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ABSTRACT. The short-term cardiac side effects of 2’,3'-dideoxycytidine (ddC, zalcitabine) were studied in
rats in order to understand the biochemical events contributing to the development of ddC-induced
cardiomyopathy. In developing animals, ddC treatment provoked a surprisingly rapid appearance of cardiac
malfunctions characterized by prolonged RR, PR, and QT intervals and ] point depression. The energy
metabolism in the heart was compromised, characterized by a decreased creatine phosphate/creatine ratio (from
2.05 normal value to 0.75) and a decreased free ATP/ADP ratio (from 332 normal value to 121). The activity
of respiratory complexes (NADH: cytochrome ¢ oxidoreductase and cytochrome oxidase) also decreased
significantly. Southern blot and polymerase chain reaction analysis did not show deletions or a decrease in the
quantity of mitochondrial DNA (mtDNA) deriving from ddC-treated rat hearts, indicating that under our
experimental conditions, ddC-induced heart abnormalities were not the direct consequence of mtDNA-related
damage. The ddC treatment of rats significantly increased the formation of reactive oxygen species (ROS) in
heart and skeletal muscle as determined by the oxidation of non-fluorescent dihydrorhodamine123 to fluorescent
rhodaminel23 and the oxidation of cellular proteins determined from protein carbonyl content. An activation
of the nuclear poly-(ADP-ribose) polymerase (EC 2.4.2.30) and an increase in the mono-ADP-ribosylation of
glucose-regulated protein and desmin were observed in the cardiac tissue from ddC-treated animals. A decrease
in the quantity of heat shock protein (HSP)70s was also detected, while the level of HSP25 and HSP60
remained unchanged. Surprisingly, ddC treatment induced a skeletal muscle-specific decrease in the quantity of
three proteins, one of which was identified by N-terminal sequencing as myoglobin, and another by tandem mass
spectrometer sequencing as triosephosphate isomerase (EC 5.3.1.1). These data show that the short term
cardiotoxicity of ddC is partially based on ROS-mediated signalling through poly- and mono-ADP-ribosylation
reactions and depression of HSP70 levels, whose processes represent a new mtDNA independent mechanism for
ddC-induced cell damage. BIOCHEM PHARMACOL 58;12:1915-1925, 1999. © 1999 Elsevier Science Inc.
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Nucleoside analogues (dideoxynucleosides and AZT! are
considered to be effective against HIV and have been
beneficially used in AIDS therapy [1-3]. Even after protease
inhibitors were introduced into AIDS therapy, nucleoside
analogues have remained potent anti-HIV agents in com-
bined therapy, exerting a synergistic antiviral effect [4, 5].
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This effect is based on premature chain termination in the
virus reverse transcriptase reaction caused by dideoxynucle-
otide 5’-triphosphates. However, many reports demon-
strated that these drugs have several toxic side effects
because of incorrect chain termination during the replica-
tion of the host cell DNA [1, 3], with these side effects
depending on the time of application. After a short period
of time, it is most likely that the proliferating tissues are
concerned (haemopoetic and gastrointestinal systems) re-
flected by anaemia and gastrointestinal disorders [6, 7].
After a long period of application, these drugs inhibited the
mitochondrial DNA polymerase gamma [3, 8—12], inhibit-
ing mitochondrial DNA replication and causing depletions
of mtDNA [11]. Since 13 components of the respiratory
chain are encoded by the mammalian mitochondrial ge-
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nome, mutations in mtDNA cripple the oxidative energy
production of the cell, with a consequent decrease in ATP
synthesis. Therefore, the development of myopathy, cardio-
myopathy, and neuropathy after a long-term application is
probably due to damage to mtDNA [12, 13].

DdC inhibits HIV type 1 in wivo and is therefore
successfully used in AIDS therapy [2, 3, 14]. It is very likely
that the 5’-triphosphorylated derivate of ddC produced by
the cytoplasmic ddC kinase [15] is responsible for its
therapeutic and toxic effects. As the very early toxic effects
of ddC on the haemopoetic system [6, 7] and its late toxic
effects on the mtDNA [16, 17] have been described by
other investigators, we have focused here on the short-time
side effects of ddC. We detected heart function abnormal-
ities resembling cardiomyopathy and associated with abnor-
mal energy metabolism. In addition, we observed increased
ROS formation and enhanced ADP-ribosylation of several
muscle proteins which led us to propose a new mechanism
for the short-term cardiotoxicity of ddC.

MATERIALS AND METHODS
Materials

DdC, cytochrome ¢, CoA-SH, NAD, NADH, acrylamide,
N,N’-methylene-bis-acrylamide, Coomassie brillant blue,
Tween 20, anti-HSP25, anti-HSP60, and anti-HSP70,
anti-desmin, anti-mouse and anti-rabbit IgG alkaline phos-
phatase, peroxidase-conjugated, 5-bromo-4-chloro-3-in-
dolyl phosphate, and nitroblue tetrazolium were from
Sigma Chemical Co. Bacteriophage T4 polynucleotide
kinase and restriction enzyme Sac | were from Fermentas,
and restriction enzyme Sst I was from GIBCO BRL.
[Gamma->?P]ATP and [alpha-**P]JATP were from Isotope
Ltd. Antibodies developed in rabbit against cytochrome
oxidase and complex I were prepared in our laboratory.
Anti-(ADP-ribose) antibody was a gift from Drs. Alexander
Burkle and Masano Miwa. All other chemicals were of the
highest purity commercially available.

Animals and Treatments

Developing Wistar monophyletic rats (80-100 g) were
intraperitoneally injected with ddC (1 and 2 mg/kg/day) for
up to 2 weeks. Before, during, and after the treatment,
cardiac function was monitored by Schiller AT-6 ECG
using needle electrodes according to the routine technique
(6 limb leads, Einthoven I, II, III and Goldberger aVR,
aVL, aVF). Heart frequency, PR, QT intervals, T waves,
and ] point values were detected with standard methods
[18]. After finishing ddC treatment, we waited for 3 days
until ddC was excreted, in order to eliminate the direct
effect of drug toxicity. Then, control and treated rats were
anaesthetized with ketamine and seduxen. Heart and skel-
etal muscles were rapidly freeze-clamped and either stored
in liquid nitrogen or processed immediately to metabolic
analysis. Long-term storage of the tissues was performed at

—170°.
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Enzyme Assays

NADH: cytochrome ¢ oxidoreductase, cytochrome oxidase,
malate dehydrogenase, citrate synthase, lipoamide dehydro-
genase, and carnitine acetyltransferase were determined by
standard methods as described previously [19, 20].

Enzymatic Analysis

The quick-freeze method was used for collection of tissue
samples. One gram tissue was deproteinized in 4% (v/v)
perchloric acid containing 10 mM EDTA. After centrifug-
ing (5000 g for 5 min), supernatant was decanted and
carefully neutralized by the addition of 5 M KOH. Samples
were stored overnight at —20°, recentrifuged and creatine
and creatine phosphate concentrations were measured by
standard enzymatic analysis as described in [21].

Polyacrylamide Gel Electrophoresis

Heart and skeletal muscle samples were homogenized in 20
mM Tris—=HCI buffer, pH 7.4 containing 3 mM EDTA, 5
mM betamercaptoethanol and 1% SDS with an Ultra
Turrax homogenizer. After the addition of 1% bromphenol
blue, samples were boiled for 2 min and clarified by
centrifuging (8000 g for 2 min). SDS-PAGE was carried
out on 12% gel by Laemmli’s method [22]. A low molecular
weight calibration kit (Pharmacia) was used for estimation
of the molecular weight. Gels were stained with Coomassie
brillant blue R-250 and destained with solution containing
5% (v/v) acetic acid and 16% (v/v) methanol.

Detection of ROS

ROS detection was performed basically by the same proce-
dure as described in [23, 24]. Hearts from control or
ddC-treated animals were removed and freeze-clamped.
Heart pieces were homogenized at 4° in 3 mL buffer
containing 150 mM KCI, 20 mM Tris, 0.5 mM EDTA, 1
mM MgCl,, 5 mM glucose, and 0.5 mM octanoic acid, pH
7.4. After the addition of 5 uM dihydrorhodamine123, the
reaction mixtures were incubated at 37° for 30 min. The
reaction was stopped by the addition of an equal amount of
ice-cold 70% ethanol which contained 0.1 M HCI and the
fluorescent dyes were extracted. The precipitated proteins
were removed by centrifuging at 3000 g for 15 min. The
precipitate was extracted once again, and the unified
supernatant aliquots were neutralized with NaHCO; and
centrifuged at 6000 g. To correct background fluorescence,
samples were incubated under the same conditions but
without fluorescent dyes, and 5 uM dihydrorhodaminel23
or 5 uM dihydrofluorescein diacetate was given to the
tissue only at the end of the incubation period. The
fluorescent dye content in the clear supernatants was
determined using a Perkin Elmer fluorescent spectroscope
at an excitation wavelength of 500 nm and an emission
wavelength of 536 nm for rhodaminel23.
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N-Terminal Sequencing

Proteins separated on 12% SDS-polyacrylamide gels were
blotted onto Immobilon-P polyvinylidene difluoride trans-
fer membrane (Millipore Co.) and stained with Coomassie
brillant blue R-250. Stained bands were cut out and loaded
onto a Knauer Protein Sequencer 910 for N-terminal
sequence analysis by Edman degradation. The obtained
sequence was compared to the sequences of the Swiss-Prot
protein data bank by using the Fasta program.

Protein Identification by Peptide Mass Mapping and
Tandem Mass Spectrometry

In-gel digestion of Coomassie-stained protein and extrac-
tion of the resulting peptides were carried out according to
methods similar to those described in the literature [25].
Briefly, this entailed excising the band of interest, reducing
disulfide bonds with dithiothreitol (10 mM dithiothreitol
in 0. M ammonium bicarbonate buffer, pH = 8.0),
alkylating Cys residues with iodoacetamide (55 mM iodoac-
etamide in 0.1 M ammonium bicarbonate buffer, pH =
8.0), and digesting protein with trypsin (0.1 mg trypsin/mg
digested protein in 0.1 M ammonium bicarbonate buffer,
pH = 8.0). Proteolytic peptides were dissolved from gel
matrix and separated by capillary HPLC. Column eluate
was monitored by a UV detector at 210 nm and by a mass
spectrometer equipped with an electronspray ion source
(Finnigan MAT TSQ-7000). Analyzing molecular weights
of peptides formed by tryptic cleavage resulted in the
peptide mass map. For tandem mass spectrometric sequence
determination, tandem mass spectra of selected digested
peptides were acquired. The computer software ProFound
(publicly available over the Internet at URL http://prowl.
rockefeller.edu/cgi-bin/ProFound) was used to identify pro-
teins in the gel. This program allows the searching of
protein or nucleotide sequence databases (SWISS-PROT,
PIR, GENPEPT, OWL, or dbEST), using a combination of
information from peptide mass map and tandem mass
spectra of proteolytic peptides [26].

Western Blot Analysis

The composition of respiratory complexes and HSPs was
examined by the Western blot technique. Samples were
processed and electrophoresed as described above. For
immunoblotting, separated proteins were transferred to
nitrocellulose filters. The filters were blocked with 2%
low-fat milk in Tris-buffered saline (150 mM NaCl, 20 mM
Tris=HCI, pH 7.5) containing 1% polyethylene glycol
6000, and incubated with the first antibody (either anti-
HSP25, anti-HSP60, anti-HSP70, or anti-cytochrome oxi-
dase) diluted in the same solution. Nitrocellulose filters
were washed three times for 10 min in TBS containing
0.2% Tween 20 and in TBS once more. Adsorbed IgG was
detected by incubating the filters with a second antibody
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(anti-mouse or anti-rabbit IgG alkaline phosphatase conju-
gate). The labelled proteins were developed with 5-bromo-
4-chloro-3-indolyl phosphate and nitroblue tetrazolium as
substrates in reaction buffer (200 mM Tris—=HCI, 5 mM
MgCl,, pH 9.3). Western blot data were analyzed by the

Image Tool (Version 1.27) image processing program.

ADP-Ribosylation Assay

Endogenous ADP-ribosylation in heart was essentially de-
termined as described before [24]. Cardiac muscle was
homogenized with Ultra-Turrax in 50 mM Tris, pH 7.8 and
an equal volume of twice-concentrated Laemmli sample
buffer was added. The sample was further homogenized with
Potter and centrifuged in an Eppendorf centrifuge. To the
supernatant, 1% bromophenol blue was added. In some
experiments, the extraction buffer contained 8 M urea, 20
mM Tris, and 4 mM EDTA. For SDS gel electrophoresis, a
10% gel was used. In immunoblotting, anti-ADP-ribose, a
mouse monoclonal antibody, was used as a first antibody
and peroxidase-labelled anti-mouse IgG as a second anti-
body. The reaction was visualized by enhanced chemilumi-
nescence.

Immunodffinity Purification and ADP-Ribosylation of
GRP78 and Desmin

DNA-K antibody was coupled to protein A-Sepharose
beads and incubated with detergent-solubilized ER proteins
at room temperature for 30 min. The gel was washed 3
times with 20 mM Tris—HCI buffer, pH 7.4 containing 150
mM NaCl to remove unbound proteins. The antigen—
antibody complex was removed with an equal volume of
twice-concentrated Laemmli sample buffer, and used for
SDS-PAGE followed by Western blotting with anti-ADP-
ribose antibody. Immunopurification of desmin was per-
formed in almost the same way as described for GRP78,
except that anti-desmin antibodies were bound to protein
A-Sepharose beads and a total cell extract was used for the
immunopurification of desmin. The ADP-ribosylation of
desmin was detected as described above.

Southern Blot Analysis

Total DNA was prepared from the skeletal muscle of
control and ddC-treated animals. DNAs were digested with
Sst I or Sac I, and electrophoresed through 1.5% agarose
gel, then transferred to nylon membrane (Hybound-N,
Amersham) as described in [27]. The mtDNA was prepared
from the normal rat liver as described in [28], digested with
Sst 1, labelled with alpha **P and used as probe for Southern
blotting. The hybridization of blotted DNA and mtDNA
probe was performed under the standard conditions using
the Sigma kit, and visualized by autoradiogaphy.
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TABLE 1. Effect of ddC treatment on cardiac function of developing rats

Treatments RR (msec) PR (msec) QT (msec) J (mm)
Control 149.0 = 4 472+ 2.1 61.4 = 3.0 —0.15 = 0.04
1-week treatment 156.0 = 12.0 542 = 3.1 68.2 = 2.4 —-0.92 = 0.10*
2-week treatment 164.2 = 6.5 57.0 = 2.9F 71.0 = 4.8% —1.21 = 0.11*

ECG analysis was performed as described under Materials and Methods. Data represent means = SEM for 5 animals.
*Values are different from the corresponding values of age-matched control rats at the significance level of P < 0.001.
FValues are different from the corresponding values of age-matched control rats at the significance level of P < 0.01.

PCR Amplifications

PCR amplification was carried out in a Techne PHC-3
Thermal Cycler. For the amplification of mtDNA dele-
tions, the following primer pairs were used: L 2773 — H
695,L 2773 — H 11120,L 2773 — H 15330, L 11231 — H
695, L 11231 — H 3678, and L 11231 — H 15330. The
50-pL PCR reaction mixture contained 250 ng template
DNA, 0.2 mM of each dNTP, 50 mM KCI, 3 mM MgCl,,
10 mM Tris—=HCI, pH 9.0, 10 pmol of each primer, and 2
units of Tag DNA polymerase (Pharmacia Biotech). The
amplification conditions were as follows: 94° for 5 min, 60°
for 30 sec, 72° for 1 min 30 sec in the st cycle, followed by
35 cycles of 94° for 30 sec, 60° for 30 sec, and 72° for 1 min
30 sec. The last cycle times were: 94° for 30 sec, 60° for 30
sec, and 72° for 10 min. Ten microlitres of each PCR
product was analyzed in horizontal gels of 1.6% agarose
with 15 g ethidium bromide, visualized, and photographed
with a UV transilluminator.

End Labelling of 5’ Terminus of DNA

Total DNA was prepared from the skeletal muscle of
control and ddC-treated animals by the standard method.
The transfer of **P to the 5" terminus of DNA was catalyzed
by bacteriophage T4 polynucleotide kinase. In the forward
reaction, the gamma °’P of [gamma **P]JATP was trans-
ferred to a hydroxyl group created by removal of phosphate
from the 5’ terminus of DNA by alkaline phosphatase as
described in [27]. After the labelling procedure, DNA was
electrophoresed through 1% agarose gel, transferred to
nylon membrane (Hybound-N, Amersham) according to a
routine method, and studied by autoradiography.

RESULTS
ECG Analysis

ECG was used to follow the changes in heart function of
ddC-treated rats. The animals developed a cardiac distur-
bance with both de- and repolarization deviations. Char-
acteristic ECG differences had already been evident after 1
week of ddC administration and had become more pro-
nounced by the end of the treatment. We observed pro-
longed PR and QT intervals with otherwise nearly normal
heart rates (Table 1). Almost every animal developed a
significant ] point depression which was most conspicuous
in leads I and aVL, corresponding to the main muscle mass

of the left ventricle (Table 1). In some cases, arrhythmia
was observed, most probably caused by the toxic effect of
ddC on sinus and AV nodes (data not shown). Heart
function was monitored even after the termination of ddC
treatment, and only a slight improvement was observed in
the 6-month recovery period. It can be concluded that ddC
induced a lasting cardiomyopathy which was not a conse-
quence of the direct inflammatory effect of the drug.

Effect of ddC on Energy Metabolism and Mitochondrial
Enzyme Activities

Levels of the metabolites characteristic for heart energy
metabolism (creatine, creatine phosphate, ATP, and ADP)
were determined in the heart muscle of ddC-treated ani-
mals. Significant decreases were detected in ATP and
creatine phosphate concentrations as the consequence of
14-day ddC treatment (Table 2). The creatine phosphate/
creatine ratio decreased from the normal 2.05 value to 0.75
(Table 2), which corresponded to a decrease in the calcu-
lated free ATP/ADP ratio from 332 to 121. These data
show that ddC treatment impaired the mitochondrial
energy metabolism in the cardiac tissue. To gain insight
into the changes in mitochondrial function, we measured
the effect of ddC treatment on the activities of mitochon-
drial respiratory complexes. A drastic reduction in the
activities of NADH: cytochrome ¢ oxidoreductase and
cytochrome oxidase were found (Table 3). Other enzymes
studied showed only moderate changes (Table 3). The
decrease in enzyme activities suggested a functional defect
in oxidative phosphorylation, which is in accordance with

TABLE 2. Effect of ddC treatment on the creatine—creatine
phosphate system in rat hearts

ddC-Treated

Control

pmol/gram protein

ATP 23.0*+ 1.8 163 = 1.9%
ADP 48 +05 6.6 = 0.7
Creatine phosphate 433 *+29 19.2 = 3.1*
Creatine 21,1 =12 25.7=*15
Creatine phosphate/creatine ratio 2.05 0.75%
Calculated ATP/ADP ratio 332 121%

Metabolic analysis was performed as described under Materials and Methods. Values
represent means = SEM of four animals.

*Values are different from the corresponding values of age-matched controls at the
significance level of P < 0.01.
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TABLE 3. Comparison of enzyme activities of ddC-treated and control animals
Skeletal muscle Heart muscle
ddC- ddC-
Control Treated Control Treated

Enzymes Ul/g wet tissue
NADH: cytochrome ¢ 6.2+04 2.2 +0.2% 277+ 2.1 44 +0.7*

oxidoreductase
Cytochrome oxidase 56.7 = 4.1 42.6 = 3.7t 142.8 = 9.8 97.9 = 8.27
Lipoamide dehydrogenase 8.6+ 1.0 8.69 = 0.9 83.7 £ 9.1 654172
Citrate synthase 247125 153 £ 3.6 108 = 10 101 =12
Carnitine 2.50+0.2 29+03 6.5+ 0.6 7.6 *+08

acetyltransferase
Malate dehydrogenase 459 + 41 540 + 60 1263 + 98 1478 £ 17

Enzyme activity measurements were performed as described under Materials and Methods. Values represent means * SEM for 4 animals.
*Values are different from the corresponding values of age-matched control values at the significance level of P < 0.001.
FValues are different from the corresponding values of age-matched control values at the significance level of P < 0.01.

the metabolic data shown in Table 2. The decrease in the
activity of mitochondrial enzymes raises the possibility that
ddC treatment either affected synthesis, transport, or as-
sembly of respiratory complexes. In an attempt to gather
more information on the background of the decreased
activities, Complex I and cytochrome oxidase of the ddC-
treated animals were studied by the Western blot tech-
nique. We could not find significant changes in Complex I
(data not shown). The quantity and the polypeptide com-
position of cytochrome oxidase was also studied, but only
minor reductions were seen in the quantity of protein and
only slight changes in the polypeptide compositions (data
not shown). These data indicated that there was not any
general defect in the protein synthesis of mitochondrially or
nuclearly encoded polypeptide components of the respira-
tory complexes.

Effect of ddC on the Quality of DNA of Cardiac and
Skeletal Muscle

A possible target of dideoxynucleoside analogues may be
the mtDNA, because these anti-HIV drugs, inhibiting
mtDNA polymerase gamma, can cause deletions or deple-
tion of mtDNA. Therefore, we searched for mtDNA
damage in heart and skeletal muscle of ddC-treated animals
by Southern blot analysis. Under our experimental condi-
tions (short-term treatment), no significant deletion or
depletion of mtDNA was seen (Fig. 1). Furthermore, we
tried to show deletions in mtDNA by PCR analysis using
several mitochondrial primer pairs. However, we could not
detect deletions in mtDNA in either case under our
experimental conditions (data not shown). These data
indicate that a 2-week treatment was not sufficiently long
to initiate detectable damage in mtDNA, and the observed
pathological effects of ddC were not mediated by mtDNA
damage. Fragmentation of nuclear DNA is a characteristic
of apoptosis, often induced by toxic drugs [29]. Since ddC
metabolites can interfere with DNA replication, it is
reasonable to assume that ddC may induce apoptotic

degradation of nuclear DNA. Using the DNA end labelling
method and autoradiography, we investigated whether the
ddC induced DNA fragmentation characteristic of apopto-
sis. Our experiments did not provide any evidence for
fragmentation of nuclear DNA, which would indicate
apoptosis either in skeletal or cardiac muscle cells (data not
shown).

Effect of ddC Treatment on HSP Levels

Malfunction in the transport and assembly of respiratory
complexes raises the possibility that the levels of HSP,
which are involved in the transport and assembly of the
polypeptide components of respiratory complexes, may be

165 — IS
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FIG. 1. Effect of ddC treatment on the quality and quantity of
mtDNA in cardiac muscle. Southern blot analysis was per-
formed as described under Materials and Methods. Lane 1, DNA
from the heart of control animal (4 pg); lanes 2—4, DNAs from
the heart of ddC-treated animals (4 pg).
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FIG. 2. Effect of ddC treatment on the HSP25, HSP60, and
HSP70 levels in heart and skeletal muscles determined by
Western blotting. Lane 1, control heart (20 pg protein); lane 2,
heart muscle after 6 days of ddC treatment (20 pg protein); lane
3, heart muscle after 14 days of ddC treatment (20 g protein);
lane 4, control skeletal muscle (20 g protein); lane 5, Skeletal
muscle after 6 days of ddC treatment (20 pg protein); lane 6,
skeletal muscle after 14 days of ddC treatment (20 g protein).
Experimental conditions are described under Materials and
Methods.

affected as a consequence of ddC treatment. The cardiac
concentration of HSP25, HSP60, and HSP70 was deter-
mined by the immunoblot method, using monoclonal
antibodies. Monoclonal anti-HSP25 reacts with the consti-
tutively expressed 25 kD muscle protein. Monoclonal
anti-HSP60 is specific for mammalian HSP60, but reacts
with both constitutive and inducible HSP60 [30]. Mono-
clonal anti-HSP70 reacts with both constitutive HSP73
and inducible HSP72 in mammals [31]. Our data indicate
that ddC treatment did not change the level of HSP25 and
HSP60 either in skeletal or in cardiac muscle during the
short-term ddC treatment (Fig. 2). However, a significant
reduction was seen in the HSP72 and HSP73 bands both in
cardiac and skeletal muscle as a consequence of ddC
treatment (Fig. 2, Table 4).

Effect of ddC Treatment on ROS Formation and Protein
Oxidation

ROS oxidize dihydrorhodaminel23 to fluorescent rhoda-
minel23 [23, 24], providing a method to detect ROS in
tissues. The in vitro addition of ddC to the reaction mixture
did not cause a significant increase in ROS production,
indicating that ddC as an organic molecule was not the
source of free radicals (data not shown). The short-term
ddC treatment induced a large increase in ROS formation,
both in the skeletal and cardiac tissues (Table 5). These
data indicate that ddC treatment induced slow, unfavour-
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TABLE 4. Quantitative analysis of the effect of ddC treatment
on the HSP25, HSP60, and HSP70 levels in heart and
skeletal muscles determined by Western blotting

HSP25 HSP60 HSP70

Signal intensities are given in arbitrary units

Heart muscle

Control 557 93 + 12 153 £ 11
ddC (7 days) 61 =8 127 = 14 149 = 12
ddC (14 days) 47+ 17 108 = 13 53 + 10%*
Skeletal muscle

Control 64 +38 107 = 15 150 £ 9
ddC (7 days) 76 =9 137 = 16 106 = 87
ddC (14 days) 78 =8 125 = 14 87 = 10%

Western blot analysis was performed as described under Materials and Methods.
Values represent means = SEM for four Western blot analysis.

*Values are different from the corresponding control values at the significance
level of P < 0.001.

FValues are different from the corresponding control values at the significance
level of P < 0.01.

able changes in the heart and skeletal muscle, leading to
excess production of ROS. Under in vivo conditions, ROS
can oxidize proteins, forming reactive aldehyde groups.
Therefore, the amount of the protein-bound reactive alde-
hyde group indicates the level of oxidative damage in vivo
[32]. In age-matched control rats, the amount of the protein
carbonyl group was similar to data previously reported [24].
Two weeks of ddC treatment significantly increased the
carbonyl content of the rat heart and skeletal muscle
proteins (Table 5) as compared to the age-matched con-
trols.

ADP-Ribosylation of Cardiac Proteins

The ADP-ribosylation of intracellular proteins can be
affected by several toxic agents [33-35, 24]; therefore, we
considered it reasonable to study how the ADP-ribosylation
of proteins changes as the consequence of ddC administra-

TABLE 5. Effect of ddC treatment on the formation of
reactive oxygen intermediates and oxidative protein
modifications in skeletal and cardiac muscle

Rate of
DHR oxidation
(in arbitrary units)

Protein carbonyl
content (nmol
carbonyl/mg protein)

Skeletal muscle

Control 160.7 = 2.8 5.24 £ 0.46
ddC-Treated 295.2 = 8.7* 8.87 = 0.51F
Cardiac muscle

Control 3187124 597 £ 0.53
ddC-Treated 613.2 = 17.1* 11.62 = 0.67*

ROS determinations and protein carbonyl content analysis were performed as
described under Materials and Methods. Values represent means * SEM for 4
animals. DHR, dihydrorhodamine123.

*Values are different from the corresponding values of age-matched controls at the
significance level of P < 0.001.

FValue is different from the corresponding values of age-matched controls at the
significance level of P < 0.01.
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tion. Previous data indicated that the main target proteins
of the endogenous mono-ADP-ribosyltransferases in rat
heart and muscle tissues are in the regions of 52-56, 78, and
above 100 kD [36, 37, 33]. Under our experimental condi-
tions, 78 kD and 56 kD ADP-ribosylated proteins were
detectable by Western blot in control hearts, and ddC
treatment increased the ADP-ribosylation of these proteins
(Fig. 3A). The ADP-ribosylation of skeletal muscle pro-
teins was much less detectable in our system, so did not
allow quantitative studies (data not shown). We assumed
on the basis of a previous work [38] that the 78 kD
ADP-ribosylated protein is the glucose-regulated protein
called BIP or GRP78 [38], which belongs to the HSP70
family. To prove this, we immunoprecipitated GRP78 from
isolated ER with anti-HSP70 antibodies, and the ADP-
ribosylation of the immunoprecipitated protein was de-
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FIG. 3. Effect of ddC treatment on the
endogeous ADP-ribosylation of heart
proteins. (A) Mono-ADP-ribosylation
of 78 and 56 kD proteins. Lane 1; 20
g protein from control heart muscle;
lane 2, 20 pg protein from heart mus-
cle after 7 days of ddC treatment; lane
3, 20 pg protein from heart muscle
after 14 days of ddC treatment. (B)
Identification of 78 kD protein by
immunoprecipitation with  anti-
GRP78 antibodies and determination
of its ADP-ribosylation by Western
blotting. Lane 1, immunoprecipitated
GRP78 from sarcoplasmic reticulum;
lane 2, heart sarcoplasmic reticulum
(5 mg protein); lane 3, 20 g protein
from control heart muscle. (C) Iden-
tification of 56 kD protein by immu-
noprecipitation with anti-desmin anti-
bodies and determination of its ADP-
ribosylation by Western blotting. Lane
1, immunoprecipitated desmin; lane 2,
control heart muscle (20 pg protein).
(D) Determination of the self poly-
ADP-ribosylasion of PARP. Lane 1,
control heart muscle (20 pg protein);
lane 2, ddC-treated heart muscle (20
g protein). Experimental conditions
are described under Materials and

Methods.

tected with antibodies specific for ADP-ribose on Western
blots. These data show (Fig. 3B) that 78 kD ADP-ribosy-
lated protein is the GRP78. A similar immunoprecipitation
and immunoblot technique was used for the identification
of the 56 kD ADP-ribosylated protein. The immunoblot
data indicated that the 56 kD ADP-ribosylated protein
could be precipitated with anti-desmin antibody (Fig. 3C).
From this data, we can conclude that in cardiac muscle,
ddC treatment induced the ADP-ribosylation of desmin as
well. When the extraction of heart proteins was performed
in the presence of 8 M urea, the nuclear PARP (EC
2.4.2.30) was also extracted. Using the Western blot
technique as described above, an activation of nuclear
PARP was found as a consequence of the ddC treatment
(Fig. 3D), which is consistent with the observation that
ddC treatment increased ROS production in vivo (Table 5).
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FIG. 4. Comparison of skeletal muscle protein composition in
ddC-treated and control animals. SDS-polyacrylamide gel elec-
trophoresis with Comassie brillant blue staining. Lanes 1 and 2,
rat skeletal muscles from ddC-treated animals (40 pg protein);
lanes 3 and 4, control rat skeletal muscles (40 pg protein).
Experimental conditions are described under Materials and

Methods.
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Identification of Missing Proteins in Muscle by N-
Terminal Sequencing and Tandem Mass Spectrometry

The protein composition of heart and skeletal muscles was
studied by SDS-gel electrophoresis. By this method, we
found some specific differences in the protein composition
of skeletal muscle of control and ddC-treated rats while the
overall protein composition looked the same (Fig. 4). In the
ddC-treated skeletal muscles, three low molecular weight
protein bands were missing in the regions of 26 kD, 21 kD,
and 16 kD (Fig. 4). In the heart muscle, we could not find
a marked difference in the protein composition by this
method (data not shown). An attempt to determine the
N-terminal sequence of these proteins did not yield results
in the cases of 21 and 26 kD molecular mass proteins,
probably because their N-terminal was blocked. In the case
of the 16 kDa protein, the Edman degradation gave the
sequence of GLSDGEWQMVLNDWG. This sequence is
93% homologous to the N-terminal sequence of mouse
myoglobin (GLSDGEWQLVLN-VWG). Based on the
identical molecular masses and the high sequence homol-
ogy, the 16 kDa protein was very likely rat myoglobin.
In-gel tryptic digest of the 26 kD protein band resulted in a

G. Skuta et al.

peptide mass map with a large number of peaks on the
LC-MS chromatogram. We performed a database search
based upon the 11 most abundant peptides, using the
stringency parameter of =1 D. The top candidate protein
was the triosephosphate isomerase (EC 5.3.1.1) from rat
(MW = 26790). Ten of the eleven peptides covered 54%
of the sequence of triosephosphate isomerase. To
strengthen the prediction of the peptide mass mapping
experiment, two of the most intense peptide ions (MW =
1319.5 and MW = 1326.5) were sequenced by tandem
mass spectrometry. Interpretation of the fragmentation
patterns of these peptides provided two aminoacid se-
quences (AIADNVKDWCK and IIYGGVTGATCK)
which corresponded to the sequences of the 149-159 and
206-218 fragments of triosephosphate isomerase.

DISCUSSION

It is well documented that the anti-HIV drugs (including
ddC) which inhibit reverse transcriptase also inhibit the
human DNA polymerases, especially the mitochondrial
DNA polymerase y [8, 3, 9]. Therefore, most of the side
effects of these drugs were interpreted as the consequence of
the inhibition of mitochondrial DNA replication [9, 16].
Recent data suggested that, at least in the case of AZT, the
nucleotide analogue has a short-term inhibitory effect on
mitochondrial oxidative energy production that cannot be
associated with depletion or damage of mtDNA [39]. This
inhibitory effect was localized to NADH: citochrome ¢
oxidoreductase [40]. Furthermore, there are suggestions that
AZT metabolites induce free radical formation in isolated
mitochondria [24]. In addition, AZT monophosphate in-
hibits glycosphingolipid and ganglioside biosynthesis [41].
Much less information is available about the cytotoxicity
of ddC and most of its side effects are regarded as the
consequence of the inhibition of mtDNA replication [8, 3].
In this study, we investigated the short-term toxic effects of
ddC in a rat model. Our data indicated that cardiomyopa-
thy developed (Table 1) before the appearance of any sign
of mtDNA depletion or detectable mtDNA damage (Fig.
1). We demonstrated the development of cardiac malfunc-
tions by electrocardiography (ECG) after a short period of
treatment with ddC without any sign of defect to the
mtDNA (Fig. 1), indicating that the short term cardiotox-
icity of ddC developed by a different mechanism. Metabolic
studies showed a decreased creatine phosphate level which
resulted in a decreased creatine phosphate/creatine ratio
(from 2.05 normal value to 0.58) and a decreased free
ATP/ADP ratio (from 332 normal value to 121) (Table 2).
The abnormal energy state of the heart tissue can be
explained by the decreased activity of respiratory com-
plexes, including NADH: cytochrome ¢ oxidoreductase and
cytochrome oxidase (Table 3), and surely contributed to
the development of abnormal heart funtions.
Furthermore, we observed a significant increase in ROS
formation and in the amount of protein carbonyl group
both in skeletal and cardiac muscle (Table 5). Protein
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SCHEME 1. The ddC-induced signalling in rat
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induced by ddC-triphosphate.

carbonyl formation is considered to be a good indicator of
intracellular oxidative damage [42]. The increase in ROS
levels activated nuclear PARP (Fig. 3) which could cause
NAD™ depletion, and compromised energy production
both in the glycolysis and citric acid cycle coupled to the
respiratory chain. In addition, mono-ADP-ribosylation re-
actions were also induced, e.g. the ADP-ribosylation of
GRP78 (Scheme 1). The GRP78 is an ER molecular
chaperone which is involved in the binding of transiently
nascent proteins as they are translocated into the ER [43],
facilitating the attainment of the correct conformation of
these proteins destined for surface expression or secretion
[44]. It is well documented that ADP-ribosylation inacti-
vates GRP78 [45] and, in turn, inhibits the folding and
transport of proteins in the lumen of ER. Therefore, the
induction of ADP-ribosylation of GRP78 by ddC can be the
molecular mechanism by which ddC induces damage to the
ER network in muscle. Furthermore, ADP-ribosylation of
desmin was also induced by ddC treatment (Fig. 3C),

inhibiting its own assembly and thereby the formation of
intermediate filament [46]. These observations indicate
that ddC treatment activated the signalling through poly-
and mono-ADP-ribosylation reactions, which could dimin-
ish the energy state of cells, and negatively affected ER and
intermediate filaments.

It is well known that members of the HSP70 family are
involved in the transport and assembly of mitochondrial
membrane proteins, including respiratory complexes [47,
48]. Earlier, we reported a decreased level of HSP72 and
HSP73 in tissues of the gastrointestinal tract [49] as a result
of ddC treatment. In this work, we found a similar decrease
in the level of HSP72 and HSP73 in cardiac and skeletal
muscle that can affect respiratory complexes. The signifi-
cant decrease in the activity of respiratory complexes
(Table 3) without major changes in the polypeptide com-
position suggests that an impaired transport and assembly,
and not protein synthesis, may be responsible for the
decreased activity.
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There were visible signs of change in the protein com-
position of skeletal muscle, and at least three different
proteins were present at significantly lower concentrations
in skeletal muscle of ddC-treated rats (Fig. 4). We demon-
strated by sequencing the N-terminal region that the
missing 16 kD protein was myoglobin. Since N-terminal
sequencing failed to identify the other proteins, we used
mass spectrometric methods to identify these proteins.
With tandem mass spectrometry sequencing, the missing 26
kD protein was identified as triosephosphate isomerase.
Since myoglobin is involved in O, transport and the
triosephosphate isomerase is a glycolytic enzyme, these
changes can affect both aerob and anaerob energy produc-
tion in skeletal muscle. It is known that expression of
glycolytic enzymes is controlled by hypoxia-inducible fac-
tor-la [50, 51], and an increased ROS level inactivates
hypoxia-inducible factor-la [52]. In addition, myoglobin
[53] and HSP72 [54] levels are increased by hypoxia, which
in turn is associated with low ROS levels. However,
expression of HSP72 is activated by H,O, [55], although
probably by a different mechanism, indicating that in-
creased ROS levels alone cannot explain the changes in the
expression of these proteins.

From the data of this work, we conclude that prior to
damaging the mitochondrial genome, ddC treatment influ-
ences cellular metabolism and signal transduction at several
points. First, by increasing ROS levels it causes non-specific
protein and membrane damage. Second, the increased ROS
level activates poly- and mono-ADP-ribose transferases,
leading to enhanced ADP-ribosylation of proteins includ-
ing GRP78, desmin, and PARP in heart muscle (Scheme
1). The decreased level of HSP70s and deceased activity of
the mono-ADP-ribosylated proteins cause a malfunction in
protein folding and transport in the ER lumen, in interme-
diate filament formation, and in mitochondrial protein
assembly, leading to an impaired energy supply. Finally, in
skeletal muscle, the decrease in myoglobin and triosephos-
phate isomerase levels further impairs energy metabolism.
In summary, these processes constitute a new mtDNA-
independent mechanism by which ddC-induced cell dam-
age contributes to the development of cardiomyopathy.
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