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Abstract

Background Cancer cachexia is a multifactorial metabolic syndrome in which bile acid (BA) metabolism might be in-
volved. The aim of the present study was to clarify the contribution of liver and gut microbiota to BA metabolism dis-
turbance in cancer cachexia and to check the possibility of targeting BA metabolism using agents such as
tauroursodeoxycholic acid (TUDCA) for cancer cachexia therapy.

Methods The BA profiles in liver, intestine, and serum of mice with cancer cachexia induced by inoculation of colon
C26 tumour cells were analysed using metabolomics methods and compared with that of control mice. Proteomic anal-
ysis of liver protein expression profile and 16S rRNA gene sequencing analysis of gut microbiota composition in cancer
cachexia mice were conducted. Expression levels of genes related to farnesoid X receptor (FXR) signalling pathway in
the intestine and liver tissues were analysed using RT-PCR analysis. The BA profiles in serum of clinical colon cancer
patients with or without cachexia were also analysed and compared with that of healthy volunteers. The effects of
TUDCA in treating cancer cachexia mice were observed.

Results In the liver of cancer cachexia mice, expression of BA synthesis enzymes was inhibited while the amount of to-
tal BAs increased (P < 0.05). The ratios of conjugated BAs/un-conjugated BAs significantly increased in cancer cachexia
mice liver (P < 0.01). Gut microbiota dysbiosis such as decrease in Lachnospiraceae and increase in Enterobacteriaceae
was observed in the intestine of cancer cachexia mice, and microbial metabolism of BAs was reduced. Increase in expres-
sion of FGF15 in intestine (P < 0.01) suggested the activation of FXR signalling pathway which might contribute to the
regulation of BA synthesis enzymes, transporters, and metabolic enzymes. Increase in the BA conjugation was observed
in the serum of cancer cachexia mice. Results of clinical patients showed changes in BA metabolism, especially the in-
crease in BA conjugation, and also suggested compensatory mechanism in BA metabolism regulation. Oral administra-
tion of 50 mg/kg TUDCA could significantly ameliorate the decrease in body weight (P < 0.001), muscle loss
(P < 0.001), and atrophy of heart and liver (P < 0.05) in cancer cachexia mice without influence on tumour growth.
Conclusions  Bile acid metabolism dysregulation such as decrease in BA synthesis, increase in BA conjugation, and de-
crease in BA microbial metabolism was involved in development of cancer cachexia in mice. Targeting BA metabolism
using agents such as TUDCA might be helpful for cancer cachexia therapy.
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Introduction

Cancer cachexia is a multifactorial metabolic syndrome found
in approximately 50-80% of advanced cancer patients and is
directly attributable to more than 30% of cancer-related
deaths.® Muscle and adipose wasting along with progressive
anorexia and multiple organ functional impairment in the
later stages are characteristics of cancer cachexia.? Cancer ca-
chexia is thought to be the consequence of a net of effects by
a combination of different mechanisms, including alterations
in physiological energy balance; hormonal and metabolic
disturbances in both the periphery and the central nervous
system; and a pro-inflammatory environment accompanied
by high levels of cytokines.® Bile acids (BAs) are endocrine
molecules that regulate various metabolic processes and fa-
cilitate the absorption of fat-soluble nutrients. Whole body
BA homeostasis is maintained by efficient enterohepatic
cycling of BAs between the liver and small intestine, where
the majority (approximately 95%) of BAs released from the
liver into the proximal duodenum are efficiently reabsorbed
in the terminal ileum.* The remaining (about 5%) of
BAs reach the colon, where they are deconjugated,
dehydrogenated, and dehydroxylated by intestinal bacteria
to form secondary BAs before reabsorption or excretion.®
The involvement of dysregulation of BA metabolism in can-
cer, especially gastrointestinal cancer, has been reported.®
However, some conflicting results have been reported in clar-
ifying the crosstalk between BA regulation and cancer. Simi-
larly, although several studies have attempted to determine
the BA composition in cancer cachexia’® or to study the pos-
sibility of targeting BA metabolism using ursodeoxycholic acid
(UDCA) to treat cancer cachexia,’ the exact roles and mecha-
nisms of BA metabolism dysregulation in the development of
cancer cachexia are still unclear and largely underexplored.
Liver dysfunction plays an important role in the develop-
ment of cancer cachexia,'® and gut microbiota dysbiosis has
been observed in various preclinical models of cancer
cachexia.**? In the present study, we first profiled the BA
composition in the liver, intestine, and serum of cancer ca-
chexia mice bearing C26 mouse colon adenocarcinoma cells
and compared them with those of healthy control mice. The
C26 cancer cachexia model is a type of cancer cachexia model
that has been well accepted and widely used in both the study
of aetiopathogenesis of cancer cachexia® and screening drug
candidates for cancer cachexia.'® Two types of metabolite ra-
tios of BAs were evaluated in the present study to elucidate
the mechanisms leading to altered BA profiles in cancer ca-
chexia. The ratios of conjugated/unconjugated BAs would in-
dicate the extent of BA conjugation in the liver, while the
ratios of secondary/primary BAs would indicate the extent
of microbial metabolism of BAs in the intestine. The protein
expression profile in the liver tissues and gut microbiota
composition in the caecum of C26 cancer cachexia mice were
further analysed using proteomic analysis and 16S rRNA gene

sequencing, respectively. Expression levels of genes related to
the farnesoid X receptor (FXR) signalling pathway, an impor-
tant mediator in the gut-liver axis,*>*® were analysed in both
the intestine and liver tissues of mice. FXR is a member of the
steroid/thyroid hormone receptor family of ligand-activated
transcription factors expressed in the mammalian liver and
intestines and can be activated or inhibited by BAs. The FXR
signalling pathway is an important mediator of the gut-liver
axis, and the activation of FXR in the intestine induces the
expression of fibroblast growth factor 15 (FGF15). FGF15, se-
creted in the portal circulation and pass through the portal
vein to the liver, could activate the liver FXR through fibroblast
growth factor receptor 4 (FGFR4) thus regulate the expression
of genes involved in BA synthesis and transport such as
CYP7AL, the rate-limiting enzyme in liver BA synthesis.” Sub-
sequently, to confirm whether the findings in the animal stud-
ies could also be observed in clinical patients, the BA profiles
in the serum of clinical colon cancer patients with or without
cachexia were analysed and compared with those of healthy
volunteers. Furthermore, the effects of TUDCA in treating can-
cer cachexia mice were assessed to determine the possibility
of targeting BA metabolism in the treatment of cancer
cachexia therapy.

Materials and methods
Animals and drugs

All animal care and experimental protocols for this study com-
plied with the Chinese regulations and the Guidelines for the
Care and Use of Laboratory Animals by the National Institutes
of Health (United States) and were approved by the Institu-
tional Animal Care and Use Committee of the East China
Normal University. Male BALB/c mice (6—8 weeks old) were
purchased from Shanghai SLAC Laboratory Animal Co. Ltd. In
the first animal study, mice with the same initial body weight
were randomly divided into two groups (eight mice per
group): control group (healthy control mice without
tumour inoculation) and, cachexia group (mice inoculated
with C26 tumour cells to induce cancer cachexia). In the
second animal study, mice with the same initial body weight
were randomly divided into three groups (10 mice per
group): control group (healthy control mice without
tumour inoculation), cachexia group (mice inoculated
with C26 tumour cells to induce cancer cachexia), and
cachexia + TUDCA group (C26 tumour-bearing mice treated
with 50 mg/kg TUDCA, i.g.). Mice were maintained on a
12:12 light—dark cycle in a temperature-controlled (21-23°C)
and specific pathogen-free (SPF) conditional room, and were
provided standard rodent chow and water ad libitum. All
animals were acclimatized for 1 week before beginning the
study. TUDCA (purity > 98%) was purchased from
MedChemExpress (MCE, USA).
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Induction of cancer cachexia in mice

Cancer cachexia in mice was induced using C26 colon tumour
cells according to a previously established protocol.® The
complete procedure is described in Supporting Information,
Data S1.

Patient cohorts

A total of 49 serum samples were collected from healthy vol-
unteers (22 cases), non-cachexia (13 cases), and cachexia pa-
tients (14 cases) with colon cancer at Shanghai Tenth
People’s Hospital, Tongji University School of Medicine be-
tween January 2014 and January 2019. A colon CSS was used
to evaluate cachexia in patients with cancer. The cancer ca-
chexia staging score consists of three components (as shown
in Table S1): weight loss within 6 months (score range: 0-3);
Eastern Cooperative Oncology Group performance status
(score range: 0-2); and abnormal biochemistry (score range:
0-3). Patients with colon tumours were classified into two
groups: non-cachexia (score range: 0-4) and cachexia (score
range: 5-8). Detailed information about the clinical character-
istics of the patients with cancer is shown in Table S2. The
study protocol was approved by the Ethics Committee of
the Shanghai Tenth People’s Hospital, Tongji University
School of Medicine (Approval No: SHSY-IEC-pap-16-24). The
written informed consent was obtained from the patients
and healthy volunteers. This study is registered with Clinical
Trials.gov (NCT02917707). The detailed information is pro-
vided in Data S1 and Tables S1 and S2.

Bile acid analysis

The BA concentrations in the samples were quantified using
ultra-high-performance liquid chromatography coupled with
a QTRAP® 6500+ LC—MS/MS System from SCIEX (Framingham,
MA, United States) according to a previously reported
protocol.’® In the animal study, eight samples from healthy
control mice and eight samples from cancer cachexia mice
were analysed. In clinical sample study, 22 samples from
healthy volunteers, 13 samples from non-cachexia cancer
patients, and 14 samples from cancer cachexia patients were
analysed. Detailed information about the BA analysis is pro-
vided in Data S1 and Table S3.

Protein extraction, enzymatic digest and tandem
mass tags based proteomics

The analysis was performed using a shotgun proteomics
approach based on liquid chromatography-high resolution
tandem mass spectrometry. After reduction and alkylation,

liver proteins were digested with trypsin (Promega, Madison,
Wisconsin, USA) overnight at 37°C, and then, the peptides
were collected. Peptide mixtures from each sample were la-
belled using 16-plex tandem mass tags (TMT) pro reagents
(Thermo Scientific, MA, USA) to quantify up to 16 samples si-
multaneously in the same analysis. Eight isobaric compounds
were used to label different samples of the control group
(reporter ions at 126, 127N, 127C, 128N, 128C, 129N, 129C,
and 130N), while other tags were used to label the cachexia
group sample (reporter ion at 130C, 131N, 131C, 132N,
132C, 133N, 133C, and 134), according to the manufacturer’s
instructions. A high pH reversed-phase peptide fractionation
was used to fractionate TMT-labelled peptides by increasing
acetonitrile step-gradient elution. Mass spectrometric data
were collected on an Orbitrap QE HF-X mass spectrometer
coupled to an EASY-nLC™ 1200 UHPLC system (Thermo Fisher
Scientific, USA). Raw data were processed using Proteome
Discoverer (v2.4) and searched using the Mascot (Matrix
Science, London, UK; version 2.2) engine. Detailed MS proce-
dure is provided in Data S1.

Parallel reaction monitoring analysis of CYP7A1
protein expression level

For proteins that were not detected in TMT-based proteomic
analysis, parallel reaction monitoring (PRM)-based proteomic
analysis was used to specifically search and analyse the pro-
teins. Briefly, the proteins were extracted and enzymatically
hydrolysed similar to the above method. Same amount of
trypsin treated-peptide was taken of each sample, and la-
belled peptide GAGSSEPVTGLDAK as an internal standard of
each sample and the peptides were dissolved in solvent A
(0.1% formic acid in 2% acetonitrile)and solvent B (0.1%
formic acid in 80% acetonitrile). PRM mass spectrometric
analysis was performed using an EASY-nLC™ 1200 UHPLC sys-
tem (Thermo Fisher Scientific, USA). The full scan mass spec-
trum resolution was set to 60 000 (200 m/z), the maximum
C-trap and IT were 3 x 10° and 50 ms, respectively. The
PRM resolution was set to 30 000 (200 m/z), the maximum
C-trap and IT were 1 x 10° and 100 ms, respectively. Normal-
ized collision energy is 28. The data were analysed using the
Skyline software (MacCoss Lab, Univ. of Washington), and the
peak area was corrected using the internal standard peptide.

LC-MS/MS quantification of 7o-hydroxy-4-
cholesten-3-one (C4) in mouse serum

The HPLC system consisted of ExionLC™ Series UHPLC and an
ACQUITY UPLC BEH C18 (2.1 x 100 mm, 1.7 um, Waters). Mo-
bile phase A was 0.4% formic acid and 0.75 mM ammonium
acetate in water, and mobile phase B was 0.4% formic acid
and 0.75 mM Ammonium acetate in methanol. The gradient
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elution ramped linearly from 60% to 90% B in 2 min, followed
ramped linearly from 90% to 100% B in 4 min, held at 100%
for 2 min, and then returned to 60% B in 0.5 min and
maintained at 60% B until the end of the run at 10 min.
The HPLC flow rate was 0.4 mL/min, the injection volume
was 1 pL. The oven temperature set for 40°C. The MSD sys-
tem was interfaced with an QTRAP 6500+ mass spectrometer
operated in positive electrospray mode. The ion source pa-
rameters in Turbo lonspray mode were curtain gas 35 psi,
GAS1 50 psi, GAS2 50 psi, lonspray voltage 5500 V, and
source temperature 550°C, respectively. The entrance
potential was 10 V, decluster potential was 100 V, and exit
potential was 15 V for all the ions. The multiple reaction
monitoring (MRM) transitions for C4 were 401.3 — 177.1
and 401.3 — 97.0 for collision energy (CE) was 34 V. Data ac-
quisition and processing were performed using Analyst soft-
ware (Applied Biosystems, Foster City, CA, USA). Calibration
curves were constructed by plotting the peak area of C4.

RT-PCR assay of the expression levels of
FXR-related genes in mice liver and intestine
samples

Total RNA was extracted using TRIzol (TaKaRa, Otsu, Japan)
and stored at —80°C. The cDNA Synthesis Kit (TaKaRa) was
used to reverse transcribe mRNA according to the manufac-
turer’s instructions. B-Actin was used as an endogenous
control for mRNA expression. gqRT-PCR primers were de-
signed using Primer Premier 5 and are listed in Table S4.
Reaction volume for gRT-PCR was 20 pL, including cDNA
2 ul, F/R primers 0.2 pL, double-distilled water 7.6 pL,
and 10 plL FastStart Essential DNA Green Master PCR mix
(Roche, USA).

Faecal DNA extraction and 165 rRNA sequencing

Faecal microbial DNA was extracted from the collected faeces
using a QlAamp DNA Stool Mini Kit (Qiagen, Hilden,
Germany) according to manufacturer’s protocols. DNA integ-
rity and size were verified by 1% agarose gel electrophoresis,
and DNA concentrations were determined using NanoDrop
spectrophotometry (NanoDrop, Germany). The V3-V4
regions of the 16S rRNA genes were amplified using the
primers 338F (5/-ACTCCTACGGGAGGCAGC-3/) and 806R (5/-
GGACTACVVGGGTATCTAATC-3/). Amplicons were purified
using an AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, U.S.) and quantified using
Qubit® 2.0 (Invitrogen, USA). The tags were sequenced
by Shanghai Majorbio Bio-pharm Technology Co., Ltd.
(Shanghai, China) on the lllumina MiSeq platform (Illumina,
Inc., CA, USA).

Quantification and statistical analysis

All data are expressed as mean and standard error of the
mean. Unpaired t-test or one-way analysis of variance
followed by Tukey’s multiple comparison test was conducted
by using GraphPad Prism Version 6.0 software (Graphpad
Software Inc., La Jolla, CA, USA) with Bonferroni’s post hoc
test. The number of animals or replicates (n) for each group
is indicated in the figure legends. P values < 0.05 were con-
sidered significant.

Data availability

16S rRNA sequencing data have been deposited in the NCBI
SRA database®® under accession number SRP301790 and
SRP301551. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the iProX
partner repository?® with the data set identifier PXD023497.
Proteomic data were searched against a uniprot database
containing Mus musculus proteins (https://www.uniprot.
org/proteomes/); Metabolomics data have been deposited
to the EMBL-EBI Metabolights database?? with the identifier
MTBLS2389. The complete data set can be accessed here
https://www.ebi.ac.uk/metabolights/MTBLS2389.

Results

C26 tumour-bearing mice exhibited cancer
cachexia symptoms

To confirm the success in establishing cancer cachexia mice
model, the physiological characteristics, such as body weight,
food intake, and several other variables as shown in Figure 1,
of cancer cachexia mice (C26 tumour-bearing mice) were
compared with those of healthy control mice. As shown in
Figure 1A, during the experimental period, the body weight
of healthy control mice gradually increased while the body
weight of cancer cachexia mice did not increase and even de-
creased strongly from Day 11; thus, the experiment had to be
terminated at Day 14. The results of the tumour-free body
weight also showed a similar tendency (Figure 1B). The cumu-
lative food intake of the cancer cachexia model group was
lower than that of the healthy control group (Figure 1C). At
the end of the experiment, the body weight of cancer
cachexia mice was significantly lower than that of healthy
control mice. The tumour growth curve of the C26
tumour-bearing mice is shown in Figure 1D. Furthermore,
cachexia model mice exhibited a significant decrease in gas-
trocnemius (GA) muscle weight (Figure 1E) and epididymal
white fat (eWAT) weight (Figure 1F). In the cancer cachexia
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Figure 1 Cachexia symptoms of cancer cachexia model mice (C26 tumour-bearing mice). (A) Body weight of cancer cachexia mice and healthy control
mice. (B) Tumour-free body weight of cancer cachexia mice and healthy control mice. (C) Accumulative food intake of cancer cachexia mice and
healthy control mice. (D) Tumour growth curve of C26 tumour-bearing mice. (E) GA muscle tissue weight of cancer cachexia mice and healthy control
mice. (F) eWAT fat tissue weight of cancer cachexia mice and healthy control mice. (G) Heart weight of cancer cachexia mice and healthy control mice.
(H) Liver weight of cancer cachexia mice and healthy control mice. Data presented are the mean + SEM of results of 8 mice in each group. T-test anal-
ysis was performed to assess the significance of the difference. *P < 0.05; **P < 0.01, ***P < 0.001 between the indicated two groups.

mice, atrophy of the heart (Figure 1G) and liver (Figure 1H)
were also observed. The significant decrease in body weight
and the considerable loss in weight of muscle tissue, fat tis-
sue, heart, and liver suggested the successful establishment
of the cancer cachexia model in the present study.

The liver bile acid profile was altered in cancer
cachexia mice

The amounts of total liver BAs, total conjugated liver BAs, and
total unconjugated liver BAs, which were normalized to the
liver weight, are shown in Figure 2A. As shown in Figure 2A,
the amount of total unconjugated BAs in the liver of cancer ca-
chexia mice was significantly lower than that of control mice.
The amounts of total liver BAs and total conjugated liver BAs
in cancer cachexia mice were significantly higher than those
in control mice. The profiles of BA pool composition in the liver
of cancer cachexia mice and control mice are shown in Figure
2B. An increase in the proportion of tauro-conjugated
muricholic acid, including T-a-MCA and T-B-MCA, in the total
BAs was observed in the liver of cancer cachexia mice (Figure
2B). The levels of individual conjugated or unconjugated BA
are shown in Figure 2C and 2D, respectively. The ratio values
of each conjugated vs. unconjugated BA are shown in Figure
2E. The levels of conjugated BAs such as TCA, T-a-MCA, and
T-B-MCA significantly increased, while the levels of unconju-
gated BAs such as CA, a-MCA, and B-MCA significantly de-
creased in the liver of cancer cachexia mice. The ratios of T-
0-MCA/a-MCA, TCDCA/CDCA, TUDCA/UDCA, and THDCA/

HDCA in cancer cachexia mice liver samples were significantly
higher than those in healthy controls. Consistently, the ratio of
total conjugated BAs/total unconjugated BAs also increased
significantly in cancer cachexia mice liver (Figure 2E). These re-
sults indicate that the conjugation of BAs was enhanced in can-
cer cachexia mice liver.

Expression of proteins related to lipid metabolism,
including BA synthesis enzymes, transporters, and
metabolic enzymes, was altered in cancer cachexia
mice liver

To clarify the contribution of the liver to BA metabolism dys-
regulation in cancer cachexia, a TMT-based proteomic ap-
proach was used to compare the liver protein expression
profiles of cancer cachexia mice and control mice. In total,
6209 proteins were identified, of which 6123 were quanti-
fied. The fold-change cut-off was set when proteins with
guantitative ratios above 1.5, or below 0.67, were deemed
to be significant. Among the quantified proteins, 123 proteins
were up-regulated and 222 proteins were down-regulated.
The differentially expressed proteins between the cachexia
and control groups are shown by volcano plots (Figure 3A).
Results of Kyoto Encyclopedia of Genes and Genomes path-
way analysis showed enriched pathways of the
down-regulated proteins in cancer cachexia mice liver com-
pared with healthy control mice liver (Figure 3B). As shown
in Figure 3B, many lipid metabolism-related pathways, such
as fatty acid degradation metabolism, steroid hormone
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Figure 2 Liver BA profiles in cancer cachexia model mice and healthy control mice. (A) The amount of total BAs, total conjugated BAs and total uncon-
jugated BAs in the liver of mice. (B) Pie graphs are the mean percentage of the individual bile acids in total BAs. (C) Bar graphs are the concentrations of
the conjugated bile acids in liver. (D) Bar graphs are the concentrations of the unconjugated bile acids in liver. (E) Bar graphs are the ratios of the con-
jugated/unconjugated bile acids in liver. Data presented are the mean + SEM of results of eight mice in each group. T-test analysis was performed to
assess the significance of the difference. *P < 0.05; **P < 0.01, ***P < 0.001. BA, bile acid.
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biosynthesis, and primary BA biosynthesis, were involved in
the enriched pathways. These results suggest the inhibition
of lipid metabolism-related pathways in cancer cachexia.
The expression levels of BA synthesis enzymes, BA influx
transporters, BA efflux transporters, BA influx/efflux trans-
porters, other lipid-metabolism-related transporters, and
metabolic enzymes are shown in Figure 3C, 3E, 3F, 3G, 3,
and 3J, respectively. The data showed mostly the protein ex-
pression levels of genes detected in proteomic analysis while
the mRNA expression levels of several important genes
analysed using RT-PCR are also shown. Both the mRNA and
protein levels of CYP7A1 and CYP27A1 in the liver of cancer
cachexia mice were significantly lower than those in the liver
of control mice. The protein level of CYP7B1 was also signifi-
cantly decreased in the liver of cancer cachexia mice com-
pared with the control. The serum level of C4, a biomarker
indicating the rate of BA synthesis, was also significantly de-
creased in cancer cachexia mice compared with control
(Figure 3D). These results suggest the inhibition of the ex-
pression of BA synthesis enzymes and decrease in BA synthe-
sis in cancer cachexia liver. There were also changes in the
levels of BA influx transporters, efflux transporters, BA in-
flux/efflux transporters, and other transporters related to
lipid metabolism. The mRNA expression levels of sodium/BA
cotransporter (NTCP) and bile salt export pump (BSEP) were
significantly down-regulated in cancer cachexia mice, al-
though there was no difference in their protein levels be-
tween cancer cachexia mice and control mice. The protein
level of MRP2 (ATP-binding cassette subfamily G member 2)
was also decreased in cancer cachexia mice. In the BA in-
flux/efflux transporters, the level of organic solute trans-
porter subunit beta (OSTP) significantly increased while the
level of solute carrier organic anion transporter family mem-
ber 1A1 significantly decreased in cancer cachexia mice com-
pared with the control (Figure 3G). Figure 3H shows the
expression levels of FXR, FGFR4, and small heterodimer part-
ner (SHP). The levels of FXR and FGFR4 in cancer cachexia
mice liver were similar to those of control mice, while the
level of SHP significantly decreased in the liver of cancer ca-
chexia mice. As for other lipid metabolism-related trans-
porters, the levels of solute -carrier organic anion
transporter family member 1, solute carrier organic anion
transporter family member 2A1, and phosphatidylcholine
translocator ABCB4 (MDR2) were significantly increased in
cancer cachexia mice. The levels of BA-CoA amino acid N-ace-
tyltransferase  (BAAT) and cytochrome P450 3A13
significantly increased in cancer cachexia mice. The levels
of cytochrome P450 3A11, sulfotransferases (SULT2A3
and SULT2A8), UDP-glucuronosyltransferases (UGT2B1,
UGT2B5, UGT2B34, UGT2B35, and UGT2B36), glutathione
S-transferases (GSTA1, GSTA3, and GSTA4), and glutathione
S-transferase Mu (GSTM1, GSTM2, and GSTM4), were all sig-
nificantly decreased in cancer cachexia mice. These results
indicate that the lipid metabolism-related proteins were

significantly altered in cachexia model mice, in which BA syn-
thesis, influx/efflux and modification were all affected.

The microbial metabolism of BAs by intestine
microbiota was decreased in cancer cachexia mice

As shown in Figure 4A, there was no significant difference be-
tween the amount of total caecal BAs in the cancer cachexia
mice and control mice. The amount of total secondary BAs in
cancer cachexia mice intestine was lower than that of the
control, although the decrease was not significant
(P = 0.06). The profiles of BA composition in the caecal BA
pool of cancer cachexia mice and control mice are shown in
Figure 4B. The levels of individual BAs (primary or secondary)
were shown in Figure 4C and 4D, respectively. The levels of
CA and B-MCA significantly increased, while the levels of
TCA, LCA, UDCA, and TUDCA significantly decreased in cancer
cachexia mice compared with the control. The ratio values of
each secondary/primary BAs and conjugated/unconjugated
BAs are shown in Figure 4E and 4F, respectively. The ratios
of secondary/primary BAs such as DCA/CA, LCA/CDCA, and
MDCA/B-MCA were significantly lower in cancer cachexia
mice than in control mice. These results suggest that micro-
bial BA metabolism was inhibited in cancer cachexia, and
there might be considerable changes in the gut microbiota
composition in cancer cachexia mice. With regard to the ra-
tios of conjugated/unconjugated BAs, there was no consider-
able difference between cancer cachexia mice and control
mice, except for a decrease in the ratio of TCA/CA in cancer
cachexia mice caecum (Figure 4F). To check the involvement
of the FXR signalling pathway in cancer cachexia, the expres-
sion levels of FXR, FGF15, and other FXR-targeted genes were
analysed by RT-PCR, and the results are shown in Figure 4G.
The significant increase in FXR and FGF15 suggest the activa-
tion of the FXR signalling pathway in cancer cachexia mice
caecum (Figure 4G). The levels of apical sodium-dependent
bile salt transporter and organic solute transporter subunit al-
pha (OSTa) were significantly decreased in the caecum of
cancer cachexia mice (Figure 4G).

Cachexia mice harboured an altered composition
of the gut microbiota

Results of analysing the composition of the gut microbial com-
munity in the faeces of cancer cachexia mice collected every
other day during the experimental period are shown in Figure
5A. Using OTUs to track the dynamics of the abundance of dif-
ferent bacterial phyla in cancer cachexia mice, time-dependent
changes in the gut microbiota profile in cancer cachexia mice
were observed. At Day 7 after inoculation of C26 tumour cells,
the proportion of Firmicutes increased considerably (from ap-
proximately 36.6% at Day 1 to approximately 49.5% at Day
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Figure 3 Results of liver proteomic analysis. (A) Volcano graph of the results of comparing protein expression profiles of cancer cachexia mice liver and
healthy control mice liver. (B) Results of Kyoto Encyclopedia of Genes and Genomes enrichment analysis based on the down-regulated proteins in the
cancer cachexia group. *Lipid metabolism-related pathways. (C) The expression levels of key enzymes involved in BA synthesis. (D) The expression level
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The expression levels of BA influx/efflux transporters. (H) The expression levels of genes involved in FXR signalling. (/) The expression levels of other key
transporters involved in lipid metabolism. (J) The expression levels of BA metabolic enzymes. Data presented are the mean + SEM of results of eight
mice in each group. T-test analysis was performed to assess the significance of the difference. *P < 0.05; **P < 0.01, ***P < 0.001. BA, bile acid.
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7), while the abundance of Bacteroidetes markedly decreased
(Figure 5A). Day 7 was also nearly the time point when the
tumour-bearing mice began to exhibit symptoms of cancer ca-
chexia, such as a decrease in food intake and body weight. The
high proportion of Firmicutes gradually decreased after Day 7;
thus, the proportion of Firmicutes was only 46.7% on Day 13
after inoculation (Figure 5A). These results suggest that there
might be a compensatory regulatory mechanism in maintain-
ing the balance of the composition of the gut microbiota. To
further understand the change in the composition of intestinal
flora, the composition of the gut microbial community in the
caecal contents collected on Day 14 (the end of the experi-
ment) were thoroughly analysed. In total, 818 042 sequences
and 345 683 952 bases from 16 samples (two groups) were ob-
tained. The changes in gut microbiota profiles at phylum and
family levels were shown in Figure 5B and 5C, respectively.
At Day 14 in cancer cachexia mice, the abundance of Firmicutes
was higher and the abundance of Bacteroidetes was lower than
that of healthy control mice although the difference was not
significant. At the family level, significant changes such as a de-
crease in Lachnospiraceae and an increase in Eubacteriaceae
were observed in cancer cachexia mice. Importantly, the re-
sults of analysing the correlation between the intestinal micro-
bial abundance and the intestinal levels of BAs showed a
significantly high correlation (Figure 5D). For example, the
change in Enterobacteriaceae was significantly positively
correlated with the change in intestinal levels of BAs, including
3-DHCA, GCA, CA, and TCDCA. (Figure 5D). Consistent with the
results at the family level, changes in several species of
Lachnospiraceae were highly correlated with the changes in
the intestinal levels of BAs, especially changes in secondary
BAs such as LCA and HCA (Figure 5E). Among them, a species
of Lachnospiraceae was found to be significantly decreased in
cancer cachexia mice (Figure 5F) although no more information
was available for this unclassified species.

The serum BA profile of cachexia model mice
exhibited an increase in the proportion of
conjugated BAs

As shown in Figure 6A, there was a slight increase in the se-
rum level of total BAs in cancer cachexia mice compared
with control mice, but the increase was not significant. The
total conjugated BAs and total unconjugated BAs were also
not significantly changed (Figure 6A). As shown in Figure
6B, in the serum BA pool of cancer cachexia mice, the pro-
portions of TCA and T-B-MCA in the total BAs increased.
The serum levels of TCA and T-B-MCA also increased in
the serum of cancer cachexia mice compared with the con-
trol, although the increase was not significant (Figure 6C).
The ratio of T-B-MCA/B-MCA also increased in cancer ca-
chexia mice, although the increase was not significant
(Figure 6E). The ratio of THDCA/HDCA significantly

increased, while the ratios of TDCA/DCA and GCA/CA signif-
icantly decreased in cancer cachexia mice serum compared
with that of the control (Figure 6E).

The serum BA profile of clinical cancer patients
without cachexia was different from that of
healthy volunteers as well as that of cancer
cachexia patients

The results of the analysis of serum BA profiles of healthy vol-
unteers, cancer patients without cachexia and cancer cachexia
patients are shown in Figure 6F—6J. As shown in Figure 6F,
there was no significant difference in the amounts of total
BAs or total conjugated BAs among the three groups. Interest-
ingly, the serum level of total unconjugated BAs in cancer pa-
tients without cachexia was significantly lower than that in
healthy control volunteers while the serum level of total un-
conjugated BAs in cancer cachexia patients was significantly
higher than that in cancer patients without cachexia (Figure
6F). The results indicate a possible compensatory response in
the development of cachexia. The proportion of various indi-
vidual BAs in total BAs (Figure 6G) and the serum level of each
BA (Figure 6H and 6l) also exhibited a similar tendency. There
was a difference between cancer patients without cachexia
and healthy volunteers, while the difference was ameliorated
between cancer cachexia patients and healthy volunteers. Im-
portantly, compared with healthy volunteers, the only signifi-
cant change that could be observed in both cancer patients
without cachexia and cancer cachexia patients was the in-
crease in BA conjugation, although the increase might also
be ameliorated in cancer cachexia patients. For example, the
proportion of GCDCA in total BAs was 26.18% in healthy volun-
teers, 53.08% in cancer patients, and 33.79% in cancer ca-
chexia patients (Figure 6G). The proportion of GCA in total
BAs was 6.07% in healthy volunteers, 16.27% in cancer pa-
tients, and 17.89% in cancer cachexia patients (Figure 6G).
The ratios of conjugated/unconjugated BA also showed similar
tendency (Figure 6)). An increase in the ratios of GCA/CA, TCA/
CA, GCDCA/CDCA, TCDCA/CDCA, GHCA/HCA, and GDCA/DCA
were observed both in comparison between cancer patients
without cachexia and healthy controls, as well as in
comparison between cancer patients with cachexia and
healthy volunteers (Figure 6)). These results suggest that the
conjugation of BAs is enhanced in cancer patients with or with-
out cachexia.

TUDCA ameliorated the decrease in body weight
and atrophy of the muscle, heart, and liver in
cachexia mice

Based on our finding that dysregulation BA metabolism was
involved in the development of cancer cachexia and the
levels of UDCA and TUDCA were both decreased in cancer
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Figure 5 Gut microbiota profiles at the different levels. (A) Time-related change in the intestinal microbiota profile at phylum level in cachexia mice.
(B) Relative abundances of the 11 phylum of intestinal microbiota at Day 14 after tumour inoculation in cachexia mice compared with that of healthy
control mice. (C) Relative abundances of the major family of intestinal microbiota in cachexia mice compared with that of healthy control mice. (D)
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the significance of the difference. ¥*P < 0.05; **P < 0.01, ***P < 0.001. BA, bile acid.
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cachexia mice intestine, we speculated that oral administra-
tion of TUDCA, which could increase the secretion of BA,%
might be helpful in the treatment of cancer cachexia. The re-
sults of the animal experiment assessing the effects of TUDCA
in treating cancer cachexia are shown in Figure 7. TUDCA ad-
ministration successfully ameliorated the decrease in body
weight and food intake of cachexia mice without affecting tu-
mour growth (Figure 7A-7C). Figure 7D shows that TUDCA
did not affect tumour growth in mice inoculated with C26 tu-
mour cells. TUDCA reversed the muscle atrophy in cancer ca-
chexia and significantly ameliorated the decrease in
gastrocnemius muscle weight of cancer cachexia mice (Figure
7E). TUDCA also improved the decrease in adipose tissue
weight, although the change was not statistically significant
(Figure 7F). TUDCA significantly improved the decrease in
heart and liver weights in the cancer cachexia model mice

(Figure 7G and 7H). These results suggest the possible useful-
ness of providing TUDCA in the treatment of cancer cachexia.

Discussion

The first finding in the present study was the decrease in BA
synthesis in the liver of cancer cachexia mice. Both the pro-
tein and mRNA expression levels of BA synthesis enzymes
such as CYP7A1 and CYP27A1 were significantly
down-regulated in the liver of cancer cachexia mice com-
pared with the control. The significant decrease in C4 levels
in the serum of cancer cachexia mice also suggested a de-
crease in BA synthesis. The inhibition of the expression of
liver BA synthesis enzymes such as CYP7A1 might result from
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Figure 7 Tauroursodeoxycholic acid (TUDCA) ameliorated the cancer cachexia symptoms of the cancer cachexia mice with inoculation of C26 tumour
cells. (A) Body weight of different groups of mice. (B) Tumour-free body weight of different groups of mice. (C) Accumulative food intake of different
groups of mice. (D) Tumour growth curve of C26 tumour-bearing mice with or without TUDCA treatment. (E) GA muscle tissue weight of different groups
of mice. (F) eWAT fat tissue weight of different groups of mice. (G) Heart weight of different groups of mice. (H) Liver weight of different groups of mice.
Data presented are the mean + SEM of results of 10 mice in each group. TUDCA (50 mg/kg) was i.g. administrated daily. Ordinary one-way analysis of
variance for multiple comparisons was used to assess the significance of the difference. *P < 0.05; **P < 0.01, ***P < 0.001 indicate the significance
between the indicated two groups (*vs. control group mice; #vs. cachexia group mice.).

the activation of the intestinal FXR signalling pathway, as
shown by the increase in the expression level of FGF15 in
the intestine of cancer cachexia mice. Interestingly, in the
liver of cancer cachexia mice, the level of SHP significantly de-
creased, while the levels of FXR and FGFR4 did not change. It
is possible that the liver FXR signalling pathway was not acti-
vated or even inhibited (as shown by the decreased SHP), al-
though the elevated FGF15 in the intestine could bind to liver
FGFR4 and lead to SHP-independent inhibition of the expres-
sion of BA synthesis enzymes.

Although BA synthesis was decreased, the amount of total
liver BAs in the liver of cancer cachexia mice was significantly
higher than that in control mice. Less than 10% of the liver
BAs are newly synthesized, and most BAs have previously un-
dergone efficient enterohepatic cycling. Although the newly
synthesized BAs were decreased, the change in BA transpor-
tation, as shown by the changes in the expression of BA
transporters, might cause accumulation of BAs in the liver
of cancer cachexia mice. In hepatocytes, BAs are taken up
across the sinusoidal membrane by sodium-dependent and
independent mechanisms involving NTCP and OATPs.?*
Secretion of monovalent BAs across the canalicular mem-
brane occurs by BSEP, whereas divalent anionic substrates
are transported by MRP2.%® The OSTa-OSTB is a unique
heteromeric transporter localized to the basolateral mem-
brane of epithelial cells involved in sterol transport, and it
prevents the accumulation of toxic compounds along with
other basolateral membrane proteins.?® MDR2 is also an
energy-dependent phospholipid efflux translocator that acts

as a positive regulator of biliary lipid secretion. The mRNA
levels of NTCP and BSEP were significantly decreased in the
liver of cancer cachexia mice compared with those of con-
trols. The levels of MRP2 and organic anion transporter fam-
ily member 1A1 significantly decreased, while the levels of
OSTB, organic anion transporter family member 1, solute car-
rier organic anion transporter family member 2A1, and MDR2
significantly increased in the liver of cancer cachexia mice.
The expression of transporters such as NTCP, OSTa-OSTf,
and MDR2 could be regulated by the FXR signalling
pathway.'” The cooperation of the BA synthesis enzymes,
transporters, and modification enzymes under concerted
control by FXR and other BA-related nuclear receptors might
be the basis of regulation of BA metabolism, even in the pres-
ence condition of cancer cachexia.

The second finding in the present study is the increase in
BA conjugation in the liver as well as in the serum of cancer
cachexia mice. One of the reasons for the increase in BA con-
jugation in cancer cachexia mice might be the up-regulation
of BA conjugation enzymes such as BAAT. BAAT is the termi-
nal enzyme in the synthesis of bile salts from cholesterol and
is the sole enzyme responsible for the conjugation of primary
and secondary BAs to taurine and glycine.?” The expression
level of BAAT in the liver of cancer cachexia mice was signif-
icantly higher than that in control mice. The increase in BAAT
level in cancer cachexia mice liver might result from the acti-
vation of liver FXR by BAs and contribute to the increase in
BA conjugation in cancer cachexia. Another possible reason
for the increase in BA conjugation in cancer cachexia might
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be the decrease in the deconjugation of BAs by bile salt hy-
drolase (BSH) in the intestine. BSH, a constitutive intracellular
enzyme responsible for the hydrolysis of an amide bond
between glycine or taurine and the steroid nucleus of BAs,
has been shown to be present in microorganisms of several
bacterial genera.?® Although it is possible that the change in
the microbiota profile in the intestine of cancer cachexia mice
such as the decrease in Lachnospiraceae might contribute to
the possible decrease in BSH-mediated deconjugation of BAs
in cancer cachexia, no conclusion could be reached presently
because of the lack of sufficient information about these
microorganisms.

The third finding in the present study was the decrease in
the microbial metabolism of BAs in cancer cachexia. The
levels of secondary BAs and the ratios of secondary BAs to
primary BAs were significantly decreased in cancer cachexia
mice caecum. Most BAs such as CA are agonists of FXR while
several BA species, including T--MCA and UDCA, were iden-
tified as FXR antagonists.?® The significant increase in the
level of CA and the decrease in T-B-MCA and UDCA in cancer
cachexia mice intestine might contribute to the activation of
intestinal FXR signalling pathway. Further 16S rRNA sequenc-
ing analysis confirmed microbiota dysbiosis in cancer ca-
chexia mice. There was an increase in Firmicutes in cancer
cachexia mice, and the increase reached its peak at Day 7 af-
ter inoculation of tumour cells. An altered gut microbiota,
characterized by elevated levels of Firmicutes and depleted
levels of Bacteroidetes, was reported to be associated with
obesity.3° Our results suggest a relationship between micro-
biota dysbiosis and weight change in cancer cachexia. At the
family level, two significant changes, including a decrease in
Lachnospiraceae and an increase in Eubacteriaceae,
were observed in the caecum of cancer cachexia mice.
Lachnospiraceae comprise of 58 genera and several
unclassified strains and, importantly, belongs to the core of
gut microbiota colonizing the intestinal lumen from
birth and increasing during the host’s life.3* All members
of  Lachnospiraceae  are  anaerobic, fermentative,
chemoorganotrophic, and some display strong hydrolysing
activities.>* Previous reports have shown that intestinal tu-
morigenesis is related to low levels of Lachnospiraceae;
thus, reagents that could increase Lachnospiraceae are pro-
tective against intestinal tumorigenesis.>*** In the present
study, the observed significant decrease in Lachnospiraceae
might contribute to the decreased microbial metabolism of
BAs in cancer cachexia. In the analysis of the correlation be-
tween the change in gut bacteria and the change in intesti-
nal BA profile, Enterobacteriaceae was found to be the most
important bacteria whose change was significantly associ-
ated with changes in BAs. Our results are in accordance with
previous reports which showed that the phenotype of
cancer cachexia is associated with increased levels of
Enterobacteriaceae.'? At the same time, the significant in-
crease in Eubacteriaceae observed in cancer cachexia mice

might also be interesting. An increase in Eubacteriaceae
has been found in patients with depression®?; thus, the role
of Eubacteriaceae in anorexia of cancer cachexia might de-
serve further study.

Compared with the two groups (healthy control and cancer
cachexia) in the animal study, the results of the three groups
of clinical samples (healthy volunteers, cancer without ca-
chexia, and cancer cachexia) were more complicated but
could provide more information about both the influence of
tumour load on BA profiles and the difference between the
cancer and cancer cachexia groups. In summary, the changes
in BA metabolism of cancer cachexia found in animal studies
(such as decrease in unconjugated BA, increase in BA conju-
gation, and decrease in secondary BAs) could also be ob-
served in comparison between cancer patients without
cachexia and healthy volunteers. Because there might be
compensatory self-regulation mechanisms in BA metabolism
regulation, the difference between the serum BA profile of
cancer cachexia patients and healthy volunteers was mostly
not significant. Interestingly, previous results have also shown
stage-related changes in liver protein metabolism and lipid
metabolism during the development of cancer cachexia. In
rats inoculated with hepatoma cells (Yoshida AH-130), there
was an initial enlargement and subsequent atrophy of the
liver, firstly a decrease and then an augmented protein degra-
dation, as well as elevated protein synthesis in the liver re-
gression phase.>® Compared with healthy volunteers, the
only significant change that could be observed both in cancer
patients without cachexia and cancer cachexia patients was
the increase in BA conjugation. The increase in BA conjuga-
tion might be considered a serum marker of BA metabolism
dysregulation in the development of cancer cachexia.

The results of the present study also suggest the possibility
of targeting BA synthesis and metabolism in cancer cachexia
therapy. UDCA and TUDCA, which have been popularly used
in the clinical treatment of liver and biliary diseases, could in-
crease the secretion of BA and show both protective effects
on the liver and regulative effects on gut microbiota.?33¢738
UDCA exhibited promising results in the treatment of cancer
cachexia mice.? Our study examining the influence of TUDCA
administration on C26 cancer cachexia mice (as shown in
Figure 7) showed that TUDCA successfully ameliorated
weight loss, muscle and fat loss, heart atrophy, and liver atro-
phy in cancer cachexia mice. The efficacy of UDCA and TUDCA
in the treatment of cancer cachexia warrants further study.

Based on the findings of the present study, an illustration
of the possible changes in BA metabolism in the develop-
ment of cancer cachexia and the contribution of the liver
and intestinal microbiota are shown in Figure 8. Although
considerable changes such as increased BA conjugation
were observed, there are many limitations in the present
study. The mechanisms by which the amounts of total BAs
in the liver, intestine, and serum were maintained at almost
normal or even increased levels in cancer cachexia mice
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Figure 8 lllustration of the contribution of liver and gut microbiome to the BA metabolism dysregulation associates with cancer cachexia. Liver health,
BA profile, and gut microbiota composition are closely connected. On the one hand, in liver, BA synthesis decreases while the conjugation of BAs is
enhanced in the development of cancer cachexia. On the other hand, in intestine, there is microbiota dysbiosis which resulted in decrease in the mi-
crobial metabolism of BAs. Change in intestine BA profile induced activation of intestine-specific FXR signalling pathway thus produces FGF15 to inhibit
expression of BA synthesis enzymes and modification enzymes in liver. Expression of BA transporters in intestine and liver was also changed by FXR
signalling pathway or other BA metabolism-related signalling pathways. Importantly, there are feedback mechanisms in BA metabolism regulation
and possible compensatory mechanisms in the development of cancer cachexia; thus; the BA metabolism might be dynamically changed in the differ-

ent stages of cancer cachexia. BA, bile acid.

under the inhibition of liver BA synthesis are unclear. The
lack of sufficient information about the mice gut microbiota,
especially those of unclassified species, made it impossible
to draw clear conclusions about the contribution of gut mi-
crobiota dysbiosis in cancer cachexia development. The
change in BA metabolism (synthesis and modification) and
the development of cancer cachexia might be a vicious cy-
cle. The present study provides evidence about the involve-
ment of dysregulation of BA metabolism in the

development of cancer cachexia, both in cancer cachexia
animals and in cancer cachexia patients. Comparison of
the BA profiles in healthy volunteers, cancer patients with-
out cachexia, and cancer cachexia patients indicated the
adaptive compensatory mechanisms in the development of
cancer cachexia. Furthermore, the results of the present
study suggest the possibility of targeting BA metabolism
using agents such as TUDCA for the treatment of cancer
cachexia.
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