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Abstract. We studied the long-term effect of continued zidovudine exposure in mice on
hematopoiesis, as determined by peripheral blood indices, assays of erythroid (colony-
forming unit-erythroid [CFU-E] and burst-forming unit-erythroid [BFU-E]), myeloid
(CFU-granulocyte-macrophage [GM]), megakaryocyte (CFU-Meg), and plasma titers of
erythropoietin, granulocyte-macrophage colony-stimulating factor, megakaryocyte col-
ony-stimulating factor, and tumor necrosis factor-o. Dose-escalation of zidovudine (0.1,
1.0, and 2.5 mg/ml) induced a dose-dependent decrease in hematocrit, white blood
cells, and platelets. High-dose drug, i.e., >1.0 mg/ml, reduced marrow CFU-E; splenic
CFU-E was increased after 1 week, then declined. BFU-E was increased at Weeks 1
and 2, then declined to control levels. Splenic BFU-E rose during the examination period
that was dose-dependent. Femoral CFU-GM was cyclic, i.e., low-dose drug, 0.1 mg/ml,
was increased gradually, then declined; higher doses of 1.0 and 2.5 mg/ml were lower
until Week 5, then were above controls. Splenic CFU-GM was increased initially at Week
2 (1.0 mg/ml), then declined; the higher dose (2.5 mg/ml) increased initially, then
declined below controls (Week 6). Femoral CFU-Meg was increased after low-dose drug
and inhibited after high dose (2.5 mg/mi). Splenic CFU-Meg was reduced initially,
followed by an increase at Week 4. Plasma titer of erythropoietin was elevated, propor-
tional to dose escalation of drug, and inversely proportional to the hematocrit. No
difference was observed in plasma levels of granulocyte-macrophage colony-stimulating
factor, megakaryocyte colony-stimulating factor, or tumor necrosis factor-«. This study
demonstrates that zidovudine-induced anemia results from: (i) inadequate numbers of
bone marrow-derived, erythropoietin-dependent hematopoietic progenitors, i.e., CFU-E;
and (ii) a shift in erythropoietin-responsive progenitors from bone marrow to spleen
capable of responding to obligatory growth factors. [P.S.E.B.M. 1992, Vol 199]

he drug zidovudine, 3’-azido-3’-deoxythymidine
(AZT), a synthetic thymidine analog, has been
used clinically in the management of acquired
immune deficiency syndrome (AIDS) (1). The drug is
an effective inhibitor of viral reverse transcriptase activ-
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ity due to its altered chemical structure having an azido
group in place of a hydroxyl group at the 3’-carbon
position in the basic sugar molecule (2). This alteration
results in the inability of newly synthesized nucleotides,
e.g., zidovudine triphosphate, to be effective in attach-
ment to continue the 5'- to 3’-phosphodiester linkage
necessary to construct DNA chain synthesis.

Although zidovudine has been demonstrated clin-
ically to induce immunologic improvement, to decrease
the incidence of opportunistic infections, and to reduce
AIDS mortality (3), has been the induction of hema-
topoietic suppression manifested by anemia, neutro-
penia, and overall bone marrow failure (4-10) has been
associated with the use of zidovudine. Although the
hematopoietic toxicity associated with zidovudine has
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been identified, its mechanism is poorly understood.
Numerous in vitro co-culture studies have identified
zidovudine-induced marrow toxicity as the result of
inhibition of hematopoietic progenitors, e.g., human
colony-forming unit (CFU)-granulocyte-macrophage
(GM) (11, 12), CFU-erythroid (E) and burst-forming
unit (BFU)-E, and multipotential CFU-GEMM (12),
and murine CFU-GM, BFU-E, and CFU-megakaryo-
cytes (Meg) (13), in addition an inhibitor of the number
of marrow- and/or spleen-derived CFU-S, CFU-GM,
and BFU-E following in vivo administration to mice
(14, 15). The mechanism of zidovudine induce bone
marrow toxicity has been suggested to be the result of
its ability to produce pyrimidine starvation as the result
of depletion of both intracellular thymidine triphos-
phate and deoxycytidine triphosphate pools (3, 16).

Although these in vitro and, in particular, in vivo
studies have demonstrated that zidovudine exposure
can be toxic to hematopoietic cells, analysis of fong-
term zidovudine exposure in animals has been limited
(15, 17). Although it is a well-recognized fact that
human immunodeficiency virus-infected patients may
indeed be required to receive zidovudine for months
and even years, the long-term consequences of zido-
vudine exposure on hematopoiesis have not been stud-
ied completely to date. In this report, we describe the
results of dose-escalation studies that were designed to
evaluate the effects of continuous administration of
zidovudine on hematopoiesis in mice for a period of 60
days. Animals were examined for changes in erythro-
poiesis, granulopoiesis, megakaryocytopoiesis, and cir-
culating plasma levels of several hematopoietic growth
factors-cytokines that can influence normal, hemato-
poietic progenitor stem cell proliferation and differen-
tiation.

Materials and Methods

Mice. C57BL/6 female mice, 10-12 weeks of age,
were purchased from Jackson Laboratories, Bar Har-
bor, ME. Animals were housed in plastic cages and fed
Purina Lab Chow and water ad libitum. After sacrifice
by cervical dislocation, femurs and spleens were re-
moved and single-cell suspensions were prepared using
McCoy’s SA medium (Gibco, Grand Island, NY) fol-
lowing repeated passage through a 25-gauge needle.
After centrifugation (400g, 10 min, 4°C), the cells were
resuspended in McCoy’s medium for routine cell count-
ing using a Coulter counter (model ZBI; Coulter Elec-
tronics, Hialeah, FL). Cell viability (>95%) was con-
firmed via use of the trypan blue exclusion test before
plating.

Treatment of Animals with Zidovudine. In order
to analyze the effect of continuous long-term zidovu-
dine treatment on murine hematopoiesis, the following
studies were conducted. Normal mice were to receive
zidovudine treatment in a dose-escalation fashion, i.e.,
0.1 mg/ml, 1.0 mg/ml, and 2.5 mg/ml placed in sterile
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drinking water. Zidovudine in the form of the pure
powder was kindly supplied by Dr. Philip Furman,
Burroughs-Wellcome, Research Triangle Park, NC.
These zidovudine concentrations corresponded to a
suboptimal, optimal, and pharmacologic dose of drug
with respect to its antiviral potency. Zidovudine levels
were confirmed by high-performance liquid chroma-
tography analysis. Normal control animals received
only sterile water. Animals were serially sacrificed on a
weekly basis for the duration of the 6-week period, with
a minimum of five animals per group analyzed.

Assessment of Hematologic Parameters. Prior
to sacrifice, blood was collected by cardiac puncture via
3-ml syringes containing a total of 1 mg of Na, EDTA.
Femurs and spleens were removed and processed as
described above. Hematocrits were measured after mi-
crocapillary centrifugation. White blood count values
were determined via use of a Coulter counter (model
ZBI), with differentials determined following staining
of peripheral smears with Wright-Giemsa stain. Plate-
lets were determined via use of the ammonium oxalate
procedure. Femoral marrow and spleen cells were eval-
uated for their progenitor cell content of erythroid
(CFU-E and BFU-E), granulocyte (CFU-GM), and
megakaryocyte (CFU-Meg) using semisolid clonal as-
says in vitro as performed routinely in the laboratory
(18).

Measurement of Hematopoietic Growth Factors
and Cytokines. Assay for erythropoietin. The erythro-
poietin enzyme immunoassay kit from AMGEN
(Thousand Oaks, CA) was used. Briefly, standards and
samples of murine plasma were incubated with eryth-
ropoietin antibodies attached to microtiter wells in 96-
well plates. After 3 hr of incubation at 20°C, the samples
were discarded. Horseradish peroxidase conjugated
with erythropoietin antibodies was added to the wells,
which were further incubated at 37°C for an additional
2 hr. The plates were then washed with phosphate-
buffered saline, and a mixture of tetraphenyldiamine
and hydrogen peroxide was added to each well. The
color reaction was stopped with 2 N sulphuric acid after
30 min at 20°C. The optical density in each well was
read at 450 nm, with a reference at 630 nm, using a
Dynatech enzyme immunoassay plate reader.

Assay for GM-CSF. Plasma derived GM-colony-
stimulating factor (CSF) was determined by use of the
GM-CSF E-Trac enzyme-linked immunosorbent assay
(INCSTAR Corp., Stillwater, MN; catalog no. 23800).
Briefly, standards and samples of murine plasma were
incubated with GM-CSF-biotinylated monoclonal anti-
serum attached to 96-well microtiter plates. After in-
cubation for 1 hr at room temperature, the samples
were discarded and horseradish peroxidase conjugated
with GM-CSF antibodies was added to the wells and
further incubated for 30 min at room temperature. The
plates were then exposed to chromogen for an addi-
tional 30 min in order to allow for optimum color



development. The color reaction was stopped with the
addition of stopping solution, which resulted in a
change in color development from blue to yellow. The
optical density of each well was determined at 450 nm
using a Dynatech enzyme immunoassay plate reader.

Assay for tumor necrosis factor-«. The 1.929 cell
line was used to assay tumor necrosis factor (TNF)-«
activity. 1.929 cells are efficiently killed by TNF-qa, but
are resistant to recombinant interleukin (IL) 1 (19).
The cells were harvested by a l-min trypsinization,
washed, and resuspended in RPMI 1640 medium with
5% human antibody serum. Cells (7 X 10%) were plated
into each well of a 96-well Microtest II plate and
incubated for 6 hr at 37°C. The well contents were
aspirated, and then freshly collected, cell-free, pooled
plasma samples from control and zidovudine-treated
mice were added, in triplicate wells, to the adherent
L929 cells. In this assay, growth inhibition induced by
TNF-a was quantified by overnight labeling of growing
cells in 96-well, flat-bottom plates with [*H]thymidine,
following a 3-day culture period. The test was calibrated
against recombinant TNF-«. The growth inhibition
percentage was calculated as follows:

TNF-a (units/mi)(% growth inhibition)
= 100 X (cpm in target cells in medium)
— (cpm in target cells in test samples)

(cpm in target cells in medium)

Assay for Meg-CSF. A modification of a bioassay
for GM-CSF, previously reported from this laboratory
(20), was performed to evaluate the presence of Meg-
CSF in plasma. For the analysis of Meg-CSF, WEHI-3
conditioned medium was used as the standard source
of Meg-CSF. The bioassay consisted of progenitor cell
assays consisting of plastic-adherent, cell-depleted, nor-
mal murine marrow as the source of target cells plated
in the presence of dose escalation of either the standard
(v/v WEHI-3 conditioned media added at 1%, 5%, and
10%) or an amount of unknown test sample (either 100
or 250 ul). The number of colonies generated by the
standard was then compared with the number of colo-
nies observed with the unknown test sample.

Statistical Analysis. Mean = SE for values com-
paring control with experimental utilizing triplicate
studies were determined and analyzed using the two-
sample ranks test of Wilcoxan-White (P < 0.05) to
determine significance.

Results

Dose-Response Effect of Zidovudine on Hema-
topoietic Peripheral Blood Indices. The effect of zi-
dovudine treatment on hematocrit, white blood cells,
and platelets is given in Table I. Low dose (0.1 mg/ml)
drug was without effect (data not shown); however, a
dose-dependent decrease in hematocrit was observed as
the zidovudine dose increased, i.e., 2.5 mg/ml > 1.0
mg/ml, which reached their nadir by 4 weeks after

Table I. Effect of Dose Escalation of Zidovudine on
Peripheral Blood Indices®
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zidovudine. A partial recovery was observed at Weeks
5 and 6, but the levels were still below normal controls.
A dose-dependent decrease in white blood cells was
observed that was consistently present during the 6-
week period. A significant reduction in circulating
platelets was observed that was dose dependent, i.e., 2.5
mg/ml > 1.0 mg/ml.

Dose-Response Effect of Zidovudine Treatment
on Hematopoietic Progenitors. The influence of zi-
dovudine on erythroid colony formation from femoral
marrow and spleen is given in Figure 1. Marrow CFU-
E (Fig. 1A) were increased in response to the low-dose
zidovudine (0.1 mg/ml); however, following exposure
to higher doses, i.e., 1.0 and 2.5 mg/ml, marrow CFU-
E demonstrated a significant reduction in CFU-E which
was below the normal control level that continued for
the entire length of the study. Splenic CFU-E (Fig. 1B)
produced an initial rise in CFU-E from all zidovudine
concentrations, then declined to control levels for the
duration of the study, except for a short rebound present
4 weeks after drug treatment that was prominent in the
1.0- and 2.5-mg/ml group. Marrow BFU-E (Fig. 2A)
were increased early during Weeks 1 and 2 after zido-
vudine treatment; however, by Week 3, the values were
within the normal control range. No effect was observed
at the low zidovudine dose (0.1 mg/ml). In contrast,
splenic BFU-E (Fig. 2B) were significantly elevated,
which was dose dependent, and reached a zenith by 4
weeks after zidovudine treatment.

The effect of zidovudine on granulocyte colony
formation is represented in Figure 3. Femoral CFU-
GM (Fig. 3A) responded with an increase in CFU-GM,;
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Figure 1. (A) Dose-response effect of continuous exposure to zido-
vudine (0.1, 1.0, and 2.5 mg/ml) on femoral CFU-E. Mean = SE,
pooled samples performed in triplicate. (B) Dose-response effect of
continuous exposure to zidovudine (0.1, 1.0, and 2.5 mg/mi) on
femoral BFU-E. Mean + SE, pooled samples performed in triplicate.

i.e., higher doses, 1.0 and 2.5 mg/ml, produced an
increase in CFU-GM, which was not evident until
Weeks 5 and 6 after zidovudine treatment. Splenic
CFU-GM (Fig. 3B) responded with an increase in CFU-
GM that was increased at Week 2 from the 1.0-mg/ml
dose group, at Week 4 from the low dose (0.1 mg/ml)
group, and from Week 5 with the high dose (2.5 mg/
ml) group.

The effect of zidovudine on megakaryocyte colony
formation is shown in Figure 4. A slight inhibition in
femoral CFU-Meg (Fig. 4A) was observed at Week 1
from the low-dose (0.1 mg/ml) zidovudine group which
rebounded significantly above control by Week 2.
Splenic CFU-Meg (Fig. 4B) was elevated at Week 1
from the 1.0-mg/ml dose group; however, the highest
increase in CFU-Meg colony formation was observed
4 weeks after zidovudine treatment.

The ability of zidovudine to influence several he-
matopoietic growth factors-cytokines was examined.
There was no significant increase in either GM-CSF,
Meg-CSF, or TNF-a measured in plasma obtained from
animals treated with escalating doses of zidovudine
compared with non-zidovudine-treated controls for
each week analyzed (1-6). However, the level of eryth-
ropoietin was increased, which was proportional to the
dose escalation in drug and which was inversely related
to the level of hematocrit, e.g., zidovudine (2.5 mg/ml),
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control: week 1, < 3 =2 mU/ml; week 3,55 £ 10 mU/
ml; (that peaked at) week 4, 95 + 15 mU/ml.

Discussion

Zidovudine continues to be the treatment of choice
for patients with AIDS; however, the use of zidovudine
has been associated with the development of significant
hematopoietic toxicity manifested by anemia, neutro-
penia, and, occasionally, thrombocytopenia. Since the
nature of current therapeutic strategies warrants contin-
ued zidovudine treatment, potentially for long dura-
tions, possibly for the rest of a patient’s life, a thorough
analysis of the long-term consequences of zidovudine
exposure and its effects on hematopoiesis need to be
clearly elucidated.

A recent report by Cronkite and Bullis (15) ana-
lyzed the effect of continued zidovudine treatment ad-
ministered to normal CBA/Ca mice for 7 weeks’ dura-
tion. The concentrations of zidovudine evaluated were
0.5 and 1.0 mg/ml. This study reported the develop-
ment of significant macrocytic anemia, neutropenia,
and lymphopenia as the result of zidovudine exposure.
Bone marrow- and spleen-derived spleen colony-form-
ing cell (CFU-S) content were also evaluated and found
to be significantly reduced as the result of zidovudine
exposure, which recovered following cessation of drug,
Stem cell function of this pool of hematopoietic pro-
genitors was found to be normal, as CFU-S derived
from zidovudine-treated recipient animals were capable
of rescuing lethally irradiated animals; therefore, zido-
vudine treatment, at least for this duration of exposure,
failed to produce a long-lasting effect in the mitotic
potential of these hematopoietic progenitors.

A more recent study by Chow et al. (17) investi-
gated the anemia induced by zidovudine after 15 days
of treatment to either normal or MAIDS-infected
CS57BL/6 mice. Zidovudine was examined at doses of
1.0 and 2.5 mg/ml. Dose-dependent anemia developed
in both groups. In this study, only the early-stage eryth-
roid progenitor, i.e., BFU-E, was evaluated from bone
marrow and spleen. BFU-E, from either tissue, was
increased significantly (5-fold) following the 15-day
treatment. The mean plasma titer of erythropoietin was
evaluated and found to be elevated in both groups,
which correlated with the degree of anemia observed.
Because the degree of reticulocytosis produced was
inappropriate for the degree of anemia following zido-
vudine treatment, this response suggested to these
authors that the anemia produced, as the result of
zidovudine exposure, was the result of inappropriate
erythroid differentiation. An analysis of the late-stage
erythroid progenitor cell, i.e., CFU-E, could have pro-
vided additional supportive data to substantiate this
hypothesis.

The results given in this report demonstrate that
continued zidovudine exposure (for a period of 6 weeks)
produced a dose-dependent anemia, neutropenia, and
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Figure 2, (A) Dose-response effect of continuous exposure to zidovudine (0.1, 1.0, and 2.5 mg/ml) on splenic CFU-E. Mean + SE, pooled
samples performed in triplicate. (B) Dose-response effect of continuous exposure to zidovudine (0.1, 1.0, and 2.5 mg/ml) on splenic BFU-E.

Mean + SE, pooled samples performed in triplicate.

thrombocytopenia. Analysis of the committed stem cell
compartment for erythropoiesis, granulopoiesis, and
megakaryocytopoiesis, from bone marrow and spleen,
revealed that not only were marrow and splenic BFU-
E elevated following zidovudine treatment, but the
CFU-E compartment was also influenced following
drug treatment. Marrow CFU-E were increased only
after exposure to the lowest dose of zidovudine, i.e., 0.1
mg/ml, a concentration that did not produce anemia;
however, increased concentrations of zidovudine, 1.0
and 2.5 mg/ml, produced significant reductions in mar-
row CFU-E that were dose-dependent and correlated
with the degree of anemia, as measured by the reduction
in hematocrit. In contrast, splenic CFU-E was initially
elevated at Week 1 of drug treatment, and then de-
clined, only to increase again at Week 4; however, this
secondary response was only observed from the two
high-drug groups, i.e., 1.0 and 2.5 mg/ml. The eryth-
ropoietin response following zidovudine treatment cor-
responded to the degree and level of anemia produced.
These stem cell and erythropoietin data suggest that the
induction of anemia, as a consequence of zidovudine

exposure, results from the inability of the bone marrow
to produce adequate numbers of the erythropoietin-
responsive precursors, i.e., CFU-E, possibly as the result
of a blockage in differentiation between BFU-E and
CFU-E, although studies by Lutton et al. (21) have
identified that AZT-induced toxicity may be due in
part to a depression in the pool of available heme, since
a-aminolevulinic acid synthase activity was signifi-
cantly reduced in bone marrow cells from AZT-treated
animals. These studies demonstrate that both bone
marrow and spleen accumulate increased numbers of
early erythroid progenitors, BFU-E. These data provide
intriguing information for designing strategies to over-
come this blockage in erythroid differentiation. More
recent data from our laboratory have indicated that
AZT-induced anemia and reduction in bone marrow-
derived erythroid progenitors in vivo can be reversed
with combination treatment with erythropoietin and
IL-3 (manuscript in preparation). As was concluded in
the study of Chow et al. (17), the erythropoietin-re-
sponsive mechanism is intact and fully capable of re-
sponding to inadequate production of erythropoiesis
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Figure 3. (A) dose-response effect of continuous exposure to zido-
vudine (0.1, 1.0, and 2.5 mg/ml) on femoral CFU-GM. Mean + SE,
pooled samples performed in triplicate. (B) Dose-response effect of
continuous exposure to zidovudine (0.1, 1.0, and 2.5 mg/mi) on
splenic CFU-GM. Mean = SE, pooled samples, performed in triplicate.

following zidovudine treatment. However, the role of
erythropoietin remains controversial, since the addition
of erythropoietin alone in vitro (2-10 units/ml) fails to
reduce the magnitude of AZT toxicity on human bone
marrow-derived erythroid progenitors; but when it was
added in the presence of either IL-1 or [L-6, a reduction
of AZT suppression of erythroid progenitors was dem-
onstrated (22). Additional studies are in progress to
elucidate how best to overcome this blockage in eryth-
roid progenitor cell differentiation.

CFU-GM and CFU-Meg responses from bone mar-
row and spleen following zidovudine produced a similar
response. In general, although both neutropenia and
thrombocytopenia were demonstrated, we did not ob-
serve an acute suppression of either CFU-GM or CFU-
Meg from either bone marrow or spleen. with the
exception of a reduced CFU-Meg following 2 weeks of
exposure of zidovudine at 2.5 mg/ml. This response
was corrected by Week 3, since the CFU-Meg were
within the control range. The appearance of decreased
neutrophils and platelets without the appearance of an
acute depression in progenitor cells cannot explain the
reduction in peripheral cells observed. This may be the
result of the higher sensitivity of erythroid progenitors
to the toxic action of zidovudine. In vitro erythroid
progenitors demonstrate a 2- and 4-log difference in
sensitivity to zidovudine when comparing the effects of
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Figure 4. (A) Dose-response effect of continuous exposure to zido-
vudine (0.1, 1.0, and 2.5 mg/ml) on femoral CFU-Meg. Mean + SE,
pooled samples, performed in triplicate. (B) Dose-response effect of
continuous exposure to zidovudine (0.1, 1.0, and 2.5 mg/ml) on
splenic CFU-Meg. Mean + SE, pooled samples, performed in tripli-
cate.

zidovudine to megakaryocyte and granulocyte-macro-
phage progenitors, respectively (13).

Furthermore, we were unable to detect any differ-
ence, compared with normal controls, in plasma titers
of GM-CSF, Meg-CSF, and TNF-a. TNF-a was ana-
lyzed to evaluate whether the increased presence of a
cytokine known to inhibit hematopoietic-committed
progenitor cell colony formation could be responsible
for the decrease in either erythropoiesis, granulopoiesis,
or megakaryocytopoiesis. Our results suggest that these
factors are not increased following dose escalation of
zidovudine; however, as described above, this reaction
may be the result of differences in the dose-response
curve of zidovudine to committed hematopoietic pro-
genitors. Additional studies are presently in progress to
evaluate the relationships between circulating growth
factors-cytokines and the extent of zidovudine use in
the treatment of human immunodeficiency virus-infec-
tion. Such information may prove to be useful in
designing more effective treatment strategies incorpo-
rating antiviral drugs in the treatment of AIDS.
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