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Abstract

Purpose of review: Cancer Cachexia (CC) is a frequent syndrome that affects patient quality of
life, anti-cancer treatment effectiveness, and overall survival. The lack of anti-CC therapies likely
relies on the complexity of the syndrome, that renders difficult to design appropriate clinical trials
and, on the other side, on the insufficient knowledge of the underlying pathogenetic mechanisms.
Aim of this review is to collect the most relevant latest information regarding CC with a special

focus on the experimental systems adopted for modeling the disease in translational studies.

Recent findings: the scenario of preclinical models for the study of CC is not static and is
rapidly evolving in parallel with new prospective treatment options. The well-established
syngeneic models using rodent cancer cells injected ectopically are now used alongside with new
ones featuring orthotopic injection, human cancer cell or patient derived xenograft, or

spontaneous tumors in genetically engineered mice.

Summary: the use of more complex animal models better resembling CC, ideally including also
the administration of chemotherapy, will expand the understanding of the underlying mechanisms

and will allow a more reliable evaluation of prospective drugs for translational purposes.

Keywords: cancer cachexia, muscle wasting, animal models



Cancer cachexia (CC) is a complex syndrome mainly characterized by body weight loss, muscle
wasting and metabolic abnormalities that affects 50 to 80% of cancer patients and accounts for about 20%
of cancer deaths [1]. Body weight loss mainly depends on wasting of skeletal muscle mass which is
considered the main hallmark of CC. Also systemic inflammation participates to the onset of CC. The major
symptoms of CC include anorexia, anemia, asthenia and fatigue, further impairing patient quality of life. In
addition, cachexia is associated with decreased anti-cancer treatment tolerance and effectiveness, resulting

in reduced survival.

Promising strategies aimed to counteract cachexia basically target anorexia and metabolic
disturbances. Several drugs are currently tested in clinical trials, but none of these treatments proved
effective enough to be applied routinely in the clinical practice[2]. The design of effective treatments is
limited by both the difficulty to recruit patients for clinical trials and by the insufficient knowledge of the
pathogenesis of CC [3]. Most of the information regarding the mechanisms of CC and the possible
therapeutic options are firstly developed in preclinical models. These systems are useful for modeling the
human condition, circumvent the restrictions and handling problems of clinical studies and explore
different therapeutic strategies for translational purposes. However, it is imperative that animal models for
preclinical studies closely mimic the human condition in order to maximize the translation of findings.
Given the heterogeneity of human cancer and the differences interspecies, each animal model does not
totally represent the complexity of human CC. Therefore, it is fundamental that researchers use models
that are appropriate for their endpoints. Pre-clinical models should be compared with CC in patients mainly
in terms of tumor burden, effects on food intake, body weight and composition, inflammatory status and
the tendency to metastasize. In this regard, several well-established animal models of CC are available
(Table 1 and next chapter) and new ones are emerging in the attempt to circumvent the limitations of the

syngeneic heterotopic models currently used

Novel mechanisms of CC in well-established animal models



Syngeneic models, consisting of rodent cancer cell lines injected subcutaneously (s.c.),
intramuscularly (i.m.) or intraperitoneally (i.p.) in recipient mice or rats, are characterized by reproducible,
synchronized and rapid tumor growth in immune-competent hosts. The most frequently used models and

their main features are reported in Table1 and were extensively described in previous reviews [3][14*].

Starting from the C26 coloncarcinoma, the degree of wasting may vary likely depending on cell
passage number, storage conditions and injection site [15, 4]. For example, anorexia doesn’t develops
when C26 cells are injected s.c. or i.m. [5], whereas it is present when the cells are injected i.p [4]. A major
drawback of this model is the relatively short period between the beginning of CC symptoms and the
animal death (few days)[3], reducing the therapeutic window to study interventional approaches.
Conversely, a positive feature is that the wasted phenotype occurs when the tumor weight comprises only
about 2% of carcass weight [3], such condition being closer to human cancers. Also systemic inflammation
drives CCin C26 model and is mainly due to the high serum levels of IL-6 [16]. However, Seto and
colleagues [17] underlined the role of Leukemia Inhibitor Factor (LIF) in the onset of cachexia using this
model, showing increased LIF levels and its effect on muscle atrophy via activating the JAK2-STAT3 pathway
[17]. Cytokines can modulate CC not only in the skeletal muscle, indeed, the TWEAK receptor Fn14 was
shown to trigger muscle atrophy activating a specific cachectic signal in the tumor, independently from the

activation of the host receptor [18**].

A recent finding demonstrates that C26-bearing mice have increased matrix metalloproteinase levels
in both cardiac and skeletal muscle compared with control mice, which may contribute to altered heart and

skeletal muscle function associated with CC [19].

During the last years exercise training has been proposed to be useful to revert CC. Contrasting data
were obtained using the C26 model, where aerobic exercise proved either able to protect from skeletal
muscle wasting [20] or not [6], the prevention of muscle loss being associated with the removal of the
myogenic differentiation block [21]. It is noteworthy that the same exercise protocol ineffective in the C26

proved effective in the LLC model [6], stressing the concept that, similarly to the human condition, CCis a



heterogeneous syndrome. Moving to mechanism-based prospective therapy to counteract CC using the
C26 model, the administration of two histone deacetylase inhibitor (valproic acid [22] and AR-42[23*])
proved able to attenuate skeletal muscle loss. Similarly, an angiotensin (AT) 1-receptor antagonist
prevented muscle wasting and myocardial dysfunction [24], although decreasing tumor mass, thus

rendering difficult to understand if the drug is directly affecting CC.

In the past few years, growing evidences show that supplementation with different types and doses
of antioxidants may induce muscle atrophy trough downregulation of endogenous antioxidant defense
[25*]. In this regard, another study showed that a combination of antioxidants enhanced rather than

preventing CC in C26-bearing mice [26].

The widely used Walker-256 carcinosarcoma has a major drawback in the excessive tumor burden
[10]. Nevertheless, it mimics the majority of CC features, such as decrease of body weight, food intake,
skeletal muscle and fat mass and the occurrence of systemic inflammation [27]. A study by Beluzi et al. [10]
demonstrates that pioglitazione (PGZ), a peroxisome proliferator activated receptor gamma (PPARYy)
activator, increases survival of Walker 256-bearing rats and preserves body mass, although reducing tumor
growth. Recent studies underline the effects of supplementation with natural compounds on CC and tumor
growth. In this regard, oral administration of Aloe vera and honey is able to attenuate CC in Walker 256
model, whereas it promotes oxidative stress and damage in the tumor [28]. In another study, the
supplementation with fish oil and Oro Inca oil (the latter rich in alpha-linolenic fatty acid) reduced tumor
mass, increased blood glucose and decreased circulating triacylglycerol, TNF-a and IL-6 [11]. Moreover,
Deminice et al. [29] provides initial evidence that creatine supplementation can mitigate tumor growth and
body weight loss, while improving hepatic homocysteine metabolism and oxidative stress in Walker 256-

bearing rats.

The growth of the Yoshida AH-130 tumor causes severe anorexia and body wasting in the rat host.
Similarly to the C26 model, cachexia in the AH-130 hosts occurs when the tumor burden (cellularity) is very

low [30]. Using this model, our group showed that proteasome inhibition by bortezomib does not attenuate



skeletal muscle wasting [12]. Supporting the concept that human CC modeling should include the use of
chemotherapy, and that a prospective anti-CC strategy should be multimodal, the administration of
megestrol acetate (MA; an appetite stimulant) and formoterol (B2-agonist) proved effective in
counteracting cachexia in AH-130-bearing rats receiving sorafenib (a multi-kinase inhibitor used against
liver malignancies) [13*] .MA effectiveness in this experimental model was confirmed by another study,

showing that the drug protects from heart atrophy and dysfunction [31].

The use of the Lewis Lung Carcinoma (LLC) cells to model CC is common across several laboratories.
This tumor induces rapid and progressive body and tissue wasting, while anorexia occurs only at late stages
[30], despite the development of large tumors. Distinctly from other models, LLC cells frequently
metastasize [3]. While this peculiarity better resembles human cancer, it could be a confounding factor
when an anti-CC treatment is adopted (see below). LLC-induced muscle wasting has been described to be
also associated with Edoplasmatic Reticulum (ER) stress and Unfolded Protein Response (UPR). In this
study, the inhibition of ER stress enhanced muscle atrophy and decreased muscle function, suggesting that
ER stress in required for muscle homeostasis [32*]. Moving to anti-CC treatments, the combination of
formoterol with soluble ActRllb, an inhibitor of myostatin, completely reversed muscle wasting even
prolonging survival in parallel to a decreased metastatic spreading [33**]. Another orexigenic compound
currently under investigation for its property to increase appetite, fat and muscle mass is ghrelin, that
exerts these effects downregulating pro-inflammatory cytokines and activating myogenin, myoD and Akt in

the skeletal muscle in both C26- and LLC-bearing mice [7%*].

Emerging animal models

Beyond the well-established models reported above, a relevant piece of information from the last
year papers comes from less used or newly characterized animal systems, either syngeneic or ‘closer’ to
human CC. As for syngeneic mouse models, a quite new one was used to assess the importance of gut
microbiota in the onset of cachexia, using mice injected with murine pro-B leukemic cells (Ba/F3), where a

synbiotic approach partially prevented muscle wasting and prolonged survival [34**].



Orthotopic tumors

During the last years, most of the preclinical studies in the cancer field moved from ectopically to
orthotopically growing tumors, in order to provide cancer cells its original stroma and microenviroment,
both elements being fundamental for cancer cell behavior and for recapitulating human tumors. Such
procedure requires considerable technical skills and most of the cell lines adopted for orthotopic injection
were not previously used or well characterized in vivo for modeling cachexia. Indeed, new models were set
up very recently and it is likely that many more will appear in the future. Starting from the simplest ones,
intravenous injection of human leukemic cells easily reproduced hematologic malignancies and specific
infusion of human primary juvenile myelomonocytic leukemia cells in irradiated mice induced cachexia
[35]. The study by Chen and coworkers aimed to demonstrate the effectiveness of the Chinese herb
magnolol in preventing cachexia in athymic mice injected with T24 human bladder cancer cells [36*]. In this
model, atrophy is mediated by suppression of the IGF-1 dependent signaling and by FoxO3 activation. In
another report, human pancreatic cancer cells (52-013) injected orthotopically in athymic mice [37] were
used to mimic pancreatic ductal adenocarcinoma (PDAC), a tumor type with very high cachexia incidence in
humans. On the whole, three new models are now available for the study of cachexia induced by those
specific tumors in their own physiologic anatomic site, however all of them require the use of immune-

compromised mice, thus potentially limiting the recapitulation of the human disease.

Humanized models and patient derived xenografts (PDX) in mice

Similarly to the above-mentioned models based on the injection of human cells into mice, other
human cell lines (ectopically injected) were reported to be able to induce cachexia in mice. A very elegant
reporter system for muscle atrophy was obtained expressing the tdTomato fluorescent protein under the
control of human MuRF1 promoter in SCID mice injected ectopically (subcutaneously in the flank) with
pancreatic cancer Pancl or Pa04C cells [38*]. Another report focused on the role of hypermetabolism in
the onset of cachexia, demonstrating that inflammatory mediators trigger excessive fatty acid oxidation in

the skeletal muscle, eventually driving cachexia, in NOD-SCID mice injected in the flank with RXF393 cells (a



human renal cell carcinoma cell line; [39**]), whereas 498, 786-0, SKRC39 or SN12C cells proved unable to
trigger cachexia. These models on one side offer the possibility to compare the effect of human cancer cells
to those of animal cells, although keeping on the limitations of ectopic tumor growth and the lack of an

intact immune system.

In order to closely reproduce human tumors, patient-derived bioptic fragments have been implanted
into mice either ectopically (most of the PDXs actually commercially available) or orthotopically [40] and
biobanks have been created for this scope. The main aim of the researchers in setting up these models is to
test anti-cancer drugs, even in a personalized mode, in order to predict the most effective drug for a given
patient. So far, no data are available regarding the use of PDXs for modeling CC; in this regard, the need to
use immune-deficient recipient mice might limit their use. In the future, the engineering of a human-like
immune system and tumor microenvironment in mice will increase the predictive value of these preclinical

models [41].

Genetic engineered mouse models (GEMMs)

The use of human cancer cells or tumor xenografts implanted into mice for better recapitulating both
tumor structure and behavior in humans may not be the best choice for reproducing human cachexia.
Conversely, genetically manipulated mice that develop spontaneous tumors have been successfully used at
this purpose. The main characteristics of these models were previously discussed [3], the major strengths
being orthotopic tumor site, low tumor growth rate, and acceptable reproduction of multi-step
carcinogenesis. The Apc Min/+ mouse develops colon cancer due to a mutation in the APC gene, and is the
most widely used GEMM presenting with cachexia. As for CC mechanisms described using GEMMs, data
obtained in Apc Min/+ mice exposed to eccentric exercise [42*] confirm that exercise training is an
effective tool for preventing cachexia (see above; [6]). A less frequently adopted GEMM is the inhibin a-
subunit knockout mouse (a-KO), featuring gonadal cancers, where activin-pC, a novel activin-A antagonist
partially interferes with tumor growth and cachexia [43]. A new report adopting the same model,

demonstrated that activin-BC modulates cachexia by repressing both the ubiquitin-proteasome and the



autophagic degradation pathways [44*]. Finally, data obtained using mice developing spontaneous
pancreatic cancer upon the expression of Pdx1-cre, LSL-KrasG12D and INK4a/arffl/fl show that JAK2-STAT3
and NF-kB pathways are strongly activated and that the inhibition of STAT3 partially prevents body weight

loss [45], confirming previous data obtained in syngeneic models [46].

Alternative models

A little implemented alternative option that has been proposed for modeling CC is the use of
domestic animals (cats and dogs) [47]. A study has already been performed for cardiac cachexia, testing the
effectiveness of anti-myostatin drugs [48]. Such system would closely reproduce human clinical trials in
terms of cancer heterogeneity, individual’s housing conditions and animal size. The other way round, the
main potential limitation for CC studies is represented by the difficulty to find appropriate non-tumor-

bearing controls.

Concluding remarks

In the last year, the results reported in animal models of CC have further increased the range of
molecular mechanisms accounting for the clinical manifestations of this syndrome. The rapid evolution of
the field will likely move towards two opposite directions. On one side, the dissection of single mechanisms
for the definition of cause-effect relations will lead to the adoption of models as simple as possible. Recent
examples are the overexpression of inflammatory mediators such as IL-6 or activin A as a strategy to dissect
the single contribution of the specific mediator to the pathogenesis of CC [49*]. The results obtained
suggested that IL-6 mainly drives fat loss while activin A promotes the wasting of lean mass. Another study
reported about the relevance of chemotherapy to cachexia, showing that drugs used to treat colon cancer
trigger muscle atrophy mainly impinging on MAP kinases and mitochondrial alterations [50*]. Conversely,
more complex models (orthotopic, humanized models including chemotherapy) will be required to test the
effectiveness of prospective anti-cachexia compounds leading to a rapid translation into clinical trials,

despite an unavoidable raise in the costs.



Finally, similarly to clinical trials [51], the adoption of a specific CC models tailored to the specific aim
of the research would require the definition of a consensus/guidelines on several aspects, including: choice

of appropriate cancer cells, study design, endpoints and statistics.

Key points:

- The research of animal models of cancer cachexia rapidly evolves in front of the emerging need to define

the underlying mechanisms of the disease and to find effective therapies.

- Besides the well-characterized and widely used syngeneic models of cancer cachexia, new models closer

to the human disease have been established in order to maximize the translational value of the results.

- Given the heterogeneity of animal models, it is fundamental to adopt standard procedures and/or to

provide guidelines for helping investigators to compare their results.

Acknowledgements

None.

Financial support and sponsorship

None.



Conflict of interest

None.
References
1. Argilés JM, Busquets S, Stemmler B, Lopez-Soriano FJ. Cancer cachexia: understanding the

molecular basis. Nat Rev Cancer [Internet]. 2014;14(11):754-62. Available from:

http://dx.doi.org/10.1038/nrc3829



2. Morley JE, von Haehling S, Anker SD. Are we closer to having drugs to treat muscle wasting disease?

J Cachexia Sarcopenia Muscle. 2014;5(2):83—-7.

3. Penna F, Busquets S, Argilés JM. Experimental cancer cachexia: evolving strategies for getting closer
to the human scenario. Semin Cell Dev Biol [Internet]. 2015; Available from:

http://linkinghub.elsevier.com/retrieve/pii/51084952115001615

4, Matsuyama T, Ishikawa T, Okayama T, et al. Tumor inoculation site affects the development of

cancer cachexia and muscle wasting. Int J Cancer. 2015;137(11):2558-65.

5. Dwarkasing JT, Boekschoten M V, Argiles JM, et al. Differences in food intake of tumour-bearing
cachectic mice are associated with hypothalamic serotonin signalling. J Cachexia Sarcopenia Muscle
[Internet]. 2015;6(1):84—94. Available from:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4435100&tool=pmcentrez&rendertype=abstr

act

6. Pin F, Busquets S, Toledo M, et al. Combination of exercise training and erythropoietin prevents
cancer-induced muscle alterations. Oncotarget [Internet]. 2015;6(41):43202-15. Available from:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4791226&tool=pmcentrez&rendertype=abstr

act

*7. Chen J an, Splenser A, Guillory B, et al. Ghrelin prevents tumour- and cisplatin-induced muscle
wasting: Characterization of multiple mechanisms involved. J Cachexia Sarcopenia Muscle.

2015;(April):132-43.

This study highlights the molecular machanism accounting for ghrelin ability to improve anorexia, muscle

mass and strength, and weight loss in patients with cancer.



8. Mirza KA, Tisdale MJ. Functional identity of receptors for proteolysis-inducing factor on human and
murine skeletal muscle. Br J Cancer [Internet]. 2014;111(5):903-8. Available from:

http://dx.doi.org/10.1038/bjc.2014.379

9. Toledo M, Penna F, Busquets S, et al. Distinct Behaviour of Sorafenib in Experimental Cachexia-
Inducing Tumours: The Role of STAT3. PLoS One [Internet]. 2014;9(12):e113931. Available from:

http://dx.plos.org/10.1371/journal.pone.0113931

10. Beluzi M, Peres SB, Henriques FS, et al. Pioglitazone Treatment Increases Survival and Prevents
Body Weight Loss in Tumor—Bearing Animals: Possible Anti-Cachectic Effect. PLoS One [Internet].

2015;10(3):e0122660. Available from: http://dx.plos.org/10.1371/journal.pone.0122660

11. Schiessel DL, Yamazaki RK, Kryczyk M, et al. alpha-Linolenic Fatty Acid Supplementation Decreases
Tumor Growth and Cachexia Parameters in Walker 256 Tumor-Bearing Rats. Nutr Cancer. 2015;67(5):839—

46.

12. Penna F, Bonetto A, Aversa Z, et al. Effect of the specific proteasome inhibitor bortezomib on

cancer-related muscle wasting. J Cachexia Sarcopenia Muscle. 2015;(February).

*13. Toledo M, Penna F, Oliva F, et al. A multifactorial anti-cachectic approach for cancer cachexia in a

rat model undergoing chemotherapy. J Cachexia Sarcopenia Muscle. 2016;7(1):48-59.

This study analyzes the efficacy of a multifactorial treatment in tumor-bearing rats undergoing concomitant
chemotherapy. This is one of few study that incorporate anti-cancer treatment in the experimenatal plan,

mimicking closely the human condition.

*14.  Konishi M, Ebner N, von Haehling S, et al. Developing models for cachexia and their implications in
drug discovery. Expert Opin Drug Discov [Internet]. 2015;1-10. Available from:

http://www.ncbi.nlm.nih.gov/pubmed/25927848

A comprehensive review of current animal models designed to model diseases associated with cachexia.



15. Norden DM, Devine R, McCarthy DO, Wold LE. Storage conditions and passages alter IL-6 secretion
in C26 adenocarcinoma cell lines. MethodsX [Internet]. 2015;2:53—8. Available from:

http://dx.doi.org/10.1016/j.mex.2015.02.001

16. Talbert EE, Metzger G a., He W a., Guttridge DC. Modeling human cancer cachexia in colon 26

tumor-bearing adult mice. J Cachexia Sarcopenia Muscle. 2014;321-8.

17. Seto DN, Kandarian SC, Jackman RW. A key role for leukemia inhibitory factor in C26 cancer

cachexia. J Biol Chem. 2015;290(32):19976—-86.

**18. Johnston AJ, Murphy KT, Jenkinson L, et al. Targeting of Fn14 Prevents Cancer-Induced Cachexia
and Prolongs Survival. Cell [Internet]. 2015;162(6):1365—78. Available from:

http://dx.doi.org/10.1016/j.cell.2015.08.031

This work provides an elegant description of how specific antibodies targeting Fn14 are able to revert
experimental CC. The results underline that Fn14 receptor, overexpressed in tumor tissue, can promote
muscle wasting in a TWEAK-indipendent manner and open the way to the discovery of new cancer

pathways and mediators involved in CC.

19. Devine RD, Bicer S, Reiser PJ, et al. Metalloproteinase expression is altered in cardiac and skeletal

muscle in cancer cachexia. Am J Physiol Heart Circ Physiol. 2015;309(4):H685-91.

20. Khamoui A V., Park B-S, Kim D-H, et al. Aerobic And Resistance Training Dependent Skeletal Muscle
Plasticity In The Colon-26 Murine Model Of Cancer Cachexia. Metabolism [Internet]. 2016;65(5):685-98.

Available from: http://www.ncbi.nlm.nih.gov/pubmed/27085776

21. Coletti D, Aulino P, Pigna E, et al. Spontaneous physical activity downregulates pax7 in cancer

cachexia. Stem Cells Int. 2016;2016.



22. Sun R, Zhang S, Hu W, et al. Valproic Acid Attenuates Skeletal Muscle Wasting by Inhibiting
C/EBPbeta-regulated Atroginl Expression in Cancer Cachexia. Am J Physiol Cell Physiol.

2016;ajpcell.00344.2015.

*23.  Tseng YC, Kulp SK, Lai IL, et al. Preclinical Investigation of the Novel Histone Deacetylase Inhibitor

AR-42 in the Treatment of Cancer-Induced Cachexia. J Natl Cancer Inst. 2015;107(12):djv274.

This study offers a detailed analysis of the anti-cachectic activity of a novel histone deacetylase inhibitor,
comparing it with others approved histone deacetylase-inhibiting drugs and offering also an evaluation of

the metabolome and transcriptome.

24. Stevens SCW, Velten M, Youtz DJ, et al. Losartan treatment attenuates tumor-induced myocardial
dysfunction. J Mol Cell Cardiol [Internet]. 2015;85(2015):37-47. Available from:

http://linkinghub.elsevier.com/retrieve/pii/50022282815001558

*25.  Espinosa A, Henriquez-Olguin C, Jaimovich E. Reactive oxygen species and calcium signals in skeletal
muscle: A crosstalk involved in both normal signaling and disease. Cell Calcium [Internet]. 2016; Available

from: http://dx.doi.org/10.1016/j.ceca.2016.02.010

An updated and detailed review on the involvement of ROS in skeletal muscle in physiological and

patological condition.

26. Assi M, Derbré F, Lefeuvre-Orfila L, Rébillard A. Antioxidant supplementation accelerates cachexia
development by promoting tumor growth in C26 tumor-bearing mice. Free Radic Biol Med. 2016;91:204—

14.

27. de Souza CO, Kurauti MA, de Fatima Silva F, et al. Effects of celecoxib and ibuprofen on metabolic

disorders induced by Walker-256 tumor in rats. Mol Cell Biochem. 2014;399(1-2):237-46.



28. Tomasin R, de Andrade RS, Gomes-Marcondes MCC. Oral Administration of Aloe vera (L.) Burm. f.
(Xanthorrhoeaceae) and Honey Improves the Host Body Composition and Modulates Proteolysis Through

Reduction of Tumor Progression and Oxidative Stress in Rats. ] Med Food. 2015 Oct;18(10):1128-35.

29. Deminice R, Cella PS, Padilha CS, et al. Creatine supplementation prevents hyperhomocysteinemia,
oxidative stress and cancer-induced cachexia progression in Walker-256 tumor-bearing rats. Amino Acids

[Internet]. 2016;1-10. Available from: "http://dx.doi.org/10.1007/s00726-016-2172-9

30. Bennani-Baiti N, Walsh D. Animal models of the cancer anorexia-cachexia syndrome. Support Care

Cancer. 2011;19(9):1451-63.

31. Musolino V, Palus S, Tschirner A, et al. Megestrol acetate improves cardiac function in a model of

cancer cachexia-induced cardiomyopathy by autophagic modulation. J Cachexia Sarcopenia Muscle. 2016;

*32. Bohnert KR, Gallot YS, Sato S, et al. Inhibition of ER stress and unfolding protein response pathways
causes skeletal muscle wasting during cancer cachexia. FASEB J [Internet]. 2016;(9):1-16. Available from:

http://www.ncbi.nlm.nih.gov/pubmed/27206451

This study highlights the importance of ER stress and UPR pathways in regulating skeletal muscle mass in

health and during CC.

**33. Toledo M, Busquets S, Penna F, et al. Complete reversal of muscle wasting in experimental cancer
cachexia: Additive effects of activin type Il receptor inhibition and -2 agonist. Int J Cancer.

2016;138(8):2021-9.

This study combines two promising drugs that have a therapeutic potential in preventing CC. Moreover, the
combination of these two molecules target both anabolism and catabolism, supporting the idea that an

effective cachexia treatment must be multifactorial.

**34. Bindels LB, Neyrinck AM, Claus SP, et al. Synbiotic approach restores intestinal homeostasis and

prolongs survival in leukaemic mice with cachexia. ISME J. 2016 Jun;10(6):1456—70.



Important observations correlating microbiome alterations with the onset of cachexia in both lekemic mice
and colon26-bearing mice, highlighting the gut microbiota as a promising target for prospective anti-

cachexia tratments.

35. Krombholz CF, Aumann K, Kollek M, et al. Long-term serial xenotransplantation of juvenile
myelomonocytic leukemia recapitulates human disease in Rag2-/- c-/- mice. Haematologica. 2016

May;101(5):597-606.

*36. Chen M-C, Chen Y-L, Lee C-F, et al. Supplementation of Magnolol Attenuates Skeletal Muscle
Atrophy in Bladder Cancer-Bearing Mice Undergoing Chemotherapy via Suppression of FoxO3 Activation

and Induction of IGF-1. PLoS One. 2015;10(11):e0143594.

The first time T24 human bladder cancer cells are used for modeling cachexia, moreover in

combination with the standard chemotherapy regimen for bladder cancer.

37. Shukla SK, Dasgupta A, Mehla K, et al. Silibinin-mediated metabolic reprogramming attenuates

pancreatic cancer-induced cachexia and tumor growth. Oncotarget. 2015;6(38):41146-61.

*38.  Winnard PT, Bharti SK, Penet M-F, et al. Detection of Pancreatic Cancer-Induced Cachexia Using a
Fluorescent Myoblast Reporter System and Analysis of Metabolite Abundance. Cancer Res. 2016
Mar;76(6):1441-50.

An elegant reporter system for early identification of alterations driving muscle wasting in

cachectic mice bearing human pancreatic cancer xenografts.

**39. Fukawa T, Yan-Jiang BC, Min-Wen JC, et al. Excessive fatty acid oxidation induces muscle atrophy in

cancer cachexia. Nat Med. 2016 Jun; 22(6): 666-71.

Several human kidney cancer cell lines have been tested for the ability to induce cachexia in NOD-
SCID mice. The cells triggering cachexia drove an early metabolic adaptation characterized by

abnormal fatty acid oxidation and consequent oxidative stress.



40. Castellsagué J, Gel B, Fernandez-Rodriguez J, et al. Comprehensive establishment and
characterization of orthoxenograft mouse models of malignant peripheral nerve sheath tumors for

personalized medicine. EMBO Mol Med. 2015 May;7(5):608-27.

41. Behrens D, Rolff J, Hoffmann J. Predictive In Vivo Models for Oncology. Handb Exp Pharmacol.

2016;232:203-21.

*42. Hardee JP, Mangum JE, Gao S, et al. Eccentric contraction-induced myofiber growth in tumor-

bearing mice. J Appl Physiol. 2016 Jan;120(1):29-37.

A further confirmation that different types of exercise training might be beneficial for preventing

muscle atrophy in cancer.

43, Gold E, Marino FE, Harrison C, et al. Activin-Bc reduces reproductive tumour progression and

abolishes cancer-associated cachexia in inhibin-deficient mice. J Pathol. 2013;229(4):599-607.

*44.  Marino FE, Risbridger G, Gold E. Activin-BC modulates cachexia by repressing the ubiquitin-
proteasome and autophagic degradation pathways. J Cachexia Sarcopenia Muscle. 2015 Dec;6(4):365-80.
A nice demonstration in inhibin-a KO mice that, as demonstrated in syngeneic models, the
blockade of activing-A signaling counteracts cachexia blocking the major muscle degradation

systems.

45, Gilabert M, Calvo E, Airoldi A, et al. Pancreatic cancer-induced cachexia is Jak2-dependent in mice. J

Cell Physiol. 2014;229(10):1437-43.

46. Zimmers TA, Fishel ML, Bonetto A. STAT3 in the systemic inflammation of cancer cachexia. Semin

Cell Dev Biol. 2016 Jun; 54:28-41.

47. Freeman LM. Cachexia and sarcopenia: emerging syndromes of importance in dogs and cats. J Vet

Intern Med. 26(1):3-17.



48. Freeman LM, Rush JE, Cunningham SM, et al. Pilot study of a myostatin antagonist in dogs with

cardiac cachexia. J Vet Cardiol. 2015;17(3):210-5.

*49. Chen JL, Walton KL, Qjan H, et al. Differential effects of interleukin-6 and activin A in the
development of cancer-associated cachexia. Cancer Res. 2016 Jun 21. Pii:canres.3152.2015. [Epub ahead of

print].

The ability to dissect the contribution of distinct inflammatory molecules to specific cachexia

alterations is particularly relevant for defining the best therapeutic targets

*50. Barreto R, Waning DL, Gao H, et al. Chemotherapy-related cachexia is associated with
mitochondrial depletion and the activation of ERK1/2 and p38 MAPKs. Oncotarget . 2016 Jun 2.

Doi:10.18632/oncotarget.9779. [Epub ahead of print].

The importance of chemotherapy in driving cachexia is frequently underestimated and the
description of the underlying molecular pathways will help in the identification of therapeutic

approaches targeting both cancer- and chemotherapy-induced cachexia

51. Fearon KCH, Argiles JM, Baracos VE, et al. Request for regulatory guidance for cancer cachexia

intervention trials. J Cachexia Sarcopenia Muscle. 2015;6(4):272—4.



Table 1. Well-established models of CC.

The most commonly used syngeneic animal models of CC are listed, along with the main operative and CC-

(AH130)

Tumor Skeletal
Tumor mass Experimental |
Model Host injection muscle and Anorexia
(% of BW) period (days)
site fat wasting
s.C.
Balb/c 2-6% Yes (1
C26 carcinoma i.m. 14-21 Yes No or Yes
CD2F1
i.p.
Lewis Lung i.m. Yes (°
C57B1/6 20-30% 15-28 Yes Yes
Carcinoma (LLC) s.C.
MAC 16
No ¢
adenocarcinom NMRI mice s.C. <1% 20-30 Yes No
a
B16 melanoma C57B1/6 s.C. 3,5-12% 14-16 Yes Yes Ye
Walker 256 Sprague-
10-20% Ye
carcinosarcoma | Dawnely and s.C. 14-21 Yes Yes
Wa
Wistar rats
Yoshida ascites
hepatoma 130 Wistar rats i.p. <3% 14-21 Yes Yes Ye

related characteristics.



