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Asthma is a chronic inflammatory disease of lung airways, and pharmacological inhibitors of cyclic adenosine
monophosphate-specific phosphodiesterase 4 (PDE4) have been considered as therapeutics for the treatment of
asthma. However, development of PDE4 inhibitors in clinical trials has been hampered because of the severe side
effects of non-selective PDE4 inhibitors. Here, screening of a plant extract library in conjunction with dereplication
technology led to identification of baicalin as a new type of PDE4-selective inhibitor. We demonstrated that while
rolipram inhibited the enzyme activity of a range of PDE4 subtypes in in vitro enzyme assays, baicalin selectively
inhibited the enzyme activity of PDE4A and 4B. In addition, baicalin suppressed lipopolysaccharide-induced
TNF-0 expression in macrophage where PDE4B plays a key role in lipopolysaccharide-induced signaling.
Furthermore, baicalin treatment in an animal model of allergic asthma reduced inflammatory cell infiltration and
TNF-a levels in bronchoalveolar lavage fluids, indicating that the antiinflammatory effects of baicalin in vivo are

attributable, in part, to its ability to inhibit PDE4. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

Asthma is a chronic disease of lung airways character-
ized by allergic inflammation and bronchial hyper-
responsiveness that ultimately lead to airway obstruction
(Vijverberg et al., 2013; Balhara and Gounni, 2012). The
underlying pathophysiological features of asthma involve
the interconnecting interaction between numerous types
of cells in immune system and inflammatory mediators
including histamine, leukotriene, and a range of pro-
inflammatory cytokines and chemokines (Cohn et al.,
2004). In the acute phase of asthma, histamine and
leukotriene, which are released from mast cells upon
stimulation by antigens, trigger constriction of the
bronchial airways resulting in symptom of breath short-
ness (Li et al., 2014). Persistent exposure to allergens
can lead to chronic inflammation, which is associated
with the influx of such inflammatory cells into airway
tissue as eosinophil, neutrophil, macrophage, and CD4"
lymphocytes (Fireman, 2003).

As inflammation plays a critical role in asthma patho-
genesis, strategies have been developed to inhibit the
release of inflammatory mediators and to suppress
1nﬂamrnatory reactions. Isoforms of phosphodiester-
ases' (PDEs) that are specific to cyclic adenosine
monophosphate (cAMP) have attracted a great deal of
attention because inhibition of cAMP-specific PDEs
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demonstrated antiinflammatory effects in various cellu-
lar contexts (Banner and Press, 2009). PDE4 is among
the well-characterized isoforms, and its inhibitors have
been considered as novel therapeutics for the treatment
of inflammatory diseases including asthma (Kumar
et al., 2013). This is attributed to the findings that
PDE4 inhibition in inflammatory cells resulted in a re-
duction of the release of a range of pro-inflammatory
mediators including TNF-a (Page and Spina, 2012).

Phosphodiesterase 4 family is comprised of four genes
(PDE4A, B, C, and D), and each member has multiple
subtypes resulted from the alternative splicing of RNA
transcripts and use of distinct promoters. It is not clear
why so many PDE4 isoforms exist; however, tissue-
specific expression patterns and non-redundant functional
roles for PDE4 family members have been reported
(Houslay, 2010). This is in line with the observation that
most of the non-selective PDE4 inhibitors that are under
clinical test have side effects such as nausea and other gas-
trointestinal disturbances, suggesting that isoform-specific
PDE4 inhibitors should be developed to avoid unwanted
adverse effects of PDE4 inhibition.

Natural products have been considered a rich source
of new drugs for decades (Cragg and Newman, 2013).
The efforts at discovering new drugs from natural prod-
ucts have been aided greatly by the availability of
natural product-derived libraries (collection of crude
mixtures, fractions, and purified compounds) and spec-
tral databases for single purified natural products. In
addition, with the advance of technologies involving
HPLC-mass spectrometry (MS) systems, hits derived
from high-throughput screening of natural product li-
braries can be easily profiled by dereplication processes
(Koehn and Carter, 2005; Nielsen et al., 2011). Here, we
report identification of a new type of PDE4 inhibitor
using the methods described earlier.
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MATERIALS AND METHODS

Chemicals. All of the standard compounds used in this
study including rolipram and baicalin were purchased
from Sigma-Aldrich Corporation LLC (Korea).

Plant materials and extraction. All plant materials used in
this study including Pourthiaea villosa (Rosaceae) were
collected in Jeju Island (Korea) in May and were identi-
fied by curators of Jeju Technopark in Jeju Island. The
dried leaf and branch of P villosa were powdered and
extracted with 70% ethanol at room temperature for
24 h, and the extracts were filtered and evaporated under
reduced pressure. The extraction was followed by succes-
sive solvent fractionation using n-hexane, ethyl acetate,
and n-butanol. The resulting samples were evaporated un-
der reduced pressure and freeze-dried to obtain powder.

Phosphodiesterase enzyme assay. All recombinant PDEs
were purchase from BPS Bioscience (San Diego, CA,
USA), and PDE enzyme activity was measured by using
LANCE Ultra cAMP kit (Perkin Elmer, Waltham, MA,
USA). In brief, PDE was diluted in reaction buffer
[Hank’s balanced salt solution (HBSS) 1x, 5 mM HEPES,
pH7.4, 3mM MgCl,, 0.1% bovine serum albumin] and
incubated with either dimethyl sulfoxide (DMSO) or
compounds for 10min prior to adding 12nM of cAMP.
After a 30-min incubation, the Eu-cAMP tracer and
U Light-anti-cAMP were added to the reactions for addi-
tional 1h, and then TR-FRET signal was detected with
the EnVision Multilabel reader (Perkin Elmer).

Reporter gene assay. The NIH3T3 cell line stably ex-
pressing luciferase reporter genes was a kind gift from
Dr. Kyung-Sook Chung at Korea Research Institute of
Bioscience and Biotechnology (Daejon, Korea). The
cells were plated out on a 384-well plate at a density of
5000 cells/well in DMEM (Dulbecco’s Modified Eagle
Medium) containing 5% fetal bovine serum. After a
24-h incubation, the cells were treated with either
DMSO or compounds for 6 h, and then luciferase activity
was measured by using Dual-Glo® Luciferase assay sys-
tem (Promega, Madison, WI, USA). For the reporter gene
assay in RAW 264.7 cells, the cells (5 x 10%/6-cm dish) were
transiently transfected with a 3pug of DNA construct
encoding a firefly luciferase gene under the control of
cAMP response elements (CREs). Sixteen hours after
transfection, the cells were trypsinized and replated at a
density of 20,000 cells/well to a 384-well plate in DMEM
supplemented with 10% fetal bovine serum. After a 6-h
incubation, the cells were treated with compounds for
another 6 h, and then luciferase activity was measured.

UHPLC-HR MS/MS analysis of BuOH fraction.
Pourthiaea villosa BuOH fraction was analyzed by using
a high-resolution LTQ-Orbitrap XL mass spectrometer
connected to an Accela UHPLC system (Thermo Fisher
Scientific, Waltham, MA, USA). The column ACQUITY
BEH Cig (150x2.1mm, 1.7um; Waters Corporation,
Milford, MA, USA) was used for the separation of
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various components based on polarity. The flow rate
and injection volume were at 0.4mL/min and 2pL,
respectively. The solvent gradient conditions of binary
mobile phases consisted of solvent A (dH,0 with 0.1%
formic acid) and solvent B (acetonitrile with 0.1% formic
acid) were as follows: 5-30% B at 0-20 min (linear gradi-
ent), 30-100% B at 20-24min (linear gradient), and
100% B at 24-27min (isocratic gradient). The samples
and standard compounds were detected with photodiode
array at 200-500nm. The MS conditions in negative
electrospray ionization mode were optimized as follows:
the spray voltage at 4.0kV, the capillary voltage at 35V
and the temperature at 300°C. The Orbitrap analyzer
was used for full-scan mass spectra data acquisition with
a mass resolving power of 30,000 full width at half maxi-
mum at m/z 400. Full-scan mass spectra were acquired
in an m/z range of 100-1000 at negative-ion mode. The
MS/MS spectra were acquired in data-dependent mode
by collision-induced dissociation. The XCALIBUR soft-
ware (Thermo Scientific, Waltham, MA, USA) was used
for data acquisition and data analysis.

Ovalbumin-induced asthma model and chemical treat-
ment. Five-week-old male BALB/c mice were pur-
chased from Daehan Biolink Co. (Chungbuk, Korea)
and maintained in specific pathogen-free conditions.
All animal experiments were performed in accordance
with the guidelines from Korea Food and Drug Admin-
istration and NIH guide for the care and use of labora-
tory animals. Following 1week of adaptation period,
animals were randomly divided into three groups (n=8
in each group): sham-operated; sensitized and chal-
lenged with ovalbumin (OVA-induced asthma model);
and asthma model treated with baicalin (40 mg/kg).
Mice were sensitized on days 0 and 14 by intraperitoneal
injection of 200uL of phosphate buffered saline
(pH 7.4) containing 20 pg of OVA and 1 mg of aluminum
hydroxide. On days 28, 29, 30, and 31, mice were ex-
posed to an aerosol of 3% (w/v) OVA in phosphate
buffered saline for 30 min using an Ultrasonic Nebulizer
(NE-U12, Omron, Japan). Baicalin was administered to
mice orally on the same day as they were exposed to an
aerosol of OVA. Twenty-four hours after the last chal-
lenge, all mice were sacrificed by cervical dislocation
following collection of blood from retro-orbital plexus.

BALF analysis. The main bronchus was ligated, and tra-
chea was cannulated with a 24-gage needle and lavaged
by instilling and aspirating 1 mL of HBSS. The collected
bronchoalveolar (BAL) fluid samples were centrifuged
at 400 g for 10min at 4°C, and the supernatants were
frozen at —70 °C until use for cytokine analysis. The pel-
lets were suspended in 0.4mL of HBSS, and the cells
were stained with Diff-Quik® reagents (Sysmex Corpo-
ration, Japan). The differential counts of eosinophils,
lymphocytes, monocytes, and neutrophils were analyzed
at 400x magnification.

Statistical analysis. Data were statistically analyzed with
analysis of variance techniques by using the software
STATVIEW 4.51 (Abacus, CA) and were expressed as
either meanz+standard deviation or mean +standard
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error. A p-value less than 0.05 was considered statisti-
cally significant.

RESULTS

Screening of a plant extract library for PDE4 inhibitors

In an effort to discover a new source of lead molecules
for PDE4 inhibitors, we first screened a collection of
100 ethanol (EtOH) extracts derived from terrestrial
plants in Jeju Island (Korea) for the ability to inhibit
enzyme activity of PDE4A1A. The crude extracts were
tested at a concentration of 100pg/mL, and those
extracts that inhibited PDE4A1A enzyme activity greater
than 80% as compared with DMSO control were sub-
jected to dose-response analysis to confirm the desired
activity profile. We have identified six extracts with 1Cs
(half maximal inhibitory concentration) in the 4- to 30-p
g/mL range. Then, we directed our initial efforts toward
an extract derived from P. villosa to identify major active
components because the plant extract has not been previ-
ously reported to regulate PDE4 enzyme activity in vitro.
In addition, the crude extract has been reported to show
antiinflammatory and anti-oxidant activities in in vitro
assays (Ryu et al., 2003; Kim et al., 2007). These observa-
tions may suggest that P, villosa is a good source for drug
discovery endeavors.

As the extract was derived from both leaves and
branches of P.villosa, we separated two parts, prepared
EtOH extracts, and then tested the ability of each
extract to inhibit enzyme activity of PDE4A1A. The re-
sults showed that the extracts of leaves and branches in
isolation retained inhibitory activity against PDE4A1A
although each extract displayed slightly reduced activity
as compared with the one derived from both leaves and
branches (Table 1). Subsequently, the EtOH extracts of
leaves or branches were subject to successive solvent
fractionation by using n-hexane, ethyl acetate (EtOAc),
and n-butanol (BuOH), and then each fraction was
tested for the ability to inhibit PDE4A1A enzyme activ-
ity. As shown in Table 1, ICsq of the EtOAc and BuOH
fractions derived from EtOH extract of leaves were
found to be similar to that of whole extract (leaf
+branch), while n-hexane and H,O fractions showed
much less inhibitory activity against PDE4A1A with
1Cs0s above 100 pg/mL.

Table 1. Inhibitory activity of samples against phosphodiesterase
4A1A

Sample ICs0 (ng/mL)
Whole extract (leaf + branch) 28.1
Leaf extract 43.2
Branch extract 21
Leaf_Hexane >200
Leaf Ethyl acetate 29.5
Leaf Butanol 24.9
Leaf H20 114.9
Branch_Hexane >200
Branch_Ethyl acetate 57.7
Branch_Butanol 56.3
Branch_H20 >200

Copyright © 2015 John Wiley & Sons, Ltd.

To test whether the fractions that inhibited PDE4A1A
in an in vitro enzyme assay are capable of increasing the
level of cAMP in tissue culture cells, we used a cell line
that expresses both firefly luciferase reporter gene under
the control of CREs and renilla luciferase gene whose
expression is controlled by cytomegalovirus promoter.
Under the system described earlier, increased level of
cAMP, which is caused by inhibition of PDE, will lead
to stimulation of CRE and transcription of firefly lucifer-
ase gene. The cells were treated with 10 pg/mL of either
whole extract or each fraction derived from EtOH extract
of leaves or branches, and then firefly luciferase activity
was measured. The results showed that only BuOH frac-
tions retained the ability to stimulate transcription of re-
porter gene (Fig. 1), indicating that BuOH fractions
inhibited enzyme activity of PDE in tissue culture cells.
It is not clear why EtOAc fractions, although they
inhibited PDE4AT1A in an in vitro enzyme assay to the
similar extents as BuOH fractions, were found to be inac-
tive in the reporter gene assay. Further analysis with
various concentrations of BuOH fractions showed that
the BuOH fractions at concentrations above 20 pg/mL
acted to decrease the level of firefly and renilla reporter
gene expression (data now shown), possibility because
of cytotoxicity of the BuOH fractions as determined by
WST assay (data not shown).

Identification of PDE4 inhibitors in BuOH fraction
derived from Pourthiaea villosa extract

In order to identify the active compound(s) in BuOH
fractions that inhibits PDE4A1A activity, we first
pursued to identify major components in BuOH fractions
by metabolite profiling that involves UHPLC-MS/MS
analysis (Fig. 2A). The analysis was followed by spectral
database search to correlate both high-resolution mass
spectrum and MS/MS fragment ions of each component
in BuOH fractions with those of known compounds in
natural-product databases available online. The database
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Figure 1. Effects of Pourthiaea villosa extracts on cyclic adenosine
monophosphate response element-driven transcription of reporter
gene. The cells were treated with each extract at a concentration
of 10 ug/mL for 6h, and then luciferase activity was measured.
Rolipram (20 uM) was used as a reference compound. The results
are shown as a fold increase over the luciferase activity in dimethyl
sulfoxide (DMSO)-treated cells. L and B represent leaf and branch,
respectively. Each column represents the mean+SD, n = 3.
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Figure 2. Ultra-high-performance liquid chromatography coupled to high-resolution mass spectrometry (UHPLC-HRMS) analyses of BuOH
fraction derived from Pourthiaea villosa leaf and standard compounds. (A) The photodiode array chromatogram of BuOH fraction is shown.

(B) The high-resolution mass spectra of BuOH fraction (left) are compared with those of five standard compounds (right).

search yielded five relevant hits for the corresponding
components in the BuOH fraction derived from leaf ex-
tracts (Table 2). The profiling results were confirmed by
comparing the high-resolution MS and MS/MS spectral
characteristics of the phenolic compounds with those of
commercial standard compounds (Fig. 2B). Compounds
with the retention times 5.16, 6.45, 8.35, 12.20, and
14.70min were verified as procyanidin B2, procyanidin
C1, rutin, baicalin, and wogonoside, respectively (Table 2).
Similarly, the BuOH fraction derived from branch ex-
tracts was found to contain the same compounds, except
for rutin.

The identified compounds were tested for the ability
to inhibit enzyme activity of PDE4A1A in an in vitro en-
zyme assay. To our surprise, although they are not as
potent as rolipram, most of the flavonoid compounds,
except for procyanidin B2 showed inhibitory activity
against PDE4ATA to some extents with ICss in the 5-
to 40-uM range (Table 3). Foremost among the com-
pounds that inhibited PDE4A1A enzyme activity was
baicalin, and the compound was reported to have
antiinflammatory and anti-allergic activities in a mouse
model of allergic asthma (Ma et al., 2014). Interestingly,
the chemical structure of wogonoside is highly similar to

that of baicalin, while its inhibitory activity against
PDE4 is much less than baicalin, indicating that the po-
sition of hydroxyl group and the number of substituents
in the flavonoid backbone greatly affects compound’s
biological function.

Next, we asked a question whether baicalin was able
to inhibit PDE activity in tissue culture cells, especially
in cells implicated in inflammatory reactions. To address
this issue, RAW 264.7 macrophage cells were transfected
with a construct encoding firefly luciferase gene under
the control of CRE, treated with compounds, and then
luciferase activity was measured. As shown in Fig. 3A,
baicalin was capable of increasing the luciferase activity
in a dose-dependent manner, suggesting that it raised in-
tracellular cAMP level through inhibition of PDE activ-
ity in inflammatory cells. The increased luciferase
activity was not just as a result of non-specific transcrip-
tional activation of luciferase gene without regarding
for CRE, because the luciferase transcription under the
control of basal promoter (TATA box) was not affected
by baicalin (Fig. 3B). The other identified compounds,
procyanidin Cl1, rutin, and wogonoside, at concentra-
tions up to 40 uM had little, if any, effects on CRE activa-
tion (data not shown).

Table 2. Identification of five flavonoid compounds from Pourthiaea villosa leaf

RT (min) m/z (M —H]") Calculated formula A ppm MS/MS (m/z) Identification
5.14 577.1339 C30 H25 012 -0.183 289, 407, 425, 451 Procyanidin B2
6.45 865.1964 C45 H37 018 —1.249 287,407,577, 695, 739 Procyanidin C1
8.35 609.1449 C27 H29 016 —-0.182 301 Rutin

12.20 445.0765 C21 H17 011 0.005 269, 175 Baicalin

14.70 459.0924 C22 H19 011 0.440 283,175 Wogonoside

RT, retention time; MS, mass spectrometry.

Copyright © 2015 John Wiley & Sons, Ltd.
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Table 3. Inhibitory activity of compounds against phosphodiesterase
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PDE selectivity of baicalin

Comprehensive analysis of inhibitor selectivity against
PDE isoforms appears to be necessary, because unwanted
side effects of PDE4 inhibitors correlate with non-
selective inhibition of PDE isoforms. We profiled the ac-
tivity of baicalin against PDE isoforms using an in vitro
enzyme assay and used rolipram as a reference compound
in order to take selectivity into account. The results
showed that while rolipram inhibited the enzyme activity
of a range of PDE4 subtypes, baicalin at a concentration
of 20 uM only inhibited the enzyme activity of PDE4B
in addition to PDE4A1A and had little effects on the
other PDE isoforms (Fig. 4). The ICso of baicalin and
rolipram against PDE4B was determined to be 4.8 and
0.16 uM, respectively. The enzyme activities of PDE4C
and PDE4D were not inhibited by baicalin at concentra-
tions up to 100 uM (data not shown).

Antiinflammatory effects of baicalin

It has been reported that PDE4 is the major cAMP-
specific PDE isoforms in monocyte/macrophage and a
targeted disruption of PDE4B gene but not the paralogs
PDEA4A or PDEA4D resulted in an attenuation of lipopoly-
saccharide (LPS)-induced TNF-a expression (Jin et al.,
2005; Jin and Conti, 2002). To test whether baicalin affect
TNF-a expression in macrophage, RAW 264.7 cells were

Copyright © 2015 John Wiley & Sons, Ltd.
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Figure 3. Inhibition of phosphodiesterase activity by baicalin in
RAW 264.7 cells. (A) RAW 264.7 cells were transiently transfected
with a DNA construct encoding firefly luciferase gene under the
control of cyclic adenosine monophosphate response elements
and treated with either dimethyl sulfoxide (DMSO) or compounds
for 6 h. The results are shown as a fold increase over the luciferase
activity in DMSO-treated cells. Each column represents the mean
+SD, n = 3. (B) RAW 264.7 cells were transiently transfected
with a DNA construct encoding firefly luciferase gene under the
control of either basal promoter (TA-LUC) or cyclic adenosine
monophosphate response elements (CRE-LUC). The luciferase ac-
tivity was measured after treating the cells with either DMSO or
compounds for 6 h. Each column represents the mean+SD, n = 3.
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Figure 4. Evaluation of baicalin for phosphodiesterase (PDE) selec-
tivity. Baicalin (20 uM) and rolipram (5 uM) were tested in duplicate
for the ability to inhibit the enzyme activity of PDE isoforms, and
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Figure 5. Evaluation of antiinflammatory effects of baicalin. (A) RAW 264.7 cells were pretreated with compounds for 1 h and then incu-
bated with LPS for another 6 h. The conditioned media were analyzed for TNF-o. by ELISA. Data are expressed as percentage of dimethyl sulf-
oxide controls (mean = SD; n = 3). (B) The cell viability was evaluated by WST assay. Data are expressed as percentage of dimethyl sulfoxide
controls (mean+SD; n = 3). (C) Evaluation of baicalin in an ovalbumin-induced asthma model. Bronchoalveolar fluids were analyzed for
monocyte count. Data are expressed as a mean*SE (n = 8); *p <0.05 vs asthma model. (D) Bronchoalveolar fluids were analyzed for
TNF-a by ELISA. Data are expressed as a mean*SE (n = 8); *, p <0.01 vs control; **p <0.01 vs asthma model.

exposed to LPS for 6h following pretreatment with
baicalin for 1h, and then the level of secreted TNF-o was
measured by ELISA. As shown in Fig. SA, baicalin in a
dose-dependent manner inhibited LPS-induced expression
of TNF-a, while it had little effects on the viability of RAW
264.7 cells (Fig. 5B). These results strongly support our
finding that baicalin is a new type of PDE4 inhibitor, and
may extend the previous observation that selective inhibi-
tion of PDE4 activity in macrophages leads to a decrease
in the expression level of inflammatory cytokine TNF-a.

Although the effects of baicalin on asthmatic parameters
in a mouse model of allergic asthma have already been re-
ported by other group (Ma et al., 2014), we tested baicalin
in an OVA-induced asthma model in an effort to observe
any additional effects of baicalin. Our independent inves-
tigation led to confirmation of most of the published
results; baicalin suppressed OVA-induced increases in in-
flammatory cell count in BAL fluid (data not shown).
However, while the previous works by Ma et al. failed to
observe OVA-induced increase in monocyte count in
BAL fluids, our results showed that the number of mono-
cytes in BAL fluid was significantly increased upon OVA
challenge as compared with that derived from control an-
imals and that baicalin treatment resulted in a suppression
of monocyte influx into BAL fluid (Fig. 5C). In addition,
the OVA-induced increase in TNF-a level in BAL fluid
was attenuated by baicalin (Fig. 5D).

DISCUSSION

Upon screening of a plant extract library for PDE4
inhibitors, we identified P villosa as a source of lead

Copyright © 2015 John Wiley & Sons, Ltd.

compounds that can be exploited for drug discovery.
Baicalin turned out to be an active component in the
extracts of Pvillosa and showed inhibitory activity
against PDE4A1A and PDE4B isoforms in in vitro
enzyme assays. In support of these findings, we demon-
strated that baicalin treatment resulted in an inhibition
of TNF-a expression by LPS in macrophage (RAW
264.7) where PDE4B plays a key role in LPS-induced
TNF-a expression. Furthermore, the increase in the
influx of inflammatory cells into the airways in a mouse
model of allergic asthma was significantly attenuated by
baicalin treatment, suggesting that the antiinflammatory
effects of baicalin in vivo are attributable, in part, to its
ability to inhibit PDE4B enzyme activity. This specula-
tion is also supported by the previous reports that
targeted disruption of PDE4B gene but not that of
PDE4A and PDE4D resulted in a significant decrease
in inflammatory cell recruitment to the lung airway in
OVA-challenged animals (Jin er al, 2010; Hansen
et al., 2000).

Ma et al. previously reported the effects of baicalin on
asthmatic parameters in an OVA-induced asthma
model. Our data from the independent investigation of
baicalin in a mouse model of allergic asthma are in good
concert with the published results except for the change
in monocyte cell number in BAL fluids. While in the
previous work by Ma et al.,, OVA challenge in animals
had little effect on the change in monocyte cell number
in BAL fluids, our investigation observed an increase in
monocyte cell number in BAL fluids collected from
OVA-challenged animals as compared with that derived
from control animals. In addition, baicalin treatment re-
sulted in a suppression of monocyte influx into lung air-
ways. A key difference between the two investigations

Phytother. Res. 30: 144-151 (2016)
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lies in the amount of OVA that was used to challenge
the sensitized animals: We exposed the animals with an
aerosol of 3% (w/v) of OVA for 4 days, while Ma et al.
used 1% (w/v) of OVA for 3days. Considering that
monocyte count tends to increase transiently in lung air-
ways at early stage of OVA challenge (Gonzalo et al.,
1998), longer exposure of animals with higher concen-
tration of OVA could end up with monocytes being
present in lung airways for an extended period of time.
This speculation might explain why we were able to
observe an increase in monocyte cell number in BAL
fluids obtained from challenged animals.

Baicalin has been reported to have various biological
effects including antiinflammatory properties (Chen
et al., 2014; Zhu et al., 2015; Sun et al., 2013). However,
its molecular targets and mechanism of action have
remained to be elusive. In this study, we demonstrate
that one of the molecular targets of baicalin is PDE4,
and our data from the reporter gene assay involving a
luciferase gene under the control of CREs support that
antiinflammatory effects of baicalin are mediated
through inhibition of PDE activity and thereby raising
intracellular cAMP level in cells. It would be of interest
to establish whether the ability of baicalin to inhibit
PDE4 enzyme activity is linked to its biological effects
other than antiinflammatory properties.

The biological effects of baicalin have been investi-
gated in comparison with structurally those of similar
polyphenol compounds such as wogonoside, rutin, and
their aglycones (baicalein, wogonin, and quercetin)
(Chen et al., 2014; Lee et al., 2015). Those compounds
differ by the position of hydroxyl group and other sub-
stituents including sugar moieties. In most cases, the
sugar moiety does not seem to affect the activity of
baicalin in vitro. However, biotransformation of baicalin

to its aglycone baicalein appears be necessary to cross
both the gastrointestinal tract and the blood—brain bar-
rier in vivo (Tarrago et al., 2008). These observations
opened the door for the use of medicinal chemistry to
optimize the structure of baicalin by substitution of the
sugar at 7-OH position with proper chemical moieties
(Luo et al., 2014).

Four PDE4 subfamilies (A, B, C, and D) share a high
degree of structural similarity in the active site. There-
fore, it has been a challenge to design a PDE4
subtype-selective inhibitor. In this respect, it is of note
that baicalin inhibited the enzyme activity of only
PDE4A1A and PDE4B and displayed substantially
reduced activity against PDE4C and PDE4D. These
observations suggest that baicalin may exploit either
regions immediately adjacent to the highly conserved
active site or a site distant from the active site, also re-
ferred to as the allosteric site (Goodey and Benkovic,
2008). A comprehensive analysis of protein structure
of PDE4B in complex with baicalin is likely to provide
valuable information for structure-based design of
PDE4 subtype-selective inhibitors.
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