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ABSTRACT

AlM: To develop a specific liquid chromatography-tandem mass spectrometry (LC-MS/MS) method for the phar-
macokinetic study of magnesium lithospermate B (MLB), and study the pharmacokinetics of MLB after iv admin-
istration in beagle dogs. METHODS: Each beagle dog wasiv administered MLB 3, 6, and 12 mg/kg random. The
serum drug concentration was determined by specific liquid chromatography-tandem mass spectrometry (LC-MS/
MS) assays. The pharmacokinetic parameters were calculated by Drug and Statistics version 1.0 program.
RESULTS: The calibration curve for MLB was linear over arange of 16-4096 ug/L with coefficients of correlation
>0.999. Theintra- and inter-day precisions (CV) of analysis were <10 %, and accuracy ranged from 90 % to 113
%. After iv administration of MLB at the doses of 3, 6, and 12 mg/kg, the C, values for MLB were estimated to be
of 24, 47, and 107 mg/L, respectively. The AUC increased with the increasing doses for iv administration, and the
mean AUC,, values were 109.3, 247.9, and 582.4 mg-min-L™, respectively. MLB was distributed and eliminated
quickly from central compartment, the mean T,,, valuesfor MLB & doses of 3, 6, 12 mg/lkg were 2.2, 2.7, and 2.9 min,
and the mean T,,, values were 43, 42, and 42 min, respectively. CONCLUSION: This LC-MS/MS method is
rapid, sensitive, and specific for the pharmacokinetic study of MLB. Thekinetic process of MLB in beagle dogsin
vivo was best fitted to a two-compartment model. For iv administration, the pharmacokinetic parameters of C, and
AUC have good linearity among the doses, and MLB was distributed and eliminated quickly in beagle dogs.

INTRODUCTION stimulating menstrual discharge as well as easing the

The Chinese medicine, danshen, is the dried root
and rhizome of Salvia miltiorrhiza Bge (L abiatae)!”.
Traditionally, danshenisbelieved to be effectivein elimi-
nating blood stasis, relieving pain, promoting blood flow,
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mind¥. Therefore, it iswidely used in many Chinese
medicine preparations and formulae. Recent pharma-
cological studies have indicated that magnesium
lithospermate B (ML B, aso named lithospermic B mag-
nesium salt, or magnesium tanshinoate B) (Fig 1A) iso-
lated from the aqueous extract of danshen is abiologi-
cally active component!?. MLB has been found to have
strong antioxidative and free radical scavenging effect 9,
In addition, MLB has been shown to protect against the
pathological processes of the organ system, such as
renal dysfunction, liver damage, and lung fibrosis®*,
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Fig 1. Chemical structure of MLB (A) and silibinin (B)
(internal standard).

Asaresult, thereis great interest in the therapeutic po-
tentials of MLB.

MLB iseasily oxidative and extremely unstablein
water, and has high affinity to proteins in blood; re-
cently Zhang et al found that ML B had extremely low
systemic bioavailability in rats by using HPLC-ECD
method to detect the plasma*”. However, to our know-
ledge, no publication describing quantitative analysis of
MLB using mass spectrometry has been published until
now. And the pharmacokinetic parameters of iv ad-
ministration are useful and necessary for the clinical
study of MLB. In this paper we present arapid and
specific liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) method to detect serum concentra-
tions of MLB, and describe the pharmacokinetics of
MLB after intravenous administration in beagle dogs.

MATERIALS AND METHODS

Chemicals and reagents MLB and silibinin
(internal standard, 1S) were provided by Department of
Phytochemistry, Shanghai Institute of Materia Medica.
The purity of these compounds was above 99.8 %,
which was verified by the supplier using HPL C methods.
Acetonitrile (HPL C grade) were purchased from Fisher
(Fair Lawn, NJ, USA). Ethyl acetate and acetone (AR
grade) were purchased from Shanghai Chemical Re-
agent Co Ltd (Shanghai, China). All other chemicals
were purchased from commercial sources and used as
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received.

Animal treat Beagle dogs (male and female,
11.3+0.9 kg, Certificate No SCXK C2002.0004) were
purchased from the Animal Center of School of Agri-
culture and Biology, Shanghai Jiaotong University
(Shanghai, China). Six beagle dogs were used in this
experiment for determining serum concentrations of
MLB after iv administration. Each beagle dog wasgiven
a single dose of MLB 3, 6, or 12 mg/kg at random
every 3 d, respectively, and the assay was done in three
period. The dose of MLB 6 mg/kg administered to
beagle dogs was decided according to the dose conver-
sion factors between beagle dog and human. Beagle
dogs were used without fasting before iv administration.
The solutions of MLB were formulated shortly before
administration such that the desired dosages were de-
livered in avolume of 10 mL. The solution of MLB
was diluted with sodium chloride injection (0.9 %).

Blood samples (0.5 mL) were collected into tubes
from the vein of each beagle dog. After iv injection (1
min) in beagle dogs, the sampling was performed at 1,
3, 6, 10, 15, 20, 30, 45, 60, 75, 90, 105, 120, and 150
min. After stored at 4 °C for 2 h, blood was processed
for serum by centrifugation at 3000xg for 10 min. The
serum samples with high concentrations of MLB were
diluted with blank serum. All serum samples were fro-
zen and maintained at -20 °C until analysis.

Extraction procedures The serum sample (100
pL) was mixed with 10 pL of the IS solution (silibinin 4
mg/L) and 15 pL of formic acid-water (1:3, v:v). Then
0.2 mL of acetone-water (70:30, v:v) solution was added
using an Eppendorf repeater pipette, followed by the
addition of 1 mL ethyl acetate to each tube. The tubes
were then vortex-mixed for 1.5 min on a vortexer and
centrifuged at 16 000xg for 2 min. The organic layer
was transferred to a clean test tube and evaporated to
dryness under gentle stream of nitrogen at 30 °C. The
residue was dissolved with 200 pL of water (containing
25 % acetone), vortexed, and then centrifuged at 16 000xg
for 1 min, and a volume of 10 pL of the supernatant
was introduced into the LC-MS/M S system.

LC-MS/MS analysis The LC-MS/MS analysis
was performed using a5- um CAPCELL PAK C18 col-
umn (50 mmx2 mm 1D, SHISEIDO, JAPAN), and a
Phenomenex C,g guard column was used before the
analytical column with a mobile phase consisting of
56 % water (containing a mass fraction of 0.5 % for-
mic acid) and 44 % acetonitrile at a flow-rate 0.25
mL/min for an isocratic elution at room temperature.
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The LC-MS/MS system comprised an HPLC system
(including a vacuum degasser, a quaternary pump and
an autosampler; SHIMADZU, JAPAN) coupled to
Perkin-Elmer SCIEX API-3000 triple-quadruple mass
spectrometer (Foster city, CA, USA) equipped with ESI
source. The LC-MS/MS system was controlled by Ana-
lyst 1.3.1 software. The operating parameters of the
ion source, including the compound-dependent and the
source-dependent ones, were optimized to obtain the
best performance from the mass spectrometry for the
analysisof MLB and silibinin. The sensitivity of detec-
tion in negative ion mode was found to be much higher
than that in positiveion mode. Therefore, instrumental
parameters were selected that maximized generation of
the molecule ([M-H]") of the test compound, and that
also efficiently produced characteristic fragment ions.
The source-dependent parameters of MLB and silibinin
consisted of the flow rates of the nebulizer gas, the
curtain gas, the collision gas, the ionspray voltage, and
the temperature of heated gas, with optimum values of
12, 10, 12 L/min, -3300V, and 300 °C, respectively.
The compound-dependent parameters were also tuned
for the test compound to achieve the highest instru-
ment response. The mass spectrometer was operated
at low mass resolution for both Q1 and Q3 in multiple
reactions monitoring (MRM) mode. The precursor-to
product ion transitionsweremyz 717.2—519.2 for MLB,
and m/z 481.0—300.9 for silibinin.

Preparation of calibration curves The primary
stock solutions of MLB and silibinin (1.000 g/L) were
prepared in methanol and serially diluted to working
solution with water. All the stock and working solu-
tions were stored at -20 °C. The working solutions of
MLB were prepared from the stock solutions by dilu-
tion with water to the concentrations of 40.96, 20.48,
10.24, 5.12, 2.56, 1.28, 0.64, 0.32, and 0.16 mg/L.
Blank serum (90 pL) was mixed with 10 pL of the
working solutions, 10 uL of the IS working solutions
(silibinin 4 mg/L), and 15 L of the 25 % formic acid.
The resultant serum concentrations were 4 096, 2 043,
1024, 512, 256, 128, 64, 32, and 16 pg/L. The serum
samples for calibration were extracted with ethyl ac-
etate and prepared under the same conditions as the
test samples. Calibration curves were constructed us-
ing alinear regression of the test compound/IS peak
arearatio (Y) to nominal serum concentrations of the
test compound (X, pg/L) with weighting of reciprocal
concentration (1/X).

Validation procedures Theintra-day and inter-

day accuracy and precision of the method presented
here was investigated by analyzing serum samples of
known amounts at four different concentrations 16, 20,
1600, and 3200 mg/L for MLB. The stability of the
analytes in serum at autosampler temperature (4 °C)
was investigated by assessing QC samples after 0, 2.5,
4, and 8 h. Freeze-thaw cycle's stability was done af -
ter three times of cycles. The assay of dilution was
also doneto test the recoveries and RSD. The recover-
ies of all these samples were 90 %-105 % and the RSD
were less than 10 %.

Pharmacokinetic analysis The pharmacokinetic
parameters were calculated by Drug and Statistics ver-
sion 1.0 (Anhui Provincial Center for Drug Clinical
Evaluation, China) program. We used a two-compart-
ment model and a weighing function of 1/C? for data
fitting and parameter estimation. All datawere expressed
as mean+SD. Statistical analysis was performed using
gatistical program SPSS. To eva uate dose proportionality,
the AUC- and C,-relationships were analyzed by linear
regression. Statistical differences of the pharmacoki-
netic parameters were determined by means of analysis
of variance (ANOVA).

RESULTS

Method validation Under the selected LC-MS
condition, typical retention time for MLB and silibinin
were 1.15 min and 1.45 min with no interferences from
endogenous serum components at the retention time
corresponding to the analytes. The limit of detection
(LOD), defined as the lowest concentration that could
give asignal-to-noiseratio of 3:1, was 1.5 ug/L. The
typical chromatograms of MLB in beagle dog serum
wereillustrated in Fig 2.

Cadlibration curvesexhibited excellent linearity over
arange of 16-4096 pg/L for MLB, the typical regres-
sion equation for MLB was: Y=0.00367X-0.0206
(r=0.9994, X: 16-4 096 ug/L), and the precision and
accuracy values of calibration curves were shown in
Tab 1. Theintra- and inter-assay precision and accu-
racy values of the method, assessed using spiked se-
rum samples at concentration of 16, 20, 1600, and 3200
pg/L for MLB were shown in Tab 2. Theintra-day and
inter-day RSD were similar throughout the range of the
calibration with determined concentration within 10 %
of the theoretical values. The stability of the analytesin
serum at autosampler temperature was great, and the
CVswere determined to be <6.9 % and the recoveries
were 90 %-102 %.
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Fig 2. Chromatograms of MLB and silibinin (internal
standard, 1S) in beagle dog serum. A) Blank serum sample;
B) Serum sample spiked with MLB 256 pug/L and IS; C)
Serum sample 1 h after iv administration of MLB 6 mg/kg
toabeagledog. Peak a, b refer to MLB and IS, respectively.

Tab 1. Accuracy and precision of the calibration curvein
validation method. n=6.
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Tab 2. Accuracy and precision of theLC-MS/M S method to
determine MLB in beagle dog serum.

Concentration/ Intra-day (n=6) Inter-day (n=5)
pg-L? CV/%  Accuracy/% CV/% Accuracy/%
16 19 113.0 85 100.6
20 29 97.6 5.0 95.5
1600 21 924 53 98.0
3200 11 90.3 9.1 96.7
1000000

Concentration/ug- L’

10

) U 1 1
0 1S 30 45 o0

T 1
75 90

105 120 135 150

Time/min

Fig 3. Profiles of mean serum concentration of MLB versus
time after iv administration of MLB to beagle dogs. (¢ 3

Nominal conc Mean
/ugL? back-calculation CV/% Accuracy/%
conc/pg-L*
16 17 04 108.4
32 30 2.2 95.2
64 69 13 108.4
128 124 2.8 97.0
256 246 15 96.1
512 496 5.7 96.8
1024 974 35 95.2
2048 2095 0.6 102.3
4096 4124 3.2 100.7
Slope 0.0367
Intercept -0.0206
R 0.9994

mg/kg; B 6 mg/kg; A 12 mg/kg.)

Tab 3. Pharmacokinetic parametersof MLB after ivadmin-
istration to beagle dogs. n=6. Mean+SD.

Parameter Dose/mg-kg™

3 6 12
Cy/mg-L* 24+4 4712 107+£15
AUC,,/mgminL®  109+24 248+55 582+84
AUC,. /mgminL®  109+24 248+55 583+84
MRT,./min 16.3£3.8 14.8£2.9 14.0£0.8
kio/n* 13.2£2.1 11.6£1.5 11.2£1.3
k12/n* 52+1.6 3.9+2.2 3.1+0.5
k21/n? 1.5+0.5 1.4+0.4 1.4+0.3
VIL kg 1.7£0.5 1.6+0.6 1.3£0.3
Ty, /min 2.240.2 2.7+05  2.9+0.3
Tyz/min 4319 42+7 42+10
CL/mL-min*kg?* 28+5 267 21+3
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Phar macokineticsin beagle dogs The mean se-
rum concentration-time profiles of MLB after iv ad-
ministration were shown in Fig 3. Serum concentra-
tion versus time data was analyzed and the pharmaco-
kinetic parameters of three representative doses were
shown in Tab 3. Model discrimination was assessed
by the analysis of the data, and actually most concen-
tration-time profiles were best fitted to a two-compart-
ment model.

After iv administration of MLB at doses of 3, 6,
and 12 mg/kg, the C, valuesfor MLB were estimated to
be of 24, 47, and 107 mg/L, respectively. The AUC
increased with increasing doses for iv administration,
and the mean AUC,, values were 109, 248, and 582
mg-min-L™, respectively.

Ty, Valuesfor MLB at doses of 3, 6, and 12 mg/kg
were 2.2+0.2 min, 2.7+0.5 min, 2.9£0.3 min, and k,,
for all doses were larger than k,;. So MLB was distrib-
uted quickly at these doses. And MLB at doses of 3, 6,
and 12 mg/kg was eliminated quickly from central
compartment, and the mean T,,; values were 439 min,
42+7 min, and 42+10 min, respectively. The V values
were 1.7£0.5, 1.6+0.6, 1.27+£0.27 L/kg, and CL was
relatively constant from 28+5 to 21+3 mL-min™*kg™.

The analysis of variance of CL, Ty, V, and MRT
showed no difference among the three doses of treat-
ments after iv administration (P>0.05). The linearity
of the kinetics of MLB after iv administration was found
in the regression analysis of the AUC-dose plot, and
these plots indicated good linearity (r>0.94, P<0.01),
and the C,-dose relationship was aso linear (r>0.96,
P<0.01).

DISCUSSION

In this study, a sensitive and specific liquid chro-
matography-tandem mass spectrometry method was
developed for the quantitative determination of MLB in
beagle dog serum. The method has been well validated
and applied to measure serum concentrations of bio-
logical samples of MLB in beagle dogs. We know that
MLB hasits optical isomer from its structure (Fig 1A),
which existed less than 0.5 % in the sample, and both
of them were measured as the concentration of MLB in
the experiment. MLB is easily oxidative and extremely
unstable; it isdifficult to keep the stability in the extrac-
tion procedure and detection process. In the extraction
procedure of serum samples, formic acid and acetone
were used to increase the extraction recoveries and sta-
bility of MLB. And the sample dissolved with acetone-
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water is stable even keeping in the autosampler (4 °C)
for more than 24 h. The RSD and recoveries of all
sampleswere good. Inaword, thisLC-MSMS method
was stable, sensitive, and specific.

It can be seen that the large values of CL (28-21
mL-min-kg™) and V (1.73-1.27 L/kg) after MLB was
intravenously administered to beagle dogs at the dose
of 3, 6, and 12 mg/kg, and Zhang et al reported that
excretion of the unchanged MLB in urine and bile was
extremely low (6 %)1*”. These results suggested MLB
had rapid distribution and metabolism in tissues. The
serum concentrations of MLB at the dose of 3 mg/kg
were extremely low after 2.5 h of iv administration, the
serum concentrations of MLB at 1 min after iv admin-
istration were almost 500 times of that at 150 min. The
low values of T, and Ty, also indicated that MLB had
awide distribution in beagle dogs, which might be due
to their high affinity to tissues and organs.

Moreover, though the linearity between AUC and
doses was good (r=0.947) for iv administration, the
AUC value at the high dose increased more than the
proportional increase from that at the low dose, and the
CL and V values obtained at the high dose were lower
than those at the low dose. These data suggested a
saturated distribution and metabolism might occur at
the high dose. In the next assay, we will explore the
distribution of MLB in tissues and organs.

In conclusion, a method of liquid chromatogra-
phy-tandem mass spectrometry to detect the serum
concentrations of MLB has been developed and vali-
dated in dog serum. The assay was rapid, sensitive,
specific, and reproducible. These studies have shown
the linear pharmacokinetics of C, and AUC of MLB &f-
ter iv administration in beagle dogs.
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