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Background: Cervical cancer is a major concern in women’s health. Investigating the biological behavior of cancer cells can help
to understand the underlying pathogenesis and offer novel insights into disease management. Therefore, this study evaluated the
effect of irisin on the biological behaviors of cervical cancer cells and elucidated its underlying mechanism.
Methods: Cell viability of Caski and HeLa cells under different irisin concentrations was examined using the cell counting kit-
8 (CCK-8) assay. Cell proliferation and autophagy levels were assessed at protein and mRNA levels using Western blot (WB)
and quantitative real-time polymerase chain reaction (qRT-PCR) analyses, respectively. Apoptosis was determined by assessing
the levels of activated caspase-3, caspase-8, and caspase-9 using corresponding enzyme-linked immunosorbent assay (ELISA)
kits. The impact of irisin on cell cycle and apoptosis rates was evaluated using flow cytometry analysis. However, the migratory
capability of irisin-treated cells was assessed using the scratch healing assay. Furthermore, expression levels of matrix metal-
loproteinases (MMP2, MMP7, and MMP9) were determined using WB analysis, and the Transwell assay assessed the invasive
potential of the cells. The impact of irisin on macrophage polarization was examined through CD86 and CD206 typing using flow
cytometry, and macrophage polarization status was determined by detecting the levels of inflammatory cytokines (interleukin
(IL)-6, IL-10) and tumor necrosis factor-α (TNF-α). Then, THP-1 cells were directly co-cultured with cervical cancer cells to
detect their effect on their biological behavior with or without irisin treatment, aiming to explore the underlying mechanism.
Results: Irisin reduces cervical cancer cell viability and decreases the protein and mRNA expression levels of minichromosome
maintenance complex component 2 (MCM2), antigen identified by monoclonal antibody Ki67 (Ki67), and proliferating cell nu-
clear antigen (PCNA) (p< 0.05) in a dose-dependent manner, resulting in G0/G1 cell cycle arrest (p< 0.05). Irisin suppresses the
expression of autophagy-related proteins Beclin-1 and microtubule-associated protein 1 light chain 3 (LC3) (p < 0.05), increases
the content of cleaved caspase-3, cleaved caspase-8, and cleaved caspase-9 (p< 0.05), and enhances the apoptosis rate (p< 0.05).
Additionally, irisin suppresses cervical cancer cell migration and reduces the expression ofMMP2,MMP7, andMMP9 proteins (p
< 0.05). Furthermore, it increases the number of CD86-positive cells (p< 0.05) while increasing the content of M1-type cytokine
IL-6 and TNF-α (p < 0.05) and reducing the levels of M2-type cytokines IL-10 (p < 0.05), thereby promoting M1 polarization.
The altered polarization state affects the apoptosis rate (p < 0.05), invasiveness (p < 0.05), and autophagy levels (p < 0.05) of
cervical cancer cells in co-cultures with macrophages.
Conclusion: Irisin exhibits potent anti-cancer effects on cervical cancer cells by modulating several key cellular processes and
altering the tumor microenvironment. Irisin effectively inhibits the proliferation, invasion, and migration of cervical cancer cells
and affects the levels of autophagy and apoptosis. Furthermore, it inhibits cancer cells by affecting the polarization of tumor-
associated macrophages, underscoring their potential as a novel therapeutic target for treating cervical cancer.
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Introduction

Cervical cancer is one of the most prevalent malignant
tumors in women globally, with particularly high incidence
and mortality rates in developing countries [1]. Cellular
proliferation is fundamental to the development of cervical
cancer. Additionally, invasive and migratory capabilities
are crucial to malignant behavior [2]. Various cytokines,
such as interleukins (IL-6, IL-10), tumor necrosis factor-

α (TNF-α), and matrix metalloproteinases (MMPs), play
vital roles in these invasion and migration processes [3].
These biological behaviors underline the metastasis of cer-
vical cancer significantly impact its progression and prog-
nosis. Therefore, understanding the underlying biological
mechanisms is essential for developing new diagnostic ap-
proaches and therapeutic strategies.

Irisin, first identified in 2012 by Professor Bruce
Spiegelman’s research team [4], is a peptide hormone en-
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coded by the fibronectin type III domain-containing protein
5 (FNDC5) gene and secreted by muscle cells after physical
exercise. It is a cleaved and glycosylated fragment derived
from the C-terminal region of the FNDC5 protein, typically
comprising about 112 amino acid residues [5]. Initially rec-
ognized for its expression in muscle cells and its exercise-
related physiological effects, subsequent research has re-
vealed its roles in various physiological processes. Recent
studies have shown that irisin plays significant roles in vari-
ous cancer types, especially inmodulating tumor cell prolif-
eration, invasion, and migration [6]. For instance, irisin has
been reported to inhibit the phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT) pathway, ultimately sup-
pressing proliferation, migration, and invasion of lung can-
cer cells and downregulating the expression of epithelial-
mesenchymal transition (EMT) markers [7]. On the con-
trary, a study by Celik et al. [8] observed substantially
lower serum irisin levels in colorectal cancer patients than
in the control group. On the other hand, increased irisin
levels have been reported in hepatocellular carcinoma, im-
proving the proliferation, migration, and invasion of HepG2
and SMMC7721 cells [9]. Furthermore, irisin has been pro-
posed tomediate crosstalk between hepatic stellate cells and
macrophages [10]. Despite these advancements, the spe-
cific mechanisms underlying irisin’s effects in cervical can-
cer remain largely unexplored.

The tumor microenvironment (TME) is a highly dy-
namic and complex ecosystem composed of tumor cells,
immune cells, fibroblasts, vascular endothelial cells, extra-
cellular matrix, and various soluble factors [11]. Among
the immune cells, macrophages play a critical role, with
their polarization state closely affecting the proliferation,
migration, and invasion of cancer cells [12]. Within the
TME, macrophages are typically polarized toward the M2-
type, which contributes to immunosuppression by secret-
ing IL-10, thereby suppressing T cell activity and reduc-
ing overall immune responses [13]. Furthermore, M2-type
macrophages degrade the extracellular matrix by secret-
ing MMPs, facilitating invasion and metastasis of tumour
cells [14]. On the contrary, M1-type macrophages ex-
ert anti-tumor activity. They secrete pro-inflammatory cy-
tokines such as TNF-α, IL-1β, and IL-6, which directly tar-
get tumor cells and activate adaptive immune responses by
enhancing T cell-mediated anti-tumor immune responses
[15]. Furthermore, M1-type macrophages produce reac-
tive oxygen species (ROS) and nitric oxide (NO), enhanc-
ing local inflammatory response and inhibiting the growth
and dissemination of tumor cells [16]. Research revealed
that inhibiting M2-type macrophage polarization substan-
tially suppressed lung cancer metastasis and progression
[17], highlighting the therapeutic potential of macrophage
polarization in cancer management.

This study aims to investigate the effects of irisin on
the biological behavior of cervical cancer cells and to un-
cover its potential molecular mechanisms. Particularly, it

intends to assess whether irisin can influence key cellular
processes such as proliferation, migration, and invasion.
Additionally, the study will explore the impact of irisin on
adjacent macrophages to identify novel therapeutic targets
and strategies for treating cervical cancer.

Materials and Methods

Cell Culture
Cervical cancer cell lines, including HeLa (CCL-

2), CaSki (CRL-1550), and THP-1 cells (TIB-202),
were purchased from American Type Culture Collec-
tion (ATCC; Manassas, VA, USA). The cells were cul-
tured in Dulbecco’s modified eagle medium (11320033,
DMEM, Gibco, Shanghai, China) supplemented with 10%
fetal bovine serum (A5256701, FBS, Gibco, Shanghai,
China), 1× penicillin, and streptomycin (PB180120, Pro-
cell, Wuhan, China) at 37 °C with 5% CO2 for 24 hours.
The cells were authenticated using short tandem repeat
(STR) analysis, while mycoplasma testing confirmed the
absence of mycoplasma contamination. Cells grown to
about 80% confluency were trypsinized. After centrifuga-
tion at 1000 rpm for 5 minutes, the cells were resuspended
in fresh medium and inoculated into cell plates at the ap-
propriate ratio.

Cell Counting Kit-8 (CCK-8)
The cervical cancer cell suspension, containing about

10,000 cells, was inoculated into 96-well plates and incu-
bated for 24 hours to allow proper cell adherence to the
wall. Then, the cells were treated with different concen-
trations of irisin (5 nmol/L, 10 nmol/L, 20 nmol/L, and 50
nmol/L; SRP8039, Merck, Shanghai, China) for 24, 48, and
72 hours. After treatment, 10 µL of CCK-8 solution (CK04,
Dojindo, Kumamoto, Japan) was added to each well con-
taining 100 µL of the medium, and the culture plates were
incubated for 2 hours. Absorbance was measured at 450 nm
using a microplate reader (ELX800, BioTek Instruments,
Inc., Winooski, VT, USA). Cell viability was calculated
employing the following formula: Cell viability (%) = (Ab-
sorbance of the experimental group – Absorbance of blank)
/ (Absorbance of the control group – Absorbance of blank)
× 100%.

Western Blot (WB) Analysis
Treated cells were lysed on ice using radio immuno-

precipitation assay (RIPA) buffer (P0013B, Beyotime,
Shanghai, China) to obtain total protein. Protein concen-
tration was determined using the bicinchoninic acid as-
say (BCA, 23227, ThermoFisher Scientific, Inc., Waltham,
MA, USA). Equal amounts of protein were resolved us-
ing Sodium Dodecyl Sulfate (SDS)-polyacrylamide gel
electrophoresis and were transferred onto polyvinylidene
fluoride (PVDF) membranes (FFP39, Beyotime, Shang-
hai, China). The membranes underwent overnight incu-
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bation at 4 °C with primary antibodies targeting specific
proteins. The following day, membranes were washed
with tris-buffered saline containing tween-20 (TBST) to re-
move unbound primary antibodies. Horseradish peroxidase
(HRP)-labeled secondary antibodies, such as anti-mouse
immunoglobulin G (IgG) (1:2000; 12-349, Merck, Shang-
hai, China) and anti-rabbit IgG (1:2000; 12-348, Merck,
Shanghai, China) corresponding to the primary antibody
were then applied and incubated at room temperature for
1 hour. Grey values of protein bands were assessed using
ImageJ (version 5.0; Bio-Rad, Hercules, CA, USA).

The antibodies and their dilutions used in the study in-
cluded: proliferating cell nuclear antigen (PCNA) (1:1500,
cat.ab29, Abcam, Shanghai, China), minichromosome
maintenance complex component 2 (MCM2) (1:1500,
cat.ab4461, Abcam), antigen identified by monoclonal an-
tibody Ki67 (Ki67) (1:1500, cat.ab15580, Abcam), MMP2
(1:1000, cat.10373-2-AP, Proteintech, Wuhan, China),
MMP7 (1:1500, cat.10374-2-AP, Proteintech), MMP9
(1:1000, cat.10375-2-AP, Proteintech), Beclin-1 (1:1000,
cat.3738, Cell Signaling Technology, Danvers, MA, USA),
microtubule-associated protein 1 light chain 3 (LC3)
(1:1000, cat.2775, Cell Signaling Technology), and β-actin
(1:2000, cat. ab8226, Abcam).

RNA Isolation and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR)

Total RNA from cells was extracted using TRIzol
reagent (15596026CN, Invitrogen, Thermo Fisher Scien-
tific, Inc., Waltham, MA, USA). After examining the
purity, RNA was reverse-transcribed into complemen-
tary DNA (cDNA). The expression levels of target genes
were determined using qRT-PCR (Applied Biosystems
StepOne Plus system, Applied Biosystems, Foster City,
CA, USA), with glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) serving as an internal reference. The av-
erage CT value of three replicate wells was calculated for
each cell group. The expression levels of target genes were
determined using the 2−∆∆CT method, and the fold change
relative to the control group was calculated.

The primer sequences used in qRT-
PCR are listed below: PCNA Forward: 5′-
GCCCTGGTTCTGGAGGTAAC-3′; Reverse: 5′-
CATCCTCGATCTTGGGAGCC-3′. Ki67 Forward:
5′-CTGACCCTGATGAGAGTGAGGGA-3′; Reverse:
5′-ACTCTGTAGGGTCGAGCAGG-3′. MCM2 For-
ward 5′-CTACCAGCGTATCCGAATCCA-3′; Reverse
5′-CCTACAGCAACCTTGTTGTCCT-3′. LC3 For-
ward 5′-TTCAGGTTCACAAAACCCGC-3′; Reverse
5′-GACACTGGTACACTGCTGCT-3′. Beclin-1 For-
ward 5′-GGTTGCGGTTTTTCTGGGAC-3′; Reverse
5′-GAGCAGAGTCGGCATTCAGT-3′. GAPDH For-
ward: 5′-TCATGGGTGTGAACCATGAGAA-3′; Reverse
5′-GGCATGGACTGTGGTCATGAG-3′.

Enzyme-Linked Immunosorbent Assay (ELISA)
The ELISA kits were used to assess the cellular levels

of IL-6 (cat. SEKH-0014, Solarbio, Beijing, China), TNF-
α (cat. SEKH-0047, Solarbio), IL-10 (cat. SEKH-0018,
Solarbio), caspase-3 cleaved (cat. KHO1091, Thermo
Fisher Scientific, Invitrogen, USA), caspase-8 cleaved (cat.
CBC1003, Assay Biotechnology, SAN Jose, CA, USA),
and caspase-9 cleaved (cat. KL-4217Hu, Kanglang, Shang-
hai, China), following the manufacturer’s instructions.
Briefly, cell culture supernatants or lysates and standards
of known concentrations were incubated with the enzyme-
labeled antibody working solution at room temperature for
one hour. After thorough washing, a colorimetric substrate
was added and incubated for 30 minutes at room temper-
ature. After another wash, the reaction was terminated us-
ing a termination solution, and absorbance was measured at
450 nm using a microplate reader (ELX800, BioTek Instru-
ments, Inc., Winooski, VT, USA). Finally, the concentra-
tions of target proteins were calculated based on the stan-
dard curves.

Flow Cytometry
Cells in the log growth phase were collected, adjusted

to a density of 1 × 106/mL, and washed with phosphate
buffered saline (PBS). For apoptosis analysis, cells were
incubated with 5 µL of membrane-bound protein V-FITC
and 10 µL of propidium iodide (PI) working solution for 15
minutes at room temperature in the dark, using the Annexin
V/PI double staining kit (cat.556547, BD Biosciences, San
Jose, CA, USA). For cell cycle analysis, cells were fixed in
70% ethanol at 4 °C for 24 hours. After washing, they were
treated with ribonuclease (RNase) at 0.5 mg/mL for 30min-
utes at 37 °C, followed by staining with propidium iodide
(PI, 50 µg/mL) for 30minutes at 4 °C in the dark. For CD86
and CD206 phenotyping [18], cells were fixed, permeabi-
lized, and incubated with FITC-coupled anti-human CD86
(11-0862-82) and BV421-coupled anti-human CD206 (48-
2069-42) (eBioscience, San Diego, CA, USA) antibodies.
Finally, the stained cells were analyzed using BD LSR II
flow cytometry.

Scratch Healing Assay
Cell suspensions containing about 10,000 cells were

inoculated into 96-well plates and incubated for 24 hours
until achieving approximately 80% confluency. To reduce
the effect of cell proliferation on the results, cells were
starved using a serum-free medium for an additional 24
hours. A straight-line scratch was created over the cell
monolayer using a 200 µL pipette. The cell surface was
gently rinsed with PBS to remove detached cells, ensuring
clean and uniform wound edges. After the drug treatment,
cells were incubated for 24 hours, and the wound was pho-
tographed using an inverted microscope (TS100, Nikon,
Tokyo, Japan) to assess cell migration. The wound healing
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rate was determined using the following formula: Wound
healing rate (%) = (Initial wound width – Current wound
width)/Initial wound width × 100%.

Transwell
Cell suspensions containing approximately 2 × 105

cells were inoculated into 24-well plates (cat.3524, Corn-
ing, Shanghai, China) and incubated until reaching about
80% confluency. The cells were then starved using a
serum-free medium for 24 hours. The upper layer of the
Transwell chambers was coated with matrix gel (Matrigel),
while the lower chamber was filled with serum-containing
medium serving as a chemoattractant. Treated cell suspen-
sion was added to the upper chamber and incubated for 24
hours. Cells were then fixed with 4% paraformaldehyde for
15 minutes and stained using crystal violet (C0121, Bey-
otime, Shanghai, China). Cells migrated to the lower cham-
bers were photographed using an inverted microscope. For
quantification, cells were counted in 5 randomly selected
fields per chamber, and the average migrated cells was cal-
culated.

Macrophages Co-Cultured With Cervical Cancer
Cells

HeLa or Caski, and THP-1 cells were cultured sep-
arately in the medium for 24 hours until achieving about
70–80% confluence. THP-1 cells were inoculated into 6-
well plates at a density of 5 × 105/mL, and then treated
with (Phorbol Myristate Acetate (PMA) 50 ng/mL, P1585,
Sigma, St Louis, MO, USA) for 16 hours to induce dif-
ferentiation into M0-type macrophages [19]. After remov-
ing the old medium from the cervical cancer cell cultures,
the PMA-treated THP-1 cells were inoculated into 6-well
plates along with cervical cancer cells at a 1:1 ratio. The
co-cultured cells were incubated for 48 hours, followed by
treatment with 10 nmol/L irisin for 48 hours.

Statistical Analysis
Statistical analyses were performed using GraphPad

Prism version 7.0 (GraphPad Software Inc., San Diego,
CA, USA). Experimental data were expressed as mean ±
standard deviation (SD), and statistical differences between
groups were assessed using one-way Analysis of Variance
(ANOVA) followed by Bonferroni post hoc tests. Each ex-
periment was conducted in triplicate. *, **, *** denote sig-
nificance at p < 0.05, p < 0.01, p < 0.001, respectively. A
p < 0.05 indicated a statistically significant difference.

Results

Irisin Inhibits the Proliferation of Cervical Cancer
Cells

Cervical cancer cells (Caski and HeLa) were treated
with different concentrations of irisin for varying periods.
As shown in Fig. 1a,b, cell viability in both Caski and HeLa

cells significantly decreased in a concentration-dependent
manner after irisin treatment (p < 0.05). Notably, a highly
significant reduction in cell viability was found after 48
hours of exposure to 10 nmol/L irisin [20], which was cho-
sen as the optimal conditions for subsequent experiments.

Furthermore, to assess the expression levels of pro-
liferation markers, WB and RT-PCR analyses were per-
formed. The results showed that irisin significantly re-
duced the expression levels of Ki67, MCM2, and PCNA in
a dose-dependent manner (p < 0.05, Fig. 1c–i). Moreover,
flow cytometry was used to examine cell cycle distribution.
Analysis revealed that increasing irisin concentrations led
to a significant accumulation of cells in the G0/G1 phase (p
< 0.05), indicating that irisin causes cell cycle arrest at the
G0/G1 phase, thereby inhibiting the proliferation of cervi-
cal cancer cells (Fig. 1j,k).

Irisin Inhibits Autophagy and Promotes Apoptosis in
Cervical Cancer Cells

While irisin effectively inhibits the proliferation of
cervical cancer cells, its effects on cellular autophagy
and apoptosis were assessed in subsequent experiments.
The protein and mRNA expression levels of autophagy-
related markers Beclin-1 and LC3 were evaluated (Fig. 2a–
e), demonstrating that irisin significantly suppresses au-
tophagy in cervical cancer cells (p < 0.05). Furthermore,
the levels of cleaved caspase-3, cleaved caspase-8, and
cleaved caspase-9 in the cell lysate were assessed (Fig. 2f–
h), revealing that irisin significantly elevates apoptosis (p<
0.05). Additionally, the apoptosis rate was measured using
flow cytometry analysis, revealing that 10 nmol/L irisin sig-
nificantly induced apoptosis in both Caski and HeLa cells
(p < 0.05, Fig. 2i–k).

Collectively, these findings demonstrate that irisin in-
hibits protective autophagy while promoting apoptosis in
cervical cancer cells.

Irisin Inhibits Migration and Invasion of Cervical
Cancer Cells

Migration and invasion are fundamental processes un-
derlying the distant metastasis of cancer cells. Therefore,
in subsequent experiments, we investigated the effects of
irisin on the migration and invasion of cervical cancer cells.
The scratch wound healing assay was used to assess cellular
migration. As shown in Fig. 3a,b, irisin reduced wound clo-
sure rate in a dose-dependent manner, indicating that irisin
significantly inhibits the migratory capability of cervical
cancer cells (p < 0.05). MMPs, especially MMP2, MMP7,
and MMP9, promote cell proliferation, migration, and in-
vasion, and are widely used as biomarkers for the invasive
or migratory potential of cervical cancer cells. Western blot
analysis demonstrated that the expression levels of MMP2,
MMP7, and MMP9 were substantially reduced after irisin
treatment compared to the control group (p< 0.05, Fig. 3c–

https://www.discovmed.com/


950

Fig. 1. Irisin inhibits the proliferation of cervical cancer cells. (a,b) CCK-8 assay was used to evaluate cell activity (n = 6). (c–
f) Irisin reduces the protein levels of Ki67, MCM2, and PCNA (n = 3). (g–i) Irisin reduces the mRNA levels of Ki67, MCM2, and
PCNA (n = 6). (j,k) Flow cytometry was used to evaluate cell cycle (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, compared to the
0-concentration treatment in the same group. OD, Optical Density; CCK-8, cell counting kit-8; MCM2, minichromosome maintenance
complex component 2; PCNA, proliferating cell nuclear antigen; Ki67, antigen identified by monoclonal antibody Ki67.
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Fig. 2. Irisin inhibits autophagy and promotes apoptosis in cervical cancer cells. (a–c) Irisin reduces levels of the autophagy-related
proteins Beclin and LC3 (n = 3). (d,e) Irisin reduces mRNA levels of autophagy-related proteins Beclin 1 and LC3 (n = 6). (f–h) ELISA
was used to assess the levels of cellular cleaved caspase-3, cleaved caspase-8, and cleaved caspase-9 (n = 3). (i–k) Flow cytometry was
applied to assess the apoptosis (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, compared to the 0-concentration treatment in the same
group. LC3, microtubule-associated protein 1 light chain 3; ELISA, enzyme-linked immunosorbent assay.
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Fig. 3. Irisin inhibits cervical cancer cell migration and invasion. (a,b) The scratch healing assay was used to assess cell migration (n
= 3). (c–f) WB analysis was used to determine the levels of MMP2, MMP7, and MMP9 (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001,
compared to the 0-concentration treatment in the same group. WB, Western blot; MMP2, matrix metalloproteinase-2.

f). These observations confirm that irisin significantly in-
hibits the migratory or invasive capabilities of cervical can-
cer cells.

Irisin Promotes M1 Polarization of
Tumor-Associated Macrophages

During cancer development, changes in the tumor
micro-environment, comprising various surrounding cells,
play a crucial role in tumor initiation, progression, metas-
tasis, and therapeutic response. Given the key role of

macrophages in the tumor micro-environment, we focused
on the effects of irisin on tumor-associated macrophages.
As shown in Fig. 4a, THP-1 cell viability decreased with
increasing concentrations of irisin (p< 0.05), with a signif-
icant inhibitory effect observed at 10 nmol/L irisin after 48
hours of treatment. Subsequently, two experimental groups
were established: the THP-1 cell and the THP-1 cell + irisin
group (treated with 10 nmol/L irisin). Flow cytometry anal-
ysis assessed THP-1 cell phenotype (Fig. 4b–d). The re-
sults show a substantial increase in CD86-positive cells (p

https://www.discovmed.com/


953

Fig. 4. Effect of irisin on the polarization of tumor-associated macrophages. (a) CCK-8 assessment of THP-1 cell activity (n = 6). (b)
Flow cytometry analysis of cell surface antigen CD86 and CD206 expression (n = 3). (c) Macrophage surface antigen CD86 expression
(n = 3). (d) Macrophage surface antigen CD206 expression (n = 3). (e–g) Levels of inflammatory cytokines IL-6, TNF-α, and IL-10 were
assessed using ELISA (n = 3). **p< 0.01, ***p< 0.001, compared to the 0-concentration treatment in the same group. IL, interleukin;
TNF-α, tumor necrosis factor-α.

< 0.05) and no significant change in CD206-positive cells
(p> 0.05) after irisin treatment, indicating a shift toward the
CD86 phenotype. These results suggest that irisin promotes
M1-type polarization of THP-1-derived macrophages.

To further confirm the polarization phenotype, we
measured cytokine levels in the culture supernatants of
these two groups. As shown in Fig. 4e–g, irisin treatment
significantly decreased the levels of the anti-inflammatory
cytokine IL-10 and increased the levels of the pro-
inflammatory cytokines IL-6 and TNF-α (p< 0.05). These
results confirm that irisin promotes M1 polarization of
THP-1 cells.

Irisin Regulates Macrophage Polarization to Inhibit
Cervical Cancer Cells

As we observed that irisin promotes M1 polarization
of macrophages, therefore, to explored whether this shift
in polarization impacts the migratory and invasive behav-
iors of cervical cancer cells, we co-cultured THP-1 cells
with cervical cancer cells and treated the co-culture with 10
nmol/L irisin. Flow cytometry analysis revealed that co-
culture with THP-1 cells substantially decreased the apop-
tosis rate of cervical cancer cells (p< 0.05). However, irisin
treatment reversed this effect, significantly increasing the
apoptosis rate (p < 0.05, Fig. 5a–c).

The invasive capacity of cervical cancer cells was as-
sessed using a Transwell assay. As shown in Fig. 5d–f, the

co-culture group increased the number of cervical cancer
cells penetrating theMatrigel (p< 0.05), demonstrating en-
hanced invasive capacity. However, treatment with irisin
significantly reduced the number of invading cervical can-
cer cells (p < 0.05), indicating a suppression of invasive
capacity.

Additionally, we examined the protein and mRNA ex-
pression levels of the autophagy-related proteins Beclin-1
and LC3 (Fig. 5g–m). As expected, co-culture with THP-1
cells enhanced the autophagy levels in cervical cancer cells
(p< 0.05), while irisin treatment significantly decreased the
autophagy level (p < 0.05). These results demonstrate that
irisin modulates macrophage polarization, which alters the
proliferation and invasive capacity of cervical cancer cells.

Discussion

Cervical cancer is a major concern in women’s health
and remains a focus in medical research and treatment ef-
forts [21]. In recent years, irisin has shown promising ef-
fects across various cancer types. Research has reported
decreased serum irisin levels in breast cancer patients and
has indicated that irisin inhibits the EMT process in can-
cer cells [22]. We observed similar experimental results.
In this study, irisin significantly inhibited the proliferation
of cervical cancer cells. Cell proliferation assays showed
a significant decrease in the growth rate of cervical cancer
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Fig. 5. Irisin modulates the effect of macrophage THP-1 on cervical cancer cell activity. (a–c) Flow cytometry was used to assess
apoptosis (n = 3). (d–f) The Transwell assay was used to assess cell invasion (n = 3). (g–i) WB analysis was used to determine autophagy-
related markers Beclin 1 and LC3 expression levels (n = 3). (j–m) qRT-PCR was used to assess autophagy-related markers Beclin 1 and
LC3 mRNA levels (n = 6). **p < 0.01, ***p < 0.001. qRT-PCR, quantitative real-time polymerase chain reaction.
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cells after irisin treatment. This inhibitory effect likely in-
volves multiple mechanisms. We investigated the impact of
irisin on cell cycle regulation, as normal cell cycle progres-
sion is crucial for proliferation. The findings reveal that
irisin causes cell cycle arrest in the G0/G1 phase, signif-
icantly reducing the expression of proliferation-associated
markers.

Autophagy is an intracellular self-degradation process
that helps cells cope with external stress; however, exces-
sive autophagy can provide survival advantages to cancer
cells [23]. We found that irisin treatment substantially re-
duced the expression of autophagy-associated proteins LC3
and Beclin-1 in cervical cancer cells. Simultaneously, the
activity of apoptosis-related proteins, particularly caspases,
was enhanced. Caspases, a family of cysteine-aspartic acid-
specific proteases, play a crucial role in apoptosis [24].
These results suggest that irisin regulates autophagy and
apoptosis-related signaling pathways, promoting cells to-
ward apoptosis. To further examine autophagy, we used
flow cytometry to assess the apoptosis rate and found that
irisin treatment significantly increased the number of apop-
totic cells. Metastasis, a hallmark of cancer progression,
depends on tumor cell migration and invasion [25]. Using
a scratch wound healing assay, we observed that irisin treat-
ment inhibited thewound healing efficiency of cervical can-
cer cells, thereby reducing their migratory capacity. Since
degradation of the extracellular matrix is crucial for can-
cer cell migration, the effect of irisin may be mediated by
downregulatingMMPs, which are key enzymes involved in
matrix degradation.

Tumor-associated macrophages (TAMs) are key com-
ponents of TME and play a crucial role in cancer progres-
sion [26]. In the TME of cervical cancer, macrophages ac-
count for 30%–50% of the cellular composition, highlight-
ing their impact on disease progression [27]. There is a
mutual interaction between cancer cells and macrophages.
For example, cytokines like IL-6 secreted by cervical can-
cer cells (HeLa) can promote macrophages toward an M2
phenotype, thereby enhancing tumor proliferation. More-
over, these M2 macrophages, influenced by the local tu-
mor micro-environment, continuously secrete cytokines
and growth factors that promote tumor recurrence and sig-
nificantly increase the likelihood of poor prognosis [28].
Experimental observations revealed that irisin treatment in-
creased the expression of M1-associated markers such as
CD86, IL-6, and TNF-α, while decreasing the expression
of M2-associated markers, such as IL-10. These observa-
tions indicate that irisin can alter macrophage polarization
towards an anti-tumor M1 phenotype. We further inves-
tigated the impact of this shift and analyzed the effect of
macrophage polarization on the biological behavior of cer-
vical cancer cells. Our findings revealed that co-culturing
macrophages with cervical cancer cells led to decreased
apoptosis rate, increased invasive capacity, and elevated au-
tophagy, all of which promoted tumor progression. As ex-

pected, adding irisin to the co-culture reversed these tumor-
promoting effects, underscoring its role in inhibiting the de-
velopment of cervical cancer cells.

Despite its promising results, this study has some lim-
itations. Research on irisin is still in its early stages, and
many aspects remain unexplored. For instance, the pre-
cise metabolic pathways and mechanisms by which irisin
works in vivo are not yet fully understood, and its safety
and therapeutic efficacy need further clinical investigation.
Additionally, the TME is a complex ecosystem consisting
of various cell types. However, this study assessed only
macrophages and cervical cancer cells, which may cause
experimental bias and limit the comprehensiveness of the
findings. Future research should validate the findings us-
ing animal models to elucidate its therapeutic potential as a
novel option in cervical cancer management.

Conclusion

In conclusion, irisin exhibits potent anti-cancer effects
on cervical cancer cells by modulating several key cellular
processes and altering the TME. Irisin effectively inhibits
the proliferation, invasion, and migration of cervical can-
cer cells and affects the levels of autophagy and apopto-
sis. Furthermore, it inhibits cancer cells by affecting the
polarization of tumor-associated macrophages. The study
provides novel insights into the impact of irisin on cervical
cancer cells and confirms its potential as a novel therapeutic
option.
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