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Abstract. Doxorubicin (DOX) is an effective chemotherapeutic with
known toxic effects over the liver, kidneys and most importantly the
heart. DOX effects, such as oxidative stress induction, topoisomerase Il
poisoning and activation of pro-inflammatory pathways are a double-
edged sword. While enhancing the antitumoral activity of this agent,
these mechanisms also contribute to tissue damage which limits its use.
To build upon previous research that evaluated circulating biomarkers of
DOX-induced cardiac toxicity, this study offers additional perspectives on
structural effects on tissues along with a short literature review of DOX
use.
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Introduction

Anthracyclines are a class of drugs firstly classified as antibiotics at the
moment of their discovery in 1939, when daunorubicin was isolated from
Streptomyces peucetius. Their antitumoral effects were only found over a
decade later and represented a groundbreaking achievement for the field of
Oncology. This event led to the discovery of several other anthracyclines such
as idarubicin, epirubicin and most importantly, doxorubicin (DOX) (Shandilya
etal, 2020; Xie et al., 2024).

General information and uses. DOX, also known as Adriamycin, was first
extracted from Streptomyces peucetius var. caesius and has been an important
drug in the fight against cancer ever since its entry in clinical trials in 1969
(Cassinelli, 2016). It received Food and Drug Administration (FDA) approval in
1974 (Jones and Dass, 2022) and it is included in the World Health Organization
(WHO) List of Essential Medicines (WHO, 2023). DOX is used in the treatment
of a wide range of cancers, including solid tumors of the breast, bladder, soft
tissue and tumors of the hematopoietic and lymphoid tissues, in both pediatric
and adult patients (Rawat et al., 2021). It is used in veterinary medicine as a
cancer treatment as well (Liu et al., 2024).

While many DOX formulations have been developed to improve drug
efficiency such as liposomes and polymeric-based platforms, few reached the
clinical trial stage (Lee et al.,, 2023). In current clinical practice, DOX is used as
a hydrochloride salt (“free form™) or a liposomal formulation (Li et al., 2022).

Liposomal DOX, branded as DoxilO, LipodoxO or CaelyxO, is a nanoformulation
consisting of a conjugation of the drug with polyethylene glycol (PEG) which
offers a longer circulation time, higher uptake in tumor sites and an enhanced
stability of DOX. A non-PEGylated DOX, MyocetO is a liposomal formulation
containing phosphatidylcholine and cholesterol which also increases its circulation
time (Leung et al., 2019; van den Boogaard et al., 2022).

Other nanoformulations, based on hydrogels, alginate particles and nano-
emulsions are constantly being developed and tested. Promising results were
obtained by encapsulating DOX in “ferritin cages”, which besides the advantages
of liposomal formulations, are able to target cancer cells more efficiently (Lee
et al., 2023; Mattioli et al., 2023).

Mechanism of action. The antitumoral effect of DOX is exerted through
multiple mechanisms, most of which are not well understood yet. The most potent
mechanisms involve DNA damage through intercalation and topoisomerase 2
(TOP2) poisoning, and the overproduction of reactive oxygen species (ROS)
which increase oxidative stress and trigger cell death. Additionally, DOX has
other less impactful mechanisms that contribute to this effect: senescence and cell
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death by iron and calcium homeostasis disruption, and alteration of biological
membranes.

Topoisomerase Il poisoning and DNA intercalation. TOP2 is an essential
enzyme capable of reducing torsional stress created during transcription and
replication. These processes create supercoils and tangles in the DNA, and TOP2
fixes them by creating temporary double-strand breaks to allow uncoiling
(Yang et al., 2014).

DOX intercalates into DNA and blocks the activity of TOP2 right after the
double break step and prevents ligation, which activates the DNA damage
response. Once activated, the cell cycle is arrested and cell death signaling
pathways are initiated. This mechanism is also responsible for some of its side
effects (Kciuk et al.,, 2023; van der Zanden et al., 2021).

TOP2a is the major isoform of the enzyme and the main target of DOX
because of its prevalence in fast-dividing cells, whereas the b isoform is more
present in non-dividing or terminally differentiated cells, such as cardiomyocytes
where this mechanism contributes to CTOX (Yang et al.,, 2014).

DOX-DNA adducts formation and chromatin damage. This mechanism has
astrong relationship to TOP2 poisoning but is treated in literature as a separate
mechanism. The binding of DOX into the DNA helix activates damage responses
itself and is facilitated by formaldehyde that comes from the interaction between
free radicals and lipids. Although adduct formation does not have a meaningful
impact on cancer cells, the addition of formaldehyde-forming compounds to the
chemotherapeutic regimen was proven beneficial (Yang et al.,, 2014).

Another effect of DOX-DNA complexes is chromatin damage through histone
eviction which leads to mostly epigenomic changes, but the transcriptional
landscape modifications are notable as well. An example of this mechanism
consists in the expression of oxidative stress- and cell death-related genes (Jones
and Dass, 2022; van der Zanden et al., 2021).

ROS-induced damage. Oxidative stress represents an imbalance between
ROS production and the activity of the antioxidant defense system - comprised
of enzymes and antioxidants (Shi et al., 2023).

ROS are fundamental for cell signaling processes and immune system
function, if present at physiological levels and given that the cell’s antioxidant
system function properly (Forman et al., 2010). DOX metabolization leads to the
overproduction of ROS, effect that can be imagined as a double-edged sword.
While ROS and increased oxidative stress are crucial in the antitumoral effect
of DOX, these also lead to cellular injury in healthy tissues and notorious side
effects that limit its use.

DOX has a high affinity for cardiolipin, a lipid found in the inner mitochondrial
membrane. The interaction between these molecules inhibits the activity of the
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electron transport chain (ETC) and accumulates DOX in this cell compartment.
Oxidoreductases found here produce superoxide radicals from the quinone
moiety of DOX, which are converted by superoxide dismutase (SOD) into
hydrogen peroxide (H20>), to reduce its damaging power. In the presence of
Fe2+ (which accumulates in the mitochondria due to DOX), H20; is converted
into the more potent hydroxyl radical. Because this cannot be detoxified by the
enzymatic antioxidants, its presence leads to nucleic acid damage and lipid
peroxidation (Shi et al., 2023). The peroxidation of lipid membranes increases
the concentration of aldehydic compounds, which in turn produce more ROS
and activates cell death pathways (Christidi and Brunham, 2021).

DOX-induced cell death. Autophagy is a response triggered by cell stress
and consists of cell degradation followed by the recycling of useful components
in the process. In DOX treatment, this is stimulated by mitochondrial damage
and oxidative stress and is considered an antitumoral mechanism if cellular
DOX concentration is under a toxic threshold. High or chronic exposure is
associated with suppression of this process which is known to promote tumor
development and drug resistance (Kciuk et al., 2023).

Necroptosis, another form of cell death is mediated by tumor necrosis
factor alpha (TNFa) signaling, which activates the formation of the necroptosome
complex. This leads to cell membrane rupture and the release of cellular
components that trigger immune responses (Christidi and Brunham, 2021).

Ferroptosis is an iron-dependent form of cell death that is strictly tied to
ROS accumulation. DOX, and its main metabolite, doxorubicinol stop iron
metabolism by making iron metabolism proteins inactive, thus encouraging
iron pooling (Rawat et al., 2021). The mitochondrial iron accumulated by DOX
catalyzes the production of ROS as described above. This type of cell death is
also strictly related to lipid peroxidation and is responsible for part of the
cardiac damage produced by DOX (Christidi and Brunham, 2021).

Pyroptosis or immunogenic cell death is an inflammation-promoting type
of cell death induced by DOX binding to gasdermin D and E that further activates
caspases and cell death (Vitale et al.,, 2024). Simultaneously, this effect can trigger T-
cell immune responses which can attack tumor cells. Although undesired for
the implication in CTOX, this consequence of DOX could be used to enhance the
efficiency of immunotherapies when administered in the same treatment
regimen (Gabizon et al., 2025).

Cell death initiated by calcium homeostasis dysregulation is produced by
doxorubicinol, which similarly to ferroptosis, is able to increase the intracellular
Caz* levels by inhibiting the sodium-calcium exchanger protein. In muscle cells,
calcium overload activates calpains which activates caspases and increase ROS
production, thus leading to cell death (Rawat et al., 2021).
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Cardiotoxicity. In the case of DOX administration, CTOX is the most
daunting side effect, especially in childhood cancer survivors. Pediatric patients
can often tolerate more aggressive treatment regimens, most likely due to fewer
comorbidities, better organ function and different drug metabolism than adults.
Yet, this population is more affected by tardive side effects of cancer treatments that
can alter their quality of life, and physicians should be more aware of warning signs
of side effects than in adults (Helms et al., 2023; van den Boogaard et al., 2022).

Medical practitioners became aware of the cardiac damage produced by
anthracyclines shortly after daunorubicin was introduced in clinical use. In the
two “Letters to the Editor” of The Lancet journal in 1969, authors described
their cases and outcomes, and advised their colleagues on methods to prevent
CTOX, mainly by reserving daunorubicin use only for young patients affected
by leukemia and avoiding combined therapies with drugs that increase the
cardiotoxic effects (Bonadonna and Monfardini, 1969).

Symptoms of CTOX are often “silent” at the onset of the disease or can go
unnoticed because they are non-specific. This is the case for intermittent chest
pain, fatigue, shortness of breath, vertigo, heart palpitations or limb swelling
because in the absence of cardiovascular diagnostic tests, these can be easily
attributed to other conditions (Rawat et al., 2021).

A challenging fact to acknowledge is that gender bias heavily impacts CVD
diagnosis. This is proven by the fact that mortality rate is higher inwomen compared
to men (Townsend et al., 2022). Although several factors such as smoking,
obesity, menopause and pregnancy are contributors to risk increase, these
should not affect the diagnostic process (Sliwa et al., 2021). An increasing pool
of evidence shows that CvVD symptoms are often disregarded or misinterpreted by
medical practitioners as anxiety, depression, or just fatigue in general. These
misconceptions, along with the tendency to understate the severity of their
symptoms lead to less women receiving referrals to a cardiologist (Al Hamid et
al., 2024; Berg Gundersen et al., 2017; Ezekowitz et al., 2020; Sliwa et al., 2021).

Despite extensive research, the mechanism of CTOX development is still
unclear, especially in the case of late-onset or chronic CTOX, occurring years
after treatment completion. For acute forms of the disease, tissue uptake of DOX
increases oxidative stress, thus promoting cell damage and apoptotic pathways.

In the case of CTOX occurring long after treatment, the only evidence-
supported hypothesis is that DOX treatment promotes an aging phenotype in
heart tissue, which cannot be identified by current diagnosis methods (Linders
etal.,, 2024).

As described in Chapter Il, a method for preventing or curing CTOX is not
yet available. The most clinically effective solution seems to stand in a combination
of both conventional and traditional medicine, along with a non-invasive
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screening of patients to identify subclinical CTOX swiftly and implement treatment
as soon as possible.

Materials and Methods

The study adhered to the requirements of the European Directive 2010/63/EU
and national legislation 43/2014 regarding the protection of animals used for
scientific purposes. The protocol was approved by the Committee on the Ethics
of Animal Experiments of Babes-Bolyai University (14.172/02.11.2021) and
was compliant to the ARRIVE guidelines. Adult male Wistar rats (of average
weight 250 g at the beginning of the experiment) were housed in the Animal
Laboratory Facility (Zoobase) at the Babes-Bolyai University in Cluj-Napoca.
Throughout the experiment, animals received free access to standard diet and
water, were gently handled and were kept in standard cages on a 12-hour light-
dark cycle.

The treatment protocol has been described previously (Ancaet al., 2024).
Briefly, a cumulative dose of 15 mg/kg DOX hydrochloride was divided into 4
weekly doses and administered intravenously via tail vein. Control group was
treated with vehicle, in the same manner. Tissues were harvested post-treatment
and at 4 weeks post-treatment for the acute and chronic manifestations of toxicity,
respectively.

For ultrastructural analysis, the protocol described by Craciun & Barbu-
Tudoran (2013). Briefly, collected heart and liver tissues were quicky fixed in
2.7% glutaraldehyde, washed and post-fixed in 2% osmium tetraoxide. After
acetone dehydration, samples were embedded in Epon 812 resin (Electron
Microscopy Science USA). Section trimmings were performed using a Leica UC6
microtome, and then sections were placed on electron microscope grids. After
double contrasted using uranyl acetate (UranyLess, Electron Microscopy Science,
USA), grids were examined using a Jeol JSM 1010 (Japan) transmission electron
microscope. Images were post-edited for contrast using Adobe Photoshop software.
Transmission electron microscopy images were obtained at the “Constantin
Crdciun” Electron Microscopy Center.

For histopathological analysis, heart, aorta, liver and kidney sections
were prepared for hematoxylin-eosin (H&E) staining. Briefly, tissue fragments
were isolated and fixed in a 5% neutral formalin solution, for approximately 72
hours. After paraffin embedding, multiple sections were cut at 5 pm thickness and
mounted onto glass slides. After dewaxing in xylene and rehydration, sections
were stained using the standard H&E procedure. Slides were then investigated
using an Optika 510 LD1 microscope with a 5SMP charge-coupled device (CCD)
camera.
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Results

Ultrastructural analysis of heart tissue from Control rats shows normal
cell architecture at both time-points, with clearly delineated myofibrils running
parallel to each other. Sarcomeres are visibly separated by Z membranes.
Mitochondria are electron dense and contain unaltered cristae. The euchromatic
nucleus contains a well-defined nucleolus (Fig. 1A-D).

Figure 1. Electron micrographs of Control group myocardial tissue, post-treatment
(A, B) and 4 weeks post-treatment (C, D). A. Well-defined myofibrils (M), running
parallel to each other, with visible sarcomeres delimited between two neighboring
Z membranes; B. between myofibrils, rows of mitochondria are observed (marked
by arrows); these mitochondria are normally electron dense, with intact cristae.
The nucleus (N) is euchromatic, with well-differentiated nucleolus (n); C. normal
cardiomyocytes, with normally arranged myofibrils (M) in parallel rows; D. normal
arrangement of mitochondria (marked by arrows), parallel to myofibrils.

DOX group ultrastructural analysis showed extensive damage at both time-
points, with disorganized myofibrils, collapsed mitochondrial cristae and numerous
lipid and collagen deposits (Fig. 2A-B). Post-treatment, nuclei were predominantly
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heterochromatic, with irregular shapes and surrounded by vacuolization processes.
Interestingly, at this time-point we mainly observed damaged mitochondria, which
appear to fuse at 4 weeks post-treatment (Fig. 2C-D).

= By -

Figure 2. Electron micrographs of DOX group myocardial tissue, post-treatment (A, B)
and 4 weeks post-treatment (C, D). A. disorganized myofibrils (M), mitochondria (marked
by arrows) with collapsed cristae, heterochromatic nucleus (N) of irregular shape and
perinuclear cytoplasmic vacuolisation; B. intracellular lipid droplets (marked by *) and
collagen deposits; C. degraded myofibrils (M), with denatured content; disorganized
mitochondrial cristae (arrow); lipid droplets in between mitochondria (marked by *); D.
some mitochondria show fusion-like behavior, as a response to intense metabolic stress.

All histological samples were collected only after the completion of the 4-
week course of treatment. Histological analysis of heart sections from the Control
group show intact tissue structure (Fig. 3A-B). In DOX group, disorganized
muscle bundles along with leukocyte infiltrates and visible microhemorrhages
(MHSs) are seen (Fig. 3C-D). Additionally, post-treatment cardiomyocytes show
excentric nuclei position and rarefied cytoplasm (Fig. 3E).
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B.

Figure 3. Heart sections of Control and DOX groups, H&E staining. A and B. Control
post treatment. Both images are showing normal tissue architecture x10 for
A, x40 for B; C. DOX, post-treatment, x10; D and E. DOX, post-treatment, x40.
Black arrows indicate leukocyte infiltrates and red arrows indicate MH.

Control group aorta samples show normal cell and tissue structure. In
tunica media, rows of smooth muscle cells are intercalated with parallel elastic
fibers (Fig. 4A). DOX treatment caused a relative thinning of the tunica media
and thickening of the tunica adventitia (Fig. 4B).
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Figure 4. Electron micrographs of Control group liver tissue, post-treatment (A, B) and
4 weeks post-treatment (C, D). A. hepatocyte with euchromatic, spherical nucleus (N) and
2 nucleoli (n), and parallel RER. Mitochondria (arrows) are normal electron dense; B.
mitochondrial complexes surrounded by RER (arrow); C. parenchymal cells with central,
well-defined nucleus (N), hepatocyte microvilli present in the BD and in the Disse spaces,
lipid droplets (marked by *) in hepatocytes and Ito cells (thick arrow), and a Kupffer cell
(thin arrow); D. hepatocyte with euchromatic nucleus and large nucleolus, RER and
mitochondrial complexes, and BD. RER - rough endoplasmic reticulum; BD —bile duct.

Control group TEM images for both time-points show normal cellular
architecture. Post-treatment, hepatocytes have euchromatic, spherical nuclei
surrounded by numerous cisternae of the rough endoplasmic reticulum (RER)
and mitochondria (Fig. 4A-B). Additionally, at 4 weeks post-treatment, few lipid
droplets can be observed in hepatic stellate cells and hepatocytes (Fig. 4B-C).
At both time-points, DOX led to SER and RER proliferation (Fig. 5AD), and
hepatocyte apoptosis (Fig. 5B-C), with more cellular damage observed at 4-
week post-treatment (Fig. 5E).
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Figure 5. Electron micrographs of DOX group liver tissue, post-treatment (A, B) and 4
weeks post-treatment (C, D, E). A. dilated membrane vesicles of SER (arrows); cellular
debris as remnants of a probably apoptotic cell; B. cell with intact nucleus (N) and nucleolus
(n); massive proliferation of endoplasmic reticulum; C. hepatocyte with irregular nuclear
(N) shape and enlarged intercellular space (1S), and bile ducts with altered hepatocyte
microvilli (BD), proliferation of SER (arrow); D. hepatocyte with heterochromatic
irregular nucleus (N), proliferation of SER and RER (arrow and *, respectively);
E. faulty mitochondria, with damaged cristae (arrows) between dilated RER profiles.
SER - smooth endoplasmic reticulum; RER — rough endoplasmic reticulum.
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To further evaluate the extent of structural disruption caused by DOX,
histological sections were examined. Micrographs of livers from the Control
group show physiological tissue structure, with normal hepatocytes, arranged in
continuous plates around the centrilobular vein (CV) (Fig. 6A-B). DOX treatment
led to loss of normal tissue architecture, with enlargement of the CV and dilated
sinusoids, along with inclusions between hepatocytes (Fig. 6C). At week 4 post-
treatment, we observed the proliferation of biliary ducts, along with enlarged
Disse spaces and disorganized cytoplasm in hepatocytes (Fig. 6D-E).

A. B.

Figure 6. Liver sections of Control and DOX groups, H&E staining. A and B. Control post-treatment
images, showing intact tissue structure. Centrilobular vein (CV), sinusoid capillaries (black arrows
in A), Kupffer cell (red arrow in B), binucleated cells (black arrows in B); x10 for A, x40 for B;
C. DOX, post-treatment image with CV, sinusoid dilatation (arrows) and inclusion bodies (In),
x10; D. DOX post-treatment, indicating disorganized cytoplasm marked by arrows, enlarged
Disse spaces (DS) and cell inclusions (In), x40; E. DOX post-treatment, S indicates liver
sinusoids, proliferated biliary ducts (arrows), a neutrophil in a sinusoid capillary (n), x40.
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Kidney photomicrographs for the Control group show normal tissue architecture,
with round, well-conturated glomeruli (G) and visible macula densa (MD). Proximal
(PT) and distal convoluted tubes (DT) are normal appearing (Fig. 7A-B). DOX group,
similar to the other organs analyzed, shows irreversible structural damage. Vascular
injury is reflected by multiple MH spots visible at both magnifications used. Some
nuclei have pyknotic appearance and are displaced beyond the cellular boundary,
which indicates active apoptotic or necrotic processes. The majority of renal
corpuscles were severly deformed (Fig. 7C-E).

Figure 7. Kidney sections of Control and DOX groups, H&E staining. A. In Control group
post-treatment, arrows indicate normal tubular epithelium (arrows) and glomeruli (G);
at some glomeruli, the macula densa (MD) can also be seen; x10; B. A round renal
corpuscle in the Control group with normal Bowman capsule (BC) and capillary loops of
the glomerule (G); the macula densa (MD) is visible at the beginning of distal tube (DT),
near a loop of the proximal tube (PT); x40; C. DOX group, post-treatment. The renal
corpuscles (G, black arrows) are deeply altered, with missing, or enlarged Bowman
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capsule (*); the red arrows indicate MH foci; x10; D. A renal corpuscle in the DOX-treated
group. The Bowman capsule is not visible and the capillary loops of the glomerule are
disorganized; x40. E. DOX group, post-treatment. Renal tubes with altered cells, some of
them with disrupted membrane and nuclei beyond the cell boundaries (*); x40.

Discussion

Cardiomyocytes are mitochondria-rich cells, due to their intense need for
energy. Under improper conditions such as extreme oxidative stress, mitochondria
undergo inner and outer membrane fusion. As a result, the fused mitochondria
share their contents to maintain normal function (Adebayo et al., 2021). This
quick process is mediated by mitofusins (MFN1 and MFN2) for the outer membrane,
whereas the inner mitochondrial membrane is fused by optic atrophy 1 (OPAL).
Errors in this process are lethal, as proven by mutant mice experiments (Pernas
and Scorrano, 2016).

As DOX is an inhibitor of mitochondrial fusion and fission (Ding et al., 2022),
this process was not observed at the end of treatment (Fig. 2AB). However, as
shown in Fig. 4B, we observed fused mitochondria at 4 weeks post-treatment.
This suggests that after DOX exposure ends, although cardiomyocytes show clear
signs of severe energy impairment, partially impaired mitochondria are adapting to
the altered cell environment and compensating for the damage.

Collagen accumulation in cardiac muscle has been observed in DOX treated
mice (He et al., 2020b) and is a sign of hypertrophy and fibrosis (Levick et al.,
2019). One of the ways DOX could intensify collagen production and deposition is
by upregulation of Adamts19, which we observed in our transcriptomic analysis of
heart tissue after the same DOX protocol (results not published).

Morphological evaluation of heart sections revealed oxidative-stress related
tissue injury, which presents with separation of myofibers, inflammatory cell
infiltration and microhemorrhages (MH) (Fig. 3 D-E).

The effects DOX exhibits on the liver need as much attention as the heart,
because the oxidative stress produced by DOX metabolism greatly impacts the
liver (Gedikli et al., 2023). DOX heavily impacts the liver by decreasing lipid
metabolism which ultimately leads to nonalcoholic steatohepatitis (Timm et al.,
2022). DOX-induced liver injury is led by ROS overproduction, which lowers the
activity of the antioxidant molecules (glutathione peroxidase, superoxide
dismutase, catalase and glutathione) (Prasanna et al., 2020).

In our previous study, we demonstrated that DOX produces hyperlipidemia
which continues to worsen even after treatment completion (Anca et al., 2024).
Given that liver dysfunction is a widely recognized risk factor for cardiovascular
disease (Lee et al., 2020), these results consolidate the importance of early protective
strategies for patients undergoing chemotherapy regimens that include DOX.
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Hepatocyte ballooning, which is characterized by enlarged cells with dilated
cytoplasm, is a sign of injury and metabolism alteration as a response to DOX-
induced oxidative stress (Bonnet et al., 2022; Fatani et al., 2022). This was
observed in post-treatment liver sections (Fig. 7 D-E), which may also predict a
prolonged alteration of the tissue following DOX exposure. Additionally, we observed
numerous MH spots caused by sinusoidal endothelial barrier integrity disruption
(Fig. 7C-E). This type of endothelial injury could be attributed to DOX-induced
mitochondrial dysfunction: excessive ROS production in the mitochondria can
trigger a ROS-induced ROS release mechanism, which in turn damages the
endothelial wall (He et al., 2020a).

The smooth ER is an important player in lipid metabolism, especially in
the liver. ER proliferation is a known stress marker associated with cardiovascular
and metabolic diseases (Sozen and Ozer, 2017) by increasing fatty acid
synthesis (Zhou et al., 2022).

Histological analysis of kidney tissue revealed severe and progressive
renal damage. As indicated by multiple MH spots, vascular injury seems to be
an ongoing process (Fig. 8C). Additionally, the altered appearance of the renal
corpuscles adjacent to the MH and displacement of the nuclei beyond the
cellular membrane collectively highlight the degree of DOX toxicity in the
kidney (Fig. 8BC). As in the other tissues, DOX-kidney injury is likely caused by
oxidative stress and inflammation (Hussain et al., 2021, Szalay et al., 2015).

Conclusion

The present work provides additional information regarding histological
and ultrastructural effects of DOX on tissues to build upon previous research on
the evaluation of circulating biomarkers. The systemic impact of DOX is manifested
through oxidative stress, vascular injury and lipid dysregulation.

In all organs analyzed, DOX led to progressive tissue dysfunction manifested
as apoptotic-like cell appearance, myofibrillar disarray and vascular damage and
immune cell infiltration. These results, combined with our previous observations,
emphasize the need of a multifaceted therapeutic approach to DOX toxicity
centered on reduction of oxidative stress to non-target organs.
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