalence of DM

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00432-025-06154-5&domain=pdf

103 Page 2 of 15

Journal of Cancer Research and Clinical Oncology

(2025) 151:103

in patients diagnosed with oral cancer is also significantly
higher than that observed in patients without oral cancer
(Ramos-Garcia et al. 2021; Vegh et al. 2022). Moreover, Hu
et al. found that compared with OSCC cells cultured with
low glucose concentration (1 g/L), OSCC cells cultured with
high glucose concentration (4.5 g/L) showed higher prolif-
eration, migration, invasion level and lower apoptosis rate.
They proposed that T2DM may influence the progression of
OSCC through hyperglycemia (Hu et al. 2022). Collectively,
these findings suggest some correlation between DM and
OSCC.

The glucagon-like peptide-1 receptor (GLP-1R), a mem-
ber of the G protein-coupled receptor (GPCR) family, is
expressed in multiple tissues, including the pancreas, lung,
liver, kidney, stomach, intestine, heart, and central nervous
system regions (Ibrahim et al. 2024; Zheng et al. 2024).
GLP-1, an incretin hormone, is rapidly released 15-30 min
subsequent to nutrient intake and acts on GLP-1R to enhance
insulin biosynthesis and secretion while inhibiting glucagon
release from the pancreas (Holst and Gromada 2004; Sharma
et al. 2018). In addition, GLP-1 provides neuroprotective
effects and alleviates inflammation in the brain (Verma and
Goyal 2024). Due to the short half-life of GLP-1, several
GLP-1 analogs have been developed to act as GLP-1R ago-
nists (GLP-1RAs), which exert the same effects as endoge-
nous GLP-1 and are currently predominantly utilized to treat
type 2 diabetes (T2DM) (Ma et al. 2021; Zhao et al. 2021;
Pandey et al. 2023). With the use of GLP-1RAs, concerns
have arisen regarding their potential relationship with cancer
risk. Presently, some studies have explored the correlation
between GLP-1RAs and several types of malignancies, such
as thyroid cancer, pancreatic cancer, colorectal cancer, breast
cancer, and other tumor diseases. However, the conclusions
are not entirely consistent. Some researches indicate that
GLP-1RAs may facilitate the occurrence and progression of
tumors; conversely, other studies report opposite results or
identify no significant association between GLP-1RAs and
tumors (Koehler et al. 2011; Chen et al. 2013; Zhao et al.
2014, 2021; Azoulay et al. 2016; Iwaya et al. 2017; Piccoli
etal. 2021; Ueda et al. 2021; Tong et al. 2022; Ji et al. 2024).
Nevertheless, whether a linkage exists between GLP-1RAs
and OSCC remains unclear.

Semaglutide is a GLP-1R agonist, which is highly derived
from natural human GLP-1 but has a long half-life. It can
reduce medication frequency and improve patient adherence
and is currently mainly used in the treatment of T2DM and
obesity (Andreadis et al. 2018; Dhillon 2018; Chao et al.
2023). Semaglutide is the only GLP-1RA available for the
management of T2DM in both injection and oral dosage
forms (Marassi and Fadini 2025). Compared with other
GLP-1RAs, Semaglutide demonstrates superior blood sugar
control and weight loss, as well as a lower risk of cardio-
vascular mortality and more benefits for the kidneys (Sorli
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et al. 2017; Capehorn et al. 2020; ElSayed et al. 2023; Hu
et al. 2024). Furthermore, a recent meta-analysis involving
37 studies with a total of 46,719 patients concluded that the
utilization of Semaglutide did not increase any cancer risk
(Nagendra et al. 2023). At present, there is a deficiency of
research regarding the effect of Semaglutide on OSCC. Con-
sequently, we explored the role of Semaglutide on OSCC
through in vivo and in vitro studies.

The development of OSCC involved multiple molecular
signaling networks, among which the MAPK signaling path-
way plays an important role in tumor progression (Huang
et al. 2024). Mitogen-activated protein kinases (MAPKSs),
including P38, ERK1/2, and SAPK/JNK, are associated with
crucial biological processes such as cell proliferation, dif-
ferentiation, and apoptosis, and exert profound effects on
the development of OSCC(Dhillon et al. 2007). In order to
further explore the mechanism of the effect of Semaglutide
on OSCC, we detected the key molecules of MAPK pathway
in this study.

Materials and methods
Primary tumor studies

Primary tumor specimens were obtained from the Depart-
ment of Pathology at the Hospital of Stomatology, Guang-
hua School of Stomatology, Sun Yat-sen University (Guang-
zhou, China). 10 OSCC tissues and 10 matched normal oral
epithelial tissues were included.

Cell studies

(1) Cells culture

CFPAC-1 cells, NOK cells, and OSCC cell lines were
maintained in our laboratory in Guangzhou, which were pur-
chased or donated from reliable authorities. The two main
cell lines used in this study, Cal27 and HSC4, were authen-
ticated by STR profiling. The cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Gibco, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco,
USA).

(2) CCK-8 assays

Cal27 or HSC4 cells were prepared into cell suspension,
and 3000 cells per well were seeded in 96-well plates (Corn-
ing, USA). After attachment, cells were cultured with 0, 5, 10,
20, or 40 umol/L. Semaglutide (Novo Nordisk, Switzerland)
for 24 h, or 0 or 5 pmol/L Semaglutide for 96 h. The concen-
trations of Semaglutide in this study were selected based on
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pre-experiment and previous literature (Eftekhari et al. 2020;
Zhu et al. 2021). CCK-8 solution (10 pL/ well) was added
and allowed to incubate in darkness within an incubator for
2 h every 24 h, and the optical density (OD) values were then
measured at 450 nm using a microplate reader (Biotek, USA).

(3) IncuCyte S3 Platform

Cal27 or HSC4 cells (3 x 103) were seeded in a 96-well
plate and subsequently treated with 0, 5, 10, 20 or 40 umol/L
Semaglutide. Phase contrast images of the cells were captured
using a 4 X objective lens every 12 h over a total duration of
72 h with an IncuCyte S3 Live Cell Analysis System (Sarto-
rius, Germany). IncuCyte S3 image analysis software was set
to assess the confluence in the percentage of the cells, and the
proliferation rate was determined as the area confluence ratio
normalized against the baseline (time O after Semaglutide was
added).

(4) Colony formation assays

Cal27 or HSC4 cells (1x 10°) were plated in 6-well plates
and cultivated with varying concentrations of Semaglutide
(0, 5, or 10 umol/L) for 14 days. The culture medium was
refreshed every three days. After that, the colonies were rinsed
with phosphate-buffered saline (PBS; Gibco, USA), fixed in
4% paraformaldehyde (PFA; Servicebio, China) for 15 min,
and then stained with 0.1% crystal violet for an additional
15 min. Images were captured using a photo scanner (Epson,
Tokyo).

(5) Wound healing assays

Cal27 or HSC4 cells (4 x 10°) were seeded in a 6-well plate
until 90% confluency and allowed to form a confluent mon-
olayer. A 1 mL tip was then used to create a scratch within the
cell layer. Following this, the cells were washed twice with
PBS to eliminate detached cells and subsequently replaced
with serum-free medium containing 0, 5, or 10 umol/L Sema-
glutide. The width of the wound was monitored by taking
images at baseline (0 h) and after 48 h using a microscope
(Thermofisher, USA). Analysis was performed using ImageJ
software.

(6) Transwell migration and invasion assays

The transwell migration and invasion assays were con-
ducted using a 24-well transwell chamber (Corning, USA)
and 8-pm pore size membranes (Corning, USA). Cal27 or
HSC4 cells were incubated with O, 5, or 10 umol/L Sema-
glutide for 48 h. For the migration assays, Cal27 (4 x 10%) or
HSC4 (1x10%) cells in 200uL of serum-free culture medium
were inserted into the upper chamber, while the lower cham-
ber was supplemented with 600 uL. of medium supplemented
with 20% FBS and incubated for 24 h. The invasion assays
followed the same procedure as the migration assays, but the
cells were placed on a Matrigel-coated membrane (Corn-
ing, USA). Afterward, cells were fixed using 4% PFA for
15 min and then stained with 0.1% crystal violet for 30 min.
Images were captured using an inverted microscope (Zeiss,
Germany).

(7) Cell apoptosis assays

Cal27 or HSC4 cells (2 10°) were seeded in 6-well
plates and cultured with 0, 5, or 10 umol/L. Semaglutide
for 48 h. Then cells and the supernatant were collected
and washed twice with PBS, and re-suspended in 1 X bind-
ing buffer. Subsequently, apoptosis was assessed using an
Annexin V-FITC Apoptosis Detection Kit (Dojindo, Japan)
according to the manufacturer’s instructions. Briefly, 100 uL
of the cell suspension was incubated with 5 pL. of Annexin
V-FITC and 5 uL of PI in the dark at RT for 15 min. The
apoptotic cells were analyzed via flow cytometry using a
flow cytometer (BD LSRFortessa, BD Biosciences, USA).
A minimum of 10,000 events were acquired for each sample,
and the data were analyzed using FlowJo software.

Quantitative real-time PCR (qRT-PCR)

Cal27 or HSC4 cells (2 10°) were seeded in 6-well plates
and incubated with 0, 5, or 10 umol/L Semaglutide for 48 h.
Then total RNA was extracted from the cells using a cell
RNA rapid extraction kit (Gooniebio, China). Then, 1 pg
of total RNA was reverse transcribed via the HiScript III
All-in-one RT SuperMix Perfect for qPCR Kit (Vazyme,
China), and SYBR Green-based qRT —PCR was performed
using the Universal SYBR qPCR Master Mix Kit (Vazyme,
China) on a QuantStudio 5 Real-Time PCR System (Ther-
mofisher, USA) according to the manufacturer’s instructions.
The primer sequences for qRT-PCR are shown in Table 1.

Table 1 Detailed information

N . . Gene Forward primer (5°-3) Reverse primer (5°-3)
of the primer sequences for
qRT-PCR GLP-1R CCTCCTGCCACAGACTTGTT GCTGACATTCACGAACGAGC
GAPDH GTCGGAGTCAACGGATTTGG AGTTGAGGTCAATGAAGGGGTC
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Western blot analysis

Cal27 or HSC4 cells (2x 10%) were seeded in 6-well plates
and cultured with 0, 5, or 10 pmol/L. Semaglutide for 48 h.
Total protein was then extracted from the cells using RIPA
lysis buffer containing both protease inhibitors and phos-
phatase inhibitors (Cwbio, China). 20 pg of protein samples
were separated by electrophoresis and subsequently trans-
ferred onto PVDF membranes (Millipore, USA). Thereafter,
the membranes were blocked with a solution of 5% non-fat
milk for 1 h at room temperature (RT) and then incubated
with primary antibodies at 4°C overnight. Subsequently, the
membranes were incubated with corresponding secondary
antibodies (1:5000, EMAR, China) for 1 h at RT. The target
proteins were detected using Enhanced Chemiluminescence
(ECL) reagent (Millipore, USA), alongside a chemilumines-
cence imaging system (Licor, USA). The primary antibodies
utilized for western blot are detailed in Table 2.

Immunohistochemistry (IHC)

Tumor specimens from both human and mouse sources
were sectioned into 4-um thick slices, followed by dewax-
ing and hydration. The samples were then treated with
3% hydrogen peroxide at RT and subsequently antigen-
retrieved in the citrate solution (pH 6.0) using a microwave
oven for 10 min. After blocking with 1% FBS at RT for
30 min to prevent non-specific binding, specimens were
incubated with the primary antibodies at 4 °C overnight.
The next day, tissue sections were incubated with corre-
sponding secondary antibodies (1:200, Servicebio, China)
for 30 min at RT. A DAB detection kit (Gene Tech, China)
was used for chromogenic detection, and hematoxylin

Table 2 Detailed information of primary antibodies used in western
blot

Primary antibodies Company Cat.No Dilution
GLP-1R Novus, USA NBP1-97308 1:1000
Ki67 Affinity, China AF0198 1:1000
PCNA Servicebio, China GB11010-1-100 1:1000
E-cadherin Proteintech, China 20874-1-AP 1:20000
Vimentin Proteintech, China 10366-1-AP 1:10000
Bcl-xL CST, USA 2764S 1:1000
Bax CST, USA 2772 T 1:1000
p-P38 CST, USA 8690S 1:1000
P38 CST, USA 45118 1:1000
p-SAPK/JNK CST, USA 4668S 1:1000
SAPK/JNK CST, USA 92528 1:1000
p-Erk1/2 CST, USA 4370S 1:2000
Erk1/2 CST, USA 4695S 1:1000
B-Tubulin Proteintech, China 10094-1-AP 1:10000

(Servicebio, China) was used to counterstain the nucleus.
After the staining procedures were completed, the tissue
sections were washed in running water, dehydrated, made
transparent, and sealed. Images of the prepared slides were
taken via Aperio AT2 (Leica, Germany). Details regard-
ing the primary antibodies utilized in IHC are provided in
Table 3. H-score was used to evaluate the immunohisto-
chemical staining results according to the following for-
mula: H-score =X (Pi X 1), where Pi denotes the proportion
of positively stained cells at a specific intensity level, and
i represents the staining intensity, which is usually scored
as 0, 1,2, or 3.

Animals and tumor implantation experiments

All animal studies were approved by the Laboratory Ani-
mals Ethics Committee of Sun Yat-sen University (SYSU-
TACUC-2024-001114). A total of 18 male BALB/c nude
mice (nu/nu, aged 4-6 weeks) were purchased from Gem-
pharmatech (China) and allowed to acclimate for one
week. To establish nude mouse xenograft tumor models,
approximately 5 10° Cal27 cells per site were subcutane-
ously injected into the armpits of mice. Five days after the
tumor cells were injected, the mice were randomly divided
into three groups: a normal control group (without manip-
ulation), an NS group (mice received injections of 100uL
normal saline under the skin three times per week for three
weeks), and a Semaglutide group (mice received injections
of 100uL Semaglutide solution at a dosage of 3 pmol/kg
under the skin three times per week for three weeks). The
dosage of Semaglutide was determined based on prelimi-
nary experiments and Semaglutide is diluted with normal
saline (NS). The body weight and tumor volume of the
mice were recorded three times per week for three weeks.
All mice were sacrificed on day 21, after which the tumors,
along with the liver, lung, and kidney tissues of the mice
were removed and fixed for further experiments.

Table 3 Detailed information of primary antibodies used in THC
assays

Primary antibodies Company Cat. No Dilution
GLP-1R Novus, USA NBP1-97308 1:500
Ki67 CST, USA 122028 1:100
PCNA Servicebio, China GB11010-1-100 1:1000
E-cadherin Proteintech, China 20874-1-AP 1:10000
Vimentin Proteintech, China 10366-1-AP 1:1000
Bcel-xL CST, USA 2764S 1:2000
Bax CST, USA 2772 T 1:1000
p-P38 CST, USA 8690S 1:50
P38 CST, USA 45118 1:100
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Statistical analysis

The normality of the data was tested using the Shapiro—Wilk
test. Differences between two groups were estimated by the
student's t-test, while comparisons among three or more
groups were performed with one-way ANOVA followed by
Tukey multiple comparison test. Two-way ANOVA with
Tukey’s multiple comparisons was used to assess the sta-
tistical differences between groups in time-dependent pro-
liferation assays conducted on the IncuCyte S3 platform.
All in vitro experiments were repeated at least three times,
and IHC staining for xenograft tumors included 6 samples
per group. Data are expressed as means + standard deviation
(SD), and differences were considered significant for values
of P<0.05. Statistical analyses were performed using IBM
SPSS Statistics and GraphPad Prism.

Results

The expression of GLP-1R was heightened in 0SCC
compared to normal levels

To detect the expression of GLP-1R in OSCC, we extracted
RNA and proteins from CFPAC-1 cells (human pancreatic
cancer cells, as a positive control), NOK cells (human nor-
mal squamous epithelial cells, normal oral keratinocytes)
and seven OSCC cell lines for qRT-PCR and western blot
analysis. Our findings indicated that GLP-1R was expressed
in OSCC cells at levels higher than those observed in NOK
cells. We collected both OSCC tissues and normal tissues
for IHC staining, which revealed that GLP-1R was expressed
in human OSCC tissues with elevated levels compared to
normal tissues. Then we extracted proteins from Cal27 and
HSC4 cells with 0, 5, or 10 umol/LL Semaglutide treatment
for 48 h for western blot. The results showed that Semaglu-
tide treatment increased GLP-1R expression of Cal27 and
HSC4 cells, suggesting that Semaglutide may act on GLP-
IR in OSCC cells to exert further effects (Fig. 1).

Semaglutide inhibited the proliferation of 0SCC
cells

To investigate the effects of Semaglutide on the prolifera-
tion of OSCC cells, we employed CCK8 assays to determine
the cell viability, utilized the IncuCyte S3 platform for con-
tinuous monitoring of the cell confluence, and performed
colony formation assays to evaluate cellular clonogenic abil-
ity. Our results demonstrated that Semaglutide exhibited a
dose-dependent anticancer activity in two OSCC cell lines,
Cal27 and HSC4 cells. The expression levels of proteins
related to cell proliferation were detected by western blot.
We observed that Semaglutide significantly reduced the

expressions of Ki67 and PCNA. Overall, our findings indi-
cated that Semaglutide inhibited the proliferation of OSCC
cells (Fig. 2).

Semaglutide inhibited the migration and invasion
of OSCC cells

We conducted scratch assays, transwell migration and inva-
sion assays to investigate the impact of Semaglutide on
the invasion and migration abilities of OSCC cells. The
results showed that as the concentration of Semaglutide
increased, the scratch area expanded while the number of
cells traversing the chambers decreased. Then we detected
the expression of epithelial-mesenchymal transition (EMT)-
related proteins (E-cadherin and Vimentin) by western blot
and found that Semaglutide increased the expression of
E-cadherin and decreased the expression of Vimentin. Col-
lectively, these results revealed that Semaglutide suppressed
migration, invasion, and EMT in OSCC cells (Fig. 3).

Semaglutide promoted the apoptosis of 0SCC cells

Annexin V-FITC/PI staining was used to explore the effect
of Semaglutide on the apoptosis level of OSCC cells by flow
cytometry. The results disclosed that the proportions of early
and late apoptotic cells were significantly elevated compared
to control groups, which indicated that Semaglutide treat-
ment enhanced the apoptosis rates of Cal27 and HSC4 cells
in a dose-dependent manner. Subsequently, the expressions
of cell apoptosis related proteins were detected by western
blot. We discovered that Semaglutide decreased the expres-
sion of Bcl-xL, an anti-apoptotic protein, while concurrently
increasing the expression of Bax, a pro-apoptotic protein. In
summary, our results demonstrated that Semaglutide pro-
moted apoptosis of OSCC cells (Fig. 4).

Inhibitory effect of Semaglutide on the growth
and development of OSCC in vivo

We established a xenograft transplantation model of OSCC
to investigate the anti-OSCC effect of Semaglutide in vivo.
The results obtained from animal experiments were consist-
ent with those derived from in vitro studies. Semaglutide
manifested an inhibitory effect on OSCC growth in vivo,
without causing any significant changes to the body weight
of mice. After 3 weeks of treatment, we excised the tumors
from the mice. The data showed that both the tumor volume
and tumor weight in the Semaglutide group were smaller
than those in the control and NS groups. Subsequently, [HC
was utilized to detect the expression levels of Ki67, PCNA,
E-cadherin, Vimentin, Bcl-xL, Bax, and GLP-1R in tumor
tissues. As the results revealed, Semaglutide increased
the expression of E-cadherin, Bax, and GLP-1R, while
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Fig. 1 The expression of GLP-1R was elevated in OSCC compared
to normal levels. a, b The gene and protein expression levels of
GLP-1R, detected by qRT-PCR and western blot assays, were higher
in OSCC cells than those observed in NOK cells. ¢ Representative
images of GLP-1R expression in OSCC and normal tissues by ITHC
staining (n=10). The results showed that GLP-1R was expressed in
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Semaglutide (uM) Semaglutide (uM)

human OSCC tissues with elevated levels compared to normal tis-
sues. d After treatment with Semaglutide (0, 5, or 10 umol/L) for
48 h, the protein levels of GLP-1R in Cal27 and HSC4 cells were
increased, as detected by western blot. (N=3; Mean+ SD; *P <0.05,
*#P<0.01, ***P <0.001, ****P <0.0001; student’s t test or one-way
ANOVA with Tukey’s multiple comparisons)
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Fig.2 Semaglutide inhibited the proliferation of OSCC cells. a, b
With treatment with Semaglutide at concentrations of 0, 5, 10, 20, or
40 pumol/L, the cell viability of Cal27 and HSC4 cells was assessed
using CCK-8 assays and the cell confluence was continuously moni-
tored by the IncuCyte S3 System. The results showed that Sema-
glutide exhibited a dose-dependent and time-dependent anticancer
activity in Cal27 and HSC4 cells. (* control vs. treatment) ¢ Repre-
sentative images of clonal formation assays of Cal27 and HSC4 cells

decreasing the expression of Ki67, PCNA, Vimentin, and
Bcl-xL, which were consistent with in vitro experiments.
Generally, our study demonstrated that Semaglutide inhib-
ited OSCC growth in vivo (Fig. 5).

Semaglutide activated the P38 MAPK signaling
pathway

To further explore the mechanism by which Semaglutide
inhibits the progression of OSCC, we investigated the
phosphorylation status of three MAPK signaling pathways
(ERK1/2, SAPK/INK and P38) in Cal27 and HSC4 cells
after Semaglutide treatment (0, 5, or 10 umol/L, 48 h) by
western blot analysis. The results revealed that Semaglu-
tide selectively increased the phosphorylation levels of P38
(p-P38) in a dose-dependent manner, while no significant
changes were observed in the phosphorylation status of
ERK1/2 or SAPK/JNK and total protein levels of MAPKs,
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treated with 0, 5, or 10 umol/L Semaglutide. The results showed that
Semaglutide inhibited the proliferation of Cal27 and HSC4 cells.
d After treatment with Semaglutide at concentrations of 0, 5, or
10 umol/L for 48 h, the protein levels of Ki67 and PCNA in Cal27
and HSC4 cells were decreased, as measured by western blot. (N=3;
Mean+SD; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001;
student’s t test, one-way or two-way ANOVA with Tukey’s multiple
comparisons)

indicating that Semaglutide specifically modulates P38 acti-
vation rather than broadly altering MAPK pathway compo-
nents. To further assess the functional role of P38 activa-
tion in Semaglutide's anti-tumor effects, Cal27 and HSC4
cells were pretreated with BIRB796 (10 umol/L, the p38
inhibitor) for 2 h, followed by treatment with Semaglutide
(5 umol/L) for 48 h. The results of western blot showed that
co-treatment increased Bcl-xL expression and decreased
Bax expression, suggesting that BIRB796 significantly
attenuated Semaglutide’s effect on apoptosis-related pro-
teins. These results indicated that the apoptosis induced by
Semaglutide was related to the activation of P38 pathway.
Consistent with in vitro findings, IHC staining of OSCC
xenograft tumors showed an increase of p-P38 levels in
Semaglutide-treated groups compared to controls, while
total P38 expression remained unchanged. In conclusion,
Semaglutide specifically modulated P38 activation, which
was related to its pro-apoptosis effect on OSCC (Fig. 6).
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Fig.3 Semaglutide Inhibited the migration and invasion of OSCC
cells. a The migration ability of Cal27 and HSC4 cells with Sema-
glutide (0, 5, or 10 umol/L) treatment was determined by wound
healing assays. As the concentration of Semaglutide increased, the
scratch area expanded, indicating that the cell migration ability was
inhibited by Semaglutide. b After treatment with Semaglutide at con-
centrations of 0, 5, or 10 umol/L for 48 h, the migration and inva-
sion abilities of Cal27 and HSC4 cells were measured by Transwell
assays. The results showed that Semaglutide treatment decreased the

Discussion

OSCC and DM represent two major global health challenges,
with rising incidence rates worldwide. (Ahmad et al. 2022;
Li et al. 2024a, b). Substantial improvements in both glycae-
mic control and body weight, along with established cardio-
vascular benefits, have positioned GLP-1RAs as the first-
line injectable therapy for DM (Heise 2022). Semaglutide, a
long-acting GLP-1RA, has been approved for the treatment
of T2DM and obesity by the Food and Drug Administra-
tion (FDA) (Ala and Moheb 2024). With the application of
GLP-1RAs, the correlation between GLP1-RAs and tumors
has attracted considerable attention in recent years (Ji et al.
2024). However, previous studies primarily focus on short-
activating GLP-1RAs with controversial results, while stud-
ies on long-acting GLP-1RAs such as Semaglutide are very
limited (Pu et al. 2023).

In order to explore the potential effect of Semaglutide
on OSCC, we first determined the expression of GLP-1R in
OSCC. Our findings revealed significantly elevated GLP-
IR expression levels in both OSCC tissues and cell lines
compared to normal controls. Furthermore, Semaglutide
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number of cells traversing the chambers, suggesting that it suppressed
both migration and invasion. ¢ After Semaglutide (0, 5, or 10 umol/L)
treatment for 48 h, the protein levels of E-cadherin and Vimentin of
Cal27 and HSC4 cells were evaluated by western blot. The results
showed that Semaglutide increased the expression of E-cadherin and
decreased the expression of Vimentin. (N=3; Mean +SD; *P <0.05,
*#P<0.01, ***P<0.001, ****P<0.0001; one-way ANOVA with
Tukey’s multiple comparisons)

treatment induced a dose-dependent upregulation of GLP-
1R expression in OSCC cells, suggesting a potential posi-
tive feedback mechanism. Our findings are in line with
those from previous studies. Liu's study found that GLP-
1R was widely expressed in many breast cancer cell lines,
and the mRNA and protein expression levels of GLP-1R
were increased in MDA-MB-231 cells treated with GLP-
1RA Liraglutide(Liu et al. 2022). Similar results have
been reported in studies of endometrial and pancreatic
cancers(Zhao et al. 2014; Kanda et al. 2018). The correla-
tion between GLP-1R expression and OSCC patient out-
comes should be explored further because of the differences
in the expression of GLP-1R in OSCC and normal tissues.
Recent study demonstrated differential prognostic implica-
tions of GLP-1R expression across cancer types(Ungvari
et al. 2025). The results turned out that increased GLP-1R
expression correlated with improved overall survival in can-
cers such as breast cancer, bladder cancer, and esophageal
adenocarcinoma, while predicted survival outcomes in can-
cers such as cervical squamous cell carcinoma, lung squa-
mous cell carcinoma. In addition, no significant association
was observed in head and neck squamous cell carcinoma
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Fig.4 Semaglutide promoted the apoptosis of OSCC cells. a After
treatment with Semaglutide at concentrations of 0, 5, or 10 umol/L
for 48 h, the apoptosis effects of Cal27 and HSC4 cells were meas-
ured by flow cytometry assays with AnnexinV FITC/PI dual staining.
The results indicated that Semaglutide treatment enhanced the apop-
tosis rates of Cal27 and HSC4 cells in a dose-dependent manner. b

(HNSC), esophageal squamous cell carcinoma, or colon
cancer. Notably, HNSC includes tumors from the oral cav-
ity, pharynx, and larynx, which may exhibit distinct molec-
ular profiles and clinical behaviors (Johnson et al. 2020).
Therefore, survival trends observed in HNSCC cohorts may
not precisely mirror OSCC-specific outcomes, and further
research is necessary.

Tumor proliferation and metastasis are the primary fac-
tors contributing to cancer progression. Our results showed
that Semaglutide inhibited the proliferation, migration,
invasion and promoted the apoptosis of OSCC cell lines.
In addition, Semaglutide treatment inhibited epithelial-
mesenchymal transition (EMT) in OSCC cell lines, which
is a crucial process involved in embryonic development and
tissue regeneration (Huang et al. 2022). In the context of
cancer, EMT can facilitate migration and invasion while
regulating tumor stemness; it also plays a role in tumor ini-
tiation and malignant transformation as well as increasing
resistance to chemotherapy and immunotherapy (Brabletz
et al. 2021). Moreover, the inhibitory effect of Semaglu-
tide on OSCC was further validated in the tumor xenograft
model in vivo. Our results are consistent with studies of
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The protein levels of Bcl-xL and Bax of Cal27 and HSC4 cells after
Semaglutide treatment (0, 5, or 10 pmol/L, 48 h) were measured by
western blot. Semaglutide decreased the expression of Bcl-xL while
concurrently increasing the expression of Bax. (N=3; Mean+SD;
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; student’s t test
or one-way ANOVA with Tukey’s multiple comparisons)

GLP-1RAs in other malignancies. A recent study reported
that Semaglutide inhibited the growth and progression of
breast cancer by enhancing the acquired antitumor immunity
(Stanisavljevic et al. 2024). Besides, related studies have
found that GLP-1RAs could limit the growth of pancreatic
cancer, prostate cancer and colorectal cancer by inhibiting
the PI3K/Akt/mTOR signal pathway (Zhao et al. 2014; Wen-
jing et al. 2020; Tong et al. 2022). Similarly, GLP-1RAs
were also demonstrated to inhibited cholangiocarcinoma,
breast and cervical cancer, implying the potential application
of GLP-1RAs for the treatment of these tumors (Zhao et al.
2021; Trakoonsenathong et al. 2024). However, GLP-1RAs
showed the opposite effect in some tumors. Research found
that GLP-1RA promoted the proliferation of neuroendocrine
neoplasm cells, and boosted survival, migration and invasion
of endometrial cancer cells (Li et al. 2024a, b; Shilyansky
et al. 2025). These findings indicate that the role of GLP-
1RAs varies across different types of tumors, necessitating
further investigation.

Mitogen-activated protein kinases (MAPKSs), including
ERK1/2, P38, and INK/SAPK, are pivotal in regulating
signaling cascades that translate extracellular stimuli into
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essential biological responses such as cell survival, prolifera-  metastasis in OSCC (Chang et al. 2021; Yang et al. 2024).
tion, differentiation, metabolism, motility, and apoptosis (Li ~ However, the role of P38 and SAPK / JNK in OSCC is con-
et al. 2020). Previous studies have proposed that phosphoryl-  troversial. Some studies have proposed that the activation
ation of ERK1/2 promoted cell migration, proliferation, and  of P38 and SAPK/INK contributes to the malignant growth

@ Springer



Journal of Cancer Research and Clinical Oncology ~ (2025) 151:103

Page110f 15 103

«Fig.5 Inhibitory effect of Semaglutide on growth and develop-
ment of OSCC in vivo. a Representative images of tumors in mice
and excised tumors from groups receiving no treatment, treated with
NS, or Semaglutide. b The volume and weight of the tumor removed
in the Semaglutide group were smaller than those in the control and
NS groups. ¢ The subcutaneous tumor volume and body weight in
each group were assessed three times a week for each group. The
data showed that Semaglutide inhibited the growth of OSCC in vivo,
without any significant effect on the body weight of mice. d Repre-
sentative images of Ki67, PCNA, E-cadherin, Vimentin, Bcl-xL, Bax,
and GLP-1R expression in tumor tissues by IHC staining. The results
revealed that Semaglutide increased the expression of E-cadherin,
Bax, and GLP-1R, while decreasing the expression of Ki67, PCNA,
Vimentin, and Bcl-xL. (N=6; Mean+SD; *P<0.05, **P<0.01,
*#%P <0.001, ****P <0.0001; one-way ANOVA with Tukey’s mul-
tiple comparisons)

of OSCC, while other research has indicated that they may
function as tumor suppressor genes (Mishima et al. 2002;
Chen et al. 2017; Li et al. 2020; Huang et al. 2024). In our
study, Semaglutide treatment promoted an increase in phos-
phorylated P38 without significant effect on the activation of
ERK1/2 and INK/SAPK signaling pathways. P38 pathway is
activated by various actors (environmental stimuli, inflam-
matory cytokines, etc.), which leads to the phosphorylation
of numerous transcriptional regulators that coordinate par-
ticular gene expression programs and then modulating vari-
ous cellular functions (Yong et al. 2009; Martinez-Limon
et al. 2020). Most studies suggest that P38 is related to apop-
tosis, which can affect death receptors, survival pathways, or
pro-and antiapoptotic Bcl-2 family proteins (Cargnello and
Roux 2011). We foung that the P38 inhibitor BIRP796 atten-
uated the role of Semaglutide in promoting OSCC apoptosis,
suggesting that the apoptosis induced by Semaglutide was
related to the activation of P38 pathway. Previous studies
have shown that GLP-1 activated the P38 signaling pathway
in breast cancer cells, and P38 inhibitors abolished the anti-
breast cancer effects of exendin-4 (Ligumsky et al. 2012),
which are consistent with our results.

Due to the increasing prevalence of OSCC and DM, along
with a notable correlation between the two, it is imperative
to scrutinize the safety profile of anti-diabetic medications.
Our study is pioneering in demonstrating that GLP-1RA
Semaglutide exerts an inhibitory effect on OSCC, suggest-
ing that the use of GLP-1RAs might not heighten the risk
of OSCC but could potentially confer protective effects.

Furthermore, Semaglutide may be a novel potential agent
in the investigation of new therapeutic strategies and the
combination with current chemotherapy agents for OSCC.

Nonetheless, this study still harbors several limitations
that need to be addressed in future studies. Firstly, func-
tional studies using GLP-1R knockdown models should be
conducted in the future to further verify whether the effects
of Semaglutide are mediated entirely by GLP-1R. Secondly,
it’s necessary to expand the sample size to verify the univer-
sality of the conclusion about the difference of the GLP-1R
expression in OSCC and normal tissues, focus on the clinical
and pathological correlation between GLP-1R expression
and OSCC, and further explore the relationship between
GLP-1R and OSCC patient prognosis in the follow-up stud-
ies. What’s more, while our subcutaneous xenograft model
demonstrated significant tumor growth inhibition by Sema-
glutide, it does not fully recapitulate the tumor microenvi-
ronment (TME) or metastatic behavior of OSCC. Orthotopic
models may provide more clinically relevant insights into
the effects of Semaglutide on local invasion, lymphatic dis-
semination, and distant metastasis of OSCC. Finally, clini-
cal validation is essential to confirm therapeutic potential
and long-term safety. Future work should explore the risks
and benefits of Semaglutide in patients with OSCC and the
combination of Semaglutide with existing OSCC treatments,
such as chemotherapy or immunotherapy.

Conclusion

In summary, our study first demonstrated that GLP-1R
was expressed at significantly higher levels in OSCC tis-
sues and cells compared with normal controls. Moreover,
our research revealed that Semaglutide inhibited the prolif-
eration, migration and invasion of OSCC cells and induced
apoptosis in vitro. And it significantly attenuated the growth
of xenograft OSCC growth in vivo. Furthermore, the apop-
tosis induced by Semaglutide was related to the activation
of P38 MAPK signaling pathway. This study expanded our
comprehension of the relationship between GLP-1RAs and
OSCC and provided some supporting evidence for the safety
of Semaglutide in clinical application.
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«Fig. 6 Semaglutide activated the P38 MAPK signaling pathway. a
Protein levels of MAPK signaling pathways of Cal27 and HSC4 cells
after Semaglutide treatment (0, 5, or 10 pmol/L, 48 h) were meas-
ured by western blot. The results showed that Semaglutide increased
the expression of p-P38 without influence on other marker proteins
of MAPK signaling pathway. b After Semaglutide (5 pmol/L) and/
or BIRB796 (10 umol/L) treatment for 48 h, protein levels of p-P38,
P38, Bcl-xL, and Bax of Cal27 and HSC4 cells were examined by
western blot. The data revealed that co-treatment with BIRB796
and Semaglutide increased Bcl-xL expression and decreased Bax
expression compared to treatment with Semaglutide alone. ¢ Rep-
resentative images of p-P38 and P38 in xenograft transplantation
model of OSCC by IHC staining. The results showed that Sema-
glutide increased the expression of p-P38 without influence on total
P38. (N=3 for Fig. a, b, n=6 for Fig. ¢; Mean+SD; *P<0.05,
**P<0.01, ¥**P <0.001, ****P <0.0001; student’s t test or one-way
ANOVA with Tukey’s multiple comparisons)
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