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1 By performing microdialysis,

this study investigated the pharmacokinetics of unbound

camptothecin in rat blood, brain and bile in the presence of P-glycoprotein mediated transport
modulators (cyclosporin A, berberine, quercetin, naringin and naringenin). Pharmacokinetic
parameters of camptothecin were assessed using a non-compartmental model.

2 Camptothecin rapidly crosses the blood-brain barrier (BBB) within 20 min after camptothecin
administration. The disposition of camptothecin in rat bile appeared to have a slow elimination
phase and a peak concentration after 20 min of camptothecin administration. The area under the
concentration versus time curve (AUC) for camptothecin in bile significantly surpassed that in
blood, suggesting active transport of hepatobiliary excretion.

3 In the presence of cyclosporin A camptothecin AUC, in the brain, was significantly elevated but
no significant change in the presence of berberine, quercetin, naringin and naringenin.

4 With treatment by smaller doses of quercetin (0.1 mg kg~"), naringin (10 mg kg~") and
naringenin (10 mg kg™'), they significantly diminished the camptothecin AUC in bile, but was not
altered by the treatment of berberine (20 mg kg~'), a higher dose of quercetin (10 mg kg~'), and
cyclosporin A treated (20 mg kg~') and pretreated groups.

5 The distribution ratio (AUCp;/AUCp00q) of camptothecin in bile was decreased in the
cyclosporin A, quercetin, naringin and naringenin treated groups. However, the distribution ratio in
the brain was increased in the cyclosporin A groups, but was decreased in the groups treated with
quercetin, naringin and naringenin. These results revealed that P-glycoprotein might modulate

hepatobiliary excretion and BBB penetration of camptothecin.
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Introduction

Camptothecin, a plant alkaloid, was first isolated from
Camptotheca acuminata by Wall et al. (1966); Shamma &
St. Georgiev (1974); Wall & Wani (1996) and Wall (1998).
However, the major dose-limited toxicity led to the
abandonment of further clinical testing during 1970—1980
(Moertel et al., 1972; Schultz, 1973). Subsequently the
cytotoxic effect of camptothecin has been demonstrated to
target the topoisomerase I (Hsiang et al., 1985; Rivory &
Robert, 1995), which is important for cancer chemotherapy
(D’arpa & Liu, 1989; Darzynkiewicz et al., 1996; Liu et al.,
1996). Several anticancer drugs have been developed based on
camptothecin, including irinotecan (CPT-11) and its metabo-
lite 7-ethyl-10-hydroxycamptothecin (SN-38), as well as
topotecan, 9-aminocamptothecin (NSC 603071) and 9-
nitrocamptothecin (O’Leary & Muggia, 1998; Muggia et al.,
1996). In 1989 camptothecin’s extraordinary anticancer
activity against human cancer xenografts in nude mice and
some of its semisynthetic derivatives were revealed (Giova-
nella et al., 1989).
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Despite numerous studies describing the pharmacokinetics
of camptothecin and its active derivatives, no researchers
have described the simultaneous determination of the
pharmacokinetics of camptothecin in rat blood, brain and
bile employing microdialysis. However, a camptothecin
derivative has been demonstrated to penetrate into the
cerebrospinal fluid (Blaney er al., 1998). In addition, the
average cerebrospinal fluid (CSF) to plasma distribution ratio
of a camptothecin semisynthetic derivative, topotecan, has
been found to be 0.3 in nonhuman primates (Blaney ef al.,
1993). In this respect, some factors may regulate the
camptothecin penetration of BBB. Studying the effects of P-
glycoprotein modulators on camptothecin distribution into
the brain is therefore of particular interest.

P-glycoprotein is a product of the MDR1 gene (multidrug
resistance), and it is well established that overexpression at
the surface of cancer cells of the P-glycoprotein produces the
classical type of multidrug resistance (Kartner et al., 1983;
Roninson, 1992). This multidrug resistance also corresponds
to diminished intracellular accumulation of the drugs,
resulting in increased energy dependent drug efflux in non-
cancerous tissues (Fardel er al., 1996). P-glycoprotein
contributes to the barrier functions of the brain by extruding
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compounds that are potentially toxic to the brain from the
capillary endothelia cells. In addition, P-glycoprotein offers a
defence mechanism in the BBB function (Fromm, 2000;
Tatsuta et al, 1992; Pardridge, 1998). Moreover, P-
glycoprotein is expressed in the apical membrane of cells in
excretory organs such as the liver, kidney and small intestine
(Cordon-Cardo et al., 1990). The biliary excretion of
xenobiotics is a complex process involving uptake into
hepatocytes, internal sequestration and biotransformation,
and transport into bile. This function has been demonstrated
for excretion of xenobiotics via the canalicular membrane of
hepatocytes into the bile (Hebert, 1997; Riley et al., 2000). In
addition, biliary elimination has been recognized not only to
depend on bile salt secretion, but also to require the active
participation of a protein, the P-glycoprotein (Frijters et al.,
1997).

Several grapefruit juice bioflavonoids, such as naringin,
naringenin, quercetin, have been reported to regulate P-
glycoprotein mediated drug efflux (Mitsunaga et al., 2000). In
addition, since flavonoids are widespread in food and
beverages, understanding their effect on the function of P-
glycoprotein is important because of implications for cancer
chemotherapy. Thus, it is of great interest to study the effect
that the P-glycoprotein modulator has on drug distribution
and elimination, especially at the level of the brain and bile,
where the function of P-glycoprotein may play a role as
gatekeeper in BBB and accelerated elimination in biliary
excretion.

Methods

Chemicals and reagents

20(S)-Camptothecin was purchased from Aldrich Chem. Co.
(Milwaukee, WI, U.S.A.). Berberine, quercetin, naringin,
naringenin and chemical reagents were obtained from Sigma
(St. Louis, MO, U.S.A.). Cyclosporin A (Sandimmun) was
purchased from Novatis Pharma (Basle, Switzerland).
Chromatographic solvents were purchased from BDH (Poole,
U.K.). Triple de-ionized water from Millipore (Bedford, MA,
U.S.A.) was utilized for all preparations.

Liquid chromatography

The liquid chromatographic system comprised of a chroma-
tographic pump (Waters 510, Bedford, MA, U.S.A.), an
injector (Rheodyne 7125, Cotati, CA, U.S.A.) equipped with
a 20 ul sample loop, and a fluorescence detector (Jasco FP-
920, Tokyo, Japan). Dialysates were separated with a
reversed phase C18 column (Merck, 250x4.6 mm I1.D;
particle size 5 um, Darmstadt, Germany) preserved at an
ambient temperature to perform the ideal chromatographic
phase. The mobile phase included of methanol-acetonitrile-1
mM octanesulphonic acid (20:30:50, v v=!, pH 4.8 adjusted
with orthophosphoric acid), with a flow rate 1.0 ml min—".
The mobile phase mixture was filtered through a 0.45 um
Millipore membrane, then degassed before use. The optimal
fluorescence response for camptothecin was observed at
excitation and emission wavelengths of 360 and 440 nm,
respectively. Output data from the detector was integrated
utilizing an EZChrom chromatographic data system (Scien-

tific Software, San Ramon, CA, U.S.A.). The chromato-
graphic method was modified from that previously reported
(Tsai et al., 1999d; 2000a).

Method validation

All calibration curves of camptothecin (external standards)
were established before the experiments, and displayed
correlation values of at least 0.995. The intra-day and inter-
day variabilities for camptothecin were assayed (six repli-
cates) at concentrations of 5, 10, 20, 50, 100, 200 and
500 ng ml~! on the same day and on six sequential days,
respectively. The accuracy (per cent bias) was calculated from
the nominal concentration (C,,,) and the mean value of the
observed  concentration  (C,p) as  follows: Bias
(%) =[(Cobs — Crom)/(Crom)] x 100. The relative standard de-
viation (RSD) was calculated from the observed concentra-
tions as follows: precision (% RSD)=[standard deviation
(s.d.)/Cops] X 100.  Accuracy and precision values with-
in+15% covering the actual range of experimental concen-
trations were considered acceptable.

Animals

The institutional animal experimentation committee of the
National Research Institute of Chinese Medicine reviewed
and approved all experimental protocols involving animals.
Male specific pathogen-free Sprague-Dawley rats were
obtained from the Laboratory Animal Center of the National
Yang-Ming University, Taipei. The animals had free access
to food (Laboratory rodent diet no. SP14, PMI Feeds Inc.,
Richmond, IN, U.S.A.) and water until 18 h prior to being
supplied for experiments, at which time only food was
removed. The rats were initially anaesthetized with urethane
0.8 g ml~! and a-chloralose 0.08 g ml~' (1 ml kg~!, i.p.), and
remained anaesthetized throughout the experimental period.
The femoral vein was exposed for further drug administra-
tion. The rats’ body temperature was maintained at 37°C
with a heating pad during the experiment. The sample
treatments of the brain regions and plasma were as
previously reported (Tsai et al., 1996).

Blood, brain and bile microdialysis

Blood, brain and bile microdialysis systems comprised of a
CMA/100 microinjection pump (CMA, Stockholm, Sweden)
and microdialysis probes. The dialysis probes for blood
(10 mm in length), brain (3 mm in length) and bile (7 cm in
length) were made of silica capillary in a concentric design
(Tsai et al., 1999¢c; 2000a, b). Their tips were covered by
dialysis membrane (Spectrum Co., 150 um outer diameter
with a cut-off at nominal molecular weight of 13 000, Laguna
Hills, CA, U.S.A.) and all unions were cemented with epoxy.
At least 24 h was allowed for the epoxy to dry. The blood
microdialysis probe was located within the jugular vein/right
atrium and then perfused with anticoagulant dextrose (ACD)
solution (mM): citric acid 3.5; sodium citrate 7.5; dextrose
13.6 at a flow rate of 2 ul min~' employing the microinjec-
tion pump (Tsai et al., 1999a). The bile duct microdialysis
probes were constructed in our own laboratory based on the
design originally described by Scott & Lunte (1993) and
Hadwiger et al. (1994). This bile microdialysis method was
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reported in our previous studies (Tsai et al., 1999b, c). For
brain microdialysis, the rat was mounted on a Kopf
stereotaxic frame and perfused with Ringer’s solution (mM):
Na*t 147, Ca*>* 2.2; K* 4; pH 7.0. After being washed with
Ringer’s solution at a flow rate of 2 ulmin~!, the
microdialysis probe was implanted in the right striatum
(coordinates: AP 0.2 mm, ML —3.0 mm, DV —7.0 mm)
according to the Paxinos & Watson (1986) atlas. The probe
positions were confirmed by standard histological procedure
after the experiments. This method was modified from our
previously reported procedures (Tsai et al., 1999a, d).

Outflows from blood microdialysates were connected to an
on-line injector (CMA/160) for automatic injection into the
liquid chromatographic system every 10 min. The brain and
bile dialysates were collected in a fraction collector (CMA/140)
every 12 min and the same chromatographic system was
subsequently analysed following blood dialysate. A retrograde
calibration technique was utilized during in vivo recovery. The
blood, brain and bile microdialysis probes were inserted into
the rats’ jugular vein, brain striatum and bile duct under
anaesthesia with urethane and o-chloralose. Following a
stabilization period of 2 h post probe implantation, the
perfusate (Cper) and dialysate (Cgia) concentrations of
camptothecin were determined by HPLC. ACD solution (for
blood microdialysis) containing camptothecin or Ringer’s
solution (for brain and bile microdialysis) containing camp-
tothecin was perfused through the probe at a constant flow rate
(2 pl min~") employing the infusion pump (CMA/100). The in
vivo relative recovery (Rgj,) of camptothecin across the
microdialysis probe was calculated by the following equation:
Raia1 = (Cperr— Caia1)/Cperr. The microdialysate recovery and
concentration calculation were performed according to our
previous report (Tsai et al., 2000a). Camptothecin micro-
dialysate concentrations (C,) were converted to unbound
concentration (C,) as follows: C, = C,,/Rgjal.

Drug administration

After a 2h post-surgical stabilization period of probe
implantation, the drug was subsequently administered
according to the following study design. Six animals were
used in each group. The control group received a 5 mg kg™'
of camptothecin by i.v. bolus injection. For the cyclosporin A
treated group, cyclosporin A 20 mg kg~ ' was injected via the
femoral vein 10 min before camptothecin 5 mg kg~' injec-
tion. For the cyclosporin A pretreated group, cyclosporin A
10 mg kg~! was injected via intraperitoneally daily for 5 days,
then on the sixth day, cyclosporin A 20 mg kg~' was injected
via the femoral vein 10 min prior to camptothecin 5 mg kg~!
injection. The cyclosporin A injection solution was diluted
with 5% dextrose-in-water. Berberine (20 mg kg~'), quercetin
(0.1 mg kg "), quercetin (10 mg kg~'), naringin (10 mg kg~")
or naringenin (10 mg kg~") were injected via femoral vein
10 min prior to camptothecin 5 mg kg™' injection. The
sampling interval was 12 min for each probe. Blood, brain
and bile dialysates were measured by HPLC in the same
experimental day.

Pharmacokinetics

Pharmacokinetic calculations
individual animal’s

were performed on each
data utilizing the pharmacokinetic

calculation software WinNonlin Standard Edition Version
1.1 (Scientific Consulting Inc., Apex, NC, U.S.A.) by a
noncompartmental method. The area under the concentra-
tion-time curve (AUC), the area under the first moment curve
(AUMC) and the mean residence time (MRT) were
calculated by statistical moments (Gabrielsson & Weiner,
1994). Formation rate constants were calculated from the
extrapolated formation slope determined by the residuals
method. The AUCs from time zero to time infinity (AUC_inp)
were calculated by the trapezoidal rule and extrapolated to
time infinity by the addition of AUC.,; An analogous
method was employed to calculate the AUMC with the
concentration versus time data.

AUC = AUCy_¢ + AUC_jpr = AUCy_; + Clust/)vz
AUMC = AUMClasl + (tlasl . Clasl/;hz) + Clasl/(/lz)2

Where C,,; and t, are the last observed concentration and
time, respectively; and /, is the terminal slope which is
estimated by linear regression of the logarithmic value of the
last observed data. The clearance (CI) and MRT were
calculated as follows: Cl=dose/AUC and MRT=AUMC/
AUC. The blood to tissue distribution was calculated as
follows: AUCssue/AUCp100q4 (Lin et al., 1982).

Statistical analysis

The results are represented as mean +standard error of the
mean. The statistical analysis was performed with SPSS
version 10.0 (SPSS Inc. Chicago, IL, U.S.A.). One-way
ANOVA was followed by a Dunnett’s post hoc test
comparison between the control (camptothecin treated alone)
and P-glycoprotein modulators treated groups. All statistical
tests were performed at the two-sided 5% level of
significance.

Results
Method validation

The calibration curve of camptothecin was obtained before
HPLC analysis of dialysates over concentration ranges of 5—
500 ng ml~"'. This chromatographic system were validated for
both inter- and intra-assay accuracy (0.1-10%) and the
determined limits of this precision (0.1-7%) assay were
acceptable. The chromatograms of a blank blood, brain and
bile dialysate reveal that none of the observed peaks
interfered with the analyte. In vivo recovery of camptothecin
in blood (100 ng ml~"), brain (100 ngml~') and bile
(100 ng ml~") were 26.242.9, 8.74+0.6 and 61.040.9%,
respectively (n=0).

Brain distribution of camptothecin

Utilizing direct sampling of blood and tissue homogenized
sample, the biological samples to determine camptothecin
were measured with HPLC coupled to fluorescence detection.
The brain tissue concentration of camptothecin revealed no
significant variation among various regions (cerebral cortex,
striatum, hippocampus, cerebellum and brain stem) after
15 min of camptothecin administration (5 mg kg, i.v.). The
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mean concentration of camptothecin in each brain region was
approximately one fourth of the camptothecin in plasma
(Table 1).

Effect of P-glycoprotein modulators on the
pharmacokinetics of camptothecin in blood

The pharmacokinetic curves of camptothecin in blood were
constructed by concentrations versus time curves in each
group as Figure 1 reveals. The effect of concomitant
administration of P-glycoprotein modulators, cyclosporin A,
berberine, quercetin, naringin or naringenin, on the overall
disposition of camptothecin was examined by calculating the
pharmacokinetic parameters employing non-compartmental
analysis. The AUC and Cl demonstrated no significant
differences in the blood between control and all the treated
groups (Table 2). A prolonged MRT was identified in the
treated and pretreated groups of cyclosporin A, and no
significant difference was found in the berberine, quercetin
and naringin treated groups, although reduced MRT was
observed in the group of naringenin treated (Table 2).

Table 1 Mean camptothecin concentration in rat brain
regions (ug g~') and plasma (ugml™') at 15 min after
camptothecin administration (5 mg kg~ ", i.v., n=06)

Brain regions and plasma Concentrations
Striatum 0.3440.06
Hippocampus 0.28 +£0.08
Cerebral cortex 0.3240.08
Cerebellum 0.2840.04
Brain stem 0.31+0.07
Plasma 1.1240.48*

*P<0.05 plasma concentration compare with each of brain
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Figure 1 Mean unbound levels of camptothecin in rat blood were
divided into the above groups with six individual experimental
animals used in each group. Data are presented as mean +s.e.mean.

Effect of P-glycoprotein modulators on the distribution of
camptothecin in brain

According to the even distribution of camptothecin in brain
regions (Table 1), the microdialysis probe was inserted into the
striatum for sampling extracellular tissue. The peak concentra-
tions of camptothecin in the brain were attained in the first
24 min following drug administration (Figure 2). A significant
increase in the AUCs of camptothecin in the brain striatum
occurred when cyclosporin A was employed for treated and
pretreated groups, as Figure 2 reveals. The pharmacokinetic
profiles reveal that cyclosporin A treated and pretreated
animals display significant increases of camptothecin AUC in
the brain, but no significant difference when berberine,
quercetin, naringin or naringenin were concomitantly adminis-
tered (Table 3). Corresponding to P-glycoprotein modulators,
the MRT was prolonged in the cyclosporin A pretreated group
but other treated groups displayed no significant difference.
Following camptothecin administration (5 mg kg=', i.v.), the
distribution ratio of camptothecin from blood to brain
(AUCpain/AUCp100q) Was 0.274+0.024. Cyclosporin A, the P-
glycoprotein inhibitor, in both treated and pretreated groups,
elevated the distribution ratio of camptothecin in the rats’
brains; however some P-glycoprotein modulators, higher dose
of quercetin (10 mg kg~—'), naringin and naringenin reduced the
distribution ratio (Table 3). Treated groups presented no
altered distribution ratio of camptothecin in the rats’ brains at a
smaller dose of quercetin (0.1 mg kg=") and berberine
(20 mg kg~"). These results suggest that camptothecin pene-
trates the BBB and the P-glycoprotein might regulate it.

Table 2 Pharmacokinetic data of camptothecin and its
interaction with P-glycoprotein modulators in rat blood

AUC MRT Cl

Drug treatment — (min ug ml™") (min) (I kg=' min~")

Camptothecin 26.37+2.01 25.79+2.14 0.20+0.02
(5mgkg™h

+cyclosporin A 28.15+1.18 52.67+6.31* 0.18+0.01
(20 mg kg™

+cyclosporin A 30.47+4.64 48.894+6.19* 0.18+0.03
(10 mg kg™")
pretreated

+ berberine 24.03+3.73 28.28 +3.49 0.23+0.03
(20 mg kg™")

+ quercetin 25.18+2.76 16.09 +2.79 0.21+0.03
(0.1 mg kg™ ")

+ quercetin 35.24+4.85 12.10+2.05 0.16+0.03
(10 mg kg™ ")

+ naringin 40.34+5.34 12.12+1.76 0.13£0.02
(10 mg kg™")

+ naringenin 29.73+2.81 10.05+1.13* 0.18+0.02
(10 mg kg™")

Data are expressed as mean+s.e.mean (n=6). *P<0.05
significantly different from the control group. Control group,
camptothecin (5 mg kg™') was injected via the femoral vein.
Cyclosporin A (20 mg kg~ ") treated group, cyclosporin A
pretreated group which cyclosporin A 10 mg kg~' was
injected intraperitoneally daily for 5 days, and on the 6th
day cyclosporin A (20 mg kg~') was injected via the femoral
vein 10 min prior to camptothecin 5 mg kg~' injection. P-
glycoprotein modulators, berberine (20 mg kg™'), quercetin
(0.1 mg kg™'), quercetin (10 mg kg~'), naringin (10 mg
kg™') or naringenin (10 mg kg~') were injected via the
femoral vein 10 min prior to 5 mgkg~!' injection of
camptothecin.
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Figure 2 Mean camptothecin levels in rat brain were divided into
the above groups with six individual experimental animals used in
each group. Data are presented as mean+s.e.mean.

Effect of P-glycoprotein modulators on the disposition of
camptothecin in bile

The average concentration of camptothecin in the bile
increased during the first 30 min following drug administra-
tion. The distribution ratio of camptothecin from blood to
bile (AUC;1e/AUCp1004) In the control group was 4.32+0.51
(Table 4). The amount of camptothecin, as estimated from
the AUC, in bile set against the concentration gradient
significantly exceeded that in blood, suggesting that camp-
tothecin might be actively excreted into the bile. A decrease
in the concentration versus time curve of camptothecin in the
bile was observed when other P-glycoprotein modulators
were treated, as shown in Figure 3. This result did not apply
to the berberine treated group. The camptothecin distribution
ratios in bile decreased significantly in the groups of
cyclosporin A treated and pretreated, higher dose of
quercetin (10 mg kg='), naringin and naringenin treated
groups. However, berberine and a smaller dose of quercetin
(0.1 mg kg~") did not markedly affect the biliary distribution
ratio of camptothecin. These results imply that the P-
glycoprotein might regulate the hepatobiliary excretion of
camptothecin. The variation in biliary distribution ratios
suggest that the potency differed among P-glycoprotein
modulators.

Discussion

In this investigation, the analytical method allowed simulta-
neous measurement of unbound camptothecin dialysate
samples in rat blood, brain, bile as well as total form of
camptothecin in plasma and brain tissue. The results indicate
that no interference occurred during the analysis of various

camptothecin (5 mg kg~') was injected via the femoral vein.
Cyclosporin A (20 mg kg~ ") treated group, cyclosporin A
pretreated group which cyclosporin A 10 mg kg~ was
injected intraperitoneally daily for 5 days, and on the 6th
day cyclosporin A (20 mg kg~!) was injected via the femoral
vein 10 min prior to camptothecin 5 mg kg~' injection. P-
glycoprotein modulators, berberine (20 mg kg~!), quercetin
(0.1 mg kg™'), quercetin (10 mg kg~'), naringin (10 mg
kg™!) or naringenin (10 mg kg~') were injected via the
fermoral vein 10 min prior to 5 mgkg~! injection of

camptothecin.
—e— Camptothecin (5 mg kg™
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Figure 3 Mean camptothecin levels in rat bile were divided into the
above groups with six individual experimental animals used in each
group. Data are presented as mean+s.e.mean.
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Table 4 Pharmacokinetic data of camptothecin and its
interaction with P-glycoprotein modulators in rat bile

AUC MRT AUCpit/

Drug treatment (min pg ml~Y) (min) AUChip0a

Camptothecin 110.794+11.95 84.354+4.65 4.3240.51
(5 mgkg™")

+cyclosporin A 71.65+6.35 100.094+13.94 2.5540.28*
(20 mg kg™ ")

+cyclosporin A 78.44+12.96 106.674+9.87 2.4140.34*
(10 mg kg™")
pretreated

+ berberine 136.63+21.01 91.7245.13 5.92+0.85
(20 mg kg™ ")

+ quercetin 52.4944.66* 69.00+5.40 2.2940.42*
(0.1 mgkg™"

+ quercetin 86.95+8.52 57.124+3.38 2.64+0.31
(10 mg kg™ ")

+naringin 54.44410.81* 68.9446.35 1.554+0.46*
(10 mg kg™ ")

+ naringnenin 35.8245.40* 61.13+4.53 1.2740.24*
(10 mg kg™")

Data are expressed as mean+s.e.mean (n=6). *P<0.05
Significantly different from the control group. Control
group, camptothecin (5 mg kg') was injected via the femoral
vein. Cyclosporin A (20 mg kg™!) treated group, cyclosporin
A pretreated group which had cyclosporin A (10 mg kg™ ")
injected intraperitoneally daily for 5 days, and on the 6th
day cyclosporin A (20 mg kg~ ') was injected via the femoral
vein 10 min prior to camptothecin 5 mg kg™ ' injection. P-
glycoprotein modulators, berberine (20 mg kg~"), quercetin
(0.1 mg kg™ "), quercetin (10 mg kg~ 1), naringin
(10 mg kg~ ") or naringenin (10 mg kg~ ') were injected via
the fermoral vein 10 min prior to 5 mg kg~' injection of
camptothecin.

biological samples. The analysis of brain tissue homogenates
provides a measurement of total drug uptake by the brain,
without distinguishing between extracellular and intracellular
drug concentrations. Table 1 reveals the even distribution of
camptothecin in rat brain regions and indicates that the brain
concentration to plasma distribution ratio of camptothecin
derivative was about 0.3. The cerebrospinal fluid (CSF)
concentration to plasma distribution ratio of camptothecin in
children ranges from 0.1 to 0.59 after a 24 h i.v. infusion
(Baker et al., 1996). It has been reported in a related result
that the average CSF concentration to plasma of camptothe-
cin derivative has been found to be 0.3 in nonhuman
primates (Blaney et al., 1993). However, different results
have been reported in a pharmaceutical modification study,
where the brain AUC surpassed the blood AUC at a ratio of
2.94 (Yang et al., 1999).

Microdialysis allows extracellular concentration of drugs in
blood and other biological tissues to be measured in vivo (de
Lange er al., 1997). This sampling technique is extremely
useful to investigate the transport of endogenous and
exogenous substances across the BBB. This paper demon-
strates the pharmacokinetics of unbound camptothecin in
blood, brain and bile after intravenous administration to rats.
This procedure combined with P-glycoprotein modulators
made it possible to estimate the extracellular camptothecin
concentration in the brain and the camptothecin’s mechan-
ism.

The present microdialysis technique provides protein free
samples that can be injected directly into a liquid chromato-

graphic system to monitor continuously in vivo unbound
drugs in biological samples such as blood, brain or bile.
Furthermore, this sampling method facilitates pharmacoki-
netic studies by reducing the influence of biological volume
changes compared to conventional biological fluid with-
drawing assays. The instability of camptothecin (lactone
form) has been demonstrated, and the fact that the opening
of the ring under basic conditions produces the water soluble
carboxylate form. An on-line microdialysis technique was
employed in this study to avoid the labile form of
camptothecin (Shenderova et al., 1999).

The ratio of the AUC in the brain over that in blood
(AUCp;ain/AUC100q) Was utilized to assess the drug penetra-
tion through the BBB (de Lange et al., 1997). This steadily
increasing ratio further demonstrates that camptothecin
penetrated the BBB, which strongly confirms the findings of
Blaney et al. (1998). Their findings reveal that the
camptothecin analogue, 9-aminocamptothecin could cross
the BBB. Our data reveal that the distribution ratio of
unbound camptothecin in rat brains was 0.27+0.024 (Table
3). This result indicates that the brain distribution ratio of
camptothecin did not differ significantly from the total form
of camptothecin concentration (Table 1). A similar phenom-
enon has been discovered in the pharmacokinetics of
theophylline; the pharmacokinetic data demonstrate whole
blood sampling does not differ statistically from simultaneous
microdialysis sampling (Telting-Diaz et al., 1992).

This investigation has revealed that the groups treated
and pretreated with cyclosporin A, a P-glycoprotein
inhibitor, exhibited enhanced delivery of camptothecin
into the rat brain. However, the P-glycoprotein mod-
ulators, berberine, quercetin, naringin and naringenin did
not significantly diminish camptothecin AUC in the
brain. This finding supports the hypothesis that P-
glycoprotein can play an important role in restricting
the access of substrate molecules to the brain. Although
the herbal alkaloid, berberine, augment the expression of
P-glycoprotein in the cell lines (Lin er al., 1999), it did
not markedly regulate the camptothecin penetration of
BBB. This may be due to the weak potency of
berberine in vivo or unsuitable dose. Several flavonoids,
dietary compounds, have been reported to strongly up-
regulate the apparent activity of P-glycoprotein in cancer
cell lines (Chieli et al., 1995). However, these flavonoids
did not alter the P-glycoprotein function for camptothe-
cin in BBB penetration in vivo. The contrary report
found that the flavonoids also did not affect the action
of P-glycoprotein (Choi et al., 1999).

The results of the investigation did not confirm the claim
by Mitsunaga et al. (2000), who found a biphasic effect,
whereby a smaller dose of quercetin (0.1 mg kg~') diminished
[’H]-vincristine penetration into BBB, but a higher dose of
quercetin (1.0 mg kg=') enhanced this effect in mice. The
distribution of mdr 1 gene knockout mouse was possibly the
most convincing evidence currently in the literature. Schinkel
et al. (1994) demonstrated that the gene knockout mice were
over 100 times more sensitive to the CNS toxin, ivermectin,
than the mice that were treated with P-glycoprotein
modulator. In addition, evidence of ATP-dependent and P-
glycoprotein mediated transport of cyclosporin A across the
BBB in rats has been reported in vitro and in vivo (Tsuji et al.,
1993; Sakata et al., 1994).
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As well known, hepatocytes produce bile juice. This
process involves the vectorial transport of compounds such
as bile salts, phospholipids and cholesterol, as well as
endobiotics and xenobiotics. This phenomenon requires P-
glycoprotein because it was assumed to be involved in the
permeation of compounds across the plasma membrane
(Frijters et al., 1997). The biliary excretion of camptothecin
was previously reported in an isolated perfused rat liver in
vitro system (Platzer et al., 2000). A recent report indicates
that the biliary excretion mechanism of camptothecin
derivative irinotecan might involve P-glycoprotein (Chu et
al., 1999). In this study, we systematically examined the
biliary excretion of camptothecin in various P-glycoprotein
modulators treated in rats to illuminate the biliary excretion
mechanism involved. The P-glycoprotein modulators, cyclos-
porin A and some flavonoids have been demonstrated to
decrease the bile distribution ratio of camptothecin. This
phenomenon implies the treatment of P-glycoprotein mod-
ulator inhibited the efflux of camptothecin from biliary fluid.
These results confirm the recent report which indicates that
flavonoid genistein interacts with P-glycoprotein and inhibits
P-glycoprotein-mediated drug transport (Castro & Altenberg,
1997).

This investigation convincingly demonstrates the potential
for studying the pharmacokinetics of camptothecin in rat
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