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Summary. Previous studies have demonstrated that verapa- 
mil may overcome resistance to anthracyclines. In vitro 
and in vivo experiments were performed on wild-type and 
resistant Ehrlich ascites tumor cells. 

Verapamil in concentrations of 25-501xM enhances 
the accumulation of daunorubicin (DNR) in resistant cells 
to the same level as in wild-type cells. No significant effect 
of verapamil on influx or nuclear binding could be de- 
monstrated, indicating that verapamil enhances DNR up- 
take by blocking active drug extrusion. Exposure of cells 
to a high concentration of Ca 2+ did not influence the ef- 
fect of verapamil on DNR accumulation, suggesting a dif- 
ferent mode of verapamil action apart from the 
Ca2+-blocking effect. Attempts to circumvent acquired re- 
sistance to DNR in vivo with verapamil showed that the 
combination of the two drugs was more toxic than DNR 
given alone. The LDl0 of DNR was determined as 3 mg/kg 
and the LDl0 of the combination, as 2.5 mg/kg. The ther- 
apeutic effect of verapamil at a dose of 50 mg/kg and 
DNR of 2.5 mg/kg increased the life span of the mice by 
50%. No difference was seen in the wild-type tumor in 
vivo. 

These data lead us to conclude that verapamil can re- 
verse DNR resistance completely, but that verapamil at 
non-toxic dosage only reduces DNR resistance by 50% in 
vivo. 

Introduction 

A major obstacle to the succesful use of anthracyclines and 
other cytostatics in cancer chemotherapy is the develop- 
ment of clinical drug resistance. Several studies have con- 
firmed that in non-human systems acquired resistance to 
DNR and other anthracyclines [4, 5, 13] is accompanied 
by reduced cellular uptake. Attempts to overcome resis- 
tance in vivo have therefore been directed at increasing 
cellular drug accumulation [12]. Verapamil is one of the 
compounds that have been found to have the ability to in- 
crease the uptake of vinca alkaloids and anthracyclines in 
resistant tumor cells [14]. 
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The aim of this study was the closer characterization of 
the influence of verapamil on DNR transport in DNR- 
sensitive and DNR-resistant Ehrlich ascites tumor cells. 
Furthermore, the study demonstrates the ability of verapa- 
mil to overcome DNR resistance in Ehrlich ascites tumor 
in vivo. 

Material and methods 

Chemicals. DNR as hydrochloride was obtained from 
Farmitalia Company (Milan, Italy). Verapamil was kindly 
supplied by Meda AS (Copenhagen, Denmark), and sodi- 
um azide was obtained from Merck (Darmstadt, FRG). All 
chemicals were of analytic grade. 

Mice. First-generation hybrids of female random-bred 
Swiss mice and inbred DBS mice (N/D mice) were used 
throughout the study. 

Tumor cells. The original wild-type tumor line (EHR 2) has 
been described previously [2]. The minimum dose that re- 
sults in significant tumor inhibition corresponds to a total 
dose of 0.4mg/kg. The resistant tumor line (EHR 
2 / D N R + )  was developed in vivo by treatment with in- 
creasing doses of DNR during weekly i.p. tranplantation 
of the tumor [2]. The resistance of the tumor line was main- 
tained, by daily i.p. injections for 4 concecutive days with 
a dosage corresponding to 1.6 mg/kg x 4 (LD10). At this 
dosage no significant inhibition was observed; that is, 
compared with the wild-type tumor, the subline had at 
least 16-fold resistance. Ascites fluid was removed 6-8  
days after inoculation of the tumor. No DNR was admin- 
istered in the last passage of the DNR-resistant tumor be- 
fore the in vitro experiments. 

Medium. Standard medium was a phosphate buffer, 
60 mM (pH adjusted to 7.45) containing NaC1, 57.0 mM; 
KC1, 5.0mM; MgSO4, 1.3 raM; NaH2PO4, 9.0raM; 
Na2HPO4, 51.0 mM; and glucose 1.0 mM [10]. In suspen- 
sions containing Ca 2+ the medium consisted of a Tris buf- 
fer (pH adjusted to 7.45) containing: Tris-HCL, 50 mM; 
KCL, 5 raM. Dialyzed calf serum, 5% v/v, was added to 
the medium in all trials. Experiments on the initial rate of 
uptake were performed in standard medium without glu- 
cose, containing 10 mM sodium azide. No calf serum was 
added in these experiments. 
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Experimental. A viabil i ty  test with methylene blue demon-  _ 
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strated that  93% of  the tumor  cells were intact. Detai ls  of  
the p repara t ion  of  lysed cells have been descr ibed previ-  
ously [11]. Microscopic  control  conf i rmed that  all cells -~ 
were lysed and the nuclei  remained  intact. Lysed cells were ~ 600 
incubated  in a buffer conta ining 250 m M  sucrose, 5 m M  
CaC12, 0.1% (v/v)  Non ide t  P-40, and  25 mMTr i s -H C1  (pH 
adjus ted  to 7.45). No  washing procedure  was used in these ~ 
experiments.  Determina t ion  of  the initial  rate was per- 
fo rmed as previously  descr ibed [l 1]. Packed cell volume 
was de termined by centr i fugat ion of  samples at 5500 g for 8 200 
8 min in a hematocr i t  centrifuge, and  the final cell suspen- 
sion was adjusted to 0.5% (v/v).  Serial samples  of  2000 Ixl 
were wi thdrawn at varying intervals.  The pellets were 
washed twice with ice-cold Ringer  solut ion to remove the 
extracel lular  drug. 

Determination of cellular DNR content. The drug content  
o f  intact  cells or isolated nuclei  was extracted with 0.3 N 
HC1 - 50% ethanol  solut ion [1]. The total  f luorescence of  
the supernatant  solut ion after centr i fugat ion at 5000 g / m i n  
for  10 min was de te rmined  in an Aminco-Bowman  spec- 
t rof luorometer  (excitat ion 470 nm: f luorescence 585 nm), 
and  the drug concentra t ion  was de te rmined  by compar i -  
son with spec t rophotometr ica l ly  adjusted s tandards  [10]. 

The drug recovery in cell extracts and  culture fluid was 
more  than 90% (average 93%) in all experiments.  

Animal experiments. For  acute toxici ty experiments ,  
groups  o f  10 mice were given a single dose based on mouse 
weight and observed for a per iod  of  60 days after the injec- 
tion. The LD]0 with 95% conf idence limits was calculated 
as descr ibed previously [2]. For  therapy exper iments  mice 
had  15 x 106 cells inocula ted  i .p.  on day  zero and the mice 
were randomized.  The drug was adminis te red  as a single 
dose i .p.  24 h after inoculat ion.  Deaths  among the mice 
were recorded daily. Mice in the control  group were treat-  
ed with 0.9% NaC1. The geometr ic  mean survival t ime was 
calcula ted and compared  with the cor responding  values in 
control  groups. Calcula t ion  of  95% conf idence  limits was 
based  on Wi lcoxon ' s  two sample  test (non-paramet r ic  
test). Each group consisted of  15 mice. 
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Fig. l. Effect of verapamil on steady-state uptake of DNR in 
whole cells from the wild-type tumor EHR/S and from the resis- 
tant subline E H R / D N R + .  Suspensions corresponding to 5 lxl 
packed cells/ml were incubated for 60 min in standard medium at 
37 o C with 5 IxM DNR and verapamil in the concentrations indi- 
cated. Each point represents the mean of three determinations 

was added  at different  t imes in relat ion to the addi t ion  of  
D N R .  Figure 3 shows that  the sequence o f  adminis t ra t ion  
d id  not  influence the level at s teady state. However ,  s teady 
state was increasingly more rapid ly  obta ined  with reduc- 
t ion of  the t ime verapami l  was added  in the uptake  pro-  
cess. This f inding indicates that  the intracel lular  b inding  o f  
D N R  slows the act ion of  verapami l  on the outward  trans- 
por t  mechanism. 

To investigate whether the effect of  verapami l  was a re- 
sult o f  an effect on the b inding  site of  D N A ,  experiments  
were per formed  on nuclei,  which account  for  80% of  cellu- 
lar  D N R  [10]. It is seen in Fig. 4 that  verapami l  d id  not  af- 
fect the nuclear  b ind ing  to D N R  in either sensitive or  re- 
sistant cells. This f inding indicates  that the effect of  verap-  

800. 

Results 

Figure 1 shows the effect o f  increasing the dose of  vera- ~600-  
pami l  on the steady-state level of  D N R  in whole  cells. I t  E 
appears  that  verapami l  increased steady-state up take  in 
whole cells of  both  wi ld- type and resistant lines. The maxi-  ~ ~00- 
mum effect of  verapami l  on steady-state up take  was ob- 
ta ined  with 10 txM verapami l  for the wi ld- type  and with .~ 

u 

50 IxM for the resistant cells. The max imum enhancement  ~ 20o- 
in level of  uptake  was 15% for the wi ld- type tumor  cells § 
and  540% for the resistant  cells. 

The t ime-course of  up take  in sensitive and resistant  o 
whole  cells is shown in Fig. 2. The da ta  demonst ra te  that  
adding  25 lxMverapami l  to resistant  cells increased the up- 
take of  D N R  to the levels of  sensitive cells. The cell-to-me- 
d ium ratio of  D N R  at equi l ibr ium (60 min) in sensitive 
cells was 466:1, and  that  in resistant  cells, 34:1. After  the 
add i t ion  o f  verapami l  the ce l l - to-medium rat io was in- 
creased to 630:1 in sensitive cells and  502:1 in resistant  
cells. 

To determine  the speed of  verapami l  act ion,  ve rapami l  

EHR/S 

A Verapamil = 25 pM 

EH R / DNR-, 
B 

0 Verapamil = 251JM 

Control 

~ 3'o 6'o 9'o i}o 1~ 3'o 6'o ~'o ~o 
Time (rain) 

Fig. 2. Effect of verapamil on time-course of DNR uptake in 
whole cells. Wild-type cells of Ehrlich ascites tumor and cells 
from the DNR-resistant subline (5 Ixl packed cells/ml) were incu- 
bated in standard medium, pH 7.45 at 37 °C. DNR (5 IxM) and 
verapamil (25 IxM) were added at time zero. At the time indicated 
the cellular content of DNR was determined by measuring the to- 
tal drug fluorescence extracted from the ceils 
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Fig. 3. The influence of the order of verapamil addition on uptake 
of DNR in resistant cells. Verapamil was added in a final concen- 
tration of 25 txM 30 rain before DNR (0), 5 min before DNR (A) 
at time zero (A) immediately before DNR, and 5 min ( I )  and 30 
min (13) after addition of DNR to the cells. In one set no verapa- 
mil was added (O). Each point represents the mean of three deter- 
minations 

amil can most probably be ascribed to the level of  mem- 
brane transport  of  D N R .  

The effect of  verapamil  on the membrane  transport  of  
D N R  could be a result of  facilitation of  influx, of  reduc- 
tion of  active outward transport,  or of  both mechanisms. 

To elucidate the influence of  verapamil  on unidirec- 
t ional influx the effect of  increasing concentrat ions of  ver- 
apamil  on initial rate of  D N R  uptake in resistant cells was 
determined (Fig. 5). To prevent  active outward transport 
during the uptake process, energy metabolism was abol- 
ished by omission of  glucose and addit ion o f  sodium 
azide. 
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Fig. 5. Effect of verapamil on initial uptake of DNR in cells from 
a subline resistant to DNR. Verapamil in varying concentrations 
and DNR to a concentration of 5 ~tM were added at time zero to 
the cell suspension (0.5% v/v) preincubated for 10 min in stand- 
ard medium without glucose but containing 10 m M sodium azide. 
Serial samples of 2000 Ixl were withdrawn at 5-s intervals, and cel- 
lular content was determined by measuring the total drug fluores- 
cence 

These data show that verapamil  has no significant in- 
fluence on the initial rate of  D N R  uptake. 

To elucidate the effect of  verapamil  on efflux o f  D N R ,  
sensitive and resistant cells were loaded with D N R  by the 
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Fig. 4. Effect of verapamil on uptake of DNR in nuclei from the 
wild-type tumor (A) and the resistant subline (A). Lysate was ob- 
tained as described in Materials and methods. Samples consisting 
of 2000 txl suspensions of lysate originating from a cell suspension 
containing 5 Ixl packed cells per ml were incubated with 5 IxM 
DNR and varying verapamil concentrations as indicated. Incuba- 
tion time was 30 min. Content of DNR was determined by fluoro- 
metric measurements. Each point represents the mean of three de- 
terminations 
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Fig. 6a, b. Efflux of DNR induced by glucose in wild-type Ehr- 
lich ascites tumor cells (a) and a subline resistant to DNR (b) in 
suspensions with a concentration of 5 I~l packed cells per ml. The 
suspensions were incubated in standard medium without glucose 
but containing 10 mM sodium azide. At time zero DNR was 
added to give a final concentration of 5 p,M. At time indicated by 
arrow, 10 mM glucose (,~) or 10 mM glucose plus 25 p,M vera- 
pamil (O) was added to the suspensions. In controls a corre- 
sponding volume of 0.9% NaC1 was added (O). Cellular content 
was determined at the times indicated 
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Fig. 7. Dose-response diagram showing the effect of verapamil 
alone or in combination with Ca 2+ on uptake of DNR in dauno- 
rubicin-resistant Ehrlich ascites tumor cells. An 0.5% v/v suspen- 
sion of cells was incubated at 37 °C with 5 ~M DNR in standard 
medium for 60 min. Ca 2+ at l0 reMand verapamil in varying con- 
centrations were added as follows: d, control; B, Ca2+; C, 2.5 ~tM 
verapamil; D, 2.5 lxM verapamil and Ca 2+ ; E, 25 ~ M  verapamil; 
F, 25 IXM verapamil and Ca2+; G, 50 IxM verapamil; H, 50 lxM 
verapamil and Ca 2+. The cellular drug content was determined 
fluorometrically on cell extracts. Data shown represent the means 
of three determinations in each case 

omiss ion of  glucose and addi t ion  of  sodium azide to inhi- 
bi t  the energy metabol i sm (Fig. 6). In this medium near ly  
equal  accumulat ion  was ob ta ined  in sensitive and resistant 
cells. Act ivat ion of  glycolysis by the addi t ion  of  glucose re- 
suits in a p ronounced  outward  t ranspor t  of  D N R  from re- 
sistant cells. However ,  when verapami l  was added  together  
with glucose, hard ly  any outward  t ranspor t  could be de- 
monstra ted.  These f indings indicate  that  the mechanism of  
verapami l  in drug accumulat ion  is a result of  inhibi t ion of  
the active extrusion of  DNR.  
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Fig. 8. Log-probit plot of toxicity of DNR ( I ) ,  verapamil (O) 
and DNR and verapamil in combination (x) .  Mice in groups of 
ten each received one i.p. injection of the drugs. In the combina- 
tion, verapamil was administered 10 s before DNR. Arrows poin- 
ting down and up indicate that either no mice died or all mice in 
the group died. Mice were observed for 60 days 

Table 1. Comparison of effect of DNR and DNR plus verapamil 
on the life span of mice bearing resistant Ehrlich ascites tumor 
cells or wild-type cells 

Treatment a Tumor 

Drugs Dose EHR/S EHR/DNR + 
(mg/kg i.p. x 1) MST (days) MST (days) 

(% ILS) b (% ILS) b 

Untreated 12 (10-15) 8 (7-21) 
controls 
DNR 2.5 19 (14-23) 58 8 (6-21) 0 
Verapamil 50 12 (10- 14) 0 9 (9-  17) 12 
DNR + 2.5 + 50 20 (17-28) 66 12 (8-21) 50 
Verapamil 

, Drugs were administered i.p. 24 h after inoculation of 15 x 106 
cells i.p. Each group had 15 mice 

b MST, median survival time; ILS, percentage increase in life 
span relative to untreated controls 

Most  effects of  verapamil  are thought to be media ted  
by its abil i ty to block the slow inward  Ca 2+ transport .  Fi- 
gure 7 shows that  addi t ion  of  Ca 2+ (10 mM) reduces the 
accumulat ion  of  D N R  in resistant cells by about  11%. 
When  Ca 2+ is added  (10 mM) together  with verapamil  at 
different  concentrat ions,  D N R  uptake was reduced by 
14%, 4%, and 4%, depending  on the concentrat ion.  Thus, a 
high concentra t ion of  Ca 2+ can only counteract  the effect 
o f  verapami l  to a very small  degree. 

To evaluate the value o f  verapamil  as chemosensi t izer  
to daunorubic in ,  toxici ty and therapy experiments  were 
performed.  Figure 8 shows a log probi t  plot  of  the results 
of  toxici ty experiments  for D N R  given as a single drug, 
for  verapami l  given as a single drug, and for the combina-  
t ion of  D N R  and verapamil .  In the drug combinat ion ,  
ve rapami l  was given at a dose level of 50 m g / k g  and ad- 
minis tered immedia te ly  before  DNR.  The LDl0 of  D N R  
was de termined as 3 mg/kg ,  and the LD10 of  the combina-  
t ion as 2.5 mg/kg .  Thus, addi t ion  of  verapamil  resulted in 
a modera te  increase in the toxici ty of  DNR.  

Table 1 shows the therapeut ic  effect of  a combina t ion  
o f  D N R  and verapamil  compared  with D N R  alone on the 
life span of  mice bear ing a wild- type tumor  and a resistant 
subline of  Ehrlich ascites tumor,  respectively. It appears  
that  E H R / D N R  + was complete ly  resistant to D N R  at a 
dose of  2.5 mg/kg ,  but  if  verapami l  was adminis te red  at a 
dose of  50 m g / k g  together with D N R  the life span was in- 
creased by 50%. No  increase in life span was seen in mice 
bear ing  the wild- type tumor.  

Discussion 
The present  study demonst ra ted  that  verapami l  enhances 
the accumulat ion of  anthracycl ines  in resistant cells. The 
effect of  verapamil  is concent ra t ion-dependent ,  reaching a 
max imum effect at 2 5 - 5 0  IxM, at which level the uptake of  
D N R  in resistant cells cor responds  to that  o f  wild- type 
cells. However ,  in wild- type cells verapamil  influences the 
accumulat ion  of  D N R  to only a modest  degree. 

During further at tempts to characterize the mechanism 
of  act ion of  verapami l  it was not  possible  to demonst ra te  
any significant effect of  verapamil  on influx or  nuclear  
binding.  



However,  when cells were loaded  with D N R  as a result 
of  energy depr ivat ion,  the resumpt ion of  active outward 
t ranspor t  induced by init iat ing glycolysis was completely 
b locked in both wild- type and resistant cells following 
verapamil  addit ion.  This f inding indicates that  verapamil  
increases D N R  uptake by blocking active drug extrusion. 

This mechanism is compat ib le  with the previous find- 
ings of  Tsuruo et al. [16, 17], Kessel and Wilberding [7], 
and  Rogan et al. [9], who demonst ra ted  that  verapamil  in- 
hibi ted the cellular  release of  the drug in a drug-free me- 
dium. 

Our  study gave no indica t ion  that the verapamil  effect 
was due to the blocking of  the t ransmembrane  Ca 2+ flux, 
since an increase in the external  Ca 2+ had no effect on the 
verapamil  action. Results consistent with this were ob- 
ta ined  by Kessel and Wilberding [6, 7]. 

The effect of  verapamil  on anthracycl ine uptake in re- 
sistant cells in vitro provides  the rat ionale for at tempts to 
circumvent  acquired resistance to D N R  in vivo. Our  toxi- 
city experiments  demons t ra ted  that the combinat ion  of  
D N R  and verapamil  was more toxic than the individual  
compounds .  This f inding might suggest that verapamil  in- 
creases daunorubic in  accumulat ion  to some degree in nor-  
mal tissues. However,  at the max imum tolerated dose of  
verapamil  a significantly increased therapeut ic  effect 
against  the resistant tumor,  was obta ined by t reatment  
with the combinat ion ,  but it d id  not  reach the therapeut ic  
level obta ined with anthracycl ine t reatment  against  the 
wild- type tumor. Thus, even if verapamil  is capable  of  in- 
creasing drug uptake in resistant cells compared  with that 
in wild-type cells in vitro, our in vivo experiment  indicates 
that  verapamil  at a tolerated dose can only par t ia l ly  over- 
come drug resistance. Cor responding  results have been de- 
scribed in other tumor  systems [15, 16]. The in v i t ro- in  vi- 
vo discrepancies in results are p robab ly  due entirely to the 
toxici ty l imitat ions of  dosage, which permit  only an insuf- 
ficient concentra t ion of  verapami l  during the phase of  
D N R  uptake.  Another  possible explanat ion  is that  other 
factors apar t  from drug uptake determine the acquired re- 
sistance to anthracycl ines [3]. 

Thus, even if  the use of  verapamil  is one of  the most 
promis ing ways of  trying to circumvent acquired resis- 
tance to anthracycl ines and vinca alkaloids,  the dosage li- 
mitat ions make it unsui table  for clinical use as a chemo- 
sensitizer. 
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