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a b s t r a c t

A rapid and sensitive liquid chromatography-tandem mass spectrometric method (LC/MS/MS) for the
determination of tetrandrine in rat plasma has been developed, fully validated and successfully applied to
pharmacokinetic study in Sprague–Dawley (SD) rats after a single oral administration. Sample prepara-
tion involves a liquid–liquid extraction with n-hexane–dichlormethane (65:35, containing 1% 2-propanol
isopropyl alcohol, v/v). Tetrandrine and brodimoprim (internal standard) were well separated by LC with a
Dikma C18 column using acetonitrile–methanol–ammonium formate aqueous solution (20 mM) contain-
ing 0.3% formic acid (20:30:50, v/v/v) as mobile phase. Detection was performed on a triple quadrupole
mass spectrometer in multiple reaction monitoring mode. The ionization was optimized using ESI(+)
and selectivity was achieved using MS/MS analysis, m/z 623.0 → 381.0 and m/z 339.0 → 281.0 for tetran-
drine and I.S., respectively. The present method exhibited good linearity over the concentration range of
5–2000 ng/mL for tetrandrine in rat plasma with a lower limit of quantification of 5 ng/mL. The intra- and
inter-day precision were 2.0–9.2% and 4.5–9.4%, and the intra- and inter-day accuracy ranged from −7.6 to
10.3% and −6.0 to 5.3%, respectively. No endogenous compounds were found to interfere with the analysis,

and tetrandrine was stable during the whole assay period. The method was successfully applied to a phar-
macokinetic study after an intragastric administration (i.g.) of tetrandrine to SD rats with a single dose of
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50 mg/kg. The results confi

. Introduction

Tetrandrine (Fig. 1) is an important bisbenzylisoquinoline alka-
oid isolated from the bulbous root of Stephania tetrandra S Moore
f the Menispermaceae family [1,2]. This plant is popularly known
n Chinese as “hanfangji” and is one Chinese herbal medicine
raditionally used for the treatment of edema, rheumatic disor-
ers, and inflammatory diseases [3]. As a major active component,
etrandrine possesses a remarkable pharmacological profile [4–6].
n the past several decades, a number of studies have demon-
trated tetrandrine being effective in the treatment of arrhythmia,
ypertension, silicosis, and so on [7–9]. Tetrandrine has also been

eported to possess bioactivities of anti-inflammatory, antiallergic,
ntioxidant, antifibrogenetic, as well as immunomodulation and
nhibition of platelet aggregation [9,10]. Besides its pharmacologi-
al effects, tetrandrine was also reported for its liver toxicity in dogs
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hat the assay is suitable for the pharmacokinetic study of tetrandrine.
© 2008 Elsevier B.V. All rights reserved.

hen administered in high dose for a relatively long period [11].
lthough plenty of work on the pharmacology has been reported,
harmacokinetic and toxicokinetic properties of tetrandrine have
eldom been studied in recent years, which is essential to its further
esearch for clinical use.

As for analysis, a variety of analytical methods have been
eported in quantitative determination of tetradrine in biological
atrix, including TLC [12], CE [13,14], HPLC [15,16], HPTLC [17], ion

air-HPLC [18], micella-fluorometry [19] and so on. Most of these
ethods required laborious sample pretreatment and long analy-

is time, thus was not convenient for large numbers of samples in
harmacokinetic and toxicokinetic research. For more rapid, con-
enient and sensitive LC/MS/MS method, it was only developed for
uantitative determination of tetrandrine in plants or medicinal
reparations [20,21]. Till now, no LC/MS/MS method for quanti-

ative determination of tetrandrine in biological matrix has been
eveloped.

The purpose of this study was to develop and validate a
ore rapid, selective, efficient and sensitive LC/MS/MS method for

he quantitative determination of tetrandrine in rat plasma. The

http://www.sciencedirect.com/science/journal/07317085
mailto:liuchangxiao@163.com
dx.doi.org/10.1016/j.jpba.2008.06.002
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ig. 1. Chemical Structure of (A) tetrandrine (C38H42O6N2, Mw = 622.73 Da) and (B)
rodimoprim (I.S.) (C13H15BrN4O2, Mw = 339.19 Da).

resent method was successfully applied to pharmacokinetic study
fter a single oral dose of 50 mg/kg tetrandrine in SD rats.

. Experimental

.1. Chemicals and regents

Tetrandrine standard was kindly provided by Prof. Lou Jian-
hi (Tianjin Medical University, Tianjin, China) with purity better
han 99.5%. Tetradrine raw material was purchased from Xi’an
hanchuan Biotechology Co.Ltd. (Xi’an, China) with purity better
han 99.2%. Brodimoprim (Fig. 1) (used as internal standard, I.S.)
as supplied by National Key Laboratory of Pharmacokinetics and

harmacodynamics, Tianjin Institute of Pharmaceutical Research
Tianjin, China) with purity better than 99.0%. HPLC-grade ace-
onitrile and methanol were obtained from Tianjin Concord Tech
eagent Co. Ltd. (Tianjin, China). Deionized water was prepared
sing a SYZ550 quartz pure water distiller (Tianjin Xinzhou Tech
o. Ltd., Tianjin, China) and used throughout the study. Ammo-
ium formate and other chemicals and solvents used were all of
nalytical grade.

.2. LC/MS/MS conditions and quantifications

The thermo electron LC system (San Jose, CA, USA) consisted of
Surveyor quaternary narrowbore LC pump, a Surveyor autosam-
ler, as well as a tempered tray and a column oven. A thermo
lectron TSQ quantum triple quadrupole tandem mass spectrom-
ter (San Jose, CA, USA), equipped with an electrospray ionization
ESI) source, was used for the mass analysis and detection. Chro-

atography was performed on a Dikma Diamonsil-C18 analytical
olumn (4.6 mm × 150 mm i.d., particle size 5 �m, Dikma Tech-
ologies, Beijing, China) at 35 ◦C. The mobile phase was composed
f acetonitrile–methanol–ammonium formate aqueous solution
20 mM) containing 0.3% formic acid (20:30:50, v/v/v) at a flow rate
f 0.3 mL/min. Under these conditions, tetrandrine and I.S. were

luted at approximately 4.79 and 6.90 min, respectively, with no
ignificant interference observed at these two retention times in
he mass chromatograms of blank rat plasma.

All measurements were carried out using the positive ion mode.
ass spectrometer conditions were optimized to obtain maximum
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e
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ensitivity. The ion spray voltage was set at 4000 V, and the capillary
emperature was set at 280 ◦C with ultra-high-purity nitrogen as
he curtain gas (40.0 L/min) and collision gas (10.0 L/min). Multiple
eaction monitoring (MRM) was used for drug quantification. The
ass peak widths were 0.7 Da for both Q1 and Q3. [M + H]+ at m/z

23 was for tetrandrine, and [M + H]+ at m/z 339 for the I.S. Peak area
atios of tetrandrine to I.S. was calculated, and the calibration curve
as established with the ratios as Y-axis, while the corresponding
ominal concentrations of tetrandrine as X-axis.

.3. Stock solutions and quality control samples

The primary stock solutions of tetrandrine and brodimoprim
ere prepared at 1.0 mg/mL in methanol, respectively. The stock

olutions were stored at −20 ◦C, and were stable for at least 6
onths. A set of seven standard working solutions ranging from
to 2000 ng/mL were prepared by further dilution of the standard

tock solutions with methanol. I.S. working solution (100 ng/mL)
as prepared by diluting I.S. stock solution with methanol. All

he stock solutions were stored at −20 ◦C, and were stable for
t least 6 months. The calibration standards were prepared by
piking blank drug-free rat plasma with appropriate amounts
f working solutions. Quality control (QC) samples were pre-
ared in a similar manner at three concentrations (10, 100 and
000 ng/mL).

.4. Preparation for plasma samples

The extraction regent was composed of n-hexane–
ichloromethane (65:35, containing 1% 2-propanol isopropyl
lcohol, v/v). A 100 �L aliquot of rat plasma, spiked with I.S.
orking solution (100 �L), 1M sodium hydroxide (NaOH) (100 �L),
ethanol (100 �L) was vortex mixed for 30 s and extracted with

he extraction regent mentioned before (3 mL) for another 1.5 min
ortex mixing. After centrifuging at 4000 rpm for 10 min, 2 mL of
he upper organic phase was transferred into a 10 mL glass tube
nd evaporated to dryness under a steam of nitrogen. The residues
ere then reconstituted with 100 �L mobile phase, vortex-mixed
riefly, and a 10 �L aliquot was injected into the LC/MS/MS system
or analysis.

.5. Method validation

Calibration standards were prepared and analyzed in triplicate
n three independent runs. The calibration curve was constructed
sing tetrandrine/I.S. peak area ratios vs tetrandrine concentration
onsisting of seven concentration levels (5, 10, 50, 100, 500, 1000
nd 2000 ng/mL of tetrandrine in rat plasma). To assess linearity,
eviations of the mean calculated concentrations over three runs
ere set at ±15% of nominal concentration, except for the lower

imit of quantification (LLOQ) where a deviation of ±20% was per-
itted. To determine assay specificity, six different lots of blank

lasma samples from SD rats were analyzed to investigate the
otential interferences at the LC peak region for tetrandrine and

.S., each in duplicate.
Precision was calculated as the relative standard deviation

R.S.D.), and accuracy was assessed as the percentage bias from
he nominal concentration (% bias). QC samples (at three differ-
nt plasma concentrations of tetrandrine) in five replicates were
nalyzed on the same day to determine the intra-day precision and

ccuracy, and were analyzed on each of three separate days to deter-
ine inter-day precision and accuracy. The acceptable intra- and

nter-day precision and % bias were set at ≤15%. The absolute recov-
ry of plasma sample was determined by comparing the analytical
esults of extracted plasma samples at three QC concentrations (10,
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00 and 1000 ng/mL) with pure standards without extraction at the
ame concentration.

The sample solution stability testing was determined in the
ollowing four ways: (1) For long-term storage stability, the QC sam-
les were prepared and stored at −20 ◦C for 4 months. (2) For freeze
nd thaw stability testing, the QC samples were determined after
hree freeze (−20 ◦C) and thaw cycles. (3) For the short-term storage
tability, QC samples were extracted and placed in the autosam-
ler at 4 ◦C for a period of 24 h, and then injected for analysis.
4) The stability of tetradrine plasma sample at room tempera-
ure was also determined by placing the spiked plasma samples
t room temperature for 24 h, the samples were then extracted
nd injected for analysis. All samples were analyzed together with
alibration samples that were freshly prepared. The measured con-
entrations were then compared to those of the same QC samples
hat had been analyzed immediately after processing. The percent
eviation in concentration was used as an indicator of stability.
he analyte was considered stable when the percent deviation was
ithin 15%.

The matrix effect was evaluated by assessing the ‘absolute’
atrix effect, i.e. the potential ion suppression/enhancement due to

he matrix components in plasma. Blank rat plasma was extracted
y liquid–liquid extraction mentioned above and then spiked with
etrandrine (at three QC concentrations) or I.S., separately. The cor-
esponding areas were then compared to those of the standard
olutions at equivalent concentrations. The result of matrix effect
as calculated as 100 × (Ast − Aextr)/Ast, where Aextr is the peak

rea of tetrandrine or I.S. from the post-extraction spiked sample
extracted blank plasma sample spiking with tetrandrine or I.S.),
hile Ast is the peak area of tetrandrine and I.S. from direct injection

f the standard solution.

.6. Pharmacokinetic study

The assay method was applied to a clinical pharmacokinetic
tudy in SD rats. SD rats (Certificate No. SCXK 2005-0001), male
nd female, weighting 190–230 g were purchased from Institute of
adiation Medicine, Chinese Academy of Medical Sciences, Tian-

in, China. After an overnight fast (12 h) with access tap water,
he rats were orally given a single dose of tetrandrine solution
50 mg/kg) formulated in 1% CMC-Na (sodium carboxymethylcel-
ulose) solution (m/v). The rats were further fasted for 2 h after i.g.
dministration with free access to water. About 0.5 mL of blood
amples were collected from epicanthic vein into heparinized tubes
efore (0 h) and at 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, 24, 48 and 72 h
fter dosing. The blood samples were centrifuged at 12,000 rpm
or 10 min at room temperature, then the separated plasma was
tored at −20 ◦C and analyzed within 2 months. Main pharmacoki-
etic parameters were determined for each rat by DAS (Drug and
tatistics) software (edited by Chinese Mathematical Pharmacology
ociety).

. Results and discussion

.1. LC/MS/MS method

The full-scan positive ion turboionspray product ion mass spec-
ra showed that the precursor ions of tetrandrine and I.S. were the
rotonated molecules, [M + H]+, of m/z 623.0 and m/z 339.0, respec-

ively. After collision-induced dissociation, the most abundant ion
n the product ion mass spectrum was at m/z 623.0 → m/z 381.0
or tetrandrine at a collision energy of 44.0 eV, and m/z 339.0 → m/z
81.0 for I.S. at a collision energy of 35.0 eV for the identification and
uantification in SRM mode. Fig. 2 showed the full-scan product

fi
u
L
(
a

Fig. 2. Product ion mass spectra of tetrandrine (A) and I.S. (B).

on MS/MS spectra of tetrandrine and I.S. The most suitable colli-
ion energy was determined by observing the response obtained vs
electivity response for the fragment ion for the analyte. The best
ollision energies set were 44.0 eV for tetrandrine and 35.0 eV for
.S. obtaining fragments m/z 381.0 and m/z 281.0 from each proto-
ated compound.

The mobile phase was composed of acetonitrile–
ethanol–ammonium formate aqueous solution (20 mM) con-

aining 0.3% formic acid (20:30:50, v/v/v), the addition of formic
cid was to get better peak shape and to increase sensitivity. In
he previous reports [8,22,23], ethyl acetate, dichloromethane
nd chloroform were used for the liquid–liquid extraction of
etrandrine from plasma sample, and usually the plasma sam-
les were extracted twice to get higher recovery. In the present
tudy, we found that compared with the above reagents, the
ombination of n-hexane and dichloromethane could not only
ncrease recovery, but also reduce matrix effect, thus n-hexane-
ichloromethane (65:35, containing 1% 2-propanol isopropyl
lcohol, v/v) was chosen as extraction reagent. Since tetrandrine is
bisbenzylisoquinoline alkaloid, making the matrix being alkaline
efore extraction is an important way to get higher sensitivity.
hus 1M NaOH was added to plasma sample before extraction,
s a result the sensitivity of tetrandrine has been improved
ignificantly.

.2. Method validation

.2.1. Linearity and LLOQ
Linearity for determining tetrandrine in rat plasma are summa-

ized in Table 1. The calibration curves (n = 3) showed good linearity
ver the concentration range of 5–2000 ng/mL (r2 > 0.99). The best-
t line of the calibration curves for tetrandrine was obtained by

sing a weighing factor of 1/x2. Using the present method, the
LOQ was established at a concentration of 5 ng/mL for tetrandrine
R.S.D. < 20%), which is sufficient to support its pharmacokinetic
nd toxicokinetic studies.
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Fig. 3. Typical SRM chromatograms of: (A) blank rat plasma, (B) plasma spiked with
t
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etrandrine (LLOQ, 5 ng/mL) and I.S. (100 ng/mL), and (C) rat plasma obtained 15 min
fter a single oral administration of 50 mg/kg tetrandrine spiked with I.S.

.2.2. Specificity and sensitivity
Typical chromatograms of blank plasma, spiked plasma as well

s plasma sample in clinical study are presented in Fig. 3, showing
he retention times of 4.79 and 6.90 min for tetrandrine and the
.S., respectively. As shown in the figure, no endogenous peaks were
bserved in the chromatogram of blank plasma.

.2.3. Recovery
The liquid–liquid extraction method used in this study yielded

mean absolute recovery of 81.4 ± 1.1% for tetrandrine at the three
oncentration levels. The extraction recovery was found to be con-
istent over its calibration range, suggesting that the extraction
fficiency of the current method is independent of the concentra-
ions in the ranges studied. The absolute recovery of I.S. was 77.7%
t the concentration used in this study (100 ng/mL) and was found
o be steady throughout the study.
.2.4. Accuracy and precision
The intra- and inter-day precision and accuracy at low, medium

nd high concentration levels of tetrandrine in plasma are sum-
arized in Table 2. The precision, presented as R.S.D., ranged from
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Table 2
Accuracy and precision for determining tetrandrine in rat plasma

Nominal concentration (ng/mL) Intra-day Inter-day

Concentration found
(mean ± S.D.) (ng/mL)

Precisiona (%) Accuracyb (%) Concentration found
(mean ± S.D.) (ng/mL)

Precisiona (%) Accuracyb (%)

5 5.2 ± 0.3 5.5 3.7 5.1 ± 0.2 4.5 2.7
10 11.0 ± 0.6 5.1 10.3 10.5 ± 1.0 9.4 5.3

100 92.4 ± 1.9 2.0 −7.6 94.0 ± 7.2 7.6 −6.0
1 3.0 1005.3 ± 84.0 8.4 0.5

nominal concentration/nominal concentration) × 100.

2
r
t
t
a
a

3

T
p
−
N
t
a
t
r
a
−

3

d
m
c
t

3

f
a
o
S
t

Fig. 4. Mean (±S.D.) plasma concentration–time profiles of tetrandrine after single
oral administration of 50 mg/kg to six SD rats.

w
(
i
r
f
p
l

T
S

S

T

A

A

A

000 1029.8 ± 94.6 9.2

a Expressed as R.S.D.%: (S.D./mean) × 100.
b Calculated as (% bias): (the difference between mean concentration found with

.0 to 9.2% and 4.5 to 9.4% for intra- and inter-day determinations,
espectively. The accuracy, presented as percentage bias against
he nominal concentration, ranged from −7.6 to 10.3% and −6.0
o 5.3% for intra- and inter-day determinations, respectively. The
bove result showed that the present method has a satisfactory
ccuracy, precision and reproducibility.

.2.5. Stability
Results of the stability tests for tetrandrine are summarized in

able 3. Tetrandrine was found to be stable in the plasma sam-
les through three freeze–thaw cycles, and after being stored at
20 ◦C for 4 months or being stored at room temperature for 24 h.
o significant degradation was observed in tetrandrine concen-

rations when extracted plasma samples were kept at 4 ◦C in the
utosampler for up to 24 h. The percentage deviations were found
o range from −8.7 to 2.6%, −6.8 to 8.2%, −1.2 to 11.3%, −7.2 to 8.1%,
espectively after three freeze–thaw cycles, stored at 4 ◦C in the
utosampler and at room temperature for 24 h, as well as stored at
20 ◦C for 4 months.

.2.6. Matrix effect
For tetrandrine at three QC concentrations in rat plasma, the

egree of ion suppression ranged from −9.7% to 2.2%, suggesting a
inimal matrix effect on the ionization of tetrandrine under these

onditions. The matrix effect was consistent in all plasma samples
ested.

.3. Pharmacokinetic study

The LC/MS/MS method developed in this study yielded satis-

actory results for the determination of tetrandrine in rat plasma
nd has been successfully applied to the pharmacokinetic study
f tetrandrine after a single oral administration (50 mg/kg) to six
D rats. The profiles of the plasma tetrandrine concentration vs
ime are shown in Fig. 4. Plasma concentrations of tetrandrine were

w
6
a
b
[

able 3
tability of tetrandrine in rat plasma under different storage conditions

torage condition Concentration added (ng/mL)

hree freeze–thaw cycles 10
100

1000

t 4 ◦C in the autosampler, 24 h 10
100

1000

t room temperature, 24 h 10
100

1000

t −20 ◦C, 4 months 10
100

1000

a Percent deviation (%) = (the difference between mean concentration found with conce
ithin the calibration curve range and remained above the LLOQ
5 ng/mL) for the entire study. There was no statistical difference
n plasma concentrations of tetrandrine between male and female
ats at the same time points, proving that there was no sexual dif-
erence in pharmacokinetics of tetrandrine in SD rats. The main
harmacokinetic parameters were presented in mean ± S.D. as fol-

ows: AUC(0–72) (�g h/L) was 6279.2 ±2411.5, (AUC(0→∞)) (�g h/L)
as 7002.7 ± 2528.0, Cmax (�m/L) was 237.1 ± 95.9, Tmax (h) was
.0 ± 1.8, T1/2 (h) was 20.6 ± 3.7, Ke (1/h) was 0.034 ± 0.006. The
pplication to pharmacokinetic study showed that the established

ioanalytical method was suitable for pharmacokinetic study
24].

Concentration found (mean ± S.D., ng/mL) Percent deviationa (100%)

10.3 ± 0.8 2.6
91.3 ± 5.8 −8.7

964.6 ± 64.1 −3.5

10.8 ± 0.3 8.2
93.2 ± 4.1 −6.8

953.2 ± 92.2 −4.7

10.3 ± 0.4 2.8
98.8 ± 4.4 −1.2

1113.0 ± 32.1 11.3

10.2 ± 0.2 2.2
92.8 ± 1.3 −7.2

1081.1 ± 48.8 8.1

ntration added/concentration added) × 100; n = 5.
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In this study, LC/MS/MS method has been developed for the
uantitative determination of tetrandrine in biological matrix for
he first time. A liquid–liquid extraction procedure was used to
xtract tetrandrine and I.S. from rat plasma, followed by chromatog-
aphy with tandem mass spectrometry detection. The method
ielded good sensitivity, precision and accuracy, as well as recovery
or tetrandrine. Compared to the other clinically validated analyt-
cal methods for tetrandrine reported in previous literature, the
resent LC/MS/MS method is much simpler and faster, with higher
ensitivity and efficiency, which facilitates its application in further
harmacokinetic and toxicokinetic studies of tetrandrine.
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