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Respiratory syncytial virus (RSV) is the most important cause of severe, lower respiratory tract infections
in infants, and RSV infections have been associated with chronic wheezing and asthma during childhood.
However, the mechanism of RSV-induced airway inflammation and airway hyperresponsiveness (AHR) is
poorly understood. Furthermore, there are presently neither effective vaccines nor drugs available for the
prevention or treatment of RSV infections. In this study, we investigated the effect of the plant extract
resveratrol as a means of preventing airway inflammation and attenuating RSV-induced AHR. Our data
showed that resveratrol reduced RSV lung titers and the number of infiltrating lymphocytes present in
bronchoalveolar lavage fluid (BALF) and reduced inflammation. Furthermore, resveratrol attenuated airway
responses to methacholine following RSV infection and significantly decreased gamma interferon (IFN-y)
levels in BALF of RSV-infected mice. Data presented in this report demonstrated that resveratrol controlled
Toll-like receptor 3 (TLR3) expression, inhibited the TRIF signaling pathway, and induced M2 receptor
expression following RSV infection. These data support a role for the use of resveratrol as a means of reducing
IFN-v levels associated with RSV-mediated airway inflammation and AHR, which may be mediated via TLR3

signaling.

Respiratory syncytial virus (RSV) is the primary cause of
lower respiratory tract infections resulting in hospitalization
during the first year of life in most parts of the world (43). It is
estimated that 50% of children are infected during the first
year of life, and by 3 years of age, 100% have experienced at
least one RSV infection. RSV infections do not elicit lifelong
protective immunity; therefore, repeated infections are com-
mon. Previous studies demonstrated that RSV has been asso-
ciated with severe respiratory illness not only in the elderly or
in immunocompromised patients but also in healthy adults (2,
15). As a result, RSV is associated with significant morbidity
and mortality. In the United States alone, about 100,000 hos-
pital admissions were related to RSV infections, with esti-
mated patient care costs exceeding over 300 million dollars
annually (43). Unfortunately, vaccines with the capacity to
elicit protective immunity against RSV infections are not avail-
able; that is, recently developed formulations not only have
proven to be ineffective but also have led to vaccine-enhanced
disease (29, 44). Currently, the only approved therapy for the
treatment of active RSV infections is the aerosol delivery of
the nucleotide analog ribavirin. However, this treatment op-
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tion is questionable, since the beneficial effects associated with
clinical outcomes remain unproven (1). However, the prophy-
lactic treatment of premature infants with palivizumab, a
monoclonal antibody against the RSV fusion (F) protein,
significantly reduced wheezing and symptoms associated with
RSV infections compared to controls. Unfortunately, this
treatment option is not effective in treating acute RSV infec-
tions, and preliminary experiments demonstrated that this ap-
proach would not be cost-effective.

Resveratrol (trans-3,4,5-trihydroxystilbene), a natural poly-
phenol present in various fruits and vegetables and abundant
in grapes, functions as a phytoalexin that protects against fun-
gal infections (21). Previous studies demonstrated that resvera-
trol exhibited a wide range of biological and pharmacological
activities, including anticarcinogenic and anti-inflammatory
properties in addition to being beneficial to the maintenance of
cardiovascular integrity (8, 28). In addition, various recent
studies have confirmed that resveratrol exhibited cardioprotec-
tive and chemopreventive effects in mouse studies (10, 33).
More recently, the anti-inflammatory effects of resveratrol
have been associated with the inhibition of the transcription
factor NF-kB (35), possibly by mediating the inhibition of Ik-B
kinase (26). NF-kB activation is required for the expression of
many proinflammatory proteins, such as granulocyte-macro-
phage colony-stimulating factor (GM-CSF), interleukin-8 (IL-
8), COX-2, and inducible nitric oxide synthase (iNOS) (6, 41).
Therefore, the inhibition of NF-kB might reduce the expres-
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sion levels of inflammation-associated genes, providing a target
for anti-inflammatory glucocorticosteroid-based treatments
(40). Moreover, Youn et al. demonstrated previously that res-
veratrol suppressed NF-«kB activation and COX-2 expression
by inhibiting TRIF signaling associated with the Toll-like re-
ceptor 3 (TLR3) and TLR4 MyD88-independent pathway by
targeting TANK-binding kinase 1 and RIP1 in the TRIF com-
plex (51). In recent years, several studies have demonstrated
that resveratrol inhibited viral replication, e.g., influenza A
virus, human cytomegalovirus, herpes simplex virus, and vari-
cella-zoster virus, both in vitro and in vivo (11-14, 42).

RSV infections during infancy have been associated with
chronic wheezing and asthma later in childhood. As a member
of the type II interferon (IFN) family, the role of IFN-y in
airway hyperresponsiveness has been extensively studied. Yang
et al. reported previously that IFN-y contributed to the pro-
longation of airway hyperresponsiveness (AHR) in a BALB/c
mouse asthma model (50), and IFN-y has been shown to play
an important role in RSV infection-associated airway inflam-
mation and AHR.

RSV infections occur mainly in children under 2 years of age
due to their immature immune systems (7, 48). Healthy
BALB/c mice are not susceptible to RSV infections; however,
preliminary experiments demonstrated that mice that were
immunocompromised as a result of cyclophosphamide (CYP)
treatment were susceptible to RSV infection (30). Therefore,
in this study, we examined the effects of resveratrol treatment
on immunocompromised mice to investigate its effects on
RSV-induced airway inflammation and AHR. In this study, we
investigated the effects of resveratrol on RSV replication and
its anti-inflammatory and antihyperresponsive effects in a
model of acute RSV infection. Furthermore, we studied the
effects of IFN-y on airway inflammation and AHR and found
that resveratrol inhibited IFN-y production via the TLR3 sig-
naling pathway, which prevented both airway inflammation
and AHR.

MATERIALS AND METHODS

Virus preparation and animal model. A stock of human A2 strain RSV was
obtained from the Viral Laboratory at Beijing Children’s Hospital (Capital
University of Medical Sciences, Beijing, China). The virus was grown on HEp2
cell monolayers by using Dulbecco’s modified Eagle’s medium (DMEM; Invit-
rogen, Carlsbad, CA) plus 5% fetal bovine serum (FBS; HyClone, Logan, UT)
and titrated by using a plaque assay (36). Master and working stocks of RSV were
prepared as described previously (18).

Specific-pathogen-free female BALB/c mice, 6 to 8 weeks old, were purchased
from the Chongqing Medical University Animal Laboratory and housed in in-
dividually filtered cages. Cages, bedding, food, and water were sterilized before
use. The room temperature was maintained at 23°C, and animals were main-
tained on a 12-h light/dark cycle. All animal procedures were carried out on
sterile surfaces. Mice were treated with cyclophosphamide (CYP) as described
previously (30). Briefly, CYP was administered in a single dose of 100 mg/kg of
body weight, and 5 days later, mice were intranasally infected with 3.4 X 10° RSV
PFU in a volume of 100 wl. Mock-infected mice were inoculated intranasally with
the same amount of HEp-2 cell culture supernatant at the same time. At 1 h
postinoculation, mice were injected intraperitoneally with either resveratrol
(Sigma-Aldrich Corp., St. Louis, MO) at 30 mg/kg/day (30) or placebo (PBS
[phosphate-buffered saline]) for 5 days. Airway hyperresponsiveness (AHR) was
measured, and mice were sacrificed 5 days after treatment. All studies were
performed with the approval of the Experimental Animal Committee of the
Chongqing Medical University.

Measurement of AHR. Twenty-four hours after the final resveratrol treatment,
AHR was assessed in conscious, unrestrained mice by means of whole-body
plethysmography (Emca instrument; Allmedicus, France). Each mouse was
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placed into a plastic chamber and exposed to aerosolized PBS followed by
increasing concentrations of an aerosolized methacholine solution (3.125, 6.25,
12.5, 25, and 50 mg/ml; Sigma) in PBS for 3-min exposures. Bronchoconstriction
was recorded for an additional 5 min after each dose of methacholine. The
highest Penh value obtained during each methacholine challenge was expressed
as a proportion of the basal Penh value seen in response to PBS challenge.

Inflammatory cell counts in BALF. Mice were anesthetized with urethane (15
mg/10 g body weight intraperitoneally) 24 h after the last resveratrol treatment,
and the abdominal cavity was opened. Tracheas were cannulated, bronchoalveo-
lar lavage fluid (BALF) was collected following 3 lavage washes with 0.5 ml
ice-cold PBS, and total cell numbers in BALF were determined. BALF was then
centrifuged, supernatants were stored at —70°C prior to cytokine profile char-
acterization, and the cell pellet was used for differential cell analysis by cytospin.
Briefly, slides were fixed and stained with DiffQuik (Baxter Healthcare Corp.,
Miami, FL) for leukocyte differential analysis, and the number of monocytes,
lymphocytes, neutrophils, and eosinophils in a total of 200 cells was determined
per slide.

Determination of lung virus titers. Mice were sacrificed at 3, 4, and 5 days
post-resveratrol treatment, and lungs were removed to determine the effects of
resveratrol on RSV replication by using a plaque assay described previously (36).
The results were expressed as means *+ standard deviations (SD).

Lung tissue histopathology. Lung tissues were fixed in 10% (vol/vol) neutral
buffered formalin for 24 h, embedded in paraffin, cut into 5-pm sections, and
stained with hematoxylin and eosin (H&E; Sigma). Tissues were subsequently
mounted and coverslipped by use of Dako mounting medium (Dakocytomation,
Denmark, CA). The degree of airway inflammatory cell infiltration was scored in
a double-blind fashion by two independent investigators (38). Peribronchiole and
perivascular inflammation was evaluated by using a 0-to-5 scoring system, where
0 represents no cells, 1 represents a few cells, 2 represents a ring of cells 1 cell
layer deep, 3 represents a ring of cells 2 to 4 cells deep, 4 represents a ring of cells
5 cells deep, and 5 represents a ring of cells more than 5 cells deep.

BALF cytokine measurements. Cytokine concentrations in BALF were mea-
sured with commercial enzyme-linked immunosorbent assay (ELISA) kits ac-
cording to the manufacturer’s instructions. ELISA kits used for the measurement
of IFN-v, IL-4, IL-6, and IL-10 were purchased from Sizhengbai (Beijing,
China), and the IL-17 detection ELISA was purchased from Bender.

Characterization of IFN-y levels associated with airway inflammation and
AHR. To assess the effect of IFN-y on airway inflammation and AHR, mice were
treated with blocking anti-IFN-y (R4-6A2; BD PharMingen, San Diego, CA)
antibodies. Anti-IFN-y antibody (30 pg) was administered by intraperitoneal
injection on day 0 (1 h post-RSV infection) and on days 1 and 3 postinfection.

Measurement of TLR3 and M2 mRNA expression levels. Total RNA from
lung tissues was extracted by using a high-purity total RNA extraction kit
(BioTeke, Beijing, China). After quantification, 4 pg of RNA was used to carry
out reverse transcription (TaKaRa, Shiga, Japan). Real-time quantitative PCR
(RT-PCR) was performed to detect the relative expression levels of TLR3 and
muscarinic 2 receptor (M2R). Reaction conditions were as follows: 95°C for 10
min followed by 40 cycles at 95°C for 15 s and 72°C for 30 s. The TLR3 and M2R
primers are described in Table 1.

Western blot analysis. Total protein extracts from lung tissues were obtained
by using a total protein extraction kit (KeyGEN, Nanjing, China), and protein
concentrations were determined by using the BCA assay reagent (Bioteke)
according to the manufacturer’s protocol. The respective lung protein extracts
containing equal quantities of protein were separated on an 8% SDS-PAGE
(sodium dodecyl sulfate-polyacrylamide gel electrophoresis) gel and then trans-
ferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica,
MA). Membranes were probed with primary antibodies against TRIF (1:500;
Abcam, Cambridge, MA) or B-actin (1:5,000; 4abio, Beijing, China). Alkaline
phosphatase-conjugated goat anti-rabbit secondary antibody (1:10,000; Minne-
apolis) and goat anti-mouse antibody (1:10,000; MultiSciences, China) were used
to detect the presence of the respective protein bands. Signals were quantified by
use of Quantity One software (Bio-Rad, Hercules, CA) and normalized relative
to B-actin.

Statistics. All results are expressed as means * SD. Analysis of variance
(ANOVA) was used to determine the level of significant differences between all
groups. Groups were compared by using the unpaired ¢ test. Differences were
considered significant at a P value of <0.05.

RESULTS

Resveratrol inhibits RSV replication in a murine infection
model. To evaluate the ability of resveratrol to suppress
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TABLE 1. Real-time quantitative PCR primers
Gene GenBank accession no. Primer Size (bp)

TLR3 NM_126166 Forward, 5'-ACCTTTCCGCCCTCTTCGTAAC-3’ 93
Reverse, 5'-TTCTCAAGACCCTCCAGCAAGTC-3’

M2 NM_203491 Forward, 5'-TGGTTTGGCTATTACCAGTCCT-3’ 136
Reverse, 5'-CTGAAGGTGGCGGTTGACTT-3'

B-Actin NM_007393 Forward, 5'-TGGCATTGTTACCAACTGGGAC-3' 132

Reverse, 5'-TCACGGTTGGCCTTAGGGTTC-3'

RSV replication in RSV-infected mice, lung tissues were
collected at 3, 4, and 5 days post-resveratrol treatment. On
days 3, 4, and 5 postinfection, RSV titers in untreated mice
were 3.4 X 10* = 0.33 x 10%, 3.01 X 10* = 0.62 X 10*, and
3.845 x 10* = 0.3146 X 10* PFU/g, respectively. However,
titers in resveratrol-treated mice at the same time points
were 1.25 X 10* = 0.6 X 10, 1.21 X 10* = 0.18 X 10%, and
1.429 x 10* = 0.2261 X 10* PFU/g, respectively, i.e., an
average decrease of 61.6% (P < 0.01 for 3.4 X 10* = 0.33 X
10* versus 1.25 X 10* = 0.6 x 10% 3.01 X 10* = 0.62 x 10*
versus 1.21 X 10* = 0.18 x 10% and 3.845 X 10* = 0.3146 X
10* versus 1.429 X 10* *+ 0.2261 X 10* PFU/g) (Fig. 1).

Resveratrol inhibited RSV-induced airway inflammation
and AHR. To evaluate the ability of resveratrol to suppress
inflammatory cell infiltration into the lungs following RSV
infection, cells present in the BALF were counted daily for 5
days. RSV infection resulted in a marked leukocyte influx into
the BALF; i.e., BALF cell counts were 3.475 X 10° + 0.231 X
10° cells/mouse, compared to 0.720 X 10° + 0.105 X 10°
cells/mouse for untreated controls. Resveratrol-treated mice
had an average of 1.306 X 10° = 0.221 X 10° cells/mouse, a
62.4% * 15.1% decrease in total cell numbers (P < 0.01) and
a 37.8% drop in lymphocyte numbers (P < 0.05) compared to
RSV-infected mice (Fig. 2).

To estimate the anti-inflammatory or antiremodeling effects
of resveratrol, lung tissues were harvested post-resveratrol

Titer(x10*PFU/g)

FIG. 1. Effect of resveratrol on pulmonary virus titers. Lungs har-
vested from resveratrol (RES)-treated (30 mg/kg/day) and RSV-in-
fected mice (n = 6/group) were individually homogenized, and virus
titers were determined by use of a plaque assay. Data are expressed as
PFU per gram of lung tissue. Values are expressed as means = SD on
day 3 (P < 0.01 for the resveratrol-treated group versus the RSV-
infected group), day 4 (P < 0.05 for the resveratrol-treated group
versus the RSV-infected group), and day 5 (P < 0.01 for the resvera-
trol-treated group versus the RSV-infected group) postinfection.

treatment every day for 5 days. In RSV-infected mice, leuko-
cytes were found to have infiltrated into the peribronchiole and
perivascular connective tissue, with leukocytes being the pri-
mary infiltrating cell type. In resveratrol-treated and RSV-
infected mice, however, both lymphocyte-rich infiltrates and
tissue damage were significantly reduced (Fig. 3). Control mice
had an average pathology score of 0.175 * 0.02, and RSV-
infected mice had an average score of 2.208 = 0.23. However,
the average score for RSV-infected mice receiving resveratrol
was 1.09 £ 0.07 (P < 0.01 compared to RSV-infected mice and
P < 0.05 compared to control mice).

AHR was evaluated by the calculation of Penh values (en-
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FIG. 2. Effect of resveratrol on the recruitment of inflammatory
cells recoverable from BALF. Cells were isolated by cytospin and
stained with DiffQuik. Cell numbers were assessed by use of a hemo-
cytometer. Control, PBS control; RSV, PBS-treated RSV-infected
mice; RSV+RES, resveratrol (RES)-treated RSV-infected mice. Val-
ues are expressed as the means = SD (n = 6/group). (A) Total cells
present in the BALF of the respective treatment groups. (B) Differ-
ences in cell types between treatment groups. **, P < 0.01 versus
control and resveratrol-treated mice.
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FIG. 3. Effect of resveratrol on the recruitment of leukocytes into lung tissues. (A) Histological examination of lung tissues performed at 5 days
post-resveratrol treatment. Lung tissues were fixed, and 5-pm-thick sections were stained with H&E (magnifications, X200 [I, I1I, and V] and X400
[IL, IV, and VI]). Panels I and II, control mice; panels III and IV, RSV-infected mice; panels V and VI, resveratrol-treated mice. (B) Lung tissue
inflammatory cell infiltration scores. *, P < 0.05 versus the control group; **, P < 0.01 versus the control and resveratrol-treated mice.

hanced pauses) 5 days after daily treatment with resveratrol.
The Penh value for RSV-infected mice was significantly higher
than the Penh value for animals in the PBS control group (P <
0.01) at methacholine concentrations of between 12.5 and 50.0
mg/ml. Resveratrol treatment, however, significantly reduced
the Penh values compared to values obtained for mice in the
RSV infection group at concentrations of between 12.5 and
50.0 mg/ml (P < 0.01). However, the Penh value for resvera-
trol-treated mice was higher than that for control group ani-
mals (P < 0.01) at methacholine concentrations of between
25.0 and 50.0 mg/ml. These results showed that RSV-induced
AHR was decreased following resveratrol treatment; however,
AHR presentation was not completely inhibited (Fig. 4).
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FIG. 4. Effect of resveratrol on RSV-induced AHR. AHR was
measured at 5 days post-resveratrol treatment in mice treated with
increasing methacholine concentrations (3.125 to 50.0 mg/ml) by pleth-
ysmography. Control, untreated mice; RSV, RSV-infected mice;
RSV +RES, resveratrol (RES)-treated RSV-infected mice. Values are
expressed as means = SD (n = 8/group). *, P < 0.01 versus the control
and resveratrol-treated RSV-infected groups; **, P < 0.01 versus the
control group.

Resveratrol reduced RSV-induced IFN-y production. To
evaluate the effects of resveratrol on BALF cytokine profile
changes, a screening of cytokines present in the BALF was
carried out. ELISA-based assays were used to determine the
IFN-vy, IL-4, IL-6, IL-10, and IL-17 concentrations at 5 days
post-RSV infection. This analysis demonstrated that RSV in-
fection induced a significant increase in the IFN-y BALF levels
t0 656.3 = 170.9 pg/ml, compared to baseline concentrations of
56.66 £ 20.12 pg/ml in uninfected mice. Following resveratrol
treatment, the IFN-y levels in RSV-infected mice were signif-
icantly reduced by 547.7 = 109.42 pg/ml compared to the RSV
group (656.3 = 170.9 pg/ml for RSV infection versus 108.6 +
61.48 pg/ml for RSV infection and resveratrol treatment; P <
0.05) (Fig. 5A). There were no differences in the levels of IL-4,
IL-6, IL-10, and IL-17 between groups (Fig. 5B and C to E).
These results demonstrated that resveratrol specifically re-
duced IFN-y levels in the BALF of RSV-infected mice without
affecting the production of other cytokines.

To further assess the effects of IFN-y on airway inflam-
mation and AHR during RSV infection, RSV-infected mice
were treated with IFN-y-neutralizing antibodies. As shown
in Fig. 6A, the total number of cells in the BALF of RSV-
infected mice treated with anti-IFN-vy antibody was 2.036 X
10° = 0.409 X 10° cells/mouse, compared to 3.475 X 10° =
0.231 X 10° cells/mouse for RSV-infected mice (P < 0.05 for
2.036 X 10° = 0.409 X 10° cells/mouse for RSV infection
versus 3.475 X 10° = 0.231 X 10° cells/mouse for RSV
infection and treatment with anti-IFN-y antibody). A 7%
decrease in lymphocyte levels was observed for RSV-in-
fected mice following treatment with anti-IFN-y antibody
compared to RSV-infected mice (P < 0.05) (Fig. 6B).

The effect of anti-IFN-y treatment on AHR presentation
was also assessed. This analysis demonstrated that RSV-in-



Vor. 85, 2011

B 150 C 150

IFN-r pg/ml
u.4pg/m|
IL-6pg/ml

il Iy

=

EFFECT OF RESVERATROL ON AHR INDUCED BY RSV

il

13065

T

E 1000

1L 10pglm|
1L 17pglm|

ol [E

Control RSV RSVARES Control RSV RES Control

RSV+RES Control RSV+RES Control RSV RSV/RES

FIG. 5. Effect of resveratrol on BALF cytokine levels. BALF was collected at 5 days post-resveratrol treatment. Each sample was analyzed by
an ELISA (n = 8/group). IFN-y (A), IL-4 (B), IL-6 (C), IL-10 (D), and IL-17 (E) levels in BALF are shown. Control, untreated mice; RSV,
RSV-infected mice; RSV+RES, resveratrol-treated mice. Values are expressed as means * SD (n = 8/group). **, P < 0.01 versus the control and

resveratrol-treated groups.

fected mice treated with anti-IFN-y antibody presented with
reduced Penh values compared to those for RSV-infected mice
at methacholine concentrations of between 12.5 and 50.0
mg/ml (P < 0.001) (Fig. 6C). There were no differences in
muscarinic 2 receptor (M2R) expression levels between groups
(Fig. 6D). These data suggested that IFN-y could affect airway
responses to methacholine.

Resveratrol inhibits TLR3 signaling and M2R expression.
Previous studies indicated that RSV infections induced TLR3
expression in airway epithelial cells (19, 34) and that TLR3
signaling pathways are associated with IFN-y production (39).
Virus-induced IFN-y production inhibited M2R expression as-
sociated with AHR presentation (27). Therefore, the effects of
resveratrol on the TLR3 signaling pathway and its effects on
M2R expression following RSV infection were examined. At 5
days postinfection, we detected significantly high TLR3 and
reduced M2R mRNA expression levels following RSV infec-
tion compared to those of controls (P < 0.05) (Fig. 7A and B).
Following resveratrol treatment, however, the TLR3 mRNA
expression level was reduced and M2R mRNA levels were
increased compared to levels observed for RSV-infected mice
(P < 0.05) (Fig. 7A and B).

Western blot analysis further illustrated a resveratrol-medi-
ated inhibition of TRIF expression in RSV-infected mice com-
pared to mice infected with RSV (but not treated with resvera-
trol; P < 0.01) (Fig. 7C). These data indicated that resveratrol
could reduce TLR3 mRNA levels, increase M2R mRNA ex-
pression levels, and inhibit TRIF expression following RSV
infection.

DISCUSSION

Severe symptoms caused by RSV infections in infants are a
major public health burden that has severe socioeconomic
impacts worldwide. A number of clinical epidemiologic studies
found that RSV exposure during early childhood can underpin
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the development of chronic asthma in later childhood. RSV
appears to be intimately linked to the intensity of both physi-
ologic and immunologic responses associated with asthmatic
responses in many individuals. These exacerbated responses
are associated with increased airway hyperresponsiveness and
a significant increase in the number of leukocyte infiltrates into
the lungs. The intensity of the inflammatory response is cor-
related directly to the expression of chemokines by virally
infected pulmonary (structural) cells, resident immune cells,
and infiltrating leukocytes.

RSV infections elicit the production of various chemokines
and cytokines, including IL-6, IL-8, RANTES, and IFN-y, in
the lungs (5, 49). In this study, the level of IFN-y production in
BALF was significantly increased following RSV infection of
mice; however, the expression profiles of IL-4, IL-6, IL-10, and
IL-17 were unaltered following infection. IL-17 (a proinflam-
matory cytokine) was reported previously to mediate impor-
tant roles associated with the presentation of airway hyper-
responsiveness in asthma (4, 23). However, in the study
described in this report, no changes in IL-17 expression levels
were detected following RSV-induced AHR. This may be due
to different mechanisms resulting in the induction of AHR
(following RSV infections) and the development of allergic
asthma.

In most cases, AHR is strongly associated with airway in-
flammation (24, 25), and most viral infections cause airway
inflammation and hyperreactivity. Many studies have previ-
ously shown that viral infections increased vagal nerve-medi-
ated bronchoconstriction in virus-infected animals (9, 16). This
is caused by the loss of function of the inhibitory M2R present
on parasympathetic neurons (16). These inhibitory M2R sig-
nals normally decrease the level of acetylcholine released onto
M3 receptors located on airway smooth muscles (ASMs), re-
sulting in a subsequent decrease in contraction and broncho-
constriction (17). Jacoby et al. (27) demonstrated previously
that viral infections may have increased vagal nerve-mediated
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FIG. 6. Effect of IFN-y on airway inflammation and hyperresponsiveness. (A) Total cells present in BALF. (B) Leukocyte percentages before

and after anti-IFN-y treatment. (C) Penh levels. (D) M2R mRNA levels.

(E) IFN-y levels after anti-IFN-y treatment. Values are expressed as

means = SD (n = 8/group). *, P < 0.05 versus the RSV group; **, P < 0.001 versus the RSV group with between 12.5 and 50 mg/ml methacholine.



13066 ZANG ET AL. J. VIROL.
A 2.0- B 2.0q
s S 1.5
7] 7]
o 1.5 o
2 2 %
3 x 3 1.0 |
) (]
[ | [
Z 1.04 e 2
© (]
= > 0.5
© 14
0.5 T T 0.0 T T
Control RSV RSV+RES Control RSV+RES
C RSV+RES RSV Control
TRIF
B-actin

FIG. 7. Effect of resveratrol on TLR3, TRIF, and M2 expression levels. Lung tissues were harvested at 5 days post-resveratrol treatment.
(A) TLR3 gene expression in lung tissue. (B) M2R gene expression in lung tissue. Resveratrol decreased the TLR3 level and increased the M2
gene expression level. Each sample was analyzed by RT-PCR (n = 7/group). (C) Relative TRIF protein expression was inhibited by resveratrol
treatment. Each sample was analyzed by Western blotting (n = 5/group). *, P < 0.05 versus the RSV group.

bronchoconstriction by either directly inhibiting M2R gene
expression or causing the release of IFN-y (which inhibits
M2R gene expression).

Toll-like receptors (TLRs) represent an innate immune an-
tigen recognition system designed to detect molecular patterns
associated with the respective pathogens. The ligation of the
respective TLRs with their ligands in turn activates immune
responses resulting in pathogen clearance. These important
innate immune molecules not only are necessary for the initi-
ation of effective immunity but also have been implicated in
the early activation of pathways necessary for cellular immune
responses as a consequence of chemokines generated at the
site of infection. A number of TLRs have been linked to viral
infections, including TLR3 (recognition of double-stranded
RNA [dsRNA]), TLR4 (binding to the RSV F protein) (20,
22), TLR7/8 (recognition of single-stranded RNA [ssRNA]),
and TLR9Y (recognition of unmethylated CpG). The replication
of some viruses (like RSV) requires the generation of dsSRNA
that in turn can be recognized by TLR3, resulting in the acti-
vation of host immune responses. The activation of TLR3 in
epithelial cells following exposure to RSV leads to significant
levels of IL-8, RANTES, and IFN-inducible protein 10 (IP-10)
production, which indicated that TLR3 activation mediated
inflammatory cytokine and chemokine production and induced

inflammation in RSV-infected epithelial cells (45). Rudd et al.
found previously that the activation of TLR3 during immune
response progression shaped the pulmonary immune environ-
ment, promoting a predominant Th1-type response that better
contained the infection and resulted in diminished pathology
(46). Interestingly, poly(I:C) internalized by ASM cells differ-
entially regulated M2R and M3R expression levels and func-
tioned by decreasing and increasing M2R and M3R expression
levels, respectively, following interactions with TLR3 (37). This
finding suggested that the differential expression of M2R and
M3R represents a potential mechanism by which the recogni-
tion of viral dsSRNA by TLR3 expressed on ASM cells may
contribute to airway hyperreactivity. In this study, we found
that the TLR3 gene expression level in lung tissues was in-
creased post-RSV infection and that the M2R expression level
was decreased. Based on the above-described data, we hypoth-
esized that RSV-induced TLR3 expression reduced M2R ex-
pression levels by promoting IFN-y production post-RSV in-
fection. Here we demonstrated that resveratrol possessed anti-
RSV properties by using a CYP-induced immunocompromised
BALB/c mouse model of RSV infection. We further deter-
mined that resveratrol-mediated effects on airway inflamma-
tion and AHR (induced by RSV infection) were the result of
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reduced IFN-y production that may be related to TLR3 sig-
naling.

Resveratrol has been shown to be produced by various trees,
a few flowering plants, peanuts, and grapes. The major prop-
erties of interest are the antioxidative, anti-inflammatory, and
estrogenic effects as well as its anticancer and chemopreven-
tative activities (3, 32). Recently, resveratrol was suggested to
have many properties that could be beneficial for the treatment
of several chronic inflammatory diseases, such as chronic ob-
structive pulmonary disease, arthritis, and asthma (26, 31, 47).
Since resveratrol has potent antioxidative and anti-inflamma-
tory properties, its antiviral effects have therefore been inves-
tigated. Recently, resveratrol was shown to be a potent antivi-
ral molecule against various types of DNA and RNA viruses,
including HSV-1 (herpes simplex virus 1), HSV-2, VZV (vari-
cella-zoster virus), HCMV (human cytomegalovirus), and
influenza A virus (11-14, 42). Here we demonstrated that
resveratrol also possessed anti-RSV properties by using a
CYP-induced immunocompromised BALB/c mouse model of
RSV infection.

In our study, we found that resveratrol significantly reduced
RSV replication in infected mouse lung tissues, attenuated
pulmonary inflammation, significantly inhibited BALF inflam-
matory cell and lymphocyte infiltrates, attenuated the AHR
response to methacholine following RSV infection, and dra-
matically reduced BALF IFN-vy levels without altering 1L-4,
IL-6, IL-10, and IL-17 expression profiles. In other studies,
resveratrol was shown to reduce levels of IL-4, IL-5, and IgE
that inhibited airway hyperresponsiveness in a mouse asthma
model (31). This inconsistency with the data presented in this
report was likely due to the use of different animal models. In
addition, we directly assessed the role of IFN-y in the presen-
tation of AHR and airway inflammation by administering
blocking anti-IFN-y antibodies that downregulated IFN-y ex-
pression levels by 95% (Fig. 6E). These studies demonstrated
that the downregulation of the IFN-y response correlated with
decreased Penh values and a decrease in total BALF infil-
trates. These data further confirmed that resveratrol reduced
IFN-vy levels and attenuated AHR, similar to data described
previously by Jacoby et al. (27). Interestingly, resveratrol treat-
ment decreased TLR3 and M2R mRNA expression levels and
inhibited the upregulation of TRIF expression following RSV
infection. These results suggested that resveratrol treatment
altered airway inflammation and AHR presentation associated
with RSV infections via a TLR3 signaling pathway. This ob-
servation was consistent with findings described previously by
Youn et al. (51), who reported that resveratrol suppressed
NF-«B activation and COX-2 expression specifically by inhib-
iting TRIF signaling via TLR3 and TLR4 MyD88-independent
signaling pathways by targeting TANK-binding kinase 1 and
RIP1 (associated with the TRIF complex). We previously
showed that resveratrol inhibited RSV replication in 9HTEo
airway epithelial cells in vitro and reduced the expression levels
of RSV infection-induced IL-6 and IL-8 associated with the
suppression of the TRIF signaling pathway (data not shown).
Results presented in this report showed that resveratrol atten-
uated airway inflammation and AHR by inhibiting TRIF ex-
pression that resulted in decreased IFN-y production.

In summary, our findings provided evidence that resveratrol
was a potent suppressor of RSV infection, inflammation, and
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the AHR response associated with RSV infection. These data
suggested that resveratrol is an important lead compound for
the development of a new family of pharmacological agents
capable of suppressing IFN-y-mediated inflammatory and air-
way hyperresponsive events associated with RSV infections.
Our data further demonstrated that resveratrol treatment in-
terfered with IFN-y production by interfering with the TLR3
signaling pathway. The use of resveratrol as an antiviral agent
presents some distinct advantages over other currently used
antiviral and anti-inflammatory agents.
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