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ABSTRACT

Tiazofurin and ribavirin are clinically used inhibitors of IMP dehydro-

genase (DH), binding to the NAD and IMP sites, respectively, of the target
enzyme. In patients with chronic granulocytic leukemia in blast crisis,
daily tiazofurin infusions decreased the high IMP DH activity in blast cells
and resulted in 77% response (G. Weber, Â¡n:R. A. Darkness et al.. Purine
and Pyrimidine Metabolism in Man, Vol. VII, Part B, pp. 287-292, 1991).

However, patients relapsed in a few weeks with emergence of high IMP
DH activity (G. Tricot et al.. Int. J. Cell Cloning, 8: 161-170, 1990). The
present study showed that the tiazofurin-induced depression of IMP DH

activity in rat bone marrow can be maintained by ribavirin injection.
Tiazofurin (150 mg/kg, Â¡.p.,once a day for 2 days) decreased IMP DH
activity to 10% and ribavirin (250 mg/kg, i.p., once a day for the subse
quent 3 days) maintained the enzymic activity at 20 to 30% of control
values. In control rats where no ribavirin was given, IMP DH activity of
the tiazofurin-treated rats rapidly returned to the range of untreated
animals. The decrease of IMP DH activity ((1/2 = 2.6 h) sharply preceded
that of the bone marrow cellularity i/, ., = 17.4 h). In addition to the target

enzyme, IMP DH, tiazofurin also decreased activities of the guanylate
metabolic enzymes, guanine phosphoribosyltransferase and GMP reduc
Ãase,and the pyrimidine salvage enzymes, deoxycytidine and thymidine
kinases with I, , of 2.6, 4.7, 6.0, 3.4, and 6.5 h, respectively. In cyclohexi-
mide-treated rats, where much of protein biosynthesis was blocked, the

ii/2s of these five enzymes in bone marrow were shorter, 1.6, 4.3, 3.0, 0.6,
and 0.8 h, respectively.

Thus, the impact of tiazofurin in the bone marrow entails a decrease in
the activity of the target enzyme, IMP DH, and also of other enzymes in
purine and pyrimidine biosynthesis as a result of the enzyme half-lives

shortened by this drug. These novel observations should assist in achieving
better protection and recovery of bone marrow during and after chemo
therapy.

INTRODUCTION

It is well known that various anticancer agents damage the bone
marrow which, in many cases, is able to recover. However, little is
understood of the metabolic impact of anticancer drugs on the bone
marrow and the biochemical basis of its ability to recover. In the first
systematic study of the enzymic strategy of the bone marrow in the rat,
Prajda et al. (1) reported that, as compared with normal liver, there
were markedly elevated activities of the key enzymes of de novo
purine and pyrimidine biosynthesis. It was also striking that, in the
bone marrow, the activities of the salvage enzymes were considerably
higher than those of the rate-limiting enzymes of purine and pyrimi

dine biosynthesis (1).
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The purpose of the present investigation was to gain insight into the
mechanism of action of tiazofurin and ribavirin on the enzymic pro
gram of the bone marrow. Tiazofurin is a prodrug that in sensitive
cells after its 2-step enzymatic conversion to the active metabolite,
TAD,5 powerfully inhibits IMP DH, the rate-limiting enzyme of de

novo GTP biosynthesis and results in a decrease in the concentration
of guanylates and in oncolytic action (2-5). Tiazofurin treatment is

effective in chronic granulocytic leukemia in blast crisis with a 77%
response (6, 7). Tiazofurin has a three-pronged impact involving (a)
chemotherapy, (b) induced differentiation, and (c) down-regulation

of oncogenes in the human leukemic blast cells (8) and in K562 cells
(9). Ribavirin also is an inhibitor of IMP DH, blocking the enzyme
at the IMP attachment site, whereas TAD blocks at the NAD/NADH
ligand site (10) (Fig. 1). A further purpose was to determine whether
tiazofurin is effective in decreasing the bone marrow IMP DH activ
ity and whether subsequent ribavirin administration could keep the
enzyme activity at low levels. To obtain more complete information
on the impact of these drugs we tested the responses of other en
zymes involved in IMP and GMP metabolism and clarified the be
havior of the activities of salvage enzymes.

The results indicate that tiazofurin administration and subsequent
treatment with ribavirin were successful in keeping IMP DH activity
low in the bone marrow. Enzymes with short half-lives, such as dCyd

and dThd kinases, also rapidly decreased in activity, whereas other
enzymic activities changed less extensively. Abrief preliminary report
was published (11).

MATERIALS AND METHODS

Drugs. Tiazofurin and ribavirin were obtained from the Viratek Company,
Costa Mesa, CA. Cycloheximide and various reagents were purchased from
Sigma, St. Louis, MO. The drugs were dissolved in 0.9% NaCl solution
immediately before treatment of the animals.

Animals. Male ACI/N inbred strain rats of 180 to 220 g of weight were
obtained from HarÃanSprague Dawley, Indianapolis, IN, and were fed Purina
Laboratory Chow and water ad libitum.

Treatment. For dose-response studies normal rats were given injections

i.p. of various doses of drugs. Rats were killed 6 h after treatment, a time point
selected on the basis of time sequence results. Rats were given injections i.p.
of tiazofurin (150 mg/kg) once a day for 2 days. Subsequently, for an additional
3 days, control rats received daily 0.9% NaCl solution injections, and experi
mental rats received daily ribavirin treatment (250 mg/kg, i.p.).

Tissue Preparation, Biochemical Studies, and Cell Counts. Rats were
stunned, decapitated, and bled 6 h after the final injection. Bone marrow was
obtained from both femurs by flushing with isotonic KC1 (12). This cell
suspension was used for preparation of homogenates, 100,000 x g cytosolic
extract, and for cell counts. For cell counts the nucleated cells of the bone
marrow were counted in a hemocytometer. IMP DH activity was determined in
the cytosol fractions of tissue homogenates by an isotope technique (13). dThd
and dCyd kinase, GPRT (14, 15), and GMP R (16) activities were assayed as
reported. Protein concentrations were measured by a routine method (17) using
crystalline bovine serum albumin as a standard.

5 The abbreviations used are: TAD, thiazole-4-carboxamide adenine dinucleotide; IMP
DH, inosine 5'-monophosphate dehydrogcnase (EC 1.1.1.205); GPRT, guanine phospho

ribosyltransferase (EC 2.4.2.8); dCyd, deoxycytidine; dThd, thymidine; (l/2, the time
required for a 50% decrease in activity; IC5o, dose required for a 50% decrease in activity;
GMP R, GMP reducÃase(EC 1.6.6.8).
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SEQUENTIAL IMPACT OF TIAZOFURIN AND RIBAVIRIN
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Fig. 1. Attacking points of active metabolites of tiazofurin and ribavirin on IMP dehydrogenase, i.e., targets of tiazofurin and ribavirin on IMP dehydrogenase.

Expression and Evaluation of Results. Enzymic activities were calculated
in specific activity as nmol of substrate metabolized per h per mg of protein;
data were also expressed as percentages. Cell counts were calculated in mil
lions of nucleated cells counted per rat femur. Differences between means were
subjected to statistical evaluation by the f test; those yielding a probability of
less than 5% were considered statistically significant.

RESULTS AND DISCUSSION

Dose-Response Studies: Effect of Tiazofurin or Ribavirin on
IMP DH Activity of Rat Bone Marrow. Animals were treated with
tiazofurin or ribavirin and killed 6 h later as described in "Materials
and Methods." Fig. 2 shows that 50 mg/kg of tiazofurin sharply

decreased IMP DH specific activity in the bone marrow to 17% of
controls, and dose increments up to 200 mg/kg failed to further lower
the activity. By contrast, ribavirin caused a step-wise decrease in IMP

DH activity; 150 or 200 mg per kg depressed the activity to 15% of
the controls. The results show that at low concentrations tiazofurin
was more effective than ribavirin in inhibiting IMP DH activity;
however, the two drugs were equally potent at 150 and 200 mg/kg.
The effectiveness of tiazofurin and ribavirin treatment on IMP DH
activity in bone marrow is compared by the IC50 values of these drugs.
Tiazofurin (IC5U = 29 mg/kg) was approximately twice as effective as
ribavirin (IC50 = 65 mg/kg).

Effect of Tiazofurin and Subsequent Ribavirin Treatment on
Cellularity and IMP DH Activity in Bone Marrow. The normal
cellularity of the adult rat bone marrow is 70 million cells per femur.
Daily tiazofurin injections decreased the cellularity (with a f)/2 = 17.4

h) to 42% in 48 h (Fig. 3). The cellularity remained at this level for 78
h, then returned to normal range by 102 h. In animals where 2 days of
tiazofurin were followed by 3 days of ribavirin administration, cellu
larity leveled off at 30% of the control values from 54 through 126 h.

Tiazofurin produced a rapid decline in IMP DH activity (r1/2 = 2.6

h) of the bone marrow which preceded the decrease in cellularity (Fig.
4). At 6 h after the first tiazofurin injection, IMP DH activity was 18%
of the controls; with the second tiazofurin injection, the activity de
creased to 4% at 30 h. In the 0.9% NaCl solution-treated controls,
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Fig. 2. Effect of tiazofurin and ribavirin on IMP DH activity of rat bone marrow:
dose-response study. Drugs were injected i.p., and animals were killed 6 h after treatment.
Results are given in percentages of controls; bars, SE. Asterisks indicate statistically
significant differences from the control values (P < 0.05).

activity remained at this level for 54 h when it slowly rose, reaching
normal range at 102 h. When ribavirin treatment followed the two
injections of tiazofurin, IMP DH activity rose only slightly and re
mained at about 20% of the control for 126 h (Fig. 4). These results
provide evidence that ribavirin was able to keep IMP DH activity at a
low level in the bone marrow following tiazofurin treatment.

Effect of Tiazofurin and Subsequent Ribavirin Treatment on
Activities of GMP ReducÃaseand GPRT. GPRT activity contributes
to the overall impact of tiazofurin because through this enzyme ac
tivity guanine can be salvaged in one step to form GMP and, thus, the
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SEQUENTIAL IMPACT OF TIAZOFURIN AND RIBAVIRIN

guanylate pool can be replenished. The activity of GMP reducÃase
directly opposes that of IMP DH by converting GMP back to its
substrate, IMP (16). Tiazofurin administration decreased GMP reduc
Ãaseactivily wilh a tl/2 of aboul 6 h, and Ihe aclivily remained al 30
lo 40% of conlrol for 76 h. In ribavirin-treated animals Ihe aclivily

decreased and was maintained al 50% to 60% of thai of the controls
for 126 h (not shown).

Tiazofurin administration decreased GPRT activily with a /1/2 = 4.7

h, reaching 20% of control al 48 h. Ribavirin mainlained GPRT
activity at 20% for 126 h. In saline-trealed animals GPRT aclivily

returned only to about 60% of controls and did not completely recover
during the experiment (126 h) (Fig. 5).

Effect of Tiazofurin and Ribavirin Treatment on Activities of
dThd and dCyd Kinases. The activities of the pyrimidine salvage
enzymes influence the overall impaci of liazofurin. As tiazofurin
down-regulates the production of guanylates and dGTP, Ihe activity of

thymidine kinase provides thymidylates and eventually dTTP, and
dCyd kinase leads eventually to formation of dCTP, required with
dGTP and dATP for the formation of DNA. Tiazofurin caused a
decrease in dThd kinase activily with a ti/2 â€”6.5 h. Ribavirin ad-

Tiazofurin Ribavirin or Saline
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Fig. 5. Effect of liazofurin and ribavirin treatment on GPRT activity of rat bone
marrow. The activity of GPRT in the bone marrow was 843 Â±131 nmol/h/mg of protein
(mean Â±SE). The results are shown in percentages of this control value; bars, SE. There
were 3 or more rats in each group. Asterisks indicate statistically significant differences
from the control value (P < 0.05).
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Fig. 3. Effect of tiazofurin and ribavirin treatment on cellularity of bone marrow. The
cellularity of the normal adult rat femur is 7.0 Â±0.3 X IO7 cells (mean Â±SE). Results

are given in percentages of this control; bars, SE. Asterisks indicate statistically significant
differences from the control value (P < 0.05).
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Fig. 4. Effect of tiazofurin and ribavirin treatment on IMP dehydrogenase activity of rat
bone marrow. The activity of IMP dehydrogenase in the bone marrow was 55.9 Â±5.0
nmol/h/mg of protein (mean Â±SE). The results are shown as percentages of this control
value; bars, SE. There were 3 or more rats in each group. Asterisks indicate statistically
significant differences from the control value (P < 0.05).
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Fig. 6. Effect of tiazofurin and ribavirin treatment on dThd kinase activity of rat bone
marrow. The activity of dThd (TdR) kinase in the bone marrow was 165.5 Â± 6.6
nmol/h/mg of protein (mean Â±SE). The results are shown in percentages of this control
value; bars, SE. There were 3 of more rats in each group. Asterisks indicate statistically
significant differences from the control value (P < 0.05).

ministration kept the enzyme activity at 14 to 17% of the control. By
contrast, in the 0.9% NaCl solution-lrealed animals Ihe aclivily re-

lurned to normal range by 78 h (Fig. 6).
Tiazofurin administration sharply depressed dCyd kinase activily

wilh a r1/2 = 3.4 h. Enzymic aclivily decreased to about 5% of conlrol
by 6 h and remained al this level for 2 days. With ribavirin adminis-
Iralion Ihe low activity was maintained for 126 h. In saline-treated

animals, activity returned to normal range by 78 h (Fig. 7).
Effect of Cycloheximide on Enzymic Activities in Rat Bone

Marrow. To throw light on the mechanism of changes in enzymic
activities that occurs during tiazofurin and ribavirin treatment, the
rates of decrease in enzymic aclivities were measured in cyclo-
heximide-injecled rats. Cycloheximide is useful in such an evalua

tion because il markedly curtails the biosynthesis of proteins so thai,
by following Ihe sequence of events after injection of this drug, Ihe
decay rates of the enzymes, largely unopposed by protein biosynthe
sis, can be measured (11, 18, 19, 23). Comparison of the half-lives

of bone marrow enzymes after tiazofurin and Cycloheximide is given
in Table 1. Cycloheximide treatment decreased the activities with r1/2
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Fig. 7. Effect of tiazofurin and ribavirin treatment on dCyd (CdR) kinase activity of rat
bone marrow. The activity of dCyd kinase in the bone marrow was 19.2 Â±0.3 nmol/h/mg
of protein (mean Â±SE). The results are shown in percentages of this control value; bars,
SE. There were 3 or more rats in each group. Asterisks indicate statistically significant
differences from the control value (P < 0.05).

Table 1 Effect of tiazofurin and cycloheximide on enzyme activities and cellularity in
rat bone marrow

Tiazofurin (150 mg/kg) and cycloheximide (15 mg/kg) i.p. injections were given to
ACI/N rats, and animals were killed at 0.5, 2, 4, 6, and 12 h after treatment. Enzyme
activities were expressed as nmol/h/mg of protein

Enzymes and
cellularityCellularity/femur

dThdkinaseGMP
reducÃaseGPRTdCyd

kinase
IMP dehydrogenaseTiazofurin17.4

6.56.04.73.4

2.6Â«â€¢Â«/hCycloheximide8.8

0.83.04.30.61.6TR-/CX

ratio1.9

8.12.01.15.7

1.6
" TR, tiazofurin (2-ÃŸ-D-ribofuranosylthiazole-4-carboxamide, NSC 286193); CX, cy

cloheximide.

for GMP reducÃase,3.0, GPRT, 4.3, IMP DH, 1.6, dThd kinase, 0.8,
and dCyd kinase, 0.6 h.

With tiazofurin, the activity of the target enzyme of this drug,
IMP DH, rapidly declined with a i,/2 of 2.6 h. The half-lives were for

the other enzymes, dThd kinase, 6.5, GMP reducÃase,6.0, GPRT, 4.7,
and dCyd kinase, 3.4 h. These i,/2s are assumed to be due to their
degradation rates in the presence of active protein biosynthetic pro
cesses because tiazofurin inhibits RNA and DNA, but not protein,
biosynthesis (5).

Thus, the enzymic activities which are not immediate targets of
tiazofurin are assumed to have been reduced because the tiazofurin
action curtailed RNA and DNA biosynthesis. Therefore, in the
tiazofurin-treated animals enzymes that turn over rapidly with a

short tÂ¡/2decreased sharply, whereas enzymes with slower turnover
rates such as GMP reducÃasedecreased and were slower in returning
to normal. Il is assumed lhal IMP DH activity decreased because of
inhibition by tiazofurin and ribavirin, but ihe olher enzyme aclivilies
decreased because of the partially unopposed decay rates. Table 1
shows that the r1/2s in tiazofurin-treated rats were 1.1- lo 8.1-fold
longer lhan those in cycloheximide-treated ones where there is little

protein biosynthesis.
Effect of Chemotherapy on Targeted and Nontargeted Enzymic

Activities. Earlier work in this laboratory showed that the tiazofurin-

induced decrease in IMP DH activily was due lo inhibilion of the type
2 isozyme (20, 21). The existence of IMP DH isozymes and their
increased amount in cancer cells were recently confirmed (20, 22).
This was followed by a marked rise in the production of mRNA for
Ihis enzyme (20, 21). The relurn of IMP DH aclivily lo the control

level in the present study is Ihoughl lo be due lo delachmenl of
liazofurin and TAD from Ihe NAD ligand sile and an increase in
mRNA-direcled new biosynlhesis of this enzyme (20, 21).

Our observations indicate that the overall impact of tiazofurin not
only affects the activities of the targeted enzyme, IMP DH, but also
of other enzymes (GPRT, GMP reducÃase)that are involved in gua-

nylale melabolism. Moreover, olher enzymic activilies (dCyd and
dThd kinases) are also reduced presumably because of Iheir high
turnover rates (11, 18, 19). These resulls agree wilh our reporl on
melholrexate which is known lo reduce macromolecular biosynthesis
through inhibiting the largeted enzyme, dihydrofolate reducÃase,
leading lo a reduction in the conversion of dUMP to dTMP (cata
lyzed by dTMP synthase). We showed thai wilh melholrexale injec-

lion the activilies of dThd kinase and dTMP synlhase also decreased
sharply because of their rapid decay rates (11, 18, 19). These new
data agree wilh our reporl on Ihe aclion of Ihe anliglulamine agenl,
acivicin (NSC 163501), which reduces macromolecular biosynlhesis
and, in addilion, lo decreasing Ihe largel enzyme aclivilies in Ihe
bone marrow (glulamine-ulilizing enzymes, amidophosphoribosyl-
Iransferase, GMP synlhase, carbamoyl-phosphale synlhase II, CTP
synlhase), il also depresses Ihe aclivily of dThd kinase (1). This hy-

polhesis is also supported by ihe faci lhal injeclion of ihe anticancer
drug, taxol, which does noi act Ihrough curtailing purine or pyrimi-

dine biosynlhesis does noi cause a decrease in Ihe activities of the
enzymes which have short ti/2s (not shown). Anolher possible inler-
prelalion is based on our observalion lhal tiazofurin down-regulates

Ihe expression of Ihe ras oncogene (8, 9). Thus, Ihe enzymic de
creases may be due lo Ihe phenolypic change lhal is linked with Ihe
down-regulaled ras oncogene expression. Taken together, these ob

servations should be helpful in understanding the bone marrow
damage in trealmenl wilh anlicancer drugs and should provide new
slralegies for Ihe proleclion and improved recovery of Ihe bone
marrow.

Novel Aspects of This Report Include the Following, (a) Tiazo
furin was Iwice as effective as Ihe olher IMP DH inhibitor, ribavirin,
in decreasing Ihe aclivily of bone marrow IMP DH. (b) Ribavirin was
able lo keep IMP DH aclivily at low levels after tiazofurin reduced the
enzyme activily. (c) In addition lo decreasing ihe aclivily of the targel
enzyme, IMP DH, liazofurin also decreased Ihe activities of the purine
metabolic enzymes, GPRT and GMP reductases, and Ihe pyrimidine
salvage biosynlhelic enzymes, dCyd and dThd kinases. (d) Cyclo
heximide sludies indicaled that the shortesl half-lives are those for

dCyd and dThd kinases. These enzymic aclivilies also decline rapidly
after liazofurin Irealmenl as an indirecl, nonlargeled resull of Ihis
drug, (e) The impaci of liazofurin on largeled and nontargeled en
zymes of Ihe bone marrow is in line with the effect of other inhibitory
drugs of macromolecular synthesis, including metholrexale and acivi
cin. (/) The decrease in enzymic activities in the bone marrow indi
cates lhal, if proleclion is lo be achieved with thymidine or deoxy-

cytidine, Ihese precursors would have to be administered within 4 h
after tiazofurin injection when the activilies of dThd and dCyd kinases
are siili high enough lo ulilize Ihese subslrales.
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