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Introduction

Novel PLGA-based nanoformulation decreases
doxorubicin-induced cardiotoxicity}
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Nanotechnology has the potential to provide formulations of antitumor agents with increased selectivity
towards cancer tissue thereby decreasing systemic toxicity. This in vivo study evaluated the potential of
novel nanoformulation based on poly(lactic-co-glycolic acid) (PLGA) to reduce the cardiotoxic potential
of doxorubicin (DOX). In vivo toxicity of PLGADOX was compared with clinically approved non-PEGylated,
liposomal nanoformulation of DOX (LipoDOX) and conventional DOX form (ConvDOX). The study was
performed using Wistar Han rats of both sexes that were treated intravenously for 28 days with 5 doses of
tested substances at intervals of 5 days. Histopathological analyses of heart tissues showed the presence
of myofiber necrosis, degeneration processes, myocytolysis, and hemorrhage after treatment with
ConvDOX, whereas only myofiber degeneration and hemorrhage were present after the treatment with
nanoformulations. All DOX formulations caused an increase in the troponin T with the greatest increase
caused by convDOX. gPCR analyses revealed an increase in the expression of inflammatory markers IL-6
and IL-8 after ConvDOX and an increase in IL-8 expression after lipoDOX treatments. The mass spectra
imaging (MSI) of heart tissue indicates numerous metabolic and lipidomic changes caused by ConvDOX,
while less severe cardiac damages were found after treatment with nanoformulations. In the case of
LipoDOX, autophagy and apoptosis were still detectable, whereas PLGADOX induced only detectable
mitochondrial toxicity. Cardiotoxic effects were frequently sex-related with the greater risk of cardiotoxi-
city observed mostly in male rats.

hematologic malignant tumors such as Hodgkin’s and non-
Hodgkin’s lymphoma and pediatric leukemia.>® Two mecha-
nisms for the anticancer effect of DOX have been confirmed.*

Doxorubicin (DOX) is an anthracycline, a typical anticancer
drug first isolated from Streptomyces peucetius in the 1960s." It
is still one of the most often prescribed effective antineoplastic
agents developed for the treatment of a variety of cancers,
such as ovarian, breast, gastrointestinal, Wilms tumor, and
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One of these relies on the interaction of DOX with the DNA
resulting in the loss of DNA repair mediated with topoisome-
rase IL.° The second one is related to oxidative stress of the cell
membranes, DNA, and proteins with concomitant activation of
NADH-dehydrogenase, NO synthase, xanthine oxidase, gluta-
thione peroxidase, catalase, and superoxide dismutase, which
can also initiate an inflammatory cascade.®’” Unfortunately,
DOX’s clinical application is associated with serious side
effects like for many other cytotoxic substances,® including car-
diomyopathy due to the formation of reactive oxygen species
(ROS), apoptosis, inhibited expression of cardiomyocyte-
specific genes, and altered molecular signaling in heart
tissue.”'® Other side effects, such as gastrointestinal disturb-
ances, vomiting, stomatitis, hallucinations, vertigo, and dizzi-
ness, are of an acute nature and primarily affect the patient’s
quality of life,"* while cumulative and dose-related cardiotoxi-
city is one with the highest clinical significance as it may lead
to congestive heart failure or even death.'>’® DOX causes

This journal is © The Royal Society of Chemistry 2024
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dose-dependent cardiotoxic effects resulting in changes in
myocardial structure that can further evolve to irreversible
changes. The incidence of congestive heart failure ranges from
approximately 3% up to 18% at the highest dose prescribed.'*
This cardiotoxicity represents one of the limiting factors
towards DOX use in antitumor therapy.'®> Even more, the cardi-
otoxic effect caused by DOX increases with each dose due to
irreversible myocardial damage.'®'”

In order to minimize DOX-associated cardiotoxicity, various
approaches have been utilized such as prolonged infusion for
six hours or combining DOX with cardioprotective agents.'®"°
Unfortunately, meta-analyses of these approaches didn’t show
any differences in the clinical outcomes compared to applying
DOX alone."®?° However, encapsulation of DOX into liposomal
formulations proved to decrease its cardiotoxicity.”"** In
general, liposomes can be designed to improve drug pene-
tration, controlled release, and drug targeting thereby increas-
ing drug efficacy while reducing toxic side effects.>* Liposomal
DOX formulations may favor the accumulation of the drug at
tumor sites due to easier extravasation at sites of leaky vascula-
ture (i.e. tumor sites) and, at the same time, reducing the
ability to exit the circulation in healthy tissues, such as the
heart, with its ‘tight' endothelial capillary junctions.”*
Development of nano-enabled DOX formulations seems also
promising. Two different nanoformulations for DOX have been
approved for clinical use: non-PEGylated nanoliposomal DOX
(Myocet™) and PEGylated nanoliposomal DOX (Caelyx®,
Doxil®).*® Clinical studies showed a reduction in cardiotoxic
events for both of these cases, non-PEGylated®>**® and
PEGylated liposomal DOX.>**°

PEGylation is a process used to increase the stability of
nanoliposomes by covalently linking polyethylene glycol (PEG)
chains.®* PEGylation increases the hydrophilicity of the nanoli-
posomes protecting them from phagocytic degradation and
reducing their adhesion to various surfaces which in turn
extends the half-life of the drug.?* Another often-used polymer
in the design of nanoformulations is poly(lactic-co-glycolic
acid) (PLGA), a biodegradable and biocompatible material
approved by both the U.S. Food and Drug Administration
(FDA) and European Medicines Agency (EMA).** Scientific lit-
erature already evidenced in different animal models that
PLGA-based nanoformulation reduce DOX cardiotoxicity.>* ¢

This study aimed to evaluate sex-related response and safety
benefits of novel PLGA-based DOX nanoformulation
(PLGADOX) produced by nanoprecipitation using the continu-
ous MicroJet reactor technology.?” Cardiotoxicity of this formu-
lation was compared with clinically approved and used conven-
tional DOX injection solution (ConvDOX) and non-PEGylated
nanoliposomal DOX (LipoDOX). The study conducted repeated
intraperitoneal administration of these 3 DOX formulations to
healthy rats for 28 days (single administration every 5 days).
Despite a number of studies published so far on PLGA-based
DOX formulations, main novelty of our work is based on the
experimental design to reveal sex-related cardiotoxicity of clini-
cally used and new DOX formulations. Cardiotoxic effects were
investigated by means of cardiac muscle damage, expression
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of inflammation-related genes, and impact on the metabolo-
mic and lipidomic cardiac muscle profile.

Materials and methods
Drug formulations

DOX formulations used in this study were conventional doxo-
rubicin injection solution (ConvDOX; Pliva, Zagreb, Croatia),
commercial and clinically approved nanoliposomal formu-
lation Myocet (LipoDOX; Teva, Petah Tikva, Israel) consisting
of stable pluri-lamellar liposomes composed of egg phospha-
tidylcholine (EPC) and cholesterol with an aqueous core, and
doxorubicin embedded in PLGA nanoparticles (PLGADOX)
developed at MyBiotech GmbH (Uberherrn, Germany).
Characterization of lipoDOX and PLGADOX formulations was
done as described previously by means of their shape, size,
and size distribution, as well as surface charge after dilution
with saline solution (see ESIT).*®

Animal experiments

All animal experiments were approved by the Ethical
Committee of the Croatian Ministry of Agriculture, Directorate
of Veterinary and Food Safety, Department of Animal Welfare
(Ethical Committee review number EP 320/2021; Animal
Welfare approval class UP/I-322-01/21-01/08, urbr: 525-10/0543-
21-4). Animal care was carried out in accordance with the EU
Directive 2010/63/EU for animal experiments, with the Animal
Protection Act (OG 135/06, 37/13) and with the Ordinance on
the protection of animals used for experimental and other
scientific purposes (OG 55/13). According to the recommen-
dations of the European Society of Gender Health and
Medicine, both sexes were included in the study: gender-
specific differences were expected.

Wistar rats of both sexes, aged 12 weeks and weighing
320-350 g body weight (b.w.) for males (M) and 190-220 g b.w.
for females (F), were bred under specific pathogen-free con-
ditions at the Animal Breeding Unit, Institute for Medical
Research and Occupational Health (IMROH), Zagreb, Croatia.
Animals were acclimated in the controlled environment (temp-
erature: 23 + 2 °C; humidity: 55 + 7% and light: 12 h light/dark
cycle) and fed with standard GLP-certified food (Mucedola,
4RF21, Italy) and water ad libitum.

In total, 64 (32 F and 32 M) Wistar HsdBrlHan rats were
used. Animals were randomly divided into 8 groups (4 male
groups and 4 female groups, n = 8 per group): (1) control
males treated with saline; (2) control females treated with
saline; (3) males treated with ConvDOX; (4) females treated
with ConvDOX; (5) males treated with LipoDOX; (6) females
treated with LipoDOX; (7) males treated with PLGADOX; (8)
females treated with PLGADOX. All treatments were done by
intraperitoneal injections. The doses of applied formulations
corresponded to 3 mg of the pharmacologically active sub-
stance (DOX) per kg of body weight (b.w.). Doses were deter-
mined by consulting the relevant scientific literature.**** All
formulations were diluted in saline. All animals received 5
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doses of tested substances at intervals of 5 days, administered
on days 1, 6, 11, 16, and 21. On the fifth day after the last
administration, animals were sacrificed under general anesthe-
sia using an anesthetic cocktail (Narketan, Vetoquinol UK Ltd,
80 mg per kg b.w.; Xylapan, Vetoquinol UK Ltd, 12 mg per kg
b.w., i.p.) in order to avert any pain caused by exsanguinations
and tissue harvesting. All gross pathological changes of the
internal organs were examined by a licensed veterinarian. The
blood samples were collected in heparinized vacutainers
(Becton, Dickinson and Co., Rutherford, New Jersey, USA) by
dissection of the carotid artery under general anesthesia.
Blood was centrifuged (1200g, 10 min, at 4 °C), obtained
serum was frozen at —80 °C and further used for markers of
cardiac toxicity, namely troponin T (TnT) and rat N-terminal
prohormone of brain natriuretic peptide (NT-proBNP). After
washing in ice-cold physiological saline, hearts were divided
into small pieces and stored in formalin for the pathohistolo-
gical diagnosis (PHD), in RNA Later (Thermo Fisher Scientific
Inc., Schwerte, Germany) for mRNA expression analysis using
quantitative polymerase chain reaction (qPCR), or in the cryo-
preservation tubes at —80 °C for matrix-assisted laser desorp-
tion/ionization (MALDI) mass spectrometry imaging (MSI)
analysis.

Pathohistological evaluation of heart tissues

Pieces of heart tissues were put in 50 mL Falcon tubes
(Eppendorf, Hamburg, Germany) containing 4% (v/v) formal-
dehyde (BioGnost, Zagreb, Croatia) immediately after removing
the organs from the animals and were left in fixative for 7-10
days. Afterward, the organs were transferred to cassettes and
rinsed overnight with distilled water. The next day, heart
tissues were dehydrated by a series of ethanol dilutions (from
50% to 100% (v/v)). The organs were then embedded in
paraffin. The details on dehydration and paraffin embedding
are given in Tables S1 and S2 (ESI}). Tissue sections of 8 um
were cut on a rotary microtome and the prepared slides were
stained with hematoxylin and eosin (H&E; Biognost, Zagreb,
Croatia) as described in Table S3 (ESIf). Two histological
slides were prepared, each slide containing two sections, to
ensure backup in the case of poorly made sections causing the
morphology of the organ to not be ideally preserved. After
staining, histological slides were analyzed using an Olympus
fluorescence microscope Olympus BX53F2 (Olympus, Tokyo,

Japan).

Determination of cardiac biomarkers

Determination of TnT and NT-proBNP in serum samples was
performed using the enzyme-linked immunosorbent assay
(ELISA) kits purchased from MyBioSource Inc. (San Diego,
USA). Measurements were performed according to the manu-
facturer’s instructions. The color change was measured spec-
trophotometrically at a wavelength of 450 nm + 10 nm on a
Victor3™ plate reader. The concentrations of TnT and NT-
proBNP in the samples were determined by comparing the
optical density (O.D.) of the samples to the standard curves.
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Evaluation of oxidative stress response

Intracellular ROS in heart tissue homogenates were measured
using 2',7'-dichlorofluorescin diacetate (DCFH-DA) and dihy-
droethidium (DHE) staining assays. In the presence of a super-
oxide radical, DHE is oxidized to a fluorescent 2-hydroethi-
dium allowing the accurate measurement of fluorescence
signals which correlate with the amount of superoxide radical.
The DCFH-DA is converted by cellular esterase into non-fluo-
rescent 2',7'-dichlorofluorescin (DCFH), which is then oxidized
to the fluorescent DCF product in the presence of hydroxyl
radical. The procedures were performed as previously
described.”® An ice-cold 40 mM Tris-HCI buffer (pH 7.4) was
used for diluting fresh 10% (w/v) tissue homogenates to 0.25%
(w/v) homogenates which were pipetted into wells of 96-well
plate following the addition of 20 pL 0.12 mM DCFH-DA or
DHE. Autofluorescence was examined by preparing the tissue
without the addition of a dye. After incubating the samples for
20 min at 37 °C fluorescence was determined at the 488 nm
excitation and 525 nm emission wavelengths using a fluo-
rescence plate reader Victor3™ (PerkinElmer, Shelton, USA).

A monochlorobimane (MBCl) fluorescent probe, highly
specific for glutathione (GSH) detection, was used for measur-
ing the GSH level in heart tissue. Diluted 0.25% (w/v) tissue
homogenates were prepared in the 40 mM Tris-HCI buffer (pH
7.4) and placed on ice prior to analysis. Furthermore, 0.1 mL
of 0.25% homogenate portions were pipetted into wells of a
96-well plate following the addition of 20 pL of 0.24 mM MBCI.
Autofluorescence was examined by preparing the tissue
without the addition of a fluorescent probe. All samples were
incubated for 30 min at 37 °C. Fluorescence was determined at
the 355 nm excitation and 460 nm emission wavelengths using
a Victor3™ plate reader. Results are obtained as relative fluo-
rescence units (RFU) and all results for the level of hydroxyl
radicals, superoxide radicals, and GSH of heart tissue were
normalized based on total protein content (RFU per mg
protein). QuantiPro BCA assay kit (QPBCA, Merck KGaA,
Darmstadt, Germany) was used for protein quantification
according to the manufacturer’s instructions. Final data are
represented as mean values obtained from eight animals
including standard deviations (SD). Significant differences (p <
0.05) between controls and treated animals are indicated by
the asterisks (*).

mRNA expression analysis

Heart tissues were transferred from RNALater to tubes contain-
ing Aurum Lysis Solution (Bio-Rad, Hercules, California, USA)
and were homogenized using the dispenser Ika Ultra-Turrax
T10 (IKA Works, Inc.) for 30 s in the ice bath. RNA was isolated
from tissue homogenates using Aurum total RNA mini kit
(Bio-Rad, cat. 732-6820) according to the manufacturer’s
instructions. RNA was then transcribed to cDNA using the
high-capacity DNase reverse transcription kit (Thermo Fisher
Scientific Inc., Schwerte, Germany) according to manufac-
turer’s instructions. 5 pL of isolated RNA sample was added
per 10 pL of reverse transcription reaction, which proceeded in

This journal is © The Royal Society of Chemistry 2024
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Biosan TS-100C thermomixer (Biosan TS-100C thermomixer)
using the manufacturer’s program.

The qPCR analysis was performed using the iTaq Universal
SYBR green Supermix kit (BioRad, California, USA) in the
twin.tec 96-well plates (Eppendorf, Hamburg, Germany) on
Applied 7500 PCR System (Applied Biosystems, Foster City, CA,
USA). Reaction mixtures were prepared using 10 pM primer
stock solutions (diluted to a final concentration of 200 nM)
with a final reaction volume of 20 pL per sample. The negative
control for reverse transcription reaction was no template RT
control, whereas the absence of PCR-product/cDNA contami-
nation was assessed by the inclusion of a no template control
(NTC) in every run. In both cases, ultrapure sterile water was
added instead of sample RNA or cDNA, respectively. Each
sample was tested in triplicates for the expression of each
gene. ¢cDNA was added to tubes containing iTaq Universal
SYBR Green Supermix and primers. Primers (Metabion,
Planegg, Germany) were used for IL-6 (forward:
ATATGTTCTCAGGGAGATCTTGGAA; reverse: GTGCATCATC-
GCTGTTCATACA), IL-8 (forward: CTCCAGCCACACTCCAACAGA,
reverse: CACCCTAACACAAAACACGAT), TNF-alpha (forward:
GGCTGCCCCGACTATGTG, reverse: CACCCTAACACAAAACA-
CGAT), IL-1b (forward: CCAGGATGAGGACCCAAGCA, reverse:
TCCCGACCATTGCTGTTTCC). GADPH (forward: TGGCACAG-
TCAAGGCTGAGA, reverse: GATCGCGCTCCTGGAAGAT) was
used as a reference gene. The reaction was performed using
the following program: 1 cycle for 30 s at 95 °C (polymerase
activation), followed by 40 cycles of 15 seconds at 95 °C, then
60 seconds at 60 °C (PCR cycling). Relative quantities, i.e. rela-
tive mRNA levels of target genes were calculated using the
2744C4 method, which calculates fold changes as rec-
ommended by Hellemans et al.** The normalization was per-
formed against reference gene GADPH.

MSI analyses

Cryopresrevd heart tissue samples were cut into longitudinal
sections 6 um thick on a Leica CM1950 cryostat (Wetzlar,
Germany), at the temperature of —20 °C. All samples were
mounted on indium tin oxide (ITO) coated glass slides (Sigma
Aldrich, St Louis, USA; sheet resistance of 15-25 Q sq_1) and
analyzed immediately. Due to the complexity and reproducibil-
ity of the IMS, 2 randomly selected samples per group were
analyzed.

All MSI experiments were performed using iMScope Trio
(Shimadzu, Kyoto, Japan). The instrument was equipped with
a light microscope, Nd:YAG LASER (355 nm), containing an
atmospheric pressure MALDI source and an ion-trap (IT) TOF
MS running in the reflectron mode. Optical images of the
samples were taken first using the in-built microscope of the
iMScope Trio (Shimadzu, Kyoto, Japan) in transmission mode,
at 100x magnification. Then, the slides were overlaid with a
2,5-dihydroxybenzoic acid (DHB; Sigma Aldrich, Germany)
matrix by sublimation procedure lasting 25 min using iMLayer
(Shimadzu, Kyoto, Japan). Recrystallization was performed in a
closed container heated to 70 °C for 105 s using 5% (v/v)
methanol : water solution. ITO slides covered with the matrix
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were placed above the solution. Following matrix deposition,
the optical images were recorded again, in transmission mode,
at 25x magnification.

Examination of different instrument settings yielded the
optimized parameters as follows. Samples were recorded in
positive mode, with ranges of 200-650 m/z and 650-1000 m/z.
420 pixels (14 x 30) per sample were recorded, sample voltage
of 3.5 kV and a detector voltage of 2.1 kV. Accumulation was 1
time/pixel, number of laser shots 100, frequency of 500 Hz,
diameter 2, and intensity 50%. DHB was used for instrument
calibration. Selected m/z ranges enabled the analysis of the
content of spermine, ceramide (Cer), lysophosphatidylcholine
(LysoPC), and acylcarnitine (Car).

Acquired MS images were generated and analyzed using
IMAGEREVEAL v1.1 (Shimadzu, Kyoto, Japan). Before further
analysis was performed all m/z values were normalized by
total-ion-current method.

Statistical analysis

One-way ANOVA testing with post hoc Tukey test was performed
for the statistical analysis of cardiac markers TnT and NT-
proBNP, and parameters of the oxidative stress response,
whereas one-way ANOVA with post hoc Dunnett’s multiple com-
parison tests was performed for mRNA expression analysis.
The treatment groups were compared with the control group
(p < 0.05). Mean and SEM were plotted on column graphs.
GraphPad Prism 6.0 software was used for statistical analysis
and graphical representation. Results from MALDI-MSI experi-
ments are represented as a heat map that was generated using
log2ratio of average m/z intensities and the statistical program
Rver. 4.2.0.%°

Results and discussion
Physico-chemical characteristics of DOX nanoformulations

Nanoformulations LipoDOX and PLGADOX in saline solutions
were characterized by using dynamic light scattering (DLS),
electrophoretic light scattering (ELS), and transmission elec-
tron microscopy (TEM) techniques. Both nanoformulations
had spheroidal shapes as can be seen in TEM micrographs
(Fig. 1). LipoDOX had a smaller hydrodynamic diameter (dy)
of 126.2 + 1.4 nm, whereas the dy of PLGADOX was measured
to be 252.4 + 12.7 nm (Fig. 1). According to dynamic light scat-
tering (DLS) measurements, both nanoformulations were
uniform in size with a monomodal distribution, although
TEM micrographs showed some aggregates, probably gener-
ated during sample preparation (drying) for TEM measure-
ments. The ¢ potential indicated a negative charge for both for-
mulations, —48.3 + 0.8 mV for LipoDOX and —12.9 + 0.4 mV
for PLGADOX formulations.

Stability evaluation of LipoDOX and PLGADOX in saline
solution was also performed by DLS, ELS, and TEM measure-
ments and showed good colloidal stability with no changes in
shapes, dy, and { potential values during 24 h. Thus, these
results confirmed the quality attributes of both formulations.

Nanoscale, 2024, 16, 9412-9425 | 9415
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PLGADOX

dy { potential

252.4+12.7 nm -12.91+ 0.4 mV

Fig. 1 Physico-chemical characteristics of LPS and PLG formulations. Transmission electron micrographs of non-PEGylated liposomal formulation
of doxorubicin (LipoDOX; left, scale bar of 200 nm), and PLGA-liposomal formulation of doxorubicin (PLGADOX; right, scale bar of 500 nm).
Hydrodynamic diameters (dy, nm) were obtained by DLS, and ¢ potential (mV) was measured using the ELS method. All measurements were done at

25 °C.

Pathohistological analysis of heart tissues

DOX is known to induce apoptosis in cardiomyocytes, thereby
directly damaging the heart tissue.*® Histopathological ana-
lysis of hearts of both female and male rats treated with
ConvDOX showed signs of myofiber necrosis (Fig. 2a-e).
Necrotic changes were characterized by loss of cellular and
nuclear details and myofiber vacuolation (Fig. 2a).
Additionally, degeneration processes were also observed in
both sexes, indicated by the presence of preapoptotic eosino-
philic cells (Fig. 2b). The latter was not surprising since DOX’s
mechanism of action involves the induction of apoptosis.*’
Similar observations were reported in an earlier study after
15-day treatment with 2 doses of DOX.*® Some of the changes
were sex-related, such as the waves of fibrils in males (Fig. 2c)
and loss of preexisting fibers (myocytolysis) in females
(Fig. 2d). Additionally, the signs of hemorrhage were found
only in male rats (Fig. 2e), probably due to the higher concen-
tration of estrogen in female rats, which is known to protect
from hemorrhage.**>°

Results observed for DOX nanoformulations confirmed pre-
vious findings that the incorporation of drugs into nanocarriers
can enhance their selectivity towards cancer tissue thereby mini-
mizing unwanted toxic effects.** Indeed, less severe histopatho-
logical changes were found in the hearts of rats treated with
LipoDOX or PLGADOX (Fig. 2f-k). Compared to ConvDOX, treat-
ment of female rats with LipoDOX resulted in weaker signs of
myofiber necrosis characterized by loss of cellular detail, myofi-
ber vacuolation, and waves of fibrils (Fig. 2f and g) along with
preapoptotic eosinophilic cells (Fig. 2f). In males, only the signs
of hemorrhage were found (Fig. 2h). Only small histopathologi-
cal changes were observed in the hearts of rats treated with
PLGADOX. Hearts of female rats showed only weak signs of
early stages of myofiber degeneration characterized by preapop-
totic eosinophilic cells (Fig. 2i), whereas signs of necrosis (loss
of cellular details associated with preapoptotic eosinophilic
cells), cellular infiltration, and hemorrhage were found in the
heart of male rats (Fig. 2j and k).

9416 | Nanoscale, 2024, 16, 9412-9425

In general, all of the heart tissues showed signs of apopto-
sis, but this was less pronounced in animals treated with
LipoDOX and PLGADOX compared to ConvDOX.

Effect of different DOX formulations on cardiac biomarkers

To assess DOX-related cardiac muscle damage, different bio-
markers can be evaluated to provide insight into various bio-
logical processes.”’ Cardiac troponins I (¢Tnl) and T (¢TnT)
have been shown to be highly sensitive and specific markers of
myocardial cell injury. Serum levels of TnT are of diagnostic
value for myocardial damage in various conditions, including
myocardial infarction.’*>® NT-proBNP is a marker that is
released from ventricles in response to pressure and volume
overload. Raised plasma level of NT-proBNP is seen in ventri-
cular dysfunction, ventricular muscular mass reduction, or
ventricular ischemia.’® Earlier studies have shown a corre-
lation between the cardiotoxicity induced by DOX and other
anthracyclines and increased levels of cardiac markers at the
end of treatment.>*>®

All DOX formulations significantly increased the concen-
tration of TnT in male rats (Fig. 3a), indicating cardiotoxicity
as early increases in TnT indicate the risk of cardiotoxicity fol-
lowing DOX therapy. A similar correlation between higher TnT
concentrations and cumulative DOX doses was observed
earlier.’®”” In female rats, a significant TnT increase was seen
only after treatment with ConvDOX and LipoDOX, while
PLAGDOX treatment did not affect TnT plasma level in female
rats (Fig. 3b).

This finding indicates reduced cardiotoxicity of PLGADOX,
which was further confirmed by the measurement of NT-
proBNP. This cardiac marker is elevated after acute heart
failure, but its low level has been indicated as an early sign of
ischemic heart failure.”® Various research groups reported
similar findings,>”®® and measurement of NT-proBNP has
been suggested after the end of chemotherapy treatment.®!
Interestingly, only LipoDOX significantly decreased its value in
both male and female rats (Fig. 3c and d), while PLGADOX

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Histopathological effects of conventional doxorubicin (ConvDOX; a—e), nhon-PEGylated liposomal formulation of doxorubicin (LipoDOX; f—
h), and PLGA-liposomal formulation of doxorubicin (PLGADOX; i—k) in heart tissues of rats. (a) Male rats treated with ConvDOX show myofiber
necrosis with loss of cellular detail and vacuolation; (b) arrows indicate preapoptotic eosinophilic cells ConvDOX-treated male rats; (c) arrow heads
indicate loss of preexisting fibers (myocytolysis), and arrows indicate preapoptotic eosinophilic cells in ConvDOX-treated females; (d) waves of fibrils
present in male rats treated with ConvDOX; (e) hemorrhage is present in the hearts of male rats treated with ConvDOX; (f) loss of cellular detail
(arrowheads), myofiber vacuolation (arrows) and preapoptotic eosinophilic cells are present in the heart of female rat treated with LipoDOX; (g)
waves of fibrils and preapoptotic eosinophilic cells present in the heart of female rat treated with lipoDOX; (h) hemorrhage is present in the hearts of
male rats treated with LipoDOX; (i) heart of female rat treated with PLGADOX showing the presence of preapoptotic eosinophilic cells; (j) heart of
male rat treated with PLGADOX showing loss of cellular detail (arrowheads), preapoptotic eosinophilic cells and cellular infiltration (arrows); (k)
hemorrhage is present in the hearts of male rats treated with PLGADOX. Black bars indicate 50 um (20x magnification), whereas white bars indicate

20 ym (40x magnification).

treatment did not affect NT-proBNP levels either in male or
female rats. These findings are well supported by histopatholo-
gical analysis, which showed the weakest damage in heart
tissues of female rats treated with PLGADOX compared to the
other two DOX formulations (Fig. 2).

Oxidative stress response in heart tissue following treatment
with different DOX formulations

The mechanism of DOX-induced cardiotoxicity has not been
fully elucidated, but many studies showed that different
mechanisms are involved including oxidative damages, inflam-
mation and apoptosis of cardiomyocytes leading to the pro-
gression of cardiomyopathy after cumulative doses.®?
Cardiotoxicity can occur even after a single dose of the drug or
over a longer period of time (from several weeks to months).®®
The cytotoxic effect of anthracyclines on cardiomyocytes is
generally considered to be irreversible and related to the
cumulative dose.®* Cardiac mitochondria are the preferred
target of DOX and accumulate the drug in relatively high con-
centrations. Cardiac mitochondria are particularly prone to
DOX-induced oxidative damage, and at the same time are
important sources of DOX-induced R0OS.*® DOX can be a sub-
strate of several oxidoreductases such as mitochondrial

This journal is © The Royal Society of Chemistry 2024

complex I NADH-dehydrogenase and various cytoplasmic
oxidoreductases, including xanthine oxidase. The oxidoreduc-
tive reaction begins with the transfer of one electron from
NADPH to DOX, thus forming a semiquinone radical that
forms a complex with iron. This complex is responsible for the
reduction of oxygen, thus creating the superoxide ion.°® The
formation of a complex between DOX and phospholipids leads
to the inhibition of mitochondrial enzymes that participate in
oxidative phosphorylation. Damage to the mitochondrial
membrane can also lead to the inactivation of key transporters
involved in ion homeostasis. Therefore, the cardiotoxicity of
anthracyclines could be simply explained by the fact that heart
tissue is rich in mitochondria. However, other factors are also
involved in the cardiotoxicity of anthracyclines, among which
is a relatively smaller amount of antioxidant defense of the
heart compared to other tissues.®® Because of this, free rad-
icals accumulate in heart tissue and cause lipid peroxidation
and destruction of cell and mitochondrial membranes, endo-
plasmic  reticulum,
macromolecules.®
Levels of peroxy and superoxide radicals in the heart tissue
of control and treated male and female Wistar rats were deter-
mined by DCFH-DA and DHE assays, respectively. As in the

nucleic acids and intracellular
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Fig. 3 Effect of different doxorubicin formulations on the concen-
tration of biomarkers used for cardiotoxicity evaluation. (@ and b)
Concentration of troponin T, and (c and d) N-terminal natriuretic
peptide (NT-proBNP) determined in animal serum of male (M) and
female (F) rats treated with conventional doxorubicin (ConvDOX), non-
PEGylated liposomal formulation of doxorubicin (LipoDOX), and PLGA-
based nanoformulation of doxorubicin (PLGADOX). Results are pre-
sented as average values + standard error of the mean values (SEM).
Significant differences (p < 0.05) between treated and control animals
are denoted with an asterisk (*).

case of serum cardiac injury markers (Fig. 3), a different
response was observed between males and females. In males,
a significant increase in superoxide radical level was observed
for ConvDOX treatment, while PLGADOX treatment resulted in

View Article Online

Nanoscale

a significantly reduced level of these radicals compared to Ctrl
(Fig. 4a). In females, no significant differences between
control and treated animal groups were found for superoxide
radicals level (Fig. 4a), but ConvDOX treatment significantly
increased, while PLGADOX significantly decreased peroxy rad-
icals in heart tissue compared to control animals (Fig. 4b).
When comparing these results with the measured levels of
GSH, weaker pathohistological changes in females compared
to males treated with PLGADOX can be explained by the pro-
tective action of antioxidant GSH and its main role in reducing
reactive oxygen species (ROS). Indeed, PLGADOX-treated
females had significantly increased GSH level compared to
control females (Fig. 3c), which indicate the induction of anti-
oxidant cellular mechanisms. Although the protective effect of
GSH against DOX-induced toxicity has been demonstrated,®”*®
molecular mechanisms related to its protective actions are
unknown. Decreased levels may result from increased oxi-
dation or increased conjugation to proteins and drugs.®® Thus,
increased GSH reduced the level of peroxy radical in heart
tissue of PLGADOX-treated female rats. Similar results were
observed for LipoDOX-treated females, while this was not
observed for males (Fig. 4b and c). These results corroborate
quite well with results obtained by histopathological analysis
and serum cardiac markers TnT and NT-proBNP.

Inflammatory response in heart tissue

DOX is known to cause inflammation in various organs
leading to poor prognosis.”””’> It has been demonstrated
already that DOX treatment leads to an inflammatory response
in the myocardium triggering the release and induction of
proinflammatory and chemoattractant cytokines (TNFa, IL-6,
IL-8, IL-1f) by cardiomyocytes and cardiac fibroblasts and
inducing the expression.'®”®”? The mRNA expression profile
in heart tissue of male and female rats following treatment
with different DOX formulations as compared with non-
treated animals are presented in Fig. 5. Expression of all tested
cytokines, except IL-1f, was significantly increased in males

a b c
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Fig. 4 Oxidative stress parameters measured in the heart tissue of control (Ctrl) male (light green columns) and female (dark green columns) rats
and after administration of conventional doxorubicin (ConvDOX), a non-PEGylated liposomal formulation of doxorubicin (LipoDOX), or PLGA-based
nanoformulation of doxorubicin (PLGADOX). Levels of superoxide radical (a), peroxy radical (b) and glutathione (c) are given as % of fluorescence
compared to the control. Error bars: SD. *p < 0.05 between Ctrl and treated animals.
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Fig. 5 Changes in gene expressions of IL-6, IL-8, TNFa and IL-1f in heart tissue of male and female rats after treatment with conventional doxo-
rubicin (ConvDOX), non-PEGylated liposomal formulation (LipoDOX), and PLGA-based nanoformulation (PLGADOX). Shown are average values +
standard error of the mean (SEM). Significant differences between treated and control animals are denoted with an asterisk (*) at p < 0.05.

treated by ConvDOX formulations, while this was the case in
females only for IL-6 and TNFa« (Fig. 5). LipoDOX formulation
significantly increased expression of IL-8, TNFa and IL-1f in
males, while none of the cytokines were affected in females
either by LipoDOX or by PLGADOX treatments (Fig. 5).
Treatment with PLGADOX led to a similar cytokine expression
profile as in LipoDOX-treated males. Again, females showed
less significant inflammatory changes than males. Overall
results indicate the highest inflammatory response for
ConvDOX and the lowest for PLGADOX.

MSI analysis of heart tissue

In our previous study conducted on the kidneys of DOX-
treated rats, we have shown that the use of MSI analysis can
provide a wide variety of information for the safety profiling of
drug formulations.*® Here, we decided to focus on the meta-
bolic and lipidomic markers involved in DOX-induced cyto-
toxicity and cellular response, namely spermine, Car, Cer, and
LysoPC. An overview of their biological effects related to DOX
toxic effects and their tentative annotations are given in
Table 1.

Spermine is a natural polyamine involved in the synthesis,
functioning, maintenance, and stability of nucleic acids.”*””*°
Increased amounts are associated with cancer, inflammation,
oxidative stress, and may induce autophagy,”®> while very low
amounts of spermine are associated with severe cellular dys-

This journal is © The Royal Society of Chemistry 2024

functions.”” Cer are structural components of the cell mem-
brane that participate in the formation of lipid rafts.®' They
are highly active and are involved in oxidative stress through
disruptions in mitochondrial membrane®*°® contributing to
the development of cardiovascular diseases.’® LysoPCs are
minor components of the cell membrane whose expression is
usually correlated to the extent of cardiac damage.’®"°

Values of log2 average mj/z intensity ratios found in the
heart muscle of animals treated with different DOX formu-
lations were divided by corresponding intensities of the
untreated control animals. Results are presented in the
heatmap, which shows that the greatest changes in the levels
of the tentatively annotated biomarkers were observed after
treatment with ConvDOX (Fig. 6 and 7).

Expression of all selected biomarkers, namely spermine,
Cer, Car and LysoPC, was increased in ConvDOX case com-
pared to the control animals. An increase in the levels of
LysoPC, spermine, and Cer indicated the presence of apoptosis
and inflammation processes, whereas a disturbance in mito-
chondrial function was indicated by an increase in Car, Cer
and LysoPC levels. The only exception is the expression of
medium-size carnitines in females that remained unchanged.
However, the changes in LysoPC and Cer expressions were
more prominent in females, suggesting more pronounced oxi-
dative stress and apoptosis, but also, a possible cell prolifer-
ation. In contrast to ConvDOX, LipoDOX and PLGADOX had

Nanoscale, 2024, 16, 9412-9425 | 9419
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Table 1 An overview of biomarkers related to DOX-caused cytotoxicity with their biological roles and effects

Metabolic biomarkers
(MS-detectable H"
adducts)

Tentative annotations
m/z for (M + H') adducts

Doxorubicin cytotoxicity and
cellular response

Biomarker role/effect

Spermine 203.22

Topoisomerase II inhibition/
DNA intercalation

Apoptosis

Cell proliferation:
inflammation and

Binding to nucleic acids; regulating their stability,
function, and maintenance’>”"”
Regulation of apoptosis”>””7°

Increased in proliferating cells and in tissues following
75,77,80

regeneration
Ceramides (Cer) 538.52 (16:0)
636.63 (23:0)

648.63 (24:1) Apoptosis

Cell proliferation:
inflammation and

Binding to cell membranes

Mitochondrial dysfunction
and free radical formation

injury and inflammation

Structural components of cell membranes; participating
in the formation of lipid rafts®'

Increasing mitochondrial membrane permeability;
disruption of electron transport; oxidative stress®> %
Apoptotic signaling®>%®

Increased in inflammation and cellular stress®%%87-89

Intermediate metabolites in fatty acid beta-oxidation in
mitochondria; elevated when mitochondrial metabolism
is reduced®* >

Oxidative stress®%°

Induce apoptosis through multiple signaling
pathway593’95’96

Pro-inflammatory agents; activation of the immune
system”*™%

no effect on LysoPCs expression showing the benefits of nano-
formulated DOX.

IMS results are in good agreement with the described oxi-
dative stress response. Increased levels of GSH in heart
muscles of females treated by LipoDOX and PLGADOX that
also produced the lowest levels of peroxy radicals were in con-
cordance with MSI acylcarnitine’ analysis: the less free radicals
released from less damaged mitochondria, the more GSH and
the less accumulation of acylcarnitines. The opposite is true
for the PLGADOX-treated males. Interestingly, the unexpected
negative trends of changes in peroxy radicals’ content partially
coincide with LysoPC, which is another measure of oxidative
stress: the reduced levels of LysoPC, but also ceramide and
spermine, in PLGADOX and, to a lesser extent, in LipoDOX
case indicate reduced oxidative stress compared to ConvDOX.
This may indicate the reduced basal mitochondrial function in

regeneration
Acyl-carnitines (Car) 428.37 (C18:0) Mitochondrial dysfunction

401.35 (C16:0) and free radical formation

426.36 (C18:1)

425.35 (C18:2)

258.17 (C6:1)

LysoPC 568.34 (22:6) Mitochondrial dysfunction

and free radical formation

496.34 (16:0) Apoptosis

548.37 (20:2) Cell proliferation:
inflammation and
regeneration

482.32 (15:0)

468.31 (14:0)

Color Key
-1 0 1
Column Z:Score r._‘—‘%lj‘l;ﬁ‘_‘ ’7

ConvDOX (F)
ConvDOX (M)
LipoDOX (F)
LipoDOX (M)
PLGADOX (F)
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Fig. 6 Heart muscle MSI. Heat map of the log2 average m/z intensity
ratios (treatment vs. controls): intensities of animals treated with conven-
tional doxorubicin (ConvDOX), non-PEGylated liposomal formulation of
doxorubicin (LipoDOX), or PLGA-liposomal formulation of doxorubicin
(PLGADOX) were divided by corresponding intensities of the untreated
controls. Each row represents two animals classified by sex and treatment.

9420 | Nanoscale, 2024, 16, 9412-9425

animals treated with liposomal formulations. In agreement
with this hypothesis are the existence of preapoptotic eosino-
philic cells and, also relatively low interleukin responses,
noted in females treated by PLGADOX and LipoDOX that may
be a consequence of lower basal mitochondrial activities in
immune cells that produce interleukins. The possibility of the
basal mitochondrial activity’s reduction not only in muscles
but also in other tissues, especially in immune cells, associ-
ated with the liposomal DOX treatments, is worth further

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Representative light microscopy native images (25x) of hearts of male rats treated with conventional (ConvDOX), liposomal (LipoDOX), or
PLGA-based doxorubicin formulations (PLGADOX). Images are overlaid with the lateral distribution of tentatively annotated m/z values of 203.22 +
0.01 Da (spermine) and 428.37 + 0.01 Da (stearoyl-carnitine). Bars indicate 75 pm.

investigation. Amongst two nanoformulations, treatment with
LipoDOX caused apoptosis and oxidative stress indicated by
an increase in the levels of spermine and Cer. On the contrary,
PLGADOX treatment did not affect the levels of spermine and
Cer but caused an increase of medium-size Car, intermediates
in the fatty acid metabolism,”*°> implying changes in the
mitochondrial metabolism in males.

The most prominent changes in lateral distributions of
spermine and stearoyl-carnitine (Car 18:0), laid over the native
light microscopy images of muscle preparations used for MSI
are given in Fig. 7. It is visible that the changes are relatively
homogenously distributed throughout the muscle tissue: the
spermine and Car 18:0 contents were lower only in blood
vessels. It looks like the toxic effects of analyzed DOX formu-
lations primarily took place in the muscle tissue. This result is
consistent with the fact that the signs of hemorrhage were
found only in male rats, especially in the case of ConvDOX
treatment: the most prominent elevations of spermine and Car
C:18, primarily associated with the ConvDOX treatment of
males, are visible in Fig. 7, where they even cover blood
vessels. This is in agreement with results of
IL-8 measurements. IL-8 is produced by macrophages and
endothelial cells. ConvDOX treatment is highly associated with
the IL-8 rise and increased spermine and stearoyl-carnitine
content in or near the blood vessels (Fig. 7). Since the sper-
mine and stearoyl-carnitine are associated to inflammation,
apoptosis and free radical formation their localization in
blood vessels that may produce IL-8 is another indicator of the

This journal is © The Royal Society of Chemistry 2024

possible inflammatory response’s role in cardiotoxicity. The
link between IL-8 production and rise of the spermine and
stearoyl-carnitine tissue content, although expected, is worth
of further investigation aimed at discovery of new inflamma-
tory biomarkers of cardiotoxicity.

Conclusion

Damages caused by ConvDOX can be seen in the necrotic
changes and oxidative stress response in heart tissues,
increased expression of inflammation-related genes, as well as
in changes in serum cardiac biomarkers. Sex-related response
was found for all DOX formulations. Pathohystological ana-
lyses showed that both nanoformulations can reduce, although
not fully protect from DOX-caused cardiotoxicity. All formu-
lations caused myocardial cell injury in males indicated by an
increase in TnT levels with the highest increase caused by
ConvDOX treatment. The mRNA expression analyses con-
firmed the greatest inflammatory potential of ConvDOX for-
mulation, which corroborated well with the markers of oxi-
dative stress response. IMS analyses showed the greatest
changes in the levels of spermine, Car, Cer and LysoPC. For
DOX nanoformulations, IMS results indicated apoptosis and
oxidative stress caused by LipoDOX treatment, whereas
PLGADOX treatment had an effect on cell proliferation and
mitochondrial damages, but only in males. Compared to
PLGADOX, LipoDOX formulation caused more pronounced

Nanoscale, 2024, 16, 9412-9425 | 9421
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alterations in the rat cardiac muscle indicating, at least, a com-
parable safety profile of the novel PLGADOX formulation. To
conclude, novel PLGA-based DOX nanoformulations demon-
strated protective action from DOX-related cardiotoxic events.
As the most concerning aspect of DOX cardiotoxicity is related
to the long-term effects, these results highlight the need for
follow-up studies that will establish mitigation of DOX cardio-
toxicity in long-term treatment by applying the protective
nanoformulations.
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