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Abstract-The thiopurines have a wide array of effects on purine metabolism, but the primary 
mechanism of cytotoxicity for both 6-mercaptopurine (6-MP) and 6-thioguanine (6-TG) appears to be 
incorporation of drug into DNA following conversion to the thioguanylate form. In murine leukemic 
cell lines exposed to a range of thiopurine concentrations in vitro, cell survival curves have displayed 
a phenomenon termed paradoxical cytotoxicity, defined as a decrease in cytotoxicity with increasing 
drug concentration. The paradoxical cytotoxicity of thiopurines has usually been attributed to 
concentration-dependent perturbations in the cell cycle. The present study assessed whether the 
paradoxical cytotoxicity of 6-MP occurred in cultured human leukemic cells, and investigated the 
biochemical and cell-cycle alterations occurring in these lines at thiopurine concentrations associated 
with the reverse of cytotoxicity. Paradoxical cytotoxicity was observed in the two human leukemic cell 
lines examined, but only when 6-MP concentrations exceeded 100 PM. The extent of incorporation of 
6-MP metabolites into DNA as thiol- versus non-thiol-containing metabolites was analyzed by performing 
parallel experiments with “‘C- and 3SS-radiolabeled drug. With 5 PM 6-MP, approximately 50% of drug 
was incorporated into DNA as a thionucleotide; however, with increasing drug concentrations. the 
degree of thionucleotide incor~ration remained unchanged or decreased, and the amount incorporated 
as the desulfurated metabolite (presumably adenylate or guanylate) increased. With 500 PM 6-MP, less 
than 10% of the drug was incorporated as the thionucleotide. Perturbations in cell cycle reflected the 
relative amounts of thiol- and non-thiol-containing nucleotide formed at various concentrations of 6- 
MP. These results suggest that thiopurines may be vulnerable to a unique mechanism of detoxification. 
in which a human cell can metabolize a cytotoxic drug to a comparatively potent “self-rescue” agent. 

The thiopurines 6-m~rcaptopurin~ (6MP)f and 6- 
thioguanine (6TG) have been used successfully in 
the treatment of pediatric and adult hematologic 
malignancies. Investigations into the intracellular 
metabolism of thiopurines have revealed a wide 
array of effects on purine metabolism (for a review, 
see Ref. 1). In most cell lines, incorporation of drug 
as the thionucleotide into DNA appears to be the 
primary mechanism of cytotoxicity for both 6-MP 
and 6-TG [2-81. To produce cytotoxicity, 6-MP must 
be activated intracellularly by hypoxanthine-guanine 
phosphoribosyltransferase (HGPRT) to the nucleo- 
tide 6-thioinosine-5’-monophosphate (TIMP) (Fig. 
1). TIMP, which can inhibit purine synthesis 
and interconve~ion, is subsequently oxidized to 
thioxanthine monophosphate (TXMP) by IMP 
dehydrogenase, and then converted to thioguanylate 
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thioguanylate; DTT, dithiothreitol; and TPMT, thiopurine 
methyItransferase. 

(TGMP) in a glutamine and energy-dependent 
reaction by guanylate synthetase. After phos- 
phorylation to the triphosphate and reduction to the 
deoxy- form, this thioguanine nucleotide can be 
incorporated into DNA. 6-TG is activated via a 
similar pathway, but does not require ATP- 
dependent conversion by guanylate synthetase to 
form a thioguanine nucleotide. 

Several investigators have observed a unique 
phenomenon when evaluating the cytotoxicity of 
thiopurines in murine cell lines in uitro. With 
increasing concentrations of 6-MP or 6-TG in the 
culture medium, cell survival initially decreases in a 
typical concentration-dependent fashion, but then 
paradoxically increases as the thiopurine con- 
centration is increased further [6,9-121. Most 
investigators have attributed this paradoxical cyto- 
toxicity of thiopurines to concentration-dependent 
perturbations in the cell cycle. In one study, L1210 
murine leukemic cells were arrested in the Gz phase 
upon exposure to low concentrations of 6-TG, but 
at higher drug concentrations, cells were arrested at 
the G,-S boundary 1111. These authors attributed 
the increased cell survival seen at high drug 
concentrations to arrest at the G,-S boundary a 
blockade that would preclude further thiopurine 
cytotoxicity by interdicting entry into S-phase. 

Another mechanism that could account for 
paradoxical cytotoxicity with increasing drug dose is 
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Fig. 1. Pathway for the metabolic activation of ~-mercaptopurine. Thioguanylate formed citn 
subsequently be incorporated into DNA following conversion to the triphosphate form. 

concentration-dependent intracellular conversion of 
a drug into a rescue agent. In the case of 6-MP, loss 
of the sul~ydryl moiety, from the parent drug 
to yield h~oxanthine or from an activated 
thionucleotide form to yield a naturaily occurring 
nucleotide (e.g. TIMP to IMP), could be envisioned 
as being capable of rescuing cells from 6-MP-induced 
cytotoxicity. 

In the present study, experiments were performed 
to determine whether the paradoxical cytotoxicity 
of 6-MP occurred in human leukemic cell lines. 
Additionally, to determine whether concentration- 
dependent desulfuration of drug might underlie this 
phenomenon, we investigated (1) the extent of 
incorporation of thiol versus non-thiol derivatives of 
6-MP into DNA, and (2) the effects of relatively low 
concentrations of hypoxanthine on 6-MP-induced 
cytotoxicity and cell-cycle perturbations. Experi- 
ments were also performed to determine whether 
desulfuration of 6-MP occurred prior to or following 
nucleotide formation. 

MATERIALS AND METHODS 

Cell lines. MOLT-4 is a human T-cell acute 
lymphoblastic leukemia line obtained from the 
American Type Culture Collection (Rockville, MD) 
and Wilson is a human Burkitt’s lymphoma cell line 
provided by Dr. Ian Magrath of the Pediatric Branch, 
National Cancer Institute (Bethesda, MD). Both 
cell lines were maintained and passaged twice weekly 
in RPMI 1640 + 10% fetal bovine serum at 37” in 
5% COz to ensure that cells were in logarithmic 
phase growth. The doubling times of MOLT-4 
and Wilson cells are -24 and -19 hr, respectively. 
For experiments, cells were suspended in 
RPM1 1640 + 10% charcoal-treated dialyzed fetal 
bovine serum; the final concentration of hypo- 
xanthine in medium so treated is less than 0.1 pM 
u31. 

Cytotoxicity assay. Except where stated, all 
chemicals were obtained from the Sigma Chemical 
Co. (St. Louis, MO). Thiopurines were dissolved in 
0.02 N NaOH and the pH was immediately adjusted 
to -8.5 using concentrated I-ICI. 

A previously described modified 3-(4,5- 
dimethylthiazol-2-yl~-2~5-diph~nyltetrazolium bro- 

mide (MIT) assay [14-161 was used to measure 
cytotoxicity. For each ex 
containing 4 X 104cells P 

eriment, 135 ,uL of medium 
mL were added to wells of 

a 96-well microtiter plate. Twenty-four hours later, 
specified concentrations of drug were added to each 
well, in replicates of 6. Cells were exposed to drug 
for 48 hr, at which time the number of surviving cells 
was quantitated with MTT. Ceil survival was 
calculated by subtracting the background absorbance 
of medium alone at 540 nm (with blanking at 690 nm) 
and then dividing the absorbance of test wells by the 
absorbance of the untreated wells. Cytotoxicity 
experiments using the MIT assay correlate well with 
the results of clonogenic assays [17. 181. and for the 
human leukemic cell lines used in the current study 
yield identical results 1191. Results are the means of 
at least two separate experiments. 

~~co~~or~fio~ of [14C]-6-MP and f3?!i]-6-MP into 
DNA. The amount of 6-MP incorporated into DNA 
as either the active metabolite thioguanylate, or in 
a desulfurated form (presumably as adenylate or 
guanylate), was determined by performing parallel 
experiments in which cells were incubated with 
either [?$6-MP (Moravek Biochemicals, Brea, CA) 
or [8-‘4C]-6-MP (Research Products International, 
Mount Prospect, IL). For each cell line, 3 x IO’ cells/ 
mL were seeded into two sets of three 25-mL flasks 
and incubated as described above. After -36 hr 
of incubation, during which the cells divided 
logarithmically, 6-MP was added to each set of 
flasks. For final concentrations of 6-MP of 5. iO0 
and 500pM. one set of flasks received [‘“C -6-MP 
at specific activities of 24.9. 8.3 and 2.5 mCi ! mmol, 
respectively, and the other set received lsiS -6-MP 
at specific activities of 294, 98 and 29.4 mCi I mmol. 
respectively. 

Incorporation of radiolabeled 6-MP into DNA 
was determined by a modification of a previously 
described method 1201. Reagent solutions were 
maintained at 4” and incubations were performed 
on ice unless otherwise stated. Cells were incubated 
with drug for 3 hr at 37’ in 5% CO?, washed twice 
with phosphate-buffered saline (PBS), and then 
resuspended in 1 mL of 0.3 N NaOH. After 30 min. 
an equal volume of 20% trichloroacetic acid (TCA) 
was added and the suspension was incubated for an 
additional 10min. Extracts were passed through 
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Whatman GF/A glass fiber filters and washed with 
10% TCA followed by 95% ethanol. Filters were 
dried, and the bound radiolabel representing 
macromolecular incorporation was quantitated by 
liquid scintillation counting (model 2500TR. Packard 
Instrument Co., Meriden, CT). The single day 
coefficient of variation (CV) of this method was 10% 
and the day-to-day CV was 15%. Results shown are 
the averages of three experiments. 

Hypoxanthine modulation of cytotoxicity and cell- 
cycle perturbations induced by 6-MP. We postulated 
that desulfuration of 6-MP to a naturally occurring 
purine could be responsible for the paradoxical 
cytotoxicity of this thiopurine; it follows that addition 
of an exogenous source of this naturally occurring 
purine at maximally cytotoxic concentrations of 6- 
MP would engender similar effects on the cytotoxicity 
induced by high concentrations of 6-MP. Hypo- 
xanthine was selected as the exogenous purine as it 
readily gains intracellular access where it is 
anabolized to nucleotide forms via the purine 
salvage pathway. The concentration of hypoxanthine 
necessary to reverse the cytotoxicity of 6-MP was 
therefore determined in both of the human cell lines. 
Twenty-four hours after plating each cell line, 
hypoxanthine was added at final concentrations 
ranging from 0.5 to SOOpM. 6-MP at final 
concentrations of 5, 50 and SOOpM was added 
simultaneously. Plates were analyzed following 48 hr 
of drug incubation using the MIT assay. 

The effect of 6-MP on cell-cycle distribution was 
studied in the Wilson cell line. Twenty-four hours 
after seeding 1 x lO~cells/mL into 25mL flasks, 
drug was added to yield final 6-MP concentrations 
ranging from 5 to 1000 PM. Cells were then incubated 
with drug for 24 hr prior to analysis, with cells in 
drug-free medium serving as controls. To deter- 
mine whether low concentrations of hypoxanthine 
could modulate the cell-cycle perturbations induced 
by 6-MP, flasks of cells were incubated simulta- 
neously with 50pM 6-MP and with 1, 5 or 10pM 
hypoxanthine. 

For cell-cycle analysis, 24 hr after the addition of 
drug, cells were washed twice in PBS and prepared 
for flow cytometry by standard methodology [21]; 
briefly, 10’ cells were suspended in 0.3 mL of PBS 
to which 400 pg of RNAse was added, followed by 
the addition of 0.5 mL of a 0.01% (w/v) propidium 
iodide in PBS also containing 0.1% Triton X- 
100. Cells so prepared were incubated at room 
temperature for 30 min and then analyzed in the 
FACScanTM fluorometric system (Becton Dickinson, 
San Jose, CA) with excitation at 488 nm and emission 
above 585 nm. Results are the means of two separate 
experiments. 

Desulfuration of 6-MP at the level of the purine 
base or macromolecule. To determine whether 
desulfuration of 6-MP occurred prior to or following 
its anabolism (Fig. l), experiments were performed 
using “C-radiolabeled 6-MP. If desulfuration occurs 
prior to nucleotide formation, “C-radiolabeled 
hypoxanthine would be generated intracellularly 
promptly after addition of drug; conversely. if 
desulfuration were to occur following TIMP 
formation, “C-radiolabeled hypoxanthine would be 

BP 46:9-H 

expected to appear only at comparatively low 
concentrations and later times. 

To examine this point, 50 mL (2 X I@$ cells/ml) 
from each line were seeded into 75-mL (Costar) 
flasks and incubated at 37” for 24 hr: at this time 
[8-i4C]-6-MP (sp. act. 1.8 mCi/mmol) was added 
to yield a final drug concentration of 1OOOflM. 
Intracellular hypoxanthine was quantitated by a 
modification of a previously described method [22]: 
briefly, lo-mL aliquots of cells, collected prior to 
and 2, 3, 4 and 6 hr after addition of drug, were 
washed twice with ice-cold PBS. Ten microliters of 
1 M dithiothreitol (D’IT) were added to the cell 
pellet followed by 5OOpL of ice-cold 10% TCA. 
Following centrifugation, the supernatant was 
removed and mixed with an equal volume of tri-n- 
octylamine : freon (1: 4, v/v); then the suspension 
was centrifuged. The aqueous layer, containing 
extracted purines, was removed, filtered through a 
0.45 pm Millipore ultrafree membrane and injected 
onto an HPLC consisting of a Waters model 510 
pump (Millipore Co., Milford, MA), a Waters WISP 
712 automated sample injector, and a 5 pm Cis steel 
column (Beckman Instruments, Inc., San Ramon, 
CA) equilibrated and developed with a 0.2% acetate 
buffer containing 1% acetonitrile (v/v) at a flow rate 
of 1.4 mL/min. Eluant was monitored with a Waters 
490 multi-wavelength detector at 254 and 331 nm in 
line with a radioactive flow detector (Flo-One 
/?, Radiomatic Inc., Tampa, FL). Under these 
conditions, retention times were approximately 3.8, 
4.8 and 5.8min for 6-thiouric acid, hypoxanthine 
and 6-MP, respectively. Results are the means of 
two separate experiments. 

RESULTS 

Paradoxical cytotoxicity of 6-MP. The cell survival 
curves for the two human lymphoid cell lines that 
formed the focus of the present study after exposure 
to a range of concentrations of 6-MP are shown in 
Fig. 2. Cell survival initially declined by 2 logarithms 
as the 6-MP concentration increased from 1 to 
lOO,uM, but then increased in a concentration- 
dependent fashion at 6-MP concentrations above 
100pM. The magnitude of this paradoxical cyto- 
toxicity was more pronounced in the Wilson cell 
line. 

Incorporation of [14C]-6-MP and [35S]-6-MP into 
DNA. For both cell lines. the amount of radiolabel 
incorporated into DNA as non-thiol-containing or 
thiol-containing nucleotides is illustrated in Fig. 3. 
The amount of drug incorporated as non-thiol- 
containing nucleotides was calculated by determining 
the difference between the amount of “C- and .?j- 
radiolabel incorporated. With exposure to 5,uM 6- 
MP, 40 and 57% of the “C-label was incorporated 
as thiol-containing nucleotides in the MOLT-4 and 
Wilson cell lines. respectively. However. with 500 PM 
6-MP, a concentration at which a paradoxical 
reduction in cytotoxicity was observed, only -7 and 
-8% of the total ‘lC-label was incorporated as a 
thiol-containing nucleotide in the MOLT-4 and 
Wilson cell lines, respectively. The Wilson cell 
line incorporation of adenylate/guanylate was 
quantitatively greater at all 6-MP concentrations. 
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Fig. 2. Paradoxical cytotoxicity of 6-MP in human leukemic cell lines. Survival-concentration curves 
for MOLT-4 (0) and Wilson (0) cells exposed to increasing concentrations of h-MP for 48 hr are 

shown. Values are the means of two experiments, six replicates each; error bars = SD. 

The total amount of thiol-containing nucleotides 
incorporated into DNA did not increase in proportion 
to the concentration of 6-MP in the medium with 
either cell line. Thus, in MOLT-4 cells, as the 6- 
MP concentration increased from 5 to loom, 
incor~ration of thiol-containing nucleotides 
increased only from 2.1 to 11.7 pmol/104 ceils. As 
the 6-MP concentration was further increased from 
100 to 500pM, the amount of thiol-containing 
nucleotide incorporated into DNA then actually 
decreased from 11.7 to 3.2 pmol/106 cells. 

Hypoxanthine modulation of the cytotoxicity and 
cell-cycleperturbation induced by 6-MP. Cell survival 
curves for the Wilson cell line co-incubated with 5, 
50 or 500pM 6-MP and a range of hypoxanthine 
concentrations are illustrated in Fig. 4. Exogenous 
hypoxanthine engendered a concentration-depen- 
dent diminution in 6-MP cytotoxicity at relatively 
low concentrations. Typically the cytotoxicity from 
a 6-MP concentration of 500 ,uM could be partially 
reversed at exogenous hy~xanthine concentrations 
as low as 10 PM. 

The effects of increasing concentrations of 6-MP 
on cell-cycle distribution are illustrated in Fig. 5. 
The most significant perturbation of cell cycle 
distribution was noted at 50pM 6-MP. Con- 
centrations higher than this resulted in a progressive 
normalization in cell cycle distribution such that 
1000 ,uM 6-MP yielded an essentially normal profile. 
It is noteworthy that low concentrations of 
exogenously added hypoxanthine (l-10 PM) readily 
reversed the cell-cycle perturbation induced by 
50pM 6-MP, causing a shift analogous to that 

produced by increasing concentrations of 6-MP alone 
(Fig. 6). 

Desulfuration of 6-MP: purine base uersus 
nucleot~de. Following exposure to [g-r4C]-6-MP, 6- 
thiouric acid was the predominant 6-MP metabohte 
observed intracelIuIarIy (the HPLC method used 
doesnotquantitatenucleotides). No’~C-radiotabeled 
hypoxanthine could be detected. The possibility of 
low intracellular concentrations of radiolabeled 
hypoxanthine at the later time points could not be 
excluded because of interference generated by the 
large thiouric acid peak. 

DISCUSSION 

The biochemical pharmacology of the thiopurines 
is still being intensively researched more than 30 
years after they were first synthesized by Elion and 
co-workers (reviewed in Ref. 1): this time frame 
illustrates the actual complexity of the intra~elluIar 
metabolism and diverse actions of these apparently 
simple purine analogs. Recently, several investigators 
working with the thiopurines have reported para- 
doxical cytotoxicity, defined as a decrease in 
cytotoxicity with increasing drug concentration [6,9- 
121. The two hypotheses proposed to explain 
this phenomenon are: (1) a thiopurine-induced 
concentration-dependent blockade in progression 
through the cell cycle which results in decreased 
thiopurine incorporation into DNA at high drug 
concentrations, and (2) GMP-induced depletion of 
intracei~ular ATP that limits the ATP-dependent 
conversion of TXMP to TGMP. 
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60 

Fig. 3. In~rporation of eon-thiol- versus thiol-containing nuclcotides into DNA. The amount of drug 
incorporated into DNA when MOLT-4 ceils (top panel) or Wilson cells (bottom panel) were incubated 
with ‘“C-labeled 6-MP or %labeled 6-MP is shown. The solid bars (m) indicate the amount of 6-MP 
incorporated as Nan-thiol-containing nucieotide (calculated by subtracting the amount of ‘AS-radiolabel 
incorporated from “%I-radiotabel incorporated) and the shaded bars (El) indicate the amount of drug 

incorporated as thionuc~eot~de. Values are the means t SD of three experiments. 

The data presented here suggest that the 
paradoxical cvtotoxicity of the thiopurines results 
fromdesulfur~tionof drug at high drug concentrations 
to yield a naturally occurring purine. Such 
desulfuration not only detoxifies the drug itself, but 
also generates an antidote in the form of the naturally 
occurring purine. 

Initially, because the activities of enzymes involved 
in purine metabolism can differ significantly between 
species [23]. we sought to define the ~oncentratiuns 
at which paradoxical cytotoxicity of 6-MP was seen 

in human cell lines. Paradoxical cytotoxi~ity was 
observed in both human leukemic cell lines used in 
the present series of experiments, but only when 
concentrations of 6-MP exceeded 1OOpM (Fig. 2). 
It shoufd be stressed that this inflection point is 
significantly higher than the value of l-5 PM at which 
reversal in cytotoxicity begins in murine cell lines 
[9]. Paradoxical cytotoxicity was also observed 
in both human leukemic cell lines at 6-TG 
concentrations greater than 1~~~ (data not 
shown). 
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Fig. 4. Reversal of IMP-induced cytotoxicity by increasing concentrations of hypoxanthine. Wilson 
cells were exposed to 5 (0), 50 (0) and 500 (0) FM 6-MP and simultaneously to the indicated 
concentrations of hypoxanthine. Values are the means of two experiments. six replicates each; error 

bars = SD. 

Several investigators have demonstrated a strong 
correlation between the amount of thioguanylate 
incorporated into DNA and the degree of thiopurine 
cytotoxicity, identifying this mechanism as being 
more critical than the complex thiopurine-induced 
perturbations of purine metabolism [3-S]. We have 
examined the incorporation of 6-MP metabolites 
into DNA at three concentrations of 6-MP: 5pM, 
which falls on the steep declining portion of the cell 
survival curve; 100 PM, which lies on a plateau where 
cytotoxicity is maximal; and 500 ,uM, a concentration 
at which cell survival increases paradoxically. To 
determine the amount of 6-MP incorporated into 
DNA as thioguanyIate, human leukemic cell lines 
were exposed to “5S-labeled GMP, and to determine 
the total amount of 6-MP incorporated as either 
thioguanylate or as adenylate plus guanylate, parallel 
experiments were performed with 14C-labeled 6-MP. 
The difference between the amount of 14C- and 3sS- 
label incorporated was taken to represent the amount 
of 6-MP first desulfurated and then salvaged prior 
to DNA incorporation. At the lowest concentration 
of 6-MP used, a large fraction of drug was 
incorporated into DNA with its thiol group intact. 
With increasing drug concentration, however, the 
degree of thionucleotide incorporation remained 
essentially unchanged or even decreased, at the same 
time as the amount incorporated as adenylate or 
guanylate increases; the end result of the process 
was that at the highest concentration less than 10% 
of the drug was incorporated with its thiol group 
intact. 

In the MOLT-4 cell line, the degree of cytotoxicity 
was correlated closely with the absolute amount of 
thionucleotide incorporated into DNA rather than 
with the ratio of thionucleotide to non-thionucleotide 
incorporated. In the Wilson cell line, however, as 
the 6-MP concentration was increased from 100 to 
500,~M, cell survival increased in parallel despite 
the fact that incorporation of thionucleotide remained 
unchanged. One possible explanation for this 
disparity is that the methodology used in this study 
could not detect small differences in thionucleotide 
incorporation (5.8 t 2.6 pmol/106 cells of thion- 
ucleotide was incorporated following exposure to 
100 PM 6-MP vs 6.8 t 3.6 pmol/106 cells following 
exposure to 500 FM 6-MP). The lack of correlation 
could also be a reflection of the shorter incubation 
time used in the incorporation studies (3 hr) 
compared with the cytotoxicity studies (48 hr). 
Alternatively, it may indicate that 6-MP produces 
cytotoxicity by mechanisms that are different from 
those responsible for its incorporation into DNA. 
The paradoxical effect was more prominent in the 
Wilson cell line, which appears to be more efficient 
than MOLT-4 cells at desulfurating 6-MP, as 
demonstrated by the greater proportion of 14C-label 
relative to 3’S-label incorporated at both the 100 and 
500 GM concentrations. 

It was postulated that events similar to those 
observed with concentrations of 6-MP that result in 
paradoxical cytotoxicity could be simulated by 
addition of an exogenous purine to cells incubated 
with 6-MP at its maximally cytotoxic concentration. 
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Inasmuch as there is currently no inhibitory drug 
available that will selectively increase intracellular 
IMP concentrations without perturbing 6-MP 
metabolism, low concentrations of hypoxanthine 
were used as an indirect means of increasing 
intracellular IMP concentrations. Hypoxanthine was 
shown to antagonize the cytotoxicity of 6-MP in 
a concentration-dependent fashion. Exogenous 
hypoxanthine, at concentrations as low as 10pM. 
partially reversed the effects of 500 PM 6-MP (Fig. 
4). a result that is consistent with previous studies 
on the influence of the effect of hypoxanthine on 
thiopurine toxicity in the human HL-60 cell line 
[13,24]. 

Experiments were then performed to determine 
if desulfuration occurs prior to or following TIMP 
formation. During the first 6 hr of exposure to [8- 
‘“Cl-6-MP. no radiolabeled hypoxanthine was 
detected either intracellularly or in the culture 
medium (data not shown). This finding is consistent 
with, but does not prove the conclusion that 
desulfuration occurs at a step following TIMP 
formation. 

The finding that TIMP formation is required for 
desulfuration is supported by previous work. In 
a study with 6-MP resistant Escherichia coli, 
experiments with enzyme extracts revealed that 5- 
phosphoribosyl-1-pyrophosphate was required for 
desulfuration of 6-MP, a result supporting the 
contention that TIMP formation must anticede the 
dissociation of sulfur. The ability to desulfurate 6- 
MP was enhanced significantly in drug-resistant 
bacteria (251. Similarly, in a study of enzyme extracts 
from normal and leukemic lymphocytes, TIMP was 
readily desulfurated under conditions where 6-MP 
alone was not [26]. The current study made no 
attempt to determine the phosphorylated form of 6- 
MP (TIMP, TGMP or their methylated derivatives) 
susceptible to desulfuration. Indirect evidence is 
available, however, suggesting that conversion of 
drug to a 6-methylthiopurine derivative may be a 
prerequisite to the process. The activity of thiopurine 
methyltransferase (TPMT), the enzyme responsible 
for S-methylation of 6-MP, is distributed in 
populations as a genetic polymorphism, such that 1 
in every 300 people exhibit exceedingly low TPMT 
activity. Pediatric patients with acute lymphoblastic 
leukemia who have very low TPMT activity are 
extremely sensitive to the toxic effects of 6-MP, and 
accumulate increased amounts of thioguanylate 
within their erythrocytes following administration of 
standard oral doses of 6-MP [27]; this result suggests 
that methylation of thiopurines is an important 
detoxification step. Furthermore, the larger amount 
of inorganic sulfate generated in patients treated 
with methylthiopurine compared with patients 
receiving 6-MP [l] suggests that methylthiopurine 
formation may be necessary for desulfuration. 

It is now possible to address the two previously 
proposed theories for the paradoxical cytotoxicity of 
the thiopurines. Disturbances in cell cycle [lo- 
12,281 have been the most commonly suggested 
mechanism for this paradox. However. such an 
attribution is not consistent with the previous work 
of Skipper ef al. [29], who demonstrated that, in the 
case of most S-phase specific drugs, cell survival 

eventually reaches a plateau, but does not increase, 
as drug concentration is increased. 

The data presented here also do not support the 
contention that the observed perturbations in cell 
cycle are the cause of the so-called paradox; rather 
these perturbations may simply reflect the relative 
amounts of thiol and non-thiol nucleotide formed at 
various concentrations of 6-MP. By directly analyzing 
the cell cycle distribution of MOLT-4 cells exposed 
to 50 PM 6-MP (maximum cytotoxicity) and various 
concentrations of hypoxanthine (a direct precursor 
of IMP), we have observed that as the hypoxanthine 
concentration increased from 1 to 10pM. a 
progressive shift towards a normal cell-cycle 
distribution occurred. The same phenomenon is 
observed with 6-MP concentrations that produce 
paradoxical cytotoxicity. except that the purine 
nucleotide is then endogenously generated from 6- 
MP in a concentration-dependent manner. 

The second theory to explain the paradoxical 
reversal of the cytotoxicity of 6-MP is that ATP 
depletion, as a direct consequence of exposure to 
the drug, interrupts the ATP-dependent reaction 
with guanylate synthetase [9]; this conjecture has 
several significant drawbacks. First, a great many 
cellular processes critical to cell survival are ATP 
dependent, so that depletion of intracellular ATP to 
a limiting level would very likely result in cell death, 
not survival. Second, the magnitude of the decrease 
in intracellular ATP concentrations is independent 
of the 6-MP concentration used; in other words, the 
decrease in intracellular ATP observed with 6-MP 
concentrations on the steep portion of the cell 
survival curve is similar to that observed with 6-MP 
concentrations that produce paradoxical increase in 
survival. Finally, an alternative theory would have 
to be proposed to explain the paradoxical cytotoxicity 
of 6-TG, inasmuch as ATP is not required for its 
conversion into thioguanylate. 

The in oitro observations of paradoxical thiopurine 
cytotoxicity made prior to this study have been based 
on studies with murine cell lines with purine pathway 
capabilities known to differ quantitatively from 
those of human cells. Put otherwise. the drug 
concentrations required for paradoxical cytotoxicity 
in cultivated human cell lines are significantly higher 
than those required by murine cell lines. and exceed 
6-MP concentrations of 100 PM. Clinically. this 
concentration is never achieved following either oral 
or continuous intravenous infusion of 6-MP [30, 31). 
Thus. we find no evidence to support the concept of 
dose reduction for patients treated with 6-MP to 
avoid a paradoxical reversal of cytotoxicity and 
efficacy. Our previous observations using human 
leukemic cell lines suggest that continuous exposure 
to l-10pM concentrations of 6-MP remains an 
appropriate pharmacokinetic target [ 141. 

Several principles emerge from the studies 
presented here. The enzymatic capabilities of the 
metabolic steps responsible for the anabolism of a 
given drug must be considered when interpreting 
the effects of exposing cells to increasing con- 
centrations of the drug. The paradoxical reversal of 
the cytotoxicity of 6-MP probably occurs after 
saturation of one or more anabolic steps, leading in 
turn to a disproportionate increase in desulfuration of 
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the thiopurine with increasing 6-MP concentrations. 
This desulfuration pathway requires additional study, 
as it is a potential site of drug resistance to thiopurines 
1261. Moreover, it is now clear that up-regulation of 
the pathway could theoretically diminish or eliminate 
the cytotoxic potential of this entire class of agents. 
Our results suggest that thiopurines may be 
vulnerable to a unique mechanism of detoxification, 
in which a malignant cell can eliminate a cytotoxic 
drugandsimultaneouslyproduceapotentautogenous 
antidote. 
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