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Abstract

Objectives This study aimed to investigate the effect of piperine on airway hyper-
responsiveness, pulmonary eosinophilic infiltration, various immune cell phenotypes, Th2
cytokine production, immunoglobulin E and histamine production in a murine model of
asthma.

Methods Asthma was induced in Balb/c mice by ovalbumin sensitization and inhalation.
Piperine (4.5 and 2.25 mg/kg) was orally administered 5 times a week for 8 weeks. At 1 day
after the last ovalbumin exposure, airway hyperresponsiveness was determined and samples
of bronchoalveolar lavage fluid, lung cells and serum were collected for further analysis.
Key findings Piperine-treated groups had suppressed eosinophil infiltration, allergic airway
inflammation and airway hyperresponsiveness, and these occurred by suppression of the
production of interleukin-4, interleukin-5, immunoglobulin E and histamine. Moreover,
polymerase chain reaction products for thymus and activation regulated chemokine from
lung cell RNA preparations were decreased in the piperine-treated group compared with
control groups, although transforming growth factor-G products were increased in the
piperine-treated group.

Conclusions The results suggest that the therapeutic mechanism by which piperine effectively
treats asthma is based on a reduction of Th2 cytokines (interleukin-4, interleukin-5), eosinophil
infiltration, and by marked reduction of thymus and activation regulated chemokine, eotaxin-2
and interleukin-13 mRNA expression (especially transcription of nuclear factor-xB dependent
genes) in lung tissue, as well as reduced interleukin-4, interleukin-5 and eotaxin levels
in bronchoalveolar lavage fluid, and histamine and ovalbumin-specific immunoglobulin
E production in serum.
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Introduction

Asthma is an inflammatory disease caused by dysregulated immune responses in the
airway mucosa, with characteristic features including airway inflammation, excessive
airway mucus production due to goblet cell hyperplasia and thickening of the airway
wall.'" Airway inflammation is associated with the infiltration of eosinophils, neutrophils,
and T and B lymphocytes into airway and lung tissues.

CD4" T cells producing Th2 cytokines play an important role in the lungs of asthmatic
subjects, particularly because interleukin-4 (IL-4) and interleukin-13 (IL-13) enhance
immunoglobulin E production, interleukin-5 (IL-5) enhances eosinophil accumulation, and
IL-13 directly enhances mucus hypersecretion and airway hyperresponsiveness.12’3J IL-5 is
a central factor mediating eosinophil expansion, recruitment and prolonged tissue survival
in response to allergic stimuli. It seems reasonable to assume that blockade of IL-5 would
result in elimination of eosinophilia associated with allergic asthma. Cytokine receptor
antagonists to IL-4, IL-5 and IL-13 have been tested for their ability to control the balance
between Thl and Th2 responses. However, these reagents are not orally active and often
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species and was reported to display anti-inflammatory
activity.m Other biological activities of piperine include
immunomodulatory properties,'” a consistent immunosup-
pressive effect,’” and immunomodulatory and antitumour
effects.!”! However, there are no reports of the anti-asthmatic
and anti-inflammatory activities of piperine in vivo. The aim
of this study was to evaluate the ability of piperine to control
Thl- and Th2-type cytokines, various immune cell pheno-
types and other factors. Using a murine model of asthma, we
studied the effect of piperine on airway eosinophil accumu-
lation, Th2 cytokine production, various immune cell
phenotypes and histology.

Materials and Methods

Animals

Female Balb/c mice, 7-8 weeks old, were obtained from
Daehan Biolink Co. Ltd (Eumsung, Republic of Korea). The
study was approved by the Committee for Animal Welfare at
Daejeon University. All animal procedures were conducted
in accordance with the Guidelines of the Institutional Animal
Care and Use Committee of the Korea Research Institute of
Bioscience and Biotechnology (Daejeon, Republic of Korea).

Ovalbumin sensitization and inhalation

According to the modified protocol previously reported,™!
ovalbumin (500 pg/ml) in phosphate-buffered saline (PBS)
was mixed with equal volumes of 10% (w/v) aluminum
potassium sulfate (alum; Sigma-Aldrich Korea, Yongin,
Korea) in distilled water, then incubated for 60 min at
room temperature after adjustment to pH 6.5 using 10 N
NaOH, and centrifuged at 750g for 5 min. The ovalbumin—
alum pellet was resuspened to the original volume in distilled
water. All mice were immunized at different times (0, 1 and
2 weeks before inhalational exposure) by intraperitoneal
injection of 0.2 ml alum-precipitated antigen containing
100 pg of ovalbumin (Sigma-Aldrich Korea) bound to
4 mg of aluminum hydroxide (Sigma-Aldrich Korea) in
PBS. At 7 days after the second sensitization (intratracheal
injection with 250 pg ovalbumin on the back of the tongue),
mice were exposed to aerosolized ovalbumin for 30 min/day,
3 days/week for 8 weeks (at a flow rate of 250 I/min, 2.5%
ovalbumin in normal saline). Piperine (4.5 and 2.25 mg/kg;
Sigma-Aldrich Korea) and ciclosporin A (CsA; 20 mg/kg) in
solution form were orally administered 5 times a week for the
last 8 weeks. At 1 day after the last ovalbumin exposure,
airway hyperresponsiveness was determined and samples of
bronchoalveolar lavage fluid (BALF), lung cells and serum
were collected for further analysis.

Bronchoalveolar lavage fluid

Immediately following assessment of airway hyperresponsive-
ness, mice were killed with an intraperitoneal injection of
sodium pentoparbitone (100 mg/kg). The trachea was cannu-
lated and BALF obtained by washing the airway lumina.
Briefly, cells in the lungs were recovered by flushing 1 ml of
BALF (1 mm EDTA, 10% fetal bovine serum, PBS) into the
lungs via the trachea. Total cell counts were determined and
100 pl of fluid was cytospun onto glass slides using a Cytospin
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centrifuge (Cellspin, Hanil, Korea) (400g for 4 min). Differ-
ential cell counts were performed after staining with a Diff-
Quik Stain set (Baxter Healthcare Corp., Miami, FL, US). The
supernatant of BALF was stored at —25°C for the determination
of cytokine levels.

Digestion of pulmonary tissue and
cell preparation

Single-cell suspensions from lung tissues and BALF were
isolated by mechanical disruption in RPMI 1640 medium
supplemented with 2 mm L-glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin, 50 um 2-mercaptoethanol, 20 mm
HEPES and 2% heat-inactivated fetal bovine serum (GIBCO,
Grand Island, NY, US). Briefly, the lungs were removed
from the thoracic cavity. After mincing using sterile scalpels,
the tissue was incubated in PBS containing 1 mg/ml
collgenase IV and 2 mg/ml dispase for 40 min at 37°C in a
sterile polypropylene tube. After incubation, lung tissue was
vigorously pipetted up and down to further dissolve any
remaining tissue clumps and then filtered using a 70-um cell
strainer (Falcon, Le Pont de Claix, France). The total number
of cells was counted manually using a Fisher haemocyt-
ometer chamber Fisher Scientific Korea, Seoul, Korea. Cells
(2-4 x 10%) were spun onto glass slides (400g for 4 min;
Cytospin centrifuge; Cellspin). Differential counts were done
according to standard morphologic criteria.

Determination of airway hyperresponsiveness

Airway hyperresponsiveness in mice was estimated using
a previously described method with modifications.'®'"1 A
Buxco system (Biosystem XA; Buxco Electronics Inc, Troy,
CT, US) was used to evaluate the extent of airway
constriction (expressed as penh) in different groups of mice
following the protocol described previously.

Penh = pause x PEF/PIF, where pause = (Te — Tr)/Tr
(PIF, peak inspiratory flow; PEF, peak expiratory flow; Te,
expiratory time; Tr, relaxation time).

In this experiment, mice were aerosolized with ovalbumin
for 30 min/day, 3 days/week for 12 weeks. At 24 h after the
final inhalation, mice were given aerosolized normal saline,
followed by 3.15, 6.25, 12.5, 25 and 50 mg/ml methacholine
(Sigma) serially. Airway reactivity was then monitored for
30 min. Differences of Penh values between groups were
evaluated using Student’s r-test.

Haematoxylin and eosin and Masson trichrome
staining in murine ovalbumin-induced
asthma lung tissue

Balb/c mice were treated with ovalbumin 3 times a week for
8 weeks (by injection, inhalation and spraying) to induce
asthma. Two experimental groups were treated with different
concentrations of piperine for the next 8 weeks (5 times/
week). At the end of the experiment, the lungs were removed
and analysed histologically using a modified protocol
described previously.[g’lz]

Antibodies and flow cytometric analysis

All antibodies (such as anti-CD3, CD4, CD8, CCR3, CD69,
CD25, CD11b, Gr-1) for flow cytometric analysis were
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purchased from BD Biosciences PharMingen (San Diego, CA,
US). Cells from lung tissues and BALF were stained with the
indicated antibodies in staining buffer (PBS containing 1% fetal
bovine serum and 0.01% NaN3) for 10 min on ice, and analysed
by two-colour flow cytometry on a FACSCalibur using Cell-
Quest software (BD Biosciences, Mountain View, CA, US).

Quantitative real-time polymerase chain reaction

To study the anti-asthmatic effects of piperine on cytokine
gene expression from lung tissue, quantitative real-time
polymerase chain reaction (PCR) was performed after
quantitative normalization for each gene by densitometry
using [-actin gene expression. Briefly, total cellular RNA was
extracted from the lung by the phenol—chloroform method
(RNAsolB; Tel-Test Inc., Friendswood, TX, US) according to
the manufacturer’s instructions. cDNA was synthesized from
3 ug of total RNA using a ReverTraAce-a-cDNA synthesis kit
(Toyobo Co., Ltd, Osaka, Japan) according to the manufac-
turer’s instructions. Real-time quantitative PCR was per-
formed using the Applied Biosystems 7500 Fast Real-Time
PCR system (Applied Biosystems, Foster, CA, US) with the
following primer sequences: mouse thymus and activation
regulated chemokine (TARC), 5-CCCATGAAGACCTT-
CACCTC-3’" and 5-ACTCTCGGCCTACATTGGTG-3';
eotaxin-2, 5-CTGTGACCATCCCCTCATCT-3' and
5'-CTTATGGCCCTTCTTGGTGA-3'; 1L-13, 5-ATGCC-
CAACAAAGCAGAGAC-3' and 5'- TGAGAGAACCAGG-
GAGCTGT-3'; transforming growth factor-3 (TGF-3),
5" TGGAGCAACATGTGGAACTC-3’ and 5’-CTGCC-
GTACAACTCCAGTGA-3; (3-actin, 5-TGGAATCCT-
GTGGTCCATGAAAC-3' and 5-GTCACAGTCAGCTG-
TATAGGG-3'.

Pro-inflammatory cytokine gene expression was analysed
with SYBR Green PCR Mastermix (Applied Biosystems)
and a final concentration of 200 nm of primers, using (J-actin
as the internal standard. The following PCR parameters were
used: 2 min at 50°C, 10 min at 94°C, then 40 cycles of 1 min
at 94°C, and 1 min at 60°C. The amount of SYBR Green was
measured at the end of each cycle. The cycle number at
which the emission intensity of the sample rose above
baseline was referred to as the RQ (relative quantitative) and
was proportional to the target concentration. Real-time PCR
was performed in duplicate and analysed by an Applied
Biosystems 7500 Fast Real-Time PCR system manual
(threshold: 0.05, baseline: 6-15 cycles). To generate standard
curves for pro-inflammatory cytokine and [-actin, serially
diluted cDNA (1/1~1/16) was prepared and real-time PCR
was performed as above. RQ evaluation by real-time PCR
was determined and expressed for various samples.

Enzyme-linked immunosorbent assay

Interferon-y (IFN-v), IL-4, IL-5, IL-13 and eotaxin produc-
tion from BALF and the serum of the indicated mice (n = 5)
was measured by enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s instructions with
a monoclonal antibody based mouse interleukin ELISA kit
(R&D Systems, Minneapolis, MN, US). Ovalbumin-specific
IL-4 and IFN-vy production was measured in spleen cells,
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which were suspended in RPMI 1640 medium supplemented
with 2 mMm L-glutamine and 5% fetal bovine serum. The
spleen cells were then cultured for 48 h at a concentration of
1 x 10° cells/well in 96-well culture plates (Corning Inc,
Cambridge, MA, US) with or without 1 ug/ml of ovalbumin
in a humidified atmosphere of 5% CO, in air at 37°C. The
culture supernatants were collected and assayed for IFN-vy
and IL-4 antibodies induced by ovalbumin using ELISA. All
data represent the mean + SD from at least three separate
determinations and were compared using analysis of
variance.

Statistical analysis

Data were analysed by two-way analysis of variance or
unpaired Student’s t-test followed by Dunnett’s multiple
comparison test (SPSS version 14.0 software SPSS Data-
solution Korea, Seoul, Korea). The difference between the
normal and the control groups (ovalbumin + vehicle) was
clearly distinguished and so the significant differences
between the normal and the control group are not shown in
the figures and tables in order to highlight the differences
between the experimental and the control groups. Results
(mean + SEM) were considered statistically significant at
values of P < 0.05.

Results

Inhibitory effect of piperine on airway
hyperresponsiveness

To evaluate the effect of piperine on airway hyperresponsive-
ness, total pulmonary airflow in mice was estimated using a
mouse model. Penh was measured using a Buxco system on
Day 1 after final inhalation and samples were immediately
collected. Animals exposed to aerosolized ovalbumin showed
increased airway hyperresponsiveness compared with animals
receiving saline only (Figure 1b). As shown in Figure 1,
relative to animals sensitized with ovalbumin (control group),
piperine (4.5 mg/kg) treatment resulted in a significant
(P < 0.01, P <0.05) decrease in methacholine-induced air-
way hyperresponsiveness. However, piperine (2.25 mg/kg)
treatment did not cause a significant decrease in Penh values.

Histological analysis of lung sections

We found infiltration of leukocytes in histological sections
of lungs from ovalbumin-exposed control mice, and the
tissue sections showed airway inflammation and erosion.
Eosinophil infiltration was mainly observed in the peri-
bronchial regions of the lung. In contrast, histological
sections from piperine-treated mice indicated reduced
airway inflammation in the lung tissue (Figure 1c).

Inhibitory effect of piperine on airway
eosinophil accumulation and influx of
inflammatory cells into airways

The total number of leukocytes was significantly reduced in
piperine-treated mice compared with control mice, and the
number of total lung cells was also significantly reduced in
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Figure 1 Effect of piperine on airway hyperresponsiveness. (a) Schematic diagram of methacholine-induced airway hyperresponsiveness in the
sensitization protocol. OVA/alum, ovalbumin/aluminum potassium sulfate. (b) Penh was measured with a Buxco box. 0, Normal Balb/c mice; ®, control

(ovalbumin inhalation + vehicle); A, ovalbumin + ciclosporin A (10 mg/kg);

, ovalbumin + piperine (2.25 mg/kg); ¢, ovalbumin + piperine

(4.5 mg/kg). *P < 0.05, **P < 0.01, significantly different compared with the control group. (c) Effect of piperine on the histology of lung tissue in lung
cells in the ovalbumin-induced murine model of asthma. H&E, haematoxylin—eosin stain; M-T, Masson trichrome stain, N, normal Balb/c mice; control,
ovalbumin inhalation + vehicle; CsA, ovalbumin + ciclosporin A (10 mg/kg); piperine 4.5 mg/kg, ovalbumin + piperine (4.5 mg/kg); piperine

2.25 mg/kg, ovalbumin + piperine (2.25 mg/kg).

piperine-treated mice (Table 1). Piperine (4.5 mg/kg) also
decreased the absolute number of eosinophils in BALF.
Moreover, in the piperine-treated group, the number of
eosinophils was significantly decreased compared with the
ovalbumin-exposed group.

Inhibitory effect of piperine on absolute

number of immune cell subtypes in murine
ovalbumin-induced asthma lung tissue

The numbers of CD4*, CD8*, CCR3", Gr-1*CD11b*, CD69",
CD3* and CD25" cells in the lungs of ovalbumin-exposed
mice were increased compared with the control group, and
values from the piperine-treated mice were significantly lower
compared with those of ovalbumin-exposed mice (Table 2).

Inhibition of cytokines (in vivo and in vitro),
immunoglobulin E and histamine production

in bronchoalveolar lavage fluid and serum

As shown in Figure 2a, IL-4, IL-5 and eotaxin levels were
significantly reduced in piperine-treated mice. Otherwise, pipe-
rine enhanced IFN-vy production in BALF cells and IFN-y
production was not detected in serum (data not shown).

In our study, serum immunoglobulin E levels from
ovalbumin-induced asthmatic mice were significantly
increased compared with normal mice (PBS only), and
piperine-treated mice had significantly reduced immunoglobu-
lin E and histamine production (Figure 2b). We also measured
IL-4 and IFN-v in the culture supernatants by ELISA and
found that piperine significantly inhibited Th2 cytokine (IL-4)
production in splenocytes (Figure 2c), which was accompanied
by a concurrent decrease in Th2 cytokine production in BALF.

Detection of mRNA in lung tissue by SYBR
Green real-time polymerase chain reaction

As shown in Figure 2d, the mRNA for TARC, eotaxin-2, IL-13
and TGF-( was detectable in lung cells treated with PBS and
ovalbumin + piperine (4.5, 2.25 mg/kg, respectively).

PCR products for TARC, eotaxin-2 and IL-13 amplified
from lung cell RNA preparations were decreased in the
piperine-treated mice compared with control mice (oval-
bumin-induced asthma model group), but that of TGF-( was
increased in the piperine-treated group. This was accom-
panied by changes in the eosinophil influx (CD37/CCR3™)
(Tables 1 and 2), and BALF cytokines (IL-4, IL-5 and
eotaxin-1) production to some degree.
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Table 1 Effect of piperine on airway inflammatory cells
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Normal
Balb/c mice

Cell phenotype

Ovalbumin-induced asthma model

Control® Ciclosporin A (10 mg/kg)  Piperine (4.5 mg/kg)  Piperine (2.25 mg/kg)
Eosinophils in blood (%) 1.9+05 5209 30+15 1.85 £ 0.15%* 4.65 £ 2.05
Neutrophils in blood (%) 26.5 £ 4.1 66.5 £ 6.1 31.95 £ 445 21.15 £ 10.45% 29.7 £ 9.7*
Basophils in blood (%) 0.3 £0.01 0.25 £ 0.05 03 +0.1 0.35 £ 0.05 0.2 £0.01
Total cells in lung (x10° cells) 147 £4.05 3625 +3.25 25.38 £ 5.63 21.38 + 1.88* 27.5 + 1.5%
Total cells in BALF (x10* cells) 88 3.6 30.7 £ 2.1 7.9 £ 1.7%* 8.1 £ 1.3%* 10.1 £ 1.1*
Eosinophils in BALF (x400) 9.0£2.0 259.0 £ 65.1 56.5 £ 9.5% 41.0 £ 10.0* 133.0 £ 41.0
CD37/CCR" in BALF (x10* cells) 50+ 1.0 81.1 £13.0 9.0 £ 2.0%* 16.1 £ 5.0%* 32.0 £ 11.0*%

#Ovalbumin inhalation + vehicle. BALF, bronchoalveolar lavage fluid. Whole blood was harvested 24 h after the last ovalbumin challenge. Total
inflammatory cell numbers in blood were counted and cell classification was performed on a minimum of 200 cells to classify eosinophils and
lymphocytes. Results are expressed as the mean = SE (n = 5). Significant differences between control and treatment groups were determined by

analysis of variance (*P < 0.05, **P < 0.01).

Table 2 Quantification of immune cell subtypes in lung

Cell phenotype Normal Balb/c mice

Ovalbumin-induced asthma model

Control® Ciclosporin A (10 mg/kg) Piperine (4.5 mg/kg) Piperine (2.25 mg/kg)
CD4* (x10* cells) 50.9 £ 8.96 146.82 £ 3.71 68.72 £ 11.03** 66.11 £ 2.9%* 99.99 £ 1.18%*
CD8* (x10* cells) 7.11 £ 0.16 28.81 £2.78 17.47 £5.27 12.21 £ 0.23* 18.23 £ 1.47*
Gr-1*/CD11b* (x10* cells) 14.03 £ 1.11 61.74 £ 4.22 19.16 £ 3.83%* 16.97 + 3.2%%* 39.09 + 2.0*
CD37/CCR3" (x10* cells) 10.21 £ 3.38 63.52 £ 8.99 31.49 + 1.18%* 22.17 £ 0.24%* 40.85 £+ 6.87*
CD3*/CD69* (x10* cells) 9.83 £ 0.96 49.53 £ 1.48 24.08 £5.77 17.6 + 2.86%* 36.32 + 3.18%*
CD4*/CD25" (x10* cells) 6.25 £ 0.12 80=x 1.6 11.74 £ 1.76 11.95 £ 0.17 11.43 £ 0.27

“Ovalbumin inhalation + vehicle. Absolute numbers of various immune cell subtypes in lung were counted. Results are expressed as mean + SE
(n = 5). Significant differences between control and treatment groups were determined by analysis of variance (*P < 0.05, **P < 0.01).

Discussion

The therapeutic agents that may be used in the treatment of
asthma are numerous. For example, anti-IL-4 inhibits
immunoglobulin E production and inhibits eosinophil
infiltration.""*) Anti-IL-5 inhibits eosinophil adhesion, infil-
tration and mediator release.!'*) Eosinophilia is driven by
allergen-activated Th2 cells that generate large amounts of
Th2 cytokines (such as IL-4, IL-5 and IL-13). IL-5 is the
most critical cytokine mediating increased eosinophil
differentiation, activation and survival.['!

Modern research into the pharmacological actions of
piperine was made possible by the Danish chemist Hans
Christian Orsted, who was the first to isolate piperine in
1820.1"%! Piperine also possesses bioavailability enhancing
activity with various structurally and therapeutically diverse
drugs."”" Although the exact mechanism underlying the
biological efficacy of piperine remains elusive, its antioxidant,
antidepressant, hepatoprotective, antimetastatic, antithyroid,
immunomodulatory and antitumour effects have been
reported. Piperine also has inhibitory activity on prostaglandin
and leukotriene biosynthesis in vitro.!'® Regarding the
immunomodulatory activity of piperine, an increase in the
circulating antibody titre and antibody-forming cells has been
demonstrated, reflecting a stimulatory effect on the humoral
arm of the immune system.“gj There have been no reports on
the effect of piperine in the asthma model until now.

In a previous study, it was shown that piperine at various
doses (5, 10 and 20 mg/kg) once daily for 4 weeks possessed
antidepressant-like activity and a cognitive-enhancing
effect.”” In our preliminary study, piperine treatment (at
4.5 and 2.25 mg/kg) did not cause toxic effects on alanine
aminotransferase and aspartic acid transaminase levels (data
not shown). The above doses were therefore used in the
present study. CsA has been shown to inhibit single-allergen
induced allergic inflammation such as eosinophilic and
lymphocytic infiltration and mRNA expression for IL-4 and
IL-5. In the present study, we used CsA as a positive control.

Piperine prevented the development of airway hyperre-
sponsiveness (Figure 1b), airway eosinophilia (Table 1), lung
inflammation and increased Th2 cytokine levels (Figure 2a, c)
in BALF. These results demonstrate that piperine has profound
negative regulatory effects on the development of lung allergic
responses in the ovalbumin-induced asthma model. Moreover,
the negative regulatory effects exhibited by piperine were
accompanied by the production of IL-4 and IL-5.

Asthma produces immune abnormalities in a wide variety of
cell populations. Thus, another goal in asthma research includes
the evaluation of specific cell subpopulations. Immunopheno-
typing by flow cytometry showed a similar pattern as total
lymphocyte numbers in BALF and lung. Our results showed
that piperine downregulates CD4 and CD8 T lymphocyte
subsets and CD3" and CD69" (early activated T cells). It was
recently suggested that a transient activation-induced CD69
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Figure 2 Inhibition of cytokines, immunoglobulin E and histamine production in bronchoalveolar lavage fluid and serum. (a, b), Effect of piperine
on Th2 cytokines (O, interleukin-4; @, interleukin-5; B, interleukin-13), Thl cytokine (¥, interferon-y) and eotaxin (M) in bronchoalveolar lavage
fluid (BALF), and immunoglobulin E (%) and histamine (M) levels in serum. (¢) Inmunomodulatory effects of piperine on ovalbumin-specific Th1/

Th2 cytokine production in spleen cells. (O, interleukin-4;

, interferon-) (d) Effect of piperine on thymus and activation regulated chemokine (O),

eotaxin-2 (W), interleukin-13 (&) and transforming growth factor-3 (&) mRNA gene expression in lung tissue in the ovalbumin-induced murine model
of asthma. Results are expressed as the mean + SE (n = 5). *p < 0.05; *P < 0.05, **P < 0.01, significant differences between control and treatment
groups (analysis of variance). OVA/alum, ovalbumin/aluminum potassium sulfate; N, normal Balb/c mice; control, ovalbumin inhalation + vehicle;
CsA, ovalbumin + ciclosporin A (10 mg/kg); ovalbumin + piperine (4.5, 2.25 mg/kg).

surface expression may be important for regulating T cell
trafficking.”"! Moreover, CD69 might affect the immune
response during T cell differentiation, involving immunoregu-
latory cytokines that include, but might not be limited to,
TGF-/3, which controls T cell differentiation./*?!

Eosinophils are one of the cell types known to express Gr-1,
therefore eosinophil populations may constitute a substantial
portion of the Gr-1"CD11b* populations. Our results showed
that Gr-1" cells were increased with ovalbumin challenge but
this was significantly reduced in piperine-treated mice (Table 2).

The second member of the eotaxin group, eotaxin-2,1**
serves as a specific eosinophil chemoattractant, acting via
chemotactic chemokine receptor (CCR3). Eotaxin-2,
together with IL-5, also functions to promote lung eosino-
philia.[24’25] TARC is a member of the C-C chemokine group
and is predominantly expressed on Th2 lymphocytes,
basophils and natural killer cells.*! TGF-g is produced by

many cells, including regulatory T cells, that play down-
regulatory roles in allergic asthma.'?’

In our study, PCR products for TARC from lung cell RNA
preparations were decreased in the piperine-treated group
compared with control groups, but those of TGF-3 were
increased in the piperine-treated group. These results indicate
that piperine significantly affects TARC and TGF-3 mRNA
expression, and these molecules attract eosinophils and Th2
cells into the airway.

Our study failed to demonstrate that low-dose piperine
(2.25 mg/kg) significantly inhibited eotaxin-2 and IL-13
mRNA levels. Low-dose piperine had inconsistent effects on
mRNA levels (Figure 2d). The eotaxin-2 and IL-13 mRNA
levels appeared to be raised, but not significantly, whereas at
the high dose they were reduced. It may be that the low dose
did not affect the eotaxin and IL-13 mRNA levels other than
by upregulation of eotaxin and IL-13, however the exact
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explanation and the mechanism of the above result by
piperine is unknown. Further work in multiple-dose and
long-term studies with piperine are necessary to evaluate if a
meaningful therapeutic endpoint is achieved.

Nuclear factor-xB (NF-kB) is a major family of
transcription factors activated during the inflammatory
response in asthma. NF-xB is a key transcriptional regulator
of multiple pro-inflammatory mediators such as tumour
necrosis factor o (TNFa) and interleukins, and enhanced
activation of NF-xB has been implicated in asthma.'*®!

A preliminary study indicated that piperine interferes with
earlier steps of transcription of NF-xB dependent genes.”*”!
Piperine is capable of inhibiting inflammatory cytokine-
induced activation of NF-xB by blocking IkBa kinase
activation. Our results also showed that piperine can inhibit
the neutrophil (including eosinophil) concentration in blood
(Table 1). Therefore, piperine may reduce Th2 cytokine
production and gene expression by inhibiting NF-xB activa-
tion by a similar mechanism as described above. Additional
studies are needed to characterize the precise mechanism of
the therapeutic action of piperine for the treatment of asthma.

Conclusions

Piperine had profound inhibitory effects on airway inflamma-
tion in a murine model of asthma, and this effect was caused by
suppression of Th2 cytokines (IL-4, IL-5, IL-13), immunoglo-
bulin E, eosinophil CCR3 expression, and by increased TGF-(
gene expression in lung. Hence, piperine may act as a potential
immunomodulator by downregulating Th2 cytokines.

Conflict of interest

The Author(s) declare(s) that they have no conflicts of interest
to disclose.

Funding

This work was supported by a Korea Research Foundation
Grant funded by the Korean Government (MOEHRD, Basic
Research Promotion Fund) (KRF-2006-331-E00415).

References

1. Robinson DS ef al. Predominant Th2-like bronchoalveolar
T-lymphocyte population in atopic asthma. N Engl J Med 1992;
326: 298-304.

2. Umetsu DT, DeKruyff RH. Th1l and Th2 CD4+ cells in human
allergic diseases. J Allergy Clin Immunol 1997; 100: 1-6.

3. Wills-Karp M et al. Interleukin-13: central mediator of allergic
asthma. Science 1998; 282: 2258-2261.

4. Virinder SP et al. Phytochemistry of genus Piper. Phytochem-
istry 1997; 46: 597-673.

5. Pathak N, Khandelwal S. Cytoprotective and immunomodulat-
ing properties of piperine on murine splenocytes: an in vitro
study. Eur J Pharmacol 2007; 576: 160-170.

6. Dogra RK e al. Immunotoxicological effects of piperine in
mice. Toxicology 2004; 196: 229-236.

7. Sunila ES, Kuttan G. Immunomodulatory and antitumor activity
of Piper longum Linn. and piperine. J Ethnopharmacol 2004;
90: 339-346.

8. Tanaka H er al. The effect of allergen-induced airway
inflammation on airway remodeling in a murine model of
allergic asthma. Inflamm Res 2001; 50: 616-624.

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Seung-Hyung Kim and Young-Cheol Lee 359

. Lee 1] et al. Interleukin-5 expression in the lung epithelium of

transgenic mice leads to pulmonary changes pathognomonic of
asthma. J Exp Med 1997; 185: 2143-2156.

Cieslewicz G et al. The late, but not early asthmatic response is
dependent on IL-5 and correlates with eosinophil infiltration.
J Clin Invest 1999; 104: 301-308.

Lee YC et al. Inhibitory effects of Actinidia polygama extract
and cyclosporine A on OVA-induced eosinophilia and bronchial
hyperresponsiveness in a murine model of asthma. Int
Immunopharmacol 2006; 6: 703-713.

Borchers MT et al. Blockade of CD49d inhibits allergic airway
pathologies independent of effects on leukocyte recruitment.
Am J Physiol Lung Cell Mol Physiol 2001; 280: 813-821.
Kruse N et al. Conversion of human interleukin-4 into a high
affinity antagonist by a single amino acid replacement. EMBO J
1992; 11: 3237-3244.

McKinnon M et al. An interleukin 5 mutant distinguishes
between two functional responses in human eosinophils. J Exp
Med 1997; 186: 121-129.

Sanderson CJ. Interleukin-5, eosinophils, and disease. Blood
1992; 79: 3101-3109.

Szallasi A. Piperine: researchers discover new flavor in an
ancient spice. Trends Pharmacol Sci 2005; 26: 437-439.
Khanjuria A et al. Piperine modulates permeability character-
istics of intestine by including alterations in membrane
dynamics: influence on brush border membrane fluidity,
ultrastructure and enzyme Kkinetics. Phytomedicine 2002; 9:
224-231.

. Stohr JR et al. Constituents of Chinese piper species and their

inhibitory activity on prostaglandin and leukotriene biosynthesis
in vitro. J Ethnopharmacol 2001; 75: 133-139.

Pathak N, Khandelwal S. Modulation of cadmium induced
alterations in murine thymocytes by piperine: oxidative stress,
apoptosis, phenotyping and blastogenesis. Biochem Pharmacol
2006; 72: 486-497.

Wattanathorn J et al. Piperine, the potential functional food for
mood and cognitive disorders. Food Chem Toxicol 2008; 46:
3106-3110.

Feng C et al. A potential role for CD69 in thymocyte
emigration. Int Immunol 2002; 14: 535-544.

Borges O et al. Induction of lymphocytes activated marker
CD69 following exposure to chitosan and alginate biopolymers.
Int J Pharm 2007; 337: 254-264.

Forssmann U et al. Eotaxin-2, a novel CC chemokine that is
selective for the chemokine receptor CCR3, and acts like
eotaxin on human eosinophil and basophil leukocytes. J Exp
Med 1997; 185: 2171-2176.

Mattes J, Foster PS. Regulation of eosinophil migration and Th2
cell function by IL-5 and eotaxin. Curr Drug Targets Inflamm
Allergy 2003; 2: 169-174.

Yang M et al. Eotaxin-2 and IL-5 cooperate in the lung to
regulate IL-13 production and airway eosinophilia and hyper-
reactivity. J Allergy Clin Immunol 2003; 112: 935-943.
Sallusto F et al. Flexible programs of chemokine receptors
expression on human polarized T helper 1 and 2 lymphocytes.
J Exp Med 1998; 187: 875-883.

Zuany-Amorim C et al. Suppression of airway eosinophilia by
killed Mycobacterium vaccae-induced allergen-specific regula-
tory T cells. Nat Med 2002; 8: 625-662.

Hart LA et al. Activation and localization of transcription
factor, nuclear factor-kappaB, in asthma. Am J Respir Crit Care
Med 1998; 158: 1585-1592.

Kumar S et al. Piperine inhibits TNF-« induced adhesion of
neutrophils to endothelial monolayer through suppression of
NF-+B and 1xB kinase activation. Eur J Pharmacol 2007; 575:
177-186.







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


