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Abstract Phosphodiesterase (PDE) inhibitors are widely
used because of their various pharmacological properties,
and natural products are considered the most productive
source of PDE inhibitors. In this work, a new ultrafiltra-
tion–high-performance liquid chromatography (HPLC)–di-
ode-array detection–mass spectrometry based ligand
screening was developed for the first screening of PDE
inhibitors from Eucommia ulmoides bark, and then the
target bioactive compounds were prepared by combination
of stepwise preparative HPLC and high-speed countercur-
rent chromatography (HSCCC) methods. Experiments were
conducted to optimize the parameters in ultrafiltration, step-
wise preparative HPLC, and HSCCC to allow rapid and
effective screening and isolation of active compounds from
complex mixtures. Seven lignans with purity over 97 %
were isolated and identified by their UV, electrospray ioni-
zation mass spectrometry, and NMR data as (+)-pinoresinol-
4,4′-di-O-β-D-glucopyranoside (1), (+)-pinoresinol-4-O-β-
D-glucopyranosyl(1→6)-β-D-glucopyranoside (2), (+)-
medioresinol-4,4′-di-O-β-D-glucopyranoside (3), (+)-syrin-
garesinol-4,4′-di-O- β-D-glucopyranoside (4), (−)-olivil-4′-
O-β-D-glucopyranoside (5), (−)-olivil-4-O-β-D- glucopyra-
noside (6), and (+)-pinoresinol-4-O-β-D-glucopyranoside (7).

Compound 2 was first isolated from the genus Eucommia.
Lignan diglucopyranosides (compounds 1–4) shower a great-
er inhibitory effect than lignan monoglucopyranosides (com-
pounds 5–7). The method developed could be widely applied
for high-throughput screening and preparative isolation of
PDE inhibitors from natural products.

Keywords Phosphodiesterase inhibitors . Eucommia
ulmoides . Lignan . Ultrafiltration . Preparative high-
performance liquid chromatography . High-speed
countercurrent chromatography

Introduction

Enzymes are attractive targets for drug discovery, and the
process of finding new enzyme inhibitors is interesting and
challenging [1]. A recent survey found that nearly half of all
the marketed small-molecule drugs are enzyme inhibitors
[2]. Phosphodiesterases (PDEs) are a class of enzymes
which are categorized into 11 families on the basis of
protein sequence, substrate specificity, intracellular location,
tissue distribution, and mode of regulation [3–5]. PDEs are
responsible for controlling cellular concentration of cyclic
adenosine monophosphate or cyclic guanosine monophos-
phate because of their ability to cleave the phosphodiester
bond in cyclic adenosine monophosphate or cyclic guano-
sine monophosphate to 5′-cyclic nucleotides [6]. PDE inhib-
itors are widely used for their various pharmacological
properties, such as their cardiotonic, vasodilation, smooth
muscle relaxant, antidepressant, antithrombotic, bronchodi-
lation, anti-inflammatory, antioxidant, and enhancement of
cognitive function properties, which has encouraged
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researchers to seek PDE inhibitors. Natural products have
been used as a source of medicine throughout history and
continued to be served as the basis for drug leads [5].

Eucommia ulmoides is one of the longest known and
most used tonic herbs in Asia, and has been proved to
possess a great therapeutic effect on reinforcing muscle
and lung, lowering blood pressure, preventing miscarriages,
improving the tone of the liver and kidney, increasing lon-
gevity, and so on [7–9]. The medicinal parts of E. ulmoides
are the bark and leaf as mentioned in Pharmacopoeia of the
People's Republic of China [10]. Much effort has been made
to identify the bioactive components in E. ulmoides. Several
types of components, including lignans (oligomers of Ar-C3
units), iridoids (a cyclopentane ring fused to a six-
membered oxygen heterocycle), phenolic acids, and flavo-
noids have been isolated and identified from E. ulmoides
[11–13], and lignans and iridoids are considered the main
bioactive components [11]. About 70 components were
found in E. ulmoides, 27 of which were lignans and 15 of
which were iridoids [11, 14]. The content of lignans in E.
ulmoides extract was in the order bark > leaf, and (+)-
pinoresinol-4,4′-di-O-β-D-glucopyranoside was the main
lignan in E. ulmoides bark, with a content of 0.1-0.55 %
[15]. Further experiments revealed that Eucommia lignans
have PDE and aldose reductase inhibiting activity and pro-
tective effects against hypertensive renal injury [14, 16–18].
However, most of the investigations on the pharmacological
activities of Eucommia lignans were conducted on crude
extracts or single isolated compounds, and it remained unclear
which of the components in the crude extracts were active
compounds and how each of these active components con-
tributed to the pharmacological effects. It is widely accepted
that the pharmacological effects of natural products may be
produced by not only one or two components, and that there
are a group of active compounds, some of which produce a
synergistic effect or antagonistic action [19, 20]; therefore, the
screening and identification of active compounds from crude
extracts are very important. Moreover, the processes of mod-
ernization and globalization of natural products necessitated
the identification of active compounds not only for the dis-
covery of leading compounds but also for supplying suitable
chemical markers for quality control. As such, it has become a
challenging task for researchers to systematically elucidate the
pharmacological profile of natural products.

Conventional bioassay-guided fractionation has been
used to find many clinical drugs. However, it is a time-
consuming, labor-intensive, and low-efficiency strategy
[21], and it sometimes leads to the loss of activity during
the isolation and purification process owing to dilution
effects or decomposition. Moreover, much effort is devoted
to the isolation of known compounds or compounds that are
not of interest [22]. To avoid the above-mentioned prob-
lems, simple, rapid, and effective methods to screen and

identify active compounds from complex mixtures are es-
sential. Recent developments in high-performance liquid
chromatography (HPLC)-based techniques, e.g., HPLC–di-
ode-array detection (DAD), HPLC–tandem mass spectrom-
etry (MS/MS), and HPLC–NMR spectroscopy, have made
possible complete identification of numerous novel and
interesting compounds online without prior isolation [23].
Furthermore, the combination of HPLC separation and bio-
chemical detection methods can afford peaks in the chro-
matograms associated with bioactivity. As we reviewed
before [22], a few online postcolumn assay formats for rapid
screening and identification of enzyme inhibitors from nat-
ural products have been developed and applied successfully;
however, there are some drawbacks to this method, such as
more sophisticated instrument setup and lower sensitivity
[24–26]. The recently developed ultrafiltration-based ligand
screening has been widely applied for screening and analy-
sis of active compounds from natural products because of its
fast speed, easy, operation and high reliability [27–32].

As a preparative method, preparative HPLC has been
widely used because of its target separation ability, great
efficiency, and high recovery [33]. High-speed countercur-
rent chromatography (HSCCC) is a continuous liquid–liquid
partition chromatography based on partitioning of com-
pounds between two immiscible liquid phases without a
support matrix, no irreversible adsorption, low risk of sam-
ple denaturation, total sample recovery, large load capacity,
and low cost [34], and has been successfully applied to
purify many bioactive compounds from natural products
[35–37]. For some complex mixtures, neither preparative
HPLC nor HSCCC can purify all the target active com-
pounds with high purity in one-step separation; however,
the combination of preparative HPLC and HSCCC was
efficient to purify the target bioactive compounds with dif-
ferent polarities and contents because of their complemen-
tary and orthogonal properties [38].

As part of our ongoing efforts to screen and isolate of
active compounds from natural products [26, 32, 35], we
presented a combination of preparative HPLC and HSCCC
to separate PDE inhibitors from E. ulmoides bark guided by
ultrafiltration-based ligand screening. The results yielded
seven active compounds, (+)-pinoresinol-4,4′-di-O-β-D-
glucopyranoside (1), (+)-pinoresinol-4-O-β-D- glucopyra-
nosyl(1→6)-β-D-glucopyranoside (2), (+)-medioresinol-
4,4′-di-O- β-D-glucopyranoside (3), (+)-syringaresinol-
4,4′- di-O-β-D-glucopyranoside (4), (−)-olivil-4′-O-β-D-
glucopyranoside (5) (−)-olivil-4-O-β-D-glucopyranoside
(6), and (+)-pinoresinol-4-O-β-D-glucopyranoside (7)
(Fig. 1). This is the first report on systematic screening
and isolation of PDE inhibitors from E. ulmoides bark by
preparative HPLC and HSCCC guided by ultrafiltration
experiments, and compound 2 is first reported from the
genus Eucommia.
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Experimental

Chemicals and reagents

PDE 3′,5′-cyclic nucleotide activator deficient from bovine
heart (more than 0.1 U/mg) was purchased from Sigma-
Aldrich. (St Louis, MO, USA). Petroleum ether (60–90 °C),
ethyl acetate, n-butanol, methanol, ethanol, tris(hydroxy-
methyl)aminomethane (Tris) buffer, and HCl for extraction,
fractionation, ultrafiltration, and isolation were all of analyti-
cal grade and were purchased from Chemical Reagent Factory
of Hunan Normal University (Hunan, China), and were used

without further purification. Acetonitrile and formic acid used
for HPLCwere of chromatographic grade (Merck, Darmatadt,
Germany). All aqueous solutions were prepared with pure
water produced by a Milli-Q water (18.2 MΩ) system (Milli-
pore, Bedford, MA, USA). D101 macroporous resin was
purchased from the Chemical Plant of Nankai University
(Tianjin, China), and was cross-linked polystyrene copolymer.

The E. ulmoides bark was collected from Zhangjiajie,
Hunan province, China, in 2010, and was identified by one
of us (Mi-Jun Peng). Avoucher specimen (EUBZJJ2010) was
deposited at the School of Chemistry and Chemical Engineer-
ing, Central South University, Changsha, Hunan, China.

Preparation of lignan-enriched fraction

Fresh E. ulmoides bark was dried at 55 °C for 3 days before
being ground. About 400 g of the powder was decocted by
75 % ethanol at 95 °C three times (each for 2 h). All the
filtrates were combined and concentrated to dryness under
reduced pressure by rotary evaporation at 60 °C to give
48.3 g of syrup. A mass of 48 g of syrup was then suspended
in water and submitted to liquid–liquid fractionation using
ethyl acetate and n-butanol with increasing polarities, which
produced ethyl acetate (9.2 g) and n-butanol (5.7 g) fractions.
The n-butanol fraction was subsequently suspended in water
and subjected to D101 column chromatography (20.0 cm×
100 cm, containing 3.0 kg D101 macroporous resin) to enrich
lignans. First, water was used to elute the resin until the eluate
was nearly colorless, then increasing concentrations of ethanol
were used to give two main fractions (A and B): fraction A
(0.6 g)—15 % ethanol elution, which contained some com-
pounds without lignans; fraction B (2.1 g)—40 % ethanol
elution, which contained lignans. Fraction B was stored at
4 °C for further preparative HPLC and HSCCC experiments.
Figure 2 summarizes the procedure for screening and identi-
fication of active lignans from E. ulmoides bark.

Ultrafiltration–HPLC–DAD–MS

The ultrafiltration-based ligand screening consisted of three
steps: incubation, ultrafiltration, and analysis. A 3-ml volume
of PDE (0.5 mg/ml, dissolved in 0.1 mol/l Tris buffer, pH6.8)
was added to 3 ml of lignan-enriched fraction (2.0 mg/ml,
dissolved in 0.1 mol/l Tris buffer, pH6.8) and then the mixture
was incubated at 37 °C for 1.0 h. After incubation, the mixture
were ultrafiltrated with a model 5417R centrifuge (Eppendorf,
Hamburg, Germany) with Nanosep MF centrifugal devices
(10 kDa or less; Pall, Ann Arbor, MI, USA) at 8,000 rpm, 4 °C
for 20 min to separate the unbound low-mass molecules from
the ligand–PDE complexes and PDE. The ultrafiltrates was
filtered through a 0.45-μm membrane, and 20 μl of the
solution was injected directly into the HPLC-DAD-MS sys-
tem for analysis.
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Fig. 1 Chemical structures of seven active lignans isolated from
Eucommia ulmoides bark. PDG (+)-pinoresinol-4,4′-di-O-β-D-gluco-
pyranoside, PGG (+)-pinoresinol-4-O-β-D-glucopyranosyl(1→6)-β-
D-glucopyranoside, MDG (+)-medioresinol-4,4′-di-O-β-D-glucopyra-
noside, SDG (+)-syringaresinol-4,4′-di-O-β-D-glucopyranoside, PG
(+)-pinoresinol-4-O-β-D-glucopyranoside, OG1 (−)-olivil-4′-O-β-D-
glucopyranoside, OG2 (−)-olivil-4-O-β-D-glucopyranoside
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HPLC-DAD-MS was performed with an AcquityTM

UPLC system (Waters, Milford, MA, USA) with a cooling
autosampler and column oven allowing temperature control
of the analytical column. The target compounds were sepa-
rated by a reversed-phase SunFire™ C18 column (250 mm×
4.6-mm inner diameter, 5 μm; Waters, Milford, MA, USA).
The mobile phase consisted of 0.1 % formic acid in water
(solvent A) and 0.1 % formic acid in acetonitrile (solvent B).
The program was as follows: 0–10.0 min, 18.0 % solvent B;
10.0-35.0 min, 18.0-25.0 % solvent B. The flow rate was
0.8 ml/min and the temperature was set at 20 °C. Spectra
were recorded from 200 to 400 nm (peak width 0.2 min and
data rate 1.25 s-1), and the chromatogram was acquired at
277 nm. Triple-quadrupole tandem mass-spectrometric de-
tection was performed with a Micromass® Quattro micro™
API mass spectrometer (Waters, Milford, MA, USA) with
an electrospray ionization (ESI) interface. The ESI source
was set in negative ionization mode. The following settings
were applied to the instrument: capillary voltage, 3.00 kV;
cone voltage, 40.0 V; extractor voltage, 3.00 V; source
temperature, 120 °C; desolvation temperature, 400 °C; des-
olvation gas flow rate, 750 l/h; cone gas flow rate, 50 l/h,

dwell time, 0.05 s. Nitrogen was used as the desolvation and
cone gas. Mass detection was performed in full-scan mode
for m/z in the range from 150 to 800. All data were acquired
and processed by MassLynx™ NT 4.1 including Quan-
Lynx™ (Waters, Milford, MA, USA).

Preparative HPLC

Preparative HPLC experiments were performed using a self-
assembled instrument, which was composed of a P3000 de-
livery pump, a 2PB00C sample injection pump, a UV3000
variable-wavelength detector with detection monitored at
277 nm, and an SCJS-3000 ChemStation. A preparative dy-
namic axial compression (DAC) column (500 mm×80-mm
inner diameter) packed with 5-μm octadecylsilane (Fuji,
Japan) was used for the preparative separation. The mobile
phase consisted of a mixture of 0.1 % formic acid in water
(solvent A) and 0.1 % formic acid in ethanol (solvent B). The
program was as follows: 0–28 min, 20 % solvent B,
45 ml/min; 28–45 min, 25 % solvent B, 45 ml/min; 45–
60 min, 25 % solvent B, 55 ml/min. The sample injection
volume for each run was 10 ml and contained 2.0 g of lignan-
enriched fraction. The peak fractions (fraction B1, 320.9 mg,
and fraction B2, 230.5 mg) were collected manually according
to the chromatogram. After the run, the collected fractions
were evaporated to dryness in a vacuum, and small portions of
water were added occasionally to prevent acid glycoside
hydrolysis. The residues were lyophilized, analyzed by ana-
lytical HPLC, and purified further by HSCCC.

HSCCC separation

HSCCC apparatus

The preparative HSCCC was performed using a model TBE-
300B HSCCC system (Shanghai Tauto Biotechnique, Shang-
hai, China). The apparatus consisted of an upright coil J-type
planet centrifuge with three multilayered coils connected in
series (diameter of tube, 1.6 mm, total capacity 260 ml) and a
20-ml manual sample loop. The rotation speed was adjustable,
ranging from 0 to 1,000 rpm. The HSCCC system was
equipped with a TBP-1002 pump, a TBD-2000 UV detector,
an HX-1050 constant-temperature regulator (Beijing Boyikang
Lab Implement, Beijing, China), which was used to control the
separation temperature, and a WH V4.0 workstation (Shanghai
Wuhao Information Technology, Shanghai, China). In the sep-
aration process, the temperature of the separation columns was
maintained at 25 °C, and the effluents were analyzed at 277 nm.

Selection of the solvent system

A series of solvent systems were evaluated by HPLC
according to the partition coefficients. About 1.0 mg of

HSCCC

Preparative HPLC

Fractionated with column 
chromatography over D101 

Extraction 

Dried E. ulmoides bark 

Crude extract Residue 

Liquid-liquid fraction

Ethyl acetate fraction n-Butanol fraction

15% ethanol fraction (Fr. A) 40% ethanol fraction (Fr. B)

HPLC-DAD-MS analysis Ultrafiltration screening

Fr. B2Fr. B1

Compounds 1, 2, 3

HSCCC

Compounds 4, 5, 6, 7

Structural identification and activity assay

Fig. 2 The procedure for the screening and identification of active
lignans from E. ulmoides bark. Fr. fraction, HPLC high-performance
liquid chromatography, DAD diode-array detection, MS mass spec-
trometry, HSCCC high-speed countercurrent chromatography
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sample was added to a test tube, and then 2 ml of each phase
of the equilibrated two-phase solvent system was added and
thoroughly mixed. The test tube was rigorously shaken for
several minutes and left to stand at room temperature until
equilibrium was attained. Then 20 μl of the upper phase and
20 μl of the lower phase were analyzed by HPLC at 277 nm.
The partition coefficient (K) is defined as Aupper/Alower,
where Aupper and Alower are the HPLC peak areas of the
compounds under study in the upper and lower phases,
respectively. Suitable values for HSCCC are 0.5≤K≤2.0.

Preparation of solvent system and sample solution

Two solvent systems composed of ethyl acetate–ethanol–wa-
ter (2:1:3, v/v/v) and petroleum ether–ethyl acetate–metha-
nol–water (2:5:2:5, v/v/v/v) were used for HSCCC separation.
The preparation of each two-phase solvent system was per-
formed in a separation funnel according to the volume ratios
and the system was thoroughly equilibrated after the funnel
had been shaken at room temperature. The upper phase and
the lower phase were then separated and degassed by ultra-
sonication for 30 min prior to use. For HSCCC separation of
fraction B1, the sample solution was prepared by dissolving
320.0 mg of fraction B1 in 20-ml solvent mixtures of the
lower phase and the upper phase (1:1, v/v) of ethyl acetate–
ethanol—water (2:1:3, v/v/v), and the sample solution of
fraction B2 for HSCCC separation was prepared by dissolving
230.0 mg of sample in 20-ml solvent mixtures of the lower
phase and upper phase (1:1, v/v) of petroleum ether–ethyl
acetate–methanol–water (2:5:2:5, v/v/v/v).

HSCCC separation procedure

Each HSCCC separation was performed as follows in the
whole separation. The column was first entirely filled with
the upper phase as the stationary phase. Subsequently, the
lower phase was pumped into the inlet of the column as the
mobile phase at a flow rate of 1.2 ml/min, and the apparatus
run at 850 rpm. After hydrodynamic equilibrium had been
reached, samples were subjected to HSCCC. The effluent
was continuously monitored at 277 nm and the peak frac-
tions were collected manually according to the chromato-
graphic profile. After the target compounds had been eluted,
the centrifuge was stopped and the stationary phase was
pumped out with pressured nitrogen and collected in a
graduated cylinder to measure the retention volume.

Analysis and identification of target compounds

The isolated active compounds were recrystallized with
methanol, analyzed by HPLC, and identified by UV, MS,
and NMR spectra. NMR experiments were performed with
an INOVA-400 NMR spectrometer (Varian, USA). The

reference compound tetramethylsilane was used as an inter-
nal standard for the determination of chemical shifts.

PDE assay

PDE inhibitory assays were performed according to a pre-
viously described two-step radioisotopic procedure [39].
The PDE inhibitory activity was expressed as the half-
maximal inhibitory concentration (IC50).

Results and discussion

Optimization of HPLC-DAD-MS analysis

The HPLC analysis of all compounds in natural products is
a crucial and challenging task. To the best of our knowledge,
lignans in E. ulmoides bark have similar skeletal structures
with hydroxyl groups [18]. Since acid is known to produce
better resolution for compounds with hydroxyl groups by
reducing the peak tailing, acid must be added to the mobile
phase [26]. In the course of optimizing the separation con-
ditions, the mobile phase (methanol–water or acetonitrile–
water containing different concentrations of formic acid),
gradient program (gradient time, gradient shape, and initial
composition of the mobile phase), column temperature, and
detection wavelength (relatively higher absorption) were
investigated. It was found that acetonitrile provided a higher
peak resolution and a shorter analysis time than methanol.
Moreover, ion signal enhancement in the ESI-MS spectrum
was observed when acetonitrile was used, indicating the
significance of analyte–solvent interactions during ion gen-
eration. Therefore, the acetonitrile–formic acid–water mo-
bile phase was found to be the most appropriate mobile
phase, and the final results showed that the best resolution,
shortest analysis time, and lowest pressure variations were
achieved when a gradient elution mode composed of 0.1 %
formic acid in water (solvent A) and 0.1 % formic acid in
acetonitrile (solvent B) was programmed as follows: 0–
10.0 min, 18.0 % solvent B; 10.0-35.0 min, 18.0-25.0 %
solvent B (Fig. 3, chromatogram a). The flow rate was
0.8 ml/min, and the column temperature was set at 25 °C.
Spectra were recorded from 190 to 400 nm, and 277 nm was
selected as the detection wavelength.

Both negative and positive ions were applied in the ESI-
MS experiment to analyze compounds. In ESI-MS, gas
phase ions are produced, and the MS response of target
compounds is largely associated with their ionization and
evaporation as well as their interactions with the electrolytes
and solvents coexisting in the charged droplets generated at
the electrospray tip [40]. The results indicated that the
negative ion mode had cleaner ion chromatography, better
resolution, and lower background noise in the ESI-MS
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spectrum than the positive ion mode, which is likely due to
the contribution of hydroxyl groups in the compounds. The
mobile phase with formic acid as an additive could some-
times enhance the ion signal in negative ion mode, probably
because the formation of analyte–formate adduct ions fol-
lowed by leaving of the neutral formic acid in the gas phase
facilitated production of the analyte ions [41]. Therefore,
negative ion mode was selected.

Ultrafiltration screening of PDE inhibitors from E. ulmoides
bark

The ultrafiltration–HPLC–DAD–MS method can be used
for rapid screening of bioactive compounds from complex
mixtures, particularly for natural products with a minimum
of sample preparation [27–32]. Deyama et al. showed [18]
lignans in E. ulmoides have a PDE-inhibiting effect. When
the lignan-enriched fraction of E. ulmoides bark was incu-
bated with PDE, active lignans could bind with PDE, and
then unbound small molecules could be separated from
ligand–PDE complexes or PDE by use of an ultrafiltration
membrane. On the basis of this, the ultrafiltration screening
method can analyze unbound compounds directly by com-
paring the HPLC peak areas before and after ultrafiltration:
the peak areas of bound compounds will decrease or disap-
pear, whereas for unbound compounds, the peak areas are
seldom changed because they freely pass through the filter
membrane. The incubation pH, temperature, and time were
optimized for higher PDE activity and more compounds
binding with PDE. The previous reports indicated that
PDE was stabler over a wide range of acidic pH values at
higher temperature [42]. The incubation pH and temperature

were then set at 6.8 and 37 °C, respectively. The incubation
time was estimated in the range from 0.5 to 3.0 h; ultimately,
1.0 h was chosen on account of more bound compounds.
Chromatogram b in Fig. 3 shows the ultrafiltration–HPLC
analysis of E. ulmoides bark. The peak areas of seven
compounds (1–7) reduced; therefore, it could be concluded
that compounds 1–7 can bind with PDE. The retention times
and UV and MS/MS data of the active compounds are
presented in Table 1.

The degree of activity of seven compounds in E.
ulmoides bark could be defined as follows: degree of activ-
ity = (Ab – Aa)/Ab, where Ab and Aa are the concentrations of
each compound before and after ultrafiltration screening,
respectively. The results demonstrate that compound 3 pos-
sessed the greatest degree of activity (48.1 %) followed by 1
(42.4 %), 2 (32.7 %), 4 (25.7 %), 7 (24.9 %), 5 (18.0 %),
and 6 (8.3 %), which might be caused by the structures.

Preparative HPLC separation

From the HPLC-UV-MS experiment, we can conclude that
the molecular weight and partition coefficient between tar-
get active compounds and some impurities were relatively
close to each other; therefore, this increased the difficulty to
separate them. One-step separation was not enough to obtain
preferably active compounds with high purity; thus, we
combined preparative HPLC and HSCCC.

Preparative HPLC was applied as a powerful technology
for the purification of natural products [33] because of its
high efficiency, selectivity, online detection, and automatic
control. The DAC column performed well with good effi-
ciency and repeatability, which was considered as the opti-
mum selection for preparative HPLC, because the DAC
column was axially compressed under constant pressure to
maintain a stable bed, and then the packing materials were
kept homogenous during the process of repetitive scale-up
separation. Gradient elution with ethanol as the organic
solvent was selected because it could give satisfactory sep-
aration and was economically acceptable. However, it is
obvious that the resolution in preparative HPLC decreased
compared with that in analytical HPLC, and then isolation
of compounds with similar structures and polarities was
difficult and challenging. In the first preparative HPLC
separation step, the process throughput is more important
rather than the target purity, and then the objective was to
simplify complex samples into fractions; hence, fast elution
was selected using a short column, and a mobile phase with
high elution efficiency and high sample loading was recom-
mended. The preparative HPLC procedure realizes online
detection of target compounds and automatic control to
guarantee standardization, and it is an important industrially
applied separation process for the isolation and purification
of pharmaceuticals.
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Fig. 3 HPLC chromatograms of the lignan-enriched fraction of E.
ulmoides bark before (a) and after (b) interaction with phosphodiester-
ase (PDE). The HPLC conditions were as follows: reversed-phase
SunFireTM C18 column (250 mm×4.6-mm inner diameter, 5 μm);
mobile phase consisting of solvent A (0.1 % formic acid in water)
and solvent B (0.1 % formic acid in acetonitrile), which was
programmed as follows: 0–10.0 min, 18.0 % solvent B, 10.0-
35.0 min, 18.0-25.0 % solvent B; flow rate, 0.8 ml/min; UV wave-
length, 277 nm; column temperature, 20 °C
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In this work, the mobile phase, flow rate, and sample
loading amount were optimized. With increase of the con-
tent of organic solvent, the flow rate, and the sample loading
amount, the purification efficiency of the compounds de-
creased. Finally, 0.1 % formic acid in water (solvent A) and
0.1 % formic acid in ethanol (solvent B) were used as the
mobile phase in stepwise preparative HPLC. The program
was set as follows: 0–28 min, 20 % solvent B, 45 ml/min;
28–45 min, 25 % solvent B, 45 ml/min; 45–60 min, 25 %
solvent B, 55 ml/min. The sample injection volume for each
run was 10 ml and contained 2.0 g sample. Figure 4a shows
the stepwise preparative HPLC chromatogram of the lignan-
enriched fraction, which yielded 329.4 mg of fraction B1
(mainly containing compounds 1–3; Fig. 4b) and 236.7 mg
of fraction B2 (mainly containing compounds 4–7; Fig. 4c).
To obtain pure compounds, fractions B1 and B2 were sub-
jected to HSCCC for further purification.

Preparative HSCCC separation

An appropriate two-phase solvent system plays an important
role in successful separation of target compounds in
HSCCC. The partition coefficient (K) is the most important
parameter in selection of the solvent system, and should be
close to 1 to obtain an efficient separation and a suitable run
time. If it is much smaller than 1, the compounds will be
eluted close to each other near the solvent front, which may
result in loss of peak resolution; if K is much greater than 1,
the compounds will be eluted in excessively broad peaks,
and this may lead to extended elution times [35]. Moreover,
the settling time of the two-phase solvent system should be
less than 30 s, and satisfactory retention of the stationary
phase should also be considered.

The seven target compounds are lignan derivatives con-
sidering their two maximum absorption bands at about 226
and 277 nm from the biogenetic point of view, and the
relatively shorter retention time could be interpreted as
resulting from attached saccharide structures. Compounds
1–3 had a characteristic fragment ion [M-H-162-162]- in the
MS/MS spectra, and it was ascribed to the presence of two
hexose units. Lignans with greater polarity can be dissolved
in water, methanol, and ethanol; therefore, two types of
solvent systems based on ethyl acetate–n-butanol–water
(2:1:3, 1:1:2, 1:2:3, v/v/v) and ethyl acetate–ethanol–water
(4:1:5, 3:2:5, 2:1:3, v/v/v) were used to conduct coefficient
tests. The K values in the ethyl acetate–n-butanol–water
system were much bigger than 1, indicating broad peaks
and long separation time. The ethyl acetate–ethanol–water
(2:1:3, v/v/v) system gave acceptable K values for com-
pounds 1 (0.97), 2 (0.81), and 3 (1.72). Compounds 4–7
had smaller polarities than compounds 1–3, and the MS/MS
spectra showed the presence of only one hexose unit ([M-H-
162]-) for compounds 5–7. Therefore, various solvent
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Fig. 4 The stepwise preparative HPLC chromatogram of the lignan-
enriched fraction of E. ulmoides bark (a), and the analytical HPLC
chromatograms of fraction B1 (b) and fraction B2 (c). The preparative
HPLC conditions were as follows: reversed-phase C18 column (500mm×
80-mm inner diameter, 5 μm); mobile phase consisting of solvent A
(0.1 % formic acid in water) and solvent B (0.1 % formic acid in ethanol),
which was programmed as follows: 0–28 min, 20 % solvent B, 45 ml/
min, 28–45 min, 25 % solvent B, 45 ml/min, 45–60 min, 25 % B, 55 ml/
min; UV wavelength, 277 nm. The sample injection volume for each run
was 10 ml and contained 2.0 g samples. The analytical HPLC parameters
were the same as described in the legend for Fig. 3
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systems based on n-hexane–ethyl acetate–methanol–water
were used in partition coefficient tests. From comparison of
different ratios, 2:5:2:5 (v/v/v/v) n-hexane–ethyl acetate–
methanol–water gave suitable partition coefficients for com-
pounds 4 (0.42), 5 (0.86), 6 (1.21), and 7 (2.33).

The rotation speed of the separation column and the
flow rate of the mobile phase were also investigated be-
cause they can affect the retention of the stationary phase.
Different rotation speeds (500, 600, 700, 800, 850, and
1,000 rpm) and flow rates (1.0, 1.2, 1.5, 2.0, and
2.5 ml/min) were examined. The retention of the stationary
phase is one of the most important parameters in HSCCC.
Successful separation in HSCCC largely depends on the
amount of stationary phase retained in the column. In
general, the higher the retention of the stationary phase,
the better the peak resolution. It was clear that high rotation
speed can increase the retention of the stationary phase.
High flow rate was unfavorable to the retention of the
stationary phase, but a low flow rate can produce good
separation, but a longer time and more mobile phase will
be needed, and the chromatographic peaks are extended.
The result showed that when the flow rate was 1.2 ml/min
and the rotation speed was 850 rpm, appropriate retention
percentage of the stationary phase and good separation
results could be obtained.

Under these optimum conditions, three pure compounds,
compounds 1 (62.5 mg, collected during 240–286 min), 2
(2.9 mg, collected during 210–225 min), and 3 (37.2 mg,
collected during 325–365 min), were obtained from fraction
B1 using a solvent system composed of ethyl acetate–etha-
nol–water (2:1:3, v/v/v) (Fig. 5a). Similarly, four peaks were
collected and concentrated from fraction B2 to yield
54.5 mg of compound 4 (collected during 125–155 min),
6.4 mg of compound 5 (collected during 161–172 min),
10.1 mg of compound 6 (collected during 190–215 min),
and 9.8 mg of compound 7 (collected during 285–320 min)
using petroleum ether–ethyl acetate–methanol–water
(2:5:2:5, v/v/v/v) (Fig. 5b).

In addition, all seven compounds were recrystallized and
their purities were over 97.0 % by HPLC peak area
percentage.

Identification of isolated PDE inhibitors

The structural identification of isolated PDE inhibitors was
performed by UV, MS, and 1H NMR analysis (Table 1) and
comparison with published data. Compounds 1–7 were fi-
nally characterized as (+)-pinoresinol-4,4′-di-O-β-D-gluco-
pyranoside, (+)-pinoresinol-4-O-β-D-glucopyranosyl(1→
6)-β-D-glucopyranoside, (+)-medioresinol-4,4′-di-O-β-D-
glucopyranoside, (+)-syringaresinol-4,4′-di-O-β-D-gluco-
pyranoside, (−)-olivil-4′-O-β-D-glucopyranoside, (−)-oli-
vil-4-O-β-D-glucopyranoside, and (+)-pinoresinol-4-O-β-

D-glucopyranoside, respectively [43–45], and compound 2
was first isolated from the genus Eucommia.

PDE inhibitory assay

The PDE inhibitory activities of isolated compounds 1–7
were investigated in a concentration range of 0.02-
200 μmol/l. Compounds 1–4 and 7 exhibited effective
PDE inhibitory activities with IC50 values of 63.5, 89.4,
42.1, 110.6, and 123.8 μmol/l, respectively, and compounds
5 and 6 had weak PDE inhibitory activities of 200 μmol/l,
which were in accordance with the ultrafiltration binding
assay. The lignan diglucopyranosides (compounds 1–4)
exhibited a greater inhibitory effect than the lignan mono-
glucopyranosides (compounds 5–7), which was consistent
with the findings in a previous report [18].
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Fig. 5 HSCCC chromatograms of fraction B1 (a) and fraction B2 (b). (a)
Two-phase solvent system: ethyl acetate–ethanol–water (2:1:3, v/v/v). (b)
Two-phase solvent system: petroleum ether–ethyl acetate–methanol–water
(2:5:2:5, v/v/v/v). The other HSCCC conditions were all the same as
follows: stationary phase, upper phase; mobile phase, lower phase; rotation
speed, 850 rpm; injection volume, 20 ml; detection wavelength, 277 nm;
flow rate, 1.2 ml/min; separation temperature, 25 °C. Compound 1 PDG,
compound 2 PGG, compound 3 MDG, compound 4 SDG, compound 5
OG1, compound 6 OG2, compound 7 PG
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Conclusions

Seven lignans with PDE-inhibiting activity were successive-
ly isolated and purified from E. ulmoides bark by combina-
tion of preparative HPLC and HSCCC methods under the
guidance of ultrafiltration-based ligand screening. The ul-
trafiltration method can screen active compounds from com-
plex mixtures. There are too many active compounds with
different polarities and contents in crude extracts, and it is
comparatively difficult to purify all the compounds in a
single run by only preparative HPLC or HSCCC. It is
therefore important to combine preparative HPLC and
HSCCC because of their complementary and orthogonal
properties. Therefore, the method described was proposed
as a good strategy to systematically screen and purify active
compounds from crude extracts.
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