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14,15‑Dihydroxyeicosatrienoic acid, 
a soluble epoxide hydrolase metabolite 
in blood, is a predictor of anthracycline‑induced 
cardiotoxicity – a hypothesis generating study
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Abstract 

Background  Early identification of patients susceptible to chemotherapy-induced cardiotoxicity could lead to tar‑
geted treatment to reduce cardiac dysfunction. Rats treated with doxorubicin (DOX), a chemotherapeutic agent, have 
increased cardiac expression of 14,15-dihydroxyeicosatrienoic acid (14,15-DHET), a bioactive lipid implicated in hyper‑
tension and coronary artery disease. However, the utility of 14,15-DHET as plasma biomarkers was not defined. The 
aim of this study is to investigate if levels of 14,15-DHET are an early blood biomarker to predict the subsequent 
occurrence of cardiotoxicity in cancer patients after chemotherapy.

Methods  H9c2 rat cardiomyocytes were treated with DOX (1 μM) for 2 h and levels of 14,15-DHET in cell media 
was quantified at 2, 6 or 24 h in media after DOX treatment. Similarly, female Sprague–Dawley rats were treated 
with DOX for two weeks and levels of 14,15-DHET was assessed in plasma at 48 h and 2 weeks after DOX treatment. 
Changes in brain natriuretic peptide (BNP) mRNA, an early cardiac hypertrophy process, were determined in the H9c2 
cells and rat cardiac tissue. Results were confirmed in human subjects by assessment of levels of 14,15-DHET 
in plasma of breast cancer patients before and after DOX treatment and left ventricular ejection fraction (LVEF), a clini‑
cal marker of cardiotoxicity.

Results  Levels of 14,15-DHET in cell media and rat plasma increased ~ 3-fold and was accompanied with increase 
in BNP mRNA in H9c2 cells and rat cardiac tissue after DOX treatment. In matched plasma samples from breast cancer 
patients, levels of 14,15-DHET were increased in patients that developed cardiotoxicity at 3 months before occurrence 
of LVEF decrease.

Conclusions  Together, these results indicate that levels of 14,15-DHET are elevated prior to major changes in cardiac 
structure and function after exposure to anthracyclines. Increased levels of 14,15-DHET in plasma may be an impor‑
tant clinical biomarker for early detection of anthracycline-induced cardiotoxicity in cancer patients.
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Background
Approximately 610,000 cancer-related deaths will occur 
in 2023 in the United States [1]. Highly effective chemo-
therapy drugs such as doxorubicin (DOX) and trastu-
zumab are widely used to treat cancers including breast, 
ovarian and lung cancers [2]. However, these treatments 
can induce left ventricular dysfunction and subsequent 
heart failure [3].

Left ventricular ejection fraction (LVEF) is not sensi-
tive in the detection of early cardiotoxicity. Whereas two-
dimensional speckle tracking echocardiography (2D STE) 
which measures left ventricular global longitudinal strain 
(LVGLS) can detect subclinical dysfunction [4], facile and 
reliable blood biomarkers for early detection of chem-
otherapy-induced cardiotoxicity are needed to reduce 
incidents of ventricular dysfunction or heart failure.

According to the new guideline from the European 
Society of Cardiology Cardio-oncology elevation of 
Troponin (TN) and brain natriuretic peptide (BNP) are 
blood biomarkers that should be monitored to predict 
cardiomyocyte injury and ventricular remodeling during 
chemotherapy treatment [5]. However, these biomarkers 
do not offer an opportunity for targeted treatment.

In addition, recent studies have tested if circulating 
microRNAs (miRNAs) can be used as a biomarker for 
DOX-induced cardiotoxicity in cancer patients [6, 7]. 
Several potential miRNA candidates were identified, but 
the lack in consistence among studies is so far a major 
shortcoming that impede the use of miRNA biomarkers 
for DOX-induced cardiotoxicity.

14,15-Dihydroxyeicosatrienoic acid (14,15-DHET)- 
and 20-hydroxyeicosatetraenoic acid (20-HETE)-forma-
tion activities of soluble epoxide hydrolase (sEH) and 
cytochrome P450 (CYP) 4A/4F, respectively, increased 
in the heart of rats 24  h after they had been treated 
with a single dose of DOX (15 mg/kg) [8] and sEH and 
CYP4A/4F could be targets suitable for intervention. 
However, it is not known yet whether these fatty acids are 
early blood biomarkers of DOX-induced cardiotoxicity. 
The aim of this study is to investigate if levels of 14,15-
DHET are an early biomarker that can be used to predict 
the subsequent occurrence of cardiotoxicity in cancer 
patients after anthracycline treatment.

Methods
Materials
A rat myocardium H9c2 cell line was obtained from 
American Type Culture Collection (ATCC,  Manas-
sas, VA). 14,15-DHET and 20-HETE ELISA kits and 
14,15-epoxyeicosatrienoic acid (EET) were obtained from 
Detroit R&D, Inc. (Detroit, MI). DOX, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) 
and Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 0.45% glucose were purchased from 
Sigma-Aldrich (St. Louis, MO), High-Capacity DNA 
Reverse Transcription kit was from Applied Biosystem 
(Foster City, CA), SYBR green master mix was from Ther-
moFisher Scientific (Pittsburg, PA) and BNP and β-actin 
forward and reverse primers were from Integrated DNA 
Technology (Coralville, IA).

In‑vitro assay
Rat myocardium H9c2 cells (ATCC) were grown in 
DMEM supplemented with 0.45% glucose. When cells 
reached 80–90% confluency, media was replaced with 
media containing DMSO (0.01%) for controls or 1  µM 
DOX (Sigma-Aldrich) dissolved in DMSO (0.01%). Cells 
were treated for 2  h, washed and kept for 2, 6 or 24  h 
in media without DOX (Fig.  1A). Cell culture assays 
were performed in 2–3 replicates using 4–6 plates using 
30 mm culture dishes for each replication.

In‑vivo assay
Female Sprague–Dawley rats (8  weeks old) purchased 
from Charles River (Ashland, OH) were kept for 7 days 
in quarantine and, then they received two intravenous 
injections of either 3 mg/kg body weight of DOX (DOX-
treated, n = 12) or a similar volume of saline (Control, 
n = 12). The injections (DOX or saline) were carried out 
on the first day and the seventh day of the experimental 
protocol (one week after the first injection). Half of the 
animals in each group (n = 6 per group) were sacrificed 
at 48  h after the second injection. The other half of the 
animals was sacrificed 2 weeks after the second injection 
(Fig. 1B). Blood and heart tissue were collected.

Human samples
Ten coded plasma samples obtained from 5 HER2-
positive breast cancer patients were provided by Dr. 
Scherrer-Crosbie from Massachusetts General Hos-
pital and Harvard Medical School (Boston, MA). This 
is a secondary use for the specimens. Use of the coded 
plasma samples for this study (NHLBI SBIR contract 
N261201600028C) was determined by the Wayne State 
University (Detroit, MI) Human Participant Research 
(HPR) Determination (#2016 78). Patients were fasted for 
at least 8 h prior to the sample collection. Tubes contain-
ing ethylenediaminetetraacetic acid (EDTA) were used 
for blood collection to prevent coagulation. After plasma 
isolation, samples were stored at –80 °C until the time of 
assay.

Patients older than 18 years old diagnosed with HER2-
overexpressing breast cancer were eligible. Patients with 
LVEF levels lower than 50% at the baseline were excluded 
from this experiment. The baseline LVEF levels for the 5 
patients were between 64% and 72% (mean LVEF, 69%). 
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Patients were treated with DOX (60  mg/m2) and cyclo-
phosphamide (600 mg/m2) for 3 months (every 3 weeks 
for 4 cycles). At 3  months, paclitaxel (80  mg/m2) was 
administered concurrently with trastuzumab every 
week. LVEF was measured before and after three and six 
months after the beginning of 3 months of anthracycline 
treatment as previously described [3] (Fig. 1C).

Briefly, digital 2D echocardiograms were analyzed 
using the EchoPAC workstation (GE Healthcare) in a 
core laboratory. Left ventricular end-diastolic and end-
systolic volumes were measured using Simpson’s method 
of discs in the apical 4- and 2-chamber views [10]. The 
reader was blinded to the clinical or biomarker data of 
the patients. Cancer therapy-related cardiac dysfunction 
(CTRCD) or chemotherapy-associated cardiotoxicity 

Fig. 1  Experimental design of early blood biomarker study for doxorubicin (DOX)-induced cardiotoxicity. The experiments are planned for in-vitro 
and in-vivo in rodents and breast cancer patients. A In-vitro verification of early and diagnosis biomarkers of doxorubicin (DOX)-induced 
cardiotoxicity, 14,15-DHET, using culture media obtained from H9c2 rat cardiomyocytes. B Confirmation of the in-vitro results using female rates 
treated with DOX (3 mg/kg). C Breast cancer human plasma analyses prior and after DOX treatment. Cardiotoxicity is defined as an asymptomatic 
reduction of LVEF of ≥ 10% to < 55% [9]
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is defined as a reduction in LVEF of ≥ 5% to < 55% with 
symptoms of heart failure or an asymptomatic reduction 
of LVEF of ≥ 10% to < 55% [9]. The patients included in 
this experiment were asymptomatic.

Soluble epoxide hydrolase (sEH) activity assay
Activity assay of sEH was performed by incubating H9c2 
cells with either 1  μM or 5  μM of the sEH substrate, 
14,15-EET. After 1 h of incubation, media was collected 
and 14,15-DHET was measured by 14,15-DHET ELISA 
kit (Detroit R&D, Inc.).

Cell viability
Cell viability after DOX treatment was assessed with 
MTT (Sigma-Aldrich) as previously described [11].

Cardiomyocyte hypertrophy
H9c2 size was assessed by microscopy. Cells were fixed 
and stained with Mayer’s hematoxylin reagent and eosin 
Y (ScyTek). Images of the cells were taken using a Zeiss 
Axiovert 200 microscope with RT Insight Camera and 
SPOT Advanced Imaging software at 40X magnification. 
Cellular areas were obtained using Image J software.

mRNA expression
For mRNA expression assessment, RNA from cells and 
rat heart was isolated by TRIzol/chloroform method. 
Briefly, pellets were incubated with 1  ml of TRIzol rea-
gent for 5 min (Invitrogen, Carlsbad, CA), 0.2 ml of chlo-
roform was added to the solution, mixed and centrifuged 
for 15  min (12,000 xg). RNA from the aqueous phase 
was collected, mixed with 0.5 ml of 2-propanol (Sigma-
Aldrich), centrifuged for 10  min (12,000 xg) and pellets 
were washed with 75% ethanol. Pellets were suspended 
with nuclease-free water and cDNA was synthesized 
using High-Capacity DNA Reverse Transcription kit 
(Applied Biosystem, Foster City, CA). Real time qPCR 
was performed using SYBR green master mix and rat 
specific BNP forward primer, 5’- CAG​AAG​CTG​CTG​
GAG​CTG​ATAAG-3’, and reverse primer, 5’-TGT​AGG​
GCC​TTG​GTC​CTT​TG-3’; myeloperoxidase (MPO) for-
wards primer 5’-TTT​GAC​AGC​CTG​CAC​GAT​GA-3’, 
reverse primer 5’- GTC​CCC​TGC​CAG​AAA​ACA​AG- 3’. 
Results were normalized by β-actin mRNA expression 
using forward primer, 5’-CCA​GAT​CAT​GTT​TGA​GAC​
CTT​CAA​-3’, and reverse primer, 5’-GTG​GTA​CGA​CCA​
GAG​GCA​TACA-3’.

14,15‑DHET and 20‑HETE immunoassays
LVEF information and cardiotoxicity status of each coded 
patient was not revealed until after biomarker analy-
ses were performed. ELISA was performed using coded 
plasma samples at Detroit R&D in a double-blind fashion. 

Ethyl acetate extraction of the plasma samples (35 µl) was 
carried out and levels of the fatty acids, in triplicate, were 
assessed using 14,15-DHET and 20-HETE ELISA kits 
from Detroit R&D, Inc. The extraction protocol was in 
accordance with the manufacturer’s instructions, which 
was previously used by others [12, 13]. Levels of 14,15-
DHET and 20-HETE were also assessed in rat plasma 
after extraction with ethyl acetate. For cell study, levels of 
14,15-DHET were measured in cell media after ethyl ace-
tate extraction. The same immunoassays, 14,15-DHET 
and 20-HETE ELISA kits (Detroit R&D, Inc), were used 
for human and rat plasma, and cell media analyses.

Statistical analyses
Results were analyzed using the SPSS software IBM 
(Armonk, NY) and Excel software Microsoft (Seattle, 
WA). Normality test was performed using Shapiro–Wilk 
test. Paired Student t-tests were used to analyze human 
data using triplicate values obtained by ELISA for each 
patient after chemotherapy compared to triplicate values 
obtained before chemotherapy. Pearson correlation was 
used to test the relationship between changes in 14,15-
DHET and LVEF. Results of cell studies were analyzed 
using unpaired student t-tests. If the data had presented 
any abnormal distribution, non-parametric tests would 
have been used for statistical analyses. Statistical signifi-
cance was set at p < 0.05.

Results
An in-vitro test was performed using H9c2 rat cardio-
myocytes to determine whether 14,15-DHET secreted in 
culture media is an early biomarker of DOX-dependent 
cardiotoxicity (Fig.  1A). DOX-induced cellular hyper-
trophy of the cardiomyocytes was assessed by measure-
ment of cell area. Expression of BNP mRNA normalized 
by β-actin mRNA expression increased several folds at 
2 h after 2 h of 1 µM DOX treatment (Fig. 2A) when no 
change in cell area was detected (Fig.  2B). BNP expres-
sion levels decreased at 6 h and 24 h after 2 h of 1 µM 
DOX treatment (Fig.  2A) when cellular hypertrophy 
was detected (Fig. 2B and C). Whereas no changes were 
observed at 2  h after 2  h treatment with 1  µM DOX, 
cell area increased at 6  h and 24  h of recovery period 
(Fig.  2B). An increase of cellular hypertrophy measured 
at 24 h of recovery was observed with minimal changes in 
cellular viability (Fig.  2D). Further analyses using DOX-
treated H9c2 rat cardiomyocytes (1  µM DOX for 2  h) 
confirmed a role for sEH since 14,15-DHET increased 
as its substrate 14,15-EET increased (Fig. 3A). Levels of 
14,15-DHET increased in cell media after 2 h of recovery, 
prior to detection of cellular hypertrophy at 6 h and 24 h 
of recovery (Fig. 3B).
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Fig. 2  DOX treatment induced BNP expression and cell hypertrophy in H9c2 rat cardiomyocytes. Cells were collected at 2 h, 6 h and 24 h with 2 h 
pre-treatment of DMSO (0.01%) for controls or 1 µM DOX (Sigma) dissolved in DMSO (0.01%). A Levels of BNP mRNA assessed with rat specific BNP 
primers and normalized by β-actin mRNA in duplicate. B Cell area measured using light microscopy and Image J software. C Representative cell 
images obtained by light microscopy. D Cell viability measured by the MTT assay. Results were expressed as mean ± SD. *p < 0.05 compared to cells 
not treated with DOX using an independent T-test. The assays were performed in three replications using 4–6 plating for each replication

Fig. 3  DOX treatment induced 14,15-DHET expression in culture media of H9c2 rat cardiomyocytes. Cells were collected at 2 h, 6 h and 24 h 
with 2 h pre-treatment of DMSO (0.01%) (Control) or 1 µM DOX dissolved in DMSO (0.01%). A Levels of 14,15-DHET in culture media of H9c2 
cardiomyocytes treated for 60 min with 0, 1 and 5 µM 14,15-EET. B Levels of 14,15-DHET in cell media measured by ELISA. Results were expressed 
as mean ± SD. *p < 0.05 and **p < 0.01 compared to cells not treated with 14,15-EET or DOX using an independent T-test. The assays were performed 
in two replications using 4 plating for each replication
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The results obtained in the cell study were confirmed in 
female Sprague–Dawley rats using a protocol represented 
in Fig. 1B. The initial body weights of the rats in the con-
trol group (rats that received saline) and DOX group (rats 
that received DOX) were similar at the beginning of the 
experiment (~ 242 g BW). Because one of the outcomes 
of DOX treatment in animals is a reduction in body 
weight gain as described previously [14], body weights 
for the rats were measured daily. After the first injection, 
the saline control group gained body weight faster than 
the group with DOX treatment (Fig. 4A). At 3 days after 
the first injection, the body weight and the weight gain of 
the control group were higher than the DOX group (con-
trol group 269 ± 11 g vs. 244 ± 10 g DOX-treated group). 
In the following days, the difference in body weight and 
weight gain between the two groups kept increasing, 
clearly demonstrating that DOX was well administered. 
At the end of the experimental protocol, the body weight 
or the weight gain of the control group was ~ 20% higher 

than the DOX group being 325 ± 17  g vs. 269 ± 15  g 
(Fig. 4A).

According to Reagan et al. [14], the presence of vacu-
olization in heart tissue is a sign of cardiotoxicity, which 
was observed after 4  weeks recovery following DOX 
injection (3 mg/kg/wk for two weeks). Using the present 
experimental protocol, no vacuolization was observed at 
40X magnification after two weeks recovery after DOX 
injections (3 mg/kg/wk for two weeks). Thus, histological 
analyses suggest that cardiotoxicity did not develop after 
two weeks in our rat model. Levels of BNP mRNA did not 
change at 48 h after DOX injections when compared to 
the control group. However, after 2 weeks recovery, lev-
els of BNP and MPO mRNA increased ~ 2.5- and 2-fold, 
respectively (Fig. 4B and C). Levels of 14,15-DHET in rat 
plasma samples did not change two days after injection 
but increased after 2 weeks recovery from DOX injection 
(Fig. 4D). No changes were observed in 20-HETE levels 
(Fig. 4E).

Fig. 4  Plasma levels of 14,15-DHET in rats following DOX treatment. Dox (3 mg/kg/week) was injected in female Sprague–Dawley rats (n = 12) 
whereas the same volume of saline was injected in control rats. A Body weight and percent of weight gain was assessed everyday over the course 
of the experiment. Rats were euthanized 48 h (no recovery) or after 2 weeks (2 wks recovery) of injections with saline (control) or 3 mg/kg/week 
DOX. Hearts were collected and RNA was isolated with TRIzol methodology and mRNA was assessed with rat specific B BNP, and C MPO primers 
in duplicate. Results were normalized by β-actin mRNA. Plasma was also collected after euthanized, extracted with ethyl acetate, and levels of 14, 
15-DHET D and 20-HETE E were assessed by ELISA assay. Results were expressed as a mean ± standard deviation (SD). *p < 0.05 and **p < 0.01
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14,15-DHET and 20-HETE were measured using 
plasma samples from breast cancer patients before and 
after 3  months of DOX treatment (240  mg/m2). LVEF 
was assessed by echocardiography before and three, 
and six months after the beginning of DOX treatment 
(Fig. 1C). Patients 3 and 4 developed cardiotoxicity since 
they exhibited 32% and 41% increased levels of 14,15-
DHET at 3 months after beginning of 3 months chemo-
therapy (after 3 months of chemotherapxy), respectively 
(p < 0.05). The reduction in LVEF in patients 3 and 4 were 
19% and 15%, respectively, at 6  months after beginning 
of 3  months chemotherapy (Fig.  5A and B). The LVEF 
reductions were higher than 10% with post therapy LVEF 
values of 49% and 54%, respectively.

Levels of 14,15-DHET did not significantly increase in 
Patients 1, 2 and 5 after 3 months of chemotherapy com-
pared to their baseline levels (Fig. 6A). Patients 1, 2 and 
5 displayed a 6% reduction, 1% increase and 9% reduc-
tion of LVEF, respectively, compared with baseline levels 

(Figs. 5A and 6A). These values of LVEF reduction were 
lower than 10% are not assigned as patients with CTRCD 
as predicted by an insignificant increase in 14,15-DHET 
levels compared to baseline levels at 3  months earlier 
(Figs.  5A and 6A). In addition, the correlation coeffi-
cient between an increase in levels of 14,15-DHET after 
3  months of chemotherapy and a decrease in LVEF at 
6 months after the beginning of chemotherapy was -0.72 
(Fig. 5C). Whereas levels of 14,15-DHET increased 32% 
and 42% for both Patients 3 and 4, respectively, who 
developed cardiotoxicity 3  months later, the level of 
20-HETE did not increase in plasma of Patient 4. The 
level of 20-HETE increased in plasma of Patient 1 who 
did not develop cardiotoxicity (Figs. 5A and 6B).

Discussion
Early identification of patients susceptible to develop-
ing chemotherapy-induced cardiotoxicity could offer 
opportunities for treatment to avoid or reduce cardiac 

Fig. 5  Comparison of changes in 14,15-DHET levels and LVEF of DOX-treated breast cancer patients. A Left ventricular ejections fraction (LVEF) 
measured before, after 3 months anthracycline (DOX) treatment and at 6 months after the beginning of chemotherapy for breast cancer patients. 
#, reduction of LVEF higher than 10% to < 55% (cardiotoxicity). B Increase of 14,15-DHET in plasma samples of breast cancer patients collected 
before and after 3 months of chemotherapy measured by ELISA. *p < 0.05, triplicate values obtained by ELISA for each patient after chemotherapy 
compared to before chemotherapy using paired T-test. C Relationship of changes in LVEF (%) and changes in 14,15-DHET levels. Correlation 
coefficient is presented as an r value obtained using Pearson Correlation
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complications. In this study, we present evidence sug-
gesting that 14,15-DHET might be a predictor of chem-
otherapy-induced cardiotoxicity. Moreover, the results 
in cellular and animal model were further supported 
by human research in breast cancer patients. Cardio-
myocytes treated with DOX  secreted increased levels 
of 14,15-DHET to the cell media prior to occurrence of 
cardiomyocyte hypertrophy, a hallmark of cardiotoxic-
ity. In agreement, levels of 14–15-DHET also increased 
in rats treated with DOX prior to changes in cardiomyo-
cytes morphology. Finally, levels of 14–15-DHET seem 
to increase three months prior to decrease in LVEF of 
DOX-treated cancer patients.

The CYP epoxygenases, CYP2C and CYP2J, metabo-
lize arachidonic acid to 14,15-EET which has cardio-
protective, vasodilatory, angiogenic, anti-inflammatory, 
and analgesic effects [15–19]. The conversion of 14,15-
EET to 14,15-DHET by sEH results in a decreased 
capacity of vasodilation and control of hyperten-
sion [15, 16, 19–21]. 14,15-DHET levels increased in 
plasma and urine samples obtained from patients with 

abdominal aortic calcification [17], coronary heart dis-
ease (CHD) [12], preeclampsia [22] and microvascular 
angina [23]. Therefore, our results support these find-
ings that an increase in levels of 14,15-DHET in blood 
is a biomarker for cardiovascular complications and 
could be used to predict decrease in LVEF of DOX-
treated cancer patients.

DOX-induced cardiotoxicity has been reported using 
the H9c2 cells [11, 24–27]. DOX-induced toxicity, 
including oxidative stress, cell mortality and apopto-
sis, were assessed using H9c2 cells by Dallons et al. [27] 
and it was found that their results agreed with results 
obtained by other researchers using the same cell type. 
Due to the challenge to obtain primary neonatal cardio-
myocytes, several studies were carried out to compare 
pharmacological response between rat primary neona-
tal cardiomyocytes and H9c2 cells and consistent results 
were found validating the use of H9c2 [28–30]. Thus, 
the cardiotoxicity assay and cell death inhibitor treat-
ment results obtained using H9c2 cells agreed with the 
results obtained with rat primary cardiomyocytes cells, 

Fig. 6  Increased plasma levels of 14,15-DHET (A) or 20-HETE (B) of DOX-treated breast cancer patients. Plasma samples of breast cancer patients 
were collected before and after 3 months of chemotherapy. Data are presented as mean ± SD. *p < 0.05, triplicate values obtained by ELISA for each 
patient after chemotherapy compared to before chemotherapy using paired T-test
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which validate the use of H9c2 cells as a model for car-
diac hypertrophy. The finding that increased level of 
14,15-DHET is an early biomarker of H9c2 cell hypertro-
phy is verified in a rat model of DOX treatment to show 
early increase of plasma levels of 14,15-DHET is detected 
without vacuolization of cardiac tissue.

Hypertrophy of the myocardium is the major cellular 
alteration underlying a decrease in LVEF following chem-
otherapy [31]. To verify if 14,15-DHET is secreted by the 
myocardium and if 14,15-DHET is indeed a biomarker 
for myocardial hypertrophy induced by DOX, H9c2 cells 
were treated for 2 h with 1 µM of DOX and cells and cell 
media were analyzed after different recovery periods. The 
dose of 1 µM of DOX was selected since peaks of DOX 
can reach to levels above 1 µM in cancer patients rang-
ing from normal weight to obese [32]. Similar concentra-
tion was used previously with the same cell type [24]. In 
the present study, 2 h incubation of H9c2 cells with DOX 
(1 µM) increased levels of 14,15-DHET in the cell media 
prior to increase of cellular area, confirming the use of 
14,15-DHET as an early biomarker for DOX-induced 
cardiomyocyte hypertrophy.

Along with increase of cardiomyocyte size, the ele-
vated BNP mRNA level is a well-accepted marker that 
increases in myocardial area and cardiotoxicity in in-
vitro studies. Two hours after DOX treatment, the BNP 
mRNA level increased more than 4-fold and the 14,15-
DHET level increased in cell media 3-fold compared to 
untreated cells. There was minimal change in cellular 
viability as previously reported for the same recovery 
time [8]. Alsaad et  al. [25] reported that 1  µM of DOX 
treatment for 6 h increased the BNP mRNA level in H9c2 
cells. It was reported in a rat study that 6 doses of DOX 
(in total, 15  mg/kg) administered in 2  weeks increased 
hypertrophy, assessed by increase in ANP mRNA level 
and increased sEH mRNA expression in heart tissue 
and sEH activity (calculated by 14,15-DHET/14,15-
EET) in heart microsomes after 14  days of recovery 
[25]. Gene expression of CYP epoxygenases, CYP2C 
and CYP2J which convert arachidonic acid to EETs, 
were not upregulated at the same time point in heart tis-
sue. The 14,15-DHET level increased in heart tissue but 
14,15-EET-formation activity or total epoxygenase activ-
ity (14,15-DHET + 14,15-EET) level in heart microsomes 
did not increase [25]. In the present study, 1 µM of DOX 
treatment for 2 h increased BNP mRNA in H9c2 cells and 
14,15-DHET levels in media increased when no change 
in cell area was noted at 2 h after treatment. Treatment 
of DOX for two weeks (in total, 6 mg/kg) increased BNP 
mRNA levels after two weeks of recovery with a con-
comitant increase in 14,15-DHET levels in blood without 
vacuolization of rat cardiac tissue. Therefore, our results 

indicate that DOX treatment increases sEH (activity 
and gene expression) in cardiomyocytes, which further 
increase the 14,15-DHET level in heart tissue and blood 
prior to onset of cardiomyocyte hypertrophy. This effect 
can be easily monitored by a blood test.

Increased levels of myeloperoxidase (MPO), which 
catalyzes the formation of a number of reactive oxi-
dant species, is linked with cardiovascular complica-
tions [33]. Using plasma of breast cancer patients treated 
with anthracycline, Ky et  al. [3] have suggested that the 
increase in MPO level provides an early information 
on the risk of developing cardiotoxicity. Here our novel 
findings are that the MPO mRNA level in rat heart tis-
sue increased after treatment of rats with DOX without 
vacuolization of cardiac tissue as plasma 14,15-DHET 
level increased prior to any DOX-induced heart tissue 
damage.

Chemotherapy-associated CTRCD is defined as either 
a cardiomyopathy with a reduction of LVEF ≥ 5% to < 55% 
and with symptoms of heart failure or as asymptomatic 
with a reduction of LVEF ≥ 10% to < 55% [9]. Once this 
CTRCD condition is identified, the window of opportu-
nity for treatment might be too short. In this study, levels 
of 14,15-DHET in plasma increased three months before 
a decrease in LVEF was detected in breast cancer patients 
treated with a chemotherapeutic agent (DOX). Our 
findings from basic research using in-vitro and in-vivo 
approach, were consistent with data from five breast can-
cer patients before and after their 3 months clinical treat-
ment with DOX. The increased plasma 14,15-DHET level 
was closely associated with decreased left ventricle ejec-
tion fraction (% LVEF) measured by pre- and post-chem-
otherapy echocardiography. While a pilot due to human 
sample size, this study provides proof-of-principle that a 
new class of biomarker, bioactive lipid, should be studied 
as a biomarker in cardio-oncology.

Since a large number of researchers have suggested 
that increased conversion of EET to DHET by sEH is 
linked to several cardiovascular complications, inhibition 
of sEH was tested as a therapeutical approach towards 
these complications [21, 26]. Pharmacological inhibition 
of sEH activity was effectively used to treat heart failure 
in animal studies [26]. Moreover, genetical inhibition 
of sEH expression improved post ischemic functional 
recovery of mice [34]. Based on successful animal stud-
ies, clinical trials have been carried out using sEH inhibi-
tors, e.g., AR9281 [21, 35]. Moreover, it was shown that 
two inhibitors of sEH, could decrease markers of hyper-
trophy when those were used prior to (24 h) and during 
1  µM of 6  h DOX treatment of H9c2 cells [25]. Thus, 
inhibition of sEH may represent a therapeutic approach 
to manage human cardiovascular complications such as 
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DOX-induced cardiotoxicity and the effect of this inhi-
bition may be monitored by assessing 14,15-DHET in 
plasma of patients.

Cardioprotective activity of dexrazoxane (DEX) against 
DOX-induced cardiotoxicity has been demonstrated in 
basic research and clinical studies [36, 37]. Dallons et al. 
[27] reported the main features of DOX-induced cell 
toxicity such as oxidative stress and antioxidant activity 
of DEX in H9c2 cells. Since the results from this trans-
lational study convincingly indicate that sEH activity 
increased after DOX treatment, adding an sEH inhibitor 
may be beneficial against DOX-induced cardiotoxicity 
as the mechanism of action of the sEH inhibitor (vaso-
dilation) differs from antioxidant activity of DEX. Nev-
ertheless, the benefits of sEH inhibition in DOX-treated 
cancer patients should be carefully evaluated, since a 
group of researchers demonstrated that levels of 14,15-
EET increased in breast cancer tissues compared to adja-
cent noncancerous tissue and that overexpression of sEH 
attenuated proliferation and migration in human breast 
cancer cells [38]. Moreover, Allison et  al. [39] demon-
strated that overexpression of CYP2J diminished effect 
of anthracyclines in breast cancer cells, such as the effect 
of this drug on cancer cell apoptosis and cell viability, 
which indicated that increased 14,15-EET level would 
increase the aggressiveness of the tumor [39]. However, 
findings from the same articles show that an antioxidant 
enzyme, aldehyde dehydrogenase (ALDH), mediates 
14,15-EET effect on cancer cells and that silencing ALDH 
activity would improve the effect of anthracycline [39]. 
Therefore, inhibition of ALDH along with sEH in DOX-
treated patients could eliminate the effect of 14,15-EET 
on cancer cells and allow antihypertensive property of 
14,15-EET to protect heart tissue against DOX-induced 
cardiotoxicity. However, the therapeutical strategy should 
be carefully tested in further studies.

The increased level of 14,15-DHET [12, 22] or 20-HETE 
[40] (bioactive lipid) was implicated in hypertension and 
CHD. However, in this study, after treatment of rats with 
DOX, only plasma levels of 14,15-DHET (sEH metabo-
lite) increased, not the levels of 20-HETE (CYP 4A/4F 
metabolite). The results demonstrated that inflamma-
tion is not the only mechanism for the early increase of 
sEH expression after DOX treatment. This study provides 
a new class of early biomarker, bioactive lipid, which 
should be studied as a biomarker in cardio-oncology.

In conclusion, the results from our research using cell 
and animal models seem to be translatable to breast 
cancer patients indicating that levels of 14,15-DHET 
are elevated prior to major changes in cardiac function 
after exposure to chemotherapy agents. The results of 
this hypothesis generating study indicate that increased 

levels of 14,15-DHET in plasma could be an impor-
tant clinical biomarker. However further research with 
a larger sample size is needed to understand its clinical 
utility. Identification of vulnerable patients who develop 
chemotherapy-induced cardiotoxicity by measurement of 
14,15-DHET levels could also lead to a novel strategy for 
treatment of cardiac complications in cancer patients.
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