Original Papers

Grape Seed Proanthocyanidin Extract Attenuates
Airway Inflammation and Hyperresponsiveness

in a Murine Model of Asthma by Downregulating
Inducible Nitric Oxide Synthase

Authors

Affiliations

Key words

asthma

airway inflammation
hyperresponsiveness

grape seed proanthocyanidin
extract

inducible nitric oxide
synthase

0000

(V]

received Sept. 12,2010
revised March 3, 2011
accepted  March 9, 2011
Bibliography

DOI http://dx.doi.org/
10.1055/s-0030-1270957
Published online March 30,
2011

Planta Med 2011; 77:
1575-1581 © Georg Thieme
Verlag KG Stuttgart - New York -
ISSN 0032-0943

Correspondence

Qian Zhang, PhD
Department of Respiratory
Medicine

Changzhou No. 2

People’s Hospital Affiliated
to Nanjing Medical University
29 Xinlong Road
Changzhou 213003

China

Phone: +8651988104931
Fax: +8651988115560
kezhang0601@163.com

Correspondence

Prof. Guo-zhen Wei
Department of Respiratory
Medicine

Changzhou No. 2

People’s Hospital Affiliated
to Nanjing Medical University
29 Xinlong Road
Changzhou 213003

China

Phone: + 8651988104931
Fax: +8651988115560
guozhenwei818@sina.com

Dan-yang Zhou', Qiang Du?, Ruo-ran Li*, Mao Huang?, Qian Zhang', Guo-zhen Wei'

! Department of Respiratory Medicine, Changzhou No. 2 People’s Hospital Affiliated to Nanjing Medical University,

Changzhou, China

2 Department of Respiratory Medicine, Second Affiliated Hospital, Nanjing Medical University, Nanjing, China
3 Department of Respiratory Medicine, Xuzhou Central Hospital, Xuzhou, China
4 Department of Respiratory Medicine, First Affiliated Hospital, Nanjing Medical University, Nanjing, China

Abstract

v

Allergic asthma is characterized by hyperrespon-
siveness and inflammation of the airway with in-
creased expression of inducible nitric oxide syn-
thase (iNOS) and overproduction of nitric oxide
(NO). Grape seed proanthocyanidin extract
(GSPE) has been proved to have antioxidant, anti-
tumor, anti-inflammatory, and other pharmaco-
logical effects. The purpose of this study was to
examine the role of GSPE on airway inflammation
and hyperresponsiveness in a mouse model of al-
lergic asthma. BALB/c mice, sensitized and chal-
lenged with ovalbumin (OVA), were intraperito-
neally injected with GSPE. Administration of GSPE
remarkably suppressed airway resistance and re-
duced the total inflammatory cell and eosinophil

counts in BALF. Treatment with GSPE significantly
enhanced the interferon (IFN)-y level and de-
creased interleukin (IL)-4 and IL-13 levels in BALF
and total IgE levels in serum. GSPE also attenuated
allergen-induced lung eosinophilic inflammation
and mucus-producing goblet cells in the airway.
The elevated iNOS expression observed in the
OVA mice was significantly inhibited by GSPE. In
conclusion, GSPE decreases the progression of air-
way inflammation and hyperresponsiveness by
downregulating the iNOS expression, promising
to have a potential in the treatment of allergic
asthma.

Supporting information available online at
http://www.thieme-connect.de/ejournals/toc/
plantamedica

Introduction

v

Allergic asthma is an airway disorder character-
ized by airway inflammation, mucus hypersecre-
tion, and airway hyperresponsiveness (AHR) [1].
The elevated level of exhaled nitric oxide (eNO) is
also a marker of asthmatic airway inflammation
[2]. NO is generated via oxidation of L-arginine
that is catalyzed by the enzyme NO synthase
(NOS). NOS exists in three distinct isoforms: neu-
ronal NOS (nNOS), inducible NOS (iNOS), and en-
dothelial NOS (eNOS) [3]. iNOS is responsible for
prolonged production of larger amounts of NO
[4]. NO plays an important role in the pathophysi-
ology of asthma, particularly in the late airway re-
sponses. Increased NO level is found to be posi-
tively related to asthmatic airway inflammation
and hyperresponsiveness [5]. iNOS is also in-
creased in asthmatic tissues, representing airway
eosinophilic cells, T helper (Th) 2 cells, and mast
cell infiltration [6]. Clinically, emphasis is usually
placed on the anti-inflammatory therapies for
asthma, with glucocorticoids remaining the first
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choice of treatment. Although glucocorticoids are
efficacious in the prevention of allergic inflamma-
tion, an extended period of inhaling glucocorti-
coids may pose serious side effects, and no signif-
icant curative effect is observed among those
with severe asthma or steroidal resistance [7-
10]. In addition, years of steroid therapy cannot
guarantee that asthmatic patients regain normal
bronchial reactivity. It is therefore safe to say that
an alternative anti-inflammatory treatment of
asthma is badly needed.

Recent years have seen growing interest in the
use of naturally available botanicals as chemopre-
ventive or chemotherapeutic agents for some dis-
eases, mostly dietary polyphenolic or flavonoids
substances [11]. Grape seed proanthocyanidin ex-
tract (GSPE), a natural occurring polyphenol rich
extract, is known to exhibit a broad spectrum of
antioxidant, antitumor, and other pharmacologi-
cal effects on human health, becoming a hot-but-
ton issue in medical research [12-14]. However,
no data to date is available on the inhibitory effect
of GSPE on allergic asthma. The aim of the present
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study was to investigate the effect of GSPE on airway inflamma-
tion and hyperresponsiveness in a mouse model of allergic asth-
ma.

Materials and Methods

v

Chemicals

GSPE was purchased from Jianfeng, Inc. Gas chromatography-
mass spectrometry analyses in conjunction with high-perform-
ance liquid chromatography showed that it contained 56 % dimer-
ic proanthocyanidins, 12% trimeric proanthocyanidins, 6.6% tet-
rameric proanthocyanidins, and small amounts of monomeric
and high-molecular-weight oligomeric proanthocyanidins and
flavonoids; lot No. GO50412 (Fig. 1S, Supporting Information).

Experimental animals

Forty-eight 6-week-old female BALB/c mice, 18-22 g each, were
purchased from the Shanghai Laboratory Animals Center and ac-
climatized to the animal facility for 14 days before experiments.
All animals were treated according to a protocol approved by the
Institutional Animal Care and Use Committee of Nanjing Medical
University (No.2009032; Dec. 2009).

Antigen sensitization, challenge, and GSPE treatment
Experimental animals were randomly and averagely divided
into six groups with eight mice in each, i.e., the low- (20 mg-
kg1.d™'), the middle- (40mg-kg™'-d'), and the high-dose
(60 mg-kg™'-d1) GSPE groups; the ovalbumin (OVA), the budes-
onide, and the control groups. Mice in the first five groups were
sensitized on days 0, 7, and 14 by intraperitoneal injection of
100 g OVA (Grade V; Sigma) emulsified in 1 mg aluminum hy-
droxide (Pierce Chemical Co.) with a total volume of 0.2 mL. Two
weeks after the last sensitization, mice were challenged with 1%
aerosolized OVA daily for 30 min over a period of four consecu-
tive days. Intraperitoneal injection of GSPE was consecutively
conducted in the mice of the three treatment groups, beginning at
1 h before every airway challenge with 20 mg-kg™-d!, 40 mg-kg
“1.d™1, and 60 mg-kg™'-d™!, respectively. Mice in the budesonide
group were treated with aerosolized budesonide (99.1% purity,
Pulmicort Respules®; AstraZeneca AB), 2 mg/4 mL for 30 min per
day from days 29 to 32, 1 hour before exposure. Mice in the con-
trol group received the same schedule for sensitization and chal-
lenge with an equivalent amount of 0.9% sterile saline instead of
OVA.

Measurement of airway responsiveness

Airway responsiveness to acetylcholine chloride (Ach) was eval-
uated by using an AniRes 2005 animal lung function analysis sys-
tem (SYNOL High-Tech) as previously described [15]. Briefly, the
mice were anesthetized by intraperitoneal injection of pentobar-
bital sodium (70 mg/kg) 24 h after the last OVA challenge. The
mice, with a tracheal cannula (2 mm in diameter), were then
placed in a whole-body plethysmography chamber and mechan-
ically ventilated at a rate of 90 breaths/min with a tidal volume of
6 mL/kg. With stable airway pressure recording established, Ach
was administered via the caudalis vein by using a microinfusion
pump at a rate of 36 mL/h with a progressive increase of doses
(10, 30, 90, and 270 pg/kg). After each dose was administered,
data were continuously collected from 5 s to 1 min, and the max-
imum values of lung resistance (RL) were taken to express
changes in murine airway function.
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Analysis of bronchoalveolar lavage fluid (BALF)

and serum

After airway responsiveness had been measured, mice were bled
by retro-orbital puncture using heparinized capillary tubes.
Blood samples were centrifuged at 2000 x g for 10 min at 4°C,
and plasma was stored at — 70 °C. With blood removed, airway lu-
mina were washed three times with 0.4 mL, 0.3 mL, and 0.3 mL
sterile saline respectively. BALF was centrifuged (1000 x g for 10
min at 4°C), and the total number of inflammatory cells was
counted. Differential cell counting was done using cytospin tech-
niques and Wright’s staining, which was carried out by two in-
dependent investigators in a single-blind study that analyzed at
least 200 cells each of four different random locations using a mi-
croscope. Commercially available ELISA kits were used to deter-
mine interleukin (IL)-4 (Jingmei Biotech), interferon (IFN)-y, and
IL-13 (R&D Systems) levels in BALF and total serum immuno-
globulin E (IgE) (BPB Biomedicals). The limits of detection were
7 pg/mL for IL-4, 4 pg/mL for IL-13, 7 pg/mL for IFN-y, and 1 ng/
mL for total serum IgE.

Histological examination

The left lung was immersed in 10% neutral buffered formalin
overnight, embedded in paraffin, and sectioned (5 pm thickness)
before staining with either hematoxylin-eosin (HE) or periodic
acid-Schiff (PAS). The histological analyses were conducted by
using a light microscope attached to an image-analysis system
(Image-Pro Plus; Media Cybernetics). Data were expressed as
the area of staining per pm length of the basement membrane
of bronchi with an internal diameter of 150-200 pm by counting
at least 10 bronchi in each slide. As described previously, the
number of PAS-negative and PAS-positive cells (goblet cells) in
individual bronchus was counted to quantify the level of mucus
expression in the airway [16]. According to the number of PAS-
positive cells per bronchus divided by the total number of epithe-
lial cells in each bronchus, we calculated the percentage of PAS-
positive cells per bronchus [17].

Immunohistochemistry for iNOS

Immunohistochemistry was performed for the detection of iNOS
proteins in the lung tissue according to a modified procedure as
described elsewhere [18]. Briefly, formalin-fixed and paraffin-
embedded sections (5 pm thickness) were deparaffinized and re-
hydrated with xylene and graduated alcohol solutions, respec-
tively, and the endogenous peroxidase activity was blocked by in-
cubating sections with 3% H;0,. After flooding with 5% normal
goat serum to avoid nonspecific absorption of immunoglobulin,
the specimens were incubated for 90 min with rabbit anti-mouse
iNOS polyclonal antibody (Abcam) in a dilution of 1:50. Slides
were incubated overnight at 4°C, rinsed three times with phos-
phate-buffered saline (PBS), incubated with peroxidase-labeled
goat anti-rabbit IgG for 30 min at 37°C and then washed again
with PBS, which was followed by staining with diaminobenzidine
(Santa Cruz Biotechnology). The sections were counterstained
with hematoxylin, dehydrated and then observed under a light
microscope. Negative and positive controls were used simulta-
neously to ensure specificity and reliability of the staining pro-
cess. The primary antibody was replaced with normal rabbit IgG
as the negative control, and a positive section supplied by the
manufacturer of the iNOS polyclonal antibody was taken as the
positive control. Positive staining with iNOS was defined by
brown staining of the cytoplasm. The percentages of the positive
staining regions were quantitatively calculated using image anal-



ysis software Image-Pro Plus 5.0 (Media Cybernetics, Inc.). Re-
sults were expressed as the area of iNOS immunostaining per
pm length of the basement membrane of bronchi with an inter-
nal diameter of 150-200 pm.

Western blot analysis

Right lung tissues from each group were added with lysis buffer
and then homogenized. With absolute schizolysis and centrifu-
gation at 12000x g for 15 min at 4 °C, we collected the resulting
supernatants as the total protein samples and used the method of
bicinchoninic acid to determine the protein concentrations. The
protein from each mouse in all the six groups was separated by
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto a polyvinylidene difluoride membrane,
which was incubated in blocking solution (5% skimmed milk in
Tris-buffered saline) for 2 h at room temperature and then ex-
posed to polyclonal antibody directed against iNOS (Abcam) or
anti-B-actin antibody (Santa Cruz Biotechnology) overnight at
4°C with gentle shaking. Then the membrane was incubated with
peroxidase-conjugated secondary antibody (1:5000) for 1h at
37°C. Protein quantitation was detected by the ECL Plus (Amer-
sham Biosciences). Densitometric analysis was carried out by Im-
age densitometry software after the scanning of the Kodak X-
Omat LS X-ray films.

Statistical analysis

Data were expressed as the mean * standard error of the mean
(SEM). Differences among each group were evaluated using one-
way analysis of variance and least significant difference test. A 2-
sided p value <0.05 was considered significant, and all calcula-
tions were carried out with SPSS software (SPSS).

Supporting information

The fingerprint chromatogram showing the composition of GSPE
and color figures (on how treatment with GSPE attenuates air-
way inflammation and antigen-induced mucus production in a
murine model of asthma as well as of the qualitative measure of
iNOS expression in the lungs via immunostaining) are available as
Supporting Information.

Results

v

To detect the effect of GSPE on airway responsiveness, we as-
sessed airway resistance of anesthetized mice in response to in-
creasing concentrations of Ach. No significant differences were
identified in baseline airway resistance among the six groups.
There was an obvious increase of airway resistance in the OVA,
budesonide, and GSPE groups in a dose-dependent manner by
administration of Ach (© Fig. 1). In the OVA group the airway re-
sistance was significantly greater than that in the control group
(p<0.01). Administration of GSPE resulted in a sharp reduction
in airway resistance in contrast with the OVA group (p < 0.05).
Very few inflammatory cells were detected in the control mice
except for macrophages. The total cell and eosinophil counts in
BALF increased markedly via sensitization and challenge with
OVA, followed by a significant decrease by treatment with GSPE
or budesonide (© Fig. 2). An infiltration of inflammatory cells in-
to the peribronchiolar and perivascular connective tissues was
clearly observed in the OVA group. The mice administered with
GSPE showed a marked reduction in inflammatory cell infiltra-
tion within the peribronchiolar and perivascular regions (see
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Fig.1 Effects of GSPE on the development of airway hyperresponsive-
ness. Data are expressed as mean = SEM (n =8 per group). * P<0.05 com-
pared with the OVA group; ** p<0.01 compared with the control group.
RL: lung resistance.
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Fig.2 Effects of GSPE on inflammatory cell accumulation in BALF. Data
are expressed as mean + SEM (n = 8 per group). * P<0.05 compared with
the OVA group; ** p<0.01 compared with the control group. MAC: mac
rophage, EOS: eosinophilia, LYM: lymphocyte, NEU: neutrophil.

OFig.3A,Fig.2S Supporting Information). Furthermore, the
OVA-challenged mice, but not the saline-challenged mice, suf-
fered obvious goblet cell hyperplasia and mucus hypersecretion
in the bronchi, which was significantly reduced by GSPE adminis-
tration (see © Fig.3A, 3B). Thus, evident anti-inflammatory ef-
fects of GSPE were revealed.

OVA sensitization and challenge significantly induced the pro-
duction of IL-4 and IL-13 in BALF. Treatment with GSPE greatly
reduced the levels of these Th2 cytokines in BALF compared with
the OVA group (p <0.05; © Table 1). In contrast, the IFN-y level in
the OVA group was less than that in the control group, and GSPE
administration significantly promoted the IFN-y level in a dose-
dependent manner (p <0.05; © Table 1). GSPE also dropped total
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Fig. 3B Treatment with GSPE attenuates airway inflammation and anti-
gen-induced mucus production in a murine model of asthma. B The bar
chart shows percentage of PAS-positive cells per bronchiole. Data are ex-
pressed as mean + SEM (n = 8 per group). * P<0.05 compared with the
OVA group; ** p<0.01 compared with the control group; # p<0.01 com-

pared with the OVA group.

serum IgE levels to near baseline as compared with the OVA
group (p <0.05; © Table 1).

To further ascertain whether iNOS was related to the GSPE-in-
duced antiasthmatic effects, we investigated the iNOS expression
in the lungs. The protein expression of iNOS was evaluated by im-
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Fig.3A Treatment with GSPE attenuates airway
inflammation and antigen-induced mucus produc
tion in a murine model of asthma. A (a-g) Haema-
toxylin and eosin staining (original magnifica-

tion x 400) of lung tissue from (a) control, (b) OVA-
sensitized and -challenged, (c) BUD-treated mice,
(d) GSPE1 (20 mg/kg)-treated mice, (e) GSPE2

(40 mg/kg)-treated mice, and (f) GSPE3 (60 mg/kg)-
treated mice. (g-1) Periodic acid-Schiff (PAS) stain-
ing (original magnification x 400) of lung tissue
from (g) control, (h) OVA, (i) BUD-treated mice, (j)
GSPE1-treated mice, (k) GSPE2-treated mice, and (1)
GSPE3-treated mice.

Table 1 Serum total IgE and cytokines levels in BALF measured by ELISA.

Group BALF (pg/mL) Serum IgE
-4 I-13 IFN-y (ng/mL)
Control 23.7+45 21.6%4.1 29745  19.03+4.9
BUD 29.7+3.8 36.5+45  27.2+52  452+92
OVA 128.5+27.4** 145.6+8.5** 18.2%3.4** 198.8+18.2**
GSPE 57.6+54*  67.2+12.9* 21.7+42* 783+10.1*
(20 mg/kg)
GSPE 49.7+3.5 583+12.3 23.9+65  69.8+12.3
(40 mg/kg)
GSPE 38.8+4.3 423+97  254+62  53.8+10.8
(60 mg/kg)

Data are expressed as mean + SEM (n = 8 in each group). * P<0.05 compared with the
OVA group; ** p<0.01 compared with the control group

munochemical staining (see © Fig. 4A,Fig.3S Supporting Infor-
mation). Strong cytoplasmic staining was mainly localized to
bronchial epithelial cells, bronchial smooth muscular cells, and
alveolar epithelial cells. In addition, the infiltrating macrophages
and neutrophils around the bronchi also showed positive ex-
pression. The iNOS-stained cells were predominant in the OVA-
induced inflammatory lung tissue compared with those of the
control mice. GSPE treatment dramatically decreased them
(©Fig. 4B). Western blot analysis was used to further quantify
the iNOS expression (© Fig. 5A). The relative amount of targeted
protein was quantified as the density of the targeted protein ver-
sus B-actin. After normalization of the data according to the ex-
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Fig.4B Qualitative measure of iNOS expression in the lungs via immuno-
staining. B The bar chart demonstrates the percentage of iNOS-positive
cells per bronchus. Data are expressed as mean + SEM (n = 8 per group).

* P<0.05 compared with the OVA group; ** p<0.01 compared with the
control group; # p<0.01 compared with the OVA group.

pression of B-actin protein, the relative density of iNOS is pre-
sented as fold numbers. As demonstrated in © Fig. 5B, the ele-
vated iNOS expression observed in the OVA mice was signifi-
cantly inhibited by GSPE.

Discussion

v

In the present study, we evaluated the effects of GSPE on OVA-in-
duced airway inflammation in an acute experimental model of
asthma. Our results revealed that GSPE attenuated the airway in-
flammation, including infiltration of inflammatory cells, expres-
sion of inflammatory cytokines, and mucus secretion, as well as
AHR in allergic mice. To our knowledge, it is the first study to
demonstrate that GSPE decreases the expression of iNOS in the
lung tissues of an OVA-induced airway inflammation model.
GSPE, a natural occurring polyphenol rich extract, contains
mainly dimers, trimers, and highly polymerized oligomers of
monomeric catechins [19]. In recent years, mounting evidence
indicates that GSPE can counter oxidative stress, protect circula-
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Fig.4A Qualitative measure of iINOS expression
in the lungs via immunostaining. A (a-g) Immuno-
staining (original magnification % 400) of lung tis-
sue from (a) control, (b) OVA-sensitized and -chal-
lenged, (c) budesonide, (d) GSPET (20 mg/kg)-,

(e) GSPE2 (40 mg/kq)-, and (f) GSPE3 (60 mg/kg)-
treated mice.

Control OVA BUD GSPE1 GSPE2 GSPE3
iINOS — S ———— . St —
A"“""““ —— e o o Sme

Fig.5A Treatment with GSPE decreases the iNOS expression. A Antibod-
ies were anti-INOS and anti-B-actin. Lane 1: Control; Lane 2: OVA; Lane 3:
BUD (budesonide); Lane 4: GSPE1 (20 mg/kg); Lane 5: GSPE2 (40 mg/kg);
Lane 6: GSPE3 (60 mg/kg).

*x

iNOS/p-actin

GSPE2

GSPE3

B Control OVA BUD GSPE1

Fig. 5B Treatment with GSPE decreases the iNOS expression. B The rela-
tive amount of targeted protein was quantified as the density of the tar-
geted protein versus f-actin. Data are expressed as mean + SEM (n =8 per
group). * P<0.05 compared with the OVA group; ** p<0.01 compared
with the control group; # p <0.01 compared with the OVA group.

tion and has anti-inflammatory and anticarcinogenic activity. Re-
portedly, GSPE is also involved in the immunoregulatory activity
in vitro and in vivo [20]. In the case of asthma, Th2 cytokines are a
crucial contributing factor of allergic airway inflammation and
AHR [21,22].1L-4, IL-5, and IL-13 stem from various lung resident
cells, i.e., bronchial epithelial cells, tissue mast cells, and alveolar
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macrophages, as well as infiltrated inflammatory cells. Our
present results showed that GSPE not only significantly reduced
the levels of IL-4 and IL-13, but also increased the level of IFN-y
in BALF from the OVA-challenged mice. We also demonstrated a
dramatic reduction in airway mucus production and serum IgE in
GSPE-treated mice. Administration of GSPE significantly inhib-
ited leukocyte recruitment into the lung and regulated the Th1/
Th2 balance to suppress OVA-induced airway inflammation. Fur-
thermore, GSPE inhibited OVA-induced AHR, which may be at-
tributed to the reduction of IL-13 production and tissue eosino-
philia because IL-13 and eosinophils play an important role in
the development of AHR [23]. In our study, the mice treated with
GSPE showed a marked reduction in inflammatory cell (espe-
cially the eosinophils) infiltration within the peribronchiolar
and perivascular regions. Previous studies suggested that IL-4
could selectively stimulate eosinophils adherence to endothe-
lium and transendothelial migration by inducing endothelial cell
expression of vascular cell adhesion molecule-1 (VCAM-1) [24,
25]. As GSPE can downregulate VCAM-1 expression in human en-
dothelial cells [26,27], it is reasonable to believe that GSPE re-
duces the eosinophils infiltration by suppressing the local release
of IL-4 and expression of VCAM-1.

It is well known that NO, produced by iNOS, has an important
role in inducing airway diseases including asthma [28,29]. As a
short-lived, easily diffusible molecule with high biological activ-
ity, endogenous NO is believed to be a major marker of physiolog-
ical aggravation of airway functions and is closely implicated in
airway diseases like asthma [30]. Airway inflammation is attrib-
uted to an enhanced expression and activity of iNOS, which in-
creases NO production and contributes to higher levels of NO
gas in exhaled air [31]. Sourcing NO in asthma may be of help in
the elucidation of its pathogenic role and providing an alternative
therapy. The dual effects of NO in many pathological conditions
are probably related to its source, concentration, and site of ac-
tion. In this process, excessive NO may increase eosinophils in
the airway and shift the immune balance toward Th2 cells, thus
exacerbating inflammation in the airway. Inhibiting iNOS can re-
duce resistance of the respiratory system response, eosinophilic
and mononuclear cell recruitment, and collagen and elastic fibers
content in airways [32]. In the present study, we found that the
expression of iNOS was significantly higher in the OVA group
than that in the control group, and GSPE administration sup-
pressed the expression of iNOS in a dose-dependent manner.
Our results are in accordance with a previous study performed
by Houde et al. that GSPE strongly decreased NO and iNOS ex-
pression by LPS-stimulated macrophages [33]. Therefore, we as-
sumed that the suppression of iNOS was one of the many anti-in-
flammatory effects of GSPE in asthma.

Reportedly, necropsy and blood testing as well as histological ex-
amination showed that a dietary concentration of 2.5% grape
seed extract caused no adverse effects [34]. Japanese researchers
also evaluated the toxicity of grape seed extract using 344 rats,
and no evidence showed acute oral toxicity at dosages of 2 and
4 g/kg [35]. However, high-dose GSPE could cause apoptotic cell
injury via effector caspase-3 activation and subsequent induction
of reactive oxygen species generation [36]. Therefore, the dosages
of GSPE should be optimized to avoid potential harmful pro-oxi-
dant effects. In our study, no significant cytotoxicity was ob-
served in GSPE-treated mice.

Taken together, this study is the first to demonstrate that GSPE
modulates the inflammatory response in OVA-induced allergic
airway disease by suppression of iNOS expression and activity.
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With anti-inflammatory and immunomodulatory roles, GSPE
may be useful as an adjuvant therapy for asthmatic patients in
the future.
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