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ABSTRACT

Background: Allergic rhinitis (AR) is a type I hypersensitivity mediated by IgE in the nose. Thi-
oredoxin-interacting protein (TXNIP) plays a pivotal role in the process of producing reactive ox-
ygen species (ROS). Resveratrol is a TXNIP inhibitor. Nonetheless, its role and mechanism in AR are
still undetermined. The present study aimed to explore the effect and mechanism of resveratrol on
an ovalbumin (OVA) induced mouse model of AR.

Methods: AR murine model was established using OVA and administrated intranasally with
resveratrol or N-acetylcysteine (NAC). Hematoxylin and eosin (HE) stain was used for evaluating
eosinophils. Immunohistochemistry (IHC) staining and real-time PCR were employed to evaluate
immunolabeling and mRNA expression of TXNIP in nasal mucosas of mice. Malondialdehyde
(MDA) level and superoxide dismutase (SOD) activity in nasal tissue homogenates were measured
using MDA and SOD Assay Kit. Concentrations of OVA-specific IgE and histamines in serum, and
OVA-specific IgE, PGD2, LTC4, ECP, IL-4, IL-5, IL-6, IL-33 and TNF-a in nasal lavage fluid (NLF) were
assayed by ELISA. In vitro studies, western blotting, real-time PCR, ELISA, ROS detecting dye
DCFH-DA, MDA, and SOD Assay Kit were performed to evaluate the effects and mechanisms of
OVA, resveratrol or NAC on spleen mononuclear cells.

Results: We found significant alternations of sneezing, nasal rubbing, inflammatory cytokines,
eosinophil numbers, TXNIP, MDA, and SOD levels in resveratrol or NAC treated mice compared
with untreated AR mice. In cultured spleen mononuclear cells, TXNIP, MDA, SOD, ROS and in-
flammatory cytokines levels were altered by OVA but reversed by resveratrol or NAC.

Conclusions: Resveratrol could effectively alleviate murine AR by inhibiting TXNIP-oxidative
stress pathway.
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INTRODUCTION 33, and TNF-a in nasal lavage fluid (NLF) were
Allergic rhinitis (AR) is a type I hypersensitivity
mediated by IgE in the nose characterised by
sneezing, rhinorrhea, and nasal congestion, which
increases patients’ economic burden and nega-
tively affects their quality of life.1–3 Accumulating
evidence has shown that AR is a Type 2 T helper
(Th2) immune response-mediated nasal allergic
and inflammatory disease triggered by allergens in
the air,4,5 and antihistamines and corticosteroids
are effective in the treatment of AR.6 Whereas,
the precise pathogenesis of AR remains
undetermined, and some AR patients remain
insensitive to antihistamines and
corticosteroids.7,8 Thus, a novel drug with better
effect on AR is urgently needed to be explored.

Considerable data indicate that excess reactive
oxygen species (ROS) accumulation and oxidative
damage play crucial roles in the process of allergic
and inflammatory response.9,10 Thioredoxin-
interacting protein (TXNIP) is a multi-functional
protein mediating redox homeostasis by
increasing ROS production and inducing oxidative
stress.11

Resveratrol (trans-3,5,40-trihyroxystilbene), an
inhibitor of TXNIP,12 is a stilbenoid belonging to
the polyphenols, and the sources of resveratrol in
food comprise grapes, berries, and peanuts.13,14

Resveratrol can exert antioxidant, anti-
inflammatory, antiproliferative, and angior-
egulatory effects in a variety of diseases.15

Resveratrol could inhibit ROS production and
reduce oxidative stress, resulting in the alleviation
of inflammatory damage and apoptosis induced
by ischemia/reperfusion injury in the brains of
rats.16

The present study aimed to explore the effect of
resveratrol in an ovalbumin (OVA) induced mouse
model of AR. First, AR murine model was estab-
lished using OVA and administrated intranasally
with resveratrol or N-acetylcysteine (NAC, an ROS
scavenger). Immunohistochemistry (IHC) staining
and real-time PCR were employed to evaluate
immunolabeling, and mRNA levels of TXNIP in
nasal mucosas of mice. Concentrations of OVA-
specific IgE and histamines in serum, and OVA-
specific IgE, PGD2, LTC4, ECP, IL-4, IL-5, IL-6, IL-
assayed by enzyme-linked immunosorbent assay
(ELISA). Second, in vitro studies, western blotting,
flow cytometry, real-time PCR, and ELISA were
performed to evaluate the effects and mechanisms
of OVA and resveratrol on spleen mononuclear
cells.We found significant alternations of sneezing,
nasal rubbing, inflammatory cytokines, TXNIP,
MDA, and SOD levels in resveratrol or NAC
treated mice compared with untreated AR mice. In
cultured spleen mononuclear cells, significant al-
ternations of TXNIP, MDA, SOD, ROS, and inflam-
matory cytokines levels were induced by OVA but
reversed by resveratrol or NAC.
MATERIALS AND METHODS

Animals

A total of 50 female BALB/c mice (6–8 weeks of
age) were included and kept in a specific-
pathogen free facility. The mice were divided into
5 groups (n ¼ 10 per group): normal control
group, untreated AR group, 200 mg resveratrol
treated AR group, 400 mg resveratrol treated AR
group, and 100 mg NAC treated AR group.

AR mouse model and treatment

The murine AR model was induced by oval-
bumin (OVA) as previously described.17,18 A
schematic diagram of AR mouse model
establishment and resveratrol or NAC treatment
protocol is depicted in Fig. 1. First, to establish
AR murine model, mice were sensitized with
0.2 mL suspension including 0.5 mg/mL
ovalbumin (OVA, Sigma-Aldrich) and 20 mg/mL
aluminum hydroxide (Sinopharm Chemical Re-
agent Co) by intraperitoneal injection on day 1, 8,
and 15, respectively. Furthermore, normal control
mice were intraperitoneally administered with
0.2 mL normal saline on day 1, 8, and 15, respec-
tively. On days 22–29, the mice in all AR groups
were challenged daily with 20 ml OVA (40 mg/mL)
by intranasal instillation; then, normal control mice
and untreated AR mice were administrated with
30 ml vehicle of 0.5% carboxymethyl cellulose so-
lution. In addition, on days 22–29, resveratrol
treated AR mice were instilled intranasally with
resveratrol (200 mg or 400 mg, Sigma-Aldrich) dis-
solved in 30 ml 0.5% carboxymethyl cellulose
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Fig. 1 Schematic diagram demonstrating the process of AR mouse model establishment and resveratrol treatment
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solution on days 22–29. Moreover, during this
period, NAC treated AR mice were instilled intra-
nasally with NAC (100 mg) dissolved in 30 ml 0.5%
carboxymethyl cellulose solution.

Mice nasal symptoms evaluation and sample
preparation

Mice nasal symptoms including frequency of
sneezes and nasal rubbing were evaluated for
10 min on the 29th day, immediately following the
final OVA provocation. After 24 h, the mice were
killed, and the blood and NLF samples were
collected for ELISA. Nasal mucosas were collected
and assayed by IHC staining and real-time PCR
methods. More detailed protocols can be found in
the Online Supplementary Material.

ELISA assay in the serum and NLF

Serum OVA-specific IgE and histamines levels
and concentrations of OVA-specific IgE, PGD2,
LTC4, ECP, IL-4, IL-5, IL-6, IL-33 and TNF-a in NLF
were assayed with specific ELISA kits. Each sample
was analyzed in triplicate. More detailed protocols
can be found in the Online Supplementary
Material.
HE and IHC staining

Nasal mucosas of mice were paraffin-
embedded, serially sectioned (4 mm). Following
deparaffinization and rehydration, HE staining was
used for evaluating eosinophils counts and IHC
staining was employed to evaluate TXNIP immu-
nolabeling. More detailed protocols can be found
in the Online Supplementary Material.

Quantitative real-time reverse transcriptions PCR

Quantitative real-time PCR was employed to
assess TXNIP expression in nasal mucosas of mice.
Total RNA in the collected tissues was extracted
utilizing RNeasy commercial kit (Qiagen, Chats-
worth, CA, USA). More detailed protocols can be
found in the Online Supplementary Material.
Measurement of MDA, and SOD in nasal tissue
homogenates

MDA level and SOD activity in nasal tissue ho-
mogenates were detected using MDA Assay Kit
and SOD Assay Kit (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China), respectively,
according to the manufacturer's protocol.



Fig. 2 (A–D) Sneezes, nasal rubbing and OVA-specific IgE and histamines levels in the serum from normal control group (n ¼ 10), untreated
AR group (OVA, n ¼ 10), 200 mg resveratrol treated AR group (OVAþ Res-200mg, n ¼ 10), 400 mg resveratrol treated AR group (OVAþ Res-
400mg, n ¼ 10) and NAC treated AR group (OVA þ NAC-100mg, n ¼ 10). ﹡P < 0.05. One-way ANOVA with Bonferroni post hoc test was
employed for intergroup comparison. Each experiment was repeated three times at short time intervals
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Additional information can be found in this arti-
cle's Online Supplementary Material.
Spleen mononuclear cells culture and stimulation

Spleen mononuclear cells were isolated from 6
untreated AR mice and cultured as previously
described.19 Briefly, spleen mononuclear cells
were stimulated with control PBS, OVA (10 mg/
mL) alone or with resveratrol (10 mM or 20 mM) or
NAC (10 mM) for 24 h. Following stimulation, the
cells and supernatants were collected for western
blotting, real-time PCR, flow cytometry, and
ELISA. More detailed protocols can be found in the
Online Supporting Information.

Western blotting

TXNIP protein levels in the spleen mononuclear
cells were assayed with western blotting methods.
Additional information can be found in this arti-
cle's Online Supplementary Material.
Quantitative real-time reverse transcriptions PCR

TXNIP mRNA levels in the spleen mononuclear
cells were assayed with quantitative real-time PCR
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methods. Additional information can be found in
this article's Online Supplementary Material.
Measurement of MDA, and SOD in spleen
mononuclear cells

Following exposure, MDA level and SOD activity
in spleen mononuclear cells were detected using
MDA Assay Kit and SOD Assay Kit (Nanjing Jian-
cheng Bioengineering Institute), respectively, ac-
cording to the manufacturer's protocol. Additional
Fig. 3 (A–I) OVA-specific IgE, PGD2, LTC4, ECP, IL-4, IL-5, IL-6, IL-33 an
untreated AR group (OVA, n ¼ 10), 200 mg resveratrol treated AR grou
(OVA þ Res-400mg, n ¼ 10) and NAC treated AR group (OVA þ NAC-1
test was employed for intergroup comparison. Each experiment was r
information can be found in this article's Online
Supplementary Material.
Intracellular reactive oxygen species (ROS) assay

Following stimulation, intracellular ROS in
spleen mononuclear cells was assayed using
DCFH-DA (Sigma-Aldrich, St Louis, MO, USA) ac-
cording to the manufacturer's protocol. Additional
information can be found in this article's Online
Supplementary Material.
d TNF-a levels in the NLF from normal control group (n ¼ 10),
p (OVA þ Res-200mg, n ¼ 10), 400 mg resveratrol treated AR group
00mg, n ¼ 10).﹡P < 0.05. One-way ANOVA with Bonferroni post hoc
epeated three times at short time intervals



Fig. 4 (A–F) HE staining for eosinophils in nasal tissues from normal control group (n ¼ 10), untreated AR group (OVA, n ¼ 10), 200 mg
resveratrol treated AR group (OVAþ Res-200mg, n ¼ 10), 400 mg resveratrol treated AR group (OVAþ Res-400mg, n ¼ 10) and NAC treated
AR group (OVA þ NAC-100mg, n ¼ 10). Red arrows indicate eosinophils. Scale bar ¼ 20 mm ﹡P < 0.05. One-way ANOVA with Bonferroni
post hoc test was employed for intergroup comparison. Each experiment was repeated three times at short time intervals.
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ELISA assay in the supernatants

Briefly, following treatment, the supernatants
were collected for assaying IL-4, IL-5, IL-6, IL-33,
and TNF-a protein levels using ELISA methods.
Additional information can be found in this arti-
cle's Online Supplementary Material.

Statistical analysis

Values were expressed as mean� standard error
of mean (SEM). A P value of less than 0.05 was
considered statistically significant. One-way ANOVA
with Bonferroni post hoc test was employed for
intergroup comparison. Correlations were assessed
by Spearman's test. Statistical analyses were per-
formed with SPSS Software (Version 22.0, Chicago,
IL, USA) and GraphPad Prism 7 software (GraphPad
Software, San Diego, Calif, USA).
RESULTS

Effects of resveratrol on nasal symptoms in AR
mice

Notably, significant upregulation of frequencies
of sneezes and nasal rubbing were found in the
untreated AR group compared with the normal
control group (Fig. 2A and B), and these effects
were attenuated in the resveratrol (200 mg or
400 mg) treated AR group and NAC treated AR
group compared with the untreated AR group
(Fig. 2A and B). In addition, the resveratrol
(400 mg) treated AR group exhibited significant
downregulation of frequencies of sneezes and
nasal rubbing in comparison to the resveratrol
treated AR (200 mg) group (Fig. 2A and B).

Effects of resveratrol on OVA-specific IgE and
cytokines levels in the serum and NLF

Consistent with above findings, OVA-specific
IgE and histamines levels in the serum, and OVA-
specific IgE, PGD2, LTC4, ECP, IL-4, IL-5, IL-6, IL-
33, and TNF-a levels in the NLF from the untreated
AR group were significantly elevated compared
with the normal control group (Fig. 2C and D, and
Fig. 3A–I). Furthermore, OVA-specific IgE and
cytokine levels in the serum and NLF were dimin-
ished in the resveratrol (200 mg or 400 mg) treated
AR group and NAC treated AR group compared
with the untreated AR group (Fig. 2C and D, and
Fig. 3A–I). In addition, these effects were more
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Fig. 5 (A–E) Immunolabeling and mRNA expression of TXNIP, MDA levels and SOD activities in nasal tissues from normal control group
(n ¼ 10), untreated AR group (OVA, n ¼ 10), 200 mg resveratrol treated AR group (OVA þ Res-200mg, n ¼ 10), 400 mg resveratrol treated AR
group (OVA þ Res-400mg, n ¼ 10) and NAC treated AR group (OVA þ NAC-100mg, n ¼ 10). Scale bar ¼ 20 mm ﹡P < 0.05. One-way ANOVA
with Bonferroni post hoc test was employed for intergroup comparison. Each experiment was repeated three times at short time intervals
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obvious in the resveratrol (400 mg) treated AR
group in comparison to the resveratrol (200 mg)
treated AR group (Fig. 2C and D, and Fig. 3A–I).

Effects of resveratrol on eosinophil numbers in
nasal tissues from AR mice

Notably, eosinophil numbers were significantly
elevated in the untreated AR group compared with
the normal control group and resveratrol (200 mg
or 400 mg) or NAC treatment significantly dimin-
ished the effects in comparison to the untreated
AR group (Fig. 4A–F). Of note, these effects were
more obvious in resveratrol (400 mg) treated AR
group in comparison to the resveratrol (200 mg)
treated AR group (Fig. 4A–F).

Effects of resveratrol on TXNIP immunolabeling
and mRNA in nasal tissues from AR mice

Notably, TXNIP positive cells were mainly
epithelial cells and inflammatory cells in the nasal
mucosa (Fig. 5A). TXNIP positive cells were
significantly elevated in the untreated AR group
compared with the normal control group and
resveratrol (200 mg or 400 mg) or NAC treatment
significantly diminished the effects in comparison
to the untreated AR group (Fig. 5A and B). Of
note, these effects were more obvious in the
resveratrol (400 mg) treated AR group in
comparison to the resveratrol (200 mg) treated
AR group (Fig. 5A and B).

As indicated in Fig. 5C, TXNIP mRNA levels
were significantly increased in nasal tissues from
the untreated AR group compared with the
normal control group and TXNIP mRNA levels
were diminished in the resveratrol (200 mg or
400 mg) or NAC treated group compared with
the untreated AR group. Of note, these effects
were more obvious in the resveratrol (400 mg)
treated AR group in comparison to the
resveratrol (200 mg) treated AR group (Fig. 5C).



Fig. 6 (A–K) TXNIP protein and mRNA levels, MDA levels, SOD activities, ROS levels and inflammatory cytokines levels in five groups of
spleen mononuclear cells classified as control cells, OVA treated cells, OVA þ resveratrol (10 mM) treated cells, OVA þ resveratrol (20 mM)
treated cells and NAC treated cells.﹡P < 0.05. One-way ANOVA with Bonferroni post hoc test was employed for intergroup comparison.
Each experiment was repeated six times at short time intervals
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Effects of resveratrol on MDA level and SOD
activities in nasal tissue homogenates from AR
mice

Significantly increased MDA levels and
decreased SOD activities were found in nasal tis-
sue homogenates from the untreated AR group
compared with the normal control group, and
these alternations were reversed in the resveratrol
(200 mg or 400 mg) or NAC treated group
compared with the untreated AR group (Fig. 5D
and E). In addition, these effects were more
obvious in the resveratrol (400 mg) treated AR
group in comparison to the resveratrol (200 mg)
treated AR group (Fig. 5D and E).

Interestingly, MDA levels were positively core-
lated with TXNIP protein levels (Spearman's test,
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Fig. 7 Schematic diagram displaying a hypothetical chain of events in which resveratrol treatment could attenuate the allergic and
inflammatory response via inhibiting TXNIP-oxidative stress signaling pathway in a murine AR model
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r ¼ 0.689, P < 0.001), whereas, SOD activities were
negatively corelated with TXNIP protein levels
(Spearman's test, r ¼ �0.730, P < 0.001).
TXNIP protein and mRNA levels in spleen
mononuclear cells

Notably, stronger bands and upregulated
mRNA levels of TXNIP were found in OVA treated
cells in comparison to control cells, and these ef-
fects were attenuated in resveratrol (10 mM or
20 mM) or NAC treated cells (Fig. 6A–C). Of note,
these effects were more obvious in resveratrol
(20 mM) treated cells in comparison to resveratrol
(10 mM) treated cells (Fig. 6A–C).

MDA, SOD and ROS levels in spleen mononuclear
cells and inflammatory cytokines levels in the
supernatants

Significantly, increased levels of MDA and ROS,
and decreased SOD activities in spleen mono-
nuclear cells, were found in OVA treated cells in
comparison to control cells, and these effects were
attenuated in resveratrol (10 mM or 20 mM) or NAC
treated cells (Fig. 6D–F). In addition, inflammatory
cytokines including IL-4, IL-5, IL-6, IL-33 and TNF-
a levels in the supernatants were significantly
upregulated following OVA treatment in compari-
son to control cells, and these effects were atten-
uated following resveratrol (10 mM or 20 mM) or
NAC treatment (Fig. 6G–K). Furthermore, these
effects were more obvious in resveratrol (20 mM)
treated cells in comparison to resveratrol (10 mM)
treated cells (Fig. 6D–K).
DISCUSSION

Considerable data indicate that TXNIP is
essential for regulating redox homeostasis.20

Activation of TXNIP could enhance ROS
generation and trigger oxidative stress, leading
to inflammatory response exacerbation,20 and
these cell activities could be inhibited by TXNIP
inhibitor resveratrol.13

Accumulating evidence indicates that antioxi-
dant supplementation with resveratrol is capable
of attenuating asthma symptoms in patients with
asthma,21 and resveratrol could reduce asthma-
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induced airway inflammation and remodeling in a
mouse or rat model of asthma.22,23 In addition,
intranasal resveratrol is effective for improving
nasal symptoms in adults and children with
AR.24,25 Nonetheless, its precise role and
mechanism in AR are still undetermined.

In the present study, frequencies of sneezes and
nasal rubbing, OVA-specific IgE and histamines
levels in the serum, and OVA-specific IgE, PGD2,
LTC4, ECP, IL-4, IL-5, IL-6, IL-33 and TNF-a levels in
the NLF were significantly upregulated in un-
treated AR group compared with normal control
group, and these effects were attenuated by
resveratrol or NAC treated AR group compared
with untreated AR group. These results indicate
that AR murine model is successfully established,
and resveratrol treatment could ameliorate nasal
symptoms and attenuate allergic and inflammatory
response in AR mice.

In the nasal tissue samples of mice, significant
alternations of eosinophil numbers, TXNIP positive
cells and mRNA levels, MDA levels, and SOD ac-
tivities were found in the untreated AR group
compared with the normal control group and
resveratrol or NAC treatment significantly dimin-
ished the effects in comparison to the untreated
AR group. Furthermore, TXNIP level was positively
correlated with MDA level, and negatively corre-
lated with SOD activities respectively, indicating
that resveratrol treatment could decrease TXNIP
and oxidative stress levels in nasal tissue samples
from AR mice, which are consistent with a previous
report indicating that resveratrol could ameliorate
obesity-associated allergic airway inflammation in
mice by elevating SOD levels and reducing ROS
production in lung tissues of obese mice.26

In the in vitro studies, TXNIP protein and mRNA
levels, MDA, SOD, ROS, and inflammatory cyto-
kines levels were significantly altered following
OVA treatment compared with control cells, and
these effects were reversed by resveratrol or NAC.
Consistent with the above findings, resveratrol
treatment could alter TXNIP, MDA, SOD, ROS, and
inflammatory cytokine levels in spleen mono-
nuclear cells. These results indicate that resveratrol
could suppress TXNIP and SOD activities, and then
reduce MDA and ROS generation, resulting in the
downregulation of inflammatory mediators in the
spleen mononuclear cells, which are consistent
with previous reports that resveratrol could exert
antioxidant and anti-inflammatory effects by
inhibiting TXNIP and oxidative stress in a variety of
cells.27–29

As depicted in Fig. 7, resveratrol could suppress
TXNIP and increase SOD activity, leads to
reduction of MDA and ROS levels; thus, oxidative
stress are reduced, and then OVA-specific IgE
and histamine levels in the serum, and OVA-
specific IgE, PGD2, LTC4, ECP, IL-4, IL-5, IL-6, IL-
33, and TNF-a levels in the NLF are attenuated,
resulting in the reduction of allergic and inflam-
matory responses.

Some limitations of the present study should be
interpreted. First, with respect to the studies on
guandose-dependent effects of resveratrol on AR
murine model, only 2 doses were used, and
studies with more doses are warranted to further
clarify this finding. Second, in splenocytes culture
and stimulation experiment, we only isolated
splenocytes from untreated AR mice, and spleno-
cytes should be isolated from different mice
groups and splenocyte response should be
compared among these groups in the future. In
conclusion, resveratrol could effectively alleviate
murine AR by inhibiting TXNIP-oxidative stress
pathway. Resveratrol may be a promising thera-
peutic strategy for AR.
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