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ARTICLE INFO ABSTRACT
Keywords: Objective: Non-alcoholic fatty liver disease (NAFLD) is the leading chronic liver disease. We have
Non-alcoholic fatty liver disease developed a Korean Red Ginseng Formula (KRGF) containing extracts of Korean Red Ginseng
T::gllycerldle (KRG), Crataegus Fructus, and Cassiae Semen. In this study, our aims were to investigate the
Cholestero . therapeutic potential and underpinning mechanisms of KRGF in NAFLD complicated by
Korean red ginseng o .

R hyperlipidemia.
Hyperlipidemia . ) .
Steatosis Methods: In the in vitro assays, HepG2 cells were treated with KRGF for 24 h in the presence or

absence of oleic acid (OA). To assess the in vivo protective effect of KRGF against NAFLD, rats fed
a high-fat diet (HFD) were given intragastric administration for 30 days.

Results: KRGF exerted protective effects against NAFLD by reducing lipid accumulation and
steatosis in OA-stimulated HepG2 cells and HFD-fed rats. In HFD-fed rats, KRGF effectively
decreased triglyceride levels in both blood and liver tissue and modulated the expression of key
regulators of lipogenesis and fatty acid oxidation. KRGF downregulated the expression of lipo-
genesis factors, namely C/EBPa, FAS, SREBP-1c, and PPARy, while upregulating the expression of
PPARa and CPT-1, thus promoting fatty acid oxidation. Additionally, KRGF intensified the
phosphorylation of AMPK and ACC, which are two enzymes that suppress fatty acid synthesis and
promote fatty acid oxidation. KRGF effectively decreased total cholesterol (TC) levels in both
blood and liver tissue, and it modulated the expression of major enzymes related to TC meta-
bolism, namely apoB, ACAT2, CYP7A1, and HMGCR.

Conclusion: In conclusion, KRGF mitigated NAFLD complicated by hyperlipidemia by modulating
triglyceride and cholesterol metabolism, suggesting its potential for future development in the
treatment of NAFLD.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the leading chronic liver disease worldwide with a prevalence of 32.4 % [1-3]. NAFLD
is resulted from abnormal metabolism rather than alcohol or drug consumption, and it is characterized by the deposition of more than
5 % fat in liver cells [4]. The pathogenesis of NAFLD is complex, and remains unclear. The “multiple parallel hits” hypothesis, which
involves insulin resistance, lipotoxicity, inflammation, genetic polymorphism and epigenetics, adipokines and hepatokines, bile acid,
and gut microbiota, has replaced the “two hits” hypothesis to explain NAFLD’s pathogenesis [5,6]. NAFLD includes simple steatosis
(NAFL), steatohepatitis (NASH), fibrosis, and cirrhosis, all of which signify a risk of developing hepatocellular carcinoma. Effective
preventive and therapeutic pharmacotherapies are lacking [7].

Numerous herbal formulations and medicinal plants hold therapeutic potential for the treatment of NAFLD due to their diverse
effects and minimal side effects. The potential therapeutic effects of Korean Red Ginseng (KRG, Panax ginseng C.A. Meyer) include
addressing dyslipidemia and NAFLD [8]. In KRG-treated rats, lipid profiles and steatohepatitis were improved compared to those in the
NAFLD group [9]. The combination of KRG and other botanical therapeutic ingredients, including Cordyceps militaris [10], Glycyr-
rhiza glabra L. extract [11] and Radix Bupleuri [12], has shown anti-obesity, NAFLD protective, lipid-regulating, and
anti-inflammatory properties. Additionally, Crataegus Fructus and Cassiae Semen have been investigated as potential treatment op-
tions for NAFLD and metabolic syndrome [13,14]. Crataegus Fructus extract significantly decreased liver tissue fat and total
cholesterol levels, and reduced liver weight in rodents with diet-induced steatosis [13,15]. Cassiae Semen and its components protect
against NAFLD by alleviating hepatic steatosis, intestinal barrier damage, lipid metabolism disorders, and inflammation [14,16,17].

Mixtures of two or more natural products in varying proportions have more pronounced effects than single natural products [18],
possibly due to synergies between them [19]. Based on an extensive literature review, several Chinese medicines with hypolipidemic
effects were selected. These included Crataegus Fructus, Pueraria Lobatae Radix [20], Atractylodis Macrocephalae Rhizoma [21],
Salviae Miltiorrhiza Radix et Rhizoma [22], Cassiae Semen, Glycyrrhizae Radix et Rhizoma [23], and Red Yeast Rice [24]. Ginkgo
Leaves extract, Soybean Lecithin, and Fish Oil had been selected as controls. By comparing the inhibitory effects on lipid accumulation,
Crataegus Fructus and Cassiae Semen were preliminarily chosen to create a formula with Korean Red Ginseng. The optimal proportion
of extracts was ultimately determined and named as Korean Red Ginseng Formula (KRGF). This study explored the therapeutic actions
and mechanisms of KRGF in treating NAFLD. Steatosis was induced in HepG2 cells in vitro by exposing them to oleic acid (OA), and
NAFLD was induced in rats in vivo by providing them with high-fat diet (HFD).

2. Materials and methods
2.1. Materials

Crataegus Fructus, Pueraria Lobatae Radix, Atractylodis Macrocephalae Rhizoma, Salviae Miltiorrhiza Radix et Rhizoma, Cassiae
Semen, Glycyrrhizae Radix et Rhizoma, Red Yeast Rice, and Ginkgo Leaves extracts were procured from Shaanxi Jiahe Phytochem Co.,
Ltd. Soybean Lecithin and Fish Oil were sourced from Shanghai Shanghai Biotechnology Co., Ltd. Red Ginseng extract (50 % yield) was
purchased from the Korean Ginseng Corporation.

As per the information provided by Shaanxi Jiahe Phytochem Co., Ltd, the raw material of Crataegus Fructus (Crataegus pinnatifida
Bge.) was subjected to double extraction with 60 % ethanol for 1.5 h each time. The resultant extract was concentrated and vacuum
belt-dried, producing an extract powder with a 20 % yield. Similarly, the raw material of Cassiae Semen (Cassia tora Linn) was
extracted three times with 60 % ethanol for 1.5 h each time. The resulting extraction solution was concentrated and spray-dried,
yielding an extract powder with a 7 % yield.

The composition of KRGF consists of 1.5 g Red Ginseng, 1.8 g Crataegus Fructus, and 0.6 g Cassiae Semen extracts in a specific
weight proportion. The KRGF Tablet (KRGT, 4 g per tablet) was formulated with 1.5 g Red Ginseng extract, 1.8 g Crataegus Fructus
extract, 0.6 g Cassiae Semen extract, and 0.1 g of pharmaceutical excipient, all provided by the Cosmax Bio Company.

2.2. Cell culture

HepG2 cells were obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco’s Modified
Eagle medium (DMEM) supplemented with 10 % fetal bovine serum and 1 % antibiotic-antimycotic (Gibco, Grand Island, NY) at 37 °C
in a humidified atmosphere with 5 % CO, [25]. HepG2 cells grown to 80 % confluence and subsequently treated with serum-free
DMEM containing 1 % bovine serum albumin (BSA) or oleic acid (OA) for 24 h or 48 h.

2.3. Cell viability analysis

The MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; Sigma Aldrich, MO, USA) was conducted to
evaluate the cytotoxic effects of tested samples, including Crataegus Fructus extract, Pueraria Lobatae Radix extract, Atractylodis
Macrocephalae Rhizoma extract, Salviae Miltiorrhiza Radix et Rhizoma extract, Cassiae Semen extract, Glycyrrhizae Radix et Rhizoma
extract, Red Yeast Rice extract, Ginkgo Leaves extract, Soybean Lecithin, and Fish Oil. The assay aimed to determine optimal con-
centrations for treating HepG2 cells. HepG2 cells were seeded in 96-well plates and cultured until reaching 80 % confluence. Sub-
sequently, the cells were exposed to the tested samples at various concentrations (1-100 pg/mL) for 48 h. Following this exposure, the
MTT assay was performed as previously described [26]. The absorbance at 490 nm was measured using a microplate reader
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(PerkinElmer, USA). Cell viability (%) was calculated as follows: (A490 nm (tested sample)/A490 NM (control)) X 100.

To establish the appropriate concentration of OA for inducing steatosis using the CCK-8 assay, different concentrations of OA
(0.2-3 mM) and KRGF (62.5-2000 pg/mL) were individually applied to HepG2 cells and incubated for 24 h. Upon selecting 0.8 mM as
the suitable concentration of inducing steatosis in vitro, HepG2 cells were exposed to 0.8 mM OA and KRGF (62.5-2000 pg/mL) for 24
h. The CCK-8 assay was performed as previously described method [25], and absorbance at 450 nm was measured using a microplate
reader. Cell viability (%) was calculated as (A450 nm (treatment)/A450 NM (controly)) X 100.

2.4. Staining with Oil Red O

Cells were fixed in 4 % paraformaldehyde in PBS for 15 min, stained with Oil Red O solution at room temperature for 10 min, and
then washed thrice with PBS [27]. Cellular steatosis levels were assesed by examining red-stained cells using an inverted fluorescence
microscope (Olympus, Tokyo, Japan) and taking photographs.

2.5. Quantification of intracellular levels of TG and TC

When HepG2 cells reached 80 % confluence, they were treated with 0.8 mM OA, with or without KRGF (0, 62.5, 125, and 250 pg/
mL) for 24 h. KRGF was diluted in serum-free DMEM containing 1 % BSA. Control cells were exposed to 1 % BSA only. Quantification of
triglyceride (TG) and total cholesterol (TC) contents in HepG2 cells was performed following the manufacturer’s instructions (TG and
TC Content Assay Kits; Boxbio Science & Technology Co., Ltd., Beijing, China).

2.6. Animals, diets, and treatments

We obtained 6-week-old SPF male Wistar rats from the Experimental Animal Center of Shanghai University of Traditional Chinese
Medicine and ensured animal care adhered to institutional guidelines. These rats were housed in a SPF-level facility with a temperature
of 22 + 2 °C, humidity ranging from 50 % to 70 %, and a 12-h light/dark cycle. Approval for this animal experiment was granted by the
Animal Experiment Ethics Committee of Shanghai University of Traditional Chinese Medicine (No. PZSHUTCM201106015; No.
PZSHUTCM210709002).

Initially, we examined the therapeutic effects of KRGF and its underlying mechanisms in a NAFLD rat model. The rats were allowed
to acclimate to their new surroundings for a week before randomly assigned to the normal control and NAFLD model groups. During
the modeling period, the rats were provided with either a normal diet or HFD with unrestricted access to food and water for 4 weeks.
Subsequently, the rats were randomized into five groups, each consisting of eight rats: normal control (NC), HFD-induced control (HF),
HFD with low-dose KRGF (LD, 325 mg/kg/day), HFD with high-dose KRGF (HD, 650 mg/kg/day), and HFD with fenofibrate (PC, 25
mg/kg/day). The KRGF group received the corresponding KRGF dose, whereas the PC group was administered fenofibrate by gavage
for 30 days, and the NC and HF groups received intragastric water only. Food consumption and body weight were recorded on
alternate days.

Another experiment was conducted to evaluate the lipid-lowering effects of KFGT in the NAFLD rat model. The rats were randomly
divided into six groups, each consisting of nine rats, after being fed either a normal diet or HFD for 3 weeks. The groups were as follows:
normal control group (NC), HFD-induced control group (HF), HFD with 2.5 times the dose of KRGT group (2.5 x KRGT, 166.7 mg/kg/
day), HFD with 5 times the dose of KRGT group (5 x KRGT, 333.3 mg/kg/day), HFD with 10 times the dose of KRGT group (10 x
KRGT, 666.7 mg/kg/day), and HFD with 20 times the dose of KRGT group (20 x KRGT, 1333.3 mg/kg/day). The treatment groups
were administered with the corresponding dose of KRGT by gavage for 30 days, while the NC and HF groups received only drinking
water. To verify the lipid-lowering effect of KRGT, the rats’ food consumption and body weight were measured on alternate days.

2.7. Sampling of blood and tissue

To obtain serum samples, blood was drawn from the treated rats through the post-orbital venous plexus and then centrifuged for 15
min at 3000 rpm and 4 °C. The rats were anesthetized and euthanized, and their liver tissues were harvested and weighed. A portion of
the liver tissue samples was fixed in 4 % paraformaldehyde for pathological examination, while the remaining sections were preserved
in liquid nitrogen.

2.8. Analysis of serum lipids
Serum triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein

cholesterol (LDL-C) levels were determined using an automatic biochemical analyser in accordance with the manufacturer’s protocol
(TBA-40FR, Toshiba Medical Instruments, Tochigi-ken, Japan).

2.9. Histological analysis of liver tissue

Liver tissue was fixed in 4 % paraformaldehyde, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E),
and then observed and photographed using an optical microscope (Olympus, Tokyo, Japan).
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2.10. Measurement of hepatic TG and TC

To measure hepatic TG, 100 mg of liver tissue samples were retrieved, homogenized in 1 mL of n-heptane/isopropanol (1:1 by
volume) solution, and then centrifuged at 8000 rcf for 10 min at 4 °C. The TG content in the supernatant was measured following the
manufacturer’s instruction (Boxbio Science & Technology Co., Ltd., Beijing, China). For TC measurement, 100 mg of the resected liver
tissue samples were homogenized in 1 mL of isopropanol and centrifuged at 10000 rcf for 10 min at 4 °C. The TC content in the
supernatant was determined following the test kit’s instruction (Boxbio Science & Technology Co., Ltd., Beijing, China).

2.11. Quantitative real-time PCR (qRT-PCR)

RNAiso plus reagent (TaKaRa Biotechnology, Otsu, Shiga, Japan) was used to isolate total RNA from the liver tissue. Subsequently,
a reverse transcription kit (PrimeScript™ RT Reagent Kit; TaKaRa Biotechnology, Otsu, Shiga, Japan) was utilized for reverse tran-
scription into cDNA. Quantitative real-time polymerase chain reaction (QRT-PCR) was conducted using a StepOne Plus Real-Time PCR
system (Applied Biosystems, Life Technologies) following a previously described protocol [28]. SYBR® Green Realtime PCR Master
Mix (TOYOBO Life Science, Osaka, Japan) was used for the reactions. The primer sequences used in these experiments are listed in
Table 1. GAPDH was applied as an internal reference for normalization, and the expression of the target genes was calculated using the
27248CT method.

2.12. Western blotting

To obtain protein samples, cells and liver tissue samples were lysed using a mixture containing protease inhibitors, phosphatase
inhibitors, PMSF, and pre-cooled RIPA lysis buffer (WellBio Technology Co., Ltd, Shanghai, China). Protein quantification, electro-
phoresis, and Western blot were performed following established protocols [28]. Primary antibodies against CCAAT/enhancer-binding
protein alpha (C/EBPa; sc-166258), peroxisome proliferator-activated receptor alpha (PPARw; sc-398394), sterol regulatory
element-binding protein-1c (SREBP-1c; sc-13551), and AMP-activated protein kinase (AMPK; sc-74461) were acquired from Santa
Cruz Biotechnology (Dallas, CA, USA). Primary antibodies against GAPDH (60004-1-Ig), carnitine palmitoyltransferase-1 (CPT-1,
15184-1-AP), and PPARy (16643-1-AP) were purchased from Proteintech (Wuhan, Hubei, China). Primary antibodies against
phospho-AMPK (p-AMPK, #2535), fatty acid synthase (FAS, #3180), acetyl-CoA carboxylase (ACC, #3676), and phospho-ACC
(p-ACC, #11818) were supplied by Cell Signaling Technology (Danvers, Massachusetts, USA). Protein expression was detected
using an enhanced chemiluminescence kit, and visualized with an ImageQuant LAS 4000 Mini instrument (GE Healthcare Bio-Sciences
AB, Sweden). Protein band gray values were quantified using ImageJ software.

2.13. Statistical analysis
The experiments were performed in triplicate, and the data were presented as the mean + SD. The data were analyzed using

GraphPad Prism 8.0, employing one-way analysis of variance (ANOVA) and Student’s t-test. The statistical p-value was set less than
0.05.

Table 1
Primer sequence used for quantitative real-time PCR.
Gene Forward (5-3) Reverse (5-3)

Rat liver ACAT2 TACTGATGGGACTGGAACG CTTGCTTTATGGCTGGAAT
HMGCR CAACCTCTACATCCGTCTCC AGTGCTTTCTCCGTACCCT
apoB GACCTGGGTGAACCTAACT AGACTGTATCCTGGAACAAAA
CYP7A1 GGGTCACGGAAGGGATGTA GTGCCGGAAAGACTTGGTC
SREBP-1c CTGGGCTCCTCTCTGGAA GGCACTGGCTCCTCTTTG
ACC GGTGGTTCTTGGGTTGTGA TTTCTACTGTCCCTTCTGGTT
FAS TGATGATTCAGGGAACGGGTAT GGGAATGTCACGCCTTGCT
PPAR«a AGAATCCACGAAGCCTACC TCTTCTCAGCCATGCACA
C/EBPa GTGAGTTCGTGGAGAAGGG TACACACAAGGCGGATGG
CPT-1 CAGGGATACAGAGAGGAG TTGAAGACAACAAAGGTG
PPARy ACCCTTTACCACGGTTGA CAGGCTCTACTTTGATCGC
GAPDH TCTCTGCTCCTCCCTGTTC ACACCGACCTTCACCATCT

ACAT2, acetyl-CoA acyltransferase 2; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; apoB, apolipoprotein B; CYP7A1, cholesterol 7 alpha-
hydroxylase; SREBP-1c, sterol regulatory element binding protein-1c; ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; PPARx, peroxisome
proliferator-activated receptor alpha; C/EBPa, CCAAT/enhancer-binding protein alpha; CPT-1, carnitine palmitoyltransferase-1; PPARy, peroxisome
proliferator-activated receptor gamma; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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3. Results
3.1. Examination of Korean Red Ginseng Formula (KRGF)

We conducted a MTT assay to evaluate the cytotoxicity of the tested samples at various concentrations (1-100 pg/mL) in HepG2

cells. In this experiment, when the cell viability is above 80 %, the sample was considered to be non-cytotoxic and can be used for
subsequent screening experiments. Fig. 1A J display the highest concentrations of 10 tested samples that do not induce cytotoxicity, as
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Fig. 1. Cytotoxicity and lipid accumulation in OA-induced HepG2 cells. Cell viability was measured after exposing HepG2 cells to various con-
centrations (0-100 pg/mL) of 10 different samples for 48 h, including Crataegus Fructus extract (A), Pueraria Lobatae Radix extract (B), Atractylodis
Macrocephalae Rhizoma extract (C), Salviae Miltiorrhiza Radix et Rhizoma extract (D), Cassiae Semen extract (E), Glycyrrhizae Radix et Rhizoma
extract (F), Red Yeast Rice extract (G), Ginkgo Leaves extract (H), Soybean Lecithin (I), and Fish Oil (J). (K) Intracellular lipid droplets in HepG2
cells were stained with Oil Red O and imaged (magnification 40 x ). Control cells (Con) were incubated with 1 % BSA. Prevention group cells (Pre)
were treated with 10 tested samples and OA simultaneously for 24 h. Treat group cells (Tre) were treated with OA for 24 h and then supplied with
testing samples for an additional 24 h. Values are expressed as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Con. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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follows: Crataegus Fructus extract (5 pg/mL), Pueraria Lobatae Radix extract (10 pg/mL), Atractylodis Macrocephalae Rhizoma
extract (20 pg/mL), Salviae Miltiorrhiza Radix et Rhizoma extract (20 pg/mL), Cassiae Semen extract (50 pg/mL), Glycyrrhizae Radix
et Rhizoma extract (50 pg/mL), Red Yeast Rice extract (20 pg/mL), Ginkgo Leaves extract (100 pg/mL), Soybean Lecithin (100 pg/mL),
and Fish Oil (10 pg/mL).

Subsequently, we examined the preventive and therapeutic effects of the tested samples against OA-induced formation and build-
up of lipid droplets using Oil Red O staining. The tested samples included extracts from Crataegus Fructus, Pueraria Lobatae Radix,
Atractylodis Macrocephalae Rhizoma, Salviae Miltiorrhiza Radix et Rhizoma, Cassiae Semen, Glycyrrhizae Radix et Rhizoma, and Red
Yeast Rice. Ginkgo leaves extract, Soybean Lecithin, and Fish Oil were used as controls. The staining results indicated that the Cra-
taegus Fructus extract and Cassiae Semen extract inhibited OA-induced lipid droplets formation, with their preventive effects sur-
passing their therapeutic effects (Fig. 1K).

Oil Red O staining was employed to determine the optimal ratio of the formula containing KRG, Crataegus Fructus, and Cassiae
Semen (Fig. 2A). The optimal proportion was identified as group E, composed of 1.5 g of Red Ginseng extract, 1.8 g of Crataegus
Fructus extract and 0.6 g of Cassiae Semen extract, which was abbreviated as KRGF (Korean Red Ginseng Formula).

3.2. KRGF alleviates OA-induced steatosis in HepG2 cells

Before further evaluating the protective effect of KRGF on OA-induced steatosis in HepG2 cells, we assessed cellular viability
following treatment with OA and KRGF using the CCK-8 assay. No cytotoxicity was observed in HepG2 cells when the OA concen-
tration was below 1 mM (Fig. 2B). Thus, we chose 0.8 mM as the OA concentration to induce steatosis. KRGF (62.5-2000 pg/mL)
exhibited no cytotoxicity on the treated cells, either alone or in combination with 0.8 mM OA (Fig. 2C and D).
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Fig. 2. Effect of different proportions of formula containing Korean Red Ginseng, Crataegus Fructus and Cassiae Semen on OA-induced lipid
accumulation in HepG2 cells. (A) Oil Red O staining images of HepG2 cells treated with OA and different proportions of the hypolipidemic formula
simultaneously for 24 h. Control cells (Con) were incubated with 1 % BSA. Lipid droplets of HepG2 cells were dyed red (magnification 40 x ). Cell
viability was determined after 24 h treatment of different concentrations of OA (B), KRGF (C), and KRGF in the presence of 0.8 mM OA (D),
separately. Values are expressed as mean + SD (n = 2). **p < 0.01, ***p < 0.001 vs. Con. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 3. Effect of Korean Red Ginseng Formula (KRGF) on steatosis HepG2 cells induced by 0.8 mM OA. (A) Images of HepG2 cells stained by Oil Red
O after 0.8 mM OA and various concentrations of KRGF application for 24 h. 1 % BSA was utilized for the control cells. At 40 x magnification, red-
stained lipid droplets can be observed in the cells. (B) Intracellular triglyceride (TG) quantification. (C) Intracellular total cholesterol (TC) quan-
tification. (D) Western blot results detected the PPARy, C/EBPa, SREBP-1c, and FAS protein levels in KRGF-treated and OA-treated HepG2 cells. (E)
The expression of CPT-1 and PPAR« proteins in KRGF-treated and OA-treated HepG2 cells were determined by Western blot. GAPDH confirmed
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equal protein loading. Western blot results showed protein levels of (F) p-AMPK and (G) p-ACC in HepG2 cells treated with KRGF and OA. AMPK and
ACC served as loading controls for p-AMPK and p-ACC. The original images of blots were shown in the Supplementary Material. All experiments
were conducted 3 times. HepG2 cells were treated with 0.8 mM OA together with KRGF at 62.5, 125, and 250 pg/mL, and cultured for 24 h. Values
are presented as mean + SD (n = 3). ##p < 0.01, ###p < 0.001 vs. Con; *p < 0.05, **p < 0.01, ***p < 0.001 vs. OA. (For interpretation of the
Eeferences to colour in this figure legend, the reader is referred to the Web version of this article.)

We selected a concentration range of 62.5-250 pg/mL of KRGF to study its effect on improving cellular steatosis. The effect of KRGF
treatment (62.5-250 pg/mL) on lipid droplets formation in HepG2 cells was observed after inducing steatosis using 0.8 mM OA. OA-
induced HepG2 cells exhibited numerous red lipid droplets, indicative of steatosis, compared to control cells without OA treatment
(Fig. 3A). The decrease in lipid droplets was more pronounced in KRGF-treated cells than in OA-treated cells (Fig. 3A). To confirm the
lipid-lowering effect of KRGF, intracellular TG and TC levels were quantitatively measured. KRGF treatment significantly decreased TG
and TC levels in the treated cells (Fig. 3B and C). To explore the mechanism of KRGF alleviating steatosis, Western blot analysis
revealed that KRGF significantly suppressed the expressions of key regulators in adipogenesis (C/EBPa and PPARYy), as well as
lipogenesis-related proteins (SREBP-1c and FAS) in KRGF-treated HepG2 cells compared to OA-induced steatosis HepG2 cells (Fig. 3D).
KRGF treatment also significantly upregulated the expression of fatty acid oxidation-related proteins (PPARa and CPT-1) in OA-
induced HepG2 cells in a dose-dependent manner (Fig. 3E). Furthermore, a substantial reduction in the expression of p-AMPK and
p-ACC proteins was observed in HepG2 cells after OA induction compared to the control cells. Notably, an increase in AMPK and ACC
phosphorylation was observed in KRGF-treated cells compared to that in OA-induced HepG2 cells (Fig. 3F and G).

3.3. KRGF reduces blood lipids and improves hepatic steatosis in HFD-fed rats

Following model establishment, rats were administered with KRGF (325 and 650 mg/kg/day) for 30 days, with fenofibrate serving
as a positive control (Fig. 4A). There was no significant difference in initial body weight among all groups (Fig. 4B and C, and Table 2).
Compared to the NC group, the HF group showed an 8.6 % increase in final body weight and a 50.3 % increase in the liver index.
However, there were no apparent differences in body weight or liver index between the HF and KRGF groups. Despite significantly
higher food consumption in the HF group compared to the NC group, the food efficiency ratio (FER) did not differ significantly. The LD
group exhibited a considerable decrease in food intake, similar to the PC group, while the HD group’s food intake remained unaffected.
The FER in the KRGF group did not significantly differ from that in the HF group (Table 2). These results imply that KRGF does not
reduce the body weight of NAFLD rats.

We next analyzed changes in serum lipids to investigate the lipid-modifying effects of KRGF treatment in HFD-induced NAFLD rats.
HFD significantly elevated serum TG, TC, and LDL-C levels by approximately 1.38-, 1.92-, and 7.8-fold, respectively, compared to the
NC group (Fig. 4D-G). The HF group experienced a significant reduction in serum HDL-C, approximately 0.83 times lower than that in
the NC group. Following KRGF treatment, serum TG and TC levels significantly decreased, and the effect in the HD group was as good
as that in the PC group. However, serum levels of HDL-C and LDL-C were not markedly differed between the HF and KRGF groups
(Fig. 4F and G). Collectively, these findings suggest that KRGF exerts a hypolipidemic effect.

H&E staining and measurement of liver lipid content indicated that KRGF improved hepatic steatosis. H&E staining revealed
pathological changes in liver tissue. The hepatocytes of the NC rats exhibited normal morphology and orderly arrangement (Fig. 4H).
Liver steatosis and fat vacuoles were observed in hepatocytes of the HF group. The KRGF and PC groups demonstrated pronounced
improvement in liver steatosis and a reduction in the number of hepatocyte fat vacuoles compared to the HF group. Similar to the PC
group, the HD group exhibited a superior ameliorative effect on hepatic steatosis compared to the LD group. The HFD increased liver
TG and TC levels in rats by 5.1 and 5.8 times, respectively, compared to those in the NC group (Fig. 41 and J). KRGF supplementation
considerably reduced hepatic TG and TC accumulation induced by the HFD, with the TC reduction effect similar to that of the PC
group. These findings demonstrate that KRGF alleviates HFD-induced hepatic steatosis.

3.4. KRGF regulates lipogenic regulatory factors in HFD-induced rats

To study the molecular mechanisms underlying KRGF’s role in reducing hepatic steatosis, we used qRT-PCR and western blotting to
assess the expression of enzymes and regulators associated with lipid synthesis and lipolysis. KRGF supplementation significantly
downregulated the mRNA levels of adipogenic transcription factors (PPARy and C/EBPa) and lipogenic factors (ACC, FAS, and SREBP-
1c) compared to the HF group, with inhibitory effects similar to those of the PC group (Fig. 5A-D, Fig. 6C). Consistent with these
findings, the levels of SREBP-1c, FAS, PPARy, and C/EBPa proteins were considerably enhanced in the livers of rats in the HF group
compared to those in the NC group. Additionally, the KRGF-supplemented group showed a marked downregulation of SREBP-1c, FAS,
PPARy, and C/EBPa protein levels compared to the HF group (Fig. 5E).

3.5. KRGF increases fatty acid oxidation and activates AMPK and ACC signaling in HFD-induced rats

We investigated the regulation of fatty acid oxidation (FAO) by KRGF through measurement of gene and protein levels of CPT-1 and
PPARa. The mRNA levels of PPARa and CPT-1 were significantly upregulated in the KRGF-supplemented groups (Fig. 6A and B).
Western blot analysis consistently showed that KRGF treatment increased PPAR«a and CPT-1 protein levels in a dose-dependent manner
compared to those in the HF group (Fig. 6D). Western blot analysis was conducted to assess the effect of KRGF on the activation of
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Fig. 4. Effect on blood lipids and hepatic steatosis-modifying following 30 days of intragastric administration of KRGF to NAFLD rats induced by
high-fat diet (HFD). (A) Flowchart of the experimental procedures. (B-C) The changes in body weight and food intake. (D-G) Levels of serum lipid
(TG, TC, HDL-C and LDL-C). (H) Staining of liver tissues with H&E (400 x ). Scale bar = 200 pm. n = 3. Black arrows indicate obvious fatty changes
in hepatocytes. (I-J) Hepatic lipid contents (TG and TC). Values are presented as mean + SD (n = 8). #p < 0.05, ###p < 0.001 vs. NC; *p < 0.05,
i’"‘p < 0.01, ***p < 0.001 vs. HF.

Table 2
Effects of KRGF on body weight, food intake, food efficacy ratio and liver weight in NAFLD-induced rats (mean + SD, n = 8).
NC HF LD HD PC

Initial BW (g) 346.75 + 15.83 353.63 + 23.48 352.63 + 31.40 361.75 + 28.06 366.25 + 17.30
Final BW (g) 407.38 £+ 27.32 442.50 + 23.32# 436.88 + 36.20 445.25 + 40.57 433.38 £+ 19.05
BW gains (g) 60.63 + 27.26 88.88 + 8.32## 84.25 +£ 9.43 83.50 +£17.67 67.13 + 16.13*
Food intake (g) 588.71 + 13.96 688.97 + 5.76### 669.52 + 22.32* 702.76 + 7.47 669.54 + 13.16*
FER (%) 10.25 £+ 4.60 12.90 £+ 1.19 12.57 £ 1.15 11.89 + 2.55 10.00 + 2.29*
Liver weight (g) 11.06 + 0.87 18.25 + 1.33### 18.45 +1.18 18.65 + 1.83 18.95 + 1.48
Liver weight/BW (%) 2.70 £ 0.16 4.06 + 0.19### 4.10 £ 0.34 4.13 £ 0.22 4.38 + 0.35

BW, body weight; FER, food efficacy ratio = (body weight gain/food intake) x 100 %; NC, normal control group; HF, HFD-induced control group; LD,
HFD + low-dose KRGF (325 mg/kg/day); HD, HFD + high-dose KRGF (650 mg/kg/day); PC, HFD + fenofibrate (25 mg/kg/day). Values are
expressed as mean =+ SD (n = 8 for each group). #p < 0.05, ##p < 0.01, ###p < 0.001 vs. NC; *p < 0.05 vs. HF.

AMPK and ACC signaling in HFD-induced rat livers. The decrease in p-AMPK and p-ACC levels was more pronounced in the HF group
than in the NC group. Concurrently, the phosphorylation of AMPK and ACC were activated in a dose-dependent manner in the KRGF-
treated group, similar to the PC group (Fig. 6E and F).

3.6. KRGF regulates cholesterol metabolism in HFD-induced rats

To study the molecular mechanisms by which KRGF regulates cholesterol metabolism in NAFLD rats, we assessed the gene
expression of key enzymes involved in different metabolic processes in the liver. The key enzymes examined were HMGCR (3-hydroxy-
3-methylglutaryl-CoA reductase), which catalyzes cholesterol biosynthesis, ACAT2 (acetyl-CoA acetyltransferase 2), which involves in
intestinal cholesterol absorption, apoB (apolipoprotein B), crucial for cholesterol transport, and CYP7A1l (cholesterol 7 alpha-
hydroxylase), catalyzing the rate-determining step in the classical anabolic pathway of bile acid [29,30]. The higher levels of
HMGCR, ACAT2, and apoB genes in the liver of the HF group compared to the NC group were confirmed by RT-PCR analysis. Similar to
the PC group, KRGF administration markedly decreased gene levels (Fig. 7A-C). Moreover, KRGF supplementation increased the
mRNA expression of CYP7A1 in a dose-dependent manner compared to that in the HF group (Fig. 7D).

3.7. KRGT manages blood lipids in HFD-fed rats

Considering that the preventive and ameliorative effects of KRGF on NAFLD were complicated by hyperlipidemia, we formulated it
into a tablet. We confirmed the blood lipid-regulatory role of KRGT in HFD-fed rats. After establishing the hyperlipidemia model, the
rats were treated with KRGT for 30-day at doses of 166.7, 333.3, 666.7, and 1333.3 mg/kg/day (Fig. 8A). The body weight of the HF
group increased by 10.2 %, whereas the body weight in the KRGT group was unaffected. Food intake and FER did not differ signif-
icantly between the KRGT and HF groups (Fig. 8B and C, and Table 3).

Compared to the NC group, the serum levels of TG, TC, and LDL-C were elevated by 1.84-fold, 2.08-fold, and 3.73-fold, respectively,
in the HF group. The HDL-C level in the HF group was 0.83-fold higher than that in the NC group. KRGT notably reduced the TG and TC
levels (Fig. 8D and E). However, there was no substantial difference in serum LDL-C and HDL-C levels between the HF and KRGT
groups (Fig. 8F and G).

4. Discussion

Triglycerides accumulate in hepatocytes due to excessive calorie intake and obesity, usually resulting in hepatic steatosis and the
development of NAFLD [31]. KRG, a traditional medicine extensively used in East Asia, has demonstrated therapeutic effects on insulin
resistance, obesity, NAFLD, and other conditions [8,12]. Moreover, Crataegus Fructus and Cassiae Semen are known to lower blood
lipid levels and improve NAFLD [13,14]. Using an OA-induced steatosis model in HepG2 cells and a HFD-induced NAFLD rat model, we
explored the mechanism of action of KRGF in treating NAFLD. Our findings revealed that the administration of KRGF to OA-induced
HepG2 cells decreased TG and TC levels, significantly inhibiting lipid accumulation. This is consistent with a previous study that found
that ginseng seed oil suppressed FFA-induced TG accumulation in HepG2 cells [32]. Our experiments with HFD-fed rat further
demonstrated fatty liver characteristics, including elevated TG and TC levels, and liver steatosis. Treatment with KRGF and PC
significantly diminished liver lipid accumulation and improved HFD-induced hepatic steatosis.

Dysfunction in lipid metabolism leads to substantial triglyceride and cholesterol build-up in hepatocytes, resulting in hepatic
steatosis. The main pathological feature of NAFLD is excessive accumulation of triglyceride in the liver due to various factors including
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increased fatty acid intake, de novo lipogenesis (DNL), dysregulated fatty acid oxidation (FAO), and abnormal lipid export. PPARy and
C/EBPa are transcription factors that influence adipogenic differentiation [33-35]. SREBP-1c is crucial for triglyceride synthesis,
regulating downstream target genes ACC and FAS, and participating in DNL [36,37]. As an upstream regulator, PPAR« promotes fatty
acid p-oxidation and decreases fatty acid deposition in the liver by inducing the expression of CPT-1 (the rate-limiting enzyme for FAO)
[38]. AMPK regulates enzymes and transcription regulators associated with lipid metabolism, playing a critical role in hepatic lipid
homeostasis. Activated AMPK represses fatty acid synthesis and promotes FAO [39].

The role of KRGF in triglyceride metabolism and its molecular regulation were investigated by examining gene and protein ex-
pressions related to DNL and FAO. The findings revealed that both KRGF and PC treatment significantly decreased lipogenic factors,
such as PPARy, C/EBPa, SREBP-1c, and FAS. Additionally, KRGF and PC increased the levels of FAO-related regulators, including
PPARa and CPT-1, while also elevating AMPK and ACC phosphorylation levels. Overall, our data suggest that KRGF reduces TG
accumulation by suppressing lipogenesis and promoting FAO, thereby lowering TG levels and improving hepatic steatosis.

11
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NAFLD is characterized by disrupted hepatic TC homeostasis and altered hepatic TG metabolism. We found that KRGF possesses the
remarkable ability to upregulate CYP7ALl, a critical enzyme in TC catabolism. Additionally, KRGF downregulates key enzymes in TC
accumulation and anabolism, such as ACAT2, HMGCR, and apoB; worth noting PC also exhibits similar effects. These findings indicate
that KRGF reduces TC accumulation by suppressing cholesterol synthesis, uptake, and transport, and promoting cholesterol excretion,
ultimately lowering TC levels and ameliorating hepatic steatosis.

This study highlights that KRGF mitigates steatosis and decreases blood lipid levels by modulating genes and proteins involved in
TC and TG metabolism, thus improving NAFLD complicated by hyperlipidemia.

5. Conclusion

In summary, the present study revealed that KRGF improves OA-induced steatosis and HFD-fed NAFLD by regulating the genes and
proteins involved in the metabolism of TC and TG. Furthermore, this study implied that KRGT has the potential to be developed as a
supplementary health food for lipid-lowering purpose.

However, this study has several limitations. Firstly, there is a lack of rescue experiments to identify signaling pathway regulated by
KRGF, such as by treating HepG2 cells with AMPK inhibitor. To facilitate the advancement of KRGF for clinical use, further mechanistic
studies that elucidate its precise molecular pathways are needed, and it is imperative to conduct clinical trials to corroborate its clinical
therapeutic value. Additionally, the possible synergistic effects of KRGF when combined with other lipid-lowering agents or lifestyle
interventions (such as diet and exercise) are worth exploring to maximize its potential in managing NAFLD and hyperlipidemia.

Ethics statement
The Animal Experiment Ethics Committee of Shanghai University of Traditional Chinese Medicine approved this animal experi-

ment (No. PZSHUTCM201106015; No. PZSHUTCM210709002).
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Fig. 8. Effect of intragastric administration of KRGT for 30 days on body weight, food intake, and blood lipids in rats induced by high-fat diet
(HFD). (A) Flowchart of the experimental procedure. (B-C) Changes in body weight and food intake. (D-G) Serum lipid levels of TG (D), TC (E),
HDL-C (F), and LDL-C (G). Values are presented as mean + SD (n = 9). ##p < 0.01, ###p < 0.001 vs. NC; *p < 0.05, **p < 0.01, ***p < 0.001
vs. HF.

Table 3
Effects of KRGT on body weight, food intake, and food efficacy ratio in NAFLD-induced rats (mean + SD, n = 9).
NC HF 2.5 x KRGT 5 x KRGT 10 x KRGT 20 x KRGT

Initial BW (g) 278.00 + 16.52 287.00 £+ 17.99 283.89 +19.74 296.00 + 17.82 290.11 + 15.34 281.78 +£ 14.31
Final BW (g) 345.78 + 21.44 381.11 + 22.25# 376.78 £ 26.01 382.33 + 28.38 387.33 + 26.60 370.44 + 16.51
BW gains (g) 67.78 £7.95 94.11 + 10.17### 92.89 + 13.84 86.33 + 23.60 97.22 £ 14.26 88.67 +£10.19
Food intake (g/day) 615.91 + 19.48 561.28 + 18.88### 565.60 + 44.23 531.68 + 32.81 528.62 + 21.04 543.57 £ 10.55
FER (%) 11.00 + 1.25 16.82 + 2.21### 16.50 + 2.71 16.16 + 4.25 18.35 + 2.27 16.30 + 1.73

BW, body weight; FER, food efficacy ratio = (body weight gain/food intake) x 100 %; NC, normal control group; HF, HFD-induced control group; 2.5
x KRGT, HFD + 2.5 times dose of KRGT (166.7 mg/kg/day); 5 x KRGT, HFD + 5 times dose of KRGT (333.3 mg/kg/day); 10 x KRGT, HFD + 10 times
dose of KRGT (666.7 mg/kg/day); 20 x KRGT, HFD -+ 20 times dose of KRGT (1333.3 mg/kg/day). Values are expressed as mean + SD (n = 9 for each
group). #p < 0.05, ###p < 0.001 vs. NC.
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