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Introduction 
 
Liver cancer poses a significant threat to human 
health and ranks as the third leading cause of  

cancer-related deaths worldwide, with hepatocel-
lular carcinoma (HCC) accounting for over 80% 

Abstract 
Background: We aimed to investigate whether 20(S)-ginsenoside Rg3 (Rg3) reduced heterogeneity by induc-
ing the maturation of  HepG2 cells via the AMP-activated protein kinase (AMPK)/hepatocyte nuclear factor 
4A (HNF4A) pathway. 
Methods: This in vitro cell research study was conducted under the guidance of  Hebei Medical University, 
Hebei, China, from Sep 2022 to Dec 2023. HepG2 cells were treated with varying concentrations of  Rg3 in a 
low glucose microenvironment. The mRNA expression of  ALBUMIN (ALB, a marker for hepatocyte func-
tion) and HNF4A (a marker for differentiation of  HCC cell), and AMPK protein levels were measured after 
significant changes in cell morphology were observed. Additionally, 5-Aminoimidazole-4-carboxamide1-β-D-
ribofuranoside (AICAR) (an AMPK agonist) and Compound C (an AMPK inhibitor) were used to explore 
further the underlying mechanism. 
Results: Under treatment of  5 μM, 10 μM, and 20 μM Rg3, some cells became flattened and larger, and there 
was an increase in the mRNA expression of  ALB and HNF4A (P<0.05). However, there was a decreasing 
trend in AMPK protein content with 8 μM Rg3 (P<0.05). Compared to the control group, some cells exposed 
to 8 μM Rg3 exhibited pronounced morphological changes, along with upregulated expression of  ALB and 
HNF4A mRNA. However, no such changes were observed when 8 μM Rg3 was combined with 1.6 mM 
AICAR. Compared to the control group, 10 μM Compound C or 8 μM Rg3 treatments led to similar changes 
in cell morphology and showed an increasing trend in HNF4A mRNA expression. Additionally, after treat-
ment with Compound C, pHNF4A was mainly in the nucleus, while after Rg3 treatment, it was mostly in the 
cytoplasm.  
Conclusion: Rg3 partially induced the maturation of  HepG2 cells through the AMPK/HNF4A pathway. 
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of  cases (1, 2). Current treatment options primar-
ily include immunotherapy, targeted therapies, 
and other approaches. However, many patients 
do not achieve the desired outcomes, and the 
mortality rate from HCC has not decreased over 
the past decade (3). This highlights the urgent 
need for novel and innovative strategies for treat-
ing HCC. 
The substantial heterogeneity within HCC is a 
significant factor contributing to its high mortali-
ty rate, and reducing this heterogeneity could sig-
nificantly benefit patients (4). Inducing HCC cells 
to revert to normal hepatocytes may offer a 
promising strategy to reduce this heterogeneity. 
Cytokines successfully used to stimulate the 
transformation of  HCC cells into normal 
hepatocytes (5). Similarly, our previous researches 
demonstrated that specific stages of  embryonic 
liver development could induce HepG2 cells to 
differentiate into hepatocyte-like cells (6). How-
ever, the factors that contributed to reducing het-
erogeneity in HCC were limited, highlighting the 
need to identify additional inducing factors. 
As a valuable traditional Chinese medicine, Red 
ginseng is known for its ability to tonify Qi and 
Yang, potentially benefiting HCC patients (7). 
Ginsenoside Rg3 is a rare saponin derived from 
Red ginseng (8), and Rg3 has been shown to modu-
late the tumor microenvironment (9), enhance 
the effectiveness of  immunotherapies (10), inhib-
it stemness (11, 12), and reverse epithelial-
mesenchymal transition (12). Ginsenoside Rg3 
may possess the potential to reduce heterogeneity 
in HCC cells. 
Ginsenoside Rg3 exists in two isomeric forms: 
20(R)- and 20(S)-ginsenoside Rg3. Additionally, 
20(R)-ginsenoside Rg3 can be converted into 
20(S)-ginsenoside Rg3 within the body (13). 
Based on this, we hypothesized that 20(S)-
ginsenoside Rg3 (Rg3) was more effective for 
inducing HCC cell lines to mature into hepato-
cyte-like cells. 
ALBUMIN (ALB) and HNF4A are crucial mark-
ers of  mature hepatocyte-like cells. ALB, secreted 
by mature hepatocytes, is typically present at low 
levels in naive HCC cells, making it a valuable 
marker for identifying hepatocyte-like cells (6). 

Forced expression of  HNF4A and other factors 
was shown to convert HCC cells into repro-
grammed hepatocytes (14). Our research also 
identified HNF4A as a key molecular switch for 
inducing HepG2 cells to differentiate into 
hepatocyte-like cells (15). Therefore, we used 
ALB and HNF4A as markers to track the con-
version of  HepG2 cells into mature hepatocyte-
like cells. 
AMP-activated protein kinase (AMPK) is an es-
sential upstream regulator of  HNF4A (16). As a 
molecular switch, activation of  AMPK leads to 
the phosphorylation of  both AMPK and 
HNF4A. Our previous studies have also high-
lighted the importance of  phosphorylation dur-
ing this induction process (17). Consequently, we 
aimed to explore the inducing underlying mecha-
nisms further from the perspective of  AMPK. 
To reduce the cellular heterogeneity of  HCC, we 
induced the HepG2 cell line with Rg3, assessed 
cellular maturation using ALB and HNF4A 
markers, and evaluated AMPK protein levels. 
Additionally, we employed the AMPK agonist (5-
Aminoimidazole-4-carboxamide-1-β-D-
ribofuranoside, AICAR) and inhibitor (Com-
pound C) to validate the proposed mechanism. 
This study aimed to investigate whether Rg3 
could induce the maturation of  HepG2 cells and 
the underlying molecular mechanisms. By induc-
ing the transformation of  HCC cells into normal 
cells, this research sought to provide a novel ther-
apeutic option to reduce the heterogeneity of  
HCC cells, ultimately contributing to advance-
ments in HCC treatment. 
 
Materials and Methods 
 
Study design and cell groups 
In this in vitro cell research, firstly, we observed 
the cellular morphology of  HepG2 cells treated 
with Rg3 (Chemfaces, Wuhan, Hubei, China) in 
2022-23. Additionally, the expression of  ALB 
and HNF4A mRNA was measured. At this stage, 
there were four groups: 0 μM, 5 μM, 10 μM, and 
20 μM Rg3 groups. 
Secondly, the AMPK protein levels in HepG2 
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cells treated with varying concentrations of  Rg3 
were investigated. The groups included six con-
centrations: 0 μM, 2 μM, 4 μM, 6 μM, 8 μM, 10 
μM Rg3 groups. 
Thirdly, the AMPK activator AICAR (Biyuntian, 
Shanghai, China) was added, and we observed the 
remodeled cellular morphology, ALB protein lev-
els, and HNF4A mRNA expression. The cells 
were divided into the Con, (Rg3 + AICAR), and 
Rg3 groups at this stage. 
Finally, the AMPK inhibitor Compound C 
(GlpBio, Montclair, CA, USA) was used, and we 
examined the cellular morphology, HNF4A 
mRNA expression, pHNF4A protein distribution, 
and cell activity in three groups: the Con group, 
the Rg3 group, and the Compound C group. 
 
Drug treatment 
Firstly, we reproduced the phenomenon of  Rg3-
induced maturation in HepG2 cells. The cells 
were treated with Rg3 at concentrations of  0 μM, 
5 μM, 10 μM, and 20 μM for approximately 7 d. 
Once the changes in cell morphology were evi-
dent, the samples were collected for reverse tran-
scription-quantitative real-time PCR (RT-qPCR) 
assay.  
Subsequently, we investigated the underlying 
mechanism. The cells were co-cultured with Rg3 
at concentrations of  0 μM, 2 μM, 4 μM, 6 μM, 8 
μM, and 10 μM for approximately 3 d. After ob-
serving changes in cell morphology, the samples 
were collected for Western Blotting. Next, the 
cells were cultured with 0 μM Rg3, 8 μM Rg3, 8 
μM Rg3 + 1.6 mM AICAR, and 10 μM Com-
pound C for approximately 3 d. Additionally, the 
cells were seeded in 6-well plates with coverslips 
at a density of  1-5 × 104 HepG2 cells per well. 
Cell morphology was observed using an inverted 
microscope (Olympus, Tokyo, Japan), and the 
cells were fixed for immunofluorescence staining 
or collected for RT-qPCR and Western Blotting. 
 
Cell culture  
Cell line HepG2 was obtained from the Shanghai 
Cell Bank (Shanghai, China) and cultured in min-
imum essential medium supplemented with 20% 
FBS, 2 mM l-glutamine, 1 mM sodium pyruvate, 

100 U/mL penicillin G sodium salt, and 0.1 
mg/mL streptomycin sulfate. The cells were 
maintained in a conventional incubator (37 °C, 5% 
CO2). 
 
RT-qPCR 
Total RNA was extracted using the RNA-Quick 
Purification Kit (Share-bio, Shanghai, China). Re-
verse transcription was performed using the All-
in-One First-Strand Synthesis MasterMix (with 
dsDNase) kit (BestEnzymes, Lianyungang, Jiang-
su, China) on a standard PCR machine (Biometra, 
Goettingen, Germany). Then qPCR was con-
ducted by Taq SYBR® Green qPCR Premix 
(BestEnzymes, Lianyungang, Jiangsu, China) on 
the CFX Connect Real-Time System (BIO-RAD, 
CA, USA) (17). The primers used were as follows:  
ALB mRNA: sense: 5’ GCTCAG-
TATCTTCAGCAGTGTCC 3’ and anti-sense 5’ 
GCAGTCAGCCATTTCACCATAGG 3’),  
HNF4A mRNA: sense: 5’ GATGACAATGAG-
TATGCCTACCT 3’ and anti-sense: 5’ 
GTCGTTGATGTAGTCCTCCAA 3’),  
and 18S rRNA mRNA: sense: 5’ 
AAGTTTCAGCACATCCTGCGAGTA 3’ and 
anti-sense 5’ 
TTGGTGAGGTCAATGTCTGCTTTC 3’. 
 
Western blotting 
Total protein was extracted by a Seven Fast ® 
Column Total Protein Extraction Kit (Sevenbio, 
Beijing, China), quantified using a BCA kit, sepa-
rated by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis, and transferred to a PVDF 
membrane via wet-transfer (300 mA, 2 h). The 
target proteins were detected by incubating with 
primary antibodies (ALB (1:300; Proteintech, 
Wuhan, Hubei, China), AMPK (1:300; EnoGene, 
Nanjing, Jiangsu, China), and Actin (1:1000; Ab-
ways, Shanghai, China)) overnight at 4 °C. Then 
the membranes were incubated with a secondary 
antibody (1:1000) 2 h at room temperature, and 
ECL solution for detecting. Finally, the targeted 
proteins were visualized and were photographed 
using the Licor Odyssey CLx (Licor, Lincoln, 
USA) for subsequent analysis (6).  
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Immunofluorescence  
The coverslips with cells were carefully taken out. 
Then, the cells were fixed with 4% formaldehyde 
overnight, followed by permeabilization using 0.5% 
Triton/PBS for 15 min and blocked with 10% 
goat serum/PBS for 1 hour at room temperature. 
The cells were subsequently incubated with pri-
mary antibodies targeting pHNF4A (1:40; SAB, 
Greenbelt, MA, USA) overnight at 4 °C. After 
washing, the cells were exposed to secondary an-
tibodies-Tetramethylrhodamine-5-(and 6)-
isothiocyanate (1:20) for 2 h at room temperature. 
Finally, the nucleus was stained with 4′, 6-
Diamino-2-phenylindole dihydrochloride (DAPI). 
Fluorescence was detected, and images were cap-
tured using an inverted fluorescence microscope 
system (Nikon, Tokyo, Japan) (6).  
 
Relative cell activities  
Cell viability was assessed using the CCK-8 assay. 
HepG2 cells were plated at a density of  1 × 104 
cells/mL in 96-well plates and treated with drugs 
in the medium for 48 h. Subsequently, the medi-
um was exchanged with 10% CCK-8/media, and 
the cells were incubated for 30 min at 37 °C. Fi-
nally, the optical density was measured using a 
SuPerMax 3100 (Flash, Shanghai, China) at 450 

nanometers to calculate the relative cell activities. 
 
Statistical analysis 
The data were presented as means ± standard 
deviation. To compare three or more groups, an 
analysis of  variance was performed, and a two-
tailed Student’s t-test was used to compare the 
two groups. *P<0.05 was considered to be statis-
tically significant. 
 
Results 
 
Rg3-induced maturation in HepG2 cells with 
increased HNF4A expression 
Rg3 induced maturation in HepG2 cells in a low-
glucose medium (Fig. 1). When treated with 5 μM, 
10 μM, and 20 μM Rg3, HepG2 cells exhibited 
enlarged and flattened morphology, along with 
other characteristics of  normal hepatocyte-like 
cells (Fig. 1A). Compared to the control group, 
ALB mRNA expression (a hepatocyte marker) 
increased (Fig. 1B), and HNF4A mRNA expres-
sion was also elevated (Fig. 1C) with statistical 
difference in the 5 μM, 10 μM, and 20 μM Rg3 
groups. Rg3 induced maturation of  HepG2 cells 
within specific concentration ranges in a low-
glucose environment. 

 

 
 

Fig. 1: Maturation of Rg3-drived HepG2 cells into hepatocyte-like cells. Rg3 induced changes in cell morphology (A). Treated 
with 5 μM, 10 μM, and 20 μM Rg3, the cells exhibited flattened and enlarged morphology, resembling hepatocyte-like cells (in-
dicated by arrows). Scale bar, 50 μm. Rg3 enhanced the expression of ALB mRNA (B) and HNF4A mRNA (C), compared to 

the control group (0 μM Rg3). n=3, *P<0.05, **P<0.01 
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Rg3 reduced AMPK protein level in HepG2 cells  
Compared with the control group, the AMPK 
protein level tended to decrease with 4-10 μM 
Rg3, with the most pronounced reduction ob-

served at 4 and 8 μM Rg3 (Fig. 2). The AMPK 
protein level decreased with low concentrations 
of  Rg3 in a low-glucose environment. 

 

 
Fig. 2: Rg3 decreased AMPK protein levels, as measured under 0-10 μM Rg3 treatment, compared to the control group (0 μM 

Rg3), n = 3, *P<0.05 
 
AICAR partially blocked the Rg3-induced mat-
uration of HepG2 cells 
Compared with the control group, the cells treat-
ed with Rg3 showed altered morphology. How-
ever, the morphological changes were less pro-
nounced in the (Rg3 + AICAR) group (Fig. 3A). 
Similarly, the ALB protein level and HNF4A 
mRNA expression were elevated significantly in 
the Rg3 group compared to the control group 
(Fig. 3B, C). However, compared to the Rg3 
group, this increasing trend was not observed in 
the (Rg3 + AICAR) group (Fig. 3B, C). The mat-
uration of HepG2 cells induced by Rg3 was par-
tially reversed by AMPK inhibition. 
 
Compound C played a similar role in the Rg3-
induced maturation effect in HepG2 Cells 
Afterward, Compound C was used to explore the 
underlying mechanism, and the results were as 
follows (Fig. 4, 5). Relating to the control group, 
the cell morphology changed over time in both 

the Rg3 and Compound C groups, with the most 
pronounced changes observed in the Rg3 group 
(Fig. 4). A similar trend was seen in the expres-
sion of HNF4A mRNA (Fig. 4). Treatment with 
Compound C resulted in the majority of 
pHNF4A being localized in the nucleus. In con-
trast, after Rg3 treatment, pHNF4A was mainly 
found in the cytoplasm (Fig. 5A).  
Moreover, compared with the control group 
(Con), the relative cell viabilities in the Com-
pound C group were decreased, whereas no such 
decrease was observed in the Rg3 group (Fig. 
5B). This suggests that Rg3 did not function 
merely by inhibiting AMPK protein level, and 
other mechanisms may be involved in the induc-
tion process. Rg3 might act as an inhibitor of 
AMPK and works by increasing HNF4A mRNA 
during Rg3-induced maturation in a low-glucose 
environment. 
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Fig. 3: AICAR partially inhibited Rg3-induced maturation of HepG2 cells. Compared to the control group, Rg3 treatment significantly altered 
the morphology of some HepG2 cells (A) and increased ALB protein (B) and HNF4A mRNA expression (C). In contrast, compared to Rg3 
group, AICAR partially reversed the morphological changes (A) without increasing ALB protein (B) or HNF4A mRNA expression (C) in the 

(Rg3 + AICAR) group. Scale bar: 20 μm, n = 3; compared to the control group: *P<0.05, **P<0.01 
 

 
Fig. 4: Compound C produced a similar effect on inducing the maturation of HCC cells. Treatment with 10 μM Compound C 
or 8 μM Rg3 caused cells to become larger and more flattened (indicated by arrows) (A). Scale bar, 20 μm, compared with the 

control group, both Rg3 and Compound C treatments showed a trend of increased HNF4A mRNA expression (B). n=3, com-
pared with the control group 

 
 

 
Fig. 5: Compound C and Rg3 had different effects on pHNF4A cell distribution and cell viability. Compound C (10 μM) pro-

moted the nuclear translocation of pHNF4A, whereas Rg3 (8 μM) did not, relating to the control group (Con) (A). n=6. 
pHNF4A protein was shown in red, and the nucleus was stained blue with DAPI. Regarding cell activity, treatment with Com-
pound C reduced relative cell viability, whereas Rg3 had no significant effect, compared with the control group (Con) (B), Scale 

bar, 50 μm, n=8, **P<0.01 
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Discussion 
 
Rg3 partially induced the maturation of HepG2 
cells by upregulating HNF4A expression through 
the suppression of AMPK. Specifically, first, we 
found that 20(S)-ginsenoside Rg3 induced the 
maturation of HepG2 cells by upregulating 
HNF4A; second, the AMPK protein level de-
creased during this process; finally, the AMPK 
agonist partially reversed the maturation-inducing 
effect. 
HCC is one of the most lethal cancers worldwide, 
and there is no radical treatment due to its high 
heterogeneity. Chinese medicine and its active 
ingredients are increasingly gaining attention as 
potential anti-tumor agents (11). In our related 
studies, ginsenosides exerted anti-HCC effects 
(18). Since Rg3 was an essential component of 
ginsenosides, it may induce the maturation of 
HepG2 cells to inhibit HCC. We therefore ana-
lyzed the effects of Rg3 on the maturation of 
HepG2 cells in a low-glucose medium. 
First, during hepatocarcinogenesis, low-glucose 
environments are common due to the rapid 
growth of  tumor cells. Increasing research sug-
gested a close relationship between low-glucose 
environments and the invasion and metastasis of  
HCC, contributing to its high heterogeneity (19). 
Therefore, we cultured HepG2 cells in a low-
glucose environment. In the current study, Rg3 
induced a morphological transition in some 
HepG2 cells, increased ALB and HNF4A 
mRNA expression, thus driving them towards a 
more hepatocyte-like phenotype in a low-glucose 
environment (Fig. 1). Our study showed that Rg3 
reduced the heterogeneity of  HCC cells, which 
was consistent with previous research (20-22).  
Second, the AMPK protein level decreased upon 
the treatment with Rg3 under low-glucose condi-
tions. AMPK was activated in low-glucose envi-
ronments, associated with the high heterogeneity 
of  HCC (23). Additionally, AMPK acted as a di-
rect inhibitor of  HNF4A (24). When HepG2 
cells were treated with a narrower range of  Rg3 
concentrations, the level of  AMPK protein (a key 
upstream regulator of  HNF4A) was decreased.  

Third, AICAR partially blocked the Rg3-induced 
maturation of  HepG2 cells, and Compound C 
demonstrated an induction effect similar to that 
of  Rg3. AICAR is well known as a classic phar-
macological activator of  AMPK. Compared to 
the control group, cell morphology was signifi-
cantly altered with increased ALB protein and 
HNF4A mRNA in the Rg3 group. However, no 
such changes were observed in the (Rg3+AICAR) 
group. Compound C is a recognized AMPK in-
hibitor. Similar morphological changes were also 
observed in the cells treated with Compound C 
and Rg3 compared with the control group. The 
expression of  HNF4A mRNA exhibited an up-
ward trend in both the Compound C and Rg3 
groups. In this study, the results suggested that 
Rg3 induced the maturation of  HepG2 cells by 
upregulation of  HNF4A via inhibiting AMPK. 
This result aligned with previous studies. Huang 
et al. discovered that under low glucose condi-
tions, AMPK was activated, HNF4A expression 
was inhibited, and the heterogeneity of  HCC was 
enhanced (23). Our study found that Rg3 could 
induce the maturation of  HCC cells and reduce 
their heterogeneity by upregulating the expres-
sion of  HNF4A. In addition, other factors may 
also play a similar role in inducing the reduction 
of  heterogeneity in HCC cells. For example, 
hepatocyte nuclear factor 1A and forkhead box 
protein A3 also contributed to the induction of  
HCC cells’ transformation into normal hepato-
cyte-like cells (5). Our precious study also found 
that the specific mouse fetal liver induced the 
maturation of  HepG2 cells by provoking the ex-
pression of  HNF4A and related other transcrip-
tion factors (6, 15). Moreover, the tumor super-
natant from HCC cells exposed to vincristine sul-
fate, lnc-regulator of  hepatic lineages, and tet 
methylcytosine dioxygenase 1 produced a compa-
rable stimulating impact (17, 25, 26).  
Finally, Rg3 partially exerted its inductive effect 
by upregulating HNF4A through AMPK inhibi-
tion. Although Compound C demonstrated an 
impact of  induction similar to that of  Rg3, the 
effects induced by Compound C and Rg3 were 
not identical. In the Rg3 group, pHNF4A protein 
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was localized in the cytoplasm, while it was de-
tected in the nuclear in the Compound C group. 
Moreover, relative cell activities were reduced in 
the Compound C group but not in the Rg3 group. 
These results suggested other mechanisms might 
regulate HNF4A during the maturation of  
HepG2 cells induced by Rg3. HNF4A, a key reg-
ulator in the maturation of  HCC cells, was con-
trolled by histone demethylases (27). Additionally, 
phosphorylation of  HNF4A was also regulated 
by Protein Kinase (PK)C and PKA (28), and 
HNF4A was subject to mRNA methylation mod-
ification and so on (29). Further investigations 
are needed in the later phases.  
The research enhances the understanding of  the 
processes involved in transforming HCC cells 
into hepatocyte-like cells, contributes to reducing 
the high heterogeneity of  HCC, and provides 
further evidence for the effectiveness of  Rg3 in 
treating HCC. At least, Rg3 may be used as an 
adjunct to chemoradiotherapy in patients, and a 
nanoscaled drug delivery system containing Rg3 
could be employed to precisely deliver the drug 
to the liver. These approaches may lead to the 
best treatment outcomes for patients.  
 
Conclusion 
 
20(S)-ginsenoside Rg3 partially induces HepG2 
cell maturation by upregulating HNF4A through 
AMPK inhibition. 
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