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Summary. Carmethizole hydrochloride [1-methyl-2- 
methylthio-4,5 -bis(hydroxymethyl)imidazole-4', 5'-bis(N- 
methylcarbamate)hydrochloride, NSC 602668; hereafter 
called carmethizole] is a new antitumor drag that has 
shown relatively broad activity in initial evaluations 
against several murine tumors and human tumor xeno- 
grafts in vivo. The present studies were designed to address 
questions about carmethizole' s activity against established 
disease, its activity on different treatment schedules, and 
the extent of its cross-resistance with established drugs. 
Human MX-1 mammary carcinoma, human NCI-H82 
small-cell lung carcinoma, and human LOX amelanotic 
melanoma xenografts in athymic mice were used to deter- 
mine the drug's activity against established disease; the 
NCI-H82 lung-tumor xenograft in athymic mice was used 
to explore its schedule dependence; and a series of drug-re- 
sistant murine leukemias provided an in vivo cross-resis- 
tance profile. When injected i.p., carmethizole exhibited 
antitumor activity against advanced-stage s. c. MX-1 mam- 
mary, s.c. NCI-H82 lung, and i.p. LOX melanoma xeno- 
grafts and was as effective against established disease 
(MX-1 and LOX) as it was against early-stage disease (no 
data are available for early-stage NCI-H82). The therapeu- 
tic effect of carmethizole was not route-dependent, as was 
evidenced by the similar delays observed in tumor growth 
following i.p. and i.v. administration. The use of a split- 
dose schedule on a single day instead of one bolus injection 
yielded an increase in the total dose delivered, resulting in 
an increased delay in tumor growth. Murine leukemias 
resistant to vincristine (VCR), amsacrine (AMSA), or 
methotrexate (MTX) were not cross-resistant to carmethi- 
zole. However, routine leukemias resistant to doxorubicin 
(ADR), melphalan (L-PAM), cisplatin (DDPt), 1-~-D-ara- 
binofuranosylcytosine (ara-C), and 5-fluorouracil (5-FU) 
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were cross-resistant to carmethizole, suggesting that 
patients who have previously been treated with any of 
these agents might be less likely to respond to carmethizole 
than those who have had no opportunity to develop resis- 
tance to any of these compounds. We anticipate that the 
information derived from these studies may be useful in 
the design of clinical trials of carmethizole and may stimu- 
late additional basic research on the mechanism of action 
of this new agent. 

Introduction 

Carmethizole hydrochloride [1-methyl-2-methylthio-4,5- 
bis(hydroxymethyl)imidazole-4",5'-bis(N-methylcarba- 
mate) hydrochloride, NSC 602668; hereafter called car- 
methizole], a congener of pyrrolizine biscarbamate (NSC 
278214), was developed to provide a compound with 
greater aqueous solubility and stability than pyrrolizine 
biscarbamate [2]. Carmethizole has exhibited antitumor 
activity after i.p. administration in preclinical models in 
vivo, including i.p. P388 and i.p. L1210 leukemias, i.p. 
M5076 sarcoma, i.p. human LOX melanoma xenografts, 
and MX-1 human mammary carcinoma in the subrenal 
capsule assay in athymic mice [2]. In these efficacy stud- 
ies, treatment was started at 1 day after tumor implantation. 
Studies of carmethizole in more advanced-stage, solid 
tumor models have recently been reported [10]. 

The chemical breakdown of carmethizole in vitro and 
its pharmacokinetics in the mouse and the beagle dog have 
been examined by Brodfuehrer et al. [4]. Carmethizole 
degraded within 24 h at 37 ~ C to carmethizole diol in 0.9% 
sodium chloride or phosphate buffer. Its half-life in whole 
blood and plasma was about 1 h at 37~ in vitro. Protein 
binding was equivalent in human and mouse plasma. The 
compound was rapidly eliminated from the plasma of mice 
in vivo after i.v. bolus administration, but it was more 
slowly eliminated by dogs (elimination half-lives, about 12 
and 40 min, respectively). Carmethizole diol was the major 
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p r o d u c t  f o r m e d  in v i v o ,  p o s s i b l y  by  s p o n t a n e o u s  degra -  
da t ion .  

T h e  p u r p o s e  o f  the  p r e sen t  s tudy  was  to address  ques -  
t ions  r a i sed  b y  the  resul t s  c i t ed  above .  I t  was  i m p o r t a n t  that  
the  ac t iv i ty  o f  c a r m e t h i z o l e  be  e x p l o r e d  aga ins t  a d v a n c e d -  
s tage,  so l id  tumors .  C o n c u r r e n t l y ,  i t  was  pos s ib l e  to con-  
f i r m  and e x t e n d  p r e v i o u s l y  r e p o r t e d  resul ts .  T h e  s c h e d u l e  
d e p e n d e n c e  o f  c a r m e t h i z o l e  t r e a t m e n t  was  e v a l u a t e d  in  
f igh t  o f  its r ap id  e l i m i n a t i o n  in mice .  F ina l ly ,  a c ross - res i s -  
t ance  p ro f i l e  was  d e v e l o p e d  u s ing  spec i f i c  d rug - re s i s t an t  
m u r i n e  l e u k e m i a s  in  v ivo .  P r e l i m i n a r y  accoun t s  o f  these  
f ind ings  h a v e  b e e n  r e p o r t e d  e l s e w h e r e  [1, 20]. 

Materials and methods 

Drugs. Carmethizole was provided by the Drug Synthesis and Chemistry 
Branch, Developmental Therapeutics Program (DTP), Division of 
Cancer Treatment (DCT), National Cancer Institute (NCI). During the 
studies, carmethizole was prepared in either distilled water or saline just 
prior to its use and was injected within 30 rain. The antitumor drugs used 
in the cross-resistance studies were also provided by the Drug Synthesis 
and Chemistry Branch. 

Mice and tumors. Mice obtained from various commercial suppliers 
were housed either in open-top, stainless-steel cages (immunocompetent 
mice) or in Microisolator cages (Lab Products, Inc., Maywood, N.J.; 
athymic mice). Immunocompetent and athymic mice were housed in 
separate barrier facilities. Mice were allowed access to commercial 
mouse food and water ad libitum. Blood samples obtained from ran- 
domly selected (non-tumor-bearing) mice were tested every 3 months for 
antibodies to selected viruses. 

Tumor lines (murine P388/0 and L1210/0 leukemias, human MX-1 
mammary carcinoma, human LOX melanoma, and human NCI-H82 
small-cell lung carcinoma) were obtained from the DTP Tumor Reposi- 
tory, DCT, NCI. The human amelanotic melanoma designated LOX has 
been used as a preclinical model for antitumor drug evaluation [ 18]. LOX 
grows i. p. as a combination of solid tumor attached to abdominal organs 
and peritoneum and monodispersed cells in ascitic fluid. Isolated, 
counted cells (106) were inoculated i.p. into recipient mice for tumor 
propagation. The human small-cell lung tumor designated NCI-H82 was 
established and characterized by Carney et al. [5]. The NCI-H82 tumor 
was inoculated s.c. (30- to 60-rag fragments) into recipient mice for 
tumor propagation. Murine leukemias P388/0 and L1210/0 and human 
MX-1 mammary carcinoma were propagated according to standard NCI 
protocols [9]. Drug-resistant lines of P388 and L1210 were developed at 
Southern Research Institute [17]. Only tumor lines that tested negative 
for antibodies to selected viruses were used. 

groups of mice (10/group) bearing initial tumor bttrdens ranging from 
107 to 103 cells (by serial dilution), was included to permit an assessment 
of therapeutic response. 

The effects of schedule and route of administration on the antitumor 
activity of carmethizole were studied in mice bearing s.c. implanted, 
advanced-stage NCI-H82 lung xenografts. For the i.p. and i.v. studies, 
treatment with carmethizole was initiated on day 14 and day 15, respec- 
tively. For each schedule, carmethizole was given over a range of doses 
(ratio of consecutive doses, 0.67). The injection volume per mouse was 
0.1 ml/10 g body weight for both i.p. and i. v. treatments. 

Evaluation of drug-resistant P388 and L1210 sublines for cross-resis- 
tance to carmethizole was conducted as previously described by Harrison 
et al. [11]. In each experiment, groups of tumor-bearing mice were 
treated with a range of doses of the appropriate drug to confirm the 
resistance of the tumor; in addition, a drug-resistant leukemia was com- 
pared directly with the drug-sensitive parental leukemia from which the 
resistant line was derived, and the parallel groups of mice were identi- 
cally treated with a single drug preparation. Each of these internally 
controlled experiments included 6 groups of mice (10/group) beating 
initial tumor burdens ranging from 107 to 102 ceils (by serial dilution). 

Quantitation ofantitumor activity. For L1210, P388, and LOX tumors, 
antitumor activity was assessed on the basis of the median percentage of 
increase in life span (%ILS) and the net log10 cell kill. Calculations of net 
log10 cell kill were made from the tumor-doubling time that was deter- 
mined from an internal tumor titration consisting of implants from serial 
10-fold dilutions [ 16]. Each experiment contained a titration. Long-term 
(45- to 60-day) survivors were excluded from calculations of %ILS and 
tumor cell kill  To assess the tumor-cell kill at the end of treatment, the 
difference in survival duration between treated and control groups was 
adjusted to account for possible regrowth of tumor-cell populations 
between individual treatments [14]. The net log10 cell kill was calculated 
as follows: 

(T - C) - (duration of treatment in days) 
Net log10 cell kill = 

3.32 x Td 
where ( T - C )  represents the difference in the median day of death 
between the treated (T) and the control (C) groups and Tz represents the 
mean tumor-doubling time (days) calculated from a log-linear least 
squares fit of the implant sizes and the median days of death of the 
titration groups. 

For the MX-1 mammary and NCI-H82 lung-carcinoma xenografts, 
antitumor activity was assessed on the basis of net log10 cell kill and 
delay in tumor growth (T - C). The delay in tumor growth represents the 
unweighted average of the differences in the median times (days) postim- 
plantation for the treated (T) and control (C) groups to attain each of two 
evaluation sizes (1000 and 1500 mg). Drug deaths, tumor-free survivors, 
and animals whose tumors failed to attain the evaluation sizes were 
excluded. Tumors were measured (two perpendicular diameters) with 
calipers twice weekly. 

Evaluation ofantitumor activity. For studies using the murine leukernias, 
BALB/c • DBA/2 Fa (hereafter called CD2F0 mice were implanted 
i.p. with either 106 P388 cells or 105 L1210 cells. For studies using the 
human tumor xenografts, NCr-nu athymic mice were implanted either 
i.p. with 106 LOX melanoma cells or s.c. with tumor fragments (30- 
60 mg) of MX-1 mammary carcinoma or NCI-H82 small-cell lung-car- 
cinoma xenografts. The date of tumor implantation was designated day 0. 
Carmethizole was given according to the schedules and routes listed in 
the tables and figures. In each experiment, carmethizole was evaluated at 
several dose levels (ranging from toxic to nontoxic), with each dose 
being given to 6 -10  mice. All doses were given to mice on the basis of 
individual body weight except for the cross-resistance studies, in which 
all doses were given to groups of mice on the basis of their average body 
weight. Tumor-bearing control mice (20/experiment) were not treated 
with diluent. Mice were observed for life span and/or tumor growth. 

The antitumor activity of carmethizole was evaluated in mice bearing 
advanced-stage MX-1 mammary carcinoma, LOX melanoma, or NCI- 
H82 small-cell lung-carcinoma xenografts. For the studies using LOX 
melanoma xenografts, an internal tumor titration, which consisted of 5 

Results 

MX-1 mammary  carcinoma xenografts 

P r e v i o u s  s tudies h a v e  s h o w n  that  c a r m e t h i z o l e  g i v e n  at 
1 day  af ter  t u m o r  imp lan t a t i on  is ac t ive  agains t  M X - 1  
m a m m a r y  c a r c i n o m a  in the  subrena l  c apsu l e  assay  in 
a t h y m i c  m i c e  [2]. A s tudy  was  c o n d u c t e d  to d e t e r m i n e  
w h e t h e r  the  c o m p o u n d  w o u l d  a lso  be  e f f e c t i v e  aga ins t  
e s t ab l i shed  d isease .  T r e a t m e n t  o f  the  s .c .  i m p l a n t e d  t u m o r  
s taged  at a p p r o x i m a t e l y  500 m g  w i t h  an  o p t i m a l  (_<LD10) 
d o s e  o f  c a r m e t h i z o l e  (115 m g / k g )  g i v e n  i .p .  on  days  11, 
15, and 19 r e su l t ed  in 100% reg re s s ions  as d e t e r m i n e d  on  
day  35 pos t imp lan t a t i on ,  w i t h  no  t u m o r  r e c u r r e n c e  b e i n g  
o b s e r v e d  on  day  63 (Fig.  1). E l l io t t  and c o - w o r k e r s  [10] 
r ecen t l y  r e p o r t e d  s imi la r  resul ts .  T r e a t m e n t  o f  the  s .c .  i m -  
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Pig. 1. Response of advanced-stage human MX-1 mammary carcinoma xenografts to treatment with carmethizole. NCr-nu mice were implanted s. c. 
with fragments of MX-1 tumor on day 0. Carmethizole was injected i.p. at an optimal dose of 115 mg/kg on days 11, 15, and 19 

Table 1. Antitumor activity of carmethizole against advanced-stage, i.p. 
implanted LOX melanoma xenografts 

Dose Median Approx. log10 60-Day 
(mg/kg) % ILS change in tumor sm'vivors/ 

burden ~ total 

172 -28 Toxic 1/6 
115 - - (7.6) 6/6 
76 +129 -3.4 0/6 
51 +69 -1.2 (-6.9) 2/6 
34 +45 -0.3 0/6 

NCr-nu mice were implanted i. p. with 10 6 LOX cells on day 0. Drug was 
injected i. p. on days 5, 9, and 13 
a Loga0 change in the viable tumor-cell population at the end of therapy 
as compared with that at the start of therapy, based on the median day of 
death among the animals that died. Figures in parentheses are based on 
the percentage of survivors 

planted MX-1 tumor with 160 mg/kg carmethizole given 
i.p. on days 13, 17, and 21 resulted in 7/10 tumor-free 
survivors on day 60. 

LOX human amelanotic melanoma xenografts 

Previous studies have shown that carmethizole given at 
1 day after tumor implantation is active against i.p. im- 
planted LOX melanoma [2]. A study was conducted to 
determine whether the compound would also be effective 
against established disease with its accompanying metasta- 

ses. Treatment of  the i.p. implanted tumor at a burden of 
approximately 8 . 0 x  106 cells with an optimal dose of 
carmethizole (115 mg/kg) given i.p. on days 5, 9, and 13 
resulted in 6/6 tumor-free survivors on day 60 (Table 1). 

NCI-H82 human lung-carcinoma xenografts 

The antitumor activity of carmethizole was also evaluated 
in mice bearing advanced-stage NCI-H82 lung-carcinoma 
xenografts. Treatment of  the s. c. implanted tumor staged at 
approximately 330 mg with an optimal dose of carmethi- 
zole (115 mg/kg) given i.p. on days 15, 19, and 23 resulted 
in a delay in tumor growth of 30.5 days and in 2/10 tumor- 
free survivors on day 64 (Fig. 2). 

Since NCI-H82 lung carcinoma was less sensitive to 
treatment with carmethizole than was MX-1 mammary  
carcinoma, the effects of  schedule and route of  administra- 
tion on the antitumor activity of  the drug were studied in 
mice bearing s.c. implanted, advanced-stage NCI-H82 
lung-carcinoma xenografts. Presented in Table 2 are data 
from two experiments on NCI-H82 lung-tumor xenografts 
exploring the effect of i.p. and i.v. carmethizole adminis- 
tration, respectively. Both single i.p. and single i.v. injec- 
tions of the drug at an optimal dose effected a delay in 
tumor growth of approximately 10 days, corresponding to 
a reduction in tumor burden of  1 log10 unit. The use of  a 
split-dose schedule on a single day instead of one bolus 
injection yielded an increase in the total dose delivered, 
resulting in an increased delay in tumor growth (and in net 
log10 cell kill). This finding is consistent with the rapid 
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Fig. 2. Response of advanced-stage human NCI-H82 small-cell lung-carcinoma xenografts to treatment with carmethizole. NCr-nu mice were 
implanted s. c. with fragments of NCI-H82 tumor on day 0. Carmethizole was injected i.p. at an optimal dose of 115 mg/kg on days 15, 19, and 23 

elimination of the drug from the plasma of mice in vivo 
after i. v. bolus administration [4]. Three courses of single- 
bolus treatment given at 4-day intervals increased the anti- 
tumor activity observed for i. p. but not i.v. administration. 
Single i.p. injections on days 14, 18, and 22 effected a 
reduction of 2.3 log10 units in the tumor burden and re- 
sulted in 4/10 tumor-free survivors on day 62. The effect 
observed for i. p. administration was related to an increased 
total dose of the drug being tolerated by the mice. 

In vivo cross-resistance of drug-resistant murine 
leukemias 

Multiple experiments (Table 3) were conducted, each of 
which comprised a simultaneous comparison of carmethi- 
zole activity in a drug-sensitive and a drug-resistant murine 
leukemia over a range of doses. If carmethizole effected a 
cell kill in the drug-resistant line that was >2 log10 units 
lower than that induced in the drug-sensitive line, the drug- 

Table 2. Effects of schedule and route of administration on the antitumor activity of carmethizole against s. c. implanted NCI-H82 lung-tumor xenografts 

Schedule ~ Route Dose range Optimal dose Total dose T-C b Approx. Tumor-free 
(mg/kg) ( ~ LD~o, mg/kg) ~ (mg/kg) (days) loglo change in survivors/ 

tumor burden c total 

Day 14 only i.p. 450 -89  134 134 9.1 -0.9 0110 d 
q3h x 8, Day 14 only 56.3 - 16.7 25 200 16.0 -1.6 0/10 
q4d, Days 14, 18, 22 150 -44.5 100 300 31.2 -2.3 4/10 

Day 15 only i.v. 200 -59.4 89 89 10.4 -1.0 0/9 e 
q3hx 4, Day 15 only 75 -22.3 33.4 134 24.5 -2.2 0/10 
qd, Days 15-19 90 -26.7 40 200 21.9 -1.6 0/9 
q4d, Days 15, 19, 23 150 -44.5 66.7 200 3.8 +0.4 0/9 

NCr-nu athymic mice that had been inoculated s.c. with fragments of 
NCI-H82 lung tumor on day 0 were treated with bulk drug dissolved in 
distilled water. For the i.p. study, tumor size was approximately 250 mg 
on day 14, whereas for the iv study, tumor size was approximately 
290 mg on day 15 
a qd, daily; q3h x 8, every 3 h for a total 8 injections/day 
b Unweighted average of the differences in the median times postim- 
plantation for the treated (T) and control (C) groups to attain each of two 
evaluation sizes (1000 and 1500 mg). Drug deaths, tumor-free survivors, 

and animals whose tumors failed to attain the evaluation size were 
excluded 
c Loglo change in the viable tumor-cell population at the end of therapy 
as compared with that at the start of therapy, based on the delay in tumor 
growth in the treated group relative to the control group. The volume- 
doubling times in the controls were estimated to be 3.0 and 3.3 days for 
the i.p. and i. v. studies, respectively 
d Day 62 

Day 72 



Table 3. Cross-resistance profile of carmethizole derived from drug-resistant leukemias in vivo 

265 

Resistant Dose (mg/kg) Sensitive leukemia 
leukemia 

Range Optimal Median 
(<LD10) % ILS 

Resistant leukemia a Cross- 
-resistance? 

Approx. log10 Median Approx. log10 
change in % ILS change in 
tumor burden b tumor burden b 

P388/ADR 172-34 51 +96 
80-30 65 +100 

P388/VCR 80-40 65 +93 
65-40 65 +135 

P388/AMSA 80 - 40 50 +82 
65-40 50 +143 

P388/L-PAM 115-34 51 +100 
80-30 65 +117 

P388/DDPt 115- 34 51 +86 
80-30 50 +103 

P388/MTX 80-40 65 +119 
65-40 50 +121 

P388/ara-C 80-40 50 +87 
65-40 50 +171 

L 1210/5-FU 80- 40 65 +75 
65-40 65 (LD30) +57 

50 +35 

-4.0 +63 -1.4 Yes 
-4.8 +55 -1.3 

-4.5 +158 -6.7 No 
-6.4 +105 -6.9 

-3.1 +125 -6.8 No 
-6.6 +110 -6.3 (-6.3) c 

-4.3 +11 +1.3 Yes 
-5.2 +13 +1.3 

-3.9 +26 +0.2 Yes 
-3.9 +36 -0.6 

-6.5 (-6.3) c +134 -6.2 No 
-4.6 +95 -2.9 (-6.0) ~ 

-4.3 +32 +0.1 Yes 
-6.7 +32 -0.1 

-2.1 +41 -0.2 Marginal 
-0.8 +20 +1.7 
+0.6 +27 +1.1 

For the P388 studies, CD2F I mice were implanted i. p. with 106 P388/0 
or P388/drug-resistant cells on day 0. For the L1210 studies, CD2F 1 mice 
were implanted i.p. with l0 s L1210/0 or L1210/5-FU cells on day 0. 
Carmethizole was administered i. p., days 1-5. 
a In these studies, the degree of resistance of a drag-resistant subline to 
the drug used to select the subline in comparison with its parental line 
was as follows: ADR, 5-6  logm units; VCR, 6 logm units; AMSA, 
4-6  loga0 units; L-PAM, 6 log10 units; DDPt, 6-7  log10 units; MTX, 
3 log10 units; ara-C, 6-7  logao units; 5-FU, 4 log10 units 

b Log10 change in the viable tumor-cell population at the end of therapy 
as compared with that at the start of therapy, based on the median day of 
death among the animals that died. Figures in parentheses are based on 
the percentage of survivors. This calculation accounts for different 
volume-doubling times among tumor lines, a variable that influences % 
ILS values mad their interpretation 
c 1/10 long-term survivors 

resistant line was interpreted to be cross-resistant to car- 
methizole. This result was obtained and confirmed in four 
drug-resistant P388 leukemias [doxorubicin-resistant 
(P388/ADR),  melphalan-resistant (P388/L-PAM), cis- 
platin-resistant (P388/DDPt),  and arabinofuranosyl cyto- 
sine-resistant (P388/ara-C)]. Marginal cross-resistance 
(whereby the cell kill in the drug-resistant line was approx. 
2 log10 units lower than that in the drug-sensitive line) was 
observed for the 5-fluorouracil-resistant L1210 leukemia 
(L1210/5-FU). Tumor  lines selected for resistance to 
vincristine (VCR), amsacrine (AMSA),  or methotrexate 
(MTX) were sensitive (i. e., were not cross-resistant) to 
carmethizole. 

D i s c u s s i o n  

Structure-activity relationships reported by Anderson et al. 
[2] have emphasized the importance of  substitution that 
enhances the alkylating characteristics o f  the imidazole 
biscarbamates. Agents  more  active against P388 leukemia 
have been those that are more  amenable to ready displace- 
ment  o f  the carbamate groups. Carmethizole was selected 
f rom a series o f  analogs for drug development  because o f  
both its superior reactivity for carbamate displacement and 
its initial antileukemic activity in the P388 screen. The 
subsequent observations reported by Brodfuehrer  et al. [4] 

on its chemical  pharmacodynamics  in biological systems 
are consistent with a reactive alkylating agent, particularly 
the reactivity o f  carmethizole with glutathione (GSH). 

The observations reported herein provide information 
that is potentially important  to the design of  strategies for 
the optimal clinical use o f  carmethizole. Al though phase I 
clinical pharmacokinetic  data are needed, both the present 
findings and those o f  previous pharmacokinetic  studies [4] 
suggest that clinical treatment schedules should use re- 
peated dosing. In the present investigations, carmethizole 
was as effective against established disease (MX-1 and 
LOX)  as it was against early-stage disease. The activity 
exhibited by carmethizole against MX-1 and NCI-H82  
tumors was comparable to that observed for the alkylating 
agent L-PAM, whereas the activity o f  carmethizole against 
the L O X  tumor was superior to that found for L-PAM. The 
alkylating agents cyclophosphamide and carmustine are 
generally less effective than carmethizole against these 
three human tumors (unpublished data) [10]. The in vivo 
cross-resistance profile reported in the present study sug- 
gests that carmethizole may  be evaluated in patients who 
have received prior chemotherapy with AMSA,  MTX,  and 
V C R  with no more  than the usual a priori concern that 
cross-resistance might  be encountered. However ,  a failure 
to observe objective responses in patients previously 
treated with ADR,  ara-C, L-PAM, DDPT,  or, possibly, 



266 

5-FU should  be  v i ewed  as a poss ib le  mani fes ta t ion  of  
c ross- res is tance  to carmethizole .  As  a lways ,  none  o f  these 
approaches  m a y  be  app l ied  c l in ica l ly  wi thout  the exerc ise  
o f  caut ion and concern  for  the r ecogn ized  gap be tween  
prec l in ica l  p red ic t ion  and c l in ical  val idat ion.  

Fo r  the four  drug-res is tant  l eukemias  that  exhib i ted  
cross- res is tance  to ca rme th izo le ,  numerous  reports  have  
been  publ i shed  concern ing  the mechan i sms  of  res is tance  
[3, 6 - 8 ,  1 1 - 1 3 ,  15, 19]. Never the less ,  it  r emains  unclear  
as to which  mechan i sm(s )  was opera t ive  in the obse rved  
cross- res is tance  to carmethizole .  P388 /ADR,  P388/DDPt ,  
and P388 /L-PAM exhib i ted  increases  in in t race l lu lar  G S H  
or  G S H  transferase  activity.  Because  ca rmeth izo le  is an 
a lkyla t ing  agent  that  has been  shown to react  wi th  GSH,  an 
increase  in in t racel lu lar  G S H  and/or  G S H - m e t a b o l i z i n g  
enzymes  could  confer  res is tance  to carmethizole .  W e  have  
found that  our P388/ara-C l eukemia  is cross-res is tant  to 
a number  o f  other a lkyla t ing agents:  DDPt ,  cyc lo-  
phosphamide ,  m i t o m y c i n  C, sp i rohydanto in  mustard,  and 
te t raplat in  (unpubl i shed  data).  Poss ib ly  P388/ara-C also 
possesses  an a l tera t ion in G S H  me tabo l i sm that  could  con- 
fer  res is tance to carmethizole .  

Other  mechan i sms  o f  res is tance  appear  less l ike ly  to be  
respons ib le  for the obse rved  cross- res is tance  to carmethi -  
zole.  Whereas  a dec reased  accumula t ion  o f  drug was com-  
mon  to three o f  the four  drug-res is tant  l eukemias  that ex- 
h ibi ted  cross- res is tance  to carmethizole ,  the under ly ing  
mechan i sms  differ.  A l t e r ed  repai r  o f  d rug- induced  damage  
to D N A  m a y  be  invo lved  in cross- res is tance  to carmethi -  
zole;  however ,  the mechan i sms  o f  repai r  that  are opera t ive  
in P 3 8 8 / A D R  and P388 /DDPt  appear  to be  different .  The  
re la t ionship  be tween  the al terat ions in var ious  enzyme  ac- 
t ivi t ies  that  l ead  to ara-C res is tance  and cross- res is tance  to 
ca rmeth izo le  is unclear .  Poss ib ly  other  mechan i sms  o f  re- 
s is tance are opera t ive  in P388/ara-C that are respons ib le  
for  the obse rved  cross- res is tance  to carmethizole .  Clear ly ,  
more  in format ion  about  the mechan i sms  o f  res is tance  o f  
the four  drug-res is tant  leukemias ,  espec ia l ly  P388 /L-PAM 
and P388/ara-C,  would  a id  in the e luc ida t ion  o f  both  the 
cross- res is tance  to ca rmeth izo le  and the mechan i sm(s )  o f  
act ion o f  the drug. 

In  summary ,  the present  s tudy prov ides  in format ion  
concern ing  the ac t iv i ty  o f  ca rmeth izo le  agains t  advanced-  
stage, sol id  tumors ,  the effect  o f  the t rea tment  schedule  on 
the therapeut ic  act ivi ty  o f  the drug, and the cross- res is tance  
prof i le  of  the drug. W e  ant ic ipate  that  this in format ion  m a y  
be  useful  in the des ign  o f  c l in ica l  trials o f  ca rmeth izo le  and 
m a y  s t imula te  addi t ional  bas ic  research  on the m e c h a n i s m  
of  ac t ion o f  this new agent.  

Acknowledgements. The authors gratefully acknowledge the technical 
assistance of the staff of both the Drug Formulation and In Vivo Evalua- 
tion Section and the Tumor Biology and Treatment Section of Southern 
Research Institute. Ms. J. Tubbs, Ms. G. Jones, and Ms. S. Wilson 
assisted with data management, and Ms. S. Robinette prepared the manu- 
script. 

References 

1. Anderson WK, Bhattacharjee D, Houston DM, Plowman J, Harrison 
SD Jr (1988) Design, preparation, chemical properties and antitumor 
activity of carmethizole hydrochloride. Proc Am Assoc Cancer Res 
29:326 

2. Anderson WK, Bhattacharjee D, Houston DM (1989) Design, syn- 
thesis, antineoplastic activity, and chemical properties of bis(carba- 
mate) derivatives of 4,5-bis(hydroxymethyl)imidazole. J Med Chem 
32:119 

3. Brockman RW (1974) Mechanisms of resistance. In: Sartorelli AC, 
Johns DG (eds) Handbook of experimental pharmacology, new se- 
ries, vol 38/1. Springer, New York Berlin Heidelberg, p 352 

4. Brodfnehrer JI, Wilke TJ, Kinder DH, Powis G (1989) Preclinical 
pharmacologic studies of the new antitumor agent carmethizole 
(NSC-602668) in the mouse and beagle dog. Cancer Chemother 
Pharmaco124:277 

5. Carney DN, Gazdar AF, Bepler G, Guccion JG, Marangos PJ, 
Moody TW, Zweig MH, Minna JD (1985) Establishment and identi- 
fication of small cell lung cancer cell lines having classic and variant 
features. Cancer Res 45:2913 

6. Curt GA, Clendeninn NJ, Chabner BA (1984) Drug resistance in 
cancer. Cancer Treat Rep 68:87 

7. Defile AM, Alam T, Seneviratne C, Beenken SW, Batra JK, 
Shea TC, Henner WD, Goldenberg GJ (1988) Multifactorial 
resistance to Adriamycin: relationship of DNA repair, glutathione 
transferase activity, drug efflux, and P-glycoprotein in cloned cell 
lines of Adriamycin-sensitive and -resistant P388 leukemia. Cancer 
Res 48:3595 

8. Defile AM, Batra JK, Goldenberg GJ (1989) Direct correlation be- 
tween DNA topoisomerase II activity and cytotoxicity in Adi'ia- 
mycin-sensitive and -resistant P388 leukemia cell lines. Cancer Res 
49:58 

9. Developmental Therapeutics Program, Division of Cancer Treat- 
ment, National Cancer Institute (1984) In vivo cancer models 
1976-1982. NIH publication 84-2635. U. S. Government Printing 
Office, Washington, D.C. 

10. Elliott Wit, Fry DW, Anderson WK, Nelson JM, Hood KE, Hawkins 
PA, Leopold WR III (1991) In vivo and in vitro evaluation of the 
alkylating agent carmethizole. Cancer Res 51:4581 

11. Harrison SD Jr, Brockman RW, Trader MW, Laster WR Jr, Gris- 
wold DP Jr (1987) Cross-resistance of drug-resistant murine 
leukemias to deoxyspergualin (NSC 356 894) in vivo. Invest New 
Drugs 5:345 

12. Kraker AJ, Moore CW (1988) Accumulation of cis-diam- 
minedichloroplatinum(II) and platinum analogues by platinum-re- 
sistant murine leukemia cells in vitro. Cancer Res 48:9 

13. Kraker AJ, Moore CW (1988) Elevated DNA polymerase beta activ- 
ity in a cis-diamminedichloroplatinum(II) resistant P388 murine leu- 
kemia cell line. Cancer Lett 38:307 

14. Lloyd HH (1977) Application of tumor models toward the design of 
treatment schedules for cancer chemotherapy. In: Drewinko B, 
Humphrey RM (eds) Growth kinetics and biochemical regulation 
of normal and malignant ceils. Williams & Wilkins, Baltimore, 
p 455 

15. Redwood WR, Colvin M (1980) Transport of melphalan by sensitive 
and resistant L1210 ceils. Cancer Res 40:1144 

16. Scliabel FM Jr, Griswold DP Jr, Laster WR Jr, Corbett TH, Lloyd 
HH (1977) Quantitative evaluation of anticancer agent activity in 
experimental animals. Pharmacol Ther [A] 1:411 

17. Schabel FM Jr, Skipper HE, Trader MW, Laster WR Jr, Griswold DP 
Jr, Corbett TH (1983) Establishment of cross-resistance profiles for 
new agents. Cancer Treat Rep 67:905 (see correction, Cancer Treat 
Rep 68: 453) 

18. Shoemaker R, Wolpert-DeFilippes M, Mayo J, Abbott B, Plow- 
man J, Venditti J, Ovejera A, Donovan P, Griswold D, Dykes D, 
Boyd M, Fodstad O (1985) Experimental chemotherapy studies of a 
human melanoma in athymic mice using a survival endpoint. Proc 
Am Assoc Cancer Res 26:330 

19. Suzukake K, Petro BJ, Vistica DT (1982) Reduction in glutathione 
content of L-PAM-resistant L1210 ceils confers drug sensitivity. 
Biochem Pharmacol 31: 121 
Wand WR, Plowman J, Anderson WK, Dykes DJ, Harrison SD Jr, 
Griswold DP Jr (1989) Treatment route and schedule dependence 
and cross-resistance of carmethizole hydrochloride (NSC 602 668) in 
preclinical models. Proc Am Assoc Cancer Res 30:615 

20. 


