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Gallic acid in theabrownin suppresses cell
proliferation and migration in non-small cell
lung carcinoma via autophagy inhibition
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Abstract. The bioactive extract of green tea, theabrownin
(TB), is known to exhibit pro-apoptotic and antitumor effects
on non-small cell lung cancer (NSCLC). Gallic acid (GA) is
a crucial component of TB; however, its mechanism of action
in NSCLC has been rarely studied. To date, little attention
has been paid to the anti-NSCLC activity of GA. Therefore,
the present study investigated the effects of GA in vivo and
in vitro. Cell Counting Kit (CCK)-8 assay, DAPI staining
and flow cytometry, wound-healing assay and western blot-
ting were used to assess cell viability, apoptosis, migration
and protein expression, respectively. In addition, a xenograft
model was generated, and TUNEL assay and immunohisto-
chemistry analysis were performed. The CCK-8 data showed
that the viability of H1299 cells was significantly inhibited by
GA in a dose- and time-dependent manner. DAPI staining,
Annexin-V/PI staining and wound-healing data showed that
GA exerted pro-apoptotic and anti-migratory effects on H1299
cells in a dose-dependent manner. Furthermore, the results of
western blotting showed that GA significantly upregulated the
levels of pro-apoptotic proteins [cleaved (c-)PARP, c-caspases8,
c-caspase-9 and the ratio of y-H2A.X/H2A X]. In vivo data
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confirmed the antitumor effect of GA through apoptosis induc-
tion in an autophagy-dependent manner. In conclusion, the
present study confirmed the anti-proliferative, pro-apoptotic
and anti-migratory effects of GA against NSCLC in vitro and
in vivo, providing considerable evidence for its potential as a
novel candidate for the treatment of NSCLC.

Introduction

Lung cancer is the most common cancer worldwide and is
the leading cause of cancer deaths, with low survival and
high morbidity rates (1,2). The major forms of lung cancer are
non-small cell lung cancer (NSCLC) and small-cell lung cancer
(SCLC) (3,4). NSCLC accounts for 85% of all lung cancers,
compared with 15% SCLC. A survey showed that nearly
14 million people die from NSCLC every year, and this number
will increase in developing countries during the next few
decades (5). Aggressive surgery, conventional chemotherapy,
and targeted therapeutics are currently the standard treatment
options for NSCLC (6-8). However, neoplasm recurrence, insuf-
ficient effectiveness, acquired drug resistance, and inevitable
side effects have limited the application of those therapies,
resulting in unsatisfactory clinical outcomes. Therefore, new
drug candidates with high therapeutic efficacy and less adverse
effects are urgently needed for patients with NSCLC (9,10).

In recent years, natural products have attracted
increasing attention as promising candidates of anti-cancer
drugs (11,12). Polyphenolic compounds that exist in natural
foods exert beneficial effects on human health by promoting
gastrointestinal digestion, preventing excessive thrombosis,
lowering blood pressure, and also possess preventive effects
against cancers (13-16). Green tea is a commonly consumed
beverage containing a large number of bioactive ingredients.
Epidemiological studies have discovered that intake of green
tea (12 cups per day) can decrease the risk of cancers, and many
studies have demonstrated the anti-cancer ability of green tea
extract (17). Theabrownin (TB), the bioactive component of
green tea, has been reported to possess anti-NSCLC activity
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via a p53-dependent mechanism in our previous studies (18,19).
The in vivo data showed that TB clearly inhibited the growth
of NSCLC cell mass in the zebrafish xenograft model with
inhibitory rates from 27 to 34%, and its anti-NSCLC efficacy
was even better than that of cisplatin (26.1%). Moreover, no
toxicity or side effects of TB were observed in its effective
dose range (the LDO, 213 pug/ml), while cisplatin induced
apoptosis of normal tissues (20). These results suggested that
TB was effective and safe for treating NSCLC.

TB contains various active components, such as epigal-
locatechin gallate (EGCGQG), epigallocatechin (ECG) and
gallic acid (GA) (Fig. S1). After the literature search, EGCG
and GA were selected as potential candidates of anti-cancer
components (21,22). Following the preliminary screening with
CCK-8 (data not shown), we found that GA exerted stronger
activity than EGCG. Therefore, this study was conducted
to in-depth evaluate the anti-NSCLC effect of GA. NSCLC
cell lines (H1299 and A549) were employed to evaluate the
effects of GA. This study determined GA's anti-NSCLC prop-
erties and validated its efficacy in the p53-mutated NSCLC
(H1299) cells, which might facilitate the development of a new
anti-NSCLC drug from natural products.

Materials and methods

Materials. Gallic acid (GA, >99% of purity) was obtained
from Micklin (Shanghai, China). Roswell Park Memorial
Institute (RPMI) 1640 medium was purchased from Hyclone
(Logan, USA). Fetal bovine serum (FBS) was purchased from
CellMax (Beijing, China). Phosphate buffered saline (PBS)
was purchased from Basal Media (Shanghai, China). RIPA
lysis buffer and trypsin were purchased from Thermo Fisher
Scientific (MA, USA). CCK-8 was obtained from Bimake (TX,
USA). DAPI was purchased from Invitrogen (CA, USA). All
antibodies were purchased from Cell Signaling Technology
Inc (MA, USA).

Cell culture. Human NSCLC H1299 and A549 cell lines
were obtained from the Shanghai Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). H1299 was cultured
in RPMI 1640 medium containing 10% fetal bovine serum
and A549 was cultured in Dulbecco's Modified Eagle Medium
supplemented with 10% fetal bovine serum, in a 5% CO, cell
culture incubator. Cells were passaged every 2-3 days and
subcultured to 90% confluence.

Cell viability assay. The CCK-8 was used to detect the effect
of GA on H1299 cells. Briefly, the cells were seeded in 96-well
plates at a density of 6x10° cells/well in 200 xl medium
overnight and treated with GA at various concentrations (0, 10,
13, 17, 20, 23, 27, 30 ug/ml) for 24 h. Then, CCK-8 working
solution was added to each well and incubated at 37°C for 2 h.
And the optical density (OD) value at 450 nm was measured by
microplate reader (Synergy H1, Bio Tek Instruments, Inc). The
formula selected: Survival rate (%)=(GA-treated OD/untreated
OD) x100%. According to the ICs, value of 24 h, three doses
were chosen for further use.

DAPI staining. The DAPI staining was performed to determine
the apoptosis of H1299 cells induced by GA. The cells were

seeded in 24-well plates at a density of 3x10* cells/well in 1 ml
medium overnight and treated with GA at low, medium, and
high doses for 24 h. After GA treatment, the cells were washed
twice in 400 ul PBS and fixed with 4% paraformaldehyde for
reaction in 30 min at 37°C. Then 0.5% Triton X-100 was used
to permeabilize the cells in the dark. Cells were mounted
with DAPI staining and finally observed staining cells under
a fluorescence microscope (Carl Zeiss, Gottingen, Germany).
Apoptotic nuclei were visualized and counted on three cover
slips for each group.

Flow cytometry. The Annexin-V/PI staining-based flow
cytometry was performed to determine the cell apoptosis
of H1299 cells induced by GA. The cells were seeded with
a density of 5x10° cells/well in 10 m]l medium overnight and
treated with GA at low, medium, and high doses for 24 h. After
GA treatment, the cells were harvested and washed twice with
cold PBS, then resuspended with binding buffer. Then the cells
were labeled with FITC Annexin-V and PI respectively in the
dark. Fluorescence intensity was detected by flow cytometry
(BD Biosciences, CA, USA). Apoptosis cell rate (%)=(early
apoptotic cells + late apoptotic cells)/total cell number x100%;
Living cell rate (%)=normal cells/total cell number x100%.

Wound-healing assay. The wound-healing assay was
performed to test the anti-migratory effect of H1299 cells
induced by GA. The cells were seeded in 6-well plates at a
density of 3x10° cells/well with 3 ml medium, which only
contained 1.5% FBS to minimize the proliferation component
of cell migration. The cells were treated with low, medium,
and high doses of GA, followed by artificial scratch being
made in a cross from using a micropipette tip. The cells were
observed and imaged at 0, 12, 24, and 48 h under an inverted
microscope (Olympus, Tokyo, Japan).

Western blot (WB) analysis. The protein level of the treated
GA was explored by WB analysis. Total proteins of H1299
cells were extracted by RIPA buffer with proteinase and
phosphatase inhibitor cocktail (Bimake, Houston, USA), and
then determined concentration by Bradford protein assay Kkit.
The membrane was blocked with 5% non-fat milk for 2 h
and incubated by primary antibodies overnight. And then
the membrane was washed and incubated with a secondary
antibody for 2 h. Ultimately, the nitrocellulose membrane was
visualized by Western Lightning® Plus 8 ECL (PerkinElmer,
Inc, Waltham, MA, USA), and detected using a chemilumi-
nescence analyzer (Bio-Rad, Inc, CA. USA). B-actin was
employed as a control protein.

Xenografted experiment. Female nude mice aged 6-8 weeks,
weighing 18-22 g, were selected for the experiment (Animal
production license number: 202204-0284). After one week
of adaptive feeding, 5x10° H1299 cells were injected subcu-
taneously which have highly invasive abilities (23), and the
mice were randomly divided into four groups: normal control
group treated with normal saline for comparison (NC),
GA-low dose group treated with 10 mg/kg GA solution (L),
GA-high dose group treated with 40 mg/kg GA solution (H),
and cisplatin group treated with 2 mg/kg cisplatin (CIS).
After tumor formation, the mice were treated every 4 days by
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Figure 1. (A) Survival rate of TB (0, 20, 40, 60 pg/ml) on H1299 and A549 cells at 24 h. (B) Flow cytometry analysis on H1299 cells with TB (0, 20, 40,
60 pg/ml) treatment for 24 h. UR quadrant: Early apoptotic cells; LR quadrant: Late apoptotic cells; UL quadrant: Necrosis cells; LL quadrant: Normal cells.
(C) Statistical data. Values were presented as the mean + SD (n=3). “P<0.01 vs. 0 ug/ml. LL, lower-left; LR, lower-right; TB, theabrownin; UL, upper-left;

UR, upper-right.

intraperitoneal injection, meanwhile, the tumor size and nude
mouse weight were measured. Tumor volumes were calculated
as V=1/2 (1) x (w)*, where 1 and w mean the tumor's longest
and shortest diameters, respectively. After the experiment,
mice were euthanized (the disappearance of reflex, respiratory
arrest and cardiac arrest) by intraperitoneal sodium pento-
barbital injection (100 mg/kg) and the tumor tissues were
immediately fixed in 4% paraformaldehyde and embedded in
paraffin for future experiments. All the experiments on mice
were approved by the Medical Norms and Ethics Committee
of Zhejiang Chinese Medical University (Approval number:
TIACUC-20220418-07).

TUNEL assay. The TUNEL staining using in situ cell death
detection kit (Roche) was performed to determine the tumor
tissue paraffin sections apoptosis. After dewaxing and
rehydration, the sections were repaired with sodium citrate
buffer (pH=6) for 4 h in 60°C oven, then permeabilized using
TritionX-100 (Biyuntian, China). Add 50 xl TUNEL working
solution which consists of TUNEL enzyme solution and
TUNEL label mix on the circled tissue and incubated at 4°C
overnight. The next day, after washing with PBS, the nucleus
was counterstained with DAPI. Images were acquired using
fluorescence microscope (Carl Zeiss, Gottingen, Germany).
Apoptotic cell rate=(TUNEL positive nuclei/DAPI positive
nuclei) x100%.

Immunohistochemistry analysis. Immunohistochemistry
(IHC) was performed using an immunohistochemistry kit
(Zhongshan Golden Bridge, China). After conventional
dewaxing and rehydration, the sections were repaired with
sodium citrate buffer (pH=6) for 4 h in a 60°C oven, then
permeabilized using TritionX-100. A goat serum from the
kit was used to block slides before the primary antibody

(PCNA: dilution 1:4,000; Cell Signaling; ATGS: dilution
1:100; Immunoway; p-AMPK: dilution 1:100; Cell Signaling)
incubation overnight at 4°C. The next day, the slides were
washed with PBS, followed by secondary antibodies incuba-
tion for 30 min. After incubation, the slides were washed in
PBS, then the freshly prepared diaminobenzidine (DAB) color
developing solution was used. The color-development time
was checked under the microscope and the slides were washed
in ultrapure water to stop the reaction.

Statistical analyses. The mean and standard deviation (SD)
of the data was calculated. One-way ANOVA was used for
data comparison among multiple groups, followed by Dunnett
test. When the P-value was less than 0.05, the difference was
judged significant; when the P-value was less than 0.01, the
difference was regarded to be of higher importance.

Results and discussion

The inhibitory effect of TB on NSCLC cell lines. Previously,
our team has proven that TB has a strong pro-apoptotic
effect on NSCLC through p53 signaling pathway (18). At
the same time, a high content of GA in TB was detected
by UPLC-Q/TOF-MS/MS and its pro-apoptotic effects on
NSCLC cells were demonstrated, indicating that GA is a major
active ingredient of TB (Fig. SI). While comparing the effi-
cacies of TB on A549 (p53-wild type) and H1299 (p53-null)
cells, we found that TB exerted stronger effects on H1299
cells (Fig. 1A). As shown in Fig. 1B and C, flow cytometry
analysis revealed that TB at 20, 40, and 60 pg/ml induced
obvious apoptosis of H1299 cells in a dose-dependent manner.
The observed necrosis might be the secondary necrosis caused
by apoptosis, and this study mainly focused on the apoptosis
induction other than necrosis occurrence. In addition, another


https://www.spandidos-publications.com/10.3892/ol.2023.13880
https://www.spandidos-publications.com/10.3892/ol.2023.13880
https://www.spandidos-publications.com/10.3892/ol.2023.13880

4 TIAN et al: GALLIC ACID SUPPRESSES THE PROLIFERATION AND MIGRATION OF H1299 CELLS

A
100
l\ * . *x

80 -
ek
9
S 60 -
©
S
S 40 -
@ —@— 24 h1C4,=22.03 ug/ml %%
20 -
—- 48 h 1C4,=21.34 ug/ml
L]
Dibic s 567a & 33618 6606 5808 'S @ais & 316 S.00.5 $198 & 568 T8 8 508 G618 8 el B 5195 166 § 516 e s Bis LSS e sl
Hk
Z
/ ' v . )
0 10 15 20 25 30

Figure 2. (A) The survival rate of GA (0-30 p#g/ml) on H1299 cells at 24 and 48 h. (B) Morphological observation (light microscope) of H1299 cells with GA
(0, 10, 13, 20 pg/ml) for 24 h. Scale bar: 50 ym. Values were presented as the mean + SD (n=3). "P<0.05 and "'P<0.01 vs. 0 ug/ml. NC, normal control; GA-L,
low dose of gallic acid; GA-M, medium dose of gallic acid; GA-H, high dose of gallic acid.

study has shown that GA could induce both apoptosis and
necrosis on tumor cells (24), which was consistent with our
results. These results indicated the selective effect of TB
on H1299 cells. Whether GA also has better effects on the
p53-null NSCLC cells than on the p53-wild type NSCLC cells,
remains undetermined. Further studies are needed to explore
the selective effects of GA.

The anti-NSCLC effects of GA in vitro
Anti-proliferative effect of GA. To evaluate the anti-proliferative
effect of GA on H1299 cells, CCK-8 assay and morphological

observation were performed. As shown in Fig. 2A, GA
significantly inhibited the viability of H1299 cells at a dose
range from 10 to 30 ug/ml. The ICy, values were 22.03 and
21.34 pg/ml for 24 and 48 h, respectively. Accordingly, 10, 13,
and 20 pug/ml were selected as low, medium, and high doses
for subsequent experiments. Through light microscopic, an
increased number of abnormal H1299 cells were observed to
be irregular and had shrunk (Fig. 2B).

Pro-apoptotic effect of GA. To observe the apoptosis of
H1299 cells induced by GA, DAPI staining and flow cytometry
were performed. As shown in Fig. 3A and B, GA significantly
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Figure 3. (A) DAPI staining observation of H1299 cells after 24 h treatment of GA. (B) Statistical data. (C) Flow cytometry assays of the apoptosis rate in
H1299 cells after 24 h treatment of GA with Annexin-V/PI staining. UR quadrant: Early apoptotic cells; LR quadrant: Late apoptotic cells; UL quadrant:
Necrosis cells; LL quadrant: Normal cells. (D) Statistical data. Scale bar: 50 ym. Values were presented as the mean + SD (n=5). "P<0.05 and “P<0.01 vs.
NC. NC, normal control; GA-L, low dose of gallic acid; GA-M, medium dose of gallic acid; GA-H, high dose of gallic acid; LL, lower-left; LR, lower-right;

TB, theabrownin; UL, upper-left; UR, upper-right.

increased the number of apoptotic cells as seen by nuclear
shrinkage (indicated by arrows) and decreased the number of
normal cells (each P<0.05 or 0.01 vs. NC).

We conducted the Annexin-V assay at the same time point
(24 h) with the DAPI test. It is because that the Annexin-V result
at an earlier time (6 h) could not show significant difference
between the groups (data not shown), suggesting that 24 h was
a better time point to determine the pro-apoptotic effect of GA.
Another reason to select 24 h was that the other assays were

conducted at 24 h, so that we could obtain the results at a consis-
tent time point (20). As shown in Fig. 3C and D, early apoptosis,
late apoptosis, and necrosis rates were increased following the
treatment with GA, suggesting that GA exerted a pro-apoptotic
effect on H1299 cells in a dose-dependent manner.
Anti-migratory effect of GA. To observe the anti-migratory
effect of GA, wound healing assay was performed. As shown
in Fig. 4A, GA significantly inhibited the wounding area ratio
of H1299 cells following treatment for 12, 24, and 48 h at
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Figure 4. (A) Wound healing observation of H1299 cells in the control group and GA treatment group at 0, 12, 24, and 48 h. (B) Statistical data. Scale bar:
200 um. Values were presented as the mean £ SD (n=3). "P<0.05 and “P<0.01 vs. NC. NC, normal control; GA-L, low dose of gallic acid; GA-M, medium dose

of gallic acid; GA-H, high dose of gallic acid.

low, medium, and high doses (each P<0.05 or 0.01 vs. NC),
suggesting that GA inhibited H1299 cells migration in dose-
and time-dependent manners.

Molecular actions of GA. It is now widely believed that
apoptosis is a hindrance in cancer proliferation since it halts
the physiological process, preventing progression to further

steps such as embryogenesis, morphogenesis, and tissue
homeostasis (25-27). The primary physiological function of
apoptosis is to eliminate damaged cells early in development
or to maintain somatic homeostasis later.

In this study, the results of cell experiments showed that
GA induced apoptosis of H1299 cells by increasing the ratio
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Figure 5. (A) The expression of GA-targeted proteins in H1299 cells after 24 h treatment of GA. (B) Statistical data. Values were presented as the mean + SD
(n=3). "P<0.05 and “"P<0.01 vs. NC. NC, normal control; GA-L, low dose of gallic acid; GA-M, medium dose of gallic acid; GA-H, high dose of gallic acid.

of y-H2A X/H2A X, and cleaved (c-)PARP, c-caspase-8 and
c-caspase-9 levels (Fig. 5). The ratio of y-H2A.X/H2A X is
a strong indicator of apoptosis-induced DNA fragmenta-
tion, participating in the earliest cellular responses to DNA
damage (28). PARP is responsible for DNA repair and main-
taining cell viability during external stress. It can be cleaved
into two fragments (89 and 25 kDa), which serves as a marker
of apoptosis (29). The WB data showed that the ratio of
v-H2A X/H2A.X and c-PARP protein levels were significantly
up-regulated, indicating that GA triggered DNA damage to
induce apoptosis of H1299 cells. Meanwhile, in caspase-medi-
ated apoptosis, caspase-8 and caspase-9 are the molecules
responsible for initiating apoptosis (30,31). Caspase-8 is the
main executor of apoptosis, which releases cytochrome c
through the intracellular pathway to trigger apoptosis (32,33),
while caspase-9, as an essential promoter in the apoptosis
signaling pathway, participates in compound-activated apop-
tosis (34). The activation of these molecules revealed that GA
induced H1299 cells apoptosis in a dose-dependent manner.
In addition, no cell survived in the high-dose group due to
the highly inhibitory effect of GA, and thereby the protein
level was too low to be detected. Therefore, the result of the
high-dose group was not shown. In sum, these data indicated
that GA exerted significant anti-proliferative, pro-apoptotic,
and anti-migratory effects on H1299 cells in vitro.

The anti-tumor effects of GA in vivo. The nude mouse xenograft
model was established to assess the anti-tumor potential of GA
in vivo. As shown in Fig. 6, GA significantly reduced the tumor
size of nude mice in a dose-dependent manner. Meanwhile, the
high dose group of GA had tumors of approximately the same

size as those in the cisplatin control group, but the mice of the
cisplatin group lost much more weight.

The apoptotic cells in tumor were assessed using TUNEL
assay. As shown in Fig. 7A and B, cisplatin was included as
positive control, and the number of apoptotic cells (green
fluorescence) increased after GA treatment, demonstrating
that GA induced apoptosis in H1299 cells. Meanwhile, PCNA
expression was verified to determine cell proliferation rate
in vivo through IHC analysis (Fig. 7C and D), and the data
showed that GA reduced the expression of PCNA.

In addition, accumulated research has shown that apoptosis
can be activated through autophagy inhibition (35). Therefore,
we conjectured that GA's pro-apoptotic effect was associated
with autophagy. Autophagy is a mechanism that controls
cellular homeostasis through the autolysis of lysosomal
enzymes, which is considered as a tumor survival mechanism
that helps tumor cells resist drugs (36). However, accumulating
evidence suggests that autophagy can also promote tumor cell
apoptosis by degrading the reticulum, Golgi apparatus, and
other organelles, causing precancerous cells to have a nega-
tive protein balance and thereby suppressing uncontrolled
proliferation (37,38). Autophagy related 5 (ATGS) is a key
initiator of autophagy required for autophagosome formation
and has an important effect on the occurrence and changes in
autophagy phases (39,40). Adenosine monophosphate (AMP)
activated protein kinase (AMPK) is a trigger of autophagy and
phosphorylation of AMPK has in fact been shown to promote
autophagy induction (41-43). In the present study, the level of
ATGS and p-AMPK were all reduced by GA (Fig. 7C and D),
indicating the pro-apoptotic efficacy of GA was mediated
through autophagy inhibition.
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For decades, polyphenols have been used as natural prod-
ucts to protect plants from oxidative stress and UV damage,
and to attract pollen and animal material for seed dispersal.
The anti-oxidant, anti-inflammatory and anti-cancer effects
of polyphenols are receiving increasing attention in recent
years (44,45). Previous studies reported that the combina-
tion of ascorbic acid, lysine, proline and at least one phenolic
compound can be used as an agent for cancer prevention and
treatment. As the most common derivatives of the hydroxy-
benzoic acid, GA received increasing attention in this regard.
Numerous in vitro and in vivo studies have shown that GA
has broad pharmacological and therapeutic effects on a variety
of cancer cells through a pleiotropic molecular mechanism
(e.g., cell apoptotic processes, cell cycle, angiogenesis and
invasion) (46,47). In this study, the anti-NSCLC effects of GA
was evaluated.

Our previous research mainly focused on the p53-
dependent mechanism of TB, and the ICs, value of TB
against A549 cells was 239.9 pg/ml at 24 h (48). Consistently,
the IC;, value of TB against A549 cells was 241 ug/ml at
24 h in the present study, which was higher than the ICs,
value of TB against H1299 cells (41.4 pg/ml), indicating
that the anti-proliferation effect of TB on H1299 cells was
better than that of A549. Since H1299 is a p53-null cell line
and A549 is a p53-wild type cell line, we hypothesize that
the inhibition difference of TB on both cells may be related
to the P53 pathway. Meanwhile, this study demonstrates
for the first time that GA can induce apoptosis in NSCLC
cells by inhibiting autophagy. It provides new insights into
the anti-NSCLC efficacy of GA and lays the foundation for
our next mechanism study, contributing to the application
prospects of GA as a therapeutic agent for NSCLC.
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