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bstract

Bestatin is a low molecular weight aminopeptidase inhibitor originally isolated from culture filtrates of Streptomyces olivoreticuli. We have
eveloped a sensitive, specific liquid chromatography–tandem mass spectrometry (LC–MS/MS) for the quantitative determination of bestatin in
at plasma using granisetron as the internal standard. The analyte and internal standard were isolated from 50 �L plasma samples by solid phase
xtraction (SPE). Reverse-phase HPLC separation was accomplished on a Lichrospher C18 column (4.6 mm × 50 mm, 5 �m) with a mobile phase
omposed of methanol–water–formic acid (70:30:0.5, v/v/v) at a flow rate of 0.8 mL/min. The method had a chromatographic total run time of
min. A Varian 1200L electrospray tandem mass spectrometer equipped with an electrospray ionization source was operated in selected reaction
onitoring (SRM) mode with the precursor-to-product ion transitions m/z 309.2 → 120.0 (bestatin) and 313.4 → 138.0 (granisetron) used for
uantitation. The method was sensitive with a lower limit of quantitation (LLOQ) of 5 ng/mL, with good linearity (r2 ≥ 0.999) over the linear range
f 5–2000 ng/mL. All the validation data, such as accuracy, precision, and inter-day repeatability, were within the required limits. The method was
uccessfully applied to pharmacokinetic study of bestatin in rats.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Bestatin (2S, 3R)-3-amino-2-hydroxy-4-phenylbutanoyl-S-
eucine, is an aminopeptidase B and leucine aminopeptidase
nhibitor originally isolated from culture filtrates of Strep-
omyces olivoreticuli [1]. This microbial product has shown

arious beneficial immunological activity, including enhance-
ent of immunological responses that have been weakened in

he presence of cancer [2–4], enhancement T-cell as well as
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acrophage mediated immunoreactions [5], promotion of the
ost’s antitumor activity [6,7], and resistance to infection [8,9].
t can also enhance the G- and GM-CSF-induced colony forma-
ion to modulate the proliferation and differentiation of human
one marrow cells [10,11]. Because of these significant ther-
peutic activities, bestatin has been studied as a therapeutic
rug for cancer, resistant infection, muscular dystrophy [12],
yelodysplastic syndrome and chronic leukemia [13].
To meet the demands for the pharmacokinetic study of

estatin, a rapid, selective and robust analytical method is
ighly desirable. Previous investigation of bestatin in biological
amples including HPLC [14–16], gas chromatographic–mass

pectrometry [17], however, these methods do not meet modern
rug development needs with respect to an efficient extraction
rocedure, shorter run time and sensitivity, as they require
rior derivatization and laborious extraction procedure. Liquid
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hromatography–tandem mass spectrometry (LC–MS/MS)
as emerged as a sensitive and selective analytical method
n drug analysis. We herein describe a simple, sensitive and
igh throughput method based on solid phase extraction (SPE)
nd LC–MS/MS for routine measurement of bestatin using
ranisetron as the IS in rat plasma in support of pharmacokinetic
tudy. To the best of our knowledge, studies on LC–MS/MS in
he analysis of bestatin in biological sample have not yet been
eported.

. Experimental

.1. Chemicals and reagents

Bestatin and granisetron hydrochloride (IS) were obtained
rom National institute for the control of pharmaceutical and
iological products (Beijing, PR China). The purities of bestatin
nd granisetron hydrochloride were >99.5%. Formic acid (chro-
atographic grade) was purchased from Tedia (Fairfield, USA).
ethanol (chromatographic grade) was purchased from Merck

Darmstadt, German). Deionized (18 M�/cm) water was gener-
ted in-house using a Milli-Q System from Millipore (Bedford,
A, USA).

.2. LC–MS/MS Instrumentation

A Varian HPLC–MS/MS system (Palo Alto, CA, USA) con-
isted of a ProStar 410 autosampler, two ProStar 210 pumps,
nd a 1200L triple quadrupole mass spectrometer equipped
ith an electrospray ionization source. Varian MS worksta-

ion version 6.3 software was used for data acquisition and
rocessing.

.3. Liquid chromatographic conditions

The chromatographic separation was performed on a Lichro-
pher C18 column (4.6 mm × 50 mm ID, 5 �m particle size,
anbon Science & Technology Co. Ltd., Jiangsu, PR China)

hermostated at 30 ◦C with the mobile phase composed of
ethanol–water–formic acid (70:30:0.5, v/v/v) at a flow rate of

.8 mL/min. Before use, the mobile phase was filtered through a

.45 �m nylon membrane filter. The injection volume was 10 �L
nd the analysis time was 3 min per sample.

.4. Mass spectrometer conditions

The HPLC eluant was split 1:4 to flow 160 �L into the mass
pectrometer. The ESI–MS spectrometer was operated in the
ositive ion mode. The electrospray capillary voltage was set
t 35 V. Nitrogen was used as a drying gas for solvent evapora-
ion. The API housing and drying gas temperatures were kept at
0 ◦C and 380 ◦C. Protonated analyte molecules were subjected
o collision induced dissociation using argon as the collision gas

o yield product ions for each analyte. The collision energy was
4 eV for bestatin and 16 eV for the IS. The scan time was 1 s
nd the detector multiplier voltage was set to 1330 V. Selected
eaction monitoring (SRM) of the precursor-product ion transi-
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ig. 1. Chemical structures and product ion spectra of [M + H]+ of bestatin (A)
nd granisetron (B).

ions m/z 309.2 → 120.0 for analyte and 313.4 → 138.0 for IS
as used for quantitation. Product ion mass spectra for analyte

nd IS are shown in Fig. 1.

.5. Preparation of standard and quality control (QC)
amples

Primary stock solutions of bestatin were prepared by
issolving the accurately weighed bestatin in methanol to yield
final concentration of 1 mg/mL. The solutions were sonicated

or 5 min to ensure complete dissolution. Following sonication,
he solutions were allowed to equilibrate to room temperature
fter which they were diluted. Working standards of bestatin
ere prepared from individual aliquots of 1 mg/mL stock

olution at 0.05–20 �g/mL using H2O: methanol (55:45, v/v) as
he diluent. The stock standard solution of IS was prepared by
issolving appropriate amounts of granisetron hydrochloride
n methanol to give a final base concentration of 1 mg/mL. A
�g/mL internal standard working solution was obtained by
iluting the stock solution of granisetron with H2O: methanol
55:45, v/v). All the solutions were stored at 4 ◦C and brought
o room temperature before use. Plasma standards (5, 10, 20,

0, 100, 200, 500, 1000, 2000 ng/mL) were prepared daily
y spiking 5 �L of each working standard (0.05, 0.1, 0.2,
.5, 1, 2, 5, 10, 20 �g/mL) into 50 �L of rat plasma. These
tandards were used to construct calibration curves for the
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uantitation of bestatin at plasma concentrations ranging from 5
o 2000 ng/mL. QC stock solutions (0.3 mg/mL) were prepared
eparately by dissolving the accurately weighed bestatin. QC
amples of 15, 150 and 1500 ng/ml were prepared by spiking
50 �L of diluted QC stock solutions (0.3, 3, 30 �g/mL)
nto 4750 �L of rat plasma, and were aliquoted into 200 �L
on-sterile eppendorf tubes and stored at −20 ◦C until analysis.

.6. Extraction procedure

The samples of rat plasma were taken out from −20 ◦C
reezer and kept at room temperature for thawing. The sam-
les were vortexed adequately before pipetting. Fifty microliter
f plasma was transferred into eppendorff micro-tube to which
�L of IS working solution (4 �g/mL) was added and vor-

exed to mix. These samples were loaded on Supelco LC-18
artridge previously conditioned with 2 ml methanol followed
y 1 ml water. The SPE cartridge was washed with 1 ml of
ethanol: water (5: 95, v/v) and eluted with 1 ml of formic acid:
ethanol (2: 98, v/v). Extracts were concentrated to dryness

t 40 ◦C under a gentle stream of nitrogen and reconstituted
ith 100 �L of H2O: methanol (55:45, v/v). A 10 �L aliquot
f the solution was injected into the LC–MS/MS system for
nalysis.

.7. Pharmacokinetic study in rats

Six Sprague–Dawley rats (both sexes) weighing 228 ± 8 g
ere received an oral administration of bestatin at 2.5 mg/kg
issolved in 0.5% carboxy methyl cellulose after an overnight
ast. Animal had access to water and food 4 h after drug adminis-
ration. Through the catheters which had been implanted into the
ight external jugular vein of adult rats 1 day prior to the exper-
ments, blood samples (0.5 mL) were collected into heparinized
ubes before administration and at different time points (0.17,
.33, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 12 and 24 h) after admin-
stration, and physiologic saline (0.5 mL) was administrated to
ompensate for the blood loss after every blood sample. The
lasma was separated from heparinized blood by centrifugation
nd stored at −20 ◦C prior to analysis.

. Results and discussion

.1. Method development

.1.1. Selection of internal standard
It is necessary to use an IS to get high accuracy when a mass

pectrometer is equipped with HPLC as the detector. Granisetron
as adopted in the end because of its similarity of retention

ction, ionization and extraction efficiency as well as its less
ndogenous interference at m/z 313.4.

.1.2. Sample pre-treatment

Due to the complex nature of plasma, a sample pre-treatment

s often needed to remove protein and potential interferences
rior to LC–MS/MS analysis. Liquid–liquid extraction with
thyl acetate and protein precipitation with acetonitrile were
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valuated as sample pre-treament techniques in our earlier study.
owever, these techniques resulted in strong interferences from

he sample matrix and low recoveries of both analyte and IS.
olid phase extraction has been demonstrated as an effective
ample pre-treatment procedure to remove protein and potential
nterfering endogenous components in plasma and by chang-
ng sobent materials and solvent composition can optimize its
electivity. Therefore, SPE was selected as sample pre-treatment
echnique.

Different types of SPE columns were evaluated for the extrac-
ion, on which the recoveries of bestatin and IS were carefully
ompared. Finally, Supelco LC-18 columns were chosen for
he sample pre-treatment. Different conditioning, washing and
lution solvents were tested for the further optimization of the
rocedure. The recovery of IS was low (<20%) when methanol
as used as elution solvent, and an addition of 2% formic

cid to methanol showed a beneficial effect for the recovery
f IS (69.6%), as the acid modifier can reduce the retention of
ranisetron, a weak organic base, in the SPE columns, while the
ecovery of bestatin is similar.

.1.3. LC–MS/MS optimization
Parameters of MSD were tuned according to the MS signal

esponse of the target compound and the results indicated that
he positive mode was much more sensitive than the negative

ode. In the positive ESI mode, the analyte and IS formed pre-
ominately protonated molecular ions [M + H]+ (m/z 309.2 and
/z 313.4) in full scan mass spectra. In the product ion spectra,

everal fragment ions were obtained, but the ion at m/z 120.0
nd 138.0 were chosen because they displayed much greater
ntensity than the others in the acquisition of bestatin and IS,
espectively.

The chromatographic conditions, especially the composition
f mobile phase, were optimized through several trials to achieve
ood resolution and symmetric peak shapes for the analyte and
he IS, as well as a short run time. Modifiers, such as ammonium
cetate and formic acid alone or with combination in differ-
nt concentrations were added. It was found that a mixture of
ethanol–water–formic acid (70:30:0.5, v/v/v) could achieve

his purpose and was finally adopted as the mobile phase. The
ercentage of formic acid was optimized to maintain this peak
hape while being consistent with good ionization and fragmen-
ation in mass spectrometer. After careful comparison of many
olumns, a Lichrospher C18 column (4.6 mm × 50 mm, 5 �m)
as finally used with a flow rate of 0.8 mL/min to produce good
eak shapes and permit a run time of 3 min.

.2. Method validation

.2.1. Selectivity
The selectivity of the method was tested by comparing the

hromatograms of blank plasma and the spiked plasma. Under
he above conditions the retention time of bestatin and IS was 1.2

nd 1.3 min, respectively. All plasma lots were found to be free of
nterferences with the compounds of interest. A representative
hromatogram of a control plasma double blank is shown in
ig. 2A.
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Fig. 2. Representative chromatograms: (A) control plasma double blank; (B) blank plasma spiked with 2000 ng/mL of bestatin; (C) blank plasma spiked with
400 ng/mL of IS; (D) 5 ng/mL plasma standard; (E) plasma sample collected 24 h after an oral administration of bestatin. The measured concentration of bestatin in
this sample was 9.4 ng.
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Fig. 2. (

In addition, the HPLC–MS/MS system was evaluated for the
resence of “cross-talk” between the channels used for moni-
oring bestatin and IS. Fig. 2B and C clearly show the absence
f any MS/MS response from the analyte into internal standard
hannel and vice versa.

The matrix effects are generally due to the influence of coelut-
ng compounds on the actual analyte ionization process [18].
he effects of the plasma matrix on ionization efficiency were
xpressed as the ratio of the mean peak area of analytes spiked
fter extraction from five different lots of plasma (i.e. lots orig-
nating from five rats, respectively) to that of the neat standards
t different concentrations. A mean ionization suppression of
5.8% (CV = 2.9%), 29.3% (CV = 2.2%), 26.7% (CV = 2.8%),
8.1% (CV = 1.7%) for bestatin (5, 15, 150, 1500 ng/mL) and
1.1% (CV = 1.9%) for granisetron (400 ng/mL) were observed.

he low CVs of these experiments indicated the lack of a relative
atrix effects. The result for granisetron is not in accordance
ith the literature. Under almost the same mass spectrome-

er conditions, using the same type of liquid chromatographic

3

d

nued ).

olumn, except for the different sample pretreatment, a mean
onization enhancement of 27% for granisetron was observed
19,20]. To account for this phenomenon, three different extrac-
ion procedures were used to evaluate the relations between
he sample pretreatment procedures and matrix effects: an ethyl
cetate liquid–liquid extraction, an acetonitrile protein precipita-
ion and a solid phase extraction. The result is shown in Table 1.
t is important to state that sample pretreatment is responsible
or matrix effect in this assay, which has been reported by D.L.
uhrman et al. in the determination of SR 27417 by LC–MS/MS

21]. The solid phase extraction, which contained the fewest
oeluting components, gives the most acceptable result. The sim-
lar ionization suppression during ionization in the electrospray
ource did not affect the ratios of peak area of bestatin and IS
hat were used for constructing the standard curve.
.2.2. Sensitivity and linearity
The lower limit of quantitation (LLOQ) of the assay,

efined as the lowest concentration on the standard curve
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Table 1
Matrix effecta for bestatin and IS (n = 5)

Nominal
concentration (ng/mL)

Extraction procedure

SPE (%) PPb (%) LLEc (%)

5 74.2 34.4 268.8
15 70.7 33.8 155.7
150 73.3 37.5 108.2
1500 71.9 35.2 103.1
400 (IS) 78.9 36.5 129.1

a Matrix effect is expressed as the ratio of the mean peak of the analytes
spiked into plasma post-extraction to the mean peak of the neat standards
(areapost-extraction/areaneat × 100%).
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Table 3
Extraction recovery (n = 5)

Nominal
concentration
(ng/mL)

Peak areaa

(A)
Peak areab

(B)
Extraction
recoveryc (%)
(A/B)

15 1.71 × 106 2.26 × 106 75.7
150 18.41 × 106 23.70 × 106 77.7
1500 174.45 × 106 230.87 × 106 75.6
400 (IS) 40.22 × 106 57.80 × 106 69.6

a Standards spiked before extraction.
b Standards spiked after extraction.
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for over 24 h. The freezer storage stability of bestatin in rat
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1

b Protein precipitation with acetonitrile.
c Liquid–liquid extraction with ethyl acetate.

hat can be quantitated with accuracy within 15% of nomi-
al and precision not exceeding 15% CV, was 5 ng/mL. The
eproducibility of LLOQ was determined by examining five
LOQ samples independent from the standard curve, and the
ccuracy and precision was −7.5% and 10.9%, respectively.

typical chromatogram of an LLOQ sample is shown in
ig. 2D.

Calibration curves were constructed by plotting the peak area
atios (bestatin/IS) of plasma standards versus nominal con-
entration. The calibration model was selected based on the
nalysis of the data by linear regression with/without intercepts
nd weighing factors (1/x, 1/x2 and none). The best linear fit and
east-squares residuals for the calibration curve were achieved
ith a 1/x weighing factor, giving a mean linear regression

quation for the calibration curve of: y = 0.002315x + 0.0120,
2 = 0.9997, where y represents the peak area ratios of bestatin to
hat of IS, and x represents the plasma concentration of bestatin
n ng/mL. Calibration curves of five different lots of plasma
ere linear in the range of 5–2000 ng/mL with r2 ≥ 0.999. The
ifference between the nominal standard concentration and the
ack-calculated concentration from the weighed linear regres-
ion line was varied from −5.8% to 5.0% for each point on the
tandard curve (CV varied from 1.5% to 9.3%).

.2.3. Accuracy and precision
The method showed good accuracy and precision. Table 2

hows a summary of intra- and inter-day accuracy and precision

or bestatin from the QC samples, respectively. In this assay, the
ntra-day precision was less than 5.4%, the inter-day precision
as less than 7.1%. The accuracy was from −2.5% to 7.6%.

p
b
a

able 2
ummary of precision and accuracy from QC samples of bestatin in rat plasma (n = 5

ominal concentration
ng/mL)

Intra-day

Measured concentration
(ng/mL) (mean ± SD)

CV (%)

15 15.6 ± 0.9 5.4
150 152.6 ± 4.0 2.6
500 1462.5 ± 97.5 1.6

a RE is expressed as [(mean measured concentration)/(nominal concentration) − 1]
c Extraction recovery (%) expressed as the ratio of the mean peak area of
he analytes spiked into plasma pre-extraction (A) to the mean peak area of the
nalytes spiked into plasma post-extraction (B).

.2.4. Extraction recovery
To investigate extraction recovery, a set of samples (n = 5 at

ach concentration in unique lots of plasma) was prepared by
piking bestatin into plasma at 15, 150, and 1500 ng/mL. Each
f the samples was also spiked with IS at the working concen-
ration of 400 ng/mL. The samples were subsequently processed
sing the procedure described previously. A second set of plasma
amples was processed and spiked post-extraction with the same
oncentrations of bestatin and IS as the pre-extraction spiked
amples. Extraction recovery for each analyte was determined by
alculating the ratios of the raw peak areas of the pre-extraction
piked samples to that of the samples spiked after extraction.
he results are indicated in Table 3. Mean extraction recoveries
f bestatin at concentrations 15, 150, 1500 ng/mL were 75.7%,
7.7% and 75.6%, respectively, and the extraction recovery of
he IS was 69.6%, as shown in Table 3.

.2.5. Stability
Bench-top stability was investigated to ensure that bestatin

as not degraded in plasma samples at room temperature
or a time period to cover the sample preparation, and was
ssessed by exposing the QC samples to ambient laboratory
onditions for 10 h. Freeze-thaw stability was assessed over
hree cycles. QC samples were thawed at room temperature
nd refrozen at −20 ◦C over three cycles and assayed. Due
o the need for occasional delayed injection or reinjection
f extraction samples, the stability of reconstituted samples
n autosampler vials was assessed at ambient temperature
lasma at −20 ◦C was evaluated by assaying QC samples at
eginning and 2 weeks later. All stability QC samples were
nalyzed in five replicates. The result indicated that bestatin

)

Inter-day

REa (%) Measured concentration
(ng/mL) (mean ± SD)

CV (%) REa (%)

3.8 16.2 ± 1.1 7.1 7.6
1.7 147.8 ± 3.4 2.3 −1.5

−2.5 1488.5 ± 23.1 1.6 −0.8

× 100.
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Table 4
Stability of bestatin in rat plasma (n = 5)

Sample condition Nominal
concentration
(ng/mL)

Measured
concentration
(ng/mL) (mean ± SD)

CV
(%)

REa

(%)

Bench top stabilityb

15 14.8 ± 1.0 6.5 −1.0
150 149.8 ± 3.6 2.4 −0.15

1500 1481.3 ± 28.3 1.9 −1.2
Autosampler stabilityc

15 15.3 ± 1.0 6.5 1.7
150 146.8 ± 4.8 3.3 −2.1

1500 1492.4 ± 23.5 1.6 −0.5
Freeze-thaw stabilityd

15 15.5 ± 0.9 5.6 3.4
150 146.6 ± 4.8 3.3 −2.3

1500 1492.8 ± 25.1 1.7 −0.5
2-week storage stabilitye

15 15.6 ± 1.1 7.0 4.2
150 149.7 ± 5.6 3.8 −0.2

1500 1498.4 ± 27.0 1.8 −0.1

a RE is expressed as [(mean measured concentration)/(nominal concentra-
tion) − 1] × 100.

b Exposed at ambient temperature (25 ◦C) for 10 h.
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Table 5
Mean pharmacokinetic parameters after oral administration of bestatin in six
rats (2.5 mg/kg)

Pharmacokinetic parameters Mean ± SD

Tmax 1.3 ± 0.4
t1/2 3.5 ± 0.7
MRT 4.9 ± 0.3
A
A

t
[
o
C
a
e
p

4

s
o
p
(
s
a
m
c
r

R

c Kept at ambient temperature (25 ◦C) for 24 h.
d After three freeze-thaw cycles.
e Stored at −20 ◦C.

ad an acceptable stability under those conditions, as shown in
able 4.

.3. Application of the assay

The method described above was applied to study pharma-
okinetics after oral administration of bestatin at 2.5 mg/kg. A
epresentative chromatogram from a post-dose sample is shown
n Fig. 2E. The mean plasma concentrations-time profiles of
estatin after an oral administration are shown in Fig. 3. The
oncentration-time data were analyzed by non-compartmental
ethod and the pharmacokinetic parameters are shown in
able 5. J. Ishida et al. and M. Koyama et al. reported the bestatin
eached the Cmax at 0.5 h and 1–2 h after drug administration in

ealthy volunteers, respectively [16,17], while in the patients
ith myelodysplastic syndrome, T. Ueda et al. reported the con-

entration of bestatin increased gradually up to 7.1 mg/mL at 5 h
fter an oral administration of 150 mg [15]. F. Abe et al. reported

ig. 3. Mean plasma concentration vs. time after an oral administration of
estatin (2.5 mg/kg).

[
[

[
[

[

[

UC0–�(ng h/mL) 6.2 × 103 ± 2.1 × 103

UC0–∞(ng h/mL) 6.3 × 103 ± 2.1 × 103

he Cmax was achieved 0.25 h after oral administration in mice
14]. To the best of our knowledge, studies on pharmacokinetics
f bestatin in rats have not yet been reported. In our study, the
max of bestatin of 1.4 �g/mL was obtained at 1.3 h after an oral
dministration of bestatin at 2.5 mg/kg in rats. Species differ-
nce may be one of the main reasons of the pharmacokinetic
arameters variation.

. Conclusion

A sensitive and specific liquid chromatography–tandem mass
pectrometric method has been developed for the determination
f bestatin in rat plasma. The adequate selectivity, sensitivity,
recision and accuracy obtained using small sample volume
50 �L) make it suitable for the purpose of the pharmacokinetic
tudy. Because of the relative short chromatographic run timer
nd straightforward sample pre-treatment procedure, make the
ethod easy and fast to perform. The method has been suc-

essfully applied to the pharmacokinetic study of bestatin in
ats.
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