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Abstract Xanthine oxidase (XOD) catalyzes the metabolism
of hypoxanthine and xanthine to uric acid, the overproduction
of which could cause hyperuricemia, a risk factor for gout.
Inhibition of XOD is a major treatment for gout, and
biflavonoids have been found to act as XOD-inhibitory com-
pounds. In this study, ultrafiltration liquid chromatography
with photodiode-array detection coupled to electrospray-
ionization tandem mass spectrometry (UF-LC-PDA-ESI-
MS) was used to screen and identify XOD inhibitors from
S. tamariscina. High-performance counter-current chroma-
tography (HPCCC) was used to separate and isolate the active
constituents of these XOD inhibitors. Furthermore, ultrahigh-
performance liquid chromatography (UPLC) and triple-
quadrupole mass spectrometry (TQ-MS) was used to deter-
mine the XOD-inhibitory activity of the obtained XOD inhib-
itors, and enzyme kinetics was performed with Lineweaver—
Burk (LB) plots using xanthine as the substrate. As a result,
two compounds in S. tamariscina were screened as XOD
inhibitors: 65.31 mg amentoflavone and 0.76 mg
robustaflavone were isolated from approximately 2.5 g
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S. tamariscina by use of HPCCC. The purities of the two
compounds obtained were over 98 % and 95 %, respectively,
as determined by high-performance liquid chromatography
(HPLC). Lineweaver—Burk plot analysis indicated that
amentoflavone and robustaflavone were non-competitive in-
hibitors of XOD, and the /Cs, values of amentoflavone and
robustaflavone for XOD inhibition were 16.26 g mL™"
(30.22 umol L") and 11.98 ug mL™' (22.27 pumol L),
respectively. The /Cs, value of allopurinol, used as the stan-
dard, was 7.49 ug mL™" (46.23 umol L™"). The results reveal
that the method for systematic screening, identification, and
isolation of bioactive components in S. tamariscina and for
detecting their inhibitory activity using ultrafiltration LC-ESI-
MS, HPCCC, and UPLC-TQ-MS is feasible and efficient,
and could be expected to extend to screening and separation of
other enzyme inhibitors.

Keywords Selaginella tamariscina - Ultrafiltration
LC-PDA-ESI-MS - Biflavonoids XOD inhibitor - HPCCC -
UPLC-TQ-MS

Introduction

Hyperuricemia (excess uric acid in blood plasma) and its
complications are commonly accepted as the primary risk
factor for chronic gout, and also believed to be a risk factor
of cardiovascular disease and metabolic syndrome [1, 2].
Previous reports revealed that a high intake of purine-rich
foods and drinks could increase uric-acid levels [3-5]. In
purine metabolism, xanthine and hypoxanthine are oxidized
to uric acid by xanthine oxidase (XOD), which is strongly
expressed in the liver and intestine [6]. Overproduction of uric
acid can lead to painful inflammation, caused by deposition of
uric acid in the joints [7]. Consequently, XOD is believed to be
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an important enzyme causing gout and many other diseases
related to hyperuricemia.

XOD inhibitors can block the synthesis of uric acid and
reduce the generation of superoxide anions [8]. Allopurinol, a
competitive inhibitor of XOD, has been widely used for
clinical applications in the treatment of gout and hyperurice-
mia. However, it has potentially serious side effects including
skin rash and hypersensitivity syndrome [6, 9]. Therefore, it is
necessary to find alternative, safe inhibitors from natural
sources. Biflavonoids, which are flavonoid dimers connected
with a C—C or a C—O-C bond, as a class of flavonoids have
been found to act as XOD-inhibitory compounds [10]. In
addition, sometimes the bioactivity of a biflavonoid is greater
than that of the corresponding monomers [11]. In searching
for inhibitors from natural products, much effort is being made
to establish sensitive and simple methods for screening the
XOD inhibitors [12]. In recent years, mass-spectrometry-
based methods have been successfully used as a sensitive,
rapid, and accurate tool for screening and analysis of enzyme
inhibitors [13, 14]. Ultrafiltration-LC-ESI-MS, being an ef-
fective strategy to screen and identify the active compounds
from complex mixtures, has been used to separate biologically
active compounds from botanical extracts. The ultrafiltration
facilitates the separation of biflavonoid-receptor complexes
from unbound compounds, and the LC-ESI-MS step iden-
tifies the biflavonoids. Spectrophotometry methods have been
often reported for evaluating the XOD-inhibitory activity of
compounds or mixtures [10, 15]. In our previous study,
UPLC-TQ-MS was developed to determine the XOD-
inhibitory activity and superoxide-scavenging activity of
some herbal extracts by accurately quantifying the amount
of xanthine and WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H-tetrazolium sodium salt) [8]. Com-
pared with the commonly used spectroscopy method, the
UPLC-TQ-MS method is not only sensitive, accurate, and
fast, but also able to eliminate false-positive and false-negative
results. With minor modification, UPLC-TQ-MS was used in
this study to evaluate the XOD-inhibitory activity of com-
pounds by directly quantifying uric acid of enzymatic
reaction.

Selaginella tamariscina (Beauv) Spring belongs to the
family Selaginellaceae, and is a traditional medicine in China.
Investigation of the phytochemical constituents of
S. tamariscina revealed that the major constituents are flavo-
noids and that it is an especially rich source of biflavonoids,
which have a variety of biological activity including cytotox-
ic, antiallergenic, anti-inflammatory, antiviral, antioxidant,
inhibiting nuclear factor-kB activation, hypoglycemic, hypo-
lipidemic, and more [16—19]. However, it is yet to be fully
exploited, because most of the biflavonoids had not yet been
found in nature or else had not been synthesized [20]. High-
performance counter-current chromatography (HPCCC), a
continuous liquid-liquid partition chromatography without a
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support matrix, has become established as an effective tech-
nique for separating bioactive compounds from plant extracts
[21-23]. HPLC-ESI-MS was usually used to identify the
active ingredients of complex mixtures, and a previous report
had analyzed the compounds in S. tamariscina in positive
mode [24]. However, it was reported that there was higher
sensitivity for the flavonoid signal in negative-ion mode than
positive, and our preliminary LC-ESI-MS studies confirmed
that negative-ion mode ESI-MS flavonoid data provided more
structural information.

In this work, ultrafiltration LC-PDA—ESI-MS was used for
rapid screening and identification of the two bioactive com-
pounds from extract of S. tamariscina, and HPCCC was used
to separate the XOD inhibitors from the crude extract.
Biflavonoids obtained were of over 95 % purity. Then
UPLC-TQ-MS was used to determine the XOD-inhibitory
activity of the obtained XOD inhibitors. This might be the first
report on this system for screening, isolation, and activity
detection of XOD inhibitors from S. tamariscina.

Experimental
Chemicals and reagents

Xanthine oxidase (E.C. 1.17.3.2) from bovine milk and trizma
base were obtained from Sigma Aldrich (St. Louis, MO, USA);
xanthine, uric acid, and allopurinol were acquired from Alfa
Aesar Company and used directly; S-fluorouracil was obtained
from Aladdin industrial Co., Ltd. (Shanghai, China);
amentoflavone was purchased from the National Institute for
the Control of Pharmaceutical and Biological Products (Bei-
jing, China). The ultrafiltration chamber used was Microcon
YM-100 (Millipore, Bedford, MA), and the molecular weight
cutoff was 100,000 Da. The solvents for HPLC analysis were
of LC grade and purchased from Fisher Chemicals (Pittsburg,
PA, USA). The other solvents used for the preparation of crude
extract of S. tamariscina and for fractionation, ultrafiltration,
and isolation were all of analytical grade, and were obtained
from Beijing Chemical Engineering Company (Beijing, Chi-
na). All aqueous solutions were prepared with pure water
produced by a Milli-Q water (18.2 M(2) system (Millipore,
Bedford, MA, USA). The dried material of S. famariscina
was taken from Hebei Kangpai Medicinal Store (Hebei, China),
and was identified by Professor Shumin Wang, Chang Chun
University of Chinese Medicine, Jilin Province.

Preparation of samples

Dry S. tamariscina was ground before being extracted, and
5.002 g powder was extracted three times by reflux with
50 mL 70 % ethanol for 0.5 h. After filtration, the combined
extracts were concentrated under reduced pressure and re-
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dissolved in 10 mL methanol (crude-extract concentration
500 mg mL ™). The extract was stored at 4 °C before ultrafil-
tration-LC-PDA—ESI-MS and HPCCC separation.

Ultrafiltration HPLC-PDA-ESI-MS

Ultrafiltration LC-PDA-ESI-MS screening based on MS in-
cludes three steps: incubation, ultrafiltration, and analysis. First
20 uL xanthine oxidase (E.C. 1.17.3.2) (0.5 U mL ", dissolved
in 50 mmol L' Tris—-HCI buffer, pH 8.7) and 20 pL
S. tamariscina extract (250 mg mL ™", dissolved in methanol)
were added to 100 pL 50 mmol L™ Tris—HCI buffer (pH 8.7),
and then the mixture was incubated at 37 °C for 40 min. Next,
the mixture was ultrafiltrated using a Sigma 1-14 centrifuge
(Sigma, Germany) with ultramembrane filter (Microcon YM-
100, Millipore, Bedford, MA) at 10,000 rpm for 10 min at
room temperature. The filter was washed three times by centri-
fugation with 100 pL aliquots Tris—HCI buffer (pH 8.7) to
separate the unbound low-mass molecules. The bound
biflavonoids were released by adding 100 L methanol-water
solution (50:50, v/v) (pH 3.1), followed by centrifugation at
10,000 rpm for 10 min, which was repeated three times. The
control experiment without enzyme was also performed before
each screening experiment. The ultrafiltrate was injected direct-
ly into the HPLC-ESI-MS system for analysis.

The mass-spectrometry experiments were performed on a
Thermo Scientific LCQ Fleet mass spectrometer with an
electrospray-ionization (ESI) interface (ThermoFisher, USA).
Chromatographic analysis was performed in an Agilent Ex-
tend-C;g column (150%4.6 mm, 5 um). The binary mobile phase
consisted of methanol (solvent A) and water containing 0.2 %
acetic acid (solvent B). The sample injection volume was 5 pL.
The flow was maintained at 0.5 mL min ™" with a total run time of
25 min. The column temperature was 30 °C. The system was run
with the gradient program: 0-2 min: 50 % B; 2—12 min: 50 % B
t0 25 % B; 12-22 min: 25 % B to 10 % B; 22-25 min: 10 % B to
50 % B. The detection wavelength was 337 nm. The sheath-gas
and auxiliary-flow rates were set at 40 and 10 (arbitrary unit),
respectively. The capillary voltage was set at 4.5 kV, and its
temperature was maintained at 350 °C. The isolation width for
ESI-MS" was 2.0 Da, and a source-CID experiment was per-
formed to obtain the detailed structural information; the collision
energy was 20-25 %. Full scan of ions ranged from 100 to 1500
molecular weights in the negative-ion mode.

HPCCC-separation procedure

The HPCCC was performed in a Midi HPCCC (Dynamic
Extractions, England). The apparatus had a coil of 22 mL.
The HPCCC system was equipped with two check pumps
(Smartline Pump 100, KNAUER, Germany), a 2500 sensitive
UV detector (KNAUER, Germany), and a sample-injection
valve with a 1 mL sample loop for analytical separation.

A mixture of hexane—ethyl acetate—methanol-water
(2.2:2.8:2:3, v/v) was shaken vigorously in a separatory funnel
and separated at room temperature (<30 min). The two phases
were used in the HPCCC after the system reached equilibrium.
The 22 mL coil was used, and the apparatus was set in the
reverse-phase mode. The entire coiled column was first filled
with the upper phase, which served as the stationary phase, and
then the lower layer (as the mobile phase) was pumped into the
head-end of the column at a flow of 1.0 mL min™". The rotation
speed was set at 1200 rpm. The temperature was held at 30 °C,
and 0.5 mL 500 mg mL ™" extract was concentrated to dryness
under reduced pressure, dissolved in 2 mL hexane—ethyl ace-
tate—methanol-water mixture (2.2:2.8:2:3, v/), and then con-
tinuously loaded into the injection valve after the system
reached hydrodynamic equilibrium. The retention of stationary
phase in the coil was approximately 77.3 %. The analysis time
was recorded to be the same as the sample-injection time. The
effluent from the outlet of the column was continuously mon-
itored by a UV detector at 337 nm and collected into the test
tubes, with a collecting time of 1 min for each tube. Those
fractions from the HPCCC with one single peak the same as
that obtained by use of HPLC were combined.

HPLC analysis

An Agilent 1100 HPLC equipped with a DAD detector was
used for the analysis of biflavonoids of S. tamariscina. The
separation was performed using an Agilent Extend-C;g col-
umn (250x4.6 mm, 5 um) with a C;g guard column. The
binary mobile phase consisted of methanol (solvent A) and
water containing 0.2 % acetic acid (solvent B). The sample
injection volume was 10 pL. The flow was maintained at
1.0 mL min ' with a total run time of 25 min. The column
temperature was 30 °C. The system was run with a gradient
program, 0—2 min: 50 % B; 2—12 min: 50 % B to 25 % B; 12—
22 min: 25 % B to 10 % B; 22-25 min: 10 % B to 50 % B. The
detection wavelength was 337 nm.

Determination of XOD-inhibitory activity by UPLC-TQ-MS

The XOD-inhibitory activity was determined by the methods
used by Shu Liu et al. (2012) with minor modifications. The
formation of uric acid was determined directly by measuring
the content of uric acid using the UPLC-TQ-MS method. The
XOD reaction was performed in a total volume of 200 pL
containing 0.05 mol L™ Tris—HCI (pH 8.7) and 20 mU mL ™"
XOD, and initiated by adding xanthine at an appropriate
concentration; it was then left for 5 min at 37 °C, and then
halted by adding 0.8 mL methanol. Then 10 pL 5-FU was
added as the internal standard (I.S.) to give a final concentra-
tion of 0.1 ug mL™". A series of concentrations of standards
1,5, 10, 50, 100, 150, and 200 pg uL ") were prepared for
determining the calibration curve of uric acid. The assay was
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performed in triplicate and /Cs, values were calculated from
the percentage inhibition.

Aliquots (5 pL each) of each enzymatic reaction solution
were analyzed using an Acquity UPLC system (Waters, Mil-
ford, MA, USA) with a thermostated autosampler at 4 °C. The
separation was performed on an Acquity UPLC BEH Cig
column (50 mmx2.1 mm i.d., 1.7 pum; Waters, Milford,
MA, USA) maintained at 25 °C. Mobile-phase component
A was methanol, component B was water with 0.1 % formic
acid, and the flow was set at 0.2 mL min ', Isocratic elution
was used at 10 % A and 90 % B for 2 min. The injection
volume was 5 pL, and partial-loop mode was used for sample
injection. Mass-spectrometry detection was performed on a
Xevo TQ mass spectrometer (Waters, Milford, MA, USA)
with an electrospray-ionization (ESI) source. The ESI source
was operated in negative-ionization mode. Quantification
analysis was performed in multiple reaction monitoring
(MRM). The following settings were used for MRM: capillary
voltage 2.0 kV; source temperature 350 °C; cone gas flow
50 L h™'; desolvation gas flow 600 L h™'. The cone and
collision energy are presented in Table 1.

Enzyme-inhibition mechanism

To determine the mode of inhibition, kinetic studies were
performed in the absence and presence of allopurinol and
individual constituents of S. tamariscina with varying concen-
trations of xanthine as substrate. Different concentrations of
allopurinol (up to 5.0 pug mL™") and isolated compounds (up to
12.5 pg mL™") of S. tamariscina were pre-incubated with
xanthine for approximately 2 min. Afterwards the reaction
was started by adding xanthine oxidase. Kinetic measurements
were performed using at least three different inhibitor concen-
trations and two or three different xanthine concentrations (20,
50, 100 umol L™"). The data obtained from the kinetic studies
were transformed into Lineweaver—Burk (LB) plots.

Results and discussion

Screening of XOD inhibitors by ultrafiltration LC-PDA—
ESI-MS

The ultrafiltration-LC-PDA—-ESI-MS method can be used for
rapid screening of bioactive compounds from complex

mixtures, particularly for natural products with a minimum
of sample preparation [25]. When the extract of S. tamariscina
was incubated with XOD, active ligands could bind with
XOD, and then unbound and small molecules could be sepa-
rated from the ligand—XOD complexes or XOD by use of an
ultrafiltration membrane. In this manner, the ultrafiltration
chamber functions as a solution-phase extraction device,
retaining ligands that can tightly bind to a receptor, whereas
unbound compounds will be washed away. Then the ligand—
receptor complex is disrupted by addition of organic solvent
or by changing pH value, and the released ligands can be
identified by LC-PDA—-ESI-MS analysis. On the basis of this,
the degree of activity of three compounds could be analyzed
directly by comparing the HPLC peak areas of the control
(extract without XOD) and the sample (extract + XOD) ex-
periment. Degree of binding activity = (4s — Ac)/Ac, where As
and Ac are the areas of each compound from the sample
experiment and control experiment, respectively. The results
revealed that compound 2 had the greatest degree of binding
activity (80.6 %), followed by compound 1 (59.6 %), and that
compound 3 (=54.6 %) did not bind with XOD, which might
be caused by the structures of the compounds. Figure 1 shows
the ultrafiltration-HPLC analysis of S. tamariscina.

Identification of XOD inhibitors by LC-PDA-ESI-MS

To identify the biflavonoids screened from S. tamariscina,
LC-PDA-ESI-MS analysis was performed. From the LC-
PDA-ESI-MS chromatogram of the crude extract from
S. tamariscina (Fig. 1), it can be seen that a good separation
was achieved within 25 min. Three major peaks were sepa-
rated and detected with retention times of 15.64, 19.23, and
21.72 min. The retention times, values of the mass-to-charge
ratios (m/z) for the [M—H] ions, and the CID fragments in the
negative-ion mass spectra (NI-MS) of compounds 1 and 2 are
listed in Table 2. The molecular weights of compounds 1 and
2 were confirmed to be 538. By comparing retention time (z),
UV spectra, and ESI-MS fragmentation patterns with those of
the corresponding reference compound and the literature, the
compounds were identified; the detailed compound identifi-
cation is discussed below.

The LC-PDA-ESI-MS data for peak 1 is shown in Table 2.
From this table we can see that the deprotonated molecular ion
[M—H] at m/z 537 and its CID spectrum of the ions at m/z
443, 417, 375, and 331 could be found by NI-MS. On the
basis of the LC peaks, through comparing the retention time

Table 1 Precursor—product ion pairs and experimental conditions for MRM of compounds used in this study

Compounds Precursor ion—product ion (m/z) Capillary voltage (kV) Cone voltage (V) Collision energy
Uric acid 166.5—124.09 16 14
5-FU 129.2—86.03 16 17
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Fig. 1 LC-PDA chromatograms
of the interaction of the extract of
S. tamariscina XOD ((a), extract
with XOD) and of the control
experiment ((b), extract without
XOD). Experimental conditions:
column, Agilent Extend-C,g
column (250x4.6 mm, 5 um) and
a Cyg guard column; mobile
phase, methanol (phase
component A) and water
containing 0.2 % acetic acid
(phase component B); gradient
program, 0-2 min: 50 % B; 2—
12 min: 50 % B to 25 % B; 12—
22 min: 25 % B to 10 % B; 22—
25 min: 10 % B to 50 % B; {1 B,
1.0 mL min'; column
temperature 30 °C; detection
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with that of the standard, detection of the molecular ions and
the fragment ions of the molecular ion obtained by using CID
experiments, and referring to the literature, the compound
corresponding to peak 1 was identified as amentoflavone
[23, 24]. Amentoflavone is a biflavonoid, which consists of
two flavonoids connected by IC3'-IIC8". The first fragmen-
tation route might be that two y-H of the A-ring in flavonoid
part I underwent McLafferty rearrangement to lose C;0,,
followed by the cleavage of the C-ring in flavonoid part I at
positions 0 and 4 (**A), and loss of C,H, to give the ion at m/z
443. The second fragmentation route involved the cleavage of
the C-ring in flavonoid part II at positions 0 and 2 (*A), and
the loss of C;HsO, to produce a fragment ion at m/z 417. A
low-abundance fragment ion at m/z 331 was also observed,
which could be obtained from two y-H of the part I A-ring in
m/z 417 through McLafferty rearrangement, loss of C30,, and
loss of a H;O molecule via intramolecular dehydration be-
tween —OH on the IB4’ and ITA7". The third fragmentation
route produced a fragment ion at m/z 375, which corresponded
to the loss of a CyHgOj3 unit from the cleavage of the C-ring in
flavonoid part IT at positions 0 and 4 in the parent ion m/z 537,
which is similar to the biflavonoids mass spectra of a previous
report by Shi et al. [26, 27]. Usually, fragmentation routes
involving the cleavage of the C-ring in flavonoid part II at
positions 0 and 2 and 0 and 4 were the primary pathways of
amentoflavone-type biflavonoids in our experiment. The

IAARNRRAENRERRNRERE]
12 13 14 15 186 17 18 18 20 20 22 23 24
Time (min)

fragmentation pathways of the amentoflavone (peak 1) are
summarized in Scheme la.

The LC-MS of peak 2 also gave m/z 537 as the
deprotonated molecular ion [M—H] , which confirmed the
molecular mass also to be 538. Further experiments in the
form of CID of the m/z 537 ((IM—H] ) produced three main
fragment ions at m/z 469, 387, and 305 (Table 2). On the basis
of the fragmentation pattern and molecular weight, the com-
pound corresponding to peak 2 was identified as
robustaflavone [23, 24]. Two flavonoids of robustaflavone
are linked by IC3'-IIC6"; for these one fragmentation route,
involving two y-H of the A-ring in flavonoid part I losing
C30, through McLafferty rearrangement, generated the frag-
ment ions at m/z 469. The fragment ions at m/z 387
corresponded to the loss of a C;oHgO5 unit from the cleavage
of the C-ring in flavonoid part II at positions 0 and 3 in the
parent ion m/z 537. The ESI-MS fragmentation routes of
robustaflavone-type biflavonoids were different from those
of amentoflavone-type biflavonoids. Two flavonoid parts in
robustaflavone are linked via IC3'-IIC8", from which it is
easy to lose a HO molecule via intramolecular dehydration
between —OH on the IB4’ and 1IB5” (IIB7") because of the
spatial configuration; thus the cleavage of the C-ring in flavo-
noid part IT at positions 0 and 2 resulted in loss of C;HsO,. As
two y-H of the A-ring in flavonoid part I underwent
McLafferty rearrangement to lose C30,, the IC-ring

Table 2 LC-ESI-MS data in the negative-ion modes (m/z values) for peaks 1 and 2

Compounds tr (min) * molecular weight [M-H] (m/z)°® m/z fragment ions (CID pattern )
14.21 538 537 443,417, 375, 331
2 17.60 538 537 469, 387, 305

 Retention time

b Deprotonated molecular ion
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Scheme 1 Proposed
fragmentation pathway of
amentoflavone (a) and
robustaflavone (b)

simultaneously cracked at positions 0 and 4 to lose C,H,; this
generated the fragment ion at m/z 305, but with relatively low
abundance. The fragmentation pathways of robustaflavone
(peak 2) are summarized in Scheme 1b.

HPCCC separation and analysis of compounds

A successful HPCCC separation depends on a suitable two-
phase solvent system that provides an apposite K of approx-
imately 1 for target compounds. Such a biphasic system
should also yield a reasonably short settling time. In our
experiment the crude extract mainly contained biflavonoids,
and their structures are very similar, so the separation was not
an easy task. We selected five series of solvent systems on the
basis of the solubility of the target compounds. The K values
of these compounds were calculated from the HPLC data as
aforementioned, and are summarized in Table 3.
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The first two systems, containing hexane—cthyl ace-
tate—cthanol-water (2:3:0.1:5, v/v) and hexane—cthyl ac-
etate—ethanol-water (1:1:0.2:2, v/v), had poor separation
performances because the settling times were quite short
and the K values were quite low for the two com-
pounds, causing the eluted peaks to be close together

Table 3 K (partition coefficient) values of compounds 1 and 2 in differ-
ent solvent systems

Solvent system (volume ratio) 1 2

Hexane—ethyl acetate—ethanol-water (2:3:0.1:5) 0.22 0.42
Hexane—ethyl acetate—ethanol-water (1:1:0.2:2) 0.25 0.29
Ethyl acetate—ethanol-water (1: 0.2:1) 0.95 16.80
Hexane—ethyl acetate—-methanol-water (2.2:2.8:2:3) 0.56 1.12
Hexane—ethyl acetate-methanol-water (2:3:1:5) 0.92 1.86
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and too near the front. On modifying the ratios to ethyl
acetate—ethanol-water (1:0.2:1, v/v), the modified system
obtained long settling times and higher K values for
compound 2. When ethanol was replaced by methanol
and the solvents were set at the ratios hexane—ethyl
acetate—methanol-water (2.2:2.8:2:3, v/v) and hexane—
ethyl acetate—methanol-water (2:3:1:5, v/v) the settling
time improved significantly, but separation performance
for the latter solvent system was poor because of the
high K value of compound 2 (see Table 3). However,
the system of hexane—ethyl acetate—methanol-water
(2.2:2.8:2:3, v/v) provided good separation of the com-
pounds. The K values for compounds 1 and 2 in the
former systems were 0.56 and 1.12, respectively. When
this solvent system was used in HPCCC separation with
a flow of 1 mL min ', two XOD inhibitors were sep-
arated within 90 min. The HPCCC separation is shown
in Fig. 2.

The crude extract of S. tamariscina and the fractions
corresponding to each peak isolated by HPCCC were
analyzed by HPLC, and the results are given in Fig. 3.
The XOD inhibitors 1 and 2 were sequentially separated
and detected. The purities of the two compounds
(65.31 mg amentoflavone and 0.76 mg robustaflavone)
as determined by HPLC were 98 % and 95 %,
respectively.

To further investigate the structures of two com-
pounds, an ESI-MS" experiment was performed. Com-
pounds related to peaks 1 and 2 in HPCCC both had
intense deprotonated molecular ions [M—H] at m/z 537
in the negative-ion mode. Comparing the fragment ions
with those of the corresponding reference compound

XE+3

Fig. 2 HPCCC chromatograms

of crude extract of S. tamariscina

(1, amentoflavone; 2,

robustaflavone). Experimental

conditions: two-phase solvent 29
system, hexane—ethyl acetate—
methanol-water (2.2:2.8:2:3, v/v);
the other HPCCC conditions were
as follows: stationary phase,
upper phase; mobile phase, lower
phase; rotation speed, 1200 rpm;
injection volume, 2 mL; detection
wavelength, 377 nm; flow, &
1.0 mL min'; separation

temperature, 30 °C

AU

and the literature, peak 1 and 2 were assigned to be
amentoflavone and robustaflavone, respectively.

Optimization of UPLC-TQ-MS

Ultrafiltration-LC-PDA—-ESI-MS screening of the plant ex-
tract revealed that amentoflavone and robustaflavone could
bind with XOD. Xanthine is oxidized to uric acid by xanthine
oxidase, and inhibition of xanthine oxidase resulted in reduced
production of uric acid, which was measured by UPLC-TQ-
MS. The uric acid and 5-FU were detected by direct full-scan
mass-spectrometry in both positive and negative-ionization
modes. The results revealed that the analyte signals obtained
from the negative-ion ESI mode had higher sensitivity and
intensity, permitting quantitative measurement. The negative-
ion ESI-MS of uric acid and 5-FU produced abundant
deprotonated molecular ions [M—H] at m/z 166.5 and
129.2, respectively. To develop a sensitive mass-
spectrometry method for quantification of uric acid and 5-
FU, we should select at least two precursor—product ion pairs
for each analyte. On the basis of the analytic results, the most
sensitive ion pairs for each analyte were selected for the
quantitative ion pairs: the precursor—product ion pairs
166.5-124.09 for uric acid and 129.2-86.03 for 5-FU. The
effect of different mobile phases on the separation of uric acid
and 5-FU was also investigated. When water and acetonitrile
were used as mobile phase, uric acid and 5-FU were not well
separated, and the peaks had tailing when water and methanol
were used as the mobile phase. However, a good separation of
the two compounds was achieved when water with 0.1 %
formic acid and methanol were used as mobile phase.

Time (rin)
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Fig. 3 HPLC profiles of the
extract of S. tamariscina (a) and
of compounds 1 and 2 in HPCCC
separation (b, ¢). Experimental
conditions: column, Agilent

4.6 mm, 5 um) and a C;g guard
column; mobile phase, methanol
(phase component A) and water
containing 0.2 % acetic acid
(phase component B); gradient
program, 0—5 min: 70 % B to
40 % B; 510 min: 40 % B to

25

mAU
140
120
100
80
60
4
Extend-C,g column (250 % 20
0
mAU
2
2
16
10
5
0
mAU

20 % B; 10-18 min: 20 % B to
10 % B; 18-20 min: 10 % B to 257
70 % B; flow, 1.0 L min"';

column temperature 30 °C; 1
detection wavelength 337 nm 13

25

5 75 10 125 15 175 2 25 25

0 25

XOD-inhibitory activity and mode of the inhibitors

The XOD-inhibitory capacity of obtained compounds and
allopurinol was evaluated by UPLC-TQ-MS. The amount of
uric acid created was calculated as the calibration curve of
standard regression equations: y=0.1184x+0.4096. The stan-
dard curves had good linearity, with coefficient of correlation
() of 0.999, and the linear range was 1-200 ug uL~'. XOD
inhibition was calculated as: ((4 — B)/4) x 100 %, where A4 is
the uric-acid concentration of the sample without inhibitor and
B is the uric-acid concentration of the sample with inhibitor.
The evaluation results are shown in Table 4. In the XOD-
inhibitory activity experiment, amentoflavone and
robustaflavone caused a dose-dependent inhibition of
xanthine-oxidase-enzyme activity. The known synthetic
XOD-inhibitor allopurinol had the ICs, value 7.49+
0.14 pg mL™'. Of the two obtained biflavonoids,
robustaflavone (/Cso=11.98+0.12 ug mL ') had a higher
XO-inhibitory capacity than amentoflavone (/Cso=16.26+
0.15 ug mL™); this result is similar to that of an earlier report
[28]. In the ultrafiltration LC-PDA—-ESI-MS, the degree of
binding activity of the two inhibitors was 80.6 % for
robustaflavone and 59.6 % for amentoflavone. Therefore,
the results of the two methods revealed that the binding
activity and inhibitory activity of robustaflavone was greater
than amentoflavone. This distinction might be caused by their
structure (Scheme 1): both are dimers of apigenin but the two

5 75 10 125 15 175 20

22.5 Time (min)

flavonoid parts of robustaflavone are linked via IC3'-IIC6",
whereas the two flavonoid parts of amentoflavone are linked
via IC3'-IIC8". The former link may be responsible for the
higher XOD-inhibitory activity.

Kinetic studies were performed and an LB plot was drawn
to determine the mode of XO inhibition of the two
biflavonoids and allopurinol (see Electronic Supplementary
Material (ESM) Fig. S1, Fig. S2, Fig. S3). In the LB plot
robustaflavone and amentoflavone revealed a linear non-
competitive inhibitory activity, whereas allopurinol had a
competitive XOD-inhibitory activity; this is in agreement with
an earlier report [15]. According to previous reports of struc-
ture—function correlation for XOD inhibition, hydroxyl
groups at C5 and C7 positions and CO at the C4 position in
flavonoids facilitate XOD inhibition [15], and robustaflavone
and amentoflavone meet these conditions. Their high molec-
ular weight (Mol. Wt. 538), higher number of hydroxyl
groups (six), and non-planarity could be attributed to the
non-competitive nature of XOD inhibition.

Conclusions

Two biflavonoids, amentoflavone and robustaflavone, with
XOD-inhibiting activity were successively isolated from
S. tamariscina by HPCCC methods under the guidance of

Table 4 XOD inhibition of amentoflavone, robustaflavone, and allopurinol (Mean+SD, n=3)

Compound XOD inhibition ICs; (g mL™") XOD inhibition /Cso (mol L") XOD-inhibition mode
Amentoflavone 16.26+0.15 30.22 Non-competitive
Robustaflavone 11.98+0.12 22.27 Non-competitive
Allopurinol 7.49+0.04 46.23 Competitive
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ultrafiltration-based biflavonoid screening, and then the
XOD-inhibitory activity of the two obtained compounds and
of allopurinol (a complex XOD inhibitor) was determined by
UPLC-TQ-MS. The ultrafiltration-LC-PDA—ESI-MS meth-
od is an effective tool for screening and identifying active
compounds from S. famariscina, the analysis could be fin-
ished within 25 min, and this may be the first time the
fragmentation pathways in negative-ion mode for the two
biflavonoids have been discussed in detail. HPCCC was suc-
cessfully used for the isolation and purification of the XOD
inhibitors: two biflavonoids, 65.31 mg amentoflavone and
0.76 mg robustaflavone, were obtained from approximately
2.5 gS§. tamariscina, and their purities were over 98 % and
95 %, respectively. Furthermore, from the results of the
Lineweaver—Burk plots study, both amentoflavone and
robustaflavone were non-competitive XO inhibitors, and their
ICso was 16.26+0.12 pg mL ™' and 11.98+0.03 pug mL ",
respectively. Therefore, the method described in this research
is a rapid and feasible means for systematic screening, purifi-
cation, and evaluation of the active compounds of
S. tamariscina and other crude extracts.
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