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ARTICLE INFO ABSTRACT

Keywords: Nonalcoholic steatohepatitis (NASH), a chronic liver disease characterized by the accumulation of
Nonalcoholic steatohepatitis (NASH) fat in the liver, is highly prevalent on a global scale. In this study, we investigated the effects of
Total glucosides of Picrorhizae Rhizome total glucosides of Picrorhizae Rhizome (TGPR), the primary active ingredients in traditional

Target identification
Acyl-CoA oxidase 1 (Acox1)
Fatty acids

Chinese herbal medicine derived from Picrorhiza scrophulariiflora Pennell. TGPR is known for its
efficiency in attenuating NASH, in mouse models induced by methionine-choline deficient (MCD)
diet or high-fat diet (HFD). Our findings indicated that TGPR exhibited efficacy in reducing he-
patic steatosis and lowering serum lipid levels, specifically triglyceride and total cholesterol in the
NASH model. Meanwhile, TGPR exhibited a suppressive effect on the production of pro-
inflammatory cytokines. Mechanistically, we identified acyl-CoA oxidase 1 (Acox1) as a crucial
cellular target of TGPR, influencing lipid metabolism and ATP production to treat NASH. Addi-
tionally, we found that the major components of TGPR, including Picroside I, Picroside II, and
Picroside IV, exhibit significant binding abilities to the target Acox1 at its catalytic C-terminal
a-domain, stabilizing its protein expression. TGPR binding to Acox1 facilitated the degradation of
fatty acids via the Acox1l-mediated MAPK signaling pathways, and consequently plays a role in
regulating energy metabolism and reducing liver inflammation. In summary, our study demon-
strates that TGPR effectively counteracts NASH by specifically targeting Acox1, thereby providing
a significant clinical solution for the treatment of NASH.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a highly prevalent chronic liver condition affecting individuals globally, encompassing
a spectrum from simple steatosis to nonalcoholic steatohepatitis (NASH) [1]. NASH is commonly associated with obesity, insulin
resistance, and metabolic syndrome, and can progress to more severe forms of liver disease such as fibrosis, cirrhosis and
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hepatocellular carcinoma [2]. Recognized as the progressive form of NAFLD, NASH is identifiable by the presence of steatosis,
characterized by the accumulation of fat deposits as well as inflammation [3]. Excessive lipids in the liver lead to lipotoxicity, oxidative
stress, and inflammation, contributing to liver damage and the progression of NASH [3]. Thus, targeting lipid metabolism pathways
and inflammation may effectively treat fatty liver disease. However, the current treatment options for NASH remain limited due to the
absence of approved effective pharmacological therapies specifically designed for NASH [4]. Therefore, there is a critical need for the
development of innovative therapeutic agents to effectively manage NASH.

Acyl-CoA oxidase 1 (Acox1) is a critical rate-limiting enzyme which catalyzes the desaturation of very-long-chain acyl-CoAs to 2-
trans-enoyl-CoAs [5]. This enzymatic reaction is essential for the subsequent processes of f-oxidation and energy production from fatty
acids. Previous reports have indicated an association between Acox1 and spontaneous liver damage in humans [6,7]. Meanwhile, mice
with Acox1 deficiency exhibit hepatic metabolic derangements, resulting in the development of steatohepatitis and subsequent hepatic
carcinomas [8]. In particular, the function of Acox1 in NAFLD has recently been uncovered, encompassing its role in promoting
oxidative damage and inducing dysfunction in lipid metabolism [9,10]. Furthermore, Acox1 has been implicated in the dysregulation
of fat metabolism and poor prognosis during the progression of NAFLD. Consequently, Acox1 has emerged as a promising therapeutic
target for addressing NASH.

Picrorhiza scrophulariiflora Pennell, has been widely acknowledged as a traditional Chinese medicine that possesses therapeutic
properties for inflammatory conditions such as arthritis and asthma [11]. Previous research has revealed that total glucosides of
Picrorhizae Rhizome (TGPR) derived from Picrorhiza scrophulariifiora Pennell are composed of diversified active compounds, such as
iridoids, phenylethanoids, glycosides, and triterpenoids [12,13]. Recent investigations have elucidated the diverse array of biological
activities demonstrated by TGPR, encompassing anti-inflammatory, anti-nociceptive, antioxidative, and hepatoprotective properties
[14,15]. However, there is still a need for a comprehensive understanding of the underlying mechanisms by which TGPR confers its
protective effects against NASH. In particular, the identification of specific cellular targets of TGPR remains uncertain.

In this study, we utilized an MCD (methionine-choline-deficient) diet-induced steatohepatitis model in C57BL/6J mice, which
resembles the liver disease observed in humans with NASH. Subsequently, we investigated the therapeutic effects of TGPR on NASH
and elucidated the underlying mechanisms. Notably, we prepared TGPR-crosslinked nanoparticles to explore cellular targets through
an affinity purification strategy. Upon employing dimethyl labeling quantitative proteomics [16,17], we were able to successfully
identify Acox1 as a significant target protein. Mechanistically, we have uncovered that TGPR has the ability to enhance the stability of
Acox1 protein, resulting in a suppressed inflammatory response in the liver. Furthermore, TGPR targets Acox1 to enhance fatty acid
oxidation by repressing the MAPK signaling axis. Collectively, our studies provide valuable insights into the potential of TGPR as a
therapeutic intervention for attenuating NASH and offer a comprehensive understanding of the molecular signaling mechanisms of
Acox1-regulated NASH.

2. Materials and methods
2.1. Preparation of TGPR

Total glucosides of Picrorhizae Rhizome (TGPR) used in this study was obtained from Tasly Pharmaceutical Group Co., Ltd.
(Tianjin, China) with a lot number of 20211102. The quality of TGPR was confirmed by Tianjin University of Traditional Chinese
Medicine. TGPR (lot: 20211102) was dissolved in normal saline to prepare the TGPR solution for animal experiments. TGPR (lot:
20211102) is extracted from the medicinal herb Picrorhiza scrophulariiflora Pennell (lot: 20191001), both stored at Tasly Pharma-
ceutical Group Co., Ltd.

2.2. Identification of TGPR components with HPLC

The Luna C18-reversed phase analytical column (Torrance, CA, USA) was applied. The sample was separated using a linear gradient
of mobile phase, consisting of 15.5 % acetonitrile and 84.5 % glacial acetic acid aqueous solution (0.5 % v/v), with a flow rate set at
1.0 mL/min. The instrument was configured to detect signals at a wavelength of 275 nm. Under this chromatographic condition, the
separation of each peak was greater than 1.5. A consistent injection volume of 10 pL was utilized for each run. Then, methanol was
fixed to prepare a standard solution of Piceoside (2 pg/mL), Vanillic acid (4 pg/mL), Androsin (8 pg/mL), Picroside I (40 pg/mL),
Picroside II (120 pg/mL), Picroside III (20 pg/mL), Picroside IV (40 pg/mL), Verminoside (12 pg/mL) and 6-feruloylcatalpol (8 pg/
mL). The concentration of the TGPR sample solution used for detection was prepared at 400 pg/mL.

2.3. MCD-induced NASH model

The ethical approval for all animal procedures conducted in this study was obtained from the Institutional Animal Care and Use
Committee at Peking University (License No. LA2022200). After being purchased from VITAL RIVER Laboratories (Beijing, China), six-
week-old male C57BL/6J mice were acclimated to a 12-h light/dark cycle with ad libitum access to food and water. Following this
acclimatization period, the mice were divided into three groups (n = 10 each) and fed different diets. Control group: Mice were fed
with normal chow (10 % fat). MCD group: Mice were fed with MCD diet (10 % fat, 0 % methionine, 0 % choline). TGPR group: Mice
were fed with MCD diet (10 % fat, 0 % methionine, 0 % choline). After a 4-week period of being fed with MCD, the TGPR group
received a daily intragastric administration of TGPR (36.2 mg/kg) for an additional 5 weeks. The dose design of TGPR is based on the
high dose used in the phase II clinical trial with registration number CTR 20222042. Specifically, participants in the Phase II clinical
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study of Picrorhizoside capsules received 10 capsules per person per day, each containing 26.47 mg of Picrorhizoside, resulting in a
total daily intake of 264.7 mg per person. The equivalent dose for mice was calculated to be 34.4 mg/kg. The safe dose of TGPR for
combined early comprehensive treatment is 50 mg/kg. Ultimately, we selected a therapeutic dose of 36.2 mg/kg for the MCD-fed mice.

2.4. Hematoxylin & eosin (H&E) and immunohistochemistry (IHC)

Liver tissues were fixed in 4 % buffered formalin, dehydrated, and embedded in paraffin. 4-pm sections of tissue specimens were
obtained for H&E and IHC staining. For H&E staining, the sections would typically be stained with hematoxylin to label cell nuclei and
eosin to provide contrast and color to the other structures in the tissue. The NAS score was calculated by summing the scores of
steatoses, lobular inflammation, and hepatocyte ballooning observed in the H&E-stained liver sections. The NAS scoring index
comprised steatosis (0-3), lobular inflammation (0-3), and hepatocyte ballooning (0-3). Immunohistochemistry staining involved
labeling the sections with primary antibodies targeting TNF-o (60291-1-Ig), IL-6 (ab6672), IL-1p (ab283818), and Acox1 (10957-1-
AP), along with suitable secondary antibodies. The images were visualized by Zhiyue WS-10 Digital Panoramic Scanner (Beijing,
China) and immunohistochemical staining area was quantified by ImageJ.

2.5. Oil red O staining

To visualize lipid accumulation in frozen liver sections embedded in OCT, we performed staining using Oil Red O dye for a duration
of 30 min. This was accomplished by diluting a 0.5 % stock solution in isopropanol with water at a ratio of 60:40 (v/v). Then, the tissue
specimens were examined by Zhiyue WS-10 Digital Panoramic Scanner (Beijing, China).

2.6. Biochemical assay

Blood samples were collected from the mice following a 12 h fasting period. The obtained serum was analyzed for TG and TC, using
the Chemwell BRED Analyzer (HITACHI, Tokyo, Japan). For the measurement of hepatic TC and TG, 100 mg of liver tissue was
homogenized in 1 mL of isopropyl alcohol. The total cholesterol assay kit (BC1985) and triglyceride assay kit (BC0625) were purchased
from Solarbio (Beijing, China).

2.7. Quantitative real-time polymerase chain reaction (RT-PCR)

Total RNA was isolated from mouse liver using the StarSpin Animal RNA Mini Kit Genstar (Beijing, China). RT-PCR was performed
using Hieff QPCR SYBR Green Master Mix, manufactured by YEASEN (Beijing, China). All primer sequences were synthesized by Ruibo
Biotech (Beijing, China), as shown in Table 1.

2.8. Identification of cellular targets using an affinity purification strategy

(1) Preparation of TGPR-crosslinked nanoparticles (TGPR-NPs). TGPR was chemically coupled onto Fe3O4 nanoparticles performed
as previously described [19]. Briefly, FeCl3-6H30, NasCit, and NaAc-3H,0 were dissolved in ethylene glycol and reacted at
200 °C for 8 h. After the addition of racemic-2,3-dimercaptosuccinic acid, sulfhydryl-bound Fe304 beads were synthesized.
Subsequently, ethylester L-lysine triisocyanate and 4,4-dihydroxybenzophenone were added to produce DHBP-bound Fe304
nanoparticles. TGPR (5 mg) was then added to 20 mL of methanol containing 4,4'-dihydroxybenzophenone-bound Fe304
nanoparticles. The mixture was subjected to UV irradiation (254—365 nm) for 60 min.

(2) Transmission electron microscope (TEM) analysis. TEM characterization was performed at an accelerating voltage of 80 kV
utilizing the Tecnai G2 F20 microscope (Hillsboro, OR, USA).

(3) Pull-down assay. TGPR-NPs were mixed with MCD-induced NASH liver lysate and incubated at 4 °C for 4 h. During this time, an
excess of free TGPR (100 pg/mL) was added to compete with TGPR-NPs for target proteins. After elution, the proteins captured
by TGPR-NPs were analyzed using a nano-HPLC-tandem LTQOrbitrap Velos pro mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA).

Table 1
Sequences of primer used in this study.
Primers for qRT-PCR 5to03
TNF-a-F GGACTAGCCAGGAGGGAGAA
TNF-a-R CGCGGATCATGCTTTCTGTG
IL-6-F GAGGGCCATTCGGATCATGT
IL-6-R ATGTGCCCAATGGACAGGTT
IL-1p-F TGCCACCTTTTGACAGTGATG
IL-1p-R GGAGCCTGTAGTGCAGTTGT
Gapdh-F GGTGAAGGTCGGTGTGAACG

Gapdh-R CTCGCTCCTGGAAGATGGTG
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2.9. Protein quantification based on stable isotope labeling by dimethylation

(1) Dimethylation labeling. Dimethylation labeling was performed by dissolving the peptides in NaH,PO4 (pH 6.0). Before utili-
zation, a 4 % (v/v) formaldehyde solution was mixed with 1.2 M NaBH3CN in a proportion of 1:1 (v/v). Subsequently, 8 pL of
the resulting mixture was introduced into the solution containing the peptides. The subsequent steps encompassed a quick
mixing followed by centrifugation. The resultant mixture was then incubated at 30 °C for 1 h. The labeling reaction was ul-
timately halted by introducing 16 pL of a 1 % (v/v) solution of ammonia. The labeled products underwent additional purifi-
cation and desalting using a Waters Sep-pak C18 column.

(2) LC-MS for target identification. The samples were loaded onto an Easy-column C18-Al trap column with an online desalting
wash. The separation was subsequently conducted on an EASY-nLC 1000 system, employing an Easy-column C18-A2 at a flow
rate of 300 nL/min. The mobile phase consisted of phase A (0.1 % FA in water) and phase B (0.1 % FA in acetonitrile). The LC
gradient comprising 2 %40 % phase B, for 70 min, followed by 40 %-95 % phase B for 5 min and finally holding at 95 % phase

B for 20 min. The software and instruments used in the described process are from Thermo Fisher Scientific (Waltham, MA,
USA).

2.10. Molecular docking

The docking process utilized the Induced Fit Docking module of Schrodinger 2018. The crystal structure of the Acox1 protein (AF-
Q15067-F1) was prepared using the Protein Preparation Wizard, which assigned bond orders, added hydrogen atoms, and removed
water molecules. Subsequently, the protein was energy minimized with the OPLS3 force field. The receptor grid was generated using
the Receptor Grid Generation module. Small molecules (Picroside I, Picroside II, and Picroside IV) were then docked with the protein
using the Induced Fit Docking module, with Glide XP chosen for precision.

2.11. Cellular thermal shift assay (CETSA)

Total protein in NASH livers were extracted in RIPA buffer. The resulting lysates, with a concentration of 3.0 mg/mL, were divided
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Fig. 1. Identification of TGPR constituents. HPLC profiles of TGPR (A) and mixed standard compounds (B).
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into two aliquots. One aliquot was assigned as the control, whereas the other was exposed to TGPR (100 pg/mL) and subsequently
incubated on a rotating platform at 4 °C for 1 h. The lysates were subjected to individual heating at specified temperatures (37, 40, 43,
46, 49, 52, 55, 58, 61, and 64 °C). The following procedures were carried out as previously described [20].

2.12. Western blotting

Total proteins in liver tissue were extracted in RIPA buffer and the protein concentration was determined using a BCA kit. The
samples were then separated by 10 % SDS-PAGE, transferred to a PVDF membrane, and subsequently incubated with primary anti-
bodies followed by HRP-conjugated secondary antibodies. Western blotting antibodies were purchased from Abcam (Cambridge, UK)
and Proteintech (Rosemont, IL, USA). The resulting images were captured using the Tanon 5200 Imaging Analysis System (Shanghai,

A B 309 - Control
" = MCD
| MED Dt | S | < McpsTaPR
Q £ 204 ]ﬁ
— /‘ — = . §
[ v
4 Weeks 5 Weeks = ],5
C57BL/6J ] 10 -
| ig. ToPR | 2
C Control MCD MCD+TGPR 0 e 20 %0 40 S0 60

D Days

8
157 &
OoFx0
a O%O
2 £1.01 =
o @
2 & 5
o
g 0.51
-
0 T T T
E Control MCD MCD+TGPR
o [ 40 " m *kk
3L 5 I
= 2
5| & %0 éfg
3]
E 20 - °
. o
g : E 10 A o %
S x %
3 01— . .
Control MCD MCD+TGPR
107 __## —2E—
(o]
24 o oo
=z % o)
2 r
g 5 o
S 0
N T T T
Control MCD MCD+TGPR
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feeding C57BL/6J mice. (B) Body weight changes were monitored during the experimental procedure (n = 10). (C) Representative liver images and
(D) liver weights of normal and MCD mice with or without TGPR treatment. (E) Representative histology images of Oil Red O staining are shown (n
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China). The signal intensities were quantified using ImageJ and normalized to the GAPDH signal.
3. Results
3.1. Identification of TGPR components

To identify the chemical constituents of TGPR, we performed HPLC assays to quantify the phytoconstituents. According to the
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Fig. 3. TGPR effectively ameliorates hepatic dysfunction by inhibiting inflammation in MCD-fed mice. (A) Hepatic triglyceride (TG) and total
cholesterol (TC) content in mice fed a normal or MCD diet, with or without TGPR treatment (n = 10). (B) Serum levels of TG and TC in mice fed a
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Western blot analysis was used to detect the protein expression of TNF-a and IL-6 (mean + SD, n = 3). (G) The expression of IL-6 and IL-1 mRNA in
the liver of mice treated with TGPR was assessed by qRT-PCR (mean =+ SD, n = 6). #p < 0.5, **P < 0.01, *##P < 0.001, MCD group compared with
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standard curve and retention time of each standard compound, nine active constituents of TGPR, including Piceoside, Androsin,
Vanillic acid, Picroside IV, Picroside III, Picroside II, Picroside I, 6-feruloylcatalpol, and Verminoside, were successfully identified
(Fig. 1A and B). The consistent results of the HPLC chromatogram with previous reports indicate that the quality control of TGPR is

deemed qualified [18].
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3.2. TGPR alleviates MCD diet-induced NASH

To explore the hepatoprotective activity of TGPR in NASH, we generated the methionine-choline deficient (MCD) diet-induced
NASH model in C57BL/6J mice, followed by intragastric administration with TGPR (36.2 mg/kg) from the fifth week (Fig. 2A). A
successful NASH model was induced by MCD feeding over a period of 4 weeks. This model was characterized by significant reductions
in body weight, liver weight, and food intake compared to mice fed a normal diet. We observed that TGPR treatment did not
significantly mitigate the loss of body weight (Fig. 2B). However, it did alleviate the weight loss of the liver (Fig. 2C and D). H&E
staining revealed that NASH mice displayed evident vacuolated hepatocytes and macrovesicular steatosis accompanied by pronounced
inflammatory cell infiltration (Fig. 2F). Notably, these symptoms were significantly reduced by TGPR treatment, as depicted in Fig. 2F.
Similarly, treatment with TGPR resulted in a reduction in hepatic lipid accumulation, as demonstrated by liver sections stained with
OilRed O (Fig. 2E). In addition, TGPR treatment led to the amelioration of liver damage, as evidenced by the NAS score being similar to
that observed in the control group (Fig. 2G). Taken together, these data demonstrate that treatment with TGPR can effectively improve
MCD diet-induced liver dysfunction including steatosis and hepatic ballooning.

3.3. TGPR effectively ameliorates hepatic dysfunction by inhibiting inflammation in MCD-fed mice

We next investigated the protective role of TGPR in lipid metabolism dysregulation induced by MCD. Triglyceride (TG) and total
cholesterol (TC) are pivotal clinical parameters that provide valuable insights into lipid metabolism. Previous studies have consistently
demonstrated that liver steatosis induced by MCD diet can result in the excessive accumulation of TG and TC within hepatocytes [21].
In line with these findings, our investigation revealed a significant increase in hepatic lipid accumulation, particularly elevated levels
of TG and TC, in the MCD diet group compared to the control. Importantly, TGPR demonstrated a notable ability to reduce the
excessive accumulation of both TG and TC in the liver and serum of mice with NASH (Fig. 3A and B). These results provide compelling
evidence that TGPR has a remarkable capacity to alleviate hepatic dysfunction caused by the MCD diet.

Inflammation is a prominent hallmark of the pathological progression observed in NASH [22]. In MCD-induced NASH mice, injured
hepatocytes secrete various pro-inflammatory cytokines, contributing to hepatic inflammation. Given the crucial role of inflammation
in hepatic dysfunction associated with NASH, we assessed the anti-inflammatory effects of TGPR to mitigate this dysfunction. Indeed,
MCD-induced liver inflammation in NASH mice was evident, as indicated by elevated levels of TNF-a, IL-6, and IL-1p. Immunohis-
tochemical staining confirmed that TGPR administration significantly reduced hepatic inflammation by downregulating the expres-
sion of these inflammatory mediators compared to the MCD group (Fig. 3C-E). Moreover, this finding is corroborated by a significant
decrease in TNF-a and IL-6 levels observed through immunoblotting analysis (Fig. 3F). Additionally, the mRNA expression of IL-6 and
IL-1p was significantly suppressed in samples treated with TGPR (Fig. 3G). Therefore, these findings strongly indicate that TGPR exerts
a potent inhibitory effect on the inflammatory response associated with hepatic dysfunction in NASH.

3.4. TGPR alleviates high-fat diet (HFD) diet-induced NASH

To investigate the potential therapeutic effect of TGPR on NASH, we also administered high-fat diet (HFD)-fed mice with oral
gavage of TGPR or positive agent silybin for 4 weeks (Fig. S1A). During the 6-week treatment in HFD-fed animals, TGPR treatment
improved hepatocyte injury symptoms and reduced liver lipid accumulation, as indicated by lower serum concentrations of TG and TC
compared to control mice (Fig. S1B). Additionally, TGPR significantly decreased serum alanine transaminase (ALT) and aspartate
aminotransferase (AST) levels, (Fig. S1C), indicating that TGPR treatment promotes effective liver protection in NASH. Furthermore,
ELISA assays revealed that TGPR alleviated elevated IL-6 and TNF-a levels in an HFD-induced NASH model (Fig. S1D), demonstrating
the effectiveness of TGPR in reducing inflammation. Collectively, these data suggest that TGPR effectively improves NASH symptoms
in MCD and HFD-induced models.

3.5. Identification of the cellular targets of TGPR in the livers of NASH mice

To explore the underlying mechanisms whereby TGPR suppresses NASH progression, we identified the specific target proteins that
bind to TGPR in the livers of mice. We first employed TGPR-crosslinked nanoparticles (TGPR-NPs), which were designed to capture the
potential target proteins. As depicted in Fig. 4A, TEM analysis revealed that TGPR-NPs had a characteristic core (Fe304)-shell (TGPR)
structure, indicating successful crosslinking of TGPR onto the NPs. Subsequently, a pull-down assay, based on the principle of affinity
purification, was conducted using TGPR-NPs to efficiently capture and identify the specific proteins present in the liver lysate of mice
with NASH. The NPs-captured proteins were then visualized through silver staining (Fig. 4B). Next, the proteins bound to the NPs were
eluted and digested into peptides using trypsin. Isotopic labeling was performed on the N-terminal of the peptide and the e-amino
group of lysine using a combination of isotopic isomers of formaldehyde and cyanoborohydride. The labeled samples were mixed
together and subjected to simultaneous analysis using LC-MS.

To execute the dimethyl labeling MS analysis strategy, we utilized formaldehyde/NaCNBH3 or deuterated formaldehyde/NaCNBD3
treatments. These treatments induced a mass difference of 6 Da between the peptides derived from the two distinct groups (Fig. 4C and
D). Then, we successfully identified 553 proteins, as depicted in the volcano scatter plot (Fig. 4E). After analyzing the mass spec-
trometric data, we conducted a screening process to identify potential targets for the anti-NASH effects of TGPR. As a result, we
shortlisted 9 candidates: Tagl2, Ces1, Acox1, Kat3, Acly, Tmcol, Hspa4, Canx, and Gdi2, which make them potential targets for further
investigation. Notably, previous studies have demonstrated the significance of Acox1, an enzyme responsible for fatty acid oxidation.
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Acox1 plays a vital role in the regulation of very long-chain fatty acids, leading to increased energy expenditure in the liver [23,24].
Therefore, we hypothesized that Acox1 could be a crucial cellular target of TGPR to treat NASH. To further validate the direct
interaction between TGPR and Acox1, we conducted a pull-down analysis. Immunoblotting using an Acox1 antibody was then per-
formed to confirm the direct interaction of TGPR with Acox1 (Fig. 4F). Taken together, these results suggest that Acox1 is a key cellular
target of TGPR for anti-NASH.

3.6. Major components in TGPR bind to Acox1 revealed by docking analysis

A recent study revealed that the six bioactive constituents of TGPR were identified in the liver following oral administration,
including Picroside I, Picroside II, Picroside IV, Vanillic acid, Androsin, and Cinnamic acid [18]. Notably, most of these metabolites,
such as Picroside I, Picroside 1I, and Picroside IV, demonstrated significant hepatoprotective effects [18]. To determine the binding
pattern of TGPR to Acox1, we performed molecular docking experiments with the major components of TGPR (such as Picroside I,
Picroside II, and Picroside IV) and the Acox1 protein. The findings indicate that the compound Picroside I binds preferentially to
residues 102-423 within the C-domain of the target protein Acox1, forming hydrogen bond interactions with Y136, Q138, T139, G144,
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Fig. 5. Major components in TGPR bind to Acox1 revealed by docking analysis. (A) Docking model of Picroside I into the structure of Acoxl
(AlphaFold: AF-Q9ROHO-F1). The homology model of Acox1 is shown in purple ribbon and surface, with hydrogen bonds depicted as yellow dashed
lines (136Y, 139T, 144G, 178G, 420F, and 423E). (B) Docking model of Picroside II into the structure of Acox1 (AlphaFold: AF-Q9ROHO0-F1). The
homology model of Acox1 is shown in purple ribbon and surface, with hydrogen bonds depicted as yellow dashed lines (98E, 232Y, 237N and 288E).
(C) Docking model of Picroside IV into the structure of Acox1 (AlphaFold: AF-Q9ROHO0-F1). The homology model of Acox1 is shown in purple ribbon
and surface, with hydrogen bonds depicted as yellow dashed lines (2261 and 421E). (D) 2D representation depicting the frequencies of protein-
molecular interactions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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F420, and E423 (Fig. 5A). Picroside II exhibits significant binding ability to Acox1, primarily achieved through the formation of
intermolecular hydrogen bonds involving residues E98, Y232, N237, and E288 (Fig. 5B). Additionally, Picroside IV binds to the motif
(residues 102-421) in the Acox1 protein by forming two hydrogen bonds with residues 1226 and E421 (Fig. 5C). Taken together, these
results suggest that the major components of TGPR, such as Picroside I, Picroside II, and Picroside IV, have significant binding ability to
the target protein Acox1.

Acox1 is comprised of an N-terminal a-domain (residues 1-130), a middle p-domain (residues 131-270), and a catalytic C-terminal
a-domain (residues 271-654) [24]. It is reported that Acox1 possesses a large active site located near the C-terminal a-domain,
enabling it to accommodate longer ascaroside-CoA and fatty acyl-CoA substrates [25,26]. Our docking results reported that the major
components of TGPR, such as Picroside I, Picroside II, and Picroside IV, preferentially bind to the C-terminal a-domain (residues
approximately 102-423) of the Acox1 protein, forming hydrogen bond interactions (Fig. 5D). These data demonstrate that TGPR can
bind to the catalytic region of the Acox1 protein following liver metabolism, thereby regulating downstream molecular signaling
pathways to exert an anti-NASH effect.

3.7. TGPR exerts its anti-NASH effect by stabilizing Acox1 protein and regulating MAPK pathways

To further assess the function of TGPR in NASH by targeting Acox1, we examined the correlation between lipid droplet abundance
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Fig. 6. TGPR exerts its anti-NASH effect by stabilizing Acox1 protein and regulating MAPK pathways. (A) Immunohistochemistry was performed to
detect the expression of Acox1 in the liver of mice (n = 3, scale bar = 100 pm). (B) Expression of Acox1 in the liver of mice fed with MCD in the
presence or absence of TGPR was analyzed by immunoblotting (mean + SD, n = 3). (C) The effect of TGPR on the stability of Acox1 under different
temperature gradients was evaluated using CETSA (mean + SD, n = 3). (D) TGPR reversed the reduction in ATP levels induced by MCD feeding
(mean + SD, n = 4). (E) The protein expression of total p38, p-p38, ERK, p-ERK in MCD and TGPR-treated mice tissues (mean + SD, n = 3). #p <
0.5, ##P < 0.01, MCD group compared with control group; *P < 0.5, **P < 0.01, TGPR group compared with MCD group.
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and Acox1 expression in NASH liver tissues. The expression of Acoxl protein was decreased in the liver tissues of MCD mice in
comparison to the control samples. Conversely, the levels of lipid droplets were higher in the MCD-treated mice. However, this trend
was reversed when the mice were treated with TGPR (Fig. 6A). Remarkably, our data revealed a significant increase in Acox1 protein
level with TGPR treatment in comparison to the MCD-diet group (Fig. 6B). Based on these findings, we postulated that TGPR might
enhance lipid degradation by augmenting Acox1 levels. Furthermore, we employed cellular thermal shift assays (CETSA) to determine
whether TGPR could enhance the thermal stability of the Acox1 protein. Our findings indicated that TGPR significantly affected the
thermal stability of Acox1 in NASH liver lysate (Fig. 6C), suggesting that TGPR directly binds to Acox1 and enhances its stability.
Therefore, our findings indicate that TGPR alleviated hepatic lipid accumulation by potentially stabilizing Acox1 protein.

Given the crucial role of Acox1 in governing hepatic energy metabolism, particularly its influence on ATP concentration, our
subsequent investigation was primarily focused on evaluating ATP levels. An observed reduction in hepatic ATP content in mice fed
with MCD diet suggests an aberration in fatty acid metabolism. The administration of TGPR resulted in a higher ATP concentration
when compared to the MCD group, implying that TGPR possesses the capability to modulate energy metabolism pathways and in-
fluence ATP production (Fig. 6D). The MAPK signaling pathway has been shown to play an essential role in inflammatory responses
and ATP production during NASH progression [27,28]. Thus, we investigated how TGPR regulates the MAPK signaling pathway to
alleviate NASH pathogenesis. Our results showed that the MCD diet-induced NASH led to rapid phosphorylation of p38 and ERK in the
liver, which was inhibited by TGPR treatment during the progression of NASH (Fig. 6E). Together, our findings provide evidence that
TGPR plays a significant role in ameliorating NASH by stabilizing Acox1 protein and modulating the MAPK signaling pathway.

4. Discussion

Multiple studies have emphasized the crucial role of traditional herbal medicine in managing complex conditions, including NASH
[29-32]. In this study, we validated the effectiveness of TGPR, a component derived from the traditional herbal medicine Picrorhiza
scrophulariiflora Pennell, in suppressing the advancement of NASH. TGPR effectively reduced lipid levels in NASH mice, resulting in
notable improvements in hepatic and serum levels of triglycerides (TG) and total cholesterol (TC). In addition, TGPR demonstrated a
substantial inhibitory impact on lipid accumulation, leading to an effective decrease in the aggregation of inflammatory cells and the
formation of fibrosis. These findings significantly enhance our understanding of the therapeutic role of TGPR in NASH and provide
evidence to support its rational use in future clinical considerations.

The identification of drug targets plays a crucial role in understanding how drugs exert their therapeutic effects [33,34]. To explore
the molecular target responsible for alleviating NASH with TGPR, we utilized a “target fishing” strategy based on the principle of
affinity purification, developed in our laboratory, to synthesize TGPR-crosslinked nanoparticles (NPs) [19]. The surface-immobilized
TGPR of nanoparticles enable the direct capture and enrichment of target proteins from liver tissue lysates (target protein library)
based on the principle of ligand-target specific recognition. Meanwhile, we employed dimethyl labeling strategy to perform quanti-
tative proteomics analysis on the captured target proteins [17,35]. The application of these techniques in combination facilitated the
successful identification of the protein target spectrum directly associated with the intricate TGPR complex system, thereby facilitating
subsequent investigations into its molecular mechanisms. Notably, we identified a total of 9 major target proteins of TGPR, including
Tagl2, Cesl, Acox1, Kat3, Acly, Tmcol, Hspa4, Canx, and Gdi2. We have shown that Acox1 is pivotal in the anti-NASH effects of TGPR.
Moreover, other constituents of TGPR may interact with diverse molecular targets, thereby contributing to its therapeutic efficacy
against NASH. For example, Acly plays a critical role in lipid synthesis [36,37], while Hspa4 is implicated in cellular stress responses
linked to NASH pathogenesis [38]. Of note, identifying synergistic interactions among these targets underscores the importance of
conducting comprehensive research in future investigations.

Acox1 plays a critical role in NASH progression and may offer a potential target for therapeutic intervention. For example, Sai-
kosaponin D, derived from Radix Bupleuri, has been reported to induce Acox1 expression in the liver, facilitating fatty acid degradation
and suppressing NAFLD development [39]. Similarly, pharmacological treatment of diet-induced NASH mice with Schisandrin B
restored Acox1 expression, reduced inflammation-induced hepatocyte injury, and improved lipid metabolism [40]. Additionally,
NASH-hepatic tissues from HFHC diet-fed mice exhibited significantly reduced Acox1 levels, and this reduction was mitigated by
supplementation with Gentiopicroside, a traditional medicine with anti-inflammatory properties [41]. Consistent with these studies,
we found that TGPR, the primary active ingredient of Picrorhiza scrophulariiflora Pennell, effectively countered the decrease in Acox1
protein levels by binding predominantly to the catalytic C-terminal a-domain, thereby stabilizing the Acox1 protein, regulating lipid
metabolism, and suppressing NASH pathogenesis.

Accumulating evidence has shown that Acox1 plays a crucial role in maintaining hepatic lipid balance and modulating NASH
progression [42-44]. However, regardless of whether Acox1 acts as an activator or suppressor of NASH, its regulation of NASH
development is contingent upon its enzymatic catalytic function. Peroxisomal Acox1, a key enzyme in fatty acid -oxidation, has been
widely studied for its pivotal role in fatty acid metabolism [45]. Preliminary studies indicate a stronger association between macro-
phage activation and very long-chain fatty acids as well as -oxidation [46,47]. Of note, hepatocytes and macrophages exhibit distinct
responses and effects on f-oxidation. In addition to hepatocytes, activated macrophages also utilize p-oxidation of fatty acids and
oxidative phosphorylation to produce energy-rich molecules such as ATP, playing a role in tissue repair and the inhibition of
inflammation [48]. Thus, we assume that macrophages are likely the primary target cells of TGPR. This hypothesis was based on the
following phenomenon: (1) TGPR exhibit significant immunomodulatory effects [49,50]. Previous studies have demonstrated the
essential role of Picroside II in the activation of M1-polarized macrophages [51]. Given this knowledge, we hypothesized that TGPR
may regulate NASH by modulating macrophages activation. (2) Abundant studies have reported the hepatic lipid-laden foamy
macrophages have been associated with the severity of steatosis and steatohepatitis in NAFLD patients [52,53]. Combined with our
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findings that TGPR positively affects Acox1 expression and lipid droplet metabolism in MCD-induced NASH, we assumed that TGPR
may influence macrophage activity related to lipid droplets. But how TGPR induces macrophage activation is still not well understood
and needs further investigation.

Due to the significant involvement of Acox1-mediated lipid metabolism in liver function, the primary aim of our research is to
investigate the potential impact of TGPR binding to Acox1 and its subsequent influence on signaling pathways. Our results demon-
strate that TGPR exhibits binding affinity towards Acox1, as confirmed by pull-down and CETSA analysis. Notably, we found that
TGPR has a positive impact on the regulation of Acox1 expression and lipid droplets metabolism in mice. Based on these observations,
the docking results indicated that the major components of TGPR, including Picroside I, Picroside II, and Picroside IV, show a pref-
erence for binding to the C-terminal a-domain of the Acox1 protein, specifically around residues 86-423. Our hypothesis suggests that
following liver metabolism, TGPR can directly interact with Acox1, potentially enhancing protein stability through induced confor-
mational changes and simultaneously regulating enzyme activity. Although further analysis is required, our current findings provide a
new perspective on the potential therapeutic applications of natural products in the regulation of Acox1 for the treatment of NASH.

5. Conclusion

In summary, our study offers valuable insights into the potential therapeutic benefits of TGPR in alleviating the pathological
progression of NASH. Specifically, our findings reveal that TGPR exerts its beneficial effects by selectively modulating the Acox1-
mediated signaling pathway in hepatic cells. Hence, our study highlights the promising therapeutic potential of TGPR as a novel
and efficacious treatment approach for NASH.
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