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Abstract

Background and Aims: The pathogenesis of liver fibrosis
involves liver damage, inflammation, oxidative stress, and
intestinal dysfunction. Indole-3-propionic acid (IPA) has
been demonstrated to have antioxidant, anti-inflammatory
and anticancer activities, and a role in maintaining gut ho-
meostasis. The current study aimed to investigate the role of
IPA in carbon tetrachloride (CCl,)-induced liver fibrosis and
explore the underlying mechanisms. Methods: The liver fi-
brosis model was established in male C57BL/6 mice by in-
traperitoneal injection of CCl, twice weekly. IPA intervention
was made orally (20 mg/kg daily). The degree of liver injury
and fibrosis were assessed by serum alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), and histo-
pathology. Enzyme-linked immunosorbent assay and quanti-
tative real-time polymerase chain reaction (qPCR) were used
to detect the inflammatory cytokines. The malondialdehyde
(MDA), glutathione, glutathione peroxidase, superoxide dis-
mutase, and catalase were determined via commercial kits.
Hepatocyte apoptosis was detected by terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end labeling assay.
The expression of mMRNA and protein was assayed by qPCR,
Western blotting, or immunohistochemical staining. Results:
After IPA treatment, the ALT and AST, apoptotic cells, and
pro-inflammatory factor levels were enhanced significantly.
Moreover, IPA intervention up-regulated the expression of
collagen I, a-smooth muscle actin, tissue inhibitor of matrix
metalloproteinase-1, matrix metalloproteinase-2, transform-
ing growth factor-p1 (TGF-B1), Smad3, and phosphorylated-
Smad2/3. Additionally, IPA intervention did not affect the
MDA level. Attractively, the administration of IPA remodeled
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the gut flora structure. Conclusions: IPA aggravated CCl,-
induced liver damage and fibrosis by activating HSCs via the
TGF-B1/Smads signaling pathway.
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Introduction

Liver fibrogenesis is a typical pathological process in the
development of almost all chronic liver diseases (CLDs).!
It has been confirmed that late-stage liver fibrosis is ir-
reversible and may result in cirrhosis or hepatocellular
carcinoma (commonly referred to as HCC).2 Accumulated
evidence have suggested that the key step of liver fibro-
sis involves the activation of hepatic stellate cells (HSCs)
and excessive accumulation of extracellular matrix (ECM)
proteins.3 During chronic liver injury, HSCs can be directly
or indirectly activated by various factors (e.g., injured epi-
thelial cells,? reactive oxygen species [commonly referred
to as ROS], growth factors, inflammatory cytokines,* en-
teric dysbiosis,?2> etc.) and express a large amount of
ECM-related proteins to promote liver fibrosis.® In the pro-
cess of liver fibrosis, transforming growth factor-B (TGF-B)
is considered a critical mediator that is involved in vari-
ous processes, such as HSC activation, inflammatory im-
munity, and apoptosis.®> Generally, TGF-B exerts biological
effects via the Smads signaling pathway.” In the Smads
signaling pathway, Smad2/Smad3 has been identified as
the crucial inducer of liver fibrogenesis, whereas Smad7
acts as a suppressor.”.8 Therefore, removing the factors
that induce the activation of HSCs and inhibiting the ac-
tivation of HSCs and TGF-B/Smads signaling may be a
promising approach to treating liver fibrosis. Impaired gut
barrier and dysregulated gut microbiota also often occur
in CLD.° The microbiota-gut-liver axis may, therefore, be
a potential target for the prevention and treatment of the
progression of CLD.

Indole-3-propionate (IPA) is a metabolite produced by
gut symbionts, such as Clostridium Sporogenes (C. Sporo-
genes), metabolizing tryptophan, and is considered as
a natural compound with clinical application value. It has
been demonstrated that IPA can alleviate the pathophysi-
ological process of various diseases (e.g., chronic kidney
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disease, Alzheimer’s disease, cancer) which rely on its mul-
tiple biological effects.19-12 Sonnenburg et al.13 found that
compared with the sterile mice injected with wild-type C.
Sporogenes, mice injected with fldC-deficient bacteria have
significantly lower serum IPA levels, weaker immune ac-
tivity, increased intestinal permeability, and often showed
inflammatory bowel disease. IPA can directly decrease in-
testinal permeability by the pregnane X receptor (PXR) to
increase the stability of the intestinal mucosa,* and admin-
istration of IPA can modulate the microbiota composition
and inhibit gut dysbiosis of rats induced by a high-fat diet
(referred to as HFD).15> Moreover, IPA can be absorbed into
the bloodstream through intestinal epithelium to exert anti-
oxidative and anti-inflammatory effects.® Research shows
that IPA can directly decrease the expression of lipopolysac-
charide (LPS)-induced proinflammatory cytokines, including
tumor necrosis factor-a (TNF-a), interleukin (IL)-1B and
IL-6 via inhibition of the NF-kB signaling pathway in hepatic
macrophages.!®

There are conflicting results for the effects of IPA on host
oxidative stress, obtained by different experiments. Previ-
ous studies have shown that IPA acts as an effective natural
free radical scavenger in vivol? and cannot be converted to
reactive intermediates with pro-oxidative activity;!! it can
also synergize with the well-known intracellular antioxidant
glutathione (GSH).17 Thus, IPA can protect against oxida-
tive damage and lipid peroxidation in the brain,1” kidney,10
and liver.18 However, it was found in another study that
IPA has cytostatic properties in breast cancer by inducing
oxidative stress and activating aryl hydrocarbon receptor
(AHR) and PXR receptors,12 which indicates that there are
certain differences in the effects of IPA on oxidative stress
in different conditions. Recently, it has been reported that
IPA has the ability to reduce HFD-induced liver fibrosis by
inhibiting the expression levels of such fibrogenic genes as
TGF-B, a-smooth muscle actin (a-SMA), and such collagen
synthetic genes as Collal, Colla2, and Col3al.1>

Therefore, we speculated that the compound might in-
hibit liver fibrosis caused by free radical damage and chron-
ic inflammation, and relieve intestinal dysfunction related
to CLD. In this investigation, CCl,-induced liver fibrosis, the
commonly used experimental model for inducing toxin-me-
diated liver fibrosis,1® was adopted to evaluate the effect of
IPA on liver fibrosis and elucidate the potential mechanism.

Methods
Liver fibrosis model

Specific pathogen-free male C57BL/6 mice weighing about
25g at 6-8 weeks of age were purchased from Dossy Ex-
perimental Animals CO., LTD. (Chengdu, China) and raised
under the pathogen-free condition at 22+2°C with a 12-h
light/dark cycle and free access to sterile water and labora-
tory chow. Mice were acclimated to the requirements for 1
week before animal experiments and randomly divided into
the following four groups (Supplementary Table 1): normal
control (n=3); IPA control (n=3); CCl, model (n=3); and,
IPA intervention (n=4).

The mice in the CCl, model group and IPA intervention
group were used to induce liver fibrosis by intraperitoneal
injection of 5 pL/g body weight 10% (v/v) CCl, (dissolved in
olive oil) two times per week for 8 weeks.!® The mice in the
normal control group and IPA control group were injected
with olive oil (5 pL/g body weight) two times per week for
8 weeks. According to the previous report,1> oral IPA at a
dose of 20 mg/kg/day can alleviate liver injury caused by
HFD and produce no adverse reactions. Therefore, we used
the same dose in this study. The IPA control group and IPA
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intervention group were treated with oral gavage IPA solu-
tion (20 mg/kg/day) once daily for 8 weeks according to the
previous report,'> the normal control and the CCl, model
group were treated with vehicle (20 mg/kg/day) once daily
for 8 weeks. IPA (GI0540) was purchased from G-Clone Bio-
technology Co. Ltd (Beijing, China). Preparation of the IPA
solution was carried out as previously described.1”

This study was approved by the Institutional Animal Eth-
ics Committee of the Affiliated Hospital of Southwest Medi-
cal University (Luzhou, China).

Tissue sample processing and histopathological
evaluation

Liver tissues were fixed with 4% paraformaldehyde for 24—
48 h and embedded in paraffin wax. The paraffin blocks
were cut into 4-pum tissue sections and mounted on glass
slides. Histological assessment of the liver tissue sections
was performed following hematoxylin-eosin staining and
Masson’s trichrome staining, as previously described ac-
cording to previous methods.2? The collagen accumulation
in livers was examined by Masson’s trichrome staining and
quantified by Image] Analyzer. According to the Ishak score
system, 2! the degree of liver damage was evaluated blindly
by two pathologists under a light microscope.

Biochemical analysis of the liver function

Serum samples were obtained by centrifugation at 3,000
rpm for 10 m. Then, the biochemical indicators, including
aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), total bilirubin, total bile acid, cholesterol, and
triglycerides were detected via the Automated Biochemical
Analyzer (ADVIA 2400; Siemens Healthineers, Cary, NC,
USA).

Immunohistochemistry (referred to as THC) staining

Before immunostaining, paraffin-embedded sections were
dewaxed and rehydrated in an alcohol series. The sections
were washed with phosphate-buffered saline after heat-
induced antigen retrieval. Next, the sections were treated
with 3% hydrogen peroxide for 15 m to eliminate endog-
enous peroxidase activity and then incubated with 3% bo-
vine serum albumin for 30 m at 37°C to block non-spe-
cific binding sites. Subsequently, sections were incubated
overnight at 4°C with diluted primary antibodies, including
a-SMA (1:2,000; GB13044; Servicebio, Inc. Wuhan, China),
collagen I (1:1,200; GB11022-3; Servicebio, Inc.), matrix
metalloproteinase (MMP)-2 (1:1,200; GB11130; Service-
bio, Inc.), tissue inhibitors of metalloproteinase-1 (TIMP-1)
(1:1,000; 106164-T40; Sino Biological US, Chesterbrook,
PA, USA), TGF-B1 (1:500; GB11179; Servicebio, Inc.), and
incubated with a conjugated secondary antibody after wash-
ing with phosphate-buffered saline (G0002; Servicebio,
Inc.). Diaminobenzidine kits (G1211; Servicebio, Inc.) were
used to visualize antibody binding areas. For each mouse,
we analyzed three liver slices and randomly observed the
positive-stained areas in three different fields of vision on
each slice. The ratio of positive-stained to total area was
calculated by Image-Pro Plus 6.0.

Enzyme-linked immunosorbent assay (ELISA)

The level of IPA, LPS in serum, and concentration of TNF-aq,
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IL-1B, IL-10 and TGF-B1 in the liver tissues were deter-
mined by ELISA, following the manufacturers’ respective
protocols. LPS ELISA kit (SEB526Ge) was purchased from
USCN KIT INC (Wuhan, China). TNF-a (88-7324-88), IL-1B
(CSB-E04726m) ELISA kits were purchased from Thermo
Fisher Scientific Institute (Cleveland, OH, USA). TGF-B1
ELISA kit (CSB-E04726m) was purchased from CUSABIO
Co. Ltd (Wuhan, China). IL-10 ELISA kit was purchased
from MultiSciences Biotech Co., Ltd (Hangzhou, China). IPA
ELISA kit (ml058187) was purchased from Enzyme-linked
Biotechnology Co. Ltd (Shanghai, China).

Assessment of oxidative stress and lipid peroxida-
tion

To assess the degree of oxidative stress and lipid peroxida-
tion, the levels of malondialdehyde (MDA), GSH, glutathione
peroxidase (GSH-Px), superoxide dismutase (SOD), and
catalase (CAT) in liver tissue were detected by commercial-
ly available kits, according to the manufacturer’s instruc-
tions. These commercially available kits were purchased
from Nanjing Jiancheng Bio-engineering Institute (Nanjing,
China).

Apoptosis detection by TdT-mediated dUTP nick-end
labeling (TUNEL) staining

According to the manufacturer’s protocol, apoptosis cells
in the paraffin-embedded liver sections were detected by
a TUNEL assay kit (Vazyme, Wuhan, China).22 Microscopic
examination and collecting images were performed through
a fluorescence microscope. The results showed the nucleus
to be blue upon labeling with 4’,6-diamidino-2-phenylindole
reagent (Vazyme) and positive apoptosis cells to be green.

Quantitative real-time polymerase chain reaction
(gqPCR)

Total RNA was extracted from liver tissues using Trizol rea-
gent (G-Clone, Beijing, China) and reverse transcribed into
cDNA by HiScript III RT SuperMix (Vazyme) for gPCR with
gDNA wiper, following the manufacturer’s instruction. The
mRNA levels of a-SMA, collagen-1, MMP-2, TIMP-1, TGF-$1,
Smad3, Smad7, TNF-q, IL-6, IL-8, and IL-10 were detected
using AceQ gPCR SYBR Green Master Mix (Vazyme) per-
formed on StepOne Plus Real-Time PCR System (Applied
Biosystems, Hercules, CA, USA). GAPDH was used as an
internal control. Relative expression of target gene mRNA
calculated using the 2-2Ct method.23 Primers used in this
study are listed in Supplementary Table 2.

Western blotting

Total protein was extracted from liver tissue using radio-
immunoprecipitation assay lysis buffer (Servicebio, Inc.)
following the manufacturer’s protocol. After centrifugation,
the concentration of total protein was determined using a
bicinchoninic acid protein assay kit (Servicebio, Inc.). After
mixing the protein samples with sodium dodecyl sulfate-po-
lyacrylamide gel electrophoresis sample loading buffer (5)
at a ratio of 4:1, they were boiled for 15 m to denature the
protein. The samples were then separated on 10% sodium
dodecyl sulfate-polyacrylamide gels (Servicebio, Inc.) and
transferred onto polyvinylidene fluoride membranes (Mil-
lipore, Bedford, MA, USA). The membranes were blocked

with 5% skim milk powder at room temperature for 1 h
and incubated at 4°C overnight with the following primary
antibodies: ACTIN (1:1,000; Servicebio, Inc.), phosphoryl-
ated (p)-Smad2/3 (1:1,000; Bioworld Technology, Inc., St
Louis Park, MN, USA), Smad7 (1:1,000; Servicebio, Inc.),
and then were incubated with fluorescence-labeled rabbit
anti-goat IgG (1:5,000; Servicebio, Inc.) for 30 m at room
temperature. The protein band intensities were detected by
AlphaEase FC software (Alpha Innotech, San Leandro, CA,
USA).

Fecal measurements

Before the intervention and at 8 weeks after the interven-
tion, we collected mouse fecal samples immediately upon
defecation and stored them at —80°C. Fecal DNA was ex-
tracted from the fecal samples using the CTAB method.2*
The extracted DNA was diluted to a concentration of 1 ug/
uL after detecting the purity and quantity. The V3-V4 region
of the bacterial 16S ribosomal RNA was amplified by PCR.
The PCR products were mixed in equal amounts, and the
target strips recovered using a gel recovery kit. The library
was constructed using the TruSeq® DNA PCR-Free Sample
Preparation Kit (Illumina, San Diego, CA, USA), according to
the manufacturer’s instructions. The constructed library was
quantified by Qubit and gqPCR, and the qualified library was
sequenced using the NovaSeq6000. According to the bar-
code sequence and PCR amplification primer sequence, the
data of each group of samples are separated from the offline
data. The raw tags data (Raw Tags) were assembled from
the reads of each sample using FLASH, after the barcode
and primer sequences were truncated, and the Raw Tags
were filtered and processed to high-quality Tags data (Clean
Tags). The obtained tags were removed from the chimera
sequence to obtain the final effective data (Effective Tags)
according to the tags quality control process of Qiime. Effec-
tive Tags were clustered using Uparse software (sequences
with 97% consistency are clustered into Operational Taxo-
nomic Units [OTUs ]). Simultaneously, the sequences with
the highest occurrence frequency in OTUs were selected as
OTUs, according to the algorithm principles. The species an-
notations of the OTUs sequence were obtained with the Mo-
thur method and SSUrRNA database of SILVA138 (threshold
value 0.8~1).25.26 Taxonomic information was obtained by
counting the community composition of each sample at the
phylum and genus levels, and MUSCLE software was used
to analyze the phylogenetic relationship of all OTUs rep-
resentative sequences. Alpha Diversity and Beta Diversity
were used to analyze the microbial community diversity of
the within-community composition of different groups.

Statistical analysis

All data were expressed as meanzstandard error of the
mean and analyzed using SPSS25.0 or Prism GraphPad 5.0.
A two-tail Student’s t test was applied to assess the dif-
ferences between groups. A p value <0.05 was considered
statistically significant.

Results

IPA aggravated liver damage and liver fibrosis in
CCl ,-treated mice

As shown in Figure 1A, livers in the normal control and IPA
control group showed a smooth surface with uniform color
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Fig. 1. Effect of IPA intervention on CCl -induced liver injury. (A) Fresh liver of each group of mice. (B-C) Hematoxylin-eosin-stained liver tissues (magnification
100x and 200x respectively) and Masson trichrome staining of liver tissues (magnification 100x). (D) ELISA-quantified serum levels of IPA. (E) Hepatic fibrosis stages
of mice analyzed according to the Ishak histological activity index. (F) Semi-quantification data for relative fibrosis levels expressed as the positive area of the total liver
area. (G-F) Automatic biochemical analyzer-estimated ALT, AST, total bilirubin (TBIL), cholesterol, triglycerides, and total bile acid (TBA) in mouse sera. All values are
expressed as the mean+ standard error of the mean (SEM). n=3 or 4. *p<0.05, **p<0.01, ***p<0.001. Error bars indicate the SEM. ALT, alanine aminotransferase;
AST, aspartate aminotransferase; CCl,, carbon tetrachloride; ELISA, enzyme-linked immunosorbent assay; IPA, indole-3-propionate.
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and almost no adhesion to surrounding tissues, while the
livers in the CCl,-treated mice featured noticeable fine par-
ticles on the surface and serious adhesions with surrounding
tissues. These visible lesions were more evident after IPA
intervention. Morphological and histological changes in the
liver sections revealed by hematoxylin-eosin and Masson
staining indicated that CCl, could result in hepatocyte ne-
crosis, inflammatory infiltrates, disruption, and reconstruc-
tion of the hepatic lobule structure. Moreover, the extent of
liver tissue pathological changes seemed to be more serious
in the IPA intervention group (Fig. 1B-C). The results of the
quantitative analysis also demonstrated that the ratio of fi-
brosis score and collagen deposition positive area in the IPA
intervention group increased significantly mor than in the
CCl, model group (Fig. 1D-E). Consistent with histopatho-
logical changes, serum ALT and AST activities, as indicators
of liver injury, increased after CCl, treatment and increased
more significantly after IPA intervention (Fig. 1G-H). Inter-
estingly, serum AST and ALT and pathological changes of
liver tissue had no significant difference between the IPA
control group and the normal control group (Fig. 1A-H),
although serum IPA increased after IPA treatment (Fig. 1F),
which proved that oral IPA alone cannot cause liver damage
and liver fibrosis, but IPA plus CCl, would aggravate liver
damage and promote liver fibrosis in CCl,-induced mice.
Besides, IPA intervention did not affect cholesterol but could
markedly reduce serum triglycerides and increase the se-
rum total bilirubin and total serum bile acid (Fig. 1J-K).

IPA enhanced hepatic inflammation in CCl ,-treated
mice

The chronic inflammatory response is closely related to liver
fibrosis. To assess the effect of IPA on hepatic inflammation
induced by CCl,, inflammatory cytokines were detected by
gPCR and ELISA. As expected, compared with the normal
control group, inflammatory cytokines in liver tissue, includ-
ing IL-6, IL-8, IL-1B, IL-10, and TNF-a were significantly
elevated after CCl, treatment. The above pro-inflammatory
mediators, including IL-6, IL-8, IL-1B8 and TNF-a, were fur-
ther enhanced and anti-inflammatory cytokines (IL-10) de-
clined obviously after IPA plus CCl, treatment (Fig. 2A-G).

Considering that CLD often triggers dysbacteriosis,® re-
sulting in endotoxins such as LPS moving into the portal
vein and subsequently contributing to higher inflammation
response. Therefore, we tested the level of serum LPS, but
there was no difference between the four groups (Fig. 2H),
which was consistent with findings from other studies indi-
cating that there was no increase in circulating LPS concen-
tration in CCl,-treated mice.?” These results indicated that
the increased inflammation response caused by IPA may
not be mediated by LPS.

Effect of IPA intervention on CCl,-induced hepatic
oxidative stress in liver

Oxidative stress is an imbalance status between the oxidant
generation and the antioxidant systems and is an important
causative factor of CCl,-induced liver damage. GSH, SOD,
GSH-Px, and CAT are essential participants in removing
ROS. MDA is considered an indicator of lipid peroxidation.
Hence, we measured antioxidants (GSH, SOD, GSH-Px,
CAT) and MDA in the liver to evaluate CCl,-induced oxida-
tive stress. The results showed that CCl, treatment remark-
ably reduced GSH, SOD, GSH-Px, CAT, and augmented MDA
in the liver (Fig. 3A-E). Notably, administration of IPA alone
did not affect the level of hepatic MDA and antioxidants un-
der normal conditions. However, compared with the CCl,

model group, CCl, plus IPA intervention can further elevate
the CAT activity (Fig. 3E), reduce the levels of GSH contents
and GSH-PX activity (Fig. 3B-C), and produce no significant
effect on MDA and the activity of SOD (Fig. 3A, D). Incon-
sistent with previous conclusions, this result indicated that
IPA could not reduce the lipid peroxidation damage induced
by CCl,, which may be due to the different effects of IPA on
oxidative stress under different conditions.

Effect of IPA intervention on hepatocyte apoptosis in
mice induced by CCI,

To discover the mechanism of IPA exacerbating the liver
injury, we used TUNEL staining to detect apoptotic cells in
the liver (Fig. 4A-D). In the normal control group and the
IPA control group, only a few cells undergo apoptosis (Fig.
4A, B). As shown in Figure 4E, the number of hepatocyte
apoptosis in the CCl, treatment group increased, while the
IPA intervention group had a higher apoptotic rate, which
suggested that oral IPA might aggravate CCl, induced-liver
damage by promoting hepatocyte apoptosis.

IPA promoted the activation of HSCs induced by CCl,

The extensive activation of HSCs is a typical feature of liver
fibrosis, and it will cause abnormal deposition of ECM com-
ponents, such as collagen I and a-SMA, and influence the
synthesis and degradation of TIMP-1 and MMP-2. Among
these, a-SMA and collagen-I are the most commonly used
as specific expression genes for indication of HSC activa-
tion.2 IHC and gPCR were used to detect the levels of the
above molecules in liver tissues. We found that compared
with the normal control group, collagen I, a-SMA, TIMP-1,
and MMP-2 were significantly up-regulated in transcription
and translation levels in the CCl,-treated mice (Fig. 5A-B),
while these indicators increased more obviously in the IPA
intervention group (Fig. 5B-E). This result indicated that
IPA enhanced the excessive deposition of ECM by aggravat-
ing the activation of HSCs.

TGF-B1/Smads signaling was associated with IPA-
aggravated liver fibrosis

The TGF-B1/Smads signaling pathway plays a key role in
the fibrogenic response of HSCs to CCl, 7 TGF-B1 detected
by IHC, ELISA, and qPCR showed that TGF-B1 was signifi-
cantly increased in CCl,-treated mice and further enhanced
after IPA intervention (Fig. 6A-C). Western blotting and
gPCR were used to detect downstream related proteins. The
results showed that after CCl, treatment, the Smad3 mRNA
and p-Smad2/3 increased, while after CCl, plus IPA inter-
vention, the levels of the above indicators increased more
significantly (Fig. 6E-G). It is worth noting that the expres-
sion of Smad7 mRNA and protein was suppressed in the IPA
intervention group compared with other groups (Fig. 6D,
H). These preliminary results indicated that IPA might acti-
vate HSCs via the TGF-B1/Smads signaling pathway.

Effect of oral IPA on gut microbiota in CCl,~induced
liver fibrosis

To explore the potential impact of IPA on the gut microbial
community in CCl,-induced liver fibrosis, we collected fecal
samples for 16S rRNA gene sequencing. The results showed
that oral IPA could significantly alter the structure of intesti-
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in liver tissue. (D-G) Relative mRNA levels of TNF-a, IL-6, IL-8, and IL-10. The level of IL-1B failed to reach the minimum detection limit of qPCR. (H) ELISA-detected
serum LPS level. All values were assessed by two independent experiments; the values represent the mean+SEM. n=3-4. *p<0.05, **p<0.01, ***p<0.001. a-SMA,
CCl,, carbon tetrachloride; ELISA, enzyme-linked immunosorbent assay; IL, interleukin; IPA, indole-3-propionate; LPS, lipopolysaccharide; qPCR, quantitative real-time

polymerase chain reaction; TNF-a, tumor necrosis factor-a.

nal flora in CCl,-treated liver fibrosis mice As shown in Fig-
ure 7A, we selected the top 35 genera based on the species
annotation and abundance information of the samples and
then clustered them at the species and sample levels, and
found that there were significant differences in the degree
of species aggregation in the feces of each group. Then,
we assessed the gut microbial profile at the phylum level.
In the CCl, model group, the abundance of Firmicutes was
enormously increased and of Bacteroidetes was decreased,
while this change was reversed by IPA intervention (Fig.
7B). It is worth mentioning that the two pro-inflammation-
related genera Desulfobacterota?® and Campilobacterota?®
were almost absent in other groups but were significantly
increased in the IPA intervention group (Fig. 7B).

Next, to further study the phylogenetic relationships of
species at the genus level, the phylogenetic relationships

922

of the top 100 genera’s representative sequences were
obtained through multiple sequence alignments (Fig. 7C).
Compared with the normal control group, the abundances
of Dubosiella, Staphylococcus and Lactobacillus increased,
while Rikenellaceae_RC9_gut_group, Odoribacter, Alistipes,
Prevotella and Alloprevotella decreased in the CCl, model
group, and IPA intervention alleviated the changes.

Beta diversity showed that the differences in microbial
community between the CCl, model group and normal con-
trol group (0.346 and 0.388, weighted and unweighted re-
spectively) could be reduced (0.198 and 0.292, weighted
and unweighted respectively) via intervention with IPA
(Supplementary Fig. 1A-C). Furthermore, we used the Rar-
efaction Curve and Rank Abundance to characterize the di-
versity of samples. The result showed a massive decrease in
the diversity of the microbial community in the feces of the
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mice treated with CCl,, and oral administration of IPA led
to an increase (Fig. 7D-E). Together, these data suggested
that repeated intraperitoneal injection of CCl, markedly al-
tered the bacterial structure and reduced microbial diversity
in the fecal samples, and IPA intervention could alleviate
the intestinal flora disorders caused by CCl, to a certain
extent, but it also significantly altered the composition of
gut microbes.

Discussion

Liver fibrosis is a common pathological process of CLD; its
pathogenesis involves liver injury, inflammation, oxidative
stress, and intestinal dysfunction.? IPA is similar in structure
to melatonin. More and more studies have confirmed the
beneficial effects of IPA on the intestines3? and liver,15 which
are mainly manifested in stabilizing the intestinal mucosal
barrier, regulating the intestinal flora, and interacting with
the immune system to change intestinal biology properties,
such as anti-inflammatory and anti-oxidant. Although previ-
ous research has proposed subtle differences in the chemi-
cal structure between melatonin and IPA and speculated the
latter substance may have unfavorable effects,10.17.18 there
are no relevant reports so far. In this study, we obtained
several unexpected results; specifically, IPA administra-
tion seemed to aggravate hepatic injury and liver fibrosis
in the CCl,-induced liver fibrosis model, as evidenced by
pathological changes in liver tissue, serum ALT and AST lev-
els, hepatocyte apoptosis rate, and the expression levels
of inflammatory cytokines and liver fibrosis-related-genes.
Therefore, this research was focused on exploring the rea-
sons and underlying mechanisms of IPA aggravating liver
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fibrosis (Fig. 8).

There is a broad consensus that the activation of HSCs
usually plays a crucial role in the initiation and progres-
sion of hepatic fibrosis.?2 In normal liver, HSCs are mainly
responsible for storing vitamin A and regulating the blood
flow of the liver sinusoids. Once activated, HSCs differen-
tiate into myofibroblasts and express a large amount of
a-SMA, collagen I, and TGF-B1, resulting in excessive depo-
sition of ECM,2 and TGF-B1 can modulate the expression of
MMPs and TIMPs.53! Generally, MMPs play an essential role
in the degradation of ECM and TIMPs promote ECM syn-
thesis, thereby maintaining the homeostasis of ECM.32 The
dysregulated ECM synthesis and degradation will cause col-
lagen over-deposition and promote liver fibrosis. Consistent
with previously reported findings,33 increased expression of
a-SMA, collagen-I, TIMP-1, and MMP-2 occurs in mice treat-
ed with IPA plus CCl, than CCl, alone (Fig. 5), indicating
that IPA administration exacerbates CCl,-induced hepatic
fibrosis, possibility through activating the HSCs.

To further investigate the effect of IPA on HSC activa-
tion, we detected the critical signaling pathway of TGF-B1/
Smads.” The results showed that the elevated levels of
TGF-B1, Smad3 and p-Smad2/3 in the IPA intervention
group were more pronounced than in the CCl, model group,
while Samd?7 was more inhibited (Fig. 6A-C). In the TGF-B/
Smads pathway, TGF-B binds with and phosphorylates the
TGF-B type II receptor (i.e. TBR II) on the liver cell mem-
brane, then recruits and phosphorylates the TGF- receptor
type I (i.e. TBRI). Finally, the activated TBR I leads to phos-
phorylation of downstream Smad2 and Smad3, resulting in
excessive ECM production.8 On the other hand, Smad7 can
block the over-activation of TGF-B signals by preventing
the phosphorylation of R-Smads.8 Collectively, the above
evidence indicates that IPA-promoted ECM formation might
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occur by activating HSCs via the TGF-B1/Smads signaling
pathway. Additionally, TGF-B can induce hepatocyte apop-
tosis;34 thus, the increased hepatocyte apoptosis in the IPA
intervention group verified the above conclusion again.
Oxidative stress and inflammation have been considered
the major causative factor of liver damage.* With sustained
exposure to CCl,, ROS accumulates in the liver and the
activity of antioxidant enzymatic (SOD, CAT, and GSH-Px)
decreases, thus leading to hepatocyte necrosis and apopto-
sis.35 Besides, ROS can activate HSCs and act as both induc-
er and effector of the TGF-B signaling pathway.3¢ According
to reports, IPA can scavenge free radicals and protect the
liver from oxidative damage.!8 However, the results of this
study found that IPA administration decreased the levels
of GSH and GSH-Px in liver tissue, besides increasing the
activity of CAT to a certain extent. The level of MDA content
showed no significant difference between the CCl, model
and the IPA intervention groups; although, another study
found that IPA was relatively potent in preventing hydrogen
peroxide-induced, hydroxyl radical-mediated formation of
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MDA.17 In summary, we have not found evidence that IPA
can protect against oxidative stress-induced by CCl,. After
all, IPA is a poor chain-breaking antioxidant and would re-
duce lipid peroxidation effectively only when used at a high
pharmacological concentration.17:18 One possible reason for
this may be that the concentration of IPA in this experiment
did not reach the minimum concentration required to elimi-
nate the oxidative stress induced by CCl,. Another possible
reason may be related to IPA’s direct pro-oxidative effect
on membrane fluidity via influencing the composition of the
membranes.1® The underlying mechanisms still needs fur-
ther elucidation.

It has been shown that intraperitoneal injection of CCl,
can induce hepatocyte inflammatory response, which is
manifested by increased TNF-a, IL-6, IL-8, IL-1B, and IL-
10.37 Moreover, IL-6, IL-8, and IL-1B are increased following
CCl,-induced TNF-a release.37:38 Among these inflammatory
mediators, pro-inflammatory cytokines including TNF-a, IL-
8, IL-1B, and IL-6 play an important role in the activation
of HSCs and synthesis of ECM.37:39 IL-10 acts as an anti-
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inflammatory and antifibrotic mediator.4? Higher levels of
proinflammatory cytokines and lower levels of anti-inflam-
matory cytokines seem to partly explain the phenomenon
that IPA-aggravated liver fibrosis in this investigation. It has
been confirmed that IPA can attenuate hepatic inflamma-
tion and liver injury of NAFLD by inhibiting LPS-mediated
toll-like receptor 4/NF-kB signaling.> It is still unclear why
IPA exacerbated the inflammation response in mice treated
with CCl,.

Gut bacterial dysbiosis is also associated with worsening
of the liver disease.*! Liver fibrosis is often accompanied
by dysbacteriosis and bacterial translocation,*?2 As previ-
ously described,!> our study also showed that IPA interven-
tion can increase the diversity of intestinal microbes and
reduce the Firmicutes to Bacteroidetes ratio. However, it
increased the abundance of Desulfobacteraceae, Campilo-
bacteriacea, Odoribacter, Helicobacter and Alistipes, as well
as decreased the abundance of Lactobacillus (Fig. 7B-C).
Among these genera, Odoribacter is implied to be impor-
tant for intestinal homeostasis!> and Alistipes shows a de-
crease in the process of liver fibrosis.43 This indicated that
IPA intervention could alleviate the gut microbiota dysbiosis
induced by CCl, to a certain extent. However, Desulfobacte-
raceae is a pro-inflammatory bacteria that can cause more
inflammatory cytokine responses?® and has been reported
to be associated with inflammatory bowel disease.4* Addi-
tionally, Campylobacteraceae is a leading cause of bacterial
enteritis, stimulating the pro-inflammatory pathway and the

production of a large repertoire of cytokines, chemokines,
and innate effector molecules.2® Moreover, Helicobacter has
been reported as having a positive association with HCC.4>
Recent studies have found that intestinal diseases can ag-
gravate liver fibrosis through the “gut-liver axis”.4¢ The
“gut-liver axis” theory suggests that there is an interaction
between the gut and its microbiota and the liver.? The liver
participates in the composition and metabolism of intestinal
microbes through enterohepatic circulation (referred to as
EHC), thereby affecting intestinal health. At the same time,
changes in intestinal factors and microbiota exposed to the
liver also affect liver inflammation and damage during CLD.
Whether the increased abundance of pathogenic bacteria
is the cause of IPA-exacerbated CCl,-induced liver fibrosis
remains to be further studied.

Furthermore, the gut microbiota can modulate bile acid
metabolism,4” and Lactobacillus has been proven to regu-
late the expression of hepatic genes involved in bile acid
homeostasis and promote fecal excretion of intestinal bile
acids.** Attractively, the total serum bile acid level, the pri-
mary endogenous substance of EHC, in the IPA intervention
group was significantly higher than that in the CCl, model
group in this study (Fig. 1L). Metabolomics studies have
found that bile acids can regulate the relationship between
the intestinal flora and the liver, and affect the progress of
CLD.48 Moreover, excessive accumulation of bile acids in the
liver can lead to liver injuries by triggering inflammatory
responses.47:49 Thus, the possible mechanism by which IPA
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intervention can enhance inflammation might be related to
changes in bile acid metabolism. Specifically, in the condi-
tion of gut microbiota dysbiosis in mice with CCl,-induced
fibrosis, oral IPA might increase reabsorption of bile acids
via altering intestinal flora structure, thereby strengthening
liver inflammation and promoting liver fibrosis. However,
this assumption still needs more in-depth research.

Overall, in contrast with previous research,15:50 our study
showed that IPA might, via activating HSCs and the TGF-B1/
Smads signaling pathway, aggravate liver inflammation and
increase hepatocyte apoptosis to significantly enhanced
CCl,-induced liver injury and fibrosis. However, there re-
main several problems that need to be solved in further
research. Firstly, IPA alone does not stimulate hepatotoxic
effects and even has been recognized as a beneficial com-
pound in other animal models; thus, it would be helpful to
understand how IPA aggravates liver fibrosis if it were com-
menced later during CCl, exposure, i.e. in animals with well-
established fibrosis. Second, how IPA increases the toxicity
of CCl, remains unclear; potential impact mechanisms in-
clude (but are not limited to): 1) Whether IPA increases the
acute toxicity of CCl,? 2) Whether IPA affects the activity
of cytochrome P450, the main metabolic enzyme of CCl,?
3) Whether the intra-abdominal inflammatory reaction in-
duced by intraperitoneal CCl, administration interacts with
IPA administration? 4) Whether the species and strains of
experimental animals affect the research results? Besides,
the power of the study was reduced by the relatively small
number of mice used, but the difference between the ex-
perimental group and the control group is very significant,
especially in the performance of histopathology, and we
obtained the same results in two independently repeated
experiments; thus, the conclusion of this study is credible
to a certain extent.
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