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Abstract  

Heart failure (HF) is one of the most widespread and lethal forms of heart disease 

worldwide. Most HF patients have a history of hypertension and left ventricular 

hypertrophy in addition to drug-induced cardiotoxicity. Mechanisms regulating cardiac 

hypertrophy and drug-induced HF have been the focus of intense investigation in recent 

years. Among these mechanisms, cytochrome P450 (CYP) enzymes have been shown to 

play an important role in the regression or the progression of cardiac hypertrophy through 

the oxidation of arachidonic acid (AA) into cardioprotective epoxyeicosatrienoic acid 

(EETs) and cardiotoxic hydroxyeicosatetraenoic acids (HETEs). Of particular interest, 

numerous experimental studies have demonstrated a role for CYP1B1 and its associated 

mid-chain hydroxyeicosatetraenoic acids (mid-chain HETEs) metabolite in the 

development of cardiovascular diseases. Therefore, the objective of the present work was 

to investigate the role of CYP1B1 and its associated metabolites in the pathogenesis of 

cardiac hypertrophy and doxorubicin (DOX)-induced cardiotoxicity. Our results 

demonstrated that CYP1B1 AA metabolites, mid-chain HETEs, induced cellular 

hypertrophy in the human cardiomyocytes RL-14 cell line as evidenced by the induction 

of cardiac hypertrophic markers in addition to the increase in cell surface area. Moreover, 

mid-chain HETEs were able to induce cellular hypertrophy through MAPK- and NF-κB-

dependent mechanisms. Interestingly, inhibition of CYP1B1 and its associated mid-chain 

HETE metabolites using 2,3',4,5'-tetramethoxystilbene (TMS), a selective CYP1B1 

inhibitor, protected against DOX-induced cardiotoxicity and isoproterenol (ISO)-induced 

cardiac hypertrophy. Mechanistically, the protective effect of TMS was mediated through 
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the inhibition of MAPK and NF-κB signaling pathways. Of interest, overexpression of 

CYP1B1 significantly induced cellular hypertrophy and mid-chain HETE metabolites. In 

contrast to the negative effects of the cardiotoxic metabolites generated by CYP1B1, 

CYP1B1 also has an important role in the formation of a cardioprotective metabolite, 2-

methoxyestradiol, 2ME. Therefore, we have investigated whether 2ME would prevent 

cardiac hypertrophy induced by abdominal aortic constriction (AAC). Our results showed 

that 2ME significantly inhibited AAC-induced left ventricular hypertrophy. The 

antihypertrophic effect of 2ME was associated with a significant inhibition of CYP1B1 

and its associated mid-chain HETE metabolites. Based on proteomics data, the protective 

effect of 2ME is linked to the induction of antioxidant and anti-inflammatory proteins in 

addition to the modulation of proteins involved in myocardial energy metabolism. In vitro, 

2ME has shown a direct antihypertrophic effect through the modulation of MAPK and NF-

κB signaling pathways. In conclusion, our findings may shed light on the role of CYP1B1 

in the development of cardiac hypertrophy and indicate that CYP1B1 can serve as a novel 

target for the treatment of heart diseases. Such observations will raise the potential of 

having selective inhibitors of this enzyme, such as 2ME and TMS, to be used clinically in 

the treatment of cardiovascular diseases.  
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1.1. Heart failure (HF) 

HF is a complex clinical syndrome where the ventricle is unable to effectively fill or eject 

sufficient blood to meet the body organs demand (Hunt et al., 2005). HF is one of the most 

widespread and lethal forms of heart disease worldwide (Roger, 2013). In Canada, it is 

estimated that 600,000 Canadians are living with HF and 50,000 new cases are diagnosed 

every year (Tran et al., 2016). Due to high hospital readmission rates, HF costs more than 

500 million dollars annually for inpatient care alone (Tran et al., 2016). Despite early 

diagnosis and aggressive medical management, HF patients still have a poor prognosis, 

with an average annual mortality rate of 33% (Roger, 2013).  

 

1.2.1 Etiology of HF 

The etiology of HF is complex, and traditionally, HF has been described as either ischemic 

or nonischemic idiopathic HF, with ischemic HF being predominant (>52% of cases) (Fox 

et al., 2001). Ischemic HF occurs as a result of chronic coronary artery disease or after 

myocardial infarction (MI), whereas nonischemic idiopathic HF may be due to chronic 

hypertension, aortic or mitral stenosis, and several cardiomyopathies including familial 

cardiomyopathy and diabetic cardiomyopathy (Johnson, 2014). Another important 

nonischemic idiopathic HF causes are drug-induced cardiomyopathy. Cardiotoxic agents 

include several widely used  anti-neoplastic agents such as doxorubicin (DOX), 

trastuzumab, arsenic trioxide and sunitinib, selective cyclooxygenase-2 (COX-2) inhibitor 

(Rofecoxib), antiviral compound azidothymidine (Zidovudine), several oral antidiabetics 

(e.g., rosiglitazone), methamphetamine, synthetic cannabinoids and cocaine (Varga et al., 

2015).  

 

1.2.2. Pathophysiology of HF 

HF pathophysiology includes: neurohormonal activation, an increased oxidative stress in 

several organs in addition to stimulation of the immune system and inflammatory responses 

(Anker et al., 1997). Neurohormonal regulation is largely responsible for homeostatic 

regulation of cardiac function. The acute decrease in cardiac output stimulates 

baroreceptor-mediated adrenergic system activity which initially compensates for an 
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acutely reduced cardiac output by increasing inotropy (Dube et al., 2011). However, high 

sympathetic activity is associated with cardiac β-receptor desensitization in addition to the 

release of renin from the juxtaglomerular apparatus in the renal system. The activation of 

the renin-angiotensin-aldosterone system (RAAS) is considered as an important mediator 

of the pathophysiology of HF. Angiotensin II (Ang II), a peptide hormone, is derived from 

the precursor molecule angiotensinogen and responsible for vasoconstriction as well as the 

adrenal and posterior pituitary gland secretion of aldosterone and vasopressin, respectively, 

(Anker et al., 1997). These peptide hormones increase sodium and water retention, edema 

and preload on a heart susceptible to hemodynamic injury and eventually lead to 

maladaptive hypertrophic remodeling and potentially heart failure (Gradman et al., 2006). 

Most HF patients have a history of hypertension and left ventricular (LV) hypertrophy 

(Gradman et al., 2006).  

 

1.2.2.1. Forms of HF 

Heart failure with preserved ejection fraction (HFpEF) is congestive heart failure with 

normal ejection fraction. Historically, HFpEF was named diastolic heart failure; however, 

recent studies suggest more complex pathophysiology (Owan et al., 2006). HFpEF is 

characterized by an enlargement of the wall thickness and cardiac mass with relatively 

small cavities, reduced diastolic function, decreased heart rate and increased cardiac output, 

termed concentric hypertrophy (Grossman et al., 1975). Alternatively, heart failure with 

reduced ejection fraction (HFrEF) is accompanied by an increase in the cardiac mass with 

large dilated cavities and relatively thin walls, defects in systolic function, ventricular 

tachyarrhythmia's in addition to an increase in end-diastolic volume termed eccentric 

hypertrophy (Grossman et al., 1975). 

 

1.2. Cardiac hypertrophy  

Cardiac hypertrophy is an adaptive response to enhanced biomechanical stress, which 

results from acute events, such as myocardial infarction, or accompanying chronic insults 

such as hypertension (Vakili et al., 2001). In response to this, the heart wall thickens in an 

attempt to normalize the diastolic and systolic function (Vakili et al., 2001). However, 

prolonged cardiac hypertrophy can become maladaptive and eventually lead to dilated 
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cardiomyopathy, HF, malignant arrhythmia and even sudden death (Berenji et al., 2005). 

Understanding the molecular basis of cardiac hypertrophy is an often ignored but 

significant facet for identifying the best treatment of the HF. This is because cardiomyocyte 

hypertrophy and fibrosis are prerequisites for the development of HF and cardiomyopathy 

(Gradman et al., 2006). 

 

The heart consists of cardiac myocytes, non-myocytes such as vascular smooth muscle 

cells, fibroblasts, and surrounding extracellular matrix (Gregorio et al., 2000). Cardiac 

myocytes are surrounded by collagen fiber to provide structural and biochemical support 

and composed of bundles of myofibrils. Each myofibrills has basic contractile units of the 

cardiac muscle known as sarcomeres (Gregorio et al., 2000). Hypertrophy of the cardiac 

muscle cell is defined as a growth of existing cardiac myocytes in contrast to hyperplasia, 

which belongs to an increase in the number of myocardial cells by mitotic division (Frey 

et al., 2004). An increase in cell volume, enhanced protein synthesis, and heightened 

organization of the sarcomere are the most charateritic features of cardiomyocyte 

hypertrophy (Frey et al., 2004).  

 

1.2.1. Classification of cardiac hypertrophy  

Cardiac hypertrophy is classified into either physiological or pathological. Both kinds of 

cardiac hypertrophy occur in response to diverse stimuli are functionally distinct, and are 

accompanied by different structural and molecular phenotypes (Kaplan et al., 1994; 

Iemitsu et al., 2001). Physiological and pathological hypertrophy can be further sub-

classified as concentric or eccentric based on changes in shape that are dependent on the 

initiating cause. 

 

1.2.1.1. Physiological hypertrophy  

Physiological hypertrophy occurs during postnatal growth, pregnancy, regular physical 

activity or chronic exercise training (Fagard, 1997). Physiological hypertrophy does not 

progress into dilated cardiomyopathy and is characterized by normal or improved cardiac 

function with no changes in the fetal gene expression pattern in addition to enhanced 

glucose and fatty acid oxidation (Pluim et al., 2000; Dyck et al., 2006). Strength training 
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such as weight lifting includes developing muscular tension against resistance with little 

movement. Pressure overload on the cardiac muscle results from reflex and mechanical 

changes. This causes physiological concentric hypertrophy (Pluim et al., 2000). In contrast, 

endurance exercise, such as running, cycling and swimming, includes large muscle groups’ 

activity. This produces vasodilatation of the vascular skeletal muscle, and thereby eccentric 

hypertrophy occurs as a result of the increasing venous return to the cardiac muscle and 

volume overload (Fagard, 1997).  

 

1.2.1.2. Pathological hypertrophy  

Pathological cardiac hypertrophy may develop in response to different disease settings, 

such as myocardial infarction, hypertension, and valvular heart disease (Levy et al., 1988). 

Pressure overload, caused by hypertension or aortic stenosis, increases systolic left 

ventricular wall stress (Kannel, 1974) and thereby results in an enlargement of the wall 

thickness and cardiac mass with relatively small cavities. This is known as concentric 

hypertrophy (Grossman et al., 1975). Alternatively, volume overload due to aortic 

regurgitation or arteriovenous fistulas increases diastolic left ventricular wall stress and 

results in eccentric hypertrophy. An increase in the cardiac mass with large dilated cavities 

and relatively thin walls are the most characteristic features of eccentric hypertrophy 

(Grossman et al., 1975). Although the hypertrophy of cardiac myocytes and the formation 

of new sarcomeres in response to pathological insult fairly normalize cardiac function, 

prolonged cardiac hypertrophy may eventually decompensate, leading to dilated 

cardiomyopathy and heart failure (Berenji et al., 2005). This is usually associated with 

disproportional accumulation of cardiac fibroblasts and collagen and eventually result in 

interstitial fibrosis (Shimizu et al., 2016).  

 

At the molecular level, pathological hypertrophy is often associated with the re-induction 

of the cardiac fetal gene expression including, atrial natriuretic peptide (ANP), B-type 

natriuretic peptide (BNP) and β-myosin heavy chain (β-MHC), and suppression of genes 

typically expressed at greater level in the adult than in the developing heart, such α-MHC 

(Barry et al., 2008).  
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MHC isoform switching from α-MHC to β-MHC decreases the myosin ATPase enzyme 

velocity and depletes the intracellular energy level, thereby disrupting myocardial twitch 

kinetics. This detrimentally affects the systolic function and decreases contractile 

performances of the cardiomyocytes that significantly contributes to the progression of 

heart failure (Fatkin et al., 2000; Kiriazis et al., 2000; Locher et al., 2011).  

 

On the other hand, natriuretic peptides, such as ANP and BNP are considered as potent 

endogenous inhibitors of hypertrophy and they are released from cardiomyocytes in 

response to increased ventricular wall stress (Maayah et al., 2016b). BNP has been 

considered as a good predictor of heart failure (Maayah et al., 2016c) whereas ANP may 

serve as a marker of cardiac stress but is not essentially a hypertrophic marker, especially 

on an organ level (Maayah et al., 2015a). 

 

1.2.2. Signaling pathways in cardiac hypertrophy  

The process of cardiac hypertrophy and myopathy is complex and involves multiple cross-

regulated signaling pathways (Frey et al., 2003) that culminate in massive alterations in 

myocardial architecture (Fard et al., 2000). These molecular mechanisms have not been 

fully elucidated, and no precise cellular mechanisms have yet been identified. Importantly, 

some potential pathways, such as phosphoinositide 3-kinases (PI3Ks), protein kinase C 

(PKC), mitogen activated protein kinases (MAPK) and nuclear factor-κB (NF-κB) that 

may stimulate cellular growth and hypertrophy have been explored. PKC, MAPK and NF-

kB are pivotal to this process as central mediators of cardiac remodeling in response to 

injury and/or cardiac wall stress (Figure 1.1).  



 

 
 

 
7 

 

 
 

Figure 1.1. Schematic diagram of possible intracellular signaling pathways involved 

in cardiac hypertrophy.  

Phosphoinositide 3-kinases (PI3Ks), PKC, mitogen activated protein kinases 

(MAPK), nuclear factor- κB (NF-κB). Reprinted from (Kohli et al., 2011) with 

permission from Bentham Science Publishers. 

 

1.2.2.1 PI3K/Akt/Glycogen Synthase Kinase-3   

PI3Ks have been involved in the regulation of many cellular physiological and 

pathophysiological functions, e.g. cell development, survival, and proliferation (Cantley, 

2002). The PI3K, p110α isoform, is regulated physiologically through the coupling of 

insulin-like growth factor (IGF-1) to cell surface receptor tyrosine kinases and 

pathologically by the activation of G protein coupled receptors (GPCRs) (Schlessinger, 

2000). The involvement of PI3K in the development of cardiac hypertrophy was supported 

by the finding that overexpression of PI3K increased cardiac size whereas genetic 

inhibition of PI3K significantly reduced heart size (Shioi et al., 2000). Although the 

induction of PI3K has been reported in pressure overload induced cardiac hypertrophy, 

suppression of PI3K was shown to attenuate hypertrophy in response to swim training but 

not pressure overload, suggesting PI3K as a physiological but not pathological signaling 

pathway. Important downstream targets of PI3K signaling are the serine/threonine kinase 

Akt, mammalian target of rapamycin (mTOR) and glycogen synthase kinase-3 (GSK-3). 
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mTOR enhances protein translation through the activation of key protein translation 

mediators such as p70S6 kinase and 4EBP1/eIF4E. Inhibition of mTOR activity by 

rapamycin, an immunosuppressant agent, was shown to inhibit cardiac hypertrophy 

induced by Ang-II (Sadoshima et al., 1995). Phosphorylation of GSK-3 promotes 

translocation of many transcription factors such as nuclear factor of activated T-cells 

(NFAT) and NF-κB. ISO, endothelin-1 (ET-1), and phenylephrine has been demonstrated 

to induce cardiac hypertrophy through PI3K/GSK-3-dependent mechanism.  

 

1.2.2.2. PKC and Gq-protein coupled receptor  

The PKC is a family of multifunctional isoenzymes expressed in different tissues which 

plays a pivotal role in apoptosis, migration, adhesion, tumorgenesis, cardiac hypertrophy, 

angiogenesis, platelet function and inflammation (Newton, 2001). PKC, discovered by 

Inoue et al. in 1977, was originally named PKM since it was hypothesized that magnesium 

ion is essential for its activation (Inoue et al., 1977). However, after understanding the 

crucial role of calcium and phospholipids for its activation, the protein was renamed as 

PKC. PKC has three isoforms, α, β and γ, which differ in their composition of the 50 amino 

acids at the C-terminal end. They are expressed in various organs of the body and this 

specificity is associated with their physiological functions. Of importance, PKCα is found 

in almost all organs, especially in the heart (Wetsel et al., 1992). PKCα contributes to 

cardiac contractility and heart failure in a manner different from what is observed with 

PKCβ and PKCγ. Overexpression of PKCα has demonstrated a decrease in cardiac output 

and left ventricular hypertrophy, implicating PKCα as a detrimental signaling pathway to 

the cardiac muscle (Hahn et al., 2003; Braz et al., 2004; Liu et al., 2009). Inhibition of 

PKCα protects against cardiac hypertrophy induced by Ang-II (Yan et al., 2010). PKCα is 

regulated by Gq-protein coupled receptor in which the activation of Gq-protein coupled 

receptor stimulates the effector enzyme phospholipase C (PLC). PLC cleaves 

phosphoinositol bisphosphate (PIP2) in the membrane to yield diacylglycerol (DAG) and 

inositol trisphosphate. DAG remains in the membrane and activates PKC (Hahn et al., 

2003).   
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1.2.2.3. Ca2+ Calcineurin/NFAT  

Calcineurin, a calmodulin-dependent Ca2+-activated phosphatase, is an effector 

downstream of Gq-protein coupled receptors and PKC activation that dephosphorylates the 

NFAT transcription factor (Molkentin et al., 1998). Upon activation by several mechanical 

and neurohormonal factors, NFAT translocates to the nucleus where it activates GATA-4 

transcription factor leading to cardiac hypertrophy and heart failure (Molkentin et al., 

1998). Calcineurin deficiency in mice has been reported to ameliorate pressure overload-, 

Angiotensin-II (Ang-II)- or isoproterenol (ISO)-induced cardiac hypertrophy (Bueno et al., 

2002). Furthermore, cardiac overexpression of modulatory calcineurin-interacting protein 

(MCIP1) blunted hypertrophy mediated by ISO, exercise, or thoracic aortic banding 

suggesting an involvement of calcineurin/NFAT in both physiological and pathological 

hypertrophy (Rothermel et al., 2001; Hill et al., 2002).  

 

1.2.2.4. MAPK  

MAPK are serine/threonine specific protein kinases that are involved in the regulation of 

various cellular responses such as gene expression, mitosis, differentiation, proliferation 

and survival/apoptosis (Kayama et al., 2009). MAPK were found to exert control over 

those genes that stimulate protein synthesis and initiate hypertrophy (Thorburn et al., 

1994). When hypertrophy stimulus is initiated at cell membrane, activated MAPK move 

through large pores on the nuclear membrane, translocating into the nucleus and activating 

transcription factors involved in cardiac hypertrophy (Pearson et al., 2001). The MAPK 

signaling cascade consists of extracellular-regulated kinases (ERK), c-Jun NH2-terminal 

kinases (JNKs) and p38 MAPK (Sopontammarak et al., 2005). Previous studies analyzing 

MAPK activities in cardiac hypertrophy and myopathy have demonstrated differential 

effect; in that persistent activation of p38 and JNK can promote apoptosis, resulting in 

cardiac dilation and dysfunction (Pearson et al., 2001), whereas ERK1/2 has been proposed 

to regulate smooth muscle contraction and to promote cellular hypertrophy (Pearson et al., 

2001; Sopontammarak et al., 2005; Modesti et al., 2008).  
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1.2.2.5. NF-κB 

Cardiac hypertrophy and myopathy are also regulated by several transcription factors such 

as NF-κB, myocyte enhancer factor 2 (MEF2), and homeobox transcription factors 

Csx/Nkx 2-5 (Akazawa et al., 2003). Among these transcription factors, NF-κB is involved 

in a wide range of physiological and pathophysiological functions, such as B cell 

proliferation, cell cycle control, carcinogenesis and cardiac hypertrophy and myopathy 

(Grabellus et al., 2002).  

 

Biochemical analysis has established that the major form of NF-κB has two distinct 

polypeptides of 50 and 65 kDa, termed as p50 and p65 NF-κB, respectively. Upon 

activation by inflammatory mediators and hypertrophy agonists, NF-κB binds to its 

responsive element sequences, κB, to initiate target gene transcription that is involved in 

cardiac hypertrophy (Leychenko et al., 2011). NF-κB has been shown to be activated in 

the failing human heart (Grabellus et al., 2002). Genetic NF-κB inhibition attenuates Ang 

II-induced hypertrophy, suggesting an important role of NF-κB in cardiac hypertrophy 

(Esposito et al., 2002). Furthermore, it has been demonstrated that blockade of NF-κB 

ameliorates myocardial hypertrophy in response to aortic banding and chronic infusion of 

Ang II, suggesting an important role of NF-κB as a signaling pathway in the regulation of 

cardiac hypertrophy (Kawano et al., 2005).  

 

Chronic pressure overload and HF are usually associated with excessive fibrosis and 

inflammation and they are predictors of poor prognosis (Shimizu et al., 1988). Several 

studies have linked the inflammation and fibrosis to the activation of NF-κB (Wong et al., 

1998; Grabellus et al., 2002). NF-κB has crucial role in the regulation of inflammatory 

response through the induction of pro-inflammatory cytokines genes such tumor necrosis 

factor α (TNFα) and interleukin 6 (IL-6) in addition to chemokines (Testa et al., 1996; 

Lawrence, 2009). NF-κB was shown to activate circulating monocyte during HF (Frantz et 

al., 2004) and it promotes T cells differentiation and activation (Tak et al., 2001).  
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1.2.2.6. Oxidative stress  

The consumption of oxygen produces potentially toxic metabolites called reactive oxygen 

species (ROS). These ROS are kept at low level, by naturally occurring antioxidant, in 

normal situations, and some of these ROS even exert physiological roles. Examples of ROS 

include hydrogen peroxide, superoxide, hydroxyl radical, nitric oxide, and peroxynitrite. 

When there is an overproduction of ROS and/or deficiency in antioxidant mechanisms, a 

damaging event called oxidative stress ensues. Cardiomyocytes are more susceptible to 

ROS-dependent toxicity because they have low expression levels of the antioxidant 

enzymes. Furthermore, mitochondria, a source of as well as a target for ROS, comprise 

about 50% of the cardiomyocyte mass (Lemieux et al., 2009).  

 

Superoxide anion was shown to be implicated in the hypertrophy process through the 

increase of proto-oncogene factors, such as c-my and c-fos, mediating the linkage of 

Na+/K+ ATPase to hypertrophy and modulating the activity of MAPK (Xie et al., 1999; 

Wassmann et al., 2001). Treatment with antioxidants inhibited the hypertrophic response 

of cardiomyocytes to superoxides (Nakamura et al., 1998; Tanaka et al., 2001). 

Overexpression of superoxide dismutase or NADPH oxidase knockdown blunted 

hypertrophic responses to Ang-II (Welch, 2008). On the other hand, superoxide dismutase 

deficiency was shown to aggravate pressure overload-induced cardiac hypertrophy (Lu et 

al., 2008b). The above information suggests the contribution of superoxide in the 

development of left ventricular hypertrophy. 

 

1.2.2.7. Peroxisome proliferator activated receptors (PPARs) 

PPARs, typified by PPARα, PPARβ and PPARγ, are ligand-activated nuclear hormone 

receptor transcription factors that affect lipid metabolism by modulating the expression of 

enzymes involved in fatty acid oxidation (Wahli et al., 1995). Heart, skeletal muscle and 

liver have high expression levels of PPARα and the latter is activated by various ligands, 

including unsaturated fatty acids and drugs such as fibrates (Gilde et al., 2003). Although 

cardiac overexpression of PPARα results in cardiomyopathy with contractile dysfunction 

(Finck et al., 2002), fibrates have been demonstrated to protect against Ang-II-induced 

cardiac hypertrophy (Zou et al., 2013). This is because fibrates activate peripheral fatty 
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acid β-oxidation and decrease free fatty acids in the circulation, thereby decreasing 

myocardial exposure to circulating free fatty acids, ultimately reducing the cardiac fatty 

acid β-oxidation at the expense of glucose oxidation (Yue et al., 2003; Lopaschuk et al., 

2010). This shift protects cardiac muscle by decreasing myocardial oxygen consumption 

per mole of ATP generated. With regard to PPARγ, it has been demonstrated that induction 

of cardiac hypertrophy in response to aortic construction was blunted by thiazolidinedione, 

PPARγ agonists (Asakawa et al., 2002). Although previous studies have linked myocardial 

infarction and death to rosiglitazone administration (Lindenfeld et al., 2007; Nissen et al., 

2007), a recent study has demonstrated that rosiglitazone use was not associated with 

increased risk of myocardial infarction (Florez et al., 2015).  

 

1.2.2.8. Other signaling pathways  

The Na+/H+ exchanger, β1-adrenergic receptor kinase (βARK) in addition to microRNAs 

(miRNAs) have been also implicated in cardiac hypertrophy.  

 

The increase in cardiac Na+/H+-exchanger (NHE) activity has been demonstrated in several 

in vivo and in vitro models of cardiac hypertrophy (Takewaki et al., 1995). Enhanced NHE 

activity diminishes transmembrane Na+, activates the Na+/Ca2+-exchanger and thereby 

increases intracellular Ca2+ level which may trigger several signaling cascades involved in 

cardiac hypertrophy (Yoshida et al., 2000). Of particular interest, cariporide, a specific 

NHE inhibitor, was shown to protect mice overexpressing β1-recptor against cardiac 

remodeling and fibrosis (Engelhardt et al., 2002).  

 

β1-receptor, a Gs heterotrimeric GTP-binding protein coupled receptor, is the most 

dominant adrenergic receptor in the cardiac tissue. Short term activation of β1-receptor 

may initially improve contractile function but prolonged hyperadrenergic drive may result 

in the overexpression of βARK and desensitization of β1-receptors and eventually lead to 

progressive deterioration of cardiac performance and cardiac hypertrophy (Engelhardt et 

al., 1999; Bisognano et al., 2000). Inhibition of βARK activity, a kinase implicated in 

receptor desensitization, genetically or pharmacologically has been demonstrated to 
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preserve membrane density of β1-receptors, restoring the integrity of the β1-adrenergic 

system in hypertrophic cardiac muscle (Rockman et al., 1998; Harding et al., 2001).  

 

MicroRNAs (miRNAs) are short (= 22 nucleotide long) non-coding RNAs that pair in a 

sequence-specific manner to binding sites present in the 3'untranslated region of target 

messenger RNAs (mRNAs) (Ambros, 2003). Binding with miRNAs, in the cytoplasm, is 

responsible for negative regulation of the target either through degradation of the bound 

mRNA or by inhibition of its translation. Up-regulation of miRNAs, therefore, leads to 

decreased gene expression (Farh et al., 2005). Of interest, miRNAs have been implicated 

in the development of cardiac remodeling. For instance, hypertrophied heart has low 

expression level of miR-133, miR-1, miR-29, and miR-30. Furthermore, upregulation of 

miR-133 has been shown to minimize cardiac hypertrophy and fibrosis-induced by Ang-II 

(Li et al., 2016), whereas downregulation of miR-133 was sufficient to induce 

cardiomegaly (Care et al., 2007).  

 

1.3. Doxorubicin  

1.3.1. History  

In 1950s, a new strain of Streptomyces peucetius was isolated from a soil sample in the 

area nearby the Castel del Monte, a 13th-century castle, by farmitalia research laboratories 

(Weiss, 1992). These bacteria produce a red pigment antibiotic that has a potent anticancer 

activity in different animal models (Baruffa, 1966). Simultaneously, the same antibiotic 

was discovered by a team of French researchers. Both groups had agreed to name the 

discovered antibiotic daunorubicin. This name combines the word Dauni, a pre-Roman 

tribe that colonized the region of Italy where the antibiotic was extracted, with the French 

word for ruby, rubis, describing its color. In 1960s, daunorubicin was successfully used to 

treat patients with acute leukemia and lymphoma. Unfortunately, by 1967, clinical 

usefulness of daunorubicin was badly compromised by its fatal cardiotoxicity (Tan et al., 

1967). Immediately, N-nitroso-N-methyl urethane was used to mutate a strain of 

Streptomyces producing a different, red-colored antibiotic, doxorubicin (DOX), which was 

also named Adriamycin, after the Adriatic Sea, (Di Marco et al., 1969). Although DOX 
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has shown a potent antitumor activity against solid tumors and a wide therapeutic index, 

the cardiotoxicity remains the main adverse effect.  

 

1.3.2. DOX-induced cardiotoxicity  

DOX is a broad-spectrum anthracycline antibiotic widely used to treat various types of 

human neoplastic disease, including lymphoblastic, hematopoietic and a wide range of 

solid tumors, such as lung, breast and thyroid cancer (Minotti et al., 2004). Although DOX 

has improved survival rates in cancer patients, cardiotoxicity has been reported as a 

significant side effect (Horenstein et al., 2000). Two types of cardiomyopathies may occur 

as a result of DOX treatment, an acute form which is characterized by abnormal 

electrocardiographic changes, including ST- and T-wave alterations and arrhythmias. The 

second type results from chronic, cumulative dose-related toxicity (≥550 mg/m2), which 

may progress to congestive heart failure. A steady decrease in left ventricular ejection 

fraction may be observed over the first four cycles of therapy (Felker et al., 2000).  

Dilatation of all chambers, myofibrillar loss and vacuolar degeneration are the three 

diagnostic features of DOX’s cardiotoxicity (Chatterjee et al., 2010). 

 

1.3.2.1. Possible mechanisms of DOX-induced cardiotoxicity  

Though the specific mechanisms mediating the cardiotoxic effect of DOX are still 

controversial, several reports illustrated that modulation of topoisomerase II, oxidative 

stress, mitochondrial damage and apoptosis could play a role in DOX-induced 

cardiotoxicity (Minotti et al., 2004; Takemura et al., 2007; Deng et al., 2014). The toxicity 

is irreversible, cumulative, dose-dependent and may occur within a month or years after 

the treatment initiation.  

 

1.3.2.1.1. Oxidative stress  

DOX has quinone and hydroquinone moieties on adjacent rings that permit the gain and 

loss of electrons and favors superoxide generation after being reduced by NADPH-

cytochrome P450 reductase to an unstable semiquinone intermediate (Ravi et al., 2004). 

The formation of superoxide is significantly increased by the interaction of reduced DOX 

with iron (Yang et al., 2014a). Furthermore,  DOX could generate H2O2 which may interact 
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with free iron forming highly toxic hydroxyl radicals through a reaction known as Haber-

Weiss reaction (Xu et al., 2005).  

 

Although the DOX-induced cardiotoxicity was alleviated by overexpressing antioxidant 

enzymes such as manganese superoxide dismutase and catalase (Kang et al., 1996; Yen et 

al., 1996), the effectiveness of using antioxidants to prevent DOX-induced cardiac injury 

is still controversial. In that, several antioxidant agents such as vitamin E or N-

acetylcysteine were not able to attenuate DOX-induced cardiotoxicity at chronic stages 

(Ladas et al., 2004). Nevertheless, carvedilol, a combined β- and α-receptor blocker with 

potent antioxidant properties, was shown to prevent and delay DOX-induced 

cardiomyopathy (Kalay et al., 2006). Furthermore, dexrazoxane, a free iron chelator, has 

been approved by FDA to alleviate DOX-induced cardiac injury (Lipshultz et al., 2004; 

Lebrecht et al., 2007). However, dexrazoxane was shown to reduce the anticancer activity 

of DOX when administered in conjunction (Tebbi et al., 2007).  

 

1.3.2.1.2. Stabilization of the mitochondrial topoisomerase IIβ 

Topoisomerase II is an ATP-dependent enzyme that binds to DNA and produces double-

strand breaks at the 3′-phosphate backbone, allowing strand passage and uncoiling of 

super-coiled DNA. Following strand passage, topoisomerase II religates the DNA strands. 

This enzymatic function is crucial for DNA replication and repair. DOX forms a tripartite 

complex with it and blocks the religation of the broken DNA strands and eventually leads 

to apoptosis (Low et al., 2003). Cardiac tissue has three forms of topoisomerase II proteins 

namely, nuclear topoisomerase IIα, IIβ and the mitochondrial topoisomerase IIβ (Wang et 

al., 2002). Although DOX exerts its cytotoxic activity through the inhibition of nuclear 

topoisomerase IIα and β, it has been reported that DOX may induce cardiotoxicity through 

the stabilization of the mitochondrial topoisomerase IIβ (Swift et al., 2008). DOX 

stimulates DNA response genes and initiates cardiomyocyte apoptosis in the presence of 

topoisomerase IIβ. This was supported by the finding that genetic inhibition of 

mitochondrial topoisomerase IIβ attenuates DOX-induced cardiac injury in mice (Zhang et 

al., 2012a). Furthermore, dexrazoxane was shown to exert a cardioportective effect through 

the inhibition of topoisomerase IIβ (Deng et al., 2014).  
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1.3.2.1.3. Apoptosis and mitochondrial dysfunction  

Doxorubicinol, a DOX metabolite, can activate the ryanodine receptor, leading to an 

increase in the release of calcium from the sarcoplasmic reticulum (Zhou et al., 2001). The 

high level of calcium may elicit a mitochondrial transition pore which results in the release 

of cytochrome c and eventually initiate apoptosis through the activation caspase cascade 

(Phaneuf et al., 2002; Octavia et al., 2012). DOX may also increase the release of 

cytochrome c by disrupting the mitochondrial electron transport chain (Thorn et al., 2011). 

In addition, upregulation of the tumor suppressor gene p53 and the pro-apoptotic, Bax, has 

been implicated in DOX-induced cardiomyocyte apoptosis (Yoshida et al., 2009). Of 

interest, genetic deletion of p53 was shown to protect cardiomyocytes against DOX-

induced apoptosis (Shizukuda et al., 2005).  

 

1.4. Cytochrome P450  

The oxidative metabolism of a vast majority of endogenous compounds and xenobiotics is 

mediated by single polypeptide membrane-bound hemeproteins known as cytochrome 

P450s (CYPs) (Nebert et al., 2002). CYPs are mainly located in the cellular microsome 

and have a hydrophobic transmembrane helix at the N-terminus of the protein to attach to 

the cellular membrane (Aguiar et al., 2005). Structurally, CYPs have 45-60 kDa molecular 

size since they have approximately 500 amino acids in addition to a single heme group 

coordinated with a cysteine molecule (Poulos, 2005). CYPs are expressed in the liver as 

well as extrahepatic tissues such as kidneys, lungs and heart.   

 

1.4.1. Classification of CYPs and their expression in the cardiovascular system 

The classification of CYPs into families and subfamilies depends on the primary amino 

acid sequences of the purified CYP enzyme (Nelson, 2006; Sim et al., 2006). Members of 

the same family should have greater than 40% amino acid sequence homology, whereas 

members in a gene subfamily should have more than 55% amino acid sequence homology. 

Generally, an Arabic number and a capital letter are usually used to designate the family 

and subfamily, respectively (Nelson, 2006; Sim et al., 2006). The metabolism of 

xenobiotics such as pharmacological agents in mammalian tissues are known to be 
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mediated by CYP1, 2, and 3 families. Many other families of CYPs contribute to the 

oxidative metabolism of endogenous molecules such as eicosanoids, fatty acids and 

steroids (Barouki et al., 2001). CYP enzymes have been detected in the cardiovascular 

tissue and their specific isoforms have been detected in rat heart (Imaoka et al., 2005) and 

in different regions of human heart (Roman, 2002; Delozier et al., 2007). Several lines of 

evidence support the role of CYP metabolites in the maintenance of cardiovascular health, 

including the regulation of vascular tone, extracellular fluid volume, and heart contractility 

(Roman, 2002). 

 

1.4.1.1. CYP1 family  

CYP1A1, CYP1A2 and CYP1B1 are the only members of the human CYP1 family 

currently detected. CYP1A2 is mainly expressed in liver while CYP1A1 and CYP1B1 are 

predominantly expressed in extrahepatic tissues such as heart (Monostory et al., 2009).   

Procarcinogenic polycyclic aromatic hydrocarbons (PAHs) are mainly metabolized by 

CYP1A1, whereas CYP1A2 is responsible for the metabolism of many pharmacological 

agents such as theophylline, imipramine and fluvoxamine (Shimada et al., 1996; 

Danielson, 2002; Hu et al., 2007).  

 

The CYP1A1 mRNA has been detected in explanted human hearts, healthy cardiac tissue 

and human cardiac fibroblasts in addition to the left atrium of patients with dilated 

cardiomyopathy (Thum et al., 2000a; Dubey et al., 2005; Bieche et al., 2007). CYP1A2 

has been found in coronary vessels and the endothelium of the endocardium (Minamiyama 

et al., 1999; Thum et al., 2000a). Generally, it has been shown that CYP1 expression in 

fetal cardiomyocytes cells is higher than that in adult cardiomyocytes (Aragon et al., 2008). 

Benzo(a)pyrene (BaP), 2,3,7,8-tetrachloro-dibenzodioxin (TCDD), 3-methylcholanthrene 

(3MC) and are well-known inducers of CYP1A1 (Korashy et al., 2006). CYP1B1 will be 

discussed in section 1.5.3 of this thesis.  

 

1.4.1.2. CYP2 family  

CYP2A, CYP2B, CYP2C, CYP2D, CYP2E and CYP2J are the main members of CYP2 

family (Lewis, 2004). These enzymes are accountable for the metabolism of both 
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endogenous compounds such as arachidonic acid and xenobiotics such as halothane 

(CYP2A6), cyclophosphamide (CY2B6), clopidogrel (CYP2C19), mirtazapine 

(CYP2D6), acetaminophen (CYP2E1) and terfenadine (CYP2J2) (Manyike et al., 2000; 

Minoda et al., 2001; Xie et al., 2003; Kirchheiner et al., 2004; Lee et al., 2010). CYP2A6 

and CYP2C are considered the most abundant CYP2 isoform in the hepatic tissue 

(Goldstein et al., 1994; Su et al., 2004). CYP2B6 and CYP2D6 represent just 1% and 2% 

of the total liver CYP content, respectively, though they are involved in the metabolism of 

many different pharmacological agents (Danielson, 2002). CYP2E1 is not detected during 

the human neonatal period, whereas it is the main CYP implicated in the metabolism of 

ethanol in adult liver (Vieira et al., 1996; Lu et al., 2008a). In contrast to all CYP2 isoforms, 

CYP2J2 is mainly expressed in the extrahepatic tissues (Lieber, 1997).  

 

While CYP2A6, CYP2B6, CYP2C8, CYP2D6 and CYP2E1 were detected in human 

cardiac tissue, CYP2J2 is considered the most predominant CYP isoform in human left 

ventricles (Thum et al., 2000a; Bieche et al., 2007; Michaud et al., 2010). Previous studies 

have shown that CYP2E1 is basally expressed in both atria and ventricles, whereas 

CYP2B6 and CYP2D6 are found only in the right ventricles (Thum et al., 2000b; Imaoka 

et al., 2005). Of interest, the alteration in the expression level of CYP2 enzymes has been 

illustrated in cardiac ischemia and hypertrophy in addition to failing hearts of both  humans 

and rats (Imaoka et al., 2005; Ishihara et al., 2012).  

 

1.4.1.3. CYP3 family  

CYP3A4, CYP3A5, CYP3A7 and CYP3A43 are the main members of CYP3A subfamily 

(Gellner et al., 2001). CP3A4 comprises up to 60% of the total hepatic CYP content and  

is involved in the metabolism of greater than 30% of clinically used pharmacological 

agents (Anzenbacher et al., 2001). In addition to hepatic tissue, CYP3A4 is expressed in 

intestinal tissue (Granvil et al., 2003). However, the expression of the CYP3A subfamily 

has not been detected in the heart of humans or rats. Nevertheless, CYP3A4 was found in 

the endothelium, endocardium and coronary vessels (Minamiyama et al., 1999).  
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1.4.1.4. CYP4 family  

CYP4A and CYP4F are the most important members of CYP4 family and they are 

responsible for the fatty acid omega-hydroxylation (Okita et al., 2001). CYP4A and 

CYP4F are expressed predominantly in kidneys but there in very little if any in the hepatic 

tissue (Theken et al., 2011). With respect to the expression of CYP4 family in the 

cardiovascular system, it has been demonstrated that CYP4 is mainly expressed in freshly 

isolated cardiomyocytes of control animals and adult human cardiomyocytes (Simpson, 

1997; Thum et al., 2000a; Chaudhary et al., 2009). In addition, human, dog and rodent 

cardiac tissues have shown a high expression level of CYP4A and CYP4F enzymes (Thum 

et al., 2000a; Nithipatikom et al., 2004). Furthermore, CYP4A and CYP4F were found in 

the failing human heart whereas, CYP4A has been shown to be induced in hypertrophied 

human hearts (Thum et al., 2002; Elbekai et al., 2006).  

 

1.4.1.5. Other CYP families  

Synthesis and degradation of many endogenous compounds are mediated through other 

CYP families. For instance, thromboxane A2 (TxA2) synthase, CYP5A1, is incriminated 

in the synthesis of platelet aggregation factor, TxA2, (Elbekai et al., 2006). Furthermore, 

CYP8A1 and CYP27B1 mediate the biosynthesis of prostaglandin I2 and lα,25-

dihydroxyvitamin D3 from prostaglandin H2 and 25-hydroxyvitamin D3, respectively 

(Inouye et al., 2001; Elbekai et al., 2006). CYP11A has been detected in normal and failing 

human heart while CYP11B1 and CYP11B2 are not expressed in normal human heart 

(Silvestre et al., 1998).  

 

1.4.2. Transcriptional regulation of CYPs  

Activation of CYP genes begins with binding of xenobiotics or endobiotics to specific 

nuclear receptors leading to the initiation of the transcription process (Barouki et al., 2001). 

At least four nuclear receptor mechanisms are crucially involved in the transcriptional 

activation of most CYPs: the aryl hydrocarbon receptor (AhR) for CYP1A1, CYP1A2, 

CYP1B1, and CYP2S1; the constitutive androstane receptor (CAR) for the CYP2 family; 

the pregnane X receptor (PXR) for the CYP3 family; and the PPAR for the CYP4 family 

(Ramana et al., 1998).  
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1.4.2.1. AhR  

AhR is a cytosolic ligand-activated transcriptional factor that is involved in regulation of 

cell differentiation and proliferation (Whitelaw et al., 1993; Kerzee et al., 2001). AhR 

nuclear translocator (ARNT) protein, the Drosophila neurogenic protein single-minded 

(Sim) and the Drosophila circadian rhythm protein period (Per) are the main members of 

the AhR family (Schmidt et al., 1996a; Schmidt et al., 1996b). The N-terminal half of AhR 

consists of bHLH and PAS domains which are vital for activation and heterodimerization. 

Furthermore, the NH2-terminal region is composed of nuclear localization and export 

signals (NLS and NES) that play roles in AhR shuttling between the cytoplasm and the 

nucleus (Ikuta et al., 1998). Upon binding with its ligand, AhR dissociates from its 

inhibitory protein, heat shock protein 90 (HSP90) (Denison et al., 1986) allowing it to 

translocate to the nucleus, where it heterodimerizes with the nuclear transcription factor 

protein, called ARNT (Whitelaw et al., 1994). The heterodimeric AhR-ARNT complex 

then binds to specific DNA recognition sequences, GCGTG, within the xenobiotic 

responsive element (XRE) located in the promoter region of CYP1 family gene (Nebert et 

al., 2004; Korashy et al., 2006a). 

 

Cardiac tissue has shown a higher AhR expression level which is further induced during 

ischemic and dilative cardiomyopathies (Korashy et al., 2006). Of interest, it has been 

previously reported that the AhR ligands, BaP, and 3-MC, cause significant cardiac 

hypertrophy in vivo in rats. On the other hand, treatment with benzo(e)pyrene, an isomer 

of BaP with less affinity to AhR, did not induce cardiac hypertrophy (Aboutabl et al., 

2009). Furthermore, several cardiotoxic chemotherapeutic agents such as DOX and 

sunitinib have been demonstrated to activate AhR signaling pathway both in vivo and in 

rat cardiomyocytes (Volkova et al., 2011; Maayah et al., 2014).  

 

1.4.2.2. Constitutive Androstane Receptor (CAR) 

CAR is a nuclear ligand-activated transcriptional factor that is involved in the regulation 

of several genes involved in the metabolism of xenobiotics and endobiotics including 

CYP2B6, CYP2C8 and CYP3A4 (Ueda et al., 2002; Yang et al., 2014b). Upon activation 
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either directly by binding with its ligand or indirectly by dephosphorylating it through 

protein phosphatase 2, CAR dissociates from its inhibitory proteins, hsp90, allowing it to 

translocate to the nucleus, where it heterodimerizes with a nuclear transcription factor 

protein called retinoid X receptor (RXR) (Kawamoto et al., 1999; Kodama et al., 2006). 

The heterodimeric CAR-PXR complex then binds to the phenobarbital-responsive 

enhancer module (PBREM) located in the distal enhancer region of CYP2B and CYP3A 

family genes (Honkakoski et al., 1998; Sueyoshi et al., 1999; Makinen et al., 2002). CAR 

is dominantly expressed in the hepatic and intestinal tissues, but a minor constitutive 

expression level is also identified in the cardiac tissues (Shmueli et al., 2003). Furthermore, 

CAR splice variants have been detected in human heart (Lamba et al., 2004).  

 

CYP2B and CYP3A genes may be regulated by pregnane X receptor (PXR), also known 

as the steroid nuclear receptor (SXR) (Bertilsson et al., 1998; Kliewer et al., 2002). PXR 

is activated by steroids, e.g. dexamethasone, in addition to antibiotics, e.g. rifampicin, and 

inhibited by ketoconazole (Li et al., 2013). Similar to CAR, PXR is predominantly 

expressed in the in hepatic and intestinal tissues (Beigneux et al., 2002; Li et al., 2012).  

 

1.4.2.3. PPAR  

Initially, the name of PPAR was chosen because it induces the proliferation of peroxisome 

in the xenopus frogs (Dreyer et al., 1992). Later, PPAR became a molecular target for 

fibrates and thiazolidinedione agents in the early 1980s and late1990s, respectively 

(Issemann et al., 1990). PPAR, mainly the α-isoform, is a nuclear ligand-activated 

transcriptional factor that is involved in regulation of CYP4 genes. Upon binding with its 

ligand, e.g. clofibrate, PPAR heterodimerizes with RXR and then the heterodimeric PPAR-

PXR complex binds to specific DNA recognition sequences, AGGTCANAGGTCA, 

within the peroxisome proliferator hormone response elements (PPREs) located in the 

promoter region of the CYP4 family gene (Yu et al., 2007).  
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1.5. CYP-mediated arachidonic acid metabolism 

Arachidonic acid (AA) is a nonessential polyunsaturated fatty acid that is released 

following activation of phospholipase A2 and subsequent metabolism by COX, 

lipoxygenase (LOX) and CYP pathways. These enzymes insert oxygen at different 

positions in AA to generate a major family of biologically active mediators called 

eicosanoids (Capdevila et al., 1981). COX, a prostaglandin-endoperoxide synthase, is 

implicated in the formation of prostaglandin G2 and H2 (Picot et al., 1994) whereas LOX, 

a non-heme iron dioxygenase enzyme, oxygenates AA and catalyzes the formation of 

hydroxyperoxyeicosatetraenoic acid, which is then subsequently converted into 

hydroxyeicosatetraenoic acids (HETEs) and leukotrienes (Kuhn et al., 2015). CYP, 

cysteinato-heme mixed function mono-oxygenases enzymes oxidize AA into 

epoxyeicosatrienoic acids (EETs) and HETEs which play a crucial role in the maintenance 

of cardiovascular health (Roman, 2002; Zordoky et al., 2010c).  

 

Arachidonic Acid

Epoxygenase Lipoxygenase Like / -1 hydroxylase

5,6-EET

8,9-EET

11,12-EET

14,15-EET

5,6-DHET

8,9-DHET

11,12-DHET

14,15-DHET

sEH
5-HETE

8-HETE

12-HETE

15-HETE

17-HETE

18-HETE

19-HETE

20-HETE  

 

Figure 1.2. CYP-mediated arachidonic acid metabolism.  

Arachidonic acid is released following activation of phospholipase A2 and 

subsequent metabolism by CYP pathways. These enzymes insert oxygen at 

different positions in AA to generate a major family of biologically active 

mediators called eicosanoids.  
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1.5.1. EETs  

CYP epoxygenases, mainly CYP2B, CYP2C and CYP2J subfamilies, metabolize AA into 

four regioisomers of cardioprotective EETs namely, 14,15-EET, 11,12-EET, 8,9-EET and 

5,6-EET metabolites (Roman, 2002). EETs, which are endothelium derived 

hyperpolarizing factors (EDHFs) and vasodilators, have potent anti-inflammatory and 

antiapoptotic effects and reduce vascular smooth muscle cell proliferation (Tacconelli et 

al., 2014).  

 

EETs are considered potent vasodilators as they induce vascular smooth muscle cell 

membrane hyperpolarization through the activation of the large-conductance calcium-

activated potassium channels (Kca) (Imig, 2012). The anti-inflammatory action of EETs is 

due to the inhibition of NF-κB mediated induction of cytokines and leukocytes adhesion 

(Node et al., 1999) whereas the antiproliferative effect has been reported to be mediated 

by PI3K/Akt, MAPK, and cAMP/PKA signaling pathways (Spector et al., 2007). EETs 

have also antithrombotic action through the inhibition of platelet aggregation and the 

activation of tissue-type plasminogen activator (tPA) gene expression (Fitzpatrick et al., 

1986; Node et al., 2001; Krotz et al., 2004).  

 

The protective effect of EETs has been reported against cardiac hypertrophy and HF in 

addition to drug induced-cardiotoxicity (Wang et al., 2014). For instance, EETs were 

shown to protect against ISO-induced cardiac hypertrophy and Ang II-induced HF (Wang 

et al., 2014; Althurwi et al., 2015). In addition, EETs protect against DOX and 

daunorubcin-induced cardiotoxicity (Zhang et al., 2009a; Maayah et al., 2017). 

Mechanistically, EETs exert their cardioprotective effects through the activation of ATP-

sensitive potassium channels and p42/p44 MAPK pathway in addition to the inhibition of 

NF-κB (Seubert et al., 2004; Lu et al., 2006b).  

 

EETs are known to be metabolized by soluble epoxide hydrolase (sEH) into their 

corresponding degradation products dihydroxyeicosatrienoic acids (DHETs) which 

diminishes their cardioprotective effects (Imig et al., 2002). Importantly, hypertrophied 

heart induced by Ang-II and ISO has demonstrated a high mRNA and protein expression 
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level of sEH (Althurwi et al., 2013; El-Sherbeni et al., 2014c). On the other hand, sEH 

inhibitors have been reported to increase EET availability, thereby exerting an 

antihypertensive effect, improving endothelial function and reducing Ang-II- and ISO-

induced cardiac hypertrophy (Althurwi et al., 2013; Wang et al., 2014; Althurwi et al., 

2015). Clinically, AR9281, a selective sEH inhibitor, has been evaluated in phase II clinical 

trials for the treatment of hypertension in patients with type II diabetes mellitus (Tacconelli 

et al., 2014).    

 

1.5.2. 20-HETE 

CYP ω-hydroxylases, namely the CYP4 family, metabolize AA into its cardiotoxic form 

20-HETE (Schwartzman et al., 1996; Gross et al., 2005; Zordoky et al., 2008; Yousif et 

al., 2009; Zordoky et al., 2010a; Wu et al., 2011b; Fava et al., 2012; Anwar-Mohamed et 

al., 2013; Elshenawy et al., 2013). 20-HETE is considered a potent vasoconstrictor of 

coronary, renal, cerebral, mesenteric and skeletal muscle vessels (Alonso-Galicia et al., 

1999; Gebremedhin et al., 2000; Kunert et al., 2001; Wang et al., 2001; Hoopes et al., 

2015). Mechanistically, 20-HETE blocks Kca in the vascular smooth muscle cells thereby 

activating voltage-gated calcium channels (Hoopes et al., 2015). Furthermore, the 

vasoconstrictive action of 20-HETE has been reported to be mediated by PKC and MAPK 

signaling pathways (Muthalif et al., 1998; Obara et al., 2002). The formation of 20-HETE 

was increased in Ang II-, endothelin-1- and androgen-induced hypertension in addition to 

spontaneously hypertensive rats (Dunn et al., 2008; Wu et al., 2011a; Hoopes et al., 2015). 

On the other hand, inhibition of 20-HETE formation protected against Ang-II-induced 

hypertension (Muthalif et al., 1998; Alonso-Galicia et al., 2002; Chabova et al., 2007).  

 

The cardiotoxic effect of 20-HETE may be mediated through a direct effect on the cardiac 

muscle in addition to the blood vessels (Elshenawy et al., 2013). For instance, 20-HETE 

exerts a direct hypertophic effect on rat cardiomyoblasts, H9c2 cells, and promotes the 

apoptotic effect of Ang-II in primary cultured neonatal rat ventricular myocytes (Tse et al., 

2013). Moreover, the biosynthesis of 20-HETE was increased in several models of cardiac 

hypertrophy and xenobiotic-induced cardiotoxicity (Zordoky et al., 2008; Aboutabl et al., 

2009; Alsaad et al., 2012). Of interest, HET0016, an inhibitor of 20-HETE formation, was 
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shown to protect against BaP- and DOX-induced cardiotoxicty (Zordoky et al., 2008; 

Aboutabl et al., 2009; Alsaad et al., 2012).  

 

1.5.3. Mid-chain HETEs  

Mid-chain HETEs, typified by 5-, 12-, and 15-HETE, are biologically active eicosanoids 

that result from the metabolism of AA by both LOX and CYP-catalyzed bis-allylic 

oxidation reaction (LOX-like reaction). On the other hand, 8-, 9-, and 11-HETE are 

considered non-LOX mid-chain HETE metabolites as they are produced by auto-oxidation 

reaction in addition to CYP1B1. Lipid peroxidation may have a LOX-like activity. 

Subsequent to the abstraction of hydrogen, the peroxide produced by oxygenation of the 

radical can be reduced to a corresponding HETE. In practice, non-enzymatic AA 

metabolism, like auto-oxidation due to ROS, generates 8-, 9-, and 11-HETE and 

isoprostanes which are useful biomarkers of oxidative stress in vivo (Guido et al., 1993; 

Shishehbor et al., 2006).  

 

While 9- and 11-HETE have minimal or no physiological functions (Honn et al., 1992), 8-

HETE has been reported to have a proliferator and pro-inflammatory action. This is 

supported by a previous observation that 8-HETE directly stimulates human neutrophil 

chemotaxis in vitro (Hunter et al., 1985). 8-HETE is formed as a minor metabolite in 

human neutrophils and human tracheal epithelial cells (Goetzl et al., 1979; Hunter et al., 

1985). In rodents, 8-HETE was characterized as 8(S)-LOX-derived metabolite by 

identifying 8-hydroperoxy-5,9,11,14-eicosatetraenoic acid [8-H(P)ETE] as precursor 

product and 8-HETE as a pure S-enantiomer (Furstenberger et al., 1991; Horenstein et al., 

2000). In humans, 8-HETE is most probably not the product of 8-LOX since this enzyme 

has not been detected in human tissues. Instead, 8-HETE may be either formed by non-

enzymatic lipid peroxidation or by CYP1B1-catalyzed AA metabolism (Capdevila et al., 

1986; Guido et al., 1993; Choudhary et al., 2004). Currently, we will focus on LOX 

products of AA, namely 5-, 12- and 15-HETE, and we will discuss the role of them in the 

pathogenesis of hypertension and cardiac hypertrophy.  
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1.5.3.1. Biosynthesis of mid-chain HETEs  

1.5.3.1.1. LOX  

1.5.3.1.1.1. Regulation of LOXs enzymes  

LOXs, non-heme iron dioxygenase enzymes, constitute a family of lipid-peroxidizing 

enzymes that insert molecular oxygen into free and esterified polyunsaturated fatty acids. 

The LOX enzymes are named in line with the specific carbon atoms of AA that are oxidized 

(Chen et al., 1994). For instance, the 12-LOX oxygenates AA at C-12 and catalyzes the 

formation of 12-hydroxyperoxyeicosatetraenoic acid (12-HPETE), which then is 

subsequently converted into 12-hydroxyeicosaenoic acid (12-HETE) by glutathione 

peroxidase. The platelet-type 12-lipoxygenase was the first mammalian LOX to be cloned 

as a functionally distinct isoform and is expressed in leukocytes and epidermal cells 

(Yamamoto, 1992).  

 

Interestingly, though some LOXs form exclusively one metabolite from AA, others are 

categorized as dual-specificity LOX [12-LOX (leukocyte type) and 15-LOX-1] because 

they form both 12-HETE and 15-HETE metabolites at the same time (Yamamoto, 1992). 

15-LOX-1 has been shown to catalyze the metabolism of linoleic acid to synthesize 

hydroxy octadecadienoic acids. A second 15-LOX gene was discovered in humans in 1997 

(Brash et al., 1997). Based on the amino acid sequence, it seems that the murine homolog 

of 15-LOX-2 has primarily an 8-LOX like activity, while the rat homolog has not been 

characterized to date (Jisaka et al., 2000).  

 

Unlike other LOXs, 5-LOX requires the presence of 5-LOX activating protein (FLAP) for 

5-HETE synthesis in vivo. FLAP is a member of the MAPEG (Membrane-Associated 

Proteins in Eicosanoid and Glutathione metabolism) superfamily, which is attached to the 

nuclear envelope. FLAP has been shown to exist as a trimer, creating a binding pocket that 

allows AA to laterally diffuse into the protein complex from the membrane (Ferguson et 

al., 2007). The cytosolic loops of FLAP interact with the 5-LOX catalytic domain and 

transfer AA into the 5-LOX active site.  
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1.5.3.1.1.2. LOX expression in cardiovascular system 

Although 12/15-LOX was initially extracted from porcine leukocytes (Yokoyama et al., 

1986), its tissue expression is relatively wide, including the adrenal gland, the brain, and 

the kidneys (Watanabe et al., 1993; Gu et al., 1994; Katoh et al., 1994). Significant 

amounts of 12/15-LOX mRNA were also detected in rat spleen, aorta, lung and leukocytes 

(Hada et al., 1994). In endothelial cells, the basal level of 12/15-LOX is required for serum-

stimulated endothelial cell proliferation and for the binding of the minimally modified low-

density lipoprotein-induced monocyte to endothelial cells (Tang et al., 1995; Honda et al., 

1999). Although the expression of 12/15-LOX in heart tissue is relatively low compared 

with the blood vessels, the induced 12/15-LOX activities in heart were 4 times greater than 

that in reticulocytes, the previously known richest source of this enzyme (Bailey et al., 

1995). Furthermore, the 5-LOX mRNA content was significantly greater in the heart 

compared to the brain in mice (Dzitoyeva et al., 2009). The induction of LOX has been 

shown to play a major role in the pathogenesis of cardiovascular diseases (CVDs) including 

hypertension and atherosclerosis. Furthermore, a nonsynonymous polymorphism in 12-

LOX was shown to be associated with essential hypertension and urinary 12-HETE 

(Quintana et al., 2006). Polymorphism of 5-LOX has been reported to be related to the 

vulnerability of the carotid atherosclerosis plaques (Jin et al., 2010). The 5-LOX protein 

was prominantly expressed in arterial walls of patients burdened with various lesion stages 

of atherosclerosis (Spanbroek et al., 2003). 

 

1.5.3.1.2. CYP1B1  

1.5.3.1.2.1. Regulation and physiologic role of CYP1B1 enzyme 

CYP1B1, CYP-catalyzed bis-allylic oxidation (LOX-like reaction), also metabolizes AA 

to produce mid-chain HETEs (Choudhary et al., 2004). CYP1B1 is a monooxygenase 

enzyme that is involved in a number of cellular functions such as metabolism of 

xenobiotics (Walisser et al., 2005). The CYP1B1 gene was cloned in 1994 from 

tetrachloro-dibenzo-1/2-dioxin-treated human keratinocyte cells (Sutter et al., 1994). 

CYP1B1 is a cancer-correlated form of CYP which is basally expressed in extrahepatic 

tissues and is noticeably overexpressed in a vast majority of primary cancer cells 

(McFadyen et al., 2001a). The existence of CYP1B1 in cancer cells may be of importance 
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in the modulation of these cancers by chemotherapeutic agents (McFadyen et al., 2001b; 

Murray et al., 2001). In that, proteasomal degradation of the CYP1B1 enzyme may explain 

a high expression level of CYP1B1 in tumor tissues in comparison to normal tissue 

(Bandiera et al., 2005).  CYP1B1 has been shown to be responsible for the bioactivation 

of a variety of environmental carcinogens such as polycyclic aromatic hydrocarbons 

(PAHs) to epoxide and diol-epoxide intermediates (Shimada et al., 2004). Besides a 

transcriptional mechanism, CYP1B1 expression has been shown to be controlled by post-

translational mechanisms (Murray et al., 2001). Several studies has shown that the basal 

and inducible forms of CYP1B1 mRNA do not associate with the expression of AhR 

mRNA. Moreover, the Cyp1b1 mRNA and protein were constitutively expressed in Arnt-

deficient murine hepatoma cells compared to wild-type cells (Eltom et al., 1999).  These 

results proposed that perhaps other mechanisms are implicated in the regulation of 

CYP1B1, including an AhR-independent mechanism and/or post-transcriptional pathways. 

For instance, human CYP1B1 is post transcriptionally inhibited by miR-27b (Tsuchiya et 

al., 2006; Chuturgoon et al., 2014). Mechanistically, miR-27b suppresses the translation 

of CYP1B1 protein expression through a direct interaction of miR-27b miRNA-recognition 

elements within the 3′UTR of CYP1B1 mRNA (Tsuchiya et al., 2006; Yu et al., 2016). 

This interaction might explain a high expression level of CYP1B1 in AhR/ARNT-deficient 

tumor cells (Tsuchiya et al., 2006). Furthermore, overexpression of miR-200c has been 

reported to down regulate CYP1B1 enzyme and overcome the underlying resistance of 

renal cell cancer cells to docetaxel (Chang et al., 2015).  

 

Physiologically, CYP1B1 was found to be involved in fetal development because genetic 

polymorphisms of CYP1B1 are associated with primary congenital glaucoma (Vasiliou et 

al., 2008). This was supported by the finding that cyp1b1 knockout mice have 

demonstrated a structural defect in eyes suggesting a possible role of cyp1b1 in eye 

development (Libby et al., 2003). Though the precise role of CYP1B1 in glaucoma is still 

ambiguous, it has been hypothesized that CYP1B1 generates metabolites crucial for the 

remission and the progression of glaucoma (Vasiliou et al., 2008). For instance, CYP1B1 

metabolizes estradiol into 2-hydroxyestradiol and 4-hydroxyestradiol which may reduce 

intraocular pressure by maintaining blood flow to the optic nerve (Jansson et al., 2001; 
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Dewundara et al., 2016). On the other hand, the metabolism of AA and testosterone into 

12-HETE and 6β-hydroxytestosterone, respectively, may aggravate glaucoma through the 

increase in the intraocular pressure (Masferrer et al., 1990; Jansson et al., 2001; Vasiliou 

et al., 2008). While CYP1B1 is known to cause congenital glaucoma due to a structural 

defect in eyes, it has been postulated that CYP1B1 inhibition acutely or chronically in 

adults may not result in high ocular pressure and glaucoma (Zhao et al., 2015). 

 

CYP1B1 is also predominantly expressed in breast, ovaries and uterus and preferentially 

oxidizes a variety of procarcinogens, including polycyclic aromatic hydrocarbons and 17β-

estradiol (Sutter et al., 1994; Shimada et al., 1996). Oxidation of 17β-estradiol and estrone 

into 2/4-hydroxyestradiol, 2/4-hydroxyestrone, 16α-hydroxyestrone, and 16α-

hydroxyestradiol metabolites by CYP1B1 promotes the progression of breast and 

endometrial tumors (Hayes et al., 1996; Lee et al., 2003). The formation of the 

aforementioned metabolites is associated with the generation of highly reactive quinones 

and semiquinones which are mutagenic and cause DNA damage (Han et al., 1994; 

Newbold et al., 2000). Since the expression of CYP1B1 is higher in tumor tissues in 

comparison to the normal one (Murray et al., 1997), CYP1B1 has become a target for 

anticancer drugs (Gribben et al., 2005). In that, ZYC300, an anti-CYP1B1 specific for T 

cells, was used in phase I clinical trial to treat aggressive forms of cancers such as 

progressive metastatic multiple myeloma (Gribben et al., 2005).  

 

1.5.3.1.2.2. CYP1B1 expression in cardiovascular system 

CYP1B1 has been reported to be constitutively expressed in adult human heart at the 

mRNA level and in the human fetal ventricular cardiomyocyte, RL-14 cell line, at mRNA 

and protein levels (Choudhary et al., 2005; Maayah et al., 2015e). Furthermore, Cyp1b1 

mRNA is significantly expressed in the heart of both AhR-WT and -null adult mice heart 

representing about 13% of the total cardiac CYPs (Choudhary et al., 2003). In female 

NMRI mice heart, ethoxy resurofin O-deethylase (EROD) activity, the functional marker 

of Cyp1b1, was 8- and 180-fold lower than the lung and hepatic EROD activity, 

respectively (Granberg et al., 2000).  
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CYP1B1 has been shown to be constitutively expressed in vascular smooth muscle cells, 

retinal endothelial cells and coronary artery smooth muscle cells (Dubey et al., 2003; 

Conway et al., 2009; Tang et al., 2009). Although CYP1B1 is expressed in normal tissues 

and is constitutively active, the induction of CYP1B1 has been reported to play an 

important role in the pathogenesis of CVDs including ischemic heart diseases, myocardial 

infarction, hypertension, atherosclerosis, cardiac hypertrophy and heart failure (Korashy et 

al., 2006; Malik et al., 2012). Furthermore, CYP1B1 polymorphism was shown to play a 

role in the pathogenesis of heart diseases. In this regard, the hazard ratio for heart disease 

among non-smokers was 1.9 (95% confidence interval: 1.2-3.2) for CYP1B1*3 GG (19%) 

versus CC (32%) according to the Copenhagen City Heart Study (Kaur-Knudsen et al., 

2009) (Table 1.1).  

 

Table 1.1. The expression of CYP1B1 in the cardiovascular system 

 

 

 

Species Tissue/Segemnt/Cell CYP1B1 References 

 

Human  

 

Adult heart 

 

 

mRNA  

Protein 

 

(Choudhary et 

al., 2005) 

    

Mouse WT adult heart  

AhR-null adult heart 

mRNA (Choudhary et 

al., 2003) 

    

Mouse Female NMRI mice heart EROD (Granberg et 

al., 2000) 

    

Human Coronary artery smooth muscle cells   Protein   (Dubey et al., 

2003) 

 

Human 

 

Vascular smooth muscle cells 

 

mRNA 

Protein 

 

 

(Conway et 

al. 2009) 

    

    

Mouse Retinal endothelial cells 

 

mRNA  (Tang et al. 

2009) 
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1.5.3.2. Metabolism of mid-chain HETEs 

1.5.3.2.1. 5-HETE    

5-HETE is metabolized by acyltransferase-dependent acylation into cellular phospholipids 

and glycerides (Stenson et al., 1979; O'Flaherty et al., 1986; Arai et al., 1997). The enzyme 

5-hydroxyicosanoid dehydrogenase (5-HEDH) converts 5-HETE into its 5-keto analog, 5-

oxo-6E,8Z,11Z,14Z-eicosatetraenoate (5-oxo-ETE, 5-oxoETE) (Powell et al., 1992). 

CYP4F2 and CYP4F3 oxidize 5-HETE to 5,20-dihydroxyETE ( 5,20-diHETE ) 

(O'Flaherty et al., 1986; Kikuta et al., 1998; Kikuta et al., 2000). 12-LOX metabolizes 5-

HETE to 5,12-diHETE whereas, COX-2 further metabolizes 5-HETE into its 

corresponding degradation products, 5-(S),11(R)-diHETE and 5-(S),15(R)-diHETE 

(Borgeat et al., 1981; Mulugeta et al., 2010; Tejera et al., 2012).  

 

1.5.3.2.2. 12-HETE    

12-HETE is metabolized to 12-oxo-ETE by microsomal NAD+-dependent 12-

hydroxyeicosanoid dehdrogenase in porcine polymophonuclear leukocytes (Powell et al., 

2015). 12-Oxo-ETE is further metabolized in porcine neutrophils by the NADH-dependent 

cytosolic enzyme, 12-oxoeicosanoid Δ10-reductase, to 12-oxo-6,8,14-eicosatrienoic acid 

(12-oxo-ETrE; i.e. 10,11-dihydro-12-oxo-ETE) (Powell et al., 2015). CYP4F2 and 

CYP4F3 oxidize 12-HETE to 12,20-dihydroxyETE (12,20-diHETE) (Marcus et al., 1984; 

Kikuta et al., 1998; Kikuta et al., 2000). Tetranor-12-HETE is the major β-oxidation 

product resulting from peroxisomal metabolism of 12-HETE in numerous tissues including 

vascular smooth muscle cells (Lacape et al., 1992). 12-HETE released from platelets is 

converted into 5, 12-dihydroxy-(E,Z,E,Z)-6,8,10,14-eicosatetraenoic acid [5, 12-DHETE] 

by the 5-lipoxygenase in Ca2+-ionophorestimulated neutrophils (Marcus et al., 1982).  

 

1.5.3.2.3. 15-HETE    

15-HETE is oxidized into its keto analog, 15-oxo-ETE by NAD+-dependent 15-

hydroxyprostaglandin dehydrogenase. 15-oxo-ETE is similar to 15-HETE in that its 

product can be converted to 13-cysteinyl-glycyl-glutamyl and then 13-cysteinyl-glycine 

products (Bergholte et al., 1987; Hammond et al., 2012). 5-LOX oxidizes 15-HETE to 

form its 5,6-trans epoxide derivative which may then rearrange to the lipoxins (LX), LXA4 
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and LXB4 or to 5,15-dihydroperoxy-6E,8Z,11Z,13E-eicosatetraenoate (5,15-diHETE) 

(Serhan, 2005). 15-HETE may be also acylated into membrane phospholipids, particularly 

phosphatidylinositol and phosphatidylethanolamine (Brezinski et al., 1990; Brinckmann et 

al., 1998; Maskrey et al., 2007; Thomas et al., 2010). The phosphatidylethanolamine-

bound 15-HETE may be then metabolized to phosphatidylethanolamine-bound 15-oxo-

ETE (Hammond et al., 2012).  

 

1.5.3.3. Mid-chain HETEs and their role in cardiovascular diseases 

1.5.3.3.1. The role of mid-chain HETEs in the vasculature   

Prior to explaining the role of mid-chain HETEs in the pathogenesis of hypertension, it is 

imperative to discuss the vasoactive functions of these metabolites. Increased formation of 

mid-chain HETE metabolites by the biological agents involved in cardiovascular 

dysfunction has been reported in vascular smooth muscle cells, endothelial cells, and 

monocytes (Conrad et al., 1992; Natarajan et al., 1993; Natarajan et al., 1996; Patricia et 

al., 1999). Mid-chain HETEs have direct effects like chemotaxis, changes in vascular tone 

and production of vascular endothelial growth factor, a potent angiogenic agent (Nakao et 

al., 1982; Stern et al., 1989; Tang et al., 1995; Honda et al., 1999). Mid-chain HETEs have 

been shown to exhibit direct mitogenic effects and to increase the levels of the key 

extracellular matrix protein fibronectin in vascular smooth muscle cells (Natarajan et al., 

1994). Furthermore, they also mediate the hypertrophic effect of Ang II and have a direct 

hypertrophic effect on vascular smooth muscle cells (Reddy et al., 2002; Zhang et al., 

2014).  

 

 The role of 5- and 15-HETEs as vasoactive monohydroxyeicosatetraenoic acids have been 

investigated on the pulmonary artery of isolated perfused lung (Burhop et al., 1988). It has 

been shown that 5- and 15-HETEs were able to induce pulmonary vasoconstriction, lung 

vascular permeability and edema (Burhop et al., 1988). 15-HETE mediates hypoxia-

induced pulmonary vascular medial thickening, intimal endothelial cells migration and 

angiogenesis (Ma et al., 2011; Shen et al., 2013). Mechanistically, 15-HETE controlled the 

cell cycle progression from the G0/G1 phase to the G2/M+S phase and induced the 

microtubule formation in cell nucleus (Ma et al., 2011). The effect of 15-HETE was 
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mediated via Rho-kinase pathway (ROCK) (Ma et al., 2010). The prominence of ROCK 

in chronic hypoxic pulmonary hypertension is emphasized because of its potential role in 

maintaining vasoconstriction and the vascular wall cell proliferation (Kroll et al., 2009).  

 

The vasoactive effects of 12-HETE have been investigated on isolated perfused canine 

renal arcuate arteries using videomicroscopy (Ma et al., 1991). 12-HETE was found to act 

as a vasoconstrictor in small renal arteries since it reduced vascular diameter by 63 um 

(from 306 um), which was 37% of the maximal vasoconstrictor response to norepinephrine 

(Ma et al., 1991; Yiu et al., 2003). Mechanistically, the vasoconstrictor response induced 

by 12-HETE was associated with depolarization of vascular smooth muscles. In addition, 

12-HETE is an inhibitor of  the Na+-K+-ATPase in the corneal epithelium (Schwartzman 

et al., 1987; Masferrer et al., 1990) and the kidney (Masferrer et al., 1990). Furthermore, 

the incubation of renal arteries obtained from ischemic kidneys with nordihydroguaiaretic 

acid (NDGA), a LOX inhibitor, showed no effect on the formation of 12-HETE suggesting 

that the 12-HETE formed by renal arteries may be produced by the LOX pathway-

independent mechanism (Ma et al., 1991). In agreement with this suggestion, it has been 

demonstrated that inhibitors of CYP diminish the myogenic echo of dog renal arcuate 

arteries (Kauser et al., 1991). The L-type calcium channel may be also involved in 12-

HETE-mediated vasoconstriction in renal blood vessels. In that, the vasoconstrictive effect 

of 12-HETE was abolished during L-type calcium channel inhibition (Yiu et al., 2003). 

Renal myocyte Ca2+ response following exposure to 12-HETE was greatly reduced in the 

absence of extracellular Ca2+ or calcium channel blockade, implying it as an important 

mechanism responsible for the afferent arteriolar vasoconstriction stimulated by 12-HETE 

(Yiu et al., 2003). 

 

1.5.3.3.3. The role of mid-chain HETEs in the pathogenesis of hypertension    

Hypertension is a powerful risk factor for heart disease in which the force of the blood 

against arterial walls is high enough to cause adverse effects, such as cardiac hypertrophy, 

acute myocardial infraction, stroke and coronary artery disease (Vakili et al., 2001; 

Chaturvedi, 2004; DiNicolantonio et al., 2015). Accumulating data provides convincing 

evidence that mid-chain HETEs are involved in the development of hypertension, in that, 
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the generation of mid-chain HETEs was shown to be increased in patients with essential 

hypertension (Gonzalez-Nunez et al., 2001; Dolegowska et al., 2009). This generation 

suggests a role for these metabolites in the pathogenesis of essential hypertension.  

 

Experimentally, mice lacking macrophage 12/15-LOX have been reported to be resistant 

to both N(G)-nitro-L-arginine-methyl ester (L-NAME)- and deoxycorticosterone 

acetate/high-salt-induced hypertension (Kriska et al., 2012). Furthermore, 12-HETE 

participates in Ang II-induced hypertension by the modulation of Ang II–induced 

aldosterone secretion. In this regards, BW755c, a non-selective LOX blocker, inhibited the 

Ang II-stimulated level of aldosterone in a dose-dependent manner (Nadler et al., 1987). 

The specific role of 12-HETE is supported by the following findings, first; Ang II-induces 

12-HETE production in adrenal glomerulosa cells; second: the inability of BW755c to 

block the binding of Ang II with its receptor, suggesting an AT-I receptor-independent 

mechanism; and third: the addition of 12-HETE and 12-HPETE restores the Ang II 

stimulatory effects during LOX inhibition (Nadler et al., 1987).  

 

The above observations support the fact that that the 12-HETE formation may be an 

obligatory step in Ang-II control of aldosterone secretion. Moreover, it raises a question of 

whether or not 12-HETE is a mediator of the Ang II effect in vascular tissue parallel to its 

effect in the adrenal cortex. This hypothesis was confirmed by a previous study which 

investigated the potential role of 12-HETE in the vasculature in an Ang II-dependent model 

of hypertension. In that, the two-kidney, one-clip (2K, lC) Goldblatt hypertensive rat was 

used as a model since it is primarily dependent on the renin-Ang system (Freeman et al., 

1977; DeForrest et al., 1982). Acute and chronic administration of phenidone, a non-

selective LOX inhibitor, prevents the development of hypertension in this model (Nozawa 

et al., 1990). The antihypertensive effect of phenidone was accompanied by a suppression 

of 12-HETE formation produced by aortic segments in the 2K, 1C rats (Nozawa et al., 

1990). In agreement with the above findings, it has been shown that 12-HETE potentiates 

the Ang II-induced pressor response (Takai et al., 2001). In addition, renal microvascular 

12-HETE formation has been reported to be increased in response to Ang II-induced renal 

vasoconstriction (Yiu et al., 2003). Inhibiting the formation of 12-HETE markedly 
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attenuated the in vitro contractile response to Ang II of femoral artery rings parallel with 

lowering the pressor effect in vivo (Stern et al., 1989). The previous studies supported the 

fact that the formation of 12-HETE in vascular tissue may mediate, at least in part, the 

vasoconstrictor actions of Ang II.  

 

The mechanism by which the inhibition of 12-HETE formation attenuates the rise in blood 

pressure produced by Ang II has been investigated by studying the changes in cytosolic 

calcium using the fluorescent dye fura-2  in cultured rat vascular smooth muscle cells (Saito 

et al., 1992). In that model, baicalein and 5,8,11-eicosatriynoic acid, 12-LOX inhibitors, 

repressed Ang II-induced increase in cytosolic calcium in both normal and calcium-poor 

buffer (Saito et al., 1992). The addition of 12-HETE alone to the cells had no acute effect 

on intracellular calcium concentration. However, the addition of 12-HETE restored the 

initial calcium response to Ang II in vascular smooth muscle cells pretreated with LOX 

inhibitors. 12-HETE, by increasing Ang II-induced cytosolic calcium in vascular tissue, 

may enhance pressor induced vascular reactivity (Sasaki et al., 1997). Furthermore, 5,8,11-

eicosatriynoic acid, a 12-HETE formation inhibitor, repressed vasopressin and endothelin-

stimulated induction of the intracellular calcium (Saito et al., 1992). Taken together, 12-

HETE may participate in the contractile actions of Ang II through modulation of the 

intracellular calcium in vascular smooth muscle cells.   

 

Spontaneously hypertensive rats (SHR), often with the Wistar Kyoto rat as the 

normotensive control, is the most commonly used model of hypertension, with over 5000 

Pubmed references in the last 10 years. The importance of this model comes from the 

following factors; first, it is clinically relevant; second, it has uniform polygenetic 

disposition and excitatory factors; and third, it lacks inter-individual variation 

(Lindpaintner et al., 1992). Accordingly, the modulation in the formation of mid-chain 

HETEs using this model would reflect, at least in part, their importance in the pathogenesis 

of essential hypertension.  

 

The association between the formation of 12-HETE and intra-arterial blood pressure in 

SHR and Wistar-Kyoto rats has been investigated using both a cross-sectional analysis and 
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an acute pharmacological intervention (Stern et al., 1996; Sasaki et al., 1997). 12-HETE 

production was substantially induced in SHR compared with Wistar-Kyoto rats. An overall 

linear correlation between 12-HETE and systolic pressure suggested a positive relationship 

between systolic arterial pressure and the formation of 12-HETE (Stern et al., 1996). This 

is consistent with the finding that specific 12-LOX inhibitors, cinnamyl-3,4-

dihydroxycyanocinnamate and 5,8,11-eicosatriynoic acid, significantly provoked a 

noticeable hypotensive effect in SHR but not in Wistar-Kyoto rats (Stern et al., 1996; 

Sasaki et al., 1997). This reduction in arterial pressure was accompanied by a clear 

inhibition in 12-HETE formation in both serum and aortic smooth muscle, suggesting an 

important role of 12-HETE in the pathogenesis of elevated arterial blood pressure in SHR.  

 

Both 5- and 15-HETEs have also been reported to play role in the development of 

hypertension. In that respect, the formation of 5- and 15-HETEs was markedly increased 

in SHR (Koeners et al., 2011). Treatment of spontaneously hypertensive female rats with 

12-(3-adamantan-1-yl-ureido)-dodecanoic acid during the perinatal phase was associated 

with a significant decrease in the formation of 5- and 15-HETE suggesting, an important 

role of these HETEs in the pathogenesis of hypertension (Koeners et al., 2011). The 

importance of 15-HETE as a potential mediator of hypertension is highlighted by its high 

formation level in placentae from pregnancies complicated by pregnancy-induced 

hypertension compared with gestation-matched controls (Mitchell et al., 1991). 

Mechanistically, 15-HETE and its hydroperoxy precursor inhibited prostacyclin 

biosynthesis, which may contribute to the pathological sequelae of pregnancy-induced 

hypertension (Mitchell et al., 1991). 

 

1.5.3.3.4. The role of mid-chain HETEs in the pathogenesis of cardiac hypertrophy 

Several lines of evidence support the role of mid-chain HETEs in the development of 

cardiac hypertrophy, in that the formation of mid-chain HETEs was shown to increase 

during pressure overload-induced cardiac hypertrophy (El-Sherbeni et al., 2014a). The 

importance of descending aortic constriction (DAC) as a model of cardiac hypertrophy is 

pronounced since it is more clinically relevant as the cardiac hypertrophy develops over a 

relatively longer period of time (Patten et al., 2009). Of particular interest in the 
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aforementioned model, the generation of mid-chain HETEs was accompanied by the 

induction of CYP1B1 protein expression levels, implicating CYP1B1 enzyme as a crucial 

generator of mid-chain HETEs. The role of CYP1B1 in the formation of mid-chain HETEs 

was further confirmed by the ability of the recombinant CYP1B1 enzyme to catalyze the 

formation of mid-chain HETEs (Choudhary et al., 2004; El-Sherbeni et al., 2014a).  

 

The overexpression of 12-LOX in cardiac fibroblast cells was used as a model to 

investigate the hypertrophic effect of 12-HETE (Wen et al., 2003). The significance of this 

model lies in the fact that the growth of fibroblast cells and their concomitant deposition 

of extracellular matrix protein is one of the characteristic of cardiac fibrosis (Lal et al., 

2014). The previous detrimental effects account for the abnormal myocardial stiffness and 

ultimate ventricular dysfunction that is seen in many forms of pathogenic cardiac 

hypertrophy (Souders et al., 2009). The expressed 12-LOX enzyme was functionally intact 

after transfection since overexpressed 12-LOX cardiac fibroblasts showed a higher level 

of 12-HETE in comparison to control cells. Overexpression of 12-LOX induced cell 

[(3)H]leucine and [(3)H]thymidine incorporation, cell protein content, fibronectin content, 

collagen protein expression and enlargement of cell size compared with that of mock-

transfected cells (Wen et al., 2001). 12-LOX overexpression leads to morphologic 

evidence of cellular hypertrophy in rat cardiac fibroblasts. This is supported by cell 

morphologic examination using hematoxylin and eosin (H & E) staining. This 

demonstrated that long axis of nuclei and the mean number of nucleoli of 12-LOX-

transfected cells was significantly higher than mock-transfected cells (Wen et al., 2001; 

Wen et al., 2003).  

 

15-HETE has been shown to increase the sensitivity of the ISO-mediated β-adrenergic 

response in cardiomyocytes and has been proposed to be implicated in heart failure by 

induction of cardiac fibrosis (Wallukat et al., 1994; Levick et al., 2007; Kayama et al., 

2009; Zhang et al., 2014). Furthermore, it has been shown that norepinephrine induced its 

hypertrophic effect through the induction of 12- and 15-HETE (Parmentier et al., 2001). 

Mechanistically, 15-HETE is markedly incorporated into the cellular phosphatidylinositol 

pool. The 15-HETE-containing phosphatidylinositols may then be converted to 15-HETE-
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substituted diacylglycerol. This diacylglycerol species may in turn modulate a PKC 

(Wallukat et al., 1994). 15-HETE also induced adventitia fibrosis and fibroblast phenotypic 

alterations which depended on signaling of the transforming growth factor-β1 (Zhang et 

al., 2014). The above observation comes in agreement with a previous finding which 

illustrated that baicalein, a 12/15LOX inhibitor, attenuated myocardial fibrosis in 

spontaneously hypertensive rats (Kong et al., 2011). Moreover, the 12/15 LOX inhibitors, 

baicalein and wogonin, have been reported to suppress collagen deposition in response to 

Ang II (Kong et al., 2010).  

 

5-HETE has been shown to participate in the pathogenesis of Ang-II-induced hypertrophy 

(Revermann et al., 2011), in that LP105, a 5-LOX blocker, inhibited Ang-II-induced 

hypertrophy in ApoE-/- mice. This was manifested by the ability of LP105 to show a lower 

heart rate, a trend towards reduced heart to body weight ratio and it significant prevention 

of the increase in aortic weight and diameter mediated by Ang II (Revermann et al., 2011). 

Furthermore, selenium was reported to reduce diabetic cardiac hypertrophy through down 

regulation of 5-LOX and its corresponding metabolite, 5-HETE (Dhanya et al., 2014).  

 

1.5.3.3.4. The role of mid-chain HETEs in the pathogenesis of Heart failure and 

Cardiomyopathy 

The role of mid-chain HETEs is not restricted to cardiac hypertrophy but also involved in 

the development of cardiac dysfunction and heart failure. It has been reported that 12- and 

15-HETEs were markedly up-regulated in heart failure (Kayama et al., 2009). The role of 

12- and 15-HETEs in the pathogenesis of heart failure was investigated in transgenic mice 

overexpressing 12/15-LOX in cardiomyocytes. The overexpression of 12/15-LOX and its 

corresponding 12- and 15-HETE metabolites was able to induce systolic dysfunction, 

infiltration of macrophages, up-regulation of monocyte chemoattractant protein 1 and 

cardiac fibrosis (Kayama et al., 2009). In HL-1 mouse cardiac myocytes, 12-HETE 

increased intramitochondrial calcium and mitochondrial NO, and induced apoptosis 

(Nazarewicz et al., 2007). Furthermore, treatment of cardiac fibroblasts and endothelial 

cells with 12-HETE significantly induced the expression of monocyte chemoattractant 

protein 1. On the other hand, disruption of 12/15-LOX significantly inhibited cardiac 
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monocyte chemoattractant protein 1 expression, macrophage infiltration and restored 

systolic dysfunction induced by chronic pressure overload (Kayama et al., 2009).  

 

12- and 15-HETE were also implicated in the development of diabetic cardiomyopathy. 

Treatment of mice with streptozotocin, a well-known diabetes inducer, up-regulated the 

expression of 5-LOX and 12/15-LOX and its corresponding AA metabolites, 12- and 15-

HETEs as well as inducing cardiac dysfunction and fibrosis (Kumar et al., 2013; Suzuki et 

al., 2015). Interestingly, disruption of 12/15-LOX significantly inhibited the induction of 

TNF-α, nuclear factor kappa B (NF-κB), ROS and eventually attenuated streptozotocin-

induced cardiac dysfunction and fibrosis (Suzuki et al., 2015).  

 

In vitro, neonatal cultured cardiomyocytes incubated with high glucose conditions 

illustrated a high expression of 12/15-LOX enzyme. The increase in the expression level 

of 12/15LOX was associated with an induction of TNF-α, NF-κB, and collagen markers. 

Of interest, 12/15-LOX inhibitor was able to reduce the induction of the aforementioned 

inflammatory markers implying the role of 12- and 15-HETE in the development of 

diabetic cardiomyopathy (Suzuki et al., 2015). Tables 1.2 and 1.3 summarize the effect and 

the role of mid-chain HETEs in the development of CVDs.  
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Table 1.2. Pathological roles of mid-chain HETEs on CVS 

 

 

 

 

 

 

 

 

 

 

Species Tissue/Segemnt/Cell HETE Effect References 

 

Guinea 

Pig 

Rat  

 

Isolated perfused lung 

Pulmonary artery 

smooth muscle   

 

5-HETE 

15-HETE 

 

Vasoconstriction 

Hypertrophy 

 

(Burhop et al., 

1988; Ma et al., 

2011; Shen et al., 

2013) 

     

Dog 

Rat 

Small renal arterties 12-HETE Vasoconstriction (Ma et al., 1991; 

Yiu et al., 2003) 

     

Mouse Cardiac fibroblast 

cells 

12-HETE hypertrophy (Wen et al., 2003) 

     

Rat Cardiomyocytes  15-HETE Supersensitivity 

to β-adrenergic 

agonists   

(Wallukat et al., 

1994) 

     

Mouse Cardiac fibroblast 

cells 

Endothelial cells 

12-HETE monocyte 

chemoattractant 

protein 1 

induction 

(Kayama et al., 

2009) 

     

Rat Adrenal glomerulosa 

cells  

 

12-HETE Ang-II induced 

aldosterone 

secretion 

(Nadler et al., 

1987) 
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Table 1.3. The generation of mid-chain HETEs during hypertension and cardiac hypertrophy 

 

 

 

 

Species Disease Model HETE References 

 

Rat 

 

 

Hypertension 

   

 

Two-kidney, 

one-clip (2K, 

lC) Goldblatt 

 

12-HETE 

 

(Nozawa et al., 1990) 

     

Rat Hypertension Spontaneously 

hypertensive 

rats 

5-HETE 

12-HETE 

15-HETE 

(Stern et al., 1996; 

Sasaki et al., 1997; 

Koeners et al., 2011) 

     

Rat Cardiac 

hypertrophy 

Descending 

aortic 

constriction 

5-HETE 

12-HETE 

15-HETE 

(El-Sherbeni et al., 

2014a) 

     

Mouse Heart failure  Transgenic 

mice 

12-HETE 

15-HETE   

(Kayama et al., 2009) 

     

Mouse Diabetic 

cardiomyopathy 

Streptozotocin 12-HETE 

15-HETE 

(Kumar et al., 2013; 

Suzuki et al., 2015) 

     

Mouse Hypertension-

induced-renal 

dysfunction 

Ang II 12-HETE (Jennings et al., 

2012b) 

     

Human Essential 

hypertension 

Patients  12-HETE 

5-HETE 

(Gonzalez-Nunez et 

al., 2001; Dolegowska 

et al., 2009) 
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1.5.3.4. Molecular mechanism of mid-chain HETEs action 

Understanding the mechanism by which mid-chain HETEs are involved in cardiac 

hypertrophy and myopathy could be a critical issue in cardiac homeostasis. However, these 

molecular mechanisms have not been fully elucidated, and no precise cellular receptors for 

mid-chain HETEs have been identified yet. Importantly, some potential pathways, such as 

PKC, MAPK and NF-κB, by which these AA metabolites may stimulate cellular growth 

and hypertrophy have been explored. PKC, MAPK and NF-kB are pivotal to this process 

as central mediators of cardiac remodeling in response to injury and/or cardiac wall stress. 

Therefore, it is necessary to discuss the role of mid-chain HETEs on each pathways.  

 

Figure 1.3. Molecular Mechanism of mid-chain HETEs. Mid-chain HETEs bind to G-

protein coupled receptor 31 (GPCR), induce GTPγS coupling and activate PKC. The 

activated PKC phosphorylates MAPK signaling cascade components, ERK, JNKs and p38. 

Phosphorylated MAPK then stimulate NF-κB binding to its responsive element sequences, 

κB, to initiate target gene transcription that is involved in cardiac hypertrophy. 
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1.5.3.4.1. MAPK  

Mid-chain HETEs were shown to induce cell growth in cancer and cardiac fibroblast cells 

through the ERK1/2 signaling pathway (Szekeres et al., 2000; O'Flaherty et al., 2002; Lu 

et al., 2006a; Guo et al., 2011a; Garcia-Verdugo et al., 2012; Cabral et al., 2013; Kang et 

al., 2013; Song et al., 2015b). Norepinephrine has been reported to stimulate cytosolic 

phospholipase A(2)-dependent phospholipase D(2) through mid-chain HETEs via the ERK 

pathway by a mechanism involving tyrosine phosphorylation of phospholipase D(2) in 

rabbit vascular smooth muscle (Parmentier et al., 2001). Furthermore, it has been shown 

that Ang II induced cellular hypertrophy in H9c2 cells through ERK1/2 but not p38 or JNK 

(Zong et al., 2013). Of particular interest in this study, baicalein, 12/15 LOX inhibitor, 

blocked the cellular hypertrophic effect of Ang-II through the ERK1/2 signaling pathway 

(Zong et al., 2013). The effect of mid-chain HETEs is not restricted only to ERK1/2 but 

also involves the activation of the p38 pathway. In that, 12-HETE has been shown to induce 

hypertrophy in cardiac fibroblasts through the p38 signaling pathway (Wen et al., 2003). 

Furthermore, treatment of porcine vascular smooth muscle cells with 12-HETE led to 

hypertrophy through the activation of Ras and p38 MAPK (Reddy et al., 2002). Inhibition 

of p38 using SB202190 significantly blocked the hypertrophy induced by 12-HETE in both 

cardiac fibroblast and porcine vascular smooth muscle cells, suggesting an important role 

of p38 in 12-HETE induced cellular hypertrophy (Reddy et al., 2002; Wen et al., 2003). 

Ang II also induced protein synthesis and hypertrophy in rat vascular smooth muscle 

through mid-chain HETEs/p38 signaling pathways (Yaghini et al., 2007). Moreover, 12- 

and 15-HETEs have been reported to augment AT-1 receptor and Ang II signaling through 

ERK and p38 signaling pathways (Xu et al., 2008).  

 

1.5.3.4.2. NF-κB 

Mid-chain HETEs have been reported to induce cell growth and angiogenesis through the 

NF-κB signaling pathway (Stoltz et al., 1996; Kandouz et al., 2003; Prato et al., 2010; 

Vonach et al., 2011). Viral vector-mediated 12/15-LOX overexpression in vascular smooth 

muscle cells stimulated the expression of NF-κB (Dwarakanath et al., 2008). Of particular 

interest in this study, mid-chain HETEs induced NF-κB through a MAPK dependent 

mechanism (Dwarakanath et al., 2008; Guo et al., 2011b). Inhibition of 12/15 LOX, 
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Baicalein, attenuates Ang II-Induced cardiac hypertrophy and fibrosis through the 

inhibition of ERK1/2 and NF-κB signaling pathways in mice (Wang et al., 2015).   

 

1.5.3.4.3. PKC  

It has been demonstrated that 12-HETE activates PKCα through GPCR-mediated 

hydrolysis of inositol phospholipids (Liu et al., 1995). Several studies also suggest that 12-

HETE activates the PKCα/ERK1/2 axis via an unidentified plasma membrane GPCR 

(Szekeres et al., 2000). Mechanistically, treatment with mid-chain HETEs, mainly 12-

HETE, specifically induces GTPγS coupling in membrane fractions of GPCR31-

transfected cells (Guo et al., 2011b). Furthermore, 12-HETE stimulated ERK1/2 and NF-

κB activation in GPR31-transfected cells. In contrast, there was no detectable ERK1/2 or 

NF-κB activation in 12-HETE-treated mock-transfected cells (Guo et al., 2011b). 

Furthermore, it has been shown that 12-HETE stimulates PKCα/ NF-κB axis in freshly 

isolated aortic endothelial cells (Bolick et al., 2005). 5- and 15-HETE has been shown to 

induce their pathological responses through a PKCα/MAPK signaling pathway (Rao et al., 

1994; Awasthi et al., 2001; Guo et al., 2009). In addition, 15-HETE specifically stimulates 

a signal transduction cascade leading to a supersensitivity of the cells toward β-adrenergic 

agonists, which involves the phosphatidylinositol cycle and a PKC (Wallukat et al., 1994). 

Figure 1.3 summarize the molecular mechanism of action of mid-chain HETEs.  

 

1.5.3.5. Mid-chain HETEs as promising drug targets 

As suggested in the previous discussions, inhibiting the formation of mid-chain HETEs can 

be achieved by suppressing both LOXs and CYP1B1 enzymes. In contrast to receptor 

blockade, suppression of these enzymes directly results in decreasing the formation of fatty 

acid metabolites with concomitant dampening of the associated inflammatory and 

hypertrophy activities that contribute to the pathogenesis of cardiovascular diseases.  

 

1.5.3.5.1 Flavonoids 

Baicalein, a low molecular weight 5,6,7-trihydroxyflavone isolated from Scutellaria 

baicalensis Georgy roots, is a key component of Chinese herbal medicine Scutellaria 
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species, commonly used to treat bacterial and viral infections and cardiovascular diseases 

in China (Li-Weber, 2009). Early studies conducted on rat platelets showed that baicalein 

exert potent inhibitory activity against 12/15-LOX in addition to CYP1B1 (Chan et al., 

2002; Deschamps et al., 2006). Baicalein exerts protective effects against I/R injury, 

hypertension and cardiac dysfunction in mouse or rat models (Li-Weber, 2009). Baicalein 

significantly attenuated Ang II-induced elevation of blood pressure, cardiac hypertrophy, 

and fibrosis. These beneficial effects were associated with inhibition of inflammation, 

oxidative stress, and multiple signaling pathways ERK1/2 and NF-κB (Wang et al., 2015). 

In addition to baicalein, the flavonoid luteolin, 3′, 4′, 5, 7-tetrahydroxyflavone, and a 

naturally occurring furocoumarin, imperatorin, exhibit anti-inflammatory and antioxidant 

activities (Abad et al., 2001; Lopez-Lazaro, 2009; Guo et al., 2012). Luteolin and 

imperatorin exert an inhibitory effect against both LOXs and CYP1B1 at nanomolar 

concentrations (Abad et al., 2001; Sadik et al., 2003; Kim et al., 2005; Mammen et al., 

2005). Recent study has demonstrated that luteolin protects against the progression of 

diabetes mellitus-induced cardiac dysfunction by the attenuation of myocardial oxidative 

stress (Wang et al., 2012). Imperatorin can attenuate cardiac hypertrophy both in vivo and 

in vitro and the progression of cardiac hypertrophy to heart failure (Zhang et al., 2012b). 

However, naturally occurring furocoumarin and flavonoid compounds are known to have 

poor bioavailability in that they are rapidly metabolized and excreted, which limits their 

uses clinically.  

 

1.5.3.5.2. Zileuton 

Zileuton [Leutrol, N-(1-benzo(b)-thien-2yl) ethyl-N-hydroxyurea] is a specific 5-LOX 

inhibitor that was developed by Abbott (Carter et al., 1991). Zileuton apparently inhibits 

5-LOX via iron chelation but is lacking of 12- and 15-LOX inhibitory activity.  

Furthermore, it has an inhibitory activity against the CYP1 family (Wang et al., 2009). Of 

interest, the 5-HETE formation inhibitor, zileuton, has been shown to protect 

cardiomyocytes from H2O2-induced cytotoxicity which suggests its possible application as 

a potent therapeutic agent for the prevention of ischemia and heart failure (Kwak et al., 

2010).  

 



 

 
 

 
46 

 

Mid-chain HETEs probably produced by the CYP pathway might be involved in the 

mitogenesis and the regulation of cellular growth. This is supported by the finding that 

CYP inhibitors such as SKF-525A persuade a cell cycle delay and inhibit cellular 

hypertrophy whereas, LOX inhibitors such as NDGA have failed to produce such effects 

(Nieves et al., 2006). The inhibition of cellular growth in response to SKF-525A was 

associated with CYP inhibition and the subsequent impairment of mid-chain HETEs 

synthesis. Interestingly, exogenous addition of mid-chain HETEs reversed the effects of 

SKF-525A confirming an important role of CYP in the regulation of mid-chain HETEs 

(Nieves et al., 2006).  

 

1.5.3.5.3. TMS 

TMS, a methoxy derivative of resveratrol, is a potent and selective competitive inhibitor 

of CYP1B1 with an IC50 of 3 nM for ethoxyresorufin-O-deethylase and ∼90 nM for E2 4-

hydroxylation. Compared to other potent inhibitors such as α-naphthoflavone and 

resveratrol which are known CYP1 family inhibitors with no selectivity between CYP1B1 

and CYP1A2, TMS is ∼50- and 520-fold specific for inhibition of CYP1B1 in comparison 

to CYP1A1 and CYP1A2, respectively (Chun et al., 2001). Accordingly, TMS may help 

as a chemical scalpel for dissecting CYP1B1 activity from the overall activity of CYP1 

family members and LOX enzymes against the formation of mid-chain HETEs. In contrast 

to resveratrol, TMS is rapidly absorbed upon oral administration and has a long half-life, 

and high tissue distribution (Lin et al., 2010) making TMS a promising candidate to be 

used clinically.   

      TMS and Cyp1b1 gene disruption have been shown to reduce the formation of mid-

chain HETEs induced by Ang II (Jennings et al., 2012b). Of particular interest in this study, 

the levels of 12/15 LOX, Cyp4a, and Cyp4f protein were not changed in the Cyp1b1−/− 

mice suggesting a CYP1B1-specific production of mid-chain HETEs. TMS and Cyp1b1 

gene disruption also exert protective effects against Ang II-induced hypertension and 

associated cardiac hypertrophy, fibrosis, and inflammation (Jennings et al., 2010). 

Furthermore, they reversed deoxycorticosterone –salt-induced hypertension and cardiac 

and vascular hypertrophy and minimized renal dysfunction through the inhibition of 

reactive oxygen species (ROS) and MAPK (Sahan-Firat et al., 2010). TMS displays an 
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antihypertensive effect and inhibits its associated cardiovascular events in spontaneously 

hypertensive rats, primarily by inhibiting ROS, pro-inflammatory cytokines, 

catecholamines and MAPK (Jennings et al., 2014b). The cyp1b1 gene disruption was found 

to attenuate Ang-II-induced hypertension by inhibiting the formation of cyp1b1-dependent 

testosterone metabolites, 6β-hydroxytestosterone and 16α-hydroxytestosterone, in male 

mice (Pingili et al., 2015; Pingili et al., 2016).  

 

1.6. 2-Methoxyestradiol 

In contrast to the negative effects of the cardiotoxic metabolites generated by CYP1B1, 

CYP1B1 also has an important role in the formation of a cardioprotective metabolite, 2-

methoxyestradiol (2ME) (Jennings et al., 2014a). This is supported by a recent finding 

demonstrating that Ang-II caused oxidative stress, cardiovascular changes, endothelial 

dysfunction and enhanced vascular reactivity in cyp1b1(-/-) but not in cyp1b1(+/+) female 

mice (Jennings et al., 2014a). Furthermore, the cardiovascular remodeling induced by Ang-

II coincided with a dramatic diminution in the formation of 2ME in cyp1b1(-/-) mice 

establishing a 2ME-dependent mechanism. Moreover, when these mice were treated with 

2ME, the typical increase in blood pressure in cyp1b1(-/-) mice did not occur, suggesting 

that not only 2ME restored these knockout mice to normal levels, but also that 2ME may 

be a physiologically substantial metabolite at naturally occurring titers (Figure 1.4).  

      2ME is an endogenous metabolite of estradiol resulting from the sequential metabolism 

of estradiol to 2-hydroxyestradiol (2-HE) and 2-ME by CYP1B1 and catechol-O-

methyltransferase (COMT), respectively. Historically 2ME was contemplated an inactive 

metabolite and the effect of COMT was assumed to be an alternative pathway of estrogen 

elimination. Later, several studies have demonstrated that 2ME possesses cardioprotective 

activity by inhibiting vascular smooth muscle reactivity, reducing endothelin-1 levels, 

upregulating COX-2 and its associated prostacyclin production and inhibiting cardiac 

fibroblast migration and proliferation (Barchiesi et al., 2002; Barchiesi et al., 2010). In 

various animal models, these effects have resulted in a substantial decrease in the vascular 

hypertrophy and right ventricular remodeling, resulting in reduced disease progression and 

improved survival (Tofovic et al., 2010).  
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Figure 1.4. Formation of 2ME metabolite.   

2-ME results from the sequential metabolism of estradiol to 2-hydroxyestradiol (2-HE) 

and 2-ME by CYP1B1 and catechol-O-methyltransferase (COMT), respectively. 

 

Furthermore, 2ME displayed antihypertensive effects and inhibited its associated 

cardiovascular events such as coronary vascular remodeling in spontaneously hypertensive 

rats, obese ZSF1 rats and DOCA-induced hypertension (Tofovic et al., 2001; Bonacasa et 

al., 2008; Dubey et al., 2009; Yuan et al., 2013). Clinically, patients with preeclampsia 

have shown lower circulating levels of 2ME in comparison to controls. Of interest, the 

level of 2ME was inversely correlated with the value of blood pressure in these patients 

(Pertegal et al., 2015). 

 

Interestingly, 2ME was shown to exert a negative feedback effect on CYP1B1 catalytic 

activity (Dawling et al., 2003) and to inhibit the generation of highly reactive quinones and 

semiquinones associated with CYP1B1-mediated oxidation of 17β-estradiol (Dubey et al., 
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2009). Furthermore, 2ME attenuates TCDD-mediated oxidative stress through the 

inhibition of CYP1B1 and its associated reactive metabolites (Lavigne et al., 2001). Unlike 

TMS 2ME protects against Ang II-induced hypertension and oxidative stress in female 

mice (Jennings et al., 2014a). Furthermore, beneficial effects of 2ME seem to be equal in 

males and females alike as it has few or no feminizing effects (Dantas et al., 2006).   

 

The antimitogenic effect of estradiol in left ventricular cardiac fibroblast and coronary 

artery smooth muscle cells is credited to its metabolism by CYP1B1 to hydroxyestradiol 

followed by the conversion of hydroxyestradiol to more potent cardioprotective metabolite 

2ME by COMT (Dubey et al., 2003; Dubey et al., 2005). This finding was further 

reinforced by the observation that estradiol-mediated cardioprotection was abrogated by 

pyrene and OR486, a selective CYP1B1 and COMT inhibitor, respectively, while further 

augmented by 3-methylcholantherene, CYP1B1 inducer (Dubey et al., 2003; Dubey et al., 

2005). Exogenous and endogenous 2ME override the deleterious effects resulting from the 

oxidative metabolism of estrogen by CYP1B1 and its associated pathological 

consequences such as pulmonary hypertension and renal disease (Zhu et al., 1998; Dubey 

et al., 2009; Lindsey, 2014; Hood et al., 2016). Randomized clinical trial did not support 

the notion that estrogen depicts a protective effect against cardiovascular disease in 

postmenopausal women though animal observations have shown an opposite concept 

(Alhurani et al., 2016). This discrepancy is because 17β-estradiol is normally metabolized 

by CYP1B1 into beneficial and deleterious metabolites. Moreover, the observed protective 

effects of 17β-estradiol in animal models may not be translated in humans since animals 

are housed under controlled conditions while the human CYP1B1 enzyme could be 

affected by many factors such as, dietary factors, pollutants, drugs and smoking, which 

may disturb the ying-yang balance between the protective and toxic metabolites. In contrast 

to 2ME, the use of estrogen therapy is associated with the risk of cancer suggesting 2ME a 

good candidate for treating cardiovascular disease in postmenopausal women (Zhu et al., 

1998). The previous observations raise the question of whether or not 2ME could be used 

as an alternative for estrogen therapy. Since there is no report yet exploring the role of 2ME 

on postmenopausal symptoms, such as hot flushes, night sweats and urogenital dryness, 
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2ME cannot be considered a substitute for estrogen therapy. However, 2ME might have a 

beneficial effect when it is combined with existing estrogen therapy.  

 

1.6.1. Molecular mechanism of action of 2ME 

The molecular mechanisms by which 2ME exert its antiproliferative, anti-inflammatory 

and cardioprotective actions have not been fully elucidated and no precise cellular 

receptors for 2ME have yet been identified. However, some potential signaling pathways 

have been previously explored. Reportedly, 2ME suppresses hypoxia-inducible factor-1α 

nuclear accumulation and its associated transcriptional activity through the interaction with 

colchicine binding site and thereby disrupts and depolarizes microtubules which are 

required for hypoxia-inducible factor-1α transcriptional activity and cell proliferation 

(Mabjeesh et al., 2003). 2ME may act as agonist to G-protein–coupled estrogen receptor-

30 (GPR30) which modulates adenylate cyclase and cAMP in addition to down regulating 

Ang type 1 receptor (AT1 receptor) expression through a MAPK-dependent mechanism 

(Koganti et al., 2012; Broselid et al., 2014). Because 2ME has a structure similar to that of 

rosiglitazone, it may act as a PPARγ ligand (Chen et al., 2015). The previous notion is 

supported by the finding that silencing PPARγ blunted 2ME induced endothelial nitric 

oxide synthase (eNOS) and protein kinase B and it associated endothelial relaxation (Chen 

et al., 2015).  

 

1.6.2. Biotransformation of 2ME 

Phase I and II clinical trials have demonstrated negligible toxicities of 2ME even upon 

administration of large doses, suggesting 2ME is a well-tolerated compound (Sweeney et 

al., 2005; Dahut et al., 2006; James et al., 2007; Rajkumar et al., 2007). However, 

detrimental pharmacokinetic properties, i.e. its poor oral bioavailability and short half-life, 

are the key challenges in development of 2ME as a valuable medication (Verenich et al., 

2010). The low oral bioavailability of 2ME is due to extensive metabolic transformations 

rather than its poor absorption (Lakhani et al., 2007; Verenich et al., 2010). Structurally, 

2ME has two hydroxyl groups at the positions C-3 and C-17 and consequently, it is a likely 

substrate for UDP-glucuronosyltransferases (UGTs) which is believed to be major pathway 

of 2ME elimination (Ritter et al., 1990; Gall et al., 1999; Basu et al., 2004). Being a 
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substrate for ABC efflux transporters is not also excluded due to a structural similarity with 

estrogen (Schinkel et al., 2003). However, this could be overridden by diffusional 

permeability (Imai et al., 2002; Schinkel et al., 2003).   

      The undesirable pharmacokinetic properties of 2ME might be overcome by developing 

2ME analogs or altering 2ME delivery. Several approaches have been reported previously 

including improved formulations e.g. nanocrystal dispersion of 2ME (Tevaarwerk et al., 

2009). A sustained-release injection indicated for the treatment for pulmonary arterial 

hypertension has been recently developed as non-oral route of administration to reduce 

difficulties with the extensive first pass metabolism of 2ME (Dubey et al., 2007). Hydroxyl 

groups at the sites C-3 and C-17 of 2ME may be protected by combining 2ME with UGT 

inhibitors or glucuronidase activators (Murdter et al., 1997). Another approach that might 

be useful to improve the pharmacokinetic properties of 2ME is to replace the hydroxyl 

groups at the locations C-3 and C-17 with amine (NH2) groups or synthesize 2ME analogs. 

However, the development of more potent and stable 2ME analogs requires extensive 

efforts to recognize its precise functional receptor and transporters. 

 

1.7. Rationale, hypotheses and objectives  

1.7.1. Rationale  

HF is one of the most widespread and lethal forms of heart disease worldwide (Roger, 

2013). In Canada, it is estimated that 600,000 Canadians are living with HF and 50,000 

new cases are diagnosed every year (Tran et al., 2016). Despite early diagnosis and 

aggressive medical management, HF patients still have a poor prognosis, with an average 

annual mortality rate of 33% (Roger, 2013). Most HF patients have a history of 

hypertension and LV hypertrophy in addition to drug-induced cardiomyopathy (Gradman 

et al., 2006). Understanding the molecular basis of cardiac hypertrophy and drug-induced 

cardiomyopathy is an often ignored but significant facet for identifying the best treatment 

of the HF since cardiomyocyte hypertrophy and fibrosis are prerequisites for the 

development of HF and cardiomyopathy (Gradman et al., 2006). 

 

Mechanisms regulating cardiac hypertrophy and drug-induced cardiomayopathy have been 

the focus of intense investigation in recent years. Among these mechanisms, CYP enzymes 
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have been shown to play an important role in the regression or the progression of cardiac 

hypertrophy through the oxidation of AA into cardioprotective EETs and cardiotoxic 

HETEs (Zordoky et al., 2008). Of particular interest in the current study, CYP1B1 has been 

reported to contribute to the pathogenesis of cardiovascular diseases such as ischemic heart 

diseases, myocardial infarction, hypertension, atherosclerosis, cardiac hypertrophy, and 

heart failure (Korashy et al., 2006; Malik et al., 2012). 

 

The cardiotoxic role of CYP1B1 might be mediated through the metabolism of AA into 

mid-chain HETEs (Choudhary et al., 2004). Several studies have established the role of 

mid-chain HETEs, typified by 5-, 8-, 12-, and 15-HETE, in the development of 

cardiovascular diseases (Nozawa et al., 1990; Cyrus et al., 1999; Jenkins et al., 2009). 5- 

and 12-HETEs possess a broad spectrum of biological actions with potent effects on 

recruitment and activation of inflammatory effectors and the induction of cellular 

hypertrophy (Burhop et al., 1988; Wen et al., 2001; Wen et al., 2003). 15-HETE has been 

shown to increase the sensitivity to the ISO-mediated β-adrenergic response in 

cardiomyocytes and has been proposed to be implicated in heart failure by induction of 

cardiac fibrosis (Wallukat et al., 1994; Kayama et al., 2009). However, most of these 

previous studies were conducted on vascular smooth muscle, and none of them have 

utilized in vitro human cardiomyocytes to study the cardiac hypertrophic effect of mid-

chain HETEs.  

 

 An important nonischemic idiopathic HF cause is drug-induced cardiomyopathy. DOX is 

a broad-spectrum anthracycline antibiotic widely used to treat various types of human 

neoplastic disease (Minotti et al., 2004). Unfortunately, clinical usefulness of DOX is badly 

compromised by its cumulative cardiotoxicity leading to irreversible cardiomyopathy and 

congestive heart failure. The exact mechanism of DOX-induced cardiotoxicity and its 

progression to HF has not been fully elucidated yet and the role of mid-chain HETEs in 

DOX-induced cardiotoxicity has never been reported before and could not be ruled out. 

 

Cardiac hypertrophy is a well characterized predisposing factor to HF. ISO-induced cardiac 

hypertrophy is a reliable, reproducible, and well-characterized model as it mimics the 
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sustained sympathetic activation during maladaptive cardiac hypertrophy (Meszaros et al., 

1990; Althurwi et al., 2015; Maayah et al., 2015e). Several lines of evidence support the 

role of CYP1B1 and its associated mid-chain HETE metabolites in the development of 

cardiovascular diseases (Korashy et al., 2006; Malik et al., 2012). For example, the 

expression of CYP1B1 protein and the formation of mid-chain HETE metabolites were 

shown to be increased during pressure overload-induced cardiac hypertrophy (El-Sherbeni 

et al., 2014a). In addition, the induction of CYP1B1 has been demonstrated in the rat heart 

exposed to ISO and Ang-II and in the left ventricular tissue of spontaneously hypertensive 

rats (Thum et al., 2002; Zordoky et al., 2008; Jennings et al., 2012b). Taken together, the 

possibility that the inhibition of CYP1B1 and its associated mid-chain HETE metabolites 

would protect against cardiac hypertrophy induced by ISO has never been investigated 

before and could not be ruled out.  

      In contrast to the negative effects of the cardiotoxic metabolites generated by CYP1B1, 

CYP1B1 also has an important role in the formation of cardioprotective metabolites, 2-

methoxyestradiol (2ME) (Jennings et al., 2014a). This is supported by a recent finding 

demonstrating that Ang-II caused oxidative stress, cardiovascular changes, endothelial 

dysfunction and enhanced vascular reactivity in Cyp1b1(-/-) but not in Cyp1b1(+/+) female 

mice (Jennings et al., 2014a). Interestingly, 2ME was shown to exert a negative feedback 

effect on CYP1B1 catalytic activity (Dawling et al., 2003). However, whether 2ME would 

inhibit the formation of mid-chain HETEs and subsequently protect against left ventricular 

hypertrophy have never been examined before and needs further investigations 

(Tevaarwerk et al., 2009).  

 

1.7.2. Hypotheses  

1- The human ventricular cardiomyocyte RL-14 cell line expresses CYP isoenzymes 

constitutively like primary cells.  

2- Mid-chain (5-, 8-, 12-, 15-HETEs) are directly involved in the development of cardiac 

hypertrophy.  

3- The inhibition of mid-chain HETEs prevents the development of cardiac hypertrophy 

and DOX-induced HF.  
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1.7.3. Objectives  

1- To investigate CYP gene expression in RL-14 cells as compared to the primary cells.  

2- To determine the role of mid-chain HETEs in the development of cardiac hypertrophy 

in RL-14 cells.  

3- To examine the effect of mid-chain HETEs on cardiac hypertrophy signaling pathways 

such as NF-κB and MAPK in RL-14 cells.  

4- To determine whether inhibiting the formation of mid-chain HETEs confers 

cardioprotection against DOX-induced HF in vivo in rats and in vitro in RL-14 cells. 

5- To explore the role of CYP1B1 and its associated mid-chain HETE metabolites in the 

development of cardiac hypertrophy induced by ISO in vivo in rats and in vitro in RL-14 

cells. 

6- To investigate the effect of 2ME on pressure overload-induced left ventricular 

hypertrophy in vivo in rats. 
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CHAPTER 2. MATERIALS 

AND 

METHODS 
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2.1. Chemicals and Materials 

Adriamycin was obtained from Pfizer Central Research, Sandwich, Kent, UK whereas, 

TMS, zileuton, PD146176, 4-[[trans-4-[[(tricyclo[3.3.1.13,7]dec-1-

ylamino)carbonyl]amino]cyclohexyl]oxy]-benzoic acid (tAUCB),  2ME, 5-, 8-, 12- and 

15-HETE as well as the deuterated metabolites (internal standards), were purchased from 

Cayman Chemical (Ann Arbor, MI). The cDNA of adult human primary cardiomyocytes 

(HMCa) and fetal human primary cardiomyocytes (HMC) were used and purchased from 

Science Cell Research Laboratories (Montreal, QC). HMCa and HMC have been extracted 

from a single donor. TCDD, >99% pure, was purchased from Cambridge Isotope 

Laboratories (Woburn, MA). Dulbecco’s Modified Eagle’s Medium/F-12 (DMEM/F-12), 

goat IgG peroxidase secondary antibody, Ammonium pyrrolidine dithiocarbamate 

(PDTC), U0126, nicotinamide adenine dinucleotide phosphate tetrasodium (NADPH), 

4F11 mouse monoclonal primary antibody (C4868), 3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazoliumbromide (MTT), pyrrolidinedithiocarbamate (PDTC), U0126, and 

fenofibrate were purchased from Sigma Chemical Co. (St. Louis, MO). 100X Antibiotic–

antimycotic (10,000 units/ml of penicillin, 10,000 μg/ml of streptomycin, and 25 μg/ml of 

amphotericin B), fetal bovine serum (FBS) and TRIzol reagent was purchased from 

Invitrogen Co. (Grand Island, NY). Adult and fetal cDNA from human cardiac myocyte 

were purchased from Science Cell Research Laboratories (Montreal, QC). High Capacity 

cDNA Reverse Transcription kit and SYBR® Green PCR Master Mix were purchased 

from Applied Biosystems (Foster city, CA). Real-time PCR primers were synthesized by 

Integrated DNA Technologies Incorporation (San Diego, CA) according to previously 

published sequences. Nitrocellulose was purchased from Bio-Rad Laboratories (Hercules, 

CA). CYP1A1 rabbit polyclonal (sc-20772), CYP1B1 rabbit polyclonal (sc-32882), 5-

lipoxygenase (5-LOX) mouse monoclonal (sc-136195), 12-LOX rabbit polyclonal (sc-

32939), 15-LOX mouse monoclonal (sc-133085), cyclooxygenase-2 (COX-2) mouse 

monoclonal (sc-376861), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (sc 

47724) mouse monoclonal and β-actin mouse monoclonal (sc-8432) primary antibodies, 

anti-rabbit IgG peroxidase secondary antibody, CRISPR-CYP1B1 (sc-437275) in addition 

to siRNA against CYP1B1 (sc-44546) were purchased from Santa Cruz Biotechnology, 



 

 
 

 
57 

 

Inc. (Santa Cruz, CA). The anti-mouse IgG peroxidase secondary antibody was purchased 

from R&D Systems (Minneapolis, MN, USA). CYP 2B6 rabbit polyclonal (ab140609), 

CYP2C8 rabbit polyclonal (ab88904), CYP2C19 rabbit polyclonal (ab137015), CYP4F2 

rabbit polyclonal (ab125399), CYP2J2 mouse monoclonal (ab139160), EPHX2 mouse 

monoclonal (ab104299) primary antibodies in addition to phosphoTracer ERK1/2 

(pT202/Y204) (ab176640), p38 MAPK (pT180/Y182) (ab176649), JNK1/2/3 

(pT183/Y185) (ab176645) ELISA Kits were purchased from Abcam (Toronto, CA). NF-

κB Family EZ-TFA Transcription Factor Assay Chemiluminescent Kit was purchased 

from Millipore (Millipore, Schwalbach/Ts., Germany, #70-660). ECLTM 

Chemiluminescence western blot detection kits were obtained from GE Healthcare Life 

Sciences (Piscataway, NJ). Reagents used for liquid chromatographic-electrospray 

ionization-mass spectrometry (LC-ESI-MS) were at HPLC-grade. Acetonitrile and water 

(HPLC grade) were purchased from EM Scientific (Gibbstawn, NJ). All other chemicals 

were purchased from Fisher Scientific Co. (Toronto, ON).  

 

2.2. Cell culture  

Human cardiomyocyte RL-14 cells (American Type Cell Culture Patent Deposit 

Designation No. PTA-1499, Manassas, VA) were maintained in DMEM/F-12, with phenol 

red supplemented with 12.5% fetal bovine serum, 20 µM L-glutamine, 100 IU/ml penicillin 

G and 100 µg/ml streptomycin. Cells were grown in 75 cm2 tissue culture flasks at 37 °C 

under a 5% CO2 humidified environment (Davidson, 2007). In all experiments, the cells 

were washed with phosphate-buffered saline (PBS) and then treated for the indicated time 

intervals in serum-free media with test compounds as indicated.  

 

Rl-14 cells were authenticated by ATCC through the amplification of Seventeen short 

tandem repeat (STR) loci plus the gender determining locus, Amelogenin, using the 

commercially available PowerPlex® 18D Kit from Promega. The cell line sample was 

processed by the ABI Prism® 3500xl Genetic Analyzer. Data were analyzed via 

GeneMapper® ID-X v1.2 software (Applied Biosystems). STR profile showed that RL-14 

cells are human and identical to a RL-14 cell line already in the ATCC database and 
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correspond to that of the same stock of cells held in the patent collection but not a match 

for any other profile in the ATCC STR database. 

 

2.3. Chemical treatment  

For the determination of AA metabolites, RL-14 cells were seeded at a petri dish in flat 

bottom with low evaporation lid petri dish. For RNA assay, cells were grown in 12-well 

cell culture plates in a DMEM culture media. For protein assay, cells were seeded at a cell 

density of 1.5*106 cells/well in six-well cell culture plates, and plated at a cell density of 

7.5*104 cells/well in 96-well cell culture plates for CYP1B1 enzyme activity assay. Upon 

70-80% confluence (2-3 days), the cells were treated in serum-free media with mid-chain 

HETEs, DOX and ISO in the presence and absence of CYP and LOX inhibitors or 2ME. 

For experiments using signaling pathway modulators, RL-14 cells were pretreated for 

indicated time intervals in serum-free media with various chemical inhibitors prior to the 

addition of hypertrophic agents as indicated, wherever applicable. 

 

2.4. Measurement of cell viability 

The effect of the tested chemical on cell viability was determined by measuring the capacity 

of reducing enzymes in viable cells to convert 3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT) to formazan crystals as described previously (Liu et 

al., 1997; Maayah et al., 2013) . Briefly, the tested chemical was incubated in RL-14 cells 

for 24 hours in a 96-well plate at 37°C under a 5% CO2 humidified incubator. The medium 

was then removed and replaced with 100 μl of serum-free medium containing 1.2 mM of 

MTT dissolved in PBS, pH 7.2. The plate was then re-incubated at 37°C under a 5% CO2 

humidified incubator for 2 h. The medium was then decanted off by inverting the plate, 

and 100 μl of isopropyl alcohol was added to each well with shaking for 1 h to dissolve the 

formazan crystals. The color intensity in each well was measured at wavelength of 550 nm 

using a Synergy H1 hybrid multi-mode microplate reader (Biotek Instruments Inc., VT, 

USA).  

 

The level of LDH release was estimated by a commercially available kit (CytoTox- One 

kit, Promega). LDH is measured with a 15-min coupled enzymatic assay that results in the 



 

 
 

 
59 

 

conversion of resazurin into florescent resurofin. The fluorescence produced was then 

recorded with an excitation wavelength of 560 nm and an emission wavelength of 590 nm 

according to manufacturer's instructions (Promega) using a Synergy H1 hybrid multi-mode 

microplate reader (Biotek Instruments Inc., VT, USA). The amount of produced 

fluorescence is proportionate to the amount of LDH which was calculated relative to the 

control. 

 

2.5. Measurement of cell surface area and volume  

Relative changes in cell surface area, as an indicator for hypertrophy in response to 

treatments, were measured using phase contrast imaging, which was taken with a  Zeiss 

Axio Observer Z1 inverted microscope using the 20X objective lens as described 

previously (Zordoky et al., 2010b; Tse et al., 2013). Briefly, RL-14 cells were treated with 

test compounds for 24 h; thereafter, phase contrast images were taken with Zeiss Axio 

Observer Z1 inverted microscope using the 20X objective lens. Surface area was then 

quantified by imaging to the complete boundary of individual cells with Zeiss AxioVision 

Software (Carl Zeiss Imaging Solutions). Five different images have been taken and fifty 

cells were counted for each treatment group.  

 

Relative changes in cell volume, as an indicator of hypertrophy, were measured using a 

flow cytometer as described by Oyama et al. with slight modification (Oyama et al., 2009; 

Korashy et al., 2014). Briefly, RL-14 cells were treated for the indicated time periods with 

test compounds; thereafter, the medium was removed, and cells were washed with cold 

PBS before trypsinization. The collected cells were centrifuged at 1500 g for 5 min and 

then resuspended with 0.7 ml 10% BSA in PBS. Approximately, 104 cells were analyzed 

using a Beckman Coulter Quanta SC Flow Cytometer (Beckman Coulter, Inc., CA), and 

the Coulter electronic volume (EV) and side scatter (SS) were measured for each cell to 

determine the volume and granularity, respectively. Within control cells a gate was 

established that encompassed the upper 10% of cells by volume. This gate was defined as 

enlarged cells and the percent of cells falling into this gate was determined for DOX and 

TMS-treated cells.   
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2.6. Transfecting RL-14 cells with CYP1B1 siRNA 

RL-14 cells were plated onto 6-well cell culture plates. Each well of cells was transfected 

with CYP1B1 siRNA at the concentration of 25 nM using INTERFERin reagent according 

to manufacturer’s instructions (Polyplus). siRNA against CYP1B1 (SC-44546) was 

purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) The experimental 

medium was added to the cells after 48 hours of transfection, followed by ISO treatment 

(100 μM).  

  

2.7. Transfecting RL-14 cells with CYP1B1 CRISPR Activation Plasmid 

Cells were transiently transfected with CRISPR-CYP1B1 (sc-437275, Santa Cruz, CA) 

according to the manufacturer’s protocol. Briefly, as the density of the cultured cells 

reached ∼50%–70%, a complex of UltraCruz® Transfection Reagent and CYP1B1 

CRISPR Activation Plasmid was prepared immediately prior to transfection and added to 

Plasmid Transfection Medium. The serum-free medium was added to the cells 48 hours 

after transfection.  

 

2.8. Determination of superoxide radical  

RL-14 cells grown to 90% confluence in 96-well cell culture plates were treated with test 

compounds for 24 h. Thereafter, cells were washed with PBS before incubation for 30 min 

in fresh media containing 10 μM dihydroethidium (DHE). Fluorescence measurements at 

excitation/emission (545/575 nm) of the wells were recorded using the Bio-Tek Synergy 

H1Hybrid Multi-Mode Microplate Readers (Bio-Tek Instruments, Winooski, VT, USA).  

 

2.9. Determination of MAPK signaling pathway 

RL-14 cells grown to 90% confluence in 6-well cell culture plates were treated with test 

compounds for the indicated time. Thereafter, the PhosphoTracer ERK1/2 (pT202/Y204), 

p38 MAPK (pT180/Y182), JNK1/2/3 (pT183/Y185) ELISA Kits (Abcam, Cambridge, 

UK) were used to determine MAPK protein phosphorylation in cytoplasmic protein 

extracts. The kits detect ERK1 and 2, p38 and JNK1, 2 and 3 when phosphorylated at the 

indicated conserved threonine or tyrosine sites of each protein and was used according to 

manufacturer’s instructions. Fluorescence measurements at excitation/emission (545 /575 
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nm) of the wells were recorded using the Bio-Tek Synergy H1Hybrid Multi-Mode 

Microplate Readers (Bio-Tek Instruments, Winooski, VT, USA). Fluorescent data was 

normalized against total protein concentration from the same sample.  

 

2.10. Preparation of nuclear extract  

Nuclear extracts from RL-14 cells were prepared according to a previously described 

procedure with minor modifications to determine NF-κB binding activity (Andrews et al., 

1991). Briefly, RL-14 cells were grown on 100-mm Petri dishes and treated with test 

compounds for indicated time.  Thereafter, cells were washed twice with cold PBS, pelleted 

and suspended in cold buffer A [10 mM Hepes-KOH, 1.5 mm MgCl2, 10 mM KC1, 0.5 

mM dithiothreitol and 0.5 mM phenylmethylsulphonyl fluoride (PMSF)] pH 7.9, at 4 °C. 

After 15 min on ice, the cells were spun at 6500g and the pellets were dissolved again in 

high salt concentration cold buffer C (20 mM Hepes-KOH, pH 7.9, 25% glycerol, 420 mM 

NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiothreitol and 0.5 mM PMSF) to extract 

nuclear proteins. The cells were then incubated on ice with vigorous agitation for 60 min 

followed by centrifugation for 10 min at 12,000g at 4°C. The nuclear extracts (supernatant) 

were stored at -80 °C till further use.   

 

2.11. Determination of NF-κB binding activity  

The NF-κB Family EZ-TFA Transcription Factor Assay Chemiluminescent Kit (Millipore, 

Schwalbach/Ts., Germany, #70-660) was used according to the manufacturer’s protocol 

(Bhattacharya et al., 2010). Briefly, the NFκB capture probe, a double-stranded 

biotinylated oligonucleotide containing the flanked DNA binding consensus sequence for 

NFκB (5'-GGGACTTTCC-3'), was incubated with nuclear extract in the assay buffer. 

When incubated together, the active NFκB binds to its consensus sequence. The 

extract/probe/buffer mixture was then directly transferred to the streptavidin-coated plate. 

The active NFκB protein was immobilized on the biotinylated double-stranded 

oligonucleotide capture probe bound to the streptavidin plate well, and any inactive, 

unbound material was washed away. The bound NFκB transcription factor subunits, P50 

and P65, were detected with specific primary antibodies directed against them. A 

horseradish peroxidase (HRP)-conjugated secondary antibody was then used for 
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chemiluminescent detection using the Bio-Tek Synergy H1Hybrid Multi-Mode Microplate 

Readers (Bio-Tek Instruments, Winooski, VT, USA).   

 

2.12. AA incubation  

RL-14 cells were treated with tested compounds, and then the cells were incubated with 50 

μM AA for 3 h. AA metabolites were extracted with 1 ml ethyl acetate and dried using 

speed vacuum (Savant, Farmingdale, NY). Extracted AA metabolites were analyzed using 

liquid chromatography–electrospray ionization mass spectrometry (LC–ESI–MS) 

(Micromass ZQ 4000 spectrometer; Waters, Milford, MA) method as described previously 

(Nithipatikom et al., 2001). 

 

2.13. sEH catalytic activity  

To determine sEH activity in RL-14 cells, cells were plated in 100 mm Petri dishes and 

treated with test compounds for 24 h then the cells were incubated with 5 μM 14,15-EET 

for 30 min. 14, 15-EET and 14, 15-DHET metabolites were extracted from the media by 

ethyl acetate and dried using speed vacuum (Savant, Farmingdale, NY). Extracted 14, 15-

EET and 14, 15-DHET metabolites were analyzed using LC–ESI–MS method as described 

previously (Nithipatikom et al., 2001).   

 

2.14. Animals 

The study follows the Guide for the Care and Use of Laboratory Animals published by the 

US National Institutes of Health (Publication No. 85-23, eighth edition; revised 2011). The 

protocol of this study was approved by the University of Alberta Health Sciences Animal 

Policy and Welfare Committee. Male Sprague-Dawley rats, weighing 200–250 g, were 

purchased from Charles River Canada (St. Constant, QC, Canada). All animals were 

housed in cages under controlled environmental condition, a 12-hour light/dark cycle, and 

had free acess to food and water available ad libitum.  

 

2.15. Experimental design and treatment protocol 

To determine whether inhibiting the formation of mid-chain HETEs confers 

cardioprotection against DOX-induced HF, the rats were randomly segregated into four 



 

 
 

 
63 

 

groups. The first group (n= 6) consisted of control rats that received saline (i.p.). The 

second group (n= 6) consisted of TMS-treated rats that received TMS (0.3 mg kg-1 every 

3rd day i.p.). The third group (n= 6) consisted of DOX-treated rats that received multiple 

intraperitoneal injections of DOX for a cumulative dose of 15 mg/kg DOX divided into 

five injections within 2 weeks. The fourth group (n= 6) consisted of rats that were treated 

with both DOX and TMS as described in the aforementioned groups. On day 15, rats were 

dissected and hearts were quickly excised, washed with saline, blotted with filter paper and 

then the left ventricle was divided into two segments. One segment was homogenized to 

evaluate the tissue level of mid-chain HETEs, using a Branson homogenizer (VWR 

Scientific, Danbury, Conn., USA), whereas the other segment was fixed in 10% formalin 

for histopathology evaluation.  

 

To determine the capacity of ISO to increase the level of cardiac mid-chain HETEs in vivo, 

male Sprague-Dawley rats were randomly segregated into three groups. The first group (n= 

6) consisted of control rats that received an intraperitoneal injection (i.p.) injection of 

saline. The second group (n= 6) consisted of ISO-treated rats that received i.p. injection of 

ISO (5 mg kg-1 for 12 h). The third group (n= 6) consisted of ISO-treated rats that received 

three i.p. injections of ISO (5 mg kg-1 day-1 for three days). Thereafter, rats were dissected 

and hearts were quickly excised, washed with saline, blotted with filter paper and then 

immediately frozen in liquid nitrogen, then stored at -80 0C until analysis.  

 

To investigate the effect of 2ME on pressure overload-induced left ventricular hypertrophy, 

male Sprague-Dawley rats of 12 weeks old, weighing 180-200 g were randomly assigned 

into four groups and were subjected to sham (n=12) or AAC surgery (n=12) to induce 

cardiac hypertrophy. The first group (n= 6) consisted of sham control rats that received 

polyethylene glycol (PEG 400) in mini osmotic pumps. The second group (n= 6) consisted 

of AAC rats that received polyethylene glycol in mini osmotic pumps. The third group (n= 

6) consisted of sham 2ME-treated rats that received 2ME (5 mg/kg/day) in mini-osmotic 

pumps (Alzet Model 2ML4, 2.5 µl/h for 4 weeks). The fourth group (n= 6) consisted of 

AAC rats that were treated with 2ME as described in the aforementioned group.  
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All rats were anesthetized by isoflurane anesthesia (3% induction and 1–1.5% 

maintenance), disinfected with chlorohexidine soap and swabbed with betadine solution 

on the abdomen. Then a small incision was made through the skin beginning at the xyphoid 

sternum approximately 3-4 cm. The abdominal aorta was surgically dissected from the 

inferior vena cava at a site slightly above the renal arteries. A double-blunt needle was then 

placed along the side of the isolated aorta segment. The abdominal aorta was ligated with 

a syringe needle sized 21G together by the silk suture sized 0. The needle was then 

removed, thus producing severe aortic constriction above the renal arteries. Visera were 

replaced carefully, the abdominal wall was sutured and abdominal skin was closed with 

wound clips. The Sham procedure was performed as above with no ligation. One week 

after surgery, the osmotic mini-pumps were implanted sc under isoflurane anesthesia (3% 

induction and 1–1.5% maintenance).  

 

Five weeks post-surgery, rats were echoed then euthanized under isoflurane anesthesia (3% 

induction and 1–1.5% maintenance) and hearts were quickly excised, washed with saline, 

blotted with filter paper and then the left ventricle was divided into two segments. One 

segment was further fragmented and homogenized to evaluate the mRNA, protein and 

metabolite levels using a Branson homogenizer (VWR Scientific, Danbury, Conn., USA), 

whereas the other segment was fixed in 10% formalin for histopathology evaluation.   

 

2.16. In vivo evaluation of heart function       

Animals from each group were anesthetized with isoflurane and transthoracic M-mode 

echocardiography (30–40 MHz; Vevo 3100, Visual Sonics, Toronto, Canada) was 

performed using a small animal imaging ultrasound system to measure cardiac function 

and wall thickness. Images were retained and analyzed using VisualSonics software 

version: 3.0.0. Left ventricular dimensions (LVD: left ventricular diameter; LVPW: left 

ventricular posterior wall thickness; and IVS: inter ventricular septum), left ventricular 

mass (LV mass), diastolic function and tissue droppler parameters in addition to ejection 

fraction (%EF) and fractional shortening (%FS) were determined using M-mode 

measurements taken from parasternal long and short axis views at the mid-papillary level. 

Left ventricular dimensions were recorded in systole and diastole. Measurements were 
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averaged from 3 to 6 cardiac cycles in line with the American Society of Echocardiography 

(Barbieri et al., 2012; Byrd et al., 2015), and digitally transferred online to a computer, and 

subsequently analyzed by an analyst blinded to the treatment groups.  

 

2.17. Histopathology  

Heart tissues from all studied groups of rats were analyzed histologically. Three micron 

thick sections were cut from formalin-fixed, paraffin embedded tissue of the heart and the 

sections were stained with hematoxylin and eosin stains (H&E) in addition to Trichrome’s 

stain. The sections were studied under the optic microscope by a histopathologist. The 

adequacy of the sample in each case was checked on the semi-thin sections. The thin 

sections were stained with uranyl acetate and lead citrate then all the sections were 

examined and photographed by the histopathologist.  

 

2.18. RNA extraction and cDNA synthesis 

Total RNA from frozen tissues or treated cells was isolated using TRIzol reagent 

(Invitrogen®) according to the manufacturer's instructions. Briefly, approximately 0.6 to 1 

ml of TRIzol reagent was added to each twelve-well cell culture plate to lyse cells or 0.2 g 

tissue. Cell lysates or tissue homogenates were then collected into 1.5 ml tubes and mixed 

with 0.2 ml of chloroform followed by shaking for 15 seconds and then centrifugation at 

12,000 x g for 15 min at 4 °C. The aqueous phase which contains RNA was then transferred 

to new eppindorf tube and 0.3 ml isopropyl alcohol was then added to each tube to 

precipitate the RNA by freezing the samples at – 20 °C for 2 h. Following centrifugation 

at 12,000 x g for 10 min at 2 °C, the RNA pellet was washed once with 75% ethanol in 

diethylpyrocarbonate (DEPC)-treated water and followed by centrifugation at 12,000 x g 

for 5 min at 4 °C then the supernatant was removed and the pellet was allowed to dry for 

10 min. Pellets were then dissolved in DEPC-treated water and incubated at 55 – 60 °C for 

10 minute to ensure total re-suspension. Total RNA was quantified by measuring the 

absorbance at 260 nm and the purity of RNA was determined by measuring 260/280 ratio 

(~2).  
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Thereafter, first, strand cDNA synthesis was performed using the High-Capacity cDNA 

reverse transcription kit (Applied Biosystems), according to the manufacturer's 

instructions. Briefly, 1.5 µg of total RNA from each sample was mixed with high capacity 

cDNA reverse transcription reagents as following: 2.0 μl of 10x reverse transcriptase 

buffer, 0.8 μl of 25x dNTP mix (100 mM), 2.0 μl of 10x reverse transcriptase random 

primers, 1.0 μl of MultiScribe reverse transcriptase, and 4.2 μl of nuclease-free water 

(DEPC-treated water). The total volume in each microcentrifuge tube was 20 μl. The final 

reaction mix was kept at 25 °C for 10 min, heated to 37 °C for 120 min, heated for 85 °C 

for 5 s, and finally cooled to 4 °C. 

 

2.19. Quantification of mRNA expression by quantitative real-time polymerase chain 

reaction (real time-PCR)  

Quantitative analysis of specific mRNA expression was performed by real time-PCR by 

subjecting the resulting 1.5 µg cDNA to PCR amplification using 96-well optical reaction 

plates in the ABI Prism 7500 System (Applied Biosystems)  (Livak et al., 2001). The 25 

µl reaction mixture contained 0.1 µl of 10 µM forward primer and 0.1 µl of 10 µM reverse 

primers (40 nM final concentration of each primer), 12.5 µl of SYBR Green Universal 

Master mix, 11.05 µl of nuclease-free water (DEPC-treated water), and 1.25 µl of cDNA 

sample. Human and rat primer sequences and probes for CYP1A1, 1A2, 1B1, 2B6, 2C8, 

2C9, 2C19, 2J2, 4A11, 4F2, 4F3, 4F11, 5-LOX, 12/15-LOX, procollagen III (pro III) and 

transforming growth factor beta 1 (TGF-β1), α-myocin heavy chain (α-MHC), β-myocin 

heavy chain (β-MHC), atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), 

Tumor necrosis factor-α (TNF-α), rat GAPDH and human β-actin are listed in Table 1. 

These primers were purchased from Integrated DNA technologies (IDT, Coralville, IA). 

The ratio of β-MHC to α-MHC expression was quantitated by assessing relative cDNA 

levels of the genes compared with β-actin expression from the same sample. The real time-

PCR data was analyzed using the relative gene expression (i.e., CT) method, as 

described and explained previously (Livak et al., 2001). Briefly, the data are presented as 

the fold change in gene expression normalized to the endogenous reference gene β-actin 

and relative to a calibrator. The fold change in the level of target genes between treated and 

untreated cells, corrected by the level of β-ACTIN, was determined using the following 
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equation: fold change = 2−(Ct), where Ct = Ct(target) −Ct(β-actin) and (Ct) =Ct(treated) 

−Ct(untreated).  The Ct slope method was used to measure the efficiency of the real time-

PCR reactions. This method involves generating a dilution series of the target template and 

determining the Ct value for each dilution. A plot of Ct versus log cDNA concentration 

range (with four concentrations points at 0.06, 0.6, 6 and 60 ng/μL) was made. Exponential 

amplification was calculated using the equation: A = 10(-1/slope). Efficiency was 

calculated using the equation: Ex = 10(-1/slope) -1 (Table 2.2).  
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Table 2.1.  Primer sequences used for real time- PCR reactions.  

 

 

 

Gene Species Forward primer Reverse primer 

a-MHC Human GCCCTTTGACATTCGCACTG GGTTTCAGCAATGACCTTGCC 

β-MHC Human TCACCAACAACCCCTACGATT CTCCTCAGCGTCATCAATGGA 

NPPA Human CAACGCAGACCTGATGGATTT AGCCCCCGCTTCTTCATT 

NPPB Human AGAAGCTGCTGGAGCTGATAAG TGTAGGGCCTTGGTCCTTTG 

CYP1A1 Human CCAAACGAGTTCCGGCCT TGCCCAAACCAAAGAGAATGA 

CYP1A2 Human GAATGGCTTCTAGTCCCA TCATCTTCTCACTAAGGGCT 

CYP1B1 Human CAGAAGCTGCTGGAGCTGATAAG TGTAGGGCCTTGGTCCTTTG 

CYP2B6 Human CCGGGGATATGGTGTGATCTT CCGAAGTCCCTCATAGTGGTC 

CYP2C8 Human CATTACTGACTTCCGTGCTACAT CTCCTGCACAAATTCGTTTTCC 

CYP2C9 Human GCCTGAAACCCATAGTGGTG GGGGCTGCTCAAAATCTTGATG 

CYP2C19 Human GGAAAACGGATTTGTGTGGGA GGTCCTTTGGGTCAATCAGAGA 

CYP2J2 Human GAGCTTAGAGGAACGCATTCAG GAAATGAGGGTCAAAAGGCTGT 

CYP4A11 Human CCATCCCCATTGCACGACTT CAGGTAGACAAGCAGGTAGGG 

CYP4F2  Human GAGGGTAGTGCCTGTTTGGAT CAGGAGGATCTCATGGTGTCTT 

CYP4F3 Human CCCCGAAACGGAATTGGTTCT TGTGTGTATAGGAGACCTTCCTC 

CYP4F11 Human CATCTCCCGATGTTGCACG TCTCTTGGTCGAAACGGAAGG 

EPHX2 Human GTGCCACTACCCGGCTTATG GGCAGACTTTAGCGGTCTCG 

IL-6 Human CTGGCACCCAGCACAATG GCCGATCCACACGGAGTACT 

TNF-α Human GCTTTACTGTGCAAGGGAGACA GGAAGGAGGATTCAAGTCAGGA 

β-actin Human ACCAGTTCCTGAATGGCTGC GGC TGCACTCCACCATTTCT 

CYP1B1  Rat CCTGGTTCTGCAACCTCATCA CTCAACATGACAAGAGGGGCA 

5-LOX Rat ACAGAGTGCTTCGTGCCTGAT CGAATTTCGGAGGGTTCTGC 

12/15LOX Rat CGCTCAGTCATGGCGGAT GCCCCAAATGCAGCCAT 

a-MHC Rat CAGCTGGCCTTCCTCAGACT TGCTGTTTTTGCAGTGGTATGTAA 

β-MHC Rat ACCTGCAAGACCATCGACATG CGAGCCTTAGTTTGGACAGGAT 

Pro III Rat CCCACCAGCTCTGAACAGTTC GTGTCTCCCCAGCCATCCT 

TGF-β1  Rat ATGCTCTTCTTTTTTGCGGAAA CAGCTTTGAGGTTCGTGTTTGT 

BAX Rat GGTACATCCTCGACGGCATCT GTGCCTCTTTGCTGCTTTCAC 

P53 Rat  GAGGCCAAGCCCTGGTATG CGGGCCGATTGATCTCAGC 

GAPDH Rat CAAGGTCATCCATGACAACTTTG GGGCCATCCACAGTCTTCTG 
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                   Table 2.2 Efficiency used for real time-PCR reactions.  

Gene Species  Slope Amplification Efficiency 

a-MHC Human  -2.999 2.15 1.15 

β-MHC Human  -3.009 2.14 1.14 

NNPA Human  -3.21 2.04 1.04 

NNPB Human  -3.33 1.99 0.995 

CYP1A1 Human  -3.19 2.05 1.05 

CYP1A2 Human  -3.11 2.09 1.09 

CYP1B1 Human  -3.35 1.98 0.985 

CYP2B6 Human  -3.343 1.99 0.99 

CYP2C8 Human  -3.21 2.005 1.005 

CYP2C9 Human  -3.15 2.077 1.077 

CYP2C19 Human  -3.08 2.11 1.11 

CYP2J2 Human  -3.3 1.99 0.99 

CYP4A11 Human  -3.36 1.98 0.98 

CYP4F2 Human  -3.17 2.06 1.06 

CYP4F3 Human  N.D. N.D N.D. 

EPHX2 Human  -3.28 2.01 1.01 

CYP4F11 Human  -3.11 2.09 1.09 

IL-6 Human  -3.22 2.04 1.04 

TNF-α Human  -3.18 2.06 1.06 

β-actin Human  -3.00 2.15 1.15 

CYP1B1 Rat  -3.12 2.09 1.09 

5-LOX Rat  -3.33 1.99 0.99 

12/15-LOX  Rat  -3.345 1.99 0.99 

a-MHC Rat  -3.09 2.1 1.1 

β-MHC Rat  -3.31 2.0 1.0 

Pro III Rat  -3.3 2.009 1.009 

TGF-β1 Rat  -3.4 1.96 0.96 

BAX Rat  -3.35 1.98 0.98 

P53 Rat  -3.29 2.01 1.01 

GAPDH Rat  -3.29 2.01 1.01 
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                            Table 2.3 Ct values for human primers at basal level.   

Gene Ct values (means) SEM  

a-MHC 28.55 1.38 

β-MHC 28.72 0.90 

NNPA 29.55 0.67 

NNPB 28.85 1.07 

CYP1A1 28.4 0.57 

CYP1A2 30.35 1.93 

CYP1B1 36.2 0.22 

CYP2B6 28.4 1.49 

CYP2C8 33.49 0.49 

CYP2C9 36.99 0.28 

CYP2C19 35 0.27 

CYP2J2 31.69 0.75 

CYP4A11 27.58 1.45 

CYP4F2 31.54 0.13 

CYP4F3 ND ND 

CYP4F11 35.08 0.63 

EPHX2 27 0.76 

IL-6 22.3 0.59 

TNF-α 27.22 0.66 

β-actin 28.1 1.24 

            

                   Table 2.4 Ct values for rat primers at basal level.   

Gene Ct values (means) SEM  

Rat CYP1B1 27.55 0.54 

Rat 5-LOX 30.66 0.16 

Rat 12/15-LOX  38.2 0.7 

Rat a-MHC 22.1 0.37 

Rat β-MHC 25.3 0.57 

Rat Pro III 23.5 0.68 

Rat TGF-β1 24.2 0.26 

Rat BAX 25.7 0.4 

Rat P53 24.7 0.138 

Rat GAPDH 20.7 0.24 
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2.20. Preparation of microsomal proteins  

Heart microsomal proteins were prepared by differential centrifugation of homogenized 

tissues. Briefly, individual heart tissues were rapidly removed, washed in ice-cold 

potassium chloride [1.15% (w/v)] and cut in pieces. Thereafter, cold sucrose solution (1 g 

of tissue in 5 ml of 0.25 M sucrose) was used to homogenize heart tissue pieces. The 

homogenate was spun at 10,000g for 20 minutes, and the resulting supernatant was spun 

once again at 100,000g for 60 minutes to obtain the microsomal pellet. The final pellets 

were dissolved in cold sucrose and stored at -80 oC. Thereafter, the Lowry method with 

bovine serum albumin as a standard was used to determine microsomal protein 

concentrations.  

 

2.21. Measurement of mid-chain HETEs in heart tissue  

Measurement of heart tissue mid-chain HETEs was performed using a previously described 

method (Chun et al., 2001). Briefly, 250 mg heart tissue was dissected and homogenized 

on ice with 1 mL of methanol containing the deuterated metabolites (internal standards), 

acetic acid, butylated hydroxytoluene and ethylenediaminetetraacetic acid. Thereafter, the 

homogenates were centrifuged at 10,000 g for 15 min at 0 °C. AA metabolites were 

extracted from the resulted supernatant by the solid-phase cartridge (Oasis®HLB). 

Conditioning and equilibration of the solid-phase cartridge were performed with 1 mL of 

each of methanol, ethyl acetate, 0.2% formic acid (v/v), and 10% methanol in 0.2% formic 

acid (v/v), in sequence. After sample application, cartridges were washed with 1 mL of 

each of 0.2% formic acid (v/v), and 10% methanol in 0.2% formic acid (v/v), in sequence. 

Finally, AA metabolites were eluted by 1 mL of each of 1% formic acid in acetonitrile 

(v/v) and ethyl acetate, in sequence. Sample eluents were dried using speed vacuum 

(Savant, Farmingdale, NY), reconstituted in 60 µL of 0.01% formic acid in acetonitrile to 

be analyzed by mass spectrometry. 

 

2.22. Separation of AA Metabolites by LC–ESI–MS 

Extracted AA and metabolites were analyzed using LC–ESI–MS (Micromass ZQ 4000 

spectrometer; Waters, Milford, MA) method as described previously (Nithipatikom et al., 

2001). Briefly, a gradient separation was performed on a reverse-phase C18 column 
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(Alltima HP, 150 × 2.1 mm; GRACE Davison, Lokeren, Belgium) at 35°C. Mobile phase 

A consisted of water with 0.01% formic acid and 0.005% triethylamine (v/v), whereas 

mobile phase B consisted of 8% methanol, 8% isopropanol, and 84% acetonitrile with 

0.01% formic acid and 0.005% triethylamine (v/v). Injection volume of 40 µL was used, 

and the mass spectrometer was run under negative ionization mode with single ion 

monitoring of AA at m/z= 303, HETEs and EETs at m/z=319, DHETs at m/z=337 and 

internal standards at m/z=311, m/z=327, m/z=348.2 and m/z=360 for AA-d8, 15-HETE-

d8, 14,15-DHET-d11 and PGE2-d9, respectively.  

 

Calibration samples of AA metabolites were prepared in acetonitrile containing 0.001, 

0.01, 0.1 and 1.0 µg/ml of each of the AA metabolites.  Calibration curves performed on 

three separate days were analyzed to evaluate the linearity. Accuracy and precision were 

determined using quality-control samples at four levels in the range of expected 

concentrations in incubates, 0.001, 0.01, 0.1 and 1.0 µg/ml for AA metabolites. Each 

quality-control sample (10 μl) was injected in triplicate on three different days to permit an 

assessment of intraday and interday accuracy and precision. Accuracy was determined by 

the calculating the concentration of each quality-control sample based on the calibration 

curve equations. Bias was assessed by calculating percentage of error [%error = 

(Ccalculated − Cnominal)/Cnominal × 100] for all injections at each level analyzed. 

Precision was assessed by calculating the coefficient of variation (%CV = S.D./mean × 

100) for all injections at each level analyzed. Figure 2.1 and Figure 2.2 show a 

representative example of calibration curve for 15-HETE metabolite and a trace of AA 

metabolites with their retention time, respectively.  
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Figure 2.1. Representative example of calibration curve for 15-HETE metabolite.  

 Response was calculated by dividing area under the curve (AUC) of each single 

concentration over AUC of the internal standard (IS) for each single concentration.  

 

 

 

 

 

 

 

 

 

 

y = 7.8603x
R² = 0.9919

0

2

4

6

8

10

0 0.2 0.4 0.6 0.8 1 1.2

R
e

sp
o

n
se

 (
A

U
C

1
5

-
H

ET
E/

A
U

C
IS

)

Concentration (ug/mL)



 

 
 

 
74 

 

  

  

  

 

Figure 2.2. Separation of AA metabolites by LC-ESI-MS 

 (A) Peaks and retention time for 20-, 19-, 15-, 12-, 11-, 9-, 8- and 5-HETE in 

addition to 14,15-, 11,12-, 8,9- and 5,6-EET standards (min). (B) Peaks and 

retention time for 14,15-, 11,12-, 8,9- and 5,6-DHET standards (min). (C) The peak 

and retention time for 14,15-DHETd11 internal standard (min).  
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2.23. Protein extraction from RL-14 cells  

Twenty-four hours after incubation with the 10 µM DOX in the presence and absence of 

0.5 μM TMS, approximately 1.5 x 106 cells per six-well culture plate were collected in 100 

µl lysis buffer (50 mM HEPES, 0.5 M sodium chloride, 1.5 mM magnesium chloride, 1 

mM EDTA, 10% glycerol (v/v), 1% Triton X-100, and 5µl/ml of protease inhibitor 

cocktail). Total cellular proteins were obtained by incubating the cell lysates on ice for 1 

h, with intermittent vortex mixing every 10 min, followed by centrifugation at 12,000x g 

for 10 min at 4°C. 

 

2.24. Western blot analysis  

Western blot analysis under denaturing and reducing conditions was performed using a 

previously described method (Liu et al., 1997; Sambrook et al., 1989). Briefly, proteins 

from each treated group were diluted with same amount (1:1) of 2X loading buffer (0.1 M 

tris(hydroxymethyl)aminomethane (Tris)-HCl, pH 6.8, 4% sodium dodecyl sulfate (SDS), 

1.5% bromophenol blue, 20% glycerol, 5% β-mercaptoethanol), boiled and loaded onto a 

10% SDS-polyacrylamide gel. Samples were electrophoresed at 120 V for 2 h and 

separated proteins were transferred to Trans-Blot nitrocellulose membrane (0.45 μm) in a 

buffer containing 25 mM Tris–HCl, 192 mM glycine, and 20% (v/v) methanol. The 

membranes were blocked overnight at 4°C in a solution containing 5% skim milk powder, 

2% BSA and 0.5% Tween-20 in Tris-buffered saline (TBS) solution (0.15 M NaCl, 3 mM 

KCl, 25 mM Tris-base). After blocking, the blots were washed 6 times for 1 h with TBS-

Tween-20 before being incubated with a primary antibody (0.2 μg/ml) for 2 h at room 

temperature in TBS solution containing 0.05% (v/v) Tween-20 and 0.02% sodium azide. 

Incubation with a peroxidase conjugated anti-rabbit or anti-mouse IgG secondary antibody 

was carried out in blocking solution for 1 h at room temperature. The bands were visualized 

using the enhanced chemiluminescence method according to the manufacturer’s 

instructions (GE Healthcare, Mississauga, ON). The intensity of protein band was semi-

quantified relative to the signals obtained for GAPDH protein, using ImageJ® image 

processing program (National Institutes of Health, Bethesda, MD, 

http://rsb.info.nih.gov/ij).   

 

http://rsb.info.nih.gov/ij
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2.25. In-gel digestion and LC–MS/MS analysis 

Samples were prepared and electrophoresed as described in the aforementioned western 

blot method. After electrophoresis, Coomassie Brilliant Blue was used to stain the SDS gel 

then the gel was destained overnight using de-staining solution (H2O: Methanol: Acetic 

acid, 50:40:10). The gel was then visualized using an LI-COR Odyssey gel scanner to 

quantify the intensity of protein content in each lane. Each lane on the gel was excised into 

12 equal pieces after being de-stained using 100 mM NH4HCO3/acetonitrile (50:50). Each 

gel piece was subjected to in-gel tryptic digestion as previously described (Khan et al., 

2015). The final extracted peptides from the gel were suspended in 5% acetonitrile and 1% 

formic acid then analyzed on an LTQ Oribitrap XL, with the resulting data being searched 

against the Rattus norvegicus protein database using Proteome Discoverer 1.3 as 

previously described (Alsaikhan et al., 2015). At least two high confidence peptides were 

used as a cut off for protein identification. With this criterion, more than 500 proteins were 

identified. The protein’s extracted ion chromatogram (EIC) was used to compare the 

abundance between samples.  

 

2.26. Determination of CYP1B1 enzymatic activity 

CYP1B1-dependent methoxyresorufin O-deethylase (MROD) activity was performed on 

intact living RL-14 cells (Kennedy et al., 1993; Lo et al., 2013). After incubation of the 

cells with test compounds, 100 µl of 2 µM methoxyresorufin in assay buffer (0.05 M Tris, 

0.1 M NaCl, pH 7.8), were then added to each well. In vivo, microsomes from heart of 

various treatments (1 mg protein/ml) were incubated in the incubation buffer (5 mM 

magnesium chloride hexahydrate dissolved in 0.1 M potassium phosphate buffer, pH 7.4) 

with 2 µM of methoxyresorufin in a shaking water bath at 37  oC and then the reaction 

started after the addition of 1 mM NADPH. After incubation at 37 oC (10 min), the reaction 

was stopped by adding 0.5 mL of cold methanol. Immediately, an initial fluorescence 

measurement (t=0) at excitation/emission (545 /575 nm) followed by an additional set of 

fluorescence measurements of the samples were recorded every 5 min for a 40 min interval 

using the Bio-Tek Synergy H1Hybrid Multi-Mode Microplate Readers (Bio-Tek 

Instruments, Winooski, VT, USA). The amount of resorufin formed in each sample was 
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determined by comparison with a standard curve of known concentrations and normalized 

to protein levels determined using a modified fluorescent assay (Lorenzen et al., 1993).  

 

2.27. Statistical analysis 

The comparative analysis of the results from various experimental groups with their 

corresponding controls was performed using SigmaPlot® for Windows (Systat Software, 

Inc, CA). All means are reported with SEM. One-way analysis of variance (ANOVA) 

followed by Tukey-Kramer multiple comparison test or unpaired two sided student t test 

were carried out to assess which treatment group(s) showed a significant difference from 

the control group. A result was considered statistically significant when p < 0.05. 
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3.1. Human fetal ventricular cardiomyocyte RL-14 cell line is a promising model to 

study drug metabolizing enzymes and cellular hypertrophy  

3.1.1. Constitutive expression of CYP ω-hydroxylases and epoxygenases mRNA and 

protein in RL14 cells 

The constitutive expression of various CYP isoenzymes in fetal human ventricular 

cardiomyocytes RL-14 cell line was determined by real-time PCR. CYP2C9 was the lowest 

expressed gene in RL-14 cells and thus it was considered as a calibrator (as a relative 

control).  

 

Analysis of mRNA expression in RL-14 cells revealed that the order of expression in CYP1 

family ω-hydroxylases was from highest to lowest as follows: CYP1A1> CYP1A2 > 

CYP1B1. With respect to the CYP4 family ω-hydroxylases, the order of expression was: 

CYP4A11 > CYP4F2 > CYP4F11. CYP4F3 was not detected in RL-14 cells. Regarding 

the CYP epoxygenases family the order of expression was: CYP2B6 > CYP2J2 > CYP2C8 

> CYP2C19 > CYP2C9. Of interest, EPHX2 mRNA was highly expressed in RL-14 cells 

(Fig. 3.1A).   

 

To further examine whether the expression of CYP mRNA in RL-14 cells is translated into 

functional protein, the constitutive expression of various CYPs in RL-14 cells was 

determined by Western blot analysis. Figure 3.1B shows that the pattern of CYP ω-

hydroxylases and epoxygenases is similar to what was observed with mRNA level except 

for CYP1B1 and CYP2J2. The order of expression in CYP ω-hydroxylases was from 

highest to lowest as follows: CYP1B1> CYP1A > CYP4F2 > CYP4F11. Regarding the 

CYP epoxygenases family the order of expression in RL-14 cells was: CYP2J2 > CYP2B6 

> CYP2C8 > CYP2C19 (Fig. 3.1B). Similar to mRNA, EPHX2 is also expressed at the 

protein level in RL-14 cells. 
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Figure. 3.1. Constitutive expression of different CYP families at mRNA and protein 

levels in RL-14  

(A) The mRNA level was quantified using real time-PCR. CYP2C9 was the lowest 

expressed gene in RL-14 cells and thus it was considered as a calibrator. (B) CYP 

proteins were determined by Western blot analysis. The intensity of CYP proteins 

band was normalized to the signals obtained for β-actin protein and relative to 

CYP2C19 being the lowest expressed CYP. Two of the six representative 

experiments are shown. The values represent mean ± SEM (n = 6).  
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3.1.2. Fold expression of CYP ω-hydroxylases and epoxygenases in RL14 and fetal 

human primary cardiomyocyte cells relative to adult human primary cardiomyocytes  

Our results showed that CYP1A1 and CYP1A2 were constitutively expressed in adult 

human primary cardiomyocytes (HMCa), fetal human primary cardiomyocytes (HMC), 

and RL-14 cells (Figure 3.2), whereas CYP1B1 was expressed only in the RL-14 cells but 

not in HMCa and HMC cells. Of importance, CYP1A1 and CYP1A2 mRNAs were 

detected in RL-14 and HMC cells at higher level than HMCa cells (Figure 3.2A). On the 

other hand, CYP4A11, CYP4F2, and CYP4F11 were highly expressed in RL-14 and 

HMCa cells but very little if any in HMC cells (Figure 3.2B). Interestingly, CYP4A11, 

4F2, and 4F11 mRNAs were detected in RL-14 cells at higher amounts than that in HMCa 

cells.  

 

The expression of CYP epoxygenases, CYP2B6, 2C8, 2C19 and 2J2, in RL-14 cells 

compared with those expressed in HMCa and HMC cells are shown in Figure 3.2C. Our 

results showed that all CYP2 mRNA are highly expressed in the RL-14 cells, while they 

are expressed to varying degrees in HMCa and HMC cells. CYP2B6 and CYP2C19 were 

found to be highly expressed in RL-14 cells and their expression level is slightly 

comparable to that of the HMC cells but significantly higher than that of the HMCa cells. 

On the other hand, CYP2C8 was detected at lower levels in RL-14 cells in comparison to 

the HMC and HMCa cells (Figure 3.2C). Interestingly, CYP2J2 was detected at almost 

equal amounts in HMC cells and HMCa cells but lower than in RL-14 cells (Figure 3.2C).  
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Fig. 3.2. Fold expression of CYP ω-hydroxylases and epoxygenases in RL14 and HMC 

cells relative to HMCa cells 

Fold expression of CYP ω-hydroxylases (A and B) and epoxygenases (C) in RL14 

and HMC cells relative to HMCa cells. The mRNA level was quantified using real 

time-PCR. The values represent mean ± SEM (n = 6). +p<0.05 compared to HMCa.  
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3.1.3. Effect of CYP inducers of ω-hydroxylases and epoxygenases in RL-14 cells  

3.1.3.1. Induction of CYP1A1 gene expression by TCDD in RL-14 cells 

To examine the effect of a CYP1 inducer, TCDD, on the expression of CYP1A genes, RL-

14 cells were treated with TCDD for 6 h. Thereafter, CYP1A genes were measured using 

real time-PCR. Figure 3.3A shows that TCDD caused a significant induction of CYP1A1 

and CYP1A2 mRNA by approximately 10 and 40-fold, respectively.  

      To further examine whether the induction of CYP1A1 mRNA in RL-14 cells in 

response to TCDD treatment is translated into functional protein, RL-14 cells were treated 

for 24 h with TCDD; thereafter, CYP1A1 protein expression was determined by Western 

blot analysis. Figure 3.3B shows that, in a pattern similar to what was observed with 

mRNA, TCDD-induced CYP1A1 protein in RL-14 cells by approximately 7-fold.   

 

3.1.3.2. Induction of CYP2 and CYP4 genes expression by fenofibrate in RL-14 cells 

To investigate the effect of CYP2 and CYP4 inducer, fenofibrate, on the expression of 

CYP2 and CYP4 genes, RL-14 cells were treated with fenofibrate for 6 h. Thereafter, the 

mRNA expression of CYP2B6 and CYP4F2 genes was measured using real time-PCR. 

Figure 3.4A shows that fenofibrate caused a significant induction of CYP2B6 and CYP4F2 

mRNA by approximately 70 and 5-fold, respectively.  

       To further test whether the induction of CYP2B6 and CYP4F2 mRNA in RL-14 cells 

in response to fenofibrate treatment is translated into functional protein, RL-14 cells were 

treated for 24 h with fenofibrate, thereafter, CYP2B6 and CYP4F2 protein expressions 

were determined by Western blot analysis. Figure 3.4B shows that fenofibrate significantly 

induced CYP2B6 and CYP4F2 protein expression in RL-14 cells by approximately 7- and 

2-fold, respectively.   
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Figure. 3.3. Effects of TCDD on CYP 1A1 mRNA and protein levels in RL-14 cells  

(A) RL-14 cells were treated for 6 h with TCDD. The CYP1A1 and 1A2 mRNAs 

were quantified by real time-PCR. (B) RL-14 cells were treated for 24 h with 

TCDD; thereafter, CYP1A1 protein levels were determined by Western blot 

analysis. The values represent mean ± SEM (n = 6). +p<0.05 compared to control. 
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Figure 3.4. Effect of fenofibrate on CYP2B6 and CYP4F2 mRNA and protein levels 

in RL-14 cells  

(A) RL-14 cells were treated for 6 h with fenofibrate. The CYP2B6 and CYP4F2 

mRNAs were quantified by real time-PCR. (B) RL-14 cells were treated for 24 h 

with fenofibrate; thereafter, CYP2B6 and CYP4F2 protein levels were determined 

by Western blot analysis. The values represent mean ± SEM (n = 6). +p<0.05 

compared to control.  
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3.1.4. Fold expression of cardiac hypertrophic markers in RL-14 and fetal human 

primary cardiomyocyte cells relative to adult human primary cardiomyocyte  

The expression of cardiac hypertrophic markers, α-MHC, β-MHC, ANP and BNP, in RL-

14 cells compared with those expressed in HMCa and HMC cells are shown in Figure 3.5. 

Our results showed that all cardiac hypertrophy markers are highly expressed in the RL-14 

and HMC cells, while they are expressed to varying degrees in HMCa cells. α-MHC was 

found to be highly expressed in RL-14 cells and the expression level is slightly comparable 

to that of the HMC cells but significantly higher than that of the HMCa cells. Also, β-MHC 

was highly expressed in RL-14 and HMC cells but very little if any in HMCa cells. On the 

other hand, ANP and BNP mRNAs were detected in HMC cells at higher amounts than 

that of RL-14 cells (Figure 3.5A and B).  

 

To further examine whether the pattern of MHC proteins in RL-14 cells are similar to what 

was observed with mRNA, the constitutive expression of α-MHC and β-MHC in RL-14 

cells was determined by Western blot analysis. Consistent with mRNA, our results showed 

that α-MHC and β-MHC proteins are constitutively expressed in the RL-14 cells. On the 

other hand, Figure 3.5C shows that α-MHC is expressed abundantly in RL-14 cells 

compared with β-MHC at the protein level.   
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Figure 3.5. Fold expression of cardiac hypertrophy markers in RL14 and HMC cells 

relative to HMCa cells 

Fold expression of cardiac hypertrophy markers, (A) ANP and BNP and (B) α-

MHC and β-MHC in RL14 and HMC cells relative to HMCa cells. The amount of 

mRNA was quantified using real time-PCR. (C) The level of MHC proteins was 

determined by Western blot analysis. The values represent mean ± SEM (n = 6). 
+p<0.05 compared to HMCa. 
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3.2. Mid-chain hydroxyeicosatetraenoic acids induce cellular hypertrophy in the 

human ventricular cardiomyocyte RL-14 cell line through MAPK- and NF-κB-

dependent mechanism 

3.2.1. Effect of mid-chain HETEs on RL-14 cells viability 

To determine the maximum non-toxic concentrations of mid-chain HETEs to be utilized 

in the current study, RL-14 cells were exposed for 24 h to wide range concentrations of 5-

, 8-, 12- and 15-HETE (0, 0.5, 1, 2.5, 5, 10, 20 and 40 μM). Thereafter, the cell viability 

was determined using the MTT assay. Our results showed that 5-, 12- and 15-HETE 

concentrations ranging from 0.5 to 20 μM in addition to 8-HETE concentrations ranging 

from 0.5 to 10 μM did not significantly affect cell viability (Figure 3.6). However, 40 µM 

5-, 12- and 15-HETE and 20 µM 8-HETE significantly decreased the cell viability by 

approximately 40% and 60%, respectively, in comparison to control. Based on these 

findings, 5-, 12- and 15-HETE concentrations of 2.5, 5, 10 and 20 µM in addition to 2.5, 5 

and 10 µM 8-HETE were selected to be utilized in all subsequent in vitro experiments in 

RL-14 cells (Figure 3.6).   

 

3.2.2. Concentration- and time-dependent effects of mid-chain HETEs on α-MHC, β-

MHC, ANP and BNP mRNA levels 

To investigate the capacity of mid-chain HETEs to induce cellular hypertrophy, RL-14 

cells were treated for 6 h with increasing concentrations of 5-, 12- and 15-HETE (0, 1, 2.5, 

5, 10 and 20 μM) in addition to 8-HETE (0, 2.5, 5, and 10 μM). Thereafter, the mRNA 

expression of the hypertrophic marker, α-MHC, β-MHC, ANP and BNP was determined 

using real time-PCR. Figures 3.7 and 3.8 show that mid-chain HETEs increased the mRNA 

expression levels of α-MHC, β-MHC and BNP in a concentration-dependent manner. The 

maximum induction of α-MHC was observed at the highest concentration tested, 20 μM, 

by approximately 3.5-, 1.5-and 3-fold for 5, 12, and 15 HETE, respectively (Figure 3.7A). 

5-, 12- and 15-HETE significantly induced β-MHC by approximately 6.5-, 2.5-, and 4.5-

fold at 20 μM (Figure 3.7B). In contrast to 5-HETE, 12- and 15-HETE significantly 

induced ANP by about 2.5-and 1.5-fold, respectively (Figure 3.7C). 5-, 12- and 15-HETE 

caused a maximum induction of BNP by approximately 2-, 2.5- and 4-fold at 20 μM 

concentration, respectively (Figure 3.7D). 8-HETE increased the mRNA expression of α-
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MHC, β-MHC, ANP and BNP in a concentration-dependent manner (Figure 3.8). The 

maximum induction was observed at the highest concentration tested, 10 μM, by 

approximately 2-, 3-, 2- and 3-fold with α-MHC, β-MHC, ANP and BNP, respectively 

(Figure 3.8). 

  

To better understand the kinetics of the induction of cardiac hypertrophic markers in 

response to mid-chain HETEs, β-MHC/ α-MHC mRNA were measured at various time 

points (0, 2, 6, 12, 18 and 24 h) following the incubation of RL-14 cells with a single 

concentration of 5-, 12-, and 15-HETE (20 µM) in addition to 8-HETE (10 µM). The 

concentration of mid-chain HETEs was chosen based on their ability to cause maximal 

induction of the hypertrophic markers. Thereafter, the mRNA expressions of hypertrophic 

markers were determined by real time-PCR. The onset of β-MHC/α-MHC induction was 

detectable as early as 6 h and reached the maximum induction at least 24 h after treatment 

(Figure 3.9).  
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Figure 3.6. Effect of mid-chain HETEs on cells viability 

RL-14 cells were treated for 24 h with various concentrations of 5-, 8-, 12- and 15-

HETE (0, 0.5, 1, 2.5, 5, 10, 20 and 40 μM) and then cell viability was measured 

using the MTT assay. The values represent mean of expression levels ± SEM (n = 

6). 
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Figure 3.7. Concentration-dependent effects of mid-chain HETEs on ANP, BNP, α-

MHC, and β-MHC mRNA levels 

RL-14 cells were treated for 6 h with various concentrations of 5-, 12- and 15-

HETEs (0, 2.5, 5, 10 and 20 μM). Thereafter, the mRNA levels of, (A) α-MHC, (B) 

β-MHC, (C) ANP and (D) BNP were quantified using real time-PCR. The values 

represent mean of fold change ± SEM (n = 6). +p<0.05 compared to control 

(concentration = 0 µM).   
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Figure 3.8. Concentration-dependent effects of 8-HETE on ANP, BNP, α-MHC, and 

β-MHC mRNA levels 

RL-14 cells were treated for 6 h with various concentrations of 8-HETE (0, 1, 2.5, 

5 and 10 μM). Thereafter, the mRNA levels of, (A) α-MHC, (B) β-MHC, (C) ANP 

and (D) BNP were quantified using real time-PCR. The values represent mean of 

fold change ± SEM (n = 6). +p<0.05 compared to control (concentration = 0 µM).   
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Fig. 3.9. Time-dependent effects of mid-chain HETEs on β-MHC/α-MHC mRNA level 

            RL-14 cells were treated with (A) 20 µM 5-, 12- and 15-HETE in addition to (B) 

10 µM 8-HETE for different time intervals (0, 2, 6, 12, 18 and 24 h). Thereafter, 

the mRNA level of β-MHC/α-MHC was quantified using real time-PCR and 

normalized to β-actin housekeeping gene. The values represent mean of fold change 

± SEM (n = 6). +p<0.05 compared to control (concentration = 0 µM) or (time = 0 

h).  
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3.2.3. Hypertrophy and increase in RL-14 cell surface area by mid-chain HETEs  

To determine whether the mid-chain HETEs-induced hypertrophic markers at the mRNA 

(Fig. 2 and 3) were associated with cellular hypertrophy and increased the cell surface area, 

RL-14 cells were treated for 24 h with 5-, 12-, and 15-HETE (20 µM) in addition to 8-

HETE (10 µM); thereafter, cell surface area was determined by phase contrast imaging 

taken with a Zeiss Axio Observer Z1 inverted microscope using a 20 objective lens. Figure 

3.10 shows that treatment of RL-14 cells for 24 h with mid-chain HETEs significantly 

increased the percentage of cell surface area by about 50% as compared with control.   

 

3.2.4. Effect of mid-chain HETEs on MAPK signaling pathway  

To assess the role of MAPK signaling pathway on the mid-chain HETEs-induced cellular 

hypertrophy, RL-14 cells were treated with 5-, 12-, and 15-HETE (20 µM) in addition to 

8-HETE (10 µM). Thereafter, phosphorylated MAPK levels were determined using a 

commercially available kit. Figure 3.11A shows that incubation of the cells with 5-, 8-, 12- 

and 15-HETE significantly induced the phosphorylated ERK1/2 by 220%, 230%, 250% 

and 200% , respectively, in comparison to control whereas no significant changes were 

observed on phosphorylated P38 or JNK (Figure 3.11A).   

 

To examine whether the induction of the cellular hypertrophy and cardiac hypertrophic 

markers in RL-14 cells by mid-chain HETEs is an ERK1/2-dependent mechanism, we 

tested the effect of a selective ERK1/2inhibitor, U0126, on mid-chain HETEs-induced β-

MHC/α-MHC mRNA. For this purpose, RL-14 cells were treated for 2 h with U0126 (10 

µM) before the addition of mid-chain-HETEs for 6 h. Thereafter, the mRNA expression of 

the hypertrophic markers, β-MHC/α-MHC, were measured by Real Time-PCR. Figure 

3.11B shows that mid-chain HETEs alone caused a significant induction of β-MHC/α-

MHC genes. Importantly, pretreatment with U0126 significantly blocked the induction of 

β-MHC/α-MHC mRNA in response to mid-chain HETEs, suggesting that ERK1/2 is 

essential for mid-chain HETEs-mediated induction of cellular hypertrophy. 
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Figure 3.10. Effect of mid-chain HETEs on cell surface area   

            RL-14 cells were treated with 20 µM 5-, 12- and 15-HETE in addition to 10 µM 8-

HETE for 24 h. Thereafter, cell surface area was determined by phase contrast 

images which were taken with Zeiss Axio Observer Z1 inverted microscope using 

20 objective lens. The values represent mean of fold change ± SEM (n = 6). +p<0.05 

compared to control (concentration = 0 µM).  
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Figure 3.11. Effect of mid-chain HETEs on MAPK signaling pathway  

(A) RL-14 cells were treated with 20 µM 5-, 12- and 15-HETE in addition to 10 

µM 8-HETE for 2 h. Thereafter, MAPK protein phosphorylation was determined 

using the PhosphoTracer Elisa Kit (Abcam, Cambridge, UK). (B) RL-14 cells were 

treated with 10 µM U0126 for 2 h before the addition of mid-chain-HETEs for 6 h. 

Thereafter, the mRNA level of β-MHC/α-MHC was quantified using real time-

PCR. The values represent mean of fold change ± SEM (n = 6). +p<0.05 compared 

to control. *p<0.05 compared to mid-chain HETEs. 

 

 

 

 

 

 



 

 
 

 
97 

 

3.2.5. Effect of mid-chain HETEs on the NF-κB signaling pathway  

To investigate whether mid-chain HETEs trigger NF-κB activation, we tested the capacity 

of 5-, 8-, 12- and 15-HETE to increase NF-κB binding activity using a commercially 

available kit. Our results showed that the positive control, lipopolysaccharide (LPS), 

significantly increased DNA binding activity by 600%-and 250% for P50 and P65, 

respectively, in comparison to control (Figure 3.12A). Furthermore, all mid-chain HETEs 

were able to induce the binding activity of NF-κB to its responsive element in a HETE-

dependent manner. Figure 2.12A shows that 12-HETE was the most potent inducer of P50 

NF-κB binding activity by approximately 1300%, whereas 15-HETE caused the highest 

induction of P65 NF-κB binding activity by about 750% in comparison to control. 5-HETE 

significantly induced P50 NF-κB and P65 NF-κB by approximately 300% and 600%, 

respectively, in comparison to control. 8-HETE was able to induce the binding activity of 

NF-κB to its responsive element by approximately 500% and 200% for P50 and P65, 

respectively, in comparison to control.  

    To further confirm the NF-κB-dependent induction of the cellular hypertrophy and 

cardiac hypertrophic markers in RL-14 cells by mid-chain HETEs, we tested the effect of 

a selective NF-κB inhibitor, PDTC, on mid-chain HETEs-induced β-MHC/α-MHC 

mRNA. For this purpose, RL-14 cells were treated for 2 h with PDTC (10 µ M) before the 

addition of mid-chain-HETEs for 6 h. Thereafter, the mRNA expression of the 

hypertrophic markers, β-MHC/α-MHC, were measured by real time-PCR. Figure 3.12B 

shows that mid-chain HETEs alone caused a significant induction of β-MHC/α-MHC 

genes. Importantly, pretreatment with PDTC significantly blocked the induction of β-

MHC/α-MHC mRNA in response to mid-chain HETEs.  

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 
98 

 

 

 

 

 

N
F

k
B

 b
in

d
in

g

(P
e

rc
e

n
t 

o
f 

C
o

n
tr

o
l)

0

200

400

600

800

1000

1200

1400

1600

Control

5-HETE

8-HETE

12-HETE

15-HETE

+ve Control

P50 P65

+
+

+

+

+
+

+

+

-M
H

C
/

-M
H

C
 m

R
N

A
 L

e
v

e
ls

(F
o

ld
 o

f 
In

d
u

c
ti

o
n

)

0.0

0.5

1.0

1.5

2.0

2.5 Control

HETE

PDTC

HETE + PDTC

5-HETE 12-HETE 15-HETE

(A)

*

+

*

+

*

+

+

+

*

+

8-HETE

(B)

 
 

 

Figure 3.12. Effect of mid-chain HETEs on NF-κB signaling pathway  

            (A) RL-14 cells were treated with 20 µM 5-, 12- and 15-HETEs in addition to 10 

µM 8-HETE for 2 h. Thereafter, NF-κB binding activity was determined using a 

commercially available kit. (B) RL-14 cells were treated with 10 µM PDTC for 2 

h before the addition of mid-chain-HETEs for 6 h. Thereafter, the mRNA level of 

β-MHC/α-MHC was quantified using real time-PCR. The values represent mean 

fold change ± SEM (n = 6). +p<0.05 compared to control. *p<0.05 compared to 

mid-chain HETEs. 
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3.2.5. Effect of mid-chain HETEs on the expression of CYP epoxygenases and ω-

hydroxylases mRNA and protein levels in RL-14 Cells  

To examine the effect of mid-chain HETEs on the expression of  CYP epoxygenases, 

CYP2B6, CYP2C8, and CYP2J2 and CYP ω-hydroxylases, CYP4F2 and CYP4F11, RL-

14 cells were treated with 5-, 12- and 15-HETE (20 µM) in addition to 8-HETE (10 µM) 

for 6 h. Thereafter, CYP epoxygenases and ω-hydroxylases genes were measured using 

real time-PCR. Figure 3.13A and 3.14A show that all mid-chain HETEs did not 

significantly alter the expression of CYP epoxygenases and ω-hydroxylases mRNA levels.  

 

To further examine whether CYP epoxygenases and ω-hydroxylases would be induced in 

response to mid-chain HETEs  at the translational level, RL-14 cells were treated for 24 h 

with 5-, 12- and 15-HETE (20 µM) in addition to 8-HETE (10 µM); thereafter, CYP protein 

expression levels were determined by western blot analysis. Figure 3.13B and 3.14B show 

that, in a pattern similar to what was observed with mRNA, all mid-chain HETEs did not 

significantly alter the protein levels of CYP epoxygenases and ω-hydroxylases.  
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Figure 3.13. Effect of mid-chain HETEs on CYP epoxygenases in RL-14 cells 

(A) RL-14 cells were treated with 20 µM 5-, 12- and 15-HETEs in addition to 10 

µM 8-HETE for 6 h. Thereafter, the mRNA levels of CYP epoxygenases were 

quantified using real time-PCR. (B) RL-14 cells were treated for 24 h with 20 µM 

5-, 12- and 15-HETE in addition to 10 µM 8-HETE; thereafter, CYP epoxygenase 

protein levels were determined by Western blot analysis. The values represent mean 

of fold change ± SEM (n = 6). +p<0.05 compared to control (concentration = 0 

µM).           
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Figure 3.14. Effect of mid-chain HETEs on CYP ω-hydroxylases in RL-14 cells 

(A) RL-14 cells were treated with 20 µM 5-, 12- and 15-HETEs in addition to 10 

µM 8-HETE for 6 h. Thereafter, the mRNA levels of CYP ω-hydroxylases were 

quantified using real time-PCR. (B) RL-14 cells were treated for 24 h with 20 µM 

5-, 12- and 15-HETE in addition to 10 µM 8-HETE; thereafter, CYP ω-hydroxylase 

protein levels were determined by Western blot analysis. The values represent mean 

of fold change ± SEM (n = 6). +p<0.05 compared to control.         
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3.2.6. Effect of mid-chain HETEs on CYP-mediated AA metabolism  

To examine the effect of mid-chain HETEs on CYP-mediated AA metabolism, RL-14 cells 

were treated with 5-, 12- and 15-HETE (20 µM) in addition to 8-HETE (10 µM) for 24 h. 

Thereafter, AA metabolites were measured using LC–ESI–MS. Figure 3.15A shows that 

8-HETE and 12-HETE were able to significantly inhibit the formation of 14,15-EET and 

11,12-EET by approximately 60 % and 40 %, respectively, in comparison to control levels. 

On the other hand, 5-, 8-, 12- and 15-HETE significantly induced the formation of 14,15-

DHET by 1.8-,2-, 1.79- and 1.6-fold of induction, respectively, whereas 5-, 8- and 12-

HETE caused a significant induction of 11,12- DHET by approximately 1.8-, 1.8- and 2-

fold, respectively (Figure 3.15B).   

 

To determine the effect of 5-, 8-, 12- and 15-HETE on CYP ω-hydroxylases activity, we 

measured the level of 20 HETE formation. Our results showed that with RL-14 all mid-

chain HETEs did not significantly change the formation of 20 HETE in comparison to 

control levels (Figure 3.15C).  
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Figure 3.15. Effect of mid-chain HETEs on CYP-mediated AA metabolism  

RL-14 cells were treated with 20 µM 5-, 12- and 15-HETE in addition to 10 µM 8-

HETE for 24 h. Thereafter, (A) EETs, (B) DHETs, (C) 20-HETE were quantified 

using LC–ESI–MS. The values represent mean ± SEM (n = 6). +p<0.05 compared 

to control.  
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3.2.7. Role of sEH in mid-chain HETEs mediated effect  

To investigate the mechanism responsible for high levels of DHETs in RL-14 cells in 

response to mid-chain HETEs, the activity level of sEH was determined. Our results 

showed that incubation of the RL-14 cells with 5-, 8-, 12- and 15-HETE caused a 

significant induction of sEH catalytic activity in RL-14 cells by 270%, 470%, 430%, and 

400%, respectively, in comparison to control (Figure 3.16).   

 

In an attempt to explore whether sEH is directly involved in the induction of cellular 

hypertrophic and the cardiac hypertrophy markers, RL-14 cells were treated for 2 h with a 

sEH inhibitor, tAUCB, before the addition of mid-chain HETEs for 6 h. Thereafter, the 

mRNA expression of the hypertrophic markers, β-MHC/α-MHC, were measured by real 

time-PCR. Figure 3.16B shows that mid-chain HETEs alone caused a significant induction 

of β-MHC/α-MHC genes. Importantly, pretreatment with tAUCB significantly blocked the 

induction of β-MHC/α-MHC mRNA in response to mid-chain HETEs, suggesting that sEH 

is essential for mid-chain HETEs-mediated induction of cellular hypertrophy.  
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Figure 3.16. Role of sEH in mid-chain HETEs-mediated effect  

(A) RL-14 cells were treated with 20 µM 5-, 12- and 15-HETE in addition to 10 

µM 8-HETE for 24 h and then the cells were incubated with 5 μM EETs for 30 

min. Thereafter, EETs and DHETs were quantified using LC–ESI–MS. sEH 

activity was calculated as the ratio of total DHETs/total EETs. (B) RL-14 cells were 

treated for 2 h with tAUCB before the addition of mid-chain-HETEs for 6 h. 

Thereafter, the mRNA level of β-MHC/α-MHC was quantified using real time-

PCR. The values represent mean ± SEM (n = 6). +p<0.05 compared to control. 
*p<0.05 compared to mid-chain HETEs. 
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3.3. CYP1B1 inhibition attenuates doxorubicin-induced cardiotoxicity through a 

mid-chain HETEs-dependent mechanism 

3.3.1. Effect of TMS on DOX-induced cardiotoxicity in rats 

To investigate whether TMS confers cardioprotection against DOX-induced cardiotoxicity 

in rats, cardiotoxicity parameters were assessed via echocardiography and by measuring 

heart weight-to-tibial length ratio (HW/TL). Echocardiogrphy assessment of DOX treated 

rats showed thinning of the LVPWd, LVIDd, IVSD, IVSs and LVPWs in addition to a 

significant decrease in CO and SV (Table 3.1). Importantly, TMS treatment significantly 

restored the DOX-mediated inhibition of CO, SV and left ventricular morphology. 

Additionally, DOX significantly decreased the HW/TL to 0.021 ± 0.001 from control level 

of 0.034 ± 0.0005 (P < 0.05), whereas treatment with TMS significantly blocked the DOX-

mediated decrease in the HW/TL ratio to 0.030 ± 0.002 (P < 0.05). Furthermore, no 

significant differences were observed between the control and the TMS treatment alone 

(Table 3.1).   

 

3.3.2. Effect of TMS on DOX-induced histopathological changes in rat cardiac tissues 

The cardiotoxicity induced by DOX was further assessed via histology. Representative 

transverse views of whole heart sections from the similar layers of each group are shown 

in Figure 3.17. Using the H&E stain, the heart from control group showed regular cell 

distribution and normal myocardium morphology (Figure 3.17A). In the DOX-treated 

group, several lesions were observed which concerned the majority of the myocardium. 

These lesions consisted of a modification of the normal architecture with myofiber disarray 

(elongated cells) and muscular fiber dissociation (arrow). This was a typical finding in 

DOX-induced cardiomyopathy. Fortunately, TMS treatment reduced myocardial lesions 

induced by DOX (Figure 3.17A). In addition to H&E stain, cardiac sections were stained 

with Trichrome’s stain for the detection of fibrillar collagen and hence fibrosis (Figure 

3.17B). Microscopic view of the myocardial tissue, showed the presence of fibrosis in the 

hearts of rats treated with DOX. Importantly, these changes were prevented by TMS 

treatment (Figure 3.17B).  
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Table 3.1.  Hemodynamic parameters and LV morphology in rats  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The values represent mean ± SEM (n = 6). +p<0.05 compared to control. *p<0.05 

compared to DOX. HW/TL, Heart weight/tibial length; CO, cardiac output; SV, stroke 

volume; LV mass, left ventricular mass; IVSD, intraventricular septum, diastole; LVIDd, 

left ventricular internal diameter, diastole; LVPWd, left ventricular posterior wall, diastole; 

IVSs, intraventricular septum, systole; LVIDs, left ventricular internal diameter, systole; 

Sd, diameter in systole from trace; Dd, diameter in diastole from trace; EF, ejection 

fraction; FS, fractional shortening; TEI, Tei index = (isovolumic relaxation time+ 

isovolumic contraction time)/ ejection time; E, A , wave velocity; E`, A`, tissue doppler 

wave; S, sytolic tissue movement. 

 

 

 Control TMS 
 

DOX DOX+TMS 

HW/TL 0.034+ .0005 0.034+ .002  0.021+ .001+ 0.030+ .002* 

CO (ml) 108.8+5.6 102.4+8.1  52.6+9.6+ 89.9+13.8* 

SV (ml) 276.8+10.8 266.3+19.8  144.8+17.4+ 233.2+36.8* 

LV mass 1003.3+ 11.9 1004.6+ 44.9  624.3+ 39.8+ 930.9+ 158* 

IVSD (mm) 2.04+ .04 2.01+ .03  1.7+ .02+ 2.04+ .09* 

LVIDd (mm) 7.96+ .17 7.8+ .22  6.4+ .25+ 7.6+ .51* 

LVPWd 

(mm) 

2.08+.03 2.02+.02  1.69+.03+ 2.01+.11* 

IVSs (mm) 3.19+ .11 3.03+.08  2.61+.12+ 3.15+.1* 

LVPWs (mm) 3.49+.11 3.22+.07  2.51+.16+ 3.08+.07* 

LVIDs (mm) 4.45+.18 4.14+.15  3.86+.26 4.05+.31 

Sd (mm) 4.52+.19 4.53+.2  3.34+.42+ 4.4+.24* 

Dd (mm) 8.21+.17 8.15+.25  6.6+.4+ 7.94+.49* 

% EF 75.8+1.6 72.7+1.5  67.2+5.6 74.3+2.38 

% FS 46.3+1.5 43.3+1.2  38.8+4.4 44.8+2.3 

TEI .8+.03 .82+.06  .95+.03+ .79+.01* 

E (mm/sec) 1063+55 1051+91  653+85+ 1021+152* 

A (mm/sec) 821+35 719+91  448+84+ 827+136* 

E` 62.3+3.9 63.03+5.8  35.4+1.7+ 40.5+1.8 

A` 60.3+5.1 62.6+5.9  34.6+3.7+ 40.13+1.1 

S 48.1+2.1 46.4+3.1  37.1+2.6+ 42.7+2.9 
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Figure 3.17. Effect of TMS on DOX-induced histopathological changes in cardiac 

tissues 

Rats were injected with either DOX or vehicle in the presence and absence of TMS. 

Thereafter, histopathological changes were determined using H&E and 

Trichrome’s stains. (A) H&E staining revealed myofiber disarray and muscular 

fiber dissociation in addition to the presence of fibrosis in response to DOX, which 

appeared to be reduced by TMS treatment. (B) Trichrome staining revealed 

increased fibrosis (intense blue staining) in the cardiac tissues from DOX-treated 

rats but was reduced in animals also treated with TMS.  
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3.3.3. Effect of TMS on DOX-mediated effect on α-MHC, β-MHC and β-MHC/α-

MHC mRNA expression 

To further confirm the protective effect of TMS against DOX-induced cardiotoxicity, we 

tested the effect of the TMS on DOX-mediated effects on β-MHC/α-MHC mRNA 

expression. For this purpose, total RNA was extracted from the heart of treated rats and the 

mRNA levels of β-MHC/α-MHC were determined by real time-PCR. Figure 3.18A and 

3.18B show that DOX alone caused a significant inhibition of α-MHC to 60% ± 12 in 

addition to a significant induction of β-MHC and β-MHC/α-MHC expression to 850% ± 

114 and 1400% ± 182, respectively. Importantly, treatment with TMS significantly 

modulated the effect of DOX on α-MHC, β-MHC in addition to β-MHC/α-MHC (Figure 

3.18).  

 

3.3.4. Effect of TMS on DOX-mediated formation of mid-chain HETEs in heart 

tissues 

To determine the capacity of TMS to inhibit the formation of mid-chain HETEs altered by 

DOX, AA metabolites were extracted from heart tissues using Oasis®HLB SPE cartridges. 

Thereafter, mid-chain HETE metabolites were measured using LC–ESI–MS. Table 3.2 

shows that DOX was able to significantly increase the formation of cardiac mid-chain 

HETEs/AA to 177 % ± 5.8 in comparison to control. Importantly, treatment with TMS 

significantly reduced the increase in mid-chain HETEs/AA formation to 99.14% ± 4.45 in 

comparison to control (Table 3.2).  
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Figure 3.18. Effect of TMS on DOX-mediated induction of β-MHC/α-MHC mRNA 

expression 

            Rats were injected with either DOX or vehicle in the presence and absence of TMS. 

Thereafter, the mRNA level of β-MHC/α-MHC was quantified using real time-

PCR. The values represent mean ± SEM (n = 6). +p<0.05 compared to control. 
*p<0.05 compared to DOX.  
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3.3.4. Effect of TMS on DOX-mediated formation of mid-chain HETEs in heart 

tissues 

To determine the capacity of TMS to inhibit the formation of mid-chain HETEs altered by 

DOX, AA metabolites were extracted from heart tissues using Oasis®HLB SPE cartridges. 

Thereafter, mid-chain HETE metabolites were measured using LC–ESI–MS. Table 3.2 

shows that DOX was able to significantly increase the formation of cardiac mid-chain 

HETEs/AA to 177 % ± 5.8 in comparison to control. Importantly, treatment with TMS 

significantly reduced the increase in mid-chain HETEs/AA formation to 99.14% ± 4.45 in 

comparison to control (Table 3.2). 

 

 

Table 3.2. Effect of TMS on DOX-induced mid chain HETEs formation 

 

 

 

 

 

 

 

 

 

 

 

Rats were injected with either DOX or vehicle in the presence and absence of TMS and 

then AA metabolites were extracted from the heart tissues using Oasis®HLB SPE 

cartridges. Thereafter, mid-chain HETE metabolites were measured using LC–ESI–MS. 

The values are expressed as a % of control and represent mean ± SEM (n = 6). +p<0.05 

compared to control. *p<0.05 compared to DOX. 
 

 

 

 

 

 

 

Group HETEs AA HETEs/AA  

Control 100 ± 2.3 100 ±  7.9 100 ± 8.6  

DOX 262 ± 2.2+ 153.3+ 4.5+ 176.9 + 5.8+  

TMS 96.3+ 3.7 108 ± 24 88.7 ± 7.95  

DOX+TMS 192 + 2.4* 193 ± 14.7+ 99.14 ± 4.45*  
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3.3.5. Effect of TMS on DOX-induced expression of CYP1B1 mRNA and catalytic 

activity in rats  

To determine the capacity of TMS to alter the induction of CYP1B1 gene expression by 

DOX, total RNA was extracted from the heart of treated rats and the CYP1B1 mRNA level 

was determined by real time-PCR. Figure 3.19A shows that DOX significantly induced 

CYP1B1 mRNA expression level by approximately 350% ± 14.1 in comparison to control 

level. Although TMS alone did not significantly alter CYP1B1 gene expression level, 

treatment of rats with TMS significantly inhibited the DOX-mediated induction of 

CYP1B1 gene expression to 120% ± 34 (Figure 3.19A).  

 

To further examine whether the effect obtained at mRNA in response to DOX and TMS 

treatment is translated into functional catalytic activity, microsomes were extracted from 

the heart of treated rats and CYP1B1 catalytic activity was determined by MROD assay. 

Figure 3.19B shows that DOX significantly increased the formation of resorufin to 33.3 ± 

3.1 pmol/min/mg protein from control level of 16 ± 0.8 pmol/min/mg protein. On the other 

hand, TMS significantly inhibited the DOX-induced CYP1B1 catalytic activity using 

MROD assay to approximately 20 ± 1.9 pmol/min/mg protein (Fig. 3.19B). 
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Figure 3.19. Effect of TMS on the expression of CYP1B1 altered by DOX 

            (A) Rats were injected with either DOX or vehicle in the presence and absence of 

TMS. Thereafter, total RNA was extracted from the heart of treated rats and the 

mRNA level of CYP1B1 was quantified using real time-PCR. (B) Rats were 

injected with either DOX or vehicle in the presence and absence of TMS. 

Thereafter, microsomes were extracted from the hearts of treated rats and CYP1B1 

catalytic activity level was determined by the MROD assay. The values represent 

mean ± SEM (n = 6). +p<0.05 compared to control. *p<0.05 compared to DOX. 
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3.3.6. Effect of TMS and DOX on the expression of LOXs mRNA and protein levels 

in rats  

Mid-chain HETEs are known to be formed by LOXs enzymes in addition to CYP1B1. 

Therefore, we investigated whether the increase in mid-chain HETEs and cardiotoxicity by 

DOX could also be attributed to the activation of LOX enzymes. For this purpose, total 

RNA was extracted from the heart of treated rats and the mRNA level of LOX was 

determined by real time-PCR. Our results showed that treatment of rats with DOX in the 

presence and absence of TMS did not significantly alter the expression of 5-LOX and 

12/15-LOX mRNA levels (Figure 3.20A). 

 

To further examine whether LOXs would be altered in response to DOX and TMS at 

translational level, 5-LOX and 12/15-LOX protein expression levels were determined by 

Western blot analysis. Figure 3.20B shows that, in a pattern similar to what was observed 

with the mRNA, treatment of rats with DOX in the presence and absence of TMS did not 

significantly alter the expression of 5-LOX and 12/15-LOX protein levels, confirming the 

role of CYP1B1 in the formation of mid-chain HETE and cardiotoxicity mediated by DOX. 
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Figure 3.20. Effect of DOX and TMS on the expression of LOXs mRNA and protein 

levels in rats 

            (A) Rats were injected with either DOX or vehicle in the presence and absence of 

TMS. Thereafter, the mRNA levels of 5-LOX and 12/15-LOX were quantified 

using real time-PCR. (B) 5-LOX and 12/15-LOX protein expression levels were 

determined by Western blot analysis. The values represent mean ± SEM (n = 6).  
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3.3.7. Effect of DOX on RL-14 cells viability and cellular hypertrophy  

To determine the cytotoxic effect of DOX, RL-14 cells, human ventricular cardiomyocytes, 

were exposed to 10 μM DOX for different time intervals (0, 2, 6, 12 and 24 h). Thereafter, 

the cell viability was determined using MTT assay. Our results showed that a 10 μM DOX 

did not significantly affect cell viability at 2 and 6 h (Figure 3.21A). However, 10 μM DOX 

significantly decreased the cell viability to 77% ± 2.2 and 55% ± 7.6 at 12 and 24 h, 

respectively, from control levels of 100% (Figure 3.21A).   

      To further examine the effect of DOX to induce cellular hypertrophy, RL-14 cells were 

treated with a single concentration of DOX (10 µM) at various time points (0, 2, 6, 12 and 

24 h). Thereafter, the mRNA expressions of hypertrophic markers were determined by real 

time-PCR. Figure 3.21B shows that DOX significantly induced β-MHC/α-MHC 

expression in a time-dependent manner. The onset of β-MHC/α-MHC induction was 

detectable as early as 6 h and reached the maximum expression at 12 h after treatment and 

remained elevated for at least 24 h. (Figure 3.21B).   

      To determine whether the increase in β-MHC/α-MHC mRNA induced by DOX (Figure 

3.21B) was associated with cellular hypertrophy, RL-14 cells were treated with 10 μM 

DOX for various periods of time (0, 2, 6, 12 and 24 h). Thereafter, cell volume was 

determined by flow cytometry. Figure 3.21C shows that treatment of RL-14 cells for 6, 12 

and 24 h with 10 μM DOX significantly increased the number of enlarged cells to 16% ± 

0.73, 23.3% ± 0.5 and 22.1% ± 0.33 from control levels of 10%, respectively. Since a 12 h 

exposure to 10 μM DOX exhibited a maximum hypertrophic effect, it was selected to be 

utilized in all subsequent in vitro experiments in RL-14 cells.  
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Figure 3.21. Time-dependent effects of DOX on RL-14 cell viability, hypertrophic 

markers, and cell volume 

            RL-14 cells were treated with 10 µM DOX for different time intervals (0, 2, 6, 12 

and 24 h). Thereafter, (A) cell viability was determined using MTT assay. (B) The 

mRNA level of β-MHC/α-MHC was quantified using real time-PCR. (C) Cell 

volume was determined by flow cytometry. The values represent mean ± SEM (n 

= 6). +p<0.05 compared to control.  
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To investigate the potential involvement of CYP1B1/mid-chain HETEs in DOX-mediated 

cardiotoxicity. Aseries of independent experiments was conducted using the selective 

CYP1B1 inhibitor, TMS, in RL-14 cells.  

 

3.3.8. Effect of TMS on DOX-mediated cytotoxicity and cellular hypertrophy 

To examine whether the cytotoxicity in RL-14 cells induced by DOX is due to a mid-chain 

HETE-dependent mechanism, we used a selective CYP1B1 inhibitor, TMS, which is 

known to inhibit mid-chain HETE formation. For this purpose, RL-14 cells were treated 

for 21 h with 10 µM DOX in the presence and absence of 0.5 μM TMS. Thereafter, RL-14 

cell viability was determined using MTT assay. Our results showed that DOX significantly 

decreased RL-14 cell viability to 75% ± 3.24 from control levels of 100% (Figure 3.22A). 

Although TMS alone did not significantly alter RL-14 cell viability, treatment of RL-14 

cells with TMS significantly prevented the DOX-mediated cytotoxicity (96% ± 2.4 viable 

vs. 100% control) (Figure 3.22A).  

 

To further confirm the protective effect of TMS against DOX-induced cytotoxicity, we 

tested the effect of TMS on DOX-mediated action on cellular hypertrophy markers. For 

this purpose, RL-14 cells were treated for 21 h with 10 µM DOX in the presence and 

absence of 0.5 μM TMS. Thereafter, the mRNA levels of β-MHC/α-MHC were determined 

by real time-PCR. Figure 3.22B shows that DOX alone caused a significant induction of 

β-MHC/α-MHC expression to 200% ± 30 from control levels of 100% ± 6.1. Importantly, 

treatment with TMS significantly reduced the induction of β-MHC/α-MHC in response to 

DOX to 110% ± 9.2 from control levels of 100% ± 6.1 (Figure 3.22B).  

 

3.3.9. Effect of TMS on DOX-mediated increase of cell volume  

To determine the effect of TMS on DOX-induced cellular hypertrophy, cell volume was 

analyzed once again by flow cytometry. Our results showed that DOX caused a significant 

increase in cell volume as enlarged cells accounted for 22.1% ± 0.5 of cells (Figure 3.22C). 

Although TMS alone did not significantly alter RL-14 cell volume, treatment of RL-14 

cells with TMS significantly inhibited the DOX-mediated increase in the number of 

enlarged cells to 14% ± 0.54 from control levels of 10% ± 2.1 (Figure 3.22C).  
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3.3.10. Effect of TMS on DOX-induced the expression of CYP1B1 mRNA, protein 

and catalytic activity in RL-14 cells  

To determine the capacity of TMS to alter the induction of CYP1B1 gene expression by 

DOX, RL-14 cells were treated for 21 h with 10 µM DOX in the presence and absence of 

0.5 μM TMS; thereafter, CYP1B1 mRNA and protein levels were determined using real 

time-PCR and western blot analysis, respectively. Figure 3.23 shows that DOX 

significantly induced CYP1B1 mRNA and protein expression levels to 800% ± 9.1 and 

280% ± 20, respectively, in comparison to control level (Figure 3.23A and B). 

Furthermore, we examined the ability of TMS to inhibit DOX-induced CYP1B1 catalytic 

activity. For this purpose, RL-14 cells were treated for 21 h with 10 µM DOX in the 

presence and absence of 0.5 μM TMS. Thereafter, CYP1B1 catalytic activity level was 

determined by MROD assay. Figure 3.23C shows that DOX significantly increased the 

formation of resorufin to 0.15 ± 5.8841e-3 pmol/min/mg protein from control levels of 

0.01 ± 1.6833e-3 pmol/min/mg protein. On the other hand, TMS significantly inhibited the 

DOX-induced CYP1B1 catalytic activity using MROD assay to 0.07 ± 1.4882e-3 

pmol/min/mg protein (Figure 3.23C).  

 

3.3.11. Effect of TMS on DOX-mediated increase of mid-chain HETEs formation   

To determine the capacity of TMS to inhibit the formation of mid-chain HETEs by DOX, 

RL-14 cells were treated for 21 h with 10 µM DOX in the presence and absence of 0.5 μM 

TMS. Subsequently, the cells were incubated with 50 μM AA for 3 h, and AA metabolites 

were measured using LC–ESI–MS. Figure 3.24A shows that DOX was able to significantly 

increase the formation of 15-HETE, 12&8-HETE and 5-HETE to 260% ± 20.1, 300% ± 

15.6 and 680% ± 50.35, respectively, from control levels of 100%. Importantly, treatment 

of RL-14 cells with 0.5 μM TMS significantly inhibited the formation of 15-HETE, 12&8-

HETE and 5-HETE to 160.5% ± 4.2, 150.32% ± 5.2 and 200.45% ± 14.3, respectively, 

from control levels of 100% (Figure 3.24A).   

 

To investigate whether 5-HETE alone or in combination with other mid-chain HETEs is 

sufficient to abolish the protective effect of TMS against DOX-induced cardiotoxicity, RL-

14 cells were treated for 12 h with DOX in the presence and absence of TMS and 5-HETE 
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or mid-chain HETEs. Thereafter, RL-14 cell viability was determined using MTT assay. 

Our results showed that DOX significantly decreased RL-14 cell viability to 74.9% ± 2.03 

(Figure 3.24B). Although TMS significantly inhibited the DOX-mediated cytotoxicity, 

treatment of RL-14 cells with 5-HETE significantly abolished the protective effect 

mediated by TMS (Figure 3.24B). Further, treatment of RL-14 cells with mid-chain HETEs 

in the presence of DOX and TMS significantly decreased RL-14 cell viability to 30% 

(Figure 3.24B).  

 

To further confirm the ability of 5-HETE to inhibit the protective effect of TMS against 

DOX-induced cardiotoxicity, RL-14 cells were treated for 12 h with DOX in the presence 

and absence of TMS and 5-HETE. Thereafter, the mRNA levels of β-MHC/α-MHC were 

determined by real time-PCR. Figure 3.24C shows that DOX alone caused a significant 

induction of β-MHC/α-MHC expression to 185% ± 10.8. Although TMS significantly 

reduced the increase of β-MHC/α-MHC in response to DOX to 95.2% ± 10.4, treatment of 

RL-14 cells with 5-HETE significantly abolished TMS-mediated inhibition of β-MHC/α-

MHC expression to 175% ± 30 (Figure 3.24C) suggesting an important role of 5-HETE in 

DOX-induced cardiotoxicity.  
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Figure 3.22. Effects of TMS on DOX-mediated cardiotoxicity in RL-14 cells 

            RL-14 cells were treated for 12 h with 10 µM DOX in the presence and absence of 

0.5 μM TMS. (A) Thereafter, cell viability was determined using MTT assay. (B) 

The mRNA levels of β-MHC/α-MHC were quantified using real time-PCR. (C) 

Cell volume was determined by flow cytometry. The values represent mean ± SEM 

(n = 6). +p<0.05 compared to control. *p<0.05 compared to DOX. 
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Figure 3.23. Effect of TMS on the expression of CYP1B1 altered by DOX 

            (A) RL-14 cells were treated with 10 µM DOX for 12 h. Thereafter, the mRNA 

level of CYP1B1 was quantified using real time-PCR. (B) RL-14 cells were treated 

for 12 h with 10 µM DOX; thereafter, CYP1B1 protein levels were determined by 

Western blot analysis. (C) RL-14 cells were treated for 21 h with 10 µM DOX in 

the presence and absence of 0.5 μM TMS. Thereafter, CYP1B1 catalytic activity 

level was determined by the MROD assay. The values represent mean ± SEM (n = 

6). +p<0.05 compared to control. *p<0.05 compared to DOX. 
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Figure 3.24. Effects of TMS on DOX-induced mid-chain HETEs formation 

(A) RL-14 cells were treated for 21 h with 10 µM DOX in the presence and absence 

of 0.5 μM TMS. Thereafter, 15-HETE, 12&8-HETE and 5-HETE were quantified 

using LC–ESI–MS. (B) RL-14 cells were treated for 12 h with DOX in the presence 

and absence of TMS and 5-HETE or mid-chain HETEs. Thereafter, RL-14 cell 

viability was determined using MTT assay. (C) RL-14 cells were treated for 12 h 

with DOX in the presence and absence of TMS and 5-HETE. Thereafter, the mRNA 

levels of β-MHC/α-MHC were determined by real time-PCR. The values represent 

mean ± SEM (n = 6). +p<0.05 compared to control. *p<0.05 compared to DOX.  
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3.3.12. Effect of LOX inhibitors on DOX-mediated increase of cell volume and mid-

chain HETEs formation  

Mid-chain HETEs are known to be formed by LOX enzymes in addition to CYP1B1. 

Therefore, we investigated whether the induction of mid-chain HETEs and cardiotoxicity 

by DOX is also attributed to the activation of LOX enzymes. Initially, we have determined 

the maximum non-toxic concentrations of LOX inhibitors to be utilized in the current 

study. For this purpose, RL-14 cells were treated for 24 h with 10 µM DOX in the presence 

and absence of different concentrations of zileuton (0, 0.05, 0.1, 0.25, 0.5 and 1 μM) and 

PD146176 (0, 0.05, 0.1, 0.25 and 0.5 μM). Thereafter, RL-14 cell viability was determined 

using MTT assay. Our results showed that DOX significantly decreased RL-14 cell 

viability to 70% ± 2.5 from control levels of 100% (Figure 3.25A).  Treatment of RL-14 

cells with concentrations ranging from 0.05 to 0.5 μM of zileuton and 0.05 to 0.25 μM of 

PD146176 did not significantly affect the DOX-mediated cytotoxicity. However, zileuton 

1 μM and PD146176 0.5 μM significantly potentiated the DOX-mediated cytotoxicity to 

60% ± 1.5 and 63% ± 2.43, respectively. Based on these findings, zileuton 0.5 μM and 

PD146176 0.25 μM were utilized in all subsequent experiments in RL-14 cells (Figure 

3.25A).  

 

 To examine the effect of LOX inhibitors on DOX induced cellular hypertrophy, RL-14 

cells were treated for 21 h with 10 µM DOX in the presence and absence of LOX inhibitors, 

0.5 μM zileuton and 0.25 μM PD146176. Thereafter, cell volume was analyzed by flow 

cytometry. Our results showed that DOX significantly increased the cell volume belonging 

to the region of hypertrophy to about 24.46% ± 1.08 of control. Importantly, treatment of 

RL-14 cells with LOX inhibitors did not significantly alter cellular hypertrophy induced 

by DOX, confirming the role of CYP1B1 in DOX-induced cardiotoxicity (Figure 3.25B). 

 

To determine the role of LOX inhibitors in mid-chain HETE formation mediated by DOX, 

RL-14 cells were treated for 21 h with 10 µM DOX in the presence and absence of 0.5 μM 

zileuton and 0.25 μM PD146176, and then, the cells were incubated with 50 μM AA for 3 

h. Thereafter, AA metabolites were measured using LC–ESI–MS. Figure 3.25C shows that 

DOX was able to significantly increase the formation of mid-chain HETE to 320.6% ± 
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19.2 from control levels of 100% ± 12.51. Importantly, treatment of RL-14 cells with LOX 

inhibitors did not significantly inhibit the formation of mid-chain HETE in response to 

DOX, confirming the role of CYP1B1 in the formation of mid-chain HETEs-mediated by 

DOX. Importantly, concentrations greater than 0.5 μM and 0.25 μM for zileuton and PD, 

respectively, potentiate the cytotoxicity induced by DOX (Figure 3.25A).  
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Figure 3.25. Effects of LOX inhibitors on DOX-mediated cardiotoxicity and mid- 

chain HETEs formation  

            RL-14 cells were treated for 12 h with 10 µM DOX in the presence and absence of 

different concentrations of zileuton (0, 0.05, 0.1, 0.25, 0.5 and 1 μM) and 

PD146176 (0, 0.05, 0.1, 0.25 and 0.5 μM). Thereafter, (A) RL-14 cell viability was 

determined using MTT assay. RL-14 cells were treated for 12 h with 10 µM DOX 

in the presence and absence of 0.5 μM zileuton and 0.25 μM PD146176. Thereafter, 

(B) cell volume was determined by flow cytometry. (C) RL-14 cells were treated 

for 12 h with 10 µM DOX in the presence and absence of 0.5 μM zileuton and 0.25 

μM PD146176. Thereafter, mid-chain HETEs were quantified using LC–ESI–MS 

for metabolite determination. The values represent mean ± SEM (n = 6). +p<0.05 

compared to control. *p<0.05 compared to DOX.  
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3.3.13. Effect of TMS on DOX-mediated induction of MAPK and NF-κB signaling 

pathways  

To assess the role of the MAPK signaling pathway on the TMS-induced cardioprotection, 

RL-14 cells were treated for 1 h with 10 µM DOX in the presence and absence of 0.5 μM 

TMS. Thereafter, phosphorylated MAPK levels were determined using a commercially 

available kit. Figure 3.26A shows that incubation of the cells with 10 µM of DOX 

significantly induced phosphorylation of p38, JNK and ERK1/2 to 325.8% ± 1.98, 183% 

± 7.8 and 149.8% ± 17, respectively, from control levels of 100%. Importantly, treatment 

with TMS significantly reduced the induction of phosphorylated p38, JNK and ERK1/2  in 

response to DOX to 136% ± 6.6, 64%± 40 and 100.3% ± 3.31, respectively, from control 

levels of 100%, suggesting an important role of MAPK on TMS-mediated protection 

against DOX induced-cardiotoxicity. 

 

To investigate whether TMS reversal of DOX-induced cardiotoxicity is also mediated 

through the inhibition of NF-κB, RL-14 cells were treated for 1 h with 10 µM DOX in the 

presence and absence of 0.5 μM TMS. Thereafter, NF-κB binding activity was determined 

using a commercially available kit. Figure 3.25B shows that DOX alone was able to induce 

the binding activity of NF-κB to its responsive element to 175.05% ± 6.2 and 167.57% ± 

1.6 for P50 and P65, respectively, from control levels of 100%. Importantly, treatment with 

TMS significantly reduced the induction of P50 and P65 binding activity in response to 

DOX to 90.32% ± 9.6 and 136.1% ± 4.1, respectively, suggesting that NF-κB is essential 

for TMS-mediated protection against DOX-induced cardiotoxicity.  
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Figure 3.26. Effect of TMS on DOX-induced MAPK and NF-κB signaling pathways 

            RL-14 cells were treated for 2 h with 10 µM DOX in the presence and absence of 

0.5 μM TMS. Thereafter, (A) MAPK protein phosphorylation was determined in 

cytoplasmic protein extracts using the MAPK Elisa Kit (Abcam, Cambridge, UK). 

(B) NF-κB binding activity was determined using a commercially available kit. The 

values represent mean ± SEM (n = 6). +p<0.05 compared to control. +p<0.05 

compared to control. *p<0.05 compared to DOX. 
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3.4. The role of cytochrome P450 1B1 and its associated mid-chain 

hydroxyeicosatetraenoic acid metabolites in the development of cardiac hypertrophy 

induced by ISO  

3.4.1. Effect of ISO on the expression of CYP1B1, LOXs and COX protein and mid-

chain HETEs levels in rats 

Recently, we have demonstrated that ISO-induced cardiac hypertrophy in vivo in rats in a 

time-dependent phenomenon (Althurwi et al., 2015). Hypertrophy initiation induced by 

ISO was assessed and confirmed by heart weight/body weight ratio (HW/BW) and 

echocardiography (Althurwi et al., 2015). Echocardiographic examination of ISO-treated 

rats showed structural changes in left ventricular morphology such as intraventricular 

septum and left ventricular posterior wall thickness after 3 days of ISO treatment. The early 

onset of cardiac hypertrophy was further confirmed by a significant increase in HW/BW 

in comparison to control (Althurwi et al., 2015). Currently, our aim is to determine the 

capacity of ISO to increase the level of cardiac mid-chain HETEs in vivo in rats at the pre-

hypertrophic stage, 12 h, and at the hypertrophic stage, 72 h. For this purpose, mid-chain 

HETE metabolites were determined using LC–ESI–MS. Figure 3.27A shows that ISO 

significantly increases the level of cardiac mid-chain HETEs by about 500% and 200% at 

12 and 72 h, respectively, in comparison to control.  

      Mid-chain HETEs are known to be formed by LOXs in addition to CYP1B1 and 

degraded by cyclooxygenase-2 (COX-2) enzyme. Therefore, we investigated whether the 

induction of mid-chain HETEs by ISO is attributed to the activation of LOXs and CYP1B1 

or the inhibition of the COX-2 enzyme. For this purpose, CYP1B1, LOXs, and COX-2 

protein expression levels were determined by Western blot analysis. Figure 1B shows that 

treatment of rats with ISO significantly induced CYP1B1 and COX-2 at 12 and 72 h by 

approximately 200% in comparison to control. On the other hand, ISO significantly 

inhibited the expression of 5-LOX, 12-LOX and 15-LOX at 72 h by approximately 70% in 

comparison to control (Figure 3.27B).  
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3.27. Effect of ISO on the expression of CYP1B1, LOXs and COX-2 protein levels in 

rats 

Rats were injected with vehicle or ISO (5mg/kg i.p.) for 12 and 72 h and (A) then, 

mid-chain HETE metabolites were measured using LC–ESI–MS. (B) CYP1B1, 5-

LOX, 12-LOX, 15-LOX and COX-2 protein expression levels were determined by 

Western blot analysis. The values represent mean ± SEM (n = 6). +p<0.05 

compared to control. 
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3.4.2. Effect of ISO, TMS and CYP1B1-siRNA on RL-14 cells viability  

To determine the effect of ISO in the presence and absence of TMS or CYP1B1-siRNA on 

RL-14 cell viability, MTT and LDH assays were used. Our results showed that treatment 

of RL-14 cells with 100 μM ISO in the presence and absence of 0.5 μM TMS or 25 nM 

CYP1B1-siRNA at 24 and 48 h, respectively, did not significantly affect RL-14 cell 

viability using MTT and LDH assays (Figure 3.28A and B). Therefore, the obtained 

changes were not due to the decreased cell viability or toxicity.  

 

3.4.3. Effect of ISO on hypertrophic markers and RL-14 cell surface area  

The effect of ISO on hypertrophic markers was determined by real time-PCR. Figure 3.29A 

shows that treatment of RL-14 cells for 24 h with 100 μM ISO significantly induced β-

MHC by about 150% and inhibited α-MHC by approximately 70% in comparison to 

control. However, treatment of RL-14 cells with ISO for 24 h did not significantly alter the 

expression of ANP and BNP mRNA levels (Figure 3.29A).   

 

To determine whether the ISO-induced hypertrophy markers at the mRNA (Figure 3.29A) 

were associated with cellular hypertrophy and increase the cell surface area, RL-14 cells 

were treated for 24 h with ISO 100 µM; thereafter, cell surface area was determined. Figure 

3.29B shows that ISO significantly increased the percentage of cell surface area by about 

100% as compared with control. Based on the above finding, α-MHC hypertrophic marker 

and cell surface area were selected to be utilized in all subsequent experiment.  
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Figure 3.28. Effect of ISO, TMS and CYP1B1-siRNA on RL-14 cells viability 

            RL-14 cells were exposed to 100 μM ISO in the presence and absence of 0.5 μM 

TMS or 25 nM CYP1B1siRNA at 24 and 48 h, respectively. Thereafter, RL-14 cell 

viability was determined using MTT and LDH assays. The values represent mean 

± SEM (n = 6). +p<0.05 compared to control. *p<0.05 compared to ISO.  
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Figure 3.29. Effect of ISO on hypertrophic markers and RL-14 cell surface area  

            (A) RL-14 cells were treated for 24 h with 100 µM ISO. Thereafter, the mRNA 

level of ANP, BNP, α-MHC, β-MHC were quantified using real time-PCR. (B) RL-

14 cells were treated with 100 μM ISO for 24. Thereafter, cell surface area was 

analyzed by phase contrast imaging. The values represent mean ± SEM (n = 6). 
+p<0.05 compared to control. 
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3.4.4. Effect of CYP1B1 inhibitor, TMS, and CYP1B1-siRNA on ISO-mediated 

cellular hypertrophy  

To examine whether the induction of the cellular hypertrophy in RL-14 cells by ISO is a 

CYP1B1-dependent mechanism, CYP1B1-siRNA or TMS were used. Figure 3.30B shows 

that ISO alone caused a significant inhibition of α-MHC gene expression by approximately 

70% in comparison to control. Importantly, treatment of the cells with TMS or CYP1B1-

siRNA significantly restored the ISO-mediated inhibition of α-MHC gene expression, 

suggesting a possible role for CYP1B1 in the ISO-induced cellular hypertrophy (Figure 

3.30B and C).  

 

The effect of TMS on ISO-induced cellular hypertrophy was further confirmed by the 

measurement of cell surface area. Our results showed that ISO increased the percentage of 

cell surface area by about 100% in comparison to control. Although TMS alone did not 

significantly alter RL-14 cell surface area, treatment of RL-14 cells with TMS significantly 

inhibited the ISO-mediated hypertrophy by approximately 70% in comparison to ISO 

(Figure 3.30C).   
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Figure 3.30. Effect of CYP1B1 inhibitor, TMS, and CYP1B1-siRNA on ISO-mediated 

cellular hypertrophy  

(A), (B) and (C) RL-14 cells were treated with 100 μM ISO in the presence and 

absence of 0.5 μM TMS or 25 nM CYP1B1siRNA at 24 and 48 h, respectively. 

Thereafter, the mRNA level of α-MHC was quantified using real time-PCR. (D) 

RL-14 cells were treated with 100 μM ISO in the presence and absence of 0.5 μM 

TMS for 24. Thereafter, cell surface area was analyzed by phase contrast imaging. 

The values represent mean ± SEM (n = 6). +p<0.05 compared to control. *p<0.05 

compared to ISO.  
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3.4.5. Effect of CYP1B1 overexpression on the development of cellular hypertrophy  

To further confirm the role of CYP1B1 in the development of cellular hypertrophy, RL-14 

cells were transiently transfected with CRISPR-CYP1B1. Thereafter, the mRNA 

expression of CYP1B1 and hypertrophic markers, α-MHC and β-MHC, was determined 

by real time-PCR. Figure 3.31A shows that CRISPR-CYP1B1 delivery led to the induction 

CYP1B1 gene expression by about 400% in comparison to mock-transfected cells. 

Importantly, this was accompanied by a significant decrease of α-MHC by approximately 

60% and a significant increase of β-MHC/ α-MHC by about 150% in comparison to mock-

transfected cells confirming the role of CYP1B1 in the development of cellular 

hypertrophy (Figure 3.31A).  

 

3.4.6. The role of CYP1B1 in the formation of mid-chain HETE metabolites 

CYP1B1 overexpression and CYP1B1siRNA were used to explore the role of CYP1B1 in 

the formation of mid-chain HETE metabolites. Figure 3.31B shows that CRISPR-CYP1B1 

delivery led to a significant increase in the formation of the formation of 15-, 12- and 8-, 

11- and 5-HETE by approximately 280%, 220%, 300%, and 290%, respectively, in 

comparison to control. On the other hand, treatment of cells with CYP1B1-siRNA 

significantly inhibited the formation of 15-, 12- and 8-, 11- and 5-HETE by about 40% in 

comparison to control (Figure 3.31C), confirming the role of CYP1B1 in the formation of 

mid-chain HETE metabolites. The effect of CYP1B1-siRNA on mid-chain HETEs is 

consistent with its effect on CYP1B1 mRNA levels (Figure 3.30A).  
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Figure 3.31. The role of CYP1B1 overexpression in the development of cellular 

hypertrophy and the formation of mid-chain HETEs 

RL-14 cells were transiently transfected with CRISPR-CYP1B1. Thereafter, (A) 

the mRNA expression of CYP1B1 and α-MHC was determined by real time-PCR. 

(B) and (C) RL-14 cells were transiently transfected with CRISPR-CYP1B1 or 

CYP1B1-siRNA for 48 h and then the cells were incubated with 50 μM AA for 3 

h. Thereafter, AA metabolites were measured using LC–ESI–MS. The values 

represent mean ± SEM (n = 6). +p<0.05 compared to control. *p<0.05 compared to 

ISO. 
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3.4.7. Effect of TMS on ISO-mediated effect on superoxide radical, MAPK and NF-

κB signaling pathways  

The level of superoxide radical and MAPK signaling pathway were determined to explore 

the mechanism by which TMS mediates its protective effect against ISO-induced cellular 

hypertrophy. Figure 3.32A shows that incubation of the cells with 100 µM of ISO 

significantly increased superoxide radical formation by approximately 180% and inhibited 

the phosphorylated ERK1/2 by about 70% in comparison to control. Importantly, treatment 

with TMS significantly reduced the increased formation of superoxide radical and restored 

the inhibition of phosphorylated ERK1/2 in response to ISO by approximately 80%, 

suggesting an important role of superoxide radical and phosphorylated ERK1/2 in TMS-

mediated protection against ISO-induced cardiac hypertrophy (Figure 3.32B). Treatment 

of cells with TMS did not significantly alter the phosphorylated levels of p38 and JNK. 

 

To investigate whether the effect of TMS on ISO-induced cellular hypertrophy is mediated 

through the inhibition of NF-κB, P50, and P65 binding activity was determined. Figure 

3.32C shows that ISO alone was able to induce the binding activity of NF-κB to its 

responsive element to 148% for P50 in comparison to control. Importantly, treatment with 

TMS significantly reduced the P50 binding activity in response to ISO to 103% in 

comparison to control, suggesting that inhibition of NF-κB is essential for TMS-mediated 

protection against ISO-induced cellular hypertrophy.  
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Figure 3.32. Effect of TMS on ISO-mediated effect on superoxide radical, MAPK and 

NF-κB signaling pathway 

            RL-14 cells were treated for 14 h with 100 µM ISO in the presence and absence of 

0.5 μM TMS. Thereafter, (A) superoxide anion was determined using the DHE 

assay. MAPK protein phosphorylation was determined in cytoplasmic protein 

extracts using a PhosphoTracer Elisa Kit (Abcam, Cambridge, UK). (B) NF-κB 

binding activity was determined using a commercially available kit. The values 

represent mean ± SEM (n = 6).  +p<0.05 compared to control. *p<0.05 compared 

to ISO.  
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3.5. 2-Methoxyestradiol protects against pressure overload-induced left ventricular 

hypertrophy 

3.5.1. Effect of 2ME on AAC-induced cardiac hypertrophy in rats 

To investigate whether 2ME confers cardioprotection against AAC-induced cardiac 

hypertrophy in rats, overall morphology was assessed in vivo via echocardiography and ex 

vivo by measuring heart weight-to-tibial length ratio (HW/TL). Echocardiography 

assessment of AAC rats showed thickening of the left ventricular wall as evidenced by an 

increase in LVPWs, LVPWd, IVSD, and IVSs in addition to a significant increase in LV 

mass (Table 3.3). Importantly, 2ME treatment resulted in a substantial reduction in the 

AAC-mediated thickening of left ventricular morphology. Additionally, AAC significantly 

increased the HW/TL to 0.39 from the control level of 0.26, whereas treatment with 2ME 

significantly inhibited the AAC-mediated increase in the HW/TL ratio to 0.257 (Figure 

3.33). Although the echocardiographic assessment revealed that 2ME did not significantly 

influence heart rate or parameters of systolic function such as EF% and %FS in the AAC 

rats, 2ME was able to significantly decrease the level of pressure gradient-increased by 

AAC (Table 3.3).    
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Table 3.3. Hemodynamic parameters in rats  

 

 

The values represent mean ± SEM (n = 6). +p<0.05 compared to control. *p<0.05 compared 

to AAC. BW, body weight, LV mass, left ventricular mass; LVPWs, left ventricular 

posterior wall, systole; LVPWd, left ventricular posterior wall, diastole; IVSs, 

intraventricular septum, systole; IVSd, intraventricular septum, diastole; Heart rate; EF, 

ejection fraction; FS, fractional shortening; TEI, Tei index = (isovolumic relaxation time+ 
isovolumic contraction time)/ ejection time; E, A , wave velocity; E`, A`, tissue doppler 

wave; S, sytolic tissue movement PG, Pressure Gradient.   

 

 

 

 Control AAC  2ME AAC+2ME 

BW (baseline) 200 + 8 195 + 6  190 + 10 189 + 17 

BW(after 5 weeks) 504 + 19 508 + 10  310 + 32+ 358 + 7+* 

LV-Mass (mg) 1172+ 52 1820 + 160+  1137 + 235 1073 + 55* 

LVPWd (mm) 2.6 + 0.1 3.73 + 0.22+  2.6 + 0.21 2.8 + 0.1* 

LVPWs (mm) 1.8 + 0.06 2.6 + 0.12+  1.8 + 0.22 1.9 + 0.17* 

IVSd (mm) 1.8 + 0.02 2.57 + 0.12+  1.89 + 0.18 1.9 + 0.06* 

IVSs (mm) 2.5 + 0.1 3.44 + 0.19+  2.64 + 0.22 2.7 + 0.1* 

Heart Rate (bpm) 336 + 17 371 + 23  321 + 31 316 + 24 

% EF 73+ 2.9 77.4+ 4.3  75.7+ 2.8 78 + 2.5 

% FS 46.3+1.5 43.3+1.2  38.8+4.4 44.8+2.3 

TEI 0.6 + 0.04 0.75 + 0.02  0.66 +0.08 0.72 + 0.03 

ME/A (ratio) 1.26 + 0.15 1.23 + 0.11  1.1+ 0.08 1.3 + 0.07 

E/ E` (mm/sec) 25.4 + 1.4 21 + 3.1  25.7 + 8.5 20.6 + 1.9 

A`/E` (mm/sec) 1.2 + 0.07 1.08 + 0.12  1.16 + 0.24 1.1 + 0.15 

E`/A` (mm/sec) 0.8 + 0.06 0.98 + 0.11  0.9 + 0.21 0.96 + 0.11 

S (mm/s) 45.5 + 2.5 53 + 1.9+  43 + 1.7 44 + 3.2* 

PG (mmHG) 3.4 + 0.3 5.8 + 0.4+  4.4 + 0.3 2.9 + 0.3* 
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Figure 3.33. Effect of 2ME on AAC-induced HW/TL ratio 

Sham and AAC rats were treated with 2ME (5 mg/kg/day) in a mini osmotic pump. 

Thereafter, HW/TL ratio (in mg per cm) was determined for each animal. The 

values represent mean ± SEM (n = 6). +p<0.05 compared to control. *p<0.05 

compared to AAC. 
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3.5.2. Effect of 2ME on AAC-induced fibrosis in rat cardiac tissues 

Chronic pressure overload is usually associated with excessive cardiac fibrosis and 

apoptosis which further burdens left ventricular remodeling and affects myocardial 

compliance. Because of this, we investigated whether the protective effect of 2ME against 

left ventricular remodeling is attributed to an inhibition of cardiac fibrosis and apoptosis 

induced by AAC. For this purpose, we measured the cardiac gene expression of the fibrotic 

and apoptotic markers, pro III, TGFβ-1, P53 and BAX relative to AAC rats using real-time 

PCR. Our results showed that AAC caused a significant induction of the fibrotic and 

apoptotic markers, pro-III, TGFβ-1, P53 and BAX by 400%, 250%, 200% and 170%, 

respectively in comparison to control (Figure 3.34A). On the other hand, 2ME treatment 

significantly inhibited the AAC-mediated induction of pro-III, TGFβ-1, P53 and BAX 

(Figure 3.34A). Furthermore, no significant differences were observed between the control 

and the 2ME treatment alone.  

 

To further confirm the protective effect of 2ME against AAC-induced fibrosis, cardiac 

sections were stained with Trichrome’s stain for the detection of fibrillar collagen and 

hence fibrosis (Figure 3.34B). A microscopic view of the myocardial tissue showed a 

significant increase in the fibrotic area in the hearts of AAC rats by approximately 120% 

in comparison to control. Importantly, this parameter was significantly reduced by 2ME 

treatment (Figure 3.34B), demonstrating that 2ME reduces the degree of fibrosis in rats 

with established cardiac hypertrophy.  
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Figure 3.34. Effect of 2ME on AAC-mediated induction of fibrotic and apoptotic 

markers 

            Sham and AAC rats were treated with 2ME (5 mg/kg/day) in the mini osmotic 

pump. Thereafter, (A) the mRNA level of pro III, TGFβ-I, p53 and BAX were 

quantified using real time-PCR. (B) Fibrotic areas were determined using 

Trichrome stain (intense blue staining), quantified and expressed as % area. The 

values represent mean ± SEM (n = 6). +p<0.05 compared to control. *p<0.05 

compared to AAC. 
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3.5.3. Effect of AAC and 2ME on mid-chain HETEs level and the expression of 

CYP1B1, LOXs and COX-2 proteins in rats 

To determine the capacity of 2ME to inhibit the formation of mid-chain HETEs altered by 

AAC, mid-chain HETE metabolites were determined using LC–ESI–MS. The level of 5-, 

11-, 12-, and 15-HETE formation were significantly increased to 150%, 140%, 150% and 

160%, respectively, in hypertrophied heart microsomes in comparison to control (Figure 

3.35A). On the other hand, treatment with 2ME significantly reduced the increase in mid-

chain HETEs formation to 90%, 85%, 60%, and 110% in comparison to hypertrophied 

heart (Figure 3.35A).  

 

Since mid-chain HETEs were shown to be formed by CYP1B1 as well as LOX and 

degraded by cyclooxygenase-2 (COX-2) enzyme, we examined whether the decrease in 

the formation of mid-chain HETEs by 2ME is due to the inhibition of LOXs and CYP 

and/or the activation of the COX-2 enzyme. For this purpose, CYP1B1, LOXs, and COX-

2 protein expression levels were determined by Western blot analysis. Our results showed 

that AAC rats have demonstrated a significant increase in the expression of CYP1B1 and 

12-LOX to 200% and 190%, respectively, in comparison to control. However, no 

significant changes were observed in the expression of COX-2, 5-LOX and 15-LOX 

between the control and the AAC group. Importantly, 2ME significantly inhibited the 

expression of CYP1B1 and 12-LOX-induced by AAC to 110% and 95%, respectively in 

comparison to AAC group (Figure 3.35B). On the other hand, treatment with 2ME 

significantly increased the expression of in COX-2 to 190% in comparison to the AAC 

group (Figure 3.35B). 
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Figure 3.35. Effect of AAC and 2ME on mid-chain HETE levels and the expression 

of CYP1B1, LOXs and COX protein 

Sham and AAC rats were treated with 2ME (5 mg/kg/day) in mini osmotic pumps 

and then, (A) mid-chain HETE metabolites were measured using LC–ESI–MS. (B) 

CYP1B1, 5-LOX, 12-LOX, 15-LOX and COX-2 protein expression levels were 

determined by Western blot analysis. The values represent mean ± SEM (n = 6). 
+p<0.05 compared to control. *p<0.05 compared to AAC. 
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3.5.4. Differential protein expression profile in the AAC group and 2ME treated rats 

The proteins altered during cardiac hypertrophy in comparison to control and in the AAC 

rats treated with 2ME in comparison to AAC group were determined using LC–MS/MS 

and have been listed in Table 3.4 along with their mean fold change ratios.    

 

The cardiac remodeling induced by AAC was associated with a significant increase in the 

expression of the hypertrophic protein, ADP-ribosylhydrolase-like 1 by 1.44 fold of change 

in comparison to control. Consistent with echocardiography, the protective effect of 2ME 

against AAC-induced cardiac hypertrophy was associated with a substantial increase in the 

expression of cardioprotective proteins, protein FAM65B and vinculin, and a significant 

decrease in the creatine kinase B-type protein, a biomarker of heart disease, by 3.9, 1.33 

and 0.44 fold of change, respectively, in comparison to the AAC group (Table 3.4). Muscle 

contraction protein system, sarcoplasmic/endoplasmic reticulum calcium ATPase 2, was 

significantly decreased in the AAC group by 0.55 fold of change in comparison to control. 

However, 2ME-treated rats showed an exclusive increase in the protein expression of 

myosin light polypeptide 6 and myosin light chain 3 by 4.2 and 1.9 fold of change in 

comparison to the AAC group (Table 3.4).  

 

The profile of inflammatory and fibrotic proteins altered in response to cardiac hypertrophy 

induced by AAC showed a significant increase in the expression of the fibrotic protein, 

galectin-1, by 2.5 fold of change in comparison to control. On the other hand, anti-

inflammatory and anti-fibrotic proteins, Ig gamma-2A chain C region and Ig kappa chain 

C region, were significantly decreased in AAC rats treated with 2ME by 2.1 and 1.9 fold 

of change, respectively, in comparison to the AAC group (Table 3.4). Contrary to fibrotic 

proteins, proteins related to the apoptotic pathway, dynamin-1-like protein, P38 MAPK 

and mitochondrial phosphate carrier protein, were significantly reduced in the AAC group 

by 0.4, 0.3 and 0.6 fold of change, respectively, in comparison to control. Moreover, 

treatment of rats with 2ME further decreased the AAC-mediated inhibition of P38 MAPK 

(Table 3.4). 
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Our data showed that proteins under the category of cardiac metabolism were the most 

affected in the AAC rats and AAC rats treated with 2ME. Proteins involved in fatty acid 

and branched-chain amino acid oxidation, enoyl-CoA delta isomerase 1, acyl-CoA 

dehydrogenase, enoyl-CoA hydratase, electron transfer flavoprotein-ubiquinone 

oxidoreductase and 2-oxoisovalerate dehydrogenase, were significantly decreased in the 

AAC rats by 0.48, 0.59, 0.6, 0.55 and 0.63 folds of change, respectively, in comparison to 

control.  Although 2ME did not significantly affect proteins involved in fatty acid and 

branched-chain amino acid oxidation altered by AAC, 2ME significantly decreased those 

responsible for the suppression of glucose oxidation, pyruvate dehydrogenase kinase, and 

pyruvate carboxylase, by 0.4 and 0.6 fold of change, respectively, in comparison to AAC 

group (Table 3.4). The indirect increase in proteins involved in glucose oxidation was 

associated with the ability of 2ME to prevent the increase in body weight in sham and AAC 

rats treated by approximately 38% and 30% in comparison to control (Table 3.4); however, 

treatment with 2-ME was not associated with any toxic adverse effects. 

 

Protein expression of antioxidants, NADH-ubiquinone oxidoreductase, and prohibitin-1 

were significantly decreased in the AAC group by 0.5 and 0.4 fold, respectively, in 

comparison to the control. On the other hand, 2ME significantly increased the expression 

of antioxidant proteins such as glutathione S-transferase P, glutathione S-transferase Mu, 

ferritin heavy chain and prohibitin-2, by a 1.9, 1.8, 2.8 and 1.8 fold of change, respectively, 

in comparison to the AAC group (Table 3.4).  
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3.5.5. Effect of AAC and 2ME on the MAPK signaling pathway  

AAC rats demonstrated a significant decrease in the expression of phosphorylated p38 and 

ERK1/2 by approximately 50% and 40%, respectively, in comparison to the control (Figure 

3.36). However, no significant changes were observed in the expression of phosphorylated 

JNK between the control and the AAC group. Although treatment of rats with 2ME further 

decreased the AAC-mediated inhibition of phosphorylated p38, 2ME significantly 

normalized the AAC-mediated effect on the phosphorylated ERK1/2, indicating a crucial 

role of the MAPK signaling pathway in the protective effect of 2ME against AAC-induced 

left ventricular hypertrophy (Figure 3.36). No significant differences were observed 

between the control and the 2ME treatment alone.  
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Table 3.4.  Proteins altered during AAC and AAC+2ME.  

Accession 

No.  

Protein name Mean fold 

change ratio-

AAC vs C (p 

value) 

Mean fold 

change ratio-

2ME+AAC 

vs AAC (p 

value) 

 

        
Q64119 Myosin light polypeptide 6 0.44 (0.13) 4.24 (0.01)     
P11507 Sarcoplasmic/endoplasmic reticulum calcium 

ATPase 2 

0.55 (0.033) 1.44 (0.36)     

P07335 Creatine kinase B-type 1.25 (0.33) 0.44 (0.035)      
P85972 Vinculin 0.92 (0.063) 1.33 (0.044)     
Q7TP54 Protein FAM65B 1.06 (0.75) 3.93 (0.005)     
Q5XIB3 ADP-ribosylhydrolase-like 1 1.44 (0.008) 0.68 (0.23)     
P20760 Ig gamma-2A chain C region 0.90 (0.84) 2.16 (0.0005)     
P01835 Ig kappa chain C region, B allele 0.79 (0.56) 1.93 (0.009)     
P11762 Galectin-1 2.58 (0.005) 1.01 (0.97)     
O35303 Dynamin-1-like protein 0.46 (0.01) 5.77 (0.44)     
Q9WTY9 P38 MAPK 0.34 (0.02) -     
P16036 Phosphate carrier protein, mitochondrial 0.67 (0.027) 1.15 (0.41)     
Q64536 Pyruvate dehydrogenase kinase  0.88 (0.72) 0.46 (0.008)     
P52873 Pyruvate carboxylase 0.8 (0.382) 0.69 (0.035)     
P23965 Enoyl-CoA delta isomerase 1 0.48 (0.025) 0.97 (0.921)     
P45953 Acyl-CoA dehydrogenase 0.59 (0.025) 1.44 (0.15)      
P14604 Enoyl-CoA hydratase 0.60 (0.039) 1.01 (0.97)     
Q64591 2,4-Dienoyl-CoA reductase 0.39 (0.145) 2.76 (0.038)     
Q5XIT9 Methylcrotonoyl-CoA carboxylase beta chain 0.85 (0.086) 1.63 (0.041)     
P35738 2-Oxoisovalerate dehydrogenase 0.63 (0.028) 2.61 (0.14)     
Q920L2 Succinate dehydrogenase 0.56 (0.022) 1.55 (0.013)     
P80254 D-dopachrome decarboxylase 2.65 (0.039) 0.63 (0.21)     
P29419 ATP synthase subunit e 1.74 (0.12) 0.54 (.037)     
P35434 ATP synthase subunit delta 1.44 (0.008) 1.27 (0.63)     
Q6UPE1 Electron transfer flavoprotein-ubiquinone 

oxidoreductase 

0.55 (0.033) 1.26 (0.46)     

P04906 Glutathione S-transferase P 0.80 (0.68) 1.95 (0.009)     
P08010 Glutathione S-transferase Mu 0.81 (0.29) 1.85 (0.047)     
Q66HF1 NADH-ubiquinone oxidoreductase 0.52 (0.029) 0.86 (0.59)       
P19132 Ferritin heavy chain 0.66 (0.24) 2.84 (0.02)       
P67779 Prohibitin-1 0.408 (.006) 1.45 (0.44)       
Q5XIH7 Prohibitin-2 0.40 (0.105) 1.87 (0.04)       
          

 
Sham and AAC rats were treated with 2ME (5 mg/kg/day) in mini osmotic pump and then, 

proteomic as determined using LC-MS/MS. The values represent mean ± SEM (n = 4). 
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Figure 3.36. Effect of 2ME and AAC on the MAPK signaling pathway 

Sham and AAC rats were treated with 2ME (5 mg/kg/day) in mini osmotic pumps. 

Then, the MAPK protein phosphorylation, P-JNK, P-p38 and P-ERK1/2 was 

determined. The values represent mean ± SEM (n = 6). +p<0.05 compared to 

control. *p<0.05 compared to AAC. 
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3.5.6. Effect of 2ME on ISO-mediated cellular hypertrophy 

In order to investigate whether 2ME has a direct antihypertrophic effect in the cardiac cells 

in a manner similar to in vivo, we examined the ability of 2ME to inhibit cellular 

hypertrophy induced by ISO as cardiac hypertrophy induced by AAC is not possible in 

cells. Initially, we have demonstrated that treatment of RL-14 cells with 100 μM ISO with 

or without 0.25 μM 2ME for 24 h did not significantly affect RL-14 cell viability using 

MTT and LDH assays (Figure 3.37A). Figure 3.37B and C show that ISO alone caused a 

significant inhibition of α-MHC gene expression by about 50% and a significant induction 

of β-MHC, TNF-α and IL-6 gene expression by approximately 150%, 180% and 200%, 

respectively in comparison to the control. Although treatment of the cells with 2ME did 

not significantly alter the ISO-mediated inhibition of α-MHC gene expression, 2ME 

significantly inhibited ISO-induced β-MHC, β-MHC/α-MHC ratio, TNF-α and IL-6 genes 

expression by about 70%, 50%, 45% and 30%, respectively in comparison to the ISO 

treatment (Figure 3.37B and C). No significant changes were observed with the expression 

level of BNP (Figure 3.37B). The effect of 2ME on ISO-induced cellular hypertrophy was 

further confirmed by the ability of 2ME to completely restore the ISO-mediated increase 

in cell surface area (Figure 3.37D). 
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Figure 3.37. Effect of ISO and 2ME on RL-14 cell viability and hypertrophic markers 

RL-14 cells were exposed to 100 μM ISO in the presence and absence of 0.25 μM 

2ME for 24 h. Thereafter, (A) RL-14 cell viability was determined using MTT and 

LDH assays. (B) & (C) The mRNA level of α-MHC, β-MHC, BNP, TNF-α and IL-

6 was quantified using real time-PCR. (D) Cell surface area was analyzed by phase 

contrast imaging.The values represent mean ± SEM (n = 6).  +p<0.05 compared to 

control. *p<0.05 compared to ISO.  
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3.5.7. Effect of 2ME on ISO-mediated effect on superoxide radical, MAPK and NF-

κB signaling pathways 

Figure 3.38 shows that incubation of the cells with 100 µM of ISO significantly increased 

superoxide radical formation, phosphorylation of p38 and JNK in addition to the binding 

activity level of NF-κB P50 by approximately 180%, 160%, 150%, and 145%, respectively, 

whereas it inhibited the phosphorylation of ERK1/2 by approximately 50% in comparison 

to the control. No significant changes were observed with the activity level of NF-κB P65 

(Figure 3.38C). Importantly, treatment with 2ME significantly normalized the ISO-

mediated effect on the superoxide radical, MAPK and NF-κB signaling pathways (Figure 

6), suggesting a crucial role of the aforementioned pathways in the protective effect of 

2ME against ISO induced RL-14 cellular hypertrophy.  
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Figure 3.38. Effect of 2ME on ISO-mediated effect on superoxide radical, MAPK and 

NF-κB signaling pathways 

RL-14 cells were treated for 14 h with 100 µM ISO in the presence and absence of 

0.25 μM 2ME. Thereafter, (A) Superoxide anion was determined using the DHE 

assay. (B) MAPK protein phosphorylation was determined in cytoplasmic protein 

extracts using the PhosphoTracer Elisa Kit (Abcam, Cambridge, UK). (C) NF-κB 

binding activity was determined using a commercially available kit. The values 

represent mean ± SEM (n = 6). +p<0.05 compared to control. *p<0.05 compared to 

ISO.  
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4.1. Human fetal ventricular cardiomyocyte RL-14 cell line is a promising model to 

study drug metabolizing enzymes and cellular hypertrophy  

CYP enzymes have been detected in the cardiovascular tissue and their specific isoforms 

have been detected in rat heart (Imaoka et al., 2005) and in different regions of human heart 

(Roman, 2002; Delozier et al., 2007). Several lines of evidence support the role of CYP 

metabolites in the maintenance of cardiovascular health, including the regulation of 

vascular tone, extracellular fluid volume, and heart contractility (Roman, 2002). Previous 

studies used different models to examine the expression of CYP enzymes in the heart 

(Thum et al., 2000a; Thum et al., 2002); however, each model has its difficulties and 

limitations. For instance, in vivo experiments may not be readily suited to detailed 

investigations at a cellular and molecular level. Isolation of primary cardiomyocytes is a 

complicated technique as heart muscle cells are firmly connected to each other and it is 

hard to cleave these connections without injuring the cells (Schluter et al., 2005). 

Moreover, it is difficult to quantify CYP metabolites using primary cardiomyocytes 

because of their low yield and limited viability. Rat cardiomyoblast cells, H9c2 cells, and 

a mouse atrial cardiomyocyte cell line, HL-1 cells, are useful tools for cardiovascular 

research as they can be passaged serially, differentiate, and maintain the characteristics of 

rat and mouse cardiomyocytes (Kimes et al., 1976; Claycomb et al., 1998). However, 

mouse and rat cell lines cannot definitely answer questions that are specific to the human 

system.  

 

Therefore, there is an urgent need for a reliable human in vitro cell line model to study the 

role of drug metabolizing enzymes in the heart. Currently, the human fetal ventricular 

cardiomyocytes, RL-14 cells, are a commercially available cell line (American Type Cell 

Culture Patent Deposit Designation No. PTA-1499, Manassas, VA) that has been 

established from non-proliferating primary cultures derived from human fetal heart tissues 

using a mitochondrial function-based method to indirectly introduce the SV-40 gene into 

cells (Davidson, 2007). In contrast to mouse and rat models, the RL-14 cell line offers a 

unique model since it can evaluate the complex molecular and genetic mechanisms 

underlying heart disease that are specific to the human. Although it lacks contractility and 

obvious voltage-activated conductances in whole-cell voltage-clamp recordings, it 
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expresses β-myosin heavy chain and the gap junction protein, connexin-43 (Davidson, 

2007). The presence of gap junctions and the major cardiac-specific gap junction protein, 

connexin-43, may allow the cells to form a syncytium and to integrate functionally with 

normal or myopathic cardiac tissue (Davidson, 2007; Zhang et al., 2009b). However, the 

expression of different CYP isoenzymes in RL-14 cells has not been fully elucidated yet. 

Accordingly, we investigated the expression of different CYP isoenzymes in RL-14 cells 

as a new proposed model. Also, we correlated this expression to primary cardiomyocytes.  

 

Initially, we demonstrated here that RL-14 cells constitutively expresse CYP ω-

hydroxylases, CYP1A, CYP1B1, CYP4A and CYP4F in addition to CYP epoxygenases, 

CYP2B, CY2C and CY2J at mRNA and protein levels. Our findings are consistent with 

previous reports suggesting that these CYP isoforms are constitutively expressed in the 

normal human heart (Bieche et al., 2007; Delozier et al., 2007). However, our results 

showed low levels of CYP1B1 and 2J2 mRNA compared with their protein levels. The 

discrepancy between mRNA and protein could be attributed to the differences in stability 

of the proteins or the rate of translation of each protein.   

 

Although numerous researchers investigating the molecular processes that regulate cardiac 

function use primary cardiomyocytes as the standard experimental in vitro system, our 

study proposed the use of RL-14 cell line as it expresses CYP genes at comparable level to 

those expressed in the primary cardiomyocytes. This conclusion is supported by several 

pieces of evidence. First, CYP1A1 and 1A2 mRNAs were detected in RL-14 and HMC 

cells at higher levels than that in HMCa cells. Similar to our observations, it has been 

previously reported that CYP1 family was more highly expressed in fetal cardiomyocytes 

than in adult cardiomyocytes (Aragon et al., 2008). Second, CYP4A11, CYP4F2, and 

CYP4F11 were expressed abundantly in RL-14 and HMCa cells but very little if any in 

HMC cells, suggesting that RL-14 cells are similar to adult cardiomyocytes in the 

expression of CYP4 family. Consistent with our results, it has been demonstrated that 

CYP4 was mainly expressed in freshly isolated cardiomyocytes of control animals and 

adult human cardiomyocytes (Simpson, 1997; Thum et al., 2000a; Chaudhary et al., 2009). 

Third, CYP2B6, 2C and 2J2 were highly expressed in RL-14 cells compared with HMCa 
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and HMC. Our results not only suggest the capability of RL-14 cells to express CYP ω-

hydroxylases and epoxygenases at the same or higher levels compared with adult and fetal 

human primary cardiomyocytes but also validate the importance of RL-14 cells as a model 

for in vitro studies of drug metabolizing enzymes.  

 

In the present study, we have demonstrated the inducibility of CYP ω-hydroxylases and 

epoxygenases gene expression in RL-14 cells using TCDD and fenofibrate. The genes in 

the CYP1 family are known to be inducible by AhR ligands such as TCDD, whereas CYP2 

and CYP4 genes are known to be induced by fenofibrate (Denison et al., 1986; Sehgal et 

al., 2012; Althurwi et al., 2014). We found that CYP1A1 and CY1A2 were induced by 

TCDD whereas CYP2B6 and CYP4F2 were induced by fenofibrate at mRNA and protein 

levels. Interestingly, the induction pattern of CYP1A1 at mRNA and protein levels by 

TCDD was similar to those obtained with H9c2 and Hepa 1c1c7 cells (Korashy et al., 2005; 

Aboutabl et al., 2007), whereas the induction of CYP2B6 by fenofibrate appeared to be 

consistent with its induction in vivo in heart tissue (Althurwi et al., 2014).   

 

Lastly, our study proposed the use of RL-14 cell line as a unique in vitro model to study 

cellular hypertrophy. This conclusion is supported by the finding that cardiac hypertrophic 

marker α-MHC, β-MHC, ANP and BNP were constitutively expressed in RL-14 cells at 

mRNA and protein levels like adult and fetal human primary cardiomyocytes.  

 

In conclusion, the current study provides the first evidence for the ability of the human 

ventricular cardiomyocytes RL-14 cell line to express CYP and hypertrophic markers like 

primary cardiomyocytes and thus validates RL-14 cells as a promising model for studying 

drug metabolizing enzymes and cellular hypertrophy in the heart. 
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4.2. Mid-chain hydroxyeicosatetraenoic acids induce cellular hypertrophy in the 

human ventricular cardiomyocyte RL-14 cell line through MAPK-and NF-κB -

dependent mechanisms 

 

Mid-chain HETEs are biologically active eicosanoids resulting from the metabolism of AA 

by both LOX and a CYP-catalyzed bis-allylic oxidation reaction (LOX-like reaction). 

Recent studies have established the role of mid-chain HETEs in the development of 

cardiovascular disease (Jenkins et al., 2009). For example, 5-HETE has been reported to 

have vasoconstrictive and pro-inflammatory action (Burhop et al., 1988). 8-HETE has been 

shown to be detected in cardiac tissue and was reported to have a proliferator and pro-

inflammatory action as it directly stimulates human neutrophil chemotaxis in vitro (Hunter 

et al., 1985; El-Sherbeni et al., 2014b). In addition, 12-HETE has been reported to act as a 

vasoconstrictor in small renal arteries and induce cellular hypertrophy and fibrosis, whereas 

15-HETE has been proposed to be implicated in heart failure by induction of cardiac 

fibrosis. However, most of these previous studies were conducted on vascular smooth 

muscle, and none of them have utilized in vitro human cardiomyocytes to study the cardiac 

hypertrophic effect of mid-chain HETEs. In addition, the involvement of NF-κB and 

MAPK pathways has never been investigated before in human cardiomyocytes. Therefore, 

the current study was conducted to determine the potential cellular hypertrophic effect of 

mid-chain HETEs in the human ventricular cardiomyocytes RL-14 cells and to explore the 

involvement of MAPK and NF-κB signaling pathways. 

 

 

Prior to commencing our research, the in vitro concentrations of mid-chain HETEs used in 

the current study were chosen after determining the ability of a wide range of 

concentrations to modulate the expression of hypertrophic markers and increase cell 

surface area without significantly affecting RL-14 cell viability. Although the 

concentrations of mid-chain HETE metabolites have not been determined in patients with 

cardiac hypertrophy yet, a recent study has demonstrated a physiologic concentration of 

mid-chain HETEs ranging from 50 to 250 nM (Yasumoto et al., 2017). In addition, a 

previous report has demonstrated the effect of 8-HETE on the differentiation of primary 
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keratinocytes utilizing concentrations ranging from 5-10 µM (Muga et al., 2000). Taken 

together, and beside the fact that mid-chain HETEs are unstable, the excessive 

concentrations of glucose combined with the presence of growth factor in culture media 

each collectively provide a high degree of in vivo relevance to the results arising from the 

concentrations of mid-chain HETEs (2.5-20 µM) used in the presently described in vitro 

experiments. 

 

One of the hallmarks of cardiac hypertrophy and heart failure in patients is the increase in 

β-MHC/α-MHC, ANP and BNP expression levels (Barry et al., 2008). Thus, their 

expressions have been considered as a good predictor of ventricular dysfunction and 

decompensated heart failure. The ability of mid-chain HETEs to induce cellular 

hypertrophy in the current study was evidenced first by the induction of the cardiac 

hypertrophic markers β-MHC/α-MHC, ANP and BNP in time- and concentration-

dependent manners. Our results are supported by the previous observations that ischemic 

and dilated cardiomyopathies are associated with the increased level of the β-MHC/ α-

MHC ratio (Reiser et al., 2001). Furthermore, increased ANP and BNP expression levels 

have been shown to be associated with heart failure and ventricular hypertrophy induced 

by ISO (Zordoky et al., 2008). The second piece of evidence for the induction of cellular 

hypertrophy is the increase in cell surface area. The increase in cell surface area was also 

reported with hypertrophic agonists’ treatment, including endothelin and Ang II (Gu et al., 

2014; Vanezis et al., 2014).  

 

MAPK are intracellular signal transduction factors that are critically involved in the 

regulation of signaling pathways, ultimately leading to cardiac hypertrophy and heart 

failure (Zhang et al., 2003). The three best-characterized MAPK include p38, JNK and 

ERK1/2. Recent reports have demonstrated that persistent activation of p38 and JNK can 

promote apoptosis, resulting in cardiac dilation and dysfunction (Pearson et al., 2001). 

ERK1/2 has been proposed to regulate smooth muscle contraction and to promote cellular 

hypertrophy (Pearson et al., 2001). Importantly, the exact role of MAPK in mid-chain 

HETEs-induced cardiac hypertrophy is still unclear. Thus, the second objective of the 

current study was to explore the role of MAPK in mid-chain HETEs-induced cardiac 
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hypertrophy. Our results showed that mid-chain HETEs significantly induced 

phosphorylated ERK1/2, whereas no significant changes were observed on phosphorylated 

p38 or JNK. The direct involvement of ERK1/2 was assessed by determining the effects of 

the ERK1/2 inhibitor, U0126. Our results clearly demonstrated that the activation of the 

ERK1/2 signaling pathway positively regulates the induction of the cardiac hypertrophic 

markers in response to mid-chain HETEs. The premise of this observation emerges from 

the fact that the activation of phosphorylated ERK1/2 is crucial for cellular hypertrophy. 

This is supported by the finding that Ang II induced cellular hypertrophy in H9c2 cells 

through ERK1/2 but not p38 or JNK (Zong et al., 2013). Of particular interest in this study, 

baicalin, a CYP/LOX inhibitor, blocked the cellular hypertrophic effect of Ang II through 

the inhibition of ERK1/2 signaling pathway (Zong et al., 2013).   

 

Previous studies have indicated that NF-κB has a wide range of pathophysiological 

functions in cardiac hypertrophy (Hirotani et al., 2002). NF-κB has been shown to be 

activated in the failing human heart (Grabellus et al., 2002). Furthermore, it has been 

demonstrated that blockade of NF-κB ameliorates myocardial hypertrophy in response to 

aortic banding and chronic infusion of Ang-II, suggesting an important role of NF-κB as a 

signaling pathway in the regulation of cardiac hypertrophy (Kawano et al., 2005). In this 

regard, we demonstrated that mid-chain HETEs were able to induce the binding activity of 

NF-κB to their responsive elements in a HETE-dependent manner. The direct evidence for 

the involvement of NF-κB in the mid-chain HETEs-mediated induction of cellular 

hypertrophy was supported by the observation that blocking of NF-κB using PDTC 

significantly resulted in restoration of the mRNA expression of the hypertrophic markers 

to their normal levels, implying that the activation of NF-κB is required for the induction 

of cardiac hypertrophy. Consistent with our results, it has been shown that activation of 

NF-κB is required for hypertrophic growth of cardiomyocytes in response to hypertrophic 

agonists, including phenylephrine, endothelin-1 and Ang II (Hirotani et al., 2002). In 

addition, cardioprotective metabolites, EETs, are reported to have cardioprotective effects 

through several mechanisms, most notably by inhibiting the activation of NF-κB, whereas 

DOX has been shown to induce myocardial apoptosis through activation of NF-κB (Xu et 

al., 2006; Li et al., 2008).  
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CYP enzymes have been detected in cardiovascular tissue and their specific isoforms have 

been detected in rat heart (Imaoka et al., 2005) and in different regions of human heart 

(Roman, 2002; Delozier et al., 2007). Several lines of evidence support the role of CYP 

metabolites in the maintenance of cardiovascular health, including the regulation of 

vascular tone, extracellular fluid volume, heart contractility and cardiac hypertrophy 

(Roman, 2002). Therefore, we investigated the effect of mid-chain HETEs on the 

expression of different CYP genes involved in cardiac hypertrophy. Our results 

demonstrated that all mid-chain HETEs did not significantly alter the expression of CYP 

ω-hydroxylases and epoxygenases at mRNA and protein levels. However, we found a 

significant decrease in 14, 15- and 11, 12-EET formation in RL-14 cells treated with 8- and 

12-HETE. This decrease in EET formation was accompanied by a significant increase in 

the formation of their corresponding DHETs. Therefore, it was necessary to investigate the 

effect of mid-chain HETEs on the activity of sEH which promotes the conversion of EETs 

to their corresponding inactive diols form, DHETs (Yu et al., 2000; Imig et al., 2002). 

Interestingly, our results clearly demonstrated that mid-chain HETEs caused a significant 

induction of sEH catalytic activity in RL-14 cells which explains the high level of DHETs. 

Importantly, the mid-chain HETEs-induced cellular hypertrophy was significantly 

attenuated by pretreatment of RL-14 cells with a selective sEH inhibitor, tAUCB, 

suggesting that sEH is essential for mid-chain HETEs-mediated induction of cellular 

hypertrophy. The induction of sEH and DHETs has been reported to increase in animal 

models of Ang II- and ISO-induced cardiac hypertrophy (Zordoky et al., 2008; Ai et al., 

2009). Moreover, sEH inhibitors have been shown to prevent and/or reverse the 

development of cardiac hypertrophy in several models (Xu et al., 2006).  

 

In conclusion, our study provides the first evidence that mid-chain HETEs induce cellular 

hypertrophy in the human ventricular cardiomyocytes RL-14 cells through MAPK- and 

NF-κB-dependent mechanisms and could be used as novel targets in the treatment of 

cardiac hypertrophy and heart failure.  
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4.3. CYP1B1 inhibition attenuates doxorubicin-induced cardiotoxicity through a 

mid-chain HETEs-dependent mechanism  

DOX is a broad-spectrum anthracycline antibiotic widely used to treat various types of 

human neoplastic disease, including lymphoblastic, hematopoietic and a wide range of 

solid tumors, such as lung, breast and thyroid cancer (Minotti et al., 2004). Unfortunately, 

clinical usefulness of DOX is badly compromised by its cumulative cardiotoxicity leading 

to irreversible cardiomyopathy and congestive heart failure. Despite several studies the 

have demonstrated a role for oxidative stress, inhibition of topoisomerase II and apoptosis 

in DOX-induced cardiomyocyte toxicity (Minotti et al., 2004; Takemura et al., 2007), the 

specific mechanisms regulating cardiotoxic effect of DOX are still unclear. Intriguingly, it 

has been shown that DOX increases the formation of mid-chain HETEs in cancer cells 

(Catalano et al., 2004). Furthermore, several studies have established the role of mid-chain 

HETEs in the development of cardiac toxicity (Nozawa et al., 1990; Cyrus et al., 1999; 

Jenkins et al., 2009). Taken together, the exact mechanism of DOX-induced cardiotoxicity 

and its progression to heart failure has not been fully elucidated yet and the role of mid-

chain HETEs in DOX-induced cardiotoxicity has never been reported before and could not 

be ruled out. Therefore, the current study was conducted to examine the capacity of DOX 

to increase mid-chain HETEs in cardiomyocytes in vitro and in vivo and to explore whether 

inhibiting the formation of mid-chain HETEs confers cardioprotection against DOX-

induced cardiotoxicity.   

 

Prior to commencing the current experiments, the cumulative dose of DOX (15 mg/kg) 

used in the current study was selected based on previous studies and comparable with doses 

given to cancer patients, which causes bradycardia and reduces cardiac contractility in 

many cancer patients (van Acker et al., 1996; Taniyama et al., 2002). For example DOX 2 

mg/kg is equivalent to a dose of 6.5 mg/m2 in patients (Ottewell et al., 2009). Furthermore, 

the chronic cardiotoxicity induced by DOX occurs in patients given cumulative dose of 

≥500 mg/m2 (Petit, 2004; Mitra et al., 2007). Taken together, the chronic human exposure 

to DOX, its long half-life, and the high possibility of accumulation in cardiac tissue make 

the dose used in the present study highly relevant to the corresponding clinical situation. 

With regard to the TMS, the dose was selected based on its pharmacokinetic properties, its 
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long half-life and the high TMS tissue distribution (Lin et al., 2010). Previous studies 

showed that TMS 300 g/kg every 3rd day was able to decrease CYP1B1 catalytic activity, 

as well as prevent the toxicity observed following Ang II and deoxycorticosterone infusion 

(Jennings et al., 2010; Malik et al., 2012).  

 

In vivo, we have demonstrated for the first time that TMS, a selective CYP1B1 inhibitor, 

attenuates DOX-induced cardiotoxicity in rats as TMS significantly prevented the DOX 

mediated inhibition of cardiac output, stroke volume, HW/TL ratio and thinning of the 

LVPWd, LVIDd, IVSD, IVSs and LVPWs. This is in agreement with the observation that 

resveratrol, a TMS analogue, prevents systolic dysfunction in hearts of DOX-treated mice 

by improving CO, SV and left ventricular morphology (Dolinsky et al., 2013). Second, 

histopathological examination of cardiac tissues revealed myofiber disarray and muscular 

fiber dissociation in addition to the presence of fibrosis in response to DOX, which 

appeared to be reduced by TMS treatment. The antifibrotic effect of TMS has been reported 

to prevent Ang II-induced collagen deposition in the interstitial space of the kidney 

(Jennings et al., 2012a).  

 

The induction of cardiotoxicity was associated with a proportional increase in the 

formation of mid-chain HETE metabolites. Interestingly, the inhibition of cardiotoxicity 

by TMS was associated with a dramatic decrease in the formation of mid-chain HETEs in 

heart tissues, suggesting a mid-chain HETE-dependent mechanism. The role of mid-chain 

HETEs in the pathogenesis of CVDs including heart failure and cardiomyopathy has been 

reported before (Nozawa et al., 1990; Cyrus et al., 1999; Jenkins et al., 2009). In this 

regard, it has been demonstrated that up-regulation of 12- and 15-HETE metabolites 

induces systolic dysfunction and cardiac fibrosis in rats (Wallukat et al., 1994; Kayama et 

al., 2009). Furthermore, treatment of mice with streptozotocin has been shown to induce 

cardiomyopathy and fibrosis through a 12- and 15-HETE-dependent mechanism (Kumar 

et al., 2013; Suzuki et al., 2015).   

 

The RL-14 cell line was utilized in the current study to validate the in vitro model and 

explore the mechanistic role of CYP1B1 and its associated mid-chain HETEs metabolite 
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in DOX-induced cardiotoxicity. Initially, the concentration of DOX used in the current 

study was maintained within the therapeutic range of plasma concentration reported in 

human. For example, human subjects given a dose of 60∼75 mg/m2 DOX for the treatment 

of metastatic breast cancer had mean plasma concentrations ranging from 5 to 15 μM and 

an average half-life of ∼25 h (Robert et al., 1985; Mross et al., 1988). In addition, several 

in vitro studies on cardiomyocytes to explore the cardiotoxicity of DOX used 

concentrations ranging from 1 to 10 μM (Doroshow et al., 1990; McHowat et al., 2001). 

With regards to TMS, the concentration used in the current study was selected based on a 

previous study showing that concentrations ranging from 0.1 to 1 μM exhibited the 

maximum inhibitory activity against CYP1B1 (Chun et al., 2001) and did not affect RL-

14 cells viability alone or in combination with DOX.   

 

At the in vitro level, treatment of RL-14 cells with DOX caused cardiotoxicity which is 

evidenced first by the induction of β-MHC/α-MHC in a time-dependent manner. The 

relative ratio of β-MHC to α-MHC has been considered as a good predictor of ventricular 

dysfunction and was reported to be altered during heart failure and in DOX treated heart 

(Alpert et al., 1982; Holubarsch et al., 1985; Harris et al., 1994; de Beer et al., 2000; 

Hydock et al., 2008). MHC isoform switching from α-MHC to β-MHC decreases the 

myosin ATPase enzyme velocity and depletes the intracellular energy level, thereby 

disrupting myocardial twitch kinetics. This detrimentally affects the systolic function and 

decreases contractile performances of the cardiomyocytes that significantly contributes to 

the progression of heart failure (Fatkin et al., 2000; Kiriazis et al., 2000; Locher et al., 

2011). The second piece of evidence for the induction of cardiotoxicty is the increase in 

cell volume. The increase in cell volume was also reported with DOX treatment of H9c2 

cells (Karagiannis et al., 2010). Furthermore, the increase in cell volume in response to 

DOX is consistent with fiber disarray occurring at in vivo level (Zhu et al., 2008). 

Interestingly, the induction of β-MHC/α-MHC was associated with a proportional increase 

in CYP1B1 mRNA, protein, and catalytic activity levels and its associated mid-chain 

HETE metabolites in RL-14 cells. Taken together, these results suggest an important role 

of CYP1B1 enzyme and mid-chain HETEs in DOX-induced cardiotoxicity. 
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Direct evidence for the involvement of CYP1B1 in the DOX-induced cardiotoxicity was 

provided by the observation that blocking of CYP1B1 catalytic enzyme activity using 

TMS, a selective CYP1B1 inhibitor, significantly reduced the cytotoxicity, mRNA 

expression of hypertrophic markers and cell volume in response to DOX to their normal 

levels. This was associated with a proportional decrease in the formation of mid-chain 

HETEs suggesting a CYP1B1/mid-chain HETE-dependent mechanism. In contrast to 

TMS, inhibition of LOXs using zileuton and PD146176 did not affect the formation of 

mid-chain HETEs and failed to protect against DOX induced-cardiotoxicity, confirming 

the role of CYP1B1 in the formation of mid-chain HETEs. In agreement with our results, 

it has been shown that disruption of the cyp1b1 gene through the deletion exons 2 and 3 

inhibits the formation of mid-chain HETEs and provides a significant protective effect 

against Ang II-induced renal toxicity (Jennings et al., 2012b). The premise of this 

observation emerges from the finding that the levels of LOXs, Cyp4a, and Cyp4f protein 

were not changed in the cyp1b1-/- mice, suggesting a CYP1B1-selective production of 

mid-chain HETEs. Furthermore, it has been demonstrated that non-selective CYP 

inhibitors such as SKF-525A inhibit cellular hypertrophy whereas LOX inhibitors such as 

zileuton failed to produce such an effect (Nieves et al., 2006). The inhibition of cellular 

growth in response to SKF-525A was associated with the impairment of mid-chain HETE 

synthesis. Interestingly, exogenous addition of mid-chain HETEs reversed the effect of 

SKF-525A, confirming an important role of CYP in the regulation of mid-chain HETEs 

(Nieves et al., 2006). 

 

Mechanistically, we have demonstrated previously that mid-chain HETEs induce their 

toxic effect in the human ventricular cardiomyocytes RL-14 cells through MAPK- and NF-

κB-dependent mechanisms. MAPK and NF-κB are intracellular signal transduction factors 

that are critically involved in the regulation of signaling pathways, ultimately leading to 

cardiotoxicity and heart failure (Zhang et al., 2003). Several reports have demonstrated 

that persistent activation of NF-κB, p38 and JNK by DOX promotes apoptosis, resulting in 

cardiac dilation and dysfunction (Pearson et al., 2001; Xu et al., 2006; Li et al., 2008). 

ERK1/2 has been proposed to regulate smooth muscle contraction and to promote cellular 

hypertrophy (Pearson et al., 2001). Taken together, the possibility that the inhibition of 
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mid-chain HETE formation by TMS would inhibit the activation of MAPK and NF-κB by 

DOX has never been investigated before and could not be ruled out. Thus, the third 

objective of the current study was to explore the role of TMS on DOX-mediated activation 

of NF-κB and MAPK. Our results showed that DOX-treatment significantly increased 

phosphorylation of ERK1/2, p38 and JNK as well as the binding activity of NF-κB to its 

responsive elements. Importantly, the inhibition of CYP1B1 via TMS significantly blocked 

the activation of phosphorylated MAPK and NF-κB in response to DOX, suggesting that 

MAPK and NF-κB are essential for TMS-mediated protection against DOX-induced 

cardiotoxicity. In agreement with our results, resveratrol, a TMS analogue, has been 

reported to possess a significant cardioprotective effect against DOX-induced 

cardiotoxicity through the inhibition of MAPK and NF-κB (Cao et al., 2004; Beedanagari 

et al., 2009; Dolinsky et al., 2009). In addition, cardioprotective metabolites such as EETs 

are reported to have cardioprotective effects through several mechanisms most notably by 

inhibiting the activation of NF-κB (Xu et al., 2006; Li et al., 2008).  

 

Our study provides the first evidence that inhibition of CYP1B1 and hence mid-chain 

HETEs attenuates DOX-induced cardiotoxicity in vitro in RL-14 human ventricular 

cardiomyocytes and in vivo in rats.  

 

4.4. The role of cytochrome P450 1B1 and its associated mid-chain 

hydroxyeicosatetraenoic acid metabolites in the development of cardiac hypertrophy 

induced by ISO  

 

Several lines of evidence support the role of CYP1B1 and its associated mid-chain HETE 

metabolites in the development of cardiac hypertrophy (Korashy et al., 2006; Malik et al., 

2012). For example, the expression of CYP1B1 protein and the formation of mid-chain 

HETE metabolites were shown to be increased during pressure overload-induced cardiac 

hypertrophy (El-Sherbeni et al., 2014a). In addition, the induction of CYP1B1 has been 

demonstrated in the rat heart exposed to ISO and Ang-II and in the left ventricular tissue 

of spontaneously hypertensive rats (Thum et al., 2002; Zordoky et al., 2008; Jennings et 

al., 2012b). Taken together, the possibility that the inhibition of CYP1B1 and its associated 
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mid-chain HETE metabolites would protect against cardiac hypertrophy induced by ISO 

has never been investigated before and could not be ruled out. Therefore, the current study 

was conducted to examine the capacity of ISO to induce CYP1B1 and its associated mid-

chain HETE metabolites in cardiomyocyte at in vitro and in vivo levels and to explore 

whether inhibiting the expression of CYP1B1 and the formation of mid-chain HETEs 

confers cardioprotection against ISO-induced cardiac hypertrophy.   

 

Initially, we demonstrated recently that ISO-induced cardiac hypertrophy in vivo in rats is 

evident by the increase in HW/BW ratio and thickening of left ventricular morphology 

(Althurwi et al., 2015). Interestingly, treatment of rats with ISO was associated with a 

proportional induction of cardiac CYP1B1 enzyme and its associated mid-chain HETE 

metabolites at pre-hypertrophic and hypertrophic stages. The induction of CYP1B1 

enzyme and its associated metabolites seems to be detrimental and it may deteriorate 

cardiac function (Nozawa et al., 1990; Cyrus et al., 1999; Jenkins et al., 2009). This was 

supported by a recent study that demonstrated the ability of 5-, 8-, 12- and 15-HETE to 

induce cellular hypertrophy in vitro in human ventricular cardiomyocytes (Maayah et al., 

2015b; Maayah et al., 2015c; Maayah et al., 2015d). In vivo, the up-regulation of 12- and 

15-HETE metabolites was shown to induce systolic dysfunction and cardiac fibrosis in rats 

(Wallukat et al., 1994; Kayama et al., 2009). On the other hand, CYP1B1 inhibition has 

been reported to attenuate the adverse cardiac events associated with DOX treatment and 

in spontaneously hypertensive rats through a mid-chain HETEs-dependent mechanism 

suggesting an important role of CYP1B1 and its metabolites in the development of cardiac 

hypertrophy and heart failure (Jennings et al., 2014b; Maayah et al., 2016a).  

 

The importance of CYP1B1 relies on the fact that the levels of CYP1B1 and mid-chain 

HETEs were induced at pre-hypertrophic and hypertrophic stages whereas LOX enzymes 

were just decreased from the basal level at hypertrophic stages, implying CYP1B1 as a 

promising target in the treatment of cardiac hypertrophy. This is supported by a previous 

finding that demonstrated that in contrast to TMS, a selective CYP1B1 inhibitor, inhibition 

of LOXs using zileuton and PD146176 did not affect the formation of mid-chain HETEs 

and failed to protect against DOX-induced cardiotoxicity confirming the role of CYP1B1 
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in the formation of mid-chain HETEs (Maayah et al., 2016a). Furthermore, it was shown 

that CYP inhibitors such as SKF-525A persuade a cell cycle delay and inhibit cellular 

hypertrophy whereas, LOX inhibitors such as nordihydroguaiaretic acid have failed to 

produce such an effect (Nieves et al., 2006). The inhibition of cellular growth in response 

to SKF-525A was associated with CYP inhibition and the subsequent impairment of 

synthesis of mid-chain HETEs. Interestingly, exogenous addition of mid-chain HETEs 

reversed the effects of SKF-525A confirming an important role of CYP in the regulation 

of mid-chain HETEs (Nieves et al., 2006).  

 

In vitro, treatment of RL-14 cells with ISO caused cellular hypertrophy which is evidenced 

first by the induction of β-MHC, inhibition of α-MHC and the increase in cell surface area. 

However, there was no significant change in the expression of ANP and BNP mRNA 

levels. The relative ratio of β-MHC to α-MHC has been considered as a good predictor of 

ventricular dysfunction and was reported to be altered during cardiac hypertrophy (Barry 

et al., 2008). MHC isoform switching from α-MHC to β-MHC decreases the myosin 

ATPase enzyme velocity and depletes the intracellular energy level, thereby disrupting 

myocardial twitch kinetics. This detrimentally affects the systolic function and decreases 

contractile performances of the cardiomyocytes that significantly contributes to the 

progression of heart failure (Fatkin et al., 2000; Kiriazis et al., 2000; Locher et al., 2011). 

On the other hand, natriuretic peptides, such as ANP and BNP are considered as potent 

endogenous inhibitors of hypertrophy and they are released from cardiomyocytes in 

response to increased ventricular wall stress (Maayah et al., 2016b). BNP has been 

considered as a good predictor of heart failure (Maayah et al., 2016c) whereas ANP may 

serve as a marker of cardiac stress but not essentially as a hypertrophic marker, especially 

at an organ level (Maayah et al., 2015a).   

 

Direct evidence for the involvement of CYP1B1 in the development of cardiac hypertrophy 

induced by ISO was provided by the following observations: (a) inhibition of CYP1B1 

using TMS, a selective CYP1B1 inhibitor, or knockdown of CYP1B1 gene expression 

using CYP1B1-siRNA significantly restored the mRNA expression of hypertrophic marker 

and the increase in cell surface area in response to ISO to their normal level. In agreement 
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with our results, it has been shown that disruption of a cyp1b1 gene in addition to TMS, a 

selective CYP1B1 inhibitor, provides a significant protective effect against 

deoxycorticosterone salt-induced cardiac hypertrophy (Sahan-Firat et al., 2010; Jennings 

et al., 2012c). The premise of this observation emerges from the finding that the levels of 

LOXs, Cyp4a, and Cyp4f protein were not changed in the cyp1b1-/- mice suggesting a 

CYP1B1-dependent mechanism. (b) Overexpression of CYP1B1 using CRISPR-CYP1B1 

plasmid significantly induced cellular hypertrophy as evident by the inhibition of α-MHC 

gene expression. Low expression level of α-MHC significantly accelerates myocardial 

twitch kinetics, thereby enhancing systolic function in the large mammalian myocardium 

(Locher et al., 2011). Similar to our observation, it has been previously reported that 

induction of CYP1B1 by the AhR ligands BaP and 3-MC causes significant cardiac 

hypertrophy in vivo in rats (Aboutabl et al., 2009). In addition, TCDD and β-

naphthoflavone, CYP1 family inducers, cause hypertrophy in cardiac-derived H9c2 cells 

through the induction of CYP1B1 gene expression (Zordoky et al., 2010b).  

 

The above information suggests a role of CYP1B1 in cardiac hypertrophy and in the 

formation of mid-chain HETE metabolites induced by ISO. This raises the question of 

whether or not CYP1B1 is directly involved in the formation of mid-chain HETE 

metabolites. Therefore, we examined the ability CYP1B1 overexpression to increase the 

formation of mid-chain HETEs in RL-14 cells. Perhaps the finding of greatest interest in 

the current study was the observation that CRISPR-CYP1B1 delivery led to a significant 

increase in the formation of 15-, 12- and 8-, 11- and 5-HETE, implying that CYP1B1 is 

directly involved in the formation of these metabolites. Consistent with our findings, it has 

been demonstrated previously that the recombinant CYP1B1 enzyme catalyzes the 

formation of mid-chain HETEs (Choudhary et al., 2004; El-Sherbeni et al., 2014a). 

Importantly, the above finding was further confirmed by the ability of CYP1B1-siRNA to 

inhibit the formation of mid-chain HETEs suggesting an important role of CYP1B1 in the 

formation of theses metabolites.  

 

Mechanistically, CYP1B1 has been reported to cause cardiac hypertrophy through the 

generation of superoxide radical (Morgan, 2001; Malik et al., 2012). Superoxide anion was 
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shown to be implicated in the hypertrophy process through the increase of proto-oncogenes 

factors, such as c-my and c-fos, mediating the linkage of Na+/K+ ATPase to hypertrophy 

and modulation of the activity of MAPK (Xie et al., 1999; Wassmann et al., 2001). 

Treatment with antioxidants inhibited the hypertrophic response of cardiomyocytes 

(Nakamura et al., 1998; Tanaka et al., 2001). Currently, we have demonstrated that ISO 

treatment significantly increased the generation of superoxide anion. Of interest, the 

inhibition of CYP1B1 using TMS significantly inhibited the formation of superoxide anion 

in response to ISO. Our results are supported by a previous observation showing that the 

induction of CYP1B1 by TCDD caused cardiac hypertrophy, which was attributed to the 

generation of superoxide anion and elevation of blood pressure (Kopf et al., 2008). 

Furthermore, TMS displayed an antihypertensive effect and inhibited its associated 

cardiovascular events in spontaneously hypertensive rats, primarily by inhibiting the 

generation of superoxide anion and the MAPK signaling pathway (Jennings et al., 2014b). 

 

MAPK and NF-κB are intracellular signal transduction factors that are critically involved 

in the regulation of signaling pathways, ultimately leading to cardiac hypertrophy and heart 

failure (Zhang et al., 2003). Accumulating data provide convincing evidence that persistent 

activation of NF-κB, p38 and JNK promotes apoptosis, resulting in cardiac hypertrophy 

(Pearson et al., 2001; Esposito et al., 2002; Xu et al., 2006; Li et al., 2008). ERK1/2 has 

been proposed to regulate smooth muscle contraction and to promote cellular hypertrophy 

(Pearson et al., 2001). Genetic inhibition of ERK1/2 has been reported to promote stress-

induced apoptosis and heart failure (Purcell et al., 2007). Taken together, the possibility 

that the inhibition of CYP1B1 and its associated mid-chain HETEs and superoxide anion 

by TMS would inhibit the modulation of MAPK and NF-κB by ISO has never been 

investigated before and could not be ruled out. Thus, the third objective of the current study 

was to explore the role of TMS on the ISO-mediated effect on NF-κB and MAPK signaling 

pathways.  

 

Our results showed that ISO-treatment significantly inhibited the phosphorylated ERK1/2, 

whereas it increased the binding activity of P50 NF-κB to its responsive elements. This 

was similar to a previous observation demonstrating that ISO dephosphorylates and 
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inactivates phosphorylated ERK in human cells through the activation of protein 

phosphatases (Chen et al., 2002). Importantly, the inhibition of CYP1B1 using TMS 

significantly abolished the effect of ISO on the phosphorylated MAPK and the binding 

activity of NF-κB, suggesting that MAPK and NF-κB are essential for TMS-mediated 

protection against ISO-induced cardiac hypertrophy. In agreement with our results, 

resveratrol, a TMS analog, has been reported to possess a significant cardioprotective effect 

against Ang-II-induced cardiac hypertrophy through the inhibition of MAPK (Cheng et al., 

2004). NF-κB inhibition was shown to ameliorate myocardial hypertrophy in response to 

aortic banding, ISO and chronic infusion of Ang-II (Kawano et al., 2005; Hu et al., 2015).  

  

To reiterate, our findings may cast light on the role of CYP1B1 in the development of 

cardiac hypertrophy and indicate that CYP1B1 can serve as a novel target in the treatment 

of heart diseases.  Such observations will raise the potential of having selective inhibitors 

of this enzyme to be used clinically in the treatment of cardiovascular diseases.  

 

4.5. 2-Methoxyestradiol protects against pressure overload-induced left ventricular 

hypertrophy  

2ME is a naturally occurring metabolite resulting from the hydroxylation of estradiol to 

catechol estradiol by CYP1B1, followed by the methylation of catechol estradiol by 

COMT. 2-ME has been shown to protect the heart and blood vessels from pathological 

processes, particularly those involving vascular smooth muscle cells and cardiac fibroblast 

migration and proliferation (Barchiesi et al., 2002).  However, the role of 2ME in the 

treatment of cardiac hypertrophy is yet unknown (Tevaarwerk et al., 2009). Therefore, the 

major impetus for the present study was to determine the effects, if any, of 2ME on cardiac 

hypertrophy induced by the AAC model and explore the mechanism(s) involved.   

 

Initially, AAC was used as a model of cardiac hypertrophy because it is more clinically 

relevant and similar to the human form of the disease since the hypertrophy is developed 

over a relatively longer period of time (Ni et al., 2011). Although the induction of cardiac 

hypertrophy surgically using the AAC model was associated with an increase in the left 

ventricular wall thickness in addition to the presence of fibrosis, systolic and diastolic 
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functions were not significantly changed. This is not surprising since significant cardiac 

dysfunction occurs within 6-10 weeks in the AAC model (Ni et al., 2011). Furthermore, 

the presence of fibrosis has been reported in the hypertrophic heart with normal cardiac 

function (Siddiq et al., 1996; Matsui et al., 2004; Qi et al., 2011). The delivery of 2ME by 

osmotic pumps at 5 mg/kg/day used in the current study was selected based on previous 

studies and comparable with a dose of 25 mg/kg/day given daily gavage in the absence of 

toxicity (Brahn et al., 2008; Plum et al., 2009).  

 

In the current study, the induction of cardiac hypertrophy surgically using the AAC model 

was evidenced by the following facts: first, the increase in the LV mass and HW/TL ratio; 

second, thickening of the ventricular wall parameters LVPWs, LVPWd, IVSD, and IVSs; 

third, the induction of fibrotic and apoptotic markers; and fourth: histopathological 

investigation into cardiac tissues revealed the presence of fibrosis in the hearts of AAC 

rats. These results are in agreement with the finding of other investigators who have 

reported that AAC induced thickening of the left ventricular morphology and fibrosis 

(Siddiq et al., 1996; Doggrell et al., 1998).  

 

The first novel finding of the present study was that 2ME exerts protective effects against 

ventricular hypertrophy induced by AAC surgery as evident by the ability of 2ME to 

restore the changes of all cardiac hypertrophic and fibrotic parameters. Supporting this 

view was the finding that 2ME diminishes hypertension and associated coronary 

hypertrophy in ovariectomized spontaneously hypertensive rats and prevents DOCA-salt–

induced hypertension in male rats (Bonacasa et al., 2008; Yuan et al., 2013). Furthermore, 

2ME has been shown to inhibit cardiac fibroblast development and aortic smooth muscle 

cell growth (Dubey et al., 1998). Although our result suggests a direct antihypertrophic 

effect of 2ME against AAC-induced cardiac hypertrophy, the effect of 2ME on blood 

pressure could potentially contribute to the changes in cardiac hypertrophy as AAC is 

known to induce cardiac hypertrophy through the increase in blood pressure. Also, 2ME 

was able to significantly decrease the level of pressure gradient-increased by AAC.  
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The interesting element revealed by this study was the unique inhibition of CYP1B1 and 

its associated cardiotoxic mid-chain HETE metabolites by 2ME in AAC cardiac tissues 

suggesting a CYP1B1/mid-chain HETE-dependent mechanism. The importance of this 

finding has been inspired by the fact that CYP1B1 cuts both ways as it does not only 

catalyze the formation of cardiotoxic metabolites but it also metabolizes substrates, like 

estradiol, into 2ME which could exert cardioprotective effects. Therefore, repurposing 

2ME to modulate CYP1B1-mediated AA metabolism could prove to be a more selective 

and effective strategy, comparable to its conventional inhibitor, TMS. This is supported by 

the previous finding demonstrating that TMS enhances Ang II-induced rise in systolic 

blood pressure in Cyp1b1(+/+) female mice. Unlike TMS, 2ME protects against Ang II-

induced hypertension and oxidative stress in Cyp1b1(-/-) female mice (Jennings et al., 

2014a). Being that 2ME has few or no feminizing effects, it could also be used to treat 

cardiovascular disease in males (Dantas et al., 2006).  

 

Another important finding of the present study that may have a significant clinical 

ramification is the ability of 2ME to inhibit the protein level of 12-LOX whereas it 

significantly increased the expression of the COX-2 enzyme. Activation of COX-2 or 

inhibition of 12-LOX has an important impact in the maintenance of cardiovascular health 

probably through the synthesis of cardioprotective prostaglandins or the decrease in the 

formation of cardiotoxic HETEs. Consistent with our finding, it has been reported that 

2ME mediated vasoprotection and inhibited smooth muscle cell growth through the 

upregulation of COX-2 (Barchiesi et al., 2006; Barchiesi et al., 2010).  

 

The mechanism(s) by which 2ME exerts its cardioprotective effects seems to be 

independent of the classical genomic estrogen receptor. However, the exact mechanism is 

yet unknown and unsuspected. Therefore, the second objective of the current study was to 

elucidate the mechanism(s) by which 2ME exerts its cardioprotective effects. For this 

purpose, the large-scale analysis of proteins, proteomics, was performed to provide a 

holistic understanding of the molecular and cellular mechanisms involved in the 

cardioprotective effect of 2ME. The importance of proteomics relies on the fact that that 
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the final product of a gene is fundamentally more multifaceted and closer to function than 

the gene itself (Pandey et al., 2000).  

 

The present study depicts for the first time a comprehensive list of the proteins involved in 

the protective effect of 2ME against cardiac hypertrophy induced by AAC. Initially, our 

proteomic data confirmed the cardiac hypertrophy induced in response to AAC. This is 

because AAC group has shown a significant increase in the expression of the hypertrophic 

protein, ADP-ribosylhydrolase-like 1, in addition to the fibrotic protein, Galectin-1. 

Recently, ADP-ribosylhydrolase-like 1 has been reported to be essential for heart chamber 

outgrowth (Smith et al., 2016) whereas, Galectin-1 is an important marker of cardiac 

fibrosis and both were associated with an increased risk for incident heart failure (Song et 

al., 2015a). 

 

Consistent with echocardiography, the antihypertrophic effect of 2ME was accompanied 

with a substantial increase in the expression of the cardioprotective proteins FAM65B and 

Vinculin. Down-regulation of FAM65B protein expression was shown to induce muscle 

abnormalities and high mortality (Balasubramanian et al., 2014), whereas a defect in 

vinculin protein expression has been reported in obstructive hypertrophic cardiomyopathy 

(Vasile et al., 2006). Furthermore, the anti-fibrotic effect of 2ME against AAC induced 

cardiac fibrosis was associated with an exclusive increase in the expression of anti-

inflammatory and anti-fibrotic proteins. This is not surprising since 2-ME has been shown 

to inhibit serum-induced proliferation and collagen synthesis in rat cardiac fibroblasts 

(Dubey et al., 2004).  

 

Hypertrophy and apoptosis both propel the heart towards severe dilation and heart failure. 

Hypertrophic stress signals impact cardiomyocyte apoptosis at different levels, the 

consequence of which is cell survival promotion (Hayakawa et al., 2003). Consistent with 

this notion, our proteomic data showed that pro-apoptotic proteins, like dynamin-1-like 

protein and P38 MAPK were significantly reduced in the hypertrophic cardiac tissues. Of 

particular interest, 2ME seems to have a salutary effect by supporting cell survival through 

a massive inhibition of P38 MAPK and the increase in the expression of ERK1/2. This may 
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explain, at least in part, the protective effect of 2ME since heart failure results from 

disturbing the balance between cell survival and apoptotic signals (van Empel et al., 2005). 

Furthermore, 2ME has been shown previously to increase the activity of ERK1/2 (Brown 

et al., 2001) in vitro probably through a novel 7-transmembrane G-protein coupled 

receptor, GPR30 (Prossnitz et al., 2007).   

 

The heart is the most metabolically demanding organ in the body, acting as an omnivore 

using a variety of energy substrates to continually generate ATP (Lopaschuk et al., 2010). 

Upon analysis of protein mapping, it is feasible to determine that the most predominantly 

affected proteins are those involved in various stages of the cardiac metabolic machinery. 

Hypertrophied cardiac tissues in the present study were associated with a substantial 

decrease in the protein expression of many enzymes involved in fatty acid oxidation. Our 

findings are typically consistent with the previous reports demonstrating an inhibition of 

fatty acid oxidation during cardiac hypertrophy (Desvergne et al., 2006; Lopaschuk et al., 

2010). Of particular interest, the anti-hypertrophic effect of 2ME was associated with an 

inhibition of pyruvate dehydrogenase kinase which may increase the reliance of 

myocardium on glucose as a source of energy at the expense of fatty acid oxidation. This 

particular novel finding is of great importance since a plethora of studies have shown that 

increased ATP supplied from glucose oxidation constitutes a bona fide therapeutic device 

in the treatment of cardiac hypertrophy and heart failure (Piao et al., 2010; Atherton et al., 

2011).   

 

Overweight and obesity increase risks for cardiovascular disease and are associated with 

many cardiac implications such as hypertension, heart failure, and sudden death (Barchiesi 

et al., 2006). In the current study, treatment with 2-ME significantly reduced the body 

weight in both sham and AAC rats. In agreement with our results, weight loss was observed 

previously, but this disappeared rapidly with cessation of 2ME (Dingli et al., 2002). 

Furthermore, 2ME was shown to exert cardioprotective effects in part via the reduction of 

body weight (Barchiesi et al., 2006). Since 2ME treatment was not associated with any 

sign of toxicity, we speculate that the weight reduction may be due to an indirect increase 

in proteins involved in glucose oxidation. In addition, 2ME has been reported to improve 
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glucose tolerance via increasing muscle consumption of glucose and reduction of fat and 

cholesterol levels which subsequently prevents weight gain (Sibonga et al., 2003; Yorifuji 

et al., 2011). 2-Hydroxyestradiol, precursor of 2ME, was shown to reduce weight gain in 

obese ZSF1 rats at least in part by suppressing appetite (Tofovic et al., 2001). Also, the 

previous finding has prompted us to investigate the effect of 2ME on diabetes- and obesity-

induced cardiomyopathy.     

   

A wealth of information suggests the involvement of oxidative stress in the pathogenesis 

of cardiac hypertrophy which stresses the importance of unravelling the factors involved 

in providing protection against noxious ROS (Maulik et al., 2012). In this context, we have 

demonstrated that AAC significantly inhibited the protein expression of many antioxidant 

enzymes such as NADH-ubiquinone oxidoreductase. On the other hand, the beneficial 

effect of 2ME in AAC-induced cardiac hypertrophy may be partly due to an increase in the 

protein expression of glutathione S-transferase and ferritin heavy chain. Our results are in 

agreement with the previous observation showing that 2ME is a potent antioxidant (Seeger 

et al., 1997) and displayed antihypertensive effects in spontaneously hypertensive rats, 

primarily by inhibiting the generation of superoxide anion (Bonacasa et al., 2008). 

 

In light of the information described above, our results suggest a direct evidence for the 

protective effect of 2ME against pressure-overload-induced cardiac hypertrophy. This 

raises the question of whether or not 2ME has a direct antihypertrophic effect in the cardiac 

cells. For this purpose, we examined the ability of 2ME to inhibit cellular hypertrophy 

induced by ISO using the RL-14 cell line. Treatment of RL-14 cells with 2ME significantly 

reduced the ISO-mediated cellular hypertrophy as evidenced by a decrease in the 

expression of hypertrophic markers and cell surface area therefore suggesting a direct 

antihypertrophic effect of 2ME.  

 

Mechanistically, we have shown in vivo that 2ME mediates its protective effect, at least in 

part, through the modulation of antioxidant, anti-inflammatory and MAPK proteins. In 

vitro, we have demonstrated the effect of 2ME on ISO-mediated effect on superoxide anion 

and MAPK in addition to NF-κB, a pivotal intracellular mediator of the inflammatory 
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response. Consistent with our in vivo findings, the protective effect of 2ME against ISO-

induced cellular hypertrophy was mediated through the inhibition of superoxide anion, P38 

and NF-κB binding activity. This agrees with previous observation showing that 2ME 

exerts protective effects through the inhibition of reactive oxygen species and 

inflammatory mediators (Kumar et al., 2003; Bonacasa et al., 2008; Chen et al., 2014). In 

a manner similar to what was observed in vivo, 2ME normalizes the ISO-mediated 

inhibition of p-ERK1/2 protein in vitro. Similarly, 2ME has been shown previously to 

increase the activity of ERK1/2 (Brown et al., 2001) in vitro, probably through a novel 7-

transmembrane G-protein coupled receptor, GPR30 (Prossnitz et al., 2007).  

 

To reiterate, our results may shed light on the role of CYP1B1 and its associated mid-chain 

HETE metabolites in the development of cardiac hypertrophy and suggest that CYP1B1 

could be used as a novel target in the treatment of pressure overload-induced cardiac 

hypertrophy. Such observation may provide the potential of repurposing 2ME as a selective 

CYP1B1 inhibitor for the treatment of heart failure and, therefore, introducing a new 

paradigm into the current pharmacopoeia using estrogenic metabolites as promising 

candidates to treat cardiovascular diseases.  
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4.6. Summary and general conclusions  

HF patients still have a poor prognosis, despite early diagnosis and aggressive medical 

management (Roger, 2013). Most HF patients have a history of hypertension and left 

ventricular hypertrophy (Gradman et al., 2006). Understanding the molecular basis of 

cardiac hypertrophy is an often ignored but significant facet for identifying the best 

treatment of the HF (Gradman et al., 2006). Another important nonischemic idiopathic HF 

cause is drug-induced cardiomyopathy such as DOX-induced cardiotoxicity (Minotti et al., 

2004). CYP enzyme mediating the formation of mid-chain HETEs has been shown to play 

a role in the pathogenesis of cardiovascular diseases (Nozawa et al., 1990; Cyrus et al., 

1999; Jenkins et al., 2009). Therefore, this work has been focused on exploring the role of 

CYP and CYP-mediated formation of mid-chain HETE metabolites in cardiac hypertrophy 

and DOX-induced HF.  

 

In the present work, we have demonstrated the ability of 5-, 8-, 12- and 15-HETE to induce 

cellular hypertrophy. Our results showed that 5-, 8-, 12- and 15-HETE significantly 

induced cellular hypertrophy in RL-14 cells as evidenced by the induction of cardiac 

hypertrophic markers α- and β-myocin heavy chain and atrial and brain natriuretic peptide 

in addition to the increase in cell surface area. Mechanistically, 5-, 8-, 12- and 15-HETE 

were able to induce the binding activity of NF-κB to its responsive element and they 

significantly induced the phosphorylation of ERK1/2. Mid-chain HETEs caused a 

proportional increase in the formation of dihydroxyeicosatrienoic acids parallel to the 

induction of soluble epoxide hydrolase enzyme activity. The induction of cellular 

hypertrophy in response to mid-chain HETEs may suggest a crucial role of these 

metabolites in the development and progression of cardiac hypertrophy and subsequently 

HF. 

 

To assess the involvement of mid-chain HETE metabolites in DOX-induced HF, we 

investigated whether inhibition of mid-chain HETE metabolites formation using TMS 

protects against DOX-induced HF. Furthermore, we examined the effect of TMS treatment 

on enzymes involved in the formation of mid-chain HETE metabolites. We have 

demonstrated that DOX induced cardiotoxicity in vivo and in vitro as evidenced by 
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deleterious changes in echocardiography, histopathology, and hypertrophic markers. 

Importantly, the TMS significantly reversed these changes. Moreover, the DOX-induced 

cardiotoxicity was associated with a proportional increase in the formation of cardiac mid-

chain HETEs both in vivo and in RL-14 cells. Interestingly, the inhibition of cardiotoxicity 

by TMS was associated with a dramatic decrease in the formation of cardiac mid-chain 

HETEs suggesting a mid-chain HETEs-dependent mechanism. Mechanistically, the 

protective effect of TMS against DOX-induced cardiotoxicity was mediated through the 

inhibition of MAPK and NF-κB. In light of the information described above, inhibition of 

formation mid-chain HETEs could be considered a potential therapeutic target in the 

progression of DOX-induced HF. 

 

In an attempt to explore the involvement of mid-chain HETE metabolites in cardiac 

hypertrophy progression, we investigated the ability of ISO to induce cardiac hypertrophy 

through a mid-chain HETEs-dependent mechanism. Our results showed that ISO-induced 

CYP1B1 protein expression and the level of cardiac mid-chain HETEs in vivo at pre-

hypertrophic, 12 h, and hypertrophic stage, 72 h. In vitro, inhibition of CYP1B1 using TMS 

or CYP1B1-siRNA significantly attenuates ISO-induced hypertrophy. Furthermore, 

overexpression of CYP1B1 significantly induced cellular hypertrophy and mid-chain 

HETE metabolites. Mechanistically, the protective effect of TMS against cardiac 

hypertrophy was mediated through the modulation of superoxide anion, MAPK and NF-

κB. Our findings may cast light on the role of CYP1B1 in the development of cardiac 

hypertrophy and indicate that CYP1B1 can serve as a novel target in the treatment of heart 

diseases. Such observations will raise the potential of having selective inhibitors of this 

enzyme to be used clinically in the treatment of cardiovascular diseases.  

 

In contrast to the negative effects of the cardiotoxic metabolites generated by CYP1B1, 

CYP1B1 also has an important role in the formation of cardioprotective metabolites such 

as 2ME. Therefore, we have investigated whether 2ME would prevent cardiac hypertrophy 

induced by ACC. Our results showed that 2ME significantly inhibited AAC-induced left 

ventricular hypertrophy. The antihypertrophic effect of 2ME was associated with a 

significant inhibition of CYP1B1 and mid-chain HETEs. Based on proteomics data, the 
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protective effect of 2ME is linked to the induction of antioxidant and anti-inflammatory 

proteins in addition to the modulation of proteins involved in myocardial energy 

metabolism. In vitro, 2ME has shown a direct antihypertrophic effect through the 

modulation of superoxide radical, MAPK and NF-κB. Our findings may provide the 

potential for repurposing 2ME as a selective CYP1B1 inhibitor for the treatment of heart 

failure.  

 

4.7. Future Research Directions 

The results of the present work have highlighted the cardiotoxic effect of mid-chain HETE 

metabolites and the role of CYP1B1 enzyme in the initiation and progression of cardiac 

hypertrophy and DOX-induced HF. However, further studies need to be conducted in order 

to translate this research into clinical practice. 

1- To examine whether 5-, 8-, 12- and 15-HETE accelerate the progression from 

compensated to decompensated cardiac hypertrophy.  

Rationale: Studies from our lab and others have reported the role of mid-chain HETE 

metabolites in the development of cardiac hypertrophy and HF (Jennings et al., 2010; 

Jennings et al., 2012b). Mid-chain HETEs were shown to induce cellular hypertrophy 

(Maayah et al., 2015b; Maayah et al., 2015c; Maayah et al., 2015d). However, to 

investigate their role in HF, we need to test their ability to accelerate the progression of 

cardiac hypertrophy to HF.  

Approach: We will examine whether mid-chain-HETEs accelerate the progression of 

cardiac hypertrophy to HF. Therefore, ISO-treated (5 mg/kg/day i.p.) and AAC rats will be 

randomized to receive vehicle or 5-, 8-, 12-, 15-HETE at an infusion rate of 1 mg/kg/day 

after one week of ISO treatment or 4 weeks for AAC model. After that, the animals are to 

be euthanized after one week of treatment with mid-chain HETEs for ISO model or 4 weeks 

of treatment with mid-chain HETEs for AAC model and the hearts will be excised. 

Assessment of cardiac hypertrophy and HF in addition to the level of AA metabolites will 

be performed using echocardiography and LC-ESI-MS, respectively.  

Anticipated outcome: These studies will provide a novel role of mid-chain HETE 

metabolites in the progression of cardiac hypertrophy. The inability of mid-chain HETE 

metabolites to accelerate the progression of established cardiac hypertrophy to HF may 
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specify their role for the development of compensated but not decompensated cardiac 

hypertrophy.  

 

2- To explore whether the inhibition of mid-chain HETEs formation could reverse or 

prevent the progression (to decompensated) of established cardiac hypertrophy.   

Rationale: Several studies have demonstrated that inhibition of mid-chain HETEs 

formation using TMS, a selective CYP1B1 inhibitor, prevented both Ang-II- and 

deoxycorticosterone-induced hypertension and cardiac hypertrophy (Jennings et al., 2010; 

Jennings et al., 2012b). However, whether the inhibition of mid-chain HETEs formation 

using the TMS would reverse or prevent the progression of cardiac hypertrophy to HF still 

needs further investigation.  

Approach: We will examine whether inhibiting the formation of mid-chain HETE 

metabolites using TMS (300 µg/kg, i.p.) can reverse or prevent the progression of 

established cardiac hypertrophy to HF. Therefore, ISO-treated (5 mg/kg/day i.p.) and AAC 

rats will be randomized to receive vehicle or TMS (300 µg/kg, i.p.) after one week of ISO 

treatment or 4 weeks for the AAC model. Thereafter, the animals are to be euthanized after 

one week of treatment with TMS (for ISO model) or 4 weeks of treatment with TMS (for 

AAC model) and the hearts will be excised. Assessment of cardiac hypertrophy and HF in 

addition to the level of AA metabolites will be performed using echocardiography and LC-

ESI-MS, respectively.  

Anticipated outcome: These studies will provide the first evidence that the inhibition of 

mid-chain HETEs forming enzymes confers cardioprotection against HF. The inability of 

the inhibition of mid-chain HETEs forming enzymes to prevent the progression of 

established cardiac hypertrophy to HF may specify their effectiveness for the prevention 

but not for the treatment of cardiac hypertrophy.  

 

3- To determine which regiospecific mid-chain HETEs induce cardiac hypertrophy in vitro 

and in vivo and (4- ) mediate the progression from compensated to decompensated cardiac 

hypertrophy. 

Rationale: We have demonstrated previously that racemic mixture of mid-chain HETE 

metabolites induced cellular hypertrophy. However, mid-chain HETEs have a hydroxyl 
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moiety in the S- and R-configuration and may be formed in vivo as S and R isomers. Both 

S- and R-isomers of mid-chain HETE metabolites exhibit a distinct functional activity. For 

example, unlike 12(R)-HETE, 12(S)-HETE was shown to induce cellular hypertrophy in 

vascular smooth muscle cells (Reddy et al., 2002). However, the role of regiospecific mid-

chain HETEs on the development of cardiac hypertrophy has never been investigated 

before.  

Approach: To examine whether S and/or R isomers of mid-HETEs is involved in the 

development of cardiac hypertrophy, the effect of S and R isomers of 5-, 8-, 12-, 15-HETE 

on the cellular hypertrophy will be determined. For this purpose, adult rat cardiomyocytes 

will be treated with increasing concentrations of S and R isomers of 5-, 8-, 12-, 15-HETE 

(1-10 µM) for 24, 48 and 72 h. Thereafter, only the isomer that induces hypertrophy in 

vitro will be tested in vivo by treating rats with the selected isomer (1 mg/kg/day, by the 

miniosmotic pump) for 7 days. Thereafter, the animals will be euthanized at 24 h after the 

last treatment, and the hearts will be excised. Also, we will examine whether the isomers 

of mid-chain-HETEs accelerate the progression of cardiac hypertrophy to HF. The isomers 

that induced hypertrophy in vitro and in vivo will be selected. Thereafter, isoproterenol-

treated and AAC rats will be randomized to receive vehicle or selected isomers of mid-

chain-HETEs at an infusion rate of (1 mg/kg, via mini-osmotic pump) after 1 week of ISO 

treatment (5 mg/kg/day i.p.) or 4 weeks for AAC model. Thereafter, the animals are to be 

euthanized after 1 week of treatment with mid-chain HETEs for ISO model or 4 weeks of 

treatment with mid-chain HETEs for AAC model and the hearts will be excised. 

Assessment of cardiac hypertrophy and HF in addition to the level of AA metabolites will 

be performed using echocardiography and LC-ESI-MS, respectively.  

Anticipated outcome: These studies will determine a specific isomer of mid-chain HETE 

metabolites involved in the development of cardiac hypertrophy and could be used as a 

novel specific target for the treatment of cardiac hypertrophy. The inability of the tested 

isomers to initiate or accelerate cardiac hypertrophy may suggest that these metabolites 

may contribute to the pathogenesis of cardiac hypertrophy when they are in a racemic 

mixture but are not as stereoisomers.      
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5- To determine which regiospecific mid-chain HETEs are involved in DOX-induced 

cardiotoxicity.  

Rationale: We have demonstrated previously that DOX-induced cardiotoxicity through a 

mid-chain HETEs-dependent mechanism (Maayah et al., 2016b). However, the specific 

regioisomers of mid-chain HETEs involved in the DOX-induced cardiotoxicity have never 

been investigated before.  

Approach: Rats will be treated with a cumulative dose of DOX (15 mg/kg) divided into 

five injections within 2 weeks. Thereafter, the animals are to be euthanized after 14 days 

of treatment with DOX. Assessment of DOX-induced cardiotoxicity in addition to the level 

of regiospecific mid-chain HETEs metabolite will be performed using echocardiography 

and LC-ESI-MS, respectively.  

Anticipated outcome: These studies will provide a specific isomer of mid-chain HETEs 

metabolite involved in the development of DOX-induced cardiotoxicity and could be used 

as a novel specific target for the treatment of DOX-induced cardiotoxicity. The inability of 

DOX to increase the level of any specific isomer of mid-chain HETEs metabolite may 

suggest that these metabolites may contribute to the DOX-induced cardiotoxicity when 

they are in a racemic mixture but not as stereoisomers.      

 

6- To explore the mechanisms by which cardiac hypertrophy causes alterations in CYP 

expression and mid-chain HETE metabolites formation.  

Rationale: We have shown that ISO- and AAC-induced cardiac hypertrophy were 

associated with a significant increase in the expression and the activity of CYP enzymes. 

However, the exact mechanism by which cardiac hypertrophy alters the expression and the 

activity of CYP enzymes are still unknown. Approach: Rats will be treated with ISO (5 

mg/kg/day i.p.) or subjected to ACC. Thereafter, the animals are to be euthanized after 1 

week of treatment with ISO model or 4 weeks for AAC model, and the hearts will be 

excised. Assessment of cardiac hypertrophy and HF in addition to the level of AA 

metabolites will be performed using echocardiography and LC-ESI-MS, respectively. 

Also, proteomics will be performed using in-gel digestion and LC-MS/MS analysis to 

determine the effect of cardiac hypertrophy on proteins involved in the regulation of CYPs’ 

enzyme and the obtained results will be confirmed using western blot analysis.  



 

 
 

 
186 

 

Anticipated outcome: These studies will provide a specific mechanism by which cardiac 

hypertrophy modulate the expression of CYPs’ enzyme.  

 

7- To examine the ability of 2ME to prevent the progression of cardiac hypertrophy to HF 

in vivo in rats.  

Rationale: 2-ME has been shown to protect the heart and blood vessels from pathological 

processes, particularly those involving vascular smooth muscle cells and cardiac 

fibroblasts migration and proliferation (Barchiesi et al., 2002). Furthermore, we have 

shown that 2ME protected against AAC-induced left ventricular hypertrophy (Maayah et 

al., 2018). However, 2ME would be able to prevent the progression of cardiac hypertrophy 

to HF has never been investigated before.  

Approach: We will also examine whether 2ME metabolite (5 mg/kg, via mini-osmotic 

pump) can reverse or prevent the progression of established cardiac hypertrophy to HF. 

Therefore, ISO-treated and AAC rats will be randomized to receive vehicle or 2ME (5 

mg/kg, via mini-osmotic pump) after 1 week of ISO treatment (5 mg/kg/day i.p.) or 4 weeks 

for AAC model. Thereafter, the animals are to be euthanized after 1 week of treatment with 

2ME for ISO model or 4 weeks of treatment with 2ME for AAC model and the hearts will 

be excised. Assessment of cardiac hypertrophy and HF in addition to the level of AA 

metabolites will be performed using echocardiography and LC-ESI-MS, respectively.  

Anticipated outcome: These studies will provide the first evidence that 2ME metabolite 

confers cardioprotection against HF. The inability of 2ME to prevent the progression of 

established cardiac hypertrophy to HF may specify its effectiveness for the prevention but 

not for the treatment of cardiac hypertrophy.  

 

8- To investigate the effect of 2ME on DOX-induced cardiotoxicity.  

Rationale: We have demonstrated previously that DOX-induced cardiotoxicity through 

mid-chain HETEs dependent mechanism (Maayah et al., 2016b). Also, 2ME was able to 

protect against cardiac hypertrophy, at least in part, through the inhibition of mid-chain 

HETEs metabolite. Taken together, the possibility that 2ME would protect against DOX-

induced cardiotoxicity has never been investigated before and could not be ruled out.  
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Approach: We will examine whether 2ME metabolite (5 mg/kg, via mini-osmotic pump) 

can prevent the DOX-induced cardiotoxicity. Therefore, rats will be treated with a 

cumulative dose of DOX (15 mg/kg) divided into five injections within 2 weeks in the 

presence and absence of vehicle or 2ME (5 mg/kg, via mini-osmotic pump). On day 15, 

the animals are to be euthanized, and the hearts will be excised. Assessment of 

cardiotoxicity in addition to the level of AA metabolites will be performed using 

echocardiography and LC-ESI-MS, respectively.  

Anticipated outcome: These studies will provide the first evidence that 2ME metabolite 

confers cardioprotection against DOX-induced cardiotoxicity.  

 

9- To investigate whether the effect of 2ME on body weight is involved in its 

cardioprotective effect using the model of diabetes- and obesity-induced cardiomyopathy.    

Rationale: we have shown that 2-ME significantly reduced the body weight in both sham 

and AAC rats (Maayah et al., 2018). This finding was associated with the ability of 2ME 

to increase the expression of proteins involved in glucose oxidation. Furthermore, 2ME has 

been reported to improve glucose tolerance via increasing muscle consumption of glucose 

and reduction of fat and cholesterol levels which subsequently prevents weight gain 

(Sibonga et al., 2003; Yorifuji et al., 2011). However, to investigate whether the effect of 

2ME on body weight is beneficial, we need to test its ability to protect against diabetes- 

and obesity-induced cardiomyopathy. Approach: Rats  (n= 18) will be fed ad libitum for 

12 weeks with a high-fat diet (HFD) (45% kcal fat, 35% kcal carbohydrate, 0.05% w/w 

cholesterol). After 12 weeks of HFD feeding, rats will be fasted for 5 h and injected with a 

single dose of streptozotocin (90 mg/kg i.p., freshly prepared solution in 0.1 mmol/L 

sodium citrate, pH 5.5). One week later, rats will be stratified by glucose and body weight 

and will be randomized to three groups that will be maintained on the HFD. Two groups 

will be injected once daily with vehicle or 2ME metabolite (5 mg/kg, via mini-osmotic 

pump). Rats will be fasted for 4 h prior to euthanizing. Assessment of cardiomyopathy and 

the level of AA metabolites will be performed using echocardiography and LC-ESI-MS, 

respectively. Body composition and fat mass will be assessed using an EchoMRI 

quantitative nuclear magnetic resonance system (Echo Medical Systems, Houston, TX). 

Oral glucose tolerance tests will be performed after an overnight fast  
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Anticipated outcome: These studies will provide the first evidence that 2ME metabolite 

confers cardioprotection against diabetes- and obesity-induced cardiomyopathy. The 

inability of 2ME to treat diabetes- and obesity-induced cardiomyopathy may suggest that 

its effect on the body weight does not contribute to cardioprotection and might be 

considered as an adverse effect due to anorexia.  
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