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Multiple anti-inflammatory
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BACKGROUND AND PURPOSE
Inhalation of the superantigen,staphylococcal enterotoxin B (SEB), leads to the activation of the host T and invariant natural
killer (iNK) T cells, thereby resulting in acute lung inflammation and respiratory failure but the underlying mechanism(s) of
disease remain elusive, with limited treatment options. In this study, we investigated the therapeutic effectiveness of
resveratrol, a plant polyphenol, during SEB-induced lung inflammation.

EXPERIMENTAL APPROACH
C57BL/6 mice were exposed to SEB (50 mg·per mouse), administered intranasally, and were treated with resveratrol
(100 mg·kg-1) before or after SEB exposure. Lung injury was studied by measuring vascular permeability, histopathological
examination, nature of infiltrating cells, inflammatory cytokine induction in the bronchoalveolar fluid (BALF), apoptosis in
SEB-activated T cells and regulation of SIRT1 and NF-kB signalling pathways.

KEY RESULTS
Pretreatment and post-treatment with resveratrol significantly reduced SEB-induced pulmonary vascular permeability, and
inflammation. Resveratrol significantly reduced lung infiltrating cells and attenuated the cytokine storm in SEB-exposed mice,
which correlated with increased caspase-8-dependent apoptosis in SEB-activated T cells. Resveratrol treatment also markedly
up-regulated Cd11b+ and Gr1+ myeloid-derived suppressor cells (MDSCs) that inhibited SEB-mediated T cell activation in
vitro. In addition, resveratrol treatment was accompanied by up-regulation of SIRT1 and down-regulation of NF-kB in the
inflammatory cells of the lungs.

CONCLUSIONS AND IMPLICATIONS
The current study demonstrates that resveratrol may constitute a novel therapeutic modality to prevent and treat SEB-induced
lung inflammation inasmuch because it acts through several pathways to reduce pulmonary inflammation.

Abbreviations
AHR, aryl hydrocarbon receptor; ALI, acute lung injury; ARDS, acute respiratory distress syndrome; BAL,
bronchoalveolar; COPD, chronic obstructive pulmonary disease; ER, oestrogen receptor; MDSC, myeloid-derived
suppressor cells; SEB, staphylococcal enterotoxin B
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Introduction
Resveratrol (trans-3,5,4′-trihydroxystilbene) is a phytoallexin,
synthesized by plants as a defence mechanism against infec-
tious agents, UV radiation and ozone exposure (de la Lastra
and Villegas, 2005). Mulberries, peanuts and red grapes are
typical natural sources of resveratrol (Shakibaei et al., 2009).
Consumption of resveratrol has been linked to beneficial
effects in cardiovascular disease, cancer, inflammation, aging
and stress resistance (de la Lastra and Villegas, 2005; Ulrich
et al., 2005). The anti-inflammatory effects of resveratrol are
mediated by many molecular targets, one of which is the
sirtuin SIRT1 (Finkel et al., 2009). The sirtuins comprise a
family of enzymes, exhibiting NAD-dependent histone
deacetylase or ADP-ribosyl transferase activities (Finkel et al.,
2009). SIRT1 has been shown to play a role in histone
deacetylation and in the regulation of a variety of transcrip-
tion factors that are involved in mitochondrial biogenesis,
oxidative stress, insulin sensitivity and inflammation (Lavu
et al., 2008). SIRT1 activation results in the inhibition
of NF-kB activity and subsequent reduction in pro-
inflammatory gene transcription (Csiszar et al., 2006; 2009;
Salminen et al., 2008; Kubota et al., 2009). Other molecular
targets of resveratrol in inflammation include the cyclooxy-
genase enzymes – COX-1 and COX-2 – and the rtranscrition
factor activating protein 1 (AP-1) (Baur and Sinclair, 2006).

In this study, we have investigated the therapeutic poten-
tial of resveratrol in the lung inflammation induced by the
superantigen staphylococcal enterotoxin B (SEB). SEB is listed
as a category B bioterrorism agent by Center for Disease
Control as it is moderately easy to spread and exposure to it
results in low mortality rates (Mantis, 2005). Inhalation of
SEB leads to preferential activation of T and the invariant
natural killer T (iNKT) cells that have the Vb8+ T cell receptor
and results in the recruitment of other immune cells into the
lungs (Henghold, 2004). Exposure to SEB triggers a rapid
cytokine storm and induction of IL-1, IL-2, IL-4, TNF-a and
IFN-g (Krakauer, 2005). These cytokines, in turn, activate
other circulating leukocytes such as NK cells, neutrophils
and macrophages (Liu et al., 2009b). The secreted pro-
inflammatory cytokines as well as the activated immune cells
cause damage to endothelial and epithelial cells of the lungs,
resulting in increased vascular permeability and respiratory
failure (Rafi et al., 1998). Administration of SEB has also been
associated with increased leukocyte infiltration and exacer-
bated airway responsiveness (Herz et al., 1999; Schramm and
Thorlacius, 2003).

The rapid cytokine storm that is associated with SEB-
induced immune cell activation can lead to acute lung injury,
multi-organ failure, shock and, in extreme cases, death of the
host (Liu et al., 2009a). In the hospital setting, the treatment
options for the listed conditions are limited to supportive
care such as administration of fluids, and ventilator therapy
(Johnson and Matthay, 2010). Recent advances in ventilator
therapy reduced the mortality rates from ~40% down to
~30%; however, better treatment options with less toxic side
effects are urgently needed (Peck and Koppelman, 2009). The
exact mechanism of SEB-induced inflammation is not well
understood, and here, we offer a better understanding of the
mechanism of lung inflammation caused by exposure to SEB
as a local immune response. More importantly, we demon-

strate that resveratrol mediates anti-inflammatory responses
through a variety of pathways, thereby providing significant
protection against pulmonary inflammation.

Methods

Animals
All animal care and experimental procedures complied with
the guidelines of the National Institutes of Health and were
approved by the University of South Carolina Institutional
Animal Care and Use Committee (Approval ID: 1660). All
studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (McGrath et al., 2010). Female C57BL/6 mice at the
age of 6–8 weeks were purchased from National Cancer Insti-
tute and housed at the animal facility of University of South
Carolina, School of Medicine (Columbia, SC, USA). A total of
85 mice were used in the experiments described here.

SEB-induced lung inflammation and
measurement of capillary leak
Groups of four to five mice were exposed to 50 mg·per mouse
of SEB (Toxin Technologies, Sarasota, FL, USA) in 25 mL sterile
PBS through the intranasal route. Control groups received
intranasal administration of sterile PBS. Resveratrol (Sigma-
Aldrich, St. Louis, MO, USA) was prepared in sterile water and
administered via oral gavage (100 mL·per mouse), as described
in our earlier studies (Singh et al., 2007; 2010; Cui et al., 2010).
In one set of experiments, called ‘pretreatment’ group
(RES + SEB), SEB was given on day 0, and resveratrol was
administered on days -1, 0 and 1. In another set, termed
‘post-treatment’ group (SEB + RES), SEB was given on day 0,
followed by resveratrol after 30 min and on day 1. Capillary
leak in the lungs was measured as described in our previous
studies (Melencio et al., 2006; Guan et al., 2007). The group
treated with resveratrol only received three single doses of
resveratrol, on days -1, 0 and 1. On day 2, mice were injected
with 1% Evans blue in PBS retro-orbitally, and 2 h after dye
injection, the mice were exsanguinated under anaesthesia.
Following perfusion with heparinized PBS through the heart,
the lungs were removed and placed in formamide at 37°C for
24 h. The amount of Evans Blue in the lungs was calculated by
measuring the absorbance of the supernatants at 620 nm. The
following equation was used in order to calculate percent
increase in capillary leak: (ODsample - ODcontrol) / ODcontrol) ¥ 100.

Histopathology
SEB and resveratrol were administered as described above,
and on day 2, lungs were collected and placed in 10% his-
topathological grade formalin overnight. The organs were
embedded in paraffin, sectioned and stained with haema-
toxylin and eosin. Briefly, the paraffin was removed from the
sections by immersing in xylene followed by dehydration
with different alcohol grades (90%, 95% and 100%). The
slides were then stained with haematoxylin for 15 min,
washed and stained with eosin for 3 min. Finally, the slides
were dehydrated and cleared with xylene before placing
the coverslip. Photographs were taken by using a light
microscope.
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Flow cytometry
To investigate the nature of inflammatory cells induced after
SEB inhalation, mice were treated with SEB as described
above, exsanguinated on day 2 and lungs were removed. The
lung tissue was mechanically macerated with a stomacher
(Seward Limited, West Sussex, UK), filtered and washed. Next,
the immune cells were isolated with Ficoll-Hypaque separa-
tion, counted and stained for different markers. We used CD3
to detect T cells, CD11b and Gr-1 markers to detect MDSCs,
NK1.1 to detect NK cells, CD11b to detect primarily macro-
phages; although it is also expressed to a lower extent in
granulocytes, NK cells and a subset of DCs. Cells were ana-
lysed with Beckman 500 flow cytometer.

Isolation of myeloid-derived suppressor
cells (MDSCs)
Mice were treated with SEB as described above, killed on day
2 and lungs were removed. The lung tissue was mechanically
macerated by Seward Stomacher, filtered and washed. Next,
the immune cells were isolated with Ficoll-Hypaque separa-
tion, counted and stained with anti-Cd11b and anti-Gr1. Two
different populations of MDSCs (Gr1high and Gr1low) were
sorted using FACS-Aria, and the purity was determined to be
>90%.

Proliferation assay
Axillary and inguinal lymph node cells (4 ¥ 105) were acti-
vated with 1 mg·mL-1 SEB and placed in culture with cell-
sorter purified MDSCs (2.5 ¥ 105) in 96-well culture plates.
The cells were incubated for 48 h at 37°C, 5% CO2, and in the
last 12 h of incubation 3H-thymidine was added to the cul-
tures (2 mCi·per well). The cells were harvested, and thymi-
dine incorporation was measured with a scintillation counter.

Cytokine analysis
On day 2 after SEB administration, blood was obtained from
the retro-orbital plexus, and serum was separated. In order to
collect bronchoalveolar (BAL) fluid, mice were exsanguin-
ated, trachea was tied and the lungs were removed as a whole.
Then, 1 mL of cold sterile PBS was pushed through the
opening of the trachea several times, and the lavage fluid was
collected ex vivo. Cytokine analysis was performed with a
Bio-Rad 23-plex multiplex cytokine analysis kit. The
cytokines included were IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5,
IL-6, IL-9, IL-10, IL-12 (p-40), IL-12 (p-70), IL-13, IL-17,
eotaxin (CCL11), G-CSF, GM-CSF, IFN-g, KC, CCL2 (MCP-1),
CCL3 (MIP-1a), CCL4 (MIP-1b), CCL5 (RANTES), TNF-a.

Detection of apoptosis in
SEB-activated splenocytes
Splenocytes were obtained from C57BL/6 mice and activated
with 1 mg·mL-1 SEB. Next, the cells were treated simultane-
ously with three different concentrations of resveratrol (5, 10
and 20 mM) or vehicle (DMSO). The cells were incubated at
37°C for 24 h, collected and analysed for apoptosis using the
TUNEL assay according to the manufacturer’s instructions
(Roche, Indianapolis, IN, USA). Caspase inhibitors (20 mM)
were added 2 h prior to addition of resveratrol, while the
oestrogen receptor (ER) and aryl hydrocarbon receptor (AhR)

antagonists (tamoxifen and a-naphthaflavone, respectively)
(1 mM) were added 1 h before treatment with resveratrol.

Isolation of primary endothelial cells
Primary endothelial cells were isolated according to the
methods described by Marelli-Berg et al. (2000). Briefly, five
sets of lungs were collected from C57BL/6 mice, minced and
digested by collagenase (0.5 mg·mL-1) for 1 h at 37°C. Then
the cells were washed and incubated with Fc-block for 15 min
at 4°C. Next, the cells were incubated with rat anti-mouse
CD31, rat anti-mouse CD105 and biotinylated isolectin B4
for 30 min at 4°C. Following labelling, the cells were incu-
bated with anti-rat IgG-conjugated microbeads as well as
streptavidin-conjugated microbeads for 15 min at 4°C and
separated with MACS separation unit (Miltenyi Biotec,
Auburn, CA, USA). The cells were cultured in DMEM supple-
mented with 10% heat-inactivated FBS, 10 mM HEPES,
100 mg·mL-1 penicillin/streptomycin and endothelial cell
growth factor (150 mg·mL-1).

Detection of apoptosis in primary
endothelial cells
To investigate the ability of SEB-activated T cells to induce
apoptosis in pulmonary endothelial cells, primary endothe-
lial cells were isolated as described above and plated on
coverslips that were coated with laminin (10 mg·mL-1).
Splenocytes were cultured with SEB (1 mg·mL-1) to activate
SEB-specific T cells either in the absence or presence of res-
veratrol (5 and 10 mM) for 24 h, then added to the endothe-
lial cells. The co-cultures of endothelial cells and SEB-
activated T cells were incubated at 37°C for another 24 h. The
T cells were washed out extensively; the endothelial cells
were fixed and stained with primary anti-CD31 for 1 h at
37°C. The Cy3-conjugated secondary antibody was added
next for another 1 h at 37°C. The cells were then fixed once
again with 2% paraformaldehyde, and stained for TUNEL
according to the manufacturer’s instructions (Roche). Finally,
DAPI was added for 15 min; the cells were washed and
mounted with DABCO. The images were taken with a LSM
Zeiss confocal microscope.

RT-PCR for SIRT1 expression
Expression of SIRT1 mRNA in the lung inflammatory cells
was assessed by quantitative RT-PCR. Briefly, total RNA from
cell pellets was extracted using RNeasy kit (Qiagen Inc.,
Valencia, CA, USA), and cDNA was synthesized by using the
iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules,
CA, USA). Quantitative RT-PCR was carried out by using the
TaqMan system from Applied Biosystems with the commer-
cially available SIRT1 probe (Assay ID: Mm01168521_m1).
Expression levels of SIRT1 mRNA were normalized by concur-
rent measurement of b-actin mRNA levels. RNA was isolated
3 h after treatment for in vitro samples and 12 h after treat-
ment for in vivo samples.

Western blotting for SIRT1
Cytoplasmic lysates were prepared by freezing at -80°C and
thawing at 37°C for 5 min. The protein concentration was
determined by standard Bradford assay (Bio-Rad Laborato-
ries). The proteins were separated by SDS-PAGE and trans-
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ferred onto PVDF membranes using a dry-blot apparatus. The
membranes were placed in 5% dry milk blocking buffer for
1 h on a shaker at room temperature. Then the membranes
were washed and incubated with primary antibodies (1:100)
overnight at 4°C. Next day, the membranes were washed and
incubated with secondary antibody (anti-rat IgG) for 3 h at
4°C. The membranes were washed extensively and incubated
in developing solution (GE Healthcare, Chalfont St. Giles,
Buckinghamshire, UK) for 5 min, and the signal was detected
using ChemiDoc System. Expression of b-actin was used as
loading control. The quantified data was measured by the
densitometry software of ChemiDoc System.

NF-kB p-65 detection
The presence of NF-kB-p65 was measured using a sandwich
ELISA kit (Cell Signaling Technology, Beverly, MA) in the
nuclear extracts. The proper fractionation of extracts was
confirmed by blotting for lamin (nuclear) versus g-tubulin
(cytoplasmic). Mice were treated with SEB as described above,
killed on day 2 and lungs were removed. The lung tissue was
macerated, filtered and washed. Next, the immune cells were
isolated with Ficoll-Hypaque separation, and these lym-
phocytes were used for the assay. The experiment was carried
out according to the manufacturer’s instructions.

Data analysis
The data in each figure represent at least three independent
experiments and are shown as means � SEM. The statistical
difference was calculated by using ANOVA and Student’s t-test,
and in some cases post hoc analysis was performed with
Tukey’s method. P � 0.05 was considered to be statistically
significant. The statistical value shown for each figure first
states the overall ANOVA, followed by the outcome of the
Tukey’s test.

Results

Resveratrol alleviates SEB-induced capillary
leak and inflammation in the lungs
Exposure of the respiratory system to SEB is known to trigger
acute pulmonary damage including inflammation, oedema,
capillary leak and shock. We investigated the efficacy of res-
veratrol in the alleviation of both inflammation and capillary
leak after SEB inhalation. Resveratrol was administered via
oral gavage (100 mg·kg-1), and there were two different treat-
ment regimens. In the pretreatment method, mice received
SEB on day 0, a single oral dose of resveratrol the day before
SEB administration, as well as on day 0 and day 1. The mice
in the post-treatment regimen received their first oral dose of
resveratrol 30 min after SEB administration on day 0, as well
as a single dose on day 1 (Figure 1A). There was also a group
that received resveratrol only, and the treatment regimen was
same as the pretreatment regimen group, which received
three single doses of resveratrol.

SEB administration significantly increased capillary leak
in the lungs when compared with control groups; further-
more, mice that were on the pretreatment or post-treatment
regimen of resveratrol had significantly reduced capillary leak
(Figure 1B). SEB inhalation caused massive infiltration of

inflammatory cells around the larger airways (40¥), as well as
surrounding the capillaries (100¥) (Figure 1C). Resveratrol
treatment significantly reduced the extent of infiltration,
although it still persisted in the interstitium (Figure 1C). The
histopathology data were quantified by counting the layers of
infiltrating cells around the blood vessels, and resveratrol-
treated groups had fewer layers surrounding the capillaries
when compared with SEB only groups (Figure 1D).

Resveratrol reduces infiltration of immune
cells in the lungs
Lung infiltrating cells from different groups of mice were
analysed for various cell markers. We used the percentage of
cells (Figure 2A) and calculated the total number of cells
recovered from the lungs (Figure 2B). Upon SEB exposure,
there was a significant increase in the total number of infil-
trating immune cells in the lungs, which was significantly
reduced by pretreatment and post-treatment regimens with
resveratrol. Administration of SEB significantly increased
CD3+, CD8+, Vb8 TCR+ T cells, NKT cells (CD3+NK1.1+) and
Cd11b+ cells in the lungs; while pretreatment and post-
treatment with resveratrol significantly reduced these inflam-
matory cell populations. SEB exposure also resulted in
significant increase of NK cells and Gr1+ cells; however res-
veratrol treatment regimens were not effective in significantly
reducing the total number of these cells in the lungs (data not
shown). The number of CD4+ T cells did not increase signifi-
cantly after SEB exposure (data not shown).

Resveratrol treatment increases the number of
MDSCs in the lungs
MDSCs are a heterogeneous population of myeloid-lineage
cells, which expresses Cd11b and Gr1 on the cell surface
(Gabrilovich and Nagaraj, 2009). It was interesting to note
that SEB exposure resulted in a significant increase in the
percentage (Figure 2A, middle panel) and absolute number of
Cd11b+Gr1+ cells in the lungs (Figure 3A). Moreover, resvera-
trol pretreatment further increased the percentage and abso-
lute number of Cd11b+Gr1+ cells in the lungs. In the post-
treatment group, there was an increase in the proportion and
absolute numbers of Cd11b+Gr1+ cells, although the latter
was statistically not significant. Also, we noted the presence
of two subpopulations of Cd11b+Gr1+ cells, one of which
expressed higher levels of Gr1 than the other. In addition, we
stained the cells with anti-Ly6C and anti-Ly6G in order to
determine the subtypes of MDSCs. Generally, the monocytic
MDSCs are Cd11b+Ly6C+Ly6G–, while the granulocytic
MDSCs are Cd11b+Ly6C+Ly6G+ (Peranzoni et al., 2010). Our
analysis demonstrated that treatment with resveratrol
resulted in the expansion of Cd11b+Ly6C+ monocytic MDSCs
only (Figure 3B), which have been previously shown to be
suppressive (Zhu et al., 2007; Movahedi et al., 2008).

MDSCs mediate their suppressive effects by utilizing
intracellular markers such as arginase I. Therefore, we tested
whether the inflammatory cells isolated from the lungs of
treated mice expressed arginase I with Western blotting. The
data demonstrated that cells from both pretreatment and
post-treatment groups expressed higher levels of arginase I
compared with the cells from control and SEB-exposed mice
(Figure 3C). In order to confirm the suppressive nature of
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these cells, we sorted out the two distinct populations of
MDSCs: Gr1high and Gr1low. We then placed the sorted MDSCs
in culture with SEB-activated lymph node cells and studied T
cell proliferation. The data demonstrated that lymph node
cells that were activated with SEB proliferated extensively.
MDSCs from mice that had been exposed to SEB inhibited
proliferation significantly when placed in culture with SEB-
activated lymph node cells. More importantly, Gr1high MDSCs
from pretreatment and post-treatment groups were more
effective in suppressing proliferation, although Gr1low MDSCs
still inhibited proliferation significantly (Figure 3D). Finally,
in order to determine the morphology of MDSCs, the sorted
cells were stained with Wright–Giemsa. In all of the groups,
the MDSCs appeared to be heterogeneous and immature,
as reported earlier (Gabrilovich and Nagaraj, 2009). The
majority of the Gr1high MDSCs appeared granulocytic, while

Gr1low MDSCs consisted of more monocytic lineage cells
(Figure 3E).

Resveratrol inhibits cytokine production
induced by SEB
It is well established that SEB exposure leads to induction of
a cytokine storm (Hasleton and Roberts, 1999). Therefore, we
studied the effects of resveratrol treatment on different
cytokines following the two treatment regimens described in
Figure 1A. To this end, 48 h after SEB administration, we
measured cytokines and chemokines in the serum – for the
systemic response, as well as in the BAL – for the local
immune response. Only those cytokines that were signifi-
cantly reduced upon resveratrol treatment are shown in
Figure 4. The results demonstrated that resveratrol pretreat-
ment and post-treatment regimens inhibited certain pro-
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Figure 1
Resveratrol treatment alleviates SEB-induced capillary leak and inflammation in the lungs. (A) Timeline for the in vivo studies. SEB (50 mg·per
mouse) was administered to mice by the intranasal route on day 0. Mice in the pretreatment group received a single oral dose of resveratrol (RES;
100 mg·kg-1 body weight in sterile water) one day before SEB exposure, as well as on days 0 and 1. Mice in the post-treatment group received
a single oral dose of resveratrol on day 0 (30 min after SEB administration) and on day 1. Mice were killed on day 2 to study vascular leak and
histopathology. (B) Measurement of capillary leak in the lungs using Evan’s Blue dye extravasation. Percent increase in vascular leak was calculated
compared to control. (C) Haematoxylin and eosin staining of lung sections from different treatment groups of mice. The photographs were taken
at 40¥ and 100¥. (D) Quantification of the histopathology data. Layers of infiltrating cells were counted around 10 different capillaries of the same
size, and the data represent the average for each individual group. Vertical bars represent data collected from five mice per group expressed as
mean � SEM. ANOVA, P < 0.0006 with Tukey’s test; ***P < 0.05, significantly different from RES only, †P < 0.05, significantly different from SEB only.
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inflammatory cytokines. For example, in the BAL fluid, IL-6,
IL-12 and G-CSF were significantly increased after SEB expo-
sure; while both resveratrol treatment regimens dampened
this cytokine response (Figure 4A). In the serum, IL-6, KC and
IL-12 were significantly increased after SEB inhalation;
however, resveratrol treatment reduced the levels of these
circulating chemokines and cytokines (Figure 4B). It should
be noted that the induction of fewer cytokines may have
resulted from the intranasal exposure to SEB rather than
systemic exposure. Resveratrol pre- and post-treatment did
not have any effect on the following cytokines; even though
SEB exposure significantly increased IL-1b, IL-5, IFN-g, CCL2
in BALF; and IL-1a, IL-5, eotaxin, G-CSF, IFN-g, CCL2 and
TNF-a in the serum (data not shown).

Resveratrol induces apoptosis in
SEB-activated lymphocytes
Our laboratory previously demonstrated that Con-A-
activated but not naïve T cells are highly susceptible to
resveratrol-induced apoptosis (Singh et al., 2007). To this end,
we investigated the possibility that resveratrol treatment may
induce apoptosis in SEB-activated T cells. Splenocytes were
activated with SEB (1 mg·mL-1) for 24 h in the presence of
different concentrations of resveratrol (5, 10 and 20 mM). The
cells were then collected and stained for apoptosis using
TUNEL assay and analysed by flow cytometry. Our results
demonstrated that SEB activation alone induced ~29% apop-
tosis, which was probably due to activation-induced cell

Figure 2
Resveratrol treatment reduces inflammatory cell populations in SEB-exposed lungs. (A) Representative dot-plots for the phenotyping of cells in the
lungs. Mice were treated as stated in Figure 1A, and on day 2, lungs were excised, and immune cells were isolated. Cells were then stained with
various markers. (CD3+: T cells, NK1.1+: NK cells, CD3+NK1.1+: NKT cells, Gr1+: granulocytes, Cd11b+: primarily macrophages and to a lower
extent in granulocytes, NK cells and a subset of DCs, Gr1+Cd11b+: MDSCs) (B) Total number of cells isolated from the lungs of mice. Numbers
represent the total per mouse. Vertical bars represent data collected from five mice per group expressed as mean � SEM. ANOVA: P < 0.001 with
Tukey’s test; ***P < 0.05, significantly different from Control, ‡P < 0.05, significantly different from SEB only.
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death. Resveratrol induced a significant increase in apoptosis
in a dose-dependent manner (Figure 5A). Additionally, the
caspase inhibitors for extrinsic and intrinsic pathways of
apoptosis were added to the cultures 2 h before resveratrol
treatment. Caspase 3 and 8 inhibitors significantly reduced
resveratrol-induced apoptosis in SEB-activated lymphocytes
and brought the levels back to the background levels;
however, the caspase 9 inhibitor did not have a significant
effect (Figure 5A). Furthermore, addition of antagonists of
AhR (a-naphthaflavone) and ER (tamoxifen) to the cultures
partly inhibited resveratrol-induced apoptosis (Figure 5B),
thereby corroborating the previous findings that resveratrol
acts through both of these receptors (Singh et al., 2007;
2010).

Resveratrol protects lung endothelial cells
from SEB-induced toxicity
The underlying mechanism of capillary leak that occurs
during the cytokine storm induced by SEB administration is
the loss of integrity in endothelial and epithelial cells of the
lungs. We therefore tested whether exposure of the lungs to
SEB affected endothelial cells. Initial studies demonstrated
that while SEB induced cell death in the endothelial cells,
resveratrol treatment lead to apoptosis in SEB-activated T
cells (data not shown). In order to investigate this further, we
isolated primary endothelial cells from the lungs of normal
mice and placed them in co-cultures with SEB-activated T

cells either in the absence or presence of resveratrol (5, 10 and
20 mM) for 24 h. The cells were then processed for fluoremet-
ric TUNEL staining. In addition, anti-CD31 (red), and nuclear
DAPI stain (blue) were used for the confocal microscopy
studies. When endothelial cells were placed in culture with
SEB-activated T cells, the endothelial cells appeared flat and
smaller in morphology and a significant number of cells
stained positive for TUNEL. However, co-cultures that con-
tained endothelial cells and resveratrol-treated SEB-activated
lymphocytes appeared normal in morphology (Figure 6A).
We then counted 10 different fields in each group, and dem-
onstrated that endothelial cells that were co-cultured with
SEB-activated cells had the highest number of apoptotic cells.
The co-cultures that contained resveratrol-treated-SEB-
activated cells and endothelial cells had significantly reduced
TUNEL-positive endothelial cells (Figure 6B). Furthermore,
we also tested if resveratrol could directly act on endothelial
cells and protect them from activation-induced cell death. To
this end, we activated primary endothelial cells with TNF-a
(5 ng·mL-1) and cycloheximide (0.5 mg·mL-1) either in the
absence or presence of different concentrations of resveratrol.
The cells were then stained with anti-CD31 Abs (red), TUNEL
(green) and DAPI (blue). As shown in the images, activated
endothelial cells stained positive for TUNEL (white arrows),
while activated cells that were treated with resveratrol
appeared healthy (Figure 6C). Quantification of 10 fields per
group demonstrated that resveratrol treatment reduced the
number of apoptotic endothelial cells (Figure 6D).

Figure 2
Continued
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Figure 3
Effect of resveratrol treatment on MDSCs in the lungs. (A) Number of MDSCs in the lungs. Mice were treated as stated in Figure 1A, and on day
2, lungs were excised, and immune cells were isolated. Cells were then stained with antibodies against Cd11b and Gr1 (Figure 2A). Absolute cell
numbers were calculated per mouse and depicted as vertical bars (means � SEM from five mice per group). *P < 0.005, ***P < 0.0001, significantly
different from Control, Student’s t-test. (B) MDSCs were further analysed for Ly6C surface expression. (C) Arginase I expression in the lung
lymphocytes was determined by Western blot analysis 12 h after SEB administration. (D) Cell mixing experiment to study immunosuppressive
properties of MDSCs. Axillary and inguinal lymph node cells were activated with 1 mg·mL-1 SEB and placed in culture with different populations
of FACS Aria sorted MDSCs. Cell proliferation was measured at 48 h using thymidine incorporation assay. ANOVA: P < 0.0001 with Tukey’s test;
¥P < 0.05 , significantly different from T cells only; *P < 0.05, **P < 0.01, ***P < 0.001, significantly different from T cells + SEB. (E) Wright–Giemsa
stain of MDSCs that were sorted with FACS Aria.
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Resveratrol induces SIRT1, and
down-regulates NF-kB activity in the lungs
Activation of transcriptional regulatory factors such as NF-kB
plays a critical role in pro-inflammatory cytokine production
during pulmonary inflammation (Schwartz et al., 1996). Also,
resveratrol negatively regulates the expression of NF–kB
through up-regulation of sirtuins, especially SIRT1 (Csiszar
et al., 2006; Kubota et al., 2009). Therefore, we tested the
mRNA as well as protein levels of SIRT1 and NF-kB both in
vitro and in vivo. We found that in vitro exposure to resveratrol
significantly increased SIRT1 mRNA expression in naïve
splenocytes in a dose-dependent fashion. Furthermore, SEB
exposure for 3 h did not change SIRT1 mRNA expression
significantly; however, addition of resveratrol in the presence
of SEB was also able to up-regulate SIRT1 mRNA expression
(Figure 7A). Western blot analysis demonstrated that SIRT1
was slightly down-regulated after SEB exposure; however, the
expression level was significantly increased in the resveratrol
treated groups (Figure 7B). We also studied the expression of
SIRT1 and NF-kB in primary immune cells isolated from the
lungs of mice. SIRT1 mRNA levels were measured 12 h after
SEB exposure, and we found that SEB exposure did not
change the mRNA levels at this time point; however, resvera-
trol treatment regimens up-regulated SIRT1 mRNA when
compared to SEB-exposed groups (Figure 7C). Similar to the
in vitro studies, resveratrol alone also caused significant
up-regulation of SIRT1 in lung inflammatory cells. NF-kB
translocation from cytoplasm into the nucleus is indicative of
activation; therefore, we measured NF-kB p-65 levels in the

nuclear extracts of cells isolated from the lungs of mice. The
percent increase in translocation compared to control was
calculated, and the data demonstrated that SEB exposure
resulted in higher levels of translocation, while pretreatment
and post-treatment regimens with resveratrol reversed this
process, reducing the presence of NF-kB-p65 in the nucleus
(Figure 7D).

Discussion

In this study, we used intranasal administration of a super-
antigen secreted by Staphylococcus aureus, SEB, in order to
induce lung inflammation. Our purpose was not only to
study the beneficial effects of resveratrol on SEB-induced lug
inflammation but also to examine the protective effects in
the context of a superantigen that is a potential bioterrorism
agent. It is known that when inhaled, SEB causes respiratory
failure, and the treatment options are limited to supportive
care such as administration of fluids and immunosuppressive
agents, and mechanical ventilation (Neumann et al., 1997;
Tessier et al., 1998). The current study demonstrates for the
first time the potential therapeutic role of resveratrol in SEB-
induced lung inflammation, which may result from this plant
polyphenol’s ability to act on multiple pathways to reduce
vascular permeability, immune cell infiltration and cytokine
secretion.

In our studies, we demonstrated that resveratrol treat-
ment, even 30 min after SEB administration, significantly

Figure 4
Resveratrol treatment inhibits cytokine storm induced by SEB administration. Mice were treated as stated in Figure 1A and cytokine levels in (A)
serum and (B) BAL fluid were measured on day 2, 48 h after SEB administration. Vertical bars represent data collected from five mice per group
expressed as mean � SEM. ANOVA: P < 0.0001 with Tukey’s test; ***P < 0.05, significantly different from Control, ‡P < 0.05, significantly different
from SEB only.
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ameliorated capillary leak and inflammation in the lungs.
Previous studies have described the anti-inflammatory effects
of resveratrol on pulmonary inflammation. Birrell et al.
(2005). studied the effects of resveratrol in LPS-induced
airway neutrophilia model in rats, and demonstrated that
resveratrol pretreatment reduced pro-inflammatory cytokines
and prostanoid levels in a NF-kB-independent manner.
Another study investigated the effects of resveratrol on
human lung epithelial cells, and showed that resveratrol
inhibited NF-kB, GM-CSF and IL-8 secretion. In addition,
NOS expression and nitrite production was down-regulated
after resveratrol treatment (Donnelly et al., 2004). Chronic
obstructive pulmonary disease (COPD) is a form of pulmo-
nary inflammation and resveratrol has been shown to be
beneficial in blocking IL-8 and GM-CSF release in the primary
macrophages isolated from patients with COPD (Culpitt
et al., 2003). In an antigen-induced murine model of asthma,
resveratrol was also beneficial inasmuch as it reduced

cytokines such as IL-4 and IL-5 in BAL fluid, as well as sup-
pressing eosinophilia and mucus secretion (Lee et al., 2009).
However, all of these studies used resveratrol as a pretreat-
ment method, before the induction of disease. In this study,
we administered resveratrol 30 min after SEB exposure in the
post-treatment regimen. Even though this suggests that res-
veratrol needs to be used at a very early stage of exposure to
SEB, this may be necessary because SEB is a superantigen that
activates the immune system very rapidly. Considering this,
it is indeed remarkable that resveratrol treatment was effec-
tive in the present model.

In the current study, we demonstrated that intranasal
administration of SEB led to an influx of immune cells such as
NK cells, NKT cells, Vb8 TCR+ T cells, neutrophils and mac-
rophages into the lungs of mice. More importantly, we
showed that resveratrol treatment regimens reduced a wide
range of infiltrating cells including CD8+ T, Vb8 TCR+ T, NKT
cells and Cd11b+ cells in the lungs, thereby alleviating the

Figure 5
Resveratrol (RES) induces apoptosis in SEB-activated lymphocytes via the extrinsic pathway of apoptosis. (A) Resveratrol induces cell death in a
dose-dependent manner. Splenocytes from normal C57BL/6 mice were activated with SEB (1 mg·mL-1) either in the absence or presence of
resveratrol (5, 10 and 20 mM). Twenty-four hours later, the cells were collected, washed and stained with TUNEL. In some experiments, inhibitors
(20 mM) of caspase 8, 9 and 3 were added to the cultures 2 h before resveratrol treatment. (B) TUNEL studies with AhR (1 mM) and ER (1 mm)
antagonists (a-naphthaflavone and tamoxifen respectively). Antagonists for AhR and ER were added 2 h before resveratrol treatment, and the cells
were analysed by TUNEL assay 24 h after resveratrol treatment. This experiment was repeated at least three times, and the histograms show a
representative experiment.
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Figure 6
Resveratrol (RES) protects endothelial cells from cytotoxicity induced by SEB-activated lymphocytes. (A) Primary endothelial cells were isolated from
the lungs of WT normal mice and expanded in culture for 10 days. Then, the endothelial cells were placed in culture with SEB-activated T cells for
24 h. T cells were then washed off, and the endothelial cells were stained with fluorometric TUNEL staining. (B) Quantification of the fluorimetric
staining in panel A was performed by counting the apoptotic cells in 10 optical fields at 20¥ magnification. ANOVA: P < 0.0001 with Tukey’s test;
***P < 0.001, significantly different from endothelial cells only, ‡P < 0.05, significantly different from endothelial cells+ SEB T cells. (C) Primary
endothelial cells were isolated from the lungs of normal mice and treated with TNF-a (5 ng·mL-1) and cycloheximide (0.5 mg·mL-1) overnight either
in the absence or presence of resveratrol (5, 10 and 20 mM), and the cells were stained with anti-CD31, DAPI and TUNEL. White arrows indicate the
cells that are undergoing apoptosis. (D) Quantification of the fluorimetric staining in panel C was performed by counting the apoptotic cells in 10
optical fields at 20¥ magnification. ANOVA: P < 0.0001 with Tukey’s test; ‡P < 0.05, significantly different from activated endothelial cells.
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Figure 7
Resveratrol induces SIRT1 and inhibits NF-kB in the lungs (A) In vitro expression of SIRT1. Relative expression of SIRT1 was measured by real-time
PCR. Naïve and SEB-activated splenocytes were placed in culture either in the absence or presence of resveratrol (RES; 5, 10 and 20 mM). Three
hours later, the cells were collected, mRNA was isolated, cDNA was synthesized and RT-PCR was performed. (B) Western blot analysis of SIRT1.
(C) The mice were treated as described in Figure 1A, and the lung lymphocytes were isolated 12 h after SEB administration. Next, mRNA was
isolated, cDNA was synthesized and RT-PCR was performed. (D) Mice were treated as described in Figure 1A, and the lung lymphocytes were
isolated with Ficoll-Hypaque gradients. The nuclear proteins were then separated, and used for NF-kB- p-65 Sandwich ELISA assay. The results were
calculated as % increase, relative to control. Correct fractionation was confirmed with blotting for lamin and g-tubulin. ANOVA: P < 0.01 with
Tukey’s test; ***P < 0.05, significantly different from Control, ‡P < 0.05, significantly different from SEB only.
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potent SEB-induced immune response. Our data also demon-
strated that resveratrol induced cell death in SEB-activated
lymphocytes via the extrinsic pathway of apoptosis (via
caspase 8 and caspase 3), and by binding AhR and ER. We
believe that the decreased levels of inflammatory cells follow-
ing resveratrol treatment may result from induction of
apoptosis by resveratrol. Interestingly, the same doses of res-
veratrol protected primary cultures of endothelial cells from
SEB-induced apoptosis in vitro, therefore demonstrating the
different effects of resveratrol on different cell types.

We demonstrate for the first time that SEB inhalation
resulted in the accumulation of MDSCs in the lungs. MDSCs
have been well characterized in tumour models as well as in
cancer patients (Fujimura et al., 2010). In general, MDSC
numbers increase significantly during cancer, which in turn
leads to suppression of anti-tumour immunity and enhanced
tumour growth (Schmid and Varner, 2010). However, more
recently, it has been shown that MDSCs may prevent tissue
injury at the sites of inflammation by down-regulating
the immune responses (Bronte, 2009). A previous study dem-
onstrated that repeated systemic administration of staphylo-
coccal enterotoxin A led to induction of tolerance via
accumulation of MDSCs in the spleen, and this process was
IFN-g dependent (Cauley et al., 2000). Our studies demon-
strated that superantigen inhalation also led to a significant
increase in MDSCs, specifically as a local response in the
lungs. This finding also correlated with increased IL-6 levels
both in the serum and BALF of mice after SEB administration,
as elevated IL-6 levels have been shown to contribute to
MDSC proliferation (Bunt et al., 2007). Interestingly, pretreat-
ment with resveratrol further increased MDSCs in the lungs,
while the post-treatment regimen increased the proportion of
MDSCs but not the absolute numbers. In general, MDSCs
expand and are activated in the presence of pro-
inflammatory mediators such as GM-CSF, IL-1b, IL-12 and
IFN-g (Gabrilovich and Nagaraj, 2009); therefore, it is surpris-
ing that an anti-inflammatory drug such as resveratrol
triggers their expansion. This is not to say that immunosup-
pressive drugs are not capable of inducing MDSCs. Sun-
derkoetter and his group demonstrated that glucocorticoid
treatment results in the induction of suppressive monocytes
in mice that share the same phenotypic markers with MDSCs
(Varga et al., 2008).

We also studied arginase I expression in inflammatory
cells isolated from the lungs of mice and demonstrated that
cells from pretreatment and post-treatment regimens
expressed higher levels of arginase I compared to cells from
control, resveratrol only and SEB only groups. In general,
MDSCs deplete the non-essential amino acid, L-arginine, by
using arginase, thus resulting in T cell-cycle arrest and inhi-
bition of proliferation (Schmid and Varner, 2010). This
process also depletes L-arginine from iNOS metabolism,
thereby inhibiting NO synthesis (Rodriguez and Ochoa,
2008). In addition to these suppressive molecules, MDSCs
can also express ROS (reactive oxygen species), which can
be another way of inhibiting normal immune responses
(Ostrand-Rosenberg and Sinha, 2009). In this study, we dem-
onstrated that Gr1high MDSCs isolated from SEB-exposed mice
significantly inhibited SEB-induced T cell proliferation. More
importantly, Gr1high MDSCs from pretreatment and post-
treatment mice were the most effective in suppressing SEB-

induced proliferation. It is important to note that the most
significant results were obtained in the presence of Gr1high

MDSCs from the pretreatment group. Gr1low MDSCs were still
able to significantly inhibit proliferation of SEB-activated T
cells. We would like to point out that even though we
detected monocytic MDSCs by flow cytometry to be the
dominant subtype, our Wright-Giemsa stains revealed cells
that resembled neutrophil morphology. MDSCs are a very
heterogeneous population; therefore even though Gr1high

MDSCs were the most suppressive, we are unable to pinpoint
to a specific cell population. More studies are required to
fully understand the function of MDSCs during acute
inflammation.

Pro-inflammatory cytokines and chemokines have delete-
rious effects in the progression and persistence of lung
inflammation. Some important cytokines and chemokines
include TNF-a, IL-1b, IL-6, IL-8, CCL2, KC and G-CSF (Puneet
et al., 2005). In our SEB-induced lung inflammation model,
we also found that superantigen inhalation led to a signifi-
cant increase in cytokines both in the serum and BAL fluid.
The cytokines and chemokines that were highest in the
serum were IL-6, KC and IL-12. Local response was very
similar to the systemic response, in which IL-6, IL-12 and
G-CSF were detectable in BAL fluid. Resveratrol treatment
reduced some of the pro-inflammatory cytokines and chem-
okines induced by SEB, thereby alleviating disease severity.

NF-kB has been identified as an important regulator of
cytokines and consequently the pulmonary disease (Wright
and Christman, 2003). One study used alveolar macrophages
isolated from ARDS patients and demonstrated that only
NF-kB but not other transcriptional factors (such as cAMP
responsive element binding protein, AP-1 and serum
protein-1) was up-regulated in these inflammatory cells
(Schwartz et al., 1996). It is also evident that resveratrol exerts
its anti-inflammatory effects by up-regulating SIRT1 and sub-
sequently inhibiting the NF-kB pathway. In a colitis model,
we recently demonstrated reciprocal regulation of SIRT1 and
NF-kB (Singh et al., 2010). Therefore, we studied the levels of
SIRT1 and NF-kB expression following SEB exposure. Using
Western blot analysis, we demonstrated that even though SEB
exposure did not affect SIRT1 levels at 12 h, resveratrol pre-
and post-treatment further increased SIRT1 levels in the
lungs. In addition, while SEB resulted in the localization of
NF-kB into the nucleus, resveratrol pre- and post-treatment
inhibited NF-kB activity in the inflammatory cells of the
lungs. It is important to note that changes in SIRT1 expres-
sion are not a direct pathogenic mechanism during SEB-
induced lung inflammation; however, activation of NF-kB
pathway is. Therefore, one way to reduce NF-kB activity with
resveratrol treatment is the subsequent increase in SIRT1
expression. Increased SIRT1 expression and reduced NF-kB
activity also correlated with the reduced cytokines and chem-
okines that we detected in the serum and BAL fluid of mice.
During these studies, we also noted that exposure of naïve
mice to resveratrol alone increased SIRT1 mRNA expression
in immune cells. This suggests that pretreatment with res-
veratrol may make the immune cells more resistant to NFkB
activation and consequent production of cytokines. This is
the first report demonstrating the role of SIRT1 in the regu-
lation of bacterial enterotoxin-induced inflammation and
suggests that modulation of SIRT1 could potentially be
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a therapeutic target for treatment of SEB-induced lung
inflammation.

In conclusion, we have demonstrated that resveratrol was
very effective in suppressing the potent immune responses
induced by a superantigen, thus protecting the host from
acute lung inflammation. Moreover, resveratrol triggered
multiple immunosuppressive pathways that alleviated
SEB-induced lung inflammation, including (i) induction of
apoptosis in activated T cells; (ii) induction of MDSCs;
(iii) protection of endothelial cells from cell-death; (iv)
up-regulation of SIRT1, down-regulation of NF-kB and subse-
quent reduction in cytokine production. Resveratrol may
exert strong anti-inflammatory effects to neutralize the
potent toxicity induced by bacterial superantigens such as
SEB, because it is able to target a range of pathways effectively.
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