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Abstract. Muscle atrophy is a severe clinical problem 
involving the loss of muscle mass and strength that frequently 
accompanies the development of numerous types of cancer, 
including pancreatic, lung and gastric cancers. Cancer cachexia 
is a multifactorial syndrome characterized by a continuous 
decline in skeletal muscle mass that cannot be reversed by 
conventional nutritional therapy. The pathophysiological char-
acteristic of cancer cachexia is a negative protein and energy 
balance caused by a combination of factors, including reduced 
food intake and metabolic abnormalities. Numerous necessary 
cellular processes are disrupted by the presence of abnormal 
metabolites, which mediate several intracellular signaling 
pathways and result in the net loss of cytoplasm and organelles 
in atrophic skeletal muscle during various states of cancer 

cachexia. Currently, the clinical morbidity and mortality rates 
of patients with cancer cachexia are high. Once a patient enters 
the cachexia phase, the consequences are difficult to reverse 
and the treatment methods for cancer cachexia are very limited. 
The present review aimed to summarize the recent discoveries 
regarding the pathogenesis of cancer cachexia‑induced muscle 
atrophy and provided novel ideas for the comprehensive 
treatment to improve the prognosis of affected patients.
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1. Introduction

Cancer cachexia is a multifactorial syndrome characterized by 
a continuous decline in skeletal muscle mass, with or without 
a reduction in adipose tissue, which cannot be reversed by 
conventional nutritional treatments and eventually leads to 
progressive muscle dysfunction (1). The diagnostic criteria 
are a weight loss of >5%, or a weight loss >5%, or a weight 
loss >2% in individuals with a body mass index <20 kg/m2 
or sarcopenia (2). Alternative criteria are a skeletal muscle 
index of the extremities meetings the criteria for sarcopenia 
(males, <7.26 kg/m²; females, <5.45 kg/m²) and a weight loss 
of >2% (3).

The pathophysiological characteristic of cancer cachexia 
is a negative protein and energy balance caused by a combi-
nation of factors, such as reduced food intake and metabolic 
abnormalities (4‑7). Cachexia develops during the progression 
of a number of types of malignant tumor, especially upper 
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gastrointestinal cancer and lung cancer (LC). According to 
statistical analyses, >80% of patients with advanced pancreatic 
and gastric cancer and ~60% of patients with advanced LC 
may have cancer cachexia (8). A previous survey also revealed 
that the prevalence of geriatric cancer cachexia at a geriatric 
oncology clinic was 65% (9). The clinical symptoms of cancer 
cachexia in patients include muscle atrophy and weight loss, 
accompanied by various other manifestations, such as loss 
of appetite, anorexia, fatigue, anemia, edema and hypopro-
teinemia, which significantly impact the quality of life of the 
patients (10). In addition, cancer cachexia has been discovered 
to reduce the patient sensitivity and tolerance to treatment and 
shortens their survival (11). 

To the best of our knowledge, the mechanism by which 
cancer cachexia causes muscle atrophy is not completely 
clear. Skeletal muscle protein undergoes decreased synthesis 
and increased degradation during cancer cachexia (1); these 
changes are attributed to the upregulation of inflammatory 
mediators  (12‑14), the activation of related transcription 
factors  (15) and signaling pathways  (16‑18), abnormalities 
in the expression of angiotensin II (Ang II) (19), insulin‑like 
growth factor‑1 (IGF‑1) (20) and various receptors (21,22), 
proteins and kinases  (23), and organelle dysfunction  (24). 
These processes eventually lead to muscle atrophy during the 
development of cancer cachexia. To date, three main pathways 
of skeletal muscle protein degradation have been identified: 
The ubiquitin (Ub)‑proteasome, cell autophagy/lysosomal and 
Ca2+‑activated degradation pathways (25‑27). The most signifi-
cant of these pathways is the Ub‑proteasome system (UPS) (28). 
The activation of the above pathways is often accompanied by 
the presence of inflammatory mediators, including IL‑1β (14), 
IL‑6  (29) and TNFα  (30), and the phosphorylation  (17) 
or abnormal expression of important molecules  (18). The 
abnormal catabolism is often related to the dysfunction of 
organelles, such as the endoplasmic reticulum (ER) (31) and 
mitochondria (32). Proteins such as Ang II (19) and IGF‑1 (20) 
are also involved in cancer cachexia‑induced muscle atrophy. 

The pathogenesis of cancer cachexia‑induced muscle 
atrophy is complex and has not been fully elucidated. 
Currently, no particular effective treatment method is avail-
able; The most effective treatment includes a multitarget 
approach including appetite stimulants, inhibitors of cachectic 
signaling molecules, along with nutritional supplementa-
tion and physical activity (33). The present review aimed to 
summarize the pathogenesis and comprehensive treatment of 
muscle atrophy caused by cancer cachexia and provide novel 
ideas for the early detection and timely intervention of cancer 
cachexia‑induced muscle atrophy.

2. Activation of the UPS

Protein degradation in cells is a carefully controlled process, 
and the UPS serves an important role in the process of skeletal 
muscle protein degradation (28). The UPS is composed of 
Ub and a series of related enzymes, including Ub‑activating 
enzyme (E1), Ub‑conjugating enzyme (E2), Ub‑ligating 
enzyme (E3) and proteasomes (34). In this system, proteins 
are targeted for degradation by covalent ligation to Ub, a 76 
amino acid residue protein (35). Ub must first be activated 
by E1 (36) and then transferred to E2 (37). E2 recognizes 

E3, which then specifically recognizes and binds to specific 
proteins to form a Ub‑protein chain (38,39). A proteasome 
is a large, 26S, multi‑catalytic protease that degrades polyu-
biquitinated proteins to small peptides (40,41). Currently, two 
E3 protein ligases have been proven to be very active in the 
proteolysis of muscle atrophy, namely, muscle atrophy Fbox‑1 
protein (MAFbx; also called atrogin‑1) and muscle ring finger 
protein 1 (MuRF1) (42), which are regulated by a variety of 
signaling pathways, such as the NF‑κB, IL‑6 and p38 MAPK 
signaling pathways (12,43‑46).

A number of proinflammatory and transfer factors, in 
addition to the activation of several pathways have been 
identified in skeletal muscle and were illustrated to be involved 
in cancer cachexia‑induced muscle atrophy; for example, 
TNF‑α (47), Twist1 (48), the NF‑κB signaling pathway (49) 
and the p38 MAPK signaling pathway (45), which were all 
discovered to be upregulated. The overexpression of proin-
flammatory factors, transfer factors or members of signaling 
pathways in skeletal muscle in the context of cancer cachexia 
eventually converge on the MuRF1 and MAFbx of the UPS, 
promoting proteasome hydrolysis in the UPS and leading to 
skeletal muscle protein degradation (50‑53).

In vivo and in vitro studies have reported that upregulation 
of stromal cell‑derived factor 1 (SDF1) or its receptor C‑X‑C 
chemokine receptor type  4 (CXCR4) partially protected 
against muscle atrophy  (54‑56). Furthermore, a clinical 
study identified that SDF1 and CXCR4 expression levels in 
the rectus abdominis of patients with cancer were inversely 
associated with MAFbx and MuRF1 expression levels in 
muscle atrophy (57). A previous study also illustrated that the 
administration of recombinant adeno‑associated viral vectors 
promoted the overexpression of the SMAD7 gene in skeletal 
and cardiac muscle, reduced SMAD2/3 phosphorylation down-
stream of activin receptor type‑2B (ActRIIB) and inhibited the 
expression levels of the muscle atrophy‑associated Ub ligases 
MuRF1 and MAFbx to prevent muscle atrophy (58). Contrary 
to these findings, in another previous study, the expression 
levels of the E3 ligases MuRF1 and MAFbx were analyzed 
using reverse transcription‑quantitative PCR (RT‑qPCR), and 
no relationship was identified between the mRNA expression 
levels and weight loss in cancer (59).

Nonetheless, the majority of the evidence for the involve-
ment of the UPS in cancer cachexia conditions is currently 
derived from animal models of muscle wasting. Further 
investigations involving more samples are required to inves-
tigate the regulatory patterns of the UPS in human muscle 
wasting, secondary to the above pathologies in cancer cachexia.

3. Induction of proinflammatory factors

IL‑6. Numerous proinflammatory factors have been discov-
ered to serve important roles in the muscle atrophy caused 
by cancer cachexia (13,29,60,61). IL‑6 is produced by macro-
phages  (62) and fibroblasts  (63) and was also found to be 
secreted by tumor cells (64). Several studies have reported that 
severe weight loss due to cancer cachexia was associated with 
increased circulating IL‑6 levels (65‑67). Clinical studies have 
also revealed that compared with healthy controls, patients 
with non‑small cell LC (NSCLC) with cachexia had smaller 
muscle fiber cross‑sectional areas and significantly increased 
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plasma IL‑6 levels (68). The IL‑6/Janus kinase (JAK)/STAT3 
signaling pathway was discovered to have an essential role in 
the progression of cancer cachexia by regulating the inflam-
matory response  (13,60). Pin  et  al  (61) intraperitoneally 
injected ES‑2 human ovarian cancer cells into Nod‑SCIDγ 
mice to establish a cancer cachexia model; the experimental 
studies revealed significantly upregulated IL‑6 and phosphor-
ylated STAT3 levels in the plasma and ascites of model mice 
compared with control mice. Similarly, ES‑2‑conditioned 
medium directly induced high levels of STAT3 phosphoryla-
tion in C2C12 myotubes and caused muscle atrophy in the mice. 
Further evidence also suggested that an IL‑6/STAT3 signaling 
inhibitor (INCB018424) restored myotube size (61). Another 
previous study also reported a dose‑dependent inhibitory 
effect of IL‑6 on mTOR activity in a cancer cachexia model 
and discovered that the suppression of mTOR activity by IL‑6 
was dependent on AMP‑activated protein kinase (AMPK) acti-
vation and independent of STAT signaling in myotubes (29). 
In addition to relieving the suppression of anabolic signaling, 
AMPK inhibition also reduced IL‑6‑induced MAFbx and 
ubiquitinated protein expression. Therefore, on the one 
hand, IL‑6 has been found to inhibit the activity of mTOR 
through AMPK activation, thereby inhibiting the synthesis 
of muscle protein, while on the other hand, the activation 
of AMPK promoted the hydrolysis of muscle protein by the 
UPS (Fig. 1) (29).

TNF‑α. TNF‑α is an inflammatory factor secreted by macro-
phages and produced by tumor cells, and it has been confirmed 
to be a crucial factor associated with cancer cachexia‑induced 
muscle wasting (69‑71). In particular, TNF‑α was reported to 
have a direct catabolic effect on skeletal muscle, which caused 
muscle wasting through the induction of Ub gene expression 
of the UPS  (Fig. 1)  (30,72). Research has also discovered 
that TNF‑α exposure upregulated MAFbx mRNA expres-
sion levels within 2 h in C2C12 myotubes, and that exposing 
myotubes to TNF‑α also promoted the general activation of 
p38 MAPK. MAFbx upregulation and the associated increase 
in Ub‑conjugating activity were both inhibited by p38 
inhibitors, either SB203580 or curcumin. These data indicated 
that TNF‑α may act via p38 MAPK to increase MAFbx 
gene expression levels in skeletal muscle to induce muscle 
atrophy (Fig. 1) (12).

Matsuyama  et  al  (73) established two sets of cancer 
cachexia model mice and evaluated the levels of 23 circulating 
cytokines and TGF‑β family members; IL‑6, TNF‑α and 
activin A levels were elevated in the two groups of cachexia 
model mice. In addition, MAFbx and MuRF1 mRNA expres-
sion levels in the gastrocnemius muscle were significantly 
upregulated in both groups of tumor‑bearing mice, leading to 
skeletal muscle wasting. However, further evidence is required 
to prove that TNF‑α can affect MAFbx and MuRF1 mRNA 
expression levels.

In vitro studies have further revealed that tumor‑derived 
TNF‑α and activating factors in the exosomes of osteosarcoma 
cells (the murine K7M2 osteosarcoma cell line) activated Notch 
signaling in muscle‑derived stem cells, which subsequently 
induced skeletal muscle atrophy (74). In addition, the TNF‑α 
signal was transduced in part through the activation of NF‑κB, 
a process that involves Ub conjugation and the proteasomal 

degradation of IκB (Fig. 1) (30). The importance of TNF‑α 
in regulating cancer cachexia‑induced skeletal muscle atrophy 
requires further verification in clinical settings; however, 
the current data indicates that TNF‑α may be an important 
inducer that can directly or indirectly mediate the UPS and 
thus lead to skeletal muscle atrophy.

IL‑1. IL‑1 is a cytokine that is produced by monocytes, endo-
thelial cells, fibroblasts and other cell types in response to 
infection and exists in two forms: IL‑1α and IL‑1β. IL‑1 was 
identified to be an important factor in cachexia (14,75,76). For 
example, Cannon et al (75) established squamous cell carci-
noma cachexia model mice and detected and quantified the 
levels of 18 cytokines and chemokines, including IL‑1β, IL‑1α, 
IL‑6, TNF‑α and IFN‑γ, among others. The results revealed 
that only IL‑1β levels were significantly elevated in the 
tumor‑bearing mice compared with the controls. In addition, 
MuRF1 levels were significantly upregulated in the carcinoma 
cachexia model mice compared with the controls. Therefore, 
these findings indicated that IL‑1β may mediate MuRF1 
regulation and lead to muscle wasting, and therefore atrophy 
in tumor‑bearing mice. In another study, mice implanted 
with Lewis LC (LLC) cells revealed a robust increase in the 
expression of IL‑1β in the hypothalamus. Concurrent with 

Figure 1. Molecules and signaling pathways involved in muscle protein 
synthesis and degradation. Under physiological conditions, IGF‑1 activates 
AKT through a PI3K‑dependent process, leading to the activation of mTOR 
and thus resulting in the increased proliferation of muscle cells and increased 
protein synthesis in muscle cells. IL‑6 and TNF‑α are considered to be the 
main mediators of the inflammation in muscle atrophy caused by cancer 
cachexia. The binding of IL‑6 to its receptor induces AMPK and STAT3 
expression. STAT3 induces the activation of the IKK/NF‑κB pathway and 
caspase‑3 and C/EBPδ expression, which activates the UPS, causing muscle 
protein degradation. AMPK is a downstream target of IL‑6 signaling, which 
inhibits the mTOR cascade, and activates the UPS. Physiologically, AKT 
inhibits FOXO, which promotes protein synthesis. In cancer cachexia, FOXO 
inhibits MyoD and activates the UPS, thereby promoting protein degrada-
tion. Moreover, the activation of NF‑κB due to the degradation of the IκB 
inhibitor by IKK is TNF‑α‑dependent. The NF‑κB pathway can further 
activate the UPS to cause muscle protein degradation. TNF‑α can also 
induce the p38 MAPK pathway, which activates the UPS. IGF‑1, insulin‑like 
growth factor 1; AMPK, AMP‑activated protein kinase; IKK, IκB kinase; 
C/EBPδ, CCAAT/enhancer‑binding protein δ; UPS, ubiquitin‑proteasome 
system; MyoD, myoblast determination protein 1; R, receptor.
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the presence of central inflammation, the atrophy program 
was activated in the skeletal muscle as indicated by the 
upregulation of MAFbx, MuRF1 and FOXO1 expression 
levels, which occurred in the context of muscle wasting in the 
tumor‑bearing animals. The study further demonstrated that 
central nervous system (CNS) IL‑1β signaling alone evoked 
a catabolic program in the muscle, rapidly inducing atrophy. 
This effect was dependent on hypothalamic‑pituitary‑adrenal 
axis activation, as CNS IL‑1β‑induced atrophy was discovered 
to be abrogated by adrenalectomy (14). 

To understand the role of IL‑1α in breast cancer cachexia 
progression in vivo, a previous study investigated the growth 
of MCF‑7 breast cancer cells overexpressing a secreted form 
of IL‑1α (MCF‑7IL‑1α) in nude mice; animals implanted 
with MCF‑7IL‑1α cells were cachectic, which associated 
with increased serum leptin levels, but not with other 
known cachexia‑inducing cytokines, including IL‑6, TNF 
or IFN‑γ (77). The results suggested that IL‑1α may induce 
cachexia by affecting leptin‑dependent metabolic pathways.

As a master cytokine involved in the pathophysiological 
characteristics of cancer cachexia, preclinical studies have 
demonstrated the role of IL‑1 in mediating muscle wasting in 
cachexia (14,77), which may reveal new therapeutic targets for 
muscle wasting diseases.

4. Regulation of signaling pathways, transcription factors 
and microRNAs (miRNAs/miRs)

Inhibition of the PI3K/AKT/mTOR signaling pathway. Under 
physiological conditions, growth factors and nutrients activate 
AKT through PI3K‑dependent processes that activate mTOR, 
leading to increased muscle cell proliferation and muscle 
protein synthesis  (Fig.  1)  (78‑80). The serine‑threonine 
kinase AKT, as a downstream target of PI3K, was discovered 
to serve an important role in myogenic differentiation (81). 
The expression of constitutively active forms of AKT was 
discovered to markedly enhance myotube formation and the 
expression levels of the muscle‑specific proteins myoblast 
determination protein  1  (MyoD), creatine kinase, myosin 
heavy chain (MyHC) and desmin (81). The activation of the 
PI3K/AKT signaling pathway stimulates mTOR signaling 
cascades, modulating two master molecules associated with 
the initiation of mRNA translation, namely, 70‑kDa ribosomal 
protein S6 kinase (p70S6K) (82,83) and eukaryotic initiation 
factor 4E binding protein 1 (4EBP1) (84,85).

The PI3K/AKT signaling pathway was illustrated to 
prevent the induction of the muscle‑specific Ub ligases 
MAFbx and MuRF1 through a mechanism involving the 
AKT‑mediated inhibition of the FOXO family of transcrip-
tion factors (Fig. 1) (86,87). In addition, a previous study used 
western blotting to analyze skeletal muscle and liver tissue 
extracts from 8 patients with pancreatic cancer with cachexia 
and 8 patients with nonmalignant tumors; compared with the 
patients without cachexia, the patients with cachexia had signif-
icantly reduced levels of MyHC and actin in the muscle, a 55% 
decrease in AKT protein expression levels, a 4‑fold decrease 
in the abundance and/or phosphorylation of the transcription 
factors FOXO1 and FOXO3a, and significant reductions in the 
expression levels of mTOR (‑82%) and p70S6K (‑39%) (16). 
This study demonstrated that the cachexia‑associated loss 

of AKT‑dependent signaling in human skeletal muscle was 
associated with the decreased activity of regulators of protein 
synthesis (16).

Cachexia was discovered to decrease mTOR phos-
phorylation, and the phosphorylation of mTOR substrates, 
S6 ribosomal protein and 4EBP, independent of AKT acti-
vation. These changes in mTOR‑related protein signaling 
pathways were accompanied by modest increases in the 
levels of Beclin‑1, which is associated with autophagy, but 
not the protein ubiquitination or cardiomyocyte apoptosis in 
an ApcMin/+ mouse model of colorectal cancer. The study 
suggested that the loss of cardiac mass during cachexia 
progression in the ApcMin/+ mice was associated with the 
AKT‑independent suppression of anabolic signaling and 
increased autophagy (88). Furthermore, the mTOR signaling 
pathway was demonstrated to control myofiber formation and 
myofiber growth during muscle regeneration via kinase‑inde-
pendent and kinase‑dependent mechanisms, respectively (89). 
A previous study discovered that IGF‑2 expression during the 
early phase of regeneration was sensitive to rapamycin in an 
mTOR kinase‑independent manner, whereas p70S6K was 
required for mTOR kinase‑dependent myofiber growth (89). 
In summary, the findings of these previous reports indicated 
that the PI3K/AKT/mTOR signaling pathway may serve an 
important role in the process of muscle protein synthesis, 
and that the regulation of this pathway is very complicated, 
which has undoubtedly influenced the direction of future 
PI3K/AKT/mTOR pathway research.

STAT3 signaling pathway. Cachexia phenotypes, such as 
skeletal muscle wasting, have been causally linked to the 
cytokine‑activated transcription factor STAT3. Binding of 
IL‑6 to its receptor induces STAT3, which was found to lead 
to proteolysis and muscle wasting (13,90,91). STAT3 may be 
considered as a therapeutic target for patients with cachexia with 
gastric, lung and breast cancer. For example, a previous study 
identified that IL‑6 mediated STAT3 activation in cachectic 
patients with gastric and breast cancer (60). STAT3 can also 
induce the IκB kinase (IKK)/NF‑κB signaling pathway, which 
was discovered to mediate apoptosis and muscle atrophy (92). 
A previous study with C2C12 myotubes cultured in a simu-
lated cachexia environment revealed that IFN‑γ and TNF‑α 
promoted STAT3 phosphorylation on the myofiber‑specific 
cytoplasmic Y705 residue by activating JAK kinase  (92). 
Interestingly, pY505‑STAT3 and NF‑κB formed a complex 
that rapidly entered the nucleus and bound the inducible nitric 
oxide synthase (iNOS) promoter to activate the iNOS/nitric 
oxide (NO) pathway, which induced muscle atrophy  (92). 
Moreover, another study identified that cancer cachexia 
activated STAT3 in the muscle to stimulate muscle atrophy 
via two signaling pathways; in one pathway, phosphorylated 
(p)‑STAT3 stimulated caspase‑3 transcription and activity, 
which induced the activation of the UPS; while in the second 
pathway, p‑STAT3 stimulated CCAAT/enhancer‑binding 
protein δ expression and activity, which increased myostatin 
and MAFbx and MuRF1 (Fig. 1) (17).

NF‑κB signaling pathway. NF‑κB resides in the cytosol of 
cells and is tightly bound via covalent bonds to IκB, which 
maintains it in an inactive state (93). NF‑κB activation occurs 
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by severing the covalent bonds with IκB via the action of IKK. 
IKK is a kinase that phosphorylates IκB and initiates IκB 
degradation via the Ub proteasome pathway, leaving NF‑κB 
free and active (94). The canonical activation of NF‑κB due to 
the degradation of the inhibitor of IKBα/β by IKK is depen-
dent on TNF (93). The activation of NF‑κB was identified as 
a key event in the processes that mediate muscle atrophy (95). 
NF‑κB‑inducing kinase (NIK) serves as a proximal inducer 
of the IKK complex, which is an upstream convergence point 
for numerous signals leading to NF‑κB activation. The overex-
pression of NIK in primary human skeletal muscle myotubes 
increased skeletal muscle atrophy biomarkers, while NIK 
knockdown significantly attenuated glucocorticoid‑induced 
increases in NIK and MAFbx  (49). Multiple studies have 
revealed that the NF‑κB signaling pathway also mediated 
muscle atrophy by activating the downstream iNOS/NO 
pathway (92,96). In addition, another study investigated the 
effect of muscle metabolism on patients with cachexia and 
advanced NSCLC; compared with healthy volunteers, patients 
with NSCLC had significantly upregulated NF‑κB mRNA 
expression levels (18). 

p38 MAPK signaling pathway. MAPK family proteins, which 
are evolutionarily conserved serine/threonine protein kinases, 
serve a central role in the p38 signal transduction pathway. 
ERKs, p38 MAPK, JNKs and ERK5 represent the four 
MAPK subfamilies (97). The p38 MAPK signaling pathway 
was found to serve a critical role in the regulation of E3 ligase 
expression and skeletal muscle atrophy (98‑100) and is acti-
vated by a number of extra‑ and intracellular stimuli, including 
the proinflammatory factors TNF‑α (12,101), endotoxin (102) 
and reactive oxygen species (ROS), as well as stressors such as 
oxidative stress (45).

A previous study identified that oxidative stress‑induced 
the expression of an autophagy‑related gene, autophagy 
related 7  (ATG7), in the autophagy‑lysosomal proteolytic 
(ALP) pathway, and the E3 ligases (MuRF1 and MAFbx) in the 
UPS were temporally associated with the activation of the p38 
MAPK pathway independent of NF‑κB‑ and FOXO‑dependent 
transcriptional activation in cultured muscle cells. These 
findings provided direct evidence for the functional role of the 
p38 MAPK signaling pathway in mediating oxidative stress 
through the ALP pathway in cachectic muscle wasting (45). 
Based on the above findings, a model was proposed in which 
oxidative stress‑induced p38 MAPK activation was suggested 
to initiate and participate in cachectic muscle wasting through 
both the UPS and ALP mechanisms.

Transcription factors. Several transcription factors have been 
identified to play important roles in muscle atrophy, particularly 
FOXO factors (86,87,103), thus the inhibition of FOXO factors 
is an attractive approach to combat muscle wasting. One study 
showed that when FOXO1 expression was blocked both in 
cells and in mice, the expression levels of MyoD, a myogenic 
factor, were upregulated (Fig. 1) (104). Moreover, constitu-
tively active FOXO3 acted on the MAFbx promoter to cause 
MAFbx transcription and enhance the atrophy of myotubes 
and muscle fibers (87). In animal models of cancer cachexia, 
bioinformatics analysis of upregulated gene transcripts that 
required FOXO revealed an enrichment of the proteasome, 

activator protein 1, and IL‑6 pathways, and included several 
atrophy‑related transcription factors, such as STAT3, Fos and 
CCAAT/enhancer‑binding protein β (C/EBPβ). Furthermore, 
the study validated these findings in limb muscles and the 
diaphragm through RT‑qPCR and demonstrated that FOXO1 
and FOXO3a were sufficient to increase STAT3, Fos, C/EBPβ 
and the C/EBPβ target gene, E3‑Ub‑protein ligase Ubr2 (15). 
Experimental studies have also explored the function of the 
transcription factor Twist1 in cancer‑driven muscle atrophy; 
for example, a previous study demonstrated that Twist1 expres-
sion drove the upregulation of MuRF1 and MAFbx expression 
levels, leading to muscle protein degradation (48). 

A previous study analyzed the transcriptomes of cells in 
atrophied skeletal muscle of cancer cachexia model mice and 
revealed that the involved transcription factors and transcrip-
tion factor families included Oct1, sex‑determining region Y 
protein, myogenin, TNF receptor superfamily member 25, 
zinc finger protein ZIC  2, T‑Box transcription factor  5, 
sterol regulatory element‑binding protein  1, STAT, PU1, 
T3R, TAL1BETAITF2, heat shock factor protein, lymphoid 
enhancer‑binding factor 1, S8, protein C‑ets‑1 and SOX9_BP1. 
In addition, various transcription factors with specific 
effects on myogenesis were identified, including myogenin, 
FOXO3, NF‑κB p65 and paired box 1 (105). Furthermore, 
Marchildon et al (106) found that myoblasts exposed to an 
in vitro cancer cachexia environment exhibited upregulated 
C/EBPβ expression, which led to diminished myogenin 
expression and myogenesis.

miRNAs. To further understand the pathogenesis of cancer 
cachexia, previous studies have conducted experiments 
comprehensively analyzing the muscle atrophy network 
regulated by miRNAs. Indeed, researchers have predicted 
new miRNA/mRNA interactions, such as miR‑27a/FOXO1, 
miR‑27a/myocyte‑specific enhancer factor  2C (MEF2C), 
miR‑27b/st romal cel l‑der ived factor  1  (CXCL12), 
miR‑27b/MEF2C, miR‑140/CXCL12, miR‑199a/caveolin‑1 
and miR‑199a/JunB, which may cause muscle atrophy in 
cancer cachexia (107). In addition, a previous study evalu-
ated the miRNA profile of cancer cachexia‑induced skeletal 
muscle atrophy in a mouse model and identified 9 significantly 
differentially expressed miRNAs associated with cancer, 
intercellular signaling and cell development (108). Overall, 
these results provided a basis for future research into genetic 
targets for reducing muscle loss in cancer cachexia (108).

5. Cell autophagy/lysosomal and Ca2+‑dependent protein 
degradation pathways

The cell autophagy/lysosomal and Ca2+‑dependent protein 
degradation pathways are two other pathways currently 
considered to be involved in skeletal muscle protein degradation.

Cell autophagy/lysosomal protein degradation. Previous 
studies have noted the important role of the autophagy‑lyso-
some system in regulating muscle mass, in which several key 
components of the autophagy machinery were discovered to be 
transcriptionally upregulated during muscle wasting (109‑111). 
A colon‑26 (C26) cancer cachexia mouse model was estab-
lished to observe the effects of autophagy inhibition (Beclin‑1 
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knockout) or promotion [tumor protein p53 inducible nuclear 
protein 2 (TP53INP2/DOR) overexpression] on cancer‑induced 
muscle loss; the results revealed that Beclin‑1 knockout could 
not prevent muscle atrophy in tumor‑bearing mice and that 
TP53INP2‑mediated autophagy exacerbated the muscle loss. 
Furthermore, an increase in autophagy was shown to clearly 
lead to a decrease in muscle mitochondrial function in another 
study (112). A recent report identified that activin A served in 
an autocrine manner to promote the synthesis and secretion 
of IL‑6 from cancer cells. The inhibition of activin signaling 
reduced the production of IL‑6 in cancer cells and the ability 
of cancer cells to accelerate autophagy in non‑cancerous 
cells in vivo, which reversed cachexia and counteracted the 
loss of all measured muscle groups (Fig. 2) (113). In addition, 
oxidative stress‑induced expression of the autophagy‑related 
gene ATG7 in the ALP pathway was found to be tempo-
rally associated with activation of the p38 MAPK signaling 
pathway (Fig. 2) (45).

Ca2+‑dependent protein degradation. Currently, to the best 
of our knowledge, little is known about the relevance of 
the Ca2+‑dependent proteolytic system in cancer cachexia. 
Previous research has demonstrated that proteolysis‑inducing 
factor (PIF) induced muscle loss in cancer cachexia through 
its high‑affinity membrane bound receptor  (114). In vitro, 
the binding of PIF to its receptor in skeletal muscle trig-
gered an increase in Ca2+, which initiated the Ca2+‑dependent 
proteolytic system, leading to an increase in protein degra-
dation (Fig. 2) (114). Pin et al (22) established experimental 
models of cachexia using Yoshida AH‑130 liver cancer cells 
and C26 colon cancer cells; the results revealed that calpain‑1 
was overexpressed in cachexia model rats with AH‑130 liver 
cancer, while the expression levels of calpastatin (a physi-
ological Ca2+‑dependent protease inhibitor) expression were 
downregulated. Interestingly, these data indicated, for the first 
time, that the Ca2+‑dependent proteolysis system was also 
overactivated in the C26 rat model. However, interference with 
Ca2+‑dependent proteolysis did not alter the course of muscle 
wasting in experimental cancer cachexia.

6. ER stress and mitochondrial dysfunction

ER stress. Skeletal muscle contains a plentiful network of ER, 
which serves an important role in the regulation of proteostasis 
and Ca2+ homeostasis. Protein folding in the ER is exquisitely 
sensitive to changes in the environment, which leads to 
disrupted protein folding to cause the accumulation of unfolded 
or misfolded proteins, a condition termed ER stress (115,116). 
The ER manages such stress by initiating the unfolded protein 
response (UPR), which is controlled by three transmembrane 
proteins, namely, RNA‑dependent protein kinase‑like ER 
eukaryotic translation initiation factor 2α kinase (PERK) (117), 
inositol‑requiring protein 1 (IRE1) (117,118) and activating 
transcription factor 6 (ATF6) (119,120), which are activated to 
alleviate ER stress. In the absence of stress, the intra‑luminal 
domains of PERK, IRE1 and ATF6 bind to the ER luminal 
protein glucose‑regulated protein 78 (GRP78), also known 
as heat shock protein A or binding immunoglobulin protein. 
However, the accumulation of misfolded and/or unfolded 
proteins in the ER lumen leads to the dissociation of PERK, 

IRE1 and ATF6 from GRP78, thereby activating downstream 
signaling cascades (121). The main function of the UPR is to 
restore homeostasis (122), but excessive or prolonged activation 
of the UPR can lead to pathological conditions (116).

Previous studies have reported emerging roles of ER 
stress and the UPR in cancer cachexia‑induced muscle 
atrophy (31,123,124). In fact, markers of ER stress and the 
UPR were upregulated in the muscles of cachectic patients 
with cancer  (124). Moreover, studies have shown that the 
optimal activation of NF‑κB during ER stress requires 
inputs from both IRE1 and PERK activities in cancer cells 
(Fig. 2) (125). In addition, the mRNA and protein expression 
levels of ATF6 were significantly upregulated in the vastus 
lateralis (VL) of patients with LC‑induced cachexia, and 
ATF6 was also discovered to potentially interact with protein 
degradation pathways, such as the UPS. The gene expression 
levels of MAFbx and MuRF1 were also significantly upregu-
lated in the VL of LC‑induced cachexia patients compared 
with healthy controls (124). Evidence from previous studies 
has also revealed that multiple markers of ER stress and the 
UPR, such as PERK, IRE1a and ATF6, were highly activated 
in the skeletal muscle of LLC and Apc(Min/+) mouse models 
of cancer cachexia. The inhibition of the UPR reduced the 
activity of the AKT/mTOR signaling pathway and upregulated 
the expression levels of MuRF1 and MAFbx and autophagy 
in LLC‑bearing mice. Therefore, the study provided initial 
evidence to suggest that ER stress and the UPR pathway may 
be essential for maintaining skeletal muscle mass and strength, 
in addition to the protection against cancer cachexia (31).

Based on these aforementioned findings, some divergent 
views are notably present, and the majority of the studies 

Figure 2. Cell autophagy/lysosomal and Ca2+‑dependent protein degrada-
tion pathways, ER stress and mitochondrial dysfunction are involved in 
muscle protein degradation in cancer cachexia. In cancer cachexia, increased 
activin A expression activates the IL‑6 signaling pathway, and oxidative 
stress induces activation of the p38 MAPK signaling pathway, resulting in 
autophagy and protein degradation. The overexpression of Ca2+‑dependent 
proteases (calpains) activates the Ca2+‑dependent proteolysis system, 
resulting in increased protein degradation. In addition, the ER manages such 
stress by initiating the UPR, which is controlled by three transmembrane 
proteins, namely, PERK, IRE1 and ATF6. Optimal activation of NF‑κB 
during ER stress requires inputs from both IRE1 and PERK activities, and 
ATF6 may interact with protein degradation pathways, such as the UPS. 
Moreover, local mitochondrial degeneration in the muscle activates the UPS, 
which results in protein degradation. R, receptor; PERK, protein kinase‑like 
ER eukaryotic translation initiation factor 2α kinase; ER, endoplasmic 
reticulum; UPR, unfolded protein response; IRE1, inositol‑requiring protein; 
ATF6, activating transcription factor 6; UPS, ubiquitin‑proteasome system.
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regarding the regulation of ER stress and the UPR in cancer 
cachexia‑induced muscle atrophy were performed using 
cultured cells or preclinical animal models. Therefore, addi-
tional studies in patients are required to obtain corroborative 
clinical data regarding ER stress, the UPR and cancer 
cachexia‑induced muscle atrophy.

Mitochondrial dysfunction. Numerous studies have illus-
trated that muscle atrophy caused by cancer cachexia was 
related to mitochondrial dysfunction (126‑130). For example, 
the expression of mitochondrial quality control (MQC) axis 
mediators was detected in rectus abdominis muscle biopsies 
from 18 elderly patients with gastric adenocarcinoma (9 with 
cancer cachexia and 9 without cachexia) and 9 controls; the 
expression levels of the mitotic protein Fis1 were upregulated 
in the patients with cancer cachexia, while the fusion index 
[mitofusin‑2 (Mfn2)/Fis1 ratio] was decreased in the patients. 
Therefore, these results suggested that cachexia may be related 
to mitochondrial dynamics and signal transduction through 
the muscle MQC axis (24).

Previous studies have demonstrated that mitochondrial 
degeneration precedes muscle atrophy in the development of 
cancer cachexia in tumor‑bearing mice, providing novel evidence 
for mitochondrial damage preceding cachexia‑associated muscle 
loss (127). Neyroud et al (131) established a C26‑induced cancer 
cachexia model in CD2F1 mice and observed the mitochondrial 
respiratory capacity and content of skeletal muscle. Indeed, 
skeletal muscle mitochondrial respiration, mitochondrial 
coupling and the mitochondrial content were all reduced.

An in vivo study using cancer cachexia model rats revealed 
that skeletal muscle loss was accompanied by morphologic 
alterations in fibers, such as mitochondrial disruption, dilatation 
of the sarcoplasmic reticulum and apoptotic nuclei. Moreover, 
upregulated expression levels of genes involved in proteolysis, 
such as MuRF1 and MAFBx, were observed in tumor‑bearing 
animals. This study reported profound morphological changes 
in cancer cachectic muscle, which mainly included alterations 
in the sarcoplasmic reticulum and mitochondria (Fig. 2) (32).

7. Other receptors and substances that affect metabolism 

Vitamin D receptor (VDR). The overexpression of the VDR 
in tumor‑bearing animals has been reported to impair muscle 
regeneration and cause protein degradation. Therefore, caution 
should be exercised when considering vitamin D supplementa-
tion for patients with chronic diseases that may involve muscle 
regeneration (Fig. 3) (23). 

Zinc transporter (ZIP4). A previous study has indicated 
that in a mouse pancreatic cancer cachexia model, ZIP4 
could stimulate the release of heat shock protein (HSP)70 
and HSP90 from the extracellular vesicles to stimulate p38 
MAPK‑mediated abnormal muscle catabolism (21).

Pyruvate dehydrogenase kinase  4 (PDK4). PDK4 is an 
important regulator of cellular energy metabolism. High 
PDK4 and abnormal energetic metabolism were found in the 
skeletal muscle of colon‑26 tumor hosts, as well as in mice 
fed a diet enriched in Pirinixic acid. Viral‑mediated PDK4 
overexpression in myotube cultures was sufficient to promote 

myofiber shrinkage. On the contrary, blockade of PDK4 was 
sufficient to restore myotube size in C2C12 cultures exposed 
to tumor media. This study by Pin et al (132) was the first to 
confirm the direct role of PDK4 in promoting cancer‑related 
changes in muscle metabolism and skeletal muscle atrophy 
through in vitro and in vivo experiments (Fig. 3).

Ang II and IGF‑1. Ang II is the main effector molecule of the 
renin‑angiotensin system and increasing evidence has revealed 
that it also serves an important role in the development of 
muscle atrophy (133,134). In addition, Ang II has been reported 
to induce myonuclear apoptosis during muscle atrophy (135). 

Ang II was discovered to activate the UPS to induce muscle 
atrophy by generating ROS and inhibiting the IGF‑1 signaling 
pathway (Fig. 3) (136). Muscle atrophy has been suggested to 
depend on the impairment of the IGF‑1 signaling transduction 
pathway. Sugiyama et al (19) reported the effects of ghrelin on 
body weight and muscle catabolism in Ang II‑induced cachexia 
mice. The IGF‑1 levels were reduced in the gastrocnemius 
of the Ang II‑treated mice (Fig. 3). Consistently, researchers 
have reported that ghrelin can improve weight loss and skel-
etal muscle catabolism in mice treated with Ang II. These 
effects are thought to be related to the early recovery of IGF‑1 
mRNA and the improved nutritional status in the skeletal 
muscle. However, other research has indicated that although 
the IGF‑1 system is downregulated in cancer cachexia, no 
simple relationship linking IGF‑1 and/or MAFbx mRNA 
expression levels and muscle atrophy could be observed under 
experimental conditions (Fig. 3) (20). 

Clinical research has revealed that compared with patients 
with cancer without cachexia, those with pre‑cachexia or 
cachexia had upregulated plasma neutrophil‑derived protease 
(NDP) mRNA expression levels and significantly higher 
Ang II, TGF‑β1 and C‑reactive protein (CRP) levels. These 
findings suggested that Ang II, TGFβ1, CRP and NDP may 
serve as potential circulating biomarkers for cancer cachexia, 
which may facilitate the early diagnosis and prevention of 
cancer cachexia (137). 

Figure 3. Receptors and substances involved in metabolism that affect 
muscle protein synthesis and degradation in cancer cachexia. In cancer 
cachexia, the overexpression of the VDR impairs muscle regeneration and 
causes protein degradation. Increased PDK4 expression directly promotes 
cancer cachexia‑related changes in muscle metabolism and skeletal muscle 
atrophy. Furthermore, Ang II activates the UPS to induce protein degradation 
and inhibits the IGF‑1 signaling pathway, thereby interfering with protein 
synthesis. VDR, vitamin D receptor; Ang II, angiotensin II; R, receptor; 
UPS, ubiquitin‑proteasome system; IGF‑1, insulin‑like growth factor‑1; 
PDK4, pyruvate dehydrogenase kinase 4.
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8. Treatment of muscle atrophy caused by cancer cachexia

The pathogenesis of cancer cachexia‑associated muscle 
atrophy is complex and not completely understood. Therefore, 
multimodal comprehensive treatment should be adopted 
to delay muscle atrophy caused by cachexia. Related 
measures include activating the PI3K/AKT/mTOR signaling 
pathway (138,139), inhibiting the UPS (140,141), proinflamma-
tory factors (142), signal transduction pathways (53,143) and 
transcription factors (144), and regulating the expression of 
certain organelles (145) and receptors (146) related to muscle 
atrophy caused by cancer cachexia.

Activation of the PI3K/AKT/mTOR signaling pathway. The 
results of multiple studies have suggested that the activation 
of the PI3K/AKT/mTOR signaling pathway may improve 
muscle atrophy caused by cancer cachexia. For example, a 
C26 cancer cell cachexia model in mice was established, and 
skeletal muscle responses to aerobic exercise and resistance 
training were compared. Interestingly, neither aerobic nor 
resistance training prevented tumor‑induced weight loss. 
However, aerobic training maintained the motor function and 
reduced the inflammatory response in the spleen; therefore, it 
may slightly improve muscle atrophy by activating the mTOR 
pathway and exert therapeutic value for patients with cancer 
cachexia (147). In contrast, resistance training induced the 
expression of genes related to muscle damage and repair, 
such as myogenin and IGF‑IEb, which might be due to the 
excessive stress caused by the high resistance load in the 
tumor‑bearing state  (147). In addition, Tanaka et al  (148) 
discovered that low‑intensity exercise inhibited Yoshida 
AH130 ascites LC cell‑induced cancer cachexia through the 
skeletal UPS in male Wistar rats. In addition, low‑intensity 
exercise increased the levels of hypoxia‑inducible factor‑1α 
and p‑AMPK, which suppressed the loss of muscle mass and 
the inactivation of mTOR in the soleus muscle. Furthermore, 
C2C12 myotubes were cultured in C26 conditioned medium 
in vitro, and the pharmacological activity of the myostatin 
(MSTN) pathway inhibitor IMB0901, which inhibits MSTN 
promoter activity, MSTN signal transduction and MSTN 
positive feedback regulation, was determined; the results 
identified that this compound suppressed muscle atrophy 
caused by cancer cachexia by inhibiting Ub‑mediated 
proteolysis and enhancing AKT/mTOR‑mediated protein 
synthesis (139).

Inhibition of the UPS. The UPS is the main regulatory 
mechanism of protein degradation in cancer cachexia‑induced 
muscle atrophy. Previous evidence of potential strategies to 
protect against skeletal muscle wasting through inhibition 
of E3 (MuRF‑1 and MAFbx) have been summarized (140,149). 
For example, Levolger et al (141) studied the ability of the 
ActRIIB and TGF‑β receptor type‑1 inhibitors, SB431542 
and GW788388, to prevent muscle atrophy in a C26‑CD2F1 
cachexia model; it was discovered that the treatment with 
GW788388 prevented cancer cachexia and downregulated 
MAFbx. 

Another previous study illustrated that valproic 
acid reduced MAFbx expression levels by inhibiting 
C/EBPβ binding to the MAFbx promoter, which subsequently 

decreased skeletal muscle degradation in cancer cachexia 
mice (150). The traditional Chinese medicine (TCM) Zhimu 
and Huangbai herb pair was shown to not only inhibit the UPS 
genes (MuRF1 and FOXO3) associated with muscle atrophy in 
C57BL/6 colon cancer cachexia model mice, but also activate 
the IGF‑1/AKT and autophagy signaling pathways to facilitate 
protein synthesis (151). Another study revealed that Baoyuan 
Jiedu Decoction and Paeonia lactiflora root extract inhibited 
muscle atrophy in cancer cachexia model mice by down-
regulating atrogin‑1 and MuRF1 expression levels (140,149). 
Meanwhile, modified Sijunzi decoctions (Zhen‑Qi; ZQ‑SJZ) 
have been extensively used to treat cachexia and improve 
the quality of life of patients with cancer undergoing chemo-
therapy. The administration of ZQ‑SJZ was found to recover 
tumor‑ and/or cisplatin‑induced body weight loss, as well as 
the forelimb grip strength and myofiber size. ZQ‑SJZ also 
increased the expression levels of myogenic proteins, such as 
MyHC and myogenin, and downregulated the expression levels 
of the atrophy‑related protein atrogin‑1 in cisplatin‑treated 
C2C12 myotubes in vitro (152).

Inhibition of related inflammatory factors. Inflammation is 
hypothesized to regulate pathways controlling skeletal muscle 
wasting. A previous study identified that IL‑6 and its receptor, 
as well as JAK2 and STAT3 were significantly attenuated with 
kimchi. Kimchi was discovered to be a potential option to 
ameliorate cancer cachexia through its ability to suppress IL‑6 
and decrease muscle atrophy in a C26 mouse model (142). In 
addition, in an experimental model of C26‑induced cancer 
cachexia, 20S, 21‑epoxy‑resibufogenin‑3‑acetate  (ERBA) 
markedly inhibited body weight loss. ERBA is a specific 
small molecule with IL‑6 receptor antagonist activity (142). 
Furthermore, another previous study revealed that aerobic 
interval training enhanced the IL‑10/TNF‑α ratio, an 
anti‑inflammatory index, and IL‑15 expression levels in the 
skeletal muscle of tumor‑bearing mice (153). In vivo trials 
confirmed that combining exercise training with antioxidant 
supplements (selenium nanoparticles) may also be a potential 
strategy to control tumor volume and prevent cachexia in 
patients with breast cancer (153).

Inhibition of NF‑κB, STAT3 and MAPK signaling pathways 
and the transcription factor FOXO. Previous research has 
reported that important molecules in signaling pathways related 
to muscle atrophy (NF‑κB, MAPK and FOXO), proteolytic 
markers (Ub ligases and proteasomes), autophagy markers 
(p62, Beclin‑1 and microtubule‑associated protein 1A/1B 
light chain 3B) and myostatin levels were upregulated, while 
regeneration and metabolic markers (MyoD, mTOR, AKT 
and peroxisome proliferator‑activated receptor  γ coacti-
vator 1‑α) were decreased in cachexia. These changes were 
attenuated by the administration of formoterol in cachexia 
model rats (154). Moreover, coix seed oil ameliorated cancer 
cachexia by counteracting muscle loss and fat lipolysis in an 
LLC cachexia model in C57BL/6 mice through the regulation 
of the NF‑κB/MuRF1 and AMPK/hormone sensitive lipase 
pathways (143). 

Cryptotanshinone prevented muscle wasting in cancer 
cachexia through STAT3 inhibition, therefore it was suggested 
to be a promising candidate drug for the treatment of cancer 
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cachexia (53). Sunitinib was able to alleviate the overactiva-
tion of the STAT3 and MuRF1 signaling pathways, which 
prevented body weight loss and muscle wasting during 
cancer cachexia (155). In addition, an in vivo study reported 
that although pyrrolidine dithiocarbamate (PDTC) did not 
reduce the tumor volume in a C26 xenograft mouse model, 
it reduced cancer cachexia symptoms. In addition, in vitro 
studies demonstrated that PDTC inhibited muscle atrophy 
and lipolysis in an in vitro cell model induced by TNF‑α 
and C26 tumor cell supernatant, and impeded the atrophy of 
C2C12‑differentiated myotubes by downregulating MyoD and 
upregulating MuRF1 expression levels. Moreover, in addition 
to inhibiting NF‑κB signaling, PDTC inhibited p38 MAPK 
signaling and affected skeletal muscle protein synthesis by 
activating AKT signaling (156). In another study, the expres-
sion levels of the transcription factor FOXO were upregulated 
in 85As2‑induced cachectic model rats, and the increased 
FOXO expression levels were considered to be associated with 
the increased expression of atrogin‑1 and MuRF1. Notably, 
the oral administration of rikkunshito, a traditional Japanese 
medicine, substantially ameliorated the presence of cancer 
cachexia (144).

These findings provided further possible molecular 
mechanisms for the targeted suppression of muscle atrophy 
induced by cancer cachexia.

Regulation of the expression of components in the mitochon‑
dria (Mfn2). Mfn2 is highly expressed in muscle cells, and 
its function is diminished by disruptions in the mitochondrial 
network, which is essential for maintaining normal mitochon-
drial function (145). Clinical studies have reported that Mfn2 
expression levels were downregulated in the rectus abdominis 
of patients with cancer cachexia (24). Further evidence indi-
cated that Mfn2 overexpression improved TNF‑α‑induced 
C2C12 cell muscle atrophy in  vitro. Moreover, in  vivo 
experiments demonstrated that Mfn2 overexpression in the 
gastrocnemius muscle partially reduced gastrocnemius 
muscle loss caused by cachexia. Overall, these findings 
suggested that Mfn2 may be involved in cachexia‑induced 
muscle loss and may be a potential target for cachexia treat-
ment (145).

Regulation of Ang II and β2 receptor agonism. Ang‑(1‑7) has 
been demonstrated to counteract the skeletal muscle atrophy 
induced by Ang II through a mechanism that is dependent 
on the Mas receptor and involves AKT activity (135). In an 
in vivo assay, the deletion of NADPH oxidase 2 prevented 
Ang II‑ induced skeletal muscle atrophy by improving the 
balance between protein synthesis and degradation  (157). 
Formoterol is a highly potent  β2‑adrenoceptor selective 
agonist and a muscle growth promoter in numerous species 
of animal (146). Myostatin/activin inhibition reversed skel-
etal muscle loss and prolonged survival in tumor‑bearing 
animals (146). In an LLC cachexia‑induced muscle atrophy 
model, Toledo et al  (146) discovered that the combination 
of formoterol and the soluble myostatin receptor, ActRIIB, 
effectively reversed the muscle wasting associated with 
cancer cachexia, which provided further clinical evidence for 
potential treatment options for cancer cachexia‑related muscle 
wasting.

Others. In addition, treatment regimens should include 
proper nutritional plans, psychological intervention and to 
achieve synergistic effects and change the abnormal cachexia 
metabolism. Although current research has demonstrated that 
reversing the progression of cachexia with nutritional support 
alone is difficult, increasing nutrient intake was found to 
somewhat delay the progression of cachexia and improve the 
quality of life (158). Previous studies have investigated the 
need for nutritional support among patients with advanced 
cancer in the palliative care environment; patients with 
cancer cachexia had a greater need for nutritional support 
and desired additional support from medical staff when 
the negative effects of cachexia become apparent, of which 
adequate nutrition cannot be guaranteed by oral nutritional 
supplements (159). 

Furthermore, patients with cancer cachexia often develop 
complications due to the tumor itself or tumor‑related effects. 
Several patients with cancer face psychological burdens 
or have other medical conditions and experience psycho-
logical symptoms such as fear, anxiety and depression (160). 
McClement (160) proposed providing psychosocial support for 
such patients and their families. Moreover, nurses must under-
stand the psychological impact of anorexia and cachexia on 
affected individuals and suggest interventions that the medical 
team can implement to address these issues. Continuous 
research has been recommended to obtain a more complete 
understanding of the psychological aspects of the patient 
experience. 

The treatment effectiveness of chemical drugs has not 
been established by existing cachexia guidelines. In a TCM 
study, a large portion of patients with cancer cachexia were 
diagnosed with spleen deficiency syndrome and treated with 
tonifying TCM, which produced clinical benefits (161). Oral 
administration of atractylenolide I (20 mg/kg per day for 
30 days) significantly ameliorated the reduction in body 
weight and atrophy of the muscles, spleen and thymus in 
mice with spleen deficiency and cachexia  (161). Clinical 
trials on the efficacy and safety of the Yukgunja‑Tang 
herbal mixture in the treatment of cancer anorexia are also 
underway (162). 

9. Conclusions

In conclusion, cancer cachexia is a metabolic syndrome 
associated with malignant tumor progression, which involves 
multiple mechanisms that cause muscle atrophy. The patho-
genesis is extremely complex and previous studies have 
produced inconsistent results. Currently, no single drug that 
can effectively reverse cachexia is included in clinical guide-
lines. Therefore, the lack of treatment options combined with 
the complicated pathogenesis necessitate the development of 
combination therapeutics that target multiple pathways and 
targets.

In the future, it is predicted that cancer cachexia will 
become a research hotspot in the field of cancer research; this 
will help to further elucidate the pathogenesis of cachexia, 
initiate the development of clinical trials and the emergence 
of more effective drugs to reduce muscle cachexia associated 
with cancer, and thereby improve the quality of life of patients 
and extend patient survival.
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