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Abstract. Pulmonary emphysema is one of the most impor‑
tant pathological manifestations of chronic obstructive 
pulmonary disease and is commonly associated with cigarette 
smoking. Previous studies have indicated that necroptosis, a 
novel non‑apoptotic cell death mechanism associated with 
inflammation and oxidative stress, may contribute to the devel‑
opment of pulmonary emphysema. Theaflavin‑3,3'‑digallate 
(TF‑3), one of the theaflavins present in black tea, is known 
to possess several bioactive properties. In the present 
study, it was demonstrated that TF‑3 significantly reduced 
the generation of reactive oxygen species and the mRNA 
expression levels of TNF‑α, IL‑1β and IL‑6 in CSE‑treated 
human normal lung epithelial BEAS‑2B cells. To further 
explore the role of TF‑3 in necroptosis, the necroptotic rates 
of BEAS‑2B cells were examined via flow cytometry and 
immunofluorescence assays. The results demonstrated that 
TF‑3 may suppress necroptosis in CSE‑treated BEAS‑2B 
cells. Furthermore, it was determined that TF‑3 significantly 
inhibited the CSE‑induced phosphorylation of p38 MAPK, 
receptor‑interacting serine/threonine‑protein kinase three 
(RIPK3) and mixed lineage kinase domain‑like (MLKL) 
in BEAS‑2B cells. Another experiment demonstrated that 
a pharmacological inhibitor of the p38 MAPK pathway, 
SB203580, significantly reduced the protein expression levels 

of phosphorylated (p)‑RIPK3 and phosphorylated (p‑)MLKL, 
which indicated that TF‑3 suppressed necroptosis via the p38 
MAPK/RIPK3/MLKL signaling pathways. In vivo, it was 
observed that TF‑3 treatment significantly attenuated morpho‑
logical lung injury in mice with CSE‑induced emphysema. 
Moreover, TF‑3 significantly reduced the levels of proin‑
flammatory cytokines, TNF‑α and IL‑1β and significantly 
enhanced the antioxidant capacity of the lung tissues in mice 
with emphysema. TF‑3 also significantly inhibited the levels of 
p‑RIPK3 and p‑MLKL in the lungs of mice with emphysema. 
Therefore, the present study indicated that TF‑3 may attenuate 
CSE‑induced emphysema in mice by inhibiting necroptosis.

Introduction

Chronic obstructive pulmonary disease (COPD) is a common, 
preventable and treatable disease characterized by persistent 
respiratory symptoms and progressive airflow obstruction 
documented on spirometry; it is associated with an abnormal 
inflammatory response of the lungs to noxious particles 
or gases (1). COPD affects ~400 million individuals and is 
already the third leading cause of death worldwide, which the 
World Health Organization predicted would not occur until 
2030 (1). Pulmonary emphysema is one of the most important 
pathological manifestations of COPD, and the pathogenesis of 
pulmonary emphysema includes non‑specific inflammation 
propagated by cigarette smoke injury, increased oxidative 
stress, imbalanced proteases/anti‑proteases and subsequent 
alveolar cell apoptosis, which results in the histological hall‑
mark of enlarged alveolar spaces (2).

Necroptosis is a mechanism of genetically programmed 
lytic cell death that is considered to serve a role in the 
destruction of pathogen‑infected cells and/or dysfunctional 
cells during certain degenerative or inflammatory disorders. 
Necroptosis can be triggered by multiple innate immune 
signaling pathways that lead to the phosphorylation and 
activation of the necroptotic kinase, receptor‑interacting 
serine/threonine‑protein kinase (RIPK3). RIPK3 activates the 
mixed lineage kinase domain‑like protein (MLKL) via phos‑
phorylation, which causes substantial conformational changes 
that enables the trafficking of MLKL to the plasma membrane, 
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where it induces membrane permeabilization (3). It has previ‑
ously been reported that that necroptosis may contribute to the 
development of pulmonary emphysema (4). However, the exact 
molecular mechanism remains largely unknown. Therefore, 
studying the role of necroptosis in the pathogenesis of pulmo‑
nary emphysema is of vital importance.

Black tea, one of the most common types of tea, is made of 
fresh green tea leaves fermented and oxidized by polyphenol 
oxidase. This process converts a large proportion of catechins 
into theaflavins and thearubigins (5). The theaflavins of black 
tea include theaflavin (TF‑1), theaflavin‑3‑gallate (TF‑2a), 
theaflavin‑3'‑gallate (TF‑2b) and theaflavin‑3,3'‑digallate 
(TF‑3). A previous study has demonstrated that theaflavins, 
especially TF‑3, attenuate oxidative stress and inflamma‑
tion (6). TF‑3 also has been indicated to decrease the incidence 
of coronary heart disease, exhibit an advantageous effect 
on the bone mineral density and the potential to prevent 
cancer (7‑9). However, the effect of TF‑3 in protecting against 
cigarette smoke extract (CSE)‑induced pulmonary emphy‑
sema and the mechanism of action remains unclear. It can 
therefore be hypothesized that drinking black tea may prevent 
CSE‑induced pulmonary emphysema. The aim of the present 
study was to investigate the protective effect of TF‑3 on 
pulmonary emphysema in CSE‑treated mice via the necrop‑
totic signaling pathway.

Materials and methods

Ethics statement. All animal procedures and experiments were 
approved by the Institutional Animal Care and Use Committee 
of Shanghai Jiao Tong University (Shanghai, China). The 
experiments were performed following the Guide for the Care 
and Use of Laboratory Animals published by the National 
Institutes of Health, 8th edition (10).

Drugs and antibodies. TF‑3, benzyloxycarbonyl‑Val‑Ala‑
Asp‑f luoromethylketone (z‑VAD), necrostatin‑1 and 
SB203580 were purchased from MedChemExpress. All 
antibodies were purchased from Cell Signaling Technology, 
Inc. The following primary antibodies were used: phos‑
phorylated (p)‑RIPK3 (1:1,000; cat. no. 93654), RIPK3 
(1:1,000; cat. no. 13526), p‑MLKL (1:1,000; cat. no. 91689), 
MLKL (1:1,000; cat. no. 14993), p‑p38 MAPK (1:1,000; 
cat. no. 9211), p38 MAPK (1:1,000; cat. no. 9212), caspase‑3 
(1:1,000; cat. no. 9662) and GAPDH (1:1,000; cat. no. 2118). 
The secondary antibody used was HRP‑conjugated goat 
anti‑rabbit IgG (1:10,000; cat. no. 7074). Lipopolysaccharide 
(Escherichia coli 055:B5) was purchased from Sigma‑Aldrich 
(Merck KGaA).

CSE preparation. The CSE was prepared using a previously 
described technique (11). Briefly, a cigarette (Marlboro; Philip 
Morris Products S.A.) was burned and the smoke was passed 
through a 0.22 µm filter (MilliporeSigma) to remove particles 
and bacteria before being added to a vessel containing PBS 
(2 ml per cigarette for mouse experiments) or DMEM (Gibco; 
Thermo Fisher Scientific, Inc.; 10 ml per cigarette as 100% 
CSE used for cell experiments) using a vacuum pump. The 
reproducibility of the extract was assessed using an AB Sciex 
3200 Qtrap mass spectrometer (SCIEX) connected to an 

Agilent 1200 Series high‑performance liquid chromatography 
(Agilent Technologies, Inc.). The following conditions were 
used: Chromatographic column, Diamonsil‑C18 (length, 
150 mm; inner diameter, 4.6 mm; particle size, 5 µm; Dikma 
Technologies, Inc.); flow rate, 0.6 ml/min; mobile phase, phos‑
phoric acid‑citric acid buffer containing 30% (v/v) acetonitrile 
[30 mM K2HPO4, 30 mM citric acid, 0.5% (v/v) triethylamine, 
adjusted to pH 6.7 with 10 M NaOH]; column temperature, 
25˚C; sample quantity, 20 µl; internal standard, the nicotine 
standard (cat. no. N0267; Sigma‑Aldrich; Merck KGaA) was 
dissolved in methanol to prepare the experimental standard 
(10 mg/ml). The ionization mode was positive ion mode, the 
source temperature was 700˚C and the nebulizer pressure was 
50 psi. The pH of the CSE‑PBS/DMEM solution was 7.2‑7.4 
and the solution was freshly prepared for each experiment.

Cell culture and treatment. The human normal lung epithelial 
BEAS‑2B cell line was purchased from the American Type 
Culture Collection (cat. no. CRL‑9609™) and maintained 
in DMEM supplemented with 10% FBS (cat. no. 10270‑106; 
Gibco; Thermo Fisher Scientific, Inc.) and 1% vol/vol strep‑
tomycin/penicillin (Gibco; Thermo Fisher Scientific, Inc.) 
in an incubator at 37˚C with 5% CO2. BEAS‑2B cells were 
pretreated with TF‑3 (5‑20 µM) for 24 h at 37˚C before the 
CSE challenge. The pan‑caspase inhibitor z‑VAD (20 µM), the 
necroptosis inhibitor necrostatin‑1 (20 µM) or the p38 MAPK 
inhibitor SB203580 (0.5 µM) were preincubated with the cells 
for 1 h at 37˚C before the CSE challenge to stimulate necrop‑
tosis, inhibit necroptosis or inhibit p38 MAPK, respectively. 
For all drug treatments, cells were maintained in DMEM 
supplemented with 0.2% FBS at 37˚C. The dose and treat‑
ment duration of all drugs were selected according to previous 
studies (7,12‑14).

Cell viability. Cell viability was determined using the Cell 
Counting Kit‑8 (CCK‑8; Dojindo Laboratories, Inc.) assay. 
In brief, BEAS‑2B cells (2.5x104 cells/ml) were seeded into 
96‑well plates and incubated overnight at 37˚C. The cells 
were treated with CSE (1, 5, 10, 20 or 50%) alone, TF‑3 
(5, 10 or 20 µM) alone or CSE (10%) in combination with 
TF‑3 (5, 10 or 20 µM). Following stimulation, 10 µl of CCK‑8 
reagent was added to each well and then incubated for 2 h 
at 37˚C. The absorbance of each well was measured at 450 nm 
using a microplate reader (Molecular Devices, LLC). The 
viability of the treated cells was calculated as follows: (absor‑
bance450 nm of the therapeutic group/absorbance450 nm of the 
control group) x100%.

LDH assay. Lactate dehydrogenase was determined using 
an LDH Assay Kit (Beyotime Institute of Biotechnology). In 
brief, BEAS‑2B cells (~80% cell confluence) treated with CSE 
(10%) and/or TF‑3 (20 µM) were incubated with 10 µl LDH 
releasing reagent for 1 h at 37˚C. The samples were centri‑
fuged (400 x g; 5 min; 25˚C) and the LDH production levels of 
the supernatant were detected according to the manufacturer's 
instructions.

ROS generation assay. ROS generation was determined using 
a ROS Assay Kit (Beyotime Institute of Biotechnology). In 
brief, BEAS‑2B cells (~80% cell confluence) treated with 
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CSE (10%) and/or TF‑3 (20 µM) were incubated with 10 µM 
2',7'‑dichlorodihydrofluorescein diacetate for 30 min at 37˚C 
in the dark. The green fluorescence intensity was determined 
using a fluorescence microscope (Leica Microsystems GmbH; 
magnification, x200) and analyzed using ImageJ v1.8.0 soft‑
ware (National Institutes of Health).

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). The mRNA expression levels of proinflammatory 
cytokines were determined using RT‑qPCR. In brief, BEAS‑2B 
cells treated with CSE (10%) and/or TF‑3 (20 µM) and were 
lysed with TRIzol® reagent (Thermo Fisher Scientific, Inc.). 
mRNA was quantified using an ultraviolet spectrophotometer 
and subsequently, 1 µg of RNA was reverse transcribed into 
cDNA using a HiScript® II Q RT SuperMix kit (Vazyme 
Biotech Co., Ltd.) at 50˚C for 15 min and then at 85˚C for 5 sec. 
qPCR was performed using ChamQ Universal SYBR qPCR 
Master Mix (Vazyme Biotech Co., Ltd.) and a deep‑well qPCR 
detection system (LightCycler 480; Roche Diagnostics) using 
the following thermocycling conditions: Initial denaturation 
at 95˚C for 5 min; followed by 35 cycles of denaturation at 95˚C 
for 60 sec, annealing at 58˚C for 60 sec and extension at 72˚C 
for 50 sec. The primers used for qPCR were as follows: IL‑6 
forward (F), 5'‑CAC TGG TCT TTT GGA GTT TGA G‑3' and 
reverse (R), 5'‑GGA CTT TTG TAC TCA TCT GCA C‑3'; IL‑1β 
F, 5'‑AGC TAC GAA TCT CCG ACC AC‑3' and R, 5'CGT TAT 
CCC ATG TGT CGA AGA A‑3'; TNF‑α F, 5'‑GAG GCC AAG 
CCC TGG TAT G‑3' and R, 5'‑CGG GCC GAT TGA TCT CAG 
C‑3'; and GAPDH F, 5'‑ACA ACT TTG GTA TCG TGG AAG 
G‑3' and R, 5'‑GCC ATC ACG CCA CAG TTT C‑3'. GAPDH was 
used as the internal reference gene. Quantification of mRNA 
expression levels was performed using the 2‑ΔΔCq method (15). 
These data are presented as the relative mRNA expression 
level compared to that in control group, which was arbitrarily 
set to 1.

Immunofluorescence microscopy for PI/DAPI staining. 
Necroptotic cells were identified using immunofluorescence. 
In brief, BEAS‑2B cells were treated with CSE (10%)/z‑VAD 
(20 µM) with either TF‑3 (20 µM) or necrostatin‑1 (20 µM), 
stained with PI for 30 min at 25˚C in the dark (5 µg/ml; BD 
Biosciences), fixed in 3.7% paraformaldehyde for 10 min 
at 25˚C and stained with DAPI (Sigma‑Aldrich; Merck 
KGaA) for 5 min at 25˚C in the dark. Immunofluorescence 
images were captured using a fluorescence microscope (Leica 
Microsystems GmbH). For each experiment, 100 cells were 
monitored with a fluorescence microscope and analyzed using 
ImageJ v1.8.0 software (National Institutes of Health).

Apoptosis assay. The necroptotic rate was determined using the 
Annexin V FITC Apoptosis Detection Kit I (BD Biosciences). 
In brief, BEAS‑2B cells were treated with CSE (10%)/z‑VAD 
(20 µM) with either TF‑3 (20 µM) or necrostatin‑1 (20 µM), 
washed twice with cold PBS and then resuspended in 1X 
binding buffer at a concentration of 1x106 cells/ml. The solu‑
tion was subsequently transferred to a 5 ml culture tube. A 
total of 5 µl FITC Annexin V and 5 µl PI were added, the 
cells were gently vortexed, and the samples were incubated for 
15 min at room temperature (25˚C) in the dark. Cells were then 
diluted in 1X binding buffer (400 ml) and analyzed using flow 

cytometry (BD FACSCelesta; BD Biosciences) and FlowJo 
software (v10.8.0; FlowJo LLC).

Western blotting. Protein expression levels of the relevant 
proteins were determined via western blotting. In brief, 
BEAS‑2B cells treated with CSE (10%)/z‑VAD (20 µM) 
with either TF‑3 (5‑20 µM) or SB203580 (0.5 µM), were 
lysed in RIPA lysis buffer (Epizyme, Inc.) supplemented 
with a protease inhibitor and phosphatase inhibitor cocktail 
(Epizyme, Inc.). After the protein concentration was measured 
using a BCA protein assay kit (Epizyme, Inc.) and verified, the 
sample was mixed with 5X SDS loading buffer. Total protein 
was separated using SDS‑PAGE (20 µg protein/well) on an 
8‑12% gel. Separated proteins were subsequently transferred to 
polyvinylidene difluoride membrane (MilliporeSigma), which 
were blocked with 5% BSA (Sigma‑Aldrich; Merck KGaA) in 
TBS with 0.1% Tween‑20 (TBST) for 1 h at room temperature 
(25˚C). The membranes were immunoblotted with primary 
antibodies overnight at 4˚C. After washing with TBST three 
times, the membranes were incubated with secondary anti‑
body for 1 h at room temperature (25˚C) and were then washed 
again with TBST three times. The membranes were scanned 
using Immobilon Western Chemiluminescent HRP Substrate 
(MilliporeSigma) and an imaging system (Amersham 
Imager 600; Cytiva). ImageJ v1.8.0 software (National 
Institutes of Health) was used for densitometry. GAPDH was 
used as the loading control. The data are presented as the rela‑
tive protein expression level compared to the control group, 
which was arbitrarily set to 1.

Experimental animal protocols. All studies involving 
animals were performed in compliance with the ARRIVE 
guidelines (16). All mice were housed at a constant room 
temperature of 22‑23˚C and humidity of 50‑60% with an 
alternating 12 h light/dark cycle and free access to water and 
standard food. Twenty male C57BL/6J mice maintained in 
the animal facility (20‑25 g body weight; specific pathogen 
free) of Shanghai Jiao Tong University were randomly selected 
and divided into the following four groups at 7 weeks of age: 
i) Control; ii) TF‑3; iii) CSE; and iv) CSE + TF‑3 (n=5 each 
group). The total experimental period was four weeks. The 
control group was intraperitoneally (i.p.) injected with vehicle 
(normal saline), the TF‑3 group was given TF‑3 (5 mg/kg body 
weight) by oral gavage daily for 28 days and the CSE group 
was injected with 0.3 ml of CSE/PBS on day 0, 11 and 22. The 
CSE + TF‑3 group was i.p. injected with 0.3 ml of CSE on 
day 0, 11 and 22 along with TF‑3 (5 mg/kg body weight). The 
doses and administration routes of CSE and TF‑3 were based 
on previous studies (6,11,17).

ELISA assays. TNF‑α (cat. no. DY410; Mouse TNF‑alpha 
DuoSet ELISA) and IL‑1β (cat. no. DY401; Mouse IL‑1 
beta/IL‑1F2 DuoSet ELISA) levels in the lung tissue were 
measured with commercially available ELISA kits (Novus 
Biologicals, LLC) according to the manufacturer's instructions.

Malondialdehyde (MDA), superoxide dismutase (SOD) 
and glutathione (GSH) assays. The lung homogenate was 
dissolved in extraction buffer (cell lysis buffer; Beyotime 
Institute of Biotechnology) to detect MDA (cat. no. A003‑1‑2; 
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MDA Assay Kit), SOD (cat. no. A001‑3‑2; SOD Assay Kit) and 
GSH (cat. no. A006‑2‑1; GSH Assay Kit) levels using commer‑
cially available assay kits (Nanjing Jiancheng Bioengineering 
Institute), according to the manufacturer's instructions.

H&E staining. Mice were anesthetized by inhalation of isoflu‑
rane (4%) and euthanized by exsanguination via right ventricle 
aspiration, followed by cervical dislocation. The left lungs of 
the mice were harvested and fixed with 4% paraformaldehyde 
at 25˚C for 24 h. After fixation, lung tissue was embedded in 
paraffin and sectioned at 5‑µm thickness. The sections were 
stained with hematoxylin at 25˚C for 10 min and eosin at 25˚C 
for 3 min and visualized under a light microscope (magnifica‑
tion, x400). Emphysema was quantified by measuring the mean 
linear intercept and determining the destructive index (11).

Statistical analysis. All the data were normally distributed 
and are presented as the mean ± SEM of three independent 
cell experiments or five independent animal experiments. 
Statistical analyses were performed using GraphPad Prism 
v8 software (GraphPad Software, Inc.). One‑way ANOVA was 
performed followed by Tukey's post hoc test for comparisons 
among multiple groups. P<0.05 was considered to indicate a 
statistically significant difference.

Results

TF‑3 prevents CSE‑induced cytotoxicity in BEAS‑2B cells. In 
order to explore the cytotoxic effect of CSE and the protec‑
tive effect of TF‑3 (Fig. 1A) on BEAS‑2B cells, CCK‑8 
assay was used to detect cell viability. The results of the 

concentration/time‑response study, in which BEAS‑2B cells 
were subjected to different concentrations of CSE (1‑50%) 
for up to 48 h, are displayed in (Fig. 1B). The viability of 
BEAS‑2B cells treated with 1 or 5% CSE was not signifi‑
cantly different compared with the control cells before 24 h. 
However, significant decreases in cell viability were observed 
at 20 or 50% CSE exposure compared with the control. 
Gradual decreases in cell viability were observed after expo‑
sure to 10% CSE and cell viability was close to 58±3% at 6 h. 
Therefore, cells were treated with 10% CSE for 6 h or vehicle 
as a control. No significant cytotoxicity of TF‑3 (5‑20 µM) was 
observed, as displayed in (Fig. 1C). The results in (Fig. 1D) 
demonstrated that TF‑3 significantly reversed the decrease in 
viability of the CSE‑induced BEAS‑2B cells compared with 
the CSE group. Moreover, the membrane integrity of the cells 
was evaluated via the LDH assay. TF‑3 significantly reduced 
the production of LDH released into the medium (Fig. 1E) in 
CSE‑induced BEAS‑2B cells compared with the CSE group.

TF‑3 reduces ROS generation and mRNA expression levels 
of TNF‑α, IL‑6 and IL‑1β in CSE‑treated BEAS‑2B cells. To 
further understand the role of TF‑3 in ROS and inflammatory 
cytokine generation, BEAS‑2B cells were pretreated with 
TF‑3 (20 µM) for 24 h prior to CSE challenge. The results 
displayed in (Fig. 2A and B) demonstrated that CSE‑induced 
ROS generation was significantly suppressed by TF‑3 
compared with the CSE group, whereas TF‑3 treatment on 
healthy cells did not affect ROS generation compared with 
the control. The mRNA expression levels of TNF‑α, IL‑6 
and IL‑1β were detected using RT‑qPCR. As displayed in 
(Fig. 2C‑E), the mRNA expression levels of TNF‑α, IL‑1β 

Figure 1. TF‑3 attenuates the cytotoxicity of CSE on BEAS‑2B cells. (A) Chemical structure of TF‑3. (B) Changes in BEAS‑2B cell viability induced by the 
various concentrations of CSE (1‑50%) at different time points (2‑48 h). *P<0.05 vs. control. (C) Effects of TF‑3 on cell viability. Cells were treated with TF‑3 
(5‑20 µM). (D) Cells were treated with CSE (10%) for 6 h alone or in combination with TF‑3 (5‑20 µM) pretreatment. (E) Effects of TF‑3 on LDH production. 
Cells were treated with CSE (10%) for 6 h alone, TF‑3 (20 µM) for 24 h alone or CSE (10%) for 6 h in combination with TF‑3 (20 µM) pretreatment. Data are 
presented as the mean ± SEM of at least three independent experiments indicated by dots. One‑way ANOVA was performed followed by Tukey's post hoc 
test for statistical comparisons between more than two groups. *P<0.05, **P<0.01 and ***P<0.001. CSE, cigarette smoke extract; TF‑3, theaflavin‑3,3'‑digallate. 
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and IL‑6 in CSE‑induced BEAS‑2B cells were significantly 
diminished by TF‑3 treatment compared with the CSE only 
group. These results indicated that TF‑3 may serve a crucial 
role in antioxidation and anti‑inflammation.

TF‑3 inhibits nonapoptotic cell death in CSE/z‑VAD‑treated 
BEAS‑2B cells. The effect of TF‑3 on necroptosis was examined. 
The necroptotic rate was determined using immunofluorescence 
and flow cytometry. Necrostatin‑1, an inhibitor of necroptosis, 
was used to examine whether CSE/z‑VAD induced apoptosis. 
The positive rate of PI was significantly increased following 
necroptotic stimulation in the immunofluorescence assay 
compared with the control group, whereas PI‑positive cells 
were significantly decreased by Necrostatin‑1 compared with 
the CSE/z‑VAD only group, which indicated that CSE/z‑VAD 
induced necroptosis in BEAS‑2B cells. Furthermore, TF‑3 
decreased the number of PI‑positive cells in CSE/z‑VAD‑treated 
cells compared with the CSE/z‑VAD only group (Fig. 3A and B). 
Following necroptotic stimulation, the necrotic or late apoptotic 
(Annexin V+/PI+ in Q2) rates were increased. By contrast, no 
obvious elevation of early apoptotic (Annexin V+/PI− in Q4) 
rates was observed. Similar effects of necrostatin‑1 and TF‑3 
were observed in the flow cytometry assay, and they both 

reduced the rates of cells in the area Q2 compared with the 
CSE/z‑VAD only group, which indicated that TF‑3 decreased the 
necroptotic rates of CSE/z‑VAD‑treated cells (Fig. 3C and D). 
To further exclude the role of TF‑3 in necroptosis induced by 
CSE/z‑VAD, caspase‑3 protein expression levels were examined. 
CSE/z‑VAD treatment did not significantly affect caspase‑3 
activities in BEAS‑2B cells (Fig. 4A and E). Furthermore, no 
cleavage of caspase‑3 was detected via western blotting analysis 
(Fig. 4A) indicating that apoptosis was not responsible for 
CSE/z‑VAD‑induced cell death in BEAS‑2B cells. These results 
suggested that TF‑3 may inhibit CSE/z‑VAD‑induced nonapop‑
totic cell death in BEAS‑2B cells.

TF‑3 suppresses necroptosis via the p38 MAPK/RIPK3/MLKL 
signaling pathway in CSE/z‑VAD‑induced BEAS‑2B cells. To 
investigate the effect of TF‑3 on necroptosis at the protein 
expression level of RIPK3 and MLKL, these key mediators 
of the necroptosis pathway were investigated via western blot‑
ting. As demonstrated in (Fig. 4A, C and D), western blotting 
determined that the protein expression levels of p‑RIPK3 and 
p‑MLKL were significantly increased following CSE/z‑VAD 
treatment compared with the control. However, TF‑3 treat‑
ment significantly decreased the protein expression levels 

Figure 2. Effects of TF‑3 on ROS generation and TNF‑α, IL‑6 and IL‑1β mRNA expression levels. Cells were treated with CSE (10%) for 6 h with or without 
TF‑3 (20 µM) pretreatment. (A) ROS generation was determined using a fluorescence microscope. Scale bars, 50 µm. (B) Quantification of ROS genera‑
tion. mRNA expression levels were measured using reverse transcription‑quantitative PCR using GAPDH as a reference gene. Quantification of the relative 
mRNA expression levels of (C) TNF‑α, (D) IL‑6 and (E) IL‑1β. Data are presented as the mean ± SEM of three independent experiments indicated by dots. 
One‑way ANOVA was performed followed by Tukey's post hoc test for statistical comparisons among more than two groups. *P<0.05, **P<0.01, ***P<0.001 and 
****P<0.0001. CSE, cigarette smoke extract; TF‑3, theaflavin‑3,3'‑digallate; ROS, reactive oxygen species. 
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Figure 3. Effects of TF‑3 on necroptosis. BEAS‑2B cells were treated with CSE (10%)/z‑VAD (20 µM) alone or in combination with either TF‑3 (20 µM) or 
necrostatin‑1 (20 µM) and were stained with PI and DAPI. (A) For each experiment 100 cells were monitored with a fluorescence microscope. Yellow arrows 
indicate necroptosis. Scale bars, 20 µm. (B) Quantification of PI positive cells. (C) Cells were stained with PI and Annexin Ⅴ‑FITC and analyzed via flow 
cytometry. (D) Necroptotic rate of cells. Data are presented as the mean ± SEM of three independent experiments indicated by dots. One‑way ANOVA was 
performed followed by Tukey's post hoc test for statistical comparisons among more than two groups. **P<0.01, ****P<0.0001. CSE, cigarette smoke extract; 
TF‑3, theaflavin‑3,3'‑digallate; Nec‑1, necrostatin‑1; PI, propidium iodide. 

Figure 4. Effects of TF‑3 on the protein expression levels of p38 MAPK, RIPK3, MLKL and caspase‑3. BEAS‑2B cells were treated with CSE (10%)/z‑VAD 
(20 µM) alone or in combination with either TF‑3 (5‑20 µM) or SB203580 (0.5 µM). (A) Protein expression levels of p‑p38 MAPK/p38 MAPK, p‑RIPK3/RIPK3, 
p‑MLKL/MLKL and caspase‑3 were determined via western blotting with GAPDH as an internal control. Semi‑quantification of the protein expression levels 
of (B) p‑p38 MAPK, (C) p‑RIPK3, (D) p‑MLKL and (E) caspase‑3. Data are presented as the mean ± SEM of three independent experiments indicated by 
dots. One‑way ANOVA was performed followed by Tukey's post hoc test for statistical comparisons among more than two groups. *P<0.05, **P<0.01, ***P<0.001 
and ****P<0.0001. CSE, cigarette smoke extract; TF‑3, theaflavin‑3,3'‑digallate; RIPK3, receptor‑interacting serine/threonine‑protein kinase 3; MLKL, mixed 
lineage kinase domain‑like; p, phosphorylated; cl, cleaved. 
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of p‑RIPK3 and p‑MLKL compared with the CSE/z‑VAD 
group. Furthermore, the protein expression levels of p38 
MAPK were examined. Western blotting demonstrated that 
TF‑3 (20 µM) significantly reduced the protein expression 
levels of p‑p38 MAPK compared with the CSE/z‑VAD group 
(Fig. 4A and B). Furthermore, the results demonstrated that 
SB203580, a specific inhibitor of the p38 MAPK signaling 
pathway, significantly reduced the level of p‑RIPK3/p‑MLKL 
in CSE/z‑VAD‑treated BEAS‑2B cells, compared with the 
CSE/z‑VAD only group. These results indicated that TF‑3 
may inhibit necroptosis via the p38 MAPK/RIPK3/MLKL 
signaling pathway in CSE/z‑VAD‑induced BEAS‑2B cells.

TF‑3 attenuates morphological lung injury in CSE‑induced 
emphysema mice. In vivo, a mouse model of emphysema by 
i.p. injection of CSE within 4 weeks was established (17). 
Compared with the normal alveolar architecture of the control 
group, structural damage in the CSE group was observed, with 
an increase in alveolar size, broken alveolar wall and pulmo‑
nary emphysema. This indicated that the i.p. injection of CSE 

induced emphysema within 4 weeks. However, TF‑3 markedly 
suppressed these emphysematous changes (Fig. 5A‑C).

TF‑3 suppresses oxidative stress and inflammatory responses 
in CSE‑induced emphysema mice. Subsequently, the antioxi‑
dative and anti‑inflammatory capacity of TF‑3 in CSE‑treated 
emphysema mice was explored. Compared with CSE only 
group, the results demonstrated that TF‑3 significantly 
decreased TNF‑α, IL‑1β and MDA levels but significantly 
increased the levels of SOD and GSH in the lungs (Fig. 5D‑H). 
These results indicated that TF‑3 may prevent CSE‑induced 
emphysema by inhibiting oxidative stress and inflammatory 
responses.

TF‑3 suppresses necroptosis in CSE‑induced emphysema 
mice. The effect of TF‑3 on necroptosis in CSE‑induced 
emphysema mice was also detected. The western blotting 
results demonstrated that the protein expression levels of 
p‑RIPK3 and p‑MLKL were significantly increased in the 
lung tissue of CSE‑treated mice compared with the control. 

Figure 5. TF‑3 attenuates emphysema in CSE‑treated mice. (A) Images of lung tissue stained with H&E. Scale bars, 20 µm. (B and C) Morphometric 
measurements of the MLI and DI in the four groups were quantified. (D and E) TNF‑α and IL‑1β levels in lung tissue were detected using ELISA and 
quantified. (F‑H) MDA, SOD and GSH levels in lung tissue were detected with assay kits and quantified. (I) Protein expression levels of p‑RIPK3/RIPK3 and 
p‑MLKL/MLKL were determined via western blotting with GAPDH as an internal control. Semi‑quantification of protein expression levels of (J) p‑RIPK3 
and (K) p‑MLKL were determined. Data are presented as the mean ± SEM of five independent experiments indicated by dots. One‑way ANOVA was 
performed followed by Tukey's post hoc test for statistical comparisons among more than two groups. *P<0.05, **P<0.01 and ****P<0.0001. MLI, mean linear 
intercept; DI, destructive index; MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione; RIPK3, receptor‑interacting serine/threonine‑protein 
kinase 3; MLKL, mixed lineage kinase domain‑like; p, phosphorylated; CSE, cigarette smoke extract; TF‑3, theaflavin‑3,3'‑digallate. 
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However, TF‑3 significantly decreased these protein expres‑
sion levels compared with the CSE group (Fig. 5I‑K).

Discussion

In the present study, the results demonstrated that TF‑3 may 
exhibit a protective effect against emphysema in CSE‑induced 
mice via the inhibition of necroptosis.

Black tea is a well‑known beverage that is commonly 
consumed and contains theaflavins, which are considered to 
have anti‑inflammatory and antioxidant effects (18). Among 
theaflavins, TF‑3, which has two gallic acid moieties, exhibits 
the strongest anti‑inflammatory and antioxidant activity (6).

Currently, all available evidence firmly suggests that oxida‑
tive stress modulated by ROS serves a significant role in the 
pathogenesis of pulmonary emphysema (19,20). Under physi‑
ological conditions, ROS can help prevent pathological injury 
or noxious stimulation. However, excessive generation of ROS 
is thought to lead to cellular injury and oxidative stress (21). 
In the present study, the results demonstrated that antioxi‑
dant activity was significantly decreased in CSE‑challenged 
BEAS‑2B cells. However, TF‑3 was capable of significantly 
blocking this decrease, which suggested that TF‑3 may be 
involved in the pathophysiological pathway of oxidative stress 
in the development of emphysema.

Inflammation is a type of stress protection against tissue or 
cell damage induced by adverse external stimulation. A large 
number of proinflammatory cytokines are produced in the 
process of inflammation, including TNF‑α, IL‑1β and IL‑6, 
which are generally considered to be the most relevant proin‑
flammatory cytokines in the inflammatory response (22). In the 
present study, TF‑3 significantly reduced the mRNA expression 
levels of TNF‑α, IL‑1β and IL‑6 in CSE‑induced BEAS‑2B cells.

Increasing numbers of reports have shown that necroptosis, 
a novel nonapoptotic cell death mechanism, may contribute 
to the pathogenesis of pulmonary emphysema (4,23‑26). The 
difference between necrosis and necroptosis is that necrosis is 
a non‑programmed and passive method of cell death, whereas 
necroptosis can be regulated (27). A previous study has also 
indicated that inhibition of the RIPK3/MLKL signaling 
pathway attenuates necroptosis (28). The results of the 
present study demonstrated that TF‑3 significantly decreased 
the protein expression levels of p‑RIPK3 and p‑MLKL in 
CSE/z‑VAD‑treated BEAS‑2B cells. Moreover, the flow 
cytometry and immunofluorescence assay results determined 
that TF‑3 significantly suppressed the necroptosis stimulated 
by CSE/z‑VAD. Collectively this evidence demonstrated that 
TF‑3 may ameliorate CSE/z‑VAD‑induced inflammation and 
oxidative stress by inhibiting the RIPK3/MLKL‑mediated 
necroptosis signaling pathway. Furthermore, it was confirmed 
that the p38 MAPK signaling pathway was strongly associated 
with necroptosis. SB203580, a specific inhibitor of p38 MAPK, 
was used to suppress the autophosphorylation and substrate 
phosphorylation of p38 MAPK (14). However, SB203580 does 
not inhibit the phosphorylation of p38 MAPK by upstream 
kinases. In CSE/z‑VAD‑treated BEAS‑2B cells, the phosphor‑
ylation of RIPK3 and MLKL was significantly increased, but 
this was significantly ameliorated by SB203580, which indi‑
cated that p38 MAPK may promote RIPK3/MLKL‑mediated 
necroptosis (Fig. 4A‑D).

In vivo, it was observed that TF‑3 significantly alleviated 
the emphysematous changes induced by CSE treatment in 
the lung tissue of mice, which indicated that TF‑3 can inhibit 
emphysema morphologically. Furthermore, TF‑3 may suppress 
inflammatory responses in the pathogenesis of emphysema 
and inflammatory cytokines (TNF‑α and IL‑1β) were 
significantly reduced following TF‑3 therapy. Moreover, the 
detection results of oxidative stress‑related indicators (MDA, 
SOD and GSH) indicated that the antioxidant capacity of TF‑3 
may serve an important role in the inhibition of emphysema. 
Furthermore, the results of the present study demonstrated that 
necroptosis may be involved in the pathogenesis of emphy‑
sema by detecting the protein expression levels of p‑RIPK3 
and p‑MLKL in the lung tissue of CSE‑induced mice. The 
results demonstrated that necroptosis was significantly inhib‑
ited by TF‑3 in the lung tissue of CSE‑induced emphysema 
mice. All this aforementioned evidence indicated that TF‑3 
may attenuate emphysema by suppressing necroptosis in 
CSE‑induced mice.

The emphysema mouse model used in the present study 
has been previously described (17). The mechanism of this 
new method for establishing an animal model of emphysema 
is not well understood, but it has been reported to be related 
to the autoimmune mechanism of alveolar septal cell destruc‑
tion (29). It is unclear whether the pathobiological mechanisms 
underlying modeling by CSE injection are the same as those of 
conventional inhalation of cigarette smoke for several months. 
However, following i.p. injection of CSE for four weeks, mice 
developed emphysema, which was accompanied by alveolar 
dilatation and destruction, and confirmed the efficiency of 
CSE injection in the establishment of a tobacco‑related model 
of emphysema in mice. Furthermore, TF‑3 suppressed these 
emphysematous changes. Therefore, these results suggested 
that TF‑3 may inhibit the progression of pulmonary emphy‑
sema in CSE‑induced mice.

In conclusion, the present study demonstrated that TF‑3 
attenuates lung tissue architecture damage, oxidative stress, 
inflammatory responses and necroptosis in the lung tissue of 
mice with CSE‑induced pulmonary emphysema. Furthermore, 
it was indicated that TF‑3 reduced ROS and proinflammatory 
cytokine generation and inhibited necroptosis via the p38 
MAPK/RIPK3/MLKL signaling pathways in CSE‑treated 
BEAS‑2B cells. Thus, there may be signaling pathways that 
link oxidative stress, inflammation and necroptosis in the 
pathogenesis of emphysema. The evidence demonstrated that 
TF‑3 serves an important role in protecting against pulmonary 
emphysema by alleviating oxidative stress, inflammation and 
necroptosis. However, the protective effect of TF‑3 against 
pulmonary emphysema needs to be further explored. The 
current study still presents certain limitations, such as the 
lack of positive controls and the failure to explore the optimal 
concentration of TF‑3. More experiments should be carried out 
to reveal the underlying mechanisms in vitro. Furthermore, the 
biological activity of TF‑3 in other animal models, different 
treatment cycles and differences in its effect in humans and 
animals, need to be investigated.
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