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5-Azacytidine (azaC) has previously been shown to raise Hb F levels in the repeatedly
phlebotomized baboon (PCV: around 20%). The administration of tetrahydrouridine
(THU), an inhibitor of the enzymatic conversion of azaC to 5-azauridine, made it
possible to reduce the amount of azaC and also of 2-deoxy-5-azacytidine (d-azaC) by
more than 90% and still achieve maximal Hb F elevations. However, the granulocy-
topenia, usually occurring after 5-azaC, was not altered by the lowering of the dosages
in the presence of THU. Thus, the granulocytopenia is not due to 5-azauridine or
other catabolic products resulting from deamination. It is also unlikely that it is caused
by a direct influence of azaC on RNA since d-azaC also causes granulocytopenia.
The persistence of reticulocytosis throughout the treatment with azaC or d-azaC
makes it appear likely that the observed increase in Hb F levels to more than 60% of
total hemoglobin is not due to a cytotoxic effect on erythropoiesis resulting in a shift
of cell populations toward greater immaturity, but to a direct influence of the drug on
the regulation of v globin chain production.
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INTRODUCTION

5-Azacytidine (azaC) has been shown to increase the production of fetal hemo-
globin in nonhuman primates [1] and man [2,3], presumably because its incorporation
as deoyxyazaC into DNA is associated with DNA hypomethylation [2-4], although
other mechanisms may also play a role [5,6]. The use of azaC may be therapeutic
since the increase in the synthesis of v chains by the drug is accompanied by a
reciprocal decrease in that of (8 chains [1,2]. Indeed, several reports [2-4] have
suggested that the parenterally administered drug has a beneficial effect in patients
with sickle cell anemia and (B-thalassemia, but its potential short- and long-term
toxicity is cause for concern and the parenteral route is impractical for long-term
administration. :

5-Azacytidine is rapidly deaminated to azauridine in vivo by cytidine deaminase,
which is widely distributed in various tissues, including plasma and granulocytes.
Therefore, only a fraction of the administered amount is available for incorporation
into DNA and RNA. It has been previously shown [7,8] that tetrahydrouridine (THU),
an otherwise apparently nontoxic agent, effectively inhibits this enzyme by competi-
tive binding and its administration should make it possible to reduce the dosage of
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azaC and achieve the same levels of Hb F as with larger amounts of azaC alone.
Because the gastrointestinal mucosa is rich in this enzyme, orally administered azaC
together with THU is absorbed with minimal inactivation [8] and should lead to Hb F
elevations. The present study in baboons, parts of which were previously presented
and published as abstract [9], was undertaken to explore these possibilities and to
determine if the smaller dosages of azaC have reduced toxicity, mainly with regard to
granulocytopenia. In addition, we also tested 2'-deoxy-5-azacytidine (d-azaC), which
is also deaminated by cytidine deaminase, for its effect on Hb F production without
and with THU. The amount of this analogue which is left after the enzymatic
deamination has reached its plateau is only incorporated into DNA.

MATERIALS AND METHODS

An estimate of the in vivo inhibition of cytidine deaminase (identical with
cytosine deaminase) activity by THU was obtained in peripheral blood granulocytes
isolated by density gradient centrifugation, which yields an approximately 90% pure
population. These granulocytes were lysed by freezing and thawing, and the lysate of
2.5 x 107 cells was adjusted to 1 ml. Cytidine deaminase activity was measured
spectrophotometrically [10] as a decrease in absorbance at 282 nm when cytidine
(1.67 x 107*M) is converted to uridine. Activity was expressed as /A absorbance/
108 granulocytes/minute. Hb F levels were determined by alkali denaturation [11].
The THU and azaC were gifts of the National Cancer Institute, and d-azaC was
purchased from Sigma Chemical Company, St. Louis, MO.

Baboons 1.5-6 years old, were phlebotomized to reduce the packed red cell
volume (PCV) to 20% in 5 days. This reduction was maintained for the remainder of
the experimental period. As in our previous experiments with azaC in baboons [1],
the drug was given every morning during two 5-day periods separated by the weekend
during which the phlebotomies were also omitted, and THU was given subcutaneously
or orally in two 10-mg/kg doses for the same duration. In the initial experiments in
four baboons THU was only given subcutaneously and the dose of azaC varied
between 0.1 mg/kg and 4 mg/kg per day. In preparation for the oral administration
the animals had no access to food, but to water, during the preceding night. The two
agents were given through a nasogastric tube. The d-azaC was given only parenterally
for the same duration as azaC at dose levels indicated in Table 2. Since this agent
does not require enzymatic reduction prior to incorporation into DNA and is not
incorporated into RNA, we assumed that a lower dose than of azaC would be
effective. The THU was administered parenterally. All animals had been previously
tested with azaC, two of them also had received THU.

RESULTS

In vitro, 107*M THU caused almost complete loss (98%) of granulocyte
cytosine deaminase activity. For determining the parenteral and oral dose of THU we
assumed that THU is completely absorbed and distributed uniformly in the body and
a 20-mg/kg dose would result in the approximate body solute concentration of 10 %M.
Figure 1 demonstrates the change in granulocyte cytosine deaminase activity follow-
ing treatment with THU (20/mg/kg/day). Maximal inhibition (~70%) occurred after
2 days of treatment and normal activity returned at the earliest 5 days after discontin-
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TABLE 1. Maximal Hb F Level Attained in Baboons by Oral Treatment With 5-azaC and THU
(Compared to Parenteral Administration)

Mode of Dose mg/kg Maximal Hb F

Baboon administration S-azaC THU? Level (%)
3950 Oral 8 20 42.6
Subcutaneous 8 47.2
4625 Oral 4 20 62.0
Subcutaneous 4 49.8
4626 Oral 8 20 69.0
Oral 2 20 68.5
Intravenous 4 68.0
4755 Oral 0.5 20 57.8
Oral 0.25 20 34.2
Intravenous 4 26.0

3THU was given orally in two 10-mg/kg doses. The first dose was given alone and the second together
with 5-azaC 30 minutes later.
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Fig. 1. Change in baboon granulocyte deaminase activity after oral administration of 20 mg of THU/
kg/day for 5 days.

uation of THU. In eight THU-treated animals, the deaminase activity fell from 0.49
+ 0.08 before treatment to 0.15 + 0.03 after 2 days of treatment, an average
decrease of 72%.

Initially, four baboons received THU only subcutaneously. In its presence, 0.25
mg/kg/day of azaC was as effective as 4 mg/kg/day without it, and in either case the
resulting Hb F levels were 59-60.3%. It was found that 0.1 mg/kg/day of azaC with
THU increased the Hb F level only to 35.1%.

The effectiveness of orally administered azaC with regard to Hb F elevations is
demonstrated in Table I. Although Hb F production is not increased as a result of
orally administered azaC (8 mg/kg) in the absence of THU (data not shown), maximal
Hb F production can be achieved when it is given with THU. As with subcutaneous
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TABLE II. Maximal Hb F Levels, Nadir Numbers of Granulocytes, and Reticulocyte Percentages
in Baboons Treated Parenterally With 2'-deoxy-5-azaC Without or With THU* (Compared to
azaC)

Granulocyte numbers

Dose Before Maximal Hb F  Reticulocyte

Baboon Drug (mg/kg) THU treatment Nadir level (5) percentages®
4756 d-azaC 0.06 + 3,000 1,000 64.4 13-14
azaC 0.25 + 3,000 1,000 69.4 16-19
4612 d-azaC 0.04 + 2,800 2,400 31.3 20-30
azaC 0.25 + 2,100 1,600 67.8 13-15
4625 d-azaC 1.5 - 3,000 500 61.5 14-13
azaC 4.0 - 3,200 1,000 49.8 11-14
4624 d-azaC 0.75 - 3,200 800 43.4 9-10
azaC 4.0 - 4,200 1,600 39.0 12-10
4626 d-azaC 0.3 — 3,000 1,200 39.2 11-11
azaC 4.0 - 3,500 1,300 68.0 15-12

*THU was given in two 10-mg/kg doses, the first one alone intravenously and the second 5 minutes later
subcutaneously with d-azaC.

First number indicates reticulocyte percentage after bleeding and prior to use of drug, the second at the time
of maximal Hb F response. Corresponding erythrocyte counts varied between 2.0 and 2.4 X 10%/pl.

administration, the dose can be reduced to 0.25 mg/kg to obtain maximal Hb F
elevations.

During the two experimental periods the animals ate normally and no weight
loss occurred. At the dose level which led to maximal Hb F elevations the reticulocyte
percentage stayed between 10 and 20 (average reticulocyte percentage before treat-
ment was 13.4 and at the time of the lowest granulocyte count it was 13.8) but the
granulocyte count decreased in all animals to a variable degree (Table II) 5-10 days
after discontinuation of the drug. This was also the time at which maximal elevations
of Hb F were observed. The lowest granulocyte count was 500/ul. These decreases
were always reversible. They occurred regardless of the mode of administration of
the cytidine analogue and the use of THU. The number of circulating lymphocytes
was not affected.

DISCUSSION

Neil et al [8] determined blood levels of azaC in mice after intraperitoneal
injection of the drug with and without THU and found that higher blood levels were
achieved with THU than without it. The same was true after oral administration of
the two agents, although the blood levels were lower than with the parenteral
administration. These observations persuaded us to use THU in association with 5-
azaC in order to determine whether the prevention of inactivation of azaC might
permit the lowering of the parenteral dosage or the oral administration of the drug
without a decrease in its effect on the stimulation of Hb F production. In addition,
inhibition of deamination might also prevent the formation of toxic catabolic products,
which might be responsible for undesirable effects, especially granulocytopenia. The
same question was raised with regard to d-azaC, which can only be incorporated into
DNA; therefore, all desirable and undesirable effects could only be due to this mode
of action and not due to incorporation into RNA. The results of the study with regard
to Hb F stimulation clearly indicate that the lower doses in the presence of THU are
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equally effective and, moreover, that THU permits the oral administration of the
drug. Can one expect less toxicity from the smaller dosages? All regimens, azaC and
d-azaC alone or with THU, which lead to maximal levels of Hb F were associated
with a decrease of the absolute granulocyte count. Thus the granulocytopenia is not
prevented by the lower dosage of the analogue in the presence of THU. It should be
emphasized that d-azaC also produced granulocytopenia, a fact which makes it appear
likely that this toxic effect of both analogues is due to their incorporation into DNA,

The mechanism of the elevation of Hb F as the result of treatment with azaC or
d-azaC has not yet been unequivocally clarified. We have postulated [1] that it is
chiefly due to DNA hypomethylation and to the subsequent enhancement of the
expression of y genes as suggested by a) the demonstration of hypomethylation of
DNA of bone marrow cells, 90% of which were erythropoietic, after treatment of the
baboons with azaC [12] and b) the persistence of reticulocytosis in the treated animals
and the marked erythroid hyperplasia despite the administration of a cytotoxic agent,
seemingly speaking against a shift in erythroid progenitor populations in the recovery
phase from cytotoxicity favoring the synthesis of Hb F. Since then, hydroxyurea [6]
and cytosine arabinoside [13,14] have been shown to increase fetal hemoglobin levels
in nonhuman primates. Hydroxyurea has also been found to elevate Hb F in patients
with sickle cell anemia [15]. The findings in nonhuman primates [6,14] suggest that
the mean corpuscular content of Hb F and the proportion of Hb F in hemolysates was
in the range of that found in the chronically bled animals with an approximate
hematocrit of 20% [16,17]. Thus, the marked increase of Hb F beyond that level after
the administration of azaC which is associated with high values for Hb F per F-cell is
likely to be chiefly due to DNA hypomethylation.

It has been postulated that DN A hypomethylation is implicated in carcinogenesis
[18], but the experimental data are still ambiguous. A small degree of hypomethyla-
tion has been detected in DNA extracted from hyperplastic erythroid bone marrow of
baboons [12] which were chronically bled and had Hb F elevations around 20%,
suggesting that some DNA hypomethylation may occur as a consequence of increased
cell proliferation. Nevertheless, global hypomethylation by azaC may result in acti-
vation of oncogenes and this possibility, theoretical at this time, demands the exercise
of caution in the long-term therapeutic use of azaC. If azaC and d-azaC with THU
should become acceptable in the treatment of sickle cell anemia and 3-thalassemia,
the possibility of oral use will facilitate the long-term administration of the drug. The
usefulness of hydroxyurea and of cytosine arabinoside in the treatment of these
diseases also remains to be evaluated.
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