
O R I G I N A L  A R T I C L E Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Yan et al. AMB Express          (2024) 14:100 
https://doi.org/10.1186/s13568-024-01756-7

AMB Express

*Correspondence:
Jingran Liu
liujingran1983@163.com
Yuzhen Wang
wangyuzhen817@126.com
1College of Life Sciences, Inner Mongolia Agricultural University,  
Hohhot 010018, China
2Inner Mongolia Tianqi Biotechnology Co., Ltd, Chifeng 024000, China

Abstract
Non-alcoholic fatty liver disease (NAFLD) is becoming a significant global public health threat. Seabuckthorn 
(Hippophae rhamnoides L.) has been used in traditional Chinese medicine (TCM). The hypolipidemic effects of 
Seabuckthorn polysaccharides (SP) against high-fat diets (HFD)-induced NAFLD were systematically explored 
and compared with that of Bifidobacterium lactis V9 (B. Lactis V9). Results showed that HFD-induced alanine 
transaminase (ALT) and aspartate aminotransferase (AST) levels decreased by 2.8-fold and 4.5-fold, respectively, 
after SP supplementation. Moreover, the alleviating effect on hepatic lipid accumulation is better than that of B. 
Lactis V9. The ACC and FASN mRNA levels were significantly reduced by 1.8 fold (P < 0.05) and 2.3 folds (P < 0.05), 
respectively, while the CPT1α and PPARα mRNA levels was significantly increased by 2.3 fold (P < 0.05) and 1.6 fold 
(P < 0.05), respectively, after SP administration. SP activated phosphorylated-AMPK and inhibited PPARγ protein 
expression, improved serum oxidative stress and inflammation (P < 0.05). SP supplementation leads to increased 
hepatic expression of nuclear factor erythroid 2-related factor 2 (Nrf-2), heme oxygenase-1 (HO-1) and Superoxide 
dismutase-2 (SOD-2). Furthermore, SP treatment improved HFD-induced intestinal dysbiosis. Lentisphaerae, 
Firmicutes, Tenericutes and Peptococcus sp., RC9_gut_group sp., and Parabacteroides sp. of the gut microbiota were 
significantly associated with hepatic steatosis and indicators related to oxidative stress and inflammation. Therefore, 
SP can mitigate hepatic lipid accumulation by regulating Nrf-2/HO-1 signaling pathways and gut microbiota. This 
study offers new evidence supporting the use of SP as a prebiotic treatment for NAFLD.

Key points
 • SP supplementation mitigates HFD-induced hyperlipidemia and hepatic lipid accumulation.
 • SP elevated the levels of phosphorylated-AMPK and PPARγ protein expression.
 • SP promoted the hepatic anti-oxidative response by upregulating the Nrf-2/HO-1 signaling pathway.
 • SP restores HFD-induced dysbiosis in gut microbiota.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) has become 
a significant public health concern in many countries 
(Gong et al. 2017). Its main feature is the abnormal fat 
accumulation in more than 5% of liver cells (mainly in the 
form of triglycerides). The histological feature of NAFLD 
includes microvesicular or macrovesicular steatosis, 
which is not triggered by excessive alcohol consump-
tion or other clearly defined causes of liver injury (Koo 
2013; Friedman et al. 2018; Idalsoaga et al. 2020). Some 
NAFLD patients may progress from simple hepatic ste-
atosis to non-alcoholic steatohepatitis (NASH) which is 
characterized by inflammation, hepatocellular ballooning 
and fibrosis. NASH is at the risk of developing cirrhosis 
or hepatocellular carcinoma (Kwok et al. 2016; de Vries 
et al. 2020). In addition, NAFLD is closely associated with 
metabolic disorders such as obesity, type 2 diabetes, insu-
lin resistance and dyslipidemia (Friedman et al. 2018). 
However, in addition to exercise and calorie restriction, 
there are currently no specific pharmaceutical treatments 
for NAFLD (Xue et al. 2024b). Hence, there is an urgent 
need to explore new agents with both hypolipidemic and 
anti-inflammatory effects for treating NAFLD and its 
complications.

In the occurrence and development of NAFLD, high-
fat and high-calorie intake and insulin resistance leads 
to increased lipid deposition in the liver, resulting in 
oxidative stress, mitochondrial dysfunction, lipid per-
oxidation and endoplasmic reticulum stress that promote 
inflammatory responses in liver cells, ultimately leading 
to cirrhosis and liver cancer (James et al. 1998). AMP-
activated protein kinase (AMPK) is an energy sensor that 
plays an important role in ameliorating NAFLD de novo 
lipid synthesis and boosting fatty acid oxidation (Smith et 
al. 2016; Fang et al. 2022). Researches have demonstrated 
a notable decrease in both the expression and activity of 
AMPK within the liver among individuals with metabolic 
diseases (Xu et al. 2024; Zou et al. 2024). Peroxisome 
proliferator-activated receptors (PPARs) are ligand-
activated receptors belonging to the nuclear hormone 
receptor superfamily, regulating glucose and lipid metab-
olism, inflammation, and fibrosis (Francque et al. 2021). 
PPARγ plays a crucial role in lipid synthesis and hepatic 
inflammation (Cariello et al. 2021). It has been reported 
that PPARγ expression is significantly increased in the 
NAFLD models (Puengel et al. 2022). On the contrary, 
the PPARγ antagonist GW9662 can improve lipid metab-
olism in NASH mice (Xiao et al. 2023). Nuclear factor 
erythroid 2-related factor 2 (Nrf-2), a key transcription 
factor regulating intracellular antioxidant responses, 
plays a critical role in regulating lipid peroxidation and 
cell metabolism (Martín-Fernández et al. 2022; Ngo et al. 
2022). Heme oxygenase-1 (HO-1), a target gene of Nrf-
2, mediates anti-oxidative and anti-inflammatory effects 

in response to cellular stress and diverse oxidative stim-
uli (Shaw et al. 2020). Recent reports have shown that 
the HO-1 agonist oxyberberine could alleviate oxidative 
stress in mice with acute liver injury by activating the 
Nrf-2 signaling pathway (Ai et al. 2022). In addition, bio-
active dipeptides can also alleviate metabolic fatty liver 
disease by up-regulating the Nrf-2/HO-1 signaling path-
way (Wayal et al. 2023).

The gut microbiota and its metabolites play crucial 
roles in many metabolic diseases, such as obesity, type 2 
diabetes, NAFLD and cardiovascular disease (Wu et al. 
2021b). Studies have shown that commensal Bacteroides 
fragilis exacerbates NAFLD by inducing intestinal micro-
biota dysbiosis (Huang et al. 2024). Supplementation of 
the gut microbial metabolite indole-3-acetate could alle-
viate diet-induced hepatic steatosis and inflammation 
in mice (Ding et al. 2024). Recently, growing researches 
indicate that the traditional Chinese herbs may alleviate 
metabolic diseases by modulation of gut microbiota (Bao 
et al. 2022).

Seabuckthorn (Hippophae rhamnoides L.) has a long 
history of medicinal use in China, as documented in “Si 
Bu Yi Dian”. Seabuckthorn polysaccharide (SP) is the 
main active component in Seabuckthorn berries, which 
exhibits a wide range of pharmacological activities such 
as liver protection, anti-inflammatory, antioxidant, and 
immune-enhancing effects (Yuandangongbu 1983). Our 
previous study has demonstrated that SP could mitigate 
carbon tetrachloride-induced hepatic injury via its anti-
oxidant and anti-inflammatory activities (Zhang et al. 
2017). SP can also alleviate acetaminophen-induced hep-
atotoxicity by activating the Nrf-2/HO-1 signaling path-
way (Wang et al. 2018). Whether SP exhibits beneficial 
effects against high-fat diet (HFD)-induced NAFLD are 
not yet known. Given the multitude of studies showcas-
ing the gut microbiota-modulating effects of polysaccha-
rides, there is significant potential for their utilization as 
prebiotics in the prevention of metabolic associated fatty 
liver disease (MAFLD) (Guo et al. 2023). Our previous 
study has shown that Bifidobacterium lactis V9 (B. Lactis 
V9) can alleviate high-fat diet-induced NAFLD by modu-
lating Adenosine 5’-monophosphate (AMP)-activated 
protein kinase (AMPK) and TLR-NF-κB signaling path-
ways (Yan et al. 2020). Whether SP and B. Lactis V9 can 
modulate the gut microbiota to alleviate NAFLD remains 
largely unknown. This study aims to investigate the ben-
eficial effects and underlying mechanisms of SP against 
HFD-induced NAFLD. The inclusion of B. Lactis V9 in 
the study is depicted for comparative purposes. The study 
could offer a theoretical foundation for the development 
of SP as a prebiotic preparation for preventing metabolic 
diseases.
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Materials and methods
Reagents
Berberine hydrochloride (purity > 98%) was purchased 
from Aladdin Reagent Co., Ltd, Shanghai, China. Rat 
interleukin-1β (IL-1β), interleukin-6 (IL-6) and tumor 
necrosis factor-α (TNF-α) enzyme-linked immuno-
sorbent assay (ELISA) kits were purchased from Xin-
bosheng Biotechnology, Shenzhen, China. Superoxide 
dismutase (SOD) and malondialdehyde (MDA) assay 
kits were purchased from Nanjing Jianchen Bioengineer-
ing Institute, Nanjing, China. BCA protein assay kit was 
purchased from Shanghai Bioengineering Co. Ltd, China. 
Two types of diets were obtained from Beijing Keao Xieli 
Feed Co.,Ltd, China: a standard diet containing 12% fat 
energy (RD) and a high-fat diet containing 35% fat energy 
(HFD). Trizol reagent was purchased from Tiangen Bio-
chemical Technology Co., Ltd, Beijing, China. Reverse 
transcription PCR kit was purchased from TaKaRa Bio-
technology Co., Ltd, Dalian, China. Antibodies against 
Nrf-2 (ab31163), heme oxygenase-1 (HO-1) (ab189491) 
and glutamate-cysteine ligase catalytic subunit (GCLC) 
(ab207777) were purchased from Abcam (Cambridge, 
UK). Superoxide dismutase-2 (SOD-2) (WL02506) and 
peroxisome proliferator-activated receptor γ (PPARγ) 
(WL01800) antibodies were purchased from Shenyang 
Wanlei Biotechnology Co, Ltd, China.

Preparation of SP and B. Lactis V9
The detailed extraction procedure of Seabuckthorn poly-
saccharides (SP) was described in previous experiments. 
HPLC analysis showed that SP is composed of man-
nose, arabinose, glucose, galactose, and rhamnose with 
a molecular ratio of 2.02:1.02:4.24:1:9.22. The average 
molecular weight (MW) of SP is 275,420 Da (Zhang et 
al. 2017). The preparation of B. Lactis V9 was carried out 
according to the procedures as we described previously 
(Sun et al. 2010).

Animal experiments
Forty-eight male Wistar rats (120–140 g) were acquired 
from Beijing Viton Lever Laboratory Animal Technol-
ogy Co. Ltd (Beijing, China). The rats were kept in a 
controlled environment with a temperature of 24 ± 1 ℃, 
relative humidity of 55 ± 5%, and a 12-hour light/dark 
cycle. After one week of acclimatization, rats were ran-
domly divided into six groups (n = 8): control (Ctrl), high-
fat diet (HFD), HFD + berberine (HFD + Ber), HFD + SP 
and HFD + B. Lactis V9 (HFD + V9) groups. Rats were 
maintained on HFD or a chow diet for six weeks. After 
six weeks, rats in the HFD + SP group received a dose of 
SP solution (200 mg/kg) via gavage (Liu et al. 2015), rats 
in the HFD + Ber group were given berberine hydrochlo-
ride (300 mg/kg) orally, and rats in the HFD + V9 group 
were orally administered B. Lactis V9 (1 × 109 CFU/ml) 

(Yan et al. 2020). An equal volume of distilled water was 
given to the rats in other groups for a total of 4 weeks. 
The tests were carried out following the regulations for 
animal studies set by the Animal Ethics Committee at 
Inner Mongolia Agricultural University (No.[2020]084). 
Rats were put to death following an intraperitoneal injec-
tion of a 1% solution of pentobarbital sodium (0.17 mL 
per 100 g). Blood samples, cecum contents and liver tis-
sue samples were collected and weighed. Liver samples 
were partially fixed in 4% paraformaldehyde overnight, 
while the rest of the tissues were promptly frozen in liq-
uid nitrogen and kept at – 80 ℃ until additional analysis.

Biochemical analysis
Serum samples were centrifuged at 3000×g (HERMLE, 
Z326K, German) for 10  min and stored at – 80  °C for 
subsequent analysis. Serum levels of alanine aminotrans-
ferase (ALT), aminotransferase (AST), total cholesterol 
(TC), and glucose (GLU) were determined using an auto-
mated biochemistry analyzer (Olymbus 2700) accord-
ing to the instructions of the clinical laboratory of Inner 
Mongolia People’s Hospital (Hohhot, China). Serum con-
centrations of IL-1β, IL-6, and TNF-α were determined 
by ELISA kits following the manufacturer’s instructions. 
Liver levels of SOD and MDA were measured by using 
commercial biochemical kits (Chen et al. 2024).

Histological analysis
After 24  h of fixation, liver tissues were dehydrated in 
ethanol treated by xylene, and then embedded in paraffin. 
The liver samples were sectioned at a thickness of 5 μm 
and subsequently stained with hematoxylin-eosin (H&E). 
The images of HE staining were obtained by using a light 
microscope (Nikon Eclipse, E100, Japan) equipped with a 
digital camera and were blindly evaluated by a patholo-
gist (Azevedo Tosta et al. 2019).

Real-time PCR assay
Total RNA from liver tissue was extracted using Trizol 
reagent, and the concentration and purity of RNA (OD 
260/280) were determined using a NanoDrop 2000  C 
spectrophotometer (Thermo Scientific, Waltham, USA). 
Total RNA was reversely transcribed to cDNA using the 
Prime Script RT reagent Kit with gDNA Eraser. Real-time 
PCR analysis was performed to determine the transcrip-
tion levels of specific genes using the qTOWER sys-
tem2.2 (Jena Analytical Instruments, Germany). Primer 
sequences used in this study are listed in Supplemental 
Table S1. he relative gene expression levels was calculated 
by the 2−ΔΔCT method (Kralik and Ricchi 2017).

Western blotting analysis
The hepatic protein lysates were obtained by homogeni-
zation in radioimmunoprecipitation assay (RIPA) buffer 
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which is added with protease inhibitors. The protein con-
centrations were determined by using BCA protein assay 
kits. Equal amounts of lysates were separated by sodium 
dodecyl sulfate polyacrylamide (SDS-PAGE) gels and 
then transferred to polyvinylidene difluoride (PVDF) 
membranes (Invitrogen). After 1  h blocking in a solu-
tion of 5% (w/v) skim milk in tris-buffered saline (TBS) 
containing 0.1% Tween 20 (TBST), the membranes were 
immunoblotted with primary antibodies at 4℃ over-
night. The membranes were then washed 5 times with 
TBST and incubated with secondary goat anti-rabbit IgG 
H&L (IRDye® 800CW, ab216775) at room temperature 
for 1 h. The images of protein expression were acquired 
by using the LI-COR Odyssey® Infrared Imaging System. 
Quantification of the density of the protein bands were 
performed by using the Image Studio (version 5.2) soft-
ware (Taylor and Posch 2014).

16 S rRNA sequencing analysis of gut microbiota
To ensure the integrity of the DNA in the fecal samples, 
the fecal samples were placed in a DNA-protecting solu-
tion immediately after dissociation. Total DNA was then 
extracted according to the instructions of the E.Z.N.A.® 
soil kit (Omega Bio-tek, Norcross, GA, U.S.A). The 
purity, as well as the concentration of DNA was deter-
mined by using a NanoDrop2000. An Illumina-based 
high-throughput sequencing of the 16S rRNA genes 
V3-V4 regions approach was used to characterize the gut 
microbiota. The V3-V4 region of the bacterial 16S rRNA 
gene was amplified with primers as follow (343F 5’- TAC-
GGRAGGCAGCAG-3’ and 798R 5’- A G G G T A T C T A A 
T C C T-3’). The sequencing results were clustered into 
operational taxonomic units (OTUs) with 3% difference 
(97% similarity). The Vsearch software (v.2.4.2) was used 
for subsequent bioinformatics analysis. Significant differ-
ences (P < 0.05) between groups were determined using 
linear discriminant analysis (LDA) effect size (LEfSe) 
(LDA > 2) (Pollock et al. 2018).

Statistical analysis
In this study, we used SPSS software (version 21.0) to 
conduct the Shapiro-Wilk test on the experimental data 
and found that P > 0.05, indicating that the data follows 
a normal distribution. The experimental data were ana-
lyzed by one-way analysis of variance (ANOVA) and 
Duncan’s multiple range test using SPSS software (ver-
sion 21.0). P < 0.05 was considered as statistically signifi-
cant difference. Data were expressed as mean ± standard 
deviation (SD). The gut microbiota data for this study was 
processed using the Wekemo Bioincloud (https://www.
bioincloud.tech) (Gao et al. 2024). Abundance differences 
of gut microbiota at the phylum and genus levels were 
analyzed, identifying key gut microbiota between groups 
using LEfSe. Additionally, the relationship between 

different abundance OTUs and environmental factors 
was determined using Spearman correlation analysis.

Results
SP treatment attenuates high-fat diet-induced liver injury
In order to investigate the alleviating effect of high-fat 
diet (HFD)-induced liver injury by SP supplementation, 
we studied the changes in liver function and hepatic 
pathohistology. The serum levels of ALT and AST were 
significantly increased in the HFD group, which were 1.6-
fold and 2.2-fold higher than those in the control group 
(P < 0.05). SP supplementation significantly reduced the 
HFD-induced increases in ALT and AST levels by 2.8-
fold and 4.5-fold, respectively (P < 0.05, Fig. 1A–B, Table 
S2). The morphological changes of the liver tissue were 
observed by Hematoxylin and Eeosin (HE) staining. As 
shown in Fig. 1C, there existed disorganized hepatic cell 
cords and a marked accumulation of lipid droplets in 
the liver of the HFD group. In contrast, treatment with 
SP and B. Lactis V9 evidently reduced the hepatocellu-
lar accumulation of lipid droplets (P < 0.05, Fig.  1C–D). 
These results suggest that SP treatment attenuate HFD-
induced hepatic steatosis and injury.

Effects of SP supplementation on lipid metabolism-related 
genes in NAFLD rats
To investigate the alleviating effect of SP on high-fat diet-
induced disorder in lipid metabolism, the serum levels 
of TG and TC were measured. As shown in Fig. 2A and 
B, in agreement with the supplementation of B. Lactis 
V9, SP treatment significantly reduced the serum TG 
and TC levels (P < 0.05) In addition, SP supplementation 
also significantly reduced serum GLU levels (P < 0.05, 
Fig. 2C, Table S2). The hepatic expression levels of lipid-
related genes were detected subsequently. The mRNA 
levels of ACC, FASN and PPARγ were significantly ele-
vated by 1.6-fold (P < 0.05), 1.2-fold (P < 0.05) and 1.2-fold 
(P < 0.05) in rats of HFD group, respectively. In contrast, 
the mRNA levels of CPT1α and PPARα were significantly 
reduced by 2.3-fold (P < 0.05) and 1.2-fold (P < 0.05), 
respectively. This trend was reversed in those rats treated 
with SP as well as V9 (P < 0.05, Fig. 2D–H).

In addition, we also examined the protein expression 
levels of AMPK and PPARγ. As shown in Fig. 3, the pro-
tein expression of phosphorylated-AMPK (p-AMPK) was 
significantly reduced in the HFD group, and SP supple-
mentation significantly elevated the expression levels of 
p-AMPK (P < 0.05). Meanwhile, SP treatment decreased 
HFD-induced PPARγ expression (P < 0.05). These results 
suggest that SP supplementation activates the AMPK/
PPARγ signaling pathway in HFD-induced NAFLD rats, 
which in turn alleviates HFD-induced lipid metabolism 
disorders.

https://www.bioincloud.tech
https://www.bioincloud.tech
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SP treatment attenuates HFD-induced oxidative stress
In order to investigate the mitigating effect of SP on 
HFD-induced oxidative stress, the serum levels of SOD 
and MDA were measured. As shown in Fig.  4A and B, 
the SOD levels were decreased while MDA increased 
in the HFD group which is reversed by SP treatment 
(P < 0.05, Table S2). We went on to measure the expres-
sion levels of hepatic antioxidant-related genes by RT-
PCR. A significant decrease in the mRNA expression 
of Nrf-2, HO-1, GCLC and SOD-2 were found in the 
HFD group (P < 0.05), and SP treatment significantly 
up-regulated the transcription of these genes (P < 0.05, 
Fig. 4C). The protein expression of Nrf-2, HO-1, SOD-2 
and GCLC was quantified via Western blotting followed 
by densitometry analysis. As shown in Fig. 4D, the pro-
tein expression of Nrf-2, HO-1, SOD-2 and GCLC was 
significantly decreased in the HFD group (P < 0.05). The 
oral administration of SP as well as B. Lactis V9 reversed 

the suppression of these anti-oxidative protein levels 
(P < 0.05). These results suggest that SP treatment may 
attenuate HFD-induced oxidative stress by modulating 
the Nrf-2/HO-1 signaling pathway.

SP supplementation suppresses pro-inflammatory gene 
expression in NAFLD rats
The effects of SP on HFD-induced inflammatory cyto-
kine production were evaluated by ELISA. The results 
showed that the levels of TNF-α, IL-6 and IL-1β were 
significantly elevated in the HFD group (P < 0.05), while 
significantly reduced in the HFD + SP group (P < 0.05, 
Fig. 5A–C). It was also found that TNF-α, IL-6 and IL-1β 
mRNA levels in the HFD group were significantly higher 
than those in the Ctrl group (P < 0.05). SP treatment sig-
nificantly down-regulated the mRNA levels of TNF-α, 
IL-6 and IL-1β (P < 0.05), which is in line with berber-
ine hydrochloride and B. Lactis V9 supplementation 

Fig. 1 SP attenuates the extent of liver injury and hepatic histopathological lesions in NAFLD rats. A, B Serum expression levels of alanine aminotrans-
ferase (ALT) and glutamine aminotransferase (AST). C Representative hepatic tissue H&E staining images (200×). D Histologic scores (n = 3). Results were 
expressed as Mean ± SD. Significant differences between groups were expressed as P < 0.05
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Fig. 2 SP supplementation improves lipid metabolism in NAFLD rats. A Serum TG levels. B Serum TC levels. C Serum GLU levels. D–H mRNA levels of lipid 
metabolism-related genes in the liver. Results are expressed as mean ± SD. Group differences are indicated at P < 0.05
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(Fig. 5D–F). These results suggest that SP supplementa-
tion inhibits the expression of pro-inflammatory genes in 
NAFLD rats.

SP supplementation modulates gut microbiota in NAFLD 
rats
The impact of SP on the intestinal microbiota of NAFLD 
rats were expored using 16  S ribosomal RNA (rRNA) 
gene sequencing. After sequence processing and filtering, 
a total of 648,013 high-quality sequences were obtained. 
We ultimately obtained 8,091 operational taxonomic 
units (OTUs) after clustering. As illustrated in the Venn 
diagram, there were 576 shared OTUs among the five 
groups, with 4, 5, 4, 18, and 12 uniquely identified OTUs 
in the Ctrl, HFD, HFD + BER, HFD + SP, and HFD + V9 
groups, respectively (Fig. S1A). To investigate the specific 
changes in the intestinal microbiota due to SP treatment, 
the relative abundance of dominant taxa determined by 
sequencing was analyzed. The taxonomic analysis indi-
cated that at the phylum level, bacterial abundance was 
primarily classified as Firmicutes, Bacteroidetes, Proteo-
bacteria, Tenericutes, Cyanobacteria, Lentisphaerae, Ver-
rucomicrobia, and Actinobacteria. Compared to the Ctrl 
group, the HFD group showed a significant decrease in 
the levels of Firmicutes and Tenericutes, and a signifi-
cant increase in Cyanobacteria and Lentisphaerae. SP 

treatment resotored of the abundance of intestinal micro-
biota (Fig. 6A). Environmental factors have a significant 
impact on the host and intestinal microbiota homeosta-
sis. Therefore, Spearman correlation coefficients were 
calculated to analyze whether environmental factors 
were associated with the intestinal microbiota. As shown 
in Fig. 6B, Lentisphaerae showed significant positive cor-
relation (P < 0.05) with ALT, ACC and IL-6 (P < 0.01), and 
significant negative correlation (P < 0.05) with SOD. Fir-
micutes showed significant positive correlation (P < 0.05) 
with GCLC. Tenericutes showed significant positive cor-
relation (P < 0.05) with CPT1α, PPARα and SOD-2 were 
significantly positively correlated (P < 0.05, P < 0.01).

Subsequently, the composition of the intestinal micro-
biota was further analyzed at the genus level. The addi-
tion of SP significantly increased the abundance of 
Acetatifactor sp., Corynebacterium sp., Facklamia sp., 
Peptococcus sp., and RC9_gut_group sp., while signifi-
cantly reducing the abundance of Parabacteroides sp. 
(Fig.  7A, B). LEfSe analysis was performed to identify 
the major intestinal microbiota in different groups. The 
results revealed that there were many different genera in 
the intestinal microbiota of different treatment groups. 
In the Ctrl group, Anaerovorax sp. and Alistipes sp. had 
a relatively high abundance, while in the HFD group, 
Candidatus_Arthromitus sp. had a much higher relative 

Fig. 3 The impact of SP treatment on AMPK and PPARγ. Representative immunoblot images of phosphorylated AMPK (p-AMPK), total AMPK, and PPARγ. 
The results are presented as mean ± SD. Group differences are indicated by P < 0.05
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Fig. 4 The effects of SP treatment on oxidative stress in NAFLD rats. A Serum MDA levels. B Serum SOD levels. C Involvement of liver genes Nrf-2, HO-1, 
SOD-2, and GCLC in antioxidant defense at the mRNA levels. D Representative western blot images of Nrf-2, HO-1, SOD-2 and GCLC. Results are expressed 
as mean ± SD. Inter-group differences are indicated by P < 0.05
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abundance compared to other treatment groups. Addi-
tionally, it was found that following SP treatment, Pepto-
coccus sp. and Acetatifactor sp. had a considerably higher 
relative abundance compared to other treatment groups, 
and following B. Lactis V9 treatment, RC9_gut_group 
sp., Lachnospiraceae sp., and Helicobacter sp. had higher 
relative abundances compared to other treatment groups. 
In the berberine supplement group, Subdoligranulum 
sp. and Parabacteroides sp. had higher relative abun-
dances compared to other treatment groups (Fig. S1B). 
In addition, the Spearman correlation analysis showed 
that Peptococcus sp. and RC9_gut_group sp. were sig-
nificantly negatively correlated with MDA (P < 0.05) and 
significantly positively correlated with CPT1α, PPARα, 
and SOD-2 (P < 0.05, P < 0.01); Parabacteroides sp. were 
significantly positively correlated with ALT, AST, MDA, 
and IL-1β (P < 0.05) and significantly negatively corre-
lated with CPT1α, PPARα, SOD-2, and GCLC (P < 0.05, 
P < 0.01); Acetatifactor sp. and Corynebacterium sp. were 
significantly negatively correlated with IL-6 (P < 0.05) and 
significantly positively correlated with GCLC (P < 0.05); 
Facklamia sp. was significantly negatively correlated with 
IL-6 and ACC (P < 0.01) and significantly positively cor-
related with SOD (P < 0.05, Fig. 7C) These results indicate 
that SP can regulate the intestinal microbiota of NAFLD 
rats.

Discussion
NAFLD is a high prevalence disease characterized by 
excessive lipid accumulation or fat degeneration, with a 
global prevalence of up to 38%, and can progress from 
simple fat accumulation to cirrhosis and hepatocellu-
lar carcinoma (Vitulo et al. 2023; Younossi et al. 2023). 
A substantial body of research has demonstrated that 
polysaccharides, as natural products with wide pharma-
cological activities, can intervene in the occurrence and 
development of NAFLD by improving glucose and lipid 
metabolism, exerting antioxidant and anti-inflamma-
tory effects, and regulating the gut microbiota (Hu et al. 
2023). Our previous studies have shown that Seabuck-
thorn polysaccharides have a mitigating effect on car-
bon tetrachloride, LPS/D-galactosamine (d-GalN), and 
APAP -induced liver injury (Liu et al. 2015; Zhang et al. 
2017; Wang et al. 2018). This study demonstrate that Sea-
buckthorn polysaccharides can alleviate HFD-induced 
NAFLD by regulating the AMPK/PPARγ, Nrf-2/HO-1 
pathways, and the gut microbiota.

According to statistics, among blood donors with 
NAFLD, as many as 90% of cases showed elevated levels 
of alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) (Clark et al. 2003). In this study, the 
levels of ALT and AST in the serum of HFD-induced 
NAFLD rats were significantly increased. Supplementa-
tion with SP, berberine hydrochloride, and B. Lactis V9 

Fig. 5 The effects of SP on the expression of pro-inflammatory genes in NAFLD rats were supplemented. A Serum TNF-α levels. B Serum IL-1β levels. 
C Serum IL-6 levels. D–F mRNA levels of TNF-α, IL-1β, and IL-6 in the liver. Results are presented as mean ± SD. Significant differences between groups are 
indicated by P < 0.05
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Fig. 6 The effects of SP supplementation on the gut microbiota of NAFLD rats were evaluated. A Proportion of bacterial gate composition in each group. 
B Correlation analysis between gates and NAFLD parameters. Red color indicates positive correlation and blue color indicates negative correlation. Sig-
nificant differences are indicated by *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 7 The supplementation of SP further affects the horizontal bacterial abundance in NAFLD rats. A Proportion of bacterial genus composition in each 
group. B Relative abundance of bacteria at the genus level in each subgroup analyzed by multiple significance (P < 0.05). C Correlation analysis between 
genera and NAFLD parameters. Red color indicates positive correlation and blue color indicates negative correlation. Significant differences are indicated 
by *P < 0.05, **P < 0.01
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lowered the levels of serum ALT and AST. The liver plays 
a crucial role in the metabolism of lipids and lipopro-
teins, with abnormal hepatic lipid accumulation being 
a key feature of NAFLD (Geng et al. 2021). Therefore, 
improving liver lipid metabolism is a critical target for 
treating NAFLD. Previous studies have shown that plant 
polysaccharides can significantly reduce serum triglyc-
eride (TG) and total cholesterol (TC) levels, alleviating 
hepatic steatosis in mice (Hao et al. 2024). The results of 
this study are consistent with this, and supplementation 
with SP also reduces serum glucose (GLU) levels.

AMP-activated protein kinase (AMPK) serves as a cen-
tral regulator for multiple metabolic pathways. Activating 
AMPK can enhance glucose uptake, promote fatty acid 
oxidation, and simultaneously inhibit fatty acid and cho-
lesterol synthesis. Phosphorylation of AMPK leads to the 
inactivation of acetyl-CoA carboxylase (ACC), resulting 
in decreased levels of malonyl-CoA, an inhibitor of carni-
tine palmitoyltransferase I (CPTI). Therefore, activating 
AMPK can upregulate CPTI to enhance fatty acid oxida-
tion, thus improving NAFLD (McGarry and Foster 1980). 
Existing research indicates that plant extracts can allevi-
ate HFD-induced NAFLD through the AMPK signaling 
pathway (Shen et al. 2023; Xu et al. 2024). Moreover, pre-
vious studies have shown that Astragalus polysaccharide 
(APS) can improve hepatic lipid accumulation in NAFLD 
rats by activating AMPK (Zhong et al. 2022). Our find-
ings are consistent with the above results by finding that 
SP supplementation can activate AMPK, upregulate 
CPT1α, and downregulate genes related to fatty acid syn-
thesis (ACC and FASN). Furthermore, we found that the 
increased expression of hepatic expression of PPARγ in 
NAFLD rats was inhibited after treatment with SP. This 
aligns with the discovery that obesity leads to increased 
hepatic transcription levels of PPARγ and that mil-
let polyphenols mitigated NAFLD by inhibiting PPARγ 
(Pettinelli and Videla  2011; Cui et al. 2022). Therefore, 
we conclude that SP may alleviate lipid accumulation in 
NAFLD through the AMPK/PPARγ signaling pathway.

Increased lipid accumulation can lead to oxidative 
stress and lipid peroxidation, resulting in cellular damage 
and disrupted lipid metabolism.

(James et al. 1998; Morita et al. 2012). Oxidative stress 
in hepatocytes is caused by an excessive generation of 
reactive oxygen species (ROS) or a decrease in antioxi-
dant defense capabilities. Superoxide dismutase (SOD) 
is part of the antioxidant enzyme system and serves to 
protect cells from ROS damage. Reduced SOD activity 
in chronic liver disease suggests that the defense mecha-
nisms against oxidative attack are being compromised 
(Arroyave-Ospina et al. 2021). Malondialdehyde (MDA) 
serves as an important indicator of oxidative stress and 
a biomarker of lipid peroxidation. In line with these 
findings, it was observed that SOD activity decreased 

and MDA levels significantly increased in the serum of 
NAFLD rats, while treatment with SP resulted in a sig-
nificant decrease in MDA activity and an increase in 
SOD levels. Nrf-2 plays a crucial role in alleviating oxi-
dative stress and regulating lipid peroxidation. Nrf-2 
activation induces the expression of fatty acid transport-
related gene CPT1α, promotes fatty acid β-oxidation, 
lowers hepatic lipid content, and mitegates hepatic 
steatosis (Park et al. 2023). Studies indicate that active 
compounds from plants can protect against NAFLD by 
activating the Nrf-2 signaling pathway (Peng et al. 2024; 
Xue et al. 2024b). In this study, it was also found that SP 
can activate Nrf-2 expression in NAFLD rats. Addition-
ally, dietary supplementation of SP can also activate the 
expression of HO-1 and SOD-2 in NAFLD rats, similar 
to the protective effect of Cudrania tricuspidata Extract 
via the Nrf-2/HO-1 pathway in NAFLD (Shrestha et 
al. 2021). Therefore, it can be concluded that SP may 
improve NAFLD by activating the Nrf-2/HO-1/SOD-2 
signaling pathway.

The lipid peroxidation plays a key role in driving the 
pathogenesis of liver diseases, leading to inflamma-
tion and cell damage (Martín-Fernández et al. 2022). In 
chronic liver disease, Kupffer cells (KCs) play a crucial 
role in inflammation. During liver injury, KCs are acti-
vated and release a large number of inflammatory cyto-
kines and chemokines (Chen et al. 2020). Furthermore, 
in KCs, Nrf-2 serves as a key regulator of the inflamma-
tory response, maintaining cellular homeostasis and tis-
sue integrity, thereby reducing liver inflammation (Xue et 
al. 2021). The results of this study indicate that the pro-
inflammatory cytokines tumor necrosis factor (TNF)-α, 
interleukin (IL)-1β, and IL-6 were significantly upregu-
lated in HFD-induced NAFLD rats, but their expres-
sion levels were significantly downregulated after SP 
treatment. In addition, supplementing SP also reduced 
the transcription levels of TNF-α, IL-1β, and IL-6 in the 
NAFLD liver. These results are consistent with supple-
mentation of berberine hydrochloride and B. Lactis V9. 
Therefore, we conclude that SP may improve high-fat 
diet-induced NAFLD by activating Nrf-2 to downregu-
late the levels of inflammatory factors.

Numerous studies have shown that the gut microbiota 
has become an important factor in the development of 
metabolic diseases, such as obesity, NAFLD, and T2DM 
(Aron-Wisnewsky et al. 2020; Wu et al. 2021b; Zeng et 
al. 2024). In recent years, researchers have found that 
traditional Chinese medicine can exert pharmacological 
effects by regulating the composition of the gut micro-
biota and affecting the metabolism of intestinal flora (Bao 
et al. 2022). Polysaccharides are one of the main active 
ingredients in Chinese herbal medicines and can improve 
NAFLD by regulating the gut microbiota (Hu et al. 2023). 
For example, modified apple polysaccharide can regulate 
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the gut flora and reduce obesity in mice (Li et al. 2020). 
Polysaccharides from fermented Momordica charantia 
L. improved high-fat diet-induced obesity by increasing 
the phylum Firmicutes and decreasing the phylum Pro-
teobacteria and genera Helicobacter sp. (Wen et al. 2021). 
Our previous studies have found that Astragalus poly-
saccharides can improve NAFLD by regulating the gut 
microbiota (Zhong et al. 2022). In addition to regulating 
the gut microbiota, polysaccharides also have pharmaco-
logical activities such as antioxidant, anti-inflammatory, 
regulation of glucose and lipid metabolism, and immu-
noregulation, which are related to prebiotic proper-
ties (Guo et al. 2023). In this study, SP supplementation 
increased the bacterial diversity of the gut microbiota 
in NAFLD rats. The content of Firmicutes and Teneri-
cutes in the HFD group was significantly reduced, while 
the content of Cyanobacteria and Lentisphaerae was 
significantly increased, consistent with previous stud-
ies (Wu et al. 2021b; Longo et al. 2023; Dai et al. 2024). 
Furthermore, this study found that after SP treatment, 
the abundance of phylum Firmicutes, Tenericutes, Cyano-
bacteria, and Lentisphaerae all showed signs of recovery. 
It was also observed that Lentisphaerae was significantly 
positively correlated with ALT, ACC, and IL-6 (P < 0.05, 
P < 0.01), and significantly negatively correlated with 
SOD (P < 0.05).

In addition, this study also found that after SP sup-
plementation, the abundance of Acetatifactor sp., Pep-
tococcus sp., Corynebacterium sp., Facklamia sp., and 
RC9_gut_group sp. increased, while the abundance of 
Parabacteroides sp. decreased. Furthermore, the LEfSe 
analysis results showed that after SP treatment, the rela-
tive enrichment of Acetatifactor sp. and Peptococcus sp. 
abundance was much higher than that of other treat-
ment groups (LDA > 2). Previous studies found that the 
progression of NAFLD is associated with the decrease 
in abundance of Peptococcus sp. and Corynebacterium 
sp. (Kordy et al. 2021; Zhang et al. 2023b). In the obesity 
model, Erchen decoction can down-regulate the relative 
abundance of Parabacteroides sp. (Zhang et al. 2023b). 
Our research results are consistent with this. SCFAs have 
anti-obesity and anti-inflammatory effects, and can pre-
vent and improve the progression of NAFLD (Ohtani 
et al. 2023). Study found that Compound chenpi tea 
increased the abundance of Acetatifactor sp., improving 
the intestinal microbiota imbalance induced by HFD and 
thus improving diet-induced obesity (Wang et al. 2024). 
Acetatifactor sp. can metabolize to produce Short-chain 
fatty acids (SCFAs), affecting appetite and regulating 
lipid and glucose metabolism, thereby improving diet-
induced obesity (Chambers et al. 2015). And study found 
that α-Lactalbumin peptide Asp-Gln-Trp can increase 
the relative abundance of RC9_gut_group sp. that pro-
duces SCFAs (Chen et al. 2022). RC9_gut_group sp. can 

effectively promote lipid metabolism (Jiang et al. 2021). 
In this study, the relative abundance of Acetatifactor 
sp. and RC9_gut_group sp. decreased in HFD rats, and 
their abundance recovered after SP treatment. How-
ever, whether SP regulates SCFAs requires further study. 
Furthermore, we further found that Peptococcus sp. and 
RC9_gut_group sp. are significantly negatively correlated 
with MDA (P < 0.05) and significantly positively corre-
lated with CPT1α, PPARα, and SOD-2 (P < 0.05, P < 0.01); 
Parabacteroides sp. are significantly positively correlated 
with ALT, AST, MDA and IL-1β (P < 0.05), and signifi-
cantly negatively correlated with CPT1α, PPARα, SOD-2, 
and GCLC (P < 0.05, P < 0.01); Acetatifactor sp. and Cory-
nebacterium sp. are significantly negatively correlated 
with IL-6 (P < 0.05) and significantly positively corre-
lated with GCLC (P < 0.05); Facklamia sp. is significantly 
negatively correlated with IL-6 and ACC (P < 0.01) and 
significantly positively correlated with SOD (P < 0.05). 
Therefore, we speculate that SP can improve NAFLD by 
regulating the intestinal microbiota. However, there are 
limitations to the contribution of microbiota changes to 
the effect of SP on improving NAFLD, and it is necessary 
to assess the regulatory role of the microbiota through 
studies on the consumption of microbiota by antibiotics 
or germ-free mice, as well as the role of gut microbiota 
metabolites.

In summary, SP can exert prebiotic properties to 
improve lipid deposition, oxidative stress, and inflamma-
tory responses in NAFLD. This may be related to mod-
ulating the gut microbiota, regulating AMPK/PPARγ 
to improve lipid metabolism, and activating the Nrf-2/
HO-1 signaling pathway. These findings suggest that SP 
as a prebiotic preparation may be a promising approach 
for preventing and improving NAFLD, providing a theo-
retical basis for subsequent research on the metabolic 
effects of SP. However, further investigation is needed 
regarding role of SP in the metabolism of gut microbiota 
in NAFLD.

Table S2 The impact of SP on the basic indicators of 
NAFLD. SD standard deviation, ALT Alanine transami-
nase, AST Aspartate aminotransferase, TG Triglycer-
ide, TC Total cholesterol, MDA Malondialdehyde, SOD 
Superoxide dismutase. The difference between letters 
P < 0.05.

Abbreviations
NAFLD  Non-alcoholic fatty liver disease
SP  Seabuckthorn polysaccharides
V9  B. Lactis V9
HFD  High-fat diets
ALT  Alanine transaminase
AST  Aspartate aminotransferase
TG  Triglyceride
TC  Total cholesterol
HE  Hematoxylin-eosin
ELISA  Enzyme-linked immunosorbent assay
AMPK  AMP-activated kinase
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PPARs  Peroxisome proliferative-activated receptors
Nrf-2  Nuclear factor erythroid 2-related factor 2
HO-1  Heme oxygenase-1
SOD-2  Superoxide dismutase-2
ACC  Acetyl-CoA carboxylase
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