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SUMMARY

The selectivity of action of l-fi-D-arabinofuranosylcyto
sine (ara-C) against leukemic cells was studied in vivo.
Dynamic state tissue levels of ara-C and of its mono-, di-,
and triphosphate (ara-CTP) were measured in L1210 leu
kemic cells and in C57BL x DBA/2 F1 host tissues at
different times after various doses of the agent. The levels
were correlated with inhibition of of thymidine incorpora
tion into DNA and with cytocidal effects as measured by
loss of isotopically prelabeled DNA. ara-CTP levels, but
not those of the mono- and diphosphates of ara-C, were
higher in leukemic cells and in host cell renewal systems
than in other host tissues. DNA synthesis was equally
inhibited by similar levels ofara-CTP in ascitic Ll2lO cells,
in leukemic infiltrates in liver, and in small intestine.
However, L I2 10 cells accumulated higher levels of ara-CTP
for longer periods than did small intestine, and correspond
ingly the inhibition of DNA synthesis was greater and more
prolonged in leukemic cells. ara-C caused greater losses of
prelabeled DNA in ascites cells and in infiltrated liver than
in host small intestine. It appears that the differential net
tissue level of ara-CTP and its duration are the determi
nants of chemotherapeutic efficacy of ara-C against L12l0
leukemia.

ara-C was the predominant nucleoside present in hydroly
sates of ara-CTP fractions. By contrast, l-fl-D
arabinofuranosyluracil predominated in hydrolysates of
monophosphate nucleotide fractions from ascites cells,
liver, small intestine, and blood. Monophosphate nucleotide
was also present in ascites fluid and plasma.

INTRODUCTION

It is generally believed that the faster a cell population
proliferates the more susceptible it is to the lethal effects of
S-phase-specific antimetabolites such as ara-C2 (3, 25, 43).

I This work was supported in part by National Cancer Institute Grant

CA-08748 and by the Elsa U. Pardee Foundation. Part of this study was
presented at the 27th Annual Symposium on Fundamental Cancer
Research. Houston. Texas, February 1974, and at the 65th Annual
Meeting of the American Association for Cancer Research, Houston.
Texas, March 1974.

2 The abbreviations used are: ara-C. I -fl-D-arabinofuranosylcytosine.

HCI: ara-CMP, ara-CDP. and ara-CTP, the 5-mono-, di-, and triphos
phate. respectively . of ara-C: I 3H Iara-C. generally labeled ara-C: I 3H I-

Presumably, normal and neoplastic cells in the S phase have
the same probability of being killed by S-phase-specific
drugs. Most tumor cell populations proliferate less rapidly
than normal cell renewal systems (1) or with similar
rapidity, as for example, L1210 leukemia (42) and small
intestine (32, 36) in mice. If rapidity of proliferation were
the only determinant of selective susceptibility, host prolif
erating tissues should be more or equally damaged by agents
like ara-C. The fact that ara-C is therapeutically efficacious
against some tumors suggests that factors other than
proliferation kinetics are involved.

We have attempted to investigate the mechanisms respon
sible for the greater damage in L1210 cells than in host
tissues that is induced by treatment of leukemic mice with
ara-C. For this purpose we have compared the leukemia
with small intestine since the latter is the host cell renewal
system with susceptibility to ara-C that is probably dose
limiting in mice (30, 3 1) and since its proliferation kinetics
is similar to that of Ll210. We have also studied the
response of leukemic cells growing in host liver (27, 35),
since in this site in contrast with peritoneal cavity the dif
fusion of drug and radiolabeled precursors of DNA from
blood to cell borders takes place over distances more akin
to that in the small intestine. Furthermore, we were in
terested to learn whether L12l0 cells growing in different
anatomic sites are equally susceptible to the active me
tabolite of the drug.

Previous studies have indicated that ara-C selectively
interferes with DNA synthesis. Its mode of action involves
inhibition of DNA polymerase ( I6, 18, 34), to some extent it
also inhibits CDP reductase (7), and it is incorporated into
nucleic acids (9, 18, 41). Previous studies have also shown
that phosphorylation of ara-C is required for its activity (8,
12, 29, 37). In this report we describe relationships between
the dose of ara-C and the time course of inhibition of DNA
synthesis and of tissue levels of ara-C and its nucleotides.
The same parameters are related to cytotoxic effects. As
will be seen, the tissue level of ara-CTP appears to be the
primary determinant of these various effects of ara-C in
vivo.

TdR. 1meth.vl-@HIthymidine: I 3H lCdR, 15-3Hldeoxycytidine: PCA, per
chloric acid: CdR, deoxycytidine: ara-U , 1-$-o-arabinofuranosyluracil:
I3HIIUdR,@ ID,0, dose of drug required
for 50% inhibition: ara-UMP, the 5'-monophosphate of ara-U: UdR, de
oxyuridine.
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MATERIALS AND METHODS

Mice and Tumor. C57BL x DBA/2 F1 (hereafter called
BD2F1) male mice, 5 to 8 weeks old, obtained from the A.
R. Schmidt Co., Madison, Wis., were inoculated i.p. with
l0@ascitic L1210 cells. Such animals die in 7 to 8 days.
Most of the studies were carried out at 5 days after
inoculation when leukemic infiltration is abundant in liver
but not detectable in small intestine (27). All compounds
were injected in 0.9% NaCI solution and in a volume of
0.01 ml/g.

Tissue Sampling. At various times after injection of
compounds mice were killed by cervical dislocation. Un
diluted ascites was collected directly from the peritoneal
cavity in experiments in which the concentration of ara-C

and its metabolites was to be determined in the fluid and
L12l0 cells. When total DNA and total radioactivity in
ascitic cells were to be studied, 2 ml of 3.8% sodium citrate
were injected i.p. at I mm prior to killing the animal. The
peritoneal contents were then drained into a container, and
the peritoneal cavity was rinsed with 15 ml 0.9% NaCI
solution. Cells and ascitic fluid were separated by centrifu
gation at 4Â°and 500 x g for 15 mm. Small intestine was
opened longitudinally and rinsed in cold 0.9% NaCI solu
tion. The gallbladder was removed from each liver. Blood
was obtained (from ether-anesthetized animals) by cutting
vessels in the axilla and drawing samples into heparinized
syringes. Tissues used for the analysis of the metabolism of
[ 3HJara-C were processed immediately while those used for

[3H]TdR incorporation studies were either immediately
processed or frozen in Dry Ice and then stored at â€”20Â°.

Incorporation of Radioactive Precursors into DNA. Incor
poration of [3HJTdR into DNA was measured as previously
described (31). In experiments with [3H]ara-C or [3HJCdR,
where incorporation into DNA was measured, tissues were
first homogenized with 10% PCA (see below) instead of 10%
trichloroacetic acid.

Fractionation of Metabolites of [3H]ara-C or [3HJCdR.
Tissues were homogenized in cold 10% PCA. The PCA
soluble fraction was brought to pH 8.4 (phenol red) by
adding KOH solution and was immersed in ice for at least I
hr. The resulting KCIO4 was removed by centrifugation at
4Â°.The supernatant was applied to a Chromaflex column
containing 0.7 x 4 cm of AG I-X8 (anionic exchange agent
in chloride form, 200 to 400 mesh, purchased from Bio-Rad
Laboratories, Richmond, Calif.). Following general proce
dures which were found to be satisfactory for separation of
uridine and its nucleotides (33), the ara-C, ara-CMP,
ara-CDP, and ara-CTP fractions were eluted with water,
0.12 @iNH4CI(or0.15 @iNH4HCO3), 0.18 M NH4CI(orO.3
M NH4HCO3), and I @i NH4CI (or 1 M NH4HCO3),

respectively. The total volume of each fraction was 10 ml.
The separation of ara-C and its nucleotides that can be
achieved with this procedure is shown in Chart I; similar
results were obtained with CdR and its nucleotides. Acid
supernatants of mouse liver when mixed with the same
ara-C derivatives gave an elution pattern similar to that in
Chart I when blank tissue absorbance was subtracted for
eich fraction.
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Chart I. Separation of ara-C and its nucleotides by' anionic exchange
column chromatography. Aqueous solutions (3.5 ml) of ara-C, labeled with
[3Hlara-C (100 @g,3.6 pCi/mI), ara-CMP (125 @g/ml). ara-CDP (135
@zg/ml). or ara-CTP (175 @g/ml). or their mixture in the same final
concentrations were applied and eluted stepwise with water and NH4CI
solutions as indicated. Each fraction eluted (3.5 ml) was acidified with 20@l
of concentrated HCI. and the absorbance was measured at 280 nsi.
Radioactivity (99.8@) was recovered in the 1st 3 water elutions in direct
proportion with the absorbance of ara-C.

When testing for the presence of the 5'-triphosphate of
ara-U in triphosphate fractions, I M NH4HCO3 was used as
the eluent. The fraction was flash evaporated at 80â€”90Â°
under reduced pressure: water was added and the evapora
tion was repeated until the NH4HCO3 was decomposed.
The residue was then dissolved in 0.5 ml 10% PCA and
heated in a boiling water bath for 10 mm to convert
nucleoside triphosphates to monophosphates. After neutral
ization with ice-cold 2@ KOH, KC104 was removed by
centrifugation. The supernatant was then incubated with
Eseherichia coli alkaline phosphatase (I unit/mi) in
Tris-HC1 buffer, p1-I 8.2 (final concentration, 0.05 M) at 37Â°
for 2 hr. An aliquot was used for descending paper
chromatography (Whatman No. 3) in isopropylalcohol:con
centrated HC1:H20 (68:17:14.4) with ara-C (nonlabeled and
tritium labeled) and ara-U (nonlabeled) as reference mark
ers (44).

Control experiments were run to determine whether acid
hydrolysis would significantly deaminate ara-C. Tritiated
ara-C was heated at 100Â°for 15 mm in water and in 10%
PCA. Excess PCA was then removed as described above,
and the solutions were flash evaporated. The residues were
chromatographed as above. About 0.8% of radioactivity
was recovered as ara-U when the aqueous solution of the
[3HJara-C was directly chromatographed; about 1.3 and
4.6% were recovered as ara-U after heating in water and
10% PCA, respectively. The remainders were recovered as
ara-C. Tritiated ara-C was also heated for 3 hr at 85Â°in I M
NH4HCO3. At the end of this period the salt was decom
posed by flash evaporation as described above. By chroma

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2393112/cr0350010225.pdf by guest on 19 M

ay 2023
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tography of the residue 1% of the radioactivity was re
covered as ara-U; the remainder was recovered as ara-C.
There was no indication in these determinations that
tritium:hydrogen exchange was promoted by the drastic
conditions used.

Measurement of Cytocidal Effect of ara-C. Cytocidal
effects were determined as previously described (I I , 3 1).
[3H]TdR or [3H]IUdR was injected i.p. to prelabel DNA.
One hr later some animals were killed and total DNA as
well as total radioactivity in DNA were measured for
zero-time values; others were given s.c. injections of differ
ent doses of ara-C. These were killed 24 hr later to measure
losses of prelabeled DNA and of total DNA. Controls given
injections of 0.9% NaCI solution were also analyzed at 24
hr.

Chemicals and Radiochemicals. ara-C and ara-U were
obtained from Upjohn Co., Kalamazoo, Mich. [3HIara-C
( I I Ci/mmole, generally labeled), synthesized for the

National Cancer Institute by the Monsanto Research
Corp., Dayton, Ohio, was obtained from Dr. R. R. Engle of
the National Cancer Institute. The labeled compound was
further purified by paper chromatography using the solvent
system described above; 96.7% of the total radioactivity was
eluted with 0.9% NaCl solution from the zone with RF equal
to that of ara-C. The eluate was used in the experiments to
be described. ara-CMP (free acid), ara-CDP (ammonium
salt), and ara-CTP (ammonium salt) were purchased from
Terra-Marine Bioresearch, La Jolla, Calif. [3H]TdR and
[3H]CdR were purchased from New England Nuclear,
Boston, Mass. and [3H]IUdR was purchased from
Schwarz/Mann, Orangeburg, N. Y. According to the
manufacturers' analyses each had radiochemical purity
>97%; these values were confirmed by chromatography in
this laboratory. Deoxythymidine and CdR were purchased
from Calbiochem, San Diego, Calif.

Measurement of Radioactivity. 3H was determined as
previously described (31) using a Packard Tri-Carb Model
3375 liquid scintillation spectrometer. Counting efficiencies
were automatically obtained for samples and used for
calculation of dpm. Efficiencies were about 15% in DNA
extracts, about 18% in zones obtained from paper chro
matograms, and about 20% in fractions from ion-exchange
columns.

RESULTS

Inhibition of DNA Synthesis. A preliminary study was
done with [3HJTdR, injected by different routes, in order to
determine the period during which the rate of its incorpora
tion into DNA is linear with time. As shown in Chart 2,
linear incorporation occurred for 40 and 20 mm, respec
tively, after s.c. and i.p. injections. The rate of incorporation
after i.p. injection was about 10-fold higher in ascites cells
than in small intestine or in leukemic liver. More compara
ble rates of incorporation occurred in these tissues after s.c.
injection. On the basis of these data we decided to use a
â€œpulseâ€•of 30 mm after giving [3H]TdR s.c. in the following
studies.

Chart 3 illustrates the relation between dose and inhibi

tion of DNA synthesis in ascites cells, leukemic liver, and
small intestine at I hr after the injection of ara-C. The doses
tested ranged from a chemotherapeutically effective
amount, 25 mg/kg (I 5), to I /5000 of such a dose. The agent
was given s.c. in order to avoid preferential uptake by
ascites cells like that described above following i.p. injec
tions of [3H]TdR. Mice were killed at I hr when inhibition

@1
Chart 2. Time course of the incorporation of thymidine into the DNA

of small intestine, liver, and ascites cells. [3H]TdR (235 MCi, 2 @mo1es/kg)
was injected at 0 mm either i.p. or s.c. into mice at 5 days after Ll210
inoculation. Each symbol represents I mouse. , linear regressions for
the time periods indicated: - - - -, labeling after the initial linear phase.

Chart 3.
DNA in tissues of leukemic mice. At 0 mm, various doses of ara-C were
given s.c. to L1210-bearing mice at 5 days after transplantation. At 30 mm
[3HJTdR(200@ 2 @moles/kg)wasinjecteds.c.andcontralaterally.At
60 mm mice were killed and the incorporation of [3HITdR into DNA was
measured. Each symbol is the mean Â±S.D. (3 to 5 mice) of the relative
specific activities calculated in percentage of the average specific activity of
controls. The latter were 18 mice given 0.9% NaCI solution at 0 time. Ten
were killed 1 hr later; the remainder were killed at various times between 2
and 8 hr (seeChart 4). The average specific activities ofcontrol tissues were
in units of 1000 dpm/@imole deoxyribose: ascites cells, 3.14 Â± 1.08: liver,

13.1 Â±4.46; and small intestine, 16.3 Â±3.15.

@60

a1

MG/KG

Dose of ara-C and inhibition of thymidine incorporation into
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was already maximal (see below). [3H]TdR incorporation in
the leukemic liver is mainly due to L1210 infiltrates since in
previous studies we have found by radioautography that the
tritium label is present exclusively in nuclei of leukemic cells
at 5 and 6 days after transplantation (35). As in our previous
work (27, 35) [3H}TdR incorporatation in the leukemic liver
of the untreated mice of Chart 3 (13.1 Â± 4.5 x l0@
dpm/@.tmole deoxyribose) was about 10-fold greater than
that in liver of normal BD2F1 mice (1.2 Â± 0.4 x l0@
dpm/@mole deoxyribose).

The results of Chart 3 show that the lD50's for inhibition
of the incorporation of [3H]TdR in ascites cells and
leukemic liver were 0.013 and 0.015 mg/kg, respectively.
The ID50 in small intestine was about 10-fold greater.
Inhibition of DNA synthesis by ara-C was also studied in
the small intestine ofnonleukemic DB2F1 mice and the ID50
was found to be 0.17 mg/kg. This is similar to the ID50 for
intestine in the leukemic mice of Chart 3.

Chart 4 is a study of recovery from inhibition of DNA
synthesis in mice receiving either chemotherapeutically
effective doses (25 mg/kg) or lower doses (2.5 or 0.25
mg/kg). As in the experiment of Chart 3, DNA synthesis
was less inhibited in small intestine than in the leukemic
tissues. In addition, recovery from inhibition was more
rapid in the intestine. Inhibition was almost total in ascites
cells and liver for 8 hr in mice given 25 mg/kg; after 2.5
mg/kg it was as prolonged and nearly as extensive in ascites
cells for the 8-hr period. In liver the lower dose induced
about 90% inhibition for the 1st 3 hr with some recovery
thereafter.

A brief study was done of the effect of ara-C on the
incorporation of another precursor, [31-IJCdR, into the
DNA of ascites cells and small intestine. The use of this
precursor was of interest since it is the preferred substrate
for the kinase which phosphorylates ara-C (8) and since
ara-CTP has higher affinity for DNA polymerase than does
dCTP (16). Table I shows that the radiolabeled pools of
[3H]CdR and its nucleotides were either increased or not
changed in ara-C-treated mice while the incorporation of
[3HJCdR into DNA was markedly decreased. These results
suggest that the inhibitory effect of ara-C in vivo is at the
DNA polymerase step and is not due to decreasing pools of
DNA precursors. Such findings are in agreement with

results previously reported in L-cells in vitro (17).
Tissue Distribution of [3H]ara-C. Chart 5 shows the

distribution and persistence of radioactivity in tissues during
the 1st 4 hr after s.c. injection of [3H]ara-C. At all times
during the 4-hr period, ascitic Ll210 cells had much higher
concentrations of radioactivity than all other tissues of both
normal and leukemic mice. The levels of radioactivity in
intestines of normal mice were similar to those in leukemic
animals; however, leukemic liver had higher initial levels
with a slower rate of disappearance than normal liver.
Except for ascitic Ll210, thymus of nonleukemic mice had
the highest radioactivity of all tissues studied. Interestingly,
the values in thymus were at all times significantly greater
than those in spleen. The rates of disappearance of radioac
tivity in spleen, kidney, liver, heart, skeletal muscle, lung,
and blood of normal mice appeared to be quite similar with
a half-life of about I hr. Slower rates were apparent in
ascites cells, thymus, and small intestine. Slow buildup and
slow disappearance were observed in ascitic fluid and in
brain of normal mice. In general these results are similar to
the distribution of radioactivity found in BD2FI mice with
the P815 neoplasm after i.p. injection of [3H]ara-C (44).

Metabolism of ara-C in Vivo. ln previous in vivo stud
ies of the uptake of [3H]ara-C by murine neoplasms, P815
(44) and Ll210 (39), most intracellular acid-soluble radio
activity was found in nucleotides, particularly in fractions
containing ara-CTP. In this work the composition of
intracellular radioactivity in leukemic cells has been com
pared with that in other tissues. As shown in Chart 6 the
radioactivity in ascites cells was mostly in the ara-CTP
fraction in concentrations that were more than 10-fold those
in leukemic liver or small intestine. In contrast to ascites
cells, the ara-CTP fractions of liver and intestine contained
less radioactivity than did ara-CMP fractions during the 1st
2 hr after injection. Radioactivity in the ara-CTP fraction of
leukemic liver was higher than in small intestine throughout
the4-hrperiod.

Most of the radioactivity in the ara-CTP fractions of the
leukemic livers ofChart 6 was probably contained in L1210
infiltrates. This is supported by the fact that the average
value for the fraction in leukemic liver at 5 days after
transplantation of Ll2lO and at I hr after injection of
[3H]ara-C, 2.5 mg/kg, was about 4- to 6-fold greater than in

Chart 4. Time course of recovery from the inhibi
tion of the incorporation of thymidine into DNA. At
0 time ara-C was injected into leukemic mice as in
Chart 3 in doses of 0.25 (0), 2.5 (s), or 25 mg/kg
(â€¢).They were killed at the various times indicated
and at 30 mm after the s.c. injection of [3HJTdR (200
MCi,2 j.tmoles/kg).Eachsymbolis thedatumfor
a single mouse calculated in percentage of the mean
specific activity values for controls as given in Chart
3.
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TreatmentFractionpmole

equivalents!@moledeoxyriboseSmall

intestineAscitescellsControl

ara-CNucleoside2.77
Â±0.62

3.12 Â±1.172.47
Â±0.35

4.22 Â±0.67Control

ara-CNucleoside
monophos

phate0.26
Â±0.04

0.93 Â±0.270.44
Â±0.18

0.40 Â±0.07Control

ara-CNucleoside
diphosphate0.09 Â±0.02

0.15 Â±0.050.
10 Â±0.02

0.25 Â±0.10Control

ara-CNucleoside
triphosphate0. I7 Â±0.08

0.16 Â±0.040.
12 Â±0.05

0.40 Â±0.10Control

ara-CDNA0.09
Â±0.01

0.019 Â±0.0020.042
Â±0.0 19

0.005Â±0.0001

. D. NORMAL MICE

S.
Â£\.q dflt)l

â€˜ .

: SkeletalMuscle â€œ@

I I I I _I@ I I

lents of ara-CTP per g, respectively. Further support comes
from measurements of the gains in ara-CTP and of gains
in total liver DNA, presumably due to leukemic infiltrates
(27, 35), that are appreciable during late stages of Ll2lO
leukemia in mice. For these measurements DNA and ara
CTP equivalents (at I hr after injection of [3H]ara-C,
2.5 mg/kg) were determined in liver of nonleukemic con
trols (n = 10) and in liver and ascites cells of leukemic
mice at 6 (n = 5) and 7 (n = 3) days after transplantation.
The net increase of DNA and of ara-CTP in the liver of
each Day 6 and Day 7 mouse was calculated by subtracting,
respectively, the average DNA and ara-CTP found in con
trol mice. The ratio of these 2 increments in Day 6 livers
was I .4 Â± 0.2 @moles ara-CTP equivalents per @mole
deoxyribose. ara-CTP equivalents per unit of DNA in
the ascites cells of the same group of mice averaged I .5
Â± 0.4. The closeness of the 2 values permits the conclusion

that the increased ara-CTP in leukemic liver is due to
Ll210 infiltrates and that L12l0 cells in liver accumulate
as much as ara-CTP as in ascites. Similarly, in the mice at
Day 7, ascites cells contained 0.8 Â±0.3 @tmoleara-CTP
equivalents per @moledeoxyribose, whereas the incre
ment-ratios in livers averaged 0.6 Â±0.2 Mmole ara-CTP
equivalents per @imol deoxyribose. Again the 2 means
were in close agreement. The fact that the values were
lower than at Day 6 is probably in keeping with the slower
proliferating rate of L1210 cells and the deteriorating phy
siological conditions of the leukemic mice during the ter
minal day of life.

The levels of radiolabeled mono- and triphosphate nu
cleotides in tissues were related to the doses of [3H]ara-C
administered to mice (Chart 7). Linear relationships were
obtained in the double logarithmic plots. Similar relation
ships were obtained for the nucleoside and nucleoside
diphosphate fractions (data not shown); these values over
lapped those for the nucleoside monophosphate data of

I I I

ara-C Metabolites and Selective Effects in Vivo

Table I

The effect of ara-C on the incorporation of [3HICdR into acid-soluble nucleoside and nucleotide
poolsand intoDNA

At 0 time, Day 5 leukemic mice were given s.c. injections of 0.9% NaCl solution (controls) or
ara-C, 2.5 mg/kg. At 30 mm they received s.c. [3HJCdR, 10 zmoles/kg, labeled in one experiment
with 130 pCi/kg and in another with 420 MCi/kg. At 45 mm the mice were killed and radioactivity
was measured in acid-soluble fractions and in DNA. The data are reported as means Â±S.D. for
groups of 4 mice and in units of pmole equivalents of [3H]CdR per pmole deoxyribose.

A L121O-D@Y5

a Small Intestine
@ Liver

\@ Fluid

B NORMAL MICE

10

3

121@

IU
_J

@0.3-

;@@ NORMAL MICE

0 :@ 1 2 3 4
HOURS

Chart 5. Distribution of acid-soluble radioactivity in tissues at various
times after injection of [3Hlara-C. At 0 time [3Hlara-C, (2.5 mg, 100
jsCi/kg) was given s.c. to either normal or Day 5 leukemic mice. This dose
is equivalent to 9.0 nmoles/g of body weight. Total acid-soluble radio

activity was determined in different tissues and the data obtained were
calculated in nmole equivalents of ara-C. Each symbol is either the value
from I mouse or the mean Â±S.D. for 3 or more mice. (The acid-insoluble
fractions of each of the tissues studied contained less than 0.01% of total
administered radioactivity.)

livers of normal animals, i.e., I .03 Â±0.3 1 versus 0.22 Â±0.03
@imoleequivalents/g (Table 2). Even higher values were

obtained in livers of Day 6 and Day 7 tumor-bearing mice,
i.e., 4. 1 Â±I .2 (n = 5) and 5.4 Â±1. 1 (n = 3) smole equiva
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TissueNo. of miceRadioactivity

in fractions (nmole equivalents/gorml)NucleosideMonophosphate

nucleotideDiphosphate nucleotideTriphosphatenucleotideAscitescells

Ascites fluid7 31.39
Â±0.41

0.87 Â±0.031.20
Â±0.22

0.90 Â±0.041.48
Â±0.43

0.02 Â±0.00613.59
Â±2.05

0.006 Â±0.003Thymus(N)Â°

Thymus(L)9 22.19
Â±0.24

1.83 Â±0.331.48
Â±0.1 I

1.83 Â±0.330.70
Â±0.1 I

0.15 Â±0.133.84
Â±0.31

1.06 Â±0.32Spleen

(N)
Spleen (L)7 22.05

Â±0.24
2.70 Â±0.050.87

Â±0.23
1.99 Â±0. 120.19

Â±0.03
0.08 Â±0.071.26

Â±0.10
1.55 Â±0.10Liver(N)

Liver(L)13 51.45
Â±0.18

1.31 Â±0.250.72
Â±0.15

1.25 Â±0.170.09
Â±0.01

0.19 Â±0.030.22
Â±0.03

1.03 Â±0.31Smallintestine(N)

Small intestine(L)10 61.65
Â±0.12

1.14 Â±0.130.35
Â±0.11

1.17 Â±0.260.08
Â±0.01

0.16 Â±0.050.46
Â±0.04

0.63 Â±0.17Kidney

(N)I1.502.170.080.05Skeletal

muscle(N)20.83 Â±0.671.87 Â±0.890.06 Â±0.0050.05 Â±0.016Heart

(N)
Heart (L)8 21

.39 Â±0.07
1.09 Â±0.911

.30 Â±0. I 3
2.28 Â±0.700.05

Â±0.006
0.09 Â±0.060.03

Â±0.007
0.022 Â±0.05Lung(N)I1.530.610.040.024Brain(N)I0.351.710.050.021Blood

(N)
Blood (L)17 21.44

Â±0.24
1.67 Â±0.621.14

Â±0.18
0.90 Â±0.260.023

Â±0.006
0.02 Â±0.0060.019

Â±0.008
0.012 Â±0.006Plasma

(N)'51.98 Â±0.411.62 Â±0.270.012 Â±0.0030.017 Â±0.008WBC

Â±PLT (N)h52.79 Â±0.152.88 Â±0.220.018 Â±0.0090.066 Â±0.029RBC

(N)'51.96 Â±0.400.76 Â±0.350.010 Â±0.0040.014 Â±0.004
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Chart 6. ara-C and nucleotide fractions in acid-soluble extracts at various times after giving [3Hlara-C. At 0 time l3Hlara-C was injected into
leukemic mice as in Chart 5. The results at I hr are means Â±SE. for 5 to 7 mice (these data also appear in Table 2): the otherpoints are for single animals.
For clarity of presentation, values for ara-CDP fractions are omitted from the chart. In ascites cells these ranged from 0.8 to I .5 nmoles/g: in liver and
intestine, they ranged from 0. I to 0.2 nmole/g.

Table 2

Acid-soluble radioactivity in nucleoside and nucleotide fractions in tissues of normal and leukemic mice given l@Hlara-C

Normalorleukemic mice at Sdaysaftertransplantation ofLl2l0receiveds.c. injectionsof[3H@ara-C, 2.5 mg, l00@zCi/kg, and
were killed I hr later. Various tissues were analyzed for radioactivity in nucleoside and nucleotide fractions and the results were
calculated in nmole equivalents of ara-C per g or ml. The data are given as means Â±SE. for groups of 3 or more mice, means Â±
average deviation for 2 mice, or values for single mice.

â€˜,N, normal: L, leukemia: WBC + PLT, midzone containing the leukocytes and platelets (about 7% of total): RBC, the
erythrocyte zone.

,. To obtain these samples blood was centrifuged in hematocrit tubes and the resulting 3 zones were separately withdrawn.
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ara-C Metabolites and Selective Effects in Vivo

As shown in Table 2 the nucleoside monophosphate
fraction in ascitic fluid and blood and in blood components
(plasma, red blood cells, and the leukocyte-platelet fraction)
contained radioactivity in amounts similar to those found in
other tissues. Since this result was unexpected, the nucleo
side monophosphate fractions from the blood of 5 normal
mice were digested with phosphatase and the products were
analyzed by paper chromatography. Only 12 Â±6% of the
radioactivity migrated as ara-C whereas 84 Â±6% migrated
as ara-U. Similar analyses were carried out with ara-CMP
fractions from livers (5 animals) and small intestines (2
animals) of normal mice. For liver, ara-C accounted for 40
Â± 5% of the radioactive products and ara-U accounted for

56 Â±4%; for small intestine, ara-composed 6 1% and ara-U
composed 32%. These data suggest that ara-UMP was
present in appreciable amounts in the nucleoside monophos
phate fractions of all tissues studied in Table 2. Its presence
in blood shows that it circulates widely. Whether the
deamination involved in its origin occurs at the nucleoside
or nucleotide level (or at both) was not studied in the present
work.

ara-C fractions were tested in a few experiments for the
presence of ara-U: ascites cells (2 mice), normal liver (3
mice), and leukemic liver (I mouse). For this purpose, the
fractions were applied directly on paper after concentration
by flash evaporation. In the fraction from ascites cells I3%
of the radiactivity was recovered as ara-U and 82% was
recovered as ara-C. From livers, ara-U accounted for 3% of
the radioactivity; ara-C accounted for 94%. These data are
consistent with previous findings in tissue extracts (4, 37)
and cell cultures (39), which show that deaminase activity is
relatively low in most normal murine tissues and negligible
in L1210 and P815 neoplasms.

Because ofthe unexpected finding oflabeled ara-UMP in
the circulation of mice receiving [3H]ara-C, we were
interested to determine whether dUMP appears in the blood
of mice given [3H]CdR. For this purpose we analyzed
acid-soluble fractions from blood obtained at the time of
killing of the mice of Table I which had received [3HJCdR
in the dose of 420 @tCi/kg. The nucleoside, mono-, di-, and

Chart 7. The concentrations of radiolabeled triphosphate
nucleotides in ascites cells were 7- to 17-fold higher than in
small intestine and in liver throughout 1000-fold dose range
of ara-C without indication that the metabolic systems
involved were saturated at higher doses. The levels of
monophosphate nucleotides in all 3 tissues were similar
within the same dose range.

Table 2 summarizes analyses of acid-soluble extracts of
various tissues of leukemic and normal mice at I hr after
giving [3HJara-C, 2.5 mg/kg. The data show that the
radioactivity in ara-CMP fractions was ofthe same order of
magnitude in all leukemic and nonleukemic tissues. How
ever, markedly different levels of radioactivity in ara-CTP
fractions were observed among different tissues, particu
larly in relation to differing proliferative capacity. Thus,
ascites cells, leukemic liver, thymus, spleen, and small
intestine in leukemic or normal mice had significantly
higher values than all other tissues listed in Table 2. Except
in ascites cells, radioactivity in ara-CDP fractions was
generally low. The ratio of radioactivity in ascites cells
versus that in ascites fluid for ara-C fractions was 1.6; the
same ratio for ara-CTP fraction was 2260. This indicates
the presence of a highly efficient trapping mechanism for
the active metabolite in the L1210 cells.

To test whether nucleoside triphosphate fractions con
tamed mainly ara-CTP, analyses were carried out in
selected tissues from normal and Day 5 leukemic mice at I
hr after s.c. injection of [3H]ara-C, 2.5 mg, 100 zCi/kg:
ascites cells (5 mice), leukemic livers (4 mice), thymus (2
normal and 2 leukemic mice), small intestines (3 normal and
2 leukemic mice), and spleen ( I normal mouse). Essentially
similar results were obtained in all above tissues. Eight to
I 2% of the radioactivity after acid and phosphatase diges
tion migrated in paper chromatograms as ara-U while 78 to
92% migrated as ara-C. Somewhat different results were
obtained with ara-CTP fractions from nonleukemic liver (6
normal mice) where, as shown in Table 2, the triphosphate
fraction contained much less radioactivity than in leukemic
liver: 63 Â±5% of the hydrolyzed products migrated as ara-C
and 29 Â±6% migrated as ara-U.

0.01 0.1@ 10 0

MG/KG
OJ I IC

10

Chart 7. ara-CTP and ara-CMP fractions in tissues
at I hr after giving various doses of [3H]ara-C. At 0
time ara-C was injected in doses that varied between

0.025 and 25 mg/kg: each dose was labeled with [3H]-
ara-C. 100 MCi/kg. Each symbol is the mean Â±average
deviation for 2 mice.

I ...@

0.1

0.01
I
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Ascites cellsLiverSmallintestineDeoxyriboseDeoxyriboseDeoxyriboseara-Cdpm

(l0@)(gzmoles)dpm(lO')(@moles)dpm(I0@)(@imoles)Day4control1120Â±2207.5Â±2.3Â°37Â±

6@9.6Â±0.8Â°282Â±43b24.7Â±3.6kDay5control1150Â±24017.0Â±3.756Â±
1611.3Â±0.9230Â±3320.3Â±2.82.5mg/kg8l0Â±440@Ill.8Â±3.9h42Â±
1210.9Â±1.0284Â±60â€•29.725

mg/kg590 Â±320'6.7 Â±2.9'@23 Â± 8a9.7 Â±0.5b220 Â± 4.220.9 Â±I .6

T.-C. Chou et al.

is most effective when treatment is begun early with inocula
of less than l0@ cells (42, 43). The possible correlation
between differential incorporation of ara-C into DNA and
selective cytotoxicity will be discussed later.

Cytocidal Effect in Vivo. Losses of radioisotopically
prelabeled DNA have been measured in previous attempts
to estimate the cytocidal effects of antitumor agents in vivo
(I 1, 24, 31). Table 3 summarizes similar measurements in
Ll210 mice treated with ara-C at 4 days after transplanta
tion. The data show that losses of radiolabeled DNA were
significant in ascites cells and leukemic liver in mice given
25 mg/kg; loss from thymidine-labeled ascites cells was also
appreciable after the dose of 2.5 mg/kg. By contrast, neither
dose of ara-C caused significant change of label in small
intestine. Analyses of total DNA revealed that ara-C
significantly reduced the growth of the ascites cell popula
tion in a dose-dependent manner. A similar effect was seen
in the leukemic livers. The analyses of total DNA in
intestine suggested that the dose of 2.5 mg/kg may have
protected the organ from the losses of DNA that are caused
by L1210 leukemia; a similar protection has been reported
in leukemic mice treated with methotrexate (27, 35).

A similar experiment was conducted with mice prelabeled
with [3H]TdR or [3H]IUdR at 5 days after transplantation.
The results of analysis of the ascitic cell population at 6 days
were unsatisfactory since the ascitic fluid was heavily
contaminated with blood and since the total radioactivity
and the total DNA in the 6-day controls were, respectively,
about 52 and 65% of 5-day controls. Satisfactory controls
were obtained in liver and small intestine and the results for
these organs are shown in Table 4. As in the experiment of
Table 3, the dose of 25 mg/kg reduced radioactivity in liver
and there was a dose-dependent reduction in the increase of
total liver DNA. By contrast with Table 3 losses of
prelabeled DNA occurred in small intestine of mice treated
with 25 mg/kg. The differing response of intestine to
treatment given at Day 4 to that at Day 5 is unexplained. It
suggests the possibility that intestinal susceptibility to ara-C
increases as leukemic growth progresses, and that it may be
related to the findings mentioned above that the disease as it
advances becomes more difficult to treat effectively with
ara-C.

Table3

triphosphate fractions contained, respectively, 7.43 Â±I.44,
1.52 Â± 0.57, 0.037 Â± 0.006, and 0.017 Â± 0.003 nmole
equivalents of [3HJCdR per ml. Paper chromatography of
the nucleoside fraction revealed that 80% of the radioactiv
ity was present as CdR and 19% was present as UdR. After
hydrolysis the monophosphate fraction was found to con
tam 12% CdR and 87% UdR. The preponderance of the
deaminated nucleotide was like that found above in the
blood of mice receiving [3H]ara-C. Acid-soluble radioactiv
ity in the ascites cells and small intestine of the same mice
was also analyzed. CdR accounted for 78 to 8 1% in the
nucleoside fractions, for 19 to 50% in the monophosphate
fractions, and for 79 to 80% in the triphosphate fractions.
These results also paralleled those obtained in mice given
[3H]ara-C.

Incorporation of ara-C into Nucleic Acids. Incorporation
of ara-C into DNA (9, 18, 41) and RNA (6, 9) in cell-free
systems or in cell cultures has been reported by other
laboratories. A brief study was carried out during the
present work to determine whether ara-C incorporation into
nucleic acids occurs in vivo. For this purpose radioactivity
was measured in the DNA of acid-insoluble fractions of
ascites cells and small intestine from single mice of Chart 6
at 30 mm and 1, 2, and 4 hr after s.c. injection of[3H]ara-C,
2.5 mg, 100 MCi/kg. Small although significant amounts
were detected in ascites cells at 1, 2, and 4 hr: respectively,
0.85, 9.9, and 19.8 pmole equivalents/@mole deoxyribose.
In small intestine the values at 30 mm, I, 2, and 4 hr were,
respectively, 0.4, 0.8, 0.9, and 1.6 pmoles/@imole. Some
radioactivity was also detected in the alkaline digests (RNA
fractions) of the same acid-insoluble fractions; the total
ranged in ascites cells from 200 dpm at 30 mm to 1130 dpm
at 4 hr and in small intestine from 200 dpm at 30 mm to 520
dpm at 4 hr.

In another brief study the DNA of ascites cells was
analyzed in single animals at 4, 5, 6, and 7 days after
transplantation and at 1 hr after s.c. injection of [3HJara-C
(2.5 mg, 100 .tCi/kg); the radioactivities found were,
respectively, 2.7, 0.86, 0.77, and 0.23 pmole equivalents/
@.tmoledeoxyribose. These findings warrant further study
since they may have bearing on previous reports which have
indicated that chemotherapy of L1210 leukemia with ara-C

Effrct of ara-C on prelabeled DNA and total DNA in tissues of Day 4 leukemic mice

[3H]TdR,100MCi,2 @zmoles/kg,wasinjectedi.p. into miceat 4 daysaftertransplantationof LI2I0. Onehr latersomemicewerekilled(theDay4
controls). The remainder were given s.c. either 0.9% NaCI solution (the Day 5 controls) or ara-C. These mice were killed 24 hr later. The total
radioactivity in DNA and the total deoxyribose were determined in each tissue. The values given below are mean Â±S.D. for 7 to 9 mice.

op < 0.01 compared with Day 5 controls.
h p < 0.05 compared with Day 5 controls.
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Precursorara-CLiverSmall

intestinedpm

( l0@)Deoxyribose(jzmoles)dpm (l0@)Deoxyribose(pmoles)I3HITdRDayScontrol

Day6control
2.5 mg/kg
25 mg/kg47Â±

IS
48Â±20
53 Â±17
29 Â± 8h12.2Â±

1.3'
16.2Â±2.6
15.2 Â±2.0
12.5Â±1.4'121

Â±22
105Â±21
106 Â±15
62 Â±20â€•21.9Â±2.3a

16.5Â±2.4
16.2 Â± 1.6
17.0 Â±1.9I3HIIUdRDay5control

Day6control
2.5 mg/kg
25mg/kg67Â±32

63Â±28
81 Â±41
36Â± II'11.4Â±

1.6'
15.6Â±2.9
14.7 Â±2.3
12.1 Â±1.1166Â±65

157Â±47
189 Â±77
98Â±43'21.9Â±3.3h

18.2Â±2.1
18.6 Â±2.3
18.7 Â±2.8

ara-C Metabolites and Selective Effects in Vivo

Table 4

Effect of ara-C on prelabeled DNA and total DNA in tissues of Day 5 leukemic mice

E3HITdR, 50 MCi, 2 @moles/kg,or [3HIIUdR, 200 pCi, 2 @moles/kg,was injected i.p. into mice at 5 days
after transplantation of LI2IO. One hr later some mice were killed (the Day 5 controls). The remainder were
given s.c. either 0.9% NaCl solution (the Day 6 controls) or ara-C. These mice were killed 24 hr later. The total
radioactivity in DNA and the total deoxyribose were determined in each tissue. The values given below are
means Â±S.D. for 8 to 9 mice.

(â€˜p < 0.01 compared with Day 6 controls of the corresponding experiment.
â€œp< 0.05 compared with Day 6 controls of the corresponding experiment.

DISCUSSION

The following are the main conclusions that can be drawn
from the present studies: (a) Ll210 cells accumulate higher
levels of ara-CTP (Charts 6 and 7; Table 2) for longer
periods than the host tissues (Chart 6) and correspondingly,
the inhibition of DNA synthesis is greater (Chart 3) and
more prolonged (Chart 4) in leukemic cells; (b) DNA
synthesis in tumor and in host tissues (Chart 3) is equally
inhibited by similar levels of ara-CTP (Charts 7 and 8); (c)
administration of ara-C to L1210 mice causes a more
pronounced loss of prelabeled DNA, i.e., greater cytotoxic
ity, in ascites cells and in leukemic liver than in host small
intestine (Table 3); and (d) it appears that the differential
net tissue level of ara-CTP and its duration are the
determinants of chemotherapeutic efficacy against L I210
leukemia.

The studies have established that ara-CTP comprises at
least 80% of the radioactivity in the nucleoside triphosphate
fractions of ascites cells, liver, and small intestine in
leukemic mice given [3H]ara-C. Thus, it is possible to
correlate ara-CTP concentration and inhibition of DNA
synthesis with the use of data available in Charts 3 and 7.
The correlation is shown in Chart 8 where ara-CTP
concentration is plotted against inhibition of [3HJTdR
incorporation. Data from the leukemic tissues and the small
intestine fit a common curve. This implies that DNA
synthesis in the host tissue and in leukemic cells is equally
inhibited by similar levels of ara-CTP. Chart 8 also shows
that tissue concentrations of ara-CTP must be at least I
nmole/g if the inhibition is to be greater than 90%. The
significance of near-total inhibition of DNA-synthesis for
the cytocidal action of ara-C will be discussed below.

If the intracellular distribution of ara-CTP in the tissues
of Chart 8 is assumed to be homogeneous, then the
concentration required for 50% inhibition is ca. 0.03 @tM
which is much lower than K1 values found with DNA

I

ARA-CTP (nM0I@E/G)

Chart 8. Relationship between tissue level of ara-CTP and the inhibi
tion of DNA synthesis. The data used were taken from Charts 3 and 7.

polymerases from L-cells (8.7 @LM),calf thymus (ca. I @M)
(16), human lymphocytes (2.8 to 13.3 .tM) (37), and

hepatocyte nuclei (0.5 @.tM)( 14). A similar discrepancy has
been noted in studies with L-cells (18). The theoretical
implications of such discrepancies have been discussed
elsewhere and need no further elaboration herein (5, 18).

Our studies on the net accumulation of ara-C in the
monophosphate nucleotide fractions failed to demonstrate
consistent differences between leukemic and nonleukemic
tissues or between proliferating and nonproliferating tissues
(Table 2). Unexpectedly, the nucleotides recovered from
monophosphate fractions contained radioactivity that, after
hydrolysis, migrated mainly as ara-U in paper chromato
grams. In contrast the accumulation of ara-C in the
nucleotide triphosphate fraction was consistently greater in
proliferating tissues than in tissues with low mitotic activity
and particularly so in leukemic cells. By hydrolysis this
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fraction was shown to contain mainly ara-C. In leukemic
tissues and cell renewal systems, the relative levels of ara-C
and the different nucleotides of ara-C were such that the
rate-limiting step in the sequential phosphorylations would
appear to be the CdR kinase reaction; for in these tissues
there were greater accumulations ofara-C than of ara-CMP
and of ara-CTP than of ara-CDP (Table 2).

Treatment of L1210 leukemia with ara-C has been shown
to be optimal when the agent is given in repeated doses of IS
mg/kg every 3 hr for 24 hr (42, 43). The success of this
schedule has been attributed to the assumptions that ara-C
rapidly and selectively renders S-phase cells nonviable, that
the optimal dose acts for < 3 hr, and that at some time
before each succeeding dose surviving cells are free to move
into the S phase. However, the data in Chart 4 indicate that
s.c. injection of doses of ara-C as low as 2.5 mg/kg
persistently inhibits DNA synthesis over 97% in ascites cells
for at least 8 hr. This result is not consistent with the second
of the above assumptions, which.is based on measurements
of the interval during which blood concentrations of ara-C
remain above a presumed minimally effective level. More
over, the ratio of ara-CTP in leukemic cells versus blood is
more than 700-fold at I hr after injection when the ratio of
ara-C in ascites cells versus blood is near unity (Table 2).
Furthermore, the half-time of total acid-soluble radioactiv
ity in blood is only about 1 hr while that in ascites cells is
about 7 hr (estimated from Chart 5).

The present data are more consistent with a proposal that
repeated doses of ara-C maintain nearly total inhibition of
DNA synthesis for sufficient periods to kill S-phase cells as
well as those trapped near the G1-S border. Both modes of
cell killing have been demonstrated in mouse L-cells; the
first occurs rapidly without apparent lag while the second
occurs after variable intervals (5 to 15 hr) that are inversely
related to dose of ara-C ( I7).

Efforts have been made to relate plasma levels of ara-C
with the pharmacodynamic behavior of the drug (2 1, 23, 26,
40, 42). However, the data in Chart 5 and Table 2 suggest
that measurement of blood concentrations of ara-C is not
likely by itself to provide direct information about intracel
lular levels of active metabolite in different tissues.

Previous attempts to correlate the chemotherapeutic
effectiveness of ara-C with the extent of phosphorylation of
ara-C (28, 29) or with kinase:deaminase ratios (20, 22) have
not been uniformly successful. This may be due to the
presence of variable amounts of deoxyuridine kinase (ara-U
kinase) in different tumor preparations which could result in
variable amounts of ara-UMP. UdR kinase has recently
been separated from CdR kinase in blast cells of human
myelocytic leukemia (10). It would seem reasonable to
suggest that total nucleotides formed from ara-C should be
separated into active and inactive components in future
attempts to correlate therapeutic efficacy and ara-C me
tabolism.

The lymphocytic leukemia, Ll2lO, and normal lymphoid
tissues such as thymus and spleen have a high capacity to
incorporate ara-C into ara-CTP. Among the other normal
tissues studied only small intestine has similar, although

somewhat lower, capacity (Table 2). As stated above such
activity appears to be associated with high rates of prolifera
tion. This seems contrary to recent conclusions of other
investigators who have found no correlation between the
proliferative activity of lymphoid cells and their capacity to
phosphorylate ara-C in vitro (19). Our findings also appear
discordant with the conclusion that there is no correlation of
â€œCdRkinaseâ€• activity and proliferating rates in different
tissues of mice and rats (13). However, in the studies just
cited there were no attempts to distinguish between CdR
kinase activity per se and the varying capacity of different
cells and tissues to synthesize and accumulate ara-CTP.

All available information on the actions of ara-C indicates
that it interferes with the synthesis or function of nucleic
acids (2, 6, 7, 9, 16, 18, 34, 41). There is, however, no clear
evidence establishing a single mode of action of ara-C as
responsible for the genesis ofcytocidal effects. The results of
Table 3 and Chart 4 suggest that significant fractions of
ascites cells may survive doses of ara-C such as 2.5 mg/kg
that induce more than 97% inhibition of DNA synthesis for 8
hr or more. Moreover, doses as low as 2.5 mg/kg have little
chemotherapeutic activity against Ll210 leukemia. Such
findings are compatible with in vitro studies on L-cells of
Graham and Whitmore ( I7), which indicate that cells can
survive over 97% inhibition of DNA synthesis for more than
1 generation time. Their in vitro data and our in vivo results
suggest that the inhibition of the last few percent of DNA
synthesis is critical to cell survival. Others have demon
strated that ara-C is incorporated into nucleic acids to a
limited although significant extent (9, 18, 41), and we have
obtained evidence for the presence of radioactivity in the
DNA of ascites cells and small intestine of mice treated with
[3H]ara-C. Recent studies have suggested that replicative
DNA synthesis is more sensitive to ara-CTP than is repair
DNA synthesis (14). Possibly inhibition ofreplicative DNA
synthesis by itself does not kill cells as long as repair
synthesis can function to excise incorporated ara-C or other
mismatched bases. If this were so, then to be effectively
cytocidal ara-C would have to be given in doses higher than
those that inhibit only replicative synthesis.
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