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Abstract
Treatments against influenza A viruses (IAV) have to be updated regularly due to antigenic drift and drug resistance. Poly (ADP-
ribose) polymerases (PARPs) are considered effective therapeutic targets of acute lung inflammatory injury. This study aimed to
explore the effects of PARP-1 inhibitor olaparib on IAV-induced lung injury and the underlying mechanisms. Male wild-type
C57BL/6 mice were intranasally infected with IAV strain H1N1 to mimic pneumonia experimentally. Olaparib at different doses
was intraperitoneally injected 2 days before and 5 consecutive days after virus stimulation. On day 6 post-infection, lung tissues
as well as bronchoalveolar lavage fluid (BALF) were sampled for histological and biochemical analyses. Olaparib increased the
survival rate of IAV mice dose-dependently. Olaparib remarkably reduced IAV mRNA expression, myeloperoxidase (MPO)
level, and inflammatory cell infiltration in IAV lungs. Moreover, olaparib significantly reduced the level of interleukin (IL)-1β,
tumor necrosis factor (TNF)-α, interferon (IFN)-γ, IL-6, and IL-4 and increased IL-10 in IAV lungs. Also, olaparib efficiently
reduced IL-6, monocyte chemotactic protein (MCP)-1, granulocyte colony-stimulating factor (G-CSF), TNF-α, chemokine (C–
X–C motif) ligand (CXCL)1, CXCL10, chemokine (C–C motif) ligand (CCL)3, and regulated on activation, normal T cell
expressed and secreted (RANTES) release in IAV BALF. Olaparib decreased PARylated protein content and p65, IκBα
phosphorylation in IAV lung tissues. This study successfully constructed the pneumonia murine model using IAV. Olaparib
decreased IAV-induced mortality in mice, lung injury, and cytokine production possibly via modulation of PARP-1/NF-κB axis.
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Introduction

Influenza is an acute infectious disease affecting respiratory
tracts accompanied with different clinical manifestations rang-
ing fromwild to lethal. Influenza causes seasonal, unpredictable

epidemics and it is now one of the major public health concerns
worldwide [1, 2]. According to the report of the World Health
Organization (WHO) posted online in 2018, only influenza A
virus (IAV) has caused pandemics up to now, and most human
influenza cases are due to the infection of two IAV strains,
H1N1 and H3N2. IAV have laid heavy burdens on global
population and economy these years [3]. Although vaccine in-
oculation and antiviral drug administration have been proved to
be effective ways to control influenza, epidemics occur some-
times as a result of antigenic drift, which urges the development
of novel anti-influenza drugs [4].

Poly (ADP-ribose) polymerases (PARPs) family is com-
posed of 18 members which are involved in the bioprocesses,
including DNA repair, cell cycle regulation, transcription, and
so on [5, 6]. Abnormal expression of PARPs is correlated with
necrotic cell death, cancer, and some inflammatory disorders
[7]. PARP-1 activation has been regarded as one of the critic
mechanisms underlying lung inflammation in the context of
lipopolysaccharide (LPS) and elastase stimulations experi-
mentally [8, 9]. Evidences indicated the abnormal increased
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expression of PARP-1 in non-pulmonary cells, alveolar epi-
thelial cells, and lung tissue after IAV infection [10, 11], sug-
gesting its potential as the target for the treatment of IAV
infection. One of the PARP inhibitors, olaparib, is reported
to ameliorate acute lung injury induced by elastase and LPS
[9, 12]. Yet the role of olaparib on IAV-induced lung injury
has rarely been reported. This study aimed to explore the
effects of PARP inhibition by olaparib on IAV infection.

Methods and materials

Animals

Specific-pathogen-free 8- to 9-week-old male wild-type (WT)
C57BL/6 mice, weighing 25 to 30 g, were purchased from the
Nanjing Model Animal Center and kept at 25 °C in a 12-h light/
dark cycle, with free access to food and water. Animals were
allowed to acclimate to the housing environment for 1 week
before experimental procedures. All the animal-involved exper-
iments were performed in accordance with the Animal Care and
Use Committee of Cangzhou Central Hospital.

Influenza virus

The A/Font Monmouth/47(H1N1, FM1) mouse-adapted influ-
enza virus (Chinese Center for Disease Control and Prevention)
was first plaque purified in the Madin-Darby canine kidney
MDCK cells, followed by replication in 9-day-old chicken em-
bryos. The virus pool was pretitrated in mice before further stud-
ies in order to determine a suitable challenge dose.

Modeling of viral pneumonia in mice

The murine model of viral pneumonia was constructed by
intranasal infection with H1N1 according to previously de-
scribed [13]. Briefly, ketamine (50 mg/kg weight) and pento-
barbital (30 mg/kg weight) were intraperitoneally injected to
induce the mild anesthesia in mice. Next, a 50-μl influenza
virus in ice-cooled PBS, containing fifteen 50% mouse lethal
challenge doses (MLD50), was infected intranasally. Mice
were kept on a 37 °C thermal insulation blanket for 20 min
to recover. The day of virus infection was defined as experi-
mental day 1 and 0-days post-infection.

Grouping and drug treatment

Two grouping methods were applied in this study. For the part
of survival rate analysis, mice were randomly divided into 5
groups, that is, the influenza A virus (IAV) group (H1N1
virus + normal saline), the Ola groups (H1N1 virus + 2.5, 5,
10 mg/kg olaparib), and the positive control group (H1N1
virus + 10 mg/kg oseltamivir). For the part of biochemical

detection, mice were divided into 3 groups, the control group
(normal saline), the IAV group (H1N1 virus + normal saline),
and the IAV +Ola group (H1N1 virus + 10 mg/kg olaparib).

Olaparib (Selleck Chemicals, Houston, TX, USA) at dif-
ferent doses was intraperitoneally injected 2 days before and 5
consecutive days after H1N1 virus challenge. The day of virus
challenge was defined as experimental day 1. Oseltamivir
(Hoffmann-La Roche, Basel, Switzerland) was administered
in a similar manner to olaparib.

Survival analysis

After anesthetization, mice were infected intranasally with
50-μl influenza virus in ice-cooled PBS, containing five
MLD50, at experimental day 1 (0 days post-infection). Then
mice in different groups were followed for 15 consecutive
days post-infection with the number of deaths being moni-
tored daily.

Lung indexing

The severity of pulmonary edema induced by H1N1 virus
challenge was quantified by lung indexing. Five days after
virus infection, the body weight of mice was measured using
an electronic analytical balance. Then lungs were dissected,
washed in pre-cooled PBS, and weighed. The lung index was
calculated by the following formula: lung weight/body
weight × 100%.

Lung histopathological grading

At day 6 post-infection, lungs were dissected and fixed in 4%
paraformaldehyde for further histopathological analysis. Paraffin
sections in 5-μm thickness were stained with hematoxylin and
eosin (H&E) and examined using a light microscope. The sever-
ity of the lung injury was assessed by scoring the H1N1-induced
lung histopathological changes using the scoring system previ-
ously described [14]. In brief, the grading was conducted in a
blindedmanner with the grader unaware of the concrete group or
mice being reviewed. The scores of 0 to 4 were defined to rep-
resent normal, mild, severe, and very severe lung injury, respec-
tively. In concrete, 0was valued for normal lung, 1 for lower than
25%, 2 for 25–50%, 3 for 50–75%, and 4 for higher than 75%
lung involvement, respectively.

Lung homogenates and bronchoalveolar lavage fluid
(BALF) sampling

At day 6 post-infection, lung homogenates and BALF were
sampled from different groups of mice. For lung homoge-
nates, the lungs were dissected and homogenized in ice-cold
RIPA lysis (Sigma) supplemented with protease inhibitor
(Sigma) on ice for 2 h. After 4 °C centrifugations at 4000 g
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for 20 min, supernatants were collected and stored at − 80 °C
for further biochemical analysis, including myeloperoxidase
(MPO), cytokines, and targeted protein levels. Total protein
content of lung homogenates was determined using a BCA
assay kit (Beyotime, Shanghai, China). For BALF sampling,
bronchoalveolar lavage was conducted according to previous-
ly described by YashiroM et al. [15]. Briefly, after anesthesia,
the left main bronchus was ligated and the right lung was
quickly lavaged twice by 1 ml of cold sterile PBS. Then the
collected BALF was centrifuged at 2000 rpm for 10 min at
4 °C, and the supernatant was stored at − 80 °C for measure-
ment of cytokine levels.

MPO activity detection

MPO activity was assessed by 3,3′,5,5’-Tetramethylbenzidine
(TMB, Sigma-Aldrich, St. Louis, MO, USA) method accord-
ing to previously described [16]. In brief, equal amount of
sample (10 μl) was sequentially mixed with 0.75-mM hydro-
gen peroxide (80 μl), 2.9-mM TMB dissolved in 14.5% di-
methyl sulfoxide (110 μl), and 150-mM sodium phosphate
buffer (pH 5.4) in a 96-well plate for 5-min incubation at
37 °C. Then 2-M sulfuric acid (Sigma) was added to stop
the reaction and absorbance at 450 nm was measured to eval-
uate MPO activity in each sample. The MPO levels were
expressed as pmol MPO per milligram of lung tissue
(pmol/mg protein).

Determination of cytokines and chemokines

Cytokines and chemokines in lung homogenate and BALF sam-
ples weremeasured using commercial assay kits according to the
recommended protocols. Interleukin-1 β (IL-1β), interleukin-4
(IL-4), interleukin-6 (IL-6), interleukin-10 (IL-10), interferon-γ
(IFN-γ), and tumor necrosis factor-α (TNF-α) were measured
by enzyme-linked immunosorbent assay (ELISA) kits (R&D
system, Minneapolis, MN, USA). Monocyte chemotactic
protein-1 (MCP-1), granulocyte colony-stimulating factor (G-
CSF), chemokine (C–X–Cmotif) ligand 1 (CXCL1), chemokine
(C–X–C motif) ligand 10 (CXCL10), chemokine (C–C motif)
ligand 3 (CCL3), and regulated on activation, normal T cell
expressed and secreted (RANTES) were measured using a
mouse multi-cytokine/chemokine magnetic bead panel
(Millipore, Billerica, MA, USA) and analyzed on a Luminex
100 system (Luminex, Austin, TX, USA). The level of target
factors was expressed as pg/mg protein for lung homogenate
detection and pg/ml for BALF detection.

Real-time quantitative polymerase chain reaction (RT-
qPCR)

Viral load was determined by RT-qPCR according to previ-
ously described by Li Y et al. [17] with slight modifications.

The total RNA of isolated lung tissues at day 6 post-infection
was extracted using TRIzol method (Life technologies,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. Then equal amount of RNA for each sample was tran-
scribed into complementary DNA (cDNA) using the First
Strand cDNA synthesis kit (TaKaRa, Dalian, China) follow-
ing the instructions. Quantitative PCR (qPCR) was performed
using a SYBR Green suit (TaKaRa) to determine the mRNA
expression levels of target genes, IAV M gene, and GAPDH,
in an ABI real-time PCR system (Applied Biosystems, New
York, NY, USA), with the following amplification proce-
dures: 1-min preincubation at 98 °C, 40 cycles of 98 °C for
10 s, 56 °C for 20 s, and 72 °C for 30 s. Each sample was
performed in triplicate in one single technical repetition. The
primer sequences used in this study were as follows: IAV M,
5’-AATGGTGCAGGCGATAGAG-3′ (forward) and 5’-
TACTTGCGGCAACAACGAGAG-3′ (reverse); GAPDH,
5’-TGAGGTCAATGAAGGGGTCG-3′ (forward) and 5’-
TGAGGTCAATGAAGGGGTCG-3′ (reverse). The relative
quantitation of IAV was calculated using the comparative
2−ΔΔCt method. GAPDH was used as the inner control.

Western blot analysis

The PARylated protein content in the lung tissues was ana-
lyzed by western blot. Briefly, − 80 °C stored lung homoge-
nate samples were thawed on ice. For each sample, 25-μg
protein was separated through 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to a
polyvinylidene difluoride membrane (Millipore), followed
by 1-h block in 5% nonfat milk at room temperature. Then
the membranes were incubated at 4 °C overnight with primary
antibodies against PAR (1:1000, Abcam, Cambridge, UK),
phospho-p65 (p-p65, 1:2000, Abcam), p65 (1:2000,
Abcam), phospho-IκBα (p-IκBα, 1:1500, Abcam), IκBα
(1:1500, Abcam), or β-actin (1:2000, Santa Cruz, CA,
USA), respectively. After the 2-h incubation with
peroxidase-conjugated secondary antibodies (Abcam) at room
temperature, the enhanced chemiluminescence kit (Millipore)
was used to detect the proteins of interest in the UVP
BioSpectrum Imaging system (BioSpectrum, CA, USA). β-
actin served as the inner control.

Statistical analysis

Each experiment was performed for at least three times. Data
were expressed as mean ± SD for each assay. Statistical anal-
ysis was conducted by a one-way analysis of variance
(ANOVA) test using the SPSS software (Chicago, IL,
USA). p < 0.05 was considered to be statistically significant.
For the body weight change analysis, the two-way ANOVA
followed by Tukey’s multiple comparison test was used.
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Results

Olaparib decreased IAV-induced mortality in mice

This study aimed to investigate whether olaparib (chemical
structure in Fig. 1a) possessed protective effects against influ-
enza virus challenge. From day 3 post-infection, the IAV-
infected mice began to exhibit clinical symptoms, and on
day 6 post-infection, the symptoms got worse, which included
but not limited to the following, such as weight loss (Fig. S1),

inactivity, rapid shallow breathing, and poor appetite, indicat-
ing the successful construction of viral pneumonia model ex-
perimentally. Figure 1b showed that the IAV-only mice began
to die on day 4 post-infection until day 12 post-infection. The
positive control, oseltamivir, improved the survival rate of
infected mice significantly compared with those in the IAV-
only group. To the expectations, mice in the olaparib group
showed higher survival rate compared with that in the IAV
group in a dose-dependent manner, indicating that olaparib
could powerfully protect against influenza virus challenge in

Fig. 1 Effects of olaparib on influenza virus challenge-induced mortality
in mice. (a) Chemical structure of olaparib. (b) Mice from each
experimental group were treated for 2 days before viral challenge and
6 days after infection and survival for 15 consecutive days. Oseltamivir

was used as positive control. Ola, olaparib group; IAV, influenza A virus-
infected group. n = 20 in each group. *p < 0.05, **p < 0.01, and
***p < 0.001 compared with the IAV infection group

Fig. 2 Effects of olaparib on influenza virus challenge-induced lung
injuries at day 6 post-infection. (a) Lung index (n = 5 for each group).
(b) Relative quantitation of influenza A virus in lung tissues (n = 8 for
each group). (c) MPO levels, a marker for leukocyte infiltration in lung
tissues (n = 8 for each group). (d) Morphological changes were evaluated

by H&E staining and the quantitative analysis of histological changes in
the lung tissues (e) (n = 8 for each group). Data were presented as mean ±
SD. ##p < 0.01 and ###p < 0.001 compared with the control. *p < 0.05 and
**p < 0.01 compared with IAV
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mice. Additionally, olaparib-treated IAV mice exhibited low-
er weight loss compared with untreated ones, suggesting it
might possess lighter side effects (Fig. S1). Also, the dose of
10 mg/kg olaparib was chosen for further investigation as a
result of the highest survival rate among all olaparib groups.

Olaparib relieved IAV-induced lung injury in mice

As olaparib treatment evidently reduced the virus-induced
mortality, pathological changes were further explored to as-
sess the influences of olaparib on the lung injury severity. In
comparison with the control group, the lung index of mice in
the IAV group was significantly higher than that in the control
group, and olaparib treatment remarkably reduced the lung
index, suggesting that olaparib could alleviate the pulmonary
edema induced by IVA infection (Fig. 2a). As shown in Fig.
2b, higher mRNA expression of IAV was detected in IAV
lungs, while no virus was detected in the control lung tissues,
indicating the direct relationship between IAV infection and
pathological manifestations of mice model. Unsurprisingly,
less IAV was detected in the lungs of olaparib-treated IAV
group, indicating the antiviral effect of this drug functions in
the IAV model mice. Virus infection always correlated with
leukocyte filtration to the target organs. We next determined
the MPO levels and the marker of leucocytes, in lung tissues.
Figure 2c showed that IAV infection elevated the MPO levels
compared with that in the control group, whereas olaparib

evidently reduced MPO levels, illustrating that olaparib re-
duced leucocyte infiltration to the lungs of IAV mice.
Morphologic analysis was performed using H&E staining of
lung tissues. As shown in Fig. 2d, extensive inflammatory cell
infiltration, especially around bronchioles, was presented in
IAV lungs, signifying lung edema might lead to the breathing
difficulty in infected mice. And olaparib treatment attenuated
the pathological abnormalities in IAV lungs. Lung histopath-
ological grading numerically pointed that olaparib rectified
the lung injury caused by IAV infection (Fig. 2e).

Olaparib reduced IAV-induced cytokine release in
murine lungs

Virus-infected pneumonia always comes along with abnormal
release of inflammatory cytokines. Next the level of inflam-
matory cytokines in lung homogenate was detected to inves-
tigate whether olaparib could influence the release of inflam-
matory cytokines in lung tissue. As shown in Fig. 3a, b, c, d, e,
compared with those in the control group, pro-inflammatory
cytokines, IL-1β, TNF-α, IFN-γ, IL-6, and IL-4, were signif-
icantly elevated, and anti-inflammatory cytokine, IL-10, was
remarkably descended in the IAV group, while olaparib treat-
ment obviously rectified the abnormal release of the above
inflammatory cytokines, meaning that olaparib might possess
anti-inflammatory effect in murine lung tissue under the IAV
context.

Fig. 3 Effects of olaparib on influenza virus challenge-induced cytokine
release in lung homogenate at day 6 post-infection (n = 8 for each group).
IL-1β (a), TNF-α (b), IFN-γ (c), IL-6 (d), IL-4 (e), and IL-10 (f) were

measured by ELISA. Data were presented as mean ± SD. ##p < 0.01 and
###p < 0.001 compared with the control. *p < 0.05 and **p < 0.01
compared with IAV
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Olaparib reduced IAV-induced cytokine release in
murine BALF

The detection of cytokine/chemokine in BALF samples at day 6
post-infection showed that IL-6, MCP-1, G-CSF, TNF-α,
CXCL1, CXCL10, CCL3, and RANTES were remarkably in-
creased in the IAV group compared with those in the control
group, while olaparib treatment significantly reduced the abnor-
mal increased levels of the above cytokine/chemokines, which
was similar with the results obtained from lung tissue (Fig. 4a-h).

Olaparib decreased PARylated protein content and
p65, IκBα phosphorylation in IAV-challenged lung
tissues

To explore the mechanisms underlying the protective ef-
fect of olaparib against IAV-induced injury to murine

lungs, western blot was performed to detect the PARPs,
the marker of apoptosis. IAV infection increased the
PARylated protein content in lung homogenate samples
compared with the control group, while PARP inhibitor
olaparib significantly reduced the PARylated protein con-
tent in IAV-infected samples (Fig. 5a and c). NF-κB
genes are reported to be the targets of olaparib in the
context of LPS stimulation to the lungs [12]. As shown
in Fig. 5b, d, and e, IAV remarkably elevated the p-p65
and p-IκBα protein expression in lung homogenates com-
pared with those of the control group, while olaparib
obviously decreased the abnormal increase of the two
proteins, suggesting that olaparib inhibits the activation
of NF-κB signaling pathway in the condition of IAV
infection. And there were no significant differences of
the total expressions of p65 and IkBa among different
groups (Fig. 5b).

Fig. 4 Effects of olaparib on influenza virus challenge-induced cytokine
and chemokine release in the bronchoalveolar lavage fluid (BALF) at day
6 post-infection (n = 8 for each group). IL-6 (a), MCP-1 (b), G-CSF (c),
TNF-α (d), CXCL1 (e), CXCL10 (f), CCL3 (g), and RANTES (h) were

measured by ELISA. Data were presented as mean ± SD. ###p < 0.001
compared with the control. *p < 0.05, **p < 0.01, and ***p < 0.001
compared with IAV
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Discussion

The highly transmissible human pathogen IAVmainly attacks
human respiratory epithelium with its hemagglutinin binding
with sialic acid to initiate endocytosis [18]. Severe symptoms
after IAV infection are commonly found in the infant, elderly,
pregnant, as well as the immunocompromised populations
[19–22]. IAV can cause serious pandemics in a short time,
with shocking and heart-wrenching facts in history, e.g., the
1918 Great Influenza killed almost 1/30 of the global popula-
tion only in 1.5 years. Also IAV is capable of generating new
strains adapted to human beings. That is the very reason that
influenza vaccines have to be updated regularly. Also antiviral
drugs have to be replaced as a result of the increasing drug
resistance developed by viable IAV subtypes. Thus, it is ur-
gent to explore novel anti-IAV drugs to enrich the available
antiviral drug bank. This study investigated for the first time
the possible role of olaparib on IAV infection in a murine
model and found that PARP-1 inhibitor olaparib remarkably
relieved IAV-induced lung injury and lung inflammation pos-
sibly via inhibition of PARP, as well as p65, and IκBα
phosphorylation.

PARP has been indicated to be the target of treatment strat-
egy against cancers and inflammatory disorders [23, 24]. The
pro-inflammatory effect of PARP-1 has been highlighted in a
variety of non-pulmonary and pulmonary inflammatory dis-
eases, including arthritis, allergic encephalomyelitis, asthma,

acute lung injury (ALI), and so on [25–27]. PARP-1 is acti-
vated and involved in the lungs of allergen-induced asthma
animal models via modulating immune cell recruitment, air-
way modeling, as well as cytokine production, mainly Th2
cytokines [27–29]. PARP-1 is reported to play a critical role
in LPS-induced and mechanical ventilation-induced ALI in
mice [30, 31]. Hence PARP-1 might be a convincing target
for the prevention and treatment of lung inflammatory injury.

Genetic as well as pharmacological measures modulating
PARP-1 activity were proved to be effective to alleviate the
lung inflammation and injury experimentally from the aspects
of reducing neutrophil infiltration and macrophage accumula-
tion [32], blocking the activation of NF-κB and AP-1 [33].
Additionally, PARP-1 inhibition can relieve the secondary
kidney injury induced by ALI [34]. As a potent PARP inhib-
itor, olaparib has already been approved to be used in cancer
patients for clinical trials with acceptable toxicity. Olaparib
downregulates NF-κB-related genes including TNF-α and
IL-1β, decreases neutrophil, and alleviates edema of LPS-
stimulated murine lungs [12]. Our study found that olaparib
possesses protective effects against IAV-induced lung inflam-
mation, suggesting that this drug might exert non-specific an-
ti-inflammatory roles. As the outbreak of severe coronavirus
infection since December 2019, it is urgent to explore the
mechanisms of virus-induced damage to lung tissues or other
organs, as well as develop more effective antiviral drugs or
therapies to prevent related damages to patients. Our study

Fig. 5 Effects of olaparib on
influenza virus challenge-induced
PARylated protein content and
p65, IκBα phosphorylation in
lung tissues at day 6 post-
infection (n = 8 for each group).
Western blot analysis of
PARylated protein content (a) and
p-p65, p65, p- IκBα, and IκBα
(b) in lung samples from each
experimental group. The relative
expressions were normalized to
control (c, d, e). Data are
presented as mean ± SD.
##p < 0.01 and ###p < 0.001
compared with the control.
**p < 0.01 and ***p < 0.001
compared with IAV
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explored the protective effects of olaparib in experimental
virus-induced pneumonia, suggesting its possible application
in viral pneumonia treatment in the future.

There are some shortcomings in our study. We did not
perform toxicity analysis about the influence of olaparib on
normal physiology of mice. The relationship between PARP-
1/NF-κB and IAV-induced lung inflammation as well as the
concrete mechanisms was not well illustrated. Related exper-
iments would be performed in the future study.

Conclusions

The present study successfully constructed the pneumonia
murine model using IAV. Olaparib decreased IAV-induced
mortality in mice, lung injury, and cytokine production, pos-
sibly via modulation of PARP-1/NF-κB axis. This study indi-
cates the non-specific anti-inflammatory effect of olaparib in
lung disorders and would shine light on the development for
treatment against pneumonia infected by viable IAV subtypes.
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