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Epigallocatechin-3-gallate suppresses alveolar epithelial cell
apoptosis in seawater aspiration-induced acute lung injury
via inhibiting STAT1-caspase-3/p21 associated pathway
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Abstract. The apoptosis of alveolar epithelial cells is
important in seawater aspiration-induced acute lung injury
(ALI). The present study aimed to investigate whether
epigallocatechin-3-gallate (EGCG) is able to suppress apoptosis
in alveolar epithelial cells in seawater aspiration-induced ALI
in vivo and in vitro, and the possible mechanisms underlying it.
The results indicated that seawater aspiration-induced ALI in
rats is accompanied by increased apoptosis in lung tissue cells
and the expression of apoptosis-associated proteins, caspase-3
and p21. EGCG pretreatment significantly ameliorated seawater
aspiration-induced ALI. Furthermore, EGCG decreased
seawater aspiration-induced apoptosis and the expression of
caspase-3 and p21 in lung tissue cells. Seawater-challenged
A549 cells experienced increased apoptosis and elevated
levels of phosphorylated-signal transducer and activator of
transcription 1 (P-STAT1). EGCG pretreatment of the cells
resulted in significantly decreased seawater-induced apoptosis
and lower levels of STAT1 and P-STATI in A549 cells. This
suggests that EGCG suppresses alveolar epithelial cell apop-
tosis in seawater aspiration-induced ALI via inhibiting the
STAT1-caspase-3/p21 associated pathway.
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Introduction

Drowning is one of the principal causes of accidental deaths,
and thus presents a serious public health risk (1). Acute lung
injury (ALI) caused by drowning is a critical complication
that often results in mortality. Instances of seawater aspira-
tion often lead to more severe ALI than those of freshwater
aspiration, and thus present a higher mortality rate (2).
Seawater aspiration-induced ALI is often characterized by
acute inflammation of lung parenchyma and interstitial tissue
with severe hypoxemia and pulmonary edema (3,4). However,
the apoptosis of alveolar epithelial cells can also result in
high endothelial cell permeability and pulmonary edema in
seawater aspiration-induced ALI (5,6).

Epigallocatechin-3-gallate (EGCG), the main ingre-
dient in green tea, has been reported to ameliorate seawater
aspiration-induced ALI by regulating the inflammatory
response in rats (7). EGCG may also trigger apoptosis in
tumor tissues, due to the inactivation of NF-xB and the
decreased expression of cyclin D1 (8,9). Conversely, EGCG
may protect against ischemia/reperfusion-induced apoptosis
and cisplatin-induced apoptosis in heart and kidney (10,11).
Therefore, the current study aimed to determine the effect
of EGCG on alveolar epithelial cells exposed to seawater
aspiration-induced ALI.

EGCG has been reported to reduce signal transducer and
activator of transcription 1 (STAT1) phosphorylation in various
human cells (12). EGCG may reduce inflammation and pulmo-
nary edema in seawater aspiration-induced ALI via inhibiting
the JAK/STAT1 pathway (7). Furthermore, inhibiting STAT1
may reduce cerebral and osteocyte cell apoptosis (13,14).
Therefore, EGCG may also be capable of suppressing alveolar
epithelial cell apoptosis in seawater aspiration-induced ALI
via inhibiting the STAT1-caspase-3/p21 pathway.

Materials and methods

Ethical approval. All experimental procedures were autho-
rized by the Animal Care and Use Committees of the Fourth
Military Medical University (Xi'an, China) and followed the
protocols outlined in the Guide for Care and Use of Laboratory
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Animals published by the National Institutes of Health (publi-
cation no. 85-23, revised 1985).

Chemicals and reagents. EGCG (purity >99%) was
purchased from Sigma-Aldrich (St. Louis, MO, USA) and
prepared as a stock solution in normal saline. Seawater
[osmolality 1,300 mmol/l (pH 8.2), specific weight 1.05;
NaCl, 26.518 g/I; MgSO,, 3.305 g/l; MgCl,, 2.447 g/I; CaCl,,
1.141 g/1; KCl, 0.725 g/1; NaHCOs;, 0.202 g/l; and NaBr,
0.083 g/l; all reagents from Sigma-Aldrich) was prepared in
order to mimic the chemical composition of the East China
Sea, provided by the Chinese Ocean Bureau (Beijing, China).
STATI1 (cat. no. 9172) and phospho-STAT1-Tyr-701 (cat.
no. 9167) rabbit monoclonal antibodies were purchased from
Cell Signaling Technology, Inc. (Danvers, MA, USA). p21 (cat.
no. sc-271532) and f3-actin (cat. no. sc-8432) mouse monoclonal
antibodies were purchased from Santa Cruz Biotechnology,
Inc. (Dallas, TX, USA). Cleaved caspase-3 (cat. no. a0214)
rabbit monoclonal antibody was purchased from ABclonal
Biotech Co., Ltd. (Cambridge, MA, USA). An annexin V/fluo-
rescein isothiocyanate (FITC) kit was purchased from BD
Biosciences (San Jose, CA, USA). A TUNEL In Situ Cell
Death Detection Kit, Fluorescein was purchased from Roche
Diagnostics (Laval, Canada). Evans Blue was obtained from
Sigma-Aldrich. The Total Protein Extraction kit and the
bicinchoninic acid protein assay kit were supplied by Thermo
Fisher Scientific, Inc. (Waltham, MA, USA).

Animals and groups. The seawater aspiration-induced ALI rat
model used in the current study followed the procedure outlined
in Liu ez al (7). Prior to exposure of the trachea, the rats were
anesthetized with 3% pentobarbital sodium [1.5 ml/kg, admin-
istered by intraperitoneal (i.p.) injection]. A total of 24 adult
male Sprague-Dawley rats (180-220 g) were obtained from
the Animal Center of the Fourth Military Medical University.
They were randomly divided into four groups (all n=6) as
follows: (i) The control group, no treatment was applied, only
the trachea was exposed; (ii) the seawater-only group, seawater
(4 ml/kg) was instilled into rat lungs following trachea expo-
sure within 2 min, maintaining a constant speed using a 1 ml
syringe; (iii) the seawater + EGCG group, EGCG (10 mg/kg;
i.p. injection) 30 min prior to seawater exposure; and (iv) the
EGCG-only group, EGCG (10 mg/kg; i.p. injection) was
injected prior to trachea exposure. The rats were sacrificed
by aortic transection 6 h subsequent to treatment. The dosage
of EGCG used was determined on the basis of a previous
study (15).

Lung edema and microvascular permeability. The wet-to-dry
weight ratio of the lung was as an indication of lung edema.
The upper lobes of the right lungs were obtained 6 h
following application of experimental treatment and weighed
immediately subsequent to removal, then subjected to desic-
cation at 55°C for 72 h and weighed again. The ratio of
wet-to-dry was calculated by dividing the wet weight by the
dry weight (16).

Microvascular permeability was examined by the extrava-
sation of Evans Blue into the tissue. Evans Blue (20 mg/kg)
was administered through a tail vein 0.5 h prior to eutha-
nasia. The pulmonary circulation was flushed with 10 ml
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phosphate-buffered saline (PBS; Sigma-Aldrich). The lungs
were subsequently excised and frozen in liquid nitrogen. The
frozen tissue was homogenized and incubated with formamide
at 60°C for 16 h, prior to centrifugation at 7,000 x g for 20 min.
The absorbance (A620 and A740) of the supernatant was
measured using a spectrophotometer [model no. 722; Suoyu
(Shanghai) Electronic Co., Ltd., Shanghai, China], and the
Evans Blue content (yg/g lung) was calculated against the
generated Evans Blue standard absorbance curves (5).

Histopathology. At the end of the experiments, lung tissues
of the same lobe from each rat were fixed with 10% formalin,
embedded in paraffin and stained with hematoxylin-eosin.
The different group tissue sections were blindly assessed
by two independent pathologists. They were scored based
on edema, neutrophil infiltration, hemorrhage, bronchiole
epithelial desquamation and hyaline membrane formation.
A scale of 0-4 indicated the severity of the lung tissue injury
as follows: 0, no injuries (normal in appearance); 1, limited
injuries; 2, intermediate injuries; 3, widespread injuries;
and 4, prominent injuries (17).

Quantification of apoptosis in lung tissue sections. The apop-
totic cells were identified using the TUNEL kit, which was
conducted in accordance with the manufacturer's protocol.
Apoptotic cells were counted under a fluorescence microscope
(Eclipse Ti-SR; Nikon Corp., Tokyo, Japan). A total of 6 tissue
sections from each group were randomly selected, and 10 fields
were evaluated per section at x200 magnification. Image Pro
Plus, version 6.0 software (Media Cybernetics, Inc., Rockville,
MD, USA) was used to obtain the average number of apoptotic
cells per visual field.

Cell culture and treatment. Human lung alveolar epithe-
lial cells (A549) were obtained from the American Type
Culture Collection (Rockville, MD, USA). Cells were
cultured in HyClone™ RPMI 1640 medium (GE Healthcare
Life Sciences, Logan, Utah, USA) supplemented with 10%
fetal bovine serum (Gibco BRL, Gaithersburg, MD, USA)
at 37°C in a humidified atmosphere with 5% CO,. In order
to induce apoptosis, the following concentrations of seawater
were administered for 6 h: 10, 20, 30 and 40%, equivalent
to 0.1,0.2, 0.3 and 0.4 ml per 1 ml total volume. The effect
of EGCG on A549 cells treated with seawater was also exam-
ined. Two treatment groups were established as follows: i) The
seawater-only group, cells were exposed to 30% seawater
for 6 h; and ii) the seawater + EGCG group, cells were initially
treated with 10 xuM EGCG for 30 min and then exposed to
the 6-h 30% seawater treatment.

Flow cytometry. The percentage of apoptotic A549 cells in
each group was determined using annexin V-FITC and prop-
idium iodide (PI) staining and analyzed by flow cytometric
analysis. Following digestion, the cells were centrifuged
at 1,000 x g for 5 min. They were then washed three times
with PBS and resuspended in 400 ul annexin binding buffer.
Subsequently, PI and FITC-conjugated annexin V were
added, and the cell suspension was incubated for 15 min in
the dark prior to analysis using a FACSCalibur flow cytometer
(BD FACSAria™ III; BD Biosciences) (6).
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Table I. Lung injury scores in each group.
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Group Neutrophil infiltration Edema Hemorrhage Epithelial desquamation
Control 0.2+0.16 0.3+0.14 0.2+0.18 0.1+0.09
Seawater 3.5+0.28* 34+0.31* 3.1+0.25* 3.4+0.12*
Seawater + EGCG 1.9+0.24° 2.0+0.23° 1.8+0.31° 1.4+0.25°
EGCG 0.3+0.23 0.2+0.13 0.2+0.12 0.2+0.17

Data are presented as the mean + standard error; “P<0.05 vs. the control group and °P<0.05 vs. seawater group; n=8. EGCG,

epigallocatechin-3-gallate.
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Figure 1. Effects of EGCG on the lung edema and vascular leakage in seawater aspiration-induced acute lung injury. (A) Lung wet-to-dry weight ratio for
the varying treatments (n=6). (B) Leak index of Evans Blue (n=6). Data are presented as the mean + standard error. (n=6). "P<0.05 vs. the control group,

"P<0.05 vs. the seawater group. EGCG, epigallocatechin-3-gallate.

Western blot analysis. Part of the right lung tissue from the
experimental rats was sampled along with A549 cells for each
treatment group. Total protein was extracted from whole-cell
and lung tissues and prepared according to the manufac-
turer's protocol with a Total Protein Extraction kit. Protein
concentrations were identified by bicinchoninic acid protein
assay kit. The samples were then separated in parallel with
8% gradient (spacer gel, 80 V; separation gel, 120 V), loaded
onto a SDS-PAGE gel (Beyotime Institute of Biotechnology,
Shanghai, China) and transferred to an Invitrogen™ nitrocel-
lulose membrane (Thermo Fisher Scientific). Membranes were
blocked for 2 h, prior to overnight incubation at 4°C with the
relevant primary antibodies against STAT1 (1:500), P-STAT1
(1:500), caspase-3 (1:1,000), p21 (1:1,000) and B-actin (1:1,000).
The membranes were then washed five times and incubated
for 2 h with the secondary antibody (anti-mouse or anti-rabbit,
1:5,000; cat nos. 5571 and 7076; Cell Signaling Technology,
Inc.). Detection was performed using a chemiluminescence
system (ImageQuant LAS 4000 Mini; GE Healthcare Life
Sciences, Chalfont, UK).

Statistical analysis. Data are expressed as the mean + stan-
dard error and statistical analysis was performed with one-way
analysis of variance, followed by a Dunnett's test for multiple
comparisons. As the histological injury score data is not
continuous, the non-parametric, Kruskal-Wallis one-way
analysis of variance was used. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Effects of EGCG on lung edema and microvascular perme-
ability in seawater aspiration-induced ALI. The extent of
lung edema and microvascular permeability was evaluated
using the lung wet-to-dry weight ratios and the leak index. As
demonstrated by Fig. 1, the wet-to-dry lung ratio was signifi-
cantly greater following seawater aspiration compared with the
control group (5.87+0.28 vs. 4.08+0.15; P<0.05; n=6), whilst
the EGCG pretreatment reduced the lung wet-to-dry weight
ratio compared with the seawater-only group (5.02+0.33 vs.
5.87+0.28; P<0.05; n=6). In the seawater-only group, the leak
of Evans Blue was significantly greater compared with the
control group (87.2+3.61 vs. 28.98+1.90; P<0.05; n=6). The
EGCG pretreatment had a lower leak index compared with the
control group (73.8+3.63 vs. 8§7.2+3.61; P<0.05; n=6).

Effects of EGCG on histopathological changes and the
lung injury scores in seawater aspiration-induced ALI. As
demonstrated by Fig. 2, seawater aspiration induced lung
edema, causing inflammatory cells to infiltrate the lung
tissues and alveoli, resulting in hemorrhage, bronchiole
epithelial desquamation and alveolar collapse (Fig. 2B).
EGCG pretreatment ameliorated these histopathological
changes (Fig. 2C). The lung injury scores of each group are
presented in Table I. These results indicated that EGCG can
reduce the lung injury scores in seawater aspiration-induced
ALL
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Figure 2. Effects of EGCG on the histopathological changes in seawater
aspiration-induced acute lung injury. The (A) control, (B) seawater, (C) sea-
water + EGCG and (D) EGCG groups. Hematoxylin and eosin staining,
magnification x200. EGCG, epigallocatechin-3-gallate.

Effects of EGCG on apoptosis in seawater aspiration-induced
ALI. Fluorescence TUNEL staining on lung sections from
each group determined the effect of EGCG on the apoptosis
of seawater aspiration-induced ALI (Fig. 3A). The number of
fluorescent TUNEL-positive cells significantly increased in the
seawater-only group compared with the control group (P<0.05;
Fig. 3B). EGCG pretreatment reduced the fluorescence of the
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Figure 3. Effects of EGCG on the apoptosis in lungs in seawater aspira-
tion-induced acute lung injury. (A) Fluorescence TUNEL staining of lung
section from each group. (B) Quantified data of TUNEL-positive cells.
Data are presented as the mean + standard error; ‘P<0.05 vs. the control
group and “P<0.05 vs. the seawater group; n=6. Magnification, x200.
EGCQG, epigallocatechin-3-gallate.

TUNEL-positive cells compared with the seawater group
(P<0.05; Fig. 3B). No significant differences were identified
between the control and EGCG groups.

Effects of EGCG on the expression of apoptosis-associated
proteins in seawater aspiration-induced ALI. Levels of
the apoptosis-associated proteins caspase-3 and p21 in the
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Figure 4. Effects of EGCG on the expression of caspase-3 and p21 in lungs in seawater aspiration-induced acute lung injury. (A) Western blot for the caspase-3
and p21 protein expression in the different groups. Quantified western blot data for (B) caspase-3 and (C) p21. Data represent three independent experiments
and are expressed as the mean + standard error. “P<0.05 vs. the control group and “P<0.05 vs. the seawater group. EGCG, epigallocatechin-3-gallate.
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Figure 5. Effects of different concentrations of seawater on apoptosis in A549 cells. The (A) control, (B) 10% seawater, (C) 20% seawater, (D) 30% seawater
and (E) 40% seawater groups. (F) Quantified rates of apoptosis in each group. Data are presented as the mean + standard error. "P<0.05 vs. the control group;
n=4. FITC, fluorescein isothiocyanate; PE-Texas Red-A, R-phycoerythrin-Texas Red.

lungs of the rats that had been exposed to seawater were
assessed by western blot analysis (Fig. 4A). The results
demonstrated that caspase-3 and p21 expression levels were
increased in the seawater-only group (P<0.05 vs. the control
group; Fig. 4A and B), whilst expression was significantly
decreased in the seawater + EGCG group (P<0.05 vs. the
seawater group; Fig. 4B and C). No significant differences
were identified between the seawater + EGCG and control
groups.

Effects of EGCG on the seawater-induced apoptosis of the
A549 cells. The effects of EGCG on the apoptosis of alveolar
epithelial cell line A549 when treated with seawater were
explored. As shown in Fig. 5, the percentage of apoptotic
A549 cells increased in a concentration-dependent manner.

The apoptotic rate reached 68.5% in the 40% seawater group
(P<0.05 vs. the control group; Fig. 5SF). However, no significant
difference between the control group and 10% seawater group
was identified.

The effect of EGCG on A549 cells treated with 30%
saltwater was further investigated. The EGCG pretreatment
significantly decreased the percentage of A549 cells under-
going apoptosis (P<0.05 vs. the control group; Fig. 6). No
significant differences were identified between the percentage
of cells undergoing apoptosis in the control group and the
EGCG-only group (P>0.05; Fig. 6).

Effects of seawater and EGCG on the expression of
STATI and P-STATI in A549 cells. The effects of seawater
and EGCG on the expression of STATI, a key upstream
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Figure 7. Effects of EGCG on the expression of STAT1 and P-STAT1 in A549 cells in the presence and absence of 30% seawater. (A) Western blot for the
STAT1 and P-STAT1 protein expression in the different treatment groups. (B) mRNA expression of STAT1 in A549 cells. (C) STAT1 and (D) P-STAT1 protein
expression levels. Data represent three independent experiments and are expressed as the mean + standard error; "P<0.05 vs. the control group and “P<0.05 vs.
the seawater group. EGCG, epigallocatechin-3-gallate; STATI, signal transducer and activator of transcription 1; P-STAT1, phosphorylated-STAT1.

modulator of caspase-3 and p21, was examined in A549 cells.
No significant differences were identified in the STATI1
mRNA expression levels between any of the treatment
groups (Fig. 7A and B). However, the protein expression
levels of STATI1 and P-STAT1 were significantly elevated

in the seawater-only group compared with the control group
(P<0.05; Fig. 7C and D). The group pretreated with EGCG
presented significantly reduced protein expression levels
of STATI1 and P-STAT1 compared with the seawater-only
group (P<0.05; Fig. 7C and D).
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Discussion

In the present study, it was demonstrated that EGCG pretreat-
ment alleviated seawater aspiration-induced ALI. EGCG
pretreatment decreased the apoptosis of alveolar epithelial cells
in seawater aspiration-induced ALI. To further investigate the
role of EGCG in the apoptosis of alveolar epithelium in seawater
aspiration-induced ALI, the expression levels of caspase-3
and p21 were determined, as they are apoptosis-associated
proteins. Notably, protein levels were significantly higher in
seawater aspiration-induced ALI compared with the control
group. By contrast, the EGCG pretreatment group exhibited
significantly lower levels of the apoptotic proteins, suggesting
that EGCG may limit the damage that cells undergo during
seawater aspiration-induced ALI. The expression of the
protein STAT1 and phosphorylated STAT1, a key upstream
protein of caspase-3 and p21, was identified to increase in the
seawater-only group. However, protein expression levels of
STAT1 and P-STAT1 decreased in the EGCG pretreatment
group compared with the seawater group.

The alveolar epithelium and the microvascular endo-
thelium constitute the alveolar-capillary barrier (18). The
epithelial barrier is less permeable than the endothelial barrier
under physiological conditions (19). The loss of integrity of
alveolar epithelium is an important pathophysiological change
during ALI, which leads to pulmonary edema and a decrease
in surfactant-associated proteins (18,20). The apoptosis of
alveolar epithelial cells is one of the main factors damaging
the alveolar-capillary barrier and thus, represents an important
prognostic marker of ALI (21). Seawater aspiration-induced
ALI is one of the most serious complications due to seawater
drowning (22). Previous studies have indicated that the
apoptosis of alveolar epithelium aggravated seawater
aspiration-induced ALI, which may also be mediated via the
Fas/FasL (6) and protein kinase (ERK) pathways (5).

In previous studies, EGCG has been demonstrated to
exhibit anti-inflammatory (23), anti-oxidative (24) and
anticancer (25) properties. In addition, EGCG has been
indicated to have a positive effect on cell cycle arrest
and apoptosis in prostate and breast cancer cells (26).
Furthermore, it has been demonstrated to enhance cisplatin
chemosensitivity in cervical cancer cells via the induction
of apoptosis (27). Other studies have indicated that EGCG
inhibits Cd**-induced apoptosis through scavenging reac-
tive oxygen species activity (28), and prevents cardiac
ischemia/reperfusion-induced apoptosis (10). The findings
of another previous study suggest that EGCG ameliorates
inflammation in seawater aspiration-induced ALI by inhib-
iting the JAK/STAT1 pathways (7). However, it remains
largely unknown whether EGCG protection during seawater
aspiration-induced ALI is also mediated by the suppression
of apoptosis in alveolar epithelial cells.

In the current study, it was determined that EGCG
pretreatment attenuated the degree of ALI and inhibited the
apoptosis of lung tissue and alveolar epithelial cells in vivo
and in vitro. Simultaneously, EGCG pretreatment reduced the
expression of the proteins STAT1, P-STAT1 and the down-
stream proteins caspase-3 and p21. Overexpression of STAT1
may induce osteocyte apoptosis in steroid-induced avascular
necrosis of the femoral head and promote the apoptosis of
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retinal pericytes under high glucose conditions (29). The
apoptosis-associated proteins caspase-3 and p21, as the down-
stream proteins of STAT1, promoted the apoptosis of alveolar
epithelial cells in seawater aspiration-induced ALI. Therefore,
EGCG may inhibit the apoptosis of alveolar epithelial cells in
seawater aspiration-induced ALI via decreasing the expression
of STATI, P-STAT1 and its downstream proteins caspase-3
and p21.

In summary, the present study suggests that EGCG
attenuates seawater aspiration-induced ALI by suppressing
the apoptosis of alveolar epithelial cells, at least partly, via the
inhibition of the STAT1-caspase-3/p21 associated pathway.
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