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Abstract
Background: Diallyl trisulfide (DATS) is a garlic-derived organosulfur compound. As it has been shown to have
anti-viral activity, we hypothesized that it may alleviate infections caused by H9N2 avian influenza virus (AIV), which is
prevalent in poultry with pandemic potential.
Methods: Human lung A549 epithelial cells were treated with three different concentrations of DATS 24 h before
(pre-treatment) or one hour after (post-treatment) H9N2 AIV infection. Culture supernatants were collected 24 h and
48 h post-infection and analyzed for viral titers and levels of inflammatory and anti-viral immune responses. For in vivo
experiments, BABL/c mice were administered daily by intraperitoneal injection with DATS (30 mg/kg) for 2 weeks
starting 1 day after H9N2 AIV infection. Clinical signs, lung pathology, and inflammatory and anti-viral immune
responses were assessed 2, 4, and 6 days after infection.
Results: Both pre-treatment and post-treatment of A549 cells with DATS resulted in reduced viral loads, increased
expression of anti-viral genes (RIG-I, IRF-3, and interferon-β), and decreased expression of inflammatory cytokines
(TNF-α and IL-6). These effects were also observed in H9N2 AIV-infected mice treated with DATS. Such treatment also
reduced lung edema and inflammation in mice.
Conclusions: Results suggest that DATS has anti-viral activity against H9N2 AIV and may be used as an alternative
treatment for influenza virus infection.
Keywords: Diallyl trisulfide, Antiviral activity, H9N2 AIV, Inflammation
Background
Influenza is a severe infectious disease of the respiratory tract and contributes to substantial morbidity and
mortality. It has been estimated that 290,000–650,000
influenza-associated deaths occur annually [1]. Currently,
two classes of anti-influenza virus drugs, M2 channel
blockers and neuraminidase inhibitors, are available.
Unfortunately, increasing viral resistance, cumulative
neurotoxicity, and time-dependent effectiveness of these
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drugs limit their clinical use [2, 3]. Therefore, novel and
more effective anti-influenza drugs are urgently needed.
The anti-viral activity of plant extracts and their derivatives is increasingly being recognized in recent years [4,
5]. More than 40% of modern medicines are derived from
plants [6]. Several small molecules extracted from plants
have been shown to possess anti-influenza virus activity.
For instance, catechins in green tea have significant inhibitory effect on both influenza A and B viruses in vitro [7].
The main active ingredients extracted from dendrobium
orchids also have been shown to possess activity against
H1N1 and H3N2 influenza viruses in vitro [8].
Garlic has a wide range of biological activities, including anti-fungus, anti-virus, anti-cancer, anti-oxidation,
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and anti-inflammation [9]. Fresh garlic extracts has been
shown to inhibit influenza virus replication [10, 11] and
modulate immune and inflammatory responses [12].
In dengue virus infection, an active substance of garlic
was shown to reduce inflammatory and oxidative stress
responses [13]. Organosulfur compounds are the main
effective components of garlic. Among which, diallyl
trisulfide (DATS) is much more easily synthesized and
stable than others [14]. It has been shown that DATS
diminishes NF-κB and TNF-α activity in mice with LPSinduced acute lung injury [15]. However, the role of
DATS in immune response against influenza virus infection is not clear.
H9N2 avian influenza virus (AIV) was initially identified in chickens in Guangdong province, China in 1994
[16]. It has widely spread and caused enormous economic loss to poultry industry in China [17, 18]. H9N2
AIV can cross species barriers and have been shown
to infect humans [19] and contribute internal genes to
H7N9, H5N1, H5N6, and H10N8 influenza viruses that
infect humans [19–22]. Therefore, H9N2 AIV has the
potential to cause pandemic infections. We hypothesized
that DATS can enhance innate immunity against H9N2
AIV infection and tested its anti-viral activity in vitro and
in vivo in this study.

Materials and methods
Virus

The H9N2 avian influenza virus (A/mallard/
Jiangxi/39/2011) stored in our laboratory was isolated
from wild duck in Jiangxi Province, China in 2011.
The complete sequences of all 8 genomic segments
(JQ901621, JQ901632, JQ901643, JQ901654, JQ901665,
JQ901676, JQ901687, and JQ901698) of the virus are
available from the GenBank. The H9N2 AIV used in this
study has been shown to infect and induce acute lung
injury in mice [23]. The virus was propagated in 10-day
old pathogen free chicken embryos (Ingelheim Vital
Biotechnology Co, Ltd, Beijing, China) at 37 °C for 72 h
(h). The 50% tissue culture infection dose (TCID50) was
determined in human alveolar epithelial cell line A549
cells, and the titer of viral stock was 106.9 TCID50/100 μl.
Cell culture and reagents

A549 cells were purchased from the Cell Bank Academy
of Science (China) and grown in Dulbecco’s Minimum
Essential Medium (DMEM) (Gibco, USA) supplemented
with 10% FBS at 37 °C with 5% 
CO2. MTT (3-[4,
5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide) (purity > 98%), amantadine hydrochloride (AMT)
(purity > 99%), and DATS (purity > 97%) were purchased
from Sigma-Aldrich. DATS was dissolved in 0.1% dimethyl sulfoxide (DMSO; Sigma-Aldrich) at 3 mM as stock
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solution and stored at − 20 °C before use. AMT was
dissolved in 0.1% DMSO at 4 mM and used as positive
anti-virus control drug. MTT (5 mg/ml) was dissolved
in phosphate buffered saline (PBS) and filtered through a
0.2-µm microporous membrane (Millipore).
Cytotoxicity assay

The cytotoxicity of DATS and AMT for A549 cells was
determined using the MTT assay. A549 cells were seeded
at a concentration of 1 × 105 cells/well in a 96-well plate
(Corning) and incubated at 37 °C in a 5% CO2 incubator
for 24 h. When the cells reached 75% confluency, they
were replenished with 0.1 ml of maintenance medium
(with 2% FBS) containing various concentrations of
DATS (75–3000 µM) or AMT (125–4000 µM). Five
wells of cell were used for each concentration and incubated at 37 °C in a 5% CO2 incubator for 48 h. Cells in
wells with 0.1 mL maintenance medium without drugs
were used as negative controls. After removal of culture
medium in each well, MTT (5 mg/ml, 20 µl) was added
and incubated for 4 h at 37 °C. The reaction was stopped
by addition of 100 µl of DMSO, and the absorbance
(Abs) of the purple formazan formed due to MTT reduction by NAD(P)H-dependent cellular oxidoreductase in
live cells was read at 570 nm using a microplate reader
(Thermo Fisher Scientific,USA). The percentage of cell
viability after drug treatment was calculated as follows:
% Cell viability = [Abs of treatment group/Abs of control
group] × 100%.
DATS treatment in A549 cells

The effect of DATS on H9N2 AIV infection was investigated with two different conditions, pre-treatment and
post-treatment. A549 cells were seeded in 96-well plates
or T-25 culture flasks and grown to 75–90% confluency.
For pre-treatment experiments, A549 cells were treated
with three different concentrations (375 µM, 187.5 µM
and 93.75 µM) of DATS for 24 h, washed twice with PBS,
and then infected with H9N2 AIV. For post-treatment
experiments, the cells were infected with H9N2 AIV for
1 h, washed twice with PBS, and then incubated in maintenance medium containing three different concentrations (375 µM, 187.5 µM, and 93.75 µM) of DATS. Cells
treated with 500 µM AMT were used as positive drug
control. To test the effect of DATS on virus adsorption,
the cells were inoculated with H9N2 AIV at a multiplicity
of infection (MOI) of 0.1 After 1 h of incubation at 37 °C,
the cells in wells of a 96-well plate were washed twice
with PBS and then incubated in maintenance medium for
48 h. The inhibitory activity of DATS on cytopathic effect
(CPE) induced by H9N2 AIV was determined by MTT
assay. The cells in T-25 culture flasks were incubated at
37 °C under 5% CO2 with a small amount of maintenance
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medium, and the supernatants were harvested at 24 h
and 48 h after drug treatment and assayed for TCID50 on
MDCK cells.
Quantitative RT‑PCR

Quantitative real-time RT-PCR (qRT-PCR) was performed to determine the expression levels of IL-6,
TNF-α, RIG-I, IRF-3, IFN-β, and H9N2 AIV M gene.
All qRT-PCR primers (Table 1) were designed using the
software Primer Premier 5.0 (Premier, Canada). Total
RNA was extracted from culture supernatants and cells
using the RNeasy Mini Kit (QIAGEN). Synthesis of the
first-strand complementary DNA was conducted using
the Invitrogen Transcription SuperScript™III RT Kit
(Invitrogen, US). Each qRT-PCR reaction contained 10
μL SYBR Premix Ex Taq (2 ×), 0.4 μL forward primer, 0.4
μL reverse primer, 0.4 μL ROX reference dye (50 ×), 2 μL
cDNA, 6.8 μL H
 2O (total volume 20 μL), and SYBR Premix Ex Taq RR420A-Tli RNase H Plus (Takara Clontech,
Dalian). PCR was performed as follows: 95 °C for 30 s
followed by 40 cycles of 95 °C for 5 s and 60 °C for 31 s.
Expression levels of various genes were normalized to
that of the housekeeping gene GAPDH as its expression
level was stable in A549 cells. Four independent PCRs
were performed for each sample. All data were analyzed
using the Sequence Detector Systems software (Applied
Biosystems, USA). Fold change in gene expression was
calculated using the 2−ΔΔCt method.
In vivo experiments

Pathogen free BALB/c female mice (aged 6–8 weeks)
were purchased from Shanghai Slake Co, Ltd. (China).
To evaluate the effect of DATS on H9N2 AIV-induced
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lung injury, the mice were randomly divided into infected
group, DATS-treated infected group, DATS control
group, and uninfected control group (n = 26 mice/group).
Mice in infected group and DATS-treated infected group
were lightly anaesthetized with diethyl ether and inoculated intranasally with 80 μL of H9N2 AIV in allantois
fluid (1 × 106 50% egg infection dose per 0.1 ml, EID50).
Mice in uninfected control group were inoculated with
the same dilution and volume of sterile allantois fluid
intranasally. One day after virus inoculation, mice were
intraperitoneally injected with DATS (30 mg/kg body
weight) or 0.9% saline daily for 2 weeks. Five mice from
each group were euthanized at days 2, 4, and 6 postinfection to obtain whole lungs, kidneys, spleens, and
intestines. The pulmonary index was calculated according to the following formula: Pulmonary index = [Lung
weight (g)/Body weight (g)] × 100. A portion of each
lung was fixed in formalin and processed for histological
examinations as described previously [24]. The other part
of each lung was used for viral titration on MDCK cells
and expression assessments of inflammatory cytokine
genes and H9N2 AIV M gene by qRT-PCR. The viral
loads in other organs of infected mice were also determined on MDCK cells at days 2, 4, and 6 post-infection.
The remaining mice were monitored daily for clinical
signs and body weight for 14 days after infection.
Statistical analyses

All data are expressed as mean ± standard deviation (SD).
Statistical analyses were performed using SPSS for Windows, version 19.0 (SPSS Inc, USA) and GraphPad Prism
8.0 (GraphPad Software, San Diego, CA, USA). The oneway analysis of variance (ANOVA) followed by post-hoc

Table 1 Primers used in this study
Gene name
IL-6

Primer sequences for genes in A549 cells (5′–3′)

Primer sequences for genes in mice (5′–3′)

F-TCCACAAGCGCCT TCGGTCCAG

F-GAGGATACCACTCCCAACAGACC

R-CTCAGGGCTGAGATGCCGTCG

R-AAGTGCATCATCGTTGTTCATACA

TNF-α

F-ATGAGCACAGAAAGCATGATC

F-CATC TTC TCAAAATTCGAGTGACAA

R-TACAGGC TTGTCACTCGAATT

R-TGGGAGTAGACAAGGTACAACCC

RIG-I

F-TCCT TTATGAGTATGTGGGCA

F-CGGTCGC TGATGAAGGCA

R-TCGGGCACAGAATATC TTTG

R-TACGGACATT TCTGCAGG

F-TGGGACGGGGCTTGAATAC TGCCTCCA

F-AGAAAGGACGAACATTCGGAAAT

IFN-β
GAPDH

R-TCCT TGGCCT TCAGGTAATGCAGA

R-CTTGGATGGCAAAGGCAGTG

F-ATGACCT TGCCCACAGCC

F-TCACCACCATGGAGAAGGC

R-CCCATCACCATCT TCCAG

R-GCTAAGCAGT TGGTGGTGCA

IRF3

F-TACGTGAGGCATGTGC TGA

/

R-AGTGGGTGGC TGT TGGAAAT

/

M

F-ATGAGYC TTY TAACCGGGTCGAAACG

/

R-TGGACAAANCGTC TACGCTGCAG

/
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Tukey test or unpaired two-tailed t-test was used to
determine the significance of difference between two
groups. In all statistical analyses, p < 0.05 or p < 0.01 was
considered significant.

Results
Cytotoxicity of DATS

The cytotoxicity of DATS and AMT on A549 cells was
examined using the MTT-based cell viability assay.
Results showed that 375 µM of DATS and 500 µM of
AMT had little or no cytotoxicity to A549 cells (Fig. 1).
Therefore, 93.75–375 µM of DATS and 500 µM of AMT
were used for subsequent experiments.
Anti‑viral activity of DATS

To investigate anti-H9N2 AIV activity of DATS, its effect
on different stages of infection was examined. DATS was
added to A549 cell cultures to a final concentration of
93.75, 187.5, or 375 µM 24 h before (pre-treatment), or
1 h after (post-treatment) H9N2 AIV infection. H9N2
AIV-infected A549 cells were treated with 500 µM AMT
as positive anti-viral control in the same manner. As
AMT was dissolved in 0.1% DMSO, cells in untreated
control groups were treated with 0.1% DMSO before or
after infection to serve as negative controls.
In the pre-treatment experiment, the viability of
untreated H9N2 AIV infected- cells was 33.6%, and that
of AMT-treated infected group was 47.8%. The viability of H9N2-infected cells treated with 93.75, 187.5, or
375 µM of DATS was 36.7%, 44.8%, and 44.9%, respectively (Fig. 2a), suggesting that pre-treatment of A549
cells with DATS for 24 h rendered them less susceptible
to H9N2 AIV infection. In the post-treatment experiment, the viability of untreated H9N2 AIV infected-cells

was 53.5%, and that of AMT-treated infected cells was
82.2%. The viability of infected cells treated with 93.75,
187.5, or 375 µM of DATS 1 h after H9N2 AIV infection was 67.7%, 72.7%, and 79.3%, respectively. The antiviral activity of DATS was dose dependent and was more
effective in the post-treatment experiment.
Culture supernatants of H9N2 AIV-infected cells were
assayed at 24 h and 48 h after infection for TCID50 on
MDCK cells. Results showed that DATS effectively
inhibited virus proliferation in both pre-treatment and
post-treatment experiments at 24 h and 48 h (Fig. 2b).
To further assess the effect of DATS on H9N2 AIV replication, the expression levels of the M gene of H9N2
AIV in both pre-treatment and post-treatment experiments were examined by qRT-PCR 48 h after infection.
Results showed that M gene expression level in AMT
pre-treatment experiment was 0.71 fold and that in AMT
post-treatment experiment was 0.54 fold of the level of
untreated H9N2 AIV-infected cells (Fig. 2c). H9N2 AIV
M gene expression in A549 cells in DATS pre-treatment
experiment was 0.6 fold (40% decrease) that of untreated
H9N2-infected cells for all 3 DATS doses. The inhibitory effect of DATS on H9N2 AIV replication was more
profound in the post-treatment experiment as M gene
expression in A549 cells treated with 93.75, 187.5, or
375 µM of DATS after infection was 0.27, 0.18, and 0.16
fold that of untreated cells, indicating that DATS at 93.75,
187.5, and 375 µM inhibited H9N2 AIV replication by 73,
82, and 84% when it was added to the cells 1 h after infection. Taken together, these results indicated that DATS
was inhibitory to H9N2 AIV replication and was more
effective when it was added 1 h after infection. Accordingly, 375 µM of DATS added 1 h post-infection was used
for subsequent experiments.
DATS diminishes H9N2 AIV induced inflammation
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Fig. 1 Cytotoxicity of diallyl trisulfide (DATS). A549 cells were
incubated with various concentrations of DATS or AMT for 48 h. The
percentage of cell viability was calculated. Values are presented as
means ± SD of five repeats

To investigate the effect of DATS on H9N2 AIV-induced
inflammation, the expression levels of inflammatory
cytokines TNF-α and IL-6 in cells of post-treatment
experiment were measured by qRT-PCR at 24 h and 48 h
after infection. The level of TNF-α and IL-6 mRNAs thus
determined was then compared to that of uninfected
control, which was set as 1.0. For IL-6, H9N2 AIV infection increased its expression by 15.8 fold at 24 h and 9.6
fold at 48 h (Fig. 3a). Treatment of H9N2 infected cells
with 500 µM AMT decreased IL-6 expression by 5.6 fold
at 24 h and 2.5 fold at 48 h (Fig. 3a). Treatment of H9N2
infected cells with 375 µM of DATS reduced IL-6 expression by 9.0 fold at 24 h and 2.3 fold at 48 h. For TNFα, H9N2 AIV infection increased its expression by 11.3
fold at 24 h and 23.7 fold at 48 h (Fig. 3b). Treatment
of H9N2 infected cells with 500 µM AMT decreased
TNF-α expression by 2.9 fold at 24 h and 2.3 fold at 48 h.
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Fig. 2 Effect of DATS on H9N2 AIV replication in A549 cells. A549 cells were treated with three different concentrations (375 µM, 187.5 µM, and
93.75 µM) of DATS 24 h before or 1 h after H9N2 AIV infection and then cultured in maintenance medium for 48 h. AMT (500 µM) was used as the
positive drug control. a Viability of A549 cells was measured by MTT assay. b Culture supernatants were collected at 24 h and 48 h after infection
and assayed for TCID50 on MDCK cells. c RNA was isolated from cell lysates and assayed for expression levels H9N2 AIV M gene by real-time RT-PCR.
Abbreviations: control, uninfected cells; H9N2, H9N2 AIV-infected; AMT + H9N2, H9N2 AIV-infected cells treated with 500 μM AMT; DATS + H9N2,
H9N2 AIV-infected cells treated with DATS. Values are averages of three independent examinations. Significant difference was determined by
comparing the data to those of H9N2 AIV-infected group (*p < 0.05, **p < 0.01)

Treatment of H9N2 infected cells with DATS decreased
TNF-α expression by 11.3 fold at 24 h and 4.8 fold at 48 h.
These results showed that DATS decreased proinflammatory response induced by H9N2 AIV infection.
DATS increases anti‑viral responses during H9N2 AIV
infection

The effect of DATS on the expression of anti-viral factors RIG-I, IRF-3, and IFN-β in A549 cells were also
investigated by qRT-PCR. The level of RIG-I, IRF-3, and
IFN-β mRNAs thus determined was then compared to
that of uninfected control, which was set as 1.0. H9N2
AIV infection was found to increase RIG-1 expression
by 14.8 fold at 24 h and 12.9 fold at 48 h post-infection
(Fig. 3c). Treatment of A549 cells with 500 µM AMT
1 h after H9N2 AIV infection resulted in a further
increase in RIG-1 expression, 29.8 fold at 24 h and 17.9
fold at 48 h. Treatment of cells 1 h after infection with

375 µM of DATS increased RIG-1 expression 26.9 fold
at 24 h and 15.3 fold at 48 h (Fig. 3c). For IRF3, H9N2
AIV infection increased its expression by 19.8 fold at
24 h and 3.3 fold at 48 h (Fig. 3d). Treatment of A549
cells 1 h after H9N2 AIV infection with 500 µM AMT
increased IRF3 expression 62.8 fold at 24 h and 24.4
fold at 48 h. Treatment of cells with 375 µM of DATS
1 h after infection increased its expression 51.8 fold at
24 h and 34.2 fold at 48 h (Fig. 3d). For IFN-β, H9N2
AIV infection increased its expression by 6.1 fold at
24 h and 4.7 fold at 48 h (Fig. 3e). Treatment of A549
cells 1 h after H9N2 AIV infection with 500 µM AMT
increased its expression 13.6 fold at 24 h and 9.7 fold
at 48 h. Treatment of cells with DATS 1 h after H9N2
AIV infection increased its expression 9.2 fold at 24 h
and 8.2 fold at 48 h (Fig. 3e). These results suggest that
DATS exerts its anti-H9N2 AIV by enhancing innate
immune responses.
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Fig. 3 Effect of DATS on the expression of inflammatory and antiviral cytokines. A549 cells were treated with DATS and cultured in maintenance
medium. At 24 h and 48 h after DATS treatment, total RNA was extracted and analyzed for expression levels of inflammatory and antiviral
cytokines by real-time PCR assay. GAPDH was used as an internal control. Fold change in gene expression was calculated using the 2 −ΔΔCt method.
AMT (500 µM) was used as the positive drug control. Abbreviations are the same as those in Fig. 2. Values are averages of three independent
examinations. Significant difference was determined by comparing the data to those of H9N2 AIV-infected group (*p < 0.05, **p < 0.01)

DATS protects mice from H9N2 AIV infection

Based on results of in vitro experiments, we hypothesized that DATS can attenuate the symptoms of H9N2
AIV infection in mice. It has been shown that H9N2
AIV-infected mice exhibit marked inactivity, emaciation, ruffled fur, lack of appetite, labored breathing,

respiratory distress, and decreased body weight [24].
In this study, the decrease in body weight caused by
H9N2 AIV infection was most profound (12.8% loss)
3 days after infection. Treatment of infected mice with
DATS (30 mg/kg/day), starting 1 day after infection,
diminished such loss (8.2% loss) 3 days after infection.
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The body weight of mice in DATS-treated group and
uninfected control group was not significantly changed
(Fig. 4).
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Fig. 4 Effect of DATS on body weight of H9N2 AIV-infected mice.
BALB/c female mice were inoculated intranasally with 80 μL of
allantois fluid containing H9N2 AIV (1 × 106 50% egg infection dose).
One day after virus inoculation, mice were injected with 30 mg/kg
of DATS intraperitoneally or 0.9% saline every day and monitored
for weight loss daily for 14 days. Abbreviations: Control, uninfected
and untreated; DATS, DATS treated uninfected control; H9N2, H9N2
AIV-infected control; DATS + H9N2, mice infected with H9N2 AIV and
then treated with DATS. Data are presented as mean ± SD of 6 mice
per group

To investigate pulmonary edema caused by H9N2
virus infection, lung index (weight lung to body weight
ratio) was determined at different time points during
infection. Results showed that lung index was increased
in mice of infected groups at days 2–6 after H9N2 AIV
infection, but it was lower in mice of DATS-treated
group (Fig. 5a). At day 6, DATS effect was not significant. These results indicated that H9N2 AIV infection
caused edema in the lungs, thus increasing lung index,
and DATS treatment reduced the severity of lung
edema. Similar patterns of DATS effect were observed
in viral loads in the lungs. A significant decrease in
viral loads was observed in DATS treatment for 2 and
4 days (Fig. 5b). Since the levels of influenza M protein
reflect the levels of virus replication, mRNA levels of
the M gene were determined. Results showed significantly reduced levels of M gene mRNA after treatment
with DATS for 2 or 4 days (Fig. 5c).To examine lung
lesion, HE staining of lung sections was carried out.
Results showed that the lungs of H9N2 AIV-infected
mice exhibited collapsed alveolar spaces, infiltration of
inflammatory cells, interstitial and alveolar edema, and
hemorrhage (Fig. 6). These pathological changes were
relatively mild in mice with DATS treatment. These

Fig. 5 Effect of DATS on lung injury in of mice. Five mice from each group were euthanized at days 2, 4, and 6 post-infection, and their lungs were
harvested and weighed. Abbreviations are the same as those in Fig. 4. Significant difference was determined by comparing the data to those of
H9N2 AIV-infected group (*p < 0.05, **p < 0.01). a Wet lung weight to body weight ratios. b Viral loads in the lungs determined by TCID50 assay on
MDCK cells. c Expression levels of H9N2 AIV M gene determined by real-time PCR. Fold change was calculated using the 2 −ΔΔCt method
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Fig. 6 Effect of DATS on lung histology. Five mice from each group were euthanized at days 2, 4, and 6 post-infection, and their lungs were
harvested for histological examinations. Abbreviations are the same as those in Fig. 4. DATS + H9N2 (a–c), H9N2 (d–f), DATS (g–i), and Control (j–l).
Images shown are of 100 × magnification (10 × objectives, 10 × eyepiece lens)

results suggest that DATS treatment reduced the severity of edema and viral loads in the lungs.
The expression levels of inflammatory cytokines (IL-6
and TNF-α) and anti-viral cytokines (RIG-1 and IFNβ) induce by H9N2 AIV infection in lungs were then

determined. The mRNA level of these cytokines was then
compared to that of uninfected control, which was set as
1.0. Results showed that the effects of H9N2 AIV infection and DATS treatment on the expression of TNF-α and
IL-6 were most profound at 6 days post infection (Fig. 7).
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Fig. 7 Effect of DATS on the expression of inflammatory and anti-viral cytokines in mice. Five mice from each group were euthanized at days 2, 4,
and 6 post-infection, and their lungs were harvested for determination of expression levels of inflammatory and anti-viral cytokines by real-time PCR
assay. GAPDH was used as an internal control. Fold change in gene expression was calculated using the 2 −ΔΔCt method. Abbreviations are the same
as those in Fig. 4. Values are averages of three independent examinations. Significant difference was determined by comparing the data to those of
H9N2 AIV-infected group (*p < 0.05, **p < 0.01)

At that time, H9N2 AIV infection increased TNF-α
expression by 6.5 fold, and DATS treatment reduced it
to 3.9 fold. For IL-6, H9N2 AIV infection increased its
expression by 20 fold, and DATS treatment reduced it
to 18 fold. The effect on RIG-I expression was most profound (16.9 fold increase) at day 6 post-infection. DATS
treatment further increased it to 29 fold (Fig. 7). The
effect on IFN-β expression was most profound (tenfold increase) at 2 days post-infection. DATS treatment
increased IFN-β expression 12 fold. These results showed
that H9N2 AIV infection caused a profound increase in
the expression of inflammatory and anti-viral cytokines.
DATS treatment reduced the expression of TNF-α and
IL-6, but increased the expression of RIG-1 and IFN-β.

Discussion
Influenza viruses infect 3–5 million people every year
[1]. Treatment with conventional anti-influenza drugs is
usually met with drug resistance. Therefore, alternative
anti-viral agents are urgently needed. As garlic and garlic-derived organosulfur compounds have long been used
to treat infectious diseases including viral infections [25,

26], we examined the anti-viral effect of DATS on H9N2
AIV infection in vitro and in vivo.
In A549 cells, a strong anti-H9N2 AIV effect was
observed when DATS was applied 1 h post-infection
(Fig. 2). In the mouse model, DATS was shown to reduce
viral loads in the lungs and the severity of lung edema
(Figs. 5, 6). This anti-influenza virus activity of DATS is
similar to that of fresh garlic extract [10, 11]. It has been
shown that over expression of cytokines is a hallmark
of severe influenza virus infection [27]. Several reports
have demonstrated that the severity and higher mortality of influenza A viral infections were correlated with
the excessive inflammation in the lungs attributed to
IL-6 and TNF-a [28]. H9N2 viruses are known to elicit
a higher expression of inflammatory chemokines and
cytokines which might enhance their pathogenicity to
the hosts [29]. Garlic has been shown to be effective to
several diseases, and which largely due to the reduction
of inflammation, and DATS has also been shown to have
immunomodulatory and anti-inflammatory effects in
several types of cancer [30]. Our data showed that DATS
treatment decreased the expression of inflammatory
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cytokines TNF-α and IL-6 induced by H9N2 AIV infection both in vitro and in vivo.
It has been demonstrated that cytosolic RNAs derived
from viral genome are mainly recognized by RNA
helicases RIG-I and MDA5 encoded by retinoic acidinducible gene I (RIG-I) and melanoma differentiationassociated gene 5 (MDA5). RIG-I and MDA5 recruit
virus-induced signaling adaptor (VISA) (also known
as MAVS, IPS-1, and Cardif ) [31]. VISA then forms a
large prion-like complex and serves as a platform for
the assembly of a signalosome, which contains multiple
components including TRAF proteins (TRAF2/3/5/6),
TBK1, and IKKs kinases. TBK1 and IKKs phosphorylate
IRF3 and NF-B, respectively, leading to induction of type
I interferons (IFNs) and pro-inflammatory cytokines [32].
RIG-I is expressed in many types of cells, such as lung
epithelial cells, endothelial cells, and fibroblasts and plays
a vital role in innate immunity against influenza virus
infection. In this study, we showed that DATS up-regulated the expression of RIG-I in H9N2 AIV infected cells,
thus promoting the expression of its downstream genes,
IRF-3 and IFN-β (Fig. 3).
Results of our in vivo experiments showed that treatment of infected mice with DATS resulted in reduced
weight loss, lung damage, and pulmonary inflammation and edema. Pathological examinations revealed
that DATS decreased the infiltration of inflammatory
cells such as polymorphonuclear neutrophils and macrophages that are important sources of reactive oxygen
species (ROS) [33]. Excessive ROS is known to cause
oxidative stress, which aggravates the symptoms of viral
infections [34]. Whether DATS can diminish H9N2 AIVinduced oxidative stress remains to be investigated. Our
results revealed that DATS significantly reduced the
expression of IL-6 and TNF-α in H9N2 AIV-infected
cells and enhanced the expression of RIG-I and IFN-β
in the lungs to defend H9N2 AIV infection in mice.
These observations suggest that DATS has the potential
to become an alternative therapy for respiratory viral
infections.

Conclusion
We found that DATS inhibited H9N2 AIV infection, increased the expression of anti-viral genes, and
decreased the production of inflammation cytokines
during H9N2 AIV infection in vitro and in vivo. These
results suggest that DATS is a promising antiviral agent
against influenza viruses.
Abbreviations
DATS: Diallyl trisulfide; AIV: Avian influenza virus; TCID50: 50% Tissue culture
infection dose; DMEM: Dulbecco’s minimum essential medium; DMSO:
Dimethyl sulfoxide; AMT: Amantadine hydrochloride; PBS: Phosphate buffered

Page 10 of 11

saline; Abs: Absorbance; SD: Standard deviation; ANOVA: One-way analysis of
variance; RIG-I: Retinoic acid-inducible gene I; MDA5: Melanoma differentiation-associated gene 5; VISA: Virus-induced signaling adaptor.
Acknowledgements
We sincerely acknowledge the support of Yangtze Delta Estuarine Wetland
Ecosystem Observation and Research Station and Ministry of Education &
Shanghai Science and Technology Committee in this study.
Authors’ contributions
GH conceived the idea and designed the study. ML, ZL, and XL performed the
experiments. ML, CH, XL, WT, and LT analyzed the data. ZL and GH wrote the
manuscript. All authors have read and approved the final manuscript.
Funding
The work was funded by the National Natural Science Foundation of China
(Grant Number: 31402163) and the Shanghai Municipal Committee of Science
and Technology (Grant Number: 18DZ2293800).
Availability of data materials
The datasets used in this are available from the corresponding author upon
request.

Declarations
Ethical approval and consent to participate
All experiments were conducted under biosafety level 2 conditions. Animals
were maintained according to the National Institutes of Health (NIH) guidelines for the Care and Use of Experimental Animals. All animal experiments
were performed according to established safety protocols and were approved
by the Animal Ethics Committee of the East China Normal University.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Laboratory of Wildlife Epidemic Diseases, School of Life Sciences, East China
Normal University, No. 3663, North Zhongshan Rd, Shanghai, China. 2 Institute
of Eco‑Chongming (IEC), East China Normal University, Shanghai, China.
Received: 8 March 2021 Accepted: 10 August 2021

References
1. Iuliano AD, Roguski KM, Chang HH, Muscatello DJ, Palekar R, Tempia S,
Cohen C, Gran JM, Schanzer D, Cowling BJ, Wu P, Kyncl J, Ang LW, Park
M, Redlberger-Fritz M, Yu H, Espenhain L, Krishnan A. Estimates of global
seasonal influenza-associated respiratory mortality: a modelling study.
The Lancet. 2018;391:1285–300.
2. Le QM, Kiso M, Someya K, Sakai YT, Nguyen TH, Nguyen KHL, Pham ND,
Ngyen HH, Yamada S, Muramoto Y, Horimoto T, Takada A, Goto H, Suzuki
T, Suzuki Y, Kawaoka Y. Avian flu: isolation of drug-resistant H5N1 virus.
Nature. 2005;437:1108.
3. Bright RA, Medina MJ, Xu X, Perezoronoz G, Wallis TR, Davis XM, Povinelli
L, Cox NJ, Klimov A. Incidence of adamantane resistance among influenza
A (H3N2) viruses isolated worldwide from 1994 to 2005: a cause for
concern. Lancet. 2005;366:1175–81.
4. Sharma SB, Gupta R. Drug development from natural resource: a systematic approach. Mini-Rev Med Chem. 2015;15:52–7.
5. Fang J, Liu C, Wang Q, Lin P, Cheng F. In silico polypharmacology of natural products. Brief Bioinform. 2018;19:1153–71.
6. Rajasekaran D, Palombo EA, ChiaYeo T, LimSiokLey D, LeeTu C, Malherbe
F, Grollo L. Identification of traditional medicinal plant extracts with novel
anti-influenza activity. PLoS ONE. 2013;8:79293.

Ming et al. Virol J

7.
8.
9.

10.
11.
12.

13.
14.
15.
16.
17.
18.

19.

20.

21.

(2021) 18:171

Jae-Min S, Kwang-Hee L, Baik-Lin S. Antiviral effect of catechins in green
tea on influenza virus. Antiviral Res. 2005;68:66–74.
Li R, Liu T, Liu M, Chen F, Liu S, Yang J. Anti-influenza A virus activity of dendrobine and its mechanism of action. J Agric Food Chem.
2017;65:3665–74.
Rouf R, Uddin SJ, Sarker DK, Islam MT, Ali ES, Shilpi JA, Nahar L, Tiralongo
E, Sarker SD. Anti-viral potential of garlic (Allium sativum) and it’s organosulfur compounds: a systematic update of pre-clinical and clinical data.
Trends Food Sci Technol. 2020;104:219–34.
Mehrbod P, Aini I, Amini E, Eslami M, Bande F. Assessment of direct immunofluorescence assay in detection of antiviral effect of garlic extract on
influenza virus. Afr J Microbiol Res. 2013;72:2608–16.
Mehrbod P, Amini E, Tavassotikheiri M. Antiviral activity of garlic extract
on influenza virus. Iran J Virol. 2009;3:19–23.
Arreola R, Quintero-Fabián S, López-Roa RI, Flores-Gutiérrez EO, ReyesGrajeda JP, Carrera-Quintanar L, Ortuño-Sahagún D. Immunomodulation
and anti-Inflammatory effects of garlic compounds. J Immunol Res. 2015.
https://doi.org/10.1155/2015/401630.
Hall A, Troupin A, Londono-Renteria B, Colpitts TM. Garlic organosulfur
compounds reduce inflammation and oxidative stress during dengue
virus infection. Viruses. 2017;9:159.
Corzo-Martínez M, Corzo N, Villamiel M. Biological properties of onions
and garlic. Trends Food Sci Technol. 2007;8:609–25.
Yewdell JW, Bennink JR, Smith GL, Moss B. Influenza A virus nucleoprotein
is a major target antigen for cross-reactive anti-influenza A virus cytotoxic
T lymphocytes. Proc Natl Acad Sci USA. 1985;82:1785–9.
Chen B, Zhang ZJ, Chen WB. Isolation and identification of avian influenza
virus. Chin J Vet Med. 1994;20:3–5.
Li C, Yu K, Tian G, Yu D, Liu L, Jing B, Ping J, Chen H. Evolution of H9N2
influenza viruses from domestic poultry in Mainland China. Virology.
2005;340:70–83.
Li KS, Xu KM, Peiris JS, Poon LL, Yu KZ, Yuen KY, Shortridge KF, Webster
RG, Guan Y. Characterization of H9 subtype influenza viruses from the
ducks of southern China: a candidate for the next influenza pandemic in
humans? J Virol. 2003;77:6988–94.
Li X, Shi J, Guo J, Deng G, Zhang Q, Wang J, He X, Wang K, Chen J, Li Y, Fan
J, Kong H, Gu C, Guan Y, Suzuki Y, Kawaoka Y, Liu L, Jiang Y, Tian G, Li Y, Bu
Z, Chen H. Genetics, receptor binding property, and transmissibility in
mammals of naturally isolated H9N2 avian influenza viruses. PLoS Pathog.
2014;10:e1004508.
Pu J, Wang S, Yin Y, Zhang G, Carter RA, Wang J, Xu G, Sun H, Wen C, Wang
D, Zhu B, Lemmon G, Jia Y, Duan S, Wang Q, Du Q, Sun M, Bao J, Sin Y,
Zhao J, Zhang H, Wu G, Liu J, Webster RG. Evolution of the H9N2 influenza
genotype that facilitated the genesis of the novel H7N9 virus. Proc Natl
Acad Sci USA. 2015;112:548–53.
Guan Y, Shortridge KF, Krauss S, Chin PS, Dyrting KC, Ellis TM, Webster
RG. Peiris M (2000) H9N2 influenza viruses possessing H5N1-like internal

Page 11 of 11

22.

23.
24.

25.
26.
27.
28.
29.

30.
31.
32.
33.
34.

genomes continue to circulate in poultry in Southeastern China. J Virol.
2000;74:9372–80.
Chen H, Yuan H, Gao R, Zhang J, Wang D, Xiong Y, Fan G, Yang F, Li X, Zhou
J, Zou S, Yang L, Chen T, Dong L, Bo H, Zhao X, Zhang Y, Lan Y, Bai T, Dong
J, Li Q, Wang S, Zhang Y, Li H, Gong T, Shi Y, Ni X, Li J, Zhou J, Fan J, Wu J,
Zhou X, Hu M, Wan J, Yang W, Li D, Wu G, Feng Z, Gao GF, Wang Y, Jin Q,
Liu M, Shu Y. Clinical and epidemiological characteristics of a fatal case
of avian influenza A H10N8 virus infection: a descriptive study. Lancet.
2014;383:714–21.
Zhu G, Wang R, Xuan F, Daszak P, Anthony SJ, Zhang S, Zhang L, He G.
Characterization of recombinant H9N2 influenza viruses isolated from
wild ducks in China. Vet microbial. 2013;166:327–36.
Gui B, Chen Q, Hu C, Zhu C, He G. Effects ofcalcitriol (1, 25-dihydroxyvitamin D3) on the inflammatory response induced by H9N2 influenza
virus infection in human lung A549 epithelial cells and in mice. Virol J.
2017;14:10.
Ayaz E, Alpsoy HC. Garlic (Allium sativum) and traditional medicine.
Turkiye Parazitol Derg. 2007;31:145–9.
Rehman R, Saif S, Hanif MA, Riaz M. Medicinal plants of South Asia.
Amsterdam: Elsevier B. V; 2019. p. 768.
Peeling P, Dawson B, Goodman C, Landers G, Trinder D. Athletic induced
iron deficiency: new insights into the role of inflammation, cytokines and
hormones. Eur J Appl Physiol. 2008;103:381.
McGill J, Heusel JW, Legge KL. Innate immune control and regulation of
influenza virus infections. J Leukoc Biol. 2009;86:803–12.
Huang R, Liu J, Liang W, Wang A, Liu Z, Yang Y, Lv J, Bao Y, Gao Y, Miao
Z. Response profiles of cytokines and chemokines against avian H9N2
influenza virus within the mouse lung. Med Microbiol Immunol.
2014;203:109–14.
Thomson M, Ali M. Garlic [Allium sativum]: a review of its potential use as
an anti-cancer agent. Curr Cancer Drug Tar. 2003;3:67–81.
Pichlmair A, Schulz O, Tan CP, Näslund TI, Liljeström P, Weber F, Sousa
CR. RIG-I-mediated antiviral responses to single-stranded RNA bearing
5’-phosphates. Science. 2006;314:997–1001.
Hornung V, Ellegast J, Kim S, Brzózka K, Jung A, Kato H, Poeck H, Akira S,
Conzelmann KK, Schlee M, Endres S, Hartmann G. 5’-Triphosphate RNA is
the ligand for RIG-I. Science. 2006;314:994–7.
Oda T, Akaike T, Hamamoto T, Suzuki F, Hirano T, Meada H. Oxygen
radicals in influenzainduced pathogenesis and treatment with pyran
polymer-conjugated SOD. Science. 1989;244:974–6.
Washington AT, Singh G, Aiyar A. Diametrically opposed effects of
hypoxia and oxidative stress on two viral transactivators. Virol J. 2010;7:93.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

