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Obesity and insulin resistance have been associatedwith deterioration in asthma outcomes. High oxidative stress
and deficient activation of AMP-activated protein kinase (AMPK) have emerged as important regulators linking
insulin resistance and inflammation. This study aimed to evaluate the effects of resveratrol on obesity-associated
allergic pulmonary inflammation. Male C57/Bl6 mice fed with high-fat diet to induce obesity (obese group) or
standard-chow diet (lean group) were treated or not with resveratrol (100 mg/kg/day, two weeks). Mice were
sensitized and challenged with ovalbumin (OVA). At 48 h thereafter, bronchoalveolar lavage fluid was per-
formed, and lungs collected for morphological studies and Western blot analysis. Treatment of obese mice
with resveratrol significantly reduced hyperglycemia and insulin resistance, as well as the body measures
(bodymass, fat mass, % fat, and body area). OVA-challenge promoted a higher increase in pulmonary eosinophil
infiltration in obese comparedwith leanmice, whichwas nearly abrogated by resveratrol treatment. Resveratrol
markedly increased the phosphorylatedAMPK expression in lung tissues of obese comparedwith leanmice. Res-
veratrol reduced the p47phox expression and reactive-oxygen species (ROS) production, and elevated the super-
oxide dismutase (SOD) levels in lung tissues of obese mice. The increased pulmonary levels of TNF-α and
inducible nitric oxide synthase (iNOS) in obese mice were also normalized after resveratrol treatment. In lean
mice, resveratrol failed to affect the levels of fasting glucose, p47phox, ROS levels, TNF-α, iNOS and phosphory-
lated AMPK. Resveratrol exhibits protective effects in obesity-associated lung inflammation that is accompanied
by local AMPK activation and antioxidant property.

© 2016 Published by Elsevier B.V.
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1. Introduction

Asthma is a disorder of the conducting airways leading to variable
airflow obstruction in association with airway hyperresponsiveness
[1]. Airway eosinophilia is commonly associated with increased risk
for asthma exacerbation, severity, and poor prognosis [2]. Eosinophils
have been classically considered effector cells with pro-inflammatory
actions via the synthesis and release of multiple substances such as
the highly basic and cytotoxic granule proteins major basic protein
(MBP), eosinophil cationic protein (ECP), eosinophil peroxidase (EPO),
and eosinophil-derived neurotoxin (EPX) [1]. Eosinophils are also capa-
ble of undergoing de novo synthesis of nitric oxide (NO), and measure-
ment of exhaled NO level has been employed as a biomarker of airway
inflammation [3]. The enzyme inducible NO synthase (iNOS) is highly
expressed in lung tissues and eosinophils of asthmatic patients and
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animals, generating high levels of NO in the exhaled air [4]. Activation
of NF-κB by TNF-α increases iNOS transcription [5], leading subsequent-
ly to NO overproduction, which in turn modulates the eosinophil re-
cruitment into the pulmonary tissue [6,7]. Moreover, high levels of
NO-reacting oxidants such as superoxide anion, hydrogen peroxide,
and hydroxyl radicals have been implicated in allergic lung diseases,
which may be produced by resident and non-resident cells infiltrating
the airways of asthmatic individuals [8]. Increased oxidative stress
leads to inactivation of superoxide dismutase (SOD) in asthmatic indi-
viduals aggravating airway obstruction [9].

Obese individualswith asthma exhibitworse asthma-related quality
of life, worse asthma control, and more asthma-related hospitalizations
in comparison with those with asthmatics with normal body mass
index [10,11]. Studies indicate a high prevalence of insulin resistance
(IR) in obese and asthmatic patients versus obese non-asthmatics, sug-
gesting that insulin resistancemay be a causal link between asthma and
obesity [12–15]. The exacerbation of the allergic eosinophilic inflamma-
tion in obese mice is normalized by suppression of insulin resistance,
which is accompanied by reductions of the levels of pro-inflammatory
markers such as TNF-α and NO metabolites [16,17].
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Fig. 1. Protocol for sensitization and challenge with ovalbumin (OVA) in high-fat obese
and standard-chow-fed lean mice, treated or not with resveratrol (100 mg/kg, 2 weeks).
BAL, bronchoalveolar lavage fluid.
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Resveratrol (trans-resveratrol) is a natural polyphenolic compound
found in the skin of red grapes. In rodents and humans, resveratrol pro-
motes cardio-neuroprotective, anti-diabetic and anti-cancer effects
[18]. Resveratrol therapy can also prevent the hypertensive response
in rats fed a high-fat diet [19]. Recently, resveratrol was shown to allevi-
ate thermal hyperalgesia and mechanical allodynia in a neuropathic
mice model [20]. Resveratrol activates AMP-activated protein kinase
(AMPK) [21,22], and AMPK improvement in turn improves high-fat
diet-induced insulin resistance [17,23]. In a mouse model of asthma,
resveratrol significantly reduced the levels of the Th2 cytokines, airway
hyperresponsiveness, eosinophilia, and mucus hypersecretion [24]. In
the same animal model, the protective effects of resveratrol was associ-
ated with restored mitochondrial function and inositol polyphosphate-
4-phosphatase A expression in the lungs, as well as with decreased
PI3K–Akt signaling [25]. There are growing evidences suggesting that
the obesity-related asthma phenotype does not necessarily involve the
classical Th2-dependent inflammatory process [26]. In the present
study we tested the hypothesis that resveratrol attenuates the pulmo-
nary allergic inflammation in insulin-resistant obese mice. Therefore,
we treated high-fat-fed obese mice with resveratrol, and evaluated
the pulmonary eosinophilic inflammation in response to ovalbumin
(OVA) challenge. The levels of oxidant and antioxidant biomarkers in
the lung tissue, aswell as theprotein expressions of iNOS and phosphor-
ylated AMPK were evaluated in this study.

2. Materials and methods

2.1. Animals and diet

All animal procedures and experimental protocols are in accordance
with and were approved by the Ethics Committee in Animal Use, State
University of Campinas (CEUA-UNICAMP), protocol 2012/2709-1. Ani-
mals were housed on a 12-h light–dark cycle and fed for 12 weeks
with either a standard chow diet (70% carbohydrate, 20% protein, 10%
fat) or a high-fat diet that induces obesity (29% carbohydrate, 16% pro-
tein, 55% fat) [16]. Lean and obese mice were treated with vehicle
(water) or resveratrol (100 mg/kg/day) by gavage for two weeks [27].

2.2. Mouse densitometry

Mice were weighed, anesthetized with intraperitoneal injection of a
mixture of xylazine (10 mg/kg) and ketamine (90 mg/kg), and then
subjected to a dual-energy X-ray absorptiometry scan (DEXA; QDR Se-
ries, Hologic Apex Software Inc., Bedford,MA, USA). Body scanmeasure-
ments allowed the following parameters: total mass, fat mass, % fat,
body area and bone mineral composition (BMC). Mouse body scans
were obtained for each animal.

2.3. Insulin tolerance test (ITT)

After 6-h fasting, systemic insulin sensitivity was analyzed by the In-
sulin Tolerance Test (ITT). Briefly, tail blood samples were collected be-
fore (0 min) and at 5, 10, 15, 20, 25 and 30 min after an intraperitoneal
injection of 1.00 U/kg of regular insulin (Novolin R, NovoNordisk,
Bagsvaerd, Denmark). Glucose concentrations were measured using a
glucometer (ACCUCHEK Performa; Roche Diagnostics, Indianapolis, IN,
USA) and the values were used to calculate the constant rate for blood
glucose disappearance (KITT), which is based on the linear regression
of the Neperian logarithm of glucose concentrations obtained from 0
to 30 min of the test. KITT was calculated using the formula 0.693 /
(t1 / 2) × −1 × 100 [28].

2.4. Sensitization procedure and OVA challenge

Lean and obese mice were actively sensitized with a subcutaneous
injection (0.4 ml) of 100 μg of OVA (grade V; Sigma-Aldrich Co., St.
Louis, MO) mixed with 1.6 mg Al(OH)3 in 0.9% NaCl (day zero). One
week later (day 7), mice received a second subcutaneous injection of
100 μg OVA (0.4 ml). On days 14 and 15, mice were intranasally chal-
lenged with OVA (10 μg/50 μl) twice a day. At 48 h after the first chal-
lenge, the BAL fluid was performed, and lungs were also collected for
morphological studies and Western blot. The lungs were washed by
flushing phosphate-buffered saline (PBS). The PBSwas instilled through
the tracheal cannula in 5-aliquots of 300 μl. The fluid recovered after
each instillation was centrifuged (500 ×g, 10 min, 4 °C), and BAL fluid
supernatant stored at −80 °C. The cell pellet was resuspended in
200 μl of PBS and total (Neubauer) and differential (Diff-Quick stain)
cell counts were done. Fig. 1 depicts the experimental protocols for air-
way sensitization and challenge with ovalbumin (OVA) in mice treated
or not with resveratrol.

2.5. Morphometrical lung analysis

Lungs were perfused via the right ventricle with 10 ml PBS to re-
move residual blood, immersed in 10% phosphate buffered formalin
for 24 h and then kept in 70% ethanol until embedding in paraffin. Tis-
sues were sliced (5 μm sections) and stained with hematoxylin/eosin
for light microscopy examination. Morphometrical analysis was per-
formed using a Leica DM 5000B digital camera, and Leica Q Win Image
Processing and Analysis Software. For each different staining, the area
of positivity was measured in mm2 for 5 bronchioles per slide.

2.6. Measurements of TNF-α, SOD and glutathione (GSH)

TNF-α in BAL fluid was measured using commercially available
DuoSet ELISA kits, following the instructions of the manufacturer (R &
D, Minneapolis, USA). SOD and GSH concentrations in lung tissue
were determined using commercially available kits (Cayman Chemical,
Ann Arbor, MI, USA).

2.7. Western blotting for iNOS, p47phox, PDE4, and phosphorylated AMPK

Lung tissues were homogenized in SDS lysis buffer with a Polytron
PTA 20S generator (model PT 10/35; Brinkmann Instruments, Inc.,
Westbury, NY) and centrifuged. Protein concentrations in supernatants
were determined by the Bradford assay, and an equal amount of protein
from each sample (50 μg) was treated with Laemmli buffer containing
dithiothreitol (100 mM). Samples were heated in a boiling water bath
for 10min and resolved by SDS-PAGE. Electrotransfer of proteins to a ni-
trocellulose membrane was performed for 60 min at 15 V (constant) in
a semi-dry device (Bio-Rad, Hercules, CA, USA). Nonspecific protein
binding to nitrocellulose was reduced by pre-incubating themembrane
overnight at 4 °C in blocking buffer (0.5% non-fat driedmilk, 10mMTris,
100 mM NaCl, and 0.02% Tween 20). Specific antibodies such as anti-
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iNOS, anti-phospho-AMPKα1/α2, anti-p47phox, anti-PDE4 or anti β-
actin were used for detection. After incubationwith primary antibodies,
membranes were incubatedwith secondary antibodies according to the
source of the primary antibody. Before detection, membranes were in-
cubated with a solution containing luminol and then exposed for vary-
ing times to X-ray films. Densitometry was performed using the Scion
Image Software (Scion Corporation, Frederick, MD). Resultswere repre-
sented as the ratio of the density of the primary antibodies' band to the
density of the β-actin band.
2.8. Measurement of reactive-oxygen species (ROS)

The lungs were removed, placed in freezing medium for TCA, and
frozen in liquid nitrogen. Lung tissues were cut (14 μm) in a cryostat
and placed on glass slides and placed in hot plate (37 °C) for 20 min.
The sections were incubated with dihydroethidium (DHE; 2 μM), dilut-
ed in phosphate buffer for 30min at 37 °C in a humid chamber. The sec-
tionswere observedwith a fluorescencemicroscope (Eclipse 80i, Nikon,
Japan) and camera (DS-U3, Nikon, Japan) with filters for rhodamine,
Fig. 2. Effect of resveratrol on totalmass (A), fatmass (B), % fat (C), body area (D), bonemineral
levels (G) and constant rate for blood glucose disappearance (KITT; H). Male mice (lean and ob
mean ± SEM for n = 5. ⁎P b 0.05 compared with lean mice, #P b 0.05 compared with untrea
areas indicate boney structures.
using a 10× objective. The quantification was done by image J Software
(National Institutes of Health, Bethesda, MD, USA).
2.9. Drugs and antibodies

Resveratrol, anti-p47phox (sab4502808), and anti β-actin (A3854)
were obtained from Sigma (St. Louis, MO, USA). Anti-inducible nitric
oxide synthase (iNOS; ab15323-500) and anti-phospho-AMPKα1/α2
(Thr 172; #2531) were obtained from AbCam Technology (Cambridge,
England, UK). Anti-AMPK (#2603) and anti-phosphodiesterase 4 (PDE
4; orb6656) were obtained from Cell Signaling (Danvres, MA, USA)
and Biorbyt (Cambridge, UK), respectively.
2.10. Statistical analysis

Data were expressed as means ± SEM. The program GraphPad ver-
sion 5.0 softwarewas used for statistical analysis. Statistically significant
differences were determined using one-way analysis of variance
composition (BMC; E), representative X-ray absorptiometry scan images (F), blood glucose
ese) were treated with resveratrol (100 mg/kg) for 2 weeks. Each column represents the
ted obese mice. In panel F, the light gray areas indicate body fat whereas the dark gray
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(ANOVA) for multiple comparisons followed by a Tukey test. A value of
P b 0.05 was accepted as significant.

3. Results

3.1. Effects of resveratrol on adiposity, glucose levels and insulin resistance

High-fat diet-fed mice (obese group) exhibited significantly higher
(P b 0.05) body mass, fat mass, % fat, body area and bone mineral com-
position (BMC) compared with standard diet-fed lean mice (n= 5), all
of which were significantly reduced by treatment with resveratrol
(100 mg/kg/day, two weeks; Fig. 2A–F). Resveratrol treatment did not
alter any of these parameters in lean mice. Fasting glucose level was
higher in the obese group (P b 0.05), which was significantly reduced
by resveratrol, with no changes in the lean group (n = 5; Fig. 2G). The
glucose disappearance rate (as estimated by the KITT values) was
lower in the obese group compared with the lean group, an effect re-
stored by resveratrol treatment (n = 5; Fig. 2H). No changes in KITT

were observed in the lean group.

3.2. OVA-induced pulmonary eosinophilic inflammation

To assess the effects of treatment with resveratrol on the allergic pul-
monary inflammation, we quantified the total inflammatory cells and eo-
sinophils in the lung tissues. Initially, we carried out the differential cell
Fig. 3. Resveratrol decreases the number of total inflammatory cells and eosinophils in lung ti
ovalbumin (48 h)-challenged lean and obese mice. Panel C shows representative photomicro
SEM (n = 6). ⁎P b 0.05, #P b 0.05 compared with untreated lean mice. ⁎⁎P b 0.05 compared wi
counts in BAL fluid in non-sensitized mice (intranasally instilled with sa-
line). In the lean group, leukocytes consisted of 98% mononuclear cells
and 2% neutrophils, whereas in obese mice, leukocytes comprised 99%
mononuclear cells and 1% of neutrophils (n = 5–6). Eosinophils in both
of these non-sensitized control groups were nearly absent.

In the lung tissue of sensitized lean mice, intranasal challenge with
OVA markedly increased the infiltration of total inflammatory cells and
eosinophils in peribronchiolar regions compared with non-sensitized
mice. However, in lung tissue of obese mice, OVA challenge promoted a
significantly higher increase (P b 0.05) of total inflammatory cells (Fig.
3A,C) and eosinophils (Fig. 3B,C) when compared with lean mice (Fig.
3A,C). Treatment with resveratrol in lean mice significantly reduced the
number of total cells and eosinophils in the lung tissue compared with
untreated lean group (2.3- and 1.75-fold reductions, respectively;
P b 0.05). In obese mice, however, resveratrol treatment produced mark-
edly higher reductions of total cells and eosinophils compared with un-
treated obese group (8.0- and 4.8-fold reductions, respectively; P b 0.05).
3.3. Resveratrol possesses antioxidant activity in lung tissues of obese mice

The p47phox expression in lung tissues did not differ between
obese and lean groups. However, resveratrol significantly reduced
the p47phox expression in obese (P b 0.05), without affecting this
protein expression in lean mice (n = 5–6; Fig. 4A). Increased ROS
levels in lung tissues of obese mice were also observed, an effect
ssue. (A) Number of total inflammatory cells (A) and (B) eosinophils in lung tissue from
graphs (magnification 200×) for each experimental group. Data represent the mean ±
th untreated obese mice.



Fig. 4. Effect of resveratrol onp47phox expression, SODandGSH in lung tissue. (A) Expression of the subunit p47phox, (B) levels of superoxide dismutase (SOD) and (C) glutathione (GSH)
in lung tissue of lean and obese mice, treated or not with resveratrol (Resv; 100 mg/kg/day, 2 weeks). Lungs were examined at 48 h following intranasal challenge with ovalbumin in
previously sensitized mice. The membranes probed with p47phox antibody were normalized with β-actin. Data are expressed as mean ± SEM (n = 5–6). ⁎P b 0.05, #P b 0.05
compared with untreated lean mice. ⁎⁎P b 0.05 compared with untreated obese mice.
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markedly reduced by resveratrol treatment (n = 6; P b 0.05; Fig. 5).
Resveratrol had no effect in ROS levels in the lean group. The SOD
levels in lung tissues of obese mice were significantly lower com-
pared with the lean group. Treatment with resveratrol significantly
elevated the SOD levels in obese and lean mice (n = 6; Fig. 4B).
The levels of GSH in lung tissues did not significantly differ in any ex-
perimental group (n = 6; Fig. 4C).
Fig. 5. (A) Levels of reactive-oxygen species (ROS) through dihydroethidium (DHE)-induced fl
100mg/kg/day, 2 weeks). (B) Representative photomicrographs of lungs in all groups (magnific
in previously sensitized mice. Data are presented as mean ± SEM (n = 6). ⁎P b 0.05 compared
3.4. Resveratrol abrogates the increased TNF-α production and iNOS ex-
pression in lung tissues of obese mice

TNF-α levels in BAL fluid were 2.0-fold greater in obese compared
with lean mice (P b 0.05), which was markedly reduced by resvera-
trol treatment. In the lean group, resveratrol did not significantly af-
fect TNF-α levels (n = 6; Fig. 6A). Lung tissue of obese mice
uorescence in lung tissue from lean and obese mice, treated or not with resveratrol (Resv;
ation 200×). Lungs were examined at 48 h following intranasal challengewith ovalbumin
with untreated lean mice; #P b 0.05 compared with untreated obese mice.



Fig. 6.Effect of resveratrol on TNF-α levels in BALfluid and inducible nitric oxide synthase (iNOS) expression in lung tissue. (A) TNF-α levels in BAL fluid (B) and iNOSprotein expression in
lung tissue from lean and obese mice, treated or not with resveratrol (Resv; 100 mg/kg/day, 2 weeks). Lungs were examined at 48 h following intranasal challenge with ovalbumin in
previously sensitized mice. The membranes probed with iNOS antibody were normalized with β-actin. The data represent the mean ± SEM (n = 6). ⁎P b 0.05 compared with
untreated lean mice; #P b 0.05 compared with untreated obese mice.
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exhibited a significant increase in the expression of iNOS compared
with the lean group (P b 0.05), which was fully prevented by resver-
atrol treatment (n=6; Fig. 6B). Resveratrol had no effect in the iNOS
expression in lung tissue of lean mice.

3.5. Protein expressions of p-AMPK and PDE4 in lung tissues

The p-AMPK expression in lung tissues did not differ between obese
and lean groups. However, resveratrol largely increased the expression
of p-AMPK in lung tissue of obese mice without significantly affecting
this protein expression in the lean group (n = 6; Fig. 7A).

The PDE4 protein expression in lung tissues did not significantly dif-
fer between obese and lean groups (n = 5–7). Resveratrol treatment
Fig. 7. Expressions of phosphorylated AMPK (A) and phosphodiesterase 4 (PDE4) (B) in lung
2 weeks). Lungs were examined at 48 h following intranasal challenge with ovalbumin in pre
β-actin. The data represent the mean ± SEM (n = 5–6). #P b 0.05 compared with untreated o
significantly reduced the PDE4 expression in both lean and obese mice
with no difference between them (P b 0.05; Fig. 7C).

4. Discussion

In the present study, we have used a murine model of asthma asso-
ciated with obesity and insulin resistance to evaluate the effects of the
polyphenol resveratrol. We show that two-week therapy with resvera-
trol nearly abrogates the allergic pulmonary eosinophilic infiltration in
obese mice, which is accompanied by reductions of TNF-α levels, iNOS
expression and pulmonary oxidative stress in the lungs of obese mice.

Obesity is a risk factor for developing type 2 diabetes and insulin re-
sistance [14,29]. Mice fed high-fat diet exhibit hyperglycemia and
tissue from lean and obese mice, treated or not with resveratrol (Resv; 100 mg/kg/day,
viously sensitized mice. Phosphorylated AMPK (p-AMPK) and PDE4 were normalized for
bese mice.
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insulin resistance [17]. Resveratrol treatment significantly attenuated
hyperglycemia and increased insulin sensitivity in obese mice, which
are consistentwith previous studies in obese humans [30] andmice un-
dergoing a high-caloric diet [21]. Additionally, using mouse X-ray ab-
sorptiometry to evaluate the anthropometric measures, we showed
that resveratrol significantly attenuated all the analyzed parameters, in-
cluding total mass, fat mass, % fat and body area, which may be due to
inhibition of pre-adipocyte proliferation, and inhibition of adipogenic
differentiation [31].

Asthma and obesity have in common high levels of oxidative stress
biomarkers [32]. Asthmatic patients and OVA-challengedmice show el-
evated ROS production in lung tissues, and in turn airway inflammation
may be triggered by oxidizing agents [8,25,33]. Increased oxidative
stress also accounts for the increased adipose tissue and insulin resis-
tance [34]. Reactive-oxygen species include free radicals such as super-
oxide anion and hydroxyl radicals, as well as non-radicals such as
hydrogen peroxide. Several potential ROS-generating systems exist, in-
cluding the NADPH oxidase complex (NOX), which is a multienzyme
oxidant complex composed of membrane-bound and cytosolic subunits
[32]. TheNADPH oxidase cytosolic subunit p47phox is an essential com-
ponent of this complex to generate superoxide. Antioxidant enzymes
like SOD play a critical role for the management of oxidative stress in
different pathophysiological conditions, including asthma [9]. Thus,
we studied the expression of p47phox protein and levels of ROS and
SOD in the lung tissues to evaluate a potential antioxidant effect of res-
veratrol. We found that resveratrol treatment nearly abrogated the
OVA-induced pulmonary eosinophilic inflammation in obese mice,
which was accompanied by marked reductions of p47phox expression
and ROS production in the lung tissue, along with greater elevation of
SOD levels, all indicating that such antioxidant property of resveratrol
contributes to the amelioration of obesity-associated asthma. Previous
studies have shown that the antioxidant GSH acts to protect airway in-
flammation associated with oxidant stress. Treatment of mice with a
membrane-permeatingGSHprecursor reduced the eosinophilic infiltra-
tion, whereas GSH depletion increased ROS production, worsening the
allergic airway inflammation [33,35]. We firstly hypothesized that
GSH levels in lung tissuemight contribute to the amelioration by resver-
atrol of obesity-associated murine asthma. However, the GSH levels did
not significantly change in any experimental group, ruling out the re-
duction of the involvement of glutathione redox in the modulation of
p47phox expression and ROS levels by resveratrol in lung of obesemice.

Activation of the TNF-α–iNOS signaling pathway resulting in NO
overproduction is reported to play an important role in asthma physio-
pathology [36]. Treatment with anti-TNF-α antibody conveys the pul-
monary eosinophilic inflammation in insulin-resistant obese mice to
the levels of leanmice. Likewise, the iNOS inhibitor aminoguanidine sig-
nificantly attenuates the eosinophil infiltration in the lung tissue of
obese mice [17]. In addition, TNF-α has been clearly implicated in adi-
pocyte fat accumulation and insulin resistance that may occur through
NF-κB–iNOS activation [37]. Our present data shows that resveratrol
normalizes the increases of TNF-α levels and iNOS expression in lung
tissue and hence the obesity-associated pulmonary eosinophilic inflam-
mation. Of interest, resveratrol was shown to upregulate the expression
of NF-κB in immunosuppressive mice [38].

AMP-activated protein kinase has also emerged as a major regulator
linking inflammation and metabolism [18]. Activation of AMPK en-
hances the in vitro phagocytic activity of neutrophils and macrophages
[39] and reduces acute lung injury [40,41]. The metabolic effects of res-
veratrol was associated with AMPK activation, as evaluated in mice de-
ficient of the catalytic subunit of AMPK (AMPKα1−/−) fed with high-fat
diet [22]. In our study, resveratrol treatment markedly elevated the
phosphorylation of AMPK in the lung tissue of obesemice, strongly sug-
gesting that amelioration of this asthma phenotype relies on AMPK ac-
tivation in a similar fashion to that of the classical AMPK activator
metformin [17]. Interestingly, activation of AMPK leads to a reduction
of TNF-α-induced NF-κB activation in vascular endothelial cells [42].
Therefore, additional pharmacological or genetic approaches may be
necessary to fully implicate and clarify the requirement for the in-
creased activation of AMPK in mediating protection against allergic in-
flammation in obese mice.

Phosphodiesterase-4 (PDE4) is highly specific for cAMP,which is the
dominant enzyme isoform in the airways and inflammatory cells. Res-
veratrol increases cyclic adenosine monophosphate (cAMP) levels by
competitive inhibition of PDEs [43]. Our data showed that resveratrol
significantly reduced the PDE4 expression in the lung tissues, but
these reductions were of the same extent in lean and obese mice,
which is suggestive that beneficial effects of resveratrol in obesity-asso-
ciated murine asthma take place independently of PDE4 activation.

In asthmatic non-obese mice (lean group), resveratrol, at the dose
employed here (100mg/kg/day, twoweeks) [28], promoted a reduction
of OVA-induced pulmonary cell recruitment, despite that itwas of lower
magnitude compared with obese mice. In addition, resveratrol failed to
significantly affect any metabolic effect (hyperglycemia and KITT) or an-
thropometric parameter in the lean group. Resveratrol elevated signifi-
cantly the SOD levels in the lean group, but instead failed to affect the
levels of p47phox, ROS, TNF-α, iNOS, and p-AMPK. Therefore, it all
seems that the protective effects of resveratrol on allergic murine asth-
ma are better visualized in conditions of high oxidative stress such as
obesity-associated asthma. In conclusion, the protective action of res-
veratrol in an obesity-associated asthma phenotype may involve
AMPK activation and suppression of iNOS expression in the lung tissues,
concomitantly with reductions of TNF-α levels, p47phox expression,
and superoxide production.

Acknowledgements

D. M. André was supported by the National Counsel of Technological
and Scientific Development (CNPq). E. Antunes thanks Fundação de
Amparo à Pesquisa do Estado de São Paulo (FAPESP; Grant 2014/
02130-1).

References

[1] H.F. Rosenberg, S. Phipps, P.S. Foster, Eosinophil trafficking in allergy and asthma, J.
Allergy Clin. Immunol. 119 (2007) 1303–1310.

[2] J.R. Stokes, Promising future therapies for asthma, Int. Immunopharmacol. 23
(2014) 373–377.

[3] S.A. Kharitonov, P.J. Barnes, Clinical aspects of exhaled nitric oxide, Eur. Respir. J. 16
(2000) 781–792.

[4] A.B. Roos, M. Mori, R. Grönneberg, C. Österlund, H.E. Claesson, J. Wahlström, J.
Grunewald, A. Eklund, J.S. Erjefält, J.O. Lundberg, M. Nord, Elevated exhaled nitric
oxide in allergen-provoked asthma is associated with airway epithelial iNOS, PLoS
One 9 (2014), e90018.

[5] R.W. Ganster, B.S. Taylor, L. Shao, D.A. Geller, Complex regulation of human induc-
ible nitric oxide synthase gene transcription by Stat 1 and NF-kappa B, Proc. Natl.
Acad. Sci. U. S. A. 98 (2001) 8638–8643.

[6] H.H. Ferreira, E. Bevilacqua, S.M. Gagioti, I.M. De Luca, R.C. Zanardo, C.E. Teixeira, P.
Sannomiya, E. Antunes, G. De Nucci, Nitric oxide modulates eosinophil infiltration
in antigen-induced airway inflammation in rats, Eur. J. Pharmacol. 358 (1998)
253–259.

[7] Y. Xiong, G. Karupiah, S.P. Hogan, P.S. Foster, A.J. Ramsay, Inhibition of allergic air-
way inflammation in mice lacking nitric oxide synthase 2, J. Immunol. 162 (1999)
445–452.

[8] J. Ciencewicki, S. Trivedi, S.R. Kleeberger, Oxidants and the pathogenesis of lung dis-
eases, J. Allergy Clin. Immunol. 122 (2008) 456–458.

[9] S.A. Comhair, K.S. Ricci, M. Arroliga, A.R. Lara, R.A. Dweik, W. Song, S.L. Hazen, E.R.
Bleecker, W.W. Busse, K.F. Chung, B. Gaston, A. Hastie, M. Hew, N. Jarjour, W.
Moore, S. Peters, W.G. Teague, S.E. Wenzel, S.C. Erzurum, Correlation of systemic su-
peroxide dismutase deficiency to airflow obstruction in asthma, Am. J. Respir. Crit.
Care Med. 172 (2005) 306–313.

[10] S.A. Shore, R.A. Johnston, Obesity and asthma, Pharmacol. Ther. 110 (2006) 83–102.
[11] D.M. Mosen, M. Schatz, D.J. Magid, C.A. Camargo Jr., The relationship between obe-

sity and asthma severity and control in adults, J. Allergy Clin. Immunol. 122
(2008) 507–511.

[12] B.H. Thuesen, L.L. Husemoen, L.G. Hersoug, C. Pisinger, A. Linneberg, Insulin resis-
tance as a predictor of incident asthma-like symptoms in adults, Clin. Exp. Allergy
39 (2009) 700–707.

[13] M. Arshi, J. Cardinal, R.J. Hill, P.S. Davies, C.A. Wainwright, Asthma and insulin resis-
tance in children, Respirology 15 (2010) 779–784.

[14] J. Ma, L. Xiao, S.B. Knowles, Obesity, insulin resistance and the prevalence of atopy
and asthma in US adults, Allergy 65 (2010) 1455–1463.

http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0005
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0005
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0010
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0010
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0015
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0015
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0020
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0020
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0020
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0020
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0025
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0025
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0025
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0030
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0030
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0030
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0030
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0035
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0035
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0035
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0040
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0040
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0045
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0045
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0045
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0045
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0045
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0050
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0055
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0055
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0055
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0060
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0060
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0060
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0065
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0065
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0070
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0070


305D.M. André et al. / International Immunopharmacology 38 (2016) 298–305
[15] L.O. Leiria, F.M. Arantes-Costa, M.C. Calixto, E.C. Alexandre, R.F. Moura, F. Folli, C.M.
Prado, M.A. Prado, V.F. Prado, L.A. Velloso, J. Donato Jr., E. Antunes, M.A. Martins,
M.J. Saad, Increased airway reactivity and hyperinsulinemia in obesemice are linked
by ERK signaling in brain stem cholinergic neurons, Cell Rep. 11 (2015) 934–943.

[16] M.C. Calixto, L. Lintomen, A. Schenka, M.J. Saad, A. Zanesco, E. Antunes, Obesity en-
hances eosinophilic inflammation in a murine model of allergic asthma, Br. J.
Pharmacol. 159 (2010) 617–625.

[17] M.C. Calixto, L. Lintomen, D.M. Andre, L.O. Leiria, D. Ferreira, C. Lellis-Santos, G.F.
Anhê, S. Bordin, R.G. Landgraf, E. Antunes, Metformin attenuates the exacerbation
of the allergic eosinophilic inflammation in high fat-diet-induced obesity in mice,
PLoS One 8 (2013), e76786.

[18] S.S. Kulkarni, C. Cantó, The molecular targets of resveratrol, Biochim. Biophys. Acta
2015 (1852) 1114–1123.

[19] M.C. Aubin, C. Lajoie, R. Clément, H. Gosselin, A. Calderone, L.P. Perrault, Female rats
fed a high-fat diet were associated with vascular dysfunction and cardiac fibrosis in
the absence of overt obesity and hyperlipidemia: therapeutic potential of resvera-
trol, J. Pharmacol. Exp. Ther. 325 (2008) 961–968.

[20] L. Tao, Q. Ding, C. Gao, X. Sun, Resveratrol attenuates neuropathic pain through
balancing pro-inflammatory and anti-inflammatory cytokines release in mice, Int.
Immunopharmacol. 34 (2016) 165–172.

[21] J.A. Baur, K.J. Pearson, N.L. Price, H.A. Jamieson, C. Lerin, A. Kalra, V.V. Prabhu, J.S.
Allard, G. Lopez-Lluch, K. Lewis, Resveratrol improves health and survival of mice
on a high-calorie diet, Nature 444 (2006) 337–342.

[22] J.H. Um, S.J. Park, H. Kang, S. Yang, M. Foretz, M.W. McBurney, M.K. Kim, B. Viollet,
J.H. Chung, AMP-activated protein kinase-deficient mice are resistant to the meta-
bolic effects of resveratrol, Diabetes 59 (2010) 554–563.

[23] N.B. Ruderman, D. Carling, M. Prentki, J.M. Cacicedo, AMPK, insulin resistance, and
the metabolic syndrome, J. Clin. Invest. 123 (2013) 2764–2772.

[24] M. Lee, S. Kim, O.K. Kwon, S.R. Oh, H.K. Lee, K. Ahn, Anti-inflammatory and anti-asth-
matic effects of resveratrol, a polyphenolic stilbene, in a mouse model of allergic
asthma, Int. Immunopharmacol. 9 (2009) 418–424.

[25] J. Aich, U. Mabalirajan, T. Ahmad, K. Khanna, R. Rehman, A. Agrawal, B. Ghosh, Res-
veratrol attenuates experimental allergic asthma in mice by restoring inositol
polyphosphate 4 phosphatase (INPP4A), Int. Immunopharmacol. 14 (2012)
438–443.

[26] L.O. Leiria, M.A. Martins, M.J. Saad, Obesity and asthma: beyond T(H)2 inflamma-
tion, Metabolism 64 (2015) 172–181.

[27] S.A. Rieder, P. Nagarkatti, M. Nagarkatti, Multiple anti-inflammatory pathways trig-
gered by resveratrol lead to amelioration of staphylococcal enterotoxin B-induced
lung injury, Br. J. Pharmacol. 167 (2012) 1244–1258.

[28] E. Bonora, V. Manicardi, I. Zavaroni, C. Coscelli, U. Butturini, Relationships between
insulin secretion, insulin metabolism and insulin resistance in mild glucose intoler-
ance, Diabetes Metab. 13 (1987) 116–121.

[29] K.K. Sunahara, P. Sannomiya, J.O. Martins, Briefs on insulin and innate immune re-
sponse, Cell. Physiol. Biochem. 29 (2012) 1–8.
[30] S. Timmers, E. Konings, L. Bilet, R.H. Houtkooper, T. van de Weijer, G.H. Goossens,
Calorie restriction-like effects of 30 days of resveratrol supplementation on energy
metabolism andmetabolic profile in obese humans, Cell Metab. 14 (2011) 612–622.

[31] P. Fischer-Posovszky, V. Kukulus, D. Tews, T. Unterkircher, K.M. Debatin, S. Fulda, M.
Wabitsch, Resveratrol regulates human adipocyte number and function in a Sirt1-
dependent manner, Am. J. Clin. Nutr. 92 (2010) 5–15.

[32] I.T. Lee, C.M. Yang, Role of NADPH oxidase/ROS in pro-inflammatory mediators-in-
duced airway and pulmonary diseases, Biochem. Pharmacol. 84 (2012) 581–590.

[33] A. Nadeem, N. Siddiqui, N.O. Alharbi, M.M. Alharbi, F. Imam, M.M. Sayed-Ahmed,
Glutathione modulation during sensitization as well as challenge phase regulates
airway reactivity and inflammation in mouse model of allergic asthma, Biochimie
103 (2014) 61–70.

[34] H. Urakawa, A. Katsuki, Y. Sumida, E.C. Gabazza, S. Murashima, K. Morioka, N.
Maruyama, N. Kitagawa, T. Tanaka, Y. Hori, Oxidative stress is associated with adi-
posity and insulin resistance in men, J. Clin. Endocrinol. Metab. 88 (2003)
4673–4676.

[35] Y. Koike, T. Hisada, M. Utsugi, T. Ishizuka, Y. Shimizu, A. Ono, Y. Murata, J. Hamuro,
M. Mori, K. Dobashi, Glutathione redox regulates airway hyperresponsiveness and
airway inflammation in mice, Am. J. Respir. Cell Mol. Biol. 37 (2007) 322–329.

[36] P.J. Barnes, R.A. Dweik, A.F. Gelb, P.G. Gibson, S.C. George, H. Grasemann, I.D. Pavord,
F. Ratjen, P.E. Silkoff, D.R. Taylor, N. Zamel, Exhaled nitric oxide in pulmonary dis-
eases: a comprehensive review, Chest 138 (2010) 682–692.

[37] G.S. Hotamisligil, The role of TNF-alpha and TNF receptors in obesity and insulin re-
sistance, J. Intern. Med. 245 (1999) 621–625.

[38] X. Lai, Q. Pei, X. Song, X. Zhou, Z. Yin, R. Jia, Y. Zou, L. Li, G. Yue, X. Liang, L. Yin, C. Lv, B.
Jing, The enhancement of immune function and activation of NF-κB by resveratrol-
treatment in immunosuppressive mice, Int. Immunopharmacol. 33 (2016) 42–47.

[39] H.B. Bae, J.W. Zmijewski, J.S. Deshane, J.M. Tadie, D.D. Chaplin, S. Takashima, E.
Abraham, AMP-activated protein kinase enhances the phagocytic ability of macro-
phages and neutrophils, FASEB J. 25 (2011) 4358–4368.

[40] M.A. Birrell, K. McCluskie, S. Wong, L.E. Donnelly, P.J. Barnes, M.G. Belvisi, Resvera-
trol, an extract of red wine, inhibits lipopolysaccharide induced airway neutrophilia
and inflammatory mediators through an NF-kappaB-independent mechanism,
FASEB J. 19 (2005) 840–851.

[41] X. Zhao, J.W. Zmijewski, E. Lorne, G. Liu, Y.J. Park, Y. Tsuruta, E. Abraham, Activation
of AMPK attenuates neutrophil proinflammatory activity and decreases the severity
of acute lung injury, Am. J. Physiol. Lung Cell Mol. Physiol. 295 (2008) L497–L504.

[42] Y. Hattori, K. Suzuki, S. Hattori, K. Kasai, Metformin inhibits cytokine-induced nucle-
ar factor kappaB activation via AMP-activated protein kinase activation in vascular
endothelial cells, Hypertension 47 (2006) 1183–1188.

[43] S.J. Park, F. Ahmad, A. Philp, K. Baar, T. Williams, H. Luo, H. Ke, H. Rehmann, R.
Taussig, A.L. Brown, M.K. Kim, M.A. Beaven, A.B. Burgin, V. Manganiello, J.H.
Chung, Resveratrol ameliorates aging-related metabolic phenotypes by inhibiting
cAMP phosphodiesterases, Cell 148 (2012) 421–433.

http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0075
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0075
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0075
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0075
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0080
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0080
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0080
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0085
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0085
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0085
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0085
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0090
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0090
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0095
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0095
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0095
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0095
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0100
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0100
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0100
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0105
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0105
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0105
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0110
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0110
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0110
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0115
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0115
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0120
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0120
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0120
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0125
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0125
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0125
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0125
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0130
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0130
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0135
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0135
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0135
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0140
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0140
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0140
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0145
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0145
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0150
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0150
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0150
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0155
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0155
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0155
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0160
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0160
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0165
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0165
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0165
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0165
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0170
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0170
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0170
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0170
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0175
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0175
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0175
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0180
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0180
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0180
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0185
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0185
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0190
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0190
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0190
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0195
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0195
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0195
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0200
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0200
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0200
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0200
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0205
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0205
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0205
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0210
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0210
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0210
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0215
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0215
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0215
http://refhub.elsevier.com/S1567-5769(16)30252-1/rf0215

	Therapy with resveratrol attenuates obesity-�associated allergic airway inflammation in mice
	1. Introduction
	2. Materials and methods
	2.1. Animals and diet
	2.2. Mouse densitometry
	2.3. Insulin tolerance test (ITT)
	2.4. Sensitization procedure and OVA challenge
	2.5. Morphometrical lung analysis
	2.6. Measurements of TNF-α, SOD and glutathione (GSH)
	2.7. Western blotting for iNOS, p47phox, PDE4, and phosphorylated AMPK
	2.8. Measurement of reactive-oxygen species (ROS)
	2.9. Drugs and antibodies
	2.10. Statistical analysis

	3. Results
	3.1. Effects of resveratrol on adiposity, glucose levels and insulin resistance
	3.2. OVA-induced pulmonary eosinophilic inflammation
	3.3. Resveratrol possesses antioxidant activity in lung tissues of obese mice
	3.4. Resveratrol abrogates the increased TNF-α production and iNOS expression in lung tissues of obese mice
	3.5. Protein expressions of p-AMPK and PDE4 in lung tissues

	4. Discussion
	Acknowledgements
	References


