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Summary. The toxic effect of 3'-deoxyadenosine N 1- 
oxide (3'-dANO) on mice, on their different organs, and on 
Ehrlich ascites tumor cells was studied. In both healthy and 
tumour-bearing animals, the lethal dose for 10% of the 
mice receiving i. p. injections (LD 10) of 3'-dANO was esti- 
mated to be about 300 mg/kg x 4 days in one mouse strain 
(Theiller). In another mouse strain (NMRI), we obtained a 
markedly higher LD10 value (675 mg/kg x5  days). At 
nonlethal doses (250 mg/kg x 4 days), we observed re- 
versible neurological symptoms on days 4 - 1 2  after treat- 
ment, but no macroscopical or microscopical changes was 
detected in the brain, heart, thymus, lung, lymph node, 
spleen, liver, kidney, bone marrow, or gastrointestinal 
tract. At doses of 450 mg/kg x 4 days, severe neurological 
symptoms were observed, and atony of the gastrointestinal 
canal and damage to the kidney and liver were registered. 
Even at doses that were lethal to the mice, no histopatho- 
logical change was observed in the bone marrow or in the 
gastrointestinal canal. Pharmacokinetics studies showed 
that after the i.p. injection of 3'-dANO, the maximal 
plasma concentration was reached after 10 min, after 
which it declined showing a half-life of about 40 min. A 
transient accumulation of 3'-deoxyadenosine triphosphate 
(3'-dATP) was observed within 24 h in the liver and kid- 
ney, with the maximal concentration being reached after 
about 2 - 3  h. 3'-dANO was excreted partly as the un- 
changed substance and partly as the metabolite 3'-deoxyi- 
nosine within 24 h. Flow-cytometric DNA analysis of Ehr- 
lich tumor cells treated either in vitro or in vivo with 
3'-dANO revealed no therapy-induced change in the cell- 
cycle perturbations, which indicates that cells were ran- 
domly killed during all phases of the cycle. 
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Introduction 

3'-Deoxyadenosine Nl-oxide (3'-dANO) is a synthetic 
derivative [14, 38] of the naturally occurring 3'-deoxyade- 
nosine (3"-dA) [13]. The metabolism of 3'-dANO has been 
studied in Ehrlich cells in vitro [11, 38]. 3'-dANO is re- 
duced to 3'-dA, which is either deaminated by adenosine 
deaminase (E. C. 3.5.4.4) to the inactive 3'-deoxyinosine 
(3'-dI) [12] or phosphorylated by adenosine kinase (E. C. 
2.7.1.20) to 3'-deoxyadenosine monophosphate, which is 
further phosphorylated by adenylate kinase to 3'-deox- 
yadenosine triphosphate (3'-dATP) [25], which exerts a 
toxic effect due to its incorporation into RNA in lieu of 
ATP, thereby functioning as a chain terminator [27, 35]. 

3'-dA itself is an effective inhibitor of viral replication, 
an effect that is attributable to its ability to block poly- 
adenylic acid [poly (A)] synthesis, and thus interferes with 
the processing and maturation of both cellular and viral 
mRNA [44]. In vivo, however, the effectiveness of 3'-dA 
as an antibacterial, antitumor, and antiviral agent is limited 
because of the rapid deamination of the compound to yield 
3'-dI; the reaction is catalyzed by the widely distributed 
enzyme adenosine deaminase [1]. To overcome this prob- 
lem in vivo, 3'-dA has been used in combination with 
inhibitors of adenosine deaminase such as 2'-deoxy- 
coformycin [22]. 

3'-dANO has been shown to inhibit the growth of a 
variety of Ehrlich ascites tumor strains in mice [14, 38, 39]. 
The experiments indicate a correlation between the inhibi- 
tion of tumor growth by 3'-dANO and the ability of the cell 
to form 3"-dATP from 3'-dANO and demonstrate that this 
conversion is determined by the rate of reduction of 3'- 
dANO (3'-dANO reductase activity) and by the ratio of the 
activity of adenosine kinase and that of adenosine deami- 
nase in the cell. 3'-dANO is not a substrate for adenosine 
deaminase or adenosine kinase [28]. This indicates that 
3'-dANO remains metabolically inert until it has entered a 
target cell that is capable of reducing 3"-dANO to 3'-dA. 
This observation is supported by in vivo investigations 
comparing the antitumor effects of 3'-dANO and 3'-dA 
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[13]. At equimolar doses, Y-dANO exerts a markedly 
higher degree of tumor-growth inhibition than does Y-dA. 

The present report describes the general toxicity of 3'- 
dANO in whole mice and in their different organs. The 
effect of 3'-dANO on cell-cycle distribution in Ehrlich 
tumor cells was investigated, as was the metabolism and 
excretion of the substance in treated notice. 

Materials and methods 

3'-dANO was synthesized as described elsewihere [38]. [3H]-Y-dANO 
(generally labeled) was prepared by Amersham (England). Five different 
lines of Ehrlich ascites tumor cells were transplanted into Theiller non- 
inbred mice [38]: the Y-dANO-sensitive ELD and ELT cell lines and the 
Y-dANO-insensitive Karolinska, New Klein, and Aarhus cell lines. 

Cell homogenates. Mouse livers and kidneys were minced with a scalpel 
and homogenized in a Potter-Elvehjem homogenizer with 4 times their 
weight of 50 mM sodium phosphate buffer (pH 7.2) at 4 ~ C. Ehrlich 
tumor cells were washed with 0.154 M NaC1 containing 1 mM ethylenedi- 
aminetetraacetic acid (EDTA, pH 7.4) and then suspended in 4 times 
their weight of 50 mM sodium phosphate buffer (pH 7.2) and lyzed by 
three freeze-thaw cycles in a bath at 80 ~ C. 

The 3'-dATP was determined in the neutralized acid-soluble fraction 
of cells after thin-layer chromatography (TLC) on cellulose plates in 
1-propanol-H20-25% NH4OH (30:5:15,  by vol.) for 4 h to remove 
3'-dANO and other nucleosides and bases from the application spot. The 
plates were then subjected to further chromatography for about 5 h in 
0.32 M ammonium acetate/0.22 M lithium borate (pH 8.2) in 50% etha- 
nol; in this solvent, the ribonucleotides form complexes with borate and 
remain at the original site, whereas 3'-deoxyadenosine mono-, di-, and 
triphosphate migrate [34]. The UV-absorbing spots of 3'-deoxyade- 
nosine phosphates were eluted with water, and the concentration was 
calculated from the absorbance at 260 nm, assuming a molar absorbance 
coefficient of 15,000 M 1 cm q. 

Toxicity of 3'-dANO. The toxicity of Y-dANO in healthy Theiller mice 
was investigated as follows. Female mice weighing 25 -30  g were in- 
jected i.p. with 450 mg/kg 3'-dANO dally for 4 days and, in another 
experiment, with 250 mg/kg daily for 4 days. Control mice received the 
same volume of 0.154 M NaC1 i.p. Groups of two 3'-dANO-treated mice 
and one control mouse were anesthetized and autopsied at 2, 6, and 24 h 
and at 2, 3, 6, 8, 12, 20, and 27 days, respectively, after the last injection. 
The following organs were observed macroscopically and microscopi- 
cally after samples had been stained with hematoxylin and eosin: the 
brain, thymus, lung, heart, lymph node, spleen, liver, kidney, bone mar- 
row, and gastrointestinal tract. 

Flow-cytometric DNA analysis. The flow cytometer used was a FACS III 
cell sorter. The tumor cells obtained for flow-cytometric DNA analysis 
were stored and prepared as previously described [41-43]. The DNA 
distribution was analyzed using a computer program that calculates the 
fractions of cells in the various cell-cycle phases [6]. The coefficient of 
variation (CV) for the G1 peak was calculated for all histograms and 
ranged from 2% to 4%. 

The drug-induced influence on the cell-cycle distribution of Ehrlich 
ascites tumor cells was measured in vitro as well as in vivo by flow- W- 
tometric DNA analysis. For in vitro analyses, tumor cells from the five 
different Ehrlich ascites tumors were hmwested at 7 days after the i.p. 
injection of 0.2 ml undiluted ascites fluid into female mice. The cells 
were washed in phosphate-buffered saline and incubated with the drug as 
previously described [9]. Aliquots of 106 cells were continuously incu- 
bated with different concentrations of Y-dANO on top of a layer of 
hardened agar (0.25%) in 35-ram petri dishes at 37~ in a humidified 
atmosphere of 5% CO2 and 95 % air. Aliquots of control cells were plated 
and incubated in the absence of drug as described above. The cells were 
harvested for flow-cytometric DNA analysis at 24 and 48 h after plating 
[9, 10]. 

For in vivo analyses, two experiments were performed using the 
Y-dANO-sensifive ELT Ehrlich ascites turaor. In the first experiment, 
20 • 106 cells were injected i. p. into female Theiller mice. On days 3 - 6  
after inoculation, the mice received daily i.p. injections of 250 mg/kg 
Y-dANO. Control mice received the sterile 0.154 M NaCI used as a 
solvent for 3'-dANO. In the treated group, three mice each were killed at 
0, 4, 8, 12, 16, 20, 24, 36, 48, 72, and 96 h., respectively, after drug 
administration, and in the control group, three mice each were killed at 0, 
12, 24, 36, 48, 72, and 96 h, respectively, after the injection of sterile 
0.154 M NaCI. The tumor cells obtained from each mouse were harvested 
quantitatively, and samples were taken for cell counting and flow- W- 
tometric DNA analysis [41-43]. In the second experiment, 20•  I06 
cells were injected i. p. into female Theilter mice. At 3 days after inocu- 
lation, the mice received 3'-dANO every 4th h over a 24-h period at 
doses of 20, 40, and 60 mg/kg, respectively. Control mice received the 
same volume of sterile 0.154 M NaCt. Tumor cells for flow-cytometric 
DNA analysis were removed from the peritoneal cavity every 4th h over 
the same 24-h period by puncture with a hypodermic needle. The 
samples were handled as described for the first experiment. 

Determination of 3'-dANO, 3'-dl, and 3'-dA. To separate the 3'-deoxynu- 
cleosides from other purine bases, ribonucleosides, and nucleotides, the 
acid-soluble extracts were applied to PEI-cellulose TLC plates and chro- 
matographed in 0.15 % LiC1/1% boric acid. 3'-dANO and 3'-dI migrated 
in this solvent as one spot (Rj; 0.9), and 3'-dA migrated with an Rf value 
of 0.7. The compounds were eluted with 0.02 ~a TRIS-HCI (pH 7.4) and 
were determined as follows: 

1.3'-dI was hydrolyzed in 0.5 M HC1 at 100~ for 15 rain. The 
solvent was neutralized and the formed hypoxanthine was determined 
enzymatically using xanthine oxidases (E. C. 1.2.3.2.) [23]. 

2. 3'-dA in the eluate was determined enzymatically using adenosine 
deaminase (E. C. 3.5.4.4.) [24]. 

3.3'-dANO was determined by differential spectrophotometry. At 
pH 7.2, the spectrum of 3'-dANO exhibits a characteristic maximum at 
233 nm, with the molar absorbance coefficient being 40,800 M q cm-L 
At pH zero (1 M HC1), the maximum at 233 nm switches to a minimum, 
with the molar absorbance coefficient being 4,300 M -t cm -1. The signifi- 
cant change from 40,800 to 4,300 in molar absorbance coefficients forms 
the basis for a sensitive assay of 3'-dANO. By diluting aliquots of a 
solution of 3'-dANO in either 0.02 M TRIS-HC1 (pH 7.2) or 1 M HC1 and 
measuring the absorbance at 233 rim, the concentration of 3'-dANO can 
be calculated from the difference in absorhance, the factor of dilution, 
and the differential molar absorbance coefficient of 36,500. Using this 
assay, Y-dANO can be determined in mixtures with other compounds 
such as 3'-dA and Y-dI, which do not give rise to changes in absorbance 
at 233 nm with the shift in pH. Likewise, this method enables the estima- 
tion of the 3'-dANO concentration in the acid-soluble extracts of plasma 
and liver. 

Reduction of 3'-dANO in homogenates. The reduction of Y-dANO was 
measured in a reaction mixture containing 50 mM sodium phosphate 
buffer (pH 7.2), 3.0 mM MgCI2, 2.5 rma reduced nicotinamide adenine 
dinucleotide (NADH), 2.5 rnM reduced nicotinarnide adenine dinu- 
cleotide phosphate (NADPH), 6.0 mM glucose 6-phosphate 2 gg glucose 
6-phosphate dehydrogenase from yeast (coenzyme NADH)/ml, 2 gg glu- 
cose 6-phosphate dehydrogenase from Leuconostoc mesenteroides 
(coenzyme NADPH)/ml, 3.0 mM 3"-dANO, and homogenate equivalent 
to 30 -  200 mg tissue (wet weight)/ml. Under these conditions, a constant 
rate of reduction was observed over 2 h. The incubation was performed 
at 37 ~ C. AIiquots were taken over 2 h and deproteinized with perchloric 
acid, and the acid-soluble extract was neutralized with KOH. The reduc- 
tion of 3'-dANO was followed either by measuring the disappearance of 
3'-dANO from the acid-soluble extract using differentia1 spectropho- 
tometry or by measuring the amounts of 3'-dANO, 3"-dA, and 3'-dI after 
PEI-eelhilose TLC chromatography and isolation of the compounds. 

Enzyme assays. Cells were washed with 0.154 M NaCI containing 1 troa 
EDTA (pH 7.4), suspended in 4 times their weight of 20 mM TRIS-HC1 
buffer (pH 7.5) containing 1 mM dithiothreitol, and lyzed by three freeze- 
thaw cycles in a bath at 80 ~ C. The lysate was used for enzyme assays 
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Fig. 1. Accumulation of 3'-deoxyadenosine phosphates in mouse livers 
and kidneys after the i.p. injection of 3'-dANO into 2 groups of 
12 female mice each as follows: group I received 100 mg/kg 3'-dANO 
daily for 4 days, and group II was given one dose of 100 mg/kg 
3'-dANO. Mice were killed at 1, 2, 3, 4, 24, and 48 h after the end of 
treatment, and the livers and kidneys were removed, weighed, and 
blended for 40 s with 4 times their weight of ice-cold perchloric acid 
(0.4 M). The amounts of Y-deoxyadenosine mono-, di-, and lxiphosphate 
were determined in the acid-soluble fraction; 3'-dATP represented >90% 
of the total content of these phosphate esters. Each value represents the 
average of measurements made in 2 mice 

after its dilution by 5 -50  times with 20 naM TRIS-HC1 buffer (pH 7.5) 
containing 0.5 mg bovine serum albumin/ml. 

The adenosine deaminase assay (35 gl) used 50 rnM TRIS-HC1 buffer 
(pH 7.5), 1 mM EDTA, 3 mM dithiothreitol, 1.2 mM [U-14C]-adenosine 
(1.75 mCi/mmol), and cell lysate equivalent to 0.2-1 mg cells (wet 
weight). The reaction mixture was incubated at 37 ~ C, and five aliquots 
were taken during the 30-min incubation period and subjected to chroma- 
tography on PEI-cellulose TLC plates using a mixture of adenosine, 
inosine, and hypoxanthine as carriers. The TLC plates were developed 
for 3 h in 0.15% LiC1/I% boric acid. UV-absorbing spots were cut out 
and the radioactivity was determined. 

The adenosine kinase assay (35 gl) comprised 90 mM TRIS-HC1 
buffer (pH 7.5), 1.0 n~,a MgC12, 2 mM dithiothreitol, 5 rnM ATP, 0.3 gM 
2'-deoxycoformycin, 30 gM [U-14C]-adenosine (44 mCi/mmol), and cell 
lysate equivalent to 0.02 - 0.1 mg cells. The reaction mixture was incu- 
bated at 37 ~ C, and five aliquots were taken during the 20-rain incubation 
period and subjected to chromatography on PEI-cellulose TLC plates 
using adenosine and adenosine monophosphate (AMP) as carriers. The 
plates were developed for 3 h in 0.15% LiC1/I% boric acid. The adeno- 
sine spot and the adenine nucleotide spots were cut out and the radioac- 
tivity was determined. The kinase and deaminase reactions remained 
linear throughout the period of incubation. 

Excretion of 3'-dANO and 3'-dl. Four female mice (24-26 g) were 
injected i.p. with 10 gmol 3'-dANO and placed in a metabolic cage 
(Techniplast, Italy) designed to collect urine and feces separately. Urine 
and feces were collected over 48 h. During the first 24 h, no food was 
given to the animals, but water was available ad libitum. The urine 
samples were heated to 100 ~ C for 5 rain and cooled in an ice bath, and a 
1/6 vol of 3 M ice-cold perchloric acid was added. After centrifugation, 
the supernatant was neutralized with KOH. The feces samples were 
minced and extracted with 10 times their weight of H20 at 100~ for 
15 rain. The samples were cooled in ice and centrifuged, and a 1/6 vol of 
3 M perchloric acid was added to the supernatant. Following centrifuga- 
tion, the supernatant was again neutralized. 3'-dANO, 3'-dA, and 3'-dI 
were isolated from the neutralized acid-soluble supernatants of urine and 
feces by two-dimensional TLC on PEI-cellulose TLC plates using H20 
in the first dimension and 0.15% LiC1/I% boric acid in the second. The 
compounds were eluted from the plates and determined as described 
above. The overall recovery achieved by these methods was 88%-90%. 

Results 

General toxicity 

The toxicity of 3'-dANO to Theiller mice was evaluated 
from the following experiments. When healthy mice were 
injected i.p. with 450 mg/kg Y-dANO daily for 4 days, 10 
of 20 animals died, showing severe neurological symptoms 
characterized by balance disturbances and by a spin around 
their longitudinal axis. On treatment with 250 mg/kg for 
4 days, 1 of 20 mice died, and reversible neurological 
symptoms such as those described above were observed 
from day 4 to day 12. In all experiments, the observation 
period was 30 days. In two experiments, mice were inocu- 
lated with Ehrlich ascites tumor cells and were then given 
i.p. injection of 400 mg/kg Y-dANO on days 3 - 6  after 
transplantion; 4 of 12 mice died in one experiment and 3 of 
11 died in the second study. As a rough estimate, in tumor- 
loaded mice, the LDm value for 3'-dANO is around 
300 mg/kg daily x 4. i 

To clarify a possible difference in the toxicity of 3'- 
dANO to different mouse strains, we also chose to estimate 
the LD10 dose in the more frequently used NMRI strain. 
Groups of 18 healthy NMRI mice were injected i.p. with 
3'-dANO for 5 days at daily doses of 200, 400, 500, 600, 
700, 750, 775, and 800 mg/kg, i. v. injections were given at 
daily doses of 200, 300, 350, 400, and 500 mg/kg, and s.c. 
injections were given at daily doses of 400, 500, 600, 700, 
and 800 mg/kg. On the basis of this 5-day treatment 
schedule for NMRI mice, following an observation period 
of 30 days, the LD10 values for 3'-dANO were estimated to 
be 675 (i.p. injection), 320 (i. v. injection), and 475 mg/kg 
(s. c. injection). 

Toxicity of 3"-dANO to organs 

The effect of 3'-dANO on the different organs of mice was 
investigated after the i.p. injection of the drug at doses of 
450 mg/kg daily in one series of animals and at daily doses 
of 250 mg/kg in a second series of 30 mice over 4 days. 
Autopsies following high-dose administration revealed 
atony of the gastrointestinal canal, necrosis and steatosis of 
the liver, atrophy and degeneration of the proximal tubules 
of the kidney, and depletion of lymphoblasts in the cortex 
of the thymus. In the low-dose series, no macroscopical or 
microscopical change was found in the brain, thymus, 
lung, heart, lymph node, spleen, liver, kidney, bone mar- 
row, or gastrointestinal tract. 

Metabolism of Y-dANO in mice 

The toxic effect exerted by 3'-dANO in different organs 
may be correlated to an accumulation of 3'-dATP. To test 
this possibility, we gave two groups of mice i.p. injections 
of Y-dANO either daily at 100 mg/kg for 4 days or in a 
single dose of 100 mg/kg. After this treatment, two mice 
from each group were killed at different times and the 
content of 3'-deoxyadenosine mono-, di-, and triphosphate 
was determined in the livers and kidneys. The accumula- 
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Table 1. Content of 3'-deoxyadenosine phosphates, 3"-dANO, 3'-dA, and 
3'-dI in mouse brain and blood after the injection of 3'-dANO 

Tissue Concentration (nmol/g tissue) 

3'-deoxyadenosine 3'-dANO 3'-dI 3'-dA 
phosphates 

Brain 3.2 <0.3 0.9 <0.3 
Erythrocytes 22 0.9 1.4 <0.3 
Plasma 0 1.4 2.3 <0.3 

In all, 10.8 gmol [3H]-3'-dANO in 0.154 M NaC1 (sp. act., 
142,000 dpm/nmol) was injected i. p. into a mouse weighing 40 g. After 
3 h, the mouse was killed by decapitation and the blood was collected. 
The brain was removed, weighed, and homogenized with 2 vol ice-cold 
0.4 M perchloric acid in a microblender. The cell volume of the erythro- 
cytes was determined, and the cells and plasma were separated and 
deproteinized with 2 vol 0.4 M perchloric acid. The acid-soluble extracts 
were neutrafized with KOH, and aliquots of the extracts were subjected 
to chromatography on PEI-cellulose TLC plates using a mixture of 
3'-dATP, 3'-dANO, 3'-dI, and 3'-dA as carriers. The TLC plates were 
developed in n-butanol-water (86:18, v/v). The UV-absorbing spots 
were cut out and eluted with 0.7 M MgC12 in 0.02 M TRIS-HC1 (pH 7.5). 
The radioactivity in the eluates was determined by liquid scintillation 
counting and corrected for quenching and counting efficiency. Each 
value represents the average of two determinations; 1 g erythrocytes is 
equivalent to 1 ml packed cells, and 1 ml plasma is assumed to 
weight 1 g 

tion of 3'-deoxyadenosine phosphates is shown in Fig. 1. 
The amount of  3 '-dATP represented >90% of the total 
content of  these phosphate compounds. During the first 3 h 
after the end of treatment, the accumulation of about 
0.9 gmol/g liver and 0.7 gmol/g kidney was observed in 
the two groups. During the following hour, the concentra- 
tion of 3 '-dATP decreased to about 50% in both groups, 
and after 24 h, no triphosphate could be detected in mice 
that had received one dose of 100 mg/kg. A prolonged 
clearance of 3 '-dATP was observed in mice that had re- 
ceived this dose daily for 4 days. Following the administra- 
tion of 3 ' -dANO at a higher dose (3C,0 mg/kg) resulted in 
the same prolonged clearance pattern, but the maximal 
3 '-dATP concentrations measured were 2.5 gmol/g liver 
and 2.0 gmol/g kidney (data not shown). 

The pattern of  accumulation of 3 ' -dATP in the livers 
and kidneys of mice (Fig. 1) suggested that the concentra- 
tion of 3 ' -dANO in the plasma must have been low after 
2 - 3  h since no further accumulation took place in the 
organs after this time. Figure 2 shows the change in the 
plasma concentration of 3 ' -dANO after the i.p. injection of 
350 mg/kg 3'-dANO. The maximal level was reached after 
10 -20  min, after which it decreased, showing a half-life of 
about 40 rain. As a consequence of the reduction of 
3 ' -dANO to 3 '-dA in the different tissues, 3'-dA may be 
deaminated to 3'-dI, which then appears in the plasma. The 
changes in the levels of  3'-dI in plasma following the 
administration of 3 ' -dANO are also shown in Fig. 2. In this 
case, a transient accumulation of 3'-dI took place, with the 
peak concentration being reached after about 60 min. 

To study the possible relationship between the neuro- 
logical symptoms induced by 3 '-dANO and the accumula- 

tion of 3'-deoxyadenosine phosphates or other metabolites 
of  3 '-dANO in the brain, we gave a mouse an i. p. injection 
of 10.8 gmol  [3H]-3'-dANO. After 3 h, the mouse was 
killed, the brain was removed, and the blood was collected. 
3'-Deoxyadenosine phosphates, 3 '-dANO, 3'-dI, and 3 '-dA 
were isolated and the radioactivity was measured. The 
results are presented in Table 1. Only marginal amounts of 
3 '-dANO and 3'-dA were detected in the brain, whereas 
significant levels of  3'-deoxyadenosine phosphates and 
3'-dI were found. It should be taken into account, however, 
that the 5% blood content of the brain will increase these 
values, since the amount of  3'-deoxyadenosine phosphates 
and 3'-dI in the blood are several times higher than those in 
the brain. The accumulation of 3'-deoxyadenosine 
phosphates in the liver and kidney in situ (Fig. 1) shows 
that these tissues have a high capacity to reduce 3 ' -dANO 
to 3'-dA and to phosphorylate the latter to 3'-dATP. 
Further studies of  these processes and of the enzymes 
involved were performed in cell homogenates. 

Reduction of Y-dANO in homogenates 

The reduction of 3 ' -dANO to 3'-dA in homogenates of 
Ehrlich tumor cells and mouse liver proceeded in a non- 
linear fashion and leveled off within 15 - 30 min. However, 
following the addition of 2.5 mM NADH and NADPH, a 
constant rate of reduction was observed over 2 h. In the 
homogenates, 3 '-dANO was converted to 3'-dI formed by 
the deamination of 3'-dA, and no further degradation of 
3'-dI was observed. 

The activities of  3 ' -dANO reductase, adenosine kinase, 
and adenosine deaminase in homogenates of  mouse liver 
and mouse kidney were compared with the enzyme activi- 
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Fig. 3. Excretion of 3'-dANO and 3'-dI in the urine and feces of mice. 
Each of 4 female mice (24-26 g) was injected i.p. with 9.9 gmol 3'- 
dANO, and samples of urine and feces were collected during the first 
48 h after treatment and analyzed for 3'-dANO and 3'-dI. O, 3'-dI in 
feces; A, 3'-dI in urine; [], 3'-dANO in urine; I, sum of 3'-dANO and 
3'-dI in urine and feces; dotted line, total amount of 3'-dANO injected. 
Each point represents the sum of the respective amount of nucleosides 
found in the 4 mice. 

Table 2. Activity of 3'-dANO reductase, adenosine kinase, and adeno- 
sine deaminase in homogenates of mouse liver, mouse kidney, and 3'- 
dANO-sensitive and resistant Ehrlich ascites tumor cells 

Homogenates Enzyme activity (nmol h -] mg cells -1) 

3'-dANO Adenosine Adenosine Ratio of kinase/ 
reductase kinase deaminase deaminase 

Liver 14.4 250 70 3.6 

Kidney 7 30 55 0.55 

Ehrlich cells 
ELT, 3'-dANO- 
sensitive) 1.4 30 11 2.7 

Ehrlich cells 
(Aarhus, 3'-dANO- 
resistant) 1.1 13 83 0.16 

Enzyme activities were determined as described in Materials and 
methods. Each value represents the average of two determinations that 
differed by no more than 10% 

ties in 3'-dANO-resistant and sensitive Ehrlich ascites 
tumor cells (Table 2). The 3'-dANO reductase activity in 
the liver and kidney was 5 - 1 0  times higher than that in 
Ehrlich cells. The activity of adenosine deaminase was 
5 - 6  times higher in the liver and kidney than it was in 
3'-dANO-sensitive Ehrlich cells, but the adenosine kinase 
activity was up to 8 times higher in the organ homogenates. 
The ratio of adenosine kinase/adenosine deaminase activi- 
ty and the relatively high reduction capacity are in good 
agreement with the marked accumulation of 3'-deoxyade- 
nosine phosphates observed in these tissues (Fig. 1). 

Excretion of 3'-dANO and 3"-dI 

The excretion of 3'-dANO and 3'-dI in the urine and feces 
were measured in four mice treated i.p. with 100 mg/kg 
3'-dANO (Fig. 3). Within the first 12 h after the injection 
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Fig. 4. Flow-cytometric DNA histograms obtained after the exposure of 
Ehriich ascites tumor cells ELT to 3'-dANO. The fractions of cells in the 
different cell-cycle phases are given in parentheses. C and Trepresent the 
internal standards (chicken and trout erythrocytes) used to calculate the 
DNA index, and peaks marked D represent normal murine stromal cells. 
1, 2, controls on days 1 and 2; 3, 4, incubation with 14 pM 3'-dANO on 
days 1 and 2; 5, 6, incubation with 140 pM 3'-dANO on days 1 and 2 

of 3'-dANO, 50% of the drug was recovered unchanged in 
the urine and 25% was excreted in the form of 3'-dI. In 
feces, 10% of the parent drug was excreted as 3'-dI at 
12-24  h after 3'-dANO injection, whereas no 3'-dANO 
could be detected. After 24 h, the total recovery was close 
to 85%. Taking into account that the recovery of 3'-dANO 
and 3'-dI that had been added to fresh urine was 8 8 % -  
90%, it is reasonable to conclude that all of  the 3'-dANO 
given at moderate doses such as that above was excreted 
either unchanged or as 3'-dI within 24 h. 

Effect of 3"-dANO on cell-cycle distribution 

The influence of 3'-dANO on the cell-cycle distribution of 
Ehrlich ascites cells was measured in vitro as well as in 
vivo. Two 3'-dANO-sensitive Ehrlich cell lines (ELT and 
ELD) and three resistant cell lines (New Klein, Aarhus, 
and Karolinska) [38] were treated with concentrations of 
1.4 x 1@ 2, 1.4 • 10 -1, 1.4, 14, 1.4 x 102 and 1.4 • 103 gM 
3'-dANO. No significant cell-cycle change was detected 
after in vitro incubation with 3'-dANO in either the re- 
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Fig. 5. 3'-dANO-inhibition pattern of Ehrlich ascites cells ELT grown in 
vivo for flow-cytometric DNA analysis. In all, 20 x 106 Ehrlich ascites 
cells ELT were injected into a group of female,. Theiller mice. On days 
3 - 6  after inoculation, the mice received daily i.p. injections of 
250 mg/kg 3'-dANO. Control mice received the'. 0.154-M NaCI used as a 
solvent for 3'-dANO. The treated mice were killed at 0, 4, 8, 12, 16, 20, 
24, 36, 48, 72, and 96 h after the injection, respectively; Control animals 
were killed at 0, 12, 24, 36, 48, 72, and 96 h after treatment. Cell samples 
were taken from each mouse for cell counting and flow-cytometric DNA 
analysis. Each point represents the average number of tumor cells found 
in the peritoneal cavities of 3 mice. Arrows mark the time of injection of 
the drug. O, Control mice; 0 ,  3'-dANO-treated mice 
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Fig. 7. Cell-cycle distribution of Ehrlich ascites cells ELT treated in vivo 
every 4th h with multiple doses of 3'-dANO. At 4 days after inoculation, 
the mice received 3'-dANO every 4th h over a 24-h period at doses of 20, 
40, and 60 mg/kg, respectively. Tumor cells for flow-cytometric DNA 
analysis were removed from the peritoneal cavity every 4th h over the 
same period. A, G1 phase; O, S phase; O, GT+M phase 

sistant or the sensitive tumor cells. The results obtained 
using the sensitive ELT cell line are shown in Fig. 4. When 
ELD or ELT cells were grown for 24 h in RPMI medium 
supplemented with 10% fetal calf serum in the presence of 
140 and 375 ~tM 3'-dANO, their growth was inhibited by 
50% and 95%, respectively. 

Flow-cytometric DNA analysis was also performed on 
sensitive ELT tumor cells obtained directly from 
3'-dANO-treated mice. Each mouse received 250 mg/kg 
3'-dANO on days 3 - 6  after tumor-cell inoculation. At 
different intervals after drug administration, three mice 
were killed, the tumor cells from each mouse were 
harvested quantitatively, and samples were taken for cell 
counting and flow-cytometric DNA analysis. Figure 5 
shows the cell numbers found vs time in 3'-dANO-treated 
and control mice. The cell numbers in the treated mice 
remained constant from day 3 to day 4 and then decreased 
to nearly zero values on day 7. 
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Figure 6 shows the changes in the cell-cycle distribution 
during 3'-dANO treatment as determined by flow-cy- 
tometric DNA analysis. No change was apparent during 
the first 24 h after the start of the treatment. Subsequently, 
we observed a gradual decrease in the G1 fraction and an 
increase in the S fraction over the interval between 24 and 
96 h. To study any possible acute effects on cell-cycle 
distribution, we performed another experiment. At 4 days 
after tumor-cell inoculation, 3'-dANO was injected into 
mice at doses of 20-60 mg/kg every 4 h over a 24-h peri- 
od. Cell samples were taken from the peritoneal cavity 
every 4th h for flow-cytometric DNA analysis (Fig. 7). 
Even on this frequent schedule of administration of high- 
dose 3'-dANO, no obvious change in the cell-cycle distri- 
bution occurred within the 24-h observation period. 

Discussion 

3'-dANO inhibits tumor growth in some mouse-derived 
tumors [14, 38, 39], and its inhibitory activity is stronger 
than that exerted by 3'-dA at equimolar doses [14]. The 
advantage of using 3'-dANO in vivo is that the drug is not 
reduced to 3'-dA in the circulatory system and thus is not 
metabolized until it reaches the target cell [38, 39]. 

We determined the lethal dose of 3'-dANO in two 
different mouse strains and observed a marked discrepancy 
in toxicity. The LD~0 value found for the NMRI strain was 
>2-fold that determined for the Theiller strain. This finding 
might be explained by either a higher level of degradation 
enzymes in the liver or a higher rate of 3'-dANO excretion 
in the kidneys of NMRI mice. No essential difference in 
the general toxicity of 3'-dANO was found between 
healthy mice and tumor-bearing animals. A different situa- 
tion exists for 3'-dA in that the tolerable dose appears to 
vary between healthy and tumor-beating mice (300 and 
200 mg/kg x 7 days, respectively) [21]. The LD10 value 
for 3'-dANO in tumor-bearing mice was estimated in our 
investigations to be about 300 mg/kg x 4 days. 

It is noteworthy that no toxic effect was produced by 
3'-dANO in the bone marrow or in the mucosa of the gas- 
trointestinal canal, even at LDs0 doses. The atony that 
developed in the gastrointestinal tract after high-dose ad- 
ministration was probably related to the neurotoxic action 
of the drug. The lack of effect of 3'-dANO in the majority 
of organs may be due to the inability of the latter to form 
3'-dATP due either to a reduced capacity to convert 
3'-dANO to 3'-dA or to a low ratio of adenosine kinase/ 
adenosine deaminase activity. The latter possibility is sup- 
ported by the observation that this ratio in the mouse je- 
junum is extremely low (0.018), primarily due to the ex- 
tremely high activity of adenosine deaminase [2]. The rela- 
tively severe damage seen in the liver after high-dose 
3'-dANO treatment is therefore most likely caused by the 
high capacity of this organ to convert 3'-dANO to 3'-dATP 
(Fig. 1). The kinase and deaminase activities determined in 
the liver in the present study (Table 2) support this conclu- 
sion and are in agreement with previously reported data [2]. 

Bear et al. [4] demonstrated that 3'-dA inhibited acetyl- 
cholinesterase activity in mouse neuroblastoma cells, and 

both the rate and the extent of neurite formation were 
depressed [4]. These findings might partially explain the 
observed neurotoxicity. Moreover, adenosine is a major 
neuromodulator of CNS function [29, 36]. Adenosine and 
several of its analogues depress the activity of the CNS, 
partly by inhibiting transmitter release [8, 16]. One of the 
highest-density receptor sites lies in the molecular layer of 
the cerebellum [17]; 3'-dANO may have a direct effect on 
these receptors and thereby give rise to the neurological 
symptoms observed, but this hypothesis must be tested in 
further experiments. 

The cytostatic effect of both 3'-dA and 3'-dANO is 
correlated to their conversion to 3'-dATP in the cell. The 
toxic effect of 3'-dATP is assumed to involve the inhibition 
of RNA synthesis via incorporation of the triphosphate into 
the growing RNA chains in lieu of ATP, resulting in chain 
termination [27, 35]. The inhibitory effect of 3'-dA on the 
synthesis of ribosomal RNA [40], low-molecular-weight 
RNA [15], polyadenylic acid [7, 30], and mRNA [3] are 
well documented. 3'-dATP is not incorporated into DNA 
[37], but 3'-dA inhibits 32p incorporation into both RNA 
and DNA [26]. This inhibition is attributable to the inhibi- 
tory effect of 3'-dATP on the formation of 5-phospho- 
ribosyl- 1-pyrophosphate from ribose-5-phosphate [31 ]. 

The effect of 3'-dANO on the cell-cycle distribution of 
Ehrlich ascites tumor cells was measured by flow-cy- 
tometric DNA analysis [19]. No cell-cycle change was 
detected after 48 h incubation in vitro (Fig. 4). The effect 
of 3'-dANO on the cell-cycle distribution was also studied 
in vivo by sequential DNA analysis of tumor cells follow- 
ing the treatment of mice with 3'-dANO. No change was 
seen during the first 24 h after the start of treatment, but we 
subsequently observed a gradual decrease in the G1 frac- 
tion and an increase in the S fraction (Fig. 6). It should be 
noted that concurrent with these changes in the cell cycle, 
a decrease in cell number amounting to nearly two decades 
took place (Fig. 5). We could not determine with certainty 
whether the cell-cycle changes were caused by a blocking 
of the cells in the S phase by the drug by a selective loss of 
cells from the other phases, or by a combination of these 
mechanisms. Likewise, when 3'-dANO was given every 
4 h over the first 24 h at doses of 20-60 mg/kg, no ap- 
parent effect on the cell distribution was observed (Fig. 7). 
An acute effect of the drug on the cell-cycle distribution 
could thus be excluded. The conclusion to be drawn from 
these results is that 3'-dANO exerts its cytostatic action 
without perturbing the cell cycle and that only as the cells 
are dying and disappearing does an increase in the S phase 
occur among the remaining cells. This conclusion is in 
good agreement with the known action of 3'-dA as on 
RNA inhibitor that does not suppress DNA synthesis. 

Other adenosine analogues have been investigated with 
regard to the relationship between their cytotoxicity and 
their effect on cell-cycle distribution. Adenosyl homocys- 
teinase in L 1210 leukemia cells was more strongly inhibit- 
ed by 9-[3-D-arabinofuranosyladenine (ara-A) than by 
3'-dA [5]. At high concentrations, there was no apparent 
difference in the cytotoxicity of ara-A to synchronous 
HeLa cells between the G1 and the mid-S phase, suggest- 
ing that the drug is not strongly phase-specific. Unlike 
3'-dANO, the deoxyadenosine analogues 2-chloro-2'- 
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deoxyadenosine and 2-bromo-2'-deoxyadenosine cause an 
accumulation of CCRF-CEM cells in the S phase [20]; at 
higher doses, these agents block cells at the G1-S transition 
[20, 32, 33]. These findings can be explained by the inhib- 
itory effect of 2-chloro-2'-deoxyadenosine and 2-bromo- 
2'-deoxyadenosine on DNA synthesis [18, 20, 32]. 

However, recent findings have shown that 3'-dATP has 
a profound effect on the cytoskeleton structure of both 
interphase and dividing cells [45, 46]. In cultures of fibro- 
blast and epidermal cells, the addition of 3'-dA gave rise to 
a rapid accumulation of 3'-dATP. Under such conditions, it 
was observed that the intermediate filament arrays in inter- 
phase cells collapsed into perinuclear caps and that divid- 
ing cells were arrested at the onset of mitosis, showing 
depolymerization of the microtubules to small asters. 
These findings suggest that the effect of 3'-dATP may be 
fatal to the cell at any stage of the cell cycle. This view is 
supported by the present results, which demonstrate evenly 
distributed cell killing by 3'-dANO during all phases of the 
cell cycle. Due to its mode of action, 3'-dANO might be 
valuable as an antitumor agent, especially in combination 
with drugs whose action is primarily exerted against the 
synthesis of DNA. 
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