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ABSTRACT
Sirtuin-3 (SIRT3) has been described as a colorectal cancer oncogene and to be regulated by 
glycyrrhizic acid (GA). However, few studies have explored the interaction between GA and SIRT3. 
Therefore, in the present study, we showed that GA could significantly decrease SIRT3 protein 
levels in SW620 and HT29 cells in a dose-dependent manner. Then, we overexpressed SIRT3 by 
lentivirus infection on SW620 and HT29 cells. We found that, in vitro, GA treatment significantly 
decreased cell viability, cell clone number, and invasion and migration number, besides signifi-
cantly increasing apoptosis. Also, GA treatment significantly decreased the Bax/Bcl2 protein ratio 
and the expression of Cyclin D1, CDK2, CDK4, MMP-9, N-cadherin, and vimentin in SW620 and 
HT29 cells. Meanwhile, the SIRT3 overexpression could significantly reverse these changes. 
Moreover, the GA treatment could significantly decrease the weight of xenograft tumor tissues 
and its SIRT3 protein levels in vivo, while SIRT3 overexpression reversed these effects. Overall, GA 
inhibited the proliferation, invasion, and migration of colorectal cancer cells, and induced their 
apoptosis by SIRT3 inhibition. 
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Introduction

Colorectal cancer is one of the most common 
malignant tumors, corresponding to about 
1.8 million new cases and more than 800,000 
deaths worldwide each year [1]. In China, 
376,000 new cases and 191,000 deaths are reported 
each year [2,3]. Besides, due to the lack of colono-
scopy in China, many colorectal cancer patients 
are diagnosed at an advanced stage [4,5]. 
Therefore, surgical resection alone is not suitable 
for these patients and must be combined with drug 
treatments.

Novel antitumor agents derived and identi-
fied from natural sources have attracted 
increasing attention. These compounds repre-
sent a key alternative for the improvement of 
existing standard cancer therapies. Glycyrrhizic 
acid (GA) is the main effective ingredient of 
licorice, a traditional Chinese medicine, which 
has been proven to have antioxidative stress [6], 
anti-inflammatory [7], anti-cancer [8], and 

antibacterial [9] activities. Moreover, previous 
studies have found that GA has a significant 
inhibitory effect on leukemia [10], liver cancer 
[11], lung cancer [12], and breast cancer cells 
[13]. Importantly, Khan R et al. found that oral 
GA could reduce the expression of Ki-67, NF- 
κB, proliferating cell nuclear antigen (PCNA), 
cyclooxygenase-2 (COX-2), and iNOS; and 
increase the levels of p53, connexin-43, Bcl-2, 
and caspase-3 proteins, thereby preventing the 
occurrence of 1,2-dimethylhydrazine-induced 
colon cancer [14,15]. Additionally, glycyrrhet-
nic acid, derived from licorice and with 
a similar structure to GA, has been found to 
inhibit the proliferation, invasion, and migra-
tion of colorectal cancer cells in vitro [16]. 
However, the effect of GA on colorectal cancer 
cells and its molecular mechanisms remain 
unclear.

Sirtuin-3 (SIRT3) is a NAD-dependent class 
III histone deacetylase. The main members of 

CONTACT Jiarui Han hanjiarui2018@yeah.net Henan Provincial Hospital of Traditional Chinese Medicine (The Second Hospital Affiliated to Henan 
University of Chinese Medicine) NO. 6, Dong Feng Road, Jinshui Distr 450002 Zhengzhou, Henan Province, People’s Republic of China

BIOENGINEERED
2022, VOL. 13, NO. 2, 2720–2731
https://doi.org/10.1080/21655979.2021.2001925

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original work is properly cited.

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21655979.2021.2001925&domain=pdf&date_stamp=2022-01-24


this family, such as SIRT1 [17], SIRT4 [18], and 
SIRT6 [19], are involved in the occurrence and 
development of different malignant tumors. 
SIRT3 has also been found to be involved in 
the regulation of cancer occurrence and devel-
opment, However, its function can vary 
depending on the tumor type, being an onco-
gene [20] or tumor suppressor gene [21], for 
example. In colorectal cancer, SIRT3 is an 
oncogene, highly expressed in colorectal cancer 
tissues [20], and related to the sensitivity of 
colorectal cancer cells to chemotherapy drugs 
[22]. In the present study, we hypothesized 
that GA exerted its anti-colorectal cancer activ-
ity by SIRT3 inhibition. We designed this study 
to investigate the GA’s effects on the prolifera-
tion, invasion, migration, and apoptosis of col-
orectal cancer cells, and to explore the 
relationship between GA’s molecular mechan-
isms and SIRT3.

Materials and methods

Cell lines culture

SW620 (CCL-227) and HT29 (HTB-38) cell lines 
were purchased from the American Type Culture 
Collection (ATCC). They were cultured in 
McCoy’s 5A medium (12330031, Gbico) supple-
mented with 10% fetal bovine serum (16140071, 
Gbico) at 37°C and 5% CO2. Different concentra-
tions of GA (1295888, Sigma) were directly added 
to the medium to perform treatments (GA, 
Figure 1).

Western blot analyses

First, we harvested and lysed cells to obtain the 
total protein using the RIPA lysis buffer (R0013D, 
Beyotime). Then, we used a BCA kit to detect the 
total protein concentration and protein levels as 
previously described [23]. Fifty μg of total protein 
was analyzed with 10% SDS-PAGE. After transfer-
ring samples to PVDF membranes and sealing 
with 5% skimmed milk, they were incubated with 
the primary antibodies overnight at 4°C. After 
incubation with the secondary antibody (room 
temperature and 1 h), proteins were visualized 
with ECL solution (WBKLS0100, Beijing 
Xinjingke Biotechnologies Co., Ltd, China), fol-
lowed by densitometry analyses using Image J 3.0 
(IBM, USA). β-actin was also loaded as a control. 
The antibodies used in this study are shown in 
Table 1.

Cellular immunofluorescence

Cells (1x104) were seeded into a Lab-Tek cell cul-
ture well (155411, Thermo Scientific). After 24 
h of 20 μmol/L GA treatment, we removed the 
cell culture medium and washed cells 3 times 
with PBS. After being fixed with 4% paraformal-
dehyde for 10 min at room temperature, cells were 
blocked with 5% BSA for 1 h at room temperature. 
Then, cells were incubated with SIRT3-antibody 
(ab217319, abcam) overnight at 4°C. On the 
next day, we removed the SIRT3-antibody, and 
cells were incubated with Alexa Fluor488 goat- 
anti-rabbit IgG (H + L) (A11008, Invitrogen) 

Figure 1. Molecular formula of glycyrrhizic acid.
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after being washed 3 times with PBS. Nuclei were 
counterstained with 5 μg/mL DAPI for 5 min at 
room temperature. Finally, all samples were ana-
lyzed by confocal microscopy.

SIRT3 overexpression

We overexpressed SIRT3 in colorectal cancer cells 
by AAV-h-SIRT3 (AAV-223017, vectorbiolabs) 
lentivirus infection. The empty vector control len-
tivirus (AAV-NC) was used as control. After 48 h 
of infection with lentivirus, we harvested cells to 
detect SIRT3 protein levels by Western blot.

Cell viability assay

After 24 h of stimulation with 20 μmol/L GA, we 
seeded cells into a 96-well cell culture plate (1 
x 104 cells/well). After removing the medium, we 
washed cells 3 times with PBS. Then, 100 μL of cell 
culture medium supplemented with 10 uL CCK8 
solution (C0038, Beyotime) were added to incu-
bate cells for 1 h at 37°C and 5% CO2. Finally, we 
detected the OD600 to calculate the relative cell 
viability.

Cell clone test

A cell clone test was used to evaluate the prolifera-
tion of colorectal cancer cells as previously 
described [24]. First, 200 cells with 2 mL medium 
were seeded into a 6-well cell culture plate. The 
cell culture medium was supplemented with 0 or 

20 μmol/L GA. We changed the cell culture med-
ium once every 3 days. After 3 weeks, we removed 
the cell culture medium and washed them twice 
with PBS. Then, we added formaldehyde to fix 
cells at room temperature for 30 min, then added 
0.1% crystal violet for staining at room tempera-
ture for 20 min, and washed cells 3 times with 
PBS. Finally, we counted the cell clone number.

Flow cytometry detection

After 24 h of 20 μmol/L GA stimulation, cells were 
harvested. For cell cycle detection, we washed cells 
twice with pre-cooled PBS, added pre-cooled 75% 
ethanol, and fixed them at 4°C for 4 h. Then we 
harvested cells to perform the PI/RNase staining 
according to the Cell Cycle Staining Kit instruc-
tions (KTA2020, Amyjet Scientific). For apoptosis 
detection, after being washed twice with cold-PBS, 
we harvested cells to perform the Annexin 
V-FITC/PI staining following the Annexin 
V-FITC/PI apoptosis detection kit instructions 
(40302ES20, YEASEN).

Transwell chamber for invasion and migration 
assessment

We used a transwell chamber test to determine the 
invasion and migration of colorectal cancer cells 
[24]. We seeded 0.5 × 105 cells/100 μL medium 
into the transwell upper chamber. The lower 
chamber received 600 uL of McCoy’s 5A medium 
containing 2.5% FBS. After incubation for 24 h at 
37°C and 5% CO2, we removed the cell culture 
medium in the transwell lower chamber, washed it 
twice with sterile PBS, and fixed it with formalde-
hyde at room temperature for 30 min. Then, we 
added 0.1% crystal violet for staining at room 
temperature for 20 min and washed it 3 times 
with PBS. Finally, we counted cells under 
a microscope.

Caspase 3 activity assay

After stimulation with 20 μmol/L GA for 24 h, we 
harvested cells, then detected the caspase 3 activity 
using a Caspase 3 Activity Assay Kit (C1116, 
Beyotine) and following the manufacturer’s 
instructions.

Table 1. Antibody information.
Antibody Cat.no. Manufacturer

SIRT3 ab217319 ABCAM
Cyclin D1 ab16663 ABCAM
CDK2 ab64669 ABCAM
CDK4 GTX55565 Gene Tex
MMP-9 sc-21733 Santa Cruz
N-cadherin sc-8424 Santa Cruz
Vimentin ab230171 ABCAM
Bax AF820 R&D
Bcl2 AF810 R&D
β-actin HC201-02 TransGen 

Biotech
Goat anti-Rabbit IgG (H + L)-Alexa Fluor 

488
A11008 Invitrogen

Goat Anti-Rabbit IgG H&L (HRP) ab97051 ABCAM
Goat Anti-mouse IgG H&L (HRP) Ab205719 ABCAM
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Nude mouse xenograft tumor

Forty-eight nude mice (6–8 weeks, female: 
male = 1:1, 16–25 g) were used to establish color-
ectal cancer xenograft tumor models. First, we 
injected 2 × 105 wild type (WT) or SIRT3 color-
ectal cancer cells cell subcutaneously under the 
nude mouse armpit. Nude mice in GA and GA 
+AAV-SIRT3 groups received 50 mg/kg of GA by 
gavage every day. Mice in the WT group received 
the same amount of solvent every day. All mice eat 
freely for 3 weeks, then were euthanized to sepa-
rate and weigh colorectal cancer xenograft tumor 
tissues.

SIRT3 expression by immunochemistry

First, colorectal cancer xenograft tumor tissues were 
cut into 3.5 μm slices using Slicer (CUT4062, SLEE). 
Then, we detected SIRT3 protein levels using an 
immunochemistry VECTASTAIN® Elite® ABC Kit 
(PK-000, Lumiprobe) following the manufacturer’s 
instructions.

Statistical analyses

We used GraphPad Prism 5 to analyze the data 
and construct images. We used the Student’s t-test 
to compare differences between two groups. 
Differences between multiple groups were ana-
lyzed by one-way ANOVA with Tukey’s post hoc 
test. A p < 0.05 was considered as a significant 
difference.

Results

In the current study, we hypothesized that GA 
exerted its anti-colorectal cancer activity by 
SIRT3 inhibition. First, we tested the effect of GA 
on SIRT3 protein expression in SW620 and HT29 
cells. We found that GA inhibited SIRT3 expres-
sion in colorectal cells in a dose-dependent man-
ner. Next, we found that GA inhibited the 
proliferation, cell cycle progression, migration, 
and invasion of colorectal cancer cells in vitro. 
Moreover, overexpression of SIRT3 could attenu-
ate GA’s effects. Finally, we found that GA 
reduced the weight of colorectal cancer xenograft 
tumor tissues.

GA inhibits SIRT3 protein expression in colorectal 
cancer cells

It has been found that SIRT3 is highly expressed in 
colorectal cancer tissues and that SIRT3 gene 
silencing can inhibit the proliferation, invasion, 
and migration of colorectal cancer cells, besides 
increasing their apoptosis [20]. Here, we exposed 
colorectal cancer cells to 0, 5, 10, or 20 μmol/L GA 
for 24 h and collected them to analyze SIRT3 
protein levels by Western blot. We found that 
GA incubation significantly reduced SIRT3 pro-
tein levels in SW620 (Figure 2(a)) and HT29 
(Figure 2(b)) cell lines in a dose-dependent man-
ner. Also, we located where SIRT3 was expressed 
in colorectal cancer cells using immunofluores-
cence. We found that SIRT3 was expressed in the 
cytoplasm and 20 μmol/L GA significantly 
decreased SIRT3 expression in SW620 (Figure 2 
(c)) and HT29 (Figure 2(d)) cells.

GA inhibits the proliferation of colorectal cancer 
cells by SIRT3 inhibition

To study whether GA can affect the biological 
characteristics of colorectal cancer cells by inhibit-
ing SIRT3 expression, we first overexpressed 
SIRT3 in colorectal cancer cells through lentivirus 
infection (AAV-SIRT3). The Western blot results 
showed that the AAV-SIRT3 lentivirus infection 
successfully established SIRT3-overexpressed 
SW620 and HT29 cell lines (Figure 3(a)). Then, 
we exposed WT and SIRT3-overexpressed color-
ectal cancer cells to 0 or 20 μmol/L GA for 24 h 
and used a CCK8 assay kit to evaluate the cell 
viability. Results showed that, compared to the 
WT group (colorectal cancer cells without any 
treatment), 20 μmol/L GA significantly decreased 
the viability of SW620 and HT29 colorectal cancer 
cells (Figure 3(b)). Moreover, the overexpression 
of SIRT3 significantly attenuated this decrease in 
viability (Figure 3(b)). Furthermore, the cell clone 
formation test was used to assess the proliferation 
of colorectal cancer cells (Figure 3(c)). Results 
showed that 20 μmol/L GA significantly decreased 
the number of SW620 and HT29 cell clones 
(Figure 3(d)). Also, overexpression of SIRT3 sig-
nificantly reduced the decrease in cell clones 
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number induced by 24 h of 20 μmol/L GA 
(Figure 3(d)).

GA hinders the progression of the colorectal 
cancer cell cycle via SIRT3 inhibition

Since cell proliferation is closely related to the cell 
cycle, we hypothesized that GA affected colorectal 
cancer cell proliferation by blocking the cell cycle 
progression. To test this hypothesis, we used flow 
cytometry to detect the cell cycle of WT and 
SIRT3-overexpressed (AAV-SIRT3) colorectal 
cancer cells after stimulation with 0 or 20 μmol/L 
GA for 24 h. We found that, compared to the WT 
group, 20 μmol/L GA significantly increased the 
G1/G0 stage ratio and decreased the S/G2 stage 
ratio of SW620 (Figure 4(a)) and HT29 (Figure 4 
(b)) colorectal cancer cells. Meanwhile, overex-
pression of SIRT3 significantly attenuated this 
G1/G0 stage ratio increase and the S/G2 stage 
ratio decrease (Figure 4(a,b)). Moreover, we 

detected the changes in the expression of cell 
cycle-related proteins, such as cyclin D1, CDK2, 
and CDK4. Results showed that the stimulation 
with 20 μmol/L GA for 24 h significantly 
decreased the expression of these proteins in col-
orectal cancer cells compared to the WT group 
(Figure 4(c,d)). On the other hand, the overexpres-
sion of SIRT3 significantly attenuated this decrease 
in the cyclin D1, CDK2, and CDK4 protein levels.

GA inhibits the invasion and migration of 
colorectal cancer cells by inhibiting SIRT3

The invasion and migration of tumor cells endow 
cancer cells with malignant characteristics and are 
the main cause of death in tumor patients. Thus, 
we used a transwell chamber to evaluate the inva-
sion and migration ability of colorectal cancer cells 
in vitro. We found that, compared to the WT 
group, the stimulation with 20 μmol/L GA for 
24 h significantly decreased the number of 

Figure 2. Glycyrrhizic acid inhibits SIRT3 protein expression in colorectal cancer cells. (a,b) Western blot analysis of SIRT3 protein 
expression in SW620 (a) and HT29 (b) cells after stimulating with 0, 5, 10 or 20 μmol/L glycyrrhizic acid for 24 hours. (c,d) 
Immunofluorescence analysis shows that SIRT3 is mainly expressed in the cytoplasm of SW620 (c) and HT29 (d) cells, and decreased 
expression of SIRT3 protein after stimulating with 20 μmol/L glycyrrhizic acid for 24 hours. Each test is repeated at least 3 times 
independently. * P < 0.05, ** P < 0.01 and *** P < 0.001 vs 0 μmol/L glycyrrhizic acid group.
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SW620 (Figure 5(a)) and HT29 (Figure 5(b)) col-
orectal cancer cells that could invade or migrate to 
the lower transwell chamber. Also, overexpression 
of SIRT3 significantly attenuated this decrease in 
colorectal cancer cells number that could invade or 
migrate the transwell lower chamber. Also, we 
detected changes in the expression of epithelial- 
mesenchymal transition (EMT)-related proteins, 
such as MMP-9, N-cadherin, and Vimentin. We 
found that the stimulation with 20 μmol/L GA for 
24 h significantly decreased the expression of these 
proteins in colorectal cancer cells compared to the 
WT group. Moreover, the overexpression of SIRT3 
significantly attenuated this decrease in MMP-9, 
N-cadherin, and Vimentin protein levels induced 
by 20 μmol/L GA for 24 h (Figure 5(c,d)).

GA induces colorectal cancer cells apoptosis by 
inhibiting SIRT3

The evaluation of the induction of cancer cells 
apoptosis is pivotal during studies with drugs 
used to treat cancer. Therefore, in the present 
study, we used flow cytometry to detect the 

apoptosis of colorectal cancer cells after GA 
treatment. We found that, compared to the WT 
group, the stimulation with 20 μmol/L GA for 
24 h significantly increased the apoptosis of col-
orectal cancer cells, and overexpression of SIRT3 
attenuated this effect (Figure 6(a,b)). 
Additionally, we detected the changes in the 
expression of apoptosis-related proteins, such as 
Bax, Bcl2, and caspase 3. Compared to the WT 
group, the stimulation with 20 μmol/L GA for 
24 h significantly increased the Bax/Bcl2 protein 
ratio, and overexpression of SIRT3 attenuated 
this effect. Similarly, this GA treatment signifi-
cantly increased the activity of caspase 3 in col-
orectal cancer cells compared to the WT group 
(Figure 6(d)). Meanwhile, the overexpression of 
SIRT3 significantly reversed this activity increase 
(Figure 6(d)).

GA inhibits the growth of colorectal cancer 
xenografts via SIRT3 inhibition

Due to the in vivo environment complexity, 
many in vitro results can not be repeated 

Figure 3. Glycyrrhizic acid inhibits the proliferation of colorectal cancer cells by inhibiting SIRT3 in vitro. (a) Lentiviral infection 
increases the expression of SIRT3 protein in colorectal cancer cells using Western blot analysis. (b) SIRT3 overexpression increases 
decreased the cell viability of colorectal cancer induced by 20 μmol/L glycyrrhizic acid for 24 hours. (c,d) Wild-type and SIRT3 
overexpressing colorectal cancer cells were cultured with 0 or 20 μmol/L glycyrrhizic acid for 2 weeks, representative cell clone 
images (c), and statistical comparison of the number of cell clones (d). Each test is repeated at least 3 times independently. ns 
P > 0.05 and *** P < 0.001 vs WT group, and ### P < 0.001 vs 20 μM GA group.
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Figure 4. Glycyrrhizic acid blocks colorectal cancer cells in G1/G0 stage by inhibiting SIRT3 in vitro. (a,b) Flow cytometry analysis of 
cell cycle in SW620 (a) and HT29 (b) cells, Representative cell cycle diagrams are shown on the left, and statistical comparison cubes 
are shown on the right. (c,d) Western blot analysis of Cyclin D1, CDK2 and CDK4 protein expression in SW620 (c) and HT29 (d) cells 
after stimulating with 0 or 20 μmol/L glycyrrhizic acid for 24 hours. Each test is repeated at least 3 times independently. ** P < 0.01 
and *** P < 0.001 vs WT group. # P < 0.05, ## P < 0.01 and ### P < 0.001 vs 20 μM GA group.

Figure 5. Glycyrrhizic acid inhibits the metastasis of colorectal cancer cells by inhibiting SIRT3 in vitro. (a,b) Transwell chamber was 
used to assess the invasion and migration ability of SW620 (a) and HT29 (b) cells. (c,d) Western blot analysis of MMP-9, N-cadherin 
and Vimentin protein expression in SW620 (c) and HT29 (d) cells after stimulating with 0 or 20 μmol/L glycyrrhizic acid for 24 hours. 
Each test is repeated at least 3 times independently. *** P < 0.001 vs WT group. ## P < 0.01 and ### P < 0.001 vs 20 μM GA group.
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in vivo. Thus, to verify whether GA’s effects on 
colorectal cancer cells are also effective in vivo, 
we established a nude mouse colorectal cancer 
xenograft animal model. Colorectal cancer cells 
were subcutaneously injected and the mice 
were euthanized after 3 weeks to obtain color-
ectal cancer xenograft tissues. Compared to the 
WT group, the GA treatment group presented 
significant decreases regarding SIRT3 protein 
levels in colorectal cancer xenograft tissues. 
However, SIRT3 protein levels in the GA 
+AAV-SIRT3 group were significantly higher 
compared to the GA group (Figure 7(a)). 
Moreover, the weight of colorectal cancer 
xenograft tissues in the GA group was signifi-
cantly lower than in the WT group. Meanwhile, 
the weight of colorectal cancer xenograft tis-
sues in the GA+AAV-SIRT3 group was signifi-
cantly higher than the GA group (Figure 7(b)).

Discussion

In the present study, we found that GA signifi-
cantly decreased SIRT3 protein levels in colorectal 
cancer cells. The silencing information regulator 3 
(SIRT3) is one of the seven sirtuins family mem-
bers of mammals and is homologous to the yeast 
silence information regulator sir2. Sirtuins (SIRT1- 
7) are NAD-dependent deacetylated proteins and 
ADP ribosyltransferases and the main mediators 
of non-histone acetylation, Therefore, their enzy-
matic activity is regulated by the NAD/NADH 
ratio in cells. Moreover, the SIRT3 function can 
vary between tumor types and may even oppose 
[21,25]. For example, Kim HS, et al. found that 
SIRT3 knockout mice had a significant increase in 
the incidence of breast cancer in adulthood [26], 
and Li R, et al. found that SIRT3 has a tumor 
suppressor role in prostate cancer [27]. 
Additionally, SIRT3 can have an oncogene role in 

Figure 6. Glycyrrhizic acid induces the apoptosis of colorectal cancer cells by inhibiting SIRT3 in vitro. (a,b) 0 or 20 μmol/L 
glycyrrhizin stimulated colorectal cancer cells for 24 hours, flow cytometry was used to detect the apoptosis of colorectal cancer 
cells (a) and statistical comparison (b). (c) Western blot analysis of Bax and Bcl2 protein expression in colorectal cancer cells after 
stimulating with 0 or 20 μmol/L glycyrrhizic acid for 24 hours. (d) Elisa kit was used to determine the activity of caspase 3 in 
colorectal cancer cells after stimulating with 0 or 20 μmol/L glycyrrhizic acid for 24 hours. Each test is repeated at least 3 times 
independently. *** P < 0.001 vs WT group, and ### P < 0.001 vs 20 μM GA group.
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cancer. Dds T, et al found that SIRT3 was highly 
expressed in oral cancer and promoted the prolif-
eration and survival of oral cancer cells [28]. In 
colorectal cancer, SIRT3 is highly expressed in 
colorectal cancer tissues and the 5-year survival 
rate of colorectal cancer patients with high SIRT3 
expression is lower compared to those with low 
SIRT3 expression [20]. Additionally, Torrens-Mas 
M, et al. found that the SIRT3 knockdown could 
significantly increase oxaliplatin efficacy in SW620 
cells. Therefore, SIRT3 is a colorectal cancer onco-
gene, and GA might exhibit its potential antic-
ancer activity in colorectal cancer by decreasing 
SIRT3 expression.

To study the relationship between GA’s anti- 
cancer properties and SIRT3, we established 
SIRT3-overexpressed colorectal cancer cell lines. 
Then, we found that GA inhibited the proliferation 

of colorectal cancer cells in vitro and in vivo, while 
the overexpression of SIRT3 reversed this effect. 
We also found that GA blocks colorectal cancer 
cells in the G1/G0 phase, inhibiting their prolifera-
tion via SIRT3 inhibition. Since SIRT3 is 
a mitochondrial protein, it also affects mitochon-
drial energy metabolism. During proliferation, the 
cell needs to synthesize a lot of proteins and con-
sume a lot of energy [29]. Therefore, SIRT3 might 
also control cell proliferation by regulating energy 
metabolism [30]. Thus, GA treatment might lead 
to an abnormal cell energy metabolism by SIRT3 
inhibition, thereby blocking tumor proliferation. 
Regarding the molecular mechanisms, we found 
that GA significantly decreased the expression of 
cyclin D1, CDK2, and CDK4 proteins, and the 
overexpression of SIRT3 increased their expres-
sion. Cyclins [31], cyclin-dependent kinases 

Figure 7. Glycyrrhizic acid inhibits SITR3 expression and the proliferation of colorectal cancer cells in nude mouse. (a-b) 
Subcutaneous injection of colorectal cancer cells to establish xenograft tumor models in nude mice. 3 weeks later, nude mice 
were euthanized, xenograft tumors were isolated, SIRT3 protein expression was detected by immunohistochemistry (a), and 
xenograft tumors were weighed for comparison (b). 8 mice per group. *** P < 0.001 vs WT group, and ### P < 0.001 vs 20 μM 
GA group.
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(CDKs) [32], and cyclin-dependent kinases inhibi-
tors (CDKIs) [33] are important in the regulation 
of the G1/S phase of the cell cycle. Cyclins (cyclin 
D1) and CDKs (CDK2 and CDK4) form 
a complex to promote the transition of cells from 
the G1 to the S phase, thereby promoting cell 
proliferation when cyclin D1 and CDKs are abun-
dant [34,35]. Therefore, GA might block cell cycle 
progression through SIRT3-mediated cell cycle- 
related proteins expression.

Moreover, the migration and invasion of tumor 
cells to surrounding tissues characterizes the 
beginning and the key link of cancer metastasis, 
the main cause of cancer-related deaths [36]. Thus, 
we detected the effect of GA on the invasion and 
migration of colorectal cancer cells and their rela-
tionship with SIRT3 protein levels. We found that 
GA significantly decreased the invasion and 
migration of colorectal cancer cells and the over-
expression of SIRT3 weakened this effect. 
Epithelial-mesenchymal transition (EMT) gives 
cells the ability to migrate and invade. In our 
study, we found that GA significantly decreased 
EMT-related proteins expression [37]. These 
results indicated that GA inhibited the invasion 
and migration of colorectal cancer cells by inhibit-
ing SIRT3 expression.

SIRT3 is also related to apoptosis [38]. 
Previous studies have found that downregulation 
of SIRT3 promotes the apoptosis of alveolar 
epithelial cells [39] and EC9706 cells [40]. 
Besides, SIRT3 protects tumor cells against apop-
tosis in unfavorable environments, such as 
hypoxia [41] and high glucose [42]. In our cur-
rent study, we found that GA induced the apop-
tosis of colorectal cancer cells via Bax, Bcl2, and 
caspase 3 inhibition, crucial proteins in the mito-
chondrial apoptosis pathway. Bax and caspase 3 
promote apoptosis, and Bcl2 inhibits [43]. We 
showed that GA upregulated the expression of 
pro-apoptotic proteins (Bax and caspase 3) and 
downregulated the expression of the anti- 
apoptotic protein Bcl2 trough SIRT3 inhibition.

Finally, our in vitro results were confirmed 
in vivo, since GA significantly decreased the 
SIRT3 protein levels in colorectal cancer xenograft 
tissues along with their weights. Also, overexpres-
sion of SIRT3 reversed GA inhibitory effects on 
the proliferation of colorectal cancer cells in vivo.

Conclusion

Overall, GA inhibited the proliferation, invasion, 
and migration of colorectal cancer cells, and 
induced their apoptosis by inhibiting SIRT3. 
Therefore, GA can be a potential drug for color-
ectal cancer treatment.

HIGHLIGHTS

● The first discovery of GA’s anti-colon cancer 
activity.

● GA affects colon cancer by SIRT3 inhibition
● GA can inhibit the proliferation of colon 

cancer
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