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Abstract
Influenza A viruses can cause global outbreaks and seasonal pandemics. However, the use of conventional anti-influenza 
drugs leads to an increase in drug-resistant mutations in influenza viruses worldwide. Therefore, numerous studies have 
focused on developing effective anti-influenza drugs. It is feasible to treat influenza by targeting influenza-mediated oxida-
tive damage. Ebselen is a synthetic organoselenium compound which provides glutathione peroxidase-like activity. It has 
been shown to play a role in anti-influenza therapy, but the mechanism remains to be further explored. This experiment 
verified the anti-influenza effect of ebselen. CCK-8 and PCR showed that ebselen had a significant inhibitory effect on virus 
replication compared with the virus group. In addition, the mechanistic investigations revealed that ebselen could inhibit 
influenza-mediated apoptosis, mitochondrial damage, accumulation of reactive oxygen species, and DNA breakage. At the 
same time, ebselen significantly inhibited the phosphorylation of ATM and ATR and promoted the activation of PARP and 
Caspase-3. Ebselen, on the other hand, reduced the inflammatory response caused by influenza. These results suggest that 
ebselen is a promising inhibitor for H1N1.
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Introduction

Influenza virus (IV) is a spherical, 80–120 nm in diame-
ter enveloped virus containing 7 or 8 independent single-
stranded negative RNA gene segments [1]. Influenza can be 
divided into four types, influenza A, influenza B, influenza 
C, and influenza D, according to the antigenicity differences 
of nuclear protein (NP) and matrix protein (MP) of the virus 
on its surface [2]. According to the World Health Organi-
zation, about 4 million cases of severe infection and about 
500,000 deaths occur every year [3]. The main epidemic 
strains of influenza viruses include influenza A and B, which 
cause epidemics of varying severity each year. Influenza A 

virus (IAV) infection may lead to pneumonia and even acute 
respiratory failure, which poses a serious threat to human 
health [4]. Currently, vaccination and drug treatment are 
used to prevent and treat influenza, respectively. However, 
influenza virus vaccines do not provide adequate protection 
due to the rapid mutation of virus epitopes targeted by the 
vaccine [5]. Because targeted vaccines take a long time to 
develop, vaccination is not the best way to protect against 
influenza [6]. Currently available anti-influenza virus drugs 
include Amantadine, Rimantadine, Oseltamivir, Zanamivir, 
and Peramivir, all of which target the life cycle of the virus. 
Amantadine and Rimantadine are M2 protein ion channel 
inhibitors, which block the M2 ion channel of influenza 
A virus, preventing the virus from uncoating and releas-
ing viral RNA [7]. Oseltamivir, Zanamivir, and Peramivir 
are neuraminidase inhibitors that block viral dissociation 
from sialic acid residues, thereby preventing the release of 
new viral particles [8]. However, more and more influenza 
strains have become resistant to drugs in the past few years 
[9, 10]. During the 2008–2009 pandemic, countries such as 
the USA, Canada, the United Kingdom, and Australia found 
high proportions (> 90%) of Oseltamivir-resistant influenza 
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A H1N1 strains [11]. The problem of drug resistance makes 
it difficult to treat the influenza virus in a clinic. Therefore, 
it is essential to constantly develop effective antiviral drugs 
against influenza viruses.

Cells often produce reactive oxygen species (ROS) dur-
ing IAV infection [12], thus promoting cell apoptosis, lung 
injury, and inflammation. ROS plays an important role in 
IAV infection, which may have implications for therapy. 
Mitochondria are involved in ROS production during oxi-
dative phosphorylation [13]. The rate of mitochondrial ROS 
production is regulated by mitochondrial membrane poten-
tial. At the same time, excessive ROS would mediate mito-
chondrial permeability transition pore (mPTP) opening for 
a long time, leading to ROS explosion and even mitochon-
drial damage [14]. Mitochondrial damage promotes Ca2+ 
and cytochrome C and causes Caspase-9 to activate Cas-
pase-3/6/7. In addition, mitochondrial damage can decouple 
the mitochondrial electron transport chain, down-regulate 
ATP production level, up-regulate the expression level of 
pro-apoptotic protein Bax, and finally lead to cell apopto-
sis. On the other hand, excessive ROS can damage growth 
factors, transcription factors, proteins, nucleic acids, sug-
ars, lipids, and other biomolecules [15]. Previous studies of 
our research group have shown that influenza infection can 
induce mitochondrial damage, leading to the overproduction 
of ROS. The accumulation of ROS can lead to the dam-
age of nucleic acid in cells, activate Caspase-3, and activate 
the apoptosis signaling pathway [16, 17]. Meanwhile, the 
infection of influenza induces the innate immune system 
to produce inflammatory cytokines, which may mediate a 
severe inflammatory response [18]. Therefore, in addition 
to viral components, the therapeutic treatment of influenza 
virus infection may be achieved by targeting virus-induced 
ROS and redox-associated responses. Targeting intracellular 
redox responses may suppress the propagation of IAV and 
reduce inflammation in the host.

Ebselen [2-phenyl-1, 2-benzisoselenazol-3(2H)-one] is 
a synthetic organic selenium compound with glutathione 
peptide peroxidase activity [19]. Owing to its antioxidant 
properties, ebselen can protect cells from oxidation and free 
radical damage and has been used as an effective tool for 
studying redox-related mechanisms. Ebselen also has an 
impact on antiviral therapy. For example, ebselen reduced 
Zika-induced testicular oxidative stress, leukocyte infiltra-
tion, and pro-inflammatory responses [20], alleviated influ-
enza A virus-induced pulmonary inflammatory response 
[21], and targeted Mpro, a key enzyme for the replication 
of COVID-19 virus [22]. These studies revealed that ebse-
len has certain antiviral effects. However, the mechanism 
by which ebselen inhibits the influenza virus and reduces 
inflammation remains to be further elucidated. The purpose 
of this study was to further understand the anti-influenza 
mechanism of ebselen by observing the effect of ebselen on 

MDCK cells infected with the influenza A virus. CCK-8 and 
PCR were used to evaluate the toxicity and antiviral effect 
of ebselen. It was confirmed by cell cycle and Annenxin-V 
assay that ebselen inhibited influenza-mediated apoptosis. 
Studies on the mechanism of ebselen inhibiting influenza-
mediated apoptosis showed that ebselen improved influ-
enza-induced mitochondrial membrane potential decline 
and inhibited ROS accumulation and nucleic acid rupture. 
Western blot showed that ebselen regulated the expression 
of apoptosis-related proteins and inhibited influenza-medi-
ated apoptosis. On the other hand, ebselen also inhibited the 
release of intracellular pro-inflammatory factors and allevi-
ated influenza-mediated inflammation.

Materials and Methods

Materials

Madin-Darby canine kidney cells (MDCK) were obtained 
from American Type Culture Collection (ATCC CCL-
34TM, Rockville, USA). H1N1 influenza virus was iso-
lated from clinical samples of Guangzhou Women and 
Children’s Medical Center, Guangzhou Medical University 
(Guangzhou, China). Fetal bovine serum (FBS), pancre-
atic enzymes, and Dulbecco’s modified Eagle’s medium 
(DMEM) were purchased from Gibco (California, USA). 
P-ATM, P-ATR, PARP, Cleaved PARP, Caspase-3, Cleaved 
Caspase-3, and β-actin antibodies were purchased from Cell 
Signaling Technology (Boston, USA). Cell counting kit-8 
(CCK-8 kit), reverse transcription-polymerase chain reaction 
kit (RT-PCR kit), JC-1 Mitochondrial Membrane Potential 
Assay Kit, Cell Cycle Assay Kit, Annexin-V-Propidium 
iodide (PI) Co-staining Kit, and Enhanced Chemilumi-
nescence (ECL) Assay Kit were obtained from Beyotime 
Biotechnology (Shanghai, China). Tunel, 4′, 6-diamidino-
2-phenylindole (DAPI), and 2′, 7′-dichlorofluorescein diac-
etate (DCF-DA) were purchased from Sigma-Aldrich (St. 
Louis, USA). The detection of the cells and the cytokine 
were derived from the BD FACSCanto II flow cytometer 
(Franklin Lakes, USA). Ebselen was provided by Tianfeng 
Chen, College of Chemistry and Materials Science, Jinan 
University (Guangzhou, China).

Cell Culture and Virus Infection

MDCK cells were incubated in DMEM with 10% FBS, 100 
U/mL penicillin, and 50 U/mL streptomycin in a carbon 
dioxide cell incubator at a constant temperature of 37 ℃ 
with 5% CO2. MDCK cells were infected with H1N1, and 
the median tissue culture infective dose (TCID50) was calcu-
lated by the Reed–Muench method [23]. MDCK cells were 
cultured to a cell density of 80–90% and then adsorbed with 
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the H1N1 virus for 2 h. After that, the remaining virus was 
discarded, and the cells were added to the virus-maintaining 
medium [24]. The virus-maintaining medium was DMEM 
containing 2 µg/mL TPCK-treated trypsin. After the titer of 
H1N1 was determined, the H1N1 virus was used for in vitro 
study at the titer of 100 TCID50/0.1 mL [25].

Cell Counting Kit‑8 Assay

CCK-8 assay was used to determine the cytotoxicity and 
antiviral effect of ebselen. Briefly, cells (1 × 105/mL) were 
inoculated in a 96-well plate for 24 h. Then, the cells were 
exposed to ebselen at progressively increased concen-
trations (4 mM, 8 mM, 16 mM, 32 mM, and 64 mM) for 
48 h. After that, 10 μL CCK-8 dye was added to each well 
and incubated at 37 ℃ for 2 h. The absorbance at 450 nm 
was measured with a microplate reader. Cytotoxicity was 
expressed according to the following formula: cytotoxicity 
(%) = {(Abs sample) − (Abs blank)} / {(Abs negative con-
trol) − (Abs blank)} × 100% [26]. To assess the impact of 
ebselen on virus-induced cell growth, cells were infected 
with 100 TCID50/0.1 mL H1N1 for 2 h prior to ebselen treat-
ment. Then the CCK-8 assay was performed as explained 
above, after which OD values were measured. The ebselen 
concentration of 8 mM was selected for subsequent experi-
ments. Each experiment was repeated three times (n = 3).

Fluorescence Real‑time PCR

MDCK cells were divided into 4 groups: control, H1N1, 
ebselen, and H1N1 + ebselen. MDCK cells were planted in 
6-well plates for 24 h and incubated with H1N1 for 2 h. Then 
8 mM ebselen was added into the well for 48 h. Viral pro-
liferation was assessed by fluorescence real-time PCR, and 
total RNA was extracted by RNA Extraction Kits (Qiagen). 
ABI7500 system was used in PCR assay, and the 2 − △△Ct 
method was applied for calculating gene expression. Primers 
were as follows: H1N1 forward primer 5′ CTC​AGC​AAA​
TCC​-TAC​ATT​A3′ and reverse primer 5′TAG​TAG​ATG​GAT​
GGT​GAA​T3′, GAPDH forward primer 5′CGC​CAA​GAA​
GGT​GAT​CAT​TTC3′, and reverse primer 5′CAG​GAG​GCG​
TTC​GAG​ATG​AC 3′ [27]. Each experiment was repeated 
three times (n = 3).

Cell Cycle Assay

DNA content was measured by flow cytometry to evalu-
ate the impact of ebselen on the cell cycle, and cell apop-
tosis was detected according to the sub-G1 population in 
the histogram. MDCK cells were divided into 4 groups and 
inoculated in 6 cm Petri dishes. After different treatments, 
the cells were cultured in an incubator at 33 ℃ 5% CO2 for 
48 h, then digested with trypsin and collected. The cells of 

the four groups were fixed with 70% ethanol at 4 ℃ for 2 h. 
The supernatant was discarded by centrifugation, and the 
cells were washed with PBS. Propidium iodide (PI) dye and 
RNase A were added according to the dosage specified in the 
instructions, and the cells were incubated at 4 ℃ for 30 min. 
Twenty thousand cells were detected by flow cytometry 
using standard procedures, and the cell cycle was analyzed 
by Modfit software [28]. Each experiment was repeated three 
times (n = 3).

Annexin‑V/PI Co‑staining Assay

Fluorescein isothiocynate (FITC)-conjugated Annexin-V 
and propidium iodide (PI) staining was applied to deter-
mine the apoptosis of MDCK cells. Briefly, MDCK cells 
infected with H1N1 were treated with 8 mM ebselen for 
48 h. After that, the cells were fixed with 70% ethanol at 4 
℃ for 6 h, and then the apoptotic cells were further detected 
by the Annexin-V/PI apoptosis kit [29]. The apoptosis rate 
of cells was recorded by flow cytometry. And the fluores-
cence intensity of cells was detected by Leica inverted fluo-
rescence microscope. Each experiment was repeated three 
times (n = 3).

Measurement of Mitochondrial Membrane Potential 
by JC‑1 Fluorescence

The reduction of mitochondrial membrane potential is 
a significant event of apoptosis. The collected cells were 
co-incubated with JC-1 solution at 37 ℃ for 20 min, then 
washed with buffer twice and detected by flow cytometry. 
The ratio of the intensity of red fluorescence to green fluo-
rescence represents the mitochondrial membrane potential 
[30]. In addition, MDCK cells on the 6-well plate were 
mixed with 1 mL JC-1 solution and incubated at 37 ℃ 
for 20 min. Finally, the fluorescence image was captured 
through a fluorescence microscope. Each experiment was 
repeated at least three times. Each experiment was repeated 
three times (n = 3).

TUNEL‑DAPI Assay

DNA damage in virus-infected MDCK cells after the treat-
ment was assessed by TUNEL-DAPI assay. As previously 
described, the supernatant of treated cells in a 6-well plate 
was discarded, and cells were washed with PBS. Next, cells 
were fixed with 4% pre-chilled paraformaldehyde for 30 min. 
TUNEL (green fluorescence) was subsequently added for 
60 min and DAPI (blue fluorescence) for 15 min at 37 ℃, 
protected from light. After PBS washing two times, cells 
were microscopically observed with photo collection.
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ROS Generation

Non-fluorescent DCFH-DA freely penetrates via cell 
membrane into cells and is oxidized into non-penetrating 
DCFH with green fluorescence by intracellular ROS. Thus, 
the level of intracellular ROS was measured by fluorescent 
intensity. Briefly, cells in each group were treated in a 
6-well plate as previously mentioned, and DCFH-DA at 
the final concentration of 10 mmol/L was added, respec-
tively. ROS level was measured by fluorescent microscopy 
at 37 ℃ for 20 min. The fluorescence of cells seeded in 
a 96-well plate was assessed by a fluorescent enzyme-
labeled instrument at 488 nm and 525 nm wavelengths.

Western Blot

MDCK cells were cultured in a 10 cm dish at a concentra-
tion of 8 × 105/mL, incubated with H1N1 for 2 h after 24 h, 
and treated with ebselen for 48 h. Then the total protein 
was extracted, and the protein concentration was measured 
by BCA protein kits. Protein was denatured at 95 ℃ for 
10 min and then separated for protein samples by 10% 
SDS-PAGE gel and transferred into polyvinylidene dif-
luoride membranes. Polyvinylidene difluoride membranes 
are sealed with 10% BSA for 2 h and incubated overnight 
with primary antibodies, including P-ATM, P-ATR, PARP, 
Cleave PARP, Caspase-3, Cleave Caspase-3, and β-actin 
antibodies. Then the primary antibody was washed off the 
membrane, and the secondary antibody was incubated 
for 2 h. At last, protein bands were detected by enhanced 
chemiluminescent imaging.

Detection of Intracellular Cytokines by Flow 
Cytometry

Cellular supernatant was collected after centrifugation 
(3000 rpm, 10 min) to remove cellular fragments. The 
mixture containing 20 µL microsphere mixture, 20 µL 
sample solution, and 20 µL mixture of testing antibodies 
was added into a 96-well filter plate and then incubated 
in the dark for 2 h (500 rpm). Then, 20 µL PE-labeled 
streptavidin–phycoerythrin (SA-PE) solution was added 
into wells at room temperature for 30 min (500  rpm). 
Finally, corresponding fluorescence was measured using 
a flow cytometry instrument, and levels of intracellular 
cytokines in samples were obtained by analyzing the fluo-
rescent intensity of the immune complex. Fluorescent data 
were collected by BD FACS Diva software, and levels of 
intracellular cytokines were assessed by FCAP Array 3.0 
Analysis Software.

Statistical Analysis

All experiments were repeated at least three times. Data 
were presented as mean values ± standard deviation. The dif-
ference among groups was analyzed using variance analysis, 
and SPSS13.0 software was used to perform the two-tailed 
test. p < 0.05 (*) was considered statistically significant.

Results

Cytotoxicity and Antiviral Activity of Ebselen

The cytotoxicity and antiviral activity of ebselen were deter-
mined by CCK-8. As shown in Fig. 1A, compared with the 
control group (100%), the cell viability of MDCK with dif-
ferent concentrations of ebselen was 97.83% in the 4 mM 
group, 100.43% in the 8 mM group, 100.87% in the 16 mM 
group, 73.43% in the 32 mM group, and 25.32% in the 
64 mM group, respectively. On the other hand, as shown 
in Fig. 1B, cell viability was reduced to 40.92% after cells 
were infected with H1N1. After treatment with ebselen, the 
activity of MDCK cells infected with H1N1 increased to 
47.59%, 72.18%, 77.16%, and 87.23%. The cell viability of 
8 mM, 16 mM, and 32 mM groups was significantly dif-
ferent from that of the H1N1 group. As shown in Fig. 1C, 
microscopic observations showed that MDCK cells treated 
with the H1N1 virus had cytoplasmic atrophy, reduced cell 
connections, and reduced cell numbers. After co-treatment 
with ebselen, the cell shape of MDCK tended to be nor-
mal gradually with the increase of ebselen concentration. 
The results showed that ebselen could effectively inhibit the 
changes in cell morphology and viability induced by H1N1.

Inhibition of Viral Replication by Ebselen

In order to evaluate the inhibition of ebselen against viral 
replication, cells were divided into four groups, includ-
ing the control group, ebselen group, H1N1 group, and 
H1N1 + ebselen group. As shown in Fig. 2A, the virus titer 
of the H1N1 group was significantly higher than that of the 
other groups. And the level of viral RNA was 17.5% in the 
H1N1 + ebselen group compared with the H1N1 group. 
Therefore, the results showed that ebselen could effectively 
inhibit viral replication.

Cytokine Release Regulated by Ebselen

The changes in the levels of inflammatory mediators after 
H1N1 infection were measured by immune microspheres 
to investigate the impact of ebselen on inflammatory 
responses. The results showed that cells infected with H1N1 
activated a signaling cascade that led to the production of 
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TNF and IL-6. As shown in Fig. 2B,C, the expression of 
IL-6 and TNF-β in the H1N1 group was elevated compared 
with the control group, indicating that during H1N1 infec-
tion, these cytokines showed significant effect as inflamma-
tory mediators. After treatment with ebselen, the expres-
sions of these inflammatory mediators were decreased. In 
general, these findings demonstrated that ebselen inhibited 
the inflammatory response caused by H1N1 infection.

Effect of Ebselen in Virus‑induced Apoptosis

Annexin-V/PI staining was used to detect the effect 
of ebselen on virus-mediated apoptosis. As shown in 

Fig.  3A, compared with the control, the percentages 
of apoptotic cells at early and late stages in the H1N1 
groups were 23.37% and 25.83%, respectively. And the 
percentage of alive cells declined to only 48.27%. Nev-
ertheless, in the H1N1 + ebselen group, the proportion of 
early and late apoptotic cells was 7.89% and 12.34%. In 
contrast, the percentage of alive cells was significantly 
enhanced (73.29%). As shown in Fig. 3B, the intensi-
ties of red fluorescence (propidium iodide positive) and 
green fluorescence (Annexin-V positive) in the ebse-
len + H1N1 group decreased, indicating that ebselen 
inhibited H1N1-induced apoptosis of MDCK cells.

Fig. 1   The cytotoxicity and 
antiviral effects of ebselen were 
determined by CCK-8 assay. 
(A) The cytotoxicity of ebselen 
was determined by the CCK-8 
assay. (B) Effect of ebselen 
on the growth of MDCK 
cells infected with H1N1 was 
determined by CCK-8 assay. 
(C) Morphological changes 
of MDCK cells infected with 
H1N1 were observed by phase 
contrast microscopy. The titer of 
H1N1 was 100 TCID50/0.1 mL. 
MDCK cells were infected with 
H1N1 for 2 h and then treated 
with ebselen at the correspond-
ing concentration for 48 h. Each 
experiment was repeated at least 
three times (n = 3)

Fig. 2   The replication of H1N1 and the high inflammatory cytokine 
response mediated by H1N1 were inhibited by ebselen. (A) The 
inhibitory effect of ebselen on H1N1 replication was determined 
by RT-PCR. (B) TNF-β levels of MDCK cells after different treat-
ments were detected by flow cytometry. (C) IL-6 levels of MDCK 

cells after different treatments were detected by flow cytometry. The 
titer of H1N1 was 100 TCID50/0.1  mL. MDCK cells were infected 
with H1N1 for 2 h and then treated with 8 mM ebselen for 48 h. Each 
experiment was repeated at least three times (n = 3)
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Cell Cycle Changes and DNA Fragmentation 
Mediated by H1N1 were Inhibited by Ebselen

The cell cycle was measured to assess the impact of ebse-
len on the cell cycle distribution of virus-infected MDCK 
cells. As shown in Fig. 4A, the DNA of the control group 
was mainly distributed in G0/G1 stage. After viral infec-
tion, the distribution of sub-G1 peaks in the histogram 
significantly increased, and the percentage of apoptotic 
cells was 22.6%. After ebselen treatment, the percentage 
declined to 8.7%, thus indicating that ebselen inhibited 
H1N1-induced cell apoptosis. Mitochondrial damage 

usually leads to the retardation of the intracellular redox 
reaction process, which causes damage to intracellular 
macromolecules such as nucleic acids. In addition, early 
apoptosis is characterized by DNA breakage and nuclear 
pyknosis, which occur earlier than the change of cell mor-
phology. As shown in Fig. 4B, compared with the control 
group, DNA fragments increased in the H1N1 infected 
group, and the nucleus was pyknotic. After treatment with 
ebselen, the characteristics of apoptosis were significantly 
reduced. More precisely, nuclear morphologic changes and 
DNA damage were reduced, suggesting that ebselen inhib-
ited virus-induced DNA damage in MDCK cells.

Fig. 3   Ebselen inhibited the 
apoptosis of MDCK cells 
induced by H1N1 infection. 
(A) Apoptosis of MDCK 
cells after different treatments 
was detected by Annexin-V/
PI staining. (B) Apoptosis of 
MDCK cells was detected by 
Annexin–V/PI staining assay 
and photographed by fluores-
cence microscope. The titer of 
H1N1 was 100 TCID50/0.1 mL. 
MDCK cells were infected with 
H1N1 for 2 h and then treated 
with 8 mM ebselen for 48 h. 
Each experiment was repeated 
at least three times (n = 3)
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Changes of Mitochondrial Membrane Potential 
by Ebselen

One of the initiating mechanisms of apoptosis is the 
decline of mitochondrial membrane potential (MMP). 
When the mitochondrial membrane depolarized, JC-1 
changed from polymer to monomer. In this study, JC-1 
fluorescent probe was used to detect the change of mem-
brane potential of MDCK cells infected with H1N1 after 
ebselen treatment. As shown in Fig. 5, the number and 
intensity of JC-1 positive monomer (green fluorescence) 
in the H1N1 infected group were significantly increased 
compared with the control group. However, after treatment 
with ebselen, mitochondrial depolarization was reduced 
and red fluorescence was enhanced, suggesting that ebse-
len could inhibit mitochondrial dysfunction induced by 
H1N1 and prevent cell apoptosis.

Inhibition of ROS Production Mediated by H1N1 
by Ebselen

Influenza infection-mediated decline in mitochondrial 
membrane potential causes the accumulation of ROS, 
which leads to nucleic acid fragmentation. In order to ver-
ify whether mitochondrial ROS production has an impact 
on nucleic acid fragmentation, ROS kits were used to 
evaluate the production of ROS in cells after H1N1 infec-
tion. As shown in Fig. 6A, ROS levels in the H1N1 group 
were 275%, significantly higher than in the control group. 
As exhibited in Fig. 6B, compared with the control group, 
the green fluorescence of the infected H1N1 group was 
more obvious. However, the green fluorescence intensity 
decreased significantly after treatment with ebselen. These 
results suggested that ebselen inhibited the production of 
ROS induced by H1N1.

Fig. 4   Ebselen inhibited the cell 
cycle changes and DNA frag-
mentation mediated by H1N1. 
(A) The cell cycle of MDCK 
after different treatments were 
determined by flow cytometry. 
(B) DNA fragments and nuclear 
condensation of MDCK cells 
after different treatments were 
detected by TUNEL-DAPI 
staining. The titer of H1N1 was 
100 TCID50/0.1 mL. MDCK 
cells were infected with H1N1 
for 2 h and then treated with 
8 mM ebselen for 48 h. Each 
experiment was repeated at least 
three times (n = 3)
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Ebselen Modulated the ATM/ATR Signal Pathway

The mechanism of viral apoptosis by ebselen was further investigated. 
As shown in Fig. 7A, H1N1 viral infection induced the increased 
expression of P-ATM and P-ART and activated the ATM/ATR 
signal pathway compared with the controls. However, compared 
with the virus group, the expressions of P-ATM and P-ATR in the 
H1N1 + ebselen group were reduced, thus indicating that ebselen 
inhibited H1N1-induced cellular apoptosis by down-regulating 
ROS-mediated ATM/ATR signal pathway (Fig. 7B). Meanwhile, the 
expression of Cleave PARP and Cleave Caspase-3 increased in the 
H1N1 group, but decreased after ebselen treatment (Fig. 7A). It can 
be speculated that viral infection leads to more PARP cleavage and 
thus activation of the apoptotic executive protein Caspase-3 (Fig. 7B). 
β-actin was used as an internal reference for protein expression.

Discussion

Although the anti-influenza effect of ebselen has been con-
firmed in some studies [21], its antiviral mechanism has not 
been clearly defined. Ebselen has glutathione peroxidase 

activity, which can play a certain antioxidant role in cells. 
In this work, the anti-influenza effect and anti-influenza 
mechanism of ebselen were studied and verified. Ebselen 
was identified for the first time as an inhibitor of apoptosis 
and inflammation associated with influenza-mediated oxida-
tive damage. The anti-influenza mechanism of ebselen was 
further elaborated.

Ebselen is a small molecule with glutathione-like per-
oxidase activity, and the antioxidant activity of glutathione 
peroxidase is closely related to the oxidative damage caused 
by influenza infection [31–33]. Ebselen has been reported 
to have a certain anti-influenza effect, but it has not been 
determined whether its anti-influenza mechanism is related 
to antioxidant activity. In this work, the anti-influenza effect 
and inhibition of influenza replication of ebselen were veri-
fied by CCK-8, confirming the authenticity of previous 
reports. Subsequently, ebselen was shown to inhibit influ-
enza virus-mediated apoptosis by cell cycle assay. Annexin-
V/PI double staining confirmed that influenza-induced apop-
tosis and that ebselen inhibited it.

Further exploring how ebselen influenza mediates cell 
apoptosis, it was found that ebselen could improve the virus-
induced decline in mitochondrial membrane potential. In 

Fig. 5   Changes in mitochon-
drial membrane potential of 
MDCK cells after different 
treatments were detected by the 
JC-1 kit. The titer of H1N1 was 
100 TCID50/0.1 mL. MDCK 
cells were infected with H1N1 
for 2 h and then treated with 
8 mM ebselen for 48 h. Each 
experiment was repeated at least 
three times (n = 3)
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general, the decrease of mitochondrial membrane potential 
is closely related to the imbalance of intracellular redox 
reactions [34, 35]. However, the imbalance of redox is bound 
to lead to the accumulation of ROS [36], resulting in the 
damage of intracellular biological macromolecules, such as 
nucleic acid fragmentation and protein degeneration [37]. 
Therefore, TUNEL-DAPI staining was used to detect DNA 
damage in cells after virus infection [38]. Ebselen was found 
to inhibit DNA damage in virus-infected cells. The reason 
is that ebselen reduces the accumulation of virus-mediated 
ROS, thereby preventing ROS damage. In-depth studies of 
influenza-mediated apoptosis have shown that viral infection 
leads to the activation of ATM and ATR signaling pathways 
[39]. In addition, ATM phosphorylation results in the cleav-
age of downstream PARP and activation of apoptotic execu-
tive protein Caspase-3 [40, 41]. Ebselen inhibited p-ATM 

and P-ATR, thus inhibiting the activation of PARP and Cas-
pase-3 and avoiding apoptosis.

In addition, ebselen also plays a role in the inflammatory 
response caused by influenza. The viral infection leads to an 
increase in the release of inflammatory factors such as TNF-β 
and IL-6 [42–44]. After treatment with ebselen, the release 
of pro-inflammatory cytokines from influenza-infected cells 
was reduced. Ebselen reduced virus-mediated inflammation.

Conclusion

It was confirmed that the anti-influenza mechanism of ebse-
len was realized by inhibiting cell apoptosis mediated by 
H1N1. By regulating apoptotic proteins, ebselen alleviated 

Fig. 6   The inhibition of ROS 
production induced by ebselen 
in MDCK cells infected with 
H1N1. (A) The fluorescence 
intensity of intracellular DCF 
was measured with a microplate 
analyzer to reflect the produc-
tion of ROS. (B) ROS levels 
were captured by a fluores-
cence microscope. The titer of 
H1N1 was 100 TCID50/0.1 mL. 
MDCK cells were infected with 
H1N1 for 2 h and then treated 
with 8 mM ebselen for 48 h. 
Each experiment was repeated 
at least three times (n = 3)
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the decline of mitochondrial membrane potential caused 
by influenza, inhibited the accumulation of ROS caused by 
mitochondrial damage, and reduced DNA fragmentation of 
influenza-infected cells, thus inhibiting cell apoptosis. On 
the other hand, ebselen regulated the release of intracellular 
pro-inflammatory factors and alleviated the influenza-medi-
ated inflammatory response. However, the anti-influenza 
mechanism of ebselen needs further study, and the relation-
ship between its antioxidant activity and influenza-mediated 
oxidative damage needs further elucidation. In conclusion, 
ebselen is a promising antiviral drug.
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