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Abstract
Adriamycin (ADR) is a chemotherapeutic agent useful in treating various cancers. ADR is a quinone-containing anthracycline
chemotherapeutic and is known to produce reactive oxygen species (ROS) in heart. Application of this drug can have serious
side effects in various tissues, including brain, apart from the known cardiotoxic side effects, which limit the successful use of
this drug in treatment of cancer. Neurons treated with ADR demonstrate significant protein oxidation and lipid peroxidation.
Patients under treatment with this drug often complain of forgetfulness, lack of concentration, dizziness (collectively called
somnolence or sometimes called chemobrain). In this study, we tested the hypothesis that ADR induces oxidative stress in
brain. Accordingly, we examined the in vivo levels of brain protein oxidation and lipid peroxidation induced by i.p. injection of
ADR. We also measured levels of the multidrug resistance-associated protein (MRP1) in brain isolated from ADR- or saline-
injected mice. MRP1 mediates ATP-dependent export of cytotoxic organic anions, glutathione S-conjugates and sulphates.
The current results demonstrated a significant increase in levels of protein oxidation and lipid peroxidation and increased
expression of MRP1 in brain isolated from mice, 72 h post i.p injection of ADR. These results are discussed with reference to
potential use of this redox cycling chemotheraputic agent in the treatement of cancer and its chemobrain side effect in brain.
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Introduction

Free radical mediated oxidative stress has been

implicated in many age-related neurodegenerative

disorders [1]. Reactive oxygen species (ROS) leads to

protein oxidation [2,3], lipid peroxidation [4,5], DNA

and RNA oxidation in brain [6] with concomitant

neuronal dysfunction and death. Oxidation of proteins

leads to loss of activity of enzymes critical for cell

functioning, and recently our lab identified some of

the critical proteins that are oxidized in Alzheimer’s

disease (AD), using proteomics [7–9]. ROS gener-

ation hence becomes important in understanding

oxidative stress and oxidative stress related disorders.

Adriamycin (ADR) is a cancer chemotherapeutic

useful in treating various cancers, with especially good

potency in the treatment of patients with solid tumors

[10,11]. ADR is suggested to act as an antitumor

agent by inhibiting DNA replication and DNA

synthesis [12] by intercalating into grooves of DNA.

Another important mechanism of action of ADR

involves its interaction with topoisomerase II, which
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forms a DNA-cleavable complex [13,14]. One of the

most accepted mechanisms of action of ADR on

tumor cells is generation of free radicals by enzymatic

electron reduction of ADR by variety of oxidases,

reductases and dehydrogenases [15,16]. However,

ADR can have serious side effects in various non-

involved tissues, including brain, apart from its known

cardiotoxic effects [17]. A free radical-mediated

mechanism has been proposed to be responsible for

ADR-induced toxicity in heart [18]. Cardiomyocytes

treated with ADR show significant protein oxidation

and lipid peroxidation [18]. Free radical scavengers

are known to reduce this effect [19]. ADR also

disrupts the mitochondrial electron transport system

in heart tissues [20–22]. Increased expression of

manganese superoxide dismutase (MnSOD) protects

complex I against ADR-induced cardiomyopathy

[20]. ADR contains a quinone in its structure, and

as is well known, quinones undergo one-electron

reduction to form semiquinones, which are free

radicals [23,24]. Although there are reports of

dizziness, confusion and dementia of cognitive

function (somnolence) in patients treated with ADR

[25], little has been reported on oxidative stress in

brain due to this drug.

Therefore, in this study, oxidative stress parameters

were studied in brain of ADR-treated animals. Protein

carbonyl and 3-nitrotyrosine levels (indices of protein

oxidation) and 4-hydroxynonenal levels (index of lipid

peroxidation) were determined in brain from mice

treated with ADR and from control mice.

Animals

Male mice (2–3 months of age), approximately 30 g in

size, housed in the University of Kentucky Central

Animal Facility in 12-h light/dark conditions and fed

standard Purina rodent laboratory chow ad libitum,

were used. The animal protocols were approved by the

University of Kentucky Animal Care and Use

Committee.

Materials and methods

Chemicals

Doxorubicin HCl (ADR) was purchased from Bed-

ford LaboratoriesTM. All other chemicals were

purchased from Sigma-Aldrich (St. Louis, MO),

unless stated otherwise. The protein oxidation

detection kit was purchased from Intergen (Purchase,

NY) and primary antibodies for HNE, 3-NT and the

multidrug resistance-associated protein (MRP1) were

purchased from Chemicon International (Temecula,

CA).

Preparation of brain homogenates

Brains were isolated and dissected following sacrifice

by decapitation from mice treated i.p. with ADR

(20 mg/kg body weight), 72 h after injection, or from

saline treated control mice, and placed in lysing buffer

containing 4mg/ml leupeptin, 4mg/ml pepstatin,

5mg/ml aprotinin, 2 mM ethylenediaminetetraacetic

acid (EDTA), 2 mM ethylene glycol-bistetraacetic

acid (EGTA) and 10 mM 4-(2-hydroxyethyl)-1-

piperazine-ethanesulfonic acid (HEPES), pH 7.4.

The dosage and time were chosen based on prior

studies [20]. The brain was homogenized by 20 passes

of a Wheaton tissue homogenizer, and the resulting

homogenate was centrifuged at 1500g for 10 min. The

pellet (nuclear fraction) was suspended in 1 ml PBS.

The supernatant was retained and centrifuged at

20,000g for 10 min. The pellet (membrane fraction)

was suspended in 1 ml phosphate buffered saline

(PBS) containing 0.01% (w/v) sodium azide and 0.2%

(v/v) Tween 20 (PBS) and the supernatant (cytosolic

fraction) was retained for fluorescence studies. All the

fractions suspended in PBS were washed twice with

PBS at 32,000g for 10 min. The resulting fractions

were assayed for protein concentration by the Pierce

BCA method [26].

Protein carbonyls

Samples (5ml) of brain homogenate (membrane

fraction), 12% sodium dodecyl sulfate (SDS) (5ml),

and 10ml of 10 times-diluted 2,4-dinitrophenyl-

hydrazine (DNPH) from 200 mM stock were incu-

bated at room temperature for 20 min, followed by

neutralization with 7.5ml neutralization solution (2 M

Tris in 30% glycerol). This neutralized solution

(250 ng) was loaded in each well on a nitrocellulose

membrane under vacuum using a slot blot apparatus.

The membrane was blocked in blocking buffer (3%

bovine serum albumin) in PBS 0.01% (w/v) sodium

azide and 0.2% (v/v) Tween 20 for 1 h and incubated

with a 1:100 dilution of anti-DNP polyclonal antibody

in PBS containing 0.01% (w/v) sodium azide and

0.2% (v/v) Tween 20 for 1 h. The membrane was

washed three times in PBS following primary antibody

incubation at intervals of 5 min each. The membrane

was incubated following washing with an anti-rabbit

IgG alkaline phosphatase secondary antibody diluted

in PBS in a 1:8000 ratio for 1 h. The membrane was

washed for three times in PBS for 5 min and

developed in Sigmafast tablets, [5-bromo-4-chloro-

3-indolyl phosphate/Nitro blue tetrazolium substrate

(BCIP/NBT substrate)]. Blots were dried, scanned

with Adobe Photoshop, and quantified with Scion

Image (PC version of Macintosh compatible NIH

image).

4-Hydroxynonenal

Samples (5ml) of brain homogenate (membrane

fraction), 12% SDS (5ml), and 5ml of modified

Laemlli buffer containing 0.125 M Tris base pH 6.8,
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4% (v/v) SDS, and 20% (v/v) glycerol were probed for

protein-bound HNE in the same manner as discussed

above.

3-Nitrotyrosine

Similarly, samples (5ml) of brain homogenate (mem-

brane fraction), 12% SDS (5ml), and 5ml of modified

Laemmli buffer containing 0.125 M Tris base pH 6.8,

4% (v/v) SDS, and 20% (v/v) glycerol were probed for

3-NT in the same manner as described above.

The specificity for both 3-NT and HNE primary

antibodies was performed and confirmed as described

elsewhere [27]. For example, the brain samples were

treated with either the HNE or 3-NT primary

antibody that had been first reacted with free HNE

or free 3-NT. The resulting HNE blot showed very

faint, non-specific binding (data not shown), which

was accounted in the background for each blot. The 3-

NT blot showed no staining on the blot, suggesting

that there was no non-specific binding of the primary

3-NT antibody (data not shown).

Western blots

Samples (100mg) were incubated with sample loading

buffer, and protein samples were denatured and

electrophoresed on a 10% SDS-polyacrylamide gel.

Proteins were transferred to a nitrocellulose mem-

brane at 90 mA/gel for 2 h. The blots were blocked for

1 h in fresh wash buffer (10 mM Tris–HCl, pH 7.5),

150 mM NaCl, 0.05% Tween 20, pH 7.4, containing

3% bovine serum albumin) and incubated with a

1:1000 dilution of anti MRP1 monoclonal antibody in

PBS containing 0.01% (w/v) sodium azide and 0.2%

(v/v) Tween 20 (PBS) for 1 h. The membrane was

washed three times in PBS and was incubated for 1 h

with an anti-rabbit IgG alkaline phosphatase second-

ary antibody diluted in PBS in a 1:8000 ratio. The

membrane was washed three times in PBS for 5 min

and developed in Sigma fast tablets (BCIP/NBT

substrate).

In all cases non-specific background labeling by the

secondary antibody was negligible.

Statistical analysis

A two-tailed Student’s t-test was used to assess

statistical significance. P values ,0.05 were con-

sidered significant for comparison between control

and experimental data sets.

Results

Protein carbonyls

Protein carbonyls are the most often employed index

of protein oxidation [2]. Treatment of mice with ADR

(i.p.) revealed an increase in protein carbonyls in

brain. Figure 1 shows the protein carbonyl levels in

brain homogenate extracted from saline-injected mice

(control) and brain homogenate extracted from mice

injected with ADR. There was a significant increase in

protein carbonyl levels in brain homogenates from

ADR-injected mice when compared to control

(P , 0.001, n ¼ 5).

4-Hydroxynonenal

Arachidonic acid from phospholipids, on attack of free

radicals, produces reactive alkenals such as HNE [28].

HNE binds to protein and inactivates them by

Figure 1. Increased in vivo protein oxidation in brain isolated from mice previously treated with adriamycin (20 mg/kg body weight) 72 h post

i.p injection compared to brain isolated from saline injected mice. *P , 0. 001, n ¼ 5. (The mean value of 434 arbitrary units for control was

taken as 100%).

Free radical mediated oxidative stress and chemobrain 1149
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changing their conformation [4,28,29]. Figure 2

shows the protein bound HNE levels in brain

homogenate extracted from saline injected mice

(control) and brain homogenate extracted from mice

injected with ADR. There was a significant increase in

protein bound HNE levels in brain homogenate from

ADR-injected mice when compared to control

(P , 0.001, n ¼ 5).

3-Nitrotyrosine (3-NT)

Nitration of tyrosine residues is a marker of attack by

RNS, such as peroxynitrite, that may have been

formed by free radical mediated oxidative stress

[7,8,30]. Figure 3 shows 3-NT levels in brain

homogenate from saline-injected mice (control) and

brain homogenate extracted from mice injected with

ADR. There was a significant increase in 3-NT levels

in brain homogenate from ADR-injected mice when

compared to control (P , 0.001, n ¼ 5).

MRP-1 expression

Glutathione conjugates of ADR are exported from

cells via the multi drug resistance-associated protein-1

(MRP-1) [31]. Oxidative modification of MRP-1

would likely lead to accumulation of HNE [32], and in

AD brain that is under oxidative stress [1,5,6],

increased expression of MRP-1 was observed.

Consistent with results in AD brain [32], Figure 4

shows that MRP-1 expression is significantly elevated

in brain from ADR-injected mice compared to control

(P , 0.05, n ¼ 3).

Discussion

ADR is a commonly used cancer chemotherapeutic

agent for various solid tumors. This agent is known to

cause serious side effects in heart. However, ADR also

shows side effects in other organs, including brain,

which has not been studied extensively. ADR causes

cardiomyopathy or congestive heart failure. Due to the

presence of quinone in its structure, a free radical

hypothesis for ADR-mediated oxidative stress and

cytotoxicity is widely accepted. In the presence of Fe2þ

free radical production increases [18]. Fe2þ acts as a

catalyst for oxidative stress in neurodegenerative

disorders [2,33]. An elevated level of iron is seen in

several neurodegenerative disorders, including AD.

Others showed that there is accumulation of iron in

ADR-treated myocardial and neoplastic cells, which

leads to increase in oxidative stress [34]. In the

presence of an iron chelator the ADR induced

oxidative stress is reduced in cardiomyocytes [35,36].

Nitric oxide synthase and cytochrome P450

reductase are some of the flavoprotein reductases

that reportedly activate ADR-dependent redox cycling

[37]. Since mitochondria are target organelles for

ADR-induced cytotoxicity in cardiomyocytes

[20,38,39], NADH dehydrogenase, a mitochondrial

enzyme, stimulates ADR to form semiquinone radical

and superoxide radical anion [40].

GSH is an endogenous antioxidant that is widely

present in various tissues [41]. ADR was shown to

induce depletion of glutathione (GSH) in heart tissue

[42]. The level of glutathione peroxidases were also

known to be reduced by ADR, and ebselen, a

glutathione peroxidase mimetic, significantly inhibits

ADR-induced oxidative stress and apoptosis [43].

Figure 2. Increased in vivo protein bound HNE in brain isolated from mice previously treated with adriamycin (20 mg/kg body weight) 72 h

post i.p. injection, compared to brain isolated from saline injected mice. * P , 0.001, n ¼ 5. (The mean value of 526 arbitrary units for control

was taken as 100%).
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All these studies provide evidence for a free radical

mechanism involved in ADR induced cytotoxicity.

Brain is particularly vulnerable to oxidative stress

due to the presence of high levels of polyunsaturated

fatty acids, relatively low antioxidant capacity, the

presence of redox metal ions, and high oxygen

utilization [2]. The free radicals generated in the

brain cause damage to proteins, lipids and DNA and

subsequently lead to cellular dysfunction or cell death

[5,7,8,44]. Oxidative stress induced by ADR in brain

could cause damage to proteins critical for cell

functioning and may also lead to cell death.

Figure 3. Increased in vivo 3-Nitrotyrosine levels in brain isolated from mice previously treated with adriamycin (20 mg/kg body weight) 72 h

post i.p. injection, compared to brain isolated from saline injected mice. *P , 0. 001, n ¼ 5. (The mean value of 152 arbitrary units for control

was taken as 100%).

Figure 4. (a) Representative western blot showing increased MRP1 expression in brain isolated from mice injected with adriamycin. (b) Plot

showing significant increase in MRP1 levels in brain isolated from mice injected i.p with adriamycin compared to saline injected control mice.

*P , 0.05, (The mean value of 272 arbitrary units for control was taken as 100%).
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Involvement of the central nervous system in patients

treated with ADR was previously shown [25]. These

authors found that patients under treatment with ADR

often complain of forgetfulness, lack of concentration

and dizziness (collectively called somnolence). We

demonstrated that ADR increases oxidative stress and

antioxidants prevent cell death in ADR-treated

neuronal cell culture. (Vide infra). The data presented

in this paper shows that ADR in vivo causes oxidative

damage to brain tissue.

Previously, we reported oxidized proteins in AD fit

into critical pathways for cellular function and are

dysfunctional [5–9]. The results shown in our current

in vivo study are consistent with our in vitro results,

showing that ADR acts as an oxidant. In the present

study we demonstrated in brain homogenate isolated

from rodents treated i.p with ADR a significant

increase in protein carbonyl formation and 3-NT

levels, markers of protein oxidation and RNS attack

on tyrosine residues, respectively, and in HNE, a

marker of lipid peroxidation. Protein carbonyls

accrue via several mechanisms. In particular, some

of the elevated protein-resident carbonyl groups may

originate from HNE, which covalently binds to His,

Cys, and Lys residues via Michael addition

[2,28,32,44,47].

ADR increases superoxide production and

enhances formation of nitric oxide [45]. As a

consequence, the balance between superoxide and

nitric oxide shifts and could lead to formation of

peroxynitrite [30,45], from which 3-NT can arise.

The significantly increased 3-NT levels in brain

homogenate from ADR-treated mice compared to

those from control mice could be due to reaction of

peroxynitrite with tyrosine residues on polypeptide

chains. The resulting nitration changes protein

conformation [46] and, consequently, alters their

function [5–9,30].

Lipid peroxidation products such as HNE and

acrolein are known to be elevated in brain under

oxidative stress in various neurodegenerative con-

ditions, including AD [4–6,28,47]. These alkenals

react with GSH [32,48] and are also known to be

involved in apoptosis, which is correlated with GSH

depletion [49]. In the current study, there was a

significant increase in protein bound HNE levels in

brain homogenate isolated from ADR-injected mice.

MRP1 is one of the 9-multidrug resistance proteins

belonging to the ATP-binding cassette (ABC)

transporter family [50]. MRP1 is an integral plasma

membrane protein that mediates ATP-dependent

export of cytotoxic organic anions, glutathione S-

conjugates and sulphates [51,52]. MRP1 is expressed

in various human tumors. Oxidized glutathione

(GSSG) has been recognized as a co-substrate for

MRP1 [52]. Translocation of therapeutic drugs into

and out of the CNS mediated by MRP1 has been

shown [53,54], and others have reported expression

of MRP1 in cultured astroglial cells [55]. Involvement

of MRP1 in the release of GSSG from brain astrocytes

under oxidative stress has also been reported [56].

These studies suggest that MRP1 expression is altered

during oxidative stress conditions. Consistent with

this suggestion, we reported increased expression of

MRP-1 in AD brain [32], which is under oxidative

stress [1,2,4–8].

Studies have shown that MRP1 does not directly

transport chemotherapeutic agents such as ADR [31].

However, it is not clear whether glutathione is either

co-transported as a GS-conjugate with ADR or

activates MRP1 for ADR transport [31,57].

In the current study, we observed a significant

increase in the levels of MRP1 in brain isolated from

ADR-injected mice compared to the level of MRP1 in

brain isolated from saline injected control mice. The

increased expression could be due to increase in

GSSG because of oxidative stress caused by ADR.

Alternatively, the increased expression could be the

result of the increased GS-conjugate of ADR, which is

transported out of brain via MRP1.

Patients under prolonged treatment with ADR

show symptoms of forgetfulness, dizziness and loss of

memory, a phenomenon commonly called chemo-

brain [25]. ADR leads to post-chemotherapeutics

problems in children. Often, the symptoms are

noticed approximately 10 years after treatment. Our

current in vivo studies show that ADR promotes

oxidative stress in brain. Our data suggest that ADR,

its metabolites or downstream sequelae is likely to

enter the brain and cause oxidative stress, which may

contribute to chemobrain. Further studies are

necessary to find the oxidative stress mechanism

induced by ADR, which will help in designing

therapeutics to reduce the side effects of such anti-

cancer drugs, including chemobrain.

Acknowledgements

This work was supported in parts by grants from NIH

to DAB [AG-10836; AG-05119], and DSC [AG-

05119; CA-80152; CA-94853].

References

[1] Butterfield DA, Kanski J. Brain protein oxidation in age-

related neurodegenerative disorders that are associated with

aggregated proteins. Mech Ageing Dev 2001;122:945–962.

[2] Stadtman ER, Berlett BS. Reactive oxygen-mediated protein

oxidation in aging and disease. Chem Res Toxicol

1997;10:485–494.

[3] Hensley K, Hall N, Subramaniam R, Cole P, Harris M,

Aksenov M, Aksenova M, Gabbita SP, Wu JF, Carney JM, et al.

Brain regional correspondence between Alzheimer’s disease

histopathology and biomarkers of protein oxidation. J

Neurochem 1995;65:2146–2156.

[4] Markesbery WR, Lovell MA. Four-hydroxynonenal, a product

of lipid peroxidation, is increased in the brain in Alzheimer’s

disease. Neurobiol Aging 1998;19:33–36.

G. Joshi et al.1152

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/3
0/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



[5] Butterfield DA, Lauderback CM. Lipid peroxidation and

protein oxidation in Alzheimer’s disease brain: Potential causes

and consequences involving amyloid beta-peptide-associated

free radical oxidative stress. Free Radic Biol Med

2002;32:1050–1060.

[6] Butterfield DA, Drake J, Pocernich C, Castegna A. Evidence of

oxidative damage in Alzheimer’s disease brain: Central role for

amyloid beta-peptide. Trends Mol Med 2001;7:548–554.

[7] Castegna A, Aksenov M, Aksenova M, Thongboonkerd V,

Klein JB, Pierce WM, Booze R, Markesbery WR, Butterfield

DA. Proteomic identification of oxidatively modified proteins

in Alzheimer’s disease brain. Part I: Creatine kinase BB,

glutamine synthase, and ubiquitin carboxy-terminal hydrolase

L-1. Free Radic Biol Med 2002;33:562–571.

[8] Castegna A, Aksenov M, Thongboonkerd V, Klein JB, Pierce

WM, Booze R, Markesbery WR, Butterfield DA. Proteomic

identification of oxidatively modified proteins in Alzheimer’s

disease brain. Part II: Dihydropyrimidinase-related protein 2,

alpha-enolase and heat shock cognate 71. J Neurochem

2002;82:1524–1532.

[9] Lauderback CM, Drake J, Zhou D, Hackett JM, Castegna A,

Kanski J, Tsoras M, Varadarajan S, Butterfield DA.

Derivatives of xanthic acid are novel antioxidants: Application

to synaptosomes. Free Radic Res 2003;37:355–365.

[10] Weiss RB, Sarosy G, Clagett-Carr K, Russo M, Leyland-Jones

B. Anthracycline analogs: The past, present, and future.

Cancer Chemother Pharmacol 1986;18:185–197.

[11] Eisenhauer EA, Vermorken JB. The taxoids. Comparative

clinical pharmacology and therapeutic potential. Drugs

1998;55:5–30.

[12] Cummings J, Anderson L, Willmott N, Smyth JF. The

molecular pharmacology of doxorubicin in vivo. Eur J Cancer

1991;27:532–535.

[13] Chuang RY, Chuang LF. Inhibition of chicken myeloblastosis

RNA polymerase II activity by adriamycin. Biochemistry

1979;18:2069–2073.

[14] Cheng KC, Cahill DS, Kasai H, Nishimura S, Loeb LA.

8-Hydroxyguanine, an abundant form of oxidative DNA

damage, causes G–T and A–C substitutions. J Biol Chem

1992;267:166–172.

[15] Gutierrez PL. The role of NAD(P)H oxidoreductase (DT-

Diaphorase) in the bioactivation of quinone-containing

antitumor agents: A review. Free Radic Biol Med

2000;29:263–275.

[16] Kappus H. Oxidative stress in chemical toxicity. Arch Toxicol

1987;60:144–149.

[17] Steinherz LJ, Steinherz PG, Tan CT, Heller G, Murphy ML.

Cardiac toxicity 4 to 20 years after completing anthracycline

therapy. JAMA 1991;266:1672–1677.

[18] DeAtley SM, Aksenov MY, Aksenova MV, Carney JM,

Butterfield DA. Adriamycin induces protein oxidation in

erythrocyte membranes. Pharmacol Toxicol 1998;83:62–68.

[19] DeAtley SM, Aksenov MY, Aksenova MV, Harris B, Hadley R,

Cole Harper P, Carney JM, Butterfield DA. Antioxidants

protect against reactive oxygen species associated with

adriamycin-treated cardiomyocytes. Cancer Lett

1999;136:41–46.

[20] Yen HC, Oberley TD, Gairola CG, Szweda LI, St Clair DK.

Manganese superoxide dismutase protects mitochondrial

complex I against adriamycin-induced cardiomyopathy in

transgenic mice. Arch Biochem Biophys 1999;362:59–66.

[21] Davies KJ, Doroshow JH, Hochstein P. Mitochondrial NADH

dehydrogenase-catalyzed oxygen radical production by adria-

mycin, and the relative inactivity of 5-iminodaunorubicin.

FEBS Lett 1983;153:227–230.

[22] Doroshow JH. Anthracycline antibiotic-stimulated super-

oxide, hydrogen peroxide, and hydroxyl radical production

by NADH dehydrogenase. Cancer Res 1983;43:4543–4551.

[23] Handa K, Sato S. Generation of free radicals of quinone

group-containing anti-cancer chemicals in NADPH-micro-

some system as evidenced by initiation of sulfite oxidation.

Gann 1975;66:43–47.

[24] Gutteridge JM. Lipid peroxidation and possible hydroxyl

radical formation stimulated by the self-reduction of a

doxorubicin-iron (III) complex. Biochem Pharmacol

1984;33:1725–1728.

[25] Abali H, Celik I. High incidence of central nervous system

involvement in patients with breast cancer treated with

epirubicin and docetaxel. Am J Clin Oncol 2002;25:632–633.

[26] Bradford MM. A rapid and sensitive method for the

quantitation of microgram quantities of protein utilizing the

principle of protein-dye binding. Anal Biochem 1976;

72:248–254.

[27] Sultana R, Newman S, Mohmmad-Abdul H, Keller JN,

Butterfield DA. Protective effect of the xanthate, D609, on

Alzheimer’s amyloid beta-peptide (1–42)-induced oxidative

stress in primary neuronal cells. Free Radic Res

2004;38:449–458.

[28] Lauderback CM, Hackett JM, Huang FF, Keller JN, Szweda

LI, Markesbery WR, Butterfield DA. The glial glutamate

transporter, GLT-1, is oxidatively modified by 4-hydroxy-2-

nonenal in the Alzheimer’s disease brain: The role of Abeta1-

42. J Neurochem 2001;78:413–416.

[29] Subramaniam R, Roediger F, Jordan B, Mattson MP, Keller

JN, Waeg G, Butterfield DA. The lipid peroxidation product,

4-hydroxy-2-trans-nonenal, alters the conformation of cortical

synaptosomal membrane proteins. J Neurochem

1997;69:1161–1169.

[30] van der Vliet A, Eiserich JP, Kaur H, Cross CE, Halliwell B.

Nitrotyrosine as biomarker for reactive nitrogen species.

Methods Enzymol 1996;269:175–184.

[31] Hipfner DR, Deeley RG, Cole SP. Structural, mechanistic and

clinical aspects of MRP1. Biochim Biophys Acta 1999;

1461:359–376.

[32] Sultana R, Butterfield DA. Oxidatively modified GST and

MRP1 in Alzheimer’s disease brain: Implications for accumu-

lation of reactive lipid peroxidation products. Neurochem Res

2004;29:2215–2220.

[33] Kienzl E, Jellinger K, Stachelberger H, Linert W. Iron as

catalyst for oxidative stress in the pathogenesis of Parkinson’s

disease? Life Sci 1999;65:1973–1976.

[34] Kwok JC, Richardson DR. Anthracyclines induce accumu-

lation of iron in ferritin in myocardial and neoplastic cells:

Inhibition of the ferritin iron mobilization pathway. Mol

Pharmacol 2003;63:849–861.

[35] Kalyanaraman B, Morehouse KM, Mason RP. An electron

paramagnetic resonance study of the interactions between the

adriamycin semiquinone, hydrogen peroxide, iron-chelators,

and radical scavengers. Arch Biochem Biophys

1991;286:164–170.

[36] Dorr RT. Cytoprotective agents for anthracyclines. Semin

Oncol 1996;23:23–34.

[37] Vasquez-Vivar J, Martasek P, Hogg N, Masters BS, Pritchard

Jr., KA, Kalyanaraman B. Endothelial nitric oxide synthase-

dependent superoxide generation from adriamycin. Biochem-

istry 1997;36:11293–11297.

[38] Sarvazyan N. Visualization of doxorubicin-induced oxidative

stress in isolated cardiac myocytes. Am J Physiol

1996;271:H2079–H2085.

[39] Konorev EA, Kennedy MC, Kalyanaraman B. Cell-permeable

superoxide dismutase and glutathione peroxidase mimetics

afford superior protection against doxorubicin-induced

cardiotoxicity: The role of reactive oxygen and nitrogen

intermediates. Arch Biochem Biophys 1999;368:421–428.

[40] Davies KJ, Doroshow JH. Redox cycling of anthracyclines by

cardiac mitochondria. I. Anthracycline radical formation by

NADH dehydrogenase. J Biol Chem 1986;261:3060–3067.

Free radical mediated oxidative stress and chemobrain 1153

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/3
0/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



[41] Cooper A. Glutathione in brain: Disorder of glutathione

metabolism. The molecular and genetic basis of neurological

disease. Newton, MA: Butterwort-Heinemann; 1997. p

1195–1230.

[42] Abd El-Gawad HM, El-Sawalhi MM. Nitric oxide and

oxidative stress in brain and heart of normal rats treated with

doxorubicin: Role of aminoguanidine. J Biochem Mol Toxicol

2004;18:69–77.

[43] Kotamraju S, Konorev EA, Joseph J, Kalyanaraman B.

Doxorubicin-induced apoptosis in endothelial cells and

cardiomyocytes is ameliorated by nitrone spin traps and

ebselen. Role of reactive oxygen and nitrogen species. J Biol

Chem 2000;275:33585–33592.

[44] Halliwell B. Reactive oxygen species and the central nervous

system. J Neurochem 1992;59:1609–1623.

[45] Vasquez-Vivar J, Hogg N, Martasek P, Karoui H, Tordo P,

Pritchard Jr, KA, Kalyanaraman B. Effect of redox-active

drugs on superoxide generation from nitric oxide synthases:

Biological and toxicological implications. Free Radic Res

1999;31:607–617.

[46] Koppal T, Drake J, Yatin S, Jordan B, Varadarajan S,

Bettenhausen L, Butterfield DA. Peroxynitrite-induced altera-

tions in synaptosomal membrane proteins: Insight into

oxidative stress in Alzheimer’s disease. J Neurochem

1999;72:310–317.

[47] Sayre LM, Zelasko DA, Harris PL, Perry G, Salomon RG,

Smith MA. 4-Hydroxynonenal-derived advanced lipid peroxi-

dation end products are increased in Alzheimer’s disease. J

Neurochem 1997;68:2092–2097.

[48] Xie C, Lovell MA, Markesbery WR. Glutathione transferase

protects neuronal cultures against four hydroxynonenal

toxicity. Free Radic Biol Med 1998;25:979–988.

[49] Mark RJ, Lovell MA, Markesbery WR, Uchida K, Mattson

MP. A role for 4-hydroxynonenal, an aldehydic product of lipid

peroxidation, in disruption of ion homeostasis and neuronal

death induced by amyloid beta-peptide. J Neurochem

1997;68:255–264.

[50] Nies AT, Jedlitschky G, Konig J, Herold-Mende C, Steiner

HH, Schmitt HP, Keppler D. Expression and immunoloca-

lization of the multidrug resistance proteins, MRP1-MRP6

(ABCC1-ABCC6), in human brain. Neuroscience

2004;129:349–360.

[51] Jedlitschky G, Leier I, Buchholz U, Center M, Keppler D.

ATP-dependent transport of glutathione S-conjugates by the

multidrug resistance-associated protein. Cancer Res

1994;54:4833–4836.

[52] Loe DW, Almquist KC, Deeley RG, Cole SP. Multidrug

resistance protein (MRP)-mediated transport of leukotriene

C4 and chemotherapeutic agents in membrane vesicles.

Demonstration of glutathione-dependent vincristine trans-

port. J Biol Chem 1996;271:9675–9682.

[53] Huai-Yun H, Secrest DT, Mark KS, Carney D, Brandquist C,

Elmquist WF, Miller DW. Expression of multidrug resistance-

associated protein (MRP) in brain microvessel endothelial

cells. Biochem Biophys Res Commun 1998;243:816–820.

[54] Rao VV, Dahlheimer JL, Bardgett ME, Snyder AZ, Finch RA,

Sartorelli AC, Piwnica-Worms D. Choroid plexus epithelial

expression of MDR1 P glycoprotein and multidrug resistance-

associated protein contribute to the blood-cerebrospinal-fluid

drug-permeability barrier. Proc Natl Acad Sci USA

1999;96:3900–3905.

[55] Decleves X, Regina A, Laplanche JL, Roux F, Boval B, Launay

JM, Scherrmann JM. Functional expression of P-glycoprotein

and multidrug resistance-associated protein (Mrp1) in

primary cultures of rat astrocytes. J Neurosci Res 2000;

60:594–601.

[56] Hirrlinger J, Konig J, Keppler D, Lindenau J, Schulz JB,

Dringen R. The multidrug resistance protein MRP1 mediates

the release of glutathione disulfide from rat astrocytes during

oxidative stress. J Neurochem 2001;76:627–636.

[57] Priebe W, Krawczyk M, Kuo MT, Yamane Y, Savaraj N,

Ishikawa T. Doxorubicin- and daunorubicin-glutathione

conjugates, but not unconjugated drugs, competitively inhibit

leukotriene C4 transport mediated by MRP/GS-X pump.

Biochem Biophys Res Commun 1998;247:859–863.

G. Joshi et al.1154

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/3
0/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


