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a b s t r a c t

Rosiglitazone is a potent synthetic peroxisome proliferator-activated receptor-gamma (PPAR-�) ago-
nist which improves glucose control in the plasma and reduces ischemic brain injury. However, the
pharmacokinetics of rosiglitazone in the brain is still unclear. In this study, a method using liquid
chromatography–mass spectrometry coupled with microdialysis and an auto-blood sampling system
was developed to determine rosiglitazone and glucose concentration in the brain and blood of gerbils
subjected to treatment with rosiglitazone (3.0 mg kg−1, i.p.). The results showed the limit of detec-
tion was 0.04 �g L−1 and the correlation coefficient was 0.9997 for the determination of rosiglitazone
in the brain. The mean parameters, maximum drug concentration (Cmax) and the area under the
concentration–time curve from time zero to time infinity (AUCinf), following rosiglitazone administra-
tion were 1.06 ± 0.28 �g L−1 and 296.82 ± 44.67 �g min L−1, respectively. The time to peak concentration
(Cmax or Tmax) of rosiglitazone occurred at 105 ± 17.10 min, and the mean elimination half-life (t1/2) from
brain was 190.81 ± 85.18 min after administration of rosiglitazone. The brain glucose levels decreased
to 71% of the basal levels in the rosiglitazone-treated group when compared with those in the control

(p < 0.01). Treatment with rosiglitazone decreased blood glucose levels to 80% at 1 h after pretreatment
of rosiglitazone (p < 0.05). In addition, pretreatment with rosiglitazone significantly reduced the cerebral
infarct volume compared with that of the control group. These findings suggest that this method may
be useful for simultaneous and continuous determination of rosiglitazone and glucose concentrations
in brain and plasma. Rosiglitazone was effective at penetrating the blood–brain barrier as evidenced by
the rapid appearance of rosiglitazone in the brain, and rosiglitazone may contribute to a reduction in the

to ce
extent of injuries related

. Introduction

Rosiglitazone, an aminopyridyl thiazolidinedione, is a very
otent synthetic peroxisome proliferator-activated receptor-
amma (PPAR-�) agonist and an effective antidiabetic agent. The
PAR-� is a nuclear membrane-associated transcription factor [1].

member of the nuclear hormone receptor superfamily, PPAR-
was originally reported to be highly expressed in adipocytes

nd to play an important role in their differentiation, as well
s in lipid biosynthesis and glucose homeostasis [2]. It exerts

∗ Corresponding author. Tel.: +886 4 23592525x4018; fax: +886 4 23592705.
E-mail address: fucheng@vghtc.gov.tw (F.-C. Cheng).

731-7085/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2010.10.008
rebral ischemic stroke via its hypoglycemic effect.
© 2010 Elsevier B.V. All rights reserved.

its glucose-lowering effects by increasing insulin sensitivity in
liver and peripheral tissues [3,4]. Recently, rosiglitazone has been
shown to decrease neuroinflammation in rats after stress [5]. The
strong association between increased glycemia and increased car-
diovascular complications has generated a great deal research
on prevention of diabetes. Diabetic hyperglycemia has also been
shown to be a strong risk factor related to the development of
cerebrovascular complications (i.e., stroke). The neuroprotective
effects of rosiglitazone were proven to reduce cardiovascular risk by

increasing insulin sensitivity in peripheral blood [6] and to reduce
infarct volume with a time window of efficacy of 2 h after cerebral
ischemia [7].

Rosiglitazone is highly protein-bound to serum proteins (99.8%),
and it is primarily eliminated via metabolism in the liver by

dx.doi.org/10.1016/j.jpba.2010.10.008
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:fucheng@vghtc.gov.tw
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ytochrome P450 isoenzyme 2C8 [8]. Following oral administra-
ion, rosiglitazone is rapidly absorbed (Tmax is approximately 1 h),
nd the elimination half-life (t1/2) is approximately 3–5 h [9].
lthough the pharmacokinetics of rosiglitazone in the blood have
een studied, its pharmacokinetics in the central nervous system
CNS) is not clear. Drug pharmacokinetic profiles in blood and
rain have been analyzed from a theoretical perspective and com-
ared with experimental data obtained using microdialysis and
ther techniques. For many drugs, unbound brain concentrations
re much lower than the corresponding plasma concentrations, but
quilibrium between brain and plasma is very rapid and t1/2 in brain
s similar to that in plasma [10].

Microdialysis technique allows sampling of the unbound por-
ion of the drug in the fluid space from which the sample is
aken and causes minimal perturbation to the physiological pro-
esses [11]. Microdialysis techniques for continuous sampling and
nalysis of neurochemical substances in the extracellular fluid
f the brain provide useful information on metabolic pathways
12]. The aim of this study was to investigate the pharmacoki-
etics of rosiglitazone in the brain by using a microdialysis-liquid
hromatography–mass spectrometry system (LC–MS/MS) after
ntraperitoneal administrations of rosiglitazone to gerbils. A sec-
ndary aim of the present study was to develop an auto-blood
ampling system (DR-II) that could be coupled with a microdialysis
nalyzer (CMA/600) to continously measure blood glucose concen-
rations after treatment with rosiglitazone.

. Material and methods

.1. Animals

Adult male gerbils (n = 42, 65–75 g) were obtained from the
aboratory Animal Center of Taichung Veterans General Hospital
TCVGH). Animal care and experimental procedures were approved
y the Institutional Animal Care and Use Committee (IACUC) of
CVGH (#La-92090). All animals were housed at a temperature
f 25 ◦C and in a light-controlled room (12:12 h light–dark cycle)
ith standard rat chow and water ad libitum. The gerbils were

eparated into three experiments. In the first experiment, gerbils
n = 12) were subjected to cerebral microdialysis study; in the sec-
nd experiment, gerbils (n = 12) were subjected to blood sampling
n the pharmacokinetic study; and in the third experiment, gerbils
n = 18) were subjected to cerebral ischemic model. All gerbils were
andomly divided into two groups: group 1 (control group) was
reated with saline and group 2 (rosiglitazone group) was treated
ith rosiglitazone (3.0 mg kg−1, i.p.).

.2. Reagents and chemicals

Rosiglitazone maleate standard (74.3% of rosiglitazone free
ase) was purchased from GlaxoSmithKline (SB Pharmaco Puerto
ico Inc., Cidra, Puerto Rico). Acetonitrile and ethanol were HPLC-
rade and purchased from Merck (Darmstadt, Germany). Analytical
rade formic acid and ammonium formate were also obtained from
erck. A stock solution of rosiglitazone at 3.0 mg mL−1 was pre-

ared in 1 mL 99.9% ethanol. The stock solution was then further
iluted in 3 mL saline to yield the appropriate working solutions
0.75 mg mL−1) with ethanol. All concentrations are expressed in
erms of pure base. Rosiglitazone concentrations of calibration
urves of 0.1, 0.5, 1, 10, 20 and 50 �g L−1 were prepared by serial
ilution of stock solution with ethanol.
.3. Microdialysis and detection of cerebral blood flow

In this experiment, gerbils (n = 12) were anesthetized with 4%
soflurane in induction followed by a maintenance dose (1–2%)
d Biomedical Analysis 54 (2011) 759–764

and the body temperature was maintained at 37 ◦C throughout
the experiment with a heating pad (CMA/150). The gerbils were
placed on the stereotaxic instrument (David Kopf Instruments,
Tujunga, CA) with the nose bar positioned 4.0 mm below the hor-
izontal line. A midline incision was made to expose the skull
and a microdialysis MAB 6 probe (0.6 mm outer diameter with
15 kDa cut-off PES membrane, Stockholm, Sweden) was inserted
into the right cortex with coordinates: AP + 0 mm, ML + 5.0 mm,
DV − 5.0 mm from the Bregma. The microdialysis probe was per-
fused with Ringer’s solution (147 mM Na+; 2.2 mM Ca2+; 4 mM
K+, pH 7.0) at a rate of 2 �L min−1 using a CMA/100 microin-
fusion pump, and dialysates were collected every 15 min in a
CMA/140 fraction collector. Following a post-surgical stabiliza-
tion of the dialysate levels (approximately 2 h), drug-free samples
were collected into the CMA/140 fraction collector (acting as the
baseline collection) and rosiglitazone/saline was then adminis-
tered. Dialysates were assayed for rosiglitazone concentrations by
a LC–MS/MS [13] system and glucose concentrations by a micro-
dialysis analyzer. Changes in cortex cerebral blood flow (CBF) were
also evaluated in these gerbils using the optical fiber probe (0.8 mm
in diameter) of a laser Doppler blood flow monitor (MBF 3D, Moor
Instruments, Axminster, UK). The flow signal was averaged with a
5-s time constant, and the signal was recorded continuously on an
x–y recorder.

2.4. Liquid chromatography/mass spectrometry (LC–MS/MS)
system

A Dynamax ProStar 210 liquid chromatograph system (Thermo
Finnigan, San Jose, CA, USA) consisting of a binary pump was used.
Chromatographic separation was achieved by using an XTerra RP18
analytical column (25 cm × 4.6 mm, 5 �m) (Waters, Milford, MA,
USA) with a mobile phase of acetonitrile–10 mM ammonium for-
mate, pH 5.0 (80:20, v/v). The analytical column was preceded
in-line by a precolumn filter of 3 mm frit (Supelco, Bellefonte,
PA, USA). The flow rate was 0.5 mL min−1, and the run time was
15 min. The injection volume was 5 �L and the entire column
effluent was directed into the mass spectrometer. Under these
conditions, rosiglitazone gave a retention time of 7.8 min and
eluted with no detectable interfering compounds. A Varian 1200L
triple quadrupole LC-MS (Varian, Inc., Walnut Creek, CA, USA)
equipped with atmospheric pressure chemical ionization (APCI).
Tuning and calibration of the mass analyzer was performed by
infusing poly (propylene glycol) calibration solution (Varian, Inc.)
at 10 �L min−1 and monitoring five mass-to-charge ratios in the
range of 59–1138 u. The data acquisition software Varian MS work-
station, version 6.2, was used to control the LC–MS/MS system and
to perform analyses. The parameters of the ionization efficiency
were optimized with regard to maximum signal intensity of the
protonated precursor molecule [M+H]+ by using flow injections
of 5 �L samples (0.1 mg L−1). Optimal operating conditions of the
APCI interface in positive mode were obtained as follows, vaporizer
temperature, 500 ◦C; drying gas (nitrogen, 99.99% purity) temper-
ature, 50 ◦C; housing temperature, 50 ◦C; corona discharge current,
8 �A; capillary voltage, 75 V; shield voltage, 600 V; quadrupole 0
offset voltage, −2 V; lens voltage, −2 V; quadrupole 1 offset volt-
age, −1.1 V; quadrupole 1 guide voltage, −6 V; quadrupole 2 offset
voltage, −15 V; quadrupole 3 offset voltage, −10 V; and nebulizing
gas, dry gas and auxiliary gas (nitrogen, 99.99% purity) pressures,
30, 10 and 5 psi, respectively. The MS/MS reaction selected to mon-
itor rosiglitazone was the transition from m/z 358, the [M+H]+ ion,

to a product ion at m/z 135. The protonated molecules were isolated
and collision-activated dissociation with argon as the collisional gas
at a pressure of 0.7 mTorr and collisional energy of 24 eV. Samples
were analyzed in selected reaction monitoring (SRM) positive ion-
ization mode. During SRM analysis mode, mass peak width was 1.0
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central pharmacokinetic studies. The microdialysis technique also
provides information about the protein-unbound fraction of the
rosiglitazone and may minimize the degradation of rosiglitazone
in the brain [16].

Table 1
Pharmacokinetic parameters of rosiglitazone following intraperitoneum injections
of rosiglitazone at a dose of 3 mg kg−1 in gerbils (n = 6).
W.H.-H. Sheu et al. / Journal of Pharmaceut

ass unit at half height for both Q1 and Q3, the scan time was 1 s,
nd 5 �scans were averaged for each spectrum.

.5. Analysis of glucose concentration

The microdialysis analyzer (CMA/600, Carnegie Medicin, Stock-
olm, Sweden) was employed for the determination of glucose
oncentrations. Glucose is oxidized by glucose oxidase. Peroxidase
atalyses the reaction between the hydrogen peroxidase formed,
henol, and 4-amino-antipyrine to form the red–violet colored
uinoneimine, which is detected at 546 nm [14].

.6. Pharmacokinetic study and auto-blood sampling by DR-II

In the pharmacokinetic study, gerbils (n = 12) were anesthetized
ith administered urethane (1.5 g kg−1, i.p.) and the body temper-

ture was maintained at 37 ◦C throughout the experiment with
heating pad (CMA/150). Blood samples were automatically col-

ected from the gerbils via an implanted catheter in the jugular vein
sing a computer-aided auto-blood sampling system (DR-II, Eicon,
yoto, Japan). Blood samples (50 �L) were collected every 15 min.

n order to preserve glucose, 5 �L of 1 M NaF solution was added
o the blood sample and then centrifuged at 1000 g for 10 min at
◦C. Aliquots of the supernatant (plasma sample) were assayed for
lucose concentrations by a microdialysis analyzer.

.7. Cerebral ischemia model

In order to determine whether the neuroprotective effects of
osiglitazone, gerbils were divided into the control (saline, n = 9)
nd rosiglitazone (3.0 mg kg−1, i.p., n = 9) groups. Saline or rosigli-
azone were given 6 h prior to cerebral ischemia. Each gerbil was
nesthetized with urethane (1.5 g kg−1, i.p.) and its body temper-
ture was maintained at 37 ◦C with a heating pad (CMA/150). A
idline neck incision was made and the right carotid artery was

xposed and separated from the vago-sympathetic trunk. The right
arotid artery was loosely encircled with a 4-0 suture for later
cclusion. The gerbil’s head was placed in a stereotaxic frame
David Kopf Instruments, Tujunga, CA) with the nose bar positioned
.0 mm below the horizontal line. Following a midline incision, the
kull was partially removed to expose the right middle cerebral
rtery (MCA). The MCA was loosely encircled with an 8-0 suture
or later occlusion. A focal cerebral ischemia was induced by occlu-
ion of the right common carotid artery (CCA) and the right MCA
CCA + MCA) for 60 min, followed by an additional 3 h of reperfu-
ion. Twenty-three hours after cerebral ischemia, each gerbil was
nesthetized and perfused with 2% isotonic heparinized saline. The
rain was removed and sliced into five 2-mm-thick coronal sections
or 2,3,5-triphenyltetrazolium chloride (TTC staining) as described
y Bederson et al. [15]. After 20 min, brain slices were placed in 10%
uffered formalin in the dark and refrigerated until photographed.
lices were projected and traced by the computer software “Opti-
as” (version 6.2, Media Cybernetics, Silver Spring, MD). Infarct

olumes were quantified by weighing the traced infarct area to the
psilateral hemisphere and normalized by the contralateral hemi-
phere.

.8. Statistical analysis

All data were analyzed by Mann–Whitney U test or Wilcoxon
igned-ranks test. Non parametric Mann–Whitney U tests were

sed in Figs. 2–5 for statistical analysis between groups. Non para-
etric Wilcoxon signed-ranks test was used for statistical analysis

n various time points of the same group. Differences were con-
idered statistically significant at p < 0.05. All data are expressed as
ean ± SEM.
Fig. 1. Time profile of brain concentration of rosiglitazone in gerbils receiving
an intraperitoneal injection of 3 mg kg−1 rosiglitazone. Data are presented as the
mean ± SEM (n = 6).

3. Results and discussion

To assess the applicability of the present assay for use in phar-
macokinetic studies involving rosiglitazone administration, the
assay was used to determine the brain concentration of rosiglita-
zone in male gerbils that had received intraperitoneal injection of
rosiglitazone at a dose of 3 mg kg−1. The results showed the limit
of detection was 0.04 �g L−1 and the correlation coefficient was
0.9997 for the determination of rosiglitazone in gerbil brains. The
temporal profile for the rosiglitazone concentrations in the brain
is shown in Fig. 1. The mean concentration of rosiglitazone in the
brain increased during the first 15 min and reached a plateau at
about 90–120 min. The concentration of rosiglitazone was read-
ily measurable, suggesting that the current assay is adequate for
determining the pharmacokinetic characteristics of rosiglitazone
at a dose of 3 mg kg−1. The calculated pharmacokinetic parameters,
including the time to reach peak concentration (Tmax), maximum
drug concentration (Cmax), the mean elimination half-life (t1/2) and
the area under the concentration–time curve from time zero to time
infinity (AUCinf) are listed in Table 1.

Under the chromatographic conditions described, excellent
separation and detection of rosiglitazone was achieved in brain
samples of gerbils [13]. The correlation coefficient was higher than
0.999 (r2 value = 0.9997), indicating good linearity of this assay.
Moreover, few or no observed peaks interfered with the analy-
ses in the mass ion chromatograms of brain dialysates (data not
shown). Microdialysis sampling, as an in vivo technique, makes
possible the investigation of biochemical events in the extracel-
lular fluid of any tissue [10]. In this study, microdialysis coupled
with LC–MS/MS technique was shown to be a powerful tool for
Pharmacokinetic parameters Mean ± SEM

Tmax (min) 105 ± 17.10
Cmax (�g L−1) 1.06 ± 0.28
t1/2 (min) 190.81 ± 85.18
AUCinf (�g min L−1) 296.82 ± 44.67
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Fig. 2. Time profiles of the effect of rosiglitazone on the changes in glucose levels
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Fig. 3. Time profiles of the effect of rosiglitazone on the changes in glucose levels
in the gerbil plasma. Data are presented as mean ± SEM (n = 6). *p < 0.05 compared
with the control group.

Fig. 4. Cerebral blood flow was recorded by a laser Doppler during the microdialysis
sampling experiment. Dark arrow indicates gerbils were given injections of saline
and rosiglitazone. Blank arrow indicates the time to peak concentration (Tmax) after
rosiglitazone administration. Data are presented as mean ± SEM (n = 6).

Fig. 5. Effects of rosiglitazone on the infarct size which was determined by TTC
n the gerbil cortex. Data are presented as mean ± SEM (n = 6). *p < 0.05 compared
ith the control group.

The results indicated that rosiglitazone rapidly (within 15 min)
ntered the extracellular fluid of brain cortex following intraperi-
oneal administration. The concentration of rosiglitazone in the
erbil brain continued to increase from 15 to 120 min after drug
dministration, peaking at 105 min, suggesting continuing entry of
osiglitazone into the brain. This study demonstrated that rosiglita-
one can effectively and rapidly penetrate the blood–brain barrier
BBB) as a previous study [17]. Previous data [9] demonstrated
hat the time to reach Cmax (Tmax) and the mean elimination
1/2 for rosiglitazone from the blood were 1.1 h and about 3–4 h,
espectively, after oral administration. The t1/2 of elimination of
osiglitazone from the brain is consistent with that of the blood.
he data suggest that the metabolic rate of rosiglitazone and its
uration of effect in the brain were similar in the blood. However,
he Tmax for rosiglitazone in this study was about 1.5 times higher
han in the blood, which may be because the absorption of rosigli-
azone differs between blood and brain, or because different routes
f drug administration were applied (oral vs. i.p.)[18]. Rosiglitazone
howed an appreciable capacity to penetrate the blood–brain bar-
ier supports the claim that the drug exerts it pharmacodynamic
ffect on the CNS.

The time profiles of rosiglitazone and its effect on changes in
lucose levels in the brain in the saline-treated and rosiglitazone-
reated groups are shown in Fig. 2. Treatment with rosiglitazone
ignificantly decreased glucose levels to 71% of the baseline when
ompared with that of the control group (p < 0.01). However, the
arked decrease was not observed in the control group, while glu-

ose levels remained at their basal levels and increased to 136%
f the baseline at the 3–5 h time point. The effect of rosiglitazone
n changes in plasma glucose levels is shown in Fig. 3. The plasma
lucose levels decreased to about 80% of the basal (p < 0.05) within
h after rosiglitazone was administered, and returned to the basal

evels after 1 h.
There were no significant differences in cerebral blood flow

etween the rosiglitazone and saline-treated groups (Fig. 4). All
nimals had infarction in the cortex and caudate-putamen. Mean
otal infarct sizes in the control and rosiglitazone groups were
9 ± 7 mm3 (15.3 ± 1.2%) and 45 ± 13 mm3 (8.1 ± 2.5%), respec-

ively, as shown in Fig. 5. Pretreatment with rosiglitazone
ignificantly reduced infarct sizes by 43% (p < 0.01) when compared
ith those of the control group.

staining in gerbils subjected to 1 h MCA + CCA-occlusion followed by reperfusion
for 23 h. Pretreatment of rosiglitazone (3 mg kg−1, n = 9) was given 6 h prior to the
MCA + CCA-occlusion. Data are expressed as mean ± SEM. ** p < 0.01 for infarct size
vs. the control group (n = 9) as determined by Mann–Whitney U test.
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For repeated blood samples from small rodents, a number of
echniques have been developed. Among these methods, three
idely applied techniques are amputation of the tail-tip, tail inci-

ion, and retro-orbital puncture [19]. However, the above assays are
ssociated with stressful behavioral responses and require anes-
hesia. In addition, these techniques may also affect subsequent
ampling of blood during a short period of time. A simple method
or the implantation of silicone cannula into the rat jugular vein
as developed. These procedures were much less stressful to the

nimal than the above-mentioned conventional methods [14]. The
mplanted cannula can be used to either administer drugs or collect
lood samples with less stress to the animals. In addition, a com-
uter program was used to ensure that a blood volume of 50 �L
as collected automatically every 15 min during treatment with

he drug. During the sampling procedures, 50 �L of saline was also
elivered to compensate for the blood volume withdrawn from the
nimal.

Evidence has emerged which showed that subjects with T2DM
ave a two- to five fold increased risk for stroke compared
ith those without diabetes [20], particularly for nonhemorrhagic

troke [21]. Risk factors for increased risk of stroke in the T2DM
re myriad and include elevated blood pressure, aberrations in
ipid metabolism, abnormalities in fibrinolysis, age, smoking, and
yperglycemia [6,16,22–24]. Several studies indicated that acute
levation in glucose stores result in aggravation of brain tis-
ue acidosis [25], and hyperglycemic subjects showed aggravated
schemia brain lesions due to raised blood glucose concentra-
ions [26]. Rosiglitazone is a highly selective and potent agonist
or the PPAR-� which is involved in the control of glucose trans-
ort, production, and utilization. The rosiglitazone pretreatment
ecreased glucose concentration by about 20% within 1 h in the
erbil brain. Therefore, the glucose-lowering effect of rosiglita-
one in the brain may also play a role in preventing T2DM-induced
erebrovascular complications. Moreover, an increase in serum glu-
ose may increase the extent of damage during ischemia. However,
nsulin-induced hypoglycemia has been shown to be neuroprotec-
ive [27,28]. In animals with hypoglycemia, decreased lactic acid
roduction may be neuroprotective [29]. The mechanism regard-

ng the neuroprotective effect of rosiglitazone in brain damage may
e related to its capacity to induce hypoglycemia; rosiglitazone-

nduced hypoglycemia may therefore be beneficial.
In addition, to rule out the possibility the rosiglitazone might

lter CBF, laser Doppler flowmetry was used to monitor cortex
BF in both controls and rosiglitazone-treated gerbils. The data
btained from the rosiglitazone group indicates that cerebral blood
ow remained in the baseline, meaning that sudden appearances
f rosiglitazone in the brain may not affect the brain circulation.
t has been showed that PPAR-� is expressed in all cell types
n the CNS [30]. Neuroprotection against focal ischemic brain
njury by rosiglitazone was demonstrated, indicating that rosigli-
azone has neuroprotective effects that are least partially mediated
ia anti-inflammatory actions after cerebral ischemia [5,7]. These
ndings also suggest rosiglitazone may reduce risk related to cere-
rovascular complications (i.e., stroke). In this study, microdialysis
ombined with an auto-blood sampling technique to determine
ynamic changes in rosiglitazone and glucose concentrations in the
rain and blood of gerbils was investigated.

. Conclusion
In summary, these results indicated that protein-unbound
osiglitazone can effectively transport into the brain. The micro-
ialysis sampling coupled with the LC–MS/MS system was a robust
ssay with high-sensitivity for determining the pharmacokinetic
roperties of rosiglitazone in gerbil brain and it provided pharma-

[

[

d Biomedical Analysis 54 (2011) 759–764 763

cokinetic data which demonstrated the likely mechanism by which
rosiglitazone exerts its effects. The treatment with rosiglitazone
exerted a glucose-lowering effect in non-diabetic gerbil brains,
but not in peripheral blood vessels. The glucose-lowering effect
of rosiglitazone may be beneficial for preventing acute stroke in
T2DM.
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