
Page 1/26

Tumor-Targeted Drug Delivery as a Successful
Approach for Reducing Doxorubicin–Induced
Cardiotoxicity
Nasibeh Mohammad Ali Pourradi 

Tabriz University of Medical Sciences
Yadollah Azarmi  (  azarmiy@tbzmed.ac.ir )

Tabriz University of Medical Sciences
Hossien Babaei 

Tabriz University of Medical Sciences
Behzad Baradaran 

Tabriz University of Medical Sciences
Behrooz Shokouhi-Gogani 

Tabriz University of Medical Sciences
Zahra Abbasnejad 

Tabriz University of Medical Sciences
Hamed Hamishehkar 

Tabriz University of Medical Sciences

Research Article

Keywords: Doxorubicin, Cardiotoxicity, Breast cancer model, Tumor-targeted drug delivery, Folate
targeting, Nanoparticles

Posted Date: November 30th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-960651/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-960651/v1
mailto:azarmiy@tbzmed.ac.ir
https://doi.org/10.21203/rs.3.rs-960651/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/26

Abstract
Doxorubicin (DOX) is an effective chemotherapy drug used to treat many malignancies, including breast
cancer. However, its clinical application is severely limited by cardiotoxicity. This study investigated if
using thermo/pHsensitive magnetic nanoparticles decorated with folate (folate-poly-MNPs) as tumor-
targeted drug delivery systems (DDSs) could reduce the cardiotoxicity and in�ammatory properties of
DOX in a rat model of breast cancer. In this study, forty rats were intravenously administered the control,
DOX, DOX-poly-MNPs, and DOXfolate-poly-MNPs every 48 hours for 12 days. The cardiac health
monitoring following breast cancer therapy con�rmed that the novel smart DDS improved ECG pattern,
left ventricular function, blood pressure parameters, and heart weight index. Moreover, it could decrease
myocardial cell death by decreasing the protein levels of BAX, c-PARP1, and c-caspase-3, with
concomitant downregulation of the BAX/Bcl-2 ratio, compared to the commercial DOX. In addition, the
DOXfolate-poly-MNPs treatment signi�cantly reduced NLRP3 in�ammasome activation in
cardiomyocytes, which was mediated by caspase-1 inhibition, and suppressed upregulation of IL-1β and
IL18 protein expression to prevent myocardial damage. In this regard, the developed folatepolyMNPs
could be represented as a new potential drug delivery system for breast cancer chemotherapy due to the
combination of passive and active targeting aimed at preventing nonspeci�c body distribution, inhibiting
NLRP3 in�ammasome activation, and consequently reducing DOX cardiotoxicity as its main adverse
effect.

Introduction
Cardiovascular toxicity is a major side effect of Doxorubicin (DOX), one of the most commonly used
antineoplastic agents to treat several types of cancer, including solid tumors, ovarian, and breast cancer
(Khan et al., 2014, Shabalala et al., 2017, Cappetta et al., 2018, Songbo et al., 2019). Despite the
widespread use of DOX due to its wellestablished dosedependent cardiotoxicity, its use in cancer
treatment is limited (Burridge et al., 2016, McGowan et al., 2017). DOXinduced cardiotoxicity (DIC) ranges
from asymptomatic subclinical abnormalities such as reversible hypotension, pericarditis, transient
electrocardiographic changes, and left ventricular systolic dysfunction (LVSD) to lifethreatening
completions such as congestive heart failure (CHF) or irreversible cardiomyopathy (Razmaraii et al.,
2016a). Therefore, several cancertargeting agents have been suggested as a potential approach to
improve e�ciency and reduce the side effects of peripheral toxicity drugs such as DOX (Park, 2002,
Schiffelers et al., 2003, Vicent and Duncan, 2006, Payne and Raghavan, 2007, Tacar et al., 2013, Khan et
al., 2014).

As a result of improved pharmacokinetics and bio-distribution, Drug Delivery Systems (DDSs) have
shown remarkable e�cacy in chemotherapy by combining passive and active targeting on a single
platform to enhance permeability and retention effect (EPR), while also increasing the accumulation of
nanoparticles (NPs) by diffusion into the leaky tumor vasculature, referred to as passive drug targeting
(Greish, 2010). A further approach to achieving high selectivity is the active targeting method. For
example, folate, a non-immunogenic ligand, has a high a�nity for folate receptor-α (FOLR1), present on
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the surface of a broad spectrum of tumors, facilitating the cellular uptake of folate-nanocarriers by
receptor-mediated endocytosis (Hartmann et al., 2007, He et al., 2021).

Moreover, pH-responsive delivery carriers were developed for pH-triggered controlled drug release, aiming
at increasing more selective use of pH values, which differ signi�cantly in various tissues and cellular
compartments. These delivery systems are sensitive to a single pH level, i.e., the tumor microenvironment
is more acidic (pH 6.5), resulting in increased retention of NPs than normal cells (pH 7.4). However, both
endosomes and lysosomes have an even lower pH value (5.0-5.5). Therefore, the extracellular or
intracellular pH level in�uences the effectiveness of DDSs through the EPR effect, such as polymer-drug-
nanocarriers, likely to increase drug accumulation, control drug delivery, and promote cellular
internalization at the tumor site (Yu et al., 2010, Bertrand et al., 2014). The rate of drug release increases
with the temperature rise since tumor tissues have temperatures higher than physiological temperatures.
Thus, the temperatureresponsive polymer (PIPAAm) plays a crucial role in targeted DDSs for cancer cells
(Lanzalaco and Armelin, 2017, Oroojalian et al., 2018).

NLRP3 in�ammasome is composed of a large protein complex of NLRP3 (nucleotide-binding
oligomerization domain (NOD)-like receptor (NLR) protein 3), ASC (apoptosis-associated speck-like
protein containing a caspase recruitment domain), and pro-caspase-1. Recent studies have demonstrated
that DOX chemotherapy induces pyroptosis in cardiomyocytes via the NLRP3-In�ammasome-Caspase-1
Pathway, an in�ammatory caspases-dependent programmed cell death by increasing the production of
pro-in�ammatory cytokines including IL-1β and IL18, consequently forming plasma membrane pores,
in�ammation responses, cardiomyocyte death, and cardiac damage (Meng et al., 2019, Zeng et al., 2020,
Liu et al., 2021).

In the previous study, the targeted drug delivery of DOX decorated with poly (N isopropyl acrylamide-co-
itaconic acid) and conjugated with or without folic acid was introduced as a novel dual-responsive
magnetic nanocarrier. The e�cacy and cytotoxic effects of novel nanocarriers were evaluated thoroughly
in vitro study and their successful outcomes were con�rmed (Ghorbani et al., 2016). Therefore, it is
important to develop new strategies for targeted drug delivery of DOX to inhibit the in�ammatory
responses mediated by the NLRP3 in�ammasome and reduce DOXinduced cardiotoxicity in the rat model
of breast cancer, as illustrated in Fig. 1. The present study decided to design this study to investigate
whether there is a signi�cant correlation between increasing DOX delivery at the tumor site and
decreasing DOX cardiotoxicity using novel dualresponsive magnetic nanocarriers. Such �ndings may
open up a new horizon in effective DOX chemotherapy, which will be a signi�cant step forward for
patients with lower cardiotoxicity and higher survival rates in the future.

Materials And Methods

Materials
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The materials used included: 7, 12-dimethylbenz [a] anthracene (DMBA) and RIPA buffer (Sigma Aldrich
Co. LLC), Doxorubicin hydrochloride (Sicor Company, Rho, Italy), Xylazine and Ketamine hydrochloride
(Alfasan, the Netherlands), one-step RT-PCR kit (BioFact, Daejeon, South Korea), Polyvinylidene Di�uoride
(PVDF) membrane (Roche, Germany), TUNEL Apoptosis assay kit (Elascience, Wuhan, China), BAX
antibody (sc-7480), Bcl-2 antibody (sc-492), caspase-3 antibody (sc-7148), PARP1 antibody (sc-8007),
ASC antibody (sc514414), caspase-1 antibody (sc-392736), IL-1β antibody (sc-12742), IL-18 antibody
(sc6179), β-actin Antibody (sc-47778), and goat anti-rabbit secondary antibody (sc2357) (Santa Cruz
Biotechnology, Dallas, TX), enhanced chemiluminescence detection kit (Pierce, Rockford, IL), and RNX
PLUS kit (Cinnagen, Iran). Besides, DOX-folate-conjugated poly (NIPAAm- co-IA) @Fe3O4 NPs and DOX-
poly (NIPAAm- co-IA) @Fe3O4 NPs were provided by the Pharmaceutical Technology Laboratory, Drug
Applied Research Center, Tabriz, Iran (Ghorbani et al., 2016).

Animals
Female Sprague–Dawley rats (n = 40, 120 ± 5 g, 35 days old) were purchased from the Razi Vaccine and
Serum Research Institute, Iran. In the experimental room, three animals were housed in standard
polycarbonate cages at room temperature (25±2°C) with 55±5% relative humidity and a 12:12 hour light-
dark cycle. Rats were supplied with water and a normal chow diet ad libitum. Study procedures were
approved by the Institutional Animal Ethics Committee at Tabriz University of Medical Sciences
(IR.TBZMED.REC.1396.492).

Tumor Induction Protocols
Mammary tumorigenesis was induced through a subcutaneous injection of DMBA (25 mg/rat) in sesame
oil in 47-day-old female Sprague-Dawley rats. At 8 weeks post-DMBA, the rats were palpated twice a week
to detect the presence and location of mammalian tumors. The experiment started when the volume
reached 1000 mm3 (Rajendran et al., 2019).

Experimental design
Forty mammary tumor-bearing animals were divided into four groups, 10 animals in each group, and
administered intravenously (i.v.) for 12 days according to the following experimental procedure
(Razmaraii et al., 2016c):

Group-I rats received saline,

Group-II rats were treated with DOX hydrochloride (2 mg/kg/48 h),

Group-III rats were treated with DOX-poly (NIPAAm- co-IA) @Fe3O4 NPs (2 mg/kg/48 h),

Group-IV rats were treated with DOX-folate-conjugated poly (NIPAAm- co-IA) @Fe3O4 NPs (2 mg/kg/48
h). All mammary tumor-bearing rats were observed daily and weighed every other day to assess possible
toxicity.
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Recording of the electrocardiogram and hemodynamic
parameters
48 hours after the last injection, animals were anesthetized intraperitoneally with a standard dose of
ketamine and xylazine. To prevent blood clots, rats also received Heparin 2000 U/kg/SC. The
electrocardiogram (ECG) was recorded using three subcutaneous electrodes by inserting LeadII into both
hind-paws and the right forepaw of each rat. The sensors were attached to the bioampli�er to amplify
and �lter the raw data before transmitting it to the Powerlab data acquisition system (ADI Instruments,
Australia). Therefore, the RR interval, QT interval, etc., were measured based on the ECG and the recording
lasted for 10 min (Razmaraii et al., 2016b).

Left ventricular function analysis
After the right carotid artery was isolated from the vagal nerve, an oblique cut was made on the ventral
surface of the artery with micro-scissors. For the assessment of systolic arterial pressure (SAP), diastolic
arterial pressure (DAP), and mean arterial pressure (MAP), a Millar pressure catheter (SPR-407, Millar
Instruments; Houston, TX) was inserted into the right carotid artery. Then it was gently advanced to the
left ventricular for hemodynamic data collection, including heart rate, the maximal left ventricular systolic
pressure, the minimum and maximum rate of increase in left ventricular pressure (mindP/dt, maxdP/dt),
contractility index, enddiastolic pressure (EDP), etc. Lab Chart7 software (ADInstruments; Australia) was
used for data acquisition and analysis (Razmaraii et al., 2016a).

Heart weight index (HWI)
At the end of the study, the heart of the animal was excised and weighed; the heart weight index was
computed by dividing the heart weight to �nal body weight (Razmaraii et al., 2016c).

Histopathological examination
The ventricular tissues were divided into two parts; one part was snap-frozen and preserved at 70◦C for
biochemical examination. The other part was �xed with 10% buffered formalin (v/v), embedded in a
para�n wax block, and tissue processed. The standard hematoxylin and eosin staining (H&E) were used
for histopathological examinations. A pathologist scored the H&E-stained slides from zero to three to
evaluate the severity scores of cardiomyopathy (CMY) and morphological characteristic changes of the
myocardium as follows: interstitial edema, in�ammatory cells, myocardial �ber swelling, vacuolization,
myocytolysis, necrosis (Saad et al., 2004, Razmaraii et al., 2016b).

Evaluation Of Dox-cardiotoxicity

TUNEL staining
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DNA fragmentation, DNA double-strand breaks (DSBs), and apoptotic cells in the cardiac tissues were
evaluated by TUNEL staining following the manufacturer's instructions. The binding of digoxigenin-
conjugated dUTP to catalyze terminal deoxynucleotidyl transferase was used to detect DSBs in apoptotic
cells. After binding of streptavidin-labeled horseradish peroxidase, the apoptotic cells were labeled with
DAB, which could be observed by light microscopy. The para�n-embedded tissue sections were
depara�nized and rehydrated. Then, the slides were deproteinized using 100 µL proteinase K for 15 min.
Next, the slides were incubated with 10 µL terminal deoxynucleotidyl transferase buffer (TdT) for 60 min,
10µL HRP anti-�uorescein antibody for 30 min, 10µL DAB solution for 10 min, and �nally hematoxylin
solution for 1 min at 37°C. All slides were dehydrated and mounted by routine procedures (Raa et al.,
2007).

Gene expression analysis
The RNX PLUS kit was used to isolate total RNA, as instructed by the manufacturer. The concentration
and quality of RNA were determined by the 260/280 ratio using a NanoDrop™ 2000/2000c
Spectrophotometers (Thermo Fisher Scienti�c Inc, Wilmington, DE). The cDNA was synthesized by
BioFact™ OneStep RT-PCR kit, Korea. Relative mRNA levels of BAX, Bcl2, PARP1, caspase 3, and β-actin
genes were assessed using the detector system (Applied Biosystems, Foster City, CA). The sequences of
oligonucleotide primers are shown in Table 1. The real-time PCR assay was performed by the following
PCR protocol in triplicate: initial denaturation, 95°C for 10 min; 45 cyclic denaturation, 95°C for 10 secs;
optimized annealing temperature, 55°C for 30 secs; 72°C for 1.20 min for the extension. At each step, the
PCR products were monitored by measuring the increased �uorescence intensity of SYBR green bound to
double-stranded DNA. The thermal melt curves were generated after the last extension step in the range
of 60°C to 99°C. Finally, the ampli�cation e�ciency of target and reference genes was evaluated using
the 2-ΔΔCT calculation method for calculating relative quantities (Lati� et al., 2018).

 
Table 1

Sequences of primers applied for quantitative RT-PCR.
Target Forward Primer Reverse Primer Size (bp)

BAX 5'-AGCTGCAGAGGATGATTGCT-3' 5'-AGCAAAGTAGAAAAGGGCAACC-
3'

128

Bcl-2 5'-TCGCGACTTTGCAGAGATGT-3' 5'-GAAGAGTTCCTCCACCACCG-3' 88

Caspase-
3

5'-TGGAACTGACGATGATATGGCA-
3'

5'-CTGGATGAACCATGACCCGT-3' 123

PARP1 5'-CCCTCACCGAATCTCCTTAG-3' 5'-CCCAACTTTCCCTCTACTGC-3' 125

β-actin 5'-CATCCTGCGTCTGGACCTGG-3' 5'-TAATGTCACGCACGATTTCC-3' 116

Western blot assays
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Western blot analysis was used to evaluate the expression of Bcl-2, BAX, caspase-3, PARP1, ASC,
caspase-1, IL-1β, IL-18, and β-actin proteins in the ventricular tissue. Snap-frozen tissue was lysed in RIPA
buffer and a protease inhibitor cocktail. The homogenate was centrifuged for 15 min at 14000 × g. The
protein content of the supernatant was measured using the NanoDrop 2000c (Thermo-scienti�c), and the
protein mixing loading buffer was boiled in an electrophoresis gel for 5 min. SDS-PAGE (10% gels) was
used to isolate the protein at 50 mg/lane concentrations, and then blotted onto a polyvinylidene di�uoride
(PVDF) membrane.

All membranes were incubated at 4°C overnight with primary antibodies (anti-BAX (1:500), Bcl-2 (1:500),
caspase-3 (1:500), PARP1 (1:500), caspase-1 antibody (1:1000), IL-1β antibody (1:1000), IL-18 antibody
(1:500), and β-actin antibody (1:500) as an internal control). Next, the membranes were incubated under
gentle agitation for 60 min with a secondary antibody (1:1000). Finally, the Enhanced
Chemiluminescence (ECL) detection kit was used to visualize the protein bands on the membrane. The
density of bands was quanti�ed by Image J software; the relative density of protein bands was
calculated for β-actin (Lati� et al., 2018).

Statistical analysis
Data are expressed as mean ± SD. The difference between groups was analyzed by oneway ANOVA,
followed by post hoc Dunnett's test and non-parametric Kruskal–Wallis multiple comparison tests, as
needed. The data analysis was performed with GraphPad Prism 6.0 software (GraphPad Software, San
Diego, CA). The p-value < 0.05 was considered statistically signi�cant.

Results

Electrocardiographic recording
The ECG tracings of the experimental groups are shown in Fig. 2. The ECG analysis of DOXtreated rats
showed that the heart rate decreased signi�cantly compared to the control group (p < 0.001).

In addition, the DOX group showed an increase in PR interval, RR interval, QRS complex, QTc interval, and
QT interval compared to the control group (p < 0.001). However, the DOX loaded into tumor-targeted DDSs
showed a signi�cant improvement in ECG parameters compared to the DOX group, including heart rate,
RR interval, PR interval, QRS complex, QTc interval, and QT interval, as shown in Table 2.
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Table 2
Electrocardiogram parameters in the study groups.

Parameter Group

Control DOX DOXP-MNPs DOX-FA-P-MNPs

HR (BPM)

PRI (S)

RRI (S)

QRS (S)

QTc (S)

QTI (S)

252.6 ±16.1 213.5 ± 22.1*** 242.4 ± 14.6## 245.0 ± 12.9###

0.032 ± 0.002 0.038 ± 0.004*** 0.033 ±0.003## 0.032 ± 0.003###

0.240 ± 0.013 0.277 ± 0.027*** 0.253 ± 0.019# 0.247 ± 0.014##

0.0371 ± 0.001 0.0418 ± 0.001*** 0.0399 ± 0.004 0.0381 ± 0.001##

0.135± 0.015 0.164 ± 0.009*** 0.144 ± 0.011## 0.140 ± 0.011###

0.066 ±0.009 0.088 ± 0.015*** 0.072 ± 0.011# 0.069 ± 0.010##

The ECG parameters were analyzed in the experimental groups for heart rate (HR), PR interval (PRI),
RR interval (RRI), QRS complex (QRS), corrected QT interval (QTc), and QT interval (QTI). Data are
expressed as mean ± SD (n=10); *** p < 0.001 vs. control group; # p < 0.05, ## p < 0.01, and ### p <
0.001 vs. DOX group.

Effects of DOX on hemodynamic functions
Blood pressure and left ventricular functions were analyzed to assess hemodynamic function in the study
groups, as indicated in Table 3. Systolic arterial pressure (SAP), diastolic arterial pressure (DAP), and
mean arterial pressure (MAP) were signi�cantly reduced in the DOX group compared to the control group
(p < 0.001), whereas the DOXfolate-poly-MNPs group signi�cantly improved SAP, DAP, and MAP
compared to the DOX group (p < 0.001). In the DOX-treated rats, left ventricular function showed a
signi�cant decrease in min pressure, max pressure, mean pressure, contractility index, min dP/dt, and
max dP/dt compared to the control group (p < 0.001). Furthermore, the EDP index of DOX group was
dramatically enhanced compared to the control (p < 0.001). In contrast, the DOX treatment with tumor-
targeted DDSs signi�cantly improved min pressure, max pressure, mean pressure, the EDP index,
contractility index, min dP/dt, and max dP/dt compared to the DOX (p < 0.01). Furthermore, loading DOX
into folate-poly-MNPs has a greater impact on decreasing DIC than loading DOX into polyMNPs.
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Table 3
Arterial and left ventricular functions in the study groups.

Parameter Group

Control DOX DOXP-
MNPs

DOX-FA-P-
MNPs

Artery Systolic pressure
(mmHg)

94.75 ±
11.4

68.8 ± 6.8*** 85.3 ±
10.7##

90.3 ± 8.8###

Diastolic pressure
(mmHg)

76.3 ± 14.2 54.5 ± 9.2*** 71.1 ± 8.1## 73.4 ± 5.9###

Means pressure
(mmHg)

86.9 ± 16.3 60.6 ± 7.6*** 79.6 ± 8.9## 85.1 ± 7.5###

Left
ventricular

Max pressure
(mmHg)

96.4 ± 4.9 78.5 ± 3.3*** 89.7 ±
7.6###

94.0 ± 7.5###

Min pressure (mmHg) 4.3 ± 1.2 2.4 ± 0.7*** 3.5 ± 0.7# 3.9 ± 0.8##

Mean pressure
(mmHg)

38.4 ± 8.6 27.0 ± 3.6*** 33.4 ± 3.0# 35.8 ± 2.3##

EDP index (mmHg) 8.2 ± 1.2 12.86 ±
3.1***

10.1 ± 1.8# 9.3 ± 1.9##

Contractility
index(1/S)

88.1 ± 13.7 69.9 ± 6.3*** 83.5 ± 11.2 84.9 ± 8.8##

Max dP/dt (mmHg/S) 4444 ±
761.6

2971 ±
319.1***

3915 ±
537.1##

4196 ±
489.5###

Min dP/dt(mmHg/S) -3311 ±
786.9

-2395 ±
349.7***

-3094 ±
404#

-3223 ±
353##

The arterial and left ventricular functions were analyzed in the study groups. Data are expressed as mean
± SD (n=10); *** p < 0.001 vs. control group; # p< 0.05, ## p < 0.01, and ### p < 0.001 vs. DOX group.

Heart Weight Index (HWI)
Rats treated with DOX, DOX-poly-MNPs, and DOX-folate-poly-MNPs groups experienced a signi�cant
decrease in �nal body weight compared to the control group (p < 0.001), whereas DOX-folate-poly-MNPs
group showed a signi�cant improvement in �nal body weight in comparison with the DOX group (p <
0.01; Table 4). The heart weight was signi�cantly reduced in the DOX group compared to the control
group (p < 0.001). In contrast, the heart weight was increased in both tumor-targeted DDSs compared to
the DOX group. The heart weight index (HWI) increased in all treatment groups compared to the control (p
< 0.001). However, despite an increase in the heart weight in the DOX-folate-poly-MNPs group, the HWI
was signi�cantly increased compared to the DOX group (p < 0.01; Table 4).
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Table 4

Heart weight index (HWI) in the study groups.
Group IBW (gr) FBW (gr) HW (mg) HWI (mg/g)

Control 221.4 ± 4.5 244.9 ± 6.1 756.1± 44.7 3.08 ± 0.11

DOX 220.8 ± 7.5 202.7 ± 6.3*** 663.7 ± 25.3*** 3.27 ± 0.06***

DOX-P-MNPs 223.7 ± 6.1 212.0 ± 6.2***# 718.0 ± 28.8## 3.38 ± 0.07***#

DOX-FA-P-MNPs 221.9 ± 8.9 214.2± 9.2***## 773.6 ± 46.8### 3.42 ± 0.10***##

Initial body weight (IBW), �nal body weight (FBW), heart weight (HW), and heart weight index (HWI)
are shown in the study groups. Data are expressed as mean ± SD (n=10); *** p < 0.001 vs. control
group; # p< 0.05, ## p < 0.01, and ### p < 0.001 vs. DOX group.

Histopathological analysis
Histopathological examinations of the left ventricular myocardium in the experimental groups are shown
in Fig. 3. Morphological evidence showed no signi�cant pathological changes in the DOX loaded into
tumor-targeted DDSs. Several changes were detected in the DOX group, such as interstitial edema,
hyaline degeneration, mild cardiac �brosis, focal to extensive hemorrhage, and in�ammatory cell
in�ltration. Notably, the cardiomyopathy (CMY) severity scores of the DOX loaded into tumor-targeted
DDSs demonstrated a signi�cant decrease in myocardial injury, including hyaline degeneration, interstitial
edema, and in�ammatory cell in�ltration compared to the DOX group (Fig. 3e).

Gene expression analysis

Morphological analysis of apoptotic damage in cardiac
tissue
In this study, TUNEL staining was used to determine the effect of tumor-targeting DDSs on the apoptotic
cells. As shown in Fig. 4, the DOX group increased triggered cell apoptosis compared to the control (p <
0.001). However, DNA fragmentation decreased signi�cantly in the DOX-folate-poly-MNPs group
compared to the DOX group (p < 0.05).

Evaluation of apoptotic genes expression after tumor-
targeting drug delivery systems
In this study, the relative mRNA levels of Bcl-2, BAX, PARP1, and caspase-3 in ventricle tissues were
determined by qRT-PCR. The expression levels of target genes were normalized to the reference gene (β-
actin).
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As shown in Fig. 5, the mRNA level of BAX increased signi�cantly in the DOX group compared to the
control group (p < 0.01; Fig. 5a). However, the mRNA level of BAX was reduced signi�cantly in the DOX-
folate-poly-MNPs group compared to the DOX group (p < 0.05; Fig. 5a). The relative mRNA expression
level of antiapoptotic Bcl-2 in the DOXfolatepoly-MNPs group was signi�cantly increased in contrast to
the DOX group (p < 0.01; Fig. 5b).

The PARP1 mRNA level statistically increased in the DOX group compared to the control (p < 0.001),
whereas it decreased signi�cantly in the DOX-folate-poly-MNPs group relative to the DOX group (p < 0.01;
Fig. 6a). The caspase-3 mRNA level signi�cantly increased in the DOX group in comparison with the
control group (p < 0.001), whereas it signi�cantly decreased in the DOX-folate-poly-MNPs group relative to
the DOX group (p < 0.05; Fig. 6b).

Moreover, the apoptotic protein expression levels in the ventricle tissue were detected by a Western blot
and normalized with β-actin. As shown in Fig. 5d, the DOX, DOX-poly-MNPs and DOX-folate-poly-MNPs
groups induced the upregulation of BAX protein levels compared to the control group (p < 0.001, p < 0.01,
p < 0.05, respectively). In contrast, the DOX-poly-MNPs and DOX-folate-poly-MNPs groups reduced BAX
protein expression levels compared to the DOX group (p < 0.01, p < 0.001). The anti-apoptotic Bcl-2
protein expression levels in the DOXpolyMNPs and DOXfolate-poly-MNPs groups signi�cantly increased
compared to the DOX group (p < 0.05, p < 0.01; Fig. 5d). However, the BAX/Bcl-2 ratio signi�cantly
decreased in both DOX loaded into tumor-targeted DDSs groups in comparison to the DOX group (p < 0.
001; Fig. 5e).

However, the cleaved-PARP1 protein expression decreased in the DOX-poly-MNP and DOXfolate-poly-
MNPs groups compared to the DOX group (p < 0.01, p < 0.001; Fig. 6d). Also, the cleaved-PARP1/PARP1
ratio signi�cantly decreased in both DOX loaded into tumortargeted DDSs compared to the DOX group
(Fig. 6e). In addition, the reduced protein expression of cleaved-caspase-3 con�rmed that the cell death
level decreased in both DOX loaded into tumor-targeted DDSs treated rats compared to the DOX group
(Fig. 6f). Consequently, the cleaved-caspase-3/caspase-3 ratio in the DOX-poly-MNPs and
DOXfolatepolyMNPs groups decreased signi�cantly compared to the DOX group (p < 0.05, p < 0.01;
Fig. 6g). The protein levels of β-actin were similar in all groups.

Evaluation of NLRP3 in�ammasome-mediated
in�ammation after tumor-targeting drug delivery systems
The pyroptosis effect of DOX on cardiomyocytes was investigated via the NLRP3-caspase-1 pathway. In
this study, the protein expression levels of ASC, caspase-1, IL-1β, and IL-18 in the ventricle tissues were
determined by a Western blot assay and normalized to β-actin. DOXtreated animals showed elevated
protein expression of ASC, c-caspase-1, c-IL-1β, and cIL-18 compared to the control (p < 0.001; Fig. 7).
However, in the DOX-folate-poly-MNPs group, the protein expression of ASC, c-caspase-1, c-IL-1β, and c-IL-
18 was reduced signi�cantly compared to the DOX group (Fig. 7). In addition, the ccaspase-1/pro-
caspase-1 ratio in the DOX-folate-poly-MNPs group was decreased in comparison with the DOX group (p
< 0.05; Fig. 7d).
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Discussion
The effective conjugation of chemotherapeutic drugs, imaging agents, and tumor-targeting ligands into
nanoparticles has been extensively applied to provide diagnostic agents for selective cancer
chemotherapy (Morales-Cruz et al., 2019, Navya et al., 2019). Generally, in DDSs, if the size of
nanocarriers is less than 100 nm, it will be appropriate for the transit of pores on the cell surface formed
by the regulation of osmolarity at a size of 10–500 nm (Gupta et al., 2014). Thermo and pH dual-
responsive polymer nanoparticles have demonstrated considerable anticancer properties in the controlled
release of drugs due to lower pH and higher tumor temperatures than normal tissues (Lanzalaco and
Armelin, 2017, Oroojalian et al., 2018).

Likewise, the folate-targeted nanoparticles have been extensively used in active targeting for effective
cancer treatment due to the folate-dependent cellular internalization mechanism by FOLR1 binding (Li et
al., 2011, Li et al., 2015, Ndong et al., 2015, Ak et al., 2018). Recent studies have shown that if a folic acid
is conjugated with a pH-sensitive nanocarrier, it could act as a targeting moiety to facilitate receptor-
mediated endocytosis to cancer cells, improve targeted drug delivery, increase DOX accumulation and
release in the tumor tissue, and ultimately reduce tumor growth and adverse effects following DOX
chemotherapy (Banu et al., 2015, Ak et al., 2018, Kanwal et al., 2018).

DIC is characterized by a number of abnormalities, including myopericarditis, dysrhythmia,
electrocardiographic repolarization changes, troponin elevation, and systolic or diastolic ventricular
dysfunction, which may be predisposed to dilated cardiomyopathy (DCM) or congestive heart failure
(CHF) several days to one year after chemotherapy (Jain et al., 2017). A previous study demonstrated
that DOX-folate-conjugated poly (NIPAAm-co-IA) @Fe3O4 NPs and DOXpoly (NIPAAm-co-IA) @Fe3O4 NPs
could signi�cantly improve the antitumor effects in HeLa cell (FR-positive) and A549 cell (FR-negative)
(Ghorbani et al., 2016). In this study, further in vivo studies were conducted on the breast cancer model to
reduce the adverse effects of DOX chemotherapy by increasing selectivity and controlling release at lower
pH and higher tumor tissue temperatures. Therefore, poly-MNPs and folate-poly-MNPs were used to
evaluate whether passive and active tumor-targeting of DOX might protect cardiotoxicity while not
affecting the antitumor activity of DOX in the breast cancer model.

The ECG is a simple, non-invasive, and accessible technique used for tracing cardiotoxicity in clinical
practice (Drew et al., 2004). Previous studies have shown that the most common ECG changes in the
DOX cardiotoxicity, including QRS complex, QT, and QTc interval prolongation, could predict a high risk of
developing malignant ventricular arrhythmias (Cai et al., 2019). However, the �ndings of this study
demonstrated that loading DOX into tumor-targeted DDSs showed a considerable improvement in ECG
parameters, including heart rate, RR interval, PR interval, QRS complex, QTc interval, and QT interval
compared to the DOX group.

DOX chemotherapy signi�cantly attenuates cardiac function by inducing ROS generation, disruption of
calcium homeostasis, and decreases in SA node excitability in the cardiac conducting system, leading to
decreased cardiac function (Kim et al., 2006, Shi et al., 2018). To assess hemodynamic function, arterial
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blood pressure and left ventricular functions were analyzed in the study groups. However, DOX treatment
with novel targeted nanocarriers improved SAP, DAP, MAP, min pressure, max pressure, mean pressure, the
EDP index, contractility index, min dP/dt, and max dP/dt compared to the DOX group. The results of the
present study were consistent with previous studies that examined DIC, ECG pattern abnormalities, left
ventricular dysfunction, and decreased blood pressure parameters (Octavia et al., 2012, Razmaraii et al.,
2016c). Moreover, it is generally accepted that DIC is associated with a reduction in the heart to body
weight ratio (Ghibu et al., 2012, Swamy et al., 2012, Arafa et al., 2014, Razmaraii et al., 2016b). In
contrast, the rats treated with DOX loaded into tumor-targeted DDSs experienced a signi�cant increase in
HWI and �nal body weight compared to the DOX group, but there was no statistically signi�cant
difference in the heart weight as compared to the control group (p > 0. 05).

Likewise, histopathological results of the left ventricular myocardium were consistent with prior studies
that described DOX-induced cardiac abnormalities such as cytoplasmic vacuolization, hyaline
degeneration, interstitial edema, in�ammatory cell in�ltration, mild cardiac �brosis, focal to extensive
hemorrhage, and cardiomyocyte necrosis following DOX administration (Razmaraii et al., 2016a).
Notably, the histopathological �ndings and the cardiomyopathy severity scores con�rmed that the tumor-
targeting DDSs signi�cantly reduced cardiac structural abnormalities, including interstitial edema, hyaline
degeneration, and in�ammatory cell in�ltration compared to the DOX group. The results of this study
revealed that hemodynamic function, HWI, and cardiomyopathy severity scores in the novel targeted
DDSs were effective in protecting against DIC in the experimental groups.

Irreversible LV dysfunction and myocardial cell death were associated with DOXinduced cardiotoxicity
following breast cancer therapy (Zhang et al., 2009, Kumar et al., 2012). A similar study suggested that
cardiac health monitoring would be determined by a signi�cant decrease in heart weight and increased
apoptosis in the TUNEL assay (Adão et al., 2013). In this study, TUNEL staining con�rmed that DNA
fragmentation and apoptotic cells in the tumor-targeting DDSs decreased compared to the DOX group.

Previous studies have demonstrated that mitochondrial damage plays a critical role in the initiation of
apoptosis in cardiomyocytes due to the release of cytochrome c, cleaved-caspase-3, cleaved-PARP1, and
AMP-activated protein kinase. The cleavage of PARP (C-PARP1) is a prominent feature of cell death,
occurring in two different pathways; a lysosomal protease cleaves PARP to a 55-kDa C-PARP1 protein in
the necrotic pathway, and caspase-3 cleaves PARP to an 89-kDa C-PARP1 protein in the apoptosis
pathway (Sosna et al., 2014, Shin et al., 2015, Morris et al., 2018). Several in vivo studies indicated that
the accumulation of DOX with folate nanocarriers decreased in cardiac tissue due to the EPR effect and
folate-receptor-mediated endocytosis while reducing the concentration of DOX in the bloodstream and
maintaining a higher concentration of DOX in the tumor tissue (Yoo and Park, 2004, Li et al., 2011, Li et
al., 2015, Ndong et al., 2015, Ak et al., 2018). In addition, the results of DIC studies con�rmed that DOX
treatment led to increased free radicals, decreased gene expression of Bcl-2, and increased gene
expression of BAX, PARP1, caspase-3, and the BAX/Bcl-2 ratio (Yoo and Park, 2004, Sun et al., 2016).
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As shown in Figures 4-6, the results of this study indicated that DOX-folate-poly-MNPs administration
could inhibit apoptosis by reducing the protein expression levels of BAX, cPARP1, ccaspase-3, and the
BAX/Bcl-2 ratio compared to the DOX group. Moreover, these novel tumor-targeting DDSs could prevent
apoptosis in cardiac tissue by decreasing the ccaspase-3/caspase-3 and c-PARP1/PARP1 protein
expression levels compared to the DOX group.

A previous study demonstrated that the inactivated PARP1 protected the heart against ROS generated,
myocardial apoptosis, and cardiac dysfunction (Bartha et al., 2011). However, in the DOX-folate-poly-
MNPs group, the protein expression of c-PARP1 (89kDa) was reduced compared to the DOX group.
Besides, in a similar study, the biodistribution pro�les of DOXFA-PEG-P (HB-HO) NPs, DOXP (HB-HO) NPs,
and free DOX in cardiac tissue were measured for up to 48 hours. The cardiac accumulation of DOX was
signi�cantly reduced in DOX-FA-PEG-P (HBHO) NPs treated mice, whereas the DOX content in tumors and
the hal�ife of DOX-P (HB-HO) NPs increased compared to free DOX (Zhang et al., 2016).

Recent research has shown that DOX treatment causes pyroptosis in cardiomyocytes, an in�ammatory
caspases-dependent programmed cell death via the NLRP3-caspase-1 pathway (Meng et al., 2019). The
NLRP3 in�ammasome is composed of a large protein complex of NLRP3, ASC, and pro-caspase-1. The
adaptor ASC and pro-caspase-1 are recruited when the NLRP3 in�ammasome is activated. Then,
activated caspase-1 processes the maturation and release of IL-1β, IL-18, and gasdermin D. The N-
terminal cleavage fragment of gasdermin D induces pyroptosis by forming plasma membrane pores,
causing cell swelling, plasma membrane rupture, and the secretion of proin�ammatory cytoplasmic
contents, in�ammatory responses, cardiomyocyte death, and cardiac damage (Meng et al., 2019, Zeng et
al., 2020, Liu et al., 2021). As DOX induces cardiomyocyte by activating the NLRP3-caspase-1 pathway,
our �ndings suggest that the novel targeting DDS causes less cardiotoxicity than the free DOX and
inhibits NLRP3-mediated pyroptosis in vivo by downregulating ASC, c-caspase-1, c-IL-1β, and c-IL-18
protein expression levels compared to the DOX group. In addition, the c-caspase-1/pro-caspase-1 ratio in
the DOX-folate-poly-MNPs group was reduced in comparison with the DOX group. Similarly, the �ndings
of NLRP3 in�ammasome-mediated in�ammation following tumortargeting DDSs con�rmed the
histopathological results of the left ventricular myocardium, which showed that the novel targeted DDSs
reduced in�ammatory cell in�ltration and cardiomyopathy severity scores as compared to the DOX group.

The results of this study are in agreement with previous in vivo studies, which suggested that the
synergistic antitumor effects of passive and active targeting DDSs in the tumor tissues might be
attributed to decreased DOX exposure in the cardiac tissues (Huang et al., 2016, Ma et al., 2017, Hyun et
al., 2019). Therefore, the cardiac health monitoring following breast cancer therapy con�rmed that
administration of DOX-folate-poly-MNPs, a tumor-targeting DDSs, could decrease irreversible LV
dysfunction, myocardial cell death, and DNA fragmentation in the cardiac tissue by decreasing the
protein expressions of BAX, c-PARP1, c-caspase-3, and the BAX/Bcl-2 ratio compared to the DOX group.
Finally, these facts suggest that the folatepolyMNPs could be a desirable nanocarrier for the tumor-
targeting drug delivery of DOX, capable of reducing DIC and improving the e�cacy of chemotherapy in a
breast cancer model rather than commercial DOX therapy.
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Conclusion
To overcome the nonspeci�c distribution in normal tissues, the novel tumor-targeting DDSs were studied
to reduce DOX-cardiotoxicity in the animal breast cancer model. As expected, the results of this study
con�rmed that DOX-folate-poly-MNPs improved the hemodynamic parameters, including ECG, blood
pressure, left ventricular function, and heart weight index (HWI), compared to the commercial DOX.
According to histopathological examinations, qRTPCR, western blotting, and TUNEL assays, the novel
tumor-targeting DDSs with folate indicated no signi�cant alterations in cardiomyocyte apoptotic
signaling following DOX treatment. Moreover, it could decrease irreversible LV dysfunction, myocardial
cell death, and DNA fragmentation in the cardiac tissue by decreasing the protein expression levels of
BAX, cPARP1, ccaspase 3, and also downregulation of the BAX to Bcl-2, c-PARP1/PARP1, and ccaspase-
3/caspase-3 ratios compared to the commercial DOX. Further investigations demonstrated that DOX-
folate-poly-MNPs could inhibit pyroptosis via the NLRP3-caspase-1 pathway and also inhibit
overexpression of ASC, caspase-1, IL-1β, and IL-18 protein expression levels to prevent myocardial
damage. Therefore, the developed folate-poly-MNPs with con�rmed reduced cardiotoxicity could be
proposed as a potential tumor-targeted nanocarrier for an effective DOX delivery system.
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Figure 1

Experimental design. a) The induction of mammary tumors in Sprague–Dawley rats by a subcutaneous
injection of DMBA at 47 days of age. b) The experiment starts, when the tumor volume reaches 1000
mm3. c) The accumulation of non-targeted nanocarriers by passive targeting through the leaky
vasculature at tumor sites. d) The arrival of folate-targeted nanocarriers at tumor sites; they can bind
through FRs-mediated endocytosis to cell surface folate receptor (FOLR1) to enter the cells.
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Figure 2

Representative ECGs recorded in the study groups: a) Control, b) DOX, c) DOX poly-MNPs, d) DOX folate
poly-MNPs.

Figure 3



Page 23/26

Histopathological examination of the cardiac tissues (H&E, 400X). a) Control, c) DOX poly-MNPs, and d)
DOX-folate-poly-MNPs groups showed the normal histological appearance of myocardial structures. b)
The DOX group showed severe histopathological changes in the structure of the myocardium, such as
in�ltration of in�ammatory cells (I), cytoplasmic myocyte vacuolization (V), hyaline degeneration (H),
necrosis (N), and interstitial edema (E). e) The severity scores for cardiomyopathy (CMY) were graded
from 0 to 3 as follows: 0 for no damage, 1 for a mild lesion, 2 for a moderate lesion, and 3 or more for a
severe lesion. Data are expressed as mean ± SD (n=10), ** p < 0.01 vs. control group, # p < 0.05 and ## p
< 0.05 vs. DOX group.

Figure 4

TUNEL staining in the study groups. Brown-stained nuclei indicated TUNEL-positive cardiomyocytes. a)
Control, b) DOX, c) DOX-poly-MNPs, and d) DOX-folate-poly-MNPs. e) %TUNEL apoptotic cells. Data are
expressed as mean ± SD. *** p< 0.001 vs. control and # p< 0.05 vs. DOX.



Page 24/26

Figure 5

Expression of apoptosis-related genes in the cardiac tissues. (a) Relative mRNA levels of BAX and (b) Bcl
2 normalized to β-actinGAPDH. Data are expressed as mean ± SD (n=6). ** p < 0.01 vs. control; # p < 0.05
and ## p < 0.01 vs. DOX. (c) Expression of apoptosis-related proteins in the cardiac tissues was detected
by western blot. (d) Histograms display the density of BAX and Bcl-2, and (e) the ratio of BAX to Bcl-2
protein expression levels normalized to β-actinGAPDH. Data are expressed as mean ± SD (n=3). * p <
0.05, ** p < 0.01, and *** p < 0.001 vs. control; # p < 0.05, ## p < 0.01, and ### p < 0.001 vs. DOX.; ψ p <
0.05 vs. DOX-poly-MNPs.
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Figure 6

Expression of apoptosis-related genes in the cardiac tissues. (a) Relative mRNA levels of PARP1 and (b)
caspase-3 normalized to β-actinGAPDH. Data are expressed as mean ± SD (n=6). *** p < 0.001 vs.
control; # p < 0.05, ## p < 0.01 vs. DOX. (c) Expression of apoptosis-related proteins in the cardiac tissues
was detected by western blot. (d) Histograms display the density of PARP1 and C-PARP1, and (e) the ratio
of C-PARP1/PARP1 protein expression levels normalized to β-actinGAPDH. (f) Histograms display the
density of caspase-3, c-caspase-3, and (g) the ratio of c caspase 3/caspase-3 protein expression levels
normalized to β-actinGAPDH. Data are expressed as mean ± SD (n=3). * p < 0.05, ** p < 0.01, and *** p <
0.001 vs. control; # p < 0.05, ## p < 0.01, and ### p < 0.001 vs. DOX; ψ p < 0.05 vs. DOX poly MNPs.
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Figure 7

Expression of pyroptosis-related proteins in the cardiac tissues was detected by western blot. (a)
Histograms display the density of ASC, (b) pro-caspase-1 and c-caspase-1, (c) the ratio of c-caspase-
1/pro-caspase-1, (d), c IL 1β, and (e), c-IL-18 normalized to β-actin. Data are expressed as mean ± SD
(n=3). * p < 0.05 and *** p < 0.001 vs. control; # p < 0.05, ## p < 0.01, and ### p < 0.001 vs. DOX.


