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Abstract Nonalcoholic fatty liver disease (NAFLD) has become one of the most prominent causes of

chronic liver diseases and malignancies. However, few therapy has been approved. Radix Bupleuri (RB)

is the most frequently used herbal medicine for the treatment of liver diseases. In the current study, we

aim to systemically evaluate the therapeutic effects of saikosaponin A (SSa) and saikosaponin D (SSd),

the major bioactive monomers in RB, against NAFLD and to investigate the underlying mechanisms. Our

results demonstrated that both SSa and SSd improved diet-induced NAFLD. Integrative lipidomic and

transcriptomic analysis revealed that SSa and SSd modulated glycerolipid metabolism by regulating

related genes, like Lipe and Lipg. SSd profoundly suppressed the fatty acid biosynthesis by downregulat-

ing Fasn and Acaca expression and promoted fatty acid degradation by inducing Acox1 and Cpt1a expres-

sion. Bioinformatic analysis further predicted the implication of master transcription factors, including

peroxisome proliferator-activated receptor alpha (PPARa), in the protective effects of SSa and SSd. These

results were further confirmed in vitro in mouse primary hepatocytes. In summary, our study uncoded the

complicated mechanisms underlying the promising anti-steatosis activities of saikosaponins (SSs), and

provided critical evidence inspiring the discovery of innovative therapies based on SSa and SSd for

the treatment of NAFLD and related complications.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is now quickly
becoming one of the most prominent causes of chronic liver dis-
orders and constitutes a major risk factor of liver malignancy
worldwide. Already today, its prevalence ranges between 20% and
30% in the general population with an still rising incidence1,2.
Nonalcoholic fatty liver (NAFL) is characterized by hepatic
steatosis (excessive cytoplasmatic accumulation of lipids in he-
patocytes), representing the early stage of NAFLD, and is usually
associated with other metabolic syndromes, including obesity,
type-2 diabetes, and cardiometabolic conditions3. From a mech-
anistic perspective, the excessive fat deposition in NAFL is mainly
attributed to the disruption of hepatic lipid metabolism homeo-
stasis, including increased lipid uptake and biosynthesis, and
decreased lipid degradation. Accumulated free fatty acid-mediated
lipotoxicity and overloading of mitochondrial capacity concur-
rently contribute to the activation of multiple cell stress pathways,
including but not limited to oxidative stress and endoplasmic re-
ticulum stress. Immune responses and proinflammatory environ-
ment following stress-mediated apoptosis further aggravates
lipotoxicity-related hepatocellular injury and triggers the deposi-
tion of the extracellular matrix (ECM)4. With these above increase
of hepatocellular injury and emergence of necrotizing inflamma-
tory responses, NAFL potentially and uncontrollably develops into
the more severe stage, nonalcoholic steatohepatitis (NASH)5. The
continuum of liver abnormalities may further progress to liver
fibrosis and cirrhosis, and eventually hepatic malignancies.

Although NAFLD is of increasing concern since it is highly
prevalent, potentially aggressive, and progressing, no therapy has
been approved. Targeting intrahepatic lipid accumulation is
considered as the primary therapeutic strategy for NAFLD6. The
peroxisome proliferator-activated receptors (PPARs), including
PPARa, b/d, and g, are a family of nuclear receptors that have
been well-characterized to be master regulators in lipid transport,
fatty acid oxidation, and inflammation7. Among them, PPARa is
predominantly expressed in the liver and is closely related to
hepatic fatty acid metabolism8. PPARa transcriptionally activates
the expression of fatty acid transportation-related genes to facili-
tate the uptake and trafficking of long-chain fatty acids in the liver
and also promotes the expression of genes involved in fatty acid
catabolism. Acyl-coenzyme A oxidase 1 (ACOX1), primary en-
zymes responsible for the shortening of very-long-chain fatty acid
(VLCFA), carnitine palmitoyl-transferase 1a (CPT-1a), which is
essential for the initiation of fatty acid b-oxidation, and acyl-
coenzyme A (CoA) dehydrogenase family (ACADs), which
directly catalyzes the degradation of fatty acids, are all established
as downstream targets of PPARa activation9. Compelling evi-
dence implicated that PPARa contributed to the homeostasis be-
tween lipogenesis, ketone bodies production, and cholesterol
metabolism by regulating 3-hydroxy-3-methylglutaryl (HMG)-
CoA synthase 2 and malonyl-CoA decarboxylase. Next-
generation PPARa or pan-PPARs agonists, such as pioglitazone,
elafibranor, and saroglitazar, have been suggested to induce the
resolution of NASH in clinical trials10e12. However, due to
striking and severe adverse impacts, including weight gain, pe-
ripheral edema, bone fractures, and even congestive heart failure,
several previous PPAR agonist medications have been withdrawn
from the market, and the safety of next-generation PPARs ago-
nism medications yet to be extensively evaluated prior to the U.S.
Food and Drug Administration (FDA) approvement. Recently,
targeting the bile acid-farnesoid X receptor (FXR) axis has
become a novel approach for the treatment of NAFLD. Emerging
studies demonstrated that the activation of intrahepatic FXR
suppressed lipogenesis and alleviated steatosis in the liver by
reducing bile acid secretion and also directly regulating lipid
metabolism-related genes. A synthetic FXR agonist obeticholic
acid has achieved the milestone of clinical trials13,14. Interestingly,
interruption of bile acid enterohepatic cycle by inhibiting apical
sodium-dependent bile acid transporter (ASBT) in the ileum
significantly reduced the bile acid pool, improved serum
cholesterol/low-density lipoprotein (LDL) homeostasis, and
reversed the hepatic lipid accumulation in both experimental an-
imal models and NAFLD patients15. However, the phase II clinical
trial of SHP626 (Volixibat), the only ASBT inhibitor that gained
FDA fast track, was terminated probably due to severe diarrhea,
which was not confirmed by its developer, Shire Pharmaceuticals
Ltd. (Dublin, Ireland). Collectively, the discovery and develop-
ment of novel therapeutic options for NAFLD are urgently
required.

NAFLD is a complicated disease associated with the dysregu-
lation of multiple and cross-talking biological pathways as
described above. However, current scientific strategies for discov-
ering treatment against NAFLD are usually focusing on a single
target. Hence, identifying and evaluating bioactive components
derived from classic formulas in traditional Chinese medicine
(TCM) with promising hepatoprotective effects are potentially
efficient and safe approaches for the discovery of novel therapies
for NAFLD, since TCM is considered to be multi-targeting and has
been clinically used for thousands of years16. Radix Bupleuri (RB)
is the dry root of Bupleurum chinense DC. (Apiaceae) and
Bupleurum scorzoneri-folium Willd., and has been widely used in
TCM for over 2000 years. Clinically, RB is the principal herbal
product presented in almost all TCM formulas used for the treat-
ment of various liver diseases, including but not limited to fatty
liver, chronic or viral hepatitis, cirrhosis, and even hepatocellular
carcinoma17. Modern phytochemistry and biomedical studies have
demonstrated that saikosaponins (SSs), a serious of pentacyclic
triterpenoid oleanolic derivatives, are major bioactive ingredients
in RB. Saikosaponin A (SSa) and saikosaponin D (SSd) are the
most abundant SSs, possessing anti-inflammatory, anti-oxidation,
immunoregulation, anti-viral, anti-cancer, and hepatoprotective
effects18. However, a gap in our knowledge exists regarding the
potential effects and mechanisms of SSs on NAFLD. In our recent
study of SSs-related acute hepatotoxicity, we employed Multi-
plexed Isobaric Tagging Technology for Relative Quantitation
(iTRAQ)-based proteomic approaches and demonstrated that,
without inducing significant liver injury, a single administration of
SSs rapidly and persistently regulated the protein expression profile
of lipid transportation and metabolism-related genes, such as

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Apoa4, Fabp3, Acox1, Lipa, and Acadl19. These insightful results
in combination with the traditional use of RB in the treatment of
NAFLD encourage us to further investigate the potential thera-
peutic effects of SSa and SSd on diet-induced NAFLD and its
underlying molecular mechanisms.

In the current study, we evaluate and compare the protective
effects of SSa and SSd on hepatic lipid accumulation in high-fat
diet (HFD) and glucose-fructose water (HFSW)-induced NAFLD
mouse model. The integrative lipidomic and transcriptomic anal-
ysis revealed that both SSa and SSd improved disrupted homeo-
stasis of lipid metabolism, yet plausibly through different
mechanisms, which was further confirmed in vitro in mouse pri-
mary hepatocytes. Our data provide experimental evidence sup-
porting that SSs and derivatives may serve as novel therapeutic
strategies for the management of NAFLD and associated
manifestations.

2. Materials and methods

2.1. Animal study

Male C57BL/6J mice (8-week-old) were purchased from Vital
River Laboratory Animal Technology (Beijing, China). Mice were
acclimatized under 12 h/12 h light and dark cycle at a constant
temperature (22 � 2 �C) and were provided with standard chow
and water ad libitum. All animal experiments were approved by
the Shandong University Institutional Animal Care and Use
Committee (Ji’nan, China). Mice were randomly divided into
eight groups: (I) control group (chow diet); (II) fatty liver group
[HFSW, Western diet-42% kcal from fat and 0.2% cholesterol
(TD.88137, Harlan Laboratories, Inc., Indianapolis, IN, USA),
along with a high-fructose-glucose solution (D-glucose: 18.9 g/L
and D-fructose: 23.1 g/L) in drinking water]20; (IIIeV) HFSW
with SSa administration groups; (VIeVIII) HFSW with SSd
administration groups. Groups (IIeVIII) were all fed with HFSW
for 8 weeks. After fed with HFSW for 4 weeks, groups (IIIeVIII)
were intragastrically administered with different doses of SSa (5,
10, and 20 mg/kg) and SSd (5, 10, and 20 mg/kg) once daily for
another 4 weeks. Bodyweight, food consumption, and water intake
were recorded every other day. At the end of experiment, all mice
were sacrificed. Serum was collected and livers were prepared for
paraffin sections or frozen in liquid nitrogen.

2.2. RNA-sequencing analysis

Total RNA was extracted from mouse liver tissues. RNA purity
was detected by the NanoRhatometer@spectrophotometer
(IMPLEN, Santa Clara, CA, USA) and RNA integrity was
assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer
2100 system (Agilent Technologies, Santa Clara, CA, USA).
mRNA was purified from total RNA by poly-T oligo-attached
magnetic beads (New England Biolabs, Ipswich, MA, USA).
Fragmentation was performed using divalent cations under
elevated temperature in NEB fragmentation buffer (New England
Biolabs). Sequentially, first-strand cDNA and second strand cDNA
were synthesized. After purified with AMPure XP system
(Beckman Coulter, Beverly, MA, USA), cDNA fragments of
250e300 bp were preferentially enriched. Sequencing library
preparation was carried out using NEBNext UItraTM RNA Li-
brary Prep Kit for Illumina (NEB) following manufacturer’s rec-
ommendations and was further sequenced on an Illumina Novaseq
platform (Illumina, San Diego, CA, USA) and 150 bp paired-end
reads were established. Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) enrichment analysis of
differentially expressed genes were performed by the cluster
profile R package. Based on GO and KEGG dataset, differentially
expressed genes were further analyzed by Gene set enrichment
analysis (GSEA). CHIP-X Enrichment Analysis Version 3
(ChEA3) was applied for the transcription factor enrichment
analysis, and scores were obtained from TopRank and
MeanRank21.

2.3. Lipidomic analysis

About 250 mg of frozen liver samples (8 biological replicates for
each group) were accurately weighed and then pulverized in a
Freezer Mixer (Thermo Fisher, Carlsbad, CA, USA) at liquid ni-
trogen temperature. The samples were extracted in a solvent
mixture [MTBE: methanol: water (10:3:2.5, v/v/v)]. The organic
phasewas collected after incubating at room temperature for 10min
and centrifuging at 1000 � g for 10 min. The lower phase was re-
extracted with 1 mL of the solvent mixture. The organic phase
collected twice was concentrated using a nitrogen blowing device
(Thermo Fisher) and reconstituted with 100 mL of isopropanol.
Then each sample was analyzed by liquid chromatography/mass
spectrometry (LC/MS)/MS instrument (Thermo Fisher). Briefly,
samples were injected onto a Thermo Accucore C30 column
(150 mm� 2.1 mm, 2.6 mm) (Thermo Fisher) using a 20-min linear
gradient at a flow rate of 0.35mL/min. The column temperaturewas
set at 40 �C. Solvent Awas acetonitrile/water (6/4) with 10 mmol/L
ammonium acetate and 0.1% formic acid. Solvent B was acetoni-
trile/isopropanol (1/9) with 10 mmol/L ammonium acetate and
0.1% formic acid. The gradient was generatedwith solvents A andB
as follows: 70% A and 30% B, initial; 70% A and 30% B, 2 min;
57% A and 43% B, 5 min; 45% A and 55% B, 5.1 min; 30% A and
70% B, 11 min; 1% A and 99% B, 16 min; 70% A and 30% B,
18.1 min. Mass spectrometry analysis was performed first in both
positive/negative ion switching method in Full MS scan mode. The
raw data files generated were processed using the Compound
Discoverer 3.01 (CD3.1, Thermo Fisher), including peak align-
ment, peak picking, and quantitation for each metabolite. Statistical
analysis was performed using the statistical software R (version R-
3.4.3, University of Auckland, New Zealand, CA, USA), Python
(2.7.6 version, Google, Amsterdam, Holland), and CentOS (Cen-
tOS release 6.6, Red Hat, Raleigh, NC, USA).

2.4. Isolation and culture of mouse primary hepatocytes

Mouse primary hepatocytes (MPH) were freshly isolated using a
two-step collagenase digestion method as previously described22.
MPH were cultured in William’s E medium supplemented with
100 U/mL penicillin, 100 mg/mL streptomycin, 0.1 mmol/L
dexamethasone, and 0.1 mmol/L thyroxine (SigmaeAldrich, St.
Louis, MO, USA). All cells were cultured in a humidified cell
culture incubator (Thermo Fisher) at 37 �C with 5% CO2.

2.5. Statistical analysis

Results are representative of at least three independent experi-
ments or at least eight mice for each group. Data were expressed
as mean � standard error of mean (SEM) and statistical analysis
was performed using Prism 7.0 (GraphPad, La Jolla, CA, USA).
Multiple comparisons were performed by one-way ANOVA with
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Tukey’s post-hoc test. P < 0.05 was considered statistically sig-
nificant (see the Supporting Information for detailed descriptions
of other experimental materials and methods).

3. Results

3.1. SSa and SSd ameliorated HFSW-induced hepatic steatosis
in mice

To reveal the potential protective effects and detailed mechanisms
of SSa and SSd on fatty liver, mice were fed an HFSW diet for 8
weeks and were co-administered with SSa or SSd from Week 5 as
Figure 1 SSa and SSd ameliorated HFSW-induced hepatic steatosis and

administered with either SSa or SSd as described in the Material and metho

AST, and ALP activity levels. (C) The serum triglycerides (TG) levels an

hepatic TG (IHTG) levels. (E) Representative images of hematoxylin and

presented as mean � SEM (n � 8 mice in each group). ***P < 0.001 vs.
described in the Materials and methods. The body weight and the
intake of food and water were recorded twice a week. As shown in
Fig. 1A, both SSa and SSd inhibited HFSW-induced weight gain,
especially for medium and high doses of SSa, without affecting
the food and water intake of mice (Supporting Information
Fig. S1). Serum biochemistry assays then demonstrated that
HFSW significantly induced liver injuries, as indicated by
elevated alanine transaminase (ALT) and aspartate transaminase
(AST) levels, which were all markedly protected by the admin-
istration of SSa and SSd (Fig. 1B). As expected, HFSW also
significantly increased the lipid accumulation in the serum,
including triglycerides (TG) and cholesterol in both LDL and
liver injury. Mice were fed chow diet or HFSW diet for 8 weeks, and

ds. (A) Body weights of mice in different groups. (B) The serum ALT,

d low-density lipoprotein-cholesterol (LDL-C) levels. (D) The intra-

eosin staining of liver paraffin sections. Scale bar: 50 mm. Results are

control group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. HFSW group.
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high-density lipoprotein (HDL). Interestingly, SSa significantly
reduced both serum TG and LDL-cholesterol levels but SSd only
significantly decreased LDL-cholesterol levels in the serum
(Fig. 1C). The effect of both SSa and SSd on HDL-cholesterol was
minimal (data not shown). We further determined the TG accu-
mulation in the liver. As shown in Fig. 1D, the intrahepatic TG
levels were significantly increased by 2.5-fold in the HFSW
group, which were significantly reversed by both SSa and SSd
treatment. In line with this finding, liver histopathology study
indicated that SSa and SSd significantly and dose-dependently
inhibited the HFSW-caused lipid accumulation and extensive
steatosis as indicated by reduced number and size of lipid droplets
in hepatocytes (Fig. 1E).

3.2. SSa and SSd extensively modulated hepatic lipid profile

To further verify the effects of SSa and SSd on lipid metabolism in
the fatty liver, a lipidomic analysis was performed to determine
the intrahepatic lipid profile transformation in HFSW,
SSa-medium (SSa-M), and SSd-M groups vs. the control group.
Principal component analysis (PCA) analysis and volcano plots of
differentially altered lipid metabolites (DALs) suggested that the
intrahepatic lipid profiles were remarkably shifted in HFSW-fed
mice, while SSa and SSd treatment further modulated the
HFSW-induced dysregulation of lipid metabolism, as observed in
both positive and negative detection modes of LCeMS/MS lip-
idomic analysis (Supporting Information Fig. S2A and S2B).
Hierarchical cluster analysis further subdivided all DALs into 6
clusters based on alteration patterns, and 4 clusters of interests
were labeled in Fig. 2A. As shown in Fig. 2B, the relative contents
of DALs categorized in cluster 1 and cluster 2 were significantly
upregulated in SSa and SSd groups when compared to the HFSW
group. It is also noteworthy that the levels of DALs in cluster 3
and cluster 4 were all significantly upregulated by HFSW feeding,
which were then reversed by SSa and SSd treatments. We then
found that 23.79%, 16.72%, and 15.76% of DALs in cluster 1
belongs to the lipid classes of phosphatidylcholine (PC), phos-
phatidylethanolamine (PE), and sphingolipids, respectively. In
cluster 2, 7.09% of DALs are acyl-carnitines (ACARs), 6.3% are
acyl-amino acids (acyl-AA), and 6.3% are PC. These DALs were
only moderately upregulated by SSa, yet dramatically increased in
SSd group, suggesting that these DALs were specific targets of
SSd but not SSa. The lipidomic analysis also showed that 24.64%
of DALs in cluster 3 were diacylglycerol (DAG), and 18.84%
were TG. Additionally, when compared to SSa, SSd was more
efficient in regulating the contents of DALs in cluster 4, in which
10.75% were sphingolipids, 9.68% were PC, and 6.45% were
phosphatidic acids (PHA). To further determine the preferences of
SSa and SSd on regulating lipid metabolism in fatty liver, we
plotted the fold changes (SSa vs. HFSW and SSd vs. HFSW) of
DALs belonging to 15 lipid classes. Both SSa and SSd signifi-
cantly upregulated the contents of PE and acyl-AA, and signifi-
cantly reduced the accumulation of PHA and DAG with similar
potency. On the other hand, as shown in Fig. 2D and Supporting
Information Fig. S3A, SSa modulated the TG profiles on a large
scale, both positively and negatively. However, the effects of SSd
on TG metabolism were not significant. More interestingly, SSd
significantly shifted the profile of ACARs in the fatty liver, sug-
gesting the potential implication of SSd in lipid catabolism, given
the essential role of ACARs formation in the initiation of fatty
acid b-oxidation (Fig. 2E and Supporting Information Fig. S3B).
These findings suggested that although both SSa and SSd
ameliorated HFSW-induced hepatic steatosis, the underlying
mechanisms were varied since the preferences of SSa and SSd on
modulating lipid profiles were different.

3.3. SSa and SSd extensively regulated the expression of genes
involved in lipid metabolism

Transcriptomic analysis using RNA-sequencing (RNA-seq) was
performed to reveal the underlying mechanisms and potential
molecular targets of SSa and SSd in regulating lipid metabolism.
As shown in Supporting Information Fig. S4A and S4B, a total of
2528 genes were identified as differentially expressed genes
(DEGs, P < 0.05) in the HFSW group when compared to the
control group, with 1208 upregulated and 1320 downregulated.
These DEGs were significantly enriched in lipid metabolism,
according to GO-biological process (GO: BP) analysis (Sup-
porting Information Fig. S4C). RNA-seq results further demon-
strated that all doses of SSa and SSd significantly shifted the
transcriptomic profile in the livers of HFSW-fed mice (Fig. 3A
and Supporting Information Fig. S5A and S5B). GSEA analysis
suggested that the phenotype of NAFLD (KEGG entry:
MMU04932) was potentially enriched in the HFSW group and
was reversed by almost all SSs treatment groups, except for SSa
at a low dose, which was consistent with our findings in the
histopathological and lipidomic analysis (Fig. 3B). As shown in
Fig. 3C, GO analysis suggested that DEGs in SSa-M vs. HFSW
and SSa-high (SSa-H) vs. HFSW were significantly enriched in
several GO: BP terms related to lipid metabolism, such as neutral
lipid metabolic process, glycerol lipid metabolic process, and
regulation of lipid metabolic process. On the other hand, SSd-
related DEGs were enriched in triglyceride metabolic process
in both medium-dose group and high-dose group, and DEGs in
SSd-H vs. HFSW were also enriched in acylglycerol metabolic
process and lipid homeostasis (Fig. 3D). These findings sug-
gested that both SSa and SSd modulated intrahepatic lipid pro-
files by extensively regulating the expression of genes involved
in lipid metabolism.

3.4. SSa and SSd regulated glycerol lipid metabolism in fatty
liver

The expression profile of DEGs enriched in the GO term of
glycerolipid metabolism was shown as a heatmap in Fig. 4A.
GSEA analysis also suggested that the upregulation of genes
involved in glycerolipid metabolism (KEGG entry: MMU00561)
were enriched in SSa and SSd groups, especially at higher
doses, suggesting the regulative effects of SSs on glycerolipid
metabolism (Fig. 4B). These DEGs were further categorized into
two subsets depending on their molecular functions. Interest-
ingly, we found that 9 out of 14 DEGs promoting glycerol lipid
biosynthesis and storage, including Cidea, Lpin1, Pnpla3,
Mogat1, and Fitm123, were downregulated by medium and high
doses of SSa and all doses of SSd (Fig. 4A, upper panel). As
shown in the lower panel of Fig. 4A, critical genes responsible
for glycerol lipid activation and catabolism, including Gk,
Ces1d, Lipg, and Lipe were all significantly upregulated by SSa
and SSd23. Real-time PCR further verified the findings of RNA-
seq analysis, and further confirmed that SSd was more efficient
in inducing the expression of genes implicated in glycerol lipid
degradation, as indicated by the mRNA levels of Ces1d and
Lipg (Fig. 4C and D). As shown in Fig. 4E and Supporting
Information Fig. S6A, the lipidomic analysis revealed that DAG



Figure 2 SSa and SSd extensively modulated hepatic lipid metabolism. Lipidomic analysis was performed on mice liver tissue samples

(n Z 8). (A) Significant differentially altered lipids (DALs) were clustered and plotted as a heatmap. (B) Four clusters (clusters 1e4) were

highlighted, and the trend lines indicating the change of intrahepatic levels of these DALs were shown. (C) DALs in each cluster were sub-

categorized based on their lipid classes. (D) and (E) Fold changes of DALs belonging to different lipid classes upon SSa and SSd challenges (SSa

vs. HFSW and SSd vs. HFSW) were plotted in panels (D) and (E), respectively. The size of each dot represents �log10 (P value).
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levels were significantly increased in HFSW-induced fatty liver,
and both SSa and SSd significantly reversed intrahepatic DAG
accumulation. Integrative analysis of transcriptomic and lip-
idomic data strongly suggested that the clearance of DAGs by
SSa and SSd were attributed to the increased expression of TG
and DAG hydrolyzing enzymes and decreased expression of
DAG producing enzyme Lpin1. Furthermore, SSa and SSd
significantly decreased the PHA contents in the fatty liver by
1.5e3-fold and thus contributed to the reduction of DAG levels,
since PHA was also an important substrate for DAG synthesis
(Fig. 4E and F, and Supporting Information Fig. S6B). These
findings were also in accordance with SSa- and SSd-induced
downregulation of Pnpla3, the enzyme catalyzing PHA
production.
3.5. SSa and SSd hampered fatty acid biosynthesis and
promoted fatty acid degradation

A disrupted balance between fatty acid biosynthesis and degra-
dation is the major cause of lipid metabolism dysregulation and
lipotoxicity in the pathogenesis of fatty liver diseases. Although
fatty acid biogenesis was not the top ten enriched terms in the GO
analysis, DEGs related to this process were plotted in Fig. 5A as a
heatmap. Essential genes involved in de novo fatty acid biosyn-
thesis, including Acaca and Fasn, were all significantly down-
regulated by SSa and SSd. On the other hand, several genes
implicated in the elongation and desaturation of fatty acids, such
as Fads2, Fads3, Fads6, and Elovl6, were upregulated by SSd but
not SSa. Both real-time PCR and Western blot analysis



Figure 3 SSa and SSd regulated hepatic transcriptome in a large scale. RNA-seq analysis was performed on mice liver tissue samples (n Z 4).

(A) Heatmap represented the expression profile of differentially expressed genes (DEGs) (P < 0.05) identified in the comparison of SSa treatment

groups (SSa-L, SSa-M, and SSa-H) vs. HFSW group, and SSd (SSd-L, SSd-M, and SSd-H) treatment groups vs. HFSW group. (B) Gene set

enrichment analysis (GSEA) plot for KEGG entry: NAFLD based on DEGs in SSa and SSd groups vs. HFSW group. NES, normalized enrichment

score. (C) and (D) GO pathway enrichment analysis (BP: biological process) based on DEGs in SSa and SSd groups vs. HFSW group. Padj,

adjusted P value.
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demonstrated that HFSW slightly induced the expression of
ACCa and FASN, which were then significantly downregulated by
SSa and SSd (Fig. 5B and C). Sterol regulatory element-binding
protein 1 (SREBP-1) has been well-characterized as the master
regulator of fatty acid biogenesis and sterol metabolism by tran-
scriptionally modulating gene expression, including Acaca and
Fasn24. As shown in Fig. 5D, the mRNA level of Srebf1 (gene
encoding SREBP-1) was slightly increased in HFSW-fed mice and
was not significantly changed after SSa and SSd treatment, except
for SSa-M group. Since the maturation of SREBP-1, depending on
sterol regulatory element-binding protein cleavage-activating
protein 1 (SCAP1)-mediated cleavage on the ER, is essential for
its function as a transcription factor, we determined the protein
levels of cleaved SREBP-1 by Western blot to indicate its cyto-
solic activation25. Interestingly, SSa and SSd did not affect the
protein levels of uncleaved SREBP-1 (125 kD), yet inhibited its
maturation, as indicated by the decreased protein levels of mature
SREBP-1 (60 kD) (Fig. 5E). However, according to RNA-seq
data, only part of SREBP-1 downstream genes was down-
regulated by SSa and SSd, the others were paradoxically upre-
gulated (Fig. 5F). These results suggest that SSa and SSd
modulated fatty acid biosynthesis in a complicated way.



Figure 4 Effects of SSa and SSd on glycerollipid metabolism. (A) The expression profile of DEGs implicated in the metabolism of glycerolipid

was shown as heatmap. (B) GSEA plot for KEGG entry: glycerollipid metabolism based on DEGs. (C) and (D) The relative mRNA levels of

Pnpla3 and Lpin1 (C) and Ces1d and Lipg (D) were determined by real-time PCR and normalized using Hprt1 as an internal control. Results are

presented as mean � SEM (n � 6 mice in each group). ***P < 0.001 vs. control group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. HFSW group. (E)

The changes of intrahepatic levels of diacylglycerols (DAG) and phosphatidic acids (PHA) in the treatment group (SSa and SSd) and model group

(HFSW), when compared to the control group. (F) The biological process of glycerolipid metabolism. The orange and green dots represented

increased and decreased lipids after SSa and SSd treatment, respectively. The red and blue squares represented upregulated and downregulated

genes upon SSa and SSd challenges, respectively.
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We further investigated the regulative effects of SSa and SSd on
fatty acid degradation. As shown in Fig. 6A, a total of 18 genes
involved in fatty acid catabolism were identified, and 13 of these
genes were moderately upregulated by SSa and remarkably induced
by SSd. Acsl1, Acsm3, and Acsm5, which were key enzymes
catalyzing the transformation of fatty acid into their active form
fatty acyl-CoA, Acox1 and Acox3, which were responsible for the
degradation of VLCFA in the peroxisome, and Cpt1a, Acad10,
Acad12, and Slc27a1, which were critical for fatty acid trans-
portation and b-oxidation, were all included in this gene set. GSEA
analysis further demonstrated that upregulated genes involved in
fatty acid degradation (KEGG entry: MMU00071) were enriched in



Figure 5 Effects of SSa and SSd on the regulation of fatty acid biogenesis. (A) The expression profile of DEGs implicated in the biosynthesis

of fatty acid was shown as heatmap. (B) The relative mRNA levels of Acaca and Fasn were determined by real-time PCR and normalized using

Hprt1 as an internal control. (C) The relative protein levels of ACCa and FASN were determined by Western blot analysis and using b-actin as a

loading control. Representative images of immunoblots were shown (n Z 6 mice, pooled samples). (D) The relative mRNA level of Srebf1 was

determined by real-time PCR and normalized using Hprt1. (E) Representative immunoblot images of SREBP-1 and mature SREBP-1 were shown

and b-actin was used as a loading control (n Z 6 mice, pooled samples). (F) The expression profile of SREBP-1 target genes was presented as

heatmap. Results were presented as mean � SEM (n � 6 mice in each group). ***P < 0.001 vs. control group; #P < 0.05, ##P < 0.01,
###P < 0.001 vs. HFSW group.
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SSd-M and SSd-H groups, when compared to HFSW group, sug-
gesting that SSd was more potent in promoting fatty acid degra-
dation than SSa (Fig. 6B). Real-time PCR results further confirmed
the findings in RNA-Seq analysis, showing that SSd, but not SSa,
significantly induced Cpt1a, Acsl1, and Acox1 expression in fatty
liver in a dose-related manner (Fig. 6C). CPT-1a (encoded by Cpt1a
gene), catalyzing the transfer of the fatty acid-CoA onto carnitine, is
essential for the uptake of fatty acid by mitochondria and is the rate-
limiting enzyme of FA b-oxidation. In addition to its mRNA levels,
the protein levels of CPT-1a were also increased after SSd treat-
ment (Fig. 6D). Along with these findings, the intrahepatic levels of
ACARs, the catalytic products of CPT-1a, were dramatically
modulated by SSs. Interestingly, the levels of all medium-chain
ACARs and 12 out of 15 long-chain ACARs were increased in
both SSa and SSd groups. However, the levels of 6 out of 8 very-
long-chain ACARs were decreased in the SSd group, when
compared to HFSW groups. These results were probably attributed
to SSd-mediated induction of ACOXs expression and thus
activation of peroxisomal degradation of VLCFA, which drained
out the precursor of very-long-chain ACARs (Fig. 6E and F).

We further confirmed the protective effects of SSa and SSd on
hepatic steatosis in vitro in MPH. As shown in Fig. 7A, oleic acid
(OA) and palmitic acid (PA) in a combination of 500 and
250 mmol/L (OA:PA) resulted in significant TG accumulation and
lipid droplet formation in 24 h, both SSa (0.3e1.2 mmol/L) and
SSd (0.08e0.3 mmol/L) ameliorated the steatosis phenotype
induced by OA:PA, as indicated by oil red O staining, and was
supported by intracellular TG assay (Fig. 7B). For FA biosynthesis
genes, SSa and SSd significantly decreased the expression of
Acaca but not Fasn under normal conditions. OA:PA significantly
downregulated the expression of both Acaca and Fasn, which
were significantly suppressed by SSa and SSd (Fig. 7C). For FA
degradation genes, as expected, SSa and SSd dose-dependently
upregulated the expression of Ppara, Acox1, and Cpt1a, even
with the presence of OA:PA (Fig. 7D). These results strongly
demonstrated that SSa and SSd, even at concentrations lower than



Figure 6 The effect of SSa and SSd on fatty acid degradation. (A) The expression profile of DEGs implicated in the fatty acid catabolism was

shown as heatmap. (B) GSEA plot for KEGG entry: fatty acid degradation based on DEGs. (C) The relative mRNA levels of Cpt1a, Acsl1, and

Acox1 were determined by real-time PCR and normalized with Hprt1. (D) The protein level of CPT-1a was determined by Western blot analysis

using b-actin as a loading control. Representative immunoblot images were shown (nZ 6 mice, pooled samples). (E) The changes of intrahepatic

levels of acyl-carnitines (ACARs) in the treatment group (SSa and SSd) and model group (HFSW), when compared to the control group. (F) The

biological process of fatty acid biosynthesis and degradation. The orange and green dots represented increased and decreased lipids after SSa and

SSd treatment, respectively. The red and blue squares represented upregulated and downregulated genes upon SSa and SSd challenges,

respectively. Results were presented as mean � SEM (n � 6 mice in each group). **P < 0.01 vs. control group; #P < 0.05, ##P < 0.01,
###P < 0.001 vs. HFSW group.
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1 mmol/L in vitro, were promising therapeutic candidates against
fatty liver diseases by promoting fatty acid metabolism.

3.6. SSa and SSd regulated lipid metabolism genes expression
via transcription factors

The above findings demonstrated that SSa and SSd modulated the
expression profile of lipid metabolism-related genes on a large
scale, suggesting that upstream transcription factors (TF), instead
of single lipid catalytic enzyme, maybe the primary molecular
targets of SSs. Thus, based on a gene list of upregulated DEGs
(SSa vs. HFSW and SSd vs. HFSW) enriched in GO term of lipid
metabolism, Chip-X Enrichment Analysis Version 3 (ChEA3)
analysis were performed to predict the involved TFs. As shown in
Fig. 8A, according to the two embedded scoring systems in
ChEA3, the top ten TFs with more than 10 target genes over-
lapped with DEGs were highlighted. The expression patterns of
these TFs upon SSa and SSd challenges were further shown in
Fig. 8B. Interestingly, the expression of Cebpa and Mlxipl were
suppressed by SSd when compared to HFSW group, whereas



Figure 7 The effect of SSa and SSd on fatty acid metabolism in primary liver cells. Mouse primary hepatocytes (MPH) were incubated with

OA:PA (500 mmol/L:250 mmol/L) and treated with SSa and SSd as indicated for 24 h. (A) Representative images (scale bar: 100 mm) of oil red O

staining of MPH and magnified images (scale bar: 50 mm). (B) The intracellular TG levels were determined as described in the method. (C) and

(D) The relative mRNA levels of Acaca and Fasn (C), and Ppara, Acox1, and Cpt1a (D) were determined by real-time PCR and normalized using

Hprt1 as an internal control. Results were presented as mean � SEM (nZ 3). #P < 0.05, ##P < 0.01 vs. control group; *P < 0.05, **P < 0.01 vs.

OA:PA group.
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Ppara (encoding PPARa), Pparg (encoding PPARg), Nr1h3
[encoding liver X receptor alpha (LXRa)], Esrra [encoding
estrogen-related receptor alpha (ERRa)], Nr1i3 [encoding
constitutive androstane receptor (CAR)], and Srebf1 were upre-
gulated by both SSa and SSd. The molecular simulation was then
employed to further explore the potential binding of SSa, SSd, and
their in vivo metabolites with these upregulated TFs (Fig. 8C)18. In
Fig. 8D, the color of each dot represented the binding free energy
(BFE) of compounds, and the size of dots indicated the similarity
of the binding affinity of SSs and metabolites when compared to
the original ligands in the protein crystal structure complex, as
calculated following the instruction in the Materials and methods.
Generally, SSa, SSd, and their metabolites were not likely ligands
for PPARg, CAR, retinoid X receptor alpha (RXRa), androgen
receptor (AR), and ERRa, based on the criteria of binding free
energy less than �5.0 kJ/mol. It is noteworthy that SSa was a
potential ligand for PPARa (�22.2 kJ/mol) and LXRa (�32.7
kJ/mol), yet with low predicted affinity, and SSd was plausible
stronger PPARa ligand than SSa, as indicated by lower binding
free energy (�29.3 kJ/mol). The molecular docking results further
showed that the binding mode of SSa and SSd with PPARa was
similar to that of synthetic PPARa agonist, TIPP703 (Fig. 8E).
The binding free energy of SSa metabolites with PPARa,
including saikogenin a (SGa, �31 kJ/mol), saikogenin h (SGh,
�26.8 kJ/mol), and prosaikogenin f (pSGf, �28.1 kJ/mol), was
lower than that of SSa. Similarly, SSd metabolites, such as SGd
(�31.8 kJ/mol) and prosaikogenin g (pSGg, �32.2 kJ/mol) were
also more potent ligands for both PPARa. These results suggested
that in vivo metabolism might contribute to the regulative effects
of SSa and SSd on gene expression. Since the primary targets of
LXRa, mainly lipogenic genes like Fasn and Scd1, were either
downregulated or not changed by SSs treatment, we focused on
the potential effects of SSa and SSd on PPARa, the master TF
regulating lipid degradation26. Interestingly, in line with the



Figure 8 Regulative effects of SSa and SSd on transcription factors (TFs) involved in lipid metabolism. (A) Transcription factors enrichment

analysis (TFEA) plot based on the upregulated DEGs enriched in lipid metabolism pathways. (B) The expression profile of predicted TFs involved

in the regulation of lipid metabolism. (C) The in vivo biotransformation and metabolism of SSa and SSd. (D) Molecular docking results of SSs and

metabolites binding to indicated TFs. Binding free energy (BFE) and relative BFE (RBFE) indicating the potential binding affinity were

calculated as instructed in the method. (E) The representative images for the binding mode of SSa (purple), SSd (pink), and synthetic PPARa

agonist TIPP703 (white) with the crystal structure of PPARa (PDB ID: 2ZNN, grey). (F) The expression profile of PPARa and its coactivators.

(G) The protein levels of PPARa and RXRa in the liver were determined by Western blot using b-actin as a loading control (n Z 6 mice, pooled

samples). (H) The expression profile of PPARa target genes was presented as a clustered heatmap.
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induced PPARa expression, RNA-seq analysis suggested that the
expression of several co-factors of PPARa, including Ncoa1,
Ncoa2, Ncoa6, Rxra, and Ppargc1a, were also increased by SSa
and SSd (Fig. 8F)27,28. Western blot analysis further demonstrated
that the protein levels of both PPARa and RXRa were decreased
upon HFSW feeding, which were reversed by SSa and SSd in a
dose-related manner (Fig. 8G). Furthermore, by investigating the
expression patterns of PPARa target genes, we found that more
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than half of these target genes were upregulated by both SSa and
SSd, about 25% of them were induced by SSa treatment, and only
less than 25% were downregulated by SSs (Fig. 8H). These results
strongly suggested that SSa, SSd, and specific metabolites regu-
lated hepatic lipid metabolism by activating TFs network,
including PPARa, RXRa, and LXRa, although further experi-
mental evidence is still required for validation.
4. Discussion

NAFLD, with continuously increasing morbidity, represents one
of the most common risk factors of advanced stages of liver dis-
eases, related metabolic complications, and subsequent death, and
has become a substantial burden for the economy and healthcare
system. However, numerous attempts to treat NAFLD have failed
in the clinical trial, leading to the absence of approved therapeutic
options. TCM has been clinically practiced for the treatment of
diseases with similar manifestations of NAFLD for thousands of
years, and RB is regarded as one of the most frequently used
herbal products in these TCM formulas. We previously demon-
strated that a single dose of purified SSs fraction, containing SSa,
SSb1, SSb2, and SSd, broadly and rapidly regulated the hepatic
levels of proteins involved in lipid transportation and metabolism
by applying iTRAQ proteomic analysis19. In the current study, we
established a NAFLD mouse model by a combination of HFD and
fructose-glucose drinking water and demonstrated that both SSa
and SSd improved NAFLD, as indicated by reduced hepatocyte
ballooning area and decreased intrahepatic and serum TG levels
and LDL-cholesterol, and protected NAFL-related liver injury, as
illustrated by decreased serum AST and ALT levels. Furthermore,
by applying integrative lipidomic and transcriptomic analysis, we
systemically evaluated the specific effects of SSa and SSd on the
hepatic lipid metabolic spectrum and the expression profile of
genes implicated in lipid metabolism.

Interestingly, the effects of SSa and SSd on HFSW-induced
dysregulation of lipid profile were remarkably different, although
SSa and SSd are identical in molecular formula (Figs. 2 and 4).
SSa profoundly and bidirectionally altered the accumulation of
TG in the liver, namely upregulated more than 20 types of TG
with distinct fatty acid chains and significantly downregulated
more than 30 types of TG. Meanwhile, SSd only upregulated and
downregulated 7 and 6 types of TG, respectively. These findings
were associated with the different effects of SSa and SSd on the
expression of genes involved in the formation and enlargement of
lipid droplets (LDs). LDs are specialized subcellular organelle
storing excessive fatty acids as TGs. The biogenesis, deposition,
and breakdown of intracellular TG were tightly controlled by LD
associated proteins, such as perilipin (PLIN) families29. Among
these proteins, FITM1 is essential for the packaging of TG derived
from endoplasmic reticulum (ER) and following initiation of LD
formation, and PLIN5 sequesters TG from lipolysis by controlling
the access of lipase and co-factors to LDs30,31. SSa was more
potent in suppressing these genes and thus more efficient in
regulating LD and TG degradation when compared with SSd.
DAG played a critical role in the lipid homeostasis in the liver by
serving as a central substrate for the production of not only
monoacylglycerol (MAG), TG, and free FA, but also PC and PE,
which are essential for the integrity and property of LD membrane
(Fig. 4F)32. According to the lipidomic analysis, SSa and SSd
shared similar capacities in relieving DAG accumulation in the
liver and in regulating PC:PE levels (Supporting Information
Fig. S7). However, SSd but not SSa, significantly upregulated the
expression of genes implicated in the activation of glycerolipid,
such as Dgka, Dgkq, and Gk, and genes involved in the following
hydrolyzation of glycerolipid and release of FA, such as Ces1d,
Lipg, and Lipe. PNPLA3 specifically catalyzes CoA-dependent
acylation of 1-acyl-sn-glycerol 3-phosphate (LPA) to generate
PA, the critical precursor of DAG and other glycerolipids. In
addition, PNPLA3 possesses TG lipase activities and thus is
involved in the regulation of LD and TG elimination. It has been
well characterized that catalytically defective forms of PNPLA3,
due to mutations (I148M), are strongly associated with NAFLD33.
Most recently, by designing a ubiquitylation-resistant wild type
PNPLA3, Linden et al.34,35 further demonstrated that the accu-
mulation of PNPLA3 on LD, but not defective enzymatic activity,
resulted in hepatic steatosis, which suggested that suppressing the
expression of PNPLA3 or promoting its clearance might serve as
potential therapeutic targets for NAFLD. Our current study
revealed that both SSa and SSd remarkably inhibited the tran-
scription of Pnpla3, which was associated with the reduced PA
levels in the liver. These results suggested that the lipid-lowering
effects of SSa and SSd were also probably attributed to the
regulation of Pnpla3. However, further studies are still required to
investigate whether SSs alleviate PNPLA3 accumulation on LDs.

Meanwhile, SSa and SSd substantially modulated intrahepatic
FA metabolism, including suppressing lipogenesis and promoting
FA oxidation, and thus protected against lipotoxicity. Our study
showed that SSa and SSd inhibited the maturation of SREBP-1 in
a dose-dependent manner without suppressing transcription, sug-
gesting the effects of SSs on SREBP-1 were post-translational and
probably indirect. SSs may also hamper lipogenesis by modu-
lating the interactions between SREBP-1 and other energy-sensing
TFs. CEBPA and ChREBP (encoded by Mlxipl ) are critical
players in regulating both glucogenesis and lipogenesis, and both
synergize with SREBP-1c in transcriptionally activating lipogenic
genes36e38. Interestingly, SSs significantly reduced the mRNA
levels of both Cebpa and Mlxipl. It would be of great interest to
investigate the effects of SSs on the cleavage-dependent activation
of SREBP and the interactions between SREBP-1c, CEBPA, and
ChREBP. The effects of SSs on lipogenesis were only supported
by RNA-sequencing, whereas the promotive effects of SSs on FA
degradation were supported by both lipidomic and transcriptomic
studies (Fig. 6F). Specifically, SSs significantly induced the
expression of genes implicated in the transportation of FA, such as
Slc27a1 and Abcd1, which might facilitate the uptake of FA by
either mitochondria and peroxisome, where FA was catabolized
for energy production39,40. Acox1 and Acox3 were all essential
genes involved in the degradation of VLCFA into FA with shorter
chain41. SSa and SSd enhanced the transcription of Acox1 and
Acox3 and thus reduced VLCFA and VLCFA-derived ACARs in
the liver (Fig. 6E). Following ACSLs- and ACSMs-mediated
transformation of FA into their active form acyl-CoA, CPT-1a,
the rate-limiting enzyme, catalyzed the formation of ACARs that
licensed the b-oxidation of FA in the mitochondria. The dramat-
ically increased intracellular ACARs levels (about 10-fold) and
significantly upregulated expression of these above genes strongly
suggested that SSa and SSd were promising and potent modulators
in facilitating FA degradation. Of note, SSd was more efficient in
promoting FA clearance when compared to SSa, as illustrated by
higher mRNA levels of genes and higher ACAR levels. Intrigu-
ingly, malonyl-CoA produced by ACCa (encoded by Acaca) in
response to the accumulation of Acetyl-CoA, the subsequent
product of FA b-oxidation, is a potential antagonist for the
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enzymatic activity of CPT-1a and serve as a negative feedback
mechanism42,43. SSs suppressed the expression of Acaca, which
might inhibit the synthesis of malonyl-CoA and abrogate the
feedback mechanism, and thus further strengthen the promotive
effects of SSs on FA catabolism. These results suggested that SSs
coordinately modulated both FA biogenesis and degradation and
subsequently protected mice from NAFLD.

It is noteworthy that both SSa and SSd modulated gene
expression on a large scale, indicated that upstream TFs were
involved. By applying bioinformatic approaches and molecular
simulation, we preliminarily identified that several TFs were po-
tential molecular targets of SSa, SSd, and their metabolites.
Among these TFs, PPARa was a master regulator of FA meta-
bolism in hepatocytes, and RNA-seq results demonstrated that not
only PPARa but also its co-activators were upregulated by SSs
(Fig. 8FeH)7,44. The expression profile of PPARa target genes
and molecular docking further supported that SSs relived NAFLD
by, at least partly, acting as PPARa agonists. RXRa/PPARa het-
erodimer has been characterized as essential for the transcriptional
activity of PPARa, and our results showed that SSs also upregu-
lated the expression of RXRa at both mRNA and protein
levels45,46. The downstream genes of RXRa were also upregulated
in SSs-treated groups, including ATP-binding cassette sub-family
G member proteins (ABCGs) and other genes involved in
cholesterol metabolism (data not shown), suggesting potential
therapeutic effects of SSa and SSd in cholesterol-related diseases,
especially NALFD-associated cardiovascular complications47.
Paradoxically, SSs also upregulated LXRa (encoded by Nr1h3), a
nuclear receptor that has been established as a lipogenic TFs by
interacting with SREBP-1c. SSs might also directly bind to LXRa
as predicted by molecular docking48e50. More experimental evi-
dence is urgently required to elucidate the complex interaction
between SSs-mediated regulation of TFs. Furthermore, the mo-
lecular simulation indicated that various SSa and SSd metabolites,
including SGh and SGd possessed similar or even stronger po-
tencies in interacting with critical lipid metabolism-related TFs.
These results encouraged systemic exploration of SS-, SS
metabolite-, and SS derivative-induced anti-steatosis effects.
5. Conclusions

The current study systemically demonstrated that SSa and SSd,
major bioactive ingredients derived from the most frequently used
herbal medicine in liver diseases, significantly ameliorated hepatic
steatosis and improved liver injury in an HFSW-fed NAFLD
mouse model and OA:PA-treated primary hepatocytes. Integrative
lipidomic and transcriptomic analysis revealed that SSa and SSd
prevented glycerolipid accumulation, inhibited FA biosynthesis,
promoted FA degradation, and subsequently recovered hepatic
lipid homeostasis by broadly regulating TF-dependent gene
expression. Our study not only sheds novel light on the compli-
cated mechanisms underlying the anti-steatosis activities of
widely used herbal medicine RB but also provides critical evi-
dence inspiring the discovery and development of innovative
therapeutic agents based on SSa and SSd for the treatment of
NAFLD and related complications.
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