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D-Verapamil downmodulates P170-associated resistance
to doxorubicin, daunorubicin and idarubicin
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Verapamil (VRP) is an effective modulator of P170-
associated muitidrug resistance (MDR), but its clinical
application is limited by cardiovascular side-effects. The
p-isomer of VRP (D-VRP) is 10 times less active than the
racemic mixture on the cardiovascular system, but
retains a MDR modulating activity. Daunorubicin (DNR)
and doxorubicin (DX) are two anthracyclines whose
cytotoxicity is strongly related with the expression of
P170, while their respective lipophylic derivatives
idarubicin (IDA) and iododoxorubicin (IDX) are less
P170-dependent. We studied the effect of b-VRP on
intracellular retention and on the cytotoxicity of these four
anthracyclines in two MDR cell systems (LOVO and CEM)
by flow cytometry and by a microcultured tetrazolium
colorimetric assay (MTT). We found that in MDR cells
D-VRP increased intracellular anthracycline concentra-
tion and increased the cytotoxicity of DNR, IDA and DX
but not of IDX. The effect of b-VRP was dose-related, but
it was already consistent ato-VRP concentrations that can
be readily maintained /n vivo (2-3 pM). These data
suggest that at a clinically tolerable concentration b-VRP
can downmodulate the resistance to DNR and DX and can
restore full sensitivity to IDA.
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Introduction

The mdr-1 gene codes for a 170 kDa transmembrane
glvcoprotein (P170) which modulates the intra-
cellular concentration of several cytotoxic agents,
by enhancing the efflux of the drugs out of the
cells." * Amplification or overexpression of the gene
leads to reduced sensitivity to cytotoxics, including
anthracvclines, anthracenedione derivatives, Vinca
alkaloids, epipodophvylline derivatives and others, a
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phenomenon that was described by the term of
pleiotropic or multidrug resistance (MDR)."

The effects of P170 on drug efflux can be
modulated by many calcium channel-blocking
agents and other substances.®'® Verapamil (VRP)
was the first drug that was shown to be able to
restore drug sensitivity in MDR cells'*'® and was
first tested in a clinical setting to increase treatment
efficacy in resistant human tumors."”?" A major
problem of the clinical application of VRP was that
since VRP is a calcium-blocking agent, hypoten-
sion and heart block would prevent reaching and
matntaining /# vive the concentrations which are
required to reverse MDR in 2itro.?™ 'The
cardiovascular effects of VRP depend on its
calcium-blocking activity, but the modulatory
effects of VRP on P170 do not depend on calcium
blocking.***

VRP is a racemic mixture of equal amounts of
two enantiomers, and the L-isomer is about 10 times
more potent than the D-isomer (D-VRP) with regard
to calcium channel blocking and cardiovascular
effects.”’* Since the multidrug reverting effects of
VRP do not depend on calcium blocking,z“‘25
D-VRP is likely to be a better candidate than the
racemic mixture for the purposes of down-
modulating MDR in a clinical setting. In order to
provide preclinical data for the application of
D-VRP to tumor treatment, we studied the effect of
D-VRP on the cell retention of, and on the cell
sensitivity to, the major anthracvclines dauno-
rubicin (DNR) and doxorubicin (DX) and their
lvpophvlic derivatives idarubicin (IDA) and iodo-
doxorubicin (IDX).

Materials and methods
Drugs

DXNR, DX and IDA were purchased by Farmitalia-
Carlo Erba, Italy. IDX was a gift from Farmitalia-
Carlo Erba, Iralv. All drugs were dissolved in
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distilled water at 100 ug/ml and aliquots were
stored at —20°C. D-VRP was a gift from Knoll
Farmaceutici SpA, Italy. D-VRP was dissolved in
methanol and aliquots were stored at —20°C.

Cell lines

We used the colon adenocarcinoma cell line LOVO
109 and its MDR DX-selected subline LOVO
DX,” and the T cell acute lymphocytic leukemia
cell line CCRF CEM (CEM)® and its MDR
vinblastine (VLB)-selected subline CEM VLB.”
Both LOVO DX and CEM VLB, but not LOVO
109 and CEM, were previously shown to carry
mdr-1 gene amplification®' and this was confirmed
in our laboratory (by the kind cooperation of Dr
Giacca, International Centre for Genetic Engineer-
ing and Biotechnology, Trieste, ltaly).*> All cell
lines were cultured at 37°C in a humidified
atmosphere of 5% CO, and maintained in
exponential growth in RPMI 1640 (Biochem KG)
supplemented with 10% heat-inactivated fetal calf
serum (Biochem KG), 2mM glutamine solution,
100 U/ml penicillin and 100 pg/ml streptomycin
(Biochem KG). The medium of the resistant sub-
line LOVO DX was always supplemented with
100 ng/ml of DX and the medium of the resistant
subline CEM VLB was always supplemented with
100 ng/ml of VLB, until 3 days before the experi-
ments. For all studies, cells were harvested during
exponential growth, washed twice in medium and
resuspended at the required concentration. In our
hands, when LOVO DX and CEM VLB were fixed
in periodate lysine paraformaldehyde (PLP) and
permeabilized in saponine 0.02% for immunofluor-
escence procedures, a very strong membrane-
associated fluorescence in more than 80% of the
tested cells was obtained using the P170-directed,
MRK-16 antibody, while LOVO 109 and CEM
showed no staining at all or a low staining intensity
in less than 5% of the cells. The mean fluorescence
intensity (MFI) determined as the ratio of the MFI
of the sample and the isotypic control was always
less than 4 in the two parental cell lines LOVO 109
and CEM while it ranged between 14 and 16 in
CEM VLB, and between 28 and 32 in LOVO DX.
The methods used for MDR studies were described
elsewhere.*

Drug sensitivity assay

Cell growth in the presence or absence of drugs was
determined using the MTT-microcultured tetra-
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zolium colorimetric assay of Mosmann™ with minor
modifications, as described elsewhere.? Briefly,
anthracyclines and D-VRP were added at the
required concentration after 48 h incubation in
microplates. Cell growth and growth inhibition
were evaluated after a 7 day incubation in
continuous drug exposure at 37°C in humidified
atmosphere containing 5% CO,. MTT solution was
added at 5 mg/ml and DMSO was used as the MTT
formazan-products solvent. Optical density (OD)
was read at 540 nm using a microcultured plate
reader (LP400 Diagnostic Pasteur). Results were
expressed in terms of percentage of growth as
compared with the control. Controls were provided
by cells plus D-VRP solvent, cells plus anthracyc-
lines and D-VRP solvent or cells plus D-VRP as
appropriate. From each OD, appropriate back-
ground values were subtracted (culture medium
alone or culture medium with D-VRP). At the tested
doses, D-VRP alone gave a growth inhibition
ranging between 5 and 30% in all cell lines.

All the experiments were performed at least in
triplicate and the results were the mean of at least
three values. Standard deviation were always 10%
or less.

The IDsy, i.e. the drug concentration which
inhibited cell growth to 50% compared with the
control, was calculated as the logarithm of the drug
concentration at which the best line fitted by eye to
the data would cross a surviving fraction of 0.5.
The DX, IDX, IDA and DNR IDsgs of the cell
lines and the resistance index (RI), i.e. the ratio
between the IDs, of the MDR positive lines and the
respective 1Ds, of the parental MDR negative cell
line, are shown in Table 1.

Table 1. ID;, of the MDR (LOVO DX and CEM VLB) and of
the parental, non-MDR cell lines (LOVO 109 and CEM) in
the absence of b-VRP

IDso (ng/ml)

DNR IDA DX IDX

LOVO DX 410.0 13.0 460.0 12.0
LOVO 109 10.0 25 15.0 7.5
RI 41.0 5.2 30.6 1.6
CEM VLB 78.0 3.2 100.0 3.0
CEM 3.0 1.2 4.0 2.2
RI 26.0 2.7 250 14

Each number represents the mean of three values. Standard
deviation is not reported but was always 10% or less. The Rl
was calculated by dividing the ID5, of the MDR line by the 1D,
of the parental line, and it was much lower for IDA than for DNR,
and for IDX than for DX.



Intracellular drug concentration

Intracellular drug concentration was determined by
flow cytometry with a FACScan (Becton-Dick-
inson) equipped with an argon laser tunned at
488 nm. Lysis 11 software package (Becton-
Dickinson) was used to generate FI.2 histograms to
calculate the means of the linear fluorescence
intensity distribution and to generate the forward
scatter (FSC) histograms to calculate the relative cell
volume. Results are expressed as the normalized
mean fluorescence index (NMFI) as a measure of
relative intracellular drug accumulation, where:

NFMI = (FL2/FSC) — (F1.2,/FSC,)

NMFI = mean fluorescence channel number/mean
FSC channel number with drug — mean
fluorescence channel number/mean FSC
channel number without drug

in accordance with Luk.”

Cells at a concentration of 2.5 x 10°ml were
incubated in RPMI supplemented with 10% fetal
calf serum and the four anthracyclines at concentra-
tions ranging between 50 and 3000 ng/ml for 1, 2
and 3 h. After 1, 2 and 3 h cells were washed twice
in ice-cold phosphate-buffered saline (PBS) at pH
7.4, resuspended in 1ml ice-cold PBS and
immediately assaved for drug-associated fluores-
cence. Controls were performed by cells incubated
in the absence of drugs but in the presence of
solvents. Results are shown in Figure 1 for DNR.
For the other anthracyclines, they were similar.
Because of the good correlation between drug dose
exposure and fluorescence intensity (NFMI), for
D-VRP studies only an exposure to 1000 ng/ml of
all the tested anthracvclines was used.

To evaluate D-VRP eflects, 10 uM D-VRP was
added to the complete medium (RPMI 1640 plus
fetal calf serum, plus anthracvclines 1000 ng ml).
Controls were cells plus solvents, cells plus
anthracvclines or cells plus b-VRP as appropriate.

Results
Cytotoxicity assay (MTT)

Figures 2 and 3 show that the addition of D-V'RP
increased the cvtotoxicity of DNR and IDA in the
MDR LOVO DX cell line, but not in the parental,
non-MDR LOVO 109 line. Similar results were
obtained with DNR and IDA in the CEM cell
svstem, and with DX and IDX in both cell svstems
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Figure 1. Daunorubicin content expressed in NMFI ac-
cording to DNR incubation concentration after 1, 2 or 3 h
exposure in the CEM system lines. CEM is the parental
sensitive cell line, CEM VLB is the resistant MDR positive
cell subline. There is a good correlation between drug
dose exposure and fluorescence intensity expressed in
terms of NMFI.

(LOVO and CEM). Results are summarized in
Tables 1-4. Table 1 shows the 1D, for the two cell
systems and the four tested drugs, in the absence of
D-VRP. Table 2 shows the b-VRP-dependent
decrease of anthracycline 1Dy, in the two MDR
lines. Tables 3 and 4 show the effects of increasing
concentration of D-VRP on the RI to the four
anthracyclines in the LOVO system (Table 3) and
in the CEM system (Table 4). The main conclusions
of these experiments were that (i) IDA was more
was more cytotoxic than DNR and IDX was more
cvtotoxic than DX in all cell lines, but the difference
between IDA and DNR and between IDX and DX
was much greater in the MDR lines (LOVO DX
and CEM VLB) than in the parental, non-MDR
ones (LOVO 109 and CEM), (1) D-VRP increased
anthracvcline cvtotoxicity only in the two MDR
lines, (ii1) D-VRP increased anthracvcline cvtotox-
lcity in a concentration-related manner, and (iv)
D-VRP increased the cvtotoxicity of DNR and DX
more than that of the respective derivatives 1DA
and IDX.

Intracellular drug retention

To determine the effect of D-V'RP on intracellular
drug retention, cells were incubated with the tested
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Figure 2. Effect of DNR alone (None) or combined with D-VRP 1, 2, 3, 6 and 10 uM on the growth of the
drug resistant LOVO DX and on the growth of the parental sensitive LOVO 109 cell line. Growth is
represented as percentage of control cell growth in cultures containing no drugs but all solvent or no
drug but D-VRP as appropriate. Each point represents the mean of three values. Standard deviation was
always 10% or less. b-VRP combined with DNR had a dose-dependent growth inhibition effect on LOVO
DX but not on LOVO 109. For LOVO 109 only the effect of D-VRP 10 uM was represented. All the other b-VRP
concentrations tested had a decrease or no effect on cell growth.
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Figure 3. Effect of IDA alone (None) or combined with b-VRP 1, 2, 3, 6 and 10 uM on the growth of the
drug resistant LOVO DX and on the growth of the parental sensitive LOVO 109 cell line. Growth is
represented as percentage of control cell growth in cultures containing no drugs but all solvent or no
drug but b-VRP as appropriate. Each point represents the mean of three values. Standard deviation was
always 10% or less. D-VRP combined with IDA had a dose-dependent growth inhibition effect on LOVO
DX but not on LOVO 108. For LOVO 109 only the effect of D-VRP 10 uM was represented. All the other D-VRP
concentrations tested had a decrease or no effect on cell growth.
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Table 2. ID5, with and without D-VRP for the two MDR cell lines

D-VRP DNR IDA DX IDX
(M)
IDsg IDso IDsg IDsg

(ng/ml) ratio (ng/ml) ratio {(ng/ml) ratio (ng/ml) ratio
LOVO DX 0 410 1.0 13.0 1.0 460 1.0 12.0 1.0
1 200 2.0 5.0 2.6 250 1.8 7.5 1.6
2 75 5.5 4.2 3.1 175 2.6 7.4 1.6
3 50 8.2 37 3.5 120 3.8 7.0 1.7
6 30 13.7 25 5.2 70 6.6 6.5 1.8
10 15 273 2.5 5.2 50 9.4 6.0 2.0
CEM VLB 0 78 1.0 3.2 1.0 100 1.0 3.0 1.0
1 29 27 25 1.3 38 2.6 2.5 1.2
2 18 43 2.0 1.6 31 3.2 23 1.3
3 14 5.6 2.0 1.6 22 45 22 14
6 10 7.8 1.8 1.8 17 5.9 2.0 15
10 5 15.6 1.6 2.0 14 71 1.5 2.0

Each number represents the mean of three vatues. Standard deviation is not represented, but was always 10% or less. The ratios
indicate the relative increase of cytotoxicity by increasing concentrations of o-VRP. That increase was much higher for DNR than for

IDA, and for DX than for IDX.

drugs (1000 ng/ml) without and with D-VRP
(10 uM), and intracellular drug concentration was
measured after 1, 2 and 3 h as described. Results are
shown in Figure 4 for the LOVO cell system and
in Figure 5 for the CEM cell system. In both cell
systems, intracellular drug concentration was
higher for the parental sensitive line than for the
MDR subline. In both cell systems, D-VRP
increased intracellular drug concentration only in
the MDR subline. The data are summarized in
Table 5, showing that the intracellular anthracycline
concentration was not modified in the parental,
non-MDR cell lines (LOVO 109 and CEM). In
contrast, D-VRP increased intracellular anthracyc-
line concentration in the MDR cells (LOVO DX
and CEM VLB). The increase was higher in LOVO
DX than in CEM VLB, and was higher for the
DNR than for IDA, but it was not different for DX
and IDX.

Table 3. LOVO cell system: effect of increasing concentra-
tion of 0-VRP on the Rl

RI
(IDy, LOVO DX/IDg, LOVO 109)

D-VRP DNR IDA DX IDX
(M)

0 410 52 30.6 1.6

1 20.0 20 16.7 1.2

2 79 1.7 14.6 1.2

3 55 15 12.0 1.2

6 37 1.0 7.0 1.1

10 20 1.0 5.5 1.2

Table 4. CEM cell system: effects of increasing concentra-
tions of o-VRP on the RI

RI
(IDs; CEM VLB/IDg, CEM)

D-VRP DNR IDA DX IDX
(uM)

0 26.0 27 25.0 1.4

1 9.7 2.1 9.5 1.1

2 6.0 1.7 7.7 1.0

3 47 17 5.5 1.0

6 3.3 15 4.2 0.9

10 1.7 13 35 0.7

Table 5. Effect of D-VRP 10 uM on intracellular drug con-
centration on MDR (LOVO DX and CEM VLB) and in
parental, non-MDR cell lines (LOVO 109 and CEM) ex-
posed for 3 h to the tested drugs at a concentration of
1000 ng/ml

DONR IDA DX IDX
LOVO DX 454 2.17 2.03 1.87
LOVO 109 1.00 1.01 1.00 1.00
CEM VLB 3.81 1.37 1.32 1.33
CEM 0.96 1.08 0.98 1.09

The numbers in the table were obtained by dividing the mean
NMFI of the cells with and without b-VRP. A value of 1 indicates
no effect of b-VRP on intracellular drug concentration, as it was
the case with the parental, non-MDR lines LOVO 109 and CEM.
A value greater than 1 indicates that b-VRP increased intra-
cellular drug concentration. Such an increase was higher in
LOVO DX cells than in CEM VLB cells. and was higher for DNR
than for IDA. but not for DX than for IDX.
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Figure 4. DNR, IDA, DX and IDX intracellular content in the LOVO cell system. Cells were incubated with 1 ug/ml of
anthracycline for 1, 2 or 3 h alone or plus b-VRP 10 uM. Each point represents the results of three different experiments.
Standard deviation was always 10% or less.
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Figure 5. DNR, IDA, DX and IDX intracellular content in the CEM cell system. Cells were incubated with 1 ug/ml of

anthracycline for 1, 2 or 3 h alone or plus b-VRP 10 4M. Each point represents the results of three different experiments.
Standard deviation was always 10% or less.
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Discussion

This study showed that D-VRP at concentrations
ranging between 1 and 10 uM affected intracellular
anthracycline concentration and anthracycline cyto-
toxicity in MDR cell lines but not in non-MDR
ones. These results were expected, based on prior
studies of the racemic mixture (VRP)’ '® and on
several studies of the D-isomer (D-VRP).™
However, it should not be overlooked that prior
studies were limited to Vinca alkaloids and tested
higher D-VRP concentrations. Our data confirmed
that D-VRP is a candidate for the clinical
downmodulation of MDR to anthracyclines, since
effective reverting could be detected at concentra-
tions of 2--3 uM, which can be safely maintained i»
rire 2 However, we found that downmodula-
tion of MDR by D-VRP could be substantially
different depending on the anthracyclines. These
differences were summarized in Tables 3 and 4,
which showed the potentiation of anthracycline
cytotoxicity by D-VRP, at the 1Dy, of each tested
drugs. There are three main points. First, the
potentiation effect of D-VRP was always better
detected with DNR than with DX, since at equal
D-VRP concentration, the effect was 2-4 times
greater with DNR than with DX. Second, the
potentiating effect of D-VRP was always greater
with the parent compounds (either DNR or DX)
than with the respective lypophylic derivatives
(either IDA or IDX). This was expected and fitted
with prior results from others,'**" and from our
laboratory,” showing that MDR tumor cells which
are resistant to DNR and DX are less resistant to
IDA. This point was recently stressed by Berman
and McBride™ who found that at a drug
concentration of 1000 ng;ml the cytotoxicity of
IDA could not be potentiated by VRP 10 pM.
However, since that IDA concentration was more
than 100 times higher than the ID;, for LOVO DX,
CEM VLB and other MDR lines, it was obvious
that at such a high IDA concentration any reverting
or potentiating effect could not be detected. In this
study, we tested much lower IDA concentrations,
in the range of its 1Dy, and we found that a
potentiating effect of D-VRP was easily detectable,
especiallv in the LOVO cell system (Table 3).
Third, the dose-response relationship was much
more important for DNR and for DX than for IDA
and IDX. As an example, increasing the D-VRP
concentration from 3 to 10 M potentiated DNR
by a factor of about 3, but potentiated IDA only
bv a factor of about 1.5.

Practical implications ot these findings are /1, that

Modulation of MDR by D-1"RP

D-VRP downmodulates resistance to DNR better
than resistance to DX, (ii) that reverting effectively
resistance to DNR or to DX with D-VRP alone
would require high D-VRP concentrations, close to
10 uM or even higher, and (ii1) that reverting
resistance to IDA to a level very close to the
parental, non-MDR, line can be accomplished at
clinically tolerable D-VRP concentrations (2-3 uM).
Information on 1DX is still insufficient to attempt
conclusions or relationships, but it is likely that the
interaction between D-VRP and IDX is limited.

The development of anthracycline derivatives
and the choice of the anthracycline for treatment
will ultimately depend on many factors. Since
several independent studies of acute non-lymphocy-
tic leukemia (ANLL) suggested that mdr-7 gene
overexpression is associated with early treatment
failure,** * and since anthracyclines are a first-line
drug for ANLL, it is important to point out again
that although IDA is already less dependent than
other anthracyclines of P170-associated resis-
tance,” * residual resistance can be significantly
decreased by D-VRP. It is urgent to investigate if
the combination of IDA with D-VRP or other
resistance modifiers would be more toxic for
normal, P170-positive tissues, like hemopoietic
stem cells, liver and intestinal mucosa, as well as
for myocardial cells.
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