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KEYWORDS Abstract

atopic march; Background: Resveratrol has been found to have anti-inflammatory and anti-allergic proper-
NF-KB; ties. The effects of resveratrol on thymic stromal lymphopoietin (TSLP)-mediated atopic
Nrf2; march remain unclear.

resveratrol; Purpose: To explore the potential role of resveratrol in TSLP-mediated atopic march.

TSLP Methods: The atopic march mouse model was established by topical application of MC903

(a vitamin D3 analog). Following the treatment with resveratrol, airway resistance in mice was
discovered by pulmonary function apparatus, and the number of total cells, neutrophils, and
eosinophils in bronchoalveolar lavage fluid was counted. The histopathological features of pul-
monary and ear skin tissues, inflammation, and cell infiltration were determined by hematoxy-
lin and eosin staining. The messenger RNA (mRNA) levels of TSLP, immunoglobulin E, interleukin
(IL)-4, IL-5, and IL-13 were measured by real-time quantitative polymerase chain reaction. The
protein expression of nuclear factor kappa B (NF-kB)/nuclear factor erythroid 2-related factor
2 (Nrf2) signaling-associated molecules (p-p65, p65, p-lI kappa B kinase alpha (IkBa), IkBa,
Nrf2, and TSLP) in lung and ear skin tissues were assessed by Western blot analysis.

Results: Resveratrol attenuated airway resistance and infiltration of total cells, eosinophils,
and neutrophils in both lung and ear skin tissues. Resveratrol ameliorates serum inflammatory
markers in allergic mice. Moreover, the phosphorylation levels of NF-kB pathway-related pro-
teins were significantly reduced by administration of resveratrol in allergic lung and ear skin
tissues. Similarly, the protein expression of TSLP in both lung and ear skin tissues was reduced
by resveratrol, and Nrf2, a protector molecule, was increased with resveratrol treatment.
Conclusion: Resveratrol attenuates TSLP-reduced atopic march through ameliorating inflamma-
tion and cell infiltration in pulmonary and ear skin tissues by inhibiting the abnormal activation
of NF-kB signaling pathway.
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Introduction

Atopic illnesses, such atopic dermatitis (AD), allergic rhini-
tis, and asthma, have become more common over the past
few decades and currently affect about 20% of the global
population. Patients with atopic dermatitis may develop a
spectrum of symptoms typical of allergic rhinitis and asthma
at certain period of age. The disease may last for years in
some individuals, while in others it may improve or subside
with age. Atopy is defined as the susceptibility of an individ-
ual or family to produce immunoglobulin E (IgE) antibodies
in response to environmental triggers. Atopic dermatitis,
food allergy, allergic asthma (AA), and allergic rhinitis (AR)
are the disorders that develop over time, starting in infancy.
Anatomically, it follows the “atopic march,” a phenomenon
that describes the geographical evolution of the skin, gas-
trointestinal tract, and respiratory tract. According to a
recent research, thymic stromal lymphopoietin (TSLP) is a
crucial inflammatory mediator in the allergic process and is
assumed to be the main link between atopic dermatitis,
allergic rhinitis, and asthma.'

Red grape skins contain the highest concentration of
resveratrol, a naturally occurring polyphenol, among a
variety of fruits and vegetables. Numerous studies have
demonstrated that it has a range of pharmacological bene-
fits, including anti-inflammatory, anti-cancer, antioxidant,
and anti-angiogenic properties.? In mice with ovalbumin-
induced asthma, resveratrol dramatically decreased inter-
leukin (IL)-5, IL-13, and transforming growth factor-beta
(TGF-B) in serum and bronchoalveolar lavage fluid (BALF).?
Resveratrol attenuates allergic responses and IgE-mediated
mast cells infiltration in anaphylactic models.* Resveratrol
reduces 2,4-dinitrofluorobenzene-meditated atopic
dermatitis-similar lesions through its effect on the epithe-
lium.? Resveratrol improves ovalbumin-mediated allergic
asthma.> Moreover, resveratrol exerts anti-allergic and
anti-inflammatory effects by suppressing excessive oxida-
tive stress signals of allergic mouse.¢ It has been shown that
resveratrol reduces allergic airways inflammation and aller-
gic responses by alleviating RAC-alpha serine/threonine-
protein kinase-mechanistic target of rapamycin (Akt/mTOR)
signaling pathway.” Recent studies have demonstrated that
the anti-inflammatory effect of resveratrol could be associ-
ated with nuclear factor kappa B (NF-«kB) and nuclear factor
erythroid 2-related factor 2 (Nrf2) pathways. For example,
resveratrol can inhibit the NF-kB pathway to improve myo-
cardial injury in sepsis.® Resveratrol functions as a Nrf2
activator in kidney damage illnesses, reducing pathological
alterations, oxidative stress, and production of proteins
linked to aging.” However, the specific function and under-
lying mechanism of resveratrol in atopic march is not clear.

In this study, we found that resveratrol could attenuate
TSLP-induced atopic march by inhibiting inflammatory
response and cell infiltration in pulmonary and ear skin tis-
sues by suppressing the activation of NF-kB signaling.

Methods
Construction of asthma model

Female BALB/c mice, aged 6-8 weeks, were acquired from
Jiangsu University and maintained under the management

of experimental animals in Zhenjiang Hospital of Integrated
Traditional Chinese and Western Medicine. The mice had
unlimited access to a conventional chow meal and water
and were housed in a specialized pathogen-free animal
facility with a 12-h light/dark cycle and an ambient tem-
perature of 24 + 1°C. Following a week of acclimatization,
mice were separated into five groups at random: control
group, resveratrol group, allergic group, allergic+resvera-
trol group, and allergic+dexamethasone group.

Asthma model was established in mice, which received
topical application of MC903 (a vitamin D3 analog, 1 nmol)
on ears on days 3 and 5, and house dust mite (HDM, 0.5 pg)
from days 0 to 4 (once a day). Then, from day 29 to day 32,
these mice were applied with HDM (once a day) to stimu-
late allergic reactions.

Bronchoalveolar lavage fluid sample collection

Before collecting BALF, mice were anesthetized with intra-
peritoneally injected 1% sodium pentobarbital (40 mg/kg).
Mice were injected 1 ml of saline, followed by three repeti-
tions of suction. Recycled BALF was centrifuged at 400xg
and 4°C for 15 min. If the recycled volume was more than
0.8 mL, the sample was deemed appropriate for testing.
The cells were counted for 1 h. Phosphate-buffered saline
solution (PBS) was used for resuspension of cell sedimenta-
tion and 10 pL was used to calculate total number of cells.
Then, 0.1 mL sample from last step was used to spread cell
pellets. Wright’s staining was used to fix and stain cell pel-
let smear. Cells were differentially counted in three visual
fields, and the data were averaged.

Airway resistance measurement

Airway resistance in response to TSLP-mediated atopic
march was evaluated using pulmonary function apparatus
(Troy, NY). In order to determine the lung resistance index
and dynamic compliance after anesthetizing the mice, the
respiratory flow was recorded by a pneumotachograph.
Mice were chosen at random in each experimental group
and acclimated in the Buxco chamber for 10 min. Following
the initial acclimatization phase, baseline (BL) airway func-
tioning levels were measured for 5 min. The animals were
subjected to aerosolized PBS for 30 s after baseline mea-
surements, followed by 3 min of recording. After 30 s of
nebulization with 25-mg/mL methacholine (Mch) exposure
to cause bronchoconstriction, the mice were observed for
3 min.

Bronchoalveolar lavage fluid collection and cell
counts

Bronchoalveolar lavage fluid was extracted from anesthe-
tized mice using a tracheal cannula. The lungs had received
500 pL of sterile PBS, which was withdrawn for three times
and put on ice. The BALF samples were centrifuged at 3000
rpm for 10 min at 4°C. The supernatants were kept at -80°C
for further analysis. After being resuspended in 100 mL of
PBS, BALF cell pellets were examined for morphology using
Wright-Giemsa staining to assess the proportions of
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inflammatory cells (total cells, eosinophils, and neutro-
phils). On each slide, a minimum of 200 cells were counted.

Histological analysis

Lung and ear skin tissues of mice were collected and fixed
in 4% formaldehyde at 4°C for 24 h. Then the tissues were
paraffin-embedded, cut sequentially in 5-pym thick sections
and mounted. After dewaxing, alcohol hydration, and
deionized H,0 cleaning, the sections were stained with
hematoxylin and eosin (H&E), and images were captured
using a microscope. Thicknesses of the epidermis and der-
mis were measured with ImageJ.

Evaluation of serum IgE and thymic stromal
lymphopoietin levels

Mouse serum enzyme-linked immunosorbent assay Kkits
(eBioscience, CA, USA) were used to determine the levels
of total serum IgE and TSLP according to manufacturer’s
instructions.

Real-time quantitative polymerase chain reaction
(RT-gPCR)

Total RNA was isolated by TRIzol and its concentration was
determined using a spectrophotometer (Thermo Fisher
Scientific, MA, USA). Then, using transcriptor cloning DNA
(cDNA) synth kit (Roche, IN, USA), RNA was reverse-
transcribed into cDNA. The CFX96 RT-PCR system equip-
ment (Bio-Rad Laboratories, Hercules, CA, USA) were used
for amplification. Cycle thresholds (Ct) of detected tran-
scripts were normalized by glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), the control. Finally, the following
relative gene levels were observed by 2-24t method:
IL-4 primer: forward: 5’-ATCATCGGCATTTTGAACGAGGTC-3’,
reverse: 5-ACCTTGGAAGCCCTACAGACGA-3’; IL-5 primer:
forward: 5-GGAATAGGCACACTGGAGAGTC-3’, reverse: 5-CT
CTCCGTCTTTCTTCTCCACAC-3’; IL-13 primer: forward: 5’-AA
CGGCAGCATGGTATGGAGTG-3’, reverse: 5-TGGGTCCTGTAG
ATGGCATTGC-3".1°

Western blot analysis

Proteins were extracted from a small piece of lung or ear
skin tissues by using radioimmunoprecipitation assay (RIPA)
lysis buffer (Solarbio, Beijing, China). The lysates were cen-
trifuged for 10 min at 13,000xg. Total protein concentra-
tion was analyzed using a Solarbio bicinchoninic acid kit.
Based on molecular weight, equal amount of proteins were
separated electrophoretically. Proteins were then trans-
ferred onto polyvinylidene fluoride (PVDF) membranes and
blocked with 5% non-fat dry milk for 1 h at room tempera-
ture. Following the washing with tris buffered saline with
tween (TBST), the membranes were exposed overnight to
matching primary antibodies at 4°C, followed by secondary
antibodies at 37°C for 1 h. Protein bands were then
detected using the enhanced chemiluminescence (ECL)
detection method (GE Healthcare, Piscataway, NJ, USA)."

Membranes were incubated with specific primary anti-
bodies: p-p65 (#ab76302, 1:1000; Abcam, Cambridge, UK),
p65 (#ab32536, 1:1000; Abcam), p-IkBa (#ab133462, 1:1000;
Abcam), IkBa (#ab32518, 1:1000; Abcam), Nrf2 (#ab207223,
1:1000; Abcam), TSLP (#ab309479, 1:1000; Abcam), and
B-actin (#ab8226, 1:1000; Abcam). Cell Signaling Techno-
logies (Danvers, MA, USA) supplied secondary peroxidase-
conjugated antibodies against mice (#4410, 1:10,000).

Statistical analysis

The data were statistically analyzed with SPSS 22.0 (IBM,
Armonk, NY, USA). To evaluate significance in groups, Student’s
t-test and ANOVA analysis were used. Findings of three experi-
ments were shown as mean values and standard deviation
(SD); P < 0.05 was considered as statistically significant.

Results

Resveratrol improves airway resistance and
inflammatory cells in allergic mice

In order to explore the effect of resveratrol on atopic march,
we first established an TSLP-mediated allergic mice model.
Since airway hyperresponsiveness (AHR) was one of the
symptoms in allergic mice, the airway resistance was exam-
ined. Airway resistance in the allergic group was remarkably
enhanced, compared to the control and resveratrol groups,
while in the allergic+resveratrol and allergic+dexamethasone
groups, these treatments attenuated TSLP-mediated airway
resistance, compared to the allergic group (Figure 1A). We
then examined the quantity of inflammatory cells in BALF,
and the results showed that allergic mice had significantly
enhanced number of total cells, eosinophils, and neutrophils
than the control group (Figure 1B). Similarly, resveratrol or
dexamethasone therapy decreased the number of total
cells, eosinophils, and neutrophils in BALF (Figure 1B).
Together, these results revealed that allergy increased AHR
and inflammatory cells, and the administration of resvera-
trol or dexamethasone reduced AHR and inflammatory cell
levels in chronic allergic mice.

Resveratrol ameliorates histopathological
alterations in lung and ear skin tissues of
allergic mice

Then, H&E staining was performed to identify the effects of
resveratrol on lung and ear skin tissues of asthma mice.
Thickening of airway wall and serious peribronchial and
perivascular inflammatory cell infiltration were the hallmark
histopathological features of allergic mice whereas treat-
ment with resveratrol or dexamethasone significantly
reduced the accumulation of infiltrated cells and mucus
overproduction in lung tissues (Figure 2A). Furthermore, in
comparison to allergic ears, ears in allergic+resveratrol and
allergic+dexamethasone groups showed dramatically less
epidermal and dermal thickness (Figure 2B). These findings
revealed that resveratrol could ameliorate histopathological
alterations in pulmonary and ear skin tissues of allergic
mice.
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Figure 1 Resveratrol decreases airway resistance and inflammatory cells in allergic mice. (A) Airway resistance was detected by
pulmonary function apparatus. (B) The number of total cells, neutrophils, and eosinophils in BALF were observed using an
automated blood cell analyzer. The data are expressed as mean + SD. ***P< 0.001 vs. the control. ##P < 0.001 vs. the allergic

group.

Resveratrol ameliorates serum inflammatory
markers in allergic mice

We observed the expression of TSLP, IgE, IL-4, IL-5, and
IL-13 in serum because inflammatory cytokines are crucial
in the pathophysiology of TSLP-mediated atopic march.
In allergic mice, the expression of TSLP and IgE in serum
was markedly increased, compared to the control group
(Figure 3A). The administration of resveratrol controlled
the progression of TSLP-mediated atopic march (Figure 3A).
Compared to the control group, the allergic group had sig-
nificantly higher relative messenger RNA (mRNA) expres-
sions and protein expressions of IL-4, IL-5, and IL-13 in
serum (Figures 3B and 3C). Resveratrol treatment obviously
reduced the mRNA levels of IL-4, IL-5, and IL-13 in mice
(Figures 3B and 3C). Overall, these data suggested that res-
veratrol could reduce the level of inflammatory markers in
the serum of allergic mice.

Resveratrol modulates NF-kB and Nrf2 pathway

Furthermore, we explored the specific mechanism of
allergy reduction mediated by resveratrol. Since NF-kB and
Nrf2 are associated with TSLP-induced atopic march, we
observed the levels of NF-kB/Nrf2-related molecules
(p-p65, p65, p-IkBa, IkBa, Nrf2, and TSLP) by Western blot-
ting analysis. As shown in Figure 4A, the phosphorylation
levels of NF-kB pathway (p-p65, p65, p-lkBa, and IkBa)
were significantly increased in allergic lung and ear skin tis-
sues whereas these increases were significantly reduced by
resveratrol treatment. Similarly, the protective molecule
levels of Nrf2 in both pulmonary and ear skin tissues were
increased by resveratrol (Figure 4B) whereas inflammation-
inducing factor TSLP was reduced in resveratrol-treated
mice (Figure 4C). These results indicated that the adminis-
tration of resveratrol could exert anti-allergic effects

by suppressing activated NF-kB and accelerating Nrf2
signaling.

Discussion

In the present study, our results showed that resveratrol
treatment could attenuate the symptoms of TSLP-mediated
atopic march via decreasing AHR, neutrophils and eosino-
phils infiltration, pathological changes in both pulmonary
and ear skin tissues as well as reducing the rising serum
levels of IgE and TSLP. Mechanistic studies demonstrated
that application of resveratrol exerts anti-allergic effects
by suppressing NF-kB signaling pathway.

Atopic march reflects the temporal-spatial progression
of atopic dermatitis to allergic asthma and allergic rhinitis,
mediated by TSLP." Studies have revealed that resveratrol
plays a vital role in ameliorating allergic reactions and
slowing of atopic march in order to control the rising inci-
dences of allergic disorders in recent years. For instance,
resveratrol has protective effects against a series of
allergic reactions, including airway remodeling, airway
hyper-reactivity, and numerous inflammatory cell infiltra-
tions in allergic models.'?" Similarly, this study established
that the degree of airway resistance was enhanced
remarkably in the allergic group; however, resveratrol
treatment significantly attenuated TSLP-mediated airway
resistance and a reduction in the number of total cells,
eosinophils, and neutrophils in BALF. Furthermore, resver-
atrol injection significantly reduced the buildup of infil-
trating cells, excessive mucus production in lung tissues,
and epidermal and dermal thickness in ear skin tissues.
Furthermore, resveratrol treatment significantly decreased
several serum inflammation markers, containing IL-4, IL-5,
and IL-13 mRNA expression in allergic mice.

Many cytokines and chemokines that regulate immune
responses and inflammation are produced during allergic
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Figure 2 Resveratrol ameliorates histopathological alterations in lung and skin tissues of allergic mice. (A) Lung tissues were
measured by H&E staining (magnification, x200). (B) Epidermal and dermal thicknesses were determined from H&E-stained ear
sections (magnification, x200). The data are expressed as mean + SD.

process.'*'® According to a previous study, NF-kB and Nrf2
are key players in the pathogenesis of inflammatory disor-
ders, and both atopic dermatitis and allergic asthma are
linked to the activation of molecules associated with NF-kB
and Nrf2. NF-kB, as a transcription factor, is released and
translocated to the nucleus when IkB proteins are phos-
phorylated and degraded, thereby activating various
pro-inflammatory target genes, such as IL-4, IL-5, and IL-13.
Nrf2, a transcription factor, is a key regulatory factor of

cellular protective proteins, including antioxidants, exoge-
nous detoxifying enzymes, and proteins of proteasome
pathway. In the absence of stress, Nrf2 remains at low lev-
els in the cytoplasm, where it interacts with its antagonist
Kelch-like ECH-associated protein 1 (Keap1) to promote
ubiquitination and proteasomal destruction. However, in
the presence of environmental stress, Nrf2 is released
from Keap1, translocates to the nucleus, and binds to anti-
oxidant response elements present in every promoter of
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Figure 3 Resveratrol ameliorates serum inflammatory markers in allergic mice. (A) TSLP and IgE were observed in the serum.
(B) The mRNA levels of IL-4, IL-5, and IL-13 were measured by PCR. (C) The protein levels of IL-4, IL-5, and IL-13 were measured
by enzyme-linked-immunosorbent serologic assay (ELISA). The data are expressed as mean + SD. ***P< 0.001 vs. the control.

##P < 0.001 vs. the allergic group.

Nrf2-dependent genes. As a result, adaptive cellular pro-
tective responses are activated, environmental stressors
are detoxified, and various immune regulatory effects are
produced. Nrf2 improves allergic asthma in mice by improv-
ing the protective function of airway epithelial cells.”
Increased nuclear translocation of Nrf2 and subsequent
production of heme oxygenase-1 (HO-1) improves atopic
dermatitis.?

In this study, our findings showed that the phosphoryla-
tion levels of NF-kB pathway-related protein and inflammation-
inducing factor TSLP were significantly increased in allergic
mice whereas these expressions were dramatically reduced in
both pulmonary and ear skin tissues after resveratrol treat-
ment. Moreover, Nrf2, as a crucial protective marker of
atopic march, was increased with resveratrol treatment.
These results suggested that resveratrol could suppress prog-
ress of atopic march by inactivating NF-kB signaling pathway.

Conclusion

Resveratrol has a positive impact on TSLP-mediated atopic
march by reducing TSLP and decreasing inflammatory cell
infiltration. The protective benefits of resveratrol are
exerted through NF-kB signaling pathway. These results

suggest that resveratrol treatment could be an option for
treating atopic march.
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