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ARTICLE INFO ABSTRACT

Original paper Gut microbiota dysbiosis is an essential factor contributing to non-alcoholic fatty liver disease (NAFLD), in
which the gut-liver axis plays a crucial role. Peroxisome proliferator-activated receptor & (PPARGJ) is conside-

Article history: red a new direction for the research on NAFLD due to its positive regulation of glucose and lipid metabolism.
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Our experiment aimed to investigate the effect of PPARS gene deletion on gut microbiota and NAFLD through
the gut-liver axis. PPARJ-/- mice and wild-type mice were randomly divided into high-fat diet (HFD) groups
and normal diet groups. In each group, six mice were sacrificed at weeks 4, 8, and 12. Metabolic indicators

and inflammation indicators were measured, and the degree of liver steatosis and the ileum mucosa integrity
Keywords: were evaluated. Additionally, fecal samples were subjected to 16S rDNA gene sequencing and analysis of gut
microbiota. Deletion of the PPARS gene exhibited exacerbated effects on HFD-induced NAFLD and displayed

NAFLD; PPARG gene knockout; | e severe liver inflammation and intestinal mucosal barrier injuries. The HFD reduced the abundance of

Gut microbiota; Gut-liver axis short-chain fatty acid (SCFA)-producing bacteria and increased the abundance of intestinal endotoxin-rich

bacteria in mice. Deletion of the PPARS gene exacerbated this trend, resulting in decreased abundances of
norank_f Eubacterium_coprostanoligenes_group and Alloprevotella and increased abundances of Acidibac-
ter, unclassified f Comamonadaceae, unclassified_c_Alphaproteobacteria, unclassified f Beijerinckiaceae,
unclassified f Caulobacteraceae, unclassified ¢ Bacteroidia and Bosea. Spearman’s correlation analysis
found Lachnoclostridium, unclassified f Rhizobiaceae, Allobaculum, Acinetobacter, Romboutsia, norank [
Muribaculaceae and Dubosiella showed some correlations with metabolic indicators, inflammation indicators,
NAS and occludin. Deletion of the PPARS gene exacerbated HFD-induced gut microbiota dysbiosis and affec-

ted NAFLD through the gut-liver axis.

Doi: http://dx.doi.org/10.14715/cmb/2023.69.10.17

Copyright: © 2023 by the C.M.B. Association. All rights reserved.

Introduction

NAFLD is the most common cause of liver enzyme
abnormalities and chronic liver disease in developed
regions such as Europe and the United States (1,2), and
NAFLD has the highest incidence among liver diseases in
China(3). The pathogenesis of NAFLD is complex. With
the introduction of the concept of the gut-liver axis, it is
widely realized that excessive growth of intestinal bac-
teria, impaired intestinal mucosal barrier, and metabolic
endotoxemia plays a vital role in NAFLD development(4).

As a complex disorder, NAFLD involves many factors,
and no specific drug exists to treat it. Existing drugs, such
as insulin sensitizers, lipid-lowering drugs, and hepatopro-
tective drugs, cannot completely reverse the progression
of NAFLD(5). So finding novel treatment medicines for
NAFLD is very necessary. PPARS is expressed in various
tissues and plays a crucial role in insulin resistance, lipid
metabolism and energy metabolism(6). Tanaka et al. found
the PPARS agonist GW501516 can reduce the levels of
blood glucose and blood insulin as well as liver fat depo-
sition and can be used to treat obesity with insulin resis-
tance caused by an HFD(7). Currently, PPARS is conside-

red a new potential therapeutic target for the treatment of
NAFLD due to its positive regulation of glucose and lipid
metabolism(8). Studies on PPARS have mainly focused on
diabetes, abnormal lipid metabolism, and metabolic syn-
drome, but few on the gut microbiota in NAFLD. There
needs to be more investigation to clarify the interactions
among NAFLD, gut microbiota, and PPARS.

Therefore, our experiment used PPARS knockout mice
to generate the NAFLD model by feeding on a HFD. By
comparing metabolic indicators, liver inflammation, fat
accumulation, intestinal mucosal barrier and gut microbio-
ta, we analyzed the effect of PPARS gene deletion on the
formation of NAFLD and explored the relationship among
PPARGS, the gut microbiota, the gut-liver axis and NAFLD.
Our research aimed to provide more evidence that PPARS
could become a new target in NAFLD treatment.

Materials and Methods

Animal studies

Twelve-week-old male C57BL/6 PPARJ-/- mice (The
Jackson Laboratory, United States) were divided into the
PHFD group (n=18) and PND group (n=18), and twelve-
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week-old male wild-type C57BL/6 mice (Laboratory Ani-
mal Center of Xi’an Jiaotong University, China) were also
divided into the WHFD group (n=18) and WND group
(n=18). The PHFD group and WHFD group consumed an
HFD (Beijing Keao Xieli Feed Co., LTD, China) consis-
ting of 40% lard, 20% fructose, 2% cholesterol and 38%
standard chow diet for 12 weeks, while the PND group and
WND group consumed a normal chow (Laboratory Animal
Center of Xi’an Jiaotong University, China) consisting of
5% fat, 25% protein, and 70% carbohydrate. A 20°C tem-
perature and specific pathogen-free conditions were main-
tained in the vivarium. Six mice from each group were
euthanized by cervical dislocation at weeks 4, 8, and 12.
Their plasma, tissue, and feces samples were collected in
RNase-free tubes, then kept at —80°C.

All experiments and the protocol were approved by
the Second Affiliated Hospital of Xi'an Jiaotong Univer-
sity (Approval number: 2021245), and all operations and
handling procedures were conducted in accordance with
the National Research Council Guide for the Care and Use
of Laboratory Animals.

Biochemical assays and inflammation evaluation

After 6 hours of fasting, mice were anesthetized intra-
peritoneally with 1% pentobarbital sodium (0.1mL/20g).
Blood samples taken from the retro-orbital sinus were cen-
trifuged at 3000 r/min for 15 min to isolate the plasma.
An automated biochemical analyzer(Olympus, Japan) was
used to measure plasma levels of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), triglyceride
(TG), and total cholesterol (TC).

Liver proinflammatory bacterially derived factors LPS,
and inflammatory cytokines TNF-a, IL-6 and IFN-y, were
all measured by ELISA kits (Beijing Dakewe Biotechno-
logy Co., Ltd, China). At 0 to 4°C, liver homogenate was
diluted 1:10 (w/v) in PBS buffer and homogenized by tis-
sue homogenizer. ELISA kit’s instructions were followed
for the processing of liver tissue samples.

Tissue histological analysis

For pathological analysis, the liver and ileum tissue
were fixed in 4 percent paraformaldehyde, embedded in
paraffin, sectioned at a thickness of 4 um, and stained with
hematoxylin-eosin. A pathologist who was blinded to the
experiments determined the NAFLD activity score (NAS)
based on the four histological characteristics: steatosis (0-
3), lobular inflammation (0-2), hepatocellular ballooning
(0-2), and fibrosis (0-4). Oil red O was used to detect lipids
in frozen liver sections. Immunohistochemistry staining of
paraffin-embedded ileum sections was conducted to deter-
mine the expression of occludin (Abcam, United States).

Real-time qPCR

Total RNA was extracted using TRIzol (Takara, Dalian,
China) and reverse-transcribed into complementary DNA
using PrimeScript RT Master Mix (Takara, Dalian, China).
Thereafter, real-time qPCR was performed using SYBR
Premix Ex Taq Il (Takara, Dalian, China). Primer sequences
for occludin (F: 5>—TCAACGGCACAGTCAAGG—3’,
R: 5>—ACTCCACGACATACTCAGC—3’) and GAPDH
(F: —TTTGCTGTGAAAACCCGAAGA—3’, R: 5°—
ACTGTCAACTCTTTCCGCATA—3’) were synthesized
by Beijing AuGCT DNA-SYN Biotechnology Co., Ltd.
(Beijing, China).

Fecal sample collection

The Stool Genomic DNA Kit (Beijing ComWin Bio-
tech Co., Ltd., China) was utilized to extract fecal DNA
in accordance with the instructions. Amplification of the
V4 region (520F: 5-AYTGGGYDTAAAGNG-3, 802R:
5-TACNVGGGTATCTAATCC-3) of 16S rRNA was car-
ried out by PCR. The amplified DNA was purified with an
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
United States), and quantified with a Quantus™ Fluorome-
ter (Promega, United States). Purified amplicons were pai-
red-end sequenced on an [llumina MiSeq PE300 platform
in Shanghai Personalbio Co., Ltd. The resulting sequences
were merged using FLASH (v1.2.11) and quality filtered
using Fastp (0.19.6). Then, the high-quality sequences
were denoised using the DADA?2 plugin in the QIIME 2
(version 2020.2) pipeline with the suggested parameters.
Using the Naive Bayes consensus taxonomy classifier
implemented in QIIME 2 and the SILVA 16S rRNA data-
base (v138), amplicon sequence variants taxonomy was
determined. The Majorbio Cloud Platform's free online
platform (cloud.majorbio.com) was utilized to analyze the
16S rRNA microbiome sequencing data.

Statistical analysis

Data were analyzed using SPSS 23.0 data statistics
software and expressed as the mean + SEM. The diffe-
rences were examined using Student’s t-test or the Wil-
coxon rank-sum test between the two groups. p < 0.05
were considered statistically significant.

Results

Deletion of the PPARS gene exacerbated gut microbio-
ta imbalance caused by HFD

We found that in comparison to the ND group, the
changing trends in the gut microbiota of the PHFD group
and WHFD group were approximately consistent at the
phylum level (Figure 1A), with both groups showing a
reduced abundance of Bacteroides (22.56% vs 66.82%,
P=0.00172; 18.90% vs 40.01%, P=0.01365) and an in-
creased ratio of Firmicutes/Bacteroides (1.47 vs 0.78,
P=0.01891;2.43 vs 0.35, P=0.00987) (Figure 1B). Yet, the
abundance of Proteobacteria in the PHFD group increased
remarkably (30.77% vs. 13.21%, P=0.00453), while the
abundance of Firmicutes rose considerably in the WHFD
group (50.42% vs. 22.09%, P=0.01608) (Figure 1B).

From phylum to genus, the specificity of bacteria in each
group gradually increased (Figure 1C). After 12 weeks of
an HFD, compared to the ND group, there were decreases
in the abundances of Dubosiella, norank f Muribacu-
laceae, Parasutterella and Allobaculum, and increases in
the abundances of Blautia in the WHFD group (Figure
1E), while in the PHFD group, there were increases in
the abundances of Corynebacterium, unclassified ¢
Actinobacteria, Romboutsia, unclassified ¢ Clostri-
dia, Acinetobacter, Acidibacter, unclassified ¢ Alpha-
proteobacteria, unclassified fSphingomonadaceae,
unclassified f Beijerinckiaceae and unclassified f
Rhizobiaceae, and reductions in the abundances of Para-
prevotella and norank f Muribaculaceae (Figure 1F).
Moreover, compared to the WHFD group, the abundances
of norank_fEubacterium_coprostanoligenes_group
and Alloprevotella were decreased in the PHFD group,
and the abundances of Acidibacter, unclassified f Co-
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Figure 1. A: Relative abundances of various bacteria at the phylum
level. B: Analysis at the phylum level. C: Relative abundances of va-
rious bacteria at the genus level. D-G: Analysis of the ND group (D),
WT group (E), PPARS-/- group (F) and HFD group (G) at the genus
level. *P<0.05, **P<(0.01, ***P<0.001.

mamonadaceae,  unclassified c__Alphaproteobacteria,
unclassified f Beijerinckiaceae, unclassified f Caulo-
bacteraceae, unclassified c¢__Bacteroidia and Bosea were
increased (Figure 1G).

According to the results of the nonmetric multidimen-
sional scaling (NMDS) and principal coordinates ana-
lysis (PCoA), the deletion of the PPARS gene and HFD
consumption changed the overall gut microbiota compo-
sition. The NMDS analysis based on the UniFrac distance
separated the ND group from the HFD group. However,
two samples of the WHFD group were far away from the
HFD group, which may be considered an individual diffe-
rence factor (Figure 2A). In the PCoA, PC1 was the main
coordinate, which accounted for 61.35%, and predomi-
nantly reflected the effect of diet because PC1 separated
samples fed an HFD from those fed an ND (Figure 2B).
The HFD group was farther from the ND group, indicating
that the gut microbiota was quite different among these
groups, which might be caused by the different diets; The
PHFD group was right next to the WHFD group, showing
the HFD had similar effects on the two groups, but two
samples from the WHFD group were slightly farther away
from the PHFD group, showing that there was a certain de-
gree of confounding in the samples, which was consistent
with the NMDS analysis results.

Furthermore, the community heatmap showed that die-
tary factors were the most significant factors affecting gut
microbiota (Figure 2C). Spearman's Correlation Heatmap
displayed at the genus level the unclassified f  Rhizobia-
ceae, unclassified k _norank d__Bacteria and Acineto-
bacter was significantly positively correlated with body
weight, liver index, NAS, ALT, AST, TG, TC, LPS, TNF-a,
IL-6 and IFN-y, and negatively correlated with occludin.
Lachnoclostridium displayed the same trend, showing a
negative correlation with occludin, and positive correla-
tions with NAS, TG, LPS, and TNF-o. Romboutsia also

exhibited positive correlations with body weight, NAS,
TC and LPS. In contrast, norank fMuribaculaceae was
considerably linked negatively with body weight, liver
index, NAS, ALT, AST, TG, TC, LPS, TNF-a, IL-6 and
IFN-y, and positively with occludin. A/lobaculum showed
a similar trend, except for the TNF-a, ALT, AST, TC and
liver index, and Dubosiella also showed a negative corre-
lation with TG (Figure 2D).

Deletion of the PPARO gene exacerbated obesity, hepa-
tic steatosis and lipid metabolic disturbance induced
by a HFD

PPARS knockout mice gained weight rapidly and ob-
viously after being fed an HFD, and their body weight was
considerably greater than the PND group from the 2nd
week and greater than the WHFD group from the 6th week.
This observation confirmed that a lack of PPARS can acce-
lerate and exacerbate the weight gain caused by an HFD.
The HFD group displayed increased levels of liver index
and metabolism indices, and importantly, the PHFD group
showed a substantial worsening in whole body and liver
metabolism indices in comparison with the WHFD group
at the same time point, including body weight, liver index,
TC, TG, ALT and AST (Figure 3C-H).

The liver specimens in the HFD group were paler and
larger. Histopathology showed that the hepatic lobules
were intact and clear in the ND group: hepatocytes were
distributed regularly, and no lipid droplets were observed
in hepatocytes (Figure 3A). Conversely, in the HFD group,
there were clear lipid droplets and hepatocellular balloo-
ning. Importantly, we observed that the PHFD group de-
veloped NAFLD in a shorter period and developed more
seriously, and progressed faster than the WHFD group at
the same time point (Figures 3A and B). Moreover, the
PHFD group's NAS was higher than the WHFD group
(Table 1). Inflammatory infiltration and punctate necrosis
were both observed in the PHFD group at the 12th week,
and the NAS was >4, which is regarded as the diagnosis
of nonalcoholic steatohepatitis (NASH), while mice in the
WHEFD group were only diagnosed with simple fatty liver
at the same time point.
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Figure 2. A-B: NMDS (A) showed the differences in the bacterial
communities, and PCoA (B) showed their similarity. C: Hierarchical
cluster analysis displayed that the ND groups and HFD groups clus-
tered first and then grouped. D: The correlations between gut micro-
biota and metabolic indicators in mice (G). *P<0.05, **P<0.01.
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Table 1. The NAFLD activity score in the HFD group.

NAS
Groups 4w 8w 12w
PHFD group 1.50+0.55* 3.33+0.52%* 4.67+1.03%*
WHEFD group 0.83+0.41 1.83+0.75 3.00+0.63
tort’ 2.39 4.025 3.371
P 0.038 0.002 0.007
Discussion

PHFD 4w
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Figure 3. A: Histopathology of the liver by HE staining at the 4th, 8th
and 12th weeks (original magnification, x 200). B: Histopathological
changes in liver tissues by oil red O staining at the 12th week in the
HFD group (x400). C: Body weight changes at 12 weeks. D: Liver
index=liver weight (g)/body weight (g) X 100%. E-F: Serum concen-
trations of ALT (E) and AST (F), which represent liver function. G-H:
Serum concentrations of TC (G) and TG (H), which represent lipid
metabolism. *P<0.05, **P<0.01, ***P<0.001.

Deletion of the PPARS gene exacerbated intestinal mu-
cosal barrier injuries and liver inflammation in HFD-
fed mice

The intestinal mucosal barrier was associated with the
villi's structure and the ileum's tight junctions. The micro-
villi on the mucosa of the terminal ileum were arranged
in an orderly manner in the ND group, and the connection
structure between adjacent cells was clear. In contrast, HE
staining revealed varying degrees of injury to the ileal mu-
cosa in the HFD group, and the PHFD group had more se-
vere damage than the WHFD group at the same time point
(Figure 4A). Immunohistochemistry for occludin revealed
the same results. Occludin was less abundant in the HFD
group and was gradually reduced with increasing feeding
time (Figure 4B). The PHFD group also had more reduced
occludin mRNA levels compared to the WHFD group (Fi-
gure 4C). It suggested that in HFD-fed mice, PPARS gene
deletion exacerbated intestinal mucosal barrier injuries.
Furthermore, the HFD group displayed higher levels of
pro-inflammatory bacterially derived factors and pro-in-
flammatory cytokines in the liver in the 12th week, inclu-
ding LPS, TNF-q, IL-6, and IFN-y, and the levels in the
PHFD group increased to a greater extent than the levels
of the WHFD group (Figure 4D).

In our experiment, there was no significant difference
in transaminase, blood lipids or liver pathology between
the PPARJ-/- mice and the WT mice when they were both
provided an ND, except for the slightly lighter body weight
in the PPARS knockout mice. This finding was consistent
with prior studies showing that the lighter body weight
of PPARS knockout mice was due to their lower gonadal
fat storage(9). With the prolongation of HFD feeding, the
degree of steatosis in the PHFD group rapidly worsened
and progressed to NASH at a faster rate. Liver damage and
abnormal lipid metabolism were observed in PPARS gene
knockout mice after an HFD and continued to be exacer-
bated with the prolongation of HFD feeding; in addition,
these effects were more serious than those in the WHFD
group at the same time point. Our experiment confirmed
that deletion of the PPARS gene exacerbated lipid meta-
bolic disorders induced by an HFD and significantly pro-
moted the progression of NAFLD.

PHFD 4w

PHFD 8w . PHFD 12w

WHFD 4w WHFD ﬂw WHFD 12w

PHFD 12w

WND

PHFD 4w PHFD 8w

WHFD 4w

Occludin

LFs THE.a [ 1Py
Inflammation

Figure 4. A: HE staining of the ileum showing that PPARS gene dele-
tion exacerbated mucosal damage caused by HFD; B: Immunohisto-
chemistry for occludin showing that HFD reduced the expression of
occludin, which indicated injuries to the tight junction of the ileum;
C: Occludin mRNA expression in the ileum at weeks 4, 8, and 12.
D: Concentrations of the proinflammatory bacterially derived fac-
tor and proinflammatory cytokines in liver homogenates. *P<0.05,
**P<0.01, ***P<0.001.
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The gut-liver axis is a meaningful way to investigate
the mechanism of NAFLD(10). The intestinal mucosal
mechanical barrier can protect the liver from harmful subs-
tances such as intestinal endotoxin. NAFLD-associated gut
microbiota dysbiosis generated by long-term HFD intake
can disrupt intestinal barrier function by lowering occlu-
din expression(11). Intestinal mucosal barrier injuries pro-
mote the entry of endotoxins into the liver, consequently
stimulating the release of inflammatory cytokines and, as
a result, triggering liver steatosis(10). In our experiment,
the PPARGS gene deletion exacerbated the intestinal muco-
sal damage caused by an HFD and further exacerbated the
liver inflammation, confirming that deletion of the PPARS
gene promoted the development of NAFLD through the
gut-hepatic axis.

The gut microbiota was an essential part of the gut-
hepatic axis. Consistent with prior research(12), we found
that an HFD could generally cause a significant rise in
bacteria of the phylum Firmicutes and Proteobacteria
and simultaneously suppress the phylum Bacteroides. The
phylum Bacteroides is the predominant helpful bacteria in
the human gut. Ley et al. found that obese patients had
a remarkable increase in Firmicutes, while Bacteroides
decreased by 50%(13), and after their body weight was
reduced through diet control, the abundances of Bacte-
roides increased and Firmicutes decreased, suggesting
that the increase in Firmicutes could produce relatively
complete energy metabolism, increase energy absorption
in the body, increase the production and accumulation of
fat, and consequently promote obesity and even NAFLD.
Many studies found that the phylum Proteobacteria was
increased in NAFLD patients(14). Proteobacteria belong
to gram-negative Bacillus, which can produce endotoxins
and promote liver inflammation and NAFLD(10). In our
experiment, the consistency of the changes in the Fir-
micutes/Bacteroides ratio indicated that dietary factors
played a major role in gut microbiota modifications. Still,
the increase of Proteobacteria in the PHFD group also
showed that genotype played a meaningful role in the pro-
gression of NAFLD.

From phylum to genus, the specificity of bacteria gra-
dually increased in the HFD group, and the groups differed
significantly. Compared to the ND group, the abundance
of bacteria that are beneficial for health was reduced in the
HFD group, and further, the deletion of the PPARS gene
exacerbated this trend. Consistent with our conclusion,
many studies observed the abundances of Paraprevotella,
Allobaculum, Parasutterella, Dubosiella, Muribaculaceae
and Alloprevotella showed a negative correlation with
blood lipids and NAFLD(15-18), suggesting that these
bacteria might be beneficial to lipid metabolism and NA-
FLD. Muribaculaceae, Paraprevotella and Alloprevotella
belong to the class Bacteroidia, which includes butyrate-
producing bacteria, and their abundance showed a positive
correlation with butyric acid(19,20). Dubosiella and Allo-
baculum both belong to the family Erysipelotrichaceae,
which are also SCFAs producers(16,21). In the intestine,
gut bacteria ferment nondigestible polysaccharides to
produce SCFAs. SCFAs can stimulate glucagon secre-
tion(22). SCFA/GPR43 signaling suppresses inflamma-
tion and improves gut permeability, which minimizes the
liver damage caused by LPS and, as a result, reduces insu-
lin resistance, liver inflammation and liver steatosis(23).
SCFAs also participate in enterohepatic circulation by af-

fecting bile acid metabolism and competitively inhibiting
pathogenic bacterial growth(24). In addition, Dubosiella
was not only connected with SCFAs, but also showed a
positive connection with the 4-hydroxyphenylacetic acid,
metabolites dimethyl fumarate, prostaglandin, lactitol, and
cafestol(25), the reduction of which might lead detrimen-
tal consequences on the liver health.

For helpful bacteria Eubacterium coprostanoligenes,
Wan Y et al. found that some species in the Eubacterium
group which might produce SCFAs were reduced under
the condition of HFD(26), implying a possible role for
norank_fEubacterium_coprostanoligenes_group in
the prevention of NAFLD through SCFAs. Eubacterium
coprostanoligenes is also a coprostanol-producing eubac-
terium and can generate coprostanol(27), which cannot be
reabsorbed and is excreted. Consequently, this transfor-
mation efficiently lowers cholesterol from circulation. Up
to 50% of the steroids in human feces are composed of
coprostanol, which means that people who have this intes-
tinal coprostanol-producing eubacterium will absorb half
as much of the cholesterol as others after high-cholesterol
diet consumption(27). Moreover, Wei W et al. found that
Eubacterium coprostanoligenes had a positive correlation
with fecal sphingosine levels(28). The reduction in serum
sphingosine could induce dyslipidemia(28). Therefore, the
decrease of norank fFubacterium_coprostanoligenes
group in the PHFD group might result in the reduction in
SCFAs, coprostanol, and sphingosine, which might then
induce dyslipidemia and NAFLD.

At the same time, the abundance of harmful bacteria
was increased in the HFD group, and the deletion of the
PPARGS gene also exacerbated this trend. The conditional
pathogen Corynebacterium belongs to Actinobacteria.
Chen L found that compared to levels in healthy adults,
Actinobacteria was remarkably higher in NAFLD patients
and has positive correlations with the fatty liver degree and
abnormal liver function(29). Kordy K found that NASH
was connected with a marked decrease in Corynebacte-
rium(30). Li R reported that Corynebacterium was remar-
kably positively associated with triglyceride, cholesterol,
IL-6 and TNF-a(31). These evidences were consistent
with our conclusion that Actinobacteria and Corynebac-
terium might accelerate the progression of NAFLD. Ano-
ther harmful bacteria Clostridia is a large and important
bacterial group in the phylum Firmicutes. Etxeberria U et
al. detected a positive connection between the percentage
of animal visceral fat tissue and Clostridia levels(32), and
Sookoian S et al. found that increased abundances of the
classes Clostridia and Actinobacteria were associated with
NASH among morbidly obese patients(33). Romboutsia
and Blautia both belong to the class Clostridia, and their
abundances were markedly enriched in humans with NA-
FLD(34,35). Furthermore, patients with NASH had more
abundant Blautia than those with NAFLD(35). Elevated
abundances of Romboutsia and Blautia were also obser-
ved to be positively correlated with TG, TC and inflam-
matory markers such as TNF-0(36). This was consistent
with our conclusion, although Blautia was also discovered
to be one of the SCFA producers that may be beneficial
to NAFLD. It was inferred that the increase in Blautia in
the NAFLD or NASH group might be a compensatory
increase to supplement the reduction in other SFCA-pro-
ducing bacteria, or it might be a compensatory increase
caused by a high-calorie diet(33). In addition, although
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no differences in Lachnoclostridium which also belongs
to the class Clostridia were discovered among the four
groups in our experiment, Spearman’s correlation analysis
showed Lachnoclostridium had positive correlations with
NAS, TG, LPS and TNF-a and a negative correlation with
occludin. Perhaps this is due to the positive correlation
between Lachnoclostridium and the pathological changes
of NAFLD(37).

Of the increased harmful bacteria in the HFD group,
the largest number came from Proteobacteria. Acineto-
bacter bacteria are considered harmful bacteria and belong
to the class Gammaproteobacteria, the same as Acidibac-
ter; Sphingomonadaceae, Beijerinckiaceae, Rhizobiaceae,
Caulobacteraceae and Bosea belong to the class Alpha-
proteobacteria; and Comamonadaceae belongs to the
class Betaproteobacteria. They all belong to the phylum
Proteobacteria, and were observed to be overrepresented
in a HFD setting(33). Many studies have confirmed that
NAFLD was connected to Proteobacteria: Gammapro-
teobacteria was increased in the intestine of children with
NAFLD(38); Gammaproteobacteria and Alphaproteo-
bacteria were overrepresented in the non-morbidly obese
NAFLD group(33); as a conditioned pathogen with a
proinflammatory effect, Acinetobacter was increased in a
high-calorie diet and associated with obesity(39). All the
bacteria of Proteobacteria are gram-negative bacilli. The
gram-negative bacteria’s outer membrane contains LPS,
which is an endotoxin responsible for triggering inflam-
mation when it enters the circulation. Compared to LPS
derived from the phylum Bacteroidetes, LPS derived
from the phylum Proteobacteria has 1,000 times more
endotoxin activity(40). Cell experiments found that LPS
derived from Acinetobacter baumannii has a similar effect
on the expression of MIP-2 as that of LPS prepared from
Escherichia coli, which also increases TNF-o and IL-6 le-
vels(41). Long-term consumption of an HFD can cause gut
dysbiosis, which may lead to an increase in gram-negative
bacteria endotoxin generation, such as LPS. LPS disrupts
intracellular tight junctions in the gut, whereby LPS gene-
rated in the intestine enters the liver, subsequently acti-
vating Kupffer cells to discharge inflammatory cytokines,
and further triggering dysfunctional lipid metabolism and
even NAFLD. Moreover, the increase of Comamonada-
ceae and Caulobacteraceae can lead to reduced secretion
of leptin and ghrelin, both of which were related to an in-
crease in feed intake(42). Projecting these findings to our
experiment, an increase in unclassified f  Comamonada-
ceae and unclassified f Caulobacteraceae in the PHFD
group might contribute to physiologic responses that re-
duce satiety in the mice, which could increase food intake
and contribute to obesity. In addition, host inflammation
was demonstrated to foster the increase of oxygen-resis-
tant bacteria like Enterobacteriaceae (Gammaproteobac-
teria)(43). The PHFD group displayed more serious liver
inflammation, which may, in turn, promote the growth of
intestinal Proteobacteria, in a vicious cycle.

In summary, our experiment confirmed that under the
induction of an HFD, mice lacking the PPARS gene deve-
loped more serious gut dysbiosis, which was manifested
as a large increase in intestinal LPS-rich bacteria and a
significant reduction in SCFA-producing bacteria. As a re-
sult, intestinal mucosal barrier damage occurred, and more
endotoxins were produced and entered the liver, which
exacerbated liver inflammation and lipid metabolism di-

sorders and finally promoted the development of NAFLD.
Our experiment confirmed that PPARS shows a significant
effect on NAFLD through the gut-liver axis. However,
there were also some limitations in our research. Due to
the small number of experimental mice, variances existed
in individual characteristics, which led to the failure to
fully reveal the actual situation of the gut microbiota. In
addition, due to conditions and other factors, we discussed
the gut-liver axis very preliminarily and did not study the
bacterial metabolites and specific molecular mechanisms
in depth. Therefore, we plan to further complete the study
of PPARG&-related bacterial metabolites and the molecular
mechanisms in future research, to expand the sample size
of mice, and to strictly control the sampling environment
to obtain more accurate experimental results.
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