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Abstract: Coptisine (COP) is an isoquinoline alkaloid with anti-tumor potential. However, its function and specific
mechanisms in oral squamous cell carcinoma (OSCC), particularly its role in regulating the tumor microenvironment,
remain unclear. The optimal intervention dose of COP was determined using the Cell Counting Kit-8 (CCK-8) assay.
The effects of COP on the malignant phenotype of OSCC cells were evaluated by wound healing assay, flow cytom-
etry, and Transwell assays. Mitochondrial function was evaluated using Seahorse energy metabolic analysis, com-
mercial assay kits, and reactive oxygen species (ROS) detection. A co-culture system of THP-1-derived macrophages
and OSCC cells was established, and the polarization phenotype was analyzed using flow cytometry and Western
blotting. The mitochondrial-targeted antioxidant MitoQ, the pathway inhibitor AG490, and the activator Colivelin
were used in rescue experiments to demonstrate the key roles of the Janus kinase 2/signal transducer and activator
of transcription 3 (JAK2/STAT3) axis. COP at concentrations of 25, 50 and 100 uM significantly suppressed prolif-
eration and epithelial-mesenchymal transition (EMT) and promoted apoptosis in OSCC cells. Mechanistically, COP
inhibited JAK2/STAT3 signaling, reduced adenosine triphosphate (ATP) production and mitochondrial membrane
potential (MMP), and increased ROS levels, thereby inducing mitochondrial dysfunction and ultimately inhibiting
the growth of SCC-9 cells; MitoQ reversed these effects. Within the tumor microenvironment, COP also inhibited the
JAK2/STAT3 pathway in macrophages, promoted its polarization toward M1 type, and inhibited its conversion to M2
type. Co-culture with M1 macrophages significantly attenuated the malignant phenotype of SCC-9 cells, which was
reversed by Colivelin. In summary, COP exerts dual anti-OSCC effects by inducing mitochondrial dysfunction and
oxidative stress through inhibition of the JAK2/STAT3 signaling pathway, as well as by promoting the polarization of
macrophages toward the M1 anti-tumor phenotype via the same pathway.
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Introduction ness, early propensity for lymph node metasta-
sis, and resistance to traditional chemothera-
peutic agents. Consequently, patients often
exhibit unfavorable prognosis, and postopera-
tive quality of life remains unsatisfactory [4, 5].
Therefore, the treatment and prognosis of

OSCC continue to face severe challenges.

Oral squamous cell carcinoma (OSCC) is a
malignant tumor derived from squamous epi-
thelium of the lip, buccal mucosa, tongue, pal-
ate, and maxillofacial skin [1, 2]. The global
annual incidence of oral cancer is approximate-
ly 389,000, ranking 16th among all malignan-

cies, with a death toll of 188,000, ranking 14th Normal mitochondrial function is essential for

in cancer-related mortality [3]. Despite rapid
advances in therapeutic strategies and tech-
niques, the mortality rate of OSCC remains
high, primarily due to its aggressive invasive-

cellular processes, including metabolism, prolif-
eration, migration, and apoptosis. Disruption of
these processes can lead to mitochondrial dys-
function, thereby contributing to tumorigenesis.
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Oxidative stress represents a key cellular res-
ponse to pathological stimulation and is mani-
fested by excessive production of reactive oxy-
gen species (ROS), which promotes the forma-
tion of a tumor-supportive microenvironment
[6]. ROS accumulation induces mitochondrial
DNA damage, leading to progressive dysfunc-
tion of the respiratory chain, alterations in mito-
chondrial dynamics, and abnormalities in mito-
chondrial membrane potential (MMP). In turn,
mitochondrial dysfunction aggravates oxidative
stress and contributes to the progression of
OSCC [7, 8]. Therefore, targeting mitochondrial
dysfunction may represent a potential strategy
to inhibit OSCC development.

Tumor development depends not only on the
intrinsic proliferative capacity of cancer cells
but also on interactions within the tumor micro-
environment (TME). Tumor-associated macro-
phages (TAMs), which infiltrate tumor tissues,
play critical roles in regulating tumor immune
responses and are strongly associated with
OSCC invasion and metastasis. TAMs are gen-
erally divided into two phenotypes due to their
heterogeneity, namely M1 type and M2 type.
M1 macrophages exert anti-tumor effects by
promoting inflammatory response, whereas M2
macrophages facilitate tumor growth and me-
tastasis by suppressing inflammatory response
[9-11]. M1 macrophages can produce a variety
of pro-inflammatory cytokines, including induc-
ible nitric oxide synthase (iNOS), interleukin-6
(IL-6), and tumor necrosis factor-a (TNF-&) [12,
13]. Studies have demonstrated that promot-
ing TAM polarization to M1 phenotype can
inhibit the invasion and metastasis of OSCC
[14], which may represent a promising thera-
peutic strategy for OSCC.

The Janus kinase 2 (JAK2)/signal transducer
and activator of transcription 3 (STAT3) axis is
a critical intracellular signaling pathway invo-
Ived in the regulation of tumorigenesis and
development through modulation of multiple
downstream effectors [15, 16]. Persistent acti-
vation of JAK2/STAT3 signaling has been ob-
served in OSCC and contributes to tumor pro-
gression and metastasis [17]. Previous studies
have reported that inhibiting JAK2/STAT3 sig-
naling can suppress macrophage M2 polariza-
tion and malignant phenotypes, including tu-
mor cell proliferation and invasion [18]. In addi-
tion, this signaling is closely associated with
mitochondrial function. Inhibition of this path-
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way has been reported to alleviate mitochon-
drial dysfunction and regulate necroptosis [19].
Targeting this axis, along with activation of
mitochondrial apoptosis, has been proposed
as a therapeutic strategy for hepatocellular car-
cinoma [20].

Natural products have garnered significant
attention in tumor therapy due to their multi-
target properties and relatively low toxicity.
Coptisine (COP) is an isoquinoline alkaloid ex-
tracted from traditional Chinese medicines
such as Coptis chinensis and Phellodendron
amurense, and exhibits extensive biological
activities. COP has been reported to exert anti-
inflammatory, anti-oxidant, hypoglycemic, and
anti-tumor effects [21]. In terms of its anti-
tumor effects, COP has been shown to inhibit
the growth of various malignant tumor cells
through mechanisms including cell cycle arrest,
suppression of angiogenesis, and inhibition of
tumor cell metastasis [22-24]. Notably, COP
can also induce mitochondrial dysfunction and
ROS production in tumor cells [25]. Given its
favorable safety profile and low toxicity, COP
represents a promising candidate for novel
anti-tumor drug development.

However, the inhibitory effects of COP on OSCC
and the underlying mechanisms remain in-
completely elucidated. Therefore, in this study,
human OSCC cells and human mononuclear
leukemia cells (THP-1) were utilized to establish
in vitro models. We aimed to investigate the
effects of COP on malignant phenotypes, mito-
chondrial dysfunction, macrophage polariza-
tion, and the JAK2/STAT3 signaling pathway in
OSCC. This study seeks to offer experimental
bases for the application of COP in OSCC
therapy.

Methods
Cell model and grouping

Human monocytic leukemia THP-1 and OSCC
cell lines (SCC-25 and SCC-4) were obtained
from SUNNCELL (SNL-044, SNL-512, SNL-570;
Wuhan, China), human normal oral keratino-
cytes (HOK) and OSCC cell lines (SCC-9 and
CAL-27) were purchased from Procell (CP-H382,
CL-0571, CL-0265; Wuhan, China).

THP-1 cells were cultured in RPMI-1640 medi-
um (containing 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (P/S)) (SNM-
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001E, SUNNCELL). SCC-9, SCC-25 and SCC-4
cells were cultured in DMEM/F12 medium (con-
taining 10% FBS and 1% P/S) (SNM-004E,
SUNNCELL). HOK and CAL-27 cells were cul-
tured in DMEM medium (containing 10% FBS
and 1% P/S) (SNM-002E, SUNNCELL). All cells
were incubated at 37°C in a humidified atmo-
sphere containing 5% CO, (3111, Thermo Fi-
sher, Waltham, Massachusetts, USA), and the
medium was replaced every 24 h. Cells were
passaged at 70%-80% confluence. Cell line
authentication was verified by short tandem
repeat (STR) analysis. Mycoplasma contamina-
tion was routinely tested using a mycoplasma
detection kit (CA1080, Solarbio, Beijing, China),
and the results were confirmed to be negative.

HOK and OSCC cells were seeded at a density
of 2x10* cells/well and treated with COP at
concentrations of 0, 6.25, 12.5, 25, 50, 100
and 200 pM (HY-NO430, MedChemExpress,
Shanghai, China) for 24 and 48 h, respectively.
Subsequently, 10 yL Cell Counting Kit-8 (CCK-
8) reagent (SNK-010, SUNNCELL) was added.
Followed by incubation at 37°C for 2 h. The
optical density (OD) at 450 nm was measured
using microplate reader (SpectraMax iD3s,
Molecular Devices, Shanghai, China) to deter-
mine the optimal treatment conditions.

SCC-9 cells were treated with 100 uM COP in
the presence or absence of 1 uM mitochondri-
al-targeted antioxidant MitoQ (HY-100116A,
MedChemExpress), 20 uM JAK2 inhibitor AG-
490 (HY-12000, MedChemExpress), or 10 uM
STAT3 activator Colivelin (HY-P1061, MedChem-
Express) for 24 h [26-28].

Induced differentiation and co-culture of THP-
1 cells

THP-1 cells were routinely cultured in medium
containing 200 nM PMA (HY-18739, MedChem-
Express) for 24 h to induce differentiation into
MO macrophages. For M1 polarization, MO ma-
crophages were further stimulated with 20 ng/
mL interferon-y (IFN-y, POO028, Solarbio) and
100 ng/mL lipopolysaccharide (LPS, 1L.2020,
Solarbio) for 24 h. For M2 polarization, MO mac-
rophages were treated with 20 ng/mL IL-4 (PO-
0021, Solarbio) and 20 ng/mL IL-13 (P00131,
Solarbio) for 24 h. THP-1 cells, MO, M1 and M2
macrophages were collected and cell morphol-
ogy was observed under a microscope (Cyta-
tionb, BioTek, Winooski, Vermont, USA) [29].
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THP-1 cells, as well as M1 and M2 macro-
phages, were treated with COP (1, 5, 10, 20,
40, 80, and 100 uM), 5 pg/mL anti-TNF-a
(PHC3015L, Thermo Fisher), 20 uM AG490, or
10 uM Colivelin for 24 h. According to the
Transwell non-contact co-culture model [30],
THP-1 cells or polarized macrophages (M1 and
M2), treated with COP (10, 20, and 40 uM), 5
pg/mL anti-TNF-a, 20 yM AG490, or 10 uM
Colivelin, were seeded into the upper chamber
of Transwell inserts (pore size 0.4 um, 3401,
Corning, NY, USA) at a density of 2x10° cells/
mL. SCC-9 cells were seeded in the lower cham-
ber at a density of 4x10° cells/well. After co-
culture for 24 h, cells and culture supernatants
from both chambers were collected for subse-
quent experiments.

Edu staining

OSCC cells were treated with 25, 50, and 100
MM COP for 24 h. The Edu working solution
(SNK-014, SUNNCELL) was prepared according
to the manufacturer’s instructions, and pre-
heated (37°C) EdU solution (20 uM) was added
to each well of a 24-well plate in an equal vol-
ume, followed by incubation at 37°C for 2 h.
Subsequently, cells were washed 1-2 times
with PBS to remove unincorporated Edu. Cells
were then fixed with 4% paraformaldehyde
(P1110, Solarbio) for 30 min, permeabilized
with 0.5% Triton X-100 (IR9073, Solarbio) for
15 min, and subsequently incubated with Click
reaction solution for 30 min. Nuclear staining
was performed using DAPI (ID22502, Solarbio)
for 10 min. Positive fluorescence expression
was observed and recorded under a micro-
scope (IX73, Olympus, Tokyo, Japan).

Cell scratch test

SCC-9 and CAL-27 cells (2x10° cells/well) were
seeded in 6-well plates. When the cell density
reached approximately 90-100% confluence, a
linear scratch was created using a sterile 100
uL pipette tip. Cells were then incubated with
COP for 24 h. The scratch area was photo-
graphed by microscope at O h and 24 h, and
the cell migration of each group was obser-
ved. Cell migration was evaluated by measuring
the wound width using ImageJ software (NIH,
Bethesda, MD, USA). Relative migration rate =
(scratch width at O h - scratch width at 24 h)/
scratch width at O h.
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Transwell invasion assay

Matrix gel (356234, Solarbio) was thawed at
4°C and diluted with serum-free medium at a
ratio of 1:8. Subsequently, 100 uL of diluted
matrix gel was added to the upper chamber of
Transwell inserts (24-well plate, 3422, Corning,
NY, USA) and allowed to polymerize at 37°C for
0.5-1 h.

OSCC cells (4x10* cells/well) suspended in
100 pL serum-free medium were seeded into
the upper chamber, while 500 uL medium con-
taining 20% FBS was added to the lower cham-
ber as a chemoattractant. After incubation at
37°C for 24 h, non-invading cells on the upper
surface were gently removed using cotton
swabs, whereas cells migrated to the lower sur-
face were considered invasive cells. The invad-
ed cells were fixed with 4% paraformaldehyde
for 15 min and stained with 0.1% crystal violet
(CO121, Beyotime, Shanghai, China) for 30
min. After washing, stained cells were observed
and counted under a microscope.

Flow cytometry experiment

After intervention, OSCC cells were digested
with trypsin, collected into flow cytometry
tubes, and resuspended in 100 pL binding buf-
fer. Subsequently, 5 yL Pl and 5 uyL Annexin
V-FITC (E-CK-A211, Elabscience, Wuhan, China)
were added. The samples were gently vortexed
and incubated in the dark for 15 min at room
temperature. After incubation, 400 yL binding
buffer was added, and apoptotic cells were
immediately analyzed using a flow cytometer
(LSRFortessa, BD Biosciences, San Jose, Ca-
lifornia, USA).

The induced M1 and M2 macrophages were
resuspended into single cell suspension (1x10°
cells/100 pL). M1 macrophages were stain-
ed with anti-human CD86-FITC (374203, Bio-
legend, San Diego, CA, USA) and anti-human
CD11b-APC (340007, Biolegend), while M2 ma-
crophages were stained with anti-human CD-
206-PE (321105, Biolegend) and anti-human
CD11b-APC (340007, Biolegend). After incuba-
tion at 4°C for 30 min in the dark, cells were
resuspended in 500 pL paraformaldehyde fix-
ative. M1 macrophages was determined as
CD86*CD11b* cells, whereas M2 macrophages
were identified as CD206*CD11b* cells. Po-
larization efficiency was subsequently quanti-
fied based on the percentage of positive cells.
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Colony formation assay

OSCC cells were seeded into 35 mm culture
dishes (430165, Corning, NY, USA) containing 2
mL complete medium. To ensure uniform cell
distribution, the culture dishes were slowly ro-
tated for 1 min after seeding. After cell attach-
ment, the medium was replaced with fresh
medium containing different concentrations of
COP. Cells were cultured for approximately 14
days, during which cell growth and colony for-
mation were monitored. Colonies with a diam-
eter greater than 50 um were considered valid
colonies. At the end of the incubation, cells
were fixed with 4% paraformaldehyde for 20
min and stained with 0.1% crystal violet (CO-
121, Beyotime, Shanghai, China) for 10 min.
After washing and air-drying, colonies were
observed and counted under a microscope.

Western blot (WB)

Cells were harvested and lysed using RIPA buf-
fer (PO013B, Beyotime) supplemented with a
protease inhibitor mixture (P1005, Beyotime).
After incubation on ice for 30 min, lysates were
centrifuged at 12000 r/min for 15 min at 4°C,
and the supernatants were collected as the
total protein extracts. Protein concentrations
was quantified using a BCA kit (PO010, Be-
yotime). Equal amounts of protein were dena-
tured by boiling and separated by 12% sodium
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) (PO012A, Beyotime), followed
by transfer onto polyvinylidene difluoride (PV-
DF) membranes (FFP39, Beyotime). After block-
ing with 5% skim milk (P0216, Beyotime) for 2
h, the membranes were incubated with prima-
ry antibodies overnight at 4°C. After washing,
membranes were incubated with HRP-conjuga-
ted secondary antibody (ab205718, Abcam,
Cambridge, UK) for 2 h at room temperature.
Protein bands were visualized using an en-
hanced chemiluminescence (ECL) detection
system (PO0O18M, Beyotime) and imaged with a
ChemiDoc MP imaging system (Bio-Rad, CA,
USA). Band intensities were quantified using
Image] software, and target protein expression
levels were normalized to GAPDH.

The primary antibody used in this study includ-
ed E-cadherin (ab231303, 1:1000, Abcam),
B-cell lymphoma 2 (Bcl2, ab32124, 1:1000,
Abcam), N-cadherin (ab321897, 1:1000, Ab-
cam), Vimentin (ab16700, 1:1000, Abcam),
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Snail (@ab216347, 1:1000, Abcam), Bcl2 associ-
ated X protein (Bax, ab53154, 1:1000, Abcam),
caspase3 (ab32351, 1:5000, Abcam), JAK2
(@b39636, 1:1000, Abcam), p-JAK2 (ab195055,
1:2000, Abcam), cleaved-caspase3 (ab2302,
1:500, Abcam), IL-1B (@b216995, 1:1000, Ab-
cam), iNOS (ab314088, 1:1000, Abcam), CD-
206 (DF4149, 1:1000, Affinity, Jiangsu, China),
IL-10 (@b133575, 1:1000, Abcam), Arginase
1 (Argl, DF3791, 1:1000, Affinity), STAT3 (ab-
68153, 1:2000, Abcam), p-STAT3 (ab76315,
1:1000, Abcam), and GAPDH (ab128915,
1:50000, Abcam).

Adenosine triphosphate (ATP) content

SCC-9 and CAL-27 cells were collected and
lysed with 200 pyL ATP lysis buffer (S0026,
Beyotime) on ice, followed by centrifugation at
12 000 r/min for 5 min at 4°C. The superna-
tants were collected for analysis. In strict accor-
dance with the instructions of ATP detection kit
(50026, Beyotime), 20 uL of supernatant was
mixed with 100 pL of ATP working solution, and
the OD value was measured immediately using
a microplate reader. ATP concentrations were
calculated based on a standard curve.

2’, 7’-dichlorofluorescein yellow diacetate
(DCFH-DA) probe

DCFH-DA (D6471, Solarbio) was diluted in
serum-free medium at a ratio of 1:1000 to
obtain a final concentration of 10 pmol/L. Cells
were incubated with 1 mL of the diluted DCFH-
DA solution at 37°C for 20 min. After incuba-
tion, cells were resuspended with 500 uL PBS
and immediately analyzed by flow cytometry to
determine intracellular ROS levels.

Biochemical assay kits

Treated cells were collected and lysed on ice
using an appropriate lysis buffer. After centrifu-
gation at 4°C, the supernatants were collected.
According to the manufacturer’s protocol, com-
mercial kits were used to measure superoxide
dismutase (SOD, BC5165, Solarbio), malondial-
dehyde (MDA, BC6415, Solarbio) and glutathi-
one/glutathione disulfide (GSH/GSSG, ab138-
881, Abcam). Absorbance values were mea-
sured using a microplate reader, and the levels
of SOD, MDA and GSH/GSSG were quantified
according to standard curves.
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Mitochondrial reactive oxygen species (mtROS)
levels detected using MitoSOX Red

MitoSox Red (M4830, Solarbio) was diluted in
PBS to prepare a 2 pmol/L staining working
solution. After treatment, OSCC cells were incu-
bated with 100 yL MitoSox Red staining solu-
tion at 37°C for 30 min. Subsequently, cells
were washed with PBS to remove excess dye.
Fluorescence was captured using a fluores-
cence microscope, and the average red fluores-
cence intensity (35 random fields) was quanti-
fied to evaluate mtROS levels.

Assessment of MMP levels using JC-1 probe

After removing the culture medium, OSCC cells
were incubated with a mixture of fresh culture
medium (1 mL) and JC-1 staining working solu-
tion (1 mL; M8650, Solarbio) at 37°C for 20
min. After incubation, cells were washed and
resuspended in fresh medium.

Fluorescence images were acquired using an
inverted microscope. Six random fields per
group were selected for imaging. The fluores-
cence intensity of red and green signals were
quantified using Image J software, and the ratio
of red to green fluorescence was calculated to
assess MMP levels.

Oxygen consumption rate (OCR) measurement

OSCC cells were seeded into Seahorse XF24
cell culture plates (103722-100, Agilent, Santa
Clara, California, USA) at 1x10° cells/well and
incubated overnight. Bioenergy detection was
performed directly after cell intervention. Oli-
gomycin (Oligo, 1 uM, 445851, Merck Millipore,
Burlington, Massachusetts, USA) was injected
to inhibit mitochondrial ATP production. Subse-
quently, carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP; 2 uM; C2920, Sigma-
Aldrich, St. Louis, Missouri, USA) was added to
uncouple oxidative phosphorylation and deter-
mine maximal respiration. Finally, 0.5 yM rote-
none (R8875, Sigma-Aldrich) and antimycin A
(A8674, Sigma-Aldrich) were injected to inhibit
complexes | and lll, respectively, thereby deter-
mining non-mitochondrial respiration. OCR was
measured at specified time intervals according
to the manufacturer’s protocol, and data were
exported for subsequent analysis.
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Enzyme-linked immunosorbent assay (ELISA)

Polarization markers were detected using ELI-
SA kit. Kits for TNF-«, IL-12, IL-10, and trans-
forming growth factor-f3 (TGF-B) were purchased
from Elabscience (E-EL-H0109, E-EL-H0150,
E-EL-H6154, E-EL-0162). Following treatment,
cell culture supernatants were collected for
analysis. 50 uL of standard solution was added
to the standard wells. For sample wells, 10 uL
of sample was mixed with 40 uL of sample dilu-
ent. Blank wells contained only assay buffer.
Subsequently, 100 uyL of enzyme-labeled anti-
body was added to each well (except blank
wells), and the plate was incubated at room
temperature for 60 min in the dark.

After incubation, the plate was rinsed 5 times
and air-dried. Then, 50 uL of substrate A and B
were added to each well and incubated for 15
min at 37°C in the dark. Finally, 50 yL stop
solution was added to terminate the reaction.
The OD value at 450 nm was immediately mea-
sured using a microplate reader. Cytokine con-
centrations were calculated based on standard
curves.

Statistical analysis

Statistical analyses were performed using
SPSS 27.0, and graphical presentations were
realized using GraphPad Prism 9.0. All data
were expressed as mean + standard deviation
(SD).

Normality of data distribution was assessed
using the Shapiro-Wilk test, whereas homoge-
neity of variance was evaluated using the
Lenvene’s test, with P > 0.05 indicating normal
distribution and equal variances. The Student’s
t-test was used for two-group comparison, and
One-way ANOVA analysis followed by Tukey post
hoc test were used for comparison among mul-
tiple groups. For data involving repeated mea-
surements over time (e.g., OCR curves), Two-
way repeated measures ANOVA was performed,
with Bonferroni correction applied for multiple
comparisons. A value of P < 0.05 was consid-
ered statistically significant.

Results
COP inhibited OSCC cell malignant phenotype

COP exhibited significant anti-cancer activity,
and its chemical structure is shown in Figure
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1A. In this study, treatment with 100 uM COP
exerted minimal effects on the viability of nor-
mal human oral keratinocytes (HOK) (Figure
1B), suggesting that it had a good safety win-
dow for normal cells. However, COP significantly
inhibited OSCC cell viability in a concentration-
and time-dependent manner. Among them,
SCC-9 and CAL-27 cells showed greater sensi-
tivity to COP treatment (Figure 1C-F) and were
therefore selected for subsequent study.

After treatment with 25, 50, and 100 uM COP
for 24 h, Edu experiment demonstrated that
the Edu fluorescence intensity significantly
decreased (Figure 1G-l), indicating decreased
DNA synthesis and proliferation. Moreover, COP
treatment significantly delayed wound closure
(Figure 1J-L) and reduced the number of inva-
sive cells (Figure 1M-0), indicating that COP
effectively suppressed OSCC cell migration and
invasion ability. WB analysis of epithelial-mes-
enchymal transition (EMT)-related markers
showed that COP treatment upregulated E-
cadherin expressions and downregulated N-
cadherin, Vimentin, and the key transcription
factor Snail (Figure 1P-T). These findings indi-
cate that COP significantly inhibits EMT, provid-
ing a mechanistic basis for its anti-metastatic
effects.

COP induced apoptosis in OSCC cells

COP treatment significantly increased the apop-
totic rate of OSCC cells (Figure 2A-C), confirm-
ing its pro-apoptotic effect. WB analysis also
revealed that COP markedly upregulated the
expression of pro-apoptotic proteins Bax and
cleaved caspase-3, and significantly inhibited
the anti-apoptotic protein Bcl-2 (Figure 2D-G).
These results indicate that COP induces apop-
tosis in OSCC cells.

COP induced OSCC cell damage by promoting
mitochondrial dysfunction and oxidative stress

Mitochondrial dysfunction and the resulting
oxidative stress represent key mechanisms
underlying tumor cell damage. Impaired mito-
chondrial function disrupts the electron trans-
port chain, leading to excessive ROS produc-
tion and eventually cell death. Due to the
enhanced sensitivity of SCC-9 cells to COP, sub-
sequent experiments were performed using
SCC-9 cells.
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Figure 1. Coptisine (COP) inhibited the malignant phenotype of oral squamous cell carcinoma (OSCC) cells. A: COP structure. B: Cell Counting Kit-8 (CCK-8) assay
showing the effects of COP (0-200 uM) on the activity of normal oral keratinocytes (HOK). COP at 100 uM exhibited minimal effects on cell viability. C-F: CCK-8 assay
showing the effects of COP (0-100 uM) on the viability of OSCC cell lines. COP significantly inhibited cell activity in a concentration-dependent manner. G-I: Edu in-
corporation assay showing that COP treatment significantly reduced OSCC cell proliferation (x40, 50 um). J-L: Cell scratch assays demonstrating that COP treatment
significantly suppressed cell migration (x10, 200 um). M-0: Transwell invasion assays showing that COP treatment significantly reduced the invasion ability of OSCC
cells (x20, 100 um). P-T: Western blot analysis of epithelial-mesenchymal transition (EMT)-related protein expressions. COP significantly upregulated E-cadherin
level and downregulated N-cadherin, Vimentin, and Snail expressions. "P < 0.05, P < 0.01, **P < 0.001 vs. Control group.
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Figure 2. COP induced OSCC cell apoptosis. A-C: Flow cytometry analysis of apoptosis in OSCC cells. D-G: WB analysis of apoptosis-related proteins. *P < 0.05, **P
< 0.01, ""P < 0.001 vs. Control group.
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COP treatment markedly reduced intracellular
ATP levels in SCC-9 cells (Figure 3A), indicating
impaired energy production. Meanwhile, intra-
cellular ROS levels were increased significantly
after COP treatment (Figure 3B, 3C). In addi-
tion, the levels of key antioxidant enzyme SOD
and GSH/GSSG declined markedly, whereas
the lipid peroxidation end product MDA was
markedly increased (Figure 3D-F). Consistently,
MitoSOX Red staining revealed a significant
increase in mtROS levels (Figure 3G, 3H), indi-
cating the induction of oxidative stress.

Moreover, JC-1 staining showed an increase in
green monomer fluorescence and a decrease
in red aggregation fluorescence, indicating a
significant reduction in mitochondrial mem-
brane potential (MMP) (Figure 3l, 3J) and im-
paired mitochondrial integrity and depolariza-
tion. Seahorse analysis further showed that
COP significantly reduced OCR (Figure 3K), indi-
cating impaired respiratory function. These
findings demonstrate that COP induces pro-
nounced mitochondrial dysfunction in OSCC
cells.

Subsequently, SCC-9 cells were treated with
COP (100 pM) in the presence or absence of
mitochondrial-targeted antioxidant MitoQ (1
uM). MitoQ alone did no significantly affect col-
ony formation, migration, or apoptosis in SCC-9
cells, indicating that MitoQ itself did not change
the basal phenotype of SCC-9 cells under the
experimental conditions. Compared with COP
treatment alone, COP+MitoQ treatment signi-
ficantly restored cell colony formation ability
(Figure 3L, 3M), increased cell migration and
invasion ability (Figure 3N-Q), and significantly
reduced COP-induced apoptosis (Figure 3R,
3S). These results indicate that COP-induced
mitochondrial dysfunction and oxidative stress
are key upstream events mediating its inhibito-
ry effects on the malignant phenotype of OSCC
cells. In summary, COP exerts anti-tumor eff-
ects partially by inducing mitochondrial dys-
function and excessive mitochondrial oxidative
stress.

COP promoted macrophage polarization
toward the M1 phenotype and suppressed the
malignant phenotype of OSCC cells

M1-polarized macrophages exert anti-tumor

activity, whereas M2-polarized macrophages
promote tumor growth and invasion. In this
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study, THP-1 cells were first induced with PMA
to differentiate into MO macrophages, followed
by polarization into M1 and M2 phenotypes.
Morphological observation revealed that the
transparent spherical cells originally suspend-
ed in the culture medium gradually adhered
and spread, with increased intercellular adhe-
sion and stabilized morphology. M1 macro-
phages showed a rounded, flattened morphol-
ogy, whereas M2 macrophages showed an
elongated, fibroblast-like morphology (Figure
4A).

The proportion of CD86*CD11b* M1 macro-
phages reached 88.0%, while CD206*CD11b*
M2 macrophages was 96.7% (Figure 4B, 4C),
indicating successful polarization. THP-1 cells
were exposed to COP (0-100 uM) for 24 h, and
concentrations < 40 uyM demonstrated little
effects on cell viability (Figure 4D). Therefore,
10, 20, and 40 yM COP were selected for sub-
sequent experiments.

Subsequently, COP was used to treat M1 and
M2 macrophages. ELISA results showed that
COP treatment significantly increased the se-
cretion of M1-associated cytokines TNF-a and
IL-12, characteristic pro-inflammatory factors,
while reducing M2-associated cytokines IL-
10 and TGF-B (Figure 4E-H). Consistently, COP
markedly increased the proportion of CD86*
macrophages and M1 markers (iNOS and
CD86), while reducing the proportion of CD206*
macrophages and M2 markers (Argl, IL-10 and
CD206) (Figure 41-P). These findings indicate
that COP specifically promotes macrophage
polarization toward M1 type.

Using a Transwell co-culture system, the func-
tional impact of COP-treated macrophages on
OSCC cells was further evaluated. Co-culture
with COP-treated, M1-polarized macrophages
significantly reduced colony formation, migra-
tion, and invasion of SCC-9 cells (Figure 4Q-V),
indicating significant inhibition of malignant
phenotype of tumor cells.

To elucidate the contribution of M1 macro-
phage polarization to the anti-OSCC effects of
COP, an anti-TNF-a antibody was used to block
a key effector cytokine of M1 macrophages.
Compared with the control group, COP-treated
M1 macrophages significantly inhibited the pro-
liferation, migration, and invasion of SCC-9
cells. It was worth noting that blockade of
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Figure 3. COP induced mitochondrial dysfunction and oxidative stress in OSCC cells. A: Intracellular adenosine triphosphate (ATP) levels were detected using a
commercial kit. B, C: Intracellular reactive oxygen species (ROS) levels were detected using 2’,7’-dichlorofluorescein yellow diacetate (DCFH-DA). D-F: Superoxide
dismutase (SOD), malondialdehyde (MDA) and glutathione/glutathione disulfide (GSH/GSSG) were measured using assay kits. G, H: MitoSOX Red staining was used
to evaluate the levels of mitochondrial reactive oxygen species (mtROS) in SCC-9 cells (x40, 50 uym). |, J: JC-1 staining was performed to assess mitochondrial mem-
brane potential (MMP) (x40, 50 um). K: Oxygen consumption rate (OCR) was measured using a Seahorse analyzer. L, M: Colony formation assays were performed
to detect cell proliferation following co-treatment with COP and the mitochondrial-targeted antioxidant MitoQ. N, O: Transwell invasion assays showed that MitoQ
treatment significantly increased after the invasive ability of SCC-9 cells (x20, 100 um). P, Q: Cell scratch assays demonstrated that MitoQ treatment significantly
enhanced cell migration (x10, 200 pym). R, S: Flow cytometry analysis showed that MitoQ treatment significantly reduced apoptosis in SCC-9 cells. Ns, not signifi-
cant, "P < 0.05, P < 0.01, P < 0.001 vs. Control group; #*P < 0.01 vs. 100 uM COP group.
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Figure 4. A-V: COP promoted macrophage polarization toward M1 phenotype and suppressed OSCC cell malignant phenotype. A: Morphological characteristics of
THP-1 cells and differentiated MO, M1 and M2 macrophages were observed under a microscope (x20, 100 um). B, C: Flow cytometry analysis of macrophage polar-
ization: M1 macrophages identified as CD86*CD11b" cells and M2 macrophages as CD206*CD11b* cells. D: CCK-8 assay showing the effects of COP on THP-1 cell
activity. E-H: Enzyme-linked immunosorbent assay (ELISA) of macrophage-associated cytokines following COP treatment. I-L: Flow cytometry analysis of CD86* and
CD206" cell populations. COP treatment increased the proportion of CD86"* cells and declined CD206* cells. M-P: WB analysis of macrophage polarization-specific
proteins. COP significantly increased inducible nitric oxide synthase (iNOS) and CD86 protein levels and decreased Arginase 1 (Argl), IL-10 and CD206 protein
levels. Q, R: Colony formation assays of SCC-9 cells co-cultured with COP-treated M1 or M2 macrophages. S, T: Transwell invasion assays showing that COP treat-
ment significantly reduced the invasive ability of SCC-9 cells (x20, 100 um). U, V: Cell scratch assays demonstrating that COP treatment significantly inhibited cell
migration (x10, 200 um). ns, not significant, *P < 0.05, “*P < 0.01, "**P < 0.001 vs. Control group. W-Y: Blocking M1 macrophage function attenuated the anti-tumor
effect of COP on OSCC cells. W: Colony formation assay of SCC-9 cells co-cultured with COP-treated M1 macrophages in the presence or absence of anti-TNF-a. X:
Wound healing assay showing that neutralization of TNF-« significantly enhanced the migration ability of SCC-9 cells. Y: Transwell invasion assay demonstrating
that anti-TNF-a treatment significantly increased the invasive ability of SCC-9 cells (x20, 100 ym). "*P < 0.001 vs. Control group; #P < 0.01 vs. 40 uM COP group.
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TNF-a significantly attenuated these inhibitory
effects, manifested by increased colony forma-
tion, accelerated wound healing, and enhanced
invasion (Figure 4W-Y).

These findings demonstrate that COP not only
directly suppresses tumor cell growth but also
modulates the TME by promoting macrophage
polarization toward the M1 type, thus playing a
dual anti-tumor role.

COP inhibited the JAK2/STAT3 signaling

The JAK2/STAT3 pathway is a canonical signal-
ing cascade involved in inflammation and tumor
progression. In SCC-9 cells, COP treatment sig-
nificantly reduced the levels of p-JAK2 and
p-STAT3 proteins, while exerting minimal eff-
ects on total JAK2 and STAT3 protein levels
(Figure 5A, 5B), indicating that COP specifically
inhibits pathway activation. Treatment with
AG490 (the JAK2 inhibitor) further enhanced
the inhibitory effect of COP on this pathway,
whereas Colivelin (the STAT3 activator) effec-
tively reversed COP-mediated suppression of
this pathway (Figure 5C, 5D). Consistently, COP
treatment also downregulated JAK2/STAT3 sig-
naling in both M1 and M2 macrophages (Figure
5E-G), and AG490 further enhanced this inhibi-
tory effect (Figure 5H-J). In summary, COP eff-
ectively suppresses JAK2/STAT3 signaling in
both OSCC cells and macrophages.

COP induced mitochondrial dysfunction via the
JAK2/STAT3 axis and suppressed OSCC cell
growth

Compared with COP treatment alone, AG490
further reduced ATP production and MMP, while
increasing intracellular ROS, mtROS, and MDA
levels. In addition, AG490 further reduced SOD
activity and the GSH/GSSG ratio, indicating
aggravated mitochondrial dysfunction and oxi-
dative stress. In contrast, Colivelin significantly
reversed COP-induced mitochondrial impair-
ment and oxidative stress (Figure 6A-J). More-
over, AG490 further inhibited the malignant
phenotype of SCC-9 cells, whereas Colivelin
had the opposite effect (Figure 6K-P). These
findings indicate that COP induces mitochon-
drial dysfunction and inhibits malignant pheno-
types of OSCC cells, at least partially through
suppression of the JAK2/STAT3 signaling. More-
over, restoration of STAT3 activity by Colivelin
partially rescued mitochondrial function and
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tumor cell phenotype; however, the addition
of mitochondrial-targeted antioxidant MitoQ
further restored the malignant phenotypes of
OSCC cells, alleviated mitochondrial dysfunc-
tion and oxidative stress. These findings dem-
onstrate that mitochondrial dysfunction and
oxidative stress act as critical downstream
mediators of JAK2/STAT3 signaling in COP-
induced inhibition of OSCC cell growth.

COP promoted macrophage polarization
toward M1 via the JAK2/STAT3 axis and sup-
pressed OSCC cell growth

To investigate whether COP regulates polariza-
tion state of macrophages through the JAK2/
STAT3 axis, M1 or M2 macrophages treated
with COP alone or in combination with AG490
and Colivelin, and subsequently co-cultured
with SCC-9 cells. Compared to COP interven-
tion alone, co-treatment with AG490 enhanced
M1 polarization, as evidenced by an increased
proportion of CD86* cells and elevated TNF-c,
IL-12, iINOS, and CD86 contents, and a simulta-
neous reduction in the proportion of CD206*
cells and IL-10, TGF-B, Argl, and CD206 levels.
On the contrary, co-treatment with Colivelin
effectively reversed the COP-induced M1 polar-
ization and restored M2-related factor expres-
sion (Figure 7A-L).

Co-culture experiments showed that the malig-
nant phenotype of SCC-9 cells was markedly
inhibited after co-culture with COP-treated M1
macrophages, and this inhibitory effect was
further enhanced by AG490 and partially re-
versed by Colivelin (Figure 7M-R). These find-
ings indicate that COP promotes M1 macro-
phage polarization and inhibits OSCC malignant
phenotypes at least in part via inhibiting the
JAK2/STAT3 axis in macrophages.

To explore whether JAK2/STAT3 pathway inhi-
bition by COP serves as a unified upstream
mechanism connecting tumor cells and macro-
phages, a cross-co-culture experiment was per-
formed. SCC-9 cells treated with COP, COP+
AG490 and COP+Colivelin were collected and
co-cultured with M1 or M2 macrophages, and
then the polarization state of macrophages
was detected. After co-culture with COP-treated
SCC-9 cells, macrophages exhibited enhan-
ced M1 polarization characteristics, including
increased secretion of pro-inflammatory fac-
tors (TNF-a and IL-12), up-regulated expression
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Figure 5. COP inhibited the Janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3) pathway. A, B: WB analysis of JAK2/STAT3 axis in SCC-9
cells. COP significantly decreased the protein levels of p-JAK2 and p-STAT3, with minimal effects on total protein levels. C, D: SCC-9 cells were treated with AG490
(JAK2 inhibitor) and Colivelin (STAT3 activator). WB analysis was performed to detect the JAK2/STAT3 signaling pathway. E-G: Western blot analysis of JAK2/STAT3
signaling in macrophages. H-J: M1 and M2 macrophages were treated with AG490 (JAK2 inhibitor) or Colivelin (STAT3 activator). WB detected JAK2/STAT3 axis
proteins. *P < 0.05, P < 0.01, **P < 0.001 vs. Control group; #P < 0.05, #P < 0.01 vs. 100 uM COP/40 uM COP group.
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Figure 6. COP induced mitochondrial dysfunction in OSCC cells through JAK2/STAT3 axis and suppressed OSCC cell growth. A: Intracellular ATP level were measured
using a commercial kit. Colivelin treatment significantly restored ATP levels compared with COP treatment. B, C: Intracellular ROS levels were detected using DCFH-
DA. Colivelin treatment notably lessened reduced ROS levels. D-F: Oxidative stress-related indicators, including SOD, MDA and GSH/GSSG, were measured using
assay kits. Colivelin treatment increased SOD activity and GSH/GSSG ration, while decreasing MDA contents. G, H: mtROS level in SCC-9 cells was measured using
MitoSOX Red staining (x40, 50 ym). |, J: JC-1 staining was performed to assess MMP (x40, 50 um). K, L: Colony formation assays showed that Colivelin treatment
significantly restored the proliferative capacity of SCC-9 cells. M, N: Wound healing assays demonstrated that Colivelin treatment significantly enhanced cell migra-
tion (x10, 200 pm). O, P: Transwell invasion assays showed that Colivelin treatment significantly increased the invasive ability of SCC-9 cells (x20, 100 ym). *"P <
0.001 vs. Control group; #P < 0.05, #P < 0.01 vs. 100 yM COP group; &P < 0.05, &&P < 0.01 vs. 100 yuM COP+Colivelin group.
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Figure 7. A-R: COP promoted macrophage polarization toward the M1 phenotype via the JAK2/STAT3 axis and suppressed OSCC cell growth. A-D: M1 or M2 mac-
rophages treated with COP (40 uM) alone or in combination with AG490 (20 uM) or Colivelin (10 uM) were co-cultured with SCC-9 cells for 24 h. was performed to
measure macrophage-related cytokines. Colivelin treatment significantly decreased TNF-a and IL-12 secretion, while increasing IL-10 and TGF-B levels. E-H: Flow
cytometry analysis of CD86* and CD206* macrophage populations. Colivelin treatment decreased the proportion of CD86* cells and increased CD206" cells. I-L: WB
analysis of macrophage polarization-specific proteins. Colivelin significantly downregulated iNOS and CD86 expression, while upregulating Argl, I1.-10 and CD206
expression. M, N: Colony formation assays of SCC-9 cells were co-cultured with macrophages treated with COP, AG490, or Colivelin. Colivelin treatment significantly
restored the colony formation ability of SCC-9 cells. O, P: Wound healing assays showing that Colivelin treatment significantly enhanced the migration ability of SCC-9
cells (x10, 200 ym). Q, R: Transwell invasion assays demonstrating that Colivelin treatment significantly increased the invasive ability of SCC-9 cells (x20, 100 um).
“P < 0.05, P < 0.01, *P < 0.001 vs. Control group; #P < 0.05, #P < 0.01 vs. 100 uM COP group. S-Z: Inhibition of JAK2/STAT3 signaling pathway in SCC-9 cells
promoted M1 polarization of co-cultured macrophages. S, T: SCC-9 cells treated with COP (100 uM) alone or in combination with AG490 (20 uM) or Colivelin (10
uM) were co-cultured with M1 or M2 macrophages for 24 h. The levels of M1 and M2 macrophage-related inflammatory factors were detected by ELISA. Colivelin
significantly reduced the secretion of TNF-a and IL-12, and increased the levels of IL-10 and TGF-B. U-X: Flow cytometry was used to detect the proportion of CD86*
and CD206* cells. Colivelin treatment significantly reduced the proportion of CD86" cells and increased the proportion of CD206* cells. Y, Z: WB analysis of macro-
phage polarization-specific proteins. Colivelin treatment significantly downregulated the protein levels of iINOS and CD86, and increased the protein levels of Arg1,
IL-:10 and CD206. *P < 0.05, P < 0.01, ™*P < 0.001 vs. Control group; #P < 0.05, *#P < 0.01 vs. 100 uM COP group.
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of M1 markers (CD86, iNOS, and IL-1B), and
down-regulated expression of M2-related fac-
tors (IL-10, TGF-B, CD206, and Argl) (Figure
7S-Z). Notably, co-treatment of SCC-9 cells with
AG490 and COP further enhanced the induc-
tion of M1 polarization, whereas Colivelin-in-
dued activation of STAT3 significantly attenuat-
ed this effect. These results suggest that inhi-
bition of JAK2/STAT3 pathway in tumor cells
constitutes a key upstream event that directs
macrophage polarization toward the anti-tumor
M1 phenotype. Collectively, our findings indi-
cate that the JAK2/STAT3 pathway acts as not
only a common molecular target of COP in
tumor cells and macrophages, but also consti-
tutes a continuous, cross-cell type signal axis.

Discussion

OSCC has an insidious onset and a high pro-
pensity for metastasis, imposing a serious
clinical burden on OSCC patients. Therefore,
identifying more effective therapeutic strate-
gies has become a research hotspot. This stu-
dy demonstrated that COP exerts a dual anti-
tumor effect: it directly acts on OSCC cells,
inducing mitochondrial dysfunction through
inhibition of the JAK2/STAT3 pathway, eventu-
ally leading to cell death; in addition, COP can
independently modulate macrophages, promo-
ting their polarization toward the M1 phenotype
via the same pathway. These findings suggest
that COP has the dual potential of directly kill-
ing tumor cells and remodeling TME. However,
the functional relationship between these two
effects remains to be further elucidated.

Traditional Chinese medicine is an important
part of clinical anti-cancer treatment due to its
multi-target, multi-pathway mechanisms, which
can improve immune function and inhibit tumor
metastasis. COP has been reported to exhibit
anti-inflammatory, antibacterial, and anti-tumor
pharmacological effects. Qian et al. demon-
strated that COP inhibits pyroptosis and pro-
liferation while promoting apoptosis, thereby
suppressing esophageal cancer growth [31].
Similarly, Yang et al. reported that COP exhibits
anti-tumor activity in colon cancer, inhibiting
tumor cell development and inducing apoptosis
[32]. Yu et al. also showed that COP suppresses
malignant biological behaviors in bladder can-
cer cells [33]. Similar to these studies, our
results indicate that COP significantly inhibits
OSCC cell proliferation, migration, and EMT,
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while promoting apoptosis, indicating that COP
had good anti-OSCC potential.

Mitochondria, as the energy centers of cells,
regulate various physiological processes, in-
cluding cell energy production, metabolism,
apoptosis, and ROS production. Evidence sug-
gests that mitochondrial dysfunction contrib-
utes to cancer initiation and progression by aff-
ecting lipid metabolism, oxidative stress, and
ROS production [34, 35]. Mitochondria, as a
primary source of ROS, can stimulate the malig-
nant progression of tumors when ROS produc-
tion is dysregulated. Mitochondrial dysfunction
is strongly associated with oral cancer develop-
ment; for example, Lin et al. reported that plum-
bagin induced apoptosis of drug-resistant oral
cancer cells through ROS-mediated mitochon-
drial dysfunction [36]. Previous studies have
shown that COP can trigger autophagy in hepa-
tocellular carcinoma by inducing ROS-mediated
mitochondrial dysfunction [25]. Moreover, COP
exerts anti-tumor effects by targeting mito-
chondrial complex | [22]. Consistently, our stu-
dy demonstrated that COP treatment markedly
promoted ROS and mtROS production in SCC-9
cells, decreased SOD activity, reduced GSH/
GSSG ratio, diminished MMP, inhibited ATP pro-
duction, and lowered OCR, suggesting that COP
induces mitochondrial dysfunction in OSCC
cells. Importantly, our study further highlighted
the central role of mitochondrial damage: co-
treatment with MitoQ, a mitochondrial-targeted
antioxidant, significantly restored OSCC cell ma-
lignant phenotypes and inhibited apoptosis,
confirming that mitochondrial dysfunction and
oxidative stress are upstream events mediating
the malignant phenotype of OSCC cells. STAT3,
as a key link between membrane receptor sig-
naling and mitochondrial function, has been
shown to translocate to mitochondria to regu-
late the electron transport chain [37]. In this
study, STAT3 activator Colivelin significantly
reversed COP-induced mitochondrial dysfunc-
tion, whereas JAK2 inhibitor AG490 produced a
synergistic effect, supporting the pivotal role of
the JAK2/STAT3 pathway in maintaining mito-
chondrial homeostasis. These findings are con-
sistent with observations in liver and breast
cancers [20, 38], and further extend the func-
tional scope of the JAK2/STAT3 pathway in
tumor metabolic regulation.

TME is a main factor driving tumor invasion and
metastasis [39]. TAMs are critical components
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of TME and exhibit high heterogeneity, with dif-
ferent phenotypes exerting different functional
effects [40]. Macrophages can be polarized
into two major phenotypes: M1 macrophages,
activated by stimuli such as LPS and TNF-c,
secrete pro-inflammatory mediators and gener-
ate large amounts of ROS, thereby exerting
anti-tumor effects; M2 macrophages, induced
by IL-4 and IL-13, produce anti-inflammatory
mediators, and can promote tumor progression
[141, 44]. Tumor cells can induce macrophage
polarization through secreted soluble proteins
or cytokines, and polarized macrophages in
turn regulate tumor invasion and metastasis
[42-44]. M1 macrophages promote tumor inva-
sion and metastasis [11]. In OSCC, TAMs signi
ficantly influence tumor development, and the
polarization state of TAMs is closely linked to
disease progression. COP markedly promoted
the polarization of macrophages toward the
M1 phenotype, evidenced by increased secre-
tion of pro-inflammatory factors, up-regulated
M1 markers, and inhibited M2-related factors.
Moreover, Co-culture experiments further re-
vealed that SCC-9 cell proliferation, migration,
and invasion were significantly inhibited when
exposed to COP-treated M1 macrophages, de-
monstrating that COP promoted macrophage
polarization toward the M1 subtype, thereby
inhibiting the malignant phenotype of OSCC
cells.

Mechanistically, the JAK2/STAT3 axis is abnor-
mally activated in OSCC, driving tumor grow-
th, metastasis, and immune evasion [45-47].
Upon ligand binding, JAK2 is phosphorylated
and subsequently phosphorylates STAT3, which
dimerizes and translocates to the nucleus to
regulate transcription. This pathway also plays
a central role in controlling mitochondrial func-
tion and macrophage polarization. Inhibition of
this pathway can reduce mitochondrial damage
and oxidative stress [48]. Shakya et al. report-
ed that promoting mitochondrial superoxide
production and down-regulating JAK2 and
STAT3 phosphorylation can trigger tumor cell
death [38], whereas pathway activation can
promote tumor progression and macrophage
M2 polarization [49]. Consistently, COP treat-
ment markedly inhibited the JAK2/STAT3 axis.
More importantly, STAT3 activator Colivelin
reversed COP-induced mitochondrial damage
and OSCC cell growth inhibition, while JAK2
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inhibitor AG490 synergistically enhanced COP’s
effect. These results indicate that inhibition of
the JAK2/STAT3 pathway is an upstream event
of COP’s direct anti-cancer effect. Moreover,
COP promoted macrophage M1 polarization
and inhibited OSCC growth via the same path-
way in macrophages, highlighting a unified
molecular mechanism linking tumor cell metab-
olism and immune modulation in the TME.

To further explore whether there is a functional
correlation between the role of COP in tumor
cells and macrophages, a cross-co-culture ex-
periment was designhed. The results showed
that COP-treated SCC-9 cells could significantly
induce macrophage polarization to the M1 phe-
notype. More importantly, when SCC-9 cells we-
re treated with COP in combination with AG490,
its induction of macrophage M1 polarization
was further enhanced; whereas activation of
STAT3 using Colivelin significantly attenuated
this effect. These findings indicate that inhibi-
tion of the JAK2/STAT3 pathway in tumor cells
serves as a key upstream event driving macro-
phage reprogramming. Biologically, the cross-
talk between tumor cells and macrophages is a
core issue of TME regulation [50, 51]. Tumor
cells can domesticate infiltrating macrophages
to obtain tumor-promoting phenotypes via se-
cretion of cytokines, chemokines, exosomes,
and other signaling molecules. In this study,
COP was shown to reprogram macrophages
into an anti-tumor M1 phenotype by inhibiting
JAK2/STAT3 pathway in tumor cells, represent-
ing an indirect immune regulation mechanism.

However, several limitations should be acknowl-
edged. First, the Transwell non-contact co-cul-
ture model used in this study, while useful for
simulating indirect interactions between tumor
cells and macrophages, cannot fully reflect the
complexity of the in vivo TME. In tumor tissues,
tumor-macrophage interactions are dynamic
and influenced by many factors such as stromal
cells, extracellular matrix, and hypoxia. Subse-
quent studies could employ a more complex
three-dimensional co-culture systems to better
simulate the in vivo TME. Second, reverse co-
culture experiments using macrophage-condi-
tioned medium could further clarify whether
there is a bidirectional interactive regulation
loop of ‘macrophage-tumor cells’. Third, all ex-
periments in this study were carried out in vitro,
lacking validation in animal models. Future
work should evaluate the in vivo anti-tumor
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effects of COP in OSCC-bearing mouse models
and elucidate the functional contribution of
macrophages through macrophage depletion
or adoptive transfer experiments. Additionally,
conditional gene knockout models, such as
specific STAT3 knockout mice, could provide
further evidence for the core role of JAK2/
STAT3 pathway in COP-mediated regulation of
macrophage polarization in vivo.

Conclusion

This study systematically elucidated that COP
exerts dual anti-tumor effects in OSCC. On the
one hand, COP directly induces mitochondrial
dysfunction in OSCC cells by inhibiting the
JAK2/STAT3 pathway, leading to cell death. On
the other hand, COP independently acts on
macrophages, promoting their polarization to
the M1 anti-tumor phenotype by inhibiting the
same pathway, thereby suppressing tumor cell
growth. These two paths have been verified
based in independent experimental systems,
the functional relationship between them re-
quires further investigation. Collectively, these
findings not only expand the pharmacological
understanding of COP as an anti-cancer agent
but also offer novel insights and an experimen-
tal basis for developing natural product-based
OSCC therapies that integrate targeted and
immune-modulatory strategies.
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