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supplementation and moderate-intensity
exercise in high-fat diet-induced breast cancer
via regulation of inflammation and adipose
tissue metabolism in vivo and in vitro
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Abstract

Background Breast cancer represents a significant global health concern and is influenced by a range of
environmental factors. Increased fat intake and physical inactivity contribute to elevated body fat levels and are
strongly linked to breast cancer incidence. Genistein (GEN), isoflavone in soy-derived foods, demonstrates anti-
estrogenic properties and anti-cancer effects by regulating various mechanisms such as apoptosis. Regular physical
activity prevents the progression and development of cancer by releasing various myokine signaling molecules from
the muscles. This study aimed to explore the potential anti-cancer effects of combining GEN supplementation with
regular moderate-intensity exercise on breast cancer.

Methods Female BALB/c mice aged 5 weeks were divided into five groups and received GEN, moderate-intensity
exercise, or a combination of both throughout the experiment. After 8 weeks of treatment, mammary tumor

cells were inoculated into mammary fat pads. Anti-cancer effects of these treatments on apoptosis, macrophage
polarization, and adipose tissue wasting mechanisms in breast tumors were analyzed. In addition, U937, a human
monocytic leukemia cell line, was treated with phorbol-12-myristate-13-acetate and interleukin (IL)-4 to induce an M2
macrophage phenotype and analyzed markers for M2 polarization.

Results Moderate-intensity exercise alone or in conjunction with GEN proved effective in retarding tumor initiation
and growth, leading to reduced tumor volume compared to GEN supplementation alone. The combined regimen
enhanced the expression of apoptosis markers and augmented the proportion of M1 macrophages while diminishing
M2 macrophages. In vitro, treatment with GEN and myokines suppressed markers of M2 macrophage polarization and

fYuri Kim and Jung-Hyun Kim have contributed equally as the
corresponding authors.

*Correspondence:
Yuri Kim
yurikim@ewha.ac.kr
Jung-Hyun Kim
jjhkim@cau.ackr

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s12906-025-04968-x
http://crossmark.crossref.org/dialog/?doi=10.1186/s12906-025-04968-x&domain=pdf&date_stamp=2025-6-17

Kwon et al. BMC Complementary Medicine and Therapies

(2025) 25:223

Page 2 of 16

expression of the JAK1/STAT6 signaling pathway. Furthermore, the study suggested that the combined intervention of
GEN supplementation and moderate-intensity exercise prevented adipose tissue wasting by regulating adipogenesis,

lipolysis, and systemic inflammation in subcutaneous fat.

Conclusions The potential anti-cancer effects of GEN supplementation and regular moderate-intensity exercise on
breast cancer are mediated through the induction of apoptosis and inhibition of macrophage polarization. They also

exert a protective effect on adipose tissue wasting.

Keywords Breast cancer, Genistein, Exercise, Myokine, Apoptosis, Macrophage, Adipose tissue wasting

Introduction

Breast cancer is a significant global health concern that
is predominantly diagnosed and is regarded as the pri-
mary cause of cancer-related mortality in women [1].
The development and progression of breast cancer are
associated with a multitude of risk factors, including
genetic predisposition and environmental factors, such
as diet, obesity, and physical inactivity [2]. In particu-
lar, environmental factors are the leading cause of most
cases of breast cancer. Consequently, it is recommended
that individuals avoid high-fat diets and increase their
physical activity to reduce their risk of developing breast
cancer.

It has been demonstrated that cancer cells interact with
the tumor microenvironment, including stromal cells,
during cancer progression and metastasis [3]. The tumor
microenvironment plays an important role in tumor ini-
tiation, progression, and metastasis, and is increasingly
recognized as a therapeutic target and biomarker for
cancer patients. Macrophages are potent immune cells
in the tumor microenvironment, helping tissue regen-
eration and development and protecting the host from
external factors [4, 5]. Intratumoral macrophages are des-
ignated tumor-associated macrophages (TAMs) and are
highly adaptable, capable of altering their phenotype in
response to environmental cues, including M1 and M2
[3, 6]. Interferon y (IEN-y) or lipopolysaccharide (LPS)-
stimulated M1 macrophages elevate pro-inflamma-
tory cytokines, such as tumor necrosis factor (TNF)-a,
Interleukin (IL)-6, and IL-12 and promote anti-cancer
immune responses [7]. In contrast, M2 macrophages play
a pivotal role in tumorigenesis by secreting anti-inflam-
matory cytokines and growth factors [5]. A high preva-
lence of M2 macrophages is observed in solid tumors,
and elevated macrophage infiltration is linked to unfavor-
able clinical outcomes in diverse cancer types, including
breast, lung, and gastric cancers [8]. Consequently, TAM
targeting and M2 polarization inhibition are emerging as
personalized and promising therapeutic strategies.

Most cancer patients exhibit multiple metabolic dys-
regulations, including protein catabolism and lipolysis,
and an increase of resting energy expenditure [9, 10]. In
particular, the loss of adipose tissue has a profoundly neg-
ative impact on cancer patients such as hyperlipidemia,

insulin resistance, and complicating anti-tumor therapies
[11]. Understanding the molecular mechanisms such as
adipogenesis, lipolysis, and systemic inflammation, asso-
ciated with this adipose tissue wasting in these cancer
patients and identifying their preventive and inhibitory
effects will be a valuable therapeutic strategy for cancer-
related adipose tissue wasting.

Genistein (4, 5, 7-trihydroxy isoflavone, GEN) is an iso-
flavone found primarily in soy-derived foods and is one
of the most widely present phytoestrogens in the human
diet [12, 13]. It has been demonstrated that GEN exerts
antioxidant and anti-estrogenic effects [14, 15]. The
structural and functional similarities between GEN and
17B-estradiol (E2) indicate that GEN supplementation
exerts anti-estrogenic effects by inhibiting its binding to
estrogen receptors, which may contribute to anti-hor-
mone-related cancer activity [14]. Previous studies have
demonstrated that GEN inhibits growth and invasion of
malignant cells through the modulation of inflammation
and angiogenesis, as well as tyrosine kinase activity at
high concentrations [16—18]. Several studies have dem-
onstrated that GEN reduces the proliferation of breast
cancer cells through the induction of cell cycle arrest and
the downregulation of DNA methylation in the promoter
region of multiple tumor suppressor genes [19-22]. Addi-
tionally, GEN has been demonstrated to induce apoptosis
of breast cancer cells by regulating Bcl-2, Bax, Akt, and
NF-kB [12, 23-25]. Furthermore, previous research has
demonstrated that GEN exerts a protective effect against
breast cancer at an early stage of life, achieved by enhanc-
ing mammary gland differentiation [26]. GEN has been
shown to decrease carcinogenesis, invasion of cancer
cells, and angiogenesis through modulation of matrix
metalloproteinases and vascular endothelial growth fac-
tor expressions [27-30]. Consequently, GEN may be a
promising alternative anti-cancer agent that inhibits can-
cer progression.

Regular physical activity has been reported to enhance
muscle strength, physical function, aerobic capacity,
and quality of life in women with early-stage breast can-
cer [31]. Additionally, exercise training has been shown
to prevent the development and progression of breast
cancer through the modulation of several biological
pathways, including systemic low-grade inflammation,
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metabolic hormones, sex hormones, and others [32].
During physical activity, myokines, a type of cytokine,
are released as muscles relax and contract [33, 34]. Myo-
kines regulate the immune system, are involved in can-
cer development, and exhibit anti-cancer effects [35].
Recent studies have demonstrated the potential efficacy
of irisin (Iri) in breast cancer prevention and treatment
by stimulating caspase activity to promote apopto-
sis, eliciting anti-inflammatory reactions, or improving
tumor responsiveness to anti-cancer medications [36].
Oncostatin (OSM), a member of the interleukin-6 cyto-
kine family, has been shown to inhibit proliferation [37]
and promote cell detachment in T-47D human breast
cancer cells [38].

Although the benefits of exercise and nutrition have
been extensively studied individually, the combination
of the two therapies has been reported to be more effec-
tive in preventing and treating cancer and improving
the quality of life of cancer patients [39-43]. One study
observed the combination effect of regular swimming
exercise and genistein decreased inflammatory levels
and increased anti-inflammatory levels stronger than
individually [41]. Additionally, another investigation
reported that combination of yoga training and vitamin
D supplementation in breast cancer survivors resulted in
improvement of cytokine profiles, such as anti-inflamma-
tory index (IL-10/TNF-«) [43]. However, it is still unclear
whether the combination treatment of GEN and exercise
has additional anti-cancer effects on breast cancer related
to tumor growth and activity, or surrounding body com-
position. Therefore, the present study aimed to investi-
gate the effects of GEN and regular moderate-intensity
exercise on anti-cancer effects in breast cancer by regu-
lating cell apoptosis, macrophage polarization, and adi-
pose tissue wasting.

Methods

Animals and experimental procedures

Five-week-old female BALB/c mice (Central Lab Animal
Inc., Seoul, Korea) were housed in a controlled environ-
ment with specific conditions including temperature
(22+2 °C), humidity (50+5%), and a 12-hour light/
dark cycle. The mice were provided with food (DooYeol
Biotech, Seoul, Korea) and water ad libitum. The num-
ber of mice required in each group was calculated using
G*Power software. We selected an ANOVA test with an
independent sample study design. The effect size was set
at 0.6, the significance level (a) at 0.05, and the statisti-
cal power (1-B) at 0.9. Based on these parameters, the
required number of mice per group was determined to
be 10. Mice were randomly assigned to five groups on
body weight: (1) Normal control mice group given AIN-
93G (NC; n=10), (2) 4T1-induced breast cancer mice
on a high-fat diet group (H, n=10), (3) 4T1-induced
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breast cancer mice on a high-fat diet supplemented with
200 mg/kg body weight (b.w.) of GEN group (HG, n=10),
(4) 4T1-induced breast cancer mice on a high-fat diet
with moderate-intensity exercise group (HE, n=10), and
(5) 4T1-induced breast cancer mice on a high-fat diet
supplemented with 200 mg/kg b.w. of GEN and moder-
ate-intensity exercise group (HGE, n=10). Mice were
randomly assigned to experimental groups using strati-
fied randomization based on initial body weight. The
mice were fed an AIN-93G diet (NC) or a 60% high-fat
diet (HFD) during the experiment. AIN-93G is a purified
rodent diet designed to provide balanced nutrition for
laboratory animals and is commonly used as a standard
control diet in dietary intervention studies. Following the
acclimation period, mice in the HFD group were fed a
high-fat diet (60% fat composition) for 13 weeks, admin-
istered ad libitum to ensure continuous consumption.
The oil in the high-fat diet was changed from soybean oil
to corn oil to prevent GEN contamination.

GEN supplementation and moderate-intensity exercise
were employed to study their anti-cancer effects. GEN
was administered orally at a dose of 200 mg/kg five times
per week, suspended in corn oil. Moderate-intensity
exercise training was conducted five times a week using a
treadmill (Biokonvision, Gwacheon, Korea). The exercise
regimen consisted of a 10-minute warm-up at a speed of
5 m per minute, followed by a 30-minute main activity
at 13 m per minute, and a 10-minute cool-down at 5 m
per minute. A breast cancer mouse model was estab-
lished by injecting 1 x 10* 4T1 cells suspended in phos-
phate-buffered saline (PBS) into the mammary fat pads
8 weeks after the experiment began. Food intake, body
weights, and tumor volumes were monitored biweekly.
Tumor delay was defined as the duration from tumor cell
inoculation to the time when the tumor became palpable
and exhibited measurable growth. Tumor volumes were
determined by measuring each tumor with a digital cali-
per and calculating it using the formula: [length (mm) x
width? (mm?) x 0.5] [44]. All experimental procedures
were conducted in accordance with institutional ethical
guidelines, with humane endpoints strictly observed. For
tissue collection, mice were anesthetized using isoflurane
(3 mL applied to a cotton pad in a sealed chamber) until
unresponsive to a toe pinch. Anesthesia was maintained
through intermittent exposure to isoflurane administered
via a corneal tube. While under deep anesthesia, mice
were euthanized by exsanguination via cardiac punc-
ture, followed by organ harvesting. Death was confirmed
by the complete cessation of heartbeat, respiration, and
reflexes. Tissues were then carefully dissected, weighed,
rinsed, snap-frozen in liquid nitrogen, and stored at
—80 °C. All surgical procedures were performed in a con-
trolled environment within a laboratory fume hood, with
strict adherence to personal protective equipment (PPE)
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protocols to minimize isoflurane exposure. The in vivo
procedures were approved by the Institutional Animal
Care and Use Committee of Ewha Womans University
(IACUC approval No. 22-043).

Cell culture and reagents

The murine mammary cancer cell line, 4T1 and human
monocytic leukemia cell line, U937, were obtained from
the American Type Culture Collection (ATCC, Manas-
sas, VA, USA) and maintained in Roswell Park Memo-
rial Institute (RPMI) 1640 medium (Welgene, Daegu,
Korea) supplemented with 10% fetal bovine serum (FBS;
Hyclone, Logan, UT, USA) and 1% penicillin-strepto-
mycin (100 U/mL and 100 pg/mL) (Invitrogen, Carls-
bad, CA, USA). The cells were cultured at 37 °C in a
humidified atmosphere containing 5% CO, throughout
the experiment. GEN was acquired from BOC Sciences
(NY, USA) and solubilized in dimethyl sulfoxide (DMSO,
Sigma Aldrich, St. Louis, MO, USA). Iri was procured
from Cayman Chemical (Ann Arbor, Michigan, USA),
and OSM was purchased from Sino Biological (Beijing,
China) and dissolved in distilled water.

Cell viability assay

2,5-dephenyl-2 H-tetrazolium bromide (MTT) assay was
conducted to evaluate cell viability. The impact of GEN,
Iri, and OSM on cell viability was investigated by seed-
ing cells at a density of 2.0 x 10* cells per well in 96-well
plates and incubating them for 24 h. U937 cells were dif-
ferentiated using 10 ng/mL phorbol 12-myristate 13-ace-
tate (PMA) with or without GEN, Iri, and OSM for 48 h,
followed by 30 ng/mL IL-4 in the presence or absence
of GEN, Iri, and OSM for an additional 48 h. After
96 h of incubation of varying concentrations of GEN,
Iri, and OSM, the medium was aspirated, and 200 pl of
MTT solution (0.5 mg/mL, Sigma-Aldrich) was added
to each well. The mixture was then incubated at 37°C
for three hours. Subsequently, formazan crystals were
dissolved in each well by adding 100 pL of DMSO solu-
tion after removing the supernatant. Absorbance values
of each well were determined at 560 nm using a micro-
plate reader (Molecular Device, Sunnyvale, CA, USA) for
analysis.

RNA extraction and reverse transcriptase-polymerase
chain reaction (RT-PCR) analysis

Total RNA was isolated from mouse tissues and cells by
utilizing the TRIzol reagent (Invitrogen, CA, USA). Fol-
lowing assessment of concentration and integrity, com-
plementary DNA (cDNA) was synthesized from 1 pg of
each total RNA using a RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, Waltham, MA,
USA). The PCR amplification process involves various
thermal cycling conditions, commencing with an initial
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step at 94 C for 5 min, followed by denaturation at 94
C for 30 s. Subsequent annealing is performed at a spe-
cific temperature for each primer for 45 s, and extension
is carried out at 72 C for 2 min. The samples were then
subjected to electrophoresis on a 1.5-2.0% agarose gel
and visualized using a gel documentation system. Image
] software (National Institutes of Health, Bethesda, MD,
USA) was employed for quantifying band intensities,
with each outcome normalized to the internal control,
glyceraldehyde-3-phosphate dehydrogenase (Gapdh).

Immunohistochemistry

Tumor tissues obtained in mice with breast cancer
induced by 4T1 cell injection were harvested, fixed in
10% formaldehyde, and embedded in paraffin. Follow-
ing this, the paraffin-embedded samples were sliced into
4 pum sections and affixed onto glass slides. The sections
underwent deparaffinization and rehydration and were
then exposed overnight to primary antibodies CD68
(Proteintech, Manchester, UK) and ARG1 (Abcam, Cam-
bridge, England), following the manufacturer’s instruc-
tions. Subsequently, a secondary antibody was added and
left to incubate at room temperature for one hour. The
sections were then subjected to staining using 3,3’-diami-
nobenxidine tetrahydrochloride (DAB; DABKO, Ely, UK),
followed by counterstaining with 1% hematoxylin and
eosin for one minute. Finally, the sections were mounted
using a Permount Mounting medium (Fisher Scientific,
Pittsburgh, PA, USA).

Western blot analysis

Mice breast tumor tissues and cells were rinsed with 1X
cold PBS and lysed using PRO-PREP protein extraction
solution (iINtRON Biotechnology, Seongnam, Korea)
supplemented with a phosphatase inhibitor cocktail
(Sigma-Aldrich). Following protein quantification, equal
quantities of the samples were loaded onto SDS-PAGE.
After electrophoresis, the proteins were transferred onto
polyvinylidene difluoride (PVDF) membranes (Millipore,
Billerica, MA, USA). The membranes were then blocked
with 5% bovine serum albumin (BSA) or 5% skim milk
in Tris-buffered saline containing Tween 20 (TBS-T) at
ambient temperature for one hour. The blocked mem-
branes were incubated overnight at 4°C with diluted
primary antibodies for detection. The primary anti-
bodies were used in this study as follows: Bcl-2, Bax,
Proliferating cell nuclear antigen (PCNA) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), cleaved caspase-3,
total-JAK1, phospho-JAK1, total-STAT6, phospho-
STAT6 (Cell Signaling Technology, Danvers, MA, USA),
Argl (Proteintech, Manchester, UK), CD163, CD68, and
B-actin (Abcam, Cambridge, England). Following mul-
tiple washes with TBS-T, the membranes were exposed
to anti-mouse or anti-rabbit secondary antibodies (Santa
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Table 1 Effects of GEN supplementation, moderate-intensity exercise, or their combination on body weight and organ weight

NC H HG HE HGE
Body weight (BW, g)
Initial BW 18.73+£0.31° 18.17+0.34 18.51+0.31° 17.60+0.37 17.78+0.31°
BW before Tl 20.00+0.37° 22.04+045° 21.77+0.50%° 21624063 20.93+0.46°°
Final BW 21.18+043? 20.59+0.44° 2127+0472 217240522 21.02+045°
BW gain or loss (g) 1.19+0.23° -1.45+0.36° -042+0.26° 0.10+0.20° 041+0.35¢
(BW before Tl to Final BW)
Liver / BW ratio (%) 3.72+£043? 452+0.40° 4.83+0.66° 4014068 3.77+0.407
Spleen / BW ratio (%) 044 +0.05 2.93+0.46° 2.34+0.56° 1.20+0.95¢ 0.76£0.52*¢

All data were presented as mean tstandard error of the mean (SEM) and subjected to one-way analysis of variance (ANOVA) followed by the Newman-Keuls post
hoc test. Statistical significance among groups was denoted by different alphabetical letters (P<0.05). Tl, tumor inoculation; GEN, genistein; NC, normal control; H,
breast cancer-induced mice fed a high-fat diet; HG, breast cancer-induced mice fed a high-fat diet with GEN; HE, breast cancer-induced mice fed a high-fat diet with

moderate-intensity exercise; HGE, breast cancer-induced mice fed a high-fat diet with GEN and moderate-intensity exercise

Cruz Biotechnology) at room temperature for one hour.
B-actin was utilized as a loading control. The visualiza-
tion of protein bands was achieved using an enhanced
chemiluminescence solution (ECL; Animal Genetics Inc,
Suwon, Korea) on film. The levels of protein expression
were quantified using Image J software (National Insti-
tutes of Health, Bethesda, MD, USA).

Statistical analysis

Data were represented as mean +standard error of the
mean (SEM). Statistical analyses were performed uti-
lizing the GraphPad PRISM software (Version 3.02,
GraphPad Software, Inc., San Diego, CA, USA). Group
comparisons were analyzed using a one-way analysis of
variance (ANOVA), followed by the Newman—Keuls post
hoc test. The Newman—Keuls test was chosen as it allows
for pairwise comparisons while balancing Type I error
control and statistical power. Statistical significance was
determined at a P-value below 0.05.

Results

Effects of GEN supplementation, moderate-intensity
exercise, or their combination on the body and organ
weight in high-fat diet-induced breast cancer mice

To determine the effect of GEN supplementation and
moderate-intensity exercise on breast cancer, a high-fat
diet-induced breast cancer mice model was established.
There was no significant difference between the initial
and final body weight in each group (Table 1). Although
a high-fat diet significantly increased body weight before
cancer cell injection (P<0.05), the final body weight was
not different among the groups. Although body weight
was lost significantly in the H group compared to other
groups (NC, HE, HGE; P<0.001, HG; P<0.05), GEN
supplementation and moderate-intensity exercise sup-
pressed breast cancer-induced body weight loss. The
ratio of liver weight to body weight was found to be
increased in the H (P<0.01) and HG groups (P<0.001),
respectively, compared to the NC group. The spleen
serves as an indirect marker of inflammation. The ratio of

Table 2 Effects of GEN supplementation, moderate-intensity
exercise, or their combination on breast tumor incidence
Treatment group Tumor incidence

Ha 10/10°
HG? 10/10°
HEP 4/10°
HGEP 3/10°

Comparisons among the groups were evaluated by Fisher's exact test.
Statistical significance among groups was denoted by different alphabetical
letters (P<0.05). GEN, genistein; H, breast cancer-induced mice fed a high-fat
diet; HG, breast cancer-induced mice fed a high-fat diet with GEN; HE, breast
cancer-induced mice fed a high-fat diet with moderate-intensity exercise;
HGE, breast cancer-induced mice fed a high-fat diet with GEN and moderate-
intensity exercise

spleen weight to body weight was significantly increased
by about 6.7 times, 5.3 times, and 2.7 times in the H, HG,
and HE groups, respectively, compared to the NC group.
These results indicate that GEN, moderate-intensity exer-
cise, and their combination suppressed body weight loss
and spleen enlargement. However, the combination did
not show an additive or synergistic effect on body weight
loss or organ weight compared to each treatment alone.

Effects of GEN supplementation, moderate-intensity
exercise, or their combination on the regulation of breast
tumor growth and apoptosis markers in high-fat diet-
induced breast cancer mice

4T1 cells (1 x 10* were injected into the mammary fat
pad of mice, resulting in tumor development. Tumor
incidence was suppressed by exercise (HE, P<0.05) and
the combination of GEN and exercise (HGE, P<0.05)
group compared to the H group (Table 2).

To investigate the anti-breast cancer effects of GEN
supplementation and regular moderate-intensity exer-
cise, breast tumor growth and delay were analyzed
(Fig. 1). The average tumor formation time in the H and
HG groups showed approximately 9.9 and 10.8 days after
tumor cell inoculation (Fig. 1Aa). In contrast, the HE and
HGE groups demonstrated an average tumor formation
time of roughly 13 and 14 days, respectively. The tumor
volume was significantly reduced in the HE (P<0.05)
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Fig. 1 Study design and effects of GEN supplementation, moderate-intensity exercise, or their combination on the regulation of breast tumor growth
and apoptosis markers in high-fat diet-induced breast cancer mice. (A) Study design. (B) (a) Tumor delay, (b) tumor volumes, and (c) tumor weight were
measured. (C) (a) Representative blots for the protein expression of tumor cell proliferation and apoptosis markers, (b) PCNA, (c) Bcl-2, (d) Bax, and (e)
cleaved caspase-3, were assessed by Western blot assay in breast tumor tissues. All data were presented as mean +standard error of the mean (SEM) and
subjected to one-way analysis of variance (ANOVA) followed by the Newman-Keuls post hoc test. Statistical significance among groups was denoted by
different alphabetical letters (P<0.05). GEN, genistein; H, breast cancer-induced mice fed a high-fat diet; HG, breast cancer-induced mice fed a high-fat
diet with GEN; HE, breast cancer-induced mice fed a high-fat diet with moderate-intensity exercise; HGE, breast cancer-induced mice fed a high-fat diet

with GEN and moderate-intensity exercise

and HGE (P<0.05) groups compared to the H group
(Fig. 1Ab). The final tumor weight was significantly lower
in all groups compared to the H group (Fig. 1Ac). The
tumor weight was decreased by 22.3% (P<0.05), 84.0%
(P<0.001), and 89.9% (P<0.001) in the HG, HE, and HGE
groups, respectively, compared to the H group.

Next, the effect of GEN supplementation and moder-
ate-intensity exercise on breast tumor proliferation and
apoptosis was investigated. The protein expression of
PCNA, a marker for proliferation, did not show a statisti-
cally significant difference among the groups (Fig. 1Bb).
The levels of Bcl-2, an anti-apoptotic protein, were nota-
bly downregulated in the HG, HE, and HGE groups
compared to the H group by 37.5% (P<0.01), 72.8%
(P<0.001), and 77.8% (P<0.001), respectively (Fig. 1Bc).
Conversely, the expression of Bax, a pro-apoptotic pro-
tein, was significantly upregulated in the HE (P<0.001)
and HGE (P<0.001) groups compared to the H group
(Fig. 1Bd). In addition, the levels of cleaved caspase-3,
another pro-apoptotic protein, were significantly higher
in the groups that engaged in moderate-intensity exercise
compared to the H group (Fig. 1Be). These findings sug-
gested that the combined approach of GEN supplementa-
tion and moderate-intensity exercise effectively enhanced
breast tumor cell apoptosis. However, the combined
treatment did not exhibit additional or synergistic effects
compared to each treatment administered individually.

Effects of GEN supplementation, moderate-intensity
exercise, or their combination on TAM polarization in high-
fat diet-induced breast cancer mice

Since suppressing M2 polarization presented potential
anticancer effects, TAM polarization in breast tumor
tissues by treating GEN and moderate-intensity exer-
cise was determined (Fig. 2). An immunohistochemical
analysis was conducted to assess the expression levels
of CD68, a marker for the M1 phenotype, and Arg-1, a
marker associated with the M2 phenotype. The results
revealed a significant increase in the number of CD68-
positive cells in the HG (P<0.05), HE (P<0.01), and HGE
(P<0.001) groups compared to the H group (Fig. 2Ab).
In contrast, the number of Arg-1-positive cells was
observed to be lower in the HG (P<0.05), HE (P<0.05),
and HGE (P <0.01) groups than in the H group (Fig. 2Ac).
The combination group showed the most effectiveness
compared to each treatment alone.

The mRNA expression levels of the M1 phenotype
(Cd68) were significantly upregulated in all experimen-
tal groups compared with the H group (Fig. 2Bb). Nota-
bly, the HGE group exhibited the highest expression
level, showing a substantial increase compared with the
H group (P<0.001). Conversely, all the treatments sig-
nificantly suppressed the expression of M2-related genes,
Cd163 and Argl when compared with the H group. Par-
ticularly, the HGE group demonstrated marked reduc-
tions of 73.32% (P <0.01) and 44.95% (P < 0.05) for Cd163
and Argl, respectively (Fig. 2Bc and 2Bd). In addition,
the protein expression levels of CD68 in all treatment
groups were compared to the H group. The most sig-
nificant upregulation by 198.5% (P<0.001) was observed
in the group that received the combination of GEN and
exercise. Consistent with mRNA expression, the protein
expression of CD163 and Argl were significantly reduced
in the GEN and moderate-intensity exercise treatment
groups compared with the H group. This reduction was
most pronounced in the HGE group, with inhibition
rates of 63.24% (P <0.01) for CD163 and 69.70% (P <0.01)
for Argl, respectively (Fig. 2Cc and 2Cd). Collectively,
these data indicated that the concurrent administration
of GEN supplementation and regular moderate-intensity
exercise promotes the polarization of M1 macrophages
while suppressing it in breast tumors.

Effects of GEN, myokines, or their combination on M2
macrophage polarization and the JAK1/STAT6 pathway in
U937 cells

To determine the effect of myokines, Iri or OSM com-
bined with GEN on the suppression of M2 macrophage
polarization, the U937 cell line was selected. It has shown
that U937 cells resembled M2 polarized macrophages, as
evidenced by the increased expression of M2 markers fol-
lowing PMA treatment with IL-4. Neither Iri nor OSM
significantly affect cell viability (Fig. 3Aa and 3Ab). How-
ever, treatment with GEN resulted in a dose-dependent
decrease in U937 cell viability (Fig. 3Ac). The treatment
doses in the subsequent in vitro experiments were based
on the respective median of each treatment.

After exposure to PMA, U937 cells displayed distinc-
tive characteristics of macrophages and were polarized
with IL-4 treatment. Upon treatment with myokine (Iri
or Osm) and GEN, the mRNA levels of M2 macrophage
phenotype markers, Cd163 and Argl were significantly
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Fig. 2 Effects of GEN supplementation, moderate-intensity exercise, or their combination on TAM polarization. (A) Immunohistological expression of
CD68 and Arg-1 in breast tumor tissues of mice. (a) Representative pictures were shown at 400 x magnification. (b) The number of macrophages counted
from the average of three immunostained photographs was shown. (B) (a) Representative pictures were shown. The mRNA expression levels of (b) Cdé8,
(c) Cd163, and (d) ArgT were assessed by RT-PCR. (C) (a) The protein expression levels of (b) CD68, (c) CD163, and (d) Arg1 were assessed by Western
blot assay. All data were presented as mean +standard error of the mean (SEM) and subjected to one-way analysis of variance (ANOVA) followed by the
Newman-Keuls post hoc test. Statistical significance among groups was denoted by different alphabetical letters (P<0.05). GEN, genistein; H, breast
cancer-induced mice fed a high-fat diet; HG, breast cancer-induced mice fed a high-fat diet with GEN; HE, breast cancer-induced mice fed a high-fat diet
with moderate-intensity exercise; HGE, breast cancer-induced mice fed a high-fat diet with GEN and moderate-intensity exercise; TAM, tumor-associated

macrophage

downregulated compared with the IL-4-treated group
(Fig. 3B and C). The combination treatment of irisin
and GEN demonstrated the most effective inhibition
of Cd163 (P<0.001) and Argl (P<0.001). Similarly, the
combination treatment of OSM and GEN showed a sig-
nificant inhibitory effect on Cd163 (P<0.001) and Argl
(P<0.001).

The activation of the JAK1/STAT6 pathway was found
to be associated with tumor progression and M2 polar-
ization. The expression levels of phosphorylation of JAK1
and STAT6 were significantly higher in the IL-4-treated
group compared with the PMA-treated group (Fig. 4).
Notably, this increase in expression was accompanied by
a significant inhibition of phosphorylation of both JAK1
and STAT6 signaling after treatment with myokine (Iri
or OSM), and GEN. Taken together, these findings sug-
gested that irisin, OSM, and GEN can impede tumor

progression and shift towards M2 macrophages by sup-
pressing the JAK1/STAT6 pathway.

Effects of GEN supplementation, moderate-intensity
exercise, or their combination on adipose tissue weight in
breast cancer-induced mice

The study evaluated various body fat changes induced by
cancer (Table 3). The total adipose tissue weight per body
weight was significantly decreased in the H group com-
pared to the NC group after tumor development even
though mice were fed a high-fat diet (P<0.001). How-
ever, the adipose tissue weight was significantly restored
in the HG (P<0.001), HE (P<0.001), and HGE (P<0.001)
groups compared to the H group. The study found that
both the HE and HGE groups had significant fat recovery
compared to the H group in terms of subcutaneous adi-
pose tissue per body weight and visceral adipose tissue
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Fig. 3 Effects of GEN, myokines, or their combination on M2 macrophage polarization in U937 cells. (A) U937 cells were applied with various concentra-
tions of (a) Iri (10, 20, 40, and 80 nM), (b) OSM (10, 20, 40, and 80 ng/mL), and (c) Gen (10, 20, 30, 40, and 50 uM) for 96 h. (B) U937 cells were treated with
GEN, Iri (20 nM), or their combination after PMA and IL-4 treatment. (C) U937 cells were treated with GEN, OSM (20 ng/mL), or their combination after
PMA and IL-4 treatment. (a) Representative pictures were shown. mRNA gene expressions of (b) CD163 and (c) ARGT were assessed by RT-PCR. All data are
presented as the mean + standard error of the mean (SEM) from at least three independent experiments. Statistical analysis was performed using one-way
analysis of variance (ANOVA), followed by the Newman-Keuls post hoc test. Statistical significance among groups was denoted by different alphabetical
letters (p < 0.05). Ctrl, Control; OSM, Oncostatin M; PMA, phorbol-12-myristate-13-acetate; IL-4, interleukin-4

per body weight. Among the visceral adipose tissues, the
weight of periovarian (P<0.05 for both HE and HGE)
and mesenteric adipose tissue (P<0.05 for both HE and
HGE) per body weight exhibited a significant fat recov-
ery comparison to the H group. Additionally, the weight
of perirenal adipose tissue per body weight was signifi-
cantly recovered in the HGE group compared to the H
group (P<0.05). Taken together, these data suggest that
interventions GEN supplementation, regular moderate-
intensity exercise, or a combination of both were effective
in inhibiting adipose tissue reduction induced by cancer.

Effects of GEN supplementation, moderate-intensity
exercise, or their combination on adipogenesis, lipolysis,
and pro-inflammatory cytokines in adipose tissue of breast
cancer-induced mice

The investigation aimed to elucidate the molecular mech-
anisms of adipose tissue recovery by administering GEN
supplementation and moderate-intensity exercise. In
this study, the mRNA expression levels of adipogenesis
and lipogenesis-related markers, Pparg, Cebpa, Srebfl,
Acaca, and Fasn in breast cancer subcutaneous adipose
tissue were examined using RT-PCR (Fig. 5A). The anal-
ysis revealed a significant downregulated in the expres-
sion of genes related to adipogenesis and lipogenesis in
the H group compared with the NC group (P<0.05 for
Cebpa; P<0.01 for both Pparg and Acaca; P<0.001 for
both Srebfl and Fasn). However, all genes except Pparg
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Fig. 4 Effects of GEN, myokines, or their combination on the JAK1/STAT6 pathway in U937 cells. (A) U937 cells were treated with GEN, Iri (20 nM), or their
combination after PMA and IL-4 treatment. (B) U937 cells were treated with GEN, OSM (20 ng/mL), or their combination after PMA and IL-4 treatment.
(a) Representative pictures were shown. Protein expressions of (b) p-JAK1/JAKT and (c) p-STATE/STAT6 were assessed by Western blot assay. All data are
presented as the mean + standard error of the mean (SEM) from at least three independent experiments. Statistical analysis was performed using one-way
analysis of variance (ANOVA), followed by the Newman-Keuls post hoc test. Statistical significance among groups was denoted by different alphabetical
letters (P < 0.05). GEN, genistein; H, breast cancer-induced mice fed a high-fat diet; HG, breast cancer-induced mice fed a high-fat diet with GEN; HE, breast
cancer-induced mice fed a high-fat diet with moderate-intensity exercise; HGE, breast cancer-induced mice fed a high-fat diet with GEN and moderate-
intensity exercise

Table 3 Effects of GEN supplementation, moderate-intensity exercise, or their combination on adipose tissue weight

NC H HG HE HGE

Total adipose tissues (g) 0.59+0.03° 0.39+0.06° 0.56+0.07° 0.65+0.03° 061+0.07°
Total adipose tissues / BW ratio (%) 2.77+001° 1.87+0.01° 2.93+0.01° 3.00+£0.01° 3.19+0.01°

Subcutaneous adipose tissues / BW ratio (%) 0.62+0.01° 0.33+0.01° 063+0.01° 0.62+0.01° 0.65+0.0°
Visceral adipose tissues / BW ratio (%) 1.92+0.01° 133+001° 2.07+0.01° 2.14+0.01° 229+0.01°
Periovarian adipose tissues / BW ratio (%) 0.23+0.01° 0.10+0.01° 0.25+0.01° 0.25+0.01° 0.27+0.01°
Mesenteric adipose tissues / BW ratio (%) 136+0.01% 1.00+0.01° 130+0.01% 1.54+0.01° 157+0.01°
Perirenal adipose tissues / BW ratio (%) 0.34+0.01%¢ 0.24+0.01° 0.53+0.01° 0.36+0.01%¢ 0.45+0.01°¢
Brown adipose tissues / BW ratio (%) 0.22+0.01° 0.21+0.01° 0.23+0.01° 0.24+0.01° 0.25+0.01°

All data were presented as mean + standard error of the mean (SEM) and subjected to one-way analysis of variance (ANOVA) followed by the Newman-Keuls post hoc
test. Statistical significance among groups was denoted by different alphabetical letters (P<0.05). GEN, genistein; NC, normal control; H, breast cancer-induced mice
fed a high-fat diet; HG, breast cancer-induced mice fed a high-fat diet with GEN; HE, breast cancer-induced mice fed a high-fat diet with moderate-intensity exercise;
HGE, breast cancer-induced mice fed a high-fat diet with GEN and moderate-intensity exercise
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Fig. 5 Effects of GEN supplementation, moderate-intensity exercise, or their combination on adipogenesis, lipolysis, and pro-inflammatory cytokines in
adipose tissue of breast cancer-induced mice. (A) (a) Representative pictures were shown. Relative mRNA gene expressions of (b) Pparg, (c) Cebpa, (d)
Srebf1, (e) Acaca, and (f) Fasn were assessed by RT-PCR. (B) (a) Representative pictures were shown. Relative mRNA gene expressions of (b) Atgl and (c) Hs/

were assessed by RT-PCR. (C) (a) Representative pictures were shown. Relative mRNA gene expressions of (b) TNF-a and

() IL-1B were assessed by RT-PCR.

All data were presented as mean + standard error of the mean (SEM) and subjected to one-way analysis of variance (ANOVA) followed by the Newman-
Keuls post hoc test. Statistical significance among groups was denoted by different alphabetical letters (P < 0.05). GEN, genistein; H, breast cancer-induced
mice fed a high-fat diet; HG, breast cancer-induced mice fed a high-fat diet with GEN; HE, breast cancer-induced mice fed a high-fat diet with moderate-
intensity exercise; HGE, breast cancer-induced mice fed a high-fat diet with GEN and moderate-intensity exercise

exhibited a significant upregulation in the HGE group
compared with the H group (P<0.05 for both Cebpa
and Acaca; P<0.01 for Srebf1; P<0.001 for Fasn). Conse-
quently, the results suggested that GEN supplementation
and moderate-intensity exercise might enhance adipo-
genesis and lipogenesis in the subcutaneous adipose tis-
sue of 4T1 cell-induced orthotopic breast cancer mice.
To investigate observed increase in adipose tissue
resulting from inhibiting fat breakdown by GEN sup-
plementation and moderate-intensity exercise, mRNA
expression levels of lipolysis-related genes, specifically
Atgl and Hsl (Fig. 5B). The expression of Atgl and Hs/ was
significantly upregulated in the H group compared with
the NC group (P<0.001 for both Atgl and Hsl). However,
the combination of GEN and moderate-intensity exercise
suppressed genes involved in lipolysis, as evidenced by

a significant downregulation of both Afgl and Hs/ com-
pared to the H group (P<0.001 for both Atgl and Hsl).
These findings suggested that the combination of GEN
supplementation and regular moderate-intensity exercise
may effectively inhibit lipolysis in subcutaneous adipose
tissue, thereby preventing the loss of fat.

To understand whether GEN supplementation and
moderate-intensity exercise affect inflammation, mRNA
expression levels of pro-inflammatory cytokines in sub-
cutaneous adipose tissue in this model (Fig. 5C). The
expression of TNF-a and IL-1f was significantly upregu-
lated in the H group compared to the NC group (P<0.001
for TNF-a; P<0.01 for IL-1pB). In contrast, the expression
of these genes was significantly decreased compared to
the H group in both the HE group (P <0.05 for both TNF-
a and IL-1f5) and the HGE group (P<0.01 for TNF-a;
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P<0.05 for IL-1f3). These results suggested that the com-
bination of GEN supplementation and regular moderate-
intensity exercise can inhibit adipose tissue depletion by
suppressing inflammation in the subcutaneous adipose
tissue of 4T1 cell-induced orthotopic breast cancer mice.

Discussion

The investigation revealed the protective impact of GEN
supplementation, moderate-intensity exercise, or their
combination on tumor progression, macrophage polar-
ization, fat metabolism, and the depletion of adipose
tissue using both 4T1 cell-induced orthotopic breast can-
cer mice and U937 human monocytic cells. The results
from the in vivo mouse model demonstrated a significant
reduction in both tumor growth and tumor weight fol-
lowing GEN supplementation and moderate-intensity
exercise. Additionally, both GEN and exercise were found
to modulate the polarization of macrophages, shifting the
balance from pro-cancer M2-type to anti-cancer M1-type
macrophages in vivo. Furthermore, the treatments exhib-
ited protective effects against adipose tissue wasting. The
underlying mechanisms responsible for the prevention of
adipose tissue wasting involved the regulation of adipo-
genesis, lipolysis, and systemic inflammation.

The results of this study indicate that regular moderate-
intensity exercise significantly suppressed tumor volume
compared to the H group. Previous studies have dem-
onstrated that consistent exercise significantly reduces
serum estrogen levels, thereby decreasing the risk of
postmenopausal breast cancer [45]. Moreover, physical
activity has been shown to impede the progression of
breast cancer by stimulating the Hippo signaling path-
way, which functions as a tumor suppressor by releasing
exercise-induced catecholamines [46]. Several studies
have indicated that GEN supplementation was strongly
associated with decreased tumor growth through the
induction of apoptosis by downregulating the expression
of miR155, which acted as a potent oncogene in breast
cancer [47].

Previous research has explored how different levels of
exercise intensity affect breast cancer progression. One
study discovered that engaging in moderate-intensity
exercise (10 m/min) five times weekly for an extended
period before tumor inoculation had notable anti-can-
cer effects on both tumor growth and cell apoptosis
when compared to high-intensity exercise (15 m/min
with a 2.5° incline) [48]. However, the impact of exercise
intensity on anti-cancer effectiveness has shown differ-
ent results across studies. In an investigation, mice with
4T1 cell-induced breast cancer underwent low-intensity
(6 m/min), moderate-intensity (10 m/min), and high-
intensity (15 m/min) exercise for 20 consecutive days.
High-intensity exercise showed the most significant
effect on reducing tumor weight. And moderate-intensity
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exercise (10 m/min) played a critical role in the anti-
cancer response by influencing apoptosis, macrophage
polarization, and adipose tissue metabolism [49]. In addi-
tion, this study emphasized the significance of regular
exercise consistent with previous research.

M2 macrophages play a crucial role in regulating vari-
ous aspects of tumor progression, including growth,
invasion, migration, and angiogenesis, thereby facilitating
tumor advancement and metastasis [50]. Consequently,
targeting the polarization of M2 macrophages could be
a key strategy for cancer prevention. The current study
revealed that a combination of GEN supplementation
and moderate-intensity exercise increased the M1 mac-
rophage marker CD68 while reducing M2 macrophage
markers CD163 and Argl in breast cancer tissue. These
findings align with prior research that has highlighted
the involvement of GEN and exercise in tumor initia-
tion, growth, and the cancer microenvironment [51, 52].
Cytokines like IL-4 or IL-13 activate JAKI, leading to
STAT6 phosphorylation, which subsequently induces
the transcription of M2 polarization markers such as
CD163 and Argl [53]. Our results demonstrate that
treatment with GEN and Iri or OSM attenuated JAK1
phosphorylation and STAT6 activation, thereby reduc-
ing the expression of M2 polarization markers compared
to the IL-4 control. Given the crucial role of M2 macro-
phages in facilitating tumor growth and immune evasion,
these findings suggest that the combination of GEN and
moderate-intensity exercise may exert anti-cancer effects
by reprogramming macrophage polarization toward a
less tumor-promoting phenotype. Further studies are
warranted to explore potential crosstalk between JAK/
STAT and other signaling pathways, such as NF-«B or
PI3K/Akt, to better understand its impact on the tumor
immune environment.

The present study observed a significant inhibition of
cancer-induced loss of subcutaneous and visceral adipose
tissue mass by the combination of GEN and moderate-
intensity exercise, suggesting that these treatments have
the potential to prevent lipoatrophy caused by early
cancer symptoms. Significant subcutaneous adipose tis-
sue (SAT) alterations among various types of white adi-
pose tissue (WAT) were observed. Previous research has
indicated a strong correlation between cancer cachexia
and SAT loss. In patients with gastric cancer cachexia,
the reduction in SAT was more significant than visceral
adipose tissue loss, and lower SAT levels were linked to
unfavorable survival outcomes [54]. Moreover, changes
in SAT were associated with modifications in adipose
tissue-derived factors, suggesting their potential as bio-
markers in individuals with cancer cachexia [55].

Previous studies have highlighted the significance of
adipose tissue in cancer-related metabolic processes [56].
In this study, the combination of GEN supplementation
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and moderate-intensity exercise regulated adipose tis-
sue mass and metabolism in 4T1-induced breast cancer
mice. This result identified that the mechanisms underly-
ing fat loss were associated with the reduction of adipo-
genesis and lipolysis as well as the increase of systemic
inflammation in subcutaneous fat. It is widely acknowl-
edged that the activation of AMPK within adipose tissue
impedes the differentiation of WAT cells. AMPK acts
by inhibiting and phosphorylating key targets involved
in fatty acid synthesis, including PPARy, C/EBPa, and
SREBP-1 C [57]. SREBP-1 C, in particular, plays a piv-
otal role in regulating adipogenesis by modulating the
transcription of various lipogenic enzymes, such as fatty
acid synthase and acetyl-CoA carboxylase [57]. This find-
ing suggested that the concurrent administration of GEN
supplementation and regular moderate-intensity exercise
may potentially facilitate the regeneration of adipose tis-
sue by upregulating the expression of genes associated
with both adipogenesis and lipogenesis. However, further
research is warranted to comprehensively elucidate the
molecular mechanisms and related signaling pathways,
particularly those involving AMPK, which may be influ-
enced by GEN and moderate-intensity exercise in the
context of breast cancer.

Recent research has suggested a correlation between
cancer cachexia symptoms and increased inflamma-
tion, which contributes to the depletion of WAT [56].
This association implies inflammatory cytokines as bio-
markers for diagnosing cancer cachexia. We found that
the mRNA expression levels of TNF-a and IL-1 were
significantly downregulated in adipocytes in the animals
treated with the combination of GEN and moderate-
intensity exercise. TNF-a, a prominent pro-inflammatory
cytokine, is known for its role in inhibiting the differen-
tiation of adipose progenitor cells and suppressing the
expression of adipogenic transcription factors such as
PPARy and C/EBPa [58]. Additionally, Inflammatory
cytokines like TNF-a have been shown to activate lipoly-
sis in metabolic pathways within adipose tissue [59, 60].
TNEF-a also influences the weight of key organs, liver and
spleen, which are involved in inflammation [61]. This
study noted a significant increase in relative liver and
spleen weight in breast cancer-induced mice compared
to the normal control group, however, it was restored
to control group levels by the combination of GEN and
moderate-intensity exercise. The ratio of liver weight to
body weight serves as a key indicator of hepatic meta-
bolic stress and systemic inflammation, particularly in
high-fat diet-induced conditions. An increase in this
ratio may reflect hepatomegaly due to lipid accumula-
tion or inflammation, providing insights into the meta-
bolic impact of dietary and exercise interventions in our
study. Hence, the results of this study suggested that GEN
supplementation and moderate-intensity exercise might
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regulate metabolism associated with adipogenesis, lipoly-
sis, and inflammation, thus mitigating excessive weight
loss.

This study acknowledges a potential limitation that
warrants consideration. The bioactivity of GEN may be
influenced by various factors, including dosage, route of
administration, and individual metabolic characteristics.
Its bioavailability can also vary among individuals due
to differences in metabolic capacity and gut microbiota
composition, which may influence its overall efficacy. The
menopausal status and expression of estrogen receptors
in patients could significantly impact GEN’s bioactivity
[22]. Despite extensive research into GEN’s anti-cancer
properties as a tyrosine kinase inhibitor, DNA methyl-
transferase inhibitor, and endocrine disruptor, conflict-
ing findings have been reported in animal models with
post-menopause or following ovariectomy [22, 62, 63].
Therefore, potential side effects, such as its endocrine-
disrupting properties and hepatic metabolism, should be
considered when evaluating its therapeutic applicability.

The present study investigated the effects of GEN sup-
plementation on the suppression of breast cancer, with
a particular focus on the outcomes observed in com-
bination with moderate-intensity exercise. Despite the
observation of synergistic effects in vitro, these results
were not replicated in vivo. This discrepancy may be
attributable to several factors, including variations in the
optimal dose of GEN and the extent of exercise-induced
saturation. A recent study reported that a higher dose of
GEN (400 mg/kg) significantly suppressed breast tumor
growth in an obese animal model by altering the tumor
microenvironment [64]. This finding suggests that higher
doses of GEN may be more effective in models of obe-
sity or high-fat diet-induced breast cancer. Furthermore,
the present study demonstrated that moderate-intensity
exercise reduced breast tumor weight by approximately
84% in comparison with the high-fat diet control. This
finding suggests that the combination of GEN supple-
mentation and exercise would be challenging to observe
to be synergistically suppressing breast tumor growth.
As myokine concentrations in plasma have been shown
to be correlated with the intensity of exercise [65], it
may be possible to apply low-intensity exercise to test
for synergic effects. Consequently, to ascertain the syn-
ergistic effects of GEN and exercise, it is imperative to
employ higher doses of GEN and/or lower exercise inten-
sity. Despite the lack of a clear synergistic effect in some
outcomes, the translational potential of combining GEN
and exercise remains promising. These findings highlight
the need for further research to optimize key parameters
of the intervention, including GEN dose and exercise
intensity.

Translational relevance is supported by a prospective
cohort study in Japan, which linked isoflavone intake to
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a reduced risk of breast cancer [66]. However, clinical tri-
als are required to establish precise dosing strategies and
determine the most effective exercise timing for breast
cancer patients. Further investigations are necessary
to elucidate the molecular mechanisms underlying the
interaction between GEN supplementation and moder-
ate-intensity exercise in breast cancer prevention and
treatment. Finally, U937-derived macrophages are widely
used in macrophage polarization studies. However, they
exhibit differences in cytokine secretion, surface marker
expression and functional properties due to their tumor-
derived cell line status when compared to primary mac-
rophages. Nevertheless, U937 cells have been reported
to stably express key polarization markers and inflamma-
tory mediators [67] and were therefore used as a model of
macrophage polarization in this study. Further validation
using primary macrophages is required in future studies.

Conclusions

The administration of GEN and regular moderate-inten-
sity physical activity, either individually or in combina-
tion, demonstrates anti-cancer properties by regulating
apoptosis, macrophage polarization, and adipose tissue
metabolism both in vivo and in vitro. These findings sug-
gest a promising therapeutic potential for breast cancer
prevention and treatment. Additional clinical studies are
required to determine optimal dosing, exercise regimens,
and their translational applicability.
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