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Mirza Bojić, Vicente Simon Haas, Darija Šarić, and Željan Maleš
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Natural product medicine (NPM) has been used to prevent
and treat various human diseases in China, India, Japan,
and other countries for centuries. Due to its long histor-
ical clinical uses and excellent therapeutic efficacy, NPM
more and more attracts global attention, and many research
institutes and pharmaceutical companies have been actively
exploring NPM as a source for new drug discovery and
development [1]. However, the characteristics of NPM are
roles of multicomponents andmultitargets due to its multiple
components. If only few constituents are emphasized, the
holistic characteristics of NPM will be ignored [2].

With the development of globalization and moderniza-
tion of NPM, an important issue is the consistency and
control ability of quality of NPM. Traditionally, identifica-
tion of NPM is performed according to its morphological
character, one or a few markers’ thin-layer chromatography
identification, and/or content determination [3, 4]. However,
these methods do not provide a complete profile of the NPM,
so it can’t distinguish NPM with similar appearance and/or
similar main chemical constitutions.

The characteristics of action of NPM are synergistic
action of multicomponents and multitargets [5]. By a

combination of multiple components, NPM may produce its
beneficial effects by interacting with different cell signaling
pathways and biological networks, achieving the same
therapeutic efficacy of a normal isolated compound at much
lower doses of isolated compounds [6]. Thus, a compre-
hensive method which could reflect the variation of most
constituents in the NPM is necessary, especially the variation
correlating with pharmacological and clinical efficacy. With
the development of various modern technologies, advanced
chemical, pharmacological, and biological technologies
have facilitated an increasing number of researchers in the
search for possible ways to explore the potential healthcare
benefits of this multicomponents interaction system. In
recent years, the analysis of NPM has begun to emphasize
more on the integrative and holistic properties of NPM
[7]. The chromatographic or spectroscopic fingerprint and
multicomponents quantification have been used for the
quality control of NPM in the past ten years. Based on some
chromatographic or spectroscopic methods, the properties
of absorption, distribution, metabolism, and excretion of
NPM have been analyzed to screen the bioactive markers. In
addition, the genomics and proteomics have been applied to
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Table 1: The analytical techniques and methods of natural product
medicine.

Analytical techniques Chromatographic or spectroscopic
methods

Thin-layer
chromatography
(TLC) techniques

High-performance TLC (HPTLC),
microemulsion TLC (ME-TLC), and
so forth

Gas chromatography
(GC) techniques

GC-MS, two-dimensional GC (GC ×
GC), and so forth

High performance
liquid
chromatography
(HPLC) techniques

HPLC-UV, HPLC-DAD, HPLC-ELSD,
HPLC-FLD, HPLC-RID, HPLC-MS,
HPLC-CEAD, HPLC-ESI/TOF-MS,
UPLC-ESI/TOF-MS, and so forth

Capillary
electrophoresis (CE)
techniques

CE, capillary zone electrophoresis
(CZE), micellar electrokinetic
chromatography (MEKC),
nonaqueous CE (NACE), capillary
electrochromatography (CEC), and so
forth

Infrared spectroscopy
(IR) techniques

FT-IR, two-dimensional infrared
(2D-IR), and so forth

Near-infrared
spectroscopy (NIR)
techniques

NIR, two-dimensional near-infrared
(2D-NIR), and so forth

Nuclear magnetic
resonance (NMR)
techniques

Quantitative NMR (qNMR),
diffusion-ordered spectroscopy (DOS)
NMR, three-dimensional DOSY
NMR, and so forth

the investigation of NPM.The different analytical techniques
and methods of NPM are shown in Table 1.

In this special issue of quality control of NPM and nutri-
ent supplements, 15 research papers have been published by
the previously mentioned chromatographic or spectroscopic
methods and contributed to quality control of NPM. These
papers focused on the quantification analysis of multiple
chemical components, bioactivity and their mechanism of
actions of chemical components, and pharmacokinetics and
tissue distribution studies.

Firstly, multicomponents determinations play a critical
role in evaluating the quality of NPM and understanding the
synergistic action ofmulticomponents andmultitargets.Mul-
ticomponents quantitative methods of NPM were reported
in this special issue. Among the analytical methods for
NPM, HPLC with easy operation, high accuracy, and wide
suitability is still the most popular method for the qualitative
and quantitative analyses of NPM. For example, simultane-
ous quantification of limonin and six alkaloids in Evodia
rutaecarpa has been completed by HPLC-DAD method. The
results indicated that the quality control of Evodia rutaecarpa
could be simplified to the measurement of four constituents
and that limonin, 1-methyl-2-undecyl-4(1H)-quinolone, and
dihydroevocarpine should also be served as the chemical
markers together with evodiamine for the quality control of
Evodia rutaecarpa.

Secondly, active components of NPM should be clarified
by differentmethods in order to achieve better quality control
of NPM and nutrient supplements. The bioactivities of pure

compounds or crude extract form NPM have been evaluated
by in vitro or in vivo experiments in this special issue.

Last but not least, with the development of pharmacy,
more and more researchers focus their attention on phar-
macokinetics in drug discovery. Pharmacokinetics includ-
ing absorption, distribution, metabolism, and excretion is
regarded as the foundation of new drug discovery. Phar-
macokinetics encompasses a broad spectrum of experiment
and connotation. Five articles devoted to pharmacokinetics
and identification of metabolites from pure compounds or
crude extract of NPM. The complexity of single herbs or
compound preparations causes diverse pharmacokinetics,
and these articles provide key information for researchers in
the future studies.

All in all, the published research papers will contribute to
the development, improvement, validation, and/or extension
of application of analytical methodology in the natural
medicine sciences and nutrition supplements. Quality con-
trol of NPM has to establish reasonable analytical methods
for analyzing the active constituents in NPM in order to
clarify their therapeutic basis and mechanism of action more
clearly.

Shuang-Qing Zhang
Feng Wei

Yu-Ming Fan
Feng Sun

Ying-Yong Zhao
Shuhua Bai
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Objective. Inhibiting gene 𝛽-catenin and inducting genes GSK-3𝛽 and APC, promoting the tumor cell apoptosis in Wnt pathway,
by chlorogenic acid were discussed (CGA).Method.The different genes were scanned by the 4∗44K mouse microarray chips. The
effect of the three genes was confirmed by RT-PCR technique with CGA dosage of 5, 10, and 20mg/kg. Result. The expression of
GSK-3𝛽 and APC was upregulated in group of 20mg/kg dosage (𝑃 < 0.05) and the expression of 𝛽-catenin was downregulated
in the same dosage (𝑃 < 0.05). Conclusion.The results infer that the multimeric protein complex of 𝛽-catenin could be increased
by CGA upregulated genes GSK-3𝛽 and APC, which could inhibit the free 𝛽-catenin into the nucleus to connect with TCF. So the
transcriptional expression of the target genes will be cut to abnormal cell proliferation. It is probably one of the ways that can stop
the tumor increase by CGA.

1. Introduction

Chlorogenic acid is the ester of caffeic acid and quinic acid in
shikimate pathway, which is commonly found in some plants,
such as honeysuckle, Cortex Eucommiae, Semen Coffea
Arabica, and green tea. Chlorogenic acid has antibacterial,
antiviral, clear free radicals, and antitumor effects [1]. In
recent years, the effective anticancer activity and low toxicity
of chlorogenic acid were constantly confirmed and draw the
attention of the people [2–4]. Kurata et al. [5] showed that
the inhibition of tumor cell proliferation effect of chlorogenic
acid was enhanced with increasing dose; they speculated that
this inhibition of tumor cell proliferation may be obtained
by enhancing the activity of the DNA ladder and caspase-
3 as well as increasing the expression of c-Jun. Gmnado
and Feng et al. showed that the in vitro experiments show
that the anticancer mechanism of CGA contains inhibition
of cell growth, regulation of cell cycle, and induction of
apoptosis pathways, such as (1) to reduce ROS expression to
reduce cell growth/reproduction signal transduction pathway

of NF-𝜅B, AP-l, and MAPKs to reduce cancer cell viability,
(2) to improve the activity of the NAD (P)H and GST,
(3) to inhibit the expression of tetradecanoyl method wave
alcohol acetate (TPA), in order to reduce the c-Jun NH2-
terminal kinase, p38 kinase, and MAPK kinase-4 to prevent
cancer transformation, and (4) to stimulate the expression
of NF-E2-related factor and the activity of GST regulated
by Nrf2 downstream cascade links antioxidant response
element (ARE) to inhibit the growth of cancer cells [6, 7].
Chlorogenic acid is considered to be an effective cancer
chemical repellant because of its significant inhibitory effect
on colorectal cancer, liver cancer, and laryngeal [8]. In this
paper, the biological gene chip technology was used to detect
the variation of a whole set of gene sequences in breast
tumor-bearing mice cells in the dynamic treatment cycle
with CGA. The differential genes were screened by using
genomics profiling, which was also the potential target gene
associated with tumor disease according to the gene GO
characteristic quality. Further verification testing must be
designed, such as accurate quantitative PCR technology and
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western blot technology, to verify the potential target point in
the treatment of chlorogenic acid for tumors.

2. Instrument and Material

2.1. Tumor Lines and Animals. EMT-6 mice breast tumor
lines were preserved by Key Laboratory of Transplant Engi-
neering and Immunology, Ministry of Health, West China
Hospital, SichuanUniversity. Female BALB/Cmice, weighing
17∼18 g, and originally purchased from Experimental Animal
Center of Sichuan University, have been bred in the ordinary
small animal housing of the same center where the feeding
conditions comply with GB 14925-2001 with the ambient
temperature of 19 ± 3∘C and humidity of 55 ± 15%.

2.2. Instruments and Regents. CO
2
incubator (MCO-15AC,

SANYO, JP), biological safety cabinets (NU-425, NUAIRE,
USA), electronic balance (JY12001, Sartorius, USA), high-
speed centrifuge (TGL-16G, Shanghai, China), PCR (ABI-
9700, ABI, USA), hybridization oven (G2545A, Agilent,
USA), scanner (G2565BA, Agilent, USA), spectrophotometer
(ND1000, NanoDrop, Autoclave), Quantitative PCR instru-
ment (Bio-Rad, USA), IQ2-cryogenic high-speed centrifuge,
standard 96-well plate, Clean Bench, Sujing Group Aetna,
ChemiDoc XRS + system medium (Gibco, China), Calf
serum (Minhai, Lanzhou, China), 0.25% trypsin (Gibco,
USA), double antibiotics (penicillin and streptomycin sul-
fate) (North China), Cy3 NHS ester (lot no. PA13105), GE
healthcare, aaUTP Ambion (AM8436), Low RNA Input
Linear Amplification Kit (lot no. 5184–3523), Gene Expres-
sion Hybridization Kit (lot no. 5188–5242), 5188–5327 Gene
Expression Wash Buffer Kit (including wash buffers 1 and 2),
Stabilization and Drying Solution (lot no. 5185–5979), Gasket
slide (lot no. G2534-60003a), 4∗44K mouse microarray,
Hybridization CGAmber (lot no. G2534A), Agilent USA,
RNeasy Mini kit (lot no. 74106), QIAGEN, USA. Trizol
reagent, Invitrogen. DEPC, Oligo, 5x reaction buffer, Riblock
Rnase Inhibitor, dNTP MIX, RevertAid M-MulV, 2∗Taq
Master Mix novoprotein, IQTM SYBR Green Supermix, Bio
Rad. RevertAid First Strand cDNA Synthesis Kit, Fermentas,
fluorescent imager DNA ladder, novoprotein, chlorogenic
acid for injection (CGA, lot no. 061101, 30mg), white powder
for injection (content of 99.87%), offered by Sichuan Jiuzhang
Biological Chemical Technology Development Co. Ltd. Doc-
etaxel for injection (DX, lot no. 10112611, 20mg), purchased
from Jiangsu Hengrui Medicine Co. Ltd. IFN𝛼-2b (20110908,
500 IU) purchased fromAnhui Anke Biotechnology (Group)
Co. Ltd. 0.9% saline (NS, lot no. A060418) (Kelun, Sichuan,
China).

2.3. Preparation of Sample Solution. To use CGA solution,
CGA freeze-dried powder was dissolved with sterile saline to
make concentrations of CGA sample solution that were 1, 0.5,
and 0.25mg⋅mL−1, respectively.

To use DX solution, 20mg of DX injection powder was
diluted with 1.5mL of special solvent. To this, about 8.0mL
of saline was added to be stock solution of 2mg⋅mL−1.

The stock solution was diluted to be sample solution with the
concentration of 0.25mg⋅mL−1 with saline before use.

To use IFN𝛼-2b solution, IFN𝛼-2b was diluted with
20mL sterilized saline.

3. Methods

3.1. Preparation of Balb/c-EMT-6 Mice Model

3.1.1. Preparation and Subcultivation. The anabiotic EMT-
6 breast tumor lines were implanted subcutaneously into
the right forelimb of mice. The tumor-bearing mice were
obtained until the tumor grew to 1 cm × 1 cm × 1 cm. Then
took out the tumor, cleaned it with NS, weighed it, cut it into
pieces, and placed it in a homogenizer. NS (about 1 : 4) was
added to the homogenizer, and cell suspension was obtained
after fast homogenate. 0.2mL of the cell suspension was
inoculated subcutaneously into the right forelimb ofmice and
was randomized.

3.1.2. Experiment Design. 30 female BABL/C mice were ran-
domly divided into 6 groups (𝑛 = 5), including normal saline
(negative) group, CGA high-dose group (20mg⋅Kg−1), CGA
middle-dose group (10mg⋅Kg−1), CGA low-dose group (5
mg⋅Kg−1), DX positive control group (5mg⋅Kg−1), and IFN𝛼-
2b positive control group (5 million U⋅Kg−1).

After being inoculated for 24 hours, the NS group, CGA
groups, and IFN𝛼-2b positive control group were continu-
ously subcutaneously administered for 12 days.TheDX group
was administered interday for 6 times.The tumors were taken
after 24 hrs of the last administration, then weighed, cut into
pieces, frozen in liquid nitrogen, and stored at −70∘C after
segmentation package.

3.2. Detection of the Level Changes of Cell GenewithGeneChip

3.2.1. Total RNA Extraction. The lysis/binding buffer was
added, 1mL per 0.1 g tissue, for homogenate on ice to prevent
RNA degradation. Adding homogenate additive (1/10) into
the homogenate; the homogenate was vortexed, mixed, and
kept on ice for 10min. Then added phenol and chloroform
mixture in the same volume as lysis, vortex them for 30 s,
centrifuged them in 10,000 g for 5 minutes at room tem-
perature. Added the absolute ethanol to the supernatant,
then vortex and mixed them, made them going through the
purification column repeatedly, centrifuged them at 10000 g
for 15 seconds, discarded the supernatant. Added 350𝜇L
Wash I, centrifuged them for 5 s to purify the column, then
centrifuged at 10,000 g for 15 s, discarded filtrate. Added
10 𝜇L DNase I and 70 𝜇L buffer RDD to the film, placed
them for 15min, and then successively added 350 𝜇L Wash 1
and 500𝜇L Wash 2, centrifuged them for 5 s, cleaned the
purification columns two times. Each cleaning must be
centrifugal at 10,000 g for 15 s and discard the filtrate. Added
100 𝜇L 95∘C preheated nuclease-free water to spin column
and placed the spin column in a new collection tube after
the second cleaning. The total RNA would be obtained after
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Table 1: The Primer information of these four genes.

Gene symbol Forward primer Reverse primer
GSK-3𝛽 ACC ATC CTT ATC CCT CCA CAg Aag Cgg CgT TAT Tg
APC CAC TgA gAA TAA ggC TgA C TTC CgT AAT ATC CCA CC
𝛽-Catenin ggT gCT ATT CCA CgA CT CCC TTC TAC TAT CTC CTC C
GAPDH CAA GGT CAT CCA TGA CAA CTT TG GTC CAC CAC CCT GTT GCT GTA G

centrifuging at the maximum speed for 30 s and then stored
at −70∘C.

3.2.2. Purification of Total RNA. QIAGEN RNeasy Kit was
used for further extraction and purification of the total RNA.
100 𝜇L RNase-free water was added to dissolve the total RNA,
then mixed with 350 𝜇L buffer RLT and 250 𝜇L ethanol.
(The preparation of RLT: 14mL original RLT can be added
to 140 𝜇L of 𝛽-mercaptoethanol.) Transferred the sample to
the RNeasy column, centrifuged at 10000 g for 30 s, and
abandoned filtrate. Clean the RNeasy minicolumn twice with
500𝜇L buffer RPE, centrifuged at 10,000 g for 30 s and 2min,
respectively, and discard the filtrate. Add 40 𝜇L RNase free
water to the column, and centrifuge 10000 g for 1min. Repeat
the operation once more; the purified RNA was prepared.

3.2.3. Total RNA Quality Testing. The quality of total RNA
can be determined with agarose gel electrophoresis. Prepare
the electrophoresis buffer 50x TAE,whichwas processedwith
DECP and autoclaves → a 1% agarose gel was prepared
after adding on amount of agarose to lx TAE electrophoresis
buffer → run on a gel for 15min, then observe and picture
the gel over the gel imager → lab-on-chip.

3.3. Validation of Protein Expression of Specific Genes by
Fluorescence Quantitative PCR

3.3.1. Primers and Reaction Conditions. The primers were
designed through the 01190 software and synthesized by
Sangon Biotech (Shanghai). The primer information of these
four genes was shown in Table 1. With the template of sample
cDNA, the differentially expressed genes were verified to use
SYBR Green by real-time fluorescent quantitative PCR. The
conditions of the q-PCR reactions were subjected to 94∘C
for 10min, followed by 40 cycles at 94∘C for 15 s and 54.5∘C
for 30 s, and finally 72∘C for 45 s. The expression levels of
GSK-3𝛽, APC, and 𝛽-catenin in test samples were detected
with GAPDH as the reference gene and calculated by 2−ΔΔCT
relative quantificationmethod, which showed the differential
expression of different groups compared to the NS group.

3.3.2. RNA Extraction. After isinfecting the reagent bottle,
boxes, and gloves under UV light for 30min, the tissues
were homogenized in the trizol reagent.The homogenate was
incubated at 15–30∘C for 5min, to which chloroform was
added, then vortex them for 15 s, and centrifuged separating
the mixture for 15min in low temperature. Transferred the
upper supernatant into another tube, added 0.5mL iso-
propanol and mixed them at 15–30∘C, incubated them for

10min, 4∘C, then centrifuged them at 12000 g for 10min,
discarded supernatant, and added 1mL 75% ethanol into the
tube, centrifuged them at 7500 g for 5min, discarded the
supernatant, and dried them in the air for 3−5min. Added
20𝜇L DEPC deionized water to dissolve the RNA and stored
them at −70∘C.

3.3.3. RNA Quality Testing

(1)OD Value Detection. A260/A280 value was determined by
UV with 1 𝜇L extracted from each of RNA which was diluted
to 100 𝜇L with TE buffer.
(2) RNA Formaldehyde Electrophoresis.The voltage of condi-
tions electrophoresis was 80V, and running time was 40min.
The RNA samples prepared in Section 3.3.2 were diluted
with DEPC water suitably and mixed with an equal volume
of sample buffer, then heated for 4min in boiling water,
cooled on ice for 2min, and then centrifuged in 1200 rpm
for 5 s. The sample was spotted on plate to be carried on the
electrophoresis.

3.3.4. The Synthesis of cDNA. The RevertAid First Strand
cDNA Synthesis Kit was used for reverse transcription. The
total reaction volumes of RT-PCR reactions were 20𝜇L. The
system consists of 2 𝜇L RNA, 1 𝜇L Oligo(dT)18 primer, 9𝜇L
RNase-free water, 4 𝜇L 5x reaction buffer, 1 𝜇L Riblock Rnase
Inhibitor, 2 𝜇L 10mM dNTP MIX, and 1 𝜇L RevertAid M-
MulV.

The reverse transcription system liquids of the above
were subjected to 42∘C, 60min, and 70∘C, 5min, in a PCR
instrument. The reaction products were stored at −80∘C for
long-term preservation.

3.3.5. The Test of RT-PCR Amplification Products. Briefly, the
presence or absence of the only bands was observed at 496 bp
as the standard showed the quality of cDNA. If there is one
and only one band, the PCRproduct cDNAwas qualified, and
Q-PCR can be the next.The voltagewas 130V, and the analysis
time was 25min.

The RT-PCR amplification system had 25𝜇L liquid of
total reaction volumes, in which consists of 10 𝜇L 2x Taq
Master Mix, 2 𝜇L cDNA, 0.75 𝜇L Forward GAPDH primer
pair and 0.75 𝜇L Reverse GAPDH primer, and 11.5 𝜇L RNase-
free water. PCR reactions were subjected to 94∘C for 10min,
followed by 40 cycles at 94∘C for 15 s and 54.5∘C for 30 s and
finally 72∘C for 45 s.

3.3.6. Real-Time Fluorescent Quantitative PCR. 1 𝜇L cDNA
was diluted to 100 𝜇L with sterile water on standby. Gene
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Table 2: The reaction system of q-PCR (𝑛 = 3).

Composition Plus the amount
IQ SYBR Green Supermix 10 𝜇L
Forward primer 1 𝜇L
Reverse primer 1 𝜇L
cDNA 2 𝜇L
Nase-free water 6 𝜇L
Total volume 20 𝜇L

primers, F and R, were diluted 20-fold, respectively. This
reaction system was shown in Table 2. Each sample should
go through the three parallel tests, taking the mean value to
calculation.

3.3.7. SYBR Green I Reaction Designed and Optimized

(1) Optimization of the Annealing Temperature. By setting a
certain temperature range, we can screen the optimal anneal-
ing temperature by real-time quantitative PCR reactions.
The melting curve can be used to assess the specificity of
the reaction in the quantitative PCR instrument. If there
are multiple peaks on the melting curve, which indicates
nonspecific products such as primer dimer, they are amplified
along with specific products simultaneously, which also
indicates the primers of the reaction need to be redesigned.

(2) Construction of the Standard Curve. cDNA was selected
as the template and set eight 10-fold dilution series of points
each dilution was repeated three times. The equation of the
linear regression line has obtained the logarithmic value of
template initial concentration as the abscissa and the CT
value as the vertical coordinate. Standard curve correlation
coefficient (𝑟) or the coefficient of determination (𝑅2) can be
used to evaluate the degree of linearization with the specific
requirements of 𝑟 > 0.990 and 𝑅2 > 0.980.

4. Results

4.1. Results of CGA Suppression of the Mice Breast
Cancer (EMT-6). See Table 3.

4.2. Electrophoresis Graph and Lab-on-Chip. As is shown in
Figure 1, the luminance ratios of 28 s and 18 s are greater than
or equal to 2 in electrophoresis graph, which preliminary
determines that total RNA was qualified. The result has
shown that the quality of RNA extracted from each group
of tumor tissue samples meets the requirement of further
detection of gene chip. Then the differential genes closely
related to the tumor cell suppression in the course of treat-
ment were screened by the time series analysis, GO analysis,
and pathway analysis and validated with q-PCR.

4.3. The Quality Results of RNA, cDNA

(1) The Results of OD Values. As is shown in Table 4, the
A260/A280 value of RNA was from 1.63 to 2.18, which meets
the quality requirements of RNA.

Figure 1: The EC of CGA 1–4.

Figure 2: The EC of CGA 5-6, DX, and blank.

(2) Formaldehyde Electrophoresis of RNA. As is shown in
Figure 4, the formaldehyde denaturing electrophoresis show-
ing the 28S and 18S were clear without DNA impurity band
and degradation RNA, which meets the requirements of the
experiment.

(3)Results of cDNAQuality Test.As is shown in Figure 5, there
is only one band at 496 bp, which indicates that the quality of
the PCR product meets the requirements.

4.4. PCR Expression of GSK-3𝛽, APC, and 𝛽-Catenin. The
PCR expression of GSK-3𝛽, APC, and 𝛽-catenin was shown
in Figure 6 in the tumor tissue of Balc-b/EMT-6 tumor-
bearing mice after the treatment of DX (5mg/kg), IFN (5
× 106U⋅kg-1), CGA (20mg/kg), CGA (10mg/kg), and CGA
(5mg/kg) for 12 days. Compared with the blank group, the
expression of GSK-3𝛽 and APC was upregulated in group of
20mg/kg dosage (𝑃 < 0.05) and the expression of 𝛽-catenin
was downregulated in the same dosage group (𝑃 < 0.05).

5. Discussion

(1) As shown in Table 3, compared to the positive control
group of cytotoxic anticancer drugs DX, biological response
modifier (BRM) IFN groups, and the negative group of
NS, the three dosag of the CGA groups showed better
antitumor effect (𝑃 < 0.05); especially the inhibition rate
of the 20mg⋅kg−1dose group was more than 50%, which was
equivalent to 59.92% of the DX group and 40.80% of the IFN
group. It is suggested that chlorogenic acid should be able to
be a new good anticancer agent in future clinical application.

(2) According to the data of the different time points in
the inhibitory process acquired with the total RNA that was
qualified in Figures 1, 2, and 3 the differential genes closely



Journal of Analytical Methods in Chemistry 5

Table 3: Results of CGA suppression of the mice breast cancer.

Groups Dose (mg⋅kg−1) Animals Average tumor weight (g) The average tumor inhibition rate (%)
DX 5 5 0.780 ± 0.244

∗∗ 59.92
IFN 5 million U⋅kg−1 5 1.152 ± 0.254

∗∗ 40.80
CGA 5 5 1.326 ± 0.254

∗∗ 31.86
CGA 10 5 1.222 ± 0.363

∗∗ 37.20
CGA 20 5 0.968 ± 0.633

∗∗ 50.26
Negative — 5 1.946 ± 0.233 —

Table 4: OD value of RNA.

No. Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
1 1.86 2.08 2.18 2.07 2.18 2.15

2 1.95 2.09 2.17 2.09 2.04 2.16

3 2.05 2.12 2.23 2.09 1.90 2.17

4 1.63 2.07 2.14 2.10 1.94 2.19

5 2.15 2.06 2.18 2.13 1.95 2.17

related to the Wnt pathway in the course of treatment were
screened by the time series, GO, and pathway. The different
genes which were connected with CGA treatment were
extracted and were confirmed with q-PCR. The downward
trends of the tumor genomes 18 and 21 were screened by the
logarithm of standardization and fitting the change course
of genes with similar trends; the genetic trend was closer
to the fitted values of 𝑃 smaller, such as Figures 7(a) and
7(b).

(3) As shown in Figure 7(a), the trend of genome 18 was
confirmed to the anticancer process of CGA.According to the
analysis of KEGG signaling pathway and the characteristics
of GO in genome 18, some downregulated genes were found
which are related to the tumor suppression pathway, such as
BdnFmediatedMAPK, Cflar, Cln3 Ddit3 Notch2 Rps6, Sox9,
Spn, and Ppp1r13l.The gene 21 time sequence diagram relates
to the Wnt pathway, mTOR pathway, the Notch pathway,
and some immune-related pathways, such as B cell receptor
pathway, T-cell receptor pathway, and metabolic pathway. It
was inferred that CGA had a multipathway to inhibit the
tumor growing up.

(4) Because our animal model was a breast cancer (EMT-
6/BALB-C), we focused on the influence of Wnt pathway
(shown in Figure 8) which was a special pathway that the
breast cancer had. In particular, the gene glycogen synthase
kinase 3(GSK-3𝛽) and downstream gene ubiquitin ligase
E3(APC) were upregulated. And the two kinds of genes had
closed relationship, in which the gene APC was upregulated
by upstream gene GSK-3𝛽. And then, both genes could cause
the down-stream gene 𝛽-catenin to downregulate directly in
theWnt pathway. As you know, the cancer will be developing
when the gene 𝛽-catenin expression was upregulated. What
is the gene 𝛽-catenin? From its GO searching revealed, 𝛽-
catenin is a multifunctional protein, which can assist the
cells react to extracellular signal and changes by interaction
with the cytoskeleton. This protein acts as a transcription

Figure 3: The EC of DX3 and blank.

Figure 4: RNA electrophoresis.

Figure 5: cDNA electrophoresis.

(transcription) factor in the nucleus to promote cell divi-
sion genes. The accumulation of 𝛽-catenin would lead to
abnormal activation of the downstream transcription factors
after transferring to the nucleus, which mainly cause tumor.



6 Journal of Analytical Methods in Chemistry

2.5

2

1.5

1

0.5

0

D
X

IF
N

CH
A-

20
 m

g

CH
A-

10
 m

g

CH
A-

5 m
g

Bl
an

k

Groups

1.55
1.31

1.97

1.51
1.23

0.86

Th
e a

ve
ra

ge
 o

f e
xp

re
ss

io
n

The average per expression of genes GSK-3𝛽 in different groups

(a)

2.5

3

3.5

2

1.5

1

0.5

0

Av
er

ag
e o

f e
xp

re
ss

io
n

D
X

IF
N

CH
A-

20
 m

g

CH
A-

10
 m

g

CH
A-

5 m
g

Bl
an

k

Groups

The average per expression of genes APC in different groups

2.07

1.42

3.15

1.52
1.12

1.39

(b)

0.78

1.25 1.25 1.25 
1.41 

2.08 

D
X

IF
N

CH
A-

20
 m

g

CH
A-

10
 m

g

CH
A-

5 m
g

Bl
an

k
Groups

2.5

2

1.5

1

0.5

0

Av
er

ag
e o

f e
xp

re
ss

io
n

The average pcr expression of gene 𝛽-catenin in different groups

(c)

Figure 6: The average PCR expression of different genes in different groups. (a) GSK-3𝛽, (b) gene APC, and (c) gene 𝛽-catenin.
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Figure 7: The expression trend graphs of gene 18 and gene 21 (𝑃 = 0).

So, it is suggested that the 𝛽-catenin inhibited was one of
the ways to inhibit tumor growth. On the other hand, the
upregulation ofGSK-3𝛽 is amultifunctional serine/threonine
class of protein kinase, which plays an important role in the
Wnt/wingless, PI3-kinase, and Hedgehog signaling pathway
with the physiological functions including transcriptional
activation, cell proliferation, and cell differentiation, cell

movement. It can phosphorylate shaft protein and 𝛽-catenin,
cause the degradation of 𝛽-catenin protein, and thereby
inhibit the activation of the pathway. The activated APC
plays an important role in promoting complexes degra-
dation in a fast, efficient, and highly selective way in
the anaphase cell cycle, which also can phosphorylate shaft
protein and 𝛽-catenin, cause the degradation of 𝛽-catenin
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protein, and thereby inhibit the activation of the pathway.
So the activation of GSK-3𝛽 and APC and downregulation
of 𝛽-catenin in the group of CGA suggested that CGA could
inhibit tumor by activating GSK-3𝛽 and APC.

(5) As shown in Figure 6(a), the regulation confirmed
by Q-PCR in treatment process of CGA for EMT-6 breast
cancer indicates groups of CGA in each dose and DX can
activate expression of GSK-3𝛽, especially the CGA 20mg/kg
group and the DX group can significantly upregulate GSK-
3𝛽 (𝑃 < 0.05). As shown in Figure 6(b), groups of CGA
at 20mg/kg and 10mg/kg and DX can activate expres-
sion of APC, but groups of CGA at 5mg/kg dose little
to upregulation. As shown in Figure 6(c), DX group, IFN
group and CGA 20mg/kg group was inhibited gene 𝛽-
catenin.

6. Conclusion

It is suggested that affecting the gene expression of GSK-
3𝛽, APC, and 𝛽-catenin by chlorogenic acid in Wnt pathway
was one of the targets in the multipathway to antitumor of
CGA.
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Raw material, different formulations of foods, and dietary supplements of mate demands control of the content of bioactive sub-
stances for which high performance thin layer chromatography (TLC), described here, presents simple and rapid approach for
detections as well as quantification. Using TLC densitometry, the following bioactive compounds were identified and quantified:
chlorogenic acid (2.1mg/g), caffeic acid (1.5mg/g), rutin (5.2mg/g), quercetin (2.2mg/g), and kaempferol (4.5mg/g). The results
obtained with TLC densitometry for caffeine (5.4mg/g) and theobromine (2.7mg/g) show no statistical difference to the content
of total xanthines (7.6mg/g) obtained by UV-Vis spectrophotometry.Thus, TLC remains a technique of choice for simple and rapid
analysis of great number of samples as well as a primary screening technique in plant analysis.

1. Introduction

Mate tea (Sp. yerba mate, Port. Erva-mate) consists of well
cut, dried, aerial parts or leaves of Ilex paraguariensis St.-Hil.
(Aquifoliaceae) shrub. It contains methylxanthines, mainly
caffeine, phenolic acids, and saponins and is used as everyday
substitution for coffee (psycho stimulant, analeptic) in the
south of Brazil, North of Argentina, Oriental Paraguay, and
Uruguay. Besides beneficial effects on cardiovascular system,
it has significant antioxidant capacity and can be used for the
management of weight in obesity [1–3].

Thin layer chromatography (TLC) often represents first-
choice technique for samples of plant origin as results can
be easily visualized. This technique has been successfully
employed for analysis of flavonoids and phenolic acids in
wine, propolis, and different medicinal plants [4]. Several
studies comparing TLC and HPLC have shown that there is
no statistical difference between these methods, and advan-
tage due to lower cost is given to TLC [5, 6].

Determination of xanthines as the main constituents is
time consuming titration [7]. Although flavonoids present
ubiquitous class of compounds, Bastos et al. [8] did not find

any of the analyzed flavonols in mate tea using HPLC tech-
nique.Thus, the goal of this work was to identify and quantify
polyphenolic and xanthine components of mate densitomet-
rically using HPTLC plates and compare the results obtained
with the content of total polyphenols and xanthines based on
UV-Vis spectrophotometry.

2. Experimental Section

2.1. Reagents. All standards were purchased from Sigma
Aldrich (Germany) and organic solutions from Kemika
(Croatia).The sample ofmate powder (dried aerial parts) was
obtained from Santo Ângelo, RS, Brazil.

2.2. Standard Solutions. Stock solutions of phenolic acids
(chlorogenic, caffeic, ferulic, and p-coumaric acid), flavo-
noids (rutin, quercetin, naringenin, and kaempferol), and
xanthines (caffeine, theobromine) were prepared by dissolv-
ing standards with methanol (polyphenols) or water (xan-
thines) to obtain concentration of 1.0mg/mL. Standard
solutions were prepared by dissolution with methanol to
0.1mg/mL.
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Table 1: Identification parameters of polyphenolics and xanthines: retention factor, color of band under 366 nm, and spectra after spraying
with aluminium chloride (not applicable for caffeine and theobromine).
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Table 1: Continued.

Bioactive compound TLC spectra in situ Structure
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Table 1: Continued.

Bioactive compound TLC spectra in situ Structure
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2.3. Aqueous Solution of Yerba Mate. 1.0 g of erva was boiled
in 100mL of water for 30 minutes and filtered. 50mL of this
solution was evaporated, and the residues were dissolved in
10mL of methanol.

2.4. Hydrolyzed Solution of Yerba Mate. 0.5 g of yerba mate
was refluxed for 30min. with 20mL of acetone, 2mL 25%
hydrochloric acid, and 1mL 0.5% water solution of hexam-
ethylenetetramine. Obtained hydrolyzate was filtered, and
crude parts were once again refluxed with acetone for 10min-
utes. The filtrates were combined and diluted to 100mL with
acetone. 20mL of acetone solution was mixed with 20mL of
water and extracted once with 15mL and 3 times with 10mL
of ethyl acetate. Combined ethylacetate phases were washed
with 40mL of water and filtered through cotton. Filtrate was
diluted with ethylacetate to 50mL. This solution was used
for HPTLC analysis and spectrophotometric determination
of total flavonoids.

2.5. Spectrophotometric Analysis. Total content of flavonoids
was determined by Christ-Müller’s method, phenolic acids
according to European Pharmacopoeia, and xanthines by the
method suggested by International Office of Cocoa, Choco-
late and Sugar Confectionery [7, 9, 10]. Briefly flavonoids
were determined after acid hydrolysis (see Section 2.4.) as
liberated aglycones spectrometrically at 425 nm as a complex
with AlCl

3
in a methanol-ethyl acetate-acetic acid medium.

For the purpose of phenolic acids determination 0.2 g
of mate powder was refluxed with 190mL of 50% ethanol

on the water bath. Total phenolic acids were determined by
measuring the absorbance at 505 nm of the complex formed
between phenolic acids and sodium molybdate—sodium
nitrite as an equivalent of rosmarinic acid.

Aqueous solution of yerba mate was used for the deter-
mination of xanthines. Total xanthines were determined after
clarification with lead acetate spectrometrically at 272 nm as
an equivalent of theobromine.

2.6. TLC Densitometry. Chloroform :methanol : formic acid
in volume ratio 44.1 : 2.5 : 2.15 was used as mobile phase for
aglycones, and ethyl acetate : formic acid : acetic acid : water
in volume ratio 100 : 11: 11 : 26 was used for glycosides [4, 11].
System used for xanthines development was ethyl acetate,
methanol and water in volume ratio 40 : 5.4 : 4 [11]. Merck
HPTLC plates (Silica Gel 60 F

254
, 10 × 20 cm) were used as

stationary phase. Samples were applied using CAMAG Lino-
mate V semiautomatic sample applicator. After development
the HPTLC plates were dried and sprayed for the analysis
of polyphenolics with 1% ethanolic solution of AlCl

3
⋅6H
2
O.

Plates were recorded at 254 and 366 nm. Identification and
quantification were performed by TLC densitometry using
CAMAG TLC Scanner 3 and WinCATS software version
1.3.4.

2.7. Statistical Analysis. The results of TLC densitometry and
spectrophotometric analysis were compared using Student’s
t-test. Statistical analysis was performed using Microsoft
Office Excel 2003.
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Table 2: Results of quantification of individual flavonoids, phenolic acids, and xanthines.

Bioactive compound Calibration curve Fraction of flavonoids1 Fraction of phenolic acids2 Aqueous solution
(mg/g) (mg/g) (mg/g)

Chlorogenic acid 𝐴 = 3168.1𝑚 + 204.2 (𝑟2 = 0.9865) 2.1 21.6 3.0
Caffeic acid 𝐴 = 3313.2𝑚 − 475.6 (𝑟2 = 0.9955) 1.5 nd nd
Rutin 𝐴 = 6223.4𝑚 − 649.8 (𝑟2 = 0.9833) 5.2 6.8 2.3
Quercetin 𝐴 = 6902.1𝑚 + 723.7 (𝑟2 = 0.9788) 2.2 nd nd
Kaempferol 𝐴 = 9349.3𝑚 − 732.7 (𝑟2 = 0.9681) 4.5 nd nd
Caffeine 𝐴 = 2328.8𝑚 + 6439.2 (𝑟2 = 0.9807) na na 5.4
Theobromine 𝐴 = 3405.5𝑚 + 1535.9 (𝑟2 = 0.9667) na na 2.7
1
Hydrolyzed fraction of flavonoids, 2nonhydrolyzed fraction of phenolic acids used for the spectrophotometric analysis according to the European
pharmacopoeia, and nd: not detected, na: not applicable.
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Figure 1: Identification of chlorogenic acid—overlapping spectra of
standards and erva samples.

3. Results and Discussion

The total content of flavonoids determined by Christ-Müller’s
method was 3.0mg/g (RSD = 0.5%, 𝑛 = 3), phenolic acids
determined according to Ph. Eur. method 55.1mg/g (RSD =
0.6%, 𝑛 = 3), and xanthines by IOCCSC method 7.6mg/g
(RSD = 0.7%, 𝑛 = 3).

Identification of bioactive constituents was based on
retention factor, absorption spectra in situ, and, if applicable,
color of the band after sprayingwith aluminium chloride.The
identification parameters are presented in Table 1 and
Figure 1.

Times of chromatogram development were 11.5, 24, and
12min. for aglycones, glycosides, and xanthines, respectively.
Out of eight polyphenolics analyzed rutin, and chlorogenic
acid, as well as aglycones quercetin, kaempferol, and caffeic
acid were identified and quantified. Both xanthines analyzed,
caffeine, and theobromine, were determined (Figure 2).
Quantification was based on the area under curve using five
bands with different amounts of standard in triplicate. The
results of quantification are presented in Table 2.

(a)
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0.9
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800
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)

All tracks at 254nm

(b)

Figure 2: Chromatographic plate (a) and 3D chromatograms (b) of
caffeine standard (six tracks from the left and nine from the right)
and sample ofmate (middle part).

Although in the last few years HPLC has been a major
method for the analysis of polyphenolics in yerba mate and
detailed MS analysis was done [12, 13], we have not encoun-
tered TLC method in available primary sources. As the TLC
is a rather simple technique, we tried to identify and quantify
polyphenolic constituents, primarily flavonoids, and phenolic
acids ofmate. Bastos et al. [8] did not detect quercetin, myri-
cetin, and kaempferol in infusion from dried mate leaves
using HPLC.This could be caused by inappropriate selection
of solvents for extraction, inadequate time of extraction, or
poor hydrolysis of glycosides as aglycones were to be deter-
mined. As it can be noticed from the result in Table 2 most



6 Journal of Analytical Methods in Chemistry

commonly employed acid hydrolysis used for the determi-
nation of total flavonoids in aglycone form (Christ-Müller’s
method) did not provide complete degradation of glycoside
rutin.

Although advanced techniques for the separation and
quantification of individual polyphenols including LC-MS
[13, 14] are available, we used simple TLC method with
HPTLC plates to determine quercetin and kaempferol in
yerba mate in the amounts of 2.2mg/g and 4.5mg/g, respec-
tively.

The results of TLC analysis concurred with the total con-
tent of methylxanthines: 5.4mg/g for caffeine and 2.7mg/g
for theobromine, while total xanthines were 7.6mg/g (𝑡 =
0.16, 𝛼 = 0.01). These results suggest that thin layer chro-
matographywith densitometry could be used for both, identi-
fication as well as determination of caffeine and theobromine
in yerba mate having in mind that the most commonmethod
only for determination is time-consuming titration [8].

4. Conclusion

Based on the obtained results, it can be concluded that TLC
analysis is an appropriate technique for the analysis of indi-
vidual polyphenols as well as xanthines. Content of individ-
ual methylxanthines corresponds to the spectrophotometric
determined total xanthines.

As thin layer chromatography is readily available tech-
nique, it could be easily employed for the analysis of polyphe-
nols and xanthines in raw material, different formulations of
foods, and dietary supplements ofmate.
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To identify the compounds absorbed in rat serum after the oral administration ofWu-Jia Sheng-Hua (WJSH) capsule, a traditional
Chinese medicine (TCM) compound prescription, an ultraperformance liquid chromatography coupled with electrospray
ionization mass spectrometry (UPLC/ESI-MS) method, was established. The chromatographic separation of the absorbed
compounds and metabolites was achieved with an ACQUITY UPLC BEH C18 column (2.1mm × 50mm, 1.7 𝜇m) under a gradient
elution.Themobile phase was composed of acetonitrile andwater buffered with ammonium acetate (10mM) and formic acid (0.1%,
V/V). Twelve absorbed compounds and four metabolites were found. Seven of the absorbed compounds were identified by ESI-
MS. The identification of absorbed compounds might be helpful for the better understanding of the mechanisms underlying the
pharmacological effects of WJSH capsule.

1. Introduction

Chinese postpartum care (Zuoyuezi) has been regarded as
a crucial rite-to-passage for the woman’s recovery and the
transition to motherhood after childbirth [1]. The use of
Sheng-Hua-Tang, a well-known traditional Chinese med-
icine (TCM) compound prescription, during the postpartum
has been popular in Chinese communities over a long period.
Previous study has shown that Sheng-Hua-Tang use during
the first month of the postpartum period may have a positive
effect on women’s health-related quality of life, especially in
terms of role limitations due to physical health and emotional
problems [2]. Wu-Jia Sheng-Hua capsule (comprising Radix
et Caulis Acanthopanacis Senticosi, Radix Angelicae Sinensis,
Rhizoma Chuanxiong, Semen Persicae, Radix Glycyrrhizae,
andRhizomaZingiberis Preparata), derived fromSheng-Hua-
Tang, has been used widely in Chinese women to promote
blood flow, resolve blood stasis, ease postchildbirth pain,

reduce bleeding volume and shorten bleeding duration after
induced abortion in Chinese women [3, 4]. The material
base, namely the bioactive components, of Wu-Jia Sheng-
Hua (WJSH) capsule is still unclear, though the prostaglandin
F2alpha (PGF

2𝛼
), prostaglandin E2 (PGE

2
), endothelin (ET),

and nitrogenmonoxide (NO) levels were found to be partially
responsible for the curative effects and recovery benefits of
WJSH capsule on induced abortion with vaginal haemor-
rhage [4].

TCM serum pharmacochemistry, based on hypothesis
that active compounds should appear in blood after adminis-
tration of TCM, was proposed by Homma et al. [5, 6]. In the
past two decades, it was proved to be helpful in recognizing
the real active components in TCM and in gaining a better
understanding of the mechanisms under the therapeutic
effects of TCM [7–9].

In the present study, an ultraperformance liquid chro-
matography coupled with electrospray ionization mass



2 Journal of Analytical Methods in Chemistry

100

0
2 4 6 8 10 12 14

Time

BPI
1.43𝑒8

1: scan ES+
(%

)

(a)

1
2 3

4

5

6

7
1: scan ES+

BPI
2.64𝑒6

100

0
2 4 6 8 10 12 14

Time

(%
)

(b)

M2M1 M3
M4

1 2 34567 89 1210 11

1: scan ES+
BPI

9.68𝑒7

100

0
2 4 6 8 10 12 14

Time

(%
)

(c)

100

0
2 4 6 8 10 12 14

Time

1: scan ES+
BPI

4.38𝑒7(%
)

(d)

Figure 1: Total ion chromatogram of (a) WJSH capsule extract, (b) mixture of standards, (c) WJSH capsule serum sample, and (d) blank rat
serum in positive mode. Peaks: 1, syringin; 2, protocatechuic acid; 3, liguiritin; 4, ferulic acid; 5, isofraxidin; 6, chlorogenic acid; 7, liqustilide;
M1, M2, M3, and M4, stand for metabolites 1, 2, 3 and 4, respectively.
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Figure 2: MS/MS spectra of (a) peak 5 in TIC chromatogram of WJSH capsule serum sample; (b) standard of isofraxidine.

spectrometry (UPLC/ESI-MS) method was developed and
applied for investigating the serum pharmacochemistry of
WJSH capsule. It was thought that TCM expresses its effects
through multicomponents with multitargets [10]. The iden-
tification ofWJSH’s multiple absorbed bioactive components
andmetabolitesmight be helpful for better understanding the
mechanisms under its therapeutic effects.

2. Experimental Method

2.1. Reagents and Chemicals. Syringin, protocatechuic acid,
liguiritin, ferulic acid, isofraxidine, chlorogenic acid, and
liqustilide (standards) were purchased from National Insti-
tute of Control of Pharmaceutical and Biological Products
(Beijing, China).

Acetonitrile, methanol, formic acid, and ammonium
formate (HPLC grade) were obtained from Merck (Darm-
stadt, Germany) and Sigma-Aldrich (St. Louis, MO, USA),
respectively. Other chemicals are of analytical grade.

Wu-Jia-Sheng-Hua capsule and each single herb in the
prescription ofWu Jia ShengHua capsulewere gifts fromDuo
Duo Pharmaceutical Co. LTD. (Heilongjiang, China).

2.2. UPLC Conditions. The chromatographic separation of
the absorbed components and metabolites were performed
on aWaters ACQUITYUPLC system (Waters Corp.,Milford,
MA, USA) equipped with anUV detector, an autosampler, an
ACQUITY UPLC BEH C18 column (2.1 × 50mm, 1.7 𝜇m),
and an automatic thermostatic column oven. The mobile
phase consisted of (A) water buffered with ammonium
acetate (10mM) and formic acid (0.1%, V/V) and (B) acetoni-
trile.The column temperaturewas kept at 40∘C.The elution of
the target compoundswas conducted in a gradientmodewith
the volume percentage of B changed from 5% to 50% in the
initial 10minutes and from 50% to 80% in the next 6minutes.
The flow rate was 0.4mL/min, and the injection volume was
8 𝜇L.



Journal of Analytical Methods in Chemistry 3

O

O

Glc

HO

HO

OH

OH

O

O OHO

OH

O

HO

O

O

Syringin Protocatechuic acid Isofraxidin

HO O

O

O Glc

Liquiritin Ferulic acid

OH

OH

OH

OH

OH
OOC

HOOC

Chlorogenic acid Ligustilide

H3CO

H3CO

H3CO

CH3 OCH3

Figure 3: Identified bioactive components of WJSH capsule absorbed into rat plasma after oral administration.

2.3. MS Conditions. To obtain the MS and MS/MS data
of the investigated compounds, a Waters Quattro Premiere
XE triple-quadrupole mass spectrometer (Micromass MS
Technologies) was coupled to the abovementioned UPLC
system. Ionization was performed in the positive electrospray
(ESI) mode. The mass range was set at m/z 100–1000Da
with the scan time being 0.5 s. The ionization parameters
were as follows: interval time, 0.2 s; capillary voltage, 3.5 kV;
cone voltage, 35 kV; ionization resource temperature, 120∘C;
desolvation temperature, 380∘C, desolvation gas flow rate,
500 L/h (N

2
); and cone gas flow rate, 50 L/h (N

2
). MassLynx

software (version 4.1) and QuanLynx software were used for
system control and data processing, respectively.

2.4. Sample Preparation. 5mL methanol was added to 1mL
blank rat serum sample or WJSH capsule serum sample.
The mixture was vortexed for 3min. and centrifuged for
15min. (4∘C, 5000 rpm). 5mL supernatant was dried under
gentle nitrogen gas stream at 37∘C. The residues were kept at
−20∘C. Before analysis, each residuewas reconstituted in 1mL
methanol and centrifuged for 15min. (4∘C, 14,000 rpm). 8𝜇L
supernatant was injected for UPLC-ESI-MS analysis.

2.5. Serum Pharmacochemistry Study of WJSH Capsule. The
extracts of WJSH capsule and raw medicinal materials of
WJSH capsule were prepared separately. 10mLmethanol was

added to 0.4 gWJSHor each rawmedicinalmaterial.The sus-
pensions were sonicated for 30min., centrifuged (3000 rpm)
for 15min., and filtered through 0.45𝜇m micropore film
(Millipore, USA).The supernatants were collected as extracts.

Male Sprague-Dawley rats (230 g ± 10 g, Experimental
Animal Center of Heilongjiang University of Traditional
Chinese Medicine) were randomly divided into eight groups
(six for each): Group A to Group H. All care and handling
of animals were performed with the approval of Institutional
Authority for Laboratory Animal Care of Heilongjiang Uni-
versity of Traditional Chinese Medicine.

After 12 hours of fasting, normal saline (blank control)
and extract of WJSH capsule were given intragastrically to
rats in Group A and Group B, separately. Extracts of raw
medicinal materials were given intragastrically to rats of the
other 6 groups (one extract per group). The dosage was
1.5mL/100 g body weight, and the administration frequency
was once daily in three consecutive days in each group. At
forty minutes after the last administration, 5mL blood was
collected via hepatic portal vein. The blood samples were
centrifugated for 10min. at 5000 rpmat 4∘C to separate serum
samples. The residues were kept at −20∘C until analysis.

3. Results and Discussions
3.1. Optimization of UPLC-ESI-MS Conditions. To purify the
serum sample, the protein precipitation, liquid-liquid extrac-
tion, and solid-phase extraction methods were tried. Finally,
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Figure 4: TIC chromatograms of serum samples: (a)WJSH capsule;
(b)Radix et Caulis Acanthopanacis Senticosi alone; (c)WJSH capsule
without Radix et Caulis Acanthopanacis Senticosi. Peaks: 1, syringin;
2, protocatechuic acid; 3, liguiritin; 4, ferulic acid; 5, isofraxidine;
6, chlorogenic acid; 7, liqustilide; M1, M2, M3, and M4 stand for
metabolites 1, 2, 3, and 4, respectively.

the simple protein precipitation method with methanol was
chosen, sincemost investigated compoundswere found in the
purified samples.

As compared to methanol-water system, higher resolu-
tion, better peak shape, and faster elution of compounds
were achieved using acetonitrile-water system buffered with
ammonium acetate and formic acid. Therefore, this system
was used as mobile phase. The chromatographic separation
of the absorbed components and metabolites was conducted
in gradient elution mode to overall reduce the retention time
of these compounds characterized by different polarities.The
timetable of gradient elution was listed in Table 1.

For the ESI-MS conditions, the stronger responses of all
compounds were obtained in positive ionization mode than
in negative mode. Thus, positive mode was employed in the
total ion current (TIC) chromatograms of WJSH capsule
serum samples in them/z range of 100 to 1000Da.

3.2. Identification of Absorbed Components. The multiple
bioactive components in TCM could be simultaneously
identified using the UPLC-ESI-MS technique. It is generally
helpful in better understanding the mechanisms underlying
TCM’s therapeutic effects.

The serum pharmacochemistry study of WJSH capsule
was conducted in rats orally administered with WJSH Cap-
sule. Then, the absorbed bioactive components including

Table 1: The timetable of gradient elution in UPLC conditions.

Time (min.) Solvent A (%, V/V) Solvent B (%, V/V)
Initial 95 5
10 50 50
16 20 80
Solvent A: water buffered with ammonium acetate (10mM) and formic acid.
Solvent B: acetonitrile.

their metabolites were identified by the established UPLC-
ESI/MS method. The typical TIC chromatograms of WJSH
capsule extract, WJSH capsule serum sample, and blank
serum sample were shown in Figure 1. Twelve chemicals of
which chromatographic peaks appeared in the TIC chro-
matograms of WJSH capsule serum sample and WJSH
capsule extract, but not in that of the blank serum sample,
were presumed to be the absorbed components. Similarly,
four chemicals whose chromatographic peaks presented only
in the TIC chromatograms of WJSH capsule serum sample,
but not in that of theWJSHcapsule extract or the blank serum
sample, were supposed to be metabolites.

By comparing the MS/MS spectra, the chromatographic
peaks in TIC chromatogram of WJSH capsule serum sample
versus the standards, respectively, seven absorbed com-
ponents were identified unequivocally. For instance, the
MS/MS spectrum of peak 5 was compared with that of the
isofraxidine standard. These MS/MS spectra were shown in
Figure 2. Since the quasi-molecular ion atm/z 223 [M + H]+,
fragmentation ions at m/z 192 [M + H-OCH

3
]+, and at m/z

161 [M+H-OCH
3
-OCH

3
]+ were found simultaneously in the

MS/MS spectra of peak 5 and the standard of isofraxidine;
this absorbed component was confirmed to be isofraxidine.
The other six components were identified in the same way.
The chemical structures of the identified components were
shown in Figure 3. The other five absorbed components and
the four metabolites were not identified and need further
investigation.

By comparing the TIC chromatograms of serum sam-
ples, WJSH capsule, WJSH capsule without Radix et Caulis
Acanthopanacis Senticosi, andRadix et Caulis Acanthopanacis
Senticosi alone, isofraxidine was confirmed to be originated
from Radix et Caulis Acanthopanacis Senticosi. Similarly,
the original plant(s) of the other absorbed components and
metabolites were confirmed.These TIC chromatograms were
shown in Figure 4. The retention times, MS/MS data, and
original plants of the absorbed components and metabolites
were listed in Tables 2 and 3, respectively.

By revealing the bioactive components of TCM com-
pound prescriptions, serum pharmacochemistry studies
might be significantly helpful in better understanding the
mechanisms under the therapeutic effects of these prescrip-
tions. For instance,WJSH capsule andDanggui-Shaoyao-San
have been used extensively in Chinese women to enhance
uterine involution after giving birth and alleviate dysmenor-
rhea, respectively [11, 12]. In pharmacological experiments,
the prostaglandins (PG) levels regulation was proved to
be partially responsible for the myometrium contraction
stimulation and inhibition effects of WJSH capsule and



Journal of Analytical Methods in Chemistry 5

Table 2: The retention times, +ESI-MS/MS data (m/z), and origins of the absorbed components in rat serum after oral administration of
WJSH capsule.

No. Rt (min.)
extract/plasma Positive ions (m/z) Origins Identification

1 2.05/2.04 395 [M + Na]+, 373 [M + H]+ Radix et Caulis Acanthopanacis Senticosi Syringing

2 2.71/2.73 155 [M + H]+, 137 [M + H-H2O]
+, 111

[M + H-CO2]
+

Radix et Caulis Acanthopanacis Senticosi,
Radix Glycyrrhizae,
Rhizoma Chuanxiong,
Rhizoma Zingiberis Preparata

Protocatechuic
acid

3 3.25/3.28 419 [M + H]+, 441 [M + Na]+, 403
[M-CH3]

+ Radix Glycyrrhizae Liquiritin

4 3.43/3.40 195 [M + H]+, 180 [M + H-CH3]
+, 151

[M + H-CO2]
+,

Radix et Caulis Acanthopanacis Senticosi,
Radix Angelicae Sinensis,
Rhizoma Chuanxiong,
Radix Glycyrrhizae

Ferulic acid

5 3.89/3.91 223 [M + H]+, 192 [M + H-OCH3]
+,

161 [M + H-OCH3-OCH3]
+ Radix et Caulis Acanthopanacis Senticosi Isofraxidine

6 4.22/4.27
355 [M + H]+, 377 [M + Na]+, 193
[M-C9H7O3]

+, 181 [M-C7H11O5]
+,

175 [M-C9H7O3-H2O]
+

Radix et Caulis Acanthopanacis Senticosi,
Radix Glycyrrhizae

Chlorogenic
acid

7 4.44/4.46 191 [M + H]+, 175, 151, 137 Radix Angelicae Sinensis Liqustilide

8 4.73/4.69 223, 205, 195 Radix Angelicae Sinensis
Semen Persicae —

9 5.10/5.13 237, 222 Radix et Caulis Acanthopanacis Senticosi —
10 10.87/10.89 247, 232 Radix et Caulis Acanthopanacis Senticosi —
11 194, 176 Radix Glycyrrhizae —
12 13.30/13.27 431, 388, 370 Rhizoma Chuanxiong —

Table 3: The retention times, +ESI-MS/MS data (𝑚/𝑧), and origins
of the metabolites in rat serum after oral administration of WJSH
capsule.

Peak
no.

Rt (min.)
extract/plasma

Positive
ions (m/z) Origin

M1 4.78/4.79 207, 229
Radix Angelicae Sinensis
Rhizoma Chuanxiong
Semen Persicae

M2 5.12/5.14 262, 244 Radix et Caulis
Acanthopanacis Santicosi

M3 6.94/6.92 189, 154
Radix Angelicae Sinensis
Rhizoma Chuanxiong
Semen Persicae

M4 7.59/7.61 323, 245,
308

Rhizoma Zingiberis
Preparata

Danggui-Shaoyao-San, separately [4, 12]. In previous and
present serum pharmacochemistry investigations, identical
(ferulic acid and liqustilide) and different (syringin, pro-
tocatechuic acid, liguiritin, isofraxidine, and chlorogenic
acid for WJSH capsule; paeoniflorin sulfonate, albiflorin,
paeoniflorin, butylidenephthalide, and senkyunolide I for
Danggui-Shaoyao-San) bioactive components in WJSH cap-
sule and Danggui-Shaoyao-San were identified [13]. By con-
ducting comparative pharmacokinetic and pharmacological
experiments, the major bioactive components in WJSH
capsule and Danggui-Shaoyao-San related to the up- and

downregulation effect on myometrium contraction might be
confirmed, and the influence of other coexisting components
on these effected might be revealed. Thus, the mechanisms
underWJSH capsule andDanggui-Shaoyao-San’s therapeutic
effects might be elucidated.

4. Conclusion

In this study, an UPLC-ESI-MS method was established
for investigating the serum pharmacochemistry of WJSH
capsule. In this way, twelve absorbed bioactive components
and four metabolites were found in rat serum. Seven of the
absorbed bioactive components were identified.These results
might be helpful for better understanding the mechanisms
underlying the therapeutic effects of WJSH capsule.
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Persistently increasing incident of cancer in human beings has served to emphasize the importance of studies on mechanism of
antitumor substances. Chlorogenic acid (CA), extracted from folium cortex eucommiae, has been confirmed to have lots of bio-
logical activities encompassing inhibition of tumor. However, the anticancer mechanism of CA remains unclear. Here, we have
utilized a whole mouse genome oligo microarray (4∗44K) to analyze gene expression level of female BALB/c mice (implanted with
EMT-6 sarcoma cells) after treatment with low, medium, and high-dose CA (5mg/kg, 10mg/kg, and 20mg/kg), docetaxel, inter-
feron, and normal saline separately at 6 time points (3rd, 6th, 9th, 12th, 15th, and 18th days after administration). Differentially
expressed genes screened out by time-series analysis, GO analysis, and pathway analysis, and four immune-related genes were
selected for further confirmation using RT-qPCR.The results demonstrated that CA is able to change gene expression and that the
responsive genes (CaN, NFATC2, NFATC2ip, and NFATC3) involved in immune pathways had been significantly upregulated by
CA. Expression of immune factors such as IL-2R and IFN-𝛾 can be improved by CA to promote activation and proliferation of
T cells, macrophages, and NK cells, thus enhancing their surveillance and killing abilities, further suppressing the growth rate of
tumor cells.

1. Introduction

Cancer dormant cell theory takes the view that activation
of resting cells is the key factor causing cancer metastasis.
Recent studies indicate that resting cells can be activated
through escaping immune surveillance when immune func-
tion is weakened and that energy used for cell revivals can be
provided by the newborn vessels [1–3]. Therefore, the study
on improving body immune surveillance and restraining the
energy of tumor growth will be an emergent mission as well
as a breakthrough in the field of clinical treatment of cancer.

Chlorogenic acid (CA), extracted from folium cortex
eucommiae and the flower bud of Lonicera confusa, is a kind
of depside formed by caffeic acid and quinic acid. A large
number of studies on CA have demonstrated that CA has
a wide range of biological activities including inhibition of
tumor cells [4]. According to preliminary studies, we recog-
nize that CA is able to inhibit tumor in mouse except for
these with T-cells defect, which suggests that immune system

can be one of the targets of tumor suppression. Meanwhile,
in vivo studies of our group indicate that CA also changes
the advantage state of Th2 drift of BALB/c EMT-6 mice. It
significantly enhance the activities of BALB/c EMT-6 mice
cytotoxic T lymphocyte and natural killer cells as well as
strengthening macrophage phagocytosis activity and lym-
phocyte transcription activity, thus boosting specific and
nonspecific cellular immune function to tumor cells. Recent
studies show that antitumor property of CA may have a
connection with its ability of enhancing the activities of
aryl hydrocarbon hydroxylase, suppressing formation of 8-
OH-dG, carcinogen-DNA adduct, and oxygen radical [5, 6].
Meanwhile, CA can guard against gastric cancer and colon
cancer and even suppress related carcinogenic factors [7, 8].
In vitro studies revealed that CA can enhance T-cell prolifer-
ation caused by influenza virus antigen and can induce the
generation of IFN-𝛾 and IFN-𝛼 by human lymphocytes and
peripheral blood leukocytes [9, 10]. Additionally, we find that
CA can also activate neurocalcin to strengthen the activity
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of macrophagocyte [11]. Althoughmuch evidence has proved
the anticancer property of CA, little is known about its exact
targets on molecular level.

Base on the principle of complementary base pairing,
microarray technology can distinguish particular genes from
the mixture of genes by taking advantage of gene probes.
Different from normal PCR, RT-qPCR can take quantitative
analysis of unknown system. Meanwhile, its sensitivity, accu-
racy, and specificity are better than those of normal PCR.
To explore the expression level of genes in tumor cells, we
utilized a microarray technique to detect BALB/c EMT-6
mice after treatment with CA, docetaxel, interferon, normal
saline separately, and the differences in expression level were
confirmed by RT-qPCR. Time-series analysis, GO analysis,
and pathway analysis were used to screen out common genes
and analyze the relationship between putative genes and
anticancer process of CA. Our data has suggested that CA
is able to inhibit the growth of tumor through regulating
immune system.

2. Materials and Methods

2.1. Animal Model Construction and CA Treatment. Female
SPF mice (BALB/c) used in this experiment weigh 17-18 g on
average, provided by the animal center of Sichuan University.
EMT-6 sarcoma cells were provided by West China Hospital
of SichuanUniversityDepartment ofHealth EngineeringKey
Laboratory of Transplantation and Transplantation Immu-
nity.

We took EMT-6 cell line out of the −152∘C ultra low
temperature refrigerator. After thawing, centrifuging, and
primary culturing, we used 0.25% trypsin for digestion twice
and then subcultured it to a required number. All the col-
lected cells were dilutedwith phosphate-buffered saline (PBS)
in the end. Each BALB/c mouse was injected with 0.2mL
cell solution. The tumor would not transfer until it grew to
a certain size. We homogenized the tumor taken from the
body of BALB/c tumor-bearing mice to cell suspension and
then inoculated the cell suspension to other BALB/c mice.
Mice used for microarray analysis were injected with high-
dose CA (experimental group), docetaxel (control group),
and normal saline (negative control group). Gene expression
of experimental group was analyzed at six time points (3rd,
6th, 9th, 12th, 15th, and 18th days, resp., after administration),
while the control group and negative control groupwere both
analyzed at the 12th days after administration. RT-qPCR took
mice injectedwith low,medium, and high-dose CA (5mg/kg,
10mg/kg, 20mg/kg) as experimental group, docetaxel and
interferon as control group, and normal saline as negative
control group. Each of these groups was tested 12 days after
administration.

2.2. RNA Extraction and Labeling. Total RNA was extracted
using mirVana RNA Isolation Kit (Applied Biosystem p/n
AM1556) in 15min after tissue collection. Quality and con-
centration of RNA were checked by spectrophotometer anal-
ysis and gel electrophoresis. All extracted samples had an
A260/280 ratio of between 2.0 and 2.1 and a 28S/18S ratio

of 2 [12]. Agilent 2100 Bioanalyzer was used for further
verification and qualified RNA had an RIN greater than 7.0.
Total RNA was transcribed to double-stranded cDNA using
RevertAid First Strand cDNA Synthesis Kit (Fermentas),
with T7 Promoter Primer. The aaUTP-labeled cRNA was
produced from cDNA by in vitro transcription. cRNA was
dyed with Cy3 and purified using RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) according to the protocol of the RNeasy
Plus Mini Kit.

2.3. Hybridization and Scanning. Cy3 cRNA must be frag-
mented in a buffer of 11𝜇L 10× blocking agent, 2.2 𝜇L 25×
fragmentation buffer and a certain amount of nuclease-free
water at 60∘C for half an hour before hybridization.We added
55 𝜇L 2× GEx hybridization buffer to the denatured and
fragmented cRNA and then transfered them to microarrays
at 65∘C for 17 h with constant rotation. After hybridization,
the microarrays were washed twice with buffer 1 for 1 minute
followed by buffer 2 at 37∘C for 1 minute too. In the end,
the microarrays were autoscanned twice in 100% and 10%
PMT, respectively, at 5 𝜇m resolution. The data was analyzed
by Agilent Feature Extraction software and the quantile
normalization was finished by GeneSpring 10.0.

2.4. Microarray Data Preprocessing. After acquisition of raw
data, Agilent Feature Extraction software kit was used to
eliminate the effect of background signals through automatic
gridding. We took the log 2 of the normalized background
adjusted values to narrow the threshold of fluorescence signal
strength before quantile normalization by GeneSpring 10.0
and then used a linear model to estimate expression values
on the log scale. Both programs were available in the limma
package. We chose a standard among the microarray samples
thus the whole microarray data varied on it to obtain the
same baseline of average density. Unqualified probes should
be filtered out. Differentially expressed genes are submitted
to Student’s 𝑡-test and 𝑃 ≤ 0.05.

2.5. Interaction Network Analysis. We inputted the data of
probes used for gene expressing analysis into SBC Analysis
System (V2010.05).

2.6. RT-qPCR. RNA extracted from experimental group of
CA, positive control group of docetaxel, and interferon, neg-
ative control group were used to measure expression of
selected genes of interest by RT-qPCR. Genes CaN, Nfatc2,
Nfatc3, and Nfatc2ip showed a different expression level
following treatment with low, medium, and high-dose CA,
respectively. Primers used for RT-qPCR validation were
designed according to each gene sequence and finished by
SBC. Primer names, accession numbers, and sequences are
listed in Table 1.

Total RNA was isolated using TRIzol reagents. The RNA
integrity was verified with RNA formaldehyde electrophore-
sis and the quality was detected by spectrophotometry. The
RNA samples had an A260/280 ratio of greater than 2 and a
20sRNA/18sRNA ratio of greater than 1.1. Single strand cDNA
was synthesized usingRevertAid First strand cDNASynthesis
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Table 1: Primers used for RT-qPCR validation and additional expression profiling.

Gene GenBank accession Forward Reverse
Nfatc3 NM 010901 CTCCCTATCATAACCCA CTgAAggCAAATCTgTG
Nfatc2ip NM 010900 AAAAgCAgAAAgCATACg gACAggCCCTTCCACTA
Nfatc2 NM 010899 TgAgAAgATCgTAggCAAC gCTCgATgTCAgCgTTT
CaN NM 001004025 TgggAAATgAggCgATT CCACgCTCAAAgAACCAg
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Figure 1: Expressing change of genes covered in NO.21 at 6 time
points.

Kit. Reverse transcription reactions were conducted at 42∘C
for 30min and at 85∘C for 5min at a 20𝜇L total reaction
volume containing the following reagents: 2 𝜇L RNA, 1 𝜇L
oligo, 2 𝜇L (10mM) dNTP mixture, 1𝜇L RiboLock RNase
Inhibitor, 4 𝜇L 5× reaction buffer, 9 𝜇L water, and 1 𝜇L
RevertAid M-MuLV. PCR was performed using a Sino Bio
Taq 2× Master Mix. The RT-qPCR products were analyzed
by 1.0% agarose gel electrophoresis.

PCR reaction should be taken at a temperature gradient
in the range of annealing temperature of CaN, Nfatc2, Nfatc3,
and Nfatc2ip. RT-qPCR analysis was conducted to obtain
crossing point (Ct) values of each gene and standard curve
was established through the linearity between Ct value and
log 2 of expression values. Before carrying out RT-qPCR anal-
ysis, cDNA and primers should be diluted in 20𝜇L reagents
containing the following: 9 𝜇L MIX, 8 𝜇L H

2
O, 1𝜇L sense

primer (F), 1𝜇L antisense primer (R), and 1𝜇L cDNA. The
same cycling parameters were repeated for 40 times. Relative
content of mRNA extracted from experimental group of CA,
positive control group of docetaxel, and interferon negative
control group was calculated by RT-qPCR detection system
BIORAD IQ5.

3. Results and Discussion

3.1. Gene Expression Profiles of Tumor Cell after Being Treated
by CA. 34275 probes without repeat were retained after
combination and filtration. We carried out a Student’s 𝑡-test
of these probes to select differentially expressed genes (𝑃 ≤
0.05) and then drew curves reflecting different expression

Table 2: Pathways of upregulated genes.

Pathway name Hits Total Percent (%)
Natural killer cell mediated
cytotoxicity—Mus musculus (mouse) 4 161 2.48

B-cell receptor signaling
pathway—Mus musculus (mouse) 5 85 5.88

T-cell receptor signaling
pathway—Mus musculus (mouse) 6 132 4.55

Table 3: Upregulated genes in T-cell receptor signaling pathway,
B-cell receptor signaling pathway, and natural killer cell mediated
cytotoxicity.

Pathway name GeneID ProbeID Symbol

Natural killer cell mediated
cytotoxicity—Mus musculus
(mouse)

18019 Nfatc2 NFATC2
18021 Nfatc3 NFATC3
19059 CaN CAN
22325 Vav2 VAV2

T-cell receptor signaling
pathway—Mus musculus (mouse)

17973 Nck1 NCK1
56637 Gsk3b GSK3B
18019 Nfatc2 NFATC2
18021 Nfatc3 NFATC3
19059 CaN CAN
22325 Vav2 VAV2

B-cell receptor signaling
pathway—Mus musculus (mouse)

56637 Gsk3b GSK3B
18019 Nfatc2 NFATC2
18021 Nfatc3 NFATC3
19059 CaN CAN
22325 Vav2 VAV2

tendency of them at 6 time points. Eighty different curves
were obtained after curve fitting. The smaller the 𝑃 value is,
the more similar each gene trend fits the curve. NO.21 fitting
curve had a 𝑃 value close to 0 and the expression profiles of
genes covered in this fitting curve were analyzed systemat-
ically here. As shown in Figure 1, each inflection point cor-
responds to gene expression at different time points after
administration. Genes covered in this curvewere upregulated
as seen from the whole time cycle; in other word, CA is
capable of upregulating certain genes of tumor-bearing mice.

Data of genes covered in NO.21 was put into SBC Anal-
ysis System (V2010.05) and compared with KEGG (Kyoto
Encyclopedia of Genes and Genomes) database. As shown
in Table 2, 96 pathways are found to be related to upreg-
ulated genes and 29 of them are found to be statistically
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Table 4: GO of statistical significance.

GO ID Name Hits Total Percent (%)
GO:0009055 Electron carrier activity 7 107 6.54
GO:0003682 Chromatin binding 8 138 5.8
GO:0046906 Tetrapyrrole binding 6 107 5.61
GO:0030528 Transcription regulator activity 28 1053 2.66
GO:0009058 Biosynthetic process 73 3388 2.15
GO:0043167 Ion binding 78 3709 2.1

significant including T-cell receptor signaling pathway, B-cell
receptor signaling pathway, and natural killer cell mediated
cytotoxicity. Immune-related genes expression is speculated-
changed after treatment with CA and probably have a trend
of upregulation. Previous studies on CA immune function
verified that CA could increase the carbon clearance index
and the content of serum hemolysin and enhance the phago-
cytic function. Expression level of IFN-𝛾 and IL-2 increased
whereas that for IL-4, IL-10 decreased. The release of tumor
necrosis factor (TFN) was found reduced while the activation
of cytotoxic T lymphocyte (CTL) which aimed at Lewis lung
cancer was boosted. NK cells activation and lymphocyte
transformation rate of Lewis lung cancer bearing mice were
both significantly improved through the determination of
immune function indexes. To sum up, CA has been proved
capable of strengthening cellular immune functions to tumor.
When 3 immune related pathways were found including
upregulated genes, we inferred that the immunity of mouse
had been improved after treatment of CA. GSK3B, NFATC2,
NFATC3, CaN, VAV2, and NCK1 were found upregulated in
the 3 immune related pathways as listed in Table 3. According
to the functions, genes covered in NO.21 can be classified
into 312 different GO (Gene Ontology) and 6 of them has a
𝑃 value less than 0.05 as listed in Table 4. GO of statistical
significance includes the following genes: Cyp2a4, Cyp2c37,
Cyp2c38, Cyp27b1, Cyp51, E4f1, Fdps, Gata4, Eif2ak1, Myt1l,
Rarg, Sod1, Sp1, Taf3, Nr2c2, Hnf4g, Zdhhc3, Phf6, Mynn,
Zfp386, Zfp617, Zfp114, Zfp238, Zfp174, Zfp113, Zfp109,
Zfp263, Pcdhb6, Pcdhb15, Pcdhb20, Pcdhb21, Cdyl, Nfatc3,
Pbx2, Rest, Smarca5, and Nfatc2. After doing some queries
on the function of genes covered in statistically significant
pathways and GO, we found out immune related genes and
common genes of pathway and GO. Nfatc2, Nfatc3, Nfatc2ip,
and CaN were found through combing raw analysis data of
gene expression profile, as shown in Table 5.

3.2. Validation of Differentially Expressed Genes by Fluores-
cence Quantitative PCR. Relative expression level of the tar-
get genes Nfatc2, Nfatc3, Nfatc2ip, and CaN on average is
shown in Table 6. Relative expression level of Nfatc2, Nfatc3,
Nfatc2ip, and CaN in high-dose CA group, Nfatc2ip and
CaN in medium-dose CA group, and CaN in low-dose CA
group significantly improved compared with negative control
group. The exact expression quantity is shown in Figure 2.

As shown in Figure 2, relative expression level ofNfatc2ip,
Nfatc3, Nfatc2, and CaN in high-dose CA group improved

Table 5: Immune related genes covered in GO and pathway.

GenBank accession GO ID Gene symbol
NM 010899 GO:0001816 Nfatc2
NM 010900 GO:0001816 Nfatc2ip
NM 010901 GO:0003677 Nfatc3
NM 001004025 GO:0004723 CaN

compared with negative control group, which corresponds to
the result of microarray analysis.

3.3. Discussion of Genes Nfatc2ip, Nfatc3, Nfatc2, and CaN.
Here, a whole mouse genome oligo microarray (4∗44K)
was used to analyze gene expression level of female BALB/c
mice and to compare the expression of corresponding target
genes of each group on the time series. Systematic error or
accidental error can affect the accuracy ofmicroarray analysis
to some extent and the errorsmay come from the processes of
RNA extraction, RNA reverse transcription, and hybridiza-
tion as well as the quality of gene chips and RNA. While
the results of microarray analysis can reflect expressing
pattern at body’s internal gene level quickly, false positive
results possibly caused by systematic error or accidental error
must be taken into consideration. Verifying experiments like
ELISA test, western blot test, and PCR test should be taken
for further confirmation. Here, the results of PCR test help
completing the study as well as making it more convincing.
Through the analysis of genes included in NO.21, expression
of critical genes in T-cell receptor signaling pathway, B-cell
receptor signaling pathway, and natural killer cell mediated
cytotoxicity had changed and immune related genesNfatc2ip,
Nfatc3, Nfatc2, and CaN were found.

NFAT (nuclear factor of activated T cells) which consists
of 4 components NFATc1, NFATc2, NFATc3, and NFATc4 has
been proved important in lymphocyte activation and devel-
opment. Nfatc2 existing in cytoplasm translocates to the
nucleus upon T-cell receptor stimulation and then becomes a
member of the nuclear factor of activating T-cells transcrip-
tion [13]. When the body lacks NFATc2, lymphocyte apop-
tosis will be significantly reduced which suggests lymphang-
iectasia and Th2-type response. Meanwhile, the Th1/Th2
balance will be destroyed which suggests a Th2 polarization.
Immune regulatory function will disorder when Th1/Th2
balance is destroyed and tumor occurrence shows the pre-
ponderance state tendency of Th2. This state will weaken
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Figure 2: Relative expressing quantity of Nfatc2ip, Nfatc3, Nfatc2, and CaN in each groups. (a) Comparsion of Nfatc2ip expressing quantity
among every group. (b) Comparsion of Nfatc3 expressing quantity among every group. (c) Comparsion of Nfatc2 expressing quantity among
every group. (d) Comparsion of CaN expressing quantity among every groups.

Table 6: Relative expression level of target genes on average (𝑥 ± 𝑠, 𝑛 = 10).

Group Gene
Nfatc2 Nfatc3 Nfatc2ip CaN

Docetaxel 1.270 ± 1.216 1.311 ± 0.573 0.294 ± 0.160 1.136 ± 0.544

Interferon 3.831 ± 4.960 2.152 ± 1.089 0.562 ± 0.464 1.566 ± 0.914

High-dose CA 2.920 ± 2.047 4.341 ± 3.961 1.373 ± 1.096 1.961 ± 0.927

Mid-dose CA 1.086 ± 0.367 1.803 ± 1.255 0.937 ± 0.950 1.868 ± 1.160

Low-dose CA 1.185 ± 1.156 1.220 ± 1.303 0.507 ± 0.168 1.238 ± 0.310

Negative 1.085 ± 0.462 0.979 ± 0.839 0.769 ± 1.599 0.950 ± 0.418

antitumor immune function and will induce tumor cells free
from immune surveillance and immune attack. This may
be one of the immune mechanisms of tumor development
and provides a new idea of tumor treating. The reverse of
Th1/Th2 abnormal drift is in favor of recovering antitumor
immunocompetence and reducing tumor recurrence and
metastasis to improve long-term survival rate finally.

NFATc2 and NFATc3 have been proved to synergistically
regulate the reaction of T cell receptor, cell division, and
Th2 differentiation. Th2-type reaction which suggests the
secretion of IL-4, IL-5, and IL-6 is increased whereas the
decrease IL-2, IFN-𝛾, TNF-𝛼, and IL-10 happens when the
body lacks NFATc2 and NFATc3 [14–16]. When B cell and T-
cell lack NFATc2 and NFATc3 simultaneously, the function
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of T cell will be weakened but the ability of T cell receptor
mediating cell proliferation still exists, while B cells over-
activate and show excessive differentiation [17]. The fact
that expression of NFATc2 and NFATc3 is improved after
treatment of CA indirectly indicates that CA could reverse
Th1/Th2 drift. Meanwhile, secretion of IL-2, IFN-𝛾, TNF-𝛼,
and IL-10 is connected to CA too. High expression of NFATc2
and NFATc3 is in favor of the secretion of these cytokines
which have already been used as nonspecific immunity
treatment to cancer. NFATc2ip can induce the expression of
T-cell cytokines, especially enhancing IL production. Three
splice variants existing in NFATc2ip are able to methylate
NFATc2ip after its translation to produce NFATc2ip regula-
tory factor. Expression of Th1-type and Th2-type cell factors
will be suppressed when the methylation process is inhibited.
Therefore, methylation process of NFATc2ip is an impor-
tant controlling point of manipulating expression of NFAT-
dependent cell factors but it will not have any influence on
general transcription factor ofTh1 andTh2 nor NFAT activa-
tion.

CaN (Calcineurin) is known as the only serine/threonine
protein phosphatase regulated by Ca(2+)-calmodulin so far
and mainly aims at catalyzing dephosphorylation of phos-
phatidylserine and phosphatidyl threonine. It is a multifunc-
tional signaling enzyme involved in function regulation of
many cells and distributes in a wide range of tissues especially
nerve tissue, T lymphocytes, heart, and skeletal muscle [18,
19]. NFAT family is the main substrate of CaN. NFAT regu-
lates many genes expression as well as influencing many
cells differentiation through CaN/NFAT signaling pathway.
CaN is able to make NFAT existing in cytoplasm move into
cell nucleus after dephosphorylation to finish following tran-
scription and translation, and then Nfatc can combine with
AP-1 family members alone or in groups to stimulate secre-
tion of cell factors in certain areas such as IL-2. Transcription
induction of IL-2 is a sign of T-cells activation. As mentioned
above, NFAT is very important in regulating immunoreac-
tion; meanwhile, NFATc3 and NFATc2 play a particularly
key role in correcting body’s immune function. Thus, high
expression of CaN is a benefit to dephosphorylation of NFAT
and indirectly has an effect upon immune system.

4. Conclusion

The result of microarray analysis of differentially expressed
genes of female BALB/c EMT-6 mice has indicated that
the antitumor mechanism of CA is closely related to body’s
immune system. Through upregulating, the expression of
CaN, NFATC2, NFATC2ip, and NFATC3, CA is able to
improve the transcription of immune factors like IL-2R and
IFN-𝛾, stimulate proliferation and activation of T cells, NK
cells, and macrophage, strengthen monitoring and killing
abilities of cancer cells, and inhibit growth of tumor finally.
The understanding of the anticancer mechanism of CA has
provided a reliable evidence of taking advantage ofCA tofight
against cancer.
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A simple and efficient HPLC-DAD (225 nm) method was developed and validated for the simultaneous determination of limonin
and six key alkaloids (evodiamine, rutaecarpine, 1-methyl-2-undecyl-4(1H)-quinolone, evocarpine, 1-methy-2-[(6Z,9Z)]-6,9-
pentadecadienyl-4-(1H)-quinolone, and dihydroevocarpine) in Evodia rutaecarpa (Juss.) Benth, which has been widely used as one
of the Traditional ChineseMedicines.The chromatographic separationwas carried out on aHypersil BDSC18 column, and gradient
elution was employed with a mobile phase containing acetonitrile and water. Contents of the analytes in 18 batches of samples were
analyzed by ultrasonic extraction with ethanol and water mixture (80 : 20, v/v) followed by HPLC analysis. Separation of the seven
analytes was achieved within 60min with good linearity (r > 0.999). The RSD of both the intraday and interday precision was
below 1.85%.The accuracy at different concentrations was within the range of 97.91 to 100.49%. Hierarchical clustering analysis was
performed to differentiate and classify the samples based on the contents of the seven constituents. This study indicated that the
quality control of E. rutaecarpa could be simplified to the measurement of four constituents, and that limonin, 1-methyl-2-undecyl-
4(1H)-quinolone, and dihydroevocarpine should also be served as the chemical markers together with evodiamine for the quality
control of Evodia rutaecarpa (Juss.) Benth.

1. Introduction

The dried fruit of Evodia rutaecarpa (Juss.) Benth (E. rutae-
carpa, Chinese name,Wu-zhu-yu) has been used as one of the
Traditional Chinese Medicines (TCM) for more than 2000
years and is officially listed in the Chinese Pharmacopoeia [1].
It has been proven to be effective in the treatment of gastroin-
testinal disorders, headache, postpartum hemorrhage, amen-
orrhea, and chill limbs. Up to now, E. rutaecarpa is known to
contain a large number of compounds including limonoids,
indolequinazoline and quinolone alkaloids, essential oils, car-
boxylic acids, and flavonoids [2].

Extensive studies have been conducted since the discov-
ery of E. rutaecarpa and many pharmacological activities has
been reported for alkaloids. Evodiamine (Evo) and rutae-

carpine (Rut), two indolequinazoline alkaloids, are the char-
acteristic chemical constituents and responsible for the bene-
ficial effects on the human health. Several studies have shown
that Rut has a variety of intriguing biological properties, such
as cardioprotective [3–8], antihypertensive [8–11], antithrom-
botic [8, 11], antiatherosclerosis [8, 12], anti-inflammatory [8,
13], antiobesity [8, 14], and uterotonic activity [15], by mod-
ulating drug metabolizing enzymes and receptors [8, 16–18].
Recent studies demonstrated that Evo had anticancer activity
and induction of apoptosis in several types of cancer cells
[19–26]. In addition, pharmacological studies indicated that
quinolone alkaloids of E. rutaecarpa could inhibit leuko-
triene biosynthesis in human granulocytes [27] and the
nuclear factor of activated T cells [28] and had a highly
selective antibacterial activity againstHelicobacter pylori [29].
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Lee et al. [30] found three quinolone alkaloids as blockers
of angiotensin II receptor which modulate blood pressure.
Furthermore, it was reported that limonin (Lim) had anti-
HIV [31, 32], antinociceptive, and anti-inflammatory effects
[33, 34], and it could inhibit P-glycoprotein activity and
induce carcinogenesis [35, 36].

Unlike the synthetic drugs, herbal medicines have more
complicated compositions. The effectiveness of herbal med-
icines may be attributed to the overall effect of all the com-
ponents rather than a single component. Besides, the inter-
actions among different components in different herbs are
always a concern.Thus, the quality evaluation of herbal med-
icine should contain the information of as much bioactive
components as possible.

To date, there have already been some preliminary re-
searches about the quantitative analysis of E. rutaecarpa.
Analytical techniques such as TLC [37, 38], CE [39], HPLC
[40–44], UPLC [45], and LC-MS [46–48] have been applied
for the determination of indoloquinazoline and/or quinolone
alkaloids in E. rutaecarpa. GC-MS has been used to detect the
volatile oils in Evodia species [49]. Meanwhile, Huang et al.
found that three species of Fructus Evodiae revealed 20major
common peaks, and the similarities of internal transcribed
spacer (ITS) sequences were 97% in E. rutaecarpa, but only
Evo and Rut were identified and quantitative analyzed [42].
Zhao et al. developed anHPLCmethod for the determination
of wuchuyuamide-I, quercetin, Lim, Evo, and Rut within
55min [44]. Although only a little pharmacological effect of
quinolone alkaloids has been reported so far, it is possible
that these compounds may play a vital role in comprehensive
effect of E. rutaecarpa. The determination of quinolone alka-
loids may provide additional information for the overall
quality control. Zhou et al. [48] developed an LC-ESI-MSn
method purposed for the analysis and characterization of
indolequinazoline and quinolone alkaloids in the extract of
E. rutaecarpa. Though 15 peaks were identified by MS data,
the method focused on chromatographic fingerprint study
and could not be used to quantitative determination of Lim,
Evo, and Rut, the contents of which were defined in Chinese
Pharmacopoeia.

However, to the best of our knowledge, there has been
no method for simultaneous quantitation of limonin, indole-
quinazoline, and quinolone alkaloids in Evodia rutaecarpa
(Juss.) Benth by HPLC-DAD by now. Since DAD can offer
peak purity analysis and absorption spectrum of analyte for
qualitative analysis, it is a very useful tool in identifying the
different compounds simultaneously. The present study is
proposed aiming to develop a simple HPLC-DAD method
for the simultaneous determination of limonin, two indole-
quinazoline alkaloids (Evo and Rut), and four quinolone
alkaloids (1-methyl-2-undecyl-4(1H)-quinolone (Q1), evo-
carpine (Q2), 1-methy-2-[(6Z,9Z)]-6,9-pentadecadienyl-4-
(1H)-quinolone (Q3), and dihydroevocarpine (Q4)) in 18
batches of E. rutaecarpa (the chemical structures of them
are shown in Figure 1). As a result, the method provides a
rapid, simple, and accurate simultaneous quantification of
Lim and six alkaloids in E. rutaecarpa, which could provide
a more suitable method and significantly improve the quality
evaluation of the raw material of E. rutaecarpa.

2. Experimental

2.1. Reagents and Materials. Lim, Evo, and Rut standards
were purchased from the National Institute for Food and
Drug Control (Beijing, China). 1-methyl-2-undecyl-4(1H)-
quinolone (Q1), evocarpine (Q2), 1-methy-2-[(6Z,9Z)]-6,9-
pentadecadienyl-4-(1H)-quinolone (Q3), and dihydroevo-
carpine (Q4) were isolated by high-speed counter-cur-
rent chromatography (HSCCC). Their structures (shown in
Figure 1) were confirmed on the basis of spectral analysis
comprising ultraviolet spectrometry (UV), 1H Nuclear Mag-
netic Resonance (NMR), 13CNMR, and electrospray ion-
isation tandem mass spectrometry (ESI-MS/MS). The puri-
ties calculated by normalization of the peak areas were
94.3%, 95.2%, 96.8%, and 98.3%, respectively. Acetonitrile
(ACN) used for HPLC was of chromatographic grade (Tedia
Company Inc, Beijing, China), and water used was distilled
water. Other reagent solutions were of analytical grade.
Eighteen batches of samples collected from different regions
and timewere investigated and authenticated asE. rutaecarpa
(Table 1). Voucher specimenswere stored away from light and
water in sealed dryer before use in order to avoid moisture
and chemical changes.

2.2. Standard Solution Preparation. Lim, Evo, Rut, Q1, Q2,
Q3, andQ4were weighed accurately and dissolved in ACN in
a 10mL volumetric flask to make a stock solution (800, 250,
250, 150, 250, 250, and 150 𝜇g/mL, resp.). Working standard
solutions were prepared from the stock solution by further
dilution with the appropriate volume of methanol. These
solutions were stored protected from light at −20∘C.

2.3. Sample Solution Preparation. Pulverized sample (120
mesh, 0.5 g) was weighed accurately into a 100mL conical
flask with cover and dipped in 20mL of ethanol-water
(80 : 20, v/v) for 1 h, and then extracted in an ultrasonic bath
(35∘C, 40Hz) for 1 h.The extracts were then filtrated through
a 0.22𝜇m membrane filter and diluted with ethanol-water
(80 : 20, v/v) to 20mL for analysis. Each sample was prepared
with the previous protocol for HPLC analysis.

2.4. Instrumentation and Chromatographic Conditions. A
Waters HPLC instrument equipped with a 1525 QuatPump,
a 2996 UV-Vis photodiode array detector, a 717 autosampler,
and an Empower workstation was used. Chromatographic
separations were carried out on an Hypersil BDSC18 column
(200mm × 4.6mm, id 5𝜇m) protected by a guard column
(4.0mm × 3.0mm, id 5𝜇m). The mobile phase consisted
of water (A) and ACN (B). The gradient program was
as follow: 0–30min, linear gradient 40–50%B; 30–35min,
linear gradient 50–75%B; 35–55min, linear gradient 75–
80%B; 55–60min, isocratic 80%B. The column temperature
was maintained at 25∘C. The flow rate of the mobile phase
was 1.0mL/min. The effluents were monitored at 225 nm by
a photodiode array detector. A typical injection volume was
20𝜇L.

2.5. Hierarchical Clustering Analysis (HCA) of 18 Samples
Based on Chemical Markers. HCA is a statistical method for
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Figure 1: Chemical structures of seven constituents from E. rutaecarpa. Lim: limonin; Evo: evodiamine; Rut: rutaecarpine; Q1: 1-methyl-2-
undecyl-4(1H)-quinolone; Q2: evocarpine; Q3: 1-methy-2-[(6Z,9Z)]-6,9-pentadecadienyl-4-(1H)-quinolone; Q4: dihydroevocarpine.

finding relatively homogeneous clusters of cases based on
measured characteristics. It starts with each case in a separate
cluster and then combines the clusters sequentially, reducing
the number of clusters at each step until only one cluster is
left. When there are 𝑁 cases, this involves 𝑁 − 1 clustering
steps or fusions. This hierarchical clustering process can be
represented as a tree or dendrogram, where each step in the
clustering process is illustrated by a joint of the tree. HCA
methodwas used in our study to find relatively homogeneous
clusters of the 18 batches of E. rutaecarpa based on the
contents of the sevenmarkers as themeasured characteristics,
which was operated in Minitab 15.0 software.

Ward’s method, which is a very efficient method for
the analysis of variance between clusters, was applied, and
Euclidean distance was selected as a measurement.

3. Results and Discussion

3.1. Selection and Identification of Markers. Alkaloids and
limonoids are the major active compounds in E. rutaecarpa.
In the present study, the selected markers, which contained

one limonoid (Lim), two indolequinazoline alkaloids (Evo
and Rut), and four quinolone alkaloids (Q1, Q2, Q3, and
Q4), are the main constituents of E. rutaecarpa and have
significant pharmacological effect reported before. Peaks of
these seven chemical markers were assigned in HPLC by
comparing individual peak retention times and UV spectra
with those of the standards. Peaks at retention times 10.2, 14.7,
17.7, 43.5, 44.9, 46.8, and 52.8min were determined to be Lim,
Evo, Rut, Q1, Q2, Q3, and Q4, respectively (Figure 2).

3.2. Optimization of Chromatographic Conditions. The opti-
mization of the chromatographic conditions was performed
by using the solution of sample number 11. To obtain good
resolution and peaks sharp, different compositions of mobile
phases (ACN-water or methanol-water) and different gra-
dient elution programs were tried. The results showed that
sharp and symmetrical peaks were obtained by using ACN
as organic phases. Because the analytes had a great difference
in polarity, the ratio of organic phases was changed rapidly
in 30–35min. According to the UV spectra of seven markers
recorded by DAD full scan in the range from 210 to 400 nm,
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Figure 2: Representative HPLC chromatograms of mixed standards and the extract of E. rutaecarpa at 225 nm. (a) Mixed standards of
the seven chemical constituents; (b) extract of E. rutaecarpa (sample number 11). Peaks: Lim: limonin; Evo: evodiamine; Rut: rutaecarpine;
Q1: 1-methyl-2-undecyl-4(1H)-quinolone; Q2: evocarpine; Q3: 1-methy-2-[(6Z,9Z)]-6,9-pentadecadienyl-4-(1H)-quinolone; Q4: dihydroe-
vocarpine.

Table 2: Linear regression data, LOD and LOQ of investigated compounds.

Analytes Linear regression dataa LOD (ng) LOQ (ng)
Regressive equation 𝑟 Linear rangeb (𝜇g)

Lim 𝑌 = 264926𝑋 − 79642 0.9991 0.80–16 5.962 19.873
Evo 𝑌 = 1119030𝑋 − 176315 0.9997 0.25–5.0 0.199 0.664
Rut 𝑌 = 57966𝑋 − 388805 0.9990 0.25–5.0 0.454 1.514
Q1 𝑌 = 2563591𝑋 − 59536.5 0.9999 0.15–3.0 0.809 2.696
Q2 𝑌 = 2605282𝑋 − 79116 0.9999 0.25–5.0 0.580 1.935
Q3 𝑌 = 1253639𝑋 − 56012 0.9999 0.25–5.0 1.773 5.909
Q4 𝑌 = 2749144𝑋 − 68371 0.9999 0.15–3.0 1.553 4.615
aIn the linear regression data, 𝑌 refers to the peak area,𝑋 is the concentration, and 𝑟 is the correlation coefficient of equation.
bLinear range (𝜇g) means the content of marker in injection volume (20 𝜇L).

225 nmwas selected formonitoring the sevenmarkers, which
provided the optimum S/N and the highest value of the
marker with the lowest content for simultaneously quan-
titative analysis of all the markers. Compared with [44,
48], the usage of single-wavelength UV detection instead
of multiwavelength and MS detection was essential to the
popular application of the method.

3.3. Optimization of Extraction Method. The constituents of
E. rutaecarpa could be extracted by reflux [41–43], ultrasonic
water bath [46–48], and supercritical fluid [45]. To simplify
the extraction process, ultrasonic extraction was chosen, and
the efficiency of extraction procedure was evaluated by using
different solvents, such as methanol, ethanol, ethyl acetate,
and chloroform. The best solvent was found to be ethanol-
water, which was less poisonous and provided the highest
values in the contents of the seven markers.

A method involving four-factor-three-level orthogonal
array design (OAD) including composition of extraction
solvent (ethanol-water 70 : 30, 80 : 20, and 90 : 10, v/v), vol-
ume of extraction solvent (10, 15, and 20mL), and duration
of extraction (30, 45, and 60min) was developed for the
optimization of the extraction.The results demonstrated that
the established extraction method without the procedure of
concentration was adequate and appropriate for the analysis.
Therefore, the sample preparation method was optimized as
in “Section 2.3. Sample Solution Preparation.”

3.4. Method Validation. Specificity was investigated by com-
paring the chromatograms ofmixed standards and the extract

of E. rutaecarpa (Figure 2). Furthermore, according to the
three-dimensional plot of the absorbance as a function of
retention time and wavelength in the HPLC-DAD data for
sample number 11, no evidence of peak of impurity which
overlapped with those of markers was found.

The stock solution containing the seven markers was
prepared and diluted to appropriate concentration ranges
for the establishment of calibration curves. The calibration
graphs were plotted after linear regression of the peak areas
versus the corresponding concentrations, and good linear
behaviors were observed with the values of 𝑟 higher than
0.999 for all the analytes. LOD and LOQ were determined
at S/N of about 3 and 10, respectively (data shown in Table 2).

Precision was evaluated with the solution of sample
number 11 under the selected optimal conditions six times in
1 day for intraday variation and twice a day on 3 consecutive
days for interday variation. Repeatability was confirmed with
six different working solutions prepared from sample number
11 and, one of themwas injected into the apparatus in 0, 2, 4, 8,
12, 24, and 36 h to evaluate the stability of the solution. All the
results were expressed as RSDs which were shown in Table 3.

The recovery was performed by adding known amounts
of the seven standards at low (80% of the known amounts),
medium (same as the known amounts), and high (120% of
the known amounts) levels. The spiked samples were then
extracted, processed, and quantified in accordance with the
methods mentioned above. The recoveries measured at three
levels varied from 97.91 to 100.49% with RSDs from 0.13 to
1.94% (data shown in Table 4).

The comparison with those previous study [42, 46,
48] demonstrates that our proposed method has many
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Table 3: Precision, repeatability, and stability of the HPLC method for determination of the seven markers.

Precisiona Repeatabilityb Stabilityb

Analytes Nominal amount (𝜇g) Intraday (𝑛 = 6) Interday (𝑛 = 6) Mean (%) RSD (%) Mean (%) RSD (%)
Mean (𝜇g) RSD (%) RE (%)c Mean (𝜇g) RSD (%) RE (%)

Lim 8.0 7.88 0.54 −1.54 7.85 1.57 −1.82 2.62 1.93 2.62 0.97
Evo 2.0 1.97 0.29 −1.49 2.03 1.85 1.68 0.40 1.94 0.40 1.34
Rut 2.0 1.96 0.23 −1.79 2.04 1.53 1.96 0.39 1.19 0.39 1.63
Q1 1.2 1.18 0.18 −1.26 1.21 0.87 1.16 0.21 1.71 0.20 1.80
Q2 2.0 1.98 0.22 −1.00 2.03 0.73 1.53 0.44 1.16 0.44 0.76
Q3 2.0 1.97 0.14 −1.49 2.04 1.48 2.02 0.41 0.87 0.41 1.05
Q4 1.2 1.19 0.21 −0.48 1.22 1.85 1.37 0.22 1.29 0.22 1.12
aTested by standard mixture solution.
bTested by sample number 11 solution.
cRE (%) is short for relative error. RE (%) = [(mean − nominal amount)/nominal amount] × 100%.

Table 4: Recovery of the extraction method for determination of
the seven markers.

Analytes
Amount

RSD (%) Recovery (%)cOriginal
(𝜇g)a

Add
(𝜇g)b

Found
(𝜇g)

13.12 10.49 23.41 1.80 98.18
Lim 13.12 13.12 26.06 0.64 98.64

13.12 15.74 28.56 1.50 98.12
2.04 1.63 3.65 0.71 98.96

Evo 2.04 2.04 4.03 1.06 98.14
2.04 2.44 4.45 0.13 99.02
1.94 1.55 3.46 0.89 98.52

Rut 1.94 1.94 3.85 0.79 98.76
1.94 2.32 4.22 1.61 98.14
1.05 0.84 1.87 1.76 97.91

Q1 1.05 1.05 2.09 0.75 98.60
1.05 1.26 2.29 0.68 98.34
2.19 1.75 3.94 0.46 100.49

Q2 2.19 2.19 4.34 1.04 98.78
2.19 2.62 4.76 0.13 98.14
2.06 1.65 3.71 1.71 100.29

Q3 2.06 2.06 4.11 1.64 99.51
2.06 2.47 4.51 1.16 99.35
1.09 0.87 1.94 1.46 98.68

Q4 1.09 1.09 2.15 0.98 98.53
1.09 1.30 2.36 1.94 97.98

aTested by sample number 11 solution.
bThe samples added known amounts of standards at low, medium, and high
levels (80%, 100%, and 120% of the known amounts, resp.).
cRecovery (%) = [(found − original)/added] × 100%. The results indicated
that the developed method was reliable and accurate for the measurement of
the seven analytes.

advantages. It is the first time that limonin, two indolequina-
zoline alkaloids, and four quinolone alkaloids were analyzed
simultaneously with acceptable performance of linearity, pre-
cision, repeatability, and accuracy. In addition, the developed

method can offer better precision (RSDs < 1.9%) compared
with HPLC-MSmethod [46] (RSDs < 6.6%), so that it can be
an economic alternative for experiments in which a higher
degree of sensitivity is not required.

3.5. Quantitative Determination of Seven Markers. The con-
tents of seven markers in 18 batches of E. rutaecarpa were
measured with the developed method. The representative
HPLC chromatograms of mixed standards and the extract
of E. rutaecarpa (sample number 11) are shown in Figure 2.
The contents of seven markers were calculated from the
regression equations obtained from calibration curves, and
the results are shown in Table 1, expressed as the percentage
of each constituent in crude drug. Among these markers, it
was defined in the newest Chinese Pharmacopoeia that the
total content of Evo and Rut in E. rutaecarpa should not be
less than 0.15%, and the content of Lim should not be less than
1.0%, otherwise it would not be used as the raw material and
is regarded as substandard herb. Based on this definition, all
samples met the requirement of Chinese Pharmacopoeia and
could be put into production, but the content of each marker
differed greatly, whichmight cause serious waste of the herbs.

Moreover, eight samples were stored for several years at
a dry and good ventilation place under ambient temperature
in order to evaluate storage stability. The results showed that
the similarities within samples from the same location were
high. It proved that the rawmaterials could be stored steadily
for three years in the previous conditions.

3.6. HCA of 18 Samples Based on 7 Chemical Markers. A den-
drogram of HCA was generated (Figure 3), which revealed
the relationships among the samples. Using this method, 18
samples were classified into two broad categories. Samples
numbers 8 and 17 were in category I, and the other samples
were in category II, which was further divided into two
clusters. Samples numbers 1, 3, and 5 were in cluster A,
and the others were in cluster B. The result indicated that
samples with similar chemical profiles could be divided into
one group.

The results obtained from the HCA statistical methods
accorded well with those of Zhao et al. [44], because we
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Figure 3: Dendrogram of HCA for the 18 tested samples of E.
rutaecarpa. The hierarchical clustering was done by Minitab 15.0
software. Ward’s method was applied, and Euclidean distance was
selected as a measurement. 18 batches of E. rutaecarpa were divided
into two broad categories. Samples numbers 8 and 17 were in
category I, and the other samples were in category II, which was
divided into two clusters again. Samples numbers 1, 3, and 5 were
in cluster A, and the others were in cluster B.

also found that some samples could be classified to the main
domain. Generally speaking, 18 samples could be classified
into three groups. Samples numbers 8 and 17 were in Group I,
which had high contents of seven markers; samples numbers
1, 3, and 5were inGroup II, which had high relative content of
Q1; and the other samples were in Group III. The similarities
of the herbs were relative to their collecting locations, but the
relative content of Q1 was significantly high in three samples
(samples numbers 1, 3, and 5) originating from Guangxi and
Guizhou Provinces. These results indicated that Q1 played a
significant role in HCA.The samples fromGuizhou Province
showed relatively high contents of all markers; however, the
differences between samples came from Guizhou, and other
provinces were not obvious. In addition, sample number 17
was found to have extraordinary high contents of all markers,
and it might due to the degree of drying of the herb.

At the beginning of manufactory, the content of key
constituents in TCMs should be determined in order to adjust
the ratio of the prescription, so that the quality of medicine
could be controlled easily. According to Zhao et al. [44],
blending the low-content samples with the high-content ones
is a conductive way to save resources and to guide rational
herb use. Actually, it is not encouraged to mix different
material in industry. Because the content of key constituents
may not have the same trends, the result of mixture is hard
to control. As a result, further study should be paid on the
quality evaluation of E. rutaecarpa.

3.7. HCA of 18 Samples Based on Lim, Evo, Q1, and Q4. The
contents of the sevenmarkers were defined as seven variables
in the analysis so as to analyze, differentiate, and classify the
seven chemical constituents.

A dendrogram was generated (Figure 4), which revealed
the relationships among the chemical constituents. It was
noticeable that seven variables were divided into two main
clusters. Q1 was in cluster I, and the other samples were in
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Figure 4: Dendrogram of HCA for the seven chemical constituents
of E. rutaecarpa. The hierarchical clustering was done by Minitab
15.0 software. Ward’s method was applied, and Euclidean distance
was selected as a measurement. Seven chemical constituents of E.
rutaecarpa were divided into two categories. Q1 was in category I,
and the other samples were in category II, which was divided into
two clusters again. Lim was in cluster A, and the others were in
cluster B.

cluster II, which was divided into two subgroups again. Lim
was in subgroup A, and the others were in subgroup B.

As shown in the results, Q1 and Lim were essential
markers in quality control, and Evo, Rut, and Q3 had similar
effect, so as Q2 and Q4. The results indicated that there was
no need to analyze all markers to evaluate the quality of
E. rutaecarpa. Then several combinations were tried. It was
found that the HCA result was mostly accordant with that
obtained from sevenmarkers, when the contents of Lim, Evo,
Q1, and Q4 were chosen as markers to analyze, differentiate,
and classify the 18 samples. Samples numbers 8 and 17 were
in category I, and the other samples were in category II,
which was divided into two clusters again. Samples numbers
1, 3, and 5 were in cluster A, and the others were in cluster
B. Compared with the results attained from seven markers
(Figure 3), a little difference occurred in cluster A, and
the other samples had the same classification. The results
indicated that the quality evaluation of E. rutaecarpa could be
simplified to themeasurement of Lim, Evo, Q1, andQ4, and it
will be of great use in reasonable application of E. rutaecarpa.

4. Conclusions

In the present study, the limonoid of Lim, the alkaloids of
Evo and Rut, and four quinolone alkaloids in E. rutaecarpa
were simultaneously determined by the developed HPLC-
DAD method. It was the first time that these seven chemical
constituents were analyzed by HPLC simultaneously with
acceptable performance of linearity, precision, repeatability,
accuracy, and robustness. The method also met the require-
ments of convenience and time efficiency for evaluating
the markers content of large quantities of raw materials.
More importantly, the optimized method was successfully
applied to analyze 18 batches of E. rutaecarpa. HCA was
utilized to differentiate and classify the 18 samples for guiding
reasonable herb use and controlling its quality better. Further
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study showed that the quality control of E. rutaecarpa could
be simplified to the measurement of Lim, Evo, Q1, and Q4.
It is proposed that the determination of key biomarkers may
be useful standards to adopt for the quality control of E.
rutaecarpa.
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Ergosterol frommanymedicinal fungi has been demonstrated to possess a variety of pharmacological activities in vivo and in vitro.
A newmethod based on cloud-point extraction has been developed, optimized and validated for the determination of ergosterol in
rat plasma, urine and faeces by liquid chromatography.The non-ionic surfactant Triton X-114 was chosen as the extract solvent.The
chromatographic separationwas performed on an Inertsil ODS-3 analytical columnwith amobile phase consisting ofmethanol and
water (98 : 2, v/v) at a flow rate of 1mL/min. The methodology was validated completely. The results indicated good performance
in terms of specificity, linearity, detection and quantification limits, precision and accuracy.Themethod was successfully applied to
the pharmacokinetic studies of ergosterol in rats. The results indicate that the ergosterol levels in feces are much higher than those
in plasma and urine of the rat.

1. Introduction

Ergosterol is one of the best-known steroids, which exists
widely inmanymedicinal fungi such as Polyporus umbellatus,
Cordyceps sinensis, andHypsizigus marmoreus [1–3]. We have
recently reported the ergosterol has diuretic activity from
Polyporus umbellatus [4]. Ergosterol has also been reported to
possess cytotoxic activity [5] and anti-inflammatory activity
[3]. Despite the fact that ergosterol showed multiple pharma-
cological activities, several pharmacokinetic and biochemical
aspects of this compound remain unclear. However, the final
effect of the drug in vivo might be influenced by many
factors, such as body-and/or cell-compartment distribution,
drug metabolism, lipophilicity, membrane permeability, and

protein binding. So, thesemultiple pharmacological activities
of ergosterol make it worth carrying out further study
on pharmacokinetic properties and elimination pathway of
ergosterol.

A number of methods have been reported for the quan-
tification of ergosterol in raw materials, such as high perfor-
mance liquid chromatography-ultraviolet detection (HPLC-
UV) [1, 6–11], high performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS) [12, 13], and gas
chromatography-mass spectrometry (GC-MS) [14–16]. To
the best of our knowledge, there is no information describing
the quantification of ergosterol in biological samples such
as rat or human plasma, urine, and faeces. In addition, the
effects on the elimination pathway of ergosterol have not been
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reported. In general, preclinical research including meta-
bolism and pharmacokinetics of herbal medicine compo-
nents are of great importance in understanding their bio-
logical effects and safety [17, 18]. In order to investigate
the pharmacokinetic properties and elimination pathway
of ergosterol, a simple and reproducible analytical method
for quantification of ergosterol in rat plasma, urine, and
faeces is required. Recently, the cloud-point extraction (CPE)
method has aroused much attention as a convenient alterna-
tive to the conventional extraction systems. Compared with
classical organic solvents, it offers the advantages of safety,
low cost, high-concentration efficiency, easy disposal of sur-
factants, low toxicity, less environmental pollution, and sim-
ple procedure. CPE has been increasingly applied for the sel-
ective extraction of various analytes from biological and
environmental samples (proteins, vitamins, and metal ions)
[19], but only a few reports involve the extraction of drugs
from plasma for pharmacokinetic studies [20, 21]. In this
paper, a simple, specific, and reproducibleHPLC-UVmethod
with a simple protein precipitation procedure was described
to determine ergosterol in rat plasma, urine, and faeces for the
first time.Themethod was validated and successfully applied
to the pharmacokinetic study of ergosterol in rat plasma,
urine, and faeces after oral administration of ergosterol at a
dose of 100mg/kg.

2. Experimental

2.1. Chemicals and Reagents. The standard of ergosterol (Fig-
ure 1(a)) was isolated by the authors from Polyporus umbel-
latus. The procedure isolation and purification of ergosterol
was published in our previous paper [22]. Its structure was
characterized by chemical and spectroscopic methods (1H
NMR, 13C NMR, and MS) and compared with those found
in the literature [23]. Ergosta-4,6,8(14),22-tetraen-3-one
(ergone, Figure 1(b)) was used as internal standard (IS) which
was one of the components of Polyporus umbellatus puri-
fied in our laboratory with 99% purity as determined by
HPLC. HPLC-grade methanol was purchased from Baker
Company (Baker Inc., USA). Ultrahigh purity water was pre-
pared by a Millipore-Q SAS 67120 MOLSHEIM (France).

2.2. Preparation of Standards and Quality Control Samples.
Standard stock solutions of ergosterol (5 𝜇g/mL) and ergone
(1, 5, and 100 𝜇g/mL) were prepared by dissolving suitable
amounts of pure substance in acetone and were stored in
darkness at 4∘C.

Faecal samples were homogenized with acetone in the
ratio 1 : 10 (g : vol = faeces : acetone) to obtain faecal homo-
genate. For HPLC determination, calibration standards of
ergosterol at concentration levels of 0.09, 0.25, 0.50, 0.75, 1.00,
2.00, and 2.50 𝜇g/mL were prepared by spiking appropriate
amount of the standard solutions in blank plasma and
urine obtained from healthy rats. Calibration standards of
ergosterol at concentrations of 0.08, 0.25, 5, 25, 50, 100, and
125 𝜇g/mL were also prepared by spiking appropriate amount
of the standard solutions in faecal homogenate obtained from
healthy rats.Thequality control (QC) sampleswere separately
prepared in a similar manner as those used for the calibration

curve. Concentrations of 0.25, 0.75, and 2.00 𝜇g/mL were
used for plasma and urine calibration standards, whereas
concentrations of 0.25, 25, and 100𝜇g/mLwere used for faecal
homogenate corresponding to the low QC, mediumQC, and
high QC, respectively.

2.3. Chromatographic Conditions. HPLCwas performedwith
aWaters 2695 instrument composed of a quaternary pump, a
column oven, and aWaters 2487 dual wavelength absorbance
detector, and Empower was used for data collection. The
chromatographic separation was performed on an Inertsil
ODS-3 analytical column (250mm × 4.6mm i.d., 5𝜇m,
Japan) with the column temperature set at 30∘C. An isocratic
elution of methanol (A) and water (B) was 98 : 2 (v/v) in
23min. The flow rate was 1.0mL/min with detector wave-
length set at 283 nm (maximum absorption wavelength of
ergosterol), and the injection volume was 20 𝜇L.

2.4. Extraction Procedures for Plasma and Urine Sample. The
plasma or urine was prepared by a cloud-point extraction
method. In a 1.5mL capped centrifugal tube, 50 𝜇L of plasma
or urine was spiked with 15 𝜇L (5 𝜇g/mL for plasma, 1𝜇g/mL
for urine) of IS working solution and 135 𝜇L of 0.3mol/L
sodium chloride solution.The contents weremixed for 2min,
and then followed by the addition of 100 𝜇L of 5% Triton X-
114 (v/v) aqueous solution. After that, the obtained contents
were well mixed again for 5min and then incubated in the
thermostatic bath at 40∘C for 20min. After the phase separa-
tion was formed by centrifugation at 5000 rpm for 10min,
the surfactant-rich phase was obtained in the bottom of the
tube by the removal of the water phase. 100 𝜇L of mobile
phase was spiked to the surfactant-rich phase. Then, the
contents weremixed and centrifuged at 16,000 rpm for 5min,
respectively. Most of the surfactants and coextractants such
as hydrophobic proteins were precipitated in the bottom of
the tube, and 20𝜇L of supernatant fluid was injected into the
HPLC system for analysis.

2.5. Extraction Procedures for Faeces Sample. A 100 𝜇L vol-
ume of faecal homogenate standard or samplewas transferred
to a 1.5mL centrifuge tube, and then 30 𝜇L of IS working
solution was spiked and vortex-mixed for 1min. 70 𝜇L of
acetone was added to the solution and vortex again for 2min.
The mixture was centrifuged at 10,000×g for 10min. A 20𝜇L
of supernatant of the solution was injected into the HPLC for
analysis.

2.6. Linearity, Limit of Detection, and Lower Limit of Quantifi-
cation. HPLC-UVmethod was applied for the quantification
of ergosterol from rat plasma, urine, and faeces. Calibration
standards of seven concentrations of ergosterol for plasma
and urine (0.09, 0.25, 0.50, 0.75, 1.00, 2.00, and 2.50 𝜇g/mL)
and calibration standards for faecal homogenate (0.08, 0.25,
5, 25, 50, 100, and 125 𝜇g/mL) were extracted and assayed.
The linearity of the calibration curve was confirmed by plot-
ting the peak-area ratios of ergosterol to IS versus the ergo-
sterol concentrations with a 1/𝑥-weighted least-squares lin-
ear regression analysis. The limit of detection (LOD) was
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Figure 1: Chemical structures of ergosterol (a) and ergone (b).

considered as the final concentration producing a signal-to-
noise ratio of 3. The lower limit of quantification (LLOQ)
was considered as the lowest concentration on the calibration
curve where precision was within 20% and accuracy was
within 100 ± 20% [24].

2.7. Precision and Accuracy. The accuracy and intra- and
interday precisions of themethodwere determined for ergos-
terol according to FDA guidance for bioanalytical method
validation [24]. Accuracy and precision were assessed by the
determination of QC samples at three concentration levels in
three different validation assays. Accuracy was calculated by
the percentage difference between the concentration of drug
measured from calibration curve and that of drug added to
the blank plasma, urine, and faecal homogenate. Precision
was expressed by the relative standard deviation (RSD).

2.8. Selectivity. Selectivity of themethodwas assessed by ana-
lyzing five independent sources of blank plasma, urine, and
faecal homogenate or plasma, urine, and faecal homogenate
samples spiked with ergosterol and the IS, and observing the
extent to which interferent from plasma, urine, and faecal
homogenate may interfere with the analyte or IS.

2.9. Recovery. The extraction recovery for plasma, urine,
and faecal homogenate at three different concentrations of
ergosterol was determined. The analyte/IS peak-area ratios
were compared to those obtained from the direct injection
of the compounds dissolved in the solutions at the same
theoretical concentrations.

2.10. Stability. The stability of ergosterol and IS stock solu-
tions was evaluated. Short-term stability was assessed by
analyzing QC plasma, urine, and faecal homogenate samples
kept at room temperature for 6 h that exceeded the routine
preparation time of samples. Long-term stability was deter-
mined by assaying QC plasma, urine, and faecal homogenate
samples after storage at −20∘C for 30 days. Freeze-thaw
stability was investigated after three freeze-(−20∘C) thaw
(room temperature) cycles.

2.11. Application to Pharmacokinetics of Ergosterol. To vali-
date the method with real samples, a trial was undertaken
to determine ergosterol in the plasma and excretion samples
of healthy rats, which were administered a single dose of

ergosterol orally. The study was conducted in accordance
with theRegulations of ExperimentalAnimalAdministration
issued by the State Committee of Science and Technology
of China. All procedures and the care of the rats were in
accordance with institutional guidelines for animal use in
research. Rats were housed in individual metabolic cages on
standard laboratory food bedding in a temperature controlled
room (22 ± 2∘C) with a 12 h light/dark cycle.

Male Sprague-Dawley (SD) rats, 200 ± 10 g, fasted
overnight with free access towater for at least 12 h, were dosed
orally by gavages with 100mg/kg body weight of ergosterol
dissolved in plant oil as a vehicle. Rats were divided into
three groups (𝑛 = 6) based on the time of blood sampling
with two animals each. The control groups received the
vehicle only.The blood samples (approximately 300 𝜇L) were
collected from vena orbitalis in heparinized tubes at control
and 1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 24, and 36 h after the
administration. Samples were immediately centrifuged at
5,000×g for 10min and the plasma was frozen at −20∘C and
stored until analysis. The estimation of ergosterol in all the
samples was undertaken within 36 h of blood collection by
the method described previously.

Excretion was studied in another four groups (𝑛 = 6)
based on the time of urine and faeces sampling with three
animals each. The control groups received the vehicle only.
Rats were housed with free access to food and water in
individual metabolic cages, except for the final 12 h before a
single oral administration of 100mg/kg of ergosterol (access
to water was ad libitum during the experiment). Faeces and
urine were collected after administration in different periods
(0–2, 2–4, 4–6, 6–8, 8–10, 10–12, 12–14, 14–16, 16–18, 18–24,
and 24–36 h). The amount of faeces and urine collected over
each period was recorded, respectively, and then urine and
faeces were stored at −20∘C until analysis.

Pharmacokinetics analysis was carried out by noncom-
partmental method with the aid of the software DAS 2.0
(issued by the State Food and Drug Administration of China
for pharmacokinetic study) and pharmaceutical parameters
were obtained.

The percentage of ergosterol eliminated in faeces was
calculated with the accumulated ergosterol eliminated in
all periods divided by administration amount (ergosterol
eliminated over each period was calculated using the amount
of faeces multiplied by the concentration of ergosterol in it).



4 Journal of Analytical Methods in Chemistry

3. Results and Discussion

3.1. 1HNMR and 13CNMRData of Ergosterol. The character-
istics of ergosterol are 1HNMR (CDCl

3
, 500 MHz) 3.63 (1H,

m, H-3), 5.39 (1H, m, H-6), 5.58 (1H, m, H-7), 0.63 (3H, s, H-
18), 0.95 (3H, s, H-19), 1.04 (3H, d, 𝐽 = 6.6Hz, H-21), 5.18 (1H,
dd, 𝐽 = 15.2, 8.0Hz, H-22), 5.22 (1H, dd, 𝐽 = 15.2, 8.0Hz, H-
23), 0.83 (3H, d, 𝐽 = 6.7Hz, H-26), 0.84 (3H, d, 𝐽 = 6.4Hz,
H-27), 0.92 (3H, d, 𝐽 = 6.8Hz, H-28); 13C NMR (CDCl

3
,

125MHz) 38.3 (C-1), 32.1 (C-2), 70.6 (C-3), 40.8 (C-4), 139.9
(C-5), 119.7 (C-6), 116.4 (C-7), 141.5 (C-8), 46.4 (C-9), 37.1 (C-
10), 21.3 (C-11), 39.0 (C-12), 42.8 (C-13), 54.7 (C-14), 23.1 (C-
15), 28.4 (C-16), 55.8 (C-17), 12.2 (C-18), 17.7 (C-19), 40.5 (C-
20), 21.2 (C-21), 135.5 (C-22), 132.1 (C-23), 42.9 (C-24), 33.2
(C-25), 19.8 (C-26), 20.1 (C-27), 16.4 (C-28).The data of mass
spectrum was published in our previous paper [25, 26].

3.2. Optimization of Chromatographic Conditions and Sample
Preparation. Chromatographic optimisation ofHPLCcondi-
tions was carried out with respect to mobile phase conditions
(methanol-water or acetonitrile-water), stationary phase
(Inertsil ODS-3 column, 250mm × 4.6mm i.d., 5 𝜇m or Dia-
monsil C18 column, 250mm × 4.6mm i.d., 5 𝜇m), tempera-
ture (30 or 35∘C), and peak shape.The test results showed that
the peak shapes of ergosterol were improved by the solvent
system of methanol and water.

The previously-mentioned method was demonstrated by
comparing chromatograms of six independent biological
samples (plasma, urine, and faecal homogenate) from blank
rats, each as a blank sample and a spiked sample.The chrom-
atograms of ergosterol and the IS are showed in Figures 2(a1)–
2(a3), 2(b1)–2(b3), and 2(c1)–2(c3), respectively. Figures
2(b1)–2(b3) indicate no significant interferences at the reten-
tion times of ergosterol and the IS.The ergosterol and the IS of
the retention times were 18.8 and 15.7min, respectively, with
a total run time of less than 23min. System suitability param-
eters for the method were as follows: the theoretical plates
for ergosterol and the IS were 4900 and 5400, respectively.
Tailing factor was less than 1.1 for all ergosterol and the IS
and resolution among ergosterol and the IS was more than
1.5. Ergosterol was chosen as IS because of its similarity to the
analytes with respect to polarity, high recovery, and suitable
retention time.

3.3. Linearity. Calibration curves of ergosterol were linear
over the concentration range of 0.09–2.50 𝜇g/mL for plasma
and urine and 0.08–125 𝜇g/mL for faecal homogenate. The
typical equation was 𝑌 = 0.8251 𝑋 + 0.0357 (𝑟 = 0.9996)
for plasma, 𝑌 = 2.9189 𝑋 + 0.1265 (𝑟 = 0.9995) for urine,
and 𝑌 = 0.0262 𝑋 + 0.0104 (𝑟 = 0.9994) for faecal homo-
genate.𝑌 = peak-area ratio (ergosterol/IS) and𝑋 = ergosterol
concentration. During routine analysis, each analytical run
included a set of calibration samples, a set of QC samples,
and the unknowns. The LOD of ergosterol in rat plasma,
urine, and faecal homogenate were 42, 50, and 49 ng/mL,
respectively. The LOQ of ergosterol in rat plasma, urine, and
faecal homogenate was 90, 90, and 80 ng/mL respectively.

Table 1: Summary of precision and accuracy of ergosterol in rat
plasma, urine, and faeces.

Added
concentration
(𝜇g/mL)

Found
concentration
(mean ± SD,
𝜇g/mL)

Recovery
(%)

Intraday
(RSD %)

Interday
(RSD %)

Plasma
0.25 0.259 ± 0.012 103.6 9.6 7.8
0.75 0.713 ± 0.030 95.1 3.7 5.4
2.00 2.001 ± 0.072 100.1 3.9 4.8

Urine
0.25 0.254 ± 0.009 101.6 4.2 7.1
0.75 0.736 ± 0.038 98.1 5.5 5.8
2.00 1.956 ± 0.090 97.8 3.3 3.1

Faeces
0.25 0.247 ± 0.010 98.8 4.8 3.6
25 25.1 ± 0.7 100.4 2.8 5.1
100 99.5 ± 1.9 99.5 3.1 1.6

3.4. Accuracy and Precision. Table 1 shows the intra- and
interday precision and accuracy for ergosterol frombiological
matrices QC samples.The intra- and interday precisions were
measured below 9.6% and 7.8%, respectively, with relative
recovery from 95.1% to 103.6%. The results indicated that the
method showed good precision and accuracy.

3.5. Selectivity. The selectivity of the method was demon-
strated by comparing chromatograms of five independent
biological samples (plasma, urine, and faecal homogenate)
from blank rats, each as a blank sample and a spiked sample.
Figure 2 indicates no significant interferences at the retention
times of ergosterol and IS in plasma, urine, and faeces
samples.The ergosterol and IS of the retention timeswere 18.8
and 15.7min, respectively.

3.6. Extraction Recovery. The mean extraction recovery of
ergosterol from plasma, urine, and faecal homogenate was
90.9 ± 2.9%, 92.4 ± 2.6%, and 93.7 ± 3.3%, respectively. The
mean relative recovery for IS was 94.5 ± 3.2% (𝑛 = 5).
Recovery data are shown in Table 2.The results indicated that
the method showed high recovery.

3.7. Stability. Table 3 shows the results of short-term, long-
term, and freeze-thaw stability of ergosterol in plasma, urine,
and faeces. Ergosterolwas found to be stable in frozen plasma,
urine, and faeces after three freeze-thaw cycles. The relative
standard deviations were within ±15%. Long-term stability
studies of ergosterol in three rat matrices showed appreciable
stability over 30 days. Furthermore, ergosterol in three rat
matrices was found to be stable at room temperature for a
period of 6 h. All the results well met the criterion for stability
measurements.

3.8. Application of the Method. The diuretic activity of ergos-
terol was reported in our previous publication [4]. Pharma-
cokinetic studies of this drug are important for further bio-
logical and biochemical research and for future clinical trials.
After a single oral administration of ergosterol (100mg/kg)
to rats, the concentrations of ergosterol in plasma, urine,
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Figure 2: Chromatograms of ergosterol and IS in rat plasma, urine, and faecal homogenate—(a1) blank rat plasma, (a2) blank urine, (a3)
blank faecal homogenate, (b1) blank plasma spiked with ergosterol and IS, (b2) blank urine spiked with ergosterol and IS, (b3) blank faecal
homogenate spiked with ergosterol and IS, (c1) a rat plasma sample after oral administration, (c2) a urine sample after oral administration,
and (c3) a faecal homogenate sample after oral administration (1, IS; 2, ergosterol).

and faecal homogenate were determined by the HPLC-UV
method. Figure 3 shows mean plasma concentration-time
curves of ergosterol after administration. Pharmacokinetic
parameters are listed in Table 4.

The ergosterol was detected in rat plasma, urine, and
faeces samples collected from 0 to 36 h after an oral adminis-
tration.The results indicate that the ergosterol levels in faeces
are much higher than those in plasma and urine of the rat
(Figure 4(a)). Almost 62.5% of loading dose is cumulative
in the faeces within 36 h after an oral dose with a dosage of

100mg/kg (Figure 4(a)), but the lower level of ergosterol was
found in urine (Figure 4(b)).

4. Conclusions

The cloud-point extraction technique has been successfully
applied for the first time as an effectivemethod for the extrac-
tion and preconcentration of ergosterol from rat plasma
samples. It was shown that this method is suitable for the
analysis of ergosterol in rat plasma samples collected for
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Figure 4: Cumulative excretion of ergosterol in faeces (a) and urine (b) of rats after an oral dose with a dosage of 100mg/kg. Faeces were
collected after administration in different periods (0–2, 2–4, 4–6, 6–8, 8–10, 10–12, 12–14, 14–16, 16–18, 18–24, and 24–36 h).

Table 2: Absolute recoveries of ergosterol in rat plasma, urine, and
faeces.

Added concentration
(𝜇g/mL)

Found concentration
(mean ± SD, 𝜇g/mL)

Recovery
(%) RSD %

Plasma
0.25 0.227 ± 0.008 90.8 5.2
0.75 0.678 ± 0.078 90.4 2.8
2.00 1.832 ± 0.102 91.6 3.4

Urine
0.25 0.231 ± 0.006 92.4 3.5
0.75 0.703 ± 0.065 93.7 3.8
2.00 1.825 ± 0.131 91.3 2.4

Faeces
0.25 0.233 ± 0.009 93.2 4.7
25 23.4 ± 1.3 93.6 2.2
100 94.3 ± 3.2 94.3 2.8

pharmacokinetic study. The HPLC-UV method is simple,
specific, and reproducible for quantitative determination of

ergosterol in rat plasma, urine, and faeces. The small amount
of biological matrices required (0.3mL per determination)
made this method suitable for routine analysis in preclinical
pharmacokinetic studies, and the method was helpful in
clinical pharmacokinetic studies. It can also be used as a
reference for therapeutic drug monitoring of ergosterol.
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Table 3: Summary of stability studies of ergosterol in rat plasma, urine, and faeces under various storage conditions.

Biological matrix Added concentration (𝜇g/mL) Found concentration (𝜇g/mL) Recovery (%) RSD %
Short-term stability

0.25 0.249 ± 0.010 99.6 4.1
Plasma 0.75 0.714 ± 0.043 95.2 6.7

2.00 1.90 ± 0.080 95.0 1.9
0.25 0.252 ± 0.011 100.8 4.6

Urine 0.75 0.717 ± 0.039 95.6 1.4
2.00 1.91 ± 0.01 95.5 1.6
0.25 0.243 ± 0.007 97.2 2.9

Faeces 25 24.8 ± 0.63 98.8 2.5
100 99.4 ± 2.1 2.1

Three freeze-thaw cycles
0.25 0.262 ± 0.021 104.8 7.8

Plasma 0.75 0.738 ± 0.027 98.4 4.2
2.00 1.92 ± 0.08 96.0 2.1
0.25 0.251 ± 0.011 100.4 4.6

Urine 0.75 0.759 ± 0.032 101.2 3.5
2.00 1.93 ± 0.04 96.5 2.2
0.25 0.251 ± 0.007 100.4 3.2

Faeces 25 24.7 ± 0.6 98.8 2.6
100 98.9 ± 3.3 98.9 3.3

Long-term stability
0.25 0.250 ± 0.013 100.0 4.6

Plasma 0.75 0.723 ± 0.045 96.4 2.9
2.00 1.95 ± 0.12 97.5 1.8
0.25 0.238 ± 0.009 95.2 4.0

Urine 0.75 0.759 ± 0.007 101.2 3.1
2.00 2.06 ± 0.15 103.0 5.2
0.25 0.249 ± 0.011 99.6 4.5

Faeces 25 24.6 ± 0.5 98.4 2.1
100 100.1 ± 2.4 100.1 2.4

Table 4: Pharmacokinetic parameters obtained after administration
of ergosterol in SD rats (𝑛 = 6).

Pharmacokinetic parameters mean ± SD
AUC
0–36 h (𝜇g hmL−1) 22.23 ± 5.04

𝐶Max (𝜇gmL−1) 2.18 ± 0.21

𝑡
1/2

(h) 5.90 ± 1.43

𝑇Max (h) 8.00 ± 1.26

University of Ministry of Education of China (no. IRT1174).
In this work, Pharmacokinetics parameter was analyzed by
the software DAS 2.0. Methanol was purchased from Baker
Company.
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The antitumor activity of roscovitine was tested in four cervical carcinoma cells: C33A, HCE-1, HeLa, and SiHa. The effects of
roscovitine on ATP Lite assay, cell cycle, and apoptosis were assessed. The Sub-G

1
DNA content occurred great increasing, and

this indicates that apoptosis was induced quickly in HeLa cells, but slowly in the other cells. The morphological observation results
showed that roscovitine induced apoptosis and cell death in the cervical carcinoma cells. Results revealed that roscovitine exhibited
selective cytotoxicity towards 4 cervical carcinoma cells, and the cells showed different morphologic and apoptotic changes at the
same concentration. It was estimated that cervical carcinoma cells responded differently to roscovitine because of differences in
apoptotic and genetic background in different cervical carcinoma cells. This study suggested that roscovitine had the potential to
be a chemotherapeutic agent against cervical carcinoma.

1. Introduction

Cyclin-dependent kinase inhibitors have the potential to
induce cell cycle arrest and apoptosis in cancer cells [1].
Roscovitine, a potent and selective inhibitor of Cdk2 and
Cdc2, has demonstrated selective inhibition of Cdk enzymes
over related kinases. It has been reported that roscovitine
does cause not only cell cycle arrest, but also apoptosis in
cancer cells [2, 3]. In in vitro study, it has been shown that
roscovitine has cytotoxic activity against a lot of human
tumor cells, as well as in tumor xenograft models [4, 5].
Roscovitine is currently undergoing phase II clinical trials as
a treatment for nonsmall cell lung cancer and nasopharyngeal
cancer [6, 7].

In this study, we investigated whether roscovitine could
inhibit the tumor growth and exhibit cytotoxicity in cervical
carcinoma cell lines: C33A, HCE-1, HeLa, and SiHa. In
addition, we are interested in elucidating the biochemistry
of apoptosis of roscovitine on these cell lines. Our data
showed that roscovitine can inhibit tumor cell proliferation
in dose- and time-dependent manner in cervical carcinoma
cells. Roscovitine can induce cell cycle arrest and apoptosis

in 4 cervical cells but showed selective sensitivity. We esti-
mated that cervical carcinoma cells responded differently to
roscovitine because of differences in apoptotic and genetic
background. These results also suggest that roscovitine may
be a selective and effective chemotherapeutic agent against
cervical carcinoma.

2. Materials and Methods

Roscovitine was purchased from Sigma-Aldrich (CAS:
186692466, USA). C33A, HCE-1, HeLa, and SiHa cell lines
were purchased from the Institute of Basic Medical Sci-
ences Chinese Academy of Medical Sciences and Shang-
hai Sanqiang Analysis Company. Dulbecco’s modified Eagle
medium (DMEM), fetal bovine serum (FBS), and trypsin
were purchased from Hyclone Laboratories Inc. (USA).
Penicillin and streptomycin were purchased from Sigma
Chemical Company (USA). Dimethyl sulfoxide (DMSO) was
purchased from AppliChem GmbH Company (Germany).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bro-
mide (MTT) and acridine orange were purchased from
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Amresco company (USA). Protease inhibitor cocktail (1%,
Cat No: 539134) was purchased from Merck (USA). All
reagents were of chemical grade unless otherwise specified.

2.1. Cell Culture and Reagents. A 10mmol/L roscovitine stock
solution of the compoundwas prepared inDMSOanddiluted
to a different concentration.Thefinal concentration ofDMSO
in culture medium was ≤0.3%. Four cervical carcinoma cells
(C33A, HCE-1, HeLa, and SiHa) were maintained in RPMI-
1640 media containing 10% fetal bovine serum, 2mmol/L
L-glutamine, 100U/mL penicillin, and 100𝜇g/mL strepto-
mycin. Cells were cultured in an incubator at 37∘C under 5%
CO
2
in air.

2.2. Assessment of Cell Viability (Dose and Time Relation-
ship). C33A, HCE-1, HeLa, and SiHa cells (5 × 104/well)
were grown in 24-well plates and treated with roscovitine
(0–30𝜇mol/L) or DMSO (0.3%, final concentration) for
48 and 72 h. Attached cells were released by trypsin and
combined with nonadherent cells. After centrifugation, cells
were resuspended in PBS and treated with 0.2% trypan blue.
Experimentswere performed in five replicates independently.
For cell growth inhibition experiment, cells were seeded in
24-well culture plates at a density of 5×104/well. After 0, 2, 4,
6, 12, 24, and 72 h, 20𝜇mol/L of roscovitinewas added into the
wells. Cell number and cell viability were determined using
haemocytometer and trypan blue dye exclusion test.

2.3. MTT Assay. C33A, HCE-1, HeLa, and SiHa cells were
seeded into 96-well plates and incubated overnight at 37∘C.
Roscovitine was added to cells (in 5 replicates) and incu-
bated for 72 h at 37∘C. 3-[4,5-Dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) was made up as a stock
of 2mg/mL in cell media and filter sterilized. Media were
removed from cells, and MTT solution was then added at
50𝜇L per well and incubated in the dark at 37∘C for 4 h.MTT
solution was removed, and MTT dye was solubilised with
50𝜇L/well of DMSO with agitation. Measure the absorbance
at 562 nm and then determine the IC

50
(concentration of

roscovitine which inhibits cell growth by 50%).

2.4. Flow Cytometry. Apoptotic effects of roscovitine on
cervical carcinoma cells were detected by flow cytometry.
Cervical carcinoma cells in logarithmic phase of 5 × 105/mL
were incubated into 6-well cell culture plate andwere cultured
at 37∘C in an incubator with 5% CO

2
for 24 h. With the

culture medium removed, the volume of 2mL containing
20𝜇mol/L roscovitine was added into each well. The cells
were cultured at 37∘C in an incubator with 5% CO

2
for 0, 6,

12, 24, 48, and 72 h, respectively, collected, respectively, and
then centrifuged at 2000 g for 5min. With the supernatant
removed, the cell concentration was diluted to 1 × 106/mL.
Themedia binding reagent with 10 𝜇L of AnnexinV-FITCwas
added. The cells were incubated in darkness for 15min and
centrifuged at 3000 g for 5min, and then the supernatant was
removed. The cells were resuspended in the 0.5mL binding

buffer. The cell suspension was added with 10 𝜇L PI on ice.
The cells were protected from light and detected by flow
cytometry.

2.5. ATP Lite Assay. ATP is a sign of cell viability, and it exists
in all living cells with metabolism. As cells undergo necrosis
or apoptosis, the ATP concentration decreases rapidly. The
Luciferase and D-luciferin contained in the ATP Lite kit react
with ATP to produce fluorescence.The reaction formula is as
follows:

ATP + D-Luciferin +O
2
→ Oxyluciferin + AMP + PPi

+ CO
2
+ Light

(1)

Fluorescence intensity was measured by PerckinElmer 2030
Multilabel Reader. 100 𝜇L cells suspension were seeded at
3 × 10

5/mL in 96-well culture plate. After 24 h, the cells were
added with 100 𝜇L culturemedium containing roscovitine 10,
20, 30, 40, 50, and 60𝜇mol/L, respectively. The blank group
was added with media, and the control group was added with
0.5%DMSO. Each group had 5 repeats.The cells of C33A and
HeLawere cultured for 48 h. Temperatures of ATPLite buffer,
cell lysis solution, and lyophilized substrate solution were
balanced to room temperature (RT). ATP Lite buffer with
the volume of 5mL was added into the lyophilized substrate
solution. Cell lysis solution with the volume of 50𝜇L was
added into each well. The mixture was vibrated at 1000 g for
5min by microvibration to dissolve the cells and to stabilize
ATP. The prepared matrix solution with the volume of 50𝜇L
was added into each well. The mixture was vibrated at 1000 g
for 5min and was protected from light for 10min to measure
its fluorescence intensity.

2.6. Morphological Observation. The concentration of C33A
and HeLa cells in logarithmic phase was diluted to around
5 × 10

4/mL. 2mL of the C33A and HeLa cell suspension was
placed into 6-well culture plate and covered by the cover slips.
The cells were cultured at 37∘C in an incubator with 5% CO

2

for 24 h. Then the culture medium was removed. 20𝜇mol/L
roscovitine was added into each well, respectively, with the
group of 0.3% DMSO as the control group. Two groups were
cultured for 0 and 24 h, respectively. The cover slip with
growing cells was selected, washed with PBS for 3 times to
remove serum, fixed with 95% ethanol for 15min, treated
by 1% acetic acid for 30 s, then stained by 2 × 10−4mol/L
acridine orange for 30–60 s, processed by 1mol/LCaCl

2
for

30–120 s, and washed by PBS for 3 times. A slide dropped
with 200𝜇L glycerol was covered lightly, as the excess liquid
was sucked by filter paper.The picture was taken by Confocal
microscope at the excitation wavelength of 488 nm and the
emission wavelength of 561 nm.

2.7. Statistics. All experiments were performed at least 5
times. Data are expressed as means ± SD. A ∗𝑃 value of <0.05
was considered statistically significant, and ∗∗𝑃 value of<0.01
was considered very significant.
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Figure 1: Survival rates (%) after 4 cervical carcinoma cell lines were incubated with various concentrations of roscovitine. (a), (b), (c), and
(d) represent C33A, HCE-1, HeLa, and SiHa cell lines. Data are presented as the mean ± SD. (𝑛 = 5).

3. Results

3.1. The Effect of Roscovitine on Viability and Growth. The
growth of cells was inhibited in dose-dependent manner
after exposure to roscovitine for 48 h and 72 h ranging from
0 to 30 𝜇mol/L (Figure 1). HeLa cells were most sensitive.
The antiproliferation effect of roscovitine was evaluated by
measuring the growth rates and treated with 20𝜇mol/L
roscovitine. Treatment with roscovitine caused a time-
dependent inhibition of cell growth in accordance with the
cell viability assay during 72 h as compared with control
(Figure 2).

3.2. CytotoxicityAssay. Cytotoxicitywas determined byMTT
assay following 72 h incubation with roscovitine. The IC

50

values ofC33A,HCE-1,HeLa, and SiHa cells were 22.09±3.29,
21.21±1.96, 13.79±3.30, and 16.88±7.39 𝜇mol/L, respectively,
as shown in Figure 3.

3.3. Cell Cycle Effects. We analyzed the cell cycle profiles of
growing cervical cell lines exposed to 20𝜇mol/L roscovitine.
InC33A,HCE-1, and SiHa cell lines, the Sub-G

1
DNAcontent

was remarkable and apparently increased during 24–48 h,
indicating that apoptosis occurred (Figure 4). In HeLa cell
lines, we found that the Sub-G

1
DNA content occurred great

increase within 12 h. The results indicated that roscovitine
induced apoptosis in four cervical carcinoma cells, and HeLa
is the most sensitive to roscovitine.

3.4. ATP Lite Assay. To understand the reason of the can-
cer cells exhibiting different sensitivity to roscovitine, the
most sensitive HeLa cells and the most resistant C33A cells
were used as the representatives to do the ATP Lite and
morphological study. With ATP assay, it was confirmed that
roscovitine significantly inhibited the growth of both C33A
and HeLa cells. The intracellular ATPase activity decreased
significantly as the concentration of roscovitine increased,
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Figure 2: Survival rates (%) after 4 cervical carcinoma cell lines were incubated with 0.3% DMSO or 20𝜇mol/L roscovitine at various time
points. (a), (b), (c), and (d) represent C33A, HCE-1, HeLa, and SiHa cell lines. Data are presented as the mean ± SD. (𝑛 = 5).
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Figure 3: Inhibition rates (%) of cervical carcinoma cells treated
with 20 𝜇mol/L roscovitine at various time points. The results are
expressed as the mean ± S.D. (𝑛 = 5).

as shown in Figure 5. The inhibition effect of roscovitine in
HeLa cells is higher than that in C33A cell lines in a dose-
dependent manner.

3.5. Morphological Observation. The C33A and HeLa cells
stained with acridine orange fluorescence were observed by
Confocal microscopy. Their nuclei presented homogeneous
fluorescence of green light while in the apoptotic cells, due to
the chromatin pyknosis or the broken fragments of unequal
size, the apoptotic body was formed. They were stained with
acridine orange and presented the deep and dense fluores-
cence or the granular fluorescence of green.The fluorescence
in necrotic cells decreased or even disappeared. C33A and
HeLa cells treated with roscovitine were taken pictures at 0,
24 h, the apoptosis featurewas demonstrated clearly, as shown
in Figure 6. The results indicated that the cells treated with
roscovitine showed cell membrane blister, cell shrinkage, and
apoptosis.Those indicated that roscovitine induced apoptosis
in both two cell lines, and HeLa cells were more sensitive to
roscovitine.
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Figure 4: Effect of 20𝜇mol/L of roscovitine on the apoptosis of C33A, HCE-1, HeLa, and SiHa cancer cells. Data are expressed with mean ±
SD. (𝑛 = 5).
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Figure 5: Cytotoxicity assay using ATP Lite approach: CPS changes
of cervical cells treated with various concentrations of roscovitine.
Data are presented as the mean ± SD (𝑛 = 5).

4. Discussion

Roscovitine, an olomoucine-related purine analogue derived
from 6-DMAP and isopentenyladenine that competes with
ATP for its binding site on Cdks, has been developed as a
Cdk inhibitor [8, 9]. Roscovitine treatment induced not only

cell cycle arrest, but also apoptosis in various type cell lines
[4, 10, 11]. In this study, we showed for the first time that
the novel CDK inhibitor roscovitine inhibits cervical tumor
cell proliferation in dose- and time-dependent manner and
induced apoptosis rapidly in vitro in cervical carcinoma cells
by a mechanism that involved apoptosis.

We found that roscovitine exhibited selective cytotoxicity
towards cervical cells, and the cells showed differentmorpho-
logic and apoptotic changes at the same concentration. This
observation was confirmed by flow cytometry and indicating
the apoptotic mechanism of roscovitine. Published paper
using roscovitine on head and neck squamous carcinoma
cells also showed two possible results [12–14]. Firstly, cells
may show apoptosis concurrently with cell cycle arrest. This
significance is not entirely clear but would suggest chemosen-
sitivity. Secondly, it showed a prolonged cell cycle arrest
preceding apoptosis. The results suggest that cervical carci-
noma cells may respond differently to roscovitine because of
the mechanism and relationship of apoptosis and cell cycle
arresting. From our study, roscovitine can inhibit tumor cell
proliferation in dose-dependent and time-dependentmanner
and exhibited difference cytotoxicity in different cervical
cell lines. Cervical carcinoma cells occurred apoptosis with
cell cycle arrest concurrently. As such, roscovitine will be
a selective and effective chemosensitivity drug for cervical
carcinoma therapy.
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The purpose of this study is to investigate the effects of Borneol on the pharmacokinetics of notoginsenoside R1 (NGR1) and
the ginsenosides Rg1 (GRg1) and Re (GRe) in Panax notoginseng. Reversed phase high-performance liquid chromatography
coupled with electrospray ion trap mass spectrometry was employed to determine the concentrations of the three compounds
in rabbit plasma. In comparison with rabbits administrated Panax notoginseng extract alone, animals simultaneously taking Panax
notoginseng extract and Borneol exhibited significant differences in pharmacokinetic parameters of NGR1, GRg1, and GRe, such
as increasing their bioavailability. Quantities of NGR1, GRg1, and GRe in rabbit tissues were also increased after combining
administration of Borneol. In addition, the apparent permeability coefficients (𝑃app) ofNGR1,GRg1, andGRewere raised byBorneol
significantly in Caco-2 cells. However, no significant changes were observed in the efflux ratio (Er) of NGR1, GRg1 and GRe.These
data indicate that Borneol has the properties of enhancing the intestinal absorption, increasing the distribution, and inhibiting the
metabolism of NGR1, GRg1, and GRe. The underlying mechanism might be attributed to the loosening of the intercellular tight
junction.

1. Introduction

Panax notoginseng, also known as sanchi ginseng, is famous
in China and other countries for its obvious therapeutic
effects on the cardiovascular system [1, 2]. Previous stud-
ies have shown that Panax notoginseng mainly contained
dammarane-type saponins (ginsenosides) including sanchi-
noside or notoginsenoside which is unique to Panax notogin-
seng [3–6]. Recent researches have revealed various pharma-
cological effects of notoginsenosides such as blocking Ca2+
influx through the receptor, enhancing astrocyte differentia-
tion, and inhibiting vessel restenosis and antifibrotic effects
[7–10].

Variousmethods for the quality control of Panax notogin-
seng and its complex prescription have been reported previ-
ously in the literature [11–15]. Among these analytical assays,
high-performance liquid chromatography coupled with an
ultraviolet visible (UV-Vis) detector or a diode array detector
was a common choice for the detection of saponins in Panax
notoginseng. Setting the detecting wavelength at 190∼205 nm
due to low absorbance of these compounds in the regular
UV region, however, greatly increased the baseline noise and
decreased the sensitivity of detection. To address this issue, an
evaporative light-scattering detector has been employed for
the detection of saponins, resulting in a stable baseline even
with a gradient elution [16, 17]. In addition, recent researches
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have shown that high-performance liquid chromatography
coupled with mass spectrometry is a favorable and useful
alternative for the detection of saponins in Panax notoginseng
[18–20].

Borneol, a monoterpenoid component of the medicinal
plant such as Blumea martiniana and Clausena dentata [21–
23], is usually used as “Guide drug” in the prescription to
guide the bioactive components of herbs to the proper organs
to exert a harmonizing effect. A better therapeutic effect
has been observed for the combined administration of other
herbs, Panax notoginseng and Radix Salvia miltiorrhiza, and
Borneol than the single use of other herbs for the patients
with cardiovascular diseases in practice [24, 25]. However,
the mechanism underlying the synergistic effect of Panax
notoginseng and Borneol is still an enigma. In most of the
previous studies, pharmacokinetics of saponins in Panax
notoginseng and its prescriptions were investigated [25–29].
However, little attention has been paid to pharmacokinetics
of notoginsenoside R1 (NGR1), ginsenosides Rg1 (GRg1), and
Re (GRe), the main active components of Panax notoginseng,
especially the interactive effects of Panax notoginseng and
Borneol.

The current study is to investigate the effect of Borneol
on the pharmacokinetics of NGR1, GRg1, and GRe in Panax
notoginseng in rabbits. A sensitive and accurate SPE-HPLC-
MS method was established and applied to the pharmacoki-
netic study of NGR1, GRg1, and GRe via determining their
concentrations in rabbit plasma after oral administration
of Panax notoginseng or Panax notoginseng combined with
Borneol. In addition, the mechanism underlying the effect
of borneol on NGR1, GRg1, and GRe was investigated by
vinblastine-selected Caco-2 cells in vitro.

2. Materials and Methods

2.1. Materials and Reagents. NGR1, GRg1, and GRe (purity
> 95%) were purchased from the National Institute for
the Control of Pharmaceutical and Biological Products of
China (Lots nos. 110754-200322; 110703-200322; and 110745-
200414, resp.). Borneol (purity > 98%) was supplied by
Tianjin Tasly Pharm. Co., Ltd. Caco-2 cells were acquired
from Institute of Biochemistry and Cell Biology, Shanghai
institute for Biological Sciences, CAS. Transwell plates (pore
size 0.4𝜇m, 24mm diameter) were purchased from Corning
Costar Co. Foetal bovine serumandnonessential amino acids
were bought from Gibco-BRL Life Technologies (Paisley,
Scotland). Penicillin, streptomycin, trypsin, dimethylsulfox-
ide (DMSO), and ammonium formate were bought from
Sigma Chemical Co. HPLC grade solvents and reagents were
obtained from Fisher Scientific Company (Pittsburgh, PA,
USA). Ultrapure water (18.2MΩ) was obtained through a
Milli-Q water purification system.

2.2. Preparation ofHerb Extract. 250 grams ofPanax notogin-
seng were immersed in an 8-fold ethanol/water (V : V, 70 : 30)
solution for 30min and refluxed twice (1.5 h each time). The
suspension was then filtered followed by concentrating to
50mL to obtain the Panax notoginseng extract. The Panax

notoginseng extract combined with Borneol was prepared by
adding 1.42 g Borneol to 50mL Panax notoginseng extract.
The concentrations of NGR1, GRg1, and GRe in the extract
were determined to be 87.5, 124.6, and 40.2mg⋅mL−1, respec-
tively, by the HPLC method.

2.3. Animals. The ethical use of animals in this study was
approved by the Advisory Board on Animal Experiments of
the Xi’an Jiaotong University in China. New Zealand rabbits
(weight 1.7–2.3 kg) were provided by the Animal Center of
Xi’an Jiaotong University.The rabbits were maintained in air-
conditioned animal quarters at a temperature of 22 ± 2∘C and
a relative humidity of 50 ± 10%.The cannula (Terumo, 22G ×

1, i.d. 0.60 × 20mm) was placed in the central ear artery and
used for blood collection. The animals were acclimatized to
the facilities for 5 days, and then fasted and had free access to
water for 12 h prior to experiment.

2.4. Liquid Chromatographic and Mass Spectrometric Condi-
tions. Liquid chromatography was carried out on an Agilent
1100HPLC system with an auto sampler, a quaternary pump
and a vacuum degasser (Waldoboro, Frankfurt, Germany).
Operations were controlled by Agilent Chemstation 4.2
software (Littleforts, Philadelphia, USA). Separations were
achieved on a reversed-phase HPLC column (Zorbax SB-C
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150 × 2.1mm, 5.0𝜇m particle size). A solution of acetonitrile
and water (V : V, 20 : 80) with 0.1% (V : V) ammonium for-
mate was used as the mobile phase. The flow rate was set at
0.3mL⋅min−1 and the column temperature was 25∘C. Under
these conditions, NGR1, GRg1, and GRe in plasma samples
were separated efficiently without any interferences.

MS𝑛 detection was performed on an Agilent SL trap MS
system (Waldoboro, Frankfurt, Germany). The ion source-
dependent (electrospray ionization) conditions were the
same for all analyses with a spraying voltage of −4500V in
the negative ion mode. The pressure of the nebulizing gas
(nitrogen) was set at 35 p.s.i. The flow rate of the drying
gas (nitrogen) was set at 7.0 L⋅min−1 with the temperature of
325∘C.The collision gas (He) for theMS𝑛mode at trap was set
at flow of 4 (instrument unit).The voltage of the capillary was
set at 4000V, and its end plate offset was −500V. Scan range
was from 500 to 1500m/z.

2.5. Preparation of Calibration Standard Working Solu-
tions. Primary stock solutions of 0.28mg⋅min−1 NGR1,
0.30mg⋅min−1 GRg1 and 0.72mg⋅min−1 GRe were prepared
inmethanol.Working standard solutions ofNGR1, GRg1, and
GRe were prepared by diluting the aliquots of the primary
solution with methanol. The solutions were stored at 4∘C in
glass tubes until further use.

2.6. Extraction of Sample. Frozen plasma and tissue sam-
ples were thawed in a water bath at 37∘C and were then
vortexed followed by centrifuging at 5000 r⋅min−1 for 5min.
An aliquot of 1.0mL of the supernatant from each sample
was loaded onto C

18
Bond Elute Solid phase extraction

(SPE) cartridges (1000mg, 1 cc reservoir, Varian, Harbor
City, CA, USA) pretreated with 2.0mL hexane, isopropanol,
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methanol, and water, sequentially. The SPE cartridges were
then washed with 1.0mL water, 20% methanol/water solu-
tion, 40%methanol/water solution, and 60%methanol/water
solution, sequentially. Finally, analytes were eluted twice
with 1.0mL of 70% methanol/water solution. The eluant was
evaporated to dryness under nitrogen.The residues were then
reconstituted in 1.0mLmobile phase. An aliquot of 10 𝜇L was
injected into the LC-MS system.
2.7. Calibration Procedure. Samples calibration standards
containing 0.28, 0.56, 2.8, 5.6, 14.0, 28.0, and 56.0 𝜇g⋅min−1
of NGR1, 0.30, 0.60, 3.0, 6.0, 15.0, 30.0, and 60.0 𝜇g⋅min−1 of
GRg1, and 0.36, 0.72, 3.6, 7.2, 18.0, 36.0, and 72.0 𝜇g⋅min−1
of GRe were freshly prepared daily by diluting the working
standard solution with blank sample. The calibration curve
was then obtained by plotting the peak areas of the extracted
ion current versus the concentrations of the standards using
weighted linear regression.The results showed that the linear
range of NGR1, GRg1, andGRewas 0.28–56.0, 0.30–60.0, and
0.36–72.0 𝜇g⋅min−1, respectively.

2.8. Method Validation. Validation of the proposed method
included assessment of the calibration curve performance, as
well as accuracy and precision of the method, and stability of
the analytes at various test conditions.

The precision of the assay was determined for the quality
control (QC) plasma and tissue samples by replicate analyses
of three levels of concentration at 0.5, 5.0, and 35.0 𝜇g⋅min−1
for NGR1, 0.4, 3.0, and 40.0 𝜇g⋅min−1 for GRg1, and 0.8, 8.0,
and 48.0 𝜇g⋅min−1 for GRe. Intraday precision and accuracy
were determined via repeated analysis of the QC plasma
and tissue samples within one day (𝑛 = 5). Interday
precision and accuracywere determined via repeated analysis
on five consecutive days. The concentration of each sample
was determined using the prepared calibration curve and
analyzed on the same day. All stabilities were evaluated at
different concentration levels. Short-term stability of NGR1,
GRg1, and GRe were assessed by analyzing QC samples kept
at 4∘C for 4–24 h. Freeze-thaw stability was evaluated at
three consecutive freeze-thaw cycles. Long-term stability was
studied by analyzing samples during a period of 8 weeks of
storage at −70∘C.

2.9. Pharmacokinetics Study. Eighteen rabbitswere randomly
divided into three groups of 6 subjects and were orally given
3.0mL⋅kg−1 normal saline, 3.0mL⋅kg−1 Panax notoginseng
extract, and 3.0mL⋅kg−1 Panax notoginseng extract combined
with Borneol, respectively. Plasma samples were collected
in heparinized tubes from the central ear artery at 0.0, 5.0,
10.0, 20.0, 30.0, 45.0, 60.0, 75.0, 90.0, 120.0, 180.0, 300.0 and
480.0min after dose. After each sampling, the same volume
of 0.9% saline solution was injected from the ear vein to
compensate the loss of blood.Theplasmaobtainedwas frozen
at −70∘C for storage and was processed prior to analysis with
the proposed method as described in Section 2.6.

2.10. Tissue Distribution Study. One group of rabbits (𝑛 = 18)
was orally administered a dose of 3.0mL⋅kg−1 Panax noto-
ginseng extract, while another group of rabbits (𝑛 = 18) was

orally given 3.0mL⋅kg−1 Panax notoginseng extract combined
with Borneol. At 0.5, 1, and 3 h after administration, blood
samples were collected from the central ear artery of six
rabbits from each group, and the heart, liver, lung, kidney,
and brain were immediately removed after animals were
sacrificed by decapitation. An accurately weighed amount of
tissue (1 g) was collected to be rinsed, dried, minced, and
homogenized (400 r⋅min−1) in normal saline (1.5mL). All
of the samples were stored at −70∘C and were processed
prior to analysis with the proposed method as described in
Section 2.6.

2.11. Transport Studies. The Caco-2 cells were cultured in
Dulbecco’smodified Eagle’s medium (DMEM) supplemented
with 20% foetal bovine serum, 1% nonessential amino acids
and penicillin-streptomycin, at 37∘C in an atmosphere with a
relative humidity of 95% and a CO

2
flow of 5%. Medium was

replaced every 2-3 days. When the cell monolayer reached
80% confluence, the cells were detached with a solution of
0.02% EDTA and 0.25% trypsin. The vinblastine-selected
Caco-2 cells were cultivated in the presence of 10 nM vinblas-
tine to induce P-glycoprotein (P-gp) expression. The culture
medium was changed to a fresh medium without vinblastine
24 h before experiments, and the cells were used between
passages 25 and 46. Prior to the transport study, cytotoxicity
of NGR1, GRg1, GRe, and Borneol toward Caco-2 cells was
determined using MTT assays. Noncytotoxic concentrations
of 500𝜇MNGR1, GRg1, GRe, and 200𝜇MBorneol (dissolved
in DMSO) were chosen for transport study.

In transport studies, vinblastine-selected Caco-2 cells
were seeded on polycarbonate filter of transwells for 18–
21 days before starting transport study, and the monolayers
with the transepithelial electrical resistance (TEER) values
greater than 300Ωcm2 were used. Caco-2 monolayers were
rinsed twice with Hanks’ balanced salt solution (HBSS) and
preincubated in HBSS at 37∘C for 30min before starting
experiments. To start the experiments, 500𝜇M of NGR1,
GRg1, and GRe in final concentrations were added to the
donor side with or without 200𝜇M Borneol and then incu-
bated at 37∘C. An aliquot of 0.1mL samples were withdrawn
from receiver chambers at 0, 30, 60, 90, and 120min after
the loading. After each sampling, 0.1mL of HBSS was added
to the receiver chamber to maintain a constant volume.
All the experiments were performed five times in duplicate.
The collected samples were stored at −20∘C until HPLC
analysis. During the above transport studies, the TEER
values were also monitored before and at the end of each
experiment. Apparent permeability coefficients (𝑃app) were
then calculated according to the following equation:

𝑃app =
(𝑑𝐶/𝑑𝑡 × 𝑉)

(𝐴 × 𝐶
0
)

, (1)

where 𝑑𝐶/𝑑𝑡 is the rate of the test compound appearing in
the receiver chamber, 𝑉 is the volume of the solution in the
receiver chamber,𝐴 is the cell monolayer surface area, and𝐶

0

is the initial concentration of the test compound added in the
donor chamber.
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The efflux ratio (Er) was calculated using the following
equation:

Er =
𝑃app (basolateral-apical)
𝑃app (apical-basolateral)

. (2)

2.12. Statistical Analysis. Statistical analysis of the biological
data was performed using the Student’s 𝑡-test. The drug
analysis system 2.0 (DAS 2.0, T.C.M., Shanghai, China) was
used to calculate the pharmacokinetic parameters, such as
the area under curve (AUC), the maximum plasma con-
centration (𝐶max), the time needed to reach the maximum
plasma concentration (𝑡max) and the half-life of absorption,
and distribution and elimination (𝑡

1/2𝐾
𝑎

, 𝑡
1/2𝛼

, 𝑡
1/2𝛽

).

3. Results and Discussion

3.1. Method Validation

3.1.1. Specificity. The base peaks of each mass spectrum
for NGR1, GRg1, and GRe were observed during the infu-
sion of the standard solution in negative mode. Three
[M-H]− precursor ions, m/z 931.6 [M-H]− for NGR1, m/z
799.5 [M-H]− for GRg1, and m/z 945.1 [M-H]−, were sub-
jected to collision-induced dissociation (CID). The prod-
uct ions were recorded as m/z 799.4 [M-H-Xyl]−, 637.3
[M-H-Glc]−, and m/z 799.2 [M-H-Rha]−, respectively. Mass
transition patterns, m/z 931.6 → 799.4, m/z 799.5 →

637.3, and m/z 945.1 → 799.2, were selected to moni-
tor NGR1, GRg1, and GRe. Representative HPLC-MS ion
chromatograms of blank plasma samples, plasma standard
solutions of 5.0𝜇g⋅mL−1 NGR1, 3.0 𝜇g⋅mL−1 GRg1 and
8.0𝜇g⋅mL−1 GRe as well as plasma samples after adminis-
tration of Panax notoginseng extract at a dose volume of
3.0mL⋅kg−1 are shown in Figure 1. No endogenous peaks
were found to be coeluted with the analytes, indicating high
specificity of the proposed method.

3.1.2. Calibration Curve Performance. The calibration curves
were created by plotting the peak areas of NGR1, GRg1, and
GRe to their various concentrations in the spiked plasma
and tissue standards. Aweighted (1/[nominal concentration])
least-squares linear regression of the type 𝑦 = 𝑏𝑥+𝑎was used
to fit the curves (Table 1). The lowest correlation coefficient
of determination (𝑟2) among the five calibration curves of
NGR1,GRg1, andGRewere between 0.9982 and 0.9996.Thus,
the calibration curves exhibited good linearity within the
chosen range.

3.1.3. Limit of Detection and Quantitation. The limit of
detection (LOD) was estimated as the amount of NGR1,
GRg1, and GRe, which caused a signal three times that of
noise (𝑆/𝑁 = 3/1). The LOD was determined to be 0.57,
0.30, and 0.24 ng⋅mL−1 in lung and liver, and 0.28, 0.15,
and 0.12 ng⋅mL−1 in plasma and other tissues, respectively.
The lower limit of quantitation (LLOQ) was defined as the
lowest concentration with the accuracy and precision better
than 20% and a signal to noise ratio of >10. The LLOQ for
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Figure 1: HPLC-MS ion chromatograms of plasma samples. (a)
blank plasma samples; (b) plasma standard solutions of 5.0𝜇g⋅mL−1
NGR1, 3.0𝜇g⋅mL−1 GRg1, and 8.0 𝜇g⋅mL−1 GRe; (c) plasma samples
after administration of Panax notoginseng extract at a dose volume
of 3.0mL⋅kg−1.

NGR1, GRg1, and GRe were determined to be 1.8, 1.0, and
0.8 ng⋅mL−1 in lung and liver and 1.0, 0.5, and 0.4 ng⋅mL−1
in plasma and other tissues, respectively.

3.1.4. Accuracy and Precision. Data for intraday and interday
precision and accuracy assessed by analyzing QC samples
at different concentrations are presented in Table 2. The
results suggested that the method was adequately accurate
and reproducible for the determination of NGR1, GRg1, and
GRe in rabbit plasma and tissues.

3.1.5. Extraction Recovery and Stability. Theextraction recov-
ery analysis was conducted with NGR1, GRg1, and GRe
spiked biosamples at three QC levels and calculated by
comparing the NGR1, GRg1, and GRe peak areas in extracted
biosamples with those found by direct injection of standard
solutions at the same concentration. The mean recoveries of
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Figure 2: Plasma concentration-time curves of NGR1 (a), GRg1 (b),
and GRe (c) after administration of Panax notoginseng and Panax
notoginseng combined with Borneol extracts in rabbit, respectively.
The dose volume was 3.0mL⋅kg−1 and the fitted curves were
obtained by analyzing the plasma concentration-time data with the
ProgramDAS 2.0.⧫ rabbits administeredPanax notoginseng extract;
◼ rabbits administered Panax notoginseng combined with Borneol.

NGR1, GRg1, and GRe in plasma and tissue samples at three
different concentrations were above 90.0% (Table 2).

The stability studies were performed by evaluating small
variations in three different conditions. The results were

Table 1: Calibration curves for the analysis of NGR1, GRg1, andGRe
in rabbit plasma and tissue.

Biosample Calibration curves
Correlation
coefficient

(𝑟2)

Linear range
(𝜇g/mL)

NGR1
Plasma 𝑌 = 356948𝑋 + 1.0076 0.9990

0.280–56.0

Heart 𝑌 = 397087𝑋 − 9.5861 0.9992
Liver 𝑌 = 389965𝑋 − 9.4869 0.9990
Brain 𝑌 = 390069𝑋 − 8.4391 0.9996
Lung 𝑌 = 379924𝑋 − 8.5585 0.9992
Kidney 𝑌 = 386942𝑋 − 9.2368 0.9996

GRg1
Plasma 𝑌 = 358992𝑋 − 3.0221 0.9988

0.307–60.4

Heart 𝑌 = 356409𝑋 − 2.6782 0.9982
Liver 𝑌 = 367748𝑋 − 3.4734 0.9986
Brain 𝑌 = 362745𝑋 − 2.9939 0.9996
Lung 𝑌 = 359638𝑋 − 4.1365 0.9990
Kidney 𝑌 = 364720𝑋 − 4.5526 0.9990

GRe
Plasma 𝑌 = 293769𝑋 − 1.605 0.9996

0.362–54.3

Heart 𝑌 = 284093𝑋 + 3.8607 0.9988
Liver 𝑌 = 279365𝑋 + 3.9834 0.9992
Brain 𝑌 = 287562𝑋 + 4.1262 0.9986
Lung 𝑌 = 285328𝑋 + 3.9967 0.9988
Kidney 𝑌 = 294563𝑋 + 4.0062 0.9990

expressed as the percentage of initial content of NGR1, GRg1,
andGRe in the freshly treated samples, suggesting thatNGR1,
GRg1, and GRe showed no significant change in plasma and
tissue samples (Table 3).

3.2. Pharmacokinetics Study. After oral administration of
Panax notoginseng or Panax notoginseng combined with
Borneol, the plasma concentrations of NGR1, GRg1, and
GRe were determined by the described LC/MS/MS method.
Figure 2 showed the plasma concentration-time curves of
NGR1, GRg1, and GRe following ingestion of Panax noto-
ginseng or Panax notoginseng combined with Borneol (𝑛 =

6). The statistical results through DAS 2.0 indicated that the
plasma drug concentration-time course of the three com-
pounds in rabbits confirmed the 2-compartment open mod-
els. The corresponding regression pharmacokinetic parame-
ters were shown in Table 4.

It can be noted that the highest values of GRg1 were
approximately the same as the values of GRe. This partly
ascribed to the similar chemical properties of the two
compounds. In addition, the increasing tendency of total
distribution volume (V/F) for NGR1 was similar to that
for GRg1 and GRe. However, the highest values of NGR1
parameters were different from the values of GRg1 and GRe.

Combined with Borneol, the values of 𝑡
1/2𝛼

decreased but
the AUC values increased obviously, which indicated that
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Table 2: The interday and intraday precision and accuracy of the method for the determination of NGR1, GRg1, and GRe (𝑛 = 5).

Biosample QC conc
(𝜇g ⋅mL−1)

Intraday Interday Extraction recovery
Precision
(R.S.D %)

Accuracy
(mean %)

Precision
(R.S.D %)

Accuracy
(mean %) Mean ± S.D. R.S.D %

NGR1
0.5 10.4 96.0 13.0 92.0 93.5 ± 4.7 5.1

Plasma 5.0 6.7 102.0 11.1 94.0 91.7 ± 3.5 3.8
35.0 4.2 97.4 5.4 103.7 95.7 ± 7.5 7.9

0.5 6.3 92.5 8.4 104.9 97.8 ± 6.8 7.0
Heart 5.0 8.3 91.8 9.3 98.9 107.4 ± 14.6 8.4

50.0 4.9 100.3 5.3 106.1 96.9 ± 9.8 10.6

0.5 8.7 98.1 10.6 95.8 92.7 ± 7.8 8.4
Liver 5.0 7.5 91.4 8.3 96.6 102.1 ± 5.0 4.9

50.0 7.1 99.6 7.8 105.6 95.5 ± 7.1 7.4

0.5 9.5 90.0 6.3 108.3 92.3 ± 9.3 10.4
Brain 5.0 4.2 108.3 9.7 95.7 99.2 ± 7.7 7.8

50.0 3.7 103.5 7.9 95.6 92.7 ± 4.8 5.3

0.5 7.4 94.2 13.1 103.7 105.3 ± 8.9 8.5
Lung 5.0 12.1 98.6 4.8 105.5 95.0 ± 8.2 8.6

50.0 6.7 105.8 10.2 95.4 90.9 ± 9.2 10.1

0.5 8.2 90.2 5.4 90.8 101.7 ± 8.5 6.2
Kidney 5.0 11.1 91.4 3.8 98.4 92.7 ± 3.7 4.0

50.0 5.9 90.5 7.8 91.3 90.5 ± 5.1 5.6

GRg1
0.4 14.3 105.1 13.5 92.5 103.2 ± 4.6 4.5

Plasma 3.0 4.4 90.0 9.0 103.3 92.4 ± 7.5 8.1
40.0 4.6 95.3 4.1 98.3 93.2 ± 5.0 5.4

0.4 10.2 97.4 6.4 96.3 95.7 ± 9.8 10.2
Heart 3.0 4.4 93.9 7.5 94.7 99.2 ± 7.7 7.8

40.0 6.2 101.3 10.4 104.6 106.3 ± 8.7 8.2

0.4 9.9 97.2 12.3 98.4 90.5 ± 7.1 7.9
Liver 3.0 12.4 92.5 7.8 96.2 95.7 ± 10.0 10.5

40.0 6.3 90.9 6.8 102.5 91.8 ± 11.3 12.3

0.4 8.9 108.9 13.2 90.4 104.8 ± 6.8 6.5
Brain 3.0 6.1 96.3 8.4 94.3 98.2 ± 5.6 5.7

40.0 7.3 101.8 9.3 103.1 97.9 ± 8.1 8.3

0.4 11.8 91.9 8.8 92.8 93.4 ± 8.0 8.6
Lung 3.0 8.4 98.0 7.5 91.9 96.1 ± 4.7 4.9

40.0 6.2 104.7 5.4 108.2 96.8 ± 7.0 7.3

0.4 5.4 92.8 10.2 98.7 93.3 ± 9.8 10.5
Kidney 3.0 7.2 91.5 5.4 90.4 95.1 ± 3.6 3.8

40.0 6.1 99.2 6.7 92.5 90.5 ± 6.9 7.6

GRe
0.8 8.4 103.7 11.5 97.5 91.2 ± 6.1 6.7

Plasma 8.0 6.6 92.5 6.2 107.5 90.8 ± 7.2 7.9
48.0 4.2 104.7 3.8 102.9 98.1 ± 7.7 7.8

0.8 5.4 95.8 5.8 92.6 105.3 ± 9.8 9.3
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Table 2: Continued.

Biosample QC conc
(𝜇g ⋅mL−1)

Intraday Interday Extraction recovery
Precision
(R.S.D %)

Accuracy
(mean %)

Precision
(R.S.D %)

Accuracy
(mean %) Mean ± S.D. R.S.D %

Heart 8.0 6.8 99.4 8.3 101.5 99.2 ± 5.7 5.8
48.0 5.5 109.1 6.7 103.8 93.1 ± 8.2 8.8
0.8 9.1 96.8 10.8 98.3 97.2 ± 10.2 10.5

Liver 8.0 6.8 94.5 9.6 96.1 94.4 ± 6.2 6.6
48.0 9.1 96.8 8.4 98.0 106.2 ± 7.7 7.3

0.8 12.1 91.0 7.7 99.5 93.3 ± 6.3 6.7
brain 8.0 8.2 109.5 13.2 104.3 95.8 ± 8.9 9.3

48.0 7.3 104.8 9.4 93.9 94.5 ± 6.4 6.8

0.8 7.8 92.6 9.8 96.3 102.9 ± 9.7 9.4
Lung 8.0 8.5 96.4 11.4 101.6 95.7 ± 7.3 7.7

48.0 4.7 95.9 7.8 94.8 101.7 ± 7.0 6.9

0.8 6.1 91.8 8.5 92.8 98.1 ± 7.9 8.1
Kidney 8.0 3.3 92.2 9.0 90.6 90.2 ± 4.2 4.7

48.0 8.9 96.4 4.5 95.4 97.4 ± 5.8 6.0

Borneol improved the absorption rate and bioavailability of
NGR1,GRg1, andGRe. In addition, the decreased value of𝐾

10

and the increased value of𝐾
12
indicated that Borneol slowed

down the clearance speed of NGR1, GRg1, and GRe, but
increased the transferring speed of these compounds from
the central compartment to the peripheral compartment.
The increase in V/F indicated that NGR1, GRg1, and GRe
transferred from the blood to the tissues, but the transfer
speed was different.

In contrast to the pharmacokinetics ofNGR1 in thePanax
notoginseng group and the Panax notoginseng combined with
Borneol group, the value of 𝐾

𝑎
was reduced, 𝑡

1/2𝐾
𝑎

was
increased, 𝛽 was reduced, and 𝑡

1/2𝛽
was increased, indicating

that the absorption and the clearance speed of NGR1 in
the Panax notoginseng combined with Borneol group were
reduced. Compared with the pharmacokinetic parameters of
GRg1 and GRe in these two groups, the absorption rate was
increased and the absorption time was reduced, while the
clearance speed was constant in the Panax notoginseng group
and the Panax notoginseng combined with Borneol group. In
these comparisons, Borneol had different effects on the values
of𝐾
𝑎
, 𝑡
1/2𝐾
𝑎

, 𝛽, 𝑡
1/2𝛽

, and𝐾
12
of NGR1, GRg1, and GRe.

3.3. Tissue Distribution Study. As listed in Table 5, compared
with other organs, NGR1 and GRe levels in heart as well as
GRg1 level in lung were high, but NGR1 and GRg1 levels in
brain as well as GRe level in lung were low at 0.5, 1.0, and
3.0 h in Panax notoginseng group.The highest levels of NGR1,
GRg1, andGRewere observed at 1.0 h in heart, liver, lung, and
brain,meanwhile the drug concentration in kidney decreased
at 1.0 h. For Borneol combined with Panax notoginseng, the
three saponins levels were all increased markedly in the
tissues with peak levels observed at 1.0 h in the tissues except
kidney. The levels of NGR1 in heart, liver, brain, lung and

kidneywere 3.90-, 6.36-, 3.82-, 6.82-, and 2.3-fold higher than
the plasma concentrations, respectively. The GRg1 levels in
these tissues were 12.40-, 27.09-, 11.77-, 8.17-, and 7.77-fold
higher than the plasma concentrations, respectively.TheGRe
levels in these tissues were 1.35-, 1.97-, 1.14-, 1.24-, and 1.0-fold
higher than the plasma concentrations, respectively. These
data indicate that Borneol could increase the levels of NGR1,
GRg1, and GRe in the tissues.

3.4. Transport Studies. According to the classification
method proposed by Yee [30], the permeabilities less than
10−6 cm/s correspond to substances with low absorption
(<30%), permeabilities between 10−6 cm/s and 10−5 cm/s
correspond to substances with moderate absorption (30–
70%), and permeabilities more than 10−5 cm/s correspond
to substances with high absorption (>70%). As showed
in Table 6, the 𝑃app values of NGR1, GRg1, and GRe were
less than 10−6 cm/s, indicating that NGR1, GRg1, and GRe
presented the poor membrane permeabilities and low
bioavailabilities in Caco-2 monolayers. The efflux ratios
(Er) of NGR1, GRg1, and GRe were within the range of
1.0-1.1, suggesting that there was no significant difference
between the permeability in apical-to-basolateral and
that in basolateral-to-apical directions, and implying that
NGR1, GRg1, and GRe seemed not to be substrates of P-gp.
However, it was reported that metabolic inhibitor KCN and
P-gp inhibitor verapamil could increase GRg1 concentration
within the cells, and the efflux of Rg1 was energy-dependent
and P-gp was likely to be involved [31]. Its precise mechanism
still needs to be investigated in further work.

Borneol is used as a “Guide drug” in traditional Chinese
medicine, enhancing the expected functions of bioactive
components from other herbs in the complex prescription
through increasing bioavailability. Other research groups
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Table 3: Stability of of NGR1, GRg1, andGRe in plasma samples and
tissue homogenates of rabbits (𝑛 = 6).

Biosample QC conc
(𝜇g ⋅mL−1)

Remaining (mean ± S.D.)
Short-term
stability

Long-term
stability

Freeze-thaw
stability

NGR1
0.5 98.0 ± 6.2 100.0 ± 8.7 90.4 ± 5.9

Plasma 5.0 96.0 ± 8.4 94.0 ± 6.8 92.8 ± 6.4

35.0 99.8 ± 3.3 97.0 ± 5.3 96.6 ± 5.5

0.5 98.2 ± 6.7 103.6 ± 6.5 92.8 ± 6.8

Heart 5.0 94.8 ± 9.5 92.9 ± 4.2 102.5 ± 10.6

50.0 100.3 ± 7.5 96.6 ± 6.7 96.7 ± 8.7

0.5 95.1 ± 3.1 92.6 ± 9.1 98.9 ± 7.9

Liver 5.0 94.3 ± 6.7 96.6 ± 6.4 103.8 ± 8.2

50.0 95.4 ± 8.6 100.9 ± 5.6 99.0 ± 5.0

0.5 92.3 ± 9.4 101.8 ± 6.8 92.8 ± 6.9

Brain 5.0 98.4 ± 4.4 90.0 ± 9.5 92.2 ± 8.5

50.0 103.5 ± 9.2 99.0 ± 5.3 95.2 ± 11.4

0.5 91.2 ± 5.4 97.6 ± 6.8 95.8 ± 9.8

Lung 5.0 96.8 ± 8.3 89.8 ± 4.6 91.9 ± 9.3

50.0 95.6 ± 5.9 91.6 ± 9.8 96.9 ± 7.5

0.5 92.4 ± 4.3 91.1 ± 5.4 92.2 ± 7.5

Kidney 5.0 95.8 ± 5.6 94.3 ± 2.8 95.4 ± 8.9

50.0 90.8 ± 3.7 96.8 ± 9.5 80.9 ± 6.7

GRg1
0.4 102.0 ± 5.7 92.0 ± 5.7 96.0 ± 3.9

Plasma 3.0 94.0 ± 5.9 86.0 ± 9.7 91.1 ± 8.2

40.0 102.8 ± 9.6 104.6 ± 5.5 103.6 ± 7.0

0.4 97.8 ± 8.2 98.3 ± 4.4 91.3 ± 6.1

Heart 3.0 96.3 ± 8.4 95.1 ± 5.2 90.8 ± 9.7

40.0 92.5 ± 4.8 103.2 ± 6.4 102.3 ± 6.6

0.4 92.5 ± 7.2 95.6 ± 9.7 93.5 ± 8.9

Liver 3.0 94.8 ± 6.4 92.8 ± 6.8 91.9 ± 2.4

40.0 93.8 ± 8.4 94.7 ± 5.8 93.8 ± 3.8

0.4 97.5 ± 5.6 90.2 ± 8.3 95.6 ± 5.7

Brain 3.0 93.7 ± 7.2 105.4 ± 8.7 90.9 ± 6.4

40.0 90.6 ± 6.4 98.7 ± 7.8 98.3 ± 6.1

0.4 96.1 ± 4.9 90.5 ± 9.8 96.2 ± 4.5

Lung 3.0 99.0 ± 7.9 92.4 ± 3.7 92.3 ± 4.8

40.0 92.4 ± 9.2 98.9 ± 5.4 98.0 ± 6.7

0.4 91.5 ± 6.5 90.8 ± 6.1 90.5 ± 7.8

Kidney 3.0 95.9 ± 4.5 91.6 ± 11.2 94.7 ± 3.7

40.0 102.1 ± 5.7 95.7 ± 4.6 91.2 ± 10.6

GRg1
0.4 101.6 ± 9.2 96.0 ± 7.9 105.0 ± 5.8

Plasma 3.0 91.8 ± 7.8 86.0 ± 7.2 103.7 ± 8.5

40.0 97.3 ± 9.5 104.6 ± 6.3 103.1 ± 7.9

0.4 98.4 ± 3.9 92.4 ± 5.5 91.9 ± 7.8

Heart 3.0 102.5 ± 6.7 95.3 ± 4.2 95.5 ± 8.3

40.0 92.8 ± 4.9 93.6 ± 6.8 97.8 ± 5.2

0.4 95.5 ± 6.1 95.9 ± 8.4 97.2 ± 5.7

Liver 3.0 100.5 ± 3.7 92.4 ± 9.2 93.9 ± 6.5

40.0 95.8 ± 6.3 96.1 ± 4.5 96.7 ± 7.9

Table 3: Continued.

Biosample QC conc
(𝜇g ⋅mL−1)

Remaining (mean ± S.D.)
Short-term
stability

Long-term
stability

Freeze-thaw
stability

0.4 92.2 ± 3.8 93.7 ± 6.4 90.5 ± 6.8

Brain 3.0 96.7 ± 5.3 96.0 ± 3.5 92.9 ± 5.4

40.0 93.8 ± 8.5 97.0 ± 6.8 95.4 ± 6.7

0.4 96.2 ± 3.9 92.4 ± 6.4 90.9 ± 5.9

Lung 3.0 91.7 ± 5.8 93.5 ± 5.3 97.2 ± 5.8

40.0 96.4 ± 7.3 97.7 ± 8.7 93.8 ± 7.3

0.8 93.6 ± 5.7 96.3 ± 4.2 90.7 ± 3.4

Kidney 8.0 95.2 ± 4.2 98.3 ± 7.2 93.8 ± 12.2

48.0 92.8 ± 3.8 92.9 ± 9.0 92.3 ± 5.8
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Figure 3: Effect of Borneol on TEER values of the Caco-2 cell
monolayers. The Caco-2 cell monolayers were pretreated 2 h with
500 𝜇MofNGR1, GRg1, andGRe, or the three saponins plus 200𝜇M
Borneol. At time point 0, themonolayers were washed with buffered
DMEM (pH 7.4), and then incubated at 37∘C for 4 h.

have found that Borneol could obviously loosen the inter-
cellular tight junction, increase the number and volume
of pinocytosis vesicles [32, 33], promote the fluidity of
membrane and the permeability of bilayer lipid membrane in
vitro [34], and inhibit the function of P-gp on cell membrane
[35]. In this experiment, we found that Borneol increased the
𝑃app (apical-to-basolateral) and 𝑃app (basolateral-to-apical)
values of NGR1, GRg1 andGRe significantly, by 2.9-, 2.6-, and
2.3-fold and 2.9-, 2.6-, and 2.4-fold, respectively. Meanwhile,
TEER values of the monolayers decreased reversibly to about
23% (Figure 3). These data imply that Borneol may open the
paracellular spaces between cells and enhance permeability
of NGR1, GRg1, and GRe. However, no significant changes
in Er of NGR1, GRg1, and GRe were observed, indicating
that the three saponins are not substrates of P-gp. We may
therefore suppose that Borneol could loosen the intercellular
tight junction and enhance permeability of NGR1, GRg1,
and GRe, which is probably the main reason why Borneol
enhances the bioavailability of NGR1, GRg1, and GRe.
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Table 4:The statistical parameters of NGR1, GRg1, andGRe after administration of Panax notoginseng and Panax notoginseng combined with
Borneol.

Parameters Panax notoginseng Panax notoginseng with Borneol
NGR1 GRg1 GRe NGR1 GRg1 GRe

𝛼 (min−1) 0.018 ± 0.008 0.018 ± 0.005 0.020 ± 0.004 0.024 ± 0.005 0.031 ± 0.011 0.027 ± 0.008

𝛽 (min−1) 0.014 ± 0.003 0.010 ± 0.007 0.010 ± 0.002 0.010 ± 0.003∗ 0.010 ± 0.001 0.010 ± 0.001
𝑡
1/2𝛼

(min) 38.5 ± 4.5 38.5 ± 2.5 35.0 ± 1.9 28.4 ± 3.2∗∗ 22.3 ± 3.1∗∗ 25.2 ± 2.4∗∗

𝑡
1/2𝛽

(min) 47.9 ± 8.1 69.3 ± 12.0 69.3 ± 5.8 69.3 ± 5.2∗∗ 69.3 ± 10.7 69.3 ± 15.2
V/F (L ⋅ kg−1) 27.3 ± 8.6 24.5 ± 4.5 20.0 ± 4.7 58.8 ± 6.9∗∗ 35.9 ± 8.7∗ 31.1 ± 6.9∗

CL/F (L ⋅min−1 ⋅ kg−1) 0.488 ± 0.091 0.123 ± 0.067 0.150 ± 0.030 0.506 ± 0.027 0.119 ± 0.040 0.143 ± 0.054
AUC
0–𝑡 (mg ⋅ L−1 ⋅min−1) 162.1 ± 42.7 494.8 ± 46.5 424.9 ± 79.6 306.3 ± 82.9∗∗ 545.1 ± 51.7 525.1 ± 101.3

AUC
0–∞ (mg ⋅ L−1 ⋅min−1) 164.0 ± 51.8 651.9 ± 73.9 534.7 ± 123.8 395.3 ± 101.4∗∗ 1674.6 ± 148.2∗∗ 1400.6 ± 251.9∗∗

𝐾10 (min−1) 0.018 ± 0.005 0.005 ± 0.001 0.007 ± 0.003 0.009 ± 0.002∗ 0.003 ± 0.00 0.005 ± 0.001
𝐾12 (min−1) 0.000 ± 0.000 0.011 ± 0.003 0.012 ± 0.004 0.015 ± 0.005∗∗ 0.025 ± 0.005∗∗ 0.022 ± 0.005∗∗

𝐾21 (min−1) 0.014 ± 0.007 0.012 ± 0.003 0.011 ± 0.005 0.011 ± 0.002 0.013 ± 0.001 0.011 ± 0.003
𝐾
𝑎
(min−1) 0.060 ± 0.004 0.039 ± 0.004 0.025 ± 0.004 0.037 ± 0.005∗∗ 0.051 ± 0.010∗ 0.034 ± 0.003∗∗

𝐶max (mg ⋅ L−1) 2.12 ± 0.46 2.36 ± 0.15 1.92 ± 0.22 1.62 ± 0.30 2.87 ± 0.34∗∗ 3.04 ± 0.24∗∗

𝑇max (min) 45.0 ± 9.8 30.0 ± 5.2 45.0 ± 0.0 30.0 ± 8.0∗ 30.0 ± 0.0 45.0 ± 13.4
𝑡
1/2𝐾𝑎

(min) 11.6 ± 2.4 17.8 ± 2.4 27.7 ± 3.7 18.8 ± 3.1∗∗ 13.5 ± 4.6 20.3 ± 4.2∗∗

𝑇lag (min) 2.38 ± 0.49 0 ± 0 0 ± 0 1.04 ± 0.21∗∗ 1.25 ± 0.34∗∗ 0.61 ± 0.47∗
∗

𝑃 < 0.05, ∗∗𝑃 < 0.01 compared with Panax notoginseng.

Table 5: Drug concentrations in rabbit tissues after administration of Panax notoginseng and Panax notoginseng combined with Borneol
(𝑛 = 6).

Time (ℎ) Biosample
Concentration (𝜇g ⋅ g−1)

Panax notoginseng Panax notoginseng with Borneol
NGR1 GRg1 GRe NGR1 GRg1 GRe

0.5

Heart 3.90 ± 0.53 2.21 ± 0.76 1.65 ± 0.53 4.68 ± 0.21∗∗ 22.65 ± 0.36∗∗ 2.81 ± 0.74∗∗

Liver 1.38 ± 0.54 8.48 ± 0.53 0.99 ± 0.33 8.24 ± 0.42∗∗ 50.10 ± 1.95∗∗ 3.60 ± 0.46∗∗

Brain 0.65 ± 0.24 0.75 ± 0.11 1.05 ± 0.42 4.02 ± 0.46∗∗ 20.57 ± 1.36∗∗ 1.80 ± 0.42∗

Lung 1.77 ± 0.46 14.30 ± 0.43 0.70 ± 0.41 5.79 ± 0.29∗∗ 15.09 ± 3.24∗∗ 2.48 ± 0.69∗∗

Kidney 2.85 ± 0.45 4.05 ± 0.26 1.63 ± 0.18 3.98 ± 0.12∗∗ 27.54 ± 0.17∗∗ 2.84 ± 0.53∗∗

Plasma (𝜇g ⋅mL−1) 1.67 ± 0.05 1.97 ± 0.16 1.78 ± 0.11 1.62 ± 0.07 2.87 ± 0.06∗∗ 2.68 ± 0.13∗∗

1.0

Heart 4.26 ± 0.27 2.94 ± 0.24 2.11 ± 0.28 5.55 ± 0.31∗∗ 27.03 ± 0.31∗∗ 3.28 ± 0.43∗∗

Liver 1.66 ± 0.28 8.85 ± 0.51 1.30 ± 0.25 9.29 ± 0.72∗∗ 59.05 ± 3.74∗∗ 4.77 ± 0.42∗∗

Brain 0.81 ± 0.26 0.91 ± 0.89 1.21 ± 0.28 5.58 ± 0.68∗∗ 25.66 ± 2.69∗∗ 2.76 ± 0.63∗∗

Lung 1.82 ± 0.20 15.32 ± 0.64 0.92 ± 0.13 9.96 ± 0.66∗∗ 17.80 ± 1.25∗∗ 2.99 ± 0.17∗∗

Kidney 2.74 ± 0.33 3.67 ± 0.38 1.53 ± 0.22 3.38 ± 0.34∗∗ 16.93 ± 0.81∗∗ 2.43 ± 0.29∗∗

Plasma (𝜇g ⋅mL−1) 1.29 ± 0.20 1.99 ± 0.06 1.90 ± 0.15 1.46 ± 0.05 2.18 ± 0.09∗∗ 2.42 ± 0.08∗∗

3.0

Heart 3.31 ± 0.32 1.53 ± 0.45 1.14 ± 0.13 4.59 ± 0.52∗∗ 19.07 ± 1.16∗∗ 2.24 ± 0.54∗∗

Liver 0.89 ± 0.12 6.18 ± 0.59 0.69 ± 0.11 6.87 ± 0.61∗∗ 37.78 ± 3.43∗∗ 2.63 ± 0.81∗∗

Brain 0.48 ± 0.14 0.57 ± 0.20 0.63 ± 0.12 3.69 ± 0.84∗∗ 17.86 ± 2.60∗∗ 1.65 ± 0.23∗∗

Lung 1.51 ± 0.16 11.87 ± 0.71 0.31 ± 0.44 4.56 ± 0.75∗∗ 12.31 ± 1.46 1.53 ± 0.45∗∗

Kidney 1.94 ± 0.24 3.03 ± 0.23 1.15 ± 0.13 2.27 ± 0.28 10.16 ± 2.77∗∗ 1.61 ± 0.45
Plasma (𝜇g ⋅mL−1) 0.16 ± 0.06 0.98 ± 0.01 0.79 ± 0.02 0.49 ± 0.02 0.92 ± 0.01 0.87 ± 0.04

∗∗

𝑃 < 0.01 compared with Panax notoginseng.

4. Conclusion

In summary, the present study showed that after com-
bined oral administration to rabbits with Panax notogin-
seng, Borneol significantly changed the pharmacokinetic
parameters of NGR1, GRg1, and GRe, the main active

compounds in Panax notoginseng. The possible mecha-
nism was that Borneol could loosen the intercellular tight
junction and enhance permeability of NGR1, GRg1, and
GRe. Our results might help in guiding the clinic use
of Borneol and other herbs in traditional Chinese medi-
cine.
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Table 6: Apparent permeability coefficients (𝑃app) of NGR1, GRg1,
and GRe with or without the addition of 200𝜇M Borneol on the
Caco-2 Model.

Compound
𝑃app (apical to
basolateral) (×
10−7 cm/s)

𝑃app (basolateral to
apical) (× 10−7 cm/s)

𝐸
𝑟

NGR1 0.64 ± 0.08 0.68 ± 0.12 1.06
GRg1 3.48 ± 0.42 3.64 ± 0.29 1.05
GRe 5.46 ± 0.40 5.73 ± 0.37 1.05
NGR1 + Borneol 1.87 ± 0.23∗∗ 1.95 ± 0.34∗∗ 1.04
GRg1 + Borneol 9.05 ± 0.67∗∗ 9.51 ± 0.62∗∗ 1.05
GRe + Borneol 12.67 ± 1.01∗∗ 13.65 ± 1.59∗∗ 1.08
∗

𝑃 < 0.05, ∗∗𝑃 < 0.01 compared with corresponding single compound such
as NGR1, GRg1, or GRe.
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For drug candidates, a plasma protein binding (PPB) more than 90% is more meaningful and deserves further investigation in
development. In the study, a high-performance liquid chromatographymethod employing column containing immobilized human
serum albumin (HSA) to screen in vitro PPB of leading compounds was established and successfully applied to tested compounds.
Good correlation (a coefficient correlation of 0.96) was attained between the reciprocal values (𝑋) of experimentally obtained
retention time of reference compounds eluted through HSA column and the reported PPB values (𝑌) with a correlation equation
of𝑌 = 92.03−97.01𝑋.Themethodwas successfully applied to six test compounds, and the result was confirmed by the conventional
ultrafiltration technique, and both yielded equal results. However, due to the particular protein immobilized to column, themethod
cannot be applied for all compounds and should be exploited judiciously based on the value of the logarithmic measure of the
acid dissociation constant (pKa) as per the requirement. If 𝛼1-acid glycoprotein and other plasma proteins could be immobilized
like HSA with their actual ratio in plasma to column simultaneously, the result attained using immobilized column may be more
accurate, and the method could be applied to more compounds without pKa limitation.

1. Introduction

When entering into plasma, most compounds bind rapidly to
blood constituents.While the phenomenon of plasma protein
binding (PPB) of a chemical is considered, it usually means
the protein binding of drug molecules to blood components,
such as albumin and 𝛼1-acid glycoprotein [1].The concentra-
tion of a free drug is primarily responsible for its pharmaco-
logical activity, safety, and tissue distribution. The extent of
protein binding in plasma is, therefore, considered one of the
important physiological factors affecting pharmacokinetic
characteristics, such as clearance, volume of distribution,
half-life, drug-drug interaction, and the pharmacological
efficacy of a drug [2–6].

Conventionally, during the lead characterization stage,
protein binding is investigated in rat, dog, monkey, and
human plasma. these in vitro studies will help to characterize
the therapeutic index for the selection of dose range in clinical
trials. However, over the past decade, with the rapid rise in
new molecular entities (NMEs) arising from computational
lead discovery or modification of natural products, combina-
torial chemistry, and high-throughput biological screening,
an urgent need has arisen for the determination of the
absorption, disposition, metabolism, and excretion proper-
ties of these NMEs or even “hit” at earlier stages in the drug
discovery pipeline to speed up the selection of “ideal” drug
candidates for further development. Back integration of key
studies into the discovery phase enables earlier identification
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of potential drug metabolites/pharmacokinetics and safety
liabilities [7]. This information increases the effectiveness
of discovery scientists in lead selection, optimization, and
enhancement of discovery biology and in many instances has
been incorporated into criteria for compound advancement
into the development phase [8, 9]. As one of important
pharmacokinetic parameters, PPB of lead compounds should
be screened at earlier stage.

There are several in vitro methods for measuring the un-
bound drug concentration in plasma, including equilibrium
dialysis, ultrafiltration, gel filtration, and albumin column
[10]. Among them, equilibrium dialysis and ultrafiltration are
the two most commonly used for determining the unbound
drug concentrations in plasma or serum. However, given the
need for earlier andmore rapid evaluation of a larger number
of lead compounds, it is necessary to establish a faster,
higher-throughput, and less compound amount consuming
approach to screen compound protein binding.

Compared with the conventional methods, chromato-
graphy-based methods employing columns immobilized
with plasma proteins have been more and more popular over
the years for the simplicity, specificity, and speed. Although
plasma contains >60 different soluble proteins, among these,
the major proteins that bind drug are albumin, the richest
protein in plasma, and 𝛼1-acid glycoprotein. The work in the
area of immobilizedHSA chromatographywas initiated from
Noctor and Wainer [11]. Henceforth, various strategies used
to investigate the drug-protein interactions for the develop-
ment of columns immobilized with HSA, including frontal
analysis (frontal affinity chromatography), zonal elution,
equilibrium dialysis combined with high-performance liquid
chromatography (HPLC), and micellar liquid chromatog-
raphy, have been reported [12–19]. However, all methods
could not estimate the PPB of compounds accurately due
to compounds binding to other proteins of plasma, in this
way the PPBof compoundswas often underestimated.Hence,
that underestimation, the PPB of compounds was usually
attained.

Being a quick means of in vitro PPB estimation based
on human serum albumin-HPLC (HSA-HPLC), the method
especially suits rapid screening of PPB for numerous leading
compounds in early drug discovery phase. The present
investigation reports an HSA-based HPLC method for drug-
protein binding rapid screening of UV active compounds. An
application of the method to six test compounds, was made
and the results confirmed by ultrafiltration have also been
applied.

2. Experimental

2.1. Chemicals and Reagents. A set of commercially available
reference compounds with a wide range of pKa was selected
for this study. Caffeic acid, caffeine, catechuic acid, chlor-
phenamine maleate, chuanxiongzine hydrochloride, clomif-
ene citrate, diazepam, diphenhydramine hydrochloride,
ferulic acid, fluconazole, hydrocortisone acetate, nefopam
hydrochloride, ranitidine hydrochloride, phenacetin, pheny-
toin sodium, praziquantel, propranolol hydrochloride,

progesterone, reserpine, rutoside, salicylic acid, sulfadiazine,
quercetin, sulfadimidine, sulfamethoxazole, testosterone
propionate, tolbutamide, vanillic acid, and warfarin sodium
with purity of more than 98.6% (except rutin (92.5%) and
warfarin sodium (92.6%)) were all supplied by the National
Institutes for Food and Drug Control (Beijing, China).
Compounds A, B, C, D, E, and F (Figure 1), with purity of
more than 99%, were test compounds which experienced
nonclinical pharmacokinetics evaluation as a new drug in
our lab. A, B, and D were semisynthetic natural compounds.

Sodium chloride of analytical grade was purchased from
Beijing Chemical Works (Beijing, China). HPLC grade
methanol (USA) and acetonitrile (Trinidad) were purchased
from Fisher Scientific Inc., and the other chemicals used
were all of analytical reagent grade. HPLC grade water was
prepared with a Direct-Q 3 UV water purifying system
(Millipore, Bedford, MA, USA).

All solutionswere kept in the refrigerator at 4∘C.The solu-
tions were filtrated through 0.22𝜇m membrane (Millipore)
before injection.

2.2. Instruments. The assay was performed on an Agilent
1100 series HPLC system (Agilent Technologies, Waldbronn,
Germany) consisting of a quaternary pump, an autosampler,
a vacuum degasser, and a UV absorbance detector set at
210 nm.

2.3. Chromatographic Methods for Drug-Protein Binding
Screening Using Immobilized HSA Columns. Compounds
were dissolved with water or water-ethanol (with different
ratio) to a concentration of 100 𝜇g/mL.The chromatographic
peak was attained on a 5 𝜇mChiral-HSA, 50 × 3mm column
(Chrom Tech, France), which was preceded by an on-line
filter. The ChemStation for LC 3D software was used for
data acquiring and handling. As a generic rapid method, an
isocratic mobile phase was selected. To simulate physiology
environment, a mobile phase consisting of 0.9% NaCl (pH
7.0) at a flow rate of 0.5mL/min was used. 10 𝜇L aliquot of
analyte solution was injected to HPLC to be analyzed.

2.4. PPB Experiment for Test Compounds by Ultrafiltration.
The stock solution (1.0 or 2mg/mL) of test compounds was
prepared by dissolving appropriate amount of compounds in
water-methanol (50 : 50, v/v) mixture. Working solution (1,
10 or 100 𝜇g/mL) was attained by diluted stock solution with
water. A different volume of the working solution was added
to a 2mL eppendorf vial and evaporated to dryness under a
stream of nitrogen in the thermostatically controlled water
bath maintained at 55∘C for about 20min. Drug-free plasma
(0.5mL)was then added to it and vortexed for 5min to get the
final concentration of 10, 40, 200, 100, 2000, and 100 ng/mL
for compounds A, B, C, D, E, and F, respectively.Themixture
was incubated at 37∘C for 30min. Thereafter, 400𝜇L aliquot
of the sample was loaded into the preheated sample reservoir
of Microcon YM-30 filter device (filter pore size 30 kDa) and
centrifuged for 45min at 5000 g and 37∘C. The filtrate was
analyzed for the drug content by HPLC-MS.

To estimate the nonspecific binding of the test drugs to
the filtermembrane, 500𝜇Lof the solution of each compound
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tested was centrifuged for 45min at 5000 g in a Microcon
YM-30 filter device. The concentration of the filtrate was
analyzed by HPLC-MS.The nonspecific binding was <5% for
each compound.The PPB by ultrafiltration was performed in
triplicates for all the compounds studied.

2.5. pKa Calculation and Correlation Analysis. The pKa for
all compounds except progesterone was calculated using
ACD/labs 6.0. The pKa of progesterone was calculated by
Pallas. Origin 6.0 was used to perform the plot and statistical
analysis of the linear regressions.

3. Results and Discussion

Around 30 different compounds with PPB ranging from 11.5
to 98.0%were analyzed using immobilizedHSA-HPLC.Most
compounds with low PPB eluted at a lower retention time
and exhibited sharp peak shapes as compared with the high
protein bound compounds. Representative chromatograms
are shown in Figure 2. There is one compound, clomifene
citrate, that did not elute from HSA column to 240min due
to the strong binding. The related information about the
reference compounds was listed in Table 1.

Every compound binds to all the plasma proteins to a
certain extent. Hence that for the data of all reference com-
pounds, there is no manifest relationship between retention
time (RT) and reported PPB of compounds as showed in
Figure 3. Because albumin generally binds acidic drugs better
while 𝛼1-acid glycoprotein preferentially binds to basic drugs
[1, 6], pKa less than 7.0 was used as a criterion for the drug
binding toHSAmainly. However, for numerous leading com-
pounds, it is difficult to know their actual pKa values. So the
pKa values (Table 1) for drugs were predicted by ACD/Labs,
one of the most accurate softwares to predict the pKa as
reported [20]. Obviously, there is a hyperbola relationship
for compounds with pKa less than 7.0 which mainly binds
to HSA. A good linear correlation was attained between the
reciprocal value of retention time and the reported PPB with
a correlation equation of 𝑌 = 92.03–97.01𝑋 and coefficient
correlation of 0.96 using linear regression fit of Origin 6.0
(Figure 4).

Some understanding of the possible binding characteris-
tics of candidatemolecules could supply valuable information
in the strategies of the design process, so the linear relation-
ship established above was used to rapidly predict the protein
binding. An interaction is likely, and a clinical study should
be performed to quantify the effects if the drug of interest has
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pounds analysed on HSA column.

a PPB above 90%, and narrow therapeutic index, high hepatic
extraction ratio, and especially intravenous administration
will increase the possibility [21]. For leading compounds,
PPB of 90% is an appropriate index to decide whether the
PPB of a drug needs to be investigated using the method
of equilibrium dialysis or ultrafiltration in the following
development phase.

Based on the upper prediction limit with 95% confidence
interval, the reciprocal value of retention time for the com-
pound in the HSA column should be less than 0.22 when its
protein binding was more than 90% (Figure 4). This means
that the retention time of the drug was more than 4.55min in
the HSA column if its PPB was more than 90%. Although the
pKa of diphenhydramine hydrochloride, rutoside, nefopam
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Figure 3: Scatter plot of retention time of reference compounds
using immobilized HAS-HPLC and the corresponding reported
PPB values. △: compounds with pKa < 7.0; ◻: compounds with
pKa > 7.0.
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Figure 4: Correlation between reciprocal values of retention time
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and the reported PPB values.The solid line was linear ship achieved
by Origin 6.0 linear regression fit. The dash line represents 95%
prediction limits.

hydrochloride, progesterone, and propranolol hydrochloride
is 8.76, 13.85, 9.16, 15.00, and 9.15, respectively, far more
than 7.0, the retention time of the drugs in the HSA col-
umn was 6.23, 13.43, 7.87, 50.02, and 5.21min, respectively,
later than 4.50min. The reported PPB of diphenhydramine
hydrochloride, progesterone, and propranolol hydrochloride
is 98%, 97%, and 90–95%, respectively. And the value for
rutoside and nefopam was 80–90% and 71–76% close to 90%.
Therefore, the compounds with retention time in the HSA
column later than 4.55min were potentially more than 90%
regardless of the pKa value and need the further investigation.
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Table 1: The retention time, reported PPB, and predicted pKa of reference compounds.

Compound Retention time (min) PPB from literature (%) pKa based on ACD/labs
Caffeic acid 4.02 66.0 4.04 ± 0.40
Caffeine 1.18 22.5 0.63 ± 0.70
Catechuic acid 1.94 20.7 4.45 ± 0.10
Chlorphenamine maleate 5.93 37.5 (25–50) 3.77 ± 0.19
Chuanxiongzine hydrochloride 2.23 44.3 2.88 ± 0.50
Diazepam 132.21 94.5 (90–99) 3.40 ± 0.10
Ferulic acid 1.79 20.6 4.04 ± 0.40
Fluconazole 1.07 11.5 (11-12) 2.56 ± 0.12
Ranitidine hydrochloride 1.23 15.0 (12–18) 2.38 ± 0.70
Phenytoin sodium 15.02 90.0 0.21 ± 0.40
Praziquantel 12.97 80.0 −0.79 ± 0.20
Salicylic acid 21.81 85.0 (80–90) 3.01 ± 0.10
Sulfadiazine 1.88 43.0 (38–48) 1.57 ± 0.10
Sulfadimidine 6.22 80.0 1.55 ± 0.10
Sulfamethoxazole 3.68 69.5 (69-70) 1.39 ± 0.10
Tolbutamide 35.82 90.0 5.12 ± 0.50
Vanillic acid 3.11 56.3 4.45 ± 0.10
Warfarin 87.85 98.0 4.50 ± 1.00
Bendroflumethiazide 3.27 94.0 8.63 ± 0.40
Diphenhydramine hydrochloride 6.23 98.0 8.76 ± 0.28
Hydrocortisone acetate 0.73 90.0 13.46 ± 0.70
Rutoside 13.43 85.0 (80–90) 13.85 ± 0.70
Nefopam hydrochloride 7.87 73.5 (71–76) 9.16 ± 0.70
Phenacetin 3.19 30.0 14.57 ± 0.70
Progesterone 50.02 97.0 19.28∗

Propranolol hydrochloride 5.21 92.5 (90–95) 9.15 ± 0.38
Quercetin 0.72 98.0 8.14 ± 0.60
Reserpine 0.71 96.0 7.25 ± 0.70
Testosterone propionate 0.74 98.0 9.63 ± 0.65
∗Calculated by software of Pallas.

Table 2: Retention time, predicted pKa, experimental PPB, and result by HSA-HPLC of test compounds

Compound Retention time (min) pKa based on ACD/labs PPB by ultrafiltration (%) Screening result by HSA-HPLC (%)
Comp. A 0.76 9.49 ± 0.12 78.2 —
Comp. B 1.70 14.24 ± 0.60 21.6 —
Comp. C 1.75 1.17 ± 0.50 51.0 <90
Comp. D 4.87 9.46 ± 0.60 95.0 >90
Comp. E >5.00 3.17 ± 0.10 99.5 >90
Comp. F 0.81 15.06 ± 0.46 97.2 —
—: compound is not appropriate for the method of HSA-HPLC.

The PPB attained by ultrafiltration was 78.2 ± 1.67%,
21.6 ± 2.30%, 51.0 ± 2.52%, 94.86 ± 0.56%, 99.5 ± 0.24%,
and 97.2 ± 0.60% for test compounds A, B, C, D, E, and F,
respectively.ThePPB of six compounds experienced nonclin-
ical evaluation which was rapidly screened (Table 2) by the
immobilized HSA-HPLC, and a confirmation with the result
of the ultrafiltration was made. There were two compounds,
D and E, with retention time more than 4.55min which
indicated that the PPB of these two compounds was more

than 90%. The result of the ultrafiltration confirmed that
the PPB was 95.0% and 99.5% for compounds D and E,
respectively. For the left four compounds, only the pKa of
compound C is less than 7.0 and the retention time of which
is 1.75min less than 4.55min. So the PPB of compound C
based on the HSA column was less than 90% and the PPB of
compound C using ultrafiltration was 51.5%.The results were
consistent with each other. However, the pKa of compounds
A, F, and B was 9.49, 15.06, and 14.24, respectively, which is all
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more than 7.0. Due to binding to other constitutes of blood,
the PPB of these drugs couldnot be predicted based on the
retention time attained using themethod of theHSA column.

Every compound binds to all the plasma proteins to a
certain extent. The percentage protein binding obtained by
the ultrafiltration method measures all the specific and non-
specific binding to all of the plasma components. Although
the HSA-HPLC method measures both the specific and
nonspecific binding to one particular protein and cannot
reflect the binding to the other plasma proteins, it is still a
quick means of in vitro PPB screening for lead compounds.
If 𝛼1-acid glycoprotein and other plasma proteins could be
immobilized like HSA with their actual ratio in plasma to
column simultaneously, the result attained using immobi-
lized column may be more accurate, and the method could
be applied to more compounds without pKa limitation. A
further validation of the method is under way.

4. Conclusions

In accordance with the result of ultrafiltration, the HSA-
HPLC method described in the present investigation could
be applied in rapid screening lead compoundswithin 5min in
early drug discovery programs. It can be concluded thatHSA-
HPLC is suitable for the compounds that are designed to
specifically or to some extent bind to HSA.The current com-
mercial available HSA columns can be used in drug-protein
binding screening while AGP columns are not as appropriate
for such work. Further, using more analysis capacity HPLC-
MS technique instead of HPLC, higher throughput for such
studies will be acquired.
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A rapid headspace single-drop microextraction gas chromatography mass spectrometry (SDME-GC-MS) for the analysis of the
volatile compounds in Herba Asari was developed in this study. The extraction solvent, extraction temperature and time, sample
amount, and particle size were optimized. A mixed solvent of n-tridecane and butyl acetate (1 : 1) was finally used for the extraction
with sample amount of 0.750 g and 100-mesh particle size at 70∘C for 15min. Under the determined conditions, the pound samples
of Herba Asari were directly applied for the analysis. The result showed that SDME-GC–MS method was a simple, effective, and
inexpensive way to measure the volatile compounds in Herba Asari and could be used for the analysis of volatile compounds in
Chinese medicine.

1. Introduction

Single-drop micro-extraction (SDME), a new sample prepa-
ration technique introduced by Jeannot and Cantwell [1],
has attracted increasing attentions. In this straightforward
technique, a microdrop of solvent is suspended at the tip
of a conventional microsyringe and then exposed in the
sample headspace. Since only the volatile or semivolatile
compounds can be volatilized into headspace and extracted
to a single drop, interferences from the complex matrix will
be decreased greatly. Other advantages of this method are
the small amount of organic solvent required and the simple
experimental and sampling equipment, while extraction,
concentration, and sample introduction are integrated into
a single step [2]. Several papers have been published using
this sample preparation approach for the determination
of environmental specimen [3–8], food [9, 10], biological
products [11–14], engine oil samples [15], and pesticide
residue [10, 16]. In SDME process, it is very important to
use a suitable extraction solvent to achieve a good selectivity
for the analytes, especially for complicated samples. In the
above-mentioned papers, only one extraction solvent for
several substances was employed [3–16], but there is little

reported for complex extraction solvent. In our previous
investigations, a single extraction solvent was successfully
used to analyze traditional Chinese medicine (TCM) [17, 18].
However, these methods based on a single extraction still
had the following drawbacks that amount and categories of
extracted compounds almost depended on the polarity of the
single extraction solvent.

To overcome the shortcomings of single solvent extrac-
tion in the present study, mixed solvent extraction based on
SDME was developed for analysis of volatile components in
TCM, Herba Asari. Herba Asari was used to dispel wind
heat, headache, toothache, snuffling, and rheumatism [19].
The method precision and the parameters of SDME were
studied.

2. Experimental

2.1. Reagents and Materials. The extraction solvents (ben-
zyl alcohol, n-tridecane, n-tetradecane, 1,4-butanediol, butyl
acetate, n-dodecane,methylbenzene, 1-octanol, decane, deca-
nol, isobutyl alcohol, and n-tridecane) were purchased from
our Chem Company (of GC grade or minimum purity
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of 99%) and used without any further purification. One-
microliter SGE microsyringe and water bath were purchased
for the SDMEprocedure. Amanual SPME holder and 100𝜇m
PDMS fibers from Supelco (Bellefonte, PA, USA) were used
for the SPMEprocedure. Fibers were conditioned prior to use
according to the supplier’s instructions.

The dry root samples of Herba Asari were purchased
from An’guo traditional Chinese medicine market in Hebei
province of China and were authenticated by the Institute of
Medicinal Plants, Academy of Medical Science of China.The
samples were dried in air, cut, milled, and then sieved via
40, 60, 80, 100, and 120 mesh, respectively, to obtain different
particle size samples. Finally, the pound samples were stored
in tightly sealed weighing bottles until analysis.

2.2. GC-MS Conditions. Chromatographic separation was
performed on an Agilent 6890GC (USA) with a PEG-20W
Innowax (Agilent) capillary column (30m × 0.25mm ×
0.25 𝜇m).The oven temperature programwas 7.0min at 50∘C
20∘C/min to 130∘C (keeping 130∘C for 1min), 1∘C/min to
150∘C, and 8∘C/min to 190∘C (keeping 190∘C for 5min). The
injector and detector temperatures were 230∘C and 260∘C,
respectively. Nitrogen of high purity was used as the carrier
gas at a flow rate of 1.0mL/min. The split ratio was 1 : 100.
The mass spectrometer was fitted with an EI source operated
at 70 eV, and mass spectra were recorded in the range of
m/z 50 to 450 amu in the full-scan acquisition mode. The
interface temperature and the ion source temperature were
fixed at 240∘C and 230∘C, respectively. Volatile compounds
were identified by comparing the obtainedmass spectra of the
analytes with those of authentic standards from the NIST and
Hist 98 libraries with a resemblance percentage above 85%.

2.3. SDME Procedure. A 15mL vial (Supclo, USA) with PTFE
septum containing the powdered sample was placed at a fixed
position in a water bath. Then a 1 𝜇LGC micro-syringe was
pierced into the headspace of the vial, which was clamped
at a fixed position for improving precision of the method.
The microsyringe was washed at least 20 times by extraction
solvent between runs. After a preset extraction time, the
extraction solvent was retracted into the needle and swiftly
injected onto GC-MS for the analysis.

SDME parameters including the type of the extracting
solvent, extraction temperature and time, headspace volume
(sample amount), solvent volume, and particle size of the
pound sample were investigated.

3. Results and Discussion

3.1. Selection of SDME Conditions. Selecting a proper extrac-
tion solvent is especially crucial for the analysis of volatile
compounds of TCMs because of the great differences of
the compounds in polarity and volatility. Mass transfer
of the analytes from the pound sample to the microdrop
continues until thermodynamic equilibrium is attained or
the extraction is stopped according to the considerations of
SDME. The principle “like dissolves like” can become the
basis of the solvent selection. Different solvents were tested
to find a suitable one that meets such requirements as high
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Figure 1: Comparison among different extraction solvents on the
relative peak area of the seven main compounds from Herba Asari.
Powdered sample, 0.500 g; extraction solvent volume, 0.6𝜇L; parti-
cle size, 100mesh; extraction time, 20min, extraction temperature,
70∘C; the percent between two mixed solvent, 1 : 1 (volume).

extraction efficiency in terms of the compounds and yields
especially those of low volatility, less toxicity, and satisfactory
chromatographic resolution for the analytes. Low volatility
is helpful to keep the solvent micro-drop at the tip of the
micro-syringe needle sustainable over the extraction time
period. If possible, the front/end solvent peak is preferred
to avoid the solvent problem with GC-MS. The decane, n-
tridecane, n-tetradecane, butyl acetate, methylbenzene, 1-
octanol benzyl alcohol, decanol, and isobutyl alcohol were
selected and benzyl alcohol offered a better extraction. Then
a mixture of two solvents was selected and after a detailed
comparison of the peak areas of the seven main compounds
(shown in Figure 1), n-tridecanemixedwith butyl acetate was
found to be the optimal combination and was finally adopted
as the extraction solvent.

3.2. Percent of Mixed Extraction Solvent. Selecting a proper
percent of mixed extraction solvent is also important for the
analysis of volatile compounds.Thevolume scale of themixed
solvent of n-tridecane and butyl acetate was investigated in
the ranges of 1 : 0, 3 : 1, 1 : 1, 1 : 3, and 0 : 1, while keeping the
other parameters under the following conditions: powdered
sample, 0.500 g; extraction solvent volume, 0.6 𝜇L; particle
size, 100mesh; extraction time, 20min; extraction tempera-
ture, 70∘C. The results showed that the peak area ratios of
analytes of interest to benzyl alcohol (internal standard 0.2%)
rapidly increased with the elevated percent of n-tridecane
from 0 to 50 but decreased slowly after 50% n-tridecane. As
a result, 50% was chosen as the extraction percent for the
analysis (show in Figure 2).



Journal of Analytical Methods in Chemistry 3

3-Pinene

Eucarvone
3,5-Dimethoxytoluene

Safrole
Methyleugenol
Trimethoxytoluene

2500

2000

1500

1000

500

0
0 : 1 1 : 3 1 : 1 3 : 1 1 : 0

Tridecane : butyl acetate

n-Pentadecane

Re
sp

on
se

 (p
ea

k 
ar

ea
)

Figure 2: Comparison among different scales of n-tridecane in
the extracting solvent on the relative peak area of the seven main
compounds fromHerbaAsari. Powdered sample, 0.500 g; extraction
solvent volume, 0.6𝜇L; particle size, 100mesh; extraction time,
20min, extraction temperature, 70∘C; the percent between two
mixed solvent, 1 : 1 (volume).

The solvent volume was investigated by setting the vol-
ume of the solvent at the volume of the solvent in the range
of 0.30 to 0.90 𝜇L. It can be known that the amount of the
extracted analytes in the solvent drop increased with the
solvent volume. However, the results also showed that when
the volume exceeded 0.60 𝜇L, the chromatographic peak of
the solvent broadened and even overlapped the peaks of
analytes of interest. In light of this, the solvent volume of
0.60 𝜇L was finally used in the present study.

3.3. Extraction Time. The extraction time was determined
by varying the exposure time of the microdrop in the
headspace of a sample from 5 to 25min while keeping the
other parameters under the same conditions as Section 3.2.
The peak areas of the seven main chosen compounds to
the peak areas of benzyl alcohol were different from 5 to
25min, but their sum peak areas were the largest at 15min.
So the extraction time of 15min was chosen for the present
work.

3.4. Extraction Temperature. The extraction efficiency of
SDME procedure was temperature dependent. The effect
of sample temperature on the extraction efficiency was
investigated in the range of 50–90∘C while keeping the other
parameters under the same conditions as Section 3.3. The
results showed that the peak areas of the seven main com-
pounds in Herba Asari and their sum peak areas to benzyl
alcohol (internal standard 0.2%) increased significantly with
the temperature from 50∘C to 70∘Cbut deceased dramatically
after 70∘C. As a result, 70∘C was chosen as the extraction
temperature for the analysis.
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Figure 3: Typical chromatograms of volatile components from
Herba Asari by SDME-GC-MS.

3.5. Particle Size of Sample. For a solid sample, particle size
plays an important part in the extraction. Particle size of the
sample was tested from 40 to 120mesh at 70∘C for 15minwith
powdered sample 0.500 g.The results showed that the amount
of volatile compounds increased with the decrease of particle
size from 40 to 100mesh but deceased after 100mesh. As a
result, 100mesh was chosen as the optimal extraction particle
size of the sample.

3.6. Sample Amount. Sample amount was determined by
varying the amount of the powdered sample in a 15mL
vial. Increasing sample amount led to an increase of the
analytes concentrations in the headspace which chanced the
extracted amount of the analytes in the drop and a decrease
of headspace volume. The extracted amount of the analytes
increased continuously with the sample amount from 0.25 to
0.75 g and then decreased at 1.25 g. This observation could
be explained by the fact that the powdered sample matrix
could not be stirred during the process; consequently, with
the increase of the sample amount, both the convection in
the matrix and the mass transfer became slow. So 0.75 g was
chosen as the optimal sample amount.

3.7. Repeatability. Under the determined conditions, the
repeatability of the SDME method was determined by per-
forming six replicate experiments. Relative standard devia-
tions (RSD) of the seven main peak areas of the analytes of
interest to the internal standard were 2.3% for 3-Pinene, 8.7%
for eucarvone, 7.5% for 3,5-dimethoxytoluene, 9.2% for n-
pentadecane, 9.8% for safrole, and 9.0% for methyleugenol.
TheRSDvalues for the seven compoundswere all below 9.8%,
indicating a satisfactory repeatability of the SDME method
compared with the above-mentioned papers 10.8% [17].

3.8. SDME-GC-MS Results. The typical total ion chromato-
grams of SDME-GC-MS methods are shown in Figure 3
and the corresponding volatile compounds identified are
listed in Table 1. The retention index of every compound was
calculated under the same temperature process. The number
of the volatile compounds identified was 61 for SDME-GC-
MS. In general, SDME-GC-MS can be used as a goodmethod
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Table 1: Components of Herba Asari obtained by SDME-GC-MS.

No Retention
time (min) Compounds RI

SDME- (mixed-)
GC-MS
RA%

1 3.60 Acetic acid, 2-methylpropyl ester 1047 0.07
2 3.76 1R-.alpha.-Pinene 1052 0.21
3 5.85 beta.-Pinene 1099 0.34
4 7.40 3-Carene 1158 0.83
5 7.88 .alpha.-Phellandrene 1172 0.28
6 7.94 beta.-Phellandrene 1174 0.01
7 8.65 D-Limonene 1192 0.21
8 8.88 Eucalyptol 1193 0.55
9 9.36 1,3,6-Octatriene, 3,7-dimethyl-, (E)- 1230 0.08
10 9.50 1,4-Cyclohexadiene, 1-methyl-4-(1-methylethyl)- 1240 0.10
11 9.61 1,3,6-Octatriene, 3,7-dimethyl-, (Z)- 1248 0.08
12 9.67 Nonane, 3-methyl- 1253 0.32
13 9.73 Tridecane, 7-methyl- 1257 0.51
14 9.85 Tridecane, 7-methyl- 1265 0.86
15 9.96 Benzene, 1-methyl-2-(1-methylethyl)- 1272 0.31
16 10.03 Cyclohexene, 1-methyl-4-(1-methylethylidene)- 1277 0.45
17 10.86 Cyclohexene, 1-methyl-4-(1-methylethylidene)- 1598 0.21
18 11.40 Tetradecane 1397 2.23
19 11.74 Benzene, 1-methyl-4-(1-methylethenmethylethyl)- 1428 0.08
20 12.16 1,3-Cyclohexadiene, 1-methyl-4-(1-methylethyl)- 1467 0.08
21 12.49 Pentadecane 1496 12.80
22 12.74 1-Hexadecanol 1516 0.20
23 12.77 Bicyclo[2.2.1]heptan-2-one, 1,7,7-trimethyl-, (1R)- 1518 0.34
24 12.82 Cyclopentadecane 1522 0.65
25 13.29 Eucarvone 1556 2.33
26 13.55 Aristolene 1574 0.43
27 13.63 1,6,10-Dodecatriene, 7,11-dimethyl-3-methylene-, (Z)- 1580 0.75

28 13.68 4,7-Methanoazulene,1,2,3,4,5,6,7,8-octahydro-1,4,9,9-tetramethyl-,[1S-
(1.alpha.,4.alpha.,7.alpha.)]- 1584 0.31

29 13.80 Azulene,1,2,3,4,5,6,7,8-octahydro-1,4-dimethyl-7-(1-methylethenyl)-,[1S-
(1.alpha.,4.alpha.,7.alpha.)]- 1592 1.07

30 13.90 1H-Cyclopropa[a]naphthalene,1a,2,3,5,6,7,7a,7b-octahydro-1,1,7,7a-tetramethyl-,[1aR-
(1a.alpha.,7.alpha.,7a.alpha.,7b.alpha.)]- 1599 1.26

31 13.94 3-Cyclohexen-1-ol,4-methyl-1-(1-methylethyl)-, (R)- 1601 0.66
32 14.06 2H-2,4a-Methanonaphthalene,1,3,4,5,6,7-hexahydro-1,1,5,5-tetramethyl-, (2S)- 1608 0.32

33 14.20 1H-Cyclopenta[1, 3]cyclopropa[1, 2]benzene,octahydro-7-methyl-3-methylene-4-(1-
methylethyl)-,[3aS-(3a.alpha.,3b.beta.,4.beta.,7.alpha.,7 aS∗)]- 1616 0.27

34 14.29 Benzene, 1,3,5-tris(1-methylethyl) 1620 0.27
35 14.37 Thujopsene 1625 0.39
36 14.60 Benzoic acid, 2,4-bis[(trimethylsilyl) oxy]-, trimethylsilyl ester 1637 0.07

37 14.65 1H-3a,7-Methanoazulene,2,3,6,7,8,8a-hexahydro-1,4,9,9-tetramethyl-,
(1.alpha.,3a.alpha.,7.alpha.,8a.beta.)- 1640 0.23

38 14.74 Androsta-1,4-dien-3-one,17-hydroxy-17-methyl-, (17.alpha.)- 1644 0.41
39 14.86 Cyclohexane, 1,4-bis(methylene)- 1651 0.83
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Table 1: Continued.

No Retention
time (min) Compounds RI

SDME- (mixed-)
GC-MS
RA%

40 14.98 1,6,10-Dodecatriene,7,11-dimethyl-3-methylene-, (Z)- 1657 0.05
41 15.08 Estragole 1662 1.40
42 15.22 Naphthalene,1,2,3,5,6,8a-hexahydro-4,7-dimethyl-1-(1-methylethyl)-, (1S-cis)- 1669 0.65
43 15.60 Heptadecane 1688 0.15

44 15.67 1H-3a,7-Methanoazulene,octahydro-3,8,8-trimethyl-6-methylene-,[3R-
(3.alpha.,3a.beta.,7.beta.,8a.alpha.)]- 1692 1.11

45 15.69 3-Cyclohexene-1-methanol,.alpha.,.alpha.4-trimethyl- 1693 0.21
46 15.80 Borneol 1698 1.41

47 15.98 Azulene,1,2,3,3a,4,5,6,7-octahydro-1,4-dimethyl-7-(1-methylethenyl)-,[1R-
(1.alpha.,3a.beta.,4.alpha.,7.beta.)]- 1706 0.31

48 16.11 Azulene,1,2,3,5,6,7,8,8a-octahydro-1,4-dimethyl-7-(1-methylethenyl)-,[1S-
(1.alpha.,7.alpha.,8a.beta)]-. 1711 0.84

49 16.30 cis-.alpha.-Bisabolene 1719 0.17

50 16.55 1H-Cyclopropa[a]naphthalene,1a,2,3,5,6,7,7a,7b-octahydro-1,1,7,7a-tetramethyl-,[1aR-
(1a.alpha.,7.alpha.,7a.alpha.,7b.alpha.)]- 1729 0.18

51 19.54 3,5-Dimethoxytoluene 1845 10.50
52 20.41 Safrole 1878 20.39
53 26.21 Benzene, 1,2-dimethoxy-4-(2-propenyl )- 2070 9.94
54 27.59 Methyleugenol 2110 6.29
55 27.99 Benzene, 1,2,3-trimethoxy-5-methyl 2121 7.33
56 30.48 1,3-Benzodioxole,4-methoxy-6-(2-propenyl)- 2188 5.11
57 33.58 Patchouli alcohol 2264 0.10
58 34.56 1,3-Benzodioxole,4- methoxy-6-(2-propenyl )- 2286 2.31
59 35.83 Benzene, 1,2,3-trimethoxy-5-(2-propenyl)- 2313 0.05
60 35.89 3-(4-N,N-Dimethylaminophenyl)propenoic acid, 2-(diethoxyphosphinyl)-, ethyl ester 2314 0.07

SUM 60

for the analysis of volatile compounds in TCMs. SDME-GC-
MS has a much lower cost (only using negligible volume of a
solvent) and wider availability of extraction solvents.

4. Conclusions

SDME-GC-MS has a lower cost, more choices of extraction
solvents, requires a smaller amount of sample, and directly
utilizes the ground powder of traditional Chinese medicines
for the analysis. SDME-GC-MS method is a simple, cheap,
and effective method for the analysis of volatile compounds
in TCM.
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Bornyl gallate (BG) is a potential drug candidate synthesized by the reaction of two natural products, gallic acid and borneol.
Previous studies have strongly suggested that BG is worthy of further investigation due to antioxidant, antiatherosclerosis activities,
and obvious activity of stimulating intersegmental vessel growth in zebrafish. This work was designed to elucidate the metabolic
profile of BG through analyzing its metabolites in vitro and in vivo by a chromatographic separation coupled with a mass
spectrometry. The metabolites of BG were characterized from the rat liver microsome incubation solution, as well as rat urine and
plasma after oral administration. Chromatographic separation was performed on an Agilent TC-C

18
column (250mm× 4.6mm,

5𝜇m) with gradient elution using methanol and water containing 0.2% (V : V) formic acid as the mobile phase. Metabolites
identification involved analyzing the retention behaviors, changes of molecular weights and MS/MS fragment patterns of BG and
the metabolites. Five compounds were identified as isomers of hydroxylated BG metabolites in vitro. The major metabolites of BG
in rat urine and plasma proved to be BG-O-glucuronide and O-methyl BG-O-glucuronide.The proposed method confirmed to be
a reliable and sensitive alternative for characterizing metabolic pathways of BG.

1. Introduction

Traditional Chinese medicine (TCM), which serves as a
resource of bioactive compounds for drug discovery, is
attracting increasing global attention [1]. In practice, it is
generally prescribed as a combination of several herbal
species and/orminerals to improve therapeutic effects. So far,
there have been 12,806 medical resources found in China,
including 11,145 medicinal plants, 1581 medicinal animals,
and 80 medicinal minerals [2]. Such ample Chinese natural
medicinal resources provide valuable materials for the dis-
covery and development of new drugs. More importantly, the
clinicmedicinal experience ofmore than 2000 yearsmade the
TCM-derived active compounds better lead compounds for
further chemical improvements.

Gallic acid (3,4,5-trihydroxybenzoate) (Figure 1(a)), an
endogenous plant phenol, is found abundantly in tea, grapes,
different berries, and other fruits as well as wine. It is

also isolated from various TCMs such as Galla Chinensis,
Choerospondiatis Fructus, Radix Paeoniae Rubra, and many
others [3, 4]. Plenty of studies demonstrate that gallic acid has
strong antioxidant, anti-inflammatory, and anticancer activ-
ities [5, 6]. In particular, the protective effects of gallic acid
on cardiovascular diseases have attracted increasing atten-
tion in recent studies [7–9]. Borneol (endo-1,7,7-trimethyl-
bicyclo[2.2.1]heptan-2-ol) (Figure 1(b)), as an adjuvant drug
in many formulae of TCMs, is believed to play assisting roles
in facilitating the delivery of principal components, increas-
ing bioavailability, and helping active compounds penetrate
the biological barriers [10, 11]. For the purpose of developing
new drugs for treatment of cardiovascular diseases, we syn-
thesized bornyl gallate [1,7,7-trimethylbicyclo[2.2.1]heptan-2-
yl 3,4,5-trihydroxybenzoate (BG)] (Figure 1(c)) through the
dehydration reaction of gallic acid and borneol. Bornyl gallate
will not only keep the bioactivities from gallic acid but also
get higher penetrability for the existence of borneol moiety.
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Figure 1: Chemical structures of gallic acid (a), borneol (b), and bornyl gallate (c).

Besides the reported antioxidant activity of bornyl gallate
[12], previous studies in our laboratory also showed that
BG has obvious activity of stimulating intersegmental vessel
growth in zebrafish and potential for antiatherosclerosis by
suppressing monocyte activation and foam cell formation
[13]. These results strongly suggest that BG is worthy of
further investigation.

Metabolite identification is becoming increasingly impor-
tant in the early stage of drug discovery as a basis for judging
whether or not a drug candidate merits further development
[14]. Through metabolite identification, we are able to get a
quick look at the metabolic fate of a parent drug, determine
the major metabolic pathways, and also find whether or not
any potentially reactive or toxic metabolites are formed. A
great deal of the structural information of metabolites can be
obtained using the state-of-art liquid chromatography-mass
spectrometry (LC-MS) strategies available now. In several
different LC/MS platforms, quadrupole time-of-flight mass
spectrometry (Q-TOF/MS) is adopted in this paper because
it provides elemental composition from accurate mass mea-
surement and metabolite structures can be proposed with
high degrees of certainty without the need of standards for
each metabolite [15, 16].

In order to predict the safety and efficacy of BG, it is
extremely important to identify its metabolites and thor-
oughly understand its metabolic fate. Therefore, we firstly
analyzed the in vitro metabolites of BG after incubating with
rat liver microsome (RLM), subsequently investigated the
metabolic profiles of BG in rat plasma and urine, and ten-
tatively identified in vivo metabolites by comparing MS/MS
fragment patterns and change of molecular mass with those
of the parent drug.

2. Experimental

2.1. Chemicals and Reagents. Bornyl gallate (purity: >99%,
HPLC) was synthesized and identified by 1HNMR, IR, and
LC/Q-TOF/MS in our laboratory. HPLC grade methanol was
purchased from Fisher Chemical Co., Inc. (CA, USA). HPLC
grade formic acid was purchased from Kermel Chemical
Reagent Co., Ltd. (Tianjin, China). 𝛽-NADP, D-glucose
6-phosphate and glucose-6-phosphate dehydrogenase were
from Sigma-Aldrich Chemical Co. (MO, USA). Water was
double distilled in the laboratory. All other reagents used are
analytical grade unless stated specially.

2.2. Animals. Male Sprague-Dawley rats (200–220 g) were
purchased from the Laboratory Animal Research Center of
Xi’an JiaotongUniversity (Shaanxi, China).The rats were kept
in metabolic cages in a breeding room with temperature at
23 ± 2

∘C, relative humidity of 55 ± 10%, and a 12 h light-dark
cycle.They were fed with standard laboratory food and water
for at least 3 days before experimentation. All experiments
on animals were performed in accordance with the university
guideline and approved by the Ethical Committee for Animal
Care and Use of Northwest University, China.

2.3. In Vitro Sample Preparation. Rats were starved overnight
before sacrificed. Minced livers were homogenized in 4
× volume of microsome buffer (pH 7.4) containing 0.1M
potassium phosphate, 10% sucrose, 0.1mM EDTA, 2mM
dithiothreitol, and 1mM phenylmethylsulfonyl fluoride prior
to be centrifuged at 9,000×g for 30min (4∘C). Then, the
supernatant was further centrifuged at 100,000×g for 60min
(4∘C). The resulted microsomal pellet was resuspended in
fresh microsome buffer and centrifuged again (100,000×g,
60min, 4∘C). The collected RLM was dissolved in fresh
microsome buffer and immediately stored at−80∘Cuntil next
use.

Incubations were performed at 37∘C in a system contain-
ing 3.06mg/L BG, 0.5mg/mL rat liver microsomal protein
in 0.5mL of 0.1mol/L phosphate buffer (pH 7.4). After
preincubation at 37∘C for 3min, the reaction between BG
and RLM was started by adding a NADPH-regenerating
buffer consisting of 1.3mM 𝛽-NADP, 3.3mM D-glucose-
6-phosphate, 3.3mM MgCl

2
, and 0.4 U/mL glucose-6-

phosphate dehydrogenase. Incubation was terminated after
30min by adding ice-cold acetonitrile. Then, 1.0mL ethyl
acetate was used to extract the reacting products from
the incubating solution. After being swirled for 60 s and
centrifuged at 10,000×g for 10min at 4∘C, the supernatant
was transferred into a clean tube and evaporated under a
gentle stream of nitrogen. The residue was dissolved in 50𝜇L
of 50% methanol water and centrifuged at 10,000×g for
10min. A 25 𝜇L aliquot of the supernatant was injected for
LC/MS analysis. Negative control samples were prepared in
the same way besides the step of adding ice-cold acetonitrile
before the NADPH-regenerating buffer.

2.4. In Vivo Sample Preparation. Five male Sprague-Dawley
rats were starved overnight with free access to water. Blank
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Figure 2: MS, MS/MS spectrum, and total ion chromatogram (TIC) of reference BG (a) MS spectrum; (b) MS/MS spectrum, and the
predominant fragmentation pattern; (c) TIC of BG.The chromatographic separation is performed on an Agilent TC-C

18
column (250mm ×

4.6mm, 5 𝜇m) with gradient elution using methanol and water containing 0.2% (V : V) formic acid as the mobile phase. Under the proposed
condition, the retention time of BG was determined to be 63.0min.

blood and urine from each rat were collected prior to dosing.
The BGwas suspended in 0.5% CMC-Na and orally adminis-
tered to rats at a dose of 50mg/kg. 0.5mL blood samples were
collected through ophthalmic veins using heparinized tubes
under anesthesia at 1 h after dose. Plasma was prepared by
centrifuging the blood for 10min at 8,000×g. Urine samples
were collected individually during the time period 0–12 h.
The plasma and urine samples were stored at −20∘C before
further preparation.

All the samples were thawed at room temperature. 0.2mL
acetonitrile containing 0.5% formic acid was added into
0.2mL plasma or urine. The mixture was thoroughly swirled
for 2min and then centrifuged at 8,000×g for 10min to
remove protein in the sample. The supernatant was filtered
by 0.45 𝜇m membrane and a 25 𝜇L aliquot was injected into
LC/MS system for on-line analysis.

2.5. HPLC/Q-TOF/MS Conditions. Chromatographic exper-
iments were performed on an Agilent 1200 series HPLC
system, equipped with binary pump, autosampler, on-line
degasser and automatic thermostatic column oven (CA,
USA). HPLC separation was achieved on an Agilent TC-C

18

column (4.6mm × 250mm, 5𝜇m) protected by an Agilent
TC-C

18
guard column (4.6mm × 12.5mm, 5 𝜇m) with the

column temperature set at 30∘C. The mobile phase consisted
of water containing 0.2% (V:V) formic acid (pH 2.2) (A) and
methanol (B) using a gradient elution of 10% B at 0–15min,
10% to 85% B at 15–60min, and 95% B at 60–65min.The flow
rate was 0.7mL/min with an injection volume of 25𝜇L.

To identify the metabolites in the elution, the HPLC sys-
temwas coupled online to anAgilent 6500 series quadrupole-
time of flightmass spectrometer (Q-TOF/MS), equippedwith
a dual electrospray ionization source (Dual-ESI) (CA, USA).
The LC effluent was introduced into the ESI source in a
postcolumn splitting ratio of 3 : 1. Mass spectra were acquired
in negative ionmodewith themass range set atm/z 100–1000.
The conditions used for the ESI source included a capillary
voltage of 4000V, a drying gas temperature of 350∘C, a
drying gas flow of 10 L/min, and a nebulizer pressure of 35 psi
as well as a fragmentor voltage of 125V. Internal reference
masses in negative mode were set at m/z 112.9855 and
966.0007. MassHunter Workstation software from Agilent
Technologies (CA, USA) was used for data acquisition and
processing in full-scan and targeted MS/MS modes.

3. Results and Discussion

3.1. LC-MS Analysis of Bornyl Gallate. The HPLC-MS con-
ditions were optimized to provide a full overview of the
pattern of the metabolites in rat plasma and urine after oral
administration of BG. Ionization of the parent drug BG was
much better in the negative mode than that in the positive
mode, and the difference between the chromatograms of
blank samples and those of samples after oral dosing was
more noticeable in the negative mode. Therefore, metabolite
identificationwas performed in the negative ionizationmode.
Under the proposed condition, the retention time of BG was
determined to be 63.0min (Figure 2(c)). Full-scan analysis
generated a mass spectrum of BG (Figure 2(a)) attributing to
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a negative deprotonated ion [M−H]− at m/z 305.1390 and an
adduct ion [M+Cl]− at m/z 341.1129. Precursor ion at m/z 305
gave daughter ions at m/z 169, m/z 168, m/z 124, and m/z 125
(Figure 2(b)). Directly loss of borneol moiety produced the
ion at m/z 168. The daughter ion at m/z 169 was generated
due to theMcLafferty rearrangement cleavage based on gallic
acid group. Ions at m/z 124 and m/z 125 attributed to the
loss of CO

2
from the above two ions, respectively. The four

ions were subsequently used as diagnostic product ions to
ensure whether an unknown metabolite is formed from BG
through comparing difference of mass lost between BG and
the metabolite.

3.2. Identification of In Vitro Metabolites in RLM. Compared
with the negative control sample, five new compounds (M1a,
M1b, M1c, M1d, and M1e) and the parent drug BG were
detected in RLM incubation solution. The full-scan mass
spectrum analysis revealed that the five compounds had
molecular ions [M−H]− at m/z 321.1339, 321.1341, 321.1340,
321.1338, and 321.1335, respectively. All ions had identical
calculated formula of C

17
H
22
O
6
(masscalc. = 321.1344, error

<2.7 ppm), representing the notable difference of a single oxy-
gen atom from BG. This interesting result indicated that the
new compounds found in vitro should be isomers of mono-
hydroxylated BG. FurtherMS/MS spectra of each compound
at m/z 321 provided same product ions at m/z 169, 168, 124
and 125, which remains same as theMS2 fragment ions of the
parent drug.The full-scanmass spectrum,MS/MS spectrum,
and the predominant fragmentation pattern ofM1a are shown
in Figure 3(a) and Figure 3(b) as the representative spectra of
five metabolites, which exhibited almost identical spectrum.
It is accordingly believed that the compounds are metabolites
of BG.The data above strongly suggests that hydroxylation of
BG took place in borneol moiety while the gallic acid moiety
was not modified by enzymes present in RLMs.

The retention times of the five metabolites were deter-
mined to be 49.0, 51.8, 54.0, 56.8, and 57.5min from the
extracted ion chromatogram of m/z 321.1339 (Figure 3(c)).
It is found that the retention times were all shorter than
those of BG, suggesting stronger polarity of the metabolite
than BG. For the isomers themselves, the polarities decreased
as the order of M1a, M1b, M1c, M1d, and M1e. Among the
isomers, M1a, M1b, and M1c should be main metabolites of
hydroxylation based on the ion abundance.

3.3. Analysis of In Vivo Metabolites of BG. Drug metabolism
involves chemical conversion to reduce pharmacological
activity of a drug candidate and to facilitate its elimination
from the body.Metabolic processes can also producemetabo-
lites that are more pharmacologically active. These metabolic
reactions are generally divided into two cases called phase I
and phase II reactions. According to the rules of metabolic
reactions and the results from in vitro experiments, we
predict that the probable metabolic reactions of BG involve
in phase I reactions including hydroxylation and hydrolysis
as well as phase II reactions such as glucuronidation, O-
methylation, and sulfation plus acetylation. The possible
structures of metabolites in vivo have been analyzed based

on the above theory. Additionally, the calculated molecular
formulas andmass values (m/z) of correspondingmetabolites
have been generated by a tool of Mass Calculator in software
Qualitative Analysis B.04.00 (MassHunter Workstation, Agi-
lent, USA).

3.3.1. Metabolic Profile of BG. The total ion chromatograms
(TICs) of blank samples and samples after oral dosing in
negative ionmode are shown in Figure 4. In order to increase
sensitivity and to eliminate the endogenous interferences
from complex biological matrices, the extracted ion chro-
matograms (EICs) were used to confirm the existence of
potential metabolites by comparing the EICs of the samples
after oral dosing with those of blank samples (Figure 5). As a
result, the parent drug BG (M0) was detected in both urine
and plasma. 9 kinds of potential metabolites were detected
in urine. These metabolites have deprotonated ions [M−H]−
of m/z 321 (M1), 169 (M2), 345 (M3), 183 (M4), 497 (M5), 657
(M6), 481 (M7), 495 (M8), and 319 (M9), respectively. Among
them, M3, M5, M6, M7, M8, andM9 were detected in plasma
after oral administration. Most of the potential metabolites,
exceptM1,M2,M3, andM6, have two or three isomers due to
the existence of 3 phenolic hydroxyl groups in the molecular
structure, which have the properties of undergoing phase II
conjugation reactions. The lowercase letters in alphabetical
order were used to represent the elution orders of isomers
of corresponding metabolites. Furthermore, the structures of
metabolites were elucidated based on the targeted MS/MS
spectra (shown in Figure 6).However, their exact conjugation
sites could not be identified in this work. Table 1 showed
the retention time (RT), measured mass, their calculated
formula by elemental compositions, the mass error between
the calculated and measured values, MS/MS fragment ions,
and metabolic pathway for each metabolite as well as relative
peak ratio [17] which could be useful to estimate the main
metabolites.

3.3.2. Identification and Structure Elucidation of In Vivo
Metabolites. In the EIC of m/z 321 (M1), three chromato-
graphic peaks of isomers (RT at 49.0, 51.8, and 53.9min)
were observed in urine. M1 showed 16 mass units higher
than those of parent drug M0, indicating that they were
the monohydroxylated BG. Their retention times and MS2
fragments were the same as those of M1a, M1b, and M1c in
RLM incubation solution in section of in vitro investigation.

M2 was eluted at 13.9min with the [M−H]− ion at
m/z 169.0145 (calculated formula = C

7
H
6
O
5
). The MS/MS

spectrum of m/z 169 gave abundant daughter ion at m/z
125, which were produced by the loss of CO

2
(−44Da) from

precursor ion. Moreover, either retention time or fragment
ion of M2 was identical as that of gallic acid by comparing
with an authentic standard. Thus, M2 was identified as gallic
acid, the hydrolysis product of BG.

M3 andM4 were tentatively assigned as metabolites orig-
inating from gallic acid. M3 gave a deprotonated molecule
[M−H]− at m/z 345.0469 (calculated formula = C

13
H
14
O
11
).

Its MS/MS fragmentation was predominated by the elimi-
nation of glucuronide moiety (176Da) to give product ion
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Figure 3: Representative MS, MS/MS spectrum, and extracted ion chromatogram (EIC) of in vitro metabolites of BG in rat liver microsomes
(RLM). Incubations were performed at 37∘C for 30min in a system containing 3.06mg/L BG and 0.5mg/mL liver microsomal protein in
0.5mL of 0.1mol/L phosphate buffer (pH 7.4). (a) MS spectrum; (b) MS/MS spectrum and the predominant fragmentation pattern of M1a
are shown as the representative spectra of five metabolites, which exhibited almost identical spectra; (c) EIC of m/z 321.1339 representing 5
isomers of in vitro metabolites with their RTs at 49.0, 51.8, 54.0, 56.8, and 57.5min, respectively.
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Figure 4: Total ion chromatograms (TICs) of rat urine and plasma samples by HPLC/Q-TOF/MS. (a) TIC of the urine sample after oral
administration at a single dose of 50mg/kg BG; (b) TIC of blank urine; (c) TIC of the plasma sample after oral administration at a single dose
of 50mg/kg BG; (d) TIC of blank plasma.

at m/z 169. M3 was identified as gallic acid-O-glucuronide.
Although baseline separation was not achieved, two peaks
were obviously observed in urine containing BG in the EIC
of M4. The two peaks represented two isomers M4a and
M4b, giving deprotonatedmolecular ions atm/z 183.0302 and
183.0304 (calculated formula =C

8
H
8
O
5
) and daughter ions at

m/z 168 [M−H-CH
3
]− andm/z 124 [M−H-CH

3
-COO]−.The

two isomers were considered to be O-methylation products
of gallic acid, 4-O-methylgallic acid, or 3-O-methylgallic
acid. Based on the previous studies on its metabolic fate,
gallic acid will be metabolized through decarboxylation, O-
methylation, sulfation, and glucuronidation reactions in rats
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Figure 5: The extracted ion chromatograms (EICs) of in vivo metabolites M2 to M9 of BG in rat urine samples.

[18, 19]. In our work, the gallic acid, which was produced by
the hydrolysis of BG, proved to undergo further metabolic
reactions including O-methylation and glucuronidation.The
decarboxylation and sulfationmetabolites were not observed,
probably because of their low concentration.

Two chromatographic peaks with their RTs at 65.5 (M9a)
and 66.0 (M9b) min were detected in the EIC of m/z
319.1556.TheMS/MS spectra ofm/z 319 showedM9produced
fragment ion at m/z 304 [M−H-CH

3
]−, indicating that the

metabolites M9a and M9b should be O-methyl BG, the O-
methylation products of M0.

All the MS/MS fragmentation patterns of M5, M6, M7,
andM8 presented neutral loss of 176Da from precursor ions.
Furthermore, the characteristic ions of glucuronide atm/z 175
and m/z 113 were observed in each of their MS/MS spectra,
which confirmed the presence of glucuronide according
to the reported literature [20, 21]. M5a, M5b, and M5c
gave deprotonated ions [M−H]− at m/z 497.1674, 497.1681,
and 497.1678, corresponding to a molecular formula of
C
23
H
30
O
12
.Their retention times were determined to be 50.5,

52.9 and 56.3min, respectively. The targeted MS/MS spectra
yielded a daughter ion atm/z 321. A loss of 176Da to precursor
ions is easily calculated for identifying M5a, M5b, and M5c
as isomers of monohydroxylated BG-O-glucuronide, the glu-
curonidation products of M1. M6 presented a deprotonated
ion [M−H]− at m/z 657.2043 and the daughter ions at m/z 481
and m/z 305.The two daughter ions denote the loss of 176Da
and 2 × 176Da to the precursor ion at m/z 657, which paved

the way to recognize M6 as BG-di-O-glucuronide. M7 had
two isomers and showed the [M−H]− ions at m/z 481.1722
and 481.1728. In their MS/MS spectra, M7 further lose a
glucuronic acid moiety (176Da) to produce ions at m/z 305,
indicating that M7a and M7b were BG-O-glucuronide, the
glucuronide conjugates of M0. M8 had three isomers (M8a,
M8b, and M8c), giving the deprotonated ions [M−H]− at
m/z 495.1883, 495.1879, and 495.1877. The fragment ions of
them were all investigated at m/z 319 and 304, indicating a
neutral loss of 176Da and the additional loss of CH

3
(−15Da).

M8a, M8b, and M8c thus were characterized as glucuronide
conjugates of M9, O-methyl-BG-O-glucuronide.

3.4. Metabolic Pathway of BG. Based on the above discus-
sion, the proposed metabolic pathways of BG in rats were
presented in Figure 7. In the metabolic profile, BG (M0)
was detected in plasma and excreted through urine. BG-
O-glucuronide (M7) and O-methyl BG-O-glucuronide (M8)
were the most abundant metabolites in vivo according to the
relative peak ratio.The hydroxylation and hydrolysismetabo-
lites in low concentration were observed only in the urine,
while their further glucuronide conjugates were detectable
in plasma. All of these results indicated that the major
metabolites were present as conjugated forms in vivo and the
mainmetabolic pathways of BGwere glucuronidation andO-
methylation.
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Figure 6: Representative MS/MS spectra of the in vivo metabolites M2 to M9 of BG in rats.

4. Conclusion

In this paper, a reliable and sensitive HPLC/Q-TOF/MS
method was successfully applied to identify the metabolites
of bornyl gallate in vitro and in vivo for the first time. In
vitro, BG was metabolized to five isomers of monohydrox-
ylated BG by CYP450 enzymes present in RLM. In vivo,

9 kinds of potential metabolites, altogether 18 compounds
including all isomers, were detected and identified. BG is
believed to undergo various phases I and II metabolic path-
ways including hydroxylation, hydrolysis, O-methylation,
and glucuronidation, while the conjugation with sulfation or
acetylation was not detected. We also proved that BG mainly
became products of glucuronidation and O-methylation in
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Figure 7: Proposed metabolic pathways of BG in rats.

vivo, which were identified as BG-O-glucuronide (M7) and
O-methyl BG-O-glucuronide (M8).
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Table 1: Retention time (RT), measured mass, calculated formula by elemental compositions, the mass error between the calculated and
measured values, MS/MS fragment ions, and metabolic pathway as well as relative peak ratio for each metabolite of BG in rat plasma and
urine after oral administration.

Compound RT
(min)

Measured
mass
(𝑚/𝑧)

Mass error
(ppm)

Relative peak
ratioa in urine

Relative peak
ratio in plasma Formula MS/MS

fragment ions Metabolic pathway

M0 63.0 305.1400 −1.8 100 100 C17H22O5 169, 168, 125, 124 Parent drug
M1a 49.0 321.1350 −2.0 0.68 \

b

C17H22O6 169, 168, 125, 124 HydroxylationM1b 51.8 321.1348 −1.4 0.53 \

M1c 53.9 321.1349 −1.7 0.41 \

M2 13.9 169.0145 −1.5 0.69 \ C7H6O5 125, 124, 79, 51 Hydrolysis

M3 24.4 345.0469 −1.6 3.66 1.38 C13H14O11 169, 125, 124 Hydrolysis +
glucuronidation

M4a 31.8 183.0302 −1.7 0.38 \

C8H8O5 168, 124, 123, 95,
78

Hydrolysis +
O-methylationM4b 32.1 183.0304 −2.8 0.32 \

M5a 50.5 497.1674 −1.9 0.99 2.86
C23H30O12 321, 175, 113 Hydroxylation +

glucuronidationM5b 52.9 497.1681 −3.3 0.90 \

M5c 56.3 497.1678 −2.7 2.44 2.36
M6 56.4 657.2043 −1.0 1.08 13.6 C29H38O17 481, 305, 175, 113 Di-glucuronidation
M7a 60.1 481.1722 −1.4 24.64 105.24

C23H30O11 305, 124, 113 glucuronidationM7b 67.5 481.1728 −2.6 50.96 916.65
M8a 60.9 495.1883 −2.3 95.36 31.7

C24H32O11 319, 304, 175, 113 O-methylation +
glucuronidationM8b 62.6 495.1879 −1.4 3.66 16.95

M8c 66.7 495.1877 −1.1 2.68 2.01
M9a 65.5 319.1556 −1.6 0.39 3.09

C18H24O5 304, 168, 124 O-methylationM9b 66.0 319.1560 −2.8 1.31 0.86
a
Relative peak ratio was calculated on the basis of EIC as follows: (relative peak ratio) = (the peak area of metabolite)/(the peak area of parent, M0) × 100.

b
\: undetected.

the National Natural Science Foundation of China (Grant
no. 21005060), the Specialized Research Fund for the Doc-
toral Program of Higher Education on 2011 (Grant no.
20106101110001) and the National Key Technology R&D
Program (Grant no. 2008BAI51B01).

References

[1] X. Xu, “New concepts and approaches for drug discovery based
on traditional Chinese medicine,” Drug Discovery Today, vol. 3,
no. 3, pp. 247–253, 2006.

[2] Y. Z. Chen and S. Y. Chen, Introduction of Chemical Methods
in Study of Modernization of Traditional Chinese Medicines,
Science Publishing, Beijing, China, 2003.

[3] The State Commission of Chinese Pharmacopoeia, Pharma-
copoeia of People’s Republic of China, Part I, Chemical Industry
Press, Beijing, China, 2010.

[4] X. Zhao, W. Zhang, S. Kong, X. Zheng, J. Zheng, and R. Shi,
“A valid assay for the pharmacokinetic study of gallic acid
from Choerospondiatis fructus in rabbit plasma by LC/MS/MS,”
Journal of Liquid Chromatography and Related Technologies, vol.
30, no. 2, pp. 235–244, 2007.

[5] B. H. Kroes, A. J. J. Van Den Berg, H. C. Quarles Van Ufford,
H. Van Dijk, and R. P. Labadie, “Anti-inflammatory activity of
gallic acid,” Planta Medica, vol. 58, no. 6, pp. 499–504, 1992.

[6] D. Kalita, R. Kar, and J. G. Handique, “A theoretical study on the
antioxidant property of gallic acid and its derivatives,” Journal of

Theoretical and Computational Chemistry, vol. 11, no. 2, pp. 391–
402, 2012.

[7] D. H. Priscilla and P. S. M. Prince, “Cardioprotective effect
of gallic acid on cardiac troponin-T, cardiac marker enzymes,
lipid peroxidation products and antioxidants in experimen-
tally induced myocardial infarction in Wistar rats,” Chemico-
Biological Interactions, vol. 179, no. 2-3, pp. 118–124, 2009.

[8] S. Umadevi, V. Gopi, S. P. Simna, A. Parthasarathy, S. M. J.
Yousuf, and V. Elangovan, “Studies on the cardio protective
role of gallic acid against age-induced cell proliferation and
oxidative stress in H9C2 (2-1) cells,” Cardiovascular Toxicology,
vol. 12, no. 4, pp. 304–311, 2012.
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Alsterpaullone, a small molecule cyclin-dependent kinase (CDK) inhibitor, regulates the cell cycle progression. Beyond death-
inducing properties, we identified the effect of alsterpaullone on cycle procedure and apoptosis of HeLa cell. It was found that
alsterpaullone inhibited HeLa cells in a time-dependent (0–72 h) and dose-dependent (0–30𝜇M) manner. In the presence of
alsterpaullone, HeLa cells were arrested in G

2
/M prior to undergoing apoptosis via amechanism that is involved in the regulation of

various antiapoptotic genes, DNA-repair, transcription, and cell cycle progression. Compared to controls, alsterpaullone effectively
prevented HeLa cells from entering S-phase. These potential therapeutic efficacies could be correlated with the activation of
caspase-3.

1. Introduction

Cervical cancer is the third most common cancer among
women in the world and has been associated with loss
of cell cycle control that normally delays or even arrests
proliferation [1, 2]. Cyclin-dependent kinase (Cdk) inhibitors
have the potential to induce cell cycle arrest and apoptosis
in cancer cells. As one of them, alsterpaullone was found
to selectively inhibit Cdk enzymes, especially in Cdk1 [3,
4]. It has been reported that alsterpaullone not only causes
cell cycle arrest but also induces the apoptosis of some
cancer cells by activation of caspase-9 through perturbation
of mitochondrial membrane potential [5–7]. Cdk inhibitors
have been shown to possess a cytotoxic effect on tumor
cells via cell cycle related proteins and caspase 3 activity.
However, this pharmacologic aspect has yet to be studied
in relation to alsterpaullone. In this study, we explored the
roles of those proteins in the pharmacologic function of
alsterpaullone in HeLa cells. In addition, we elucidated the
mechanism of cell cycle arrest and apoptosis of HeLa cells
treated with alsterpaullone. Our data showed alsterpaullone
can inhibit the proliferation of HeLa cells in the dose- and
time-dependent manner. Importantly, it induced cell cycle

arrest at G
2
/M phase and apoptosis via the regulation of

anti-apoptotic proteins (caspase-3) and cell cycle proteins.
This finding is significant, since it suggests that alsterpaullone
provides a promising chemotherapeutic tool in anticervical
cancer arsenal.

2. Materials and Methods

Alsterpaullone was purchased from Sigma-Aldrich (CAS:
237430-03-4). HeLa cell lines were purchased from the
Institute of Basic Medical Sciences, Chinese Academy
of Medical Sciences. Dulbecco’s modified Eagle medium,
fetal bovine serum, and trypsin were purchased from
HyClone Laboratories Inc., USA. Penicillin and strepto-
mycin were purchased from Sigma Chemical Company,
USA. Dimethyl sulfoxide was purchased from AppliChem
GmbH Company of Germany. 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide and acridine orange were
purchased from Amresco Company, USA. Protease inhibitor
cocktail (1%, Cat No: 539134) was purchased from Merck,
USA. All reagents were chemical grade unless otherwise
specified.
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2.1. Cell Culture and Reagents. HeLa cell line was maintained
in RPMI-1640 media (GIBCO, Invitrogen Corporation,
USA) containing 10% fetal bovine serum (HYCLON, USA),
2mmol/L L-glutamine (GIBCO, Invitrogen Corporation,
USA), 100U/mL penicillin (GIBCO, Invitrogen Corporation,
USA), and 100 𝜇g/mL streptomycin (GIBCO, Invitrogen
Corporation, USA). Cells were cultured in an incubator at
37∘C under 5% CO

2
in air. A stock solution of alsterpaullone

in DMSO (10mM) was prepared and diluted to the concen-
tration.The final concentration of DMSO in culture medium
was ≤0.3%.

2.2. Assessment of Cell Viability (Dose- and Time-Relationship
of Alsterpaullone). HeLa cells (5 × 104/well) were grown in
24-well plates and treated with alsterpaullone (0–30 𝜇M) or
DMSO (0.3%, final concentration) to controlwells inmedium
for 72 h. Attached cells were released by a trypsinization
and combined with nonadherent cells. After centrifugation,
cells were resuspended in PBS and treated with 0.2% trypan
blue. Trypan blue excluding cells were counted using a
haemocytometer. Experiments were performed in triplicates
independently.

For cell growth inhibition, HeLa cells were seeded in 24-
well culture plates at a density of 5 × 104/well. At 0, 2, 4, 6, 12,
24, 48 and 72 h 500 𝜇L of alsterpaullone (final concentration:
10 𝜇Mand20𝜇M)were added into thewells. Cell number and
cell viability were determined using haemocytometer and the
trypan blue dye exclusion test. Experiments were performed
in triplicates independently.

2.3. MTT Cytotoxicity Assay. HeLa cells (5 × 103/well)
were seeded into 96-well plates and incubated overnight
at 37∘C. Alsterpaullone was added to cells (in 6 repli-
cates) and incubated for 72 h at 37∘C. Stock solution
(2mg/mL) of 3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide (MTT) was prepared in cell media
and sterilized via filtration. Media were removed from cells,
and 50 𝜇L of MTT solution was then added into each well
and incubated in the dark at 37∘C for 4 h. MTT solution
was removed, and MTT dye of each well was dissolved
in 50𝜇L of DMSO with agitation. The absorbance was
measured at 562 nm to determine the IC

50
(concentration of

alsterpaullone which inhibits cell growth by 50%). HeLa cells
(5 × 103/well) were seeded in 96-well plates and incubated
overnight, pretreated with 50𝜇L of Z-VAD-FMK (final con-
centration was 25𝜇M) for 2 h to block caspase activity, and
treated with alsterpaullone for 72 h.

HeLa cells (5 × 103/well) were seeded in 96-well plates
and incubated overnight and pretreated with 50 𝜇L Z-VAD-
FMK (final concentration was 25𝜇M) for 2 h to block caspase
activity, followed by alsterpaullone treatment for 72 h. Cells
were evaluated by MTT assay.

2.4. Cell Cycle Analysis and Detection of Apoptosis. Cells were
treated with control (0.3%DMSO) and 20𝜇Malsterpaullone.
Both detached and adherent cells were harvested at 0, 12 h,
24 h, 48 h, and 72 h andwashed twice with ice-cold phosphate
buffered saline (PBS) and then fixed in ice-cold 70% v/v

ethanol for more than 2 h. Cells were washed twice in PBS
to remove fixative and stained with 1mL PI (propidium
iodide)/Triton X-100 PBS solution with RNase A. After
incubation at room temperature for 30min, cells were filtered
through 95𝜇mpore size nylonmesh.The analyses of cell cycle
and apoptosis were analyzed using Flow cytometry. For each
sample 10000 events were stored. The fractions of the cells in
G
0
/G
1
, S, G
2
/M phases were analyzed using cell cycle analysis

software, winMDI v2.8 (Windows Multiple Document Inter-
face for Flow Cytometry) (The Scrips Research Institute, La
Jalla, CA, USA).

2.5. Protein Extraction and Western Immunoblotting. HeLa
cells were cultured with 20𝜇M alsterpaullone for 0, 2, 4, 6,
12, and 24 h. After incubation, the nonadherent and adherent
cells were harvested. The cells were lysed in RIPA lysis
buffer (150mmol/L NaCl, 1% NP-40, 0.5% Deoxycholate,
0.1% SDS, 50mM pH 7.5 Tris-HCl, 1% protease inhibitor
cocktail (Cat no: 539134,Merck)).The protein concentrations
in the different samples were determined using the BCA pro-
tein assay kit (Pierce, Rockford, USA). Lysates (50 𝜇g) were
fractionated by SDS-PAGE using 8%–15% polyacrylamide
gels, based upon the expectedmolecular weight.The resolved
proteins were blotted to a nitrocellulose membrane by semi-
dry electric transfer, and the membranes were blocked for 1 h
in TBST buffer containing 5% blotting-grade non-fat milk.
Membranes were incubated with primary antibodies diluted
in 0.1% TBST overnight. Primary antibodies against caspase-
3 (Cat no: 552785), PARP [Poly(ADP-ribose) Polymerase]
(Cat no: 556494), andMcl-1 (Cat no: 559027) were purchased
from BD Pharmingen (BD Biosciences, San Jose, CA, USA).
Survivin (Cat no: sc-17779), Bcl-2 (Cat no: sc-7382), p-Rb
(Cat no: sc-12901), and p21 (Cat no: sc-817) were purchased
from Santa Cruz (Santa Cruz Biotechnology, Inc. CA, USA).
Membranes were washed three times in TBST for 10min each
time and then incubated in TBST containing the appropriate
horseradish peroxidase conjugated anti-mouse or anti-rabbit
secondary antibodies (Amersham Life Science, USA) for
1 h. The membranes were washed three times for 10min
each in TBST. The bound antibody complex was detected
using an ECL chemiluminescence reagent and XAR film
(Kodak, Japan) according to the manufacturer’s instructions
(AmershamLife Science, USA). Equal loading of samples was
confirmed by probing for 𝛼-tubulin.

2.6. Statistics. All experiments were performed at least in
triplicate. Data were represented as mean ± SD. Student’s
t-test was used for statistical analysis. A 𝑃 value of <0.05
strongly statistically significant, and 𝑃 < 0.01 was considered
very statistically significant.

3. Results

3.1. Alsterpaullone Inhibited the Growth of HeLa Cells in Dose-
and Time-Dependent Manner. The growth of HeLa cells was
inhibited in a dose-dependent manner after exposures to
alsterpaullone for 48 h and 72 h ranging from 0 to 30 𝜇M
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Figure 1: Effects of different concentration of alsterpaullone on
the viability in treated HeLa cells. Results are expressed as mean
± SD of three independent experiments. ∗𝑃 < 0.05 for statistical
significance; ∗∗𝑃 < 0.01 for very statistical significance.
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Figure 2: Effects of different time of alsterpaullone on the viability
in treated HeLa cells. Results are expressed as mean ± SD of three
independent experiments. ∗𝑃 < 0.05 for statistical significance, and
∗∗

𝑃 < 0.01 for very statistical significance.

(Figure 1). The antiproliferation effect was evaluated by mea-
suring the growth rates of HeLa cells seeded at 5 × 104/well
in 24-well plates and treated with 10 𝜇M and 20 𝜇M alster-
paullone (Figure 2). Treatment with alsterpaullone caused a
time-dependent inhibition of cell growth too. Cytotoxicity
was determined by MTT assay following 72 h incubation
with alsterpaullone. The IC

50
value of HeLa cells was 13.80 ±

3.30 𝜇M. Alsterpaullone showed a significant inhibition on
HeLa cell proliferation from 10𝜇M (dose dependent) while
from 2 h onwards (time dependent). The results indicate
alsterpaullone is a cytotoxic agent in HeLa cells.

3.2. Alsterpaullone-Induced Apoptosis on HeLa is Cas-
pase Dependent. To explore if the alsterpaullone-induced
apoptotic levels are dependent on caspase activation, we
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Figure 3: Effects of caspase inhibitor Z-VAD-FMK on apoptotic
action induced by 0, 5, 10, and 20𝜇M alsterpaullone in HeLa cells.
Results are given as percentage of viable cells 72 h after the indicated
treatment and correspond to mean ± SD.

cultured cells for 72 h with or without alsterpaullone (0 𝜇M,
5 𝜇M, 10 𝜇M, and 20𝜇M) in the presence or absence of
the general caspase inhibitor VI, Z-VAD-FMK. Viable cells
were measured by MTT assay. The apoptotic cells decreased
after pretreatment with Z-VAD-FMK, suggesting that Z-
VAD-FMK blocks the alsterpaullone-induced apoptosis. The
results indicated that alsterpaullone induced apoptosis via
caspase-dependent process (Figure 3).

3.3. Alsterpaullone Induced G
2
/M Arrest of HeLa Cells. We

analyzed the cell cycle profiles of growing HeLa cells exposed
to 20𝜇M alsterpaullone using flow cytometry of propidium
iodide stained nuclei. We found the cell cycle arrest occurred
at G
2
/M and then apoptosis was induced. Figure 4 showed

a marked increase in the cells with G
2
contents at 12 h

and then the occurrence of significant cell death. The cell
cycle G

2
/M arrest persisted and was followed by a sub-G

1

content increase at 48 h as indicated with cell death. The
results indicated the mechanism of antiproliferative effects of
alsterpaullone blocked cell cycle progression.

3.4. Apoptotic Proteins in Alsterpaullone-Treated HeLa cells.
To understand the role of alsterpaullone in cervical cancer
apoptosis, we performed a time-course study on the apoptotic
proteins in 20𝜇M alsterpaullone treated HeLa cells. As
indicated in Figure 5, the cleavage of PARP started at 4 h,
while the activation of caspase-3 occurred at 2 h. PARP,
a prominent substrate for several caspases, was cleaved
in time-dependent fashion indicating the occurrence of
apoptosis in alsterpaullone treated cells. Furthermore, direct
caspase-3 activation was found in HeLa cells by the cleavage
of procaspase-3. Inhibition of caspase activity by the caspase
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Figure 4: Effects of alsterpaullone on the cell cycle in HeLa cells. Blue arrow: G
2
/M cell cycle arrest; red arrow: sub-G

1
increase indicating

apoptosis occurred. HeLa cells were sensitive to alsterpaullone and arrested in G
2
/M prior to undergoing apoptosis.

inhibitor Z-VAD-FMK suggests that alsterpaullone induces
cell death depending on caspase activity.

Bcl-2 family proteins play a central role in controlling
the mitochondrial pathway, including proteins that suppress
apoptosis process (Bcl-2, Mcl-1). In this study a dramatic
decline was seen in expression of Mcl-1 which was unde-
tectable at 2 h onwards. The same trend was also observed
in survivin but hardly detectable until 24 h. By contrast, the
expression of anti-apoptotic protein Bcl-2 was unchanged all
the time. These results suggest that the apoptosis induced
by alsterpaullone was associated with loss in anti-apoptotic
proteins such as Mcl-1 and survivin but not Bcl-2. In
alsterpaullone-treated HeLa cells, the levels of pRB kept
downregulated overtime whereas p21 upregulated (Figure 5).

4. Discussion

Alsterpaullone, as a Cdk inhibitor, competes with ATP for its
binding site on Cdks [7, 8]. Alsterpaullone treatment induced
not only cell cycle arrest but also apoptosis in various cell
lines [5, 9, 10]. In this study, we showed for the first time
that the novel CDK inhibitor, alsterpaullone, inhibited HeLa
cell proliferation in a dose- and time-dependent manner.
Alsterpaullone induced apoptosis rapidly in HeLa cells by
a mechanism that regulates various proteins including anti-
apoptotic proteins and cell cycle related proteins.

We found that alsterpaullone exhibited significant cyto-
toxicity towards HeLa cells, using Flow cytometry and
Western blotting: HeLa cells were treated with alsterpaullone

arrested in G
2
/M phase prior to apoptosis. This inhibition

also led to a drop in S-phase population in HeLa cells and
thus disturbed cells’ DNA replication [9, 10].

Apoptosis is an important approach through which
chemotherapeutic compounds inhibit the growth of tumour
cells. Cell death initiated by chemotherapeutic agents usually
involves the mitochondrial pathway and releases proapop-
totic factors to activate effector caspases, which cause DNA
fragmentation and apoptosis [11, 12]. In this study, the results
demonstrated the roles of apoptotic proteins in inhibition of
alsterpaullone on HeLa cells. Mcl-1 is a short-lived protein
because the PEST sequences present with the Bcl-2 family
member, and it is an important anti-apoptotic protein [13, 14].
In the current study, we found that Mcl-1 protein was rapidly
down-regulated and even undetectable as early as 2 h inHeLa
cells. In studies by Lahusen et al., alsterpaullone did not
regulate the expression of IAP, a member of XIAP family,
in Jurkat cells and MCF10A cells [5, 15]. On the contrary,
our results showed alsterpaullone continuously diminished
the expression of survivin within 24 h, which is a member
of the inhibitors of caspase (IAP) family. Therefore, in order
to determine whether p21 protein plays a role in inhibiting
cell proliferation, it was measured in alsterpaullone treated
HeLa cells using Western blotting. The results showed that
p21 protein was up-regulated during 2–24 h. Considering the
essential role of p21 in G

0
/G
1
cell cycle arrest and cleaved

caspase-3 for apoptosis induction, we explored the PARP
and caspase 3 proteins expression. The results showed the
regulation of p21 was significantly earlier than that of caspase
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Figure 5: Western blot analysis of apoptotic related proteins in
HeLa cells treated with alsterpaullone. HeLa cells were cultured with
20 𝜇M alsterpaullone. Cells were then lysed and protein extracted.
The proteins (50 𝜇g) were then subjected to SDS-PAGE immunoblot
analysis with the use of antibodies specific for 𝛼-tubulin, survivin,
Mcl-1, PARP, pRB, Bcl-2, and Caspase-3. Cells were also exposed to
0.3% DMSO and showed stable basal levels of the various proteins
at the different time points.

3 and PARP. As such, we speculated p21 was involved in cell
cycle arrest, apoptosis, and growth inhibition via activation
of caspase-3.

In summary, alsterpaullone can inhibit tumour cell pro-
liferation in a dose-dependent and time-dependent manner
and exhibit significant cytotoxicity inHeLa cells. It can induce
rapid apoptosis and block cell cycle via regulation of various
apoptotic proteins and activation of caspase.The significance
behind this in vitro finding is that it suggests the possibility of
using alsterpaullone as a new chemotherapeutic agent in the
fight against cervical cancer.
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A sensitive HPLC method was developed for the quantitative determination of isoliquiritin apioside (ILA) and isoliquiritin (IL)
in rat plasma. After protein precipitation with acetonitrile, chloroform was used to separate lipid-soluble impurities from the
plasma samples and remove acetonitrile. A chromatography was carried out on Diamonsil C18 (150 × 4.6 mm; 5 µm) analytical
column, using a mobile phase consisting of water (containing phosphoric acid 0.1%, v/v); acetonitrile (72 : 28, v/v) at a flow rate of
1.0 mL/min. The wavelength-switching technology was performed to determine ILA and IL at 360 nm and wogonoside (internal
standard, IS) at 276 nm. The calibration curves of ILA and IL were fairly linear over the concentration ranges of 0.060–3.84 µg/mL
(r = 0.9954) and 0.075–4.80 µg/mL (r = 0.9968), respectively. The average extract recoveries of ILA, IL, and IS were all over
80%. The precision and accuracy for all concentrations of quality controls and standards were within 15%. The lower limit of
quantification (LLOQ) was 0.060 µg/mL for ILA and 0.075 µg/mL for IL. The method was used in pharmacokinetic study after an
oral administration of Zhigancao extract to rats.

1. Introduction

Zhigancao, Glycyrrhizae Radix et Rhizoma Praeparata cum
Melle, originates from the processed dried roots or rhizomes
of Glycyrrhriza uralensis Fisch., G. inflata Bat., or G. glabra L.
(family Fabaceae). It is most frequently used in traditional
Chinese medical formulary to harmonize all drugs and
detoxify the adverse effects of herbs. Clinically, it treats
disorders such as shortness of breath, fatigue, epigastria and
abdominal pain, musculoskeletal and smooth muscle cramp
and pain, and diarrhea [1]. Due to the numerous bioactive
compounds in it such as terpenoids, saponins, polysac-
charides, and flavonoids, Zhigancao has been reported to
possess anti-inflammatory activities [2], antioxidative [3, 4],
neuroprotective [5], antiallergic [6], anticonvulsant activities
[7], and so forth. Two chalcone derivatives in Figure 1,
isoliquiritin apioside (ILA) and isoliquiritin (IL), which are
important ingredients in Zhigancao, are selected to research
their pharmacokinetics. ILA has shown the pharmacological

activity to reduce oxidative stress-induced genotoxicity [8].
And IL has been reported to have shown various pharma-
cological activities such as antiangiogenic effect dependent
upon antitube formation [9], antidepressant-like effects in
mice induced by forced swimming and tail suspension [10],
and inhibitory effects on tyrosinase [11].

The bioavailability of drugs is the cornerstone for extend-
ing their in vitro biological functions to humans in vivo. The
flavonoid glycosides show low oral bioavailability possibly
because of the extensive conjugation of the free hydroxyl
groups [12–14] or/and glycosides hydrolysis to the aglycones
in the intestinal lumen [14–16]. The pharmacokinetic study
of ILA and IL is essential for us to comprehend the bio-
availability of two analytes after an oral administration of
Zhigancao extrat.

To my knowledge, ILA and IL quantification method
(LC-MS/MS) has been performed to study pharmacoki-
netics of multiple licorice flavonoids after an oral dose
of Xiaochaihu-tang to rats [17], but LC-MS/MS method
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Figure 1: Isoliquiritin apioside (a) and isoliquiritin (b).

is simply not available in most laboratories. In this study,
we established the HPLC method which was highly selective
and sensitive for simultaneous quantification of ILA and IL
in rat plasma. The method was used to explore the possible
pharmacokinetics of ILA and IL after an oral administration
of Zhigancao extract.

2. Experimental

2.1. Reagents and Chemicals. Isoliquiritin apioside (ILA)
and isoliquiritin (IL) were purchased from Xi’an Xiaocao
Botanical Development Co., Ltd. (purity > 98%, Shanxi,
China). Wogonoside (internal standard, IS) was obtained
from National Institute for Food and Drug Control (Beijing,
China). Zhigancao which was produced under the guidance
of the theory of traditional Chinese medicine science was
provided by Chifeng Xinzhou Traditional Chinese Medicine
Co., Ltd. (Inner Mongolia, China). The material was authen-
ticated as the dried roots of G. uralensis by professor
Ting-guo Kang from Liaoning University of Traditional
Chinese Medicine. HPLC grade acetonitrile and analytical
grade chloroform were purchased from Shandong Yuwang
Chemical Industry Co., Ltd. (Shandong, China). The water
in the study was purified with a Milli-Q water purification
system from Millipore (Bedford, USA).

2.2. Preparation of the Zhigancao Extract. Powdered herb
materials were extracted twice under reflux condition with
70% ethanol (1 : 10, w/v) for 1 h under 100◦C. The extract
was filtered and evaporated. Finally, the residue was dried
in vacuum drying oven at 60◦C to obtain a powder state of
Zhigancao extract. The contents of ILA and IL in the extract
were detected by HPLC, 33.72 and 28.17 mg/g, respectively.
The dried powder was stored in vacuum dryer before use.

2.3. Liquid Chromatographic Condition. The liquid chro-
matography system employed was Agilent 1100 with a

variable wave length UV detector (G1314A VWD). Data
was analyzed by MassHunter software (Agilent, USA). The
analytical column employed was Diamonsil C18 (150 ×
4.6 mm I.D., 5 µm, Dikma Technologies, China) analytical
column with a endcapped C18 ODS guard column. The
mobile phase composed of water (containing phosphoric
acid 0.1%, v/v) and acetonitrile (72 : 28, v/v) was filtered
through 0.22 µm Millipore membrane filter. The flow rate
was 1.0 mL/min. The detection wavelength was set at 360 nm
(0–9 min) and 276 nm (9–12 min). An injection volume of
20 µL was optimized for final method.

2.4. Preparation of Standard Solution and Quality Control
Samples. Stock solutions of IS, ILA and IL with concentra-
tions of 440, 384, and 480 µg/mL, respectively, were prepared
in methanol, and stored at 4◦C. The working solution for
IS was diluted with methanol to get a final concentration
of 8.80 µg/mL. Stock solutions were diluted with methanol
to serial standard working solutions at concentrations of
0.60, 1.20, 2.40, 4.80, 9.60, 19.2, and 38.4 µg/mL for ILA,
0.75, 1.50, 3.00, 6.00, 12.0, 24.0, 36.0, and 48.0 µg/mL
for IL. These solutions were then added to blank plasma
(1 : 10) to make standards of 0.060–3.84 µg/mL for ILA and
0.075–4.80 µg/mL for IL. The quality control (QC) samples
which were used for the intra- and inter-day accuracy,
and precision, extraction recovery and stability study, were
prepared in the same way at 0.12, 0.48 and 3.07 µg/mL for
ILA, and 0.15, 0.60 and 3.84 µg/mL for IL.

2.5. Sample Preparations. The 200 µL of rat plasma was
mixed with 20 µL IS working solution. After protein was pre-
cipitated with 500 µL of acetonitrile in a 1.5 mL polypropy-
lene tube by vortexing for 3 min, the sample was centrifuged
at 6,677 g for 5 min. The supernatant was transferred into
a 2.0 mL tube and was added with 1,000 µL of chloroform.
After vortexing and centrifugation, 20 µL of water phase was
injected for analysis.
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2.6. Method Validation. The analysis method was com-
pletely validated using spiked rat plasma samples, including
selectivity, linearity, intra- and inter-day precision, accuracy
and stability, according to the FDA guideline for method
validation of bioanalytical assays [18].

The selectivity of the method was demonstrated by com-
paring chromatograms of blank plasma samples (without IS)
obtained from rats, plasma samples spiked with the analytes
and IS, and plasma samples after an oral dose. All blank
plasma samples were prepared and analyzed to ensure the
absence of interfering peaks.

The linearity of the method was assessed by plotting
calibration curves in plasma at seven concentration levels in
triplicate on three consecutive days. The lower limit of quan-
tification (LLOQ) was defined as the lowest concentration
of the calibration curve, that was measured with accuracy
and precision by analyzing samples in six replicates at the
concentration of 0.060 µg/mL for ILA and 0.075 µg/mL for
IL.

Precision and accuracy were evaluated by determining
QC samples at three concentrations in six replicates on
the same day (intra-day accuracy and precision) and three
consecutive days (inter-day accuracy and precision). Accu-
racy was measured by relative error (RE) and precision was
evaluated by intra- and inter-day relative standard deviation
(RSD).

The extraction recovery was evaluated by comparing the
peak areas of the extracted QC samples at three concentra-
tions in six replicates with those of unextracted standards
that represented 100% recovery. Similarly, the recovery of IS
was evaluated at a single concentration of 0.88 µg/mL in the
same way.

The stability of ILA and IL in rat plasma was evaluated
by comparing the mean of back-calculated concentration of
the stored QC samples at three concentrations in triplicate
with the spiked concentration of analytes. The QC samples
treated as sample preparation were kept at room temperature
for 12 h and then the stability was determined. The freeze-
thaw stability was determined afterthree freeze (–20◦C, 24 h)
and thaw (room temperature) cycles. Long-term stability was
assessed by keeping QC samples at –20◦C for 15 days.

2.7. Applications in Pharmacokinetic Study

2.7.1. Sample Collection. Female Sprague-Dawley rats (200±
20 g) were kept in environmental controlled breeding room
for 7 days until the experiment. The rats were fasted for 12 h
but allowed water ad libitum before the Zhigancao extract
was orally administered at a dose of 1.21 g/kg. Orbital venous
blood samples (0.5 mL) were collected before dosing, and
at 0.5, 1.0, 1.5, 2, 3, 4, 6, 8, 12, 24, 36, and 48 h after an
administration. After centrifuging at 6,677 g for 5 min, the
plasma samples were obtained and frozen at –20◦C until
analysis.

2.7.2. Pharmacokinetic Analysis. HPLC analysis procedure
was applied to analyze plasma concentration-time profiles
of ILA and IL. Data was processed by noncompartmental

method using Drug and Statistics (DAS) 2.0 software package
(Chinese Pharmacological Society, Shanghai, China).

3. Results

3.1. Method Validation. The selectivity was evaluated by ana-
lyzing blank samples, spiked samples at LLOQ, and middle
QC levels, and actual samples obtained from rats after
an oral administration of Zhigancao extract. The typical
HPLC chromatograms were shown in Figure 2. For all blank
samples, ILA, IL, and IS retention windows were free from
endogenous interfering peaks. No plasma matrix effect was
observed under the condition described above.

The calibration curves were linear over the concentration
range of 0.060–3.84 µg/mL for ILA and 0.075–4.80 µg/mL for
IL by weighted (1/x2) linear least-squares regression method.
The correlation coefficient values of the calibration curves
were over 0.995. The REs of the back-calculated values of
the standards from their nominal values were constantly
within 15% for all values, including the LLOQ. The LLOQ
measurement showed the respective averages 0.060 µg/mL
with RSD 14.5% for ILA and 0.077 µg/mL with RSD 12.3%
for IL. The typical chromatogram at the LLOQ was shown
in Figure 2(b). Typical regression equations were calculated
as follows: ILA, y = 1.024x − 0.004 (r = 0.9954); IL, y =
1.004x + 0.007 (r = 0.9968).

The precision and accuracy data was shown in Table 1.
The intra- and inter-day RSD values were lower than 10%,
and the RE values were within ±5%. The results revealed
satisfactory precision and accuracy of this present method.

The extraction recoveries of ILA and IL from rat plasma
were 79.5 ± 4.2%, 82.5 ± 4.4%, 84.7 ± 4.0% at 1.2, 4.8, and
3.07 µg/mL and 81.3± 4.9%, 82.3± 6.6%, 86.4± 3.4% at 1.5,
6.0, and 3.84 µg/mL, respectively. The extraction recovery
of IS was 81.8 ± 3.2%. These results indicated that the
extraction method was suitable to extract ILA, IL, and IS
from plasma.

All stability tests showed sufficient stability of ILA and IL
under various test conditions. As shown in Table 2, stability
of analytes showed no significant sample loss over 12 h at
room temperature, three freeze-thaw cycles, and 15 days
storage condition.

3.2. Pharmacokinetic Study. The developed method was
applied in pharmacokinetic study of ILA and IL in rat plasma
after an oral administration of Zhigancao extract (at a dose
containing 40.8 mg/kg ILA and 34.1 mg/kg IL, resp.). The
mean plasma concentration-time profiles (n = 6) were
shown in Figure 3. The pharmacokinetic parameters were
shown in Table 3. The assay was sensitive enough for the
determination of ILA and IL in rat plasma after an oral
administration of Zhigancao extract.

4. Discussion

In this study, we established an HPLC method to simul-
taneously quantify ILA and IL in rat plasma. Due to the
stronger polarity of ILA and IL, protein precipitation was
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Table 1: Intraday and interday precision and accuracy for QC samples.

Analyte
Spiked concentration Measured concentration Intraday (n = 6) Measured concentration Interday (n = 3)

(µg/mL) (µg/mL) RSD (%) RE (%) (µg/mL) RSD (%) RE (%)

ILA
0.12 0.12 ± 0.01 6.2 −3.6 0.12 ± 0.01 9.0 0.4

0.48 0.46 ± 0.02 5.6 −3.4 0.48 ± 0.03 7.0 −0.8

3.07 3.08 ± 0.16 5.4 0.2 3.02 ± 0.16 4.8 0.7

IL
0.15 0.15 ± 0.01 5.9 1.4 0.15 ± 0.01 9.7 −2.3

0.6 0.62 ± 0.03 6.8 3.1 0.61 ± 0.04 6.8 1.0

3.84 3.78 ± 0.24 5.0 −1.7 3.73 ± 0.18 3.5 −2.7

(Inter-day) RSD = (
√

(
∑I

i=1
∑n

j=1(Xij − X..)
2 − n

∑I
i=1 (Xi. − X..)

2
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√
n
∑I

i=1 (Xi. − X..)
2
/(I − 1)/X..)× 100%.

(m
A

U
)

0

1

2

3

4

0 2 4 6 8 10 12

(min)

VWD1 A, wavelength = 360 nm, TT (GANCAO\ILAIL055.D)

(a)

(m
A

U
)

0

1

2

3

4

0 2 4 6 8 10 12

(min)

VWD1 A, wavelength = 360 nm, TT (GANCAO\ILAIL164.D)

1 2

3

(b)

VWD1 A, wavelength = 360 nm, TT (GANCAO\ILAIL154.D)

(m
A

U
)

0

1

2

3

4

0 2 4 6 8 10 12

(min)

1

2

3

(c)

VWD1 A, wavelength = 360 nm, TT (GANCAO\ILAIL361.D)

(m
A

U
)

0

1

2

3

4

0 2 4 6 8 10 12

(min)

1

2 3

(d)

Figure 2: Typical HPLC chromatograms of the analytes in rat plasma (1, ILA; 2, IL; 3, IS). (a) Chromatogram of blank plasma; (b)
chromatogram of plasma sample at LLOQ level (ILA 0.060 µg/mL and IL 0.075 µg/mL); (c) chromatogram of plasma sample at middle QC
level (ILA 0.48 µg/mL and IL 0.60 µg/mL); (d) chromatogram of plasma sample obtained from rat (No. 2) at 1 h after an oral administration
of Zhigancao extract (ILA 0.78 µg/mL and IL 1.04 µg/mL by calculation).
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Table 2: Stability of ILA and IL under various conditions in plasma (n = 3).

Analyte
Spiked concentration

(µg/mL)

Stored at room temperature for 12 h Three freeze-thaw stability Stored at −20◦C for 15 days
Measured

concentration (µg/mL)
RE (%)

Measured
concentration (µg/mL)

RE (%)
Measured

concentration (µg/mL)
RE (%)

ILA
0.12 0.12 ± 0.001 2.7 0.12 ± 0.003 −0.5 0.12 ± 0.002 −0.5
0.48 0.48 ± 0.008 −3.6 0.45 ± 0.018 −5.6 0.48 ± 0.002 0.07
3.07 3.07 ± 0.028 0.03 2.91 ± 0.029 −5.2 2.97 ± 0.006 −3.2

IL
0.15 0.16 ± 0.005 4.3 0.16 ± 0.006 3.9 0.15 ± 0.004 −2.6
0.6 0.59 ± 0.015 −1.1 0.62 ± 0.019 2.7 0.57 ± 0.010 −4.4

3.84 3.82 ± 0.065 −0.4 3.85 ± 0.077 0.19 3.72 ± 0.157 −3.2
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Figure 3: Mean plasma concentration-time profiles (n = 6) after
an oral administration of Zhigancao extract.

Table 3: Pharmacokinetic parameters of ILA and IL in following
an oral administration of Zhigancao extract. The Cmax was the
measured maximal concentration of ILA and IL, and the tmax was
the time to reach maximal concentration of ILA and IL, obtained
directly from the observed value. Plasma concentrations in the
terminal phase for each subject were fit to a log-linear regression
by the method of least squares to obtain the elimination rate
constant (ke). The t1/2z value was calculated with the following
formula: t1/2 = ln(2)/ke. The AUC0–t value was the area under
the concentration-time curve from 0 to 36 h (calculated using the
linear trapezoidal rule), and AUC0–∞ value was calculated using
the formula: AUC0–∞ = AUC0–t + Clast/ke, where Clast was the last
measurable concentration. The mean residence time (MRT) was
obtained from the formula AUMC/AUC (AUMC-area under the
concentration × time curve), and MRT0–∞ was calculated using the
formula: MRT0–∞ = AUMC0–∞/AUC0–∞.

Parameter ILA IL

Cmax (µg/mL) 0.88 ± 0.34 1.45 ± 0.47

Tmax (h) 2.08 ± 2.11 1.92 ± 2.06

t1/2z (h) 8.12 ± 1.72 8.56 ± 1.17

AUC0–t (µg/mL ∗ h) 8.93 ± 3.06 15.39 ± 3.91

AUC0–∞ (µg/mL ∗ h) 9.49 ± 3.35 16.20 ± 4.23

MRT0–T (h) 11.17 ± 2.72 11.53 ± 1.66

MRT0–∞ (h) 12.27 ± 4.35 13.20 ± 2.34

employed for the extraction of analytes from biological
matrix [19]. Acetonitrile and methanol were tested as protein

precipitating agent. The recovery with methanol was com-
parable to acetonitrile, during both processes the analyte
concentration in the plasma was diluted when 2.5-fold
organic solvent volume was added, so that ILA and IL could-
not be detected at a low concentration. Yet evaporating
supernatant to dryness and then dissolving it in a small
amount of solvent to increase the concentration would be
time-consuming and would cause the loss of analyte. So
removing the organic solvent from the supernatant was
employed. When the supernatant was added with chloro-
form, a clear water phase could be obtained by precipitating
the protein with acetonitrile, but no stratification could be
observed when methanol was used instead of acetonitrile
Therefore, plasma samples were processed by precipitating
protein with acetonitrile which was then removed with
chloroform.

Wogonoside was selected as the IS because of its appro-
priate retention and extraction recovery. Some other com-
pounds such as rutin, baicalin and hesperidin were also
tested with the selected condition above, but without ideal
results. Due to its satisfactory separation from the analytes,
wogonoside was selected as the IS. Because wogonoside
couldnot be detected at 360 nm at the concentration
0.88 µg/mL, the wavelength was switched to 276 nm at 9 min.

The extrapolated fraction of the AUC0−∞ accounted for
only 5-6%, which indicated a suitability of the analytical
method for ILA and IL pharmacokinetic study. These two
analytes exhibited consistent tendencies in plasma concen-
tration-time profiles and similar Tmax, t1/2z and MRT values
after an oral administration of Zhigancao extract. The fact
that these two compounds had the similar pharmacokinetic
behavior could be tentatively attributed to their having
similar structures.

Comparing the pharmacokinetic data of ILA with that of
IL, Cmax and AUC of ILA were lower than that of IL although
there was more content of the former in Zhigancao extract.
It was possible that ILA could be hydrolysis to the IL in the
intestinal tract or transformed into IL after being absorbed.

5. Conclusion

We have developed and validated a selective and sensitive
HPLC method for simultaneous quantification of ILA and
IL in rat plasma. The method was successfully applied to the
pharmacokinetic study of ILA and IL in rat plasma after an
oral administration of Zhigancao extract.
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An amino acid, 3S-1,2,3,4-tetrahydro-β-carboline-3-carboxylic acid, was isolated for the first time from the leaves of Cichorium
endivia. The complete assignment of its 1H and 13C NMR spectroscopic data was carried out also for the first time based on
extensive 1D and 2D NMR experiments. Cytotoxicity of this isolated compound against HCT-8 and HepG2 human cancer cell
lines was evaluated for the first time, with moderate activities being found.

1. Introduction

Cichorium endivia L. is a popular vegetable from the family
of Compositae and is widely cultivated and consumed all
over the world. Its popularity is also attributed to the healthy
properties mainly due to supply of antioxidant activity [1, 2].
However, phytochemical investigation on this plant is very
rare up to now, to the best of our knowledge, only a few
papers had reported a few compounds, including five ones
by our group [3]. The ongoing research aims at confirming
the bioactive compounds from this popular vegetable, and
a prevailing and known amino acid, 3S-1,2,3,4-tetrahydro-
β-carboline-3-carboxylic acid (1), was isolated for the first
time. By way of the literature survey, it can be learned that
the complete assignment of the NMR data of 1 was very
deficient up to now, with no practical conducting being
obtained due to the poor solubility of 1 in most prevalent
solvents and causing the citation of literatures an obvious
state of chaos [4, 5]. In this paper, we describe the complete
assignment of the 1H and 13C NMR spectroscopic data of 1
based on the determining of optimized solvent and extensive
1D and 2D NMR experiments. An investigation focusing on
the cytotoxicity of compound 1 against HCT-8 and HepG2
human cancer cell lines showed that 1 inhibits the cells
growth by a moderate reduction in viability of subjects.

2. Results and Discussion

Compound 1 was isolated as an amorphous pale-yellow pow-
der (MeOH/H2O). Its positive-ion ESI-MS spectrum showed
the quasimolecular ion peaks at m/z 217.1 [M+H]+and 239.1
[M+Na]+, and its molecular formula was established to be
C12H12N2O2 by the quasimolecular ion peak in the positive
mode HRESI-MS experiment at m/z 217.0967 [M+H]+.
The IR spectrum showed strong absorptions at υmax 3284,
3019, 1642, 1598, 1452, 1409, and 740 cm−1, indicating
the presence of 1,2-disubstitued benzene moiety and labile
hydrogen. It was preliminarily identified as 3S-1,2,3,4-
tetrahydro-β-carboline-3-carboxylic acid by comparison of
the 1H NMR spectroscopic data obtained in DMSO-d6 with
the literature values [4, 5], but some obvious errors or
inconsistency were evident, including the coupling constants
and data ownership (Table 1). Whereas the obtainment of
13C NMR spectrum in the NMR solvent of DMSO-d6 was
very difficult due to the above-mentioned poor solubility,
compound 1 was then recorded the 1D and 2D NMR spectra
within D2O + drops of F3CCOOD, which proved to be a
good solvent for 1. The 1H NMR spectroscopic data also
clearly revealed the existence of 1,2-disubstitued benzene
moiety, with four diagnostic signals from an aromatic ABCD
spin system resonating at δH 7.13 (1H, t, J = 7.6 Hz, H-6),
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Table 1: 1H and 13C NMR spectroscopic data for compound 1.

Number δH
ab δC

ac δH
de δH

d [4] δH
d [5] δC

d [5]

1a 4.38 d (15.6) 40.5 t 4.15 d (15.3) — — 40.3

1b 4.54 d (15.6) 4.23 d (15.9) 4.22 d (4.8) —

3 4.27 dd (10.4, 5.6) 55.0 d 3.60 m 3.14 — 55.3

4a 3.13 dd (10.8, 16.4) 21.7 t 2.81 dd-like 2.83 ddd (10.5, 5.0, 2.4) — 18.0

4b 3.38 dd (5.6, 16.4) 3.13 br d-like 3.69 dd (10.5, 5.0) —

4a′ 104.9 s 104.3

4b′ 125.6f s 128.5

5 7.53 d (8.0) 118.2 d 7.32 d (7.5) 7.33 d (8.0) 7.38 d (8.2) 118.5

6 7.13 t (7.6) 120.0 d 7.06 t (7.5) 7.08 t (8.0) 7.06 t (8.2) 117.5

7 7.22 t (8.0) 122.9 d 6.97 t (7.8) 6.99 t (7.5) 6.96 t (8.2) 121.1

8 7.43 d (8.0) 111.9 d 7.43 d (7.5) 7.44 d (7.5) 7.44 d (8.2) 111.8

8a 136.7 s 136.1

9a 125.4f s —

COOH 171.3 s 10.91 s 10.93 s — 165.6

9-NH — 10.66 s
a
D2O + drops of F3CCOOD; b400 MHz. c100 MHz. din DMSO-d6; e300 MHz. fAssignments may be interchanged.

7.22 (1H, t, J = 8.0 Hz, H-7), 7.43 (1H, d, J = 8.0 Hz, H-8),
and 7.53 (1H, d, J = 8.0 Hz, H-5), which correlated to the
aromatic carbon signals at δC 120.0 (C-6), 122.9 (C-7), 111.9
(C-8), and 118.2 (C-5), respectively, in the HSQC spectrum.
In addition, five well-resolved and characteristic signals at δH

4.38 (1H, d, J = 15.6 Hz, H-1a), 4.54 (1H, d, J = 15.6 Hz,
H-1b), 4.27 (1H, dd, J = 10.4, 5.6 Hz, H-3), 3.13 (1H, dd,
J = 10.8, 16.4 Hz, H-4a), and 3.38 (1H, dd, J = 5.6, 16.4 Hz,
H-4b) were also examined in the 1H NMR spectrum, which
were, conveniently according to their coupling constants and
with the aid of 1H, 1H-COSY spectrum, assigned to one
AB spin system from an isolated methylene group and one
ABX system from one methylene and one methine correlated
together by sp3 hybridized bond. These three functional
groups were obviously deshielded and were correlated to
their corresponding carbon signals at δC 40.5 (C-1), 55.0
(C-3), and 21.7 (C-4), respectively, in the HSQC spectrum.
Simply, these three groups were arranged to either sp2

hybridized carbons or nitrogen atoms when considering the
1H and 13C NMR chemical shifts and examining the 13C
and DEPT NMR data which exhibited twelve carbon signals
with two aliphatic methylenes, one aliphatic methine, four
sp2 hybridized methines, and five sp2 hybridized quaternary
carbons being categorized (Table 1). The above NMR data
were compatible with a benzene moiety, a tetrasubstituted
ethylene, and a carbonyl except for the above-mentioned
three aliphatic carbons. The long range 1H,13C-correlations
from δH 7.53 to δC 104.9, 125.6, 136.7, and 122.9, from δH

7.43 to δC 122.9, 120.0, and 125.6, from δH 7.22 to δC 111.9,
136.7, and 118.2, from δH 7.13 to δC 118.2, 125.6, 122.9,
and 111.9, from δH 4.38 and 4.54 to δC 125.4, 104.9, and
55.0, from δH 3.13 and 3.20 to δC 104.9, 55.0, 171.3, and
125.6/125.4, and from δH 4.27 to δC 171.3, 40.5, 21.7, and

104.9 established the constitutional formula of 1 as indicated
by Figure 1. The complete assignment of the NMR data is
listed in Table 1.

On evaluation of compound 1 for its cytotoxic effects
on two human cancer cell lines, cell growth was measured
using a sulforhodamine B (SRB) assay. Results of means of
three replicates are expressed as the percentage of viabil-
ity compared to negative control. Compound 1 exhibited
moderate cytotoxicities against HCT-8 and HepG2 cell-lines
in the evaluation, with viability of HepG2 and HCT-8 cells
being 80.42% and 80.22% after treatment for 48 hours, and
76.14% and 71.48% after 72 hours, respectively, when using
a concentration of 140 μg/mL. The viabilities at other time
points were relatively lower.

3. Experimental

3.1. General Experimental Procedures. IR spectra were
obtained on a Nicolet 5700 spectrometer. 1D and 2D NMR
spectra were recorded on a Mercury-400 or a MERCURY-300
NMR spectrometer. Chemical shifts (δ) were given in ppm
using tetramethylsilane (TMS) as internal standard (δ 0.00).
ESI-MS and HRESI-MS were measured on an Agilent 1100
series LC-MSD-Trap-SL spectrometer. RP-18 (YMC-GEL,
ODS-A, 12 nm, S-50 mm; YMC Co., Kyoto, Japan) were
used for column chromatography. Solvents were of analytical
grade and were purchased from Beijing Chemical Company
(Beijing, China).

3.2. Plant Material. Cichorium endivia was purchased from
Beijing Xinfadi agricultural products wholesale market on
July 2009 and authenticated by Associate Professor Ma Lin
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Figure 1: The structure of compound 1 and the key HMBC (→ : H→C) correlations.

(Institute of Material Medica, Chinese Academy of Medical
Sciences and Peking Union Medical College). A voucher
specimen was deposited in New Drug Safety Evaluation
Center, Institute of Materia Medica, Peking Union Medical
College & Chinese Academy of Medical Sciences, China.

3.3. Extraction and Isolation. The air-dried and pulverized
C. endivia (5.8 kg) was extracted three times under reflux
conditions with 95% EtOH (80 L, 2 h; 70 L, 1 h; 68 L, 1 h).
The combined EtOH extracts were evaporated in vacuum
to yield a dark-green residue (1233 g, crude EtOH extract),
which was suspended in 80% aq. EtOH. The resulting
suspension was extracted with petroleum ether (60–90◦C,
2 L, 1.5 L, 1.5 L, and 1.5 L). Evaporation of the aq. layers
in vacuum yielded also a dark-green residue (940 g, 80%
EtOH extract). The residue was redissolved in water and
subsequently partitioned with EtOAc in separatory funnel
exhaustively. The rest of water soluble fraction was loaded
on a column filled with Daion HP-20 and eluted with H2O,
60% EtOH, and 95% EtOH, respectively. The eluates of 60%
EtOH were evaporated in vacuum which yielded a black
residue (40 g).

The 60% EtOH fraction was redissolved in solvent of
n-BuOH and washed with aq. 5% NaHCO3 then H2O,
respectively. Evaporation of n-BuOH under reduced pressure
gave 5.5 g of brown-green residue, which was submitted to
an ODS-A column eluted with MeOH-H2O of decreasing
polarity (40%–100%) to yield compound 1 (108 mg) as pale-
yellow powder.

3.3.1. 3S-1,2,3,4-Tetrahydro-β-carboline-3-carboxylic Acid(1).
Pale-yellow powder. IR (KBr) υmax (cm−1): 3284, 3019,
2849, 1642, 1598, 1452, 1409, 1271, 1221, and 740; 1H
and13C NMR spectroscopic data are listed in Table 1. ESI-
MS (positive mode) m/z: 217.1 [M+H]+and 239.1 [M+Na]+;
HRESI-MS (positive mode) m/z: 217.0967 [M+H]+(calcd
for C12H12N2O2, 217.0972).

3.4. Cytotoxicity Assay. HCT-8 and HepG2 cells were culti-
vated in RPMI1640 medium containing 0.22% sodium bicar-
bonate, 10% fetal bovine serum (FBS), 100 U/mL penicillin,
and 100 μg/mL streptomycin. The cells were incubated in 5%
CO2-air at 37◦C. Compound 1 was dissolved in phosphate-
buffered saline (PBS) at a concentration of 1.4 mg/mL and

was diluted to the required concentration with RPMI1640
medium immediately before use.

The cell viability was measured by using sulforhodamine
B (SRB) assay. Briefly, the cells were seeded in 96-well
plates (1 × 104 cells/well) and routinely cultured for 24 h.
Compound 1 was added to in-serial concentrations (from
14 μg/mL to 140 μg/mL), while PBS was added alone to
control wells as a negative control, and incubation was
continued for an additional 48 h. SRB (1 mg/mL) was added
to each well after the plates were fixed using TCA (0.4% m/v).
After 20 minutes of incubation, each well was washed by
acid (1% v/v) three times. Then wells were added into Tris
(100 mmol/L), respectively. The absorbance of each well was
recorded on a microplate spectrophotometer at 515 nm.
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