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Salvia-Nelumbinis naturalis (SNN) formula is a traditional Chinese medicine prescription, and has been
confirmed to be effective in treating non-alcoholic steatohepatitis (NASH), but the underlying mechanisms are
still unknown. Here we showed that 4-week SNN administration alleviated methionine-choline-deficiency (MCD)
diet-induced hepatic steatosis and inflammation as well as serum levels of alanine transaminase (ALT) increase in
C57BL/6 mice. Fecal 16S rDNA sequencing indicated that SNN altered the structure of gut microbiota and
partially reversed the gut dysbiosis. Simultaneously, we analyzed the fecal BA profile using liquid chromatog
raphy coupled with triple quadrupole mass spectrometry (UPLC-TQMS) -based metabolomics, and found that
SNN modulated fecal BA profile, predominantly increased the microbiomes related BA species (e.g. nordeox
ycholic acid) which in turn, activated farnesoid X receptor (FXR)-fibroblast growth factor 15 (FGF15) signaling
pathway in the colon but not the ileum. The activation of intestinal FXR-FGF15 signaling was accompanied by
increase of liver protein kinase B (PKB/Akt) phosphorylation, and decrease of p-65 subunit of NF-κB phos
phorylation, resulting in less liver CD68 positive macrophages, and inflammatory cytokine IL-1β and TNF-α
expression. Our results established the link between SNN treatment, gut microbiota, BA profile and NASH, which
might shed light into the mechanisms behind the beneficial effects of SNN on NASH, thus provide evidence for
the clinical application of SNN.

1. Introduction
Nonalcoholic steatohepatitis (NASH) is the progressive form of
nonalcoholic fatty liver disease (NAFLD), characterized by liver steatosis
and infiltration of inflammatory cells, which potentiates a risk for pro
gressive fibrosis, cirrhosis, and end-stage liver disease [1,2]. As the
increased incidence of NAFLD, the aggravated NASH has become the
second leading cause of liver transplantation in the US [2], and the
number of NASH patients on the waiting list is still rising [3]. In addi
tion, NASH is associated with increased incidence of type 2 diabetes,
atherosclerosis, and coronary heart disease [4].
Dysfunction of gut microbiota contributes to the NASH development
and progression. Recent studies suggest that metabolites of gut micro
biomes, such as short-chain fatty acids [5,6], branched-chain amino
acids [7,8] and bile acids (BAs) [9,10], may have unique therapeutic
promise for NASH. Among these metabolites, BAs are of specific
concern. BAs are synthesized in the liver, secreted into intestine, and can

be recycled 4–12 times per day in the distal ileum. The continuous
enterohepatic circulation of BAs provides facility for the mutual mod
ulation with gut microbiomes. The functions of BAs are conducted
mainly through BA receptors such as farnesoid X receptor (FXR) and G
protein coupled bile acid receptor-1 (TGR5) [11]. In the colon, hepa
tocyte synthesized primary BAs can be converted into secondary BAs by
the action of certain microbiomes, and re-enter the BA enterohepatic
circulation [12,13]. Activation of intestinal FXR induces fibroblast
growth factor (FGF15 in rodents, and FGF19 in human) secretion, which
enters the liver to exert pleiotropic functions through binding fibroblast
growth factor receptor 4 (FGFR4) [13].
Currently, no approved pharmacologic therapy is available whereas
the management of NASH is in urgent need. Traditional Chinese medi
cine is one of important choices for treating NASH. Classic or designed
formulae that comprised multiple herbs are widely used in Asia coun
tries. The designed formula Salvia-Nelumbinis naturalis (SNN) has been
founded to be effective in treating NAFLD [14,15]. Herbal products
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usually serve as substrates for gut microbiota, and we have revealed that
SNN treatment remodeled gut microbiota, increased the relative abun
dance of Ruminococcaceae and Lachnospiraceae, and decreased the rela
tive abundance of Desulfovibrionales and Campylobacterales in
high-fat-dextran sulfate sodium-induced NASH mice [16]. Since
microbiomes are in close relation to BA conversion and metabolism [11,
12,17], the gut microbiota-BA interaction arises great concern in
studying BA homeostasis, lipid metabolism as well as metabolic
inflammation.
In the present study, we showed that SNN potently improved hepatic
lipid accumulation and inflammation in mice fed a methionine-cholinedeficiency (MCD) diet. We further found that SNN treatment remodeled
MCD diet-induced gut dysbiosis and fecal BA profile by applying 16S
ribosomal DNA (rDNA)-based microbiota analysis and liquid chroma
tography coupled with triple quadrupole mass spectrometry (UPLCTQMS)-based fecal BA metabolomics. The alteration of BA profile upon
SNN treatment, e.g. norDCA increase, might contribute to the activation
of colonic FXR-FGF15 signaling pathway, which improves hepatic in
sulin resistance and inflammation. The results of this study demon
strated a mechanistic link between SNN, alteration in the gut
microbiomes and BA profile, and intestinal FXR signaling in the modu
lation of MCD diet-induced NASH.

analysis, we performed our established protocol [21], and used
anti-CD68 (Rabbit polyclonal, 1:250, Abcam) and anti-IL-1β (Rabbit
polyclonal,1:100, Bioss) primary antibodies, and incubated with bio
tinylated goat anti rabbit IgG (BOSTER, SA1022). NAFLD activity score
(NAS) of H&E staining images were evaluated by pathologists. The
scoring system comprised three histological features: steatosis (0–3),
lobular inflammation (0–3), hepatocellular ballooning (0–2) as reported
previously [3].
2.4. Analysis of serum and liver biochemical parameters
The levels of serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST) and total bile acid (TBA) were analyzed by a
TBA-40FR Fully Automatic Biochemical Analyzer (TOSHIBA, Japan)
with corresponding kits, according to manufacturer’s protocol. To
quantify the liver TG and TC contents, liver tissue homogenate in
ethanol was prepared, supernatant was collected and the TG and TC
content were detected with the special kits (Jiancheng Bioengineering
Institute, Nanjing, China).
2.5. 16S rDNA amplicon sequencing
Caecal content samples of CON group, NASH group and SNN group
were selected for microbiota 16S rDNA analysis. Microbial genome DNA
was extracted using the Qiagen QIAamp DNA Stool Mini Kit (Qiagen,
Dusseldorf, Germany) following the manufacturer’s protocol. DNA
concentration and integrity were evaluated using the NanoDrop 2000 C
spectrophotometer and agarose gel electrophoresis, respectively. The
V3-V4 region of the bacterial 16S ribosomal RNA was amplified by PCR.
The sequencing and analysis were performed as previously reported.
Weighted and unweighted unifrac principle coordinate analysis (PCoA)
was performed to visualize the structural variation of microbial com
munities across samples, the dominant ratio of Firmicutes to Bacteroidetes
(F/B ratio) was calculated.

2. Materials and methods
2.1. Preparation of SNN extract
The SNN formula was provided by Longhua Hospital, Shanghai
University of Traditional Chinese medicine. Voucher samples (No.
DFREC-QC-YP-033) were stored in the cabinet of the Institute of
Digestive Diseases. The extract was prepared and quality control was
conducted according to the method we described in our previous studies
[18,19].
2.2. Animals and diet

2.6. Analysis of the BA profile

Male C57BL/6 mice, six weeks of age (18–20 g), were purchased
from Beijing Vitalriver Experimental Animal Technology Co. LTD, and
maintained in a controlled temperature (22 ± 2 ◦ C) and humidity (55 ±
15%) with a 12 h light/12 h dark cycle specific-pathogen-free environ
ment. The mice were divided into 3 groups after 1-week acclimatization:
CON group (n = 8) received chow diet as control, NASH group (n = 8)
received MCD diet (Research Diet, A02082002B), and SNN group (n =
8) received MCD diet and supplemented with SNN extract. SNN extract
(750 mg/kg body weight, which is the equivalent dosage of clinical use)
were administered to the mice by gavage (0.1 ml/10 g body weight)
once a day for 4 weeks, CON and NASH group mice were received equal
volume of normal saline. At the end of the experiment, animals were
weighed and injected with 2% pentobarbital sodium (1.5 ml/kg body
weight) for anesthesia. Blood was collected and serum was separated for
biological analysis, liver tissues were quickly removed, weighed, snap
frozen in liquid nitrogen and stored at − 80 ◦ C, feces from the ileocecal
junction were collected. The animals were then sacrificed via exsan
guination. All animals were received humane care according to the
Chinese Animal Protection Act and National Research Council criteria,
and the experiment was approved by the Animal Experiment Ethics
Committee of Shanghai University of Traditional Chinese Medicine
(Approval number: PZSHUTCM200710011).

The BA concentration in fecal samples were quantified using ultra
performance liquid chromatography coupled with triple quadrupole
mass spectrometry (UPLC-TQMS, Waters, Milford, MA) according to a
previously established protocol [22,23].
2.7. Western blot analysis
Liver tissues were homogenized in ice-cold RIPA buffer containing
protease and phosphatase inhibitors, and centrifuged for 30 min at
12,000×g. The supernatant was collected, and protein concentration
was assayed using BCA kit (CWbiotech, Shanghai, China), proteins were
separated by 12.5% sodium dodecyl sulfate-polyacrylamide gel and
transferred onto PVDF membranes (Millipore, USA). Subsequently, the
membranes were blocked for 1 h with 5% skim milk in a buffer con
taining 140 mmol/L NaCl, 20 mmol/L Tris-HCl (pH 7.5), and 0.1%
Tween 20 and incubated with primary antibodies overnight at 4 ◦ C:
TGR5 rabbit polyclonal antibody (72608, Abcam, USA), FXR mouse
monoclonal antibody (72105S, CST, USA), FGF15 mouse monoclonal
antibody (514647, Santa Cruz Biotechnology, China), SHP rabbit
monoclonal antibody (3759, CST, USA), P-Akt rabbit monoclonal anti
body (4058S, CST, USA), Akt rabbit monoclonal antibody (2938S, CST,
USA), P-P65 rabbit monoclonal antibody (3031S, CST, USA), P65 rabbit
monoclonal antibody (8242S, CST, USA), β-actin (Hua-an Bio-tech Inc.,
Hangzhou, China), and then incubated with horseradish peroxidase
conjugated secondary antibodies for another 1 h. The bands were
visualized by ECL chemiluminescence detection kit (WBKLS0500, Mil
lipore, USA) with enhanced chemiluminescence system (Tanon 5200,
Shanghai, China). The bands were quantitatively analyzed by Image J
and Graphpad Prism software.

2.3. Liver histochemistry
Liver portions were fixed in 4% paraformaldehyde solution and
processed as previously reported [20]. Paraffin-embedded blocks were
cut into 4-μm-thick sections and stained with hematoxylin & eosin
(H&E) reagent. Frozen liver tissues were cut into 8-μm-thick sections
and stained with oil red O solution. For immunohistochemical (IHC)
2
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(RT-qPCR) was performed using SYBR Green PCR Master Mix (Applied
Biosystems, Thermo Fisher Scientific, USA) and the reaction was run in
an ABI 7500 StepOne Plus System (Applied Biosystems Instruments,
Thermo Fisher Scientific, USA). GAPDH served as the reference house
keeping gene, and the expression of each target gene was normalized to
GAPDH expression, and relative expression of target genes to GAPDH
was calculated by the 2− ΔΔT method.

Table 1
Sequences of the primers used for RT-qPCR.
Gene

Forward primer

Reverse primer

Tnfα
Fxr
Shp
Fgf15
Fgfr4
Cyp7a1
Ntcp
GAPDH

ACGTGGAACTGGCAGAAGAG
CGGCTGTCAGGATTTGTGC
ATCAGACCGGCCACAACC
GATCCACTCTTTCTCTACGGCTG
CTGTATGGGCTAATGAGGGAGTG
TTCAAGACCGCACATAAAGCC
CCTGTCTAACCTCTTCACCCTG
GTGCCGCCTGGAGAAACC

GGTTGTCTTTGAGATCCATGC
GAAGCCCAGGTTGGAATAGTAAG
GCCCTTCAGGTACGCATACTC
CGTTCGTTTTGGTCCTCCTC
TCAGGCGGAGGTCAAGGTAC
GAGATGCCCAGAGGATCACG
CTCCGTCGTAGATTCCTTTGC
GGTGGAAGAGTGGGAGTTGC

2.9. Statistical analysis
Phenotype, microbiota and BA data are collected from 8 different
mice. Data were shown as mean ± standard deviation (SD). Statistical
analysis was performed using one-way analysis of variance (ANOVA).
Independent-sample t-test was used to compare difference between two
groups. Mann-Whitney U tests and Spearman correlation were per
formed using SPSS 18.0 software. P < 0.05 was considered to be sta
tistically significant.

2.8. Real-time quantitative PCR
Liver tissues were homogenized in TRIzol reagent (Invitrogen Corp,
Carlsbad, CA, USA) and total RNA was isolated. RNA concentration was
measured using a NanoDrop 2000C spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA), and 1 μg RNA from each liver sample
was transcribed into complementary DNA by reverse transcription kit
(Thermo Fisher, Massachusetts, USA). The primers for PCR were
designed and synthesized (Sangon Biotech, Shanghai, China) and the
sequence information was shown in Table 1. Real-time quantitative PCR

Fig. 1. SNN improved MCD diet-induced liver steatosis and inflammation. A. Representative images of Oil Red O and hematoxylin-eosin (H&E) staining of liver
sections. B. The value of NAS score of the H&E stained liver sections. C and D: Liver TG and TC content. E-G: Serum ALT, AST and TBA levels. Image magnification
was 200×. Data were shown as mean ± SD, n = 8 per group, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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Fig. 2. SNN alleviated gut dysbiosis. A. UniFrac-based principal coordinates plot based on the OTU matrix of mouse cecum microbiota in CON, NASH, and SNN
group. B. The ratio of Firmicutes and Bacteroidetes. C and D. The relative abundances of OUTs at family and genus level of CON, NASH, and SNN treatment group.
n = 8 per group, **p < 0.01.

diet-fed mice.

3. Results
3.1. SNN improved MCD-diet-induced liver steatosis and inflammation

3.2. SNN alleviated gut dysbiosis

To evaluate the effect of SNN on NASH, we fed male C57BL/6 mice
with MCD diet for 4 weeks, and the mice showed typical NASH features
as confirmed by the presence of liver steatosis and infiltration of in
flammatory cells (Fig. 1A and B), and increased TG content in the liver
(Fig. 1C). SNN treatment effectively reduced liver steatosis, inflamma
tion, ballooning and total NAS score, decreased liver TG content and
serum ALT and TBA levels, but had no effect on liver TC content. These
results suggested that SNN could prevent NASH development in MCD

Gut microbiota plays a critical role in the NASH development, and
modulation of the microbiome is reported to be a promising strategy in
treating NASH. Here we determined the structural changes of gut
microbiota that in response to SNN treatment by sequencing microbial
samples isolated from the cecum of the mice. PCoA revealed distinct
clustering of microbiota composition for CON, NASH, and SNN treat
ment group (Fig. 2A). The ratio of Firmicutes and Bacteroidetes was
significantly increased in NASH mice in comparison to CON mice,
4
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Fig. 3. SNN altered fecal BA composition. A. The composition of fecal BA in CON, NASH, and SNN treatment group. B. Partial Least Squares Discriminant Analysis
(PLS-DA) of BA profile among groups. C. The variable importance in the projection model to visualize the different BAs between NASH and SNN treatment group.

whereas SNN treatment decreased the ratio (Fig. 2B).
We analyzed the degree of bacterial taxonomic similarity at the
family and genus level, respectively, and assessed the change of the
bacterial community that in response to SNN treatment. Family analysis
revealed that SNN treatment reversed the relative abundances of OUTs
in Micrococcaceae, Brevibacteriaceae, Dermabacteraceae, Clostridiaceae 1,
Microbacteriaceae, Corynebacteriaceae and Atopobiaceae increase, and
Peptostreptococcaceae, Sphingomonadaceae, Prevotellaceae, Lachnospir
aceae and Akkermansiaceae decrease induced by MCD diet (Fig. 2C). At
genus level, SNN decreased the enrichment of Coriobacteriaceae UCG002, Corynebacterium 1, Clostridium sensu stricto 1and Glutamicibacter,
whereas increased Romboutsia, Ruminiclostridium 9, Alloprevotella, Can
didatus Saccharimonas, Roseburia, Lachnospiraceae NK4A136 group and
Akkermansia (Fig. 2D). These results indicated that SNN modulated the
gut microbiomes, and partially reversed the gut dysbiosis of NASH mice.

among the three groups, indicating that SNN could modulate the fecal
BA profile (Fig. 3B). We applied variable importance in the projection
model to identify the most significant metabolites between NASH group
and SNN group, and found that SNN increased fecal norDCA and norCA,
and decreased GHCA, ωMCA, TωMCA, GCA and GDCA level (Fig. 3C),
suggesting that CAs and DCAs might be the important BA species that in
response to SNN treatment.
3.4. The correlation of SNN responded microbiomes and BAs
To indicate the relative importance of altered metabolites and
microbiomes between SNN and NASH groups, we applied supervised
multivariate analysis and constructed RF model, 8 microbiome species
and 1 metabolite were confirmed (Fig. 4A). To visualize the correlation,
a Spearman correlation was performed between the relative abundance
of differential microbial species and the BAs in the SNN and NASH
groups (Fig. 4B). The norDCA was negatively correlated with Adler
creutzia in Actinobacteria, and Negativibacillus, Lactobacillus and Rumini
clostridium 6 in Firmicutes phyla, whereas norCA was negatively
correlated with Enteractinococus in Actinobacteria and Negativibacillus in
Firmicutes phyla. The TDCA and THDCA were positively correlated with
Lachnoclostridium and Dubosiella in Firmicutes phyla and Candidatus
Saccharimmonas in Patescibacteria phyla. A network plot was drawn to
show the positive and negative correlations between microbiomes and
BAs (Fig. 4C).

3.3. SNN modulated fecal BA composition
To determine the effects of SNN on the BA profile, a UPLC/TQMS
based targeted metabolomics approach was used to analyze the BAs in
the feces of the mice. The results revealed that the total fecal BA levels
were significantly increased in NASH mice, and SNN treatment could
decrease the total BA levels (Fig. 3A). By analyzing the components of
the BAs, we found that the secondary BAs were decreased in NASH mice,
most significantly, TDCA, THDCA, GHDCA, and TωMCA, whereas pri
mary BAs, such as CDCA, CA, GCA, GHCA, and norCA were remarkably
increased in NASH mice (Fig. 3A). We next applied Partial Least Squares
Discriminant Analysis (PLS-DA) to visualize the distinct difference
5
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Fig. 4. The correlation of SNN responded microbiomes and BAs. A. Supervised multivariate analysis and RF model. B. Spearman correlation analysis of the relative
abundance of microbial species and the BAs. C. A network plot of correlations of microbiomes and BAs.

3.5. SNN activated colonic FXR-FGF15 pathway

inflammatory status upon SNN treatment. We further assessed the
impact of SNN on macrophages and inflammatory cytokines. Compared
with the NASH mice, the SNN-treated mice showed decreased CD68
positive area (Fig. 6B), indicating less macrophage accumulation in the
liver upon SNN treatment. Accordingly, the liver IL-1β expression was
also decreased in SNN treatment mice (Fig. 6B). In addition, SNN
administration also reduced Tnfα mRNA expression in hepatic tissues
(Fig. 6C). These results implied that SNN exhibits robust efficacy against
metabolic and immune disorders in NASH mice.

The alteration of intestinal BA profile may affect BA receptors, we
next detected the expression of typical BA receptors, TGR5 and FXR, in
both the ileum and colon of the mice. The relative protein expression of
TGR5 was not statistically different among groups in both colon and
ileum (Fig. 5A and B). The nuclear BA receptor FXR was significantly
decreased in colon and ileum of NASH mice, and SNN intervention only
increased the colonic FXR expression (Fig. 5A and B). Intestinal FXR
activation would promote FGF15 secretion, and we found that SNN
intervention reversed the relative protein expression of colonic FGF15 in
NASH mice accordingly (Fig. 5A). We also detected liver FXR and SHP,
although the relative protein expression was decreased in NASH mice,
SNN did not show any effect on liver FXR expression (Fig. 5C). The SHP
expression in the liver did not show statistical difference among groups
either (Fig. 5C). We also analyzed other BA metabolism related mole
cules in the liver, and found that SNN reversed the FGF15 mRNA
expression, but has no effect on FXR or BA synthesis or transportation
related molecules in liver (Fig. 5D). These results suggested that colonic
FXR-FGF15 pathway activation may contribute to the beneficial effects
of SNN on NASH mice.

4. Discussion
NASH is becoming one of the most common and health-threatening
diseases, and the global NASH market is of great potential (www.
reportsanddata.com). Although over 30 clinical trials are ongoing,
there is still no approved drug for NASH up to now. The widely recog
nized "multiple hits" hypothesis indicates that multiple insults are
involved in NASH development. TCM formulae are attractive candidates
for NASH due to the multiple components as well as effectiveness and
safety. Here, we found that 4-week SNN treatment remarkably allevi
ated NASH phenotype in mice fed with MCD diet, the beneficial effects
may attribute to the modulation of gut dysbiosis and microbiome related
BAs, which then activated colonic FXR-FGF15 pathway (Fig. 7). Our
data indicates that SNN might be a promising agent for NASH through
modulating microbiomes and BAs.
Gut microbiomes actively participate in regulating host metabolism,
and are mutualist partners of the host. Clinical investigations suggested
imbalance or maladaptation of gut microbiota is common in NASH pa
tients, and modification of the microbiota with antibiotics or tempol is

3.6. SNN suppressed liver metabolic inflammation
Intestinal FXR-FGF15 signaling plays a role in regulating hepatic
inflammatory and insulin pathway. We analyzed the liver extracts, and
found that SNN treatment increased the ratio of phosphorylated AKT to
total AKT and decreased the ratio of phosphorylated p65 to total p65
(Fig. 6A), indicating enhanced hepatic insulin sensitivity and reduced
6
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Fig. 5. SNN promoted colonic FXR-FGF15 pathway. A-C: Expression of FXR, TGR5, FGF15 and SHP in colon, ileum and liver were assayed by Western blot, n = 3 per
group. D: Expression of liver Fxr, Shp, Fgf15, Fgfr4, Cyp7a1 and Ntcp were detected by RT-qPCR, n = 8 per group. Data were shown as mean ± SD, *p < 0.05.

found to be beneficial. The gut has the largest number of bacteria and
the greatest number of species. Of the microbiota that residents in the
gut, Firmicutes and Bacteroidetes are the dominating microbiomes, and
the F/B ratio is reported to rise in obese and NASH patients [24,25].
Exercise or diet intervention can decrease F/B ratio, and improve gut
dysbiosis and metabolic disorders [26,27]. Here we observed that SNN
treatment reversed the increased F/B ratio in NASH mice, which may
attribute to the modulation of gut dysbiosis. At the genus level, SNN
treatment enriched the Lactobacillus and Alloprevotella, which are
considered to be beneficial. It is reported that the relative abundance of
Lactobacillus and Alloprevotella are decreased in mice fed with high-fat or
high-sucrose diet, whereas probiotics treatment could reverse the trend
[28]. The abundance of Akkermansia genus is reported to be increased
upon the antibiotic administration [29], and we also found the increased
abundance of Akkermansia genus upon SNN treatment.
The secondary BA formation needs multi-step 7α-dehydroxylation
reaction and certain microbiomes that could produce the enzymes.
Notably, Lactobacillus and Ruminiclostridium are actively involved.
Lactobacillus is a bile salt hydrolase (BSH) producing microbiome, and
Lactobacillus mucosae DPC 6426 is found to specifically hydrolyze the
glyco-conjugated BAs [30,31]. Ruminiclostridium (Clostridium) is a
7-dehydroxylating bacteria, and catalyzes DCA/LCA formation in the

gut [32]. We constructed the relationship network of SNN regulated
microbiomes and BA species, and found that the altered BA species are in
close association with Actinobacteria, Firmicutes. Actinobacteria is belong
to the order Actinomycetales, and important source of Streptomyces, thus
processes pharmacological potential [33]. Negativibacillus is found to be
related to the immunomodulatory effect in the colon [34]. Here we
established the network of confirmed BA species with microbiomes that
responsive to SNN treatment, and highlighted the alteration of norDCA.
NorDCA is formally named as (3α,5β,12α)-3,12-dihydrox
y-24-norcholan-23-oic acid, and is a 23-carbon derivative of DCA. A
recent study detected norDCA in rats, and found that the level of norDCA
is decreased in NAFLD rats [35]. However, the function of norDCA is still
unknown. It is reported that the nor-form of UDCA is more hydrophilic
and less toxic than UDCA, norUDCA obtains the ability to stimulate bi
carbonate secretion and protect cholangiocytes and hepatocytes from
apolar hydrophobic BA exposure, and is considered as a better drug for
primary sclerosing cholangitis and NAFLD [36,37]. Thus, we speculated
that the nor form of DCA might be an active metabolite, and the exact
functions need to be explored.
BAs exert their hormonal functions through binding to their re
ceptors. FXR and TGR5 are the mostly studied BA receptors. We
analyzed the both TGR5 and FXR in ileum and colon, and found the
7
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Fig. 6. SNN suppressed hepatic metabolic inflammation. A: Expression of liver P-P65, P65, P-Akt and Akt were assayed using Western blot, n = 3 per group. B:
Expression of liver CD68 and IL-1β was detected by IHC staining. C: Expression of liver Tnfα were detected by RT-qPCR, n = 8 per group. Data were shown as
mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.

intestinal FXR up-regulation upon SNN treatment. FXR is widely
expressed in the intestine, and tightly controls the enterohepatic BA
homeostasis. Activation of intestinal FXR is reported to improve meta
bolic disorders in db/db mice [38]. However, other studies showed that
intestinal FXR antagonist to be beneficial in obesity mice [39,40]. Thus,
intestinal FXR might exert bidirectional regulation of metabolic dis
eases. FXR deficiency could increase hepatic steatosis and alter BA pool
composition, contributing to worsened liver toxicity induced by ethanol
[41]. Intestine-restricted FXR agonist fexaramine is reported to improve
metabolic disorder partly through stimulating intestinal FGF15 pro
duction [42]. In addition, activation of intestinal FXR can counter
LPS-induced impaired intestinal epithelial barrier [43], which may be in
association with the reduction of bacterial translocation to the liver in
cirrhosis [44]. Here we revealed that SNN treatment activated intestinal
FXR-FGF15 signaling pathway, and modulated hepatic disorders. Simi
larly, with low bioavailability, both berberine and Pu-er tea inhibited
BSH activity and increased the levels of tauro-conjugated bile acids in
the gut, which is associated with intestinal FXR activation, the beneficial
effects are found to be lost in intestinal FXR knock out mice [45].
The microbiome-producing secondary BAs also enter the enter
ohepatic circle, and may affect other tissues. Here we detected FXR-SHP
pathway in the liver, and found that the hepatic FXR and SHP expression
have no statistical difference between NASH mice and SNN treatment
mice, suggesting that the effect of SNN on liver FXR is limited.
Accordingly, our previous work found the alteration of secondary BA
(LCA) upon treatment in the intestine, but the secondary BA profile in
the liver and serum was almost unaffected [21]. We also found the
decrease of TBA upon SNN treatment, which may also be associated with
the FXR expression in the liver.
In conclusion, our findings indicated that SNN could modulate gut

microbiota and intestinal BA profile, the alteration of certain BA species
activates intestine FXR, which contributes to the beneficial effects of
SNN on NASH. Although we revealed the relationship of SNN treatment,
gut microbiota, BA profile and NASH, the exact mechanisms still need to
be elucidated, especially the role of specific gut microbiome and BA
species in the regulation of biological processes. Here we applied a
typical NASH animal model, and the findings need to be verified in other
animal models and also in clinic.
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Fig. 7. Potential mechanisms of SNN on NASH. SNN treatment modulates gut microbiomes and related BA components, the altered BAs (eg. norDCA) further activate
intestinal FXR-FGF15 pathway, thus enhance hepatic insulin sensitivity and suppress inflammatory status.
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