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meso-Dihydroguaiaretic acid (MDGA), which is a dibenzylbutane lignin isolated from the ethyl acetate fraction of
Saururus chinensis, has various biological activities, including anti-oxidative, anti-inflammatory, anti-bacterial,
and neuroprotective effects. However, no report has examined the potential anti-asthmatic activity of MDGA.
In this study,we evaluated the protective effects ofMDGA on asthmatic responses, particularly airway inflamma-
tion and mucus hypersecretion in an ovalbumin (OVA)-induced murine model of asthma. Intragastric adminis-
tration of MDGA significantly lowered the productions of interleukin (IL)-4, IL-5, IL-13, tumor necrosis-α (TNF-
α), eotaxin,monocyte chemoattractant protein-1 (MCP-1), vascular cell adhesionmolecule-1 (VCAM-1), and im-
munoglobulin (Ig)E in bronchoalveolar lavage fluid (BALF), plasma, or lung tissues. Histological studies showed
that MDGA inhibited OVA-induced inflammatory cell infiltration and mucus production in the respiratory tract.
Moreover, MDGA markedly attenuated the OVA-induced activations of nuclear factor kappa B (NF-κB),
extracellular-signal-regulated kinases 1/2 (ERK1/2), and p38 mitogen-activated protein kinase (p38MAPK). To-
gether, these results suggest that MDGA effectively inhibits airway inflammation and mucus hypersecretion by
downregulating the levels of T helper 2 (Th2) cytokines, chemokines, and adhesion molecules, and inhibiting
the activations of NF-κB and MAPKs.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Asthma is a chronic inflammatory disease characterized by revers-
ible airway obstruction, airway hyperresponsiveness (AHR), mucus hy-
persecretion, and airway remodeling [1]. The pathogenesis of asthma is
associated with the infiltration of inflammatory cells, including eosino-
phils, mast cells, macrophages, and T helper (Th) cells. It is generally ac-
cepted that Th2-mediated immune responses to allergens are
responsible for the development of allergic asthma [1]. Under asthmatic
condition, allergens processed by antigen-presenting cells activate Th2
cells, triggering the release of Th2 cytokines, including interleukin
(IL)-4, IL-5, and IL-13 [2]. These cytokines exacerbate the allergic re-
sponse by increasing inflammatory cell infiltration into the airway, trig-
gering immunoglobulin (Ig)E switching, and promoting chemokine

release, which together lead tomucus hypersecretion in the bronchiolar
epithelial region [3,4]. Therefore, inhibition of Th2 cell function and/or
Th2 effector responses are logical therapeutic goals for treating Th2-
associated asthma.

Nuclear factor kappa B (NF-κB) is an important transcription factor
involved in the expression of various proinflammatory genes, including
cytokines [IL-1, IL-2, and tumor necrosis factor-α (TNF-α)], chemokines
[IL-8, regulated on activation, normal T cell expressed and secreted
(RANTES), monocyte chemoattractant protein-1 (MCP-1), and eotaxin],
and adhesion molecules [intercellular adhesion molecule (ICAM), vas-
cular cell adhesion molecule (VCAM), and E-selectin] [5]. Increased ac-
tivation of NF-κB has been demonstrated in the lungs after allergen
challenge, and in airway epithelial cells and macrophages from asth-
matic patients [6]. Many studies have also reported that allergic asthma
could be improved by regulating the activation of NF-κB signaling [5,7].

Mitogen-activated protein kinases (MAPKs), which include serine
and threonine kinases, play critical roles in the activation of inflamma-
tory cells. The MAPKs comprise three major subgroups: extracellular
signal-related kinase 1/2 (ERK1/2), p38, and c-Jun. N-terminal kinase
1/2 (JNK1/2) [8]. Among them, p38 MAPK is markedly activated in the
lungs of asthmatic mice compared with those of normal mice.
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Moreover, blockade of p38 MAPK has been shown to have an anti-
inflammatory effect in allergic asthma, indicating that the inhibition or
regulation of p38 MAPK could be essential for minimizing asthmatic
symptoms [9].

meso-Dihydroguaiaretic acid (MDGA) is a dibenzylbutane lignin iso-
lated from Saururus chinensis [10]. Because it exhibits diverse pharma-
cological effects with no marked toxicity, S. chinensis has been used in
Korean folk medicine to treat various disorders, including jaundice,
pneumonia, edema, and fever [11]. Recently, several studies showed
that MDGA exerts many biological activities, including anti-oxidative,
anti-inflammatory, anti-bacterial, and neuroprotective effects [12–15].
However, no previous study has examined the potential anti-
asthmatic activity of MDGA. Here, we investigated the protective effects
of MDGA on asthmatic responses using an ovalbumin (OVA)-induced
mouse model of allergic asthma.

2. Materials and methods

2.1. Preparation of MDGA

MDGA was isolated from the ethyl acetate fraction of S. chinensis by
silica gel chromatography. Briefly, dried roots of S. chinensis (9.7 kg)
were extracted with 70% methanol by reflux for 24 h. The methanol ex-
tract was obtained 1.0 kg. The methanol extract was suspended with
distilled water (1.4 L), and the resulting water layer was successively
partitioned with n-hexane, ethyl acetate, and butanol (each 1.4 L × 3).
The ethyl acetate fraction (130 g) was applied to a silica gel column
(60×12 cm, Silica-gel 70–230mesh;Merck, Germany), and the column
was eluted with n-hexane and ethyl acetate solution (gradient from n-
hexane 100% to ethyl acetate 100%) and then ethyl acetate and metha-
nol (gradient from ethyl acetate 100% to methanol 100%). The eluent
was combined on the basis of TLC, giving 39 fractions (SCE1-39) and ob-
tained as a single compound. The purity of MDGAwas determined to be
≥95% by high-performance liquid chromatography (HPLC) analysis
(Fig. 1). Green powder; C20H26O4; mp 88–89.5 °C; [α]25D 0° (c 1.44,
CHCl3); 1H-NMR (CDCl3, 250 MHz) δ 6.77 (2H, d, J = 7.9 Hz, H-5, 5′),
6.58 (2H, d, J = 8.0 Hz, H-6, 6′), 6.50 (2H, d, J = 1.7 Hz, H-2, 2′), 3.78
(6H, s, −OCH3 × 2), 2.55–2.32 (4H, m, H-7, 7′), 1.72 (2H, m, H-8, 8′),
0.80 (6H, d, J = 6.7 Hz, H-9, 9′); 13C-NMR (CDCl3, 62.9 MHz) δ 146.2
(C-3, 3′), 143.4 (C-4, 4′), 133.5 (C-1, 1′), 121.5 (C-6, 6′), 113.8 (C-5,
5′), 111.2 (C-2, 2′), 55.7 (−OCH3 × 2), 41.0 (C-7, 7′), 37.4 (C-8, 8′),
13.8 (C-9, 9′); HRFABMS m/z 330.1842 ([M]+, calcd. for C20H26O4,
330.1831).

2.2. Animals

Specific pathogen-free (SPF) female BALB/c mice (5–6 weeks old)
were purchased from Orient Bio (Seongnam, South Korea) and given a
one-week period of quarantine and acclimatization prior to experi-
ments. The animals were housed under environmentally controlled

conditions (22 ± 2 °C; relative humidity, 50 ± 5%; and a 12 h light/
dark cycle) and given standard rodent chow and sterilized tap water
ad libitum. The use of animals in this studywas approved by the Animal
Experimental Ethics Committee of ChungnamNational University (Dae-
jeon, Republic of Korea).

2.3. OVA-induced allergic asthma

For OVA sensitization and challenge, themice were divided into five
groups (n = 7 mice per group). On days 0 and 14, mice were intraper-
itoneally sensitized with OVA (20 μg) emulsified in aluminum hydrox-
ide (2 mg) and suspended in 200 μL phosphate buffered saline (PBS;
pH 7.4). On days 21–23 after the initial sensitization, bronchial chal-
lenge with OVA (1%, in PBS) was delivered by ultrasonic nebulizer
(NE-U12; Omron Corp., Tokyo, Japan) for 1 h. On days 18–23, MDGA
was administered by once-daily gavage at doses of 10 mg/kg or
30 mg/kg dissolved in PBS. On days 21–23, this treatment was immedi-
ately followed by bronchial challenge. Positive control mice were orally
treated with dexamethasone (DEXA, 200 μg/mouse; Sigma, St. Louis,
MO, USA), which is a standard glucocorticoid (GC)-class steroid drug
that stands as one of themost effective therapies for asthma [16]. In ad-
dition, mice were sensitized/challenged with PBS and treated with
MDGA (10 mg/kg or 30 mg/kg; n = 4 per group) on the above-
described schedule.

In a previous study, mice were orally dosed with MDGA (1 or
10 mg/kg) for 2 weeks [17]. In preliminary studies, we tested the
same doses (1 mg/kg and 10 mg/kg) using the procedures described
herein. Inflammatory cell counts were obviously decreased in broncho-
alveolar lavage fluid (BALF) from 10 mg/kg MDGA-treated mice com-
pared with OVA-challenged mice. Those treated with 1 mg/kg also
showed decreased inflammatory cell counts compared to OVA-treated
mice, but the differences did not reach the level of significance. Based
on these preliminary studies, we used 10 mg/kg of MDGA as the oral
dose for the present study. To evaluate the dose-responses of MDGA,
we used 30 mg/kg as the “high” dose.

2.4. Collection of blood and bronchoalveolar lavage fluid (BALF)

Mice were sacrificed 48 h after the last challenge (day 25). Blood
samples were allowed to clot for 30 min at room temperature, and
then centrifuged for 15 min at 200 g. Aliquots of serum were stored at
−70 °C for biochemical analysis. To obtain BALF, ice-cold PBS (0.5 mL)
was infused into the lung three times and withdrawn via tracheal can-
nulation (total volume, 1.5 mL). Each BALF aliquot was centrifuged,
and the supernatants were harvested and stored individually at
−70 °C for analysis. Each pelletwas resuspended in 100 μL PBS and cen-
trifuged onto slides using a Cytospin centrifuge (Hanil Science Industri-
al, Seoul, Korea). The slides were dried and the cells were fixed and
stained using the Diff-Quik staining reagent (IMEB Inc., Deerfield, IL,
USA). Differential cell counting was performed based on the

Fig. 1.HPLC chromatogram ofMDGA at 280 nm. A SunFire C18 analytical columnwas used to separate theMDGA at 40 °C by isocratic elution with 0.1% (v/v) formic acid in distilled water
(A) and 0.1% (v/v) formic acid in acetonitrile (B) (A:B = 4:6) as mobile phases. The flow rate was 1.0 mL/min and the injection volume was 10 μL.
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microscopicmorphologies of the cells (Supplementary Fig. 1); fivefields
per slide (at least 100 leukocytes) were counted at ×400magnification.

2.5. Measurement of total and OVA-specific IgE levels in serum

The serum levels of total IgE and OVA-specific IgE were measured
using enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems,
Minneapolis, MN, USA). Briefly, 96-well microtiter plates were coated
overnight with an isotype-specific coating (total IgE) or 10 μg/mL OVA
in PBS-Tween 20 (OVA-specific IgE). After the plate was washed and
blocked, the samples were incubated for 2 h and HRP-conjugated goat
anti-mouse IgE was added. After incubation of the plate for 1 h and
four washes, 200 μL of o-phenylenediamine dihydrochloride (Sigma)
was added to each well, the plate was incubated for 10 min, and absor-
bance was determined at 450 nm using a microplate ELISA reader (Bio-
Rad Laboratories, Hercules, CA, USA).

2.6. Measurement of cytokine, chemokine, and adhesion molecule levels

The concentrations of IL-4, IL-13, eotaxin and VCAM-1 in BALF were
measured by specific ELISA kits (R&D Systems) according to the
manufacturer's protocols.Whole lung tissue (40mg)was homogenized
in 500 μL of PBSwith a protease inhibitor and centrifuged at 10,000 g for
20 min, and the supernatant was analyzed for pulmonary IL-5, TNF-α
andMCP-1 using specific ELISA kits (R&D Systems). The results are pre-
sented as pg/mg protein.

2.7. Histopathology and periodic acid Schiff (PAS) staining

Lung tissues were embedded in paraffin and 4-μm-thick sections
were cut using amicrotome. The sectionswere deparaffinized using xy-
lene, treated with a descending ethanol series, stained with hematoxy-
lin and eosin (H&E), dehydrated in an ascending ethanol series, cleared
with xylene, mounted in DPXmountingmedium (Sigma) and analyzed
under a microscope (Leica, Cambridge, UK). The degree of cell infiltra-
tion in the airway (Supplementary Fig. 2) was scored in a double-
blind screen performed by two independent investigators.
Peribronchiolar and perivascular inflammation were scored from 0 to
4, as described previously [18]. For eachmouse, we analyzed five airway
sections that were randomly distributed through the lung, and calculat-
ed their average scores. Sections were also assessed for mucus produc-
tion by goblet cells, using a commercially available PAS staining kit
(Merck Millipore, Guyancourt, France). The mucus production index

was calculated using an image analyzer (Leica), according to the previ-
ously published formula [19], as follows:

Mucus production index %ð Þ ¼ PAS‐positive area
Total area of airway epithelium

� 100%:

2.8. Western blotting

Equal amounts of total lung proteins (35 μg) were resolved by 8%
SDS-PAGE and transferred to nitrocellulose membranes at 30 V for
2 h. Themembranes were blocked for 1 h with Tris-buffered saline con-
taining 0.05% Tween 20 (TBST) and 5% skim milk, and were incubated
overnight at 4 °C with anti-NF-κB (Cell Signaling Technology, Beverly,
MA, USA; 1:1000), anti-phospho-NF-κB (Cell Signaling Technology;
1:1000), anti-p38 MAPK (Cell Signaling Technology; 1:1000), anti-
phospho-p38 (Cell Signaling Technology; 1:1000), anti-ERK1/2 (Cell
Signaling Technology; 1:1000), anti-phospho-ERK1/2 (Cell Signaling
Technology; 1:1000), or anti-β-actin (Sigma; 1:1500). The membranes
were washed three times with TBST, and then incubated for 1 h at
room temperature with a horseradish peroxidase (HRP)-conjugated
secondary antibody (for NF-κB, p38 MAPK, and ERK1/2, we used an
anti-rabbit secondary antibody at a 1:10,000 dilution; for β-actin, we
used an anti-mouse secondary antibody at a 1:10,000 dilution;
Sigma). The membranes were again washed three times with TBST,
and then developed using an enhanced chemiluminescence kit (Ther-
mo Scientific, Waltham, MA).

2.9. Statistical analysis

Data are expressed as the means ± standard error of the mean
(SEM). Statistical comparisons were made with one-way analysis of
variance (ANOVA) using SPSS 16.0 (IBM, Armonk, NY, USA), followed
by amultiple comparison testwith Tukey adjustment. P b 0.05was con-
sidered statistically significant.

3. Results

3.1. Effect of MDGA on cell numbers in BALF

We examined changes in total cells, eosinophils, neutrophils, lym-
phocytes, and macrophages in BALF to determine the effects of MDGA
on allergic asthma. Compared with BALF from negative control mice,

Fig. 2. Effects of MDGA on recruitment of inflammatory cells into BALF. BALF samples were collected 48 h after the last OVA challenge, and cell counting was performed on five fields per
slide. Abbreviations: PBS/PBS, PBS-challenged mice; PBS/MDGA-10, PBS-challenged/meso-dihydroguaiaretic acid (10 mg/kg)-treated mice; PBS/MDGA-30, PBS-challenged/meso-
dihydroguaiaretic acid (30 mg/kg)-treated mice; OVA/PBS, OVA-sensitized/challenged mice; OVA/DEXA, OVA-sensitized/dexamethasone (200 μg/mouse)-treated mice; OVA/MDGA-
10, OVA-sensitized/meso-dihydroguaiaretic acid (10 mg/kg)-treated mice; and OVA/MDGA-30, OVA-sensitized/meso-dihydroguaiaretic acid (30 mg/kg)-treated mice. Data are
expressed as means ± SEM; n = 7 (PBS/PBS, PBS/MDGA-10, PBS/MDGA-30, OVA/PBS, OVA/DEXA, OVA/MDGA-10, and OVA/MDGA-30) or 4 (PBS/MDGA-10 and PBS/MDGA-30) per
group. Symbols: ##, P b 0.01 compared to the NC group; and **, P b 0.01 compared to the OVA group.
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the eosinophils and total inflammatory cells were markedly higher
in BALF from mice exposed to OVA sensitization and challenge
(Fig. 2). BALF from the positive control DEXA-treated mice exhibited
fewer eosinophils and total inflammatory cells than that from OVA-
sensitized/challenged mice, Similarly, BALF from OVA-sensitized/
challenged mice treated with MDGA displayed significantly fewer
eosinophils and total cells than that from OVA-sensitized/
challenged mice (Fig. 2).

3.2. Effect of MDGA on cytokines, chemokines, and adhesion molecules

BecauseMDGA reduced the number of inflammatory cells, we inves-
tigated its effects on the levels of the Th2-type cytokines, IL-4, IL-5, IL-
13, and TNF-α. As shown in Fig. 3A and B, the levels of IL-4 and IL-13
in BALF were significantly higher in the OVA-sensitized/challenged
mice compared with the negative controls. In contrast, MDGA-treated
mice had a significantly lower level of IL-13 in BALF compared with

the OVA-sensitized/challenged mice. The levels of IL-5 and TNF-α in
the lung were elevated in OVA/sensitized/challenged mice, but this in-
crease was attenuated by MDGA treatment (Fig. 3C and D).

Similar to the above findings, the levels of eotaxin and MCP-1 were
increased in the OVA-sensitized/challenged group, but this increase
was significantly rescued in the MDGA-treated group (Fig. 3E and F).
In addition, the significant increase of the level of VCAM-1 in the OVA-
sensitized/challenged group was attenuated by MDGA treatment
(Fig. 3G).

3.3. Effect of MDGA on total and OVA-specific IgE levels

Since antigen-specific Th2 responses trigger IgE antibody produc-
tion, we examined whether MDGA influences total and OVA-specific
IgE production in the OVA-induced allergic asthma mouse model. As
shown in Fig. 4, the plasma levels of total and OVA-specific IgEwere sig-
nificantly increased in OVA-sensitized/challenged mice compared with

Fig. 3. Effects of MDGA on cytokines, chemokines, and adhesionmolecules. BALF samples were collected 48 h after the last OVA challenge and assayed for the levels of IL-4, IL-13, eotaxin,
and VCAM-1 using ELISA kits. Lung tissue homogenates were collected and used for analysis of IL-5, TNF-α, andMCP-1. (A) IL-4 levels in BALF. (B) IL-5 levels in lung tissue. (C) IL-13 levels
in BALF. (D) TNF-α levels in lung tissue. (E) Eotaxin levels in BALF. (F)MCP-1 levels in lung tissue. (G) VCAM-1 levels in BALF. Abbreviations: PBS/PBS, PBS-challengedmice; PBS/MDGA-10,
PBS-challenged/meso-dihydroguaiaretic acid (10 mg/kg)-treated mice; PBS/MDGA-30, PBS-challenged/meso-dihydroguaiaretic acid (30 mg/kg)-treated mice; OVA/PBS, OVA-sensitized/
challengedmice; OVA/DEXA, OVA-sensitized/dexamethasone (200 μg/mouse)-treated mice; OVA/MDGA-10, OVA-sensitized/meso-dihydroguaiaretic acid (10mg/kg)-treated mice; and
OVA/MDGA-30, OVA-sensitized/meso-dihydroguaiaretic acid (30 mg/kg)-treated mice. Data are expressed as means ± SEM; n = 7 (PBS/PBS, PBS/MDGA-10, PBS/MDGA-30, OVA/PBS,
OVA/DEXA, OVA/MDGA-10, and OVA/MDGA-30) or 4 (PBS/MDGA-10 and PBS/MDGA-30) per group. Symbols: # and ##, P b 0.05 and P b 0.01, respectively, compared to the NC group;
* and **, P b 0.05 and P b 0.01, respectively, compared to the OVA group.
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negative control mice, whereas MDGA suppressed both total and OVA-
specific IgE levels in BALF compared to those in the OVA-sensitized/
challenged group. A similar suppressive effect was noted in DEXA-
treated mice (Fig. 4).

3.4. Effect of MDGA on the recruitment of inflammatory cells to the airway

Lung inflammation is a characteristic hallmark of the allergic re-
sponse to an allergen. Because MDGA was found to inhibit the

Fig. 5. Effects of MDGA on leukocyte recruitment in lung tissues. Histological examination was performed 48 h after the final OVA challenge. Lung tissues were fixed, sectioned at 4-μm
thickness, stained with H&E, and examined under a microscope (X100). (A) H&E staining. (B) The extent of inflammation was scored via quantitative analysis of inflammatory cell
infiltration. Abbreviations: PBS/PBS, PBS-challenged mice; PBS/MDGA-10, PBS-challenged/meso-dihydroguaiaretic acid (10 mg/kg)-treated mice; PBS/MDGA-30, PBS-challenged/meso-
dihydroguaiaretic acid (30 mg/kg)-treated mice; OVA/PBS, OVA-sensitized/challenged mice; OVA/DEXA, OVA-sensitized/dexamethasone (200 μg/mouse)-treated mice; OVA/MDGA-
10, OVA-sensitized/meso-dihydroguaiaretic acid (10 mg/kg)-treated mice; and OVA/MDGA-30, OVA-sensitized/meso-dihydroguaiaretic acid (30 mg/kg)-treated mice. Data are
expressed as means ± SEM; n = 7 (PBS/PBS, PBS/MDGA-10, PBS/MDGA-30, OVA/PBS, OVA/DEXA, OVA/MDGA-10, and OVA/MDGA-30) or 4 (PBS/MDGA-10 and PBS/MDGA-30) per
group. Symbols: ##, P b 0.01 compared to the NC group; * and **, P b 0.05 and P b 0.01, respectively, compared to the OVA group.

Fig. 4. Effects of MDGA on total and OVA-specific IgE levels in BALF. (A) Total IgE in BALF. (B) OVA-specific IgE in BALF. Abbreviations: PBS/PBS, PBS-challengedmice; PBS/MDGA-10, PBS-
challenged/meso-dihydroguaiaretic acid (10 mg/kg)-treated mice; PBS/MDGA-30, PBS-challenged/meso-dihydroguaiaretic acid (30 mg/kg)-treated mice; OVA/PBS, OVA-sensitized/
challenged mice; OVA/DEXA, OVA-sensitized/dexamethasone (200 μg/mouse)-treated mice; OVA/MDGA-10, OVA-sensitized/meso-dihydroguaiaretic acid (10 mg/kg)-treated mice;
and OVA/MDGA-30, OVA-sensitized/meso-dihydroguaiaretic acid (30 mg/kg)-treated mice. Data are expressed as means ± SEM; n = 7 (PBS/PBS, PBS/MDGA-10, PBS/MDGA-30, OVA/
PBS, OVA/DEXA, OVA/MDGA-10, and OVA/MDGA-30) or 4 (PBS/MDGA-10 and PBS/MDGA-30) per group. Symbols: # and ##, P b 0.05 and P b 0.01, respectively, compared to the NC
group; * and **, P b 0.05 and P b 0.01, respectively, compared to the OVA group.
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recruitment of inflammatory cells into BALF, we used microscopic ex-
amination of lung tissues to examine the anti-asthmatic effects of
MDGA. Lungs from theOVA-sensitized/challenged group showedwide-
spread peribronchiolar and perivascular inflammation that comprised
primarily eosinophils (Fig. 5). In contrast, mice treated with MDGA
had substantially fewer eosinophils and macrophages in the
peribronchial regions and airspaces compared with the OVA-
sensitized/challenged mice (Fig. 5).

3.5. Effect of MDGA on airway mucus production and goblet cell
hyperplasia

Although respiratory mucus protects the lower airways from de-
hydration and damage, excessive secretion of mucus by hyperplastic
goblet cells contributes to the morbidity and mortality of many re-
spiratory diseases, including allergic asthma. To determine whether
MDGA could suppress the mucus overproduction induced by goblet
cell hyperplasia, we stained lung sections with PAS. OVA-
sensitized/challenged mice exhibited mucus overproduction in the
bronchial airways compared with negative control mice, whereas
the extent of mucus staining was markedly diminished in OVA-
induced mice treated with MDGA (Fig. 6).

3.6. Effect of MDGA on the activities of NF-κB p65 andMAPKs in lung tissues

To determine whether the therapeutic effect of MDGA on OVA-
induced allergic asthma occurs via inactivation of the NF-κB and/or
MAPKs signaling pathways, we examined the protein expression levels
of both phosphorylated and non-phosphorylated forms of various
members of these pathways in mice subjected to OVA challenge. The
phosphorylation of NF-κB p65 in lung tissues was increased significant-
ly in OVA-sensitized/challenged mice compared with the negative con-
trol group, but this induction was significantly smaller in the 30 mg/kg
MDGA-treated group (Fig. 7A). Moreover, the phosphorylation levels
of p38 MAPK and ERK1/2 were higher in OVA-sensitized/challenged
mice than in PBS-treated mice, but these increases were reduced by
MDGA treatment (Fig. 7B).

4. Discussion

We herein evaluated the protective effects of MDGA against airway
inflammation in the OVA-induced mouse model of allergic asthma.
The MDGA-treated mice displayed significantly fewer inflammatory
cells (particularly eosinophils) in BALF and lung tissues, and lower
levels of Th2-type cytokines (IL-4, IL-5, IL-13, and TNF-α), chemokines

Fig. 6. Effects of MDGA onmucus production in lung tissues. Formalin-fixed lung sectionswere stainedwith PAS solution and examined under amicroscope (A, X100). Mucus production
was quantified in lung sections (B). Abbreviations: PBS/PBS, PBS-challenged mice; PBS/MDGA-10, PBS-challenged/meso-dihydroguaiaretic acid (10 mg/kg)-treated mice; PBS/MDGA-30,
PBS-challenged/meso-dihydroguaiaretic acid (30 mg/kg)-treated mice; OVA/PBS, OVA-sensitized/challenged mice; OVA/DEXA, OVA-sensitized/dexamethasone (200 μg/mouse)-treated
mice; OVA/MDGA-10, OVA-sensitized/meso-dihydroguaiaretic acid (10 mg/kg)-treated mice; and OVA/MDGA-30, OVA-sensitized/meso-dihydroguaiaretic acid (30 mg/kg)-treated
mice. Data are expressed as means ± SEM; n = 7 (PBS/PBS, PBS/MDGA-10, PBS/MDGA-30, OVA/PBS, OVA/DEXA, OVA/MDGA-10, and OVA/MDGA-30) or 4 (PBS/MDGA-10 and PBS/
MDGA-30) per group. Symbols: ##, P b 0.01 compared to the NC group; * and **, P b 0.05 and P b 0.01, respectively, compared to the OVA group.
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(eotaxin andMCP-1), and the adhesion molecule (VCAM-1). Moreover,
MDGA treatment decreased the serum levels of total IgE and OVA-
specific IgE, abrogated mucus hypersecretion, and reduced the activa-
tions of NF-κB and MAPKs in lung tissues, as compared with the OVA-
sensitized/challenged mice.

Allergic airway inflammation, which is characterized by increased in-
filtration of leukocytes (e.g., eosinophils) and considerable secretion of
mucus into the airways, is a major factor in the pathogenesis of asthma.
Eosinophils have long been recognized as principal effector cells, and
they are known to play pathogenic roles in asthma through the release
of cytotoxic granule proteins [20,21]. Here,we report thatMDGAprevents
eosinophilic infiltration into the airways, as evidenced by significant de-
creases in the total cell and eosinophil counts of BALF. Likewise, histolog-
ical examination showed that MDGA also inhibited tissue eosinophilia, as
revealed by a marked reduction of inflammatory cell infiltration.

Previous studies have shown that the transmigration of eosinophils
into the airways is a multistep process that is orchestrated by Th2 cyto-
kines (e.g., IL-4, IL-5, and IL-13) and proinflammatory cytokines
(e.g., TNF-α) and coordinated by the chemotactic cytokine (eotaxin)
plus adhesion molecules (e.g., ICAM-1 and VCAM-1) [21,22]. IL-4

inhibits the apoptosis of eosinophils and promotes eosinophilic inflam-
mation by inducing eosinophil chemotaxis/activation by up-regulating
eotaxin [23]. Blockade of IL-4 by monoclonal antibodies has been
shown to decrease IgE levels and airway eosinophilia in allergic mice
[24], and IL-5 is known to be pivotal for the growth, differentiation, re-
cruitment, and survival of eosinophils [25–27]. IL-13 potently induces
mucus hypersecretion, eotaxin expression, airway inflammation, and
airway hyperresponsiveness (AHR) [28,29]. TNF-α exerts similar re-
sponses, including the up-regulations of eosinophil chemoattractants
and adhesion molecules, recruitment of eosinophils, elevation of cyto-
kine release, and enhancement of AHR [30]. Eotaxin, which is amember
of the chemotactic factor family, actively participates in the pathogene-
sis of allergic asthma by activating eosinophil recruitment [31,32]. Here,
we report that MDGA decreases the levels of Th2 cytokines, proinflam-
matory cytokines, eotaxin, and adhesion molecules in the airway com-
pared with those in OVA-sensitized/challenged mice, suggesting that
the MDGA prevents eosinophilic airway inflammation by diminishing
the secretion of the cytokines into lungs.

Mucus hypersecretion, which is another pathophysiological feature
of many patients with allergic asthma, exacerbates asthma and chronic

Fig. 7. Effects of MDGA on NF-κB and MAPK activity in lung tissues. NF-κB p65 (A), p38 MAPK, and ERK1/2 (B) protein levels were measured 48 h after the last challenge. Abbreviations:
PBS/PBS, PBS-challenged mice; PBS/MDGA-10, PBS-challenged/meso-dihydroguaiaretic acid (10 mg/kg)-treated mice; PBS/MDGA-30, PBS-challenged/meso-dihydroguaiaretic acid
(30 mg/kg)-treated mice; OVA/PBS, OVA-sensitized/challenged mice; OVA/DEXA, OVA-sensitized/dexamethasone (200 μg/mouse)-treated mice; OVA/MDGA-10, OVA-sensitized/
meso-dihydroguaiaretic acid (10 mg/kg)-treated mice; and OVA/MDGA-30, OVA-sensitized/meso-dihydroguaiaretic acid (30 mg/kg)-treated mice. Data are expressed as means ±
SEM; n = 7 (PBS/PBS, PBS/MDGA-10, PBS/MDGA-30, OVA/PBS, OVA/DEXA, OVA/MDGA-10, and OVA/MDGA-30) or 4 (PBS/MDGA-10 and PBS/MDGA-30) per group. Symbols: ##,
P b 0.01 compared to the NC group; * and **, P b 0.05 and P b 0.01, respectively, compared to the OVA group.
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obstructive lung disease by causing severe narrowing of the airways
[33]. As expected, OVA sensitized/challengedmice showedmucus over-
production and goblet cell hyperplasia in their bronchial airways. The
administration of MDGA reduced this mucus production, showing ef-
fects similar to that of DEXA. Excess mucus secretion can be induced
by a variety of factors, such as Th2 cytokines, IgE, and eotaxin. In partic-
ular, IL-4 and IL-13 stimulate the production of IgE from B lymphocytes
[34], and antigen-specific IgE binds to receptors onmast cells and sensi-
tizes them to release mediators [35]. Activated mast cells produce di-
verse mediators and cytokines, which promote a hypersensitivity
response characterized by bronchial smoothmuscle contraction, muco-
sal edema, and mucus hypersecretion [36]. IL-4 can also trigger the dif-
ferentiation of airway epithelial cells into mucus-producing goblet cells
[37]. Our results demonstrate that MDGA may reduce Th2-mediated
immune reactions and the subsequent IL-4- and IL-13-mediated inflam-
matory response and mucus hypersecretion. This suggests that MDGA
could have therapeutic potential against human allergic asthma.

We also sought to explore the underlying mechanisms through
whichMDGA treatment ameliorates airway allergic diseases. Persistent
activations of MAPKs and NF-κB are known to play essential roles in im-
mune and inflammatory processes, including those of asthma [38,39].
As a transcription factor, NF-κB regulates a wide variety of target
genes that encode multiple inflammatory cytokines (e.g., TNF-α, IL-
1β, IL-4, IL-5, IL-13, ICAM-1, and VCAM-1) that are closely implicated
in the pathogenesis of asthma [40]. Here, we report that OVA challenge
significantly increased the phosphorylation of NF-κB, whereas pretreat-
mentwithMDGA blocked this OVA-induced NF-κB activation. These re-
sults indicate that the anti-asthmatic effects of MDGAmay be attributed
to inhibition of the transcriptional activity of NF-κB and subsequent re-
ductions among the proinflammatorymediators. AsMAPK familymem-
bers reportedly contribute to mediating numerous biological functions,
including cell proliferation, differentiation, apoptosis, and inflammation
[41], we also investigated the effects of MDGA on MAPK signaling. Our
results showed thatMDGA treatment abolished the OVA-stimulated ac-
tivations of p38MAPK and ERK1/2. Since the MAPK signaling cascade is
known to contribute to the activation of NF-κB [42], our results suggest
that the treatment of mice with MDGA suppresses MAPKs and subse-
quently disrupts NF-κB activity, thereby reversing the pathophysiologic
features of asthma.

Song et al. showed that MDGA inhibits platelet-derived growth fac-
tor (PDGF)-induced rat aortic vascular smooth muscle cell (VSMC) pro-
liferation by suppressing the phosphorylation of MAPKs [43]. To further
demonstrate the mechanism of action of MDGA, the same authors ex-
amined PDGF receptor beta (PDGFRβ), which is a cell surface tyrosine
kinase receptor for PDGF family members [44]. The binding of PDGF to
PDGFRβ is associated with activation of downstream signaling mole-
cules, including p38, ERK1/2, and JNK [45]. Song et al. found that
MDGA inhibits the phosphorylation of PDGFRβ, suggesting that the
anti-proliferative effects of MDGA in VSMCs are mediated byMAPK sig-
naling through the suppression of PDGFRβ phosphorylation. Although
our present results show that the protective effects of MDGAwere asso-
ciated with its ability to suppress the activations of MAPKs and NF-κB.
Further studies are needed to identify the action mechanism of MDGA
in ameliorating the OVA-induced murine model of asthma.

In conclusion, our data demonstrate that MDGA attenuates OVA-
induced airway inflammation and mucus hypersecretion in a murine
model of allergic asthma. The protective effects of MDGAwere associated
with the down-regulations of cytokines, IgE, and NF-κB/MAPKs activities
in lung tissues. These findings collectively suggest that MDGA has poten-
tial to be a useful medicine for the treatment of allergic asthma.
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