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Abstract
Significance: Two of the leading causes of death worldwide are cancer and car-
diovascular diseases. Most cancer patients suffer from a metabolic wasting syn-
drome known as cancer-induced cardiac cachexia, resulting in death in up to 30% 
of cancer patients. Main symptoms of this disease are severe cardiac muscle wast-
ing, cardiac remodeling, and cardiac dysfunction. Metabolic alterations, increased 
inflammation, and imbalance of protein homeostasis contribute to the progres-
sion of this multifactorial syndrome, ultimately resulting in heart failure and 
death. Cancer-induced cardiac cachexia is associated with decreased quality of 
life, increased fatiguability, and decreased tolerance to therapeutic interventions.
Recent advances: While molecular mechanisms of this disease are not fully 
understood, researchers have identified different stages of progression of this 
disease, as well as potential biomarkers to detect and monitor the development. 
Preclinical and clinical studies have shown positive results when implementing 
certain pharmacological and non-pharmacological therapy interventions.
Critical issues: There are still no clear diagnostic criteria for cancer-mediated 
cardiac cachexia and the condition remains untreated, leaving cancer patients 
with irreversible effects of this syndrome. While traditional cardiovascular ther-
apy interventions, such as beta-blockers, have shown some positive results in pre-
clinical and clinical research studies, recent preclinical studies have shown more 
successful results with certain non-traditional treatment options that have not 
been further evaluated yet. There is still no clinical standard of care or approved 
FDA drug to aid in the prevention or treatment of cancer-induced cardiac ca-
chexia. This review aims to revisit the still not fully understood pathophysiologi-
cal mechanisms of cancer-induced cardiac cachexia and explore recent studies 
using novel treatment strategies.
Future directions: While research has progressed, further investigations might 
provide novel diagnostic techniques, potential biomarkers to monitor the progres-
sion of the disease, as well as viable pharmacological and non-pharmacological 
treatment options to increase quality of life and reduce cancer-induced cardiac 
cachexia-related mortality.
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1   |   INTRODUCTION

Cancer and cardiovascular diseases are two of the leading 
causes of death worldwide and the burden of these dis-
eases is growing rapidly.1 Up to 80% of cancer patients suf-
fer from a multiorgan, metabolic wasting syndrome known 
as cancer cachexia, which results in the death of up to one 
third of these cancer patients.2 Besides the main symptom 
of skeletal muscle and adipose tissue wasting, most cachec-
tic cancer patients suffer from cardiac atrophy, remodeling 
and dysfunction, known as cancer-induced cardiac ca-
chexia, which ultimately leads to heart failure and death.3 
Metabolic alterations, increased systemic inflammation, as 
well as dysfunctional protein homeostasis are causing these 
weight loss, muscle loss, and dysfunctional symptoms of 
cancer-mediated cachexia, which cannot be fully reversed 
by nutritional interventions.4 While research is growing in 
the field, the molecular mechanisms behind this disease are 
not well understood and there are no clear diagnostic crite-
ria to identify the development and progression of cancer 
cachexia and cancer-mediated cardiovascular impairments. 
Research has shown that certain nutritional, exercise, and 
pharmacological interventions may slow the progression of 
this disease. However, cancer-mediated cardiac cachexia 
remains an untreated condition with irreversible effects 
and significantly reduces prognosis of survival and overall 
quality of life of cachectic cancer patients.3,5 While other re-
views have summarized the identified traditional treatment 
interventions, including beta-blockers, and other heart 
failure medications,2,6 there is still no standard of care for 
cancer-mediated cardiac cachexia. Many questions remain 
regarding the most effective timing and combination of 
individualized pharmacological and non-pharmacological 
treatment plans for cancer patients to prevent or reverse the 
detrimental effects of this disease. The purpose of this nar-
rative review was to revisit the currently known underlying 
molecular mechanisms, signaling pathways, and potential 
biomarkers, as well as adding new knowledge and recent 
discoveries of novel, non-traditional preclinical and clinical 
treatment approaches that show the potential to aid in the 
treatment of cancer-induced cardiac cachexia.

2   |   CANCER-INDUCED CARDIAC 
CACHEXIA

Worldwide, cardiac cachexia affects approximately 26 mil-
lion people. Cardiac cachexia in general is associated with 

atrophy of cardiomyocytes, changes in myocardial struc-
ture, myocardial remodeling, dysfunctional cardiac me-
tabolism, and overall decreased cardiac function, which 
ultimately results in heart failure and death.7–9 Many 
disease states can induce cardiac cachexia, such as pul-
monary hypertension, chronic obstructive pulmonary dis-
order or heart failure,5,10 but one of the most understudied 
subtypes remains cancer-induced cardiac cachexia. Up to 
40% of the cancer patients and most cachectic animals ex-
perience cardiac muscle wasting and dysfunction in addi-
tion to other symptoms of cancer cachexia, such as skeletal 
muscle wasting.9,11 Cancer-induced cardiac abnormalities 
increase the risk of mortality and are the primary cause 
of death in up to 30% of the cancer patients, most seen in 
colorectal, endometrial, breast, melanoma, prostate, and 
urinary bladder cancers.12,13

Most research suggests that cardiac dysfunction and 
muscle wasting is induced by dysbalanced metabolic 
homeostasis leading to a catabolic shift during cancer-
induced cachexia.3,14 Besides the typical symptoms and 
clinical presentations of cachexia, including weight loss, 
decreased skeletal muscle mass and strength, as well as 
decreased appetite or anorexia, cachectic cancer patients 
suffering from cardiac abnormalities and atrophy present 
with symptoms of decreased cardiac function or heart 
failure.7,12,14 While the pathophysiology of heart failure in 
cancer-induced cardiac cachexia is not fully understood, 
certain risk factors of developing cardiac cachexia during 
cancer are comparable to general cancer cachexia risk 
factors, including age, sex, and lifestyle factors. Addition-
ally, cardiovascular-specific factors that increase the risk 
of developing cardiac muscle wasting during advanced 
cancer stages include hypertension, smoking, stress, 
and dyslipidemia prior to cancer diagnosis.5,15 Despite 
known risk factors and hallmark signs, there are still no 
clear diagnostic criteria or treatment options for cancer-
induced cardiac cachexia. However, multimodal studies, 
implementing combinations of pharmacological and non-
pharmacological interventions, have shown promising 
results in reducing or slowing the development of this 
disease.5,16,17

2.1  |  Pathophysiology of cancer-induced 
cardiac cachexia

At the center of the pathophysiology of cancer cachexia is 
metabolic dysfunction characterized by an imbalance of 

K E Y W O R D S

cachexia, cancer, cardiac cachexia, heart, muscle wasting



17708  |      TICHY and PARRY

abnormally increased catabolism and decreased anabo-
lism.18 Multiple factors can induce metabolic dysfunc-
tion or malnutrition during cancer cachexia, including 
adverse effects of chemotherapy, obstructive effects of 
local tumors, tumor cells competing for available nutri-
ents, and energy fuels leading to altered energy balance in 
healthy tissues, as well as an additional overall increase in 
energy demand due to the uncontrollable growth patterns 
of tumor cells.11,15,19 This imbalance and metabolic shift 
results in the hallmark sign of cancer cachexia, cancer-
induced skeletal muscle wasting—with or without the 
loss of fat mass.20

The pathophysiology of cancer-induced cardiac ca-
chexia is very complex and not fully understood. Differ-
ent preclinical studies using C26 tumor models in mice 
have shown metabolic shifts in cardiac tissue due to the 
whole-body metabolic imbalance. Tian et al. identified al-
tered gene expression in tumor-bearing mice indicative of 
cardiac remodeling, including increased BNP, decreased 
PPARα and a shift in MHC isoforms from an “adult” to 
an “embryonic” phenotype.21,22 This isoform switch is 
associated with increased glucose utilization, decreased 
fatty acid oxidation, systolic dysfunction, mitochondrial 
dysfunction, and overall maladaptation and worsening of 
heart function.6,11,23 In a proteomic study of a C26 tumor 
mouse model, MHC isoform switch and a decreased total 
expression of myosin heavy chain proteins was associ-
ated with destabilized sarcomeres of cardiac myocytes. 
These findings were indicative of increased sarcomeric 
protein release for degradation (e.g., desmin) to overcome 
the metabolic stress on the cardiovascular system due to 
tumor burden.24

Preclinical studies of cardiac cachexia induced by differ-
ent cancer models have also suggested a crosstalk between 
tumor and cardiac tissue found via circulating molecules 
(Figure 1). Both tumor and cardiac cells can be affected 

by or release these factors. Tumor cells as well as cardiac 
cells can act as endocrine organs by releasing or affecting 
the release of hormonal signals such as insulin, IGF-1, 
growth hormone, as well as inflammatory cytokines. Sev-
eral of these factors can lead to metabolic dysfunction and 
increased systemic inflammation, as well as affect tumor 
growth.3,7,11,15 Cancer-mediated depletion of insulin, for 
example, causes dysfunctional glucose metabolism, lead-
ing to decreased glucose uptake in the cardiac tissue re-
sulting in cardiac muscle wasting. Insulin deficiency has 
been reported in many cachectic cancer patients and ca-
chectic rodents in advanced stages of tumor burden.25,26 
Thackeray et al.26 discovered that B16F10 and C26 tumor 
cells in mice induced production of insulin-degrading en-
zymes, lowering of pancreatic insulin production, and ul-
timately a shift of glucose away from the cardiomyocytes 
by increasing glucose consumption within the tumor 
cells. These findings indicate systemic tumor-mediated 
metabolic shifts leading to cardiac atrophy, MHC shift, 
and decreased cardiac function. However, insulin supple-
mentation was able to attenuate tumor-mediated effects 
on the cardiac tissue.26 Other cancer cell-derived cachex-
okines, inflammatory cytokines, and metabolic messen-
gers, such as ataxin-10, IL-6, and D2-HG, are also involved 
in metabolic alterations, dysfunctional glucose uptake, 
promotion of tumor growth, and increased cardiac mus-
cle wasting.27–29

Conversely, a study by Dostal et al.30 looking at car-
diac function in a C26 adenocarcinoma-induced cachexia 
mouse model, was one of the first to show that tumor 
burden rather than cancer cachexia-mediated skeletal 
muscle and fat wasting played a significant role in the 
progression of cardiac dysfunction. Abnormal functional 
changes in the hearts of tumor-bearing mice were asso-
ciated with reductions in heat shock proteins Hsp70 and 
BCL-2-associated athanogene 3 (BAG3), both known 

F I G U R E  1   Multiorgan crosstalk 
in cancer-mediated cardiac cachexia. 
During cardiac cachexia, it is suspected 
that both the heart and the tumor act as 
secondary endocrine glands to release 
and regulate the release of hormones 
and inflammatory cytokines. This leads 
to tissues like the heart altering their 
metabolism in response to this multiorgan 
signaling cascade. The heart notoriously 
shifts away energetically favorable fatty 
acid metabolism and toward energetically 
unfavorable glucose metabolism.
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for their roles in regulation of protein quality control 
and maintenance of structural integrity in the heart and 
vasculature.30,31

The combination of increased systemic inflammation 
and metabolic dysfunction during cancer-induced cardiac 
cachexia can lead to an increase in energy expenditure of 
about 15%, where energy demand significantly exceeds 
energetic capacity resulting in cardiac atrophy, remodel-
ing, and dysfunction.19,32,33 Overall, cardiac muscle wast-
ing due to cancer-induced cardiac cachexia is associated 
with systemic and cardiac metabolic dysfunction, inflam-
mation and ROS production, increased energy expendi-
ture and demand.26,28,29,33,34

2.2  |  Cardiac dysfunction during 
cancer-induced cardiac cachexia

The metabolic imbalance and shift toward catabolism, al-
tered energy balance, and increase in inflammation due 
to tumor burden result in cardiac dysfunction in cancer 
patients and cachectic animals in preclinical studies. The 
most common cardiac impairments found in clinical and 
preclinical studies are reduction in cardiac mass, impaired 
cardiac function, specifically left ventricular function, and 
cardiac remodeling (Figure 2).35

Preclinical studies on rodents with different tumor 
models have repeatedly demonstrated cancer-induced 
cardiac muscle wasting, cardiac dysfunction, and car-
diac remodeling. Multiple studies of C26 adenocarci-
noma injections in CD2F1 or BALB/C mice revealed 
systolic dysfunction, depressed cardiomyocyte function 

during contraction and relaxation phases, and cardiac 
remodeling via in vivo echocardiography.36–38 Reduction 
in cardiac function characterized by cardiac atrophy, 
impaired left ventricular ejection fraction (LVEF), and 
fractional shortening, as well as cardiac necrosis, in-
flammation, and fibrosis has been associated with a sys-
temic effect of tumor burden on the heart.36,37 Another 
study within the C26 mouse tumor model identified sig-
nificantly reduced cardiac function at the cellular level 
of cachectic hearts in an isolated perfused heart model. 
Ex vivo perfused hearts exhibited contraction and relax-
ation deficits, decreased peak contraction and relaxation 
rates, as well as systolic and diastolic dysfunction char-
acterized by decreased left ventricular (LV) developed 
pressure and prolonged time to 50% pressure fall.39 Iso-
lated cardiac myocyte width and myofibril number was 
significantly decreased, explaining the decreased car-
diac mass in cachectic mice compared to non-cachectic 
controls.39,40 Coinciding with these findings, decreased 
heart mass has been associated with dysfunctional LV 
pressure changes, abnormal fractional shortening, de-
creased cardiac output, and persistent arrhythmias in 
LLC tumor models in C57BL6/C mice and fisher rats 
inoculated with MatBIII cancer cells.8,41,42 One study 
on CD2F1 mice injected with C26 adenocarcinoma cells 
identified sex-based differences in cardiac dysfunction. 
Male cachectic animals experienced a 16% reduction 
in aortic velocity and 30% reduction in aortic pressure, 
whereas female cachectic animals did not show any al-
terations in cardiac function.43

Similar findings have been seen in clinical studies of 
cardiomyopathies in cachectic cancer patients. The most 

F I G U R E  2   Cardiac clinical 
presentation of cancer-mediated cardiac 
cachexia. Cancer-mediated changes in 
cardiac structure and in cardiomyocyte 
contraction and relaxation result in 
significant declines in cardiac function. 
Together, these changes in cardiac 
structure and function lead to poor tissue 
perfusion and increased fatigue in cancer 
survivors with cardiac cachexia.
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common clinical presentations associated with cancer-
induced cardiac cachexia are comparable to chronic heart 
failure symptoms, including fatigue, dyspnea, anemia, and 
decreased exercise tolerance.44 Clinical diagnostic assess-
ment and monitoring studies for cancer-induced cardiac 
cachexia specifically have not yet been well defined or opti-
mized. Few retrospective or longitudinal studies have com-
pared cardiac function of cachectic cancer patients with 
chronic heart failure patients and healthy controls.12,20,45 
Colorectal, lung, and gastrointestinal cancer patients suf-
fering from cachexia showed significantly smaller heart 
weights and impaired LVEF compared to non-cachectic or 
healthy controls.12,20 Cramer et al.12 found that cachectic 
cancer patients exhibited increased cardiac posterior wall 
thickness and decreased LVEF. However, LVEF was not 
as impaired as ejection fraction of chronic heart failure 
(CHF) patients.12 A recent study by Lena et al.45 compared 
cardiac mass and function of 300 patients with active, ad-
vanced cancer but without cardiovascular disease or infec-
tion to healthy controls and CHF patients. Independent of 
cardiotoxic anticancer treatment, cancer patients showed 
significantly lower LV masses compared to CHF patients 
and healthy controls. Specifically, LV mass was lowest in 
cachectic cancer patients. Follow-up echocardiography 
identified further declines in LV mass and stroke volume, 
as well as increased resting heart rates in surviving cancer 
patients.45 Overall, low LV mass in cachectic cancer pa-
tients and cachectic animals has been associated with poor 
cardiac function and increased all-cause mortality. This 
growing body of literature of clinical evidence of cardiac 
wasting-associated cardiomyopathy in cancer coincides 
with many preclinical studies that have repeatedly demon-
strated cancer-induced cardiac muscle wasting.

Overall, cancer-mediated cardiac cachexia is associated 
with cardiac atrophy, cardiac remodeling, and decreased 
cardiac function leading to decreased oxygen supply 
throughout the body, increased fatigue and hallmark 
symptoms of heart failure.2,46 Collectively, clear diagnos-
tic criteria, measurements, and clinical values are lacking. 
Diagnostic criteria will likely need to be a combination 
of measurements, for example functional measures (e.g., 
ejection fraction) and structural measures (e.g., wall thick-
ness and chamber diameter), in order to accurately iden-
tify at risk patients and progression of cancer-mediated 
cardiac cachexia.

2.3  |  Molecular mechanisms of 
cancer-mediated cardiac cachexia

Due to the complexity of cancer-induced cardiac cachexia,  
the molecular mechanisms resulting in the 
pathophysiological characteristics of this disease are 

not well understood. However, anorexia, altered energy 
balance, and an abnormal metabolism associated with 
increased protein degradation and decreased protein 
synthesis, as well as inflammation induced by the tumor 
and immune system seem to be key players in the 
development and progression of this disease.

Other reviews have summarized general pathways in-
volved in cardiac cachexia, non-specific to cancer-induced 
cardiac cachexia. These include altered cardiac metab-
olism via inflammation induced by an increase in pro-
inflammatory cytokines, such as TNFα, IL-1β, and IL-6, 
and a decrease in anti-inflammatory markers, such as IL-
10. The elevated release of pro-inflammatory cytokines 
promotes the process of cachexia by regulating the major 
pathways involved in muscle wasting.2,3,6,11,15,17 IL-6 and 
TNFα are two of the primary mediators of general cardiac 
cachexia by suppressing protein synthesis and promoting 
increased energy expenditure via upregulation of inflam-
matory processes.47,48

While the pathways specific to cancer-induced car-
diac cachexia are still understudied and not well under-
stood, few preclinical tumor models have identified the 
inflammatory and metabolic pathways specific to cardiac 
cachexia during cancer. Similar to general cardiac ca-
chexia, the pro-inflammatory cytokines IL-6 and TNFα 
are upregulated in the heart in different cancer cachexia-
inducing rodent models.28,31,49 Factors from the TGF-β 
family, such as activin A, myostatin, or GDF15, have also 
been shown to induce cancer-mediated cardiac cachexia 
in tumor models.10,50,51 These markers are involved in 
the induction of protein degradation pathways by bind-
ing to their respective cell-surface receptors and activat-
ing NF-κβ, STAT3 and SMAD2/3 pathways. This leads 
to an increased expression of two E3 ubiquitin ligases, 
MuRF1 and Atrogin-1, which accelerates the protein 
degradation process through the ubiquitin–proteasome 
system (UPS) and autophagy, inducing cardiac muscle 
wasting and remodeling.6,52,53 Specifically, GDF-15, one 
of the key players in skeletal and cardiac muscle wast-
ing, is a promising biomarker for disease outcome and 
potential target for treating cancer-induced cardiac ca-
chexia. Many recent preclinical and clinical studies have 
identified GDF-15 as a stress-hormone released during 
cancer. Abnormally increased GDF-15 levels in the cir-
culation of cachectic cancer patients and rodents have 
been negatively associated with disease outcome and 
death.10,50,54–56

While the three major pathways for protein catabolism 
during cachexia are the UPS pathway, calcium-activated 
system, and autophagy, the autophagy–lysosomal path-
way plays the most important role in cancer-induced 
cardiac cachexia compared to skeletal muscle cachexia. 
It has been shown that cachectic animals as well as 
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cachectic cancer patients experienced an increased ex-
pression of autophagic markers, such as Beclin-1, p62, 
or LC3B-II.3,43,44,46,53 Besides the upregulation of these 
protein degradation pathways, protein synthesis path-
ways are downregulated or suppressed during cardiac ca-
chexia, resulting in the disruption of protein homeostasis, 
cardiac atrophy, and ultimately heart failure. Two of the 
main protein synthesis pathways that are downregulated 
or inhibited in this process are the energy-dependent 
AMPK/mTOR pathway as well as the insulin-dependent 
and IGF-1-mediated AKT/mTOR pathway57,58 (Figure 3). 
Constant competition for energy availability, uptake of 
nutrients, and utilization of glucose by tumor cells, as 
well as increased systemic inflammation leads to down-
regulated circulation of insulin and IGF-1 and decreased 
energy availability resulting in the downregulation or in-
hibition of AKT and the deactivation of mTOR. ApcMin/+ 
mice developing colorectal cancer-induced cardiac ca-
chexia with diminished heart mass compared to controls 
exhibited decreased myofibrillar protein synthesis. This 
was accompanied by decreased mTOR phosphorylation 
and increased Beclin-1 protein expression in cardiac tis-
sue.57 Similarly, tumor-bearing rodents in a rat hepatoma 
cancer-induced cardiac cachexia model exhibited cardiac 
dysfunction associated with decreased LV protein expres-
sion of IGF-1, insulin, and decreased phosphorylation of 
AKT and mTOR.58 Together, these findings suggest that 
cancer-induced cardiac cachexia is associated with the 
suppression of anabolic signaling and upregulation of 

catabolic pathways resulting in cardiac muscle wasting 
and dysfunction.

While the molecular mechanisms behind cancer-
mediated cardiac cachexia are not fully understood, it has 
been shown that the upregulation of pro-inflammatory 
markers and downregulation of anti-inflammatory mark-
ers can lead to the enhanced activation of degradation pro-
cesses, such as autophagy. Additionally, there is preclinical 
evidence of inhibition of protein synthesis through mul-
tiple energy- and hormone-dependent pathways, includ-
ing the deactivation of mTOR signaling. Together, these 
pathways coincide with clinical findings of decreased 
heart mass, LVEF, and overall decreased cardiac function. 
While there are no clear diagnostic criteria or biomarkers 
specific to cancer-induced cardiac cachexia, most potential 
biomarkers in the circulation associated with cancer ca-
chexia in general can be promising in the detection of car-
diomyopathies, including TNFa, IL-6, IL-1b, and IL-10.28,49 
Promising cardiac-specific biomarkers in cancer-induced 
cardiac cachexia models and cachectic cancer patients 
include factors from the TGF-β family, such as GDF-15, 
autophagy markers, such as Beclin-1, and markers of pro-
tein synthesis, such as AKT and mTOR. In cachectic lung 
cancer patients, high circulating GDF-15 levels have been 
associated with weight loss and decreased prognosis of 
survival.54,55,59,60 Although there is emerging evidence of 
cardiac-specific biomarkers for cancer-induced cardiac ca-
chexia, clinical validation studies across different cancer 
types and cancer stages are needed.

F I G U R E  3   Mechanisms involved in 
cancer-mediated cardiac cachexia. While 
the molecular mechanisms underlying 
cancer-mediated cardiac cachexia are 
not well understood, the upregulation 
of pro-inflammatory markers and 
downregulation of anti-inflammatory 
markers appear to lead to the enhanced 
activation of degradation processes, such 
as autophagy. The concomitant inhibition 
of protein synthesis via multiple energy- 
and hormone-dependent pathways 
resulting in deactivation of mTOR 
signaling.
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3   |   TREATMENT FOR 
CANCER-INDUCED CARDIAC 
CACHEXIA

There are no current effective and clinically approved 
treatment options or FDA-approved drugs available for 
the treatment and prevention of cancer-induced cardiac 
cachexia. Due to its multifactorial and complex nature, it 
has been suggested that one single therapeutic approach 
may not be successful and a combination of pharmacolog-
ical and non-pharmacological therapies may be beneficial 
(Figure 4).3,5

3.1  |  Standard cardiovascular 
pharmacological treatment strategies

The use of standard pharmacological therapeutic strategies 
also used for cardiovascular disease and heart failure 
patients, such as ACE inhibitors, angiotensin receptor 
blockers, beta blockers, or diuretics, have shown mixed 
results in patients suffering from cancer-induced cardiac 
cachexia as previously reviewed by others.3,5,6,17 In heart 
failure patients, treatment with ACE inhibitors has led 
to decreased cardiac workload, the prevention of cardiac 
dysfunction, and the delay in progression of cardiac 
cachexia by improving endothelial function, regulating 
IGF-1 circulating levels, and decreasing expression of 
inflammatory markers IL-6 and TNFα, but has not been 

specifically tested in cancer patients suffering from 
cardiac cachexia.3,5 Angiotensin receptor blockers, such 
as Losartan, have shown effective results in in vivo and 
in vitro preclinical cancer cachexia studies by attenuating 
muscle loss, reducing inflammation via modulation of 
IL-6 expression, as well as improving cardiac systolic 
function.61 Treatment with other heart failure medication, 
such as aldosterone inhibitors or beta-blockers in rat 
tumor models, attenuated cardiac cachexia by preserving 
LV mass, improving LVEF and fractional shortening, as 
well as downregulating UPS and autophagic pathways.58

Other treatments with mixed results include statins 
and STAT3 inhibitors. Statins as a treatment option for 
cancer-induced cardiac cachexia remains controversial. 
While some studies report positive effects in AH-130 
tumor-bearing rats, including reduced cardiac weight loss, 
improved LVEF and SV, other studies of the same tumor 
model reported negative effects of same statin treatment 
with exacerbated cardiac weight reductions in treated 
tumor-bearing rats.62,63 Other preclinical pharmacolog-
ical treatment approaches in C26 murine tumor models 
have targeted STAT3 inhibition and reactive oxygen spe-
cies attenuation. This resulted in decreased cardiac mus-
cle wasting, restored left ventricular function and restored 
mitochondrial function.64,65 While conventional cardio-
vascular and heart failure treatments have shown promis-
ing results in the treatment of cardiac cachexia patients as 
well as preclinical cancer-induced cardiac cachexia, there 
is still no clinical standard of care nor treatment aimed 

F I G U R E  4   Treating cancer-mediated 
cardiac cachexia must be multimodal. 
Currently, there are no effective and 
clinically approved treatment options 
or FDA-approved drugs available for 
the treatment and prevention of cardiac 
cachexia. Due to its multifactorial and 
complex nature, it has been suggested 
that one single therapeutic approach may 
not be successful, and a combination of 
pharmacological, dietary, and exercise 
therapies may be the most beneficial 
treatment strategy. Regardless of 
intervention, the goal of treating cancer-
mediated cardiac cachexia should 
focus on managing muscle wasting and 
maintaining muscle mass.
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specially at cardiac wasting and dysfunction in cancer 
survivors.

3.2  |  Emerging pharmacological 
targets and treatment strategies for 
cancer-induced cardiac cachexia

Lesser known supplements and pharmacological treat-
ments, such as withaferin A, ACM-001, and histone 
deacetylase inhibitors, have shown promising results as 
emerging treatment strategies against cancer-induced car-
diac cachexia in preclinical models (Figure 5). Withaferin 
A, known as a prehistoric remedy in Ayurveda, has been 
found to have anti-inflammatory and anticancer healing 
potentials.66 Recently, withaferin A has also shown treat-
ment potential for cancer-induced cardiac cachexia in a 
preclinical ovarian cancer-induced cachexia model.41 The 
pharmacological treatment resulted in significant preser-
vation of cardiac weight, systolic function, and diastolic 
function. Additionally, withaferin A treatment in tumor-
bearing mice also led to significantly decreased levels of 
pro-inflammatory cytokines TNFα, IL-6, and MIP-6 in 
the heart, and it prevented the metabolic MHC shift of 
cardiomyocytes from an “adult” to “embryonic” isoform 
that was seen in tumor-bearing animals.41 Similar find-
ings were seen in a mouse model of breast cancer-induced 
cachexia and endothelin receptor blocker treatment. 
Tumor-bearing mice that were treated with atrasentan 
showed significant improvements and preservation of LV 
structure and function that was not achieved with com-
monly used beta-blockers.67

ACM-001, a new anabolic–catabolic transforming 
agent (ACTA), has previously been shown to have pos-
itive effects on cancer cachexia by reversing sarcopenia 
and muscle wasting as well as improve grip strength 
and quality of life.68 In fact, ACM-001 (espindolol) was 
tested in a phase II clinical trial in cancer cachexia 
patients and showed success in maintaining fat mass 
and muscle strength.69 Pötsch et al.68 further investi-
gated ACM-001 role in cancer cachexia compared to 
commonly used beta-blockers, carvedilol, metropro-
lol, nebivolol, tertatolol. Male Wistar Han rats treated 
with ACM-001 and inoculated with Yoshida hepatoma 
AH-130 cells showed significant reductions in skeletal 
muscle wasting, prevention of LV mass wasting, as well 
as improved ejection fraction and fractional shortening 
compared to non-treatment tumor-bearing rats and rats 
treated with beta-blockers. In fact, rats treated with high 
doses of tertatolol and low doses of carvedilol experi-
enced significantly increased risk of mortality, indicat-
ing that beta blockers may not be the most beneficial 
treatment strategy for cancer-induced cardiac cachexia. 
Additionally, ACM-001 treatment seemed to attenuate 
homeostatic imbalances of protein synthesis and degra-
dation (i.e., PI3K/Akt, FoxO3a, MuRF1, LC3-I/II) in the 
hearts of tumor-bearing animals.70

Certain types of a relatively new class of anti-cancer 
treatment, histone deacetylase inhibitors (HDACi), have 
also shown promising results on attenuating cardiac 
complications in B16F1 and LLC tumor-bearing mice. 
Histone deacetylase inhibitors have recently been ap-
proved by the FDA for use in cancer patients, but the 
underlying mechanisms remain understudied.71 Bora 

F I G U R E  5   Emerging targets and 
treatment strategies for cancer-mediated 
cardiac cachexia. In recent years, a 
handful of therapeutic targets and 
treatment strategies have emerged. ACM-
001 (anabolic-catabolic transforming 
agent [ACTA], also known as espindolol), 
withaferin-A (steroidal lactone), and 
Entinostat (Class I histone deacetylase 
inhibitor [HDACi]) have shown success in 
treating cancer-induced cardiac cachexia 
in preclinical models as well as early 
clinical trials.
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et al.72 have found that Class I HDACi Entinostat treat-
ment was successful in preserving cardiac muscle mass, 
structure, and function (systolic pressure, diastolic 
pressure, rate of pressure development), therefore at-
tenuating cardiac complications associated with can-
cer cachexia in both B16F1 and LLC tumor models.72 
These findings suggest that further research is critically 
needed to understand the underlying mechanisms of 
these pharmacological treatments as well as their effects 
on cancer-induced cardiac cachexia.

3.3  |  Non-pharmacological treatment of 
cancer-mediated cardiac cachexia

Targeting improvement of appetite via medication, such 
as megestrol acetate, or via nutritional interventions is 
another approach that has shown benefits in the treat-
ment of cancer-induced cardiac cachexia. Megestrol 
acetate administration in Yoshida AH-130 rats has dem-
onstrated significant improvements in ejection fraction 
and fractional shortening by modulating autophagic 
pathways.3,73 It has also been suggested that imple-
mentation of individualized, non-pharmacological, nu-
tritional interventions may be beneficial in preventing 
or slowing the development of this disease. Preclinical 
studies on cachectic mice have shown that a dietary in-
tervention with lauric acid and glucose might improve 
cardiac dysfunction and remodeling due to cancer-
mediated cardiac cachexia.74

Another possible cost-effective and accessible non-
pharmacological treatment option is exercise in the 
form of aerobic endurance exercise or resistance ex-
ercise (Figure  4). Due to the anti-inflammatory effect, 
specifically aerobic endurance exercise can act as an 
anti-inflammatory promoter by inducing the release of 
anti-inflammatory cytokines, such as IL-10. The release 
of IL-10 can reduce systemic inflammation, decrease 
protein degradation, and increase protein synthesis, 
while also regulating insulin signaling and metabolic 
remodeling of the cardiac tissue.2,19 The management 
of muscle wasting and maintenance of muscle mass 
during cancer cachexia are two factors that significantly 
increase prognosis of survival.75 Therefore, exercise in 
any mode or intensity might have the ability to preserve 
muscle mass by attenuating atrophy via modulation of 
metabolic and inflammatory pathways. This can ulti-
mately aid in improving tolerance to physical activity, 
decreasing fatiguability, enhancing lifespan, and in-
creasing quality of life.76 Several preclinical studies 
have indicated that exercise, in the form of short-term 
high intensity exercise, moderate intensity treadmill 
exercise, or wheel running, can partially reverse LVEF, 

reduce cardiac remodeling, and increase LV mass, while 
also modulating the expression of autophagic markers 
resulting in decreased cardiac necrosis, fibrosis and in-
flammation.36,42,77 While there is not as much data on 
the benefits of resistance training, it has been shown 
that resistance exercise might stimulate the activation of 
mTOR signaling to induce protein synthesis. This mech-
anism could regulate the imbalance of protein degra-
dation and synthesis and preserve muscle strength and 
mass.78 The most effective timing, duration or intensity 
of exercise has not yet been identified and the isolated 
use of physical exercise may not be sufficient in prevent-
ing or reversing muscle wasting.7

While there are promising non-pharmacological and 
pharmacological treatment options that could potentially 
be used to overcome the detrimental effects of cancer-
induced cardiac cachexia, the most effective combina-
tion of treatments has not been established and further 
research needs to be done to develop individualized treat-
ment plans including multimodal approaches of pharma-
cological, dietary, and exercise interventions.

4   |   CONCLUSION

Most cancer patients suffer from a complex metabolic 
wasting disease known as cancer cachexia, especially at 
advanced stages of certain cancers. Muscle wasting, car-
diac remodeling, and cardiac dysfunction are the main 
symptoms that patients with cancer-induced cardiac 
cachexia suffer from, ultimately leading to heart failure 
and death in most patients. Cardiac atrophy and dys-
function results from an abnormally altered metabolism 
(e.g., MHC shift, insulin deficiency), leading to an im-
balance in protein synthesis and degradation, increased 
systemic inflammation via upregulation of IL-6 and 
TNFα, as well as altered energy availability. The under-
lying metabolic mechanisms are not fully understood 
and there are no clear diagnostic criteria or effective 
treatment options to reverse or attenuate the detrimen-
tal effects of cancer-induced cardiac cachexia. While re-
searchers have identified potential biomarkers to detect 
or monitor the progression of the disease, further re-
search is needed to be able to identify the development 
and stage of cardiac cachexia successfully and reliably 
in cancer patients. The combination of pharmacological 
and non-pharmacological therapies, in the form of di-
etary and exercise interventions, has shown the most ef-
fective results in preclinical and clinical trials. However, 
cancer stage, lifestyle, physical fitness, and psychologi-
cal factors need to be considered when implementing 
therapy options, suggesting that an individualized treat-
ment plan for each cancer patient may be most effective 
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to prevent, inhibit, or potentially reverse the detrimen-
tal effects of cardiac and cancer cachexia.

AUTHOR CONTRIBUTIONS
Louisa Tichy: Conceptualization (equal); data curation 
(equal); formal analysis (equal); visualization (equal); 
writing – original draft (equal); writing – review and ed-
iting (equal). Traci L. Parry: Conceptualization (equal); 
data curation (equal); formal analysis (equal); visualiza-
tion (equal); writing – original draft (equal); writing –  
review and editing (equal).

ACKNOWLEDGMENTS
Some figures were created with Biore​nder.com.

FUNDING INFORMATION
Traci L. Parry is funded by University of North Carolina 
Greensboro.

CONFLICT OF INTEREST STATEMENT
None of the authors have any conflict of interest to 
disclose.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data 
were created or analyzed in this study.

ORCID
Traci L. Parry   https://orcid.org/0000-0003-2957-4537 

REFERENCES
	 1.	 Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 

2020: GLOBOCAN estimates of incidence and mortality 
worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2021;71(3):209-249. doi:10.3322/caac.21660

	 2.	 Belloum Y, Rannou-Bekono F, Favier FB. Cancer-induced 
cardiac cachexia: pathogenesis and impact of physical activ-
ity (Review). Oncol Rep. 2017;37(5):2543-2552. doi:10.3892/
or.2017.5542

	 3.	 Saha S, Singh PK, Roy P, Kakar SS. Cardiac cachexia: un-
addressed aspect in cancer patients. Cell. 2022;11(6):990. 
doi:10.3390/cells11060990

	 4.	 Fearon K, Strasser F, Anker SD, et al. Definition and classifi-
cation of cancer cachexia: an international consensus. Lancet 
Oncol. 2011;12(5):489-495. doi:10.1016/S1470-2045(10)70218-7

	 5.	 Hweidi IM, al-Omari AK, Rababa MJ, al-Obeisat SM, Hayajneh 
AA. Cardiac cachexia among patients with chronic heart fail-
ure: a systematic review. Nurs Forum. 2021;56(4):916-924. 
doi:10.1111/nuf.12623

	 6.	 Bora V, Patel B. Cardiac complications: the understudied as-
pect of cancer cachexia. Cardiovasc Toxicol. 2022;22(3):254-267. 
doi:10.1007/s12012-022-09727-9

	 7.	 Bordignon C, dos Santos BS, Rosa DD. Impact of cancer ca-
chexia on cardiac and skeletal muscle: role of exercise training. 
Cancer. 2022;14(2):342. doi:10.3390/cancers14020342

	 8.	 Lee DE, Brown JL, Rosa-Caldwell ME, et al. Cancer-induced 
cardiac atrophy adversely affects myocardial redox state and 
mitochondrial oxidative characteristics. JCSM Rapid Commun. 
2021;4(1):3-15. doi:10.1002/rco2.18

	 9.	 Michel L, Totzeck M, Rassaf T. Cardiac dysfunction from can-
cer and cancer therapy: new pathways for the prevention of late 
cardiotoxicity. Basic Res Cardiol. 2021;116(1):62. doi:10.1007/
s00395-021-00903-6

	10.	 Albuquerque B, Chen X, Hirenallur-Shanthappa D, et al. 
Neutralization of GDF15 prevents anorexia and weight loss in 
the monocrotaline-induced cardiac cachexia rat model. Cell. 
2022;11(7):1073. doi:10.3390/cells11071073

	11.	 Finke D, Heckmann MB, Frey N, Lehmann LH. Cancer-a 
major cardiac comorbidity with implications on cardiovascu-
lar metabolism. Front Physiol. 2021;12:729713. doi:10.3389/
fphys.2021.729713

	12.	 Cramer L, Hildebrandt B, Kung T, et al. Cardiovascular function 
and predictors of exercise capacity in patients with colorectal 
cancer. J Am Coll Cardiol. 2014;64(13):1310-1319. doi:10.1016/j.
jacc.2014.07.948

	13.	 Sturgeon KM, Deng L, Bluethmann SM, et al. A population-
based study of cardiovascular disease mortality risk in US can-
cer patients. Eur Heart J. 2019;40(48):3889-3897. doi:10.1093/
eurheartj/ehz766

	14.	 Anker MS, Sanz AP, Zamorano JL, et al. Advanced cancer is also 
a heart failure syndrome: a hypothesis. J Cachexia Sarcopenia 
Muscle. 2021;12(3):533-537. doi:10.1002/jcsm.12694

	15.	 Soto ME, Pérez-Torres I, Rubio-Ruiz ME, Manzano-Pech L, 
Guarner-Lans V. Interconnection between cardiac cachexia 
and heart failure-protective role of cardiac obesity. Cell. 
2022;11(6):1039. doi:10.3390/cells11061039

	16.	 Nishikawa H, Goto M, Fukunishi S, Asai A, Nishiguchi S, 
Higuchi K. Cancer cachexia: its mechanism and clinical signifi-
cance. Int J Mol Sci. 2021;22(16):8491. doi:10.3390/ijms22168491

	17.	 Vudatha V, Devarakonda T, Liu C, et al. Review of mecha-
nisms and treatment of cancer-induced cardiac cachexia. Cell. 
2022;11(6):1040. doi:10.3390/cells11061040

	18.	 Ziemons J, Smidt ML, Damink SO, Rensen SS. Gut microbiota 
and metabolic aspects of cancer cachexia. Best Pract Res Clin 
Endocrinol Metab. 2021;35(3):101508. doi:10.1016/j.beem.2021.​
101508

	19.	 Allan J, Buss LA, Draper N, Currie MJ. Exercise in people with 
cancer: a spotlight on energy regulation and cachexia. Front 
Physiol. 2022;13:836804. doi:10.3389/fphys.2022.836804

	20.	 Barkhudaryan A, Scherbakov N, Springer J, Doehner W. 
Cardiac muscle wasting in individuals with cancer cachexia. 
ESC Heart Fail. 2017;4(4):458-467. doi:10.1002/ehf2.12184

	21.	 Tian M, Asp ML, Nishijima Y, Belury MA. Evidence for cardiac 
atrophic remodeling in cancer-induced cachexia in mice. Int J 
Oncol. 2011;39(5):1321-1326. doi:10.3892/ijo.2011.1150

	22.	 Tian M, Nishijima Y, Asp ML, Stout MB, Reiser PJ, Belury MA. 
Cardiac alterations in cancer-induced cachexia in mice. Int J 
Oncol. 2010;37(2):347-353. doi:10.3892/ijo_00000683

	23.	 Karlstaedt A, Barrett M, Hu R, Gammons ST, Ky B. Cardio-
oncology: understanding the intersections between car-
diac metabolism and cancer biology. JACC Basic Transl Sci. 
2021;6(8):705-718. doi:10.1016/j.jacbts.2021.05.008

	24.	 Shum AMY, Poljak A, Bentley NL, Turner N, Tan TC, Polly P. 
Proteomic profiling of skeletal and cardiac muscle in cancer 

http://biorender.com
https://orcid.org/0000-0003-2957-4537
https://orcid.org/0000-0003-2957-4537
https://doi.org//10.3322/caac.21660
https://doi.org//10.3892/or.2017.5542
https://doi.org//10.3892/or.2017.5542
https://doi.org//10.3390/cells11060990
https://doi.org//10.1016/S1470-2045(10)70218-7
https://doi.org//10.1111/nuf.12623
https://doi.org//10.1007/s12012-022-09727-9
https://doi.org//10.3390/cancers14020342
https://doi.org//10.1002/rco2.18
https://doi.org//10.1007/s00395-021-00903-6
https://doi.org//10.1007/s00395-021-00903-6
https://doi.org//10.3390/cells11071073
https://doi.org//10.3389/fphys.2021.729713
https://doi.org//10.3389/fphys.2021.729713
https://doi.org//10.1016/j.jacc.2014.07.948
https://doi.org//10.1016/j.jacc.2014.07.948
https://doi.org//10.1093/eurheartj/ehz766
https://doi.org//10.1093/eurheartj/ehz766
https://doi.org//10.1002/jcsm.12694
https://doi.org//10.3390/cells11061039
https://doi.org//10.3390/ijms22168491
https://doi.org//10.3390/cells11061040
https://doi.org//10.1016/j.beem.2021.101508
https://doi.org//10.1016/j.beem.2021.101508
https://doi.org//10.3389/fphys.2022.836804
https://doi.org//10.1002/ehf2.12184
https://doi.org//10.3892/ijo.2011.1150
https://doi.org//10.3892/ijo_00000683
https://doi.org//10.1016/j.jacbts.2021.05.008


17716  |      TICHY and PARRY

cachexia: alterations in Sarcomeric and mitochondrial protein 
expression. Oncotarget. 2018;9(31):22001-22022. doi:10.18632/
oncotarget.25146

	25.	 Coss CC, Clinton SK, Phelps MA. Cachectic cancer patients: 
immune to checkpoint inhibitor therapy? Clin Cancer Res. 
2018;24(23):5787-5789. doi:10.1158/1078-0432.CCR-18-1847

	26.	 Thackeray JT, Pietzsch S, Stapel B, et al. Insulin supplemen-
tation attenuates cancer-induced cardiomyopathy and slows 
tumor disease progression. JCI Insight. 2017;2(10):e93098. 
doi:10.1172/jci.insight.93098

	27.	 Karlstaedt A, Zhang X, Vitrac H, et al. Oncometabolite D-
2-hydroxyglutarate impairs α-ketoglutarate dehydrogenase 
and contractile function in rodent heart. Proc Natl Acad Sci. 
2016;113(37):10436-10441. doi:10.1073/pnas.1601650113

	28.	 Rupert JE, Narasimhan A, Jengelley DHA, et al. Tumor-derived 
IL-6 and trans-signaling among tumor, fat, and muscle mediate 
pancreatic cancer cachexia. J Exp Med. 2021;218(6):e20190450. 
doi:10.1084/jem.20190450

	29.	 Schäfer M, Oeing CU, Rohm M, et al. Ataxin-10 is part of a ca-
chexokine cocktail triggering cardiac metabolic dysfunction 
in cancer cachexia. Mol Metab. 2016;5(2):67-78. doi:10.1016/j.
molmet.2015.11.004

	30.	 Dostal C, Szabo L, Aioanei C, et al. Dissecting the progression 
of cardiac dysfunction in tumor-bearing mice. Cardiovasc Res. 
2022;118(1):cvac066.247. doi:10.1093/cvr/cvac066.247

	31.	 Su F, Myers VD, Knezevic T, et al. Bcl-2–associated athano-
gene 3 protects the heart from ischemia/reperfusion injury. JCI 
Insight. 2016;1(19):e90931. doi:10.1172/jci.insight.90931

	32.	 Scott HR, McMillan DC, Watson WS, Milroy R, McArdle C. 
Longitudinal study of resting energy expenditure, body cell 
mass and the inflammatory response in male patients with 
non-small cell lung cancer. Lung Cancer. 2001;32(3):307-312. 
doi:10.1016/s0169-5002(00)00244-0

	33.	 Staal-van den Brekel AJ, Dentener MA, Schols AM, Buurman 
WA, Wouters EF. Increased resting energy expenditure and 
weight loss are related to a systemic inflammatory response 
in lung cancer patients. J Clin Oncol. 1995;13(10):2600-2605. 
doi:10.1200/JCO.1995.13.10.2600

	34.	 das S, Eder S, Schauer S, et al. Adipose triglyceride lipase contributes 
to cancer-associated cachexia. Science. 2011;333(6039):233-238.

	35.	 Lim S, Brown JL, Washington TA, Greene NP. Development and 
progression of cancer cachexia: perspectives from bench to bed-
side. Sports Med Health Sci. 2020;2(4):177-185. doi:10.1016/j.
smhs.2020.10.003

	36.	 Fernandes LG, Tobias GC, Paixão AO, Dourado PM, Voltarelli 
VA, Brum PC. Exercise training delays cardiac remodeling in 
a mouse model of cancer cachexia. Life Sci. 2020;260:118392. 
doi:10.1016/j.lfs.2020.118392

	37.	 Karekar P, Jensen HN, Russart KLG, et al. Tumor-induced car-
diac dysfunction: a potential role of ROS. Antioxidants (Basel). 
2021;10(8):1299. doi:10.3390/antiox10081299

	38.	 Xu H, Crawford D, Hutchinson KR, et al. Myocardial dys-
function in an animal model of cancer cachexia. Life Sci. 
2011;88(9-10):406-410. doi:10.1016/j.lfs.2010.12.010

	39.	 Law ML, Metzger JM. Cardiac myocyte intrinsic contractility 
and calcium handling deficits underlie heart organ dysfunc-
tion in murine cancer cachexia. Sci Rep. 2021;11(1):23627. 
doi:10.1038/s41598-021-02688-z

	40.	 Wiggs MP, Beaudry AG, Law ML. Cardiac remodeling 
in cancer-induced cachexia: functional, structural, and 

metabolic contributors. Cell. 2022;11(12):1931. doi:10.3390/
cells11121931

	41.	 Kelm NQ, Straughn AR, Kakar SS. Withaferin a attenu-
ates ovarian cancer-induced cardiac cachexia. PloS One. 
2020;15(7):e0236680. doi:10.1371/journal.pone.0236680

	42.	 Parry TL, Hayward R. Exercise protects against cancer-induced 
cardiac cachexia. Med Sci Sports Exerc. 2018;50(6):1169-1176. 
doi:10.1249/MSS.0000000000001544

	43.	 Cosper PF, Leinwand LA. Cancer causes cardiac atrophy 
and autophagy in a sexually dimorphic manner. Cancer Res. 
2011;71(5):1710-1720. doi:10.1158/0008-5472.CAN-10-3145

	44.	 Rausch V, Sala V, Penna F, Porporato PE, Ghigo A. 
Understanding the common mechanisms of heart and skeletal 
muscle wasting in cancer cachexia. Oncogenesis. 2021;10(1):1. 
doi:10.1038/s41389-020-00288-6

	45.	 Lena A, Wilkenshoff U, Hadzibegovic S, et al. Clinical and prog-
nostic relevance of cardiac wasting in patients with advanced 
cancer. J Am Coll Cardiol. 2023;81(16):1569-1586. doi:10.1016/j.
jacc.2023.02.039

	46.	 Murphy KT. The pathogenesis and treatment of cardiac at-
rophy in cancer cachexia. Am J Physiol Heart Circ Physiol. 
2016;310(4):H466-H477. doi:10.1152/ajpheart.00720.2015

	47.	 Loumaye A, Thissen J-P. Biomarkers of cancer cachexia. Clin 
Biochem. 2017;50(18):1281-1288. doi:10.1016/j.clinbiochem.​
2017.07.011

	48.	 Siff T, Parajuli P, Razzaque MS, Atfi A. Cancer-mediated muscle 
cachexia: etiology and clinical management. Trends Endocrinol 
Metab. 2021;32(6):382-402. doi:10.1016/j.tem.2021.03.007

	49.	 Peyta L, Jarnouen K, Pinault M, et al. Regulation of hepatic car-
diolipin metabolism by TNFα: implication in cancer cachexia. 
Biochim Biophys Acta. 2015;1851(11):1490-1500. doi:10.1016/​
j.bbalip.2015.08.008

	50.	 Ahmed DS, Isnard S, Lin J, Routy B, Routy JP. GDF15/GFRAL 
pathway as a metabolic signature for cachexia in patients 
with cancer. J Cancer. 2021;12(4):1125-1132. doi:10.7150/
jca.50376

	51.	 Hulmi JJ, Penna F, Pöllänen N, et al. Muscle NAD+ deple-
tion and Serpina3n as molecular determinants of murine 
cancer cachexia-the effects of blocking myostatin and activ-
ins. Molecular Metabolism. 2020;41:101046. doi:10.1016/j.
molmet.2020.101046

	52.	 Cao Z, Zhao K, Jose I, Hoogenraad NJ, Osellame LD. 
Biomarkers for cancer cachexia: a mini review. Int J Mol Sci. 
2021;22(9):4501. doi:10.3390/ijms22094501

	53.	 de Castro GS, Simoes E, Lima JDCC, et al. Human cachexia 
induces changes in mitochondria, autophagy and apoptosis 
in the skeletal muscle. Cancer. 2019;11(9):1264. doi:10.3390/
cancers11091264

	54.	 Crawford J, Calle RA, Collins SM, et al. Abstract CT108: first-
in-patient study of the GDF-15 inhibitor ponsegromab in 
patients with cancer and cachexia: safety, tolerability, and ex-
ploratory measures of efficacy. Cancer Res. 2023;83(8):CT108. 
doi:10.1158/1538-7445.AM2023-CT108

	55.	 Kim-Muller JY, Song L, LaCarubba Paulhus B, et al. GDF15 
neutralization restores muscle function and physical per-
formance in a mouse model of cancer cachexia. Cell Rep. 
2023;42(1):111947. doi:10.1016/j.celrep.2022.111947

	56.	 Zhang W, Sun W, Gu X, et al. GDF-15 in tumor-derived exo-
somes promotes muscle atrophy via Bcl-2/Caspase-3 pathway. 
Cell Death Discov. 2022;8:162. doi:10.1038/s41420-022-00972-z

https://doi.org//10.18632/oncotarget.25146
https://doi.org//10.18632/oncotarget.25146
https://doi.org//10.1158/1078-0432.CCR-18-1847
https://doi.org//10.1172/jci.insight.93098
https://doi.org//10.1073/pnas.1601650113
https://doi.org//10.1084/jem.20190450
https://doi.org//10.1016/j.molmet.2015.11.004
https://doi.org//10.1016/j.molmet.2015.11.004
https://doi.org//10.1093/cvr/cvac066.247
https://doi.org//10.1172/jci.insight.90931
https://doi.org//10.1016/s0169-5002(00)00244-0
https://doi.org//10.1200/JCO.1995.13.10.2600
https://doi.org//10.1016/j.smhs.2020.10.003
https://doi.org//10.1016/j.smhs.2020.10.003
https://doi.org//10.1016/j.lfs.2020.118392
https://doi.org//10.3390/antiox10081299
https://doi.org//10.1016/j.lfs.2010.12.010
https://doi.org//10.1038/s41598-021-02688-z
https://doi.org//10.3390/cells11121931
https://doi.org//10.3390/cells11121931
https://doi.org//10.1371/journal.pone.0236680
https://doi.org//10.1249/MSS.0000000000001544
https://doi.org//10.1158/0008-5472.CAN-10-3145
https://doi.org//10.1038/s41389-020-00288-6
https://doi.org//10.1016/j.jacc.2023.02.039
https://doi.org//10.1016/j.jacc.2023.02.039
https://doi.org//10.1152/ajpheart.00720.2015
https://doi.org//10.1016/j.clinbiochem.2017.07.011
https://doi.org//10.1016/j.clinbiochem.2017.07.011
https://doi.org//10.1016/j.tem.2021.03.007
https://doi.org//10.1016/j.bbalip.2015.08.008
https://doi.org//10.1016/j.bbalip.2015.08.008
https://doi.org//10.7150/jca.50376
https://doi.org//10.7150/jca.50376
https://doi.org//10.1016/j.molmet.2020.101046
https://doi.org//10.1016/j.molmet.2020.101046
https://doi.org//10.3390/ijms22094501
https://doi.org//10.3390/cancers11091264
https://doi.org//10.3390/cancers11091264
https://doi.org//10.1158/1538-7445.AM2023-CT108
https://doi.org//10.1016/j.celrep.2022.111947
https://doi.org//10.1038/s41420-022-00972-z


      |  17717TICHY and PARRY

	57.	 Manne NDPK, Lima M, Enos RT, Wehner P, Carson JA, Blough 
E. Altered cardiac muscle MTOR regulation during the progres-
sion of cancer cachexia in the ApcMin/+ mouse. Int J Oncol. 
2013;42(6):2134-2140. doi:10.3892/ijo.2013.1893

	58.	 Springer J, Tschirner A, Haghikia A, et al. Prevention of liver 
cancer cachexia-induced cardiac wasting and heart failure. Eur 
Heart J. 2014;35(14):932-941. doi:10.1093/eurheartj/eht302

	59.	 Cao Z, Jose I, Glab J, Puthalakath H, Osellame LD, Hoogenraad 
NJ. Generation of reporter cell lines for factors inducing mus-
cle wasting in cancer cachexia. Anal Biochem. 2020;606:113877. 
doi:10.1016/j.ab.2020.113877

	60.	 Vega-Rubín-de-Celis S. The role of Beclin 1-dependent  
autophagy in cancer. Biology. 2020;9(1):4. doi:10.3390/biology​
9010004

	61.	 Stevens SCW, Velten M, Youtz DJ, et al. Losartan treatment 
attenuates tumor-induced myocardial dysfunction. J Mol Cell 
Cardiol. 2015;85:37-47. doi:10.1016/j.yjmcc.2015.05.007

	62.	 Muscaritoli M, Costelli P, Bossola M, et al. Effects of simvastatin 
administration in an experimental model of cancer cachexia. 
Nutrition. 2003;19(11):936-939. doi:10.1016/j.nut.2003.08.004

	63.	 Palus S, von Haehling S, Flach VC, et al. Simvastatin reduces 
wasting and improves cardiac function as well as outcome in 
experimental cancer cachexia. Int J Cardiol. 2013;168(4):3412-
3418. doi:10.1016/j.ijcard.2013.04.150

	64.	 Chen L, Xu W, Yang Q, et al. Imperatorin alleviates cancer 
cachexia and prevents muscle wasting via directly inhibiting 
STAT3. Pharmacol Res. 2020;158:104871. doi:10.1016/j.phrs.​
2020.104871

	65.	 Smuder AJ, Roberts BM, Wiggs MP, et al. Pharmacological 
targeting of mitochondrial function and reactive oxygen spe-
cies production prevents colon 26 cancer-induced cardiorespi-
ratory muscle weakness. Oncotarget. 2020;11(38):3502-3514. 
doi:10.18632/oncotarget.27748

	66.	 Sultana T, Okla MK, Ahmed M, et al. Withaferin a: from 
ancient remedy to potential drug candidate. Molecules. 
2021;26(24):7696. doi:10.3390/molecules26247696

	67.	 Maayah ZH, Ferdaoussi M, Boukouris AE, et al. Endothelin re-
ceptor blocker reverses breast cancer–induced cardiac remodel-
ing. JACC. 2023. doi:10.1016/j.jaccao.2023.02.004

	68.	 Pötsch MS, Ishida J, Palus S, et al. MT-102 prevents tissue 
wasting and improves survival in a rat model of severe cancer 
cachexia. J Cachexia Sarcopenia Muscle. 2020;11(2):594-605. 
doi:10.1002/jcsm.12537

	69.	 Stewart Coats AJ, Ho GF, Prabhash K, et al. Espindolol for 
the treatment and prevention of cachexia in patients with 
stage III/IV non-small cell lung cancer or colorectal cancer: a 

randomized, double-blind, placebo-controlled, international 
multicentre phase II study (the ACT-ONE trial). J Cachexia 
Sarcopenia Muscle. 2016;7(3):355-365. doi:10.1002/jcsm.12126

	70.	 Poetsch MS, Palus S, Van Linthout S, et al. The small mole-
cule ACM-001 improves cardiac function in a rat model of 
severe cancer cachexia. Eur J Heart Fail. 2023;25(5):673-686. 
doi:10.1002/ejhf.2840

	71.	 Kim H-J, Bae S-C. Histone deacetylase inhibitors: molecular 
mechanisms of action and clinical trials as anti-cancer drugs. 
Am J Transl Res. 2011;3(2):166-179.

	72.	 Bora V, Patel D, Johar K, Goyal RK, Patel BM. Systemic study 
of selected histone deacetylase inhibitors in cardiac complica-
tions associated with cancer cachexia. Can J Physiol Pharmacol. 
2022;100(3):240-251. doi:10.1139/cjpp-2021-0012

	73.	 Musolino V, Palus S, Tschirner A, et al. Megestrol acetate im-
proves cardiac function in a model of cancer cachexia-induced 
cardiomyopathy by autophagic modulation. J Cachexia 
Sarcopenia Muscle. 2016;7(5):555-566. doi:10.1002/jcsm.12116

	74.	 Nukaga S, Mori T, Miyagawa Y, et al. Combined administration 
of lauric acid and glucose improved cancer-derived cardiac atro-
phy in a mouse cachexia model. Cancer Sci. 2020;111(12):4605-
4615. doi:10.1111/cas.14656

	75.	 Hardee JP, Counts BR, Carson JA. Understanding the role 
of exercise in cancer cachexia therapy. Am J Lifestyle Med. 
2019;13(1):46-60. doi:10.1177/1559827617725283

	76.	 Lee I-M, Shiroma EJ, Lobelo F, et al. Effect of physical inac-
tivity on major non-communicable diseases worldwide: an 
analysis of burden of disease and life expectancy. The Lancet. 
2012;380(9838):219-229. doi:10.1016/S0140-6736(12)61031-9

	77.	 Baumfalk DR, Opoku-Acheampong AB, Caldwell JT, et al. 
Effects of high-intensity training on prostate cancer-induced 
cardiac atrophy. Am J Transl Res. 2021;13(1):197-209.

	78.	 Sato S, Gao S, Puppa MJ, Kostek MC, Wilson LB, Carson JA. 
High-frequency stimulation on skeletal muscle maintenance in 
female cachectic mice. Med Sci Sports Exerc. 2019;51(9):1828-
1837. doi:10.1249/MSS.0000000000001991

How to cite this article: Tichy L, Parry TL. The 
pathophysiology of cancer-mediated cardiac 
cachexia and novel treatment strategies: A 
narrative review. Cancer Med. 2023;12:17706-
17717. doi:10.1002/cam4.6388

https://doi.org//10.3892/ijo.2013.1893
https://doi.org//10.1093/eurheartj/eht302
https://doi.org//10.1016/j.ab.2020.113877
https://doi.org//10.3390/biology9010004
https://doi.org//10.3390/biology9010004
https://doi.org//10.1016/j.yjmcc.2015.05.007
https://doi.org//10.1016/j.nut.2003.08.004
https://doi.org//10.1016/j.ijcard.2013.04.150
https://doi.org//10.1016/j.phrs.2020.104871
https://doi.org//10.1016/j.phrs.2020.104871
https://doi.org//10.18632/oncotarget.27748
https://doi.org//10.3390/molecules26247696
https://doi.org//10.1016/j.jaccao.2023.02.004
https://doi.org//10.1002/jcsm.12537
https://doi.org//10.1002/jcsm.12126
https://doi.org//10.1002/ejhf.2840
https://doi.org//10.1139/cjpp-2021-0012
https://doi.org//10.1002/jcsm.12116
https://doi.org//10.1111/cas.14656
https://doi.org//10.1177/1559827617725283
https://doi.org//10.1016/S0140-6736(12)61031-9
https://doi.org//10.1249/MSS.0000000000001991
https://doi.org/10.1002/cam4.6388

	The pathophysiology of cancer-­mediated cardiac cachexia and novel treatment strategies: A narrative review
	Abstract
	1|INTRODUCTION
	2|CANCER-­INDUCED CARDIAC CACHEXIA
	2.1|Pathophysiology of cancer-­induced cardiac cachexia
	2.2|Cardiac dysfunction during cancer-­induced cardiac cachexia
	2.3|Molecular mechanisms of cancer-­mediated cardiac cachexia

	3|TREATMENT FOR CANCER-­INDUCED CARDIAC CACHEXIA
	3.1|Standard cardiovascular pharmacological treatment strategies
	3.2|Emerging pharmacological targets and treatment strategies for cancer-­induced cardiac cachexia
	3.3|Non-­pharmacological treatment of cancer-­mediated cardiac cachexia

	4|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


