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Abstract: The most prevalent chronic liver disease, known as metabolic dysfunction-associated
steatotic liver disease (MASLD), is characterized by an excessive accumulation of lipids and oxidative
damage. Clinopodium gracile, a natural herbal medicine widely used by Chinese folk, has antioxidative,
anti-inflammatory, and lipid metabolism-regulating effects. Here, we explored the effect of C. gracile
extract (CGE) on MASLD using palmitic acid (PA)-induced hepatocytes and high-fat diet (HFD)-fed
mice. In vitro, CGE could promote fatty acid oxidation and inhibit fatty acid synthesis and uptake to
reduce lipid accumulation by regulating PPARα activation. Moreover, CGE could inhibit reactive
oxygen species production and maintain mitochondrial homeostasis in PA-induced HepG2 cells.
In vivo, animal study results indicated that CGE could effectively reduce lipid metabolism disorder,
inhibit oxidative stress, and upregulate PPARα protein in the liver of HFD-fed mice. Molecular
docking results also showed that active compounds isolated from CGE had low binding energy and
highly stable binding with PPARα. In summary, these findings reveal that CGE may be a potential
therapeutic candidate for MASLD and act by upregulating PPARα to reduce lipid accumulation and
suppress mitochondrial oxidative damage.

Keywords: Clinopodium gracile; metabolic dysfunction-associated steatotic liver disease; oxidative
stress; lipid metabolism; mitochondrial damage

1. Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD), previously referred
to as non-alcoholic fatty liver disease, is a common chronic hepatic disorder worldwide. The
MASLD definition highlights the importance of metabolic factors in steatotic liver disease.
Fatty liver patients with obesity, overweight, insulin resistance, dyslipidemia, and other
metabolic factors can be diagnosed as MASLD [1]. The estimated prevalence of MASLD
ranges from 25% to 34%, with a subset of 2–5% progressing to metabolic dysfunction-
associated steatohepatitis (MASH) in the general population. The pathogenesis of MASLD
involves the excessive accumulation of lipids in hepatocytes and hepatic inflammation and
fibrosis. Long-term exposure of the liver to excessive lipids results in the disorder of lipid
metabolism, such as the excessive uptake of exogenous fats and increased production of
endogenous fats, as well as the weakened ability to lipolysis [2]. At this time, the pathways
related to the synthesis of fat are abnormally activated, insulin resistance occurs, and free
fatty acids continue to accumulate in the liver [3]. Excessive free fatty acids and their
metabolites produce lipotoxicity, which induces hepatic oxidative stress, endoplasmic retic-
ulum stress, mitochondrial damage, and inflammation, thereby promoting the progression
of hepatic steatosis to MASH [4].
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Hepatic lipid accumulation is a crucial trigger for the development of MASLD. Lipo-
toxicity can result in hepatic injury through various mechanisms, such as oxidative stress,
inflammation, and the activation of fibrogenic pathways [5]. Peroxisome proliferator-
activated receptors (PPARs) regulate the metabolic homeostasis of fatty acids in various
tissues, including the liver, adipose tissue, muscle, and other organs [6]. The predom-
inant expression of PPARα occurs in hepatic tissue, where it governs the regulation of
fatty acids synthesis, translocation, and β-oxidation. Firstly, the regulation of carnitine
palmitoyltransferase 1A (CPT1A), a crucial regulator of fatty acid oxidation (FAO), is
regulated by PPARα [7]. The mitochondria serve as the primary sites for FAO. Within
the cytoplasm, fatty acids undergo activation to form acyl-CoA, which is subsequently
transported into the mitochondrial matrix via CAT1A-mediated translocation across the
mitochondrial membrane for subsequent FAO [8]. Secondly, the activation of PPARα can
effectively attenuate the hepatic synthesis of fatty acids and accumulation of triglycerides
(TGs) by reducing sterol-regulatory element-binding protein (SREBP-1c) expression [9,10].
PPARα regulates the expression of fatty acid synthesis genes, such as fatty acid synthase
(FASN) and acetyl-CoA carboxylase 1 (ACC1), which are intricately associated with SREBP-
1c [11]. Furthermore, PPARα specifically regulates the cluster of differentiation 36 (CD36)
to maintain the intracellular homeostasis of fatty acids [12,13]. It has been reported that
primary human hepatocytes treated with the PPARα ligand (GW7647) express a series of
differential genes whose functional annotations are enriched in lipid metabolism, transport,
and synthesis. PPARα regulates the expression of downstream lipid metabolism-related
genes through direct or indirect genomic binding [14]. Therefore, PPARα is expected to be
a potential target for the treatment of MASLD.

The mitochondria, which are highly concentrated in hepatocytes, serve as the primary
site for lipid metabolism. Reactive oxygen species (ROS), predominantly generated within
intracellular mitochondria, govern the oxidative stress state. The dysregulation of lipid
metabolism results in disruptions in the mitochondrial electron transport chain, thereby re-
sulting in an excessive production of ROS [15–17]. Normally, oxygen-free radicals generated
during the mitochondrial electron transport chain are scavenged by glutathione peroxi-
dase (GSH-Px) and superoxide dismutase (SOD). However, excessive ROS produced in
hepatocytes exceeds the clearance capacity of antioxidant enzymes and causes continuous
oxidative stress in MASLD mice [18,19]. Excessive ROS generation makes mitochondrial
membrane potential decrease, mitochondrial membrane permeability increase, and cy-
tochrome C (Cyt.c) release increase, resulting in mitochondrial oxidative damage [20].
During MASLD progresses to MASH, there is an obvious impairment of mitochondrial
function in hepatocytes, characterized by alterations in mitochondrial structure, damage to
mitochondrial DNA, abnormalities in fatty acid oxidation, and the excessive generation
of ROS [21,22]. Therefore, reducing the production of ROS and inhibiting the oxidative
damage of mitochondria may be an effective means to alleviate MASLD.

The traditional Chinese herb Clinopodium gracile belongs to the Lamiaceae family,
which encompasses approximately 20 species of Clinopodium worldwide [23]. Clinopodium
chinense (Benth.) O. Ktze and C. gracile belong to the same cluster in the pharmacognosy
classification. Recent studies have demonstrated the pharmacological efficacy of C. chinense
(Benth.) O. Ktze, including its hypoglycemic effect, cholesterol-lowering effect, cardiovascu-
lar protection, antioxidative and anti-inflammatory properties, as well as insulin resistance
reduction [24–27]. The entire plant of C. gracile has the efficacy of clearing heat, detoxifying,
reducing swelling, and relieving pain. Flavonoids, caffeic acid oligomers, and triterpene
saponins are the main constituents of this plant. Local inhabitants of Fujian province in
China commonly use C. gracile to treat diabetes and improve glucose and lipid metabolism
disorders. However, the possible effect and the molecular mechanisms of C. gracile against
hepatic steatosis are still unclear. Therefore, in this study, we investigated the effects of
C. gracile extract (CGE) on hepatocyte lipid accumulation and the mitochondrial oxidative
damage induced by palmitic acid (PA), as well as its ameliorating effect on high-fat diet
(HFD)-fed MASLD mice.
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2. Materials and Methods
2.1. Reagents

PA was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Fenofibrate was purchased from Solarbio Science & Technology Co., Ltd. (Beijing, China).
Antibodies for PPARα were purchased from WanLei Biology (Shenyang, China). Anti-
bodies against SREBP-1c were purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). Antibodies against GAPDH were purchased from Bioworld Technology Co., Ltd. (St.
Louis Park, MN, USA). Antibodies for CPT1A and FASN were purchased from Proteintech
(Wuhan, China). The total cholesterol (TC) and TG biochemical kits were obtained from
Zhe Jiang Dong’ou Diagnostic Products (Wenzhou, China). Kits of SOD, GSH-Px, malondi-
aldehyde (MDA), alanine aminotransferase (ALT), and aspartate aminotransferase (AST)
were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The
ROS assay kit was bought from Beyotime Biotechnology Co., Ltd. (Shanghai, China). The
JC-1 mitochondrial membrane potential assay kit was purchased from MedChemExpress
(Shanghai, China). The reference substances apigenin, narirutin, naringenin, didymin,
hesperidin, and isosakuranetin were purchased from Shanxi Huike Botanical Development
Co., Ltd. (Xian, China).

2.2. Plant Materials

C. gracile herba was collected from Putian City, Fujian province, China. This was identified
by Sheban Pu (Associated Professor, Department of Pharmacognosy, China Pharmaceutical
University). The voucher specimen (CPU-CG20190825) was deposited in the Departments of
Pharmacology of Chinese Materia Medica at China Pharmaceutical University.

2.3. Preparation of CGE Extract

The whole plant (1.5 kg) of C. gracile was dried, crushed, and then extracted with 80%
ethanol under reflux. The concentrated extract was successively extracted 4 times with
petroleum ether and ethyl acetate, respectively. The ethyl acetate fractions were separated
by macroporous resin D101 and eluted by 10%, 30%, 50%, 70%, and 90% ethyl alcohol
solutions in turn. Finally, the 30~70% dry fractions were collected to obtain the CGE extract
(14.1 g).

2.4. High-Performance Liquid Chromatography (HPLC) Analysis

Perform chromatographic analysis using an Agilent 1100 System (Agilent Technologies
Inc., CA, USA) achieved liquid chromatographic separation with a C18 column (250 mm
× 4.6 mm, 5 µm). The mobile phase consisted of HPLC-grade water (with 0.2% formic
acid) as eluent A and acetonitrile as eluent B. The gradient elution process was set as
follows: 0–10 min (20–30% B), 10–20 min (30–55% B), 20–30 min (55–65% B), 30–30.1 min
(65–20% B), and 30.1–40 min (20% B). The flow rate of the mobile phase was 1.0 mL/min.
An appropriate concentration solution of the above 6 standard substances and CGE were
prepared with methanol, respectively. Each of the solutions was filtered using a 0.22 µm
membrane filter, and then 10 µL was injected.

2.5. Cell Culture

HepG2 cells were bought from the American Type Culture Collection (Manassas, VA,
USA). The primary hepatocytes were isolated from male C57BL/6 mice using collagenase
perfusion, as described previously [22]. The primary hepatocytes were cultured in Williams
Medium E with 6% fetal bovine serum added. The HepG2 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum added at 37 ◦C under a
5% CO2 atmosphere. The primary hepatocytes and HepG2 cells were treated with CGE
(7.5, 15, and 30 µg/mL), fenofibrate (FNB, 100 µM), and PA (250 µM) for 24 h. For the
preparation of a 250 µM PA solution, briefly, PA was added to 0.1 M NaOH solution, heated
to 75 ◦C, and dissolved for 30 min to obtain a 20 mM PA saponification solution. Then,
the PA saponification solution and 20% bovine serum albumin solution were mixed 1:1
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to obtain a 10 mM PA solution, which was diluted 40 times with a medium before use.
CGE was dissolved in dimethyl sulfoxide (DMSO) to a concentration of 30 mg/mL. It was
diluted in DMEM before each experiment. The final DMSO concentration did not exceed
0.1% DMSO in the medium throughout the study. The groups in all experiments were
consistently treated with 0.1% DMSO.

2.6. MTT Assay for the Viability of HepG2

The hepatocytes (8 × 103 cells/well) were seeded in 96-well plates and kept in a 5%
CO2 incubator at 37 ◦C. Then, the cells were treated with CGE (7.5, 15, 30, 40, 50, and
60 µg/mL) or FNB (50, 100, 150, and 200 µM) for a period of 24 h. After that, each well was
supplemented with an MTT solution and incubated for an additional 4 h at 37 ◦C. Next,
the MTT solution was discarded, and DMSO (150 µL) was added to each well. Finally, the
absorbance was measured at a wavelength of 490nm using a Varioskan microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA).

2.7. Lipid Accumulation Assay

HepG2 cells (1 × 105 cells/well) were seeded in 6-well plates and kept in a 5% CO2
incubator at 37 ◦C. The TG and TC content in HepG2 cells were assessed using biochemical
kits followed by the instructions. Cells were removed from the incubator, washed with a
phosphate buffer (PBS), and fixed for 15 min. The cells were then stained with oil red O for
1 h and restained with hematoxylin for another 15 s. The cells were ultimately examined
through an Olympus microscope (Tokyo, Japan).

2.8. SOD, GSH-Px, MDA, and ATP Content Assay

Cultured cells were collected and washed 2~3 times with PBS, sonication on ice, and
then centrifuged for 10 min (4 ◦C 12,000× g/min). The supernatant was collected and
assessed using biochemical kits followed by the instructions of the SOD, MDA, GSH-Px,
and ATP kits.

2.9. ROS Production Assay

According to the instructions of the commercial kit, 1 mL of a serum-free medium
containing the DCFH-DA probe (2 µM) was added to each well of cells and incubated in a
constant temperature incubator for 30 min at 37 ◦C. After performing three washes with
serum-free medium to eliminate an excess probe, the cells were examined using an inverted
fluorescence microscope (Olympus, Tokyo, Japan).

2.10. Mitochondrial Membrane Potential Detection

Following the instructions of the commercial kit with the JC-1 probe, cells were washed
in serum-free DMEM 3 times, with a 1 mL diluted JC-1 probe added to each well and
incubated in an incubator for 20 min. After washing 3 times with PBS, 500 µL of serum-free
medium was added to each well and observed with an inverted fluorescence microscope.

2.11. Transfection

To knock down PPARα, HepG2 cells were transfected with siRNA targeting PPARα
(GenePharma Co., Ltd., Shanghai, China) using the lipofectamine™ 2000 transfection
reagent (ThermoFisher, Waltham, MA, USA). Then, the transfection efficiency of cells was
detected by Western blot.

2.12. Animal Treatment

C57BL/6 mice (male, 18~22 g body weight, 6~8 weeks old) were provided by the
Comparative Medicine Centre of Yangzhou University (Yangzhou, China). Before the
animal experiment, the mice were adaptively fed for three days in a specific pathogen-free
animal room (23 ± 2 ◦C; a 12 h/12 h light–dark cycle). A total of 50 mice were divided
into 5 groups, with 10 mice in each group. They are the normal group (Normal diet, ND),
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HFD group, HFD + CGE 40 mg/kg group, HFD + CGE 80 mg/kg group, and HFD + FNB
80 mg/kg group. A high-fat diet includes 60% fat + 19.4% protein + 20.6% carbohydrate +
1% cholesterol + 0.25% bile salts (TP23300-X, purchased from Nantong Trophy Company,
Nantong, China). The mice were subjected to an HFD for a duration of 10 weeks, while the
administration of CGE and FNB commenced from week 3 until week 10. After fasting for
12 h and drinking water freely, blood was collected from the abdominal aorta, centrifuged
at 4 ◦C, 12,000× g/min for 10 min, and serum was collected before sacrifice. After weighing
the liver, a part of the liver tissue was made into a 10% homogenate with isopropanol.

2.13. Biochemical Indices and Liver Function Assays

The content of TC, TG, AST, ALT, SOD, MDA, and GSH-Px in serum was detected
according to the commercial kit’s instructions. The TG and TC content in the 10% liver
homogenate were also detected by biochemical kits.

2.14. Histopathology Analysis

Liver tissues were fixed in 4% formaldehyde for one night, and tissue sections were
prepared by the PDX (Pharmacodynamic Evaluation Platform of China Pharmaceutical
University). Sections were stained using hematoxylin-eosin (H&E) and oil red O staining
according to standard procedures. Images were captured using a light microscope.

2.15. Western Blot Analysis

The hepatic tissues and HepG2 cell samples were lysed using a lysis buffer solution. A
20 µg protein sample was used for electrophoresis, transmembrane, and blocking. Primary
antibodies (1:1000 dilution) were added and incubated for 12 h at 4 ◦C. The next day, sec-
ondary antibodies (1:5000 dilution) were added and incubated for 2 h at room temperature.
Protein immunoblotting was analyzed using an electrochemiluminescence (ECL) detection
system. ImageJ version 1.8.0 software was used to analyze the gray values of each strip.

2.16. Molecular Docking Verification

To analyze the binding energy and interaction mode between the active compounds
and PPARα target, AutoDockTools-1.5.7, protein–ligand docking software, was employed.
The molecular structures of narirutin, hesperidin, rosmarinic acid, didymin, apigenin,
isosakuranetin, and fenofibrate were retrieved from the PubChem website accessed on
3 August 2024 (https://pubchem.ncbi.nlm.nih.gov/). The 3D structure of PPARα (PDB ID,
1I7G; resolution, 2.20 Å) was downloaded from the PDB website accessed on 3 August 2024
(http://www.rcsb.org/pdb/home/home.do). Molecular docking studies were performed
by AutoDockTools-1.5.7 accessed on 3 August 2024 (http://autodock.scripps.edu/).

2.17. Statistical Analysis

All data results were presented as the mean ± SEM, and statistical processing was
performed by SPSS 21.0 (SPSS, Chicago, IL, USA). An independent sample t-test was used
for data comparisons between the two groups. One-way analysis of variance (ANOVA)
was used to compare the data of three or more groups. Tukey’s multiple comparison was
used for post hoc tests. p values less than 0.05 were considered statistically significant.

3. Results
3.1. Characterization of the CGE by HPLC

The extracts from C. gracile were analyzed by HPLC. A total of six ingredients were
identified in CGE, including narirutin (Peak 1), hesperidin (Peak 2), rosmarinic acid (Peak 3),
didymin (Peak 4), apigenin (Peak 5), and isosakuranetin (Peak 6). Among these compounds,
the content of narirutin, hesperidin, didymin, and isosakuranetin in CGE were estimated
to be 48.35, 80.36, 115.67, and 11.58 mg/g, respectively (Figure 1A,B).

https://pubchem.ncbi.nlm.nih.gov/
http://www.rcsb.org/pdb/home/home.do
http://autodock.scripps.edu/
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Figure 1. Analysis of chemical components in CCE using HPLC. (A) A mixture of reference com-
pounds and HPLC chromatograms of CGE were detected at 280 nm. (B) The chemical structures
of six components. 1: narirutin, 2: hesperidin, 3: rosmarinic acid, 4: didymin, 5: apigenin, and
6: isosakuranetin.

3.2. CGE-Reduced Lipid Accumulation in PA-Treated Hepatocytes

We first examined the effects of different concentrations of CGE on the activity of HepG2
cells. CGE (7.5~50 µg/mL) had no obvious cytotoxicity (Supplementary Figure S1A), and
FNB (0~200 µM) also had no significant effect on HepG2 cell viability (Supplementary
Figure S1B). The excessive accumulation of intracellular TG is a key indicator of MASLD.
Both CGE and FNB treatment reduced the content of intracellular TG and TC to different
degrees in the HepG2 cell or primary hepatocytes (Figure 2A–C). Moreover, oil red O
staining results showed that CGE treatment reduced intracellular lipid droplets in HepG2
cells and primary hepatocytes compared to the model group (Figure 2D). The expression
of PPARα and CPT1A were decreased, and the expressions of SREBP-1c, FASN, and
CD36 increased significantly in PA-induced HepG2 cells (Figure 2E,F). CGE treatment
significantly reversed the PA-induced decrease in PPARα and CPT1A levels and the increase
in SREBP-1c, FASN, and CD36 expression. These results demonstrated that CGE promoted
lipid metabolism and reduced lipid accumulation in hepatocytes effectively.

3.3. CGE Attenuated Oxidative Stress in PA-Treated HepG2 Cells

Normally, hepatocytes resist oxidative stress by maintaining homeostasis of the in-
tracellular antioxidant enzyme system. PA treatment decreased the SOD and GSH-Px
activities while increasing the MDA content (Figure 3A–C). The intracellular ROS content
was significantly increased in the model group (Figure 3D,E). Nevertheless, after CGE
treatment, the SOD and GSH-Px activities were increased, and MDA and ROS content
decreased significantly. The above results indicate that CGE attenuated oxidative stress in
HepG2 cells treated with PA.
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Figure 2. CGE reduced lipid accumulation in PA-treated hepatocytes. (A,B) The TG and TC contents
of HepG2 cells were measured by a microplate reader. (C) the TG content was measured in primary
hepatocytes. (D) Oil red O staining of primary hepatocytes and HepG2 cells, scale bar = 10 µm.
(E,F) The expressions of the PPARα, CPT1A, SREBP-1c, FASN, and CD36 protein were determined by
Western blot. Data are expressed as the mean ± SEM (n = 3), ## p < 0.01 versus the untreated group;
* p < 0.05, ** p < 0.01 versus the PA-only treated group.

3.4. CGE Maintained Mitochondrial Homeostasis in PA-Treated HepG2 Cells

Most oxidative stress occurs in intracellular mitochondria. Therefore, we observed
the changes in mitochondrial homeostasis in PA-induced HepG2 cells. The red-green
fluorescence ratio of HepG2 cells treated with PA was decreased compared with the normal
group, indicating a significant decrease in intracellular mitochondrial membrane potential
(Figure 4A,B). In addition, the intracellular ATP content was decreased, and the expression
level of Cyt.c was significantly increased in PA-induced HepG2 cells (Figure 4C–E). CGE
treatment restored the mitochondrial membrane potential, increased the ATP content, and
downregulated the expression of Cyt.c. This suggests that CGE could effectively improve
mitochondrial homeostasis in PA-induced HepG2 cells.
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3.5. CGE Reduced Lipid Accumulation in PA-Induced HepG2 through PPARα Upregulation

To further verify that CGE ameliorated the lipid metabolism disorder by regulating
PPARα, we knocked down the endogenous PPARα gene using PPARα siRNA (Figure 5A,B).
The effect of CGE on reducing the PA-induced TG content and lipid droplet quantity in
HepG2 cells was reversed by si-PPARα (Figure 5C,D). Moreover, the si-PPARα treatment
attenuated the effect of CGE on the increasing ATP content in PA-induced HepG2 cells
(Figure 5E). Compared with the model group, CGE could upregulate CPT1A and downreg-
ulate the expressions of SREBP-1c, FASN, and CD36. After the interference of si-PPARα,
the regulatory effect of CGE on the target protein related to lipid metabolism was sig-
nificantly weakened (Figure 5F,G). These results suggest that CGE maintained fatty acid
metabolic balance and reduced lipid accumulation in PA-induced HepG2 cells based on
the upregulation of PPARα.
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(A,B) Immunoblotting assay for PPARα expression. (C) The TG content was measured by the
microplate reader. (D) Oil red O staining was analyzed by a microscope, scale bar = 10 µm. (E) The
ATP content was measured by a microplate reader. (F,G) The expression of CPT1A, SREBP-1c, FASN,
and CD36 protein were detected by Western blot. Data were expressed as the mean ± SEM (n = 3).
## p < 0.01 vs. control group; * p < 0.05, ** p < 0.01 versus PA group; and && p < 0.01 versus CGE group.
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3.6. CGE Ameliorated Hepatic Steatosis in HFD-Fed MASLD Mice

To further observe the effect of CGE in vivo, the MASLD model was established
by a 60% high-fat diet, and CGE was administered by gavage. MASLD mice are often
accompanied by lipid accumulation and obesity. The body weight, liver weight, and
liver index of mice in the HFD group increased, while those in the CGE group decreased
significantly (Supplementary Figure S2A–C). Compared with the normal group, the liver of
the HFD-fed mice was significantly enlarged and yellow. Compared with the HFD group,
CGE treatment improved this situation to varying degrees. Through the HE staining of liver
tissue sections, we found that the hepatocytes in the normal group were arranged in a cord-
like structure with normal structure, while the HFD group showed diffuse lipid vacuoles
and inflammatory infiltration around them. CGE treatment improved liver steatosis and
inflammatory infiltration significantly. The results showed that red lipid droplets were
significantly increased in the HFD group and decreased after CGE treatment (Figure 6A).
Compared with the normal group, the TG and TC contents were significantly increased
in the serum and liver tissue of the HFD group. However, CGE treatment reduced the
contents of TG and TC (Figure 6B–E). HFD significantly increased serum AST and ALT
levels compared with the normal group, while they were reduced after CGE treatment
(Figure 6F,G). These results indicate that CGE could ameliorate hepatic steatosis and liver
injury in HFD-induced MASLD mice.

3.7. CGE Improved Lipid Accumulation and Oxidative Stress in HFD-Fed MASLD Mice

To observe lipid metabolism in the liver of mice, we also detected hepatic PPARα and
its related protein expression. Compared with the normal group, the expression levels of
FAO-related proteins (PPARα and CPT1A) were significantly decreased, and the expression
levels of fatty acids synthesis and transport-related proteins (SREBP-1c, FASN, and CD36)
were significantly increased in the liver tissue of the HFD group. Compared with the
HFD group, CGE treatment increased the PPARα and CPT1A protein and decreased the
SREBP-1c, FASN, and CD36 protein in liver tissues (Figure 7A,B). The role of oxidative
stress injury as a pivotal factor in the pathogenesis from MASLD to MASH cannot be
overstated. The oxidative stress status of mice was observed by detecting the activities of
antioxidant enzymes in mice. Compared with the normal group, HFD significantly reduced
the activities of antioxidant enzymes SOD and GSH-Px and increased the lipid peroxide
MDA content. Compared with the HFD group, CGE treatment significantly increased the
activities of SOD and GSH-Px and decreased the lipid peroxide MDA content (Figure 7C–E).
These results indicate that CGE ameliorated lipid metabolism disorders and oxidative stress
in the HFD-induced MASLD mice.
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Figure 7. CGE improved lipid accumulation and oxidative stress in HFD-fed MASLD mice. (A,B) The
levels of PPARα, CPT1A, SREBP-1c, FASN, and CD36 protein expression were determined by Western
blot (n = 3). (C–E) The activities of GSH-Px, MDA, and SOD were measured by a microplate reader
(n = 10). Data are expressed as the mean ± SEM, ## p < 0.01 versus the ND group; ** p < 0.01 versus
the HFD group.
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3.8. Molecular Docking of Bioactive Compounds against PPARα Target

To evaluate the affinity of the active compounds for the PPARα target, we performed
molecular docking analysis. As the results show in Figure 8, each active compound is bound
to PPARα protein through visible hydrogen bonds. The binding energies of PPARα with
narirutin, hesperidin, rosmarinic acid, didymin, or apigenin were lower than −5 kcal/mol.
Remarkably, narirutin had the lowest binding energy of −9.83 kcal/mol with the PPARα
target, indicating highly stable binding (Table 1).
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Table 1. Docking score results of active compounds from CGE for the PPARα target.

Compound Docking Score (kcal/mol)

narirutin −9.83
rosmarinic acid −8.98

apigenin −8.80
hesperidin −8.00
didymin −7.67

isosakuranetin −2.90
fenofibrate −7.60

4. Discussion

Modern diet and lifestyle aggravate the prevalence of obesity and diverse metabolic
syndrome. MASLD is a chronic condition characterized by excess lipid accumulation in
the hepatocytes resulting from an increased uptake in free fatty acids and excessive de novo
lipogenesis. Researchers are still searching for alternative or complementary therapies
because the medical management of MASLD is limited. Therefore, traditional Chinese
herbs with multiple targets and pharmacological activities have great potential and de-
velopment value. The results of the component analysis showed that CGE is rich in
narirutin, rosmarinic acid, didymin, etc. All of these components have good effects on
the prevention and treatment of MASLD. Citrus flavonoids contain rich narirutin, which
can inhibit the expression of phosphorylated NF-κB and MAPKs to exert hepatoprotec-
tive and anti-inflammatory effects [28]. Rosmarinic acid can also reduce oxidative stress
and regulate lipid metabolism disorders by increasing antioxidant enzyme activity and
activating AMPK [29,30]. Didymin is a possible treatment because it reduces lipid depo-
sition, inhibits inflammation, and promotes mitochondrial biogenesis [31,32]. Hesperetin
improves MASLD by regulating hepatic metabolism and suppressing inflammation and
oxidative stress [33,34]. The bioactive compounds derived from CGE have the potential
to improve MASLD by reducing lipid accumulation, minimizing ROS production, and
inhibiting inflammation. This further supports the notion that CGE could be a promising
therapeutic candidate for treating MASLD.

A high-fat diet and dysregulation of lipid metabolism can lead to hepatic steatosis.
Excessive lipid accumulation triggers a series of adverse consequences. The strategy for
maintaining lipid metabolic homeostasis is to inhibit lipid synthesis and transport and
enhance fatty acids β-oxidation. Despite the liver’s diligent efforts to rectify the imbalance
caused by excessive lipid accumulation, the prolonged deposition of lipids ultimately
results in impaired mitochondrial function. The decline in mitochondrial function not
only exacerbates the disorder of lipid metabolism but also potentially induces intracellular
oxidative stress [35]. We established the MASLD models induced by excess lipids in vitro
and in vivo. In this study, CGE treatment promoted fatty acid oxidation (CPT1A) and
lessened fatty acids synthesis and transport (SREBP-1c, FASN, and CD36) to decrease the
intracellular fatty acid content. Notably, CGE treatment attenuated lipid accumulation in
PA-induced HepG2 cells and MASLD mice. These regulatory effects depend on the upreg-
ulation of PPARα. Molecular docking results also showed that the main active components
of CGE had low binding energy and highly stable binding with the PPARα target. In
addition, it was reported that the significant effects of rosmarinic acid on MASH mice may
be attributed to the activation of SIRT1/PPARα pathways [36]. Naringin increased fatty
acid β-oxidation through regulating the expression of the PPARα protein [37]. Apigenin
alleviated liver fibrosis by inhibiting p38/PPARα pathways in hepatic stellate cells [38].
This evidence further supports the fact that CGE promotes lipid metabolism by regulating
PPARα activation, thereby alleviating MASLD.

Oxidative stress is mainly caused by lipid accumulation in MASLD. Fatty acids nor-
mally undergo β-oxidation reactions in mitochondria to produce energy. The excessive
influx of fatty acids into mitochondria in hepatocytes can result in lipid peroxidation and
an elevation in the production of ROS [39]. Under normal conditions, cells can effectively
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counteract physiological ROS formation through antioxidant defense systems. Unsaturated
fatty acids undergo oxidation to produce a large amount of ROS and MDA. Such substances
can diffuse from the starting position and further amplify oxidative stress damage [40].
Our results show the ROS and MDA contents were significantly increased, while SOD and
GSH-Px activities decreased in HFD-fed mice and PA-treated HepG2 cells. However, CGE
attenuated oxidative stress and enhanced the activity of antioxidant enzymes to mitigate
hepatocyte damage.

At present, mitochondria are considered to play an important role in the onset of
MASLD, which is also referred to as “mitochondrial disease” [41]. Excessive fat accumu-
lation within the mitochondria can compromise mitochondrial function, which, in turn,
affects cellular energy metabolism [42]. In MASLD, mitochondrial abnormalities in struc-
ture and function can reduce mitochondrial fatty acid β-oxidation and produce excessive
ROS and lipid peroxides [43,44]. Mitochondrial membrane potential has an important effect
on the metabolic activities of cells, such as regulating mitochondrial respiratory activity
and the ATP synthesis rate. A PPARα agonist can ameliorate mitochondrial dysfunction
and inhibit hepatic steatosis in MASLD mice [45]. Our results indicate that CGE potently
inhibits a reduction in mitochondrial membrane potential and ATP synthesis in PA-treated
HepG2 cells. Moreover, the role of CGE in promoting ATP synthesis and maintaining
mitochondrial homeostasis in hepatocytes depends on the upregulation of PPARα. The
results suggest that CGE could ameliorate the mitochondrial dysfunction resulting from
lipid accumulation by regulating PPARα activation. A lower docking score also suggests
that the binding affinity of active components of CGE for the PPARα protein exhibited
greater potential. Furthermore, CGE also suppressed the release of Cyt.c from the inner
mitochondrial membrane to the cytosol, thereby mitigating subsequent cellular apoptosis
mediated by persistent mitochondrial damage.

Our findings revealed that CGE upregulated PPARα to reduce lipid accumulation
without causing cytotoxicity. On the other hand, the presence of antioxidant effects and
maintenance on mitochondrial homeostasis showed that CGE could be a promising choice
for MASLD therapy. Our results give basic theoretical support for the use of CGE in the
treatment of MASLD. Of course, this study has some limitations. Our experiment was
based on the primary extract of C. gracile. However, we did not examine the protective
effect of each component of CGE on the liver. In addition, the absorption, distribution,
metabolism, and excretion of CGE in mammals need to be further studied. The contribution
of CGE-derived metabolites and the breakdown of products to the hepatoprotective effect
has not been clearly defined. These are worthy of further study in the future.

5. Conclusions

In summary, CGE exhibited a significantly ameliorative effect on MASLD by upreg-
ulating PPARα to improve lipid metabolism disorder. Moreover, CGE could attenuate
oxidative stress and reduce mitochondrial oxidative damage to protect the liver from
lipotoxicity. This study provides both theoretical and experimental foundations for the
therapeutic application of CGE in MASLD.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox13091136/s1, Figure S1: Effect of CGE and FNB on HepG2
cells viability; Figure S2: Effects of CGE on weight and liver weight of HFD-induced mice.
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substrate flux in a mouse model of nonalcoholic fatty liver disease. Int. J. Mol. Sci. 2020, 21, 1101. [CrossRef]

16. Delli Bovi, A.P.; Marciano, F.; Mandato, C.; Siano, M.A.; Savoia, M.; Vajro, P. Oxidative stress in non-alcoholic fatty liver disease.
An updated mini review. Front. Med. 2021, 8, 595371. [CrossRef] [PubMed]

17. Lee, J.; Park, J.S.; Roh, Y.S. Molecular insights into the role of mitochondria in non-alcoholic fatty liver disease. Arch. Pharm. Res.
2019, 42, 935–946. [CrossRef]

18. Yang, Z.; Zhang, L.; Liu, J.; Chan, A.S.C.; Li, D. Saponins of Tomato Extract Improve Non-Alcoholic Fatty Liver Disease by
Regulating Oxidative Stress and Lipid Homeostasis. Antioxidants 2023, 12, 1848. [CrossRef] [PubMed]

19. Trejo-Hurtado, C.M.; Landa-Moreno, C.I.; la Cruz, J.L.; Peña-Montes, D.J.; Montoya-Pérez, R.; Salgado-Garciglia, R.; Manzo-
Avalos, S.; Cortés-Rojo, C.; Monribot-Villanueva, J.L.; Guerrero-Analco, J.A.; et al. An Ethyl Acetate Extract of Eryngium carlinae
Inflorescences Attenuates Oxidative Stress and Inflammation in the Liver of Streptozotocin-Induced Diabetic Rats. Antioxidants
2023, 12, 1235. [CrossRef]

20. Suski, J.M.; Lebiedzinska, M.; Bonora, M.; Pinton, P.; Duszynski, J.; Wieckowski, M.R. Relation between mitochondrial membrane
potential and ROS formation. Methods Mol. Biol. 2012, 810, 183–205. [CrossRef]

21. Shami, G.J.; Cheng, D.; Verhaegh, P.; Koek, G.; Wisse, E.; Braet, F. Three-dimensional ultrastructure of giant mitochondria in
human non-alcoholic fatty liver disease. Sci. Rep. 2021, 11, 3319. [CrossRef] [PubMed]

22. Ji, Y.X.; Huang, Z.; Yang, X.; Wang, X.; Zhao, L.P.; Wang, P.X.; Zhang, X.J.; Alves-Bezerra, M.; Cai, L.; Zhang, P.; et al. The deubiquitinating
enzyme cylindromatosis mitigates nonalcoholic steatohepatitis. Nat. Med. 2018, 24, 213–223. [CrossRef] [PubMed]

23. Wang, L.T.; Sun, Z.H.; Zhong, M.L.; Wu, H.F.; Zhang, H.J.; Zhu, N.L.; Sun, G.B.; Ye, X.X.; Xu, X.D.; Zhu, Y.D.; et al. Studies on
chemical constituents of Clinopodium chinense. Zhong Guo Zhong Yao Za Zhi 2017, 42, 2510–2517. [CrossRef]

24. Zeng, B.; Chen, K.; Du, P.; Wang, S.S.; Ren, B.; Ren, Y.L.; Yan, H.S.; Liang, Y.; Wu, F.H. Phenolic compounds from Clinopodium
chinense (Benth.) O. Kuntze and their inhibitory effects on α-Glucosidase and vascular endothelial cells injury. Chem. Biodivers.
2016, 13, 596–601. [CrossRef] [PubMed]

https://doi.org/10.1016/j.cmet.2023.10.009
https://www.ncbi.nlm.nih.gov/pubmed/37939656
https://doi.org/10.1016/j.cell.2021.04.015
https://www.ncbi.nlm.nih.gov/pubmed/33989548
https://doi.org/10.1126/science.abf8271
https://www.ncbi.nlm.nih.gov/pubmed/35420934
https://doi.org/10.1007/s11892-021-01383-7
https://doi.org/10.1016/j.cld.2018.07.001
https://doi.org/10.1136/gutjnl-2015-310798
https://www.ncbi.nlm.nih.gov/pubmed/26838599
https://doi.org/10.1210/endocr/bqz046
https://doi.org/10.1194/jlr.M069740
https://doi.org/10.3390/cancers12071714
https://doi.org/10.1016/j.fct.2020.111956
https://doi.org/10.1016/j.jnutbio.2017.04.015
https://www.ncbi.nlm.nih.gov/pubmed/28549240
https://doi.org/10.1155/2019/2052675
https://www.ncbi.nlm.nih.gov/pubmed/30809553
https://doi.org/10.1038/s41467-020-18565-8
https://www.ncbi.nlm.nih.gov/pubmed/32958780
https://doi.org/10.1016/j.cbi.2013.11.006
https://doi.org/10.3390/ijms21031101
https://doi.org/10.3389/fmed.2021.595371
https://www.ncbi.nlm.nih.gov/pubmed/33718398
https://doi.org/10.1007/s12272-019-01178-1
https://doi.org/10.3390/antiox12101848
https://www.ncbi.nlm.nih.gov/pubmed/37891927
https://doi.org/10.3390/antiox12061235
https://doi.org/10.1007/978-1-61779-382-0_12
https://doi.org/10.1038/s41598-021-82884-z
https://www.ncbi.nlm.nih.gov/pubmed/33558594
https://doi.org/10.1038/nm.4461
https://www.ncbi.nlm.nih.gov/pubmed/29291351
https://doi.org/10.19540/j.cnki.cjcmm.2017.0116
https://doi.org/10.1002/cbdv.201500187
https://www.ncbi.nlm.nih.gov/pubmed/27088891


Antioxidants 2024, 13, 1136 16 of 16

25. Zhang, H.J.; Chen, R.C.; Sun, G.B.; Yang, L.P.; Zhu, Y.D.; Xu, X.D.; Sun, X.B. Protective effects of total flavonoids from Clinopodium
chinense (Benth.) O. Ktze on myocardial injury in vivo and in vitro via regulation of Akt/Nrf2/HO-1 pathway. Phytomedicine
2018, 40, 88–97. [CrossRef]

26. Shi, X.; Wang, S.; Luan, H.; Tuerhong, D.; Lin, Y.; Liang, J.; Xiong, Y.; Rui, L.; Wu, F. Clinopodium chinense attenuates palmitic
acid-induced vascular endothelial inflammation and insulin resistance through TLR4-Mediated NF-κB and MAPK Pathways.
Am. J. Chin. Med. 2019, 47, 97–117. [CrossRef]

27. Wu, F.H.; Liang, J.Y.; Liu, Y.; Ren, Y.L. An Effective Fraction Isolated from Clinopodium Chinense for Diabetes Prevention
and Treatment, the Preparation Method and Its Usage. China Patent 201010267636.4, 12 January 2011. Available online:
https://pss-system.cponline.cnipa.gov.cn/documents/detail?prevPageTit=changgui (accessed on 1 September 2024).

28. Jiang, J.; Yan, L.; Shi, Z.; Wang, L.; Shan, L.; Efferth, T. Hepatoprotective and anti-inflammatory effects of total flavonoids of
Qu Zhi Ke (peel of Citrus changshan-huyou) on non-alcoholic fatty liver disease in rats via modulation of NF-κB and MAPKs.
Phytomedicine 2019, 64, 153082. [CrossRef] [PubMed]

29. Kim, M.; Yoo, G.; Randy, A.; Son, Y.J.; Hong, C.R.; Kim, S.M.; Nho, C.W. Lemon balm and its constituent, rosmarinic acid, alleviate
liver damage in an animal model of nonalcoholic steatohepatitis. Nutrients 2020, 12, 1166. [CrossRef] [PubMed]

30. Balachander, G.J.; Subramanian, S.; Ilango, K. Rosmarinic acid attenuates hepatic steatosis by modulating ER stress and autophagy
in oleic acid-induced HepG2 cells. RSC Adv. 2018, 8, 26656–26663. [CrossRef]

31. Yang, J.W.; Zou, Y.; Chen, J.; Cui, C.; Song, J.; Yang, M.M.; Gao, J.; Hu, H.Q.; Xia, L.Q.; Wang, L.M.; et al. Didymin alleviates
metabolic dysfunction-associated fatty liver disease (MAFLD) via the stimulation of Sirt1-mediated lipophagy and mitochondrial
biogenesis. J. Transl. Med. 2023, 21, 921. [CrossRef]

32. Feng, Z.; Pang, L.; Chen, S.; Pang, X.; Huang, Y.; Qiao, Q.; Wang, Y.; Vonglorkham, S.; Huang, Q.; Lin, X.; et al. Didymin
ameliorates dexamethasone-induced non-alcoholic fatty liver disease by inhibiting TLR4/NF-κB and PI3K/Akt pathways in
C57BL/6J mice. Int. Immunopharmacol. 2020, 88, 107003. [CrossRef] [PubMed]

33. Li, J.; Wang, T.; Liu, P.; Yang, F.; Wang, X.; Zheng, W.; Sun, W. Hesperetin ameliorates hepatic oxidative stress and inflammation
via the PI3K/AKT-Nrf2-ARE pathway in oleic acid-induced HepG2 cells and a rat model of high-fat diet-induced NAFLD. Food
Funct. 2021, 12, 3898–3918. [CrossRef] [PubMed]

34. Li, X.; Yao, Y.; Wang, Y.; Hua, L.; Wu, M.; Chen, F.; Deng, Z.Y.; Luo, T. Effect of Hesperidin Supplementation on Liver Metabolomics
and Gut Microbiota in a High-Fat Diet-Induced NAFLD Mice Model. J. Agric. Food Chem. 2022, 70, 11224–11235. [CrossRef] [PubMed]

35. Sharma, M.; Mitnala, S.; Vishnubhotla, R.K.; Mukherjee, R.; Reddy, D.N.; Rao, P.N. The Riddle of Nonalcoholic Fatty Liver
Disease: Progression From Nonalcoholic Fatty Liver to Nonalcoholic Steatohepatitis. J. Clin. Exp. Hepatol. 2015, 5, 147–158.
[CrossRef] [PubMed]

36. Komeili-Movahhed, T.; Bassirian, M.; Changizi, Z.; Moslehi, A. SIRT1/NFκB pathway mediates anti-inflammatory and anti-
apoptotic effects of rosmarinic acid on in a mouse model of nonalcoholic steatohepatitis (NASH). J. Recept. Signal Transduct. 2022,
42, 241–250. [CrossRef] [PubMed]

37. Hager-Theodorides, A.L.; Massouras, T.; Simitzis, P.E.; Moschou, K.; Zoidis, E.; Sfakianaki, E.; Politi, K.; Charismiadou, M.;
Goliomytis, M.; Deligeorgis, S. Hesperidin and Naringin Improve Broiler Meat Fatty Acid Profile and Modulate the Expression of
Genes Involved in Fatty Acid β-oxidation and Antioxidant Defense in a Dose Dependent Manner. Foods 2021, 10, 739. [CrossRef]

38. Ji, J.; Yu, Q.; Dai, W.; Wu, L.; Feng, J.; Zheng, Y.; Li, Y.; Guo, C. Apigenin Alleviates Liver Fibrosis by Inhibiting Hepatic Stellate
Cell Activation and Autophagy via TGF-β1/Smad3 and p38/PPARα Pathways. PPAR Res. 2021, 2021, 6651839. [CrossRef]

39. Park, J.; Kim, N.H.; Yi, H.J.; Rhee, S.G.; Woo, H.A. Mitochondrial peroxiredoxin III protects against non-alcoholic fatty liver
disease caused by a methionine-choline deficient diet. Antioxidants 2022, 12, 9. [CrossRef] [PubMed]

40. Bouchez, C.; Devin, A. Mitochondrial biogenesis and mitochondrial reactive oxygen species (ROS): A complex relationship
regulated by the cAMP/PKA signaling pathway. Cells 2019, 8, 287. [CrossRef]

41. Dabravolski, S.A.; Bezsonov, E.E.; Orekhov, A.N. The role of mitochondria dysfunction and hepatic senescence in NAFLD
development and progression. Biomed Pharmacother. 2021, 142, 112041. [CrossRef]

42. Afonso, M.B.; Islam, T.; Magusto, J.; Amorim, R.; Lenoir, V.; Simões, R.F.; Teixeira, J.; Silva, L.C.; Wendum, D.; Jéru, I.; et al. RIPK3
dampens mitochondrial bioenergetics and lipid droplet dynamics in metabolic liver disease. Hepatology 2023, 77, 1319–1334. [CrossRef]
[PubMed]

43. Di Ciaula, A.; Passarella, S.; Shanmugam, H.; Noviello, M.; Bonfrate, L.; Wang, D.Q.; Portincasa, P. Nonalcoholic Fatty Liver
Disease (NAFLD). Mitochondria as Players and Targets of Therapies? Int. J. Mol. Sci. 2021, 22, 5375. [CrossRef] [PubMed]

44. Fromenty, B.; Roden, M. Mitochondrial alterations in fatty liver diseases. J. Hepatol. 2023, 78, 415–429. [CrossRef] [PubMed]
45. Liang, W.; Huang, L.; Whelchel, A.; Yuan, T.; Ma, X.; Cheng, R.; Takahashi, Y.; Karamichos, D.; Ma, J.X. Peroxisome proliferator-

activated receptor-α (PPARα) regulates wound healing and mitochondrial metabolism in the cornea. Proc. Natl. Acad. Sci. USA
2023, 120, 2217576120. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.phymed.2018.01.004
https://doi.org/10.1142/S0192415X19500058
https://pss-system.cponline.cnipa.gov.cn/documents/detail?prevPageTit=changgui
https://doi.org/10.1016/j.phymed.2019.153082
https://www.ncbi.nlm.nih.gov/pubmed/31541796
https://doi.org/10.3390/nu12041166
https://www.ncbi.nlm.nih.gov/pubmed/32331258
https://doi.org/10.1039/C8RA02849D
https://doi.org/10.1186/s12967-023-04790-4
https://doi.org/10.1016/j.intimp.2020.107003
https://www.ncbi.nlm.nih.gov/pubmed/33182043
https://doi.org/10.1039/D0FO02736G
https://www.ncbi.nlm.nih.gov/pubmed/33977953
https://doi.org/10.1021/acs.jafc.2c02334
https://www.ncbi.nlm.nih.gov/pubmed/36048007
https://doi.org/10.1016/j.jceh.2015.02.002
https://www.ncbi.nlm.nih.gov/pubmed/26155043
https://doi.org/10.1080/10799893.2021.1905665
https://www.ncbi.nlm.nih.gov/pubmed/33787460
https://doi.org/10.3390/foods10040739
https://doi.org/10.1155/2021/6651839
https://doi.org/10.3390/antiox12010009
https://www.ncbi.nlm.nih.gov/pubmed/36670871
https://doi.org/10.3390/cells8040287
https://doi.org/10.1016/j.biopha.2021.112041
https://doi.org/10.1002/hep.32756
https://www.ncbi.nlm.nih.gov/pubmed/36029129
https://doi.org/10.3390/ijms22105375
https://www.ncbi.nlm.nih.gov/pubmed/34065331
https://doi.org/10.1016/j.jhep.2022.09.020
https://www.ncbi.nlm.nih.gov/pubmed/36209983
https://doi.org/10.1073/pnas.2217576120

	Introduction 
	Materials and Methods 
	Reagents 
	Plant Materials 
	Preparation of CGE Extract 
	High-Performance Liquid Chromatography (HPLC) Analysis 
	Cell Culture 
	MTT Assay for the Viability of HepG2 
	Lipid Accumulation Assay 
	SOD, GSH-Px, MDA, and ATP Content Assay 
	ROS Production Assay 
	Mitochondrial Membrane Potential Detection 
	Transfection 
	Animal Treatment 
	Biochemical Indices and Liver Function Assays 
	Histopathology Analysis 
	Western Blot Analysis 
	Molecular Docking Verification 
	Statistical Analysis 

	Results 
	Characterization of the CGE by HPLC 
	CGE-Reduced Lipid Accumulation in PA-Treated Hepatocytes 
	CGE Attenuated Oxidative Stress in PA-Treated HepG2 Cells 
	CGE Maintained Mitochondrial Homeostasis in PA-Treated HepG2 Cells 
	CGE Reduced Lipid Accumulation in PA-Induced HepG2 through PPAR Upregulation 
	CGE Ameliorated Hepatic Steatosis in HFD-Fed MASLD Mice 
	CGE Improved Lipid Accumulation and Oxidative Stress in HFD-Fed MASLD Mice 
	Molecular Docking of Bioactive Compounds against PPAR Target 

	Discussion 
	Conclusions 
	References

