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Abstract. Clear cell renal cell carcinoma (ccRCC), the most 
common type of renal cell carcinoma (RCC), is not sensitive 
to traditional radiotherapy and chemotherapy. The polyphe‑
nolic compound Gallic acid (GA) can be naturally found in a 
variety of fruits, vegetables and plants. Autophagy, an intracel‑
lular catabolic process, regulates the lysosomal degradation 
of organelles and portions in cytoplasm. It was reported that 
autophagy and GA could affect the development of several 
cancers. Therefore, the aim of the present study was to evaluate 
the effects of GA on ccRCC development and clarify the role 
of autophagy in this process. In the present study, the effects 
of GA on the proliferation, migration and invasion of ccRCC 
cells were investigated in vitro by Cell Counting Kit‑8, colony 
formation, flow cytometry, wound healing and Transwell 
migration assays, respectively. Additionally, the effects of 
GA on ccRCC growth and metastasis were evaluated using 
hematoxylin‑eosin and immunohistochemical staining in vivo. 
Moreover, it was sought to explore the underlying molecular 
mechanisms using transmission electron microscopy, western 
blotting and reverse transcription‑quantitative PCR analyses. 
In the present study, it was revealed that GA had a more 
potent viability inhibitory effect on ccRCC cells (786‑O and 

ACHN) than the effect on normal renal tubular epithelial cell 
(HK‑2), which demonstrated that GA selectively inhibits the 
viability of cancer cells. Furthermore, it was identified that GA 
dose‑dependently inhibited the proliferation, migration and 
invasion of ccRCC cells in vitro and in vivo. It was demonstrated 
that GA promoted the release of autophagy markers, which 
played a role in regulating the PI3K/Akt/Atg16L1 signaling 
pathway. All the aforementioned data provided evidence for 
the great potential of GA in the treatment of ccRCC.

Introduction

Renal cell carcinoma, originating from the epithelial system 
of the renal tubules, referred to as kidney cancer, is one of 
the most prevalent malignant tumors of the urinary system. It 
constitutes 3% of all adult malignancies and accounts for an 
estimated 80‑85% of renal malignancies (1).

According to the statistics, its incidence ranks the third 
place in the urinary tumors, and second only to bladder cancer 
and prostate cancer in China (2). The epidemiological survey 
revealed that there were 63,000 new cases and 14,000 death 
cases of RCC in US in 2016, rendering it the 9th most common 
cancer. Furthermore, its incidence is still increasing every 
year (3). RCC can be divided into different subtypes in histopa‑
thology, the most frequent of which is clear cell RCC (ccRCC), 
which accounts for 70‑80% of all renal malignancies. As 
RCC lacks early clinical symptoms, nearly 20‑30% of patients 
have metastasized when diagnosed, and the 5‑year survival 
rate of these patients is only 10%, and the median survival 
is 1 year (4). The radical nephrectomy is the main treatment 
for localized RCC and has a favorable clinical effect; however, 
metastatic RCC has lost the indications for surgery, mainly 
based on the conservative treatments (5). Unfortunately, RCC 
is not sensitive to traditional radiotherapy and chemotherapy, 

Gallic acid suppresses the progression of clear cell renal  
cell carcinoma through inducing autophagy via 

the PI3K/Akt/Atg16L1 signaling pathway
TIANXIANG ZHANG1,2,  XI ZHANG3,  YANG FEI2,  JINSEN LU4,  DAIRAN ZHOU5,  LI ZHANG1,6,7,  

SONG FAN1,6,7,  JUN ZHOU1,6,7,  CHAOZHAO LIANG1,6,7  and  YANG SU1,6,7

1Department of Urology, The First Affiliated Hospital of Anhui Medical University, Hefei, Anhui 230032;  
2State Key Laboratory of Systems Medicine for Cancer, Department of Urology, Shanghai Cancer Institute,  

Ren Ji Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai 200127; 3Department of Urology,  
The Second Hospital of Shanxi Medical University, Taiyuan, Shanxi 030001, P.R. China;  4Nuffield Department of  

Orthopedics, Rheumatology and Musculoskeletal Sciences, University of Oxford, Oxford OX3 7LD, UK;   
5Department of Neurosurgery, Changzheng Hospital, Naval Medical University, Shanghai 200003; 6Institute of Urology,  

Anhui Medical University, Hefei, Anhui 230032; 7Anhui Province Key Laboratory of Urological and Andrological 
Diseases Research and Medical Transformation, Hefei, Anhui 230032, P.R. China

Received June 10, 2023;  Accepted November 22, 2023

DOI: 10.3892/ijo.2024.5658

Correspondence to: Dr Yang Su, Department of Urology, The 
First Affiliated Hospital of Anhui Medical University, 218 Ji Xi 
Road, Hefei, Anhui 230032, P.R. China
E‑mail: suyang_487@163.com

Key words: gallic acid, autophagy, proliferation, metastasis, clear 
cell renal cell carcinoma

https://www.spandidos-publications.com/10.3892/ijo.2024.5658


ZHANG et al:  GALLIC ACID SUPPRESSES THE PROGRESSION OF CCRCC via AUTOPHAGY2

and the cytokines are also difficult to achieve the desired 
therapeutic effect (6). Despite the fact that targeted medicines 
can significantly prolong progression‑free survival and overall 
survival of patients with metastatic RCC, as well as enhance 
their quality of life, cytotoxicity and drug tolerance are still 
existing (7). Therefore, exploring a new effective therapeutic 
method is becoming a hot topic in the research field of RCC 
(especially for ccRCC).

In recent years, several studies suggested that plant‑derived 
food (such as polyphenols) intake is associated with increased 
anticancer benefits for health  (8). Gallic acid (3,4,5‑trihy‑
droxybenzoic acid, GA) is an endogenous and naturally 
occurring plant polyphenol which is widely distributed in 
various plants, fruits and foods worldwide, including tea, oak, 
chestnut, grapes, strawberries, bananas, red wine, vinegar and 
others as well as Chinese medicinal herbs (9,10). GA can be 
absorbed very well by the human organism. It is a yellow‑white 
crystal with melting point at 250˚C and water solubility 1.1% 
at 20˚C. Its molecular mass is 170.12 g/mol and its chemical 
formula is C6H2(OH)3COOH (11). GA was initially reported 
as a free radical scavenger and cell differentiation inducer. It 
was subsequently reported to exhibit a range of biological and 
pharmacological properties, including antibacterial, antiviral, 
antioxidant and anti‑inflammatory activities, especially for 
its antitumor activity (12). Of note, GA was proved to have 
selective cytotoxicity on certain cancer cells with very less 
damage to the normal cells (13,14). GA has diverse effects on 
various tumors at different molecular levels. These features 
make it a valuable supplement to reduce the risk of tumori‑
genesis. Polyphenols were reported by numerous studies to 
exert the anticancer effects via a pleiotropic molecular mecha‑
nism of action on cell apoptosis and angiogenesis  (15,16). 
However, with the deepening of the research on the molecular 
mechanism of cancer development, certain studies previously 
reported that polyphenols could induce autophagy of cancer 
cells with dissimilar potencies (17‑19). As GA is a well‑known 
polyphenol, it was hypothesized that GA plays a significant 
role in anticancer activities by regulating autophagy.

To our knowledge, autophagy is a dynamic and evolu‑
tionarily conserved process by which cells degrade their 
long‑lived proteins and damaged components (20). Briefly, it 
is one kind of catabolic pathway and begins with the forma‑
tion of autophagosomes with double or multi‑layer membrane 
structure. Subsequently, the autophagosomes fuse with the 
lysosomes to form autolysosomes with single layer membrane 
structure. Finally, the contents are degraded by the hydro‑
lases in lysosomes and recycled. As a result, cells digest and 
recycle nutrients or damaged organelles via autophagy, which 
improves cell survival in conditions of inadequate nutrition or 
oxygen availability (21). However, excessive autophagy may 
also result in autophagic cell death (22). There is growing 
evidence that autophagy plays a crucial role in the regulation 
of tumorigenesis. Among them, certain studies indicated that 
autophagy functions as tumor suppressor, while the others 
argued that autophagy could promote tumor survival and 
progression (23). The issue, whether autophagy represents a 
mechanism that allows tumor cells to survive from therapy 
or a mechanism that initiates a non‑apoptotic cell death type 
is being debated. Additionally, there are limited studies with 
regard to the effects of GA on RCC cells. Therefore, in order 

to further address GA and its potential autophagy regulating 
character, the roles of GA in RCC development were investi‑
gated in the present study.

Materials and methods

Reagents. GA with 99% purity and 3‑methyladenine (3‑MA) 
were obtained from MilliporeSigma. Roswell Park Memorial 
Institute‑1640 medium (RPMI‑1640), fetal bovine serum 
(FBS), penicillin‑streptomycin were purchased from Gibco; 
Thermo Fisher Scientific, Inc. Cell Counting Kit‑8 (CCK‑8) 
was acquired from Dojindo Laboratories, Inc. PI/RNase 
Staining Buffer kit and Matrigel were obtained from BD 
Biosciences. The primary antibodies against PI3K, phos‑
phorylated (P‑)PI3K, Akt, P‑Akt, Atg16L1 and P‑Atg16L1 
were purchased from Cell Signaling Technology, Inc. The 
primary antibodies against LC3B, Beclin‑1, P62 and GAPDH 
were purchased from Abcam. The secondary antibody was 
obtained from LI‑COR Biosciences. PrimeScipt™ RT reagent 
Kit with gDNA Eraser and SYBR@Premix Ex Taq™ II were 
obtained from Takara Bio, Inc.

Cell culture and drug preparation. The ccRCC cell lines 
(786‑O and ACHN) and the normal renal tubular epithelial cell 
(HK‑2) were obtained from Cell Bank of Wuhan University 
(Wuhan, China). The cells were cultured in RPMI‑1640 
medium (Gibco; Thermo fisher scientific, Inc.) with 10% FBS, 
100 units/ml penicillin and 100 units/ml streptomycin, then 
maintained in 37˚C with 5% CO2 incubator (Binder GmbH). 
The GA and 3‑MA stock solution was respectively prepared at 
a concentration of 73,477 µmol/l and 166 mmol/l: respectively 
added 0.5 g GA and 2.5 g 3‑MA into a EP tube, respectively 
added 40 and 100 ml FBS‑free RPMI‑1640 medium, respec‑
tively mixed on a vortex oscillator to ensure the complete 
dissolution, and then stored at ‑20˚C. Before application, the 
GA and 3‑MA stock solution should be appropriately diluted 
and heated. To generate the working solution (GA: 0, 5, 10 and 
20 µmol/l; 3‑MA: 5 mmol/l), the GA and 3‑MA stock solu‑
tions were taken out, dissolved at 37˚C, and then diluted to the 
designated concentration with FBS‑free RPMI‑1640 medium. 
In addition, the light should be avoided in the period of GA 
and 3‑MA using.

Cell viability assay. The ccRCC cells (786‑O and ACHN) 
and the normal renal tubular epithelial cell (HK‑2) were first 
plated in a 96‑well plate at 5x103 cells/well for 24 h of incuba‑
tion at 37˚C for the CCK‑8 assay. The preceding medium was 
then taken out, and 100 µl of 0, 5, 10, 20 µmol/l GA solution 
was placed into each well for 24, 48 and 72 h of stimulation, 
respectively. When the scheduled time arrived, the preceding 
medium was replaced with 100 µl new RPMI‑1640 medium 
containing 5% CCK‑8. A microplate reader (PerkinElmer, 
Inc.) was used to measure the absorbance at 450 nm following 
1  h of incubation at 37˚C in the dark. The half maximal 
inhibitory concentration (IC50) and inhibition rate were then 
calculated for each group.

Plate clone formation assay. The ccRCC cells (786‑O and 
ACHN) were initially plated into the six‑well plate and cultured 
for 48 h. The cells were treated with varying concentrations 
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of GA (0, 5, 10 and 20 µmol/l) for a duration of 24 h. Upon 
completion, the cells in each well were digested, counted, 
and plated into a new six‑well plate at a seeding density of 
1x103  cells/well with complete medium. They were then 
cultured consecutively for one week at 37˚C. Subsequent to 
removal of the medium, the cells were washed with phosphate 
buffered saline (PBS) for 3 times. Following this, the cells 
were fixed using a 4% paraformaldehyde solution for 20 min at 
room temperature (RT), and subsequently stained with a 0.5% 
crystal violet solution for 20 min at RT. The stained cells were 
ultimately washed with PBS and air‑dried, and the number of 
colonies was counted manually. The minimum number of cells 
required for colony formation was 50‑100.

Cell cycle analysis. The ccRCC cells (786‑O and ACHN) 
were firstly stimulated with different concentrations of GA 
solution (0, 5, 10 and 20 µmol/l) for 24 h. The cells were then 
collected and washed with PBS. Each tube received 1 ml 
70% ethanol and was incubated at ‑20˚C overnight for fixing. 
Following that, the fixed ccRCC cells were collected and 
washed with 4˚C PBS, and 500 µl PI/RNase dye solution was 
added into each tube and incubated for 10 min at 25˚C in the 
dark. Finally, flow cytometry (FACSCanto II cytometer; BD 
Biosciences) was used to measure the fluorescence intensity 
of each group in real time and analyzed by FlowJo software 
(Tree Star, Inc.).

Wound healing assay. The ccRCC cells (786‑O and ACHN) 
from each group were plated in six‑well plates for 48 h. After 
the cell density reached ~80%, the monolayer was wounded by 
scratching it lengthwise along the plate surface with a 200‑µl 
sterile pipette tip. The medium was then removed, and the 
cells were washed twice with PBS and cultured in serum‑free 
RPMI‑1640 medium. To capture images of cell migration, 
an inverted microscope was used (Olympus Corporation) 
and recorded at 0, 12 and 24 h. Finally, the area of migration 
(µm2) was measured using the ImageJ software (Version 1.53; 
National Institutes of health).

Transwell migration and Matrigel invasion assays. The 
Transwell migration and invasion assays were performed on 
ccRCC cells (786‑O and ACHN) stimulated with varying 
concentrations of GA solution (0, 5, 10 and 20 µmol/l). After 
24 h of stimulation, the cells were collected by trypsin and 
suspended in FBS‑free RPMI‑1640 medium. The cell density 
was adjusted and 100 µl of 2x105 cells/ml ccRCC cell suspen‑
sion was added to the upper Boyden chamber (8‑µM pore 
size; Corning, Inc.). The lower chamber was filled with 700 µl 
RPMI‑1640 medium containing 20% FBS. The 24‑well plate 
was then placed in a 37˚C incubator. After 24 h of incubation, 
the Transwell chamber was removed from the incubator and 
non‑migratory cells were scraped with a cotton swab. The 
migratory cells were fixed with 4% paraformaldehyde for 
20 min at RT and dyed with 0.5% crystal violet solution for 
another 20 min. The migratory cells were observed and images 
were captured using an inverted light microscope (Olympus 
Corporation). The cells in 5 randomly selected fields were 
counted and the mean was calculated. Matrigel was diluted 1:8 
with FBS‑free RPMI‑1640 media on ice for the Matrigel inva‑
sion assay. The upper chambers of the Transwell were coated 

with 80 µl of the diluted Matrigel. The next processes were 
identical to the migration experiments.

Western blot analysis. The proteins of ccRCC cells were 
extracted using RIPA lysis buffer (Thermo Fisher Scientific, 
Inc.) and phosphatase inhibitors were added to prevent sample 
degradation. Protein concentrations were measured with a 
bicinchoninic acid protein assay kit (Beyotime Institute of 
Biotechnology), and electrophoresed on sodium dodecyl 
sulfate‑polyacrylamide gels with varying concentrations of 8, 
12, or 15%. The proteins were then transferred onto polyvinyli‑
dene difluoride membranes (MilliporeSigma). After blocking 
for 1 h at RT with 5% skimmed milk in Tris‑buffered saline 
containing 0.1% Tween‑20 (TBST) and washing three times 
with TBST, the membranes were incubated overnight at 4˚C with 
the specified monoclonal primary antibodies (1:1,000‑2,000). 
The membranes were then washed 3 times with TBST and 
incubated with the corresponding goat‑anti‑rabbit secondary 
antibody (1:20,000) at RT for 1 h. After washing 3 times with 
TBST, the membranes were scanned with a two‑color infrared 
imaging system (LI‑COR, Biosciences). GAPDH was used as 
an internal reference. Densitometric analysis was performed 
using ImageJ software.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was isolated from ccRCC cells (786‑O and ACHN) 
using TRIzol reagent (Invitrogen; Thermo fisher scientific, 
Inc.). AB7500 detection system (Thermo fisher scientific, 
Inc.) was used to measure the reverse transcription reactions, 
which were carried out using a PrimeScriptTM RT reagent 
kit (Takara Bio, Inc.) in accordance with the manufacturer's 
instructions. qPCR reactions were prepared using a SYBR 
Green Mix (Takara Bio, Inc.) at a final volume of 20 µl. The 
relative gene expression level was calculated using the 2‑ΔΔCq 
method. The data were normalized using an internal control 
called GAPDH. Three duplicates of each response were 
carried out. Primer sequences are displayed in Table I.

Transmission electron microscopy (TEM). The ccRCC cells 
(786‑O and ACHN) were collected and fixed with 2.5% glutar‑
aldehyde at 4˚C for 2 h and 1% osmium tetroxide for 30 min and 
then dehydrated in a graded series of ethanol. The cells were 
embedded in epoxy resin and sectioned at 70‑nm thickness 
using an ultramicrotome. The sections were stained with 0.2% 
lead citrate and 2% uranyl acetate. The images were captured 
with a transmission electron microscope (Hitachi, Ltd.).

Xenografts and tumor metastasis model. Female BALB/c nude 
4‑week‑old mice (n=48) weighing 20±2 g were acquired from 
the Wuhan University Animal Experiment Center (Wuhan, 
China). All animals were housed in a specific pathogen‑free 
environment (12/12‑h light/dark cycle; ad libitum access to 
food and water) with the right humidity and temperature. 
Each mouse received an injection of 200 µl of PBS containing 
~1x107 786‑O cells and ACHN cells in the left flank. Every 
week after inoculation, tumor volume was measured and 
computed using the formula (length x width2)/2. The nude 
mice were separated into 4 groups of 3 mice each after the 
average tumor volume reached ~100 mm3 (~10 days later). 
The mice received freshly prepared solutions (the only source 
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of drinking water) every Monday, Wednesday, and Friday 
after the weighted GA powder was separately dissolved in 
the water to form solutions with varying concentrations of 
GA (w/v) (0.3, 0.6 and 0.9% in regular drinking water). The 
control mice were given access to regular water during this 
time. All mice were administered an excessive dose of carbon 
dioxide for euthanasia after two months, and the weight of the 
tumors was measured immediately. Additionally, the tumor 
metastasis model was created by injecting 786‑O and ACHN 
cells into the tail veins of additional BALB/c nude mice. To 
do this, 1x106 cells mixed with PBS were injected into each 
mouse in 4 groups (n=3 per group), and the mice were then 
administered drinks containing various concentrations of 
GA solution. After 2 months, all mice were euthanized with 
an overdose of carbon dioxide, and the weight of tumors 
was measured immediately. Displacement rate of CO2 used 
for euthanasia was 30%. All animal studies were approved 
by the Animal Care and Use Committee of Anhui Medical 
University (approval no. LLSC20232011; Hefei, China), and 
all animal experiments were carried out in accordance with 
the National Institutes of Health's Guide for the Care and Use 
of Laboratory Animals.

Hematoxylin‑eosin (H&E) staining. The lung tissues were 
fixed in 4% paraformaldehyde to cause coagulation and 
denaturing of proteins at RT for 8 h. All samples were dehy‑
drated in an ethanol gradient and xylene. Subsequently, the 
tissues were embedded in paraffin, cooled and solidified into 
blocks. Afterwards, paraffin blocks were cut into 4‑µm‑thick 
slices. The sections were then stained with hematoxylin 
and eosin and images were captured by light microscopy 
(Olympus Corporation).

Immunohistochemistry (IHC) assay. For antigen retrieval, 
the paraffin‑embedded tumor sections were heated at 105˚C 
for 10 min in a citric acid buffer (0.01 M) and then depar‑
affinized in xylene for 15  min. Following a 10‑min PBS 
washing, the slides were put into a 5‑min immersion in a 3% 
hydrogen peroxide solution to inhibit endogenous peroxidase 
activity. The sections were then washed once more in PBS for 
5 min, blocked with the blocking solution for 1 h at RT, and 
then incubated with the appropriate antibody for 1 h at RT. 

Finally, an immunochemistry kit (OriGene Technologies, Inc.) 
was used to find the immune complexes. A light microscope 
(Olympus Corporation) was used to observe the sections.

Statistical analysis. At least three independent times of each 
experiment were conducted. The mean ± standard deviation 
(SD) was used to represent the data. The treatment groups were 
compared using one‑way analysis of variance (ANOVA) with 
SPSS 22.0 (SPSS, Inc.). Bonferroni's post hoc test was used. 
*P<0.05 was considered to indicate a statistically significant 
difference.

Results

GA inhibits the viability of ccRCC cells. In a previous study 
by the authors, the effects of each monomer in pomegranate 
peel tannins on human bladder cancer T24 cells viability 
were compared, and it was found the inhibition of GA on T24 
cells viability was significantly higher than the other three 
monomers, which indicated that GA is the effective anticancer 
component in pomegranate peel tannins (24). Therefore, in 
order to measure the effects of GA on ccRCC cells (786‑O 
and ACHN) and renal tubular epithelial cell (HK‑2) viability, 
CCK‑8 assay was used. The findings revealed that, when 
compared with the control group, the vitality of the 786‑O and 
ACHN cells in the GA‑treated group was considerably reduced 
(P<0.05), whereas that of the HK‑2 cells was not significantly 
affected. These findings demonstrated that GA significantly 
decreased the viability of 786‑O and ACHN cells in a time‑ 
and concentration‑dependent manner, but not HK‑2 cells. As 
demonstrated in Fig. 1A‑C, the IC50 of GA stimulating 786‑O 
cells for 24, 48 and 72 h were 4.20, 2.89 and 2.39 µmol/l respec‑
tively, while the IC50 of GA stimulating ACHN cells for 24, 48 
and 72 h were 10.51, 7.05 and 2.75 µmol/l, respectively. These 
findings revealed that GA significantly reduced the viability of 
786‑O and ACHN cells, especially when stimulated for 24 h 
(P<0.05). As a consequence, GA with 0, 5, 10 and 20 µmol/l 
was identified as the suitable action concentration and 24 h 
as the optimum action period, combining with the results of 
CCK‑8.

GA changes the morphology of ccRCC cells. To study the 
effect of GA on ccRCC cell morphology, an inverted micro‑
scope was utilized and it was observed that both the 786‑O 
and ACHN cells exhibited elongation, robust adhesion, large 
cellular frames, clear cell outlines, and overall exhibited 
signs of favorable condition. Following 24‑h GA stimulation, 
the 786‑O and ACHN cells demonstrated a notable decrease 
in size, weakened adhesive properties, reduced intercellular 
connections, blurred cellular outlines, and appeared to be in a 
state of cellular death (Fig. S1A and B).

GA inhibits proliferation of ccRCC cells. To further evaluate 
the effect of GA on ccRCC cell proliferation, a plate clone 
formation assay was utilized. The results from the plate 
cloning assay indicated a significant decrease in the number 
of colonies for both 786‑O and ACHN cells in the GA‑treated 
groups, compared with the control group. Notably, the 
number of colonies decreased consistently with increasing 
concentrations of GA (Fig. 1D‑G). The results indicated that 

Table I. List of primers used for reverse transcription-
quantitative PCR.

Gene name	 Primer sequence (5'→3')

LC3B	 F: GGCTTTCAGAGAGACCCTGAG
	 R: CCGTTTACCCTGCGTTTGTG
Beclin‑1	 F: CCACAGAAAGTGCCAACAGC
	 R: GACGTTGAGCTGAGTGTCC
P62	 F: GGTCGCGCTCACCTTTCT
	 R: GGAGATGAGGCTCCGCAAT
GAPDH	 F: AAAGCCTGCCGGTGACTAAC
	 R: TTCCCGTTCTCAGCCTTGAC

F, forward; R, reverse.
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GA significantly suppressed proliferation of ccRCC cells in a 
concentration‑dependent way.

GA blocks the cycle process of ccRCC cells. To evaluate the 
effect of GA on the cell cycle of ccRCC cells, flow cytom‑
etry was employed. The results demonstrated that the control 
group had 63.19% 786‑O cells in G1 phase and 28.71% in S 
phase (Fig. 1H and I). Additionally, the results for the control 
group revealed that 60.53% of ACHN cells were in G1 phase, 
while 31.72% were in S phase (Fig. 1J and K). In addition, 
as the concentration of GA increased, there was a significant 

increase in the number of 786‑O and ACHN cells in S phase, 
accompanied by a significant decrease in the number of cells 
in G1 phase (P<0.05). In summary, the findings indicated that 
GA effectively hindered the cell cycle of ccRCC cells specifi‑
cally in the S phase.

GA inhibits migration and invasion of ccRCC cells. The 
wound healing and the Transwell assays were used to evaluate 
the effects of GA on the migration and invasion of ccRCC 
cells. It was identified that, in comparison with the control 
group, the GA‑treated group significantly inhibited the 

Figure 1. GA inhibits viability and proliferation of ccRCC cells as well as affects cell cycle distribution. (A‑C) The viability of ccRCC cells and normal renal 
tubular epithelial cell with different concentrations of GA treatment in 24, 48 and 72 h were measured by Cell Counting Kit‑8 assay. (D‑G) Representative 
images and quantitative analyses of ccRCC cells' colonies in each group were displayed according to the plate cloning assays. (H‑K) Representative images 
and quantitative analyses of ccRCC cells cycle status were assessed by flow cytometry. *P<0.05, **P<0.01 and ***P<0.001 compared with the control group. GA, 
gallic acid; ccRCC, clear cell renal cell carcinoma.
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migration of 786‑O and ACHN cells, and that the inhibition 
rate was dependent on the concentration of GA (Fig. 2A‑F). 
Moreover, the Transwell migration assay demonstrated that 
GA treatment led to a significant decrease in the number of 
786‑O cells (Fig. 2G and H) and ACHN cells (Fig. 2K and L) 
that had passed through the chamber membrane. Furthermore, 
it was observed that the number of 786‑O (Fig. 2I and J) and 
ACHN (Fig. 2M and N) cells that passed through the Matrigel 
and chamber membrane decreased as the concentration of GA 
increased in the Matrigel invasion assay. These results indi‑
cated that GA significantly inhibited migration and invasion of 
ccRCC cells in a concentration‑dependent way.

GA inhibits growth and metastasis of ccRCC. To investigate 
the effect of GA on the growth and metastasis of ccRCC, xeno‑
graft and tumor metastasis models were established. In both 
models, 786‑O and ACHN cells were used, and it was found 
that tumors were successfully formed in all mice injected with 
these cells (Fig. 3A‑C and G‑I, respectively). Moreover, the 
weight and volume of tumors were significantly lighter and 
smaller in the GA‑treated group than in the control group. The 
IHC results revealed a significant decrease in the expression 
of Ki‑67 (a marker of proliferation) and MMP‑9 (a marker of 
metastasis) in the GA‑treated group compared with the control 
group for both 786‑O cells (Fig. 3D and E) and ACHN cells 
(Fig. 3J and K). Finally, the H&E staining results demonstrated 

that compared with that in the control group, 786‑O cells 
(Fig. 3F) and ACHN cells (Fig. 3L) metastasized into the 
lungs were significantly decreased in the GA‑treated group. 
The quantification of representative IHC and H&E images is 
demonstrated in Fig. S2. These results indicated that ccRCC 
growth and metastasis were significantly inhibited by GA in a 
concentration‑dependent way.

GA induces autophagy in ccRCC. To investigate the correla‑
tion between GA and autophagy in ccRCC, the expression 
of autophagy‑related markers was examined. Firstly, the 
western blotting results revealed that compared with that in 
the control group, LC3B‑II and Beclin‑1 protein expression 
was significantly increased, while P62 protein expression was 
significantly decreased in the GA‑treated groups (Fig. 4A‑H). 
Meanwhile, RT‑qPCR results demonstrated significantly 
increased LC3B and Beclin‑1 gene transcription and signifi‑
cantly decreased P62 gene transcription in the GA‑treated 
groups than in the control group (Fig. 4I‑N). Subsequently, 
the TEM revealed a significantly higher number of autopha‑
gosomes in the groups treated with GA compared with the 
control group (Fig. 5A‑D). Moreover, the IHC results indi‑
cated that LC3B expression was significantly increased in the 
tumors of GA‑treated groups than in the tumors of control 
group (Fig.  4O  and  P). In addition, the western blotting 
results revealed that LC3B‑II and Beclin‑1 protein expression 

Figure 2. Gallic acid inhibits migration and invasion of ccRCC cells in vitro. (A‑F) Representative images and quantitative analyses of ccRCC cells' migration 
rates in each group were shown according to the wound healing assay (magnification, x100). (G, H, K and L) Representative images and quantitative analyses 
of migratory (G and H) 786‑O cells and (K and L) ACHN cells in each group were demonstrated according to Transwell migration assay (magnification, x200). 
(I, J, M and N) Representative images and quantitative analyses of invasive (I and J) 786‑O cells and (M and N) ACHN cells in each group were displayed 
according to Matrigel invasion assay (magnification, x200). *P<0.05, **P<0.01 and ***P<0.001 compared with the control group. ccRCC, clear cell renal cell 
carcinoma.
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was significantly decreased and P62 protein expression was 
significantly increased in the GA (IC50) + 3‑MA treatment 
group compared with the GA (IC50) group (Fig. 6A‑H). These 
results indicated that GA could induce ccRCC autophagy 
in vivo and in vitro.

GA inhibits proliferation of ccRCC cells by inducing 
autophagy. In order to assess the role of autophagy in the inhi‑
bition of GA on ccRCC cells proliferation, 3‑MA (a common 
autophagy inhibitor) was added on the basis of GA (IC50) 
stimulation. The CCK‑8 results demonstrated that viability 
of 786‑O and ACHN cells was significantly inhibited in the 
GA (IC50) group compared with the control group, while the 
inhibitory effects of GA (IC50) on 786‑O and ACHN cells were 
significantly reversed by 3‑MA (Fig. 7A‑F). The plate clone 
formation assay indicated that there were fewer colonies of 
786‑O and ACHN cells in the GA (IC50) group compared with 
the control group, while the reduction trend on the colonies of 
786‑O and ACHN cells were significantly reversed by 3‑MA 
(Fig. 7G‑J). These results indicated that GA could suppress 
proliferation of ccRCC cells by inducing autophagy.

GA inhibits migration and invasion of ccRCC cells by inducing 
autophagy. In order to further assess the role of autophagy 
in the inhibition of GA on ccRCC cells migration and inva‑
sion, 3‑MA was added on the basis of GA (IC50) stimulation. 
According to the results of the Transwell migration assay, 

treatment with GA (IC50) led to a significant reduction in the 
number of migratory 786‑O and ACHN cells compared with 
the control group. On the other hand, the migration of 786‑O 
and ACHN cells was significantly increased after treatment 
with 3‑MA, reversing the effect observed with GA (Fig. 7K‑N). 
Moreover, the Matrigel invasion assay results indicated that 
there were fewer invasive 786‑O and ACHN cells number 
in the GA (IC50) group than in the control group, while the 
invasion results of 786‑O and ACHN cells were significantly 
reversed by 3‑MA (Fig. 7O‑R). These results indicated that 
GA could suppress migration and invasion of ccRCC cells by 
inducing autophagy.

GA induces autophagy of ccRCC cells via the PI3K/Akt/Atg16L1 
signaling pathway. In order to explore the mechanism involved 
in the induction of ccRCC cells autophagy by GA, the tran‑
scription of related genes and the expression of critical protein 
were assessed in ccRCC cells (786‑O and ACHN). Firstly, 
the RT‑qPCR results revealed that Atg16L1 gene expression 
was significantly increased in both 786‑O and ACHN cells 
(Fig. 8A and B). Subsequently, the western blotting results 
demonstrated that compared with that in the control group, 
P‑PI3K and P‑Akt protein expression levels were significantly 
decreased, while Atg16L1 protein expression was significantly 
increased in the GA‑treated groups (Fig. 9A‑N). These results 
indicated that GA could induce autophagy in ccRCC cells via 
the PI3K/Akt/Atg16L1 signaling pathway.

Figure 3. GA inhibits clear cell renal cell carcinoma growth and metastasis in vivo. (A‑C and G‑I) Representative images of the (A and G) isolated tumors as 
well as the (B and H) weight and (C and I) volume analyses of the tumors from 786‑O cells and ACHN cells in different concentrations of GA‑treated groups. 
(D‑L) Representative immunohistochemistry images of (D and J) Ki‑67 and (E and K) MMP‑9 expression in the tumors from 786‑O cells and ACHN cells in 
different groups are displayed (magnification, x400). (F and L) Representative H&E staining images of (F) 786‑O cells and (L) ACHN cells metastasized into 
the lungs of mice from different groups (magnification, x200). *P<0.05, **P<0.01 and ***P<0.001 compared with the control group.
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Discussion

RCC is a leading cause of cancer‑related death as previously 
reported, especially for ccRCC (25). Therefore, it is particularly 
important to find an effective and anti‑resistance treatment with 
minor side effects for it. Modern drug research mainly focuses 
on the identification of effective and safe drugs. Although 
there are numerous cancer projects at present, the choices in 
replacing the traditional treatments for cancer patients are very 
limited. It is estimated that ~49% of drugs that are involved in 
the treatment of cancers derive from either natural products 
or their derivatives (26). GA, as a predominant polyphenol, its 
various biological activities have been reported; however, the 
major interest in GA is its antitumoral activity. GA has been 
demonstrated to inhibit the development of several cancer 
types including leukemia, prostate, lung, oral, pancreatic, 

glioma, gastric, colon, breast, cervical and esophageal cancer 
via animal models in vivo or via cell lines in vitro (27‑32). 
Specifically, the inhibitory effects of GA on cancer progres‑
sion involve in cell cycle, growth, metastasis, angiogenesis and 
apoptosis. For example, Lee et al (33) reported that GA caused 
an increase in G0/G1 and sub‑G1 phase ratio in breast cancer 
cells, and found that GA downregulated cyclin D1/CDK4 and 
cyclin E/CDK2, and upregulated p21 and p27. Lima et al (34) 
presented that GA decreased proliferation of hepatocellular 
carcinoma cells in a dose‑dependent manner without causing 
necrosis; moreover, GA did not cause regrowth of cancer cells 
in a long period. Ho et al (35) supported that GA inhibited 
metastasis and invasive growth of gastric cancer cells via 
RhoB increase, AKT/small GTPase signaling downregula‑
tion and NF‑κB activity inhibition. Zhao and Hu (9) indicated 
that GA significantly reduced proliferation of human cervical 

Figure 4. GA induces autophagy of ccRCC cells. (A‑H) Representative western blotting images and quantitative analyses of autophagy markers, including 
(B and F) LC3B, (C and G) Beclin‑1 and (D and H) P62 in ccRCC cells with different concentrations of GA treatment. (I‑N) Reverse transcription‑quantitative 
PCR analyses of autophagy markers, including (I and L) LC3B, (J and M) Beclin‑1 and (K and N) P62 in ccRCC cells with different concentrations of GA 
treatment. (O and P) Representative immunohistochemistry images of LC3B expression in the tumors from ccRCC cells in different groups (magnification, 
x400). GAPDH was served as the internal reference. *P<0.05, **P<0.01 and ***P<0.001 compared with the control group. GA, gallic acid; ccRCC, clear cell 
renal cell carcinoma.
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cancer cells and the tube formation in human umbilical vein 
endothelial cells. Subramanian et al (36) displayed that GA 
induced the apoptosis of colon cancer cells with the morpho‑
logical changes. These actions of GA against cancers make it 
an important biological molecule for therapeutic use.

Based on the aforementioned discussion, it is concluded 
that the inhibition of cell proliferation and induction of cell 
death are the crucial focus for cancers therapy. Chemical drug 
therapy typically involves the induction of caspase‑mediated 
apoptosis, which is a well‑established fact. However, a major 
obstacle associated with this approach is the development 
of resistance by cancer cells to drug‑induced apoptosis over 
time (18). Therefore, agents that can induce alternative type 
of programmed cell death (PCD) may help in breaking 
this apoptosis‑resistance of cancer cells to improve the 
therapeutic efficiency. Autophagy is a type of PCD, and the 
existence of this alternative cell death may make the afore‑
mentioned inference to be the truth. Autophagy is a cellular 
process that is conserved throughout evolution. It involves 

the degradation and recycling of cellular components. The 
molecular machinery of autophagy has been clarified in 
yeast and mammals. There are 11 autophagy‑related genes 
(Atgs) and 8 orthologs in mammals, which play a critical 
role in the autophagy pathway. Atg3, Atg4 and Atg8/LC3 
are involved in phagophore expansion, while Atg5 is crucial 
for generating the Atg12‑Atg5 conjugate required for 
this process. Atg6/Beclin‑1 and Atg14 are components of 
PI3K complexes, which are involved in the induction of 
autophagy, while Atg7 and Atg10 are E1‑like and E2‑like 
enzymes, respectively, that mediate conjugation systems 
involved in phagophore expansion. Atg9 is a transmembrane 
protein involved in autophagy induction and Atg13 serves 
as a binding partner and regulator of Atg1/ULK. Lastly, 
Atg12 and Atg16L1 are involved in directing LC3 lipida‑
tion on autophagosomal membranes, which is essential for 
phagophore expansion (37).

Recently, the relationship between autophagy and cancers 
has been extensively studied, indicating that autophagy can 

Figure 5. GA induces the formation of autophagosomes in ccRCC cells. (A‑D) Red arrows indicate the formation of autophagosomes. Representative transmis‑
sion electron microscopy images and quantitative analyses of autophagosomes formed in ccRCC cells with different concentrations of GA treatment. *P<0.05, 
**P<0.01 and ***P<0.001 compared with the control group. GA, gallic acid; ccRCC, clear cell renal cell carcinoma.
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promote or inhibit cancers progression under different condi‑
tions. Therefore, the implication of autophagy in tumorigenesis 
remains controversial (38). Meanwhile, an increasing number 

of studies have shown that polyphenols can suppress the devel‑
opment of cancers by activating the death program of cancer 
cells, including autophagy. For example, Zhao et al (17) found 

Figure 6. 3‑MA reverses autophagy of ccRCC cells induced by GA. (A‑H) Representative western blotting images and quantitative analyses of autophagy 
markers, including (B and F) LC3B, (C and G) Beclin‑1 and (D and H) P62 in ccRCC cells in different groups. GAPDH served as the internal reference. 
*P<0.05, **P<0.01 and ***P<0.001 compared with the control group and GA (IC50) group. 3‑MA, 3‑methyladenine; ccRCC, clear cell renal cell carcinoma; GA, 
gallic acid.

Figure 7. 3‑MA reverses proliferation and metastasis of ccRCC cells inhibited by GA. (A‑F) Quantitative analyses of ccRCC cells' viability in each group were 
measured by Cell Counting Kit‑8. (G‑J) Representative images and quantitative analyses of ccRCC cells' proliferation in each group were measured by the 
plate clone formation assay. (K‑N) Representative images and quantitative analyses of ccRCC cells migration in each group were measured by the Transwell 
migration assay. (O‑R) Representative images and quantitative analyses of ccRCC cells' invasion in each group were measured by the Matrigel invasion assay. 
*P<0.05, **P<0.01 and ***P<0.001 compared with the control group and GA (IC50) group. 3‑MA, 3‑methyladenine; ccRCC, clear cell renal cell carcinoma; GA, 
gallic acid.
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that urolithin A, a major polyphenol metabolite, induced both 
autophagy and apoptosis in colorectal cancer cells, and mainly 
reflected in the decreased cell proliferation, delayed cell migra‑
tion and inhibited cell metastasis. Tedesco et al (39) indicated 
that the polyphenols in the lyophilized red wine induced apop‑
totic and autophagic cell death in human osteosarcoma in a 
dose‑dependent manner with a maximum effect in the range of 

100‑200 µg/ml equivalents of GA. Liu et al (40) identified that 
Sanguisorba officinalis radix, a chief constituent of which is 
GA, inhibited colorectal cancer cell proliferation and sensitized 
the cancer cells to 5‑FU therapy by activating a reactive oxygen 
species‑mediated and mitochondria‑caspase‑dependent apop‑
totic pathway. Wang et al (19) displayed that punicalagin, a 
polyphenol isolated from Punica granatum, induced death 

Figure 9. GA induces autophagy of ccRCC cells via the PI3K/Akt/Atg16L1 signaling pathway. (A‑N) Representative western blotting images and quantitative 
analyses of several critical proteins, including (B and I) PI3K, (C and J) P‑PI3K, (D and K) Akt, (E and L) P‑Akt, (F and M) Atg16L1 and (G and N) P‑Atg16L1 
in ccRCC cells with different concentrations of GA treatment. GAPDH served as the internal reference. *P<0.05, **P<0.01 and ***P<0.001 compared with the 
control group. GA, gallic acid; ccRCC, clear cell renal cell carcinoma; P‑, phosphorylated.

Figure 8. GA regulates the expression of Atgs in ccRCC cells. (A and B) Reverse transcription‑PCR analyses of autophagy‑related genes, including Atg3, Atg4, 
Atg5, Atg7, Atg10, Atg12, Atg13, Atg14, Atg16L1, in ccRCC cells with different concentrations of GA treatment. *P<0.05, **P<0.01 and ***P<0.001 compared 
with the control group. ccRCC, clear cell renal cell carcinoma; Atg, autophagy‑related gene; GA, gallic acid.
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of human glioma cells through apoptotic and autophagic 
pathways, and the suppression of autophagy dose‑dependently 
alleviated the cell death caused by punicalagin. Dong et al (41) 
demonstrated that penta‑1,2,3,4,6‑O‑galloyl‑β‑D‑glucose, a 
naturally existing gallotannin polyphenol compound found in 
oriental herbs, promoted senescence of cancer cells, and this 
process was mediated by autophagy.

However, whether GA could also inhibit the progression 
of ccRCC through inducing autophagy remains elusive. The 
present study solved this query to a certain extent. In the 
present study, it was firstly found that GA inhibited prolif‑
eration, migration and invasion of ccRCC cells (786‑O and 
ACHN), with showing no or minor damage to the normal 
renal tubular epithelial cells (HK‑2). In case of GA treatment, 
HK‑2 cells exhibited elliptical morphology with relatively 
regular surfaces. During GA stimulation, there was no 
significant change in cell morphology with the increase of 
GA concentration or the extension of culture time. The vast 
majority of cells did not elongate into irregular shapes, and 
the intercellular connections remained intact. Overall, GA 
stimulation did not significantly destroy the morphology of 
HK‑2 cells. To some extent, this evaluates the safety of the 
drug.

Moreover, GA arrested ccRCC cell cycle in S phase. The 
results indicated that GA could selectively inhibit ccRCC 
progression in a concentration‑dependent manner in vitro. 
In addition, the proteins and genes' expression of autophagy 
markers as well as autophagosomes formation were further 
assessed. The results indicated that GA significantly induced 
autophagy of ccRCC cells. Subsequently, the nude mouse 
xenograft assay and the tumor metastasis assay revealed 
that GA significantly inhibited tumor growth and metastasis, 
and induced tumor autophagy in a concentration‑dependent 
manner in vivo.

To further confirm the present findings, 3‑MA was 
utilized to suppress autophagy and a remarkable reversal was 
observed in ccRCC cell proliferation, migration and inva‑
sion. The process of autophagy can be divided into several 
stages: Initiation, autophagosome formation, autophagosome 
maturation and lysosomal degradation. PI3K plays a crucial 
role in both autophagy‑mediated lysosomal degradation and 
vesicular trafficking during the process of autophagy (42). 
Knocking down autophagy‑related genes or blocking class 
III PI3‑Kinase is the most common method of inhibiting 
autophagy.

3‑MA is a classic autophagy inhibitor that exerts its 
inhibitory effect by blocking key steps in the formation of 
autophagosomes and autophagic vacuoles (43). It was initially 
discovered by screening purine‑related substances using liver 
cells isolated from rats in 1982 (44). It is also considered the 
most extensively utilized autophagy inhibitor owing to its 
ability to impede the interaction between class III PI3‑Kinase 
and several ATG partners  (45). The potential value of 
3‑MA‑mediated autophagy inhibition in tumor therapy has 
been demonstrated in multiple studies (46,47).

The activation of the PI3K/Akt pathway is a known causal 
mechanism for tumorigenesis and antitumor therapy. This 
is also true in the progression of RCC (48). Finally, in order 
to explore the specific mechanism involved in GA inducing 
ccRCC cells autophagy, the expression of autophagy‑related 

genes and several critical proteins was measured, and it 
was found that GA induced autophagy of ccRCC cells via 
the PI3K/Akt/Atg16L1 signaling pathway. All these results 
suggested that GA could selectively inhibit proliferation, 
migration, and invasion of ccRCC cells as well as suppress 
ccRCC growth and metastasis by inducing autophagy via 
the PI3K/Akt/Atg16L1 signaling pathway. 3‑MA acts as a 
pharmacological blocker of class III PI3‑Kinase, preventing 
the formation of autophagosomes, blocking the autophagy 
pathway, finally reversing these effects.

Apoptosis induction is one of the targeted approaches 
used in cancer therapy, and serves as the primary mechanism 
targeted by chemotherapy drugs and polyphenols. Several 
natural compounds that have been previously reported to 
induce apoptosis have shown promising potential as candi‑
dates, as they possess the ability to regulate apoptosis through 
diverse signaling pathways (49,50).

Mitochondria exert critical roles in in apoptotic cell death. 
In a previous study by the authors, it was demonstrated that 
GA significantly inhibited viability of T24 bladder cancer cells 
in a concentration and time‑dependent manner. GA induces 
apoptosis of T24 cells via the mitochondrial pathway. GA can 
inhibit T24 cells proliferation, metastasis and promote apop‑
tosis, and the pro‑apoptotic activity is closely associated with 
mitochondrial dysfunction and PI3K/Akt/NF‑κB signaling 
suppression (24). In future studies, it shall be continued to 
explore the role of GA in apoptosis and to determine the 
pathway and relevant components by which GA‑induced 
apoptosis is mediated through.

In conclusion, the present study identified that autophagy 
of ccRCC cells was induced in response to GA treatment. 
Subsequently, the in vitro results were translated into an 
animal model. The findings in cell research were consis‑
tent with those in animal study, namely, the key markers 
of autophagy were all observed in the in vitro and in vivo 
studies. Furthermore, the signaling pathway involved in 
GA‑induced autophagy of ccRCC cells was indeed acti‑
vated. Hence, it was firstly presented that GA could inhibit 
ccRCC progression by inducing autophagy. GA will be a 
promising agent, and its application may provide an effec‑
tive, independent of apoptosis‑resistance treatment for 
patients with ccRCC.
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