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Abstract. Glycyrrhizin (GA) is the most essential active ingre‑
dient in licorice root, and has a wide range of biological and 
pharmacological activities. The present study aimed to conduct 
a detailed analysis of the effects of GA on liver cancer (LC) 
cell proliferation and the Warburg effect. Hexokinase‑2 (HK2) 
is a glycolytic enzyme that catalyzes the Warburg effect. To 
this end, the LC HepG2 cell line was transfected with small 
interfering RNA‑HK2 or pCDNA3.1‑HK2, followed by 
GA treatment. A Cell Counting Kit‑8 assay and EdU staining 
were employed to evaluate the proliferation rate of LC cells. 
The expression levels of HK2 and the phosphorylation level of 
AKT were measured by reverse transcription‑quantitative PCR 
and western blotting, respectively. Furthermore, the glucose 
uptake capacity and lactic acid content were assessed by kits, 
and the glycolysis level was evaluated by assessing the extracel‑
lular acidification rate (ECAR) and the oxygen consumption 
rate (OCR). A pronounced increase in the OCR, and decreases 
in the cell proliferation, glucose uptake capacity, lactic acid 
content, ECAR and HK2 expression were detected in LC cells 
subjected to GA treatment or HK2‑knockdown. Conversely, 
overexpression of HK2 reversed these trends, indicating that 
glycyrrhizin may inhibit LC cell proliferation and the Warburg 
effect through suppression of HK2. In addition, it was revealed 
that the PI3K/AKT signaling pathway was associated with LC 
cell proliferation and the Warburg effect; notably, treatment 
of LC cells with the AKT agonist SC79 induced elevation of 
the ECAR, cell proliferation, glucose uptake capacity, lactic 
acid content, phosphorylated‑AKT and HK2 expression, 
and suppressed the OCR. In conclusion, GA may inhibit the 
Warburg effect and cell proliferation in LC by suppressing 
HK2 through blockade of the PI3K/AKT signaling pathway.

Introduction

Hepatocellular carcinoma is responsible for >90% of liver 
cancer (LC) cases and is the second most common cause of 
cancer‑associated death worldwide (1,2). The main risk factors 
for LC include viral infection, excessive alcohol consumption, 
non‑alcoholic fatty liver disease and toxins, such as aflatoxin‑B 
found in contaminated food (3,4). Unfortunately, most patients 
are diagnosed at a late stage, given the asymptomatic nature of 
LC, and advanced LC is not amenable to curative strategies (5). 
Therefore, identifying alternative and innovative therapeutic 
strategies for the systematic treatment of LC is important.

Altered energy metabolism has been accepted as one of the 
typical hallmarks of cancer cells (5). The Warburg effect is defined 
as a phenomenon in which glucose is preferentially utilized by 
glycolysis, rather than by oxidative phosphorylation, and is char‑
acterized by high rates of lactate production and glucose uptake 
even in the presence of oxygen (6,7). Phosphofructokinase‑1, 
pyruvate kinase M2, pyruvate dehydrogenase kinase‑1, lactate 
dehydrogenase and hexokinase‑2 (HK2) have emerged as 
indispensable glycolytic enzymes that catalyze the Warburg 
effect (8). Among these glycolytic enzymes, HKs catalyze the 
irreversible first step of the glycolytic pathway in which glucose 
is phosphorylated to glucose‑6‑phosphate with the concomitant 
dephosphorylation of adenosine triphosphate (9). Notably, HK2 
has been identified as a central player in the Warburg effect and 
has been proposed as a metabolic target for the development 
of cancer therapies (10). Therefore, understanding how the 
Warburg effect is regulated in cancer is particularly relevant for 
identifying novel therapeutic interventions.

Some traditional Chinese medicines have attracted 
increasing attention due to their potent antitumor activities and 
potential as candidates for the advancement of new antitumor 
drugs (11,12). Extracted from the roots of Glycyrrhiza glabra, 
glycyrrhizin (GA) has been reported to possess numerous phar‑
macological effects, including anti‑inflammatory and anti‑viral 
activities (13). Furthermore, it has recently been demonstrated 
that GA has a markedly hepatoprotective effect (13‑15); 
however, the association between GA and the regulation of 
cellular metabolism in LC remains largely unexplored.

The aim of the present study was to investigate the regula‑
tory association between GA and glycolytic enzyme HK2 in 
order to improve the current understanding of the mechanisms 
underlying LC progression.
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Materials and methods

Short tandem repeat (STR) analysis of the LC HepG2 cell line. 
DNA was extracted using a genome extraction kit (Axygen; 
Corning, Inc.) and amplified by the 21‑STR amplification 
protocol. The STR locus and amelogenin gene were examined 
on an ABI 3730XL DNA analyzer (Applied Biosystems; 
Thermo Fisher Scientific, Inc.).

Cell culture. The LC HepG2 cell line was obtained from The 
Cell Bank of Type Culture Collection of The Chinese Academy 
of Sciences. Cells were cultured in Dulbecco's modified Eagle's 
medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.) supple‑
mented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher 
Scientific, Inc.) in an atmosphere containing 5% CO2 at 37˚C. 
Small interfering (si)‑HK2 (ACGACAGCATCATTGTTAA), 
si‑negative control (NC), pCDNA3.1‑HK2 vector and 
pCDNA3.1 vector were synthesized by Shanghai GenePharma 
Co., Ltd. The cells were seeded in 6‑well plates at a density 
of 3x105 cells/well and underwent cell transfection once cell 
confluence reached 40‑60%. Cell transfection was conducted 
using Lipofectamine® 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
The transfection dose of si‑HK2 and pcDNA3.1‑HK2 was 
2 µg and transfection time was 24 h. After 24 h, the cells were 
assigned to the following nine groups accordingly: GA group 
(exposed to 100 µg/ml GA for 24 h; Tokyo Chemical Industry 
Co., Ltd.), si‑HK2 group (transfected with si‑HK2), si‑NC group 
(transfected with si‑NC), pCDNA3.1‑HK2 group (transfected 
with pCDNA3.1‑HK2), pCDNA3.1 group (transfected with 
pCDNA3.1), pCDNA3.1‑HK2 + GA group (transfected with 
pCDNA3.1‑HK2 followed by 24 h treatment with 100 µg/ml 
GA), SC79 group (exposed to 4 µg/ml AKT agonist SC79 for 
6 h; Calbiochem; Merck KgaA), SC79 + GA group (exposed to 
4 µg/ml SC79 for 6 h and 100 µg/ml GA for 24 h) and control 
group (untreated).

Cell Counting Kit‑8 assay. Cells were seeded into 96‑well plates 
(5,000 cells/well). A total of three replicates were set for each 
sample. LC cells HepG2 were treated with different concentra‑
tions of GA solution (0, 25, 50, 75, 100 and 125 µg/ml) for 
24 h. Then, cells were analyzed daily for 4 consecutive days to 
assess cell proliferation by CCK‑8 assay. Briefly, 10 µl CCK‑8 
solution (Thermo Fisher Scientific, Inc.) was added to each well 
and the plates were incubated at 37˚C for 2 h. The absorbance 
of the wells was determined at a 450‑nm wavelength using 
a microplate absorbance reader. Cell viability (%) = (average 
OD value of the experimental group ‑ average OD value of the 
Blank group)/(average OD value of the Control group ‑ average 
OD value of the Blank group) x 100%.

EdU staining. Cells (1x105/well) were seeded into 96‑well 
plates and 100 µl EdU (50 µM; Sigma‑Aldrich; Merck KGaA) 
was added to each well for 2‑h incubation at 37˚C. Subsequently, 
cells were fixed for 30 min at room temperature with 50 µl 
fixation buffer (4% paraformaldehyde; Beyotime Institute 
of Biotechnology). Following removal of the fixation buffer 
from the plates, the cells were incubated with 50 µl 2 mg/ml 
glycine at room temperature for 5 min, prior to washing with 
100 µl PBS, exposure to 100 µl permeabilization buffer 

(phosphate‑buffered saline containing 0.3% Triton X‑100; 
Beyotime Institute of Biotechnology) and further washing 
with 100 µl PBS. The cells were then incubated with 100 µl 
1X Apollo solution (Sigma‑Aldrich; Merck KGaA) for 30 min 
at 37˚C in the dark. Subsequently, the cells were incubated 
with 100 µl 1X DAPI solution (Sigma‑Aldrich; Merck KGaA) 
at room temperature for 30 min and washed with 100 µl 
PBS prior to observation under a fluorescence microscope 
(Olympus Corporation).

Analysis of glucose uptake capacity. Glucose uptake was 
measured using a glucose uptake colorimetric assay kit (cat. 
no. ab136955; Abcam) according to the manufacturer's instruc‑
tions. Briefly, the cells (5,000 cells/well) were serum‑starved 
overnight in a 96‑well plate with DMEM, and were then cultured 
with Krebs‑Ringer‑Phosphate‑HEPES buffer (20 mM HEPES, 
5 mM KH2PO4, 1 mM MgSO4, 1 mM CaCl2, 136 mM NaCl, 
4.7 mM KCl; pH 7.4) containing 2% bovine serum albumin 
(Sigma‑Aldrich; Merck KGaA) at room temperature for 40 min. 
The cells were incubated in normal or high‑glucose DMEM, 
and were treated with 10 µl 2‑deoxy‑glucose (2‑DG; Abcam) 
for 20 min at 37˚C. The concentration of high‑glucose DMEM 
was 25 mM. The substrate oxidation reaction was measured at 
a wavelength of 412 nm with a microplate absorbance reader 
(Thermo Fisher Scientific, Inc.), and the data were organized by 
Microsoft Excel (Microsoft Office 2003).

Measurement of lactic acid formation. The levels of lactic acid 
were determined using a lactate assay kit (BioVision, Inc.). 
Cells (5x106/well) were incubated with the reaction mixture 
in a 96‑well plate at room temperature in the dark for 30 min. 
The lactate level was examined using a microplate reader 
(Thermo Fisher Scientific, Inc.) at a wavelength of 450 nm 
before analysis by Microsoft Excel.

Determination of extracellular acidification rate (ECAR) and 
oxygen consumption rate (OCR). The ECAR and OCR were 
determined every 7 min for 77 min using a Seahorse XFe96 
analyzer (Seahorse Bioscience; Agilent Technologies, Inc.). 
Cells (1x104/well) were seeded in Seahorse XFe96 plates. After 
measuring the basal ECAR, the cells were incubated with 
10 mM glucose/well to test the capacity of glycolysis, followed 
by the addition of 1 µM oligomycin for inhibition of oxidative 
phosphorylation to inspect the maximum glycolytic ability of 
the cells. Finally, the glycolysis inhibitor 2‑DG (50 mM) was 
added to determine acid production by non‑glycolytic pathways. 
All reagents were added at 0 min and the incubation tempera‑
ture was maintained at 38.5˚C. Cells were detected every 7 min 
following continuous administration of 10 mM glucose and 
inhibitors (1 µM oligomycin and 50 mM 2‑DG). For the OCR 
examination, the basal OCR was first evaluated, after which the 
oxygen consumption for ATP synthesis was assessed after expo‑
sure to 2 µM oligo, an ATP synthase inhibitor. The maximum 
oxygen consumption capacity of the cells was assessed after 
cells were given 2 µM mitochondrial uncoupler (FCCP), and 
the cells were then treated with mitochondrial respiratory chain 
inhibitors antimycin A (0.5 µM) and oligomycin to prevent 
oxygen consumption by the mitochondria. All reagents were 
added at 0 min and the incubation temperature was main‑
tained at 38.5˚C. Cells were measured every 7 min following 
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continuous administration of 2.0 oligomycin, 2.0 FCCP and 
0.5 µM antimycin A. All reagents in this experiment were 
purchased from Sigma‑Aldrich (Merck KGaA).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the cells using TRIzol® (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. After quantification using a spectrophotometer 
(Shimadzu Corporation), RNA samples were reverse tran‑
scribed into cDNA using a universal cDNA synthesis kit 
(Toyobo Life Science). The RT conditions were as follows: 
37˚C for 15 min, 85˚C for 5 sec and 4˚C. A SYBR Green PCR 
kit (Toyobo Life Science) was employed to perform RT‑qPCR 
on the cDNA, and mRNA expression levels were detected using 
a PRISM 7300 real‑time PCR system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). Samples underwent predena‑
turation at 95˚C for 5 min, followed by 40 cycles consisting of a 
10‑sec denaturing step at 95˚C, a 10‑sec annealing step at 60˚C 
and a 20‑sec extension step at 72˚C. The final extension was 
at 72˚C for 10 min. The reference gene of mRNA was set as 
GAPDH. Results were analyzed using the 2‑ΔΔCq method (16) 
and the primers for GAPDH and HK2 are shown in Table I.

Western blotting. Cells were lysed with RIPA lysis buffer 
(Beyotime Institute of Biotechnology) to obtain the protein 
samples. The protein concentration was measured using a BCA 
kit (Pierce; Thermo Fisher Scientific, Inc.). Proteins (100 µg/well) 
were separated by 8% SDS‑PAGE and transferred onto PVDF 
membranes. Subsequently, the membranes were blocked in 
5% non‑fat dry milk at room temperature for 1 h, followed by incu‑
bation with primary antibodies against rabbit‑derived GAPDH 
(1:10,000; cat. no. ab181602), HK2 (1:1,000; cat. no. ab209847), 
AKT (1:10,000; cat. no. ab179463) and phosphorylated (p)‑AKT 
(1:1,000; cat. no. ab38449) (all Abcam) overnight at 4˚C. The 
membranes were then washed with 0.1% TBS‑Tween‑20 (TBST) 
and incubated with a goat anti‑rabbit IgG secondary antibody 
(1:5,000; cat. no. CW0103; Beijing ComWin Biotech Co., Ltd.) at 
room temperature for 2 h. After washing with TBST three times, 
blots were visualized in a Gel imaging system (GE Healthcare) 
using an Efficient chemiluminescence kit (Proandy). ImageJ 
software (version1 46; National Institutes of Health) was used to 
analyze the gray level of blots.

Statistical analysis. Statistical analysis was conducted using 
GraphPad Prism 7.0 software (GraphPad Software, Inc.). Data 
are expressed as the mean ± SD (n=3). Student's unpaired t‑test 
was employed to compare between two groups. Comparisons 

among multiple groups were analyzed by one‑way ANOVA 
followed by Dunnett's multiple comparison test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

GA suppresses the Warburg effect and proliferation in 
LC cells and hinders activation of the PI3K/AKT pathway. 
The LC cell line HepG2 was exposed to different concentra‑
tions of GA (0, 25, 50, 75, 100 and 125 µg/ml) for 24 h and 
incubated with CCK‑8 solution to measure cell viability. It was 
revealed that the viability of HepG2 cells decreased with the 
increase in GA concentration, and the inhibitory effect of GA 
on cell viability was ~50% when the concentration of GA was 
100 µg/ml (Fig. 1A). GA at the concentration of 100 µg/ml 
exerted ~50% inhibitory effect. Therefore, the concentration 
of GA at 100 µg/ml was selected for subsequent experiments. 
Subsequently, the CCK‑8 assay was utilized to determine LC 
cell proliferation after HepG2 cells were exposed to 100 µg/ml 
GA. The results demonstrated that GA treatment significantly 
inhibited LC cell proliferation compared with that in the 
control group (Fig. 1A; GA vs. control group; P<0.05), and 
the results of EdU staining corroborated this finding, in that 
a lower percentage of EdU‑positive cells was detected in 
the GA group compared with the percentage detected in the 
control group (Fig. 1B; P<0.01). These findings demonstrated 
the ability of GA to suppress cell proliferation. To investigate 
whether GA affects cell metabolism, glucose uptake capacity 
and lactic acid content were assessed in HepG2 cells; the 
results revealed that the glucose uptake capacity (Fig. 1C) and 
lactic acid content (Fig. 1D) of cells in the GA group were 
significantly lower than those in the control group (P<0.01).

Evaluation of the ECAR in glycolytic flux and the OCR in 
mitochondrial respiration demonstrated that LC cells in the 
GA group had an elevated OCR (Fig. 1F; GA vs. control group; 
P<0.01) and a suppressed ECAR (Fig. 1E; GA vs. control 
group; P<0.01), indicating the suppressive role of GA on the 
Warburg effect. RT‑qPCR (Fig. 1G; GA vs. control group) and 
western blotting (Fig. 1H; GA vs. control group) revealed that 
the expression levels of HK2 were diminished in HepG2 cells 
following GA exposure, illustrating that GA may hamper HK2 
expression (P<0.01).

To further study the mechanism underlying the effects of 
GA on LC, the phosphorylation level of AKT in the PI3K/AKT 
signaling pathway was measured by western blotting. The 
results revealed that the phosphorylation level of AKT was 
decreased in the cells of the GA group compared with that 
in the control group (Fig. 1I; P<0.01), indicating that GA 
may interfere with the PI3K/AKT signaling pathway. Taken 
together, these observations suggested that GA may hinder the 
Warburg effect, cell proliferation and HK2 expression in LC 
cells. In addition, GA could block the PI3K/AKT pathway in 
LC cells.

HK2 facilitates LC cell proliferation and the Warburg effect. 
Considering the suppressive effects of GA on proliferation 
and HK2 expression in LC cells, it may be hypothesized that 
HK2 serves a possible regulatory role in the proliferation 
of LC cells. si‑HK2 was transfected into HepG2 cells, and 
RT‑qPCR (Fig. 2A) and western blotting (Fig. 2B) were 

Table I. Primer sequences of HK2 and GAPDH.

Name Primer sequence

HK2 F: 5'‑AATGCTTCCATCTTATGCCCC‑3'
 R: 5'‑CCACGAACACCAGGTTCAGG‑3'
GAPDH F: 5'‑TCTTGTGCAGTGCCAGCCT‑3'
 R: 5'‑TGAGGTCAATGAAGGGGTCG‑3'

F, forward; R, reverse; HK2, hexokinase‑2.
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Figure 1. GA impedes LC cell proliferation and the Warburg effect, and blocks the PI3K/AKT pathway. The LC HepG2 cell line was treated with different 
concentrations of GA (0, 25, 50, 75, 100 and 125 µg/ml) for 24 h, followed by analysis of cell viability using the CCK‑8 assay. Subsequently, 100 µg/ml GA 
was chosen for the following experiments. (A) CCK‑8 assay and (B) EdU staining were used to assess cell proliferation. (C) A glucose uptake colorimetric 
assay kit was used to measure glucose uptake capacity and (D) a lactate assay kit was used to assess lactic acid content. A Seahorse XFe96 analyzer was used 
to detect (E) ECAR and (F) OCR. (G) mRNA and (H) protein expression levels of HK2, and (I) the phosphorylation level of AKT, were analyzed by reverse 
transcription‑quantitative PCR and western blotting. Data are presented as the mean ± standard deviation. *P<0.05, **P<0.01. LC, liver cancer; CCK‑8, Cell 
Counting Kit‑8; ECAR, extracellular acidification rate; OCR, oxygen consumption rate; HK2, hexokinase‑2; GA, glycyrrhizin; p‑AKT, phosphorylated‑AKT.

Figure 2. Liver cancer cell proliferation and the Warburg effect may be promoted by HK2. Transfection of HepG2 cells with si‑HK2 was performed. The expres‑
sion levels of HK2 were detected by (A) reverse transcription‑quantitative PCR and (B) western blotting. Cell proliferation was assessed by (C) Cell Counting 
Kit‑8 assay and (D) EdU staining. (E) A glucose uptake colorimetric assay kit was used to evaluate glucose uptake capacity and (F) a lactate assay kit was utilized 
to detect lactic acid content. (G) ECAR and (H) OCR were assessed using the Seahorse XFe96 analyzer. Data are presented as the mean ± standard deviation. 
**P<0.01, ***P<0.001. ECAR, extracellular acidification rate; OCR, oxygen consumption rate; HK2, hexokinase‑2; si, small interfering; NC, negative control.
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utilized to examine the transfection efficiency; HK2 was 
found to be successfully silenced in HepG2 cells (P<0.001 
and P<0.01). A CCK‑8 assay revealed that transfection with 
si‑HK2 suppressed LC cell proliferation (Fig. 2C; si‑HK2 
vs. si‑NC group; P<0.01). In addition, EdU staining revealed 
that there was a lower percentage of EdU‑positive cells in the 
si‑HK2 group compared with in the si‑NC group (Fig. 2D; 
P<0.01). These data suggested that HK2 may promote LC cell 
proliferation.

Glucose uptake capacity (Fig. 2E) and lactic acid content 
(Fig. 2F) were inhibited in the si‑HK2 group compared with 
those in the si‑NC group (P<0.01). Additionally, exposure to 
si‑HK2 enhanced mitochondrial respiration (Fig. 2H; si‑HK2 
vs. si‑NC group; P<0.01) and lessened glycolytic flux (Fig. 2G; 
si‑HK2 vs. si‑NC group; P<0.01), which confirms the promo‑
tive role of HK2 in the Warburg effect. The aforementioned 
indicators remained unchanged in the si‑NC group and the 
control group. Collectively, HK2 may promote the prolifera‑
tion of LC cells and facilitate the Warburg effect to regulate 
cell metabolism.

HK2 suppresses the effect of GA on LC cell proliferation and the 
Warburg effect. Following transfection with pCDNA3.1‑HK2, 

HepG2 cells were treated with GA. RT‑qPCR (Fig. 3A) and 
western blotting (Fig. 3B) analyses revealed that transfection 
with pCDNA3.1‑HK2 significantly increased the mRNA 
and protein expression levels of HK2 (pDNA3.1‑HK2 group 
vs. pCDNA3.1 group; P<0.001 and P<0.01), whereas 
HK2 expression was suppressed following GA treatment 
(pCDNA3.1‑HK2 + GA group vs. pDNA3.1‑HK2 group; P<0.01). 
A CCK‑8 assay (Fig. 3C) and EdU staining (Fig. 3D) illustrated 
that transfection with pCDNA3.1‑HK2 significantly stimulated 
LC cell proliferation (pDNA3.1‑HK2 vs. pCDNA3.1 group; 
P<0.05 and P<0.05); however, following GA exposure, cell 
proliferation was inhibited (pCDNA3.1‑HK2 + GA group vs. 
pDNA3.1‑HK2 group; P<0.05 and P<0.05), demonstrating that 
GA can suppress LC cell proliferation by HK2 reduction.

Progressive increases in glucose uptake capacity 
(Fig. 3E) and lactic acid content (Fig. 3F) were detected in 
the pCDNA3.1‑HK2 group compared with those in the 
pCDNA3.1 and pCDNA3.1‑HK2+GA groups (P<0.01). In 
addition, ECAR and OCR analyses demonstrated that cells 
in the pCDNA3.1‑HK2 group had a higher ECAR (Fig. 3G; 
P<0.05) and a lower OCR (Fig. 3H; P<0.05) compared with 
those in the pCDNA3.1 group. However, compared with the 
pCDNA3.1‑HK2 group, the pCDNA3.1‑HK2 + GA group 

Figure 3. GA inhibits HK2 expression to suppress proliferation and the Warburg effect in liver cancer cells. Cells were transfected with pCDNA3.1‑HK2 
followed by GA treatment. (A) Reverse transcription‑quantitative PCR and (B) western blotting were employed to examine the mRNA and protein expression 
levels of HK2. (C) A Cell Counting Kit‑8 assay and (D) EdU staining were performed to assess cell proliferation. (E) Glucose uptake capacity, (F) lactic acid 
content, (G) ECAR and (H) OCR were analyzed. Data are presented as the mean ± standard deviation. *P<0.05, **P<0.01, ***P<0.001. ECAR, extracellular 
acidification rate; OCR, oxygen consumption rate; HK2, hexokinase‑2; GA, glycyrrhizin.
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exhibited an elevated OCR and a decreased ECAR (P<0.05). 
Taken together, these findings suggested that GA may suppress 
the Warburg effect and proliferation of LC cells through the 
suppression of HK2.

GA mediates its effects on HK2 through the PI3K/AKT 
pathway to inhibit proliferation and the Warburg effect in LC 
cells. HepG2 cells were incubated with the AKT agonist SC79 
and GA to investigate the specific mechanism underlying the 
effects of GA on LC. Western blotting results on the phosphor‑
ylation level of AKT revealed that treatment with the AKT 
agonist SC79 increased the phosphorylation level of AKT 
(SC79 vs. control group; P<0.01), whereas the phosphorylation 
of AKT was decreased following exposure to GA (Fig. 4A; 
SC79 + GA vs. SC79 group; P<0.05). In addition, significant 
increases in the mRNA and protein expression levels of HK2 
were detected in the SC79 group compared with those in the 
control and SC79 + GA groups (Fig. 4B and C; P<0.01 and 
P<0.05), indicating that the PI3K/AKT pathway was associ‑
ated with the effects of GA on HK2 expression. Additionally, 
SC79 promoted LC cell proliferation (SC79 vs. control group), 
whereas this effect was reversed by GA (Fig. 4D and E; 
SC79 + GA vs. SC79 group; P<0.05 and P<0.01).

Elevated glucose uptake capacity (Fig. 4F) and lactic acid 
content (Fig. 4G) were detected in the SC79 group compared 
with those in the control and SC79 + GA groups (P<0.01 and 
P<0.05). Furthermore, exposure to SC79 elevated the ECAR 
and suppressed the OCR (SC79 vs. control group), whereas 
treatment with a combination of SC79 and GA reversed these 
trends (Fig. 4H and I; SC79 + GA vs. SC79 group; P<0.05).

Discussion

At present, therapeutic options for the treatment of LC are 
principally composed of radiological intervention, tumor 
resection, liver transplant and chemotherapy, all of which are 
limited to patients with early stage disease (17). Cancer cell 
metabolism has emerged as a field of biology that provides 
novel access to cancer treatments (18). Therefore, a better 
understanding of the molecular basis of LC formation and cell 
metabolism is essential for improvements in prognosis. In the 
present study, HepG2 cells were exposed to GA to determine 
the potential functions and possible mechanism of GA on cell 
proliferation and the Warburg effect. The present findings 
demonstrated that GA could suppress cell proliferation and 
metabolism through suppressing HK2 expression via blockade 
of the PI3K/AKT signaling pathway.

The Warburg effect confers a growth advantage on 
cancer cells and HK2 has a vital role in this process (9,19). 
High expression levels of HK2 have been observed in LC 
cells (20,21). HK2 was here revealed to accelerate LC cell 
proliferation and glycolytic metabolism, as evidenced by 
an increase in mitochondrial respiration, and decreases in 
glucose uptake capacity, lactic acid content, glycolytic flux 
and proliferation in HepG2 cells following transfection with 
si‑HK2. The present findings are supported by a study by 
Zhang et al (22), which reported that the Polygonatum cyrto‑
nema lectin suppressed tumor cell glycolysis in PC3 cells by 
silencing HK2 and combining with epidermal growth factor 
receptor. As the extensively studied sweet‑tasting constituent 
of licorice, GA is a natural triterpenoid saponin glycoside 

Figure 4. Inhibition of liver cancer cell proliferation and the Warburg effect by GA is associated with HK2 suppression through the PI3K/AKT signaling 
pathway. After HepG2 cells were treated with the AKT agonist and GA, the (A) phosphorylation level of AKT and (B and C) expression of HK2 were measured 
by reverse transcription‑quantitative PCR and western blotting. (D) The Cell Counting Kit‑8 assay and (E) EdU staining were employed to assess cell prolifera‑
tion. (F) Glucose uptake capacity, (G) lactic acid content, (H) ECAR and (I) OCR were analyzed. Data are presented as the mean ± standard deviation. *P<0.05, 
**P<0.01. ECAR, extracellular acidification rate; OCR, oxygen consumption rate; HK2, hexokinase‑2; GA, glycyrrhizin; p‑AKT, phosphorylated‑AKT.
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obtained from licorice roots (23). GA was previously shown 
to suppress cell proliferation in human leukemia and mark‑
edly reduced the growth of leukemia cells via inhibition of 
the AKT/mTOR/STAT3 signaling pathway (24). It has also 
been reported that GA may exert protective effects against 
high glucose‑induced cell proliferation and oxidative stress in 
NRK‑52E cells (25). A significant finding of the present study 
was the observation that GA was a crucial mediator of LC cell 
proliferation and the Warburg effect, and that it affected the 
expression levels of HK2. These results prompted analysis of 
whether GA elicits a suppressive effect on LC through regula‑
tion of HK2. HepG2 cells were treated with pCDNA3.1‑HK2 
and GA, and the findings of the CCK‑8 assay, EdU staining, 
ECAR, OCR, RT‑qPCR and western blotting demonstrated 
that overexpression of HK2 elevated cell proliferation, glucose 
uptake capacity, lactic acid content and glycolytic flux, and 
suppressed mitochondrial respiration. Conversely, following 
exposure to GA, these effects were reversed. Collectively, 
these data confirmed that GA may suppress proliferation and 
the Warburg effect in LC cells through inhibition of HK2.

Following the confirmation that GA hampered LC 
progression, the aim of the present study shifted to deter‑
mining the specific signaling pathway implicated in this 
protection. AKT is one of the primary downstream targets 
of the PI3K signaling pathway and a key cell survival 
factor (26). The PI3K/AKT signaling pathway, which is 
involved in the regulation of cell proliferation and the 
Warburg effect, has been documented to serve a major role 
not only in tumor development but also in the potential 
response of tumors to cancer treatment (27‑29). To assess the 
effect of the PI3K/AKT signaling pathway on LC cells, the 
PI3K/AKT signaling pathway was activated, after which the 
LC cells were treated with GA to observe its effect. These 
results revealed that activation of the PI3K/AKT signaling 
upregulated HK2 expression and facilitated LC cell prolif‑
eration and the Warburg effect, whereas GA could reverse 
the effects exerted by the PI3K/AKT pathway.

In conclusion, the findings of the present study revealed 
that GA exerted an inhibitory effect on the Warburg effect 
and proliferation of LC cells. GA was able to silence HK2 
through the PI3K/AKT pathway, in order to inhibit LC cell 
proliferation and glycolytic metabolism. The specific role of 
GA in the Warburg effect in LC determined in the present 
study may improve the theoretical understanding of glucose 
metabolism reprogramming in human LC and could indicate 
potential therapeutic targets to treat the disease. Nonetheless, 
these results must be interpreted with caution and further 
investigation is required to focus on the issues emerging from 
the present study.
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