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Abstract. The number of cancer survivors is increasing as cancer therapies
become more and more effective. As a consequence, cardio-oncology is
nowadays more shifted towards detecting and treating conditions such
as CTOX, which refers to heart damage as a result of cancer treatment.
Currently, a standardized way of evaluating and monitoring CTOX does
not exist, and patients undergo nonspecific and lengthy tests, so they are
often diagnosed when heart damage is irreversible. Thus, we assessed a
panel of circulating biomarkers that can be used to monitor time-
dependent changes in Wistar rats treated with conventional or liposomal
DOX. After validation this panel might be applied in clinics to enhance
accuracy of screening patients undergoing DOX-based therapy approaches.
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Introduction

Heart disease and cancer are the top leading causes of death from non-
communicable diseases worldwide (Dattani et al, 2023). As the number of
people affected by cancer increases, so are the efforts towards finding efficient
treatments. This urges the need of finding solutions to boost the wellbeing of
cancer survivors, especially as the global population is aging. In older cancer
survivors, the effects of cancer and cancer treatment have a long-term negative
impact (Schmidt et al,, 2022).

Cancer patients and survivors are undergoing many screenings aimed at
monitoring the course of disease, effectiveness of treatment, or early spotting
of relapses, and not enough attention is paid towards screening for potential
health problems that arise from the cancer treatment itself. To address this
issue, specific screenings for diseases that occur following cancer treatment can
be conducted simultaneously with regular check-ups through biomarker panels.

Circulating biomarkers are an easily accessible, minimally invasive, and
cost-effective way of patient screening (Ahmad et al., 2023). One of the diseases
that could benefit from this type of screening is cancer treatment-related cardiac
dysfunction (CTRCD), that arises from various treatments, such as radiotherapy,
cytotoxic chemotherapy, and targeted therapy (Bloom et al, 2016). CTRCD
manifests as cardiotoxicity (CTOX), which is one of the most important side
effects of many cytotoxic anti-cancer agents. The most known type of therapy
known to have this effect is anthracyclines (Cardinale et al, 2020). CTOX presents
as heart failure, hypertension, and decrease in left ventricle ejection fraction
(LVEF), among other cardiovascular effects (Perez et al., 2019).

Anthracyclines, a class of cytotoxic antibiotics extracted from Streptomyces
bacteria, are used in the treatment of various solid tumors and hematologic
malignancies (Morelli et al., 2022). The most used anthracycline is doxorubicin
(DOX), available in its conventional form or encapsulated in different types of
liposomes (Rivankar, 2014).

Anthracyclines cause CTOX in a dose-dependent manner, and can occur
at any point during treatment and up to several years post-treatment, when it
could be exacerbated by other pre-existing cardiovascular conditions. Generally,
CTOX arising during treatment or up to one year after the completion of treatment
is considered acute, whereas CTOX diagnosed after this period is chronic. Acute
CTOX can be reversed by cardioprotective strategies or dose reductions. Chronic,
or late-onset CTOX is hard to diagnose, and is often irreversible (Cardinale et al.,
2020).
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CTOX is currently diagnosed through imaging studies and by assessing
heart disease-related blood biomarkers, and both means of diagnosis have
some important downsides. Imaging tests require high expertise, are costly,
often cannot be repeated due to risks associated with exposure to radiation, and
in the case of pediatric patients, require sedation. Moreover, subclinical signs of
CTOX cannot be detected through these procedures. The blood biomarkers used
for the evaluation of CTOX, such as troponins and natriuretic peptides, were
selected for their meaning in general cardiovascular disease assessments, using
cut-off values that are not specific to CTOX, due to lack of standardization for
this disease.

The present study aims at evaluating a panel of biomarkers in a rat model
of DOX-induced CTOX, during and after treatment with conventional DOX, and
only for the duration of treatment for a PEGylated liposomal formulation of DOX.
The biomarkers were selected based on their association with oxidative stress
produced by DOX administration and their specificity to heart-related conditions.
Through the weekly assessments of our biomarker set, we focused on identifying
periods at which biomarkers are more likely to show significant changes.

Ultimately, the overall goal of our research is to inform future human
studies on the key time-points at which biomarkers should be evaluated in order
to close the knowledge gap between which biomarkers work and what how we
can use them to quicky diagnose patients and when cardioprotective strategies
should be implemented.

Materials and methods

Animals, treatment and sample collection

The study was conducted in accordance with the requirements of the
European Directive 2010/63/EU. The protocol was approved by the Scientific
Council of the Babes-Bolyai University of Cluj-Napoca under the reference number
14.172/02.11.2021. In total, 40 adult male Wistar rats were used, that were
maintained in appropriate hygienic conditions with constant temperature and
humidity, and were gently handled at the Laboratory Animal Facility (Zoobase) at
the Babes-Bolyai University in Cluj-Napoca. Rats were housed in standard cages,
had an average weight of 250 g at the beginning of the experiment and were given
free access to standard food and water, on a 12-hour light/dark cycle.

The DOX group (n=20) received weekly tail vein injections of 3.75 mg/kg
body weight of doxorubicin hydrochloride (European Pharmacopeia Reference
Standard, D2975000, Merck) dissolved in vehicle (0.9% sodium chloride,
B.Braun) in order to reach a cumulative dose of 15 mg/kg over the course of 4
weeks. The same vehicle was administered to the Control group (n=20).
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The LCL-DOX (n=5) group received DOX encapsulated in long-circulating
liposomes, prepared using the method described by (Sesarman et al., 2018), in
the same cumulative dose and administration protocol as the DOX group. To
serve as a control group, LCL-PBS rats (n=5) received PBS only, encapsulated in
the same type of liposomes, using the same volume of the compound.

The i.v delivery of the therapeutic agents was chosen over intraperitoneal
injection administration in order to limit pain and inflammation which could
affect animal welfare.

Venous blood from the tail vein was collected weekly before treatment
administration, in heparin-coated tubes. After centrifugation, plasma was stored at
-20 degrees Celsius until analysis. At the end of the 4-week course of treatment, for
the DOX and Control groups, half of each group (n=10) was sacrificed, and the
remainder of the individuals were maintained without any treatment for an
additional 4 weeks. The LCL-DOX and LCL-PBS groups were only kept in the
experiment until the end of treatment. All rats were sacrificed by exsanguination
under anesthesia.

Biochemical assays

Plasma Galectin-3 (Gal-3) and N-terminal prohormone of brain natriuretic
peptide (NT-proBNP) levels were assayed using ELISA kits purchased from
ElAab (Cat. no. E0498r and E0485r, respectively). Plasma calcium (1-413-0200),
iron (1-418-0150), total cholesterol (1-023-0200) and triglyceride (1-053-0200)
levels were evaluated using a BIOELAB ES-100C analyzer using reagent Kits
purchased from SwissFarm.

Statistical analysis

Student’s t test was used for all analyses which were performed using
GraphPad Prism 9.3.0 software (Boston, MA). Outliers were identified using the
ROUT method (Q = 5%) and were removed from the analyses. Statistical
significance was considered at p-values <0.05 such as follows: ns (p>0.05; *,
p<0.05; **, p<0.01; *** p<0.001, **** p<0.0001).

Results

Calcium

In our experiment, plasma calcium concentration in the DOX group recorded
an overall increasing trend compared to the Control group. The highest difference
between these groups was recorded on week 2 (7.92% increase), after the first
dose of treatment. At 4 weeks post-treatment, plasma calcium concentration
was lower in the DOX group, and it was the only time-point comparison that
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reached statistical significance (3.82% decrease, P-value of 0.0079). Compared
to baseline, calcium concentration was 5.46% (P-value of 0.0173) lower at the
end of the untreated period than at the beginning of the experiment (Fig. 1A.).

The liposome-treated groups had a similar trend, with a statistically significant
increase of 26.68% (P-value of 26.68) after the first administered dose, followed
by a slight decrease (4.39% and 2.34% at weeks 2 and 3, respectively). However,
post-treatment, LCL-DOX plasma calcium values were 11.22 higher (P <0.0001)
compared to LCL-PBS. Post-treatment, the LCL-DOX group calcium concentration
was 4.77% higher than at the pre-treatment time-point, although not statistically
significant (Fig. 1B.). The concentration of plasma calcium was 24.14% lower in
the LCL-DOX group compared to DOX at the end of the treatment (P <0.0001)
(Fig. 1C).
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Figure 1. Plasma calcium concentration. A. weekly values recorded for the Control
(vehicle treated) and DOX (DOX treated with a cumulative dose of 15 mg/kg divided into
4 weekly i.v injections) groups. B. weekly values recorded for LCL-PBS (vehicle treated) and
LCL-DOX (liposomal DOX, with the same therapeutic protocol) groups. C. comparison
between DOX and LCL-DOX treated groups at the end of the treatment. Data represent mean +
standard deviation (SD) for each group of animals in their corresponding week, pre-, during
or post-treatment. Statistical significance was considered as follows: p>0.05; *, p<0.05;
** p<0.01; *** p<0.001, **** p<0.0001.
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Cholesterol

Weekly recordings of the plasma cholesterol values showed a general
upward trend that is highly visible in the post-treatment period (Fig. 3). Between
the DOX and Control groups, the most statistically significant difference was
recorded post-treatment, with a 27.43% increase (P-value <0.0001) for the
DOX-treated group. Compared to baseline values, cholesterol concentration
was 38.95% higher post-treatment (P <0.0001) and 103.66% higher at week 4
post-treatment (P-value of 0.0005, Fig. 2A.).
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Figure 2. Plasma cholesterol concentration. A. weekly values recorded for the Control
(vehicle treated) and DOX (DOX treated with a cumulative dose of 15 mg/kg divided
into 4 weekly i.v injections) groups. B. weekly values recorded for LCL-PBS (vehicle
treated) and LCL-DOX (liposomal DOX, with the same therapeutic protocol) groups.
C. comparison between DOX and LCL-DOX treated groups at the end of the treatment.
Data represent mean * standard deviation (SD) for each group of animals in their
corresponding week, pre-, during or post-treatment. Statistical significance was considered
as follows: p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001, **** p<0.0001.
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Regarding cholesterol values in the liposome-treated groups, the same
increasing trend in concentration was observed for LCL-DOX, with a peak value
achieved post-treatment (44.77%, P-value of 0.0146). However, at week 3, LCL-
DOX cholesterol concentration was 14.51% lower compared to LCL-PBS (P
value of 0.0146, Fig. 2B.).

On the comparison between the two formulations of DOX administered,
the liposomal form of DOX decreased cholesterol values with 29.45% (P-value
of 0.0003, Fig. 2C).

Triglycerides

For the DOX group, plasma triglyceride concentration was higher starting
with week 3 compared to Control, and increased in the post-treatment period
with a peak difference of 105.29% (P-value of 0.0013) 3 weeks after the last dose.
Compared to pre-treatment, the concentration of triglycerides was 111.33%
higher (P-value of 0.0072) at the end of the post-treatment period (Fig. 3A.).

Plasma Triglycerides Il Control

A "ok 3 DOX
L]

[ ns
300 H
200
ns Ak ns .
ns
100 ns
0 T iI T T
pre-treatment week 1 week 2 week 3 post- llv tment we k 5 nll 7 week 4 post-treatment

Plasma Triglycerides E@ LCL-PBS C.
ns [ LcL-DOX Plasma Triglycerides post-treatment
ns

mgld|

mg/d|

T T T T
pre-treatment week 1 week 2 week 3 post-treatment DOX LCL-DOX

Figure 3. Plasma triglycerides concentration. A. weekly values recorded for the
Control (vehicle treated) and DOX (DOX treated with a cumulative dose of 15 mg/kg
divided into 4 weekly i.v injections) groups. B. weekly values recorded for LCL-PBS
(vehicle treated) and LCL-DOX (liposomal DOX, with the same therapeutic protocol)
groups. C. comparison between DOX and LCL-DOX treated groups at the end of the
treatment. Data represent mean * standard deviation (SD) for each group of animals in
their corresponding week, pre-, during or post-treatment. Statistical significance was
considered as follows: p>0.05; *, p<0.05; **, p<0.01; *** p<0.001, **** p<0.0001.
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Liposome-treated groups followed the opposite trend, as LCL-DOX
triglyceride values were lower than LCL-PBS during treatment and increased
by 25.56% post-treatment. The most statistically significant difference was
observed at week 2 (40.77% decrease and P-value of 0.0198, Fig. 3B.). Although
not statistically significant, triglyceride values were 23.81% lower for LCL-DOX
compared to the DOX group at the end of treatment (Fig. 3C.).

Iron

In the DOX and Control groups, plasma iron values showed a significant
degree of variability over the course of the experiment. The most notable
differences between these two groups were observed in the first week (65.82%
higher values for DOX, P-value of 0.0047), followed by a sharp decline in week
3 (19.86% lower, P-value of 0.0404) during treatment. In the post-treatment
week, peak values were identified where DOX group plasma iron concentration
was 62.04% higher compared to Control (P-value of 0.0134). Compared to pre-
treatment, iron concentration was lower at both post-treatment time-points
(Fig. 4). This assay was not performed for the LCL-PBS and LCL-DOX groups.

Plasma Iron Il Control
* 1 DOX

ns |
ns

100

804 s *% *

*k *
1 ns
60 ns

40

" I
0= T T T T T

pre-treatment week 1 week 2 week 3 post-treatment  week 5 week 6 week 7 week 4 post-treatment

ug/di

Figure 4. Plasma iron concentration. Weekly values recorded for the Control (vehicle
treated) and DOX (DOX treated with a cumulative dose of 15 mg/kg divided into
4 weekly i.v injections) groups. Data represent mean * standard deviation (SD) for each
group of animals in their corresponding week, pre-, during or post-treatment. Statistical
significance was considered as follows: p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001, ****
p<0.0001.
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Galectin-3

In our experiment, free DOX treatment did not generate any statistically
significant differences regarding plasma Gal-3 concentration in the comparison
between DOX and Control groups. However, following the first two weeks of
treatment, an increase in Gal-3 levels of 31.13% and 21.81% were observed.
Similarly, in the last two weeks of the post-treatment period, DOX Gal-3 values
increased by 25.2 and 38.56%. Compared to baseline, week 4 post-treatment
values for the DOX group were almost 38% higher (Fig. 5A.).
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Figure 5. Plasma Gal-3 concentration. A. weekly values recorded for the Control
(vehicle treated) and DOX (DOX treated with a cumulative dose of 15 mg/kg divided
into 4 weekly i.v injections) groups. B. weekly values recorded for LCL-PBS (vehicle
treated) and LCL-DOX (liposomal DOX, with the same therapeutic protocol) groups.
C. comparison between DOX and LCL-DOX treated groups at the end of the treatment.
Data represent mean * standard deviation (SD) for each group of animals in their
corresponding week, pre-, during or post-treatment. Statistical significance was
considered as follows: p>0.05; *, p<0.05; **, p<0.01; *** p<0.001, **** p<0.0001.
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As opposed to the trend seen for the DOX and Control groups, liposomal
DOX treatment led to an increase in Gal-3 plasma concentration that is most
noticeable at weeks 1 and 3 (5.84% and 8.19%, respectively), with a decrease
of 12.47% post-treatment compared to baseline (Fig. 5B.). No significant difference
was observed between the two forms of DOX treatment (Fig. 5C.).

N-terminal prohormone of brain natriuretic peptide

For the classic administration of DOX, NT-proBNP concentration was
overall higher in the DOX group compared to Control. However, values for both
groups slowly declined until the post-treatment week, and continued to increase
in the following weeks. The only statistically significant difference between the
DOX group is seen in the post-treatment week (48.36%, P-value of 0.0081)
compared to baseline (Fig. 6A.).
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Figure 6. Plasma NT-proBNP concentration. A. weekly values recorded for the
Control (vehicle treated) and DOX (DOX treated with a cumulative dose of 15 mg/kg
divided into 4 weekly i.v injections) groups. B. weekly values recorded for LCL-PBS
(vehicle treated) and LCL-DOX (liposomal DOX, with the same therapeutic protocol)
groups. C. comparison between DOX and LCL-DOX treated groups at the end of the
treatment. Data represent mean * standard deviation (SD) for each group of animals in
their corresponding week, pre-, during or post-treatment. Statistical significance was
considered as follows: p>0.05; *, p<0.05; **, p<0.01; *** p<0.001, **** p<0.0001.
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The liposomal form of DOX followed the same trend, with weekly values
higher in the treated groups, apart from week 3, when values were similar
for both groups. The most significant difference was recorded on week 2, when
LCL-DOX NT-proBNP concentration was 139.76% higher than LCL-PBS (Fig. 6B.).

Liposomal administration of DOX led to a 41.43% increase in plasma
NT-proBNP concentration compared to free DOX (Fig. 6C.).

Discussion

DOX is a highly potent chemotherapeutic agent, and along with its high
efficacy in treating cancer, the long-term use of this compound should also be
taken into account when choosing a DOX-based therapeutic regimen. This is
especially important in the case of pediatric patients and in cancers with high
survival rates, where post-treatment quality of life should also be considered.

One of the many ways DOX stimulates tumor cell apoptosis is through
disruption of calcium homeostasis. This is mainly done by inhibiting mechanisms
responsible for calcium reuptake, thus producing an increase in calcium
concentration and the overproduction of ROS. This mechanism, although
beneficial for treating cancer, is one of the contributing factors to the occurrence
of CTOX (Shinlapawittayatorn et al, 2022). Calcium homeostasis is of utmost
importance for cardiac cells, due to its role in contractile function. Moreover, ROS
are an important threat for these cells, due to their high vulnerability to oxidative
stress (Pagan et al,, 2022).

In our experiment, free DOX administration did not lead to any significant
changes in plasma calcium concentration, while liposomal DOX exhibited
increases in calcium concentration during the first and last week of treatment,
which shows that this formulation has a bigger impact on hypercalcemia even
though weekly mean values were overall lower in both liposomal treatment
groups. This result suggests a possible ameliorative effect of liposomal
formulations on calcium dysregulation induced by DOX.

Cholesterol metabolism is severely impaired by both cancer and its
therapeutic strategies, which often leads to other comorbidities besides CTRCD,
thus increasing disease burden especially in older, individuals.

Belger et al. (2024) reviewed recent findings regarding risk factors for
the development of DOX-induced CTOX and concluded that despite the limited
data available regarding dyslipidemia as a risk factor for CTOX, current studies
show that hyperlipidemia as a result of DOX treatment is strongly associated
with cardiovascular events. Due to the lack of studies investigating long-term
effects of anthracycline-based regimens on lipid metabolism, the duration of
lipid dysregulation following treatment is unclear (Bhatnagar et al.,, 2022).
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Our results show that free DOX administration leads to hyperlipidemia
that worsens in the post-treatment period. Total cholesterol values increased
more post-treatment, and were doubled at the end of the experiment compared
to baseline values and were 0.5-times higher than at the end of treatment.

Due to the small number of animals that were administered the liposomal
formulations, the effect of this type of treatment was only investigated for the
treatment period. Despite this limitation, the results in the LCL-DOX group at
the post-treatment time-point are similar to those seen for the free DOX group.
With these results, we can conclude that both therapies had the same effect on
total cholesterol during treatment.

Triglyceride levels followed the same pattern as cholesterol in the post-
treatment period, although differences between DOX and Control groups were
actually lower. For LCL-DOX rats, a decrease in concentration was only observed
at week 3.

The link between disrupted lipid metabolism and the development of
heart disease is well-demonstrated, and DOX therapy has been proven as a
contributing factor to hyperlipidemia in both cancer patients (Sharma et al,
2016) and animal models (Abdulkareem Aljumaily et al., 2021). In rats, one of
the proposed mechanisms for the lipid metabolism alteration is through the
inhibition of adipogenesis by the downregulation of the peroxisome proliferator
activated receptor gamma (PPARy) (Arunachalam et al,, 2013). Dyslipidemia is
known to increase oxidative stress, especially in the heart, but due to the lack
oflong-term thorough studies focused on this side effect of DOX, its role in CTOX
is inconclusive. In a study conducted by Simdes et al. (2021), where breast
cancer patients were followed for 1 year, it was shown that high triglycerides
could offer a cardioprotection in some patients.

Another mechanism by which anthracyclines, and implicitly DOX contribute
to CTOX development is by interfering with iron metabolism. This class of
medications increase iron overload and contribute to ROS production (Huang et al,
2022), which could exacerbate CTOX through oxidative stress (Kumfu et al., 2022).

In our experiment, free DOX treated rats had increased plasma iron
concentration, which seemed to slowly return to baseline, suggesting the
contribution of excess iron on CTOX development could be temporary.

Gal-3 is a novel biomarker with prognostic value for heart failure and
other cardiovascular diseases (Vucic et al, 2023; Jiang et al, 2021), but its
purpose in CTOX prediction or monitoring is not yet clear. In the CECCY
trial (NCT01724450), Gal-3 was not able to predict CTOX development (de
Barros Wanderley et al,, 2022). In other human studies, this biomarker was
successfully used for the prediction of treatment effectiveness (Shafiq et al,
2020; Niang et al., 2022). To our knowledge, this biomarker has not been evaluated
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in animal models of CTOX thus, we sought to identify if Gal-3 could be included
in a battery of biomarkers that could serve as a tool for the identification of
CTOX.

In the free DOX group, Gal-3 spikes were observed at the start and before
the end of treatment, and at the last analyzed time-point DOX Gal-3 levels were
clearly higher than the ones for the Control group. For the liposomal DOX
formulation, we observed a similar trend, except that the difference between
LCL-DOX and LCL-PBS weekly values is smaller. This may be due to the less
damaging side effects of liposomal DOX formulations (Franco et al., 2018).

NT-proBNP is currently one of the few biomarkers recommended by
the European Society of Cardiology for the screening of patients undergoing
anthracycline-based therapies (McDonagh et al, 2024). Multiple studies
investigating its potential biomarker role have been conducted, but the results
are inconclusive. NT-proBNP showed predictive power for the detection of
subclinical CTOX in childhood cancer survivors (Demissei et al., 2020), patients
undergoing anthracycline-based therapies followed for 6 months post-treatment
(Bisoc et al, 2020), or followed during the course of treatment (Dong et al,
2022). In smaller studies, an association between CTOX and NT-proBNP elevation
could not be established (Posch et al., 2022; Ruggiero et al, 2013). Due to
conflicting results between studies, as in the case of Gal-3, we chose to include
NT-proBNP in our battery of biomarkers.

Similarly to Gal-3, NT-proBNP levels seemed to normalize after two
weeks of treatment, and then gradually increased in the post-treatment period
in the free DOX group. In the case of liposomal DOX, a similar trend was observed,
but due to the absence of data in the post-treatment period for this group, we
cannot compare the effects of the two formulations during the 4 weeks after the
end of treatment.

Taken together, our results show that the most notable changes in
biomarker levels occur at the beginning of treatment and close to the completion
of the treatment. In order to correctly establish a set of biomarkers for prediction
and diagnostic purposes, further studies should focus on establishing cut-off
values for each biomarker that showed predicting/diagnosing power.

Conclusions

In this article, we sought to evaluate several biomarkers during the course
of DOX treatment, and investigate whether or not a liposomal DOX formulation
could influence these biomarkers differently. Our results showed that some of the
CTOX-inducing effects of DOX administration are temporary, as iron levels slowly
decrease after treatment. Free DOX administration induced changes in blood lipid
levels that worsen post-treatment, so the search for cardioprotective strategies
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based on lipid lowering compounds should focus on the post-treatment side effects
of DOX administration. Lastly, a liposomal formulation of DOX could potentially
alleviate sudden changes in these biomarkers, but close attention should be paid
to the hypercalcemia produced by this formulation.
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