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Abstract-——The enhanced toxicity of 6-mercaptopurine with endotoxin has been confirmed with
BALB/c male mice. Striking increases in thioinosinic acid were seen in mice pretreated with endotoxin
before injection of 6-mercaptopurine, and were in agreement with the time course of the inhibiting
effect of endotoxin on sleeping time. However, there were no significant differences in hypoxanthine-
guanine phosphoribosyltransferase between control mice and endotoxin-treated mice. Furthermore,
there were significant increases in xanthine oxidase after treatment with endotoxin. It is clear that
metabolism of 6-mercaptopurine might be modified by activity of the drug-metabolizing enzyme in
mouse liver. Based on the effect of endoxotin on 6-mercaptopurine metabolism and the enzymes
responsible for 6-mercaptopurine, it is suggested that death caused by 6-mercaptopurine-endotoxin
combinations is due to an enhancement of the lethal effect of 6-mercaptopurine. Simultaneous adminis-
tration of 6-mercaptopurine and endotoxin resulted in a parallel potentiation of either 6-mercapto-
purine toxicity or endotoxin toxicity. This interaction was abolished in mice made resistant to the
effects of endotoxin. Based on time of death, it is suggested that death caused by 6-mercaptopurine—
endotoxin combinations is due to an enhancement of the lethal effect of endotoxin. These results
indicate that the underlying mechanism of the interaction may involve a dualistic enhancement of each
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agent.

6-Mercaptopurine (6-MP) must be converted to
thioinosinic acid (TIMP) to be biologically active.
This conversion is catalyzed by hypoxanthine-
guanine phosphoribosyltransferase (HGPRTase).
Thiouric acid is the principal catabolic product of
6-MP and is itself inactive as an antileukemic agent.
The inactivation of 6-MP to thiouric acid is catalyzed
by xanthine oxidase [1].

A large number of publications in recent years have
been based upon the increasing importance of Gram-
negative bacillary infections in patients with leu-
kemia {2, 3]. A recent study has also demonstrated
enhancement of toxicity of 6-MP, a commonly used
antileukemic agent in man [4], by endotoxin. At
present, the role of endotoxin in this enhanced
toxicity has not been determined. It has been dis-
covered that endotoxin alters hepatic microsomal
enzyme activity [5]. Yoshimura [6] recently reported
that 6-MP can be desulfurated in vitro into a bio-
logically inactive substance by hepatic microsomal
enzymes from rats. Most of the endotoxin adminis-
tered is rapidly removed from the circulation by
macrophages of hepatic and splenic sinusoids, and a
prominent feature of the toxicity of 6-MP in mice is
hepatic damage [7, 8].

The purpose of the present study has been to
investigate in detail the effect of endotoxin on the
metabolism of 6-MP in mouse liver and on enzymes
involved in 6-MP metabolism, in order to clarify the
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mechanism of the enhanced toxicity of 6-MP with
endotoxin, We have also investigated the effects of
inorganic phosphate and inosine on the enhanced
toxicity of 6-MP with endotoxin.

MATERIALS AND METHODS

Phosphoribosyl-pyrophosphate (PRPP), purine
bases, nucleosides and nucleotides were purchased
from Sigma Chemical Co., St. Louis, MO, U.S.A.
[8-1*C]6-MP (2.5 mCi/m-mole) and [8-'*Clhypo-
xanthine (20.7 mCi/m-mole) were purchased from
the Radiochemical Center, Amersham, England.
6-MP was purchased from Kojin Co., Ltd., Tokyo,
Japan. Endotoxin was purchased as a single lot of
lipopolysaccharide from Escherichia coli from Difco
Laboratory, Detroit, MI, U.S.A.

BALB/c male mice weighing 25-29 g were used in
all experiments. Mice were obtained from Nippon
Rat Co, Saitama, Japan. They were housed in
individual cages in air-conditioned rooms where they
were illuminated daily from 9.00 a.m. to 5.00 p.m.,
and were raised on a pellet diet (CE-2: CLEA Japan
Inc., Tokyo, Japan). Endotoxin, dibasic disodium
phosphate anhydrous and inosine were dissolved in
0.9% NaCl, and 6-MP was dissolved in 0.1 N
NaOH, so that 0.01 ml/g of mouse weight would
provide the desired dose when administered. All
mice were injected intraperitoneally between 9 and
10 a.m. Control mice were given an equal volume of
0.9% NaCl or 0.1 NaOH and then fasted because
treated mice could not eat anything. For each assay,
the mice were killed and livers were rapidly removed,
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Table 1. Effect on mortality of varying relative times of administration of 6-mercaptopurine and endotoxin

Survivors at 3 days

Time of administration of endotoxin

—24 hr — 16 hr —6hr —0 hr +6 hr +24 hr
6-MP (100 mg/kg) at 0 hr + endotoxin (4 mg/kg) 10/10 10/10* 2/10 0/10 0/10 10/10*
6-MP (100 mg/kg) at O hr + endotoxin (1 mg/kg) 10/10* 3/10 3/10
6-MP (75 mg/kg) at 0 hr + endotoxin (2 mg/kg) 2/8 2/8 6/11
6-MP (50 mg/kg) at 0 hr + endotoxin (4 mg/kg) 6/10 3/6 7/8%

* Significantly different from mice treated with endotoxin and 6-MP simultaneously (P < 0.01).
T Significantly different from mice treated with endotoxin and 6-MP simultaneously (P < 0.05).

placed in ice and rinsed with 0.9% NaCl, These
livers were used for assays of enzyme activity and
6-MP-nucleotide. Each group contained three to
four mice, and all experiments were carried out in
duplicate.

Livers from the mice treated with [8-'Cl6-MP
were extracted with 1.5 vol. of cold 0.5 M perchloric
acid (PCA). These PCA extracts were subjected to
the same method as previously described [9], in
order to determine TIMP.

Sodium pentobarbital was administered at a dose
of 35 mg/kg. Sleeping time was measured by stop-
watch as the time from loss of the righting reflex to
its restoration. This reflex was defined as the capacity
of the mice to simultaneously place both forefeet on
to the ground twice within 15 sec.

The livers were homogenized in a Teflon homo-
genizer with 9 vol. of ice-cold 1 mM Tris buffer of
pH 7.5. The homogenates were centrifuged at 30,000
g for 20 min at 4°, and the supernatant fractions
used for enzyme assay. Enzyme activity was assayed
by the same radiochemical methods as previously
described [9, 10] for HGPRTase.

The livers were homogenized in a Teflon homo-

genizer with 9 vol. of cold distilled water, and then
used for the assay of xanthine oxidase. Activity was
measured by the method of Roussos [11]. The incuba-
tion mixture (1.0 ml) consisted of 5 mM glycine
buffer at pH 8.8, 0.49mg albumin, 0.26 mM
xanthine, and 0.1 ml of the homogenate. The re-
action was stopped after 20 min at 37° by adding 1
ml! of 0.5 M PCA. Each sample had its own control
tube to which the substrate was added after the
addition of 0.5 M PCA. Tubes were centrifuged and
the supernatant fractions used for measuring optical
density at 290 nm. The increase in optical density
was converted to nmoles uric acid formed/min/g of
liver. Uric acid formation was shown to have a
linear relationship to incubation time and to the
amounts of homogenate, under the conditions used.

RESULTS

BALB/c mice which were administered 100 mg
6-MP/kg or 4 mg endotoxin/kg survived the 14-day
observation: however, all of the mice which had
received 6-MP and endotoxin simultaneously at
those doses died within 3 days. The majority of
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Fig. 1. Three-day survival of mice given various doses of endotoxin with 100 mg 6-MP/kg (O), mice
given various doses of 6-MP with 4 mg endotoxin/kg ((J), mice given endotoxin alone (@), and mice
given 6-MP alone (H). Groups of ten to sixteen mice were used.
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deaths resulting from the combination occurred
during the first 24 hr after injection. These results
show that these agents interact in vivo. Deaths due to
500 mg/kg of 6-MP alone occur between 3 and 7
days.

Table 1 shows that, when 4 mg/kg of endotoxin
was given at various times before or after 100 mg/kg
of 6-MP, the death rate at 3 days was greatest when
6-MP and endotoxin were given simultaneously
Endotoxin does not appear to interact either 24 hr
before or after 6-MP.

When mice were given 100 mg/kg of 6-MP and
various doses of endotoxin simultaneously, increased
mortality at 3 days was found at a dose of more than
0.5 mg/kg of endotoxin. Mortality rose progres-
sively as the dose of endotoxin was increased and
was complete when 4 mg/kg was given. Endotoxin
alone produced no deaths in 3 days unless 8 mg/kg
or more was given. Conversely, when various doses
of 6-MP were administered simultaneously with 4 mg/
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Fig. 2. Time course of TIMP formation in mouse liver
after treatment with either [8-**C]6-MP (6 mg/kg) 6 hr
after endotoxin (4 mg/kg) (-C-, ~M-) or [8-14C]6-MP
(6 mg/kg) and endotoxin (4 mg/kg) (-O—, -@-). The
mean and S.E. are shown (N = 3 or 4), One asterisk
indicates P <0.01; two indicate P <0.05.
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kg of endotoxin, no death within 7 days was seen
at doses of 25 mg/kg of 6-MP. But mortality rose
progressively as the dose of 6-MP was increased,
and was complete when 100 mg/kg was given.
When 6-MP is given alone, 7-day deaths are not seen
at doses below 125 mg/kg. These results suggest that
6-MP and endotoxin significantly potentiate each
other in a parallel manner (Fig. 1).

To determine whether treatment with endotoxin
would stimulate TIMP formation in mouse liver, mice
were given labeled 6-MP with endotoxin. PCA
extracts of liver were prepared 0.5, 1, 2 and 3 hr after
treatment with 6-MP. As seen in Fig. 2, liver con-
centrations of TIMP in control mice were maximal
1 hr after 6-MP, and thereafter rapidly declined,
When a single dose of 6-MP-endotoxin mixture was
injected, the conversion of 6-MP to TIMP was not
enhanced 3 hr after treatment. However, it was
realized that pretreatment with endotoxin might
influence the metabolism of 6-MP in the livers. The
concentration of TIMP derived from 6-MP, 6 hr
after pretreatment with endotoxin, was significantly
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Fig. 3. Effects of endotoxin on TIMP formation and
pentobarbital sleeping time. Mice were subjected to the
experiments at various times after endotoxin. Mice were
killed for TIMP determination 2 hr after injection of
[8-14C16-MP at a dose of 6 mg/kg. The mean and S. E.
are shown (N = 4). One asterisk indicates P <0.01; two
indicate P<0.05,
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Fig. 4. Effects of endotoxin on HGPRTase and xanthine
oxidase activities in mouse livers. Assay conditions are
described in Materials and Methods, Endotoxin was
administered intraperitoneally at a dose of 8 mg/ke. The
mean and S.E. are shown (N = 4). One asterisk indicates
P <0.05; two indicate P<0.01.

raised to high levels 0.5 to 3 hr after 6-MP injection.
To study the time dependence of the endotoxin
stimulatory effect, conversion of 6-MP to TIMP
was assessed at various times after injection of
endotoxin. As shown in Fig. 3, TIMP formation was
significantly increased 4-16 hr after endotoxin. We
asked whether a change in activity of hepatic
microsomal enzymes might lead to a change in the
amounts of TIMP formed. It was found that, after
pretreatment with endotoxin, sleeping time after
pentobarbital was significantly prolonged 4-16hr

Table 2. Effect on mortality of endotoxin and 6-mer-
captopurine of Na HPO and inosine

Survivors
Treatment at 3 days
Na;HPO, (0.15 M /kg) 10/10
Inosine (100 mg/kg) 10/10
Endotoxin {32 mg/kg) after treatment with
Nothing {control} 0/16
Na,HPO, (0.15 M/ke) 9/16
Inosine {100 mg/kg) 10/16*
6-MP (500 mg/kg) after {reatment with
Nothing {control} g/18
Na,HPO,{0.15 M/kg) 0/16
Inosine (100 mg/kg) 1/16
Endotoxin (4 mg/kg)+ 6-MP
(100 mg/kg) after treatment with
Nothing (control) 0/14
Na;HPO, (0.15 M/kg) 4/13*
Inosine (100 mg/kg) 5/13*

* Significantly different from control (P <0.05).
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after the endotoxin injection. This agrees with the
time course of the stimulatory effect of endotoxin on
the conversion of 6-MP to TIMP. It is apparent from
these results that endotoxin was responsible for the
enhancement of the conversion of 6-MFP to TIMP.
However, this stimulatory effect is not consistent
with the lethality determined in vivo.

HGPRTase and xanthine oxidase, which have been
found to be involved in 6-MP metabolism, were
assayed after endotoxin injection. Approximately the
LDyo, 8 mg/kg of endotoxin, was injected. Upto 32hr
after the endotoxin injection, there was no significant
difference in HGPR Tase activity between the injected
mice and control mice. Furthermore, contrary to
expectation, there were significant differences in
xanthine oxidase 24 and 32 hrafter treatment com-
pared to controls. These experiments clearly demon-
strate that the enhanced toxicity of 6-MP with
endotoxin cannot be explained by an alteration in
these enzyme activities. Furthermore, enzymes other
than xanthine oxidase may be more responsible for
the catabolism of 6-MP (Fig. 4).

Administration of phosphate and inosine provides
a protective effect to mice challenged with a lethal
dose of endotoxin [12, 13]. Tnorganic phosphate and
inosine was administered 0.5 hr prior to injection of
6-MP-endotoxin combinations. Significant protec-
tion was provided against the lethal effects of a
combination of 100 mg/kg of 6-MP and 4 mg/kg of
endotoxin by inorganic phosphate and inosine. Mice
pretreated with inorganic phosphate and inosine
were resistant to the high doses of endotoxin, but the
toxicity of 6-MP was not altered by inorganic
phosphate and inosine (Table 2). These results
indicate that death due to 6-MP-endotoxin com-
binations might rely heavily on an enhancement of
the lethal effects of endotoxin.

DISCUSSION

The enhanced toxicity of 6-MP with endotoxin
has become well-recognized in mice taking a com-
bination of the agents [4]. When we experimented on
mice, our data also confirmed these findings. As to
which mechanism is responsible for this interaction,
it has not been determined. Three hypotheses have
been postulated: (1) endotoxin-mediated alteration
in 6~-MP metabolism, (2) 6-MP-mediated alteration
in endotoxin toxicity, and (3) a dualistic enhance-
ment of each agent. It is very important to determine
the events responsible for the enhanced toxicity from
the combination of endotoxin and 6-MP, because
the patients receiving intense antitumor therapy
display an increased susceptibility to bacterial
infections [2,3]. Our studies demonstrate an
increase of the conversion of 6-MP to TIMP in the
liver by endotoxin administered to mice: this is the
first reported evidence of the effect of endotoxin on
activation of 6-MP in any experimental animals.
Prior treatment of mice with endotoxin enhanced
significantly their ability to convert 6-MP to its
nucleotide in agreement with the time course of the
inhibiting effect of endotoxin on sleeping time. From
the data collected in these studies it is clear that
metabolism of 6-MP might be modified by activity
of the drug-metabolizing enzyme in mouse liver. The
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present studies also confirm the result [6] that 6-MP
can be catabolized in vitro by hepatic microsomal
enzyme from rats. However, in the period when
increases were observed in the conversion of 6-MP
to TIMP after endotoxin injection, 6-MP injection
did not result in a significant increase in deaths with
respect to simultaneous administration of the same
respective dosages. When a single dose of 6-MP-
endotoxin mixture was injected, the conversion of
6-MP to TIMP was not enhanced in spite of its
enhanced toxicity. Although endotoxin might
enhance the conversion of 6-MP to TIMP in mouse
liver, these effects are not large enough to explain the
mechanism of interaction. These results indicate that
the tumor-inhibitory effect is due to TIMP, but that
overall toxicity might not be due to this compound.

Mice dying from endotoxin alone or in combina-
tion with 6-MP die within 24 hr after administration.
However, death due to 6-MP alone occurs between 3
and 7 days. Based on time of death, it is proposed
that death caused by 6-MP-endotoxin combinations
is due to an enhancement of the lethal effects of
endotoxin.

Based on dose-response curves, the underlying
mechanism of the interaction may involve a dualistic
enhancement of each agent. If this is a correct
interpretation, it is reasonable to assume that the
interaction would be abolished in mice resistant to
the effect of endotoxin. Mice pretreated with
inorganic phosphate and inosine do not respond to
the 6-MP-endotoxin combination. Conversely, endo-
toxin is no longer able to potentiate the lethal
action of 6-MP. The experiments reported here
show that the interaction between 6-MP and endo-
toxin, therefore, appears to be due to a mutual
enhancement of the lethal action of each agent. Our
data are not inconsistent with the last proposal.
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Since high doses of 6-MP were used to investigate
lethality, the physiologic or pharmacologic signifi-
cance is not apparent clinically [14]. It is important
to note whether the levels of endotoxin administered
are comparable to those levels commonly present in
patients with bacteremia [15]. An effort needs to be
made to resolve these problems.
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