
INTRODUCTION

Anticancer therapy employing doxorubicin (DOX) and the
taxanes paclitaxel (PTX) and docetaxel (DTX) is burdened by
serious side-effects, e.g. neurotoxicity (1) and reactive oxygen
species (ROS) have been shown to play an indisputable role in
the development of these side-effects (2, 3). Oxidative stress
(OS), induced by DOX, is considered to underlie the cognitive
impairment (CI) experienced by up to 75% of cancer survivors
treated with DOX (4, 5). Oxidative stress-induced depletion of
reduced glutathione (GSH) and impairment in the activities of
GSH-related enzymes have been suggested to be responsible for
CI in DOX-treated mice (6). Doxorubicin-induced OS,
neuroinflammation and apoptosis have been indicated as
causative for depressive-like rat behaviors (7). Cognitive
impairment, evoked by chemotherapy, including DTX or PTX,
has been also reported in clinical investigations (8) and confirmed
in rodents (9)), suggesting the involvement of OS and oxidative
DNA damage and repair in this neurotoxic effect (3, 10).

Recent data indicate that DOX, PTX and DTX can cross the
blood-brain barrier (BBB) in limited amounts, which are

sufficient to adversely affect the brain and induce toxic effects
on the central nervous system (CNS) (9, 11, 12). Increased BBB
permeabilization and the disturbance of its functions have been
demonstrated under OS conditions (13), and ROS production
has been shown to participate in DOX-, PTX- and DTX-induced
neuronal degeneration (2, 3). An increase in 4-hydroxy-2-
nonenal (4-HNE), one of the main products of lipid peroxidation
(LPO), has been discovered in the brains of mice receiving DOX
(14). The generation of ROS has been also suggested to be a key
mechanism responsible for the genotoxic effects of DOX (e.g.,
in rat hearts (15)).

Doxorubicin by itself weakly induces cellular defense
against OS (16), but ROS and products of their reactions are
relatively strong inducers of various signaling pathways. DOX
can generate ROS, deplete GSH and activate nuclear factor κB
(NF-κB) in isolated rat neurons (17). The primary cell-protective
pathways involve the nuclear factor E2-related protein 2 (Nrf-2),
the antioxidant responsive element (ARE) (18), p53, NF-κB and
Forkhead transcription factors (FOXO) (19). ROS, produced by
drugs, activate p53 and result in additional ROS production and
the induction of apoptosis. Under OS conditions, FOXO
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The anticancer drugs doxorubicin (DOX), paclitaxel (PTX) and docetaxel (DTX) have been proven to induce oxidative
stress (OS)-dependent side-effects in non-targeted tissues. In normal conditions, the blood-brain barrier (BBB)
prevents these drugs from penetrating into the brain. However, some studies have demonstrated that small amounts of
DOX can penetrate the brain via an oxidatively impaired BBB and cause damage, which suggests that including
antioxidants in chemotherapy could possibly protect the brain against the toxicity of anticancer drugs. We investigated
whether DOX, DTX and PTX can induce oxidative damage in rat brains in vivo and whether inclusion of the nitroxyl
antioxidant Pirolin (PL) to DOX/taxane chemotherapy can protect the brain from the OS toxicity of these drugs. Wistar
rats received i.p. a single dose (10 mg/kg b.w.) of DOX, DTX, PTX or PLalone or a combination of a drug + PL. After
four days, the rats were anesthetized, the brains were excised, homogenized and used for the measurements of lipid
peroxidation (LPO), thiol groups, activities of antioxidant enzymes, DNAdamage and tumor necrosis factor-α (TNF-
α), neuronal nitric oxide synthase (nNOS) and poly (ADP-ribose) polymerase-1 (PARP-1) expression. The results were
analyzed using the Kruskal-Wallis and Conover-Inman tests or ANOVA and the Tukey-Kramer test. Doxorubicin, PTX
and DTX induced OS, DNAdamage and changes in expression of TNF-α, nNOS and PARP-1 in the rat brain. Pirolin
alone increased LPO, manganese superoxide dismutase (MnSOD) and catalase (CAT) activities and the expression of
PARP-1 but decreased TNF-α expression. PL, in combination with anticancer drugs, partially protected the rat brain
against the toxic effects of DOX and taxanes. The best protective effects of PLwere obtained with PTX. Pirolin
partially attenuated brain damage caused by DOX/taxanes, highlighting its potential application in protecting the brain
against DOX-, DTX- and PTX-evoked OS.
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upregulate antioxidant enzymes catalase (CAT) and manganese
superoxide dismutase (MnSOD), contributing to a decrease in
ROS (20). During the inflammatory response, NF-κB regulates
genes for cytokines, e.g. tumor necrosis factor-α (TNF-α).
Furthermore, its effects include MnSOD and B Cell Lymphoma
2 (Bcl-2) regulation (19).

TNF-α has been suggested to be a major mediator inducing
further cytokine production, BBB damage and brain
inflammation via the activation of microglia. TNF-α can dually
influence the CNS (21), initiating both cell survival or apoptotic
pathways via TRADD and FADD domains and the activation of
caspase-8, NF-κB and JNK (c-Jun N-terminal kinase) (22).
DOX has been shown to oxidize apolipoprotein A1 (APOA1) in
mice and human blood plasma, which stimulates TNF-α release
by macrophages and increases its level in plasma (23). TNF-α is
transported into the brain, where it induces inflammation and
apoptosis (5).

One of the crucial signaling ROS is NO, which is produced
by nitric oxide synthases (NOS). The dual role of neuronal NOS
(nNOS), expressed through inhibition of oxidases (24, 25), has
been demonstrated for the regulation of the myocardial redox
environment and the attenuation of unfavorable heart
remodeling or the contribution to an increase in ventricular wall
thickness (26). NO has also been shown to inhibit cytochrome
oxidase in the brain tissue (27), but the role of nNOS in the
neuronal toxicity of anticancer drugs remains unknown.

An important target of ROS attack is DNA, whose damage
activates processes and signaling pathways leading to cell cycle
arrest and apoptosis. Poly(ADP-ribosylation) of nuclear
acceptors by DNA-binding poly (ADP-ribose) polymerase-1
(PARP-1) accompanies the formation of DNAlesions. Binding
of cleaved PARP-1 fragments to DNAstrand breaks inhibits
repair enzymes and conserves ATP(28).

Increased BBB permeabilization under conditions of OS, the
influx of anticancer drugs into the brain and CNS oxidative
damage induced by DOX, DTX and PTX indicate the need for
the application of effective antioxidative neuroprotector(s) (29).
This approach may be more beneficial than reducing drug
dosages and effectiveness. The rationale for this hypothesis is
based on the results of studies showing that 4-HNE causes
inactivation of neuronal enzymes, DNAlesions (30),
interruption of BBB integrity (13, 31) and apoptosis in mouse
and human hearts through apoptosis-inducing factor,
mitochondria associated 2 (AIFm2), which can be attenuated by
superoxide dismutase (SOD) mimics (32). Antioxidant 2-
mercaptoethane sulfonate (Mesna) reduced plasma levels of
TNF-α and its soluble receptors in patients receiving DOX-
based chemotherapy (33). Therefore, we assume that non-
immunogenic, BBB-permeable (34) and non-toxic nitroxides
could play a neuroprotective role, the more that they perform as
SOD mimics (35) and have been shown to prevent or attenuate
oxidative damage in various models (36, 37). Despite some
studies demonstrating in vivo protection of brain cells by
nitroxides (38, 39), their capability to attenuate the CNS toxicity
of DOX, DTX and PTX has not yet been widely investigated.
Therefore, the aim of our preliminary study was to verify
whether these chemotherapeutics induce oxidative damage in rat
brains in vivo and whether the five-membered pyrroline
nitroxide Pirolin (PL) can act as a neuroprotector in the rat CNS.
In our animal model, Wistar rats were treated with DOX, PTX or
DTX, applied alone or in combination with PL. We analyzed the
brain homogenates for the representative OS biomarkers: lipid
hydroperoxides, thiobarbituric acid-reactive substances
(TBARS), thiol groups (-SH) and the activity of antioxidant
enzymes SODs and CAT. To gain deeper insights into the
mechanisms of OS-induced CNS damage and its protection by
PL, we also investigated the genotoxic effects of DOX, DTX,

PTX and PL by measuring DNAdamage as well as the
expression of some of the key components of ROS and
protective signaling pathways: nNOS, TNF-α and PARP-1. To
the best of our knowledge, there have been no studies focusing
on the neuroprotective properties of PLagainst OS-induced CNS
damage evoked by DOX and taxanes; revealing these properties
is the novelty of our study.

MATERIALS AND METHODS

Materials

Sequoia Research Products Ltd., Pangbourne, United
Kingdom was a provider of doxorubicin, paclitaxel and
docetaxel. The Rozantsev protocol was used to synthesize
Pirolin from 3-carbamoyl-2,2,5,5-tetramethylpyrroline (40). The
nitroxide crystals were recrystallized from ethanol and purity of
PL was checked by the measurement of its melting point (203 –
204°C). Acrylamide, N,N’-methylenebis(acrylamide), butylated
hydroxytoluene (BHT; 2,6-di-tert-butyl-4-hydroxytoluene),
bovine serum albumin (BSA), ferrous ammonium sulfate,
collagenase, 4’,6-diamidino-2-phenylindole (DAPI), D-sorbitol,
Ponceau S, DL-dithiothreitol, Hanks’balanced salt solution
(HBSS), low melting point (LMP) agarose, normal melting point
(NMP) agarose and phosphate buffered saline (PBS) were
purchased from Sigma-Aldrich. Bromophenol blue, Coomassie
Brilliant Blue R 250, TEMED, Tween® 80, sodium dodecyl
sulfate, Roti®-Mark 10-150 were from Carl Roth GmbH,
Germany. The adrenaline and xylenol orange (XO) were
obtained from MP Biomedicals. Ammonium persulfate,
hydrogen peroxide (H2O2), 2-thiobarbituric acid (TBA),
Tris(hydroxymethyl)aminomethane and glycine were obtained
from POCH, Poland. All other reagents were of the highest
purity available. Deionized Q water was used in the preparation
of all solutions (Millipore Corp.).

We used a UV-VIS spectrophotometer (Pharmacia Bio-
Tech) to measure the corresponding absorbances, specific for
each of the methods that we employed to determine the content
of hydroperoxides, TBARS, thiol groups and protein
concentration. We performed kinetic measurements in enzyme
assays using a CARY 50 spectrophotometer (Varian Inc.,
Australia).

The comet analysis was performed using an Eclipse
fluorescence microscope (Nikon, Tokyo, Japan) equipped with a
COHU-4910 video camera (Cohu, San Diego, CA) and a UV-1
filter block (an excitation filter of 359 nm and a barrier filter of
461 nm). The percentage of DNAin the comet tail (% tail-DNA)
was calculated using image analysis software Lucia-Comet v.
4.51 (Laboratory Imaging, Prague, Czech Republic).

Animals and experimental design

The study was carried out on adult (2-month-old) male
Wistar rats weighing 180 – 220 g. The animals were housed with
free access to water and fed a standard diet. The rats were
divided into one control (vehicle-treated) and seven
experimental (anticancer drug/Pirolin-treated) groups with five
animals in each group. A vehicle (1 ml of 5% glucose) and a
single dose of 10 mg in 1 ml of 5% glucose of each
compound/kg body weight were injected i.p. once on the first
day of the experiment (Fig. 1). Four days after injection (Fig. 1),
all of the rats were sacrificed.

The experimental setting included the following groups:
vehicle-treated rats (group 1, control); compound-treated rats:
PL (group 2), DOX (group 3), DTX (group 4), PTX (group 5),
DOX + PL(group 6), DTX + PL(group 7) and PTX + PL(group
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8). Doses of DOX, DTX and PTX were calculated as
corresponding to those applied in chemotherapy for human
breast cancer (41) and based on the formula that made it possible
to estimate a dose appropriate for animal studies (42). The 10
mg/kg b.w. dose of PLand the four-day period of time (Fig. 1)
between the injection of the compounds and the sacrifice of the
rats were selected on the basis of our earlier study, which
investigated the effect of this nitroxide against OS induced by
the same dose of DOX in heart myocytes in vivo and indicated
protective properties of PL(37). No reactions between PLand
DOX occurred in solution, as checked by the electron
paramagnetic resonance (EPR) technique (43).

We adhered to the rules described in the European
Communities Council Directive (86/609/EEC from 24
November 1986) and the National Institutes of Health guide for
the care and use of laboratory animals (NIH Publications No.
8023, revised 1978). The experimental procedures were
designed to minimize animal suffering, and we reduced the
number of animals that we used considering that this study is
preliminary. The experiments were carried out under the
approval of the appropriate institutional local ethics committee.

Preparation of brain tissue samples for biochemical analyses

On the fourth day after injection (Fig. 1), all of the rats were
anesthetized and sacrificed by cervical dislocation. The whole
brains were excised, washed with 0.9% NaCl and weighed. Part
of the brain (fresh tissue) was taken for the comet assay analysis
and the remaining part was frozen on solid CO2 and then stored
at –80°C until analysis. Immediately before the biochemical
analyses, each of the frozen brains was mixed with cold (4°C)
1.15% KCl (9 ml of KCl per gram of tissue) and homogenized
with the mechanical rotor-stator homogenizer. The homogenate
was centrifuged at 3,000g for 10 min at 4°C and the supernatant

was used for the biochemical assays. All of the biochemical
measurements were performed in triplicate.

Biochemical analyses

1. Lipid peroxidation - hydroperoxide content

We used the ferrous oxidation-xylenol orange (FOX) assay
of Gay and Gebicki (44) to measure the hydroperoxide
concentration. In brief, the appropriate volumes of reagents at
the final concentrations of 25 mM H2SO4, 125 mM xylenol
orange, 100 mM D-sorbitol, and 250 mM ferrous iron were
mixed with the brain tissue homogenate in a volume of 1 ml.
After 30 min incubation in the dark, the samples were
centrifuged (3,000g, 5 min, 20°C) and absorbance of the
supernatant was read at 560 nm against blank probe (water and
XO/Fe2+). The standard curve was constructed for fixed
concentrations of t-butyl hydroperoxide and the content of
hydroperoxides was calculated and expressed in nanomoles per
milligram of protein.

2. Lipid peroxidation - thiobarbituric acid-reactive substances
(TBARS) level

The amount of TBARS in the brain tissue was assayed using
the protocol of Rice-Evans et al. (45). Briefly, tissue
homogenate and 15% trichloroacetic acid in 0.25 M
hydrochloric acid (HCl) were mixed in the 1:1 ratio and
incubated for 10 min on ice. Then, the samples were centrifuged
for 5 min at 3,000g and 4°C in order to remove the proteins.
Equal volumes of supernatant and 0.37% TBA in 0.25 M HCl
containing 2% BHTwere mixed, and the reaction mixture was
incubated at 100°C for 10 min. After cooling and a short
centrifugation (3,000g, 5 min, 20°C), the absorbance of
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Fig. 1. Time course of the in vivo experiments (for details see the Materials and Methods sections). Two-month-old, male Wistar rats
were divided into one control and seven experimental groups with five animals in each group. On the first day of the experiment,
rats in the control group were injected i.p. a vehicle (1 ml of 5% glucose), whereas rats in experimental groups - a single dose of 10
mg/kg b.w. of each compound in 1 ml of 5% glucose. The experimental setting included the following groups: group 1 (control);
group 2 - Pirolin (PL); group 3 - doxorubicin (DOX); group 4 - docetaxel (DTX); group 5 - paclitaxel (PTX); group 6 – DOX + PL;
group 7 – DTX + PLand group 8 – PTX + PL. Four days later, all rats were sacrificed, the brains were excised, frozen, and stored
at –80°C until homogenization and biochemical analyses.



supernatant was measured at 535 nm against the reaction blank
(chemicals without tissue homogenate). The amount of TBARS
in the samples was calculated from the molar absorption
coefficient ε = 1.56 × 105 M–1cm–1 and expressed as nanomoles
of TBARS per milligram of protein.

3. Thiol group content

The content of thiol groups was measured
spectrophotometrically at 412 nm according to Ellman’s method
(46) and calculated as nanomoles of -SH groups per milligram of
protein, using a molar extinction coefficient of 1.36 × 104

M–1cm–1.

4. Superoxide dismutase activity

We applied the Misra and Fridovich (47) assay to measure
SOD activity. The rate of adrenaline autooxidation in a sample
containing adrenaline alone and the rate of adrenaline oxidation
in samples containing adrenaline and brain tissue homogenate
were measured spectrophotometrically at 480 nm. The
maximum rate of adrenaline oxidation (0.025 A/min) was taken
to be 100% (0% inhibition of adrenaline oxidation). The amount
of homogenate resulting in 50% inhibition of adrenaline
oxidation was considered to be one unit of SOD. Five mM
sodium cyanide, which inhibitscopper, zinc superoxide
dismutase (CuZnSOD), was used to distinguish between
MnSOD and CuZnSOD activities. We calculated CuZnSOD
activity by subtracting MnSOD activity from the total SOD
activity. All of the enzyme activities were expressed in
international units per milligram of protein.

5. Catalase activity

The spectrophotometric method of Aebi (48) was used to
measure the activity of catalase. The decomposition rate of
hydrogen peroxide by catalase was measured at 240 nm. The
amount of brain homogenate that resulted in a decrease rate of
H2O2 absorbance equal to 0.036 A/min was regarded as being
one unit of catalase activity. The activity of catalase was
expressed in international units per milligram of protein.

6. Protein concentration

The protein assay was carried out according to the standard
Lowry method (49). After development of the color reaction, the
absorbance was read at 750 nm. The protein concentration was
calculated from the standard curve prepared for bovine serum
albumin.

7. Western blot analysis

The procedure was carried out as described previously (50).
Total proteins, isolated from the brain homogenized in ice-cold
buffer (50 mM Tris, 0.1 mM ethylenediaminetetraacetic acid
(EDTA), 0.1 mM ethylene glycol-bis(2-aminoethylether)-
N,N,N’,N’-tetraacetic acid (EGTA), 10% glycerol, 150 mM
NaCl) and containing protease inhibitors, were electrophoresed
and electrotransferred to polyvinylidene fluoride (PVDF) sheets.
The blots were stained with Ponceau S to determine equal
loading. After blocking in 5% non-fat milk for 1 hour, the PVDF
sheets were washed with Tris buffered saline with 10% Tween 20
(TBST) buffer and treated with specific antibodies against TNF-
α (1:1000; Abcam), nNOS (1:1000; Acris), PARP-1 (1:1000;
Sigma-Aldrich) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (1:3000; Sigma-Adrich) for 1.5 h. Then, the PVDF
sheets were washed again with TBST, and polyclonal, rabbit-

antimouse secondary antibody (1:5000; Abcam), conjugated with
horseradish peroxidase, was added and incubation was continued
for the next 1 hour. The washed blot was treated with enhanced
chemiluminescence Western blot detection solution (Thermo
Scientific) and exposed to AGFA X-ray film. The densitometric
analysis was performed using Image J software, NIH, USA(51).

8. Comet assay

Brain tissue samples (about 1 mm3) were suspended in 1.5
ml of HBSS containing 100 µg/ml of collagenase and 20 µM
CaCl2 (pH 7.4) and incubated for 1 h at 37°C. Then, the samples
were centrifuged for 10 min at 1500g and 4°C and washed twice
with PBS. The cells were suspended in PBS in order to obtain a
suspension containing 1 – 2 × 105 cells/ml. The viability of the
cells was determined using the trypan-blue exclusion method.

The comet assay was performed under alkaline conditions
according to the procedure of Singh et al. (52). We also used the
modifications of Klaude et al. (53) to identify DNA damage
(single- and double-strand breaks). A suspension of cells in 0.75%
LMP agarose, dissolved in PBS, was spread onto microscope slides
precoated with 0.5% NMPagarose. The slides were submerged in
a pre-cooled lysis solution for 1 hour at 4°C in a buffer consisting
of 2.5 M NaCl, 100 mM EDTA, 1% Triton X-100, 10 mM Tris, pH
10 and then placed in an electrophoresis unit. The DNA was
allowed to unwind for 20 min in the electrophoretic buffer, which
consisted of 300 mM NaOH and 1 mM EDTA, pH > 13. The
electrophoresis was conducted at an ambient temperature of 4°C
(the temperature of the running buffer did not exceed 12°C) for 20
min at an electric field strength of 0.73 V/cm (28 mA). Then, the
slides were washed in water, drained, stained with 2 µg/ml DAPI
and covered with cover slips. All of the steps were conducted under
dimmed light or in the dark to prevent additional DNAdamage.

The comets were observed at 200 × magnification, and 50
images were randomly selected for analysis from each sample.
Two parallel tests with aliquots of the same sample were performed
for a total of 100 cells. The percentage of DNAin the comet tail,
positively correlated with the level of DNAbreakage in a cell, was
considered to be an index of DNAdamage in each sample.

Statistical analysis

We used the Shapiro-Wilk test to assess the normality of the
data distribution. We evaluated the homogeneity of variance
using Levene’s test. The statistical significance between groups
was tested using ANOVA and the a posteriori Tukey-Kramer
test. In the case of non-homogeneity of variance, the Kruskal-
Wallis test, followed by the Conover-Inman test, was applied.
‘Nested’ANOVA was used in the case of interactions between
compounds (the impact of DOX, DTX and PTX was more
important than the impact of PL). Differences were considered
to be statistically significant at least at P< 0.05 (54). For the
statistical evaluations, we used Statistica (StatSoft Inc., Tulsa,
OK, USA) and StatsDirect software (StatsDirect Ltd., England).

RESULTS

Lipid peroxidation

We evaluated the significance of differences between the
experimental groups for the primary LPO biomarkers
(hydroperoxides and TBARS) on the basis of a non-parametric
Kruskal-Wallis test (P< 0.0001). The post-hoc Conover-Inman
test for all-pairwise comparisons was applied to validate the
significance of changes between the experimental and control
groups. The significance of PLinclusion in the drug treatment
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Fig. 2. The effect of Pirolin (PL) on the amount of lipid peroxidation (LPO) products generated by doxorubicin (DOX), docetaxel
(DTX) and paclitaxel (PTX) in rat brains. The content of hydroperoxides (A) was determined using the spectrophotometric method
with the xylenol orange (the FOX-1 method). The level of thiobarbituric acid-reactive substances (TBARS) (B), formed as a byproduct
of lipid peroxidation, was assayed using the spectrophotometric method with 2-thiobarbituric acid. The content of hydroperoxides was
expressed in nanomoles per milligram of protein and the amount of TBARS was expressed as nanomoles of TBARS per milligram of
protein. The results are presented as a median, lower-upper quartile ranges (25 – 75%) and min-max ranges. The significance of the
differences between the experimental groups was estimated using a non-parametric Kruskal-Wallis test (P< 0.0001). The post-hoc,
all-pairwise comparisons Conover-Inman test was used to determine which group(s) differed from the control group with the
probability denoted on the graph. The significance of PLadministration (a comparison of the drug + PLversus the drug alone) was
evaluated using the Kruskal-Wallis and Conover-Inman tests; only the cases with the statistically significant impact of PLare shown
below and are denoted on the graph:
A: *P < 0.05 vs. control; ***P< 0.001 vs. control; DOX + PLvs. DOX, ##P< 0.01; PTX + PLvs. PTX, ##P< 0.01.
B: **P < 0.01 vs. control; ***P< 0.001 vs. control; PTX + PLvs. PTX, ###P< 0.001.

Fig. 3. The effect of Pirolin (PL) on the amount of
thiol groups (-SH) in the brain of rats injected i.p.
with doxorubicin (DOX), docetaxel (DTX) and
paclitaxel (PTX). The content of -SH groups was
measured spectrophotometrically using the Ellman’s
method and expressed in nanomoles of -SH groups
per milligram of protein. The results are presented as
a median, lower-upper quartile range (25 – 75%) and
min-max range. Kruskal-Wallis test (P< 0.0001)
showed that there was a statistically significant
difference in -SH groups level between the different
treatments. The post-hoc, all-pairwise comparisons
Conover-Inman test was used to determine which
group(s) differed from the controls with the
probability denoted on the graph (*P< 0.05, ***P <
0.001). The significance of PLadministration (the
drug + PLvs. the drug alone) was also checked
using the Kruskal-Wallis and Conover-Inman tests;
only those cases where the impact of PLwas
significant are shown below and are denoted on the
graph: *P < 0.05 vs. control; ***P< 0.001 vs.
control; DOX + PLvs. DOX, #P < 0.05; PTX + PL
vs. PTX, #P< 0.05; DTX + PLvs. DTX, ###P< 0.001.



(differences between the drug + PLgroups and the drug alone)
was assessed using the Kruskal-Wallis and Conover-Inman tests.

Our results revealed that DOX, DTX and PTX could induce
LPO in the rat brain, demonstrated by an increase in the amount
of the hydroperoxides and TBARS (Fig. 2). Compared with the
control group, DOX increased both hydroperoxides and TBARS

by approximately two-fold. DTX and PTX exhibited different
effects: DTX induced a two-fold increase in hydroperoxides
comparable to DOX and a smaller, 1.4-fold increase in TBARS
compared with the control group. PTX showed an opposite
effect and caused an approximately 1.3-fold increase in
hydroperoxides and a two-fold increase in TBARS (Fig. 2).
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Fig. 4. The effect of Pirolin (PL) on the activity of antioxidant enzymes in the brain of rats injected i.p. with doxorubicin (DOX),
docetaxel (DTX) and paclitaxel (PTX): superoxide dismutase (SOD) (A), manganese superoxide dismutase (MnSOD) (B), copper,
zinc superoxide dismutase CuZnSOD (C) and catalase (CAT) (D). We applied the spectrophotometric methods: Misra and Fridovich
adrenaline assay to measure the activities of SODs and the Aebi’s method of measuring of the decomposition rate of hydrogen peroxide
by catalase. All of the enzyme activities were expressed in international units per milligram of protein. The results are presented as a
median, lower-upper quartile ranges (25 – 75%) and min-max ranges. Kruskal-Wallis test showed that there was a statistically
significant difference in enzyme activities between the different treatments (A– D, P < 0.0001). The post-hoc, all-pairwise
comparisons Conover-Inman test was used to determine which group(s) differed from the control group with the probability: *P< 0.05,
***P < 0.001 (denoted on the graph). The significance of PLadministration (the drug + PLvs. the drug alone) was also checked using
the Kruskal-Wallis and Conover-Inman tests; only those cases where the impact of PLwas significant are shown below and denoted
on the graph:
A: (SOD) *P< 0.05 vs. control, ***P< 0.001 vs. control; DTX + PLvs. DTX, ##P< 0.01; DOX + PLvs. DOX, ###P< 0.001.
B: (MnSOD) *P< 0.05 vs. control, ***P< 0.001 vs. control; DOX + PLvs. DOX, ###P< 0.001.
C: (CuZnSOD) *P< 0.05 vs. control, ***P< 0.001 vs. control, DOX + PLvs. DOX, ##P< 0.01.
D: (CAT) ***P < 0.001 vs. control, DTX + PLvs. DTX, #P< 0.05, PTX + PLvs. PTX, #P< 0.05.
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Fig. 5. Western blot analysis of neuronal nitric oxide synthase (nNOS) expression in the brain of rats injected i.p.with pirolin (PL),
doxorubicin (DOX), docetaxel (DTX) and paclitaxel (PTX). The upper part depicts a representative immunoblot. GAPDH was used as a
loading control. The pixel densities of the immunoblots were analyzed and compared with the control normalized to 1. The data are
expressed as mean ± S.D. with n = 3. Kruskal-Wallis test (P= 0.0028) showed that there was a statistically significant difference in nNOS
expression between the different treatments. The post-hoc, all-pairwise comparisons Conover-Inman test was used to determine which
group(s) differed from the control group with the probability: *P< 0.05, **P< 0.01, ***P< 0.001 (denoted on the graph). The significance
of PLadministration (the drug + PLvs. the drug alone) was also checked using the Kruskal-Wallis and Conover-Inman tests; only those
cases in which the impact of PLwas significant are shown below and in the figure: *P< 0.05 vs. control, **P< 0.01 vs. control, ***P<
0.001 vs. control; DOX + PLvs. DOX ###P< 0.001; DTX + PLvs. DTX, ####P< 0.0001; PTX + PLvs. PTX, ####P< 0.0001.

Fig. 6. Western blot analysis of tumor necrosis factor-α (TNF-α) expression in the brain of rats injected i.p. with Pirolin (PL),
doxorubicin (DOX), docetaxel (DTX) and paclitaxel (PTX). The upper part depicts a representative immunoblot. GAPDH was used
as a loading control. The pixel densities of the immunoblots were analyzed and compared with the control normalized to 1. The data
are expressed as mean ± S.D. with n = 3. ANOVA (P= 0.0013) revealed that there was a statistically significant difference in TNF-α
expression between the different treatments. We used the post-hoc, all-pairwise comparisons Tukey test to determine which group(s)
differed from the control group with the probability: *P< 0.05, **P< 0.01, ***P < 0.001 (denoted on the graph). The significance of
PL administration (the drug + PLvs. the drug alone) was also checked using the nested ANOVA test; only those cases in which the
impact of PLwas significant are shown below and in the figure: *P< 0.05 vs. control, **P< 0.01 vs. control, ***P< 0.001 vs. control;
DTX + PL vs. DTX, ####P< 0.0001; PTX + PLvs. PTX, ####P< 0.0001.
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Fig. 7. Western blot analysis of poly (ADP-ribose) polymerase-1 (PARP-1) expression and its cleavage to 85 kDa fragment in the brain
of rats injected i.p. with Pirolin (PL), doxorubicin (DOX), docetaxel (DTX) and paclitaxel (PTX). The upper part depicts a
representative immunoblot. Densitogram depicts the amounts of cleaved PARP-1 (85 kDa). GAPDH was used as a loading control.
The pixel densities of the immunoblots were analyzed and compared with the control normalized to 1. The data are expressed as mean
± S.D. with n = 3. ANOVA (P< 0.0001) showed that there was a statistically significant difference in the cleavage of PARP-1 between
the different treatments. The post-hoc, all-pairwise comparisons Tukey test was used to determine which group(s) differed from the
control group with the probability: *P< 0.05, **P< 0.01, ***P< 0.001 (denoted on the graph). The significance of PLadministration
(the drug + PLvs. the drug alone) was also checked using the nested ANOVA test; only those cases where the impact of PLwas
significant are shown below and in the figure: *P< 0.05 vs. control, **P< 0.01 vs. control, ***P< 0.001 vs. control, DOX + PLvs.
DOX, ####P< 0.0001; DTX + PLvs. DTX, ####P< 0.0001.

Fig. 8. Mean percentage of DNAin the comet tail of brain cells from Wistar rats treated with Pirolin (PL), doxorubicin (DOX),
docetaxel (DTX) and paclitaxel (PTX). The comet assay, with modifications, was performed under alkaline conditions (for details see
the 8. Comet assay section). Each data point is the mean ± S.E.M. of 100 cells. The Kruskal-Wallis test (P< 0.0001) revealed that there
was a statistically significant difference in the mean ranks for the percentage of DNAin the comet tail between the tested groups. The
post-hoc, all-pairwise comparisons Conover-Inman test was used to determine which group(s) differed from the control group with
the probability: **P< 0.01, ***P < 0.001 (denoted on the graph). The significance of PLadministration (the drug + PLvs. the drug
alone) was also checked using the Conover-Inman test; only those cases in which the impact of PLwas significant are shown below
and in the figure: **P< 0.01 vs. control; ***P< 0.001 vs. control; PTX + PLvs. PTX, ####P< 0.0001.



We observed a dual-nature activity of PL. Used alone, PL
performed like a prooxidant and caused an increase in
hydroperoxides and TBARS compared with the control group.
Moreover, the changes were larger than those induced by DOX,
DTX or PTX. In combination with two of the anticancer drugs,
PL behaved as an antioxidant and ensured nearly full (PTX +
PL) or partial (DOX + PL) protection of rat brains against PTX-
and DOX-induced LPO. No changes in LPO products, compared
with the control group, were noted in rats receiving the PTX +
PL combination (Fig. 2). In the DOX + PL group, only
hydroperoxides were significantly decreased compared with
DOX alone, and there was an accompanying small increase in
TBARS (Fig. 2). We can accordingly conclude that PL, at the
administered dose, was not able to effectively protect rat brains
against LPO induced by DOX and DTX.

Changes in the amount of thiol groups

We found statistically significant changes in the content of
the thiol groups after treatment of rats with anticancer drugs,
which caused a decrease (DOX, DTX) or approximately a 1.5-
fold increase (PTX) in their amount (Fig. 3). PLby itself did not
induce significant changes. The addition of PLto the PTX
treatment moderately increased the level of -SH groups
compared with PTX alone. PLacted synergistically with DTX
and enhanced the effect of the drug, causing an additional 25%
decrease in the thiol pool (Fig. 3). When PLwas applied with
DOX, we noted significant restoration of the thiols to the level
of the control group.

The significance of changes was statistically evaluated, as
described in the legend ofFig. 3.

Changes in the activity of the antioxidant enzymes

The significance of changes in the activities of SOD,
MnSOD, CuZnSOD and CAT was statistically evaluated, as
described in the legend ofFig. 4.

1. SOD, MnSOD and CuZnSOD activity

Treatment with any of the anticancer drugs caused a
significant decrease in the activities of total SOD and
CuZnSOD. DOX and DTX resulted in the most profound
changes: about a 40% decrease in the total activity of SOD and
more than a two-fold decrease in the activity of CuZnSOD. PTX
induced about a 10% decrease in total SOD activity and about a
40% decrease in CuZnSOD activity (Fig. 4A and 4C). It is
interesting that DOX and DTX, which compared with PTX
caused considerably larger changes in the total activity of SOD
and CuZnSOD, did not influence significantly the activity of
MnSOD. In turn, PTX caused more than a two-fold increase in
the activity of MnSOD (Fig. 4B).

Pirolin used alone did not affect significantly the total SOD,
but it increased by more than three-fold the activity of MnSOD
and decreased by about two-fold the activity of CuZnSOD (Fig.
4A, 4B and 4C). The performance of PLdiffered when it was
used in combination with anticancer drugs. PLfully (total SOD)
or partially (CuZnSOD) restored the activity of SOD enzymes
impaired by DOX. Compared with DOX and the control group,
more than a two-fold increase in the activity of MnSOD was
observed after treatment with DOX + PL. PLacted
synergistically with DTX and enhanced its effects, which
resulted in an additional 1.5-fold decrease in the total activity of
SOD and a 2.5-fold decrease in the activity of CuZnSOD
compared with DTX alone. It should be noted that MnSOD
activity in the DTX + PLgroup was comparable to that of the
control group (Fig. 4B). No significant differences in the

activities of SOD enzymes between the PTX + PLand PTX
groups were found (Fig. 4A, 4B and4C).

2. Catalase activity

In contrast with the various effects of DOX, DTX, PTX and
PL on SOD activity, all of these compounds significantly
increased CAT activity compared with the control group (Fig.
4D). Taxanes, particularly DTX, induced the largest changes.

Pirolin moderately modified the effects of DTX and PTX.
We observed a decrease in the CAT activity for DTX + PLand
PTX + PLcombinations compared with DTX or PTX alone. The
enzyme activity remained, however, higher than in the control
group. No significant differences were found between the rats
treated with the DOX + PLcombination and the rats treated with
DOX alone (Fig. 4D).

Expression of neuronal nitric oxide synthase

Doxorubicin, DTX, PTX and PLinfluenced nNOS
expression in different ways (Fig. 5). DOX and PTX suppressed
enzyme expression (PTX to a considerably larger extent), and
DTX resulted in an increase in enzyme expression. The
administration of PLalone induced an insignificant increase in
nNOS expression, but PLused in combination with DOX or
DTX suppressed nNOS expression. We observed an
approximately 8-fold decrease in enzyme expression in the DOX
+ PL group compared with the group injected with DOX alone.
The expression of nNOS increased more than 10-fold after PTX
+ PL treatment compared with the effect of PTX alone.

The statistical significance of changes in nNOS expression
was evaluated, as described in the legend ofFig. 5.

Tumor necrosis factor-α expression

Pirolin, DTX and PTX alone suppressed the expression of
TNF-α in the rat brain. DOX, in contrast, induced its
overexpression (Fig. 6). The addition of PLto the DOX
treatment did not result in any significant changes compared
with the effects observed for DOX alone. We did note, however,
a large increase in TNF-α expression after treatment with
combinations of PLwith taxanes (more profound in the case of
PTX), compared with DTX or PTX alone.

The statistical significance of changes between the
experimental groups was evaluated using an ANOVA test (P=
0.0013). We used the post-hoc, all-pairwise comparisons Tukey
test to assess the significance of changes between the results
obtained for experimental groups and the control group. We
checked the significance of PLadministration (comparison of
drug + PLversus drug) using a nested ANOVA test.

Poly (ADP-ribose) polymerase-1

Extensive PARP-1 (85 kDa) cleavage was observed after
treatment with DOX or DTX, which indicates apoptotic
changes. The most pronounced increase (i.e., approximately 7-
fold) in the cleaved form of PARP-1 was noted after DTX
administration. PTX, in contrast to DTX, exhibited a smaller
effect. PL induced an increase in PARP-1 cleavage that was
smaller than the effects associated with DOX or DTX but larger
than those triggered by PTX.

Pirolin, used concurrently with DOX and DTX, attenuated
apoptotic changes caused by these two drugs, and it suppressed
an increase in PARP-1 expression and significantly inhibited the
formation of its cleaved form compared with DOX or DTX
alone. At the same time, we did not observe any effects of PLon
changes induced by PTX (Fig. 7).
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The same statistical tests as in the case of the TNF-α
expression data were used to assess the significance of the
results for PARP-1 (Fig. 7).

Comet assay

Docetaxel was the most genotoxic and resulted in the largest
DNA damage, expressed as a 3.5-fold increase in the tail DNA
(Fig. 8). DOX and PTX caused less DNAdamage, and PLdid
not show any significant effect on DNA. The addition of PLto
the chemotherapy protocol fully protected DNAfrom damage
induced by PTX, attenuated changes caused by DOX, but did not
alter the effect of DTX.

The statistical evaluation of the results was performed, as
described in the legend ofFig. 8.

DISCUSSION

Doxorubicin, DTX and PTX induced OS in the CNS,
increasing LPO, CAT activity and DNAdamage. They affected
the -SH group level and SOD activity, as well as TNF-α, nNOS
and PARP-1 expression.

Pirolin exhibited different effects when administered alone
or in combination with anticancer drugs. It disturbed some OS
biomarkers, enhanced the prooxidative DTX effect, but
decreased DOX-induced oxidative damage and protected DNA
against DOX- and PTX-induced damage. PLenhanced the
DOX-induced decrease of nNOS expression and reversed the
effects of DTX and PTX on nNOS and TNF-α expression. PL
also reduced PARP-1 cleavage evoked by DOX and DTX.

Oxidative damage generated by doxorubicin and taxanes in the
rat brain

Doxorubicin induced an increase in LPO in rat brains,
consistent with the reported increase in 4-HNE in the brain of
DOX-treated mice (14). PTX induced more extensive LPO than
DTX, consistent with the various effects of PTX and DTX on rat
hearts, where PTX happened to be more cardiotoxic (55). The
differences in the effects of DTX and PTX might arise from their
diverse pharmacokinetics and pharmacodynamics, which
necessitates additional studies.

Both taxanes increased MnSOD activity, which might be
related to their influence on the MnSOD expression (56). DOX
and taxanes increased CAT activity, consistent with the reported
generation of H2O2 (57, 58). H2O2 forms a hydroxyl radical
binding to the active site of the enzyme (59), which can reduce
CuZnSOD activity, as observed in our study.

Since the crucial role of ROS and 4-HNE in BBB
impairment and its permeabilization during OS has been
demonstrated (13), we suggest that LPO, DNAdamage and
PARP cleavage in the brain may be due to the detrimental
actions of DOX, DTX and PTX on the blood vessel endothelium
and the permeation of their small amounts via an impaired BBB.
Moreover, the depletion of GSH (e.g., as a result of the transport
of GSH-4-HNE conjugates (31)) might enhance the impairment
of the BBB integrity. An increased LPO, demonstrated as an
elevated level of MDA, has been found by Sakr et al., (60) in the
brain cortex of rats subjected to hypoxic conditions and has been
suggested by these authors as related to a decreased level of
GSH and a decreased activity of the main antioxidant enzymes
CAT and SOD. Under the same conditions, these parameters
were markedly improved by vitamin E, well known antioxidant
which has been shown to protect cell membranes rich in lipids,
such as those in the brain cells, against damage induced by ROS.

In our study, DOX and DTX decreased the amounts of -SH
groups and induced extensive LPO, which could contribute to

increased BBB permeability. PTX evoked LPO but simultaneously
raised the thiol level, which might contribute to its reduced
permeation through the BBB compared with that of DOX or DTX.

Based on earlier studies (61), we suggest that the genotoxic
effects of DOX, PTX and DTX relate to the OS generated by
these drugs. The differences in DTX and PTX performance
imply potentially distinct mechanisms of their proapoptotic
activity in the CNS. DTX and PTX affected DNA integrity
differently, which might be attributed to differences in the
transport of even small amounts of these drugs across the BBB
in the conditions of extensive OS. PTX is a better substrate for
p-glycoprotein than DTX, which can result in a lesser
intracellular accumulation of PTX (62).

More DNAoxidative damage caused by DTX and particularly
PARP-1 cleavage triggered by DOX and DTX, could be attributed
to increased BBB permeability resulting from -SH depletion.
DOX and DTX caused both PARP-1 cleavage and substantial
decreases in -SH groups, and PTX caused an increase in thiols,
which corresponds well with the lesser PARP-1 cleavage.

The dose-dependent PARP-1 cleavage accompanied by 
a significant increase in DNAdamage measured by comet assay
has been demonstrated in HT29 human colon cancer cells treated
with novel synthetic pyrazoles belonging to DNA-intercalating
drugs: tospyrquin and tosind (63). These changes were
suggested to be associated with an activation of pro-apoptotic
effector caspase-3.

Changes in tumor necrosis factor-α and neuronal nitric oxide
synthase expression induced by doxorubicin, docetaxel and
paclitaxel

TNF-α, a possible mediator of indirect outcomes of action of
anticancer drugs (e.g., LPO in the brain (64)), passes the BBB
(65) and elicits the local TNF-α production (66). We noted the
overexpression of TNF-α in the brain of DOX-treated rats,
suggesting that it might mediate OS generated by DOX. PTX
and DTX decreased TNF-α expression. DTX evoked a more
pronounced effect, consistent with results (67) of patients with
advanced breast cancer. Decreased TNF-α expression rather
excludes TNF-α involvement in the OS induction by PTX and
DTX in the CNS.

The effect of DOX on nNOS expression in the CNS remains
elusive. In our study, a single dose of 10 mg DOX/kg b.w.
reduced almost twice nNOS expression, which is contradictory
to a report demonstrating that 1 mg of DOX/kg b.w., injected for
12 weeks, did not alter nNOS expression in rat hearts (68). In rat
neurons, nNOS takes part in the redox cycling of DOX (17),
however, DOX and ROS can also inhibit nNOS activity (69).

No information about the influence of taxanes on nNOS in
the brain is available in the literature. Here, we report for the first
time that PTX and DTX influence nNOS expression in the rat
brain. PTX suppressed nNOS expression to a greater degree than
DOX, and DTX induced a slight increase. This finding is
important and novel since nNOS inhibition or overactivation
may disorder physiological functions and contribute to
chemotherapy-induced side-effects.

Does Pirolin protect rat brains from oxidative damage induced
by anticancer drugs?

Used alone, PLinduced a slight decrease in -SH groups,
consistent with earlier studies in which PL, compared with other
nitroxides, was reduced more slowly in cells and resulted in less
GSH loss (70).

Increased LPO after PLtreatment might be due to its SOD-
mimic properties and the production of H2O2 (71). Nitroxide
performance depends on the presence of other
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oxidants/reductants (72). In oxygenated conditions, nitroxides
have exhibited slower reduction (73). In brains with a good
blood flow, PL might undergo slower reduction than in less-
oxygenated tissues and perform longer as a SOD-mimetic. Since
nitroxides pass the BBB (34) and enter the mitochondria (74),
PL possibly might increase CAT, MnSOD activities and LPO,
driven by H2O2. The effect of PLon MnSOD activity might be
indirect via its influence on protein expression. PLreduced TNF-
α level, which excludes TNF-α involvement in PLaction.
Another nitroxide, Tempol, reduced TNF-α levels in rat plasma
and prevented mitochondrial OS and cardiac dysfunction (75).
In another study on rat closed head injury, Tempol attenuated
TNF-α toxicity (76).

Nitroxides can also display prooxidative activity, producing
H2O2, which oxidizes GSH (71). At high concentrations, as
reducing agents during the detoxification of ROS (e.g., hydroxyl
radicals), nitroxides could form prooxidant oxoammonium
cations (77).

It has been shown that LPO markers should not be solely
used to describe OS since they may also increase under different
pathological conditions and physiological states (78). It has been
shown that endurance physical activity can increase the level of
TBARS in the cerebellum of adolescent rats (79). Furthermore,
different effects on the activity of antioxidant enzymes and the
level of total glutathione were observed depending on the brain
region. For instance, the highest increase in the activity of CAT
and elevated level of total glutathione were found in the
cerebellum. These changes, however, were insufficient to
effectively protect this brain region from an increased amount of
TBARS (79). Similarly, anticancer drugs probably could
influence various brain regions to a different extent. Thus, based
on the results of the present work, we can suggest that further
studies are needed to elucidate, if PLis able to efficiently protect
particular brain regions against CI induced by anticancer drug-
treatment.

In this study, PL displayed dual activity: it influenced some
OS markers unfavorably, but it decreased TNF-α levels and did
not damage DNA despite increased PARP-1 cleavage.
Therefore, the overall effect of PL on brain tissue was not
harmful.

Pirolin injected with DOX decreased the level of
hydroperoxides, consistent with studies demonstrating
protective PLactivity toward the damage of plasma membrane
lipids evoked by anthracyclines (36). Restored SOD activity in
the brains of rats receiving DOX in combination with PLwas
mainly due to an increase in MnSOD activity. This effect
indicates that PLstrongly influences mitochondria and suggests
the intensification of SOD-mimic activity of PLin the presence
of DOX and partial participation of PLin overall SOD activity.
PL, combined with DTX, augmented OS. Apparently, DTX
caused changes in redox conditions, which triggered the
prooxidative action of PL.

Pirolin enhancement of DOX-induced inhibition of nNOS
expression might have partially resulted from enzyme inhibition
due to exposure to H2O2 (80), produced via intensified SOD
activity. The opposite effect was observed for the combination of
PL with DTX: PL reversed the effect of DTX, and PLwith PTX
increased nNOS expression. This finding, however, necessitates
verification in future studies.

Pirolin attenuated the proapoptotic effects of DOX and DTX
by a significant decrease in PARP-1 cleavage, which might be
beneficial. Oxidative activation of PARP-1 by DOX accounts for
DOX cardiotoxicity (81). Moreover, overactivation of PARP-1
causes cell death. Therefore, the attenuation of PARP-1
expression and cleavage by PLmight prevent apoptosis of the
brain cells triggered by DOX and taxanes. PLprotected rat
brains against DOX toxicity and demonstrated an effect similar

to PARP-1 inhibitors. Previously, inhibitory activity had been
confirmed for the nitroxide-conjugated derivatives of PARP-1
inhibitors (82).

Pirolin also effectively reduced DNAdamage caused by
DOX and PTX. PTX, administered with PL, moderately
increased PARP-1 expression with no enhancement of its
cleavage. Mild expression of PARPenhances DNArepair, which
corresponds to a decrease in the comet tail DNAin the PTX +
PL group compared with PTX alone. These results indicate that
PL can be protective toward DOX- and taxane-induced DNA
damage. We suggest that PLdoes not act as a PARP-1 inhibitor
but rather as an antioxidant, resulting in decreased DNAdamage
and PARP-1 expression. Since caspase-3 produces an 85 kDa
PARP-1 fragment, we assume that PLused with DOX and
taxanes exhibits antiapoptotic activity in the brain via PARP-1
cleavage reduction.

The doses of anticancer drugs used in our study, comparable
to clinically effective doses used in chemotherapy of human
breast cancer, induced systemic toxicities. In these conditions,
PL shielded against DOX cardiotoxicity (37) and protected
partially rat blood plasma against oxidative damage caused by
DOX + DTX chemotherapy (43). Therefore, the effects of PL
alone appear to be less important than its influence on the
toxicity of anticancer drugs. This finding highlights the potential
usefulness of adding PLto DOX and taxane chemotherapy
rather than using PLby itself.

Conclusions

We have demonstrated that DOX, DTX and PTX induce OS
and damage to rat brain tissue. Our study confirmed the complex
dual performance of PL, which depends on the properties of
oxidants in its environment. Our work has also highlighted the
possibility of applying pyrroline nitroxides as new CNS
cytoprotectors against DOX-, DTX- and PTX-induced OS.
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