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The aim of the present work is focused on protective effects of an edible red alga, Laurencia undulata eth-
anolic (EtOH) extracts (LU) containing a large amount of polyphenols against OVA-induced murine aller-
gic airway reactions using in vivo histological and cytokine assay. Mice sensitized and challenged with
ovalbumin (OVA) showed typical asthmatic reactions as follows: an increase in the number of eosinophil
in bronchoalveolar lavage fluid; a marked influx of inflammatory cells into the lung around blood vessels
and airways, and airway luminal narrowing; the development of airway hyperresponsiveness; the detec-
tion of TNF-or and Th2 cytokines, such as IL-4 and IL-5 in the bronchoalveolar lavage (BAL) fluid; and
detection of allergen-specific IgE in the serum. The successive intraperitoneal administration of LU before
the last airway OVA-challenge resulted in a significant inhibition of all asthmatic reactions. These results
suggest that L. undulata polyphenolic extracts possess therapeutic potential for combating bronchial

asthma associated with allergic diseases.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Marine algae have been consumed in Asia since ancient times,
which are rich in vitamins, minerals, dietary fibers, proteins, poly-
saccharides, and various functional polyphenols. Moreover, sea-
weeds are considered to be a rich source of antioxidant. Hence,
many types of seaweed have been examined to identify new and
effective antioxidant compounds, as well as to elucidate the mech-
anisms of cell proliferation, anti-inflammation and apoptosis (Yuan
and Walsh, 2006; Heo et al., 2006; Nahas et al., 2007; Kim et al.,
2008). Recently, many countries are more closely looking at algae
as a potent target for bioactive substances because they have
showed some possibility for valuable uses and applications in the
fields of nutraceutics and pharmaceutics (Yamamoto and Maruy-
ama, 1985; Okai et al., 1994). The previous studies (Athukorala
et al., 2008; Jung et al., 2007) had supported some proof on phar-
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maceutical and medicinal importance of seaweeds. Currently, to
elucidate their medicinal benefits on immune system, our present
studies are focused on protective activity against allergic diseases
such as asthma, increased in both developing and developed
countries.

Among various allergic diseases, especially, asthma is a complex
inflammatory disease of the lung characterized by variable airflow
obstruction, airway hyperresponsiveness (AHR), and airway
inflammation. The inflammatory response in the asthmatic lung is
characterized by infiltration of the airway wall by mast cells, lym-
phocytes and eosinophils (Elias et al., 2003) and is associated with
the increased expression of several inflammatory proteins, includ-
ing cytokines, enzymes (Silverman et al., 1998), and adhesion mol-
ecules in the airways (Barnes, 1994; Pawankar, 2002). The T helper
2 (Th2)-type cytokines such as interleukins (IL)-4, IL-5, and IL-13,
produced by activated CD4" T cells play a central role in the patho-
genesis of asthma (Corrigan and Kay, 1992; Renz et al., 1993) by
controlling the key process of immunoglobulin E (IgE) production,
growth of mast cells and the differentiation and activation of mast
cells and eosinophils (Punnonen et al., 1994; Saito et al., 1998;
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Iwamoto et al., 1993). The direction of Th cell differentiation is
determined by the cytokine environment at the site of initial anti-
genic activation. It has been well documented that the presence
of IL-4 during the induction phase accounts for a predominance of
Th2 cells (Kopf et al., 1993), which subsequently determine the
allergic inflammatory responses. Th2 cells are the predominant
lymphocyte population that infiltrates the airways of asthmatics,
and the cytokine products of Th2 cells perform essential roles in air-
way eosinophilia, AHR, and serum IgE in animal models (Wills-
Karp, 1999).

The red algal genus Laurencia is known to produce a wide array
of natural products exhibiting some kind of biological activities, due
to produce natural bioactive materials of polysaccharides, polyphe-
nols, terpenes and the other halogenated secondary metabolites.
They have been shown to possess antioxidant, anticancer and anti-
bacterial activities against marine bacteria as reported in the previ-
ous studies (Liang et al., 2007; Pec et al., 1999; Vairappan et al.,
2001). Taken together, these results, especially antioxidant activity,
lead to the hypothesis that Laurencia might be associated with a re-
duced incidence of allergic asthma. Asthma in both adults and chil-
dren is associated with increased oxidative stress. However, to our
knowledge, no previous report has described the anti-allergic ef-
fects of Laurencia. During our screening for anti-allergic activity, po-
tent antioxidant effect was detected from an ethanolic extracts of
Laurencia undulata (L. undulata) containing a large amount of poly-
phenols. The anti-asthamtic activity of L. undulata has never been
reported. Therefore, the objective of the present work is focused
on identification of anti-asthamtic effect of L. undulata polyphenolic
extracts (LU) against OVA-induced allergic airway reactions in
experimental murine model of asthma.

2. Materials and methods
2.1. Preparation of L. undulata polyphenolic extracts

L. undulata polyphenolic extracts (LU) were prepared according to the method of
Heo et al. (2006). The red seaweed, L. undulata was collected along Jeju Island coast
of Korea during the period from October 2005 to February 2006. Fresh L. undulata
was washed three times with tap water to remove salts, epiphytes and sand attached
to the surface of the samples and stored at —20 °C. The frozen samples were lyoph-
ilized and homogenized using a grinder before extraction. The dried L. undulata pow-
der (1kg) was extracted with 95% EtOH (1:10 w/v) at 20°C for 3 days and
evaporated in vacuo. The concentrated LU was freshly dissolved in DMSO before use.

Phenolic contents of LU were determined by the method of Shetty et al. (1995).
Each 1 ml of the algal extract, 1 ml of 95% EtOH, 5 ml of distilled water, and 0.5 ml of
50% Folin-Ciocalteu reagent (Sigma Chemical, St. Louis, MO) were mixed. The mix-
tures were allowed to react for 5 min, and then 1 ml of 5% Na,COs; was added, and
placed in the dark for 1 h. Absorbance was measured at 725 nm and gallic acid stan-
dard curve was obtained for the calibration of phenolic content. Total carbohydrate
was measured by the phenol-sulfuric acid method of Dubois et al. (1956), using a
mixture of galactose and fucose (1:1 weight ratio) as a standard. The sulfate content
in the total carbohydrate of LU was measured by the BaCl,/gelation method (Saito
et al.,, 1968).

2.2. Animals

Female C57BL/6 mice were obtained from the Charles River Laboratories (Yoko-
hama, Japan), and were kept in our animal facility for at least 1 week before use. All
experimental animals used in this study were maintained under a protocol ap-
proved by the Institutional Animal Care and Use Committee of the Inje University
Medical School. All mice were at 6-8 weeks of age.

2.3. Immunization and challenge

Mice were immunized on days 1 and 15 by intraperitoneal injection of 20 ug
ovalbumin (OVA) emulsified in 1.0 mg aluminium hydroxide adjuvant in a total vol-
ume of 200 pl. Mice were challenged via the airway with OVA (50 mg/ml of saline)
each day from days 22-24 on consecutive days. Control mice were exposed to aero-
solized saline. Aerosolization was performed for 20 min by placing the mice in a
chamber (15 x 25 x 15 cm) connected to the ultrasonic nebulizer (NE-U12, Omron,
Tokyo, Japan). Mice were injected intraperitoneally with 20 mg/kg/day in 200 pl of
L. undulata each day from days 16 to 20 on consecutive days.

2.4. Bronchoalveolar lavage and cell counting

The mice were sacrificed with a lethal dose of pentobarbital, the trachea of mice
was cannulated while gently massaging the throax. Lungs were lavaged with 0.7 ml
of PBS. The BAL fluid samples collected and the number of cells in a 50 pl aliquot
were determined using a haemocytometer. The remaining sample was centrifuged,
and the supernatant was stored at —70° until assay of cytokines. The pellet was
resuspended in PBS and cytospin preparations of BAL cells were stained with
Diff-Quik (International reagents Corp., Kobe, Japan). Two independent, blinded
investigators counted the cells, using a microscope. Approximately, 400 cells were
counted in each of four different random locations.

2.5. Cytokine assays

The levels of cytokines in bronchoalveolar lavage (BAL) fluid were determined
by enzyme-linked immunosorbent assay (ELISA). ELISA kits from R&D Systems
(Minneapolis, MN) were employed for the measurement of IL-4, IL-5, and TNF-o.

2.6. Determination of airway hyperresponsiveness

Airway hyperresponsiveness (AHR) was measured at 3 days after the last OVA-
challenge in mice in an unrestrained conscious state. Mice were placed in a baro-
metric plethysmographic chamber (All Medicus Co., Seoul, Korea) and baseline
readings were taken and averaged for 3 min. Aerosolized methacholine (Mch) in
increasing concentrations (from 2.5 to 50 mg/ml) was then nebulized through an
inlet of the main chamber for 3 min, readings were taken and were averaged for
3 min after each nebulization. The bronchopulmonary resistances is expressed as
enhanced pause (Penh), calculated as: [expiratory time (Te)/relaxation time
(RT) — 1] x [peak expiratory flow (PEF)/peak inspiratory flow (PIF)], according to
the manufacturer’s protocol. Results are expressed as the percentage increase of
Penh following challenge with each concentration of Mch, where the baseline Penh
(after saline challenge) is expressed as 100%.

2.7. Histological studies

At 48 h after the last challenge, lungs were removed from the mice after they
had been sacrified. Prior to the removal of the lungs, the lungs and trachea were
filled intratracheally with a fixative (4% paraformaldehyde) using a ligature around
the trachea. Lung tissues were fixed with 10% (v/v) paraformaldehyde. The speci-
mens were dehydrated and embedded in paraffin. For histological examination,
4 um sections of fixed embedded tissues were cut on a Leica model 2165 rotary
microtome (Leica, Nussloch, Germany), placed on glass slides, deparaffinized, and
sequentially stained with hematoxylin 2 and eosin-Y (Richard-Allan Scientific, Kal-
amazoo, MI). An inflammation score was graded by three independent investigators
who were not associated with this study.

2.8. Measurement of OVA-specific serum levels of IgE

OVA-specific serum IgE levels were determined by Enzyme-Linked Immuno
Sorbent Assay (ELISA) using samples collected 12 h after the last OVA-challenge.
In brief, a 96 well microtitre plate was coated with OVA (10 mg/ml), and then trea-
ted with mouse sera followed by biotin-conjugated rat anti-mouse IgE (pharmin-
gen, San Diego, CA). Then, avidin-horseradish peroxidase (HRP) solution was
added to each well. Units are optical density readings at 405 nm.

2.9. Statistical analysis

Data are expressed as means * S.E.M. Student’s t-test was used to analyse data be-
tween the groups and analysis of variance (ANOVA) among groups followed by Dun-
net’s t-test for multiple comparisons. The statistical significance was set at P < 0.05.

3. Results and discussion
3.1. Preparation of L. undulata polyphenolic extracts (LU)

To identify anti-asthamtic effect of L. undulata polyphenolic
compounds against OVA-induced murine allergic airway reactions,
the dried alga was extracted by 95% EtOH. The yield of L. undulata
EtOH extracts (LU) was 8.9% (% dry wt. of alga). In the chemical
analysis, total phenolic content of L. undulata EtOH extracts (LU)
was determined as 43.6 + 0.3 mg/g (n = 3). However, low amounts
of carbohydrate (1.2 £ 0.1 mg/g, n = 3) were detected in LU. The sul-
fate content of LU was determined as 0.07 (sulfate/total sugar). As
reported by Sugiura et al. (2006), methanol extracts of brown alga
(E. arborea) mainly include phenolic compounds (10.5 + 0.1 mg/g).
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They mentioned that the anti-histamine effects of the E. arborea ex-
tract were likely to be attributed to phenolic compounds like
phlorotannins, due to low yield of polysaccharides by alcohol
extraction. The previous study (Shibata et al., 2003) had identified
the inhibitory effects of brown algal phlorotannins on phospholi-
pase A2s, lipoxygenases and cyclooxygenases. Although red algae
are an abundant source of sulfated polysaccharides like sulfated
galactans with several bioactivities (Pereira et al., 2005), macromo-
lecular polysaccharides such as alginate and fucoidan are poorly ex-
tracted in ethanol. Hence, Athukorala et al. (2008) performed
enzymatic hydrolysis of marine algae with several carbohydrases
to extract higher amount of polysaccharides with large molecular
size.

3.2. In vivo study for anti-asthmatic effects of L. undulata extracts (LU)

In the murine asthma model, OVA-induced asthma has been
recognized as a disease characterized by increased levels of influx
of inflammatory cells into the lung, mucus hypersecretion, and air-
way occlusion, and the thicknesses of the bronchial wall and the
area of the smooth muscle. In addition, in many allergic inflamma-
tory diseases, elevations in the plasma level of IgE, inducing the
degranulation of mast cells via the cross-linking of allergen-spe-
cific IgE.

3.2.1. Effect of LU extracts on cellular changes in BAL fluid and
pathological changes in lung tissues

First, we examined how LU made effect on the development of
OVA-induced eosinophilia in murine model of asthma. Airway
allergen challenge causes cellular inflammation in the airways,
which is dominated by eosinophils in both humans and mice
(Kroegel et al., 1994). It has been suggested that eosinophils con-
tribute to several of the clinical features of allergic asthma, includ-
ing tissue damage and AHR (Lotvall et al., 1998). OVA sensitization
and challenge remarkably increased the number of inflammatory
cells, containing eosinophils and macrophages in the BAL fluid
compared to the control group. Pathological processes that result
in lung eosinophilia may involve antigen-induced T cell activation
through macrophages or other antigen presenting cells, T cell cyto-
kine release, specific sensitization of mast cells, and release of acti-
vating mediators by macrophages (Drazen et al., 1996). The total
cell numbers in BAL fluids were significantly increased, about 24-
fold, compared to those in the control group 2 days after the last
OVA-challenge. The pattern of aeroantigen-induced airway eosino-
philia and AHR in the murine models described by several investi-
gators (Takeda et al., 1997; Corry et al., 1996) may differ depending
on the mouse strains, the immunization regimen, and the fre-
quency and duration of the aerolized antigen challenge. Using
the present model, we have observed that the number of eosino-
phils occupied 60% more of the total cells in BAL fluid. The number
of eosinophils in BAL fluids was increased about 16-fold, compared
to those in the control group at 2 days after the OVA-challenge.
Interestingly, the number of eosinophils observed in BAL fluids in
the LU treated group of mice decreased to the level of 0.22-fold
of OVA-challenge group (Fig. 1). The results of histological exami-
nation of the lung tissues paralleled the cell numbers in the BAL
fluids (Fig. 2). Marked influxes of inflammatory cells into the air-
way and around the blood vessels were observed in the OVA-sen-
sitized/challenged mice, but not in the saline-treated control mice.
Mice treated with LU showed marked reductions in the infiltration
of inflammatory cells in the peribronchiolar and perivascular re-
gions. Mucus hypersecretion and occlusion of the airways were
the prominent histopathologic features of the murine asthmatic
lung. Mucus cell hypertrophy and airway luminal narrowing
caused by secreted mucus were observed in the OVA-sensitized/
challenged mice. Administration of LU resulted in a marked
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Fig. 1. Effects of L. undulata extracts (LU) on the recruitment of inflammatory cells
into BAL in OVA-induced allergic asthmatic mice. Mice were treated with the Saline,
OVA-inhaled mice administered saline (OVA), and OVA-inhaled mice administered
L. undulata extract 20 mg/kg (OVA + LU), respectively. BAL cells were separated
using a Cytospin, and then stained with Diff-Quik. Differential cell counting was
performed using standard morphological criteria. The BAL cells were collected
2 days after the last OVA-challenge. Each value indicates the mean + S.E.M. from
five separate experiments (n=6 per group). p<0.05 vs. saline-treated mice;
#p < 0.05 vs. OVA-treated mice.

Saline

Fig. 2. L. undulata extracts (LU) inhibits pathological changes in lung tissues of
OVA-sensitized and -challenged mice. Mice were sensitized and challenged as
described in methods. Sections were obtained from the rungs of mice receiving
saline, OVA-inhaled mice administered saline (OVA), and OVA-inhaled mice
administered L. undulata extract (20 mg/kg, OVA + LU), respectively. Lungs were
removed 2 days after the last airway challenge. Sections were stained by haema-
toxylin and eosin staining (x200). Six animals were assigned to each group.

improvement of luminal narrowing in the airway. These results
suggest that LU is highly capable of inhibiting the development
of allergic status induced by OVA in mice.

3.2.2. Effect of LU extracts on BAL fluid cytokines

To study whether LU was related to inflammatory cytokine pro-
duction, BALF supernatants were collected, and the productions of
IL-4 and IL-5 were analyzed by ELISA. Initiation of allergic response
appears to occur with presentation of the allergen by antigen-pre-
senting cells to CD4" T cells. Antigen-activated CD4" T cells have
been shown to induce many of the characteristic features of asth-
ma, including the secretion of cytokines such as IL-4 and IL-5,
which regulate mucus production, inflammation, and adhesion
molecules (Hogan et al., 2003; Taube et al., 2004). Numerous stud-
ies have established that T cells from the lungs of asthmatics ex-
press a Th2 pattern of cytokines. Thus, interventions that inhibit
Th2 cytokines, may be useful in the treatment of allergic asthma.
Also, several studies have suggested that TNF-o. plays an important
role in the pathogenesis of asthma. TNF-oo mRNA and protein levels
are increased in the sputum or serum of patients with asthma
(Bradding et al., 1994; Keatings et al., 1997) and TNF-o induces
aggravation of AHR in animals (Kips et al., 1992; Zuany-Amorim
et al,, 1995) and human beings (Thomas et al., 1995) as well as
recruitment of inflammatory cells into the airways (Zuany-Amorim
et al.,, 1995; Lukacs et al., 1995). Preliminary studies have demon-
strated an improvement in lung function, AHR, and exacerbation
rate in patients treated with anti-TNF therapy. To determine if pre-
treatment with LU affects the secretion of cytokines in the BAL
fluid, the levels of IL-4, IL-5 and TNF-o were determined by ELISA
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Fig. 3. The effect of L. undulata extracts (LU, 20 mg/kg) on IL-4, IL-5, and TNF-o
cytokine levels. OVA-sensitized mice were treated as described in methods.
Bronchoalveolar lavage (BAL) was performed 2 h after the last airway challenge.
IL-4, IL-5, and TNF-o cytokine levels in the BAL fluids were measured by ELISA Kit.
Each value indicates the mean + S.E.M. from five separate experiments (n=6 per
group). p < 0.05 vs. saline-treated mice; *p < 0.05 vs. OVA-treated mice.

(Fig. 3). BAL fluids were obtained 4 h after the last airway chal-
lenge. The levels of IL-4, IL-5, and TNF-o in the BAL fluids were sig-
nificantly increased by airway challenge with OVA when compared
with that of the control. The administration of LU reduced the con-
centration of IL-4 and IL-5 by 70% and 85%, respectively, and led to
an 83.5% reduction in TNF-a secretion. It has been suggested that
LU may be has inhibitory activities of CD4" T cells and eosinophils
including asthmatics inflammation.

3.2.3. LU extracts decreases the AHR

OVA-induced asthma is characterized by AHR and inflammation
of the airways (Mappe et al., 1987). This inflammation is associated
with the infiltration of eosinophils, neutrophils, and lymphocytes
into the bronchial lumen and lung tissues (Mappe et al., 1987,
Boschetto et al., 1987). These cellular infiltrates release various
chemical mediators that can cause AHR (Bousquet et al., 1990;
Busse et al., 1993; Kay, 1991). Airway responsiveness was assessed
as a percent increase of Penh in response to increasing doses of
methacholine. In the OVA-sensitized and -challenged mice, the
dose-response curve of percent Penh shifted to the left compared
with that of control mice (Fig. 4). In addition, the percent Penh
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Fig. 4. Effects of L. undulata extracts on airway responsiveness in OVA-sensitized
mice and OVA-challenged mice. Airway responsiveness was measured at 72 h after
the last airway challenge. Mice were injected intraperitoneally with 20 mg/kg/day
in 200 pl of L. undulata each day from days 16 to 20 on consecutive days. Airway
responsiveness to aerosolized methacholine was measured in unrestrained,
conscious mice. Mice were placed into the main chamber and were nebulized first
with saline, then with increasing doses (2.5-50 mg/ml) of methacholine for 3 min
for each nebulization. Readings of breathing parameters were taken for 3 min after
each nebulization during which Penh values were determined. Each value indicates
the mean + S.E.M. from five separate experiments (n=6 per group). p <0.05 vs.
saline-treated mice; *p < 0.05 vs. OVA-treated mice.
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Fig. 5. Effects of L. undulata extracts (LU) on serum OVA-specific IgE antibody levels.
Mice were sensitized and challenged as described in methods. The levels of OVA-
specific IgE were measured at 12 h after the last airway challenge. Blood was
collected by cardiac puncture for measurement of OVA-specific IgE with ELISA. Mice
were injected intraperitoneally with 20 mg/kg/day in 200 pl of L. undulata each day
from days 16 to 20 on consecutive days. Each value indicates the mean + S.E.M.
from five separate experiments (1 = 6 per group). p < 0.05 vs. saline-treated mice;
#p < 0.05 vs. OVA-treated mice.

produced by methacholine administration (at doses from 2.5 to
50 mg/ml) increased significantly in the OVA-sensitized and
OVA-challenged mice compared with the controls. OVA-sensitized
and OVA-challenged mice treated with LU showed a dose-response
curve of percent Penh that shifted to the right compared with that
of untreated mice. The shift was dose-dependent. These results
indicate that LU has inhibitory effects on OVA-induced AHR.

3.2.4. LU extracts reduces the levels of OVA-specific serum IgE

Finally, we sought LU could modify OVA-specific IgE response
in vivo. Because IgE levels in BALF are dependent upon IL-4, IL-5,
IL-13 and may be considered an additional index of Th2 cytokine
secretion in the pathogenesis of asthma, we measured IgE levels
in BALF from mice in all groups. Cross-linking of allergen-specific
IgE on the mast cell surface upon allergen challenge is an impor-
tant key to initiate the early asthmatic reaction. Therefore, a novel
therapeutic approach to asthma and other allergic respiratory dis-
eases involves interference in the action of IgE, and this antibody
has been viewed as a target for novel immunological drug develop-
ment in asthma. In several clinical controlled trials anti-IgE anti-
bodies resulted effective in reducing asthma-related symptoms,
decreasing corticosteroid use and improving quality of life of asth-
matic patients. The serum levels of OVA-specific immunoglobulins
were measured 12 h after the last airway challenge. Sensitization
and challenge with OVA resulted in increased serum levels of
OVA-specific IgE when compared with the saline-treated mice.
Treatment of sensitized mice with LU resulted in a 66.05% reduc-
tion in OVA-specific IgE (Fig. 5). Our data showed that serum levels
of OVA-specific IgE were significantly reduced by LU pretreatment.
These results support the conclusion that LU suppressed the gener-
ation of a Th2-type immune response and activity of mast cells in
this animal model of asthma.

4. Conclusion

This study is the first to provide experimental evidence demon-
strating that a kind of red alga, L. undulata EtOH extract (LU) con-
taining a large amount of polyphenols could inhibit OVA-induced
airway hyperresponsiveness and inflammation in a murine model
of asthma. The administration of LU before the last airway OVA-
challenge resulted in a significant inhibition of all asthmatic reac-
tions. Although it still remains to identify chemical property and
structure of polyphenolic components derived from the red alga,
these results support that LU could be used as adjuvant therapeutic
materials for patients with bronchial asthma. In addition, the results
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can give the motive of research on the other type I allergic reactions
such as allergic rhinitis, atopic dermatitis, and anaphylaxis.
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