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Introduction

Abstract

Aim: To screen beta2-adrenergic receptor (B,-AR) agonists from Radix Aconiti
Lateralis Preparata (RALP) as potential drug leads for asthma using a sensi-
tive cell-based agonist assay. Methods: The ,-AR gene was stably expressed
by Chinese hamster ovary (CHO) cells also stably expressing a cyclic adenosine
monophosphate (AMP) response element-linked enhanced green fluorescent pro-
tein reporter gene. The cells were used to screen agonists from high-performance
liquid chromatographic fractions of an extract of RALP. The fraction with the
highest activity was selected for further compound isolation and the study of the
structure-activity relationship. Its active compound was further identified by
chromatography and mass spectrometry. Results: Bioactivity-directed fraction-
ation of the crude extract of RALP led to the isolation and characterization of the
effective compound, namely hignamine. It could dose-dependently relax the iso-
lated guinea pig trachea strip precontraction with acetylcholine with EC;, value
of (2.60+0.36)x10~° mol/L. Further in vivo studies also displayed that hignamine
could protect experimental asthma model induced by histamine in guinea pigs to
prolong the latent periods of asthma. Conclusion: Hignamine, as a §,-AR ago-
nist existing in the extract of RALP, is the key compound contributing to the suc-
cessful relief of the bronchoconstriction.

Some effective traditional therapies have been studied to
a certain extent by means of modern science. In modern

Beta2-adrenergic receptor (B,-AR) agonists have been
used for the relief and prophylaxis of asthma symptoms
for many years'. The B,-ARs are mainly located in the
alveolar walls™ and mediate the relaxation of human
airway smooth muscle in vivo and in vitro™. B,-AR
agonists activate adenylate cyclase, which increases the
concentration of intracellular cAMP. It activates the
cAMP-dependent protein kinase that phosphorylates
myosin light chain kinase, leading to the relaxation of
airway smooth muscle”.

For a long time, the research of B,-AR agonists was
focused on chemosynthetic drugs. However, traditional
Chinese medicine (TCM) has provided a lot of valuable
knowledge about the treatment of asthma for thousands of
years. Its long history of use, traditions, faith, popularity,
and anecdotes are widely taken as evidence of its efficacy'.
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western medicine, active compounds were isolated from
plants and drugs were prepared in salt form. In China,
several drugs isolated from plants have been prepared in
salt form in recent years. However, herbal medications,
developed in the ancient tradition, continue to be widely
used in Chinese populations'®. Nowadays the mechanism-
centered approach to TCM is primarily concerned with
the search for the molecular, cellular, and pharmacological
bases of traditional medicines. It seeks to identify the
active substances of herbal treatments and investigate
their mechanism of action. TCM extracts prepared from
medicinal plants and other natural sources contain a variety
of molecules with potent biological activities. However, it
is often difficult to analyze the biological activities of these
extracts because of their complex nature and the possible
synergistic effects of different components.
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Radix Aconiti Lateralis Preparata (RALP), which is
prepared with the lateral roots of Aconitum carmichaeli
Debx, is prescribed fairly often in TCM formulas. This
herb was recorded in the earliest extant TCM book
“Shennong’s Chinese Material Medicine”. RALP
exhibits numerous and distinct pharmacological activities,
including cardiotonic, anti-inflammatory, anticancer,
sedative, and analgesic effects. Its chemistry is composed
mainly of alkaloids and hypaconitine. Hypaconitine,
aconitine, mesacontine, talatisamine, and karakoline have
been isolated from RALP"”. Among them, hypaconitine,
aconitine, and mesaconitine are toxic alkaloids that
may cause arrhythmia or cardiac depression'™. In the
hydrosoluble component part of RALP, Kosuge et al 1976
found traces of dl/-higenamine, which had cardiotonic
effects”. Coryneine chloride!” and salsolinol were also
isolated from RALP and proved to be cardiotonic agents.

In TCM, RALP is often mixed with other herbs for
the treatment of asthma, but the molecular mechanism
is unknown. For hunting the mystery, a sensitive ,-AR
agonist assay for assessing intracellular cAMP changes was
established through stimulated cAMP response element
(CRE)-regulated reporter gene activity!'"'”, and the key
compound from the RALP was isolated for ligand affinity
and efficacy determination, and its potential molecular
mechanism for curing asthma was partly clarified in this

paper.

Materials and methods

Materials The CHOCRE-EGFP cells (CHO cells
with CRE-enhanced green fluorescent protein reporter
gene) were constructed by our laboratory"”. The enzymes
used for DNA manipulations were purchased from Takara
Biotechnology Co Ltd (Dalian, China). Escherichia coli
DH50 and pcDNA3.1 were purchased from Invitrogen
Biotechnology Co Ltd (New York, NY, USA). Salbutamol,
isoprenaline, BRL37344, and dobutamine were obtained
from Sigma (St Louis, MO, USA). Anti-B,-AR specific
antibody was purchased from Boster Biological
Technology Ltd (Wuhan, China). Goat anti-rabbit 1gG-
TRITC was purchased from Jackson ImmunoResearch
Laboratories (Jackson, West Grove, PA, USA). Cell culture
media and reagents were obtained from GibcoBRL Life
Technologies (New York, NY, USA). Standard higenamine
was purchased from the Institute of Materia Medica,
Chinese Academy of Medical Sciences and Peking Union
Medical College (Beijing, China). HP20 was supplied by
the Chemical Plant of Nankai University (Tianjin, China).
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Other reagents used in this study were of analytical grade
and commercially available.

Cloning of the B,-AR gene Rat genomic DNA was
obtained from rat venous blood using the SiMax Genomic
DNA Extraction kit from SBS Genetech Co Ltd (Beijing,
China). The B,-AR gene was amplified by polymerase
chain reaction (PCR using a sense primer, 5-ATAAAGCT
TATGGAGCCACACGGGAATGACAGC-3', and an anti-
sense primer, 5'-GCGGAATTCCTACAGTGGCGAGTCG
TTTGTGTT-3'. The amplification was carried out for 30
cycles as follows: 94 °C for 50 s, 55 °C for 50 s, and 72 °C
for 1.5 min. The PCR product was digested with Hind 111
and EcoR 1, and the resulting fragment was gel-purified and
then ligated into pcDNA3.1, which had been digested with
the same restriction endonucleases. The B,-AR/pcDNA3.1
construct was sequenced.

Cell culture and transfection CHO-EGFP cells
were maintained in RPMI-1640 medium (GibcoBRL)
supplemented with 10% fetal bovine serum (FBS) and
penicillin/streptomycin, incubated at 37 °C in 5% CO,, and
grown to 80% confluency before transfection. Transfection
was carried out using the Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer’s instructions.
B,-AR/pcDNA3.1 was transfected into CHO-EGFP
cells, and stable clones were selected in culture medium
containing 200 mg/L Zeocin. Single-cell-derived clones
were isolated using a limiting dilution approach in 96-
well plates. Cells were subsequently tested by ligand
binding. One sensitive and stable cell line was obtained
and designated as CHOB,-AR-CRE-EGFP. The control
cell line transfected with pcDNA3.1 was designated as
CHOCRE-EGFP.

Immunocytochemistry of B,-AR Cells were seeded
onto 96-well plates. After washing 3 times with ice-cold
phosphate-buffered saline (PBS), cells were fixed in PBS
containing 4% formaldehyde for 1 h at room temperature
(RT). Cells were washed 5 times in PBS and blocked in
PBS containing 2% bovine serum albumin (BSA) for | h at
RT. Subsequently, anti-f,-AR polyclonal antibody (1/100
in PBS) was added to the cells for 24 h at 4 °C. Cells were
washed 3 times in PBS containing 1% BSA and incubated
with goat anti-rabbit IgG-TRITC for 1 h at 37 °C. Cells
were observed by inverted fluorescence microscope
(Olympus BX51, Japan).

Flow cytometry assay CHOPp,-AR-CRE-EGFP
cells were seeded in 12 well plates at 10° cells/well and
incubated at 37 °C in 5% CO, for 12 h in culture medium.
Herb extracts or positive 3,-AR agonist samples diluted
with RPMI-1640 medium containing FBS (10%) were
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added to the wells (1 mL/well). After incubating for 10 h,
the medium was discarded, and the drug-treated cells were
trypsinized for 2 min and rinsed with RPMI-1640 medium
containing FBS (10%). Single cell suspensions were
centrifuged at 300xg for 3 min, and the supernatant was
discarded. Pellets were washed and dissolved with PBS
containing 2% FBS, protected from light, filtered twice,
and then analyzed by flow cytometry. Ten thousand cells
were collected on the FACS Calibur flow cytometer (Becton
Dickinson, UT, USA) equipped with CellQuest software
(Becton Dickinson). All data were carried out in triplicate,
expressed as mean+SEM, and analyzed with the GraphPad
Prism 4.0 program (GraphPad Software, California, USA).

Isolation and preparation of RALP extracts RALP
(100 g) was powdered and soaked in 1 L 50% ethanol
overnight. The supernatant was concentrated to 200 mL in
vacuo, and passed through a column (2x20 cm) of HP20
macroporous resin (washed with water, eluted with 40%
aqueous ethanol) to purify the aqueous phase. The eluted
ethanol solution was concentrated to dryness in vacuo
and then lyophilized. A yield of 1.3 g from the extract
was obtained, and 100 mg dissolved in water was filtered
through a 0.45 pm membrane, and separated by the 10A
VP-HPLC system (Shimadzu Co., Kyoto, Japan), using a
stainless-steel column filled with Kromasil C18 [150%4.6
mm, 5 pm particle size, (Eka Chemicals, Bohus, Sweden)]
at 25 °C. The mobile phase was PBS (0.05 mol/L, pH 3.0):
acetonitrile (90:10) (v/v) at a flow rate of 1.0 mL/min with
UV detection at 270 nm. Each fraction was collected and
vaporized to remove the organic solvent. The fractions
were dissolved in dimethyl sulfoxide (10 pL) and then
diluted 1000-fold with RPMI-1640 medium containing
FBS (10%). The activity of the fractions was evaluated
using CHOR,-AR-CRE-EGFP cells. In the other hand,
the CHOB,-AR-CRE-GFP cells were pretreated with 3,
adrenoceptor antagonist alprenolol (10 °mol/L), and then
higenaming was added into the cell assay system at the
concentration of 10°~10" mol/L. The competitive effects
of alprenolol on higenamine were then evaluated by the
same method.

Purification and identification of hit compounds The
fraction that possessed activity (hit sample) was extracted
on a larger scale and purified by semi-preparative reversed-
phase HPLC, using a Kromasil C18 (250x10 mm, id,
10 pum) column with the same mobile phase. The active
fractions were further isolated until single peaks were
achieved in an effort to obtain single compounds. The
electrospray mass spectrometer (ESI-MS) was operated
under positive ion mode and an optimized collision energy

level of 100% scanned from m/z 100 to 1 000. ESI was
conducted using a spray voltage of 0.02 kV. High-purity
nitrogen (99.999%) was used as dry gas at a flow rate of
15 L/min, with a capillary temperature of 230 °C. The ESI
interface and mass spectrometer parameters were optimized
to obtain maximum sensitivity.

The relaxant effect of higenamine on guinea pig
tracheal muscle Hartley strain guinea pigs (250-350 g)
were killed with an overdose of pentobarbital (75 mg/kg,
ip). The tracheas were removed and cut spirally into 2
strips 15 mm long and 3 mm wide'"". The tracheal strips
were mounted vertically in a 20 mL water-jacketed organ
bath filled with Krebs-bicarbonate buffer (124 mmol/L
NaCl, 5 mmol/L KCI, 1.3 mmol/L MgSO,, 2.5 mmol/L
CacCl,, 25 mmol/L NaHCO;, 0.6 mmol/L NaH,PO,, and
10 mmol/L glucose) aerated with a mixture of 95% O, and
5% CO, at 37 °C. The bottom end of the strip was fixed to
an L-shaped hook, and the top end was tied to a stainless
steel wire connected to a force displacement transducer.
Changes in isometric tension were recorded. Before each
experiment, each strip was subjected to a load of 2 g for
at least 2 h, with frequent changes of Krebs-bicarbonate
buffer, until a stable baseline tension was obtained. The
strips were washed thoroughly with Krebs-bicarbonate
buffer immediately after the peak tension developed, and
were kept unstimulated until a stable baseline tension was
obtained again. In all experiments, 200 uL of each drug
was added into the organ bath. All drug concentrations
indicated were expressed as the final concentration in the
organ bath. The higenamine sample was added to the organ
bath 10 min before the addition of acetylcholine (ACh) and
propranolol was added 10 min before higenamine. The
peak contractile response was taken as 100%. Tensions
were expressed as percentages of the peak contractile
response.

Asthma model in guinea pig induced by atomized
histamine Thirty-five male Hartley strain guinea pigs
(250-350 g) were divided into 5 groups. The experimental
protocols were approved by the Committee of Animal
Care of Nankai University (Tianjin, China). In the
experiment, the animals were kept in an inhalation cage
consisting of 3 boxes. An animal was placed into box A
to which the test drug was applied using an ultra-sound
nebulizer, which provided atomized test drug solutions.
The drug was atomized at the rate of 0.5 mL/min and all
pumped into box A. The animal was kept in box A for 1
min under spontaneous breathing for the administration
of atomized test drugs or normal saline. Box B served as
a sluice through which the animal was passed into box
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C. In box C the animal was exposed to atomized 0.1%
histamine solutions for 20 s. The histamine was atomized
at the rate of 0.5 mL/min and all pumped into box C. The
animal was then withdrawn from the inhalation cage. The
time until the appearance of asphyxial convulsion was
considered the latent period of asthma. At first, the animals
were stimulated only by histamine in box C and the latent
periods were recorded. Two days later the animals were
exposed to histamine again after their exposure to atomized
drugs or normal saline in box A. The increasing rate of the
latent period was calculated by Vogel’s method'"”.

Statistical analysis Data are presented as mean+SEM.
Statistical analysis of the data for multiple comparisons
were carried out by ANOVA followed by the Bonferroni
test'®. For single comparison, the significance of differ-
ences between means was determined by #-test. A value of
P<0.05 was considered statistically significant.

Results

Properties of the CHOB,-~AR-CRE-EGFP cells assay
system [3,-AR protein expressed in CHOCRE-EGFP cells
was detected by immunocytochemistry. CHOf,-AR-
CRE-EGFP cells (Figure 1A) showed much stronger red
fluorescence than control cells transfected with pcDNA3.1
alone (Figure 1B). On the other hand, when CHOR,-
AR-CRE-EGFP cells were incubated with 1 mmol/L
salbutamol, strong green fluorescence was emitted (Figure
1C), while no fluorescence was detected for the negative
control cell line (Figure 1D).

Next, CHOB,-AR-CRE-EGFP cells were stimulated by
different agonists at different concentrations to evaluate the
function of the system. The fluorescence of the cells was
measured by flow cytometry and the ECs, was determined
by Scatchard analysis. As shown in Figure 2, salbutamol,

isoprenaline, epinephrine, BRL37344, and dobutamine
were used to assess the specificities of the reporter system.
Among the agonists tested, epinephrine had the highest
affinity for CHOB,-AR-CRE-EGFP cells. As predicted,
salbutamol, as a ,-AR-specific agonist, displayed a high
activity. The B,-AR agonists, dobutamine and B;-AR
agonists, BRL37344, respectively, displayed a much lower
ability to stimulate 3,-AR in this cell-based assay system.
The order of the ECs, values may, therefore, be defined
as follows: epinephrine (4.15 nmol/L), salbutamol (6.73
nmol/L), isoprenaline (8.35 nmol/L), BRL37344 (36.91
nmol/L), and dobutamine (894.5 nmol/L). The ECy, values
were comparable with the Kact values for the accumulation
of cAMP in CHO cells'".

Identification of hit compounds To isolate the
effective components from RALP, the active crude extract
of RALP was further purified by HPLC. Thirty fractions
were isolated and collected, and each fraction was tested
for activity using CHOpB,-AR-CRE-EGFP cells. As shown
in Figure 3, the 8th fraction showed the highest activity.
Using semi-preparative reversed-phase HPLC, the bioactive
fraction was finally obtained, and its mass spectra and
structure are shown in Figure 4. The purified compound
showed an intense molecular ion [M+H]" at m/z 272, which
coincided with the molecular weight of higenamine. Its
retention time was also the same as standard higenamine,
confirming that the effective compound of the active
fraction was higenamine. Compared with the standard,
the purity of the purified higenamine was about 90%.
The dose-response curves for higenamine activity are
shown in Figure 5. The EC,, of the crude extract and
purified higenamine were 1.04 pg/mL and 0.127 pg/mL,
respectively.

Competitive effect of alprenolol on higenamine

Figure 1. Properties of CHOB,-AR-CRE-GFP cell. The cells were fixed and incubated with rabbit polyclonal antibody specific for ,-AR.
Immunoreactivity of CHOB,-AR-CRE-GFP cells (A) was much higher than cells transfected with pcDNA3.1 alone (B). Photomicrographs show that
CHOB,-AR-CRE-GFP cells incubated with 1 mmol/L salbutamol (C) emitted strong fluorescence, while no fluorescence was detected for the negative

control cell line transfected with the empty vector pcDNA3.1 (D). x200.
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Figure 2. Dose-response curves of different stimuli on CHOB,-AR-CRE-
GFP cells. Data are expressed as the mean percentage of the maximal
response induced by ligands. Data represent means=SEM for triplicate
samples.

Radiolabeled anopindolol, a B,-adrenoceptor antagonist,
was often applied in ligand binding assay and cAMP radio-
immunoassay G-protein-coupled receptors research'™'”.
In the present study, we used alprenolol to evaluate its
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competitive effect on higenamine by measuring the CRE-
directed reporter gene expression. The dose-dependent
curves of the activity of higenamine and salbutamol are
shown in Figure 6. Alprenolol was shown as a competitive
antagonist to salbutamol, which is a selective 3, agonist, by
shifting right the dose-response curve with the EC;, value
from 1.463 to 9.331 ng/mL. Alprenolol had the same effect
on higenamine, the ECy, of higenamine was shifted from
126.5 ng/mL to 782.8 ng/mL. This result indicated that
higenamine was a potential f2-adrenoceptor agonist.

The relaxant effect of higenamine on guinea pig
tracheal muscle At concentrations of 10 and 10 mol/L,
higenamine significantly inhibited the tracheal contractions
induced by acetylcholine (ACh) (Figure 7). Higenamine
relaxed tracheal muscle in a dose-dependent manner,
because 10 mol/L higenamine was significantly more
effective than 10~ mol/L higenamine.

The blockade of B-ARs by 10 mol/L propranolol
shifted the dose-response curve for ACh to the left. This
concentration of propranolol had a significant effect on
the inhibitory effect of 10 mol/L higenamine on tracheal

Relative fluorescence intensity

Figure 3. HPLC shows the isolations of higenamine. The arrow indicates
the positions of higenamine on the chromatograms. All of the fractions
were isolated and tested for their activity. The relative fluorescence
intensity was measured as the relative intensity to the background.
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contractions induced by ACh. Their EC;, values were sig-
nificantly different, with the ECy, value for ACh in strips
treated with 10"* mol/L higenamine being (2.60+0.36)x10"
mol/L, and that for ACh in propranolol-treated strips
treated with 10~° mol/L higenamine being (7.90+0.72)x10~
mol/L. Higenamine activated B-ARs to inhibit tracheal
contractions based on the observation that the propranolol
block of B-ARs significantly altered the relaxant effect of
higenamine.

The effect of higenamine in a guinea pig experi-
mental asthma model The guinea pig asthma model was
established to certify the bronchiectasic effect of purified
higenamine prepared from RALP. As shown in Figure 8,
10°* mol/L salbutamol was taken as a positive control and
prolonged the latent period 2.3-fold. Higenamine inhibited
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asphyxial convulsion in a concentration-dependent manner.
The increasing rate of 10~°, 10, and 10 'mol/L higenamine
was about 3.1-, 1.7-, and 0.74-fold, respectively.
Therefore, higenamine was markedly effective in reducing
the severity of bronchoconstriction following the exposure
of guinea pigs to atomized histamine solutions.

Discussion

B,-ARs are found in vascular, bronchial, and
uterine muscle, and their stimulation causes muscular
relaxation. B,-ARs are major pharmaceutical targets, and
the physiological and pharmacological manipulation of
these receptors by agonists and antagonists have clinical
relevance, particularly in airway smooth-muscle disorders.
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Figure 6. Competitive effect of alprenolol on salbutamol and higenamine
in CHOB2-AR-CRE-GFP cells. Data are expressed as the mean
percentage of the maximal response induced by ligands. Data represent
means+SEM for triplicate samples.
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Figure 7. Effect of higenamine on the concentration-response curves
of acetylcholine (ACh). Tensions are expressed as percentages of the
peak contractile response, which is taken as 100%. Data represent
means+SEM for triplicate samples. Higenamine 10 mol/L and 10
mol/L significantly shifted the curves to the right. Propranolol 10 mol/L
significantly inhibited the effect of higenamine on tracheal contractions.

Figure 8. The effect of higenamine on guinea pig asthma model induced
by atomized histamine. Values are presented as mean+SEM (n=7).
°P<0.05, °P<0.01, compared with the control group (saline inhalation
group), Sal (salbutamol), Hig (hige).

B,-AR agonists, as bronchodilators, have been used for the
relief and prophylaxis of asthma for more than 30 years'".
On the other hand, there are hundreds of different kinds
of herbs used for the treatment of asthma in TCM. The
empirical observations accumulated for over 2000 years
by the clinical practices of generations of TCM physicians
are valuable. Many herbal medicines are still used to treat
patients’ illnesses and improve their quality of life. There
are probably some potential B,-AR agonists in TCM, but
empirical records and explanation are not enough. TCM
needs to be evaluated by the general methods of basic
biomedical sciences and by drug development models in
conventional medicine. Modern medicine requires that
the mechanisms of the herbs be explained at the molecular
or cellular level, which can direct the clinical use and
development of natural compounds.

However, each herb may contain hundreds of different
compounds, complicating the understanding of their
molecular mechanisms. To test the p,-agonist activity of
hundreds of samples with animal models is tedious work.
In vitro tissue models, such as tracheal strips or tracheal
rings, can narrow the targets down to one tissue. However,
their convenience and sensitivity cannot compare with cell-
based assays. The screening assay in this paper indirectly
detected the intracellular cAMP level by measuring CRE-
directed reporter gene expression. It used no radioactive
materials and evaluated the efficacy of B,-AR agonists.
This assay is suitable for screening the 3,-AR agonists from
the complex natural compound library of herbs. Using this
assay, the potent 3,-AR agonist higenamine was identified
from the 30 HPLC fractions of RALP. The purified
higenamine was also tested with this cell line for its dose-
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response curve and ECy, We then used guinea pig tracheal
strips as an in vitro tissue model to prove the inhibitory
effect of higenamine on tracheal contractions. Finally, the
bronchiectasic effect of purified higenamine was further
studied in an in vivo model. From cell to tissue, and then to
animal, we have built a systematic assay of 3,-AR agonist
to screen novel compounds and evaluate their efficacy at
the level of cellular signaling pathways, in vitro in tissue,
and in vivo in an animal model.

Radix Aconiti Lateralis Preparata as TCM is often
combined with other herbs, such as Ephedra, Asarun,
Ramulus Cinnamomi, and Radix Ginseng, at different
ratios according to the patients’ conditions. They have
been used clinically for hundreds of years for asthma, but
their molecular mechanism has only been studied for a few
years™. Most of the research on RALP has centered on
the cardiotonic agents, which are aconitine alkaloids™".
Higenamine, as a potent cardiotonic and vasodilator, is an
o, antagonist and a weak a, agonist”>*”. The B,-agonist
activity of higenamine was first verified at the molecular
and cellular level in the present study. Also, its relaxant
effects on tracheal muscle to reduce the severity of bron-
choconstriction were certified in vitro and in vivo. The
B,-agonist-like effect resulted in the relaxation of airway
smooth muscle and improved patient condition. Our results
indicated that RALP had an active compound higenamine
with the ability to produce relaxation in tracheal muscle.
The bronchodilatory effect might explain in part their
traditional use as an anti-asthmatic remedy. These findings
may provide a new theoretical basis for guiding modern
biochemical science to study the basis for TCM.
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