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Abstract

The aim of this study was to investigate whether Klebsiella pneumoniae endotoxin modifies transport of doxorubicin, a P-glycoprotein
substrate, across the blood—brain barrier and P-glycoprotein function in mice. Doxorubicin (30 mg/kg) was administered into the tail vein or
fluorescein isothiocyanate-labeled dextran (FD-4) was infused (20 pg/min) into the right jugular vein of mice intravenously injected with
endotoxin (10 mg/kg) 6 or 24 h earlier. Blood and brain samples were collected 4 h after injection of doxorubicin or 1 h after infusion of FD-
4. We examined using Western blotting the influence of endotoxin on the expression of P-glycoprotein in brains obtained 6, 12 and 24 h after
injection. Endotoxin did not change the plasma and brain concentrations and brain-to-plasma concentration ratio (K, value) of FD-4. No
histopathological changes in brain capillaries were observed. These results suggest that endotoxin does not cause damage to brain capillaries.
Plasma and brain concentrations of doxorubicin in mice treated 6 h earlier with endotoxin were significantly higher than those in control and
mice treated 24 h earlier. However, endotoxin did not significantly change the K, value of doxorubicin. The protein level of P-glycoprotein
was significantly, but slightly down-regulated 6 h after endotoxin treatment. However, the levels remained almost unchanged after 12 and 24
h. The present results suggest that Klebsiella pneumoniae endotoxin has no effect on the brain capillary integrity and doxorubicin transport
across the blood—brain barrier in mice. It is likely that P-glycoprotein function might be sufficient to transport doxorubicin in spite of

decreased levels of P-glycoprotein in the brain. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well known that numerous cancer cells overexpress
multidrug resistance (MDR) gene-encoded P-glycoprotein,
resulting in anticancer drug resistance (Juliano and Ling,
1976; Ueda et al., 1987). P-glycoprotein, a member of the
ATP-binding cassette superfamily of transport proteins, acts
as an active efflux pump for hydrophobic and cationic
anticancer drugs, such as Vinca alkaloids and anthracycline
antibiotics, and plays an important role in their antitumor
activity (Endicott and Ling, 1989; Tsuruo, 1988; Tsuruo et
al., 1982).

P-Glycoprotein is expressed largely, not only in anti-
cancer drug resistant cells, but also in various normal tissues
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such as liver, kidneys, intestine and brain (Cordon-Cardo et
al., 1990; Thiebaut et al., 1987). In these tissues, this protein
has a protective function of excluding endogenous and
exogenous substances from the body. In brain, P-glycopro-
tein is expressed in the luminal membrane of the brain
capillary endothelium (Cordon-Cardo et al., 1989; Schinkel
et al.,, 1994) and in the apical membrane of the choroid
plexus epithelium (Rao, 1999). In particular, P-glycoprotein
in the blood—brain barrier has an important role in limiting
the distribution of various substances into the brain to
protect from neurotoxicity (Ohnishi et al., 1995; Tsuji,
1998; Watchko et al., 1998). It is likely that the existence
of P-glycoprotein in the blood—brain barrier also leads to
chemotherapy failure in brain cancers by limiting the
effectiveness of many anticancer drugs since MDR 1 is
expressed in human brain tumors (Nabors et al., 1991).
Ohnishi et al. (1995) have reported that the brain distribu-
tion of doxorubicin, a substrate of P-glycoprotein, is mainly
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restricted by P-glycoprotein on the blood—brain barrier
under normal physiological conditions. It is thought that
the integrity of brain capillary cells and the function of P-
glycoprotein in the blood—brain barrier may be modified by
histopathological and physiological changes occurring in
various disease states, including bacterial infectious disease.

Endotoxin, an active component in the outer membrane
of Gram-negative bacteria, is known for its various bio-
logical and immunological activities. Endotoxin has been
found to induce various histopathological and physiological
changes in the body, such as damage to the central nervous
system, liver, kidney, heart, gastrointestinal tract and lungs
(Hewett and Roth, 1993). We have reported that K. pneumo-
niae endotoxin reduces hepatic drug-metabolizing enzyme
activity and impairs biliary and renal excretion of various
drugs by changing the ability of the biliary and tubular
secretory systems (Haghgoo et al., 1995; Hasegawa et al.,
1994; Kitaichi et al., 1999; Nadai et al., 1993a,b,c, 1996,
1998). In addition, we recently reported that K. pneumoniae
endotoxin impaired the P-glycoprotein-mediated transport
of P-glycoprotein substrates, rhodamine 123 and sparflox-
acin in rats (Ando et al., 2001; Nadai et al., 2001).

There are many reports regarding the effects of endotoxin
and endotoxin-induced inflammatory cytokines and media-
tors on brain permeability (Boje, 1996; De Vries et al.,
1996; Mayhan, 1998; Shukla et al., 1995). However, almost
all the studies were carried out in vitro with brain endothe-
lial cells and the in vivo studies used topical administration
of endotoxin in animals. There is little in vivo information
available regarding the effect of systemic administration of
endotoxin on blood—brain barrier integrity and P-glycopro-
tein function.

The purpose of the present study was to investigate
whether K. pneumoniae endotoxin changes the in vivo
blood—brain barrier transport of doxorubicin and P-glyco-
protein function. We measured the plasma and brain con-
centrations and brain-to-plasma concentration ratio of
doxorubicin or of fluorescein isothiocyanate-labeled dextran
and histopathological changes in brain capillaries. Further-
more, the effect of endotoxin on the constitutive level of P-
glycoprotein in the brain was examined using Western blot
analysis.

2. Methods
2.1. Materials

Endotoxin was isolated from K. pneumoniae LEN-1 (O3:
K1 ™), which was identical to that used in previous studies
(Ando et al., 2001; Kitaichi et al., 1999; Nadai et al., 1998).
Doxorubicin hydrochloride, daunorubicin hydrochloride
and fluorescein isothiocyanate-labeled dextran with average
molecular weight 4.4 kDa (FD-4) were purchased from
Sigma (St. Louis, MO). Doxorubicin hydrochloride in the
form of a commercial preparation for injection (Adriamycin)

was obtained from Kyowa Hakko (Tokyo, Japan). Cyclo-
sporin A was purchased from Novartis Pharma (Tokyo,
Japan). All other reagents were commercially available
and were of analytical grade. All chemicals were dissolved
in physiological saline before use.

2.2. Animals

Male ddY mice (Japan SLC, Hamamatsu, Japan), weigh-
ing 25-28 g, were used in this study. The mice were housed
under controlled environmental conditions (approximately
25 °C) with a commercial food and water freely available.
All animal experiments were carried out in accordance with
the guidelines of Nagoya University School of Medicine for
the care and use of laboratory animals.

2.3. Experimental protocols

For the blood—brain distribution experiments, K. pneu-
moniae endotoxin (10 mg/kg) was administered into the tail
vein of ddY mice 6 or 24 h before injection of each drug.
Control mice were treated with isotonic saline in place of
endotoxin. The dose of endotoxin was based on that in our
previous study (Nadai et al., 1996) and on data for the LDs
(15 mg/kg) to mice.

To elucidate the time-dependent effect of endotoxin on
blood—brain barrier integrity, the mice were anesthetized
with pentobarbital (25 mg/kg) and were cannulated with
polyethylene tubes (PE 10, Natsume, Tokyo, Japan), in the
right jugular vein for drug administration. After the com-
pletion of surgical preparation, the mice received a constant
rate infusion of FD-4 (20 pg/min) at a rate of 5 pl/min by
means of a Harvard infusion pump (PHD 2000, South
Natick, MA). A 60-min infusion was found to result in a
steady state concentration of FD-4. The dosage of FD-4 was
calculated from the pharmacokinetic parameters as
described previously (Mehvar and Shepard, 1992). After
60 min of FD-4 infusion, the animals were killed by
exsanguination, and brain and blood samples were taken.
This experiment was done under pentobarbital anesthesia
and the body temperature was maintained at 37 °C with a
heat lamp.

To examine the time-dependent effect of endotoxin on
doxorubicin brain distribution, doxorubicin (30 mg/kg) was
administered into the tail vein of mice without anesthesia.
The dosage was chosen so as to allow us to measure
reproducibly the concentration of doxorubicin in the brain,
as concentration in the brain was not detectable, using the
method described above, 4 h after administration of doxor-
ubicin at a dose of 10 mg/kg. The mice were killed by
exsanguination under light ether anesthesia 4 h after injec-
tion of doxorubicin, and blood and brain were removed.

To examine the effect of a typical P-glycoprotein inhib-
itor, cyclosporin A, on the brain distribution of doxorubicin,
cyclosporin A (200 mg/kg) was administered intraperito-
neally to mice 30 min before injection of doxorubicin (30
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mg/kg). The mice were killed by exsanguination under light
ether anesthesia 4 h after injection of doxorubicin, and
blood and brain were removed.

Blood samples were immediately centrifuged to yield
plasma. The brain was weighed. All plasma and brain
samples were stored at — 80 °C until assay.

The K, value of doxorubicin or FD-4 is presented as the
brain-to-plasma concentration ratio.

2.4. Concentrations of nitrite and nitrate (NO,) in serum
and brain

To measure the concentration of nitrite and nitrate (NO,)
in serum and brain, blood and brain samples were taken 12
h after injection of endotoxin (10 mg/kg), based on our
previous report (Kitaichi et al., 1999). Concentrations of
NO, were measured with a commercial kit (Nitrate/Nitrite
Colorimetric Assay Kit: Cayman Chemical, Ann Arbor, MI)
according to the manufacturers’ instructions. The detection
limit for NO, by this method was determined to be 2.5 pM,
and values below 2.5 uM are given as a not-detected (N.D.)
value.

2.5. Histopathological examination

Mice were killed by exsanguination under light ether
anesthesia 6, 12 and 24 h after an intravenous injection of
endotoxin (10 mg/kg) and the brain was removed immedi-
ately. Control mice were treated with isotonic saline in place
of endotoxin. For electron microscopy, small pieces of brain
tissue were fixed in phosphate-buffered 2.5% glutaralde-
hyde (0.1 M phosphate buffer, pH 7.4) at 4 °C. After being
rinsed in the buffer, the specimens were postfixed in 1%
osmium tetroxide, and embedded in Epon 812 resin. Ultra-
thin sections were cut on a Reichert Ultracut-N ultramicro-
tome with a diamond knife, double stained with uranyl
acetate and lead citrate, and examined in a Hitachi H-7000
electron microscope. Veterinary pathologists performed the
histopathological examinations.

2.6. Western blot analysis

Brains were taken from mice treated 6, 12 and 24 h
earlier with endotoxin. Each brain was suspended in 1 ml of
10 mM Tris—HCI buffer (pH 8.0) containing complete
protease inhibitor, 1.5 pg/ml aprotinin and 1 mM phenyl-
methylsulfonyl fluoride (Sigma Chemicals). The suspension
was homogenized with a tight homogenizer (twenty strokes
up and down) and centrifuged for 10 min at 3500 X g at 4
°C. The supernatant was centrifuged for 60 min at 80,000g
at 4 °C. The pellet was dissolved in Laemmli buffer and
incubated for 15 min at 37 °C.

The protein concentration in the solution was measured
with a Bio-Rad Protein Assay (Bio-Rad Laboratories, CA,
USA) using bovine serum albumin (Sigma) as a standard.
The protein (40 pg) was separated by electrophoresis on 8%

sodium dodecyl sulfate (SDS)-polyacrylamide gel and trans-
ferred to a nitrocellulose membrane. The membrane was
blocked in phosphate-buffered saline (PBS) containing
0.1% Tween 20 and 5% nonfat dry milk, detected by
C219 mouse monoclonal antibody (DAKO, Glostrup, Den-
mark). To quantify the relative levels of P-glycoprotein in
each gel, the intensity of the stained bands was measured by
NIH image (Bethesda, MD).

2.7. Drug assay

Plasma samples were diluted appropriately with distilled
water and brains were homogenized in a fourfold volume of
PBS solution. The diluted plasma samples and the homo-
genates were used immediately for measurement of FD-4.
The concentration of FD-4 in each sample was measured
with a spectrofluorophotometer (RF-1500, Shimadzu,
Kyoto, Japan) set at an excitation wavelength of 498 nm
and an emission wavelength of 525 nm.

The concentration of doxorubicin in plasma and brain
was determined by high-performance liquid chromatogra-
phy (HPLC). Briefly, 50 ul of each sample was vortexed
with 300 pl of acetonitrile containing an internal standard of
daunorubicin (0.6 pg/ml). After centrifugation, 300 pul of the
supernatant was evaporated to dryness under a nitrogen gas
stream at 45 °C. The residue was reconstituted with 200 ul
of the mobile phase and analyzed by HPLC. The apparatus
used for HPLC was a Shimadzu LC-6A system (Kyoto,
Japan) consisting of an LC-6A liquid pump and an SIL-6A
autoinjector, and was equipped with a fluorescence detector
(RF-535, Shimadzu) set at an excitation wavelength of 475
nm and emission wavelength of 580 nm. Conditions were as
follows: column, a Cosmocil 5C;g column (Nacalai Tesque,
Kyoto, Japan); mobile phase, 10 mM citric acid/NH4HPO,
buffer (pH 4.0)—acetonitrile =2:1 (v/v); temperature, 50 °C;
flow rate, 1 ml/min. The detection limit of this assay was 40
ng/ml for plasma and 50 ng/g for brain.

2.8. Statistical analysis

All data are expressed as means = S.E.M. Analysis of
variance (ANOVA) was used to determine the statistical
significance of differences between experimental groups.
When F' ratios were significant, Scheffe’s post hoc tests
between two groups were done. The 0.05 level of proba-
bility was used as criterion of significance.

3. Results

3.1. Effect of endotoxin on the brain distribution of FD-4
Fig. 1 shows the brain to plasma concentration ratio (K,)

of FD-4 60 min after the start of FD-4 infusion to mice

pretreated or not with endotoxin. The K, value of FD-4 in
the control mice was 0.07 & 0.01 ml/g brain, which was not



118 Y.L. Zhao et al. / European Journal of Pharmacology 445 (2002) 115-123

0.10

0,081 'l'

0.06

0.04 1

Kp of FD-4 (ml/g brain)

0.02 1

0.00 T
Control 6h 24h

Endotoxin

Fig. 1. Effect of endotoxin on brain to plasma concentration ratio (K,) of
FD-4. Brain and plasma samples were taken 60 min after infusion of FD-4.
Each column represents mean + S.E.M. (n=6-9). No significant differ-
ences were observed between the control mice and mice treated 6 or 24 h
earlier with endotoxin.

significantly different from those for mice treated 6 and 24 h
earlier with endotoxin (0.08 £0.01 and 0.06 £ 0.01 ml/g
brain, respectively). No significant differences in the plasma
and brain concentrations of FD-4 were observed between
the three groups. These results indicate the maintenance of
blood—brain barrier integrity in endotoxin-treated mice.

3.2. Effect of endotoxin on the brain distribution of
doxorubicin

Table 1 shows the plasma and brain concentrations and
the K, value of doxorubicin at 4 h after intravenous injection
to mice pretreated or not with endotoxin. There were no
significant differences in the K, value of doxorubicin
between the control mice (0.38 + 0.02 ml/g brain) and mice
treated 6 or 24 h earlier with endotoxin (0.42 £0.03 or
0.36 + 0.01 ml/g brain). On the other hand, the concen-
trations of doxorubicin in the plasma and brain were
significantly higher in mice treated 6 h earlier after injection

Table 1
Effect of endotoxin on doxorubicin transport across blood—brain barrier in
mice

Control Time after injection of
endotoxin (h)
6 24
Plasma level 0.268 + 0.013 0.324 +0.027° 0.249 + 0.004
(ng/ml)
Brain level 0.101 £ 0.002 0.133 £0.010° 0.090 £ 0.004
(ng/g brain)
K, value 0.384 + 0.023 0.415 +0.030 0.361+0.013

(ml/g brain)

Doxorubicin (30 mg/kg) was administered into the tail vein of mice 6 and

24 h after intravenous injection of endotoxin (10 mg/kg) or saline. K}, value

was calculated as the ratio of brain tissue doxorubicin concentration to

plasma level. Blood and brain samples were collected 4 h after injection of

doxorubicin. Each value is presented as mean £ S.E.M. (n=6).
 Significantly different from the control (P <0.05).

Table 2
Effect of cyclosporin A on doxorubicin transport across blood—brain
barrier in mice

Control Cyclosporin A
Plasma level (pg/ml) 0.263 £ 0.014 0.444 + 0.036"
Brain level (ng/g brain) 0.120 £ 0.016 0.362 + 0.054°
K, value (ml/g brain) 0.457 + 0.046 0.808 + 0.066"

Doxorubicin (30 mg/kg) was administered into the tail vein of mice 30 min
after intraperitoneal injection of cyclosporin A (200 mg/kg) or saline. Blood
and brain samples were collected 4 h after injection of doxorubicin. Each
value is presented as mean = S.EM. (n=7).

? Significantly different from the control (P< 0.05).

of endotoxin than those in the control mice and mice treated
24 h earlier. The finding of no change in the K, value of
doxorubicin suggests that endotoxin has no effect on the
blood—brain barrier transport of doxorubicin.

3.3. Concentrations of NO, in serum and brain

We investigated the effect of endotoxin on the level of
NO, in the serum and brain. Endotoxin significantly
increased the level of NO, in the serum compared to the
control mice (15.6 £3.6 to 651.9 + 66.7 uM). However,
NO, was not detected in the brain of either the control or
endotoxin-treated mice.

3.4. Effect of cyclosporin A on the brain distribution of
doxorubicin

Table 2 shows the effect of cyclosporin A (200 mg/kg)
on the plasma and brain concentrations and the K|, value of
doxorubicin. Pretreatment with cyclosporin A increased the
plasma concentration of doxorubicin 1.7-fold (0.26-0.44

A
Endotoxin
Control 6 12 24 (h)
B
£ 100 =
i a = .
§E 80 T
25 60
53
-
Se 4
T 20
= 0 T T T T
Control 6 12 24 (h)
Endotoxin

Fig. 2. P-Glycoprotein expression in brain of mice treated or not with
endotoxin (A) and ratio of relative staining intensity for P-glycoprotein in
control and endotoxin-treated mice (B). Brain samples were taken 6, 12 and
24 h after intravenous injection of endotoxin (10 mg/kg). The band
corresponded to 160—170 kDa. Each column represents the intensity ratio
for the control mice and is presented as mean+ S.EM. (n=5).
Significantly different from the control (P<0.05).
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ng/ml) and the brain concentration threefold (0.12—0.36 pg/
g brain). The K, value in mice pretreated with cyclospo-
rin A was significantly higher than that in control mice
(0.81 £0.07 and 0.46 £0.05 ml/g brain, respectively).
These results indicate that cyclosporin A inhibits the P-
glycoprotein efflux pump in the brain.

3.5. Western blot analysis of P-glycoprotein in the brain

Fig. 2A shows Western blots of P-glycoprotein expres-
sion after injection of endotoxin. Western blots revealed a

Fig. 3. Electron microscopy of brain capillaries of mice treated or not with
endotoxin. (A) Control (saline). (B) Six hours after an intravenous injection
of endotoxin (10 mg/kg). (C) Twenty-four hours after an intravenous
injection of endotoxin (10 mg/kg). There were no marked changes in the
nucleus (Nu) and cytoplasm (E) of the capillary endothelial cells. BM,
basement membranes. a, b, ¢: x 22,000.

band of 160—170 kDa, corresponding to P-glycoprotein. As
illustrated in Fig. 2B, the protein level of P-glycoprotein
was significantly down-regulated to 76% of the control after
6 h of endotoxin treatment. The level of P-glycoprotein
expression at 12 and 24 h, however, was not significant.
These results suggest that endotoxin down-regulates the
expression of P-glycoprotein in the early phase after treat-
ment.

3.6. Histopathological examination of brain

The dose of endotoxin used in this study did not induce
any histopathological changes in the brain capillaries and
their basement membranes (Fig. 3). The histopathological
experiments suggest the absence of any brain capillary
damage caused by endotoxin treatment.

4. Discussion

Our interest in the effect of endotoxin on the brain
distribution of drugs was stimulated by the reports that
endotoxin at a high dose does not damage the blood—brain
barrier in rats (Bickel et al., 1998). We have extensively
studied the effect of K. pneumoniae endotoxin on the biliary
and renal excretion of various drugs and hepatic drug-
metabolizing enzymes in mice and rats (Ando et al., 2001;
Haghgoo et al., 1995; Hasegawa et al., 1994; Kitaichi et al.,
1999; Nadai et al., 1993a,b,c, 1996, 1998, in press; Wang et
al., 1993). We designed the present study to investigate the
effect of K. pneumoniae endotoxin on the brain distribution
of doxorubicin, a P-glycoprotein substrate, in mice and on
the expression of P-glycoprotein in the brain.

First, we measured the K, value of FD-4, an integrity
marker (Van Bree et al., 1988), to evaluate whether endotoxin
could alter blood—brain barrier integrity. Histopathological
examination was also performed to evaluate possible alter-
ations of brain capillary cell function. Endotoxin did not
change the K, value of FD-4 or induce histopathological
changes in the brain capillaries, indicating maintenance of the
blood—brain barrier integrity. The present finding of no
change in the K|, value of FD-4 in endotoxin-treated mice is
supported by previous observations in rats, using sucrose and
fluorescein which have a much smaller molecular weight than
FD-4 (Bickel et al., 1998; De Vries et al., 1995). On the
contrary, it is reported that E. coli endotoxin increased the
permeability of fluorescein in in vitro experiments using
endothelial cells from bovine brain (De Vries et al., 1996).
The reason for the discrepancy between these results and ours
is not clear at present, although it might be a result of the
different methods, different species and the use of different
endotoxin. We examined the effect of endotoxin on the
transport of doxorubicin across the blood—brain barrier and
found that endotoxin did not change the K, value of
doxorubicin. This indicated that doxorubicin transport across
the blood—brain barrier remained unchanged under our
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conditions. Furthermore, we examined the time-dependent
effect of endotoxin on the expression of P-glycoprotein in the
brain by Western blot analysis. Unexpectedly, a significant
decrease in the protein level of P-glycoprotein was observed
in the brain of mice treated 6 h earlier with endotoxin, but the
reduction was slight. Based on these results, we believe that it
is likely that P-glycoprotein preserves sufficient function as
an efflux pump for its substrates under our conditions.
However, since the brain was not perfused prior to dissection,
blood vessels may still have been filled with blood and hence
lymphocytes expressing P-glycoprotein. There is a possibil-
ity that endotoxin decreases the expression of P-glycoprotein
in these cells rather than in the brain. On the other hand, the
present study showed significant increases in the plasma and
brain concentrations of doxorubicin in mice treated 6 h earlier
with endotoxin, although endotoxin did not alter the K, value.
The predominant pathway for the elimination of doxorubicin
is biliary and renal excretion (Kiso et al., 2000; Speeg and
Maldonado, 1994; Tavoloni and Guarino, 1980; Van Asperen
etal., 2000; Zhao et al., 2002). We recently demonstrated that
endotoxin decreased the renal and biliary excretion of
rhodamine 123, a typical P-glycoprotein substrate, and the
expression of mdrla mRNA in the liver and kidney 6 h after
injection (Ando et al., 2001). It seems that the increased
plasma and brain concentrations of doxorubicin may have
been due to changes occurring in the peripheral tissues, but
not in the brain.

Doxorubicin is known to be metabolized by aldo-ketor-
eductase, Cytochrome P450 (including CYP2B1) and glu-
curonide-conjugating enzymes (Arcamone et al., 1984;
Ballet et al., 1986; Goeptar et al., 1993; Van Asperen et
al., 2000; Weenen et al., 1984). We have recently found that
K. pneumoniae endotoxin has no effect on glucuronidation
activity in vitro (Nadai et al., in press), suggesting that
endotoxin does not affect glucuronoconjugation. On the
other hand, endotoxin reduces the total hepatic Cytochrome
PA50 content, impairs P450 catalytic activity and down-
regulates the expression of several P450 isozymes 2Cl11,
2E1 and 3A2 (Gorodischer et al., 1976; Kitaichi et al., 1999;
Morgan, 1989, 1997; Sewer et al., 1996). Most recently,
Ferrari et al. (2001) reported that endotoxin down-regulated
CYP2BI1 protein in rat hepatocytes, suggesting the possi-
bility that the plasma concentration of doxorubicin increases
as a result of deterioration of CYP2B1-mediated hepatic
metabolism of doxorubicin. On the other hand, some reports
showed that endotoxin administered centrally induces
down-regulation of Cytochrome P450 in the brain (Renton
et al,, 1999; Renton and Nicholson, 2000). Interestingly,
Renton and Nicholson (2000) demonstrated that intraper-
itoneal injection of high doses of endotoxin decreases
Cytochrome P450 activity in rat brain and liver. It has been
suggested that, among the major metabolites of doxorubicin,
7-deoxydoxorubicinolone and doxorubicinol are substrates
for P-glycoprotein (Van Asperen et al., 2000). However, the
metabolism of doxorubicin in the brain remains to be
elucidated. Based on these findings and on the present data,

it is possible that the endotoxin-induced increase in the
plasma and brain concentrations of doxorubicin may be in
part caused by reduction in hepatic deletes drug-metaboliz-
ing enzyme activity.

It is known that protein binding plays an important role
in the distribution of drugs, since only the unbound drug
portion is distributed into target tissues, such as brain. The
K, value of doxorubicin might also be affected by changes
in the protein binding. Our previous study showed that the
protein binding potency of doxorubicin in rats was relatively
low (approximately 60%) (Kiso et al., 2000). It is likely that
endotoxin does not alter the unbound fraction of doxorubi-
cin in plasma. There are several reports showing that
endotoxin can cause damage to numerous organs and
changes the expression of various drug transporters in the
liver (Hartmann et al., 2001; Hewett and Roth, 1993; Tang
et al., 2000; Vos et al., 1998). Since the brain is a privileged
organ due to the blood—brain barrier, it seems likely that the
effect of endotoxin on the brain is distinct from that on other
peripheral tissues such as kidneys and liver.

Under our conditions, cyclosporin A, an immunosup-
pressive agent that has been well established as an inhibitor
of P-glycoprotein, significantly increased the plasma and
brain concentrations and K, value of doxorubicin. Results
obtained from the present study are supported by reports
showing that cyclosporin A increases the brain tissue con-
centration of doxorubicin (Hughes et al., 1998; Saito et al.,
2001; Zhang et al., 2000). On the contrary, there are several
reports that cyclosporin A and verapamil did not modify the
brain permeability of doxorubicin (Colombo et al., 1994;
Rousselle et al., 2000; Warren et al., 2000). The reasons for
the discrepancies among these reports are not clear at
present, although they might be a result of the different
methods used. One possibility is that the concentration of
cyclosporin A in the brain might be not sufficient to inhibit
P-glycoprotein. It is also reported that doxorubicin in
combination with a P-glycoprotein inhibitor (S9788) indu-
ces disruption of the blood—brain barrier in vitro (Fenart et
al.,, 1998). Therefore, the observed increase in the brain
penetration of doxorubicin may also be partially explained
by blood—brain barrier disruption after coadministration
with cyclosporin A. The cyclosporin A-induced increase
in the plasma and brain concentrations of doxorubicin might
also be caused by reduction of P-glycoprotein-mediated
biliary and renal excretion of doxorubicin since it is known
that P-glycoprotein plays a role in the biliary and urinary
excretion of doxorubicin (Kiso et al., 2000; Saito et al.,
2001; Speeg and Maldonado, 1994; Van Asperen et al.,
2000). It is likely that cyclosporin A modifies doxorubicin
transport across the blood—brain barrier by inhibiting P-
glycoprotein.

It is well known that various proinflammatory cytokines
and mediators released by endotoxin, such as tumor necrosis
factor-a (TNF-a), interleukin-1, interleukin-6, nitric oxide
(NO) and prostaglandins, play important roles in endotoxin-
induced pathophysiological changes in peripheral circula-
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tion and tissues. It has been suggested that central injection
of endotoxin induces inducible nitric oxide synthase (iNOS)
activity and produces NO in the brain and leads to an
increase in the permeability of drug with a small molecular
weight into the brain due to damage to the blood—brain
barrier (Boje, 1996; Shukla et al., 1995). On the other hand,
endotoxin has been shown to induce iNOS in rat brain by
intravenous injection of 5 mg/kg (Lomniczi et al., 2000) and
by peritoneal injection of 25 mg/kg (Chikada et al., 2000).
TNF-a was also shown to damage the blood—brain barrier
(Liu et al., 1996). It appears that NO and the other proin-
flammatory cytokines might be important in modifying the
permeability of the blood—brain barrier. Considering that
TNF-a and NO can easily penetrate the barrier when
damage of the blood—brain barrier occurs, we, therefore,
measured the concentrations of NO, in the serum and brain.
Endotoxin dramatically increased NO, levels in the serum as
reported previously (Kitaichi et al., 1999). NO,, however,
were not detected in the brain. At present, the discrepancy
between the present results and those of studies by Chikada
et al. (2000) and Lomniczi et al. (2000) cannot be explained
clearly. Considering that different bacterial strains were
shown to affect bacterial activity and cytokine induction
(Flad et al., 1993), the discrepancy may be due to a bacterial
strain difference between E. coli and K. pneumoniae and/or
a species difference between rats and mice. It is most
probable that circulating cytokines do not enter the brain
through the blood—brain barrier unless the blood—brain
barrier is injured and that NO may rapidly disappear from
the systemic circulation after its production.

In conclusion, the present study demonstrated that K.
pneumoniae endotoxin does not impair blood—brain barrier
integrity and doxorubicin transport across the blood—brain
barrier in mice. This study is the first to describe the effect
of endotoxin on the protein level of P-glycoprotein in the
brain. More studies are needed to elucidate the mecha-
nism by which endotoxin down-regulates the expression
of P-glycoprotein in the brain.
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