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Immunomodulatory and Anti-Inflammatory Potential
of Curcumin for the Treatment of Allergic Asthma:
Effects on Expression Levels of Pro-inflammatory
Cytokines and Aquaporins

Hira Shahid," Muhammad Shahzad,'” Arham Shabbir,> and Gulpash Saghir'

Abstract— Curcumin is well known for possessing anti-inflammatory properties and for
its beneficial effects in the treatment of asthma. Current study investigates the immunomod-
ulatory and anti-inflammatory effects of curcumin using mouse model of ovalbumin-induced
allergic asthma. BALB/c mice were immunized with ovalbumin on day 0 and 14 to induce
allergic asthma. Animals were treated with two different doses of curcumin (20 mg/kg and
100 mg/kg) and methylprednisolone from day 21 to 28. Mice were also daily challenged
intranasally with ovalbumin during treatment period, and all groups were sacrificed at day 28.
Histopathological examination showed amelioration of allergic asthma in treated groups as
evident by the attenuation of infiltration of inflammatory cells, goblet cell hyperplasia,
alveolar thickening, and edema and vascular congestion. Curcumin significantly reduced
total and differential leukocyte counts in both bronchoalveolar lavage fluid and blood.
Reverse transcription polymerase chain reaction analysis showed significantly suppressed
mRNA expression levels of IL-4 and IL-5 (pro-inflammatory cytokines), TNF-&, TGF-f3
(pro-fibrotic cytokines), eotaxin (chemokine), and heat shock protein 70 (marker of airway
obstruction) in treated groups. Attenuation of these pro-inflammatory markers might have led
to the suppression of airway inflammation. The expression levels of aquaporin-1 (AQP) and
AQP-5 were found significantly elevated in experimental groups which might be responsible
for reduction of pulmonary edema. In conclusion, curcumin significantly ameliorated allergic
asthma. The anti-asthmatic effect might be attributed to the suppression of pro-inflammatory
cytokines, and elevation of aquaporin expression levels, suggesting further studies and
clinical trials to establish its candidature in the treatment of allergic asthma.
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(7.3%) and 2010 (8.4%). It was found higher in females,
children, and low-income families [2]. In recent years, the
number of person suffering from asthma has reached over
300 million worldwide. It is expected that asthma might
affect 100 million more people by 2025. Thus, asthma has
the tendency to become one of the most prevalent chronic
disorders in the world [3].

The role of T-helper cells type-2 (Th2) and their
cytokines is well established in the pathophysiology of
allergic asthma. Cytokines, such as IL-4 and IL-5, are
known to orchestrate the scope of allergic response [4].
Eotaxin coordinates with IL-5 and mediates the chemotaxis
and degranulation of eosinophils. They also play role in
recruitment of eosinophils at the site of inflammation [5—
7]. TNF-a and TGF-f3 are released from macrophages and
epithelial cells and play pro-inflammatory and pro-fibrotic
roles in the pathogenesis of asthma [1]. Aquaporins
(AQPs) regulate water permeability in lungs, and their
reduced expression levels are associated with the progres-
sion of pulmonary edema [8]. It was proposed that anti-
asthmatic therapies can reduce the pulmonary edema by
increasing the levels of AQP-1 and AQP-5 [9]. The role of
heat shock protein 70 (HSP70) as a marker of degree of
airway obstruction in asthmatic patients is well established
[10].

Oral and inhaled corticosteroids are frequently
being used for the treatment of asthma; however, a
large number of patients failed to respond to even
high doses of corticosteroids [11]. These uncontrolled
patients approximately account for 50% healthcare
cost of asthma [12]. Many adverse effects are also
associated with the use of corticosteroids, such as
adrenal suppression, decreased bone metabolism,
and suppression of growth in children [13]. Due to
inadequate asthma control and adverse effects associ-
ated with asthma therapy, both patients and physi-
cians are vastly considering plant extract and their
constituents as a source of alternative medicine [14].

Curcumin is the most abundantly found curcuminoid
of Indian spice turmeric and is obtained from the rhizomes
of the Curcuma longa [15]. It is known to possess both
anti-inflammatory and anti-oxidant properties [16]. Clini-
cal studies have also indicated the anti-inflammatory po-
tential of curcumin in inflammatory disorders [17]. Previ-
ously, it was demonstrated that curcumin significantly
improved the mean values of forced expiratory volume
1 s and could be used for the treatment of bronchial asthma
as an effective and safe add-on-therapy [18]. Curcumin is
also known to inhibit Thl cytokine profile by attenuation
of IL-12 [19]. Another study displayed that curcumin
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prevented acute airway inflammation by inhibiting
Notch1-GATA3 signaling pathway [20]. Current study
investigates the anti-inflammatory and immunomodulatory
effects of curcumin using mouse model of ovalbumin-
induced allergic asthma.

MATERIAL AND METHODS

Experimental Animal

Thirty male BALB/c mice, weighing 28-33 g, were
kept in the experimental research laboratory, University of
Health Sciences, Lahore, under 12-h light/dark cycles. The
standard humidity (45-65%) and temperature (22-24 °C)
conditions were maintained. All the mice were provided
with water and standard pallet diet ad libitum [21]. Ap-
provals of all the experimental protocols were taken from
the Ethical Review Committee, University of Health Sci-
ences, Lahore, and were performed in accordance to the
declaratoin of Helsinki developed by World Medical
Association.

Induction of Allergic Asthma

Allergic asthma was induced by intraperitoneal
sensitization and subsequent intranasal airway chal-
lenge with ovalbumin. On days 0 and 14, all the
groups except the control group were intraperitoneal-
ly administered with 20 pg of OVA dissolved in
aluminum hydroxide solution (2 mg dissolved in
0.1 ml phosphate buffer saline). Intranasal challenge
with OVA (1 mg/ml phosphate buffer saline) was
given 1 week after the second sensitization to the
mice for seven consecutive days (from day 21 to day
27). Control group animals were sham-sensitized as
well as challenged with PBS solution only [22].

Treatment Protocol

Commercially available curcumin was purchased
from Sigma-Aldrich. The animals of group III
(Cur20) and group IV (Curl00) were intraperitoneal-
ly administered with curcumin at a dose of 20 mg/kg
b.w. and 100 mg/kg b.w., respectively. The treatment
continued daily for seven consecutive days and was
scheduled 1 h before the intranasal challenge. Simi-
larly, group V (MP) received methylprednisolone
(15 mg/kg) and followed the same protocol as de-
scribed for curcumin. Only normal saline was admin-
istered to group I and group II [8, 23].



Immunomodulatory and Anti-inflammatory Potential of Curcumin 2039

Inflammatory Cell Count in Blood and BALF

TLC and DLC in both blood and BALF were evalu-
ated using automated hemocytometer [21, 24]. The trachea
with intact lungs was extracted out and subsequently
lavaged for the collection of BALF. Ice-cold PBS (2 ml)
was instilled and withdrawn using blunt needle [25, 26].

Histopathological Evaluation

A lobe of the lungs was fixed in 10% neutral buffered
formalin and then processed for dehydration by passing
them through pools of ethanol having different concentra-
tions. Then, paraffin blocks were prepared and 5-pm-thick
sections were cut for staining with hematoxylin and eosin
(H&E), and periodic acid-Schiff (PAS) stains. Parameters
like inflammatory cell infiltration, goblet cell hyperplasia,
alveolar thickening, and edema and vascular congestion
scores were determined by a histopathologist in a blinded
fashion. The scoring was conducted using same criteria as
mentioned in our previous publications [8, 22].

Determination of mRNA Expression Levels of IL-4, IL-
5, TGF-f3, TNF-«, Eotaxin, AQP-1, AQP-5, and HSP-
70

Lung tissues were subjected to TRIzol method for the
isolation of total RNA. The NanoDrop spectrophotometer
was used for the quantification of yield and purity of total
RNA. One thousand nanograms/reaction total RNA was
used for the synthesis of cDNA via reverse transcription
process using kit manufacturer’s protocol (Enzynomics).
The reaction agents and their concentrations used for RNA
isolation and reverse transcription were same as mentioned
in our previous publications [8, 25]. The final mixture for
cDNA synthesis was incubated at 42 °C for 60 min, and
resultantly produced cDNA was stored at —20 °C. The
cDNA was used as a template for amplification by poly-
merase chain reaction using gene-specific primers. The
primers sequences of IL-4, IL-5, TNF-«, AQP-1, AQP-5,
and eotaxin were picked from our previous publications
and same annealing temperatures were used as mentioned
there [8, 22]. The primers of TGF-3 and HSP-70 were
manually designed using gene sequences picked from
Ensembl Genome Browser (Table 1). The reaction mixture
for PCR included 10 ul (2x%) master mix (Thermo Scien-
tific, America), 02 ul template (¢cDNA), and 0.5 pl forward
and reverse primers (10 uM) each. Temperatures for dena-
turation, annealing, and elongation steps were set at 95 °C
(10 s), 58 °C (20 s), and 72 °C (30 s), respectively, for a
total of 30 cycles.

Statistical Analysis

Statistical analyses were conducted using GraphPad
Prism v.5 software and by applying one-way ANOVA
followed by Tukey’s test. The data were represented with
mean =+ standard deviation (SD). A P value <0.05 was
considered statistically significant.

RESULTS

Curcumin Significantly Attenuated TLC and DLC in
Blood

A significant elevation in total leucocyte count
of diseased group was observed as compared to
control which meant that ovalbumin challenge in
diseased group resulted in the airway recruitment of
leukocytes. Both curcumin-treated groups showed a
significant decrease in TLC as compared to diseased
group (all P<0.001). Similarly, MP-treated group
also showed a significant decrease in TLC as com-
pared to diseased group (all P<0.001).

The data showed significant increase (all P <0.001)
in neutrophil, lymphocyte, and eosinophil levels in blood
of mice of diseased group as compared with control group.
Treatment with both curcumin and MP caused a significant
reduction (all P<0.001) in DLC as compared with dis-
eased group (Table 2).

Treatment with Curcumin Significantly Lowered TLC
and DLC in BALF

TLC in BALF was found significantly increased
in diseased group as compared to control. Treatment
with curcumin and MP significantly alleviated TLC
as compared to diseased group. Likewise, a signifi-
cant increase (all P<0.001) in neutrophil, lympho-
cyte, and eosinophil levels in BALF of mice of
diseased group were found as compared to control
group. Treatment with curcumin and MP significantly
attenuated (all P<0.001) DLC as compared to dis-
eased group (Table 3).

Curcumin Significantly Attenuated Airway
Inflammation

The data showed significantly higher airway inflam-
mation in diseased group as compared to control group (all
P <0.001). Treatment with curcumin and MP resulted in
significant attenuation of inflammation, when compared to
diseased group (all P<0.001) (Figs. 1a and 2).
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Table 1. Primer sequences

Primers Forward/reverse Sequence Product size

TGF-f3 Forward 5'-CGACATGGAGCTGGTGAAAC-3' 248
Reverse 5'- CGTTGTTGCGGTCCACCATT-3'

HSP-70 Forward 5'-ACCAAGCAGACGCAGACCTT-3' 203
Reverse 5'-GTGACGTTCAGGATGCCGTT-3’

Treatment with Curcumin Caused Significant
Reduction in Goblet Cell Hyperplasia

The current study showed a significant increase in
mucous-producing goblet cells of diseased group as com-
pared to control (all P<0.001). Treatment with curcumin
and MP significantly inhibited goblet cells hyperplasia as
compared to diseased group (all P < 0.001) (Figs. 1b and 3).

Curcumin Therapy Significantly Alleviated Alveolar
Thickening

Alveolar thickening was also found significantly in-
creased in diseased group as compared to control (all
P <0.001). Treatment with curcumin and MP significantly
alleviated thickening of alveolar walls as compared to
diseased group (all P<0.001) (Figs. lc, 2, and 3).

Curcumin Significantly Inhibited Edema and Vascular
Congestion

The results showed a significant increase in edema
and vascular congestion of diseased group as compared to
control (all P<0.001). Treatment with both curcumin and
MP significantly inhibited edema and vascular congestion
as compared to diseased group (all P <0.001) (Fig. 1d).

Curcumin Significantly Reduced the mRNA
Expression Levels of IL-4, IL-5, TNF-«, TGF-f3, and
Eotaxin

IL-4 is responsible for driving the differentiation of
ThO cells towards Th2 cells, while IL-5 is associated with

eosinophilic migration and recruitment [25]. The data
showed elevated mRNA expression levels of IL-4 and
IL-5 in diseased group as compared to control group.
Treatment with both curcumin and MP significantly re-
duced the mRNA expression levels of IL-4 and IL-5 as
compared to diseased group (Fig. 4a, b).

Eotaxin is known to further promote the mediation of
IL-5 and coordinate with later in eosinophilic migration
and recruitment. Eotaxin levels were also found up-
regulated in diseased group as compared to control group.
A significant down-regulation was determined in eotaxin
levels after treatment with both curcumin and MP (Fig. 4c¢).

Similarly, expression levels of TNF-o« and TGF-f3
were also found increased in diseased group as compared
to control group. TNF-oc and TGF-f3 are both considered as
fibrogenic agents and are known to induce pro-fibrotic
mechanisms [27, 28]. Treatment with both low and high
doses of curcumin, and MP resulted in significant attenu-
ation of expression levels of TNF-« (Fig. 4d) and TGF-f3
(Fig. Sa).

Treatment with Curcumin Significantly Elevated the
mRNA Expression Levels of AQP-1 and AQP-5

Decreased expression levels of AQP-1 and AQP-5
were associated with pulmonary edema and inflammation
[29, 30]. Current study also found significant down-
regulation in the mRNA expression levels of AQP-1 and
AQP-5 in the diseased group as compared to control group.
Treatment with both curcumin and MP caused significant
up-regulation of the mRNA expression levels of AQP-1
and AQP-5 as compared to diseased group (Fig. 5b, ¢).

Table 2. Evaluation of TLC and DLC in blood

TLC and DLC in blood Group I (control) Group II (disease) Group III (Cur20) Group IV (Curl00) Group V (MP)
TLC (10%/ul) 3.42 + 0.66 6.12 + 0.76° 445 £ 0.80° 470 +0.85° 458 +0.8°

Lymphocytes (%) 66.91 + 4.22 79.88 + 7.43° 70.08 + 2.59° 68.45 + 6.29° 68.12 £ 3.55"
Neutrophils (%) 21.75 £ 2.76 31.73 + 6.09° 21.52 +2.47° 21.23 + 4.53° 23.5 +5.10°
Eosinophils (%) 3.10 + 0.41 5.28 + 0.81% 3.58 = 0.77° 322 +0.77° 3.10 = 0.84°

Superscript letters "a" and "b" represent significant differences (all P < 0.001) as compared to group I and II, respectively
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Table 3. Determination of TLC and DLC in BALF
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TLC and DLC in BALF Group I (Control) Group II (Disease) Group III (Cur20) Group IV (Curl00) Group V (MP)
TLC (10%/ul) 121 =021 4.17 + 0.42° 1.74 £ 0.57° 1.30 + 0.33° 1.19 = 0.25°
Lymphocytes (%) 40.78 + 3.26 61.46 + 3.43° 45.62 + 4.64° 45.74 + 3.65° 46.40 + 1.79°
Neutrophils (%) 14.86 + 1.25 20.65 + 1.75° 16.82 + 2.56° 17.37 £ 2.14° 15.20 + 2.58°
Eosinophils (%) 343 + 041 5.10 + 0.73% 3.93 +047° 4.08 + 0.59° 3.63 £ 0.60°

Superscript letters "a" and "b" represent significant differences (all P < 0.001) as compared to group I and II, respectively

Treatment with Curcumin Significantly Decreased
mRNA Expression Levels of HSP-70

HSP-70 is considered as an important marker of
airway obstruction in asthmatic patients. The results
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Fig. 1. Histopathological evaluation showed that curcumin significantly attenuated infiltration of inflammatory cells (a), goblet cell hyperplasia (b), alveolar
thickening (c), and edema and vascular congestion (d). Mean + SD values presented the data. ***P < 0.001 as compared to diseased group. P <0.01 as

compared to control group.
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inflammation in peribronchial and perivascular areas. Red arrows are showing alveolar thickening in diseased group (b). In c—e, red arrows are showing
resolution of alveolar thickening, while black arrows are indicating resolution of inflammation after treatment with curcumin 20 mg, curcumin 100 mg, and

methylprednisolone, respectively.

DISCUSSION

Around 300 million people around the world
suffer from asthma and the disease burden to pa-
tients, families, governments, and healthcare systems
is increasing globally. This higher prevalence has
been associated with elevated atopic sensitization
[31]. Currently, corticosteroids and beta agonists are
being used primarily as agents of choice for the

g St sy BT

treatment of uncontrolled and controlled asthma
[32]. However, affordability of corticosteroids, their
adverse effects due to long-term usage, and steroid
insensitivity does pose a significant barrier in the
management of disease, especially in developing
countries [33]. So, to combat all these challenges,
complexity and heterogeneity of asthma, treatment
approaches that focus the single mechanism are un-
certain to provide significant clinical benefit; the

Syl

Fig. 3. PAS staining; green arrows are showing goblet cell hyperplasia in diseased group (a). Resolution of alveolar thickening is shown with red arrows and
reduction in goblet cell hyperplasia with green arrows after treatment with curcumin 20 mg (b), curcumin 100 mg (c), and methylprednisolone (d). Black

arrows are indicating resolution of inflammation (c).
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Fig. 4. Treatment with curcumin significantly attenuated mRNA expression levels of IL-4 (a), IL-5 (b), eotaxin (¢), and TNF-x (d) as compared with
diseased group. Mean = SD values presented the data. ***P <0.001 as compared to diseased group. *#P < 0.01 as compared to control group.

most effective treatment are those that target multiple
mediators.

Histopathological evaluation during current study
showed increased severity of inflammation, bronchial ep-
ithelial cell hyperplasia, alveolar thickening, goblet cells
hyperplasia, and vascular edema in diseased group as
compared with control group. These inferences are in line
with the previously known pathophysiology of asthma
which describes bronchoconstriction and increased mucus
production as characteristic indicators of asthma. Inflam-
matory and structural changes in the airway wall contribute
to bronchial thickening and edema formation which lead to
the development of these characteristic indicators [34].
Blood counts are considered as valuable support for the
monitoring of asthma [35]. Especially eosinophil counts,
which are found in high concentration in peripheral blood

and BALF; this is helpful in the diagnosis of asthma.
Eosinophilic asthma has been a classical feature associated
with Th2 mediated immune response and allergic sensiti-
zation [34]. We evaluated TLC, eosinophil counts, and
neutrophil counts in both blood and BALF, and their levels
were found significantly elevated in diseased group, which
is in line with the results of current histopathological eval-
uation and our previous publication [8]. Eosinophils play
an important role to develop airway hyper responsiveness
by the release of inflammatory proteins and free oxidative
radicals [36]. Treatment with curcumin significantly ame-
liorated histopathological parameters of asthma and eosin-
ophil counts in both blood and BALF.

Eosinophils require facilitation/mediation from
cytokines, such as IL-5, to get matured from precur-
sor cells and for the purpose of activation and
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Fig. 5. Treatment with curcumin significantly reduced mRNA expression levels of TGF- (a) and HSP-70 (d) as compared with diseased group. The
expression levels of AQP-1 (b) and AQP-5 (¢) were found increased after treatment with curcumin and MP. Mean + SD values presented the data.
##%P < 0,001 as compared to diseased group. P < 0.01 as compared to control group.

infiltration into tissues. Eotaxin, a chemokine, further
promotes the mediation of IL-5 and also possibly
contributes in the survival of eosinophils after infil-
tration into the tissues [37]. Appearance of mature
and immature eosinophils into peripheral circulation
by mobilizing them from the bone marrow sinuses is
an important step in the infiltration of eosinophils
into the airways in allergic asthma. IL-5 and eotaxin
coordinate each other to mediate this migratory re-
sponse and recruitment of eosinophils to the place of
allergic inflammation, by acting systemically and lo-
cally, respectively [7]. Eotaxin binds with CCR3
which leads to the chemotaxis and degranulation of
eosinophils through a downstream molecule called
ERK-2 and p38 MAPK [5, 6]. We found eclevation

in the expression levels of IL-5 and eotaxin in dis-
eased group which was significantly attenuated after
treatment with curcumin.

IL-4 is another important cytokine which drives the T
cell lineage towards Th2 cells. These activated Th2 cells
then leave the lymph nodes and enter the airways, where
they further release cytokines, including IL-13, IL-9, IL-6,
IL-5, IL-4, IL-3, and GM-CSF [38]. Various important
characteristics steps which lead to asthma development
are mediated by IL-4, including switching of B-
lymphocytes to IgE synthesis, activation of basophils and
eosinophils, and formation of mast cells and mucus meta-
plasia [39]. In the present study, treatment with curcumin
significantly alleviated IL-4 expression levels. These re-
sults are in line with the previous studies which
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emphasized on inhibition of eosinophilic function by
blocking IL-4 and IL-5 or their receptors [38]. Current
study also demonstrated significant increase in the expres-
sion levels of both TGF-3 and TNF-« in untreated group.
Both TGF-3 and TNF-« has interesting implications in
asthma. TGF-f3 can either perform the function of pro-
inflammatory or anti-inflammatory cytokine [40]. Similar-
ly, although TNF-« is largely considered as Thl type
cytokine, yet various studies have described its pro-
inflammatory role in asthmatic airway inflammation [41].
The pro-inflammatory function of TGF-{3 is believed to be
a fibrogenic agent and a mediator of leukocyte chemotaxis
causing accumulation of granulocytes and macrophages to
pulmonary tissue [28]. TNF-« is also known to induce the
pro-fibrotic mechanisms in the sub-epithelium and influ-
ence the recruitment of eosinophils and neutrophils in
asthma [27]. In addition, TGF-f3 is also capable of dissem-
inating an acute inflammatory process through induction of
Th17 cell differentiation and generation of IL-17 in large
quantities [28]. The data showed that treatment with
curcumin significantly suppressed TGF-3 and TNF-« ex-
pression levels.

Pulmonary edema is another characteristic feature of
asthma. Previous studies have shown markedly decreased
expression levels of AQP-1 and AQP-5 associated with
pulmonary edema and inflammation [29, 30]. AQP-5 and
AQP-1 are expressed in the apical membrane of the respi-
ratory epithelial cells and microvascular endothelial cells,
respectively. They maintain water homeostasis and their
dysfunction leads to the development of asthma [42]. His-
topathological evaluation showed the development of ede-
ma and vascular changes in diseased group, which were
ameliorated after treatment with curcumin. Current study
also found significant reduction in the expression levels of
AQP-1 and AQP-5 in diseased group. Treatment with both
curcumin and methylprednisolone caused the up-
regulation of aquaporin levels, which might led to the
amelioration of pulmonary edema.

The airway obstruction in asthmatic patients is
assessed by the levels of HSP70. HSPs are released outside
the cell in response to infection, exercise, and temperature,
where they convey a partial maturation signal to dendritic
cells. These events lead to the pathogenesis of asthma,
activation of NF-xB pathway, and stimulation of pro-
inflammatory cytokine production [10]. Previous study
demonstrated an elevation in the levels of HSP70 in the
patients suffering from allergic asthma and suggested it as a
potential therapeutic target [43]. We also found significant-
ly increased levels of HSP70 in diseased group, which
were found attenuated after treatment with curcumin. The

attenuation of HSP70 expression levels is in line with the
inferences of Liu et al. [44] who demonstrated amelioration
of airway hyperresponsiveness by curcumin.

CONCLUSION

Treatment with curcumin ameliorated OVA-
induced allergic asthma, which was evident by the
reduction in airway inflammation and pulmonary ede-
ma in histopathological analysis. The inferences of
hematological analysis in both blood and BALF fur-
ther endorsed the reduction in inflammation as shown
by histopathological analysis. The reduction in air-
way inflammation may be attributed to the attenua-
tion of IL-4, IL-5, TNF-«, TGF-3, and eotaxin ex-
pression levels. The suppression of pulmonary edema
may be ascribed to the elevation of AQP-1 and AQP-
5 expression levels.
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