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[Purpose] Exercise is thought to have a significant
effect on chemotherapy, and previous studies have
reported that exercise can increase patient survival.
Thus, in this review, we aimed to summarize various
animal models to analyze the effects of exercise on
breast cancer.

[Methods] We summarized types of breast cancer
animal models from various reports and analyzed the
effects of exercise on anti-cancer factors in breast can-
cer animal models.

[Results] This review aimed to systematically investi-
gate if exercise could aid in suppressing breast cancer.
Our study includes (a) increase in survival rate through
exercise; (b) the intensity of exercise should be con-
sistent and increased; (c) a mechanism for inhibiting
carcinogenesis through exercise; (d) effects of exercise
on anti-cancer function.

[Conclusion] This review suggested the necessity of
a variety of animal models for preclinical studies prior
to breast cancer clinical trials. It also provides evidence
to support the view that exercise plays an important
role in the prevention or treatment of breast cancer by
influencing anticancer factors.

[Key words] Breast cancer, Exercise, Breast cancer
mouse models, Exercise protocols, Exercise effects
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INTRODUCTION

Non-communicable diseases, as chronic diseases, account for 70% of
the mortality rates worldwide, while communicable diseases cause the
remaining 30%. Among non-communicable diseases, those with high
mortality rates include cancer, diabetes, cardiovascular disease, and lung
disease. Cancer is classified as a fatal disease for patients because it is
difficult to cure owing to its rapid growth, and is highly likely to spread
throughout the body through blood or lymphatic fluid. In particular, re-
duction of female physical activity due to various social environments
is a potential cause of increased breast cancer incidence. In addition, the
most frequent characteristic of breast cancer among women is not only
high incidence, but also high efficiency of cancer treatment. Although the
effectiveness of anti-cancer drugs is very high for breast cancer patients,
a lot of pain, caused by chemotherapy, accompanies it. Therefore, there
is an urgent need to improve the survival rate of breast cancer patients,
and improve the quality of life during chemotherapy treatment. Recently,
various preclinical studies have suggested that exercise attenuates tumor
growth and tumorigenesis (Table 1). However, molecular mechanisms by
which exercise affects cancer progression are not yet clear. In this review,
we aimed to summarize studies on exercise methods that could potential-
ly increase the survival rate of breast cancer patients and suppress cancer
progression.

Conventional breast cancer therapy

Modern people often suffer from various diseases, which leads to
death. In particular, the four major chronic diseases leading to death
have been reported as cancer, diabetes, cardiovascular, and chronic lung
diseases. According to the Cancer Society report, the most common can-
cer among women worldwide is breast cancer’. Furthermore, the most
common types of cancer in Korean women were breast cancer (19.9%),
thyroid cancer (18.8%), colorectal cancer (10.5%), gastric cancer (9.2%),
lung cancer (7.3%), and stomach and liver cancers (3.7%) were investi-
gated according to a survey posted on the National Cancer Information
Center (NCIC)2

Standard treatment methods such as various anti-cancer drugs and
surgery are being developed, and alternative medical technologies for
incurable diseases are also in development. Currently, there are four
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main ways of cancer treatments: 1) surgery, 2) chemo-
therapy, 3) radiation therapy, and 4) hormone therapy.
Prophylactic surgery suppresses the cancer progression by
performing a biopsy for the purpose of diagnosis through
surgery or removing the benign tumor completely. Sur-
gery also prevents the spread of cancer to other cells in the
body and helps relieve symptoms. Chemotherapy refers to
the use of therapeutic agents for regulating hyperprolifer-
ative cells. Radiation therapy kills cancer cells by directly
irradiating them. Hormone therapy that suppresses estro-
gen action is also used as a cancer treatment method, as
breast cancer is affected by estrogen levels, unlike other
cancers.

Exercise regulates the breast cancer in animal mod-
els by inhibiting carcinogenesis

Disease increase over the last two decades may be due to
a more westernized lifestyle, which is accompanied by ex-
cessive nutrition and lack of exercise®. Guidelines on cancer
prevention are well known, and include recommendations
for controlling metabolism, such as a balanced nutrient in-
take, eating vegetables, regulating vitamin intake, and con-
trolling weight. Furthermore, exercise can prevent and treat
various diseases, and in recent years, research on anti-cancer
efficacy has been actively conducted.

Physical activities of Korean women are very low com-
pared to women in other countries. Moreover, many women
have adopted western food and a sedentary lifestyle, which
has led to reduced voluntary exercise. The highest incidence
of cancer among Korean women is breast cancer, and it has
been suggested that breast cancer may be related to meta-
bolic problems. Therefore, the effectiveness of exercise for
the treatment or prevention of breast cancer should be inves-
tigated in future clinical studies.

An experimental laboratory animal is defined as an an-
imal developed and improved for use in accordance with
the purpose of test, diagnosis, education, research, and bio-
logical products in the research process. Among laboratory
animals, primates such as Callithrix jacchus and Macaca
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fascicularis are most similar to humans; however, there
exist issues regarding the ethics of conducting research
using these animals. Rodents such as Mus muculus, Rattus
norvegicus, and Cavia porcellus are the most commonly
used experimental animals. In particular, Mus muculus has
a genetic similarity with humans (approximately >80%),
and a biologically similar body structure, a short pregnancy
period (19 - 21 days) is also advantageous for preclinical
studies. Therefore, Mus muculus has been used as a knock-
out mouse, cancer model xenograft, orthotropic model, and
chemically induced-disease model. To develop a mouse
model of breast cancer, it is necessary to have experimen-
tal cells, and patient derived primary cells such as MCF-7
(ER+, PR+, HER2-), MDA-MD-231 (ER+, PR+, HER2-),
MC4-L2 (ER+), E0771 (ER+) and 4T1 (ER-) (Fig. 1).

The breast cancer animal model consists of chemically
induced models, transgenic mice models, orthotopic mice
models, and xenograft models. In the case of chemically
induced breast cancer models, 7,12-dimethylbenzanthra-
cene (DMBA; 1 mg/mL weekly, for six weeks) is injected
subcutaneously into the side of the abdomen. Poly-aromatic
structure of lipophilic molecule, DMBA has high carcino-
gen activity in the breast. To evaluate tumor progression,
mice are established with genetic modifications that target
the oncogene, such as simian virus 40 (SV40) T antigens
and polymer middle T antigen (PyMT). In the establishment
of mice models by injection with breast cancer cells, mice
are mainly used in the study of tumor biology and pharma-
cology, as these models retain the biological properties of
cancer. Breast cancer cells are injected into the mammary
fat pad of host mice to obtain orthotropic models. In this
case, the number of cells used is appropriate (1 x 10’ to 1 x
10°/mouse), and cancer cells injected into the mouse organs
exhibit properties similar to breast cancer generated in the
human body over time, and can be correlated to metastatic
cancer. To develop a xenograft model, cells (1 x 10° to 1 x
10"/mouse) are injected subcutaneously into the dorsal side
of the mouse.

Using these various animal models, studies on the ben-

Breast Cancer mouse model
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eficial effect of exercise against tumor growth and tumor-
igenesis of breast cancer have been extensively reported
(Fig. 2; Table 1). Tumors are defined as transformed cells
that undergo abnormal or rapid proliferation, beyond normal
regulatory functions, in the organism. Tumors are divided
into two types: benign neoplasms and carcinomas. Benign
neoplasms have a relatively slow growth rate, and do not
penetrate or spread into other tissues. In contrast, carcino-
mas rapidly grow, and invade other tissues and metastasize.
The process of tumor development by carcinogenesis is a
multi-step process. The first stage is initiation, where normal
cellular DNA is attacked by carcinogens, leading to genetic
modification and irreversible mutations. The second stage is
promotion, wherein cell proliferation is actively performed
to maintain and promote the population of mutant cells to
counter immune response in vivo as it eliminates abnormal
cells. The third step is progression, the process of increasing
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the characteristics of a malignant tumor by converting it from
a benign tumor to a malignant tumor. In the process of tumor
development, the morphology and function of normal cells
are altered by genetic modification through internal or exter-
nal stimulants. External factors include chemical carcinogens
such as smoking, physical stimuli such as radiation, and
RNA tumor viruses such as HTLV-1 virus. Internal factors
involved in the mutation of the target gene include oncogene
and tumor suppressor genes. Tumor suppressor genes include
TGF-B, E-Cadherin, NF-1, PTEN, SAMD2, SMAD4, and
p53, and regulate cell population through apoptosis and pro-
liferation. Oncogene mutation targets are cell cycle regulatory
genes such as cyclin D1, Her2, and K-ras. Many preclinical
studies suggest that the beneficial effect of exercise training
in cancer progression is brought about by direct regulation of
intertumoral factors, i.e., tumor growth rate, metastasis, and
tumor immunogenicity (Table 1).

Table 1. Changes in blood variables before exercise and during post-exercise period.

MCEF-7 cell
(ER", PR’, HER2)
Xenograft NMRI-Foxn1™
MDA-MB-231 cell
(ER, PR, HER2)
p53/PTEN

Running running

Orthotopic FVB/NJ

primary cell weeks

Voluntary wheel

(4 km per night/cage)

-Tumor growth - MCF-7 (-36%, P <0.05) and
- To evaluate the MDA-MB-231 (-66%, P <
effect of exercise-con- 0.01) tumor growth 4

Treated for 10 minutes
double-null (-/-) Stretching once a day, for four

ditioned serum in - Regulating Hippo signaling
cancer cell (ANKRD1 and CTGF)
Tumor growth 52% reduced tumor size 5

Using the treadmill;
After acclimation, the

interval exercise training
protocol commenced
at 16-18 m min—-1, 0%

MC4-L2 cell

- Decrease tumor volume and

- Tumor volume g

Xenograft Female BALBIC — “pny ppny  RUNNING. o iont for 10-14 min, P:';';'I“:eix‘;;zfg]" & _ Reduced PI3K/AKT and g
5 days each week for 6 P ERK activation ; Induced
weeks, and the exercise Apoptosis
intensity was gradually
increased each week
- Increasing log phase tumor
- Tumor growth & gir;)wth and inhibiting metasta-
. Female EO0771 cell . . metastasis
Orthotopic APOE* (ER’, PR", HER2") Running  Voluntary wheel running _ 7
- Property of tumor Reduced tumor hypoxia af-
fect exponential tumor growth
in APOE"mice
: . - 771 (0.5 folds), C3(1)
Using the treadmill;
C3(1)SV40Tag- After acclimation, 5 m/ DU R Gl (@ el
. . . 4TO07 cell ( same size) tumor
p16-lu cell min for 5 min, 10 m/min. .
. : ) size
(Claudin-low for 5 min, 15 m/min for - Ki67 expressions : EO771
Female FVB/NJ  breast cancer) 5 min., and 20 m/min.  -Tumor growth P .

. . . o (0.25 folds), C3(1)SV40Tag-
Orthotopic Female BALB/c Running for 45 min., which is 16-1u cell (1.26 folds), 4T07 8
Female C57/BL6 E0771 cell equivalent to 70% VO2 - Gene expression P ) Y

cell (same expression)
peak. - Hif1-a expressions :E0771
4T07 cell The exercise intensity P )
oo . ) (-5.0 folds), C3(1)SV40Tag-
(ER, PR, HER2) was gradually increased
p16-lu cell (11.0 folds), 4T07
each week for 2 weeks .
cell (same expression)
4T1 cell Wheels (running group) ;I:i?:rr?roxi:; F;i; -Statistically significantly re-
. Female (ER’, PR, HER2) . . g group > ypoxia, duced tumor growth and was
Orthotopic Running vs. without Wheels components of the . h 9
C57/BL6 (sedentary group) antigenic and apop- associated with a 1.4-fold
E0771 cell fy group N PP increase in apoptosis

totic cascades
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Xenograft i) 4T1 cell Running OETE rf"“ onee R 10
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4T1 tumor cell injection, decr.eased b.r east tumor bur-
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injection
Using s wheel' -Exercise decrease the IL-
Xenograft EeAanl/z (ERME’E’T:IELZ) Running ;‘(l)nz:inngfolsdg?pl)lhrz -Gene expression 6, IL-18,. TNF-a, CRP mRNA 14
weeks expression
. . . -Voluntary physical ~ -C2(1)/SV40Tag mice < FVB/
Transgenic FVB/NJ Genegctallé/ preld s RuNNi y;)lﬁlndtary gN geel /runm:g activity (Running N mice 15
mice  C3(1)/SVA0Tag P 2 e R g e o distancel Speed)  C2(1)/SV40Tag mice > C2(1)/
Tumor size SV40Tag + exercise
1) voluntary wheel run-
ning ; Con-WHL, WHL
(exercise) -p53 expression -Con = TREX1 =TREX2 / Con
. p53-deficient Genetically predis- “WHL = WHL
Transgenic ~ . 2) non-Voluntary wheel . -Con<TREX1=TREX2 / Con-
. (p53+/-): posed to develop  Running L -Incidence 16
mice MMTV-Wnit-1 breast cancer running : Untreat-. WHL < WHL
ed group, 20 m/min “Multiplicity & survival -Con>TREX1=TREX2 / Con-
(TREX1), 24 m/min WHL < WHL
(TREX2) for 5 days /
weeks
- Con = Exercise
- Suvival - VEGF expression: Con
Voluntar(}j/ wheel running VEGF (4?.6I)pg/ml > Exercise (47.0
. . . running distance range pg/m
Orthotopic Athymic MDA-MB-231 cell Running ~4 to ~6 km/day for 15 -sli-:)lrf-1alpha expres- " HIF-alpha expression: Con 17
weeks —tumor metabolism (5.4.%| > Exercise (11.4%)
Con (0.0.34 mmol/g) < Exer-
cise (0.42 mmol/g)
-Tumor growth -Con > Exercise
. Genetically predis-
UL NS s posed to develop Running Voluntary wheel running -Heart mass / Spleen -Con < Exercise 18

mice Tg -CCL22 : Con> Exercise

CXCR4: Con <Exercise

breast cancer mass

-cytokine expression
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-Decrease the carbohydrate

Treadmill running -Carbohydrate oxida- oxidation in Exercise group
. Female . progressive time (10-15 tion
Orthotopic g Bjc 4T cell Running Y and Speed (8-12 -Up-regulated Ldha, HKII, glut 12
m/min) for 8 weeks -Gene expression 1, HIF-1a, Mtor, p53, Lats2
expression
Xenoaraft Female MC4-L2 cell Runnin 6-18 m/min for 20-30 -Gene expression The lowest level of IL-6, 20
9 BALB/c (ER¥) 9 min for 4 weeks P VEGF
Endurance-trained for
8weeks;
mice exercised 5days a
week, for 8 consecutive -Exercise has -17% growth
-Tumor growth .
weeks rate, 24% long survival
Female . (In the 8th and final
Xenograft BALB/c 4T cell Running week the mice ran for - 2- folds CD8+/FoxP3+ 21
26 min a day, spending . (Endurance exercise enhanc-
. . .Y -Gene expression . : !
1min at 6 m/min, 1min es antitumor immune efficacy)
at 8m/min, 22min at
10m/min, and 2min
12m/min.)
Using the treadmill;
After acclimation, 5 m/
min for 5 min., 10 m/
min. for 5 min., 15 m/
— pin.for 5 min. anc Anti-inflammation : IL-10/
Xenograft BALB/C 4T1 cell Running which is equivalent to -Gene expression ;EE-G ratio and IL-15 expres- 22
70% VO2 peak .
The exercise intensity
was gradually increased
each week for 2 weeks
Female .. Swim training 5 days/ . -Th1 systemic response ;
Xenograft BALB/G 471 cell Swimming week for 4 weeks Gene expression -Gata3 and Foxp3 23
4 weeks of high-intensi- HIIT is associated with a
ty interval training (HIIT) reduced risk of cancer-related
Female . -Tumor growth .
Xenograft 4T1 cell Running and saffron aqueous . muscle wasting; SAE enhanc- 24
BALB/c -Gene expression :
extract (SAE) supple- es the improvement of muscle
mentation loss and apoptotic indices
. -miR-21 pathways; reduced
Treadmill IL-6 levels, NF-kB and STAT3
Female . 16-18 m/min, 0% . :
Xenograft MC4-L2 cell Running : -Gene expression expressions & up-regulated 25
Balb/c grade, 10-14 min, 5
TPM1 and PDCD4 expres-
days/week for 5 weeks .
sions
Reached maximum -Tumor hyposia,
Xenograft el e Running ethical size in wheel perfusion, vascularity unknown 26
C57BL/6 tumor cell ) . )
running (8 km per day) and proliferation
Voluntary exercise;
Xenograft  Athymic  MDA-MB231 cell Running e flve-weekperiod o oot “Inhibiting the growth of carci-
ranged from < 1 nomas
to 7.9 miles/day
physical training of
Chemical 7,12-dimethyl- swimming in .
induced benzanthracene .. water (30 £ 4°C) for 45 . _Reduc_ed Jlilicetiie .
Female Balb/c Swimming . -Gene expression increasing the Th2 cytokines 28
mouse (1 mg/ml weekly min and Treq cells
model for 6 weeks) (5 times per week for 8 9
weeks)

ER: estrogen receptor, PR: progesterone receptor, HER2: receptor tyrosine-protein kinase erbB-2, PTEN: Phosphatase and tensin homolog,
APOE: apolipoprotein E, FVB: Friend leukemia virus B, ANKRD1: Ankyrin repeat domain protein, CTGF: connective tissue growth factor, PI3K:
phosphoinosidied 3-kinase, AKT: protein kinase B, ERK: extracellular signal regulated kinase, IL: interleukin, TNF-a: tumor necrosis factor — q,
CRP : C-eactive protein, VEGF: vascular endothelial growth factor, HIF-1 a: hypoxia-inducible factor 1- a, CCL2: C-C motif chemokine ligand 2,
CXCR4: C-XC chemokine receptor type 4, Ldha: lacate dehydrogenase A, HKII: hexokinase Il, Glut 1: glucose transporter 1, Mtor : mammalian
target of rapamycin, Lats2: large tumor suppressor kinase 2, CD8: cluster of differentiation 8, FoxP3: forkhead box P3, Gata3: GATA binding
protein 3, Th : T helper cell, TPM1: tropomyosin alpha-1chain, PDCD4: programmed cell death protein

Table 1 summarizes the research methods used for con-
trolling the intensity of exercise that underlies the exercise

protocols using wheel running, treadmill, and swimming.
These preclinical studies clearly demonstrate a decrease in

26
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tumor growth rate caused by exercise. Interestingly, Berru-
eta et al. demonstrated that exercise, such as stretching for
10 minutes once a day over a four-week period, reduced
tumor size in a breast cancer model by 50%?. In other stud-
ies, voluntary exercise also inhibited tumor size and tumor
growth 47:91213,1516-18.27 Moreover, more studies have been
conducted on endurance exercise than resistance exercise;
endurance exercise has shown anti-tumor effects®810.11:2122,
Taken together, these data suggest that the anti-cancer ac-
tivity of the exercise protocols is involved in endurance and
moderate-intensity exercise.

If so, which mechanism of exercise showed an anti-can-
cer effect? Results strongly suggest that exercise inhibits
epigenetic modification of tumor cells, but enhances apop-
tosis and immune suppression?®. Reactive oxygen species
(ROS) perform signal transduction in vivo; however, ex-
cessive production can cause oxidative stress, which leads
to cancer®®. Moderate intensity exercise can regulate ROS
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and biological signaling in vivo®'. It is likely that exercise
is related to the regulation of the reactive oxygen species
(ROS)-involved microenvironment of cancer®2. Therefore,
these studies also suggest that controlling ROS a potential
mechanism for the treatment of cancer®.

However, this claim raises further questions as to why
exercise is closely related to change in the microenviron-
ment of cancer. One possible belief is that exercise can exert
anti-cancer effects by solving problems that arise during
metabolic processes. During carcinogenesis, most tumor
cells exert cell growth signaling pathway via glucose met-
abolic reprograming®. Recent study suggests that effective
anti-cancer effect could be related to the regulation of meta-
bolic syndrome®®. The results supporting these claims are as
follows: First, exercise can lead to activation of natural kill-
er cell, lymphocyte, consequently resulting in the regulation
of the tumor growth and metastasis®. In addition, exercise
attenuates tumorigenesis and tumor progression®”. Next, the

4 Multi-step of carcinogenesis N
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RNA tumor virus 3 Oncogene ot PP g
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Tk demage Decreased apoptosis o
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ketone diet (KD) is characterized by high fat, adequate pro-
tein, and very low carbohydrate compositions. Some studies
have reported that the physiological phenomena caused by
exercise or fasting are very similar to physiological con-
ditions observed in the KD®. Various preclinical studies
have shown that exercise or the KD displays anti-cancer
efficacy®®#. Taken together, a possible hypothesis is that
exercise-binding KD modulates metabolic dysfunction and
causes internal factors, which involved in the mutation of
the target gene such as ROS generation and tumor-suppres-
sor gene mutations, thereby suggesting its potential as a
cancer therapeutic.

However, the anti-cancer effects of KD and exercise
can be contradictory. Acute exercise did not change tumor
formation, but continuous steady acrobic exercise displayed
effective anticancer effects. The general view presented in
many studies is that exercise exerts an anti-cancer effect by
reducing the size of tumors, promoting energy metabolism,
and increasing immune activity by constant exercise. There-
fore, further studies should investigate that find and apply an
appropriate energy source for exercise that show anticancer
efficacy.

CONCLUSION

Various preclinical studies have shown that exercise
weakens tumor growth and tumor development. More-
over, these studies suggest that mice bearing breast cancer
exhibited anti-cancer effects by increasing immune re-
sponses and anti-inflammatory factor levels through accli-
mation of increased exercise intensity every week. Thus,
continuous exercise can have potential medical benefits
as a prevention or therapeutic method for breast cancer.
To facilitate this research, researchers need to study the
etiological mechanisms that rely on clinical features with
underlying pathological features of the disease, as well as
based on mechanisms not necessarily present in patients.
For example, using animal models to discover new treat-
ments for a variety of diseases is an essential element in
discovering new therapeutic targets and performing drug
testing at the preclinical stage.
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