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Abstract 

Evidence suggests that regular moderate exercise can improve symptoms of depression and 

may enhance immune function, with an interesting role in cancer prevention and improved 

cancer-related prognosis; however, over-exercising may lead to overtraining and generate 

psychological symptoms that mimic depression, and may impair immune function. In this 
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study, we chose swimming as an exercise form to conduct research. Swimming groups were 

divided into 5, 20, and 60 min day-1, and open field tests (OFT) were used to assess the mice's 

behavior in desperation. The results showed that regular moderate swimming (5 min day-1, 

62 days) inhibited tumor development and progression by regulating the expression levels of 

cytokines (IL-6, TNF-α, and IFN-γ) involved in cellular immune responses. However, the 

overload swimming (20 and 60 min day-1, 62 days) caused depression in mice and promoted 

tumor growth and progression. In addition, moderate swimming also prolonged the survival 

of tumor-bearing mice. Our findings prove that moderate exercise can improve immunity and 

protect against cancer. In contrast, overload exercise can cause psychological stress such as 

depression, as well as guide the development of proposals during cancer treatment and 

postoperative recovery. 
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1. Introduction 

Adherence to regular exercise has been associated with significant health benefits for healthy 

individuals and those with chronic conditions [1]. There is a clear interest in identifying the likely 

role of exercise in cancer prevention and improving cancer-related prognosis. Research has 

demonstrated that exercise can inhibit tumor initiation and progression, and it is also linked to 

improved health status and quality of life [2-8]. Recent studies have highlighted the antitumor 

effects of exercise in various cancers through specific receptors on tumor cells and epithelial cells, 

primarily involving immune factors. Vulczak et al. have shown that moderate exercise regulates 

tumor metabolism in triple-negative breast cancer, thereby inhibiting tumor growth [9]. Luo et al. 

showed that physical exercise reverses the immunocold tumor microenvironment via inhibiting 

SQLE in non-small cell lung cancer [10]. Zarei et al. showed that the exercise-inducing myokine irisin 

significantly mitigated the proliferation, migration, and invasion of ovarian cancer cells via the HIF-

1α signaling pathway [11]. Wan et al. showed that exercise potentially prevents colorectal cancer 

liver metastases by suppressing tumor epithelial cell stemness via RPS4X downregulation [12]. 

Orange et al. showed that acute aerobic exercise-conditioned serum reduces colon cancer cell 

proliferation in vitro through interleukin-6-induced regulation of DNA damage [13]. Epidemiological 

studies suggest that consistent physical activity and structured exercise routines can enhance 

immune function, regulate immune responses, and decrease the risk of numerous chronic diseases. 

These include infectious diseases such as viral and bacterial infections, cancer, chronic inflammatory 

conditions, and other non-communicable diseases [14-16]. 

In addition, studies have shown that regular exercise can improve symptoms of depression, 

anxiety and panic, with beneficial effects that appear to be equivalent to meditation or relaxation 

and may enhance immune function [17]; however, overloaded exercise may lead to overtraining 

and generate psychological symptoms that mimic depression, and may impair immune function [18, 

19]. Until now, the mechanism of the influence of moderate exercise and overload exercise on the 

occurrence and development of cancer is not clear. In here, our findings provide strong evidence 
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that moderate exercise improves immunity and protects against cancer, while overloading exercise 

can cause psychological stress, such as depression, as well as provide guidance for the development 

of proposals during cancer treatment and postoperative recovery. 

2. Materials and Methods 

2.1 Materials 

Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine serum (FBS), and penicillin-

streptomycin were obtained from YoBiBiotech Co., Ltd. (Shanghai, China). D-Hank’s buffer was 

prepared in our laboratory. A 25% trypsin-EDTA solution was purchased from Gino Biological 

Pharmaceutical Technology Co., Ltd. (Hangzhou, China). Formalin solution (4% v/v) was provided by 

Daan Gene Co., Ltd. (Shanghai, China). 

2.2 Cell Culture 

The B16-F10 mouse melanoma cell line was obtained from the Chinese Academy of Sciences. 

Cells were cultured in high-glucose DMEM supplemented with 10% FBS and 5% penicillin-

streptomycin at 37°C in a 5% CO2 and 95% air atmosphere. 

2.3 Animal Studies and Swimming Grouping Based on Duration 

Female C57BL/6 mice (20 ± 2 g; 6-7 weeks old) were sourced from Shanghai Jiesijie Experimental 

Animal Co., Ltd. (Shanghai, China). The mice were housed in a controlled environment with plastic 

cages, maintaining 55% humidity, a 12-hour light/dark cycle, and a temperature of 22 ± 0.5°C [20]. 

They were acclimated for one week before the experiments. Swimming is commonly used as a form 

of exercise in rodent disease models [21], as it helps prevent stress-related injuries that can occur 

with treadmill running [22]. In the pilot study, C57BL/6 mice were subjected to daily swimming 

sessions in water maintained at 30 ± 2°C for 62 days. 

The mice were divided into four groups: (1) Control group—mice did not swim and were fed 

typically; (2) 5 min day-1—mice swam voluntarily for 5 minutes; (3) 20 min day-1—after the initial 

voluntary swimming, mice were encouraged to continue swimming for a total of 20 minutes; and 

(4) 60 min day-1—mice were forced to swim for 60 minutes. All mice swam for 5 minutes during the 

first week for adaptation. The swimming duration gradually increased from 20 minutes in the 

second week to 60 minutes in the third week, with the training period maintained at 60 minutes for 

the remainder of the study [7]. Group training was used, as it promotes more intense physical 

activity compared to individual swimming sessions [23]. Initially, the mice swam voluntarily for 

approximately 5 minutes before floating and swimming intermittently. To encourage continuous 

swimming for longer durations, a stick was used to prod them to keep moving [24] gently. After 39 

days, all C57BL/6 mice were injected with B16-F10 cells (1 × 105 or 2 × 105 cells/mL) subcutaneously 

in the right abdomen to induce tumorigenesis. Then each group of mice continued the experiment 

for 23 days according to the original plan. Animals were manually palpated three times a week, and 

the day of tumor detection was recorded (latency to approximately 50 mm3). The tumor size was 

measured with a caliper three times a week, and body weight was recorded every two days. Tumor 

volume was calculated using the formula: Vtumor = L × W2/2 (where L is tumor length and W is tumor 

width) [25]. At the end of the experiment, we sacrificed the mice by dislocating their joints. 
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2.4 Depression Model 

The psychological intervention took the form of acute restraint stress, in which the mice were 

placed in a space that restricted their free movement but did not compress them excessively [26]. 

This experiment used a 50 mL centrifuge tube to bind the mice for 2 hours a day [27]. The holes 

along the side wall of the tube were used to circulate the air and ensure the mice were breathing 

normally. Control mice were placed in cages and fed typically. After 7 days, all C57BL/6 mice were 

injected with B16-F10 cells (1 × 105 or 2 × 105 cells/mL) subcutaneously in the right abdomen to 

induce tumorigenesis. Then each group of mice continued the experiment for 21 days according to 

the original plan. 

2.5 Open Field Test (OFT) 

The open-field test was conducted in a rectangular plastic chamber (50 cm × 50 cm × 50 cm), 

with the floor divided into 16 equal squares. The central four squares were designated as the 

"central area," and the remaining squares were categorized as the "peripheral area." Before the 

test, the mice were given an appropriate time to adapt to the environment of the test room. The 

room should be quiet and dark during the test, and the site should be cleaned with 70% ethanol at 

the end of each experiment. To avoid contamination from previous animals, the chamber was 

cleaned and allowed to dry before each new test. During the test, mice were placed in the center 

of the open field and allowed to explore freely for 5 minutes. Cameras were used to track each 

animal's movements, infrared laser trackers and sensors to identify the central point of the mouse's 

body, and behavior was recorded using analysis software (Stoelting Any-maze). All the mice 

continued to swim for 62 days, and we carried out the OFT. 

2.6 Enzyme-Linked Immunosorbent Assay (ELISA) 

The levels of IL-6, TNF-α, and IFN-γ were measured using specific ELISA kits for mouse IL-6, TNF-

α, and IFN-γ by Shanghai Hu Ding Biological Technology Co., Ltd. (Shanghai, China). The procedures 

for performing the enzyme-linked immunosorbent assays followed the manufacturer’s instructions. 

2.7 Evaluation of Toxicity in Vivo 

Organs were carefully dissected, weighed, and immediately frozen. Samples were stored at -80°C 

until further analysis. Serum was collected by centrifuging blood samples at 3,000 rpm for 10 

minutes. To assess liver function, the levels of alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), alkaline phosphatase (ALP), and lactate dehydrogenase (LDH) were 

measured. An elevation in these enzyme levels typically indicates liver dysfunction. Kidney function 

was evaluated by measuring the levels of urea nitrogen (UREA) and creatinine (CRE), with increases 

in these parameters suggesting nephrotoxicity. All biochemical measurements were performed 

using commercial kits (Nanjing Jiancheng Bioengineering Institute, China) following standard 

protocols outlined in the literature. 

Histopathological examination was carried out using conventional methods. Tissues from the 

heart, liver, spleen, lungs, kidneys, and brain were excised, fixed in 4% (v/v) formalin solution, and 

embedded in paraffin. Sections were cut to a thickness of 5 μm and placed onto glass slides. After 

Hematoxylin and Eosin (H&E) staining, the slides were analyzed by a pathologist using an optical 
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microscope (Nikon U-III Multi Point Sensor System, USA). 

2.8 Statistical Analysis 

Statistical analyses were performed using GraphPad Prism 8.1 (GraphPad, La Jolla, CA, USA). Mice 

that died due to drowning were excluded from the survival analysis. Continuous variables were 

compared using two-tailed t-tests (for comparisons between two groups) or one-way analysis of 

variance (ANOVA) (for comparisons among multiple groups), assuming normal distribution. The 

homogeneity of variances was also tested. A p-value of less than 0.05 was considered statistically 

significant. All charts and graphs were created using GraphPad Prism 8.1. 

2.9 Ethical Statement 

All animal procedures were conducted in accordance with "The National Regulation of China for 

Care and Use of Laboratory Animals" and were approved by the Institutional Animal Care and Use 

Committee of Shanghai University (Approval No. ECSHU2021-109). 

3. Results 

The results showed that regular moderate swimming inhibited tumor development and 

progression by regulating the expression levels of cytokines (IL-6, TNF-α and IFN-γ) involved in 

cellular immune responses. However, the overload swimming caused depression in mice and 

promoted tumor growth and progression. 

3.1 Moderate Swimming Depressed Tumor Growth and Progression 

After 39 days of continuous swimming in mice, tumor models carrying B16-F10 cells were 

established. Tumor size was measured thrice a week, and all mice were sacrificed 23 days post-

tumor inoculation. Tumor volume and weight measurements (Figure 1a, b) indicated that moderate 

swimming (5 min day-1, 62 days) significantly reduced tumor growth compared to the control (Ctrl) 

group. In contrast, overload swimming (60 min day-1, 62 days) enhanced tumor growth, with the 

60-minute group showing a significantly greater effect than the control group (P = 0.0045). 

Additionally, we calculated the percentage of mice with tumor volumes greater than or equal to 

100 mm3 at different time points (Figure 1c). The incidence of tumor formation was significantly 

higher in the overload swimming groups than in the moderate swimming group, with the overload 

groups exhibiting earlier tumor onset. To further assess the impact of swimming, survival curves 

were analyzed, and the results showed that regular moderate swimming (5 min day-1, 62 days) 

prolonged survival, whereas overload swimming (20 and 60 min day-1, 62 days) shortened survival 

time (Figure 1d). 
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Figure 1 Moderate exercise depressed tumor growth and progression. (a) The tumor 

weight was measured on the day of sampling in the four groups (0, 5, 20, and 60 min of 

day-1 swimming exercise). (b) Tumor volume measurements were taken every 2 days 

after tumor cell injection in different experimental groups (n = 6). (c) The percentage of 

mice with tumorigenesis is the tumor volume reaching 50-100 mm3. (d) Log-rank 

survival analysis of the four groups. Data are presented as mean ± SD (P values between 

indicated groups), **p < 0.01. 

3.2 Overload Swimming Causes Depression in Mice 

Mice in all experimental groups had no significant difference in body weight throughout the 

experiment (Figure 2a). Behavioral despair of mice was assessed using an open field test (OFT), and 

two-tailed t-test results showed that mice with overload swimming had reduced total distance 

traveled, time of center stay, and times of center entries compared to the control group. These 

differences were statistically significant (Figure 2b-h). This indicates that the mice in the overload 

swimming group exhibited depressive behaviors after swimming for 62 days. 
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Figure 2 Overload swimming causes depression in mice. (a) Body weight measurements 

were taken on days 1, 39, and 62 for the four groups (0, 5, 20 and 60 min day-1 swimming 

exercise) (n = 13). (b–d) The Open-Field Test (OFT) assessed behavioral changes 

following inoculation of 2 × 105 B16-F10 cells in different experimental groups. (b) Time 

of center stay in the OFT. (c) Times of center entries in the OFT. (d) Total distance in the 

OFT. (e–h) Representative trajectory maps showing the autonomous activity of mice in 

the OFT after 2 × 105 B16-F10 cell inoculation. Statistical analysis was performed using 

two-tailed t-tests for pairwise comparisons. The results were expressed as the mean ± 

SD (P values are shown between indicated groups), *p < 0.05, **p < 0.01. 

To investigate whether overload swimming induces depression, we employed the acute restraint 

(AR) stress procedure to establish a depression model (Figure 3a) [25]. The results showed that 

C57BL/6 mice subjected to AR stress exhibited signs of depression after 2 weeks. Mice in the AR 

group showed a slower increase in body weight compared to the control group, with a significant 

difference observed (Figure 3b). Additionally, behavior was assessed using the Open-Field Test 

(OFT). The AR group displayed reduced total distance traveled and less time spent in the center than 

the control group, with statistical significance (Figure 3c, d). These findings further support the 

conclusion that overload swimming induces depressive-like behavior in mice. 
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Figure 3 Establishment of the acute restraint (AR) stress-induced depressed mice 

models. (a) Schematic diagram of the experimental design for the depression model. (b) 

The body weight was measured every 2 days until sacrifice. (c) Typical trajectory diagram 

of the autonomous activity in the OFT. (d) Time spent in the central area and total 

distance traveled in the OFT. The results were expressed as the mean ± SD (P values are 

shown between indicated groups), *p < 0.05, **p < 0.01, ****p < 0.0001. 

3.3 Depression Promotes Tumor Growth and Progression 

After 2 weeks of acute restraint (AR) stress, mice with the B16-F10 tumor model were established. 

Tumor size was measured daily, and all mice were sacrificed 21 days post-tumor induction. Our 

findings showed that depression accelerated tumor growth, with no difference in tumor volume 

(Figure 4a) but a significant difference in tumor weight (P = 0.0361) compared to the control group 

(Figure 4b). Additionally, we calculated the percentage of mice with tumors reaching a volume of 

100 mm3 or greater at various time points. The incidence of tumorigenesis in the AR stress group 

was notably higher than in the non-stressed group (Figure 4c). Survival analysis further revealed 

that depression induced by AR stress shortened the lifespan of the mice (Figure 4d). These results 

closely mirrored the effects observed in the overload swimming groups (20 and 60 min day-1, 62 

days), suggesting that depression accelerates tumor growth and progression. 
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Figure 4 Depression promoted tumor growth and progression in mice. (a) The tumor 

volumes were measured every 2 days after tumor cell injection (n = 6). (b) Tumor weight 

was recorded at the time of sampling. (c) The proportion of mice with tumor formation 

was calculated. Tumorigenesis was defined as the tumor volume reaching 50-100 mm3. 

(d) Log-rank survival analysis of the two groups. Data are presented as mean ± SD (P 

values between indicated groups), *p < 0.05. 

3.4 Moderate Swimming Increases Immune Cytokine Levels 

Pro-inflammatory cytokines are small proteins crucial in regulating the immune system to 

combat cancer [28]. IL-6, TNF-α and IFN-γ are typical pro-inflammatory cytokines in cellular immune 

response [29-31]. 

We analyzed the levels of IL-6, TNF-α and IFN-γ in tumor tissue by ELISA (Figure 5a). The results 

showed that compared with the control group, the levels of IL-6, TNF-α and IFN-γ in the 5 min day-

1 swimming group were significantly increased (P = 0.0344, 0.0003, 0.0001). However, the level of 

IL-6 in the 20 min day-1 (P = 0.8827) and the 60 min day-1 swimming group (P = 0.1824) did not 

change, but the level of TNF-α decreased significantly (P = 0.0315, 0.0167). In addition, the level of 

IFN-γ increased slightly in the 20 min day-1 swimming group (P = 0.0008) and decreased in the 60 

min day-1 swimming group (P = 0.0131). 
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Figure 5 Immunocytokine levels, in vivo biosafety and toxicity studies in moderate 

swimming. (a) The levels of IL-6, TNF-α and IFN-γ in tumor tissue by ELISA. (b) Effects of 

swimming on serum biochemical parameters: ALP, ALT, AST, LDH, CRE, and UREA. (c) 

Histological analysis was done using H&E stains of major organs. The results were 

expressed as the mean ± SD (P values are shown between indicated groups), *p < 0.05, 

**p < 0.01, ***p < 0.001. 
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3.5 Biosafety and Toxicity in Vivo 

In vivo toxicity was assessed by 6 serum biochemical parameters: alanine aminotransferase, 

aspartate aminotransferase, alkaline phosphatase, lactic dehydrogenase, urea nitrogen, and serum 

creatinine. The biochemical analysis revealed that these parameters were within normal ranges 

compared to the control group, suggesting that swimming had no adverse effects on liver or kidney 

function (Figure 5b). 

Histological examination of the major organs further supported the safety findings (Figure 5c). 

No significant signs of necrosis were observed in key organs such as the heart, liver, spleen, lungs, 

kidneys, and brain. H&E staining showed that tumor-bearing mice exhibited no infiltrative or 

degenerative lesions. Compared with the control group, there were no effects on the typical 

architecture of mice organs in the regular moderate swimming (5 min day-1, 62 days) and overload 

swimming (20 and 60 min day-1, 62 days). 

4. Discussion 

Exercise has a direct impact on the cellular immune system, with cytotoxic immune cells, such as 

NK and T cells, being mobilized into the bloodstream due to stress-induced shear forces and 

adrenergic signaling during physical activity [32]. Additionally, exercise can indirectly influence 

immune cell function by releasing immune-modulating cytokines, known as myokines, triggered by 

muscle contractions [33]. Recent studies have shown that IL-6 promotes immune cell infiltration 

into tumors during exercise. Moreover, the exercise-induced tumor growth inhibition was 

significantly reduced when mice were treated with anti-IL-6 antibodies during the exercise regimen 

[34]. Regular exercise improves depression, anxiety, and panic symptoms, and the beneficial effects 

appear to be equivalent to meditation or relaxation. However, excessive exercise may lead to 

overtraining and generate psychological symptoms that mimic depression [18]. In addition, studies 

have shown that engaging in moderate-intensity exercise may enhance immune function, whereas 

high-intensity exercise may impair immune function [19]. Our results also show that regular 

moderate swimming (5 min day-1, 62 days) can significantly increase the levels of IL-6, TNF-α and 

IFN-γ that regulate cytokines involved in cellular immune responses in mice, and inhibit tumor 

progression. While overload swimming (20 and 60 min day-1, 62 days) can induce depressive 

behavior and promote tumor growth. 

To confirm that different swimming intensities mainly caused these differences, we 

subcutaneously injected C57BL/6 mice with murine cancer cells (B16-F10, 1 or 2 × 105 mL-1 cells) for 

60 min of daily swimming. Behavioral despair of mice was assessed using an open field test (OFT), 

and two-tailed t-test results showed that mice with overload swimming had reduced total distance 

traveled, time of center stay, and times of center entries compared to the control group. These 

differences were statistically significant (Figure S1, Figure S2). This indicates that the mice in the 

overload swimming group exhibited depressive behaviors. Many researchers have investigated 

excessive exercise's physiological and psychological implications, concluding that overtraining likely 

represents a psychobiological disorder [35]. Physiologically, overtraining has been associated with 

hypercortisolaemia and a hypothalamic dysfunction in response to insulin-induced hypoglycaemia 

[36]. Psychologically, overtraining can produce a constellation of symptoms, from decreased libido 

to psychomotor retardation, which mimics depression [18]. Furthermore, we found that tumor 

volume and weight was increased and significantly different in overloaded swimming mice 
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compared to the control group. At the same time, the incidence of tumors in the overload swimming 

group were considerably higher than that in the control group, and the survival time of the mice 

was shortened significantly. These results all indicate that overload swimming can lead to 

depression in mice, which in turn promotes the development of tumors (Figure S3). Zhang et al. 

showed that regular moderate swimming (8 min/day, 9 weeks) raised dopamine (DA) levels in the 

prefrontal cortex, serum and tumor tissue, suppressed growth, reduced lung metastasis of 

transplanted liver cancer, and prolonged survival in a C57BL/6 mouse model, while overload 

swimming (16 and 32 min/day, 9 weeks) had the opposite effect [24]. The ELISA analysis confirmed 

that the levels of IL-6, TNF-α and IFN-γ in the tumor tissue of the mice in the overload swimming 

group were significantly increased compared with the control group (Figure S4). Serum biochemical 

parameters showed no apparent changes in experimental mice compared with the control group 

(Figure S5). Although the weight of the mice did not differ significantly throughout the experiment, 

the weight gain of the overloaded swimming group was slower than that of the control group (Figure 

S6). We hypothesized that overloaded swimming affected food intake and nutrition in mice, which 

needs to be explored in our follow-up experiments. 

Our findings demonstrate that moderate exercise enhances immune function and prevents 

cancer, whereas excessive physical activity induces psychological stress e.g., depression and 

facilitates cancer progression. Although forced swimming tests are known to trigger stress 

responses, this particular factor was not addressed in our current experimental design. Future 

studies will employ controlled exercise paradigms to eliminate confounding stress effects while 

systematically investigating the molecular mechanisms underlying exercise-mediated regulation of 

cancer initiation and progression. 

5. Conclusion 

Exercise is an excellent way to enhance physical fitness and improve human immunity. 

Theoretically, the expansion effect of the body's immune system can affect the body's resistance to 

certain diseases, including defenses against tumors. In this study, we chose swimming as an exercise 

form to conduct research. The results showed that regular moderate swimming (5 min day-1, 62 

days) inhibited tumor development and progression by regulating the expression levels of cytokines 

(IL-6, TNF-α and IFN-γ) involved in cellular immune responses. However, the overload swimming (20 

and 60 min day-1, 62 days) caused depression in mice and promoted tumor growth and progression. 

In here, our findings provide strong evidence that moderate exercise improves immunity and 

protects against cancer, while overloading exercise can cause psychological stress, such as 

depression, as well as provide guidance for the development of proposals during cancer treatment 

and postoperative recovery. 
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1. Figure S1: (A) The body weight was measured on 1 d, 39 d, and 62 d. (B-D) Open-field test 

(OFT) was applied for statistical analysis on 2 × 105/mL B16-F10 inoculation. (B) Central area 

time in the OFT. (C) Times of center entries in the OFT. (D) Total distance in the OFT. (E-F) 

Typical trajectory diagram of the autonomous activity in the OFT after 2 × 105/mL B16-F10 

inoculation. OFT was based on Two-tailed t-tests for single comparisons. The results were 

expressed as the mean ± SD (P values are shown between indicated groups), *p < 0.05, **p < 

0.01, ***p < 0.001. 

2. Figure S2: (A) The body weight was measured on 1 d, 39 d, and 62 d. (B-D) Open-field test 

(OFT) was applied for statistical analysis on 1 × 105/mL B16-F10 inoculation. (B) Central area 

time in the OFT. (C) Times of center entries in the OFT. (D) Total distance in the OFT. (E-F) 

Typical trajectory diagram of the autonomous activity in the OFT after 1 × 105/mL B16-F10 

inoculation. OFT was based on Two-tailed t-tests for single comparisons. The results were 

expressed as the mean ± SD (P values are shown between indicated groups), *p < 0.05, **p < 

0.01, ***p < 0.001. 

3. Figure S3: Depression promoted B16-F10 growth and progression in C57 BL/6 mice. (A-D) 

Subcutaneous 2 × 105/mL B16-F10 tumors in C57 BL/6 mice (n = 12). (E-H) Subcutaneous 1 × 

105/mL B16-F10 tumors in C57 BL/6 mice (n = 6). (A, E) The tumor volumes were measured 

every 2 days after tumor cell injection. (B, F) The tumor weight was measured on the day of 
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sampling. (C, G) The percent survival was collected from the control and experimental mice. 

(D, H) The percentage of mice with tumorigenesis was calculated. Tumorigenesis assay was 

defined as tumor volume reaching 50-100 mm3. The results were expressed as the mean ± SD 

(P values are shown between indicated groups), *p < 0.05, **p < 0.01, ***p < 0.001. 

4. Figure S4: Relative protein levels of IL-6, IFN-γ, and TNF-α in tumor tissue specimens. (A-C) 

Subcutaneous 2 × 105/mL B16-F10 tumors in C57 BL/6 mice (n = 12). (D-F) Subcutaneous 1 × 

105/mL B16-F10 tumors in C57 BL/6 mice (n = 6). 

5. Figure S5: Effects of swimming on serum biochemical parameters: ALP, ALT, AST, LDH, CRE, 

and UREA. (A) Subcutaneous 2 × 105/mL B16-F10 tumors in C57 BL/6 mice (n = 12). (B) 

Subcutaneous 1 × 105/mL B16-F10 tumors in C57 BL/6 mice (n = 6). 

6. Figure S6: Weight gain in the B16–F10 injected Ctrl and swimming 60 min/d mice. (A-C) 

Subcutaneous 2 × 105/mL B16-F10 tumors in C57 BL/6 mice (n = 12). (D-F) Subcutaneous 1 × 

105/mL B16-F10 tumors in C57 BL/6 mice (n = 6). (A, D) Weight gain at B16-F10 injected. (B, E) 

Weight gain (the whole of the experiment). (C, F) Weight gain in the B16-F10 injected. 

References 

1. Booth FW, Roberts CK, Laye MJ. Lack of exercise is a major cause of chronic diseases. Compr 

Physiol. 2012; 2: 1143-1211. 

2. Esteban C, Quintana JM, Aburto M, Moraza J, Egurrola M, Pérez-Izquierdo J, et al. Impact of 

changes in physical activity on health-related quality of life among patients with COPD. Eur 

Respir J. 2010; 36: 292-300. 

3. Boyle T, Bull F, Fritschi L, Heyworth J. Resistance training and the risk of colon and rectal cancers. 

Cancer Causes Control. 2012; 23: 1091-1097. 

4. Dennis KL, Wang Y, Blatner NR, Wang S, Saadalla A, Trudeau E, et al. Adenomatous polyps are 

driven by microbe-instigated focal inflammation and are controlled by IL-10–producing T cells. 

Cancer Res. 2013; 73: 5905-5913. 

5. Fuku N, Ochiai M, Terada S, Fujimoto E, Nakagama H, Tabata I. Effect of running training on 

DMH-induced aberrant crypt foci in rat colon. Med Sci Sports Exerc. 2007; 39: 70-74. 

6. Aoi W, Naito Y, Takagi T, Kokura S, Mizushima K, Takanami Y, et al. Regular exercise reduces 

colon tumorigenesis associated with suppression of iNOS. Biochem Biophys Res Commun. 2010; 

399: 14-19. 

7. Frajacomo FT, Kannen V, Deminice R, Geraldino TH, Pereira-Da-Silva G, Uyemura SA, et al. 

Aerobic training activates interleukin 10 for colon anticarcinogenic effects. Med Sci Sports Exerc. 

2015; 47: 1806-1813. 

8. Kannen V, Hintzsche H, Zanette DL, Silva Jr WA, Garcia SB, Waaga-Gasser AM, et al. 

Antiproliferative effects of fluoxetine on colon cancer cells and in a colonic carcinogen mouse 

model. PloS One. 2012; 7: e50043. 

9. Vulczak A, Souza AD, Ferrari GD, Azzolini AE, Pereira-da-Silva G, Alberici LC. Moderate exercise 

modulates tumor metabolism of triple-negative breast cancer. Cells. 2020; 9: 628. 

10. Luo ZW, Sun YY, Xia W, Xu JY, Xie DJ, Jiao CM, et al. Physical exercise reverses immuno-cold 

tumor microenvironment via inhibiting SQLE in non-small cell lung cancer. Mil Med Res. 2023; 

10: 39. 

11. Alizadeh Zarei M, Seyed Hosseini E, Haddad Kashani H, Ahmad E, Nikzad H. Effects of the 



OBM Integrative and Complementary Medicine 2025; 10(2), doi:10.21926/obm.icm.2502021 
 

Page 15/16 

exercise-inducible myokine irisin on proliferation and malignant properties of ovarian cancer 

cells through the HIF-1 α signaling pathway. Sci Rep. 2023; 13: 170. 

12. Wan R, Chen Y, Feng X, Luo Z, Peng Z, Qi B, et al. Exercise potentially prevents colorectal cancer 

liver metastases by suppressing tumor epithelial cell stemness via RPS4X downregulation. 

Heliyon. 2024; 10: e26604. 

13. Orange ST, Jordan AR, Odell A, Kavanagh O, Hicks KM, Eaglen T, et al. Acute aerobic exercise-

conditioned serum reduces colon cancer cell proliferation in vitro through interleukin-6-

induced regulation of DNA damage. Int J Cancer. 2022; 151: 265-274. 

14. Campbell JP, Turner JE. Debunking the myth of exercise-induced immune suppression: 

Redefining the impact of exercise on immunological health across the lifespan. Front Immunol. 

2018; 9: 648. 

15. Duggal NA, Niemiro G, Harridge SD, Simpson RJ, Lord JM. Can physical activity ameliorate 

immunosenescence and thereby reduce age-related multi-morbidity? Nat Rev Immunol. 2019; 

19: 563-572. 

16. Yan H, Jiang A, Huang Y, Zhang J, Yang W, Zhang W, et al. Exercise sensitizes PD-1/PD-L1 

immunotherapy as a hypoxia modulator in the tumor microenvironment of melanoma. Front 

Immunol. 2023; 14: 1265914. 

17. Hojman P, Stagaard R, Adachi-Fernandez E, Deshmukh AS, Mund A, Olsen CH, et al. Exercise 

suppresses tumor growth independent of high fat food intake and associated immune 

dysfunction. Sci Rep. 2022; 12: 5476. 

18. Paluska SA, Schwenk TL. Physical activity and mental health: Current concepts. Sports Med. 

2000; 29: 167-180. 

19. Cerqueira É, Marinho DA, Neiva HP, Lourenço O. Inflammatory effects of high and moderate 

intensity exercise—A systematic review. Front Physiol. 2020; 10: 1550. 

20. Wolff FR, Broering MF, Jurcevic JD, Zermiani T, Bramorski A, de Carvalho Vitorino J, et al. Safety 

assessment of Piper cernuum Vell.(Piperaceae) leaves extract: Acute, sub-acute toxicity and 

genotoxicity studies. J Ethnopharmacol. 2019; 230: 109-116. 

21. Burneiko RC, Diniz YS, Galhardi CM, Rodrigues HG, Ebaid GM, Faine LA, et al. Interaction of 

hypercaloric diet and physical exercise on lipid profile, oxidative stress and antioxidant defenses. 

Food Chem Toxicol. 2006; 44: 1167-1172. 

22. Venditti P, Di Meo S. Antioxidants, tissue damage, and endurance in trained and untrained 

young male rats. Arch Biochem Biophys. 1996; 331: 63-68. 

23. Nakao C, Ookawara T, Kizaki T, Oh-Ishi S, Miyazaki H, Haga S, et al. Effects of swimming training 

on three superoxide dismutase isoenzymes in mouse tissues. J Appl Physiol. 2000; 88: 649-654. 

24. Zhang QB, Zhang BH, Zhang KZ, Meng XT, Jia QA, Bu Y, et al. Moderate swimming suppressed 

the growth and metastasis of the transplanted liver cancer in mice model: With reference to 

nervous system. Oncogene. 2016; 35: 4122-4131. 

25. Naito S, von Eschenbach AC, Giavazzi R, Fidler IJ. Growth and metastasis of tumor cells isolated 

from a human renal cell carcinoma implanted into different organs of nude mice. Cancer Res. 

1986; 46: 4109-4115. 

26. Spinieli RL, Cazuza R, Sales AJ, Carolino R, Franci JA, Tajerian M, et al. Acute restraint stress 

regulates brain DNMT3a and promotes defensive behaviors in male rats. Neurosci Lett. 2024; 

820: 137589. 

27. Huang YC, Ko PH, Wu LL. Age-dependent effects of acute stress on the behavior, blood 



OBM Integrative and Complementary Medicine 2025; 10(2), doi:10.21926/obm.icm.2502021 
 

Page 16/16 

parameters, immunity, and enteric nerves of mice. Behav Brain Res. 2024; 461: 114848. 

28. Azadehrah M, Vosoogh S, Azadehrah M. The roles and therapeutic applications of cytokines in 

endometrial cancer. J Reprod Immunol. 2022; 152: 103652. 

29. Grivennikov SI, Karin M. Inflammatory cytokines in cancer: Tumour necrosis factor and 

interleukin 6 take the stage. Ann Rheum Dis. 2011; 70: i104-i108. 

30. Cruceriu D, Baldasici O, Balacescu O, Berindan-Neagoe I. The dual role of tumor necrosis factor-

alpha (TNF-α) in breast cancer: Molecular insights and therapeutic approaches. Cell Oncol. 2020; 

43: 1-18. 

31. Boulch M, Cazaux M, Cuffel A, Guerin MV, Garcia Z, Alonso R, et al. Tumor-intrinsic sensitivity 

to the pro-apoptotic effects of IFN-γ is a major determinant of CD4+ CAR T-cell antitumor 

activity. Nat Cancer. 2023; 4: 968-983. 

32. Idorn M, Hojman P. Exercise-dependent regulation of NK cells in cancer protection. Trends Mol 

Med. 2016; 22: 565-577. 

33. Hojman P. Exercise protects from cancer through regulation of immune function and 

inflammation. Biochem Soc Trans. 2017; 45: 905-911. 

34. Pedersen L, Idorn M, Olofsson GH, Lauenborg B, Nookaew I, Hansen RH, et al. Voluntary running 

suppresses tumor growth through epinephrine-and IL-6-dependent NK cell mobilization and 

redistribution. Cell Metab. 2016; 23: 554-562. 

35. Chung Y, Hsiao YT, Huang WC. Physiological and psychological effects of treadmill overtraining 

implementation. Biology. 2021; 10: 515. 

36. Anderson T, Wideman L, Cadegiani FA, Kater CE. Effects of overtraining status on the cortisol 

awakening response—endocrine and metabolic responses on overtraining syndrome (EROS-

CAR). Int J Sports Physiol Perform. 2021; 16: 965-973. 


