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Introduction

The liver plays a key role in the regulation of metabolism, 
homeostasis and immunological activities (Nesseler et al. 
2012). However, these vital functions are usually affected 
by inflammatory factors, oxidative stress and pathogens and 
lipopolysaccharide (LPS), a major component of the outer 
membrane of gram-negative bacteria, is the most character-
ized pathogen that triggers systemic inflammatory response, 
leading to the dysfunction of multiple organs, particularly 
liver (Cecconi et al. 2018; Lee et al. 2019). This may result 
from immune cell infiltration in liver as well as the overpro-
duction and prolonged secretion of inflammatory mediators 
and oxidative stress (Li et al. 2016).

Under the stimulation of LPS, various signaling path-
ways including nuclear factor kappa-light-chain-enhancer 
of activated B (NF-κB), mitogen-activated protein kinases 
(MAPKs) and Janus kinase/signal transducers and activators 
of transcription (JAK/STAT) are activated, resulting in the 
upregulation of a variety of pro-inflammatory mediators and 
cytokines, such as inducible nitric oxide synthase (iNOS), 
tumor necrosis factor alpha (TNF-α) and interleukin-1 beta 
(IL-1β), which play an important role in inflammatory pro-
cess (Lee et al. 2017; Huynh et al. 2020a). Additionally, 
transforming growth factor-β activated kinase-1 (TAK1), a 
member of the mitogen-activated 3 kinase family, is also 
activated by a wide range of inflammatory stimuli such as 
inflammatory cytokines and toll-like receptor (TLR) ligands 
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(Mihaly et al. 2014), which leads to the activation of NF-κB 
(Irie et al. 2000). Furthermore, activation of MAPKs lead to 
reduction in antioxidant enzymes (Bak et al. 2012).

Reactive oxygen species (ROS) accumulation induced by 
LPS leads to the state of oxidative stress, which also pro-
motes the inflammatory progression (Lugrin et al. 2014). 
Nuclear factor-erythroid 2-related factor 2 (Nrf2), which is 
a transcription factor that plays a pivotal role in regulating 
the expression of antioxidant genes, such as heme oxyge-
nase 1, NAD(P)H quinone oxidoreductase 1, superoxide dis-
mutase (SOD), glutathione peroxidase (GPx) and catalase 
(Taguchi and Kensler 2020). Notably, this transcription fac-
tor has been demonstrated to contribute to the suppression 
of inflammatory conditions by regulating gene expression 
via the antioxidant response element (ARE) (Ahmed et al. 
2017). The upregulation of antioxidant genes mediated Nrf2 
has been revealed to inhibit the expression of pro-inflamma-
tory cytokines (Ahmed et al. 2017). Therefore, targeting the 
Nrf2 signaling not only controls oxidative stress, but also 
ameliorates the inflammatory process, which is a potential 
therapeutic to protect liver function during sepsis condition.

Ginsenosides (G), the major active components of Panax 
ginseng Mayer (P. ginseng), which have been demonstrated 
to exhibit various pharmacological effects, including  
antioxidant, anticancer, anti-inflammatory effects and ben-
eficial effects on cardiovascular diseases and immunodefi-
ciency (Baatar et al. 2018; Huynh et al. 2020a; Jin et al. 
2020). Particularly, ginsenoside-Rg2 (G-Rg2) and -Rh1 
(G-Rh1) are classified as minor ginsenosides, which can be 
converted from the major ginsenosides Re and Rg1 (Quan 
et al. 2012; Kim 2018). In our previous study, G-Rg2 and 
-Rh1 has been revealed to exert the anti-inflammatory effect 
in LPS-stimulated macrophages and the protective effects 
on liver and kidney injury through the inhibition of TLR4-
STAT1 signaling pathway (Huynh et al. 2020a). However, 
whether the beneficial effects of this combination on the 
regulation of oxidative stress to protect liver function from 
inflammatory responses still remains to be elucidated. In 
this study, we further investigated the effects of G-Rg2 and 
-Rh1 on maintaining the redox balance to protect liver func-
tion during sepsis shock induced by LPS and the potential 
mechanisms in liver cells and macrophages.

Materials and methods

Materials

Primary antibodies for phospho-NF-κB p65, STAT3, phos-
pho-STAT3, phospho-TAK1, extracellular signal-regulated 
kinase 1/2 (ERK1/2), phospho-ERK1/2, c-Jun N-terminal 
kinase (JNK), phospho-JNK, p38, phospho-p38, Nrf2 and 
histone deacetylase 1 (HDAC1) were purchased from Cell 

Signaling Technology, Inc. (Danvers, MA, USA). Antibod-
ies for TAK1, TNF-α, IL-1β and CD45 were purchased from 
Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Anti-
iNOS antibody was purchased from Cayman chemical, Inc. 
(Ann Arbor, MI, USA). Anti-α-tubulin antibody, anti-IgG 
antibody, LPS, dexamethasone (Dex), 5,5′,6,6′-tetrachloro-
1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-
1), thioglycolate broth, 2′,7′-dichlorodihydrofluorescein 
diacetate (DCF-DA), hematoxylin and eosin (H&E) were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Mounting medium with 4′,6-diamidino-2-phenylindole 
(DAPI) was purchased from Vector Laboratories, Inc. (Burl-
ingame, CA, USA). Phosphate buffered saline (PBS) and 
reverse transcription 5X master mix were purchased from 
Elpisbio (Daejeon, Korea). Bovine serum albumin (BSA) 
was purchased from Bioworld (Dublin, OH, USA). Tri-RNA 
reagent was purchased from Favorgen (Pingtung, China). 
Dulbecco’s modified Eagle’s medium (DMEM) and fetal 
bovine serum (FBS) were purchased from Gibco (Carlsbad, 
CA, USA). G-Rg2 and G-Rh1 (purity 99%) were purchased 
from Ace EMzyme (Anseong-si, Kyeonggi-do, Korea). In 
G-Rg2 and -Rh1, G-Rg2 and G-Rh1 were prepared by mix-
ing in a 1:1 ratio, e.g., 10 μg/mL of the combination con-
tained 5 μg/mL Rg2 and 5 μg/mL Rh1, and so forth.

Cell culture

HepG2 cell line was purchased from Korea Cell Line Bank 
(KCLB, #88065, Seoul, Korea). The cells were maintained 
by DMEM including 10% FBS, 100 U/mL penicillin and 
streptomycin at  37◦C in humidified atmosphere 5%  CO2 
(HERAcell 150i, hermo Electron Corp., Waltham, MA, 
USA).

Proliferation assay

Proliferation of HepG2 cells was determined using a 
Muse®Ki67 Proliferation Kit (Merck Millipore, Billerica, 
MA, USA). HepG2 cells were treated with various concen-
trations of G-Rg2 and -Rh1 for 24 h. After treatment, cells 
were collected by trypsinization, fixed, permeabilized and 
labelled with Muse® human Ki-67-PE or Muse® human 
IgG1-PE antibody. Afterwards, the cells were detected 
by Muse® Cell Analyzer and the data was analyzed with 
Muse® 1.5 analysis software.

Measurement of reactive oxygen species

Intercellular ROS was measured by using DCF-DA. HepG2 
cells were seeded into 96-well plates at the 1 × 104 cells/well 
overnight. After starvation for 4 h, HepG2 cells were pre-
treated with various concentrations of G-Rg2 and -Rh1 for 
3 h prior to 500 ng/mL LPS treatment for 24 h. Next, cells 
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were incubated with 10 µM DCF-DA solution for 30 min 
at 37 °C. After labeling with DCF-DA, residual DCF-DA 
was removed and cells were washed with PBS and added 
100 µl PBS for measuring fluorescence intensity of DCF at 
an excitation wavelength 485 nm and emission wavelength 
535 nm using the fluorescence microplate reader (TECAN, 
Männedorf, Switzerland).

Western blot analysis

The cells were seeded into 12-well plates. After the starva-
tion with FBS-free medium for 4 h, cells were pretreated 
with various concentrations of G-Rg2 and -Rh1 followed 
by LPS treatment depending on different experiments. After 
treatment, cells were lysed using 2X SDS lysis buffer (1 M 
Tris–HCl (pH 7.4), 25% Glycerol, 10% SDS, 5% 2-mercap-
toethnol and 1% bromphenol blue). Cell lysates were boiled 
at 95 °C for 10 min and afterward resolved by sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred onto a nitrocellulose membrane. Then, the 
membranes were blocked for 1 h at room temperature (RT) 
using 5% skim milk, incubated with primary antibodies at 
4 °C overnight, and then incubated with secondary anti-
bodies for 90 min at RT. After being washed 5 times with 
PBS, proteins on membranes were visualized by using the 
enhanced chemiluminescence detection reagents (Amersham 
Pharmacia Biotech, Piscataway, NJ, USA).

Real‑time quantitative reverse transcription‑polymerase 
chain reaction (qRT‑PCR)

After treatment, total RNA was extracted from cells using 
Tri-RNA reagent according to the manufacturer’s instruc-
tions (Favorgen, Pingtung, China). Total RNA (1 µg) was 
reverse transcribed into single-stranded cDNA using the 
reverse transcription 5X master mix. The mRNA expression 
of the genes was quantified with iQ™ SYBR green supermix 
(Bio-rad Inc., Hércules, CA, USA) using a CFX Connect™ 
(Bio-rad Inc.). The  2−∆∆Ct method was used to calculate the 
fold-change in genes expression (GAPDH was used as the 
internal control). The following primers and probes were 
used: TNF-α (mouse), forward-5′-GCC TCT TCT CAT TCC 
TGC TTG-3′ and reverse-5′-CTG ATG AGA GGG AGG CCA 
TT-3′; iNOS (mouse), forward-5′-TTG GAG CGA GTT GTG 
GAT TTG-3′ and reverse-5′-GTA GGT GAG GGC TTG GCT 
GA-3′; IL-1β (mouse), forward-5′-AAC CTG CTG GTG TGT 
GAC GTTC-3′ and reverse-5′- CAG CAC GAG GCT TTT TTG 
TTGT-3′; GAPDH (mouse), forward-5′-AAC GTC ATC CCA 
GAG CTG AA-3′ and reverse-5′-CTG CTT CAC CAC CTT 
CTT GA-3′; SOD (human), forward-5′-TGG AGA TAA TAC 
AGC AGG CT-3′ and reverse-5′-AGT CAC ATT GCC CAA 
GTC TC-3′; GPx-1 (human), forward-5′-AGA AGT GCG 
AGG TGA ACG GT-3′ and reverse-5′-CCC ACC AGG AAC 

TTC TCA AA-3′; β-actin (human), forward-5′-TCC ACC 
TTC CAG CAG ATG TG-3′ and reverse-5′-GCA TTT GCG 
GTG GAC GAT -3’.

Mitochondrial membrane potential assay

JC-1 is a cationic dye, expressing the fluorescence emis-
sion in two types, including red (J aggregates) and green (J 
monomers). The decrease in red intensity and increase in 
green intensity exhibit the loss of mitochondrial membrane 
potential. For this experiment, HepG2 cells were seeded on 
coverslips in 12-well plates overnight at 37 °C and 5%  CO2. 
After reaching 80% confluence and starvation with FBS-free 
medium for 4 h, HepG2 cells were treated with G-Rg2 and 
-Rh1 (10, 25, 50 µg/mL) for 3 h followed by stimulation with 
LPS (1 µg/mL) for 12 h. 2 µM Dex was used as a positive 
control. Then, the cells were proceeded to incubation with 
10 µg/mL JC-1 for 20 min at 37 °C and 5%  CO2. The cells 
were then observed under a laser scanning confocal spectral 
microscope (K1-Fluo, Nanoscope systems, Daejeon, Korea).

Luciferase reporter gene assay

Luciferase reporter gene assay was performed as described 
previously (Huynh et al. 2020b). Briefly, HepG2 cells seeded 
in 12-well plates were co-transfected with pARE and pRL-
TK (normalization control) reporter gene. Then, the cells 
were pretreated with different concentrations of G-Rg2 and 
-Rh1 for 3 h followed by treatment with or without LPS 
(500 ng/mL) for 12 h. ARE promoter activity was measured 
with dual-luciferase kit (E1960, Promega) using a Glomax 
20/20 luminometer (Promega BioSystems Sunnyvale, Inc., 
USA).

Preparation of cytosolic and nuclear fractions

The HepG2 cells were pretreated with G-Rg2 and -Rh1 (25, 
50 µg/mL) for 3 h followed by LPS (500 ng/mL) or  H2O2 
(200 µM) for 24 h. Nuclear proteins were prepared as previ-
ously described (Huynh et al. 2020a). The nuclear extracts 
were subjected to western blot analysis.

Immunofluorescence staining

Immunofluorescence staining was performed as described 
previously (Hai et al. 2019). HepG2 cells were seeded on 
coverslips in 12-well plates overnight at 37 °C and 5%  CO2. 
After treatment, the cells were fixed with 4% paraformal-
dehyde for 15 min at RT, washed 3 times using PBS, then 
permeated with 0.2% Triton X-100 for 10 min, and further 
washed 2 times with PBS. After that, the cells were blocked 
with 3% BSA for 30 min at RT before proceeding incuba-
tion with first antibody for 2 h at RT. The processed cells 
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were incubated with fluorescent secondary antibodies for 
1 h at RT followed by DAPI staining for nuclear detection. 
Subsequently, the cells were observed using a laser scanning 
confocal spectral microscope (K1-Fluo, Nanoscope systems, 
Daejeon, Korea). Image J software was used for quantitative 
analysis.

Animal experiments

ICR mice (male) were obtained from Samtako (Osan, 
Korea). The mice were acclimated for a week before the 
experiments and fed with standard mice feed under the 
23 ± 2 °C, 12:12 dark to light conditions. All animal studies 
were performed with the approval from Institutional Animal 
Care and Use committee of Chungnam National University 
(201912-CNU-191). Mice were randomly divided into 3 
groups (group 1: control group, group 2: 10 mg/kg LPS, 
group 3: 20 mg/kg G-Rg2 and -Rh1 + 10 mg/kg LPS for 
24 h, n = 5 in each group). Mice were administered G-Rg2 
and -Rh1 at a dosage of 20 mg/kg for 24 h by intraperito-
neal injection except groups 1 and 2. After 24 h, the mice 
of groups 2 and 3 were intraperitoneal injected with 10 mg/
kg LPS for 24 h. Then, the mice were sacrificed, and tissues 
were collected. Liver tissues were fixed with 4% paraform-
aldehyde and embedded in paraffin for histological analysis.

Isolation of peritoneal macrophages

ICR mice were intra-peritoneal injected with 4% thiogly-
colate broth as described previously (Huynh et al. 2020a). 
After 48 h, peritoneal macrophages in peritoneal cavity 
were collected using DMEM containing 10% FBS, 100 U/
mL penicillin and streptomycin. After brief centrifuge, the 
pellets afterward were collected, suspended and seeded into 
6-well plates overnight at 37 °C under 5% CO2 in a humidi-
fied incubator before treatment.

Histological analysis

3 μm thick sections of liver tissues were cut using auto-
mated rotary microtome and were stained with H&E stain 
to evaluate pathological changes in tissue. The sections 
were examined using the light microscope (Olympus IX71, 
Tokyo, Japan).

Immunohistochemistry (IHC) staining

IHC staining was performed as described previously 
(Huynh et al. 2020a). Briefly, 3 μm thick sections of liver 
tissue were deparaffinized and rehydrated prior to incu-
bation with 1% hydrogen peroxide for 10 min. To avoid 
non-specific binding, sections were blocked with 5% BSA 
in 30 min. Then, the sections were incubated with primary 

antibodies at RT for 2 h followed by incubation in bioti-
nylated secondary antibody for 1 h, the avidin–biotin com-
plex (ABC) and the 3,3′-diaminobenzidine (DAB) chro-
mogens reaction, respectively. To counterstain nuclear, 
hematoxylin was used. Next, sections were proceeded to 
dehydration before mounting. The sections were analyzed 
under the light microscope (Olympus IX71, Tokyo, Japan).

Statistical analysis

All experiments were performed independently at least 
3 times. All data was presented usingGraphPad Prism 5 
(version 5.02, GraphPad Software Inc., San Diego, CA, 
USA) for statisticalanalysis. One-way analysis of variance 
(ANOVA) followed by a Bonferroni multiple comparison-
was used. All results were expressed as the mean ± SEM. 
A p value < 0.05 was considered significant.

Results

Effects of G‑Rg2 and ‑Rh1 on cell proliferation 
and STAT3 and TAK1 signaling pathways in HepG2 
cells

To choose appropriate concentrations of ginsenoside for 
treatment condition, we first investigated cytotoxicity of 
G-Rg2 and -Rh1 in HepG2 cells via Ki67 proliferation 
assay. The cells were treated with various concentrations 
of G-Rg2 and -Rh1 (0, 25, 50, and 100 µg/mL) for 24 h. 
Ki67 is a nuclear protein which is absent in phage  G0 and 
presenting in phages  G1, S,  G2 and mitosis, indicating for 
proliferating cells (Scholzen and Gerdes 2000). As shown 
in Fig. 1a and b, there were no significant changes in cell 
proliferation and cytotoxicity by treatment with G-Rg2 and 
-Rh1 up to 100 µg/mL in HepG2 cell line. Therefore, we 
chose the concentration of G-Rg2 and -Rh1 at 50 µg/mL 
for following experiments. Next, we investigated effects 
of G-Rg2 and -Rh1 on key signaling pathways of inflam-
mation and oxidative stress including STAT3 and TAK1 
and its downstream targets, MAPKs in HepG2 cells. We 
found that ginsenoside treatment inhibited phosphoryla-
tion of STAT3, TAK1 and JNK in a dose-dependent man-
ner (Fig. 1c). However, there were no remarkable changes 
in phosphorylation of p38 and ERK1/2 (Fig. 1c). We fur-
ther examined above proteins under LPS stimulation in 
HepG2 cells. As shown in Fig. 1d and e, a dose-dependent 
downregulations of LPS-induced phosphorylation against 
STAT3, TAK1 and JNK were observed in ginsenoside-
treated groups.
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Effect of G‑Rg2 and ‑Rh1 on LPS‑induced 
inflammation in peritoneal macrophages

Since peritoneal macrophages are involved in systemic 
inflammation, we further investigated anti-inflammatory 
effects of G-Rg2 and -Rh1 on these cells stimulated with 
LPS. Peritoneal macrophages were pretreated with vari-
ous concentrations of G-Rg2 and -Rh1 for 2 h and then 
treated with or without LPS (200 ng/mL) for 3 h. The 
phosphorylation of STAT3 and TAK1 was significantly 
increased in LPS-stimulated peritoneal macrophages, 
whereas G-Rg2 and -Rh1 pretreatment markedly reduced 
the LPS-induced phosphorylation of STAT3 and TAK1 in 
a dose-dependent manner (Fig. 2a, b). Furthermore, effect 
of ginsenoside on major inflammatory transcriptional fac-
tor, NF-κB activation was examined and we found that 
LPS-stimulated NF-κB phosphorylation was strongly 
suppressed by the ginsenoside treatment (Fig. 2c). We 
next examined inflammatory mediators, including iNOS, 
TNF-α and IL-1β, using western blot analysis (Fig. 2d) and 
qRT-PCR (Fig. 2e-g). Consistently, ginsenoside treatment 

exhibited the significant inhibition in LPS-triggered pro-
duction of iNOS, TNF-α and IL-1β in terms of both pro-
tein expressions (Fig. 2d) and mRNA levels (Fig. 2e–g). 
Taken together, these results implied that inflammation in 
peritoneal macrophages induced by LPS treatment signifi-
cantly inhibited by G-Rg2 and -Rh1, which in turn con-
tributes liver inflammation.

Effects of G‑Rg2 and ‑Rh1 on NF‑κB inflammatory 
signaling pathway in HepG2 cells

Since TAK1 and STAT3 activated inflammatory signaling 
pathway is associated with activation of NF-κB, leading 
to the subsequent inflammation (Irie et al. 2000; Liu et al. 
2018), the effects of G-Rg2 and -Rh1 on NF-κB p65 activity 
were elucidated by immunofluorescence staining in HepG2 
cells. LPS treatment significantly increased NF-κB p65 in 
both cytosol and nuclear compared with untreated group, 
whereas it was effectively suppressed by G-Rg2 and -Rh1 
treatment (Fig. 3a, b).

Fig. 1  Cytotoxicity on HepG2 cells demonstrated by cell proliferation and inhibitory effect of ginsenoside Rg2 and Rh1 combination (G-Rg2 
and -Rh1) on STAT3 and TAK1 signaling pathways. a Histogram of Ki67 expression in HepG2 cells treated with different concentrations of 
G-Rg2 and -Rh1 for 24 h. Ki67-positive cells were assessed using Muse® Ki67 proliferation assay, indicating for proliferating cells. b Quanti-
fied bar graph indicates Ki67 expression in ginsenoside-treated groups compared to the vehicle group. Data shown are representative of two 
independent experiments. c‑d Expression of phosphorylated and total protein was analyzed by western blotting. HepG2 were treated with vari-
ous concentrations G-Rg2 and -Rh1 for 30  min followed by treatment with or without lipopolysaccharide (LPS) (500  ng/mL) for 30  min. e 
Quantitative data of the relative protein expression levels of the phosphorylated form to the total form. Data represents the mean ± SEM of two 
independent experiments. ***p < 0.001 versus control, ##p < 0.01 and ###p < 0.01 compared to LPS-treated group
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Fig. 2  Inhibitory effect of G-Rg2 and -Rh1 on LPS-induced inflammation in peritoneal macrophages. Peritoneal macrophages were pretreated 
with various concentrations of G-Rg2 and -Rh1 for 2 h and then treated with or without LPS (200 ng/mL) for indicated times in each figure (a‑
g). a Inflammatory makers (phosphorylated and total forms of STAT3 and TAK1) were evaluated by western blot analysis. b Quantitative data 
of the relative protein expression levels of the phosphorylated form to the total form. c Phosphorylated form of NF-κB p65 was determined by 
western blot analysis. d Expression of inflammatory mediators including iNOS, TNF-α, and cytokine IL-1β determined by western blot analy-
sis. e–g Cellular mRNAs of iNOS, TNF-α and IL-1β were analyzed by quantitative reverse transcription-polymerase chain reaction. GAPDH 
was used as the housekeeping gene. Each value of the ratio of mRNA represents the mean ± SEM of two independent experiments. *p < 0.05, 
***p < 0.001 versus control group, #p < 0.05, ##p < 0.01 compared to LPS-treated group

Fig. 3  Effects of G-Rg2 and -Rh1 on NF-κB inflammatory signaling pathway in HepG2 cells. a Immunofluorescence analysis was performed 
after fixing and immunostaining with NF-kB p65 and α-tubulin. DAPI was co-stained for visualizing nucleus. Images are shown using a laser 
scanning confocal spectral microscope. Scale bar indicates 30 μm. b Nuclear NF-κB p65 was quantified in the bar graph using Image J software. 
Data are represented as mean ± SEM (n = 6). **p < 0.01 versus vehicle group, #p < 0.05 and ##p < 0.01 compared to LPS-treated group
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Effect of G‑Rg2 and ‑Rh1 on LPS‑induced 
mitochondrial dysfunction in HepG2 cells

Mitochondrial dysfunction is involved in excessive levels 
of ROS, leading to liver disorders (Hassanein and Frederick 
2004). Thus, we further investigated the protective effect of 
G-Rg2 and -Rh1 on mitochondria under LPS stimulation. 
HepG2 cells were pretreated with different concentrations 
of G-Rg2 and -Rh1 for 3 h followed by stimulation with 
1 µg/mL LPS for 12 h. Dex (2 µM) was used as a posi-
tive control. We found that LPS treatment resulted in the 
remarkable shift of fluorescence emission from red (aggre-
gates) to green (monomers) in the comparison with control 
(p < 0.001), which indicated for a decline in mitochondrial 
membrane potential (Fig. 4a, b). Interestingly, the treatment 
with G-Rg2 and -Rh1 significantly rescued the loss of mito-
chondrial membrane potential trigged by LPS in a dose-
dependent manner (Fig. 4a, b). These results suggest that 
the combination of G-Rg2 and -Rh1 possesses the positive 
effect in preserving mitochondrial function impaired by LPS 
in HepG2 cells.

Effect of G‑Rg2 and ‑Rh1 treatment on ROS 
production and Nrf2/ARE anti‑oxidant pathway 
under LPS stimulation in HepG2 cells

ROS are associated with inflammation formation, which 
in turn leads to liver injury (Jaeschke 2000). On the other 
hand, under physiological conditions, antioxidant sys-
tems play a pivotal role in maintain redox status balance 

by scavenging excessive ROS (Nguyen et al. 2009). To 
investigate anti-oxidant effects of G-Rg2 and -Rh1, we 
first explored effect of G-Rg2 and -Rh1 on LPS-induced 
ROS production using DCF-DA assay in HepG2 cells. 
We found that LPS-treated group significantly increases 
ROS level compared with the control (p < 0.001), while 
pretreatment with G-Rg2 and -Rh1 at 10, 25 and 50 µg/
mL effectively inhibited LPS-induced ROS generation 
(Fig. 5a). Next, to clarify changes in antioxidant systems, 
we evaluated ARE promotor activity and Nrf2 expres-
sion. The results of ARE-luciferase assay showed that 
G-Rg2 and -Rh1 dose-dependently elevated ARE promo-
tor activity in HepG2 cells (Fig. 5b) as well as recovered 
LPS-decreased ARE activity in the cells (Fig. 5c). West-
ern blot analysis and immunofluorescence staining also 
demonstrated that G-Rg2 and -Rh1 restored Nrf2 nuclear 
translocation diminished by LPS (500 ng/mL) or  H2O2 
(200 µM)-induced ROS stimulation (Fig. 5d–g). Since 
Nrf2 is a transcription factor that regulates the expres-
sion of antioxidant genes, we next investigated the effects 
of G-Rg2 and -Rh1 on mRNA expression of antioxidant 
genes including SOD and GPx-1. We found that G-Rg2 
and -Rh1 treatment significantly recovered LPS-induced 
suppression of SOD and GPx-1 (Fig. 5h, i). It suggests that 
G-Rg2 and -Rh1 enhances antioxidant genes via up-regu-
lating ARE-Nrf2 transcriptional activity. Collectively, our 
findings demonstrate that G-Rg2 and -Rh1 exerts potential 
effects in balancing ROS levels by enhancing Nrf2/ARE 
antioxidant defense.

Fig. 4  G-Rg2 and -Rh1 protects HepG2 cells against LPS-induced mitochondrial dysfunction. HepG2 cells were treated with different concen-
trations of G-Rg2 and -Rh1 for 3 h followed by stimulation with LPS (1 µg/mL) for 12 h. a Mitochondrial membrane potential was determined 
with JC-1 staining using confocal microscopy. The fluorescence emission turns from red (JC-1 aggregates) to green (JC-1 monomers) exhibits 
for mitochondrial membrane damages. Dexamethasone at 2 µM (Dex) was used as a positive control. b Quantitative analysis of red/green fluo-
rescent intensity using Image J software. Data are represented as mean ± SEM (n = 6). ***p < 0.001 compared with control sample, #p < 0.05 and 
##p < 0.01 compared to LPS-treated group
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Protective effect of G‑Rg2 and ‑Rh1 in LPS‑induced 
liver damage

We used the acute peritonitis mouse model following LPS 
(10 mg/kg) injection intraperitoneally as indicated in Fig. 6a. 
H&E data showed that LPS treatment significantly induced 
liver injury compared to the control, showing through 
increased appearances of immune cell infiltration and vacu-
olization. Intriguingly, these damages were dramatically 
suppressed in the G-Rg2 and -Rh1-treated group (Fig. 6b, 
top panel and Fig. 6c). Since inflammation results in liver 
damages in these animal models, IHC staining for CD45 
and Nrf2 was conducted to determine anti-inflammatory and 
antioxidant effects of G-Rg2 and -Rh1. As seen in Fig. 6b 
(middle panel) and 6E, the increment of intensity of CD45 

in the LPS group markedly decreased by G-Rg2 and -Rh1 
treatment compared to control group. In addition, G-Rg2 and 
-Rh1 treated group altered LPS-inhibited Nrf2 expression 
compared to liver tissue of control group (Fig. 6b, bottom 
panel and 6d). Altogether, G-Rg2 and -Rh1 administration 
are able to inhibit LPS-induced liver injury.

Discussion

Excessive accumulation of ROS and inflammatory responses 
play a vital role in liver dysfunction. Various natural com-
pounds have been reported to exert protective effect on liver 
due to their anti-inflammatory and anti-oxidant effects (Qi 
et al. 2017; Jiang et al. 2018; Yang et al. 2018). Furthermore, 

Fig. 5  Effect of G-Rg2 and -Rh1 treatment on ROS production and Nrf2/ARE anti-oxidant pathway under LPS stimulation in HepG2. a Meas-
urement of ROS using DCF-DA assay in HepG2 cells pretreated with various concentrations of G-Rg2 and -Rh1 for 3 h prior to 500 ng/mL 
LPS treatment for 24 h. b‑c HepG2 cells co-transfected with pARE and pRL-TK (normalization control) reporter gene 24 h, were pretreated 
with G-Rg2 and -Rh1 for 3 h and then treated with or without LPS (500 ng/mL) for 12 h. ARE promoter activity was measured by luciferase 
assay. Data are represented as mean ± SEM of three experiments. d HepG2 cells were pretreated with G-Rg2 and -Rh1 for 3 h prior to 500 ng/
mL LPS treatment for 24 h. Nuclear proteins extracted were subjected to western blotting. Histone deacetylase 1 (HDAC1) was used as loading 
control for nuclear proteins. e HepG2 cells were pretreated with G-Rg2 and -Rh1 for 3 h followed by 200 µM  H2O2 treatment for 24 h. Nuclear 
proteins extracted were subjected to western blotting. HDAC1 was used as loading control for nuclear proteins. f Nrf2 translocation examined 
using immunofluorescence analysis. HepG2 cells were pretreated with G-Rg2 and -Rh1 (25 µg/mL) for 3 h prior to LPS (1 µg/mL) treatment for 
12 h. Immunofluorescence analysis was performed after fixing and immunostaining with Nrf2 and α-tubulin. DAPI was co-stained for visualiz-
ing nucleus. Images were shown using a laser scanning confocal spectral microscope. Scale bar indicates 30 μm. g Nuclear Nrf2 was quantified 
in the bar graph using Image J software. Data are represented as mean ± SEM (n = 6). (H‑I) HepG2 cells were treated with various concentra-
tions of G-Rg2 and -Rh1 (10, 25 µg/mL) for 3 h followed by LPS (1 µg/mL) treatment for 12 h. Cellular mRNA levels of SOD and GPx from 
HepG2 cells was analyzed by qRT-PCR reaction. β-actin was used as the housekeeping gene. Each value of the ratio of mRNA represents the 
mean ± SEM of two independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 versus control group, #p < 0.05, ##p < 0.01 and ###p < 0.01 
compared to LPS-treated group
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combination of natural compounds is a potential strategy 
that can facilitate a high efficiency with a lower dosage to 
reduce drug toxicity.

In previous studies, G-Rg2 has been found to have anti-
depressant-like and anti-adipogenesis effects and reduce 
hepatic glucose production in HepG2 cells (Yuan et al. 2012; 
Ren et al. 2017; Liu et al. 2019). We also previously dem-
onstrated that G-Rg2 and -Rh1 displayed synergistically the 
anti-inflammatory effect on LPS-stimulated macrophages 
as well as kidney and liver injury through suppressing the 
expression of pro-inflammatory cytokines and mediators via 
the inhibition of TLR4/STAT1 signaling pathway. In this 
study, we extended the investigation of this combination 
effect on liver function. Subsequently, the results revealed 
that G-Rg2 and -Rh1 repressed inflammatory response not 
only by inhibiting the inflammatory pathway, but also by 
upregulating the Nrf2 anti-oxidant signaling pathways in 
macrophages and liver cells, which consequently exerted 
the protective effect on liver function under the stimulation 
of LPS.

Previous studies showed that TAK1 activation is associ-
ated with LPS-induced NF-κB activation in macrophages, 
leading to the subsequent inflammation (Irie et al. 2000). In 
the current study, LPS treatment induced TAK1 activation 
and increased protein and gene expressions of pro-inflamma-
tory cytokines (TNF-α and IL-1β) and iNOS associated with 
activation of NF-κB transcription factor. However, G-Rg2 
and -Rh1 suppressed all these effects, and thereby, sup-
pressed the inflammatory responses in LPS-treated HepG2 
cells and peritoneal macrophages (Figs.  1, 2, 3). These 
results suggest that one of the mechanisms by which G-Rg2 
and -Rh1 alleviate inflammation in LPS-treated cells is to 
reduce the transcriptional activity of NF-κB through sup-
pressing the activation of TAK1.

In addition to TAK1 activation, STAT3, a member 
of the STAT family, plays a vital role in inflammation 
(Walker and Frank 2012; Villarino et  al. 2015). LPS-
induced JAK/STAT3 activation leads to the activation 
of the downstream NF-κB involved in transcription of 
pro-inflammatory genes (Liu et al. 2018). In our study, as 

Fig. 6  Protective effect of G-Rg2 and -Rh1 in LPS-induced liver damage. a Animal experimental scheme. b‑c Liver tissue was collected from 
mice applied intraperitoneal injection of G-Rg2 and -Rh1 (20 mg/kg) for 24 h followed by with or without LPS (10 mg/kg) treatment 24 h. b 
H&E and IHC staining of Nrf2 and CD45 in the liver sections. Scale bar indicates 100 µm. c Quantified bar graph indicates tubular injury score 
of liver tissues treated with control, LPS, and G-Rg2 and Rh1. d‑e Quantified bar graph indicates CD45 (d) and Nrf2 (e) expression in liver tis-
sues. ***p < 0.001 versus control group, ###p < 0.001 compared to LPS-treated group
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shown in Fig. 2a, G-Rg2 and -Rh1 inhibited the phospho-
rylation of STAT3 in peritoneal macrophages. In addition 
to the inhibitory effect on STAT1 activity as we demon-
strated in previous study, G-Rg2 and -Rh1 also suppressed 
LPS-induced STAT3 activation, which is possibly a poten-
tial mechanism to protect liver from LPS-induced systemic 
inflammation.

Since oxidative stress is highly linked to inflammatory 
process, we examined the effects of the combination on 
ROS levels in HepG2 stimulated with LPS. Interestingly, 
G-Rg2 and -Rh1 reduced LPS-stimulated ROS accumu-
lation and restored LPS-impaired mitochondrial function 

(Fig. 4, 5a). Redox homeostasis is closely linked to mito-
chondrial function (Qi et al. 2017). Notably, antioxidant 
treatment has been shown to recover impaired mitochon-
drial function in a sepsis model (Zapelini et al. 2008). 
Consistently, G-Rg2 and -Rh1 was found to increase ARE 
promoter activities and protein expression of Nrf2 in a 
dose-dependent manner (Fig. 5). These results indicate 
that in addition to the anti-inflammatory effect, G-Rg2 and 
-Rh1 the combination also exerted the antioxidant activ-
ity, which may further enhance the inhibitory effect of the 
combination on inflammation progression.

Fig. 7  A schematic diagram representing the signaling pathways involved in antioxidant and anti-inflammatory effects of G-Rg2 and -Rh1 in 
HepG2 cells. The combination of these ginsonosides impaired the binding of LPS to TLR4, leading to downregulation of the TLR4/TAK1 
signaling pathway. In general, the phosphorylation of TAK1 results in activation and nuclear translocation of NF-κB, which in turn produces 
the transcription of inflammatory cytokines and mediators such as TNF-α, IL-1β and iNOS. In addition to TAK1 activation, LPS up-regulates 
the phosphorylation of STAT3, leading to increase inflammation through nuclear translocation of NF-κB. TAK1 activation also induces phos-
phorylation of JNK, causing reduction of nuclear accumulation of Nrf2 and the activity of ARE promotor. As a result, the productions of anti-
oxidant enzymes such as NQO-1, GPx-1, SOD are diminished, resulting in an increase of intracellular ROS levels. In this study, G-Rg2 and 
-Rh1 not only decreased inflammatory cytokines and mediators, but also effectively inhibited mitochondrial damage-induced ROS production. 
LPS lipopolysaccharide, TLR4 toll-like receptor 4, ROS reactive oxygen species, TAK1 transforming growth factor β-activated kinase 1, NF-κB 
nuclear factor-kappa B, STAT3 signal transducer and activator of transcription 3, TNF-α tumor necrosis factor-alpha, iNOS inducible nitric oxide 
synthase, IL-1β interleukin-1 beta, JNK c-Jun N-terminal kinase, Nrf2 nuclear factor-erythroid 2-related factor 2, ARE antioxidant response ele-
ment, NQO-1 NAD(P)H quinone oxidoreductase-1, SOD superoxide dismutase, GPx-1 glutathione peroxidase-1, P phosphorylation
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Excessive ROS production is closely associated with 
cell death, which contributes to the progression of inflam-
mation (Jaeschke 2000). In the present study, G-Rg2 and 
-Rh1 reduced LPS-increased ROS generation, and thereby 
supported liver cell survival, decreasing the inflammatory 
responses in the cells. Consistent to the in vitro results, 
H&E and IHC staining of liver tissues showed G-Rg2 and 
-Rh1 treatment had a recovery effect on LPS-induced path-
ological changes and immune cell infiltration accompanied 
by Nrf2 expression (Figs. 6, 7). Altogether, these findings 
indicate that maintaining the balance of redox status in 
liver cells plays an important role in protecting the liver 
from the inflammatory stimuli, and the compounds with 
anti-oxidant properties serve as potential candidates for 
this issue.

In conclusion, our study illustrated that G-Rg2 and 
-Rh1 exerted a protective effect on liver function under 
LPS challenging by increasing anti-inflammatory effect 
and antioxidant activity through the STAT3/TAK1-medi-
ated NF-κB and Nrf2-ARE signaling pathways in mac-
rophages and liver cells.
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