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Background: Black ginseng (BG) is a type of Korean ginseng prepared by steaming and drying raw
ginseng to improve the saponin content. This study examined the effects of BG on nonalcoholic fatty liver
disease (NAFLD) in HepG2 cells and diet-induced obese mice.
Methods: HepG2 cells were treated with free fatty acids to induce lipid accumulation before supple-
mentation with BG. NAFLD-induced mice were fed different doses (0.5%, 1%, and 2%) of BG for 8 weeks.
Results: BG significantly reduced lipid accumulation and expression of lipogenic genes, peroxisome
proliferator—activated receptor gamma, CCAAT/enhancer-binding protein alpha, sterol regulatory
element-binding protein-1c, and fatty acid synthase in HepG2 cells, and the livers of mice fed a 45% high-
fat diet with 10% fructose in the drinking water (HFHF diet). BG supplementation caused a significant
reduction in levels of aspartate aminotransferase and alanine aminotransferase, while antioxidant en-
zymes activities were significantly increased in 45% high-fat diet with 10% fructose in the drinking water
diet-fed mice. Expression of proliferator-activated receptor alpha and carnitine palmitoyltransferase I
were upregulated at the transcription and translation levels in both HepG2 cells and diet-induced obese
mice. Furthermore, BG-induced phosphorylation of AMP-activated protein kinase and acetyl CoA
carboxylase in both models, suggesting its role in AMP-activated protein kinase activation and the acetyl
CoA carboxylase signaling pathway.
Conclusion: Our results indicate that BG may be a potential therapeutic agent for the prevention of
NAFLD.

© 2019 The Korean Society of Ginseng, Published by Elsevier Korea LLC. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

liver cancer [3]. Therefore, effective prevention and treatment of
NAFLD is necessary.

Fatty liver is a term used to describe the deposition of more than
5% fat [mainly triglycerides (TGs), phospholipids, and cholesterol
ester] in the liver. The major causes of fatty liver include obesity,
diabetes, dyslipidemia, alcohol, drugs, hepatitis C, and Wilson’s
disease [1]. Nonalcoholic fatty liver disease (NAFLD) a type of fatty
liver caused by metabolic abnormalities, rather than alcohol or
drugs, and may be induced by fructose and other sugars [2]. While
NAFLD is not a critical illness, it may progress to various liver dis-
eases such as liver fibrosis, liver cirrhosis, liver failure, and even

The pathophysiology of NAFLD is closely associated with
oxidative stress. Fat deposition in the liver leads to lipid peroxida-
tion and oxidative stress, which promotes various responses such
as inflammation and fibrosis. Therefore, antioxidants are proposed
candidates for the treatment of NAFLD [4]. To date, there have been
no reports on approved therapeutic agents for NAFLD; however,
weight loss via diet and exercise is recommended [5]. Drugs that
improve insulin resistance or antioxidants (e.g., vitamins E and C)
are often used for short-term treatment.
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Many genes play key roles in lipid metabolism. Sterol regulatory
element binding protein-1c (SREBP-1c¢) is a key regulator of cellular
lipid homeostasis [6], and peroxisome proliferator-activated re-
ceptors (PPARs) are transcription factors involved in lipid homeo-
stasis [7]. In particular, PPARa is expressed in the liver and regulates
the expression of genes involved in the mitochondrial B-oxidation
pathway and fatty acid metabolism [8]. Hepatic PPARa activity is
closely related to the accumulation of liver fat [9]. Carnitine pal-
mitoyltransferase type 1 (CPT-1) transports fatty acids from the
cytoplasm to the mitochondria, where they are B-oxidized.

AMP-activated protein kinase (AMPK) is a central regulator of
energy homeostasis in tissues and organs [10] and is an important
sensor for energy storage, controlling protein synthesis, and other
energy-intensive processes [11]. In an energy crisis, activated AMPK
shifts cells from an ATP-consuming state to an ATP-producing state
[12]. AMPK enhances fatty acid oxidation by reducing the intra-
cellular content of malonyl-CoA, which is an essential precursor for
fatty acid biosynthesis and an allosteric inhibitor of CPT-1 [13].

Black ginseng (BG), which is made by steaming and drying
Korean ginseng (Panax ginseng) several times, contains a large
quantities of low-polar ginsenosides, such as Rg3 and Rk1. The
functions of BG and its ingredients have been studied and include
antioxidant properties and immunomodulation [14—16]. An in vitro
study showed that hydrogen peroxide—induced reactive oxygen
species (ROS) production was attenuated by fermented BG, and the
activities of antioxidant enzymes such as catalase (CAT) and su-
peroxide dismutase (SOD) were increased by BG treatment in
oxidative stress—induced HepG2 cells [17]. This indicates that BG
could be a candidate therapeutic agent for liver diseases [17].
However, the effects of BG on NAFLD remain unclear. Therefore, the
present study aimed to determine the effects of BG on NAFLD using
in vitro and in vivo models.

2. Materials and methods
2.1. BG preparation

Korean ginseng was purchased from Korea Ginseng Agricultural
Cooperative Association (Gyeonggi-do, Korea). Powdered BG was
prepared by standard production processes and supplied by Do
kyung F & S (Gyeonggi-do, Korea). Briefly, washed ginseng was
drained and separated into leaves, stems, and roots. The separated
materials were placed in a strainer, and the processes of steaming
and drying were repeated six to nine times while supplying water
at a temperature of 65°C to 95°C. Next, the leaves and roots were
ground and used to prepare the experimental diet. The final
powdered BG was stored at —20°C until used. Ultra-high-
performance liquid chromatography (u-HPLC) analysis was per-
formed according to a previously established method [18].

2.2. Cell culture and induction of steatosis

HepG2 cells were purchased from American Type Culture
Collection (Manassas, VA) 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 of 5% CO-. Free fatty acids (FFAs; oleic acid
and palmitic acid, 2:1) were dissolved in isopropyl alcohol. HepG2
cells were grown to 80% confiuence then cultured in serum-free
medium containing 1% bovine serum albumin (BSA). BG (0, 25,
50, and 100 pg/mL) was added to HepG2 cells induced with 1 mM
FFA and incubated for 24 h. Control cells were treated with 1% BSA
only.

2.3. Cell cytotoxicity detection

Cell Counting Kit-8 (CCK-8) (Dojindo Molecular Technologies,
Rockville, MD) was used to determine cytotoxicity [19]. HepG2 cells
were seeded at a density of 5 x 10* cells/well in 96-wells plates and
cultured in serum-free DMEM supplemented with 1 mM FFA and
1% BSA and exposed to different concentrations of BG (0, 12.5, 25,
50, 100, and 200 pg/mL) at 37°C for 24 h. After incubation, 10 uL of
CCK-8 was added to each well and incubated for 2 h at 37°C. Each
experiment was performed in triplicate, and the results were
expressed as the percentage of viable cells compared with the
control cells. The absorbance was measured at 450 nm using a
microplate spectrophotometer system (Epoch Microplate Spectro-
photometer; Biotek Inc., Winooski, Vermont).

2.4. Oil Red O staining

To detect lipid accumulation, HepG2 cells were fixed with 10%
formalin for 10 min then stained with Oil Red O at room temper-
ature for 30 min. The cells were washed three times with deionized
water and observed using an optical inverted microscope (Nikon
Eclipse, Melville, NY). Lipid quantification in HepG2 cells was per-
formed by eluting the dye with 100% isopropanol and measuring
the absorbance at 500 nm. Results were expressed as the per-
centage of Oil Red O-stained material compared with the control.

2.5. Measurement of intracellular TG levels

HepG2 cells were plated in 6-well plates at a density of 1 x 10°
cells/well in serum-free DMEM supplemented with 1 mM FFA and
1% BSA, then allowed to adhere to the wells for 24 h. The cells were
treated with different concentrations (0, 25, 50, and 100 pg/mL) of
BG and incubated at 37°C for 24 h. TG levels were measured in
HepG2 cells using a TG assay kit (Asanpharm, Gyeonggi-do, Korea).

2.6. Animals and diets

Four-week-old male imprinting control region (ICR) mice were
purchased from Orient Bio Co. Ltd. (Gyeonggi-do, Korea) and
housed under a controlled temperature (20-25°C) and humidity
(50%—55%) with a 12 h/12 h light—dark cycle. After 7 days of
acclimatization, the mice were randomly divided into two groups:
normal control group and NAFLD-induced group. The mice had
access to food and water ad libitum for 9 weeks and were fed either
a normal diet (AIN-93G, D10012G, Research diet, NJ) with normal
drinking water or 45% high-fat diet (D12451, Research diet, N]) with
10% fructose in the drinking water (HFHF). After NAFLD induction,
mice were randomized into six groups (n = 7 per group) according
to body weight: normal diet control (NC), HFHF diet control (HC),
HFHF with 1% silymarin (positive control, PC), HFHF with 0.5% (low-
dose) BG (LB), HFHF with 1% (medium-dose) BG (MB), and HFHF
with 2% (high-dose) BG (HB). The diets were supplemented with BG
for 8 weeks. Food intake was monitored once every 2 days, and
body weights were measured once a week. The food efficiency ratio
(FER) was calculated using the following formula: FER = body
weight gain (g)/total food intake (g/day). All animal procedures
were approved by Gachon University for the care and use of the
laboratory animals (ref. no. GIAUAC -R2017019).

2.7. Blood and tissue sample preparation

For blood and tissue collection, mice were fasted overnight, and
their final body weights were measured. After 8 weeks, mice were
anesthetized using 2%—3% isoflurane (Hana Pharm. Co., Hwasung,
Korea) mixed with 70% N,0 and 28.5% O,, using rodent inhalation
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Table 1

Primer sequence used for quantitative real-time PCR

J Ginseng Res 2020;44:350—361

Gene Forward (5'-3') Reverse (5'—3')
HepG2 PPARY TGCAGGTGATCAAGAAGACG AGTGCAACTGGAAGAAGGGA
C/EBPu. TGGACAAGAACAGCAACGAGTA ATTGTCACTGGTCAGCTCCAG
SREBP-1¢ GCGCCTTGACAGGTGAAGTC GCCAGGGAAGTCACTGTCTTG
FAS CCCCTGATGAAGAAGGATCA ACTCCACAGGTGGGAACAAG
CPT-1 CCTCCGTAGCTGACTCGGTA GGAGTGACCGTGAACTGAAA
PPARa ACGATTCGACTCAAGCTGGT GTTGTGTGACATCCCGACAG
B-actin CTCTTCCAGCCTTCCTTCCT AGCACTGTGTTGGCGTACAG
Mouse liver PPARY CAGGAGAGCAGGGATTTGCA CCTACGCTCAGCCCTCTTCAT
C/EBPu. TTACAACAGGCCAGGTTTCC GGCTGGCGACATACAGTACA
SREBP-1c ATCGCAAACAAGCTGACCTG AGATCCAGGTTTGAGGTGGG
FAS TTGCTGGCACTACAGAATGC AACAGCCTCAGAGCGACAAT
CPT-1 CTCAGTGGGAGCGACTCTTCA GGCCTCTGTGGTACACGACAA
PPARa CAGGAGAGCAGGGATTTGCA CCTACGCTCAGCCCTCTTCAT
SOD1 GTGATTGGGATTGCGCAGTA TGGTTTGAGGGTAGCAGATGAGT
GPX1 GAAGAACTTGGGCCATTTGG TCTCGCCTGGCTCCTGTTT
CAT TGAGAAGCCTAAGAACGCAATTC CCCTTCGCAGCCATGTG
TNF-o, TGTCCCTTTCACTCACTGGC CATCTTTTGGGGGAGTGCCT
IL-6 GGGACTGATGCTGGTGACAA TCCACGATTTCCCAGAGAACA
NFKB1 ATTTGAAACACTGGAAGCACGG CCGCCTTCTGCTTGTAGATAGG
B-actin CTGTCCCTGTATGCCTCTG ATGTCACGCACGATTTCC

PPARY, peroxisome proliferator-activated receptor gamma; C/EBPa, CCAAT/enhancer-binding protein alpha; SREBP-1c, sterol regulatory element-binding protein1-c; FAS,
fatty acid synthase; CPT-1, carnitine palmitoyltransferase-1; PPARa, peroxisome proliferator-activated receptor alpha; SOD, superoxide dismutase; GPX, glutathione

peroxidase; CAT, catalase; TNF, tumor necrosis factor; IL, interleukin; NF, nuclear factor

anesthesia apparatus (Surgivet, WI) and a rodent ventilator (Model
687, Harvard Apparatus, Cambridge, UK), and sacrificed. Blood was
collected via cardiac puncture and centrifuged (Combi-514R, Hanil
Co. Ltd., Seoul, Korea) at 3000 rpm for 15 min at 4°C for serum
collection. The abdomens were opened, and fat tissues were
removed. Abdominal fat was taken as retroperitoneal and perirenal
fat. The retroperitoneal and perirenal fat were removed, and the
weight of the abdominal fat was measured. The epididymal fat was
weighed separately. The excised fats were rinsed with saline solu-
tion to remove blood clots, then the fat depots were weighed,
photographed, frozen immediately in liquid nitrogen, and stored at
—80°C until used. The liver was removed, rinsed with cold
phosphate-buffered saline, and weighed. Small pieces of liver were
rapidly excised and frozen immediately using liquid nitrogen for
real-time quantitative reverse transcription-polymerase chain
reaction and immunoblot analyses. Liver sections for histological
evaluation were stored in 10% buffered neutral formalin. The res-
idue was frozen immediately in liquid nitrogen and stored at —
80°C.

2.8. Serum biochemistry measurements

Levels of serum aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were measured using ALT and AST assay
kits (Asanpharm, Hwaseong, Korea). FFA levels were determined
using a FFA assay kit (BioAssay Systems, Hayward). High-density
lipoprotein (HDL), TG, and total cholesterol (TC) levels were
measured using HDL-CHO, TG, and T-CHO Kkits, respectively, pur-
chased from Asanpharm, Hwaseong, Korea. A colorimetric assay kit
(BlueGene Biotech, Shanghai, China) was used to measure serum
levels of SOD, glutathione peroxidase (GPx), and CAT. Data were
calculated using the formulae described in each kit.

2.9. Liver biochemical analysis

Total hepatic TG was extracted according to the method of Folch
[20], with some modifications [21]. Approximately 0.1 g of liver
tissue was homogenized in 2 mL of chloroform/methanol (2:1, v/v)
solution, vortexed, and centrifuged at 3000 rpm for 10 min at room
temperature. After centrifugation, the bottom layer was carefully
aspirated into a new test tube and evaporated to dryness under a

stream of nitrogen. The dried lipid was weighed and redissolved in
methanol before lipid analysis. Liver TG content was measured
using the TG-S kit (311570; Asanpharm, Hwaseong, Korea).
Malondialdehyde (MDA) levels were used as an index of lipid
peroxidation [22]. Briefly, 0.1 g of liver tissue was homogenized in 1
mL of KCI (1.15 %) (Sigma—Aldrich, St Louis, MO), followed by the
addition of 0.2 mL of sodium dodecyl sulfate (8.1%) (iNtRON
Biotechnology, Gyeonggi-do, Korea), 1.5 mL of acetic acid (20%,
Daejung Chemical, Suwon, Korea), 1.5 mL of aqueous 2-
thiobarbituric acid (0.8%,) (Sigma—Aldrich, Co.), and 0.7 mL of
distilled water. Samples were incubated at 95°C for 30 min and
cooled on ice. Next, 1 mL of distilled water and 5 mL of n-butanol
(SAMCHUN, Gyeonggi-do, Korea) were added to the mixture
consecutively and vortexed, followed by centrifugation at 4000
rpm for 20 min. MDA levels were calculated in the clear superna-
tant by measuring the absorbance at 532 nm, and expressed as
nmol MDA per weight (g) of liver tissue. A standard curve was
calculated using 1,1,3,3-tetraethoxypropane (Sigma—Aldrich).

2.10. Histological analysis of liver tissue

Liver tissue was fixed in 10% neural buffered formalin, processed
into 3—4 um sections, and stained with hematoxylin and eosin. The
stained sections were observed under an Olympus Provis AX70
microscope (Olympus, Tokyo, Japan), and images were captured
using a Nikon DS-Ri2 camera (Nikon, Tokyo, Japan) using NIS-
Elements BR 4.50.00 software (Tokyo, Japan) and quantified using
Image] (NIH).

2.11. Real-time RT—PCR for mRNA expression

Total RNA from HepG2 cells and homogenized liver tissue was
extracted using an RNA extraction kit (iNtRON Biotechnology,
Gyeonggi-do, Korea). RNA (50 ng) was converted to cDNA using the
iScript cDNA synthesis kit (BioRad, Hercules, CA). The synthesized
cDNA was then used for real-time RT—PCR analysis with SYBR
Green Master Mix (TaKaRa Bio, Otsu, Japan) using ABI QuantStudio
3 (Applied Biosystems, Foster City, CA). Details of the primers used
in the study are shown in Table 1. Table 1 Gene expression was
normalized to B-actin.
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Table 2
Composition of ginsenosides of black ginseng

Ginsenosides Black ginseng (BG)

Leaf (mg/g) Root (mg/g)
Rgl 0.00 0.12
Re 0.00 0.21
Rf 0.00 0.64
Rh1(S) 1.77 0.84
Rh1(R) 136 0.41
Rg2(S) 3.49 1.16
Re2(R) 243 0.64
Rb1 0.00 3.11
Rc 0.00 1.56
F1 0.06 0.00
Rb2 0.20 1.99
Rb3 0.08 0.30
Rd 0.93 0.98
F2 3.83 3.56
Re3(S) 1.87 1.78
Rg3(R) 143 1.36
PPT(S) 0.68 0.00
PPT(R) 153 0.00
K 0.13 2.34
Rh2(S) 2.13 0.00
Rh2(R) 1.02 0.00
PPD 0.00 0.00
Total ginsenosides' 2294 21.00

D Sum of individual ginsenosides content.

2.12. Immunoblot analysis

Proteins were extracted from HepG2 cells and liver tissue
samples using protein lysis buffer (iNtRON Biotechnology) sup-
plemented with protease and phosphatase inhibitors. Following
quantification, 30-pug protein samples were used for separation by
10% sodium dodecyl sulfate polyacrylamide gel electrophoresis. The
separated protein bands were transferred to PVDF membranes
followed by blocking in 5% skim milk for 1 h at room temperature.

A

After washing, the membranes were immunoblotted using primary
antibodies against PPARy, CCAAT/enhancer-binding protein alpha
(C/EBPa.), SREBP-1c, fatty acid synthase (FAS), PPARa, CPT-1, acetyl
CoA carboxylase (ACC), p-ACC, AMPK, and p-AMPK for 2 h at room
temperature. After three washes, the membranes were incubated
with anti-mouse or anti-rabbit horseradish peroxidase-conjugated
secondary antibodies in 5% skim milk for 1 h at room temperature.
Reactive band signals were detected using an ECL Western blot
detection kit (Amersham Pharmacia, Little Chalfont, Bucks, UK) and
visualized using image quant LAS 500 (GE Healthcare Bio-Sciences
AB, Sweden).

2.13. Data analyses

Three separate experiments were each performed in triplicate.
Statistical analyses were performed using GraphPad prism 5.03
(GraphPad Software, San Diego, CA) with one-way analysis of
variance and Tukey's post hoc tests. Analysis of the animal exper-
iments was conducted using SPSS software, version 23, (SPSS Inc.,
Chicago, IL, USA). Experimental data were expressed as
mean + standard deviation (n = 7 per group). One-way analysis of
variance with Duncan's multiple range test assessed differences
between mean values for individual groups. Differences with values
of p < 0.05 were considered statistically significant.

3. Results
3.1. Quantification of ginsenosides in BG

HPLC analysis of BG revealed that it contained various ginse-
nosides (Table 2). In total, 22 different types of ginsenosides with
varied composition were quantified by u-HPLC in the leaves and
roots. The most abundant component in the leaves was F2 (3.83
mg/g), followed by Rg2(S) (3.49 mg/g), Rg2(R) (2.43 mg/g), Rh2(S)
(2.13 mg/g), and Rg3(S) (1.87 mg/g). The predominant component
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in the roots was also F2 (3.56 mg/g), followed by Rb1 (3.11 mg/g,
which was not detected in leaves), K (2.34 mg/g), Rb2 (1.99 mg/g),
and Rg3(S) (1.78 mg/g). The total ginsenoside content was 22.94 in
the leaves and 21.00 mg/g and in the roots.

3.2. Effects of BG on cell viability and FFA-induced steatosis

HepG2 cells were treated with different concentrations of BG
plus 1 mM FFA for 24 h to induce hepatic steatosis. Control cells
(Con) were treated with 1% BSA only. BG treatment up to 200 pg/mL
with 1 mM FFA for 24 h did not decrease cell viability (Suppl. Fig. 1).
Intracellular lipid accumulation was visually observed by Oil Red O
staining (Fig. 1A). Lipid droplets were significantly increased in
HepG2 cells with FFA-induced steatosis compared with control
cells. Furthermore, BG treatment significantly attenuated lipid and
intracellular TG accumulation in HepG2 cells (Fig. 1B and C).

3.3. Effects of BG on lipogenesis in FFA-induced steatosis

To investigate whether BG attenuated FFA-induced steatosis, we
measured expression of the lipogenic factors PPARy, C/EBPa,
SREBP-1c, and FAS using real-time RT—PCR and immunoblot anal-
ysis. The relative mRNA expression of PPARY, C/EBPa, and FAS was

significantly increased in cells treated with 1 mM FFA compared
with control cells (Fig. 2). SREBP-1c expression was downregulated
in response to BG treatment compared with steatosis-induced
HepG2 cells. However, BG treatment significantly downregulated
the relative mRNA expression of PPARYy, C/EBPa, and FAS. In addi-
tion, a significant decrease in protein levels was also observed after
BG treatment compared with HepG2 cells treated with 1 mM FFA.

3.4. Effects of BG on PPARa, CPT-1, and phosphorylation of AMPK
and ACC in FFA-induced steatosis

Expression of PPAR2 and CPT-1 was increased in a dose-dependent
manner in response to BG treatment in FFA-induced HepG2 cells at
both the transcriptional and translational level (Fig. 3A—D). FFA-
induced steatosis abated phosphorylation levels of AMPK and ACC
in HepG2 cells. However, 24-h BG treatment led to a significant in-
crease in phosphorylation of AMPK and ACC (Fig. 3E and F).

3.5. Effects of BG on body weight, organ weight, and food intake in
NAFLD-induced mice

HFHF-fed animals were categorized according to initial body
weight (between 49.53 and 51.96 g) (Fig. 4A). After eight weeks on
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quantified by real-time PCR and normalized by f-actin. (C) PPAR¢. and CPT-1 protein levels by immunoblot analysis. (D) Quantification of the protein levels of PPARa and CPT-1.
Equal loading of protein was verified by B-actin. (E) Western blot analysis of AMP-activated protein kinase (AMPK). (F) Western blot analysis of acetyl-CoA carboxylase (ACC).
AMPK and ACC were used as a protein loading control of phosphorylated AMPK (p-AMPK) and phosphorylated ACC (p-ACC), respectively. The BG (0, 25, 50, and 100 pg/ml) was
added to the 1mM FFA-induced HepG2 cells and incubated for 24h. Results of three independent experiments are expressed as the mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs.
FFA. FFA, free fatty acid; BG, black ginseng; CPT-1, carnitine palmitoyltransferase-1; PPARa, Peroxisome proliferator-activated receptor alpha.

their assigned diets, the terminal body weights of the mice were
not significantly different among the HFHF diet-induced NAFLD
groups.

The liver, abdominal, and epididymal adipose tissue weights of
the mice are presented in Table 3. After comparing relative organ
weights, the liver weights were not significantly different among
the HFHF diet-induced NAFLD groups. However, the abdominal and
epididymal adipose tissue weights of the HC group were signifi-
cantly increased compared with the NC group. No significant dif-
ference between the experimental groups was observed; however,
in the HB group, the weight of abdominal adipose tissue was
significantly decreased (Table 3).

Suppl. Table 1 shows the food intake and FER. Dietary intake
during the eight weeks increased in the following order:
HC < NC < LB < HB < MB < PC groups (p < 0.05). The HC group
showed the lowest food intake, but highest FER. In contrast, higher
food intake and lower FER ratios were observed in BG groups
compared with the HC group.

3.6. Effects of BG on serum biochemical parameters

AST and ALT enzyme activities were measured to investigate the
effect of BG in steatosis-induced animal models. BG treatment
significantly decreased the elevated AST (Fig. 4B) and ALT (Fig. 4C)
levels seen in the HC group. FFA and HDL-cholesterol levels were
measured to examine the effects of BG on serum lipid profiles. As
shown in Fig. 5, serum FFA levels were significantly increased in the
HC group compared with the NC group. However, FFA levels were
significantly reduced after BG treatment (Fig. 5A). HDL-cholesterol
levels were increased in the HB group compared with those of the
HC group. There was no significant difference in the LB and MB
groups, but BG intake led to a tendency towards an increase in HDL-
cholesterol levels (Fig. 5B and Suppl. Table 1). No significant differ-
ences were observed in serum TG levels among the groups (Fig. 5C).
TC levels were significantly higher in the HC group compared with
those of the NC group. In contrast, the BG diet led to significantly
decreased TC levels compared with the HC group (Fig. 5D).
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To further evaluate the antioxidant effect of BG, serum enzyme
activities of SOD, GPx, and CAT were measured by colorimetric
assay. The results showed lower activities of SOD, GPx, and CAT in
the HC group. However, BG treatment significantly increased levels
of SOD, GPx, and CAT compared with the HC group (Fig. 5E-G).

3.7. Effects of BG on hepatic steatosis in NAFLD-induced mice

Fig. 6A shows the histological analysis of the liver in the six
groups. In the HC group, the liver showed numerous and wide-
spread lipid droplets. However, the HFHF diet induced pathological
changes (increased size of fat droplets), while there was a notice-
able decrease in lipid accumulation in the BG groups. To examine
the effects of BG on hepatic biochemical parameters, hepatic TG
and MDA levels were measured in the steatosis-induced animal
model. As shown in Fig. 6B and C, the HFHF diet led to prominent
lipid accumulation in the livers of the experimental mice. Hepatic
TG levels were significantly higher in the HC group compared with
the NC group. However, BG supplementation inhibited HFHF diet-
induced hepatic TG accumulation compared with the HC group
(Fig. 6B). Similarly, hepatic MDA levels were significantly elevated
in the HC group compared with those of the NC group (Fig. 6C),
while a significant reduction was observed in the BG-treated
groups. Macrovesicular fatty changes were calculated by
measuring the area of the fat droplets. Macrovesicular steatosis
levels were significantly higher in the HC group compared with the
other group (Fig. 6D).

3.8. Effects of BG on hepatic lipid gene expression in NAFLD-
induced mice

To investigate the molecular mechanisms of BG on TG accu-

mulation in the liver, regulators of lipogenesis were examined by

Table 3
Body weight and relative organ weight of each group

real-time RT—PCR and immunoblot analysis. There was a significant
upregulation of mRNA expression of PPARYy, C/EBPa, SREBP-1c, and
FAS in the livers of mice in the HC group compared with the NC
group. In the BG-supplemented groups, mRNA expression of PPARY,
C/EBPa, SREBP-1c¢, and FAS was significantly decreased compared
with that in the HC group (Fig. 7A—D). In line with this, immunoblot
analysis showed a dose-dependent downregulation of protein
levels of PPARy, C/EBPa, SREBP-1c, and FAS in the BG-
supplemented groups (Fig. 7E and F).

3.9. Effects of BG on lipid metabolism and phosphorylation of AMPK
and ACC in NAFLD-induced mice

Expression of genes involved in fatty acid oxidation, such as CPT-
1 and PPARa, were evaluated. Real-time RT—PCR showed signifi-
cant upregulation of CPT-1 and PPARz mRNA expression in the BG-
supplemented groups (LB, MB, and HB) compared with the HC
group (Fig. 8A and B). Consistent with this, immunoblot analysis
showed elevated protein levels of CPT-1 and PPARg. in response to
BG treatment (Fig. 8C and D).

We assessed the expression of antioxidant enzymes
(Suppl. Fig. 2). The mRNA expression of antioxidant enzymes in
NAFLD-induced mice revealed significantly decreased expression of
SOD1, GPX, and CAT enzymes in the HC group compared with the
NC group, but significantly increased expression levels in the BG-
treated groups. Significantly increased expression levels were re-
ported in the BG-supplemented groups (LB, MB, and HB).

Immunoblot analysis was performed to examine the effect of
the HFHF diet on the activation of AMPK and ACC in the presence of
BG. The results showed decreased levels of phosphorylation of
AMPK and ACC in the HC group, while BG treatment resulted in
significant dose-dependent activation of AMPK and ACC via phos-
phorylation (Fig. 8E and F).

Groups Body weights Relative organ weight (%)
Body weight prior to drug treatment (g) Terminal body weight (g) Body weight gains Liver Abdominal adipose tissue Epididymal adipose tissue
[A] [B] [B-A]

NC 40.54 + 431" 40.31 + 2.36° —023 +3.48”  4.06 + 0.85™ 0.48 + 0.41° 2.55 + 1.44°
PC 51.16 + 8.07% 55.10 + 7.16% 3.94 + 1.82% 418 + 0.57 1.20 + 0.50° 473 +1.142
HC 51.43 + 6.06% 55.29 + 6.15% 3.86 + 3.27% 441 + 097 1.41 4+ 041° 452 +1.19°
LB 49.53 4+ 7.51° 57.61 + 7.15% 8.09 + 4.75% 445 + 041 1.38 + 0.66° 4.25 + 0.99°
MB 49.53 + 7.02° 53.60 + 7.19% 4,07 + 6.05% 4.57 + 0.64 1.26 + 0.96* 4.07 + 0.88*
HB 51.96 + 5.44* 55.19 + 7.05% 3.23 + 4.46%° 4.86 + 0.59 1.09 + 0.48%° 422 +1.22°2

NC, normal control; HC, 45% high fat diet with 10% fructose in the drinking water (HFHF) control; PC, positive control (HFHF + 1% silymarin); LB, low-dose black ginseng
(HFHF + 0.5% black ginseng); MB, middle-dose black ginseng (HFHF + 1% black ginseng); HB, high-dose black ginseng (HFHF -+ 2% black ginseng). Body weight prior to drug
treatment was randomized body weight after 9 weeks of induction period of NAFLD.. Values are expressed as mean =+ SD. Different letters (a > b) within a column indicate
significant differences (p < 0.05) determined by Duncan’s multiple range test. ™, not significant
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Fig. 6. Effect of BG treatment on hepatic steatosis in normal or NAFLD-induced mice. (A) Liver tissue histology (400 x ). (B) The accumulation of liver TG. (C) Hepatic MDA levels.
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(HFHF + 2% BG); NAFLD, nonalcoholic fatty liver disease; BG, black ginseng. The results from three independent experiments are expressed as the mean + SD. *#p < 0.01,
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4. Discussion of F2 in both the leaves and roots. Ginsenoside F2 has been reported
to be synthesized from Rb1, Rb2, and Rd via hydrolysis [26], and

BG differs from white or red ginseng in its appearance and finally converted to compound K, which is a major absorption type
ginsenoside composition due to the steaming and drying process. of ginsenoside [27]. The roots used in the present study contained

The steaming process used to produce BG enhances the biological large amounts of compound K. Biological studies have shown that
activity of the raw material and converts major saponins [16], polar ginsenoside K exhibits multiple pharmacological properties [27].
molecules such as Rg1, Re, Rc, and Rd, to low-polar molecules such Similarly, our results indicated that the BG used in this study had
as 20(S)/20(R)-Rg2, 20(S)/20(R)-Rg3, Rh1, and Rk1] [23]. The the potential to improve NAFLD, as shown using in vitro and in vivo
beneficial effects of low-polar ginsenosides have been steadily re- models.

ported and include antioxidant, neuroprotective, and anticancer NAFLD is one of the leading causes of chronic liver disease.
functions [24,25]. Our results demonstrated that the BG used in the Obesity caused by excessive nutrition is a major risk factor for
study comprised low-polar ginsenosides, with the highest content NAFLD. Recent in vivo studies have shown that high-fat/high-
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fructose diets increase liver fat accumulation [28,29)]. In the present
study, a HFHF diet (45% high fat diet with 10% fructose in the
drinking water) was used to induce NAFLD in an animal model for 9
weeks, and the hepatic histological appearance confirmed that the
HFHF diet induced changes in hepatic lipid accumulation. There-
fore, we successfully established a HFHF diet-induced fatty liver
animal model to evaluate the effects of BG on NAFLD.

Serum ALT and AST levels are closely related to hepatocellular
health state, and damage to the liver, whether acute or chronic,
leads to elevated serum concentrations of these enzymes. In the
present study, the highest concentrations of ALT and AST were re-
ported in the HC group, while BG treatment in the different groups
led to a significant reduction of both these enzymes. Our results are
in accordance with a previous in vivo study that showed that BG
attenuated elevated ALT and AST levels in an acetaminophen-
induced liver damage mouse model [30]. The results show strong
evidence in vivo for the protective effect in liver of BG, especially in
NAFLD.

Many studies have shown that serum FFAs play a pivotal role
in the development of NAFLD, and act as strong oxidants [31].
The levels of FFAs entering the liver also increase proportion-
ately, and the FFAs that enter the liver are converted to TG and
accumulate in the liver. Our results showed that not only serum
FFA was increased, but that hepatic TG was also increased in

both in vivo and in vitro models. These changes in FFA-treated
HepG2 cells and HFHF diet-fed mice were decreased in the
presence of BG. These observations indicated that BG affected
the accumulation of TG and serum FFA levels in HepG2 cells and
mouse liver. While serum HDL-cholesterol levels were increased,
serum TC levels were decreased by BG treatment. A previous
study reported that BG extracts play an important role in regu-
lating the effects of hypercholesterolemia via modulation of
markers of cholesterol metabolism such as acetyl-CoA acetyl-
transferase 2, SREBP2, and 3-hydroxy-3-methyl-glutaryl-coen-
zyme A reductase [32]. Furthermore, studies have reported that
dietary saponins increase fecal excretion of bile acids and may
lower plasma cholesterol concentrations in hypercholesterol-
emic patients [33]. Dietary BG supplementation has been re-
ported to increase fecal weight and fecal lipid excretion [34].
These results suggest that consumption of BG can positively
affect lipid metabolism.

The pathophysiology of NAFLD is associated with oxidative
stress. Imbalance between ROS and antioxidant capacity leads to
lipid peroxidation and ultimately cellular damage, leading to
fibrogenesis [35]. Cellular antioxidant defenses against such
oxidative stress involve antioxidant enzymes such as SOD, GPx, and
CAT. We showed that serum enzyme activities and hepatic mRNA
expression levels of SOD, GPx, and CAT were significantly decreased
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in the HC group, while serum enzyme and hepatic mRNA expres-
sion levels of each antioxidant enzymes were significantly
increased in the BG-supplemented groups (LB, MB, and HB). Taken
together, it can be inferred from these results that BG protects the
liver from damage by regulating the antioxidant enzyme defense
system. Ginsenosides possess strong antioxidant activity via acti-
vation of nuclear factor erythroid 2-related factor (Nrf2)—antioxi-
dant responsive element (ARE)-mediated pathway [36]. Nrf2 is a
transcription factor that plays a key role in activation of the anti-
oxidant defense system. Under conditions of oxidative stress, Nrf2
is synthesized de novo in the cytoplasm then translocates to the
nucleus where it activates antioxidant target genes, such as SOD,
GPx, CAT, and heme oxygenase-1, by binding to regulatory AREs. In
the present study, expression of antioxidant enzymes was upre-
gulated by BG treatment. Further studies are required to confirm
the involvement of the Nrf2—ARE pathway.

NAFLD is characterized by ectopic accumulation of fat in the
liver, which increases the potential risk of ROS production and
depletion of antioxidants. Excessive ROS production promotes lipid
peroxidation, which subsequently leads to the formation of other
reactive metabolites in the liver, such as trans-4-hydroxy-2-
nonenal and MDA [37]. The present study showed a significant
difference in hepatic TG and MDA levels between the HC and NC

groups. A significant reduction was observed in TG and MDA levels
in the BG-treated groups compared with the HC group. We found
that BG played an important hepatoprotective role via elimination
of hepatic TG accumulation and lipid peroxidation, upregulation of
the antioxidant activity and expression, and improved lipid profiles
(in particular, regulation of FFA levels).

Furthermore, expression of lipogenesis-related genes, PPARY, C/
EBPa, SREBP-1c, and FAS, were elevated in HepG2 cells treated with
1 mM FFA and the livers of HFHF diet-fed mice. BG treatment
decreased the expression of lipogenesis markers. In addition,
phosphorylation of AMPK and ACC was significantly increased by
supplementation with BG. These results suggested that BG may act
to reduce hepatic steatosis by increasing AMPK phosphorylation.
Reduced AMPK activity is associated with NAFLD-related condi-
tions such as inflammation, obesity, and diabetes. Therefore,
increasing AMPK activity is considered a viable treatment strategy
to improve NAFLD [38]. AMPK has a direct effect on lipid meta-
bolism by inhibiting fat accumulation via modulation of several
downstream signal components, such as ACC, which is a primary
target enzyme [39]. In addition, AMPK can mediate the expression
of factors related to fatty acid oxidation, such as PPARa and CPT-1
[40]. PPARa. eliminates the major source of lipid accumulation in
NAFLD, including dietary fatty acids and FFA released from
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adipocytes [41]. CPT-1 is the key regulatory enzyme of long-chain
fatty acid B-oxidation in the outer membrane of mitochondria
and attenuates fatty acid—induced insulin resistance and inflam-
mation [42,43]. Our results showed that BG suppressed TG syn-
thesis and reduced cellular lipid accumulation by increasing
phosphorylation of AMPK and ACC, which are important regulators
of fatty acid oxidation and hepatocellular lipid metabolism. These
results demonstrate that BG may have pharmacological effects on
NAFLD by targeting the AMPK signaling pathway.

The present study showed the effects of BG on NAFLD in FFA-
induced HepG2 cells and HFHFD diet-fed ICR mice. BG decreased
serum TG and TC levels and downregulated expression of lipo-
genesis factors, including PPARy, C/EBPa, SREBP-1¢, and FAS, at the
transcriptional and translational levels, while expression of fatty
acid oxidation—related genes was significantly upregulated.
Furthermore, BG induced phosphorylation of AMPK and ACC
in vitro and in vivo. These factors led to a decrease in FFA uptake and
TG synthesis. Our findings suggest that BG could prevent hepatic
steatosis and ameliorate fatty liver disease by suppressing lipo-
genesis. Taken together, our findings highlight the use of BG as a
potential therapeutic agent or functional food material for NAFLD
treatment.
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