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Imperatorin alleviates cancer cell viability by suppressing M2
macrophage polarization through Nox2-ROS signaling
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ABSTRACT: The tumor microenvironment (TME) plays a crucial role in regulating tumor progression. Tumor-
associated macrophages, as prominent cellular components of the tumor microenvironment, exhibit high plasticity
and can either promote or suppress tumor development. Imperatorin, a natural coumarin derivative with diverse
pharmacological activities, has been reported to inhibit vascular remodeling and cancer progression. In this study, we
aimed to explore the potential mechanisms by which imperatorin regulates TME in colon cancer cells. A co-culture
model of macrophages with colon cancer HT-29 and LoVo cells was established and treated with imperatorin. CCK-8
assay was used to measure cell viability. M2 macrophage surface markers were determined by immunohistochemistry
and enzyme-linked immunosorbent assay. ROS level was measured through Dihydroethidium fluorescent probe assay.
The mRNA and protein expression of nicotinamide adenine dinucleotide phosphate oxidase were detected by RT-PCR
and Western blot analysis. Treatment with imperatorin effectively decreased the viability of the colon cancer HT-29
and LoVo cells, inhibited the cytokine CSF-1 which induced upregulation of CD163 and CD206 in macrophages, and
reduced the expression of M2 macrophage phenotype markers and the Nox2/ROS/AMPK/STAT3 signaling pathway.
These results suggest that imperatorin inhibits M2 macrophage polarization and attenuates the viability of colon cancer
HT-29 and LoVo cells by downregulating the expression of the Nox2/ROS/AMPK/STAT3 signaling pathway.

KEYWORDS: imperatorin, tumor-associated macrophages, tumor microenvironment, NADPH oxidases, reactive oxygen
species

INTRODUCTION

According to GLOBOCAN 2020, the cancer burden
is projected to increase by 47% by 2040 compared
with 2020, with the number of new cancer cases
reaching approximately 28.4 million [1]. Cancer de-
velopment is regulated by multiple factors. Grow-
ing evidence indicates that the tumor microenviron-
ment (TME) plays a key role in tumor progression
and targeting the TME may represent an important
strategy for cancer therapy [2]. TME is a highly
heterogeneous and dynamic nature system, in which
the immunosuppressive properties of TME enable tu-
mor cells to achieve immune escape and promote the
development of malignant tumors. Tumor-associated
macrophages (TAM) are the most abundant immune
cells in the TME and play a crucial role in tumor
immune escape. Macrophages can be polarized into
two major phenotypes: pro-inflammatory (M1) and
anti-inflammatory (M2) phenotypes. Activation of toll-
like receptors promotes the differentiation of tumor-
associated macrophages into the M1 phenotype. M1
macrophages secrete pro-inflammatory cytokines such
as tumor necrosis factor-α (TNF-α) and interleukin-1
(IL-1), which enhance T-cell function and inhibit the
proliferation of tumor cells. In contrast, cytokines
such as macrophage-colony stimulating factor (CSF-
1) can induce TAM to polarize into M2 macrophages

and release anti-inflammatory cytokines, including IL-
10, IL-6, transforming growth factor β (TGF-β), and
arginase 1 (ARG1), which inhibit T-cell function and
promote tumor growth. TAM usually exhibits an M2-
like function. TME is characterized by hypoxia, nu-
trient deficiencies, and extracellular low pH regions
[3–5]. Reoxygenation and cell proliferation following
cycling hypoxia can lead to reactive oxygen species
(ROS) production [6]. ROS plays a key role in reg-
ulating the TME pathway, and modulation of ROS
levels to reverse drug resistance in cancer cells without
compromising normal cell function may represent a
promising therapeutic strategy [7]. ROS is mainly
produced by nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidases (Noxs). The Nox family
has seven members, namely Nox1-5, Dual oxidase1
(DUOX1), and Dual oxidase2 (DUOX2). Nox protein
catalytic activity requires the association with a va-
riety of subunits to form stable complexes, including
p22Phox, p47Phox (isomer NoxO1), p67Phox (isomer
NoxA1), and p40Phox [8, 9]. Nox2, which is found
in the plasma membrane of phagocytes, is the main
source of ROS in TAM [10]. Nox2-induced production
of ROS enables macrophage polarization to M2 TAM
during tumor development, promoting angiogenesis,
tumor growth, and metastasis [11]. Therefore, target-
ing Nox2 may be an important strategy for modulating
TME and inhibiting tumor progression.
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Imperatorin (IMP) belongs to the furanocoumarin
class, and studies have shown that imperatorin mainly
exhibits antitumor and anti-inflammatory activities
[12, 13]. In recent studies, imperatorin reduced
H2O2-induced cell death in human hepatocellular
carcinoma (HepG2) cells and attenuated ROS levels
without cytotoxicity [14]. In addition, IMP may re-
duce ROS production and decrease inflammatory re-
sponses by downregulating nuclear factor erythroid
2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1)
ROS/phosphoinositide 3-kinase (PI3K) protein kinase
B (Akt), Nrf2/HO-1/ROS/mitogen-activated protein
kinase (MAPK) and Nrf2/HO-1/ROS/nuclear factor
kappa-B (NFκB) pathways [15]. These studies suggest
that the multiple pharmacological effects of IMP may
be closely associated with its ability to inhibit ROS
levels. Previous studies from our group have confirmed
that administration of IMP can both inhibit the prolifer-
ation of human gastric cancer MKN-45 cells and human
colon cancer HT-29 cells, as well as reduce the levels of
Noxs and ROS [16]. The above research indicates that
IMP can regulate TME, and its pharmacological mecha-
nism is closely related to Noxs. However, the antitumor
mechanism of IMP is still unclear. This study aims to
explore the potential effects and mechanisms by which
IMP regulates the TME in colon cancer cells through a
macrophage differentiation model, providing a possi-
ble therapeutic application for IMP in modulating the
TME.

MATERIALS AND METHODS

Chemicals and reagents

Imperatorin and diphenyleneiodonium chloride were
purchased from MedChemExpress (New Jersey, USA).
RIPA lysis buffer, bicinchoninic acid (BCA) protein
assay kit, and reactive oxygen species assay kit were
obtained from Beyotime Institute of Biotechnology
(Shanghai, China). Roswell Park Memorial Insti-
tute (RPMI) 1640 medium was purchased from Pro-
cell Institute of Biotechnology (Wuhan, China). Fe-
tal bovine serum was purchased from ExCell Bio
(Shanghai, China). Ampicillin, streptomycin sulfate,
and phenylmethanesulfonyl fluoride (PMSF) were pur-
chased from Aladdin (Henan, China). Trizol was
obtained from Thermo Fisher Scientific (Waltham,
USA). HiScript II Q RT SuperMix for quantitative
polymerase chain reaction (qPCR), HiScript II Q Se-
lect RT SuperMix for qPCR, and AceQ qPCR SYBR
Green Master Mix were purchased from Vazyme (Nan-
jing, China). Taq Plus DNA Polymerase, DL2000
DNA Marker, and dNTPs were obtained from Tiangen
(Beijing, China). CD163 and CD206 were obtained
from Proteintech Group (Wuhan, China). IL-6, IL-
10, and TGF-β1 were obtained from Jiangsu Meimian
Industrial (Jiangsu, China). Phorbol-12-myristate-
13-acetate (PMA) was purchased from Sigma-Aldrich
(Darmstadt, Germany). Signal transducer and activa-

tor of transcription 3 (p-STAT3), HO-1, P47phox, and
adenosine 5′-monophosphate-activated protein kinase
(p-AMPK) were obtained from Affinity Biosciences
(San Antonio, USA). ARG1, Nox2, P22phox, and
P67phox were obtained from Abcam (Cambridge, UK).
HRP-conjugated goat anti-rabbit IgG and Anti-GAPDH
rabbit polyclonal antibody were obtained from Boster-
bio (Wuhan, China).

Preparation of imperatorin (IMP)

IMP and diphenyleneiodonium chloride (DPI) were
diluted to a concentration of 50 mg/ml with DMSO
and stored at a temperature of −20 °C for further use.
For use, the solution was diluted with the appropriate
medium to achieve the desired concentration.

Human myeloid leukemia mononuclear cell
(THP-1) culture and differentiation

THP-1 cells were purchased from Wuhan Huayan
Biotechnology (Wuhan, China). Cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 100 U of penicillin per ml, 100 µg
of streptomycin per ml, and 10% fetal bovine serum
at 37 °C in a humidified atmosphere containing 5%
CO2. Cells were passaged at a 1:3 ratio when the cell
confluence reached 80%. For THP-1 differentiation to
macrophage, THP-1 cells were incubated at a density
of 1× 106 with PMA (100 ng/ml) for 24 h. The cells
were divided into the following experimental groups:
(1) control, cultured in DMEM for 72 h; (2) CSF-
1 group, treated with CSF-1 (100 ng/ml) for 72 h;
(3) CSF-1 + DPI group, treated with DPI (5 µM) for
24 h followed by CSF-1 (100 ng/ml) for 72 h; (4) CSF-
1 + IMP group, treated with IMP (10 µM) for 24 h
followed by CSF-1 (100 ng/ml) for 72 h.

Preparation of conditioned medium

The four groups of cells were collected, the medium
was discarded, and the cells were washed three times
with PBS. The cells were then incubated in serum-
free medium for 48 h. The medium was collected and
centrifuged at 1,000 rpm for 10 min. The supernatants
were collected as conditioned medium (CM). The CM
can be stored at −80 °C for a short period to preserve
the integrity of factors released by macrophages.

Cell Counting Kit-8 (CCK-8) assay

HT-29 and LoVo cells were collected and seeded into
96-well plates at a density of 5 × 103 cells/well and
cultured overnight at 37 °C in a 5% CO2 incubator
(100 µl of sterile PBS was gently added to the side of
each well). The four groups of conditioned medium
and complete medium were mixed thoroughly at a
1:1 concentration and then separately co-cultured with
HT-29 and LoVo cells for 24 h and 72 h. Afterward,
10 µl of CCK-8 was added to each well, followed
by incubation for 1–4 h at 37 °C. The absorbance at
450 nm (OD450) of each well was measured using
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a microplate reader. Cell viability = (ODexperiment−
ODblank)/(ODcontrol− ODblank).

Immunohistochemistry

Cells were collected and fixed with 4% paraformalde-
hyde for 15 min and permeabilized with 0.5% Triton
X-100 (PBS) for 20 min at room temperature. After-
ward, 3% hydrogen peroxide was added to block en-
dogenous peroxidase. Then, coverslips were blocked
with diluted goat serum for 30 min, and the sections
were incubated with primary antibodies overnight at
4 °C; the primary antibodies were CD163 (1:100) and
CD206 (1:100). The sections were washed with PBS
three times (3 min each) and then incubated with
anti-mouse/rabbit secondary antibodies conjugated to
horseradish peroxidase (HRP) at 37 °C for 30 min.
After washing, the cells were stained with 3,3 N-
diaminobenzidine tetrahydrochloride (DAB), counter-
stained with hematoxylin, and dehydrated. The cov-
erslips were observed under a microscope, and images
were captured. For each image, the integrated optical
density (IOD) and area (pixels) were measured, and
the mean optical density (MOD = IOD/area) was
calculated.

Enzyme-linked immunosorbent assay (ELISA)

Cells were collected and digested with 0.25% trypsin.
After centrifugation, the cells were resuspended in
200 µl of PBS and fragmented by repeated freeze-
thawing. Then, after centrifugation at 3,000 rpm for
10 min, supernatant was detected by 96-well ELISA
plates. Standard wells and sample wells were pre-
pared. Then, 50 µl of the corresponding solution was
added into each standard well, and 40 µl of sample
diluent was added to each sample well. Subsequently,
10 µl of the test sample was added to each sample well,
followed by incubated at 37 °C for 30 min. Fifty micro-
liters of detected antibodies were added to the 96-well
plates and incubated at 37 °C for 30 min. After washing
the plates five times, 50 µl of developer A and 50 µl of
developer B were added to each well and incubated at
37 °C for 10 min in the dark. Afterward, 50 µl of stop
solution was added to each well, and the absorbance
at 450 nm was measured using a microplate reader.

Quantitative RT-PCR

Cells were collected, and RNA was extracted from
tissues using TRIzol reagent. RNA was stored at
−80 °C until further use. RNA was reverse-transcribed
into complementary DNA (cDNA) using RT-PCR kits.
The mRNA levels of Nox2, p22phox, p47phox, and
p67phox in cells were quantified using SYBR green
dye. The two-step PCR amplification program was as
follows: pre-denaturation at 95 °C for 10 min, followed
by 40 cycles at 95 °C for 15 s and 60 °C for 60 s. The
2−∆∆Ct method was used to calculate the relative index
of gene expression. The specific primer sequences used
are listed in Table S1.

Measurement of ROS

Cells were collected and centrifuged. The supernatant
was discarded, and the cell pellet was resuspended in
PBS. Dihydroethidium (DHE), a commonly used flu-
orescent probe for detecting superoxide anions, enter
cells and reacts with superoxide anions to produce red
fluorescence, which is used for ROS detection. DHE
was added at a final concentration of 0.5 µM and
incubated for 1 h in the dark. After incubation, the cells
were observed under a fluorescence microscope. The
mean optical density (MOD) of ROS fluorescence was
quantified using Image-Pro Plus 6.0 (IPP 6.0, Media
Cybernetics, USA). For each image, the integrated
optical density (IOD) and the corresponding area were
measured, and MOD was calculated as IOD/area.

Western blot analysis

Cells were collected, placed on ice, and homogenized
in cell lysis buffer. After centrifugation, the total
protein concentration was determined using BCA as-
say. Approximately 20 µg of protein was loaded,
separated by sodium dodecyl sulfate — polyacrylamide
gel electrophoresis (SDS-PAGE), and transferred to
polyvinylidene fluoride (PVDF) membrane, which was
blocked with nonfat milk at room temperature for 2 h.
The membrane was incubated with the primary anti-
bodies at 4 °C overnight. The primary antibodies were
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(1:1000), P-AMPK (1:1000), P-STAT3 (1:1000), HO-
1 (1:1000), ARG1 (1:1000), Nox2 (1:5000), p22phox
(1:1000), p47phox (1:1000), and p67phox (1:2000).
After incubation, the membrane was washed three
times with Rapid Blocking Buffer (TBST) and incu-
bated with the secondary antibodies (1:10,000) at
room temperature for 2 h. The protein bands were
visualized using an ECL kit, and the band intensities
were analyzed using Image-Pro Plus software.

Statistical analysis

Results are presented as mean± standard error of the
mean (SEM). When three or four groups were com-
pared, one-way ANOVA followed by Tukey’s multiple
comparison test was used. Statistical significance was
set at p < 0.05.

RESULTS

Attenuation of the colon cancer HT-29 and LoVo
cell viability by IMP

We explored the role of IMP in colon cancer HT-29 and
LoVo cells. To determine whether IMP could decrease
the HT-29 and LoVo cell viability, PMA was used to
induce THP-1 differentiation to M0 macrophages, and
CSF-1 was used to promote M2 macrophage polar-
ization. Subsequently, the conditioned medium from
macrophage was co-cultured with HT-29 and LoVo
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A B C D

Fig. 1 Effect of IMP (10 µM) on the viability of colon cancer HT-29 and LoVo cells. CCK-8 assay used to determine the viability
of HT-29 cells at 24 h (A) and 72 h (B) and LoVo cells at 24 h (C) and 72 h (D). ** p < 0.01 vs. CSF-1, *** p < 0.001 vs. CSF-1.

cells. As shown in Fig. 1, administration of IMP sig-
nificantly reversed the CSF-1 induced increase in cell
viability in both HT-29 and LoVo cells at 72 h (** p <
0.01, *** p < 0.001). IMP showed a reversal effect at
24 h, but the difference was not statistically significant.
These results indicate that IMP inhibited HT-29 and
LoVo cell viability via macrophage modulation.

Inhibition of CSF-1 induced increases in CD163
and CD206 expression levels in macrophages by
IMP

To further clarify the role of IMP on the macrophages,
we performed immunohistochemistry to detect the ex-
pression levels of M2 macrophage phenotype markers
CD163 and CD206. As shown in Fig. 2, the expres-
sion levels of CD163 and CD206 were significantly
increased in the CSF-1 intervention group compared
with the control group (*** p < 0.001). Conversely,
IMP and DPI interventions markedly inhibited these
increases in the THP-1 cells (* p < 0.05, ** p <
0.01, *** p < 0.001). These results suggest that
IMP decreases tumor viability toward inhibiting M2
macrophage polarization.

Attenuation of M2 macrophage phenotype marker
expression levels by IMP

Next, we investigated the effect of IMP on M2
macrophage phenotype markers. ELISA was used to
detect the expression levels of IL-10, IL-6, and TGF-
β1, which are M2 macrophage phenotype markers.
Fig. 3 showed that the expressions of IL-10, IL-6, and
TGF-β1 were significantly increased compared with
control group after administration of CSF-1 in THP-
1 cells (*** p < 0.001), and the expression of these
markers was significantly decreased by both IMP and
DPI (** p < 0.01, *** p < 0.001).

Inhibition of CSF-1 induced Nox2 and ROS
expression levels in macrophages by IMP

The effect of IMP on Nox2-associated mRNA and ROS
expression was detected by PCR and DHE fluorescent
probe assay (Fig. 4), and the results showed that CSF-
1 intervention significantly increased the mRNA ex-

pression of Nox2, p22phox, p47phox, and p67phox in
THP-1 cells compared with the control group (*** p <
0.001). Administration of IMP and DPI significantly re-
duced mRNA expression of Nox2, p22phox, p47phox,
and p67phox (** p < 0.01, *** p < 0.001). The DHE
fluorescent probe assay showed that compared with
control, CSF-1 intervention significantly elevated the
ROS level (*** p < 0.001). Administration of IMP and
DPI decreased ROS levels in macrophages (*** p <
0.001).

Inhibition of Nox2/ROS/AMPK/STAT3 pathway
expression levels in M2 macrophages by IMP

The effect of IMP on the expression of
Nox2/ROS/AMPK/STAT3 pathway-associated
proteins and the M2 macrophage markers HO-1
and ARG-1 was measured by Western-blot. The results
showed that administration of CSF-1, the expression
of Nox2, p22phox, p67phox, p47phox, p-AMPK,
p-STAT3, HO-1 and ARG1 proteins was increased in
comparison with control group (** p < 0.01, *** p <
0.001), and the expression levels of all proteins were
significantly decreased after administration of IMP
(* p < 0.05, ** p < 0.01). Administration of DPI also
notably downregulated the protein expression level of
p-STAT3 (* p < 0.05) (Fig. 5). Therefore, we conclude
that IMP reduces the viability of HT-29 and LoVo cells
through the Nox2/ROS/AMPK/STAT3 pathway.

DISCUSSION

IMP has multiple pharmacological effects such as an-
tibacterial, anti-inflammatory, and antioxidant activi-
ties, making it a promising candidate drug. Its anti-
tumor activity has attracted increasing attention from
researchers [17]. However, most studies on impera-
torin are limited to pharmacodynamic evaluations, and
comprehensive, in-depth investigations systematically
revealing its mechanisms and effective targets are lack-
ing. In the present study, we explored the potential role
of IMP in colon cancer, and our results show for the first
time that treatment with IMP effectively inhibits M2
macrophage polarization and the proliferative ability
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B C

Fig. 2 Effect of IMP (10 µM) on the expression levels of M2 macrophage phenotype markers CD163 and CD206.
Immunohistochemistry images of CD163 and CD206 (A). Immunohistochemistry used to measure the expression of CD163 (B)
and CD206 (C). Scale bar, 100 µm. * p < 0.05 vs. CSF-1, ** p < 0.01 vs. CSF-1, *** p < 0.001 vs. CSF-1.

A B C

Fig. 3 Effect of IMP (10 µM) on the expression levels of M2 macrophage phenotype markers. ELISA was used to quantify the
expression levels of IL-10 (A), IL-6 (B), and TGF-β1 (C). ** p < 0.01 vs. CSF-1, *** p < 0.001 vs. CSF-1.

A B C D F

Fig. 4 Effect of IMP (10 µM) on Nox2-associated mRNA and ROS expression. The mRNA protein expression level of Homo
Nox2 (A), Homo p22phox (B), Homo p47phox (C), and Homo p67phox (D). The Fluorescence staining images showing the
effect of IMP (E) and quantification of ROS levels (F). Scale bar, 50 µm. ** p < 0.01 vs. CSF-1, *** p < 0.001 vs. CSF-1.
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B

C

Fig. 5 Effect of IMP (10 µM) on the expression of Nox2/AMPK pathway-associated proteins. Western blot images (A), Western
blot analysis used to measure the protein expression level of Nox2, p22phox, p67phox, p47phox (B), and p-AMPK, p-STAT3,
HO-1, ARG1 (C). * p < 0.05 vs. CSF-1, ** p < 0.01 vs. CSF-1, *** p < 0.001 vs. CSF-1.

of colon cancer HT-29 and LoVo cells by regulating the
Nox2/ROS/AMPK/STAT3 pathway.

In recent years, with the increasing research on
TME, immunotherapy has a considerable potential in
cancer treatment. TAMs are the major immune cell
population in the TME [18]. TAMs play a dual role
in modulating inflammation and tumor development.
In the early stage of tumors, TAMs create an inflam-
matory microenvironment that can induce mutations
and promote tumor cell proliferation. During tumor
progression, TAMs promote angiogenesis, enhance tu-
mor cell migration and invasion, and suppress the
antitumor immune response [19]. Increasing evidence
has focused on targeting TAM apoptosis and phenotype
reversal in the regulation of multiple cancers such as
breast cancer [20], making TAMs an important target
for cancer immunotherapy. At present, the mechanism
underlying the antitumor effect of imperatorin remains
unclear. In this study, THP-1 cells were differentiated
into macrophages using PMA, treated with CSF-1, and
co-cultured with colon cancer HT-29 and LoVo cells.
Based on the results of our preliminary experiments,
10 µM imperatorin was selected for experimental in-
tervention. Wu et al [13] used the same concentration
in their study and found that this concentration ex-
hibits low general toxicity in human epithelial, ovarian,
colon, and non-small cell lung cancer cell lines. In
addition, Zheng et al [21] reported that the IC50 of IMP
in HT-29 cells was 78 µM, and increasing the concen-
tration of IMP did not affect the percentage of necrotic

cell death. Therefore, 10 µM IMP is likely to exhibit
minimal toxicity in both LoVo and HT-29 cells. A sig-
nificant reduction in cell viability was observed at 72 h,
which may be related to macrophage involvement and
a potential time-lag effect. A similar hypothesis was
also proposed by Jang et al [22] in a three-dimensional
co-culture system of pancreatic cancer. However, this
part of the study has certain limitations. To better
determine whether the observed decline in cell via-
bility is attributable to the direct cytotoxic effects of
IMP or to the influence of macrophage-derived factors,
future experiments should include a control group
in which HT-29 and LoVo cells are treated with IMP
alone, without macrophage-conditioned medium. This
would help clarify the respective contributions of direct
and macrophage-mediated effects. Our observation
indicated that IMP intervention for 72 h reduced the
viability of HT-29 and LoVo cells, and this effect may
be related to macrophages.

TAMs can be classified into M1 and M2 types.
Studies have shown that M1 macrophages are tumor
suppressive, pro-inflammatory, and immunoreactive,
whereas M2 macrophages are involved in tissue re-
pair, immune escape, and the promotion of tumori-
genesis and tumor progression. Infiltration of M2
macrophages in tumors is significantly increased and
correlated with poor patient prognosis [23]. Patients
with high M2 macrophage infiltration have approxi-
mately twice the risk of tumor recurrence and tumor-
related mortality compared with those with low M2
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infiltration [24]. CSF-1 is an important cytokine cor-
related with TAM immunosuppressive function. Tumor
cells release large amounts of CSF-1 into the extracellu-
lar environment during rapid proliferation. CSF-1 acts
as a chemoattractant mediating binding to receptors
on TAMs and recruiting them to tumor cells, inducing
increased fatty acid oxidation (FAO) levels in TAMs
and promoting their polarization into M2-phenotype
macrophages [25]. The distinctive surface markers
of M2 macrophages are CD163 and CD206, and M2
macrophages secrete cytokines and chemokines such
as IL-10, IL-6, TGF-β, ARG-1, and H0-1, thereby exert-
ing immunosuppression and accelerating tumor devel-
opment [26]. In our study, administration with CSF-1
induced the polarization of M0 macrophages into M2
macrophages. Immunohistochemical analysis showed
elevated expression levels of the M2 macrophage sur-
face markers CD163 and CD206, and the ELISA results
also suggested that the expression of IL-10, IL-6, and
TGF-β levels increased in M2 macrophages. Treatment
with IMP or the antioxidant DPI significantly down-
regulated the expression of CD163 and CD206 and
reduced the expression of correlated cytokines and
chemokines. These findings suggest that both IMP
and DPI may play an antitumor role by inhibiting M2
macrophage polarization and regulating TMEs, and the
ability of IMP to influence M2 macrophages may be
related to ROS.

Compared with normal cells, the TME is always as-
sociated with oxidative stress, and the concentration of
ROS can be up to 100 times higher than that in normal
tissue cells. ROS produced by cancer cells can recruit
and support TAMs for tumor growth and prevent T-
cell infiltration into tumors. Therefore, regulating ROS
levels may represent a potential strategy to modulate
the TME and overcome cancer cell drug resistance
[27, 28]. Che et al [29] showed that M2 macrophage
polarization in colon cancer is largely dependent on
ROS, and inhibition of ROS production specifically
blocks M2 macrophage polarization and reduces col-
orectal cancer metastasis. In cells, ROS is mainly
derived from the Nox family, and Nox-dependent ROS
has been shown to induce M2 polarization in the TME
[30]. Nox2-dependent ROS can trigger autophagy,
which promotes hepatocellular carcinoma-induced M2
macrophage polarization [10]. In M2 macrophages,
Nox2 is the most highly expressed member of the Nox
family, and the administration of DPI reduced the ex-
pression of Nox2 and ROS [7]. In our study, induction
of macrophage polarization to the M2 macrophages
by CSF-1 resulted in increased expression of subunits
p22phox, p47phox, and p67phox, and Nox2 mRNA is
required for Nox2 activation. DHE fluorescent staining
showed increased ROS levels in M2 macrophages.
Western blot results further confirmed that the protein
expression levels of Nox2, p22phox, p47phox, and
p67phox were upregulated in M2 macrophages. Treat-
ment with IMP or DPI significantly downregulated ox-

idative stress in M2 macrophages and reduced ARG-1
and H0-1 expression. These findings suggest that IMP
may reduce the oxidative stress in M2 macrophages
through the Nox2-ROS pathway, thereby inhibiting M2
macrophage polarization and regulating TAM pheno-
typic transformation.

We further explored the potential mechanisms
underlying macrophage polarization. Previous stud-
ies have reported that Nox2 can be regulated by
AMPK in the cardiovascular system [31] and that
AMPK activation is involved in macrophage polariza-
tion [32]. AMPK has been proposed to act as an
intermediate regulator of macrophage inflammatory
activity, being rapidly activated by anti-inflammatory
stimuli and inactivated by pro-inflammatory stimuli.
Exposure to anti-inflammatory cytokines such as IL-
10 and TGF-β significantly increases AMPK expression
and activity, whereas exposure to pro-inflammatory
cytokines such as TNF-α and IL-1β reduces them
[33]. In addition, AMPK activation has been shown
to decrease IκB degradation and increase Akt activa-
tion, thereby inhibiting inflammatory responses, sup-
pressing M1 phenotype macrophages, and promoting
polarization toward the anti-inflammatory M2 phe-
notype macrophages [34]. STAT3 transcription fac-
tors are recognized as key regulators of inflammatory
responses in macrophages and other immune cells
[3]. TAM-derived IL-6 has been reported to promote
breast cancer development and progression through
STAT3 [35]. Besides, activation of the Janus kinase
2 (JAK2)/STAT3 signaling pathway in gastric cancer
cells and mouse gastric cancer tissues has been shown
to enhance M2 phenotype macrophage polarization,
thereby facilitating tumor metastasis and angiogene-
sis [36]. In addition, inhibition of the STAT3 and
AKT signaling pathways in colon cancer downregulates
TAM polarization toward the M2 phenotype, resulting
in decreased expression of PD-L1 and IL-10 in M2-
polarized TAM in the TME [37]. In IL-4 induced M2
macrophage polarization, the phosphorylation levels
of both AMPK and STAT3 are significantly elevated,
and blockade of either AMPK or STAT3 inhibits M2
macrophage polarization [38]. These data suggest that
the anti-inflammatory and antitumor characteristics
of the AMPK/STAT3 signaling pathway are associated
with M1/M2 polarization of macrophages. In our
study, we observed elevated p-AMPK and p-STAT3
expression in M2 macrophages, and administration
of IMP or DPI decreased their expression, suggesting
that IMP inhibited cancer cell viability by decreasing
Nox2/ROS expression, downregulating the AMPK/S-
TAT3 signaling pathway, modulating macrophage po-
larization, and affecting the TME.

CONCLUSION

Our findings indicate that IMP inhibits M2 macrophage
polarization and reduces the proliferative ability of
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colon cancer HT-29 and LoVo cells by downregulating
the expression of the Nox2/ROS/AMPK/STAT3 signal-
ing pathway. Our results suggest an essential role of
IMP in cancer therapy. However, further studies and
clinical trials are needed to confirm the effectiveness
of IMP in different cancer types. IMP may emerge as
a novel therapeutic option for cancer treatment in the
future.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasia1513-1874.2026.
004.
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Appendix A. Supplementary data

Table S1 Primer sequences used for RT-PCR.

Gene Primer Sequence (5′ −3′) PCR product

Homo GAPDH Forward TCAAGAAGGTGGTGAAGCAGG 115 bp
Reverse TCAAAGGTGGAGGAGTGGGT

Homo Nox2 Forward TAAGATAGCGGTTGATGGG 114 bp
Reverse TTGAGAATGGATGCGAAGG

Homo p22Phox Forward CATTGTGGCGGGCGTGTT 101 bp
Reverse CGGCGGTCATGTACTTCTGTC

Homo p47Phox Forward TGACGAGACGGAAGACCCTGAG 185 bp
Reverse TGGACGGGAAGTAGCCTGTGA

Homo P67Phox Forward TTGAAGAAGGGCAATGAT 165 bp
Reverse TTTGGAACTAGGAGGAGC
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