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bstract

Doxorubicin (DOX) is an anthracycline antibiotic that possesses broad-spectrum antineoplastic activity, and is one of the most important
nticancer agents. The purpose of this study was to investigate the effects of cyclosporine A (CsA) on the brain regional distribution of DOX and
ts liposome DOX formulation (Lipo-Dox). Liquid chromatography with tandem mass spectrometry (LC–MS/MS) was used to measure DOX in
at plasma and in various brain regions (cerebral cortex, hippocampus, striatum, midbrain, cerebellum, and the rest of brain). Good linearity was
chieved over the 5–5000 ng/mL range, with coefficients of correlation greater than 0.995. The limit of quantification for doxorubicin was 5 ng/mL.
his study was divided into the following four groups: DOX alone, DOX + CsA, Lipo-Dox alone and Lipo-Dox + CsA. After administering DOX
5 mg/kg, i.v.) alone and DOX + CsA (10 mg/kg, i.v.), it was undetectable in various brain regions. When the same dose of Lipo-Dox (5 mg/kg,
.v.) and Lipo-Dox + CsA (10 mg/kg, i.v.) were given individually, the plasma level and the brain regional level of DOX were much greater than
hose of DOX given alone. These results indicate that Lipo-Dox prolongs the DOX level in plasma and enhances brain distribution of DOX. The
isposition of DOX might be regulated by P-glycoprotein.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Doxorubicin is an anthracycline glycoside anticancer drug
ith a mechanism of impairing DNA synthesis for tumor cell
ivision. It is most commonly used for the treatment of lym-
homa, osteosarcoma and other sarcomas, carcinomas, and
elanoma (Schwarzbach et al., 2002; Langer et al., 2006;
ind et al., 2007; Lundberg et al., 2007; Smylie et al., 2007).
lood–brain barrier (BBB) acts as an anatomical and trans-

orter barrier notably due to the presence of tight junctions and
he ATP-dependent efflux pump P-glycoprotein (P-gp). Many
rugs are excluded from entering the brain, as a result of their
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ack of transport through the BBB or being pumped out by the
-gp. The pharmacological treatment of brain diseases is often
omplicated by the inability of potent drugs to pass across the
BB, which is formed by the tight endothelial cell junctions of
apillaries within the brain.

A liposome is a spherical vesicle with a membrane composed
f a phospholipid and cholesterol bilayer. They are usually used
or drug delivery due to their unique properties. Currently, most
f these liposome formulations are designed to reduce toxicity
nd to some extent, to increase the accumulation at the tar-
et site in a number of clinical applications. Therefore, DOX
elivery to the brain is still a challenge for the research groups.
ndeed, to circumvent the limited access of DOX into the brain,
ifferent approaches using liposomes (Huwyler et al., 1996)

r nanoparticles (Gulyaev et al., 1999), peptide-vector strategy
sing DOX linked to cationic peptides (Rousselle et al., 2000),
-gp modulator (Fenart et al., 1998), or osmotic pressure modifi-
ation (Neuwelt et al., 1981) have been investigated. Previously,

mailto:thsai@ym.edu.tw
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hnishi et al. (1995) and Wang et al. (2006) have reported that
he brain distribution of DOX, an antitumoral agent widely used
n the treatment of several cancers, is mainly restricted by P-gp
n the BBB under normal physiological conditions.

There are many reports regarding the regulation of P-gp and
OX on the brain. To date, there are no detailed descriptions
n various brain regional distributions of DOX on the liposome
ormulation and its effect on the treatment of CsA. We are there-
ore to develop an LC–MS/MS method to measure the blood and
rain regional concentrations and BBB distribution ratio of dox-
rubicin in rat. In addition, the effect of liposome formulation
nd interaction with CsA on the enhancement of DOX pene-
rated BBB will also be investigated. The increasing delivery of
rugs in the brain regions by the inhibition of P-gp is potentially
ess dangerous than other methods of delivering drugs into these
rain regions. This study provides a reliable LC–MS/MS ana-
ytical method as well as the regional brain distribution of DOX
or clinical application.

. Experimental

.1. Materials and reagents

Doxorubicin (DOX) and Khellin (internal standard) was pur-
hased from Sigma Chemicals (St. Louis, MO, USA). CsA
as purchased from Novartis Pharma AG (Basel, Switzerland).
PLC-grade methanol and acetonitrile were purchased from
edia Company Inc. (Fairfield, OH, USA). Ammonium acetate
nd formic acid were purchased from J.T. Baker (Phillipsburgh,
J, USA). The water used was Milli-Q grade purified from Milli-
ore (Bedford, MA, USA). All other reagents were of analytical
rade, which are commercially available.

Lipo-Dox® (Lipo-Dox) was purchased from Taiwan Tung
ang Biopharm (TTY Biopharm Company Ltd., Taipei, Tai-
an). The preparation of Lipo-Dox has been previously
escribed (Hong and Tseng, 2001; Chao et al., 2003). Lipo-
ox is a pegylated liposomal doxorubicin (PLD) with a new

ormulation similar to Doxil® (ALZA Corp., Palo Alto, CA),
xcept that distearoyl-phosphatidylcholine (DSPC) is used
nstead of hydrogenated soybean phosphatidylcholine (HSPC).
ipo-Dox contains 2 mg/mL of doxorubicin, and 14 �mol/mL
hospholipid. Its lipid compositions are DSPC, cholesterol and
EG–DSPE (molar ratio 3:2:0.3). Lipo-Dox is supplied as
0 mL vials containing 20 mg of doxorubicin. The final con-
entration of liposomes was estimated by the phosphate assay.
t contains 14 �mol/mL phospholipids, and it has an average par-
icle size of 104.2 ± 28.3 nm, determined using dynamic laser
cattering with a submicron particle analyzer (N4 plus; Beck-
an coulter Inc.). The particle size of Lipo-Dox is stable for 2

ears.

.2. Animal and drug administration
Adult, male Sprague–Dawley rats (300 ± 20 g body weight)
ere provided by the Laboratory Animal Center at National
ang-Ming University (Taipei, Taiwan). These animals were
pecifically pathogen-free and were allowed to adapt in their

m
s
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nvironmentally controlled quarters (241 ± 1 ◦C and 12:12 h
ight–dark cycle). The base diet (Laboratory Rodent Diet no.
001, PMI Feeds Inc., Richmond, IN, USA) and water were
vailable ad libitum.

Six rats were initially anesthetized with pentobarbital
50 mg/kg, i.p.), remained anesthetized throughout the exper-
mental period and the body temperature of rats was maintained
t 37 ◦C with a heating pad. To examine the effect of a typ-
cal P-gp inhibitor, CsA, on the brain distribution of DOX,
sA (10 mg/kg, i.v., dissolved in saline) was administered intra-
enously 10 min before administering DOX (5 mg/kg, i.v.) and
ipo-Dox (5 mg/kg, i.v.). After 30 min injection of DOX, the rats
ere sacrificed by cardiac puncture and decapitated for regional
rain separation. Blood samples and brain regional tissue were
ollected and removed into heparinized tube. The regional brain
as weighed immediately and the blood sample was centrifuged

t 6000 rpm for 10 min at 4 ◦C to collect the upper layer plasma.

.3. Sample extraction

For liquid–liquid extraction, 50 �L of plasma, 10 �L of inter-
al standard (khellin, 5 ng/mL) and 1 mL of ethyl acetate was
dded into clean tubes, followed by vortex mixing for 10 min and
entrifuging at 10,000 rpm for another 10 min, the upper organic
ayer was transferred to a new tube and evaporated to dry under
stream of nitrogen. The dried residue was reconstituted with
00 �L of the mobile phase. A 20 �L aliquot of the supernatant
as injected into the LC–MS/MS.
The brain was isolated and weighed into the following

egions: the cerebral cortex (CX), hippocampus (HP), striatum
ST), midbrain (MB), cerebellum (CB), and the rest of brain
RB). Subsequently, the regional brain tissue was mixed with
0% MeOH (5 mL/g tissue) for homogenization. Brain tissue
nalyte was centrifuged at 10,000 rpm for 10 min, and the upper
ayer was transferred to a new tube. The sample preparation was
escribed the same as the previously described liquid–liquid
xtraction.

.4. LC–MS/MS

LC–MS/MS analysis was performed using a Waters 2690
hromatography system with a 996 photodiode array detector
PDA) and an autosampler (Bedford, MA, USA) coupled to a

icromass Quattro Ultima tandem quadrupole mass spectrome-
ry (Micromass, Manchester, UK) equipped with an electrospray
nterface (ESI). The separation was performed on a ZORBAX
xtend-C18 column (150 mm × 4.6 mm I.D.; 5 �m, Agilent,
alo Alto, CA, USA) using water–acetonitrile (40:60, v/v) con-

aining 0.01 % formic acid (pH 3.7) at a flow rate of 0.8 mL/min.
he mobile phase was filtered through a Millipore 0.45 �m filter.
he injection volume was 20 �L. The analyte infusion experi-
ent was performed using a Mode 22 multiple syringe pump

Harvard, Holliston, MA, USA) for MS/MS optimization.

Analyses were performed in the positive ionization mode by

ultiple reaction monitoring (MRM) and the following precur-
ors to product ion transitions were used: m/z 544 → 361 for
OX and m/z 261.3 → 246.1 for the internal standard. The fol-
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owing parameters were optimized for DOX analysis: capillary
oltage of 2.21 kV for positive ionization mode, desolvation gas
nitrogen) heated to 370 ◦C, and source block temperature of
0 ◦C. The cone voltage was set to 20 V and the collision energy
oltage to 35 eV. The nebuliser and desolvation gas flows were
10 and 550 L/h, respectively. The collision gas was Argon
99.999%, Sanfu Chem., Taipei, Taiwan) with a pressure of
.11 × 10−3 m bar. Total data were acquired using a dwell time
f 0.3 s and inter-channel delay of 0.1 s. All LC–MS/MS data
ere processed by the MassLynx version 3.5 NT Quattro data

cquisition software.

.5. Method validation

The linearity of the method was evaluated using freshly pre-
ared spiked plasma and brain samples in the concentration
ange of 5–5000 ng/mL. All calibration curves of DOX were
onstructed prior to the experiments with correlation values of
t least 0.995. The intra- and inter-day variabilities for DOX were
ssayed (six replicates) at concentrations of 5, 50, 500, 1000 and
000 ng/mL on the same day and on six sequential days, respec-
ively. The limit of detection was defined by the concentration
ith a signal-to-noise ratio (SNR) of 3. The limit of quantifica-

ion (LOQ) is defined as the lowest analyte concentration that can
e measured with a stated level of concentration. The accuracy
% bias) was calculated from the nominal mass concentration
Cnom) and the mean value of the observed mass concentra-

ion (Cobs) as follows: (%) bias = [(Cobs − Cnom)/(Cnom)] × 100.
he relative standard deviation (R.S.D.) was calculated from

he observed concentrations as follows: % R.S.D. = [standard
eviation (S.D.)/Cobs] × 100.
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Fig. 1. Full scan mass spectrum (A) and product ion mass s
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The recovery in plasma and brain were evaluated. The DOX
tock solution was added to yield final concentrations of 0.05,
.5 and 5 �g/mL in 50 �L rat plasma and brain tissue. The exper-
ment was repeated three times. Meanwhile, DOX stock solution
as diluted with mobile phase. The plasma, brain tissue samples

nd the diluted solution were processed with the sample prepa-
ation method described above. The ratio of peak area [plasma
brain) sample/diluted solution] for DOX was used to calculate
he recovery in plasma and brain tissue samples.

. Results and discussion

.1. LC–tandem mass spectrometry

The mass spectrum revealed a base peak of DOX at m/z 544
orresponding to [M-H]+ (Fig. 1A); and its fragmentation when
ollided with reagent gas, the selected product ion m/z 361 was
hown in Fig. 1B. The mass transition of m/z 544 → 361 was
sed for the quantification of DOX because of its best response.
he mass transitions of internal standard were selected as m/z
61.3 → 246.1. The analytes were well separated using the
resent chromatographic conditions. The retention times DOX
nd internal standard were around 1 and 2 min, respectively,
ithout any peak interference.

.2. Optimization of sample extraction
The biological samples were tried to extract by different
ethods including precipitation in methanol, 60% acetonitrile

nd 10% perchloric acid. However, these simple protein precip-
tation methods provide a poor recovery for the extraction of

pectrum (B) of doxorubicin (molecular weight 543).
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ig. 2. Effects of concentration of acetic acid and formic acid on the mobile ph
cid in 60% ACN, (C) 0.5% acetic acid in 60% ACN, (D) 1% acetic acid in 60%
H) 1% formic acid in 60% ACN. (1): DOX; (2): internal standard.

OX from plasma and brain samples for LC–MS/MS analysis.
his simple protein precipitation procedure was not efficiently
pplied to extract the analytes from plasma and brain tissue.
o improve the recovery, liquid–liquid extraction with ethyl
cetate has been used for sample extraction (Cheng et al., 2005).
thyl acetate has the advantages of high polarity and volatility.
he result indicates that DOX recovery in plasma or brain tis-
ue extracted by ethyl acetate was greater than 75 %. Besides,
he liquid–liquid extraction procedure was used to avoid the
nfluence of unknown matrix constituents on the analyte signal.

.3. Optimization of separation

The effects of acetic acid and formic acid concentrations on
he resolution of DOX were investigated. Hughes et al. (1998)
ttempted to separate DOX with the mobile phase of 30% ace-
onitrile (ACN) and 70% ammonium formate buffer (0.1 M)
t pH 4 in a fluorometric detector. Lachatre et al. (2000) also
eported that the mixture of 5 mM ammonium formate (pH

.0)-acetonitrile (70:30, v/v) as the mobile phase for HPLC con-
itions. It can be seen as the broad and tailing peak of DOX in
ig. 2A–D that the acetic acid concentration ranges of 0, 0.01,
.5 and 1%, respectively. When the same concentration ranges

3

p

f doxorubicin. (A and E) 60% ACN: mobile phase consisting (B) 0.01% acetic
, (F) 0.01% formic acid in 60% ACN, (G) 0.5% formic acid in 60% ACN, and

f formic acid (0, 0.01, 0.5 and 1%) were added (Fig. 2E–H), the
ata indicate that 0.01% formic acid showed optimal separation
nd peak shape of DOX and internal standard. The optimized
C–MS/MS conditions were performed isocratically using a
obile phase consisting 0.01 % formic acid in 60% acetonitrile

pH 3.7) separated by C18 column. Under the above conditions,
he run time of each sample can be completed within 5 min
Fig. 3).

.4. Linearity, limit of quantification and detection

The linearity of the calibration graphs was demonstrated by
he determination coefficients (r2) obtained for the regression
ine. A good linearity was achieved over the 5–5000 ng/mL
ange, with all coefficients of correlation greater than 0.995. All
amples were freshly prepared including the standard solution
rom the same stock solution (50 �g/mL). The LOD and LOQ
ere 1 and 5 ng/mL, respectively.
.5. Precision and accuracy

The intra- and inter-assay precision and accuracy values are
resented in Table 1. The overall mean precision, defined by
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Fig. 3. Chromatograms of (A) standard DOX (RT: 1.05 min) and IS (RT:
1.97 min), (B) blood sample containing DOX collected from the cardiac punc-
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of regional brain distribution, the tiny volume of blood resid-
ual can be neglected. The same procedure was performed to
measure drug level in the regional brain tissue (Hughes et al.,
1998; Saito et al., 2001; Zhao et al., 2002; Wang et al., 2006). In

Table 2
Plasma and regional brain concentrations of DOX after 30 min of DOX (5 mg/kg,
ure at 0.5 h after Lipo-Dox administration (5 mg/kg, i.v.), and (C) brain sample
ontaining DOX collected from the decapitation at 0.5 h after Lipo-Dox admin-
stration (5 mg/kg, i.v.). (1): DOX; (2): internal standard.

he R.S.D., ranged from 0.08 to 19.5%. Analytical accuracy,

xpressed as the percent difference of the mean observed val-
es compared with known concentration varied from −0.36 to
2.4%.

able 1
ntra- and inter-assay accuracy and precision values of the LC–MS/MS method
or the determination of doxorubicin in rat plasma

ominal concentration
ng/mL)

Observed concentration
(ng/mL)

Precision
(R.S.D.%)

Accuracy
(% bias)

ntra-assay (n = 6)
5 5.06 ± 0.9 17.7 1.20
50 51.06 ± 5.3 10.3 2.12
500 491.4 ± 24 4.88 −1.72
1000 1015 ± 66 6.50 1.50
5000 4999 ± 26 0.52 −0.02

nter-assay (n = 6)
5 5.62 ± 1.1 19.5 12.4
50 52.18 ± 2.8 5.36 4.36
500 499.7 ± 0.4 0.08 −0.06
1000 1004 ± 58 5.77 0.40
5000 4982 ± 20 0.40 −0.36

bserved mass concentrations are expressed as mean ± S.E.M.
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.6. Plasma level and regional brain distribution

The plasma level of DOX in the treatment of Lipo-Dox
5 mg/kg, i.v.), which was much higher than the DOX (5 mg/kg,
.v.) group untreated with liposomal formulation. CsA partially
ncreased the plasma level of DOX. However, DOX was unable
o be detected in both DOX and DOX + CsA groups. Upon treat-

ent with Lipo-Dox (5 mg/kg, i.v.) or the same dose of Lipo-Dox
oadministered with CsA (10 mg/kg, i.v.), after 30 min of the
rug injection the plasma level of DOX and the brain regional
istribution of DOX was significantly increased than those of
OX given alone (Table 2). These results indicate that DOX
as unevenly distributed into various brain regions after Lipo-
ox was given. Cerebral cortex and striatum represented the
ighest and lowest concentration of brain regions, respectively.

Recent reports indicate that the highest DOX concentra-
ion was found in the kidney after 30 min of DOX (5 mg/kg,
.v.) administration. Liposomal DOX was significantly higher
han DOX alone in the brain distribution of DOX. Coadminis-
ered with verapamil (a P-glycoprotein inhibitor) enhances DOX
enetrate into brain tissue (Wang et al., 2006), which is consis-
ent with our data. Besides, the brain distribution of DOX was
ncreased twofold when CsA was coadministered with Lipo-
ox, which suggested that the brain transport system of DOX
ight be regulated by P-glycoprotein.
In this study, the rat brains were removed for analysis without

erfusion before sacrifice. During the decapitation, the cere-
ral pressure forced the blood drain off from the brain that the
lood residual should be limited. Compared with the volume
.v.) or Lipo-Dox (5 mg/kg, i.v.) in the absence and presence of CsA (10 mg/kg,

.v.) in rats

rug treatment Plasma or brain regions Plasma or regional brain
concentration (�g/mL)

OX Plasma 0.08 ± 0.008
OX + CsA Plasma 0.11 ± 0.021

ipo-Dox Plasma 23.2 ± 1.5*
ipo-Dox + CsA Plasma 28.6 ± 3.6*

ipo-Dox Cerebral cortex 0.12 ± 0.015
ipo-Dox Cerebellum 0.22 ± 0.010
ipo-Dox Hippocampus 0.06 ± 0.022
ipo-Dox Brain stem 0.10 ± 0.005
ipo-Dox Striatum 0.008 ± 0.003
ipo-Dox The rest of brain 0.13 ± 0.024

ipo-Dox + CsA Cerebral cortex 0.22 ± 0.043*
ipo-Dox + CsA Cerebellum 0.28 ± 0.023*
ipo-Dox + CsA Hippocampus 0.15 ± 0.017*
ipo-Dox + CsA Brain stem 0.16 ± 0.025*
ipo-Dox + CsA Striatum 0.03 ± 0.010*
ipo-Dox + CsA The rest of brain 0.22 ± 0.017*

ata expressed as mean ± S.E., n = 6. *Significantly different compared with
he group of DOX or Lipo-Dox alone (P < 0.05).
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ontrast with above method, some experiments perfused brain
issue with physiological solution before sacrifice (Huwyler et
l., 1996; Sharma et al., 1997; Arnold et al., 2005). These data
hows no significant difference.

Several emitting radionuclides can be used to label liposomes
or monitoring the in vivo behavior of liposomes noninvasively.
y using imaging systems, such as a gamma camera, the whole
ody distribution of radiolabeled liposomes in each organ or
issue can be measured at different times in a living animal
Bao et al., 2004; Chen et al., 2007). The radiolabeled Lipo-Dox
as been applied in the pharmacokinetics and biodistribution of
ipo-Dox in rodents (Bao et al., 2004). To evaluate the effect of
sA for the uptake of DOX in brain, we also used the radiola-
eled liposome. The methods for radiolabeling liposome using
henium-188 has been established in our group (Chang et al.,
007; Chen et al., 2007). The project using Indium-111 labeled
ipo-Dox to study the effect of CsA for the uptake of DOX in
rain is ongoing. Unpublished data in our laboratory showed
hat the CsA enhanced the uptake of Lipo-Dox in brain, which
s consistent with the results by the LC–MS/MS studies in this

anuscript.

. Conclusions

In conclusion, a sensitive and precise LC–MS/MS was devel-
ped to evaluate the regional brain distribution. The data indicate
hat DOX treated alone could not be able to detect in the
rain regions on both the groups of DOX and DOX coadmin-
stered with CsA. Upon treating with Lipo-Dox, the DOX can
e detected in various brain regions. These results suggest that
ipo-Dox prolongs the DOX level in plasma and enhances DOX
enetration in the brain tissue. The brain distribution of DOX
as increased twofold when CsA was coadministered with Lipo-
ox, which suggested that the brain transport system of DOX
ight be regulated by P-glycoprotein.
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