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Non-alcoholic fatty liver disease, especially nonalcoholic steatohepatitis (NASH), is a leading cause of
cirrhosis and liver cancer worldwide; nevertheless, there are no Food and Drug Administration-approved
drugs for treating NASH until now. Peroxisome proliferator-activated receptor alpha (PPAR«) is an interesting
therapeutic target for treating metabolic disorders in the clinic, including NASH. Herpetrione, a natural lignan
compound isolated from Tibetan medicine Herpetospermum caudigerum, exerts various hepatoprotective
effects, but its efficacy and molecular mechanism in treating NASH have not yet been elucidated. Here,
we discovered that herpetrione lessened lipid accumulation and inflammation in hepatocytes stimulated
with oleic acid and lipopolysaccharide, and effectively alleviated NASH caused by a high-fat diet or
methionine-choline-deficient diet by regulating glucolipid metabolism, insulin resistance, and inflammation.
Mechanistically, RNA-sequencing analyses further showed that herpetrione activated PPAR signaling, which
was validated by protein expression. Furthermore, the analysis of molecular interactions illustrated that
herpetrione bound directly to the PPARa protein, with binding sites extending to the Arm Il domain. PPAR«
deficiency also abrogated the protective effects of herpetrione against NASH, suggesting that herpetrione
protects against hepatic steatosis and inflammation by activation of PPAR« signaling, thereby alleviating
NASH. Our findings shed light on the efficacy of a natural product for treating NASH, as well as the broader
prospects for NASH treatment by targeting PPARa.

Citation: Linghul, ZongW, Liao,
ChenQ, MengF, WangG, LiaoZ, Lan X,
ChenM. Herpetrione, a New Type

of PPAR« Ligand as a Therapeutic
Strategy Against Nonalcoholic
Steatohepatitis. Research
2023;6:Article 0276. https://doi.
org/10.34133/research.0276

Submitted 12 September 2023
Accepted 9 November 2023
Published 30 November 2023

Copyright © 2023 Lang Linghu etal.
Exclusive licensee Science and
Technology Review Publishing House.
No claim to original U.S. Government
Works. Distributed under a Creative
Commons Attribution License 4.0
(CCBY 4.0).

Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most
widespread chronic liver conditions globally, accounting for
30.05% of all cases [1]. It is defined by benign lipid accumulation
and comprises a wide range of clinical conditions, including
hepatic steatosis and nonalcoholic steatohepatitis (NASH), ulti-
mately progressing to fibrosis, cirrhosis, and liver cancer [2].
NASH represents a severe form of NAFLD typified by hepatic
injury, featuring hepatocyte ballooning, inflammatory cell infil-
tration, and progressive fibrosis [3]. When NASH develops,
pharmacological intervention is essential to keep the disease
from progressing to more severe stages. Nonetheless, the Food
and Drug Administration has yet to approve any medicine for
effectively treating NASH [4].

Nuclear receptors are transcription factors activated by ligands,
which are crucial in inflammatory and metabolic diseases, such
as pancreatitis and NASH [5,6]. Peroxisome proliferator-activated
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receptors (PPARs) are a kind of transcription factors that include
PPARa, PPARR, and PPARY, each of which has a distinct tissue
distribution and functions [7-9]. PPARs have been recognized
as critical regulators of inflammation and fatty acid oxidation,
making them appealing targets for treating NASH [10,11].
PPARa, one of them, is expressed heavily in the liver and is cur-
rently being investigated as a therapeutic target for metabolic
disorders like NASH [12]. Previous reports have suggested that
PPARa activation is beneficial for improving steatosis, inflamma-
tion, and fibrosis in preclinical models of NASH. Treatment with
a PPARa agonist has been shown to protect wild-type mice from
steatohepatitis and steatosis when given a methionine-choline-
deficient (MCD) diet [13]. PPAR« deficiency, nevertheless, results
in more severe steatohepatitis in MCD diet mice, providing addi-
tional evidence of PPAR«x involvement in NASH [14]. Fibrates,
acting as synthetic PPARa agonists, diminish triglyceride (TG)
and low-density lipoprotein cholesterol (LDL-c) content while
increasing high-density lipoprotein cholesterol (HDL-c) content.
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Consequently, they have been recommended as lipid-lowering
drugs to treat dyslipidemia in the clinic [15,16]. Of note, there is
a decrease in PPARa expression as liver fibrosis progresses in
NASH patients [9]. Therefore, the development of novel PPARx
agonists that exhibit greater potency and efficacy could provide
more utility in NASH treatment. These evidences suggest that
PPAR« has potential in the therapeutic field of NASH.

Herpetrione is alignan component isolated from Herpetospermum
caudigerum, which has long been used to remedy liver diseases,
cholic diseases, and dyspepsia; it is found primarily in Tibet,
northeast Nepal, and India [17,18]. Lignans from H. caudigerum
show beneficial effects against hepatobiliary disease [19,20].
Herpetrione had a prominent inhibitory effect on HBV DNA
according to previous research [21]. Herpetrione also protects
against D-Gal- and CCl,-induced liver injury by lowering plasma
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) content and improving histopathological damage [22,23].
However, the efficacy of herpetrione on NASH is not yet explicit.

As a result, the present study sought to research the efficacy
of herpetrione on NASH and the involvement of PPAR« signal-
ing in herpetrione-induced NASH modulation. The findings
revealed that herpetrione reduces hepatic lipid accumulation and
inflammation. Particularly, via its direct connection to PPAR,
herpetrione considerably hinders the progress of NASH, shed-
ding light on its efficacy as a natural product for the treatment
of NASH.

Results

Herpetrione attenuates cellular lipid accumulation
and inflammation in HepG2 cells stimulated with
OA and LPS

A model of cellular fat overaccumulation was enacted in hepato-
cytes by incubation with oleic acid (OA) and lipopolysaccharide
(LPS) for 24 h in vitro. Herpetrione belongs to the class of lignans
and is derived from H. caudigerum, was shown in Fig. 1A. The
results of methyl thiazolyl tetrazolium assay revealed that herpe-
trione was non-toxic on HepGz2 cells at concentrations under
100 uM (Fig. 1B), in which 50 and 100 pM were used to the fol-
lowing experiments. The lipid-lowering efficacy of herpetrione
was verified by detecting TG content in HepG2 cells (Fig. 1C);
then, herpetrione obviously reduced cellular lipid droplet accu-
mulation, according to Oil Red O (ORO) staining (Fig. 1D).
Furthermore, in OA- and LPS-treated hepatocytes, herpetrione
treatment increased the protein levels of the lipid oxidation
molecules acyl-CoA oxidase 1 (ACOX1) and carnitine palmitoyl
transferase 1A (CPT1A) while decreasing the levels of the
lipogenic proteins sterol regulatory element-binding protein 1
(SREBP1) and fatty acid synthase (FASN) (Fig. 1E). Semblable
results were demonstrated in AMLI2 cells (Fig. S1). Additionally,
the expression of NLRP3 inflammasome components was
reduced by herpetrione in HepG2 cells cultured in OA- and LPS-
containing medium (Fig. 1F). Nuclear migration of the nuclear
factor NF-xB is required for NLRP3 inflammasome activation.
Treatment with herpetrione inhibited NF-xB entry into the
nucleus (Fig. 1G). Moreover, steatosis additionally triggers cyto-
toxic events such as oxidative stress, which may result in liver
damage. Herpetrione treatment decreased the emergence of
intracellular reactive oxygen species, as well as regulate protein
expression involved in oxidative stress pathways (Fig. 1H and I).
These findings suggest that herpetrione attenuates steatohepatitis-
related alterations and inflammation in hepatocytes.
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Herpetrione ameliorates hepatic steatosis and
insulin resistance in high-fat diet-fed mice

We further explored whether herpetrione could attenuate hepatic
steatosis and insulin resistance in high-fat diet (HFD)-fed mice.
Mice were fed an HFD for 16 weeks and follow administered
herpetrione (12.5, 25, and 50 mg/kg), while continuing to obtain
an HFD for an appended 8 weeks (Fig. 2A). Morphological analy-
sis of the liver showed that HFD feeding resulted in a whitish liver
surface and an increase in liver volume, whereas the liver had a
ruddy surface and decreased volume after herpetrione treatment
(Fig. 2B). Regarding white adipose tissue, herpetrione reduced
the volume of adipocytes and decreased white adipose weight
and the tissue index (Fig. S2A, B, and F). Compared to the control
group, the weight of HFD-fed mice showed a trend of continuous
increase; however, 50 mg/kg herpetrione reversed the weight gain
(Fig. S2C). In HFD-fed mice, hematoxylin and eosin (H&E) and
ORO staining revealed hepatocyte damage and steatosis; however,
herpetrione treatment improved hepatic steatosis, ballooning, and
lipid droplet formation in liver tissues (Fig. 2C). Long-term intake
of an HFD seriously affected the ability of the liver to remove TG
and lipids accumulated in the liver. Herpetrione significantly
reduced serum LDL-, liver TG, and total cholesterol (TC) levels
(Fig. 2D and Fig. S2D and E). Excessive lipid synthesis or fatty
acid oxidation impairment are the underlying mechanisms
of steatosis. The upregulation of fatty acid oxidation-related
proteins (CPT1A and ACOX1) and the downregulation of lipid
synthesis-related proteins (FASN and SREBP1) were observed
after treatment with herpetrione (Fig. 2E). In addition, the HFD
enlargement in blood glucose and insulin content were reversed
by herpetrione administration; simultaneously, herpetrione
decreased the homeostasis model assessment of insulin resistance
(HOMA-IR) index (Fig. 2F). The key mechanism of insulin resis-
tance is dysfunction of the insulin signaling, while the IRS1/AKT/
FOXOL1 signaling pathway plays a vital role. According to our
results, herpetrione increased the ratios of p-IRS1/IRS1, p-AKT/
AKT, and p-FOXO1/FOXO1, which are markers associated with
the IRS1/AKT/FOXO1 signaling pathway (Fig. 2G). Furthermore,
the HFD-induced abnormalities in the protein level of Nrf2/
Keap1 signaling pathway components were reversed after herpe-
trione treatment (Fig. 2H). The content of plasma ALT and AST
was markedly reduced in the herpetrione-treated mice than the
HED group (Fig. 2I and J). Herpetrione therapy protects mice
from obesity, insulin resistance, oxidative stress, and hepatic dys-
function caused by HFD, according to our findings.

Herpetrione alleviates hepatic steatosis and

inflammation in MCD-fed mice.

The MCD diet is commonly used in animal studies of NASH
due to its high sucrose and fat content, as well as its lack of
methionine and choline. An MCD-induced NASH model, which
exhibits a more prominent inflammatory response and fibrosis
than an HFD-induced animal, was employed to further study
the effectiveness of herpetrione against NASH [24]. Mice were
fed an MCD for 4 weeks, and then intervened with herpetrione
while still receiving an MCD for another 4 weeks (Fig. 3A).
Herpetrione treatment somewhat increased liver weight and the
liver index (Fig. S3A to C) in MCD-fed mice. As expected,
MCD-induced severe steatosis, inflammatory cell infiltration,
and liver fibrosis were reversed by treatment with herpetrione
(Fig. 3B and C and Fig. S3F). The liver TG level was reduced in
mice treated with herpetrione (Fig. 3D), but the TC content was
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Fig. 1. Herpetrione reduces lipid accumulation and inflammation in HepG2 cells stimulated with OA and LPS. (A) Chemical structure of herpetrione. (B) Cytotoxicity of
herpetrione in HepG2 cells. (C) TG content detection of HepG2 cells treated with herpetrione (50 and 100 uM) in response to OA and LPS for 24 h. (D) Representative ORO
staining images of HepG2 cells in the indicated groups. The magnification is set to 200x. (E) Representative Western blot of lipid metabolism-related molecules (ACOX1,
CPTIA, SREBP1, and FASN) in HepG2 cells. (F) Representative Western blot of inflammation-related molecules (NLRP3, ASC, and Caspase-1) in HepG2 cells. (G) NF-kB nuclear
ectopic in HepG2 cells. (H) Protein expression of oxidative stress-related molecules (Keapl, Nrf2, HO-1, and NQO1). (I) Active oxygen content in HepG2 cells. n = 3 per group.
f-Actin served as a loading control.
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Fig.2. Herpetrione mitigates HFD-induced hepatic steatosis and insulin resistance in mice. (A) The experimental procedure to examine the effect of herpetrione in HFD-induced
NAFLD in mice is outlined in the diagram, with n = 8 per group. (B) lllustrative images of liver morphology. (C) Liver sections from the tested mice are shown in H&E and ORO
staining images. The magnification is 200x. (D) Hepatic TG contents of the mice in the various groups. (E) Protein expression of lipid metabolism-associated molecules (ACOX1,
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unaffected (Fig. S3D). Subsequent Western blot analysis also
confirmed that herpetrione could ameliorate hepatic steatosis
(Fig. 3E). Notably, herpetrione treatment had a marked superior-
ity on the elevation of HDL-c levels in MCD-fed mice (Fig. S3E).

We measured the amounts of lipid peroxidation products
because oxidative stress contributes to the onset and progression
of hepatic injury in NASH. Malondialdehyde (MDA) is utilized
as an indicator of lipid peroxidation, denoting the degree of cell
membrane oxidation. MDA concentrations in mice were low-
ered after herpetrione treatment, and MCD-induced alterations
in protein levels of Nrf2/Keap1 signaling pathway components
were reversed (Fig. 3F and H). Furthermore, MCD-fed mice
had a more severe inflammatory response, so we looked into
whether herpetrione treatment could help with inflammation
as well. Herpetrione therapy lowered inflammatory cytokine
release and relieved inflammation via the NF-kB/NLRP3 path-
way (Fig. 3G and I). ALT and AST levels in the plasma are major
indicators of liver injury and were higher in an MCD mice than
in the control group; however, herpetrione treatment lowered
ALT and AST levels (Fig. 3] and K).

Herpetrione promotes activation of PPARa signaling
in HFD- or MCD-fed mice

RNA-seq analysis of the livers in mice was undertaken to inves-
tigate how herpetrione improves NASH caused by HFD and
MCD feeding (Fig. 4A). Herpetrione was found to have regula-
tory effects on various physiological process, including lipid
metabolism, glucose metabolism, inflammation, fibrosis, and
apoptosis as per gene set enrichment analysis (GSEA) (Fig. $4),
and heatmaps demonstrated that herpetrione partly restored
the aberrant alterations in gene expression in the aforemen-
tioned pathway (Fig. S5). Further examination of the transcrip-
tome data indicated 10 and 15 signaling pathways, respectively,
in HFD-fed and MCD-fed mice (Fig. 4B and C). Among the 7
common signaling pathways, the PPAR pathway showed the
highest score (Fig. 4D to F). A Western blot analysis was con-
ducted on mice to examine the protein expression of PPAR«,
PPARB, and PPARy, which further confirmed herpetrione’s
influence on the PPAR signaling pathway. Herpetrione signifi-
cantly enhanced PPAR« expression in both HFD- and MCD-
fed mice (Fig. 4G and H), indicating that herpetrione could
relieve NASH symptoms by activating PPAR signaling.

Herpetrione can directly bind the PPAR«a protein

PPARa is responsible for regulating lipid catabolism and energy
homeostasis. The Western blot analysis revealed that herpetri-
one promoted PPAR« protein expression (Fig. 5A). Additionally,
herpetrione activated PPAR« protein expression in cells treated
with OA combined with LPS (Fig. 5B) as well as in the presence
of the PPARa-specific inhibitor MK886 (Fig. 5C). This activa-
tion is similar to WY 14643, which acts as a potent PPARx ago-
nist and is commonly referred to as pirinixic acid. Identifying
small-molecule targets is critical for elucidating their mecha-
nism of action. The cellular thermal shift assay (CETSA) analy-
sis indicated that herpetrione shielded the PPAR« protein
against temperature-induced denaturation, thereby implying
a direct interaction between herpetrione and PPAR« (Fig. 5D).
Drug affinity responsive target stability (DARTS) experiments
substantiated the inhibitory effect of herpetrione on PPAR«a
degradation caused by pronase (Fig. 5E). Additionally, surface
plasmon resonance (SPR) analysis validated the interaction of
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herpetrione with PPARx, demonstrating an equilibrium dis-
sociation constant (Kp) of 5.13 pmol/L (Fig. 5F). In addition,
the isothermal titration calorimetry (ITC) measurement also
revealed an interaction between herpetrione and PPARa, with
a K, value of 3.27 pmol/L (Fig. 5G). These results corroborate
that herpetrione is capable of directly binding to the PPARx
protein. Cycloheximide (CHX), a protein synthesis inhibitor,
has been used to determine the effect of herpetrione on PPARa
protein stability. The results showed that the herpetrione weak-
ened PPARa degradation compared to the control group (Fig.
5H); that is, herpetrione interacts with PPARa to improve the
stability of the PPAR« protein.

Key amino acid residues in the interaction of
herpetrione and PPAR«x

We next investigated the interaction mode between herpetrione
and PPARa, focusing on the crucial amino acid residues. Molecular
docking analysis showed the presence of Phe273, Cys276, GIn277,
Thr279, Ser280, Thr283, Tyr314, Ile317, Leu321, Met330, Ile354,
Met355, His440, Val444, and Tyr464 in the binding pocket (Fig.
6A). Subsequently, molecular dynamics simulation was used to
investigate the stability of the interaction between herpetrione and
PPARa. Root mean square deviation (RMSD) values of PPARa
and herpetrione fluctuated by approximately 0.3 and 0.25 nm,
respectively, and the radius of gyration (Rg) values were all approx-
imately 1.9 nm, indicating that the complex remained stable and
compact (Fig. 6B and C). Furthermore, the equilibrium trajectory
from 87 ns to 92 ns was chosen to simulate the protein-ligand
interactions. The root mean square fluctuation (RMSF) values of
most amino acid residues in the binding pocket were within
0.2 nm, suggesting the steady condition of the binding pocket in
molecular dynamics simulations (Fig. 6D).

In addition, the binding free energy decomposition calculation
in the PPARa-herpetrione complex was performed using the MM/
PBSA method to investigate the critical residues responsible for
herpetrione binding. The results showed that some residues played
an important role in ligand binding, including Leu321, Ile317,
Cys276, Met355, Phe318, Thr279, and Ile354, and the absolute
value of their contribution to binding free energy exceeded 1.0 kcal/
mol (Fig. 6E). Consistently, the data of alanine scanning mutagen-
esis (ASM) indicated marked changes in the binding free energy
due to certain mutations. Among them, Tyr314, Ile317, and Leu321
were the 3 amino acid residues with the greatest variation in muta-
tion energy, with values of 1.52, 1.37, and 1.29 kcal/mol, respectively
(Fig. 6F). Based on the virtual analysis, Tyr314, Ile317, and Leu321
were mutated to alanine to purify the constructed PPAR« protein.
Further ITC results showed that the K, of the PPARax W'T protein
was 7.81 pmol/L, while mutations at Tyr314, Ile317, and Leu321
resulted in herpetrione losing the ability to bind PPAR« (Fig. 6G
and Fig. $6). In summary, Tyr314, Ile317, and Leu321 were the key
sites of herpetrione for binding with PPAR«.

The protective effects of herpetrione against lipid
accumulation and inflammation in hepatocytes are
attributable to the activation of PPAR«x

To investigate whether herpetrione mediates hepatoprotective
effects in a manner dependent on the regulation of PPAR« acti-
vation, PPARa was knocked down in HepG2 cells using siRNA
(Fig. 7A). Herpetrione treatment significantly reduced intracel-
lular TG levels, but this effect was mitigated by PPARax siRNA
(Fig. 7B). In addition, ORO staining revealed that the ability of
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herpetrione to lower lipid droplet accumulation was almost
abolished owing to PPARa knockdown (Fig. 7C). To examine
whether PPAR« plays a crucial role in the lipid-lowering and
anti-inflammatory effects of herpetrione, we conducted Western
blot. This assessed the expression of metabolic lipids and inflam-
matory molecules in the presence and absence of siRNA. PPARa
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siRNA resulted in a decline in the herpetrione-induced enhance-
ment of fatty acid oxidation (Fig. 7D). Similarly, reductions in
inflammatory molecule expression were abrogated (Fig. 7E).
These findings suggest that the shielding influence of herpetri-
one on lipid buildup and inflammation during OA and LPS
provocation was nullified by PPAR« insufficiency.
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The regulatory effect of herpetrione on liver steatosis
and inflammation is PPARa dependent in mice

To assess whether PPAR« activation is necessary for the anti-
NASH effects of herpetrione, mice were fed an MCD diet for
3 weeks. Subsequently, for a further 3 weeks, they received daily
doses of herpetrione while still consuming the MCD diet (Fig.
8A). Both wild-type and PPARa knockout mice were employed
in this study. The Western blot analysis illustrated that the
PPAR« protein was detectable in the livers of wild-type mice
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but absent in those of knockout mice (Fig. 8B). H&E and ORO
staining demonstrated that the relief of hepatic lipid accumula-
tion induced by herpetrione ceased due to PPARx deficiency
(Fig. 8C to E). The reductions in TG levels were also annulled
in mice with PPARa knockout (Fig. 8F). Moreover, a significant
attenuation of the considerable rise in HDL-c levels was noted
in PPARa knockout mice, as opposed to wild-type mice (Fig.
8G). Consistently, the regulatory effects of herpetrione on fatty
acid oxidation and the inflammatory response were eradicated
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in PPARa knockout mice (Fig. 8H and I). The reduction in ALT
and AST levels, the distinguishing enzymes of liver injury caused
by herpetrione, was also eliminated due to the absence of PPARx
(Fig. 8] and K). These findings collectively indicate that the effec-
tiveness of herpetrione in NASH mice is entirely abolished by
PPAR« deficiencys; this suggests that the regulatory impact of
herpetrione on NASH is dependent on the PPAR« signal.

Discussion

The burden associated with NASH and its mortality rate are
rapidly increasing; thus, this disease poses a major public health
problem. PPAR« is involved in glucolipid metabolism as well
as inflammation and fibrosis; therefore, it is generally considered
a therapeutic target for NASH [11,25]. In this study, herpetrione
effectively halted NASH progression in both hepatocytes and
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mice. Herpetrione also promoted PPAR« signaling activation
while directly binding to the PPARa protein. Furthermore, the
protective effects of herpetrione against NASH were largely
eliminated by PPARa deficiency, implying that herpetrione
could be utilized as a therapeutic agent for NASH.

Steatosis is typically caused by excessive calorie consump-
tion and an accumulation of TGs, which is a major character-
istic of NASH [26]. The majority of the free fatty acids that are
esterified to form hepatic TGs mainly originate from adipose
tissue lipolysis, but can also result from dietary fat intake and
de novo lipogenesis [27]. The bulk of ingested fat is usually
directed toward adipose tissue or metabolic use in muscles,
either for storage or oxidation. However, lipolysis in white adi-
pose tissue causes the release of fatty acids, which can lead to
an excessive storage of TG in hepatocytes, resulting in liver
steatosis [28,29]. In this study, it was found that herpetrione
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can reduce hepatic lipid levels in hepatocytes stimulated with
OA and LPS and in the livers of mice fed with HFD or MCD
diet. Additionally, herpetrione was observed to inhibit the
expression of SREBP1 and FASN proteins while promoting the
expression of PPARa, ACOX1, and CPT1A proteins in vitro
and in vivo. This suggests that herpetrione may improve hepatic
steatosis by inhibiting the de novo synthesis and uptake of fatty
acids while enhancing fatty acid -oxidation. Indeed, it has been
shown that NASH patients exhibit hepatic de novo lipogenesis
to compensate for the increase in fatty acid influx to the liver
[30]. In addition, it is known that NASH is causally linked to
insulin resistance, generally through obesity [31]. Administration
of herpetrione alleviated fasting blood glucose and insulin levels
induced by HFD via the IRS1/AKT/FOXO1 signaling pathway,
and lowered the HOMA-IR index.

Another feature of NASH is the manifestation of liver inflam-
mation, which is believed to contribute to the formation of fibro-
sis [32]. Previous studies have shown that H. caudigerum contains
lignan components that exhibit free radical-scavenging, antioxi-
dant, and anti-inflammatory effects [33,34]. Moreover, research
has shown that H. caudigerum is capable of reducing the MDA
content in the liver, increasing the superoxide dismutase content,
and inhibiting the expression of NF-kB. This suggests that
H. caudigerum may have a positive effect on liver function by
enhancing the anti-inflammatory capacity [35]. Furthermore, in
our study, herpetrione ameliorated NASH via inhibition of
NF-kB nucleation and NLRP3 activation, and suppression of
inflammatory cytokine secretion induced by metabolic stress. In
addition, herpetrione showed a reduction in NASH-associated
fibrosis as observed through Sirius red staining analysis.

To clarify the potential mechanism by which herpetrione
alleviates NASH, an RNA-seq analysis was conducted, which
revealed that the PPAR signaling pathway had higher scores than
other pathways. Additionally, herpetrione considerably stimu-
lated the activation of the PPAR« signaling pathway, which is
closely involved in the metabolism of lipids, glucose, amino acids,
and inflammation, and is a critical sensor and regulator of lipids.
Upon the activation of PPAR«, TG clearance and HDL choles-
terol levels are substantially increased; these changes were also
observed in our study. PPARa is a ligand-inducible transcription
factor, and some high-affinity PPARa agonists are currently
being tested as potential treatments for NASH [36,37]. In this
study, the binding affinity between herpetrione and PPARa was
detected, with cracking K, value. Natural products have long
been a promising source for drug discovery, and some natural
products that have traditionally been used for liver protection
are rich in lignans. Among these, honokiol and magnolol, both
neolignans derived from Magnolia officinalis, improve glucose
and lipid metabolism in HFD-induced mice by activating PPARy
[38]. Furthermore, honokiol was identified as a partial PPARy
activator and found to directly bind to PPARy [39]. However,
there has been no research conducted on the capacity of lignans
to target PPARa. This study is, to the best of our knowledge, the
first to establish that herpetrione, a lignan, directly binds to
PPARa.

Further data confirmed that Tyr314, Ile317, and Leu321 were
the key binding sites of herpetrione to PPARa. Previous studies
have shown that the PPARa-LBD pocket is capacious enough to
accommodate multiple ligands with diverse structures, such as
naturally occurring fatty acids, synthetic drugs like fibrates, and
the investigational drug WY14643 [40]. The Arm III domain is
crucial for enhancing PPAR« activity and selectivity. PPAR«

Linghu et al. 2023 | https://doi.org/10.34133/research.0276

agonists, which bind more deeply in Arm III, may have stronger
effects [41]. The critical binding sites of herpetrione when bind-
ing PPAR«, Leu321, and Ile317, extend into the Arm ITT domain.
Similarly, the binding sites between PPARa and pemafibrate, also
known as K-877 with higher efficacy in reducing TG levels com-
pared to other fibrates, expand into the Arm III domain [42];
this suggests that herpetrione could be a potential PPARa ligand
for managing NASH. Our research provides insight into the
effectiveness of a natural product in treating NASH as well as the
broader prospects for NASH treatment by targeting PPARa.

Materials and Methods

Chemicals and reagents

Herpetrione was isolated and identified from H. caudigerum
on the basis of the "H and "’C nuclear magnetic resonance
spectra (Figs. S7 and S8) with support of a check of purity by
high-performance liquid chromatography. The primary anti-
bodies were purchased from Proteintech (Wuhan, China) and
Beyotime (Shanghai, China); this cat. no. was provided in the
Supplementary Materials (Table S1).

Cell culture and treatment

HepG2 and AMLI2 cells were obtained from the Cell Bank of
Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM), which was supplemented with 10%
fetal bovine serum (10099-141; Gibco, USA) and 1% penicillin-
streptomycin (15140-122; Gibco, USA) and placed in a 5% CO,
incubator at 37 °C. The cells underwent serum starvation in
DMEM without serum for 12 h prior to an additional 24-h incu-
bation with 0.2 mM OA (O-1008; Sigma-Aldrich, USA) and
2 pg/ml LPS (S1732; Beyotime, China) in the absence or pres-
ence of herpetrione (50 to 200 pM).

Methylthiazolyltetrazolium analysis

Cells were seeded in 96-well plates. After adhesion, the cells
were incubated with different concentrations of herpetrione
for 24 h. Afterward, methylthiazolyl tetrazolium was added
to each well, and cells were sequentially incubated for 4 h at
37 °C. To dissolve the formazan, dimethyl sulfoxide (DMSO)
was added, and the microplate reader (Synergy hl, BioTek,
USA) measured the absorbance at 490 nm.

Cellular oil red O staining

Cells were fixed in 4% paraformaldehyde for 20 min. After that,
the cells were immersed in 60% isopropanol solution, and sub-
sequently stained with Oil Red O dye (G1262; Solarbio, China)
for 30 min. Images were captured using a light microscope
(Ti-S, Nikon, Japan).

Transfection of siRNA

For gene knockdown, chemically synthesized siRNA targeting
PPARa was procured from Tsingke, China. HepG2 cells were
transfected with siRNA using Lipofectamine 2000 in accor-
dance with the manufacturer’s instructions from Invitrogen,
USA. The efficiency of knockdown was determined via Western
blot analysis.

Animal experiments
All animal welfare and experimental procedures received approval
from the Institutional Animal Care and Use Committee of
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Southwest University in China. We purchased male C57BL/6 mice
from Ensiweier Co., Ltd., while Ppara”~ mice (on the C57BL/6
background) were bought from Shanghai Model Organisms
Center, Inc. The mice were all 8 weeks old and were housed under
a 12-h light-dark cycle with unrestricted access to food and water.
The temperature was maintained at 24 + 2 °C with a relative
humidity of 45%. NAFLD and NASH models were formed by
continuously feeding mice an HFD (D12492; protein, 20%; fat,
60%; carbohydrates, 20%; Beijing, China) or MCD (AIN-76; pro-
tein, 17%; fat, 10%; carbohydrate, 66%; Jiangsu, China) for
24 weeks or 8 weeks, respectively. Mice in the control group were
fed a normal chow (NC) diet (D12451, Beijing, China; MCS,
Jiangsu, China). Mice received herpetrione (12.5 to 50 mg/kg) via
intragastric gavage daily, with vehicle (blank solution) used as a
control. To investigate the involvement of PPARa in herpetrione-
mediated improvement in NASH, Ppara™’~ mice were subjected
to an MCD diet for 6 weeks, as previously described.

Histological analysis

Tissues were fixed overnight using a 10% formaldehyde solu-
tion. Standard protocols were followed for the H&E and ORO
staining of paraffin-embedded and compound-embedded fro-
zen liver sections. Histological images of tissue sections were
captured using a light microscope (Ti-S, Nikon, Japan). For
immunohistochemistry, paraffin sections of mouse liver were
deparaffinized, rehydrated, blocked, and immunostained with
anti-F4/80 antibodies (Servicebio, China) at 4 °C overnight.
Afterward, the slides were incubated with a secondary antibody
for 60 min, followed by visualization of the sections using light
microscopy (Ti-S, Nikon, Japan).

Serum enzyme and lipid assays

The levels of ALT, AST, LDL-c, HDL-c, glucose tolerance, and
insulin tolerance test present in serum were determined utilizing
microplate reader (A Synergy h1; BioTek, USA), following the
instructions provided. Measurement of TG and TC lipid levels in
cells or the liver was performed through commercially available
kits. Subsequently, inflammatory cytokine levels in the serum
were measured using enzyme-linked immunosorbent assay kits.

Western blot

Tissues or cells were homogenized in radio immunoprecipita-
tion assay lysis buffer containing protease and phosphatase
inhibitors, which was kept ice-cold. Lysates were separated by
8% to 12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to polyvinylidene difluo-
ride membranes (IPVH00010; Millipore, USA). The membranes
were then blocked in 5% nonfat milk and probed with appro-
priate primary antibodies overnight at 4 °C. The membranes
were further incubated with secondary antibodies for 2 h at
room temperature. Finally, membranes were treated with an
ECLkit (PK10002; Proteintech, China), and images were recorded
(Tanon5200; Shanghai, China).

Cellular thermal shift assay

The cell lysates were divided into 2 aliquots; one aliquot acted
as a control, whereas the other was incubated with herpetrione
for 1 h at room temperature. Next, the lysates were heated indi-
vidually at the temperatures stated (55 to 79 °C) for 5 min and
allowed to cool at ambient temperature. The lysates were then
centrifuged at 12,000 rpm for 10 min at 4 °C, after which, the
supernatants were analyzed by Western blot.
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At room temperature, the cell lysates were mixed with herpetri-
one for 30 min. Pronase (1:1,000 to 1:16,000) was subsequently
added, and the samples were incubated at 40 °C for 30 min. The
reactions were stopped by adding loading buffer and analyzed
via immunoblotting following SDS-PAGE separation.

Protein expression and purification

The human PPARa ligand binding domain was expressed as an
N-terminal 6xHis fusion protein induced by the vector pET24a.
The production of recombinant proteins was achieved by trans-
forming the expression plasmids into Escherichia coli BL21 (DE3)
cells. Cells were cultivated to an ODy, of 0.6 to 0.8 and treated
with 0.5 mM isopropyl-f-D-thiogalactoside at 18 °C for 13 h.
The cells were subsequently isolated through centrifugation at
7,000 rpm for 10 min at 4 °C and lysed in 40 ml of lysis buffer
(0.01 M PO,>", 0.8% NaCl, 0.02% KCl, 10% Tween 20, 0.3 pg/
ml lysozyme, and 0.1% 2-hydroxy-1-ethanethiol). Following
that, proteins were purified utilizing Ni-nitrilotriacetic acid resin
(GE Healthcare, USA) with phosphate buffered solution (PBS)
buffer (a gradient of 10 to 400 mM imidazole). The proteins were
concentrated using Amicon Ultra 10K centrifugal filtration
(Millipore, USA) and subsequently dissolved in PBS buffer.
Verification of the presence of purified proteins occurred through
Coomassie brilliant blue staining prior to use.

Isothermal titration calorimetry

ITC was conducted at 25 °C using a MicroCal ITC200 micro-
calorimeter. The proteins were dialyzed extensively in PBS buf-
fer, and the dialysis buffer was utilized for the dilution of ligand
stock solutions. In addition, DMSO was added to the protein
solution at the identical concentration present in the ligand
solution. The sample cell was preloaded with PPAR«a protein
(25 pM), and herpetrione (500 pM) was pre-injected into the
pipette. A reference titration of the ligand into buffer was used
to correct for the heat of dilution. The syringe stirring speed
was set to 1,000 rpm. The thermodynamic data were analyzed
using MicroCal’s Origin 7.0 software.

Surface plasmon resonance

The interaction between herpetrione and PPARx was examined
with an OpenSPR instrument (Nicaya, Canada). The carboxyl
sensor chip (SEN-AU-100-3-COOH; Nicaya, Canada) was uti-
lized to immobilize the recombinant PPAR« protein via a stan-
dard amine coupling method. Analytes consisting of various
concentrations of herpetrione (0.5 to 8 pM) within the running
buffer were injected at a 20 pl/min flow rate. The interaction
parameter K, was assessed using TraceDrawer evaluation soft-
ware according to the 1:1 Langmuir model.

CHX chase assay

Cells were incubated with herpetrione for 24 h. Subsequently, they
were treated with 50 pg/ml CHX (S7418; Selleck, USA) and sam-
ples were collected at 0, 2, 4, and 8 h. After that, the samples were
lysed to harvest proteins for subsequent Western blot analysis.

RNA sequencing and bioinformatic analysis

Total RNA was extracted, and cDNA libraries were created to
examine disparities in gene expression. The Illumina sequenc-
ing platform was utilized for single-end sequencing of libraries.
HISAT?2 software (version 2.0.5) was utilized to map the reads
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to the mouse reference genome in Ensembl. StringTie (version
1.3.3b) was used to calculate raw counts of genes. DESeq2 (ver-
sion 1.20.0) software was applied to normalize the count matrix.

Gene set enrichment analysis

GSEA was undertaken using the Java GSEA platform. For each
biological pathway in the GO and KEGG analysis, the genes
comprising gene set were identified and a ranked list was gener-
ated, accompanied by a “gene set” permutation. Gene sets with
a P value of less than 0.05 were deemed to have significant
differential expression.

Molecular docking analysis

The crystal structure of PPARx (Protein Data Bank ID: 4BCR)
was obtained from a protein database, and the protein was
subjected to energy minimization as the receptor structure for
molecular docking. The substrate of herpetrione was constructed
and hydrogenated, and the molecular orbital package program
was used to optimize the structure. Molecular docking was car-
ried out using Autodock software; the docking box was wrapped
around the active site, and the docking time was set to 100. The
default value was used for all other parameters.

Molecular dynamics simulation and analysis

Gromacs was used to do a 100-ns molecular dynamics simula-
tion to study the interaction mode between herpetrione and
PPARa. The protein-ligand complex reference structures were
derived from the binding structures predicted by molecular
docking. The complex’s RMSD, Rg, and RMSF values were
determined using the commands gmx rms, gmx gyrate, and
gmx rmsf, respectively. To explore the essential residues for
herpetrione and PPARa binding, the binding free energy break-
down of the PPARa-herpetrione complex was computed using
the MM/PBSA method.

Virtual amino acid mutation analysis

The lowest-energy conformation in the molecular dynamics
simulation was selected to calculate the mutation energy of
the complex by the ASM assay in Discovery Studio 2021 soft-
ware to evaluate the importance of a certain amino acid resi-
due for the binding of herpetrione and PPARa.

Statistical analysis

All data are presented as mean + SD. Statistical analysis and
graphing were undertaken using GraphPad Prism 9.0. Mean
values were compared using one-way analysis of variance
(ANOVA) with Dunnett’s post hoc test, and significant differ-
ences between 2 groups were analyzed using the Student’s ¢ test.
P values are expressed as follows: *P < 0.05; **P < 0.01; #P <
0.05, ##P < 0.01; n.s., not significant.

Acknowledgments

Funding: This study was supported by the National Natural
Science Foundation of China (82274202 and 81774005).
Author contributions: M.C,, L.L., and W.Z. designed this
work. L.L. and W.Z. were responsible for performing the experi-
ments and drafting the manuscript. Y.L. and Q.C. contributed
to the animal experiment. EM. and G.W. analyzed the data.
Z.L.and X.L. participated in the scientific discussion. M.C. and
L.L. revised the manuscript.

Linghu et al. 2023 | https://doi.org/10.34133/research.0276

Competing interests: The authors declare that they have no
competing interests.

Data Availability

All data are available in the main text or the Supplementary
Materials. Additional data related to this paper may be requested
from the authors.

Supplementary Materials

Figs. S1 to S8
Table S1

References

1. Younossi ZM, Golabi P, Paik JM, Henry A, Van Dongen C,
Henry L. The global epidemiology of nonalcoholic fatty liver
disease (NAFLD) and nonalcoholic steatohepatitis (NASH): A
systematic review. Hepatology. 2023;77(4):1335-1347.

2. Estes C, Razavi H, Loomba R, Younossi ZM, Sanyal AJ.
Modeling the epidemic of nonalcoholic fatty liver disease
demonstrates an exponential increase in burden of disease.
Hepatology. 2018;67(1):123-133.

3. Cohen JC, Horton JD, Hobbs HH. Human fatty liver
disease: Old questions and new insights. Science.
2011;332(6037):1519-1523.

4. Rotman Y, Sanyal AJ. Current and upcoming pharmacotherapy
for non-alcoholic fatty liver disease. Gut. 2017;66(1):180-190.

5. Zheng YF, Sun WR, Wang ZY, Liu JY, Shan C, He CX,

Li BR, Hu X, Zhu WJ, Liu LY, et al. Activation of pancreatic
acinar FXR protects against pancreatitis via Osgin1-
mediated restoration of efficient autophagy. Research.
2022;2022:9784081.

6. Fraile JM, Palliyil S, Barelle C, Porter AJ, Kovaleva M. Non-
alcoholic steatohepatitis (NASH)—A review of a crowded
clinical landscape, driven by a complex disease. Drug Des Dev
Ther. 2021;15:3997-4009.

7. Issemann I, Green S. Activation of a member of the steroid
hormone receptor superfamily by peroxisome proliferators.
Nature. 1990;347(6294):645-650.

8. Kliewer SA, Forman BM, Blumberg B, Ong ES,

Borgmeyer U, Mangelsdorf DJ, Umesono K, Evans RM.
Differential expression and activation of a family of murine
peroxisome proliferator-activated receptors. Proc Natl Acad Sci
US A. 1994;91(15):7355-7359.

9. Pawlak M, Lefebvre P, Staels B. Molecular mechanism
of PPAR« action and its impact on lipid metabolism,
inflammation and fibrosis in nonalcoholic fatty liver
disease. ] Hepatol. 2015;62(3):720-733.

10. Gross B, Pawlak M, Lefebvre P, Staels B. PPARs in obesity-
induced T2DM, dyslipidaemia and NAFLD. Nat Rev
Endocrinol. 2017;13(1):36-39.

11. Francque S, Szabo G, Abdelmalek MFE, Byrne CD,

Cusi K, Dufour JE, Roden M, Sacks F, Tacke F. Nonalcoholic
steatohepatitis: The role of peroxisome proliferator-activated
receptors. Nat Rev Gastroenterol Hepatol. 2021;18(1):24-29.

12. Staels B, Rubenstrunk A, Noel B, Rigou G, Delataille P,
Millatt L], Baron M, Lucas A, Tailleux A, Hum DW, et al.
Hepatoprotective effects of the dual peroxisome proliferator-
activated receptor alpha/delta agonist, GFT505, in rodent

14


https://doi.org/10.34133/research.0276

Research

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

models of nonalcoholic fatty liver disease/nonalcoholic
steatohepatitis. Hepatology. 2013;58(6):1941-1952.

Ip E, Farrell GC, Hall P, Robertson G, Leclercq 1.
Administration of the potent PPARalpha agonist, Wy-14,643,
reverses nutritional fibrosis and steatohepatitis in mice.
Hepatology. 2004;39(5):1286-1296.

Ip E, Farrell GC, Robertson G, Hall P, Kirsch R, Leclercq L.
Central role of PPARalpha-dependent hepatic lipid turnover in
dietary steatohepatitis in mice. Hepatology. 2003;38(1):123-132.
Staels B, Maes M, Zambon A. Fibrates and future PPARalpha
agonists in the treatment of cardiovascular disease. Nat Clin
Pract Cardiovasc Med. 2008;5(9):542-553.

Goldfine AB, Kaul S, Hiatt WR. Fibrates in the treatment

of dyslipidemias—Time for a reassessment. N Engl ] Med.
2011;365(6):481-484.

Xu B, Yang PP, Wang PL, Linghu L, Chen M. Study on the
chemical constituents of Herpetospermum caudigerum. Zhong
Yao Cai. 2012;35(7):1080-1082.

Li MH, Feng X, Deng Ba DJ, Chen C, Ruan LY, Xing YX, Chen LY,
Zhong GJ, Wang JS. Hepatoprotection of Herpetospermum
caudigerum wall. Against CCl,-induced liver fibrosis on rats.

J Ethnopharmacol. 2019;229:1-14.

Feng X, Zhong GJ, Deng BDJ, Yang B, Chen LY, Du SY.
Hepatoprotective effect of Herpetospermum caudigerum wall.
On carbon tetrachloride-induced hepatic fibrosis in rats. J Cell
Mol Med. 2018;22(7):3691-3697.

Wei XD, Ma YX, Dong ZY, Wang GW, Lan XZ,

Liao ZH, Chen M. Dehydrodiconiferyl alcohol, a lignan from
Herpetospermum pedunculosum, alleviates cholestasis by
activating pathways associated with the farnesoid X receptor.
Phytomedicine. 2021;80:Article 153378.

Guo JJ, Yue PE Lv JL, Han ], Fu SS, Jin SX, Jin SY, Yuan HL.
Development and in vivo/in vitro evaluation of novel herpetrione
nanosuspension. Int ] Pharm. 2013;441(1-2):227-233.

Shen BD, Jin SY, Lv QY, Jin SX, Yu C, Yue PE, Han J, Yuan HL.
Enhanced intestinal absorption activity and hepatoprotective
effect of herpetrione via preparation of nanosuspensions
using pH-dependent dissolving-precipitating/homogenization
process. ] Pharm Pharmacol. 2013;65(9):1382-1392.

Shen BD, Shen CY, Xu LX, Liu X, Zhu WE Yuan HL.
Ultrasound exposure ameliorates the hepatoprotective effect of
herpetrione nanosuspension via oral delivery. ] Drug Deliv Sci
Tec. 2019;49:82-88.

Kumar S, Verma AK, Rani R, Sharma A, Wang J, Shah SA,
Behari ], Salazar Gonzalez R, Kohli R, Gandhi CR. Hepatic
deficiency of augmenter of liver regeneration predisposes

to nonalcoholic steatohepatitis and fibrosis. Hepatology.
2020;72(5):1586-1604.

Fougerat A, Montagner A, Loiseau N, Guillou H, Walter W.
Peroxisome proliferator-activated receptors and their novel
ligands as candidates for the treatment of non-alcoholic fatty
liver disease. Cell. 2020;9(7):1638.

Parlati L, Régnier M, Guillou H, Postic C. New targets for
NAFLD. ] HEP Reports. 2021;3(6):Article 100346.

Lambert JE, Ramos-Roman MA, Browning JD, Parks EJ.
Increased de novo lipogenesis is a distinct characteristic

of individuals with nonalcoholic fatty liver disease.
Gastroenterology. 2014;146(3):726-735.

Zhao G-N, Tian Z-W, Tian T, Zhu Z-P, Zhao W-J, Tian H,
Cheng X, Hu F-J, Hu M-L, Tian §, et al. TMBIMI1 is an

Linghu et al. 2023 | https://doi.org/10.34133/research.0276

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

inhibitor of adipogenesis and its depletion promotes adipocyte
hyperplasia and improves obesity-related metabolic disease.
Cell Metab. 2021;33(8):1640-1654.

Machado MV, Diehl AM. Pathogenesis of nonalcoholic
steatohepatitis. Gastroenterology. 2016;150(8):1769-1777.
Fabbrini E, Mohammed BS, Magkos E, Korenblat KM,
Patterson BW, Klein S. Alterations in adipose tissue

and hepatic lipid kinetics in obese men and women

with nonalcoholic fatty liver disease. Gastroenterology.
2008;134(2):424-431.

Liu ZP, Zhang Y, Graham S, Wang XK, Cai DF, Huang MH,
Pique-Regi R, Dong XC, Chen YE, Willer C, et al. Causal
relationships between NAFLD, T2D and obesity have
implications for disease subphenotyping. ] Hepatol.
2020;73(2):263-276.

Schuster S, Cabrera D, Arrese M, Feldstein AE. Triggering and
resolution of inflammation in NASH. Nat Rev Gastroenterol
Hepatol. 2018;15(6):349-364.

Meng FC, Ma YX, Zhan HH, Zong W, Linghu L,

Wang Z, Lan XZ, Liao ZH, Chen M. Lignans from the seeds of
Herpetospermum pedunculosum and their farnesoid X receptor-
activating effect. Phytochemistry. 2022;193:Article 113010.

Yu JQ, Hang W, Duan W], Wang ], Wang D], Qin XM. Two
new anti HBV lignans from Herpetospermum caudigerum.
Phytochem Lett. 2014;10:230-234.

Jiang X, Zhang H, Mehmood K, Li K, Ma M, Song Q,

Liu F, Zheng J, Li A, Zhang J, et al. Protective effects of
Herpetospermum caudigerum extracts against liver injury
induced by carbon tetrachloride in mouse. J Biol Regul
Homeost Agents. 2018;32(3):699-704.

Wettstein G, Luccarini JM, Poekes L, Faye P, Kupkowski E
Adarbes V, Defréne E, Estivalet C, Gawronski X, Jantzen I, et al.
The new-generation pan-peroxisome proliferator-activated
receptor agonist IVA337 protects the liver from metabolic
disorders and fibrosis. Hepatol Commun. 2017;1(6):524-537.
Gawrieh S, Noureddin M, Loo N, Mohseni R, Awasty V, Cusi K,
Kowdley KV, Lai M, Schiff E, Parmar D, et al. Saroglitazar,

a PPAR-a/y agonist, for treatment of nonalcoholic fatty liver
disease: A randomized controlled double-blind phase 2 trial.
Hepatology. 2021;74(4):1809-1824.

Lee YS, Choi SS, Yonezawa T, Teruya T, Woo JT, Kim HJ,

Cha BY. Honokiol, Magnolol, and a combination of both
compounds improve glucose metabolism in high-fat diet-
induced obese mice. Food Sci Biotechnol. 2015;24(4):1467-1474.
Atanasov AG, Wang JN, Gu SP, Bu ], Kramer MP,
Baumgartner L, Fakhrudin N, Ladurner A, Malainer C,
Vuorinen A, et al. Honokiol: A non-adipogenic PPARy agonist
from nature. Biochim Biophys Acta. 2013;1830(10):4813-4819.
Corton JC, Anderson SP, Stauber A. Central role of
peroxisome proliferator-activated receptors in the actions

of peroxisome proliferators. Annu Rev Pharmacol Toxicol.
2000;40:491-451.

Kamata S, Oyama T, Saito K, Honda A, Yamamoto Y, Suda K,
Ishikawa R, Itoh T, Watanabe Y, Shibata T, et al. PPARa ligand-
binding domain structures with endogenous fatty acids and
fibrates. iScience. 2020;23(11):Article 101727.

Fruchart JC. Selective peroxisome proliferator-activated
receptor alpha modulators (SPPARMalpha): The next
generation of peroxisome proliferator-activated receptor
alpha-agonists. Cardiovasc Diabetol. 2013;12:82.

15


https://doi.org/10.34133/research.0276

	Herpetrione, a New Type of PPARα Ligand as a Therapeutic Strategy Against Nonalcoholic Steatohepatitis
	Introduction
	Results
	Herpetrione attenuates cellular lipid accumulation and inflammation in HepG2 cells stimulated with OA and LPS
	Herpetrione ameliorates hepatic steatosis and insulin resistance in high-fat diet-fed mice
	Herpetrione alleviates hepatic steatosis and inflammation in MCD-fed mice.
	Herpetrione promotes activation of PPARα signaling in HFD- or MCD-fed mice
	Herpetrione can directly bind the PPARα protein
	Key amino acid residues in the interaction of herpetrione and PPARα
	The protective effects of herpetrione against lipid accumulation and inflammation in hepatocytes are attributable to the activation of PPARα
	The regulatory effect of herpetrione on liver steatosis and inflammation is PPARα dependent in mice

	Discussion
	Materials and Methods
	Chemicals and reagents
	Cell culture and treatment
	Methylthiazolyltetrazolium analysis
	Cellular oil red O staining
	Transfection of siRNA
	Animal experiments
	Histological analysis
	Serum enzyme and lipid assays
	Western blot
	Cellular thermal shift assay
	Drug affinity responsive target stability
	Protein expression and purification
	Isothermal titration calorimetry
	Surface plasmon resonance
	CHX chase assay
	RNA sequencing and bioinformatic analysis
	Gene set enrichment analysis
	Molecular docking analysis
	Molecular dynamics simulation and analysis
	Virtual amino acid mutation analysis
	Statistical analysis

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


