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ABSTRACT 

Verapamil reverses multidrug resistance acquired by cancer cells dur- 
ing treatment with chemotherapeutic agents such as doxorubicin by in- 
hibiting the function of P-glycoprotein. Verapamil has also been suggested 
to potentiate the cardiotoxicity of doxorubicin. We have recently demon- 
strated that selective inhibition of cardiac muscle gene expression is 
among the earliest events in doxorubicin cardiotoxicity. To explore the 
influence of verapamil on doxorubicin cardiotoxicity, we evaluated [14C]- 
doxorubicin accumulation, cardiac muscle gene expression by Northern 
blot analysis, and ultrastructural changes in cultured cardiomyocytes in 
the presence and absence of verapamii. Treatment with a combination of 
doxorubicin and verapamil for 24 h did not augment doxorubicin accu- 
mulation in cardiomyocytes, although substantial augmentation of doxo- 
rubicin accumulation by verapamil in cardiac fibroblasts was observed. 
Further, treatment with verapamil for 24 h did not augment the decrease 
in expression of muscle genes induced by doxorubicin (myosin light chain 
2 slow, troponin I, M isoform creatine kinase). However, we found that 
verapamil reduced a-actin gene expression in a direct, doxorubicin-inde- 
pendent manner. Furthermore, the effect of doxorubicin plus verapamil 
on ct-actin gene expression was additive over a wide range of doxorubicin 
and verapamil concentrations, resulting in a selective augmentation of 
doxorubicin-induced inhibition of gene expression for this single muscle 
protein gene. This was reflected in a substantial increase in cardiac myo- 
cyte damage when treatment with verapamil and doxorubicin was com- 
pared to treatment with doxorubicin alone by thin section electron mi- 
croscopy. This suggests a possible mechanism by which verapamil may 
potentiate doxorubicin cardiotoxicity. 

INTRODUCTION 

Doxorubicin is one of the more effective cancer chemotheraputic 
agents. Its clinical use is limited, however, by two major problems. 
The first is the development of the MDR 4 phenotype in various 
cancers. One major form of multidrug resistance is mediated by over- 
expression of a cell surface glycoprotein, P-gp, which functions as a 
drug efflux pump (1). Various P-gp antagonists, including Ca e+ chan- 
nel blockers and cyclosporin, can reverse the MDR phenotype in vitro 
and in vivo (1). Clinical trials aimed at MDR reversal, using doxoru- 
bicin and the calcium channel blocker, verapamil, have been initiated. 
The initial reports from these trials have emphasized the need to 
understand the multiple actions of these drugs (2--4). 

The mdrl gene, which encodes P-gp, is not only expressed in 
cancer cells, but also in normal tissues, including heart muscle (5, 6). 
Although the function of P-gp in normal tissue is still uncertain, we 
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considered the possibility that combination therapy with doxorubicin 
and verapamil might enhance doxorubicin cardiotoxicity by increas- 
ing intracellular doxorubicin concentration via inhibition of P-gp 
function. In fact, some investigators have suggested that particular 
caution must be exercised when the clinical combination of calcium 
blocking agents and doxorubicin is contemplated because verapamil 
increased the mortality associated with doxorubicin in a rabbit (7) and 
in a dog (8) chronic model of doxorubicin toxicity. However, the 
presence of circulatory influences in these studies did not allow con- 
clusions regarding potential direct effects of verapamil on doxorubicin 
retention in cardiocytes to be drawn. 

The second problem in the use of doxorubicin clinically is a dose- 
dependent cardiomyopathy. Although a number of hypotheses to ex- 
plain this cardiotoxicity have been proposed, the underlying mecha- 
nism is still uncertain (9). Furthermore, clinical efforts to reduce 
doxorubicin cardiotoxicity have been only partially successful (10, 
11). Thus, doxorubicin cardiac toxicity remains a major clinical 
problem. 

We previously reported that doxorubicin rapidly and selectively 
decreases expression of cardiac ot-actin, as well as other muscle genes, 
such as cardiac troponin I, myosin light chain 2 slow, and M isoform 
of creatine kinase in cultured cardiomyocytes. We found that these 
changes were among the earliest reflections of doxorubicin cardio- 
myopathy. These changes preceded the characteristic ultrastructural 
changes of doxorubicin toxicity (12). In this report, we have investi- 
gated the influence of verapamil on doxorubicin cardiotoxicity by 
evaluating cardiac muscle gene expression and by measuring doxo- 
rubicin accumulation in cultured neonatal rat cardiomyocytes. To our 
surprise, we found no augumentation of doxorubicin accumulation by 
combination treatment with doxorubicin plus verapamil in cultured 
cardiomyocytes, although we observed substantial augumentation of 
doxorubicin accumulation by verapamil in cardiac fibroblasts. Fur- 
thermore, verapamil did not augument the inhibition of cardiac gene 
expression characteristic of doxorubicin. Instead, we found an inde- 
pendent, additive effect of doxorubicin and verapamil on a-actin gene 
expression, resulting in a selective augumentation of doxorubicin- 
induced inhibition of gene expression for this single muscle-specific 
gene. Combined treatment with doxorubicin and verapamil also in- 
creased the ultrastructural damage typical of doxorubicin treatment in 
cardiac myocytes. This suggests the potential for augumented cardio- 
toxicity by doxorubicin plus verapamil by a mechanism which does 
not involve a general augumentation of doxorubicin-induced inhibi- 
tion of cardiac muscle gene expression but rather reflects an indepen- 
dent effect of verapamil on specific targets, such as ~-actin. 

MATERIALS AND M E T H O D S  

Cells and Cell Cultures. Cardiomyocytes was isolated from 1-day-old 
Spraque-Dawley rats (Bantin and Kingman, Fremont, CA) by the methods 
described by Simpson and Savion (13) with minor modifications (12). Live 
cells were counted by the Trypan Blue exclusion test: 2.8 • 106 cells were 
plated in 60-ram dishes for RNA analysis, 1 • 106 were plated in 35-ram 
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for immunofluorescence staining, and 2 • 10 -s cells were plated in each well 
of 24-well plates for the crystal violet toxicity assay and [14C]doxorubicin 
retention study. Cardiomyocytes were cultured in minimum essential medium 
(GIBCO) containing 5% bovine calf serum for 48 h and then treated with 
doxorubicin and/or verapamil for 24 h. Cardiac fibroblasts were isolated by 
differential adhesion during cell preparation and allowed to proliferate in 
100-mm dishes for 7 days. The fibroblasts were used for gene expression 
studies or were replated in 24-well plates for doxorubicin retention studies. 
Doxorubicin-sensitive (AuxB1) and -resistant (CHRC5) Chinese hamster ovary 
cell lines were a generous gift of Dr. V. Ling (The Ontario Cancer Institute, 
Toronto, Ontario, Canada). Doxorubicin hydrochloride (2 mg/ml, Adria Labo- 
ratories, Columbus, OH) was diluted to 10 -4 M stock with water and stored at 
-20~ protected from light. Racemic verapamil HCI (Sigma Chemical Co., St. 
Louis, MO) was dissolved in water. 

Crystal Violet Assay. Toxicity of verapamil and combination therapy was 
examined by the crystal violet assay. Cardiomyocytes were plated at 2 • 105 
cells/well in 24-well plates and treated with various concentrations of verap- 
amil alone or in combination with doxorubicin for 24 h. Controls were left 
untreated. Floating dead cells were removed by washing with PBS twice. Cells 
in triplicate wells for each experimental condition were fixed with 10% for- 
maldehyde and stained with 0.1% crystal violet. After washing with water, dye 
was extracted with 50% ethanol-0.1 M sodium citrate, and its absorbance was 
measured at 570 nm by spectrophotometry. Absorbances were expressed as 
percentages of control. 

Immunofluoreseenee Staining and Cell Count. To determine the homo- 
geneity of the cell population in dishes, cardiomyocytes were distinguished 
from nonmyocytes by immunofluorescence staining of myosin heavy chain as 
described by Silberstin et  al. (14). The monoclonal antibody for myosin heavy 
chain (4A.1025) was a gift of H. Blau (Stanford, CA). Phase-contrast and 
fluorescence fields were projected on a screen, and cell numbers from 10 
random fields were counted. 

RNA Isolation and Northern Blot Analysis. RNA was extracted from 
cells using the guanidine thiocyanate-CsCl procedure. RNA was analyzed by 
Northern blotting followed by hybridization to [32p] complementary DNA 
probes prepared by the random primer method as described (15, 16) and 
visualized by autoradiography. The bands were quantitated by laser densitom- 
etry (Pharmacia LKB Biotechnology). Results were expressed as percentages 
of control expression, after normalization to pyruvate kinase gene expression 
which we have previously shown to be unaltered under these experimental 
conditions. The following complementary DNAs were used in this study: 
human cardiac a-actin (17); human/3-actin (18); rat cardiac troponin I (12); 
human myosin light chain 2 slow (12); rat pyruvate kinase (19); human M 
isoform of creatine kinase (20). 

p4C]Doxornbicin Retention Study. Cardiomyocytes were seeded on day 
- 2  in 24-well plates at 2 • 105 cells/ml/well, and cardiac fibroblasts were 
replated 1 day before treatment in 24-well plates at 2 • 105 cells/ml/well after 
7 days of proliferation in 100-mm dishes. 14C-radiolabeled doxorubicin (55 
Ci/mol; Amersham) was diluted to 100 mM stock with PBS. On day 0, medium 
was replaced with 1 ml medium containing various concentrations of doxoru- 
bicin and/or verapamil, and cells were incubated at 37~ in a humidified 
incubator for 24 h. Triplicate wells were washed 3 times with cold PBS/0.02% 
azide, and cells were solubilized with 1 ml 0.1 N NaOH/0.1% sodium dodecyl 
sulfate at 37~ for 30 min. After neutralization with 0.1 ml 1 N HC1, radioac- 
tivity of the cell lysate was measured by liquid scintillation counting. 

[14C]doxorubicin retention was measured in doxorubicin-sensitive (AuxB1) 
and -resistant (CHRC5) Chinese hamster ovary cells in a separate experiment. 
The conditions were the same as for the cardiac cells with the following 
exceptions: cells were seeded on day - 3  at 1 • 104 cells/ml/well; specific 
activity of [laC]doxorubicin was 57 Ci/mol; and solubilization was with 1 ml 
of 0.1 N NaOH. 

Sample Preparation for Electron Microscopy. Cultured cardiomyocytes 
were fixed for 2 h in 1% glutaraldehyde in 0.067 M sodium cacodylate (pH 7.4), 
washed, and postfixed in 2% osmium tetroxide for 1 h. The samples were 
prestained in 1% uranyl acetate, dehydrated in a graded ethanol series, and 
embedded in 100% epoxy resin. After sectioning, samples were mounted on 
parlodian-coated grids, stained with lead citrate, and examined with a Philips 
201 C electron microscope. 
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R E S U L T S  

Effect of Verapamil on Cell Density and Cell Population in 
Culture. To determine the effect of  verapamil on cell density in 

culture, total cell number  in the culture after 24 h treatment with 

verapamil alone or with verapamil plus doxorubicin was examined by 

crystal violet assay (Fig. 1). Veraparnil (0-10 /XM) alone did not 

change the total cell number  in culture. When verapamil was added to 

0.2 /XM or 1 /~M doxorubicin, cell density was unaffected by concen- 

trations of  verapamil up to 10 /XM. 

Because the techniques used to isolate myocytes  never achieve a 

pure population completely devoid of  fibroblasts, we assessed 

whether the percentage of cardiomyocytes in cell culture under dif- 

ferent treatment regimens differed. Cardiomyocytes were identified 

by immunofluorescence staining of  myosin heavy chain and the per- 

centage of  cardiomyocytes was calculated (Table 1). On day 3 of  

culture, 84% of control cells were cardiomyocytes;  this percentage 

was not altered by treatment with 0.05-0.5 /XM doxorubicin for 24 h. 

Further, under these conditions, the addition of  1 p~M verapamil  to 

these cultures did not alter the percentage of  cardiocytes. 

Effect of Verapamil on Muscle Gene Expression in Cultured 
Cardiomyocytes. Expression of muscle-specific genes (a-cardiac ac- 

tin, myosin light chain 2 slow, troponin I, M isoform-creatine kinase) 

and control, non-muscle-specific genes (13-actin, pyruvate kinase) in 

cultured cardiomyocytes was analyzed by Northern blots and quanti- 

fied by densitometry (Figs. 2 and 3). Five p~M of verapamil alone 

decreased a-actin gene expression by 25% as compared to control. In 

combination with doxorubicin, verapamil decreased a-actin expres- 

sion to less than one-half  of  that with doxorubicin alone (59% of  
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Fig. 1. Viability of cardiomyocytes after 24 h exposure to various concentrations of 
verapamil alone or in combination with 0.2 p~U or 1 pJ~ doxorubicin. Neonatal rat 
cardiomyocytes were plated and maintained as described in "Materials and Methods." 
Medium was changed every 24 h to remove unattached cells. The cells were then exposed 
to various concentrations of verapamil (0-10/xM) alone or in combination with 0.2/~M or 
1.0 /XM doxorubicin for 24 h. After 24 h, the cells were washed twice in PBS and stained 
with 0.1% crystal violet as described in "Materials and Methods." Viability was expressed 
as a percent of control. Error bars, SEM of triplicate wells of 2-3 independent experi- 
ments. 

Table 1 Effect of doxorubicin and verapamil on cardiomyocytes in culture 

Cells in 35 mm dishes were immunostained with monoclonal antibody for myosin 
heavy chain, as described in "Materials and Methods." Percentage of cardiomyocytes in 
the dishes was calculated as a ratio of fluorescence-positive cell number in fluorescence 
fields to total cell number in phase contrast fields. Percentages are expressed as mean 
percent cardiomyocytes in 10 random fields. 

% of cardiomyocytes 

Doxorubicin Verapamil Verapamil 
(/ZM) (0 /XM) (1 /XM) 

0 84.3 88.1 
0.05 81.8 89.3 
0.2 82.8 93.7 
0.5 87.6 88.9 
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Fig. 2. Northern blot analysis of the effect of 
doxorubicin and verapamil on specific mRNAs in 
cultured cardiomyocytes. Total cellular RNA was 
extracted from cells treated as described at the top 
of each panel for 24 h. Ten ~g of total RNA were 
loaded in each lane and the nitrocellulose filter was 
hybridized with [32p] complementary DNA for the 
genes indicated. A, effect of drug treatment on ex- 
pression of myosin light chain 2 slow (MLC), car- 
diac troponin I (TnI), ct-actin and pyruvate kinase 
(PK). B, effect on M isoform of creatinine kinase, 
pyruvate kinase (PK), and a-actin. 

control with 0.25 ~M doxorubicin and 21% of  control with 0.25 /XM 

doxorubicin plus 5 /~M verapamil). Al though m R N A  levels for other 

muscle-specific genes such as myosin light chain 2 slow, troponin I, 

and M isoform creatine kinase were markedly reduced by doxorubicin 

treatment for 24 h, the degree of  decrement  was completely unaffected 

by verapamil. Unlike a-actin and other muscle-specific genes, the 
level of/3-act in or pyruvate kinase m R N A  was not altered by doxo- 

rubicin or verapamil alone or by the combination of  doxorubicin and 

verapamil (Fig. 2 and data not shown). However, at the highest con- 

centration of  doxorubicin and verapamil  studied (0.25 /~M and 5 tXM, 

respectively), modest  decreases in/3-actin gene expression were oc- 

casionally observed (to approximately 80% of  controls) (data not 

shown). No expression of  muscle-specific genes was observed in 
concomitantly isolated cardiac fibroblasts. 

The selective reduction of  a-actin gene expression by verapamil 
alone in cardiomyocytes was dose dependent  (Fig. 4). Thus, although 

verapamil did not enhance the generalized reduction of  muscle gene 
expression induced by doxorubicin, verapamil selectively reduced 

oL-actin gene expression in a dose-dependent  manner. These results 

suggest that the reduction in c~-actin gene expression observed in the 
presence of both verapamil and doxorubicin is attributable to the 
additive effects of  each agent alone. 

[~4C]Doxorubicin Re ten t ion  Study.  In order to test whether  the 

augmented inhibition of  a-actin expression observed in the combined 

presence of  doxorubicin and verapamil was due to enhanced retention 

of  doxorubicin, two sets of  experiments were performed (Fig. 5). The 

doxorubicin-sensitive CHO cell line, AuxB1,  and a resistant variant, 
CHRC5, were used as controls. As expected, the addition of  10 p,M 

verapamil to doxorubicin increased the intracellular doxorubicin con- 

centration in both these cells, and the absolute amount  of  uptake was 

greater in sensitive as compared to resistant cells (Fig. 5, C and D).  In 

contrast, verapamil did not increase intracellular doxorubicin in car- 

diomyocytes  in this experiment (data not shown) or in a second 

Fig. 3. Summary of muscle-specific gene expression in cardiomyocytes treated with 
doxorubicin alone, verapamil alone, or with combination therapy. The Northern blots were Fig. 4. Effect of verapamil on a-actin gene expression in cardiomyocytes is dose 
quantitated by densitometry and results were expressed as a percentage of control expres- dependent. Cells were treated with various concentrations of verapamil alone for 24 h. 
sion after normalization to pyruvate kinase gene expression. Bars, means • SE for 2-4 Gene expression was measured by Northern blotting and quantitated by densitometry. 
independent experiments. Data represent the mean of two independent experiments. 
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Fig. 5. [14C]doxorubicin retention study. Neonatal rat cardiomyocytes (A), rat cardiac fibroblasts (B), and doxorubicin-sensitive (AUXB1) (C) and -resistant (CHRC5) (D) cells were 
plated in 24-well plates as described in "Materials and Methods," and treated with 0.1 ~a, 0.3 /.tM, or 1.0 p,r~ [14C]doxorubicin at the indicated concentrations of verapamil (VPM) 
for 24 h. Cell-associated [14C]doxorubicin was measured by liquid scintillation counting. Note change of scale for CHO cell lines (C and D). 

experiment (Fig. 5A), although verapamil cotreatment resulted in 
increased intracellular doxorubicin levels in cardiac fibroblasts (Fig. 
5B). Shorter treatment (2 h) produced similar results for controls and 
cardiocytes (data not shown). 

Electron Microscopic Study. Cultured cardiomyocytes were 
treated with 0.5 /xM doxorubicin and/or 5 ~M verapamil for 24 h and 
ultrastructual changes were examined by electron microscopy as de- 
scribed in "Materials and Methods" (Fig. 6). The sample treated with 
verapamil alone was indistinguishable from control. Treatment with 
0.5 p,M doxorubicin alone for 24 h induced subtle changes including 
minor swelling of the sarcotubular reticulum, membrane degeneration, 
and mild vacuolization as previously described (12). No change in 
myofilaments was observed and nuclear changes were not different 
from the control. The combination of doxorubicin and verapamil 

caused damage generally similar in character to that observed with 
doxorubicin alone. However, the combination treatment led to damage 
in a greater fraction of the cardiomyocytes; in addition, an enhanced 
mitochondrial toxicity was observed consisting of swelling, loss of 
matrix density, and loss of cristae. Thus, the electron microscopic 
study suggests that the combination of doxorubicin and verapamil 
may have the potential to substantially increase cardiotoxicity. 

DISCUSSION 

Investigators studying MDR modulation and the prognostic value 
of P-gp expression have suggested that combination therapy with 
doxorubicin and verapamil might be possible in the clinic (7). Such 
treatment might improve the prognosis in P-gp-positive cancer pa- 
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Fig. 6. Electron micrographs of cultured cardiomyocytes. Cells were treated with 5 /zxl of verapamil alone (V), 0.5 ~1 doxorubicin alone (D), or the combination (V+D) for 24 
h. Control (C) represents normal appearance. M, milochondrial damage: arrow (d~), degenerating cellular membrane: "~r vacuolization: De. cellular debris. (X 4320). 

tients because detectable P-gp appears to be an important adverse 
prognostic factor in some tumors (21). Further, as more effective and 
less toxic MDR modulators (chemosensitizers) are found, clinical 
modulation of P-gp may be improved. However, there is some appre- 
hension that MDR modulators might increase intracellular drug con- 
centration and augment the toxicities of antitumor agents in normal 
cells, since P-gp is also detectable in many normal tissues. Cardiac 
muscle toxicity is of primary concern when doxorubicin and MDR 

modulators are given together. Two adverse effects on the heart in 
combination therapy with doxorubicin and verapamil are hypotension 
and transient atrioventricular block. Although there have been no 
reports that verapamil obviously increased doxorubicin-induced car- 
diotoxicity in clinical trials to date (5-7), animal model data raise 
some serious concerns. For example, verapamil shortened the survival 

of rabbits (10) and dogs (11) treated with high doses of doxorubicin. 
It has also been shown to increase doxorubicin uptake in rabbit myo- 
cardium in v ivo  (22) and in isolated rat heart (23). In these models, the 
doses of vcrapamil and doxorubicin used were substantially higher 
than those used in clinical trials; hcmodynamic factors, such as a 
negative inotropic effect on heart and vasodilation by verapamil, in 
addition to acute cardiac damage by high dose doxorubicin, might 
contribute to the observed cardiotoxicity. 

In the present study, the effect of verapamil on doxorubicin-induced 

cardiotoxicity was evaluated by analyzing muscle gene expression in 
cultured cardiomyocytes. In this system about 85-90% of the cells are 
cardiomyocytes, and contaminating fibroblasts are reduced to 10-15% 
as demonstrated by myosin heavy chain immunofluorescence staining 
(12). The composition of the cell population was not changed by 
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doxorubicin treatment (at least up to 0.5 ~M) with or without 1 /XM of 
verapamil, although cell number was reduced by doxorubicin treat- 
ment alone. Total cell number was not affected by adding verapamil. 
Therefore, the results of Northern blot analysis and [14C]doxorubicin 
retention studies most likely reflect events occurring in the cardio- 
myocyte population. 

We previously reported that doxorubicin selectively and dose de- 
pendently inhibits the expression of muscle-specific genes, such as 
a-actin, myosin light chain 2 slow, troponin I, or M isoform-creatine 
kinase. This inhibition precedes the ultrastructual changes seen in 
cultured cardiomyocytes and in vivo, and it might be a mechanism for 
the myofibrillar loss which is characteristic of doxorubicin-induced 
cardiomyopathy (12). In this study, we found that verapamil itself 
selectively and directly inhibited a-actin gene expression indepen- 
dently of doxorubicin. The inhibitory effect of doxorubicin and ver- 
apamil on a-actin expression was additive. The expression of other 
muscle-specific genes, i.e., myosin light chain 2 slow, troponin I, and 
M isoform-creatine kinase, was not affected by verapamil, nor did 
verapamil enhance the reduction in the expression of these genes 
induced by doxorubicin. Others have recently observed that the ex- 
pression of 06-methylguanine DNA methyltransferase, the RNA for a 
protein which is involved in DNA repair, is inhibited by doxorubicin 
plus verapamil in a human myeloma cell line (24). Although this study 
was not performed with cardiomyocytes, it raises the possibility that 
other mRNAs and proteins might be affected by verapamil and might 
potentially contribute to doxorubicin cardiomyopathy. 

To assess whether the additive effect on a-actin gene expression 
might be related to altered doxorubicin retention, intracellular doxo- 
rubicin concentrations in cultured cardiomyocytes and control cells 
treated with doxorubicin with or without verapamil for 24 h were 
measured using an assay for the uptake of [a4C]doxorubicin. The 
addition of verapamil did not alter doxorubicin accumulation in car- 
diomyocytes. To confirm these results, parallel cultures were sub- 
jected to flow cytometric analysis using the intrinsic fluorescence of 
doxorubicin as previously described (25). This analysis confirmed the 
results of the [14C]doxorubicin uptake studies (data not shown). 

A recent report from Santostasi et al. (26) showed that 10 /XM 
verapamil increased doxorubicin accumulation in cultured neonatal rat 
cardiomyocytes treated with 1 /XM doxorubicin for 22 h by 11.4%, as 
measured by fluorometry. These studies were performed after day 7 of 
culture, when the cells had formed a confluent layer. In our experi- 
ence, by this time a large number of fibroblasts populate the culture, 
and the observed increase may be due to selective enhancement in 
retention of doxorubicin in fibroblasts. The results reported by Lam- 
pidis et al. (27) support this interpretation. When cardiac cultures were 
treated with 10 mg/ml (17 /XM) doxorubicin for 2 h, cardiac-muscle 
cells accumulated doxorubicin more than cocultured nonmuscle fi- 
broblasts. However, if these cultures were cotreated with 10 mg/ml 
(20 /XM) verapamil, there was a significant increase of drug fluores- 
cence in the fibroblasts but not in the muscle cells. In our [14C]- 
doxorubicin retention studies, we confirmed that verapamil cotreat- 
ment can increase intracellular doxorubicin levels in cardiac 
fibroblasts. 

Whether the selective inhibition of cardiac a-cardiac actin gene 
expression by verapamil is associated with its Ca e+ channel blocking 
activity and whether it can be produced by alteration of cytosolic free 
Ca 2+ remain to be elucidated. According to recent studies on cardiac 
hypertrophy, cytosolic free Ca 2+ seems to have an important role as 
an intracellular mediator of trophic stimuli (28), such as pressure 
overload or al-adrenergic stimulation, which selectively up-regulate 
myosin light-chain, skeletal a-actin, and/3-myosin heavy-chain genes 
and increase total transcriptional activity in cultured neonatal rat car- 
diomyocytes (29-32). Increasing cytosolic free Ca e+ in the cells by 
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treating them with the calcium ionophore, ionomycin, induced a-car- 
diac actin, troponin I, and myosin light chain 2 slow mRNAs (33). 
However, little information is available on the effect of calcium chan- 
nel blockers on muscle gene regulation. Samarel and Engelmann (34) 
reported that 10 /~M verapamil treatment for 24 h selectively reduced 
/3-myosin heavy chain and a-cardiac actin transcript levels in cultured 
neonatal myocytes with little or no effect on a-myosin heavy chain 
transcripts. Thus, the decrease in cytosolic free Ca 2+ triggered by 
verapamil treatment may selectively down-regulate some sensitive 
genes. Studies with other calcium channel blockers should help to 
define the role of Ca 2+ in this process. 

In summary, our data suggest that verapamil does not increase 
intracellular doxorubicin accumulation in cardiomyocytes, in contrast 
to certain drug-resistant cancer cells. However, verapamil has the 
potential to augument doxorubicin induced cardiotoxicity due to its 
selective inhibition of a-cardiac actin gene expression. Therefore, 
clinical combination therapy with doxorubicin and verapamil should 
be carefully monitored. 
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