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Abstract: Ovarian cancer is one of the deadliest gynecological malignancies and lacks treatments that do not sig-
nificantly impact patient health-related quality of life. Exercise has been associated with reduced cancer risk and 
improved clinical outcomes; however the underlying molecular mechanisms are unknown. In this study, we utilized 
a treadmill-running exercise model to investigate the effects of exercise on high-grade serous ovarian carcinoma 
(HGSOC) progression and chemotherapy outcomes. We found that treadmill-running suppressed peritoneal colo-
nization of tumors in a syngeneic mouse ovarian cancer model. Acute exercise stimulated the production of CCL2 
and IL-15 in the peritoneal microenvironment while downregulating CCL22, VEGF, and CCL12. Using a co-culture 
model, we demonstrated the role of CCL2 in mediating the activity of peritoneal cells to inhibit cancer cell viability. 
We showed that the activation of M1 macrophages may contribute to the exercise-induced changes in the peritoneal  
microenvironment. We identified that chronic exercise modulates gene expression of intraperitoneal fat tissues re-
lated to lipid formation, thermogenesis, browning, and inflammation, which can contribute to inhibiting the coloniza-
tion of metastatic ovarian cancer. Treadmill running also lowered blood urea nitrogen levels and reduced incidence 
of neutropenia and thrombocytopenia during chemotherapy in a mouse model, suggesting the potential beneficial 
effects of exercise in improving chemotherapy outcomes. Our data provided new insights into the acute and chronic 
effects of physical activity on ovarian cancer at the molecular and in vivo levels. 
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Introduction

Ovarian cancer is the deadliest gynecological 
malignancy and is often diagnosed at advan- 
ced stages [1, 2]. Current screening and early 
detection methods have little impact on the 
morbidity and mortality of ovarian cancer [3]. 
Debulking surgery followed by cytotoxic plati-
num-based chemotherapy is the standard tre- 
atment for ovarian cancer, which can lead to 
both short-term and long-term adverse effects 
therefore significantly impacting the health-
related quality of life (HRQL) of ovarian cancer 
patients [4, 5].

Physical activity is associated with a lower risk 
of at least 13 types of cancers and has also 

been associated with a lower risk of cancer 
mortality [6, 7]. Low levels of physical inactivity 
are associated with all histotypes of epithelial 
ovarian cancer [8, 9], and higher levels of physi-
cal activity reduce adverse effects of ovarian 
cancer treatments. We previously conducted a 
randomized controlled clinical trial titled 
Women’s Activity and Lifestyle Study in 
Connecticut (WALC), in which a six-month ho- 
me-based exercise intervention improved pa- 
tients’ HRQL based on the results from 113 
ovarian cancer patients [10]. Other smaller 
exercise intervention trials with fewer ovarian 
cancer survivors also found improvements in 
reduced fatigue, cardiopulmonary function, mu- 
scle strength, and quality of life [11-13]. Despite 
these promising clinical findings, there is limit-
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ed research on mechanisms mediating the 
effect of exercise on improving ovarian cancer 
outcomes. Due to the lack of mechanistic stud-
ies, it remains unclear whether physical activity 
directly or indirectly impacts ovarian cancer 
incidence and mortality.

In this study, we used treadmill-based mouse 
models to investigate the effects of exercise on 
ovarian cancer progression and chemotherapy 
outcomes. High-grade serous ovarian carcino-
ma (HGSOC) is the most common and lethal 
type of ovarian cancer. We focused on HGSOC 
colonization in the peritoneal microenviron-
ment, which is a critical step of the tumorigen-
esis and progression. Now we know that the 
majority of “primary” ovarian tumors actually 
originated from outside the ovary. HGSOCs can 
originate from the fallopian tube epithelium-
-specifically, the serous tubal intraepithelial 
carcinomas (STICs) and the morphologically 
normal cells carrying TP53 mutations, also ca- 
lled “p53 signature” [14-21]. The fallopian tube 
tumor precursors disseminate to the ovary and 
peritoneal organs and transform into invasive 
HGSOCs. Our previous finding showed that the 
mutations in matched ovarian tumors and met-
astatic tumors were extremely similar [22], sug-
gesting they develop from the same origin and 
the genetic components enabling metastasis 
had been hardwired into the ovarian tumors. 
This is also supported by evidence from trans-
genic mouse models of HGSOCs, which sug-
gests that metastatic potential of ovarian can-
cer cells is determined at the stage of primary 
tumor development in the fallopian tube [23]. 
The early molecular and cellular events in the 
peritoneal microenvironment have profound 
impacts on the development and colonization 
of HGSOCs. Exercise that influences these ear- 
ly events may significantly impact the risk of 
developing ovarian cancer as well as disease 
progression.

Exercise can influence the peritoneal micro- 
environment through reducing visceral fat and 
modulating the inflammatory factors produced 
by adipocytes and immune cells [24-27]. The 
underlying molecular and cellular processes 
have been investigated in the context of meta-
bolic syndrome [28-30]. Yet the mechanisms 
behind how these exercise-modulated process-
es affect ovarian cancer initiation and dissemi-
nation in the peritoneal microenvironment are 
still unclear. We hypothesized that peritoneal 

microenvironmental changes determine the 
impact of exercise on ovarian cancer develop-
ment. The adipose-rich peritoneal microenvi-
ronment has been demonstrated to provide the 
“soil” for ovarian cancer cells to colonize. In 
particular, the adipocyte-abundant omentum 
tissues usually contain the largest tumors in 
the peritoneal cavity. The omental adipocytes 
secrete interleukin-8 to promote the homing  
of ovarian cancer cells and provide an energy 
source for ovarian cancer cells [31]. Adipocytes 
also secrete lipid factors that promote chemo-
resistance in ovarian cancer cells [32].

In this study, we used treadmill running in a  
syngeneic mouse model of ovarian cancer to 
identify exercise-induced microenvironmental 
changes in the peritoneal cavity and to under-
stand the molecular mechanisms responsible 
for the impact of exercise on ovarian cancer 
development and progression. 

Materials and methods

Cell lines

The triple mutant mouse ovarian cancer (OVC) 
cell line was derived from the high-grade se- 
rous carcinomas formed in the Dicer1flox/flox-
Ptenflox/flox-Tpr53LSL-R172H/+ Amhr2cre/+triple mu- 
tant Amhr2cre/+ mice [33, 34]. The cell line was 
labeled with LV-CMV-red fluorescence protein 
(RFP) lentivirus or LV-CMV-firefly luciferase len-
tivirus (FCT068 and FCT005, Kerafast, Boston, 
MA). Cells were cultured in DMEM/F12 with 
10% FBS, 1% non-essential amino acids, 1% 
Penicillin streptomycin, 1% sodium pyruvate, 
and 1% HEPES (Thermo Fisher Scientific, 
Waltham, MA) and stored in an incubator at 
37°C with 5% CO2. In the co-culture models, 
OVC cells were labeled with luciferase lentiviral 
vector. They were co-cultured with peritoneal 
cells at 1:5 ratio or with adipocytes at 1:3 ratio. 
OVC cells were quantified by luciferase activity 
assay system (Promega, Madison, WI). 

Mouse models

Animal experiments were approved by the Yale 
University Institutional Animal Care and Use 
Committee (Protocol #2017-20135). Female 
C57BL/6 aged 5-6 weeks were obtained from 
Envigo (Indianapolis, IN). Animals were housed 
in 12-hour light/dark cycle (7am to 7pm) at a 
temperature of 18-22°C. Mice had free access 
to food and water. An automated 5-lane mouse 
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treadmill (Maze Engineers, Skokie, IL) was used 
in the forced running model. In the chronic exer-
cise model, mice first received 1 week of tread-
mill training. The speed and duration gradually 
increased from 2 to 10 m/min and from 10 to 
30 min. After the mice were all acclimated to 
treadmill running, they were randomized into 
the exercise and control groups. Mice in the 
control group were placed on a stopped tread-
mill for 45 min each day, 5 days per week. The 
mice in the exercise group ran on the treadmill 
at 10-12 m/min speed for the same duration. 
To avoid stress, we adjusted the treadmill sp- 
eed when mice showed any signs of exhaustion 
(e.g. freezing) and cleaned the treadmill sur-
face prior to running the next group. Four weeks 
later, mouse OVC labeled with RFP lentivirus 
(1×107 cells/mouse) were intraperitoneally (IP) 
injected to the mice of both groups. Mice were 
imaged weekly using an In Vivio Imagining 
System (IVIS, Perkins-Elmer, Waltham, MA). 
After the injection, mice were exposed to daily 
running or staying on the treadmill for 4 more 
weeks and euthanized. In the acute exercise 
model, after one week of training mice were 
randomized into exercise and control groups. 
All mice were injected with OVC (1×107 cells/
mouse), after which they rested or ran on the 
treadmill at 10-12 m/min for 45 min. At 24 
hours and 48 hours after the first session, two 
more sessions of treadmill activity were per-
formed. At the end of the third session of tre- 
admill activity, mice were euthanized to collect 
tissue and body fluid samples. In the chemo-
treatment experiment, mouse OVC (1.5×107/
mouse) were subcutaneously (SC) injected to 
the flank, which allowed the tumors to be mea-
sured with a vernier caliper every three days. 
When tumors reached 100 mm3, mice were 
treated with cisplatin (4 mg/kg, IP, once per 
week) for 4 weeks. Before the initiation of treat-
ment, mice first received 1 week of treadmill 
training. After the mice were all acclimated to 
treadmill running, they were randomized into 
the exercise and control groups. Mice in the 
control group were placed on a stopped tread-
mill for 30 min each day, 5 days per week. The 
mice in the exercise group ran on the treadmill 
at 5-10 m/min speed for the same duration.

Peritoneal fluid collection, peritoneal cell (PC) 
isolation, and coculture with OVCs

Peritoneal lavage was collected as previously 
described [35] one hour after acute exercise. 

The peritoneal lavage was spun down at 500 
rpm for 5 min at 4°C to collect the cells. When 
assessing the cytokines in the peritoneal fluid, 
1 mL sterile PBS was IP injected into the mouse. 
The peritoneal lavage fluid was collected into  
a clean microcentrifuge tube to spin down the 
cells and collect the supernatant. The isolated 
cells were seeded as 1:5 (OVCs:PCs) ratio with 
OVCs for the coculture experiments.

Peritoneal adipocytes isolation and coculture

Peritoneal mesenteric and epididymal fat tis-
sues were removed, minced and digested us- 
ing collagenase I at 37°C for 2 hours. After fil-
tering to remove the tissue debris, cells were 
washed extensively with Dulbecco’s modified 
Eagle’s medium containing 5% bovine serum 
albumin. The isolated cells were seeded as 1:3 
(OVCs:adipocytes) ratio with OVCs for the cocul-
ture experiments. GapmeRs were used to kno- 
ck down the expression of Cidea, Saa3, or Cxcl- 
12 in the mesenteric adipocytes (Qiagen, Ger- 
mantwon, MD). GapmeRs are locked nucleic 
acid-conjugated chimeric single-strand anti-
sense oligonucleotides that are used for gene 
silencing similar to siRNA [36]. They have  
a phosphorothioate-modified backbone that 
makes them resistant to enzymatic degrada-
tion and more stable than siRNAs. GapmeRs 
are highly potent and stable both in vivo and  
in cell culture medium. They were taken up by 
cells through gymnosis, a natural unassisted 
delivery [37, 38]. After freshly isolated adipo-
cytes were incubated with GapmeRs for 48 
hours, they were cocultured with OVCs.

Flow cytometry detection of intracellular TNFα 
in peritoneal macrophages

The intracellular staining of TNFα was com-
bined with cell surface staining of Cd11b fol-
lowing the protocol provided by the manufac-
turer of the antibodies, including Alexa Fluor 
488 anti-mouse TNFα antibody (MP6-XT22, 
BioLegend, San Diego, CA) and APC anti-mo- 
use Cd11b antibody (M1/70, BioLegend).

Quantitative real-time PCR (QPCR)

Fat tissues were minced on ice and then 
homogenized in a Beadbug homogenizer (Ben- 
chmark Scientific, Sayreville, NJ) for 60 sec-
onds. After removing large tissue debris, re- 
maining homogenized tissues were used for 
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RNA extraction with Monarch Total RNA Mi- 
niprep kit (New England Biolabs Ipswich, MA). 
Concentration of resulting RNA was determin- 
ed using a Nanodrop (Thermo Fisher, Waltham, 
MA). cDNA was transcribed using qScript cDNA 
SuperMix (Quanta Bio, Beverly, MA) and a Mul- 
tigene Optimax thermal cycler (Labnet Inter- 
national, Edison, NJ). QPCR was performed us- 
ing SYBR Green Supermix and CFX Connect 
detection system (Bio-Rad, Hercules, CA). GA- 
PDH was used as a reference gene in the ΔΔCT 
expression analysis. All reactions were per-
formed with 3 technical replicates and 3- 
10 biological replicates. Gene list and primer 
sequences are included in supplemental in- 
formation.

Multiplex-cytokine assay

Plasma samples were shipped to Eve Tech- 
nologies on dry ice (Calgary, AB, Canada) to  
be analyzed using a Multiplexing LASER Bead 
Assay (Mouse Cytokine Array/Chemokine Array 
31-Plex, Eve Technologies). 

Blood urea nitrogen (BUN), glucose, corticoste-
rone, white blood cell count and platelet count

Blood was collected through the retro-orbital 
sinus using capillary tubes once every two 
weeks, and then transferred into EDTA coated 
microcentrifuge tubes using a syringe. Tubes 
were centrifuged at 13,000 rpm for 15 min at 
4°C to isolate plasma. Plasma was transferred 
into a new tube and stored at -80°C. Plasma 
samples were diluted to measure the concen-
tration of urea nitrogen using BUN ELISA kit 
(MyBioSource, San Diego, CA) according to the 
manual provided by the manufacturer. Blood 
glucose levels of mouse tail-tip blood was 
determined using a OneTouch Ultra 2 blood glu-
cose monitor (LifeScan, Milpitas, CA). The glu-
cose level was measured once per week be- 
fore mice were placed on the treadmill to eva- 
luate the chronic effects of treadmill running. 
Measurements were taken twice and averag- 
ed. Blood corticosterone was determined using 
Corticosterone ELISA kit (ADI-900-097, Enzo 
Life Sciences, Farmingdale, NY). White blood 
cell count and platelet count were assessed as 
previously described [39, 40].

Statistics

Numerical values are presented as mean ± SD. 
Prism 7 (GraphPad Software, La Jolla, CA, USA) 

was used to perform statistical analyses. For 
comparisons between two groups, P values 
were calculated using paired or unpaired two-
tailed Student’s t-tests. One-way ANOVA was 
used to analyze more than two independent 
groups. Two-way ANOVA was used to compare 
the difference in experiments with two inde- 
pendent variables. P<0.05 was considered  
significantly different if not specified. The re- 
sults of statistical analysis were indicated in 
the figures.

Results

Treadmill-running increases blood erythropoi-
etin (EPO) and reduces glucose levels without 
changing body weight in mouse model

By comparing mice in the control and treadmill-
running groups (Figure 1A), we identified that a 
single bout of treadmill running increased lev-
els of EPO in the plasma (a marker for exercise 
response in humans) in the exercise group 
comparing to the control group (Figure 1B). 
During 8-week treadmill running and injection 
of cancer cells (Figure 1C), we examined blood 
corticosterone levels as a stress marker [41, 
42] and found no statistically significant differ-
ence between the control and exercise groups, 
nor was there a significant difference within 
groups at different time points (Figure 1D). We 
did not find statistical significance in body 
weight between two groups throughout the 
entire trial (Figure 1E), indicating that differ-
ences between groups was not caused by dif-
ferences in body weight. By contrast, the ran-
dom blood glucose levels were lower in the 
exercise group than the control group (Figure 
1F), suggesting exercise improves glucose me- 
tabolism as expected. 

Exercise inhibits ovarian cancer colonization in 
mouse model

In the chronic exercise model, tumor coloniza-
tion in the peritoneal cavity was reduced in the 
exercise group comparing to the control group 
(Figure 2A). We started to observe the differ-
ence between control and exercise groups at 
about 3 weeks after injecting the cancer cells 
(Figure 2B). At the time of necropsy, the num-
bers of peritoneal tumors were lower in the 
exercise group than the control group, with sta-
tistical significance (Figure 2C). The average 
tumor weight of the exercise group was lower 
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Figure 1. Mouse treadmill-running exercise model. A. C57BL/6 mice running on the treadmill. B. Blood erythropoi-
etin (EPO) level was assessed by ELISA, n=10, ***P<0.005. C. Chronic exercise experimental design flowchart. 
D. Corticosterone level in mouse plasma was assessed by ELISA, n=5, N.S., the difference between groups was 
not statistically significant. E. Body weight of mice during the 8-week chronic exercise experiment, n=15. F. Blood 
glucose level measured using a glucose meter before the daily exercise. Two-way ANOVA test, n=10, ***P<0.001.

Figure 2. Exercise suppresses ovarian cancer colonization in mice. A. Representative images of tumors in C57BL/6 
mice. B. Tumor growth curves assessed by live imaging of tumor fluorescence signals. Two-way ANOVA and Sidak’s 
test, n=15, P<0.001 between control and exercise groups. *P<0.05 and **P<0.005 for comparision between 
groups at the same time point. C. Tumor numbers were compared using student’s t-test, n=15, *P<0.05. D. Total 
tumor weight per animal was compared using student’s t-test, n=15. The difference between two groups was not 
statistically significant. E. Tumor distribution at necropsy. Each color represents the tumors from one mouse, n=15.
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than the control group, however, the difference 
was not statically significant (Figure 2D). We 
documented the location and size of the perito-
neal tumors and found that the control group 
mice had more widespread tumors than exer-
cise group mice (Figure 2E). 

Acute exercise modulates peritoneal immune 
microenvironment

In the acute exercise model, the peritoneal 
lavage collected from mice in the exercise 
group contained fewer RFP+ cells than that of 
the control mice (Figure 3A). This suggests that 
the acute effects of exercise reduced surviving 
cancer cell numbers in the peritoneal cavity. 
We postulate that exercise induces peritoneal 
microenvironmental changes that impact ovar-
ian cancer cell survival in the peritoneal cavity. 

In order to examine exercise-induced changes 
in the peritoneal microenvironment, we collect-
ed peritoneal fluid from the control mice and 
the mice that completed 3 sessions of 45-min-
ute treadmill running exercise within 48 hours 
without injecting cancer cells. Using a 45-cyto-
kine multiplex assay, we identified the down-
regulation of VEGF (vascular endothelial growth 
factor), CCL12 (C-C motif chemokine ligand 
12), and CCL22 (C-C motif chemokine ligand 
22) in the peritoneal fluid of exercise group mi- 
ce compared to the control group with statisti-
cal significance (Figure 3B). We also identified 
the statistically significant upregulation of CCL2 
(C-C motif chemokine ligand 2) and IL-15 (inter-
leukin-15) in the peritoneal fluid of mice in the 
exercise group comparing to that of the control 
group (Figure 3C).

Figure 3. Effects of acute exercise on ovarian cancer cells and the peritoneal microenvironment. A. In acute exercise 
experiment, RFP positive OVCs in the peritoneal lavage were detected using flow cytometry, n=5, p value of student’s 
t-test is labeled in the graph. B and C. The levels of cytokines in peritoneal fluid collected 1 h after acute exercise, 
n=10. P values of student’s t-test are labeled in the graphs. D. Viability of OVCs determined by luciferase activity. 
Luciferase-labeled OVCs were co-cultured with freshly isolated peritoneal cells (PCs) from C57BL/6 mice that under-
went 3 sessions of exercise in 48 hours, n=5, *P<0.05, **P<0.005, ***P<0.0005. E. Viability of OVCs co-cultured 
with PCs and neutralizing antibody against Ccl2 (anti-Ccl2) or the control antibody (IgG), n=5 **P<0.005. NS, not 
significant. F. Viability of OVCs co-cultured with PCs and neutralizing antibody against IL-15 (anti-IL-15) or the control 
antibody (IgG), n=5 *P<0.05, **P<0.005, ***P<0.0005. G. Gene expression of acute exercise-stimulated perito-
neal cells analyzed by RT-QPCR, n=7, *P<0.05. H. Flow cytometry analysis of Cd11b/Tnfα positive peritoneal cells 
after acute exercise, n=10, **P<0.005. 
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Peritoneal cell-secreted CCL2 inhibits the vi-
ability of OVCs in coculture model

We established an in vitro coculture model to 
test the hypothesis that the acute effects of 
exercise can enhance the anti-cancer activity 
of peritoneal cells through CCL2 and IL-15. The 
cocultured OVCs and freshly isolated peritone- 
al cells (PCs) showed lower levels of lumines- 
cence comparing to the single culture of OVCs 
(Figure 3D), which suggests that PCs from mi- 
ce in the control group inhibited the viability of 
OVCs. Moreover, the PCs isolated from mice  
in the exercise group further decreased the 
viability of OVCs than the control group (Figure 
3D). When we added the neutralizing antibody 
against CCL2 to OVCs cocultured with PCs from 
the exercise group, the neutralizing antibody 
dampened the inhibitory effect of PCs on OVC 
cell viability but did not affect the viability in the 
single culture (Figure 3E). We conducted the 
same experiment with a neutralizing antibody 
against IL-15, but we did not observe similar 
inhibitory effect on the anti-cancer activity of 
exercise-stimulated PCs (Figure 3F). 

Acute exercise activates M1 macrophages in 
the peritoneal microenvironment

Gene expression analysis of peritoneal cells 
showed that the level of CCL2 mRNA was high-
er in the exercise group with statistical signifi-
cance (Figure 3G). This result is consistent with 
the exercise-stimulated upregulation of CCL2 
at protein level that we identified using cyto-
kine-multiplex assay (Figure 3C). Furthermore, 
we found that the M1 macrophage activation 
signature genes were upregulated in the exer-
cise group relative to the control group, which 
include the statistically significant increase in 
the mRNA expression of Il6, Il1b, Tnf-α, and 
Cd86 (Figure 3G). Using flow cytometry, we 
determined that the CD11b (a macrophage 
marker) and TNF-α double-positive cell popu- 
lation was increased in the peritoneal cells of 
mice in the exercise group comparing to that  
of the control group (Figure 3H), which again 
indicates the activation of M1 macrophage. 

Identification of differently expressed genes in 
the peritoneal adipose tissues of tumor-bear-
ing mice subjected to chronic exercise

To determine the effect of chronic exercise on 
the relationship between cancer cells and peri-

toneal adipose tissues, we collected the perito-
neal mesenteric white adipose tissues (mWAT) 
and the peritoneal epididymal white adipose 
tissue (eWAT) from the tumor-bearing mice af- 
ter 8-weeks of exercise (Figure 1C). We exam-
ined the RNA expression of 24 genes that are 
involved in the adipocyte functions of lipid for-
mation, thermogenesis, adipose tissue brown-
ing, and adipocyte inflammation via RT-qPCR. 
The data demonstrated that the tumor-bear- 
ing mice in the exercise group expressed sta- 
tistically significant lower levels of Cidea (cell 
death-inducing DFFA-like effector A), Saa3 
(serum amyloid A3), and Cxcl12 (C-X-C motif 
chemokine ligand 12) mRNAs in the mWAT 
comparing to that of the control group with 
(Figure 4A). In the eWAT of the mice in the 
exercise group, the relative mRNA levels of 
Cidea, Dio2, and Elovl3 were lower than that of 
the control group (Figure 4B). 

Inhibition of Cxcl12, Cidea, and Saa3 in mWAT 
suppresses its ability to support OVCs

In a co-culture model of adipocytes and OVCs, 
cells isolated from mWAT increased the viability 
of OVCs in the co-culture, comparing to the sin-
gle culture of OVCs (Figure 4C). When we added 
AMD3100, an antagonist of CXCR4 (the recep-
tor of CXCL12), to the co-cultured OVCs and 
mWAT, AMD3100 inhibited the effect of mWAT 
in promoting the proliferation of OVCs (Figure 
4C). The knockdown of CIDEA or SAA3 in the 
mWAT inhibited the ability of mWAT to promote 
the proliferation of cancer cells (Figure 4D and 
4E). These results suggest that the exercise-
induced decrease of Cidea, Saa3, or Cxcl12 
expression can reduce the ability of peritoneal 
adipose tissues to support ovarian cancer cell 
survival and colonization in the peritoneal ca- 
vity. 

Exercise improves the outcomes of chemo-
therapy 

We evaluated the effects of exercise on the out-
comes of chemo-treatment using a syngeneic 
subcutaneous tumor model of C57BL/6 mice 
(Figure 5A). Considering that the mice might 
experience the side effects of chemotherapy, 
the running speed and duration were reduced 
from the standard conditions. Exercise impro- 
ved the overall survival rate of the tumor-bear-
ing mice (P=0.0069, Figure 5B). The cisplatin 
treatment caused significant weight loss in 
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mice of both groups (Figure 5C). The average 
body weight of the exercise group was slightly 
lower than that of the control group, but not  
statistically significant. Mice in the exercise 
group showed increased white blood cell count 
(Figure 5D) and platelet count (Figure 5E) com-
pared to the control mice with statistical signifi-
cance, indicating the protection of bone mar-
row functions. (Figure 5F). The exercise group 
also showed lower levels of blood urea nitrogen 
(BUN, a marker of renal toxicity) comparing to 
the control group.

Discussion

In this study, we demonstrated that daily tread-
mill running limited the metastatic colonization 

of ovarian cancer cells in peritoneal cavity in a 
mouse model of ovarian cancer (Figure 6). We 
identified the exercise-induced changes in the 
peritoneal microenvironment that are involved 
in modulating the development and progres-
sion of ovarian cancer. We also subjected the 
tumor-bearing mice to cisplatin treatment and 
demonstrated that treadmill-running exercise 
reduced the common adverse side effects of 
chemotherapy, including neutropenia, throm-
bocytopenia, and kidney toxicity. 

Mouse ovarian cancer models for exercise 
study

We generated syngeneic mouse models of 
ovarian cancer using an ovarian cancer cell line 

Figure 4. Chronic exercise affects peritoneal mesenteric and epididymal adipose tissue gene expression. A. Gene 
expression of mesenteric white adipose tissues (mWAT) analyzed by RT-QPCR, n=10. P values of student’s t-test are 
labeled in the graphs. B. Gene expression of epididymal fat pads analyzed by RT-QPCR, n=5. P values of student’s 
t-test are labeled in the graphs. C. Viability of OVCs co-cultured with freshly isolated mWAT cells assessed by lucifer-
ase activity. AMD3100 (a Cxcl12 antagonist) was added to the media. Two-way ANOVA test, **P<0.005. D. Viability 
of OVCs co-cultured with GapmeRs-pretreated mWAT cells assessed by luciferase activity. Control, mWAT pretreated 
with non-targeting negative control Gapmers. Cidea, mWAT pretreated with Gapmers targeting Cidea. Saa3, mWAT 
pretreated with Gapmers targeting Saa3. One-way ANOVA test, n=5, **P<0.005. E. Expression levels of Cidea and 
Saa3 in GapmeRs-pretreated mWAT cells assessed by RT-QPCR to confirm the gene knockdown. Student’s t-test, 
n=3, **P<0.005, ***P<0.0005.
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that was derived from tumors of the Dicer1flox/

flox-Ptenflox/flox-Tpr53LSL-R172H/+ Amhr2cre/+ triple 
mutant mice [33, 34]. This transgenic mouse 

to form these tumors have the ability to form 
both intraperitoneal tumors and subcutaneous 
tumors in the wild-type C57BL/6 mice, which 

Figure 5. Exercise benefits cisplatin-treated mice by in-
creasing over all survival and decreasing side effects. 
A. Experimental design flowchart. B. Kaplan-Meier sur-
vival curves of cisplatin-treated tumor bearing mice, 
n=10. Log rank test, P=0.0069. C. Bodyweight curves. 
No statistical difference, n=10. D. White blood cell 
count. E. Platelet count. F. Blood urea nitrogen. P val-
ues of student’s t-test are labeled in the graphs.

Figure 6. Study summary: Exercise decreases cancer progression, the ex-
pression of pro-cancer cytokines, and adverse effects of chemotherapy, 
while increasing anti-tumor immune responses.

model resembles the initia-
tion of HGSOCs from the fal-
lopian tube and ovary. More 
importantly, these triple mu- 
tant mice form metastatic tu- 
mors throughout the perito-
neal cavity accompanied by 
accumulation of hemorrhagic 
ascites with complete pene-
trance. Besides the phenoty- 
pic and histopathological sim-
ilarities, these mouse HGSO- 
Cs also display marked chro-
mosomal instability, impaired 
DNA repair, and reduced re- 
sponses to chemotherapies 
[34]. These features recapitu-
late molecular and genomic 
features of human HGSOC. 
The cell line that we derived  
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allowed us to study the effects of exercise on 
tumor development and the host with normal 
immune system.

Treadmill-running model for exercise study

Mouse models have been used to investigate 
the effects of exercise on lung cancer, liver can-
cer, melanoma, colorectal cancer, and breast 
cancer [43-45]. We utilized forced treadmill 
running in our model, as the treadmill device 
has speed control settings that ensures all 
mice received the same “dosage” of exercise 
between each other and between sessions. We 
developed our model to avoid stress by adjust-
ing the treadmill speed when mice showed 
signs of exhaustion (e.g. freezing). Our stress-
reducing strategies and the dosages of exer-
cise are similar to a quantifiable running wheel 
model previously described by Melo and Hagar 
[45, 46]. Additionally, we monitored the effec-
tiveness and stress level by testing the blood 
levels of EPO, glucose, and corticosterone [41, 
42, 47-49]. The increased levels of EPO [42, 47] 
and reduced glucose levels [48, 49] resembl- 
ed the exercise response in humans and de- 
monstrated the effectiveness of this exercise 
modality in mice. Our stress-preventing strate-
gy was effective as evidenced by the similar 
blood corticosterone levels in the control and 
treadmill-running groups. No significant differ-
ence in body weight was observed between 
exercise and control groups. These results en- 
sure that any differences between control and 
exercise mice were not caused by the stress  
of treadmill running or body weight changes. 
These features are critical for establishing reli-
able animal models of exercise, in particular for 
studying the effects of exercise on cancers. 

Mechanisms underlying the anticancer effect 
of exercise

A number of biological processes have been 
linked to the beneficial effects of exercise on 
cancer prevention and patients’ survival, in- 
cluding lowering the levels of pro-cancer hor-
mones and growth factors [50-54], reducing 
chronic inflammation [55], strengthening anti-
cancer immune response [56-58], and prevent-
ing obesity, which is a risk factor for many types 
of cancer. These hypotheses are to be furth- 
er tested to determine the underlying mecha-
nisms. The focus of this study is to understand 
how exercise-related effects modulate the peri-

toneal microenvironment to influence the colo-
nization of ovarian cancer. Our data supports 
previous hypotheses by demonstrating that 
treadmill running inhibited the peritoneal colo-
nization of ovarian cancer cells and reduced 
the adverse effects of chemotherapy. Further- 
more, we revealed the acute effects of exer- 
cise in stimulating the pro-inflammatory (M1) 
activation of peritoneal macrophages and th- 
eir production of TNF-α. This result is consis-
tent with the common view that acute exercise 
induces inflammatory responses and elevates 
pro-inflammatory cytokines [59]. This result al- 
so suggests that molecular mechanisms under-
lying the acute and chronic effects of exercise 
ovarian cancer development are different. Re- 
gular exercise can induce acute pro-inflamma-
tory effects that stimulate anti-tumor immune 
responses. And repeated occurrence of this 
stimulation creates an anti-tumor peritoneal  
microenvironment, leading to a long-term inhi-
bition of chronic inflammation, of which molec-
ular mechanisms still need to be uncovered. 
The systematic and local tissue effects of exer-
cise may also differ. Since tumor colonization in 
the peritoneal cavity is a critical step of the 
tumorigenesis and progression of HGSOCs, the 
knowledge of these exercise-modulated local biolo- 
gical processes will lead to the identification of 
promising molecular targets and biomarkers 
for developing exercise-based intervention. 

Cells and factors in the peritoneal fluid

To understand how treadmill-running affected 
the peritoneal environment, we identified exer-
cise-induced changes produced by the host in 
the absence of cancer cells. It is important to 
consider the host, cancer cells, and exercise in 
a whole system. However, cancer cells also 
secrete many cytokines and growth factors, 
and the reciprocal regulations between cancer  
cells and host cells actively mediate the pro-
cess of tumor formation. In order to dissect the 
mechanisms of their complex signal exchang-
es, we first focused on identifying the effects of 
treadmill-running on the peritoneal environ-
ment, and then tested whether these exercise- 
induced changes can affect cancer cells. With 
this knowledge, we can further investigate how  
their reciprocal signal exchanges affect tumor 
development. Our findings suggest that acute 
exercise can stimulate the anti-cancer activity 
of peritoneal cells through CCL2. The limitation 
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of this experiment is that we did not identify 
which specific cell populations were responsi-
ble for inhibiting cancer cell viability. Peritoneal 
fluid contains many immune cells, including 
macrophages, B cells, T cells, and natural killer 
cells. The changes in their cellular functions 
and interactions in response to exercise will 
need to be further investigated. 

The results of coculture experiments suggest 
that exercise-stimulated peritoneal cells can 
inhibit the viability of the OVCs through CCL2 
signaling, but IL-15 may not be responsible for 
the direct interaction between the peritoneal 
cells and OVCs. It is also possible that the func-
tions of IL-15 are not fully recapitulated in this 
coculture model and other cellular components 
may interact with cancer cells through IL-15  
signaling. CCL2 is a potent monocyte-attract-
ing chemokine [60]. It is essential for the 
recruitment of monocytes to the peritoneal cav-
ity [61]. CCL2 also can prime macrophages to 
increase their cytotoxicity [62]. IL-15 can en- 
hance the reactivity of peritoneal natural killer 
(NK) cells against cancer cells in ovarian can-
cer patients [63]. It also enhances the cytoly- 
tic activity of CD8+ T cells [64] and sustains 
CD8+CD44 high memory T cells [65]. Thus, 
exercise may increase the levels of CCL2 and 
IL-15 in the peritoneal environment to help 
recruit monocytes and enhance the activity  
of macrophages, NK cells and T cells to elimi-
nate the disseminating cancer cells. Besides 
increasing the levels of CCL2 and IL-15, acute 
exercise downregulates the levels of peritoneal 
CCL22, VEGF, and CCL12. The roles of these 
cytokines in the exercise-induced anticancer 
effects have yet to be determined. CCL22 has 
been shown to recruit regulatory T cells to  
promote an immunosuppressive microenviron-
ment in ovarian cancer [66]. VEGF promotes 
angiogenesis and the development of perito-
neal carcinomatosis associated with malignant 
ascites in ovarian cancer [67]. A mouse model 
of lung cancer has shown that the downregula-
tion of CCL12 can inhibit the recruitment of 
myeloid-derived suppressor cells to premeta-
static lungs and attenuate tumor metastasis 
[68]. By decreasing the levels of these cyto-
kines in the peritoneal microenvironment, exer-
cise may inhibit their pro-cancer functions and 
contribute to ovarian cancer prevention.

Peritoneal fat and ovarian cancer

Human intra-abdominal fat tissues are the vis-
ceral adipose tissue surrounding the inner 

organs [69]. They include the omental, mesen-
teric, retroperitoneal, gonadal, and pericardial 
fat tissues. HGSOCs often metastasize to the 
omental and mesenteric fat. The mouse mes-
enteric fat pad (i.e. mWAT) alongside the intes-
tinal tract is the most analogous to human vis-
ceral adipose tissue with respect to its location 
and biology. However, the mouse mesenteric 
fat pad lacks detailed studies due to technical 
challenges in its surgical manipulation and iso-
lation. The largest and most accessible perito-
neal fat pads in mice, the epididymal (or peri-
ovarian) fat pads (i.e. eWAT) are the most fre-
quently studied in the literature [70-72]. How- 
ever, they are considered as peri-visceral, not 
true visceral fat pads. Humans do not harbor 
fat tissues that are analogous to these fat 
pads. The omental depot in mice is present  
in very small quantities and not as clearly 
defined as in humans. The anatomical differ-
ences between humans and mice were con- 
sidered during our study. In this study we ex- 
amined the gene expression in both eWAT and 
mWAT, the most frequently studied and the 
most analogous to human visceral fat, and us- 
ed the mWAT for functional studies in the co-
culture experiments. 

We identified that exercise lowered the levels of 
Cidea, Saa3, Cxcl12 mRNA in mWAT, and the 
levels of Cidea, Dio2, and Elovl3 mRNA in eWAT. 
CIDEA is predominantly expressed by the adi-
pocytes and regulates lipid droplet formation 
[73]. It is implicated in cancer cachexia due to 
its overexpression in the white fat tissues of 
cachectic cancer patients and mice [74, 75]. 
The role of CIDEA in ovarian cancer is unclear. 
Our data suggests that exercise may inhibit 
CIDEA-regulated lipid formation to modulate 
adipocytes-cancer cells interaction and adjust 
metabolic balance in cancer patients. CXCL12 
and SAA3 both have been demonstrated to pro-
mote metastasis [76, 77]. CXCL12 is an inde-
pendent predictor of poor survival in ovarian 
cancer patients [78] and a promising thera- 
peutic target for ovarian cancer [79-81]. SAA3 
overexpression in tumor cells potently pro-
motes widespread metastasis [82]. High circu-
lating serum amyloid A level is a prognostic 
marker for poor clinical outcomes in cancers 
and has been associated with the increased 
risks of cancer [83, 84]. Very little is known 
about the roles of DIO2 and ELOVL3 in cancers. 
DIO2 plays a role in adipose tissue lipid ac- 
cumulation, mitochondrial function, inflamma-
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tion, and metabolism in humans [85], and it 
may promote tumor growth through thyroid hor-
mone signaling [86]. ELOVL3 may play a role in 
metastasis of prostate cancer [87]. The mecha-
nisms of how these genes in peritoneal fat tis-
sues mediate the development and progres-
sion of ovarian cancer will be pursued in our 
future study.

Exercise and chemotherapy

We previously conducted the WALC clinical trial 
[10], in which a six-month home-based exercise 
intervention improved ovarian cancer patients’ 
HRQL. This study showed the beneficial effects 
of exercise in ovarian cancer patients who un- 
derwent chemotreatments. The results from 
our animal model resembled the beneficial ef- 
fects of exercise in ovarian cancer patients. 
These results not only demonstrated the effec-
tiveness of our exercise model but also allow us 
to further investigate how exercise can improve 
patient clinical outcome by reducing the ad- 
verse effects of chemotherapies. Chemothe- 
rapeutic agents are known for their toxicity of 
reducing blood cell production and damaging 
kidney functions. We used our mouse model to 
further evaluate the signs of side effects 
caused by chemotherapy and identified that 
mice in exercise group had improved blood cell 
production. The lower levels of BUN in the exer-
cise group than the control group also indicate 
that exercise can help alleviate renal toxicity 
associated with chemotherapy. Our result sug-
gests that exercise can reduce common side 
effects of chemotherapy, such as neutropenia, 
thrombocytopenia, and nephrotoxicity, which 
also mirrors the beneficial effects of exercise in 
ovarian cancer patients as demonstrated in  
our previous exercise intervention trial [10]. The 
molecular mechanisms of these effects are 
complex and need to be further investigated. 
One important aspect is that exercise can 
improve mitochondrial function [88]. Many che-
motherapy-induced side effects are mediated 
by mitochondrial damage [89]. Exercise im- 
proves bone marrow functions [90, 91] and 
alleviates renal injury through restoring mito-
chondrial function [92, 93] in several chronic 
disease models. Therefore, exercise is a prom-
ising non-pharmacological approach for improv-
ing mitochondrial function and reducing che-
motherapy-induced side effects.

Translation to humans

A major challenge in studying exercise with 
mouse models is to accurately translate the 
results to human settings. The low translational 
success rates from animal studies to clinical 
testing are common issues in cancer therapeu-
tic development. In terms of exercise research, 
unique challenges involve the significant physi-
ological differences between mice and humans. 
For example, mice are natural runners and can 
perform high intensity running all night long at 
all ages [94]. However, humans can usually only 
endure high intensity running for up to 30 min 
with a significant decrease associated with 
aging [95]. We should not simply translate the 
8-week duration of daily treadmill exercise in 
mice to 5-7 years in humans by comparing th- 
eir life span and growth rate [96]. The develop-
ment of reliable methods for translating the 
doses and duration of exercise in mice to 
human equivalents is needed for the clinical 
translation of exercise research. Before these 
methods are established, rodent exercise mod-
els remain a valuable tool for mechanistic stu- 
dies and dose-response studies as they can  
be utilized in a more controlled fashion than 
human studies. 

Conclusion

Our study provided evidence that exercise can 
positively change the peritoneal microenviron-
ment to prevent or suppress the dissemination 
of ovarian cancer cells (Figure 6). Understand- 
ing how physical activity can modulate the peri-
toneal microenvironment will contribute to de- 
signing the most optimal exercise-based inter-
ventions for preventing and inhibiting ovarian 
cancer.
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