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SUMMARY

A strategy for preventing or delaying the peripheral neuropathy
induced by 2’,3’-dideoxycytidine (ddC) therapy in patients with
acquired immunodeficiency syndrome was suggested by find-
ings, in two laboratories, that cultured avian and mammalian
cells devoid of mitochondrial DNA continue to replicate at virtually
normal rates, provided that the medium is supplemented with
uridine and pyruvate. Inasmuch as it is likely that a depletion of
mitochondrial DNA also takes place in neuronal cells exposed to
ddC, we used PC12 cells, the neuronal mode! we have reported
on previously, in an attempt to rescue these cells from the
deleterious effects of ddC. We first show, using undifferentiated
PC12 cells, that DNA replication is impaired in mitochondria
isolated from cells grown in the presence of ddC. Then, using

growth rate as a criterion of the well-being of the cells, we show
that the addition of uridine and pyruvate to uninduced cells
growing in the presence of ddC results in an average rescue
efficiency of 51%, based on the uridine/pyruvate-treated control.
This value increases considerably at substantially higher concen-
trations of uridine alone. Rescue efficiencies of differentiated
cells, which do not proliferate, were assessed using neurite
outgrowth and neurite survival as criteria. Here the rescue effi-
ciency is 56%, based on the uridine/pyruvate-treated control. In
addition, uridine and pyruvate prolong the viability of ddC-treated
cells and maintain their healthy appearance; without these com-
pounds, the ddC-treated cells have an abnormal morphology
and die off quite rapidly.

The more important toxic side effects of anti-HIV-1 therapy
with ddN analogues include bone marrow suppression, myopa-
thy, and cardiomyopathy, all induced by AZT, peripheral neu-
ropathy induced by ddC, ddl, and d4T, and pancreatitis induced
by ddI. Present evidence suggests that mitochondrial function
may be causally implicated in these conditions, because various
studies suggest that a cellular target of these analogues is the
mitochondrion, specifically mtDNA replication. This view is
based on in vitro studies with isolated mitochondria (1), purified
DNA polymerase v (2), intact MOLT-4F cells (3, 4), intact
Friend murine erythroleukemic cells (a model for bone marrow)
(2, 5), PC12 cells (a neuronal model) (6, 7), and human muscle
cells (8). It is further supported by studies on mitocondria from
skeletal or heart muscle derived from AIDS patients with AZT-

This work was supported by National Institutes of Health Grant A129905 and
American Cancer Society Research Professor Grant PRD-29M.

induced myopathy or cardiomyopathy or from laboratory ani-
mals with these AZT-induced conditions (8-11).

The consequences of inhibition of mtDNA replication in
AZT-treated differentiating (hemoglobin-producing) Friend
cells are decreases in cell proliferation, in oxidative phosphor-
ylation, and in cellular ATP level, with compensatory increases
in glycolytic rate and in the number of mitochondria/cell (6).!
With respect to PC12 cells, we reported previously that ddC
inhibits cell proliferation in a dose-dependent manner and, in
addition, has a deleterious effect on neurite-producing ability,
neurite survival, and cell viability of the differentiated cells (6).
A depletion of mtDNA has indeed been shown to occur when
these cells are grown in the presence of ddC (7). Because this
decrease could result from DNA destruction as well as inter-

! G. Hobbs, S. A. Keilbaugh, P. Rief, and M. V. Simpson, unpublished obser-

vations.

ABBREVIATIONS: HIV, human immunodeficiency virus; ddN, dideoxynucleoside; AZT, 3'-azido-3’-deoxythymidine; ddC, 2’3’ -dideoxycytidine; ddl,
2',3’'-dideoxyinosine; d4T, 3’-deoxythymidine-2’-ene; mtDNA, mitochondrial DNA; AIDS, acquired immunodeficiency syndrome.
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ruption of synthesis, we wished to show definitively that the
latter is in fact the case.

It was demonstrated several years ago that avian (12) and
mammalian (13) cells whose mtDNA had been completely
depleted by cell growth in the presence of ethidium bromide, a
highly potent inhibitor of DNA polymerase vy (14), continue
growing. The mitochondria, which no longer carry out oxidative
phosphorylation, continue to replicate along with the cell.
These cells use glycolysis for ATP generation, and their contin-
ued growth depends on supplementation of the medium with
uridine and pyruvate. The pyrimidine requirement arises be-
cause of the deficiency of the respiratory chain-dependent
dihydroorotate dehydrogenase (15). The pyruvate requirement
needs further study. Because ddN-induced inhibition of the
replication of mtDNA of PC12 cells should have similar con-
sequences for the mitochondria, we asked whether such cells
could be rescued by uridine and pyruvate. We report here that,
in fact, ddC inhibits mtDNA replication in PC12 cells, and we
describe our attempts to rescue this cell with these substances.

Materials and Methods

Cell culture. GS-ras-1 and GS-ras-2 cells, c-Ha-ras transformants
of PC12 cells (16) in which differentiation can be induced more con-
veniently and rapidly with dexamethasone than with nerve growth
factor, were maintained in tissue culture dishes in Dulbecco’s modified
Eagle’s medium (catalogue number 320-1965PJ; GIBCO), horse serum,
fetal bovine serum (90:10:5), containing 1000 units/ml penicillin G
sodium and 1000 ug/ml streptomycin sulfate. Cultures (maximum cell
density, 2.5 X 10° to 1.0 % 10° cells/ml) were passaged every 5 days into
105 ml of fresh medium, from which 20-ml volumes were used to seed
five 100-mm tissue culture plates. All cell culture incubations were at
37°, in 10% CO,, and in 98% humidity.

Cell growth studies. For GS-ras-1 cells, 1.0 X 107 cells were treated
with trypsin, diluted with phosphate-buffered saline (138 mM NaCl,
2.67 mM KCl, 10 mM Na,HPO,, 1.71 mM KH,PO,, pH 7.4), centrifuged,
and resuspended in fresh medium as described earlier (6). The cell
suspension was then diluted as noted below. For GS-ras-2 cells, which
do not require trypsin treatment, 1.0 X 107 cells were resuspended in
105 ml of fresh medium, a fraction of which was removed for trituration
and dilution as noted. Cultures used for growth studies were passaged
at 0.5 X 10° cells/ml into 12- or 24-well plates and were then treated
as noted previously (6).

Neurite outgrowth studies. The 2.5-ml samples of GS-ras-2 cells
used to determine neurites/cell were passaged at 200 cells/ml into 35-
mm dishes. The protocol, including dexamethasone addition and ddC
addition, was as described earlier (6). Uridine and pyruvate were added
with the ddC.

Incorporation of [*H]thymidine into mtDNA. Approximately
1.5 X 10° cells/ml (GS-ras-1) were seeded into 150-mm tissue culture
plates (two/sample) and incubated for 15 hr to permit attachment of
the cells. The cells were exposed to varying concentrations of ddC,
incubated, and harvested when there was a minimum yield of about 1.5
% 107 cells/sample. The cells from each sample were suspended in a
maximum of 10 ml of medium and triturated, and then 0.5 ml of the
suspension was removed to an Eppendorf tube for determination of the
cell count while the remainder was centrifuged at 1000 rpm at 5° for 5
min in a Sorvall SS34 rotor. After the supernate was decanted, the
cells were washed with 10 ml of phosphate-buffered saline and repel-
leted. The cells were resuspended in hypotonic buffer (10 mM Tris, pH
7.4, 10 mM KCl, 0.1 mm MgCl,) and incubated on ice for 30 min to
permit swelling. The cells were homogenized immediately after the
addition of 2.3 ml of buffer A (1 M sucrose, 10 mM KCl, 0.1 mm MgCl,,
10 mM Tris, pH 7.4) and the mitochondria were isolated using buffer
B (0.256 M sucrose, 10 mM KCl, 0.1 mM MgCl,, 10 mM Tris, pH 7.4)
(1). Once isolated, the mitochondria were washed twice in buffer B and

Prevention of ddC Toxicity by Uridine and Pyruvate 703

then incubated for 60 min at 37° in buffer B containing [*H]thymidine
(specific activity, 20 Ci/mmol), after which the mitochondrial suspen-
sion was precipitated and counted (1). Cell counts were performed as
described previously (6).

Results

The effect of ddC on mtDNA replication in growing PC12
cells was measured by following the incorporation of [*H])
thymidine into the DNA of mitochondria isolated from cells
(refer to Materials and Methods for transformant used) that
had been grown in the presence of ddC for 048 hr (Fig. 1). An
appreciable inhibitory effect (20%) occurs as early as 0.5 hr,
increasing to about 55% at 47 hr, results that are in accord
with those obtained with Friend cells (5).

To assess the possibility that ddC-induced peripheral neu-
ropathy might be prevented or reversed by uridine and pyru-
vate, we studied the effect of these compounds first on the
induced form of PC12 cells grown in the presence of ddC. When
these cells are incubated in the presence of 5-50 uM ddC,
concentration-dependent inhibition of cell proliferation is ob-
served (6). We have chosen a ddC concentration (12.5 uM) that
produces an accurately measurable growth inhibition but is not
too far above the pharmacological range. In the experiment
shown in Fig. 2, growth inhibition at this ddC concentration,
with respect to the untreated control (no uridine, no pyruvate,
and no ddC), is 30% at day 4.5, 29% at day 6, 53% at day 8,
and 52% at day 10. In the presence of 50 uM concentrations
each of uridine and pyruvate, these inhibitory values are re-
duced to, respectively, 11%, 13%, 26%, and 13%, relative to the
untreated control, corresponding to rescue efficiencies (defined
in Table 1) of 63%, 55%, 51%, and 75%. Because the control
itself is stimulated somewhat when treated with uridine and
pyruvate (treated control; uridine, pyruvate, and no ddC), par-
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Fig. 1. DNA replication in vitro by mitochondria isolated from PC12 cells
grown in the presence of ddC. Growth and incubation conditions are
described in Materials and Methods. The ddC concentration was 10 um.
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Fig. 2. Effect of uridine and pyruvate on the rescue of undifferentiated
PC12 cells grown in the presence of ddC. Growth conditions are de-
scribed in Materials and Methods. Concentrations of ddC, uridine (Ud),
and pyruvate (Pyr) were 12.5 um, 50 um, and 50 um, respectively.
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TABLE 1
Effect of uridine and/or pyruvate on the rescue of uninduced PC12
celis grown in the presence of ddC
Growth conditions are described in Materials and Methods.
Rescue
] efficiency*
6/m° 89 10/M
%
12.5 um ddC + 50 um uridine + 62 43 38
50 um pyruvate
12.5 um ddC + 100 um uridine + 18 34
100 um pyruvate
12.5 um ddC + 50 um pyruvate 60 2 -52
12.5 um ddC + 50 um uridine 32 -15 -60
12.5 um ddC + 150 um uridine 60 72
12.5 um ddC + 200 um uridine 7 45
12.5 um ddC + 300 um uridine 57 91
25 um ddC + 50 um uridine + 50 -23 20 46
uM pyruvate

* Percentage inhibition under non-rescue conditions minus percentage inhibition
under rescue conditions divided by percentage inhibition under non-rescue condi-
tions, where percentage inhibition is calculated using treated control values (i.e.,
control plus uridine plus pyruvate).

® incubation time (days).

ticularly at the later time points, we expressed the extent of
alleviation of inhibition with respect to the treated control as
well. In the case of days 6, 8, and 10, this would alter the final
degree of inhibition to 11%, 30%, and 32%, making the rescue
efficiencies 62%, 43%, and 38%, respectively (an average of
51%). These values are in the same range as the average values
from eight experiments performed under similar but slightly
varying conditions.

In an attempt to improve the rescue efficiency, we varied the
concentrations of uridine and pyruvate (Table 1). Increasing
the uridine and pyruvate concentrations to 100 uM each pro-
vides little or no improvement over results obtained with 50
uM concentrations each of pyruvate and uridine. If either 50

uM uridine alone or 50 uM pyruvate alone is used, there is no
rescue, and in fact there is further inhibition of cell growth.
With higher concentrations of uridine alone (150 uM, 200 uM,
or 300 uM) the overall rescue efficiency is equal to or better
than that obtained with 50 uM concentrations each of uridine
and pyruvate.

Because there was a reasonable rescue of ddC-treated unin-
duced PC12 cells by uridine and pyruvate, we were encouraged
to ask how the differentiating/differentiated PC12 cells would
respond to these rescue attempts. Such cells more accurately
reflect the in vivo state. We chose to add the agents under study
(ddC, uridine, and pyruvate) early in differentiation rather than
at the termination of the process because at the latter point,
namely about 16 days, the control cultures have aged to a point
at which the neurites begin to become unstable and the cells
themselves are becoming nonviable. Hence, there might not be
time enough for the effects of ddC or of the rescue agents to
become manifest. As shown previously, the effect of ddC on
these cells is first to stimulate the production of neurites, many
of which, however, can be seen to possess abnormal structure
(6). Also, the life of these neurites is shortened. Finally, cell
viability is appreciably decreased. Using neurite outgrowth as
a measure of the well-being of the cell (Fig. 3), we tested the
ability of uridine and pyruvate (7.5 uM each) to prevent the
deleterious effects of ddC. This treatment over an incubation
period of 12 days eliminates the stimulatory effect on neurite
outgrowth. At day 12 the number of neurites/cell begins to
decline in the ddC-treated cells, 4 days before this occurs in the
control samples. (Microscopic observation of neurite structure
shows that this decrease results both from old neurites begin-
ning to break up and from a decline in the rate of new neurite
formation.) The presence of uridine and pyruvate in these
cultures (Fig. 3) permits the maintenance of a level of neurite

Neurites/Cell

¢ 0 % 12 1 16
(days)

Fig. 3. Effect of uridine and pyruvate on the rescue of ddC-treated
differentiated PC12 cells, as determined by the extent of neurite out-
growth. Growth conditions are described in Materials and Methods.
Concentrations of ddC, uridine, and pyruvate were 12.5 um, 7.5 um, and
7.5 um, respectively. Assessments of neurite condition and viability of
the cells in this experiment are given in the text. O, Control; ®, ddC; A,
control plus uridine plus pyruvate; ll, ddC plus uridine plus pyruvate.

Incubation Time
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outgrowth similar to that of the controls for an additional 2
days, after which the control cells also exhibit a loss of neurites.
Interestingly, uridine and pyruvate alone (treated control)
cause a plateauing of the curve at this point, resulting in the
neurites/cell value dropping below that of the untreated con-
trol. Our impression is that this results from a commencement
of neurite break-up rather than a retardation of new neurite
production, although this view requires further substantiation.
Preliminary results indicate that this effect is dose dependent.
Thus, by day 16 the rescue efficiency of uridine and pyruvate
toward the cells grown in the presence of ddC is 56%, relative
to the treated control.

Another way of assessing the rescue efficiency of uridine and
pyruvate is by measuring the extent of prolongation of cell
viability. This parameter might reflect the operation of some
processes that are different from those that determine neurite
outgrowth. We were able to obtain some preliminary results on
this cellular state from the experiments described earlier, which
were actually designed to measure the number of neurites/cell.
The data were obtained by measuring the number of neurite-
containing cells in several microscopic fields, rather than on
the entire plate, and are therefore only semiquantitative. Cells
were grown to 18 days (20 days in cases where the control cells
were still healthy) and observed microscopically every 2 days.
Conditions of the experiment are described in the legend to
Fig. 3. It should be noted that induced cells differentiate at
different rates, with virtually all cell growth ceasing at about
16 days, a point at which all the cells that are going to differ-
entiate (i.e., grow neurites), about 75-80%, have done so. As-
sessing the number of neurite-containing cells at 14, 16, and 18
days, we find (by averaging four experiments) a 30-40% de-
crease in the ddC-treated cells, whereas the ddC/uridine/pyr-
uvate-treated sample shows almost complete rescue. The un-
treated and treated controls show no change. Moreover, as
pointed out in the previous experiment, the rescued cells and
the controls appear healthy, whereas the untreated ddC-ex-
posed cells are in extremely poor condition, even at 14 days.

Discussion

The peripheral neuropathy induced in humans by ddC ther-
apy for AIDS appears to be axonal in type (17-19), as is the
peripheral neuropathy induced by a mitochondrial disease stud-
ied in human patients (20). Administration of ddC to rabbits,
on the other hand, leads to myelin splitting and demyelination
as well as to axonal loss, and it is suggested that in rabbits the
myelin pathology is the primary effect (21). However, a strong
correlation of the clinical, electrophysiological, and pathological
characteristics between the human and the rabbit ddC neurop-
athies does not exist (18), and we have sought a cell line that
reflects the characteristics of the human disease to study the
mechanism of the neurological toxicity induced by ddC. The
PC12 cell line (22), perhaps the most frequently used system
for studies on neuronal cells of the peripheral nervous system,
was our choice for this purpose and we have used two ras
transformants of this line in our study (see Materials and
Methods). This cell line was derived from a tumor (pheochro-
mocytoma) of the rat adrenal medulla, whose cells share their
embryological origin with those of the peripheral nervous sys-
tem and are biochemically and developmentally similar to
sympathetic neurons, including their ability to synthesize and
store norepinephrine and dopamine but not epinephrine. Ex-
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posure to nerve growth factor induces differentiation with the
cessation of cell multiplication, accompanied by the extension
of neurites (i.e., branching varicose processes similar to those
produced by sympathetic neurons in primary cell culture) (23).

The rationale for using the PC12 cell line is further supported
by the differential responses of this system and of Friend
erythroleukemic cells to ddC, ddl, d4T, and AZT. The responses
of these neuronal and erythropoietic cell models are in accord
with the well known differential clinical responses to these
drugs. In particular, AZT, which causes bone marrow suppres-
sion but not peripheral neuropathy, is toxic to the Friend
hemopoietic model but not to the PC12 neuronal model; in
contrast, ddC, which induces peripheral neuropathy but not
bone marrow suppression, is toxic to the PC12 neuronal model
but not to the hemopoietic model (5).

The extent of cell rescue from ddC in the experiments de-
scribed in this report is high enough to be encouraging and to
merit further work in an attempt to maximize the extent of
rescue. Clearly, uridine and pyruvate are able to extend the
time during which the uninduced and the differentiated cells
remain in good condition. With respect to the differentiated
cells, this assessment includes the number of neurites/cell, their
physical appearance, and the viability of the cells. Translated
to AIDS therapy, such supplements to ddC, ddI, d4T, etc., could
extend the time during which a patient is free of peripheral
neuropathy or could decrease the intensity of the neuropathy.
However, considering the mechanism of action of these ddN
analogues on mtDNA, it is not possible to predict whether
neuronal cells could function normally for extended periods of
time, although, as pointed out earlier, mitochondria devoid of
DNA and the cells containing such mitochondria are capable
of surviving and replicating in cell culture. Moreover, should
even a limited rescue enable the neuronal cells to “gain time,”
the possibility exists that during this period certain cellular
adaptations could take place. For example, an exonuclease
capable of removing a terminal ddN (24, 25) might be induced,
or the mitochondrial deoxynucleoside triphosphate pool size
might increase significantly, thereby effectively competing
away the dideoxy analogues.

Supplementation of ddC with uridine and pyruvate requires
consideration of the possible toxic effects of these metabolites.
It is known that clinical toxicity is associated with continued
uridine therapy at high doses (26, 27). However, such toxicity
may well be preventable, as shown in mice and dogs, by substi-
tuting for uridine the uridine phosphorylase inhibitor benzyla-
cyclouridine. This strategy results in an effective plasma con-
centration of uridine but one below toxic levels (27, 28). With
respect to pyruvate toxicity in humans, it is difficult to find
reports in the literature. However, plasma levels in humans are
high (>1 mM), and doses as high as 1 g/kg can be administered
to mice with no toxicity and as high as 4 g/kg with no mortality
(29).

We have not yet tested the rescue efficiency of uridine and
pyruvate on the toxicity of ddl, d4T, or other ddN analogues
in the PC12 cell system. However, it is of interest that, before
the avian and mammalian cell mtDNA depletion studies (12,
13), Sommadossi et al. (30), in a study of the rescue of AZT-
treated bone marrow cells by nucleotides (a study that was not
based on mtDNA considerations), found that uridine could
rescue these cells in vitro. This observation was later reflected
in whole-animal (mice) experiments (28). Because there was
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no requirement for pyruvate, the mechanism of rescue may
differ in the different cells or the mechanisms involved in the
toxicities of AZT and ddC may differ (31). Whether uridine
and pyruvate are effective against AZT-induced myopathy re-
mains untested.
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