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ABSTRACT: The aqueous extract of Eucommia ulmoides leaves has been commonly known as Du-zhong tea as a functional
health food for the treatment of hypertension, hypercholesterolemia, and fatty liver. This study developed a centrifugal
ultrafiltration−high-performance liquid chromatography (HPLC) method for screening and identification of bioactive
compounds in E. ulmoides leaves binding with bovine serum albumin (BSA). Six active compounds were screened, isolated,
and elucidated by their ultraviolet (UV), electrospray ionization−mass spectrometry (ESI−MS), and nuclear magnetic resonance
(NMR) data as geniposidic acid (1), caffeic acid (2), chlorogenic acid (3), quercetin-3-O-sambubioside (4), rutin (5), and
isoquercitrin (6). The interaction between active compounds and BSA was investigated in the absence and presence of other
compounds by quenching the intrinsic BSA fluorescence. The results indicated that the structures significantly affected the
binding process. The values of binding constants for compounds 2−6 were in the range of 105−106 mol L−1, while geniposidic
acid (1) hardly quenching the BSA intrinsic fluorescence. However, the quenching process of geniposidic acid was easily affected
in the presence of other active compounds. The formation of the geniposidic acid−phenylpropanoid (flavonoid) complex could
increase the binding affinity of geniposidic acid with BSA; however, the increased steric hindrance of the complex may make
phenylpropanoid or flavonoid dissociate from BSA and then decrease their affinities.
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■ INTRODUCTION
Eucommia ulmoides (also called Du-zhong, belonging to
Eucommiaceae) is a commonly used tonic herb in Asia,
which can elicit pharmacological effects on coronary blood
flow, obesity, diuresis, hypertension, lipid metabolism, and
diabetes.1−4 As mentioned in Chinese Pharmacopoeia, the
medicinal parts of E. ulmoides are its bark and leaves.5 The
aqueous extract of E. ulmoides leaves, which has been
commonly known as Du-zhong tea, has long been known as
a functional health food for the treatment of hypertension,
hypercholesterolemia, and fatty liver.3 Up to now, many efforts
have been made on the identification of chemical constituents
and pharmacological activities of E. ulmoides leaves. The major
phytochemicals were iridoids, phenylpropanoids, flavonoids,
and triterpenes,6,7 and the extracts of E. ulmoides leaves have
recently been reported to exhibit a wide range of biological
activities, such as antioxidant activity,8,9 glycation inhibitory
activity,10 and anti-obesity activity.11 However, most of the
pharmacological activities were conducted on the complex
extracts, and how each of these components contributed to the
effects was not clearly understood probably because of the
commercially unavailable compounds. It is widely accepted that
the active compounds in natural products will produce a
synergistic effect or antagonistic action;12,13 therefore, the
screening, identification, and potential interaction of active
compounds are very important, not only for the quality control

of natural products but also for elucidating the therapeutic
principle, which lead to the safety of clinic application.
Serum albumin is the major soluble protein in the circulatory

system, which has many physiological functions, such as
maintaining the osmotic pressure and pH of blood and
functioning as a carrier transporting a great number of
endogenous and exogenous compounds, including fatty acids,
amino acids, drugs, and pharmaceuticals.14 The drug−serum
albumin interaction plays a dominant role in drug disposition
and efficacy. The study of the interaction between drugs and
serum albumin is not only important to provide salient
information about the nature of drugs and pharmacokinetics
but is also helpful to explain the relationship between the
structures and functions of drugs. Up to now, most papers have
reported the binding process between drugs and serum
albumin.15−19 Bovine serum albumin (BSA), which has
structural homology with human serum albumin (HSA),20 is
composed of three structurally homologous, predominantly
helical domains (I, II, and III), each containing two subdomains
(A and B), and the principal regions of drug-binding sites on
albumin are located in hydrophobic cavities in sub-domains IIA
and IIIA, which exhibit similar chemistry properties.21 There-
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fore, the drug−serum albumin interaction always causes
interference with the binding of other drugs as the result of
the overlap of binding sites or conformational changes.22−25 It
is therefore the detailed investigations of drug−drug serum
albumin interactions that play a dominant role for the
interpretation of drug−drug interactions.
The conventional activity-guided isolation process for

complex extracts is a time-consuming, labor-intensive, and
expensive process, and it is often inefficient for the direct
screening of bioactive compounds from natural complex
mixtures.26 The recent developed centrifugal ultrafiltration
technology uses both centrifugation force and a semi-permeable
membrane to retain suspended solids and compounds of high
molecular weight, while the liquid and low-molecular-weight
compounds are allowed to pass through the membrane
depending upon the nominal molecular weight cut-off of the
membrane.27 Therefore, centrifugal ultrafiltration has been
successfully applied for screening and analysis of active
compounds from complex mixtures binding with biomacromo-
lecules, such as BSA, liposome, and rat plasma protein, because
of its fast speed, easy operation, and high reliability.28−33

As part of our ongoing effort on the identification of active
compounds from natural products,34−36 the present work
developed a centrifugal ultrafiltration−high-performance liquid
chromatography (HPLC)−diode array detector (DAD)−
tandem mass spectrometry (MS/MS) method for the screening
and identification of active compounds from the aqueous
extract of E. ulmoides leaves. Moreover, the detected active
compounds were isolated directly by preparative HPLC, and
the chemical structures of the active compounds are elucidated
by their ultraviolet (UV), electrospray ionization−mass
spectrometry (ESI−MS), and nuclear magnetic resonance
(NMR) data. The binding affinities and potential interaction
of active compounds with BSA have also been investigated
using the quenching fluorescence methods. This is the first
report on the screening, identification, and potential interaction
of main active compounds from E. ulmoides leaves binding with
BSA.

■ MATERIALS AND METHODS
Chemicals and Reagents. BSA was purchased from Sigma

Chemical Co. (St. Louis, MO). Acetonitrile, methanol, and acetic acid
used for HPLC was of chromatographic grade (Merk, Darmatadt,
Germany). Geniposidic acid, caffeic acid, chlorogenic acid, quercetin-
3-O-sambubioside, rutin, and isoquercitrin, with the purity over 99%,
were purchased from the National Institute for the Control of
Pharmaceutical and Biological Products (Beijing, China). Distilled
water was further purified by a Milli-Q (18.2 MΩ) system (Millipore,
Bedford, MA). The other chemicals used for the extraction, separation,
and binding process, such as ethanol, petroleum ether (60−90 °C),
ethyl acetate, n-butanol, Tris buffer, NaCl, and HCl, were all of
analytical grade and purchased from Chemical Reagent Factory of
Hunan Normal University (Hunan, China), which were used without
further purification. D101 macroporous resin was purchased from the
Chemical Plant of Nankai University (Tianjin, China), which was a
cross-linked polystyrene co-polymer.
The E. ulmoides leaves was collected from Zhangjiajie, Hunan

Province, China, in 2010, and identified by one of the authors, Prof.
Mijun Peng. A voucher specimen (EULZJJ2010) was deposited at the
School of Chemistry and Chemical Engineering, Central South
University, Changsha, Hunan, China.
Apparatus and Instruments. HPLC−DAD−MS/MS was

performed on an Acquity UPLC system (Waters Corp., Milford,
MA) with a cooling autosampler and column oven enabling
temperature control of the analytical column. The target compounds

were separated by a reversed-phase SunFire C18 (250 × 4.6 mm inner
diameter, 5 μm, Milford, MA) column. Triple−quadrupole tandem
mass spectrometric detection was carried out on a Micromass Quattro
micro API mass spectrometer (Waters Corp., Milford, MA) 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; desolvation gas flow, 750 L h−1; cone gas flow, 50 L h−1; and
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
of 160−800. All data were acquired and processed by MassLynx NT
4.1 software with the QuanLynx program (Waters Corp., Milford,
MA).

The preparative HPLC experiments were performed on a self-
assembled instrument, which was composed of a P3000 delivery
pump, a 2PB00C sample injection pump, UV3000 variable wavelength
detector with detection monitored at 254 nm, and a SCJS-3000
ChemStation. A preparative column (500 × 80 mm inner diameter)
packed with 5 μm ODS C18 (Fuji, Japan) was used for the preparative
separation. The flow rate was 25 mL min−1 at 20 °C.

The NMR spectra were recorded at 25 °C on a Varian Inova-400
(Varian Corporation, Palo Alto, CA) NMR spectrometer using a 5
mm pulsed-field gradient 1H indirect-detection probe. The acquisition
parameters were as follows: the 90° pulse width was 5.7 μs; the
spectral window was 7000 Hz; the acquisition time was 2.2 s; and the
delay between transients was 0.5 s. The reference compound
tetramethylsilane (TMS) was used as the internal standard for the
determination of chemical shifts.

All fluorescence spectra were recorded on a F-2000 spectro-
fluorimeter equipped with 1.0 cm quartz cells and a 150 W xenon lamp
(Hitachi, Tokyo, Japan). An excitation wavelength of 280 nm was
used. The excitation and emission slit width were both set at 2.5 nm.
The weight measurements were performed on an AY-120 electronic
analytical weighing scale with a resolution of 0.1 mg (Shimadzu,
Japan). The pH value was measured in a pHS-3 digital pH meter
(Shanghai, China).

Preparation of Solutions. Tris-HCl buffer solution (0.1 mol L−1

Tris, pH 7.4) containing 0.1 mol L−1 NaCl was prepared to keep the
pH value and maintain the ionic strength of the solution. The working
solution of BSA (1 × 10−4 moL L−1 or 3.0 mg mL−1) was prepared by
dissolving it in Tris-HCl buffer solution. The stock solutions of
isolated active compounds (8 × 10−4 mol L−1) were prepared by
dissolving them in a small amount of ethanol and then diluting in
Tris−HCl buffer solution (the ethanol content was about 2%),
respectively.

About 6.0 g of the dried E. ulmoides leaves was extracted by
deionized water at 95 °C for 3 times. All of the filtrates were combined
and concentrated to dryness under reduced pressure by rotary
evaporation at 60 °C to give syrup (592.4 mg). A total of 30.0 mg of
residue was dissolved in 10.0 mL of deionized water and filtered
through a 0.45 μm membrane. All of the solutions were stored in a
refrigerator at 4 °C for further experiments.

Centrifugal Ultrafiltration−HPLC−DAD−MS/MS Screening
and Identification. The aqueous extract of E. ulmoides leaves (3.0
mg mL−1) was added with BSA solution (3.0 mg mL−1) (1:1, v/v) and
then reacted for 1.0 h at 25.0 °C for a fully balanced combination
between the compounds in E. ulmoides leaves and BSA. The mixtures
were then incubated at 37.0 °C in a water bath for 1.0 h. Then, the
mixture was centrifuged at 8000 rpm for 10 min. The solution was
filtered through a 0.45 μm membrane, and 20 μL solutions were
injected for HPLC−DAD−MS/MS analysis. The mobile phase
consisted of solvents A (0.4% acetic acid in water) and B (acetonitrile),
which was programmed as follows: 0−10.0 min, 12.0% B; 10.0−16.0
min, 12.0−18.0% B; and 16.0−37.0 min, 18.0% B. The flow rate was
0.8 mL min−1, while the temperature was set at 20 °C. Spectra were
recorded from 200 to 400 nm (peak width of 0.2 min and data rate of
1.25 s−1), while the chromatogram was acquired at 254 nm, and the
mass spectrum was acquired in negative ionization mode.
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Preparative Isolation and Identification of Target Active
Compounds. Fresh E. ulmoides leaves were dried at 55 °C for 3 days
before grinding. About 600 g of the powder was extracted by deionized
water at 95 °C for 3 times. All of the filtrates were combined and
concentrated to dryness under reduced pressure by rotary evaporation
at 60 °C to give syrup (69.2 g). A mass of 65.0 g of syrup were then
suspended in water and submitted to a liquid−liquid fraction using
ethyl acetate and n-butanol with increasing polarities. This procedure
produced ethyl acetate (3.74 g) and n-butanol (10.48 g) fractions. To
enrich the targeted components, the n-butanol fraction was
subsequently suspended in water and carried out by D101 column
chromatography (20.0 × 100.0 cm, containing 3.0 kg of D101
macroporous resin). At first, water was used to elute the resin until the
elution was nearly colorless, and then increasing concentrations of
ethanol were used to give four main fractions: fractions A−D (fraction
A, 10.0% ethanol elution, 0.69 g, which contained compound 1 and
some impurities; fraction B, 20.0% ethanol elution, 0.23 g; fraction C,
30.0% elution, 2.41 g, which mainly contained compounds 2 and 3;
and fraction D, 40.0% elution, 2.08 g, which mainly contained
compounds 4−6). The fractions were all concentrated to dryness.
Fraction A was redissolved in 10% ethanol aqueous solution and
further enriched on an activated carbon column (3.5 × 70.0 cm, with
the total volume of the column being about 500.0 mL). A 50.0%
ethanol aqueous solution was first used to elute the impurities, and
then an 80.0% ethanol aqueous solution was used to elute the target
compound to give fraction A-2, 0.42 g, which mainly contained
compound 1. Fractions A-2, C, and D were further purified by
preparative HPLC. In the preparative HPLC, a linear gradient elution
of solvents A (0.4% acetic acid in water) and B (acetonitrile) was used
according to the polarity of every fraction. Elution of fraction A-2 with
13.0% B for 20.0 min yields pure compound 1 (0.19 g). Elution of
fraction C started with 14.0% B for 15.0 min, then from 14.0 to 20.0%
for 20.0 min, and then 25.0% for 10.0 min, to yield pure compounds 2
(0.13 g) and 3 (0.74 g). Fraction D was submitted to isocratic
conditions of 22.0% for 15.0 min and linear gradient from 22.0 to
25.0% B in 40 min, affording pure compounds 4 (0.76 g), 5 (0.11 g),
and 6 (0.14 g). All of the fractions eluted were monitored by UV light
at 254 nm. The collected fractions were evaporated to dryness in
vacuum, while small portions of water were added occasionally to
avoid acid glycoside hydrolysis, and the residues were lyophilized. The
samples were redissolved in methanol for recrystallization. Six
compounds were separated, and their chromatographic purities were
determined by HPLC as higher than 98.5%. Characterization of the
target isolated compounds was accomplished by their spectroscopic
spectra, mass data, and NMR spectra.
Fluorescence Spectra of Active Compounds Binding with

BSA. Appropriate amounts of 8.0 × 10−4 mol L−1 active compounds
were added to 11 flasks (5.0 mL), and then 300.0 μL of BSA solution
was added and diluted to 5.0 mL with Tris-HCl buffer. The final
concentrations of the active compound in BSA solution were 0.0, 4.0,
8.0, 12.0, 16.0, 20.0, 24.0, 28.0, 32.0, 36.0, and 40.0 μmol L−1. The
resultant mixtures were then incubated at 298 K for 1.0 h. After 1.0 h
of incubation, the fluorescence emission spectra were scanned in the
range of 290−450 nm and the fluorescence intensity at 340 nm was
measured. All of the experiments were repeated in triplicate and found
to be reproducible with the experimental error (<1%).
Fluorescence Spectra of Geniposidic Acid Binding with BSA

in the Presence of Other Active Compounds. A total of 300 μL
of BSA solution and 37.5 μL of caffeic acid, chlorogenic acid,
quercetin-3-O-sambubioside, rutin, or isoquercitrin were added to 11
flasks (5.0 mL). After reaction for 1.0 h, appropriate amounts of 8.0 ×
10−4 mol L−1 geniposidic acid were added and then diluted to 5 mL
with Tris-HCl buffer. The final concentrations of geniposidic acid were
0.0, 4.0, 8.0, 12.0, 16.0, 20.0, 24.0, 28.0, 32.0, 36.0, and 40.0 μmol L−1,
and the concentration of caffeic acid, chlorogenic acid, quercetin-3-O-
sambubioside, rutin, or isoquercitrin was 6 μmol L−1, which was the
same as that for BSA. The resultant mixtures were then incubated at
298 K for 1.0 h. After 1.0 h of incubation, the fluorescence emission
spectra were scanned in the range of 290−450 nm and the
fluorescence intensity at 340 nm was measured. All of the experiments

were repeated in triplicate and found to be reproducible with the
experimental error (<1%).

Data Analysis. The binding constants (K) and binding sites (n)
are calculated by the double-logarithm equation37

− = +F F F K n Qlog[( )/ ] log log[ ]0 (1)

where F0 and F denote the steady-state fluorescence intensities of
serum albumin without and with the existence of the quencher,
respectively, and [Q] is the concentration of the quencher with units
of mol L−1.

■ RESULTS AND DISCUSSION
Optimization of HPLC Analysis. The whole separation of

all target compounds is a crucial and challenging task for HPLC
analysis. To the best of our knowledge, the E. ulmoides leaves
were rich in iridoids, phenylpropanoids, and flavonoids.
Because acid is known to achieve better separation for
compounds with hydroxyl groups by reducing the tailing of
the peaks, acid should be added into the mobile phase.38 In the
course of optimizing the separation conditions, the system
conditions, including the mobile phase system (acetonitrile−
water and methanol−water with different concentrations of
acetic acid), gradient program (gradient time, gradient shape,
and initial composition of the mobile phase), column
temperature, and detection wavelength (relatively higher
absorption), were investigated. The final results showed that
best resolution, shortest analysis time, and lowest pressure
variations were achieved when a gradient elution mode
composed of solvents A (0.4% acetic acid in water) and B
(acetonitrile) was programmed as follows: 0−10.0 min, 12.0%
B; 10.0−16.0 min, 12.0−18.0% B; and 16.0−37.0 min, 18.0% B.
The flow rate was 0.8 mL min−1; the column temperature was
set at 20.0 °C; and 254 nm was selected as the detection
wavelength. Under the optimum gradient elution, the
compounds in the aqueous extract of E. ulmoides leaves reached
almost baseline separation (Figure 1a).

Interaction of E. ulmoides Leaves Extract with BSA.
The centrifugal ultrafiltration−HPLC−DAD−MS/MS method
could be used for a rapid screening of active compounds
binding with biomacromolecules from complex mixtures,
particularly for natural products with a minimum of sample

Figure 1. HPLC chromatograms of the aqueous extract of E. ulmoides
leaves with BSA: (a) before the interaction with BSA and (b) after the
interaction with BSA. HPLC conditions: column, reversed-phase
SunFire C18 (250 × 4.6 mm inner diameter, 5 μm); mobile phase,
consisting of solvents A (0.4% acetic acid in water) and B
(acetonitrile), which was programmed as follows: 0−10.0 min,
12.0% B; 10.0−16.0 min, 12.0−18.0% B; and 16.0−37.0 min, 18.0%
B; flow rate, 0.8 mL min−1; UV wavelength, 254 nm; and column
temperature, 20 °C.
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preparation.39 The peak areas of active compounds will be
reduced or disappear in the HPLC chromatogram because the
active compound−biomacromolecule complex was retained
during the ultrafiltration process, and for those without
activities, the peak areas have almost no change because they
freely passed through the filter membrane. The chromatogram
of E. ulmoides leaves extraction after the interaction with BSA
was shown in Figure 1b, which presented peak areas of six
compounds (1−6) reduced obviously. Therefore, six com-
pounds (1−6) in aqueous extraction of E. ulmoides leaves have
the potent ability to bind with BSA. The retention times and
UV and MS/MS data of the active compounds were presented
in Table 1.

Structural Elucidation of the Active Compounds.
Compound identification relied first on UV spectra and
reasonable molecular formulas obtained from HPLC−DAD−
MS/MS analysis and a comparison of these data to the
metabolites previously reported from E. ulmoides.6,7 Three
types of target active compounds in E. ulmoides leaves could be
elucidated by their UV spectra and from the biogenetic point of
view. Compound 1 presented a UV spectrum characteristic for
simple iridoid with a single absorption band at about 238 nm,
which corresponded to an α,β-unsaturated system,40 and the
relatively shorter retention time suggested the presence of
glycoside group. Compounds 2 and 3 had a similar type of UV
spectrum with a maximum absorbance at about 245 and 325
nm with a broad absorption shoulder at about 300 nm,
presumably corresponding to phenylpropanoids.41 Compounds
4−6 had two maximum absorption UV bands at about 255 and
351 nm, which were the typical spectra of flavonoid
derivatives.36 All three types of compounds are known to
exist in E. ulmoides and possess a variety of biological activities.
Compounds 1−6 were then unambiguously characterized and
identified as geniposidic acid (1), caffeic acid (2), chlorogenic
acid (3), quercetin-3-O-sambubioside (4), rutin (5), and
isoquercitrin (6) (Figure 2) by comparison of their 1H NMR,
13 C NMR, and 2D NMR data to earlier published data.36,42−44

Fluorescence Quenching of BSA by Active Com-
pounds. BSA has three linearly arranged, structurally distinct,
homologous domains (I−III), and each domain is composed of
two sub-domains (A and B). The specific sites that bind with
BSA are sites I and II, which are located in hydrophobic cavities
in the IIA and IIIA sub-domains.45 When the fluorescence
emission spectra of BSA are measured with a series of
concentrations of the quencher by fixing the excitation
wavelength at 280 nm, the fluorescence emission peak of
BSA at 340 nm gives the information of tryptophan residues.46

Therefore, fluorescence quenching can be considered as a
technique for measuring binding constants.
Figure 3 shows the representative fluorescence spectra of

geniposidic acid, chlorogenic acid, and rutin (the fluorescence
spectra for other active compounds were not shown here). The
fluorescence intensities of BSA are almost the same with the
addition of geniposidic acid and just fluctuated in the small
range, which can be suggested that geniposidic acid hardly
interacted with BSA. However, the fluorescence intensity of
BSA attenuated gradually with the increasing concentration of
chlorogenic acid or rutin, which indicated that the interaction
had happened between chlorogenic acid or rutin and BSA.
About 61.0 and 65.8% of the fluorescence intensities of BSA
were quenched by adding 40 μmol L−1 chlorogenic acid and
rutin, respectively (calculated from Figure 3). The results
indicated that the quenching effect of active compounds on
BSA fluorescence highly depended upon the structures. In
addition, an obvious red shift of the maximum emission
wavelength (λem, 10 nm) of BSA fluorescence occurred for
chlorogenic acid; however, a slight blue shift of λem (5 nm) was
observed for rutin. The emission of indole may be blue shifts if
the group was buried within a native protein, and its emission
may shift to longer wavelengths when the protein is unfolded.23

Therefore, the shift results suggested that the environment of
the trypophan and tyrosine residues was changed and the fact
that chlorogenic acid and rutin were situated at close proximity
to the tryptophan and tyrosine residues for the quenching to
occur.

Table 1. Spectral Data of the Main Active Compounds in E.
ulmoides Leaves

number
tR

(min)

UV
(λmax,
nm) proposal ions

molecular
formula

structure
assignment

1 5.35 238 [M − H]− = 373 C16H22O10 geniposidic
acid[M − Glc − H]−

= 211

[M − Glc−CO2
− H]− = 211

2 11.43 243, 300
sh, 328

[M − H]− = 179 C9H8O4 caffeic acid

[M − CO2 −
H]− = 135

3 13.51 242, 300
sh, 325

[M − H]− = 353 C16H18O9 chlorogenic
acid[M − caffeic

acid − H]− =
191

4 24.51 254, 350 [M − H]− = 595 C26H28O16 quercetin-3-O-
sambubioside[M − Glc−Xyl

− H]− = 301

5 29.54 255, 353 [M − H]− = 609 C27H30O16 rutin

[M − Glc−Rha
− H]− = 301

6 33.36 255, 351 [M − H]− = 463 C21H20O12 isoquercitrin

[M − Glc − H]−

= 301

Figure 2. Chemical structures of active compounds isolated from E.
ulmoides leaves.
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The binding constants (K) and binding sites (n) can be
calculated by the double-logarithm equation (eq 1). Plots of
log(F0 − F)/F versus log[Q] for caffeic acid, chlorogenic acid,
quercetin-3-O-sambubioside, rutin, and isoquercitrin to BSA are
shown in Figure 4. It is clear that the double-logarithm curves
for all of the active compounds were linear. The corresponding

calculated K (n) between caffeic acid, chlorogenic acid,
quercetin-3-O-sambubioside, rutin, or isoquercitrin and BSA
were 3.06 × 105 (1.112), 5.04 × 105 (1.256), 1.27 × 105

(1.114), 1.59 × 106 (1.353), and 1.01 × 106 (1.285),
respectively. The values of binding constants were in the
range of 105−106 mol L−1, which agreed with common BSA−
ligand binding.15−19

The single geniposidic acid hardly interacted with BSA;
however, geniposidic acid in the complex extract could react
with BSA from the analysis of the results in the centrifugal
ultrafiltration−HPLC experiment. How did the existence of
phenylpropanoids or flavonoids enhance the binding affinity of
geniposidic acid with BSA? It could be hypothesized that
geniposidic acid interacted with the phenylpropanoid−BSA
complex or flavonoid−BSA complex by hydrogen bonds, which
enhanced its binding affinity.

Effect of Chlorogenic Acid on Geniposidic Acid
Binding with BSA. The degree of ligand binding to serum
albumin may have consequences for the rate of clearance of
metabolites and for their delivery to cells and tissues, and the
interactions of ligand−serum albumin depend upon surround-
ing circumstances. There are many kinds of compounds with
different molecular weights and polarities existing in the natural
product. Therefore, the binding process with BSA would
influence each other, which then resulted in an altered binding
degree, and then the suppressing, inductive, and synergistic
effects were probably produced. The increased binding affinities
of geniposidic acid may be consistent with two interpreta-
tions.22−25 The first reason may be that a conformational
change of BSA happened because of binding with different
sites, and the second reason probably was a newly formed
complex between geniposidic acid and other active compounds
by hydrogen bonds that act as the new species to quench the
fluorescence of BSA.
The fluorescence spectra of BSA with the addition of

geniposidic acid in the presence of chlorogenic acid were shown
in Figure 5 (the presence of other active compounds has a
similar spectrum, which was not shown here). Surprisingly,
when geniposidic acid was continuously added to the BSA
solution (6 μmol L−1) containing chlorogenic acid (6 μmol
L−1), the fluorescence of BSA increased with a slight blue shift
of λem from 343 to 341 nm. The results indicated that the
environment around BSA was changed after the addition of
geniposidic acid. The increased fluorescence may be explained
that geniposidic acid could interact with chlorogenic acid−BSA
by hydrogen bonds to form the geniposidic acid−chlorogenic
acid−BSA complex, which increased the binding affinity of

Figure 3. Fluorescence quenching spectra of BSA at various
concentrations of geniposidic acid, chlorogenic acid, and rutin.
Conditions: λex, 280 nm; cBSA, 6.0 μmoL L−1; cgeniposidic acid =
cchlorogenic acid = crutin (a → k), 0.0, 4.0, 8.0, 12.0, 16.0, 20.0, 24.0,
28.0, 32.0, 36.0, and 40.0 μmol L−1 for (A) geniposidic acid, (B)
chlorogenic acid, and (C) rutin; and T, 298 K.

Figure 4. Double-logarithm curves of caffeic acid, chlorogenic acid,
quercetin-3-O-sambubioside, rutin, and isoquercitrin quenching BSA
fluorescence at 298 K.
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geniposidic acid. However, the formation of the geniposidic
acid−chlorogenic acid complex increased the molecular size,
and then steric hindrance may take place, which could weaken
the capacity to penetrate into BSA. Therefore, some
chlorogenic acid was dissociated from BSA, which was well-
consistent with a red shift of λem of fluorescence of BSA with
the concentration of chlorogenic acid increasing, and then the
binding affinity of chlorogenic acid was decreased.
The results above indicated that the binding affinities of

compounds in natural complex mixtures could be changed
because of the existence of the interaction and influence of each
other, which may then affect the activity. Moreover, the
centrifugal ultrafiltration−HPLC method was a useful approach
in the fast screening of potential active compounds from natural
products with high possibility.

■ AUTHOR INFORMATION

Corresponding Author
*Telephone: +86-731-88879616. E-mail: shuyshi@gmail.com.

Funding
This work was supported by the National Scientific Foundation
of China (21005089), the Natural Science Foundation of
Hunan Province of China (10JJ4006), the Freedom Explore
Program of Central South University (201012200015), the
Shenghua Yuying Project of Central South University, the
Open Fund of the State Key Laboratory of Powder Metallurgy,
and the Aid Program for Science and Technology Innovative
Research Team (Chemicals of Forestry Resources and
Development of Forest Products) in Higher Educational
Institutions of Hunan Province.

Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Hirata, T.; Kobayashi, T.; Wada, A.; Ueda, T.; Fujikawa, T.;
Miyashita, H.; Ikeda, T.; Tsukamoto, S.; Nohara, T. Anti-obesity
compounds in green leaves of Eucommia ulmoides. Bioorg. Med. Chem.
Lett. 2011, 21, 1786−1791.
(2) Horii, Y.; Tanida, M.; Shen, J.; Hirata, T.; Kawamura, N.; Wada,
A.; Nagai, K. Effects of Eucommia leaf extracts on autonomic nerves,

body temperature, lipolysis, food intake, and body weight. Neurosci.
Lett. 2010, 479, 181−186.
(3) Nakazawa, Y. Functional and healthy properties of Du-zhong tea
and their utilization. Food Ind. 1997, 40, 6−15.
(4) Park, S. A.; Choi, M. S.; Jung, U. J.; Kim, M. J.; Kim, D. J.; Park,
H. M.; Park, Y. B.; Lee, M. K. Eucommia ulmoides Oliver leaf extract
increases endogenous antioxidant activity in type 2 diabetic mice. J.
Med. Food 2006, 9, 474−479.
(5) National Commission of Chinese Pharmacopoeia. Pharmacopoeia
of the People’s Republic of China; China Medical Science and
Technology Press: Beijing, China, 2010; Vol. 1, p 154.
(6) Deyama, T.; Nishibe, S.; Nakazawa, Y. Constituents and
pharmacological effects of Eucommia and Siberian ginseng. Acta
Pharmacol. Sin. 2001, 22, 1057−1070.
(7) Takamura, C.; Hirata, T.; Ueda, T.; Ono, M.; Miyashita, H;
Ikeda, T.; Nohara, T. Iridoids from the green leaves of Eucommia
ulmoides. J. Nat. Prod. 2007, 70, 1312−1316.
(8) Xu, Z. S.; Tang, M. T.; Li, Y. A.; Liu, F. F.; Li, X. M.; Dai, R. T.
Antioxidant properties of Du-zhong (Eucommia ulmoides Oliv.)
extracts and their effects on color stability and lipid oxidation of raw
pork patties. J. Agric. Food Chem. 2010, 58, 7289−7296.
(9) Yen, G. C.; Hsieh, C. L. Antioxidant activity of extracts from Du-
zhong (Eucommia ulmoides) toward various lipid peroxidation models
in vitro. J. Agric. Food Chem. 1998, 46, 3952−3957.
(10) Kim, H. Y.; Moon, B. H.; Lee, H. J.; Choi, D. H. Flavonol
glycosides from the leaves of Eucommia ulmoides O. with glycation
inhibitory activity. J. Ethnopharmacol. 2004, 93, 227−230.
(11) Hirata, T.; Kobayashi, T.; Wada, A.; Ueda, T.; Fujikawa, T.;
Miyashita, H.; Ikeda, T.; Tsukamoto, S.; Nohara, T. Anti-obesity
compounds in green leaves of Eucommia ulmoides. Bioorg. Med. Chem.
Lett. 2011, 21, 1786−1791.
(12) Wen, X. D.; Qi, L. W.; Chen, J.; Song, Y.; Yi, L.; Yang, X. W.; Li,
P. Analysis of interaction property of bioactive components in Danggui
Buxue Decoction with protein by microdialysis coupled with HPLC−
DAD−MS. J. Chromatogr., B: Anal. Technol. Biomed. Life Sci. 2007,
852, 598−604.
(13) Ye, G.; Li, Y. Z.; Li, Y. Y.; Guo, H. Z.; Guo, D. A. SPE−HPLC
method for the determination and pharmacokinetic studies on
pqeoniflorin in rat serum after oral administration of traditional
Chinese medicinal preparation Guan-Xin-Er-Hao decoction. J. Pharm.
Biomed. Anal. 2003, 33, 521−527.
(14) Huang, B. X.; Kim, H. Y.; Dass, C. Probing three-dimensional
structure of bovine serum albumin by chemical cross-linking and mass
spectrometry. J. Am. Soc. Mass Spectrom. 2004, 15, 1237−1247.
(15) Zhang, J.; Wang, X. J.; Yan, Y. J.; Xiang, W. S. Comparative
studies on the interaction of genistein, 8-chlorogenistein, and 3′,8-
dichlorogenistein with bovine serum albumin. J. Agric. Food Chem.
2011, 59, 7506−7513.
(16) Chi, Z. X.; Liu, R. T.; Teng, Y.; Fang, X. Y.; Gao, C. Z. Binding
of oxytetracycline to bovine serum albumin: spectroscopic and
molecular modeling investigations. J. Agric. Food Chem. 2010, 58,
10262−10269.
(17) Mandeville, J. S.; Tajmir-Riahi, H. A. Complexes of dendrimers
with bovine serum albumin. Biomacromolecules 2010, 11, 465−472.
(18) Charbonneau, D.; Beauregard, M.; Tajmir-Riahi, H. A.
Structural analysis of human serum albumin complexes with cationic
lipids. J. Phys. Chem. B 2009, 113, 1777−1784.
(19) Belatik, A.; Hotchandani, S.; Bariyanga, J.; Tajmir-Riahi, H. A.
Binding sites of retinol and retinoic acid with serum albumins. Eur. J.
Med. Chem. 2012, 48, 114−123.
(20) Xiao, J. B.; Cao, H.; Wang, Y. F.; Yamamoto, K.; Wei, X. L.
Structure−affinity relationship of flavones on binding to serum
albumins: Effect of hydroxyl groups on ring A. Mol. Nutr. Food Res.
2010, 54, S253−S260.
(21) Zhang, G.; Que, Q.; Pan, J.; Guo, J. Study of the interaction
between icariin and human serum albumin by fluorescence spectros-
copy. J. Mol. Struct. 2008, 881, 132−138.
(22) Zhang, Y. P.; Shi, S,Y; Sun, X. R.; Xiong, X.; Peng, M. J. The
effect of Cu2+ on interaction between flavonoids with different C-ring

Figure 5. Fluorescence quenching spectrum of BSA at various
concentrations of geniposidic acid in the presence of chlorogenic acid.
Conditions: λex, 280 nm; cBSA = cchlorogenic acid = 6.0 μmoL L−1;
cgeniposidic acid (b → j), 0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and
10.0 μmoL L−1; and T, 298 K.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf205135w | J. Agric. Food Chem. 2012, 60, 3119−31253124



substituents and bovine serum albumin: Structure−affinity relationship
aspect. J. Inorg. Biochem. 2011, 105, 1529−1537.
(23) Zhang, Y. P.; Shi, S. Y.; Chen, X. Q.; Zhang, W.; Huang, K. L.;
Peng, M. J. Investigation on the interaction between ilaprazole and
bovine serum albumin without or with different C-ring flavonoids from
the viewpoint of food−drug interference. J. Agric. Food Chem. 2011,
59, 8499−8506.
(24) Zhang, Y. P.; Shi, S. Y.; Sun, X. R.; Huang, K. L.; Chen, X. Q.;
Peng, M. J. Structure−affinity relationship of bovine serum albumin
with dietary flavonoids with different C-ring substituents in the
presence of Fe3+ ion. Food Res. Int. 2011, 44, 2861−2867.
(25) Peng, M. J.; Shi, S. Y.; Zhang, Y. P. Influence of Cd2+, Hg2+ and
Pb2+ on (+)-catechin binding to bovine serum albumin studied by
fluorescence spectroscopic methods. Spectrochim. Acta, Part A 2012,
85, 190−197.
(26) Hostettmann, K.; Wolfender, J. L.; Terreaux, C. Moden
screening techniques for plant extracts. Pharm. Biol. 2001, 39, 18−32.
(27) Luque-Garcia, J. L.; Neubert, T. A. Sample preparation for
serum/plasma profiling and biomarker identification by mass
spectrometry. J. Chromatogr., A 2007, 1153, 259−276.
(28) Kunihiro, K. Simplified extraction of tetracycline antibiotics
from milk using a centrifugal ultrafiltration device. Food Chem. 2011,
126, 687−690.
(29) Teng, M. Y.; Lin, S. H.; Wu, C. Y.; Juang, R. S. Factors affecting
selective rejection of proteins within a binary mixture during cross-flow
ultrafiltration. J. Membr. Sci. 2006, 281, 103−110.
(30) Greening, D. W.; Simpson, R. J. A centrifugal ultrafiltration
strategy for iaolating the low-molecular weight (≤ 25 K) component
of human plasma proteme. J. Proteomics 2010, 73, 637−647.
(31) Qian, Z. M.; Qin, S. J.; Li, P.; Li, H. J.; Li, P.; Wen, X. D.
Binding study of Flos Lonicerae Japonicae with bovine serum albumin
using centrifugal ultrafiltration and liquid chromatography. Biomed.
Chromatogr. 2008, 22, 202−206.
(32) Chen, X. P.; Xia, Y. Q.; Lu, Y.; Liang, J. Y. Screening of
permeable compounds in Flos Lonicerae Japonicae with liposome
using filtration and HPLC. J. Pharm. Biomed. Anal. 2011, 54, 406−410.
(33) Luo, Y. D.; Wu, S. S.; Li, X. Y.; Li, P. LC−ESI−MS−MS
determination of rat plasma protein binding of major flavonoids of
Flos Lonicerae Japonicae by centrifugal ultrafiltration. Chromatogra-
phia 2010, 72, 71−77.
(34) Zhang, Y. P.; Shi, S. Y.; Huang, K. L.; Liu, S. Q. Target-guided
isolation and purification of antioxidants from Selaginella sinensis by
offline coupling of DPPH−HPLC and HSCCC experiments. J.
Chromatogr., B: Anal. Technol. Biomed. Life Sci. 2011, 879, 191−196.
(35) Jiang, X. Y.; Shi, S. Y.; Zhang, Y. P.; Chen, X. Q. Activity-guided
isolation and purification of three flavonoid glycosides from Neo-
Taraxacum siphonanthum by high-speed counter-current chromatog-
raphy. Sep. Sci. Technol. 2010, 45, 839−843.
(36) Shi, S. Y.; Zhao, Y.; Zhou, H. H.; Zhang, Y. P.; Jiang, X. Y.;
Huang, K. L. Identification of antioxidants from Taraxacum mongol-
icum by high-performance liquid chromatography−diode array
detection−radical scavenging detection−electrospray ionization mass
spectrometry and nuclear magnetic resonance experiments. J.
Chromatogr., A 2008, 1209, 145−152.
(37) Mote, U. S.; Bhattar, S. L.; Patil, S. R.; Kolekar, G. B. Interaction
between felodipine and bovine serum albumin, fluorescence quenching
study. Luminescence 2010, 25, 1−8.
(38) Shi, S. Y.; Ma, Y. J.; Zhang, Y. P.; Liu, L. L.; Liu, Q.; Peng, M. J.;
Xiong, X. Systematic separation and purification of 18 antioxidants
from Pueraria lobata flower using HSCCC target-guided by DPPH−
HPLC experiment. Sep. Purif. Technol. 2012, 89, 225−233.
(39) Chen, X. P.; Xia, Y. Q.; Lu, Y.; Liang, J. Y. Screening of
permeable compounds in Flos Lonicerae Japonicae with liposome
using ultrafiltration and HPLC. J. Pharm. Biomed. 2011, 54, 406−410.
(40) Rodriguez, S.; Marston, A.; Wolfender, J. L.; Hostettmann, K.
Iridoids and secoiridoids in the Gentianaceae. Curr. Org. Chem. 1998,
2, 627−648.

(41) Arapitsas, P. Identification and qualification of polyphenolic
compounds from okra seeds and skins. Food Chem. 2008, 110, 1041−
1045.
(42) Guarnaccia, R.; Madyastha, K. M.; Tegtmeyer, E.; Coscia, C. J.
Geniposidic acid, an iridoid glucoside feom Genipa americana.
Tetrahedron Lett. 1972, 13, 5125−5127.
(43) Jung, H. A.; Park, J. C.; Chung, H. Y.; Kim, J.; Choi, J. S.
Antioxidant flavonoids and chlorogenic acid from the leaves of
Eriobotrya japonica. Arch. Pharm. Res. 1999, 22, 213−218.
(44) Majinda, R. R.; Motswaledi, M.; Waigh, R. D.; Waterman, P. G.
Phenolic and antibacterial constituents of Vahlia capensis. Planta Med.
1997, 63, 268−270.
(45) Muller, N.; Lapicque, F.; Drelon, E.; Netter, P. Binding sites of
fluorescent probes on human serum albumin. J. Pharm. Pharmacol.
1994, 46, 300−304.
(46) Theodore, P. Jr. Serum albumin. Adv. Protein Chem. 1985, 37,
161−245.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf205135w | J. Agric. Food Chem. 2012, 60, 3119−31253125


