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Enhancement of Cytotoxicity of 
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Shinichi Hayashi, M.D., and Nobuyuki Nakajima, M.D. 

Background. The calcium channel blocker has been 
demonstrated to be effective in the accumulation and re- 
tention of chemotherapeutic agents in tumor cells. 

Methods. The effect of verapamil on cytotoxicity of 
doxorubicin was investigated in a hepatic artery infusion 
(HAI) for liver tumors of Walker 256 carcinosarcoma in 
rats. Doxorubicin was infused by way of a hepatic artery 
by a bolus injection intra-arterially (IA) (1 mg/kg) and a 
continuous infusion intra-arterially (CIA) (6 mg/kg/day 
for 6 days). 

Results. Doxorubicin increased 90% and 66% in tu- 
mor tissue following HA1 of verapamil by a bolus and 
continuous infusion (P  < 0.05), respectively. However, no 
enhancement of the accumulation of doxorubicin in the 
tumor tissue was found in an intravenous administra- 
tion of verapamil. The CIA infusion of verapamil with 
doxorubicin inhibited the tumor growth by 73% in com- 
parison with doxorubicin only (P < 0.05). Verapamil ad- 
ministered intravenously (IV) could not induce this inhib- 
itory effect. The CIA administration of verapamil re- 
duced the serum concentration by 45% (P < 0.001) in 
comparison with the CIV route. Furthermore, the admin- 
istration of verapamil did not increase the accumulation 
of doxorubicin in the normal liver and heart tissues. No 
enhancement of bone marrow suppression and hepatic 
biochemical influence by doxorubicin was revealed by 
the concomitant use of verapamil. 

Conclusions. The continuous HA1 of verapamil re- 
markably enhanced the cytotoxicity of HA1 with doxoru- 
bicin for the treatment of hepatic tumor without aggra- 
vating the side effects induced by doxorubicin. 
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The effect of the calcium channel blocker on the accu- 
mulation and retention of chemotherapeutic agents in 
tumor cells has been demonstrated by Tsuruo et al.'r2 
This effect could achieve the enhancement of cytotoxic- 
ity and overcome the multiple drug resistance in cancer 
chemotherapy. However, clinical application carries 
the risk of influencing the cardiovascular organ when 
the calcium channel blocker is administered systemi- 
cally in doses sufficient to enhance antitumor effects. 
Intra-arterial (IA) infusion of cancer chemotherapeutic 
agents through a feeding artery overcomes the systemic 
administration of these agents in the antitumor effect 
for localized tumors, especially in hepatic tumors. The 
hepatic artery infusion (HAI) of the calcium channel 
blocker may not significantly influence the cardiovascu- 
lar organ so much, despite the high drug level in the 
liver. 

This study assesses whether the concomitant ad- 
ministration of the calcium channel blocker in hepatic 
artery infusion of chemotherapeutic agents for liver tu- 
mor treatment can enhance antitumor effects. 

Materials and Methods 

Animals and Chemicals 

Sixty male Wistar rats (Shizuoka Experimental Animal 
Laboratory, Shizuoka, Japan) weighing 200-250 g were 
obtained and fed ad libitum. Verapamil, the calcium 
channel blocker, was provided by Tokyo Eisai Kogyo 
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P < 0.05 P < 0.01 hepatic artery in relaparotomy 15 days after tumor cell 
5 1- inoculation under pentobarbital anesthesia as previ- 

ously r e p ~ r t e d . ~  Four experimental groups differed in 
the infusates of hepatic artery infusion. Doxorubicin 
was administered IA (1 mg/kg) in all experimental 
groups with simultaneous verapamil infusion IA (1 
mg/kg, 4 mg/kg) or IV (4 mg/kg). After the bolus infu- 
sion, the 1A catheter was withdrawn and the hepatic 
artery was ligated, then the abdomen was closed. The 
tumor, liver, and heart tissues were sacrificed 2 hours 
after HA1 for assessment of doxorubicin tissue levels by 
a high-performance liquid chromatography (HPLC) 
method using reversed phase column, which was re- 
ported by Matsushita et a].* 

Continuous HA1 Studies 

Nine days after tumor cell inoculation, the abdomen 
was reopened under the pentobarbital anesthesia in 40 
rats. The catheter was inserted into the hepatic artery as 
in the bolus infusion study and was connected to an 
osmotic pump (Alza, CA) for a continuous IA infusion. 
The osmotic pump was placed subcutaneously and the 
abdomen was closed. Doxorubicin was administered 
continuously intra-arterially (CIA) (0.6 mg/kg/day), 
and the concomitant infusion of verapamil CIA (1.5 
mg/kg/day) or continuously intravenously (CIV) (1.5 
mg/kg/day) for 6 days. Two osmotic pumps were im- 
planted subcutaneously in the group of CIA doxorubi- 
cin plus CIV verapamil. The hepatic artery was ligated 

+ + + in the control group without HAI. Rats were sacrificed 
15 days after the tumor cell inoculation, and tumor 
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Figure 1. Effect of verapamil administration on the accumulation of 
doxorubicin through the hepatic artery. The hepatic arterial bolus 
injection of verapamil significantly enhances the accumulation of 
doxorubicin in the tumor tissue. Data are shown as the mean * 
standard deviation (n = 5). 

Co Ltd, Tokyo, and doxorubicin was provided by 
Kyowa Kogyo Co Ltd, Tokyo. 

Liver Tumor Model 

Walker 256 carcinosarcoma maintained in rats was 
sampled and dispersed to single cells by 0.2% trypsin 
solutions (Sigma, St. Louis, MO). Under ether anesthe- 
sia, 1 X 106 tumor cells were inoculated into the left 
lateral lobe of the liver. The rats were subjected to thera- 
peutic experiments 9 days after tumor cell inoculation, 
when liver tumor grew to 0.49 mm in a mean diameter 
and 760 mg in a mean tumor weight. 

Bolus HA1 Studies 

In 20 rats, polyethylene catheters (IDO, 28 mm; OD, 
0.61 mm; Intramedic, PE10) were canulated into the 

weight and doxorubicin levels of the tumor, liver, and 
heart tissues were measured. Serum concentrations of 
verapamil were measured in the groups of CIA doxoru- 
bicin plus CIA verapamil and CIA doxorubicin plus CIV 
verapamil by a HPLC method reported by Kuwada et 
aL5 For assessing the influence of a concomitant use of 
verapamil on the normal liver and bone marrow func- 
tion, peripheral venous blood was sampled after 6 days 
of continuous HA1 in the groups of control, CIA doxoru- 
bicin, and CIA doxorubicin plus CIA verapamil. White 
and red blood cells were counted, and the activity of 
serum glutamic-pyruvic transaminase and total biliru- 
bin, albumin, and hepaplastin levels was measured. All 
rats could survive during the experimental period fol- 
lowing the treatment modality. 

Statistical Analysis 

The data were analyzed by ANOVA using Fisher’s least 
squares difference method,6 except for a comparison of 
the serum verapamil concentrations, which were evalu- 
ated by Student t test. Significance was attributed to P < 
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Table 1. Doxorubicin Tissue Levels in the Normal Liver and the Heart 2 Hours 
After the Hepatic Artery Infusion of Doxorubicin 

Doxorubicin tissue levels 
~~~ ~ 

ZA doxorubicin IA doxorubicin IA doxorubicin 
Organ IA doxorubicin + IA verapamiZ(1) + IA verapamil (4) + N verapamil(4) 

Normal liver (n = 5) 1.77 k 0.40 2.32 5 0.52 1.94 f 0.92 1.49 k 0.61 
2.55 f 0.21 Heart (n = 5) 3.18 -C 0.95 2.54 f 0.57 2.83 f 0.57 

Values are given as F g / g  (mean k SD). No significant differences among the groups. 1A: intraarterially; IV: intravenously. 

0.05. All data are expressed as the mean k standard 
deviation of the mean. 

Results 

Doxorubicin Tissue Levels in the Bolus HA1 

The tumor tissue levels of doxorubicin were signifi- 
cantly higher in the group of IA doxorubicin plus IA 
verapamil(4) than in the groups of IA doxorubicin and 
IA doxorubicin plus IV verapamil(4) (4.07 k 0.66 p g / g  
versus 2.14 t 1.23 pg/g ;  P < 0.05 and versus 1.96 -+ 
0.91 pg/g; P < 0.01) as shown in Figure 1. No differ- 
ences were found between the levels in the group of IA 
doxorubicin plus IA verapamil(1) (3.04 k 1.00 pg/g) 
and those in other groups. The concomitant administra- 
tion of verapamil in the bolus HA1 with doxorubicin 
could not increase the accumulation of doxorubicin in 
the normal liver and heart tissues when infused intra-ar- 
terially or even intravenously (Table 1). 

Doxorubicin Tissue Levels in the Continuous HAI 

As in the bolus HA1 studies, the tumor tissue levels of 
doxorubicin were significantly higher in the group of 
CIA doxorubicin plus CIA verapamil than those in the 
group of CIA doxorubicin (0.48 k 0.08 pg/g versus 0.29 
-+ 0.07 pg/g; P < 0.05). But there was no difference 
between the groups of CIA doxorubicin plus CIA vera- 
pamil and CIA doxorubicin plus CIA verapamil(O.27 k 
0.15 pg/g)  (Fig. 2). However, the concomitant adminis- 
tration of verapamil in the continuous HA1 of doxoru- 
bicin did not influence doxorubicin accumulation in the 
normal liver and heart tissues (Table 2). 

Efiects of Verapamil on Tumor Growth in the 
Continuous HA1 

Tumor cell inoculation of Walker 256 carcinosarcoma 
made a solitary hepatic tumor with a mean diameter of 
2.0 cm and a mean weight of 3.66 g 15 days after inocu- 
lation. In this study, the tumor weights in the control 
group were slightly less than those in the rats only inoc- 
ulated with tumor cells without hepatic artery ligation. 

The tumor weights in the group of CIA doxorubicin 
were less than those in the control group (0.98 k 0.41 g 
versus 1.35 -t 0.82 g) but not significantly. However, 
the tumor weights were significantly lower in the group 
of CIA doxorubicin plus CIA verapamil(O.24 k 0.14 g) 
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Figure 2. Effect of verapamil on the accumulation of doxorubicin in 
the tumor tissue following the continuous hepatic arterial infusion 
of doxorubicin. The enhancement of accumulation of doxorubicin 
in the tumor tissue is achieved by the intra-arterial administration 
of verapamil but not by the intravenous one. Data are shown as the 
mean * standard deviation (n = 5). 
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Table 2. Doxorubicin Tissue Levels in Normal Liver and Heart After 
the Continuous Hepatic Artery Infusion of Doxorubicin 

Doxorubicin tissue levels 

Organ CIA doxorubicin CIA doxorubicin + CIA verauamil CIA doxorubicin + IV veravamil 

Normal liver (n = 4) 
Heart (n = 4) 

0.36 k 0.11 
0.34 -t 0.10 

0.46 + 0.10 
0.23 ? 0.13 

0.41 2 0.27 
0.50 & 0.27 

Values are given as r g / g  (mean +_ SD). No significant differences among the groups. Tissues were sampled 6 days after the induction of the continuous hepatic artery 
infusion. IV: intravenouslv; CIA: continuous intraarteriallv. 

than those in the control group ( P  < 0.05), the CIA 
verapamil group (1.08 +_ 0.17 g; P < 0.001), and the CIA 
doxorubicin group ( P  < 0.05). The systemic administra- 
tion of verapamil with CIA doxorubicin (the group of 
CIA doxorubicin plus CIV verapamil) could not sup- 
press tumor growth as did the intra-arterial administra- 
tion of verapamil (0.94 k 0.44 g; P < 0.05) (Fig. 3). No 
obvious differences of changes in body weight were 
found among experimental groups. 

Comparison between the Serum Levels of Verapamil 
Administered IA and N 

The serum levels of verapamil were remarkably lower 
in the IA infusion than those in the IV one (31.3 k 1.6 
ng/ml versus 56.7 +_ 4.0 ng/ml; P < 0.001) as shown in 
Figure 4. 

Blood Counts and Hepatic Biochemistries Following 
HA1 wi th  Doxorubicin and Verapamil 

The IA administration of doxorubicin significantly de- 
creased white blood cell counts compared with the con- 
trol group. However, no obvious differences were 
found among the three groups in other blood cell 
counts and hepatic biochemistries (Table 3). 

Discussion 

The extent of penetration into and accumulation and 
retention within tumor cells of some antitumor agents is 
the most important determinant of the cytotoxicity of 
these drugs.' Tsuruo et al.' have reported that vera- 
pamil, a calcium influx blocker, greatly enhances the 
cellular level of vincristine and vinblastine in P388 leu- 
kemia cells. This is especially apparent in P388/vincris- 
tine, where there is an inhibition of the vincristine ef- 
flux function of the cells. Verapamil has also been dem- 
onstrated to enhance doxorubicin cytotoxicity in P388 
cells resistant to vincristine and doxorubicin.' The en- 
hanced accumulation of vincristine and doxorubicin is 
directly related to a marked enhancement of the cyto- 
toxicity of these drugs. Verapamil seems to interfere 

with the drug efflux function of tumor cells common to 
vincristine and doxorubicin.' The mechanism of the in- 
hibitory effect on the drug efflux function by verapamil 
modulates the function of P-gly~oprotein~,~ of a mem- 

2.0 

1.5 
n 
CI, 
v 

+ r 
0, .- 

1 .o ; 
E 
2 
L 

0.5 

Control VER- cia ADM - cia ADM - cia ADM - cia 

VER - cia VER - civ 
+ + 

Figure 3. Tumor weights following continuous hepatic arterial 
infusion of doxorubicin with or without the concomitant 
administration of verapamil. Significant inhibition of tumor growth 
is achieved by the intra-arterial infusion of verapamil but not by 
the systemic one. Data are shown as the mean ? standard deviation 
(n = 5) .  *: P < 0.05; t: P < 0.001. 
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Figure 4. The serum levels of verapamil when administered 
continuously with the hepatic arterial infusion and the systemic 
intravenous one. Data are shown as the mean k standard deviation 
(n = 5). 

brane glycoprotein, a pump molecule that transports 
hydrophobic anticancer agents outside the 

The concentration of verapamil of more than 500- 
1000 ng/ml is necessary to enhance accumulation of 
anticancer agents in tumor cells, as reported in in vitro 
experimental studies."*'2 Clinical doses of verapamil of 
0.1-0.2 mg/kg exhibiting an antiarrhythmic effect have 
been reported to induce a serum verapamil level of 
100-200 ng/ml when administered IV.I3 To achieve a 
serum verapamil level of more than 500-1000 ng/ml in 

clinical cases, a large dose of verapamil inducing an 
influence on the cardiovascular organ has to be admin- 
istered IV. This is a major problem for the clinical appli- 
cation of the calcium blockers to enhance the cytotoxic- 
ity of anticancer agents. To overcome this problem, we 
performed hepatic artery infusion of verapamil with 
anticancer agents for the treatment of hepatic tumors. 
When administered through the hepatic artery, the 
dose of some drugs reaching the liver is 10-fold com- 
pared to systemic administration.'* This study shows 
that in a bolus infusion of verapamil through the he- 
patic artery, a dose of 4 mg/kg was necessary to obtain 
the enhancing effect on doxorubicin accumulation in 
the hepatic tumor tissues. Thom et al.I5 revealed that 
tumor doxorubicin levels were not increased with he- 
patic artery infusion of verapamil and doxorubicin in 
rabbits with hepatic VX-2 tumors. In their study, two 
doses of verapamil, 1 and 2 mg/kg, were evaluated, the 
doses of which could not increase tumor doxorubicin 
levels by a bolus infusion in our study. Although this 
effective dose of 4 mg/kg of verapamil is 20- to 40-fold 
larger than the dose used clinically, it is difficult to ap- 
ply the bolus HA1 of verapamil for clinical cases. How- 
ever, the dose used in the continuous HA1 of verapamil 
in this study was 0.06 mg/kg/hr, which was effective 
in suppressing tumor growth and increasing the drug 
accumulation in the tumor tissues. The continuous HA1 
of 0.06 mg/kg/hr of verapamil induced a serum level 
of 31 ng/ml, which is safe enough for a clinical applica- 
tion. Todd et a1.16 reported that in rats, the continuous 
administration of verapamil IV produced a serum drug 
level of 290 ng/ml with a reduction of mean arterial 
blood pressure of only 10%. Also in clinical cases, the 
CIV administration of verapamil produced a minor in- 
fluence on the cardiovascular organ in doses of 0.125 
mg/kg/hr and 0.15 mg/kg/hr by Reiter et al.13 and 
Dalton et al., re~pectively.'~ It seems that if verapamil is 
administered continuously through the hepatic artery 
with cancer chemotherapeutic agents, the enhance- 
ment of cytocidal effect could be induced without a 
deteriorative influence upon the cardiovascular organ. 

As previously reported, satisfactory results could 
not be obtained by clinical application of the calcium 
blockers such as verapamil in cancer chemotherapy, es- 
pecially in solid turn or^.'^"^ However, solid malignant 
tumors have been revealed to express P-gl ycoprotein." 
In these investigations, the intravenously administered 
doses of verapamil was less than 0.30 mg/kg/hr, 
which is assumed to be too low to achieve an effective 
level of verapamil in tumor tissues. P-glycoprotein has 
been revealed to be expressed not only in tumor cells, 
but also in normal human cells, such as those of the 
adrenal, kidney, intestine, and liver. 'Om In the concomi- 
tant administration of verapamil with anticancer 
agents, the enhanced toxicity of anticancer agents acts 
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Table 3. Blood Counts and Hepatic Biochemistries After the Hepatic Artery Infusion 
of Doxorubicin and Verapamil 

Parameter Control CIA doxorubicin CIA doxorubicin + CIA verapamil 

P < 0.001 
P < 0.05 

WBC ( 1 0 3 / ~ ~ 3 )  10.1 f 0.6 6.6 f 2.7 5.2 f 1.4 
RBC ( 1 0 4 / ~ ~ 3 )  866.0 f 53.0 813.0 f 72.0 765.0 f 36.0 
GPT (kU/ml) 3.0 f 11.0 40.0 f 17.0 26.0 f 5.0 
Total bilirubin (mg/dl) 1.2 f 0.2 1.2 f 0.5 0.9 f 0.2 
Albumin (gjdl) 4.2 2 0.2 4.2 -C 0.2 4.1 f 0.3 
Hepaplastin (%) 57.0 f 3.0 57.0 f 5.0 60.0 f 2.0 
Values are given as mean * SD (n = 5). Blood was sampled 6 days after the induction of the continuous hepatic artery 
infusion. CIA: continuous intraarterially; WBC: white blood cells; RBC: red blood cells; GPT: glutamic-pyruvic transam- 
inase. 

against normal cells. However, Smith et a1.” demon- 
strated that verapamil at concentrations within the clin- 
ically acceptable levels does not enhance the sensitivity 
of human bone marrow cells to anticancer agents. In 
this study, doxorubicin accumulation in the liver and 
heart tissues was not enhanced by verapamil adminis- 
tration, and neither bone marrow suppression nor he- 
patic dysfunction was found. 

carcinoma membrane vesicles and inhibit drug binding to P-gly- 
coprotein. ] Biol Chem 1987; 262:2166-70. 
Tsuruo T, Iida H, Nojiri M, Tsukagoshi S, Sakurai Y. Circum- 
vention of vincristine and adriamycin resistance in vitro and in 
vivo by calcium influx blockers. Cancer Res 1983; 43:2905-10. 

12. Chang BK, Brenner DE, Gutman R. Dissociation of the vera- 
pamil induced enhancement of doxorubicins cytotoxicity from 
changes in cellular accumulation or retention of doxorubicin in 
pancreatic cancer cell lines. Anticancer Res 1989; 9:347-52. 

11. 

* 

For the treatment of liver cancer, the continuous 13. Reiter 1% Skand GD, Annonsen ML, Wagoner R, McCarthy E, 
Pritchett CLE. Pharmaco kinetics of verapamil: experience with 
a sustained intravenous infusion regimen. A m  1 Cardiol 1982; HA1 of calcium blockers with anticancer agents seems 

to be a useful therapeutic modality to enhance the anti- 50:710-21. 
tumor cytotoxicity. 
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