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1 Introduction
Nonalcoholic fatty liver diseases (NAFLD) is a multisystem 

disease and is considered the hepatic component of metabolic 
syndrome, which affects approximately 25% adult population 
worldwide (Powell  et  al., 2021). NAFLD can progress to 
nonalcoholic steatohepatitis (NASH) and other more progressive 
type of liver diseases. Furthermore, patients with NAFLD are at 
substantial risk for the development of type 2 diabetes mellitus, 
hypertension or coronary heart disease. This global liver disease 
will cause huge medical and economic burden (Younossi et al., 
2016). Unfortunately, the pathogenesis of NAFLD is not fully 
clarified and no drug is approved for the treatment of NAFLD. It 
is mainly alleviated by lifestyle interventions, diet control, exercise 
and weight loss (Xu et  al., 2020). However, pharmacological 
treatments and functional food intake are still very critical for 
NAFLD patients and worth more effort to explore.

Farnesoid X receptor (FXR), a nuclear receptor, is highly 
expressed in the liver and gut and known to exert tissue-specific 
effects in regulating bile acids (BAs) synthesis and transport 
(Chiang & Ferrell, 2022). Researches demonstrate that FXR plays 
a principle role in regulating lipid metabolism by inhibiting free 
fatty acid uptake and de novo lipogenesis, increasing fatty acid 
oxidation and exporting fat from hepatocytes (Chiang & Ferrell, 

2020). BAs are nutrient sensors and metabolic regulators of FXR. 
BAs are converted from cholesterol in the liver and 75% BAs are 
synthesized by the classical pathway and catalyzed by the rate-limiting 
enzyme cholesterol 7α-hydroxylase (CYP7A1) (Chambers et al., 
2019). The expression of CYP7A1 is regulated by various factors 
such as BAs, diet, circadian rhythms, hormones and cytokines. Its 
expression regulation mainly occurs at the transcriptional level 
and is controlled by nuclear receptors including FXR, LXR, PXR 
and PGC-1α (Beigneux et al., 2002). Dysregulation of bile acid 
homeostasis by high-fat diets is related to NAFLD.

Polysaccharides extracted from traditional Chinese medicines 
(TCM) showed great potential to alleviate pathological status of 
NAFLD by anti-inflammatory, regulating immunity, lowering 
blood glucose and lipids, and anti-oxidation (Chu et al., 2022; 
Li et al., 2022). The cholesterol-lowering property and bile acid 
metabolism regulation of polysaccharides are also well studied 
(Yang et al., 2022). ASP was extracted from the root of Angelica 
sinensis (Oliv.) Diels, a TCM used for gynecological and liver 
diseases. ASP could markedly improve metabolic dysfunction 
and oxidative stress in HFD-fed mice via the upregulation of 
PPARγ expression and the activation of adiponectin-SIRT1-AMPK 
signaling (Wang et al., 2016). It has been reported that only a small 
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amount of ASP could been absorbed by small intestine, most of 
the oral dosage was degraded into small molecular fragments 
in the large intestine or excreted (Wang et al., 2017). It aroused 
our great interest in whether the gut-liver axis plays a key role 
in ASP relieving NAFLD. In the present study, we established 
the in vivo NAFLD model to estimate the bile acid metabolism 
and FXR signaling regulation of ASP in liver and intestine. It 
will supply a better understanding of gut-liver axis theory of 
ASP in treatment of NAFLD. To the best of our knowledge, 
this is the first report to focus on ASP alleviating liver lipid 
metabolism via gut-liver axis related signal pathways. Clarifying 
the mechanism of ASP in preventing and treating NAFLD is 
of great significance to the development of ASP as a drug and 
functional food. Angelica sinensis, as a dual-use plant that can 
be used for both cooking and traditional Chinese medicine, will 
also receive more attention in daily diet.

2 Materials and methods
2.1 Chemicals and reagents

High-performance liquid chromatography grade formic acid 
and ammonium acetate, and BAs standards including cholic acid 
(CA), chendeoxycholic acid (CDCA), deoxycholic acid (DCA), 
lithocholic acid (LCA), glycocholic acid (GCA), taurocholic acid 
(TCA), glycochendeoxycholic acid (GCDCA), taurodeoxycholic 
acid (TDCA) and taurochendeoxycholic acid (TCDCA) were 
obtained from Sigma-Aldrich (St. Louis, Mo, United States) and 
the purity of the above reagents was higher than 98%.

2.2 Preparation of polysaccharide from Angelica sinensis

ASP were prepared according to the protocols previously 
described (Zhang et al., 2016). Briefly, the dry sliced roots of 
Angelica sinensis (Oliv.) Diels from Min County (Gansu Province, 
China) was treated with water extraction and alcohol precipitation 
to obtain the crude polysaccharide, which was further purified 
to remove proteins and small molecular impurities via repeated 
freeze dissolution and dialysis. Purified ASP was ultimately 
prepared through a gel filtration chromatograph with Sephadex 
G-50 and lyophilization.

2.3 Animals

Female SPF BALB/c mice at the age of 10 weeks were 
purchased from Beijing Vital River Laboratory. Mice were 
housed in a temperature-controlled environment (23 ± 2 °C) 
with a cycle of 12 h of light followed by 12 h of dark and free 
access to food and water. After 1 week of acclimatization, the 
mice were randomly divided into three groups (n = 8 per group): 
the control group (Con), in which mice were maintained on 
a standard chow diet; the high-fat diet group (HFD) and the 
treatment groups (ASP), in which mice were fed a high-fat diet 
for 12 weeks. The mice in the ASP groups were given orally 
with ASP which were dissolved in sterile saline (0.9% w/v) and 
filtered with a 0.22 μm filter membrane at a dosage of 160 mg/kg. 
Similarly, mice in the Con and HFD group were administered 
orally with sterile saline for four weeks. After being sacrificed, 
the serum, liver and intestine of the mice were collected and 
stored at -80 °C. Fecal samples were retained at -80 °C for later 

determination. All experimental animal experiments were 
conducted according to the Animal Care and Use Committee 
of Tongji Medical College (SYXK-2021-0057).

2.4 Cell culture

HepG2 cells were purchased from National Collection of 
Authenticated Cell Cultures (Shanghai, China). Cells were grown 
in DMEM (Gibco, C11995500BT) supplemented with 10% fetal 
bovine serum (Gibco), 1% penicillin-streptomycin (Biosharp, 
BL505A) in a 37 °C incubator with 5% CO2. In order to induce 
NAFLD, 1×106 cells were seeded into six-well plates for 24 h 
and then stimulated with a 0.6 mM oleic acid/bovine serum 
albumin (OA/BSA) complex. After replicating the NAFLD model 
for 24 h, low-dose ASP (LASP, 100 µg/mL), medium-dose ASP 
(MASP, 250 µg/mL) and high-dose ASP (HASP, 500 µg/mL) 
in cultured medium were added to nourish the cells for 24 h.

2.5 Preparation of oleic acid/bovine serum albumin complex

First, 20 µL OA was added to 0.1 mol/L NaOH via 70 °C metal 
bathing for 30 min. Then, a 10% (w/v) BSA solution was prepared 
in PBS. Next, they were mixed and heated at 55 °C for 30 min 
to prepare a 10 mM OA stock solution. Finally, a 10 mM OA 
solution was diluted in DMEM to acquire a 0.6 mM OA solution.

2.6 H&E staining

Liver tissue samples were fixed with 4% paraformaldehyde 
and embedded in paraffin. Then, 5 μm thick sections were cut, 
and liver sections were stained with hematoxylin and eosin and 
examined under a microscope.

2.7 Western blot

Total protein was extracted using NP-40 lysis buffer 
(Beyotime Biotechnology, P0013F) containing a phosphatase 
and protease inhibitor cocktail (Thermo). After incubation on 
ice for 30 min, the mixtures were centrifuged at 12000 rpm for 
15 min at 4 °C and quantified by a protein assay kit (Thermo). 
Samples containing the same amounts of protein were separated 
on 10% SDS-PAGE, followed by electrophoretic transfer to NC 
membrane, and immunoblotting with specific primary antibodies 
at a final dilution of 1:1000. Primary antibodies against farnesoid X 
receptor (FXR, 25055-1-AP), fatty acid synthase (FAS, 66591-1-lg), 
AMP-activated protein kinase (AMPK, 66536-1-lg) and sterol 
regulatory element-binding protein 1 (SREBP-1, 66875-1-lg) were 
purchased from Proteintech Co., Ltd (Wuhan, China). Antibody 
specific for FXR (1:200; sc-25309), SHP (1:200; sc-271511), 
CYP7A1 (1:200; sc-518007), FGFR4 (1:200; sc-136988) and 
FGF15 (1:200; sc-514647) were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Antibody specific for 
tubulin and β-actin (1:1000; KTD101-CN) were purchased from 
Abbkine Scientific Co., Ltd (Wuhan, China). Blots were incubated 
with relative antibodies in 4 °C for overnight. Afterwards, goat 
anti-rabbit IgG or goat anti-mice IgG (Abbkine, 1:5000) was 
added for one hour in room temperature, and then the blots 
were developed with SuperSignalTM West Pico PLUS (Thermo, 
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showed that Con group mice preserved well cell structure. 
While HFD group mice showed obvious ballooning and clear 
indications of inflammation which were improved after ASP 
treatment (Figure 1C). Compared with the control group, the 
levels of total cholesterol (TC) and triglyceride (TG) in liver 
and serum of mice in HFD group were significantly increased. 
Our data showed that the increased TC and TG levels of HFD 
group were significantly revised by ASP (Figure 1D–G). These 
evidences indicated that ASP could alleviate hepatic steatosis 
in HFD-induced NAFLD mice.

3.2 ASP restored bile acid metabolism in NAFLD mice liver

Primary BAs, CA and CDCA, are synthesized in the liver 
and conjugated with either glycine or taurine. They are released 
into the duodenum after food consumption and recirculated to 
the liver from the terminal ileum (about 95%). Only a small part 
of BAs are either dehydroxylated or deconjugated by bacteria to 
form the secondary BAs: deoxycholic acid (DCA) or lithocholic 
acid (LCA) (Li & Dawson, 2019). CA, DCA and CDCA are the 
main bile acids cycling in gut-liver axis. High-fat diet induced 
lipid metabolism disorder and inhibited expression of CYP7A1 
(Figure 2A–B). CYP7A1 is the key enzyme of liver cholesterol 
metabolism and the promoter of classic bile acid biosynthetic 
pathway in the liver (Chambers et al., 2019). Our data showed 
that ASP significantly revised expression of CYP7A1 in NAFLD 
mice liver. Subsequently, BAs were significantly decreased in 
the liver of HFD group (P<0.01) compared to Con group. Oral 
administration of ASP for 4 weeks, level of BAs was obviously 
improved (Figure 2C–I). Our work indicated that ASP could 
regulate BAs metabolism by promoting liver CYP7A1, and 
ultimately alleviate liver injury in HFD-induced NAFLD mice.

3.3 ASP alleviates the progress of NAFLD via activating liver 
FXR signaling in HFD mice

ASP obviously improved level of BAs, especially, CDCA 
and CA were almost recovered to the level of Con group 
(Figure 2C and 2E), which are more potent on FXR (Shin & 
Wang, 2019). BAs could protect against NAFLD progression 
through activating the FXR. It has been reported that FXR 
and FGF both participated to the mechanism of protection on 
steatosis (Schumacher & Guo, 2019). In liver, FXR-SHP plays 
a dominant role in decreasing TG level (Watanabe et al., 2004). 
Our previous research has clarified that ASP could down-
regulate expression of hepatic CD36 and SREBP-1c to inhibit 
lipid uptake and lipogenesis (He et al., 2022). Researches showed 
that activated liver FXR down-regulated expression of CD36 and 
SREBP-1c. Oral administration of ASP revised the expression of 
liver CYP7A1 and increased bile acid synthesis. Furthermore, 
liver FXR was activated by the increased level of BAs, which is 
the only endogenous ligand of FXR (Jiang et al., 2021; Shin & 
Wang, 2019). In our study, ASP could restore liver FXR expression 
(Figure 3B) and activate downstream signals (Figure 3C–D) which 
were markedly decreased in HFD mice. These results further 
confirmed that ASP could alleviate the metabolism of BAs in 
the liver, thus causing the feedback regulation of FXR and the 
activation of FXR downstream protein in the liver.

34580). Quantification of the band intensity was performed 
using the ImageJ software (National Institutes of Health, USA).

2.8 The extraction of BAs in liver and feces

To obtain extraction of BAs in feces, 20 mg fecal sample 
was collected from each mice, adding 100 μL ultrapure water, 
acetonitrile and methanol successively and centrifuge for 15 min 
(12000 rpm, 4 °C) for three times. After each centrifugation, 
supernatant was absorbed and mixed with solvent for the next 
centrifugation. All the supernatants were mixed and added to 
glass vials for LC-MS analysis.

For liver BAs analysis, 50 mg liver tissue was excised to 
the tubes and washed in PBS. Then, adding 1.5 mL prechilled 
methanol/water (1:1) and homogenized the mixtures by 
Precellys beater. After that, centrifuging the mixtures for 
10 min (14,000 g, 4 °C) and acquiring the supernatant. Dried 
in Vacuum concentrator, sediments were mixed with 1.6 mL 
dichloromethane/methanol (3:1). Finally, adding them to each 
glass vials for LC-MS analysis.

2.9 Metabolite analysis

Extract of livers and feces in mice were detected by HPLC-
MS to quantify the content of BAs. The LC-MS portion of the 
platform was based on a HPLC (Ultimate 3000 UHPLC) system 
(Thermo Fisher Scientific) equipped with an Xbridge amide 
column (100 mm × 2.1 mm; inner diameter, 3.5 μm; Waters) 
and a Q Exactive mass spectrometer (Thermo Fisher Scientific). 
Liquid chromatography was performed as described below. The 
mobile phase A was 20 mM ammonium acetate and 15 mM 
ammonium hydroxide in water with 3% acetonitrile, pH = 9.0, 
and mobile phase B was acetonitrile. The linear gradient was as 
follows: 0 min, 85% B; 1.5 min, 85% B; 5.5 min, 30% B; 8 min, 
30% B; 10 min, 85% B; and 12 min, 85% B. The flow rate was 
0.2 mL·min−1. Sample volumes of 5 μL were injected for LC-MS 
analysis. Data were quantified by integrating the area underneath 
the curve of each compound using the Xcalibur Qual browser 
(Thermo Fisher Scientific). Each metabolite’s accurate mass 
ion and subsequent isotopic ions were extracted (EIC) using a 
10 p.p.m. window.

2.10 Statistical analysis

Results are presented as the means ± SD of experiments 
performed in triplicate. The analysis was conducted using a 
statistical analysis software package (SPSS 26.0, Chicago, IL, 
USA). Significances of differences between mean values were 
determined using Student’s t-test. Statistical significance was 
accepted for P < 0.05.

3 Result and discussion
3.1 Effect of ASP on HFD-induced hepatic lipid 
accumulation and steatosis

Body weight of mice was recorded during ASP treatment. 
Contrasted to the Con group, weight gain of HFD fed mice 
significantly increased. ASP treatment could inhibit the rising 
trend within a reasonable range (Figure 1B). Liver H&E staining 
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Figure 1. ASP decreased fat accumulation in mice liver. (A) Graphical protocol of animal experiment. (B) Changes of body weight in the period 
of ASP treatment. (C) Representative hematoxylin and eosin staining (20×) in the liver derived from each group. (D–E) Quantitation of liver TC 
and TG in mice. (F–G) Quantitation of serum TC and TG in mice.

Figure 2. ASP increased bile acid in mice liver. (A) Western blotting was performed to determine hepatic protein levels of mice CYP7A1 and 
TUBULIN. (B) Densitometry analysis was performed to quantify the relative quantification of CYP7A1 band intensity divided by TUBULIN 
intensity. (C–I) Changes of CA, DCA, CDCA, GCA, TCA, GCDCA and TDCA in mice liver. Data are shown as mean ± SD. *P < 0.05, **P < 0.01.
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protection of NAFLD mice (Albillos, de Gottardi & Rescigno, 
2020). The results of BAs in excreta showed that ASP could 
increase the excretion of BAs in HFD-induced NAFLD mice 
(Figure  4E–K). Studies have shown polysaccharides, such 
as β-glucan and pectin, could lead to an excess faecal BAs 
excretion and reduce serum cholesterol (Garcia-Diez  et  al., 
1996; Marasca et al., 2020). Binding type experiment between 
BAs and ASP in vitro was carried out by LC-MS/MS in our study 
(Figure S1 - Supplementary Material). ASP showed good bile 
acid-binding capacity (Figure S2 - Supplementary Material). 
Therefore, ASP could increase the excretion of BAs from two 
aspects. First, the metabolism of BAs in the liver was increased, 
and the liver-gut circulation caused the increase of BAs in the 
intestine, thus increasing the excretion of BAs. Second, ASP, as 

3.4 ASP activated intestinal FXR signaling and increased 
excretion of fecal bile acid in HFD mice

Hepatic FXR plays an important role in prevention of 
hepatic lipid accumulation, whereas intestinal FXR controls lipid 
absorption. Emerging research suggested decreased intestinal 
lipid absorption required intestinal FXR-dependent BAs change 
(Jiang et al., 2015). The ASP treatment effectively reversed the 
down-regulation of intestinal FXR expression induced by high-fat 
diet (Figure 4A–B). Similarly, our data verified that ASP could 
also activate its downstream related proteins SHP and FGFR 
by increasing the expression of intestinal FXR (Figure 4A–D). 
The liver-gut axis is considered to play an important role in the 
occurrence and development of liver diseases, so the regulation 
of intestinal FXR and BAs is of great significance for the liver 

Figure 3. ASP alleviated NAFLD through FXR/SHP pathway in mice liver. (A) Western blotting was performed to determine hepatic protein 
levels of FXR, SHP, FGFR4 and TUBULIN. (B–D) Densitometry analysis was performed to quantify the relative quantification of FXR, SHP and 
FGFR4 band intensity divided by TUBULIN intensity. Data are shown as mean ± SD. *P < 0.05, **P < 0.01.

Figure 4. ASP alleviated NAFLD through FXR/FGF15 pathway in mice gut. (A) Western blotting was performed to determine enteric protein 
levels of mice FXR, SHP, FGF15 and TUBULIN. (B–D) Densitometry analysis was performed to quantify the relative quantification of FXR, 
SHP and FGF15 band intensity divided by TUBULIN intensity. (E–K) Changes of CA, DCA, LCA, GCA, GCDCA, TDCA and TCDCA in mice 
feces. Data are shown as mean ± SD. *P < 0.05, **P < 0.01.
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(AMPK) and metabolic enzymes associated with fat synthesis 
(SREBP-1c and FAS) were tested. Our results showed that 
ASP revised the down-regulation of AMPK induced by OA 
treatment and inhibited the expressions of SREBP-1c and FAS 
(Figure 5C–E). The results indicated that ASP could directly 
decrease lipid accumulation via FXR-independent pathway. ASP, 
as a macromolecular polysaccharide, was difficult to be absorbed 
as its prototype in the intestine, so, the FXR-independent pathway 
that ASP directly regulated the lipid metabolism of hepatocytes 
was not the main pathway for ASP exerting its liver protective 
effect by oral administration.

4 Conclusion
This study aimed to clarify mechanism of ASP treatment 

on HFD-induced NAFLD mice. Our results indicated that ASP 
could not directly regulate hepatic FXR in vitro, but it could 
improve liver lipid metabolism of NAFLD mice by regulating 
hepatic and intestinal FXR-related signal pathways after oral 
administration. This might be the result of the active fragment 
of ASP after intestinal metabolism or the regulation of intestinal 
flora. The mechanism of liver protection of polysaccharides 
after oral administration is very complex. This study provides 
a new insight on exploring the role of polysaccharides in liver 
protection through liver-gut axis after oral administration.
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a macromolecular polysaccharide, was difficult to be absorbed 
in the intestine, and directly combined with BAs in the intestine, 
thus increasing the intestinal excretion of BAs via forming a 
complex with BAs and excreting together. The results indicated 
that ASP could decrease lipid absorption by restoring intestinal 
FXR expression and reduce TC level in serum and liver via 
promoting BAs excretion.

3.5 ASP regulated lipid metabolism to ameliorate NAFLD in 
HepG2 cells

The in vitro NAFLD model was established to evaluate the 
effect of ASP on lipid metabolism in hepatocytes. MTT assay 
showed that ASP did not affect cell survival rate in the range 
of 0-1000 μg/mL. In our study, HepG2 cells were treated with 
OA and orange fat droplets were observed by oil red O staining 
after 48 h. After co-incubation with ASP, the orange fat droplets 
were greatly reduced in HepG2 cells (Figure 5A). It aroused our 
great interest in whether ASP could directly regulate the FXR 
of hepatocytes, and then regulated the metabolism of lipids in 
liver. Interestingly, ASP could not directly regulate the expression 
of FXR in hepatocytes (Figure 5B). This indicated that ASP did 
not play the role of lipid metabolism regulation by regulating 
FXR in vivo as its prototype, but might regulate FXR through its 
active fragment of intestinal metabolism or causing intestinal 
flora changes (Zhai et al., 2022). To confirm this hypothesis, we 
tested the influence of ASP on gut microbiota in HFD-induced 
NAFLD mice, and our results showed that ASP could significantly 
remodel the intestinal flora composition of NAFLD mice at the 
level of genus and species (Figure S3 - Supplementary Material).

Although ASP could not directly regulate the FXR expressions 
of hepatocytes, it could directly alleviate the accumulation of 
liver lipids, so important regulatory factor of lipid metabolism 

Figure 5. ASP regulated FXR and lipid metabolism in HepG2 cells. (A) The effects of ASP on lipid in NAFLD HepG2 cells by oil red O staining 
observation (40×). (B) The proteins expression of FXR, AMPK, SREBP1C, FAS and β-actin in HepG2 cells were measured by Western blot 
analysis. (C–F) Densitometry analysis was performed to quantify the relative quantification of FXR, AMPK, SREBP1C and FAS band intensity 
divided by β-actin intensity. Data are shown as mean ± SD. *P < 0.05, **P< 0.01.
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Supplementary Material
Supplementary material accompanies this paper.

Figure S1. The bile acid concentrations were determined by LC-MS/MS. (A) Chromatogram of internal standard IS and three 
bile acid standard mixed solution including cholic acid (CA), taurocholic acid (TCA) and glycylcholic acid (GCA); (B) Standard 
curve of CA; (C) Standard curve of TCA; (D) Standard curve of GCA. 

Figure S2. Binding of ASP and bile acids (n=3). (A) Binding rate of ASP and bile acids; (B) Amount of bile acid binding per 
100 mg ASP.

Figure S3. ASP treatment changed gut microbiota profile in HFD-induced NAFLD mice. (A) An unweighted unifrac cluster tree 
based on UPGMA showed similarity of intestinal microbiota in three groups. (B) Changes in the composition of the gut microbiota 
in different groups at the phylum level; stacked bar charts represent the relative abundance of major taxa. (C) Heatmap displayed 
different relative abundance among all genus and species. Different colors indicate different metabolite expressions (n = 7 per group).

This material is available as part of the online article from https://doi.org/10.5327/fst.04923


