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a b s t r a c t

Isatis indigotica Fort. (Ban-Lan-Gen) is an herbal medicine prescribed for influenza treatment. However,
its active components and mode of action remain mostly unknown. In the present study, erucic acid was
isolated from Isatis indigotica Fort., and subsequently its underlying mechanism against influenza A virus
(IAV) infection was investigated in vitro and in vivo. Our results demonstrated that erucic acid exhibited
broad-spectrum antiviral activity against IAV resulting from reduction of viral polymerase transcription
activity. Erucic acid was found to exert inhibitory effects on IAV or viral (v) RNA-induced pro-inflam-
matory mediators as well as interferons (IFNs). The molecular mechanism by which erucic acid with
antiviral and anti-inflammatory properties was attributed to inactivation of NF-kB and p38 MAPK
signaling. Furthermore, the NF-kB and p38 MAPK inhibitory effect of erucic acid led to diminishing the
transcriptional activity of interferon-stimulated gene factor 3 (ISGF-3), and thereby reducing IAV-
triggered pro-inflammatory response amplification in IFN-b-sensitized cells. Additionally, IAV- or
vRNA-triggered apoptosis of alveolar epithelial A549 cells was prevented by erucic acid. In vivo, erucic
acid administration consistently displayed decreased lung viral load and viral antigens expression.
Meanwhile, erucic acid markedly reduced CD8þ cytotoxic T lymphocyte (CTL) recruitment, pro-apoptotic
signaling, hyperactivity of multiple signaling pathways, and exacerbated immune inflammation in the
lung, which resulted in decreased lung injury and mortality in mice with a mouse-adapted A/FM/1/47-
MA(H1N1) strain infection. Our findings provided a mechanistic basis for the action of erucic acid against
IAV-mediated inflammation and injury, suggesting that erucic acid may have a therapeutic potential in
the treatment of influenza.
© 2019 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article
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1. Introduction

Influenza A virus (IAV) infection is a major cause of acute res-
piratory tract diseases and is associated with respiratory syn-
dromes ranging from mild to life-threatening conditions, which
constitutes one of the serious threats to the public health world-
wide. In 1918, the outbreak of the Spanish flu caused more than 50
million deaths [1]. In recent decades, continuing transmission of
low pathogenic seasonal H1N1 or high pathogenic H5N1 and H7N9
between humans poses a pandemic threat [2e4]. Vaccination and
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antiviral drugs such as oseltamivir are efficient approaches for
controlling influenza symptoms, but numerous studies reported
that they are insufficiency in protecting against an emerging
pandemic due to antigenic drift. Therefore, continuing efforts are
required to identify novel agents that may effectively fight future
influenza pandemics.

To date, the expanding understanding of the pathogenesis of
influenza virus infections provided direction for the development
of effective therapeutic strategies. Analysis of viral components
using reverse genetics methods has elucidated their function and
virulence in the pathogenicity of influenza diseases. For instance,
recombinant viruses carrying PB2 segments from the 1918
pandemic H1N1 or the PB1eF2 protein are associated with
enhanced inflammation and host cell death [5,6], which contribute
to enhanced disease severity. Moreover, early antiviral therapy
provides better therapeutic benefits but is ineffective in critically ill
patients with influenza virus infection [7]. Excessive inflammation
triggered by viruses is another aspect of pathogenic factors that
serve a critical role in determining outcomes of viral infection. A
significant correlation between the severity of clinical signs and
levels of cytokines was found in humans and ferrets with seasonal
influenza virus infections [8,9]. Intense pro-inflammatory re-
sponses were observed in fatal cases of high pathogenic H5N1 virus
infection [10]. However, it is evident that mice deficient in cyto-
kines or with steroid treatment were not provided a survival
benefit compared with untreated mice after viral challenge [11]. A
reasonable explanation for this paradox seems to be that both viral
factors and the host immune response are important contributors
of influenza diseases. Indeed, combination of antiviral agents with
immunomodulators has been shown to effectively reduce lethal
influenza virus-induced morbidity and mortality as a proof of
principle [12,13].

The replication of influenza virus in host cells is dependent on a
variety of intracellular signaling pathways that synchronously
initiate the pro-inflammatory response to limit virus spread.
Therefore, the inhibition of signaling required for viral replication
exerts antiviral effects and attenuates virus-mediated excessive
pro-inflammatory responses. Activation of inducible transcription
factor nuclear factor-kB (NF-kB) plays essential roles in the regu-
lation of diverse biological processes, such as immune responses to
pathogen infection, differentiation, apoptosis and cell survival. In
fact, NF-kB signaling plays a critical role in productive replication of
influenza viruses. Cell lines with decreased NF-kB activities result in
decreased susceptibility to influenza virus propagation [14]. Several
studies revealed that influenza virus affects NF-kB signaling to
reduce viral (v) RNA synthesis and viral ribonucleoprotein complex
(vRNP) nuclear export, and thereby virus production is negatively
affected by inhibitors of NF-kB [15,16]. With regard to NF-kB-
mediated immune responses, inhibition of NF-kB activation or its
genetic deficiency suppresses influenza virus-mediated robust
production of inflammatory mediators, such as interleukin (IL)-6,
IL-8, MCP-1, Rantes and IFN-b [17]. Strikingly, administration of NF-
kB inhibitors protects mice against lethal influenza virus infection
[18].

Additionally, activation of p38 kinase, a signaling mediator
belonging to the MAPK superfamily that transduces intra- and
extracellular stimuli and governs various biological processes,
supports viral replication and associates with virus-associated
dysregulation of inflammatory response. Previous reports
revealed that p38 kinase is involved in regulating nuclear export of
vRNP as well as virus entry into host cells [19,20]. In addition, re-
sults from independent studies suggested that dysregulation of
pro-inflammatory cytokine expression in HPAIV-infected primary
human macrophages and bronchial epithelial cells is correlated
with hyperactivation of p38 kinase [21,22]. In particular, treatment
with p38 kinase inhibitor (SB202190) protects mice against lethal
challenges with H5N1 virus, accompanied by markedly reduced
viral titers and levels of dysregulated cytokines [23]. The severity of
seasonal influenza virus infection in patients is associated with p38
kinase-mediated hypercytokinemia in plasma [24]. Agents target-
ing the NF-kB signaling pathway and p38 kinase can limit viral
replication and excessive pro-inflammatory responses, and may be
promising therapeutic interventions in influenza diseases.

Isatis indigotica Fort. belongs to the plant family of Cruciferae,
which is used in the treatment of colds, fever, sore throats and
headaches in traditional Chinese medicine. Previous studies
revealed that active components from Isatis indigotica Fort.,
including alkaloids (e.g., cappariloside A, epigoitrin) [25,26], poly-
saccharides [27] and lignans (e.g., clemastanin B, lariciresinol-4-b-
D-glucopyranoside) [28e30], possess anti-influenza activities,
indicating that these components may be of interest in the devel-
opment of drugs for influenza disease intervention. Among these
active components, the monounsaturated fatty acid erucic acid has
been reported to ameliorate scopolamine-induced memory
impairment via activation of the PI3K-PKCz-ERK-CREB and AKT
signaling pathway [31]. However, potential beneficial properties of
erucic acid against influenza have not yet been reported. In the
present study, we hypothesized that erucic acid exerts a protective
effect against influenza diseases and the underlying mechanism of
anti-viral properties and suppression of virus-mediated pro-in-
flammatory responses was investigated.
2. Materials and methods

2.1. General experimental procedures

NMR spectra were recorded on a Bruker-400 spectrometer.
Agilent Q-TOF 6545 mass spectrometer connected with an Agilent
1290 Infinity LC was used to acquire HRESIMS data. Analytical HPLC
was applied on a Shimadzu LC-20A using a DAD-UV detector. Col-
umn chromatography utilized silica gel (200e300 mesh, Qingdao
Marine Chemical Factory, Qingdao, People’s Republic of China).
Silica gel plates GF254 (Qingdao Marine Chemical Factory, People’s
Republic of China) were used for thin-layer chromatography (TLC).

Air-dried and pieces of Isatis indigotica Fort. (10 kg) were
extracted with 95% EtOHeH2O (3� 100 L; 2 h each). After evapo-
rating under reduced pressure, 1.3 kg residues were obtained. The
residue was diluted with water and partitioned with CH2Cl2, EtOAc,
and n-BuOH, successively. The EtOAc extract was concentrated in
vacuum to get 260 g residues. Then the extract subjected to column
chromatography on silica gel, and petroleum ether-EtOAc was used
as eluent to obtain eight fractions (fractions A�H 20:1e0:1, v/v).
Each fraction was detected via TLC combined with fraction B to D.
Fraction B-Dwas applied on a CC column (silica gel) and elutedwith
petroleum ether-EtOAc from 20:1 to 0:1 to afford fraction 1 to 7.
Fraction 3 was purified by further silica gel column chromatog-
raphy to obtain a compound (25.4mg), which was identified as
erucic acid. The purity of the compound was 95% via HPLC
detection.
2.2. Structural identification of erucic acid

Erucic acid was obtained as a white waxy compound. Its mo-
lecular formula, C22H42O2, was established by the HRESIMS ion at
m/z 339.3178 [M þ H]þ (calcd for C22H43O2, 339.3181). 1H-NMR
(CD3Cl, 400MHz) d: d5.36 (2H, m, H-13,14), 2.36 (2H, J¼ 7.2 Hz),
2.03 (2H, m), 1.64 (2H, m), 1.28 (28H, s, CH2), 0.89 (3H, m, eCH3).
13C-NMR (CD3Cl, 100MHz) d: 179.89(C-1), 129.91 (C-13), 129.89 (C-
14), 34.01e22.70 (eCH2e), 14.13 (-CH3).
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2.3. Cell lines and viruses

Human embryonic kidney cells (293) and lung adenocarcinoma
cells (A549) were purchased from the ATCC and maintained in
Dulbecco’s modified Eagle’s medium (DMEM)/F12 (1:1) (Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) while Madin-
Darby canine kidney cells (MDCK) were obtained from the ATCC
and maintained in DMEM (Gibco; Thermo Fisher Scientific, Inc.,);
all media were supplemented with 10% fetal bovine serum (FBS;
Gibco; Thermo Fisher Scientific, Inc.,).

Influenza virus A/PR/8/34 (H1N1), A/GZ/GIRD07/09 (H1N1), A/
HK/8/68 (H3N2), A/HK/Y280/97 (H9N2), A/Duck/Guangdong/1994
(H7N3) and A/FM/1/47 (H1N1) were maintained and titrated into
MDCK cells.

2.4. Cytotoxicity assays

Cytotoxic effects of erucic acid on MDCK and A549 cells were
determined using MTT assays. Briefly, cells were plated at
2� 104 cells/well in 96-well plates containing 100 mL DMEM/F12
(1:1). After incubation overnight at 37 �C with 5% CO2, cells were
treatedwith dimethyl sulfoxide (DMSO) or two-fold serial dilutions
of erucic acid (9.375 nM - 2.4 mM) for 48 h. Then, cells were washed
twice with PBS and stained with MTT (0.5mg/mL in serum free
medium) for 4 h. The supernatant was removed and formazan
crystals were dissolved using DMSO (100 mL). Then, plates were
gently shaken for 30min to dissolve precipitates. Absorbance at
570 nmwas determined and toxicity concentration 50 (TC50) values
of erucic acid were calculated using the Reed-Muench method [32].

2.5. Antiviral activity assays

The antiviral activity of erucic acid against influenza viruses was
evaluated in MDCK cells. Monolayers of MDCK cells were grown
overnight in 96-well plates. After washing with PBS twice, cells
were inoculated with 100-fold of the 50% tissue culture infectious
dose (100� TCID50) of the influenza virus strains including A/PR/8/
34 (H1N1), A/GZ/GIRD07/09 (H1N1), A/HK/8/68 (H3N2), A/HK/
Y280/97 (H9N2), A/Duck/Guangdong/1994 (H7N3) for 2 h at 37 �C.
Subsequently, the viral inoculum was discarded and replaced with
diluted compounds including erucic acid and the positive control
oseltamivir carboxylate (TLC PharmaChem., Inc., Canada) in TPCK-
trypsin (1.5 mg/mL) containing medium, followed by incubation at
37 �C for 48 h. The cytopathic effect (CPE) was visualized under a
light microscope (DM 3000; Leica Microsystems GmbH, Wetzlar,
Germany). The 50% inhibitory concentration (IC50) for influenza
virus inhibition by the compounds was determined using the Reed-
Muench method [32] and the selectivity index (SI) was defined as
the ratio of TC50 to IC50.

MDCK cells in 6-well plates were infected with influenza viruses
(100 PFU/well) and incubated with the indicated concentration of
compounds or DMSO. The culture supernatant containing viral
particles was collected at 24 h post infection (p.i.) and stored at
�80 �C. Then, MDCK cells were infected with 10-fold serial di-
lutions of the supernatant. Cells were stainedwith trypan blue after
48 h to visualize virus plaques.

For the plaque assay, confluent monolayers of MDCK cells
(6� 105 cells/well) grown in 6-well plates were inoculated with
100 PFU/well indicated influenza virus diluted in serum-free
DMEM and incubated at 37 �C for 2 h to allow initiation of infec-
tion. Then, cells were washed twice with PBS to remove unbound
virus and covered with DMEM containing 0.8% agarose in the
presence or absence of the compounds. Plates were inverted and
incubated at 37 �C for 3 days. Cells were fixed using 10% formal-
dehyde and stained with 0.1% crystal violet for visualization of the
viral plaques.

2.6. Animal experiments

All animal experiments were approved by the Guangzhou
Medical University Ethics Committee of Animal Experiments and
performed in strict accordance with the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health. Female
BALB/cmice (age, 4e6weeks; weight,18e20 g) were obtained from
Guangdong Medical Laboratory Animal Center and housed under
specific pathogen-free conditions at the Guangzhou State Key
Laboratory of Respiratory Diseases. Mice were randomly divided
into five groups: Control group (non-infected); influenza virus-
infected group; erucic acid high dose treatment groups, erucic
acid low dose treatment groups, intragastric administration of
erucic acid (50 or 100mg/kg/day for 7 days) at 2 days prior to viral
infection; oseltamivir phosphate treatment group, intragastric
administration of oseltamivir phosphate (60mg/kg/d, for 7 days) at
2 days prior to viral challenge. For viral infection, mice were
anesthetized by inhalation of 5% isoflurane and inoculated intra-
nasally with 5 LD50 of mouse-adapted A/FM/1/47(H1N1) influenza
virus.

2.7. Lung histopathology and immunohistochemical staining

At day 5 p.i., mice were sacrificed and lung tissues were har-
vested. Paraformaldehyde-fixed paraffinized lung sections (4-mm)
were deparaffinized and dehydrated. Lung sections were stained
with hematoxylin and eosin for histopathology analysis. For
immumohistochemistry, lung sections were microwaved for
20min in 10mM citrate buffer (pH 6.0) for antigen retrieval.
Hydrogen peroxide (H2O2; 3%) was used to block peroxidase ac-
tivity. Sections were blocked with 5% BSA in TBST for 1 h at room
temperature and incubated with rabbit anti-mouse CD3 antibody
in the humidified chamber for overnight at 4 �C, followed by in-
cubationwith horseradish peroxidase (HRP)-conjugated secondary
antibody (1:200; Multi-Sciences). Sections were developed with
DAB reagent (Maixin, China) and counterstained with hematoxylin.

2.8. Antibodies and Western blotting

Primary antibodies against P65, phosphorylated (P)eP65, P38,
PeP38, ERK1/2, P-ERK1/2, JNK, P-JNK, AKT, P-AKT, STAT1, P-
STAT1Y701, STAT3, P-STAT3Y705, COX-2, granzyme B and GAPDH
were purchased from Cell Signaling Technology. Antibodies against
pro-caspase3, PARP and caspase-3 (active form) were from Gentex.
The antibody against CD3 was obtained from Abcam. Horseradish
peroxidase (HRP)-labeled secondary antibodies were from Multi-
Sciences. Human recombinant TNF-a and IFN-b were from
PeproTech.

Total protein extracts from lung tissues or cells were prepared in
ice-cold radioimmunoprecipitation assay (RIPA) lysis buffer
(Thermo) supplemented with protease and phosphatase inhibitors
(Sigma). After incubation on ice for 30min, crude protein extracts
were clarified by centrifugation at 10,000� g for 15min at 4 �C and
aliquots of the supernatant were stored at �80 �C. Protein con-
centrations were determinedwith a BCA protein assay kit (Thermo)
and equal amounts of protein were resolved on 10% SDS poly-
acrylamide gels. Then, proteins were transferred to PVDF mem-
branes and immunoblotted with indicated antibodies. After
incubation with HRP-labeled secondary antibody, signals were
developed using an ECL detection system (PerkinElmer). The rela-
tive intensities of the protein bands were determined using ImageJ
1.44P.
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2.9. Flow cytometry analysis

For apoptosis analysis, adherent cells were detached by trypsi-
nization and suspended in 500 mL 1� binding buffer. Then, cells
were incubated with 5 mL Annexin V-FITC and 5 mL propidium io-
dide (PI) in the dark for 30min at room temperature. Within 4 h,
the percentage of early and late apoptotic cells was determined by
the NovoCyte flow cytometer.

Bronchoalveolar lavage fluid (BALF) from mice was obtained by
washing the lungs with 0.6mL PBS three times. After centrifugation
(500 � g; 5min), BALF supernatants were collected and stored at
�80 �C. BALF cell suspensions (1� 106 cells/100 mL) were collected
and stained with FACS buffer (2% BSAwith 0.01% azide in PBS). Cells
were then stained with fluorescein-labeled anti-mouse mAbs
purchased from eBioscience for 30min at 4 �C: CD45-APC-
eFluor780 (clone NO.30-F11), CD3-PE-Cyanine7 (clone NO. UCHT1),
CD4-FITC (clone NO. RM4-5) and CD8-APC (clone NO. 53e6.7).
After staining, cells were washed twice and resuspended in 300 mL
FACS buffer for analysis on a NovoCyte flow cytometer.

2.10. Luminex assay

Secretion levels of pro-inflammatory mediators in the culture
medium and BALF were determined by Luminex assay according to
the manufactures0 instructions. Multiplex assay kits for determi-
nation of human cytokines in the culture medium were purchased
from Bio-Rad. Multiplex assay kits for interferons (IFN-b and IFN-
l1) and mouse cytokine detection were purchased from
eBioscience.

2.11. 50ppp RNA generation and transfection procedures

Influenza virus-infected A549 cells derived vRNA (50ppp-RNA)
was prepared using the TRIzol reagent (Invitrogen). The 50-terminal
triphosphate was removed using calf intestine alkaline phospha-
tase (CIAP; Takara) following the manufacturer’s protocol. As a
negative control, cellular RNA was obtained from uninfected cells.
Cells were transfected with 500 ng/mL vRNA or cellular RNA using
Lipofectamine 2000 (Invitrogen) in 6-well plates for 24 h.

2.12. Transient transfection and luciferase assay

The effect of erucic acid on viral minigenome reporter systems
was assessed as described previously [33]. Briefly, components of
the vRNP complex, including PB1, PB2, PA and NP, together with a
luciferase reporter plasmid PHY-luci and phRL-TK plasmid were co-
transfected into A549 cells. At 6 h post-transfection, cells were
treated with or without erucic acid for 24 h and lysed to determine
luciferase activity using the dual-luciferase reporter assay system
(Promega).

Transfection of the ISRE luciferase reporter plasmid into A549
was performed as previously described. Briefly, cells grown in 96-
well plates were co-transfected with 100 ng pISRE-TA-luc (Beyo-
time) and 10 ng pRL-TK control plasmids (Promega) by using Lip-
ofectamine 2000 (Invitrogen) for 6 h. Subsequently, transfected
cells were stimulated with influenza virus (MOI¼ 0.1) or IFN-b
(500 ng/mL) in the presence or absence of erucic acid for 24 h.

For NF-kB activity assays, 293 cells stably expressing pNF-kB-
TATA-F-Luc and pQCXIP-eGFP were infected with influenza virus
(MOI¼ 0.1) in the presence or absence of erucic acid for 24 h. Cells
were lysed for luciferase activitymeasurements using the luciferase
assay kit (Promega). Results are presented as ratio of firefly lucif-
erase activities normalized to Renilla luciferase activities or to EGFP
fluorescence intensity.
2.13. Data analysis

Results are presented as the mean± standard error of the mean
(SEM). Statistical analyses were performed using SPSS 18.0 and
one-way ANOVA analysis of variance followed by Newman-
Student-Keuls tests were performed. Survival was analyzed using
Kaplan-Meier. P< 0.05 was considered to indicate a statistically
significant difference.

3. Results

3.1. Structure analysis of erucic acid and its cellular cytotoxicity

The chemical structure of the compound isolated from Isatis
indigotica Fort. was elucidated by NMR spectroscopy. White amor-
phous powder, 1H NMR (400MHz, CDCl3): d¼ 5.36 (2H, m, H-
13,14), 2.36 (2H, t, J¼ 7.3 Hz, H-2), 2.02 (4H, m, H-2,15), 1.63 (2H, m,
H-3), 1.5e1.1 (28H, m, 14�CH2), 0.90 (3H, t, J¼ 6.0 Hz, H-22). 13C
NMR (100MHz, CDCl3): d¼ 179.89 (C-1), 34.01 (C-2), 24.68 (C-3),
27.21 (C-4), 129.89 (C-13),129.91 (C-14), 29.0e32.0 (14�CH2), 22.70
(C-21), 14.13 (C-22). The compound was identified as erucic acid by
comparisonwith literature 1H and 13C-NMR spectra (Fig. 1A and B).
Erucic acid induces biological effects at certain concentrations;
therefore, we performed MTT assays to evaluate cytotoxic effects of
erucic acid on A549 cells (Fig. 1C). The results showed that the TC50
value of erucic acid was 1.78mM. Then 0.9mM erucic acid was
selected as the maximum dose for investigating the mechanism of
action against virus infection.

3.2. Anti-influenza effects of erucic acid in vitro

The CPE assay was performed to study the efficacy of erucic acid
against influenza A viruses. Our results showed that erucic acid
treatment significantly reduced the CPE in MDCK cells induced by
five influenza virus strains, including A/PR/8/34 (H1N1), A/GZ/
GIRD07/09 (H1N1), A/HK/8/68 (H3N2), A/HK/Y280/97 (H9N2) and
A/Duck/Guangdong/1994 (H7N3), with IC50 values ranging be-
tween 0.49 and 1.24mM and SI values of 1.44e3.65 (Table 1). As
shown in Figs. 2A and B, antiviral effects of erucic acid were further
confirmed by plaque reduction assay (PRA) and progeny virus
reduction assay. Next, we employed hemagglutinin (HA) and
neuraminidase (NA) inhibition assays to test whether the antiviral
property of erucic acid was attributed to its inhibitory effect on viral
HA and NA. Interestingly, the data suggested that erucic acid did not
interfere with viral HA and NA activities (data not shown).
Furthermore, we employed IAV minigenome assays for deter-
mining the transcription activity driven by the viral polymerase in
the presence of erucic acid. Erucic acid treatment exhibited sig-
nificant decreases in luciferase activity in a dose-dependent
manner (Fig. 2C). These results indicated that erucic acid exerted
anti-influenza virus efficacy via inhibition of viral polymerase
transcription activity.

3.3. Erucic acid inhibits IAV-induced NF-kB and p38 MAPK
activation

Cell signaling manipulated by viruses can support viral repli-
cation [34]. To further elucidate the underlying mechanisms
regarding the antiviral action of erucic acid,Western blot analysis of
targets of cellular signaling was performed. Representative West-
ern blot images in Fig. 3A suggested that MAPK (P38, ERK1/2 and
JNK), NF-kB and AKT signaling pathways were activated by influ-
enza A virus infection. Moreover, we observed that the activation of
p38 MAPK and NF-kB signaling pathways was inhibited by erucic
acid in a dose-dependent manner; however, the ERK1/2 MAPK, JNK



Fig. 1. Chemical structure and cytotoxicity of erucic acid. (A) 1H and 13C-NMR spectra for the compound isolated from Isatis indigotica Fort. recorded in CDCl3. (B) Chemical structure
of erucic acid. (C) Cytotoxic effects of erucic acid on viability of A549 cells. A549 cells were incubated with varying concentrations of erucic acid for 48 h and viability was
determined by MTT assay. Data are presented as the mean ± standard error of the mean, representative of three independent experiments. *P < 0.01 vs. untreated control.
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MAPK and AKT signaling pathways were not affected. Next, the
effect of erucic acid on virus-induced transcriptional activities in
293 cells which were stably transfected with NF-kB-luc was
investigated. Consistent with the Western blot data, erucic acid
treatment resulted in decreased virus-induced NF-kB transcrip-
tional activity (Fig. 3B). Given that the reduction of the viral poly-
merase transcription activity was caused by erucic acid, it became
necessary to clarify whether the inhibitory effect on viral poly-
merase transcription activity was associated with p38 MAPK and
NF-kB inhibition. As expected, the combination of p38 MAPK and
NF-kB inhibitors and erucic acid caused an additive effect on the
inhibition of viral polymerase transcription activity (Fig. 3C). The
above results indicated that erucic acid treatment inhibited virus-
induced activation of p38 MAPK and NF-kB signaling, which may
be associated with anti-influenza virus efficacy.

3.4. Erucic acid inhibits IAV-triggered pro-inflammatory mediator
production

Increased production of cytokines mediated by aberrant
signaling contributes to the severity and mortality of influenza
diseases [35]. Since erucic acid suppressed activation of p38 MAPK
and NF-kB signaling, it was investigated whether erucic acid would
affect virus-induced cytokines and chemokines excessive release by
using Luminex assays. The cytokine profile revealed that infection
with influenza A virus resulted in a significant elevation of an array
of cytokines and chemokines, including IL-6, TNF-a, IP-10, RANTES,
IFN-g, IL-1b, IL-17A, IL-17F, IL-21, IL-25, IL-31 and sCD40L (Fig. 4A).
Treatment with erucic acid was found to significantly decrease
expression levels of these cytokines and chemokines in a dose-
dependent manner (Fig. 4A). Additionally, it has been revealed
that expression levels of COX-2, induced by p38 MAPK and NF-kB
signaling [36,37], were associated with the pathogenesis of influ-
enza infection. Therefore, we suggested that erucic acid may
decrease virus-induced expression of COX-2. As expected, treat-
ment of virus-infected cells with erucic acid inhibited COX-2 and
derived prostaglandin E2 (PGE2) expression (Figs. 4B and C). These
results demonstrated that erucic acid treatment impaired virus-
induced production of pro-inflammatory mediators through inhi-
bition of the p38 MAPK and NF-kB signaling pathways.

3.5. Erucic acid inhibits pro-inflammatory response and apoptosis
in cells with IAV-derived vRNA stimulation

Apart from lung injury caused by an imbalanced over-
production of pro-inflammatory mediators, lung damage is wors-
ened by apoptosis induction during influenza virus infection [38].
In this regard, the effect of erucic acid on influenza virus-induced
apoptosis in A549 cells was determined. Annexin V staining
revealed that erucic acid significantly decreased the percentages of
apoptotic cells (Fig. 5A). Additionally, treatment with erucic acid
Table 1
Antiviral activity of erucic acid against influenza viruses.

Virus strain Erucic acid

TC50 (mM)a IC50 (mM)b

A/PR/8/34 (H1N1) 1.80± 0.06 0.55± 0.08
A/GZ/GIRD07/09 (H1N1) 1.80± 0.06 0.50± 0.08
A/HK/8/68 (H3N2) 1.80± 0.06 1.04± 0.11
A/HK/Y280/97 (H9N2) 1.80± 0.06 0.49± 0.09
A/Duck/Guangdong/1994 (H7N3) 1.80± 0.06 1.24± 0.15

a TC50 was determined using an MTT assay.
b IC50 was determined by plaque reduction assay.
c The selectivity index (SI) was determined as the TC50/IC50 ratio.
exerted significant anti-apoptotic effects as determined byWestern
blot analysis of expression of cleaved caspase-3 and PARP in
influenza virus-infected cells (Fig. 5B). It is well established that
viral products such as vRNA, containing a 50ppp end groups, NS1,
PB1eF2 and M2 serve a crucial role in inducing apoptosis
[5,39e41]. Therefore, effects of erucic acid on apoptosis in cells
transfected with vRNA derived from IAVwere analyzed. Supporting
data were obtained, describing the induction of apoptotic cells and
expression levels of cleaved caspase-3 and PARP after transfection
with vRNA and effects were reversed by erucic acid treatment
(Figs. 5C and D). Based on previous results that showed erucic acid
treatment blocked IAV-induced p38 MAPK and NF-kB signaling
activation (Fig. 3A), we therefore questioned whether the trans-
fected vRNA-mediated signaling was affected by erucic acid treat-
ment. NF-kB and p38 MAPK signaling was activated by vRNA
transfection following inhibition by erucic acid treatment; how-
ever, ERK MAPK signaling was not affected (Fig. 5E). Additionally,
cells transfected with vRNA triggered upregulation of the pro-
inflammatory cytokines, including IL-6, TNF-a, IP-10, IL-8, MCP-1,
MCP-2 and RANTES that were decreased by erucic acid treatment
(Fig. 5F). Additionally, increased expression of COX-2 and its
downstream product PGE2 in the culture supernatant by vRNA
stimulation were abrogated by erucic acid treatment in a dose-
dependent manner (Figs. 5G and H). Of note, cellular (c) RNA or
the 50ppp of vRNA removed by treatment with CIAP did not induce
apoptosis, signaling transduction and pro-inflammatory mediator
production. The data suggested that erucic acid inhibited pro-
inflammatory responses and apoptosis in cells with vRNA stimu-
lation through inhibition of NF-kB and p38 MAPK signaling, which
might significantly attenuate IAV-induced lung injury.
3.6. Erucic acid decreases pro-inflammatory response in IAV-
infected cells with IFN pre-treatment

IFNs released by host cells are vital cytokines in response to viral
infection. Previous reports have shown that NF-kB and p38 MAPK
signaling cascades are essential for initiation of IFNs expression
[42,43]. To investigate whether erucic acid affects virus-induced
expression of IFNs by targeting NF-kB and p38 MAPK signaling,
IFNs levels were quantified in culture supernatants after erucic acid
treatment. As shown in Fig. 6A, in virus-infected cells with erucic
acid treatment, NF-kB inhibitor BAY11-7082 (column 8) and p38
MAPK inhibitor SB203580 (column 6) treatment resulted in sup-
pression of type I INF (IFN-b) and III INF (IFN-l1) production.
Combined treatment with the two inhibitors generated synergistic
effects (Fig. 6A, column 10), suggesting NF-kB and p38 MAPK
signaling were critical for maximum IFNs expression. Furthermore,
we observed that the combination of erucic acid with an inhibitor
enhanced the inhibitory effects on the expression of IFNs (Fig. 6A,
column 7 and 9). This indicated that IFN suppression effects by
erucic acid were potentially associated with NF-kB and p38 MAPK
Oseltamivir

SIc TC50 (mM)a IC50 (mM)b SIc

3.30± 0.47 >2500 1.22± 0.08 >1000
3.61± 0.52 >2500 1.76± 0.03 >1000
1.74± 0.15 >2500 8.31± 0.03 >200
3.65± 0.62 >2500 9.93± 0.34 >200
1.44± 0.25 >2500 24.18± 1.53 >100



Fig. 2. Antiviral effect of erucic acid in vitro. (A) Erucic acid inhibited IAV-induced plaque formation in MDCK cells. Monolayers of MDCK were inoculated with influenza virus (A/PR/
8/34 [H1N1], A/GZ/GIRD07/09 [H1N1], A/HK/8/68 [H3N2], A/HK/Y280/97 [H9N2] and A/Duck/Guangdong/1994 [H7N3]; 100 PFU/well) for 2 h, prior to treatment with different
concentrations of erucic acid for 48 h. Plaque reduction assays were performed. (B) Erucic acid inhibited the production of progeny viruses. MDCK cells were infected with influenza
virus (A/PR/8/34 [H1N1], A/GZ/GIRD07/09 [H1N1], A/HK/8/68 [H3N2], A/HK/Y280/97 [H9N2] and A/Duck/Guangdong/1994 [H7N3]; MOI ¼ 0.1) and incubated for 24 h in the
presence or absence of erucic acid. Culture supernatants were collected and progeny virus titers were determined. Data are presented as the mean ± standard error of the mean,
representative of three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. non-treated group. (C) Erucic acid reduced viral polymerase activity. IAV minigenome
reporter assays were performed. Data are presented as the mean ± standard error of the mean, representative of three independent experiments. **P < 0.01 and ***P < 0.001 vs.
untreated cells.
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signaling inhibition properties. Erucic acid suppressed increases of
IFN levels induced by vRNA (Fig. 6B). It has been reported that the
immunomodulatory properties of IFNs contribute to deleterious
outcomes of viral infection [44]. To investigate effects of erucic acid
on IFN-associated inflammatory responses, cells were pre-treated
with IFN-b (500 ng/mL) for 4 h prior to IAV infection in the pres-
ence and absence of erucic acid. Pretreatment with IFN-b signifi-
cantly amplified expression of pro-inflammatory cytokines,
including IL-6, IP-10, IL-8 and MIP-1b (Fig. 6C). Whereas, the pro-
inflammatory amplification effect elicited by IFN-b was dimin-
ished by either erucic acid or two inhibitors (BAY11-7082 and
SB203580) treatment. Of note, combination of erucic acid and the
two inhibitors caused an additive effect on inhibition of cytokine
expression (Fig. 6C).

To further assess the mechanisms by which erucic acid abro-
gated IFN-mediated pro-inflammatory responses, reporter gene
assays to analyze IFN-b signaling in cells with transient ISRE re-
porter plasmid transfection were performed. It was observed that
IAV-induced ISRE transcriptional activities were inhibited by single
treatment with erucic acid or NF-kB and p38 kinase inhibitors and
combination treatment led to a further reduction (Fig. 6D).
Furthermore, experiments were conducted to investigate the ISRE
transcriptional activities in ISRE reporter plasmid transfected-cells
stimulated with IFN-b prior to IAV infection. It was observed that
the ISRE transcriptional activity was significantly higher in IAV-
infected cells pretreated with IFN compared with untreated cells.
Transcriptional activity was partially reduced by erucic acid and NF-
kB or p38 kinase inhibitor treatment, and in combination, treat-
ment led to a further reduction (Fig. 6E). Collectively, these data
suggested that the transcriptional activity of ISRE was suppressed
by erucic acid treatment, thus dampening the amplification of pro-
inflammatory responses in cells pre-treated with IFN-b via the in-
hibition of NF-kB and p38 MAPK signaling.
3.7. Erucic acid protects mice from IAV-induced lung injury and
mortality

To further evaluate pharmacological effects of erucic acid
in vivo, mice were intragastrically administered with ration of
erucic acid at two days prior to challenge with 5 LD50 of mouse-
adapted H1N1 influenza strain (A/FM/1/47). On day 7 p.i., IAV-
infected mice exhibited pronounced clinical symptoms, including



Fig. 3. Erucic acid inhibits NF-kB and p38 MAPK signaling after IAV infection. (A) A549 cells were infected with A/PR8/34(H1N1) (MOI ¼ 0.1) and incubated with or without erucic
acid for 24 h prior to Western blot analysis. Phosphorylated and total NF-kB (p65), MAPKs and AKT were detected with specific antibodies; GAPDH served as loading control. Data
are presented as the mean ± standard error of the mean, representative of three independent experiments. *P < 0.05, **P < 0.01 vs. IAV-infected. (B) Analysis of NF-kB transcription
activity. NF-kB-luc reporter plasmid was transfected into 293 cells and cells were inoculated with A/PR8/34(H1N1) (MOI ¼ 0.1) for 2 h prior to 24 h treatment with different
concentrations of erucic acid. Cells were assayed for luciferase activity. Data are presented as the mean ± standard error of the mean, representative of three independent ex-
periments. *P < 0.05, **P < 0.01 vs. IAV-infected. (C) Combination of p38 MAPK and NF-kB inhibitors, and erucic acid treatment reduced viral polymerase activity. IAV minigenome-
based reporter system-transfected cells were treated with or without p38 MAPK of NF-kB inhibitors. For the combined treatment cells were incubated with erucic acid for further
24 h and assessed using the dual-luciferase reporter assay system. Data are presented as the mean ± standard error of the mean, representative of three independent experiments.
*P < 0.05, **P < 0.01 and ***P < 0.001 vs. untreated cells; #P< 0.05 vs. BAY11-7082-treated (column 2); xP< 0.05 vs. SB203580-treated (column 4).
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piloerection, reduced physical activity, hunched posture, swaying
gait and labored breathing, and erucic acid-administered mice
exhibited relieved disease symptoms or none (Fig. 7A). Similar re-
sults were observed when monitoring the survival rate and body
weight loss of virus-infected mice. As shown in Fig. 7B, virus-
infected mice with 50 or 100mg/kg/day erucic acid treatment
revealed increased survival rates compared with untreated mice
(80% and 100%, respectively, vs. 0%). In addition, continuous weight
loss caused by viral infectionwas reversed by erucic acid treatment
(Fig. 7C). Differences in morbidity were reflected in lung injury,
where pretreatment with 50 or 100mg/kg/day erucic acid signifi-
cantly decreased the lung index and protein concentrations in the
BALF (Figs. 7D and E). Furthermore, it was observed that erucic acid
decreased virus titers and expression of virus antigens, including
PB1, PB2 and M1 in the lung (Figs. 7F and G). Furthermore, histo-
pathological examination of lung tissues revealed viral infection
triggered massive inflammatory cell infiltration leading to exten-
sive alveolar airspace destruction, which was significantly amelio-
rated by erucic acid treatment (Fig. 7H, upper panel). In addition,
immunohistochemical analysis suggested that CD3þ immunocytes
were enriched in mice infected with IAV compared with mice
receiving erucic acid treatment (Fig. 7H, lower panel). In line with
this, virus-mediated CD3þCD8þ cytotoxic T lymphocyte (CTL)
recruitment in BALF was significantly reduced by erucic acid
treatment (Fig. 7I). Although antigen-specific CD3þCD8þ T cells are
essential for pathogen elimination, inappropriate cytolytic activity
mediated by CTL-released pro-apoptotic enzyme granzyme B
contributes to lung injury. Erucic acid reduced the levels of gran-
zyme B and active caspase-3 in lung homogenates (Fig. 7J).
Together, these results suggested that erucic acid protected mice
from IAV-mediated lung injury andmortality, which was correlated
with its anti-viral properties and thereby reduction of CTL
recruitment.
3.8. Erucic acid decreases IAV-induced excessive pro-inflammatory
response by interfering with multiple signaling pathways

To provide insights into the mechanism of action of erucic acid
in IAV infection in vivo, effects of erucic acid on IAV-mediated signal
transduction and pro-inflammatory responses in the lung were



Fig. 4. Erucic acid reduces IAV-induced expression of pro-inflammatory mediators. (A) Levels of cytokines and chemokines were determined by Luminex assays in the culture
supernatant of A549 cells that were infected with A/PR8/34(H1N1) (MOI ¼ 0.1) and treated with or without erucic acid. (BeC) A/PR8/34(H1N1)-infected A549 cells were incubated
with erucic acid for 24 h; total proteins or culture supernatant were collected for analysis of COX-2 and PGE2 levels by Western blot or ELISA, respectively. Data are presented as the
mean ± standard error of the mean, representative of three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. IAV-infected.
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assessed. It was found that erucic acid significantly decreased IAV-
mediated phosphorylation levels of p38 MAPK, ERK MAPK, STAT1,
STAT3 and AKT signaling in the lung (Fig. 8A). These results sug-
gested that inhibition of these signaling pathways via erucic acid
may attenuate IAV-mediated excessive expression of pro-
inflammatory cytokines, which contributes to severe lung immu-
nopathology. Additionally, it was demonstrated that erucic acid
administration inhibited levels of pro-inflammatory cytokines in
the BALF, including IL-6, TNF-a, MCP-1, MIP-1a and GM-CSF, and
lung tissue, including IL-6, IP-10, MCP-1 and RANTES (Figs. 8B and
C). As results from the in vitro analysis suggested that erucic acid
reversed IAV-induced expression of IFNs associated with amplifi-
cation of pro-inflammatory response, it was important to deter-
mine whether erucic acid affected the levels of IFNs in vivo. As
expected, members of type I IFNs (IFN-a/b) were reduced by erucic
acid treatment (Fig. 8D). Furthermore, it was found that the anti-
inflammatory cytokine IL-10, terminating inflammation, was
elevated by erucic acid treatment (Fig. 8E). The data provided in-
sights into the pharmacological mechanisms of erucic acid that
attenuated dysregulated pro-inflammatory responses through in-
hibition of aberrant signaling cascades linked to influenza severity.
4. Discussion

Seasonal epidemics and occasional pandemics of influenza vi-
ruses constitute a serious public health risk and inflict immense
morbidity and mortality. Antiviral drugs are used clinically in
influenza therapy; however, even early oseltamivir treatment does
not improve the outcome of critically ill patients with HPAI H5N1 or
H7N9 virus infection due to induction of an uncontrollable cytokine
storm [10,45]. Clinical evidence demonstrated an association of
influenza pathogenesis with the intensity of the inflammatory
response, highlighting the potential benefits of immunomodula-
tory agents for influenza treatments. Nevertheless, given that viral
PAMPs are detected by cellular PRRs and subsequently evoke pro-
inflammatory responses, the development of dual-functional
drugs with both antiviral and anti-inflammatory properties
shows potential in the treatment of hypercytokinemia in severe
influenza cases. Antiviral activity further acts to reduce inflamma-
tion by decreasing the presence of PAMPs to be sensed by cellular
PRRs.

Viral load is a critical contributor in the pathogenesis of influ-
enza diseases. Erucic acid presented efficiency against several
strains of human influenza viruses, including A/PR/8/34 (H1N1), A/
GZ/GIRD07/09 (H1N1), A/HK/8/68 (H3N2), A/HK/Y280/97 (H9N2)
and A/Duck/Guangdong/1994 (H7N3) (Table 1). Its antiviral prop-
erties were confirmed by plaque reduction and progeny virus yield
reduction assays (Figs. 2A and B). In addition, virus titers and viral
antigens were decreased in mice treated with erucic acid (Figs. 7F
and G). In vitro and in vivo experiments demonstrated that inhi-
bition of NF-kB and p38 kinase signaling pathways inhibited viral
replication [16,23]. Treatment with specific NF-kB or p38 kinase
inhibitors blocked nuclear-cytoplasmic translocation of viral ribo-
nucleoproteins and thereby reduced virus titers [16,20]. Inhibition
of the NF-kB signaling pathway effectively impairs transcriptional
activities of the viral polymerase complex [15]. In this study, data
revealed that erucic acid treatment suppressed the influenza virus-
mediated activation of NF-kB and p38 MAPK signaling in vitro and
in vivo (Figs. 3A and B and 8A). Additionally, viral polymerase
transcription activity was reduced further by co-treatment with
erucic acid and NF-kB or p38MAPK inhibitors (Fig. 3C). Therefore, it
was proposed that inhibition of influenza virus-mediated activation



Fig. 5. Erucic acid inhibits IAV-derived vRNA-induced apoptosis and inflammation. IAV-infected cells with erucic acid (0, 0.3, 0.6 and 0.9 mM) treatment were evaluated. (A) Flow
cytometry analysis of apoptotic cells using annexin V/PI staining. Data are presented as the mean ± standard error of the mean, representative of three independent experiments.
*P < 0.05, **P < 0.01 vs. IAV-infected. (B) Cleaved caspase-3 and PARP assessed by immunoblotting. vRNA- or cRNA-transfected cells with erucic acid (0, 0.3, 0.6 and 0.9 mM)
treatment for 24 h were assessed. (C) Apoptosis analyzed by flow cytometry using annexin V/PI staining. Data are presented as the mean ± standard error of the mean, repre-
sentative of three independent experiments. *P < 0.05, **P < 0.01 vs. vRNA-transfected (column 4). (D) Lysates were isolated and used in immunoblotting detection cleaved
caspase-3 and PARP. (E) Immunoblotting and (F) Luminex assays were performed to determine the levels of signaling pathways, cytokines and chemokines. Data are presented as
the mean ± standard error of the mean, representative of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. vRNA-transfected (column 4). (G) Expression of
COX-2 detected by immunoblotting. (H) ELISA assays detecting PGE2 levels. Data are presented as the mean ± standard error of the mean, representative of three independent
experiments. ***P < 0.001 vs. vRNA-transfected (column 4).
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Fig. 5. (continued).
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Fig. 6. Erucic acid abrogates IFN-b-amplified pro-inflammatory response in IAV infected cells. (A) Levels of IFN-b and IFN-l1 were determined by Luminex assays in the culture
supernatant of A/PR8/34(H1N1) (MOI ¼ 0.1)-infected A549 cells treated with or without erucic acid. Data are presented the mean ± standard error of the mean, representative of
three independent experiments. **P < 0.01 and ***P < 0.001 vs. IAV-infected (column 2); #P< 0.05, ##P< 0.01 vs. SB203580-treated (column 6); xP < 0.05 vs. BAY11-7082-treated
(column 8). (B) Levels of IFN-b and IFN-l1 were determined by Luminex assays in the culture supernatant of vRNA-transfected cells treated with or without erucic acid. Data are
presented as the mean ± standard error of the mean, representative of three independent experiments. **P < 0.01 and ***P < 0.001 vs. vRNA-transfected (column 4). (C) Luminex
analysis of pro-inflammatory cytokines secreted in IFN-pre-treated cells prior to influenza A/PR8/34(H1N1) (MOI ¼ 0.1) infection. A549 cells were pre-treated with IFN-b (500 ng/
mL) for 4 h, infected with influenza A/PR8/34(H1N1) and treated with or without erucic acid. Data are presented as the mean ± standard error of the mean, representative of three
independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. IFN-pretreated (column 4); #P< 0.05 vs. SB203580-treated (column 8); xP < 0.05 vs. BAY11-7082-treated
(column 10). (D) A549 cells were co-transfected with ISRE luciferase reporter plasmid and pRL-TK plasmid. At 6 h post-transfection, cells were infected with A/PR8/34(H1N1)
(MOI ¼ 0.1) and treated with or without erucic acid for 24 h; then cells were lysed for luciferase assays. Data are presented as the mean ± standard error of the mean, representative
of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. IAV-infected (column 2); #P< 0.05 vs. SB203580-treated (column 6); xP< 0.05 vs. BAY11-7082-treated
(column 8). (E) A549 cells co-transfected with ISRE luciferase reporter plasmid and pRL-TK plasmid were stimulated with IFN-b (500 ng/mL) for 4 h, infected with A/PR8/
34(H1N1) (MOI¼ 0.1) and treated with or without erucic acid for 24; then cells were harvested for luciferase assays. Luciferase activities were normalized to Renilla. Data are
presented as the mean ± standard error of the mean, representative of three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. IFN-pretreated group (column 4);
#P< 0.05 vs. SB203580-treated (column 8); xP< 0.05 vs. BAY11-7082-treated (column 10).
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of the NF-kB and p38 MAPK signaling pathways by erucic acid
resulted in decreased transcriptional activities of the viral poly-
merase complex, thereby inhibiting viral replication. Based on
these observations, it is probable that the anti-viral property of
erucic acid was a result of reducing transcriptional activities of the
viral polymerase complex via inhibition of NF-kB and p38 kinase
signaling.

Influenza progresses from an initial acute lung injury (ALI) or
continues progress to form severe acute respiratory distress syn-
drome (ARDS), which has been ascribed to the disordered inflam-
matory processes. Plasma levels of IL-6 are closely correlated with
symptoms and fever in human influenza infection [9,46]. Elevation
of IL-17 and IP-10 was reported to mediate ALI during the 2009
pandemic influenza A (H1N1) virus infection [47,48]. Development
of ALI or ARDS results from the disruption of normal functions of
epithelial sodium channels and tight junctions of epithelial-
endothelial barriers based on an array of cytokines, including IL-
1b, TNF-a, IFN-g and IL-13 [49e52]. Data obtained in the present
study from in vivo and in vitro experiments suggested that pro-
inflammatory mediators, including IL-6, TNF-a, MCP-1, IP-10, IL-
17 and RANTES, evoked by viral infection or viral product stimu-
lation, were reversed by erucic acid treatment (Figs. 4A, Fig. 5F and
Fig. 8B and C). In addition, it was found that erucic acid treatment
prevented IAV-mediated symptoms, including piloerection,



Fig. 7. Erucic acid administration protects against lethal IAV challenge in vivo. Female BALB/c mice received erucic acid (50 and 100mg/kg/day) for 2 days prior to intranasal
inoculation with A/FM1/H1N1 virus (5 LD50). (A) General appearance of mice with or without erucic acid treatment at day 7 p.i. (BeC) Survival rate (B) and weight loss (C) of virus-
infected mice with or without erucic acid administration were monitored daily for 14 days (n ¼ 13e15/group). Survival curves were compared by log-rank test; *P < 0.05, **P < 0.01
vs. IAV-infected mice. (D) Lung index (lung/body weight ratios) were measured at day 5 and 7 p.i. Data are presented as the mean ± standard error of the mean. **P < 0.01 vs. IAV-
infected. (E) Total protein concentration determined by BCA assay in BALF at day 7 p.i. Data are presented as the mean ± standard error of the mean. **P < 0.01, ***P < 0.001 vs. IAV-
infected. (FeG) On day 7 p.i., viral titers in lungs were determined by plaque assay and lung homogenate was analyzed for viral proteins (PB1, PB2 and M1) by immunoblotting;
GAPDH was used as loading control. Data are presented as the mean ± standard error of the mean. *P < 0.05, **P < 0.01 vs. IAV-infected. (H) Lung sections were stained with
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reduced physical activity, hunched posture, swaying gait and
labored breathing, lung injury, including lung index and protein
concentration in BALF, and mortality in mice (Figs. 7 A-E). There-
fore, it was suggested that protective effects of erucic acid against
IAV-mediated morbidity were associated with immunomodulatory
properties. Previous studies revealed that activation of NF-kB and
p38 kinase signaling is involved in influenza virus-induced dysre-
gulation of pro-inflammatory mediator production. NF-kB defi-
ciency markedly reduces H5N1-mediated hypercytokinemia [17].
Likewise, pharmacological inhibition of NF-kB activation leads to
suppressed expression of various cytokines [16,33]. There is no
difference in the pattern of NF-kB activation in human primary
macrophages with H5N1 and H1N1 virus infection; however,
increased p38 activation mediated by H5N1was observed [53]. p38
kinase inhibition resulted in the reduction of H5N1-mediated
cytokine and chemokine levels, such as TNF-a, IFN-b, IFN- l1 and
MCP-1 [21,53].

Furthermore, NF-kB and p38 kinase were reported to regulate
the expression of COX-2 [36,37]. Overexpression of COX-2 is
implicated in the pathogenesis of avian influenza H5N1 infections
[54]. Expression of COX-2 is induced upon viral PAMPs stimulation
[55,56]. Consistently, levels of COX-2 and PEG2 were increased in
the viral-infected or vRNA (50ppp-RNA)-stimulated cells, and
further reversed by erucic acid treatment (Figs. 4B and C and Fig. 5G
and H). Genetic deficiency or pharmacological inhibition of COX-2
significantly decreases virus-mediated inflammation and body
temperature changes [57,58]. A study confirmed that the delayed
combination treatment of antiviral agents with COX-2 inhibitors
protects mice from lethal H5N1 infections [12]. Induction of COX-2-
derived PGE2 following IAV infection is not limited to suppressing
antiviral innate immune responses and adapts immunity, including
macrophage antigen presentation and T cell-mediated immunity
[59]. Together with findings that erucic acid inhibited the NF-kB
and p38 kinase signaling pathways, it is suggested that erucic acid
exerted anti-inflammatory effects via inhibition of NF-kB and p38
kinase signaling during influenza virus infection.

Erucic acid treatment was also found to decrease the expression
levels of IFNs in IAV- or vRNA -stimulated cells and BALF form IAV-
infected mice lungs (Figs. 6A and B and 8D). IFNs were firmly
established as crucial components of innate immunity against viral
infection. Type I and III IFNs with their receptor-triggered activation
of tripartite transcriptional complex ISGF3, drive expression of
antiviral effectors through binding to an ISRE DNA element [60].
IFN-b deficient samples exhibit increased susceptibility to various
types of viral infection, including vaccinia virus [61], coxsackievirus
B3 [62], Friend retrovirus [63] and influenza virus [64]. However,
given immunomodulatory properties of IFNs, the emerging concept
is that IFN-b acts in a disease-promoting role in response to viral
pathogens. Recent evidence suggests that IAV-mediated IFN-b
expression in macrophages increases expression levels of the pro-
apoptotic factor TRAIL and contributes to lung injury [38]. It was
reported that IFN signaling deficiency attenuates inflammation and
protects mice from IAV- or respiratory syncytial virus (RSV)-
mediated morbidity [44,65]. In line with this, the current study
demonstrated that cells with IFN-b pre-treatment amplified IAV-
mediated expression of cytokines that was reversed by erucic
acid intervention (Fig. 6C). Further investigations revealed that the
underlying mechanism responsible for the amplification of IAV-
hematoxylin and eosin (scale bar, 200 mm) for histopathological examination and a monoclo
CD3þCD8þ T cells in the BALF at day 7 p.i. Data are presented as the mean ± standard err
granzyme B and active caspase-3 in lung homogenates; GAPDH was used as loading contro
**P < 0.01 vs. IAV-infected.
mediated pro-inflammatory mediator production was associated
with the enhancement of the transcriptional activity of the ISGF3
complex induced by IFN-b pre-treatment, while erucic acid treat-
ment reduced the transcriptional activity (Figs. 6D and E). As erucic
acid possesses NF-kB and p38 kinase inhibitory activities, the re-
sults presented in the current study hypothesized that optimal pro-
inflammatory mediator secretion driven by the ISGF3 complex may
be associated with NF-kB and p38 kinase activities. These claims
were directly confirmed by observations that treatment with NF-kB
or p38 kinase inhibitors individually suppressed the transcriptional
activity of the ISGF3 complex and amplified pro-inflammatory
response elicited by IFN-b pre-treatment. Combination treatment
enhanced observed inhibitory effects. Previously, a synergy be-
tween the NF-kB and IFN signaling pathways for optimal cytokine
IL-12p70 productionwas described for dendritic cells following LPS
or poly (I:C) stimulation [66]. Moreover, inhibition of p38 kinase
has been suggested to interfere with IFN signaling transduction by
impairing ISGF3 complex formation and STAT1 phosphorylation at
serine727 [23,67]. Our data added to the aforementioned studies
that involvement of NF-kB or p38 kinase signaling may contribute
to the IFN-mediated amplification of a detrimental pro-
inflammatory response to influenza virus infection.

In vitro data suggested that an increasing percentage of
apoptotic cells following influenza virus infection and vRNA stim-
ulation was decreased upon erucic acid treatment (Figs. 5AeD).
Similarly, erucic acid reduced levels of pro-apoptotic protease
granzyme B as well as apoptosis marker active caspase-3 in vivo
(Fig. 7J). During viral infection, apoptosis of the virus-infected cells
was regarded as the host defense mechanism to eliminate invading
pathogens. However, an increasing evidence suggests that influ-
enza progression has a direct link to the apoptosis of viral-infected
cells. Characteristic pathological findings in H5N1- or pandemic
H1N1-infected patients with ARDS exhibited severe lung damage
involving apoptosis of alveolar epithelial and endothelial cells
[68,69]. It has been demonstrated that pro-apoptotic factor TRAIL
that is released from recruited macrophages into the atmosphere is
significantly associated with the rapid development of IAV-
mediated acute lung injury and progression to ARDS [38]. Addi-
tionally, CTLs utilize pro-apoptotic factors, including TRAIL, perforin
or granzyme B, to trigger apoptosis in IAV-infected cells [70,71],
which is as an important limitation of viral replication. However,
excessive CD8þ T lymphocytes recruitment contributes to immu-
nopathology in the course of a viral infection. Peripheral blood
CD8þ T lymphocytes are more abundant in patients with severe
pneumonia thanmoderate pneumonia [72]. Histological findings of
the lungs of novel swine H1N1-infected patients supported that
increased CD8þ T lymphocyte and granzyme Bþ expression corre-
lateswith diffuse alveolar damage and fatal outcome [73]. Recipient
HA-transgenic mice with HA-specific CD8þ cytotoxic T lymphocyte
transfer develop progressive lethal lung injury [74]. IAV-specific
CD8þ T lymphocytes trigger non-specific apoptosis of bystander
alveolar epithelial cells [75]. The current data showed that erucic
acid reduced CTL recruitment and cytotoxic granzyme B expression
in lungs, which is potentially associated with reduction of IAV-
mediated lung injury and mortality.

In conclusion, it was revealed that erucic acid treatment of
influenza virus-infected cells resulted in the significant suppression
of viral propagation and pro-inflammatorymediator production via
nal antibody against CD3 (scale bar, 50 mm). (I) Representative flow cytometric plots of
or of the mean (n ¼ 4e6). **P < 0.01 vs. IAV-infected. (J) Immunoblotting analysis of
l. Data are presented as the mean ± standard error of the mean (n ¼ 3e5). *P < 0.05,



Fig. 8. Erucic acid attenuates excessive pulmonary inflammation upon IAV challenge in vivo. (A) On day 5 p.i., lungs were harvested and homogenized for immunoblot analysis
using indicated antibodies. Quantification and normalization of phosphorylated proteins to the internal control GAPDH (right panel). (BeC) Cytokine profiling in BALF (B) and lung
homogenates (C) assayed by multiplex analysis. (D) Levels of IFN-a and IFN-b in BALF assayed by Luminex analysis. (E) Levels of IL-10 in lung homogenates assayed by Luminex
analysis. Date are presented as the mean ± standard error of the mean. *P < 0.05, **P < 0.01 vs. IAV-infected.
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NF-kB and p38 MAPK signaling inactivation. This further involved
interference with ISRE transcriptional activities accompanied by
abrogation of the amplification of pro-inflammatory cytokine
production in IFN-b pre-treated cells. Moreover, erucic acid pro-
tectedmice from influenza virus-induced lung injury and improved
mortality by attenuating viral load, CTL recruitment and excessive
pro-inflammatory mediators. Therefore, it is suggested that erucic
acid exerted inhibitory effects on viral replication and modulated
virus-evoked excess pro-inflammatory responses that may have
potential in the treatment of influenza illness.
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