
Abbreviations: pirolin (3-carbamoyl-2,2,5,5-tetramethyl-

pyrroline-1-oxyl) - PL; doxorubicin - DOX; docetaxel - DTX;

7,12-dimethylbenz(a)anthracene - DMBA; superoxide

dismutase - SOD; thiobarbituric acid-reactive substances -

TBARS; non-enzymatic antioxidant capacity - NEAC; ferric-

xylenol orange - FOX

INTRODUCTION

Doxorubicin (DOX) and docetaxel (DTX) are widely used in

chemotherapy of different types of cancers. Combination

therapy employing these drugs has been proven particularly

effective in the treatment of breast cancer (1). Anthracycline

doxorubicin is a topoisomerase II inhibitor, which intercalates

into DNA (2, 3). Its toxic effects can also be mediated through

other mechanisms including induction of apoptosis and free

radical formation (4-6).

The principal activity of docetaxel is the inhibition of

microtubule depolymerization that causes aberrant mitosis and

often leads to cell death (7). Additionally, docetaxel may evoke

oxidative stress (8).

Combination of DOX and DTX is clinically effective against

many cancers, however, potentiation of side-effects (e.g.

cardiotoxicity) is observed in most of the patients (9-11). This

undesirable effect, along with others, such as neurotoxicity,

hepatotoxicity or nephrotoxicity is mainly related to free radical

formation and oxidative damage to biological macromolecules

(12). Therefore, the inclusion of compounds with antioxidant

activity to the standard DOX-DTX chemotherapy could be a
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Combination of doxorubicin (DOX) and docetaxel (DTX) is clinically effective against many drug-refractory cancers,

nevertheless, enhanced side effects, e.g. cardiotoxicity related to oxidative damage of tissue macromolecules is

observed. Nitroxides represent an attractive class of synthetic compounds to ameliorate DOX-DTX toxicity in non-

targeted tissues due to their antioxidant and iron-oxidizing properties. The aim of the study was to define the ability of

3-carbamoylpyrroline nitroxyl derivative pirolin (PL) to mitigate oxidative damage to blood plasma proteins and lipids

induced by DOX-DTX chemotherapy in Sprague-Dawley rats bearing DMBA-induced mammary tumor. Additionally

we also evaluated: i) pro-oxidant and antioxidant activity of pirolin administered as a single agent according to different

regimens and ii) differences in biomarkers of the oxidative stress between healthy rats and rats with DMBA-induced

mammary tumors. The extent of oxidative stress was evaluated on the basis of its foremost biomarkers: thiol and

carbonyl groups, lipid peroxidation products (hydroperoxides, TBARS), activity of antioxidant defense enzyme

superoxide dismutase (SOD) and non-enzymatic antioxidant capacity (NEAC). We have found that pirolin alone

displayed dual, antioxidant and pro-oxidant activity depending on the regimen of treatment. Daily treatment for 2 weeks

increased the amount of thiols, and decreased the protein carbonyl groups. Three administrations of pirolin at 3-week

intervals did not influence thiol content but increased hydroperoxides, TBARS and carbonyl groups. Chemotherapy

employing DOX-DTX combination caused considerable oxidative stress in the plasma. Significant and dose-dependent

oxidative damage to lipids and proteins with concomitant thiol depletion were evident in treated animals. Drugs also

increased SOD activity and NEAC. Association of pirolin with DOX-DTX chemotherapy resulted in a partial

amelioration of oxidative stress generated by anticancer drugs. This study indicates that a nitroxyl compound pirolin

applied as a single agent in vivo can display both antioxidant and pro-oxidant properties but in conjunction with DOX-

DTX it is able to protect partially blood plasma against oxidative stress generated by chemotherapy. The outcome,

however, seems to be highly dependent on the ratio between the doses of employed anticancer drugs and the nitroxide.

K e y  w o r d s : chemotherapy, docetaxel, doxorubicin, nitroxide, pirolin, oxidative stress, superoxide dismutase, reactive

oxygen species

*S. Tabaczar is a recipient of D-RIM fellowship co-funded by the European Social Fund: "HUMAN - BEST INVESTMENT".



promising strategy for reduction of oxidative stress and toxicity

in non-targeted tissues.

Nitroxides, which are nontoxic, cell-permeable, low

molecular weight and stable free radicals, have been proposed as

a new class of universal antioxidants (13). They possess the

ability to undergo one-electron reduction/oxidation and shuttle

between three oxidation states forming corresponding

hydroxylamines/oxoammonium cations (14, 15). It has been

shown that nitroxides can act catalytically as SOD mimics and

pro-catalysts by stimulating catalase like activities in heme

proteins (16, 17). Moreover, nitroxides, due to their free radical

nature can interrupt chain propagating lipid peroxidation

reactions, thus prevent lipid damage (18).

Promising results from the in vitro, ex vivo and in vivo

studies, conducted in our laboratory (19-21) prompted us to

further investigation of antioxidant properties of nitroxides as

modulators of oxidative stress, generated in vivo by anticancer

drugs. Excess of reactive oxygen species (ROS) in non-targeted

tissues has been proven to be a key factor in frequent side effects

developed by patients undergoing chemotherapy (22).

In this study, we evaluated the ability of pyrroline nitroxyl

derivative pirolin (3-carbamoyl-2,2,5,5-tetramethylpyrroline-1-

oxyl) (PL) (Fig. 1) to reduce oxidative stress generated in blood

plasma of rats bearing experimental mammary tumor and treated

with a combination of doxorubicin and docetaxel, each used at

two concentrations. For this purpose, we have measured the

main biomarkers of oxidative stress such as lipid peroxidation

products (hydroperoxides, TBARS), thiol and carbonyl groups,

activity of superoxide dismutase and non-enzymatic antioxidant

capacity, NEAC).

In order to test another hypothesis that pirolin can have both

pro- and anti-oxidative effects depending on experimental

conditions we additionally evaluated activity of this nitroxide

administered as a single agent according to two different

regimens - at 3 separate doses given at 3-week intervals

(regimen A) or every day over a 2-week period (regimen B).

It is believed that generation of ROS as a consequence of

DMBA metabolism plays a role in the process of carcinogenesis.

Thus, we also tested differences in the oxidative stress-related

parameters between healthy rats and rats with DMBA-induced

tumors.

MATERIALS AND METHODS

Chemicals

Doxorubicin and docetaxel were purchased from Sequoia

Research Products Ltd., Pangbourne, United Kingdom. Pirolin

was synthesized from 3-carbamoyl-2,2,5,5-tetra-

methylpyrroline according to the protocol designed by

Rozantsev (23). Pirolin crystals were recrystallized from

ethanol, and the melting point of the crystals was measured as

203-204°C. Butylated hydroxytoluene (BHT; 2,6-di-tert-butyl-

4-hydroxytoluene), bovine serum albumin (BSA), Ellman`s

reagent (di-thio-nitrobenzoic acid, DTNB), ferrous ammonium

sulfate, 7,12-dimethylbenz(a)anthracene and D-sorbitol were

purchased from Sigma-Aldrich. Adrenaline and xylenol orange

were obtained from MP Biomedicals. Hydrogen peroxide and 2-
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Fig. 1. Chemical structure of pirolin.

Female Spraque Dawley Rats
at the age of 50 days 

a) Lower doses of DOX-DTX (n=6) 
                                                 b) Lower doses of DOX-DTX +PL (n=6) 
                                                  c) Higher doses of DOX-DTX (n=6)

   d) Higher doses of DOX-DTX+PL (n=6)

17th week – the end of experiments (collection of blood) 

10 weeks

Untreated animals with DMBA-

induced mammary tumors (n=6) 

(control group for Pirolin and chemotherapy

effects) 

Experimental groupsHealthy animals (n=6) 

(control group for DMBA effect)

Animals gavaged intragastrically 

with 20 mg DMBA in 1 ml olive oil 

Animals gavaged intragastrically 

with 1 ml olive oil 

Chemotherapy (3 courses) 

Animals with DMBA-induced mammary tumors 

PL (Regimen A, n=6)

PL (Regimen B, n=6)

5% glucose 

(vehicle for PL 

and drugs) 

Fig. 2. Graphic description

of experiment.



thiobarbituric acid (TBA) were purchased from POCH, Gliwice,

Poland. All other reagents were of the highest purity available.

Deionized Q water was used in the preparation of all solutions

(Millipore Corp., Bedford).

Animal study

1. Animals

The study was carried out on the female Sprague-Dawley rats

of average weight of 180 g (161-213 g). Free access to water and

a standard feed for laboratory rodents were provided ad libitum for

all animals. All experiments on rats were performed according to

the guiding rules published by the US National Research Council

(Guide for the Care and Use of Laboratory Animals, National

Academic Press, Washington, DC, ed. 7, 1996); 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). Experimental design was

approved by an appropriate institutional, local ethics committee.

2. Tumor induction

The induction of mammary tumors was conducted with 7,12-

dimethylbenz(a)anthrance (DMBA) as described by Barros et al.

(24). At the age of 50 days, rats were given a single intragastric

dose of 20 mg of DMBA diluted in 1 ml of olive oil. From that

moment on, the animals were examined on a weekly basis for the

appearance of palpable mammary tumors. During 10 weeks after

carcinogen administration the appearance, location and size of

tumors were regularly recorded as described by Whitsett et al.

(25). Rats that failed to develop tumor by 10 weeks after the

administration of the carcinogen were discarded. Animals,

administered with olive oil only, served as a negative control and

were marked as healthy controls. Rats that developed mammary

tumors were divided into two groups marked as: untreated

controls - rats receiving a vehicle (5% glucose) and six

experimental groups (6 animals each) - rats receiving different

treatment according to Fig. 2. All investigated compounds were

suspended in 5% glucose and administered intraperitoneally.

3. Treatment with pirolin as a single agent

Two regimens for pirolin treatment were tested:

Regimen A: 10 mg pirolin/kg b.w., 3 administrations at 3-week

intervals;

Regimen B: 10 mg pirolin/kg b.w., daily, for 2 weeks.

4. Chemotherapy with DOX-DTX combination in conjunction

with pirolin

a) chemotherapy with lower drug doses (2.5 mg DOX/kg b.w.

followed by 3.75 mg DTX/kg b.w. one hour later, 3

administrations, at 3-week intervals);

b) chemotherapy with lower drug doses and inclusion of pirolin

(2.5 mg DOX/kg b.w. and 10 mg PL/kg b.w. followed by 3.75

mg DTX/kg b.w. one hour later, 3 administrations, at 3-week

intervals);

c) chemotherapy with higher drug doses (5 mg DOX/kg b.w.

followed by 7.5 mg DTX/kg b.w. one hour later, 3

administrations, at 3-week intervals);

d) chemotherapy with higher drug doses and inclusion of pirolin

(5 mg DOX/kg b.w. and 10 mg PL/kg b.w. followed by 7.5

mg DTX/kg b.w. one hour later, 3 administrations, at 3-week

intervals).

Pirolin and drug doses were selected as the most optimal on

the basis of the pilot experiments (19).

Electron paramagnetic resonance measurements

Electron paramagnetic resonance (EPR) technique was

employed in order to check stability of pirolin in solution and its

possible interactions with doxorubicin (during experiments PL

and DOX were administered to animals together in one

solution). EPR signal of the nitroxide was measured on ESP-

300E spectrometer (Bruker, Germany) working in X-band and

equipped with the OS-9 operating system. The following

settings of the spectrometer were used: microwave frequency

9.73 GHz, microwave power 20 mW, central field 3480 G, field

modulation amplitude 80 G, field modulation frequency 100

kHz. The signal of pirolin was measured for both its water

solution and its 1:1 mixture with doxorubicin. The spectra were

recorded at the time points: 0 h, 3 h and 24 h. Capillaries with

compounds were kept in a water bath set to 20°C. Since the EPR

signal of nitroxides is well correlated with their concentration,

the amplitude of the middle field line was taken for calculations.

We did not perform measurements for interaction of DTX with

PL due to insolubility of taxanes in water solutions and inability

of their molecules to directly participate in any redox reactions.

It should be mentioned that both compounds docetaxel and

pirolin were administered to animals in a separate solution at 1-

hour interval.

Preparation of plasma samples

On the 4th day after the last course of chemotherapy, the rats

were anaesthetized and killed off by cervical dislocation.

Samples of venous blood were collected in tubes containing

EDTA. Plasma was separated by centrifugation at 1500×g for 10

min. Each sample was analyzed at least in triplicate.

Estimation of biomarkers of oxidative stress

1. Thiol groups

Total concentration of thiol groups (-SH) was measured

spectrophotometrically at 412 nm according to Ellman's method

(26). An aliquot of 100 µl of blood plasma was mixed with 100

µl of 10% SDS and 800 µl of 10 mM phosphate buffer (pH 8) and

the absorbance of the solution was measured at 412 nm (A0)

against blank. Then, 100 µl of DTNB was added followed by

incubation at 37°C for 60 min. After incubation the absorbance of

the sample was measured again at 412 nm (A1). The thiol group

concentration was calculated from a A1-A0 subtraction using a

molar extinction coefficient of 13.6×103 M-1×cm-1. Results were

expressed as nanomoles of thiol groups per mg of protein.

2. Protein carbonyl groups

Protein carbonyl groups were measured by the method of

Levine et al. (27) using 2,4-dinitrophenylhydrazine (DNPH).

Appropriate volume of blood plasma (containing 1 mg protein)

was treated with 1 ml of a 10 mM 2,4-dinitro-phenylhydrazine

dissolved in 2.5 M HCl. Samples were then incubated for 1 h at

room temperature, in the dark and stirred every 15 min. After

incubation, 1 ml of 20% trichloroacetic acid was added to each

sample, and they were left to precipitate on ice for 10 min.

Following centrifugation (3000×g, 10 min, room temperature),

the protein pellet was washed three times with ethanol and ethyl

acetate (1:1 ratio, v/v), suspended in 1 ml of 6 M guanidine-HCl

and incubated at 37°C for 30 min. The carbonyl groups were

determined from the absorbance at 370 nm (molar absorption

coefficient ε = 21×103 M-1×cm-1). Each sample was read against

the blank (6 M guanidine-HCl). Results were expressed as

nanomoles of carbonyl groups per mg of protein.
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3. Superoxide dismutase activity

Superoxide dismutase (SOD) activity was assayed in terms

of inhibition of adrenaline self-oxidation at 480 nm (28). The

maximum rate of adrenaline oxidation (0.025 A/min) was taken

as 0% inhibition. The volume of plasma which caused 50%

inhibition of adrenaline autooxidation was regarded as

containing one unit of SOD. The activity of SOD was calculated

and expressed in international units per milligram of protein.

4. Plasma non-enzymatic antioxidant capacity

The non-enzymatic antioxidant capacity (NEAC) of blood

plasma was performed by 1,1-diphenyl-2-picrylhydrazyl (DPPH)

reduction assay (29). 20 µl of blood plasma was added to 400 µl

of 0.1 mM methanol solution of DPPH. The samples were

incubated for 30 min at room temperature and absorbance was

measured at 517 nm. The antioxidant capacity of the plasma was

expressed as nmol Trolox equivalents (TE) per mg of protein.

5. Hydroperoxides

Concentration of hydroperoxides was determined by FOX-1

method with the later modification (30). FOX-1 reagent

contained 125 µM xylenol orange and 100 mM sorbitol in 25

mM H2SO4 and was freshly prepared each time before the use by

the addition of ammonium ferrous sulfate to the final

concentration of 250 µM. To perform FOX-1 assay, an aliquot of

100 µl of blood plasma was mixed with 1 ml of working FOX-1

reagent and vortexed. The samples were centrifuged (20°C,

3000×g, 10 min.) After 30 min incubation in the dark (room

temperature) absorbance of the supernatant was measured

spectrophotometrically at 560 nm against blank. The amount of

hydroperoxides was estimated from a standard curve for H2O2.

6. Thiobarbituric acid-reactive substances

Lipid peroxidation was assayed by determining the

production of thiobarbituric acid-reactive substances (TBARS)

(31). Equal volumes of plasma, 15% (w/v) trichloroacetic acid in

0.25 M HCl and 0.37% (w/v) 2-thiobarbituric acid in 0.25 M HCl

containing 2% BHT were mixed. The reaction mixture was

incubated at 100°C for 10 min. Finally, the samples were allowed

to cool, centrifuged (3000×g, 5 min, 20°C), and the absorbance

of supernatant was measured at 535 nm against blank. TBARS

content was calculated from ε=1.56×105 M-1×cm-1 and expressed

as nanomoles of TBARS per milligram of protein.

7. Assessment of protein content

The amount of protein was assayed by Lowry method (32)

from the standard curve for bovine serum albumin.

Statistical analysis

All values were expressed as a median and lower-upper

quartile range. Normality of data distribution was checked by

Shapiro-Wilk's test. Homogeneity of variance was evaluated using

the Levene's test. The statistical significance between two groups

(control rats vs. rats with DMBA-induced tumors) was assessed

by the Mann-Whitney U test. The statistical significance in

experiment with two different regimens of PL treatment was

estimated using one-way ANOVA and post hoc Tukey-Kramer

test for multiple comparisons (more than two groups). For data

that showed non-homogeneity of variance, the non-parametric

Kruskal-Wallis median test and post hoc all pairwise Connover-

Inman test were used. In section "Chemotherapy with DOX-DTX

combination in conjunction with pirolin" of the experimental

study, the parametric two-way analysis of variance was used. This

test enables the testing of possible interactions between

compounds. If the interaction occurs, the two-way, nested analysis

of variance is used, assuming that the impact of drugs is at the

higher level of importance than the impact of pirolin. Differences

were considered to be significant at least at p<0.05. The Statistica

software (StatSoft Inc., Tulsa, OK, USA) and StatsDirect software

(StatsDirect Ltd., England) were used for statistical evaluations.

RESULTS

Electron paramagnetic resonance measurements

After 24 h incubation at 20°C of Pirolin solution or its

mixture with doxorubicin we did not detect any significant

changes in the nitroxide EPR signal (data not shown). Therefore,

we conclude that in conditions of our experiments pirolin was

rather stable and no detectable direct interaction between the

molecules of a nitroxide and doxorubicin occurred.
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Healthy rats Rats with DMBA-induced mammary tumors Statistical significance of changes 

Untreated Pirolin Parameter 

 Regimen A Regimen B 

Rats with 

untreated 

tumors vs. 

healthy rats 

Pirolin  

Regimen A  

vs. untreated 

Pirolin  

Regimen B vs.

untreated 

Pirolin  

Regimen A vs. 

Regimen B 

-SH groups 

(nmol/mg protein) 
2.59 (2.54; 3.05) 6.48 (5.71; 7.28) 7.60 (7.28; 8.08) 9.56  (8.70; 0.26) p<0.01↑ NS p<0.0001 ↑ p<0.0001 

Carbonyl groups 

(nmol/mg protein) 
2.62 (2.09; 2.81) 2.96 (2.65; 3.65) 3.71 (3.67; 3.89) 2.48 (2.08; 2.76) p<0.01↑ p< 0.0041 ↑ p<0.0002 ↓ p<0.0001 

SOD 

(U/mg protein) 
0.37 (0.33; 0.43) 0.31 (0.26; 0.32) 0.34 (0.34; 0.35) 0.27 (0.26; 0.27) p<0.05↓ p<0.0002 ↑ NS p<0.0001 

NEAC 

(nmol/mg protein) 
2.5 (1.59; 2.78) 10.89 (7.79; 11.19) 34.12 (33.96; 34.23) 10.84 (8.89; 11.13) p<0.01↑ p<0.0001 ↑ NS p<0.0001 

Hydroperoxides 

(nmol/mg protein) 
0.2 (0.16; 0.22) 0.4 (0.29; 0.59) 0.90 (0.84; 1.16) 0.16 (0.13; 0.21) p<0.01↑ p<0.0001 ↑ p<0.0001 ↓ p<0.0001 

TBARS 

(nmol/mg protein) 
0.05 (0.048; 0.054) 0.08 (0.06; 0.09) 0.09 (0.08; 0.10) 0.27 (0.24; 0.30) p<0.01↑ P<0.0043 ↑ p<0.0001 ↑ p<0.0001 

Table 1. Changes in parameters of oxidative stress in healthy rats and rats with DMBA-induced mammary tumors (untreated and

treated with a nitroxyl derivative pirolin). All data are presented as a median and lower-upper quartile range. Healthy rats - rats given

a single intragastric dose of 1 ml of olive oil (a vehicle for DMBA). Rats with DMBA-induced mammary tumors - rats that developed

mammary tumors after receiving a single intragastric dose of 20 mg of DMBA diluted in 1 ml of olive oil. Untreated - rats with

DMBA-induced mammary tumors injected with a vehicle for pirolin (5% glucose), NS - non-significant.



Changes in oxidative stress-related parameters in rats with

7,12-dimethylbenz(a)anthracene-induced tumors

In rats with DMBA-induced tumors we have found significant

oxidative damage to proteins and lipids manifested by a

substantial increase in amounts of hydroperoxides (2-fold), thiol

groups (2.5-fold), TBARS (about 1.5-fold) and carbonyl groups

(1.1-fold). At the same time depletion of SOD activity and more

than 4-fold enhancement of non-enzymatic antioxidant activity

were observed (Table 1). These results suggest development of

oxidative stress in the plasma of rats bearing DMBA-induced

tumors due to the process of carcinogenesis.

Changes in oxidative stress-related parameters in rats with 7,12-

dimethylbenz(a)anthracene-induced tumors treated with pirolin

as a single agent

In order to evaluate the ability of pirolin to attenuate

oxidative stress generated in the plasma of rats during DMBA-

induced carcinogenesis we administered a nitroxide alone

according to two different protocols. Administration of a

nitroxide at 3-week intervals caused a considerable elevation

(p<0.01) of all investigated parameters (except of -SH groups)

(Table 1). This suggests a pro-oxidative effect of pirolin under

these experimental conditions. Results obtained for protocol B

(daily 2-week treatment) were less consistent and suggested both

its pro-oxidative and antioxidative activities depending on the

considered parameter. Nitroxide caused an increase in the - SH

group content and a decrease in the amount of carbonyl groups,

which might suggests its protective role on plasma proteins. On

the other hand pirolin elevated TBARS about a 3-fold which

rather pointed to significant peroxidation of plasma lipids.

Concurrently no visible effect of pirolin on SOD activity and

non-enzymatic antioxidant activity was found (Table 1).

Taking into consideration inconsistency of results obtained

for protocol B of pirolin treatment and our earlier data on the

protective effect of other nitroxide derivative (TEMPO) on

damage to rat cardiomyocytes caused by doxorubicin in vivo,
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A

B

Fig. 3. Effect of administration of combination of

doxorubicin-docetaxel and combination of doxorubicin-

docetaxel-pirolin on thiols and oxidation of proteins in

blood plasma of rats bearing DMBA-induced mammary

tumors: A: -SH groups, B: protein carbonyl groups. Each

data point is presented as a median and lower-upper

quartile range. *p<0.05 in relation to untreated animals.

Untreated - rats with DMBA-induced mammary tumors

injected with a vehicle for the investigated compounds

(5% glucose); DOX-DTX (l) - rats treated with

combination of lower doses of DOX (2.5 mg/kg b.w.)

and DTX (3.75 mg/kg b.w.); DOX-DTX (l)+PL - rats

treated with combination of lower doses of DOX (2.5

mg/kg b.w.) and DTX (3.75 mg/kg b.w.) with addition of

pirolin (10 mg/kg b.w.); DOX-DTX (h) - rats treated

with combination of higher doses of DOX (5 mg/kg b.w.)

and DTX (7.5 mg/kg b.w.); DOX-DTX (h)+PL - rats

treated with combination of higher doses of DOX (5

mg/kg b.w.) and DTX (7.5 mg/kg b.w.) with addition of

pirolin (10 mg/kg b.w.).



we decided to use protocol A in the further experiments. Earlier

we had found that in spite of its pro-oxidative effect when

applied as a single agent (an increase in TBARS), Tempo

significantly attenuated lipid peroxidation induced by

doxorubicin in cardiac muscle of rats when it was given in

conjunction with DOX (33).

Changes in oxidative stress-related parameters in rats bearing

7,12-dimethylbenz(a)anthracene-induced tumors treated with a

combination of anticancer drugs doxorubicin and docetaxel

alone and in conjunction with pirolin

1. Changes in the -SH group content

Treatment with anticancer drugs caused a considerable

decrease in the content of -SH groups, which evidenced

induction of oxidative stress and significant thiol depletion

during chemotherapy. This effect was independent on the drug

doses. Inclusion of pirolin to the treatment had no influence on

these changes (Fig. 3, 3A).

2. Estimation of protein carbonyl groups

The amount of protein carbonyl groups in blood plasma of

healthy rats was estimated as 2.62 (2.09; 2.81) nmol/mg protein

(Table 1). Similar amount of carbonyl groups was found in rats

receiving low doses of DOX-DTX independently whether the drugs

were used alone or in conjunction with pirolin. Instead, an elevated

content of carbonyl groups was found in rats receiving higher doses

of DOX-DTX and rats administered with higher doses of DOX-

DTX with the addition of PL. Pirolin displayed some kind of

protective activity only in combination with the higher drug doses

as the amount of carbonyl groups evoked by higher doses of DOX

and DTX in respect to untreated controls was reduced by 25% when

pirolin was included in the treatment (Fig. 3, 3B).

3. Superoxide dismutase and non-enzymatic antioxidant

capacity activities

Elevated SOD activity in respect to untreated controls was

found in rats receiving chemotherapy (Fig. 4, 4A). Addition of
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A

B

Fig. 4. Effect of administration of combination of

doxorubicin-docetaxel and combination of doxorubicin-

docetaxel-pirolin on activity of superoxide dismutase and

plasma non-enzymatic antioxidant capacity (NEAC) of

rats bearing DMBA-induced mammary tumors: A: SOD,

B: NEAC. Each data point is presented as a median and

lower-upper quartile range. *p<0.05 in relation to

untreated animals. Untreated - rats with DMBA-induced

mammary tumors injected with a vehicle for investigated

compounds (5% glucose); DOX-DTX (l) - rats treated

with combination of lower doses of DOX (2.5 mg/kg

b.w.) and DTX (3.75 mg/kg b.w.); DOX-DTX (l)+PL -

rats treated with combination of lower doses of DOX (2.5

mg/kg b.w.) and DTX (3.75 mg/kg b.w.) with addition of

pirolin (10 mg/kg b.w.); DOX-DTX (h) - rats treated

with combination of higher doses of DOX (5 mg/kg b.w.)

and DTX (7.5 mg/kg b.w.); DOX-DTX (h)+PL - rats

treated with combination of higher doses of DOX (5

mg/kg b.w.) and DTX (7.5 mg/kg b.w.) with addition of

pirolin (10 mg/kg b.w.).



PL to the DOX-DTX treatment, employing lower drug doses,

caused further elevation of SOD activity while no such effect

was found for the combination of a nitroxide with the higher

drug doses.

Significant elevation of NEAC, expressed in nanomole

equivalents of Trolox, was observed in all experimental groups

as compared to untreated controls (Fig. 4, 4B).

Although doxorubicin and docetaxel, independently on the

dose, generated considerable increase in NEAC, higher value of

this parameter was observed in rats receiving lower doses of

anticancer drugs. This effect was further enhanced by the

addition of pirolin.

4. Oxidative damage to lipids

4.1 Estimation of hydroperoxides

The amount of hydroperoxides estimated in untreated

controls was equal to 0.4 (0.29; 0.59) nmol/mg protein. It became

significantly elevated (about 2.5-fold) in rats administered with

lower doses of anticancer drugs. Strikingly greater changes

(about a 7-fold rise in relation to untreated controls) were found

in rats treated with higher doses of DOX-DTX.

Inclusion of PL to chemotherapy employing lower drug

doses enhanced DOX-DTX effect and led to a further

augmentation of hydroperoxides. At the same time pirolin

injected concurrently with higher doses of DOX-DTX did not

show any significant effects (Fig. 5, 5A).

4.2 Measurement of thiobarbituric acid-reactive substances

(TBARS)

Lipid peroxidation in blood plasma was further evidenced

by the formation of TBARS (Fig. 5, 5B). Higher level of

TBARS was observed in rats receiving drugs alone. It is worth

mentioning that PL showed partial protection against lipid

peroxidation induced by lower doses of DOX and DTX.

Nitroxide was ineffective in protection of plasma lipids against

prooxidative activity of these anticancer drugs when they were

applied at higher doses.

159

B

A

Fig. 5. Effect of administration of combination of

doxorubicin-docetaxel and combination of doxorubicin-

docetaxel-pirolin on lipid peroxidation in blood plasma

of rats bearing DMBA-induced mammary tumors: A:

hydroperoxides, B: TBARS. Each data point is

presented as a median and lower-upper quartile range.

*p<0.05 in relation to untreated animals. Untreated - rats

with DMBA-induced mammary tumors injected with a

vehicle for investigated compounds (5% glucose);

DOX-DTX (l) - rats treated with combination of lower

doses of DOX (2.5 mg/kg b.w.), DTX (3.75 mg/kg b.w.);

DOX-DTX (l)+PL - rats treated with combination of

lower doses of DOX (2.5 mg/kg b.w.) and DTX (3.75

mg/kg b.w.) and pirolin (10 mg/kg b.w.); DOX-DTX (h)

- rats treated with combination of higher doses of DOX

(5 mg/kg b.w.) and DTX (7.5 mg/kg b.w.); DOX-DTX

(h)+PL - rats treated with combination of higher doses

of DOX (5 mg/kg b.w.), DTX (7.5 mg/kg b.w.) and

pirolin (10 mg/kg b.w.).



DISCUSSION

Chemotherapy is an essential step of cancer treatment. An

optimal protocol usually employs two or more drugs, since such

treatment is correlated with better therapeutic efficacy. On the

other hand, polychemotherapy may show greater toxicity toward

non-targeted tissues. Numerous undesirable effects such as fatal

cardiomyopathy and free radical formation with depletion of

detoxifying enzymes leading to significant oxidative stress have

been found for combination therapy involving two or more

drugs, e.g. doxorubicin and taxane (34).

Doxorubicin can evoke significant oxidative stress (35) and

such a mechanism of docetaxel activity has also been suggested

(36). Doxorubicin quinone moiety easily undergoes one electron

redox cycling with molecular oxygen (37). The resulting

compound is superoxide, which can produce highly reactive

oxygen species such as hydroxyl radical or peroxynitrite (38).

Doxorubicin can also form complexes with iron to produce ROS

(39). Moreover, taxanes promote conversion of doxorubicin to

the toxic metabolite doxorubicinol and thus can enhance toxicity

of anthracycline (40).

Our study was designed to support the hypothesis that

combined doxorubicin-docetaxel chemotherapy causes

oxidative damage in the blood plasma that can be attenuated by

a synthetic putative antioxidant pirolin (pyrroline nitroxyl

derivative), administered in conjunction with these drugs.

Oxidative stress in the plasma is potentially dangerous to

different organs, because of impairment in the proteins,

including transporters of hormones, nutrients and other

substances that may be insufficiently supplied. Therefore, the

application of compounds with antioxidant properties is of the

highest interest. Based upon the fact that nitroxides present

assortment of antioxidative properties, we hypothesized that

inclusion of pirolin in DOX-DTX treatment may ensure

protection against oxidative damage to plasma constituents.

The efficacy of pirolin as chemoprotector was evaluated on

the basis of changes in the major biomarkers of oxidative damage

to proteins and lipids such as carbonyl and thiol groups,

hydroperoxides and low molecular weight end products TBARS.

Amount of carbonyl and thiol groups in blood plasma are

considered as useful biomarkers of oxidative protein damage and

an increase in carbonyl groups has been shown in a variety of

diseases and processes (41, 42). In contrast, either an increase or a

decrease in the amount of -SH groups has been reported. Elevation

of -SH group content has been explained on the basis of their

defensive role and ability to undergo redox reversible thiol-

dithiols exchange in order to mediate the oxidant-induced stress

(43). In turn, a decrease in the amount of thiol groups can suggest

depletion of thiols in conditions of extensive oxidative stress (44).

Since plasma antioxidant system comprises of both

enzymatic and non-enzymatic mechanisms, we also measured

total non-enzymatic antioxidant capacity of plasma and activity

of SOD as the first line of defense against superoxide radicals.

Changes in oxidative stress-related parameters in untreated rats

with 7,12-dimethylbenz(a)anthracene-induced tumors

We have observed an increase in the amount of both carbonyl

and thiol groups in blood plasma of rats with DMBA-induced

mammary tumors that have not been treated with any of the

investigated compounds. It has been shown previously that under

oxidizing conditions, associated with persistent stress, the amount

of low-molecular-weight thiols may increase due to the release of

cellular glutathione (45). An increase in the content of thiols may

be also due to the activity of thioredoxin, which preserves the

reduced state of protein -SH groups (46). In untreated rats with

DMBA-induced tumors we also observed a significant increase in

lipid peroxidation products with a concomitant decrease in SOD

activity, which confirm data of other authors showing that

oxidative stress is associated with the processes of carcinogenesis

and tumor development (47). On the other hand an increase of

NEAC in the plasma of DMBA-treated rats found in our study

could suggest some pathological changes in the renal or hepatic

physiology. It has been found, for example, that in patients with

chronic renal failure the level of reducing potential of plasma was

significantly elevated (48, 49). It is linked to an increase of uric

acid, which amount is of the utmost importance for the plasma

total antioxidant activity. An increase of this compound has been

found after DMBA administration in rats (50).

Effects of pirolin administered as a single agent on rats bearing

7,12-dimethylbenz(a)anthracene-induced tumors

Considering different data on dual (antioxidant and pro-

oxidant) properties of nitroxides, dependently on the model of

study and experimental conditions (21, 51), we additionally

investigated the effect of the mode of pirolin administration on

oxidative status of blood plasma.

Two protocols of treatment with pirolin have been applied.

Employment of protocol A resulted in an increase in the amount

of protein carbonyl groups while protocol B led to reduction of

their amount to the level of healthy controls.

Treatment with pirolin induced an increase in the TBARS

level (about 2-fold greater for protocol B), indicating that this

nitroxide, despite its potential protective effect on protein, can

provoke lipid peroxidation. Parallel, about 2-fold elevation in the

hydroperoxides was present when pirolin was applied according

to protocol A. Protocol B caused opposite effect - about a 2-fold

decrease of hydroperoxides which reached the level found in

healthy controls. The observed discrepancy in these results may

be interpreted by the nature of hydroperoxides. They are the

primary and unstable products of lipid peroxidation process and

may undergo secondary reactions giving the end products of

peroxidation - TBARS. Indeed, we observed significantly higher

level of TBARS in the group of rats treated with PL according to

protocol B. Our and other studies suggest that it cannot be

concluded on the basis of the amount of hydroperoxides only

about the extent of lipid damage (52). The selective effect of

pirolin on lipids also shows that these biomolecules are the most

vulnerable to the attack of reactive oxygen species (53). We did

not find any significant changes in both the activity of SOD and

NEAC in respect to untreated rats after administration of PL

according to protocol B, while an increase in these activities was

evident at the treatment using protocol A. Taken together, these

results suggest both antioxidative and pro-oxidative effects of

pirolin in vivo depending on the cumulative dose of the nitroxide

and the regimen of treatment.

Dual character of nitroxyl derivatives has been described in

many papers (51, 54). The pro-oxidative properties of pirolin

found in our study could be attributed to the ability of nitroxides

to shuffle between three oxidation states and formation of

strongly oxidizing agent, i.e. oxoammonium cations. These

oxidized forms of nitroxides can mediate damage to the

biomolecules in some conditions (55). It has been shown

previously that nitroxides may also evoke oxidative stress

depending on the experimental model (56). In human cancer

cells, nitroxide TEMPO caused an increase in hydrogen

peroxide production (57). Thus, it may be possible that a similar

effect of nitroxide appeared in our study.

Effects of doxorubicin-docetaxel chemotherapy

Combined DOX-DTX chemotherapy generated oxidative

damage to plasma proteins only when the drugs have been used
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at higher doses. In this group of animals about a 2-fold increase

in protein carbonyl groups with a concomitant depletion of blood

plasma thiols in respect to untreated controls was found. Lower

drug doses caused a decrease in the amount of carbonyl groups,

which may suggest efficient antioxidant activity of thiols

allowing restoration of oxidatively damaged molecules. Thiol

pool drastically decreased after treatment with both higher and

lower drug doses. Free radicals generated by DOX can also

promote oxidation of thiol groups (58). The observed reduction

of the amount of -SH groups may also confirm the effectiveness

of chemotherapy, i.e. drugs may provoke an adaptive response as

an increase in nonprotein antioxidant capacity. Such effect was

observed in cancerous patients (59).

Combined DOX-DTX treatment induced a dose-dependent

increase in lipid peroxidation. In our study rats treated with

chemotherapy employing higher drug doses displayed significant

higher level (2-3-fold) of both lipid peroxidation biomarkers

compared to the chemotherapy with lower drug doses.

Both lower and higher drug doses caused a significant

increase of plasma antioxidant capacity and SOD activity.

Non-enzymatic antioxidant capacity (NEAC) or total

antioxidant capacity of plasma (TCP) depends on

concentration of several low molecular weight antioxidants

such as ascorbic and uric acids, α-tocopherol, bilirubin, thiols

and other undefined substances. Observed elevation of NEAC

after DOX-DTX administration in our study is in agreement

with findings reported by other authors, where an increase of

bilirubin (approx. 4-fold) (60) and uric acid (approx. 2-fold)

was found after DOX treatment (61). Other studies indicated

higher total antioxidant status (TAS) in blood plasma of

patients with chronic kidney disease, which was probably

influenced by an increase of uric acid level (62). In our study,

doxorubicin and docetaxel might induce damage of renal and

hepatic functions, probably reflected in increased bilirubin and

uric acid plasma levels. On the other hand, an increase of

NEAC and SOD activity can be also a consequence of the

response of an organism to oxidative stress induced by

anticancer drugs. This outcome suggests that significant

oxidative injury caused by high DOX-DTX doses in our

experimental conditions could not be counterbalanced by

antioxidant defense systems. Our results also confirm previous

reports on doxorubicin and docetaxel related toxicity to lipids

(63, 64).

In summary, the polychemotherapy employing doxorubicin

and docetaxel results in the modification of biochemical

parameters. The observed increase in the lipid and protein

oxidation markers after DOX-DTX administration strongly

indicates the role of chemotherapy in induction of oxidative

stress, which may account for some of the side effects of cancer

treatment. The finding that higher doses of DOX and DTX

evoked more insult to the biomolecules is in line with the reports

showing that higher cumulative dose of drugs results in more

non-targeted tissue damage (63, 64).

Effects of pirolin on oxidative stress induced by doxorubicin-

docetaxel chemotherapy

Some antioxidant activity of pirolin was observed in relation

to blood plasma proteins when a nitroxide was used in conjunction

with higher doses of DOX and DTX. About 25% decrease in

protein carbonyls in rats concurrently treated with DOX, DTX and

PL was found in respect to rats receiving combination of both

drugs without addition of pirolin. This effect of a nitroxide was not

seen in the group of rats treated with lower drug doses.

Combination of PL with lower doses of drugs elicited greater

decrease of TBARS compared with the group of animals

administered with higher doses of DOX-DTX. However, the

level of these products was still far above control. No such

antioxidant properties of PL were observed in regard to

hydroperoxides. Conversely, addition of a nitroxide to the lower

doses of DOX-DTX caused a further increase in hydroperoxides.

Pirolin was relatively inefficient in preservation of lipids in the

case of the higher doses of DOX-DTX, which may suggest that

its concentration was too low to counterbalance induced

oxidative damage to these macromolecules. Lack of pirolin

protection may be also explained by the free radical nature of

nitroxides. It is possible that the conditions created in the plasma

after chemotherapy promoted reduction of nitroxides beyond the

stage of hydroxyloamines thus affecting antioxidant properties

of these compounds. There is, for example, a report presenting

that harmful glutathionyl radical GS� reacts with nitroxides to

provide secondary amines (66).

Addition of PL to DOX-DTX evoked a significant increase

in SOD activity only when lower drug doses were used.

The results regarding the action of a nitroxide administered

together with DOX-DTX chemotherapy suggest that pirolin

could be a modulator of oxidative stress generated by these drugs.

Its inclusion in DOX-DTX chemotherapy can partially protect

blood plasma proteins and lipids against oxidative damage

generated by these drugs. Further investigation is needed in order

to establish optimal doses and treatment regimen to ensure best

protection. It should be underlined that equally carcinogen and

antioxidant/prooxidant effects in vivo are strongly related to

changes in expression of numerous genes encoding proteins,

which are involved in various biological processes. This may

result in deregulation of many important pathways. Some of them

might lead to tumor development and progression and

disturbances in oxidative status of cells. Recently, the dog-

specific cDNA microarray was used by Rao et al. (67) to

investigate altered gene expressions in progestin-induced canine

mammary hyperplasia (CMH) and in spontaneous canine

mammary tumors (CMC). They showed that main genes, which

expression were altered in CMH were those involved in cell

proliferation and process of cell migration. Upregulation of

expression was observed in the case of genes, which were

involved in stimulation of cell proliferation and inhibition of

apotosis, whereas downregulation of expression was found in the

case of genes encoding positive regulators or factors responsible

for the impediment of growth. Moreover, gene encoding carbonyl

reductase-3 was upregulated in both, progestin-induced canine

mammary hyperplasia (CMH) and in spontaneous canine

mammary tumors (CMC). It should be mentioned that the

product of this gene is involved in doxorubicin conversion into

cardiotoxic alcoholic metabolites and its SNP mutation is also

linked to the risk of cardiomyopathy development after

doxorubicin treatment (68).

Other mechanism of antioxidants action is their effect on

DNA synthesis, damage and repair. Comparison of cellular and

tissue transcriptional profiles in canine mammary tumors

revealed significant changes in expression of genes involved in

signal transduction, protein, nucleotide and nucleic acid

metabolism (69). Notably, the gene expression profiles in cell

cultures derived from tumors of two different origins

(chondrosarcoma and adenocarcinoma) were very much alike to

that in parental tumors in vivo.

The result obtained in pancreatic PANC-1 carcinoma cells

by Sliwinska et al. (70) after their treatment with gliclazide, a

second-generation sulfonylurea with potential antioxidant

properties, suggest that the protective effect of this compound

might be partially connected with stimulation of DNA repair e.g.

expression of NHEJ genes. We might, therefore, speculate that

the effect of the nitroxide observed in our study could be the

outcome of both its direct free radical scavenging properties and

induced differential gene expression.
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