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A B S T R A C T   

Late-onset cardiomyopathy is becoming more common among cancer survivors, particularly those who received 
doxorubicin (DOXO) treatment. However, few clinically available cardiac biomarkers can predict an unfavorable 
cardiac outcome before cell death. Extracellular vesicles (EVs) are emerging as biomarkers for cardiovascular 
diseases and others. This study aimed to measure dynamic 4-hydroxynonenal (4HNE)-adducted protein levels in 
rats treated chronically with DOXO and examine their link with oxidative stress, antioxidant gene expression in 
cardiac tissues, and cardiac function. Twenty-two male Wistar rats were randomly assigned to receive intra
peritoneal injection of normal saline (n = 8) or DOXO (3 mg/kg, 6 doses, n = 14). Before and after therapy, 
serum EVs and N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels were determined. Tunable resistive 
pulse sensing was used to measure EV size and concentration. ELISA was used to assess 4HNE-adducted protein 
in EVs and cardiac tissues. Differential-display reverse transcription-PCR was used to quantitate cardiac Cat and 
Gpx1 gene expression. Potential correlations between 4HNE-adducted protein levels in EVs, cardiac oxidative 
stress, antioxidant gene expression, and cardiac function were determined. DOXO-treated rats showed more 
serum EV 4HNE-adducted protein than NSS-treated rats at day 9 and later endpoints, whereas NT-proBNP levels 
were not different between groups. Moreover, on day 9, surviving rats’ EVs had higher levels of 4HNE-adducted 
protein, and these correlated positively with concentrations of heart tissue 4HNE adduction and copy numbers of 
Cat and Gpx1, while at endpoint correlated negatively with cardiac functions. Therefore, 4HNE-adducted protein 
in serum EVs could be an early, minimally invasive biomarker of the oxidative response and cardiac function in 
DOXO-induced cardiomyopathy.  

Abbreviations: DOXO, Doxorubicin; NSS, Normal saline solution; NT-proBNP, N-terminal pro B-type natriuretic peptide; EVs, Extracellular vesicles; 4HNE, 4- 
hydroxynonenal; NSS_EVs, EVs collected from NSS-treated rat serum; DOXO_EVs, EVs collected from DOXO-treated rat serum; NSS_Heart, Left venticles from NSS- 
treated rats; DOXO_Heart, Left venticles from DOXO-treated rats; NSS_Brain, Forebrains from NSS-treated rats; DOXO_Brain, Forebrains from DOXO-treated rats; 
TRPS, Tunable resistive pulse sensing; %LVEF, Left ventricular ejection fraction; %LVFS, left ventricular fractional shortening; Cat, Catalase gene; Gpx1, Glutathione 
peroxidase-1 gene; BBB, Blood-brain barrier. 
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Introduction 

A significant increase in the number of long-term cancer survivors is 
a primary concern for late-onset side effects of cancer treatment, espe
cially chemotherapies, which can induce fatal cardiomyopathy (Shakir 
and Rasul, 2009; Watson et al., 2022). The risk of death among 
chemotherapy-treated patients increases over time after treatment 
(Sturgeon et al., 2019). Doxorubicin (DOXO) is frequently used for the 
therapy of a wide range of solid tumors and hematologic malignancies. 
However, it also generates excessive oxidative stress and is a well-known 
cause of life-threatening cardiomyopathy (Songbo et al., 2019). The 
oxidative stress in cardiac muscle is stimulated by the production of pro- 
oxidants and inhibition of antioxidant enzymes. This results in the 
accumulation of products of this oxidative damage and may ultimately 
lead to cell death through multiple pathways, including ferroptosis, 
necroptosis and apoptosis (Sangweni et al., 2022). To date, the clinically 
available biomarkers of cardiac injury are cardiac troponin and N-ter
minal pro B-type natriuretic peptide (NT-proBNP) (Ananthan & Lyon, 
2020). The cardiac-specific troponins I and T released after irreversible 
cardiac injury are the most sensitive and specific biomarkers of acute 
myocardial infarction (Hammarsten et al., 2022; Ibanez et al., 2018) as 
well as injury from other causes including chemotherapy (Newby et al., 
2011; Sorodoc et al., 2022; Tian et al., 2014). NT-proBNP is widely used 
as a significant indicator of clinical heart failure (Chow et al., 2017; 
Maalouf and Bailey, 2016; Troughton et al., 2014), and is also a po
tential biomarker for asymptomatic cardiomyopathy in DOXO-treated 
patients (Kittiwarawut et al., 2013; Sherief et al., 2012; Sulaiman 
et al., 2021; Zidan et al., 2015). Unfortunately, using cardiac troponin or 
NT-proBNP as a guide for initiating preventive intervention for DOXO- 
induced cardiomyopathy may be too late, as they are released after 
cardiac cell death has occurred, which is an irreversible process. For 
prompt preventive intervention against this fatal condition, earlier 
biomarkers are needed. 

Extracellular vesicles (EVs) are nano-sized membrane-bound parti
cles that are secreted from numerous cellular locations and processes 
and are found in blood and other body fluids (Campanella et al., 2019). 
EVs are released by cells to deliver signaling molecules, respond to stress 
stimuli, and eliminate waste or unneeded material. EVs exhibit signifi
cant potential as innovative biomarkers in liquid biopsy due to their 
abundant presence in body fluids and involvement in several physio
logical and pathological mechanisms. EVs possess a wide range of in
formation that mirrors the condition of living cells. Their ability to 
remain stable in circulation and body fluids renders them a promising 
reservoir of biomarkers for various diseases, especially cancer. Conse
quently, EVs hold potential for applications in cancer diagnosis, treat
ment monitoring, prognosis and adverse effect prediction (Cheng et al., 
2022; Yu et al., 2022; Zhou et al., 2020). 

Excessive amounts of reactive oxygen species (ROS) and reactive 
nitrogen species (RNS) can disrupt cell signaling, and in turn change the 
volume and composition of EVs (Chiaradia et al., 2021). EVs transport 
oxidized lipids, proteins, and cargo molecules that can modulate the 
redox status of their target cells (Benedikter et al., 2018; Yarana & St 
Clair, 2017). The polyunsaturated fatty acids of biological membranes 
are susceptible to attack by ROS, the process known as lipid peroxida
tion. 4-hydroxynonenal (4HNE) is a highly reactive aldehyde byproduct 
of this lipid peroxidation that can covalently bind to proteins, causing 
their inactivation and cytotoxicity. Large bodies of evidence have shown 
that 4HNE inhibits cardiac contractile function, increases ROS genera
tion, changes cell signaling pathways and is linked to a variety of car
diovascular disorders, including atherosclerosis (Chapple et al., 2013; 
Leonarduzzi et al., 2005), myocardial ischemia–reperfusion injury (Gao 
et al., 2023; Zhang et al., 2010), heart failure (Asselin et al., 2007; 
Hwang et al., 2020), and cardiomyopathy (Mali & Palaniyandi, 2014; 
Singh et al., 2015). 4HNE plays an important role in DOXO-induced 
cardiotoxicity. Even non-toxic doses of DOXO could result in the accu
mulation of 4HNE-adducted proteins by cardiomyocytes, which show a 

wide range of individuality (Negre-Salvayre et al., 2010). Increased 
levels of 4HNE upon DOXO treatment inactivate NADH oxidoreductase 
activity of the mitochondrial apoptosis-inducing factor (AIFm2) causing 
4HNE adduction and translocation of AIFm2 from mitochondria leading 
to apoptosis in heart tissue of mice and humans (Miriyala et al., 2016). 
Multiple studies have demonstrated that DOXO treatment increased the 
formation of 4HNE within cardiac tissue (Chaiswing et al., 2005; 
Jungsuwadee et al., 2006; Jungsuwadee et al., 2009). The accumulation 
of 4HNE in cardiac tissue may be interpreted as a result of the oxidative 
stress, which induce cardiac dysfunction and, consequently, 
cardiomyopathy. 

A previous study in mice revealed that after a single high dose of 
DOXO, serum EVs contain increased levels of 4HNE-adducted protein 
and of a cardiac tissue-specific protein (brain-type glycogen phosphor
ylase) which can be detected prior to the rise in serum of cardiac 
troponin-I (Yarana et al., 2018). However, the dynamic change of 4HNE- 
adducted protein levels in EVs during chronic DOXO treatment in 
comparison with cardiac injury biomarkers have never been reported. 
Using chronic DOXO-treated rodents as a model, we investigated the 
time course of changes in 4HNE-adducted protein levels in serum EVs 
and found associations with cardiac tissue injury, cardiac tissue oxida
tive stress, and survival outcome. 

This study will strengthen the clinical significance of 4HNE-adducted 
protein levels in serum EVs in predicting the development of adverse 
effects of DOXO, especially cardiomyopathy, hopefully leading to the 
future development of a new diagnostic to aid physicians in deciding on 
intervention to prevent this adverse outcome. 

Materials and methods 

Ethical approval 

Ethical approval for this study was obtained from the Laboratory 
Animal Center, Chiang Mai University, Chiang Mai, Thailand (approval 
no. 2562/RT-0008). Experiments on animals were performed in accor
dance with the Guide for the Care and Use of Laboratory Animals. 

Animal treatment and serum collection 

Male Wistar rats (n = 22) weighing 300 – 350 g were obtained from 
M− CLEA Nomura Siam, Thailand. The animals were transported to and 
kept at Chiang Mai University’s Laboratory Animal Center. In a 
temperature-controlled setting with a 12:12 h light–dark cycle, two 
animals were kept in each cage, which is appropriate number related to 
cage size (51 x 57 x 38 cm). 

All rats spent at least a week getting used to the lab environment 
prior to start the experiment. One week prior to treatment, 500 μL of 
blood was collected from the tail vein of each rat to establish baseline 
parameters. For this procedure and subsequent blood collections, rats 
were anesthetized by inhaling 3 % isoflurane; and placed in a supine 
position. The tail area was cleaned with an antiseptic solution and 
venous blood was collected. The rats were then randomly assigned to 
groups receiving either DOXO (n = 14) or normal saline (NSS) (n = 8). 
Rats in the DOXO-treated group received intraperitoneal injections of 
doxorubicin (ADRIM, Homburg, Germany) at a dose of 3 mg/kg on days 
0, 4, 8, 15, 22, and 29, followed by a 1-month “recovery” period. The 
total cumulative dose was 18 mg/kg. 

We chose the dose of 3 mg/kg per dose, a total of 18 mg/kg, and a 
one-month recovery period after the last treatment based on previous 
research showing that at this time point, rats treated with DOXO based 
on this protocol had impaired cardiac function (Arinno et al., 2021; 
Chunchai et al., 2022; Khuanjing et al., 2021; Maneechote et al., 2022; 
Yarana et al., 2022). This impairment of cardiac function is a crucial 
aspect to be investigated in our study. 

Rats in the NSS group received injections of sterile normal saline in 
the same volume as those in DOXO group under the same treatment 
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schedule. At day 1, day 9, and day 30 after the first dose of treatment, 
blood samples (500 μL each) were collected via tail vein. At the endpoint 
on day 60, all animals were euthanized and as much blood as feasible 
was collected from the inferior vena cava prior to cardiac tissue 
collection (Fig. 1A). Blood was held at ambient temperature for at least 
30 min to enable it to clot. Sera were separated and stored at − 80 ◦C 
until use. 

Cardiac function measurements 

Using echocardiography, the cardiac functions were evaluated. 
During echocardiography, the rats were sedated with 2 % isoflurane and 
2 L/min of oxygen flow. Using a Vivid*i (GE Healthcare, UK), echo
cardiographic parameters were obtained. The echocardiography probe 
was gently pressed against the thorax, and images were acquired along 
the parasternal short axis of the heart. At the level of the papillary 
muscles, M− mode echocardiography was conducted. The percentage of 
fractional shortening and ejection fraction of the left ventricle were then 
determined (Maneechote et al., 2019). All echocardiographic parame
ters were measured at the endpoint before animal euthanasia. 

4HNE-adducted protein level measurement in serum EVs, sera, heart and 
brain tissues 

Concentration of serum EVs collected from NSS-treated (NSS_EVs) 
and DOXO-treated rats (DOXO_EVs) at different time points was deter
mined by bicinchoninic acid assay (BCA) (ThermoFisher Scientific, MA, 
USA). The concentrations were adjusted to be equal in every EV sample. 
One milligram of NSS_EVs or DOXO_EVs was used to measure 4HNE- 
adducted protein levels using OxiSelectTM HNE adduct competitive 
ELISA kits (Cell Biolabs, CA, USA) following the protocol provided by 
the company. The levels of 4HNE were represented as µg of 4HNE 
adducted proteins per 1 mg of total protein. 

Fifty microliters of sera derived from NSS-treated (NSS_Serum) or 

DOXO-treated rats (DOXO_Serum) at different time points were used to 
measure 4HNE-adducted protein levels using OxiSelectTM HNE adduct 
competitive ELISA kits (Cell Biolabs, CA, USA) following the protocol 
provided by the company. The levels of 4HNE adducted protein were 
represented as µg/ml. 

Left venticles from NSS-treated (NSS_Heart) and DOXO-treated 
(DOXO_Heart) rats were lysed using 1x protease inhibitor cocktails 
(SigmaAldrich, MO, USA) in lysis buffer containing 20 mM Tris HCl, 1 
mM Na3VO4, 5 mM NaF. Forebrain from NSS-treated (NSS_Brain) and 
DOXO-treated (DOXO_Brain) rats were lysed using 1x protease inhibitor 
cocktails (SigmaAldrich, MO, USA) in lysis buffer containing 100 mM 
NaCl, 25 mM EDTA, 10 mM Tris, 1 % v/v Triton X-100, 1 % v/v NP-40. 

The concentrations of heart tissue in NSS_Heart and DOXO_Heart 
were determined by BCA assay (ThermoFisher Scientific, MA, USA). 
These concentrations were then adjusted to be equal in all samples. Four 
hundred mg of NSS_Heart or DOXO_Heart tissue lysates were used to 
measure 4HNE-adducted protein levels using the OxiSelectTM HNE 
adduct competitive ELISA kits (Cell Biolabs) following manufacturer’s 
protocol. 

Differential-display reverse transcription-PCR (ddRT-PCR) 

Total RNA was extracted with the Monarch® Total RNA Miniprep Kit 
(New England Biolabs, Ipswich, MA, USA), following the manufacturer’s 
instructions. Immediately following collection of hearts and brains, tis
sues were placed in an RNAlater solution (Thermo Fisher Scientific, 
Waltham, MA, USA) and kept at − 20 ◦C until used. Fifty milligrams of 
tissue were submerged and mechanically homogenized in 1 x DNA/RNA 
Protection Reagent. The homogenates were then treated with Proteinase 
K, followed by a 5-minute incubation at 55 ◦C. After centrifuging the 
homogenates at 16,000 x g for two minutes, supernatants were trans
ferred to fresh containers. They were then mixed with RNA Lysis Buffer 
and transferred to a gDNA removal column. After 30 s of centrifugation 
at 16,000 x g, the flow-through was combined with an equal volume of 

Fig. 1. Protocol of the animal treatment (A). dynamic changes of NT-proBNP levels (B). and survival curves of rats in NSS and DOXO groups (C). Syringes pictured in 
A represent time points of intraperitoneal injections of NSS or DOXO 3 mg/kg. Droplets of blood represent time points of blood collection. * p < 0.05 vs day 
0 (baseline), † p < 0.05 vs NSS group at the same time point. 
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100 % ethanol and transferred to an RNA purification column. 
Following centrifugation and washing, 50 μL nuclease-free water was 
added to the center of column matrix to elute RNA. One μg of total RNA 
was reverse transcribed using an iScript cDNA synthesis kit (Bio-Rad, 
Hercules, CA, USA). Complementary DNA concentrations were deter
mined using NanoDropTM 2000/2000c Spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). Catalase (Cat), glutathione 
peroxidase-1 (Gpx1), and beta-actin (Actb) gene copy numbers were 
measured in each sample using QIAcuity® EG PCR kit (Qiagen, Hilden, 
Germany) operated by QIAGEN’s QIAcuity instrument for digital PCR 
(Qiagen, Hilden, Germany). The primers used in PCR reactions are listed 
in Table 1. The QIAcuity performs entirely automated plate priming, 
partition sealing, thermocycling, and image analysis. The QIAcuityTM 
Nanoplate 8.5 K 96-well was utilized. Each well contained 4 μL of 3x 
EvaGreen PCR master mix (Qiagen), 0.4μM of each forward and reverse 
primer, and a fixed concentration of cDNA template 0.5 μL (50 ng). The 
thermal cycling program consisted of 2 min at 95 ◦C, 40 cycles of 15 sec 
at 95 ◦C, and 30 sec at 60 ◦C. By dividing the number of copies of the 
Actb gene per μL of sample volume, we normalized the concentration of 
Cat and Gpx1 genes across all samples. 

EV isolation 

Serum was centrifuged at 3000 x g for 15 min to remove cell debris. 
EVs were extracted using ExoQuick precipitation commercial reagent 
(System Biosciences, USA). Briefly, 50.4 μL of ExoQuick solution and 
200 μL of serum were combined. The mixture was incubated at 4 ◦C for 
30 min before being centrifuged at 1500 x g for 30 min to obtain the EV 
pellets. Aspiration of the supernatant was performed. The remaining 
ExoQuick solution was eliminated via centrifugation at 1500 x g for 5 
min followed by removal of the supernatant without disturbing the 
pellets. Finally, the EV pellets were resuspended in phosphate buffer 
saline (PBS) and stored at − 80 ◦C until used. 

NT-proBNP level measurement 

NT-proBNP, a biomarker of cardiac damage that has been utilized in 
the clinic to predict DOXO-induced cardiomyopathy, was measured in 
rat sera collected one week before start of DOXO or NSS therapy, and at 
days 1, 9, 30 and 60 following the first injections. NT-proBNP levels 
were determined using an ELISA kit from Elabscience (TX, USA). 

EV markers detection by Western blot 

The quantity of EV protein was determined using BCA assay (Ther
moFisher Scientific, MA, USA). Equal quantities of this protein from the 
NSS and DOXO-treated groups were put onto a 10 % SDS poly
acrylamide gel and electrophoresis was performed at 60 V for 30 min., 
followed by 100 V for 1 h. The proteins were then transferred onto PVDF 
membranes and blocked with 5 % non-fat dry milk in TBST for 1 h. Anti- 
flotillin-1 (1:1000) from Cell Signaling Technology (MA, USA), anti- 
Hsp70 (1:1000), and anti-CD81 antibodies (1:1000) from System Bio
sciences (CA, USA) were used as primary antibodies to identify EV 
markers. Anti-beta actin antibody (1:5000) from Cell Signaling Tech
nology (MA, USA) was used as a primary antibody to detect a house
keeping protein in EVs. Secondary antibodies that were HRP-conjugated 
(System Biosciences, CA, USA) were added to the membranes after they 
had been washed. Protein bands were seen using the ChemiDoc MP 

imaging apparatus (Bio-Rad, Munich, Germany) with clarity western 
ECL substrate (Bio-Rad, CA, USA). 

EV size and number measurement 

The tunable resistive pulse sensing (TRPS) technique was performed 
to measure size and concentration of EVs using the Exoid (Izon Science, 
New Zealand). Briefly, the nanopore (NP100) membrane, which is 
suitable for analyzing nanoparticles with sizes between 50 and 330 nm 
(according to the manufacturer) was inserted into the lower fluid cell. 
The upper fluid cell was then put together. After soaking the nanopore 
with wetting solution for 5 min to allows the baseline current to stabi
lize, the nanopore was covered with coating solution for 10 min to 
prevent non-specific binding of biological nanoparticle to the nanopore 
membrane. Next, carboxylated polystyrene beads (Izon Science, New 
Zealand), designated as CPC100 with an average size of 100 nm and a 
stock concentration at 1.4 x 1013 particles/mL were used as calibration 
particles. CPC100 was diluted 1:1000 with measurement electrolyte 
(ME) buffer and used as a reference for calculation of the concentration 
of EV samples. Throughout the experiment, an appropriate stretch (47 
mm) and voltage (700 V) were applied so that the blockades of CPC100 
or EV samples in ME buffer were at least 0.5 nA above the baseline noise. 
The Exoid was operated as described previously (Billinge et al., 2014; 
Nizamudeen et al., 2018; Vogel et al., 2016). Briefly, the lower fluid cell 
was filled with 75 μL of ME buffer, ensuring there were no air bubbles, 
and the upper fluid cell was filled with 35 μL of EV sample. Sample were 
removed from the upper fluid cell after each measurement and replaced 
with ME buffer for nanopore cleaning before the next measurement. The 
concentration and size of calibration particles and EVs were determined 
at three different pressures (800, 1000, and 1400 Pa) in order to elim
inate the impact of pore and particle zeta potentials on the detected 
concentrations. 

Statistical analysis 

The results were presented as mean ± standard deviation (SD). Un
paired t tests were used to compare the difference between NSS and 
DOXO groups. Two-way analysis of variance (ANOVA) was used to 
compare the changes in each parameter over time following treatment 
with NSS or DOXO. Tukey’s multiple comparisons test was used to verify 
group differences following ANOVA. For data analysis and graphing, 
Excel and GraphPad Prism, version 6.0c, were used. Correlation be
tween the levels of 4HNE-adducted protein in serum EVs or seum 4HNE- 
adducted protein and the levels of 4HNE adduction in heart tissues, Cat 
gene expression, Gpx1 gene expression, %LVEF, and %LVFS was eval
uated using the Pearson correlation coefficient with SPSS® Statistics 
version 26. A p value less than 0.05 was regarded as significant. 

Results 

Cardiac injury and mortality in rats treated chronically with DOXO 

To simulate the clinical setting of DOXO-induced cardiotoxicity, rats 
received 3 mg/kg of DOXO on a periodic basis for 30 days, reaching a 
cumulative dose of 18 mg/kg (Fig. 1A). Using this protocol, we previ
ously reported that all rats developed cardiomyopathy, as evidenced by 
a decrease in cardiac functions, the development of cardiac sym
pathovagal imbalance, and an increase in pro-apoptotic proteins in the 

Table 1 
List of primer sequences used in real-time RTPCR.  

Gene Name Forward Primer Reverse Primer 

Gpx1 5′- AGTTCGGACATCAGGAGAATGGCA-3′ 5′- TCACCATTCACCTCGCACTTCTCA-3′ 
Cat 5′- GCACTACAGGCTCCGAGATGAAC-3′ 5′- TTGTCGTTGCTTGGTTCTCCTTGT-3′ 
Actb 5′- CACTGGCATTGTGATGGACT-3′ 5′- CTCTCAGCTGTGGTGGTGAA-3′  
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left ventricles (Yarana et al., 2022). In this study, serum NT-proBNP in 
the NSS group significantly increased over time beginning at day 9 post 
treatment. In the DOXO group, serum NT-proBNP also increased after 
the treatment beginning at day 9 and levels were significantly higher 
than that those of the NSS group at days 30 and 60 post treatment 
(Fig. 1B). 

During the four weeks after the last administration of DOXO or NSS 
and prior to euthanize, the general health of the rats was monitored. We 
discovered that many of DOXO-treated rats developed severe dehydra
tion, enlarged abdomens and ascites. Of the 14 animals in the DOXO- 
treated group, seven died before the endpoint. One rat died within the 
first two weeks, two within three weeks, and four within four weeks of 
their last DOXO injections. The survival curves comparing the NSS and 
DOXO groups are shown in Fig. 1C. 

4HNE-adducted protein levels in heart and brain tissues 

The levels of 4HNE-adducted proteins and antioxidant gene expres
sion, including Cat and Gpx1, were used to assess oxidative stress and 
oxidative defense in heart and brain tissues. The DOXO-treated group’s 
representative data (n = 7) was derived from rats that survived to the 
endpoint (day 60). The results show that 4HNE-adducted protein levels 
in heart tissues of DOXO-treated rats (DOXO_Heart) were significantly 
higher than those of NSS-treated rats (NSS_Heart) as shown in Fig. 2A. In 
addition, DOXO_Heart contained significantly more copies of Gpx1 
genes (Fig. 2C) and slightly more Cat genes than did NSS_Heart (Fig. 2B). 
These findings indicated that excessive oxidative stress occurred in the 
cardiac tissues of DOXO-treated rats, and that the surviving rats had a 
marked defense response against oxidative stress as evidenced by the 
increases in antioxidant enzymes. 

Unlike cardiac tissues, there was no sign of oxidative stress in the 

brain tissues of the DOXO group since the levels of 4HNE-adducted 
protein (Fig. 2D), Cat gene expression (Fig. 2E), and Gpx1 gene 
expression (Fig. 2F) were similar to those of the NSS group. 

Characterization of serum EVs derived from DOXO-treated rat 

The presence of EV markers and size distribution of serum EVs 
collected at baseline were validated using Western blotting and TRPS, 
respectively, to confirm that the EV isolation procedure was effective. 
EVs from sera of both NSS and DOXO groups contained EV markers, 
including flotillin-1 (a protein involved in membrane trafficking), heat 
shock protein 70 (Hsp70; a protein involved in vesicular export), and 
cluster of differentiation 81 (CD81; a tetraspanin protein), as shown in 
Fig. 3A. The size distribution revealed that most EVs were under 200 nm 
with a peak concentration near 90 nm (Fig. 3B). 

The mode of EV sizes in each sample evaluated by TRPS were 
analyzed and presented as average size ± SD (Fig. 3C). At baseline, the 
average size of the EVs from the NSS and DOXO groups was similar 
(69.33 ± 5.39 vs 65.80 ± 5.22 nm). As we monitored EV size over time 
following treatment, we observed that the average mode of EV size of 
DOXO group tended to be greater at endpoint than at base line (80.17 ±
9.36 vs 65.80 ± 5.22 nm). Interestingly, the concentration of EVs in the 
NSS group increased substantially at day 30 after treatment initiation, 
but returned to baseline at the endpoint, whereas the concentration of 
EVs in the DOXO group increased trendily but not significantly at day 30 
and at endpoint (Fig. 3D). 

4HNE adducted protein levels in EVs as a predictor of survival outcome in 
DOXO-treated rats 

Monitoring the levels of 4HNE-adducted protein in serum EVs over 

Fig. 2. Levels of 4HNE-adducted protein (μg/ 1 mg protein) in heart tissue of NSS-treated rats (NSS_Heart) and DOXO-treated rats (DOXO_Heart) (A). Levels of 
4HNE-adducted protein in brain tissues of NSS-treated rats (NSS_Brain) and DOXO-treated rats (DOXO_Brain) (D). Copy number of catalase gene expression relative 
to beta-actin gene expression in heart tissues (B). Copy number of catalase gene expression relative to beta-actin gene expression in brain tissues (E). Copy number of 
glutathione peroxidase-1 gene expression relative to beta-actin gene expression in heart tissues (C). Copy number of glutathione peroxidase-1 gene expression relative 
to beta-actin gene expression in brain tissues (F). * p < 0.05 vs NSS_Heart. 
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time after rats were treated with NSS or DOXO, we found that on day 30, 
the average levels of 4HNE-adducted protein increased significantly in 
the DOXO-treated group compared to baseline and remained elevated at 
endpoint. In contrast, there was no change in 4HNE-adducted protein in 
the EVs of the NSS group. (Fig. 4A). Moreover, on day 9, the DOXO 
group’s 4HNE-adducted protein level was significantly higher than that 
of the NSS group. Since the variation of 4HNE-adducted protein levels 
was quite high in the DOXO group, subgroup analysis was performed: 
those that survived until the endpoint (DOXO_Survive) and those that 
did not (DOXO_Not survive). We observed significantly lower levels of 
4HNE-adducted protein in the DOXO_Not survive group (Fig. 4B). At day 
30 post-treatment, the trend of reduced levels of 4HNE-adducted protein 
in the DOXO_Not survive group persisted (Fig. 4C). 

4HNE-adducted protein levels in EVs were correlated with oxidative stress 
level, cardiac oxidative defense response, and cardiac function 

We analyzed the relationship of 4HNE-adducted protein levels in 
serum EVs from each time point to the endpoint levels of 4HNE 
adduction in heart tissue, Cat and Gpx1 gene expression, and cardiac 
functions including %LVEF and %LVFS. Correlations were found of the 
4HNE-adducted protein levels in EVs at day 9 between the DOXO- and 
NSS-treated groups for: 4HNE-adducted protein levels (r = 0.6915), Cat 
gene expression levels (r = 0.7488), and Gpx1 gene expression levels (r 
= 0.6083) in heart tissues (Fig. 5A-5C). These findings suggested that as 
early as the ninth day following the start of treatment, the level of 4HNE- 
adducted protein in serum EVs could predict the degree of oxidative 
stress and antioxidant defensive capacity in DOXO-damaged cardiac 

tissues. In addition, the levels of 4HNE-adducted proteins in serum EVs 
at endpoint were negatively correlated with %LVEF and %LVFS 
(Fig. 5D, 5F), highlighting the clinical relevance of this oxidative 
biomarker. 

We also detected levels of 4HNE-adducted protein in the serum; the 
result is depicted in Supplementary Figure 1. On day 9, the serum 
concentration of 4HNE-adducted protein in the DOXO-treated group 
increased significantly. At 30 days and the endpoint, however, the levels 
returned to their baselines. In addition, correlations between serum 
4HNE-adducted protein level on day 9 and 4HNE-adducted protein 
levels in cardiac tissues, Cat and Gpx1 gene expression were analyzed. 
There is no correlation between the serum 4HNE-adducted protein level 
on day 9 and the cardiac parameters listed in Supplemental Table 1. 

Discussion 

There is a growing emphasis on the use of biomarkers to detect 
cardiotoxicity before it becomes irreversible, as long-term cardiomy
opathy is becoming more recognized among cancer survivors. This study 
investigated the dynamic changes in the cardiac damage marker NT- 
proBNP in serum and the oxidative stress marker 4HNE-adducted pro
tein in serum EVs induced by DOXO. In addition, the relationships be
tween these markers and cardiac tissue oxidative stress and cardiac 
function were assessed in a rat model of DOXO-induced cardiotoxicity. 
The major findings of this study included: 1) the levels of 4HNE- 
adducted protein in serum EVs on day 9 of DOXO-treated rats began 
to differ from those in the NSS-treated rats, whereas NT-proBNP levels 
did not distinguish the two groups at the same timepoint; 2) rats that 

Fig. 3. Western blot of EV markers including Hsp70, flotillin-1 and CD81, as well as beta actin in serum EVs of rats treated with NSS or DOXO (A). A representative 
size distribution bar graph of EVs isolated from serum of rats at baseline. Each bar represents the concentration of particles per milliliter in each size range. The error 
bars represent the standard deviation (SD) for each concentration (B). Bar graph representing mean size of serum EVs at five time points comparing EVs from NSS- 
treated (NSS_EVs) and EVs from DOXO-treated (DOXO_EVs) rats (C). Bar graph representing concentrations (x 1010 particles/ml of serum EVs) at each time point 
comparing between NSS_EVs and DOXO_EVs) (D). * p < 0.05 vs baseline, † p < 0.05 vs NSS_EVs. 
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endured DOXO toxicity until day 60 (the study endpoint) following 
treatment initiation contained a greater amount of 4HNE-adducted 
protein in serum EVs on day 9; 3) the level of 4HNE-adducted protein 
in serum EVs on day 9 was positively correlated with the level of 4HNE- 
adducted protein, Cat, and Gpx1 gene expression in cardiac tissue; 4) 
cardiac function was negatively correlated with serum EV level of 4HNE- 
adducted protein at endpoint. According to these findings, the 4HNE- 
adducted protein in serum EVs might be used as an early non-invasive 
biological marker of an oxidative stress response to DOXO-induced 
cardiomyopathy. 

Because DOXO-induced cardiomyopathy in cancer patients takes 
many years to develop following the initiation of treatment, laboratory 
animals are utilized to study the toxicity of DOXO. Due to the rapid 
development of DOXO-induced cardiomyopathy in rodents in compar
ison to humans, they are frequently utilized as animal models for 
studying pathophysiology and potential biomarkers. Despite the 
absence of a universally accepted model for chronic cardiotoxicity of 
DOXO in rats, commonly used long-term treatment models with DOXO 
1–5 mg/kg once weekly for 2–12 weeks at a cumulative dose of 3–25 
mg/kg are found suitable for evaluating chronic cardiotoxicity (Podya
cheva et al., 2021). Our research team developed a rat model of chronic 
DOXO treatment at the dosage of 3 mg/kg every four days for three 
times, followed by once per week for three weeks, totaling 18 mg/kg, 
and discovered that 30 days after the last treatment (60 days after the 
treatment’s initiation), the rats had impaired cardiac function (Arinno 
et al., 2021; Chunchai et al., 2022; Khuanjing et al., 2021; Maneechote 
et al., 2022; Yarana et al., 2022). Using the same treatment protocol, the 
current study demonstrated that the levels of NT-proBNP in the DOXO 
group were substantially higher than those in the NSS group at day 30 

and 60 after beginning treatment, indicating the development of car
diotoxic effects. Intriguingly, NT-proBNP levels in the NSS group 
increased from baseline on day 9 and remained elevated until the end of 
the study. This result could be due to the fact that the anesthetic agent 
isoflurane has been shown to induce hypoxia inducible factor-1 alpha 
(HIF-1alpha) in a concentration- and time-dependent manner (Li et al., 
2006), resulting in BNP mRNA upregulation since it is an HIF-1 alpha 
specific target gene (Weidemann et al., 2008). 

Extracellular vesicles are small enclosed membranous particles dis
charged from cells into the extracellular milieu. Their intricate cargo 
reflects the (patho)physiological condition of the cells from which they 
originate. Such cargo is protected from enzymatic degradation and is 
therefore very stable in the extracellular environment. In addition, the 
presence of these EVs in peripheral body fluids permits minimally 
invasive liquid biopsies of biomolecules that reflect molecular events 
occurring in inaccessible organs, such as heart and brain. These char
acteristics explain the dramatic increase in interest in EVs during the 
past decade as carrying potential biomarkers or novel delivering treat
ments (Ciferri et al., 2021; Picca et al., 2022). 

It has been hypothesized that small EVs, also known as exosomes, 
may contribute to the regulation and control of cellular homeostasis by 
facilitating the selective release of intracellular toxins, such as proteins, 
lipids, and nucleic acids (Baixauli et al., 2014; Desdin-Mico & Mittel
brunn, 2017). Multiple lines of evidence suggest that the analysis of EVs 
and their cargos can inform therapeutic strategy determinations for 
better-stratified cancer therapy (Irmer et al., 2023; Shi et al., 2020; 
Stevic et al., 2018; Zare et al., 2019; Zhou et al., 2021). Specifically, 
variations in EVs and their cargos before and after therapy can provide 
real-time information on therapeutic responses in cancer patients, 

Fig. 4. Levels of 4HNE-adducted protein (μg/ 1 mg EV protein) in NSS_EVs and DOXO-EVs collected at each time point (A). Levels of 4HNE-adducted protein (fold 
change relative to baseline) at baseline, on day 1 and day 9 of DOXO-treated rats that survive until the endpoint (DOXO_Survive) and did not (DOXO_Not survive) (B). 
Levels of 4HNE-adducted protein (fold change relative to baseline) on day 30 comparing the DOXO_Survive and DOXO_Not survive groups (C). * p < 0.05 vs baseline, 
† p < 0.05 vs NSS_EVs at the same time point, ‡ p < 0.05 vs DOXO_EVs on day 9, # p < 0.05 vs DOXO_Survive. 
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including the common problem of therapy resistance. However, none of 
the clinical studies reveal a correlation between EVs and chemotherapy- 
related organ toxicity. The dynamic examination of circulating EVs and 
their constituents can facilitate hierarchical management and individ
ualized cancer patient treatment. In this study, the size distribution data 
suggested that the isolated EVs were small EVs according to the Minimal 
Information for the Study of Extracellular Vesicles (MISEV) 2018 
guideline (Thery et al., 2018). In addition, we found that the concen
tration of EVs in the NSS group increased substantially at day 30 post- 
treatment, exceeding that of the DOXO group. The reason might be 
due to the recurrent blood collection via tail veins that required inha
lation of isoflurane for anesthesia. Although the mechanisms are un
known, it has been observed that anesthetic drugs may cause exosome 
release in rats (Piao et al., 2022), possibly by activating certain neuro
transmitters and their associated ion channels throughout the body 
(Hemmings, 2009). Since these rats also experienced the same protocol 
as that in NSS group, the concentration of EVs should be high too in the 
DOXO group. However, the concentrations of serum EVs in DOXO 
groups only slightly elevated after DOXO treatment, when compared to 
the NSS group. This could be due to the fact that DOXO inhibits DNA 
synthesis and, as a result, suppresses hematopoiesis (Sonneveld et al., 
1981), resulting in a decrease in the number of platelets, erythrocytes, 
and other blood cells, which are significant sources of circulating EVs 
(Thangaraju et al., 2020). Therefore, the concentration of EVs in the 
DOXO group was higher than in the NSS group at the endpoint since 
there was no bone marrow suppression effect at this period despite the 
ongoing oxidative stress, which could be the inducer of EV release. 

Despite the small changes in concentration of the serum EVs in the 
DOXO group, there was a significant increase in 4HNE-adducted protein 

levels in serum EVs compared to those in the NSS-treated rats starting at 
day 9. Furthermore, among DOXO-treated rats, those with higher 
amounts of 4HNE-adducted protein in EVs on day 9 tolerated the 
toxicity better than those with lower level. These findings suggested that 
4HNE-adducted proteins in serum EVs could be an early biomarker of 
resistance to DOXO-induced oxidative stress and can predict survival 
outcome. In addition, the alterations in 4HNE-adducted protein in EVs 
occurred before serum changes in NT-proBNP, the traditional cardiac 
marker. These results are consistent with a previous report in which 
oxidative homeostasis was found to be disturbed as early as 7 days after 
DOX treatment and that these changes happened before the significant 
rise in NT-proBNP (Dulf et al., 2023). 

The lipid peroxidation byproduct known as 4HNE is one of the most 
bioactive and researched lipid aldehydes (Benedetti et al., 1980). 
Through the formation of covalent adducts with nucleophilic functional 
groups in proteins, nucleic acids, and membrane lipids, 4HNE can 
modify a variety of signaling processes linked to organ dysfunction due 
to oxidative stress (Zhong & Yin, 2015). 4HNE protein adducts have 
been found to be indicators of oxidative stress in several cardiovascular 
disorders (Mali & Palaniyandi, 2014), such as atherosclerosis (Selley 
et al., 1998), myocardial ischemia–reperfusion injury (Eaton et al., 
1999), heart failure (Coirault et al., 2007), and cardiomyopathy (Asselin 
et al., 2007). There is a clinical investigation conducted on cancer pa
tients who were administered DOXO as part of their treatment protocol, 
excluding any additional free-radical scavenging agents, revealed a 
significant increase in plasma levels of 4HNE (Aluise et al., 2011). In 
animal models, increased 4HNE adducted protein in cardiac mitochon
dria as a result of DOXO therapy results in mitochondrial dysfunction 
(Kavazis et al., 2010; Miriyala et al., 2016). In this study, a significant 

Fig. 5. Correlation graph of 4HNE-adducted protein levels in serum EVs at day 9 and 4HNE adducted protein levels in heart tissues (A). Correlation graph of 4HNE- 
adducted protein level in serum EVs at day 9 and Cat mRNA copy number relative to Actb in heart tissues (B). Correlation graph of 4HNE-adducted protein levels in 
serum EVs at day 9 and Gpx1 mRNA copy number relative to Actb in heart tissues (C). Correlation graph of 4HNE-adducted protein level in serum EVs at the endpoint 
and left ventricular ejection fraction (%LVEF) at endpoint (D). Correlation graph of 4HNE-adducted protein level in serum EVs at endpoint and left ventricular 
fractional shortening (%LVFS) at endpoint (E). R = Pearson correlation coefficient, P = p value, * p < 0.05. 
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increase in 4HNE adduction in heart tissues in the DOXO group was 
found at study endpoint. Although DOXO itself cannot cross the 
blood–brain barrier (BBB), prior studies using mice treated with a single 
20 mg/kg dose of DOXO demonstrated that DOXO increased peripheral 
tumor necrosis factor (TNF-alpha), which could cross the BBB and 
caused oxidative stress, leading to cognitive decline known as “chemo
brain”. (Joshi et al., 2010; Joshi et al., 2007; Joshi et al., 2005; Tang
pong et al., 2006). Thus, we also measured 4HNE adduction and 
oxidative stress response in brain tissue. Since the level of 4HNE 
adduction did not change in brain tissue, where DOXO cannot enter, the 
rise in 4HNE adduction was specifically related to oxidative stress 
caused by DOXO in the heart. 

4HNE has been identified as a growth-regulating factor that partic
ipates in redox signaling under both physiological and pathophysio
logical conditions. Redox signaling processes induced by 4HNE are 
complex and vary depending on the concentration of 4HNE, the mole
cules targeted, and the cell type (Jaganjac et al., 2020). For instance, low 
levels of 4HNE (≤1 μM) provoke neovascularization via ROS and acti
vation of sphingolipid pathway in endothelial cells (Camare et al., 
2017). At concentrations 5–10 μM, 4HNE specifically targets and mod
ifies proteins involved in the autophagy initiation. On the contrary, at 
higher concentration (≥15 μM), 4HNE suppresses autophagy inducing 
mitochondrial dysfunction in primary neurons (Dodson et al., 2017). A 
study using mouse cardiomyocytes (Lopez-Bernardo et al., 2015) 
revealed that concentrations of 4HNE 5–20 μM can activate protective 
pathways, including the Nrf2 (nuclear factor erythroid 2-related factor 
2), which is a transcription factor responsible for the upregulation of 
multiple antioxidant enzymes (such as thioredoxin, thioredoxin reduc
tase, sulfiredoxin, peroxiredoxin, glutathione peroxidase, superoxide 
dismutase 1, catalase, and several glutathione S-transferases) (He et al., 
2020). The minimally increased level of 4HNE adduction in serum EVs 
at day 9 of our study might indicate that a low level of intracellular 
oxidative stress occurred in heart tissues and thus explain the correla
tions with levels of 4HNE-adducted protein, and of Cat and Gpx1 gene 
expression in heart tissues at endpoint. DOXO-treated rats with high 
levels of 4HNE adduction in serum EVs on day 9 might be survive to the 
endpoint due to a greater Nrf2 response since it is a crucial protective 
mechanism under oxidative stress conditions. Such correlations make 
4HNE adduction in serum EVs a possible early (day 9) predictor of pa
tients susceptible to DOXO-induced cardiotoxicity. In contrast to the 
levels at day 9, levels of 4HNE-adducted proteins in serum EVs at 
endpoint were correlated with poor cardiac functions including lower % 
LVEF and %LVFS. The explanation of these data may be due to the 
persistently elevated levels of oxidative stress which could lead to severe 
irreversible cardiac dysfunction. Since 4HNE have pleiotropic biological 
effect, an integrative biomedicine approach that is aware of the patho
physiological functions of 4HNE should be utilized to treat stress-related 
diseases such as doxorubicin-induced cardiotoxicity (Jaganjac et al., 
2020). 

The positive correlation of 4HNE adduction in serum EVs with Cat 
and Gpx1 gene expression in heart tissues is consistent with our previous 
in vitro study finding, which demonstrated that EVs extracted from 
serum of DOXO-treated animals at the endpoint effectively reduced ROS 
formation of H9c2 cardiomyocytes via increased Cat and Gpx1 gene 
expression and reduced hydrogen peroxide-induced cell death (Yarana 
et al., 2022). Further animal studies should be conducted to increase the 
protective impact of EVs on cardiac function by pretreating animals with 
DOXO_EVs prior to DOXO administration and determining whether 
these EV-treated rats had improved cardiac functions compared to those 
who did not get EV pretreatment. 

Conclusion 

This study demonstrated that DOXO-treated rats with low levels of 
4HNE-adducted proteins in serum EVs at day 9 were more susceptible to 
toxicity and poor survival outcomes. These levels were positively 

correlated with indicators of oxidative stress and antioxidant defense 
capacity of the heart tissues. In contrast, 4HNE-adducted protein levels 
in serum EVs 30 days after end of treatment were negatively correlated 
with impaired cardiac functions. Our findings indicate that the level of 
4HNE-adducted protein in serum EVs may serve as an early, minimally 
invasive biomarker reflecting the risk of DOXO-induced cardiomyopa
thy. Monitoring the cardiotoxicity risk as early as feasible is essential for 
adjusting the chemotherapy regimen and applying cardioprotective 
intervention in an individualized manner to prevent the onset and 
progression of chemotherapy-induced cardiotoxicity. Additional 
research on the correlation between 4HNE-adducted protein levels in 
serum EVs of cancer patients who received DOXO and long-term car
diomyopathy outcome should be done to confirm this speculation. 
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