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Summary. The folate analogue 5,8-dideazaisopteroylgluta- 
mate (IAHQ; NSC-289517) inhibits the growth of a variety 
of  human tumor cells in vitro such as colon, breast and 
osteosarcoma. Since IAHQ has only modest activity 
against L1210 leukemia in mice, it was tested in combina- 
tion with methotrexate (MTX), probenecid, or verapamil 
in an effort to enhance efficacy. Single drug or drug com- 
binations were administered every other day 3 or 5 times 
beginning on day 1 following the administration of 10 6 

L1210 cells per animal. The combination of IAHQ 
(100 mg/kg) plus MTX (10 mg/kg) produced a decrease in 
mean survival time compared to that of MTX alone, re- 
gardless of whether the drugs were initiated on the same 
day or whether either one was started 2 days prior to the 
other. IAHQ (150 mg/kg) plus verapamil (5, 10, or 20 mg /  
kg) did not alter significantly the results produced by 
IAHQ alone. However, the combination of IAHQ 
(150 mg/kg) plus probenecid (250 mg/kg) augmented the 
increase in mean survival time above that produced by 
IAHQ alone by 82% (p = < 0.001). The results suggest that 
probenecid could be used to enhance the effectiveness of 
IAHQ against solid tumors such as colon adenocar- 
cinoma. 

Introduction 

The folate analogue 5,8-dideazaisopteroylglutamate 
(IAHQ) was first described in 1975 as part of an ongoing 
synthetic program concerned with quinazoline analogues 
of folic acid as potential chemotherapeutic agents [6]. 
However, its potential value as an antitumor agent was not 
realized until later, when it was found to inhibit the growth 
of human colon adenocarcinoma cells (HCT-8) in vitro [2]. 
When evaluated against colon tumor 38 in mice, IAHQ 
delayed tumor growth, and six of 20 animals survived over 
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Fig. 1. Structures of IAHQ and its derivatives 

90 days and were found to be tumor-free [2]. Methotrexate 
(MTX) was not effective in this model [4]. It was also 
found that IAHQ protected newborn hamsters from mor- 
tality due to transplantable human osteosarcoma cells, 
whereas MTX was without effect at its maximal tolerated 
dose [17]. An improved method of synthesis of IAHQ and 
its 9-methyl (9-CH3-IAHQ) and 9-formyl (9-CHO-IAHQ) 
derivatives was recently described [8]. This report showed 
that IAHQ and 9-CH3-IAH Q have similar levels of inhibi- 
tory potency against the growth of four human gastrointes- 
tinal adenocarcinoma cell lines in vitro, while 9-CHO- 
IAHQ is far less active [8]. 

Several years ago, IAHQ was selected for antitumor 
evaluation in the tumor panel by the National Cancer In- 
stitute. In addition to retarding the growth of the human 
CX-1 colon tumor xenograph in the nude mouse, IAHQ 
also displayed marginal activity toward both P388 and 
L1210 leukemias in mice at doses of 200, 100, and 50 rag/ 
kg respectively. IAHQ was not active in the other six 
standard evaluation systems of the panel according to the 
criteria established by the National Cancer Institute. This 
study describes efforts to enhance the therapeutic efficacy 
of IAHQ against L1210 leukemia in mice by administering 
it in combination with the established folate antagonist 
MTX; the uricosuric agent probenecid; or the calcium 
channel blocker verapamil. In addition, 9-CH3-IAH Q and 
the newly synthesized dibenzyl ester of IAHQ were evalu- 
ated in the L1210 model. Structures of IAHQ and its deriv- 
atives which were studied are shown in Figure 1. 

Methods 

Probenecid was obtained from Sigma Chemical Co., St. 
Louis, MO., while verapamil hydrochloride was obtained 



232 

from Knoll Pharmaceutical Co., Whippany,  NJ. MTX was 
a gift from Dr. J. A. R. Mead, National Cancer Institute, 
Bethesda, MD. I A H Q  and 9-CH3-IAH Q were resynthes- 
ized as described previously [8]. Dibenzyl 5,8-dideazaisop- IAHQ 
teroyl-L-glutamate (dibenzyl IAHQ)  was prepared as fol- (mg/kg) 
lows: A mixture of  dibenzyl L-glutamate p-toluenesulfo- Control 
hate [1] (0.51 g, 1 mmol), 5,8-dideazaisopteroic acid [7] 100 
(0.36 g, 1 mmol), triethylamine (0.50 g, 5 mmol), and di- 150 
ethyl phosphorocyanidate  (0.48 g, 3 mmol) in 45 ml di- 200 
methylformamide was stirred at 50 ° - 5 5  °C for 18 h. After - 
removal of  the solvent at reduced pressure, the resulting 100 
oil was triturated with Et20 and then H20. The solid was 100 
separated by filtration, washed with H20, CHC13/Et20 100 
(1:1), and then Me2CO/Et20 (1:1). After drying in vacuo 
at 60 °C, 0.40g (66% yield) yellow solid, mp 
150 ° -155  °C, was obtained. IH N M R  (dimethyl sulfox- 
ide-d6; Varian EM-390 Spectrometer): 6 8.50-5.40 (m, 22, 
a r o m a t i c + N H 2 + 3 N H ) ,  5.10 (s, 2, CH2C6Hs) , 5.03 (s, 2, 
CH2C6Hs) , 4.70-4.20 (m, 3, N C H  2 + NCH),  2.40-1.83 [m, 
4, (CH2)2]. Anal: (C35H33NsO 6 • 2.5 H20 ). Calcd: C, 63.24; 
H, 5.76; N, 10.53. Found:C, 63.08; H, 5.31; N, 10.16. 

The L1210 subline was obtained from the Mammalian 
Genetics and Animal Production Section, NCI ,  Frederick, 
MD. It was serially propagated in D B A / 2  mice (Simonsen 
Laboratories, Gilroy, Calif), and testing was done in BDF l IAHQ 
male mice (Simonsen). Compounds  were administered in- (mg/kg) 
traperitoneally on the days indicated following intraperi- Control 
toneal implantation of  106 cells on day 0. MTX and I A H Q  150 
were dissolved in 0.1 N N a O H  immediately prior to ad- 150 
ministration and diluted with 0.9% NaC1 to achieve the ap- 150 
propriate concentrations for injection. Probenecid was dis- 
solved in 1.0 N N a O H  and diluted with phosphate buffer 
(pH 7.4), while verapamil hydrochloride was dissolved in 
0.9% NaC1. Dimethylacetamide was employed as the vehi- 
cle for 9-CH3-IAHQ and dibenzyl IAHQ. In a separate 
experiment (data not shown), the increase in mean survi- 
val time (ILS) obtained for MTX (10 mg/kg)  dissolved in 
dimethylacetamide was 128%. This value is not significant- 
ly different from that obtained when MTX was adminis- 
tered dissolved in dilute base (el Table 1). Statistical eval- 
uation of  data was done by analysis of  variance using a 
microcomputer.  

R e s u l t s  

Initial studies were concerned with the effects of  I A H Q  
administered Q2DX3 against L1210 leukemia in mice as 
shown in Table 1. The alternating day approach has been 
shown to produce opt imum results with MTX [15]. Higher 
doses of  IAHQ (250 and 300 mg/kg,  Q2DX5) produced 
reduced ILS values, although no early deaths indicative of  
toxicity were observed (data not shown). In addition, 
treatment Q2DX5 with 150 mg /kg  IAHQ (Table 2) was no 
more effective than administration of  the same dose on 
days 1, 3, and 5 only. Cotreatment with MTX (10 mg/kg)  
and I A H Q  (100 mg/kg)  was less effective than MTX alone 
(10 mg/kg).  Therefore, higher doses of  I A H Q  in combina- 
tion with MTX were not evaluated. 

Results obtained using I A H Q  in combinat ion with 
probenecid are presented in Table 2. The dosages of  pro- 
benecid employed were based upon earlier studies of  the 
effects of  this agent in combinat ion with MTX in the treat- 
ment of  L1210 leukemia and Sarcoma 180 ascites in mice 
[15]. While probenecid at 125 m g / k g  did not alter signifi- 

Table l. Effects of IAHQ alone and in combination with MTX 
against L1210 leukemia in mice 

MTX Treatment MST ILS. 
(mg/kg) (days) (days) (%) 

- - 7 . 2  - 

- 1 , 3 , 5  9 . 1  2 8  

- 1 , 3 , 5  1 0 . 0  3 9  

- 1,3,5 10.8 51 
10 1,3,5 16.9 136 
10 1,3,5 12.3 72* 
10 3,5 (IAHQ) 12.4" 73* 

1,3,5 (MTX) 
10 1,3,5 (IAHQ) 11.0 54* 

3,5 (MTX) 

MST, mean survival time; ILS, increase in mean survival time 
a One animal died on day 5 and was included in the ILS calcula- 
tion for this group 
* P < 0.001 with respect to MTX alone 

Table 2. Antitumor effects of IAHQ in combination with probene- 
cid against L1210 leukemia in mice 

Probenecid a Treatment MST ILS 
(mg/kg) (days) (days) (%) 

- - 7 . 7  - 

- 1,3,5,7,9 10.6 38 
125 1,3,5,7,9 10.2 32 
250 1,3,5,7,9 13.0 69* 

Abbreviations as in Table 1 
Earlier studies conducted in these laboratories have shown that 
probenecid is without effect against this tumor model [13] 

* P < 0.001 with respect to IAHQ alone 

Table 3. Antitumor effects of IAHQ in combination with vera- 
pamil against L1210 leukemia in mice 

Experiment IAHQ Verapamil Treatment MST ILS 
(mg/kg) (mg/kg) (days) (days) (%) 

A Control - - 7.5 - 
- 5 1,3,5,7,9 7.9 5 
150 - 1,3,5,7,9 10.5 40 
150 5 1,3,5,7,9 11.3 51" 

B Control - - 7.4 - 
- 10 1,3,5,7,9 7.7 4 
- 20 1,3,5,7,9 7.3 - 
150 - 1,3,5,7,9 11.1 50 
150 10 1,3,5,7,9 10.3 39 
150 20 1,3,5,7,9 12.0 62* 

Abbreviations as in Table 1 
* P < 0.05 with respect to IAHQ alone 

cantly the effectiveness of  I A H Q  (150 mg/kg) ,  at 250 rag/  
kg probenecid improved the ILS to 69% (p = < 0.001). As 
shown in Table 3, cotreatment with verapamil did not 
cause a statistically significant increase in mean survival 
time over that produced by I A H Q  alone (150 mg/kg)  at 
any of  the verapamil doses evaluated. 9-CH3-IAHQ dis- 
solved in dimethylacetamide showed evidence of  toxicity 
at 200 mg/kg  when given Q2DX5. At lower doses (5, 10, 
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25, and 100 mg/kg) there was no evidence of antitumor ac- 
tivity (data not shown). Dibenzyl IAHQ was dissolved in 
dimethylacetamide and evaluated using the same schedule 
at doses of 150, 300, and 450 mg/kg. This derivative of 
IAHQ was also devoid of antitumor activity at each of 
these levels (data not shown). 

Discussion 

The existing evidence suggests that the cytotoxic action of 
IAHQ is due to its intracellular conversion to polygluta- 
myl metabolites which are superior inhibitors of thymidy- 
late synthase, particularly in the presence of elevated le- 
vels of dUMP [2], which result from this inhibition. Since 
the primary mode of action of MTX is inhibition of the en- 
zyme dihydrofolate reductase (DHFR), it was of interest to 
evaluate the effects of MTX and IAHQ in combination. 
Two agents, each of which is capable of reducing levels of 
thymidylate via different mechanisms, could potentially 
achieve greater cell-killing action in combination than ei- 
ther compound employed alone. 

The results in Table 1 show that the combination of 
IAHQ (100 mg/kg) and MTX (10 mg/kg) produces antag- 
onistic effects compared to those due to MTX alone, re- 
gardless of whether they are initiated simultaneously or 
whether either agent is initiated 2 days prior to the other. It 
has been suggested that intracellular conversion of MTX 
to polyglutamate metabolites is an important determinant 
in maintaining MTX concentrations above those of the 
target enzyme DHFR [11]. A reduction in MTX polygluta- 
mate formation would lead to more rapid efflux of MTX 
from cells, thereby permitting a resumption of DNA syn- 
thesis [3]. Since IAHQ has been shown to be superior to 
MTX as a substrate for folylpolyglutamate synthetase 
from HCT-8 cells [10], its presence at levels higher than 
MTX may result in reduction of the polyglutamylation of 
MTX. 

Preliminary studies using 3H-IAHQ showed that its 
rate of uptake into HCT-8 cells is much slower than that of 
3H-MTX [16]. Therefore, 9-CH3-IAHQ was evaluated in 
the hope that this lipophilic analogue could more readily 
gain entry into tumor cells. While this compound had a le- 
vel of inhibitory activity against the growth of human gas- 
trointestinal adenocarcinoma cells similar to that of IAHQ 
in vitro [8], it was found to be devoid of activity against 
L1210 leukemia in vivo. The potential prodrug form of 
IAHQ, dibenzyl IAHQ, was prepared according to the 
method of Rosowsky and Yu [12]. Several MTX esters of 
this type were found to be more active than MTX against 
LI210 leukemia in mice [12]. When dibenzyl IAHQ was 
administered dissolved in dimethylacetamide, no increase 
in mean survival time or evidence of toxicity was ob- 
served, even at doses as high as 450 mg/kg. It is likely that 
this compound forms a precipitate in body fluids which is 
extremely insoluble and incapable of reaching and/or  en- 
tering cells. Alternatively, it may not be converted to the 
active antimetabolite by intracellular esterase activity. 

Next, the effect of the uricosuric agent probenecid up- 
on the activity of IAHQ against L1210 leukemia in mice 
was evaluated. A less than optimal dose level of IAHQ was 
selected in order to avoid potential toxicity. This approach 
was patterned after studies with MTX in combination with 
probenecid, where enhanced activity against both L1210 
leukemia and Sarcoma 180 ascites tumor in mice was ob- 

served [15]. In this study, the simultaneous administration 
of probenecid at 125 mg/kg and various doses of MTX 
produced substantial increases in ILS, while probenecid 
alone had no antitumor effect [15]. Combinations of pro- 
benecid (250 mg/kg) with MTX at dosages above 6 mg/kg 
were toxic, while with lower dosages of MTX the ILS va- 
lues did not exceed those produced by MTX alone [15]. 
From the results presented in Table 2, it will be seen that 
the addition of 250 mg/kg probenecid yielded an ILS 82% 
higher than that produced by IAHQ (150 mg/kg) alone. 
However, at 125 mg/kg probenecid failed to augment the 
antitumor effectiveness of IAHQ. In vitro studies have 
shown that probenecid inhibites efflux of ~H-MTX from 
L1210 cells more effectively than its influx, thus elevating 
the intracellular concentration of MTX [5]. However, addi- 
tional studies using 3H-IAHQ will be required in order to 
determine whether the positive effect of probenecid upon 
the activity of IAHQ is mediated at the membrane level or 
is due to inhibition of its renal clearance, which would 
prolong its biological half-life. 

The calcium channel blocker verapamil has been 
shown to enhance the cytotoxicity of vincristine and adri- 
amycin toward P388 leukemia cells as well as P388 sub- 
lines resistant to these agents [19]. The increased cellular 
accumulation of drug due to verapamil has been attributed 
to inhibition of the drug efflux mechanism, which can be- 
come more efficient in resistant cell populations. Verapa- 
mil was also shown to enhance the efficacy of vincristine 
against drug-sensitive P388 leukemia in CD2F 1 mice, and 
in two treatment schedules cures were obtained [18]. The 
apparent drawback in this study was the potentially toxic 
dose of verapamil (75 mg/kg) which was required to pro- 
duce these results [18]. More recently, the efficacy of etop- 
oside (VP-16) against both L1210 leukemia and P388 leu- 
kemia was markedly enhanced by the addition of verapa- 
mil (25 mg/kg) to the therapeutic regimen [14]. The effects 
of IAHQ in combination with verapamil against L1210 
leukemia in mice are shown in Table 3. We found that a 
single 100 mg/kg injection of verapamil to BDF l mice was 
rapidly lethal. Therefore, doses of 5, 10, and 20 mg/kg ver- 
apamil with IAHQ (150mg/kg) on a Q2DX5 schedule 
were evaluated. Using 5 or 20 mg/kg of verapamil, the ILS 
values were enhanced with respect to IAHQ alone, but the 
increases were not significant. The use of a less toxic cal- 
cium channel blocker [9] might improve these results. 

These studies suggest that the antitumor potential of 
IAHQ can be enhanced through the use of pharmacologic 
modulating agents. However, refinements in the schedules 
and doses employed will be necessary. The combination of 
probenecid and IAHQ appears promising and should be 
evaluated against slower-growing tumors, particularly in 
models of colon adenocarcinoma. 
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