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Effects of Bifidobacterium and rosuvastatin @
on metabolic-associated fatty liver disease
via the gut-liver axis

Xue Ran'", Ying-jie Wang?', Shi-gang Li*"" and Chi-bing Dai'""

Abstract

Background/aims Research has indicated that treatment with rosuvastatin can improve liver pathology in meta-
bolic-associated fatty liver disease (MAFLD) patients and that treatment with Bifidobacterium can improve MAFLD.
Therefore, the effects of Bifidobacterium, rosuvastatin, and their combination on related indices in a rat model of diet-
induced MAFLD need to be investigated.

Methods Forty rats were divided into five groups: the normal diet group (N), high-fat diet (HFD) model group (M),
HFD + probiotic group (P), HFD + statin group (S), and HFD + probiotic + statin group (P-S). To establish the MAFLD
model, the rats in Groups M, P, S, and P-S were fed a HFD for 8 weeks. The treatments included saline in Group N

and either Bifidobacterium, rosuvastatin, or their combination in Groups P, S, and P-S by intragastrical gavage. After

4 weeks of intervention, the rats were euthanized, and samples were harvested to analyze gastrointestinal motility
and liver function, pathological changes, inflammatory cytokine production, and the expression of proteins in key
signaling pathways.

Results HFD feeding significantly increased the body weight, liver index, and insulin resistance (IR) index of the rats,
indicating that the MAFLD model was successfully induced. Bifidobacterium reduced the liver of MAFLD rats, while Bifi-
dobacterium with Rosuvastatin decreased the liver index, IR index, and levels of aspartate aminotransferase and ala-
nine aminotransferase in MAFLD rats. The MAFLD model showed altered expression of proteins in signaling pathways
that regulate inflammation, increased production of inflammatory cytokines, an elevated MAFLD activity score (MAS),
and pathological changes in the liver. The MAFLD model also showed reduced relative counts of intestinal neurons
and enteric glial cells (EGCs), altered secretion of gastrointestinal hormones, and slowed gastrointestinal emptying.
Bifidobacterium, rosuvastatin, or their combination inhibited these various changes. HFD feeding changed the rats’
gut microbiota, and the tested treatments inhibited these changes. These results suggest that the gastrointestinal
motility disorder and abnormal liver function in MAFLD rats may be related to a reduction in Escherichia-Shigella
bacteria and an increase in Asticcacaulis bacteria in the gut microbiota and that the improvement in liver function
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induced by Bifidobacterium plus rosuvastatin may be related to increases in Sphingomonas and Odoribacter bacteria

and a decrease in Turicibacter bacteria in the gut microbiota.

Conclusions The combined use of Bifidobacterium and rosuvastatin could better regulate the gut microbiota
of MAFLD model rats, promote gastrointestinal emptying, and improve liver pathology and function than single treat-
ment with Bifidobacterium or rosuvastatin. This provides a better strategy for the treatment of MAFLD.

Keywords Metabolic-associated fatty liver disease, Bifidobacterium, Rosuvastatin, Gut microbiota, Gastrointestinal

motility

Introduction

Metabolic-associated fatty liver disease (MAFLD) occurs
when excessive fat accumulates in hepatocytes in con-
junction with hepatocellular steatosis and is diagnosed
only after the exclusion of other definitive factors known
to cause liver damage [1, 2]. MAFLD is related to insu-
lin resistance (IR) and genetic susceptibility [3]. As the
most common chronic liver disease worldwide, MAFLD
had a global prevalence of 29.8% according to an epide-
miological study [4]. Metabolic-associated steatohepatitis
(MASH), hepatocellular carcinoma (HCC), and cirrhosis
are all forms of MAFLD that not only can lead to liver
dysfunction and death [5] but are also high-risk factors
for diseases such as cardiovascular disease [6], metabolic
syndrome [7], type 2 diabetes [8], and chronic kidney
disease [9]. In the United States, MASH represents the
leading and second leading cause of liver transplantation
in women and men, respectively [10]. Current pharma-
cological treatments for MAFLD include lipid-lowering
agents, insulin sensitizers, cytoprotective agents, and
antioxidants [2, 11], but these drugs have adverse effects
on long-term use. Therefore, for better treatment of
MAFLD, the development of effective and safe therapeu-
tic agents is critically needed.

The “multiple hits” theory is the most widely accepted
theory for explaining the complex pathogenesis of
MAFLD. Both environmental and genetic factors, as
well as neuroendocrine dysregulation, oxidative stress,
the inflammatory response, dysbiosis of the gut micro-
biota, and other factors, together lead to the occurrence
and progression of MAFLD [12, 13]. Gut microbiota
dysbiosis is an important factor suggested to lead to
MAFLD in the “multiple hits” theory. Because the gut
and liver have the same embryonic origin and are con-
nected via the hepatic portal system, the concept of the
gut-liver axis was proposed [14]. In the human body,
the gut microbiota and its metabolic products may
participate in most physiological functions, including
nutrient conversion, absorption and metabolism, vita-
min synthesis, and immune regulation, via the gut-liver
axis [15]. Moreover, the gut microbiota can also affect
the occurrence and development of MAFLD by altering

intestinal permeability, interfering with lipid metabo-
lism, and producing endogenous ethanol; accordingly,
the gut microbiota is considered a potential therapeutic
target for MAFLD [16, 17]. In the development of such
therapies, the changes in the gut microbiota in MAFLD
patients need to be fully characterized.

Bifidobacterium is a classical probiotic and an active
microorganism that has health benefits for the host.
Multiple studies [18, 19] have shown that Bifidobacte-
rium can lower the IR index, reduce fat accumulation,
lower serum inflammatory cytokine levels, and improve
the symptoms and pathophysiology of MAFLD, but
the exact mechanism remains unclear. Statins are used
to treat hypercholesterolemia clinically, and recent
research [20] has demonstrated that statins can prevent
HCC associated with MAFLD and MASH, whereas
rosuvastatin can improve the histological changes
within the liver observed in MASH. In addition, it is
unclear whether there is a difference in the efficacy
of Bifidobacterium and rosuvastatin in MAFLD and
whether the combined effect of the two is more obvi-
ous. Therefore, an in-depth study of the actions of Bifi-
dobacterium, rosuvastatin and their combination in
MAFLD, as well as the underlying mechanisms, was
conducted, as the results are expected to have impor-
tant theoretical and practical significance for the pre-
vention and prognosis of MAFLD.

In the present study, a MAFLD rat model was estab-
lished by feeding a high-fat diet (HFD), and the effects
of treatment with Bifidobacterium, rosuvastatin, or
their combination on body weight, energy intake, the
liver index, IR index, liver function, blood lipid lev-
els, the MAFLD activity score (MAS), gastrointestinal
motility, enteric nervous system (ENS) function, the
gut microbiota, gastrointestinal hormone levels, and
the expression levels of proteins of the Toll-like recep-
tor-4 (TLR-4)/nuclear factor kappa B (NF-«xB) and
AMP-activated protein kinase (AMPK)/nuclear factor
erythroid 2-related factor 2 (Nrf2) pathways were ana-
lyzed. This study aimed to further clarify the curative
effects and mechanisms of Bifidobacterium, rosuvasta-
tin and their combination in the treatment of MAFLD.
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Materials and methods

Animals

Four-week-old male, specific pathogen-free Sprague—
Dawley rats were purchased from and housed at the
Three Gorges University Laboratory Animal Center
(Yichang, Hubei Province, China) under a 12-h light/dark
cycle under specific pathogen-free conditions, 50-70%
relative humidity, and a temperature of 22+2 °C. The
physical activity and excrement of the rats were observed
every day. The body weight of each rat and the food
intake of each group of rats were measured weekly, and
the energy intake of each rat was calculated via the fol-
lowing formula:
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Pharmaceutical Co., Ltd., Zhejiang, China) dissolved in
2 mL of saline for Group S; and 1x10' CFU of Bifido-
bacterium +1.08 mg/kg rosuvastatin calcium tablets dis-
solved in 2 mL of saline for Groups P-S.

The Animal Ethics Committee of China Three Gorges
University approved all the experimental protocols
involving rats, and the Institutional Animal Care and
Use Committee of Three Gorges University approved
all the treatment procedures (No: 2021ky90). Dur-
ing the 4 weeks of intervention, food intake and body
weight were measured once per week for the rats in all
the groups.

The energy intake of each rat in Group N = the food intake of each group x1.08/n (n is the number of rats in each group).

The energy intake of each rat in Group M, S, P, P—S = the food intake of each group x3.11/n (n is the number of rats in each group).

After being fed a normal diet for 1 week, 40 rats were
randomly divided into five groups: Groups N, M, P, S
and P-S (n=8 each). Only Group N continued to receive
a normal diet, whereas the other four groups were fed a
HFD (Nanjing Shengmin Scientific Research Co., Ltd.,
Nanjing, China) for 8 weeks. The normal diet consisted of
0.82% lysine, 4% crude fat, 18% crude protein, and 0.53%
methionine + cystine (1.08 kcal/g), whereas the HFD
contained 20% lard, 16% sugar, 2% cholesterol, 0.2% bile
salts, and 61.8% normal diet (3.11 kcal/g). Food and water
intake were unrestricted for all the rats.

After 8 weeks, the rat with the greatest weight differ-
ence in each group was excluded, and then one remaining
rat in each group was randomly sacrificed for harvesting
of liver tissue, which was stained with hematoxylin and
eosin (HE) for evaluation of the MAFLD activity score
(MAS) [21] (Table 1) by two pathologists blinded to all
groups. The MAFLD model was assumed to be estab-
lished if the MAS was >3. The rats were fed the same
diet as before and given the following different interven-
tions by gavage once daily for 4 weeks: 2 mL of saline for
Groups N and M; 1x10' colony-forming units (CFUs)
of Bifidobacterium (Nuofan Biotechnology Co., Ltd,,
Wuhan, China) dissolved in 2 mL of saline for Group P;
1.08 mg/kg rosuvastatin calcium tablets (Zhejiang Hisun

Table 1 Rubric for determining the MAFLD activity score (MAS)

Score 0 1 2 3
Hepatic steatosis <5% 5% ~33% 34%~66% 66%
Inflammation in hepatic lobules 0 <2 2~4 >4
Ballooning degeneration of liver ~ none less more -

cells

Tissue sample and fecal sample collection

After the intervention, all the rats were fasted over-
night and then weighed. Two milliliters of a black nutri-
tive semisolid paste [22] was given to these rats. Each 2
mL dose weighed 1.835 g and was delivered by intra-
gastric administration. One hour later, the rats were
anesthetized via an intraperitoneal injection of 10%
chloral hydrate (0.3 mL/100 g). The abdominal cav-
ity was then opened, and blood was collected from the
abdominal aorta. The ligaments around the liver were
separated for removal, and the liver was weighed after
being cleaned with saline and sterile gauze. The two
ends of the stomach were ligated, and then the stom-
ach was removed, cleaned with saline and sterile gauze,
and weighed to obtain the total weight of the stom-
ach. Next, the stomach was cut, and the contents were
rinsed out to obtain the net weight. The small intestine
and large intestine were subsequently removed and
placed on a sterile sheet in its natural state. The total
length of the small intestine and the length of the small
intestine portion that was stained black were measured.
Finally, a sample of colon tissue 6—8 cm away from the
anus was collected and fixed in 4% paraformaldehyde,
and fecal samples were collected in sterile Eppendorf
tubes. The liver index, gastric emptying rate, and intes-
tinal propulsion rate were calculated via the following
formulae:

Liver index = whole liver weight/total body weight x 100%
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Gastric emptying rate = 1—(stomach total weight —stomach net weight)/1.835x100%

Intestinal propulsion rate = length of small intestine stained black/total length of small intestine x 100%

Liver pathology and serum index detection

Portions of liver tissues were soaked and fixed with 4%
neutral formaldehyde, and following standard protocols,
hematoxylin and eosin (HE) staining of the sections was
performed.

Blood samples were centrifuged at 3000 rpm and 4
°C for 10 min (Centrifuge: C2500-R-230 V, Labnet, NJ,
USA). The recovered supernatant samples were sepa-
rated into 200-pL tubes, and enzyme-linked immuno-
sorbent assay (ELISA) kits (Elabscience Biotechnology
Co., Ltd., Wuhan, China) were used following the manu-
facturer’s instructions to measure the concentrations of
gastrin (GT), somatostatin (SST), vasoactive intestinal
peptide (VIP), and 5-hydroxytryptamine (5-HT) in the
serum. ELISA kits (Beijing Strong Biotechnologies, Inc.,
Beijing, China) were used to measure the concentrations
of high-density lipoprotein (HDL), total cholesterol (TC),
triglycerides (TG), low-density lipoprotein (LDL), insu-
lin (INS), and fasting blood glucose (FBG). ELISA kits
(Shanghai Fosun Long March Medical Science Co., Ltd.,
Shanghai, China) were used to measure the concentra-
tions of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT). The insulin resistance index (IR
index) was calculated as follows:

IRindex = (FBG x INS)/22.5

Cytokine and protein expression in liver tissue

To prepare the liver tissue supernatant, a portion of liver
tissue was weighed, and saline was subsequently added to
prepare a homogenate with a weight (g)-to-volume (mL)
ratio of 1:9 (Homogenate: Tissuelyser-241, Shanghai Jin-
gxin Industrial Development Co., Ltd., Shanghai, China).
After the homogenate was centrifuged at 3500 rpm and
4 °C for 10 min (centrifuge: C2500-R-230 V, Labnet, NJ,
USA), the supernatant was collected to detect the concen-
trations of interleukin 6 (IL-6), interleukin 1 beta (IL-1p),
and tumor necrosis factor alpha (TNF-a) via ELISA kits
(Elabscience Biotechnology Co., Ltd., Wuhan, China).

For detection of the expression of related proteins,
samples of liver tissue were cut into pieces and placed in
Eppendorf tubes. Cleaned steel beads were added, as were
200 uL of single decontaminant lysate, which contained
2 puL of phenylmethanesulfonyl fluoride (PMSF; Aladdin

Biochemical Technology Co., Ltd., Shanghai, China) and
2 pL of phosphatase inhibitor (Beyotime Biotechnology,
Shanghai, China). The tubes were then placed in a Tissue-
lyser-24 (Jingxin Technology Co., Ltd., Shanghai, China)
and then on ice for 30 min to fully lyse the tissue samples.
After the lysate was centrifuged, the supernatant was col-
lected in fresh tubes. A BCA kit (Beyotime Biotechnol-
ogy, Shanghai, China) was used to determine the total
protein concentration. The protein lysates (40 pg/well)
were separated on gels and transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore, MA, USA).
The membranes were then blocked for 2 h with 5% (w/v)
skim milk in Tris-buffered saline containing Tween-20
(TBST) at room temperature before they were incu-
bated overnight at 4 °C with mouse anti-B-actin (1:500,
Boster Biological Technology, Ltd., Wuhan, China), rab-
bit anti-AMPK (1:1000, Affinity, Jiangsu, China), rabbit
anti-p-AMPK (1:1000, Affinity, Jiangsu, China), rabbit
anti-TLR-4 (1:1000, Affinity, Jiangsu, China), rabbit anti-
p65 (1:1000, Abcam, Cambridge, UK), rabbit anti-p-p65
(1:1000, Abcam, Cambridge, UK), and rabbit anti-Nrf2
(1:2000, Proteintech Group, Inc., Wuhan, China) anti-
bodies. The next day, the membranes were incubated
with secondary sheep anti-mouse and sheep anti-rabbit
antibodies (1:10000, Boster Biological Technology, Ltd.,
Wuhan, China) for 2 h at room temperature. Next, the
excess secondary antibody was washed off the PVDF
membranes with TBST, and films were made after chro-
mogenic exposure. Once the films were dried, the gray-
scale values of the bands in the film were quantified via
BandScan 5.0 (GLyko Inc., CA, USA).

Relative expression of colonic neurons and enteric glial
cells (EGCs)

Samples of colon tissue located 6-8 ¢cm away from the
anus were cut off quickly and placed in a correspond-
ing marked tissue embedding folder. After the tis-
sue was dehydrated, made transparent, waxed, sliced,
baked, dewaxed and antigen repaired, it was blocked
with diluted normal goat serum for 30 min before being
immersed in diluted anti-S100B (Proteintech Group,
Inc., Wuhan, China) in a wet box at 4 °C for 15 h. The
sections were subsequently washed with phosphate-
buffered saline containing tween (PBST) and dried with
absorbent paper. Then, diluted fluorescein isothiocyanate
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(FITC)-labeled sheep anti-mouse IgG (Boster Biological
Technology, Ltd., Wuhan, China) was added to the sec-
tions and incubated for 1 h at 25 °C in a wet box. After
the sections were rinsed with PBST again, diluted anti-
HuD/C (Abcam, Cambridge, UK) was added, and the
mixture was incubated for 15 h at 4 °C in a wet box. The
samples were subsequently washed with PBST and dried
with absorbent paper before the addition of diluted red
fluorescent (CY3)-labeled sheep anti-rabbit IgG (Boster
Biological Technology., Ltd., Wuhan, China) for 1 h at 25
°C in a wet box. Finally, the sections were washed with
PBST before incubation in 4,6-diamidino-2-phenylin-
dole (DAPI) solution for 5 min. After washing again with
PBST and sealing with a blocking solution containing an
anti-fluorescence quencher, images of the sections were
collected via a fluorescence microscope, and IPP 6.0
(Media Cybernetics, MD, USA) was used to analyze the
optical density of the regions within the collected photos.

16 S rRNA gene sequencing of gut microbial communities
A QIAamp DNA Mini Kit (Qiagen, Hilden, Germany)
was used to isolate fecal DNA. DNA samples were sent
to Oebiotech (Shanghai, China) for detection of gene
sequences. PCR amplification and Illumina sequencing of
the PCR amplicons (Illumina MiSeq platform) were per-
formed via the 250-bp paired-ended strategy to generate
raw data. Trimmomatic (Illumina, CA, USA) was used to
remove sequences less than 50 bp in length from the raw
data, and then Flash was used to splice the sequences.
The libraries were subsequently split in QIIME (Illumina,
CA, USA) to obtain clean tags. All reads were sorted into
different samples according to their barcodes. On the
basis of 97% similarity, Vsearch was used to classify valid
tags into different operational taxonomic units (OTUs).
Principal component analysis (PCA) based on the Uni-
Frac distance was performed with QIIME. Linear dis-
criminant analysis (LDA) with effect size measurements
(LEfSe) was used to identify indicator bacterial groups
specific to these groups.
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Statistical analyses

The data are presented as the means+standard devia-
tions. One-way analysis of variance (ANOVA) was
performed when the data conformed to a normal distri-
bution. When Levene’s test of equality of error variance
indicated homogeneity of variance, the least significant
difference (LSD) method was applied for multiple com-
parisons, whereas if Levene’s test indicated heterogeneity
of variance, Dunnett’s T3 test for multiple comparisons
was performed. If the data did not conform to a normal
distribution, they were analyzed by the Kruskal-Wallis
test, followed by the Wilcoxon comparison test for pair-
wise comparisons. A P value<0.05 was considered to
indicate statistical significance. Statistical analysis was
performed via SPSS 26 (IBM Corp., Armonk, NY).

Results

The combination of Bifidobacterium and Rosuvastatin
increased energy intake but had no significant effect

on blood lipids or body weight in MAFLD rats

The vital signs of all the rats in each group were stable
during feeding. Body weight began to differ between
the rats in Group N and those in the HFD-fed groups
(Groups M, P, S, and P-S) at week 6, with the largest
differences observed at week 8 (Fig. 1a). After the inter-
vention for 4 weeks, there was no significant difference
in body weight among the HFD-fed groups, and there
was no difference in body weight between the Group N
and the HFD-fed groups (Table 2). The energy intake
of the rats in each group changed little in the first 8
weeks but decreased in the 9th week after interven-
tion (Fig. 1b). Over the 12 weeks of the experiment, the
energy intake of the rats in Group N was lower than
that of the rats in the HFD-fed groups (Fig. 1b). In par-
ticular, in the first 8 weeks, the energy intake of the rats
in the HFD-fed groups was greater than that of the rats
in Group N, whereas no difference was detected among
the HFD-fed groups (Table 2). In the final 4 weeks,
compared with that in Group N, the energy intake in
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Fig. 1 a Changes in the body weights of the rats in each group over time. b Changes in food and water intake by the rats in each group over time
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Table 2 Body weight and food and water intake of the rats in each group

Group Body weight on week 8, g Body weight on Weight gain, g Energy intake in the first Energy intake in

week 12,9 8 weeks, g the last 4 weeks,
9

N 464.43+4522 457.00+40.67 277.83+39.17 22343+10.00 187.04+6.77

M 526.86+47.95% 501.33+29.74 3223342556 530.18+19.64" 274.70+46.38

P 513.57+25.09" 485.17+50.89 306.83+55.00 523.20+20.82" 394.28+23.04*

S 509.14+22.15" 537.67+53.03 3543345044 52545+20.17" 499.98+30.04**

P-S 517.57 £29.06" 504.00+74.19 321.67+74.84 519.25+17.69" 257.56+110.51

The data are presented as the means + standard deviations. 0-7 weeks, n=8; 8-12 weeks, n=6, ¥P <0.05 compared with Group N, #P<0.01 compared with Group N; *

P<0.05 compared with Group M, ** P<0.01 compared with Group M

Table 3 Serum concentrations of TC, TG, HDL-C, and LDL-C in
the rats in each group

Group TC(mmol/L) TG (mmol/L) HDL-C LDL-C (mmol/L)

(mmol/L)
N 1.55+0.29 06+0.21 0.99+0.25 036+0.18
M 1.51+047 0.58+0.43 096+0.26 0.34£0.06
P 1.50+0.28 044+0.18 1.0+0.24 0.33+£0.06
S 1.53+0.38 055+0.14 0.97+0.21 0.34+0.06
P-S 1.17+0.36 044+0.12 0.73+£0.13 0.31+£0.05

The data are presented as the means + standard deviations

Group M was still greater, whereas compared with that
in Group M, the energy intake in Groups P and S was
greater (Table 2).

The results of the blood lipid level measurements
revealed no significant differences between Group N and
Group M and no significant differences among the HFD-
fed groups (Table 3).

The combination of Bifidobacterium and Rosuvastatin
decreased the liver-related indices in MAFLD rats

The liver index and IR index of Group M were greater
than those of Group N, and compared with those of
Group M, the liver index was lower in Groups P and P-§,
and the IR index was lower in Groups P-S (Fig. 2a and
b). The AST and ALT levels in Group M tended to be
greater than those in Group N, but the difference was not
statistically significant (Fig. 2c and d). However, the AST
and ALT levels of Group M were greater than those of
Groups P-S (Fig. 2c and d).

The combination of Bifidobacterium and Rosuvastatin
significantly improved liver pathology and reduced MAS

in MAFLD rats

Representative images of HE-stained liver tissue from
each group after intervention for 4 weeks are shown in
Fig. 3a. The hepatic lobules appeared normal for Group

N, with no evidence of hepatic steatosis or inflamma-
tory cell infiltration. The hepatic lobules of Group
M were unclear, as the liver cells were enlarged, with
the nucleus on one side and lipid droplets in the cyto-
plasm. In addition, some of the sink areas had inflam-
matory foci. Compared with Group M, Groups P, S,
and P-S improved hepatocyte adipose degeneration
and intralobular inflammation. Compared with those of
Group N, the MASs of Group M were greater, and the
MASs of Groups P, P-S, and S were lower than those of
Group M (Fig. 3b).

The combination of Bifidobacterium and Rosuvastatin
could regulate the TLR-4/NF-kB and AMPK/Nrf2 pathways
and reduce the release of inflammatory cytokines in liver
tissue

Compared with those in Group N, the relative expres-
sion levels of p-AMPK and Nrf2 in Group M were sig-
nificantly lower, whereas compared with those in Group
M, the relative expression levels of p-AMPK and Nrf2 in
Groups P, S, and P-S were significantly greater (Fig. 4a
and b). Compared with those in Group N, the relative
expression levels of TLR-4 and p-p65 in Group M were
significantly greater, whereas compared with those in
Group M, the relative expression levels of TLR-4 and
p-p65 in Groups P, S, and P-S were significantly lower
(Fig. 4c and d). Compared with those in Group N, the
expression levels of IL-6, IL-1p and TNF-a in Group M
were greater, whereas the expression levels of IL-6, IL-1p
and TNF-« in Groups N, P, S, and P-S were lower than
those in Group M (Fig. 4e, fand g).

Together, these results demonstrated that HFD feed-
ing could downregulate the Nrf2 and p-AMPK within the
AMPK/Nrf2 pathway and upregulate TLR-4 and p-p65
within the TLR-4/NF-kB pathway in MAFLD rats, while
also increasing IL-6, IL-1f3, and TNF-a. However, admin-
istration of Bifidobacterium, Rosuvastatin, and their
combination could inhibit these changes.
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Fig. 2 a, b Liverindices and IR indices of the rats in each group compared by one-way analysis of variance (ANOVA) followed by the least significant
difference (LSD) multiple comparison test. ##P < 0.01 compared with Group N, **P<0.01 compared with Group M. ¢, d ALT and AST levels in each
group compared via the Kruskal-Wallis H test. *P <0.05 compared with Group M, **P<0.01 compared with Group M

The combination of Bifidobacterium and Rosuvastatin
increased the relative counts of intestinal neurons

and EGCs in MAFLD rats

On immunohistochemical staining of intestine sec-
tions, intestinal neurons were fluorescently labeled with
red, and EGCs were fluorescently labeled with green
(Fig. 5a). Compared with those in Group N, the relative
counts of intestinal neurons and EGCs were lower in
Group M (Fig. 5b and c). Compared with those in Group
M, the relative counts of intestinal neurons were greater
in Groups S and P-S (Fig. 5b), and the relative counts of
EGCs in Groups P, S, and P-S were greater (Fig. 5c¢).

The combination of Bifidobacterium and Rosuvastatin
promoted gastrointestinal motility in MAFLD rats
Compared with those in Group N, the intestinal propul-
sion and gastric emptying rates in Group M were lower,
whereas compared with those in Group M, the intestinal
propulsion and gastric emptying rates in Groups P and
P-S were greater (Fig. 6a and b). Compared with those in
Group N, the levels of GT and 5-HT were lower and the

levels of VIP and SST were greater in Group M. Com-
pared with those in Group M, the levels of GT and 5-HT
were greater and the levels of VIP and SST were lower in
Groups P, S, and P-S (Fig. 6¢, d, e and f).

The combination of Bifidobacterium and Rosuvastatin
could regulate the gut microbiota in MAFLD rats

The numbers of OTUs in each group were as follows
(Fig. 7a): 5844 in Group N, 6398 in Group M, 6106 in
Group P, 5991 in Group S, and 6236 in Group P-S. The
results revealed that the number of OTUs was increased
by HED feeding in rats and that treatment with Bifidobac-
terium, rosuvastatin, or their combination reversed this
change in OTUs. A total of 3648 OTUs were detected in
all five groups, reflecting a strong core microbiota in the
intestinal tract of the rats.

The confidence ellipse for Group M was far from
that for Groups N, P, S, and P-S (Fig. 7b). These results
revealed that the species composition of Group M was
quite different from that of the other groups, whereas the



Ran et al. Lipids in Health and Disease (2024) 23:401 Page 8 of 17

MAS score

P-S

Fig. 3 a Representative images of HE-stained liver samples from rats in each group (200x magnification; the black arrows indicate fatty changes).
b MAS scores for the rats in each group were compared via one-way ANOVA followed by the least significant difference (LSD) multiple comparison
test. ##P < 0.01 compared with Group N, **P<0.01 compared with Group M, *P<0.05 compared with Group M

species compositions were similar among the other four = Ruminococcaceae_UCG-005, and Ruminiclostridium,
whereas Group M included two biomarkers, namely,

Prevotellaceae_UCG-001 and Lachnospira. The remain-
ing three groups did not present genus-level biomark-
ers. These findings suggest that HFD feeding could alter

groups.

The differences in the gut microbiota species among all
five groups were examined via LEfSe (Fig. 7c). Group N
included three biomarkers, namely, Escherichia Shigella,

(See figure on next page.)
Fig. 4 a p-AMPK protein expression in each group compared by one-way ANOVA followed by the Dunnett T3 multiple comparison test. ##P <0.01

compared with Group N, **P<0.01 compared with Group M. b-d Nfr2, TLR-4, and p-p65 protein expression in each group compared by one-way
ANOVA followed by the least significant difference (LSD) multiple comparison test. ##P <0.01 compared with Group N, **P<0.01 compared

with Group M. e-g TNF-q, IL-1(3, and IL-6 levels in each group were compared by one-way ANOVA followed by the least significant difference (LSD)
multiple comparison test. ##P < 0.01 compared with Group N, **P<0.01 compared with Group M
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Fig.5 a Merged images of immunohistochemical staining of intestinal neurons (red fluorescence) and EGCs (green fluorescence), with nuclei in blue (200x
magnification). b Relative counts of intestinal neurons; ¢ relative counts of EGCs; both groups were compared by one-way ANOVA followed by the least
significant difference (LSD) multiple comparison test. ##P<0.01 compared with Group N, **P<0.01 compared with Group M, *P<0.05 compared with Group M
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Fig. 6 a Gastric emptying; b intestinal propulsion; ¢ GT level; d 5-HT level; e VIP level; and f SST level, all compared among the groups by one-way
ANOVA followed by the LSD multiple comparison test. ##P < 0.01 compared with Group N, #P < 0.05 compared with Group N, **P<0.01 compared

with Group M, *P<0.05 compared with Group M

the presence of intestinal biomarkers, but treatment
with Bifidobacterium, rosuvastatin, or their combination
could inhibit these alterations without generating new
biomarkers.

The gut microbiota of the rats primarily consisted of
Bacteroides, Firmicutes, and Proteobacteria at the phy-
lum level, and the sum of the relative abundances (RAs)
of Bacteroides and Firmicutes was close to 90% (Fig. 7d).
Compared with those in Group N, the RAs of Gemma-
timonadetes and Proteobacteria in Group M were lower
(Fig. 7f and g), whereas compared with those in Group M,

the RAs of Gemmatimonadetes in Groups S and P-S were
significantly greater (Fig. 7f). The gut microbiota of the rats
consisted mainly of Prevotellaceae_ Ga6Al_group, Bacte-
roides, [Eubacterium]_coprostanoligenes_group, and Lach-
nospiraceae_NK4A136_group at the genus level (Fig. 7e).
Compared with those in Group N, the RAs of Sphingo-
monas, Asticcacaulis, and Prevotellaceae UICG-001 were
greater, and the RAs of Escherichia-Shigella and Fusobac-
terium were lower in Group M (Table 4). Compared with
those in Group M, there was an increase in the RA of Rumi-
nococcaceae_UCG-013; a decrease in the RA of Turicibacter
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Fig. 7 a Numbers of OTUs in each group. b Confidence ellipses for each group. ¢ Species differences in the gut microbiota among all five groups
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Table 4 RAs of the gut microbiota at the genus level in each group

Genus N M P S P-S
Sphingomonas 0.005+0.003 0.016+0.009" 0.021+0.007 0.023+0.007 0.027 +0.006*
Streptomyces 0.019+0.005 0.018+0.006 0.016+0.006 0.009 +0.004** 0.012+0.003*
Ruminococcaceae 0.129+0.080 0.1294£0.042 0.215+£0.097* 0.085+0.025 0.124+0.060
_UCG-013
Odoribacter 0.005+0.005 0.003+0.001 0.006+0.004 0.017+0.004 0.033+0.007**
Escherichia-Shigella 4.084+6.628 0.053+0.046" 0.061+0.028 3.156+6.369 0.729+1.533
Fusobacterium 0.004+0.001 0.000+0.001* 0.002+0.002 0.006+0.003** 0.003+0.002
Turicibacter 0.080+0.034 0.142+0.114 0.024+0.018* 0.042+0.066 0.021+0.022%
Asticcacaulis 0.000+0.000 0.004+0.003" 0.004+0.002 0.002+0.002 0.002+0.002
Lachnospiraceae 0.152+£0.143 0.135+£0.062 0.051+£0.021 0.022+0.034* 0.065+0.048
_UCG-001
Akkermansia 0.001+0.001 0.000+0.000 0.000+0.000 0.002+0.004 0.014+0.022%
Lachnospira 0.025+0.038 0.195+0.152 0.022+0.018 0.027 +0.063* 0.099+0.191
Prevotellaceae 0.286+0.432 1.040+0.266" 0.333+0432 0.240+0.163 0.881+1.339
UCG-001

The data are presented as the means + standard deviations. *P < 0.05 compared with Group N, #P<0.01 compared with Group N; * P<0.05 compared with Group M, **

P<0.01 compared with Group M

in Group P; an increase in the RA of Fusobacterium; a
decrease in the RAs of Streptomyces, Lachnospiraceae_
UCG-001 and Lachnospira in Group S; an increase in the

RAs of Sphingomonas, Odoribacter, and Akkermansia; and
a decrease in the RAs of Turicibacter and Streptomyces in
Groups P-S (Table 4).
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Relationships between the gut microbiota and liver-

and gastrointestinal-related indices

Spearman correlation analysis was performed to assess
the relationships between the RAs of the 12 genera
listed above and the related indices of the gastroin-
testinal tract and liver. The results revealed that five
genera were related to liver function, gastrointestinal
hormone levels, inflammatory cytokine production,
and the expression levels of pathway-related proteins.
Specifically, the RA of Sphingomonas was negatively
correlated with the ALT and AST levels (both P<0.05),
as was the RA of Odoribacter (both P<0.01), whereas
the RA of Turicibacter was positively correlated with
the ALT and AST levels (both P<0.05). The RA of
Escherichia-Shigella was positively correlated with the
levels of GT, 5-HT, p-AMPK, and Nrf2 (all P<0.05) and
negatively correlated with the levels of VIP, SST, TLR-4,
p-p65, TNF-a, IL-1pB, and IL-6 (all P<0.05). The RA of
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Asticcacaulis was positively correlated with the levels
of VIP, SST, TLR-4, p-p65, TNF-q, IL-1f, and IL-6 (all
P <0.05) and negatively correlated with the levels of GT,
5-HT, p-AMPK, and Nrf2 (all P<0.05). Overall, these
results support the idea that activation of the TLR4/
NF-kB signaling pathway can lead to increased pro-
duction of inflammatory cytokines, which leads to an
inflammatory reaction in the liver (Fig. 8).

Discussion

In the present study, HFD feeding significantly increased
the body weight, liver index, and IR index of the rats
and resulted in successful generation of a MAFLD
model. Treatment with Bifidobacterium decreased the
liver indices of MAFLD model rats, but the applica-
tion of Bifidobacterium combined with rosuvastatin
decreased the liver indices, IR indices, ALT concentra-
tions, and AST concentrations in MAFLD model rats.
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Fig. 8 Correlations between RAs of components of the gut microbiota and liver- and gastrointestinal-related indices. *P < 0.05, **P < 0.01.
Correlation coefficients >0 indicate a positive correlation, whereas those <0 reflect a negative correlation
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Bifidobacterium, rosuvastatin, and their combina-
tion had no effect on the body weight of MAFLD rats,
which is consistent with findings in the previous lit-
erature [23] showing that rosuvastatin has no effect on
the body weight of HFD-fed rats. In previous studies,
some types of Bifidobacterium were able to reduce body
weight [24, 25], but in the present study, Bifidobacte-
rium had no effect on body weight in rats. This differ-
ence may be because the type of Bifidobacterium used
in this study was different from that used in other stud-
ies or because the dose of Bifidobacterium administered
was small and could not achieve weight loss in HFD-fed
animals [26]. Overall, the effect of Bifidobacterium on
the body weight of HFD-fed rats requires further inves-
tigation. Surprisingly, treatment with Bifidobacterium
or rosuvastatin increased the energy intake of the rats,
but treatment with their combination did not. Accord-
ing to the literature [18, 24], Bifidobacterium and statins
have no effect on energy intake. In this study, Bifidobac-
terium increased energy intake, which may be related to
its ability to protect appetite [27], whereas the ability of
rosuvastatin to increase energy intake may be related to
rosuvastatin-induced diabetes [28]. These results pro-
vide new evidence that the combination of Bifidobacte-
rium and rosuvastatin is relatively effective.

In this study, a HFD led to downregulation of the
expression of p-AMPK and Nrf2 in the AMPK/Nrf2
pathway and upregulation of the expression of TLR-4 and
p-p65 in the TLR-4/NF-kB pathway in MAFLD rats. In
the MAFLD rat model generated by HFD feeding, the
levels of IL-6, IL-1f, and TNF-a were increased, which
promoted pathological changes in the livers of the rats.
Treatment with Bifidobacterium, rosuvastatin, or their
combination inhibited these changes and improved liver
pathology. The TLR4/NF-kB pathway is the key path-
way that regulates inflammatory mediators. TLR4 is a
pattern recognition receptor that can recognize lipopol-
ysaccharides. Once TLR4 is activated by lipopolysac-
charide, inhibitors of NF-kB-a can be phosphorylated,
which leads to the phosphorylation of NF-«kB and enables
NF-«B to enter the nucleus, resulting in the release of
inflammatory mediators, such as IL-6, IL-1p, and TNE-
a, among others [29]. AMPK acts as the ideal cellular
energy charge sensor. After AMPK activation, fatty acid
oxidation can be regulated via the phosphorylation of a
variety of downstream substrates to maintain the level
of ATP [30]. At the gene level, the expression of antioxi-
dants and detoxification enzymes can be regulated by
Nrf2. Once cells are subjected to oxidative stress, Nrf2
is released from Keapl and transferred to the nucleus.
This triggers the cellular antioxidant defense response by
stimulating the expression of an antioxidant stress gene
(HO-1 gene) [31, 32].
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In this study, HFD-fed rats presented decreased rela-
tive counts of intestinal neurons and EGCs, decreased
secretion of GT and 5-HT, increased secretion of VIP
and SST, and a reduction in gastrointestinal emptying.
Treatment with Bifidobacterium, rosuvastatin, or their
combination increased the secretion of GT and 5-HT
and decreased the secretion of VIP and SST, but treat-
ment with rosuvastatin did not promote gastrointesti-
nal emptying, and treatment with Bifidobacterium did
not increase the relative counts of intestinal neurons
in MAFLD rats. Previously, neuron enrichment was
believed to independently regulate the movement,
secretion, and absorption of the gastrointestinal tract,
but increasing evidence has suggested that EGCs can
not only nourish and support gastrointestinal neurons
but also directly and indirectly participate in the regula-
tion of gastrointestinal motility [33]. In this study, HFD
consumption led to gastrointestinal dysfunction in rats
due to the loss of neurons and EGCs in the colon, which
is consistent with previously reported findings [34]. GT
and 5-HT can stimulate gastrointestinal smooth muscle
to contract and promote gastrointestinal emptying [35,
36]. Conversely, SST and VIP can relax gastrointestinal
smooth muscle and slow gastrointestinal emptying [37,
38]. In the present study, treatment with rosuvastatin
decreased the SST and VIP levels and increased the GT
and 5-HT levels but did not promote gastrointestinal
emptying, which may be related to the adverse effects
of statins. A previous study [39] showed that statins
can cause chronic and persistent intestinal motility
disorders, change the level of nitric oxide, and affect
intestinal peristalsis. Therefore, treatment with the
combination of Bifidobacterium and rosuvastatin had
the greatest improvement effect on intestinal neurons,
EGCs and gastrointestinal emptying in MAFLD rats.

Many studies have shown that the abundance of Fuso-
bacterium is increased in patients with colon cancer
and that its metabolism in the intestinal tract results
in the production of large amounts of butyrate and
hydrogen sulfide. Butyrate, with its anti-inflamma-
tory effect, is the energy source of colon cells, and the
highly toxic end product hydrogen sulfide can inhibit
the effective utilization of butyrate by colon cells [40].
In the present study, HFD consumption reduced the
abundance of Fusobacterium, and treatment with rosu-
vastatin inhibited this change. However, unfortunately,
metabolites such as butyrate were not measured in the
present study; thus, the advantages and disadvantages
of Fusobacterium need to be further studied. Rumino-
coccaceae_UCG-013 is a butyrate-producing bacteria,
and butyrate has beneficial effects on the body [41].
Studies have shown that some bacteria in Turicibac-
ter have negative physiological effects on the host [42,
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43]. Correlation analysis revealed a positive correlation
between the RA of Turicibacter and liver function, sug-
gesting that treatment with Bifidobacterium and Bifi-
dobacterium combined with rosuvastatin may improve
liver function by reducing the RA of Turicibacter.

Streptomyces are distributed mainly in soil, and their
most important use is in the production of antibiotics
[44]. One study [45] showed that the addition of Strep-
tomyces aureus can increase the weight of animals, but
its effect on the gastrointestinal tract remains unknown.
In the present study, treatment with rosuvastatin and
Bifidobacterium combined with rosuvastatin reduced
the RA of Streptomyces in the intestines, but this change
was not accompanied by weight loss. Therefore, further
research is needed to confirm the link between the RA
of Streptomyces and body weight. Another study [46]
showed that the decrease in liver function and blood lipid
levels in rats fed a HFD is related to the decrease in the
RA of Lachnospiraceae_UCG-001 in these rats. In the
present study, treatment with rosuvastatin reduced Lach-
nospiraceae_UCG-001 in HFD-fed rats, indicating that
rosuvastatin may regulate liver function by reducing the
RA of Lachnospiraceae_UCG-001.

Many strains in Lachnospira are producers of short-
chain fatty acids, which act to maintain the normal
function of the bowel [44]. In this study, treatment with
rosuvastatin led to a reduction in Lachnospira, and a
related study [39] revealed that statins can cause chronic
and persistent intestinal motility disorders. Thus, treat-
ment with rosuvastatin may lead to gastrointestinal
motility disturbance by reducing the RA of Lachnospira.
Research has shown that Odoribacter can produce short-
chain fatty acids, and a decrease in the RA of Odoribac-
ter is related to many microbiota-related diseases, such
as MAFLD, cystic fibrosis, and inflammatory bowel dis-
ease [47]. Research has also revealed that treatment with
Odoribacter can inhibit colon cancer [48]. Correlation
analysis revealed a negative correlation between the RA
of Odoribacter and liver function, indicating that Bifido-
bacterium combined with rosuvastatin could improve
liver function by increasing the RA of Odoribacter.
Akkermansia is a key participant in metabolism and gas-
trointestinal diseases and a candidate for probiotics [49].
The combined use of Bifidobacterium and rosuvastatin
was found to increase RA and produce beneficial effects
on the body.

Study strengths and limitations

In this study, we observed a comprehensive set of indica-
tors, which once again confirmed the effectiveness of Bifi-
dobacterium and rosuvastatin on MAFLD. Additionally,
we found that the combined use of Bifidobacterium and
rosuvastatin was superior to the individual use, providing
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new insights into the treatment of MAFLD. However,
we also recognize that there are some limitations to our
study. Firstly, our sample size is small/limited, which may
restrict the generalizability of our results. Secondly, the
failure to observe some indicators means we were unable
to emphasize the specific mechanisms of gut-liver axis in
this study. Nevertheless, we believe that these limitations
can be overcome by future research, such as by measur-
ing bile acid, choline and short-chain fatty acid levels in
the future study. In summary, our study provides new
directions for the treatment of MAFLD. Despite some
limitations, we believe that these findings offer valuable
references for future research and practice.

Conclusions

All three treatments improved liver pathology and reg-
ulated gastrointestinal hormones, but treatment with
Bifidobacterium also reduced the liver index, increased
beneficial bacteria and the relative counts of EGCs, and
promoted gastrointestinal motility. Treatment with the
combination of Bifidobacterium and rosuvastatin also
reduced the liver index and IR index, increased beneficial
bacteria and the relative counts of intestinal neurons and
EGCs, decreased ALT and AST, and promoted gastroin-
testinal motility.
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