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I. ABSTRACT

Adriamycin (also known as doxorubicin) is used in the treatment of a vadety of

malignancies, however, its full clinical potential is limited by a dose dependent,

progressive, irreversible and often lethal cardiomyopathy. Although several

mechanisms have been proposed to explain the pathogenesis of adriamycin

cardiomyopathy, fi'ee radical-induced oxidative stÌess appears to play an important

¡ole in this process. Recently, our laboratory has reported that probucol, a lipid-

lowering agent with strong antioxidant properties, provide a complete protection

against adriamycin cardiomyopathy without intelfering with its antitumo¡ effect, It

has also been shown that a chronic treatment with adriamycin depresses some

important antioxidant enzyme activities--an effect prevented by probucol. However,

the molecular mechanisms underlying these changes are not k¡own. The present

study was undertaken to examine whether tìrese biphasic changes in endogenous

antioxidant enzymes activities reflect any modificatio¡s at the level of gene

expression. A well established rat model of adliamycin cardiomyopathy was used in

the present study.

Male Sprague-Dawley (body weight 250-¡ 10g) were divided into four groups

as folìow: C, control group tleated with saline (vehicle) durìng weeks 1 to 4; A,

adrìamyc.in group treated with 2.5 mg/kg of the dlug durÌng weeks 3 and 4 for a

cumulative dose of 15 mg/kg; P, probucol group treated with 10 mg/kg of the drug

dudng weeks 1 to 4 for a curnulative dose of 120 mglkg; and PA, probucol +

adriamycin group tleated with probucol during rveeks 1 to 4 and adriamycin during



weeks 3 and 4, same as in groups P and A. The animals were obselved daily during

treatment as well as 3 weeks of post-treatment period for their general appearance,

behaviour, body weight and rnortality. At the end of 3 weeks, animals were assessed

for their hemodynamic function, liver and lung weights, and myocardial lipid

peroxidation, endogenous antioxidant enzyme activities, mRNA and enzr¡me protein

levels.

Alimals in the A group showed dyspnea, loss of body weigìrt and ascites, and

these abno¡malities were almost completely absent in the PA group. Animals in the

C and P groups were nomal. Mortality in the A gloup was more fhan 60Vo and none

of the other groups lost any aniural. At the end of 3 weeks of post-treatment period,

aortic systolic pressure and left ventricular peak systolic pressure were depressed,

and left ventricular end diastolic plessure was elevated only in the A group. Heart

weights of animals in the A group was only about 64Vo of the control values and

probucol improved heart weight as well as heart/bocly weight ratio in the PA group.

Glutathione peroxidase (GSHPx) activity was decreased for about 36Va while

superoxide dismutase (SOD) and catalase (CAT) activity were not changed by

adriamycin treatment in the A group. A,n overall reduction in the antioxidant reserve

in the A group was also inclicatei by an inctease in lipid peroxidation. Probucol

treatment in the PA group resulted in a significant iltcrease in GSHPx and total SOD

activities, as well as a nor¡nalized lipid peroxidation. GSHPx activity was not changed

in the P group, but total SOD activity was significantly increased by probucol

treatrnent. CAT activìty was not influe¡ced by adriamycin, probuco.l and their



combination treatment.

Data from the Northeln blot analysis shorved that mRNA abundances of

GSHPx and CAT were not significantly changed in the A, P, and PA gloups as

compared to the C group. However, MnSOD mRNA level was depressed by

adriamycin by about 44Vo of the control values. The change was prevented by

probucol treatment in the PA group. The protein leveìs of GSHPx, MnSOD and

CAT were measured by Western blot analysis and the data showed no change in the

protein levels of these enzymes in the A, P and PA groups as compared to the C

group.

In conclusion, the present study suggests that adriamycin cardiomyopathy

invoìves an increase in oxidative stress which may be due to a decrease in

glutathione peroxidase activity without any change in its gene expression Thus

oxidative inactivation might be responsible for the changes in gìutathione peroxidase

activity. Down regulation of manganese superoxicle dismutase ultimately may also

cont¡ibute in the cardiornyopathy. Probucol treatment provided complete protection

against adriamycin cardiomyopathy which was associated with not only elevated

glutathione peroxidase and total superoxide disnutase activities but it also

upregulated manganese .up"to*id" disrnutase gene expressio¡. Howevet,

mechanism for the alteration of manganese supeloxide disnutase gene expression

remains to be defined. Potential for a clinical use of these find.ings appeals high but

remains to be tested in clinical trials.



II. INTRODUCTION

Adriarnycin is one of the most effective and widely used chemotherapeutic

age¡ts used in the treatment of Ieukenia, lymphomas and valious solid tumors of the

lung, breast, thyroid, and ovaty. However, this drug has cardiotoxic effects that

restrict its full clinical potential. Repeated administration of adriamycin results in

acute as well as chronic cardiotoxicity. Acute effects develop within minutes or hours

of drug administration include hypotension, tachycardia and various arrhythmia.

These effects are usually transient and reversible in patients with adequate cardiac

reserve, thus these early changes are not of majol concern. In contrast, chronic

effects are usually life threatening and are featuled in a progressive development of

congestive heart failure. As the cumulative dose of the drug exceeds 550 mg/m2, the

incidence of congestive heart failure incleases rapidly to 15-30Va of patients in whom

the dose was exceeded. At least half of these patients die as a direct result of hea¡t

failure. More than 150,000 adults in North Arneljca alone who have suwived

childhood cancer with adriamycin or other anthracycline treatment have substantial

morbidity and mortality because of the delayed anthracycline related cardiac disease.

Thus an effective protection against adriamycin cardiotoxicity is still a need and it will

have a significant effect on tlle ovelall survival of these patients.

Great effort has also been directed in dissecting out the mechanisms

responsible for its antitumor and cardiotoxic effects. Arnple data are now available

supporting that increased oxidative stress l¡ecause of the adriamycin-induced

production of f¡ee radicals and deficit of antioxidants play a very important lole in



the development of cardiomyopathy and congestive heart failure, while non-radical

dependent rnechanisms including inhibition of the topoisomerase Il, adriamycin-iron

complex linking to DNA and intercalation of the drug between DNA base pairs exert

antitunor action. Based on this hypothesis, a variety of co¡nbination therapies

utilizing antioxidants or iron chelators have been tested in different animal models

and clinical trials. However, none of the agent tested completely prevented

adriamycin cardiomyopathy without interfering with its antitumor property until

probucol was investigated in a rat model and showed a promising results.

Probucol is a lipid-lowering agent appeared in market in early 1970s. It has

been shown to have a strong antioxidant effect. In comparison to vitamin E, which

is a strong antioxidant and has one phenolic gloup, probucol has two phenolic

groups. Lipophilic property of probucol enables it to stay in the membranes for a

longer time where it has a better chance to intelrupt free radical chain reaction'

Probucol has been shown in a reìative higher concentration i¡r heart tissue. Probucol

has also been showed to protect the heart against ischemia-reperfusion injury as well

as prevent diabetic cardiomyopathy. It is a well tolerated agent. Other than

lowering of the HDL, probucol has no serior¡s side effect. Previous studies in our

laboratory have reported that probucoì plorììotes enclogenous antioxidant resewe in

additioll to its orvn antioxidant property.

It has been established that the combination therapy with probucol completely

prevents adriarnycin cardiomyopathy without intelfering with its antitumo¡ property.

However, the rnolecular rnechanisms of adrìanycin-incluced antioxidant changes and



their prevention with plobucol remain to be undelstood. In the present study, we

tested the following hypotheses: 1) adrÍamycin and fi'ee radicals generated by

adrìamycin rnay inhibit endogenous antioxidant gene expression o¡ inactivate

these antioxidant enzymes; and 2) protective effect of probucol in adriamycin

cardiomyopathy may be mediated by promoting antioxidant gene expression or by

protecting antioxidant enzyme inactivation.

In the present study, adliaurycin cardiomyopathy and congestive heart failure

was produced in rats by intraperitoneal injection of the drug for a total

cumulative dose of 15 mg/kg body weight. Probrtcol was administered for 4 weeks,

2 weeks prior to adriamycin treatment and 2 weeks concurrent with ad amycin

treatment. Animals wete monitored for general appearance, body weight and

mortality durÌng the treatment and 3 weeks after the last injection. Hemodynamic

parametels, liver and lung wet/dry weight ratio were assessed for the detemination

of the development of congestive heart failure. Oxidative stress was assessed by

measu ng lipid peroxidation. mRNA abundances and protein levels of endogenous

antioxidant enzymes glutathione peroxidase, supet oxide dismutase and catalase were

analysed by Northern and Western blot techniques, respectively. Enzymalic activities

were also measurecl. The results of the present study suggest that: 1) Adriamycin

cardiomyopathy involves lipid peloxidation and endogenous antioxidant deficit and

probucol treatment completeìy prevents adriamycin cardiomyopathy. 2) Changes in

antioxidant enzyme activities ulay occur independent of gene expression and could

involve some direct oxidative stress-induced .inactivation of the enryme activity.



Probucol given concurrently with aclriarnycin appear to cause upregulation of the

superoxide dismutase and glutathione peloxidase activities.



III. LITERATURE REVIEW

A. General Propeúies of Adriamycin

The anthracycline antibiotic adriamycin (also known as doxorubicin) is one of

the most effective antitumor agents against a wide range of human malignant

neoplasms including acute leukemia, non-Hodgkin lymphomas, bteast cancer,

Hodgkin's disease and saÍcomas (Young et al., 1981)' Adriamycin was originally

isolated from a mutant Streptomyces peucetìLts obtained from the daunorubicin-

producing organism, S. peucetius (Alcamone et al., 1969). Adriamycin showed

greater antitumor activity than daunorubicin against some murine cancers and also

had a bette¡ therapeutic index (Di Marco et al., 1969). Even now, this drug is the one

with most proven wide spectrum antineoplastic antibiotic (Weiss, 1992). Adriamycin

can also be chemically synthesized from dauno¡ubicin (Arcamone ef al., 1972) '

Although microbial biosynthesis remains the primary source, total chemical synthesis

is now feasible (Arcamone and Penco, 1988). The genes for the biosynthesis of

daunorubicin have been cloned (Otten et al., 1990) and the genes regulating

secondary metabolism have also been identified (Colombo et al., 1992; Stutzman-

Engwall et al., 1992). These krowledge will be useful in enhancing antibiotic

production.

4.1. Structural Characteristics of Adriamycin

The adriamycin molecule contains an aminosugar, daunosamine, linked

through a glycosidic bond to adriamycinone, a red-pigmented naphthacenequinone

nucleus. Because of the structure, the dnrg is highly lipophilic. In the chemical
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Fig. 1. Chemical structure of adriamycin

structure of adriamycin, the rings B and C are of special interest because of their

potentially free radical generating properties (Fig. 1). One-electron reduction of ring

C leads to the formation of a semiquinone free radical. This radical is relatively

stable under anoxic conditions, but under aerobic conditions its unpaired electron is

donated to oxygen (Or) forming superoxide radicals (Doroshow, 1983a, b; Bachur et

al., L982; Svingen and Powis, 198i). By reducing oxygen to superoxide the parental

adriamycin molecule is regenerated (Fig. 2). The sequence of reactions, know¡ as

'redox cycling', is potentially harmful to cells since relatively little adriamycin rvould

suffice to catalyse the formation of numerous superoxide radicals. Fonnation of an
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Fig. 2. Schematic rèpresentation of successive oxygen

reãuctions leading to different forms of reactive oxygen

species. From Singal et al. 1988.

oxidized semiquinone in ring B is klown to occur in the presence of iron (Gianni et

al., 1985; Zweier, 1985) when no reducing system is present When the oxidized

adriamycin semiquinone-iron complex reacts with orrygen, this will ultimately lead to

the formation of a fully oxidized form of doxorubicin, with the formation of oxygen

radicals (Keizer et al., 1990).

À.2. Biological Actions of .Àdriamycin

In the past 20 yearc, a number of biological actions of adriamycin have been

described. These include: intercalation between base pairs of DNA (Kitaula et al.,

1972), inhibition of DNA polymerases activity (Wang et al., 1987), RNA polyme¡ases

and DNA repair enzymes (Bachur ef al., 1992)' production of free radicals (Handa

and Sato, 1975; Bachur et al., 1977; Kalyanaraman et al', 1980; Doroshow, 1983;

Singal et al., 1985), and modulation of membranes (Tritton, 1991; Singal et al.' 1987)'
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synthesis of metallothioneine, cysteine-rich proteins that interact with many

electrophilic toxins, is also inhibited by adfiamycin (Webber et al., 1988). Inhibition

of topoisomerase I (topo I), which inserts transient breaks into o¡re strand of duplex

DNA, lras been descdbed (Foglesong et al'' 1992). The interaction with

topoisomerase II (topo II), an enzyme regulating the 3-dirnensional structure of

double-stranded DNA through strand passage reactions, is of current interest as a

major target of therapeutic effect (Potmesil, 1988). Many of the subcellular effects

of adriaurycin have been described in a review (Singal et al , 1'987). A scheme

encompassing different mechanisms as well as highlighting the differences between

the cytotoxic and the cardiotoxic effects of adriamycin is shown in Figure 3.

4.3. Clinical Application of Àdriamycin

Adriamycin has been used successfully both as a single and in combination

with other cancet chemotherapeutic agents to produce regression in neoplastic

conditions such as acute lymphoblastic leukemia, acute myeloblastic Ieukemia, Wilm's

tumor, neuroblastomas, soft tissue sarcomas, bone satcomas, breast catcinoma,

gynaecologic carcinomas, testicular carcinomas, bronchogenic carcinoma, Iymphomas

of both Hodgkin and non-Hodgkin types, thyroid carcinoma, bladder catcinomas,

squamous cell carcinoma ofthe head and neck, and gastric catcinoma (Gianni et al.,

1970; Young et al., 1981; Booser and Hortobagyi, 1994).

The most commonly used dosage schedule is 60-75 mg/mz as a single

intravenous injection administered af 2l-day intewals. An alternative lowe¡ dose

schedule is weekly administration of 20 mglmz which has been reported to produce
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Increased Oxidaúve Stress

Modified Antioxidant
Enzyme Protein

Myocardial Cell Damage and

Fig. 3. A proposed scheme for the antitumor as well as cardiotoxic
effects of adriamycin. From Singal et al. 1995b.
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a lower incidence of congestive heart failul e. 'thirty mglmz on each of three

successive days repeated evety 4 weeks has also been used.

4.4. Mechanisms of Antitumor Effecf

Early biological studies suggest that adriamycin acts at the nuclear level by

intercalating between base pairs of DNA and inhibiting RNA in a manner similar to

daunorubicin (Kitaula et al., 1972). A number of studies have also been focused on

oxygen radical mediated injury as the mechanism of adriamycin cytotoxicity(Handa

and Sato, 1975; Bachur et al., 1'977). In the presence of orrygen, redox cycling of

adrìamycin-derived quinone-semiquinone yields superoxide radicals. Superoxide

dismutase, an endogenous antioxidant enzyme, catalyses the formation of hydrogen

peroxide fiom superoxide radicals with a subsequent formation of hydroxyl radicals

(Kaul et a1., 1993).It is now well established that free radicals cause DNA damage

and different mechanisms for radical-induced DNA strand breaks have been analysed

(Breen and Murphy, 1995). It was suggested that DNA breakage seen in in vitro

studies is caused by enzymatically derived adriamycin free radicals, which is mediated

by molecular oxygen, probably by hydroxyl radicals and hydroryl ions (Berlin and

Haseltine, 1981). Adriamycin possesses iron binding aftinity and the adriamycin-iron

complex cataþes hydroxyl radical formation which occurs in the vicinity of DNA and

has the potential to significantly damage DNA (Muindi et al.' 1984, 1985).

In addition to intercalation into DNA base pairs and free radical mediated

cytotoxicity, interaction with topoisomerase II is described as a primary target of

adriamycin in more recent studies (Potmesil, 1988; Booser and Hortobagyl, 1994).
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Adriamycin binds to the binary DNA-topo II complex, forming an irreversible ternary

complex, thus preventing the broken DNA ftom re-establishing continuity and

functional integrity (Capranico et al., 1989). It has been also reported that DNA

topoisonerase II mediated protein-associated DNA double stland breaks are induced

by adriamycin (Deffie et al., 1988). These DNA topoisomerase Il-mediated strand

breaks were shown to be associated with adriamycin cytotoxicity in P388 leukemia

cells. Adriarnycin actions on L12L0 cells ìrave been shown to caùse two types of DNA

strand breaks in a concentration dependent manneÍ. At low concentration (2.8 pM),

only protein-associated st¡and breaks which are thought to be DNA topoisomerase

Il-mediated were obsewed ar.d 99.99Vo of cells were killed (Ross and Smith, 1982).

At higher concentration protein-associated strand breaks decreased and direct strand

break increased (Potmesil et al., 1984).

It has been well documented that free radicals are generated in the presence

of adriamycin and f¡ee radicals can cause DNA damage, however, in almost all of

these in vitro studies, extremely high concentrations of adriamycin were used as

compared to the therapeutic doses, suggesting that free radicals only play a minor

¡ole in clinical conditions. In addition, semiquinone radicals, fonned in the cytoplasm,

has a diffusion radius of 0.6 pom under anaerobic and 0.1¡,r,m under aerobic conditions

(Svingen and Powis, 1981). Cells have average diameters in the range of 5-20 pm,

suggesting that only a minor amount of the formed semiquinone radicals produced

in the cytoplasm could reach the nucleus (Keizer et al., 1990). This hypothesis was

supported by a number of in vivo studies in which free radicals scavenger have been
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used in combination with adriamycin. There was no impact of tocopherol on the

suppression of DNA synthesis in the P3B8 ascites tumor after adriamycin

administration (Myers et al., L977). Treatment with N-acetylcysteine, glutathione,

ascorbic acid or probucol had no significant effect on antitumor activity of adriamycin

(Freeman et al., 1980; Yoda et al., 1986; Siveski-Iliskovic et al , 1995a).

4.5. Adverse Effects of Ädriamycin

Reports of adverse effects of adriamycin in animals and human indicate thaf

toxic symptoms involving the digestive, hematopoietic, lymphoreticular, and

reproductive organ systems are, in general, characterjstic ofthe action ofthe majority

of antineoplastic agents (Young, 1.975). Myelosuppression, digestive disturbance,

stomatitis, and alopecia are the most frequently occurring advetse effects in patients

receiving adriamycin (Blum and Cartet, 1974). I-eukopenia and thrombocytopenia

may be severe and thus dose limiting (Bìum and Carl.er,1974) Adverse effects on

cardiovascular, urìnaty, skeletal, and integumentary systems in various species are

rather unique alterations.

B. Cardiovascular Side Effects of Â.driamvcin

Of these unique toxic effects, 'cardiotoxicity occurs more frequently, In a

retrospect analysis of patient charts it was seen that the incidence of congestive heart

failure increased if the total dose exceeded 550 mg/m'z of body surface area (l,eftak

et al., L973). Thus the usefulness of adriamycin is limited by the fact that repetitive

administration of the drug in patients is associated with the development of

cardiovascular abnormalities leading to cardiomyopathy and heart failu¡e. Three
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distinct types of adriamycin-induced cardiotoxicity have been desclibed (Shan et al.,

1996). First, acute or subacute injury can occur immediately after treatment Second,

adriamycin can induce chronic cardiotoxicity resulting in cardiomyopatlly. This is a

nrore common form of the damage and is clinically the most important. Finally, late-

onset adriamycin cardiotoxicity causing ventricular dysfunction and arrhythmias after

years of adriamycin treatment has been completed. This late-onset cardiotoxicity is

increasingly recognized (Steinherz et al., 1991, 1995; Lipshultz et al., I99l) '

8.1. Acute Effects

Acute cardiovascular effects develop within minutes or hours after intravenous

administration of the drug. Major acute effects are hypotension, tachycardia and

various arrhythmias. These effects, howevet, are often reversible or clinically

manageable. Worsening of pre-ejection period (PEP)left ventricular ejection time

(LVET) ratios in patients receiving adriamycin therapy has also been found to be

transient with values returning to normal within 1 month after discontinuation of

therapy (Lefrak et al., 1973). Al acute left ventricular dysfunction that normally does

not become apparent because of the cardiac reserve had also been reported (Singal,

L985). However, all ofthese early changes are transient and reversible and are not

of major consequence (Singal et al., 1987; Leû'ak et al., 1973).

8.2. Chronic Effects

Life threatening chronic effects often develop only after several weeks or

months of treatment, and sometimes even after therapy has been completed. These

chronic effects include the insidious onset of cardiomyopathy and finally congestive
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heart failure with marked hypotension (B.P' 70150 mmHg), tachycardia (150

beats/min), a significant decrease of QRS voltage, and cardiac dilation (læfrak et al.,

1973; Singal et al., 1987). The congestive heart failure is dose-dependent and is

characteristically refractory to inotropic drugs and mechanical circulatory assistance.

In a comprehensive retrospective study of 399 patients treated for advanced

carcinoma by repeated injections of adriamycin over a period of several months, it

was shown that the incidence of heart failure increased rapidly at doses higher than

550 mglmz of body surface a¡ea (Lefi'ak et al., L973) ' This finding was confirmed by

many other investigators analyzing a larger number of patients(Von Hoff et a1., L979;

Prcga et al., 1979). Therefore, it was generally suggested that the total dose of

adriamycin should be limited to less than 550mglmz to plevent the occurrence of

serious cardiotoxicity (I-efrak et al., 1973).

The heart failure induced by adriamycin caidiomyopathy is refractory to

inotropic drugs and mechanical circulatory assistance. In experimental animals,

repeated injections of adriamycin caused a depression in cardiac function and the

response of these animals to norepinephrine or epinephrine was blunted (Zbinden

et al., 1978; Tong et al., 1991). The papillary muscles isolated from the hearts of

adriamycin treated rats showed a significantly declined resPonse to epinephrine and

Ca2+ (Weinberg and Singal, 1987; Tong et al., 1991).

Hêmodynamic changes found during the development of congestive heart

failure directly correspond to the degree of cardiac dysfunction. Numerous studies

were performed to evaluate acute and chronic effects of adriamycin on hemodynamic
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parameters reflecting cardiac pumping function and the peripheral vascular system.

Patients with heart failure showed a marked fall in blood pressure and inclease in

heaft rate (Lefiak et al., 1973). A progressively elevated left ventricular end diastolic

pressure (LVEDP) and depressed left ventricular systolic pressure have been

observed in a rat model treated with adriamycin (Tong et al., 1991).

8.3, Late-onset CardiotoxicitY

In more ¡ecentlong-teIm follow-up studies, it has been reported thatventdcular

dysfunction, heart failure, and arrhythmias occur in asymptomatic patients more than

l year after adriamycin treatment (Steinherz et al',1991,1995; Lipshultz et al., 1991).

These findings suggest that survivors of cancer may have a previously

unacknowledged increase in cardiac morbidity and mortality due to adriamycin

therapy. Late-onset arrhythmia and sudden death have been reported to have

occurred in patients more than 15 years after adriamycin treatment (Steinherz and

Steinherz, 1991; Larsen et al., 1992).

B,4. Subcellular Changes in Adriamycin Cardiomyopathy

The chronic cardiotoxicity ¿t the subcellular level has been characterized by

myofibrillar loss and a marked cytoplasmic vacuolization due to a swelling of the

sarcotubullar system (Singal et al., 1987). These changes are also accompanied by

structural abnormalities in mitochondria, increased number of lysosomes and

accumulation of lipids (Singat et al., 1985; Ferrans, 1978).

The increase in serum glutamic oxalocetic ttansaminase (GOT), lactate

deghydrogenase (LDH) and creatine phosphokinase (CPK) have been repofted to
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accompany heaft failure (I-efiak et al., 1973) ' T\e release ofthese enzymes which are

plesent in high concentrations in myocardial cells indicates changes in the cell

membrane permeability and provides evidence concerning myocardial cell memb¡ane

abnormality in adriamycin cardiomyopathy. This finding was supported by a number

of studies showing alternated ions dishjbution (Olson et al., 1914) and membrane

enzyme activities (Singal et al., 1984; Singal and Panagia, 1984)'

8.5, Changes of Antioxidant Reserve by Adriamycin

Regarding endogenous antioxidant enzyme activity changes after adriamycin

treatment, a number of studies have reported diverse results in different species

treated with different doses and schedule of adriamycin, as well as the time point of

measurement (Revis and Marusic, 1978; Doroshow et al., L980; Jackson et al.,1984;

Siveski-Iìiskovi c et al, 1994a, 1995a; Ji and Mitchell, 1'994).It was first reported by

Revis and Marusic (1978) that administration of adriamycin resulted in a dose-

dependent decrease in myocardial GSHPx activity in rabbits (1.5 mg/kg, three time

per week for 3 weeks). A single injection of 15 mg/kg to mice also dec¡eased GSHPx

activity, however this change recovered to baseline level 4 days after the treatment

(Doroshow et a1., 1980). The decreased GSHPx activity has also been obserued in

a rat model (Siveski-Iliskovic et al., L994a, 1995a). Different results have been

reported in both acute and chronic treatment in rabbits (Jackson et al., 1984) and

rats (Ji and Mitchell, 1994). In contrast, most study suggested there were only slight

changes in SOD activity after adriamycin treatment and CAT was not affected by

adriamycin. The mechanism which is responsible to the changes of endogenous
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antioxidant enzymes are not established. It was suspected that the activity changes

of endogenous antioxidant en4lmes could be a result of direct or indirect damage of

DNA, RNA and proteins of these enzylnes by adriaurycin and/or fi'ee radicals

produced by adriamycin (Singal et al,, 1995b). Thus, further studies on the molecular

mechanisms are needed and are proposed in this study

In addition to antioxidant enzymes, glutathione levels were decreased with

adriamycin treatment in rats (Kennedy et al.' 1996) and mice (Olson et al., 1980), but

it was increased in rabbits (Jackson et al., 1984).

C. Mechanisms of Ädriamycin Cardiomvopathv

Since the early report of adüamycin cardiomyopathy (Leftak et al., L973) 
'

numerous clinical and basic research efforts have been focused on understanding the

pathophysiology of adriamycin-induced congestive heart failure. Several different

mechanisms have been suggested to explain the development of adriamycin

cardiomyopathy, including the inhibition of nucleic acid and protein synthesis (Buja

et a1., 1973; Arena et al., 1974), release of vasoactive amines (Bristow et a1., 1980),

changes in adrenergic function (Tong et al., l99l), abnormalities in the mitochondria

(Gosalvez et al., 1979), lysosomal alterations (Singal et al., 1985), altered sarcolemmal

Caz* transport (Singal and Pierce, 1986), changes in adenylate cyclase and Na* -K*

ATPase (Singal and Panagia, 1984), imbalance in myocardial electrolytes (Olson et

a1.,1974), free radical formation (Kalyanaraman et al., 1980; Doroshow, 1983; Singal

et al., 1985), reduction in myocardial antioxidant enzyme activities(Revis and

Marusic, 1987; Siveski-Iliskovic et al., I994a),lipid peroxidation (Myers et a1.,1987;
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Singal et al., 1985; Singal et a1.,1981) and depletion of non-protein tissue sulfhydtyì

compounds (Doroshow et al., 1979; Olson et al., 1980; Odom et al.' L992). 'Ihe

cause of adriamycin cardiomyopathy is probably multifactor-ial and complex but fi'ee

oxygen radicals and lipid peroidation appear to play an irnportant role (Myers et al.,

1987; Doroshow, 1983; Singal et al., 1987; Kaul et al', 1993; Siveski-Iliskovic et al.,

1994a, 1995a). Accordingly, different fi'ee oxygen radical scavengers and antioxidants

have been used to prevent or mitigate these adverce effects.

C,1. Free Radicals and Ädriamycin Cardiomyopathy

Free radicals are highly reactive molecules or atoms that contain one or mole

unpaired electrons in their valence shells. They can act as oxidizing as well as

reducing agents depending upon the substrate. Because of their high reactivity,

ubiquitous presence and continuous generation, free radicals produce tissue injury

or cell damage in all biological systems involving lipid peroxidation, oxidation of

protein thiol group and strand scission of DNA (Freeman and Crap, 1982; Thompson

and Hess, 1986; Weiss, 1986; Cross, 1987; Singal et al., 1988).

Increased levels of oxygen species due to adriamycin have been detected

directly by electron spin resonance spectroscopy (Thornalley and Dodd, 1985; Costa

et a1., 1988; Alegria et al., 1989) and indirectly by an increase in tissue

malondialdehyde (MDA) which is a break down product of lipid peroxidation (Myers

eT al., 1977; Singal et al., 1986).Thus formation of free radicals as well as the

accumulation of lipid peroxides due to adrìamycin heatment is well documented.

Importance of free radicals in adriamycin cardiomyopathy has also been suppofed
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by prevention of its cytotoxicity by known antioxidants.

Free iron appears to play a particula y important role in adriamycin-induced

lipid peroxidation. Without free iron, MDA formation is minimal and even a low

concentration of free iron can lead to a substantial MDA production (Griffin-Green

et al., 1988). Adriamycin may act by transfenìng an electron directly to Fe3n and the

Fe2* produced can teduce o4ygen to hydrogen peroxide. This redox cycling of

adriamycin generates free radical metabolites and active oxygen species(Sinha and

Polliti, 1990). The de>nazoxane(IcRF-187), an iron chelator (Huang et al., 1982), has

been shown to moderate adr{amycin-induced cardiomyopathic changes (Herman and

Ferrans, L981; Herman et al., 1985).

Mitochondria is the site of most O, consumed and there are polyunsaturated

fatty acids in its membranes. In the presence of oxygen, redox-cycling of adriamycin-

derived quinone-semiquinone leld superoxide radicals. The antioxidant enryme

superoxide dismutase catalyses the conversion of superoxide ¡adicals to hydrogen

peroxide which can subsequently lead to the formation of hydroxyì radicals. The

latter can react with poþnsaturated fatty acids yielding lipid hydroxide thereby

initiating a lipid-radical chain reaction and oxidative damage to cell membranes

(Singal et al., 1987).

C.2. Heart as the Primary Target of Adriamycin Side Effects

The heart is one of the most active organs in physiological system. It has to

be kept working continuously and with a capacity to adapt to changing needs of the

body. At the subcellular level, cardiomyocytes have mo¡e mitochondria than other
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type of cells in order to provide adequate energy to cope with a high demand of

working heart. It is estimated 95% of o, is consuned in mitochondria and less than

5Vo goes through univalent reduction pathway. As a result, free radicals are

generated in the process of energy production. Polyunsaturated fatty acids, which are

abundant in all me¡r]branes including mitochondria, have a capacity to accept electron

fr'om superoxide, a lipid peroxide chain reaction is initiated. The lipid peroxidation

damages the normal membrane function. Furthermore, compared with other tissue,

the heart has relatively low level of antioxidant reserve (Halliwell and Gutteridge,

1985). The cardiac muscle contains 150 times less catalase and nearly four times less

superoxide djsmutase than liver (Doroshow et al., 1980). Glutathione and glutathione

peroxidase levels are also lower in the heart than those in liver (Odom et al.' 1992).

The combination of relatively more production of free radicals and lower antioxidant

reserve in heaft than many other tissues, the heart becomes the primary target of

adriamycin-induced oxidative injury. In addition, adriamycin appears to have a high

affinity for the negatively charged phospholipid, cardiolipin, in the inner membrane

of mitochondúa. The abundance of these organelles in the myocardium as well as

a delicate balance between oxygen-radical producing and consuming mechanisms

have been suggested as important factors in determining the susceptibility of this

tissue to the adverse effects of adriamycin (Duarte-Karim et a1.,1976; Nicolay et al.,

1985; Singal et al., 1987).
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D. Prevention of Adriamvcin Cardiomvopathv

Ð.1. General

A great effort has been expended in preventing or mitigating the cardiotoxic

side effects of adriamycin. It is imperative that any methods designed to minimize

the cardiotoxic effects of adriamycin must maintain antineoplastic efficacy. Strategies

for the prevention of adriamycin-induced cardiotoxicity have focused on three main

areas: dosage optimization, synthesis of.analogues and combination therapy

D,2. Dosage Optimization

The method of drug delivery has been modified to minimize or influence

cardiotoxicity. A low dose schedule with continuous infusion and weekly low-dose

schedule have been used by avoiding high peak concentration (lægha et al'' L982;

Shapira et al., 1990; Weiss et a1., 1976). However, a progressive fall in resting Ieft

ventricular ejection fi'action (Speyer et a1., 1985), âs well as the occur¡ence of

cardiomyopathy several years after therapy have been reported in these patients

(Steinhertz et a1., 1991). In addition, concern about whether antineoplastic activity

is preserved with fhis regimen remains (Bielack et al., 1989).

D.3. Synthesis of Analogues

There has been a major drive to find new analogues on the basis of a

potentially increased spectrum of activity or decreased cardiotoxicity' These efforts

have led to the development of over 2000 compounds. Howevet, most analogues

tested have proved disappointing in phase I or II clinical frials (Muggia and Green,

1991; Weiss, 1992). None of those analogues available clinically has stronger
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antitumor efficacy than adriamycin or without caldiotoxicity (Weiss, 1992).

D.4a. Combination Therapy

The final approach to reduce adriamycin cardiotoxicity without interfering with

its antitumor property has been the development of combination therapy with a

known antioxidant o¡ iron chelator on the basis of fi ee radical hypothesis. Many well

known antioxidants have been used in combination with adriamycin in different

aniural species and in vitro studies. Promising result in animal studies has shown that

adliamycin cardiomyopathy may be completely prevented with probucol, a lipid-

lowerìng agent with antioxidant activity (Siveski-Iliskovic et a1., 1995a; Singal et a1.,

1995a).

Vitamin E has been shown to prevent cardiomyopathic changes in mice

(Myers et al., 1917). A further study suggested a vitamin E deficient diet resulted in

significant higher mortality in rats compared to that of normal diet (Singal and Tong,

1988). However, vitamin E did not demonstrate any protective effect on chronic

cardiotoxicity in dogs and rabbits (Van Meet et al., 1980; Breed et al.' 1980)'Thus it

is likely vitamin E may delay the toxic effects of adriamycin and it is unlikely that

vitamin E completely prevents cardiomyopathy (Singal et al.' 1995a)'

Administration of ascorbic acid and adriamycin to mice significantly prolonged

the life of animals while myocardial ultrastructural changes due to adriamycin in

these animals were significantly reduced (Shimpo et al., 1991). Reduced glutathione

was also reported to decrease acute myocardial toxicity of adriamycin (Yoda et al.,

1986). Aìthough N-acetylrysteine has been shown to offet some protection against
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adriamycin cardiornyopathy in mice (Myers et al', 1,917; Doroshow et al ' 1'985), the

treatment has been found to be ineffective in reducing chronic ad amycin-induced

cardiotoxicity in human (Myers et al., 1983) and dogs (Herman et al., 1981;

Unverferth et al., 1983).

The approach of chelating the transition metals has also met with reasonable

success in reducing adriamycin-induced cardiotoxicity. Abnormalities associated with

adriamycin were reduced in the hearts of dogs pretreated with de>nazoxane (ICRF-

187) (Herman and Ferrans, 1981). Randornized, placebo-controlled studies in

patients with cancer have shown that cardioprotection occurs with ICRF-187 (Speyer

et al., 1992). However, combination therapy with ICRF-187 and adriamycin was

k¡own to be associated with an increase in haematological toxicity (Von Haff et al.,

19S1). Concerns that de>nazoxane interferes with the antitumor efficacy have also

been raised (Sehesled et al., 1993). In this regard, lower response rates and faster

tumor progression times have been seen in patients with early breast cancer (Seifert

et a1., 1994). The cardioprotective action of ICRF-187 may be due to the chelation

of iron as well as by inhibition of reduction of Fe3* to Fe2* lvile et al., 1990).

Although animal studies using different antioxidants and iron chelators were

quite promising, in patients these agents have met with a limited success. Probucol,

it appears that could completely prevent adriamycin cardiomyopathy without

interfering antitumor activity (Siveski-Iliskovic et al., 1995a). A clinical trial is

needed to establish the applied value of this finding.
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D,4b. Effects of Probucol in Adriamycin Cardiomyopathy

Probucol, 4,4'-(isopropylidenedithio)-bis-(2,6-di-tertbutylphenol), was first

introduced in early 1970's as a LDl-cholesterol lowering agent (Barnhart et al.,

1970). Probucol has more recently been studied for its antioxidant activity involving

preventing atherogenesis (Zimetbaum et al., 1990), adriamycin cardiomyopathy

(Siveski-Iliskovic et al., 1,994a, 1995a) and diabetic cardiomyopathy (Kaul et al.,

1e9s).

Chemical Structure and Lipid Lowering Ðffect of Probucol

Probucol has no apparent structural similarity to other agents that actively

lower cholesterol levels. However, it is a bis-phenol, which resembles vitamin E, a

well known antioxidant that has one phenolic group (Fig. 4). As it has two phenolic

CH¡
I

S-C _S
I

CH¡

)H¡)¡ c(cH3)3

Fig. 4. Chemical structure of probucol

C(CH:):

c(cH3)3
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gloups in its molecular stl'ucture, probucol has been repofted to be a strong

antioxidant (Parthasarathy et al., 1986; Mao et al,, 1991). Different biological actions

have been suggested for lipid-lowering effect of probucol (Zimetbaum et al , 1990)'

P¡obucol is transpofted in plasma by LDL, VLDI and HDL. It accumulates in the

adipose tissue, and may persist there and in the circulation for more than ó months

(Taylor et al., 1978).

Probucol causes an increased uptake of LDL by the liver. The increased

concentration of cholesterol is then converted into bile acids and excreted in the

feces (Beyrnen, 1987). Probucol has also been shown to lower cholesterol in LDL

receptor-deficient rabbits (Strandberg et al., 1988). It is postulated that probucol

enters the LDL molecule and causes an alteration in lipoprotein sulface membrane

markers, leading to its enhanced removal by a receptor independent pathway. The

combination of these two mechanisms results in an average lowering of LDL by

approximately l0-75Vo when combined with diet (Tadeschi et al.' 1982) '

Probucol is a lipophilic compound that likely incorporates into the cellular

membrane. A relatively high concentration of probucol was detected in the hearts of

probucol-treated monkeys (Marshall, 1982). Probucol may prevent endothelial cell

injury induced by various oxidative stressor in the same manner as membrane-

associated vitamin E. Vitamin E, a major lipid-soluble antioxidant present in cellular

membrane, protects membrane against lipid peroxidation (Machlin and Bendich,

1987). Probucol has also been shown to have a myocardial membrane-stabilizing

effect in the rabbit hearts (Dage et al., l99l).
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Probucol is also known for its HDL-lowering effect, both in number and size of

particles. It has been thought that prol¡ucol increases the clearance rate and turnover

of HDL, thus creating a lower steady state for HDL and decreasing its absolute

plasma concentrations. one would expect that this lowered HDL concentration would

correlate with increased coronary artery disease. However, studies have shown this

not to be the case (Miettinen et al., 1981). It has been also found that probucol

increases the levels of mRNA for apoprotein E in the spleen and brain of rabbits

(Aburatani et al., 1988). Apoprotein E is an important factor in the recognition and

uptake of HDL by the liver. Thus, it is possible that though absolute concentration

of HDL seems to decrease in the presence of probucol, the functional removal of

cholesterol is actively increased. There is also some evidence that probucol increase

the efflux of cholesterol from the peripheral tissues (Goldberg and Mendez, 1988).

Probucol is now accepted as an excellent treatment for homozygous familial

hypercholesterolemia because of its serum cholesterol-lowering effects and its ability

to cause the regression of xanthomas in this population. Probucol is also a reasonable

treatment for heterozygous familial hypercholesterolemia or pr{mary mode¡ate

hypercholesterolemia, particularly because of its infrequent and generally mild side

effects (Zimetbaum et al., 1.990). Probucol is a well tolerated agent with few, mild

and most often gastrointestinal side effects including diarrhea, loose stools and

flatulence. These side effects generally resolve after a few months of treatment

(Zimetbaum et al., 1990). There was no other serious chronic side effect found in a

6 years study with probucol treatment (Tedeschi et al., 1982), and in another clinical
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trial with 5 years probucol treatment and 5 years follow-up after completion of

probucol treatment (Miettinen et al., 1985).

Antioxidant Effect of Probucol

It has been well accepted that the oxidative modification of LDL is one of the

most promising theories for the initiatioll and progression of LDl-induced

atherosclerosis. Two different laboratories independently repofted that probucol

reduced the fonnation of atherosclel'otic lesions in Watanabe hedtable

hyperlipidemic (WHHL) rabbits, an animal model for familial hypercholesterolemia

(Kita et al., 1987; Carew et al., L987). They proposed that antiatherogenic effect of

probucol was related to the limiting of LDL oxidation. Kita et al. (1987) showed that

LDL from control rabbits had a lO-fold increase in TBARS compared with probucol-

treated rabbits. In addition, LDL in the control was 7.4-fold more susceptible to

copper-induced oxidative modification than LDL from probucol-treated rabbits.

The antioxidant activity of probucol was found comparable to vitamin E in

aqueous sodium dodecyl sulfate micelle solutions (Pryor et al., 1988) but 5-6 times

more effective than vitamin E in preventing copper-induced plasma lipid peroxidation

in plasma (Mao and Yates, 1989). The mechanism for probucol's free radical

scavenging effect is not completely understood but may involve reactions with both

phenolic groups (Barhart et al., 1989).

In addition to its antiatherogenic effect, probucol has also been reported to

modulate the development of cardiomyopathy in diabetic rats (Kaul et al., 1995). It

is believed that ischemia-reperfusion myocardial dysfunction is mediated by oxygen-
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derjved radicals since this dysfunction is reduced by agents that scavenge radicals

(Myers et al., 1985; Kaul et al., 1993). The myocardial injury of ischemia-reperfusion

is also reduced by probucol administration (Dage et al', 1991). The antioxidant

activity of probucol has also been demonstrated to protect renal function of rats with

ischemia-reperfusion injury (Bird et al., 1988) or bilateral ureteral obstruction (Modi

et al., 1990).

Probucol Prevents Adriamycin Cardiomyopathy

There is a high mortality in rats due to adriamycin treatment (cumulative dose

1,5 mgll<g b.w.) within 3 weeks after the last injection and the animals develop

extensive ascites (Tong et al., l99l; Weinberg and Singal, 1987; Deally and Singal,

1990; Siveski-Iliskovic et al., I994b). The effects of probucol on adriamycin

cardiomyopatþ have been examined in detail in the rat model (Siveski-Iliskovic et

al., 1994a).It was found that treatment with probuiol offers complete protection

against adriamycin-induced mortality, alterations in the hemodynamic function,

endogenous antioxidant changes, and myocardial ultrastructural changes (Siveski-

Iliskovic et al., 1995a). Hemodynamic measurements have shown depression of left

ventricular peak systolic pressure (LVSP) and an increase of left ventricular end-

diastolic pressure (LVEDP) after adriamycin treatment (Ton get a1.,199L; Deally and

Singal, 1990). These parameters are completely normalized by probucol

administration (Siveski-Iliskovic et al., 1995a). Probucol therapy was showl to

improve endogenous antioxidants and normalize lipid peroxidation in this model

(Siveski-Iliskovi c et a1,, I994a, 1995a). Unique ultrastructural changes due to
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addamycin treatment including loss of myofibrils, vacuolization of cytoplasm, dilation

of the sarcotubular system, formation of lysosomal bodies, and swelling of

mitochondda were also prevented by probucol therapy (Siveski-Iliskovic etal.,1994a;

1995a). Effects of probucol on the antitumor property of adriamycin were tested in

the tumor-beadng mouse, and it was found that the combination therapy with

adriamycin and probucol did not ternper with the antitumor properties of adriamycin

(Siveski-Iliskovic et al.,'1.995a).

The mechanisms by which probucol prevents adriamycin cardiomyopathy are

not established. It was suggested that adriamycin cardiomyopathy is associated with

the increased formation of free radicals and an antioxidant deficit in myocardium

(Singal et a1., 1987; Siveski-Iliskovi c et al., 1994a). The antioxidant property of

probucol in scavenging free radicals may be a factor. In addition, the plomotion of

endogenous antioxidant enzymes, by probucol, may also play an important lole'

E. Effects of Adriamvcin on Gene Expression

The effects of adriamycin on gene expression underlie two distinct pathways:

direct action and indirect action via free radical production. The direct action

includes intercalation between DNA base pairs, interaction with topoisomerase II,

binding of adriamycin-iron complex with DNA, inhibition of DNA polymerases, RNA

polymerases and DNA repair enryrnes. The indi¡ect action is mainly mediated by

hydroxyt radical which has been reported to cause DNA strand breaks by different

mechanisms (Breen and Murphy, 1995).

8,1. Direct Effects of Ädriamycin on DNA Damage
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Because of its chemical and structural features which are characterized by

lipophilic, hydrophillic, and both acidic and basic functions in the ring phenolic

groups and the sugar amino gloup respectively, adriamycin readily permeates cell

membranes and bind to numerous biologic components (Bachur, 1975). The binding

to nucleic acids, especially DNA is well documented (Di Marco et al', 1,971) '

Adriamycin also has binding affinities for cell membranes (Meriwether and Bachur,

1972) and plasma proteins (Arena et al., L97l). Most of anthracyclines, including

adriamycin intercalate between adjacent DNA base pairs. Ring B, C, and D have the

intercalating function (Quigley et al., 1980; Wang et al.,1987). Ring B and C overlap

with adjacent base pairs, while the D ring passes right through the intercalation site

(Patel et al., 1981). Binding induces topological changes including DNA stiffening,

bending and elongation (Reinert, 1983).

DNA topo II is currently of major interest as a þrimary target of anthracycline

(Booser and Hortobagyl, 1994). This enzyme is intimately involved in the basic

physiology of double stranded DNA, regulating its 3-dimensional structure (or

topology) as the strands open and close to permit changes in twisting and writhing

on one another. Adriamycin binds to the binary DNA-topo II complex fotming a

potentially dead-end (irreversible) ternary complex. This prevents the broken DNA

from re-establishing continuity and ¡esultant functional integrity (Capranico et a1.,

1989). It is suggested that topoisomerase II acts specifically during mitosis (Holm et

al., 1989). Drug-stabilized topo II-DNA complex interfe¡es with movement of DNA

replication forks, leading to cell death (Holm et at., 1989). In addition to the
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inhibitory effect of adriamycin on topo II activity by binding to DNA-topo II

complex, it has been shown that adrìamycin caused protein-associated DNA double

strand breaks mediated by DNA topoisomerase II (Deffie et al., 1989; Ross and

Smith, 1982).

Adriamycin-iron complex has been shown to bind DNA and cause daurage

(Eliot et a1.,1984), This type of adriamycin binding is different frorn its intercalation

as the drug-metal complex bound to DNA caused spectral changes different from

those seen with adriamycin intercalation.

8.2. Indirect Effects of Adriamycin on DNA Damage

Increased levels of oxygen species due to adriamycin have been detected

directly by electron spin resonance and indirectly by other approaches documenting

either an increase in lipid peroxidation or prevention of its cytotoxicity by known

antioxidants. In the nuclei isolated from rat liver, heaft and kidney, fiee radical

species of adriamycin were detected by electron paramagnetic resonance

spectrometry (Bachur et al., 1982). Hydroryl radical fonnation was also detected by

spin trapping technique in MCF-7 human breast cancer cells exposed to high

concentration of adriamycin (Sinha et al., 1987). The hydroryl radicals a¡e

electrophilic and highly reactive radical. It abstracts hydrogen atoms efficiently fiom

the deoxyribose sugar units in DNA and adds even more rapidly to double bonds,

thus there are two main modes of DNA attack (Masuda et al., 1980). The hydrogen

abstraction by hydroxyl radical fiom deoxyribose sugar units leads to cleavage of the

sugar-phosphate backbond of the DNA and breaks a single DNA strand (von
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Sonntage, 1987). Most of the hydroxyl radicals react with the l¡ase of DNA at almost

diffusion contl.olled rates with the four bases and the nucleotides (Masuda et al.,

1980; von Sonntage, 1987).

Adrìamycin-iron complex binds tightly to DNA (Eliot et al., 1984). However,

conttaly to intercalated adriamycin, the adriamycin-iron complex presewes its ability

to catalyse the formation of oxygen ftee radicals in the presence of double-stranded

DNA. Thus, the adriamycin-iron complex-driven hydroxyl radical formation can

proceed in close proximity to DNA and has therefore the potential to damage DNA

efficiently (Keizer et al., 1990). Hydro><yl radicals are probably involved in damaging

of DNA since the generation of hydroxyl radicals by the adriamycin-Fe3* complex

correlates with its ability to cleave DNA (Muindi et al., 1984) and also since catalase,

iron chelators and hydroxyl radical scavengets ate pfotective in this system (Eliot et

al., 1984).

E.3. Effects of Adriamycin on Gene Expression

Artitumor action of adriamycin has been attributed to its intercalation

between DNA base pairs and to the thus-caused inhibitory effect on DNA

replication, RNA and protein synthesis (Di Marco, 1975)' Numerous studies have

been focused on the effects of adriamycin on DNA damage fo¡ its antitumor effect

as well as cardiotoxicity. AII of the DNA damage induced by adriamycin directly or

indirectly by free radicals production may result in down regulation of gene

expression at transcription and translation levels. However, these aspects of the

adriamycin effect with respect to the antioxidant gene expression remain to be
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examirìed.

Loss of myofibrils is one of the most important features in adriamycin

cardiornyopathy (Singal et al., l9B7). Molecular mechanism for myofibril loss has

been reported as adrìamycin inhibits muscle-specific gene expression by interfering

with the function of myoD protein, through induction of Id gene expression

(Kurabayaslri ef al., 1994). In an in vitro study using cultured neonatal rat

cardiomyocytes, it has been shown that adriamycin treatment resulted in a rapid,

selective decrease in the expression of muscle-specific genes, which preceded other

changes of adriamycin cardiomyopathy (Ito et al., 1990)' The levels of nRNA for the

sarcomedc genes, a-actin, troponin I, and myosin light chain 2 were selectively and

dramatically decreased by adriamycin. The effect of adriamycin on muscle gene

expression was limited to cardiac muscle, cultured skeletal myocytes were resistant

to the effect of adriamycin at 100-fold greater dose ihan those causing changes in

mRNA levels in cardiac muscle cells. In vivo study supported the relatively selective

inhibitory effect of adriamycin on cardiac muscle gene expression but not skeletal

muscle (Ito et al., 1990; Papoian and Lewis, 1990). However, it should be noted that

adriamycin decreased all nRNA levels tested including B'actin, glyceraldehyde-3-

phosphate dehydrogenase (G3PD) in both cardiac and skeletal muscles, but only

aboú 50Vo of changes in cardiac a-actin. It was suggested that overall gene

expression is inhibited by adriamycin treatment with relatively more significant effect

in cardiac muscle (Papoian and l-ewis, 1990).

The effect of adriamycin on protein synthesis examined using 3H-leucine
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incorporation in cultured neonatal rat cardiomyocytes showed Alvo ancl 68t/o

inhibition after 24 hour incubation at the dose oÍ 0.2 ¡L'M and 0.5 ¡r,M, respectively

(Ito et al., 1990).In anotlÌer study, the inhibitory effect of adriamycin on protein

synthesis was shown more significanf to a-acfin as compares with the other two

isoform p- and y-actin in cultured cardiac myocytes of neonatal rats ([æwis and

Gonzalez, L987).

It has been reported that the myocardial mRNA content was decreased by

50Vo after 7 days of a injection with adrjamycin for 15 mg/kg b.w. in rats as compared

with control animals (Zahringer et al., 1981).

It has been well recognized that free radicals are critical in the pathogenesis

of adriamycin cardiomyopathy, it is reasonable to suspect that gene expression of

endogenous antioxidant enzymes may also play an important role. However, evidence

on gene expression of endogenous antioxidant enzym'es is still lacking.

F. Oxidative Stress and Endogenous Antioxidant Enzlrnes

F¡ee radical production in vivo occu¡s via the catalytic action of enzlmes and

these electron transfer processes are important in the notmal cell metabolism.

Overproduction of free radicals or reduced antioxidant ¡everse mediate tissue injury

via lipid peroxidation, oxidation of structural and functional proteins as well as

lesions and cross linking of nucleic acids (Singal et al., 1988). A delicate balance

between the production of free radicals and antioxidant defence system is cútical for

maintenance of biological system.

Because there is a continuous generation of oxygen fi'ee radicals by
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constitutive metabolic pathways, an endogenous antioxidants system called

Antioxi¿ant Reserue (Singal and Kirshenbaum, 1990) have evolved for dealing with

these toxic species, thus a delicate balance between the production of free radicals

and endogenous antioxidant is rnaintained in normal conditions (Kaul et al., 1993).

In the heart, antioxidant status is shown to be a dynamic function adjusting to vatious

physiological as well as pathophysiological conditions imposed (Gupta and Singal,

19S9). In the past few years, there have been numerous reports on changes in

myocardial antioxidant reserve during a vadety oxidative stress. It has been repofted

that preconditioning by a brief ischemia and followed by reperfusion increase

endogenous antioxidant enzyme activities (Steeves and Singal, 1992) and nRNA

abundance (Chandrasekar and Freeman, 1996). Oxidative stress induced by cytokine

IL-1æ causes upregulation of mRNA of catalase, Cu/Zn-SOD, MnSOD and

glutathione peroxidase in rat heart(Maulik et al., 1993).

The mechanism for the altered activity and gene expression of these en-Emes

is not known. However, increased free radical formation itself during stress

conditions may act as the signal (Singal et al., 1993) ' It is clear that different

antioxidants show response to various stimuli in a specific manner. At any rate, the

pattern that seems to emerge is that antioxidant enzlme levels appear to adapt

according to the requirements and/or conditions imposed. Failure of this adaptation

may contribute to the cardiac pathology and dysfunction (Singal et al., 1993). In

order to better understand the molecular mechanisms of adriamycin cardiomyopathy,

it is important to examine the gene expression for different antioxidant enzymes with
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and without adriamycin. Fufthermore, it is also impoltant to know whether the

beneficial effects of probucol are also associated with some of the changes at the

gene level.
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TV. MATERTALS AND METHODS

A. Animal Model and Treatment Protocols

Male Sprague-Dawley rats(body weight, 250-¡10 g) were obtained fi'om the

university of Manitoba breading facilìty. The animals were maintained on a normal

rat chow and normal light and dark cycle. Animals were given water and food ad

libitum.

Rats were divided into four groups: C(control), A(adriamycin tleated),

P(probucol treated), and PA(probucol plus adriamycin treated). Probucol was

dissolved in coconut oil in a concentration of 10 mg/ml. A cumulative dose 120 mglkg

body weight of probucol was administered intraperitoneally(i'p.) to the P and PA

groups in 12 equal injections(each tleatment containing 10 rng/kg) over a period of

4 weeks, 2 weeks before adriamycin treatment and 2 weeks alternating with

adriamycin injections on Tuesdays, Thursdays and saturdays. Addamycin(doxorubicin

hydrochloride), total cumulative dose of 15 mglkg of body weight, was also

administered intraperitoneally(i.p.)in six equal injections(each containing 2.5 mglkg

body weight) to animals in the A and PA groups on Mondays, Wednesdays and

Fridays, in the third and fouÍh weeks of probucol treatment. Alimals in the C group

were injected v¡ith the vehicle alone(lactose, 75 mg/kg in saline). Treated as well as

cont¡ol animals were observed for as long as 3 weeks after the last injection for body

weight, general appearance, behaviour, and mortality. At the end of 3 weeks post-

treatment period, animals were hemodynamically assessed. The hearts were used to

study myocardial lipid peroxidation, antioxidant enzyme activities, nRNA and
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proteins levels.

B, Hemodynamic Studies

Three weeks after the last injection, animals were anesthetized with a mixture

of Ketamine and Xylazine(60 -/kg and 10 mg/kg, respectively, i p ) A miniature

pressure transducer (Miller Micro-Tip Instruments Inc., TX, USA) was carefully

inseúed into the left vent¡icle via the right carotid artery. Left ventricular peak

systolic pressure (LVSP), left ventricular end diastolic pressure (LVEDP), aoftic

systolic pressure (ASP), and aortic diastolic pressure (ADP) weLe lecorded by a

computer data acquisition program(Axotape, USA). After catheterization, animals

were allowed to stabilize for at least 15 minutes prior to the recording of

hemodynamic data.

C. Liver and Lune WetlDry Weieht Ratio

In order to obtain the weVdry weight ratio ofthe liver and lung, the organs were

freed from adhering tissues. The sample tissues were weighed, chopped into small

pieces and placed in the oven at 650C until a constant weight was obtained.

D. Collection of Ventricles

The animal was sacrificed by decapitation immediately after hemodynamic

assessment. The heart was trimmed fi'ee of the extraneous fat, other connection

tissue, and atria. Ventricles were weighed and cut into two parts along the vertical

axis. One part was frozen in liquid nitrogen and kept under -800C for mRNA and

protein immunoblotting assays. The other part was placed in an ice-cold buffe¡ for

antioxidant enzyme activities and lipid peroxidation analysis.
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E. Biochemical Assavs

E,1. Catalase(EC 1.11.1.6)

The heart tissue was homogenized in 9 volumes of 0.05 M potassium phosphate

buffer(pH 7.4) and centrifuged at 40,0009 for 30 minutes. Supernatant (50 ¡rl) was

added to the cuvette containing 2.95 mL of 19 mM HrO, solution prepared in

potassium plrosphate buffer(Claiborne, 1985). The color was read at 240 nm by a

Spectronic 60L spectrophotometer evety minute for 5 minutes. Commercially

available catalase was used as a standard. Specific activity of the enzyme was

expressed as units per milligram of tissue protein.

8.2. Glutathione Peroxidase(Ec 1.11.1.9)

Glutathione peroxidase (GSFIPx) activity was expressed as nanomoles ofreduced

nicotinamide adenine dinucleotide phosphate (NADPH) converted to oxidized

nicotinamide adenine dinucleotide phosphate (NADP) per minute per milligram of

protein, with a molar extinction coefficient for NADPH at 340 nm of 6.22 x L06

(Paglia and Valentine, 1967). C.ltosolic GSHPx was assayed in a 3 mL cuvette

containing 2.0 mLof 75 mM phosphate buffer (pH 7.0). The following solutions were

then added: 50 p,L of 60 mM reduced glutathione, 100 ¡-r,L glutathione reductase

solution (30 U/mL), 50 p'L of 0.L2 M NaNr, 100 ¡rL of 15 mM NqEDTA, 100 pL of

3.0 mM NADPH, and 100 ¡rL of cytosolic fraction obtained after centrifugation at

20,0009 for 25 minutes. Water was added to make a total volume of 2.9 mL' The

reaction was started by the addition of 100 ¡.rL of 7.5 mM I!Or, and the conversion

of NADPH to NADP was monitored by a continuous recording of the change of



absorbance at 340 nm at 1 minute intenal for 5 minutes.

E.3. Superoxide Dismutase (EC 1.15.I.1)

Supernatant (20, 0009 for 20 minutes) was assayed fol superoxide dismutase

(soD) activity by following the inhibition of pyrogallol autooxidation(Marklund,

1985). Pyrogallol (24 mM) was prepared in 10 mM HCI and kept at 4 0C before use

Catalase (30 pM stock solution) was prepared in an alkaline buffer (pH 9.0). Aliquots

of supernatant (750 p,g protein) were added to Tris'HCl buffer containing 25 p'L

pyrogallol and 10 ¡rL catalase. The final volume of 3 mL was made up of the same

buffer. changes in absorbance at 420 nm were recorded at l-minute intewals for 5

minutes. soD activity was determined ftom a standard cuwe of percentage inhibition

of pyrogallol autooxidation with a k¡own SOD activlty. This assay was highly

reproducible, and the standard curve was linear up to 250 ¡L'g protein with a

correlation coeffient of 0.998. Data were expressed as SOD units per milligram

protein compared with the standard.

8.4. Lipid Peroxidation

Measurement of lipid peroxidation by determining myocardial thiobarbituric acid

reactive substance (TBARS) content was performed using a modified thiobarbituric

acid (TBA) method(Placer et al., L966). Heañs were quickly excised and washed in

buffered 0.9Vo KCI (pH 7.a). After extraneous fat, connective tissue and atria were

removed, the tissue was homogenized in the same buffer (L0Vo wlv). The homogenate

was incubated for t hour at 3TC ;n a water bath. A 2 mL aliquot was withdrawn

from the incubation mixture and pipetted in an 8-mL þrex tube. One milliliter of
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40vo trichloroacetic acid (TCA) and 1 mL of 0.2o/a'lBA were promptly added. To

minimize peroxidation during the subsequent assay procedure, 27o butylated

hydroxytoluene was added to the TBA reagent mixture(Aust, 1985). Tube contents

were vortexed briefly, boiled for 15 minutes, and cooled in a bucket of ice for 5

minutes. Two mL of 70%'tc{ was then added to all tubes, and the contents were

again vortexed briefly. The tubes were allowed to stand for 20 minutes. This was

followed by a centrifugation of the tubes for 20 minutes at 3,500 rpm. The

absorbance was read at 532 nm on a Spectronic spectrophotometer and compared

with a known malondialdehyde standard.

F. Total RNA Isolation and Northern Blot Analysis

F,1. Total RNA Isolation

Total RNA was isolated from the heart tissue by the acid guanidium tliocyanate-

phenol-chloroform extraction method(Chomcrynski and Sacchi, 1987). The frozen

heart tissue was powdered and then homogenized using a polytron homogenizer in

solution D containing 4 M guanidinum thiocyanate, 25 mM sodium citrate (pH 7.0),

and l7o of B-mercaptoethanol. Sequentially, 0.1 volume of 2 M sodium acetate (pH

4.0), 1 volume of water saturated phenol, and 0.2 volume of chlorofomr:isoamyl

alcohol(49:1) mixture were added to the homogenate, with thorough mixing by

inversion after the addition of each feagent. The final suspension was shaken

vigorously for 20 sec and cooled on ice for 15 min. The samples were centrifuged at

10,0009 for 20 min at 40 C. After centdfugation, RNA was present in the aqueous

phase whereas DNA and proteins were ptesent in the interphase and phenol phase.
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The aqueous phase was transferred to a fresh tube and mixed with an equal

volunre of isoptopanol. This was placed at -20 0C fo¡ at least t h to precipitate RNA

and then centrifuged at 10,0009 for 20 min at 4'C. The resulting RNA pellet was

dissolved in 500 pl of solution D and transferred to a 1.5 ml Eppendorf tube

pretreated with diethyl pytocarbonate (DEPC). Isopropanol, 500 ¡rl was added and

the mixture was placed at -200C for t h. After centrifugation at 10,0009 for 20 min

at 4 0C, the RNA pellet was precipitated,with 800 pl ice-cold 70Vo ethanol twice, air

dried, and dissolved in DEPC-treated ddHrO. The yield of RNA was assessed by

measuring the optical density (OD) of the preparation af 260 nn (1 OD : 40 p'g

RNA/ml) to determine the concentration. The ratio between the readings at 260 nm

and 280 nm (ODr*/ODr*) gave an estimate of the purity of the isolated RNA. The

RNA samples were stored at -700C until the assay.

F.2. Electrophoresis and Blotting

Twenty micrograms of total RNA was denatured at 650C for 10 min in 25 pl of

a loading buffer containing formamide, formaldehyde, MOPS(pH 7.0), sodium

acetate and EDTA. The RNA was fractionated by size on an lVo agarcse gel

containing ïVo formaldebyde, 0.02M morpholinepropanesulfonic acid (MOPS)

(pH7.a), run at 25V for approximatety 16 h(Maniatis et al., 1982). The RNA was

then transferre d fo a 7æta-Probe GT blotting membrane(Bio-Rad) by capillary blot

\¡¡ith 10 x SSC (lx SSC=0.15 M NaCl, 0.0i5 M Na citrate, pH 7.0) as the transfer

buffer for 16 h(Southem, 1975). No residual RNA was detected in the gei following

transfer. The membrane was rinsed in 2xSSC and baked in an oven at 800C for 30
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mln.

F.3. Hybridization

The membrane was prehybridized at420c1or2'4h in a solutiol cnntanng 507o

deionized formauride,5M NaCl, 0.12M Na2HPOo(pIH7.2)'7Va sodium dodecyl sulfate

(SDS). Hybridization was cartjed out in the same buffer at 42oC for 12-18 hour with

3tP-labelled oDNA probes(specific activity > 10e cprn perpg DNA). cDNA fi'agment

for lruman MnSOD (Xiang et a1.,1987) and CAT (Quan et al', 1986) were purchased

û'om the Amedcan Type Culture Collection. The human GSHPx cDNA was obtained

ûom D¡. Zahradka's laboratory, St. Boniface General Hospital Research C-entre,

Winnipeg. Isolated and purified oDNA û'agments were labelled with a3'zP-dATP by

a random primer DNA labelling kit (Gibco BRL) using klenow fi'agment (Feinberg

and Vogelstein, 1984). Free nucleotides were removed by Sephedex G-50

(Boehringer Mannheim) column chromatography (Maniatis et al., 1982). To cont¡ol

the RNA loading, the membrane was strÌpped of radioactivity in pre-boiled 0.1x

SSCI}.SVo SDS for 20 min and re-hybridized with 18S ribosomal RNA oligo

nucleotide probe. Rat 18S IRNA (5'-ACGGTATCAGATCGTCTTCGAACC-3') was

synthesized using the Bechman Oligo 1000 DNA synthesizer by Dr. Dixon's

laboratory, St. Boniface General Hospital Research Centre, Winnipeg (Chan et al.,

1984). The 18S oligonucleotide was endlabelled using polynucleotide kinase (Gibco

BRL) with y-32P-dATP (Mæon and Gilbert, 1977). The membranes were washed for

1.5 min at room temperature with a solution olZxSSCp 'LVo SDS, and followed by

a wash at 4?j C in 0.LxSSCll.lVo SDS. The autoradiogragh was established by
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exposing the filter lot 24-48 h to X-ray film (DuPont Reflection) at -700C with

intensifiing scleens. In addition, the RNA load per lane was also assessed by

ethinium bromide staining of the original agarose gel.

F.4. Quantification of mRNA Signals

The relative levels of nRNA signals were quantified from autoradiograghs by a

scanning densitometer(Bio-Rad imaging densitometer GT-670). Comparisons were

Iimited to signals processed at the same time from a single blot. In this rnanner,

variations in signal intensity caused by differing conditions or disparate probe specific

activities were minimized. The strength of the message was presented as the ratio of

expression of enzyme vs. 1.8S. The MnSOD scanning values tepresented the total

densities of 3.8, 2.1 , Z.Z, 1.3,1.1 kb corresponding to polyadenylated isoforms. A-ll the

quantitative data were presented as pelcentage of values in control group.

G. Western Blof Analvsis

The ventricular tissue was immersed immediately in liquid nitrogen and were

stored at -800C until the protein was isolated. For protein isolation, the tissue

samples were thawed in ice-cold Tris/EDTA buffer(lOO mM Trìs-HCl' 5 mM EDTA,

pH 7 .\ and homogenized using a Polytron homogenizer with two 30-second pulses

and an intervening 10-second rest period. Aprotinin(10 ¡.cglml), Leupepsin(10 p'glml)'

Pepstinin A(10 pglml), and phenylmethysulfonyl fluoride(2O ¡rM) were included i¡

the buffe¡ to prevent protein degradation. Protein concentrations we¡e determined

by a modified l-owery technique(Lowely et al., 1951) and used to normalize the

protein loading.
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The protein samples were subjected to one-dimensional sodium dodecyl sulphate-

polyacrlamide gel electrophoresis(sDS-PAGE) in a discontinuous system following

tlre method descr.ibed by Laemrnli(Laemmli, 1970) using l5t/o separating gel and 5t/o

stacking gel. The separ.ated ploteins were electlophoretically transferred to

nitrocellulose membranes using a rnodified Towbin buffer (20 mM Tris, 150 mM

glycine, 20vo methanol, 0.02o/a sDS (pH8.3) in a cooled Bio-Rad TransBlot unit.

After nonspecific protein-binding sites were blocked with 1-hour incubationwith 5va

nonfat nrilk in Tris-buffered salinel}.lvo Tween-20, the membranes were processed

for immunodetection using sheep anti-human GSHPx, MnSOD' and CAT polyclonal

antibodies(The Binding Site, Birmingham, UK) as primaty antibody. The bound

primary antibodies were detected using a donkey anti-sheep horse-radish peroxidase-

conjugated secondary antibody and an ECL Westem blotting detection

system(Amersham Inc. Arlington Height, IL). The autoradiograghs generated were

analyzed with a Bio-Rad GS-670 image densitometer to quantitate GSHPx, MnSOD,

and CAT protein levels. The molecular weights of the protein bands were determined

by reference to the standard molecular weight markers.

H. Protein Determination and Statistical Analvsis

Proteinswere determined by the methods of Lowry and associates(1951). Data

were expressed as the meanstSE. For a statistical analysis ofthe data, group means

were compared by one-way analysis of vaúance and Bonferroni's test was used to

identiry differences between groups. Statistical significance was acceptable to a level

of P<0.05.
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V. RESULTS

Four groups of animals used in this study weÌe as follows: C, control,

saline(vehicle) treatment during weeks 1 to 4; P, probucol treatment during weeks

1, to 4; A, adriamycin treatment during weeks 3 and 4; and PA, probucol treatment

in weeks 1 to 4 plus adriamycin treatment in weeks 3 and 4. For more details on the

dosages and route of administration see methods section. These animals rvere

monitored daily for 3 weeks after the last treatment for their general well being and

behavior.

A. General Observations and Mortalifr

In the first two weeks of probucol treatment, animals in groups P and PA did

not show any change in their behavior or appearance as compared with the C group.

One week after the adriamycin treatment, the animal fur became scru$ and

developed a pink tinge in the A and PA groups. These rats also had a red exudate

around their eyes and nose, and showed soft watery feces. These changes were mote

severe in the A group than PA group. At 3 weeks post-tleatment, animals in the P

group appeared normal as compared with the C group.

The most predominant feature of animals in the A group was the development

of a progressively enlarged abdomen and ascites. This condition, in most of the

animals, became apparent within one week after the completion of treatment with

addamycin. These animals showed dyspnea and had cold feet and tails. At the time

of sacrifice, all animals in the A group had a significant amount of fluid in the

abdominal cavity. In addition, the livers of adriamycin treated animals were enlarged
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and appeared dark in color.

Animals in the PA group did not show any ascites and appearance of the livers

in these animals was normal. A¡imals in the P group did not have any difference in

all aspects of obseryations as compared with the C group

Adriamycin catsed 60.6Vo mortality in three weeks of post-tleatment period,

however the moftality rate was reduced to zero by probucol treatrnent(Table 1). Such

a high mortality may also be due to an early removal of the animals in extreme

discomfort.

B. Body Weieht

The body weight of all animals in the C, P, A and PA groups were reco¡ded

every other day in the first two weeks of probucol treatment, every day in the two

weeks of probucol and adriamycin concurrent treatment, and again every other day

in the post-treatment period. These data are shown in Figure 5 Alimals in the A

group showed about a 22Vo loss in body weight during the adriamycin treatment

period. In contrast, animals in the PA group did not show any significant loss in body

weight until the second week of adriamycin treatment. In the post-treatment period,

there was a more significant gain in body weight in the A group than in the PA

group. Animals in the P and C groups showed a normal and parallel weight gain.

C. Heart Weieht and HeartÆodv Weieht Ratio

Treatment with adriamycin resulted in a significant decrease in the heart weight

in both the A and PA groups as compared with the C and P groups(Table 1). The

heart weight in the A group was only 67Vo of that seen in the C and P groups.
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Probucol treatment significantly(P < 0.05) improved the heart weight in the PA group

but it was still below the control level. In contlast to the changes in heart weight in

the A and PA groups, heart weightþody weight ratio was depressed only in the A

group. Probucol alone did not cause any change in the heart weight or in the ratio

of heart weightþody weight as compared to the C group.
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Table 1: Effects of Probucol Treatment on Adriamycin-induced
Changes in Body Weighf, Heart Weight and Mortalify
in Rats

Animal Bodv Weieht (el
Group Initial Final

Heart/Body
Ileart Weight Ratio Mortality

Weight(g) (x103)

A

P

PA

313.5 + 5.7

299,',1 + 4.5

310.3 + 5.8

313.7 +3.4

523,9 +9,L

446:t + 15,8.,

513.3 + 14.8

397.8 + 18.2t

1.24 + 0,03

0.80 + 0.04t

1.18 + 0.03

0.96 + 0.03Ì*.

2.37 + 0.04 0

1.80 + 0.07t 60.60/0

2.35 + 0.06 0

2.43 + 0.07 0

C, control; A, adriamycin; P, probucol; PA, probucol + adriamycin. Mortality
data are expressed as percent of61 animals in A group and 20 animals each in
the C, P and PA groups. All other data are meanstSE of 6-10 animals. *,

P<0.05 as compared to C and P groups. t' P<0.001 as compared to all other
groups. .;., P<0.05 as compared to A group.



D. Liver and Lune WelDrv Weieht Ratio

The wet to dry weight ratio of liver in the A group was significantly higher as

compared to all other groups. Similarly this ratio was higher for lung only in A

group. Comparatively this change was more predominant in liver than lung with the

percenrage incf ease abott24.LVo(P <0.001) and ljvo(P <0.01), respectively. Probucol

or conculrent treatment with probucol and adriamycin did not affect these

ratios(Table 2).

E. Hemodynamic Studies

Cardiac function was assessed by recording aoÚic systolic pressure(ASP), aortic

diastolic pressure(ADP), as well as left ventricular peak systolic pressure(LVSP) and

left ventrjcular end diastolic pressure(LVEDP) and these data are shown in Table

3. LVSP and ASP were significantly lower in the A group than all other groups, while

LVEDP was elevated by almost 400vo by adriamycin treatment. These altered

parametefs in the A gfoup were normalized in the PA gfoup to control values with

probucol treatment. Thus all hemodlnamic data in the PA group had no statistical

difference as compared to the C group. Probucol alone did not show any effect on

the hemodynamic function.
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Table 2: Effects of Probucol Treatment on Adriamycin-induced
Changes in Liver and Lung Wet/Dry Weight Ratio

Animal Liver
Group

Lung

c

A

P

PA

3.16 + 0.02 4.24 + 0.01

3.92 + 0.09* 4.65 + 0.08*

3.18 + 0.06 4.Ll + 0.02

3.14 + 0.03 4.29 + 0.03

C, control; A, adriamycin; P' probucol; PA, probucol + adriamycin. Data are
means*SE of 6-8 animals.'t, P<0.01 as compared rvith all other groups.



Table 3: [ffects of Probucol Treatlnent on Adriamycin-induccd
Changes in Hemodynamic Parameters in Rats

Animal
Group

ASP ADP LVSP LVEDP

c

A

P

PA

117.2 + 6,1

83.4 + 4.9*

116.5 + 4.1

109.6 + 6.2

63.7 + 3.5

56.2+3.1

67.9 * 3.2

67.1 + 3.2

134.8 + 4.4

89.2 + 4.4t

'129,5 + 4,8

124.7 + 6,4

4.4 + 1.3

21.7 + A.lt

2,3 + 0.5

2,8 + 1,2

C, control; A, adriamycin; P, probucol; PA, probucol+ adriamycin; ASP' aortic
systolic pressure; ADP, aortic diastolic pressure; LVSP, left ventricular peak

systolic pressure; LVEDPT left ventricular end diastolic pressure. Data are
means*SE of 5-6 experiments. *, P< 0.05 as compared to all other groups, f,
p<0.001 as compared to all other groups.
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F. Antioxidant Enzvme Activities and Li¡¡id Peroxidation

Myocardial activities ofendogenous antioxidant enzymes including glutathione

peroxidase(GSHPx), total superoxide dismutase(SOD), and catalase(CAT) were

measured at the end of three weeks of post-treatment period and these data are

shown in Figures 6-8. Adriamycin treatment resulted in about 36o/a decrease o1

GSHPx activity as compared witlì the control value(P<0.05). A marginal increase in

GSHPx activity in the probucol group was statistically insignificant. However, in the

PA group, treatment with probucol not only prevented the decline of GSHPx activity

which was seen in the A group, but these hearts showed a significant increase the

en4'me activity.

SOD activity was increased in the A group without statistical significance. This

inc¡ease was more in the P group(3}Vo) than the A group(87o) and the increase was

statistically significant. Interestingly, the SOD activìty was significantly(P <0.05)

increased(> 46Vo) in rhe PA group. cAT activity was not changed significantly in all

of the experimental groups as compared to the control.

Production of free radicals in all groups was assessed by the extent of lipid

peroxidation as measured by thiobarbituric acid reactive substances(TBARS). The

data are presented in Figure 9. Adriamycin treatment led to >50Vo increase in lipid

peroxidation as compared to the control. Probucol prevented the lipid peroxidation,

the value of TBARS in the PA gfoup was maintained at the control level. Probucol

by itself had no influence on the TBARS in nomal rats'

57



E
'o)

o
ä40
o)
E
oc
930
à
:>
(J

x20II
:E
U)o

Figure 6

Effects of probucol treatment on adriamycin-induced changes in
glutathione pernxidase (GSHPx) activify. C, control; P, ¡rrobucol; A'
adriamycin; PA, probucol + adriamycin. Data are means * SE of 6-8

experiments. *) P<0.05 as compared rviÉh all otlìet'groups,



Figure 7
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CAPPA

Effects of probucol treatment on adriamycin-induced changes in
superoxide dismutase (SOD) activity. C, control; A, adriamycin; P,

probucol; PA, protrucol * adriamycin. Data at'e means + SE of 6-8

experiments. *) P<0.05 as compared rvith the C group.
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Figure B

CAPPA

Effects of probucol treatment on adriamycin-induced changes in

catalase (CAT) activity. C, contrnl; A, adriamycin; P, probucol; PA,
probucol + adriamycin. Data are means + SE of 6-8 experiments.
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Figure 9
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Effecb of probucol treatment on adriamycin-induced changes of lipid
peroxidation as indicated by thiobarbituric acid reactive substances

(TBARS). C, control; A, adriamycin; P, probucol; and PA, probucol

+ adriamycin. Data are means * SE form 4-8 animals. *) P<0.05 as

compared with the control.
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G. mRNA levels of different anfioxidant enzvmes

In order to examine the molecular mechanism responsible for the activity changes

of these antioxidant enzymes, mRNA levels of GSHPx, MnSOD, and CAT in

myocardium were analysed by using Northern blot technique. Relative levels of

GSHPx, MnSOD and CAT mRNA in all experimental groups are shorvn in Figure

10, 11 and 12, respectively. The quantitative data by densitometer scanner ate shown

in Table 4. GSHPx mRNA level was relatively stable at the stage of 3 weeks after

adriamycin, probucol, and their combination treatment. In contrast, MnSOD mRNA

abundance was significantly reduced by adriamycin by about 50vo firom the control

level. Probucol treatment demonstrated a protective effect and the MnSOD mRNA

expression in the PA gloup was near to the nomal level. CAT mRNA was not

changed in any of the groups.
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Fígure 10

GSHB(
- 1.2 kb

Effects of probucol treatment on adriamycin-induced
changes on glutathione peroxidase (GSHPx) mRNA level.

Blot was hybridized with 3zP-labelled cDItlA probe. The
membrane was subsequently stripped and rehybridized with
oligonucleotide of 18S rRNA as loading control. Lane 1

represents control; lane 2, adriamycin; lane- 3, probucol;
lane 4, probucol * adriamycin.
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Figure Ltr
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185

Effects of probucol treatment on adriamycin-induced
changes on manganese superoxide dismutase(MnSOD)
mRNA level. Rats MnSOD consists of fTve distinct
polyadenylated messages. Blot was hybridized with 32P-

labelled cDNA probe. The membrane \ryas subsequently
stripped and rehybridized with oligonucleotide of L8S rRNA
as loading control. Lane 1 represents control; lane 2,

adriamyciñ; lane 3, probucol; lane 4, : probucol +
adriamycin.
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Effects of probucol treatment on adriamycin-induced
changes on catalase(CAT) mRNA level. Blot was hybridized
with 32P-labelled cDNA probe. The membrane was

subsequently stripped and rehybridizedwith oligonucleotide
of 18S rRNA as loading control. Lane 1 represents control;
lane 2, adriamycin; lane 3, probucol; lane'4, probucol +
adriamycin.
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Table 4: Effects of Probucol Treatment on Adriamycin-induced
Changes in the Antioxidant Enzyme mRNA levels

Animal Group GSHPx MnSOD CAT

A

P

PA

102.7 +7.3

81.3 + 6.7

106.0 + 8.1

SS.9 + 7.7 *

82.5 * 5.0

83-7 +.',t.',7

90.8 + 3.3

69.9 * 4.9

74.',7 + tt.9

Changes shown as o/o of eaclt control and expessed as meansÈSE of 6-8

experiments. A, adriamycin; P, probucol; PA, probucol+ adriamycin; GSffix,
glutathione peroxidase; MnSOD, manganese superoxide dismutase; CATt
catalase. *, P< 0.05 as compared to the C group.



H. Protein levels of different antioxidant enzymes

Because both adriamycin and fi.ee radicals generated by adriamycin have been

suggested to have potential inhibitory effects on transcription and translation levels,

we investigated the protein levels of antioxidant enzymes in each group by western

blot analysis. Figure 13, 14, and 15 are repfesentative autoradiographs corresponding

to GSHPx, MnSOD and CAT, respectively. Densitometer scanning analysis of these

data are shom in Table 5. The protein levels of all three antioxidant enrymes were

not significantly changed at the end of three weeks of tleatment with probucol,

adriamycin, and their combination.
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Figure L3

GSHPx

Effects of probucol treatment on adriamycin-induced
changes on glutathione peroxidase(GSHPx) protein level.
BIot was incubated with a polyclonal anti-human GSHPx
antibody. Lane 1- represents control; lane 2, adriamycin;
lane 3, probucol; lane 4, probucol + adriamycin.



Figure 14

Effects of probucol treatment on adriamycin-induced
changes on manganese superoxide dismutase(MnSOD)
protein level. Blot was incubated with a polyclonal anti-
human MnSOD antibody. Lane L represents control; lane
2, adriamycin; lane 3, probucol; lane 4, p4obucol +
adriamycin
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Figure trS

CAT

Effects of probucol treatment on adriamycin-induced
changes on catalase(CAT) protein level. BIot was incubated
with a polyclonal anti-human CAT antibody. Lane 1

represents control; lane 2, adriamycin; lane 3, probucol;
lane 4, probucol * adriarnycin.



Table 5: Effects of Probucol Treatment on Adriamycin-induced
Changes in Antioxidant Enzyme Protein levels

Animal Group GSIIPX MnSOD CAT

A

P

PA

t10.2 + 4.4

124.3 * 18.7

99.3 + 3.4

80.7 + 4

t06.'7 + 4,5

119.3 + 15.5

91.3 +3.7

120.4 + 4.8

98.9 + 8.9

Results are shorvn as o/o of each control and expressed as means+SE of 6-8

experiments. A, adriamycin; P, probucol; PA, probucolt adriamycin; GSIfPx'
glutathione peroxidase; MnSOD, mânganese superoxide dismutase; and CAT'
catalase.



VI. DISCUSSION

As one of the most effective antineoplastic agents, adriamycin is used in

standard regimens against a wide range of tumors. However, a dose dependent

cardiotoxicity restricts its full potential in chemotherapy. since the first leport of

adrìamycin cardiomyopathy in early 1970s, extensive efforts have been focused on

mechanisms of adriamycin cardiomyopathy and several hypotheses have been

suggested (Singal et al., 1987). Among those different explanations, production of

fi.ee radicals and lipid peroxidation appear to play an extremely important role

(Myers et al., 1977; Doroshow et al., 1983; Singal et al., 1987; Kaul et al', 1993;

siveski-Iliskovic et al., 1994a). It has been well established that production of free

radicals and lipid peroxidation play an important role in the pathogenesis of

adriamycin-induced cardiomyopat$ (Singal et al., 7987; Kaul et a1., 1993), and

endogenous antioxidant reserve is cljtical in detoxifring û'ee radicals which are

potentially damaging to nucleic acids, structural and functional proteins, and

polyunsaturated fatty acids (Kaul et al., 1993). Deficit antioxidant en4mes activities

have been obsewed in different animal species treated with adriamycin (Revis and

Marusic, 1.978; Doroshow et al., 1980; Siveski-Iliskovi c et al., \994a,1995a). Data in

the present study confines the findings of a decrease in myocardial antioxidant and

increase in lipid peroxidation due to adriamycin.

Every possible approach including modification of drug delivery and chemical

structure as well as combination therapy with known antioxidants have been tested

in order to eliminate adriamycin cardiotoxicity without interfering with its antitumor
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property, but without success and the problem remains. A combination therapy with

very good results using probucol has been repolted in rats (siveski-Iliskovic et al.,

1995a). It was shorvn that probucol improved endogenous antioxidant reserye

(Siveski-Iliskovic et al., 1995a) -- a finding confirmed by the present study'

Furthermore, present study demonstrated for the first time that the alterations of

antioxidant enzyme activily may be independent of changes in the gene expression

by adriamycin trealment.

The characteristics of adriamycin cardiomyopathy and congestive hea¡t failure

in lruman have been studied extensively (Buja et al., 1973; I-nfrak et al',1973; Bristow

et aL.,1978).'fhe general observation of heart failure associated with depressed aortic

and left ventricular systolic pressures and elevated left ventricular end diastolic

pressure, congestive liver and lung, ascites, as well as changes in ECG recording,

unique ultrastructural changes and refractory to normal inotropic treatment for heart

failure lrave been reported in adriamycin cardiomyopathy (f,efrak et al., '1'973). In

order to ultimately better understand the pathogenesis of adriamycin cardiomyopathy

in human being, different animal models have been carefully studied. These animal

models include rabbits (Jaenke, 1974; Olson et a1., 1974), mice (Rosenhoff et al.,

1975), and rats (Chalcroft et al., 1973; Singal et al., 1985). Myocardial ultrastructural

changes in rats including the loss of myofibrils, cytoplasmic vacuolization, swelling of

mitochondria and increased number of lysosomes (Singal et al., L987) closely

resemble to adriamycin cardiomyopathic changes in humans (Lefrak et al , 1973).In

addition to the similadties in morphological changes, adriamycin cardiomyopathy in
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rats has also beeD shown refi'actoly to iDotropic interventions, ascites and congested

liver (Weinberg and Singal, 1986; Deally and Singal, 1990; Tong et al., 1991). Thus

the animal model used in this study has been amply validated by previous

investigations.

Reasons for using tat as the animal model in the present study are tìrat this

model shares all the general and specific characteristics with human patients in

adriamycin cardiomyopathy and congestive hea¡t failure (Weinberg and Singal, 1987;

Deally and Singal, 1990; Tong et al., 1991)' Therefore, it has been suggested to be

an ideal animal model for producing congestive heart failure not only used in the

study of adriamycin-induced cardiotoxicity, but also for a better understanding of

pathogenesis of general congestive heart failure (Siveski-Iliskovic et al', 1994b). The

procedure for producing adriamycin cardiomyopathy and congestive heart failure has

been standardized as the administration of 15 mg/kg (i.p.) of the drug in six equal

injections over 2 weeks (Weinberg and Singal, 1987). Three weeks after the last

injection, all of the functional, biochemical and morphological features of heaÉ

failure are well developed. Using this approach, adriamycin cardiomyopathy was

reproduced as was indicated by the clinical obsewations, tissue weight data and

hemodynamic parameters. Adriamycin treated rats showed typical heart failure

changes including depressed LVSP and ASP as well as elevated LVEDP.

The mortality in adriamycin treated group in the current study was abottt 60Vo

of 61 animals in three weeks of post-treatment pedod, however, the combination

therapy with probucol reduced moÍality to zero. Treatment with probucol has been
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reported to completely preve¡t adriamycin-induced mortality, alterations in

hemodynamic function, and myocaldial ultrastructural damage (siveski-Iliskovic et

al., L995a).

It has been repofted that glutathione peroxidase activity was decreased and

Iipid peroxidation was incÌeased in the hearts of adriamycin-treated rats (Siveski-

Iliskovic et al., 1994a, 1,995a). Catalase and soD activity were not changed by

adriamycin (Siveski-Iliskovic et al., L994a, 1995a). Therefore, the total antioxidant

defence system was in deficit with adriamycin treatment and lipid peroxidation was

increased (Siveski-Iliskovi c et al., 1994a, 1995a). The results of antioxidant en4'n1e

activities and lipid peroxidation in the current study confirmed tltese reports in as

much as the myocardial GSHPx activity was decreased abouT 36Vo and lipid

peroxidation was increased by more than 50vo as compared with the control rats.

The potential effect of probucol in adrìamycin cardiomyopathy has been

suggested to be related to its antioxidant property as well as enhancing of the

endogenous antioxidant enzymes (Siveski-Iliskovic et al., 1994a' I995a). Both

depressed GSHPx activity and elevated lipid peroxidation were norrnalized to

control level by probucol treatment (Siveski-Iliskovi c et al., 1995a)' In addition, a

synergistic effect of probucol and adriamycin on SOD activity was obsewed,

myocardial total SOD activity was significantly increased by the combination therapy

of probucol and adriamycin, whereas these two drugs show less significant effect on

SOD activity separately (siveski-Iliskovic et al., 1995a). Similar results were obtained

with probucol tteatment in the PA group in the present study. Therefore, it can be
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concluded that the adriamycin cardiomyopathy in the present study with respect to

clinical, hemodynamic, subcellular antioxidants and Iipid peroxidation was produced

by adriamycin and all these changes were prevented by a pre and concurrent

treatment with probucol.

mRNA and protein levels of the enzyme GSHPx didn't show any significant

difference as compared to the control group. The decreased enzyme activity of

GSHPx without changes in mRNA and protein levels suggest that GSHPx might be

inactivated perhaps through oxidation by free radicals (Wills, 1961; Rister and

Baelrner, 1976).It has shown that the lipid peroxides may also inhibit the activity of

selected en4ymes by oxidation of reduced thiol groups (Wills, 1961)' Lipid

peroxidation indicated by TBARS was elevated by more than 507o from the control

value, and increased oxidative stress has been reported in previous studies

(Weinberg and Singal, 1987; Deally and Singal, 1990; Tong et al., I99I Siveski-

Iliskovic et al., 1994a, 1995a). GSHPx is known to contain reduced thiol groups. In

addition, it has also been demonstrated that incubation of GSHPx in vitro with a

source of superoxide anion significantly diminishes the enzyme activity (Rister and

Baehner, 1976). The selenocysteine molecule at the active site of GSHPx can be

oxidized to a diselenide that is resistant to reduction (Tappel et al', 1978). Thus,

adriamycin fiee radical metabolites and/or activated oxygen radicals could be directly

responsible fo¡ the decrease in enzyme activity. Alternatively, malondialdehyde, a by-

product of lipid peroxidation that has been demonstrated in cardiac tissue after

adriamycin treatment, may also diminish enzyme activity by oxidizing the active site
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or by fomritg protein c¡.oss-links (chio and Tappel, 1969). In addition, the decreased

selenium concentration may also contdbute to GSHPx activity changes because this

enzyme requires selenium for activity (Doroshow et al., 1980)

In the hea¡t where GSHPx is a major enzymatic mechanism for the disposal

of peroxides, a prolonged depression in the level of this enzyme might lead to

intracellular peroxide accumulation. If adriamycin increases cardiac superoxide anion

generation, the potential exists for hydrogen peroxide fomation at a time when

peroxide removal is impaired. The hydrogen peroxide concentration could be

reached at a level exceeding the detoxification ability ofthe myocardial cell, resulting

in an increase in TBARS. The decrease of GSHPx activity by oxidative inactivation

was further supported by the results of the present study. Probucol, a strong

antioxidant, offered a complete protection of this enzyne activity changes' GSHPx

activity in the PA group was found at the same levei as in the C group. Thus we

suggest that protective effect of probucol in adriamycin cardiomyopathy may partially

be mediated by a modulation of the oxidative inactivation of GSHPx.

Mitochondrial enzyme MnSOD nRNA and protein levels wete measured in

the present study. Although cytosolic CuZnSOD and MnSOD have the same

function in converting superoxides to hydrogen peroxide, these two enzymes differ

in their intracellular distribution, composition and sequences of nucleotides in their

mRNAs and amino acids in protein. Therefore, different cDNA probes and

antibodies are required for the Northern and Western blot analysis' It is important

to note that MnSOD mRNA levels were reduced in the hearts of adriamycin treated
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animals while there was no change in the SOD enzyme activity. In the P and PA

groups, the SOD activity was even increased Reasons for this disparity between

changes in the mRNA level and enzyme activity are not immediately apparent. One

possibility is that the nRNA monitored in our study was strictly fol the

mitochondrial soD wllile the enzyme activity monitored was inclusive of cuZIlsoD

(cytosolic) and MnSOD (mitochondrial). Furthermore, in the enzyme activity

measuring procedure used by us, centrifugation at 20,0009 must eliminate a greater

proportion of mitochondria, thus the SOD activity monitored may in fact be

principally cy.tosolic. Howevet, as discussed earlier the possibility of some direct

significant activation of the enryme protein also can not be ruled out. Further studies

of the CuZnSOD mRNA as well as of the enzyme characteristics will resolve this

issue. The decrease of MnSOD nRNA was prevented by probucol treatment, it will

be very interesting to further study the mechanism for the changes of MnSOD in

mRNA level. In contrast to GSHPx and MnSOD, activity and gene expression of

CAT were not altered by adriamycin and/or probucol treatment. Because heart has

very lower level of CAT as compared with other tissue, CAT only plays a minor role

in defending myocardial cell towards fi'ee radicals insult(Doroshow et al., 1980).

In summary, occurrence of adriamycin cardiomyopathy was confirmed by

clinical findings as well as data on tissue weights, hemodynamic, antioxidant and lipid

peroxidation. Probucol prevented all of these changes including the development of

heart failure. The study shows that the molecular mechanism for changes in

antioxidant enzyme activities may not involve enzyme gene transcription or
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translation. Rather, some oxidative stress mediated changes at the enzyme ploteill

level may have an impor.tant role to play. Further studies are required to descril¡e

the mechanism of dorvnregulated MnSOD gene expression as well as its prevention

by probucol.
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