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The inhibitory effects of SDZ PSC 833 (PSC833), a non-immunosuppressive cyclosporin deriva-
tive, on the P-glycoprotein (P-gp)-mediated transport of doxorubicin and vinblastine were com-
pared with those of cyclosporin A (Cs-A). The transcellular transport of the anticancer drugs and
PSC833 across a monolayer of LLC-GA5-COL150 cells, which overexpress human P-gp, was mea-
sured. Both PSC833 and Cs-A inhibited P-gp-mediated transport of doxorubicin and vinblastine
in a concentration-dependent manner and increased the intracellular accumulation of doxorubicin
and vinblastine in LLC-GA5-COL150 cells. The values of the 50%-inhibitory concentration (IG,)

of PSC833 and Cs-A for doxorubicin transport were 0.29 and 3.68M, respectively, and those for
vinblastine transport were 1.06 and 5.1QuM, respectively. The IG, of PSC833 for doxorubicin
transport was about 4-fold less than that for vinblastine transport, suggesting that the combina-
tion of PSC833 and doxorubicin might be effective. PSC833 itself was not transported by P-gp
and had higher lipophilicity than Cs-A. These results indicated that the inhibitory effect of
PSC833 on P-gp-mediated transport was 5- to 10-fold more potent than that of Cs-A, and this
higher inhibitory effect of PSC833 may be related to the absence of PSC833 transport by P-gp
and to the higher lipophilicity of PSC833.

Key words: SDZ PSC 833 — Cyclosporin A — P-glycoprotein — Multidrug resistance

Multidrug resistance (MDR) is a major obstacle in  Previousin vitro studies have evaluated the efficacy of
cancer chemotherapy. P-Glycoprotein (P-gp), a plasm#&®SC833 for the reversal of MDR using the cell growth
membrane protein, actively transports drugs out of thenhibition assay:> 2% They also measured uptake, efflux
cells and decreases their intracellular accumulation, resuland accumulation of drugs to evaluate the transport
ing in resistance to multiple anticancer dri@sOver-  activity!*1>18-2D However, highly lipophilic compounds
expression of P-gp is closely associated with MDR, and thesuch as PSC833 and Cs-A are readily adsorbed on the
blocking of P-gp-mediated transport is known to reverseplasma membranes in a non-specific fashion, so it was
MDR. Blocking agents are generally called MDR modula- difficult to evaluate quantitatively the P-gp-mediated
tors, and the reversal of resistance by MDR modulatordransport by means of the previous methods. In this study,
is expected to improve the outcome of cancer chemowe employed a novel experimental system using mono-
therapy? layers of LLC-GA5-COL150 cells that express human

SDZ PSC 833 (PSC833), a new analog of cyclosporirP-gp as a result of transfection with humdMDR1
D, was found to be a potent MDR-modulating adent. cDNA.?22) This transcellular transport system is suitable
Cyclosporin A (Cs-A) also shows MDR-modulating for direct assessment of the amount that is actually
activity® ) but its immunosuppressive effect and nephro-pumped out of the cells by P-gp without the need to con-
toxicity limit its clinical usefulness for reversal of MDR. sider adsorption on cellular componetit3?

On the other hand, PSC833 lacks nephrotoxic and hemo- In this study, we compared PSC833 and Cs-A with
dynamic side effects, as well as immunosuppressive activvespect to the inhibitory effects on P-gp-mediated trans-
ity. Clinical trials using PSC833 combined with anticancercellular transport of!fC]doxorubicin and 3H]vinblastine.
drugs (doxorubicin, etoposide etc.) to circumvent MDR Possible reasons for the difference in potency are dis-
are currently under way%-%) cussed.

5To whom correspondence should be addressed. MATERIALS AND METHODS

5 Present address: Department of Hospital Pharmacy, Keio Uni- . . )
versity Hospital, Shinano-cho 35, Shinjyuku-ku, Tokyo 160- Chemicals [**C]Doxorubicin (2.11 GBg/mmol),*H]vin-
8582. blastine (422 GBg/mmol), [methoX§€]inulin (308 MBg/
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mmol) and fHJinulin (25.2 GBg/mmol) were obtained was added to the medium on both sides of the cell mono-
from Amersham International, plc. (Buckinghamshire, layers 1 h before adding the radiolabeled drugs. The incu-
UK). Vinblastine sulfate and colchicine were purchasedbation medium also contained the same concentration of
from Wako Pure Chemical Industries, Ltd. (Osaka).these compounds.
PSC833 and Cs-A were kindly supplied by Novartis For accumulation studies, immediately after the last
Pharma (Basel, Switzerland). All other chemicals were ofsampling, the medium was removed by aspiration, and the
the highest purity available. monolayers were rapidly washed twice with ice-cold
Cell culture LLC-PK; cells, derived from porcine kid- phosphate-buffered saline on each side. The filters with
ney, and LLC-GA5-COL150 cells established by transfec-monolayers were detached from the chambers, the cells
tion of human MDR1 cDNA into LLC-PK; cells?>#  on the filters were solubilized in 1 ml of 0/ NaOH
were maintained by serial passages in plastic culture@vernight, and the radioactivity was measured. Radioac-
dishes (lwaki Glass, Chiba). Cells were incubated in comtivities of the collected media and solubilized cell mono-
plete medium consisting of Medium199 (Dainippon Phar-layers were counted in 3 ml of ACS Il (Amersham
maceutical Co., Ltd., Osaka) with 10% fetal bovine seruminternational) by liquid scintillation counting (Beckman,
(BioWhittaker, Walkersville, MD) and 150 ng/ml of LS6000TA, Fullerton, CA) and are presented as the
colchicine for LLC-GA5-COL150 cells without antibiot- percentage fraction of the total radioactivity.
ics. LLC-PK, and LLC-GA5-COL150 cells @10° and  Transcellular transport and intracellular accumulation
1.5x1(° cells, respectively) were seeded in plastic disheof [*H]vinblastine In the case of vinblastine, 3 h before
(100 mm diameter) in 10 ml of complete culture medium.the start of the experiments, culture media were replaced
Monolayer cultures were grown in an atmosphere of 5%with fresh medium without colchicine. Medium on the
CO,-95% air at 37°C, and were subcultured every 4 and @tonor side of the monolayers was replaced with 2 ml of
days for LLC-PK and LLC-GA5-COL150 cells, respec- fresh medium containing 100Mh [*H]vinblastine (34
tively, with 0.02% EDTA and 0.05% trypsin (Gibco BRL kBq) together with 660 M [methoxy#Clinulin (3.4 kBq)
Life Technologies, Inc., Grand Island, NY). and that on the receiver side was replaced with 2 ml of
Transcellular transport and intracellular accumulation fresh medium alone. As the transport rate 3efj\linblas-
of [“C]doxorubicin LLC-PK, and LLC-GA5-COL150 tine was faster than that ot‘C]doxorubicin, sampling
cells were seeded on microporous polycarbonate memwas conducted at 1, 2 and 3 h. Other procedures were the
brane filters (3.Qum pore size, inside diameter 24.5 mm, same as those for thé&C]doxorubicin transport experi-
TranswellM 3414, Costar, Cambridge, MA) at a cell den- ment.
sity of 4x10° and X1 cells/cn?, respectively. Cells were Transcellular transport of PSC833  Transport of
cultured in 2.6 and 1.5 ml of complete culture mediumPSC833 by P-gp was studied using the same cell system.
in the outside and inside of the chamber, respectively, irAll culture media were replaced with fresh medium with-
an atmosphere of 5% GO5% air at 37°C for 3 days. out colchicine 3 h before the start of the experiments.
The experiments were performed using the procedurdMedium on the donor side of the monolayers was
described previousR#:?® Four hours before the start of replaced with 2 ml of fresh medium containing I
the experiments, all culture media were replaced witlPSC833 and that on the receiver side was replaced with
fresh medium without colchicine. Transcellular transportfresh medium without PSC833. The monolayers were
experiments were determined using cell monolayersincubated in 5% CE95% air at 37°C and sampling was
Medium on the donor side of the monolayers wascarried out at 3 and 6 h. Determination of PSC833 con-
replaced with 2 ml of fresh medium containing 80@ n centrations was performed by HPLC. Aliquots of medium
[*C]doxorubicin (3.4 kBq) together with 220n[*H]inu- were extracted with 2 ml of 90 MhHCI and 5 ml oftert-
lin (34 kBq) and that on the receiver side was replacedutylmethylether. The organic layers were transferred and
with 2 ml of fresh medium alone. The monolayers wereextracted with 1 ml of Titrisol buffer (pH 10). Then, the
incubated in 5% CE95% air at 37°C, and aliquots (25 organic layer was transferred to another Teflon tube and
ul) of the incubation medium on the receiver side wereevaporated to dryness at 50°C, and the residue was
collected at 3, 6, 20 and 24 h. The paracellular leakagextracted with 300ul of acetonitrile/water/methanol
was estimated in terms of the amount 6éH]ihulin (50:30:20) and 1 ml oh-heptane. The aqueous layers
appearing on the receiver side. As human P-gp was ovewere dissolved in the HPLC mobile phase and gb5@as
expressed in LLC-GA5-COL150 cells on the apical mem-injected into the chromatograph. PSC833 was determined
brane, substrates transported by P-gp showed greatesing an LC-6A high-performance liquid chromatograph
basal-to-apical transport in LLC-GA5-COL150 than in (Shimadzu Co., Kyoto) equipped with an SPD-6AV UV
LLC-PK, cells?2 spectrophotometric detector (210 nm, Shimadzu Co.) and
To examine the inhibitory effects of PSC833 and Cs-A,an integrator (Chromatopac C-R4A, Shimadzu Co.). The
PSC833 (0.1, 0.5, 1 anda) or Cs-A (2, 5 and 1@M) peak areas were used for quantification. The column was
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Fig. 1. Transcellular transport of**C]doxorubicin (A) and
[*H]vinblastine (B) across monolayers of LLC-PKopen sym-
bols) and LLC-GA5-COL150 (closed symbols) cells. The circle
(o0, @) reveal the basal-to-apical transport and the triangle

1

S

a “TSK-GEL” ODS-80TM, 4.6-mm inside diametet50

mm (Tosoh, Tokyo), with a mobile phase of water/
acetonitrile=21:79 at a flow rate of 1.2 ml/min, and the
column temperature was maintained at 70°C. The quality
of the assay was confirmed to be identical to that of
radioimmunoassay using the same samples.

Thin-layer chromatography (TLC) of PSC833 and Cs-

A The relative lipophilicities of PSC833 and Cs-A were
assessed by TL&®. PSC833 and Cs-A were dissolved in
methanol, spotted onto silica gel TLC plates (Wako Pure
Chemical Industries, Ltd.), and run with a mixture of
chloroform and methanol (94:6). The plates were exposed
to UV irradiation to detect the bands. TRe values of
PSC833 and Cs-A were 0.831 and 0.812, respectively.
Estimation of 50%-inhibitory concentration (IC.) of
PSC833 and Cs-A on fC]doxorubicin and [*H]vin-
blastine transport The IG, values of PSC833 and Cs-A
Jor the net basal-to-apical transport dfC]Jdoxorubicin

(A’ A) show the apica|_to_basa| transport_ Each point repre_and FH]VInb|aStII’]e were eStImated as fO||OWS The net

sents the mea&S$E of at least three independent experiments.
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Fig. 2. Inhibitory effects of PSC833 and Cs-A on transcellular transpo¥iGjéixorubicin in LLC-GA5-COL150 cells. The basal-to-

apical transport @ ) and the apical-to-basal transpart () in the presence of inhibitors were compared with the same movements in
). Each point represents thex®#anf at least three independent experiments.

the absence of inhibitors( A
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blastine was calculated by subtracting the apical-to-basaCOL150 cells. The basal-to-apical transport *4€]Jdoxo-
transport from the basal-to-apical transport. At severakubicin in LLC-GA5-COL150 cells greatly exceeded that
concentrations, PSC833 or Cs-A caused inhibition of then LLC-PK,; cells, whereas the apical-to-basal transport
net basal-to-apical transport, shown as the percentaggecreased (Fig. 1A). Similar results were also obtained for
reduction of the net basal-to-apical transport compared t¢*H]vinblastine transport (Fig. 1B).
controls. The percentage inhibition of the net basal-to-apiinhibitory effects of PSC833 and Cs-A on the transcel-
cal transport was plotted against the concentration ofular transport of [*“C]doxorubicin  Fig. 2 represents
PSC833 or Cs-A, and fitted to the sigméig,, model (1) the inhibitory effects of PSC833 and Cs-A on the
by means of a nonlinear least-squares fitting method*‘C]doxorubicin transport in LLC-GA5-COL150 cells.
(Solver, “Microsoft” Excel, version 5.0a). PSC833 at 0.1uM had little inhibitory effect on*{C]dox-
_ ] ro orubicin transport, but at concentrations greater than 0.5

E=EnaXC'/(1C5+CY) @ UM, PSC833 showed a strong inhibitory effect. Cs-A at 2
where E is the percentage inhibition (%) by PSC833 or uM did not inhibit [“Cldoxorubicin transport. However,
Cs-A, E, . is the maximum inhibition rate (that is, 100%), Cs-A at 10uM caused complete inhibition of*C]doxo-
r is a constant, an@ is the concentration of PSC833 or rubicin transport.

Cs-A (uM) in the culture media. Fig. 3A shows the effects of PSC833 and Cs-A on the
intracellular accumulation of“Cldoxorubicin. The intra-
RESULTS cellular accumulation of!{C]doxorubicin in LLC-GA5-

COL150 cells in the absence of an MDR modulator was
Transcellular transport of [**C]doxorubicin and reduced as compared with that of LLC-Peells. PSC833
[*H]vinblastine in LLC-PK , and LLC-GA5-COL150 at 0.5uM completely restored the intracellular accumula-
cells Fig. 1 shows the transcellular transport 6€Jdox-  tion of [“C]doxorubicin to the level in LLC-PKcells.

orubicin and jH]vinblastine in LLC-PK and LLC-GA5- In the case of Cs-A, the intracellular accumulation of
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Fig. 3. Intracellu-
lar accumulation of*fC]doxorubicin (A) and 3H]vinblastine (B) in LLC-PK and LLC-GA5-COL150 cells. The radiolabeled drugs
were added to the basal side. Similar results were observed when the drugs were added to the apical side. Each baneepresents t
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125
Table I. Fifty Percent Inhibitory Concentrations of PSC833 and
- P Cs-A for the Transcellular Transport of*G]Doxorubicin and
e 100 [3H]Vinblastine in LLC-GA5-COL150 Cells
] 75 [*C]Doxorubicin transport  *H]Vinblastine transport
o PSC833 0.291 1.06
5 Cs-A 3.66 5.10
= 5
o 0 Results represent the Jf PSC833 and Cs-A for net basal-to-
'E apical transport of doxorubicin at 20 h or vinblastine at 3 h.
- 25 Net basal-to-apical transport was calculated by subtracting the
apical-to-basal transport from the basal-to-apical transport.

0 1 1 ] I The presence of PSC833 or Cs-A at several concentrations
caused inhibition of the net basal-to-apical transport, shown as
0 0.5 1 1.5 2 the percentage reduction in the net basal-to-apical transport
PSC833 concentration (uM) from that in the absence of these drugs. The percentage inhibi-
125 ~ tion of the net basal-to-apical transport was plotted against the
concentration of PSC833 or Cs-A, and fitted to the sigmoid
E,.« model by means of the nonlinear least-squares fitting
method. The IG, values were estimated from the sigm&gd,,
model.

100

transport in a concentration-dependent manrtetjVin-
blastine transport was almost completely inhibited in the
presence of 2uM PSC833, and a similar effect was
observed at 1uM Cs-A. The intracellular accumulation
of [*H]vinblastine in LLC-GA5-COL150 cells approached
0 L L L | the control level in the presence oft® PSC833 (Fig.

0 25 5 7.5 10 3B). However, Cs-A restored the accumulation to only

Cs-A concentration (uM) half of the LLC-PK level even at 1QM.

Fig. 4. The concentration vs. inhibitory rate curve of PSC833 The concentration vs. inhibition rate curve of PSC833

and Cs-A for }*C]ldoxorubicin transport in LLC-GA5-COL150 and Cs-A on Hvinblastine transport was also plotted

cells. Closed circles show the observed points and the solid lin@Nd the results for vinblastine were similar to those for
is that fitted by the sigmoiéE,, model. Each point represents doxorubicin (data not shown). The JQalue for PSC833

the mean of at least three independent experiments. was about 5-fold less than that for Cs-A in tRd]yin-
blastine transport experiment (Table ). Further, thg IC
of PSC833 for FC]doxorubicin transport was about 4-
fold less than that for*ffl]vinblastine transport, although

[“C]doxorubicin increased at M Cs-A, and at 1uM  the IG;, of Cs-A was similar for both drugs.

Cs-A the effect was nearly saturated. Transcellular transport of PSC833 Fig. 6 shows the

Fig. 4 shows the concentration vs. inhibition rate curvetranscellular transport of PSC833 in LLC-P&nd LLC-

of PSC833 and Cs-A for“Cldoxorubicin transport in  GA5-COL150 cells. The basal-to-apical transport of 10

LLC-GA5-COL150 cells. PSC833 and Cs-A inhibited #UM PSC833 in LLC-PK cells was similar to the apical-

[“C]doxorubicin transport in a concentration-dependentto-basal transport (Fig. 6A). Similar results were also

manner. The inhibitory effects of PSC833 and Cs-A onobtained for LLC-GA5-COL150 cells (Fig. 6B). Further-

[“C]doxorubicin transport were best fitted to the sigmoidmore, the transported amount of PSC833 in LLC-GA5-

E,.. model. The IG, values estimated from these results COL150 cells was approximately the same as that in

are summarized in Table I. The JCof PSC833 was LLC-PK, cells.

almost 10-fold less than that of Cs-A féf(]doxorubicin

transport. DISCUSSION

Inhibitory effects of PSC833 and Cs-A on the transcel-

lular transport of [®H]vinblastine Fig. 5 shows the The present methodology allowed us to make a direct

effects of PSC833 and Cs-A ofH]vinblastine transport assessment of P-gp-mediated drug transport and its inhibi-

in LLC-GA5-COL150 cells. As in the case of doxorubi- tion by measuring the amounts that were actually expelled

cin, both PSC833 and Cs-A inhibitedH]vinblastine  from the cells.

Inhibition rate (%)
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Fig. 5. Inhibitory effects of PSC833 and Cs-A on transcellular transpoftpfifiblastine in LLC-GA5-COL150 cells. The basal-to-
apical transport @ ) and the apical-to-basal transportain () the presence of inhibitors were compared with the same movements in
the absence of inhibitorso( 4 ). Each point represents then$aof at least three independent experiments.

The IG, of PSC833 for fC]doxorubicin transport was
10% of that of Cs-A, and in the case of vinblastine the
IC,, of PSC833 was 20% of that of Cs-A (Table I). The
inhibitory effect of PSC833 on P-gp-mediated transport of
the anticancer drugs was about 5- to 10-fold stronger than
that of Cs-A. It was demonstrated previously that the con-
centrations of PSC833 and Cs-A capable of reversing
multidrug resistance were 0.03 tqu® and 0.3 to 1QuM,
respectively, by cell growth inhibition assaf® 4 1820
The rank order of the inhibitory potencies of PSC833 and
Cs-A in this study is in good agreement with those in
other studies, although the JCvalues obtained in this
study (Table I) were different from those reported previ-
ously. In this study, we measured the P-gp-mediated trans-
port rate within 24 h, whereas in the previous studies the
reversal of MDR was examined by cell growth inhibition _. _
assay, gonducted after 3 days in culture in the presence ?F %’ 2@”&_@?5&%%5&“58 O{E)Ofcéﬁnsvll .T.)r?ec ?):i)ir:n cli_rtgglt( )
the anticancer drugs and the MDR modulator. Furtheripgicate the basal-to-apical transport and the closed cir@es ( )

more, the cell lines used in the present and those previoushow the apical-to-basal transport. Each point represents the
studies were different. meart SE of at least three independent experiments.
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Lipophilicity is one of the major determinants of the and PH]vinblastine transport remains unknown, but we
inhibitory effect of various MDR modulators on P-gp- speculate that the affinities of the anticancer drugs for P-
mediated transport at the cellular le¥lArchinal-Mat- gp are different. The more effective inhibition of
theis et al suggested that the higher lipophilicity of [**C]doxorubicin transport by PSC833 suggests that com-
PSC833 compared with that of Cs-A can facilitate itsbination therapy with PSC833 and doxorubicin may be
transport into cells, and therefore PSC833 can readily gaiglinically advantageous. In clinical trials, combination
access to P-gp and enhance its potéichhe R values therapy with PSC833 and doxorubicin produced an
(an index of the relative lipophilicity) of PSC833 and Cs- increase in the area under the concentration-time curve
A, obtained by using TLC analysis, were 0.831 and 0.812(AUC) of doxorubicin by 20-1999¢" %2 and the MDR
respectively. Although the difference in our TLC analysis modulator effect of PSC833 has thus been confirmed.
was not large, it was also reported that PSC833 was more Several clinical trials of combination therapy with anti-
lipophilic than Cs-A based on the partition coeffici&#ht. cancer drugs and MDR modulators have been carried out.
The higher lipophilicity has been considered to be aBooteet al reported that the target PSC833 concentration
possible factor responsible for the higher inhibitory effectwas 1000 ng/ml (about 0,8M).1Y PSC833 increased the
of PSC833 than that of Cs-A. Other possible reasons t&UC of coadministered anticancer drugs at concentrations
explain the higher activity of PSC833 are discussed belowof 1000—-2000 ng/mit.®*® On the other hand, the target

The lipophilic MDR modulators can be divided into concentration of Cs-A to reverse MDR was 3000-4800
two types; substrates transported by P-gp, and thoseg/ml (about 2.5-4.QuM),*? and these concentrations of
which are not transportefl. We have demonstrated that Cs-A caused an increase in the AUC of coadministered
PSC833 is not transported by P-gp (Fig. 6), but it wasanticancer drugs and reversible hyperbilirubineftid)
reported that Cs-A is transported by PZ2gp) MDR mod- PSC833 was more clinically effective than Cs-A. There-
ulators transported by P-gp are expelled into the extracelfore, our transcellular transport system is expected to be a
lular space, resulting in a lower intracellular concentrationuseful tool to predict the relative effectiveness of MDR
in P-gp-expressing celf8.?® However, if an MDR modu- modulators for cancer chemotherapy.
lator is not transported by P-gp, its intracellular concentra- In conclusion, we have demonstrated that the inhibitory
tion would be maintained at high levels even in P-gp-effect of PSC833 on P-gp-mediated transport of antican-
expressing cell® So, it is expected that a high concen- cer drugs is 5- to 10-fold more effective than that of Cs-
tration of PSC833 can be maintained in the vicinity of theA. The higher inhibitory effect of PSC833 is considered
drug-binding sites of P-gp. Furthermore, PSC833 wado be due to the absence of PSC833 transport by P-gp and
approximately 2.5-fold more effective than Cs-A in dis- also to its higher lipophilicity compared with Cs-A.
placing the photoactivatable cyclosporin analotjue,
although the drug-binding sites on P-gp are commomckNOWLEDGMENTS
between PSC833 and Cs*A.Therefore, the absence of
PSC833 transport by P-gp and the higher binding activity The authors are grateful to Novartis Pharma for providing
of PSC833 to P-gp contributed to the higher inhibitory SDZ PSC 833 and cyclosporin A. This work was supported by a
effect of this drug on P-gp-mediated transport. Grant-in-Aid for Scientific Research (C) (No. 08672607) from

The inhibitory effect of PSC833 ort“C]doxorubicin the Ministry of Education, Science, Sports and Culture of Japan.
transport was about 4-fold stronger than that ®tjvin-
blastine transport (Table I). The reason for the differencgReceived May 26, 1998/Revised August 7, 1998/Accepted
in the inhibitory effects of PSC833 oA‘C]doxorubicin  August 13, 1998)
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