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Abstract
Background  Excessive intake of fat, one of the causes of obesity, is associated with low-grade inflammation in various sus-
ceptible organs and eventually causes tissue toxicity. This study examines the multifaceted suppressive effects of Korean red 
ginseng extract (KRG) on high-fat diet (HFD)-induced lipotoxicity and inflammatory responses in the aorta, liver, and brain.
Methods  Male C57BL/6 mice were fed HFD with or without KRG for 12 weeks. The improvement effect in KRG on lipo-
toxicity and inflammatory potential was determined in the blood and the aorta, liver, and brain tissues.
Results  KRG significantly inhibited 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase activity by > 20% 
in vitro. KRG supplementation suppressed HFD-associated body weight gain, lipid profile changes, and excessive fat depo-
sition in the liver and increased leptin, insulin, and ALT levels in the blood. Inflammatory markers in the aorta, liver, and 
brain were also significantly reduced by KRG treatment. In microvascular endothelial cells, the 15% cyclic stretch-mediated 
upregulation of ICAM-1 and vascular cell adhesion protein-1 (VCAM-1) expression was significantly attenuated in the 
presence of KRG.
Conclusion  KRG supplementation attenuates HFD-mediated body weight gain, lipid profile changes, and multi-tissue inflam-
matory responses.
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Introduction

Obesity is a public health concern worldwide due to its 
increasing prevalence and compelling effects on the develop-
ment of metabolic diseases (Haslam and James 2005; Gadde 

et al. 2018). Dietary fat is utilised as an energy source in 
the body and plays an important role in health (Lichtenstein 
et al. 1998). However, excessive consumption of fat and its 
aberrant deposition in the body is linked to the development 
of obesity (Lichtenstein et al. 1998) and lipotoxicity in non-
adipose tissues such as the heart, skeletal muscle, pancreas, 
and liver (Schaffer 2003). Except in manifested metabolic 
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disorders, the presence of high fatty acid due to an imbalance 
between fatty acid uptake and utilisation contributes to the 
accumulation of toxic lipids, which involves in organ toxicity 
via cell apoptosis and excessive oxidative, endoplasmic, and 
mitochondrial stress (Engin 2017). Inflammation associated 
lipotoxicity throughout the body contributes to multi-organ 
damage and increases susceptibility to insulin resistance, 
diabetes, hypertension, and neuropathological alterations 
(Wellen and Hotamisligil 2005). Although the underlying 
mechanisms by which a high-fat diet (HFD) exerts adverse 
effects on human health remains poorly understood, multi-
organ inflammation, including in the brain, and increased 
oxidative stress are proposed as major players in morbidity 
associated with obesity (Musaad and Haynes 2007; Duan 
et al. 2018). In medical toxicology, obese patients display 
different physiological and pharmacokinetic characteristics; 
thus, special medical considerations are necessary to prevent 
the problems of drug overdose  (Zuckerman et al. 2015)).

Due to the multi-causal aetiology and complex patho-
physiology of obesity-associated complications, pharma-
cotherapy-based management is poor (Acosta et al. 2014; 
Hussain and Bloom 2011). Ginseng, the root of Panax gin-
seng Meyer, has been traditionally used as a medicine for 
treating and preventing diseases in East Asia and its health-
promoting potentials attract worldwide attention (So et al. 
2018). Korean red ginseng (KRG) is made via a specific 
manufacturing process that includes the steaming and drying 
of white ginseng. KRG contains Rg3, Rg5, and Rk1, which 
are the distinctive compounds in steamed P. ginseng (So 
et al. 2018; Kim et al. 2007). The pharmacological effects 
and mechanisms of KRG and its components have been stud-
ied extensively (So et al. 2018). Several studies reveal that 
ginseng possesses an anti-obesity potential (Li and Ji 2018; 
Choi et al. 2013). However, the multifaceted suppressive 
effect of KRG on HFD-mediated lipotoxicity and inflamma-
tory responses occurring in the aorta, liver, and brain has not 
been well established.

In this study, the direct inhibitory effect of KRG on 
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) 
reductase activity was determined in  vitro. Next, male 
C57BL/6 mice were fed with HFD in the presence or 
absence of KRG supplementation (10 and 50 mg/kg body 
weight) via a gastric gavage for 12 weeks. Then, changes 
in body and organ weights, lipid profiles, and blood leptin, 
insulin, and alanine aminotransferase (ALT)/aspartate ami-
notransferase (AST) levels were investigated. In the liver 
tissue, fat accumulation was assessed via haematoxylin and 
eosin (H&E) and Oil Red O staining and mRNA expression 
levels of cyclooxygenase-2 (COX-2) were determined. To 
identify the suppressive effect of KRG on vascular inflam-
matory responses, the thickness of the aortic vascular wall 
was measured by H&E staining and the protein expression 
levels of intercellular cell adhesion molecule-1 (ICAM-1) 

in aortic tissues were evaluated. In addition, changes in 
the protein expression levels of ICAM-1 and vascular cell 
adhesion molecule-1 (VCAM-1) caused by a 15% cyclic 
stretch, which mimics hypertensive conditions (Gangoda 
et al. 2018), were determined in the cerebrovascular cells. 
Finally, protein expression levels of amyloid-β precursor 
protein (APP), β-secretase1 (BACE1), and Tau, which are 
important factors involved in neurological inflammation, 
were assessed in the hippocampal tissue.

Materials and methods

Chemicals and reagents

ALT, AST, and HMG-CoA reductase activity assay kits, 
Oil Red O, and simvastatin (SV) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Normal chow diet 
(D12450B; 10% kcal% fat; 4.057 kcal/g) and HFD (D12492; 
60% kcal% fat; 5.243 kcal/g) was obtained from Research 
Diet, Inc. (New Brunswick, NJ, USA). Assay kits for deter-
mining insulin, triglyceride (TG), total cholesterol (TC), 
high-density lipoprotein cholesterol (HDL-C), low-density 
lipoprotein cholesterol (LDL-C), and HMG-CoA were pur-
chased from Biovision (Milpitas, CA, USA). Serum leptin 
levels were measured using the R&D system assay kit (Min-
neapolis, MN, USA). Antibodies against ICAM-1, VCAM-1, 
COX-2, and GAPDH were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Antibodies against APP, 
BACE1, and Tau were obtained from EMD Millipore (Bill-
erica, MA, USA). Antibodies against β-actin were purchased 
from Cell Signaling Technology (Beverly, MA, USA).

Preparation of KRG

Standardised KRG powder was kindly provided by Korea 
Ginseng Corporation (Seoul, Korea, 2016, H1269-6041). 
KRG extract was dissolved in phosphate-buffered saline 
(PBS) at a final concentration of 30 mg/mL and frozen at 
− 80 °C.

HMG‑CoA reductase (HMGR) activity

The potential for KRG extracts to inhibit the rate-limiting 
enzyme of cholesterol biosynthesis was measured using 
the HMGR assay kit (Sigma-Aldrich, catalogue number 
CS1090) according to the manufacturer’s protocol. Briefly, 
1 × assay buffer, NADPH, and HMG-CoA substrate were 
sequentially added to a 96-well plate. PBS (2 µL), SV (10 μg/
mL) and different concentrations of KRG (10–200 μg/mL) 
were added and the total volume was adjusted to 198 µL with 
1 × assay buffer. After 2 µL of the purified catalytic domain 
of HMGR was added, an enzymatic reaction was initiated 
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at 37 °C. Colorimetric changes to NAPDH in the reaction 
mixtures were determined by measuring the absorbance at 
340 nm using a 96-well microplate reader (VICTOR X3; 
PerkinElmer, Waltham, MA, USA) after 30 min. The control 
value was set at 1.0 and expressed as a relative ratio to the 
control value.

Cell culture

Human hCMEC/D3 brain microvessel endothelial cells, 
immortalised by lentiviral transduction using large SV40 T 
antigen (Weksler et al. 2005), were purchased from Applied 
Biological Materials Inc. (Richmond, British Columbia, 
Canada). Cells were maintained in M199 media (Sigma-
Aldrich) supplemented with 10% foetal bovine serum 
(Gibco; NY, USA) and 1% penicillin/streptomycin (Gibco) 
at 37 °C in fully humidified air with 5% CO2. Passages 
17–19 were used for all experiments.

Cyclic stretching of cells

hCMEC/D3 cells (8 × 105 cells/mL) were seeded on silicon 
chambers (200-μm-thick transparent bottoms with side-wall 
thickness of 400 μm) coated with fibronectin (375 μg/mL). 
Silicon chambers had uniform support stretching across 
the cell substrate. After 24 h, cells were exposed to uni-
axial pulsatile stretching as previously described (Gangoda 
et al. 2018). Briefly, under the conditions in cell culture, 
the chambers were mounted in the ShellPa stretch system 
(B-Bridge International, Mountain View, CA), in which one 
end of the chamber is fixed and the other is connected to an 
actuator operated by compressed air. Cells were stretched 
by 15%, defined as relative elongation of the chamber with 
a rate of 1 Hz in the presence or absence of KRG (100 μg/
mL) for 18 h. There was minimal cell detachment under 
these stretching conditions.

Animal experiments

The animal facility and protocols were approved by the Ani-
mal Care and Use Committee of Kangwon National Uni-
versity (KW-161129-1). All procedures were undertaken in 
compliance with the Guide for the Care and Use of Labora-
tory Animals (NIH Publications No. 8023, revised 1978) 
and the National Animal Welfare Law of the Republic of 
Korea. Six-week-old male C57BL/6 mice were purchased 
from the Korea Laboratory Animal (Daejeon, Korea) and 
acclimated for 1 week. Mice were housed in controlled envi-
ronments at 22 °C (± 2 °C) and a humidity of 53% (± 5%) 
under 12 h light/dark cycles. Mice were randomly assigned 
to five groups (n = 10 per group) and fed a normal chow diet 
(ND), HFD, HFD with KRG (10 or 50 mg/kg/day) or SV 
(10 mg/kg/day) for 12 weeks. Food and water were provided 

ad libitum. Intragastric delivery of KRG and SV 6 days per 
week was carefully performed by a well-trained researcher 
to minimise animal stress. During the experiment, clinical 
signs and general appearance were observed twice per week. 
Weight gain and food intake (calculated by collecting and 
weighing uneaten food) were recorded twice per week.

Blood and tissue collection

After 4 h of fasting, under anaesthesia with diethyl ether, 
whole blood samples were collected from the abdominal 
vein and sera were separated by centrifugation at 1500×g for 
10 min. Tissues (epididymal fat pad, liver, thymus, spleen, 
aorta, and hippocampus) were carefully excised, cleaned 
with sterile 0.9% NaCl solution, blotted dry with filter paper, 
and weighed. The weight of each tissue was expressed rela-
tive to body weight. After measuring the weights of each 
tissue, parts of the liver and aorta tissues were subjected 
to histochemical analysis. Other tissues were immediately 
frozen in liquid nitrogen and stored at − 80 °C.

Hepatic HMGR activity

To determine hepatic HMGR activity, liver microsomal pro-
teins were prepared as described in previous studies (Zhang 
et al. 2015). Briefly, liver tissue samples were thawed on 
ice and weighed. The samples were finely homogenised in 
buffer A containing 50 mM of Tris–HCl (pH 7.0), 1 mM of 
KCl, and 1 mM of EDTA (10 mL for 1 g liver) and ultracen-
trifuged at 100,000×g for 1 h at 4 °C. Microsomal pellets 
were suspended in buffer A containing 50 mM of Tris–HCl 
(pH 7.5) and 250 mM of sucrose and were stored at − 80  °C. 
Microsomal protein concentrations were determined accord-
ing to the BCA (bicinchoninic acid) protein assay. Hepatic 
HMGR activity was measured using the HMGR Assay Kit 
(Sigma-Aldrich, CS1090) according to the manufacturer’s 
protocol. Total liver microsomal proteins were mixed with 
NADPH and HMG-CoA and incubated for 30 min at 37 °C. 
Absorbance at 340 nm was measured. Results are expressed 
as μmol of HMGR activity/min/mg protein.

Analysis of lipid profiles, liver functions, leptin, 
and insulin levels

Serum TG, TC, HDL-C, LDL-C, ALT, AST, leptin, and 
insulin levels were measured according to the manufactur-
er’s instructions.

Histopathological analysis

Livers were perfused with 0.9% normal saline to remove 
blood and the largest lobule was sectioned and fixed in 4% 
formaldehyde. Paraffin-embedded liver and aorta tissue 
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sections (3 μm thick) were stained with H&E. Liver sections 
were stained with Oil Red O. Blinded histological analy-
sis was performed by a trained histologist. For quantitative 
analysis, images were photographed at 200 × (100 × in the 
case of aorta tissue) magnification randomly and analysed 
using the Image J software program (National Institute of 
Health, Rockville, MD, USA).

Quantitative RT‑PCR analysis of COX‑2

mRNA expression level of COX-2 was determined using 
reverse transcription-polymerase chain reaction (RT-PCR). 
Total RNA was extracted from livers using the TRIzol rea-
gent (Invitrogen, Carlsbad, CA, USA) and processed using a 
cDNA Synthesis kit (TAKARA, Tokyo, Minato-ku, Japan). 
SYBR master mix kit (TAKARA) was used for PCR and 
cDNA was amplified using specific COX-2 (forward, 5′-CGT​
AGC​AGA​TGA​CTG​CCC​AA-3′; reverse, 5′-CTT​GGG​GGT​
CAG​GGA​TGA​AC-3′) and β-actin (forward, 5′-TGT​CCA​
CCT​TCC​AGC​AGA​TGT-3′; reverse, 5′-AGC​TCA​GTA​ACA​
GTC​CGC​CTAGA-3′) primers. Quantitative real-time RT-
PCR reactions were performed on a LightCycler 96 Instru-
ment (Roche, Basel, Switzerland). Relative quantitative 
evaluation of each gene was performed using the compara-
tive cycle threshold method (Livak and Schmittgen 2001).

Immunoblot analysis

Aorta, hippocampus, and hCMEC/D3 cells were harvested 
and washed with PBS. Tissues and cells were lysed with 
a homogeniser while immersed in PRO-PREP™ Protein 
Extraction Buffer (Intron Biotechnology, Seongnam, Korea) 
for 1 h on ice. After centrifugation at 13,000×g for 30 min at 
4 °C, lysates were collected and protein concentration was 
determined using a BCA protein assay kit (Bio-Rad Labora-
tories, Hercules, CA, USA). Equal amounts of protein were 
subjected to 10% SDS–polyacrylamide gel electrophoresis 
and transferred to a nitrocellulose membrane electropho-
retically. The membrane was blocked with 5% skim milk 
and incubated with primary antibodies against ICAM-1, 
VCAM-1, APP, BACE1, and Tau. Blots were developed 
using enhanced horseradish peroxidase (HRP)-conjugated 
secondary antibodies and re-probed with anti-β-actin or anti-
GAPDH antibodies to verify equal protein loading. Bands 
were visualised with EZ-Western Lumi Pico reagent accord-
ing to the manufacturer’s instructions.

Statistical analysis

Data are presented as mean  ±  standard deviation (SD). Data 
were analysed by one-way analysis of variance (ANOVA) 
followed by Tukey’s test (Graph pad prism 5 Software; San 

Diego, CA, USA). Values of p < 0.05 were considered sta-
tistically significant.

Results

Ginsenoside content in KRG

Korean red ginseng, provided by Korean Red Ginseng Coop-
eration (Lot No. H1269-6041), contained (as mg/g) ginse-
noside Rg1 (G-Rg1): 1.92, G-Re: 2.83, G-Rf: 1.58, G-Rh1: 
1.23, G-Rg2s: 2.69, G-Rb1: 9.38, G-Rc: 2.83, G-Rb2: 3.35, 
G-Rd: 1.38, G-Rg3s: 2.20, G-Rg3r: 0.89, arginine–fruc-
tose–glucose (AFG): 40.28, and ginseng polysaccharides: 
98.02. AFG is a new product created during the heating of 
raw ginseng to red ginseng. The water content was 4.12% 
of the total weight.

Inhibitory effect of KRG on HMGR activity in vitro

To determine the direct inhibitory potential of KRG on 
HMGR, in vitro experiments using the purified HMGR 
were performed (Fig. 1). SV at 10 μg/mL significantly 
inhibited HMGR activity (52.3% inhibition) compared 
to the untreated control. KRG had an inhibitory effect on 
HMGR activity in a dose-dependent manner and statistical 
significance was shown at doses of 100 (28.6% inhibition) 
and 200 μg/mL (57.1% inhibition). To be used as an adju-
vant therapy with statins and to minimise the adverse effects 
caused by strong inhibition of HMGR (Carris et al. 2017), 
the treating doses of KRG on HFD mice were set at 10 and 
50 mg/kg to exclude the direct anti-obese effects of KRG 
possibly mediated by the inhibition of HMGR.

KRG (µg/mL) 10 50 100 200

SV (10 µg/mL)

0
0

0.2

0.4

0.6

0.8

1.0

1.2

HM
GR

 a
c�

vi
ty

 
(r

el
a�

ve
 ra

�o
)

*

* **

0

+

**

Fig. 1   Inhibitory effect of KRG on HMGR in  vitro. HMGR activ-
ity in vitro was determined using a HMGR assay kit (Sigma) in the 
presence or absence of KRG. SV was used as a positive control for 
HMGR inhibition. Data are the mean ± SD (n = 5) and are expressed 
as a relative ratio of the untreated control (CON). * and ** indicate 
p < 0.05 and p < 0.01 compared to CON group. HMGR 3-hydroxy-
3-methylglutaryl-coenzyme A reductase, KRG Korean red ginseng 
extract, SV simvastatin
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Effect of KRG on changes in body weight and organ 
weight

During the 12-week experiment, there were no treatment-
related mortality or behavioural changes such as salivation, 
lethargy, and tremors at any given dose. The effects of KRG 
on body weight and organ weight changes are shown in 
Table 1. There were no significant differences in baseline 
body weight among the groups (p > 0.05). After 12 weeks, 
the weight gain of the HFD group was 2.9-fold higher than 
that of the ND group (p < 0.05). The SV group had lower 
body weight gains (by 4.8%) than the HFD group, but there 
was no statistical significance (p > 0.05). Mice supplemented 
with KRG at 10 (31.1% reduction, p < 0.05) and 50 mg/kg 
(58.7% reduction, p < 0.01) showed significant suppression 
of body weight gain compared to HFD mice (Table 1). KRG 
treatment at doses of 10 and 50 mg/kg suppressed weight 
gain more effectively than the SV treatment.

In the HFD group, the weights of the liver, thymus, and 
spleen (Table 1) were slightly decreased compared to the 
ND group but there was no statistical significance (p > 0.05). 
Supplementation with KRG enhanced the decreases in organ 
weight in HFD mice, but these effects were not statistically 
significant (p > 0.05). The accumulation of the epididy-
mal fat pad was increased by 2.67-fold in HFD mice, but 
KRG and SV treatments were not effective in its reduction 
(Table 1).

Effect of KRG on the food intake rate

Gain and loss of body weight may be associated with food 
intake rate and energy content of the food. When analysing 
the food intake rate during the 12-week experimental period, 
there were no significant differences in food intake rates 

among groups (Fig. 2). This result indicated that the body 
weight gain shown in HFD mice was the result of the high-
energy diet intake compared to the normal diet (Table 1). 
The suppression of body weight gain caused by KRG intake 
in HFD mice was associated not with a reduction in food 
intake rate but with the potential anti-obesity effects of KRG 
because there were no significant differences in food intake 
rate among groups.

Effect of KRG on serum lipid levels

Along with body weight gain (Table 1), HFD mice had 
significantly altered lipid profiles (Fig. 3a–d): TG (30% 
increase, p < 0.05), TC (92% increase, p < 0.05), HDL-C 
(50% increase, p < 0.05), and LDL-C levels (108.3% 
increase, p < 0.05). The SV treatment significantly 

Table 1   Changes in body and 
tissue weights

All values are mean ± SD (n = 10 per group)
ND normal chow diet, HFD high fat diet (Research Diet D12492; 60% kcal% fat), KRG Korea red ginseng 
extract, SV simvastatin (10 mg/kg body weight) treatment on HFD mice
*, **Indicate p < 0.05 and p < 0.01 compared with the HFD group, respectively
#p < 0.05 compared to ND group

Parameter
(n = 10 per group)

ND HFD for 12 weeks

– 10 mg/kg KRG 50 mg/kg KRG 10 mg/kg SV

Body weight (g)
 Initial body weight 20.4 ± 1.11 19.9 ± 0.98 19.6 ± 0.57 20.6 ± 0.44 20.0 ± 0.76
 Final body weight 27.9 ± 2.51 41.8 ± 3.93# 36.3 ± 2.62* 34.4 ± 1.80** 40.9 ± 5.30
 Weight gain (g) 7.5 ± 1.11 21.9 ± 2.73# 16.7 ± 1.47* 13.8 ± 1.34** 20.9 ± 4.12

Tissue weight (g/kg body weight)
 Epididymal fat pad 11.56 ± 2.8 42.47 ± 1.78## 41.21 ± 3.18 40.75 ± 4.58 43.16 ± 3.48
 Liver 49.17 ± 1.03 39.70 ± 2.04 40.96 ± 3.62 41.24 ± 1.19 44.88 ± 2.56
 Thymus 1.59 ± 0.05 1.16 ± 0.09 1.58 ± 0.21 1.42 ± 0.06 1.64 ± 0.31
 Spleen 2.67 ± 0.05 2.31 ± 0.10 2.13 ± 0.47 2.92 ± 0.26 2.54 ± 0.21
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Fig. 2   Food intake rate. Mice were fed with normal chow diet (ND), 
high-fat diet (HFD), HFD with KRG (10 or 50 mg/kg), or HFD with 
SV (10 mg/kg) for 12 weeks. KRG and SV were delivered via gastric 
gavage. Data are mean ± SD (each group, n = 10). There were no sig-
nificant differences among groups. KRG Korean red ginseng extract, 
SV simvastatin
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suppressed the increases in TG, TC, and LDL-C (p < 0.05). 
KRG at 10 mg/kg did not significantly reduce these param-
eters, but KRG at 50 mg/kg significantly reduced these 
parameters with more potency than the SV treatment 
(Fig. 3a–d). These results suggested that KRG intake was 
beneficial in correcting the undesired changes in serum lipid 
profiles caused by HFD.

Effect of KRG on blood leptin and insulin levels

When the effects of KRG supplementation on the circulating 
levels of leptin and insulin were determined, HFD signifi-
cantly increased leptin levels by 5.1-fold compared to the 
ND group (p < 0.01), but KRG supplementation at 10 and 
50 mg/kg reduced the increase in leptin level significantly in 
HFD mice (Fig. 3e). Because serum leptin levels were deter-
mined at the end of the experiment, it is unclear whether 
KRG supplementation led to the suppression of blood lep-
tin during the experimental period. However, leptin levels 
are closely related to body weight; thus, decreased leptin 
levels increased under an HFD state indirectly reflected the 
lower body weight than the HFD control group. As shown 
in Fig. 3f, the HFD group showed a significant increase in 

insulin level by threefold (p < 0.01) compared to the ND 
group. KRG at a given dose significantly suppressed the 
increase in insulin levels which would eventually cause insu-
lin resistance, whereas the SV treatment did not show sig-
nificant reductions in insulin levels (p > 0.05). These results 
indicated that supplementation with KRG prevented hyper-
leptinemia and hyperinsulinemia caused by HFD intake.

Effect of KRG on hepatic inflammatory response

The liver is susceptible to damage from excessive accumula-
tion of fat. HFD mice showed aberrant lipid profiles (Fig. 3); 
thus, the effects of KRG supplementation on fat accumula-
tion in the liver were evaluated by H&E (Fig. 4a) and Oil 
Red O staining (Fig. 4b). In contrast to the ND group, the 
HFD alone group had abundant lipid droplets in the liver. 
However, increased lipid accumulation in the liver was sig-
nificantly attenuated by KRG supplementation (Fig. 4c, d). 
Increases in ALT (Fig. 5a) and AST (Fig. 5b) levels in the 
HFD alone group were suppressed significantly by both 
KRG and SV treatments.

HFD mice showed a 1.9-fold significant increase in 
COX-2 mRNA expression level in the liver compared to 
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of the experiment, lipid profiles were analysed in the blood. a Tri-

glycerides. b Total cholesterol. c HDL-cholesterol. d LDL-choles-
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the ND group (Fig. 5c, p < 0.01). However, KRG supple-
mentation (10 and 50 mg/kg) prevented this increase in 
COX-2 mRNA and the effect was more potent than that of 
SV (p < 0.05, Fig. 5c). These results suggested that KRG 
supplementation was beneficial in reducing hepatic fat accu-
mulation, impairment of liver function, and inflammatory 
COX-2 expression.

Effect of KRG on hepatic HMGR activity in vivo

As shown in Fig. 5d, the enzyme activities of hepatic HMGR 
were highly augmented in HFD mice but with no statistical 
significance. Supplementation with KRG led to a significant 
reduction in HMGR activities in the liver and its potency 
was comparable to the SV treatment. This result suggested 
that the HMGR inhibitory activity of KRG shown in Fig. 1 

was also in effect in HFD mice and that reduction in lipid 
profiles achieved by KRG treatment was, at least in part, 
associated with the HMGR inhibitory activity of KRG.

Effect of KRG on vascular inflammatory response

HFD mice showed a significant twofold thickening of the 
aorta compared to the ND group (Fig. 6a, b). Similar to the 
lipid-lowering drug SV, KRG supplementation suppressed 
HFD-associated aortic wall thickening. As shown in Fig. 6c 
and d, the protein expression levels of ICAM-1 were sig-
nificantly increased by 1.7-fold (p < 0.01) and this increased 
level of ICAM-1 might be associated with the aberrant aor-
tic wall thickening shown in Fig. 6b. Like SV treatment, 
KRG (10 and 50 mg/kg) supplementation caused significant 
suppression of ICAM-1 expression in the aorta (p < 0.01, 
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Fig. 4   Fat droplet and lipid contents in the liver tissue. Mice were 
fed with normal chow diet (ND), high-fat diet (HFD; Research Diet 
D12492; 60% kcal% fat), HFD with KRG (10 or 50 mg/kg), or HFD 
with SV (10 mg/kg) for 12 weeks. KRG and SV were delivered via 
intragastric gavage. At the end of the experiment, liver tissues were 
isolated and fixed with 4% formaldehyde. Cross-sections of liver tis-
sues were stained with haematoxylin and eosin (H&E) and Oil Red O 

staining. a Representative images of H&E staining. b Representative 
images of Oil Red O staining. Original magnification is × 200 and 
the bar represents 100  μm. Quantities of fat droplets (c) and lipids 
(d) in the liver were determined using Image J software. Data are 
mean ± SD (each group, n = 10). ## and ** indicate p < 0.01 compared 
to ND and HFD alone group, respectively. KRG Korean red ginseng 
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Fig. 6d). This suppressive effect of KRG both on aortic wall 
thickening and ICAM-1 expression might have ameliorated 
obesity-associated vascular impairment. Additionally, sup-
pression of hypertension-associated vascular inflammatory 
events will be another merit in preventing obesity-associated 
complications. Here, the pathological 15% cyclic stretch 
was used, which mimicked hypertension that occurs in the 
vascular system and the effect of KRG treatment on the 
changes of ICAM-1 and VCAM-1 proteins was determined 
in cerebral endothelial cells. As shown in fibroblasts, there 
is a possibility that mechanical stretch may redistribute or 
remodel the components of the cytoskeleton such as α- and 
β-actin (Langevin et al. 2006). Thus, we determined the pro-
tein level of GAPDH as a protein loading control instead of 
β-actin. As shown in Fig. 7, the protein expression levels 
of ICAM-1 and VCAM-1 were significantly increased by 
0.6- and 1.3-fold, respectively, under the continuous cyclic 
stretch of 15% amplitude. However, the upregulated ICAM-1 
and VCAM-1 expression were suppressed in the presence 

of KRG by 21.9% and 10.7%, respectively (p < 0.05). This 
result suggested that KRG supplementation was also effec-
tive in the suppression of vascular inflammatory responses 
caused by hypertension associated with obesity.

Effect of KRG on cerebral inflammatory response

Along with the correction of lipid profiles, it would be 
favourable if KRG mitigated aberrant changes occurring in 
the brain following an obese body condition. To test the sup-
pressive effect of KRG against obesity-associated cerebral 
inflammatory responses, protein expression levels of APP, 
BACE1, and Tau were evaluated via immunoblot analysis. 
As shown in Fig. 8, HFD alone mice showed significantly 
increased expression levels of BACE1 (2.4-fold increase, 
p < 0.01) and Tau (0.15-fold, p < 0.05), whereas protein 
expression levels of APP were not significantly different 
(p > 0.05). KRG at the dose of 50 mg/kg suppressed HFD-
associated upregulation of BACE1, cleaved APP to generate 

##
A

A
LT

 (U
/I) ** **

**

0

100

200

300

KRG (mg/kg)

10 50 SV ND

HFD

B

A
ST

 (U
/I)

#

*
*

0

100

200

300

KRG (mg/kg)

10 50 SV ND

HFD

C

C
O

X-
2 

m
R

N
A 

le
ve

ls
(r

el
at

iv
e 

ra
tio

 to
 β

-a
ct

in
)

0

0.8

1.2

0.4

##

**
**

KRG (mg/kg)

10 50 SV ND

HFD

0

0.6

0.3

0.1H
M

G
R

 a
ct

iv
ity

 
(m

ol
/m

in
/m

g 
pr

ot
ei

n)

0.5

0.4

0.2

* **

KRG (mg/kg)

10 50 SV ND

HFD

D

*

Fig. 5   Serum ALT and AST levels, mRNA expression level of COX-
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mal chow diet (ND), high-fat diet (HFD; Research Diet D12492; 
60% kcal% fat), HFD with KRG (10 or 50 mg/kg), or HFD with SV 
(10  mg/kg) for 12  weeks. KRG and SV were delivered via gastric 
gavage. At the end of the experiment, blood samples and liver tissues 
were collected. Serum levels of ALT (a) and AST (b) were deter-
mined using commercially available assay kits. The relative mRNA 

expression level of COX-2 (c) and HMGR activities (d) in the liver 
were determined using quantitative RT-PCR and commercially avail-
able assay kits, respectively. Data are mean ± SD (each group, n = 10). 
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amyloid-β peptides, and Tau expression (Fig. 8). Although 
HFD did not lead to the upregulation of APP expression, 
KRG at the dose of 50 mg/kg suppressed the basal level 
expression of APP. Collectively, KRG supplementation may 
have mitigated obesity-associated neurological alteration by 
inhibiting the expression of BACE1 and Tau.

Discussion

In this study, we demonstrated that 12-week HFD supple-
mentation caused lipotoxicity and significant liver, vascu-
lar, and brain inflammatory responses. KRG had a direct 
inhibitory effect on HMGR activity and also suppressed the 
HFD feeding-caused increase in HMGR activity. KRG sup-
plementation (10 and 50 mg/kg) was beneficial in alleviat-
ing lipid profiles and resulted in the suppression of body 
weight gain. In addition, KRG supplementation suppressed 

HFD-induced hepatic steatosis and inflammatory events in 
the liver, aorta, and brain.

Excessive lipid accumulation in non-adipose tissues 
causes various organ inflammation and eventually results 
in organ failure due to cell death and impairment in cel-
lular functions, if not properly corrected (Schaffer 2003). A 
HMGR inhibitor (or statin), such as lovastatin, simvastatin, 
and atorvastatin are widely used for the treatment of hyper-
lipidaemia and cardiovascular disease. In this study, KRG 
displayed HMGR, the key enzyme of hepatic cholesterol 
biosynthesis, inhibitory potential in vitro (Fig. 1) and in vivo 
(Fig. 5d). This finding indicates that the lipid-lowering effect 
of KRG in HFD mice is, at least in part, associated with 
HMGR inhibition.

Although KRG supplementation was effective in reducing 
body weight gain (Table 1), improving lipid profiles (Fig. 3), 
and reducing fat and lipid accumulation in the liver (Fig. 4) 
in HFD conditions, the suppressive potential of KRG on the 
accumulation of the epididymal fat pad was not statistically 
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Fig. 6   Wall thickness and ICAM-1 protein expression levels in the 
aorta tissue. Mice were fed with normal chow diet (ND), high-fat diet 
(HFD; Research Diet D12492; 60% kcal% fat), HFD with KRG (10 
or 50 mg/kg), or HFD with SV (10 mg/kg) for 12 weeks. KRG and 
SV were delivered via gastric gavage. At the end of the experiment, 
isolated aorta tissues were stained with H&E staining. a representa-
tive H&E staining. Original magnification, × 100. The bar indicates 

100 μm. The length of the aortic wall was measured using Image J 
software and is expressed as a relative ratio of the ND group (b). The 
protein expression levels of ICAM-1 in the aorta were determined via 
immunoblotting (c) and are expressed as a relative ratio of proteins 
levels of β-actin (d). Data are mean ± SD (each group, n = 10). ## and 
** indicate p < 0.01 compared to ND and HFD alone group, respec-
tively. KRG Korean red ginseng extract, SV simvastatin
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significant (Table 1). A similar result was also observed in 
SV treatment. The exact reason is unclear, but this issue 
should be addressed in future experiments to identify the 
complex pathophysiology of HFD intake.

Leptin levels are highly associated with the body weight 
(Musaad and Haynes 2007; Francisco et al. 2018); thus, 
decreased leptin levels (Fig. 3e) caused by KRG supplemen-
tation indirectly reflect the reduced body weight (Table 1) 
in comparison to the HFD group. Insulin resistance causes 
severe health complications, including fatty liver (Winzell 
and Ahrén 2004), and is frequently observed in obesity and 
HFD-fed conditions (Li and Ji 2018; Johnson et al. 2012). In 
this experimental setting, SV did not suppress HFD-associ-
ated increases in leptin and insulin levels despite its strong 
lipid-lowering activity (Fig. 3). This raises the possibility 
that a simple lipid-lowering strategy might not be successful 
in treating HFD-associated disturbances in hormonal home-
ostasis. Considering the versatile roles of these hormones in 
metabolism (Li and Ji 2018), the suppressive effects of KRG 
in the upregulation of leptin and insulin levels caused by 
HFD may be beneficial in controlling whole-body homeosta-
sis. In the liver (Fig. 5), KRG intake inhibited fat accumula-
tion and impaired liver function. COX-2, the key enzyme 
in eicosanoid metabolism, contributes to the progression of 
non-alcoholic fatty liver disease in HFD-induced obesity, 
but COX-2 inhibitor (e.g., nimesulide) treatment attenuates 

A

B

Fig. 7   ICAM-1 and VCAM-1 protein expression levels in hCMEC/
D3 cells. hCMEC/D3 cells were seeded onto fibronectin-coated sili-
cone chambers. Cells were 15% actuated arm stretched in the pres-
ence or absence of KRG (100 µg/mL) at a rate of 1 Hz for 18 h. Pro-
tein extracts were subjected to immunoblot analysis. a Representative 
immunoblot image. b Quantitative values of ICAM-1 and VCAM-1 
protein expression levels normalised to GAPDH levels. Data are 
mean ± SD (n = 4). ## and ** indicate p < 0.01 compared to untreated 
control and 15% cyclic stretch alone group, respectively. KRG Korean 
red ginseng extract, SV simvastatin

Fig. 8   APP, BACE, and Tau 
protein expression levels in the 
brain tissue. Mice were fed with 
normal chow diet (ND), high-
fat diet (HFD; Research Diet 
D12492; 60% kcal% fat), HFD 
with KRG (10 or 50 mg/kg), or 
HFD with SV (10 mg/kg) for 
12 weeks. KRG and SV were 
delivered via gastric gavage. 
At the end of the experiment, 
hippocampus were isolated 
from brain tissues and extracted 
proteins were subjected to 
immunoblot analysis. a Repre-
sentative images of immunob-
lot. b Quantified protein levels 
of APP, BACE-1, and Tau. Data 
are mean ± SD (each group, 
n = 10) and are expressed as a 
relative ratio of proteins levels 
of β-actin. ## and ** indicate 
p < 0.01 compared to ND and 
HFD alone group, respectively. 
KRG Korean red ginseng 
extract, SV simvastatin
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hepatic inflammation (Hsieh et al. 2009). The SV treatment 
suppressed HFD-associated increases in lipid profiles sig-
nificantly but failed to reduce COX-2 expression in the liver. 
Although SV was less effective in reducing the HFD-related 
increase in COX-2, KRG supplementation significantly sup-
pressed the increase in COX-2 mRNA expression. In the 
HFD treatment, significant suppression of lipid profiles 
aimed at the inhibition of HMGR was not sufficient to cor-
rect the pathological phenomena caused by HFD intake. 
Therefore, KRG intake may independently contribute to 
alleviating the unfavourable hepatic pathological transition. 
In the aorta tissue, inflammatory processes in the endothelial 
cells will be influenced by the interactions of cellular adhe-
sion molecules such as ICAM-1 and VCAM-1 (Gangoda 
et al. 2018; Fotis et al. 2012). The thickening of the aortic 
wall and an increase in protein expression of ICAM-1 were 
efficiently improved in the presence of SV and KRG in the 
HFD group (Fig. 6). Obesity is also highly associated with 
hypertension, which further impairs vascular health in sus-
ceptive tissues. Treatment with KRG also suppressed the 
excessive mechanical stretch-associated upregulation of 
ICAM-1 and VCAM-1 in cerebral vascular endothelial cells 
(Fig. 7). The reason why KRG suppresses the cyclic stretch-
associated increases in ICAM-1 and VCAM-1 expression 
is not clear. Various compounds that exist in KRG have 
antioxidant and anti-inflammatory activities, as reviewed 
elsewhere (Li and Ji 2018). This may contribute, at least in 
part, to the suppression of ICAM-1 and VCAM-1 in lipotox-
icity-associated inflammatory conditions. In the brain, HFD 
may disrupt intracellular cholesterol dynamics (Koudinov 
and Koudinova 2005) and play a role in cognitive deficits 
and neuropathological alterations (Zhu et al. 2019; Mastro-
cola et al. 2011). HFD mice showed significantly increased 
expression of BACE1, which contributes to a build-up of 
amyloid-β proteins in the brain (Fig. 8), but this increase 
in BACE1 could not be reversed by the lipid-lowering drug 
SV. Considering the promising roles of BACE inhibitors in 
the suppression of amyloid-β production (Burki 2018), KRG 
intake may be effective in the suppression of the upregulated 
expression of BACE1 in HFD mice, validating its applicabil-
ity for the prevention of amyloid-β production and neuro-
degenerative and neurological disorders (Kim et al. 2018). 
In addition, KRG at 50 mg/kg decreased the production of 
APP and Tau like the SV treatment did. These suppressive 
effects of KRG on the upregulation of Alzheimer-associated 
proteins could be promising in the prevention of cognitive 
impairment induced by lipotoxicity in obesity.

Our study has several limitations. Firstly, only male mice 
were included in the experiment because there are some 
experimental limitations in including female mice due to 
complex behaviours of hormones. If most available parame-
ters such as sex and age are included in the experimental set-
ting, the results will be closer to the truth. In a future study, 

female groups should be included to convincingly justify the 
results. Secondly, the thymus, spleen, and liver are the major 
immune organs and are sensitive to the effects of lipotoxicity 
in the HFD model. Thus, we measured the changes in the 
weights of these organs. Unfortunately, we did not measure 
the weights of the heart, lung, and brain because the changes 
in the weights of these organs are not critically associated 
with lipotoxicity. Thirdly, we did not investigate the com-
bination effect of SV and KRG on the changes in HMGR 
activity. This issue should be resolved in a future study to 
obtain the information on whether KRG supplementation 
provides an additive or cumulative effect on HMGR activity. 
Fourthly, we only measured the mRNA expression levels of 
COX-2. Because, in contrast to the cell-based assay, we can-
not fully exclude the massive degradation of COX-2 protein 
during sample preparations from the euthanised mice. In 
addition, the accumulation of fat in the liver (Fig. 4) and 
liver function tests (Fig. 5a, b) were significantly affected 
by KRG supplementation. Finally, we observed decreased 
levels of APP, BACE1, and Tau after KRG supplementa-
tion in the HFD group. However, direct evidence showing 
the decreased levels of amyloid-β in the KRG treated group 
was not present in this experiment. Considering previous 
reports (Kasi et al. 2018; Chu et al. 2014), KRG may attenu-
ate the deposition of amyloid-β directly. In a future study, the 
suppressive effect of KRG on the deposition of amyloid-β 
should be demonstrated directly in HFD conditions.

Conclusion

HFD intake causes inflammatory responses of the liver, 
aorta, and the brain, which are associated with lipotoxicity. 
The supplementation of KRG will be beneficial to reduce 
the multi-organ inflammation mediated by HFD intake. 
However, the underlying molecular mechanisms of KRG 
involved in the suppression of lipotoxicity should be further 
investigated.
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