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ABSTRACT

Purpose: Oxidative stress generated by anticancer drugs in non-targeted tissues, is considered as a significant factor
responsible for their severe side effects, e.g. cardiotoxicity, neurotoxicity and hepatotoxicity. Lack of data on the effect of
concurrent administration of commonly used anticancer drugs: doxorubicin (DOX), paclitaxel (PTX) and docetaxel (DTX)
on normal tissue, prompted us to examine the markers of oxidative stress in the liver of rats treated with these drugs.
Material/Methods: Male Wistar rats of average weight 200 g were injected intraperitoneally (i.p.) with 10 mg/kg of
body weight (b.w.) of DOX, PTX and DTX. The drugs were given alone or in combinations DOX+taxane. The activities
of superoxide dismutase (SOD), catalase (CAT), low molecular weight and total thiols and thiobarbituric acid-reactive
substances (TBARS) were estimated.

Results: Combination of two drugs generated greater changes than single agents. Concurrent administration of DOX and
PTX increased SOD activity and TBARS, decreased the amount of low molecular weight and total thiols, but did not cause
any changes in the activity of catalase. Combination of DOX and DTX induced similar changes except for the activity of
catalase, which decreased after the treatment. Of the three drugs only DTX significantly decreased the activity of SOD.
However, both taxanes increased the activity of catalase. Although a decrease in concentration of —SH groups, depletion of
glutathione and an increase of TBARS were observed after treatment with single drugs, the changes were not statistically
significant.

Conclusion: Concurrent administration of DOX and taxane induced enhanced oxidative stress in comparison to single
drugs, which suggests their synergistic prooxidant mode of action in liver.
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INTRODUCTION associated complications, cause, however, substantial

mortality. The objective of chemotherapy is to eliminate

Chemotherapy is one of the principal methods employed in
the treatment of several types of cancer, allowing for use of
a combination of different types of antineoplastic drugs to
increase its efficiency [1]. Both cancer and chemotherapy-

exclusively tumour cells. Most of the antineoplastic agents
act, however, non-specifically, harming both malignant and
normal cells. Toxicity of anticancer drugs toward normal
tissues has a significant impact on the condition and treatment
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outcome of patients undergoing chemotherapy. Severe side
effects caused by commonly used anticancer drugs often
limit the efficiency of chemotherapy due to the necessity
of reduction of drug doses or discontinuation of treatment.
Cytotoxic action of anticancer drugs may increase as a
result of the use of combined therapy employing more than
one drug, which also applies to anthracyclines and taxanes.
The combinations of taxanes with DOX are widely used to
treat advanced and metastatic breast cancer and other solid
tumours. These drugs are highly effective, do not exhibit
cross-resistance and have different toxicity profiles [2].
Similarly to other antineoplastic agents they cause numerous
side effects. Some recent papers have been devoted to the
liver damage caused by these drugs [3].

Hepatotoxicity is associated with impaired liver
function, caused by exposure to a drug or other factors
severely impairing its function [2]. The liver is responsible
not only for many crucial functions within the body, but
also for biotransformation of drugs, their detoxification and
conversion into the forms that can be readily eliminated from
the body. Interaction of anthracyclines, e.g. doxorubicin with
DNA is considered as the main mechanism of their toxicity,
both in cancer and normal cells. Anthracycline drugs are
effective inhibitors of the activity of topoisomerase II or I.
Doxorubicin is widely applied in chemotherapy, but its use
is limited by the high risk of cardiomyopathy and congestive
heart failure development [4]. Cytotoxicity of anthracyclines
is also associated with the generation of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) [5]. In
vivo doxorubicin undergoes reduction to a semiquinone-free
radical by microsomal and nuclear enzymes. Molecule of
O, can accept an electron from semiquinone, which results
in generation of superoxide anion radical. Doxorubicin can
also bind ionic iron (Fe*"). This complex is highly toxic to
membrane lipids, proteins and DNA. The drug can also
bind to the DNA and uncoil the double-stranded helix with
generation of free radicals and DNA damage [6]. Cytosolic
fraction of doxorubicin may be converted to doxorubicinol
by NADPH-dependent aldo-/keto- or carbonyl reductases.
This metabolite inhibits several membrane ATP-ases and
isometric contraction of heart muscle [7].

Taxanes are mitotic inhibitors showing appreciable
anticancer activity against breast and lung cancers. Taxanes
come from the bark extract of the Pacific yew, Taxus
brevifolia. The principal mechanism of their action is a
disruption of microtubule function (inhibition of microtubule
depolymerization) through stabilizing GDP-bound tubulin in
the microtubule [8].

The available literature does not provide much information
about the liver damage caused by taxanes (docetaxel and
paclitaxel). Dose reduction is recommended for these drugs
in patients with liver dysfunction because of the higher risk
for neutropenia, mucositis, and treatment-related death.
Vaclavikova et al. [9] indicated that, in contrast to paclitaxel,

the rat, human, pig, and minipig microsomes formed the same
metabolites of docetaxel, with a hydroxydocetaxel being the
main product.

Despite numerous on mitochondrial ROS
formation by taxanes, their mode of action still remains to
be elucidated [10, 11]. Varbiro et al. [12] showed that PTX
displayed mainly direct mitochondrial effect, induced

studies

mitochondrial permeability transition and ROS formation
[10], and probably docetaxel has a similar mechanism of
action.

Inthe present study, we investigated changes in some of the
parameters of oxidative stress (low molecular weight thiols -
mainly glutathione, and total thiols, TBARS) and the activity
of antioxidant enzymes (catalase and superoxide dismutase)
in liver tissue of rats treated with doxorubicin, paclitaxel,
docetaxel or combination of antracycline with taxane.

MATERIAL AND METHODS

Animals

Two months old 180 — 220 g male Wistar rats of outbred
strain Imp:WIST were obtained from Nofer Institute of
Occupational Medicine in Lodz. Animals were kept under
standard conditions with free access to pellet diet and clean
drinking water.

All experiments were performed according to the
guidelines of the European Community for the Use of
Experimental Animals (L358-86/609/EEC) and the Guiding
Principles in the Use of Animals in Toxicology (1989) and
were approved by the Local Ethics Committee for Animal
Experimentation in Lodz (2/LB357/2007).

Experimental setup

Rats were divided into 6 groups of 6 animals each. Tested
anticancer drugs, suspended in 5% glucose were administered
alone (10 mg/kg body weight (b.w.)) or in combination (DOX
and taxanes, 10 mg/kg b.w. each) as a single 1 ml injection.
Rats in group I received 5% glucose only and served as a
negative control. Rats in groups II, III and IV were treated
with doxorubicin, paclitaxel and docetaxel, respectively. Rats
ingroup V and VIreceived two drugs injected simultaneously:
doxorubicin and paclitaxel (group V) or doxorubicin and
docetaxel (group VI).

On the fourth day after injection, the animals were
anaesthetized and sacrificed by cervical decapitation. We
applied this time point on the basis of our pilot study and the
data obtained by other authors showing that maximal changes
in lipid peroxidation and antioxidant enzymes appear within
3-5 days after injection of a single dose of doxorubicin or
other related drugs [13-15].
immediately
physiological saline, frozen on solid CO, and stored at -80°C
until analysis. 10% homogenate was prepared in 1.15% KCI

Livers were excised, washed with

105



106

Oxidative stress induced in rat liver by anticancer drugs

on ice (1g tissue and 9 ml KCl), centrifuged at 3000 x g for
10 min at 4°C and the supernatant was used for biochemical
assays.

Biomarkers of oxidative stress

Superoxide dismutase activity

Activity of SOD in liver homogenate was assayed by the
indirect adrenaline spectrophotometric method of Misra
and Fridovich [16], based on the ability of SOD to inhibit the
autoxidation of adrenaline to adrenochrome at alkaline pH.
Measurements were performed at 480 nm.

Catalase activity

Catalase activity was estimated by the method of Aebi
[17], using hydrogen peroxide as a substrate. The method is
based on the decomposition of hydrogen peroxide, which is
indicated by the decrease in absorbance at 240 nm.

Low molecular weight thiols

The amount of low molecular weight thiols (glutathione,
cysteine, homocysteine, etc.) was determined by the Ellman
method [18]. Homogenate samples were precipitated with
trichloroacetic acid (TCA) and the protein precipitate was
removed by centrifugation. Further analysis was performed
analogically to that used for determination of total thiol
groups. Concentration of low molecular weight thiols was
calculated from the standard curve for reduced glutathione
and expressed as nmol/mg protein.

Total thiol groups

Concentration of —SH groups was estimated according to the
Ellman method [18]. Following the reaction between Ellman’s
reagent with thiol groups, optically active cation was formed
and its absorbance was measured at 412 nm. Optical activity of
samples at this wavelength was measured before the addition
of Ellman’s reagent and subtracted. The concentrations of
thiols were calculated from the calibration curve obtained for
reduced glutathione (0-2 mM range of concentrations) as a
standard. Results were expressed as mmol/mg protein.

Lipid peroxidation

Lipid peroxidation was evaluated on the basis of production
of TBARS calculated from the 532 nm absorbance using an
extinction coefficient of 156 mM™! cm™ [19].

Protein concentration

Protein concentration was determined with Folin reagent
according to the spectrophotometric method of Lowry et
al [20].

Statistical analysis

Statistical analysis included calculation of means = SD in
each group. The significance of differences was estimated by
the Mann-Whitney U-test.

RESULTS

No animal deaths were observed in the course of the
experiments.

The activities of superoxide dismutase (EC. 1.15.1.1) and
catalase (EC. 1.11.1.6) are essential biomarkers of induction
of oxidative stress in the liver tissue. SOD is an enzyme
which catalyses the dismutation of superoxide anion to
hydrogen peroxide and oxygen, while the role of catalase
is the decomposition of hydrogen peroxide (H,0,) to water
and oxygen and protection of cells against the toxic effects
of ROS. Changes in SOD and CAT activities, induced in rat
liver by treatment with the investigated anticancer drugs or
their combinations (doxorubicin with paclitaxel/docetaxel),
are presented on Figure I and Figure 2, respectively.

We observed a significant decrease in the activity of SOD
only in the liver of rats injected with docetaxel (p<0.002).
Although there were also small changes in the activity of this
enzyme after doxorubicin (increase) or paclitaxel (decrease)
treatment, the changes were not statistically significant.
The effect of doxorubicin was enhanced by the addition of
taxane. SOD activity statistically significantly increased

Figure 1. Superoxide dismutase activity in rat liver after treat-
ment with anticancer drugs doxorubicin (DOX), paclitaxel
(PTX), docetaxel (DTX) or their combination (DOX with PTX
or DOX with DTX).
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Results are expressed as mean + S.D. for 5 animals in each group. Statisti-
cal significance in comparison to control group (rats injected with a vehicle
only, 5% glucose) is marked on the graph with stars (*p<0.05, **p<0.002,
#Ep<0.0002). Statistical significance of other comparisons is listed below:
DOX + DTXvs. DOX  p<0.002

DOX + DTXvs. DTX  p<0.0002

DOX + PTXvs. PTX  p<0.001
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Figure 2. Catalase activity in rat liver after treatment with an-
ticancer drugs doxorubicin (DOX), paclitaxel (PTX), docetaxel
(DTX) or their combination (DOX with PTX or DOX with
DTX).
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Results are expressed as mean + S.D. for 6 animals in each group. Statistical
significance in comparison to control is marked with stars (*p<0.05). Statisti-
cal significance of other comparisons is: DTX vs. DOX + DTX

p<0.0002.

when doxorubicin was applied in conjunction with paclitaxel
or docetaxel. Changes were markedly higher when docetaxel
was employed and statistically significant for both untreated
controls and rats treated with any of the single drugs included
in the combination.

In groups of animals injected with a single drug
(groups II, III, IV), significant changes in CAT activity in

I *
. I .

comparison to untreated controls (an increase) were observed
for taxanes only (p<0.05). Doxorubicin administered either
alone or in combination with PTX did not affect catalase
activity. However, DOX used in combination with docetaxel
caused a statistically significant decrease in CAT activity
in comparison to both the control group (p<0.05) and rats
receiving docetaxel alone (group IV) (p<0.0002).

Results obtained for other biomarkers of oxidative stress
(low molecular weight and total thiol groups and TBARS) are
summarized in Table 1.

Significant changes in the pool of reduced glutathione
were found only in animals treated with paclitaxel or
paclitaxel in combination with doxorubicin (group III and V)
(p<0.05). Although a decrease in low molecular weight thiols
(mainly reduced glutathione) content was observed in other
experimental groups (groups I, IV and VI), the changes were
not statistically significant.

Results obtained for concentration of total thiol groups
were largely correlated with changes observed for reduced
glutathione, which suggests its appreciable participation in
the observed changes. Amount of total —SH groups in the
liver of rats treated with a combination of doxorubicin with
paclitaxel (group V) was significantly higher in comparison
to untreated controls and rats receiving doxorubicin or
paclitaxel as a single agent (groups II and III). At the same
time no differences in thiols between the experimental
groups treated with DTX or DOX-DTX (groups IV and VI)
were found.

Similar to changes in low molecular weight thiols and
total thiol pools statistically significant changes in lipid
peroxidation, estimated on the basis of the amount of produced

Table 1. Concentration of low molecular weight thiols, total thiol groups and TBARS in liver of rats treated with doxorubicin (DOX),
paclitaxel (PTX), docetaxel (DTX) or their combinations (DOX with PTX or DOX with DTX). Each value is expressed as mean * S.D.

for 6 animals in each group.

low molecular weight
thiols
(nmol/mg protein)

Treatment groups

total thiols
(mmol/mg protein)

TBARS
(nmol/mg protein)

statistical significances in comparison with control:
*p<0.05 **p<0.001 ***p<0.0002

Control 477 +0.46 0.89 +0.03 0.074 £+ 0.006
DOX 3.68 £0.29 0.73 £0.04 0.083 +0.004
PTX 1.83 £0.21* 0.76 +0.05 0.100 +0.010
DTX 275 +0.31 0.93 £ 0.04 0.100 + 0.009
DOX +PTX 1.90 + 0.20* 1.13 £ 0.06** 0.241 £ 0.023***
DOX + DTX 2.19+0.12 1.05£0.05 0.264 £ 0.024***
statistical significances between different groups

DOX vs. DOX+PTX p <0.01 p <0.0002 p <0.0002

DOX vs. DOX+DTX n.s. p <0.0002 p <0.0002

PTX vs. DOX+PTX n.s. p <0.0002 p <0.0002

DTX vs. DOX+DTX n.s. n.s. p <0.0002
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TBARS, were found only in the liver of rats treated with a
combination of two drugs — doxorubicin with paclitaxel or
doxorubicin with docetaxel (groups V and VI) (p<0.0002).
None of the investigated drugs, injected as a single agent,
induced noteworthy changes of lipid peroxidation in the liver
of treated animals.

DISCUSSION

Taxanes, paclitaxel and docetaxel, are microtubule active
drugs and one of the most potent cancer chemotherapeutics.
Both of these drugs are employed in the therapy of a variety
of human tumours, including ovarian carcinomas, breast
and lung cancers [21-23]. Moreover, paclitaxel and docetaxel
maintain substantial antitumour activity in anthracycline-
resistant breast cancer [24]. Taxanes are also used in combined
chemotherapy, which is superior to single drug use. PTX or
DTX in conjugation with DOX are successfully used in the
treatment of early, locally advanced and metastatic breast
cancer [25-27]. Unfortunately, there is also a dark side of this
therapy as taxanes can enhance toxicity of doxorubicin, e.g.
cardiotoxicity, neurotoxicity, hepatotoxicity, nephrotoxicity
and others. Combinations of DOX with taxanes appeared
to be more toxic than DOX alone. Colombo et al. [28], have
found that concentration of DOX in the heart, liver and
kidney tissue in mice treated with DOX in conjunction with
paclitaxel or docetaxel was significantly higher than in mice
treated with DOX alone. The authors presented a hypothesis
according to which cardiotoxicity induced by the combination
of doxorubicin with taxanes includes the formation of ROS
and may probably be correlated with drug retention in the
neoplastic tissue. Moreover, taxanes increase conversion
of doxorubicin to the more toxic metabolite doxorubicinol
by NADPH-dependent aldo-/keto- or carbonyl reductases,
which may contribute to the enhancement of anthracycline
cardiotoxic effects [7]. Doxorubicinol production, among
others, leads to the high incidence of congestive heart failure.

Generation of oxidative stress by doxorubicin has been
proved to play a significant role in toxicity of this drug [10,
11]. ROS, induced by DOX treatment, are considered as one of
the main reasons for cardiotoxic effects. It is associated with
low activity of antioxidant system in cardiomyocytes [29, 30].
Application of DOX in the long term clinical treatment leads
to cardiotoxicity and congestive heart failure, which is often
lethal [31].

Taxanes, in contrast to doxorubicin, for a long time were
not considered as prooxidative acting agents, but an increasing
number of experimental data show that these anticancer
drugs can induce considerable oxidative stress inside the
cell [12]. Numerous studies demonstrated the importance of
ROS production for taxane cytotoxicity in vitro and in vivo
[32, 33]. Evidence for the involvement of ROS in paclitaxel
cytotoxicity is steadily increasing for most, though not all,

cellular models [34, 35]. Oxidative stress has been suggested
to play a role in the antitumor effects of PTX. Cell lines
with higher total antioxidant capacity have been found to be
more resistant to paclitaxel cytotoxicity [36, 37]. Moreover,
antioxidants, such as thiols (N-acetylcysteine, NAC), catalase
and superoxide dismutase, inhibited cytotoxicity of PTX [38].
These results show that cytotoxicity of PTX in cancer cells
may be mediated by the production of ROS, e.g. H,0,.

It has been found that resistance to paclitaxel is
proportional to cellular total antioxidant capacity [39].
Compounds that decrease ROS level can also suppress
PTX cytotoxicity. In contrast — increase of ROS level by
inhibition of SOD or glutamylcysteine synthase enhanced
PTX cytotoxicity [39]. Interference in microtubule dynamics,
which is typical for taxane mechanism of action, is known for
disruption of redox signalling, which can cause activation of
NADPH oxidase and the production of intracellular ROS [40].

Paclitaxel was found to increase the production of
hydroperoxides and to generate oxidative stress in human
cancer cells [41, 42]. The drug increases the level of
superoxide, hydrogen peroxide, nitric oxide and oxidative
DNA adducts [38]. Hadzic et al. [38] showed that treatment of
T47D and MDA-MB231 human breast cancer cells with PTX
leads to increases in parameters of oxidative stress such as
H,0, and GSSG. Other study suggested that the accumulation
of peroxides is an early and decisive step for paclitaxel-
induced cancer cell death by apoptosis [41]. PTX can directly
affect free radical formation and mitochondrial membrane
polarization [12, 39].

Oxidative stress, induced by PTX treatment can
participate in toxicity of this drug toward non-targeted tissues.
Preclinical results suggested that genes, encoding antioxidant
enzymes, can affect PTX neurotoxicity [43]. Paclitaxel has
been also shown to induce hepatoxicity [44]. Ohlman et al.
[45] reported on the lethal course of a patient receiving low-
dose, weekly docetaxel who developed acute liver failure.

We did not observe markedly higher level of TBARS in
the liver of rats treated with DOX and taxanes (groups V and
V1) in comparison to untreated controls. Increase of TBARS
after DOX treatment was reported by Kalender ef a/. [30] and
Deepa et al. [46], who also used rats in their studies. Higher
level of TBARS concentration after docetaxel treatment of
rats was also found [47].

In our experimental model, doxorubicin injected alone
and in combinations with taxanes induced an increase of
activity of SOD. Similar changes in the liver of rats treated
with DOX were also observed by other authors [48]. At the
same time we have found a decrease in SOD activity in the
liver of rats receiving docetaxel. These data are in agreement
with in vitro study on hepatocytes treated with docetaxel [49].
On the basis of our results we can conclude that DOX and
taxanes can act synergistically and thus, can possibly trigger
more significant liver damage when used in combination.

Taxanes, applied as single agents, increased activity of
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catalase in rat liver, in contrast to DOX, which did not cause
any changes. This is inconsistent with the study by Kalender
et al. [30], where an increase in catalase activity in the rat liver
after DOX injection was found. Both taxanes in concurrent
administration with DOX, behaved differently and changes
in CAT activity (a decrease) were noted only for combination
of docetaxel with doxorubicin.

We observed a depletion of low molecular weight thiols in
the rat liver after treatment with either of the studied drugs,
but statistically significant results were obtained only for
combination DOX-PTX. Similar results were obtained for
total thiols.

Low molecular weight thiols such as glutathione,
cysteine, homocysteine and other were determined. However,
the concentrations of cysteine and homocysteine in the liver
tissue are very low in comparison to glutathione [50]. Reduced
glutathione (GSH) is the main intracellular nonprotein thiol
and its redox status is critical for various biological events,
including transcriptional activation of specific genes and
modulation of redox-regulated signal transduction [51]. GSH
has been implicated in the regulation of cellular proliferation
and apoptosis, immune modulation and inflammatory
response [52]. The balance between reduced and oxidized
levels of GSH depends on the redox status of the cell as well as
de novo GSH synthesis. GSH is synthesized by the sequential
action of y-glutamyl-cysteine synthetase (y-GCS), the rate-
limiting enzyme and GSH synthetase. It has been found, that
GSH depletion increases the sensitivity of tumour cells to
the cytotoxic effects of alkylating compounds and ionizing
radiation [53-55]. The thiol antioxidants NAC and GSH have
been found by other authors to protect human cancer cells
from the toxicity of PTX [38]. GSH level was also associated
with resistance of tumour cells towards chemotherapy
and depletion of cellular GSH has been found to result in
resistance to taxol. Moreover, buthionine sulfoximine which
is an inhibitor of glutathione synthesis, was shown to sensitize
human breast cancer cells to the toxicity of PTX [56-59].

CONCLUSION

Our results indicate the hepatotoxic effects of doxorubicin
and taxanes - paclitaxel and docetaxel, in experimental rat
model in vivo. Combination of doxorubicin with any of the
taxanes enhanced oxidative stress and caused greater changes
in investigated parameters of oxidative stress compared to
monotherapy treatment. This indicates the development of
considerable oxidative stress in liver tissue during treatment
with  doxorubicin-taxane chemotherapy and possible
involvement of oxidative stress in the hepatocyte damage. It
cannot be excluded that in the liver, similarly to the heart,
taxanes can increase conversion of doxorubicin to the more
toxic metabolite - doxorubicinol, which process can contribute

to the hepatoxicity of these drugs. However, detailed

studies on molecular mechanisms of hepatotoxic effects of
combined doxorubicin-taxanes therapy are still missing. Our
studies revealed changes in oxidative stress parameters in
the rat liver but in other tissues the observed effects can be
different. Molecular mechanisms responsible for an increase
of hepatotoxicity, cardiotoxicity and neurotoxicity of DOX-
taxanes polychemotherapy require further investigation.

ACKNOWLEDGEMENTS

This work was supported in part by Grant N 401 2337 33 of
Ministry of Science and Higher Education (Poland).

REFERENCES

1. De Rossi T, Panis C, Victorino VJ, Freitas de
Freitas L, da Silva do Amaral Herrera AC, Lourengo
Cecchini A, Cecchini R. Breast Cancer and Oxidative
Stress in Chemotherapy. Applied Cancer Research. 2009
Apr;29(4):150-6.

2. Navarro VJ, Senior JR. Drug-related hepatotoxicity.
N Engl ] Med. 2006 Feb 16;354(7):731-9.

3. Field KM, Dow M, Michael M. Part I: Liver function
in oncology: biochemistry and beyond. Lancet Oncol. 2008
Nov;9(11):1092-101.

4. Schimmel KJ, Richel DJ, van den Brink RB,
Guchelaar HJ. Cardiotoxicity of cytotoxic drugs. Cancer
Treat Rev. 2004 Apr;30(2):181-91.

5. Nicolson GL, Conklin KA. Reversing mitochondrial
dysfunction, fatigue and the adverse effects of chemotherapy
of metastatic disease by molecular replacement therapy. Clin
Expl Metastasis. 2008 Dec;25(2):161-9.

6. Lubgan D, Marczak A, Walczak M, Distel L,
Jozwiak Z. Mechanizm dziatania doksorubicyny (DOX)
— obecny stan wiedzy [Pharmacological mechanisms of
Doxorubicin activity (DOX) - current state of knowledge].
Przegl Lek. 2006;63(9):782-8. Polish.

7. Minotti G, Saponiero A, Licata S, Menna P,
Calafiore AM, Teodori G, Gianni L. Paclitaxel and docetaxel
enhance the metabolism of doxorubicin to toxic species in
human myocardium. Clin Cancer Res. 2001 Jun;7(6):1511-5.

8. Orr GA, Verdier-Pinard P, McDaid H, Horwitz
SB. Mechanisms of taxol resistance related to microtubules.
Oncogene. 2003 Oct;22(47):7280-95.

9. Vaclavikova R, Soucek P, Svobodova L, Anzen-
bacher P, Simek P, Guengerich FP, Gut I. Different in vitro
metabolism of paclitaxel and docetaxel in humans, rats, pigs,
and minipigs. Drug Metab Dispos. 2004 Jun;32(6):666-74.

10.  Ozben T. Oxidative stress and apoptosis: impact on
cancer therapy. J Pharm Sci. 2007 Sep;96(9):2181-96.

11.  Conklin KA. Chemotherapy-associated oxidative
stress: impact on chemotherapeutic effectiveness. Integr

109



110

Oxidative stress induced in rat liver by anticancer drugs

Cancer Ther. 2004 Dec;3(4):294-300.

12. Varbiro G, Veres B, Gallyas Jr F, Sumegi B. Direct
effect of taxol on free radical formation and mitochondrial
permeability transition. Free Radic Biol Med. 2001
Aug;31(4):548-58.

13.  Llesuy SF, Arnaiz
mitoxantrone  and
Aug;63(2):187-98.

14. Kwiecien I, Michalska M, Wtodek L. The selective
effect of cystathionine on doxorubicin hepatotoxicity in
tumor-bearing mice. Eur J Pharmacol. 2006 Nov;21;550(1-
3):39-46.

15.  Mitra MS, Donthamsetty S, White B, Latendresse
JR, Mehendale HM. Mechanism of protection of moderately

SL. Hepatotoxicity of

doxorubicin.  Toxicology. 1990

diet restricted rats against doxorubicin-induced acute
cardiotoxicity. Toxicol Appl Pharmacol. 2007;225:90-101.

16.  Misra HP, Fridovich I. The generation of superoxide
radical during the autoxidation of hemoglobin. J Biol Chem.
1972 Nov;247(21):6960-2.

17.  Aebi H. Catalase in vitro. Methods Enzymol.
1984;105:121-6.

18.  Ellman GL. Tissue sulthydryl groups. Arch
Biochem Biophys. 1959 May;82(1):70-7.

19. Rice-Evans CA, Diplock AT, Symons MCR.
Techniques in free radical research. In: Burdon RH, van
Knippenberg PH, editors. Laboratory Techniques in
Biochemistry and Molecular Biology. Vol. 22. Amsterdam:
Elsevier. 1991. p. 291.et al

20. Lowry JOH, Rosenbrough NJ, Farr RL, Randal RJ.
Protein measurement with the Folin phenol reagent. J Biol
Chem. 1951 Nov;193(1):265-75.

21. Rowinsky EK, Donehower RC. Paclitaxel (taxol). N
Engl J Med. 1995 Apr;332(15):1004-14.

22.  Wiseman LR, Spencer CM. Paclitaxel. An update
of its use in the treatment of metastatic breast cancer and
ovarian and other gynaecological cancers. Drugs Aging. 1998
Apr;12(4):305-34.

23.  Chu Q, Vincent M, Logan D, Mackay JA, Evans
WK. Lung Cancer Disease Site Group of Cancer Care
Ontario’s Program in Evidence-based Care. Taxanes as
first-line therapy for advanced non-small cell lung cancer: a
systematic review and practice guideline. Lung Cancer. 2005
Dec;50(3):355-74.

24. Hortobagyi GN, Pivot X, Asmar L. Anthracy-
cline-Resistant Breast Cancer. Breast Cancer. 1997 Dec
25;4(4):221 7.

25. Lyseng-Williamson KA, Fenton C. Docetaxel:
a review of its use in metastatic breast cancer. Drugs.
2005;65(17):2513-31.

26. Clarke SJ, Rivory LP. Clinical pharmacokinetics of
docetaxel. Clin Pharmacokinet. 1999 Feb;36(2):99-114.

27. Michael A, Syrigos K, Pandha H. Prostate cancer
chemotherapy in the era of targeted therapy. Prostate Cancer
Prostatic Dis. 2009;12(1):13-6.

28. Colombo T, Parisi I, Zucchetti M, Sessa C,
Goldhirsch A, D’Incalci M. Pharmacokinetic interactions
of paclitaxel, docetaxel and their vehicles with doxorubicin.
Ann Oncol. 1999 Apr;10(4):391-395.

29.  Zhou S, Palmeira CM, Wallace KB. Doxorubicin-
induced persistent oxidative stress to cardiac myocytes.
Toxicol Lett. 2001 May;121(3):151-7.

30. Kalender Y, Yel M, Kalender S. Doxorubicin
hepatotoxicity and hepatic free radical metabolism in rats
The effects of vitamin E and catechin. Toxicology. 2005
Apr;209(1):39-45.

31. Steinherz LJ, Steinherz PG, Tan CT, Heller G,
Murphy ML. Cardiac Toxicity 4 to 20 Years After Completing
Anthracycline Therapy. JAMA. 1991 Sep;266(12):1672-7.

32. Cao D, Qiao B, Ge Z, Yuan Y. Amplification loop
cascade for increasing caspase activity induced by docetaxel.
J Cell Biochem. 2005 Nov;96(4):810-20.

33. AlexandreJ, Batteux F, Nicco C, Chéreau C, Laurent
A, Guillevin L, Weill B, Goldwasser F. Accumulation of
hydrogen peroxide is an early and crucial step for paclitaxel-
induced cancer cell death both in vitro and in vivo. Int J
Cancer. 2006 Jul;119(1):41-8.

34. Park SJ, Wu CH, Gordon JD, Zhong X, Emami A,
Safa AR. Taxol induces caspase-10-dependent apoptosis. J
Biol Chem. 2004 Dec;279(49):51057-67.

35. Scaffidi C, Schmitz I, Zha J, Korsmeyer SJ,
Krammer PH, Peter ME. Differential modulation of apoptosis
sensitivity in CD95 type I and type II cells. J Biol Chem. 1999
Aug;274(32):22532-8.

36. Holmes FA, Walters RS, Theriault RL, Forman
AD, Newton LK, Raber MN, Buzdar AU, Frye DK,
Hortobagyi GN. Phase II trial of taxol, an active drug in the
treatment of metastatic breast cancer. J Natl Cancer Inst. 1991
Dec;83(24):1797-805.

37. Liebmann J, Cook JA, Fisher J, Teague D, Mitchell
JB. In vitro studies of Taxol as a radiation sensitizer in human
tumor cells. J Natl Cancer Inst. 1994 Mar;86(6):441-6.

38. Hadzic T, Aykin-Burns N, Zhu Y, Coleman MC,
Leick K, Jacobson GM, Spitz DR. Paclitaxel combined with
inhibitors of glucose and hydroperoxide metabolism enhances
breast cancer cell killing via H202-mediated oxidative stress.
Free Radic Biol Med. 2010 Apr;48(8):1024-33.

39.  Ramanathan B, Jan K'Y, Chen CH, Hour TC, Yu HJ,
Pu YS. Resistance to paclitaxel is proportional to cellular total
antioxidant capacity. Cancer Res. 2005 Sep;65(18):8455-60.

40. Powis G, Briehl M, Oblong J. Redox signalling and
the control of cell growth and death. Pharmacol Ther. 1995
68(1):149-73.

41.  Alexandre J, Batteux F, Nicco C, Chéreau C, Laurent
A, Guillevin L, Weill B, Goldwasser F. Accumulation of
hydrogen peroxide is an early and crucial step for paclitaxel-
induced cancer cell death both in vitro and in vivo. Int J
Cancer. 2006 Jul;119(1):41-8.



Pienigzek A et al.

42.  Alexandre J, Hu Y, Lu W, Pelicano H, Huang P.
Novel action of paclitaxel against cancer cells: bystander
effect mediated by reactive oxygen species. Cancer Res. 2007
Apr;67(8):3512-7.

43.  Mir O, Alexandre J, Tran A, Durand JP, Pons G,
Treluyer JM, Goldwasser F. Relationship between GSTP1
Ile(105)Val polymorphism and docetaxel-induced peripheral
neuropathy: clinical evidence of a role of oxidative stress in
taxane toxicity. Ann Oncol. 2009 Apr;20(4):736-40.

44. Karaduman D, Eren B, Keles ON. The protective
effect of beta-1,3-D-glucan on taxol-induced hepatotoxicity:
a histopathological and stereological study. Drug Chem
Toxicol. 2010 33(1):8-16.

45.  Ohlmann CH, Kohlmorgen S, Sahi D, Engelmann
U, Heidenreich A. Letaler Ausgang einer Chemotherapie mit
Docetaxel [Lethal course after chemotherapy with docetaxel.
Acute liver failure with accompanying erythema multiforme
major]. Urologe A. 2007 Oct;46(10):1425-7. German.

46. Deepa PR, Varalakshmi P. Protective effect of low
molecular weight heparin on oxidative injury and cellular
abnormalities in adriamycin-induced cardiac and hepatic
toxicity. Chem Biol Interact. 2003 Oct;146(2):201-10.

47. Starenkii VP, Vasilev LYa, Nikitchenko YuV,
Uzlenkova NE, Dziuba VN, Medvedeva EP, Dikii NP. [Effect
of subtherapeutic doses of docetaxel (taxotere) on the efficacy
of radiotherapy and pro-oxidant-antioxidant balance in rats
with Guerin’s carcinoma]. Radiats Biol Radioecol. 2003 Nov-
Dec;43(6):640-6. Russian.

48. Durak I, Karabacak HI, Biiylikkogak S, Cimen MY,
Kagmaz M, Omeroglu E, Oztiirk HS. Impaired antioxidant
defense system in the kidney tissues from rabbits treated
with cyclosporine. Protective effects of vitamins E and C.
Nephron. 1998;78(2):207-11.

49. Yang Z, Fong DW, Yin L, Wong Y, Huang W.
Liposomes modulate docetaxel-induced lipid oxidization and
membrane damage in human hepatoma cells. J Liposome
Res. 2009;19(2):122-30.

50. Guan X, Hoffman B, Dwivedi C, Matthees DP. A
simultaneous liquid chromatography/mass spectrometric
assay of glutathione, cysteine, homocysteine and their

disulfides in biological samples. J Pharm Biomed Anal. 2003
Feb 26;31(2):251-61.

51. Rahman I, MacNee W. Regulation of redox
glutathione levels and gene transcription in lung
inflammation: therapeutic approaches. Free Radic Biol Med.
2000 May;28(9):1405-20.

52. Wang W, Ballatori N. Endogenous glutathione
conjugates: occurrence and biological functions. Pharmacol
Rev. 1998 Sep;50(3):335-56.

53. Rothbarth J, Vahrmeijer AL,
Modulation of cytostatic

Mulder GJ.
efficacy of melphalan by
glutathione: mechanisms and efficacy. Chem Biol Interact.
2002 May;140(2):93-107.

54. Hamilton D, Fotouhi-Ardakani N, Batist G. The
glutathione system in alkylator resistance. Cancer Treat Res.
2002;112:67-87.

55.  Berger SJ, Gosky D, Zborowska E, Willson JK,
Berger NA. Sensitive enzymatic cycling assay for glutathione:
measurements of glutathione content and its modulation by
buthionine sulfoximine in vivo and in vitro in human colon
cancer. Cancer Res. 1994 Aug;54(15):4077-83.

56. Kramer RA, Greene K, Ahmad S, Vistica DT.
Chemosensitization of L-phenylalanine mustard by the thiol-
modulating agent buthionine sulfoximine. Cancer Res. 1987
Mar;47(6):1593-7.

57. Medh RD, Gupta V, Awasthi YC. Reversal of
melphalan resistance in vivo and in vitro by modulation
of glutathione metabolism. Biochem Pharmacol. 1991
Jul;42(2):439-41.

58. Louie KG, Behrens BC, Kinsella TJ, Hamilton
TC, Grotzinger KR, McKoy WM, Winker MA, Ozols
RF. Radiation survival parameters of antineoplastic drug-
sensitive and -resistant human ovarian cancer cell lines and
their modification by buthionine sulfoximine. Cancer Res.
1985 May;45(5):2110-5.

59. Liebmann JE, Hahn SM, Cook JA, Lipschultz
C, Mitchell JB, Kaufman DC. Glutathione depletion by
L-buthionine sulfoximine antagonizes taxol cytotoxicity.
Cancer Res. 1993 May;53(9):2066-70.

111



