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Abstract Introduction

The phenomenon of MDR3 continues to be a major obstacle in
cancer chemotherapy for many human malignancies. Efforts thus far
to overcome MDR using chemosensitization have provided promising
results in cell culture systems, but there has been limited success in
preclinical and clinical studies. First-generation modulators (vera
pamil and cyclosporin A) exhibited inherent pharmacological activity
and were often very toxic at the doses required to modulate MDR (1,
2). Recent investigations have led to more potent and less toxic
modulators of MDR, such as PSC 833, which is a nonimmunosup
pressive analogue of cyclosporin A. Despite these developments,
difficulties remain in MDR modulation strategies using chemosensi
tization approaches (3). A problem that is, perhaps, more confounding
than intrinsic toxicity is the adverse pharmacokinetic interaction be
tween conventional anticancer drugs and chemosensitizers, such as
PSC 833 and dexverapamil. This interaction has complicated efforts
to optimize MDR reversal in vivo, due to an apparent lack of selec
tivity of current MDR modulators for tumor tissue. Such pharmaco
kinetic interactions significantly reduce the elimination of many an
ticancer drugs from the circulation, resulting in a need to reduce the
dose of the anticancer agents because of exacerbated toxicity (4â€”9).It
has been unclear whether such alterations may have a negative impact
on therapeutic outcome; however, such relationships are clearly pos
sible.

Liposomal carriers have been demonstrated to provide tumor spe
cific delivery of anticancer agents as well as to circumvent many
toxicities associated with these agents by altering the pharmacodistri
bution properties of encapsulated drugs (10â€”14).Given the pharma
cokinetic changes induced by PSC 833 on conventional (free) DOX,
we postulated that liposomes may limit these effects by virtue of their
ability to reduce the exposure of encapsulated DOX to the kidneys
(15)andalterclearanceof DOXin theliver(16).Thesetissuesappear
to be key factors involved in PSC 833-induced DOX pharmacokinetic
changes (3). Small (100-nm) liposomes also preferentially accumulate
in sites of tumor progression, where they are able to extravasate
through the more leaky tumor neovasculature (10, 12). This feature, in
conjunction with the potential avoidance of adverse pharmacokinetic
interactions with PSC 833 when liposomes are used, may lead to
substantially increased selectivity of MDR modulation at the tumor
site and improve the therapy of resistant tumors.

Here, we report the evaluation of the toxicity, efficacy, and phar
macokinetics of DOX, encapsulated in 100-nm-diameter DSPC/Chol
liposomes, when it is coadministered with the MDR modulator PSC
833. These biological properties ofliposomal DOX are compared with
DOX administration in free drug form, as well as for DOX entrapped

3 The abbreviations used are: MDR, multidrug resistance; PSC 833, SDZ PSC 833
L(3'-keto-Bmt')-(Val2)-cyclosporin]; DOX, doxorubicin; DSPC, 1,2 distearoyl-sn
glycero-3-phosphocholine; Chol, cholesterol; MID, maximum tolerated dose; C,,,.,@,peak
concentration achieved; AUC, area under the concentration-time curve; LOQ, limit of
quantitation; POP, P-glycoprotein.

Conventional methods that are used to overcome multidrug resistance
(MDR) often involve the coadministration of chemosensitizers and anti
cancer drugs. The cyclosporin analogue SDZ PSC 833 [(3'-keto-Bmt')-

(Val2)-cyclosporinj (PSC 833) has been shown to possess powerful chemo
sensitization properties in vitro, in addition to being intrinsically nontoxic.

However, coadministration of PSC 833 with anticancer drugs, such as
daunorubicin, doxorubicin (DOX), and Taxol, have resulted in the exac
erbation of anticancer drug toxicity, which Is due to altered anticancer
drug pharmacokinetics. Here, we hypothesized that optimization of the
anticancer drug delivery, using liposomal carriers, may, by avoiding these
adverse Interactions, offer a significant advantage over nonencapsulated
drugs. Toxicity studies were conducted in normal BDF1 mice, with i.v.

DOX(free or liposomeencapsulated)administration and p.o. PSC 833 in
single and multiple dosage regimens over a 15-day study period. p.o.
administration of PSC 833, at a dose of 100 mg/kg, reduced the maximum
tolerated dose (MTD) ofi.v administered free drug by 2.5â€”3-fold, in single

and multiple-dose regimens. In contrast, PSC 833 adminIstrationresulted
In only a 20% reduction of the MTD for DOX encapsulated in 100-nm 1,2
distearoyl-sn-glycero-3-phosphochollne/cholesterol liposomes (55:45 me
lar lipid ratio) in a single-dose regimen and had no effect on the liposomal
DOXMTh fortheday 1,5, and9 treatmentschedule.Modestmodulation
of P-glycoprotein-mediated MDR was observed in the murine P388/ADR
solid tumor model when PSC 833 was administered with free DOX at the
MID. In contrast,liposomalDOX combinedwith PSC 833 resultedin
tumor growth inhibition that was comparable to that observed for drug

sensitiveP388/WI tumors. This efficacyof P388/ADRtumors treatment
was dependent on PSC 833 because treatment with liposomal DOX alone
provided significantly less antitumor activity. Pharmacokinetic and tissue

distribution data demonstrated that DOX encapsulated in 1,2 distearoyl
sn-glycero-3-phosphocholine/cholesterol liposomes exhibited comparable
plasma elimination and tissue distribution properties in the presence and
absence of PSC 833, whereas free DOX displayed reduced plasma elimi
nation rates and altered tissue distribution in the presence of PSC 833.
These results provide evidence that PSC 833 can induce P-glycoprotein
modulation and chemosensitize MDR tumors in the absence of altered
DOX pharmacokinetics when liposomalcarriers are used. This suggests
that the improvedtumorselectivityof anticancerdrugsthat are admin
istered in liposomal formulations may avoid the complications that are

associated with free drug-MDR-reversing agent combinations and en
hance the therapy of multidrug-resistant tumors.
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in DSPCICho1 liposomes in the absence of PSC 833. We demonstrate
that liposome encapsulation largely avoids the DOX toxicity problems
that are associated with PSC 833 administration and results in signif
icantly improved antitumor activity against multidrug-resistant tu
mors.

Materials and Methods

Materials. DOX hydrochloride, for injection (USP), was purchased from
David Bull Laboratories Inc. (Vaudreil, Quebec, Canada). PSC 833 was a
generous gift from Novartis Inc. (Dorval, Quebec, Canada). DSPC (>99%
purity) and Chol were obtained from Avanti Polar Lipids (Alabaster, AL) and
Sigma Chemical Co. (St. Louis, MO), respectively. [3HjCholesterylhexadecyl
ether, a nonexchangeable, nonmetabolizable lipid marker, was purchased from
Amersham Canada (Oakville, Ontario, Canada). Female BDFI mice were
obtained from Charles River Laboratories (St. Constant, Quebec, Canada).

Liposome and Drug Preparation. Liposomes composed of DSPC/Chol
(55:45, mol:mol) were prepared by initially dissolving the lipid mixtures in
chloroform (100 mg/ml lipid) and hydrating the dried lipid film in a 300 mM
citric acid (pH 4.00) buffer. The resulting multilamellar vesicles were sub
jected to five freeze-thaw cycles, followed by a 10-cycleextrusion through two
stacked 100-nm polycarbonate filters (Nucleopore, Pleasanton, CA) using a
Lipex Extruder (Lipex Biomembranes Inc., Vancouver, British Columbia,

Canada; Ref. 17). [3H]Cholesterylhexadecyl ether was used as a nonexchange
able, nonmetabolizable lipid marker (18). The resulting large unilamellar
vesicles exhibited a mean diameter ranging between 100 and 110 nm, as
determined using a Nicomp 270 submicron particle sizer.

DOX was encapsulated in the liposomes using the transmembrane pH
gradient loading procedure (interior acidic) using sodium carbonate as the
alkalinizing agent and a drug:lipid weight ratio of 0.2:1.0 (19). Liposomal
DOX preparations were diluted with saline, as necessary, prior to in vito
administration. PSC 833 (for animal studies) was dissolved in a 10:1 mixture
of9S% ethanol:Tween 80 and administered in a corn oil vehicle by p.o. gavage
(200-pi volume; Ref. 20). Free DOX was administered in sterile saline.

loxicity Evaluation Studies. The toxicities of the indicated DOX and
PSC 833 dose regimens were evaluated in dose range-findingstudies using
normal (non-tumor-bearing) female BDFI mice. Formal studies for deter

mining LD1O and LDSO are not sanctioned by the Canadian Council on
Animal Care; therefore, toxic dose range-finding studies in tumor-free
female mice were performed using five mice per group. Briefly, mice were
administered increasing doses of i.v. DOX (free or liposomal) via the tail
vein and p.o. PSC 833 at a fixed dose of 100 mg/kg (4 h before DOX), in
single (day 1) or multiple dosing schedules (days 1, 5, and 9). Liposomal
DOX doses were changed by incrementsof 10 mg/kg for single injections
and by 5 mg/kg for the multiple injections on days 1, 5, and 9. Free DOX
doses were changed in increments of 5 mg/kg and 2.5 mg/kg, above and
below a DOX dose of 10 mg/kg, for the single and multiple dosing
schedules, respectively. DOX dose escalation was stopped when weight
loss exceeded 20% or toxicity-related mortality was observed. Survival and
the percentage change in body weight was monitored over a I5-day period.
Animals were monitored for other toxicity signs, such as scruffy coat,
dehydration, lethargy, ataxia, or labored breathing. Animals that demon

strated significant physical manifestations of distress/toxicity or exhibited
a body weight loss in excess of 30% were terminated. At the end of the
15-day study period, mice were terminated by carbon dioxide asphyxiation.
Necropsies were performed to identify abnormalities in the major organs.
The dose at which the body weight loss (group mean value) was@ 15% and
all mice survived for the duration of study was established as the MTD. The

results were collated from at least two independent experiments. Select
groups were repeated as a quality control measure to ensure reproducibility.

In Vivo Antitumor ACtIVIty.Efficacy experiments were conducted in
BDF1 mice bearing P388 lymphocytic leukemia solid tumors (P388/ADR
tumors are resistant to DOX; and P388/WT tumors are sensitive to DOX).
Briefly, 1 X 106 P388 (ADR or WT) cells were inoculated s.c. in the flank of
female BDF1 mice. After 1 week, when the tumors (n = 10 per group) were
established (20â€”100mg weight), treatment was initiated with dosage regimens
incorporating i.v. free or liposomal DOX, with or without p.o. PSC 833 (given
4 h before DOX) on days 1,5, and 9. Caliper measurements of the tumors were

performed daily, and the tumor weights calculated according to the formula
(21):

= Length (cm x [width (cm)]2

Tumor weight (g)
2

This conversion formula was verified by comparing the calculation-derived
tumor weights to excised and weighed tumors. Animal weights and mortality

were monitored daily. Animals bearing ulcerated tumors or tumors that
weighed more than 10% of the animal's body weight were terminated. The

results were collated from at least three independent repeat experiments. Data

were expressed as mean tumor weights Â±SE. Statistical tests were performed
using ANOVA, and statistical significance was set at P < 0.05.

Pharmacokinetics and Tissue Distribution. Pharmacokinetic experi
ments were performed on nonfasted female BDFI mice bearing 100â€”200-mg

P388/ADR solid tumors. Mice received, via the tail vein, a single iv. bolus
dose of liposomal DOX or free DOX. In groups with treatments incorporating
PSC 833, the modulator was administered p.o. by gavage (100 mg/kg), and
DOX administration was carried out 4 h later using the maximum therapeutic
doses observed in efficacy studies. After DOX dosing, groups of three mice per
time point were anesthetized with 100 Ml of ketamine/xylazine i.p. at 15 and
30 mm and 1, 2, 4, 8, 12, 24, and 48 h. Blood samples were collected by

cardiac puncture and placed into EDTA-coated tubes (Microtainer; Becton

Dickinson). Plasma was obtained by centrifuging whole-blood samples at
500 g for 10 mm. After blood collection, animals were terminated, and heart,
kidneys, liver, and tumors were removed from each animal, rinsed in PBS,

homogenized, and analyzed for liposomal lipid and DOX by scintillation
counting and fluorescence, as described previously (16). High-performance

liquid chromatography analysis of biological samples that were obtained from
mice receiving liposomal DOX indicated that >98% of the fluorescence

detected was due to nonmetabolized DOX (22). Tissue DOX concentrations
were corrected for blood volume to account for material residing in the
vasculature of the tissues. Two pharmacokinetic parameters were calculated
from the concentration-time curves, namely, Cm,,, and AUC(0,). The trape
zoidal rule was used to calculate the AUCs in plasma and tissue concentration

time profiles using a computer software program, AUC, provided by Dr.

Wayne Riggs (Faculty of Pharmaceutical Sciences, University of British
Columbia).

Results

We conducted drug-modulator dose-response toxicity studies for
different dosage regimens, comparing free and liposome-encapsulated
DOX, to elucidate the effect of liposome encapsulation on DOX-PSC
833 interactions and to identify the MTD for each drug form in the
presence and absence of the MDR modulator. iv. DOX was admin
istered in free and liposomal forms at escalating doses, as described in
â€œMaterialsand Methods,â€•alone or in combination with p.o. PSC 833
(100 mg/kg),and the change in body weight was monitoredover a
15-day period. The increase in free DOX toxicity that was induced by
PSC 833 is illustrated in Fig. 1. When free DOX was administered as
a single injection on day 1 at a dose of 20 mg/kg, the nadir in weight
change on day 6 was â€”12.8%, which recovered to a weight loss of 8%
by the end of the 15-day study period with 100% survival. Using the
criteria of@ 15% weight loss and no mortality, this dose was identi

fled as the MTD for this treatment. However, when 20 mg/kg free
DOX was combined with PSC 833, the body weight decreased rap
idly, 19.51% within 5 days, and all mice had to be terminated on day

10, due to a weight loss of 32.2%. The dose of the free DOX in
conjunction with PSC 833 (single dose) had to be reduced by 2.7-fold,
to 7.5 mg/kg, to obtain 100% survival and a weight loss nadir
of@ 15%. At this dose combination, the nadir weight loss on day 5
day was 14.2%, but mice eventually recovered to near pretreatment
weight by day 15 with 100% survival (Fig. 1). These studies demon
strate that PSC 833 reduced the MTh (defined as no deaths and
S15% weight loss nadir) of free DOX from 20 mg/kg to 7.5 mg/kg in

the single-dose regimen. In a similar fashion, PSC 833 coadministra
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administered at a dose of 70 mg/kg, a weight loss of 5.23% was
observed over the first 9 days, with a study end point of 1.9% weight
loss and 100% survival, indicating that liposomal carriers permitted
higher amounts of DOX to be delivered with limited toxicity (Fig. 1).
Increasing the dose of liposomal DOX beyond 70 mg/kg resulted in
significant increases in weight loss and mortality. More importantly,
the MTD of liposomal DOX was reduced only 20% when it was
coadministered with PSC 833. Although administration of liposomal
DOX at 70 mg/kg resulted in toxicity-related deaths, a dose of 50
mg/kg, combined with p.o. administration of PSC 833 at 100 mg/kg,
was well tolerated by all mice, resulting in a nadir in weight loss of
7.2% on day 8, and at day 15, the weight recovered completely,
to +0.45%, with 100% survival (Fig. 1). In a similar fashion, the
multiple dosing of liposomal DOX on days 1, 5, and 9 was unaffected
by coadministration of PSC 833, and MTD values of 20 mg/kg were
obtained in the presence and absence of MDR modulator. It should be
noted that the physical presentation of toxicity symptoms, as well as
their times of onset, were comparable for all groups at and above the
respective MTDs.

Fig. 2 presents the results of efficacy studies that compared free and
liposornal DOX in the P388/ADR in vivo MDR solid tumor model. In
the absence of any treatment, tumors grew to a size of 1 g within
26â€”28days of tumor cell inoculation (12â€”14days after formation of
a palpable solid tumor; Fig. 14). Treatment with free DOX at a dose
of 7.5 mg/kg i.v. on days 1, 5, and 9 (MTh in the absence of PSC
833), as well as p.o. administration of PSC 833 at 100 mg/kg on days
1, 5, and 9 in the absence of DOX, had no effect on tumor growth rates
(Fig. 2, A and B). In contrast, i.v. injection of free DOX to mice
bearing wild-type, drug-sensitive P388 tumors resulted in a significant
reduction in tumor growth beyond day 8 (Fig. 2A). i.v. administration
of liposomal DOX at a drug dose of 10 mg/kg on days 1, 5, and 9 in
the absence of PSC 833 provided moderate antitumor activity against
the resistant P388/ADR tumors, in which tumor growth rates were
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Fig. 1. Liposomal encapsulation circumvents PSC 833-mediated increased toxicity of
iv. DOX. iv. DOX was administered in the free (7.5 and 20 mg/kg) and liposomal (70
and 50 mg/kg) forms, alone or in combination with p.o. PSC 833 (100 mg/kg) in normal
BDF1 mice, and the body weight changes were monitored over a 15-day period. ,
liposomal DOX (70 mg/kg); 0, liposomal DOX (50 mg/kg) with PSC 833; A, free DOX
(20mg/kg);& freeDOX(20mg/kg)withPSC833;+, freeDOX(7.5mg/kg)withPSC
833.

tion in a multiple dose (days 1, 5, and 9) regimen decreased the DOX
MTh from 7.5 mg/kg, in the absence of PSC 833, to 2.5 mg/kg (data
not shown).

In contrast to the results obtained with free DOX, the MTD of
liposomal DOX decreased only marginally in the presence of PSC 833
for a single i.v. injection. Specifically, when liposomal DOX was
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Fig. 2. Antitumor efficacy of free and liposomal DOX against P388/ADR solid tumors in the absence (A) and presence (B) of coadministered PSC 833. P388/ADR and P388/WI
solid tumors were grown s.c. in BDFI mice. p.o. PSC 833 (100 mg/kg) and iv. DOX treatments were initiated once tumors were established (20â€”100mg) and were given on days
I, 5, and 9 at the indicated doses of free and liposomal DOX. PSC 833 was administered 4 h prior to DOX injection. A (PSC 833 free): S. P388/ADR untreated control tumors;â€¢,
P388/ADR tumors treated with free DOX (7.5 mg/kg); A, P388/ADR tumors treated with liposomal DOX (10 mg/kg); V. P388/WI sensitive tumors treated with free DOX (7.5 mg/kg).
B (incorporating PSC 833): U, P388/ADR control untreated tumors; â€¢,P388/ADR tumors treated with p.o. PSC 833 (100 mg/kg); V, P388/ADR tumors treated with free DOX (2.0
mg/kg) in conjunction with 100 mg/kg p.o. PSC 833; A, P388/ADR tumors treated with liposomal DOX (10 mg/kg) in conjunction with 100 mg/kg p.o. PSC 833. Data points, mean;
bars, SE.
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decreased significantly (P < 0.05) compared to free DOX treatment,
between days 9â€”13.However, tumor growth increased substantially
beyond day 12, and mean tumor weights were >0.75 g by day 15 (Fig.
2A).

Although free DOX alone had minimal antitumor activity against
solid P388/ADR tumors, combining this treatment with PSC 833 did
inhibit tumor growth. This is presented in Fig. 2B, in which tumor
growth inhibition caused by administration of free DOX at 2.0 mg/kg

(MTh in tumor-bearing mice) with p.o. PSC 833 (100 mg/kg) is
shown; however, tumor growth delay was transient, and tumors grew
rapidly after day 10. Administration of DOX in liposomal form at a
dose of 10 mg/kg, combined with p.o. PSC 833 at 100 mg/kg,
provided maximum antitumor activity of the treatments studied. In
this group, tumorsremainedsmallerthan 150mg for the durationof
the study; these results were equivalent to those obtained for free
DOX in the drug-sensitiveP388/WT tumor(compareFig. 2, A andB).
It should be noted that the maximum therapeutic effects for free and
liposomal DOX were observed at doses lower than the MTh, deter
mined in toxicity studies conducted on tumor-free BDF1 mice. For
free and liposomal DOX, animals receiving DOX at the tumor-free
MTDs experienced increased toxicities by day 10, which resulted in
the need to terminate the animals prematurely. However, prior to
termination of these animals, liposomal DOX plus PSC 833 produced
complete regression of P388/ADR tumors in the majority of mice,
whereas tumors injected with 2.5 mg/kg free DOX were growing at a
rate comparable to that observed with free DOX at a dose of 2.0
mg/kg in the presence of PSC 833 (see Fig. 2B).

DOX pharmacodistribution studies were performed to correlate the
toxicity and efficacy results obtained for free and liposomal DOX
PsC 833 combinations with plasma and tissue DOX concentrations.
These studies were performed in P388/ADR tumor-bearing BDF1
mice using single DOX injections, corresponding to the maximum
daily therapeutic doses of free and liposomal drug forms in the
presence and absence of PSC 833 for the multiple dosing regimen that
was used in efficacy studies. The results that are summarized in Table
1 and Fig. 3 demonstrate that the DOX elimination profile following
administration of free drug at 7.5 mg/kg appeared to be monophasic
with a rapid elimination phase, occurring within 2 h of administration.
DOX concentrations beyond 2 h were undetectable (Fig. 3A;
LOQ = 0.01 @ag/mlor 0.01 ,ig/g). Plasma DOX concentrations
peaked at 2.7 Â±0.3 @.tg/mlwith an AUC(O_2h) of 1.3 p.ghm1
(Table 1). In contrast, coadministration of PSC 833 resulted in a
biphasic DOX elimination profile that was characterized by a 2-fold
increase in Cmax and a prolonged terminal phase, accounting for the
10-fold increase in AUC (Fig. 3A and Table 1). This reduced DOX
clearance that was associated with PSC 833 administration was also
associated with increased toxicity.

A pharmacokinetic profile similar to that of free DOX at 7.5 mg/kg
in the absence of PSC 833 was observed for free DOX at 2 mg/kg,
when it was coadministered with PSC 833; a Cmaxof 1.6 Â±0.3 @g/m1
was obtained, and plasma DOX levels fell below the LOQ after 1 h.
It should be noted that, because DOX concentrations at later time
points were below assay detection limits in groups incorporating free
DOX (7.5 mg/kg free DOX without PSC 833 and 2 mg/kg DOX with
PSC 833), AUC comparisons with groups exhibiting extended DOX
plasma life times may be underestimated. However, even if we were
to assume that DOX concentrations at undetected time points were
assigned an arbitrary value approximating the assay LOQ, the increase
in AUC value that was associated with PSC 833 coadministration (for
free DOX, 7.5 mg/kg) would be at least 7.4-fold higher than that
derived in groups with no PSC 833. Therefore, PSC 833 coadminis
tration results in a marked increase in plasma AUC of free drug. In
contrast, there were no significant differences in the Cmaxvalues of 10
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Fig. 3. Plasma (A), tumor (B), liver (C), spleen
(D), kidney (E), and heart (F) DOX concentration
time profiles following administration of free iv.
DOX (7.5 mg/kg) in the absence (â€¢)or presence
(â€¢)of 100mg/kgp.o.PSC833(administered4 h
prior to DOX); free iv. DOX (2.0 mg/kg) in the
presence of 100 mg/kg p.o. PSC 833 (A); and iv.
liposomal DOX (55:45, DSPC/Chol, 100 nm; 10
mg/kg) in the absence (V) or presence (â€¢)of 100
mg/kg p.o. PSC 833 (administered 4 h prior to
DOX). Mice bearing 200â€”500-mgsolid P388/ADR
tumors (three per group) were sacrificed at the
indicated times, and plasma and tissue samples
were processed and quantified for DOX content
(fluorescent DOX equivalents), as described in
@â€˜Materialsand Methods.â€•Data points, mean; bars,

SE.
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mg/kg DOX, administered in liposomal form, in the presence and
absence of PSC 833, and the increase in AUC induced by PSC 833
was small compared to free DOX, indicating that the plasma elimi
nation of liposomal DOX was largely unaffected by this MDR mod
ulator. Specifically, there is only a 1.03-fold increase in Cmax
(140.5 Â±5.3 p@g/mlwithout PSC 833 versus 144.5 Â±3.9 p.g/ml with
PSC 833) and 1.4-fold increase in AUC (1095.2 mF' without
Psc 833 versus 1549.8 @.tghml â€w̃ith PSC 833) when PSC 833 is
combined with liposomal DOX at 10 mg/kg (Table 1). The DOX
elimination profile was monophasic, in both the presence and absence
of PSC 833. Additionally, DOX encapsulation in liposomes resulted
in a 600-fold increase in AUC compared to free DOX at comparable
doses (Fig. 3A). Measurement oflipid elimination in plasma indicated
that >95% of the drug is associated with the liposomal lipid, where
the drug:lipid ratio remained constant over the entire time course (data
not shown).

DOX accumulationin solid tumors was characterizedto correlate
the efficacy data (Fig. 2) with tumor DOX concentrations. Tumor
DOX levels following administration of free DOX at 7.5 mg/kg
resulted in relatively stable accumulation of the drug, with a Cmax of
3.9 Â±1.8 @Lg/gand an AUC of 73.8 p.ghg â€˜.In the presence of PSC
833, although the Cmax was similar at 3.9 Â±1.6 p.g/g, DOX concen
trations were significantly elevated at later time points, resulting in a
1.6-fold increase in AUC (115.6 hg â€ṽersus 73.8 @tghg â€˜).The
tumor DOX AUC value following 2 mg/kg free DOX in the presence
ofPSC 833 was observed to be 39.1 @.aghg l, indicative of a decrease
in tumor drug exposure when free DOX is combined at its MTh with
PSC 833, comparedto free DOX at the MTh in the absence of PSC
833 (Table 1 and Fig. 3B). Tumor DOX concentrations following
liposomal delivery were significantly higher than free drug delivery at
similar doses, indicating that liposomes selectively localize in tumor
tissues, due to the leaky vasculature, which enhances liposome ex
travasation (10, 12). Specifically, there was a 5-fold increase in AUC
when liposomes were used as a carrier at a DOX dose of 10 mg/kg,
compared to free DOX administered at 7.5 mg/kg. Furthermore, tumor
DOX kinetics after injection of liposomal DOX were unaffected by
PSC 833, as observed by minor increases in tumor Cmax and AUC
values (Table 1 and Fig. 3B). In this case, the lack of an effect of the
MDR modulator on tumor drug levels strongly suggests that increased
delivery of DOX to P388/ADR tumors via liposomes is, in itself,
insufficient to explain the therapeutic improvements that are provided
by combined therapy with PSC 833.

To assess if liposome clearance properties in organs of the reticu
loendothelial system are affected by PSC 833, liver and spleen DOX
concentrations were determined. DOX distribution in the liver follow
ing administration of the free drug at 7.5 mg/kg was indicative of a
biphasic elimination profile, with a Cm,,,@of 59.5 Â±2.4 @g/g(Table 1
and Fig. 3C). Coadministration of PSC 833 at this drug dose increased
liver DOX uptake slightly, resulting in an approximately 1.2-fold
increase in Cm,,@and AUC. Relatively low free DOX levels were
quantified in spleen. However, coadministration of PSC 833 resulted
in a doubling of the Cmax and a 2.2-fold increase in AUC (Table 1),
indicating that PSC 833 reduction of plasma DOX clearance leads to
increased drug accumulation in the spleen. This increase was evident
when free drug, at 2 mg/kg, was combined with PSC 833 (Table 1):
comparable Cmax and AUC values were obtained at a 3.8-fold lower
DOX dose. The higher DOX levels in the liver and spleen following
liposomal delivery compared to free drug were characteristic of pre
vious observations with this delivery system (13, 16). However, the
distribution profile for liposomal DOX was unaltered by PSC 833, as
reflected by comparable C,,,@ and AUC values (Table 1 and Fig. 3C).
In the spleen, liposome encapsulation of DOX resulted in a dramatic
increase in tissue concentrations, with a Cmaxof 259.8 Â±7.8 @g/gand

an AUC value of 8923.8 .aghg â€˜for a DOX dose of 10 mg/kg (Table
1 and Fig. 3D). This represents a 13.5-fold increase compared to the
free drug, administered at 7.5 mg/kg. However, unlike coadministra
tion with free drug, coadministration of PSC 833 with liposomal DOX
did not affect DOX accumulation characteristics in spleen (Fig. 3D).

To examine how PSC 833 coadministration affects DOX toxicity in
target organs, such as the kidney (nephrotoxicity) and the heart
(cardiotoxicity), DOX distribution kinetics in these two susceptible
tissues were examined. Following administration of free DOX at 7.5
mg/kg, DOX appeared to undergo a biphasic elimination profile (0â€”4
h rapid distribution phase and 8â€”48 h slow terminal elimination
phase), with a Cmaxof 98.5 Â±6.4 p.g/g in the kidney (Table 1 and Fig.
3E).Administrationof free DOXat 2.0 mg/kgwithPSC833resulted
in kidney DOX levels that were similar to those observed for free

DOX at 7.5 mg/kg in the absence of PSC 833 at later time points (Fig.
3E). In the heart, DOX levels following free DOX administration at
7.5 mg/kg were characterized by a rapid accumulation phase (0â€”2h),
followed by a slow elimination phase (Fig. 3F). When PSC 833 was
coadministered, although comparable Cmax values were obtained,
increased DOX tissue levels at later time points led to a I.5-fold
increase in AUC, for a free DOX dose of 7.5 mg/kg (Table 1).
Decreasing the DOX dose to 2 mg/kg with coadministration of PSC
833 resulted in AUC values that were comparable to those obtained
following free DOX at 7.5 mg/kg in the absence of PSC 833 (Table
1). DOX levels in both the kidney and the heart following liposomal
delivery were lower than those following free drug administration. In
the kidney, this was reflected by a Cmaxof 30.9 Â±0.6 @g/g(compared
to 98.5 Â±6.4 @.Lg/gfor free DOX), and total DOX exposure was
minimally affected by coadministration with PSC 833 (Table I and
Fig. 3E). In the heart, DOX concentrations were significantly lower
than all free DOX treatment groups, with respect to both Cmax and
AUC, and these levels were comparable in the presence and absence
of PSC 833 (Fig. 3F).

Discussion

The cyclosporin derivative PSC 833 has been shown to be a potent
chemosensitizing agent for a wide variety of cells overexpressing the
drug efflux pump POP (2, 20). When used in vivo, PSC 833 itself is

nontoxic at typical MDR-reversing concentrations. However, studies
have demonstrated that it increases the toxicity of free DOX in normal
mice (7, 23, 24). PSC 833-mediated increases in toxicity have been
correlated with alterations in anticancer drug pharmacokinetics and
are presumably a consequence of increased anticancer drug bioavail
ability to susceptible target organs (7, 25). This is consistent with
clinical observations, in which PSC 833 and cyclosporin A have been
shown to decrease the clearance of free DOX, Taxol, and etoposide in
Phase I and Phase II trials, which resulted in increased toxic side
effects and a need to decrease the anticancer drug dose approximately
2-fold (4, 8, 9, 26).

The decrease in the MTh of anticancer drugs that was induced by
coadministration with PSC 833 has hampered our ability to resolve
whether this or other MDR modulators exhibiting similar properties
are able to effectively reverse MDR in vivo. Preclinical studies on the
uptake of i.v. administered free DOX into drug-sensitive tumors have
shown that accumulation of this anticancer agent in solid tumors is
dictated primarily by very early distribution and elimination phases
after injection (21, 27). These data suggest that reducing the dose of
DOX when coadministered with PSC 833 to a level that is equitoxic
to DOX alone may reduce early-phase tumor exposure to the thera
peutic agent, a hypothesis that is corroborated in this solid tumor
study. This could, in part, explain why the in vivo therapy of some
anticancer drugs used in combination with PSC 833 has fallen short of
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achieving the degree of antitumor activity that is obtained with drug
sensitive parental cell lines from which the MDR tumor cells are
derived (28â€”30).Interestingly, such effects may be dependent on the
type of anticancer drug used because previous reports with etoposide
demonstrated equivalent therapeutic activity in the presence and ab
sence of PSC 833-induced dose reduction using a drug-sensitive colon

carcinoma xenograft model (25). We postulate here that the altered
biodistribution provided by liposome encapsulation may circumvent
the effects of PSC 833 on free DOX pharmacokinetics and, thereby,
ameliorate the elevated toxicities associated with this combination
therapy. The results of this study have confirmed this prediction and
have demonstrated that liposomes not only circumvent adverse DOX
PSC 833 pharmacokinetic interactions but also significantly improve
the therapy of solid tumors exhibiting a PGP-based MDR phenotype
when used in combination with this MDR modulator.

In agreement with previous studies (3, 7), the toxicity of free DOX
with PSC 833 observed here correlated with the prolonged terminal
drug elimination phase (Fig. 3A), resulting in a 10-fold increase in

AUC and increased DOX accumulation in susceptible healthy tissues.
The 2.7-fold increase in toxicity induced by PSC 833 for single DOX
doses in tumor-free mice compares favorably with the approximately
2-fold dose reduction that is required clinically for anticancer drugs
that are coadministered with PSC 833 (4, 8, 9, 26). A similar corre
lation between toxicity and pharmacokinetic properties was observed
for liposomal DOX: small alterations in pharmacokinetic behavior
were accompanied by minimal PSC 833-induced changes in toxicity.
Furthermore, tumor DOX levels following liposomal delivery were
significantly higher than those observed for free drug administration,
whereas DOX levels in susceptible tissues (heart and kidney) were
lower than those for free drug. Of particular interest is that, although
liposomes increase DOX delivery to the liver, which has been asso

ciated with PSC 833-induced DOX pharmacokinetic changes, no
indications of PSC 833-dependent liver toxicity or drug clearance
properties were observed. This suggests that liposomes alter the
metabolic processes that are involved for free DOX in the liver.

It is evident from our results that free DOX at 7.5 mg/kg (MTD)
confers negligible therapeutic activity in the MDR solid tumor model
used here. In the presence of PSC 833, there is transient inhibition of
tumor growth; however, the dose of free DOX had to be reduced from
7.5 to 2 mg/kg when it was combined with PSC 833. This may be
inadequate to provide sufficient tumor drug levels that will lead to
sustained antitumor activity, as implicated by the reduced tumor DOX
accumulation that is observed in the presence of PSC 833 at equitoxic
doses. In contrast, liposomal DOX in the absence of PSC 833 does
provide some degree of therapy against the MDR tumor, most likely

by virtue of the increased tumor drug delivery provided by this
system. However, the fact that only the combination of PSC 833 with
the liposomal DOX formulation provided complete chemosensitiza
tion strongly supports the direct involvement of PGP blockade in
MDR solid tumor therapy. This direct role of PSC 833 in the therapy
of PGP overexpressing tumors is corroborated by the fact that DOX
tumor uptake properties were not significantly altered by PSC 833
when it was combined with the liposomal formulation.

The results obtained here suggest that the pharmacological proper
ties of MDR modulators and anticancer drugs can be optimized by
selectively targeting POP blockade effects in tumor tissues. Further
more, the ability of these DSPC/Chol liposomes, in the presence of
PSC 833, to completely inhibit tumor growth, as well as the delayed
tumor growth observed in the absence of MDR modulators with
liposomal DOX, demonstrate the importance of anticancer dose in
tensity to effectively treat MDR tumors.

Here, we have used a liposomal DOX formulation composed of
DSPC/Chol 100-nm diameter vesicles. This formulation has been

previously shown to exhibit optimal drug retention properties com
pared to DOX formulated in egg phosphatidylcholine/Chol liposomes
(16). These egg phosphatidylcholine/Chol systems exhibit increased
drug release rates and, consequently, would not be expected to confer
an optimized protective effect when combined with a modulator such
as PSC 833 because >50% of the drug is rapidly released over 1 h
after i.v. injection. It is our speculation that a liposomal carrier system
exhibiting greater drug retention, optimal tumor drug uptake, and high
therapeutic index would confer optimal MDR-reversal properties by
circumventing adverse pharmacokinetic interactions while maintain
ing enhanced tumor selectivity. However, differences in the extent of
MDR reversal are clearly possible with various liposome formula
tions, depending on their drug release and biodistribution properties.
Consequently, the liposomal DOX formulation used here not only
provides a potential means for improving the therapy of tumors
exhibiting MDR but can also serve as a tool to elucidate the relative
contributions of various pharmacological and molecular mechanisms
involved in the overall MDR phenomenon. Further studies investigat
ing the means whereby liposomal DOX circumvents the xenobiotic

metabolism and excretion pathways affected by PSC 833, as well as
approaches to optimize the liposomal formulations, will likely reveal
additional therapeutic strategies for treating MDR tumors.
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