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Summary. Evidence suggests that the main elimination 
pathway for amsacrine is hepatic oxidation to the quinone 
diimine derivative followed by conjugation with glutathi- 
one (GSH) and excretion in the bile. If  this is so, amsac- 
rine elimination should be susceptible to induction by 
phenobarbitone (PB) and inhibition by cimetidine (CT) 
and perhaps by buthionine sulphoximine (BSO), a specific 
depleter of tissue GSH. This study was carried out in 
groups of six rabbits. Each rabbit acted as its own control 
and received pretreatment with saline or PB, CT, or BSO, 
followed by an amsacrine infusion. Blood (8 x 3 mL) was 
collected up to 12 h and total plasma arnsacrine concentra- 
tions determined by HPLC. PB pretreatment resulted in a 
significant increase in amsacrine's C1 (mean 46%, range 
25%-70%) and also in the Vd (mean 58%, range 
25%-117%), but had no effect on t,/2a, t,/2~ or MRTni. In ad- 
dition, there was no change in the plasma protein binding 
of amsacrine after PB pretreatment. CT pretreatment had 
the opposite effect, resulting in a significant decrease in 
amsacrine's C1 (mean 33%, range 21%-38%) and a de- 
crease in Vd, although this latter decrease was not signifi- 
cant at the 5% level. As with PB, the time parameters were 
not significantly changed. BSO pretreatment resulted in a 
significantly reduced C1 (mean 22%, range 15%-30%), no 
effect on Vd or on t,/2~, but significantly prolonged t,~ and 
MRTni. BSO pretreatment was also associated with a signi- 
ficant reduction in red blood cell GSH concentration. 
These results are consistent with the involvement of the he- 
patic mixed function oxidase system and GSH status in the 
elimination of amsacrine in the rabbit. 

Introduction 

Amsacrine, 4'-(9-acridinylamino)methanesulphon- m-anisi- 
dide, is a novel anticancer agent which has proved to be an 
effective clinical drug for the treatment of various dissemi- 
nated tumours, especially acute leukaemia and certain 
lymphomas [14, 20, 21,381. Data recorded in patients and 
rats suggest that the main pathway of elimination is by me- 
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tabolism in the liver followed by excretion in the bile. In 
patients we have observed up to 10% of the total dose ex- 
creted as unchanged drug in the urine during the 24 h after 
drug administration [16]. Hall et al. [11] reported a prolon- 
gation of amsacrine's elimination half-life and reduction 
in clearance in patients with hepatic dysfunction. Most 
evidence for the hepatic metabolism of amsacrine has been 
obtained by in vitro and in vivo studies in rats by Shoe- 
maker et al. [32-34]. Using rat liver microsomes, these 
workers showed that amsacrine is oxidised to 
N L m e t h a n e s u l p h o n y l - N  4'- (9-acridinyl)- 3'-methoxy-2'-5'- 
cyclohexadiene-l ' ,4'-diimine (m-AQDI), which further 
reacts with glutathione (GSH) at the 5'-position of the anil- 
ino ring to form an amsacrine GSH conjugation product, 
which has previously been identified as the principal bil- 
iary metabolite in rat in vivo studies (Fig. 1) [34]. We have 
used rabbits for several in vivo studies of the pharmaco- 
kinetics of amsacrine and analogues [26, 27], and we 
wished to investigate whether a similar metabolic route 
might be a major elimination pathway for amsacrine in 
our rabbit model. For this purpose we studied the effects 
on amsacrine pharmacokinetics of phenobarbitone (PB) 
and cimetidine (CT), an inducer and inhibitor, respective- 
ly, of the hepatic mixed function oxidase system [18, 22, 
29] and buthionine sulphoximine (BSO), a specific inhibi- 
tor of t~-glutamylcysteine synthetase which results in de- 
pletion of reduced glutathione (GSH) in the liver [5, 10, 19, 
24]. 

AMSACRINE QUINONE DIIMINE 

CH30 ~ NHSO2CH3 CH30 , ~ / / N  SO 2 CH~ 

m i c r o s o m a l  / /~ '~ /  HN b N 

H H 

C H 3 0 ~ / N H  SO2CH3 / utathi°ne 

~ LU TATH lONE 

H 
AMSAC RINE - G LUTATHIONE CONJUGATE 

Fig. I. The proposed pathway for amsacrine metabolism 



Table 1. Effect of PB pretreatment on the kinetics of arnsacrine in six rabbits 
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Rabbit t i/2~. (h) t i/2[~ (h) MRT,i (h) CI (1 h -* kg -~) Vd (1 kg -1) AUCo (lxmol 1 -I h) 

C PB C PB C PB C PB C PB C PB 

A32 1.14 0.69 4.20 3.49 4.87 3.02 0.37 0.56 2.25 2.82 34.1 22.7 
A36 1.04 0.88 2.35 2.35 3.23 3.08 0.62 0.97 2.12 3.28 20.3 13.1 
A38 0.57 0.42 2.01 2.37 2.28 2.77 0.56 0.70 1.62 3.51 22.3 18.4 
A47 0.31 0.47 2.54 2.60 3.71 3.04 0.40 0.68 1.47 2.55 31.6 18.7 
A64 0.57 0.61 2.40 2.63 3.23 3.19 0.42 0.54 1.45 2.06 30.4 23.4 
H43 0.14 0.35 2.24 3.12 3.23 4.17 0.39 0.38 1.27 1.72 32.2 33.1 

Mean 0.63 0.57 2.62 2.76 3.43 3.21 0.46 0.64 1.70 2.66 28.5 21.6 
SD 0.39 0.20 0.79 0.45 0.85 0.49 0.10 0.20 0.40 0.69 5.7 6.8 

Paired t-test NS NS NS P~ 0.009 P= 0.004 P= 0.02 

C, saline control; NS, not significantly different at 5% level 

M a t e r i a l s  and methods  

Groups of  six NZ white rabbits received either saline or a 
treatment with PB (20mg kg - I  i.p. for 8 days), or CT 
(150 mg kg -1 i.p. 10 h before and 50 mg kg -~ i.v. 0.5 h be- 
fore amsacrine) or BSO (444 mg kg -1 i.p. 10 h before and 
111 mg kg-1 0.5 h before amsacrine) followed by an am- 
sacrine infusion (5 mg kg - I  = 12.7 gmol kg -1 in 20 ml 5% 
dextrose solution). Details of  the amsacrine infusion have 
previously been published [26]. The PB study was a bal- 
anced crossover design, but both the CT and BSO studies 
were carried out after prior establishment of  control values 
with saline. A minimum period of  1 month was allowed 
between amsacrine infusions. This has previously been 
shown to be an adequate recovery period between succes- 
sive doses of  amsacrine [261. 

After the amsacrine infusion, venous blood (3 ml) was 
collected from the opposite ear into heparinised tubes at 0, 
0.5, 1, 2, 4, 6, 8, and 12 h, and the plasma separated and 
stored at - 2 0  °C until analysed. Total plasma amsacrine 
concentrations were determined in duplicate 0.5-ml ali- 
quots by our previously reported HPLC method [15]. This 
assay has good accuracy, with recoveries ranging from 
104%-115% over the range 0.5-10 gmol 1-1 and excellent 
precision with mean values for intra- and interassay coeffi- 
cients of  variation less than 5%. 

As PB treatment has been reported to affect the bind- 
ing of  some drugs [31], the plasma protein binding of  am- 
sacrine was determined in PB-treated and control rabbits. 
This was carried out by equilibrium dialysis of  800 tll rab- 
bit plasma adjusted to pH 7.4 with CO2, and dialysed for 
4 h at 37 °C against isotonic phosphate buffer containing 
14C-amsacrine (S. A. 19.6 mCi mmo1-1, from SRI Interna- 
tional, Menlo Park, Calif). Further details on the determi- 
nation of  the plasma protein binding of  amsacrine have 
been published [28]. 

GSH concentrations were also measured in red blood 
cells (RBC) of  rabbits before and after BSO treatment by a 
colorimetric method [3]. 

The pharmacokinetic parameters were calculated from 
the total plasma concentration-time profiles using 
M K M O D E L  version 1.5 [13] on an Apple IIe computer. 
The area under the plasma concentration-time curve 
(AUC g )  was computed using the trapezoidal rule when 
successive concentration values were increasing, and the 
log trapezoidal rule when successive concentration values 

were decreasing after the maximum. The area was extrapo- 
lated to infinity by addition of  the value of  Ct/[~, where 13 
was the terminal slope estimated by unweighted least- 
squares regression of  the terminal linear portion of  the log 
concentration-time curve, and C t was the estimated con- 
centration at the last time point  calculated from the termi- 
nal relationship. The elimination half-life (tl/2~) was calcu- 
lated by 0.693/~. The mean residence time (MRTni), which 
is a measure of  the average, or median, time [4] the parent 
drug molecule remains unchanged in the body, was calcu- 
lated from the following equation; MRTni = 
A U M C o  / A U C ;  ~ , where A U M C y  represented the total 
area under the-first moment  of  the plasma concentration- 
time curve, and was computed in a similar fashion to the 
AUC y .  This MRTni value for noninstantaneous input re- 
presented the sum of the median residence times for drug 
infusion and elimination [8]. Other model-independent 
parameters were calculated by the following equations: 

Plasma clearance (C1) = D o s e / A U C y  and apparent 
volume of  distribution (Vd) = Dose/13 A U C g  

Data recorded in the control and treated rabbits were 
compared by the paired t-test. Differences were considered 
significant when the probability (P) value was less than 
0.05 by a two-tailed t-test. 

Resul t s  

Phenobarbitone pretreatment 

The mean total amsacrine concentration-time profiles after 
saline or PB treatment are illustrated in Fig. 2, and the in- 
dividual pharmacokinetic parameters for each rabbit are 
given in Table 1. Pretreatment with PB resulted in a de- 
creased AUCx"  ranging from 18%-41% (mean 30%) in 
five of  the six rabbits, but had no significant effect on t,/2~, 
t,/2l~ or MRTni. Individual increases in plasma C1 of  amsac- 
rine ranged from 25% to 70% (mean 46%) in these five rab- 
bits, which was highly significant (P<0.01,  5 d.f.) for the 
whole group. A significant increase (P<  0.005, 5 d.f.) in the 
Vd of  amsacrine ranging from 25% to 117% (mean 58%) al- 
so occurred in all six rabbits after PB pretreatment. This 
was not associated with any plasma protein-binding 
changes, as the mean percent unbound amsacrine fraction 
(3.67% + 0.33%) in control rabbits was not significantly dif- 
ferent from that in PB-treated animals (mean, 
3.90%_+ 0.57%) according to the paired t-test. 
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Fig. 2. The effect of PB on the postinfusion plasma amsacrine 
concentration-time profiles. Each point is the mean (+ SD) for six 
rabbits that received saline (O) or PB (U) pretreatment 
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Fig. 4. The effect of CT on the postinfusion plasma amsacrine 
concentration-time profiles. Each point is the mean (+SD) for 
five rabbits who received saline (O) or CT pretreatment ( n )  
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Fig. 3. The effect of BSO on the postinfusion plasma amsacrine 
concentration-time profiles. Each point is the mean (__-SD) for six 
rabbits that received saline (O) or BSO ( I )  pretreatment 

BSO pretreatment 

The mean amsacrine plasma concentrat ion-t ime profiles 
for control and BSO-treated rabbits are shown in Fig. 3, 
and individual  kinetic parameters in Table 2. After BSO 

pretreatment all rabbits showed an increased A U C g  rang- 
ing from 17% to 45% (mean 30%). This was accompanied 
by a significantly prolonged t,/2~ (P<0.05,  5 d.f.) and 
MRTni (P<  0.005, 5 d.f.), and a significantly reduced C1, 
with individual  reductions ranging from 15% to 30% (mean 
22%). Pretreatment with BSO had no significant effect on 
t,/~ or on the Vd of amsacrine. The GSH concentrat ions in 
rabbit red blood cells (RBC) after BSO treatment (mean 
2.77+ 1.66 ~tmol 1 - l )  were significantly lower (P<0.025,  
5 d.f.) than before treatment (mean 4.18 _+ 1.62 gmol 1 - l), 
but the magnitude of the reduction differed widely be- 
tween rabbits, ranging from 5% to 47%. The relationship 
between the percentage reduction in amsacrine CI and the 
percentage reduction in RBC GSH concentrat ion had a 
low linear correlation coefficient (0.4939) and was not 
significant. 

Cimetidine pretreatment 

Three rabbits from each group also received CT pretreat- 
ment, but one died before receiving the amsacrine infu- 
sion. The mean amsacrine concentrat ion-t ime profiles af- 
ter CT treatment in the remaining five rabbits are shown in 
Fig. 4 and the pharmacokinet ic  parameters in Table 3. The 
values previously obtained after the saline pretreatment 
were used as controls. In all five rabbits an increase in the 

Table 2. Effect of BSO pretreatment on the kinetics of amsacrine in six rabbits 

Rabbit t ~/2~ (h) t 1/2~ (h) MRTn~ (h) C1 (1 h -[ kg -~) Vd (1 kg -~) AUCg (~tmol 1 -~ h) 

C BSO C BSO C BSO C BSO C BSO C BSO 

A21 0.10 0.49 2.88 5.85 4.73 6.21 0.31 0.25 1.42 2.16 40.6 49.7 
A28 0.50 1.56 2.00 4.29 2.18 4.54 0.56 0.39 1.62 2.44 22.3 32.2 
K47 0.52 0.62 2.49 2.85 3.55 3.84 0.42 0.36 1.51 1.47 30.3 35.6 
B52 0.44 1.02 3.43 4.43 3.61 4.84 0.40 0.32 1.97 2.05 32.0 39.7 
B55 0.50 1.10 3.65 3.75 4.12 5.04 0.39 0.30 2.06 1.63 32.5 42.0 
R2 0,97 0.49 3.05 3.26 3.77 4.72 0.38 0.28 1.67 1.34 33.5 44.7 

Mean 0.52 0.88 2.92 4.07 3.68 4.87 0.41 0.32 1.71 1.85 31.9 40.6 
SD 0.28 0.42 0.60 1.06 0.81 0.78 0.08 0.05 0.25 0.43 5.9 6.3 

Paired t-test NS P= 0.033 P= 0.005 P= 0.001 NS P< = 0.001 

C, saline control ; NS, not significantly different at 5% level 



Table 3. Effect of CT pretreatment on the kinetics of amsacrine in five rabbits 
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Rabbit t ~/2~ (h) t ~/2~ (h) MRToi (h) C1 (1 h -1 kg -~) Vd (1 kg-') AUCg (Ixmol 1-' h) 

C CT C CT C CT C CT C CT C CT 

B52 0.44 1.07 3.43 2.88 3.61 3.64 0.40 0.29 1.97 1.20 32.0 43.8 
B55 0.50 0.78 3.65 2.91 4.12 4.08 0.39 0.24 2.06 1.03 32.5 52.1 
A36 1.04 0.59 2.35 2.61 3.23 3.32 0.62 0.40 2.12 1.49 20.3 32.6 
A64 0.57 0.91 2.40 2.84 3.23 3.78 0.42 0.33 1.27 1.37 30.4 38.3 
A43 0.14 1.14 2.24 3.63 3.23 4.59 0.39 0.26 1.45 1.36 32.2 48.6 

Mean 0.54 0.90 2.81 2.97 3.48 3.89 0.44 0.30 1.77 1.29 29.48 43.1 
SD 0.32 0.22 0.67 0.39 0.39 0.48 0.10 0.064 0.39 0.18 5.20 7.83 

Paired t-test NS NS NS P= 0.002 NS P= 0.002 

C, saline control; NS, not significantly different at 5% level 

A U C g  was observed, ranging from 26% to 61% (mean 
47%), after CT pretreatment. There was no significant 
change in any of  the time parameters (i. e. t,/2~, t,/21~ and 
MRTni), but the C1 was significantly reduced, ranging 
from 21% to 38% (mean 33%) in individual rabbits. The 
mean Vd also decreased, but this was not significant at the 
5% level. 

Discussion 

The effects of  the compounds  studied on the total-body 
clearance of  amsacrine in the rabbit will depend on which 
is the rate-limiting step in the sequential pathway pro- 
posed by Shoemaker et al. [34]. As the liver has a high con- 
tent of  GSH (5-10  mmol 1-l) and GSH-S-transferase [17], 
the oxidation step appears more likely to be rate-limiting. 
We have previously shown that amsacrine undergoes low 
hepatic extraction in the rabbit [27], and thus it might be 
expected that PB would increase amsacrine's hepatic clear- 
ance due to induction of  a biotransformation pathway 
rather than any effect on blood flow to the liver. However, 
reservations on the exact mechanism involved in this inter- 
action must be retained, as the effects of  PB treatment are 
many. The inducing effect is not confined to hepatic cy- 
tochrome P-450 but has been reported for a number of  en- 
zymes, including a-glutamyl and glucuronyl transferases 
and cytoplasmic glutathione S-transferase [9, 37]. In addi- 
tion, PB has been reported to increase liver mass, liver 
blood flow, bile flow and biliary excretion [22] and also 
the protein binding of  Some drugs [31]. This last mechan- 
ism can be disregarded, as no significant change of  amsac-  
rine binding was observed between controls and PB-treat- 
ed animals in our study. Overall consideration of  the ef- 
fects of  PB and CT on amsacrine elimination suggests that 
the hepatic mixed function oxidase system is involved and 
may be the rate-limiting step in amsacrine's clearance. One 
could also speculate that the opposite effects of  PB and CT 
on amsacrine's volume of  distribution might be due to 
changes in blood flow caused by these agents, as cimeti- 
dine and other H2-receptor antagonists have been reported 
to cause reductions in blood flow [6, 7]. 

I f  oxidation of  amsacrine to m-AQDI is the rate-limit- 
ing step in the clearance of  amsacrine, it might be expected 
that depletion of  GSH and reduction in the rate of  conju- 
gation of  m-AQDI with GSH would have no effect on am- 
sacrine's clearance. However, we observed a significant re- 

duction in clearance after BSO treatment. The most likely 
explanation is an indirect effect, as there is evidence that 
GSH depletion results in increased hepatic lipid peroxida- 
tion, a major consequence of  which is inhibition of  cyto- 
chrome P-450-catalysed reactions [23]. Other explanations, 
such as feedback inhibition of  the oxidation process by m- 
AQDI  or back-reduction of  m-AQDI to amsacrine with 
N A D P H ,  are possible, but accumulation of  m-AQDI with- 
in the cell appears unlikely as m-AQDI is very reactive 
and would conjugate rapidly with nucleophilic groups on 
proteins to give covalently bound adducts [34]. No matter 
which mechanism is involved, our results do suggest that 
glutathione status plays an important  part in the overall 
elimination of  amsacrine in the rabbit, and if a similar me- 
chanism occurs in man this raises some interesting possibi- 
lities. For instance, in our study of  amsacrine kinetics in 
leukaemia patients [16], one could speculate that the reduc- 
tion in amsacrine clearance and prolongation of  elimina- 
tion half-life observed after the third of  three daily infu- 
sions might have been due to gradual GSH depletion over 
this period. Decreases of  liver GSH content have also been 
reported to occur with ageing in mice [12, 36] and may 
provide an explanation for the lower clearances of  amsac- 
rine observed in our older patients. In addition, in cancer 
patients the situation might be further aggravated by the 
markedly lowered plasma GSH levels which have been re- 
ported to occur in a variety o f  malignant disorders, includ- 
ing leukaemia [2]. Obviously further studies on the GSH 
status of  cancer patients before and after amsacrine treat- 
ment are warranted. This raises the intriguing possibility of  
using a compound such as N-acetylcysteine as an antidote 
to amsacrine toxicity, as is done with paracetamol poi- 
soning [25, 30]. Paracetamol toxification has been shown 
to result in depletion of  liver GSH and hepatoxicity [35]. 
Hepatoxicity, fatal in some cases, has also been associated 
with amsacrine [1, 20, 39], and it may be that patients sus- 
ceptible to amsacrine's hepatotoxic effects have excessive- 
ly low GSH levels and might benefit from concomitant  
treatment with an agent which would raise their GSH le- 
vels. 

Acknowledgements. This work was presented at the 19th Annual 
Meeting of the Australasian Society of Clinical and Experimental 
Pharmacologists, Brisbane, Australia, December 1985. 

Thanks are extended to Mrs Brenda Carlson for typing this 
manuscript. 



212 

References 

I. Applebaum FR, Shulman HM (1982) Fatal Hepatotoxicity as- 
sociated with AMSA Therapy. Cancer Treat Rep 66: 
1863-1865 

2. Beutler E, Relbart T (1985) Plasma glutathione in health and 
in patients with malignant disease. J Lab Clin Med 105: 
581-584 

3. Beutler E, Duron O, Kelly BM (1963) Improved method for 
the determination of blood glutathione. J Lab Clin Med 61: 
882-888 

4. Chanter DO (1985) The determination of mean residence time 
using statistical moments: Is it correct. J Pharmacokin Bio- 
pharmaceut 13 : 93-100 

5. Drew R, Miners JO (1984) The effects of buthionine sulphoxi- 
mine (BSO) on glutathione depletion and xenobiotic biotrans- 
formation. Biochem Pharmacol 33:2989-2994 

6. Feely J, Guy E (1982) Ranitidine also reduces liver blood flow 
Lancet 1:p169 

7. Feely J, Wilkinson GR, Wood AJJ (1981) Reduction of liver 
blood flow and propranolol metabolism by cimetidine. New 
Engl J Med 304:692-695 

8. Gibaldi M, Perrier D (1982) Noncompartmental analysis 
based on statistical moment theory: In: Pharmacokinetics, 
Second edition. Dekker New York p 409 

9. Griffin M J, Kirsten E, Carbubelli R, Palakodety RB, McLick 
J, Kun E (1984) The in vivo effect of benzamide and pheno- 
barbital on liver enzymes: Poly (ADP-Ribose)polymerase, cy- 
tochrome P-450, styrene oxide hydrolase, cholesterol oxide 
hydrolase, glutathione S-transferase and UDP-glucuronyl 
transferase. Biochem Biophys Res Comm 22:770-775 

10. Griffith DW (1982) Mechanism of action, metabolism and 
toxicity of huthionine sulfoximine and its higher homologs, 
potent inhibitors of glutathione synthesis. J Biol Chem 257: 
13704-13712 

ll. Hall SW, Friedman J, Legha SS, Beujamin RS, Gutterman 
JU, Loo TL (1983) Human pharmacokinetics of a new acri- 
dine derivative, 4'-(9-acridinylamino)methanesulfon-m-anisi- 
dide (NSC 249992) Cancer Res 43:3422-3426 

12. Hazelton GA, Lang CA (1980) Glutathione contents of tissue 
in the aging mouse. Biochem J 188:25-30 

13. Holford NHG (1986) MKMODEL, a modelling tool for mi- 
crocomputers - a pharmacokinetic evaluation and comparison 
with standard computer programs. ASCEP Abst 179. Clin 
Exp Pharmacol Physiol (in press) 

14. Jacquillat C (1983) Amascrine in acute leukemia. In: Bodey P, 
Jacquillat C (eds) Amsacrine. Current perspectives and clini- 
cal results with a new anticancer agent. Communication Me- 
dia for Education, New Jersey, pp 41-53 

15. Jurlina JL, Paxton JW (1983) High-performance liquid 
chromatographic method for the determination of 4'-(9-acrid- 
inyl-amino)methanesulfon-m-anisidide in plasma. J Chroma- 
togr 276:367-374 

16. Jurlina JL, Varcoe AR, Paxton JW (1985) Pharmacokinetics 
of amsacrine in patients receiving combined chemotherapy 
for treatment of acute myelogenous leukemia. Cancer Chemo- 
ther Pharmacol 14:21-25 

17. Jakoby WB (1978) In Functions of Glutathione in Liver and 
Kidney. Sies H, Wendel A (eds) Springer, Berlin Heidelberg 
New York, p 57 

18. Klotz U, Reimann IW (1984) Drug interactions through bind- 
ing to cytochrome P450. The experience with Ha-receptor 
blocking agents. Pharm Res 1 : 59-62 

19. Kramer RA, Schuller HM, Smith AC, Boyd MR (1985) Ef- 
fects of buthionine sulfoximine on the nephrotoxicity of 
1-(2-chloroethyl)-3-(trans-4-methylcyclohexyl)- 1-nitrosourea 
(MeCCNU). J Pharmacol Exp Ther 234:498-506 

20. Lawrence H J, Ries CA, Reynolds RD, Lewis JP, Koretx MM, 
Tocti FM (1982) Amsa - a promising new agent in refractory 
acute leukemia. Cancer Treat Rep 66:1475-1478 

21. Legha SS, Keating MJ, McCredie KB, Bodey GP (1982) Eval- 

uation of AMSA in previously treated patients with acute leu- 
kaemia: Results of therapy in 109 adults. Blood 60:484-490 

22. Levine WG (1978) Biliary excretion of drugs and other xenob- 
iotics. Annu Rev Pharmacol Toxicol 18:81-96 

23. Levine WG (1983) Glutathione and hepatic mixed-function 
oxidase activity. Drug Metab Rev 14:909-930 

24. Meister A (1983) Selective modification of glutathione metab- 
olism. Science 220:472-477 

25. Miners JO, Drew R, Birkett DJ (1984) Mechanism of action 
of paracetamol protective agents in mice in vivo. Biochem 
Pharmacol 33 : 2995-3000 

26. Paxton JW, Jurlina JL (1985) Elimination kinetics of amsac- 
rine in the rabbit: Evidence of nonlinearity. Pharmacology 
31:50-56 

27. Paxton JW, Jurlina JL (1986) Comparison of the pharmaco- 
kinetics and protein binding of the anticancer drug, amsac- 
rine and a new analog N-5-dimethyl-9-[(2-methoxy-4-methyl- 
sulfonylamino)phenyl-amino]-4-acridinecarboxamide in rab- 
bits. Cancer Chemother Pharmacol 16:253-257 

28. Paxton JW, Jurlina JL, Foote SE (1986) The binding of am- 
sacrine to human plasma proteins. J Pharm Pharmacol 38: 
432-438 

29. Pelkonen I, Puurunen J (1980) The effect of cimetidine on in 
vitro and in vivo microsomal drug metabolism in the rat. Bio- 
chem Pharmacol 29:3075-3080 

30. Prescott LF, Illingworth RN, Critchley JAJH, Stewart MJ, 
Adam RD, Proudfoot AT (1979) Intravenous N-acetylcys- 
teine: the treatment of choice for paracetamol poirsoning. Br 
Med J 2:1097-1100 

31. Rakhit A, Holford NHG, Effeney DJ, Riegelman S (1984) In- 
duction of quinidine metabolism and plasma protein binding 
by phenobarbital in dogs. J Pharmacokinet Biopharma 12: 
495-515 

32. Shoemaker DD, Cysyk RL, Padmanabhan S, Bhat HB, Mal- 
speis L (1982) Identification of the principal biliary metabo- 
lite of 4'-(9-acridinylamino)methanesulfon-m-anisidide in 
rats. Drug Metab Dispos 8:35-39 

33. Shoemaker DD, Gormley PE, Cysyk RL (1980) Biliary excre- 
tion of 4'-(9-acridinylamino)methanesulfon-m-anisidide (AM- 
SA) in rats: Effects of pretreatment with diethyl maleate, 
phenobarbital and metyrapone. Drug Metab Dispos 8: 
467-468 

34. Shoemaker DD, Cysyk RL, Gormley PE, DeSauza JJV, Mal- 
speis L (1984) Metabolism of 4'-(9-acridinylamino)methane- 
sulfon-m-anisidide by rat liver microsomes. Cancer Res 44: 
1939-1945 

35. Smith CV, Hughes H, Lauterberg BH, Mitchell JR (1983) 
Chemical nature of reactive metabolites determines their bio- 
logical interactions with glutathione. In: Larson A, Orrenius 
S, Mannriuk B, Holmgren A (eds) Function of glutathione: 
Biochemical, Physicological, Toxicologica and Clinical 
Aspects. Raven, New York, p 125 

36. Stohs SJ, Lawson T, AI-Turk WA (1984) Changes in glutathi- 
one and glutathione metabolizing enzymes in erythrocytes 
and lymphocytes of mice as a function of age. Gen Pharmacol 
15:267-270 

37, Tazi A, Galteau M-M, Siest G (1980) a-Glutamyltransferase 
of rabbit liver: Kinetic study of phenobarbital induction and 
in vitro solubilization by bile salts. Toxicol Appl Pharmacol 
55:1-7 

38. Warrel RP, Strauss DJ, Young CW (1980) Phase II trial of 
4'-(9-acridinylamino)methanesulfon-m-anisidide in the treat- 
ment of advanced non-Hodgkin's lymphoma. Cancer Treat 
Rep 64:1157-1158 

39. Winton EF, Hearn EB, Vogler WR, Jarrel R (1983) Southeast- 
ern Cancer Study Group experience with amsacrine 
(NSC249992) in refractory adult acute leukemia. In: Bodey P, 
Jacquillat C (eds) Amsacrine. Current perspectives and clini- 
cal results with a new anti-cancer agent. Communications Me- 
dia for Education, New Jersey, p 85 

Received January 6, 1986/Accepted June 9, 1986 


