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Abstract
Pancreatic cancer (PC) induced cachexia is a complex 
metabolic syndrome associated with significantly 
increased morbidity and mortality and reduced quality 
of life. The pathophysiology of cachexia is complex 
and poorly understood. Many molecular signaling 
pathways are involved in PC and cachexia. Though 
our understanding of cancer cachexia is growing, 
therapeutic options remain limited. Thus, further 
discovery and investigation of the molecular signaling 
pathways involved in the pathophysiology of cachexia 
can be applied to development of targeted therapies. 
This review focuses on three main pathophysiologic 
processes implicated in the development and pro
gression of cachexia in PC, as well as their utility in the 
discovery of novel targeted therapies. 

Skeletal muscle wasting is the most prominent 
pathophysiologic anomaly in cachectic patients and 
driven by multiple regulatory pathways. Several known 
molecular pathways that mediate muscle wasting 
and cachexia include transforming growth factor-beta 
(TGF-β), myostatin and activin, IGF-1/PI3K/AKT, and 
JAK-STAT signaling. TGF-β antagonism in cachectic 
mice reduces skeletal muscle catabolism and weight 
loss, while improving overall survival. Myostatin/activin 
inhibition has a great therapeutic potential since it 
plays an essential role in skeletal muscle regulation. 
Overexpression of insulin-like growth factor binding 
protein-3 (IGFBP-3) leads to increased ubiquitination 
associated proteolysis, inhibition of myogenesis, 
and decreased muscle mass in PC induced cachexia. 
IGFBP-3 antagonism alleviates muscle cell wasting.

Another component of cachexia is profound 
systemic inflammation driven by pro-cachectic cytokines 
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such as interleukin-6 (IL-6), tumor necrosis factor-
alpha (TNF-α), and interferon gamma (INF-γ). IL-6 
antagonism has been shown to reduce inflammation, 
reduce skeletal muscle loss, and ameliorate cachexia. 
While TNF-α inhibitors are clinically available, blocking 
TNF-α signaling is not effective in the treatment of 
cancer cachexia. Blocking the synthesis or action of 
acute phase reactants and cytokines is a feasible 
therapeutic strategy, but no anti-cytokine therapies 
are currently approved for use in PC. Metabolic alte
rations such as increased energy expenditure and 
gluconeogenesis, insulin resistance, fat tissue browning, 
excessive oxidative stress, and proteolysis with amino 
acid mobilization support tumor growth and the deve
lopment of cachexia. Current innovative nutritional 
strategies for cachexia management include ketogenic 
diet, utilization of natural compounds such as silibinin, 
and supplementation with ω3-polyunsaturated fatty 
acids. Elevated ketone bodies exhibit an anticancer 
and anticachectic effect. Silibinin has been shown to 
inhibit growth of PC cells, induce metabolic alterations, 
and reduce myofiber degradation. Consumption of 
ω3-polyunsaturated fatty acids has been shown to 
significantly decrease resting energy expenditure and 
regulate metabolic dysfunction.

Key words: Cachexia; Muscle wasting; Pancreatic 
cancer; Cachexia therapies; Molecular signaling
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Core tip: Pancreatic cancer (PC) induced cachexia 
is a complex metabolic syndrome associated with 
increased morbidity, mortality and reduced quality of 
life. The complex pathophysiology of cachexia involves 
muscle wasting, systemic inflammation, and metabolic 
alterations. Molecular signaling pathways responsible 
for muscle wasting include TGF-β, myostatin/activin, 
IGF-1/PI3K/Akt, and JAK-STAT. IL-6, TNF-α, and INF-γ 
are the most well studied pro-cachectic cytokines that 
promote systemic inflammation. Metabolic alterations 
such as increased energy expenditure and glycolytic 
pathway dysfunction could be potentially improved 
with ketonemia, silibinin, and ω3-polyunsaturated fatty 
acids. Targeting molecular signaling pathways in PC 
induced cachexia could lead to discovery of effective 
therapies.
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INTRODUCTION
Cachexia is a systemic syndrome predominantly cha­

racterized by an increased catabolic drive that leads to 
the profound wasting of skeletal muscle and fat tissue. 
Though skeletal muscle and fat tissue degradation 
are the most prominent, other tissues are involved 
and contribute to cachexia syndrome. These include 
cardiomyocyte wasting (leading to heart failure) and an 
increased metabolic rate in the liver (leading to metabolic 
derangements increased energy expenditure)[1-4]. 
Cachexia is mediated by cytokines, tumor-derived 
factors, neuropeptides, and neurotransmitters, all of 
which lead to a pro-inflammatory and catabolic state[5]. 
Ultimately, such metabolic derangements provide 
metabolites and energy sources which support tumor 
growth.

Cancer cachexia affects 80% of patients with 
pancreatic cancer (PC), constituting the highest rate 
of cachexia in all malignancies[6-7]. The best available 
treatment for PC is radical resection, but cachectic 
patients are less likely to have surgery than non-cachectic 
patients[6]. In general, the appropriate treatment is 
precluded as cachectic and malnourished patients are poor 
surgical candidates. Furthermore, cachectic patients that 
undergo surgery have more post-operative complications, 
higher rates of intensive care unit admission, longer 
hospital stay and increased mortality[6]. Preoperative 
sarcopenia is associated with poor postoperative outcome, 
prognosis and overall survival in patients with surgically 
resectable PC[7-9]. Moreover, cachexia limits available 
treatment options due to reduced response and tolerance 
to chemotherapy and radiation. Overall, median survival 
and quality of life is significantly reduced in cachectic 
patients.

As the incidence of cachexia is particularly high 
in patients with PC, it is proposed that the biology of 
the pancreatic tumor and its systemic inflammatory 
sequelae are uniquely intensified in comparison to 
other malignancies. Gene expression is altered in PC 
tumorigenesis leading to tumor cell development, 
survival and symptoms of cachexia. Several signaling 
pathways are upregulated, including those involving 
transforming growth factor-beta (TGF-β), integrin, phenyl 
glycidyl ether 2, phosphatidylinositol 3-hydroxy kinase 
(PI3K), k-Ras and p53[10]. Furthermore, inflammatory 
and immune response genes are upregulated and 
mediate cell proliferation, migration, adhesion and 
angiogenesis; these genes are implicated in PC induced 
cachexia[10]. Tumor derived growth factors and secreted 
proteins cause muscle wasting and the other metabolic 
abnormalities seen in cachexia. In short, the catabolic 
and anabolic balance is disrupted leading to overtly 
cachectic symptoms.

The pathogenesis of cancer cachexia is convoluted 
and multifactorial. Although progress has been made in 
understanding molecular mechanisms, there remains a 
lack of clinical data for PC. Understanding the molecular 
signaling pathways involved in cachexia not only 
advances therapeutic approaches, but also advances our 
approach to treating cancer. Given the complexity and 
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multitude of potential molecular targets implicated in 
PC cachexia, the therapeutic strategies are limited and 
advances in this area have been limited. 

Unfortunately, there are few preclinical cachexia 
models with appropriate complexity, and the deve­
lopment of therapies has thus been limited. Current 
therapeutic strategies for PC cachexia include appetite 
stimulation with megestrol acetate, ghrelin agonists, and 
serotonin agonists as well as interference with metabolic 
and inflammatory derangements with pro-cachectic 
cytokine antagonists such as cyclooxygenase 2 (COX-2) 
inhibitors, β2 agonists, angiotensin converting enzyme 
inhibitors, βB, selective androgen receptor modulators, 
myostatin antagonists and ω-3 fatty acids[11]. This review 
however focuses on the molecular pathways activated in 
PC cachexia that can serve as targets for pharmacologic 
interference and the recent advances in this field. In 
spite of our increased understanding of its pathogenesis, 
clinically reliable therapies for cachexia are not available.

PANCREATIC CANCER INDUCED 
CACHEXIA
Unlike starvation, which causes adipose tissue wasting, 
cachexia involves the degeneration of many additional 
tissues, most notably skeletal muscle. Increased 
proteolysis, catabolism, and oxidative stress mediate 
muscle wasting, or myopenia. Muscle breakdown leads to 
an increase in circulating amino acids which are potentially 
utilized by the tumor to increase growth. Understanding 
the molecular pathways that mediate skeletal muscle 

wasting is necessary to make advancements in targeted 
therapies for cachexia patients (Figure 1). Preventing 
muscle atrophy would lead to improved functional status 
and quality of life in patients with cachexia. Therefore, it is 
reasonable to target muscle wasting in cachexia.

Tumor secreted TGF-β 
The tumor-host interaction is a primary pathophysiologic 
mechanism of cancer cachexia. Investigating tumor 
secreted proteins that are involved in regulation of 
muscle integrity and function contributes novel insight 
into the development of therapies for PC cachexia. One 
such tumor secreted protein is transforming growth 
factor-β (TGF-β), which is part of the superfamily of 
signaling proteins involved in pathways that regulate 
cell growth, differentiation, homeostasis, inflammation, 
immunomodulation and apoptosis[12,13]. It is well known 
that TGF-β plays a key role in tumor development 
by acting as a tumor suppressor in the p21 cell cycle 
inhibitor signaling pathway[13,14]. Gene expression 
analysis has identified the overexpression of TGFB1 and 
TGFB2 which encode for TGF-β1 and TGF-β2 proteins 
in PC[10,14]. Interestingly, TGF-β is thought to have a 
dual role depending on the tumor development stage. 
In both healthy and early tumor cells it is involved 
in tumor suppression. However, in advanced tumors 
with high expression, TGF-β stimulates carcinogenesis 
and metastasis[12-14]. Furthermore, increased TGF-β 
expression inactivates the tumor suppressor gene 
Smad4/DPC4, the loss of which is commonly implicated 
in PC tumor progression[15,16]. TGF-β is also considered 
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Figure 1  Signaling pathways involved in the pathophysiology of cachexia and targeted therapies. Multiple molecular signaling pathways and mediators lead 
to protein degradation and cancer cachexia including myostatin/ActRⅡB, TGF-β, Smad 2/3, IL-6, TNFα, FoxO and JAK-STAT. These molecular signaling pathways 
serve as therapeutic strategies for treatment of cachexia. Pharmacologic inhibitors that have been used clinically or experimentally are labelled in red and specific 
targets are notated. TGF-β: Transforming growth factor-beta; IL-6: Interleukin-6; TNF-α: Tumor necrosis factor-alpha; ActRⅡB: Activin type ⅡB.
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to be a negative regulator of skeletal muscle via the 
Smad2/3 pathway, which contributes to myopenia via 
myostatin, activin and inhibin signaling[17]. Specifically, 
myostatin is involved in the regulation of muscle mass 
homeostasis by decreasing protein synthesis and 
increasing protein catabolism[13,17]. TGF-β superfamily 
proteins have been implicated in pathogenesis of many 
cancers, cachexia, muscular dystrophies, and several 
other conditions[3,12,13,18]. TGF-β is a potential therapeutic 
target.

Despite the clear implication of TGF-β signaling 
between PC and cachexia, there are few studies that 
investigate the therapeutic efficacy of direct antagonism. 
Using a murine model, TGF-β antagonism with a 
TGF-β antibody reduced skeletal muscle breakdown 
and weight loss, while improving overall survival, lean 
body mass, and bone mineral in metastatic PC[13]. Mice 
with Pan02 tumor cells had lower levels of TGF-β and 
p-Smad2/3 signaling marker after TGF-β inhibition 
with neutralizing antibody compared to control mice[13]. 
Furthermore, TGF-β inhibition reduced motor impairment 
and improved function measured with rotarod running 
speed[13]. This is particularly interesting and worth 
further investigation as most patients with cachexia 
have severe functional impairment with poor motor skills 
contributing to a reduced quality of life. Limited clinical 
data available from studies involving TGF-β2 antagonism 
with trabedersen showed improved overall survival in 
patients with PC presumably due to disruption of tumor 
cytokine production and upregulation of host antitumor 
cytokines[14]. Further studies are necessary to definitively 
evaluate TGF-β pathway inhibition as a treatment 
strategy for PC cachexia.

MYOSTATIN AND ACTRⅡB
Myostatin and activin, both part of TGF-β superfamily, are 
negative regulators of muscle growth and development 
via the activin type ⅡB (ActRⅡB) receptor[19-21]. 
Myostatin signaling inhibits myogenesis, decreases 
protein synthesis, and activates ubiquitin ligase muscle 
degradation involving the Akt/mTOR pathway[12,22]. 
Likewise, genetic myostatin deficiency leads to significant 
skeletal muscle hypertrophy[21,22]. Several studies 
suggest that myostatin is upregulated and is one of the 
key drivers of muscle wasting in cachexia[12,21,22]. The 
myostatin signaling pathway is targeted in treatment 
of various muscle wasting disorders and has been 
shown to improve strength and functioning in animal 
models[21]. Thus, the therapeutic potential of myostatin 
and ActRⅡB inhibition in treatment of cachexia is worth 
investigating. ActRⅡB blockade has been studied as a 
therapy for inclusion body myositis, chronic obstructive 
pulmonary disease, and age-related sarcopenia with 
positive results[23]. Blocking ActRⅡB ligands improved 
survival and increased muscle mass in cachectic mice 
with colon cancer in a recent preclinical study[24]. Novartis 
Pharmaceuticals recently completed a randomized 
control trial of bimagrumab, an anti-ActRⅡB monoclonal 

antibody, for treatment cachexia associated with PC 
and lung cancer[25]. Patients treated with bimagrumab 
had greater increase in lean body mass and thigh 
muscle volume, yet also had greater decrease in total 
body weight[25]. However, the literature is divided with 
regard to myostatin antagonism. A phase 2 trial of 
landogrozumab, a monoclonal anti-myostatin antibody, 
evaluated its efficacy in improving lean body mass, 
physical performance, and overall survival in patients with 
PC[26]. Landogrozumab was not superior to placebo since 
both groups had similar increase in lean body mass from 
baseline and improved physical performance measures 
using hand grip strength[26]. Indeed, the placebo group 
had higher overall survival compared to landogrozumab 
group[26].

Proteinase-activated receptor 2 (PAR2) is a possible 
molecular linker between PC and cachexia. Serine 
proteinases released by tumor cells activate PAR2 and 
subsequent myostatin signaling via ALK5[12]. Thus, 
PAR2 has been identified as a target that could provide 
therapeutic benefit in cachexia.

In summary, myostatin and its associated signaling 
pathways have essential roles in skeletal muscle 
regulation and are all well studied in a variety of muscular 
pathologies. Its utility in attenuating progressive 
myopenia however remains unclear. There have been 
multiple animal and human studies that evaluate the 
myostatin, activin and actRⅡB signaling pathway in 
colorectal and lung cancer cachexia, but few that focus 
explicitly on PC. Therefore, the therapeutic potential of 
myostatin and activin inhibition for PC cachexia warrants 
further investigation.

IGFBP-3 and IGF-1/PI3K/AKT signaling pathways
Insulin-like growth factor binding proteins (IGFBPs) 1-7 
stabilize the insulin-like growth factor (IGF) complex, 
prolong its half-life, and increase its distribution to target 
tissues[27,28]. IGFBPs are involved in the regulation of 
various cellular processes via the IGF-1/PI3K/AKT, NF-
kB, TGF-β, and JAK-STAT signaling pathways[10,28]. 
However, overexpression of IGFBPs leads to decreased 
bioavailability of IGFs and disrupted intracellular signaling 
pathways necessary for myogenesis[27,28]. PC cachexia 
is characterized by a decrease in the level of circulating 
anabolic factors such as IGF-1[1]. Specifically, IGFBP-3 
is the primary binding protein for IGF-1, and the 
IGF-1/PI3K/Akt signaling pathway is a key regulator 
of muscle mass[3,10,27,29]. Mechanistically, the IGF-1 
receptor activates the PI3K-Akt pathway which leads 
to downstream sequelae including mTOR activation, 
increased protein synthesis and muscle growth, and 
decreased protein degradation by inhibiting the GSK3β 
and FoxO[29,30]. Furthermore, IGF-1 signaling leads to 
suppression of proteolysis and ubiquitin-proteasome 
system which prevents apoptosis of myocytes[10,31]. With 
overexpression of IGFBP-3, normal signaling is arrested 
and increased ubiquitination leads to proteolysis and a 
subsequent decrease in muscle mass[10, 31].

IGFBP-3 is significantly upregulated in PC tumor 
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cells[10]. Likewise, it has been demonstrated that 
IGFBP-3 plays a role in the pathophysiology of cancer 
cachexia by inhibiting the myotubule proliferation and 
differentiation in naïve myoblasts. Excess IGFBP-3 seems 
to precipitate myopenia by suppressing the IGF-1/PI3K/
AKT signaling pathway thereby inhibiting myogenesis 
and enhancing myotubule protein degradation[10]. 
Additionally, anti-IGFBP-3 antibody and in vivo IGFBP-3 
knockdown significantly alleviates myocyte atrophy 
in PC[10]. Thus, preventing IGFBP-3 upregulation by 
tumor cells or inhibition may have utility in cachexia 
therapy. Interestingly, in cachectic mice with sarcoma, 
IGF-1 and IGFBP-3 injection improved cachexia by 
attenuating weight loss through improved caloric intake 
and enhanced glucose metabolism[31]. Blocking various 
downstream regulators in IGF-1/PI3K/AKT suppresses its 
activity and promotes muscle atrophy[10,32].

SYSTEMIC INFLAMMATION
Chronic inflammation is a primary driver of cachexia. Pro-
inflammatory cytokines such as tumor necrosis factor-
alpha (TNF-α), interleukin-1 (IL-1), IL-6, and interferon 
gamma produced by the tumor or host are well 
established promoters of cachexia (Table 1)[5,22]. Elevated 
nonspecific markers of inflammation such erythrocyte 
sedimentation rate and C-reactive protein (CRP) are 
commonly seen in patients with cachexia and are 
associated with poor prognosis[4]. Furthermore, cachexia 
is characterized by increased hepatic energy expenditure 
and the secretion of acute phase reactants with 
corresponding hypoalbuminemia is observed[1,3]. Overall, 
a robust inflammatory response leads to anorexia 
and hypercatabolic state[4,33]. Targeting inflammatory 
is therefore an important therapeutic strategy for the 
management of systemic inflammatory processes, such 
as cachexia. Broad anti-inflammatory agents such as 
nonsteroidal anti-inflammatory drugs, corticosteroids, 
and other anti-inflammatory or immunomodulatory 
medications have been used to treat cachexia, but a 
novel and more effective approach would involve specific 
molecular targets.

JAK2-STAT3 signaling pathway
The JAK-STAT signaling pathway is activated by various 
cytokines, involved in signal transduction and the 
mediation of inflammation, cancer development and 
progression, and cancer cachexia[2,34,35]. Current evidence 

suggests that activation of the JAK-STAT signaling 
pathway contributes to skeletal muscle wasting and 
weight loss[36-39]. While the exact mechanism of this 
pathway’s cachectic effect is unclear, it is likely due 
to an increase in pro-inflammatory cytokines, acute 
phase reactants, and catabolic factors. Intracellular 
JAK2-STAT3 pathway is activated by weight loss and 
inflammation associated cytokines IL-6, IL-11, leukaemia 
inhibitory factor, and TNF-α; thus inhibition is both multi-
faceted and approachable[33,40,41]. Multiple studies have 
demonstrated attenuation of cachexia by inhibiting 
the JAK2-STAT3 pathway or its downstream signaling 
colorectal and lung cancer[36-39].

Gene expression profiling of adipose, skeletal muscle 
and liver tissue in cachectic mice has shown activation 
of the JAK2-STAT3[2]. When treated with JAK2 inhibitor 
AG490, cachectic mice with PC had less weight loss and 
reduced blood IL-6 levels compared to controls[2]. AG490 
also inhibited tumor growth, invasion, and reduced 
vascular endothelial growth factor (VEGF) and matrix 
metalloprotein-2[42]. Given that IL-6 is a major activator 
of JAK2-STAT3 signaling pathway, IL-6 has been shown 
to promote growth and invasion of pancreatic tumor 
cells[2,39,42]. Reduced secretion of IL-6 limits positive 
feedback in the pathway and further inflammatory 
signaling which plays an important role in cachexia 
mediation[2,33,38].

Ruxolitinib, another JAK2 inhibitor, has been identified 
as a potential second line treatment in patients with 
PC[34,35]. Currently, there is an ongoing phase Ⅱ clinical 
trial investigating ruxolitinib as a treatment of patients 
with cancer cachexia; however there are no ongoing 
studies specific to PC[43]. In all, the JAK2-STAT3 pathway 
presents several novel targets for therapy since it 
is implicated in the pathophysiology of both PC and 
cachexia, and it is pharmacologically targetable with a 
variety of antagonists[2,34,35,44].

IL-6
IL-6 is a cytokine produced by not only host cells such 
as hepatocytes and macrophages, but also PC cells[45,46]. 
It is involved in cellular proliferation, differentiation, and 
apoptosis[46]. IL-6 is overexpressed in PC and contributes 
to tumor development and progression, and, as it is 
a systemic mediator of inflammation, IL-6 is strongly 
correlated with cachexia[33,46,47]. IL-6 promotes growth 
and enhances the invasiveness of tumor cells[42]. 
Additionally, IL-6 is a central regulator of the hepatic 

Cytokine Function Drug

TGF-β Decreases protein synthesis; increases muscle catabolism Trabedersen (binds TGF-β mRNA)
TNF-α Generates radical oxygen species; increases ubiquitin-

proteasome activity
Infliximab (anti-TNF-α mAb); etanercept (recombinant TNF-αR); 

thalidomide/lenalidomide (inhibits TNF-α); pentoxifylline (inhibits TNF-α)
IL-6 Mediates systemic inflammation; increases muscle catabolism; 

regulates synthesis of acute phase reactants
Clazakizumab (anti-IL-6 mAb ); tocilizumab (anti-IL-6 receptor mAb)

Table 1  Cytokines involved in cachexia, function, and specific targeted therapies

TGF-β: Transforming growth factor-beta; IL-6: Interleukin-6; TNF-α: Tumor necrosis factor-alpha.
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acute phase response by triggering muscle catabolism 
in order to mobilize amino acids in the synthesis of acute 
phase reactants[4,22].

Multiple studies show elevated IL-6 level in patients 
and mice with PC cachexia[2,10,45,46,48]. Furthermore, 
elevated IL-6 levels seem to correlate with poor functional 
status, fatigue, increased weight loss, hypoalbuminemia, 
anemia, and reduced overall survival[4,45]. High IL-6 levels 
are associated with decreased skeletal muscle mass, 
increased weight loss, and severe fatigue[45]. Given 
this inflammatory state in induced by tumor growth, 
heightened IL-6 secretion is also correlated with elevated 
CA19-9, CEA, AST, ALP, CRP and cortisol[45]. 

In itself, cachexia contributes to immune dysfunction 
by lowering the native T cell response against cancer cells 
and subsequently impairing treatment response[33,48]. 
IL-6 significantly diminishes the ketogenic response to 
decreased caloric intake leading to systemic metabolic 
stress and marked glucocorticoid secretion. Such phy­
siology hinders anti-tumor immunotherapy[48]. Cachectic 
mice with PC had lower plasma glucose and ketones 
suggesting impaired mitochondrial β-oxidation and free 
fatty acid metabolism compared to food restricted, or 
anorexic, healthy controls[48]. Based on this study, it 
would be useful to determine if IL-6 blockade leads to 
improved ketogenesis and normalization of the metabolic 
stress response to caloric deprivation. With regard to 
tumor cells, high serum levels of IL-6 correlates with 
chemoresistance[33,45,48], while antagonism with IL-6R 
antibodies increases chemosensativity[33].

Implementing anti-IL-6 therapies could be useful 
in reducing inflammation and symptoms of cachexia, 
however there are currently no clinical trials of anti-
IL-6 antibody use in PC models. Anti-IL-6 monoclonal 
antibodies, such as Tocilizumab, have however been 
used to treat autoimmune diseases including rheumatoid 
arthritis and giant cell arteritis. In cancer, anti-IL-6 
antibody clazakizumab therapy has been evaluated as a 
potential cachexia treatment in patients with non-small 
cell lung cancer (NSCLC)[4,11]. A phase Ⅱ randomized 
controlled trial (RCT) similarly reported improvements 
with regard to anemia, fatigue, and weight loss[4,23,49]. 
Likewise preclinical trials with tocilizumab (an anti-IL-6 
receptor monoclonal antibody) have demonstrated 
improved survival and amelioration of cachexia in 
mice[50]. Attenuated IL-6 signaling lessens inflammation 
and reduces skeletal muscle loss. However, there are no 
anti-cytokine therapies currently approved for treatment 
of cachexia in PC patients.

TNF-α
Tumor necrosis factor-alpha (TNF-α), a cytokine also 
appropriately known as cachectin, has been extensively 
studied in multiple pathways that promote lipolysis and 
myopenia[4]. Mouse models of cachexia demonstrate that 
TNF-α induces proteolysis via oxidative stress through 
reactive oxygen species (ROS) and increase activation 
of the ubiquitin-proteasome pathway[4,51,52]. Elevated 

plasma TNF-α level have been observed in patients with 
PC, particularly those with advanced disease, cachexia, 
and poor nutritional status[53-55]. Similar to IL-6, elevated 
TNF-α correlates with anemia, hypoalbuminemia, low 
body weight and body mass index[53,55].

While the inhibition of TNF-α seems an appealing 
strategy for treating cachexia and inhibitors are readily 
used in practice, targeting TNF-α has not been effective. 
One of the first clinical trials evaluated pentoxifylline 
which was thought to decrease TNF-α[56]. Pentoxifylline 
did not induce weight gain or improve appetite in 
cachectic patients[56]. In the same manner, infliximab, a 
monoclonal anti-TNF-α antibody, failed to prevent weight 
loss, increased fatigue, and reduced quality of life in 
patients with NSCLC[57]. In phase Ⅱ clinical trials, adjunct 
infliximab to standard gemcitabine therapy showed no 
significant change in lean body mass, performance status, 
or survival[58,59].

While not an inhibitor TNF-α, thalidomide down­
regulates the expression of TNF-α, NFκB, COX 2, and 
other cytokines and was thought to reduce weight loss 
in patients with cachexia due to its immunomodulatory 
properties[60-62]. Indeed, thalidomide is effective at 
attenuating weight and lean body mass loss[60]. Addi­
tionally, studies have noted prolonged survival (148 vs 
110 d) in patients receiving thalidomide, but it remains 
uncertain if weight loss control benefits survival[60]. A 
more recent trial did not observe any difference in plasma 
cytokine levels or cachexia symptoms between the 
thalidomide group and placebo group[11,63]. Furthermore, 
no benefit over placebo was observed in patients with 
esophageal cancer[61].

Several more recent drugs have been investigated 
for their therapeutic potential. Lenalidomide is an 
immunomodulatory derivate of thalidomide that inhibits 
TNF-α and decreases inflammatory cytokines. It is FDA 
approved for myelodysplastic syndrome and multiple 
myeloma. Postulating that the anti-inflammatory action 
the drug could have an anti-cachectic effect, phase I 
and Ⅱ clinical trials attempted to assess the efficacy of 
lenalidomide on lean body mass and muscle strength 
in patients with advanced tumors and inflammation-
mediated cachexia[64]. Etanercept is a recombinant 
human TNF-α receptor which binds TNF-α to limit 
its action and it has been investigated as a potential 
adjunct to cancer therapy with varied results[65-67]. 
Combining etanercept with docetaxel in patients with 
advanced cancer has demonstrated improvement in 
chemotolerance and reduced fatigue[65,66]. Conversely, 
combination etanercept and gemcitabine therapy did not 
provide obvious benefit to PC patients in clinical trials[51]. 
Other studies similarly show negligible improvements in 
weight gain, appetite and quality of life[67].

Based on the current pre-clinical and clinical data 
which demonstrated no benefit of TNF-α inhibition, 
targeting TNF-α alone as a therapy for PC-induced 
cachexia seems futile. However, combined TNF-α and 
IL-6 therapy warrants consideration. OHR/AVR118, 
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an immunomodulatory peptide-nucleic acid used for 
anorexia in HIV/AIDS, in in clinical trials as a potential 
therapy[68,69]. Significant improvement in appetite, body 
weight, physical performance and depression has been 
observed[68,69]. Further study should be conducted to 
assess whether multimodal cytokine inhibition is useful in 
PC.

Fat tissue browning
Lipolysis and adipose tissue wasting play a key role in 
the development of cachexia syndrome. An interesting 
phenomenon of fat tissue browning has been observed 
in animal models of cancer cachexia[1,3,70]. It is 
hypothesized that a combination of pro-inflammatory 
microenvironment derived from factors such as IL-6, 
TNF-α and parathyroid-related peptide secreted by the 
tumor and the host as well as metabolic dysregulation 
leads to white adipose tissue browning as cachexia 
syndrome progresses[70,71]. Brown adipose tissue 
is characterized by high mitochondrial content and 
increased uncoupling protein 1 which is responsible 
for thermoregulation by uncoupling electron transport 
from adenosine triphosphate (ATP) generation. This 
causes increased energy expenditure, increased heat 
production, and lipolysis which leads to exhilarated 
weight loss and contributes to the cachexia syndrome 
progression[70-72]. White adipose tissue wasting and fat 
browning seems to occur early during development of 
cachexia syndrome and independently from skeletal 
muscle wasting[70]. However, the complex molecular 
signaling pathways implicated in fat tissue browning and 
lipolysis is not well described. Further investigation to 
understand the mechanisms of how systemic metabolic 
and inflammatory alterations leads to switching of white 
adipose tissue to brown adipose tissues is necessary 
to advance our knowledge and treatment options for 
cachexia. Inhibition of fat tissue browning should be 
explored as a possible molecular therapeutic strategy for 
PC induced cachexia.

ABERRANT METABOLISM
Anorexia and decreased food intake are commonly seen 
in cancer. However, cachexia is not driven by anorexia 

alone, but by a variety of metabolic changes, both local 
and systemic, assumed during tumorigenesis[73]. There 
are several well established metabolic phenotypes typical 
to cancer, including increased energy expenditure and 
gluconeogenesis, insulin resistance, fat tissue browning, 
excessive oxidative stress, and proteolysis with amino 
acid mobilization[1,74]. Overall, metabolic dysfunction 
favors tumor growth and progression while inducing 
cachexia in the host. Due to the aberrant physiology, 
simple nutritional supplementation and increased caloric 
intake are not effective in treating cachexia[73]. Reversing 
metabolic alterations could be key to slowing the 
progression of cancer and improving survival in cachectic 
patients (Table 2).

Ketone bodies and glucose metabolism
Aberrant energy metabolism is of the main 
pathophysiologic mechanisms of cachexia. Metabolic 
alterations in the host as well as tumor-derived factors 
lead to muscle wasting and fat degradation[74,75]. A 
ketogenic diet, one that is high in fats and low in 
carbohydrates, has been established to produce 
anticonvulsive, antioxidant and anti-inflammatory 
effect[74,75]. By altering the caloric source, tissues 
are relegated to performing lipid metabolism with 
mitochondrial enzymes which tumor cells often lack. 
In PC murine models, elevated ketone bodies (sodium 
hydroxybutyrate and lithium acetoacetate) diminish 
tumor growth and induce apoptosis[75]. Correspondingly, 
tumor cells displayed decreased glucose and glutamine 
uptake, lactate release, ROS levels, and intracellular 
ATP, altogether suggestive of metabolic adaptation[75]. 
Furthermore, ketone bodies inhibit degradation 
of myotubules and adipocytes thereby controlling 
weightloss[75]. In fact, mice that were treated with a 
ketogenic diet experienced a 45% increase in muscle 
weight and 20% increase in carcass weight[75]. Body and 
muscle mass are similarly preserved in colorectal cancer 
mouse models, interestingly with a significant reduction 
in plasma IL-6[74]. Thus, the metabolic alterations induced 
by the ketogenetic diet lead to decreased secretion of 
pro-inflammatory cytokines and metabolites associated 
with cachexia involved in pathogenesis of cachexia 
syndrome. As ketogenic metabolism has been shown 
to suppress the progression of cancer and decrease 
systemic inflammation in animal models, it is appropriate 
to consider further investigation in PC patients with 
cachectic symptoms.

Ghrelin 
Ghrelin is a peptide hormone secreted by the stomach 
and pancreas and modulates energy homeostasis, 
increases appetite, and stimulates growth hormone 
(GH) secretion[76]. Ghrelin constitutes a promising 
novel therapeutic strategy since it plays a key role in 
appetite and energy expenditure regulation. Multiple 
studies reported that administration of ghrelin or ghrelin 
receptor agonists such as anamorelin improved food 

Ketogenic diet Diminishes tumor growth and induces apoptosis
Increases skeletal muscle mass

Silibinin Inhibits IL-6, IL-8, TNF-α secretion
Downregulates glycolysis proteins

Increases skeletal muscle mass
ω3 Fatty acid Regulates metabolic dysfunction

Lowers IL-6, TNF-α, CRP 
Improves host immune response

Table 2  Dietary changes and observed effects in pancreatic 
cancer induced cachexia

IL-6: Interleukin-6; TNF-α: Tumor necrosis factor-alpha; CRP: C-reactive 
protein.
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intake, appetite, adiposity, and lean body mass in 
cachectic patients[76-78]. Three Phase 3 RCTs (ROMANA 
1 - NCT01387269, ROMANA 2 - NCT01387282 and 
ROMANA 3 - NCT01395914) reported that anamorelin 
significantly increased lean body mass in cachectic 
patients with NSCLC[76,79]. A multicenter Japanese 
study examined the efficacy and safety of anamorelin 
in patients with NSCLC and concluded that anamorelin 
was safe, well tolerated and it significantly increased 
lean body mass, improved anorexia and nutritional 
state (mainly seen as an increase in prealbumin)[80]. 
In a recent Cochrane systematic review, Khatib et al[81] 
stated that there is insufficient evidence to be able to 
support or refute the use of ghrelin in cancer cachexia 
and further investigation with adequately powered RCTs 
is warranted. Furthermore, no clinical trials to date have 
been conducted to evaluate effectiveness of ghrelin or 
ghrelin agonists in PC associated cachexia. Given the 
promising results of anamorelin in treatment of cancer 
cachexia across multiple studies, it is worth exploring this 
further as a treatment option for PC induced cachexia.

Silibinin
Due to the toxicity of standard chemotherapy, which 
in itself initiates a significant inflammatory response 
and cachexia, attention has been given to alternative 
therapeutic options with anti-cancer and anti-cachectic 
properties. Silibinin is a bioactive compound from 
the Silybum marianum plant which demonstrates 
anti-proliferative and pro-apoptotic effect on various 
cancers in vitro and in vivo by inhibiting pro-cachectic 
cytokine production including TNF-α, IL-6 and IL-8[82-84]. 
Of note, silibinin also inhibits the growth of PC cells, 
induces metabolic alteration, and reduces myofiber 
degradation[84]. Administration of silibinin was associated 
with the downregulation of major glycolysis mediators 
such glucose transporter 1 and the consequent reduction 
in glucose and lactate flux[84]. Diminished proto-oncogene 
c-myc expression and STAT3 pathway deactivation is 
also associated with silibinin treatment[84]. Tumor-bearing 
mice treated with silibinin had significant reduction of 
weight loss and increase in carcass and muscle mass[84]. 
Silibinin alters pancreatic tumor metabolism mainly by 
inhibiting glycolysis, the pentose phosphate activity, and 
nucleotide synthesis[82,84]. Targeting glucose metabolism 
pathways leads to inhibition of tumor growth and 
could be a potential therapeutic option for cachexia 
amelioration of tumor induced cachexia.

ω3-polyunsaturated fatty acid supplementation
ω3-polyunsaturated fatty acids such as eicosapentaenoic 
acid (EPA) and docosahexaenoic acid (DHA) exhibit 
immunomodulatory effects and lower the release of pro-
inflammatory cytokines[85-87]. They are also involved 
in various biologic processes including the regulation 
of membrane integrity, transcription factor activity, 
and intracellular signaling[85,86]. Polyunsaturated fatty 
acids also play an important role in lipid metabolism 

and modulate multiple signaling pathways in PC[85,87]. 
Consumption of ω3-polyunsaturated fatty acids has 
been shown to significantly decrease resting energy 
expenditure and regulate metabolic dysfunction[88]. Most 
enteral and parenteral nutritional formulas currently used 
for cachectic cancer patients provide ω3-polyunsaturated 
fatty acids supplementation. Data concurs that the 
addition of ω3-polyunsaturated fatty acids and increased 
protein improves quality of life and provides a therapeutic 
advantage in patients with PC cachexia[88-91]. Skeletal 
muscle mass is increased in patients receiving enteral 
ω3-polyunsaturated fatty acid forumlas[92], and fish 
oil or marine phospholipids supplementation leads 
to weight and appetite stabilization with fewer side 
effects[93]. Additionally, recent clinical trials report 
that ω3-polyunsaturated fatty acid supplementation 
also improves host immune response, quality of life, 
and survival[88,89,91-93]. For example, administration of 
intravenous ω3-polyunsaturated fatty acids in combination 
with gemcitabine for up to 6 cycles of chemotherapy 
improved quality of life and progression free survival in 
patients with advanced PC[91]. In vitro gemcitabine and 
Lipidem™, a combination of DHA and EPA, inhibited 
growth of PC further confirming anti-proliferative and 
anti-invasive effects of ω3-polyunsaturated fatty acids 
in PC[94]. Moreover, a systematic review of 11 RCTs 
concluded that consumption of ω3-polyunsaturated fatty 
acids improves weight loss, clinical outcomes and overall 
survival in cachectic PC patients[88].

ω3-Polyunsaturated fatty acids play an important 
role in inflammation, influencing the production of 
cytokines and ROS as well as suppressing the expression 
of VEGF and PDGF ultimately disturbing the tumor 
microenvironment and tumor proliferation[87]. A recent 
meta-analysis reported that patients with GI malignancies 
supplemented with parenteral ω3-polyunsaturated 
fatty acids had reduced levels of IL-6, TNF-α and CRP, 
decreased incidence of postoperative infection and overall 
better postoperative outcome compared to controls[89]. 
Overall, ω3-polyunsaturated fatty acids-enriched nutrition 
is safe and provides better outcomes in cachectic 
cancer patients[73,89]. Thus, combining nutritional 
supplementation with pharmacologic therapy is an ideal 
management strategy.

CONCLUSION
Much progress has been made to clarify the 
pathophysiology of PC induced cachexia. Given the high 
prevalence of cachexia it is probable that the pancreatic 
tumor has a unique or exacerbated mechanism leading 
to cachexia when compared to other cancers. Several 
molecular signaling pathways have been identified as 
targets for treatment development. Several pre-clinical 
studies have provided a foundation of knowledge insight 
into development of cachexia therapies. However, the 
application of this data in a clinical setting is necessary 
to firmly establish potential therapies. Ultimately, 

Yakovenko A et al . Molecular therapeutic strategies targeting PC induced cachexia



103 December 27, 2018|Volume 10|Issue 9|WJGS|https://www.wjgnet.com

cachexia syndrome is complex and multifactorial. 
Combination therapy targeting muscle wasting, systemic 
inflammation, and metabolic alterations is the most 
effective approach. Further research is necessary to 
establish PC clinically applicable therapies for cachexia in 
PC patients.
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