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ARTICLE INFO ABSTRACT

Keywords: Cardiac dysfunction frequently emerges in the initial stages of cancer cachexia, posing a signif-
Systolic function icant complication of the disease. Physical fitness is commonly recommended in these early stages
Heart_ of cancer cachexia due to its beneficial impacts on various aspects of the condition, including
E)a(il;ce]rsecachexia cardiac dysfunction. However, the direct functional impacts of exercise on the heart during cancer
Melanoma cachexia largely remain unexplored. In this study, we induced cancer cachexia in mice using a

metastatic B16F10 melanoma model. Concurrently, these mice underwent a low-intensity exer-
cise regimen to investigate its potential role in cardiac function during cachexia. Our findings
indicate that exercise training can help prevent metastatic melanoma-induced muscle loss
without significant alterations to body and fat weight. Moreover, exercise improved the
melanoma-induced decline in left ventricular ejection fraction and fractional shortening, while
also mitigating the increase in high-sensitive cardiac troponin T levels caused by metastatic
melanoma in mice. Transcriptome analysis revealed that exercise significantly reversed the
transcriptional alterations in the heart induced by melanoma, which were primarily enriched in
pathways related to heart contraction. These results suggest that exercise can improve systolic
heart function and directly influence the transcriptome of the heart during metastatic melanoma-
induced cachexia.

1. Introduction

Cachexia is a debilitating syndrome marked by the gradual depletion of muscle mass, significant weight loss, and reduced cardiac
function in advanced cancer patients, including those with metastatic melanoma [1]. In cancer patients, an unintentional loss of >5 %
body weight is defined as cachexia, and it presents as a major complication of the disease [2]. Frequently observed in the terminal
phases of numerous chronic diseases, cachexia affects around 50 %-80 % of patients with solid tumors and accounts for one-third of all
cancer-related deaths [3,4]. The incidence and severity of cachexia increase with metastatic progression, suggesting a potential
molecular link between cachexia development and the metastatic process [5,6]. Despite several studies suggesting that preventing
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muscle mass loss in tumor-bearing mice can improve prognosis and extend survival, the underlying molecular mechanisms remain
elusive. As of now, there are no drugs approved by the FDA specifically for the treatment of cachexia [7,8].

Moreover, cachexia exhibits varied impacts on different tissues, with the heart and skeletal muscle particularly affected in the early
stages [9]. Patients with cancer cachexia often manifest impaired cardiac function [10]. For instance, stage IV non-small cell lung
cancer patients experienced a progressive decrease in the systolic function of the heart. Systolic function measures, including the left
ventricular ejection fraction (LVEF) and global longitudinal strain (GLS), determined by echocardiography, exhibited a significant
decline at 4 months compared to baseline [11]. While impaired mitochondrial function, increased oxidative stress, and autophagy are
known contributors to the cardiac dysfunction observed during cancer-induced cachexia, the detailed mechanisms underlying these
processes remain largely unknown [10,12].
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Fig. 1. Exercise training mitigates skeletal muscle loss during cancer cachexia. (A) Outline of the experimental procedure and training
protocol. (B) Representative images illustrating the lung and metastatic tumors. (C) Representative images of H&E staining of lung tissue. (D) Food
intake in mice across different groups. (E) Body weights of mice. (F) Body weight change in specified groups 3 weeks post-tumor injection. Weights
of muscle (G), epididymal white adipose tissue (eWAT) (H), and kidney (I). Data are presented as mean =+ SD. n = 5.
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Physical fitness maintenance is widely recommended in the early stages of cancer cachexia [13,14], and the American College of
Sports Medicine (ACSM) has formulated exercise guidelines for cancer patients due to its critical role in enhancing both the quantity
and quality of life for cancer survivors [15,16]. Exercise has been reported to counteract the most prominent mechanisms and
symptoms of cancer cachexia, such as muscle wasting, reduced appetite, anorexia, increased energy expenditure, fat wasting, and
cardiac dysfunction [17]. This underscores the potential of exercise as a valuable intervention in managing various aspects of cachexia.
One of the major underlying mechanisms behind the benefits of exercise is its ability to induce a systemic anti-inflammatory response
and enhance mitochondrial fitness [18,19]. Furthermore, physical activity is widely acknowledged for its potential to reduce the risk of
cardiovascular disease through diverse mechanisms. These mechanisms involve altering metabolism via elevating circulating levels of
high-density lipoprotein, enhancing insulin sensitivity, and modulating the balance between anti- and pro-inflammatory responses.
This modulation is achieved by promoting the secretion of anti-inflammatory cytokines, elevating the counts of circulating IL-10
producers, and reducing the levels of Toll-like receptors on monocytes [20,21]. Despite these known benefits of exercise, the spe-
cific effects of exercise on the cardiac function and cardiomyocytes during cancer cachexia remain largely unknown. Thus, we aimed to
understand the direct effects of exercise on the heart during cancer cachexia in mice.

Here, we utilized a metastatic melanoma model to induce cancer cachexia in mice [9,22]. Concurrently, we subjected the mice to a
low-intensity exercise regimen to investigate the potential role of exercise in cardiac function during cachexia. We employed echo-
cardiography and transcriptome analysis to assess the impact of exercise on cardiac function in the context of cancer cachexia. Our
findings revealed that exercise training led to improvements in the cardiac systolic function and caused significant alterations in genes
associated with heart contraction during cancer cachexia. These findings imply that physical exercise may be advantageous for in-
dividuals undergoing cardiac dysfunction in the context of cancer cachexia.

2. Materials and methods
2.1. Cell culture

Mouse melanoma B16F10 cells (CL-0319, Procell, Wuhan, China) were cultured in RPMI 1640 medium (L210KJ, basalmedia,
Shanghai, China), supplemented with 10 % fetal bovine serum (ACO3LO055, Life-iLab, Shanghai, China) and 1 % penicillin-
streptomycin solution (PB180120, Procell). The cells were maintained at 37 °C in a humidified atmosphere with 5 % CO.

2.2. Animal study

Male C57BL/6J mice, aged 8 weeks were kept in specific pathogen-free facilities and categorized into a low-intensity exercise group
and a control group based on our previous publication [23]. Mice in the exercise group engaged in a treadmill running regimen for 4
weeks, with 2 days off each week. During the initial week, mice underwent adaptive training as follows: 6 m/min for 5 min, 9 m/min
for 5 min, 12 m/min for 5 min, and 15 m/min for 5 min. Then they ran at 6 m/min for 5 min and 12 m/min for 35 min for additional 3
weeks. In parallel, control mice were housed in cages without engaging in exercise. Starting from the second week of the study, 1 x 10°
B16F10 cells were intravenously injected into the mice through the tail vein to induce cancer cachexia [9,22]. (Fig. 1A).

Body weight and food intake of the mice were measured every week throughout the duration of the experiments. At day 21 post-
tumor injection or upon reaching human endpoints, the mice were euthanized using CO, inhalation in accordance with ethical
guidelines.

2.3. Echocardiography

Transthoracic echocardiography for evaluating cardiac systolic function was performed on day 20 of the study using a Vevo 2100
linear imaging system (FUJIFILM, Tokyo, Japan) with anesthesia by inhaling 1.0-2.25 % isoflurane (RWD, China). Image acquisition
occurred with the heart rate maintained between 450 and 550 beats per minute, utilizing the 22-55 MHz linear array transducer (MS-
550D, FUJIFILM) under consistent conditions. Echocardiographic data were analyzed using Vevo Lab software (v3.2.6). Throughout
the process of data acquisition and analysis, the investigators remained unaware of the treatment status of individual mice.

2.4. RNA-seq and Bioinformatic analysis

The RNA was extracted from the whole heart of the mice using Trizol reagent (15596026, Thermo Fisher Scientific, Waltham, U.S.)
following the manufacturer’s instructions. A cDNA library was subsequently prepared using the VAHTS Universal V8 RNA-seq Library
Prep Kit for MGI (NRM605-01, Vazyme, Nanjing, China). The resulting cDNA library was pooled and sequenced using DNBSEQ-T7
(MGI, Shenzhen, China), generating 150-bp paired-end reads. The obtained sequencing reads were aligned to the reference mouse
genome GRCm39 using HISAT 2.2.1. Read counts per gene locus were calculated using featureCounts. The statistical analysis was
executed using R, and the clustering of gene expression trends was conducted using the TCseq package (version 3.17, https://doi.org/
10.18129/B9.bioc.TCseq), utilizing the mean expression of each gene [24,25]. The clustering algorithms contains hierarchical, pam,
kmeans and fuzzy cmeans. The identification of significantly differentially expressed genes (DEGs) involved the utilization of the
edgeR package, where a fold change (FC) of >1.5 and a p-value <0.05 were considered as criteria for significance. Furthermore,
pathway enrichment analysis was conducted using the clusterProfiler package.
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Fig. 2. Exercise training enhances systolic function of the heart during cancer cachexia. (A) Representative images of the heart. (B) Ratio of
heart weight to tibia length in mice. (C) Representative H&E staining images of the heart. (D) Concentration of high-sensitive cardiac troponin T (hs-
cTnT) in serum as measured by ELISA. (E) Representative echocardiographic M-mode images of the indicated mice in the parasternal short-axis
view. (F) Ejection fraction (EF%) of the indicated mice. (G) Fractional shortening of the indicated mice. Data are presented as mean + SD. n = 5.



L. Wang et al. Heliyon 10 (2024) e25562
2.5. Enzyme-linked immunosorbent assay (ELISA)

Serum, obtained from clotted blood samples, was used to measure the concentrations of high-sensitive cardiac troponin T (hs-
cTnT). The measurements were performed using ELISA kits (KT99892, MSKbio, Wuhan, China) following the manufacturer’s
instructions.

2.6. Hematoxylin and Eosin (H&E) staining

Lung and heart tissues were fixed in 4 % paraformaldehyde, after which paraffin sections were prepared. Hematoxylin and Eosin
(H&E) staining was performed using an H&E staining kit (C0105 M, Beyotime, Shanghai, China) following the manufacturer’s
instructions.

2.7. Western blot analysis

Equivalent amounts of total protein, extracted from heart tissue using RIPA buffer (P0013B, Beyotime), were subjected to elec-
trophoresis on SDS-PAGE. The standard Western blotting procedures involved the transfer of proteins to a PVDF membrane [26].
Following blocking with 3 % skim milk in TBST buffer, primary antibodies against MYH7B (#A19246, Abclonal, Wuhan, China), and
B-actin (#AC026, Abclonal) diluted in 3 % BSA-TBST buffer were incubated at 4 °C overnight. After washing, membranes were exposed
to the appropriate HRP-conjugated secondary antibodies, and protein bands were visualized using ECL reagent. The complete gel
images are available in the Supplementary Material.

2.8. Statistics

Prism 9 software was utilized for statistical analysis, and the data were expressed as mean =+ standard deviation (SD). ANOVA with
Tukey’s multiple comparisons test was applied after assessing normality using Shapiro-Wilk test and comparing the variances by
Brown-Forsythe test. Two-way ANOVA with Siddk’s multiple comparisons test was applied in Fig. 1E. Statistical significance was
considered at p values < 0.05. The figures represent p values as follows: not significant (NS), p > 0.05; *, p < 0.05; **, p < 0.01; ***, p
< 0.001.

3. Results
3.1. Exercise training ameliorates the loss of skeletal muscle during cancer cachexia

To investigate the role of exercise in cardiac cachexia, we intravenously injected B16F10 melanoma cells into mice and subjected
them to treadmill running exercise (Fig. 1A). At 21 days after tumor injection, we observed metastatic tumors induced by B16 cells in
the lungs of the tumor-bearing mice. However, exercise did not significantly reduce the size of these tumors (Fig. 1B). H&E staining
also suggested that the histological structures of both the tumor and lung did not show clear differences after exercise in tumor-bearing
mice (Fig. 1C).

Throughout the exercise period, we monitored the food intakes, which remained consistent among different groups (Fig. 1D). The
body weight decreased by 6.62 %, and the body weight gain was reduced from 2.26 + 0.57 to 0.66 + 0.95, a 70.8 % reduction, after
tumor injection in mice, indicating that cancer cachexia occurred, as unintentional loss of >5 % body weight is defined as cachexia.
However, the body weight loss was observed regardless of whether the mice were subjected to exercise training (Fig. 1E and F).
Additionally, the skeletal muscle weight significantly decreased after tumor injection in mice without exercise, but not in mice with
exercise (Fig. 1G). The weights of the epididymal white adipose tissue (Fig. 1H) and kidney (Fig. 1I) did not show any significant
differences among all the groups. These results suggested that the B16F10 tumor could induce cancer cachexia in mice, and exercise
has the potential to prevent the loss of skeletal muscle and ameliorate cancer cachexia.

3.2. Exercise training elevates cardiac systolic function during cancer cachexia

To understand the impact of exercise training on cancer-induced cardiac cachexia, we analyzed cardiac functions. Firstly, we
assessed the size of the heart and the ratio of heart weight to tibial length after tumor injection and exercise training. However, we did
not observe significant changes in these parameters in response to either tumor injection or exercise training (Fig. 2A and B). His-
tological examination using H&E staining also revealed that neither tumor presence nor exercise training caused significant alterations
in the histological structure of the heart (Fig. 2C). These observations suggest that neither the tumor nor the exercise had a notable
effect on the overall size or the cardiac tissue of the heart.

Next, we evaluated cardiac function by measuring the concentration of high-sensitive cardiac troponin T (hs-cTnT), an indicator of
myocardial injury [27,28]. Interestingly, we found that the presence of a tumor led to an increase in hs-cTnT concentration, whereas
exercise significantly reversed the tumor-induced increase in hs-cTnT concentration (Fig. 2D). This suggests that the increased cardiac
injury caused by the tumor could be mitigated by exercise. To further assess the systolic function of the heart, we used an echocar-
diogram to examine the structure and function of the heart. Our results demonstrated that the tumor caused decreases in both EF% and
fractional shortening (FS%) of LV, indicating impaired systolic function of the heart in response to the tumor (Fig. 2E-G). Moreover,
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Fig. 3. Exercise training potentially reverses tumor-induced alterations in the heart’s transcriptional profile. RNA-seq was conducted using
heart samples, with each sample comprising tissue from two mice (n = 3). Gene clustering analysis was conducted based on the mean expression of
each gene using the TCseq package (A, G, E, G, I, and K) Trends of gene expression among each group. (B, D, F, H, J, and L) Gene Ontology term
enrichment analysis of indicated gene cluster. (M and N) The principal component analysis (PCA) plots of the indicated groups are displayed. The
dot represents the centroid of the PCA scores of each group, and the curve indicates the standard deviation range of the PCA scores.
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Fig. 3. (continued).

exercise training positively affected cardiac functions, as evidenced by increased EF% and FS% of LV in both tumor-free and
tumor-bearing mice (Fig. 2E-G). Overall, our data suggest that exercise training could improve the systolic function of the heart during
cancer-induced cardiac cachexia, offering potential benefits for mitigating cardiac dysfunction associated with cachexia.

Exercise training exercise has the potential to reverse the tumor-induced alterations in the transcriptional profile of the heart.

To gain deeper insight into the impact of exercise on cardiac function during cachexia, we performed RNA sequencing analysis and
categorized genes into six clusters based on their expression patterns. We observed that exercise training repressed the tumor-induced
upregulation of certain genes in clusters 1, 2, and 3. Gene Ontology (GO) enrichment analysis indicated that these genes were asso-
ciated with autophagy, translation, and RNA processing, respectively (Fig. 3 A-F). Additionally, we found that exercise training
increased the expression of genes in clusters 4 and 5, which were downregulated by the tumor. The functions of these genes were linked
to aerobic respiration, energy production, heart contraction, and muscle contraction (Fig. 3G-J). Moreover, we observed a decrease in
genes associated with mitochondrial functions in cluster 6 after tumor injection, which was further reduced after exercise (Fig. 3K-L).

To comprehend the comprehensive transcriptional alterations induced by tumor and exercise, we conducted a principal component
analysis (PCA). The distances among the control, exercise in tumor-free mice, and exercise in tumor-bearing mice are relatively smaller
than the distance to the tumor-only group. Additionally, PCA was employed to elucidate the transcriptome variances among the
control and exercise in tumor-free and tumor-bearing mice. An evident distinction still exists among them, suggesting that the tran-
scriptome undergoes significant changes following tumor or exercise addition. Notably, exercise appears to counteract this alteration
in tumor-bearing mice (Fig. 3M and N).

Overall, the results revealed that exercise could potentially reverse the tumor-induced alterations in the transcriptional profile of
the heart, particularly related to autophagy, heart contraction, and mitochondrial functions.

3.3. Exercise training significantly elevated the genes associated with heart contraction during cancer-induced cardiac cachexia

Next, we investigated the significantly differentially expressed genes (DEGs) in the heart induced by both tumor and exercise. First,
we observed that the tumor significantly upregulated 741 genes, of which 318 were significantly repressed by exercise (Fig. 4A). This
finding suggests that exercise has the ability to counteract the tumor-induced upregulation of these genes. Gene ontology (GO)
enrichment analysis showed that the functions of these genes were associated with the regulation of heart contraction and blood
circulation (Fig. 4B). Included in this group were genes such as Myh7b, encoding a typical sarcomeric myosin protein [29], and Pde4d
[301, Rnf207 [31], Tmem65 [32] and Kcnj5 [33] which encode ion channel-associated proteins (Fig. 4C). Western blot analysis
confirmed that exercise training reverse tumor-induced decreased protein levels of MYH7B in the hearts of tumor-bearing mice
(Fig. 4D), indicating that exercise may improve cardiac myosin loss and to counteract tumor-induced cardiac dysfunction. Further-
more, we identified 2020 genes that were significantly increased after tumor injection, and among them, 1447 genes were significantly
repressed by exercise (Fig. 4E). These genes were associated with cell cycle and DNA replication processes (Fig. 4F). Overall, our
findings suggest that exercise training can significantly counteract tumor-induced transcriptional changes in the heart, particularly
those related to the enhancement of heart contraction.

4. Discussion

Progressive loss of body weight along with decreased muscle was observed in our mouse model of cancer cachexia using B16F10
melanoma cells. A comparable decrease in body weight over time was reported in another cachectic melanoma model utilizing
orthotopic pediatric melanoma xenografts [9], indicating that our tumor model could effectively induce cachexia. However, we
observed relatively weaker metastasis compared to findings published in other studies using similar amounts of B16F10 cells [34,35].
Such variations might result from differences in cell culture conditions, mouse strains, or environmental factors. One difference in our
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Fig. 4. Exercise training significantly elevated the genes associated with heart contraction during cardiac cachexia. (A) Venn diagram
displaying the overlapping genes. (B) Gene Ontology term enrichment analysis of the overlapping genes identified from A. (C) Heatmap of heart
contraction-associated genes. (D) The protein levels of MYH7B and -actin in the hearts were analyzed by Western blot. (E) Venn diagram showing
the overlapping genes. (F) Gene Ontology term enrichment analysis of the overlapping genes identified from E.

study was the use of RPMI 1640 medium for cell culture rather than DMEM, which resulted in less melanin production by the B16F10
cells [36]. While melanoma melanin content is known to impact radiotherapy efficacy [37], whether melanization level affects
metastasis propensity requires further investigation.

In patients with cancer cachexia, heart failure and cardiac dysfunction are often significant contributors to cachexia-induced deaths
[38,39]. A causal link between the onset of cancer cachexia and cardiac failure, unrelated to anticancer therapy toxicity, has been
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widely reported in animal studies [40]. Our data suggests that exercise offers benefits to the heart during metastatic
melanoma-induced cancer cachexia in mice. This is in line with previous reports showing that exercise delays cardiac remodeling in
mice treated with subcutaneous colon adenocarcinoma cells [41], and in a rat model of mammary tumorigenesis [42]. Unlike prior
studies, we used a model of cachexia induced by metastatic melanoma, as the incidence and severity of cachexia increase with
metastatic progression [6]. In this model, cardiac functionality was directly assessed by echocardiography, revealing that exercise
could notably mitigate the decrease in the heart’s systolic function caused by metastatic melanoma. This is contrary to earlier studies
suggesting that exercise only tends to improve the heart’s systolic function, without achieving statistical significance [41]. Therefore,
in our metastatic melanoma-induced cancer cachexia models, we provide compelling evidence that exercise can improve the systolic
function of the heart during melanoma-induced cancer cachexia in mice.

Studies of cardiac atrophy in patients with cancer cachexia have indicated that heart weight and left ventricular wall thickness are
significantly reduced, accompanied by increased disorganization of myofibrillar proteins and disruption of sarcomere structure,
compared with control patients who succumbed to noncancer-related pathologies [40,43,44]. The loss of myofibrillar proteins and
cardiomyocytes is thus speculated to be a major contributor to impaired cardiac contractility. In this study, we found that exercise
could elevate the decreased expression of MYH7B, a component of myofibrillar proteins [45,46], suggesting that exercise might
mitigate the loss of myofibrillar proteins in the heart. Moreover, some key genes previously reported to affect heart failure exhibited
significant changes following exercise. For example, CACNB2, which has been negatively associated with heart failure [47], saw its
tumor-induced decreased expression reversed after exercise. TMEM65, which is required for connexin43 localization and function in
cultured mouse neonatal cardiomyocytes, has been implicated in dilated cardiomyopathy, severe fibrosis, and congestive heart failure
when deficient [32,48]. In our study, we found that exercise reversed the decreased expression of Tmem65, indicating potential
benefits of exercise in managing cancer-induced heart failure during cardiac cachexia.

Exercise has been shown to benefit cancer survivors by altering disease progression and reducing treatment side effects [16].
However, population-specific evidence for exercise in the context of cancer cachexia is still limited, contributing to a lack of stan-
dardized treatments [49]. In our study, low-intensity endurance exercise mitigated cachexia-induced cardiac dysfunction in
tumor-bearing mice, consistent with our previous report in tumor-free mice [23]. In clinical practice, baseline exercise testing rep-
resents the gold standard for prescribing customized exercise regimens for heart failure patients [50], often involving relatively low
intensities [51]. Thus, low-intensity endurance exercise tailored to individual functional capacity may also benefit cardiac health in
cachectic patients. However, exercise alone did not rescue cachexia-induced weight loss in our mouse model, indicating combinatorial
approaches are likely needed, including exercise, nutrition, pharmacology, and symptom management [52,53].

In conclusion, our results demonstrate that exercise can significantly ameliorate systolic dysfunction induced by metastatic mel-
anoma and can modify the transcriptome of the heart during cancer cachexia in mice. These findings underscore that exercise can offer
significant benefits for cardiac function during cancer cachexia.
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