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SUMMARY

The administrationof 5-azacytidineto ratsresultedin
enhancement of thymidine incorporation into liver DNA.
Repeated doses of the drug caused a greater than 10-fold
increase of thymidine incorporation. In 5-azacytidine
treated intact rats no changes in the activity of thymidine
and thymidylate kinases were observed, whereas a marked
depression of thymidine phosphorylase activity occurred. In
intact animals the mitotic activity in the drug-treated livers
changed slightly; however, 5-azacytidine administration be
forepartialhepatectomy resultedina dramatic increaseof
mitotic activity in 24-hr regenerating livers. In this case the
observed increase in incorporation of thymidine was paral
leled both by increased activity of thymidine and thymidyl
ate kinases and by a decline in thymidine phosphorylase
activity. The higher incorporation of radioactivity into liver
DNA in intact rats pretreated with the drug can be ac
counted for, at least partially, by the lower cellular degrada
tion of the injected radioactive thymidine used for labeling.
In addition, alterations in the labeling and in the mitotic
activity of hepatocytes and nonparenchymal cells caused by
5-azacytidine should be taken into consideration.

INTRODUCTION

The removal of two-thirds of the mammalian liver results
in the enhanced proliferation of hepatocytes in the remain
ing lobe. A wave of nuclear DNA synthesis occurs in rats 16
to 18 hr after partial hepatectomy, followed by increased
mitotic activity 6 hr later (4, 14). The pattern of DNA replica
tion is dependent on various factors (1, 27, 28, 31), and 2
cycles of enhanced DNA synthesis in regenerating rat livers
have been observed (5, 16, 18). Synchronization of DNA
replication is reflected by a biphasic pattern of thymidine
incorporation into nuclear DNA. The activity of thymidine
kinase exhibits a similar biphasic pattern of induction cou
pled with the initial 2 cycles of nuclear DNA replication (19).

When administered shortly after partial hepatectomy, 5-
azacytidine, an effective cytostatic agent (6, 17, 20, 26), led
to complete inhibition of DNA synthesis in 24-hr regenerat
ing liver and to prolongation of the lag period preceding its
increased synthesis (11). A simultaneous decrease in activ
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ity of thymidine and thymidylate kinase was observed. It has
been found that the incorporation of thymidine into DNA in
regenerating rat livers is modified depending on the time of
5-azacytidine administration (8, 10). When the drug was
given 16 to 40 hr before partial hepatectomy, incorporation
of thymidine into liver DNA was enhanced. It has -been
proposed that the 5-azacytidine-mediated increase of thymi
dine incorporation into DNA can be attributed to either a
changed level of intracellular metabolites or a partial syn
chronization of proliferating hepatocytes triggered by the
stimulus of partial hepatectomy (8). The latter possibility is
currently being studied in the laboratory of Dr. H. M. Rabes
in Munich, and the former is the subject of this paper. The
effect of 5-azacytidine on thymidine utilization for hepatic
DNA synthesis and the differences in the responses of intact
and stimulated rat livers to drug action are presented.

MATERIALS AND METHODS

Materials. 5-Azacytidine was prepared in the Department
of Organic Synthesis of the Institute of Organic Chemistry
and Biochemistry in Prague, Czechoslovakia. [2-
â€˜4CjThymidmne(52 @Ci4tmoIe),2'-deoxy[2-'4C]uridine (24

@Ci/@imole),[6-'4C]orotic acid (48 @Ci4@mole),[2-'4C]TMP
(24 @.tCi4@mole),and [3H]thymidine (18.8 mCi/@mole) were
obtained from the Institute for Research, Production and
Uses of Radioisotopes, Prague, Czechoslovakia. ATP and
TIP were delivered by Calbiochem, Lucerne, Switzerland.

Animals. Groups of female Wistar rats (150 to 185 g) kept
under standard conditions on a laboratory chow diet were
used throughout the experiments, which were always
started between 8 and 9 a.m. Partial hepatectomies (66%)
and sham operations were performed under light ether nar
cosis according to the method of Higgins and Anderson
(15). 5-Azacytidmne, dissolved immediately before adminis
tration, was injected i.p. in a maximal volume of 0.3 ml;
control animals received the same volume of 0.9% NaCI
solution. At selected time intervals, the animals were killed
by decapitation and then bled, and the excised livers were
homogenized at 4Â°in a glass homogenizer in 3 volumes of
25 mM Tris-HCI buffer (pH 7.5) containing 5 mM MgCI2 and
25 m@iKCI. Homogenates were centrifuged (10,000 x g, 20
mm, 2Â°),and the defatted supernatant fractions were used
for the determination of enzyme activity.

In Vivo Labeling of RNA and DNA in Rat Livers. [6-
â€˜4CjOroticacid or [2-'4C]thymidine was injected i.p. , usually
2 hr before killing, into groups of female rats kept on food
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ad libitum. The excised livers were homogenized in 5 vol
umes of ice-cold 0.14 M KCI, the 3 ml of the homogenate
were added to 3 ml of 0.4 M HCIO4and centrifuged, and the
sediment was repeatedly extracted with cold 0.2 M HCIO4.
RNA in the sediment was subjected to alkaline hydrolysis(1
M KOH, 18 hr, 20Â°), and radioactive 2'(3')-UMP was isolated

and measured as described previously (23). The hydrolysate
was neutralized with 10% HCIO4 and centrifuged, and the
sediment was evaporated to dryness. Hydrolysis of DNA in
the sediment was carried out for 1 hr with 70% HCIO4 at
1000. After neutralization the supernatant fraction was sepa

rated chromatographically on Whatman No. 3 paper in a
solvent system composed of 1-butanol:acetic acid:water
(10:1:3, v/v/v). Separated spots of thymine were eluted and
rechromatographed on Whatman No. 3 paper in a solvent
system composed of isopropyl alcohol:ammonium hydrox
ide:water (7:1:2, v/v/v). Spectroscopically pure thymine was
estimated after elution with a spectrophotometer Unicam
SP 700; the radioactivity was assayed in a Packard liquid
scintillation spectrometer. The incorporation of [2-
â€˜4Cjthymidineinto DNA is expressed as the specific radioac
tivity of [2-'4C]thymine isolated from DNA (in dpm4@mole).

Autoradiography of Parenchymal and Nonparenchymal
Cells. At different time intervalsfollowing 5-azacytidinetreat
ment, groups of intact rats received [3H]thymidine (120
MCi/animal) i.p. 2 hr before killing. The excised livers were
fixed for 24 hr in a mixture of 4% formalde
hyde:ethanol:glacial acetic acid water (10:50:5:35) and
were dehydrated with methanol. The tissue was embedded
in paraffin, sections were cut at 6 @m,and, after being
coated with a stripping film (Kodak AR 10), they were ex
posed at â€”20Â°for 10 to 15 days. After development the
slides were stained with hematoxylin and eosin. The num
ber of grains and the number of mitoses were evaluated in
10@cells on each slide. The values of labeling are given after
subtracting the background. The synthetic index was calcu
lated by multiplying mean grain counts/labeled cell by the
percentage of labeled cells in a given population. Both
parenchymal cells (hepatocytes) and nonparenchymal cells
(littoral and ductal cells together) were evaluated.

Assay of Thymidine and Thymidylate Kinases- Incuba
tion was carried out at 37Â°in 66 mM Tris-HCI buffer (pH 7.4)
in the presence of liver postmitochondrial fraction corre
sponding to 25 mg of liver tissue in a total volume of 0.3 ml.
Reaction mixtures contained 0.05 mM [2-'4C]thymidine, or
0.05 mM 2'-deoxy[2-'4C]uridine, and 3 mM ATP with 1.5 mM
MgCl2; 0.05 mM [2-'4C]TMP and 2 mM ATP with equimolar
Mg2@ions. Aliquots of incubation mixtures, withdrawn dur
ing the linear course of respective enzyme reaction (usually
10 mm), were separated without deproteinization (11) by
descending chromatography on Whatman No. 1 paper with
appropriate standards in a solvent system composed of
isobutyric acid:ammonium hydroxide:water (66:1.5:33,
v/v/v). Radioactive spots were cut out and assayed with a
Packard liquid scintillation spectrometer. The activity of
enzymes is expressed as nmoles of TMP or of TDP and TTP
formed during a 10-mm incubation period in the presence
of1 mg proteininthe incubationmixture.

Assay of Thymidine Phosphorylase and TMP Nucleotid
ase. Incubations were carried out at 37Â°in 66 mM phos

phate buffer (pH 7.2) with 0.05 mM [2-'4C)thymidmne or 0.05
mM [2-'4C]thymidmne5'-monophosphate in the presence of
0.1 ml of liver postmitochondrial fraction in a total volume
of 0.3 ml. Aliquots of incubation mixtures were separated by
chromatography on Whatman No. 1 paper in the upper
phase of the solvent system composed of ethyl ace
tate:water:formicacid(60:35:4,v/v/v)or ina solventsystem
composed of isobutyric acid :ammonium hydroxide:water.
Radioactive spots were cut out and measured with a Pack
ard liquid spectrometer. The activity of thymidine phospho
rylase is expressed as nmoles of the newly formed thymine
during a 10-mm incubation period in the presence of 1 mg
protein in the reaction mixture, and TMP nucleotidase activ
ity is expressed as nmoles of TMP dephosphorylated under
similar conditions.

RESULTS

Thymidine Transformation and Incorporation in the
Liver of Intact Rats following 5-Azacytidine. The adminis
tration of 5-azacytidine results in marked changes in both
RNA and DNA labeling using different radioactive precur
sors (7, 9, 10). Given shortly before or after partial hepatec
tomy, 5-azacytidine completely blocks the incorporation of
thymidine into liver DNA (11), while the treatment of animals
prior to partial hepatectomy results in an enhancement of
the labeling of hepatic DNA with radioactive thymidine (10).
The enhanced uptake of thymidine following 5-azacytidine
treatment has also been found in intact animals (Table 1). In
fasting rats the utilization of orotic acid for the synthesis of
RNA was enhanced similarly (Table 1), but stimulation of
thymidine incorporation did not occur. Consequently, the
phenomenon of enhanced DNA labeling cannot be ex
plained by the impaired gastrointestinal function of 5-azacy
tidine-treatedrats(23).

The increase of thymidine incorporation into DNA in the
liver of intact animals in relation to the amount of repeatedly
administered 5-azacytidine is shown in Chart 1. The simulta
neous measurement of thymidine and thymidylate kinases
in cell-free liver extracts from the drug-treated animals re
vealed no changes in their activities. This rather unexpected
finding led us to follow the activity of enzymes taking part in
the catabolism of thymidine and its 5'-phosphates. While
hepatic thymidine 5'-nucleotidase was unchanged follow
ing repeated 5-azacytidine administration (only toxic doses
of the drug resulted in about 40% inhibition of this enzyme),
there was a marked drop in thymidine phosphorylase activ
ity in extracts from the livers of 5-azacytidine-treated ani
mals (Chart2).

In contrast to 5-azacytidine administration , the administra
tion of 2'-deoxy-5-azacytidine did not change either the
incorporation of thymidine into liver DNA or the thymidine
phosphorylase activity.

The number of hepatocytes synthesizing DNA in the nor
mal rat livers is low, and these cells are randomly distrib
uted in the hepatic lobe (14). Repeated 5-azacytidine admin
istration resulted in the enhancement of labeled parenchy
mal and nonparenchymal cells (Chart 3), with higher values
of mean grain counts/average labeled cell (Table 2). The
fact that more cells are engaged in DNA synthesis was
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ConditionsUptake

of orotic
into RNAacidUptake

of thymidine
intoDNAdpm/i@mole

2'(3')-UMP%dpm4@molethymine%Control2517

Â±230â€•100410 Â±18100Starvationâ€•7250
Â±680286264 Â±4564.45-Azacytidine

treatment@6190 Â±5402463050 Â±460744

Enhanced Incorporation of Thymidine into Liver DNA

Table1
Theuptake of orotic acid and thymidine into RNAand DNAin the liver of starved or 5-

azacytidine-treatedrats
[2-'4ClOroticacid (0.8 @Ci/0.5@mole/animaI)or [2-'4C]thymidine(1pCi/0.1 @mole/animal)

wereadministeredi.p. 2 hr beforekilling.

a Mean Â± S.E.

ii Groups of 5 to 6 female rats 1 50 to 1 55 g were kept on drinking water only for 3 days.

C 5-Azacytidine was administered i.p. for 3 consecutive days to groups of 6 female rats

at the dose level of 8 @molee/100g.
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Chart 2. Lower activity of thymidine phosphorylase in cell-free liver ex
tracts of rats treated with 5-azacytidine. Groups of 4 to 6 female rats were
given i.p. 5-azacytidine (5 @.@moIes/100g) (arrows), and the activities of thymi
dine phosphorylase and TMP nucleotidase were measured 24 hr after the last
injection of the drug.

tectomy resulted not only in the enhancement of DNA label
ing during the course of liver regeneration but also in the
shortening of the lag period preceding the maximal synthe
sis of DNA. Maximal labeling in the drug-treated animals
was attained at 20 hr of regeneration: in control animals it
was 4 to 6 hr later. Similar changes were observed by
measuring the capacity of cell-free liver extracts, prepared
from the control and 5-azacytidine-altered regenerating liv
ers, to synthesize thymidine 5'-triphosphate in vitro (Chart
4,right).

While in intact 5-azacytidine-treated rats the increased
incorporation of thymidine into liver DNA occurred under
conditions of unchanged thymidine and thymidylate kinase
activities, in regenerating livers the pretreatment of animals
with the analog resulted in enhancement of the activity of

both enzymes. Again, the maximal effect was observed
between 15 and 20 hr of regeneration, the activities of both
enzymes being enhanced more than 3-fold. Data presented
in Table 3 illustrate the changes in thymidine kinase activity
assayed using both thymidine and 2'-deoxyuridine as the
substrate. The increase of thymidine kinase activity follow
ing 5-azacytidine, induced normally during the 1st 12 to 14

Chart 1. Enhanced incorporation of [2-'4C]thymidine into DNA in the liver
of rats following 5-azacytidine treatment. Groups of 6 to 8 female rats (160 to
165 g) kept on food ad libitum were given i.p. 5-azacytidine (5 @.tmoIes/1009)
(arrows)and [2-'4Cjthymidine(3 MCi/0.1g.tmolelanimal)2 hr before killing.
The specific radioactivity of [2-'4C]thymine isolated from the liver DNA and
the activity of thymidine kinase (TdR-kinase) and thymidylate kinase (TMP
kinase) in the cell-free liver extracts were measured as described in Mate
rials and Methods.â€•

reflected by a higher number of mitotic figures (Chart 3). In
accordance with the higher incorporation of â€˜4C-labeled
thymidine into liver DNA (Chart 1), there was increased
labeling of cells with [3Hjthymidine, as determined by auto
radiography, after repeated injections of 5-azacytidine. The
dose-dependent enhancement of mean grain counts/la
beled cell was observed in both parenchymal and nonpar
enchymal cell populations of the treated liver (Table 2); and
the synthetic indices displayed a similar trend. The distribu
tion of labeled and mitotic cells did not show any preferen
tial localization related to portal areas and/or hepatic veins.

Thymidine Transformation and DNA Synthesis in the
Liver of 5-Azacytidine-treated Rats Subjected to Partial
Hepatectomy. Animals treated with 5-azacytidine prior to
partial hepatectomy show increased incorporation of thymi
dine into liver DNA. The enhancement of DNA synthesis in
24-hr regenerating livers has been found to parallel the
formation of TTP in cell-free liver extracts (10). The data
presented in Chart 4 extend the earlier observation and
show that 5-azacytidine administration before partial hepa
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5-Azacytidine treatment
before [3HjthymidineMean

graincounts/labeledcellNonparenchymal(days)HepatocytescellsControl6.0

Â±1.5@12.6 Â±1.24,
3,2,130.4 Â±7.229.6 Â±3.43,2,120.2Â±1.321.7Â±0.92,

116.6 Â±2.117.8 Â±1.6a

Mean Â± SE.

10 20
Regeneration,hr

A. OihÃ¡ket a!.

metabolized to a nucleotide level by uridine kinase (21, 24)
and is incorporated into different types of nucleic acids (25,
33), resulting in the inhibition of protein synthesis (11, 29).
There is evidence to indicate an inhibition of rRNA matura
tion in hepatoma cells cultivated in the presence of this
drug (12, 33). The effect of 5-azacytidine on the synthesis of
RNA and DNA in regenerating livers is especially pro
nounced (8â€”11).In the present study we have focused on
the differences in the responses of hepatocytes in intact and
regenerating rat livers to the action of 5-azacytidine. No
hepatomas were observed in either intact or partially hepa
tectomized animals, even after 6 months of treatment with
low doses of this analog (J. Vesely, unpublished data).

The lower thymidine phosphorylase activity in the liver of
5-azacytidine-treated rats (Chart 2) cannot fully explain the
higher incorporation of the labeled thymidine into liver DNA
in intact animals (Chart 1). The distribution of radioactivity
in hepatocytes and nonparenchymal cells of the treated
livers (Table 2), the different percentage of the labeled cells,
and the significantly higher mitotic activity after repeated
administration of 5-azacytidine (Chart 3) seem to indicate
that alterations in the treated population of parenchymal
and nonparenchymal cells should be taken into considera
tion. The higher labeling of liver DNA and the enhanced
mitotic activity in the liver of 5-azacytidine-treated intact
rats possessing a basal level of thymidine kinase are appar
ently associated with the incorporation of 5-azacytidine into
DNA and various fractions of RNA (e.g., Ref. 6).

Alterations in the pattern of thymidine metabolism are not
detectable before 12 hr after partial hepatectomy. However,
different factors modify the response that one observes in
regenerating livers (4). Among these are hormonal (32) and
dietary factors (16) that are themselves influenced by envi
ronmental factors. Thymidine kinase activity and thymidine
incorporation into liver DNA exhibit marked daily oscilla
tions during liver regeneration: maximum values are ob
served 2 hr before the end of the dark period (16). Also,

Chart 4. Enhanced uptake of [2-'4Cjthymidine into DNA and higher UP
synthesis in the course of liver regeneration in rats treated 24 hr before
partial hepatectomy with 5-azacytidine. Groups of4 female rats (175 to 180 g)
were given i.p. 5-azacytidine (10 @.tmoles/100g) or 0.@ NaCI solution and 2-
â€˜4Cjthymidine(1 @.tCi/0.1g.tmole/animal) 2 hr before killing. The specific radio
activity of [â€˜4Cjthymineisolated from the total liver DNA and UP synthesis
from thymidine using cell-free liver extracts were measured as described in

Materials and Methods.â€•
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Chart 3. Cytological and autoradiographic characterization of parenchy
mel and nonparenchymal cells in the liver of 5-azacytidine-treated intact rats.
Groups of 3 to 4 female rats (160 to 170 g) received 5-azacytidine (5
j.moles/100 g) repeatedly at 96, 72, 48, and 24 hr, 72, 48 and 24 hr, or 48 and
24 hr before [3Hjthymidine (120 @iCi/animal)and were killed 2 hr later. The
number of mitoses and the labeling of cells were evaluated as described in
â€˜MaterIalsand Methods.â€•Mitotic indices in individual animals varied within

10 to 15%.

Table2
Labeling of parenchymaland nonparenchymalcells by

[3Hjthymidinein the liver of 5-azacytidine-treatedrats followed by
autoradiography

5-Azacytidine (5 @moles/100g) or 0.9% NaCI solution was given
repeatedly to groups of 3 to 4 female rats (160 to 170 g) at 24-hr
intervals. Twenty-four hr after the last injection of the analog,
[3Hjthymidine(120 @Ci/animaI)was given i.p. , and 2 hr later the
animalswerekilled and sectionsfrom the liverswereprepared. One
thousand cells Â±SE. were counted in each slide.

hr of liver regeneration , suggests enhanced de novo synthe
sis.

Similar to the decreased phosphorolysis of thymidine in
the liver of drug-treated intact animals, the effect of 5-
azacytidine administration before partial hepatectomy or
sham operation was decreased activity of thymidine phos
phorylase in cell-free liver extracts (Chart 5). The drug was
administered in 2 doses at various time intervals before
operation, and the enzyme activity was assayed 24 hr after
the operation.

DISCUSSION

5-Azacytidine has been used successfully for the treat
ment of acute leukemia (17, 23, 26). The main step in the
mechanism of action of 5-azacytidine in eukaryotes is still
not known, but several sites in cellular metabolism have
been found to be affected by this drug (6). 5-Azacytidine is

10 20
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Regeneration
(hr)Phosphorylation

of [2-'4C]thymidine
(nmoles/mgprotein/lO mm)Phosphorylation

of 2'-deoxy[2-'4C]-
uridine (nmoles/mgprotein/lOmm)5-Azacytidine

Control treated%5-Azacytidine Controltreated10

15
20
241.21

Â±0.18@ 1.53 Â±0.23
1.86 Â±0.10 4.65 Â±0.51
3.10Â±0.35 10.65Â±1.15
6.42 Â±0.80 7.40 Â±1.21126

250
343
1150.95

Â±0.10 1.15Â±0.13 121
1.30 Â±0.16 2.66 Â±0.29 202
1.92 Â±0.18 6.22 Â±0.60 324
3.88 Â±0.60 4.17 Â±0.93107a

Mean Â± SE.

Enhanced Incorporation of Thymidine into Liver DNA

Table3
Thymidine kinase activity in regenerating rat livers pretreated with 5-azacytidine

Groups of 4 female rats (175to 185g) were given i.p. 5-azacytidine(10 @.tmoIes/100g) or 0.9%
NaCIsolution 24 hr before partial hepatectomy.The animalswere killed at different stagesof liver
regeneration,and thymidine kinasein cell-free liver extracts was measuredusing [2-'4Cjthymidine
and 2'-deoxy[2-'4C]uridine as the substrates.

2C

15
@LAi

p
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5

72 68 24 0
Pr@rectrnentwith5.azd@r@e@y

Chart 5. Decrease of thymidine phosphorylase activity in 24-hr regenerat
ing livers of rats treated with 5-azacytidine before partial hepatectomy (hepa
tect.). Groups of 4 rats (170 to 180 g) were given 2 doses of 5-azacytidine (5
Amoles/100 g) at different time intervals before operation (PH.) as indicated
in the chart. Thymidine phosphorylase in the cell-free extracts of 24-hr
regenerating livers was assayed as described in â€˜Materials and Methods.â€•

since the time of day of surgery affects thymidine kinase
activity and thymidine incorporation at specific times follow
ing partial hepatectomy, the experiments performed in this
study were always started between 8 and 9 am. In view of
the existence of diurnal rhythm and considering the en
hancement of thymidine incorporation following 5-azacyti
dine pretreatment (Charts 1 and 4), possible variations in
thediurnalrhythms caused by thedrug cannot be excluded.

In order to explain the enhanced thymidine incorporation
into DNA paralleled by the decreased thymidine phosphoryl
ase activity in the liver of 5-azacytidine-treated rats, one also
has to consider the existence of multiple precursor pools (2,
13, 20) supplying thymidine that is necessary for the en
hanced DNA synthesis. Moreover, thymidine kinase purified
600-fold from 36-hr regenerating livers (22) revealed 8
bands after electrophoresis in gel, suggesting a great deal
of heterogeneity. However, nothing is known about the
physiological role of these enzyme species during liver re
generation. Bello (3), studying regulation of thymidine
kinase synthesis in synchronized cultures of KB cells, sug
gested that enzyme termination was caused by a posttran
scriptional block in enzyme synthesis, which is dependent
upon RNA synthesis. In view of the known interference of 5-

azacytidine with RNA synthesis (6, 7), one explanation of
the enhanced thymidine kinase activity in regenerating liv
ers following administration of the drug is the possible
interference of the analog with the termination of enzyme
synthesis. However, the 5-azacytidine-evoked increase of
thymidine incorporation into DNA can also be explained by
a higher degree of synchronization of proliferating hepato
cytes (10) triggered by the stimulus of the partial hepatec
tomy.
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