Engineering Xxx (XXXX) XXX

Contents lists available at ScienceDirect

Engineering

Engineering

journal homepage: www.elsevier.com/locate/eng

Research
Microecology—Article

Pien Tze Huang Protects Against Non-Alcoholic Steatohepatitis by
Modulating the Gut Microbiota and Metabolites in Mice

Xianyi Zeng **, Xiang Zhang ***, Hao Su?, Hongyan Gou?, Harry Cheuk-Hay Lau®, Xiaoxu Hu?,
Ziheng Huang?, Yan Li?, Jun Yu®>*

2 Shenzhen Research Institute, The Chinese University of Hong Kong, Shenzhen 518057, China
b Department of Medicine and Therapeutics, Institute of Digestive Disease, State Key Laboratory of Digestive Disease, Li Ka Shing Institute of Health Sciences, The Chinese University
of Hong Kong, Hong Kong 999077, China

ARTICLE INFO

Article history:

Received 15 May 2022
Revised 15 October 2022
Accepted 30 October 2022
Available online xxxx

Keywords:

Pien Tze Huang
Non-alcoholic steatohepatitis
Gut barrier function

Gut microbiota

ABSTRACT

Non-alcoholic steatohepatitis (NASH) is a severe form of non-alcoholic fatty liver disease without effec-
tive treatment. The traditional Chinese medicine formulation Pien Tze Huang (PTH) can suppress inflam-
matory diseases. Here, we evaluate the effects of PTH on the evolution of NASH and its underlying
mechanisms. We found that PTH prevented the development of steatohepatitis induced by various diet-
ary models, including a high-fat high-cholesterol (HFHC) diet, choline-deficient high-fat diet (CD-HFD),
and methionine- and choline-deficient (MCD) diet, along with significant suppression of liver injury, hepa-
tic triglyceride, and lipid peroxidation. Moreover, ten days of PTH treatment after the onset of NASH sig-
nificantly ameliorated MCD diet-induced steatosis and liver injury in mice. Through the metagenomic
sequencing of stool samples, we found that PTH administration restored the gut microbiota with enrich-
ment of probiotics including Lactobacillus acidophilus (L. acidophilus), Lactobacillus plantarum, Lactococcus
lactis, and Bacillus subtilis. The enriched L. acidophilus prevented MCD diet-induced steatohepatitis. In
addition, PTH restored the gut barrier function in mice with steatohepatitis, as evidenced by reduced
intestinal permeability, decreased serum lipopolysaccharides (LPS) level, and increased epithelial tight-
junction protein E-cadherin expression. Our metabolomic analysis via liquid chromatography-mass spec-
trometry profiling identified the alteration in the metabolism of bile acids in the portal vein of PTH-
treated mice. We further confirmed that an intact gut microbiota is necessary for PTH to exhibit anti-
steatohepatitis effects. In conclusion, PTH protects against steatohepatitis development by modulating
the gut microbiota and metabolites. PTH is a potential promising prophylactic and therapeutic option
for patients with NASH.
© 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

borderline efficacy in NASH therapy, they are restricted in clinical
use due to their potential side effects and toxicity [3,4]. As a result,

Non-alcoholic fatty liver disease (NAFLD) is a major cause of
morbidity and a healthcare burden worldwide, affecting 25% of
the global adult population and 34% of the Asian population [1].
About 20% of NAFLD patients progress to non-alcoholic steato-
hepatitis (NASH), which is a severe stage of NAFLD with hepatocyte
injury, liver inflammation, and/or pericellular fibrosis [2]. Although
several supplements and drugs such as vitamin E, peroxisome
proliferator-activated receptor agonist, and pentoxifylline have
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no drug has been approved to date by the US Food and Drug
Administration or the National Medical Products Administration
for NASH therapy. Identifying safe and effective therapeutics
against NASH is an unmet clinical need.

Traditional Chinese medicine (TCM) is known for its advantages
in terms of its multi-target and multi-channel mechanisms of
action [5]. Pien Tze Huang (PTH) is a TCM formula that is widely
used in China and Southeast Asia for treating viral hepatitis and
inflammatory diseases [6]. It is composed of four TCM ingredients:
Radix et Rhizoma Notoginseng (85%), Moschus (3%), Calculus Bovis
(5%), and snake gallbladder (7%). The effect of PTH in the treatment
of NASH has not been investigated.
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Different dietary NASH models that recapitulate human NASH
have been developed [7]. The methionine- and choline-deficient
(MCD) diet replicates NASH histological phenotypes (i.e., severe
inflammation, steatosis, oxidative stress, and fibrosis) within a
shorter duration than other dietary models of NASH. However, the
MCD diet can cause weight loss and does not induce features of meta-
bolic syndrome in NASH [7]. In comparison, although a relatively long
duration is needed for mice to develop NASH induced by a choline-
deficient high-fat diet (CD-HFD), key features of human metabolic
syndrome and NASH are mimicked in this model [8]. However, the
CD-HFD is a diet-deficient model that cannot mimic an actual human
diet. The high-fat high-cholesterol (HFHC) diet model is a Western
diet model that has been well established by our research team
[9]. It mirrors various phenotypes of NASH and their associated
metabolic changes, including lipid accumulation, inflammation,
oxidative stress, liver injury, obesity, and insulin resistance. More-
over, the HFHC diet induces gut microbiome dysbiosis and metabo-
lites alteration, further contributing to NASH progression [9,10].

Recent studies have demonstrated the crucial role of the gut
microbiota in NASH progression [9,11]. Gut microbial dysbiosis
and its associated metabolites, such as bile acids, trimethylamine,
and short-chain fatty acids (SCFAs), contribute to NASH initiation
and progression [12]. Given the importance of microbes and their
metabolites, the therapeutic potential of modulating the gut
microbiota to protect against liver diseases has been suggested.
In particular, TCM has long been acknowledged for its ability to
alter the gut microbiota to confer health benefits. TCM was
reported to ameliorate metabolic syndrome by modulating the
gut microbiota [13] and improving lipid metabolism by regulating
metabolites including SCFAs and bile acids [14]. As NASH is a com-
plex multifactorial disease, TCM may have therapeutic potential in
NASH by targeting both the gut microbiota and host physiology. In
this study, we investigated the role of PTH in the prevention and
treatment of NASH using multiple dietary mouse models. The con-
tribution of the gut microbiota and metabolites and the change of
gut barrier function in experimental NASH with or without PTH
treatment were also elucidated.

2. Materials and methods
2.1. Mice and treatments

Male C57BL/6 mice (6-7 weeks old) were randomly assigned to
be fed with normal chow (NC), an HFHC diet with 23 g-L™! of fruc-
tose supplemented in drinking water [15] for 12 weeks or a CD-
HFD (Specialty Feeds Pty. Ltd., Australia) for 20 weeks (n = 8-10
per group). NASH was also induced in another model by feeding
male C57BL/6 mice (6-7 weeks old) with an MCD diet or the cor-
responding control diet (Specialty Feeds Pty. Ltd.) for 5 days,
10 days, or 4 weeks, respectively (n = 8-10 per group). Mice were
gavaged with PTH (540 mg-kg~'; Zhangzhou Pien Tze Huang Phar-
maceutical Co., Ltd., China) or phosphate-buffered saline (PBS)
every day. At the experimental end points, the mice were fasted
and serum/tissues were harvested. Body weights and visceral fat
weights were recorded. Liver tissues were rapidly excised and
weighed. Fecal samples and portal vein blood were collected for
metagenomic sequencing and metabolomic profiling, respectively.

In an additional experiment, male C57BL/6 mice (6-7 weeks
old) were treated with an antibiotics cocktail to verify the role of
the microbiota in PTH-suppressed NASH. Drinking water was sup-
plemented with an antibiotics cocktail (0.2 g-L! of ampicillin,
0.2 g-L™! of neomycin, 0.2 gL' of metronidazole, and 0.1 g-L™! of
vancomycin) for 2 weeks, every other 2 weeks until the end of
the experiment, to deplete the gut microbiota [16]. Mice were har-
vested 12 weeks after HFHC diet feeding as well as 4 weeks after
MCD diet treatment.
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In order to explore the role of probiotics in PTH-ameliorated
NASH, male C57BL/6 mice (6-7 weeks old) were fed with an
MCD diet and gavaged with L. acidophilus (1 x 10° colony-
forming unit (CFU) per 200 pL per day), Escherichia coli (E. coli)
strain MG1655 (bacteria control), or PBS for 10 consecutive days.
All the mice were maintained in a specific-pathogen-free environ-
ment with controlled conditions: namely, a 12-h light/dark cycle at
20-22 °C and (45 * 5)% humidity. All procedures adhered to the
guidelines approved by the Animal Experimentation Ethics Com-
mittee of The Hong Kong Polytechnic University Shenzhen
Research Institution (IACUC No.: 181105).

2.2. Shotgun metagenomic sequencing and analysis

To determine PTH-induced gut microbiota alterations, DNA was
extracted from fecal samples using a QIAamp DNA mini kit (QIAGEN,
Germany). Shotgun metagenomic sequencing of mice fecal DNA
was performed on an Illumina HiSeq 2000 platform (Illumina,
USA). Raw sequence reads were first trimmed using Trimmomatic
(version 0.39) to remove low-quality reads and adaptors. The
trimmed reads were aligned with Bowtie2 (version 2.4.4) against
the host (mouse mm10) genome to remove human reads with
the “very sensitive” default parameter settings. Kraken2 (version
2.0.8) was then used for taxonomy classification of the unmapped
reads (Table S1 in Appendix A). Bracken was used to produce accu-
rate species-level abundance estimates with the results of Kraken2.
Diversity richness (Chaol index) was calculated by means of R
package phyloseq and vegan. Visualization of the microbiota
between different groups was based on the Bray-Curtis dissimilar-
ity matrix. We used Ebseq for the differential analyses of metage-
nomic data. We used the ternary plot method to identify bacteria
associated with PTH treatment at the genus level.

2.3. Metabolomic profiling and analysis

Liquid chromatography-mass spectrometry (LC-MS) analyses
were performed using an ultra-high-performance liquid chro-
matography (UPLC) system (1290; Agilent Technologies, USA) with
a Waters UPLC BEH C18 column (1.7 pm, 2.1 mm x 100 mm; USA)
from Shanghai Biotree Biotech. The column temperature was set at
55 °C and the sample injection volume was set at 5 pL. The flow
rate was set at 0.5 mL-min~.

The mobile phase consisted of 0.1% formic acid in water and
0.1% formic acid in acetonitrile. The multistep linear elution gradi-
ent program was as follows: 0-11.0 min, 85%-25% A; 11.0-
12.0 min, 25%-2% A; 12.0-14.0 min, 2%-2% A; 14.0-14.1 min,
2%-85% A; 14.1-15.0 min, 85%-85% A; 15-16 min, 85%-85% A. A
Q Exactive Focus mass spectrometer (Thermo Fisher Scientific, Fin-
land) coupled with Xcalibur software was employed to obtain the
mass spectrometry (MS) and tandem mass spectrometry (MS/MS)
data based on the information-dependent acquisition mode. Dur-
ing each acquisition cycle, the mass range was from 100 to 1500.
The top three masses of every cycle were screened, and the corre-
sponding MS/MS data were further acquired. The sheath gas flow
rate was 45 arbitrary units (Arb), the aux gas flow rate was 15
Arb, the capillary temperature was 400 °C, the full MS resolution
was 70 000, the MS/MS resolution was 17 500, the collision energy
was 15/30/45 in normalized collision energy (NCE) mode, and the
spray voltage was 4.0 kV (positive) or -3.6 kV (negative). An
in-house MS2 database was applied for metabolites identification.
Limma was used for the differential analyses of metabolomics
profiling data. The Benjamini-Hochberg method was used to con-
trol the false discovery rate (FDR). FDR < 0.01 and abs(log(fold
change)) > 2 were considered as significant different. Clustering
analysis was performed based on the results of screening out dif-
ferent metabolites.



X. Zeng, X. Zhang, H. Su et al.
2.4. Biochemical assay

Serum was obtained by centrifuging whole blood samples. The
levels of serum alanine aminotransferase (ALT), aspartate amino-
transferase (AST), cholesterol, and triglyceride were determined
using a Catalyst One Chemistry Analyzer (IDEXX Laboratories,
USA). Total cholesterol (JL13847-48 T) and triglycerides
(JL13528-48 T) in mice livers were measured by means of
corresponding assay kits (Shanghai Jianglai Biotechnology Co.,
Ltd., China). Lipid peroxidation was quantified by measuring
malondialdehyde using a thiobarbituric acid reactive substances
(TBARs) assay (Shanghai Jianglai Biotechnology Co., Ltd.).

2.5. Histological analysis

Liver histology was assessed via hematoxylin and eosin (H&E)
staining of paraffin-embedded sections. Two pathologists who
were blinded to the treatment evaluated the stained slides inde-
pendently and assigned scores for steatosis and inflammation.
Steatosis was scored via a low-to-medium power evaluation of
parenchymal involvement according to the following criteria: O
(<5%), 1 (5%-33%), 2 (33%-66%), or 3 (>66%). Inflammation was
scored by an overall assessment of all inflammatory foci according
to the following criteria: 0 (no foci), 1 (< 2 foci per 200X field), 2 (2-
4 foci per 200X field), or 3 (>4 foci per 200X field). Oil Red O stain-
ing was performed on optimal cutting temperature compound-
embedded frozen liver sections.

2.6. Measurement of pro-inflammatory cytokines

Serum tumor necrosis factor o (TNFa) and interleukin-6 (IL-6)
levels were measured using a mouse TNFa enzyme-linked
immunosorbent assay (ELISA) kit and mouse IL-6 ELISA kit (Shang-
hai Jianglai Biotechnology Co., Ltd.), according to the manufac-
turer’s instructions.

2.7. Quantitative real-time polymerase chain reaction (qQRT-PCR)

The total RNA was extracted from mouse liver using TRIzol
Reagent (Thermo Fisher Scientific). RNA quality was determined
using a spectrophotometer and was reversely transcribed using a
complementary DNA conversion kit (Thermo Fisher Scientific).
Fecal bacterial DNA was extracted using a QIAamp DNA mini kit.
Liver complementary DNA (cDNA) and bacterial DNA were used
for a qRT-PCR using SYBR Green Master Mix (Roche, Switzerland)
in a Light Cycler 480 real-time PCR system (Roche). The primers
used are listed in Table S2 in Appendix A.

2.8. Intestinal permeability assay

A 100 mg-mL~! solution of fluorescein isothiocyanate (FITC)-
dextran (Sigma-Aldrich, USA) was orally gavaged into each mouse
(0.3 mg-g~! body weight). Retro-orbital blood was collected 5 h
after FITC-dextran administration and was maintained at 4 °C
overnight. The blood was subsequently centrifuged at 3000 rota-
tions per minute (rpm) for 20 min. The FITC-dextran in the serum
was determined at excitation wavelength of 490 nm and emission
wavelength of 530 nm [17].

2.9. Measurement of serum lipopolysaccharides

Serum was collected from portal vein of mice when harvesting.
The serum lipopolysaccharide (LPS) level was measured using a
mouse LPS enzyme-linked immune sorbent assay kit (Cusabio,
China), according to the manufacturer’s instructions.
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2.10. Western blot test

The total protein in 30-50 mg of tissues was obtained using
CytoBuster protein extraction reagent (Merch Chemicals, UK). Pro-
tein concentration was measured using a detergent compatible
protein assay (BIO-RAD, USA). Protein (20-40 mg) was first sepa-
rated by means of 5% upper gel and 10% lower gel, and then trans-
ferred onto polyvinylidene difluoride membranes (GE Healthcare,
USA). Membranes were incubated first with E-cadherin primary
antibody (Catalog No.: 14472; Cell Signaling Technology, USA)
overnight at 4 °C and then with secondary antibody at room tem-
perature for 1 h. E-cadherin protein was visualized using ECL Plus
Western Blot Detection Reagents (GE Healthcare). B-actin was used
as the total protein loading control.

2.11. Statistical analyses

Differences between the two groups were compared by means
of Student’s t test or a Mann-Whitney U test. Multiple group com-
parisons were assessed using a Kruskal-Wallis test or one-way
analysis of variance (ANOVA). All statistical tests were performed
using GraphPad Prism or R Software. Data were considered signifi-
cant at P < 0.05.

3. Results
3.1. PTH prevents HFHC diet-induced steatohepatitis

To explore the effects of PTH on steatohepatitis, C57BL/6 mice
were fed with an HFHC diet for 12 weeks to induce NASH develop-
ment. Mice were administered with PTH or PBS control (Fig. 1(a)).
HFHC diet-fed mice supplemented with PTH exhibited a lower
body weight compared with HFHC diet-fed mice supplemented
with the PBS control (P < 0.01) (Fig. 1(b)). Histological examination
of liver sections showed that PTH treatment significantly improved
liver histology with reduced liver steatosis (P < 0.01) and inflam-
matory cell infiltration (P < 0.05), compared with HFHC diet-fed
mice without PTH supplementation (Fig. 1(c)). The decreased lipid
accumulation in PTH-supplemented mice was confirmed by Oil
Red O staining (Fig. 1(c)). Consistent with the histological findings,
PTH decreased blood and hepatic lipids in mice, as evidenced by
significantly reduced levels of triglyceride and total cholesterol
(P < 0.05 for serum and hepatic triglyceride; P < 0.001 for serum
and hepatic total cholesterol) (Fig. 1(d)). Measurements of hepatic
lipid peroxide (P < 0.01) and serum ALT and AST (both P < 0.05)
revealed that PTH significantly protected mice from HFHC diet-
induced liver injury (Figs. 1(e) and (f)). Moreover, PTH significantly
reduced the serum levels of key pro-inflammatory mediators in
NASH including TNFa (P < 0.01) and IL-6 (P < 0.001) in HFHC
diet-fed mice (Fig. 1(g)). Collectively, these results suggest that
PTH acts as a prophylaxis against the development of
steatohepatitis.

3.2. PTH prevents CD-HFD or MCD diet-induced steatohepatitis

To confirm the preventive effects of PTH, we established a sec-
ond NASH mouse model induced by a CD-HFD. Mice were fed with
a CD-HFD supplemented with PTH or PBS control for 12 weeks.
Mice developed steatohepatitis after 20 weeks feeding with a
CD-HFD (Fig. 2(a)). Consistent with the observations in HFHC
diet-fed mice, CD-HFD-fed mice with PTH supplementation
showed significantly decreased body weight, liver weight, and adi-
pose tissue weight compared with CD-HFD-fed mice supple-
mented with the PBS control (all P < 0.001) (Fig. 2(b)). PTH
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Fig. 1. PTH prevents the development of HFHC diet-induced steatohepatitis. (a) Experimental design for mice fed with NC or an HFHC diet supplemented with PTH or PBS
control. (b) The HFHC diet increased body weight, while PTH supplement decreased HFHC-induced body weight gain. (c) Representative H&E staining (the arrow indicates
inflammatory cells) and Oil Red O staining from liver sections of mice fed with NC or an HFHC diet with or without PTH supplementation. Histological scores of steatosis and
inflammation were determined. Quantification of the Oil Red O stained area was performed by Image J. The scale bar represents 20 pum. (d) Serum triglyceride, total
cholesterol, hepatic triglyceride, and hepatic cholesterol levels; (e) hepatic TBARs; (f) serum ALT and AST levels; and (g) serum TNFo and IL-6 levels in mice fed with NC or an
HFHC diet with or without PTH supplementation. *P < 0.05, **P < 0.01, ***P < 0.001.

administration also attenuated the development of steatohepatitis, levels of serum cholesterol, hepatic triglyceride, hepatic total
with improved liver histology including significantly reduced cholesterol (Fig. 2(d)); liver lipid peroxidation (Fig. 2(e)); serum
steatosis (P < 0.01) and inflammation (P < 0.001) (Fig. 2(c)). Atten- ALT levels (Fig. 2(f)); and pro-inflammatory cytokines TNFo and
uated steatohepatitis due to PTH was confirmed by decreased IL-6 (Fig. 2(g)).
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Fig. 2. PTH prevents the development of CD-HFD-induced steatohepatitis. (a) Experimental design for mice fed with NC or CD-HFD supplemented with PTH or PBS control.
(b) CD-HFD increased body weight, liver weight, and adipose weight, which were ameliorated by PTH supplement. (c) Representative H&E staining (the arrow indicates
inflammatory cells) from liver sections of mice fed with NC or CD-HFD with or without PTH supplementation. Histological scores of steatosis and inflammation were
determined. The scale bar represents 20 pum. (d) Serum triglyceride, hepatic triglyceride, and hepatic total cholesterol levels; (e) hepatic TBARs; (f) serum ALT; and (g) serum
TNFo and IL-6 levels in mice fed with NC or CD-HFD with or without PTH supplementation. *P < 0.05, **P < 0.01, ***P < 0.001.
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We established a third NASH mouse model to investigate
whether PTH could suppress steatohepatitis development in differ-
ent stages by feeding C57BL/6 mice with an MCD diet for 10 days
or 4 weeks, with or without PTH (Fig. 3(a)). The MCD diet signifi-
cantly induced weight loss, while PTH administration further
decreased body weight (Fig. S1 in Appendix A). PTH protected mice
from MCD diet-induced steatohepatitis, with significantly reduced
liver steatosis (P < 0.05 for 10 days on an MCD diet; P < 0.01 for
4 weeks on an MCD diet) and inflammation (P < 0.05 for 10 days
on an MCD diet; P < 0.01 for 4 weeks on an MCD diet), regardless
of the duration of MCD diet feeding (Fig. 3(b)). Consistently, hepa-
tic triglycerides (both P < 0.001) and lipid peroxidation (P < 0.001
for 10 days on an MCD diet; P < 0.01 for 4 weeks on an MCD diet)
were significantly decreased in PTH-supplemented mice with
10 days or 4 weeks of feeding on an MCD diet, compared with
those without PTH (Fig. 3(c)). Liver injury was also ameliorated
in PTH-supplemented mice with 10 days or 4 weeks of feeding
on an MCD diet, as evidenced by decreased serum levels of ALT
and AST (all P < 0.001) (Fig. 3(d)). The increased serum TNFa and
IL-6 levels were reduced by the PTH in the 4-week MCD diet-fed
mice (Fig. S2 in Appendix A). Consistent with the findings from
10-day and 4-week MCD diet-fed mice, PTH administration for
5 days to MCD diet-fed mice significantly decreased hepatic
triglycerides (P < 0.001), lipid peroxidation (P < 0.001), serum
ALT (P < 0.001), and AST levels (P < 0.001) (Fig. S3 in Appendix
A). Taken together, our results from multiple NASH mouse models
revealed the preventive effect of PTH against the development of
diet-induced steatohepatitis.

3.3. PTH has a therapeutic effect in established steatohepatitis

After confirming the preventive effect of PTH, we next explored
whether PTH had therapeutic effects against steatohepatitis.
Steatohepatitis was developed in mice after feeding with an MCD
diet for 3 weeks; these MCD diet-fed mice then received either
PTH treatment or vehicle controls for 10 days (Fig. 4(a)). Histologi-
cal examination of liver sections showed significantly reduced lipid
accumulation and inflammatory cell infiltration in the MCD diet-
fed mice with 10 days of PTH treatment, compared with the vehicle
controls (both P < 0.001) (Fig. 4(b)). PTH treatment also signifi-
cantly decreased hepatic total cholesterol (P < 0.01), triglycerides
(P < 0.01), lipid peroxidation (P < 0.001) (Fig. 4(c)), and serum
levels of ALT (P < 0.01) and AST (P < 0.001) (Fig. 4(d)), indicating
the marked alleviation of MCD diet-induced liver injury by PTH
treatment. These results thus show the therapeutic potential of
PTH on steatohepatitis.

3.4. PTH restores the gut microbiota in mice with steatohepatitis

We profiled the gut microbiota in fecal samples of HFHC diet-
fed mice with or without PTH and in NC-fed mice by means of
shotgun metagenomic sequencing. Principal component analysis
(PCoA) revealed distinct microbial communities among the three
groups of HFHC diet-fed mice with PTH, HFHC diet-fed with PBS,
and NC-fed mice with PBS (Fig. 5(a)). Significantly lower bacterial
diversity (Chaol index) was observed in the HFHC diet-fed mice
compared with the control mice (P < 0.0001), while PTH supple-
mentation was found to restore bacterial diversity in the HFHC
diet-fed mice (P < 0.05) (Fig. 5(b)). The compositions of the fecal
bacteria communities of the three groups are shown in Fig. 5(c).

We then used the ternary plot method to identify bacteria asso-
ciated with PTH treatment at the genus level (Fig. 5(d)). Lactobacil-
lus—a genus including many probiotic species that ameliorate
NASH progression [18]|—was found to be depleted in HFHC diet-
fed mice, whereas PTH restored the abundance of Lactobacillus
back to a level similar to that found in the control mice (Fig.
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5(d)). Examination of the microbiota at the species level identified
a consortium of bacteria that were significantly enriched by PTH
(Fig. 5(e)). The majority of PTH-enriched bacteria were probiotics,
including Lactobacillus (e.g., L. acidophilus and Lactobacillus plan-
tarum (L. plantarum)), Lactococcus (e.g., Lactococcus lactis), and
Bacillus (e.g., Bacillus subtilis) (Fig. 5(e)). On the other hand, the
abundances of several pathogenic bacteria from Citrobacter and
Pseudomonas [19] were decreased by PTH (Fig. 5(e)). Increased
abundances of L. acidophilus (P < 0.0001) and Lactococcus lactis
(P < 0.001) were also found in the stool of the NC-fed mice with
PTH administration (Fig. 5(f)). Collectively, our metagenomic anal-
ysis revealed that PTH restored the gut microbiota in mice with
steatohepatitis by inducing the enrichment of probiotics.

3.5. L. acidophilus protects against steatohepatitis

We next evaluated the effect of enriched probiotic L. acidophilus
in PTH-prevented NASH. MCD diet-fed mice were gavaged with L.
acidophilus, E. coli, or PBS for 10 consecutive days (Fig. 5(g)). L. aci-
dophilus-gavaged mice showed greatly improved liver histology,
with reduced steatosis and inflammatory cell infiltration compared
with mice gavaged with E. coli or PBS (Fig. 5(g)). Accordingly, the
liver-to-body weight ratio was significantly decreased by L. aci-
dophilus (Fig. 5(g)). These results clearly show that L. acidophilus
suppressed steatohepatitis development in mice.

3.6. PTH restores gut barrier function in mice

Gut barrier dysfunction driven by microbial dysbiosis is a pre-
requisite for steatohepatitis development [20]. To test whether
the gut barrier contributes to the anti-steatohepatitis effects of
PTH, we examined the paracellular permeability in mice colon by
measuring the serum LPS level. Serum LPS concentration was ele-
vated in mice fed with an HFHC diet, a CD-HFD, and an MCD diet,
compared with NC or corresponding control diet-fed mice (all
P < 0.001) (Fig. 6(a)), confirming the impaired gut barrier function
in multiple NASH mouse models. PTH significantly decreased
serum LPS levels in all diet-induced NASH mouse models, com-
pared with mice without PTH (P < 0.05 for CD-HFD-fed mice;
P < 0.001 for HFHC diet-fed and MCD diet-fed mice) (Fig. 6(a)).
MCD diet-fed mice supplemented with PTH showed a significant
reduction in intestinal permeability according to FITC-dextran
assay (P < 0.05) (Fig. 6(b)), implying that gut barrier function was
restored upon PTH administration. Consistently, the expression of
E-cadherin—a cell adhesion molecule and marker of gut barrier
integrity—was significantly increased in HFHC diet-fed (P < 0.01),
MCD diet-fed (P < 0.05), and CD-HFD-fed (P < 0.05) mice with
PTH treatment (Fig. 6(c)). Moreover, 10 days of PTH treatment after
the onset of MCD diet-induced steatohepatitis reduced the serum
LPS level in mice, compared with the PBS controls (P < 0.001)
(Fig. 6(d)). Taken together, these results indicate that PTH allevi-
ates NASH development at least in part by restoring a functional
gut barrier.

3.7. PTH influences the bile acid metabolism in the portal vein of mice

Gut microbial dysbiosis impairs the gut-liver axis, leading to
unrestrained transfer of metabolites from the intestines into the
liver. Some of these translocated metabolites can be harmful,
which may cause liver injury and contribute to NASH development
[12]. To reveal the metabolomic phenotypes associated with PTH
treatment, we performed untargeted metabolomics on the portal
vein blood of mice fed with NC, an HFHC diet, or an HFHC diet with
PTH. PCoA showed a marked disparity in the metabolites in the
portal vein among the three groups of mice (Fig. 7(a)). Nineteen
metabolites were found to be significantly enriched in the portal
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Fig. 3. PTH prevents the development of MCD diet-induced steatohepatitis. (a) Experimental design for mice fed with control or an MCD diet with or without PTH
supplementation. (b) Representative H&E staining (arrows indicate inflammatory cells) from liver sections of mice fed with control or an MCD diet with or without PTH
supplementation for 10 days and 4 weeks. Histological scores of steatosis and inflammation were determined. The scale bar represents 20 um. (c) Hepatic triglyceride and

hepatic TBARs in mice fed with an MCD diet with or without PTH for 10 days and 4 weeks. (d) Serum ALT and AST in mice fed with an MCD diet with or without PTH
administration for 10 days and 4 weeks. *P < 0.05, **P < 0.01, ***P < 0.001.

vein of HFHC diet-fed mice with PTH, compared with those with- the portal vein metabolites in PTH-treated mice (Fig. 7(c)). Further
out PTH (Fig. 7(b)). In contrast, 21 metabolites were depleted in examination of the portal vein metabolites showed that serum
the portal vein of PTH-supplemented HFHC diet-fed mice. To levels of conjugated bile acids including tauroursodeoxycholic acid
understand the functional characteristics of the enriched metabo- (TUDCA; P < 0.001), taurodeoxycholic acid (TDCA; P < 0.01), glyco-
lites, we conducted a pathway enrichment analysis and found that cholic acid (GCA; P < 0.01), taurocholic acid (TCA; P < 0.001),
bile acid biosynthesis was one of the top altered pathways among and chenodeoxycholic acid (CDCA; P < 0.05) were significantly
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Fig. 4. PTH has therapeutic effects against steatohepatitis. (a) Experimental design for mice fed with control or an MCD diet treated with PBS or PTH; (b) Representative H&E
staining (the arrow indicates inflammatory cells) from liver sections of mice fed with control or an MCD diet treated with PTH or PBS control for 10 days after NASH
establishment. Histological scores of steatosis and inflammation were determined. The scale bar represents 20 pum. (c) Hepatic total cholesterol, triglyceride, and TBARs in
mice treated with PTH. (d) Serum ALT and AST in mice fed with an MCD diet treated with PTH or PBS control for 10 days. *P < 0.05, **P < 0.01, ***P < 0.001.

upregulated in PTH-supplemented HFHC diet-fed mice, compared
with those without PTH (Fig. 7(d) and Fig. S4 in Appendix A). More-
over, the ratio of deoxycholic acid (DCA) to CDCA in the portal
vein—which is a marker of human NASH [12]—was significantly
decreased in HFHC diet-fed mice administrated with PTH
(P < 0.05) (Fig. 7(e)).

Conjugated bile acids play an important role in NASH by bind-
ing with farnesoid X receptor (FXR) in the intestine to regulate
the production of hormone fibroblast growth factor 15 (FGF15),
which is secreted into the liver to reduce bile acid synthesis [21].
Given the upregulation of conjugated bile acids after PTH adminis-
tration, we chose to examine the expression of Fxr and Fgf15 in the
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Fig. 5. PTH ameliorates gut microbiota dysbiosis in mice with steatohepatitis. (a) Unsupervised PCoA of gut microbiota in NC-fed or HFHC diet-fed mice treated with PTH or
PBS control. (b) Chao 1 diversity in NC-fed or HFHC diet-fed mice treated with PTH or PBS control. (c) Abundance of differential bacteria in NC-fed or HFHC diet-fed mice
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and hepatic lipid peroxidation in MCD diet-fed mice.

intestine of HFHC diet-fed mice. Our results showed that intestine
Fxr and Fgf15 mRNA levels were significantly decreased by PTH
supplementation (both P < 0.01) (Fig. 7(f)). In contrast, hepatic
mRNA expression of bile acids biosynthesis including cytochrome
P450 (Cyp7al, Cyp7b1, and Cyp27al) was significantly increased
in PTH-supplemented mice, compared with mice without PTH
(P < 0.01) (Fig. 7(f)). Taken together, our results suggest that PTH
mainly upregulates conjugated bile acids and reduces the secretion
of intestinal Fgf15, thereby at least partially suppressing NASH
development.

We also investigated the chemical identities of PTH by means of
LC-MS. The main compounds in the formula of PTH include gin-

senoside (ginsenoside Rg1, Rg2, Rg5, Rf, Rb1, Rb3, and F2) and bile
acids (CA, CDCA, hyodeoxycholic acid, gentisic acid, and lithocholic
acid). The relevant MS/MS spectra of the main compounds are pro-
vided in Fig. S5 in Appendix A.

3.8. An intact gut microbiota is essential in PTH’s amelioration of
steatohepatitis

To evaluate the role of the gut microbiota in PTH-induced
NASH prevention, an antibiotics cocktail was used to deplete
the gut microbiota in HFHC diet-fed or MCD diet-fed mice with
or without PTH supplementation (Figs. S6 and S7 in Appendix A).
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We found that PTH administration did not ameliorate steatohep-
atitis development in microbiota-depleted HFHC diet-fed mice,
since these mice exhibited levels of steatosis, inflammation,
and hepatic lipid peroxidation similar to those of microbiota-
depleted HFHC diet-fed mice without PTH (Fig. S6). PTH also
consistently failed to suppress steatohepatitis development in
microbiota-depleted MCD diet-fed mice, since these mice exhib-

10

ited levels of serum ALT, AST, hepatic triglyceride, and lipid per-
oxidation similar to those of mice without PTH treatment
(Fig. S7). The probiotics enriched by PTH were eliminated by
antibiotics administration (Fig. S8 in Appendix A). These findings
clearly illustrate that the gut microbiota is essential for PTH
to exhibit its anti-steatohepatitis effects against NASH
development.
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4. Discussion

PTH is known for its anti-inflammatory effects, yet its efficacy
against NASH has not been investigated. In this study, our results
showed that PTH significantly prevented the development of
diet-induced steatohepatitis in multiple mouse models. Moreover,
PTH reversed the established NASH, indicating its therapeutic role
in NASH. PTH supplementation improved liver histology, reduced
hepatic triglyceride, cholesterol, and lipid peroxide, and decreased
serum ALT and AST levels, thereby contributing to the prevention
and regression of mice steatohepatitis. PTH has been widely used
to treat liver disease for 600 years [22]. Preclinical studies have
shown that PTH attenuates carbon tetrachloride-induced liver
injury, inflammation, and fibrosis [23,24], and inhibits the prolifer-
ation of liver cancer cell lines [25]. Our study therefore extends the
notion that PTH can act as a novel prophylactic and therapeutic
drug for NASH, a highly prevalent and progressive disease with
unmet clinical need.

The association of the gut microbiota with liver diseases has
been increasingly acknowledged. Gut microbiome dysbiosis with
lower microbial diversity has been reported in both human NASH
[26,27] and mouse NASH models [9]. However, human NASH
patients showed increased abundance of Bacteroides [28] and Pro-
teobacteria [29], while Enterobacteriales [30] was enriched in
mouse NASH models. Although the altered bacteria are different
between human and mouse NASH, modulation of the gut micro-
biome by probiotics (Lactobacillus and Bifidobacterium) or fecal
microbiome transplantation was found to ameliorate NASH in both
humans and mice [11,31]. Our metagenomic analysis revealed
enrichment of the beneficial probiotics Lactobacillus, Alistipes, and
Bacillus after PTH treatment. In particular, L. acidophilus and L. plan-
tarum—two Lactobacillus species that have been widely commer-
cialized—were found to be enriched in PTH-treated mice with
ameliorated NASH. A pilot clinical study performed in our institu-
tion showed that a probiotic formula containing L. acidophilus and
L. plantarum reduced liver fat and ameliorated liver injury in NASH
patients [32]. We confirmed that the enriched L. acidophilus pre-
vented steatohepatitis in MCD diet-fed mice. Lactococcus lactis, a
beneficial microbe that suppresses hepatis steatosis and inflamma-
tion [33], was also found to be enriched in the mice administered
with PTH. The probiotic Bacillus subtilis ameliorates liver inflamma-
tion, improves gut barrier function, and modulates gut microbiota
in mice with NAFLD [34]. We previously reported that a high intake
of dietary cholesterol induces microbial dysbiosis in mice, and that
the dysbiotic microbiota then contributes to the pathogenesis of
NASH and its related hepatocellular carcinoma [9]. Several TCMs
have been shown to ameliorate human NAFLD effectively by
modulating the gut microbiota [35]. Collectively, our study sug-
gests that PTH suppresses NASH by alleviating dysbiosis and
enriching probiotics.

Gut dysbiosis promotes liver pathologies in many different
ways, particularly by damaging the gut barrier, with markedly
increased intestinal permeability [36]. In general, dysbiotic micro-
biota impair the gut barrier, thereby allowing the translocation of
more pathogenic bacteria and their derived toxic metabolites to
the liver through portal vein circulation [36]. Our findings illustrate
the occurrence of gut barrier dysfunction in mice with diet-
induced steatohepatitis. Notably, PTH treatment greatly restored
the impaired gut barrier, as indicated by increased intestinal per-
meability, reduced serum endotoxin LPS level, and increased
expression of tight-junction protein E-cadherin. The gut barrier
restored by PTH may prevent the translocation of pathogenic bac-
teria and toxic metabolites into the liver, thereby protecting mice
from liver injury. Indeed, pharmacological drugs that improve the
gut barrier can prevent and treat NASH [20]. Our results suggest
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that PTH can act as a drug to protect against gut barrier disruption
and suppress NASH development.

The metabolites produced by gut microbes are important in the
development of steatohepatitis, as toxic metabolites can induce
liver damage through the gut-liver axis [11]. In this study, our
metabolomic analysis revealed the enrichment of conjugated bile
acids, including TUDCA, TCA, TDCA and GCA in PTH-treated mice.
Bile acids are crucial metabolites that modulate lipid metabolism
[37]. TUDCA attenuates diet-induced hepatic steatosis, inflamma-
tion, obesity, and insulin resistance by modulating the gut micro-
biota and improving gut barrier function [38]. TUDCA also
suppresses intestinal FXR-FGF15 signaling, which mediates activa-
tion of the cytochrome P450 family enzyme in hepatocytes and the
metabolism of bile acids [39]. In our experiments, intestinal Fxr—
Fgf15 was suppressed, whereas hepatic genes for bile acid synthe-
sis, including Cyp7al, Cyp7b1, and Cyp27al, were upregulated.
Therefore, our results suggest that PTH inhibits the intestinal FXR
signaling pathway to promote bile acid synthesis in the liver,
thereby suppressing NASH.

5. Conclusions

This study demonstrates, for the first time, that PTH could be an
effective prophylactic and therapeutic against steatohepatitis.
Mechanistically, PTH modulates the gut microbiota and restores
the functions of the gut barrier and the altered gut metabolites,
thereby alleviating the development and progression of NASH
through the gut-liver axis.
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