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Zidovudlne (3'·azido-3'·deoxythymidine, AZT), widely used for
the therapy of the Human Immunodeficiency Virus·1 (HIV·1), is
a nucleoside analog of thymidine that becomes phosphorylated
and Incorporated Into nuclear and mitochondrial DNA. Levels of
AZT incorporation into DNA of humans, monkeys, and mice are
highly variable and suggest Interlndividual variability in phos-
phorylation pathways. In addition, studies in rhesus monkeys
(1) have shown a lack of correlation between levels of unbound
AZT in plasma and tissue AZT-DNA. However, the correlation
between plasma AZT and tissue AZT-DNA has not been previ-
ously examined in the same primate. Here we examine the re-
lationship between AZT-DNA incorporation in leukocytes and
mUltiple organs, and levels of the drug circulating in plasma of
adult female cynomolgus (Macaca fascicular/s) monkeys. Three
monkeys were dosed with 40.0 mg of AZT/day for 30 days by
naso-gastrlc intubation. The average daily dose of 9.9 mg of
AZT/kglbody wt was similar to the -8.6 mg of AZTlkglbody wt
(600 mglday) given to adult HIV·1·infected patients. In all three
monkeys, at the time of sampling, values for AZT concentra-
tions in plasma were similar and values for AZT incorporation
Into leukocyte DNA (86.1, 100.0,and 114.1 molecules of AZT/106

nucleotldes) were also similar. AZT-DNA incorporation was de-
tected In liver, uterus, spleen, and kidney from the three AZT-
exposed animals, with values for positive samples ranging from
5.8 to 97.4 molecules of AZT/106 nucleotldes. In brain cortex and
lung DNA from AZT-exposed animals, AZT incorporation was
undetectable. The data suggest that organ-specific differences
in AZT uptake and/or metabolism may contribute to AZT phos-
phorylation and subsequent drug Incorporation into DNA. In
addition, AZT·DNA levels in monkey organs were similar to or
lower than values observed in peripheral leukocytes of adult
AIDS patients.
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The nucleoside analog drug Zidovudine (3'-azido-3'-
deoxythymidine, AZT), which has been used since
1987 for the treatment of HIV-I and AIDS, has been

shown in vitro to block the nucleoside-binding site of the
viral reverse transcriptase and to inhibit DNA replication by
chain termination (2). In humans, rodents, and primates
AZT incorporates into both nuclear and mitochondrial
DNA.. Experiments performed in cultured cells demon-
strated preferential AZT incorporation into the telomeric
DNA of cells containing an active telomerase (3, 4). AZT
has been shown to be a transplacental carcinogen in a mouse
model, where offspring exposed in utero for the last third of
gestation exhibited increased incidences of tumors in liver,
lung, and reproductive organs at I and 2 years of age (5, 6).
The same study demonstrated AZT incorporation into organ
DNA of mouse offspring exposed in utero to tumorigenic
AZT doses (5). When the drug was given to HIV-I-positive
pregnant women for variable amounts of time during preg-
nancy (7), incorporation of AZT into DNA was demon-
strated in peripheral blood mononuclear cells (PBMC) from
mothers and cord blood leukocytes from infants. Addition-
ally, AZT-DNA incorporation has been documented in leu-
kocytes of adults exposed to therapeutic AZT doses (7). A
high individual variability in the amount of AZT incorpo-
rated into DNA has been reported in the different models
studied (I, 5, 7), however, none of the available models has
compared AZT-DNA values in nucleated blood cells with
free AZT levels in plasma in the same subject. Prior to
becoming incorporated into DNA, the drug is phosphory-
lated and substantial interindividual variability in phosphor-
ylation has been previously documented (8, 9), which may
underlay the AZT-DNA variability. In order to explore
these questions further we dosed cynomolgus (Macaca fas-
cicularis) monkeys with a human equivalent dose of AZT
for 30 days. Levels of free AZT were determined in plasma
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and levels of AZT incorporated into DNA were determined
in multiple organs and blood.

I:400 and I :800 with 1mM Tris buffer, pH 8.0. Both sets of
diluted plasma samples were assayed by AZT-RIA against
an AZT standard curve without DNA.

a Values represent the mean ± SEM of three assays.

Results

Table I. Levels of AZT in Plasma and AZT-DNA
Incorporated into Leukocyte DNA

The four female monkeys chosen for this experiment
were similar in age and were all in good health. At the time
of euthanasia, the AZT-exposed monkeys (numbers 293,
297, and 304) weighed 4.6, 5.0, and 3.1 kg, respectively,
while the unexposed monkey weighed 3.0 kg. Values for
content of plasma protein (used to normalize plasma assays)
ranged from 0.5 to 1.3 mg protein/ml of plasma for the four
animals (data not shown).

The concentration of AZT circulating in the plasma of
the three monkeys is shown in Table I. The values are
presented as nanograms of AZT per milliliter of plasma
from plasma samples diluted I:400, and are also shown
corrected for plasma protein. When normalized for protein,
similar values of free circulating AZT, 121.9, 83.6, and
119.2 ng AZT/mg plasma protein, were detected in mon-
keys numbered 293, 297, and 304, respectively. Table I
compares AZT in plasma (nanograms of AZT per milligram
of plasma protein) with AZT incorporated into peripheral
leukocyte DNA (molecules of AZT per 106 nucleotides).
The AZT-DNA values were 114.1, 100.0, and 86.1 mol-
ecules of AZT/106 nucleotides for monkeys 293, 297, and
304 respectively. Therefore, for three primates given the
same AZT dose, levels of AZT in plasma were consistent
with levels of AZT incorporated into peripheral leukocyte
DNA.

Incorporation of AZT into DNA of the monkey organs
is shown in Table II. A high degree of interanimal variabil-
ity was found for AZT-DNA incorporation in organs of the
three exposed monkeys. AZT-DNA was detected in uterus
from three monkeys, liver from two monkeys, spleen from
one monkey, and kidney from one monkey. No AZT was
detectable in brain cortex or lung DNA from any AZT-
exposed animal. In two monkeys (293 and 297), the liver
had the highest AZT-DNA levels, 44.3 and 97.4 molecules
of AZT/106 nucleotides, but AZT-DNA was not detected in
the liver of 304. This type of high-level interanimal vari-
ability is similar to that observed previously in other pri-
mates and may be due to differences in capacity to phos-

114.1 ± 46.1
100.0± 23.6
86.1 ± 36.9

Molecules of
AZT per 106

nucleotidesB

121.9 ± 40.7
83.6± 24.1

119.2 ± 50.4

Nanograms of
AZT per

milligrams

85.3 ±28.5
108.7 ± 31.3

59.6 ± 25.2

Nanograms of
AZT per
milliliter

of plasma

293
297
304

Monkey

Materials and Methods
Monkey Maintenance and Dosing. Animal care

for this experiment was provided at Hazleton Laboratories
(Vienna, VA) in accordance with the standards established
by the Association for Assessment and Accreditation for
Laboratory Animal Care. The experimental protocols were
approved by the Hazleton Animal Care and Use Committee.
The animals were given a diet consisting of high-protein
Purina monkey chow (5045 Standard), with a vitamin
supplement. Three 19-year-old female cynomolgus mon-
keys were dosed with AZT (donation from the National
Cancer Institute Drug Repository) by naso-gastric intuba-
tion. Monkeys were administered 40 mg of AZT/day, given
twice daily in 20-mg doses for a period of 30 days. The
euthanasia was performed 4 to 12 hr after the last dosing.
One unexposed monkey was used as control. Blood was
obtained immediately prior to euthanasia, which was per-
formed with ketamine hydrochloride (15 mg/kg, intramus-
cular), followed by sodium thiamylal (40 mglkg intrave-
nous). Blood leukocytes were separated from plasma and
stored frozen at -70°C. Tissues were obtained at autopsy,
which was performed immediately after euthanasia, and

were stored frozen at -70°C.
. DNA Extraction. DNA was extracted from multiple

organs (liver, lungs, kidney, spleen, brain cortex, and
uterus) and peripheral leukocytes with an inorganic kit from
Intergen Company (Purchase, NY). DNA was quantitated
by spectrophotometry at A260, and purity was assessed by
A2oo128o ratios. DNA samples were diluted to a final volume
of 30 IJ.g of DNNml and were assayed by radioimmunoas-

say (RIA).
AZT RIA. DNA samples were sonicated for 45 sec,

boiled for 10 min, and 3 IJ.g of DNA was assayed by anti-
AZT RIA as previously described (3). Briefly, a rabbit anti-
AZT antibody (Sigma, St. Louis, MO, diluted I:5000) was
incubated with either standard AZT plus 3 IJ.g of carrier
unexposed monkey DNA, or 3 IJ.g of AZT-exposed monkey
DNA, for 90 min at 37°C. Tritiated AZT tracer (11.7 Cil
mmol, Moravek Biochemicals, Mountain View, CA) and
goat anti-rabbit IgG (Sigma) were added for 25 min at 4°C.
After centrifugation, the supernatant was decanted and the
pellets were dissolved in 100 mM NaOH and then were
counted in a liquid scintillation counter. The standard curve
50% inhibition was 0.29 ± 0.10 pmol of AZT/tube (means
:I: SD, n = 3) for the plasma experiments and 1.00 ± 0.59
pmol of AZT/tube (means ± SD, n = 9) for the AZT-DNA
incorporation experiments that contained 3 J.Lg of carrier
DNA. The lower limit of detection was -0.075 pmol of
AZT/tube for the plasma experiments and -0.1 pmol of
AZT/tube for the AZT-DNA experiments. Each sample was
assayed in duplicate in three to four separate RIAs from the
same tissue pool and was then compared with DNA from
the unexposed monkey. The plasma samples were diluted
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Table III. AZT-DNA Incorporation into Leukocyte
DNA of Cynomolgus Monkeys and Human

AIDS Patients

Treatment (months) 1 >1
AZT-plasma (ng/ml) -60-110 -50-206B

AZT·ONA (mo1/106

nucleotides) -85-115 (n =3) 45-150b (n =6)

a Pereira et al. (27).
b Oliveroet al. (7).

action by chain termination (2, 13). The rate of AZT-
triphosphate formation is cell specific, and is limited by
thymidylate kinase and other biologic processes (14). For
example, mitogenic-stimulated human peripheral blood
mononuclear cells had elevated (l50-fold) levels of AZT-
triphosphate compared with resting PBMCs (15). Interac-
tion of the drug with prokaryotic polymerases appears to
influence incorporation of AZT into nuclear and mitochon-
drial DNA of many species, as demonstrated by experi-
ments in cell culture and animals (3, 5, 16). The incorpo-
ration of AZT takes place -2000-fold slower than incorpo-
ration of the natural nucleotide thymidine (17). Consequent
to AZT-DNA incorporation, genotoxicity of AZT has been
documented as micronuclei (l8, 19), sister chromatid ex-
changes (20). and chromosomal aberrations (21-23) and is
consistent with the tumorigenesis observed in animal
models (24, 25).

Considerable interindividual variability has been ob-
served in amounts of AZT incorporation into DNA in mice.
monkeys, and humans (I, 5. 7). The origin of such variabil-
ity may be attributed to individual differences in metabo-
lism, as well as different per organ phosphorylation capaci-
ties (9). Studies showed that plasma concentration of AZT
does not correlate with levels of intracellular phosphorylat-
ed AZT or clinical effect in humans (8), but rather, there is
a correlation between phosphorylation ability and drug
effectivity, as assessed by markers associated with drug
efficiency (26).

In' the present study, similar levels of free circulating
AZT in plasma in the three monkeys do not correlate with
the differences of incorporation in the organs analyzed, al-
though there is an apparent correlation with the AZT-DNA
incorporation in nucleated blood cells (Table I). Interest-
ingly, levels of AZT-DNA found in cynomolgus leukocytes
are in the same range as those found in humans exposed to
therapeutic AZT doses of 600 mg/day for periods between
I to 12 months. Additionally, monkey plasma levels are also
comparable to the human (Table III).

In conclusion, in this set of three cynomolgus monkeys.
AZT bioavailability did correlate with AZT-DNA incorpo-
ration in peripheral leukocytes, but did not appear to playa
direct role in AZT-DNA incorporation in different organs.
Most probably, differences in the metabolic capacities of
different organs to phosphorylate AZT to AZT-triphosphate
strongly influences the amount of AZT incorporated into

Table II. AZT-DNA Incorporation in Tissues of
Cynomolgus Monkeys

Organ
Monkey··b

293 297 304

Liver 97.4 ± 60.9 44.3 ± 31.9 NOc

Uterus 10.0 ± 2.5 10.4 ± 3.6 13.6 ± 3.4
Spleen NO 5.8±0.8 NO
Kidney NO NO 20.4 ± a.8d

S Values are molecules of AZr/106 nucleotides.
b Values areexpressed as the means± SEMof threeor fourassays.
C Not detectable.
d One assay in three gave a non-detectable value. For statistical
purposes, a valuehalf-way between 0 and the lowestlevelof detec-
tion was given to the undetectable values.

phorylate the drug that occur between tissues and between
animals (10-12).

Discussion
Three cynomolgus monkeys were dosed daily for 30

days with a human-equivalent dose of AZT, and the free
drug was detected in plasma, while the drug was detected
incorporated into the DNA of leukocytes, liver, uterus, kid-
ney, and spleen.

The purpose of these experiments was 2-fold. First,
levels of free AZT persistent in plasma several hours after
AZT dosing were compared with levels of AZT incorpo-
rated into peripheral leukocyte DNA. Previous studies in
humans, monkeys, and mice have not made this compari-
son. Second, values for AZT-DNA were determined in mul-
tiple organs, and the interorgan and interanimal variability
observed confirmed previous studies in mice, cynomolgus
monkeys, Patas monkeys, and humans. This study of adult
cynomolgus monkeys demonstrates that at least in three
primates of the same species given the same AZT dose with
chronic (twice daily) dosing, there is little interanimal vari-
ability for either the plasma AZT levels or the peripheral
leukocyte AZT-DNA values.

In contrast, there is more interanimal and interorgan
variability in the AZT-DNA values found in particular tis-
sues, suggesting that there may be differences in phosphor-
ylation capacity within and between individual primates.
The results are limited by the small number of animals and
should be confirmed in a larger study.

AZT, a thymidine nucleoside analog becomes mono-,
di- and triphosphorylated to AZT-monophosphate, AZT-
diphosphate. and AZT-triphosphate by the enzymes thymi-
dine kinase, thymidylate kinase. and pyrimidine nucleoside
diphosphate kinase. respectively (2). However this pathway
constitutes a fraction of the overall metabolism of the drug.
The predominant metabolic pathway is glucuronidation,
forming AZT-glucuronide (AZTG), which is renally ex-
creted. A further minor metabolite, derived by reduction of
the azido moiety, is AMT (3'-amino-3'-deoxythymidine).
Only in the triphosphorylated form can AZT become incor-
porated into the nascent DNA strand and exert its antiviral

Monkeys Humans
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DNA. These experiments also suggest that incorporation of
AZT into DNA is likely to occur in multiple organs of
Hlv'-l-infected patients receiving AZT drug therapy.
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