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Cancer cachexia (Ccx) is a complex metabolic condition characterized by

pronounced muscle and fat wasting, systemic inflammation, weakness and

fatigue. Up to 30% of cancer patients succumb directly to Ccx, yet thera-

pies that effectively address this perturbed metabolic state are rare. In

recent decades, several characteristics of Ccx have been established in mice

and humans, of which we here highlight adipose tissue dysfunction, muscle

wasting and systemic inflammation, as they are directly linked to bio-

marker discovery. To counteract cachexia pathogenesis as early as possible

and mitigate its detrimental impact on anti-cancer treatments, identification

and validation of clinically endorsed biomarkers assume paramount impor-

tance. Ageing was recently shown to affect both the validity of Ccx bio-

markers and Ccx development, but the underlying mechanisms are still

unknown. Thus, unravelling the intricate interplay between ageing and Ccx

can help to counteract Ccx pathogenesis and tailor diagnostic and treat-

ment strategies to individual needs.

1. Introduction

Cancer cells reprogram their metabolism to meet their

energetic and cellular demands, ultimately aiming to

evolve and sustain favourable or—for the host—malig-

nant properties. In addition to altering their cellular

metabolism, specific cancer types also induce systemic

reprogramming of the host’s energy metabolism, lead-

ing to alterations in glucose [1], lipid [2,3] and protein

turnover [4]. These metabolic imbalances are fostered

by tumour-secreted and tumour-induced host-derived

factors promoting a wasting syndrome termed cancer
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cachexia (Ccx) [5,6]. Ccx is a multifactorial disease

associated with many cancer types, with an occurrence

of up to 87% in gastric and pancreatic cancers [7].

Cancer-associated weight loss is linked to poor overall

survival, reduced treatment success, and is estimated

to cause 20–30% of cancer-related deaths [8]. Hence,

to date, counteracting cachexia represents a critical

unmet medical need. Being a multi-organ disease [9],

inter-organ communication by circulating factors con-

tributes to pathogenesis and simultaneously may aid in

the identification of affected patients. In addition to

finding universal Ccx biomarkers, recent studies have

highlighted the importance of variable metabolic pre-

disposition in disease detection and progression, taking

into account for instance sex [10,11], metabolic state

[12] and age [13]. Personalized therapeutic approaches

should be prioritized based on recent advances in can-

cer research [14], which have shown the effectiveness

of individualized strategies. However, considering that

cancer is primarily a disease of higher age, there is a

lack of research on the impact of age on cachexia

development, highlighting the need for increased focus

on this topic in future studies.

The current review discusses typical molecular fea-

tures of cachexia, recent advances in biomarker discov-

ery related to these features and the first steps towards

a more personalized approach to diagnosis, with a spe-

cial focus on patient age (Fig. 1).

2. Cancer cachexia characteristics
in brief

Patients with cachexia suffer from marked and unstop-

pable wasting of adipose tissue and skeletal muscle,

overall leading to severe loss of bodyweight [15–17].
While anorexia contributes to cachexia, metabolic dys-

regulation dominates the syndrome, as nutritional

approaches cannot fully restore energy homeostasis

Fig. 1. The interplay of cancer cachexia and ageing with a focus on biomarkers in disease progression. Factors released from tumour and

different diseased tissues contribute to the pathogenesis of cachexia and metabolic dysfunction upon ageing, and can be used as

biomarkers. The affected processes partially overlap. Abbreviations shown in abbreviation list.
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[17]. Altered metabolism and signalling in Ccx affect

multiple organs including liver, heart, brain, the

immune system, adipose tissue and skeletal muscle [9].

The disease evolves progressively with continuous

adaptations in key metabolic processes as recently

reviewed [18], thus enabling to deduct biomarker strat-

egies based on the stage of cachexia-specific metabolic

alterations.

Most cancer patients show both adipose tissue

and skeletal muscle wasting (Fig. 2), yet the recent

TRACERx study has highlighted different clinical

subtypes of Ccx in which adipose tissue loss is not

always apparent [19]. When present, adipose tissue loss

is one of the earliest events of cachexia, often preced-

ing skeletal muscle loss [15]. It is predominantly driven

by a combination of increased lipolysis [15] and altered

lipogenesis [2,20], leading to a functional imbalance of

fat storage, lipid loss and a rise in resting energy

expenditure [21,22]. Altered activity and/or levels of

key enzymes of lipolysis [adipose triglyceride lipase

(ATGL) and hormone sensitive lipase (HSL)] cause

increased triglyceride hydrolysis and subsequently ele-

vated levels of circulating free fatty acids and glycerol

[15,23]. Knockout of Atgl or Hsl in mice counteracts

cancer-induced adipose tissue loss and partially pre-

vents muscle wasting [24]. Lipolysis-derived

metabolites are used within the adipose tissue and in

distal organs and can generate energy-consuming futile

cycles, driving for instance gluconeogenesis in the liver

or triglyceride re-esterification in adipocytes. The latter

can significantly contribute to overall energy expendi-

ture [25] and may participate in elevated energy wast-

ing in cachectic adipose tissue as evidenced by the

strong decline in ATP [2,26]. Reduced activation of

AMP-activated protein kinase (AMPK) in Ccx—
despite normally being activated in states of low cellu-

lar energy—may mediate the increased lipolysis/re-

esterification cycling [2]. A formal proof of this cycling

is still needed, for instance by tracing of fatty acids

within the triglyceride pool using a multilabel

multiplex tracing method as recently described [25]. In

contrast to the proposed increase in triglyceride re-

esterification, some studies have reported reduced lipo-

genesis [20,27,28], in line with a diminished expression

of the lipogenic enzymes fatty acid synthase (FAS),

acetyl-CoA carboxylase (ACC) and diacylglycerol O-

acyltransferase (DGAT) in adipose tissue of cachectic

mice. Adipokines may play an important role in regu-

lating lipolysis and lipogenesis in cachexia, as cachectic

patients show altered circulating levels of adiponectin

[29,30] and reduced levels of leptin [31]. Changes in

circulating leptin levels might not only affect adipose

Fig. 2. The three characteristics of

cancer cachexia highlighted in the

current review. Tumour- and host-

secreted factors induce adipose

tissue wasting, skeletal muscle

degradation and systemic

inflammation through various

molecular mechanisms. The

combination of these effects

negatively influences several

aspects of patient health.
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tissue functionality but also immune responses, as lep-

tin regulates immune cell function [32].

Cachectic mice have smaller and more heteroge-

neous adipocytes, and their mitochondria are more

electron dense with an elevated number of cristae com-

pared to weight-stable control mice [20]. However,

uncoupling protein 1 (UCP1)-dependent browning or

brown fat activity do not seem to play a role for

cachectic patients as recently evidenced [33,34]. Espe-

cially in the late stages of Ccx, inflammation and fibro-

sis of adipose tissue occur [20,35,36], characterized by

increased infiltration of inflammatory cells such as

macrophages or T lymphocytes. Key adipogenic fac-

tors, such as peroxisome proliferator-activated receptor

gamma (PPARc) or CCAAT enhancer-binding protein

alpha (CEBPa) are affected by cachexia, influencing

not only adipogenesis but also mature adipocyte func-

tion by influencing triglyceride synthesis and storage

and adipose tissue maintenance [20,35].

Skeletal muscle loss [15] is one of the most devastating

hallmarks of cachexia, being directly linked to about

30% of all cancer-related deaths [8], with wasting of car-

diac, chest and diaphragm muscle often leading to respi-

ratory and cardiac failure [37,38]. Repression of protein

synthesis in combination with elevated protein break-

down mainly mediates the skeletal muscle wasting,

orchestrated by the interplay of two major pathways,

the ubiquitin proteasome system (UPS) [39] and autop-

hagy [40]. Under physiological conditions, these systems

clean up damaged proteins, but in Ccx, their abnormal

regulation causes excessive protein degradation. The

activation of distinct transcription factors such as

nuclear factor j-light-chain-enhancer of activated B

cells (NF-jB) and forkhead box O (FoxO) induces the

two E3 ligases muscle RING finger 1 (MuRF1) and

muscle atrophy F box (MAFbx, also termed Atrogin 1),

essential drivers of muscle atrophy-related proteolysis

[41]. Both are upregulated in muscle of several Ccx

mouse models [13], and inhibition [42] or lack of

MuRF1 [43] or Atrogin1 [44] partially prevents mice

from wasting. In addition to the UPS, activation of

autophagy associates with Ccx in mice [40,45] and

patients [46], and is potentially regulated by FoxO3 acti-

vation, controlling the autophagy-related genes BCL2

interacting protein 3 (Bnip3) and microtubule-

associated protein 1A/1B-light chain 3 (LC3) [47]. FoxO

in turn is regulated by AKT–mTOR, and activation of

the AKT–mTOR pathway in muscle reverses muscle

wasting [48]. Perturbation of neuromuscular junctions

and muscle denervation enhances muscle wasting in

cachexia, which is induced by cancer-induced reductions

in bone morphogenetic protein (BMP) [49]. Myonuclear

apoptosis triggered by mitochondrial dysfunction

further contributes to muscle wasting in Ccx [50], char-

acterized for instance by the presence of apoptotic fac-

tors including Caspase 8 and 9 [50], B-cell

leukaemia/lymphoma 2 (BCL2)-associated X protein

(BAX) [51] and DNA fragmentation in cachectic skele-

tal muscles [52].

Chronic systemic inflammation is a critical compo-

nent of Ccx, with inflammatory cytokines including

interferon gamma (IFNc) [53], IL-6 [54,55], TNFa [56]

and IL-1b [57] being essential drivers of many symp-

toms of the disease. These tumour- or host-secreted

cytokines have prominent effects on several cachexia-

affected organs including the brain, skeletal muscle

and adipose tissue. For instance, IL-6, TNFa and IL-1

act directly on the brain to enhance anorexia [58,59].

Intracerebroventricular (ICV) injection of TNFa or

IL-1b at pathophysiological levels—aiming to adminis-

ter the cytokines directly to the central nervous system

—induces anorexia [60,61]. In the muscle, inflamma-

tory cytokines promote wasting by activating NF-jB
signalling, causing muscle protein breakdown and inhi-

biting protein synthesis [62,63]. In adipose tissue, cyto-

kines affect lipolysis and lipogenesis [64–66], and an

IL-6-dependent crosstalk between tumour, muscle and

fat promotes wasting [55]. IL-6 also modulates C-

reactive protein (CRP) synthesis, which as part of the

acute phase response is mainly produced in the liver

via NF-jB and signal transducer and activator of tran-

scription 3 (STAT3) signalling [67,68]. High levels of

STAT3 associate with Ccx [69,70]. High CRP is a

marker of systemic inflammation and used as diagnos-

tic marker in patients [17,71,72].

Additional symptoms of Ccx include anaemia, asthe-

nia, induction of an acute phase response in the liver,

dysregulated hormone secretion in the brain and futile

energy wasting cycles within and between tissues,

recently reviewed for instance in Refs. [9,22,73]. Alto-

gether, Ccx-induced systemic alterations lead to a

strong decrease of the patients’ quality-of-life due to

weakness and fatigue, while at the same time limiting

therapeutic options as Ccx reduces the responsiveness

and tolerance to anti-cancer therapies, thereby shorten-

ing overall survival [7,74]. To date, only Japanese

health authorities have approved anamorelin [75], an

appetite enhancer, to counteract anorexia in cachectic

patients, whereas the remaining countries do not cur-

rently have an approved routine therapy to reverse

body wasting in cancer patients.

3. Biomarkers in cachexia

Cachexia is a progressive and deteriorating condition

that occurs alongside the advancement of cancer,

4 Molecular Oncology (2024) ª 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.
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eventually culminating in refractory cachexia. To miti-

gate the adverse effects of cachexia on anti-cancer

treatment, it is crucial to intervene against its progres-

sion at the earliest stages. This underscores the signifi-

cance of timely identification of its onset through the

utilization of clinically validated biomarkers. Indeed,

some therapeutic approaches have only shown encour-

aging results when pre-cachectic patients with mild

weight loss were treated [76]. The combination of

weight loss and wasting of muscle mass or strength

has been clinically evaluated and established as a

marker of Ccx [77]. Indeed, muscle and adipose tissue

wasting may occur up to 18 months prior to the clini-

cal diagnosis of cancer [78], serving not only as

cachexia but potentially also cancer biomarkers. How-

ever, inter-individual variations such as body composi-

tion, initial body mass index, muscle mass, genetic

predisposition, physical activity and comorbidities can

influence the development of weight and muscle loss,

and often delay the diagnosis [6,79]. Even without

obvious loss of total body mass, cancer patients can

suffer from ‘hidden cachexia’ [80]. This term refers to

weight loss or loss of functional muscle mass that is

masked by obesity, large tumours, ascites or oedema.

Hence, it is important to support the measurements of

muscularity with novel biomarkers that identify

cachexia objectively and reliably, independent of

weight loss.

Ideal Ccx biomarkers should be detectable in

pre-cachectic patients and exhibit gradual levels during

disease progression for effective staging. Preferably,

biomarkers should be easily sampled through non-

invasive methods such as plasma/serum detection rather

than requiring invasive tumour or muscle biopsies, and

should allow for straightforward and cost-effective

quantification. Lastly, a valid biomarker should specifi-

cally change based on the presence and progression of

Ccx without being influenced by other factors like ther-

apy, comorbidities, age or infections. In this chapter,

we describe and discuss recent advances in biomarker

discovery based on the three aforementioned disease

mechanisms of adipose tissue loss, muscle wasting and

systemic inflammation (Fig. 3).

3.1. Adipose tissue wasting—circulating lipids

and adipokines

With lipid metabolism and adipose tissue function

being prominently altered in cachexia early on, it is

evident that circulating lipids and adipokines will

likely be affected by the disease. Indeed, altered circu-

lating adipose tissue-derived factors and ectopic lipid

Fig. 3. Biomarkers in cancer

cachexia. Shown are several

cachexia markers, grouped

according to the three

characteristics of cachexia

highlighted in the current review:

adipose tissue wasting, skeletal

muscle wasting and systemic

inflammation. In addition, new

indices and scores are shown,

aiming to improve biomarker

validity by integrating multiple

biomarkers. Abbreviations shown in

abbreviation list.
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accumulation have previously been discussed in the

context of metabolic disease, as well as cancer [21].

Elevated plasma sphingolipids [3], including cera-

mides (CERs), hexosyl-ceramides (HCERs), sphingo-

myelins (SMs), as well as depleted

lysophophatidylcholines (LPCs) [3,81–83], and a

strongly altered FFA profile are characteristic for

Ccx in both mice and men [3,84]. In line with this,

specific lipid species belonging to the aforementioned

classes were shown to bear great potential as diagnos-

tic biomarkers in preclinical Ccx models and patients

[3]. Moreover, sphingolipids already serve as bio-

markers in different cancer types, including ovarian

and advanced stage colorectal cancer [85], both prone

to induce cachexia. Hence, future studies to evaluate

the use of plasma lipids as biomarkers in cachexia

seem promising and important.

Adipose tissue remodelling in Ccx also results in

altered secretion patterns of several adipokines includ-

ing zinc-alpha2-glycoprotein [86–88], leptin [89–93]
and adiponectin [29,30,94–96]. However, measurements

of circulating levels of these adipokines have led to

contradictory results and might relate to the heteroge-

neous and time-dependent remodelling of the different

adipose tissue depots [97,98], or differences in sex,

BMI or underlying diseases [99–102] in Ccx. Overall,

based on these controversial results, so far, adipokines

show low biomarker potential, and further studies are

needed to elucidate which parameters influence their

regulation in Ccx.

3.2. Skeletal muscle degradation—amino acids

as biomarkers in Ccx

The marked wasting of lean mass, especially skeletal

muscle, via the activation of the UPS and autophagy

pathways, results in perturbations of amino acid (AA)

metabolism, releasing AAs into the circulation, which

can be subsequently metabolized by the tumour or

other highly metabolic tissues such as the liver [103].

Indeed, several unbiased metabolomic studies have

highlighted changes in AA metabolism as a prominent

feature of Ccx in both patients and animal models

[81,82,104]. These have overall shown that multiple

AAs are reduced in the circulation even at early stages

of the disease, which may indicate cachectic hyperme-

tabolism. Indeed, in cachectic mice, circulating AAs

are among the earliest and most significant metabolic

markers, with a decrease of methionine, asparagine

and ornithine starting 4–5 days prior to weight loss

[104]. In addition, higher plasma branched chain

amino acids were detected in patients with pancreatic

cancer and were predictive of future muscle loss [105].

A comprehensive review by Ragni et al. [106] has

recently summarized the role of AAs in cancer metab-

olism, concluding that AAs might not only be strong

Ccx biomarkers but also bear potential in controlling

nutritional status of the patient, tumour growth and

host microbiota. In addition, investigating the urinary

profile of cachectic cancer patients using 1H-NMR

(nuclear magnetic resonance) identified the AAs leu-

cine, isoleucine, valine, alanine, threonine, tyrosine,

glutamine and serine as characteristic of Ccx [107]. In

summary, AAs bear great potential as Ccx biomarkers

due to easy sampling in blood or urine and their early

changes before symptom onset. Future studies should

verify and refine these already present results.

3.3. Systemic inflammation—inflammatory

proteins as biomarkers in ccx

Systemic inflammation is one of the key drivers of Ccx,

with several inflammatory cytokines playing a signifi-

cant role in disease development. In the last decades,

several of these inflammatory markers have been eluci-

dated as biomarkers for Ccx, including TNFa, IL-6

[79,108], CRP [69,70], monocyte chemoattractant

protein-1 (MCP-1) [109,110], transforming growth

factor-b (TGFb) [111] and growth differentiation factor

15 (GDF15) [19,112,113]. While inflammatory markers

are routinely assessed in cancer patients and clear links

to weight loss and survival exist, they are also heavily

influenced by additional factors such as infections

[114,115], lifestyle [116] (CRP), anorexia [117], age [13]

(GDF-15) or sexual dimorphism [109,110] (MCP-1). In

addition, some controversy regarding the translatability

from rodent models to humans exists, particularly for

TNFa as comprehensively discussed in Refs [79,108].

As many of the cachexia-inducing factors that have

been assessed so far do not fulfil all characteristics that

are required for a diagnostic and therapeutic bio-

marker, the search for new Ccx markers is still ongoing.

In this regard, IL-35 [118], phospholipase A2 group VII

[119], complement C1r subcomponent [120], comple-

ment component C7 [121] and interferon alpha and

beta receptor subunit 1 [121] have recently been identi-

fied, and future studies are needed to investigate their

potential in routine settings. In the meantime, new indi-

ces and ratios that unite distinct markers, such as cyto-

kines, lipids or AAs, were generated to improve the

accuracy of Ccx detection. Amongst these ratios, the

neutrophil-to-lymphocyte ratio (NLR) is an established

clinical marker for systemic inflammation with low

costs and easy sampling that has already been

associated with Ccx onset [111,122–124]. By combining

the circulating levels of tissue inhibitor of

6 Molecular Oncology (2024) ª 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.
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metalloproteinases-1 (TIMP-1)—which has been previ-

ously correlated with Ccx in patients—with cachexia-

associated liver parameters (C-reactive protein, ferritin,

albumin, total protein and gamma-glutamyl transfer-

ase), the TIMP1/liver/cachexia (TLC) score shows

promising potential to detect Ccx [125]. The Cachexia

Index (CXI) combines markers for systemic inflamma-

tion (NLR), nutritional status (serum albumin) and

muscle wasting (skeletal muscle index) [126], and can be

independently applied in men and women [126]. Circu-

lating cytokine levels are currently used as a diagnostic

factor for cachexia according to some definitions

(Evans [17], cachexia score (CASCO) [127], Glasgow

score [71]). Yet the current difficulties in defining uni-

versal factors and thresholds underline the importance

of incorporating confounding factors such as BMI,

metabolic health, nutrition, infections and age into the

equation [128–130]. How these confounders affect diag-

nostic factors should thus be investigated more

thoroughly.

Overall, biomarker research has strongly progressed

in the last decade and has identified novel circulating

protein and non-protein markers for Ccx. Moreover,

new indices and ratios were established, and future

studies taking tumour entities, sex differences and age-

ing into account will test their validity.

4. The underestimated effect of age
on cachexia

Ageing was recently shown to affect both the validity

of Ccx biomarkers and Ccx development in mice [13].

As the world population is ageing, cancer incidence

and as a result cachexia incidence will likely rise in

the future [131]. Indeed, the global cancer burden

was estimated to increase by 47% in 2040

(28.4 million new cases) compared to 2020

(19.3 million cases) [132], and while the risk of devel-

oping cancer before the age of 40 is 2%, it increases

tremendously to about 50% by the age of 80 [133].

As the age-related increase in cancer risk is well

accepted, many researchers have contributed to deci-

phering the rather complex mechanisms of how age-

ing influences cancer onset [133–135] (Fig. 4). In

2023, L�opez-Ot�ın et al. have combined the well-

known hallmarks of cancer [136] with their previously

published hallmarks of ageing [137] to establish meta-

hallmarks that show very close parallels between can-

cer and ageing [138]. Among those, genomic instabil-

ity, epigenetic alterations, chronic inflammation and

dysbiosis associated with oncogenesis. In addition,

metabolic reprogramming is a well-established hall-

mark of both cancer [139] and ageing [140].

Metabolic dysfunction in ageing involves chronic dys-

regulation of cellular and host bioenergetic programs,

leading to changes in cellular function and an

increased susceptibility to metabolic disorders. In line

with this, the metabolic syndrome occurs increasingly

with age and is associated with obesity, dyslipidae-

mia, hyperglycaemia, insulin resistance and cardiovas-

cular diseases [141]. Furthermore, ageing is frequently

associated with age-related loss of muscle mass and

function, sarcopenia. In the next section, we discuss

possible interactions between ageing and Ccx in the

context of adipose tissue and muscle dysfunction and

inflammation.

4.1. Adipose tissue dysfunction

In addition to the metabolic alterations during ageing,

body composition changes in the elderly. Ageing

results in visceral adiposity, in contrast to Ccx. How-

ever, similar to Ccx, adipose tissue is dysfunctional in

aged individuals, promoting low-grade chronic inflam-

mation and insulin resistance [142]. Hence, ageing

results in increased adipocyte expression of pro-

inflammatory cytokines such as IL-6 or TNFa [143].

In contrast to Ccx, catecholamine-induced lipolysis

declined by 50% upon ageing [144], which may be

mediated by adipose tissue macrophages lowering the

bioavailability of noradrenaline [145]. In humans,

mature adipocytes appear to be the main modulators

of age-induced alterations in catecholamine-induced

lipolysis [146,147]. Infiltrating B cells further modulate

adipose tissue lipolysis in aged mice, and systemic B-

cell depletion restored levels of ATGL and HSL [148].

Ageing also reduced adipose tissue expression of MGL

[147], FASN and DGAT2 [149], indicative of reduced

lipogenesis. Hence, contrary to Ccx, both decreased

lipolysis and lipogenesis are characteristics of age-

related adipose tissue dysfunction, which may reduce

the tissue’s metabolic flexibility, i.e. alter its ability to

undergo cachexia-related metabolic adaptations.

Chronic inflammation and immune cell infiltration

seem to play key roles in mediating adipose tissue dys-

function during ageing. Consequently, age also affects

the secretion of adipokines, as increased adiposity in

the elderly leads to elevated circulating leptin levels.

However, with a similar BMI, plasma leptin levels

were lower in aged compared to young individuals,

especially in women [150,151]. Circulating adiponectin

levels correlated positively with age in both sexes [151].

Also, ceramides increased in aged individuals [152].

Overall, age-related changes in white adipose tissue

mass, functionality and inflammation might promote

Ccx pathogenesis.
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4.2. Muscle dysfunction

One of the most prominent body composition changes

upon ageing is a decrease in lean mass, also termed

sarcopenia [153,154]. Importantly, the term sarcopenia

is specifically linked to loss of muscle mass and

strength in ageing and thereby discriminates muscle

loss due to ageing from other causes such as cancer-

induced wasting [155]. The influence of age on

cachexia and the interplay between sarcopenia and

cachexia have not been addressed in detail so far.

Being increasingly recognized as geriatric syndrome,

by the age of 80, individuals have approximately lost

30% of their muscle mass [156], leading to elevated

risk of functional impairment, disability and mortality

[157]. Muscle changes in age-associated sarcopenia are

manifold and substantial [158]. Briefly, decreased pro-

tein synthesis and low protein and caloric intake con-

tribute to sarcopenia development, as do genetic risk

factors, neurodegenerative processes and muscle fibre

atrophy [155]. Aged muscle shows impaired anabolic

flexibility [159] and reduced protein synthesis rates

Fig. 4. Common pathways and circulating factors in cachexia and ageing. The aged population shows an increased risk of developing cancer

and its accompanying syndrome cancer cachexia. Metabolic, genomic and behavioural alterations upon ageing increase the risk for cancer

and Ccx development. Red arrows indicate changes in cachexia, blue/dotted arrows indicate changes in ageing. Abbreviations shown in

abbreviation list.
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linked to increased inflammation [160]. Reduced mus-

cle insulin sensitivity during ageing reduces the ana-

bolic actions of the Akt/ mTOR signalling pathway.

Furthermore, impaired mitochondrial function of aged

muscle compromises energy supply and induces oxida-

tive stress, which affects multiple downstream signal-

ling pathways including activation of JNK signalling,

AMPK signalling and endoplasmic reticulum stress, all

important for maintaining muscle mass [161].

Decreased lysosomal function and autophagy in age

contribute to muscle wasting and reduced muscle

innervation in sarcopenia as damaged or misfolded

proteins accumulate [162]. Whether the Ccx-regulated

atrogenes MuRF1 and Atrogin1 play a role in

age-related sarcopenia is somewhat debated, with a

majority of reports stating that they are not regulated

by sarcopenia [163–165].
In line with the decrease of lean mass, aged individ-

uals with sarcopenia display a distinct AA profile [166]

with lower levels of methionine, an essential AA that

also decreased in cachectic mice, even before weight

loss [104,166]. These metabolic changes might further

foster the development of Ccx, given that changes in

circulating AA levels are early predictors for cachexia

as described in more detail above [104]. Overall, sarco-

penia and Ccx may be additive and age-related loss of

muscle mass and function may further contribute to

the fast functional decline seen in patients with cancer.

4.3. Inflammation

Chronic systemic inflammation represents another hall-

mark of ageing, termed inflammageing [140]. This

chronic low-grade inflammation in the elderly comes

along with slight increases of circulating adipokines,

chemokines and proinflammatory cytokines, such as

IL-6 [167] and TNFa [168]—even in the absence of a

clinically active disease [169]. It contributes to various

pathologies including cancer [170], cardiovascular dis-

ease [171] and sarcopenia [172,173]. Not only genetic

susceptibility and visceral obesity but also alterations

in gut permeability and cellular senescence might drive

inflammageing, as comprehensively reviewed by Fer-

rucci et al. [174]. In line with these findings, inflamma-

geing has been linked to a higher mortality [179,180].

Many circulating factors related to Ccx-induced

inflammation are also elevated in ageing, such as CRP

[175], GDF-15 [176], MCP-1 [177], TGFb [178], TNFa
[168] and IL-6 [167]. The age-related upregulation of

these factors might ease the development of Ccx.

Based on all aforementioned mechanistic and meta-

bolic changes that we face with increasing age, it is

crucial to pay more attention to the elderly when

designing studies, as age strongly influences outcomes

[13]. In cancer research, scientists have already started

to address the effect of ageing on treatment and ther-

apy success [181]. However, studies about the influence

of ageing on cachexia pathogenesis are still scarce to

date, despite metabolic dysregulation, skeletal muscle

loss, reduced food intake and systemic inflammation

being strong hallmarks of both ageing and Ccx, hence

potentially making elderly individuals particularly vul-

nerable to cachexia. Indeed, cachexia is more prevalent

in cancers of older age, as for example gastric cancer

[182]. Additional factors such as metabolic dysfunction

associated with diabetes might further impact cachexia

development [12] in addition to ageing.

Ruan et al. [183] have reported a new index to esti-

mate prognosis, overall survival and malnutrition in

cancer patients, termed the Geriatric Nutritional Risk

Index (GNRI). The GNRI is based on the patient’s

serum albumin levels and bodyweight, with a low GNRI

being associated with worse prognosis, lower overall

survival and malnutrition. When compared to non-

cachectic cancer patients, cachectic patients displayed a

significantly lower GNRI. Additionally, aged cancer

patients (> 70 years) had a markedly reduced GNRI

compared to patients younger than 70 years, indicating

elevated mortality risk [183]. Hence, performing

cachexia screenings early in elderly cancer patients is

important to counteract Ccx at the earliest time point

possible, thereby improving disease outcome. Takeda

et al. [184] have investigated how Ccx and sarcopenia

influenced the treatment success in pancreatic cancer

patients receiving chemotherapy. Therein, Ccx was asso-

ciated with higher age, increased inflammatory markers,

an elevated NLR, worse nutritional status, reduced

progression-free survival and early treatment discontin-

uation, while sarcopenia had less of an impact on the

clinical parameters in aged patients with pancreatic can-

cer [184]. However, this study only investigated an aged

patient group and did not include any young patients

[184]. While these exemplary studies already emphasize

that patient age is of high importance with respect to

treatment, research comparing aged and young cachec-

tic cancer patients is still underrepresented. As a first

step to adapt cachexia screenings to the ageing popula-

tion, in 2011 the European Society of Clinical Nutrition

and Metabolism (ESPEN) suggested a higher BMI cut-

off value of 22 kg�m�2 in older individuals compared to

20 kg�m�2 in younger ones [185]. Of note, the impact of

ageing should not only be investigated in cancer-

associated cachexia, but also other cachexia-inducing

diseases such as the acquired immunodeficiency syn-

drome [186] or cardiac cachexia [187] to estimate if age-

ing further drives cachexia pathogenesis in this context.
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Preclinical studies investigating the influence of age on

Ccx are still underrepresented. To address this, we have

previously assessed Ccx pathogenesis in different fre-

quently used cachexia mouse models of different age

groups [13]. We have shown that age had a strong

impact on cachexia pathogenesis, which depended on

the mouse line and strain. While the C26 model, using

BALB/c mice, was unaffected by age (as also previously

reported by Talbert et al. [188]), we found that LLC-

implantation into aged C57BL/6J mice aggravated

cachexia. Furthermore, while LLC cells did not induce

cachexia in young C57BL/6N mice, they did induce

wasting in aged C57BL/6N mice. These data highlight

the importance of validating results in more than one

preclinical model and ideally additionally in an aged

mouse cohort. With respect to Ccx biomarkers, ageing

affected the validity of the currently used markers IL-6

and IL-1b in both mice and patients [13]. While young

patients with an age ≤ 55 years showed significant cor-

relations of the aforementioned biomarkers with body-

weight loss, this significance was lost upon ageing

(> 55 years), highlighting the strong impact of age that

should be taken into account when examining cancer

patients and cachexia onset, even based on already

established biomarkers [13]. In the future, systematic

studies investigating cachexia development and bio-

marker consistency in dependence of age, considering

specific metabolic vulnerabilities of different age groups,

will be necessary to streamline optimal diagnosis and

treatment options to patients’ needs.

Acknowledgements

We thank Dr. L. Harrison for the help in reviewing

and editing the manuscript. Some of the graphical ele-

ments in the figures were inspired by Biorender.com

and Canva. MR is funded by the European Research

Council (ERC) under the European Union’s Horizon

2020 research and innovation program (# 949017), and

Helmholtz Association—Initiative and Networking

Fund. We apologize to all colleagues whose work we

did not cite and acknowledge their valuable contribu-

tion to the field.

Author contributions

JG and MR conceptualized the review. JG wrote the

first version of the manuscript. MR edited the manu-

script and co-wrote the final version.

Conflict of interest

The authors declare no conflict of interest.

References

1 Masi T, Patel BM. Altered glucose metabolism and

insulin resistance in cancer-induced cachexia: a sweet

poison. Pharmacol Rep. 2021;73(1):17–30.
2 Rohm M, Sch€afer M, Laurent V, €Ust€unel BE, Niopek

K, Algire C, et al. An AMP-activated protein kinase-

stabilizing peptide ameliorates adipose tissue wasting in

cancer cachexia in mice. Nat Med. 2016;22(10):1120–30.
3 Morigny P, Zuber J, Haid M, Kaltenecker D, Riols F,

Lima JDC, et al. High levels of modified ceramides are

a defining feature of murine and human cancer cachexia.

J Cachexia Sarcopenia Muscle. 2020;11(6):1459–75.
4 Jeevanandam M, Horowitz GD, Lowry SF, Brennan

MF. Cancer cachexia and protein metabolism. Lancet.

1984;1(8392):1423–6.
5 Sch€afer M, Oeing CU, Rohm M, Baysal-Temel E,

Lehmann LH, Bauer R, et al. Ataxin-10 is part of a

cachexokine cocktail triggering cardiac metabolic

dysfunction in cancer cachexia. Mol Metab. 2016;5

(2):67–78.
6 Fearon KC, Glass DJ, Guttridge DC. Cancer cachexia:

mediators, signaling, and metabolic pathways. Cell

Metab. 2012;16(2):153–66.
7 Dewys WD, Begg C, Lavin PT, Band PR, Bennett JM,

Bertino JR, et al. Prognostic effect of weight loss prior to

chemotherapy in cancer patients. Eastern cooperative

oncology group. Am JMed. 1980;69(4):491–7.
8 von Haehling S, Anker SD. Cachexia as a major

underestimated and unmet medical need: facts and

numbers. J Cachexia Sarcopenia Muscle. 2010;1(1):1–5.
9 Schmidt SF, Rohm M, Herzig S, Berriel Diaz M.

Cancer cachexia: more than skeletal muscle wasting.

Trends Cancer. 2018;4(12):849–60.
10 Zhong X, Narasimhan A, Silverman LM, Young AR,

Shahda S, Liu S, et al. Sex specificity of pancreatic

cancer cachexia phenotypes, mechanisms, and

treatment in mice and humans: role of activin. J

Cachexia Sarcopenia Muscle. 2022;13(4):2146–61.
11 Rosa-Caldwell ME, Greene NP. Muscle metabolism

and atrophy: let’s talk about sex. Biol Sex Differ.

2019;10(1):43.

12 Chovsepian A, Prokopchuk O, Petrova G, Gjini T,

Kuzi H, Heisz S, et al. Diabetes increases mortality in

patients with pancreatic and colorectal cancer by

promoting cachexia and its associated inflammatory

status. Mol Metab. 2023;73:101729.

13 Geppert J, Walth A, Terr�on Exp�osito R, Kaltenecker

D, Morigny P, Machado J, et al. Aging aggravates

cachexia in tumor-bearing mice. Cancers (Basel).

2021;14(1):90.

14 Schilsky RL. Personalized medicine in oncology: the

future is now. Nat Rev Drug Discov. 2010;9(5):363–6.
15 Agustsson T, Ryd�en M, Hoffstedt J, van Harmelen V,

Dicker A, Laurencikiene J, et al. Mechanism of

10 Molecular Oncology (2024) ª 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

Cancer cachexia and age J. Geppert and M. Rohm

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13590 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



increased lipolysis in cancer cachexia. Cancer Res.

2007;67(11):5531–7.
16 Fouladiun M, K€orner U, Bosaeus I, Daneryd P,

Hyltander A, Lundholm KG. Body composition and

time course changes in regional distribution of fat

and lean tissue in unselected cancer patients on

palliative care--correlations with food intake,

metabolism, exercise capacity, and hormones. Cancer.

2005;103(10):2189–98.
17 Evans WJ, Morley JE, Argil�es J, Bales C, Baracos V,

Guttridge D, et al. Cachexia: a new definition. Clin

Nutr. 2008;27(6):793–9.
18 Ferrer M, Anthony TG, Ayres JS, Biffi G, Brown JC,

Caan BJ, et al. Cachexia: a systemic consequence of

progressive, unresolved disease. Cell. 2023;186(9):1824–
45.

19 Al-Sawaf O, Weiss J, Skrzypski M, Lam JM, Karasaki

T, Zambrana F, et al. Body composition and lung

cancer-associated cachexia in TRACERx. Nat Med.

2023;29(4):846–58.
20 Bing C, Russell S, Becket E, Pope M, Tisdale MJ,

Trayhurn P, et al. Adipose atrophy in cancer cachexia:

morphologic and molecular analysis of adipose tissue

in tumour-bearing mice. Br J Cancer. 2006;95(8):1028–
37.

21 Vegiopoulos A, Rohm M, Herzig S. Adipose tissue:

between the extremes. EMBO J. 2017;36(14):1999–
2017.

22 Rohm M, Zeigerer A, Machado J, Herzig S. Energy

metabolism in cachexia. EMBO Rep. 2019;20(4):

e47258.

23 Thompson MP, Cooper ST, Parry BR, Tuckey JA.

Increased expression of the mRNA for hormone-

sensitive lipase in adipose tissue of cancer patients.

Biochim Biophys Acta. 1993;1180(3):236–42.
24 Das SK, Eder S, Schauer S, Diwoky C, Temmel H,

Guertl B, et al. Adipose triglyceride lipase contributes

to cancer-associated cachexia. Science. 2011;333

(6039):233–8.
25 Wunderling K, Zurkovic J, Zink F, Kuerschner L,

Thiele C. Triglyceride cycling enables modification of

stored fatty acids. Nat Metab. 2023;5(4):699–709.
26 Mulligan HD, Tisdale MJ. Lipogenesis in tumour and

host tissues in mice bearing colonic adenocarcinomas.

Br J Cancer. 1991;63(5):719–22.
27 Ishiko O, Nishimura S, Yasui T, Sumi T, Hirai K,

Honda KI, et al. Metabolic and morphologic

characteristics of adipose tissue associated with the

growth of malignant tumors. Jpn J Cancer Res.

1999;90(6):655–9.
28 Gong FY, Zhang SJ, Deng JY, Zhu HJ, Pan H, Li

NS, et al. Zinc-alpha2-glycoprotein is involved in

regulation of body weight through inhibition of

lipogenic enzymes in adipose tissue. Int J Obes (Lond).

2009;33(9):1023–30.

29 Batista ML Jr, Olivan M, Alcantara PSM, Sandoval

R, Peres SB, Neves RX, et al. Adipose tissue-derived

factors as potential biomarkers in cachectic cancer

patients. Cytokine. 2013;61(2):532–9.
30 Jamieson NB, Brown DJF, Michael Wallace A,

McMillan DC. Adiponectin and the systemic

inflammatory response in weight-losing patients with

non-small cell lung cancer. Cytokine. 2004;27(2–3):90–2.
31 Takahashi M, Terashima M, Takagane A, Oyama K,

Fujiwara H, Wakabayashi G. Ghrelin and leptin levels

in cachectic patients with cancer of the digestive

organs. Int J Clin Oncol. 2009;14(4):315–20.
32 Kiernan K, MacIver NJ. The role of the adipokine

leptin in immune cell function in health and disease.

Front Immunol. 2020;11:622468.

33 Eljalby M, Huang X, Becher T, Wibmer AG, Jiang

CS, Vaughan R, et al. Brown adipose tissue is not

associated with cachexia or increased mortality in a

retrospective study of patients with cancer. Am J

Physiol Endocrinol Metab. 2023;324(2):E144–53.
34 Becker AS, Zellweger C, Bacanovic S, Franckenberg S,

Nagel HW, Frick L, et al. Brown fat does not cause

cachexia in cancer patients: a large retrospective

longitudinal FDG-PET/CT cohort study. PloS One.

2020;15(10):e0239990.

35 Batista ML Jr, Neves RX, Peres SB, Yamashita AS,

Shida CS, Farmer SR, et al. Heterogeneous time-

dependent response of adipose tissue during the

development of cancer cachexia. J Endocrinol.

2012;215(3):363–73.
36 Molfino A, Carletti R, Imbimbo G, Amabile MI, Belli R,

di Gioia CRT, et al. Histomorphological and

inflammatory changes of white adipose tissue in

gastrointestinal cancer patients with and without cachexia.

J Cachexia Sarcopenia Muscle. 2022;13(1):333–42.
37 Kalantar-Zadeh K, Rhee C, Sim JJ, Stenvinkel P,

Anker SD, Kovesdy CP. Why cachexia kills:

examining the causality of poor outcomes in wasting

conditions. J Cachexia Sarcopenia Muscle. 2013;4

(2):89–94.
38 Roberts BM, Ahn B, Smuder AJ, al-Rajhi M, Gill LC,

Beharry AW, et al. Diaphragm and ventilatory

dysfunction during cancer cachexia. FASEB J. 2013;27

(7):2600–10.
39 Zhang L, Tang H, Kou Y, Li R, Zheng Y, Wang Q,

et al. MG132-mediated inhibition of the ubiquitin-

proteasome pathway ameliorates cancer cachexia. J

Cancer Res Clin Oncol. 2013;139(7):1105–15.
40 Penna F, Costamagna D, Pin F, Camperi A, Fanzani

A, Chiarpotto EM, et al. Autophagic degradation

contributes to muscle wasting in cancer cachexia. Am J

Pathol. 2013;182(4):1367–78.
41 Rao VK, Das D, Taneja R. Cancer cachexia: signaling

and transcriptional regulation of muscle catabolic

genes. Cancers (Basel). 2022;14(17):4258.

11Molecular Oncology (2024) ª 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

J. Geppert and M. Rohm Cancer cachexia and age

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13590 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



42 Adams V, Gußen V, Zozulya S, Cruz A, Moriscot A,

Linke A, et al. Small-molecule chemical knockdown of

MuRF1 in melanoma bearing mice attenuates tumor

cachexia associated myopathy. Cell. 2020;9(10):2272.

43 Bodine SC, Latres E, Baumhueter S, Lai VKM, Nunez

L, Clarke BA, et al. Identification of ubiquitin ligases

required for skeletal muscle atrophy. Science. 2001;294

(5547):1704–8.
44 Cong H, Sun L, Liu C, Tien P. Inhibition of atrogin-

1/MAFbx expression by adenovirus-delivered small

hairpin RNAs attenuates muscle atrophy in fasting

mice. Hum Gene Ther. 2011;22(3):313–24.
45 White JP, Baynes JW, Welle SL, Kostek MC, Matesic

LE, Sato S, et al. The regulation of skeletal muscle

protein turnover during the progression of cancer

cachexia in the Apc(min/+) mouse. PLoS One. 2011;6

(9):e24650.

46 Aversa Z, Pin F, Lucia S, Penna F, Verzaro R, Fazi

M, et al. Autophagy is induced in the skeletal muscle

of cachectic cancer patients. Sci Rep. 2016;6:30340.

47 Mammucari C, Milan G, Romanello V, Masiero E,

Rudolf R, del Piccolo P, et al. FoxO3 controls

autophagy in skeletal muscle in vivo. Cell Metab.

2007;6(6):458–71.
48 Geremia A, Sartori R, Baraldo M, Nogara L, Balmaceda

V, Dumitras GA, et al. Activation of Akt-mTORC1

signalling reverts cancer-dependent muscle wasting. J

Cachexia Sarcopenia Muscle. 2022;13(1):648–61.
49 Sartori R, Hagg A, Zampieri S, Armani A, Winbanks

CE, Viana LR, et al. Perturbed BMP signaling and

denervation promote muscle wasting in cancer

cachexia. Sci Transl Med. 2021;13(605):eaay9592.

50 de Castro GS, Simoes E, Lima JDCC, Ortiz-Silva M,

Festuccia WT, Tokeshi F, et al. Human cachexia

induces changes in mitochondria, autophagy and

apoptosis in the skeletal muscle. Cancers (Basel).

2019;11(9):1264.

51 Baltgalvis KA, Berger FG, Pe~na MMO, Mark Davis J,

White JP, Carson JA. Activity level, apoptosis, and

development of cachexia in Apc(min/+) mice. J Appl

Physiol (1985). 2010;109(4):1155–61.
52 Carb�o N, Busquets S, van Royen M, Alvarez B,

L�opez-Soriano FJ, Argil�es JM. TNF-alpha is involved

in activating DNA fragmentation in skeletal muscle.

Br J Cancer. 2002;86(6):1012–6.
53 Matthys P, Dukmans R, Proost P, van Damme J,

Heremans H, Sobis H, et al. Severe cachexia in mice

inoculated with interferon-gamma-producing tumor

cells. Int J Cancer. 1991;49(1):77–82.
54 Strassmann G, Fong M, Kenney JS, Jacob CO.

Evidence for the involvement of interleukin 6 in

experimental cancer cachexia. J Clin Invest. 1992;89

(5):1681–4.
55 Rupert JE, Narasimhan A, Jengelley DHA, Jiang Y,

Liu J, Au E, et al. Tumor-derived IL-6 and trans-

signaling among tumor, fat, and muscle mediate

pancreatic cancer cachexia. J Exp Med. 2021;218(6):

e20190450.

56 Oliff A, Defeo-Jones D, Boyer M, Martinez D, Kiefer

D, Vuocolo G, et al. Tumors secreting human

TNF/cachectin induce cachexia in mice. Cell. 1987;50

(4):555–63.
57 Strassmann G, Masui Y, Chizzonite R, Fong M.

Mechanisms of experimental cancer cachexia. Local

involvement of IL-1 in colon-26 tumor. J Immunol.

1993;150(6):2341–5.
58 Wong S, Pinkney J. Role of cytokines in regulating

feeding behaviour. Curr Drug Targets. 2004;5(3):251–63.
59 Buchanan JB, Johnson RW. Regulation of food intake

by inflammatory cytokines in the brain.

Neuroendocrinology. 2007;86(3):183–90.
60 Sonti G, Ilyin SE, Plata-Salam�an CR. Anorexia

induced by cytokine interactions at pathophysiological

concentrations. Am J Physiol. 1996;270(6 Pt 2):R1394–
402.

61 Plata-Salam�an CR. Anorexia induced by activators of

the signal transducer gp 130. Neuroreport. 1996;7

(3):841–4.
62 Reid MB, Li YP. Tumor necrosis factor-alpha and

muscle wasting: a cellular perspective. Respir Res.

2001;2(5):269–72.
63 White JP, Puppa MJ, Sato S, Gao S, Price RL, Baynes

JW, et al. IL-6 regulation on skeletal muscle

mitochondrial remodeling during cancer cachexia in

the ApcMin/+ mouse. Skelet Muscle. 2012;2:14.

64 Han J, Meng Q, Shen L, Wu G. Interleukin-6 induces

fat loss in cancer cachexia by promoting white adipose

tissue lipolysis and browning. Lipids Health Dis.

2018;17(1):14.

65 Fried SK, Zechner R. Cachectin/tumor necrosis factor

decreases human adipose tissue lipoprotein lipase

mRNA levels, synthesis, and activity. J Lipid Res.

1989;30(12):1917–23.
66 Greenberg AS, Nordan RP, McIntosh J, Calvo JC,

Scow RO, Jablons D. Interleukin 6 reduces lipoprotein

lipase activity in adipose tissue of mice in vivo and in

3T3-L1 adipocytes: a possible role for interleukin 6

in cancer cachexia. Cancer Res. 1992;52(15):4113–6.
67 Zhang D, Sun M, Samols D, Kushner I. STAT3

participates in transcriptional activation of the C-

reactive protein gene by interleukin-6. J Biol Chem.

1996;271(16):9503–9.
68 Agrawal A, Cha-Molstad H, Samols D, Kushner I.

Overexpressed nuclear factor-kappaB can participate

in endogenous C-reactive protein induction, and

enhances the effects of C/EBPbeta and signal

transducer and activator of transcription-3.

Immunology. 2003;108(4):539–47.
69 Mallard J, Gagez AL, Baudinet C, Herbinet A, Maury

J, Bernard PL, et al. C-reactive protein level: a key

12 Molecular Oncology (2024) ª 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

Cancer cachexia and age J. Geppert and M. Rohm

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13590 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



predictive marker of cachexia in lymphoma and

myeloma patients. J Hematol. 2019;8(2):55–9.
70 Bilir C, Engin H, Can M, Temi YB, Demirtas D. The

prognostic role of inflammation and hormones in

patients with metastatic cancer with cachexia. Med

Oncol. 2015;32(3):56.

71 McMillan DC. An inflammation-based prognostic

score and its role in the nutrition-based management

of patients with cancer. Proc Nutr Soc. 2008;67(3):257–
62.

72 Cederholm T, Jensen GL, Correia MITD, Gonzalez

MC, Fukushima R, Higashiguchi T, et al. GLIM

criteria for the diagnosis of malnutrition – a consensus

report from the global clinical nutrition community.

Clin Nutr. 2019;38(1):1–9.
73 Peixoto da Silva S, Santos JMO, Costa e Silva MP,

Gil da Costa RM, Medeiros R. Cancer cachexia and

its pathophysiology: links with sarcopenia, anorexia

and asthenia. J Cachexia Sarcopenia Muscle. 2020;11

(3):619–35.
74 Miyawaki T, Naito T, Kodama A, Nishioka N,

Miyawaki E, Mamesaya N, et al. Desensitizing effect

of cancer cachexia on immune checkpoint inhibitors in

patients with advanced NSCLC. JTO Clin Res Rep.

2020;1(2):100020.

75 Wakabayashi H, Arai H, Inui A. The regulatory

approval of anamorelin for treatment of cachexia in

patients with non-small cell lung cancer, gastric cancer,

pancreatic cancer, and colorectal cancer in Japan: facts

and numbers. J Cachexia Sarcopenia Muscle. 2021;12

(1):14–6.
76 Lavriv DS, Neves PM, Ravasco P. Should omega-3

fatty acids be used for adjuvant treatment of cancer

cachexia? Clin Nutr ESPEN. 2018;25:18–25.
77 Fearon K, Strasser F, Anker SD, Bosaeus I, Bruera E,

Fainsinger RL, et al. Definition and classification of

cancer cachexia: an international consensus. Lancet

Oncol. 2011;12(5):489–95.
78 Babic A, Rosenthal MH, Sundaresan TK, Khalaf N,

Lee V, Brais LK, et al. Adipose tissue and skeletal

muscle wasting precede clinical diagnosis of pancreatic

cancer. Nat Commun. 2023;14(1):4317.

79 Loumaye A, Thissen JP. Biomarkers of cancer

cachexia. Clin Biochem. 2017;50(18):1281–8.
80 Fearon K, Arends J, Baracos V. Understanding the

mechanisms and treatment options in cancer cachexia.

Nat Rev Clin Oncol. 2013;10(2):90–9.
81 Miller J, Alshehri A, Ramage MI, Stephens NA,

Mullen AB, Boyd M, et al. Plasma metabolomics

identifies lipid and amino acid markers of weight loss

in patients with upper gastrointestinal cancer. Cancers

(Basel). 2019;11(10):1594.

82 Cala MP, Agull�o-Ortu~no MT, Prieto-Garc�ıa E,

Gonz�alez-Riano C, Parrilla-Rubio L, Barbas C, et al.

Multiplatform plasma fingerprinting in cancer

cachexia: a pilot observational and translational study.

J Cachexia Sarcopenia Muscle. 2018;9(2):348–57.
83 Taylor LA, Arends J, Hodina AK, Unger C, Massing

U. Plasma lyso-phosphatidylcholine concentration is

decreased in cancer patients with weight loss and

activated inflammatory status. Lipids Health Dis.

2007;6:17.

84 Riccardi DMDR, das Neves RX, de Matos-Neto EM,

Camargo RG, Lima JDCC, Radloff K, et al. Plasma

lipid profile and systemic inflammation in patients with

cancer cachexia. Front Nutr. 2020;7:4.

85 Kurz J, Parnham MJ, Geisslinger G, Schiffmann S.

Ceramides as novel disease biomarkers. Trends Mol

Med. 2019;25(1):20–32.
86 Felix K, Fakelman F, Hartmann D, Giese NA, Gaida

MM, Schn€olzer M, et al. Identification of serum

proteins involved in pancreatic cancer cachexia. Life

Sci. 2011;88(5–6):218–25.
87 Mracek T, Stephens NA, Gao D, Bao Y, Ross JA,

Ryd�en M, et al. Enhanced ZAG production by

subcutaneous adipose tissue is linked to weight loss in

gastrointestinal cancer patients. Br J Cancer. 2011;104

(3):441–7.
88 Bing C, Bao Y, Jenkins J, Sanders P, Manieri M, Cinti

S, et al. Zinc-alpha2-glycoprotein, a lipid mobilizing

factor, is expressed in adipocytes and is up-regulated in

mice with cancer cachexia. Proc Natl Acad Sci USA.

2004;101(8):2500–5.
89 Suzuki H, Hashimoto H, Kawasaki M, Watanabe M,

Otsubo H, Ishikura T, et al. Similar changes of

hypothalamic feeding-regulating peptides mRNAs and

plasma leptin levels in PTHrP-, LIF-secreting tumors-

induced cachectic rats and adjuvant arthritic rats. Int J

Cancer. 2011;128(9):2215–23.
90 Brown DR, Berkowitz DE, Breslow MJ. Weight loss is

not associated with hyperleptinemia in humans with

pancreatic cancer. J Clin Endocrinol Metab. 2001;86

(1):162–6.
91 Wallace AM, Kelly A, Sattar N, McArdle CS, McMillan

DC. Circulating concentrations of “free” leptin in relation

to fat mass and appetite in gastrointestinal cancer patients.

Nutr Cancer. 2002;44(2):157–60.
92 Bolukbas FF, Kilic H, Bolukbas C, Gumus M, Horoz

M, Turhal NS, et al. Serum leptin concentration and

advanced gastrointestinal cancers: a case controlled

study. BMC Cancer. 2004;4:29.

93 Jo H, Yoshida T, Horinouchi H, Yagishita S,

Matsumoto Y, Shinno Y, et al. Prognostic significance

of cachexia in advanced non-small cell lung cancer

patients treated with pembrolizumab. Cancer Immunol

Immunother. 2022;71(2):387–98.
94 Diakowska D, Markocka-Mazczka K, Szelachowski P,

Grabowski K. Serum levels of resistin, adiponectin,

and apelin in gastroesophageal cancer patients. Dis

Markers. 2014;2014:619649.

13Molecular Oncology (2024) ª 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

J. Geppert and M. Rohm Cancer cachexia and age

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13590 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



95 Kerem M, Ferahkose Z, Yilmaz UT, Pasaoglu H,

Ofluoglu E, Bedirli A, et al. Adipokines and ghrelin in

gastric cancer cachexia. World J Gastroenterol. 2008;14

(23):3633–41.
96 Smiechowska J, Utech A, Taffet G, Hayes T, Marcelli

M, Garcia JM. Adipokines in patients with cancer

anorexia and cachexia. J Invest Med. 2010;58(3):554–9.
97 Bertevello PS, Seelaender MC. Heterogeneous response

of adipose tissue to cancer cachexia. Braz J Med Biol

Res. 2001;34(9):1161–7.
98 Machado AP, Costa Rosa LF, Seelaender MC.

Adipose tissue in Walker 256 tumour-induced

cachexia: possible association between decreased leptin

concentration and mononuclear cell infiltration. Cell

Tissue Res. 2004;318(3):503–14.
99 Wolf I, Sadetzki S, Kanety H, Kundel Y, Pariente C,

Epstein N, et al. Adiponectin, ghrelin, and leptin in

cancer cachexia in breast and colon cancer patients.

Cancer. 2006;106(4):966–73.
100 Wolfe BE, Jimerson DC, Orlova C, Mantzoros CS.

Effect of dieting on plasma leptin, soluble leptin

receptor, adiponectin and resistin levels in healthy

volunteers. Clin Endocrinol (Oxf). 2004;61(3):332–8.
101 Brichard SM, Delporte ML, Lambert M. Adipocytokines

in anorexia nervosa: a review focusing on leptin and

adiponectin.HormMetab Res. 2003;35(6):337–42.
102 Balask�o M, So�os S, Sz�ekely M, P�eterv�ari E. Leptin

and aging: review and questions with particular

emphasis on its role in the central regulation of energy

balance. J Chem Neuroanat. 2014;61–62:248–55.
103 Mayers JR, Wu C, Clish CB, Kraft P, Torrence ME,

Fiske BP, et al. Elevation of circulating branched-

chain amino acids is an early event in human

pancreatic adenocarcinoma development. Nat Med.

2014;20(10):1193–8.
104 O’Connell TM, Golzarri-Arroyo L, Pin F, Barreto R,

Dickinson SL, Couch ME, et al. Metabolic

biomarkers for the early detection of cancer cachexia.

Front Cell Dev Biol. 2021;9:720096.

105 Babic A, Rosenthal MH, Bamlet WR, Takahashi N,

Sugimoto M, Danai LV, et al. Postdiagnosis loss of

skeletal muscle, but not adipose tissue, is associated

with shorter survival of patients with advanced

pancreatic cancer. Cancer Epidemiol Biomarkers Prev.

2019;28(12):2062–9.
106 Ragni M, Fornelli C, Nisoli E, Penna F. Amino acids

in cancer and cachexia: an integrated view. Cancers

(Basel). 2022;14(22):5691.

107 Eisner R, Stretch C, Eastman T, Xia J, Hau D, Damaraju

S, et al. Learning to predict cancer-associated skeletal

muscle wasting from 1H-NMR profiles of urinary

metabolites.Metabolomics. 2011;7(1):25–34.
108 Cao Z, Zhao K, Jose I, Hoogenraad NJ, Osellame

LD. Biomarkers for cancer cachexia: a mini review.

Int J Mol Sci. 2021;22(9):4501.

109 Talbert EE, Lewis HL, Farren MR, Ramsey ML,

Chakedis JM, Rajasekera P, et al. Circulating

monocyte chemoattractant protein-1 (MCP-1) is

associated with cachexia in treatment-na€ıve pancreatic

cancer patients. J Cachexia Sarcopenia Muscle. 2018;9

(2):358–68.
110 Ju JE, Kim MS, Kang JH, Lee JY, Lee MS, Kim EH,

et al. Potential role of immunological factors in early

diagnosis of cancer cachexia in C26 tumor-bearing

mice. Appl Biol Chem. 2019;62(1):3.

111 Penafuerte CA, Gagnon B, Sirois J, Murphy J,

MacDonald N, Tremblay ML. Identification of

neutrophil-derived proteases and angiotensin II as

biomarkers of cancer cachexia. Br J Cancer. 2016;114

(6):680–7.
112 Johnen H, Lin S, Kuffner T, Brown DA, Tsai VWW,

Bauskin AR, et al. Tumor-induced anorexia and

weight loss are mediated by the TGF-beta superfamily

cytokine MIC-1. Nat Med. 2007;13(11):1333–40.
113 Lerner L, Hayes TG, Tao N, Krieger B, Feng B, Wu Z,

et al. Plasma growth differentiation factor 15 is associated

with weight loss and mortality in cancer patients. J

Cachexia Sarcopenia Muscle. 2015;6(4):317–24.
114 Gray S, Axelsson B. The prevalence of deranged C-

reactive protein and albumin in patients with incurable

cancer approaching death. PLoS One. 2018;13(3):

e0193693.

115 Kushner I, Rzewnicki D, Samols D. What does minor

elevation of C-reactive protein signify? Am J Med.

2006;119(2):166.e17–166.e28.
116 Gallus S, Lugo A, Suatoni P, Taverna F, Bertocchi E,

Boffi R, et al. Effect of tobacco smoking cessation on

C-reactive protein levels in a cohort of low-dose

computed tomography screening participants. Sci Rep.

2018;8(1):12908.

117 Molfino A, Amabile MI, Imbimbo G, Rizzo V,

Pediconi F, Catalano C, et al. Association between

growth differentiation Factor-15 (GDF-15) serum

levels, anorexia and low muscle mass among cancer

patients. Cancers (Basel). 2020;13(1):99.

118 Li Z, Zhu L, Zheng H, Jiang W, Wang Y, Jiang

Z, et al. Serum IL-35 levels is a new candidate

biomarker of cancer-related cachexia in stage IV

non-small cell lung cancer. Thorac Cancer. 2022;13

(5):716–23.
119 Morigny P, Kaltenecker D, Zuber J, Machado J,

Mehr L, Tsokanos FF, et al. Association of circulating

PLA2G7 levels with cancer cachexia and assessment of

darapladib as a therapy. J Cachexia Sarcopenia

Muscle. 2021;12(5):1333–51.
120 Rawish E, Sauter M, Sauter R, Nording H, Langer

HF. Complement, inflammation and thrombosis. Br J

Pharmacol. 2021;178(14):2892–904.
121 Narasimhan A, Shahda S, Kays JK, Perkins SM,

Cheng L, Schloss KNH, et al. Identification of

14 Molecular Oncology (2024) ª 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

Cancer cachexia and age J. Geppert and M. Rohm

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13590 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



potential serum protein biomarkers and pathways for

pancreatic cancer cachexia using an aptamer-based

discovery platform. Cancers (Basel). 2020;12

(12):3787.

122 Barker T, Fulde G, Moulton B, Nadauld LD, Rhodes

T. An elevated neutrophil-to-lymphocyte ratio

associates with weight loss and cachexia in cancer. Sci

Rep. 2020;10(1):7535.

123 Derman BA, Macklis JN, Azeem MS, Sayidine S,

Basu S, Batus M, et al. Relationships between

longitudinal neutrophil to lymphocyte ratios, body

weight changes, and overall survival in patients with

non-small cell lung cancer. BMC Cancer. 2017;17

(1):141.

124 Zhang Q, Song MM, Zhang X, Ding JS, Ruan GT,

Zhang XW, et al. Association of systemic

inflammation with survival in patients with cancer

cachexia: results from a multicentre cohort study. J

Cachexia Sarcopenia Muscle. 2021;12(6):1466–76.
125 Prokopchuk O, Gr€unwald B, Nitsche U, J€ager C,

Prokopchuk OL, Schubert EC, et al. Elevated systemic

levels of the matrix metalloproteinase inhibitor TIMP-

1 correlate with clinical markers of cachexia in

patients with chronic pancreatitis and pancreatic

cancer. BMC Cancer. 2018;18(1):128.

126 Jafri SH, Previgliano C, Khandelwal K, Shi R.

Cachexia index in advanced non-small-cell lung cancer

patients. Clin Med Insights Oncol. 2015;9:87–93.
127 Argil�es JM, L�opez-Soriano FJ, Toledo M, Betancourt

A, Serpe R, Busquets S. The cachexia score (CASCO):

a new tool for staging cachectic cancer patients. J

Cachexia Sarcopenia Muscle. 2011;2(2):87–93.
128 Rizvi AA. Cytokine biomarkers, endothelial

inflammation, and atherosclerosis in the metabolic

syndrome: emerging concepts. Am J Med Sci. 2009;338

(4):310–8.
129 Holub M, Lawrence DA, Andersen N, Davidov�a A,

Beran O, Mare�sov�a V, et al. Cytokines and chemokines as

biomarkers of community-acquired bacterial infection.

Mediators Inflamm. 2013;2013:190145.

130 Koelman L, Pivovarova-Ramich O, Pfeiffer AFH,

Grune T, Aleksandrova K. Cytokines for evaluation

of chronic inflammatory status in ageing research:

reliability and phenotypic characterisation. Immun

Ageing. 2019;16:11.

131 Kanasi E, Ayilavarapu S, Jones J. The aging

population: demographics and the biology of aging.

Periodontol 2000. 2016;72(1):13–8.
132 Sung H, Ferlay J, Siegel RL, Laversanne M,

Soerjomataram I, Jemal A, et al. Global cancer

statistics 2020: GLOBOCAN estimates of incidence

and mortality worldwide for 36 cancers in 185

countries. CA Cancer J Clin. 2021;71(3):209–49.
133 Serrano M. Unraveling the links between cancer and

aging. Carcinogenesis. 2016;37(2):107.

134 Solary E, Abou-Zeid N, Calvo F. Ageing and cancer:

a research gap to fill. Mol Oncol. 2022;16:3220–37.
135 de Magalh~aes JP. How ageing processes influence

cancer. Nat Rev Cancer. 2013;13(5):357–65.
136 Hanahan D, Weinberg RA. Hallmarks of cancer: the

next generation. Cell. 2011;144(5):646–74.
137 L�opez-Ot�ın C, Blasco MA, Partridge L, Serrano M,

Kroemer G. The hallmarks of aging. Cell. 2013;153

(6):1194–217.
138 L�opez-Ot�ın C, Pietrocola F, Roiz-Valle D, Galluzzi L,

Kroemer G. Meta-hallmarks of aging and cancer. Cell

Metab. 2023;35(1):12–35.
139 Hanahan D. Hallmarks of cancer: new dimensions.

Cancer Discov. 2022;12(1):31–46.
140 L�opez-Ot�ın C, Blasco MA, Partridge L, Serrano M,

Kroemer G. Hallmarks of aging: an expanding

universe. Cell. 2022;186:243–78.
141 Amorim JA, Coppotelli G, Rolo AP, Palmeira CM,

Ross JM, Sinclair DA. Mitochondrial and metabolic

dysfunction in ageing and age-related diseases. Nat

Rev Endocrinol. 2022;18(4):243–58.
142 Park MH, Kim DH, Lee EK, Kim ND, Im DS, Lee J,

et al. Age-related inflammation and insulin resistance:

a review of their intricate interdependency. Arch

Pharm Res. 2014;37(12):1507–14.
143 Ahmed B, Si H. The aging of adipocytes increases

expression of pro-inflammatory cytokines

chronologically. Metabolites. 2021;11(5):292.

144 L€onnqvist F, Nyberg B, Wahrenberg H, Arner P.

Catecholamine-induced lipolysis in adipose tissue of

the elderly. J Clin Invest. 1990;85(5):1614–21.
145 Camell CD, Sander J, Spadaro O, Lee A, Nguyen

KY, Wing A, et al. Inflammasome-driven

catecholamine catabolism in macrophages blunts

lipolysis during ageing. Nature. 2017;550(7674):119–23.
146 Gao H, Arner P, Beauchef G, Gu�er�e C, Vie K,

Dahlman I, et al. Age-induced reduction in human

lipolysis: a potential role for adipocyte noradrenaline

degradation. Cell Metab. 2020;32(1):1–3.
147 Arner P, Andersson DP, B€ackdahl J, Dahlman I,

Ryd�en M. Weight gain and impaired glucose

metabolism in women are predicted by inefficient

subcutaneous fat cell lipolysis. Cell Metab. 2018;28

(1):45–54.e3.
148 Camell CD, G€unther P, Lee A, Goldberg EL, Spadaro

O, Youm YH, et al. Aging induces an Nlrp3

inflammasome-dependent expansion of adipose B cells

that impairs metabolic homeostasis. Cell Metab.

2019;30(6):1024–39.e6.
149 �Sr�amkov�a V, Koc M, Krauzov�a E, Kra�cmerov�a J,

�Siklov�a M, Elkalaf M, et al. Expression of lipogenic

markers is decreased in subcutaneous adipose tissue

and adipocytes of older women and is negatively

linked to GDF15 expression. J Physiol Biochem.

2019;75(3):253–62.

15Molecular Oncology (2024) ª 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

J. Geppert and M. Rohm Cancer cachexia and age

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13590 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



150 Isidori AM, Strollo F, Mor�e M, Caprio M, Aversa A,

Moretti C, et al. Leptin and aging: correlation with

endocrine changes in male and female healthy adult

populations of different body weights. J Clin

Endocrinol Metab. 2000;85(5):1954–62.
151 Schautz B, Later W, Heller M, Peters A, M€uller MJ,

Bosy-Westphal A. Impact of age on leptin and

adiponectin independent of adiposity. Br J Nutr.

2012;108(2):363–70.
152 Kim BJ, Lee JY, Park SJ, Lee SH, Kim SJ, Yoo HJ,

et al. Elevated ceramides 18:0 and 24:1 with aging are

associated with hip fracture risk through increased

bone resorption. Aging (Albany NY). 2019;11

(21):9388–404.
153 Goodpaster BH, Park SW, Harris TB, Kritchevsky

SB, Nevitt M, Schwartz AV, et al. The loss of skeletal

muscle strength, mass, and quality in older adults: the

health, aging and body composition study. J Gerontol

A Biol Sci Med Sci. 2006;61(10):1059–64.
154 Baumgartner RN. Body composition in healthy aging.

Ann N Y Acad Sci. 2000;904:437–48.
155 Ali S, Garcia JM. Sarcopenia, cachexia and aging:

diagnosis, mechanisms and therapeutic options – a

mini-review. Gerontology. 2014;60(4):294–305.
156 Frontera WR, Hughes VA, Fielding RA, Fiatarone

MA, Evans WJ, Roubenoff R. Aging of skeletal

muscle: a 12-yr longitudinal study. J Appl Physiol

(1985). 2000;88(4):1321–6.
157 Janssen I, Heymsfield SB, Ross R. Low relative

skeletal muscle mass (sarcopenia) in older persons is

associated with functional impairment and physical

disability. J Am Geriatr Soc. 2002;50(5):889–96.
158 Wiedmer P, Jung T, Castro JP, Pomatto LCD, Sun

PY, Davies KJA, et al. Sarcopenia – molecular

mechanisms and open questions. Ageing Res Rev.

2021;65:101200.

159 Wall BT, Gorissen SH, Pennings B, Koopman R,

Groen BBL, Verdijk LB, et al. Aging is

accompanied by a blunted muscle protein synthetic

response to protein ingestion. PLoS One. 2015;10

(11):e0140903.

160 Toth MJ, Matthews DE, Tracy RP, Previs MJ. Age-

related differences in skeletal muscle protein synthesis:

relation to markers of immune activation. Am J

Physiol Endocrinol Metab. 2005;288(5):E883–91.
161 Romanello V, Sandri M. Mitochondrial quality

control and muscle mass maintenance. Front Physiol.

2015;6:422.

162 Carnio S, LoVerso F, Baraibar MA, Longa E, Khan

MM, Maffei M, et al. Autophagy impairment in

muscle induces neuromuscular junction degeneration

and precocious aging. Cell Rep. 2014;8(5):1509–21.
163 Stefanetti RJ, Zacharewicz E, Della Gatta P,

Garnham A, Russell AP, Lamon S. Ageing has no

effect on the regulation of the ubiquitin proteasome-

related genes and proteins following resistance

exercise. Front Physiol. 2014;5:30.

164 Whitman SA, Wacker MJ, Richmond SR, Godard

MP. Contributions of the ubiquitin-proteasome

pathway and apoptosis to human skeletal muscle

wasting with age. Pflugers Arch. 2005;450(6):

437–46.
165 Welle S, Brooks AI, Delehanty JM, Needler N,

Thornton CA. Gene expression profile of aging in

human muscle. Physiol Genomics. 2003;14(2):149–59.
166 Calvani R, Picca A, Marini F, Biancolillo A,

Gervasoni J, Persichilli S, et al. A distinct pattern of

circulating amino acids characterizes older persons

with physical frailty and sarcopenia: results from the

BIOSPHERE study. Nutrients. 2018;10(11):1691.

167 Hager K, Machein U, Krieger S, Platt D, Seefried G,

Bauer J. Interleukin-6 and selected plasma proteins in

healthy persons of different ages. Neurobiol Aging.

1994;15(6):771–2.
168 Bruunsgaard H, Skinhøj P, Pedersen AN, Schroll M,

Pedersen BK. Ageing, tumour necrosis factor-alpha

(TNF-alpha) and atherosclerosis. Clin Exp Immunol.

2000;121(2):255–60.
169 Gerli R, Monti D, Bistoni O, Mazzone AM, Peri G,

Cossarizza A, et al. Chemokines, sTNF-Rs and sCD30

serum levels in healthy aged people and centenarians.

Mech Ageing Dev. 2000;121(1–3):37–46.
170 Leonardi GC, Accardi G, Monastero R, Nicoletti F,

Libra M. Ageing: from inflammation to cancer. Immun

Ageing. 2018;15:1.

171 Jenny NS, French B, Arnold AM, Strotmeyer ES,

Cushman M, Chaves PHM, et al. Long-term

assessment of inflammation and healthy aging in late

life: the cardiovascular health study all stars. J

Gerontol A Biol Sci Med Sci. 2012;67(9):970–6.
172 Bautmans I, Njemini R, Lambert M, Demanet C,

Mets T. Circulating acute phase mediators and skeletal

muscle performance in hospitalized geriatric patients. J

Gerontol A Biol Sci Med Sci. 2005;60(3):361–7.
173 Dalle S, Rossmeislova L, Koppo K. The role of

inflammation in age-related sarcopenia. Front Physiol.

2017;8:1045.

174 Ferrucci L, Fabbri E. Inflammageing: chronic

inflammation in ageing, cardiovascular disease, and

frailty. Nat Rev Cardiol. 2018;15(9):505–22.
175 Ferrucci L, Corsi A, Lauretani F, Bandinelli S, Bartali

B, Taub DD, et al. The origins of age-related

proinflammatory state. Blood. 2005;105(6):2294–9.
176 Tanaka T, Biancotto A, Moaddel R, Moore AZ,

Gonzalez-Freire M, Aon MA, et al. Plasma proteomic

signature of age in healthy humans. Aging Cell.

2018;17(5):e12799.

177 Yousefzadeh MJ, Schafer MJ, Noren Hooten N,

Atkinson EJ, Evans MK, Baker DJ, et al. Circulating

levels of monocyte chemoattractant protein-1 as a

16 Molecular Oncology (2024) ª 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

Cancer cachexia and age J. Geppert and M. Rohm

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13590 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



potential measure of biological age in mice and frailty

in humans. Aging Cell. 2018;17(2):e12706.

178 Forsey RJ, Thompson JM, Ernerudh J, Hurst TL,

Strindhall J, Johansson B, et al. Plasma cytokine profiles

in elderly humans.Mech Ageing Dev. 2003;124(4):487–93.
179 Bruunsgaard H, Ladelund S, Pedersen AN, Schroll M,

Jørgensen T, Pedersen BK. Predicting death from

tumour necrosis factor-alpha and interleukin-6 in 80-

year-old people. Clin Exp Immunol. 2003;132(1):24–31.
180 Wassel CL, Barrett-Connor E, Laughlin GA.

Association of circulating C-reactive protein and

interleukin-6 with longevity into the 80s and 90s: the

rancho Bernardo study. J Clin Endocrinol Metab.

2010;95(10):4748–55.
181 Wang S, Lai X, Deng Y, Song Y. Correlation between

mouse age and human age in anti-tumor research:

significance and method establishment. Life Sci.

2020;242:117242.

182 Dunne RF, Loh KP, Williams GR, Jatoi A, Mustian

KM, Mohile SG. Cachexia and sarcopenia in older

adults with cancer: a comprehensive review. Cancers

(Basel). 2019;11(12):1861.

183 Ruan GT, Zhang Q, Zhang X, Tang M, Song MM,

Zhang XW, et al. Geriatric nutrition risk index:

prognostic factor related to inflammation in elderly

patients with cancer cachexia. J Cachexia Sarcopenia

Muscle. 2021;12(6):1969–82.
184 Takeda T, Sasaki T, Suzumori C, Mie T,

Furukawa T, Yamada Y, et al. The impact of

cachexia and sarcopenia in elderly pancreatic

cancer patients receiving palliative

chemotherapy. Int J Clin Oncol. 2021;26(7):1293–
303.

185 Cederholm T, Bosaeus I, Barazzoni R, Bauer J, van

Gossum A, Klek S, et al. Diagnostic criteria for

malnutrition – an ESPEN consensus statement. Clin

Nutr. 2015;34(3):335–40.
186 Eylar EH, Lefranc CE, Yamamura Y, B�aez I, Col�on-

Martinez SL, Rodriguez N, et al. HIV infection and

aging: enhanced interferon- and tumor necrosis factor-

alpha production by the CD8+ CD28� T subset. BMC

Immunol. 2001;2:10.

187 Lena A, Ebner N, Anker MS. Cardiac cachexia. Eur

Heart J Suppl. 2019;21(Suppl L):L24–7.
188 Talbert EE, Metzger GA, He WA, Guttridge DC.

Modeling human cancer cachexia in colon 26 tumor-

bearing adult mice. J Cachexia Sarcopenia Muscle.

2014;5(4):321–8.

17Molecular Oncology (2024) ª 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

J. Geppert and M. Rohm Cancer cachexia and age

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13590 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	Outline placeholder
	mol213590-aff-0001
	mol213590-aff-0002
	mol213590-aff-0003
	mol213590-fig-0001
	mol213590-fig-0002
	mol213590-fig-0003
	mol213590-fig-0004
	mol213590-bib-0001
	mol213590-bib-0002
	mol213590-bib-0003
	mol213590-bib-0004
	mol213590-bib-0005
	mol213590-bib-0006
	mol213590-bib-0007
	mol213590-bib-0008
	mol213590-bib-0009
	mol213590-bib-0010
	mol213590-bib-0011
	mol213590-bib-0012
	mol213590-bib-0013
	mol213590-bib-0014
	mol213590-bib-0015
	mol213590-bib-0016
	mol213590-bib-0017
	mol213590-bib-0018
	mol213590-bib-0019
	mol213590-bib-0020
	mol213590-bib-0021
	mol213590-bib-0022
	mol213590-bib-0023
	mol213590-bib-0024
	mol213590-bib-0025
	mol213590-bib-0026
	mol213590-bib-0027
	mol213590-bib-0028
	mol213590-bib-0029
	mol213590-bib-0030
	mol213590-bib-0031
	mol213590-bib-0032
	mol213590-bib-0033
	mol213590-bib-0034
	mol213590-bib-0035
	mol213590-bib-0036
	mol213590-bib-0037
	mol213590-bib-0038
	mol213590-bib-0039
	mol213590-bib-0040
	mol213590-bib-0041
	mol213590-bib-0042
	mol213590-bib-0043
	mol213590-bib-0044
	mol213590-bib-0045
	mol213590-bib-0046
	mol213590-bib-0047
	mol213590-bib-0048
	mol213590-bib-0049
	mol213590-bib-0050
	mol213590-bib-0051
	mol213590-bib-0052
	mol213590-bib-0053
	mol213590-bib-0054
	mol213590-bib-0055
	mol213590-bib-0056
	mol213590-bib-0057
	mol213590-bib-0058
	mol213590-bib-0059
	mol213590-bib-0060
	mol213590-bib-0061
	mol213590-bib-0062
	mol213590-bib-0063
	mol213590-bib-0064
	mol213590-bib-0065
	mol213590-bib-0066
	mol213590-bib-0067
	mol213590-bib-0068
	mol213590-bib-0069
	mol213590-bib-0070
	mol213590-bib-0071
	mol213590-bib-0072
	mol213590-bib-0073
	mol213590-bib-0074
	mol213590-bib-0075
	mol213590-bib-0076
	mol213590-bib-0077
	mol213590-bib-0078
	mol213590-bib-0079
	mol213590-bib-0080
	mol213590-bib-0081
	mol213590-bib-0082
	mol213590-bib-0083
	mol213590-bib-0084
	mol213590-bib-0085
	mol213590-bib-0086
	mol213590-bib-0087
	mol213590-bib-0088
	mol213590-bib-0089
	mol213590-bib-0090
	mol213590-bib-0091
	mol213590-bib-0092
	mol213590-bib-0093
	mol213590-bib-0094
	mol213590-bib-0095
	mol213590-bib-0096
	mol213590-bib-0097
	mol213590-bib-0098
	mol213590-bib-0099
	mol213590-bib-0100
	mol213590-bib-0101
	mol213590-bib-0102
	mol213590-bib-0103
	mol213590-bib-0104
	mol213590-bib-0105
	mol213590-bib-0106
	mol213590-bib-0107
	mol213590-bib-0108
	mol213590-bib-0109
	mol213590-bib-0110
	mol213590-bib-0111
	mol213590-bib-0112
	mol213590-bib-0113
	mol213590-bib-0114
	mol213590-bib-0115
	mol213590-bib-0116
	mol213590-bib-0117
	mol213590-bib-0118
	mol213590-bib-0119
	mol213590-bib-0120
	mol213590-bib-0121
	mol213590-bib-0122
	mol213590-bib-0123
	mol213590-bib-0124
	mol213590-bib-0125
	mol213590-bib-0126
	mol213590-bib-0127
	mol213590-bib-0128
	mol213590-bib-0129
	mol213590-bib-0130
	mol213590-bib-0131
	mol213590-bib-0132
	mol213590-bib-0133
	mol213590-bib-0134
	mol213590-bib-0135
	mol213590-bib-0136
	mol213590-bib-0137
	mol213590-bib-0138
	mol213590-bib-0139
	mol213590-bib-0140
	mol213590-bib-0141
	mol213590-bib-0142
	mol213590-bib-0143
	mol213590-bib-0144
	mol213590-bib-0145
	mol213590-bib-0146
	mol213590-bib-0147
	mol213590-bib-0148
	mol213590-bib-0149
	mol213590-bib-0150
	mol213590-bib-0151
	mol213590-bib-0152
	mol213590-bib-0153
	mol213590-bib-0154
	mol213590-bib-0155
	mol213590-bib-0156
	mol213590-bib-0157
	mol213590-bib-0158
	mol213590-bib-0159
	mol213590-bib-0160
	mol213590-bib-0161
	mol213590-bib-0162
	mol213590-bib-0163
	mol213590-bib-0164
	mol213590-bib-0165
	mol213590-bib-0166
	mol213590-bib-0167
	mol213590-bib-0168
	mol213590-bib-0169
	mol213590-bib-0170
	mol213590-bib-0171
	mol213590-bib-0172
	mol213590-bib-0173
	mol213590-bib-0174
	mol213590-bib-0175
	mol213590-bib-0176
	mol213590-bib-0177
	mol213590-bib-0178
	mol213590-bib-0179
	mol213590-bib-0180
	mol213590-bib-0181
	mol213590-bib-0182
	mol213590-bib-0183
	mol213590-bib-0184
	mol213590-bib-0185
	mol213590-bib-0186
	mol213590-bib-0187
	mol213590-bib-0188


