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Metformin has shown great promise in the treatment of 
HCC. Radiofrequency ablation (RFA) deficiency results 
in recurrence and metastasis of remaining HCC tumors. 
Here, we aimed to investigate the role and mechanism 
of metformin in HCC after RFA deficiency. HCC cell line 
Hep-G2 was selected to simulate RFA deficiency and 
named HepG2-H cells. After treating cells with different 
concentrations of metformin (2.5, 5, 10 μM) or transfect-
ing related plasmids, cell proliferation, migration, inva-
sion, apoptosis and angiogenesis were detected, in vitro 
permeability test was performed, and an angiogenesis-
related protein VEGFA was analyzed. The residual HCC 
model after RFA deficiency was established in mice. Met-
formin was administered by gavage to detect changes in 
tumor volume and weight, and CD31 staining was used 
to observe microvessels. The targeting relationship be-
tween miR-302b-3p and TXNIP was demonstrated by 
the bioinformatics website, dual-luciferase reporter as-
say, and RNA pull-down assay. The results found that 
metformin inhibited RFA deficiency-induced growth and 
angiogenesis of HCC cells in vitro. miR-302b-3p coun-
teracted the therapeutic effect of metformin on RFA 
deficiency. miR-302b-3p targeted regulation of TXNIP. 
The up-regulation of TXNIP reversed the effects of over-
expression of miR-302b-3p on RFA-deficient HCC cells. 
Metformin inhibited RFA-deficiency-induced HCC growth 
and tumor vascular abnormalities in vivo. Overall, met-
formin promotes the normalization of abnormal blood 
vessels after RFA deficiency in HCC by miR-302b-3p tar-
geting TXNIP, which can be used to prevent the progres-
sion of HCC after RFA.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is an extremely fa-
miliar primary liver malignancy and the main reason for 
cancer-linked deaths worldwide (Harati et al., 2021). Over 
the past 10 years, the incidence of HCC has been in-
creasing, causing a huge socioeconomic burden (Schulte 
et al., 2019). Because the early symptoms of HCC are 

ambiguous, most patients are already at an advanced 
stage when being diagnosed, and are accompanied by 
distant tumor metastasis, leading to an extremely un-
pleasing overall survival rate and prognosis (El Shorbagy 
et al., 2021). Currently, the clinical approaches for HCC 
mainly cover surgical resection, chemotherapy, drug ther-
apy, and surgical resection. However, not all patients can 
undergo surgical resection, and there are few effective 
options for patients at an advanced stage. Radiofrequen-
cy ablation (RFA) has been successfully applied to treat 
diversified primary tumors, covering HCC (Lassandro et 
al., 2020). However, the malignant progression of residu-
al HCC cells after RFA limits the treatment outcome of 
patients (Jia et al., 2020).

Metformin is anti-tumor (Shankaraiah et al., 2019) 
and it can restrain the malignant progression of HCC 
through multiple signaling pathways. For example, met-
formin refrains liver cancer cell proliferation by reduc-
ing the glycolytic flux of the hypoxia inducible fac-
tor (HIF)-1α/6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase 3/phosphofructokinase-1 pathway (Hu 
et al., 2019). Metformin represses HCC progression by 
activating the Hippo pathway (Zhao et al., 2021). Mean-
while, metformin synergizes with other drugs to refrain 
the progression and the drug resistance of HCC. For 
example, metformin combined with curcumin refrains 
HCC growth, metastasis, and angiogenesis in vitro and 
in vivo (Zhang et al., 2018). Metformin can enhance the 
sensitivity of orthotopic HCC mice to sorafenib, thereby 
decreasing postoperative recurrence and metastasis of 
HCC (You et al., 2016). However, the role of metformin 
in HCC after RFA is uncertain.

MicroRNAs (miRNAs) are a class of short endog-
enous single-stranded non-coding RNAs that reduce 
mRNA stability and translation by combining with the 
3’-untranslated region (UTR) of target mRNAs (Alberti 
et al., 2018). Plentiful studies have manifested that abnor-
mal expression of miRNAs is linked with the occurrence 
of cancers covering HCC (Yerukala et al., 2020). For ex-
ample, miR-15a-3p represses HCC metastasis by interact-
ing with heme oxygenase 1 (Jiang et al., 2020) and miR-
448 depresses cell growth by targeting B cell lymphoma 
2 in HCC (Liao et al., 2019). MiR-302b-3p is a pluripo-
tency-linked miRNA, which has been discovered to par-
ticipate in the physiological and pathological processes of 
cancers, such as pancreatic cancer (Xu et al., 2021), gas-
tric cancer (Wang et al., 2021), and colorectal cancer (Hu 
et al., 2021). However, no study has indicated its expres-
sion and function in HCC.
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This study aimed to investigate the function and latent 
mechanisms of metformin in HCC after RFA deficiency. 
In vivo and in vitro experiments were conducted to deter-
mine the function of metformin in the growth and angi-
ogenesis of residual HCC cells after RFA deficiency, and 
further analyze the interaction between metformin and 
miR-302b-3p. It is hypothesized that metformin pro-
motes the normalization of abnormal blood vessels after 
HCC by miR-302b-3p targeting the thioredoxin-interact-
ing protein, offering new insights into HCC treatment.

MATERIALS AND METHODS

Tissue sample

Human HCC tissue and para-tumor samples were col-
lected from 45 HCC patients who underwent surgical 
resection, while 18 of them were residual tumors from 
RFA-undertreated HCC patients. All tissue samples were 
kept in liquid nitrogen at –80°C, and informed consent 
was obtained and approved by the Ethics Committee of 
our hospital.

Cell culture

HCC cell line Hep-G2 (Type Culture Bank of the 
Chinese Academy of Sciences, Shanghai, China) and 
normal human liver cell line L02 (Shanghai Academy of 
Sciences, Shanghai) were cultured with 10% fetal bovine 
serum, 100 U/mL penicillin, and 100 mg/mL strepto-
mycin in Roswell Park Memorial Institute-1640 medium 
(Gibco) (Ni et al., 2021). All the media were provided by 
Gibco.

In vitro RFA deficiency

RFA deficiency was modeled in vitro as previously de-
scribed (Zhang et al., 2017). Briefly, Hep-G2 cells were 
seeded in 6-well plates (5×104 cells/well) and immersed 
in water at 47°C after 24 h. Afterward, cells were al-
lowed to recover, and when the surviving cells reached 
80% confluence, cells were propagated into 6-well plates 
and treated for 10 min as described above. This process 
was repeated ten times for 15, 20, and 25 min in se-
quence. Cells that survived were named HepG2-H cells.

Cell transfection

The pcDNA3.1 (+) vector for TXNIP overexpres-
sion and its corresponding control, miR-302b-3p mimic, 
miR-302b-3p inhibitor, and their negative controls were 
all synthesized by GenePharma (Shanghai, China). Cells 
were seeded in 6-well plates at a density of 5×105 cells/
well and transfected after 24 h of incubation. In vitro 
transfection was performed using Lipofectamine™ 3000 
reagent (Thermo Fisher Scientific).

Cell viability

A total of 5×103 cells were seeded and incubated in 
96-well plates. Then, 10 μl CCK-8 solution (CCK-8, Do-
jindo, Tokyo, Japan) was added to each well. Finally, the 
absorbance was read at 450 nm (Zhang et al., 2021).

Colony formation assay

Cells were plated in 6-well plates at 500 cells/well. 
The colonies formed on the plate were fixed with 4% 
paraformaldehyde (Solabio), stained with 0.5% crystal 
violet, and counted (Zhu et al., 2019).

2Transwell assay

Cells were made into cell suspension at 1×106/mL. In 
the invasion assay, 50 mg/L Matrigel was diluted at a 
ratio of 1: 8 and spread on the bottom of the chamber. 
Matrigel was not applied in the migration assay. Then, 
600 µL complete medium was added to the lower cham-
ber and 200 µL cell suspension was placed in the bot-
tom chamber. After 24 h, the chamber was washed with 
phosphate-buffered saline (PBS), and the cells were fixed 
with paraformaldehyde (40 g/L) and stained with crystal 
violet (1 g/L). Finally, cells were counted under an in-
verted microscope in 6 fields of view (Xu et al., 2021).

Apoptosis detection

Apoptosis assays were performed with Alexa Fluor 
488-Annexin V/propidium iodide (PI) (Invitrogen, CA, 
USA). A BD LSR II flow cytometer (BD Biosciences, 
San Jose, CA, USA) was utilized to acquire the data and 
FlowJo analysis software (Tree Star, Inc., Ashland, OR, 
USA) was used to evaluate the results. Annexin V posi-
tive cells were regarded as apoptotic cells.

Tube formation experiment

A conditioned medium of tumor cells was collected. 
Afterward, 2×104 human umbilical vein endothelial cells 
(HUVECs) were incubated with 100 µL conditioned 
medium and observed with an inverted microscope 
(CKX40, Olympus). The branch point numbers were 
counted in 5 random fields.

In vitro permeability assay

HUVECs were plated on transwell membranes 
(0.4 μm in diameter; Corning-Costar, New York, USA). 
Subsequently, rhodamine-dextran (average MW ~ 70,000; 
20 mg/ml) was added to the upper chamber. The ab-
sorption of 40 µl the lower cavity medium was measured 
at 544 nm excitation wavelength and 590 nm emission 
wavelength.

Quantitative real-time polymerase chain reaction (PCR)

Extraction of total RNA was done using Trizol 
(15596-018, Invitrogen). cDNA was synthesized from 
1 μg RNA by cDNA Synthesis Kit (K1631, Thermo 
Fisher Scientific). In a PCR detection system (CFX96, 
Bio-Rad, Hercules, CA, USA), PCR reactions were per-
formed with the One-step PrimeScript RT-PCR kit 
(RR064B, Takara, Shiga, Japan). The thermal protocol 
was set as pre-denaturation at 95°C for 5 min, denatura-
tion at 95°C for 15 s, annealing at 58°C for 30 s, exten-
sion at 72°C for 30 s, for a total of 40 cycles, and ex-
tension at 72°C for 10 min. Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) and U6 were internal controls. 
The primer sequences were manifested in Table 1. Rela-
tive expression was analyzed by the 2-ΔΔCT method (Teng 
et al., 2020).

Western blot

Cells were lysed by a mixture of protease inhibitor 
and radio-immunoprecipitation assay lysis buffer. Protein 
samples were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then electro-blot-
ted onto polyvinylidene fluoride (PVDF) membranes 
(Bio-Rad). After blocking with 5% skim milk powder, 
the PVDF membranes were incubated with anti-human 
TXNIP (ab188865, 1: 1000, Abcam), vascular endothelial 
growth factor A (ab46154, VEGFA; 1: 1000, Abcam), 
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and GAPDH (2118, 1: 1000, Cell Signaling Technol-
ogy). Proteins were developed by a chemiluminescence 
detection system (Millipore, MA, USA) and imaged by a 
FluroChem E imager (Protein Simple, Santa Clara, CA, 
USA) (Sun et al., 2021). Densitometry and quantification 
were performed using Image Lab™ software (version 
3.0) (Bio-Rad Laboratories).

The luciferase activity assay

The target genes of miR-302b-3p were predicted by 
Starbase 3.0. The wild-type (Wt) or mutant (Mut) se-
quence of TXNIP was cloned into the dual-luciferase 
reporter vector pGL3. The reporter was then co-trans-
fected with miR-302b-3p mimic or NC into HepG2-H 
cells using Lipofectamine 2000 (Invitrogen). The relative 
luciferase activity was determined in the light of the in-
structions of the dual luciferase reporter kit (Promega) 
(Yuan et al., 2020).

RNA pull-down analysis

HepG2-H cells were transfected with biotinylated 
miR-302b-3p (Bio-miR-302b-3p) and biotinylated NC 
(Bio-NC) (RiboBio). Then, cells were lysed and incu-

bated with streptavidin beads (Thermo Fisher Scientific). 
Afterwards, the bound RNA was eluted and purified us-
ing the RNeasy Mini Kit (Qiagen) and analyzed by PCR 
to measure TXNIP expression.

Tumors in nude mice

Twelve male BALB/c nude mice (nu/nu) (6 weeks 
old; body weight of 16–20 g) were purchased from the 
Model Animal Research Center of Nanjing University. 
The mice were raised in cages (n=6/cage) and placed 
in a sterile room with 12-h light/dark cycle with free 
access to food and water. All animal studies complied 
with the regulations of the Institutional Animal Care and 
Use Committee and were approved by the Medical Eth-
ics Committee of Beijing ChaoYang Hospital, Capital 
Medical University. HepG2-H cells (5×106) were sus-
pended in 200 μl serum-free Dulbecco’s Modified Eagle 
Medium and Matrigel (1:1) and injected subcutaneously 
in the upper right flank. After 1 week, mice were oral-
ly administered metformin (200 mg/kg/d) or PBS as a 
control for 24 d. The size of the xenograft tumor was 
measured with a vernier caliper every 6 d, and the tu-
mor volume was calculated according to the formula of 

Table 1 Primer sequence

Genes Primer sequence (5’-3’)

miR-302b-3p Human ACACTCCAGCTGGGTAAGTGCTTCCATGTTT

TGGTGTCGTGGAGTCG

mouse ACACTCCAGCTGGGTAAGTGCTTCCATGTTT

TGGTGTCGTGGAGTCG

TXNIP Human GGTCTTTAACGACCCTGAAAAGG

ACACGAGTAACTTCACACACCT

mouse GGCCGGACGGGTAATAGTG

AGCGCAAGTAGTCCAAAGTCT

U6 Human CTCGCTTCGGCAGCACA

AACGCTTCACGAATTTGCGT

mouse CTCGCTTCGGCAGCACA

AACGCTTCACGAATTTGCGT

GAPDH Human GGAGCGAGATCCCTCCAAAAT

GGCTGTTGTCATACTTCTCATGG

mouse ATCACTGCCACCCAGAAG

ATCACTGCCACCCAGAAG

Genes Primer sequence (5’-3’)

MiR-302b-3p F: 5’-GCGTAAGTGCTTCCATGTT-3’

R: 5’-TCCAGGGACCGAGGA-3’

TXNIP F: 5’-CGCCTCCTGCTTGAAACTA‐AC-3’

R: 5’-AATATACGCCGCTGGTTACACT-3’

U6 F: 5’-CTCGCTTCGGCAGCACA-3’

R: 5’-AACGCTTCACGAATTTGCGT-3’

GAPDH F: 5’-CGCTCTCTGCTCCTCCTGTTC-3’

R: 5’-ATCCGTTGACTCCGACCTTCAC-3’

Note: F, forward; R, reverse.
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0.5×length×width2. After 24 d, the mice were euthanized 
by cervical dislocation, and tumor tissues were collected 
for pathological and molecular expression analysis.

CD31 immunohistochemistry

Tumor tissue was fixed and embedded in paraffin. 
The tumor sections (5 μm) were incubated with a rabbit 
monoclonal antibody CD31 (550274, eBioscience, Inc., 
San Diego, CA, USA) or the universal NC antibody con-
trol. After incubation with the appropriate biotinylated 
secondary antibody, the sections were incubated with 
horseradish peroxidase-conjugated streptavidin (KeyGen 
Biotech.), followed by the addition of 3,3’-diaminoben-
zidine working solution (Sigma) and counterstaining with 
hematoxylin. Quantification of intratumoral microvessel 
density (IMVD) was performed by counting CD31-pos-
itive (brown) cells in the nine most vascularized areas.

Statistical analysis

Data were analyzed with SPSS (IBM, Armonk, NY, 
USA) and manifested as mean ± standard deviation 
(S.D.). Differences were analyzed by Student’s t-test or 
one-way analysis of variance (ANOVA) and Tukey’s 
post-hoc test. Correlation analysis was done with Pear-
son analysis. P<0.05 emphasized statistical meaning.

RESULTS

This study explored the potential role and mechanism 
of metformin in RFA deficiency of HCC. In vivo and in 
vitro experiments were performed to determine the func-
tion of metformin in the cell growth and angiogenesis of 
HCC after RFA deficiency, and the interaction between 

metformin and miR-302b-3p was further analyzed. It is 
concluded that metformin promotes the normalization 
of abnormal blood vessels after RFA deficiency in HCC 
by miR-302b-3p targeting TXNIP, which can be used to 
prevent the progression of HCC after RFA.

RFA promotes the growth of HCC cells and accelerates 
tumor angiogenesis

To study the impact of metformin on RFA-deficient 
HCC cells, RFA deficiency in vitro was simulated to con-
struct a cell model named HepG2-H. As measured, the 
proliferation, invasion, and migration were promoted 
and apoptosis was reduced in HepG2-H cells after RFA 
(Fig. 1A–E). Angiogenesis, the process by which origi-
nal blood vessels grow out of new blood vessels, has 
been implicated in the growth and progression of solid 
tumors (Ramjiawan et al., 2017). This study found that 
the relative lumen number of cells was increased after 
RFA (Fig. 1F). Vascular permeability experiments found 
severe vascular leakage of HUVECs after HepG2-H in-
cubation (Fig. 1G). In addition, the angiogenesis-related 
protein VEGFA was also detected and the finding indi-
cated that VEGFA expression was elevated in HepG2-H 
cells after RFA (Fig. 1H). The above experiments mani-
fested that RFA accelerated the growth of HCC cells 
and tumor angiogenesis.

Metformin restrains the growth and angiogenesis of 
HCC cells induced by RFA deficiency in vitro

To figure out whether metformin could mediate RFA 
deficiency-induced impacts on HCC cells, HCC cells 
were treated with metformin. Our data found that met-
formin inhibited the viability of HepG2 and HepG2-H 
cells and reduced colony numbers in a dose-dependent 

Figure 1. RFA promotes HCC cell growth and tumor angiogenesis
After RFA treatment, (A) CCK-8 detection of cell viability; (B) Plate clone detection of cell proliferation; (C/D) Transwell detection of cell 
migration and invasion; (E) Flow cytometry detection of cell apoptosis; (F) Detection of angiogenesis; (G) Permeability assay in vitro. 
(H) Western blot detection of angiogenesis-linked protein VEGFA. N=3. The measurement data were presented as mean ± S.D. *vs. the 
HepG2, P<0.05.
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manner (Fig. 2A, B). RFA-induced quantitative increas-
es in cell migration and invasion were also inhibited by 
metformin (Fig. 2C, D). Meanwhile, metformin also in-
creased the apoptosis rate of HepG2 and HepG2-H cells 
in a dose-dependent manner (Fig. 2E) and inhibited tu-
mor angiogenesis and permeability in vitro (Fig. 2F–H). 
All in all, metformin could refrain the growth and an-
giogenesis of HCC cells induced by RFA deficiency in 
vitro. The treatment effect of 10 μM metformin was 
most pronounced and was therefore selected for further 
experiments.

MiR-302b-3p counteracts the therapeutic effect of 
metformin on RFA deficiency

Notably, miR-302b-3p levels were elevated in RFA-in-
duced HepG2-H cells (Fig. 3A) which was dose-depend-
ently counteracted by metformin (Fig. 3B). In addition, 
a decrease in miR-302b-3p expression was also detected 
in metformin-treated HepG2 cells (Fig. 3B). To further 
figure out miR-302b-3p’s impacts on RFA deficiency, 
miR-302b-3p mimic and inhibitor were transfected in 
metformin-treated HepG2-H and HepG2 cells, and the 

transfection efficiency was verified (Fig. 3C). Subsequent 
experiments manifested that miR-302b-3p mimic coun-
teracted the therapeutic effects of metformin on HepG2-
H and HepG2 cells, leading to promoted cell growth, 
angiogenesis, and vascular leakage, whereas miR-302b-3p 
inhibitor had the opposite effects (Fig. 3E–K).

MiR-302b-3p targets TXNIP

It was also found that TXNIP expression was reduced 
in RFA-induced HepG2-H cells (Fig. 4A, B), while met-
formin dose-dependently elevated TXNIP expression 
(Fig. 4CD). TargetScan 7.2 predicted the binding site se-
quences of TXNIP and miR-302b-3p (Fig. 4E). The in-
teraction between the two was further confirmed, clarify-
ing that after co-transfection of the miR-302b-3p mimic 
with the psiCHECK-2 TXNIP 3’UTR Wt plasmid, the 
luciferase activity was reduced by 50% (Fig. 4F). It was 
further confirmed that miR-302b-3p could combine with 
TXNIP in RNA pull-down assay (Fig. 4G). In addition, 
the expression of miR-302b-3p and TXNIP in normal 
human liver cell line L02 and HepG2 cells was detected 
by PCR, and it was found that compared with L02, the 

Figure 2. Metformin refrains the growth and angiogenesis of HCC cells induced by RFA deficiency in vitro
After metformin treatment, (A) CCK-8 detection of cell viability; (B) Plate clone detection of cell proliferation; (C/D) Transwell detection of 
cell migration and invasion; (E) Flow cytometry detection of cell apoptosis; (F) Detection of angiogenesis; (G) Permeability assay in vitro. 
(H) Western blot detection of angiogenesis-linked protein VEGFA. N=3. The measurement data were presented as mean ± S.D. #vs. the 
HepG2-H, P<0.05; $vs. the HepG2, P<0.05.
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expression of miR-302b-3p was increased, and the ex-
pression of TXNIP was decreased in HepG2 cells (Sup-
plementary Fig. 1A,B). Next, TXNIP expression was 
measured in cells transfected with miR-302b-3p mimic 
or inhibitor, showing that miR-302b-3p mimic reduced 
TXNIP, while miR-302b-3p inhibitor elevated TXNIP 
expression (Supplementary Fig. 1C, Fig. 4HI at https://
ojs.ptbioch.edu.pl/i). Taken together, miR-302b-3p could 
directly target TXNIP.

TXNIP turns around the effect of elevated miR-302b-3p 
on RFA-deficient HCC cells

To further figure out the mechanism between TXNIP 
and miR-302b-3p, HepG2-H+Met cells or HepG2+Met 

cells transfected with miR-302b-3p mimics were trans-
fected with TXNIP overexpression vector (Fig. 5A). It 
was found that TXNIP reversed the effect of overex-
pression of miR-302b-3p on RFA-deficient HCC cells, 
reduced cell proliferation, migration, and invasion lev-
els, increased apoptosis, and inhibited angiogenesis and 
permeability in vitro (Fig. 5B–I). In short, TXNIP turned 
around the effect of elevated miR-302b-3p on RFA-defi-
cient HCC cells.

Metformin refrains RFA deficiency-induced HCC tumor 
growth and tumor vascular abnormalities in vivo

To figure out the application potential of metformin 
in the treatment of RFA deficiency in vivo, a residual can-

Figure 3. MiR-302b-3p counteracts the therapeutic effect of metformin on RFA deficiency
(A–C) PCR detection of miR-302b-3p; (D) CCK-8 detection of cell viability; (E) Plate clone detection of cell proliferation; (F/G) Transwell 
detection of cell migration and invasion; (H) Flow cytometry detection of cell apoptosis; (I) Detection of angiogenesis after metformin 
treatment; (J) Permeability assay in vitro. (K) Western blot detection of angiogenesis-linked protein VEGFA. N=3. The measurement data 
were presented as mean ± S.D. *vs. the HepG2, P<0.05; #vs. the HepG2-H, P<0.05; + or ^vs. the Met+NC, P<0.05.

https://ojs.ptbioch.edu.pl/i
https://ojs.ptbioch.edu.pl/i


Vol. 70       1011Metformin promotes the normalization of abnormal blood vessels

cer model of HCC after incomplete RFA was established 
in mice, and metformin was administered by gavage. It 
was discovered that tumor weight and volume were re-
duced in the HepG2-H+Met group (Fig. 6A–C). MiR-
302b-3p and TXNIP expression in mouse tumor tissue 
was detected, manifesting that miR-302b-3p expression 
was reduced, but TXNIP expression was elevated in 
the HepG2-H+Met group (Fig. 6D, E). Moreover, mi-
crovessels were observed by CD31 staining and it was 
found that metformin reduced IMVD (Fig. 6F). Taken 
together, metformin repressed RFA-deficiency-induced 
HCC cell growth and tumor vascular abnormalities in 
vivo.

Up-regulation of miR-302b-3p enhances the malignancy 
of residual HCC cells after RFA

Finally, the correlation of miR-302b-3p with HCC 
development was analyzed. As shown in Fig. 7A, miR-
302b-3p was elevated in HCC tissues compared with 
para-tumor tissues. More interestingly, miR-302b-3p was 
further enhanced in residual HCC tissues collected from 
RFA-deficient patients (Fig. 7B). These results suggest 
that miR-302b-3p may play an accelerating role in the 
development of residual HCC after RFA.

DISCUSSION

Angiogenesis has been reported to take on a critical 
role in the development, progression, and metastasis of 
HCC (Lin et al., 2018). Many studies have testified that 
RFA is a safe and efficient approach for liver metastases, 
while residual tumors can grow aggressively after RFA, 
driven in part by the upregulation of VEGF (Agarwal et 
al., 2014). Meanwhile, RFA deficiency promotes angio-
genesis of residual HCC cells through HIF-1α/VEGFA 

axis (Kong et al., 2012). These studies suggest that angio-
genesis after RFA is a momentous physiological process 
in residual HCC. In the present study, it was found that 
RFA treatment accelerated HCC cell growth in vitro, in-
creased cell relative lumen number, vascular permeability, 
and VEGFA expression. Metformin treatment could re-
press the facilitating effect of RFA on HCC. The in vivo 
results also confirmed that metformin could repress the 
growth and angiogenesis of HCC cells after RFA treat-
ment.

It is well known that metformin is an anti-diabetic bi-
guanide drug with safety and pleiotropic effects. In re-
cent years, it has been proved to have anti-tumor effects 
in diversified cancers, such as cervical (Xia et al., 2020), 
breast (Teufelsbauer et al., 2020), and gastric cancers 
(Cunha Júnior et al., 2021). Although some of the func-
tions of metformin in HCC have been elucidated, many 
of its specific underlying mechanisms in HCC have not 
been identified, especially in HCC treated with RFA. In 
the study, RFA deficiency was simulated in vitro to con-
struct a cell model, and it was found that RFA treatment 
facilitated HCC cell growth and angiogenesis, while met-
formin treatment restrained HCC cell growth, tumor an-
giogenesis, permeability, and VEGFA expression. Next, 
an RFA-deficient HCC in vivo model was established and 
administered metformin by gavage. It was discovered 
that metformin refrained RFA-deficiency-induced HCC 
cell growth and tumor vascular abnormalities in vivo, sug-
gesting that metformin partially counteracts RFA defi-
ciency-induced vascular abnormalities in HCC tumors. 
Some former studies have manifested that metformin 
represses tumorigenesis by modulating miRNAs. For 
example, metformin induces G1 cell cycle arrest by up-
regulating tumor suppressors miR-let-7a, miR-let-7b, and 
miR-let-7e, thereby restraining HCC cell proliferation 
(Miyoshi et al., 2014). Metformin stimulates pyroptosis 

Figure 4. MiR-302b-3p targets TXNIP
(A–D) PCR and Western blot detection of TXNIP in cells; (E) TargetScan manifested the predicted TXNIP binding sequence of miR-302b-
3p; (F) The luciferase activity assay in HepG2-H cells after co-transfection. (G) Enrichment of miR-302b-3p and TXNIP by RNA pull-down 
analysis; (H/I) PCR and Western blot detection of TXNIP in cells. N=3. The measurement data were presented as mean ± S.D. *vs. the 
HepG2, P<0.05; #vs. the HepG2-H, P<0.05; +vs. the Met, P<0.05.
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in human esophageal cancer cells by regulating miR-497 
(Wang et al., 2019). Here, it was discovered that met-
formin treatment downregulated miR-302b-3p in HCC.

Former studies have manifested that miR-302b-3p 
is abnormally expressed in diversified cancers (Liang et 
al., 2019) and that it is also associated with nerve cell 
inflammation (He et al., 2020) and neuronal damage (Li 

et al., 2021). In this study, it was originally found that 
miR-302b-3p was elevated in RFA-induced HCC cells, 
and up-regulation of miR-302b-3p counteracted the ther-
apeutic effect of metformin on HCC cells, while down-
regulation of miR-302b-3p further enhanced the thera-
peutic effect of metformin on HCC. This result suggests 
miR-302b-3p was a downstream target of metformin in 

Figure 5. TXNIP turns around the effect of elevated miR-302b-3p on RFA-deficient HCC cells
(A) PCR detection of TXNIP in cells; (B) CCK-8 detection of cell viability; (C) Plate clone detection of cell proliferation; (D/E) Transwell 
detection of cell migration and invasion; (F) Flow cytometry detection of cell apoptosis; (G) Detection of angiogenesis after metformin 
treatment; (H) Permeability assay in vitro. (I) Western blot detection of angiogenesis-linked protein VEGFA. N=3. The measurement data 
were presented as mean ± S.D. In HepG2-H cells, &vs. the Met+NC, P<0.05; ^vs. the Met+miR-302b-3p+pcDNA, P<0.05.
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HCC. Many studies have manifested that miRNAs func-
tion in various diseases by targeting mRNAs. For exam-
ple, miR-302b-3p targeting insulin-like growth factor 1 
receptor represses gastric cancer cell proliferation (Guo 
et al., 2017). Next, it was found that miR-302b-3p tar-
geted TXNIP in RFA-induced HCC cells. TargetScan 7.2 
forecasted the existence of binding sites for miR-302b-
3p and TXNIP.

TXNIP is an α-arrest family protein that modulates 
intracellular reactive oxygen species (ROS) (Sheth et 
al., 2006). TXNIP takes on an irreplaceable role in the 
development of HCC, and TXNIP deficiency is suffi-
cient to induce HCC and TXNIP is a new tumor sup-
pressor gene for HCC (Sheth et al., 2006). In the present 
study, it was found that TXNIP was down-regulated in 
RFA-induced HCC cells, and elevation of TXNIP turned 
around the effect of elevated miR-302b-3p on RFA-defi-
cient HCC and refrained HCC cell growth, angiogenesis, 
and permeability in vitro. These results suggested that 
metformin repressed HCC cell growth and angiogenesis 
in vitro and in vivo by targeting the miR-302b-3p/TXNIP 
axis.

However, the research still has some limitations. First, 
the sample size was insufficient due to limited labora-
tory conditions. Meanwhile, it has been documented 
that ROS production is elevated after RFA (Richter et 

al., 2012), while the effect of RFA deficiency on ROS 
production and whether ROS in turn affects HCC cell 
growth and angiogenesis remains to be further verified. 
It is hoped that these issues can be further addressed.

CONCLUSION

Overall, the study manifests that RFA deficiency can 
accelerate cell growth and angiogenesis in HCC, while 
metformin can alleviate the negative impact of RFA de-
ficiency on HCC. The results suggest that metformin re-
presses HCC cell growth and angiogenesis in vitro and in 
vivo by miR-302b-3p to upregulate TXNIP. The results 
offer brand-new insights into overcoming RFA defi-
ciency to promote the malignant progression of residual 
HCC cells.
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