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Total glucosides of paeony ameliorates oxidative stress,
apoptosis and inflammatory response by regulating
the Smad7-TGF-f3 pathway in allergic rhinitis
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Abstract. Total glucosides of paeony (TGP), an active
ingredient extracted from the root of Paeonia alba, has been
reported to display an anti-inflammatory effect. However,
the effect of TGP on allergic rhinitis (AR) is still unknown.
The present study aimed to assess the role of TGP in an AR
mouse model. An AR mouse model was established using the
ovalbumin method. The expression levels of Smad7/TGF-3
pathway-related prtoeins in nasal mucosa tissues were deter-
mined by immunofluorescence, immunohistochemistry and
western blotting. The severity of nasal allergic symptoms was
detected by recording the frequency of sneezing and nose
rubbing motions in all mice for 20 min. The levels of IgE and
inflammatory cytokines, including IL-4,1L-5,1L-17 and IFN-y,
in the serum were measured by conducting ELISAs. H&E
staining, periodic acid-Schiff staining and Masson staining
were used to detected histopathological changes in mice. The
concentrations of malondialdehyde and glutathione, and the
activities of superoxide dismutase and catalase in tissue super-
natant and serum were quantified using commercial assay kits.
Apoptosis of nasal tissue cells was detected by performing
TUNEL assays and western blotting. The expression of Smad7
was upregulated and that of TGF-f§ was downregulated in the
nasal tissue of AR mice. Additionally, TGP regulated the
Smad7/TGF-f pathway in the nasal tissue of AR mice. TGP
alleviated serum IgE, nasal symptoms and histopathological
changes in AR mice. Moreover, TGP ameliorated oxidative
stress, cell apoptosis and inflammatory response. Smad7 small
interfering RNA intervention aggravated the symptoms of
AR mice via activation of the TGF-f3 pathway and reversed
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of paeony,

the protective effect of TGP in AR mice. TGP ameliorated
oxidative stress, apoptosis and inflammatory response via the
Smad7/TGF-p pathway in AR.

Introduction

Allergic rhinitis (AR) is a non-communicable chronic
inflammatory disease of the nasal mucosa mediated by immu-
noglobulin E (IgE). AR is caused by exposure of genetically
susceptible individuals to environmental allergens (1). The
prevalence of AR has increased worldwide, affecting 10-40%
of the global population (2,3); in China, AR incidence has been
reported to range from 8.7 to 24.1% of the population (4). AR
is also associated with a variety of complications, including
asthma and otitis media, which affect quality of life and work
performance, and imposes a financial burden (3,5). Currently,
corticosteroids and antihistamines (H1 receptor blockers) are
used for AR treatment (6-8). Although glucocorticoids are
the most effective drug for most patients at present, systemic
side effects limit their use in large doses over long periods
of time (9). Moreover, glucocorticoids do not cure AR since
a rebound phenomenon occurs following drug withdrawal.
Antihistamines can attenuate sneezing, itching and runny
nose, but have no effect on congestion (10). Furthermore,
anticholinergic side effects including drowsiness, sedation
and somnolence, and depression are associated with multiple
antihistamine treatment (6,11). Therefore, providing a novel
strategy derived from natural products that are safe and effec-
tive for AR therapy is of practical importance.

Total glucosides of paeony (TGP) is an active ingredient
extracted from the root of Paeonia alba that is character-
ized by anti-inflammatory, anti-oxidative and pain-relieving
properties (9,12). In addition, TGP regulates the balance
of the T helper (h)1/Th2 ratio via two-way cellular immune
regulation, which induces reverse modulation of B lymphocyte
growth (13). TGP has been reported to serves an important
role in the treatment of both inflammatory and immune
disease (14-16). Previous studies have shown that the patho-
genesis of AR is type I allergic disease caused by Th1/Th2
immune imbalance, accompanied by Th17, T regulatory and
other Th cell participation (10,17), indicating that TGP may
have a therapeutic effect on AR.
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AR is an inflammatory disease with complex pathogen-
esis involving a variety of signaling cascades and regulatory
pathways (18). To the best of our knowledge, its molecular
mechanism has not yet been elucidated. The transforming
growth factor-p (TGF-f) family has been reported to serve
a critical role in inflammatory and immune response regula-
tion (19,20). Evidence suggests that the immunoreactivity of
the TGF-p signal pathway is enhanced along with increased
nasal mast cells in AR (21), suggesting TGF-f3 signaling
may be involved in AR pathogenesis. As an inhibitor of
TGF-f signaling, Sma- and Mad-related protein 7 (Smad7)
blocks TGF-f1-triggered signaling by binding to the TGF-3
receptor to mediate biological activity of TGF-f1 and affect
airway remodeling (22). Therefore, it was hypothesized that
TGP ameliorates the symptoms of AR by regulating the
Smad7-TGF-f signaling pathway.

The present study aimed to provide insight into the
effect of TGP in an AR mouse model by investigating the
Smad7/TGF-f signaling pathway to elucidate the potential
mechanism underlying the role of TGP and propose an optimal
therapeutic strategy for AR.

Materials and methods

Animals. A total of 88 specific-pathogen-free BALB/c male
mice (age, 6 weeks; weight, 20-22 g) were obtained from Jinan
Pengyue Laboratory Animal Breeding Co., Ltd. (Jinan, China;
Research Resource Identifier SCR_010607). All mice were
accommodated at an average temperature of 22+2°C with
55+10% humidity in a controlled habitat with a 12-h light/dark
cycle (light on 8:00 a.m.-8:00 p.m.). In addition, free access
to standard food and water was provided. All experimental
procedures performed on animals were based on the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (23) and the study was approved by the Institutional
Animal Care and Use Committee of the First Affiliated
Hospital of Zhejiang Chinese Medical University (approval
no. AWE2020030601). All efforts were made to minimize the
suffering of animals.

Construction of AR mouse model. Mice used to establish
the AR model were sensitized via intraperitoneal injection
of 75 ug ovalbumin (OVA; Sigma-Aldrich; Merck KGaA)
diluted in 200 pl sterile normal saline supplemented with
2 mg aluminum hydroxide (Sigma-Aldrich; Merck KGaA).
Diluted OVA (total volume, 200 ul) was injected into the mice
on days 0, 7, 14 and 21, respectively. Subsequently, mice were
challenged with daily nasal instillation of 500 yg OVA diluted
in 20 ul sterile saline on days 23-27 after initial sensitization.
For the AR control (con), challenge with OVA was replaced by
challenge by sterile saline.

Study grouping. A total of 88 mice were randomly assigned
into seven groups (n=8/group) as follows: i) Con (untreated);
ii) AR (OVA-induced AR); iii) AR + saline (AR mice given
60 mg/kg saline orally); iv) AR + 10 mg/kg TGP (AR mice
given 10 mg/kg TGP orally); v) AR + 20 mg/kg TGP (AR mice
given 20 mg/kg TGP orally); vi) AR + 30 mg/kg TGP (AR
mice given 30 mg/kg TGP orally); vii) AR + 60 mg/kg TGP
(AR mice given 60 mg/kg TGP orally); viii) AR + 120 mg/kg

TGP (AR mice given 120 mg/kg TGP orally); ix) AR + small
interfering (si)-con (AR mice injected with 60 pg/kg siRNA
negative con vector via the caudal vein); x) AR + si-Smad7
(AR mice injected with 40 ug/kg Smad7 siRNA vector via
the caudal vein) and xi) AR + TGP + si-Smad7 (AR mice
given 60 mg/kg TGP orally and injected with 40 ug/kg Smad7
siRNA via the caudal vein).

After grinding TGP (H20055058; Ningbo Lihua
Pharmaceutical Co., Ltd.) into powder, 10 mg/ml suspension
was prepared with 0.5% sodium carboxymethyl cellulose. For
the TGP treatment groups, mice were administered 60 mg/kg
TGP orally after daily intranasal challenge on days 28-42,
while an equal volume of saline instead of TGP was given to
mice in the saline groups. The siRNA negative con (forward,
5'-UUCUCCGAACGUGUCACG-UTT-3" and reverse,
5'-ACGUGACACGUUCGGAGAATT-3") and Smad7 siRNA
vectors (forward, 5'-CCAAUGACCACGAGUUUA-UTT-3'
and reverse, 5~ AUAAACUCGUGGUCAU-UGGTT-3") were
designed and constructed by Shanghai GenePharma Co., Ltd.

Measurement of nasal symptoms. Following the final
OVA/sterile saline challenge on day 27 post-initial sensitiza-
tion, the severity of nasal allergic symptoms was detected by
recording the frequency of sneezing and nose rubbing motions
in all mice for 20 min. Measurement of nasal symptoms was
performed in a single-blinded manner by three experimenters.

Blood and tissue samples. At the end of the experiment, mice
in each group were fasted overnight and anesthetized with
intraperitoneal injection of sodium pentobarbital (50 mg/kg
body weight). The mice were sacrificed by cervical disloca-
tion following deep anesthesia. Blood (0.5 ml) was harvested
from the abdominal aorta into tubes with EDTA followed
by centrifugation at 1,000 x g for 20 min at 4°C to prepare
plasma for the biochemical analysis. The nasal mucosa was
removed immediately and rinsed with cold saline before
preserving at -70°C. Half of the nasal mucosa tissue was
fixed in 4% paraformaldehyde for 24 h at room temperature
and then embedded in paraffin, followed by slicing into 5 ym
sections for histological examination. Cold Tris-HCI (10 mM)
was used to homogenize the rest of the tissue immediately, and
clear supernatant was obtained by centrifuging at 4,000 x g for
10 min at 4°C for use in biochemical analysis.

Immunofluorescence. The nasal mucosa slices were dehydrated
and dewaxed followed by treatment with 3% hydrogen peroxide
for 10 min at room temperature to quench the endogenous
peroxidase activity. Then, 10% goat serum (cat. no. 5425S;
Cell Signaling Technology, Inc.) and 0.3% Triton X-100 PBS
solution were used to block the slices for 1 h at room tempera-
ture, followed by culturing with primary antibodies [Smad7
(cat.no.ab272928; 1:100) and TGF-f3 (cat. no. ab15537; 5 ug/ml);
both Abcam] overnight at 4°C. Subsequently, corresponding
fluorescent-labeled secondary antibody (cat. no. ab150117;
1:200; Abcam) was used to treat the slices for 1 h at room
temperature. To identify the nuclei, 5 ug/ml DAPI (Invitrogen;
Thermo Fisher Scientific, Inc.) was used to stain the slices for
5 min at room temperature. Finally, a fluorescence microscope
(Olympus Corporation; cat. no. BX 51; magnification, x200)
was used to observe Smad7- and TGF-f-positive cells in the
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nasal mucosa slices. Data were evaluated by Image ProPlus
version 5.0 software (Media Cybernetics, Inc.).

Immunohistochemistry. For immunohistochemistry assay,
xylene was used to dewax nasal mucosa tissue slices, which
were then rehydrated followed by dehydrating in graded
ethanol solution. Slices were heated with citrate (10 mmol/I,
pH 6.0) in a microwave for 30 min for antigen retrieval. To
block the endogenous peroxidase activity, 0.3% hydrogen
peroxide solution was utilized to incubate the slices for
30 min at room temperature. Following 5 min washing in
PBS, the slices were cultured with primary antibody against
Smad7 (cat. no. ab216428, 1:100, Abcam,) and TGF-f
(cat. no. ab15537, 1:100, Abcam) at 4°C overnight, then treated
with horseradish peroxidase (HRP)-conjugated secondary
antibody (cat. no. ab6721, 1:1,000, Abcam,) for 30 min at room
temperature. Finally, 3, 3'-diamino-benzidine tetrahydrochlo-
ride was used to develop the signal for visualization of positive
cells for examination under a light microscope (Zeiss GmbH,;
magnification, x500;). Data were evaluated using Image
ProPlus version 5.0 software (Media Cybernetics, Inc.).

Western blot analysis. RIPA lysis buffer (Beyotime Institute
of Biotechnology) supplemented with protease inhibitors was
utilized to obtain total protein from nasal tissue homogenate
and the concentration was determined by bicinchoninic acid
assay (BCA) kit (Pierce; Thermo Fisher Scientific, Inc.).
Subsequently, equal amounts of total protein (30 mg/lane)
were isolated by 10% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis followed by wet transfer onto
PVDF membranes (MilliporeSigma). Then, 5% non-fat milk
diluted in TBST (0.1% Tween-20) was used to block the
membranes for 1 h at room temperature, followed by treat-
ment with rabbit primary antibodies against Smad7 primary
(cat. no. ab227309, 1:500; Abcam), TGF-f3 (cat. no. ab205604,
1:1,000; Abcam), Bax (cat. no. ab182733; 1:2,000; Abcam),
Bcl-2 (cat. no. ab32124, 1:1,000; Abcam), Cleaved-caspase 3
(cat. no. ab2302, 1:200; Abcam), IL-4 (cat. no. ab62351,
1:2,000; Abcam), IL-5 (cat. no. 3432, 1:1,000; Cell Signaling
Technology, Inc.), IL-17 (cat. no. 13828, 1:2,000; Cell Signaling
Technology, Inc.), IFN-y (cat. no. 8455, 1:1,500; Cell Signaling
Technology, Inc.) and B-actin (cat. no. ab8227; 1:1,000; Abcam)
at 4°C overnight. Membranes were rinsed with PBS for 5 min
and incubated with appropriate HRP-conjugated secondary
antibody IgG (cat. no. ab15842, 1:1,000; Abcam) for 1 h at
room temperature. Protein bands were developed with ECL
detection reagent (Thermo Fisher Scientific, Inc.) and the band
intensity was quantified using Image J software (National
Institutes of Health; version 1.440). B-actin was used as the
internal control to normalize the relative levels of protein.

Measurement of IgE and inflammatory cytokines in
serum. The levels of IgE and inflammatory cytokines
in the plasma of each mouse were measured by ELISA.
ELISA kits (R&D System) were utilized to determine
the levels of IL-4 (cat. no. PI612; Beyotime Institute of
Biotechnology), IL-5 (cat. no. P1620; Beyotime Institute
of Biotechnology), IL-17 (cat. no. PI545; Beyotime Institute of
Biotechnology), IFN-y (cat. no. PI508; Beyotime Institute of
Biotechnology) and IgE (cat. no. 747734; Pharmingen) in the

serum according to the manufacturer's protocol. Following
washing by PBS, plasma was treated with HRP and chromo-
genic solution of biotin. Finally, absorbance at 450 nm was
measured.

Histopathological evaluation of nasal mucosa tissue. For
histopathological evaluation of nasal mucosa tissue, hema-
toxylin-eosin (HE) staining was performed to measure the
number of eosinophils, periodic acid-Schiff (PAS) staining was
used to detect the number of goblet cells and Masson staining
was performed to determine the percentage of collagen fibers.
Briefly, nasal mucosa tissue slices underwent dewaxing,
rehydration and dehydration followed by staining with HE,
PAS and Masson's trichrome reagent in accordance with
the manufacturer's instructions. (all Sigma-Aldrich; Merck
KGaA). Numbers of eosinophils and goblet cells, as well as
the percentage of collagen fibers were observed and quanti-
fied using Image-Proplus 6.0 (Media Cybernetics, Inc.) under
a light microscope (Zeiss GmbH) in five randomly selected
fields of view at 500x magnification. The histopathological
changes in each group were assessed in a double-blind manner.
Eosinophils and gobletells are presented as number/mm? per
section, while collagen fibers are expressed as a percentage.

Oxidative stress detection. The concentration of malo-
ndialdehyde (MDA) and glutathione (GSH), and activity of
superoxide dismutase (SOD), and catalase (CAT) in the nasal
mucosa tissue and serum were determined as previously
described (20). A homogenizer was used to prepare 100 g/l
tissue homogenate from fresh nasal mucosa tissue, followed
by centrifugation at 4,000 x g for 20 min at 4°C. BCA protein
assay kit was used to quantify the protein concentration in
tissue using the appropriate amount of supernatant (20 l). In
accordance with the manufacturer's protocol, the concentra-
tions of MDA and GSH, and the activities of SOD and CAT in
tissue supernatant and serum were measured using MDA kit
(cat. no. SO131), SOD (cat. no. S0109), GSH (cat. no. S0052)
and CAT kits (cat. no. C0016; all Beyotime Institute of
Biotechnology), respectively. The concentrations of MDA and
GSH are presented in nmol/mg protein, while the activity of
SOD and CAT are presented in U/mg protein.

TUNEL staining. Apoptosis of nasal tissue cells was detected
by TUNEL assay using an /n Situ Cell Death Detection kit
(cat. no. 11684795910; Roche Diagnostics GmbH) according
to the manufacturer's protocol. Briefly, following deparaf-
finization of nasal tissue slices with gradient alcohol, DNA
fragments were stained using the /n Situ Cell Death Detection
kit according to the manufacturer's instructions. Then, a
confocal microscope (Leica-Leitz DM-II; Leica Microsystems
GmbH) was used to observe the stained sections at x200
magnification. To evaluate apoptosis, five fields of view
were randomly selected to count TUNEL-positive cells and
analyzed using Image-Pro Plus 6.0 (Media Cybernetics, Inc.)
to quantify the apoptosis rate.

Statistical analysis. Data are expressed as the mean + standard
deviation of three experimental repeats. All statistical
analysis was performed utilizing SPSS 21.0 statistical
software (IBM Corp). Data with non-normal distribution was
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Figure 1. Expression of Smad7/TGF-f pathway-associated protein in nasal tissue of AR mice. (A) Schematic diagram of the experimental group design and
protocol for AR mice. (B) Expression levels of Smad7 and TGF-f3 were measured by immunofluorescence assay. Protein expression levels of Smad7 and TGF-§
were measured by (C) immunohistochemistry and (D) western blot analysis. "P<0.05 vs. Con. Smad7, Sma- and Mad-related protein 7; AR, allergic rhinitis;

Con, control.

analyzed by Mann-Whitney U test. For the data with normal
distribution, differences between two groups were analyzed
by unpaired Student's t-test; comparisons between =3 groups
were analyzed by one-way ANOVA followed by post hoc
Tukey's test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Expression of Smad7/TGF-p pathway-associated proteins is
downregulated in the nasal tissue of AR mice. First, the dose
response profile of TGP effect on the development of AR
was assessed. TGP treatment relieved serum IgE, eosinophil
count and nasal symptoms (sneezing and rubbing) in AR

mice in a dose-dependent manner (Fig. S1). Thus, 60 mg/kg
TGP was selected as the best concentration for subsequent
experiments.

To investigate the role of the Smad7TGF-3 pathway
in AR, an AR mouse model was constructed (Fig. 1A).
Immunofluorescence assay demonstrated that Smad7 expres-
sion was decreased and TGF-f3 expression was increased in
the AR group compared with the Con group (Fig. 1B). Protein
expression levels of Smad7 were decreased and those of
TGF-f3 were enhanced in the nasal mucosa of AR mice, as
shown by immunohistochemistry and western blot analysis
(Fig. 1C and D). These data indicated that expression of Smad7
was upregulated and that of TGF-3 was downregulated in the
nasal tissue of AR mice.
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Figure 2. TGP regulation of the Smad7/TGF-f pathway in nasal tissue of AR mice. (A) Schematic diagram of the experimental treatment group design and
protocol for AR mice. (B) Protein expression levels of Smad7 and TGF-f§ were measured by western blot analysis. "P<0.05 vs. Con; “P<0.05 vs. AR + Saline;
“P<0.05 vs. AR + si-Con; ®P<0.05 vs. AR + TGP + si-Smad7. Smad7, Sma- and Mad-related protein 7; AR, allergic rhinitis; Con, control; si, small interfering;

TGP, total glucosides of paeony.

TGP upregulates the Smad7/TGF- pathway in nasal tissue of
AR mice. The effects of TGP on the Smad7/TGF-f pathway in
AR mice were investigated. The treatment protocol (TGP and
si-Smad7) of AR model mice is shown in Fig. 2A. Following
nasal cavity challenge, AR mice were treated with TGP on
days 28-42 and/or si-Smad7 on days 28, 33 and 38. Finally,
on day 43, mice were sacrificed. Protein expression levels of
Smad7 and TGF-f were detected by western blot analysis.
The decreased expression of Smad7 induced by AR was
reversed in the AR + TGP group but further decreased in
the AR + si-Smad7 group; this effect was partially restored
in the AR + TGP + si-Smad7 group. Enhanced expression of
TGF-f induced by AR was rescued in the AR + TGP group
but further increased in the AR + si-Smad7 group; this effect
was partially restored in the AR + TGP + si-Smad7 group
(Fig. 2B). Taken together, these findings indicated that TGP
regulated the Smad7/TGF-f pathway in the nasal tissue of AR
mice.

TGP alleviates increased serum IgE, nasal symptoms and
histopathological changes in AR mice. The increased serum
IgE concentration induced by AR was attenuated in the
AR + TGP group but further enhanced in the AR + si-Smad7
group; this effect was reversed in AR + TGP + si-Smad7 group
(Fig. 3A). The aggravated nasal symptoms (sneezing and
rubbing) induced by AR were lessened in the AR + TGP group
but further increased in the AR + si-Smad7 group; this effect
was partially reversed in the AR + TGP + si-Smad7 group
(Fig. 3B and C). The increased number of eosinophil, goblet

cell count and percentage of collagen fibers induced by AR
were decreased in the AR + TGP group but further increased
in the AR + si-Smad7 group; this effect was rescued in the
AR + TGP + si-Smad7 group (Fig. 3D). These data suggested
that TGP decreased serum IgE concentration, nasal symptoms
and histopathological changes in AR mice.

TGP alleviates oxidative stress in AR mice. Next, the effects
of TGP on oxidative stress in AR mice were determined. The
increased MDA induced by AR inthe blood was decreased in the
AR + TGP group but further heightened in the AR + si-Smad7
group; this effect was rescued in the AR + TGP + si-Smad7
group (Fig. 4A). The weakened blood levels of GSH, SOD
and CAT caused by AR were enhanced in the + TGP group
but further decreased in the AR + si-Smad7 group; this effect
was partially restored in the AR + TGP + si-Smad7 group
(Fig. 4B-D). The enhanced MDA levels resulting from AR
in nasal mucosa were decreased in the AR + TGP group but
further increased in the AR + si-Smad7 group; this effect
was reversed in the AR + TGP + si-Smad7 group (Fig. 4E).
The decreased GSH, SOD and CAT levels induced by AR
in the nasal mucosa were increased in the AR+ TGP group
but further weakened in the AR + si-Smad7 group; this effect
was reversed in the AR + TGP + si-Smad7 group (Fig. 4F-H).
These results indicated that TGP ameliorated oxidative stress
in AR mice.

TGP alleviates cell apoptosis in AR mice. The effects of TGP
on cell apoptosis in AR mice were investigated. The increased
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Figure 3. Effects of TGP on serum IgE, nasal symptoms and histopathological changes in AR mice. (A) IgE concentration in the blood was determined
by ELISA. (B) Sneezing and (C) rubbing frequency were observed in AR mice for 30 min. (D) Level of eosinophils, goblet cell count and percentage of
collagen fibers were determined by HE, PAS and Masson staining, respectively (magnification, x500). “P<0.05 vs. Con; "P<0.05 vs. AR + Saline; “P<0.05
vs. AR + si-Con; “P<0.05 vs. AR + TGP + si-Smad7. Smad7, Sma- and Mad-related protein 7, AR, allergic rhinitis; Con, control; si, small interfering; TGP,

total glucosides of paeony; HE, hematoxylin-eosin; PAS, period acid-Schiff.

cell apoptosis induced by AR was lessened in the AR + TGP
group but further enhanced in the AR + si-Smad7 group; this
effect was partially restored in the AR + TGP + si-Smad7
group (Fig. 5A and B). In addition, decreased Bcl-2 expres-
sion levels induced by AR were enhanced in the AR + TGP
group but further weakened in the AR + si-Smad7 group;
this effect was reversed in the AR + TGP + si-Smad7 group.
The increased Bax and Cleaved-caspase 3 expression levels

caused by AR were decreased in the AR + TGP group but
further enhanced in the AR + si-Smad7 group; this effect
was reversed in the AR + TGP + si-Smad7 group (Fig. 5C-F).
These findings indicated that TGP ameliorated cell apoptosis
in AR mice.

TGP alleviates inflammatory response in AR mice. Lastly,
the effect of TGP on inflammatory response in AR mice was
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Figure 4. Effects of TGP on oxidative stress in AR mice. Levels of (A) MDA, (B) GSH, (C) SOD and (D) CAT were measured in the blood of AR mice.
Levels of (E) MDA, (F) GSH, (G) SOD and (H) CAT were measured in the nasal mucosa of AR mice. "P<0.05 vs. Con; “P<0.05 vs. AR + Saline; “P<0.05
vs. AR + si-Con; “P<0.05 vs. AR + TGP + si-Smad7. Smad7, Sma- and Mad-related protein 7, AR, allergic rhinitis; Con, control; si, small interfering; TGP,
total glucosides of paeony; MDA, malondialdehyde; GSH, glutathione; SOD, superoxide dismutase; CAT, catalase.

investigated. ELISA demonstrated that increased levels of IL-4,
IL-5, IL-17 and IFN-y caused by AR were decreased in the
AR + TGP group but further increased in the AR + si-Smad7
group; this effect was reversed in the AR + TGP + si-Smad7
group (Fig. 6A-D). Similar changes in protein levels of IL-4,
IL-5, IL-17 and IFN-y were also detected by western blot
analysis (Fig. E-I). These findings demonstrated that TGP
ameliorated the inflammatory response in AR mice.

Discussion

AR is an allergen-induced allergic inflammatory response in
the nasal mucosa that is initiated by release of IgE-mediated
mediators and involves a variety of immunoreactive cells and
cytokines including, Th2 lymphocytes, M2a macrophages and
IL-4 (24-26). The Smad7/TGF-f3 signaling pathway is not only
involved in regulation of numerous types of disease, including
spinal cord ischemia reperfusion, anaplastic thyroid cancer
and pancreatic cancer (22,27,28), but has also been reported
to be associated with AR processes (21). In the present study,
expression of Smad7 was upregulated and that of TGF-f§ was
downregulated in the nasal tissue of AR mice.

TGP is the primary active ingredient of Paeonia lactiflora
Pall. and exerts anti-inflammation, anti-oxidation and

analgesic effects (12,29). In recent years, it has been reported
that TGP has numerous immunomodulatory effects in various
types of disease, including rheumatoid arthritis, autoimmune
hepatitis and Sjogren's syndrome (SS) (30-32). Therefore, the
present study aimed to determine the role of TGP in AR.
TGP regulated the Smad7/TGF-f3 pathway in nasal tissue of
AR mice by upregulating Smad7 and downregulating TGF-f3.
Moreover, TGP relieved serum IgE, nasal symptoms and
histopathological changes in AR mice.

Oxidative stress refers to the imbalance between produc-
tion of oxygen free radicals and endogenous antioxidants that
offset their harmful effects, resulting in irreversible tissue
damage (33,34). Oxygen free radicals interact with DNA,
proteins and lipids, inducing conformational changes of cell
structures and causing cellular derangement and dysfunc-
tion (35). Oxidative stress is a key feature in the pathology of
AR (36-38). The present study demonstrated that TGP amelio-
rated oxidative stress in AR mice by decreasing MDA levels
and enhancing GSH, SOD and CAT levels.

Cell apoptosis refers to spontaneous and orderly death
of cells to maintain homeostasis, involving the activation,
expression and regulation of a series of genes including
Bax and Bcl-2 (39,40). Cell apoptosis is a key process in
AR that is regulated by numerous factors. For example,
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Figure 5. Effects of TGP on cell apoptosis in AR mice. (A and B) Cell apoptosis was detected by TUNEL assay (Scale bar, 200 pm). (C) Protein expres-
sion levels of (D) Bcl-2, (E) Bax and (F) Cleaved-caspase 3 were determined by western blot analysis. "P<0.05 vs. Con; “P<0.05 vs. AR + Saline; “P<0.05
vs. AR + si-Con; ®P<0.05 vs. AR + TGP + si-Smad7. Smad7, Sma- and Mad-related protein 7; AR, allergic rhinitis; Con, control; si, small interfering; TGP,

total glucosides of paeony.

inactivation of the PD-1/PD-L1 pathway increases apoptosis
of CD19* CD25" B regulatory cells and inhibits secretion
of IL-10 in patients with AR (41). MicroRNA (miR)-375
suppresses the JAK2/STAT3 pathway to decrease nasal
mucosa cell apoptosis and relieve AR (8). Tumor necrosis
factor a and IL-5 regulate the apoptosis rate of olfac-
tory sphere cells to weaken olfactory regeneration in AR
mice (42). In the present study, TGP downregulated Bax
and Cleaved-caspase 3, but upregulated Bcl-2 to ameliorate
cell apoptosis in AR mice.

In the later stage of AR, inflammatory cells (primarily
eosinophil granulocytes) accumulate in the nasal polyps
and secrete cytokines and inflammatory mediators, such
as IgE, IL-4, IL-5, IL-17 and IFN-y, which serve an impor-
tant role in the development of local inflammation (43).
miR-345-5p affects the Toll-like receptor 4/NF-xB pathway
in AR by serving as an anti-inflammatory regulator (44).
Adrenoreceptor 32 inhibits AR inflammatory cytokine
production induced by IL-13 (45). IL-37 suppresses the C-C
motif chemokine ligand 11 signaling pathway to alleviate
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Figure 6. Effects of TGP on inflammatory response in AR mice. Levels of (A) IL-4, (B) IL-5, (C) IL-17 and (D) IFN-y were measured by ELISA. (E) Protein
expression levels of (F) IL-4, (G) IL-5, (H) IL-17 and (I) IFN-y were measured by western blot analysis. "P<0.05 vs. Con; “P<0.05 vs. AR + Saline;
%P<0.05 vs. AR + si-Con; ®P<0.05 vs. AR + TGP + si-Smad7. Sma- and Mad-related protein 7; AR, allergic rhinitis; Con, control; si, small interfering; TGP,

total glucosides of paeony.

allergic inflammation in AR mice (46). The present study
verified that TGP ameliorated the inflammatory response in
AR mice by decreasing IL-4, IL-5, IL-17 and IFN-y levels.
Smad7 inhibition aggravated the symptoms of AR mice via
activation of the TGF-f pathway and reversed the protective
effect of TGP in AR mice.

There are certain limitations in the present study. Although
TGP significantly inhibited inflammatory cytokine levels in
plasma of AR mice, levels of inflammatory cytokines in nasal
lavage fluid or mucosal extract were not investigated. TPG

contains >15 monoterpene glycosides; however, the most effective
component of TGP to alleviate AR is still unknown. Paeoniflorin
and albiflorin are the most abundant ingredients and account for
the pharmacological effects observed for TPG in both in vitro
and in vivo studies (47-49). Therefore, it was speculated that
paeoniflorin and albiflorin may be effective components of TGP
in inhibiting AR; however, further investigations are required.
In summary, the present study demonstrated that TGP
ameliorated oxidative stress, apoptosis and inflammatory
response by regulating the Smad7/TGF-f3 pathway in AR.
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