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Abstract

Background Cachexia is a life-threatening condition observed in several pathologies, such as cancer or chronic diseases.
Interleukin 10 (Il10) gene transfer is known to improve cachexia by downregulating Il6. Here, we used an IL10-knockout
mouse model to simulate cachexia and investigate the effects of eggshell membrane (ESM), a resistant protein, on gen-
eral pre-cachexia symptoms, which is particularly important for the development of cachexia therapeutics.
Methods Five-week-old male C57BL6/J mice were fed an AIN-93G powdered diet (WT), and 5-week-old male
B6.129P2-Il10 < tm1Cgn>/J (IL10�/�) mice were fed either the AIN-93G diet (KO) or an 8% ESM-containing diet
(KOE) for 28 weeks. The tissue weight and levels of anaemia-, blood glucose-, lipid metabolism-, and muscular and co-
lonic inflammation-related biochemical markers were measured. Transcriptomic analysis on liver and colon mucus and
proteomic analysis on skeletal muscle were performed. Ingenuity Pathway Analysis was used to identify molecular
pathways and networks. Caecal short-chain fatty acids (SCFAs) were identified using HPLC, and caecal bacteria DNA
were subjected to metagenomic analysis. Flow cytometry analysis was performed to measure the CD4+ IL17+ T cells
in mesenteric lymph nodes.
Results The body weight, weight of gastrocnemius muscle and fat tissues, colon weight/length ratio, plasma HDL and
NEFA, muscular PECAM-1 levels (P < 0.01), plasma glucose and colonic mucosal myeloperoxidase activity (P < 0.05)
and T helper (Th) 17 cell abundance (P = 0.071) were improved in KOE mice over KO mice. Proteomic analysis indi-
cated the protective role of ESM in muscle weakness and maintenance of muscle formation (>1.5-fold). Transcriptomic
analysis revealed that ESM supplementation suppressed the LPS/IL1-mediated inhibition of RXR function pathway in
the liver and downregulated the colonic mucosal expression of chemokines and Th cell differentiation-related markers
(P < 0.01) by suppressing the upstream BATF pathway. Analysis of the intestinal microenvironment revealed that ESM
supplementation ameliorated the microbial alpha diversity and the abundance of microbiota associated with the degree
of inflammation (P < 0.05) and increased the level of total organic acids, particularly of SCFAs such as butyrate (2.3-
fold), which could inhibit Th1 and Th17 production.
Conclusions ESM supplementation ameliorated the chief symptoms of cachexia, including anorexia, lean fat tissue
mass, skeletal muscle wasting and reduced physical function. ESM also improved colon and skeletal muscle inflamma-
tion, lipid metabolism and microbial dysbiosis. These results along with the suppressed differentiation of Th cells could
be associated with the beneficial intestinal microenvironment and, subsequently, attenuation of pre-cachexia. Our find-
ings provide insights into the potential of ESM in complementary interventions for pre-cachexia prevention.
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Introduction

Cachexia is a life-threatening condition observed in several
pathologies, including cancer and chronic diseases, and it is
generally divided into the ‘pre-cachexia’, ‘cachexia’ and ‘re-
fractory cachexia’ stages.1 Cachexia is mostly accompanied
by anorexia, significant lean fat tissue mass, skeletal muscle
wasting, reduced physical function and even increased
cancer-related mortality, especially in the majority of patients
with advanced-stage cancer.2,3 In addition, chronic inflamma-
tion is one of the major drivers of cachexia by virtue of its
role in several tissue types, including fat, skeletal muscle,
brain and liver tissues, mediated by pro-inflammatory cyto-
kines such as tumour necrosis factor alpha (TNF-α), interleu-
kin (IL) 6 and interferon gamma (IFNγ).4 However, the thera-
peutic options for cachexia are limited as cachectic patients
are less tolerant to chemotherapy and radiotherapy. In
contrast, researchers have expressed significant interest in
pre-cachexia, the early stage of cachexia, as appropriate alle-
viation at this stage is considered to prevent and delay the
pathogenesis of cachexia.5

IL10 can inhibit the expression of T cell-derived cytokines,
such as IFNγ, and reduce the antigen-presenting potential
of monocytes.6,7 Additionally, IL10 can significantly downreg-
ulate pro-inflammatory cytokines, such as IL1, IL6 and TNF-α,
by preventing endotoxin-induced acute lethality.8 In a mice
model, Il10 gene transfer was shown to improve cachexia
by downregulating Il6 expression at the tumour sites.9 A pre-
vious study has reported that in humans, the IL10 genotype
of the host can influence the development of cachexia, as ob-
served among patients with gastroesophageal malignancy.10

Moreover, the gene haplotype of IL10 contributes to the oc-
currence of cachexia in patients with gastric cancer.11

Eggshell membrane (ESM), a nontoxic and low-cost
biological material, contains high levels of collagenized fi-
brous proteins and acts as a resistant protein with approxi-
mately 46% digestibility.12 Ruff et al. reported the safety of
ESM as a food supplement in 2012 and its roles as a consum-
able anti-inflammatory food product, such as maintenance of
joints and connective tissues.13 In our previous studies, we
demonstrated that ESM supplementation ameliorates intesti-
nal inflammation by facilitating the restitution of epithelial
injury and alleviating microbial dysbiosis,14 and improves
hepatic fibrogenesis both in human cell lines and rodent
models.15

In this study, we used IL10-knockout mice as a spontane-
ous inflammatory bowel disease (IBD) and colorectal cancer
model to simulate the symptoms of cachexia. We investi-
gated the effects of ESM on cachexia targeting several tis-
sues, including liver, skeletal muscles, fat and colon. Addition-
ally, we evaluated the changes in the gut microbiota. We
demonstrated that ESM alleviated cachexia in IL10-knockout
mice and the underlying mechanism could be associated with

the production of ESM metabolites by the action of gut
microbiota and their regulation of T helper (Th) cell
differentiation.

Methods

Animal experiments

Five-week-old male B6.129P2-IL10 < tm1Cgn>/J (IL10�/�)
mice (The Jackson Laboratory, Bar Harbor, ME) were fed an
American Institute of Nutrition in 1993 (AIN-93G) powdered
diet (KO) or an 8% ESM-containing AIN-93G diet (KOE) (n = 7)
for 28 weeks (Table S1). C57BL/6 wild-type mice (Oriental
Yeast Co., Ltd., Tokyo, Japan) were fed the AIN-93G diet
and used as normal controls (WT) (n = 5). The experiment
was conducted at a controlled temperature (23 ± 2°C), rela-
tive humidity (50–60%) and lighting condition (12-h light/
dark cycle). The general characteristic indices, including body
weight, food intake and stool consistency, were measured.
The stool consistency score was determined as follows: 0,
normal; 2, soft; 4, diarrhoea. The study protocol was ap-
proved by the Animal Care and Use Committee of the Uni-
versity of Tokyo, and the animals were treated with humane
care, in accordance with the committee’s guidelines.

Blood collection and tissue harvesting

Mice were anaesthetized with pentobarbital sodium upon
the termination of the experiment prior to euthanization
and then bled from the carotid artery. The plasma and red
blood cells were isolated by centrifugation at 1000× g for
15 min at 4°C. The distance between the ileocecal junction
and the proximal rectum was measured and considered the
colon length. The liver, colon, spleen, mesenteric fat, retro-
peritoneal fat, epididymal fat, gastrocnemius muscle and
caecum contents were frozen in liquid nitrogen and stored
at �80°C until further analysis.

Biochemical assays

The haemoglobin levels in blood cells were measured using a
haemoglobin assay kit (Wako Pure Chemical Industries,
Osaka, Japan). Total lipids were extracted from the liver using
the Folch method. Plasma and hepatic total cholesterol (TC),
triglyceride (TG), high-density lipoprotein (HDL) cholesterol
and non-esterified fatty acid (NEFA) levels and plasma glu-
cose levels were measured using Wako kits. Plasma insulin
levels were measured using a kit from the Morinaga Institute
of Biological Science (Yokohama, Japan). Mucosal myeloper-
oxidase (MPO) activity was measured using a colorimetric
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kit (BioVision, Palo Alto, CA, USA) according to the manufac-
turer’s instructions.

Histology

Colon histopathology
Colonic tissue slices from the mice in each group were em-
bedded in optimal cutting temperature compound (Sakura
Finetek, Torrance, CA, USA) and snap-frozen in liquid nitro-
gen. Each 5-μm-thick slice of tissue was sectioned and
stained with haematoxylin and eosin and subjected to light
microscopy (Olympus BX51 microscope, Olympus Optical, To-
kyo, Japan).

Muscle immunohistochemistry
Muscle tissue sections were treated with an anti-PECAM-1
rabbit polyclonal antibody (Spring Bioscience) and scored
based on observations from five different fields per sample.
The number of positively stained cells was expressed as the
average of the total percentage area of cells at 20× magni-
fication using ImageJ (http://rsbweb.nih.gov/ij/) by two in-
dependent investigators blinded to the experimental
conditions.

NanoLC-MS/MS proteomic analysis and western
blotting analysis

Proteomic analysis of the gastrocnemius muscle using an iso-
baric tag for relative and absolute quantitation (iTRAQ) and
western blotting analysis of liver proteins were conducted
according to procedures described in the Supporting
Information.

Transcriptomic analysis

DNA microarray analysis and Ingenuity Pathway Analysis
Microarray analyses (Affymetrix Mouse Genome 430 2.0 Ar-
ray GeneChips, Santa Clara, CA, USA) were performed using
pooled total liver or colon mucosal RNA extracted using an
RNA Isolation Kit (NucleoSpin® RNA Π, Macherey-Nagel,
Düren, Germany) and TRIzol reagent (Invitrogen, Carlsbad,
CA, USA), respectively, from mice from each group. The
scanned images were analysed using Affymetrix Microarray
Suite Ver. 5.0 to calculate the gene expression ratios for KO
versus CON mice and KOE versus KO mice. The differentially
expressed genes were defined as those with expression log
(ratio) > 1.0 and <�1.0 and mapped using the Ingenuity
Pathway Analysis’s (IPA) Pathway Explorer function.

Validation of gene expression
Real-time reverse transcription polymerase chain reaction
(RT-PCR) and digital polymerase chain reaction (dPCR) were

performed to confirm the expression of differentially
expressed genes; the sequences of the primers used are
shown in Table S2.

Caecal metagenomic analysis and measurement of
caecal short-chain fatty acid concentrations

16S rDNA sequencing and caecal short-chain fatty acid (SCFA)
measurement were performed according to methods de-
scribed in our previous study16 (Supporting Information).

Flow cytometry analysis of mesenteric lymph
nodes

Flow cytometry analysis was performed according to a rou-
tine procedure (Supporting Information) using FACSverse
(BD Biosciences, San Jose, CA, USA).

Statistical analyses

Data are presented as mean ± standard error (SE) and
analysed using one-way analysis of variance. Significant dif-
ferences were evaluated using Tukey’s test at the following
levels of significance: *P < 0.05 and **P < 0.01.

Results

General characteristics

There were no significant changes in body weight between
WT and KOE mice at 28 weeks (Figure 1A). However, from
the 21 to the 28 weeks, KO mice exhibited significant re-
duction in body weight compared with WT mice, and after
the 23rd week, significant body weight loss was observed
in KO mice compared with that in KOE mice, with a final
survival rate of 70 and 82%, respectively.

No significant differences were observed in the average
daily food intake among the WT, KO and KOE mice during
the whole experimental period (Figure 1B). However, the av-
erage daily food intake in the KO group was significantly
lower than that in the WT group from the 14th week to the
28th week and was lower during the 14th and 18th weeks
compared with that in the KOE group.

With respect to stool consistency, KO mice exhibited soft
stool formation from the 13th week, which tended to in-
crease till the 28th week (Figure 1C). KOE mice exhibited
soft stool formation from the 23rd week, and the
degree of softness was significantly lower than that in KO
mice.
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The weights of fat tissues (Figure 1D), gastrocnemius mus-
cle, spleen, liver and colon as well as the colon weight/length
ratio (Figure 1E) were significantly altered in KO mice
compared with that in WT mice; however, these factors im-
proved considerably in response to ESM supplementation in
KO mice.

Biochemical assays

The plasma glucose, HDL cholesterol and NEFA levels were
significantly lower in KO mice than in WT mice, whereas the
levels recovered considerably in KOE mice (Figure 2A). No sig-
nificant changes were observed in the plasma insulin, TG and

Figure 1 General characteristics. (A) Body weight changes, final body weight and survival rate. (B) Daily food intake and food intake since 12th week.
(C) Stool consistency changes. (D) Relative weights of mesenteric fat, retroperitoneal fat, epididymal fat, gastrocnemius muscle, spleen and liver. (E)
Colon weight, colon length and the ratio of colon weight to length. KO, IL10 KO mice; KOE, IL10 KO mice supplemented with ESM; WT, wild-type mice.
All values are mean ± SE (n = 5–7). Data with different letters (a,b,c) are significantly different at P < 0.05, or *P < 0.05 and **P < 0.01 by one-way
ANOVA Tukey’s test.
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TC levels or the hepatic lipid metabolism markers between
the KO and KOE groups. The haemoglobin level in red blood
cells was significantly lower in KO mice than in WT mice,
whereas it tended to increase in KOE mice (P = 0.073).

Colon and muscle parameters

IL10 knockout induced a structural disorder in mucosal
epithelial cells, which may have increased the infiltration of
inflammatory cells into the mucosa and submucosa. ESM
supplementation clearly ameliorated this disorder by reduc-
ing inflammatory cell infiltration (Figure 2B), which was also
reflected in the lower mucosal activity of MPO, a marker of
neutrophil migration, in KOE mice. In addition, the platelet
endothelial cell adhesion molecule-1 (PECAM-1) levels in
the muscles were significantly elevated in KO mice than in

WT mice and were significantly reduced in KOE mice, as
revealed by immunohistochemical analysis (Figure 2C).

Comparative proteomic analysis of muscles using
iTRAQ

We denoted the muscular proteins with >1.5-fold change in
expression as differentially expressed proteins (Table 1). Fif-
teen proteins were upregulated in KO mice compared with
that in WT mice but downregulated in KOE mice compared
with that in KO mice; these included calsequestrin-1 (CASQ1),
myosin light chain 1/3 (MLC1), myozenin-1 (MYOZ1), four
and a half LIM domains 1 (FHL1), tropomyosin alpha 3 chain
(TPM3), troponin T (TNNT3) and galectin-1 (LGALS1). In addi-
tion, 12 proteins exhibited the opposite expression pattern,

Figure 2 Biochemical and histochemical analyses. (A) Plasma glucose, HDL cholesterol, NEFA, insulin, TG, TC, hepatic TG and haemoglobin levels in red
blood cells. (B) Haematoxylin and eosin (H&E) staining of colon and MPO activity. (C) Immunohistochemistry of PECAM1 in gastrocnemius muscle. KO,
IL10 KO mice; KOE, IL10 KO mice supplemented with ESM; WT, wild-type mice. All values are mean ± SE (n = 5–7). *P < 0.05 and **P < 0.01 by one-
way ANOVA Tukey’s test.
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including actin alpha (ACTA1), cytochrome c oxidase subunit
5A (COX5A) and fatty acid-binding protein (FABP3).

Liver transcriptomic analysis

The differentially expressed genes (Figure S1) identified by
hepatic microarray analysis were analysed using IPA; the
Top 10 Ingenuity canonical pathways of KO/WT and KOE/KO
mice are shown in Table S3. The lipopolysaccharide (LPS)/
IL1-mediated inhibition of RXR function pathway was signifi-
cantly altered in KO/WT as well as KOE/KO mice, and the ex-
pression of genes in this pathway was confirmed using RT-
PCR. ESM supplementation downregulated the expressions
of lipopolysaccharide-binding protein (Lbp), CD14 antigen
(Cd14), Toll-like receptor 4 (Tlr4), interleukin 1 receptor type
II (Il1r2), interleukin 1 beta (Il1b), interleukin 1
receptor-associated kinase 4 (Irak4), mitogen-activated pro-
tein kinase kinase kinase 1 (Map 3 k1, P = 0.083) and tumour
necrosis factor alpha (Tnfα) genes (Figure 3A). Although no
changes were observed in the expression of other genes,
the Myd88 protein levels were lower in KOE mice
(P = 0.056) than in KO mice (Figure 3B). Additionally, dPCR
analysis revealed that the expression of Il6, which encodes
the inflammation-related protein IL6, was significantly upreg-
ulated in KO mice than in WT mice and downregulated in KOE

mice (Figure 3C). These changes in LPS/IL1-mediated inhibi-
tion of RXR function pathway is summarized in Figure 3D.

Microbiota dysbiosis and community structure

Hierarchical clustering dendrogram analysis was performed
to investigate the gut microbiota composition in each group.
The gut microbiota composition of KOE mice was more simi-
lar to that of WT mice than KO mice (Figure 4A). This result is
similar to that of principal coordinates analysis (PCoA) (Figure
4B) in which the differences in the distribution of taxa among
samples were identified up to a fixed taxonomic level. The
Shannon diversity index analysis showed that ESM supple-
mentation increased the alpha diversity of the microbiota in
IL10-knockout mice compared with that in KO mice; addition-
ally, obvious differences were noted in the Chao1 indices (Fig-
ure 4C).

ESM supplementation significantly increased the relative
abundances of Bacteroidetes (one of the most abundant
phyla), Firmicutes (colitis-related bacteria), Verrucomicrobia
and Deferribacteraceae (DSS-induced colitis-related bacteria)
(Figure 4D). The relative abundances of Akkermansia
muciniphila (inducer of intestinal inflammation) and the path-
ogenicity of Bacteroidaceae and Porphyromonadaceae (op-
portunistic pathogens), Bacteroides ovatus (inducer of gut tis-
sue inflammation) and Bacteroides acidifaciens (promoter of

Table 1 List of differentially expressed muscle proteins among the groups

Accession no. Protein name, symbol Protein symbol KO/CON KOE/KO

D9J303 ENH isoform 3a PDLIM5 1.60 0.07
O09165 Calsequestrin-1 CASQ1 16.44 0.07
P51667 Myosin regulatory light chain 2 MYL2 1.20 0.16
Q9JK37 Myozenin-1 MYOZ1 4.02 0.17
E9QNP0 KxDL motif-containing protein 1 KXD1 5.35 0.19
P43277 Histone H1.3 HIST1H1D 3.31 0.29
P05977 Myosin light chain 1/3 MLC1 32.51 0.31
A2AEX8 Four and a half LIM domains 1 FHL1 1.53 0.33
E9Q5J9 Tropomyosin alpha-3 chain TPM3 5.86 0.37
A2A6I5 Troponin T TNNT3 1.22 0.48
Q4VWZ5 Acyl-CoA-binding protein DBI 7.80 0.50
P16045 Galectin-1 LGALS1 1.67 0.53
O70400 PDZ and LIM domain protein 1 PDLIM1 1.38 0.53
Q61330 Contactin-2 CNTN2 1.72 0.65
P97450 ATP synthase-coupling factor 6 ATP5PF 2.40 0.67
P68134 Actin, alpha skeletal muscle ACTA1 0.63 1.67
P13541 Myosin-3 MYH3 0.40 1.79
P12787 Cytochrome c oxidase subunit 5A COX5A 0.28 1.96
P11404 Fatty acid-binding protein FABP3 0.14 2.00
Q6P1B9 Bin1 protein BIN1 0.57 2.00
Q3UKW2 Calmodulin-1 CALM1 0.44 2.40
A6ZI44 Fructose-bisphosphate aldolase ALDOA 0.33 3.60
D3Z7A7 Formin-like protein 3 FMNL3 0.18 3.60
Q9CPU0 Lactoylglutathione lyase GLO1 0.27 3.73
P32848 Parvalbumin alpha PVALB 0.65 3.77
Z4YNB2 Troponin T TNNT3 0.09 5.55
Q9D1X0 Nucleolar protein 3 NOL3 0.09 7.18
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IgA production) were increased in response to IL10 knockout
and decreased in response to ESM supplementation. The rel-
ative abundance of Ruminococcaceae, which are enteric SCFA
fermenters, increased significantly in KOE mice compared
with that in KO mice (Table S4D).

Changes in caecal SCFA concentration

IL10 knockout significantly decreased the caecal acetate and
butyrate levels and increased the lactate and isobutyrate
levels compared with those in WT mice (Figure 4E), whereas
ESM supplementation significantly increased the butyrate
and acetate levels, as well as total SCFA level compared with
those in KO mice. The valeric acid concentration was unal-

tered by IL10 knockout but was significantly increased by
ESM supplementation compared with that in WT mice. No
significant changes were observed in the caecal propionic
acid and isovaleric acid concentrations among the groups.

Colon mucus transcriptomic analysis

The differentially expressed genes (Figure S2) identified in
the colonic microarray analysis were analysed using IPA for
identifying the related biological functions and pathways.
The Top 10 Ingenuity canonical pathways of KO/WT and
KOE/KO mice are shown in Table S4. Compared with that in
KO mice, ESM supplementation downregulated
inflammation-related genes in the colon mucosa, including

Figure 3 Hepatic changes. (A) mRNA expression of genes measured by RT-PCR and normalized to Actb. (B) mRNA expression and protein level of
Myd88 by western blotting normalized to tubulin. (C) Il6 expression measured by dPCR and normalized to Gusb. (D) Schematic representation of
LPS/IL1-mediated inhibition of RXR function pathway. KO, IL10 KO mice; KOE, IL10 KO mice supplemented with ESM; WT, wild-type mice. All values
are mean ± SE (n = 5–7). *P < 0.05 and **P < 0.01 by one-way ANOVA Tukey’s test.
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chemokine (C-C motif) ligand 9 (Ccl9), chemokine (C-C motif)
receptor 1 (Ccr1), members of chemokine (C-X-C motif) ligand
family (Cxcl13 and Cxcl11), chemokine (C-X-C motif) receptor

5 (Cxcr5), Il6, interleukin 12 (Il12a, Il12b) and interleukin 12
receptor (Il12rb1) (Figure 5A). In addition, the expression of
T-cell differentiation-related genes was suppressed in KOE

P

P

P P P P P

Figure 4 Changes of intestinal environmental in caecal samples. (A) Hierarchical clustering dendrogram analysis. (B) Principal coordinates analysis
(PCoA) measurement at the genus level. (C) Alpha diversity analysis using the Shannon diversity index and alpha diversity analysis using the Chao1
diversity index. (D) The relative abundance of bacteria. (E) Concentration of organic acids. KO, IL10 KO mice; KOE, IL10 KO mice supplemented with
ESM; WT, wild-type mice. All values are mean ± SE (n = 5–7). *P < 0.05 and **P < 0.01 by one-way ANOVA Tukey’s test.
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mice. These genes are related to Th1 cell development in-
cluding Ifng and T-box protein 21 (Tbx21); Th17 cell develop-
ment including interleukin 17 (Il17a), retinoid-related orphan
receptor (Rora), basic leucine zipper transcription factor
ATF-like (Batf), interferon regulatory factor (Irf4, Irf8), tran-

scription factor jun-B (Junb) and JUN dimerization protein 2
(Jdp2); regulatory T cell (Treg) development including its tran-
scription factor forkhead box P3 (FoxP3); and Treg/Th17 bal-
ance maintenance including transforming growth factor
(Tgfb) and Il6. However, no significant changes between the

Figure 5 Changes in colonic mucosa and mesenteric lymph nodes. (A) mRNA expression of colonic mucosal genes measured by RT-PCR and normalized
to Rplp1. (B) Quantification of Th17 cells in mesenteric lymph nodes by flow cytometry. KO, IL10 KO mice; KOE, IL10 KO mice supplemented with ESM;
WT, wild-type mice. All values are mean ± SE (n = 5–7). *P < 0.05 and **P < 0.01 by one-way ANOVA Tukey’s test.
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KO and KOE groups were observed in the expression of
retinoic acid receptor-related orphan receptor gamma t
(Rorgt), Il23 and zonula occludens 1 (Zo1) (Figure 5A), which
are associated with intestinal barrier function.

Changes in the abundance of Th17 cells

KO mice showed a significantly high CD4+IL17A frequency in
mesenteric lymph nodes (MLNs), which tended to be attenu-
ated (P = 0.071) by ESM supplementation in KOE mice (Figure
5B).

Discussion

Cachexia is primarily accompanied by symptoms such as an-
orexia, significant lean fat tissue mass, skeletal muscle
wasting, reduced physical function and increased
cancer-related mortality.2,3,17 Our results demonstrated that
the IL10-knockout mice mimicked the symptoms of cachexia,
including anorexia (from 14 to 28 weeks), obvious loss in both
fat tissue and skeletal muscle and dysfunction in skeletal
muscles, gut and liver, as indicated by proteomic, transcripto-
mic and microbiota analyses. ESM supplementation signifi-
cantly ameliorated these symptoms as well as the symptoms
of IBD, including body weight loss, stool consistency, colon
weight/length ratio and MPO activity. According to previous
reports, anorexia is mostly characterized by TNF-α
expression,18 and muscle weight loss may result from the
synergistic relationship among TNF-α, IFNγ, and IL1.19,20 In
this study, ESM supplementation significantly downregulated
the expressions of Tnfa and Il1b in the liver, which is consis-
tent with the results of food intake in the specific period
and muscle weight.

Proteomic analysis revealed that ESM supplementation
considerably improved muscle weakness and maintenance
of muscle formation. The differentially expressed genes
among the groups encode proteins with the following func-
tions. TPM3, in association with the troponin complex, plays
a critical role in the calcium-dependent regulation of verte-
brate striated muscle contraction. Reportedly, dominant mu-
tations in Tpm3 may cause congenital myopathy, character-
ized by generalized muscle weakness, by inducing
α-tropomyosin expression.21 Abnormal cross-bridge cycling
kinetics and Ca2+ sensitivity was observed in the contraction
of single skeletal myofibres isolated from biopsies of patients
with dominant Tpm3 mutations.22 TNNT3 overexpression
may lead to the loss of thin filaments and markedly altered
muscle formation.23 ACTA1 forms the core of the thin fila-
ment of sarcomeres and generates contractile force in
muscles.24

IL10 knockdown upregulated CASQ1, MLC1, MYOZ1, and
FHL1, which regulate the entry of calcium stored in skeletal

muscle and maintain muscle function via anti-inflammatory
action. CASQ1 is a Ca2+-binding proteins that restores the
function and structure of calcium release units in skeletal
muscles.25 MLC1 maintains myofibres and muscle function.26

MYOZ1, expressed in fast-twitch fibres of skeletal muscles,
maintains calcineurin function and substrate specificity and
contributes to calcium-dependent signal transduction.27

Fhl1 deletions are associated with rare hereditary myopathies
and cardiomyopathies.28 The significant downregulation of
these proteins in KOE mice may indirectly indicate
ESM-induced muscle maintenance.

Additionally, Lgals1 overexpression was found to be harm-
ful, as observed in KO mice, in contrast to that in WT mice.
LGALS1, commonly overexpressed in malignant cancers, me-
diates cancer progression by interacting with glycoconjugates
in the tumour microenvironment. Lgals1 upregulation in KO
mice was ameliorated by ESM supplementation, indicating
muscle maintenance by ESM. Cox5a downregulation leads
to mitochondrial dysfunction by reducing the mitochondrial
complex IV activity and cellular ATP content.29 Partially
Fabp3-deficient mice exhibited reduced fatty acid
utilization.30 Cox5a and Fabp3 downregulation in KO mice
may have hindered muscle contraction through poor energy
utilization, and ESM supplementation significantly upregu-
lated these proteins.

PECAM-1 is localized to the intercellular junctions of endo-
thelial cells and the surface of human platelets. Higher con-
centrations of PECAM-1 are associated with the transmigra-
tion of leukocytes into inflamed tissues, such as those
abundant in patients with IBD, and the degree of expression
is correlated with disease activity.31 The significantly low
PECAM-1 level in KOE mice indicated leukocyte transmigra-
tion to the site of inflammation in muscles, which could be
one of the potential reasons for muscle weight recovery by
ESM supplementation. Additionally, these data suggest that
high PECAM-1 levels may serve as a useful predictive marker
for the induction and maintenance of inflammation in pa-
tients with cachexia.

Liver mass has been shown to increase both during ca-
chexia progression and in colorectal cancer.32 Under these
conditions, the hepatic energy expenditure increases and re-
sults in cachexia and also leads to inflammation mediated by
IL6 and TNF-α, which may be one of the primary reasons for
muscle loss.33 Additionally, LPS, which is one of the primary
components of the bacterial outer membrane, is combined
with Lbp in plasma, delivered to the cell surface receptor
CD14, and transferred to the transmembrane signalling re-
ceptor TLR4, thereby promoting the transcription of inflam-
matory factors. In this study, the recovery of the relative
weight of the liver and the weakened expression of LPS/IL1-
mediated inhibition of RXR function pathway (downregula-
tion of Lbp, Cd14, Tlr4, Il1r2, Il1b, Tnfa, Irak4, Map 3k1, and
Il6 and lowered the levels of Myd88 protein; Figure 3D),
which is considered the most common inflammatory path-
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way across organs and species and contributes to the ampli-
fication of inflammatory responses,34 decreased the secre-
tion of pro-inflammatory cytokines to suppress disease activ-
ity. From a transcriptomic perspective, we found that ESM
supplementation improved liver dysfunction.

Emerging evidence illustrates that gut function is related to
cachexia. The gut barrier function is considered to be com-
promised in patients with cachexia, and inflammation in-
creases with cachexia progression in colon cancer.2,35 Histo-
pathological analysis of colonic tissue sections indicated
that ESM supplementation ameliorated the degree of inflam-
mation and repaired the structural disorder of mucosal epi-
thelial cells, which was also reflected by the lowered MPO ac-
tivity in the colon mucosa. Ccl9, Ccr1, Cxcl11, Cxcl13, and
Cxcr5 were downregulated in KOE mice. CCL9 is closely asso-
ciated with the recruitment of inflammatory cells, and tu-
mour cell metastasis and CCL9 secretion by cancerous colon
cells led to the recruitment of CCR1-expressing immature my-
eloid cells to the liver.36 Moreover, Cxcl11, Cxcl13 and Cxcr5
were reported to be significantly upregulated in rodent colitis
and patients with IBD. Our findings indicated that ESM sup-
plementation significantly improved the degree of inflamma-
tion in the colon that could delay the progression of colorec-
tal carcinoma.

The gut microbiota play a pivotal role and may constitute a
potential therapeutic target in the initiation and develop-
ment of cachexia.37 The microbial richness and diversity in
KO and WT mice were different, confirming the presence of
gut dysbiosis in KO mice. ESM supplementation significantly
restored the abundances of the phyla Bacteroidetes,
Firmicutes, and Verrucomicrobia, families Bacteroidaceae,
Deferribacteraceae, and Porphyromonadaceae, and species
B. ovatus, B. acidifaciens, and A. muciniphila, which were
detected in patients with IBD or rodent models.
Ruminococcaceae is another notable taxon in this respect.
The abundances of Oscillospira and Ruminococcus
flavefaciens increased significantly in KOE mice than in KO
mice, which accounted for the majority and minority of this
bacterial family, respectively. Ruminococcaceae release am-
monia or amines and improve the enteric fermentation of
SCFAs, especially butyrate, which is an energy source for
colonocytes and exhibits extensive anti-inflammatory activity
by regulating immune cell migration, cytokine expression
and cell proliferation, activation and apoptosis.38 Several
studies have confirmed that butyrate-producing microbial
pharmabiotics are effective in IBD models and are used in
clinical trials. Our present data demonstrated that ESM sup-
plementation in KO mice significantly increased the relative
abundance of Ruminococcaceae, the caecal concentration of
butyric acid and the total SCFA content compared with that
in KO mice. This is consistent with our previous finding that
the abundance of Ruminococcaceae and the levels of SCFAs
increased in DSS-induced colitis models following ESM
supplementation14; in particular, this improved the marked

immunosuppression, led to significant shifts in the microbiota
and attenuated colitis. Collectively, these results confirmed
that a general beneficial shift in the gut microbiota improved
the symptoms of cachexia in KOE mice, including an increase
in weight gain and physical function and decrease in
inflammation.

We next investigated how ESM and its metabolites affect
the inflammatory response and immune system in mice.
Emerging evidence has indicated that the administration of
SCFAs at concentrations higher than the physiological levels
induces effector (Th1 and Th17) and Tregs.38 The effectors
regulate pathogenesis by modulating immune responses
and maintaining intestinal immune homeostasis. Several
studies have shown that IL17 plays an important role in
nearly all major autoimmune syndromes, including IBD, and
its levels are increased in both the colonic mucosa and serum
of patients with IBD, based on which the effectiveness of
IL17-blockade therapy is being tested in patients with IBD.38

We found that not only the levels of IL17-related markers, in-
cluding RORα, IL6 and IL17, and the number of Th17 cells, but
also the levels of IFN-γ and Tbet (Tbx21) mRNA, which have
been directly linked to Th1 cell development, were signifi-
cantly reduced in response to ESM treatment. These findings
suggested that the metabolites produced by ESM inhibited
the IBD-inducing ability of T cells, thereby contributing to
the maintenance of intestinal homeostasis.

Tregs are a type of T cells that are generated in response to
butyrate synthesis and differentiate from Th cells. These cells
are characterized by the expression of the intracellular tran-
scription factor FOXP3.39 Tregs regulate the homeostasis of
the intestinal immune system by promoting
anti-inflammatory cytokine production and negatively regu-
late other Th cell subsets, such as Th17 cells.38 However, in
contrast with previous results, our findings indicated that
ESM treatment decreased the abundance of Tregs as well
as the levels of Th17, as indicated by the reduced expression
of Foxp3 and Il17a, respectively. This is because the anti-in-
flammatory cytokine TGF-β, along with IL6 (a signalling pro-
tein that maintains the Treg/Th17 balance), could suppress
Treg maturation and promote a predominantly Th17-medi-
ated pro-inflammatory response.40 With sufficient IL6 level,
TGF-β can stimulate naïve T cells to differentiate into Th17
cells; in the absence of sufficient IL6 level, TGF-β stimulates
naïve T-cell differentiation into Tregs.38 The expression of
Il6 and Tgfb genes in KO mice was significantly higher than
that in KOE mice, which was consistent with the results of
Th17 analysis in mouse mucosa. In contrast, in KOE mice,
both low levels of IL6 and TGF-β mRNA and high levels of bu-
tyrate led to significantly lower levels of IL17 and FOXP3
mRNA compared with that in KO mice.

We further investigated the regulatory factors that affect
the differentiation of naïve T cells into Th17 cells. Notably,
BATF, a member of the activator protein 1 (AP-1) family of
transcription factors, and IRF4 were recently proposed as pi-
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oneering factors in T cells. BATF enables the binding of IRF4
and IRF8 to AP-1–IRF composite elements in pre-activated
CD4+ T cells. BATF also directly regulates the expression of
several Th-17 cell effector genes.41 Interestingly, the expres-
sion patterns of several genes associated with different com-
ponents of the complex, including BATF1, IRF4, JUNB and
JUND, exhibited the same trends observed in Th-17 genera-
tion and IL17 expression, suggesting that BATF pathway
downregulation weakened Th-17 differentiation in the KOE
group.

Further detailed studies focusing on aspects like anorexia
improvement and gut microbiota modulation are required
to clarify the action and molecular mechanism of ESM using
other animal models. In addition, human studies are neces-

sary to validate the effectiveness and the availability of ESM
inferred from animal models. Nevertheless, we presume
that our findings could contribute to the prevention of
cachexia.

Conclusion

In this study, we used an IL10-knockout mouse model to sim-
ulate cachexia and investigated the effect of ESM on ca-
chexia. Our data indicate the association among ESM, atten-
uation of cachexia-related symptoms in different organs
(including the liver, skeletal muscles, gut and immune system)

Figure 6 Schematic diagram of the proposed mechanism underlying the suppressing effects of ESM against development of cachexia and
cachexia-related symptoms in different organs of IL10-knockout mice.
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and a significant shift in the gut microbiota (Figure 6). Given
the significant interest in the use of resistant proteins in
preventing pre-cachexia, our data offer useful evidence that
gut microbiota dysbiosis may serve as an effective target
for the prevention and treatment of cachexia.
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