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Introduction: The gut microbiota plays an important role in the development of
non-alcoholic steatohepatitis (NASH), but the underlying mechanism is unclear.
It has been found that the transcription factor XBP1s plays an important role in
regulating inflammation and lipid metabolism and maintaining the integrity of
intestinal barrier. However, whether XBP1s modulates the development of NASH
by requlating the integrity of the intestinal barrier and altering the composition
of the gut microbiota remains unknown.

Methods: Mice fed with a fat-, fructose-, cholesterol-rich (FFC) diet for 24
weeks successfully established the NASH model, as demonstrated by significant
hepatic steatosis, inflammation, hepatocyte injury and fibrosis. The profile of
gut microbiota dynamically changed with the different stages of NAFLD via 16S
rDNA sequencing the feces from mice fed with FFC diet for O, 12, or 24 weeks
or NASH mice treated with siRNA-loaded folic acid-modified TPGS (hereafter
named FT@XBP1).

Results: NASH mice had significantly higher abundance of Firmicutes, Blautia
and Bacteroides, and lower abundance of Bifidobacterium and GCA-900066575.
FT@XBP1 supplementation had a significantly attenuated effect on FFC diet-
induced weight gain, hepatic fat accumulation, dyslipidemia, inflammatory
cytokines, ER stress and fibrosis. In particularly, FT@XBP1 modulates the
composition of the intestinal flora; for example, NASH mice demonstrated higher
abundance of Blautia and Bacteroides, and lower abundance of Actinobacteriota,
Muribaculaceae and Bifidobacterium, which were partially restored by FT@XBP1
treatment. Mechanistically, FT@XBP1 increased the expression of ZO-1 in the
intestine and had the potential to restore intestinal barrier integrity and improve
antimicrobial defense to alleviate enterogenic endotoxemia and activation of
inflammatory signaling pathways.

Discussion: Regulation of the key transcription factor XBP1s can partially restore
the intestinal microbiota structure, maintain the integrity of intestinal mucosal
barrier, and prevent the progression of NASH, providing new evidence for
treating NASH.

KEYWORDS

non-alcoholic steatohepatitis, endoplasmic reticulum stress, X-box binding protein 1,
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FIGURE 1

ALT, alanine transaminase; AST, aspartate transaminase; CD, chow diet.

FFC diet exacerbated hepatic steatosis and NASH formation in mice. (A) Schematic overview of experimental design. (B) Images of mice fed with
chow- (CD) or FFC- diet for 12 or 24 weeks. Body weights (C, D), liver weights (E), liver/body weight ratio (F), and serum ALT and AST (G) in mice fed
on CD or FFC diet for 12 and 24 weeks. (H) H&E, (1) Oil red O staining and (J) hepatic TG of hepatic tissues from CD or FFC diet-fed mice for 12 and
24 weeks (scale bar = 50 um). FFC diet increased the levels of serum TC (K), and aggravated hepatic steatosis (L) and balloon (M). Data are presented
as the means + SD (error bar) with *p < 0.05, **p < 0.01, and ***p < 0.001 vs. indicated group (n = 3 for each group). FFC, high-fat high-cholesterol;

FFC diet promotes liver fibrosis in NASH
model

Fibrosis is a serious consequence secondary to chronic liver
injury and inflammation and a risk factor for NASH worsening.
In the current study, we used Sirius and Masson staining to
determine hepatic collagen deposition and found that collagen
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deposition and pericellular fibrosis were significantly increased in
the livers of FFC-fed mice compared to CD-fed mice (Figure 2A).
The NAS was used for the quantitative evaluation of unique NASH-
identified lesions. We found that both the FFC_24W and FFC_12W
groups significantly increased NAS as demonstrated by hepatic
steatosis, pronounced inflammation and balloon-like degeneration
compared to mice in the CD group, and mice in the FFC_24W
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group showed higher NAS than those in the FFC_12W group
(Figure 2B). The fibrosis index was calculated based on Masson and
Sirius staining, and as shown in Figure 2C, FFC dietary feeding
significantly elevated the fibrosis index compared to CD group,
but there was no significant difference between the FFC_24W and
FFC_12W groups (p = 0.23). Immuno-blotting assays also revealed
that the expression levels of both a-SMA and Collal protein (two
fibrosis-related markers) in liver tissues were significantly higher in
FFC_24W group compared with the normal group (Figure 2D).

Inflammatory cell infiltration is another major pathological
feature of NAFLD (Sacks et al., 2018). Therefore, we examined
the mRNA levels of several inflammatory factors using liver tissues
via qQRT-PCR assay, and we found that FFC feeding significantly
increased the expression of pro-inflammatory factors II-6, II-
1B, and Tnf-o and anti-inflammation factor II-10 compared to
mice fed with CD diet (Figure 2E). Moreover, the levels of pro-
inflammatory factors (II-6, Il-18, and Tnf-or) were significantly
elevated in FFC_24W group compared with the FFC_12W group,
but there was no significant difference between the FFC_24W and
FFC_12W groups in II-10 levels. Similarly, FFC_24W significantly
increased lobular inflammation compared to mice in FFC_12W
and CD groups (Figure 2F). These results suggested that FFC
dietary feeding increased hepatic inflammation and promoted the
progression of NASH.

Dynamic changes of intestinal flora in the
development of NASH

To assess the dynamic changes of the gut microbiota at
different stages of NAFLD, next-generation sequencing was used
to sequence the V3-V4 region of the gut bacterial 16S rDNA
gene in the feces of mice from the CD, FFC_12W and FFC_24W
groups (n = 7). A total of 1,680,254 raw reads were obtained,
and 131,178 high-quality reads were filtered, from which a total
of 5,070 ASVs were clustered based on 99% sequence similarity.
Observed-species rarefaction curves (Supplementary Figure 1A)
and Shannon (Supplementary Figure 1B) showed that the current
sequencing depth was sufficient to capture the majority of gut
microbiota in all samples.

As shown in Supplementary Figure 2A, the ACE index, and
Chaol index were higher in the FFC diet group compared to the CD
group, and the Shannon index and Chaol index were higher in the
FFC_24W group compared to the FFC_12W group, but there was
no statistical significance among the three groups. According to the
relative abundance of ASVs, principal component analysis (PCA)
and Bray-Curtis distance-based principal coordinate analysis
(PCoA) were used to analyze the structural changes in the gut
microbiota in each sample, and the results showed that the gut
microbiota of FFC-fed mice were completely separated from that
of CD-fed mice (Supplementary Figures 2B, C). In addition, PCoA
(Supplementary Figure 2C) similarity analyses showed that there
was a complete separation of the gut flora in the FFC_12W and
FFC_24W group (p = 0.001).

The relative abundance of gut microbiota in each group at
the phylum and genus levels is shown in Figures 3A, B. At the
phylum level, the gut microbiota composition in the FFC_12W
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group, compared to the CD group, significantly changed, as shown
by a higher abundance of Campilobacterota (0.07% vs. 1.09%, p <
0.001), Desulfobacterota (4.1% vs. 8.4%, p < 0.001), Actinobacteria
(3.6% vs. 13.1%, p < 0.01) and Firmicutes (17.2% vs. 47.9%, p <
0.01), whereas the abundance of Bacteroidota (76.1% vs. 25.7%, p <
0.001) significantly decreased (Figure 3C). The relative abundance
of Firmicutes (25.7% vs. 56.1%, p > 0.05) was further upregulated
in the FFC_24W group compared to the FFC_12W group, whereas
the relative abundance of Actinobacteriota (13.1% vs. 2.1%, p <
0.001) was significantly lowered (Figure 3C).

At the genus level, the relative abundance of Blautia
(0.05% vs. 6.68%, p < 0.001), Faecalibaculum (0.61% vs.
8.33%, p < 0.001), Bacteroides (0.60% vs. 7.37%, p < 0.001),
Bifidobacterium (2.94% vs. 8.53%, p < 0.05), Parabacteroides
(0.07% vs. 3.83%, p < 0.001), Erysipelatoclostridium (0.02%
vs. 3.81%, p < 0.01), GCA-900066575 (0.10% vs. 4.66%, p <
0.01), and Rikenellaceae_RC9_gut_group (0.26% vs. 3.86%, p
< 0.001) in the FFC_12W group was significantly increased
compared to CD group; however, the relative abundance of
Muribaculaceae was significantly reduced (70.89% vs. 9.34%,
p < 0.001; Figure3D). In comparison with the FFC_I12W
group, the abundance of Blautia (6.68% vs. 6.88%, p > 0.05)
and Bacteroides (7.37% vs. 7.61%, p > 0.05) was further
increased, while the relative abundance of two intestinal probiotics,
Bifidobacterium (8.53% vs. 0.63%, p < 0.001) and GCA-
900066575 (4.66% vs. 1.63%, p < 0.01) was significantly decreased
(Figure 3D).

FT@XBP1 ameliorated hepatic injury and
fibrosis in the NASH model

ER stress plays an important role in the occurrence and
development of NAFLD (Zheng et al, 2022). We used an
immunoblotting assay to detect the expression of ER stress-related
proteins, and found that GRP78, ATF6, PERK, IRE1la, and XBPIs
in the liver of FFC diet-fed mice were significantly upregulated
compared to CD mice (Figure4A, Supplementary Figure 3A).
Moreover, ER stress downstream transcription factor XBP1s was
more significantly upregulated than other ER stress markers
(Figure 4A). In addition, we used immunofluorescence (IF) assays
to confirm that XBPls expression was higher in the liver
tissue of FFC diet-induced NASH mice than in CD-fed mice
(Supplementary Figure 3B), suggesting that XBP1ls may play an
important role in NASH progression. Thus, we used folate
to modify TPGS and incorporate Xbpl siRNA (FT@XBP1) to
knock down XBP1 and found that the body weight (Figure 4B),
and liver weight (Figure 4C) were significantly reduced in mice
treated with FT@XBP1 than in mice fed with FFC diet, but
had no effect on the liver-to-weight ratio compared with FFC
diet-fed mice (Figure 4D). We also found that FT@XBP1 could
significantly reduce epididymal fat in mice fed with FFC diet
(Figure 4E). Moreover, FFC diet-induced mice had high levels of
serum alanine transaminase (ALT) and aspartate aminotransferase
(AST) in comparison with mice with the CD diet, and FT@XBP1
treatment remarkably decreased ALT and AST levels (Figure 4F).
Most interestingly, we also found that FT@XBP1 treatment could
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FIGURE 2
FFC diet promoted fibrosis in NASH mice model. (A) Representative Masson (upper panel) and Sirius red (lower panel) staining images (scale bar =
50 1wm), and NAS (B) and fibrosis stages (C) of liver tissues from mice in the CD and FFC group (n = 3). (D) The expression of fibrotic proteins of a-SMA
and Collal in liver tissues, and semi-quantitatively analyzed the band intensity (n = 3). (E) Inflammatory factors /[-6, Il-18, Thf-a, and /[-10 in hepatic
tissues of FFC fed mice or relative controls were measured using gRT-PCR, and (F) the lobular inflammation was calculated (n = 3 for each group).
Data are presented as the means + SD (error bar) with *p < 0.05 and **p < 0.01 vs. indicated group (n = 3 for each group). NAS, NAFLD activity score.

significantly reduce FFC diet-induced serum TC and hepatic TG
compared to mice fed with FFC diet (Figure 4G).

We also investigated the role of XBP1s on liver injury, lipid
accumulation, inflammatory cells infiltration, collagen deposition,
and fibrosis using HE staining, Oil red staining, Masson staining,
and Sirius staining, respectively. We found that XBP1 deficiency
largely attenuated FFC diet-induced liver injury (Figure 4H) and
steatohepatitis-related parameters in mice, for example intrahepatic
ballooning (Figures 4H-]) and steatosis percentage (Figure 4K),
which relieved lipid accumulation and improved liver histology.
As previously reported, inflammatory cell infiltration plays a vital
role in NASH progression. Interestingly, a decrease in lobular
inflammation was also noted in FT@XBP1-treated mice compared
to FFC-fed mice (Figure 4L).

As fibrosis is a vital risk for the deterioration of NASH
to hepatic fibrosis, we determined collagen deposition in
the liver tissues using Masson and picrosirius red staining
(Figure 4M). Most interestingly, we found that the livers of
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mice fed with FFC diet demonstrated an evident increase in
collagen deposition and pericellular fibrosis compared with
CD-fed mice, and these pathological changes were significantly
reversed by treating mice with FT@XBP1 (Figure 4M). The
NAS score was used for the quantitative evaluation of unique
NASH-identified lesions. As shown in Figure 4N, the FFC
diet significantly increased NAS compared with the CD
diet, whereas FT@XBPI treatment remarkably reduced NAS
compared with mice fed with an FFC diet, as demonstrated
by evidently reduced lobular inflammation and steatosis.
Consistently, we found that FT@XBP1 treatment remarkably
reduced the fibrosis stage (Figure 40). In addition, indicators of
hepatic fibrosis, such as Collal and a-SMA, were significantly
reduced in mice treated with FT@XBP1 compared with FFC
diet-fed mice, as demonstrated by Western blot analysis
(Figure 4P). These results suggested that FT@XBP1 treatment
ameliorated steatohepatitis and fibrosis in response to FFC
diet-induced NASH.
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FIGURE 3

The alteration in the gut microbiome associated with FFC diet. Relative abundance of bacterial communities from mice at the different stages of
NASH at the phylum (A) and genus level (B). Comparison of average abundance of specific gut bacteria from CD diet or FFC-diet for 12 or 24 weeks
at the phylum (C) and genus level (D). Data are presented as the means =+ SD (error bar) with **p < 0.01, and ***p < 0.001 vs. indicated group (n = 7).
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FIGURE 4

FT@XBP1 alleviated liver injury, steatosis and fibrosis in NASH mice. (A) Western blot analysis determined the expression of XBP1s, IRE1a, ATF6, PERK,
and GRP78 in liver tissues from FFC diet induced NASH mice. (B) Body weights, (C) liver weights, (D) liver/body weight ratio, (E) epididymal fat, (F)
serum ALT and AST, (G) and serum TC and hepatic TG in FFC-fed or chow-fed mice, and FFC-fed mice treated with FT@XBP1. (H) Representative
images of H&E (left panel), Oil red O staining (right panel) in hepatic tissues from mice fed with FFC diet and FFC-fed mice treated with FT@XBP1, and
(I) semi-quantitative analyzed the staining intensity of Qil red O staining (scale bar = 50 um). FT@XBP1 treatment alleviated FFC diet induced (J)
balloon, (K) steatosis percentage and (L) lobular inflammation. (M) Representative images of Masson (left panel), Sirius (right panel) staining in hepatic
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Frontiers in Microbiology 09 frontiersin.org


https://doi.org/10.3389/fmicb.2023.1271835
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhu et al.

10.3389/fmicb.2023.1271835

0 [

' c

(%)

Relative_Abundance|

g
3
<
S
c
3
<I
K
£
3
@ g &
B 0 Il s Il X8P1 | D
1.00 . others g
@
[l oo s g0 2
[ cesvisa v 2
[l vevsoin él
B covisasrigogos 2
I Tt s
[ Pansutersta =
07 [ o
e
W R
B oo
-
! L Dibosela .
| 2 &
] - 3
aabainion s
050 1 uscotocis 2
17 acnosestisun 5[
1 Hoonbacer 2
. Alopravotela %
| e
. [Eubacterium] coprostanaigenes grou
[ Besmaceum
Mogium
025
| X
l Rignollaosae_RC9_gut group
| By _
[ cuseusvacer g
[ Lacnosicese MK, gop g
1 esctocices 2
[l Facaisoin g
000 | e
s
S
¢ ¢ $ =
FIGURE 5

Campilobacterota Bacteroidota Desulfobacterota

. 100 e -
—— —
6 s =
® 9
g 7 2
S S
=] =1
4 £ € 6
3 3
= =
&= P
> =
2 k] B3
o 3
< 55 @ o
o] - o] v=
N N N
S & & S & & S & &
Actinobacteriota Firmicutes Deferribacterota
12 - . ..
g g
° & 60 é £ 10
3 3
= =
S S
2 B2
6 3 40 3
< <
Q 2 g2°
0 o -
SR S P & S @ &
S S & < S W o S +©
Blautia Mur im
- 100 .
. war e
p . 20
3 )3
10 s 75 £
g g
§ s 15
< -g
3 50 3
< < 10
s 2 2
= s
k] 25 2 5
o — 0 O] o™
3 b N N
S o & S ¥ & S & &
Bacteroides Bifidobacterium Mucispirillum
-
< 75 =
2 5
20 S § 10
§ g
2 s0 H
3 3
< = 5
o g0 2
® 25 s
& 2
- 0.0 $ o B
> N '8 > N
S S g & S & &
Erysipelatoclostridium C ibacter _RC9_gut_gr
13 . 10.0 o aoxx
— —
g go
8 75 S
10 2 2
S S
2 2
3 so0 3°
<| B <|
5 2 2
E 25 é ¥
o &= 0.0 [<X
N (% P B N
(SR [SIEREC P K &

FT@XBP1 treatment partially restored the gut microbiome in FFC induced NASH model. Relative abundance of bacterial communities from mice at
the phylum (A) and genus species level (B) in FFC diet fed mice or mice treated with FT@XBP1. Comparison of average abundance of specific gut
bacteria from FFC diet fed mice or mice treated with FT@XBP1 at the phylum (C) and genus level (D). Data are presented as the means + SD (error

bar) with *p < 0.05, **p < 0.01, and ***p < 0.001 vs. indicated group (n = 7).

FT@XBP1 partially restored the dysbiosis of

the gut microbiota in NASH mice

To explore the effect of FT@XBPI treatment on the diversity
of gut microbiota in NASH mice, the V3-V4 regions of
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the intestinal bacterial 16S rDNA genes from CD, FFC_24W,
and FFC diet in combination with FT@XBP1 (120 mg/kg)
treatment were sequenced using the next-generation sequencing.
A total of 1,681,217 raw reads were obtained, and 1,303,526
high-quality reads were filtered, of which a total of 4,997
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= 3 for each group).

FFC

FT@XBP1 protected against intestinal barrier disruption and reduced serum LPS and inflammatory cytokines in NASH mice. (A) H&E staining of mouse
intestinal tissue from CD, FFC and FT@XBP1 treatment group (scale bar = 50/20 um). (B) Western blot analysis the expression of ZO-1 in colon
tissues, and semi-quantitative analyzed. (C) FT@XBP1 treatment reduced the levels of serum LPS and (D) the infammatory factors /[-6, -1 8, Thf-a,
and /[-10 in hepatic tissues in NASH mice. Data are presented as the means & SD (error bar) with **p < 0.01, and ***p < 0.001 vs. indicated group (n

FT@XBP1 FFC FFC

FT@XBP1

FT@XBP1

differential ASV's were clustered based on 99% sequence similarity.
Observed-species rarefaction curves (Supplementary Figure 4A)
and Shannon (Supplementary Figure 4B) reached a plateau,
indicating that the current sequencing depth was reasonable
and sufficient to capture most of the gut microbes in the
samples. As shown in Supplementary Figure 5A, the Shannon
index and Simpson index were slightly elevated in the FFC_24W
and FT@XBP1 treatment groups, while the ACE index and
Chaol index were slightly reduced compared to the chow diet
group but did not reach a statistically significant difference.
Beta diversity represents the difference in the composition of
microbial communities between samples. In the current study, PCA
(Supplementary Figure 5B) and PCoA (Supplementary Figure 5C)
similarity analyses were used to observe the similarity of the species
composition between samples. It was found that the gut microbiota
of FFC-fed mice was completely separated from that of CD-fed
mice (p = 0.001), but the gut microbiota of the FFC-fed mice
was not completely separated from the FT@XBP1 treatment group,
suggesting that FT@XBP1 treatment could partially restore the
composition of the intestinal microbiota in NASH mice.

The relative abundance of intestinal bacteria in each group
at the phylum and genus levels is shown in Figures 5A, B.
As shown in Figure5C, at the phylum level, the relative
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abundance of Campilobacterota (0.07% vs. 1.33%, p < 0.001),
Desulfobacterota (0.41% vs. 6.12%, p < 0.001) and Firmicutes
(17.22% vs. 56.12%, p < 0.01) in the FFC_24W group was
significantly increased compared with the CD group, while the
relative abundance of Bacteroidota (76.06% vs. 29.53%, p < 0.01)
and Actinobacteriota (3.57% vs. 2.09%, p > 0.05) was decreased
significantly. FT@XBP1 treatment further increased the relative
abundance of Campilobacterota (0.07% vs. 2.69%, p > 0.05)
and Deferribacterota (1.35% vs. 3.21%, p < 0.05), but decreased
the abundance of Desulfobacterota (6.12% vs. 5.66%, p > 0.05)
compared to the FFC_24W group. Interestingly, we found that
FT@XBP1 treatment significantly reversed FFC feeding induced
decreases in Actinobacteriota abundance (2.09% vs. 7.42%, p
< 0.05).

At the genus level (Figure 5D), FEC diet feeding significantly
increased the relative abundance of Blautia (0.05% vs. 4.80%,
p < 0.01), Faecalibaculum (0.61% vs. 7.20%, p < 0.001),
Bacteroides (0.60% vs. 7.61%, p < 0.001), Erysipelatoclostridium
(0.02% vs. 3.96%, p < 0.01), Colidextribacter (0.53% vs.
3.19%, p < 0.001) and Rikenellaceae_ RC9_gut_group (0.26%
vs. 3.99%, p < 0.001) compared to CD-fed mice, while the
relative abundance of Muribaculaceae (70.89% vs. 10.22%, p
< 0.001) and Bifidobacterium (2.94% vs. 0.63%, p < 0.01)
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was significantly decreased. FT@XBP1 treatment could further
increase the abundance of Faecalibaculum (7.20% vs. 11.65%, p
> 0.05), Rikenellaceae_RC9_gut_group (3.99% vs. 4.45%, p >
0.05) and Colidextribacter (3.19% vs. 5.29%, p > 0.05), while
decreased the abundance of Muribaculaceae (10.22% vs. 7.09%,
p > 0.05) compared to the FFC_24W group. More importantly,
FT@XBP1 treatment not only effectively reversed the FFC_24W-
induced decrease in intestinal probiotic Bifidobacterium (0.63%
vs. 4.17%, p < 0.05), but also increased the intestinal abundance
of Mucispirillum (3.21% vs. 4.25%, p > 0.05). These suggest that
FT@XBP1 may prevent the progression of NASH by regulating the
composition of gut microbiota.

In addition, we obtained functional annotations and relative
abundance information of the gut microbiota in each group, and
cluster analysis was performed according to the level of functional
difference. As shown in Supplementary Figure 6, FFC diet feeding
for 24 weeks showed significant activation of glycosaminoglycan
degradation,  glycosphingolipid ~ biosynthesis-ganglio  series,
phenylpropanoid biosynthesis, sphingolipid metabolism and
various types of N-glycan biosynthesis pathway, whereas
FT@XBP1 treatment showed an opposite trend. Furthermore, we
found that the apoptosis, ferroptosis and lysosome pathways were
activated after 24 weeks of FFC dietary feeding, while FT@XBP1
treatment significantly inhibited the activation of these pathways.
These results suggested that FT@XBP1 may play a vital role in the
prevention of NASH progression by restoring the dysbiosis of the
gut microbiota.

FT@XBP1 ameliorates intestinal barrier
dysfunction in NASH

Intestinal mucosal homeostasis plays a vital role in maintaining
the normal physiological activities of the organism, and intestinal
mucosal barrier damage and increased intestinal epithelial
permeability are often accompanied by the progression of NASH
(Albillos et al., 2020). Thus, we first stained the mouse colonic
mucosa using H&E staining, and found that FFC feeding
significantly increased the degree of colonic epithelial barrier
disruption (Figure 6A). Furthermore, the apical and crypt areas
of colonic tissues showed significant structural disruption and
disorganization, with intermediate deletions, while, the integrity
of the colon barrier was found to be intact after 4-week
intervention with FT@XBP1, which indicated that FT@XBP1 could
ameliorate FFC diet-induced Intestinal mucosal barrier disruption
(Figure 6A). Subsequently, we used immunoblotting assay to detect
the expression level of epithelial tight junction protein 1 (zonula
occludens-1, ZO-1), and found that the protein level of ZO-1 was
significantly lower in FFC diet group compared with that of the CD
diet group (Figure 6B). Furthermore, FT@XBP1 treatment induced
a certain recovery of the ZO-1 protein compared with FFC group
(Figure 6B), but there was no statistical difference (p = 0.088). To
further understand the mechanism of FT@XBP1 on FFC-induced
NAFLD progression, we examined the plasma endotoxin levels
and found that plasma LPS levels were significantly elevated in
the FFC dietary group compared with the CD group, whereas
FT@XBP1 treatment obviously reversed this effect (Figure 6C).
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In addition, qQRT-PCR assays showed that FT@XBP1 treatment
significantly decreased the levels of inflammatory factors II-6, II-1p,
and Tnf-a (Figure 6D), but the levels of II-10 were elevated to some
extent compared with FFC diet mice (p = 0.081). Therefore, our
results suggest that XBP1s plays an important role in maintaining
intestinal mucosal homeostasis by regulating the expression of
tight junction proteins, which together reduce the penetration of
intestinal-sourced endotoxins into the circulation and then alleviate
liver inflammation to prevent the progression of NASH.

Discussion

The pathogenesis of NAFLD is complex, and the traditional
“two-hit” hypothesis is not sufficient to fully explain the
pathogenesis of NASH, especially for non-obese individuals
(Wang et al.,, 2016), because there is evidence that TG is not
hepatotoxic in mice with steatohepatitis (Yamaguchi et al., 2007).
However, the accumulation of other lipids, such as free fatty
acids, diacylglycerol, cholesterol, ceramides, and phospholipids,
in the liver can induce ER stress, mitochondrial dysfunction,
and oxidative stress, ultimately leading to liver inflammation
and fibrosis (Feldstein et al, 2004; Tilg and Moschen, 2010).
Recently, some researchers put forward a “multiple parallel hit
model” (Tilg and Moschen, 2010; Papatheodoridi and Cholongitas,
2018), with intestinal flora disturbance and the related enterogenic
endotoxemia possibly being the key “hit” leading to persistent
liver injury and NAFLD progression (Poeta et al., 2017). NAFLD
patients are often associated with varying degrees of intestinal
flora disturbance and translocation, which manifests as decreased
abundance of Bacteroidetes and an increased relative abundance
of Firmicutes at the phylum level. Meanwhile, Gram-negative
bacteria in the gut are overpopulated, while the abundance of
Gram-positive bacteria such as Bifidobacterium and Lactobacillus
are decreased significantly, and intestinal bacteria and LPS could
translocate into the portal vein system, which results in enterogenic
endotoxemia and persistent inflammatory injury in the liver (Zhu
et al., 2013; Shen et al, 2017). Schnabl and Brenner (2014)
found that mice lacking intestinal flora were resistant to the
development of diet-induced liver steatosis; however, replenishing
flora via fecal microbiota transplantation (FMT) can promote the
development of NAFLD in these mice, and liver steatosis can be
improved after application of probiotics and antibiotics. In the
current study, we found that FFC diet significantly increased the
relative abundance of Firmicutes and decreased the abundance
of Bacteroidota compared to mice fed with chow diet at the
phylum level. Meanwhile, we found that FFC diet increased the
abundance of Blautia and Bacteroides, while the abundance of
intestinal probiotics, such as Bifidobacterium and GCA-900066575,
was significantly decreased at the genus level (Figure 3D). These
results suggest that the development of NASH is accompanied by
a disturbance of the intestinal flora.

Recently, the role of the intestinal mucosal barrier and
inflammatory response in the development of NAFLD has been
a high concern (Takaki et al, 2013; Tripathi et al, 2018).
Dysbacteriosis and intestinal endotoxemia (IETM) are important
causes of liver inflammation and NAFLD. The normal intestinal
mucosal barrier can prevent the translocation and invasion of
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enterogenic pathogenic factors, such as intestinal bacteria and
endotoxins (Brandl et al., 2017). However, in some pathological
conditions, intestinal mucosal barrier integrality is impaired, and
harmful substances such as bacterial DNA, lipopolysaccharide
(LPS), and ethanol can enter the liver through the portal vein,
thus promoting the progression of NASH (Pierantonelli et al,
2017; Longo et al., 2020). Germ-free animals transplanted with
fecal from NAFLD patients demonstrated significant hepatic
steatosis, multifocal necrosis, and inflammatory cell infiltration
in the liver, accompanied by increased levels of serum LPS
and inflammatory cytokines (such as IL-6 and MCP-1) and the
disturbance of intestinal flora, indicating that the occurrence of
NAFLD is closely related to intestinal flora disturbance (Chiu
et al,, 2017). In this study, we found that FFC diet not only
impaired the integrity of intestinal mucosal barrier and decreased
the levels of ZO-1 protein but also significantly increased the
levels of several pro-inflammatory factors (such as IL6, IL-1B,
and TNF-a) and plasma LPS compared to chow diet mice.
These results suggest that high-fat diet may lead to enterogenic
endotoxemia by altering the structure of the intestinal flora and
aggravating liver inflammation, thus accelerating the progression
of NASH.

The endoplasmic reticulum (ER) plays an essential role in
protein folding and maturation, in addition to other metabolic
processes. ER stress has been observed in nearly all chronic liver
diseases and is distinguished by the activation of three UPR
pathways. Guo et al. (2018) reported increased mRNA expression
of ER stress markers, including BiP, activating transcription factor
4 (ATF4), and c/EBP-homologous protein (CHOP), in mice fed an
HED diet. Consistently, mice fed with the FFC diet demonstrated
higher levels of ER stress-related proteins, including GRP78,
PERK, ATF6, IREla and XBPls, and IREla-XBPls pathway
was significantly elevated compared to other ER stress markers
(Figure 4A). Dysregulation of the ER stress response has been
implicated in intestinal inflammation associated with inflammatory
bowel disease (IBD), a chronic condition characterized by changes
in the mucosa and alteration of the gut microbiota (McGovern
et al,, 2010). However, the exact relationship between ER stress
and gut microbes is largely unclear. In the current study, we
found that FT@XBP1 treatment could not only significantly inhibit
liver lipid accumulation and collagen deposition in the FFC diet
fed mice but also improve high-fat-induced intestinal barrier
dysfunction, as demonstrated by the restoration the integrity of the
intestinal barrier (Figure 6A) and increased levels of ZO-1 protein
expression (Figure 6B), which partially restored intestinal flora
structure, reduced endotoxemia and alleviated liver inflammation.
Similarly, Laudisi et al. (2019) demonstrated that mice fed a
maltodextrin (MDX)-enriched diet exhibited an activated ER stress
response in intestinal epithelial cells and an exacerbated intestinal
inflammation, while treatment of mice with TUDCA prevented
mucin-2 depletion and attenuated colitis in MDX-fed mice. Most
interestingly, Grey et al. (2022) found that ERN2 was required
for microbiota-induced goblet cell maturation and mucus barrier
assembly in the colon, and mice lacking Ern2 had a dysbiotic
microbial community. The secretory capacity of the gut epithelium,
especially mucin and antimicrobial protein production, likely
demands the maintenance of ER proteostasis (Kaser et al., 2008).
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These results suggested that ER stress transcription factor XBP1s
evolved on mucosal surfaces to mediate crosstalk between gut
microbes and the mucus barrier required for normal homeostasis
and host defense. However, several pieces of evidence suggested
that XbpI deletion in mouse intestinal epithelial cells resulted in
Paneth and goblet cell apoptosis, spontaneous ileal inflammation,
and increased sensitivity to dextran sodium sulfate (DSS)-induced
colitis (Kaser et al., 2008).

In summary, our study showed that the inhibition of
XBP1s by FT@XBP1 could restore the integrity of the intestinal
mucosal barrier and intestinal flora disturbance and inhibit LPS
translocation, which subsequently reduces liver inflammation and
lipid deposition and prevents NASH progression. However, this
study inevitably has some limitations. First, this study established
NASH model by feeding animals with FEC (high fat, high fructose
and high cholesterol) diets. It was found that the progression
of NASH induced by FFC diet was related to intestinal flora
disturbance and the integrity of intestinal mucosal barrier, but the
exact relationship was not fully understood. Second, intravenously
administrated FT@XBP1 exerted its effect mainly by targeting
the key transcription factor XBPIs, however, whether it affects
the integrity of the intestinal mucosal barrier and regulates
liver inflammation to indirectly restore intestinal microflora
homeostasis in NASH is worthy of further study. Finally, the role
of other downstream signaling pathways of ER stress in intestinal
flora disturbance and the progression of NASH is also worth
further investigation.
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