Chemico-Biological Interactions 188 (2010) 478–486

Contents lists available at ScienceDirect

Chemico-Biological Interactions
journal homepage: www.elsevier.com/locate/chembioint

Sub-chronic administration of doxorubicin to Wistar rats results in oxidative
stress and unaltered apoptotic signaling in the lung
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a b s t r a c t
Despite the vast published data on cardiac toxicity, there is still little work done regarding the toxicity of
the antineoplastic agent Doxorubicin (DOX) in the lung. The aim of the present work was to determine
if DOX causes alterations in selected apoptotic proteins and oxidative stress in the lung, in a similar
manner to what occurs in the heart. For that purpose, lungs from Wistar-Han rats sub-chronically treated
with vehicle or DOX for seven weeks were collected and analyzed concerning several proteins involved
in mitochondrial permeabilization and apoptotic pathways, including p53, Bax and Bcl-2 and different
oxidative stress markers. After sub-chronic DOX treatment, no alterations in lung proteins involved in
mitochondrial membrane permeabilization or caspase 3 and 9-like activities were found. Nevertheless, an
increase in malondialdehyde levels and a decrease in the lung concentration of vitamin E were detected,
despite no alterations in reduced and oxidized glutathione. The results obtained indicate for the ﬁrst
time that lungs from DOX-treated rats appear to be susceptible to increased lipid peroxidation, which
can explain some cases of DOX-induced lung toxicity.
© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Anthracycline antibiotics are among the most effective and commonly used anticancer drugs [1], with the most classic example
being Doxorubicin (DOX), commonly used against ovarian, breast,
lung, uterine and cervical cancers, Hodgkin’s disease, soft tissue
and primary bone sarcomas, as well against several other cancer
types [2]. However, an irreversible [3] and dose-dependent cardiotoxicity often occurs in patients treated with DOX, which limits
the clinical application of the drug [4]. DOX-induced cardiotoxicity
has been attributed to a number of factors including the formation of reactive oxygen species (ROS), inhibition of the expression
of cardiomyocyte-speciﬁc genes and altered molecular signaling
pathways [5]. Augmented apoptotic signaling has also been considered an important contributing factor in DOX cardiotoxicity [6–9].
Several apoptotic end-points have been measured in patients, laboratory animals and cardiac cells treated with DOX [10], including
DNA laddering and increase in the number of apoptotic nuclei [11],
DNA fragmentation and caspase 3 activation [12] or cell membrane
blebbing [13], among others. Other alterations have been described
to accompany DOX-induced toxicity, including interference with
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mitochondrial calcium homeostasis at subclinical cumulative doses
[14–16]. DOX-induced mitochondrial calcium deregulation was
associated with induction of the mitochondrial permeability transition (MPT) [17,18]. As described, augmented oxidative stress is
among one of the several hypotheses [19] that explain the mechanism and consequences of DOX cardiotoxicity. One particular
important role has been attributed to mitochondrial complex I
[20] which transfers electrons to DOX, generating a reactive semiquinone radical in the process [21]. Several authors have described
already DOX-induced oxidative damage to mitochondrial membranes [22] and proteins [23], accompanied by a decrease in cellular
energy charge [24], showing evidence that mitochondria are one
important mediator in the development of DOX toxicity.
Despite the well-known side effects of DOX in the heart, little
is known about the lung, although several cases of DOX lung toxicity have already been reported. DOX-induced toxicity can cause
a range of pulmonary complications such as bronchospasm, local
edema, interstitial pneumonitis and pulmonary ﬁbrosis [25,26].
Moreover, pulmonary inﬂammation also results from prolonged
exposure of the lung tissue to DOX [27]. Nevertheless, no studies in
the literature describing DOX effects in the lung tissue with regard
to oxidative stress and the appearance of apoptotic markers are
available. Therefore, the purpose of this work was to investigate if
DOX sub-chronic treatment would result in triggering of apoptotic
signaling as well as increased oxidative stress in the lung.
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2. Materials and methods
2.1. Materials
Doxorubicin was obtained from Sigma (Barcelona, Spain). For
Western blotting, primary antibodies used were goat anti-p53
(Sc6243-G) and goat anti-adenine nucleotide translocator (ANT)
(Sc9300) from Santa Cruz Biotechnology, Inc. (San Diego, CA, USA);
rabbit anti-B-cell leukemia/lymphoma 2 protein (Bcl-2) (#2870),
rabbit anti-BCL-2-associated X protein (Bax) (#2772), and rabbit anti-cytochrome c oxidase subunit IV (COX IV) (#4844) from
Cell Signaling (Danvers, MA, USA); rabbit anti-voltage-dependent
anion channel (VDAC/porin) (ab34726) and mouse anti-NADH
dehydrogenase (ubiquinone) Fe-S protein 3 (NDUFS3) (ab14711)
from Abcam (Cambridge, UK); rabbit anti-dinitrophenylhydrazine
(DNP) (D9656) and mouse anti-␤-actin (A5441) from Sigma
(Barcelona, Spain). The secondary antibodies used were goat antirabbit IgG-AP (sc-2007), rabbit anti-goat IgG-AP (sc-2771), and
goat anti-mouse IgG-AP (sc-2008), all from Santa Cruz Biotechnology, Inc. Molecular weight markers proteins were obtained
from Bio-Rad Laboratories, Inc. (Hercules, CA, USA), while the ECF
substrate was obtained from GE Healthcare Life Sciences (Buckinghamshire, UK). Caspase substrates were obtained from Calbiochem,
Merck Chemicals Ltd. (Nottingham, UK). All the remaining reagents
and chemical compounds used were of the greatest degree of
purity commercially available. In the preparation of every solution, ultrapure distilled water, ﬁltered by the Milli Q from a
Millipore system, was always used (conductivity < 18 S cm−1 ) in
order to minimize as much as possible contamination with metal
ions.
2.2. Preparation of the biological material
Male Wistar-Han rats (8–10 animals per group, eight weeks of
age at the beginning of DOX treatment) were housed in our credited
animal colony (Laboratory Research Center, Faculty of Medicine,
University of Coimbra). Animals were group-housed in type III-H
cages (Tecniplast, Italy) and maintained in speciﬁc environmental
requirements (22 ◦ C, 45–65% humidity, 15–20 changes/hour ventilation, 12 h artiﬁcial light/dark cycle, noise level < 55 dB) and free
access to standard rodent food (4RF21 GLP certiﬁcate, Mucedola,
Italy) and acidiﬁed water (at pH 2.6 with HCl to avoid bacterial contamination). Rats were treated with weekly subcutaneous
injections of vehicle (sc, saline solution, NaCl 0.9%) or DOX (sc,
2 mg kg−1 ) during seven weeks to a total dosage of 14 mg kg−1 .
Animals were sacriﬁced one week after the last injection. This
sub-chronic treatment protocol was demonstrated by our group
to induce cardiac mitochondrial toxicity in rats [16]. In adherence
to procedures approved by the Institutional Animal Care and Use
Committee, the animals were euthanatized by cervical displacement and decapitation. Body and lung weights were registered at
the day of the sacriﬁce. After sacriﬁce, the lungs were immediately
removed, with blood washed out in phosphate buffer saline (PBS)
solution, and subsequently frozen at −80 ◦ C for future analyses.
For experiments, lung tissue was washed with PBS and incubated
for 30 min on ice with 100 ml of lysis buffer (10 mM Tris–HCl,
10 mM NaH2 PO4 /NaHPO4 , pH 7.5, 130 mM NaCl, 1% Triton X-100,
and 10 mM sodium pyrophosphate). The tissue was then homogenized with a glass-tissue grinder to obtain a tissue lysate, and
then centrifuged for 10 min at 16,940 × g at 4 ◦ C to remove dispensable material and collect the supernatant. Protein concentration in
the samples was determined by the Bradford method using BSA
as a standard [28]. Whole heart tissue extracts were obtained by
immediately removing the heart after animal sacriﬁce and washing it in PBS solution to remove the excess of blood. Tissue was
subsequently frozen at −80 ◦ C. At the day of the assays, heart tissue

479

was washed again with PBS and then homogenized in a 10% (v/v)
RIPA buffer solution (150 mM sodium chloride, 1.0% NP-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulphate and 50 mM
Tris, pH 8.0) and centrifuged for 10 min at 14,000 × g at 4 ◦ C. The
supernatant was collected and the protein concentration quantiﬁed using BSA as a standard [28]. All materials were kept on ice
during the homogenization procedure.
2.3. Western blotting analysis of selected mitochondrial and
apoptotic-related proteins
The speciﬁc protein content was determined by Western blotting. Lung tissue homogenate of each sample was diluted in
Laemmli buffer (BioRad, Hercules, CA, USA) so that all samples
had the same amount of protein and denatured at 90 ◦ C for 5 min.
Then, aliquots with equal protein content (100 g) were separated
on a 12% polyacrylamide gel using sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE), and transferred
electrophoretically to Polyvinylidene Fluoride (PVDF) membranes.
Membranes were blocked for 1 h at room temperature in Trisbuffered saline solution (in mM: 137 NaCl, 20 Tris–HCl; pH 7.6)
containing 0.1% Tween-20 (TBS-T) containing 5% skimmed powder milk (except when BSA was used for Bcl-2 detection). The
membranes were incubated overnight at 4 ◦ C with antibodies
against p53 (1:200), Bax (1:1000), Bcl-2 (1:200), ANT (1:200),
VDAC (1:1000) and COX IV (1:1000), prepared in 1% skimmed
powder milk (BSA for Bcl-2) in TBS-T. As control for protein
loading, membranes were also probed with rabbit anti-␤-actin
antibody (1:5000). Following antibody incubation and washing,
membranes were incubated for 1 h at room temperature with
an alkaline phosphatase-linked secondary antibody in a dilution
of 1:5000 in TBS-T containing 0.5% skimmed powder milk. The
membranes were processed for detection of proteins of interest using the ECF system on the Versa Doc Imaging System and
the quantiﬁcation was performed using Quantity One 1-D Analysis Software Version 4.6.9, PC (BioRad). The strength of signal
was expressed by calculating the difference between the average
intensity of an identiﬁed area and its corresponding local background.
2.4. Quantiﬁcation of protein-bound carbonyls
The protein reactive carbonyls in samples were analyzed according to Robinson et al. with slight modiﬁcations [29]. A determined
volume of lung tissue homogenate (V) containing 20 g of protein
was derivatized with dinitrophenylhydrazine (DNPH). For this purpose, a volume (1 V) of 12% sodium dodecyl sulphate (SDS) and two
volumes (2 V) of 20 mM DNPH prepared in 10% triﬂuoroacetic acid
(TFA) was added to each sample, followed by its incubation in the
dark for 5 min. After this period, the neutralization reaction was
achieved by the addition of 1.5 volumes (1.5 V) of 2 M Tris and 18%
of ␤-mercaptoethanol. A negative control was simultaneously prepared for each sample in the absence of DNPH. After the dilution
of the samples in a Tris buffer solution to obtain a ﬁnal concentration of 5 g/l, 10 g of protein was transferred to the gel for
SDS-PAGE. From this point further, the procedure was equivalent
to that already described for Western blotting analysis. A primary
rabbit polyclonal anti-DNP antibody (1:2000) was incubated with
the membrane for 2 h at room temperature.
2.5. Measurement of malondialdehyde levels
Levels of lipid peroxidation were measured by the formation of a thiobarbituric acid (TBA) adduct of malondialdehyde
(MDA), separated by high-performance liquid chromatography
(HPLC) [30] using an analytical column Spherisorb ODS2 5 m
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(250 mm × 4.6 mm), eluted with 60% (v/v) potassium phosphate
buffer 50 mM, pH 6.8, and 40% (v/v) methanol at a ﬂow rate of
1 ml/min. Spectrophotometric detection of the TBA–MDA adducts
occurred at 532 nm (Gilson, Lewis Center, OH, USA). The MDA content of the samples was calculated from a standard curve prepared
using the TBA–MDA complex and was expressed as nmol/mg protein.
2.6. Measurement of reduced glutathione (GSH) and oxidized
glutathione (GSSG) contents
GSH and GSSG levels were determined by ﬂuorescence detection after reaction of the supernatants from homogenized lung
tissue containing H3 PO4 /NaH2 PO4 –EDTA or H3 PO4 /NaOH, respectively, with o-phthalaldehyde (OPT), pH 8.0, according to Hissin
and Hilf [31]. In brief, lung tissue extracted from each treatment
(250 mg) was resuspended in 1.5 ml phosphate buffer (100 mM
NaH2 PO4 , 5 mM EDTA, pH 8.0) plus 500 l H3 PO4 25% and was
rapidly centrifuged at 135,500 × g (Beckman, TL-100 ultracentrifuge) for 30 min. For GSH determination, 100 l of supernatant
of each treatment was added to 1.8 ml phosphate buffer and
100 l OPT. For GSSG determination, 100 l of the supernatant of
each treatment was added to 200 l of 0.04 M N-ethylmaleimide
and incubated at room temperature for 30 min. To this mixture
4.3 ml of 0.1 M NaOH buffer and 100 l OPT was added. In both
cases, after thorough mixing and incubation at room temperature for 15 min, the solution was transferred to a quartz cuvette
and the ﬂuorescence was measured at 460 and 350 nm emission
and excitation wavelengths, respectively. GSH and GSSG contents were determined from comparisons with a linear GSH or
GSSG standard curve, respectively, and expressed as nmol/mg protein.
2.7. Measurement of vitamin E content
Extraction and separation of vitamin E (␣-tocopherol) from lung
tissue extracts were performed by following a method previously
described by Vatassery and Younoszai [32]. Brieﬂy, 1.5 ml of SDS
(10 mM) was added to 0.5 mg of lung tissue extract, followed by the
addition of 2 ml of ethanol. Then 2 ml of hexane and 50 l of 3 M
KCl were added, and the mixture was vortexed for about 3 min.
The extract was centrifuged at 1666 × g (Sorvall RT6000 refrigerated centrifuge) and 1 ml of the upper phase, containing n-hexane,
was recovered and evaporated until dryness under a stream of N2
and kept at −80 ◦ C. The extract was dissolved in n-hexane, and vitamin E content was analyzed by reverse-phase HPLC. A Spherisorb
S10w column (250 mm × 4.6 mm) was eluted with n-hexane modiﬁed with 0.9% methanol, at a ﬂow rate of 1.5 ml/min. Detection
was performed by a UV detector at 287 nm (Gilson, Lewis Center,
OH, USA). The total content of vitamin E was calculated as nmol/mg
protein.
2.8. Determination of caspase 9- and 3-like activities
Sample volumes corresponding to 50 g of protein for caspase
9 assays or 25 g of protein for caspase 3 assays were added to
freshly prepared protease assay buffer (25 mM HEPES pH 7.5, 0.1%
CHAPS, 10% sucrose and 10 mM dithiotreitol) to a ﬁnal volume of
195 l. Next, 5 l of 4 mM substrate stock solution (100 M ﬁnal
concentration prepared in DMSO) for caspase 9 (AcLEHD-pNA) or
for caspase 3 (AcDeved-pNA) was added. Reactions in the absence
of lung tissue extract were used as negative controls. The samples
were incubated for 2 h at 37 ◦ C and the p-nitroaniline released from
caspase substrates was monitored at 405 nm using a spectrophotometer (Hitachi F-2500, San Jose, CA, USA). Caspase 9- and 3-like
activities were expressed as [pNA released] nM/g protein.

2.9. Statistical analysis
Results are presented as means ± SEM of the indicated number
of experiments. A two-tailed paired Student’s t test was used to
assess the signiﬁcance of differences between two groups. Statistical analyses were performed with Graphpad Prism 5 (Graphpad
Software Inc.). Differences were considered statistically signiﬁcant
if p < 0.05.
3. Results
3.1. DOX treatment decreases body weight without affecting lung
weight
The negative effects of DOX in the growth proﬁle of treated rats
are demonstrated by the inhibition of growth rate (data not shown)
and decreased ﬁnal body weight (Fig. 1A, p < 0.01), although lung
weight was not different when compared with saline-treated rats
(Fig. 1B). Again, no differences were found when lung weight was
normalized against body weight (Fig. 1C). The slight increase in this
ratio is clearly due to the decrease in body weight rather than an
increase in tissue weight (Fig. 1C). In the same treatment protocol,
no alteration in heart weight was observed (data not shown).
3.2. Lungs of DOX-treated rats have no detectable increase in
p53/Bax signaling
The next step was to investigate whether the sub-chronic DOX
treatment results in increased expression of p53 and one of its
transcriptional targets, Bax, as previously detected in cardiac cells
treated in vitro with DOX [33]. No differences were observed
between saline and DOX-treated rats regarding p53 (Fig. 2A) or
Bax (Fig. 2B). Also, no differences between groups were observed
regarding the anti-apoptotic protein Bcl-2 or even in the Bax/Bcl-2
ratio (Fig. 2C and D). When performing the same analysis in whole
heart tissue from the same animals, we could not obtain visible
bands for either p53 or Bax, regardless of the different commercial
antibodies used (data not shown).
3.3. VDAC and ANT levels are unchanged in the lung after DOX
treatment
Two important proteins for the apoptotic/necrotic process are
the mitochondrial proteins adenine nucleotide translocator (ANT)
and the voltage-dependent anion channel (VDAC). The data indicates that DOX treatment does not alter ANT or VDAC content in
the lung (Fig. 3A and B).
Possible alterations in two critical oxidative phosphorylation
proteins were also studied in order to obtain a crude and indirect measurement of mitochondrial mass. Two nuclear-encoded
subunits, NDUFS3 and COX IV, which are part of NADH-coenzyme
Q reductase (complex I) and cytochrome c oxidase (complex IV),
respectively, were selected. As seen in Fig. 3C and D, no signiﬁcant
alterations were observed in the two subunits after DOX treatment.
3.4. DOX causes lung oxidative stress as seen by increased MDA
formation and vitamin E content decrease
Direct reaction of proteins with ROS can lead to the formation
of protein derivatives or peptide fragments possessing highly reactive carbonyl groups, including ketones and aldehydes [29]. No
increase of oxidized proteins in the lungs of DOX-treated rats was
observed (Fig. 4A and B). The presence of oxidized proteins in both
groups is conﬁrmed by the speciﬁcity of DNPH (Fig. 4A and B). To
determine lipid peroxidation in the lungs of DOX-treated rats malondialdehyde (MDA), a marker of lipid peroxidation, was measured.
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Fig. 1. Effects of DOX treatment in body and lung weights of Wistar rats. Body and lung weights were registered at the day of sacriﬁce. (A) **p < 0.01 compared with ﬁnal body
weight of saline rats, (B) and (C) no statistical differences between groups were observed regarding lung weight and lung weight normalized to body weight. Data shown
represents mean ± SEM from 8 to 10 different animals per group.

Fig. 2. Effects of DOX treatment on apoptosis-related proteins. Western blots were performed to measure the abundance of apoptosis-related proteins in samples from each
treatment group: (A) p53, (B) Bax, (C) Bcl-2, (D) Bax/Bcl-2 ratio. All proteins were normalized to the corresponding ␤-actin. Each well was loaded with 100 g protein. Data
shown represents mean ± SEM from 8 to 10 different animals per group.
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Fig. 3. Effects of DOX treatment on lung mitochondrial proteins. Western blots were performed to detect the abundance of selected mitochondrial proteins in each treatment
group: (A) ANT, (B) VDAC, (C) subunit NDUFS3 of mitochondrial complex I, (D) cytochrome c oxidase subunit IV. All proteins were normalized to the corresponding ␤-actin.
Each well was loaded with 100 g protein. Data shown represents mean ± SEM from 8 to 10 different animals per group.

A signiﬁcant difference (p < 0.05) was observed between the two
groups (Fig. 4C). Lung homogenates obtained from DOX-treated
animals presented no signiﬁcant differences in GSH or GSSG levels
when compared with control animals (Fig. 4D). Interestingly, subchronic DOX treatment induced a signiﬁcant decrease in vitamin
E levels (p < 0.001) compared with saline-treated rats (Fig. 4E). By
using whole heart tissue obtained from the same animals, cardiac
MDA levels and vitamin E content showed no statistical signiﬁcant
differences between the two groups (Fig. 4C and E).
3.5. DOX treatment does not increase caspase 9- and 3-like
activities
To conﬁrm the absence of apoptotic signaling in the lung after
DOX treatment, the next step was to measure caspases 9- and 3-like
activities. The data obtained revealed no increase in either caspaselike activities in the lungs of DOX-treated rats, as compared to saline
rats (Fig. 5). Interestingly, a signiﬁcant increase in caspase 3 and
caspase 9-like activities was observed in the hearts of the same
experimental animals (Fig. 5).
4. Discussion
Although DOX-induced cardiotoxicity has been widely studied,
pulmonary toxicity has been scarcely investigated, although several cases have been previously reported [34–37].
After a sub-chronic treatment protocol, DOX caused a decrease
in both the growth rate (data not shown) and in the body weight at
the time of sacriﬁce (Fig. 1). Baciewicz et al. [27] proposed that the

loss of weight gain can be correlated with the distress of the injection procedure due to the burning and caustic effects of DOX leading
to hematological and gastrointestinal disturbances, being one of
the many factors affecting growth and ﬁnal body weight. Nevertheless, the ratio between lung and body weight was not altered
(Fig. 1).
It has been previously described that DOX activates the p53/Bax
axis in cultured cardiomyoblasts [33]. Interestingly, it has been
proposed that the intracellular localization of p53 is regulated
through redox-dependent mechanisms, which are dependent upon
DOX pro-oxidant activity [38]. In fact, it has also been previously demonstrated in different experimental models that DOX
treatment results in increased mitochondrial p53/Bax content,
increased cellular Bcl-2/Bax ratio, cytochrome c release from mitochondria, caspase 3 activation, DNA fragmentation and apoptosis
[33,39]. In this study, and under our treatment protocol, total p53,
Bax and Bcl-2, as well as the ratio between Bcl-2 and Bax was not
increased in lung after DOX treatment (Fig. 2).
The results suggest that for the treatment used, no increased
pro- or anti-apoptotic signaling occurred. Since p53 is involved in
DNA damage response, contributing to the regulation of Bax, it can
be concluded that (a) DOX does not cause lung nuclear DNA damage
or (b) nuclear DNA damage occurred in an early time point and
was repaired. No detectable p53/Bax was observed in the hearts
from the same animals, regardless of the treatment group (data
not shown).
The absence of apoptotic signaling in the lung is conﬁrmed by
unaltered caspase 3 and caspase 9-like activities (Fig. 5). The lack
of signiﬁcant differences does not exclude the possibility that DOX
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Fig. 4. Effects of DOX treatment on lung and heart oxidative stress markers. (A) Representative blot indicating protein-bound carbonyls present in the samples. Each well
was loaded with 10 g protein. The graph in (B) represents mean density calculated in the entire lane in each group. A negative control was made in the absence of
dinitrophenylhydrazine [DNPH (−)] (A). (C) Measurement of MDA levels, and (D) reduced and oxidized glutathione (GSH/GSSG) and (E) vitamin E. Data shown represents
mean ± SEM from 8 to 10 different animals per group. Statistical signiﬁcance: ***p < 0.001; *p < 0.05 compared with control lung tissue.

Fig. 5. Effects of DOX treatment on caspase 9- and 3-like activities. Caspases-like activity assays were performed by measuring p-nitroaniline cleavage from AcLEHD-pNA and
AcDEVED-pNA substrates, respectively. A negative control for each caspase-like assay was made in absence of lung or heart tissue extract. Data shown represents mean ± SEM
from 8 to 10 different animals per group. Statistical signiﬁcance: ***p < 0.001; *p < 0.05 compared with control heart tissue.
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treatment resulted in an initial increase in caspase activation, and
consequent apoptosis, although no loss of lung mass was observed.
In contrast to caspase lung data, heart samples from the same animals revealed an increase in both caspase 3 and 9-like activities
(Fig. 5). The differences indicate an organ-speciﬁc apoptotic signaling that is triggered by DOX, although the functional consequences
of increased caspase activity in the heart are not immediately clear.
Several lung mitochondrial proteins were analyzed by Western
blotting in order to identify whether DOX would cause alterations
in the mitochondrial content of those proteins. Two of those proteins were the ANT and the VDAC, two possible components of
the MPT pore and which have been implicated in cell death and
mitochondrial homeostasis [40]. In a previous work, our group
demonstrated that the same treatment protocol in a different rat
strain resulted in a decrease of ANT in the hearts of DOX-treated
rats [18]. In the present work, the results show that lung VDAC and
ANT remain unchanged after DOX treatment (Fig. 3A and B).
Another possible consequence of DOX treatment would be a
decreased expression of some mitochondrial respiratory chain
proteins. Two selected oxidative phosphorylation proteins were
studied, NDUFS3 and COX IV in order to investigate not only possible DOX effects in their mitochondrial content, but also to have
a crude and indirect estimate of mitochondrial mass. NDUFS3 is a
core subunit of complex I that is believed to belong to the minimal
assembly unit required for catalysis [41]. Complex I participates in
the metabolic conversion of DOX to a reactive semi-quinone [20],
which leads to increased mitochondrial oxidative stress [21] and
consequent protein oxidation [23]. It has also been demonstrated
that DOX downregulates the expression of critical proteins of the
mitochondrial respiratory chain, including cytochrome c oxidase
subunits [42]. Interestingly, there is evidence that suggests that
compromised cytochrome c oxidase subunit IV expression may
result in altered sensitization to apoptosis [43]. In the present work,
no differences were found in NDUFS3 or COX IV content in the
lungs (Fig. 3C and D), although we cannot exclude the possibility that the expression of other oxidative phosphorylation proteins
may be affected by DOX. This is particularly relevant in the case of
mitochondrial DNA-encoded subunits, as DOX was already demonstrated to oxidize mitochondrial DNA [44].
We have previously shown that DOX causes protein oxidation
in the heart, as measured by an increase in protein carbonyl groups
[16,45]. In the present work, the sub-chronic DOX treatment does
not result in enhanced lung protein carbonylation (Fig. 4A and B).
In contrast, we have consistently measured an increase in MDA
and a decrease in vitamin E in the lungs of treated animals (Fig. 4C
and E). MDA is a classic marker of lipid peroxidation, the interaction of which with DNA and proteins has often been referred to as
potentially mutagenic and atherogenic [46]. The data shows that
sub-chronic DOX treatment potentiates lipid peroxidation in the
lungs of treated animals. Vitamin E is a lipid soluble chain-breaking
antioxidant found in the plasma and tissues, contributing also
to the structural integrity of biological membranes [47]. Demonstrating the important role of vitamin E in the maintenance of
membrane integrity, vitamin E concentration in different tissues
is inversely correlated with lipid peroxidation [48]. The decrease
in vitamin E levels shown after DOX treatment could contribute
to the increase in lipid peroxidation promoted by DOX treatment
(Fig. 4E).
Growing evidence suggests that GSH, a nonenzymatic antioxidant, plays an important role in the maintenance of cell redox
homeostasis. GSH is a cofactor of several detoxifying enzymes and
is able to regenerate important antioxidants, including vitamin E
[49]. Interestingly, GSH and GSSG content (Fig. 4D) as well as the
GSH/GSSG redox ratio (data not shown) were not different between
groups. One would expect that the data regarding MDA and vitamin E would be associated with a decrease in GSH, demonstrating

increased pro-oxidant environment in the cell. From the results,
we can hypothesize that the schedule of DOX treatment did not
necessarily exhaust the lung GSH pool or that enhanced GSH synthesis accompanied by GSSG export occurred, in an attempt to
counteract lipid peroxidation. Another relevant possibility that can
explain the decrease in vitamin E is that DOX-treated rats can
suffer from gastrointestinal disorders [27], which may lead to a
decreased absorption of dietary lipids and with that, vitamin E
availability, since this lipid cannot be synthesized by animals and
therefore originates from the diet [50]. This could also explain why
GSH and GSSG levels, as well as protein carbonyls were not dissimilar from the control animals. Heart MDA and vitamin E were
measured in the same animals. Interestingly, no alterations were
observed (Fig. 4C and E), although the average value for vitamin E
was lower in DOX-treated animals (p = 0.07) (Fig. 4E). As described
above, it has been demonstrated that DOX causes oxidative stress
in the heart [4,16,51,52] and, therefore, increased levels of MDA
and decreased vitamin E content would be expected. The fact that
these effects were not observed in the heart may suggest that DOXinduced oxidative stress was counteracted by antioxidant/repair
mechanisms, which would be more ineffective in the lung. Previous studies indicated a decrease in vitamin E and an increase in
MDA in the hearts of DOX-treated Sprague–Dawley rats using the
same treatment regimen [52]. Since the treatment protocol was
the same, the conﬂicting results may be explained by differences
between rat strains, which were previously observed [53,54].
Leaving rat strain differences apart, the present work shows different consequences of DOX treatment in the heart and lung. Lipid
peroxidation and decreased vitamin E in the lungs of DOX-treated
rats can result in several consequences. For example, it has been
demonstrated that decreased vitamin E and consequent oxidative
stress increase allergic airways responses in mice [55], although in
humans, vitamin E levels were not associated with changes of lung
function over time in a pulmonary toxicity study [56].
The present study demonstrates that sub-chronic DOX treatment does not result in apoptotic signaling but leads to oxidative
stress in the lungs, although at the moment we do not know if
oxidative stress is a primary event or is instead secondary to other
effects. Pulmonary toxicity of DOX is not a common side effect
of chemotherapy, but it can be devastating if added to the cardiotoxicity associated with DOX therapy, possibly contributing to a
lethal outcome. The pulmonary toxicity observed in some cases of
DOX chemotherapy can be a phenomenon that possibly only occurs
when a patient undergoes high-dose chemotherapy [57].
The results from the present work suggest that the lung and the
heart differ concerning sub-chronic DOX-induced toxicity. Several
reasons may explain organ-speciﬁc differences including (a) lower
DOX accumulation in the lung, (b) higher antioxidant defenses, (c)
higher regenerative capacity of the tissue or (d) lower DOX activation which may be explained by decreased lung mitochondrial
content. Over longer treatment regimens, it cannot be excluded
that cumulative DOX toxicity is present in the lung, similar to what
is proposed to occur the heart [58], thus leading to a slow eroding
of lung capacity.
A better understanding of DOX-induced toxicity in the cardiopulmonary system can contribute to a better management of
DOX toxic effects, thus improving the therapeutic efﬁciency of DOX.
Further studies in isolated lung mitochondria using the same or
different DOX treatment protocols and in vitro pulmonary cells
exposed to DOX would allow for further insights into the origins
and consequences of DOX toxicity in the lung.
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