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Abstract: Adriamycin is an anthracycline antineoplastic agent whose clinical effectiveness is limited by severe side effects,
including cardiotoxicity. A current hypothesis for adriamycin cardiotoxicity involves free radical oxidative stress. To investi-
gate this hypothesis in a model system, we applied the technique of immunochemical detection of protein carbonyls,
known to be increased in oxidized proteins, to study the effect of adriamycin on rat erythrocyte membranes. Erythrocytes
obtained from adriamycin-treated rats demonstrated an increase of carbonyl formation in their membrane proteins. Yet,
in separate experiments when adriamycin was incubated with rat erythrocyte ghosts, there was no significant increase of
membrane protein carbonyls detected. In contrast, isolated erythrocytes incubated with an adriamycin-Fe3* complex
exhibited a robust carbonyl incorporation into their membrane proteins in a time-dependent manner. The level of carbony!
formation was dependent upon the concentration of Fe’>* known to form the adriamycin-Fe3* complex. When the time
course between protein carbonyl formation and lipid peroxidation was compared, protein carbonyl detection occurred
earlier than lipid peroxidation as assayed by thiobarbituric acid reactive substances formation. These results are consistent
with the notion that oxidative modification of membrane proteins may contribute to the development of the acute adria-

mycin-mediated toxicity.

Adriamycin is an anthracycline derivative and is one of the
most frequently used antineoplastic agents in the treatment
of leukaemias and solid tumours (Weiss et al. 1986). The
therapeutic mechanism of action of adriamycin is thought
to result from its capability to either intercalate between the
bases of helical DNA or inhibit topoisomerase II, thereby
inhibiting DNA replication and/or transcription (Crooke et
al. 1973; Gabbay et al. 1976; Tewey et al. 1984; Potmesil
et al. 1987). Clinical effectiveness is restricted due to dose-
limiting toxic side effects, such as myelotoxicity, alopecia,
gastrointestinal disturbances and irreversible cardiomyo-
pathy (Lefrak et al. 1973; Arena et al. 1975). The cardiotox-
ic effects of adriamycin may appear either in an acute phase
or a delayed phase (Villani et al. 1986). The acute phase is
characterized by electrocardiogram abnormalities and con-
tractile impairment, while the delayed cardiotoxicity re-
sembles congestive heart failure that is poorly responsive
to digitalis therapy (Monti et al. 1986; Timour et al. 1988;
Steinhertz et al. 1991). Although the pathology has been
well described and documented, the mechanism of induced
cardiotoxicity by adriamycin is not fully understood.

The adriamycin-induced acute cardiotoxicity has a rapid
onset (minutes to hours) and persists as long as the drug is
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detectable in cardiac tissue (Monti ef al. 1986; Timour et
al. 1988). One hypothesis for the mechanism for the acute
toxicity is the involvement of free radicals. Adriamycin has
been demonstrated to be a potent generator of free radicals
by two distinct mechanisms. An enzymatic pathway may
occur in which adriamycin, in the quinone form, accepts an
electron from reactions catalyzed by NADH dehydrogenase,
xanthine oxidase, or NADPH cytochrome P-450 reductase
leading to a semiquinone free radical. Upon recycling of the
semiquinone to the quinone, an electron is transferred to
molecular oxygen, creating superoxide radical anion (Han-
da & Sato 1975; Goodman & Hochstein 1977; Bachur et
al. 1978). A second mechanism for adriamycin free radical
generation may involve an adriamycin-Fe3* complex (My-
ers et al. 1982; Sugioka & Nakano 1982; Nakano ef al.
1984; Gutteridge 1984; Zweier 1984). This complex un-
dergoes redox cycling and reduces molecular oxygen to re-
active oxygen species such as superoxide, hydrogen peroxide
and hydroxyl radical (Olson & Mushlin 1990). Conceivably,
these reactive ocygen species could then damage membranes
or macromolecules with subsequent myocardial injury.

In clinical practice adriamycin is administered via intra-
venous injection, which presents erythrocytes as a possible
target to interact with the drug. The ability of adriamycin
to interact with erythrocyte membranes has been demon-
strated by several authors (Mikkelsen et al 1977; Shino-
hara & Tanaka 1980; Myers et al. 1982; Arancia et al. 1988;
Miura er al. 1991). Mikkelsen et al. (1977) have demon-
strated that binding of adriamycin to red blood cells
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changes the architecture of erythrocyte plasma membranes.
Adriamycin-Fe** complex has been demonstrated to bind
spectrin, the major peripheral erythrocyte membrane pro-
tein (Mikkelsen ef al. 1977). As a result of these studies, the
possibility that adriamycin induces oxidative damage in the
blood has been proposed. Many studies have demonstrated
lipid peroxidation of erythrocyte membranes as a conse-
quence of the interaction with adriamycin-derived free rad-
icals (Myers et al. 1982; Nakano et al. 1984; Miura et al.
1991 & 1994). Adriamycin-derived free radicals conceivably
could damage membrane proteins as well as lipids. How-
ever, oxidative modification of erythrocyte membrane pro-
teins by adriamycin has not been reported yet. It is reported
that free radicals, generated by adriamycin, may induce oxi-
dative modification of proteins as demonstrated recently by
adriamycin-Fe>*-inactivation of rabbit muscle creatine kin-
ase in vitro (Thomas et al. 1994).

Oxidative damage of proteins results in chemical modifi-
cation of a variety of amino acid residues; protein carbonyls
formed by oxidation of several amino acids side chains are
often employed as a marker of protein oxidation (Levine
1983; Farber & Levine 1986; Stadtman 1993; Butterfield &
Stadtman 1997; Aksenov e al. 1997). This report docu-

ments that adriamycin is able to cause oxidative modifi-
cation of erythrocyte membrane proteins.

Materials and Methods

Chemicals. Adriamycin HCl (manufactured by Pharmacia) was pur-
chased from the University of Kentucky Hospital Pharmacy. So-
dium citrate, NaCl, Na,HPO,, NaH,PO,, EDTA, phenylmethylsul-
fonyl fluoride, iron (I1I) chloride, deferoxamine mesylate, thiobarbi-
turic acid, electrophoresis reagents and iron (II) sulfate were
purchased from Sigma Chemical Co. (St. Louis, MO, USA).

Animals and drug treatments. All procedures involving rodents were
approved by the University of Kentucky Institutional Animal Care
and Use Committee. Rats were housed in a temperature- and hu-
midity-controlled, 12-hr light/12-hr dark environment. All rodents
were fed commercial rat chow and water ad libitum. In vivo studies
were performed using adult male Sprague-Dawley rats weighing
350-400 g. Two groups of 6 animals received adriamycin (10 mg/kg
intraperitoneally X2 every third day) or saline according to the same
schedule (Mimnaugh er al. 1983; Floyd et al. 1986). On day four,
the rats were anaesthetized by pentobarbital injection and blood
was collected by exsanguination. For in vitro studies blood was col-
lected from 6 male Sprauge-Dawley rats. In all groups, collected
blood was mixed in a 3.8% sodium citrate solution (9 parts blood
to 1 part sodium citrate) as an anticoagulant and used for erythro-
cyte ghost preparation.

Fig. 1. Typical result of immunochemical detection for carbonyl formation in erythrocyte membranes from control (CON) and adriamycin-
treated (ADM) rats. (A) anti-dinitrophenylhydrazone staining of control and adriamycin-treated rat erythrocytes. (B) Coomassie Brilliant
Blue staining of control and adriamycin-treated rat erythrocytes. St=oxidized BSA standard (10.9 nmol carbonyl/mg protein); Mw=molecu-

lar weight standards.
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Preparation of erythrocyte membranes. Erythrocyte membranes
were prepared as described by Hoefner er al. (1997) with minor
alterations. Briefly, whole blood containing sodium citrate was cen-
trifuged for 5 min at 1200Xg; plasma and buffy coat were replaced
with 299 mOsm phosphate buffered saline (PBS). Following two
additional washes, the haematocrit was adjusted to 50% and the
cells were chilled in an ice bath. Erythrocyte membranes (ghosts)
were prepared by adding cold 20 mOsm PBS (containing 0.5 mM
phenylmethylsulfonyl fluoride and 1mM EDTA) followed by gentle
mixing. Following a 5 min. cold incubation, ghosts were pelleted by
centrifugation at 14,000Xg for 15 min. at 4°. The supernate was
removed, followed by one wash with cold 299 mOsm PBS, which
resulted in pink ghosts.

Erythrocyte membrane treatment and incubation. Erythrocyte mem-
branes were incubated in 10 mM HEPES buffer, pH 7.4, with either
50 pM adriamycin (ADM)/25 uM FeCl,, or vehicle (double deion-
ized water) at 37° for 0, 30, 60, and 90 min. The final concentration
of erythrocyte membrane protein in each preparation was 4 mg/ml.
Incubations of erythrocyte ghosts with 50 pM ADM alone, 25 pM
FeCl; alone, 50 uM ADM /10 pM FeCl;, and 1 mM H,0,/ 25 pM
FeSO, were performed under the same experimental conditions.
Ten pM deferoxamine mesylate was added to terminate the reac-
tions, and the samples were immediately frozen for future analysis.

Electrophoresis and Western blot analysis. To demonstrate the scale
of protein oxidation to erythrocyte membranes, an Oxidized Protein
Detection Kit (Oxyblot, ONCOR Gaithersburg, MD, USA) was
utilized. The basis for this procedure is the immunochemical detec-
tion of protein carbonyls following derivatization with 2,4-dinitro-
phenylhydrazine (Levine e? al. 1990 & 1994). The samples were deri-
vatized by 2,4-dinitrophenylhydrazine solution and neutralized with
a 2M Tris containing 30% glycerol and 19% 2-mercaptoethanol.
The samples (4 pg of protein per lane) were then loaded onto the
gel for electrophoresis. Oxidized bovine serum albumin (BSA), con-
taining an established concentration of carbonyls (10.95 nmol of
carbonyls/mg of protein) was treated with 10 mM 2,4-dinitrophe-
nylhydrazine and loaded as a standard with each set of samples.
For the standard preparation the BSA (Standard for Gel Filtration
Chromatography, Cat# A3581, Sigma) was dissolved in deionized
water at 2 mg/ml and oxidized by Fe?*/H,0, (100 mM/1 mM subse-
quently) for 2 h at 37°. The reaction was stopped with deferoxamine
mesylate and the small molecular weight substances were removed
from the protein by passage through a Sephadex G-25 desalting
column. The concentration of carbonyl groups per mg of protein
was determined by colorimetric carbonyl assay (Levine 1983). Poly-
acrylamide gel electrophoresis (SDS-PAGE) was performed in mini-
slabs (0.75X60X70 mm, 12% total acrylamide) using a modified
procedure by Laemmli (1970). Following electrophoresis, the gels
were stained with Coomassie brilliant blue or transferred onto
nitrocellulose for immunoblotting. Western blotting was performed
according to the procedure adapted from Glenney (1986). The
transfer buffer contained Tris-Glycine pH 8.5 with 20% methanol.
Following Western blotting, the membrane was blocked with a 3%
BSA (in PBS with sodium azide, 0.01%, and Tween-20 0.2%) for 1
hr at room temperature. The transfer of proteins was complete
within two hours. The primary antibody was a rabbit anti-dinitro-
phenylhydrazone (1:150 working dilution) supplied by ONCOR.
The secondary antibody (anti-rabbit IgG conjugated with alkaline
phosphatase, Sigma Chemical Co.) was diluted in a blocking solu-
tion (1:15000 working dilution) and incubated with the membrane
for 1 hour at 37°. Following each incubation the membrane was
washed in buffer (PBS with 0.01% sodium azide and 0.2% Tween
20) for 10 min. at room temperature. The washed membrane was
developed using a 5-bromo-4-chloro-indolyl phosphate/nitro blue
tetrazolium (BCIP-NBT) solution (SigmaFast tablets, Sigma).

Our results showed that the oxidation of BSA with hydrogen per-
oxide and iron (Fenton reagent) increases the intensity of anti-di-
nitrophenylhydrazone staining. Different amounts of oxidized BSA

standard were loaded on the gel to analyze the relationship between
the density of anti-DNP stain and the amount of protein carbonyls
loaded. The dependence between the amount of protein carbonyl
and the density of immunostaining was found to be linear within
the range from 0.5 pmol to 2.4 pmol of carbonyl loaded.

Lipid peroxidation in erythrocyte membranes. Erythrocytes were in-
cubated with adriamycin and iron as previously described. At time
points of 0, 30, 60, and 90 min., 0.5 mg portions (130 ul) were
removed for analysis. Lipid peroxidation was determined on
erythrocyte membranes from control and adriamycin-Fe3* treat-
ment by measuring thiobarbituric acid reactive substances (Buege &
Aust 1978).

Image analysis. Western blots and Coomassie brilliant blue stained
gels were digitized and quantified by computer assisted imaging
using MCID/M4 software supplied by Imaging Research Inc. (On-
tario, Canada).

Statistical analysis. Statistical comparisons were made using ANO-
VA followed by Student Newman-Keuels’ post hoc test for multiple
comparisons. Significance was set at P<<0.01.

Results

To investigate the possibility of oxidative modification to
erythrocyte membrane proteins as a result of adriamycin
administration, erythrocyte ghosts were prepared from con-
trol or adriamycin-treated rats, and changes of protein car-
bonyl content were determined by the semi-quantitative
analysis of the Western blots stained with anti-DNP anti-

Fig. 2. Typical result of immunochemical detection for carbonyl for-
mation in control and adriamycin-Fe?"-treated erythrocyte mem-
branes. (A) anti-dinitrophenylhydrazone staining of control (1) and
50 pM adriamycin/25 pM FeCl;-treated pink erythrocyte ghosts (2)
after 60 min. of incubation. (B) Coomassie Brilliant Blue staining
of control (1) and 50 pM adriamycin/25 pM FeCls-treated pink
erythrocyte ghosts (2) after 60 min. of incubation.
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Fig. 3. Time-course of protein oxidation in erythrocyte membranes
induced by adriamycin-Fe** complex: the effect of different
Fe?* concentrations. Open circle: control; closed circle: 50 pM adri-
amycin /25 uM FeCls; closed box: 50 uM adriamycin /10 pM FeCl;;
closed triangle: 50 pM adriamycin. Data are presented as
mean+S.EM., N=6, *P=<0.01 versus control.

body. To confirm that the protein pattern is equal in control
and adriamycin-treated samples, we performed the Coo-
massie Brilliant Blue staining in parallel with the transfer.
The results of the Coomassie Brilliant Blue staining, of ad-
riamycin-treated erythrocyte ghost preparations indicated
that no loss of protein occurred, suggesting that potential
degradation of oxidized proteins was not operative. The
comparison of the integrated intesities of anti-dinitrophe-
nylhydrazone staining in controls and adriamycin-treated
samples demonstrated a significant increase of protein car-
bonyl content in the erythrocyte membranes obtained from
rats injected with adriamycin. Protein carbonyl content in
erythrocyte membranes of adriamycin-treated rats was
found to be 208%*28% (mean=S.E.M., P<0.01) that of
controls (fig. 1A,B,).

Our in vitro experiments demonstrate the inability of ad-
riamycin alone to induce the oxidative damage. When iso-
lated erythrocyte membranes were treated with adriamycin
alone, there was no significant increase of carbonyl content.
In order to model the oxidative effect observed in vivo, an
adriamycin/ Fe** complex, a known adriamycin generator
of free radicals, had to be added to the suspension of
erythrocytes. Only under these conditions was the increase
of membrane protein carbonyl formation observed (fig. 2).
After 60 min. of incubation the increased carbonyl content
was determined to be 194%*10% (mean=S.E.M., P<0.01)
as that of controls (fig. 3). The results in fig. 3 also demon-
strate the carbonyl formation occurred in a time-dependent
manner. In addition, as illustrated in fig. 3, the magnitude

in vitro in vitro

Fe’*/H,0, CBB CBB ADM

el

Fig. 4. Comparison of typical immunochemical detection (anti-di-
nitrophenylhydrazine staining) and Coomassie Brilliant Blue (CBB)
stain for erythrocytes incubated with 1 mM H,O0,/ 25 uM FeSO,,
or 50 pM adriamycin /25 uM FeCl; for 60 min. and erythrocytes
obtained from adriamycin-treated (ADM) rats. Arrows indicate the
protein band not oxidized by adriamycin-Fe?*.

of carbonyl content was dependent upon the concentration
of Fe’* added to adriamycin.

Probing of in vivo or in vitro Western blots from erythro-
cyte membranes with anti-dinitrophenylhydrazone anti-
bodies typically showed that the pattern of oxidized protein
was not identical to the pattern obtained after Coomassie
Brilliant Blue staining of the gel (fig. 4). One of the major
membrane proteins bands, of approximate 90 kDa MW,
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Fig. 5. The effect of adriamycin/FeCl; upon thiobarbituric acid re-
active substances formation (TBARS) when incubated with
erythrocyte membranes. Closed circle: control; closed box: 50 pyM
adriamycin/25 pM FeCl;. Data are presented as mean*+S.E.M., N=
6, *P=0.01 versus control.
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probably Band 3, did not display significant increased car-
bonyl content either in the in vitro or in vivo experiments.
In contrast with erythrocytes incubated with 1 uM H,0,
and 25 uM Fe?*, the pattern of oxidized proteins obtained
was the same as the Coomassie staining.

Consistent with the results obtained by Miura et al.
(1991), we observed that the adriamycin-Fe’* complex is
able to induce lipid peroxidation in erythrocyte membranes.
As illustrated in fig. 5, 50 pM adriamycin/25 uM Fe?*
caused continuous accumulation of thiobarbituric acid re-
active substances formation during the total period of in-
cubation (90 min.). The thiobarbituric acid reactive sub-
stances formation content increased from 0.008 (20.006)
(S.E.M.) nmoles per mg of protein at the zero time point to
0.055 (+0.016) (S.E.M.) nmoles per mg of protein after 90
min. of incubation.

Discussion

There is considerable agreement that the signs and symp-
toms of adriamycin toxicity may be related to its ability to
generate free radicals. Much evidence supports the obser-
vation of membrane modification as a result of lipid peroxi-
dation by adriamycin (Myers et al. 1977, Wang et al. 1980;
Doroshow 1983; Nakano et al. 1984; Singal et al. 1985; Mi-
ura er al. 1994; Siveski-lliskovic et al 1994). Previous
studies have demonstrated lipid peroxidation to be detri-
mental to erythrocyte membrane structure and function
(Shinohara & Tanaka 1980; Arancia et al. 1988). However,
our results demonstrate that oxidative modification to
membrane proteins is also a consequence of adriamycin
treatment, suggesting that membrane modification by adri-
amycin is not solely dependent upon the occurrence of lipid
peroxidation. This observation may be a vital component
regarding the mechanism of erythrocyte altered structure
and function observed during adriamycin administration
(Arancia et al. 1988).

Our in vivo observations have demonstrated that the oxi-
dative modification of erythrocyte membrane proteins oc-
curs upon the administration of adriamycin in rats. This
finding is consistent with the report of Floyd er al. (1986),
who observed a 4-fold increase of dihydroxybenzoic acid-
reactive products in the blood from rats treated with adria-
mycin. Based upon the data obtained using this analytical
procedure, which is sensitive to in vivo OH' production, the
authors proposed that adriamycin administration induces
OH -mediated oxidative damage in different tissues.

Numerous studies have suggested that the ability of adri-
amycin to generate free radicals requires its chemical modi-
fication (Handa & Sato 1975; Goodman & Hochstein 1977;
Bachur ez al. 1978; Olson et al. 1981; Sugioka & Nakano
1982; Nakano et al. 1984; Gutteridge 1984; Zweier 1934).
The results of our in vitro experiments consistently showed
that adriamycin alone is unable to induce oxidative damage
in red blood cell membranes. When adriamyein was incu-
bated with rat erythrocyte ghosts, no significant increase of
protein carbonyl formation has been observed. However,

when adriamycin/Fe**complex was incubated with erythro-
cyte ghosts, a robust carbonyl formation was observed in
membrane proteins. These results suggest that when in-
jected into the blood stream adriamycin undergoes the
modification by one of possible mechanisms such as, an
iron-dependent or enzymatic transformation. After an in-
jection, adriamycin might be reduced by several enzymatic
systems to the semiquinone radical, which not only donates
electrons to oxygen to yield superoxide thus leading to hy-
drogen peroxide, but also reacts directly with H,O, to yield
OH' (Thornally & Dodd 1985). Alternatively, adriamycin
might possibly react with iron in the blood. Zweier (1984)
demonstrated that adriamycin can abstract iron from ferri-
tin, which suggest that bound iron may contribute to the
drug’s free radical production. As a result of this modifi-
cation of adriamycin, the probable production of free rad-
icals may cause damage to membrane bound proteins.

The oxidative modification of erythrocyte membrane
proteins by adriamycin and H,O, / Fe 2* were compared in
separate experiments. Our results demonstrated the ability
of H,0, / Fe 2" to exhibit a different pattern of oxidized
membrane proteins than those observed with adriamycin in
vivo or adriamycin/Fe 3* in vitro. In particular, the band-3
protein of the erythrocyte membrane was not oxidized by
either adriamycin or adriamycin/Fe 3*; however, when incu-
bated with H,O, / Fe 2*, this protein band was found to be
anti-dinitrophenylhydrazone positive. This result may be
due to the ability of adriamycin to bind to many different
membrane components, especially proteins. Following the
binding of adriamycin to the membrane proteins, and the
subsequent formation of free radicals, protein targets in the
vicinity of these free radicals would be the probable targets
for oxidative modification. In contrast, the erythrocytes in-
cubated with H,O, / Fe 2" did not display any specificity
to protein targets, which may be due to the lack of H,O, /
Fe?* receptor binding to the membrane. Alternately, the
ability of the latter to induce lipid peroxidation could ac-
count for widespread protein modification, in contrast to
the more targeted oxidation induced by adriamycin.

Since lipid peroxidation products such as 4-hydroxy-2-
trans-nonenal or malonaldehyde contain carbonyl func-
tionalities, our findings do not rule out the possibility that
lipid oxidation products could be causative agents respon-
sible for the oxidatively modified membrane proteins (Sub-
ramanian et al. 1997). However, the in vitro data reported
in this study suggest that protein oxidation is a parallel
mechanism occurring in concert with lipid peroxidation,
with the magnitude of protein oxidation manifesting at an
earlier interval than the detection of lipid modification.

The oxidation of erythrocyte membrane proteins by adri-
amycin may contribute to the development of its acute car-
diac toxicity. As proposed by Jian et al. (1993), free radical
reactions in the blood may lead to abnormality of haemore-
ological properties and may damage certain tissue cells, in-
cluding cardiomyocytes, indirectly by reducing the supply of
oxygen and nutrients. Oxidative modification of membrane
proteins by adriamycin-derived free radicals may compro-
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mise membrane functions and induce morphological
changes of the erythrocytes. The ability of adriamycin to
affect the erythrocyte morphology has been demonstrated
previously by the work of Arancia et al. (1988), who dem-
onstrated morphological changes in the membranes of hu-
man red blood cells when incubated with adriamycin. Scan-
ning and freeze-fracture electron microscopy revealed both
changes in erythrocyte shape and in the membrane ultra-
structure. It has been reported that the activity of several
membrane-bound enzymes may be modified by adriamycin
(Kessel 1979; Dasdia et al. 1979; Murphree et al. 1981; Ca-
roni et al. 1981; Demant & Jensen 1983). The adriamycin-
mediated oxidative damage of erythrocytes may lead to the
decrease of their ability to transport oxygen. Changes in the
morphology of red blood cells, induced by their interaction
with adriamycin, might affect their rigidity and flexibility.
Along with the impairment of cardiac function by adriamy-
cin, the oxidative damage of erythrocytes induced by adria-
mycin-derived free radicals may contribute to the develop-
ment of acute cardiotoxicity, known to be one of the major
toxic side effects of adriamycin therapy. Studies to test this
possibility are in progress.
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