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a b s t r a c t

Paclitaxel is a broad-spectrum anti-cancer drug by targeting microtubulin. However, multidrug resistant
(MDR) makes its clinical application more difficult and results in failure of chemotherapy. Tetrandrine as
a potential multidrug resistant modulator could be combined with other anti-cancer drugs. In this study,
ultra-performance liquid chromatography (UHPLC) combined with quadrupole time-of-flight mass
spectrometry (QTOF) was applied to simultaneously qualitative and quantitative analysis of paclitaxel for
the pharmacokinetic studies while combined with tetrandrine. This method was developed based on
non-target screening mode IDA (Information Dependent Acquisition). As a result, the validated range was
0.25–64 ng/ml (30 ml plasma) for paclitaxel. Totally 33 metabolites of paclitaxel and tetrandine were
identified in vivo and in vitro. The main metabolites of PTX were dose-dependent decreased with dif-
ferent amounts of tetrandine co-administration no matter in vivo and in vitro, the exposure of PTX
increased in pharmacokinetic study. The verified method is sensitive accurate and effective for the si-
multaneous determination of paclitaxel and its metabolites in blood, urine and live microsome in-
cubation samples and it was successfully applied to evaluate the pharmacokinetics and drug–drug in-
teraction between paclitaxel and tetrandine. Furthermore, a biosensor technology, surface plasmon re-
sonance (SPR) analysis was applied to preliminary evaluate the competitive protein binding of multiple
components. The SPR analysis indicated that the affinity between 6-hydroxy-paclitaxel and micotubulin
is similar to that between paclitaxel and micotubulin, and tetrandrine also does not form a competitive
combination with paclitaxel. For human, 6-hydroxy-paclitaxel is the one of main metabolites of pacli-
taxel, so the results suggested that tetrandine has an influence on the metabolite of paclitaxel, but tet-
randine and the main metabolites of PTX probably do not affect PTX's biological targeting, the effect of its
pharmacological action needs to be further studied.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Paclitaxel (PTX) is a broad-spectrum anti-cancer drug that
isolated from the bark of pacific yew tree, Taxus brevifolia, PTX
could promote and stabilize the polymerization of microtubulin
and further prevent the physiological process of mitosis in cell
[1,2]. It is used for patients with breast cancer, ovarian cancer,
esophageal carcinoma or non-small-cell lung cancer [3–6]. How-
ever, the phenomenon of multi-drug resistance(MDR) is common
in clinical cancer treatment [6,7] and tumor cells could induce
MDR by enhancing the P-glycoprotein (p-gp) expression or other
),
pathways [8,9]. In addition, the PTX possesses the poor aqueous
solubility and low oral bioavailability [10,11]. All of these factors
make this chemotherapy more difficult or failure. To cope with this
challenge, several strategies are being developed, such as multiple
drug combination to overcome MDR and eliminate undesired side
effects [12–15], development new preparation to improve the so-
lubility and so on [16,17]. In clinical treatment, the multiple drug
combination is very common for improving the efficacy and re-
versing the drug resistant [18].

Tetrandrine (TTD) is an effective botanical drug with strong
ability of reversing the multidrug resistance of tumor cells by in-
hibiting the drug efflux activity of P-gp [19–22], so that in clinical
application it could be combined with other drugs to treatment
patients [23]. Previous researches have indicated that TTD could
induce cell cycle arrest and apoptosis in several different cancer
cell lines [24–28], and synergistic effect on the cytotoxicity of
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chemotherapeutic agents had been found [27]. P-Glycoprotein-
mediated multidrug resistance to PTX could be reversed through
co-delivery TTD and exhibited significantly improved antitumor
efficacy [22,29]. These researches effort focus on exploring the
synergistic anticancer effects between TTD and PTX. Some papers
have reported the pharmacokinetic studies about PTX combined
with drugs like trebananib [30], dexamethasone [31], Chinese
herbal formula [32] and NVP-BHG712, the inhibition of the
ABCC10 transporter [33]. These data suggest that the monitoring
of the pharmacokinetics of paclitaxel is recommended. But limited
studies exist on the pharmacokinetic study and metabolite varia-
tion of PTX in combination with tetradrine, and further studies
will be needed to evaluate the competitive protein binding of PTX,
PTX's metabolites and tetradrine. In China, TTD as a herbal med-
icine is used to treat hypertension, inflammation, liver fibrosis and
other diseases [34–36]. However, TTD could affect the activity of
CYP3A4 which is one of the important metabolic enzymes [37].
Most of drugs (including paclitaxel) were proved that they meta-
bolized to their metabolites by various metabolic enzymes espe-
cially CYP3A4 [38]. Thus, the metabolite of PTX could be affected
by TTD in vivo and in vitro. Hence, it is necessary to clarify how
TTD affect the metabolism of PTX and the quantitation of this drug
together with its main metabolites is also of great essential.

Here, the quantitative and qualitative method based on in-
formation-dependent acquisition (IDA) acquisition of ultrahigh-
performance liquid chromatography-quadrupole time-of-flight
mass spectrometry (UHPLC-QTOF MS/MS) would be used for
evaluation the effect on pharmacokinetic behavior of PTX com-
bined with TTD in vivo and in vitro. Many different analytical
methods have been used for quantitative analysis of paclitaxel
such as tubulin-based quantitative assay [39], Protein-Based
Bioassay [40], HPLC with UV detector [41], fluorescence polariza-
tion immunoassay (FPIA) [42], cathodic stripping square wave
voltammetry [43], Fluorescence Immunoassay [44], liquid chro-
matography–mass spectrometry(LC–MS) [45], liquid chromato-
graphy-ion trap mass spectrometry method [46], LC–MS–MS
[47,48], liquid chromatography-tandem triple-quadrupole mass
spectrometry [49]. LC–MS–MS could be used to determine the PTX
and its main metabolites [48,50], but there is no method which
could meet qualitative and quantitative analysis for PTX and its
possible metabolites in biological samples meanwhile. In our
study, the method based on IDA acquisition of UHPLC-QTOF MS/
MS allowed simultaneous quantification and identification of PTX
and its metabolites with sample prepared by protein precipitation
[51] and liquid–liquid extraction (LLE) [48,52]. The method can be
regard as a suitable tool to evaluate the pharmacokinetics and
interaction between PTX and TTD. Furthermore, it will help to
explore the interaction between PTX and other drugs.

Surface plasmon resonance (SPR) is regularly exploited in the
kinetic analysis of biomolecular interactions and small-molecule
drug-discovery, hit-validation studies. It has become a standard
tool in biopharmaceutical research and development [53,54]. The
ability to determine association and dissociation kinetics for mo-
lecular interactions provides detailed insights into the mechanism
of complex formation. In our research, this technology is useful to
make a prediction about the efficacy distinction between pacli-
taxel and its main metabolite and to preliminary assess the com-
petitive binding of combination drugs with target protein. Fur-
thermore, the results will assist in adjusting drug combination
strategy.
2. Experimental

2.1. Materials

PTX (purity 498%) was purchased from the National Institute
for the Control of Pharmaceutical and Biological Products (Beijing,
China). HPLC-grade acetonitrile (ACN) and methanol were pur-
chased from Merck (Darmstadt, Germany), ethanol was purchased
from sinopharm chemical regeat co.ltd. Ultrapure water was pur-
ified using a Milli-Q water purification system (Millipore, Bedford,
MA, USA). Kinetex Phenyl-Hexylcolumn (1.7 mm,
2.1 mm�100 mm) (phenomenex. USA). 6-hydroxy-paclitaxel (6-
OHPTX) was purchased from J&Ks. Tetrandrine was a gift of Dr
Jiekai Cheng. Docetaxel, fangchinoline and cremophor EL were
purchased from aladdins. All other reagents and chemicals were
of analytical grade. Male Sprague-Dawley rat liver microsomes
(Research Institute for Liver Diseases (Shanghai) Co. Ltd). The
purified tubulin (Cytoskeleton, Denver), Dimethyl sulfoxide (Sig-
ma, St. Louis, MO, USA), Standard Biacore materials and reagents
were used, including: certified Biacores HBS-EP running buffer
(10 mM MHEPES pH value 7.4, 150 mM NaCl, 3 mM EDTA and
0.005% polyoxyethylenesorbitan surfactant), CM5 sensor chip, an
amine coupling kit. All buffers were prepared using ultrapure
water (Milli-Q, Millipore, Milford, MA).

2.2. Chromatographic conditions

Chromatography was performed on an UHPLC system (Angilent
Corp., Milford, MA, USA) with a conditioned autosampler at 4 °C.
The separation was carried out on an Kinetex Phenyl-Hexylcolumn
(1.7 mm, 2.1 mm�100 mm). The column temperature was main-
tained at 30 °C. The analysis was performed with gradient elution
using (A) acetonitrile and (B) water containing 10 mmol ammo-
nium acetate as the mobile phase. The gradient program as follow:
linear gradient from 70%A to 60% in 5 min; then decreased to 40%
A in the 4.4 min; 0.6 min followed by a gradient to10%A, held on
3 min 10%A changed to 70%A immediately then held at 70% A for
2 min for equilibrating the column. The flow rate was set 0.3 ml/
min.
2.3. Mass spectrometric conditions

High mass resolution experiments were performed on a
TripleTOF5600þ mass spectrometer (ABSCIEX) equipped with an
ESI source in positive ion mode. The capillary and cone voltages
were 2000 and 40 V, respectively. The ion source gas 1(GS1) and
GS2 was set to 50 and 60, and the source temperature was 550 °C.
An IDA experiment with a dynamic range enhancement (DRE) in
full scan functions was applied. The mass data was acquired from
800 to 1000 Da for quantification and calibrated during acquisition
using an external reference of sodium formate solution. The mo-
lecular weight was set from 500 to 1500 Da for identification the
metabolites. The CE was set to 45 eV and the DP was set 80 eV, the
mass range from 50 to 1200 Da for the acquisition of MS/MS data.
The raw data was acquired and processed by using the ana-
lystsTF1.6 software program. MultiQuant 2.1 was used to process
the date for a quantitative analysis. What's more, PeakView
2.0 with chemspider database and MetabolitePilot 1.5 were used
to process the spectrum for an identification study. In the IDA
experiment, the full scan model was set to acquire all information
of TOF MS and dynamic background subtract was applied to get
the high quality data of product ions. Maximum four candidate
ions were monitored per cycle.



Fig. 1. The extrated ion chromatogram of PTX (a) and docetaxel (b) in blank rat plasma; The extrated ion chromatogram of blank plasma sample spiked with PTX at LLOQ of
0.25 ng/ml (c) and blank plasma sample spiked with docetaxel (10 ng/ml) (d).

Table 1
Extract recovery and matrix effects (n¼5).

Analyte Concentration Extract recovery (%) Matrix effects (%)

PTX 0.5 ng/ml 81.3176.84 109.83715.13
4 ng/ml 96.3977.42 111.75713.75
50 ng/ml 93.1873.14 104.7171.35

PTX: paclitaxel.
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2.4. Method validation

2.4.1. Selectivity and sensitivity
The selectivity of the method was evaluated by comparing the

blank plasma samples and the plasma samples containing ana-
lytes. There should be no potential interferences at the peak re-
gions for analytes. Chromatographic peaks of PTX and internal
standard (docetaxel 10 ng/ml) should be identified on the basis of
their retention times. A sensitive quantitative method could
measure plasma samples that contained the lowest concentration
analyte. It requests the single noise ratio (SNR) should be larger
than 10 at the lower limit of quantification (LLOQ) level con-
centration with acceptable precision and accuracy.

2.4.2. Linearity, precision and accuracy
The linearity of this quantitative method for the determination

of PTX was evaluated by calibration curves in the range of 0.25–
64 ng/ml (0.25, 0.5, 1, 2, 8, 16, 32 and 64 ng/ml). The calibration
curves were obtained by plotting the ratios of chromatographic
peaks response (paclitaxel/docetaxel). Least squares linear re-
gression analysis was used to determine the slope, intercept and
correlation coefficient (R2). The calibration curve requires R2 is
Table 2
Accuracy and precision.

Analyte Spiked Concentration Intra-day (n¼6)

Found (ng/ml) Precision RSD (%) A

PTX LLOQ (0.25 ng/ml) 0.2570.01 4.03 �
0.5 ng/ml 0.5270.03 5.78 4
4 ng/ml 3.8470.29 7.55 �
50 ng/ml 51.3672.25 4.38 2

PTX: paclitaxel. LLOQ: lower limit of quantification. RSD: relative standard deviation. RE
theoretical concentration�100%.
0.99 or better. To evaluate the precision, six quality control (QC)
samples of three different concentrations (0.5, 4,50 ng/ml) were
processed and injected at a single day (intra-day)and at different
days (inter-day). The variability of determination was expressed as
the relative standard deviation (RSD%) and the accuracy was de-
scribed as the relative error (RE %) which was calculated as (ob-
served concentration�theoretical concentration)/theoretical con-
centration�100%. The criteria for acceptability of the data in-
cluded accuracy within 715% relative error from the nominal
values and a precision of within 715% relative standard deviation,
except for lower limit of quantification (LLOQ), where it should not
exceed 720% of accuracy as well as precision.

2.4.3. Recovery and matrix effect
The extraction recoveries of PTX from rat plasma was de-

termined by comparing responses from regularly pre-treated QC
samples with responses from the direct injection of pure analyte
standard solutions at three QC concentration levels. The recovery
of the PTX in rat plasma was examined five times. The matrix ef-
fect was defined as the ion suppression, enhancement on the io-
nization of analytes, which was evaluated by comparing the re-
sponses of the deproteinized samples of blank plasma spiked QC
samples with those of the standard samples at equivalent con-
centrations. The matrix effect of internal standard is also
evaluated.

2.4.4. Stability studies
The stability was tested including the processed sample stabi-

lity, three freeze–thaws stability, short-term stability and long-
term stability of PTX in low-, mid- and high-quality control sam-
ples. Freeze–thaw stability of the analytes was determined over
Inter-day (n¼18)

ccuracy RE (%) Found (ng/ml) Precision RSD (%) Accuracy RE (%)

1.04 0.2570.01 4.38 0.39
.00 0.5370.05 9.44 6.00
4.00 4.1970.33 7.88 4.75
.72 53.2474.24 6.70 6.48

: relative error. Calculated as (observed concentration�theoretical concentration)/



Table 3
Stability of sample.

Stability Remaining (%) (n¼5)

0.5 ng/ml 4 ng/ml 50 ng/ml

Long-term stability 102.4710.8 96.179.3 102.171.2
Short-term stability 100.975.3 105.279.5 104.375.4
Freeze–thaw stability 102.071.1 96.075.8 106.571.2
Processed sample stability 101.872.1 98.075.7 101.874.3

Fig. 2. The response-time curve of 3′p-OHPTX when PTX incubate with different
concentrations of TTD (n¼3).

Fig. 3. The response-time curve of 3′-OHPTX when PTX incubate with different
concentrations of TTD (n¼3).

Fig. 4. The concentration-time curve of PTX with different concentrations of TTD
(n¼5).

Table 4
The parameters of drug-time curves of PTX (n¼5).

Parameters With 10 mg/ml TTD With 5 mg/ml TTD 5 mg/ml PTX only

t1/2α (h) 0.14170.085 0.10770.043 0.07570.033
t1/2β (h) 3.12970.904 2.86170.458 2.25170.489
AUC0�t (ng h/
ml)

799.0647199.207 981.2647448.359 596.0067290.785

AUC0�1 (ng h/
ml)

1039.8947269.678 1194.0857516.979 761.0677348.552

PTX: paclitaxel. TTD: tetrandrine. t1/2α: distribution half-life. t1/2β: elimination half-
life. AUC: area under the curve.

Fig. 5. The response-time curve of 3′-OHPTX when PTX combined with different
concentrations of TTD (n¼5).
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three cycles. In each freeze–thaw cycle, the samples were frozen
and stored at �20 °C for 24 h, then thawed at ambient tempera-
ture. To evaluate long-term stability, the samples were stored at
�20 °C for two months. For the short-term stability, samples were
kept at room temperature for 24 h before analysis. Due to every
batch of samples were determined at 4 °C within 24 h. The pro-
cessed sample stability was tested at 4 °C for 24 h.

2.5. Experiments and samples preparation

2.5.1. The metabolism of PTX and interaction with TTD in vitro
Applying the general procedure to incubate paclitaxel with li-

ver microsomes, we set four groups. Control group is that the only
paclitaxel (1 mM) in the Tris-HCl buffer (50 mM) containing MgCl2
(10 mM) pre-incubate with Sprague-Dawley liver microsome
(0.5 mg/ml) for 5 min, then NADPH (2 mg/ml)was added for in-
itiation the reaction, finally the volume of incubation system was
200 ml which was incubated in the water baths shaker at 3771 °C
and the whole systems were incubated for 10, 20, 30, 45, 60, 90,
120 min respectively; In other three groups, all compositions were
same except different concentration TTD (0.2, 1, 5 mM) added re-
spectively. This experiment repeated three times. In the end, 2 ml
ice-cold acetonitrile was added for ending the reaction.

The microsome in incubation system was precipitated by
acetonitrile first and then transfer 200 ml of the supernatant to the
container (For identification, 1.5 ml supernatant should be trans-
ferred to container). The supernatant extracted by 2 ml methyl
tert-butyl ether (MTBE). After centrifuged under 4000 g for 5 min,
1.5 ml supernatant should be dried under nitrogen at 40 °C. Then it
was redissolved by 200 ml liquid of moving phase and 10 μl was
injected into UHPLC system for analysis.

2.5.2. Pharmacokinetic study and sample preparation in vivo
The total fifteen Sprague-Dawley male rats (200720 g)

(Shanghai Sippr-BK laboratory animal Co. Ltd.) were fasted for 12 h
but free access to water and were randomly divided into three
groups averagely (n¼5): 1) In control group, rats were injected
PTX alone through caudal vein at a dose of 5 mg/kg. 2) In drug-
combination group, PTX (5 mg/kg) mixed with same dose of TTD



Table 5
The affinity between different compounds with microtubulin.

Compound Ka kd KD Concentration gradient (mM)

PTX 1.51Eþ05 0.2573 1.71E-06 0.36 0.73 1.46 2.92 5.85
6-OHPTX 1.39Eþ05 0.1458 1.05E-06 0.36 0.72 1.44 2.88 5.75

PTX and 6-OHPTX 2.28Eþ05 0.4126 1.81E-06 0.36 0.73 1.46 2.92 5.85 For PTX
0.18 0.36 0.72 1.44 2.88 For 6-OHPTX

TTD and PTX 2.91Eþ05 0.3586 1.23E-06 0.18 0.36 0.73 1.46 For PTX
0.18 0.36 0.73 1.46 For TTD

TTD 1.33Eþ04 1.388 1.05E-04 1.25 2.5 10 20 80

PTX: paclitaxel. TTD: tetrandrine. 6-OHPTX: 6-hydroxy-paclitaxel. Ka: association constant. Kd: dissociation constant. KD: affinity constant.

Fig. 6. The spectrum for metabolites of PTX.
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were injected to rats body. 3) In another drug-combination, rats
were injected PTX (5 mg/kg) mixed with double dose of TTD. Be-
fore injecting the drug, blank blood samples were collected via the
ophthalmic veins of the rats by sterile capillary tube and blank
urine samples were also collected. Whole blood samples were
collected in heparinized polythene tubes respectively at 0.083,
0.17, 0.33, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8 h after drug injection. And
immediately centrifuged it at 5000 rpm for 5 min to obtain plas-
ma, and the tubes with plasma were stored at �20 °C for analysis.
In this process, about 2 ml urine sample should be collected and
immediately stored at �20 °C for analysis. In this part, TTD was
dissolved in hydrochloric acid and diluted it to pH value 6.0 with
PBS buffer. PTX was dissolved in ethanol with same volume cre-
mophor EL and dilute it with six-fold PBS buffer.

The plasma samples were prepared as follows: 30 ml docetaxel
(internal standard) methanol solution was added to 30 ml plasma
sample, then 100 ml acetonitrile for precipitating proteins. And
100 ml water was added. After vortex-mixing for 30 s, 3 ml methyl
tert-butyl ether (MTBE) was added to samples. After vortex-mix-
ing for 15 min, samples were centrifuged at 4000 rpm for 10 min,
and the 2 ml supernatant was transferred to another tube and
evaporated to dryness at 40 °C under a gentle stream of nitrogen.
The residue was reconstituted in 300 ml acetonitrile followed by
vortex-mixing for 5 min. A 10 ml aliquot of the solution was in-
jected to the UHPLC-QTOF MS/MS system for analysis. 1.5 ml urine
samples were treated similarly but precipitate proteins for
identification.

2.6. Tubulin binding and determination of affinity (Surface Plasmon
Resonance (SPR) Assay)

The binding affinities of metabolites of Paclitaxel to α- and β-
tubulins (recombinant 55 kDa monomers) were determined by the
label-free, real-time Biacore T200 instrument (GE Healthcare,
USA). Paclitaxel were used as positive control. Experiments were
performed on research-grade CM5 sensor chip at 25 °C. The tu-
bulin was immobilized to chip surface via amine coupling. The
control flow cell was unimmobilized. The analyte was flow
through the surface, the flow rate was 30 μl/min, the interaction
was monitored in real time by the sensorgram. The specific
binding were obtained after subtracting the response signal from
the control flow cell. The kinetic analysis were evaluated with
Biacore evaluation Version 3.0 software (GE Healthcare, Wiscon-
sin, USA).
3. Results and discussion

3.1. Method development

3.1.1. Chromatography
In an appropriate chromatographic condition, mobile phase

and elution program must be take into account as two of the most
essential components. A proper chromatographic condition could
separate the analytes completely as much as possible, increase the
degree of analyte ionization, enhance the signal of analyte in-
tensity in a reasonable analysis time. The acetonitrile–water sys-
tems was chose as the preferred phase for higher response and
lower background noise provided than methanol. In addition
10 mmol ammonium acetate modifier in mobile phase was able to
improve the peak shape and the ionization efficiency. The mobile
phase and elution program was used as described in Section 2.2.
The retention time was 8.37 min for PTX (876.3213), 7.18 min for
3′-OHPTX (892.3162) which is the main metabolite of PTX in rats,
7.68 min for docetaxel (830.3390). 3′-p-OHPTX (6.58 min) is an-
other main metabolite of PTX in vitro, but in vivo the response of
3′-p-OHPTX is so lower than 3′-OHPTX that it cannot be de-
termined continuously.

3.2. Method validation

3.2.1. Selectivity, sensitivity and matrix effect
The signal noise ratio (SNR) was more than ten times at the

concentration of 0.25 ng/ml (SNR¼10.70). Therefore it was choose
as the LLOQ with good precision and accuracy (Table 2). The ex-
tracted ion chromatogram (EIC) of PTX and docetaxel in blank
plasma and the EIC of blank plasma sample spiked with PTX at
LLOQ of 0.25 ng/ml and blank plasma sample spiked with internal
standard docetaxel (10 ng/ml) are represented in Fig. 1. And there
is no obvious endogenous peaks to interfere PTX (8.37 min), 3′-
OHPTX(7.18 min) and docetaxel (7.68 min). Therefore, it was se-
lective enough to quantify PTX. Matrix effects must be tested in
the analysis of mass spectrometry. The matrix effects of PTX for
three QC levels were 109.83%, 111.75%, and 104.71%, respectively
(Table 1). The matrix effect was 99.7872.99% for docetaxel.
Overall, in this study, there is no significant matrix effects (e.g., ion
suppression or enhancement) to interfere analysis since a little
enhanced matrix effect was consistent and negligible in the pre-
sent MS conditions.

3.2.2. Linearity
The concentration range of the calibration curve should cover



Table 6
The identification of metabolites of PTX and TTD.

Compound NO. Parent and Metabolic
Form

Formula M/z Error
(ppm)

R. T.
(min)

Product ions and fragmentation pathway Biological sample

PTX M0 Paclitaxel C47H51NO14Na 876.3213 �0.6 8.37 308.0923, 409.1690, 531.2118, 591.2337, 694.2788, 816.3173 Blood urine
microsome

M1 þOH C47H51NO15Na 892.3162 0.4 6.58 324.0844(308þOH), 409.1630, 531.1995, 591.2203, 710.2531(694þOH), 832.2960
(816þOH)

Blood urine
microsome

M2 þOH C47H51NO15Na 892.3162 �0.7 6.87 308.0893, 425.1636(409þOH), 547.1936(531þOH), 607.2136(591þOH), Microsome
M3 þOH C47H51NO15Na 892.3162 �0.3 7.18 308.0896, 409.1632, 547.1957(531þOH), 607.2147(591þOH), 694.2644, 832.2925

(816þOH)
Blood urine
microsome

M4 þ2OH C47H51NO16Na 908.31 �1.3 6.57 160.0068(144þOH), 340.0588(308þ2 OH), 607.1918(591þOH), 547.1651(531þOH),
848.2705(816þ2 OH)

Blood urine
microsome

M5 þ2OH C47H51NO16Na 908.31 �1.7 6.85 144.0411, 324.0617(308þOH), 607.2155(591þOH), 547.1740(531þOH), 710.2356(609þOH) Microsome
M6 þ2OH C47H51NO16Na 908.31 �0.4 7.20 324.0622(308þOH), 563.1672(531þ2 OH), 623.1887(591þ2 OH), 710.2270(609þOH),

848.2784(816þ2OH)
Blood urine
microsome

M7 þ2OH C47H51NO16Na 908.31 0.8 7.58 144.0408, 324.0810(308þOH), 425.1603(409þOH), 485.1782(469þOH), 547.1905
(531þOH), 607.2166(591þOH)

Microsome

Standard 6-OHPTX C47H51NO15Na 892.3162 0.3 6.90 308.0893, 425.1636, 547.1936, 607.213,

TTD M′0 TTD C38H42N2O6 623.3116 0.2 19.41 174.0926, 381.1838, 560.2452, 592.2720 Blood urine
microsome

M′1 –CH2-H2þO C38H42N2O6 623.2752 0.9 10.01 174.0921, 347.1412(365-H20), 365.1514(381-CH4), 379.1674(381-H2), 605.2655(M′0-CH4) Blood urine
microsome

M′2 –CH2-H2þO C38H42N2O6 623.2752 1.8 16.7 274.2766(381-CH4), 381.1784, 511.1882(560-NCH5-CH4), 595.2861(M′0-CH4þO-H2O) Blood urine
microsome

M′3 –CH2 C37H40N2O6 609.2959 3.0 16.34 174.0916, 349.1562(381-CH2-H2O), 367.1665(381-CH2), 382.1893(381þH), 566.2533(580-
CH2)

Blood urine
microsome

M′4 –CH2 C37H40N2O6 609.2959 3.3 16.69 192.1025, 381.1828, 546.2291(560-CH2), 578.2560(592-CH2) Blood urine
microsome

M′5 –CH2 C37H40N2O6 609.2959 3.0 16.87 335.1413(381-CH2-OCH3), 367.1669(381-CH2), 381.1805, 566.2535(609-CH2-OCH3),
578.2532(592-CH2), 592.2695

Blood urine
microsome

M′6 –CH2 C37H40N2O6 609.2959 2.7 17.20 192.1021, 367.1665(381-CH2), 382.1903(381þH), 546.2278(560-CH2), 566.2542(609-CH2-
OCH3)

Blood urine
microsome

M′7 –CH2 C37H40N2O6 609.2959 1.6 17.49 176.1076(174þH2), 351.1715(381-CH2-H2O), 367.1666(381-CH2), 566.2553(609-CH2-
OCH3), 578.2532(592-CH2)

Urine

M′8 þOH-CH2 C38H44N2O6 625.3272 1.7 12.88 192.1029, 365.1515(379-CH2), 379.1666(381þOH-CH2), 564.2401(560þH2þOH-CH2),
607.2814(625-H2O)

Blood urine
microsome

M′9 þOH-CH2 C38H44N2O6 625.3272 1.7 13.28 192.1032, 365.1499(379-CH2), 379.1656(381þOH-CH2), 383.1598(381þH2), 564.2407
(560þH2þOH-CH2), 607.2800(625-H2O)

Urine microsome

M′10 þOH-CH2 C38H44N2O6 625.3272 2.8 14.60 176.0728(174þH2), 379.1687(381þOH-CH2), 383.1613(381þH2), 564.2394
(560þH2þOH-CH2), 607.2822(625-H20)

Urine microsome

M′11 þOH-CH2 C38H44N2O6 625.3272 2.2 19.47 367.1671(381þOH-CH2), 383.1825(381þH2), 395.2033(381þCH2), 578.2577(592-CH2) Blood urine
microsome

M′12 –2CH2 C36H38N2O6 595.28026 1.4 13.67 174.0913, 192.1022, 367.1656(381-CH2), 382.1879(381þH), 552.2392(580–2CH2) Blood urine
microsome

M′13 –2CH2 C36H38N2O6 595.28026 2.3 14.38 178.0881(192-CH2), 353.1511(381–2CH2), 547.2095(595-OCH2-H2O), 564.2390(595-NCH5) Blood urine
microsome

M′14 –2CH2 C36H38N2O6 595.28026 1.2 14.90 208.0935(206þH2), 335.1394(381–2CH2-H2O), 353.1505(381–2CH2), 367.1672(381-CH2),
552.2416(580–2CH2)

Urine microsome

M′15 –2CH2 C36H38N2O6 595.28026 0.6 15.30 192.1028, 353.1539(381–2CH2), 367.1646(381-CH2), 458.2075(595-NCH5-C7H8O),
564.2393(595-NCH5)

Urine microsome

M′16 þO-H2 C38H40N2O7 637.29083 1.3 12.66 144.0822(174-OCH2), 172.0748(192-OCH2), 361.1558(379-H2O), 379.1665(381þOH-H2O),
394.1903(381þOH-H2O-H), 605.2633(637-CH2-H2O)

Blood urine

M′17 þOH C38H42N2O7 639.30648 3.6 11.98 174.0931, 353.1491(381–2CH2), 395.2015(381þOH-H2), 566.2521(592þOH-H2O-CH2),
621.2923(639-H2O)

Blood urine
microsome

M′18 þOH C38H42N2O7 639.30648 4.3 12.20 174.0898, 363.1722(381-H20), 395.1962(381þOH-H2), 592.2699, 623.3027(639-OH) Blood urine
microsome
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Fig. 7. The metabolites of PTX.

Fig. 8. The MS2 spectrum of PTX.
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all the concentrations of samples to be measured. In this method it
was 0.25–64 ng/ml. The standard curve built on the ratio between
PTX and internal standard and was weighted by 1/x2. The obtained
correlation coefficients (R2) was better than 0.99.

3.2.3. Accuracy, precision,extract recovery
Intra- and inter-day precision and accuracy are described in

Table 2. All results of QC concentrations were within the limits that
deviations were up to 15% at three QC concentration levels. This
test should be performed during sample analysis, since it is im-
portant to control the reproducibility of series samples analysis. In
this study, a simple and economic LLE method was applied to
satisfy the requirements of pharmacokinetic study. The extract
recoveries of three QCs were 86.13%, 96.39%, and 93.18% respec-
tively (Table 1). Therefore, the extract recovery was good enough
to meet the requirement of accurate quantity.

3.2.4. Stability
The stability of PTX in different conditions were verified and

presented in Table 3. All stability data were within a 15% deviation
range, suggesting that no significant stability related problems were
to be expected during routine analysis and sample store. PTX was
stable at room temperature for 24 h, after three freeze–thaw cycle,
at �20 °C for two month, and in the auto-sampler 4 °C for 24 h.
These results indicate that the freeze–thaw cycle has a greater effect
on stability of PTX, so sample should be test as soon as possible and
avoid freeze–thaw cycle more than 3 times. The stability of pro-
cessed sample was acceptable under routine laboratory analysis
without incurring any significant loss of detection.



Fig. 9. The fragmentation regularity pattern of PTX.

Fig. 10. The MS2 spectrum of TTD.

Fig. 11. The fragmentation re
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3.3. Pharmacokinetic study

3.3.1. The effect of TTD on pharmacokinetic of anticancer drug PTX in
vitro

To explore the impact of TTD on metabolism of PTX, we per-
formed a liver microsomes experiment. Firstly, we ensured two
main metabolites of PTX with good response by incubating the
PTX with liver microsome and identified them in Section 3.4. In-
cubating PTX with different concentrations of TTD in the presence
of rats liver microsome, we got the response-time curves of two
gularity pattern of TTD.



Fig. 12. The spectrum for metabolites of the TTD.
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main metabolites of PTX which are illustrated in Figs. 2 and 3. The
one is 3′-p-OHPTX at 6.58 min and another is 3′-OHPTX at
7.18 min. Performed statistical analysis of the data, we found sig-
nificant difference emerged. Compared the drug-combination
group with the control group respectively, the p value are 0.0603,
0.0083, 0.0019 for 3′-p-OHPTX. Similarly, the p value are 0.0318,
0.0112, 0.0039 for 3′-OHPTX. Both of the two main metabolites of
PTX were dose-dependent inhibited significantly by TTD. This in-
dicated that when PTX combined with TTD, PTX could gain more
exposure in vivo because of the inhibition of metabolism by TTD
especially when combination with more dose of TTD.

3.3.2. The effect of TTD on pharmacokinetic of anticancer drug PTX
in vivo

From the results in vitro, we extend to the in-vivo study for
exploring TTD effect on metabolism of PTX. PTX combined with
different concentration of TTD were injected into the rat's body.
The blood samples obtained from series time point were detected,
and concentration-time curves are illustrated in Fig. 4 and the
pharmacokinetics parameters are summarized in Table 4. As is
shown, we can see the distribution half-life (t1/2α) and elimination
half-life (t1/2β) were extended with the increase concentration of
TTD, as well as AUC. The response-time curves of 3′-OHPTX are
shown in Fig. 5. Compared the drug-combination group with the
control group respectively, the p value are 0.1410, 0.0096 for me-
tabolite of PTX. With the increased concentration of TTD, the
metabolite of PTX was inhibited significantly. What's more, com-
pared with the response-time curve of PTX metabolites in vitro,
we can see the results about 3′-OHPTX was consistent. In other
words, the TTD could inhibit the metabolite of PTX to increase the
exposure of PTX no matter in vivo and in vitro. Therefore, TTD not
only had a synergistic effect on improving the antitumor efficacy
of PTX [22,29] but also could change the pharmacokinetic behavior
of PTX in our study.

The half-life of PTX administered alone is similar to previous
report about Pharmacokinetic Study of PTX [50]. In our study,
while PTX combined with the middle concentration of TTD, its
pharmacokinetic parameters emerged significant difference
(p¼0.0491). However, compared the high drug combination group
with control group, there is no significant difference (p¼0.2678)
for PTX. This may due to the statistic deviation resulted from little
original date (n¼5). In this part, although we also found 3′-p-
OHPTX in 30 ml prepared plasma samples, its response is lower
than 3′-OHPTX and it was difficult to be detected at all-time
points. So that, there is no response-time curves of 3′-p-OHPTX.

3.4. The affinity study

As a broad-spectrum anti-cancer drug, PTX could prevent cell
division cycle by targeting microtubulin [1]. There are some me-
tabolic differences between different species. Although 3′-p-
OHPTX and 3′-OHPTX are the main metabolites of PTX in rat. For
human being, the 6-OHPTX is the main metabolite of PTX as well
as 3′-p-OHPTX [55]. In this study, we determined the affinity be-
tween microtubulin and PTX, as well as 6-OHPTX, TTD, mixture of
them respectively (Table 5). From the affinity constant KD value



Fig. 13. The fragmentation regularity pattern of TTD.
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difference, TTD could not affect the affinity between PTX and
microtubulin (1.71E-06 vs. 1.23E-06 vs. 1.05E-04). The affinity be-
tween PTX and microtubulin was similar to the affinity between
6-OHPTX and microtubulin (1.71E-06 vs. 1.05E-06). The mixture of
PTX and 6-OHPTX (1:1) shown the same affinity to microtubuline.
The affinity can be seen as an indicator for efficacy evaluation.
Therefore, although TTD affect the metabolism of PTX, the whole
efficacy of PTX may not be affected and TTD could not affect PTX
binding to microtubulin. For this result, we have a hypothesis that
TTD has an influence on the metabolite of PTX, but TTD and the
main metabolites of PTX probably don’t affect PTX's biological
targeting, so the effect of its pharmacological action needs to be
further confirmed.

3.5. Identification of metabolites

3.5.1. The metabolites of PTX
We totally identified 7 metabolites of PTX in blood, urine and

incubation of microsome samples. Among of them, M1, M3, M4,
M6 could be found in all these biological samples. M2, M5, M7 just
were found in incubation of microsome (Fig. 6). All of these me-
tabolites are mono- or di-hydroxylation based on the structure of
parent and the detail metabolites information is shown in the
following Table 6. And the formulations are described in the Fig. 7.
The main MS2 fragments of parent are 144.0424, 308.0910,
409.1629, 459.1838, 531.2000, 591.2210, 876.3219 etc. (Fig. 8).
According to the standard of 6-OHPTX, we found the M2 was
6-OHPTX for the same MS2 spectrum and retention time (Table 6).
The other hydroxyl replaced position was speculated by retention
time and fragmentation differences between parent compound
and its metabolites and the fragmentation regularity pattern of
PTX is shown in Fig. 9.

3.5.2. The metabolites of TTD
Considering identification the TTD and its metabolites, we

changed the chromatographic condition. There was a problem
when we used the same LC–MS condition to analyse the meta-
bolites of TTD. Because the low abundance metabolites of TTD
were disturbed by strong peak tails of TTD in the same LC condi-
tion. To solve the problem, 0.1% ammonia were added to the
mobile phase A. What's more, the gradient elution changed as
follow: 0–10 min,10–40%B; 10–23 min,40–80%B; 23–25 min,80–
95%B; 25.1–30 min,10%B. Totally 26 metabolites of TTD were
identified in blood, urine and incubation samples (Fig. 12). The
response of metabolites was different in different biological sam-
ple. All metabolites were found in urine sample, 23 metabolites
were found in incubation sample and 19 metabolites in blood
sample. TTD were extensively metabolized no matter in vitro and
in vivo. The metabolites of TTD are shown in the Table 6. The
possible metabolic forms are illuminated in Fig. 13. The main MS2

fragments of parent are 174.0926, 381.1838, 560.2452, 592.2720,
623,3144 etc. (Fig. 10). According to the standard of fangchinoline,
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we found the M′6 was fangchinoline for similarly MS2 spectrum
and retention time (Table 6). The other replaced position was
speculated by retention time and fragmentation differences be-
tween parent compound and its metabolites and the fragmenta-
tion regularity pattern of TTD is shown in Fig. 11. However, for
various potential replaceable positions, some structural formulas
were not confirmed completely just according to the MS in-
formation. So the further identification should depend on other
means such as NMR (nuclear magnetic resonance), IR (infrared
radiation spectroscopy) and so on. TTD was metabolized ex-
tensively both in vitro and in vivo, but demethylation and hydro-
xylation are the primary metabolic form in the process of phase
one metabolism. As a botanical drug, TTD is a potential reversal
agents for multi-drug resistance with high security, there were
few reports for study the identification about the metabolites of
TTD in previous studies [56]. Our identification result may be able
to support reference for further study for TTD.
4. Conclusions

The verified method based on IDA acquisition is sensitive ac-
curate and effective for applying to the simultaneous determina-
tion of PTX and identification metabolites in blood, urine and live
microsome incubation samples. In this established method, the
LLOQ could reach 0.25 ng/ml after sample preparation just used
30 ml plasma, so that it was sensitive enough to determinate the
PTX. And no significant interference was caused by endogenous
compounds. We used this method successfully to evaluation the
drug–drug interaction between PTX and TTD in vitro and in vivo.
The results indicated that TTD could dose-dependent inhibit the
metabolism of PTX and increase the drug exposure of PTX no
matter in vitro and in vivo. What's more, we identified 7 metabo-
lites of PTX and 26 metabolites of TTD systematically and com-
prehensively in blood, urine and live microsome incubation sam-
ples. Hydroxylation of PTX is its main metabolic form and TTD
could be extensively metabolized in vitro and in vivo. 3′-OHPTX as
another main metabolites of PTX was found except 3′-p-OHPTX in
rat. We also preliminary evaluated the affinity between PTX and
microtubulin, the affinity between metabolite of PTX and micro-
tubulin, and the affinity between TTD and microtubulin. The re-
sults shown TTD and the main metabolites of PTX probably don’t
affect PTX's biological targeting and the effect of its pharmacolo-
gical action needs to be further studied.
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