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Abstract

6-Aminobutylphthalide (ABP) is a new drug candidate which is currently being developed for the treatment of cerebral ischemia. The
pharmacokinetics and metabolism of ABP were studied using in situ microdialysis sampling in the brains of awake freely-moving rats.
Two LC-MS/MS methods were used for the quantitative and qualitative analysis of microdialysate. For comparison and confirmation, brain
tissue samples were also analyzed by LC-MS/MS and GC/MS. The results described provide more authentic information in pharmacoki-
netics and metabolism at the site of action by using the coupling of microdialysis to LC-MS/MS technique than the traditional sampling
methods.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the membrane acts as an effective enzyme inhibitor be-
cause it excludes enzymes that could cause degradation

The technique of microdialysis is based on the kinetic of the analyte. Lastly, since proteins can not pass through
dialysis principle that compounds will diffuse down their the membrane, only the free, unbound portion of drug
concentration gradient, over a semipermeable membranejs measured, which is important to pharmacodynamics
into or out of the perfusion medium that flows through the research.
microdialysis probgl]. This method is relatively useful for The main disadvantage of microdialysis sampling is that
monitoring an analyte dynamically because endogenous andhe small volume of the dialysate, normally combined with
exogenous substances can be sampled directly and continutow concentration of analytes, becomes a challenging fac-
ously from the target orgaj2—4]. tor in chemical analysi§6]. Thus, the analytical detection

In contrast to other sampling methods, microdialysis method must be sensitive enough to determine the substance
techniques provide several advantages for in vivo sampling of interest at low concentrations. The liquid chromatogra-
of drugs[5]. No fluid is actually removed, so continu- phy/tandem mass spectrometry (LC-MS/MS) method is an
ous sampling can be performed with minimal perturbation attractive choice because of the high selectivity and the abil-
to the physiological system. Samples are relatively clean ity to conclusively identify the analytes. LC-MS/MS is also
because they are protein-free, which makes it possible capable of handling the analysis of the small sample vol-
to directly inject into an analytical system. In addition, umes with low concentrations of analytes frequently present

in microdialysis sample$7]. The main drawback of the

+ Corresponding author, Tel86-10-63165218; method is that the gletec’qon sensitivity was affected by the
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Acetonitrile and methanol were HPLC grade, all other
chemicals were of analytical reagent grade or better and

NH 0 were obtained from commercial suppliers.
o] L
NH, ¢=o © 2.2. Animals
(0] CH3

Male Wistar rats of 6—7 weeks of age (270-330 g) were
ABP Mi obtained from Institute of Laboratory Animals Sciences,
Chinese Academy of Medical Sciences and Peking Union
Medical College (Beijing, China). Rats were maintained
in a clean room (Animal Center for Pharmaceutical Re-
Additionally, the technique is not equally suitable for all search, Institute of Materia Medica, Chinese Academy of
analytes, because most microdialysis membranes are permemedical Sciences and Peking Union Medical College, Bei-
able to hydrophilic compounds of low molecular weight. An-  jing, China) at a temperature between 20 and@3with a
alytes that are extremely hydrophobic, highly protein bound 12 h light-dark cycle and a relative humidity of 50%. Rats
or with molecular weights beyond the membrane cut-off were housed in metabolic cages under the supply of filtered
limit are not suitable for the microdialysis technique. pathogen-free air with access to food and water ad libitum.
Because of these limitations, although microdialysis has The experimental procedures were performed in accordance
gained wide recognition as an important tool for assessing with the principles of animal care outlined by the Chinese
the pharmacokinetics and metabolism of drugs in a target Academy of Medical Sciences and Peking Union Medical
organ[9-11], a number of technical issues have to be over- College.
come in the development of this novel application of the
microdialysis sampling. 2.3. Surgical and microdialysis procedures
ABP is a new drug candidate under preclinical develop-
ment which is derived from a lead compound isolated from  Rats were anesthetized with an intraperitoneal (i.p.) in-
Apium graveolens L. seeds. The compound has promisingjection of chloral hydrate (10%, 3.5 mlkd) and mounted
protective action against cerebral ischemia. During the de-n a stereotaxic frame (JiangWan-I, Shanghai, China) with a
velopment of a new drug, it is significant to obtain early homemade heating pad maintaining the body temperature at
information on the metabolism of this compound as fast 37°C. An incision was made in the scalp, the skull exposed
as possible. In the present study, in vivo detection of ABP and a small hole drilled. Anterior—posterior (ARB.8 mm,
and its metabolites was performed using in situ microdialy— medial-lateral (ML)+325 mm, measurements were made
sis sampling in the brain of awake freely-moving rats. Two with reference to bregma and the sagittal suture, respec-
LC-MS/MS methods were used for the quantitative and qual- tively, and depth (dorsal-ventral, D\)5.0 mm was mea-
itative analysis of the microdialysate. The time course of the sured from the surface of the cortex. The coordinates were
appearance and disappearance of ABP after oral administrachosen according to the atlas of Pellegino et[28]. A
tion was determined, and the structure of the main metabolitehomemade guide cannula was implanted into the striatum
was identified. For comparative purpose, tissue samples wereand secured permanently in position with three skull screws
analyzed using LC-MS/MS and gas chromatography/massand dental cement. After surgery, penicillin solution was
spectrometry (GC/MS), the structure of the metabolite was applied topically to the wound and the rats were injected
validated. The results showed that ABP can cross the bloodj.p. with saline (5 mlkg?).
brain barrier (BBB) and be detected in rat brain by utiIizing After rats have recovered from surgery, a concentric
in vivo microdialysis and LC-MS/MS methoéig. 1 shows design microdialysis probe @ = 0.2mm, molecular
the structures of ABP anN-acetylated metabolite (M1). cut-off 9kDa, 4 mm dialyzing membrane, BAS, USA) was
slowly implanted via the guide cannula into the striatum
area of the rat. The microdialysis probe was perfused with

Fig. 1. The structures of ABP and tiéacetylated metabolite (M1).

2. Experimental Ringer solution via FEP tubing (BAS, Indiana, USA) con-
nected to a CMA/100 pump, at a flow rate of fudnin—1.
2.1. Chemicals Following a 30min equilibrium period, the rats were

given a p.o. administration of 80 mgk§ ABP and the

ABP and M1 were provided by Professor Guo ZongRu dialysates were collected every 15min for 2.0h, subse-
(Institute of Materia Medica, Chinese Academy of Medi- quently the time intervals were altered to 30 min for another
cal Sciences and Peking Union Medical College, Beijing, 3.5h.
China). The dialysis perfusate used was Ringer solution and When microdialysis sampling is conducted in an awake
consisted of 2.5mM KCI, 1.18 mM MggJ 1.26 mM CaC} animal, its movement must be constrained with a Rodent
and 125 mM NaCJ[12]. All reagents used in the preparation Residence for in vivo Bioanalytical Sampling (BAS, USA)
of buffer solutions were of analytical reagent grade or better. which prevents tangling of the fluid lines.
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In two rats given a p.o. administration of 80 mgRgABP, voltage was 4.5kV and the source temperature was G20
a second p.o. administration of 80 mgkgwas given after The nebulizer and curtain gases (nitrogen) were set to 7
6 h and samples were collected every 60 min for another 4 hand 11 (arbitrary units), respectively. The multiple reaction

to study the metabolism of ABP. monitoring (MRM) mode was performed by monitoring the
transition betweemvz 206 andnvz 150 (collision energy
2.4. Microdialysis probe calibration 30eV, the collision gas was nitrogen).

A reversed-phase 1g column (YMC, 5um, 150 mmx

Microdialysis probe recovery was calibrated by tripli- 3.0mm i.d.) was used. The mobile phase consisted
cate measurements of in vitro recovery and delivery and in of acetonitrile—methanol-water—acetic acid (10:50:40:1,
vivo delivery[14,15] In vitro recovery was determined by  v/v/v/v) at the flow rate of 0.3 mImin'.
placing the microdialysis membrane in a 45.8 nghABP The calibration graph was generated from MRM of in-
solution in Ringer solution and perfusing with Ringer solu- creasing amounts of ABP standard solution. A calibration
tion at 1ulmin~1. Samples of the dialysate were collected curve was constructed by external standard method, the con-
at 30 min intervals and ABP concentrations were analyzed centrations in test samples were then interpolated from this
by LC-MS/MS to give the relative in vitro recovery. In calibration line.
vitro delivery was determined by perfusing 45.8 ngthl The microdialysis samples in the present study were ana-
ABP solution in Ringer solution into a microdialysis probe lyzed without prior sample purification except that samples
whose dialysis membrane is placed in a vial containing from the first 2.0 h were diluted 1:2 with Ringer solution. A
Ringer solution at 37C. Relative in vitro delivery was cal- 20l aliquot of the sample was injected into the LC-MS/MS
culated using the difference in ABP concentration between system.
perfusate and microdialysate. In a similar manner to the
determination of the in vitro delivery, the in vivo delivery 2.6. Analysis of metabolites in dialysates by LC-MS/MS
was calculated by perfusing 45.8 ngmhIABP solution in
Ringer solution into a microdialysis probe whose dialysis = The LC-MS/MS system for identifying the metabolite of

membrane was inserted into a rat brain. ABP consisted of an LCQ (Thermo Finnigan) ion trap mass
The probe relative recoverg, and deliveryD, are defined spectrometer (San Jose, CA, USA) equipped with an elec-
by the following equations: trospray ionization (ESI) source, a Surveyor HPLC system
cd and a Surveyor autosampler (ThermoQuest). Experiments
R= (—) x 100 Q) were performed in positive ion mode. The capillary temper-
Cs ature was set at 30@ and the spray voltage at 4.25kV. The
(Cp— Cd) x 100 fluid was nebulized using nitrogen ¢§Nas both the sheath
D= T () gas and the auxiliary gas.

The HPLC conditions were the same as described above.
where Cd is the concentration in the dialysate, Cs is the

concentration of the sample and Cp is the concentration in2.7. Analysis of metabolites in tissues by LC-MS/MS and
the perfusate. The relative in vitro recovery, in vitro delivery Gc/MS
and in vivo delivery were 25.9, 27.3 and 16.2%, respectively.

The in vivo recovery, therefore, was calculated according to  For comparative purpose, the brain tissue sample was pre-

Eq. (3)to be 15.4%. pared. Briefly, tissue was homogenized in appropriate vol-
R\ R\ umes of saline, the sample was extracted three times with
<—) INVIVO = (-) Invitro 3) 20ml ethyl acetate. The organic layer was collected and

evaporated to dryness under reduced pressure. The residue
The concentration of ABP in rat cerebrospinal fluid (CSF, was reconstituted in 1.0 ml of methanol. The tissue samples
ng miY) was calculated using the in vivo recovery by mul- were analyzed in the same manner as the microdialytes by
tiplying the concentration determined in the microdialysate LC-MS/MS on the LCQ mass spectrometer.
by a factor of 100/15.4. ABP and its main metabolite in brain tissue were
also analyzed by VG MD800 GC/MS system. The sam-
2.5. Determination of ABP in the microdialysis samples by ples were separated on a DB-5MS capillary column
LC-MS/MS (25mx 0.25mmx 0.25um) using a temperature gradient.
Initial column temperature was 12Q for 1 min, raised to
The LC-MS/MS system consisted of an Agilent 1100 se- 180°C at 7°C min—1, held for 3 min, increasing to 25C
ries liquid chromatograph (including a quaternary pump, and at 5°Cmin~—! and a final hold 2 min. The El source tem-
a Rheodyne 8125 manual injector) coupled to an Applied perature was 230C and the impact voltage was 70eV.
Biosystems API3000 triple—quadrupole mass spectrometerldentification runs were made atz 50-500 (full scan ac-
equipped with a Turbo lonSpray interface (Foster City, CA, quisition mode). A Jul aliquot of the brain tissue sample
USA). The positive ion mode was performed, the capillary was injected into the GC/MS system.
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3. Results

3.1. Determination of ABP in microdialysates by
LC-MS/MS

The concentrations of ABP in the brain microdialysates
were determined by LC-MS/MS on the API3000 triple—qua-
drupole mass spectrometer. The protonated moleddle [
+ H]™ at m/z 206 of ABP was chosen as the precursor
ion, the product ion spectrum is shownHig. 2 The most
prominent product ion was found awz 150, which re-
sulted from the loss of §Hg group from the side chain
of the precursor ion atvz 206. The product ion was used
for quantitation of ABP, the MRM mode was performed
by monitoring the transition betweer/z 206 andm/z 150.
Fig. 3 displays the MRM chromatograms of microdialysis
samples, a background spectrum (i.e. biological micro-
dialysate prior to drug administration) is shownHig. 3(a)
and (d)is a spectrum from an in vivo microdialysate. The
chromatographic retention time of ABP was 7.5min, the
limit of detection (LOD) was 2.0ngmft for ABP. The
chromatogram of a curve sample at the LOD is displayed in
Fig. 3(b)

The calibration graph for ABP was generated using a
linear regression of the peak area8 yersus the nominal
concentration of ABPX, ng mi1) with weighting by 1X2.

A typical regression equations was= 31000X + 18600
(r = 0.9990). A good linear response over the range of

J.-p. Qiao et al. / J. Chromatogr. B 805 (2004) 93-99

Table 1
Precision and accuracy for the analysis of ABP in the Ringer solution

Nominal Mean CV% Accuracy (%)
concentration determined
(ngmi1) concentration Intra-day  Inter-day
2.0 21 5.9 5.6 106
20.0 21.6 3.0 4.9 108
200.0 202.1 3.4 1.7 101

Number of runs= 3, with five replicates of each level of QC in each run.

The plot of the concentrations of ABP with time following
the administration (80 mgkd p.o.) to the rats is depicted
in Fig. 4.

3.2. Identification of the metabolite by LC-MS/MS

For structural identification of the main metabolite in rat
brain microdialysates, the LC-MS/MS spectra were obtained
using an LCQ instrument. The peaks observed in the chro-
matograms inFig. 5(a) represent ABP and its metabolite,
respectively. The peak eluting at 6.86 min is the parent drug
(ABP), the MS/MS spectrum oM + H]™ ion atm/z 206 is
shown inFig. 5(b) The peak at retention time 8.09 min in the
total ion chromatogram (TIC) corresponds to a metabolite
with a molecular mass of 247 Da, and the MS/MS spectrum
of the M + H]* ion atm/z 248 is shown irFig. 5(c) The
mass difference of the two peaks is 42 Da, the structure char-
acterization of the metabolite was analyzed by comparing its

2.0-200.0 ng mi! was demonstrated. For the determination product ion spectrum with that of the parent drug and by the
of intra- and inter-assay precision and accuracy, three QCdetailed interpretation of the fragmentation routes. It could
samples were analyzed in replicates of five on three differ- be postulated that the peak is tReacetylated metabolite of
ent days. The summary results of the accuracy and precisiorthe parent drug. A match between the MS/MS spectrum of
are presented ifable 1 The inter- and intra-day precision a synthesized standard compouidy( 5(d) and dialysate
(CV%) was less than 6% and accuracy lay between 101 sample confirms that the postulation is reasonable. In addi-
and 108%. tion, brain tissue samples were also analyzed by LC-MS/MS
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Fig. 2. The MS/MS spectrum oMM + H]* ion at m/z 206 of the parent drug by LC-MS/MS on an API3000 tandem mass spectrometer.
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Fig. 4. The plot of the concentrations of ABP with time in the
brain striatum following the administration (80 mg#gp.o.) to the rats
(meant SD., n =5).

under the same conditions, and identical results were ob-
tained.

3.3. GC/MS analysis of M1 in tissue

For comparison and confirmation, a GC/MS experiment
was performedFig. 6(a)represents a TIC chromatogram of
the brain tissue sampl€&jg. 6(b) and (c)show the EI-MS
spectra of the peaks whose retention times are 13.1 and
15.4 min, respectively. By comparing their EI-MS spectra,
it is found that their molecular weight are 205 and 247 Da,
respectively, and the fragmentation behaviors are similar, so
the peak eluting at 13.1 min is the parent drug and the peak
at retention time 15.4 min corresponds to tik@cetylated
metabolite of ABP, which are proved by comparisons of
their mass spectra with the synthesized reference compounds

(Fig. 6(d).

4, Discussion

Previously, brain concentration-time profiles have been
determined after decapitation of many animals at different
time points after drug administratigf6]. By using micro-
dialysis in combination with LC-MS/MS, we studied the
dynamic concentration-time course and the metabolism of
ABP in rat brain. The samples were obtained repeatedly and
continuously for 5.5h from a single animal with no fluid
loss and without killing the animal. The full time course for
the appearance and disappearance of ABP in the brain could
be acquired from a single animal.

Because the microdialysis sample volumes are quite
small and the concentrations of analytes are often low, sam-
ple preparation procedures are complicated and difficult.
Best results were obtained with direct injection of samples

Fig. 3. The representative MRM chromatograms obtained on an API3000
tandem mass spectrometer: (a) a typical blank microdialysis sample col-
lected just before administration of ABP; (b) a standard curve sample at
the LOD (2.0ngmt?); (c) a sample spiked with ABP (40ngm) in

the Ringer solution; (d) a microdialysis sample from a rat 135 min after

an oral administration of 80 mgkdg ABP.
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a VG MD800 GC/MS system: (a) the total ion chromatogram (TIC); (b)
Fig. 5. The typical LC-MS/MS spectra of a microdialysis sample acquired the EI-MS spectrum of the peak at 13.1min; (c) the EI-MS spectrum
with an LCQ mass spectrometer: (a) the total ion chromatogram (TIC); of the peak at 15.4 min; (d) the EI-MS spectrum of the synthesized M1
(b) the MS/MS spectrum of the peak at 6.86 min, and the inset shows metabolite standard.
the selected ion monitoring chromatogram rofz 206; (c) the MS/MS
spectrum of the peak at 8.08 min, and the inset shows the selected ion
monitoring chromatogram ofivz 248; (d) the MS/MS spectrum of the
synthesized M1 metabolite standard. dialysates quantitatively and identify the metabolite, the sat-
isfied quantitative results were not obtained, and the quan-
titative analysis was finished by using an API3000 mass
into the LC-MS/MS system. However, the microdialysis spectrometer at last. In addition, external calibration graphs
samples contain non-volatile salt which might interfere with [9,17,18]were used for the quantitation of ABP in dialysates,
the analysis. In the present study, the microdialysis sampleswhich is mainly based on two reasons, one is that the sam-
were analyzed directly by LC-MS/MS without prior sample ples in the present study were analyzed without any sample
purification. To exclude interferences from the biological preparation procedures except dilution, the other is that the
matrix, the high-quality analytical data were achieved by API3000 mass spectrometer provided excellent linearity and
selecting the mobile phase and prolonging the retention stability for analysis.
time of ABP to 7.5min. Although in vivo microdialysis is a valuable methodolog-
At the beginning of the study, the LCQ mass spectrom- ical tool for pharmacokinetics and/or pharmacodynamics
eter was applied to determine ABP concentrations in the research, there are so many limitations that the coupling
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of microdialysis to LC-MS/MS is not always straightfor-
ward. ABP and its main metabolite have been successfully
detected in the target organ by this method, which is re-
lated to its special physico-chemical properties and chem-
ical structure, ABP not only can penetrate the BBB, but
also is suitable for microdialysis and mass spectrometry
analysis.

5. Conclusions

In this paper, microdialysis in combination with
LC-MS/MS method was developed to monitor the dy-

namic time course and metabolism of a new drug candidate

in the brain of a single animal. This method can target

specific tissues and determine the analytes rapidly thus

providing assesses to pharmacokinetics and/or pharmaco
dynamics at the site of action. This method provides a
number of analytical advantages including excellent selec-
tivity, specificity and without time-consuming sample pro-
cedures.
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