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Asthma is a chronic respiratory disease highly prevalent worldwide. Recent studies have
suggested a role for microbiome-associated gut–lung axis in asthma development. In the
current study, we investigated if Resveratrol (RES), a plant-based polyphenol, can
attenuate ovalbumin (OVA)-induced murine allergic asthma, and if so, the role of
microbiome in the gut–lung axis in this process. We found that RES attenuated allergic
asthma with significant improvements in pulmonary functions in OVA-exposed mice when
tested using plethysmography for frequency (F), mean volume (MV), specific airway
resistance (sRaw), and delay time(dT). RES treatment also suppressed inflammatory
cytokines in the lungs. RES modulated lung microbiota and caused an abundance of
Akkermansia muciniphila accompanied by a reduction of LPS biosynthesis in OVA-treated
mice. Furthermore, RES also altered gut microbiota and induced enrichment of
Bacteroides acidifaciens significantly in the colon accompanied by an increase in
butyric acid concentration in the colonic contents from OVA-treated mice. Additionally,
RES caused significant increases in tight junction proteins and decreased mucin (Muc5ac)
in the pulmonary epithelium of OVA-treated mice. Our results demonstrated that RES may
attenuate asthma by inducing beneficial microbiota in the gut-lung axis and through the
promotion of normal barrier functions of the lung.

Keywords: resveratrol, asthma, ovalbumin, lung microbiome, gut microbiome
Abbreviations: RES, resveratrol; OVA, ova-albumin; BALF, broncheoalveolar lavage fluid; F, frequency; MV, mean volume;
sRaw, specific airway resistance; dT, delay time; Tregs, T-regulatory cells; LPS, lipopolysaccharide.
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INTRODUCTION

Asthma is an incurable disease (1). It is one of the most
common chronic respiratory diseases seen globally. Currently,
it affects over 300 million people globally and its incidence
continues to grow (2). It is also estimated that the global
medical costs of treating asthma is as high as $100 billion per
year (3). Asthma is now considered to be a heterogeneous
disease with multiple immunological pathways involved.
However, the well-characterized pathway includes the
activation of excessive T-helper type 2 (Th2) cells along the
bronchial airways and massive production of pro-inflammatory
Th2 cytokines such as IL-4, IL-5 and IL-13 (4). The release of
Th2 cytokines during an asthma attack initiates a cascade of
inflammatory responses along the barrier sites of the
pulmonary system (4, 5).

Lungs are lined by epithelial cells that come in contact with
environmental factors and immune cells. Thus, epithelium along
with the immune cells plays the critical barrier function against
external antigens. Together with the cellular immune system, the
epithelium performs a pivotal role as the first line physical barrier
against external antigens (6). Paracellular space is sealed by the
tight junction proteins and therefore any dysfunction in the tight
junction increases paracellular permeability, and immune cell
activation and contributes to the pathogenesis of chronic lung
inflammation (6). Epithelial cell disturbance involving tight
junction can also activate Th2 cells and promote allergic
asthma (6). Excessive inflammation at the bronchial epithelium
can cause additional disruption of tight junction molecules,
further compromising its barrier integrity. Such structural
changes are referred to as airway remodeling and in asthma, it
can lead to subepithelial fibrosis, increased smooth muscle mass,
gland enlargement, mucus hypersecretion, neovascularization,
and epithelial alterations (7).

Resveratrol (RES), a plant-derived bioactive polyphenol,
widely studied and commercially available as a dietary
supplement, has been proven effective in the attenuation of
inflammatory responses in a variety of disorders due to its
anti-inflammatory, anti-oxidative, and anti-microbial
proper t ies (8–10) . RES acts through a var ie ty of
immunomodulatory pathways to suppress inflammation (11),
including the induction of Tregs to suppress the effector
functions of pro-inflammatory lymphocytes (12, 13). RES also
possessed the ability to affect lung function directly by
modulating microbial composition through its antimicrobial
activity, leading to the alteration in the profile of circulating
metabolites produced by commensal organisms (14–16).

Lung and gut microbiota play a critical role in the
maintenance of healthy immune response. Thus, dysbiosis and
subsequent dysregulation of microbiota have been linked to
numerous clinical disorders, including asthma (17, 18). The
concept of the gut-lung connection arose when it was noted
that different types of diseases of the lung can be influenced by
intestinal microbiota (18). Similarly, intestinal complications
have also been noted during respiratory disease (18). The
existence of such gut-lung axis has raised the possibility that
agents that attenuate allergic asthma may do so through
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regulation of microbiota in the gut-lung axis, a concept that
needs further evalution.

Previous studies from our laboratory demonstrated that RES
attenuates a variety of inflammatory disorders by inducing
beneficial microbiota that promotes anti-inflammatory Tregs
while suppressing pro-inflammatory Th1/Th17 cells (19–21).
Additionally, we and others have shown that RES can attenuate
allergic asthma-induced inflammation and remodeling (22–
26). However, whether the ability of RES to attenuate allergic
asthma is also related to potential alterations that RES can induce
in the microbiota in the gut-lung axis has not been previously
investigated. In the current study, therefore, we evaluated the effect
of RES in the regulation of pulmonary and gut microbiota and
investigated if such alterations induced beneficial bacteria that
would help suppress inflammation and remodeling in Ovalbumin
(OVA)-induced allergic asthma.

Many experimental animal models have been established to
mimic human respiratory asthma. One of the most widely used
mouse models for human asthma is the use of OVA in BALB/c
mice (27). OVA challenged BALB/c mice shows robust airway
hyper-responsiveness, goblet cell hyperplasia, epithelial cell
hypertrophy and a strong Th2 response with the induction of
IL-4 and IL-13 (28). Using this model, in the current study, we
investigated if RES attenuates OVA-induced asthma, and if this
is associated with significant alterations in the microbiota found
in the lungs and the gut.
MATERIALS AND METHODS

Animal Treatment
Female BALB/c mice, aged 6-8 weeks were purchased from the
Jackson Laboratories (Bar Harbor, ME) and housed in specific
pathogen-free conditions at the University of South Carolina
School of Medicine Animal Facilities. The mice were maintained
under a 12 h light/dark cycle at an ambient temperature of 24 ±
1°C in a specific pathogen-free animal facility and received ad
libitum access to normal chow diet and water, as described (26).
The allergic asthma was induced as described previously (26).
Briefly, mice were divided randomly into three groups (Naïve,
Ova-veh andOva-res) and kept in isolated cages. After one week of
housing, each mouse received an intraperitoneal (i.p.) injection of
100 µl sterile phosphate-buffered saline (PBS) solution containing
250µg chicken egg ovalbumin (OVA) (Sigma-Aldrich, USA) and
4mg/ml aluminum hydroxide on day 0. On day 7, the sensitized
mice were challenged with 50 mg OVA suspended in 50 ml of sterile
PBS intranasally under short anesthesia, as described (26). On days
1-14, mice in the treatment group (Ova-res) were administered
daily with oral gavage of 200µl carboxymethyl cellulose (CMC)
solution containing RES (100mg/kg) while the vehicle group (Ova-
veh) received 200µl CMC solution alone. We chose the dose (100
mg/kg body weight) of RES based on our previous studies in which
we found this dose to be optimum in attenuating allergic asthma
(26). The mice were euthanized on day 15 under anesthesia for
collection of serum samples, bronchoalveolar lavage fluids (BALF),
lung tissues, and gut content.
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Plethysmography Assessment of Airway
Hyperreactivity
Pulmonary function tests (PFT) in response to asthma induction
were evaluated using 4-chamber, whole-body plethysmography
(Buxco, Troy, NY), as previously described (10, 21, 29, 30). The
respiratory flow was measured by a pneumotachograph and
transmitted to Buxco FinePointe software for functional
analysis to calculate the respiratory rate (frequency), lung
volume, lung tissue resistance to flow, peak inspiratory and
expiratory flow, and time intervals between breaths. Four mice
were randomly selected from each experimental group and
acclimated in Buxco chamber for 10 minutes. Baseline (BL)
airway functionality levels were collected following the initial
acclimation period for 5 minutes. Following baseline
measurements, mice were exposed to aerosolized PBS for 30
seconds and then recorded for 3 minutes. Next, the mice were
exposed to nebulized 25 mg/ml methacholine (Mch) for 30
seconds to induce bronchoconstriction and then recorded for 3
minutes. From the beginning to the end of the PFT evaluation,
different parameters were evaluated and recorded every 2
seconds (30).

Gut Microbiota Profiling
Previous studies have tested colonic content to study the
microbiota and demonstrated that during Ova-induced
asthma, significant dysbiosis occurs in the colon (31).
Additionally, the short-chain fatty acids (SCFA) that are
known to suppress asthma are produced in the large intestine
(32). In the current study, we therefore tested the colonic content
of mice for microbiota. To that end, colon flush was performed of
the excised whole colon using sterile PBS, as described (19, 20).
Bacterial genomic DNA was isolated from colon contents using
QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA) and
quantified using a Qubit 4 Fluorometer (ThermoFisher,
Waltham, MA). Purified DNA was used in the library
preparation for 16S ribosomal RNA sequencing using 16S
Metagenomic Sequencing Library Preparation Kit (Illumina,
San Diego, CA) according to the manufacturer’s instructions,
and as detailed elsewhere (20, 33, 34). Briefly, the purified DNA
was amplified by PCR using bacterial/archaeal sense 319 F
primer and anti-sense 806 R primer to amplify the V3-V4
hypervariable regions of 16S rRNA. After clean-up, the
amplified PCR products were then amplified again by PCR
using dual indices and sequencing adaptors for 16S rRNA
sequencing (35, 36).

Lung Microbiota Profiling
The lung microbiota profile was conducted as described
elsewhere (19, 20, 34). Quick-DNA Fungal/Bacterial Midiprep
Kit (Zymo Research Corp, Irvine, CA) was used in the isolation
of bacterial genomic DNAs from lungs according to the
manufacturer’s instructions. Briefly, 500 mg of lung tissue was
added to ZR Bashing/Bead lysis filtration tube with 6 ml of
genomic lysis buffer containing b-mercaptoethanol (0.5% v/v).
The tubes were placed in a 50ml–tube holder for 1 minute,
followed by centrifugation at 3,000 g for 5 minutes. Following
Frontiers in Immunology | www.frontiersin.org 3
centrifugation, the samples were filtered through Zymo-Spin V-E
columns in a vacuum manifold with a vacuum pressure of 600
mmHg. After filtering, the columns were transferred to collection
tubes for centrifugation at 10,000 g for 1 minute. The columns
were washed with 400 µl of genomic DNA-wash buffer and then
DNA samples were eluted from the columns with 150 µl DNA
Elution Buffer under centrifugation at 10,000 g for 1 minute.
DNA samples were stored at -80°C and used in the library
preparation for 16S ribosomal RNA sequencing using 16S
Metagenomic Sequencing Library Preparation Kit (Illumina,
San Diego, CA) according to the manufacturer’s instructions.

Detection of Lipopolysaccharide
(LPS) in BALF
Bronchoalveolar lavage fluid (BALF) samples were collected
from mice as described previously (25). Concentrations of LPS
in BALF samples from mice were detected using Pierce LAL
Chromogenic Endotoxin Quantitation Kit (Thermo Fisher
Scientific, Waltham, MA) according to the manufacturer’s
protocol (36).

Detection of Cytokines and Chemokines in
BALF, Serum, and Culture Supernatants
The concentrations of cytokines and chemokines in BALF,
serum, and culture supernatants were measured as described
earlier (10, 21, 25). To generate culture supernatants, lung-
infiltrating mononuclear cells were isolated as described later
and cultured in tissue culture medium (DMEM) for 24 hours.
The culture supernatants were then tested for cytokines. The
cytokines were detected using ELISA kits according to the
manufacturer’s protocols. IL-1b, IL-4, IL-6, IL-13, IFN-g, and
TNF-a ELISA kits were purchased from Biolegend (San Diego,
CA), whereas IL-10 and TGF-b ELISA kits were purchased from
R&D Systems (Minneapolis, MN).

Immunofluorescence Analysis of
Epithelial Mucin
Mucin expression in lung epithelial cells was detected by
immunofluorescence assay using anti-mucin 5AC monoclonal
antibody (Abcam, Cambridge, MA). Briefly, lung tissues were
fixed with 4% paraformaldehyde (MilliporeSigma, St. Louis,
MO) overnight and embedded in paraffin. Five-micron
sections were obtained and transferred onto the slides. The
slides were then dewaxed and rehydrated with gradually
decreasing ethanol gradient solutions followed by PBS. The
slides were treated with antigen retrieval solution (100 mM
Tris, 5% urea, pH=9.5) in a 95°C water bath for 10 min and
then with permeabilization buffer (0.1M triton, 0.01M glycine in
PBS) for 30 min. After washing with PBS three times, the slides
were treated with the blocking solution [5% goat serum and 1%
bovine serum albumin (BSA) in PBS] for 30 minutes. After
washing, the slides were incubated with a primary anti-mouse
mucin 5AC antibody at 4°C overnight. On the next day, the
slides were washed with PBS and incubated with the secondary
Alexa Flour-488 conjugated goat anti-mouse antibody (Abcam,
Cambridge, MA) diluted in PBS with 1% BSA (1:1000) in a 37°C
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incubator for 2 h. After washing with PBS, the slides were
counterstained with DAPI (1:5000) (Thermo Fisher Scientific,
Waltham, MA) on a shaker for 20 min. After washing, the slides
were mounted with Prolong Diamond Antifade Mountant
(Thermo Fisher Scientific, Waltham, MA), examined and
photographed under Leica immunofluorescence microscope.

Real-Time Quantitative PCR (RT-qPCR) of
Gene Expression
Pulmonary epithelial cells were isolated as described previously
(13). Briefly, euthanized mice were subjected to lung perfusion
by three lung lavages with cold sterile PBS using a 20-gauge
catheter. A separate catheter was used to inject 1ml of dispase
solution at the concentration of 25 U/ml into the lungs for 30 sec
and the lungs were washed by three lavages with cold sterile PBS.
Next, the lungs were harvested for physical disruption. Each lung
lobe was cut into small pieces and transferred into a 50 ml tube
containing 25 U/ml dispase on a shaker for 45 minutes. After
dispase digestion, the samples were combined with 10 ml of
sorting buffer (2% fetal bovine serum (FBS) and 50 U/ml DNase
in DMEM) and then incubated at 37°C for 10 min while shaking.
After incubation, the samples were filtered through cell strainers
with pore sizes of 100µm, 70µm, and 40µm, respectively. After
the triple filtrations, the samples were transferred to 15 ml tubes
and centrifuged at 550 g for 5 min at 4°C. After centrifugation,
the cell pellets were suspended in 10 ml of sorting buffer and
incubated at 37°C for 1 h while shaking. After incubation, the
samples were spun down at 550 g at 4°C for 8 min and re-
suspended in 700µl QIAzol lysis reagent each sample for RNA
isolation from lung epithelial cells using RNeasy Mini Kit
(Qiagen, Germantown, MD).

Pulmonary infiltrating cells were isolated as described
previously (13, 37, 38). Briefly, lung tissues were collected from
euthanized mice and infused with cold sterile PBS. Lung tissues
were dissociated using a stomacher and then treated with red
blood cell (RBC) lysis buffer at a concentration of 250µg/ml for
one min. Ten mL of FACS buffer (2% FBS in PBS) was added to
neutralize RBC lysis buffer and the samples were then centrifuged
at 300 g at 4°C for 10 min. After centrifugation, the cell pellets
were suspended in 5 ml of FACS buffer and then slowly added on
the top of 5mL Ficoll-Paque (Thermo Fisher Scientific, Waltham,
MA). The mixtures were centrifuged at 500 g for 30 min at room
temperature. After centrifugation, the interphase representing the
infiltrating mononuclear cells was then saved and suspended in
10 ml of FACS buffer. After centrifugation, the cell pellets were re-
suspended in 700µl QIAzol lysis reagent for RNA isolation from
pulmonary infiltrating cells using RNeasy Mini Kit (Qiagen,
Germantown, MD).

cDNA was synthesized from total RNA samples from the
pulmonary epithelial cells and infiltrating cells using Bio-Rad
miScript Kit according to the manufacturer’s protocol (Bio-Rad
Laboratories, Hercules, CA). RT-qPCR was conducted on the
generated cDNA samples for detection of gene expression
including Cadherin-1, Claudin-18, ZO-1, and Occludin. The
expression levels were normalized to GAPDH. The sequences
of primers for RT-qPCR are shown in Supplemental Table 1.
Frontiers in Immunology | www.frontiersin.org 4
Identification and Quantification of SCFAs
SCFAs were detected as described (19). Briefly, colonic contents
were suspended in water. After centrifugation, the supernatants
were saved and acidified by HCl. 4-methyl valeric acid was used as
an internal standard. SCFAs were identified and quantified by the
gas chromatograph CP-3800 (Varian) and mass spectrometry
(GC-MS) system (39). Varian MS Workstation (version 6.9.2.)
software was used to collect and analyze the data. The linear
regression equation was used to calculate the concentrations of
acetic acid and propionic acid in colon samples.

MLE-15 Cell Culture and Evaluation of
Their Response to LPS-Mediated Injury
MLE-15 murine lung epithelial cell line was purchased from
Creative Bioarray (Shirley, NY) and cultured in a mixture of
DMEM and Ham’s F12 medium (1:1) containing 10% FBS, 2%
ITS (insulin, transferrin, and sodium-selenite, Sigma-Aldrich),
50µM hydro cortisol, 50µM estradiol and 1% penicillin/
streptomycin. LPS (Invitrogen, Thermo Fisher Scientific,
Waltham, MA) was used at a dose of 20ng/ml to induce
epithelial injury and the cultures were incubated at 37°C in the
presence of 50 µM of RES or VEH for 48 h. Then, the culture
supernatants were collected, filtered with 0.2µm filters to obtain
cell-free supernatant, and stored at -80°C for cytokine analysis.
Cultured MLE-15 cells were collected by trypsin digestion and
suspended in 700µl QIAzol lysis reagent for RNA isolation using
RNeasy Mini Kit (Qiagen, Germantown, MD) (40).

Transepithelial Electrical Resistance
(TEER) Measurement of LPS-Injured
MLE-15 Cells
MLE-15 cells (5×104 per well) were seeded in 8-well array plates
(Applied BioPhysics, New York, NY) and allowed to grow at
37°C with 5% CO2 in an incubator until confluence. When the
cells reached confluence, 20ng/ml LPS-containing medium was
added having 50µM RES (LPS+res) or VEH (LPS+veh) and
resistance values (Ohm.cm-1) were recorded using ECISzq
system (Applied BioPhysics, New York, NY) every 5 min up to
48 h. Multi-current frequencies were also recorded by using
multi-frequency test mode (MFT). Then the acquired data were
analyzed to evaluate the effects of RES on the barrier function of
LPS-injured epithelial cells (40).

Statistical Analysis
In all experiments, we used groups of 5 mice based on power
analysis, unless otherwise mentioned in the Figure legends. Also,
the number of mice used in each experiment is detailed under the
Figure legends. The experiments were repeated at least 3 times
with consistent results. Data were presented as mean ± SEM.
Differences among more than two groups were assessed using a
one-way ANOVA test followed by Tukey post hoc test in Graph
Prism V8.00 for Windows (San Diego, CA). Student’s t-test was
used to compare the differences between two experimental
groups. p<0.05 was considered to have a significant difference.
Different significant levels were depicted as *p<0.05, **p<0.01,
***p<0.001 and #p<0.0001, in the figure legends.
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RESULTS

Resveratrol Attenuates Physiological and
Histological Asthmatic Features in the
Lungs Induced by OVA
We first investigated the effect of resveratrol on lung functions
following induction of asthma by OVA. Pulmonary function
tests included measurement of F (frequency), MV (mean
volume), sRaw (specific airway resistance), and dT (delay time)
among naïve, Ova-veh, and Ova-res group as baseline response
(green arrow), PBS exposure (red arrow) and following
methacholine (Mch) exposure (red arrow) (Figure 1A).
Figure 1A shows a representative experiment and data from
multiple experiments are plotted in Figure 1B (showing baseline
response) and Figure 1C (showing after challenge with Mch).
The data showed that the various parameters studied were not
altered in the 3 groups at the basal level except the MVwhich was
increased in the Ova-res group when compared to Ova-veh
group (Figure 1B). However, in the Ova-veh group, there was
a significant decrease in frequency, and an increase in sRaw and
dT, and no significant change in MV when compared to the
naïve group (Figure 1C). In contrast, the Ova-res group showed
reversal of all the impaired lung functions (F, MV, sRaw, and dT)
when compared to the Ova-veh group (Figure 1C). Additionally,
we also studied changes in patterns of specific airway
conductance (sGaw), peak of expiratory flow (PEF), time to
inhale (Ti), and time to exhale (Te) among naïve, Ova-veh and
Ova-res group (Figure S1) as baseline response (green arrow),
PBS exposure (red arrow) and 5 mg/ml methacholine (Mch)
exposure (red arrow) (Figure S1A). The data showed that after
Mch exposure, the Ova-veh group showed an increase in Te but
not in other parameters when compared to the naïve group,
however, Ova-res group showed increases in sGaw, PEF, and a
decrease in Ti and Te when compared to the Ova-veh group
(Figure S1C). These data together suggested that the lung
functions as measured by specific airway conductance, airway
resistance, and time to inhale and exhale, significantly improved
following treatment of mice exhibiting Ova-induced asthma,
with resveratrol.

Because Muc5ac plays a key role in allergic inflammation and
is necessary for airway hyperreactivity (AHR) to MCh (41),
we next tested the effect of RES on MUC5ac expression.
Immunofluorescent staining discovered that the production of
epithelial MUC5ac protein was significantly increased in the
lungs of OVA-veh-challenged mice when compared to the naïve
mice (Figures 1D, E), while RES was able to significantly
decrease MUC5ac expression as measured by corrected total
cell fluorescence (CTCF) when compared to Ova-veh group
(Figures 1D, E). Because asthma can also damage the airway
physical barrier function that is regulated by tight junction (TJ)
proteins, we investigated the TJ proteins. RT-qPCR analysis
revealed that Ova-veh group showed a significant decrease in
most of TJ proteins including occludin, claudin, and zonula
occludens-1 (ZO-1) when compared to the Naïve group
(Figure 1F), while Ova-res group showed a significant increase
in occludin, claudin, E-cadherin, and ZO-1 when compared to
Frontiers in Immunology | www.frontiersin.org 5
the Ova-veh group (Figure 1F). These data suggested that while
Ova caused increased mucus production and damage to the
barrier function of the lungs, and resveratrol could reverse
these effects.
The Beneficial Effect of Resveratrol on Lung
Microbiota
Because lung microbiota plays an important role in establishing
immune system homeostasis in the lungs, next, we investigated if
OVA caused any alterations in the lung microbiota and if RES had
any impact. To that end, we used Nephele, an online platform for
the analysis of microbiome data provided by the National
Institutes of Health (NIH) to classify reads into operational
taxonomic units (OTUs) and further analyze the 16S ribosomal
RNA sequences generated from lung tissues (42). Principal
coordinator analysis showed distinct clustering of mice among
naïve, Ova-veh and Ova-res groups in their microbiota profile
(Figure 2A). Further analysis discovered that RES-treatment led
to an increase in the abundance of the bacterial phylum
Verrucomicrobia in lungs of OVA-challenged mice (Figure 2B)
when compared to the other two groups. Also, the least
discriminative analysis (LDA) was used to find out bacterial
biomarkers and the cladogram showed that Akkermansia
muciniphila, a species of Verrucomicrobia phylum, was
significantly increased in RES-treated OVA-challenged mice, at
least two folds higher than in Ova-veh or naïve group (Figure 2C).
Quantitative PCR (qPCR) validation also confirmed the
significant increase in the abundance of A. muciniphila in lung
microbiota from Ova-res group when compared to naïve and
Ova-veh groups (Figure 2D). These data suggested that RES could
alter lung microbiota and increase the beneficial bacteria such as
A. muciniphila.
Effect of Resveratrol on Gut Microbiota
Next, we tested if RES also caused alterations in the gut
microbiota. 16s rRNA sequencing analysis displayed that there
was no distinct clustering of groups based on the population of
gut microbiota among naïve, Ova-veh and Ova-res groups
(Figure 3A). However, RES treatment dramatically increased
the abundance of the phylum Bacteroidetes but decreased the
abundance of the phylum Firmicutes (Figure 3B). Furthermore,
LefSe platform was used to analyze the LDA of gut microbial
communities in Ova-induced mice and it was found that RES
administration significantly increased the abundance of the order
Bacteroidales and species Bacteroides acidifaciens in comparison
with Ova-veh group (Figure 3C). qPCR confirmed that B.
acidifaciens was significantly increased in Ova-res group in
comparison to naïve and Ova-veh groups (Figure 3D). RES
treatment significantly increased the concentrations of SCFA,
butyric acid, in the colonic contents of OVA-injected mice
(Figure 3E). However, RES did not significantly affect the
production of propionic acid and acetic acid in mice
(Figure 3F). The results indicated that RES could also induce
significant changes in the gut microbiota in asthmatic mice.
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Effect of Resveratrol on LPS Metabolism
Because our data showed RES could modulate lung microbiota in
OVA-induced asthmatic mice (Figure 2) and LPS is one of the
main components of gram-negative bacterial cell walls that
drives inflammation, we investigated the effect of RES on LPS
metabolism in mice. To that end, we investigated the functional
profile of dysregulated lung microbiota in OVA-induced mice
using a bioinformatics software package, Phylogenetic
Investigation of Communities by Reconstruction of
Unobserved States (PICRUST). Noticeably, we found that the
microbial communities in the lungs of mice in Ova-veh group
were highly involved in the biosynthesis of LPS, bacterial
invasion of epithelial cells, bacterial secretion system, and
staphylococcus aureus infection when compared to the lung
microbiota of Ova-res group mice (Figure 4A). Interestingly,
the LPS concentrations in mouse BALF were found to be
significantly decreased in Ova-res group when compared to the
Ova-veh group (Figure 4B). These results suggested that RES
treatment may attenuate the levels of LPS production in OVA-
induced asthmatic mice.

Additionally, when we tested the mice for cytokines and
chemokines in the lung infiltrating mononuclear cells and
Frontiers in Immunology | www.frontiersin.org 6
found that there was a significant decrease in the induction of
proinflammatory cytokines such as CCL-2, IL-13, IL-1b, IL-4,
IL-5, IFN-g, and TNF-a while noting a significant increase in
anti-inflammatory cytokines such as IL-10 in the Ova-res group
when compared to the Ova-veh group (Figure 4C). When we
measured the cytokines in the serum and BALF, we found that
TNF-a, IL-13, IL-4, and IL-1b were downregulated in mice
treated with Ova+res when compared to the Ova-veh group
(Figures 4D, E). In contrast, anti-inflammatory cytokines such
as IL-10 were increased both in the serum (Figure 4D) and BALF
(Figure 4E) of Ova-res group when compared to Ova-veh group.
These data suggested that resveratrol attenuates inflammatory
cytokines while increasing the levels of anti-inflammatory
cytokines in the lungs of mice with Ova-induced asthma.

Effect of Resveratrol on Integrity and
Function of Epithelial Cells
To further understand the role of RES on lung epithelial cells, we
used murine lung epithelial cell line, MLE-15, to study the effect
of RES on the integrity and function of the alveolar epithelial cell
layer. Our studies revealed that confluent MLE15 cell exposure to
LPS led to the breaking down of epithelial cell barrier integrity as
A

B

D

E F

C

FIGURE 1 | Effect of resveratrol on physiological functions of the lungs in OVA-administered mice. BALB/c mice were initially sensitized by intraperitoneal injection of
ovalbumin followed by an intranasal challenge on day 7. These mice received vehicle (Ova-veh) or RES (Ova-res) on days 1-14. On day 15, the mice were chosen
randomly and placed in one of 4 chambers of Buxco instrument for pulmonary function analysis or sacrificed for other examination. (A) Pulmonary function tests
included changing patterns of frequency (F), mean volume (MV), specific airway resistance (sRaw) and delay time (dT) among naïve, Ova-veh and Ova-res group as
baseline response (BL, green arrow), PBS exposure response (red arrow), and 25 mg/ml methacholine response (Mch, red arrow). Bar graphs present the statistical
comparison of frequency, MV, sRaw and dT among naïve, Ova-veh and Ova-res group at the baseline response (B) and after challenge with 25 mg/mL
methacholine (C). (D) Immunofluorescent staining showing the expression of MUC5ac protein in lung sections of naïve, Ova-veh and Ova-res group mice observed
under Leica microscope. Statistical comparison of MUC5ac protein expression among naïve, Ova-veh and Ova-res group (E). RT-qPCR data to measure the
expression of tight junction proteins, occludin, claudin-18, E-cadherin and ZO-1 in purified epithelial cells from mice (F). Vertical bars in all panels represent Mean+/-SEM
data from groups of 5 mice. *p<0.05, **p<0.01, ***p<0.001, #p<0.0001.
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shown by the decrease in transepithelial electrical resistance
(TEER) value of MLE-15 cell layer after LPS exposure
(Figure 5A). However, RES treatment significantly increased
the TEER value of MLE-15 cell layer in comparison with LPS
+veh group, suggesting that RES could maintain the barrier
integrity of the epithelial cell layer (Figure 5A). Also, RES
treatment significantly inhibited the expression of MyD88
adapter gene in LPS-injured MLE-15 cells, indicating that RES
may play an inhibitory role in the induction of the TLR4
signaling pathway triggered by LPS (Figure 5B).

Because RES could improve epithelial cell integrity and inhibit
MyD88 (Figures 5A, B), we also examined the effects of RES on
the expression of tight junction proteins and inflammatory
cytokines in LPS-injured MLE-15 culture cells. Interestingly, we
found that RES treatment significantly increased the expression of
tight junction proteins such as claudin, E-cadherin (E-cad),
occludin, ZO-1, ZO-2, and ZO-3 in LPS-injured MLE-15 cells
as compared with the vehicle control cells (Figure 5C). In
addition, RES treatment decreased the gene expression of pro-
inflammatory cytokines including CCR2, IL-13, IL-1b, IL-2, IL-4,
IL-5, IL-6, TGF-b, and TNF-a but increased the gene expression
of anti-inflammatory IL-10 in LPS-injured MLE-15 cells
(Figure 5D). ELISA analysis also confirmed that RES treatment
decreased the production of pro-inflammatory cytokines such as
IL-1b, IL-4, IL-6, IL-13, IFN-g, and TNF-a while increasing IL-10
in the culture supernatants of LPS-injured MLE-15 cells
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(Figure 5E). These results suggested that RES could increase
the expression of tight junction proteins, and suppress pro-
inflammatory cytokines, and promote anti-inflammatory
cytokines following exposure of lung epithelial cells to LPS.
DISCUSSION

The current study demonstrates that RES can attenuate OVA-
induced asthma in an animal model, consistent with previous
studies (24–26). To test the effect of RES on asthma, lung
functions were assessed using whole-body plethysmography at
both the basal levels as well as following challenges with
methacholine, as previously described (43, 44). The
measurements of these parameters revealed that there was a
deviance from normality in lung function in the Ova-veh
group, characterized by a loss of general pulmonary functions.
According to the output of clinical parameters, the Ova-res group
exhibited restored lung function and displayed lung functionality
similar to a normal state. This effect was observed with statistically
significant improvement of F, MV, sRaw, and dT after RES
treatment. For example, the specific airway conductance (sGaw)
was significantly improved in Ova-res group when compared with
Ova-veh group. Moreover, the parameters of specific airway
resistance (sRaw) and delay time (dT) of moving the air
between thoracic and nasal cavities were significantly improved
A
B

D

C

FIGURE 2 | Effect of resveratrol on lung microbiota. OVA and RES treatments were performed as described in Figure 1 legend. The lung microbiota profile was
conducted as described in Methods. (A) Principal coordinator analysis showing the specific distribution of lung microbiota in naïve, Ova-veh and Ova-res groups.
(B) Pie charts showing the percentages of common bacterial phyla in the lung microbiota among naïve, Ova-veh and Ova-res groups. (C) cladogram showing the
least significant discriminative changes of lung microbiota between Ova-veh and Ova-res group with at least 2-fold changes. (D) qPCR showing the abundance of
Akkermansia muciniphila in mouse lung microbiota among naïve, Ova-veh and Ova-res groups. Vertical bars in panel D represent Mean+/-SEM data from groups of
5 mice. In panel (A), 2 mice out of 5 were excluded by Nephele setting). #p<0.0001.
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in Ova-res group as compared with Ova-veh group when the
animals were challenged with Mch. A reduction in sRaw in
models of asthma, has often been used to indicate disease
mitigation in response to drug treatment (44–47). The
parameters of time to inhale (Ti) and time to exhale (Te) also
decreased significantly in Ova-res group when compared to the
Ova-veh group. These collective results showed that in an OVA-
induced mouse model of asthma, RES attenuated the pathology
associated with asthma and restored the normal lung functions.

OVA is well established to trigger Th2 cells producing IL-4,
IL-5, and IL-13. Additionally, the epithelial cells can also produce
many cytokines such as IL-1 IL-33, and TGF-b. The epithelial
cells subsequently stimulate dendritic cells to produce a wide
array of cytokines such as IL-1a, IL-1b, IL-6, IL-7, IL-12, IL-15,
IL-18, TNF-a, TGF-b (48). Thus, asthma may involve a large
number of proinflammatory cytokines and chemokines. In the
current study, we noted that RES treatment was able to suppress
several of the inflammatory cytokines both in the serum and the
BALF as well as those produced by the isolated mononuclear
cells from mouse lungs. In the current study, we also noted that
RES caused significant induction of IL-10 which is produced by
the regulatory T cells (Tregs) that play a crucial role in
controlling asthma (49).
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Previous studies have shown that exposure to airway irritants
reduced the expression of tight junction molecules such as
occludin and claudin within the bronchial epithelium, resulting
in a lack of barrier integrity (50–52). Furthermore, the release of
pro-inflammatory molecules during an asthmatic incident was
found to disrupt tight junctions (48). Thus, we assessed mRNA
levels of tight junction molecules and found that major
components of epithelial tight junctions (claudin, cadherin,
occludin, and ZO-1) were significantly higher in the Ova-res
group when compared to the Ova-veh group. This finding
suggested that RES may improve airway barrier integrity
through the promotion of tight junction molecule expression,
ultimately alleviating symptoms of asthma.

The role of the microbiota in the regulation of inflammation was
highlighted by the proposed “hygiene hypothesis,” which suggested
that the decreasing incidence of infections in western countries may
play a role in increasing the incidence of both autoimmune and
allergic diseases (53). The incidence of asthma, along with other
atopic diseases, has increased over recent decades andwas thought to
be, at least partially, linked to reduced exposure to microbial agents
during development (54). Several extrinsic factors experienced in
early life, such as maternal administration of antibiotics during
pregnancy, maternal exposure to pets, delivery by caesarian section,
A B
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FIGURE 3 | Effect of resveratrol on gut microbiota. The gut microbiota profile was conducted as described in Methods. (A) Principal coordinator analysis shows the
specific distribution of gut microbiota in the mice belonging to the naïve, Ova-veh and Ova-res groups. (B) Pie charts showing the percentages of common bacterial
phyla in the gut microbiota among naïve, Ova-veh and Ova-res groups. (C) Cladogram showing the least significant discriminative changes of gut microbiota
between Ova-veh and Ova-res group with at least 2-fold changes. (D) qPCR was used to detect the abundance of Bacteroides acidifaciens in mouse gut microbiota
among naïve, Ova-veh and Ova-res groups. Mass spectrometry–gas chromatography analysis showing the differences of butyric acid (E), and acetic acid, and
propionic acids (F) concentrations in mouse colonic materials among naïve, Ova-veh and Ova-res groups. Vertical bars represent Mean+/-SEM data from groups of
5 mice. *p<0.05, **p<0.01, #p<0.0001.
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and feeding with infant formula are suggested to have lasting effects
on the gut microbial constituents and were associated with the
development of asthmatic symptoms (55). To further understand
the role of microbiota in the underlying mechanisms through which
RES alleviates asthma, the effect of RES on lung microbiota was
investigated in the current study. Our analysis discovered that RES
significantly increased the abundance of the phylum
Verrucomicrobia and species Akkermansia muciniphilia in lung
microbiota. Akkermansia muciniphilia is a gram negative, mucus-
degrading bacterium that was considered beneficial when found at
appropriate levels and has been implicated in a variety of
inflammatory disorders (56). The increased colonization of
Akkermansia muciniphilia within the gut epithelium mucosal layer
was shown to combat metabolic diseases (57–59). The severity of
asthma has been shown to negatively correlate with the levels of
fecal Akkermansia muciniphila (60). Also, the administration
of Akkermansia muciniphila into mice has been shown to attenuate
airway hyper-reactivity and airway inflammation (60). The observed
increase inAkkermansiamuciniphilawithin the lungmicrobiome of
the Ova-res group, when compared to Ova-veh, suggested that RES
could promote the growth of this potentially beneficial
microorganism, which in turn, enhances mucous degradation and
clearing of excess mucus, which was possibly responsible for the
Frontiers in Immunology | www.frontiersin.org 9
alleviation of asthma. In this context, inoculation of commensal
Escherichia coli specieswas shown to attenuateOVA-induced airway
inflammation inmice (61).We also noted in the current study using
immunofluorescent staining that the production of epithelial
MUC5ac protein was significantly increased in the lungs of OVA-
veh-challenged mice when compared to the naïve mice, while RES
wasable to significantlydecreaseMUC5acexpression.The important
relationshipbetween lungmicrobiotaandepithelial cell tight junction
molecules highlighted the importance of our findings, indicating that
RES treatment improved tight junctions, thereby interfering with
exposure of sub-epithelial layer to microbial antigens.

RES also significantly modulated gut microbiota in OVA-
treated mice. Specifically, RES significantly increased the
abundance of the phylum Bacteroidetes, order Bacteroidales
and species Bacteroides acidifaciens. Previous studies showed
that a maternal diet rich in fibers indigestible to the host
significantly increased the abundance of probiotic organisms,
namely Bacteroides acidifaciens, which fermented fibers and
produced SCFAs. SCFAs have been shown to induce the
expression of transcription factor Foxp3 in T lymphocytes,
leading to the induction of Tregs which in turn can drive the
immune response towards tolerance and attenuate asthma (62,
63). Mechanistically, SCFAs induce Tregs by inhibiting histone
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FIGURE 4 | Effect of resveratrol on LPS metabolism and cytokine production. OVA and RES treatments were performed as described in Figure 1 legend. (A) Heat
map showing the predicted metagenomic functions of lung microbiota between Ova-veh and Ova-res group. The predicted biological functions were normalized to
the mean OTUs of naïve group. (B) LPS concentrations in bronchoalveolar lavage fluid (BALF) were measured in Ova-veh and Ova-res groups. (C) RT-qPCR assay
to measure gene expression of inflammatory and anti-inflammatory cytokines in the isolated mononuclear cells from mouse lungs of Ova-veh and Ova-res groups.
ELISA measurements of different cytokine levels in the serum (D) and BALF (E) of OVA-exposed mice treated either with VEH or RES. Vertical bars in all panels
represent Mean+/-SEM data from groups of 5 mice. In panel (A), 1 mouse out of 5 in Ova-veh and Ova-res groups were excluded by Nephele setting). ns, not
significant, *p<0.05, **p<0.01, ***p<0.001, #p<0.0001.
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deacetylase enzymes (HDACs) near the promoter region of the
Treg master transcription factor, Foxp3 gene (64). In the current
study, we found that resveratrol caused significant increase in
butyrate in the colon of Ova-treated mice. Butyrate is derived
from the fermentation non-digestible dietary fiber by commensal
bacteria. Several studies have shown that butyrate can suppress
asthma (32, 65). The butyrate produced in the large intestine can
enter the circulation and mediate anti-inflammatory properties
in the lungs (32). Mice fed with butyrate mice were shown to
exhibit less severe allergic asthma (66). Thus, it is likely that the
increased induction of butyrate by resveratrol in the colon of
Ova-treated mice may contribute to attenuation of asthma.

LPS a TLR4 ligand, is the main component of the cell walls of
gram-negative bacteria, that is released into the surrounding
environment which induces a strong immune response through
activation of NF-kB signaling pathway (67). Alveolar epithelial
cells play a critical role in lung homeostasis and oxygen
exchange. Alveolar epithelial type II (ATII) cells composed of
about 5-7% only of the alveolar cell components are responsible
for the production of surfactant proteins and some antimicrobial
peptides (66, 68, 69). ATII cells are referred to as defenders of
alveolus (69). Thus, LPS-induced injury of ATII cells could
modulate the production of surfactant proteins and induce
inflammatory responses through activation of TLR4 (70–74).
LPS also induces the gene dysregulation of different tight
Frontiers in Immunology | www.frontiersin.org 10
junction proteins and thus damages the barrier function (75–
77). It has been reported that RES can inhibit TLR4/NF-kB
signaling cascade and thus alleviate LPS-mediated acute liver and
lung inflammation in rats (78). In the current study, we used the
OVA-mediated asthma mouse model to evaluate the effects of
RES on the levels of LPS in the BALF and LPS metabolism,
associated with gut and lung microbial dysbiosis. Our studies
demonstrated that RES decreased the LPS levels in the BALF, and
inhibited LPS biosynthesis. Furthermore, our in vitro
investigation using murine lung epithelial cell line MLE-15 also
discovered the role of RES in LPS-mediated alterations in the
integrity and function of epithelial cells. Exposing monolayer of
alveolar epithelial cells to LPS was enough to trigger barrier
dysfunction and RES recovered integrity and functions of the
epithelial cell monolayer. Our studies demonstrated that RES
inhibited LPS-induced inflammation and maintained the
integrity and barrier functions of the epithelial cells. In the
current study, we found that LPS levels in the BALF in Ova-
res group were significantly decreased, and while this can be
explained by the resveratrol directly affecting LPS metabolism, it
is also possible that resveratrol may cause changes in bacterial
composition leading to decreased levels of LPS. For example, we
found that resveratrol-treated mice showed increased levels of
Akkermansia muciniphila, which are known to decrease
intestinal permeability and lower LPS levels in circulation (79).
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FIGURE 5 | Effect of RES on the integrity and functions of mouse epithelial cells. MLE-15 mouse epithelial cell layer was exposed to LPS and treated with either
RES or VEH. (A) Transepithelial electrical resistance (TEER) measurement system was used in the analysis of the integrity and permeability of cultured MLE-15
mouse epithelial cell layer exposed to LPS and treated with either RES or VEH. RT-qPCR was used to detect the gene expression in the LPS-treated MLE-15 cells
incubated with RES or VEH. The genes studied included: (B) MyD88, (C) Tight junction proteins (claudin, E-Cad, occuludin, ZO-1, ZO-2 and ZO-3), (D) Cytokines
and chemokines (CCR2, IL-10, IL-13, IL-1b, IL-2, IL-4, IL-4, IL-6, TGF-b and TNF-a). (E) ELISA was used in the measurement of cytokines (IL-1b, IL-4, IL-6, IL-10,
IL-13, TGF-b, IFN-g and TNF-a) in the supernatants of MLE-15 cell cultures in the presence of LPS and RES or VEH (E). ns, not significant, *p<0.05, **p<0.01,
***p<0.001, #p<0.0001.
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Flavonoids, which are polyphenolic plant secondary
metabolites widely found in vegetables and fruits have been
shown to suppress allergic response as well as suppress airway
inflammation (80, 81). Polyphenols act throughmultiple pathways
to suppress allergic asthma including suppression of inflammatory
cytokines (82, 83), reversal of airway bronchoconstriction and
bronchial hyper-reactivity (82, 84), downregulation of NF-kB
activity (85), attenuation of oxidative stress (86), and promotion
of healthy gut microbiota (87). However, there are no previous
studies on polyphenols that have comprehensively investigated a
combination of such pathways, including the gut-lung axis, as
reported in the current study.

In summary, the current study showed that RES ameliorated
the clinical parameters of asthma and promoted recovery to
normalcy in the tissue architecture of the lung mucosa. The
beneficial effects of RES could be due to the modulation of both
lungs and gut microbial species. Particularly, RES promoted the
growth of Akkermansia mucinuphila in the lungs and Bacteroides
acidifaciens in the gut of OVA-challenged mice. As a mucous
degrader, we believed that the presence of Akkermansia
muciniphila in the lung tissue was able to improve parameters
of lung function through the alleviation of excessive mucous
production, as well as by driving epithelial integrity. In the gut,
Bacteroides acidifaciens outgrowth could help establish an
immunotolerant environment through the production of
SCFAs, which is known to promote the generation of
regulatory T cells (88). Importantly, RES could regulate lung
and gut microbiota, and decrease LPS biosynthesis and thus
contribute towards attenuation of asthma. This study suggested
the use of RES, and perhaps other natural compounds, as
potential novel therapeutics for the management of often
incurable and costly inflammatory conditions, such as asthma.
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.
nlm.nih.gov/geo; GSE193246.
Frontiers in Immunology | www.frontiersin.org 11
ETHICS STATEMENT

The animal study was reviewed and approved by American
Association for the Accreditation of Laboratory Animal Care
(AAALAC)-accredited animal resource facility at the University
of South Carolina, School of Medicine, Columbia, SC.
AUTHOR CONTRIBUTIONS

Conceptualization, MN and PN. Methodology, EA and HA.
Resources, MN and PN. Experimentation, EA, HA, AM, and JZ.
Writing—originaldraft preparation,EAandHA.Reviewandediting:
PN andMN. Data interpretation, EA, HA, PN, andMN. All authors
have read and agreed to the published version of the manuscript.
FUNDING

This research was funded by the National Institutes of Health
(NIH): P01AT003961, P20GM103641, R01AI129788,
R01AI123947, R01AI160896 and R01ES030144.
SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.805770/
full#supplementary-material
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arrow) (A). Bar graphs show statistical comparison of sGaw, PEF, time to inhale and
Te among naïve, Ova-veh and Ova-res group at the baseline response (B) and after
challenge with 25 mg/mL methacholine (C). Vertical bars in (B, C) represent Mean
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REFERENCES
1. da Silva AL, Silva LA, Cruz FF, Rocco PRM, Morales MM. Application of

Novel Nanotechnologies in Asthma. Ann Transl Med (2020) 8(5):159. doi:
10.21037/atm.2019.12.40

2. Huang K, Yang T, Xu J, Yang L, Zhao J, Zhang X, et al. Prevalence, Risk Factors,
and Management of Asthma in China: A National Cross-Sectional Study. Lancet
(2019) 394(10196):407–18. doi: 10.1016/S0140-6736(19)31147-X

3. Rothenberg ME. Humanized Anti-IL-5 Antibody Therapy. Cell (2016) 165
(3):509. doi: 10.1016/j.cell.2016.04.020

4. Hegele RG. The Pathology of Asthma: Brief Review. Immunopharmacology
(2000) 48(3):257–62. doi: 10.1016/S0162-3109(00)00238-1

5. Barnes PJ. The Cytokine Network in Asthma and Chronic Obstructive Pulmonary
Disease. J Clin Invest (2008) 118(11):3546–56. doi: 10.1172/JCI36130

6. Sugita K, Kabashima K. Tight Junctions in the Development of Asthma,
Chronic Rhinosinusitis, Atopic Dermatitis, Eosinophilic Esophagitis, and
Inflammatory Bowel Diseases. J Leukoc Biol (2020) 107(5):749–62. doi:
10.1002/JLB.5MR0120-230R
7. Bergeron C, Tulic MK, Hamid Q. Airway Remodelling in Asthma: From
Benchside to Clinical Practice. Can Respir J (2010) 17(4):e85–93. doi: 10.1155/
2010/318029

8. Berman AY, Motechin RA, Wiesenfeld MY, Holz MK. The Therapeutic
Potential of Resveratrol: A Review of Clinical Trials. NPJ Precis Oncol (2017)
1. doi: 10.1038/s41698-017-0038-6

9. Chen L, Yang S, Zumbrun EE, Guan H, Nagarkatti PS, Nagarkatti M.
Resveratrol Attenuates Lipopolysaccharide-Induced Acute Kidney Injury by
Suppressing Inflammation Driven by Macrophages. Mol Nutr Food Res
(2015) 59(5):853–64. doi: 10.1002/mnfr.201400819

10. Alghetaa H, Mohammed A, Sultan M, Busbee P, Murphy A, Chatterjee S, et al.
Resveratrol Protects Mice Against SEB-Induced Acute Lung Injury and
Mortality by miR-193a Modulation That Targets TGF-Beta Signalling. J Cell
Mol Med (2018) 22(5):2644–55. doi: 10.1111/jcmm.13542

11. Chhabra G, Singh CK, Amiri D, Akula N, Ahmad N. Recent Advancements
on Immunomodulatory Mechanisms of Resveratrol in Tumor
Microenvironment. Molecules (2021) 26(5):1343. doi: 10.3390/
molecules26051343
February 2022 | Volume 13 | Article 805770

https://www.ncbi.nlm.nih.gov/geo
https://www.ncbi.nlm.nih.gov/geo
https://www.frontiersin.org/articles/10.3389/fimmu.2022.805770/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.805770/full#supplementary-material
https://doi.org/10.21037/atm.2019.12.40
https://doi.org/10.1016/S0140-6736(19)31147-X
https://doi.org/10.1016/j.cell.2016.04.020
https://doi.org/10.1016/S0162-3109(00)00238-1
https://doi.org/10.1172/JCI36130
https://doi.org/10.1002/JLB.5MR0120-230R
https://doi.org/10.1155/2010/318029
https://doi.org/10.1155/2010/318029
https://doi.org/10.1038/s41698-017-0038-6
https://doi.org/10.1002/mnfr.201400819
https://doi.org/10.1111/jcmm.13542
https://doi.org/10.3390/molecules26051343
https://doi.org/10.3390/molecules26051343
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Alharris et al. Resveratrol Treatment Attenuates Allergic Asthma
12. Wang B, Sun J, Li X, Zhou Q, Bai J, Shi Y, et al. Resveratrol Prevents
Suppression of Regulatory T-Cell Production, Oxidative Stress, and
Inflammation of Mice Prone or Resistant to High-Fat Diet-Induced
Obesity. Nutr Res (2013) 33(11):971–81. doi: 10.1016/j.nutres.2013.07.016

13. Rieder SA, Nagarkatti P, Nagarkatti M. Multiple Anti-Inflammatory Pathways
Triggered by Resveratrol Lead to Amelioration of Staphylococcal Enterotoxin
B-Induced Lung Injury. Br J Pharmacol (2012) 167(6):1244–58. doi: 10.1111/
j.1476-5381.2012.02063.x

14. Ma DSL, Tan LT, Chan KG, Yap WH, Pusparajah P, Chuah LH, et al.
Resveratrol-Potential Antibacterial Agent Against Foodborne Pathogens.
Front Pharmacol (2018) 9:102. doi: 10.3389/fphar.2018.00102

15. Ferreira S, Domingues F. The Antimicrobial Action of Resveratrol Against
Listeria Monocytogenes in Food-Based Models and its Antibiofilm Properties.
J Sci Food Agric (2016) 96(13):4531–5. doi: 10.1002/jsfa.7669

16. Euba B, Lopez-Lopez N, Rodriguez-Arce I, Fernandez-Calvet A, Barberan M,
Caturla N, et al. Resveratrol Therapeutics Combines Both Antimicrobial and
Immunomodulatory Properties Against Respiratory Infection by Nontypeable
Haemophilus Influenzae. Sci Rep (2017) 7(1):12860. doi: 10.1038/s41598-017-
13034-7

17. Barcik W, Boutin RCT, Sokolowska M, Finlay BB, et al. The Role of Lung and
Gut Microbiota in the Pathology of Asthma. Immunity (2020) 52(2):241–55.
doi: 10.1016/j.immuni.2020.01.007

18. Marsland BJ, Trompette A, Gollwitzer ES. The Gut-Lung Axis in Respiratory
Disease. Ann Am Thorac Soc (2015) 12(Suppl 2):S150–6. doi: 10.1513/
AnnalsATS.201503-133AW

19. Alrafas HR, Busbee PB, Nagarkatti M, Nagarkatti PS. Resveratrol Modulates
the Gut Microbiota to Prevent Murine Colitis Development Through
Induction of Tregs and Suppression of Th17 Cells. J Leukoc Biol (2019) 106
(2):467–80. doi: 10.1002/JLB.3A1218-476RR

20. Alrafas HR, Busbee PB, Chitrala KN, Nagarkatti M, Nagarkatti P. Alterations
in the Gut Microbiome and Suppression of Histone Deacetylases by
Resveratrol Are Associated With Attenuation of Colonic Inflammation and
Protection Against Colorectal Cancer. J Clin Med (2020) 9(6):1796. doi:
10.3390/jcm9061796

21. Alghetaa H, Mohammed A, Zhou J, Singh N, Nagarkatti M, Nagarkatti P.
Resveratrol-Mediated Attenuation of Superantigen-Driven Acute Respiratory
Distress Syndrome is Mediated by Microbiota in the Lungs and Gut.
Pharmacol Res (2021) 167:105548. doi: 10.1016/j.phrs.2021.105548

22. Lee M, Kim S, Kwon OK, Oh SR, Lee HK, Ahn K. Anti-Inflammatory and
Anti-Asthmatic Effects of Resveratrol, a Polyphenolic Stilbene, in a Mouse
Model of Allergic Asthma. Int Immunopharmacol (2009) 9(4):418–24. doi:
10.1016/j.intimp.2009.01.005

23. Andre DM, Calixto MC, Sollon C, Alexandre EC, Leiria LO, Tobar N, et al.
Therapy With Resveratrol Attenuates Obesity-Associated Allergic Airway
Inflammation in Mice. Int Immunopharmacol (2016) 38:298–305. doi:
10.1016/j.intimp.2016.06.017

24. Lee HY, Kim IK, Yoon HK, Kwon SS, Rhee CK, Lee SY. Inhibitory Effects of
Resveratrol on Airway Remodeling by Transforming Growth Factor-Beta/
Smad Signaling Pathway in Chronic Asthma Model. Allergy Asthma Immunol
Res (2017) 9(1):25–34. doi: 10.4168/aair.2017.9.1.25

25. Alharris E, Alghetaa H, Seth R, Chatterjee S, Singh NP, Nagarkatti M, et al.
Resveratrol Attenuates Allergic Asthma and Associated Inflammation in the
Lungs Through Regulation of miRNA-34a That Targets FoxP3 in Mice. Front
Immunol (2018) 9:2992. doi: 10.3389/fimmu.2018.02992

26. Jiang H, Duan J, Xu K, Zhang W. Resveratrol Protects Against Asthma-
Induced Airway Inflammation and Remodeling by Inhibiting the HMGB1/
TLR4/NF-kappaB Pathway. Exp Ther Med (2019) 18(1):459–66. doi: 10.3892/
etm.2019.7594

27. Kim DI, Song MK, Lee K. Comparison of Asthma Phenotypes in OVA-
Induced Mice Challenged via Inhaled and Intranasal Routes. BMC Pulm Med
(2019) 19(1):241. doi: 10.1186/s12890-019-1001-9

28. Nials AT, Uddin S. Mouse Models of Allergic Asthma: Acute and Chronic Allergen
Challenge. Dis Model Mech (2008) 1(4-5):213–20. doi: 10.1242/dmm.000323

29. Sultan M, Alghetaa H, Mohammed A, Abdulla OA, Wisniewski PJ, Singh N,
et al. The Endocannabinoid Anandamide Attenuates Acute Respiratory
Distress Syndrome by Downregulating miRNA That Target Inflammatory
Pathways. Front Pharmacol (2021) 12:644281. doi: 10.3389/fphar.2021.644281
Frontiers in Immunology | www.frontiersin.org 12
30. Mohammed A, Alghetaa H, Sultan M, Singh NP, Nagarkatti P, Nagarkatti M.
Administration of Delta9-Tetrahydrocannabinol (THC) Post-Staphylococcal
Enterotoxin B Exposure Protects Mice From Acute Respiratory Distress
Syndrome and Toxicity. Front Pharmacol (2020) 11:893. doi: 10.3389/
fphar.2020.00893

31. Dong Y, Yan H, Zhao X, Lin R, Lin L, Ding Y, et al. Gu-Ben-Fang-Xiao
Decoction Ameliorated Murine Asthma in Remission Stage by Modulating
Microbiota-Acetate-Tregs Axis. Front Pharmacol (2020) 11:549. doi: 10.3389/
fphar.2020.00549

32. Yip W, Hughes MR, Li Y, Cait A, Hirst M, Mohn WW, et al. Butyrate Shapes
Immune Cell Fate and Function in Allergic Asthma. Front Immunol (2021)
12:628453. doi: 10.3389/fimmu.2021.628453

33. Abdulla OA, NeamahW, SultanM, AlghetaaHK, SinghN, Busbee PB, et al. The
Ability of AhR Ligands to Attenuate Delayed Type Hypersensitivity Reaction Is
Associated With Alterations in the Gut Microbiota. Front Immunol (2021)
12:684727. doi: 10.3389/fimmu.2021.684727

34. Neamah WH, Busbee PB, Alghetaa H, Abdulla OA, Nagarkatti M, Nagarkatti
P. AhR Activation Leads to Alterations in the Gut Microbiome With
Consequent Effect on Induction of Myeloid Derived Suppressor Cells in a
CXCR2-Dependent Manner. Int J Mol Sci (2020) 21(24):9613. doi: 10.3390/
ijms21249613

35. Al-Ghezi ZZ, Busbee PB, Alghetaa H, Nagarkatti PS, Nagarkatti M.
Combination of Cannabinoids, Delta-9-Tetrahydrocannabinol (THC) and
Cannabidiol (CBD), Mitigates Experimental Autoimmune Encephalomyelitis
(EAE) by Altering the Gut Microbiome. Brain Behav Immun (2019) 82:25–35.
doi: 10.1016/j.bbi.2019.07.028

36. Sarkar S, Kimono D, Albadrani M, Seth RK, Busbee P, Alghetaa H, et al.
Environmental Microcystin Targets the Microbiome and Increases the Risk of
Intestinal Inflammatory Pathology via NOX2 in Underlying Murine Model of
Nonalcoholic Fatty Liver Disease. Sci Rep (2019) 9(1):8742. doi: 10.1038/
s41598-019-45009-1

37. Rao R, Rieder SA, Nagarkatti P, Nagarkatti M. Staphylococcal Enterotoxin B-
Induced microRNA-155 Targets SOCS1 to Promote Acute Inflammatory
Lung Injury. Infect Immun (2014) 82(7):2971–9. doi: 10.1128/IAI.01666-14

38. Rao R, Nagarkatti P, Nagarkatti M. Role of miRNA in the Regulation of
Inflammatory Genes in Staphylococcal Enterotoxin B-Induced Acute
Inflammatory Lung Injury and Mortality. Toxicol Sci (2015) 144(2):284–97.
doi: 10.1093/toxsci/kfu315

39. Al-Ghezi ZZ, Miranda K, Nagarkatti M, Nagarkatti PS. Combination of
Cannabinoids, Delta9- Tetrahydrocannabinol and Cannabidiol, Ameliorates
Experimental Multiple Sclerosis by Suppressing Neuroinflammation Through
Regulation of miRNA-Mediated Signaling Pathways. Front Immunol (2019)
10:1921. doi: 10.3389/fimmu.2019.01921

40. Mohammed A, FKA H, Miranda K, Wilson K, PS N, Cai G, et al. Delta9-
Tetrahydrocannabinol Prevents Mortality From Acute Respiratory Distress
Syndrome Through the Induction of Apoptosis in Immune Cells, Leading to
Cytokine Storm Suppression. Int J Mol Sci (2020) 21(17):5078–95. doi:
10.3390/ijms21176244

41. Evans CM, Raclawska DS, Ttofali F, Liptzin DR, Fletcher AA,
Harper DN, et al. The Polymeric Mucin Muc5ac is Required for
Allergic Airway Hyperreactivity. Nat Commun (2015) 6:6281. doi:
10.1038/ncomms7281

42. Weber N, Liou D, Dommer J, MacMenamin P, Quinones M, Misner I, et al.
Nephele: A Cloud Platform for Simplified, Standardized and Reproducible
Microbiome Data Analysis. Bioinformatics (2018) 34(8):1411–3. doi: 10.1093/
bioinformatics/btx617

43. Reddy AT, Lakshmi SP, Reddy RC. Murine Model of Allergen Induced
Asthma. J Vis Exp (2012) 63):e3771. doi: 10.3791/3771

44. Yang X, Zhang JH, Deng WS, Li CQ. Imbalance of Gammadeltat17/
Gammadeltatreg Cells in the Pathogenesis of Allergic Asthma Induced by
Ovalbumin. Braz J Med Biol Res (2018) 51(9):e7127. doi: 10.1590/1414-
431X20187127

45. Zang N, Zhuang J, Deng Y, Yang Z, Ye Z, Xie X, et al. Pulmonary C Fibers
Modulate MMP-12 Production via PAR2 and Are Involved in the Long-Term
Airway Inflammation and Airway Hyperresponsiveness Induced by
Respiratory Syncytial Virus Infection. J Virol (2015) 90(5):2536–43.
doi: 10.1128/JVI.02534-15
February 2022 | Volume 13 | Article 805770

https://doi.org/10.1016/j.nutres.2013.07.016
https://doi.org/10.1111/j.1476-5381.2012.02063.x
https://doi.org/10.1111/j.1476-5381.2012.02063.x
https://doi.org/10.3389/fphar.2018.00102
https://doi.org/10.1002/jsfa.7669
https://doi.org/10.1038/s41598-017-13034-7
https://doi.org/10.1038/s41598-017-13034-7
https://doi.org/10.1016/j.immuni.2020.01.007
https://doi.org/10.1513/AnnalsATS.201503-133AW
https://doi.org/10.1513/AnnalsATS.201503-133AW
https://doi.org/10.1002/JLB.3A1218-476RR
https://doi.org/10.3390/jcm9061796
https://doi.org/10.1016/j.phrs.2021.105548
https://doi.org/10.1016/j.intimp.2009.01.005
https://doi.org/10.1016/j.intimp.2016.06.017
https://doi.org/10.4168/aair.2017.9.1.25
https://doi.org/10.3389/fimmu.2018.02992
https://doi.org/10.3892/etm.2019.7594
https://doi.org/10.3892/etm.2019.7594
https://doi.org/10.1186/s12890-019-1001-9
https://doi.org/10.1242/dmm.000323
https://doi.org/10.3389/fphar.2021.644281
https://doi.org/10.3389/fphar.2020.00893
https://doi.org/10.3389/fphar.2020.00893
https://doi.org/10.3389/fphar.2020.00549
https://doi.org/10.3389/fphar.2020.00549
https://doi.org/10.3389/fimmu.2021.628453
https://doi.org/10.3389/fimmu.2021.684727
https://doi.org/10.3390/ijms21249613
https://doi.org/10.3390/ijms21249613
https://doi.org/10.1016/j.bbi.2019.07.028
https://doi.org/10.1038/s41598-019-45009-1
https://doi.org/10.1038/s41598-019-45009-1
https://doi.org/10.1128/IAI.01666-14
https://doi.org/10.1093/toxsci/kfu315
https://doi.org/10.3389/fimmu.2019.01921
https://doi.org/10.3390/ijms21176244
https://doi.org/10.1038/ncomms7281
https://doi.org/10.1093/bioinformatics/btx617
https://doi.org/10.1093/bioinformatics/btx617
https://doi.org/10.3791/3771
https://doi.org/10.1590/1414-431X20187127
https://doi.org/10.1590/1414-431X20187127
https://doi.org/10.1128/JVI.02534-15
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Alharris et al. Resveratrol Treatment Attenuates Allergic Asthma
46. Yang Z, Zhuang J, Zhao L, Gao X, Luo Z, Liu E, et al. Roles of
Bronchopulmonary C-Fibers in Airway Hyperresponsiveness and Airway
Remodeling Induced by House Dust Mite. Respir Res (2017) 18(1):199. doi:
10.1186/s12931-017-0677-8

47. Lew DB, Michael CF, Overbeck T, Robinson WS, Rohman EL, Lehman JM,
et al. Beneficial Effects of Prebiotic Saccharomyces Cerevisiae Mannan on
Allergic Asthma Mouse Models. J Immunol Res (2017) 2017:3432701. doi:
10.1155/2017/3432701

48. Lambrecht BN, Hammad H, Fahy JV. The Cytokines of Asthma. Immunity
(2019) 50(4):975–91. doi: 10.1016/j.immuni.2019.03.018

49. RayA, Khare A, KrishnamoorthyN,Qi Z, Ray P. Regulatory TCells inMany Flavors
Control Asthma. Mucosal Immunol (2010) 3(3):216–29. doi: 10.1038/mi.2010.4

50. Petecchia L, Sabatini F, Varesio L, Camoirano A, Usai C, Pezzolo A, et al.
Bronchial Airway Epithelial Cell Damage Following Exposure to Cigarette
Smoke Includes Disassembly of Tight Junction Components Mediated by the
Extracellular Signal-Regulated Kinase 1/2 Pathway. Chest (2009) 135(6):1502–
12. doi: 10.1378/chest.08-1780

51. Steelant B, Farre R, Wawrzyniak P, Belmans J, Dekimpe E, Vanheel H, et al.
Impaired Barrier Function in Patients With House Dust Mite-Induced
Allergic Rhinitis Is Accompanied by Decreased Occludin and Zonula
Occludens-1 Expression. J Allergy Clin Immunol (2016) 137(4):1043–1053
e5. doi: 10.1016/j.jaci.2015.10.050

52. Mohammed A, Alghetaa HK, Zhou J, Chatterjee S, Nagarkatti P, Nagarkatti M.
Protective Effects of Delta(9) -Tetrahydrocannabinol Against Enterotoxin-
Induced Acute Respiratory Distress Syndrome Are Mediated by Modulation
of Microbiota. Br J Pharmacol (2020) 177(22):5078–95. doi: 10.1111/bph.15226

53. Okada H, Kuhn C, Feillet H, Bach JF. The 'Hygiene Hypothesis' for
Autoimmune and Allergic Diseases: An Update. Clin Exp Immunol (2010)
160(1):1–9. doi: 10.1111/j.1365-2249.2010.04139.x

54. Ege MJ, Mayer M, Normand AC, Genuneit J, Cookson WO, Braun-
Fahrlander C, et al. Exposure to Environmental Microorganisms and
Childhood Asthma. N Engl J Med (2011) 364(8):701–9. doi: 10.1056/
NEJMoa1007302

55. CooksonWO, Moffatt MF. Asthma: An Epidemic in the Absence of Infection?
Science (1997) 275(5296):41–2. doi: 10.1126/science.275.5296.41

56. Derrien M, Vaughan EE, Plugge CM, de Vos WM. Akkermansia Muciniphila
Gen. Nov., Sp. Nov., a Human Intestinal Mucin-Degrading Bacterium. Int J
Syst Evol Microbiol (2004) 54(Pt 5):1469–76. doi: 10.1099/ijs.0.02873-0

57. Macchione IG, Lopetuso LR, Ianiro G, Napoli M, Gibiino G, Rizzatti G, et al.
Akkermansia Muciniphila: Key Player in Metabolic and Gastrointestinal
Disorders. Eur Rev Med Pharmacol Sci (2019) 23(18):8075–83.
doi: 10.26355/eurrev_201909_19024

58. Mithieux G. Gut Microbiota and Host Metabolism: What Relationship.
Neuroendocrinology (2018) 106(4):352–6. doi: 10.1159/000484526

59. Xu Y, Wang N, Tan HY, Li S, Zhang C, Feng Y. Function of Akkermansia
Muciniphila in Obesity: Interactions With Lipid Metabolism, Immune
Response and Gut Systems. Front Microbiol (2020) 11:219. doi: 10.3389/
fmicb.2020.00219

60. Michalovich D, Rodriguez-Perez N, Smolinska S, Pirozynski M, Mayhew D,
Uddin S, et al. Obesity and Disease Severity Magnify Disturbed Microbiome-
Immune Interactions in Asthma Patients. Nat Commun (2019) 10(1):5711.
doi: 10.1038/s41467-019-13751-9

61. Nembrini C, Sichelstiel A, Kisielow J, Kurrer M, Kopf M, Marsland BJ.
Bacterial-Induced Protection Against Allergic Inflammation Through a
Multicomponent Immunoregulatory Mechanism. Thorax (2011) 66(9):755–
63. doi: 10.1136/thx.2010.152512

62. Vael C, Nelen V, Verhulst SL, Goossens H, Desager KN. Early Intestinal
Bacteroides Fragilis Colonisation and Development of Asthma. BMC Pulm
Med (2008) 8:19. doi: 10.1186/1471-2466-8-19

63. Fujimura KE, Demoor T, Rauch M, Faruqi AA, Jang S, Johnson CC, et al.
House Dust Exposure Mediates Gut Microbiome Lactobacillus Enrichment
and Airway Immune Defense Against Allergens and Virus Infection. Proc Natl
Acad Sci USA (2014) 111(2):805–10. doi: 10.1073/pnas.1310750111

64. Park J, Kim M, Kang SG, Jannasch AH, Cooper B, Patterson J, et al. Short-
Chain Fatty Acids Induce Both Effector and Regulatory T Cells by Suppression
of Histone Deacetylases and Regulation of the mTOR-S6K Pathway. Mucosal
Immunol (2015) 8(1):80–93. doi: 10.1038/mi.2014.44
Frontiers in Immunology | www.frontiersin.org 13
65. Theiler A, Barnthaler T, Platzer W, Richtig G, Peinhaupt M, Rittchen S, et al.
Butyrate Ameliorates Allergic Airway Inflammation by Limiting Eosinophil
Trafficking and Survival. J Allergy Clin Immunol (2019) 144(3):764–76. doi:
10.1016/j.jaci.2019.05.002

66. Cait A, Hughes MR, Antignano F, Cait J, Dimitriu PA, Maas KR, et al.
Microbiome-Driven Allergic Lung Inflammation is Ameliorated by Short-Chain
Fatty Acids. Mucosal Immunol (2018) 11(3):785–95. doi: 10.1038/mi.2017.75

67. Bertani B, Ruiz N. Function and Biogenesis of Lipopolysaccharides. EcoSal
Plus (2018) 8(1):19. doi: 10.1128/ecosalplus.ESP-0001-2018

68. Lopez-Rodriguez E, Perez-Gil J. Structure-Function Relationships in
Pulmonary Surfactant Membranes: From Biophysics to Therapy. Biochim
Biophys Acta (2014) 1838(6):1568–85. doi: 10.1016/j.bbamem.2014.01.028

69. Mason RJ. Biology of Alveolar Type II Cells. Respirology (2006) 11 Suppl:S12–
5. doi: 10.1111/j.1440-1843.2006.00800.x

70. von Scheele I, Larsson K, Palmberg L. Interactions Between Alveolar Epithelial
Cells and Neutrophils Under Pro-Inflammatory Conditions. Eur Clin Respir J
(2014) 1:1. doi: 10.3402/ecrj.v1.24545

71. Chuang CY, Chen TL, Chen RM. Molecular Mechanisms of
Lipopolysaccharide-Caused Induction of Surfactant Protein-A Gene
Expression in Human Alveolar Epithelial A549 Cells. Toxicol Lett (2009)
191(2-3):132–9. doi: 10.1016/j.toxlet.2009.08.015

72. Roan F, Obata-Ninomiya K, Ziegler SF. Epithelial Cell-Derived Cytokines:
More Than Just Signaling the Alarm. J Clin Invest (2019) 129(4):1441–51. doi:
10.1172/JCI124606

73. Lundien MC, Mohammed KA, Nasreen N, Tepper RS, Hardwick JA, Sanders
KL, et al. Induction of MCP-1 Expression in Airway Epithelial Cells: Role of
CCR2 Receptor in Airway Epithelial Injury. J Clin Immunol (2002) 22(3):144–
52. doi: 10.1023/A:1015420029430

74. Kolomaznik M, Nova Z, Calkovska A. Pulmonary Surfactant and Bacterial
Lipopolysaccharide: The Interaction and its Functional Consequences. Physiol
Res (2017) 66(Suppl 2):S147–57. doi: 10.33549/physiolres.933672

75. Brune K, Frank J, Schwingshackl A, Finigan J, Sidhaye VK. Pulmonary
Epithelial Barrier Function: Some New Players and Mechanisms. Am J
Physiol Lung Cell Mol Physiol (2015) 308(8):L731–45. doi: 10.1152/
ajplung.00309.2014

76. Wittekindt OH. Tight Junctions in Pulmonary Epithelia During Lung Inflammation.
Pflugers Arch (2017) 469(1):135–47. doi: 10.1007/s00424-016-1917-3

77. Weiss DJ, Beckett T, Bonneau L, Young J, Kolls JK, Wang G. Transient
Increase in Lung Epithelial Tight Junction Permeability: An Additional
Mechanism for Enhancement of Lung Transgene Expression by
Perfluorochemical Liquids. Mol Ther (2003) 8(6):927–35. doi: 10.1016/
j.ymthe.2003.09.003

78. Wang G, Hu Z, Fu Q, Song X, Cui Q, Jia R, et al. Resveratrol Mitigates
Lipopolysaccharide-Mediated Acute Inflammation in Rats by Inhibiting the
TLR4/NF-Kappabp65/MAPKs Signaling Cascade. Sci Rep (2017) 7:45006. doi:
10.1038/srep45006

79. Li J, Lin S, Vanhoutte PM, Woo CW, Xu A. Akkermansia Muciniphila
Protects Against Atherosclerosis by Preventing Metabolic Endotoxemia-
Induced Inflammation in Apoe-/- Mice. Circulation (2016) 133(24):2434–
46. doi: 10.1161/CIRCULATIONAHA.115.019645

80. Singh A, Holvoet S, Mercenier A. Dietary Polyphenols in the Prevention and
Treatment of Allergic Diseases. Clin Exp Allergy (2011) 41(10):1346–59. doi:
10.1111/j.1365-2222.2011.03773.x

81. Tanaka T, Takahashi R. Flavonoids and Asthma. Nutrients (2013) 5(6):2128–
43. doi: 10.3390/nu5062128

82. Joskova M, Sadlonova V, Nosalova G, Novakova E, Franova S. Polyphenols
and Their Components in Experimental Allergic Asthma. Adv Exp Med Biol
(2013) 756:91–8. doi: 10.1007/978-94-007-4549-0_12

83. Shakoor H, Feehan J, Apostolopoulos V, Platat C, Al Dhaheri AS, Ali HI, et al.
Immunomodulatory Effects of Dietary Polyphenols. Nutrients (2021) 13(3).
doi: 10.3390/nu13030728

84. Das M, Ram A, Ghosh B. Luteolin Alleviates Bronchoconstriction and Airway
Hyperreactivity in Ovalbumin Sensitized Mice. Inflamm Res (2003) 52
(3):101–6. doi: 10.1007/s000110300021

85. Choi YH, Jin GY, Guo HS, Piao HM, Li L, Li GZ, et al. Silibinin Attenuates
Allergic Airway Inflammation in Mice. Biochem Biophys Res Commun (2012)
427(3):450–5. doi: 10.1016/j.bbrc.2012.07.112
February 2022 | Volume 13 | Article 805770

https://doi.org/10.1186/s12931-017-0677-8
https://doi.org/10.1155/2017/3432701
https://doi.org/10.1016/j.immuni.2019.03.018
https://doi.org/10.1038/mi.2010.4
https://doi.org/10.1378/chest.08-1780
https://doi.org/10.1016/j.jaci.2015.10.050
https://doi.org/10.1111/bph.15226
https://doi.org/10.1111/j.1365-2249.2010.04139.x
https://doi.org/10.1056/NEJMoa1007302
https://doi.org/10.1056/NEJMoa1007302
https://doi.org/10.1126/science.275.5296.41
https://doi.org/10.1099/ijs.0.02873-0
https://doi.org/10.26355/eurrev_201909_19024
https://doi.org/10.1159/000484526
https://doi.org/10.3389/fmicb.2020.00219
https://doi.org/10.3389/fmicb.2020.00219
https://doi.org/10.1038/s41467-019-13751-9
https://doi.org/10.1136/thx.2010.152512
https://doi.org/10.1186/1471-2466-8-19
https://doi.org/10.1073/pnas.1310750111
https://doi.org/10.1038/mi.2014.44
https://doi.org/10.1016/j.jaci.2019.05.002
https://doi.org/10.1038/mi.2017.75
https://doi.org/10.1128/ecosalplus.ESP-0001-2018
https://doi.org/10.1016/j.bbamem.2014.01.028
https://doi.org/10.1111/j.1440-1843.2006.00800.x
https://doi.org/10.3402/ecrj.v1.24545
https://doi.org/10.1016/j.toxlet.2009.08.015
https://doi.org/10.1172/JCI124606
https://doi.org/10.1023/A:1015420029430
https://doi.org/10.33549/physiolres.933672
https://doi.org/10.1152/ajplung.00309.2014
https://doi.org/10.1152/ajplung.00309.2014
https://doi.org/10.1007/s00424-016-1917-3
https://doi.org/10.1016/j.ymthe.2003.09.003
https://doi.org/10.1016/j.ymthe.2003.09.003
https://doi.org/10.1038/srep45006
https://doi.org/10.1161/CIRCULATIONAHA.115.019645
https://doi.org/10.1111/j.1365-2222.2011.03773.x
https://doi.org/10.3390/nu5062128
https://doi.org/10.1007/978-94-007-4549-0_12
https://doi.org/10.3390/nu13030728
https://doi.org/10.1007/s000110300021
https://doi.org/10.1016/j.bbrc.2012.07.112
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Alharris et al. Resveratrol Treatment Attenuates Allergic Asthma
86. Toledo AC, Sakoda CP, Perini A, Pinheiro NM, Magalhaes RM, Grecco S,
et al. Flavonone Treatment Reverses Airway Inflammation and Remodelling
in an Asthma Murine Model. Br J Pharmacol (2013) 168(7):1736–49. doi:
10.1111/bph.12062

87. Shabbir U, Rubab M, Daliri EB, Chelliah R, Javed A, Oh DH. Curcumin,
Quercetin, Catechins and Metabolic Diseases: The Role of Gut Microbiota.
Nutrients (2021) 13(1). doi: 10.3390/nu13010206

88. Yang JY, Lee YS, Kim Y, Lee SH, Ryu S, Fukuda S, et al. Gut Commensal
Bacteroides Acidifaciens Prevents Obesity and Improves Insulin
Sensitivity in Mice. Mucosal Immunol (2017) 10(1):104–16. doi:
10.1038/mi.2016.42

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
Frontiers in Immunology | www.frontiersin.org 14
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
Citation: Alharris E, Mohammed A, Alghetaa H, Zhou J, Nagarkatti M and
Nagarkatti P (2022) The Ability of Resveratrol to Attenuate Ovalbumin-Mediated
Allergic Asthma Is Associated With Changes in Microbiota Involving the Gut-Lung
Axis, Enhanced Barrier Function and Decreased Inflammation in the Lungs.
Front. Immunol. 13:805770. doi: 10.3389/fimmu.2022.805770

Copyright © 2022 Alharris, Mohammed, Alghetaa, Zhou, Nagarkatti and Nagarkatti.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
February 2022 | Volume 13 | Article 805770

https://doi.org/10.1111/bph.12062
https://doi.org/10.3390/nu13010206
https://doi.org/10.1038/mi.2016.42
https://doi.org/10.3389/fimmu.2022.805770
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	The Ability of Resveratrol to Attenuate Ovalbumin-Mediated Allergic Asthma Is Associated With Changes in Microbiota Involving the Gut-Lung Axis, Enhanced Barrier Function and Decreased Inflammation in the Lungs
	Introduction
	Materials and Methods
	Animal Treatment
	Plethysmography Assessment of Airway Hyperreactivity
	Gut Microbiota Profiling
	Lung Microbiota Profiling
	Detection of Lipopolysaccharide (LPS) in BALF
	Detection of Cytokines and Chemokines in BALF, Serum, and Culture Supernatants
	Immunofluorescence Analysis of Epithelial Mucin
	Real-Time Quantitative PCR (RT-qPCR) of Gene Expression
	Identification and Quantification of SCFAs
	MLE-15 Cell Culture and Evaluation of Their Response to LPS-Mediated Injury
	Transepithelial Electrical Resistance (TEER) Measurement of LPS-Injured MLE-15 Cells
	Statistical Analysis

	Results
	Resveratrol Attenuates Physiological and Histological Asthmatic Features in the Lungs Induced by OVA
	The Beneficial Effect of Resveratrol on Lung Microbiota
	Effect of Resveratrol on Gut Microbiota
	Effect of Resveratrol on LPS Metabolism
	Effect of Resveratrol on Integrity and Function of Epithelial Cells


	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


