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Abstract 

i 

Abstract 

Drug-induced cardiotoxicity may be modulated by protective endogenous arachidonic 

acid (AA) derived metabolites known as epoxyeicosatrienoic acids (EETs) synthesised 

by cytochrome P450 2J2 (CYP2J2). In addition, CYP2J2 metabolises both exogenous 

and endogenous substrates and is involved in phase I metabolism of a variety of 

structurally diverse compounds. This project addresses the hypothesis that CYP2J2 

influences drug-induced cardiotoxicity through potentially conflicting effects on the 

production of protective EETs and metabolism of drugs. 

An in vitro model was established in human cardiac myocytes and EA.hy926 cells 

which was shown to be good predictor of astemizole drug toxicity. sEH inhibitor t-

AUCB and exogenous EETs protected cells from toxicity and CYP2J2 inhibitor, 

MSPPOH and the PLA2 inhibitors quinacrine dihydrochloride and LY311727 also 

showed a preservation of or an increase in ATP in toxicity compared to cells treated 

with astemizole alone. Expression of CYP2J2 and sEH was present in both cell types 

with higher expression in HCM. Astemizole increased CYP2J2 and decreased sEH gene 

expression. MSSPOH or t-AUCB in conjunction with astemizole modulated gene and 

protein expression of both enzymes. Investigation of astemizole metabolism by CYP2J2 

showed concentration dependent metabolism to its o-demethylated product which was 

inhibited by endogenous CYP2J2 substrate AA in a recombinant bactosome system. 

Further study into the mechanism of astemizole toxicity showed a concentration 

dependent increase in exosomes compared to the non-toxic drug loratadine.  

This data suggests that CYP2J2 may protect in in vitro drug induced toxicity and 

changes in the expression or activity of this enzyme may alter drug and EET 

concentrations leading to modulation of drug induced toxicity. Understanding more 

widely the role and possible protection by CYP2J2 in the heart is worthy of further 

study. 
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Chapter 1 Introduction 

Drug-induced cardiotoxicity affects all components and functions of the cardiovascular 

system.  It is characterized by changes in ECG waveform morphology, haemodynamics, 

pathological damage to the myocardium and vasculature and changes in blood function 

(Laverty et al., 2011).  Cardiotoxicity is a major cause of attrition in preclinical and 

clinical drug development, and may be attributed to a number of mechanisms (Pointon 

et al., 2013). Drug exerting effects on the cardiovascular system have been shown to 

change heart contractility, cardiac rhythm, blood pressure and ischaemia (Feenstra et al., 

1999). Anti-histamines such as astemizole and terfenadine cause abnormalities in ECG 

wave intervals such as an increase in QT interval leading to Torsades de Pointes (Z. 

Zhou et al., 1999, Lu et al., 2012). The anti-cancer drug doxorubicin however causes 

oxidative stress resulting in structural damage to the heart leading to heart failure 

(Chatterjee et al., 2010). Whereas astemizole primarily exerts it effect on 

cardiomyocytes, doxorubicin (dox) also affects ancillary cells such as fibroblasts, 

endothelial cells and vascular smooth muscle cells, disrupting the structure and function 

of vascular smooth muscle cells and inducing a pro-fibrotic phenotype in fibroblasts 

(Chatterjee et al., 2010).  

This PhD focuses on cytochrome P450 2J2 (CYP2J2) which has been shown to 

modulate drug-induced cardiotoxicity (Y. Zhang et al., 2009). The biological role of 

CYP2J2 appears to relate primarily to its metabolism of arachidonic acid (AA) to 

cardio-protective epoxyeicosatrienoic acids (EETs). Evidence is presented within this 

thesis to support the proposal that a complex interplay between EET synthesis and drug 

metabolism by CYP2J2 exists. It is likely that EET synthesis often predominates and 

largely protects the cardiovascular system but that drugs might inhibit EET synthesis in 

a competitive or non-competitive manner; or else drug metabolism by CYP2J2, in the 

heart or elsewhere, might liberate cardiotoxic drug metabolites.  

EETs possess multiple biological activities and are involved in pathways leading to 

stimulation of angiogenesis, vasodilation, inhibition of vascular smooth muscle cell 

migration, protection against hypoxia-reperfusion injury, increased endothelial nitric 

oxide synthase (eNOS) expression and activity, and protection against doxorubicin 

(dox)-induced cardiotoxicity  (Larsen et al., 2007, Spector and Norris, 2007, S. Yang et 
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al., 2009, Y. Zhang et al., 2009, Campbell and Fleming, 2010). Given these wide-

ranging effects on the cardiovascular system it is not surprising that EETs and CYP2J2 

might modulate the pathogenesis of cardiovascular disease. However, the understanding 

behind the protective role of EETs during cardiotoxicity is relatively unexplored 

suggesting that further studies on a range of cardiotoxic agents are worthwhile. CYP2J2 

is also a drug metabolising enzyme and has been implicated in the biotransformation of 

a variety of drugs in the liver and other tissues (M. Xu et al., 2013, Michaud et al., 

2010). We also highlight how the balance between drug metabolism and protective EET 

formation may influence cardiotoxicity (Figure 1.1). 

 

Figure 1-1 Overview of hypothesised CYP2J2 functions in the heart. 

 

CYP2J2 has a role in drug metabolism in the heart which may lead to either detoxification of 

drugs or cardiotoxicity. This could be counteracted by its epoxide activity by which it produces 

several protective molecules including EETs.  Doxorubicin inhibits production of EETs through 

inhibiting epoxygenase enzymes and increasing sEH mRNA production in rats. However, 

addition of exogenous EETs protects against dox toxicity in H9c2 cells (Y. Zhang et al., 2009). 

It may be proposed that the CYP2J2/EET pathway has a role in protecting against other drug-

related toxicities within the heart.  Furthermore, although there is little evidence regarding drug-

AA interactions, the competition between drug substrates and AA may alter the balance of 

protective EETs and cardiotoxic compounds. Drugs such as dronedarone have been shown to 

inhibit CYP2J2 in a non-competitive way and so inhibit EET formation in an in vitro system 

(Karkhanis et al., 2016, Karkhanis et al., 2017) epoxyeicosatienoic acids EETs; soluble epoxide 

hydrolase sEH; arachidonic acid AA. 
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1.1 Role of CYP2J2 in cardiovascular biology 

The mRNA expression of CYP2J2 in humans is mainly confined to the cardiovascular 

system and liver, with predominant expression in the right ventricle of the heart 

(Michaud et al., 2010). However mRNA has also been demonstrated in the kidney 

(Enayetallah et al., 2004),  mRNA and protein in the lung (D. C. Zeldin et al., 1996), 

brain (Dutheil et al., 2009),  GI tract (D. Zeldin et al., 1997), pancreas (D. C. Zeldin et 

al., 1997) and some human carcinoma tissues at lower levels (Jiang et al., 2005).  

Discrepancies between CYP2J2 mRNA and protein expression have been found in the 

liver (Gaedigk et al., 2006), the consequence for the heart remains unknown. 

Additionally, multiple immunoreactive bands on Western blotting from extracts of adult 

human liver and heart have been reported. It has been hypothesised that these are 

uncharacterised isoforms of CYP2J2 (S. Wu et al., 1996, Gaedigk et al., 2006). These 

isoforms may possess similar or alternate activities to the main isoform of CYP2J2 and 

so warrant further study.  Despite its elevated expression in the cardiovascular system 

compared to other tissues, the role of CYP2J2 in the metabolism of drugs in the heart is, 

to an extent, still unknown.   

Results from a cytochrome P450 mRNA screen showed that CYP2J2 is the predominant 

isoenzyme expressed in cardiomyocytes and human heart tissue (Figure 1.2) 

(Evangelista et al., 2013).  Furthermore, in line with these high levels of mRNA 

expression, CYP2J2 protein levels in human heart microsomes were approximately 50 

fold higher than other P450 enzymes (Evangelista et al., 2013, Bylund et al., 2001). 

Evangelista also established mRNA levels of the P450 enzyme CYP4F12 in human 

heart. Cytochrome P450 enzymes belonging to the CYP4A and 4F subfamily produce 

20-hydroxyeicosatetraenoic acid (20-HETE) from AA  (Miyata et al., 2005, Harmon et 

al., 2006, Tang et al., 2010) and show increased expression in cardiovascular disease. 

20-HETE has antagonistic effects towards EETs, exacerbating disease processes 

(Jenkins et al., 2009).  However, it is largely unknown how these other enzymes 

contribute to cardiovascular function and whether they have a role in cardiotoxicity.  
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Figure 1-2 Relative mRNA expression of CYPs in human cardiomyocytes and human 

heart tissue and cardiomyocytes.  

 

Total RNA was extracted from human heart tissue and adult-derived human cardiomyocytes 

(celprogen) and reverse-transcription polymerase chain reaction (RT-PCR) was carried out 

using Taqman reporter primer to various P450s. The house keeper GusB was used as a 

housekeeper gene. 2
ΔCT 

calculation was used to quantitate CYP2J2 mRNA expression. 10 P450 

enzymes were investigated of which CYP2J2 had the highest expression. (Evangelista et al., 

2013). 
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In addition to cardiomyocytes, CYP2J2 expression has also been observed in other 

cardiovascular cells.  CYP2J2 is expressed in endothelial cells in a variety of vascular 

beds including coronary artery, aorta (Delozier et al., 2007) and in varicose veins 

(Bertrand‐Thiebault et al., 2004). The presence of CYP2J2 in a variety of tissues and 

specific expression in the heart leads to the hypothesis that CYP2J2 could contribute to 

endogenous tissue function. Although it is not well explored, the expression of CYP2J2 

in endothelial cells, fibroblasts and smooth muscle cells (Deb and Ubil, 2014, Brutsaert, 

2003) could contribute to cardiotoxicity through drug metabolism as well as protective 

effects through the formation of EETs.  

In endothelial cells, mRNA for another epoxygenase, CYP2C9 is highly expressed 

compared to CYP2J2 (Delozier et al., 2007). Moreover, CYP2C9 mRNA was higher 

both in human aorta and coronary artery than CYP2J2 and CYP2C8. Protein analysis 

further reflected this, as CYP2C9 expression was dominant compared to CYP2J2 and 

expression of CYP2C8 was not observed (Delozier et al., 2007). Although CYP2C9 can 

produce EETs, it has also been reported to generate damaging reactive oxygen species 

(ROS). ROS are regarded as pro-inflammatory mediators, increasing NF-kB activity 

(Fleming, 2001) presumably leading to increased expression of pro-inflammatory 

cytokines, growth factors and adhesion molecules, inducing an inflammatory phenotype 

and opposing the effects of CYP2J2 (Taniyama and Griendling, 2003).  

CYP2J2 catalyses the epoxidation of the double bonds of endogenous cellular AA to 

generate EETs (Figure 1.3) (D. Zeldin et al., 1997).  Due to the four double bonds of 

AA and the stereochemistry and regiochemistry associated with these bonds, 8 EET 

isomers are possible: 5,6-EET (R/S), 8,9-EET(R/S), 11,12-EET(R/S) and 14,15-

EET(R/S)  (M. Xu et al., 2013) . In vivo EETs are rapidly metabolised by soluble 

epoxide hydrolase (sEH) to dihydroxyeicosatrienoic acids (DHETs) which are less 

biologically active (G. Zhang et al., 2014). In addition to DHET formation, re-

esterfication of EETs and incorporation into the phospholipid membrane for storage can 

occur allowing release and distribution (Bernstrom et al., 1992). Other relatively minor 

metabolism pathways of EETs have been described involving cyclooxygenase, 

lipoxygenase and CYP ω-oxidase activities (Spector et al., 2004).  
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Figure 1-3 The formation of EETs by CYP2J2.  

 

AA is hydrolysed from the phospholipid bilayer by PLA2 and is the precursor for eicosanoids 

including prostaglandins, leukotrienes and HETEs. Epoxidation by CYP2J2 leads to production 

of 4 different EETs which can be deactivated by sEH to form DHETs. Arachidonic acid AA; 

phospholipase A2 PLA2; hydroxyeicosatrienoic acids HETEs; dihydroxyeicosatrienoic acids 

DHETs;  

 

 

 

 

 

 

 

 

 

 

 

 

 

Soluble epoxide hydrolase may have significant biological activity in a variety of 

tissues including the liver, kidney, heart, spleen, endothelium and mammary gland 

(Newman et al., 2005). Its deactivation of biologically protective EETs has led to the 

development of pharmacological inhibitors of sEH (J. Y. Liu et al., 2009, Hwang et al., 

2013).  This resulted in the first sEH inhibitor, AR9281, to begin phase IIa trials for the 

treatment of type 2 diabetes (Anandan et al., 2011) as well as the recent introduction of 

sEH inhibitor, GSK225629, which is currently in phase I trials for the treatment of 

hypertension (Lazaar et al., 2016) and chronic obstructive pulmonary disorder (COPD) 

(L. Yang et al., 2017). Furthermore, several studies have shown that sEH plays an 
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influential role in the development of myocardial hypertrophy (D. Xu et al., 2006) and 

atherosclerosis (L. N. Zhang et al., 2009).   

Investigation of the CYP2J2 epoxidation pathway in various tissues has provided 

evidence to support the theory that CYP2J2, and thus EETs, have a biologically 

protective role and this is emphasised by the growing potential of sEH inhibitors. The 

investigation of these small molecule inhibitors suggests a link between sEH inhibition 

and improved cardiovascular health and given the high expression of CYP2J2 in the 

human heart, suggest a possible protective role for CYP2J2 in drug-induced 

cardiotoxicity. 

In addition to CYP2J2 there are a weatlth of other P450 enyzmes in humans which 

contribute to both endogenous and exogenous metabolism and dysfunction may be 

causal in clinical disease (see table 1.1) 
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Table 1-1 Families of human P450 enzymes, thier function and thier association with disease with a particular emphasis on heart failure. N/D – not 

detected. 
P450 

family 

Function Disease 

associations 

Cytochrome 

P450 enzyme 

Expression 

in human 

liver 

(pmol/mg) 

Percentage of 

hepatic pool 

Expression 

present in heart 

Expression changes in models of heart failure  References 

       expression model change  

CYP1 Metabolism of 

eicosanoids 

and drugs, 

major drug 

metabolism 

pathways: 

Primary 

congenital 

glaucoma  

CYP1A1 <3 <1 mRNA mRNA Isoproterenol-

induced cardiac 

hypertrophy-rat 

Increased (Zordoky and El-Kadi, 

2008, Nebert et al., 2013, 

Zanger and Schwab, 2013) 

mRNA Spontaneous 

hypertension in rats  

Increased (Thum and Borlak, 2002) 

CYP1A2 17.7-65 4.4-16.3 N/D mRNA Spontaneous 

hypertension in rats 

Increased (Thum and Borlak, 2002, 

Zanger and Schwab, 2013) 

CYP1B1 N/D 0 mRNA mRNA Isoproterenol-

induced cardiac 

hypertrophy-rat 

Increased (Zordoky and El-Kadi, 

2008, Zanger and Schwab, 

2013) 

CYP2 Metabolism of 

eicosanoids 

and drugs, 

major drug 

metabolism 

pathways: 

Vitamin D 25-

hydroxylase 

deficiency 

CYP2A6 14-56 3.5-14 N/D mRNA Hypertrophic hearts-

human 

Increased  (Thum and Borlak, 2002, 

Nebert et al., 2013, Zanger 

and Schwab, 2013) 

CYP2B6 6.9-21 1.7-5.3 mRNA    (Zanger and Schwab, 2013) 

CYP2C8 29.3-30 ~7.5 mRNA,protein 

and activity 

   (Zanger and Schwab, 2013) 

CYP2C9 18-116 4.5-29 mRNA    (Zanger and Schwab, 2013) 

CYP2C19 3.6-15 0.9-3.8     (Zanger and Schwab, 2013) 

CYP2D6 5-17 1.3-4.3     (Zanger and Schwab, 2013) 

CYP2E1 22-66 5.5-16.5 mRNA mRNA Isoproterenol-

induced cardiac 

hypertrophy-rat 

Decreased (Zordoky and El-Kadi, 

2008, Zanger and Schwab, 

2013) 

Protein Dilated 

cardiomyopathy- 

Human 

Increased (Sidorik et al., 2005) 

CYP2J2 1-2 <1 mRNA,protein mRNA Failing hearts - 

human 

Increased  (Tan et al., 2002, Zanger 

and Schwab, 2013) 

CYP3 Metabolism of 

eicosanoids, 

sex steroids 

and drugs, 

major drug 

 CYP3A4 58-146 14.5-37 N/D    (Nebert et al., 2013, Zanger 

and Schwab, 2013) 

CYP3A5 3.5-4 ~1 N/D    (Zanger and Schwab, 2013) 
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metabolism 

pathways: 

CYP4 Metabolism of 

eicosanoids, 

long chain 

fatty acids and 

drugs, major 

drug 

metabolism 

pathways: 

Lamellar 

ichthyosis 

type-3 

 

Bietti 

crystalline 

comeoretinal 

dystrophy 

CYP4A11 

 

 

 

N/D N/D mRNA mRNA Hypertrophic hearts-

human 

Increased  (Nebert et al., 2013, Thum 

and Borlak, 2002) 

 

CYP4F22 

 

 

CYP4V2 

CYP5 Eicosanoid 

metabolism , 

platelet 

aggregation 

Ghosal 

haemato-

diaphyseal 

syndrome 

CYP5A1 N/D N/D N/D    (Nebert et al., 2013) 

CYP7 Cholesterol 

7α-

hydroxylase, 

oxysterol 7α-

hydroxylase 

Neonatal 

cholestasis 

CYP7B1 N/D N/D N/D    (Nebert et al., 2013) 

CYP8 Eicosanoid 

metabolism , 

platelet 

aggregation 

Essential 

hypertension 

CYP8A1 N/D N/D N/D    (Nebert et al., 2013) 
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1.2 Genetic variation in human CYP2J2 

Epidemiologic studies conducted to examine variants in many cytochrome P450 genes 

have found over 2000 single nucleotide polymorphisms (SNPs) (Preissner et al., 2013). 

A number of these have been associated with disease. Within the Chinese population, a 

proximal promoter polymorphism (-50G>T), rs890293 (CYP2J2*7), has been shown to 

alter CYP2J2 expression (Table 1.3). This mutation has been shown to decrease binding 

of Sp1 transcription factor to the promoter region of CYP2J2. As Sp1 is responsible for 

regulating transcriptional basal activity, blocking it results in a ~50% reduction in 

promoter activity and decreased expression of the CYP2J2 gene (Spiecker et al., 2004). 

This polymorphism may be involved in the pathogenesis of type 2 diabetes (C. Wang et 

al., 2010), Alzheimer’s disease (Yan et al., 2015), chronic kidney disease and was 

shown to be negatively associated with cardiovascular diseases including myocardial 

infarction (Jie et al., 2010), coronary artery disease (Zhu et al., 2013)  and hypertension 

(S. Wu et al., 2007) within this population. Contrary to this, studies conducted in the 

Swedish and German populations looking at cardiovascular risk found no susceptibility 

to hypertension, coronary artery disease or stroke in carriers of the rs890293 

polymorphism, (Fava et al., 2010, Hoffmann et al., 2007)  indicating more association 

studies may be required to elucidate the risk of this CYP2J2 polymorphism for 

cardiovascular disease. None of the other SNPs in CYP2J2 has been shown to be 

associated with disease (Table 1.1). Furthermore, there have been no reported 

associations between any CYP2J2 polymorphisms and cardiotoxicity despite some of 

the variants having profound effects on enzyme expression or activity in vitro. Without 

further study it is unknown whether CYP2J2 polymorphisms may be important in 

cardiotoxicity.  
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Table 1-2 CYP2J2 allelic variations in humans known to have changes in activity in vitro.  

 

Currently only a variation in the CYP2J2*7 allele has been shown to have associations with 

disease. AA arachidonic acid; LA linoleic acid. Adapted from: (Berlin et al., 2011). 

 

  

Allele  cDNA/Gene Enzyme activity in 

vitro 

Association with 

disease 

References 

CYP2J2*2 427A>G Reduced AA and LA 

metabolism 

No known 

association with 

disease 

(King et al., 2002) 

CYP2J2*3 472C>T Reduced AA and LA 

metabolism 

No known 

association with 

disease 

(King et al., 2002) 

CYP2J2*4 575T>A Reduced AA 

metabolism 

No known 

association with 

disease 

(King et al., 2002) 

CYP2J2*5 1024G>A Produced wild type 

levels of AA and LA 

metabolites  

No known 

association with 

disease 

(King et al., 2002) 

CYP2J2*6 1210A>T Reduced AA and LA 

metabolism 

No known 

association with 

disease 

(King et al., 2002) 

CYP2J2*7 -50G>T Reduced transcription 

due to loss of Sp1 

binding site 

type 2 diabetes 

Alzheimer’s 

disease, coronary 

artery disease  

Ischaemic stroke 

 

(King et al., 2002, Spiecker et 

al., 2004, C. Wang et al., 

2010, Yan et al., 2015, Zhu et 

al., 2013, S. Y. Wang et al., 

2017) 

CYP2J2*8 934G>A Complete loss of 

enzymatic activity 

No known 

association with 

disease 

(S. S. Lee et al., 2005) 

CYP2J2*9 1052C>T Enzymatic activity 

comparable to wild 

type 

No known 

association with 

disease 

(S. S. Lee et al., 2005) 

CYP2J2*10 344C>T Reduced function 

protein 

No known 

association with 

disease 

(Gaedigk et al., 2006) 
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1.3 CYP2J2/EETs in the maintenance of cardiovascular health- a potential role 

in cardiotoxicity? 

Cardiotoxicity can be viewed as a continuum of physiological states that shares 

characteristics with cardiovascular disease. Consequently, understanding the role of 

CYP2J2 and EETs in cardiovascular disease can provide insight into their role in 

cardiotoxicity. It is widely recognised that many cytochrome P450 enzymes, are 

upregulated in failing hearts (El-Kadi and Zordoky, 2008). The up-regulation of 

CYP2J2 and EETs has been shown to be protective in the heart. In the following 

sections we discuss how CYP2J2 may play a role in modulation of vascular 

inflammation, vascular tone, ischaemia reperfusion injury and cardiac hypertrophy. 

1.3.1 Vascular Inflammation 

Infiltration of inflammatory cells, particularly monocytes/macrophages has been shown 

to be an early event and causal in the development of cardiovascular pathologies. Potent 

anti-inflammatory effects of CYP2J2 and EETs have been demonstrated both in vivo 

and in vitro. In vitro, synthetic EETs can reduce expression of many pro-inflammatory 

genes which are involved in activation and adhesion of endothelial cells to leukocytes 

and leukocyte transmigration across the endothelium (X. Xu et al., 2011). For example, 

11,12-EET  suppresses expression of adhesion molecules,  E-selectin and vascular cell 

adhesion molecule-1 (VCAM-1), in tumour necrosis factor alpha (TNF-α) induced 

human endothelial cells (Node et al., 1999). In addition to blocking the actions of TNF-

α, EETs (11, 12- and 8, 9-EET) have also been shown to inhibit basal TNF-α production 

in THP-1 cells, a model monocytic cell line (Bystrom et al., 2011).  EETs  inhibit 

lipopolysaccharide (LPS)-induced macrophage polarisation and reduce expression of 

many proinflammatory cytokines whilst at the same time upregulating anti-

inflammatory cytokine (interleukin-10) IL-10 in HEK293 cells over-expressing 

recombinant CYP2J2; these effects are likely mediated through downregulating NF-kβ 

and activation of peroxisome proliferator-activated receptor (PPAR) (Dai et al., 2015). 

Studies in mouse models have further validated the effects of transgenic CYP2J2 and 

EETs in inflammation. Continuous infusion of 11,12-EET inhibited TNF-α-induced 

endothelial VCAM-1 expression and mononuclear cell rolling and adhesion in mouse 
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coronary arteries. In addition, in a CYP2J2 transgenic mouse model expression of 

CYP2J2 in mice significantly reduced LPS-induced production of pro-inflammatory 

mediators, IL-6, monocyte chemoattractant protein-1 (MCP-1), E-selectin, and IL-1β, as 

well as nuclear factor kappa B (NF-kB) activation and invasion of inflammatory cells in 

lung tissues (Potente et al., 2003). EETs inhibited phosphorylation of the NF-kB 

complex preventing its translocation to the nucleus and hence transcriptional effects 

(Node et al., 1999). Transgenic CYP2J2 was also found to reduce angiotensin (Ang II)-

induced cardiac fibrosis and inflammation in mice possibly though the inhibition of the 

NF-kβ pathway (L. Yang et al., 2015). 

Inflammatory processes have been implicated in the development of atherosclerosis. 

CYP2J2 has also been found to protect against the production of atherosclerotic plaques 

in a transgenic mouse model of atherosclerosis (W. Liu et al., 2016).  Apolipoprotein E 

(Apo-E) deficient mice and CYP2J2 transgenic mice were given a high fat diet for 25 

weeks. Histological analysis of aorta samples identified fewer plaques on the luminal 

surface of the aorta when mice had been injected with CYP2J2 vector compared to wild 

type. Analysis of lipids showed lower circulating triglyceride and cholesterol levels in 

the transgenic mice.  11,-12 EET was also shown to inhibit TNF-α induced apoptosis in 

human umbilical vein endothelial cells (HUVECs) through the activation of AKT and 

forkhead box protein 01 (FOXO1) which is down regulated in atherosclerotic aorta (W. 

Liu et al., 2016). However it is challenging to ascertain whether these results are a direct 

outcome of CYP2J2 derived EETs or other protective molecules, for example, 

metabolites of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA); 

moreover, to ascertain which of the EETs may be responsible for the protective action. 

Likewise, one of the hallmarks of some drug-induced cardiotoxicities is the increase in 

production of inflammatory mediators.  For example epirubicin, known to alter cardiac 

morphology, increases IL-6 and its soluble receptor sIL-6R which have been shown to 

contribute to the pathophysiology of cardiomyopathy (Mercuro et al., 2007). It is 

possible that the anti-inflammatory effects of EETs could attenuate some of the 

myocardial damage mediated by elevated levels of these inflammatory mediators. 

1.3.2 Vascular tone 

Maintenance of vascular tone is critical for cardiovascular function, particularly 

contributing to blood pressure regulation. EETs, in particular 11,12-EET, are also 
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known as endothelial derived hyperpolarising factors (EDHFs) and have been shown to 

cause relaxation of rat coronary arteries as well as renal and cerebral arteries of rats and 

rabbits (Larsen et al., 2006, J. D. Imig et al., 2001, Fisslthaler et al., 1999, 

Dimitropoulou et al., 2007, Campbell et al., 1996). EETs have been shown to reduce 

vascular tone by attenuating calcium entry via voltage-sensitive channels leading to 

hyperpolarization of vascular smooth muscle cells. However, EETs may also increase 

intracellular calcium concentration in endothelial cells by activation of KCa channels.  

Although an increase in EETs has been shown to reduce vascular tone and protect 

against cardiovascular disease in animal models, it is still unknown how this protective 

pathway may influence cardiotoxicity 

1.3.3  Ischaemia reperfusion injury 

Ischaemia–reperfusion injury can lead to accumulation of protective EETs following the 

release of fatty acids by membrane bound phospholipases (J. Seubert et al., 2004).  

Increasing EETs in a sEH null mouse model showed limited mitochondrial damage 

following ischaemia compared to wild type (Akhnokh et al., 2016). EETs can enforce 

their cardioprotective effects through the activation of mitoK (ATP) and opening of the 

mitochondrial membrane permeability pore (mPTP) (Barau et al., 2015). Activation of 

this protective pathway by EETs has been shown to maintain mitochondrial structure 

and function in CYP2J2 transgenic mice (J. Seubert et al., 2004). It is well known that 

mitochondrial ischaemia reperfusion injury can activate apoptosis. EETs have been 

shown to inhibit pro-apoptotic pathways through the pro-survival enzyme 

phosphoinositide 3 kinase (PI3K) in rat cardiomyocytes (Isomoto et al., 2006).  

Transgenic mice with endothelial cell specific CYP2J2 expression identified that 

endothelial-derived EETs did not protect against cardiac ischaemia; moreover, 

transgenic mice with enhanced endothelial expression of sEH showed no changes in left 

ventricular developed pressure (LVDP) and infarct size. However, transgenic mice with 

myocardial specific expression of CYP2J2 had increased recovery of LVDP and 

decreased infarct size after ischaemia-reperfusion compared to wild type. Furthermore, 

transgenic mice with expression of myocardial sEH showed no changes in LVDP and 

infarct size (Edin et al., 2011). This provides a further layer of complexity to the 

protective capabilities of EETs and how EETs produced from different areas and cell 

types of the cardiovascular system may have varying effects.  
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1.3.4 Cardiac Hypertrophy 

Cardiac hypertrophy is a prominent risk factor for heart failure and a strong predictor of 

adverse cardiovascular events (El-Kadi and Zordoky, 2008). It is normally characterised 

by an increase in cardiomyocyte size, increased synthesis of beta natriuretic peptide 

(BNP), atrial natriuretic peptide (ANP), myosin and actin accompanied by fibrosis and 

remodelling (Alsaad et al., 2013). Animal models have shown that during isoproterenol-

induced cardiac hypertrophy there is a decrease in protective EETs. Modulation of this 

process, that is, increasing EET half-life by use of sEH inhibitors, protected against the 

detrimental effects of cardiac hypertrophy although the exact mechanism for this is yet 

to be determined. (El-Kadi and Zordoky, 2008).  

1.4 Animal homologues of CYP2J2 to investigate pre-clinical drug-induced 

cardiotoxicity 

Prior to first time in human, novel small molecules have to be tested in both rodent and 

non-rodent in vivo models to assess for potential safety liabilities in major organs 

including the heart. Many mammals possess homologs of the human CYP2J2 protein 

with varying sequence similarities including the commonly used species for regulatory 

safety pharmacology and toxicology studies (rodent, dog and monkey) (Table 1.2 and 

Table 1.3).   
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Table 1-3 Amino acid sequence homology between human CYP2J2 and mammalian 

CYP2Js.  

 

Many mammals possess homologs of the human CYP2J2 protein with varying sequence 

similarities including the commonly used species for regulatory safety pharmacology and 

toxicology studies. Humans, monkey and dog all have single isoforms for CYP2J2 whereas 

rodents such as rat have multiple isoforms, CYP2J3 and 2J4 being the most similar to human. 

Values are percent sequence homology.  

 

 

 

% sequence homology 

 Human 

2J2 

Monkey 

2J2 

Dog 

2J2 

Rat 

2J3               2J4 

Human 2J2 100 95 79 72 76 

Monkey 2J2  100 81 74 76 

Dog 2J2   100 72 72 

Rat 2J3    100 79 

Rat 2J4     100 
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Table 1-4 CYP2J gene expressions in human and other mammalian tissues.  

 

RNA and protein expression are quantified, whereby (+) is low expression, (++) is moderate 

expression and (+++) is high expression. Within the heart human CYP2J2 has the highest RNA 

and protein expression. Rat CYP2J3 is expressed highly at the protein level and mouse 

CYP2J11 has high RNA expression in the heart indicating that there are often discrepancies 

between RNA and protein expression in different homologues. (Adapted from Xu et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Human Mouse  

    

Monkey 

 

Rat 

                            

 2J2 2J5 2J6 2J8 2J9 2J11 2J12 2J13 2J2 2J3   2J4 

Liver 

RNA 

Protein 

 

++ 

++ 

 

+ 

++ 

 

++ 

 

+ 

 

  

++ 

   

++ 

 

 

+++ 

+++ 

 

++ 

++ 

Heart 

RNA 
Protein 

 

+++ 

+++ 

  

+ 

   

+++ 

+ 

  

+ 

 

 

+ 

 

+ 

+++ 

 

Small intestine 

RNA 
Protein 

 

++ 

+ 

  

+++ 

 

   

+ 

 

 

+ 

 

+ 

 

 

 

+++ 

 

+ 

 

+++ 

+++ 

Lung 

RNA 
Protein 

 

+ 

+ 

 

+ 

 

+ 

  

+ 

   

+ 

 

++ 

 

 

+ 

+ 

 

 

+ 

Kidney 

RNA 

Protein 

 

+ 

++ 

 

+++ 

+++ 

 

++ 

 

+++ 

++ 

 

++ 

 

+++ 

+++ 

  

+++ 

  

+ 

+ 

 

Brain 

RNA 

Protein 

 

+ 

+ 

  

++ 

 

+ 

++ 

 

+++ 

+++ 

  

+++ 

 

+ 

   

Pancreas 

RNA 

Protein 

 

+ 

+ 

       

+ 

  

 

++ 

 

Stomach 

RNA 

Protein 

       +   

+ 

+ 

 

Spleen 

RNA 
Protein 

     + + +    

Skeletal muscle 

RNA 

             Protein 

 

 

++ 
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Compared to the single CYP2J2 gene in humans, mice have a cluster of CYP2J isoform 

genes. This subfamily is highly homologous with 62-84% sequence homology at the 

amino acid level compared to human. Mice CYP2J isoforms are distributed in the liver, 

kidneys, intestine, brain, lung and abundantly in the heart (Graves et al., 2013).  All 

enzymes produced from the CYP2J cluster have similar substrate preferences but the 

products produced have a unique profile (Nelson et al., 2004). Compared with 

recombinant CYP2J2 microsomes, all isoforms have been shown to metabolise AA 

albeit at a lower rate (Graves et al., 2013). 

Mouse models are used to investigate cytochrome P450-dependent metabolism. 

Knockout and transgenic mice are used to study the metabolism pathways pertaining to 

a specific enzyme leading to toxicity. For example, knockout and humanised mouse 

models for CYP2E1 have been used to characterise acetaminophen hepatotoxicity 

(Gonzalez et al., 2015). Currently, transgenic mouse models for CYP2J have been 

created to understand the biological significance of EETs in disease. However, studies 

specifically addressing the role of CYP2J in the induction of toxicity have not yet been 

described.  In vitro, mouse derived HL-1 cell lines have limited cardiac morphological, 

biochemical and electrophysiological properties compared to human adult 

cardiomyocytes. However, their expression of P450 enzymes has not been clearly 

investigated and so may offer a potential in vitro cardiac model to study CYP2J. 

The main rat homologues, CYP2J3 and CYP2J4, have 72% and 76% sequence 

similarity to human CYP2J2 and have a similar tissue distribution to human. 

Furthermore, CYP2J3 is reported to be found primarily within atrial and ventricular 

myocytes. (S. Wu et al., 1997, Q. Zhang et al., 1997), while increased expression of 

CYP2J3 in the heart following ischemic postconditioning significantly increased EET 

generation (H. Wang et al., 2012) suggesting CYP2J3 may have epoxygenase activity 

analogous to CYP2J2. Therefore, rat CYP2J3 may be the closest homologous enzyme 

to CYP2J2 in terms of distribution and epoxygenase activity and may be applicable to 

investigations of cardiotoxicity. Also, rat cardiac cell lines such as rat myoblast H9c2 

cells have been used to investigate cardiac biology and toxicology, however they lack 

key functional features of cardiomyocytes, exhibit a mainly skeletal muscle phenotype 

and do not respond to electrical stimulation (Kimes and Brandt, 1976). However, they 

have recently been used to investigate cardioprotective effects of drugs following 
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oxidative damage (J. Zhou et al., 2016), thus suggesting the potential use of these cells 

in investigating mechanisms of cardioprotection from drug induced cardiotoxicity. 

In both dog and monkey, a single CYP2J isoform (CYP2J2) has been identified 

(Nelson, 2009). Monkey CYP2J2 has the greatest sequence similarity (95%) to CYP2J2 

in humans (Uno et al., 2007).  Immunoquantification of cynomolgus CYP2J2 identified 

higher levels of protein in monkey liver compared with human (Uehara et al., 2015). 

This was reflected in activity where there was a higher hepatic clearance of astemizole 

(Nishimuta et al., 2011) which has been shown to be a drug substrate for CYP2J2 

(Uehara et al., 2015).  However, to our knowledge, expression of CYP2J2 at the mRNA 

or protein level has not yet been quantified in the monkey or dog heart. 

Cardiotoxicity encompass a variety of features including changes in pathology, ECG 

and haemodynamics. Therefore, some animal models may be recommended for 

investigating functional changes whereas other models may be more suited to look at 

pathological changes. For example, rats which reflect the protective capabilities of 

CYP2J would be acceptable for studying EETs, however their use in predicting 

cardiotoxicity associated with ion channel inhibition is limited. Consequently, when 

selecting a suitable preclinical model system both the potential ability to modulate 

CYP2J2 and the expected cardiac effects being risk assessed should be taken into 

consideration in selecting the most appropriate approach and species.  Furthermore, 

although dog has a single CYP2J2 isoform with high sequence similarity more studies 

are required to fully determine if dog is the best model to study CYP2J2, from both a 

cardiovascular biology and CYP2J2 perspective. 

1.4.1 The disadvantages of using animals and advantages of in vitro models 

The use of animal models in drug testing is vital in order to show the extensive cell type 

and tissue interactions which are part of the mammalian system. However, the 

physiological relevance of animals is sometimes overestimated. Many species 

differences between animal and man hinder the ability to use these models to assess the 

probable toxicological outcome in patients (Hartung and Daston, 2009). In regards, 

specifically to drug metabolism and drug transformation, although many human CYP 

450 enzymes have been found to have a homologue in other test animals, differences in 

genetic makeup and consequently protein structure, as well as tissue distribution has 

meant that animals can never be a true representation of toxicity in man. 
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In addition to the obvious ethical issues, there can also be difficulties in the 

functionality and assessment of the animal paradigm, particularly for high throughput 

testing as models require large amounts of test substance, increasing the expense for 

pharmaceutical companies. As well as this, the assessment of data can sometimes be 

difficult to interpret due to the complexity of interactions and because the experiments 

rely on a pathological outcome (Hartung and Daston, 2009).  

However, where in vivo models fail to deliver, in vitro toxicity models have been shown 

to prosper. Although structurally less complex, they are amenable to automated high 

throughput (as seen in fig 1.4) as they are relatively inexpensive to run owing to the fact 

that little test substance is needed.  Furthermore as cell models are available for nearly 

all tissues and laboratory animal species, species differences are eradicated (Hartung 

and Daston, 2009).  Despite these advantages, there are some fundamental problems 

with in vitro models.  These are mainly to do with the artificial growth conditions cells 

are maintained in. For example they may not reflect the body temperature of animals, 

the blood-electrolyte concentration of species, the extracellular matrix (ECM) or the 

extent of cell contacts, which is maximally 15% of normal in monolayer cultures. 

Additionally, cell densities in normal monocultures are less than 1% of physiological 

tissue which may impair cell signalling (Hartung and Daston, 2009).  

 

Figure 1-4 In vitro cardiotoxicity approaches within the drug development pipeline.  

 

Once a new compound has been identified, selection occurs through a series of safety 

assessments which most commonly test for functional toxicity through in silico and in vitro 

models of ion channel inhibition. In vivo ECG recordings are taken from both a rodent and non-

rodent animals after variable dose exposures. Similarly, single ascending dose (SAD) and 

multiple ascending dose (MAD) are used in clinical testing to ascertain a non- toxic therapeutic 

dose for eah drug. hERG human ether- à-go-go-related potassium channel; (Figure kindly given 

by Dr Amy Pointon, Astrazeneca). 
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Figure 1-5 Table showing the common causes of attrition.  

 

Cardiovascular side effects account for a large degree of attrition at most stages of the drug 

development pipeline with many drugs reaching post approval before patients exhibit 

cardiotoxic side effects. (Redfern et al., 2010) 

1.4.2 Current in vitro models for drug testing 

Cardio toxic drug effects are a common cause of attrition and are responsible for many 

of the drugs that are withdrawn in the early stages and also in later clinical stages of 

toxicity testing. This causes pharmaceutical drug companies millions of pounds as seen 

in fig 1.5 (Redfern et al., 2010).  

Because of this, many companies have a driving interest in reducing costs through 

identifying a reliable human cell model which can be manipulated for study. Drugs 

exerting effects on the cardiovascular system have been shown to change heart 

contractility, cardiac rhythm, blood pressure and ischaemia (Laustriat et al., 2010). A 

great deal of these side effects includes abnormalities in contraction such as an increase 

in QT interval leading to Torsades de Pointes as well as increases in heart rate and 

pressure and damage to cardiac structure all of which can lead to heart failure. Many of 

the current cardiac safety testing procedures involve high-throughput ECG and 

molecular screens for many of the responsible ion channels such as human Ether-à-go-

go-Related Gene (hERG).  
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However only a small fraction of non-ECG risks are covered in this way. Other in vitro 

tests include the use of Chinese hamster ovary (CHO) cells expressing human hERG 

channel which have also been used for the purposes of automated patch clamping to 

identify compounds that block this channel. As well as this cellular and molecular 

assays are highly influential factors in determining cardiomyocyte damage and death. 

Assays including cell viability, ROS generation, apoptosis and mitochondrial membrane 

potential allow structural analysis of a range of parameters (Pointon et al., 2013).  

1.5 Role of CYP2J2 in xenobiotic metabolism  

In the human liver, CYP2J2 protein comprises of 1 to 2% of total P450 content similar 

to that in the small intestine (1.4%) (Paine et al., 2006) compared with  CYP3A4 that 

makes up ~30% of total P450 content (Michaels and Wang, 2014). However as 

CYP3A4 expression is low in cardiac tissue it is unlikely to contribute to drug 

metabolism within the heart (Chaudhary et al., 2009). Although not the most highly 

expressed cytochrome P450 in the liver and intestine CYP2J2 has been shown to 

mediate drug biotransformation reactions with a number of exogenous substances. 

CYP2J2 has been shown to be the primary enzyme involved in several metabolic 

reactions including amiodarone 4-hydroxylation, astemizole O-demethylation and 

ebastine hydroxylation (Matsumoto et al., 2002, Matsumoto and Yamazoe, 2001, K. H. 

Liu et al., 2006). For ebastine, CYP2J2 plays a superior role in first-pass intestinal 

metabolism to its pharmacologically active metabolite and less toxic carebastine. All 

three of these compounds are known cardiotoxins. Both astemizole and ebastine block 

the Kv11.1 (hERG) potassium channel, causing torsades de pointes and QT 

prolongation arrhythmias. However both amiodarone and astemizole metabolites are as 

toxic as the primary compound when metabolised (Matsumoto et al., 2002). Thus the 

individual product profile of a compound due to CYP2J2 metabolism may lead to less 

toxic or equipotent metabolites and altered toxicity of these drugs within the heart.   

A study in human liver microsomes identified 8 novel substrates for CYP2J2 after 

screening 139 compounds including marketed therapeutic agents. These chemical 

entities had wide structural diversity and ranged from small molecules like albendazole 

to larger complex structures such as cyclosporine (C. A. Lee et al., 2010). This diversity 

in drug substrates highlights how CYP2J2 may be vital in mediating drug responses and 

gives a glimpse into the similarity between CYP2J2 and other P450 enzymes of similar 
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function. CYP2J2 and CYP3A4 share a number of substrates including anti-histamines 

(terfenadine, astemizole and ebastine), anticancer drugs (doxorubicin and tamoxifen) 

and immunosuppressants (cyclosporine); a list of known CYP2J2 substrates is shown in 

Table 1.4. In silico approaches suggest structural similarity between CYP2J2 and 

CYP3A4 and a comparison of active sites showed homology; however further 

examination shows slight differences in structural geometry. CYP2J2 has a more 

cylindrical shape and is narrower than CYP3A4 as the β-4 part of the protein is smaller 

and has a loop which inserts into the active site restricting metabolism (C. A. Lee et al., 

2010).  
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Table 1-5 The range of substrates for CYP2J2 and the metabolic pathways by which they 

are formed.  

 

Substrates for CYPJ2 include both endogenous compounds (a) and exogenous drugs (b) and the 

main metabolic pathways which are hydroxylation and epoxygenation. Some Km and Vmax 

values remain unknown and this is indicated by shaded cells. * Metabolic pathway used solely 

by CYP2J2 (Adapted from Xu et al., 2013) 

 

 

 

Substrate Metabolic pathway Km (μM) Vmax /turnover number 

(nmol/min/nmol) 

a) Endogenous  

Arachidonic acid Epoxygenation  0.065 

Linoleic acid Epoxygenation  0.105 

Docosahexaenoic acid Epoxygenation (major) 

ω-1/ω Hydroxylation (minor) 

 0.228±0.008 

Eicosapentaenoic acid  Epoxygenation (major) 

ω-1/ω Hydroxylation (minor) 

 0.943±0.017 

Vitamin D3 25-Hydroxylation  7.7±1.2 0.087±0.013 

Vitamin D2 25-Hydroxylation 2.0±0.3 0.16±0.03 

1α(OH)D3 25-Hydroxylation 4.4±0.7 2.2 

a) Drugs 

Albendazole ω-Hydroxylation 
Sulfoxidation 

 

  

Amiodarone 3-Hydroxylation 
4-Hydroxylation 

 

 

5 4.6 

Apixaban O-demethylation 

 

 0.27±0.06 

Astemizole* O-demethylation 

 

0.65 1.129 

Benzphetamine N-demethylation 

 

 0.08 

Bufuralol  

 

 0.17 

Cyclosporine A Hydroxylation 

 

  

Danazol Hydroxylation 

 

  

Ebastin * Hydroxylation 

 

1.3/18.3 40.6/8.2 

Eperisone ω- Hydroxylation 

ω-1 Hydroxylation 
 

 0.0266 

Hydroxyebastine Carboxylation 

 

0.75 9.86 

Terfenadine Hydroxylation 
 

0.4 20 

Thioridazine  Sulfoxidation 

 

  

Vorapaxar Hydroxylation 

 

 0.0306 
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Biotransformation studies looking at the metabolism profile of CYP2J2 and CYP3A4 

showed that CYP2J2 produced numerous metabolites, many of which were also 

observed with CYP3A4 (Figure 1.6). However, indications of differences in the 

regioselectivity in metabolites from albendazole, amiodarone thioridazine, 

mesoridazine, danazol and astemizole, after incubation with the two enzymes were 

found. There was also evidence some metabolites were produced exclusively by 

CYP2J2. (A. C. Lee and Murray, 2010). Further investigation by Kaspera et al. (2014) 

showed the significant contribution of CYP2J2 to ritonavir metabolism in the liver, with 

a unique metabolism profile when compared with CYP3A4/5. CYP2J2 was shown to 

produce specific metabolites from the oxidation of the thiazole rings on different sides 

of the molecule. This study found that CYP2J2 had a higher affinity for ritonavir (Km 

0.016µM) compared to CYP3A4 (Km 0.068µM) and CYP3A5 (Km 0.047µM) in liver 

microsomes (Kaspera et al., 2014). In addition, CYP2J2 and CYP2C19 were found to 

be the major enzymes responsible for the metabolism of albendazole and fenbendazole 

in human liver microsomes. Both of these drugs can be transformed to their sulfoxide 

and hydroxyl metabolites (Z. Wu et al., 2013). CYP3A4 and flavin-containing 

monooxygenase are thought to be major enzymes in producing sulfoxide metabolites 

(Virkel et al., 2004).  However, Zhexue et al, (2013) demonstrated that CYP2J2 was the 

primary enzyme mediating albendazole hydroxylation; CYP2C19 and CYP2E1 also 

contributed to this hydroxylation but to a lesser extent.  (Z. Wu et al., 2013). The 

consequences of the formation of these specific metabolites by CYP2J2 has yet to be 

fully determined. 
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Figure 1-6 Chromatographic data showing the differences in products formed by 

recombinant CYP3A4 and CYP2J2. 

 

Recombinant CYP2J2 (40pmol/ml) and CYP3A4 (20pmol/ml) were incubated with 50µM drug 

for 20 mins and metabolites were separated via reverse phase chromatography. Albendazole 

metabolism by both CYP3A4 and CYP2J2 produced the same metabolite, however an 

additional metabolite was observed for CYP2J2 indicating hydroxylation. CYP2J2 and 

CYP3A4 produced similar peaks indicating hydroxylation. Chromatographic data of astemizole 

metabolism showed CYP3A4 produced the hydroxylated product whereas metabolism by 

CYP2J2 resulted in both the O-dealkylated metabolite and some N-dealkylated product. When 

danazol was incubated with both enzymes similar metabolites were produced. (C. A. Lee et al., 

2010). 

 

Several CYP2J2 substrates are known to have pharmacological effects in the heart and 

may be metabolised in this tissue (Evangelista et al., 2013). Applying this logic, 

CYP2J2 may be able to regulate the local concentrations of these compounds and 

therefore modulate cardiotoxicity. Studies in heart microsomes incubated with 

verapamil led to the formation of nine CYP metabolites. As verapamil is an L-type 

calcium channel blocker, which is commonly prescribed for heart conditions such as 

angina and arrhythmias, CYP2J2 may be able to regulate functional activity of the drug 

(Michaud et al., 2010). Furthermore, in isolated rat heart hydroxylation of the H1 

receptor antagonist, ebastine to hydroxyebastine and carebastine was detected which 

when compared to human liver microsomes showed a similar metabolism profile. 
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However, as there was no comparison to metabolism in the human heart it is difficult to 

ascertain comparative activity between CYP2J2 and CYP2J3. It is also unclear whether 

other P450 enzymes could be responsible, in part, for ebastine metabolism (Kang et al., 

2011). Overall, the metabolic activity of CYP2J2 in the liver and its ability to 

metabolise a wide array of drugs, coupled with its high expression in the heart, warrant 

further studies to clarify the significance of cardiac CYP2J2 in drug metabolism in 

physiological relevant systems. 

1.6 Modulation of CYP2J2 activity by drugs 

Evangelista et al. (2013) investigated the role of different drugs in the induction and 

inhibition of CYP2J2 in adult primary human cardiomyocytes. That the cells used in 

this study are able to divide and are morphologically and functionally different 

compared with freshly isolated cells is a major limitation of this research. CYP2J2 

activity was measured via terfenadine hydroxylation at two different inhibitor 

concentrations. The most potent inhibitor of CYP2J2 tested was danazol which reduced 

activity by ~95%; other less potent inhibitors included ketoconazole and astemizole 

(Evangelista et al., 2013).   

A more recent study highlighted the reversible mixed-mode inhibition of recombinant 

CYP2J2 by dronedarone (Ki =0.034µM), amiodarone (Ki =4.8µM) and their active 

metabolites, N-desbutyldronedarone (NDBD) (Ki =0.55µM) and N-desethylamiodarone 

(NDEA) (Ki=7.4µM) and further irreversible inhibition by dronedarone and NDBD 

(Karkhanis et al., 2016). Both of these drugs are multi-ion channel blockers designed to 

reduce cardiac arrhythmias but paradoxically are potentially also cardiotoxic resulting 

in bradycardia, hypotension, congestive heart failure and ventricular tachycardia (Dixon 

et al., 2013). Dronedarone has been demonstrated to cause a reduction in a recurrent 

atrial fibrillation in patients compared to amiodarone (Piccini et al., 2009) but can lead 

to QT prolongation and subsequently torsades de pointes (TdP) in some instances 

(Heijman et al., 2013). As both amiodarone and dronedarone are substrates for CYP2J2, 

the interaction between these drugs and CYP2J2 may modulate cardiac side effects and 

drug-drug interactions leading to further toxicity. Dronedarone, amiodarone and their 

respective metabolites have been shown to inhibit CYP2J2 mediated arachidonic acid 

metabolism and production of EETs NDBD being the most potent (Karkhanis et al., 

2017). Due to the protective role of CYP2J2 in cardiac function it is feasible that the 
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inhibition of CYP2J2 may block epoxygenase activity and reduce protective EETs, 

although our understanding of the interplay between drug metabolism and EET 

formation is rudimentary. In addition, it is possible that modulation of CYP2J2 activity 

may lead to altered levels of toxic parent compound or toxic metabolite and changes in 

the toxicity profile observed. These concepts are worthy of further study and analysis.  

1.7 Potential role of EETs in mitigating drug induced cardiotoxicity 

The mechanisms by which compounds cause cardiotoxicity resulting in changes in ECG 

waveforms/intervals, hemodynamics or cardiac pathology are diverse and compound 

specific. Each of these outcomes can be further defined both in terms of the 

physiological and pathological state and the molecular mechanism and or pathways by 

which perturbations arise.  Currently the level of molecular understanding varies 

considerably depending on the physiological or pathological perturbation.  For example, 

the ion channels behind the cardiac action potential and thus changes in the ECG are 

well defined.  In contrast, multiple mechanisms are proposed for changes in cardiac 

pathology. For example, the anti-cancer tyrosine kinase inhibitor sunitinib causes 

oxidative stress (Aparicio-Gallego et al., 2011) and cardiac hypertrophy (Maayah et al., 

2014); whether these perturbations are linked and if upstream unidentified mechanisms 

exist still remains to be determined.  However, with this diversity of molecular 

mechanisms responsible for cardiotoxicity, the role of EETs in cardio-protection is just 

as diverse (table 1.5). In an animal model of isoproterenol-induced cardiac hypertrophy, 

use of sEH inhibitors increased levels of EETs and decreased the induction of ANP and 

BNP and EPHX2 mRNA (Althurwi et al., 2013). Furthermore, increased circulating 

EETs reduced oxidative stress and increased expression of antioxidant enzymes (X. 

Wang et al., 2014). Therefore there is some evidence to suggest protection against 

sunitinib (and other drug) toxicity may be achieved by an upregulation of these 

epoxygenases with resultant promotion of EET formation.   
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Table 1-6 Proposed mechanisms of protection by EETs against selected cardiotoxic drugs.  

 

The listed compounds are known substrates for CYP2J2 which cause cardioxtoxicity through a 

variety of mechanisms. EETs have been shown to manipulate cellular processes to protect 

against cardiac pathologies and therefore may mitigate the cardiotoxic effects of drugs on the 

heart. 

CYP2J2 substrate FDA approval package 

cardiac warnings 

Mechanism contributing to 

cardiotoxicity 

Circumstantial evidence for mitigation of cardiotoxicity 

by EETs  

cyclosporine A 

(Tang et al., 2011) 

 

 

doxorubicin (Zhang 

et al., 2009b) 

 

 

sunitinib  

(Aparicio-Gallego et 

al., 2011) 

Hypertension, tachycardia, 

myocardial infarction 

 

 

 

ECG abnormalities, 

tachyarrhythmias, reduction 

in LVEF and congestive heart 

failure 

 

Decreased LVEF and HF, QT 

interval prolongation and 

TdP, cardiomyopathy. 

Oxidative stress and/or 

mitochondrial dysfunction 

In a CYP2J2 transgenic mouse, heart failure-induced 

oxidative stress was mitigated by EETs; EETs increased 

expression of antioxidant enzymes and reduced reactive 

oxygen species levels (X. Wang et al., 2014, Akhnokh et 

al., 2016). 

 

In a CYP2J2 transgenic mouse, doxorubicin-induced 

ROS levels were reduced compared with wild type. 

CYP2J2 transgenic mice had preserved mitochondrial 

structure and membrane potential (Zhang et al., 2009b) 

 

In sEH null mice, increased circulating EETs limited 

mitochondrial damage following ischaemia (Akhnokh et 

al., 2016) 

amiodarone 

(Isomoto et al., 

2006) 

 

sunitinib (Aparicio-

Gallego et al., 2011) 

Ventricular fibrillation, 

ventricular tachycardia, QTc 

prolongation. 

 

As above 

Activation of apoptotic 

pathways and caspases 

EETs inhibited pro-apoptotic pathways through 

increasing activity of the pro-survival enzyme 

phosphoinositide 3 kinase (PI3K) in mouse primary 

cardiomyocytes (Dhanasekaran et al., 2008)  

astemizole (Minotti, 

2010) 

 

terfenadine 

(Minotti, 2010) 

 

thioridazine 

((Minotti, 2010, 

Menkes and Knight, 

2002) 

QTc interval prolongation in a 

dose related manner. Cardiac 

dysrhythmia. 

 

Changes in electrophysiology No evidence to date  

sunitinib (Aparicio-

Gallego et al., 2011) 

As above. Cardiac hypertrophy In an animal model of isoproterenol-induced cardiac 

hypertrophy, use of sEH inhibitors protected in rats 

(Althurwi et al., 2013). 

5-fluorouracil 

(Alter et al., 2006) 

Angina, myocardial 

infarction, arrhythmia and 

heart failure. 

Vasoconstriction  11,12-EET caused relaxation of rat coronary arteries and 

renal and cerebral arteries of rats and rabbits. (Larsen et 

al., 2006, J. D. Imig et al., 2001, Fisslthaler et al., 1999, 

Dimitropoulou et al., 2007, Campbell et al., 1996) 

cyclosporine A 

(Rezzani et al., 

2005) 

As above. Increase in intracellular 

calcium concentration through 

the calcium sensing receptor 

(CaSR)  

No evidence to date 

eperisone 

(Yamagiwa et al., 

2014, Saegusa et al., 

1991)  

QTc interval prolongation Inhibition of nicotinic and 

muscarinic receptors 

No evidence to date  
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Other cardiotoxic drugs such as the anti-arrhythmic drug amiodarone have been shown 

to alter apoptotic pathways, increasing caspase 3 activity leading to an increase in 

apoptosis and cell death in h9c2 cells (Isomoto et al., 2006). The addition of exogenous 

EETs in vitro has been shown to boost activity of the pro-survival enzyme 

phosphoinositide 3 kinase (PI3K) and inhibit pro-apoptotic pathways in primary 

cardiomyocytes derived from a rat heart hypoxia/reperfusion model (Dhanasekaran et 

al., 2008).   

Cardiotoxic drugs also impact haemodynamics within the cardiovascular system. An 

example of detrimental effects of drugs on blood pressure is the CYP2J2 substrate 5-

fluorouracil which has been shown to be vasoconstrictive through inhibition of nitric 

oxide synthase leading to coronary spasms, and via protein kinase C leading to 

vasoconstriction (Alter et al., 2006). Inhibition of sEH increased EETs and dilated 

human coronary arterioles through BKca channels and 11,12-EET also caused relaxation 

of rat coronary arteries and renal and cerebral arteries of rats and rabbits. (Larsen et al., 

2006, J. D. Imig et al., 2001, Fisslthaler et al., 1999, Dimitropoulou et al., 2007, 

Campbell et al., 1996). Taken together, EETs have been shown to act on several 

pathways involved in cardiotoxicity and there is circumstantial yet plausible evidence to 

suggest a protective impact of CYP2J2 via EET synthesis in the heart during 

cardiotoxicity.  

1.8 Role of CYP2J2 in doxorubicin induced cardiotoxicity 

The strongest case for a role of CYP2J2 in protection against cardiotoxicity has been 

presented for dox. Dox is an anthracycline used for the treatment of solid tumours and 

haematological carcinomas which has been shown to modulate CYP2J2 production of 

EETs. Despite its anticancer action, the clinical value of this drug is reduced due to 

acute and chronic, cumulative and irreversible dose dependent cardiotoxicity (Belham et 

al., 2007). Cardiovascular effects include acute cardiomyopathy, chronic heart failure, 

ventricular dysfunction and arrhythmias (Yeh et al., 2004). Currently it is unclear 

whether the mechanism of cardiotoxicity is the same, when occurring acutely (within 

days) or chronically (years) following treatment (Takemura and Fujiwara, 2007).  

Preclinically, both acute and chronic dox administration have been associated with 

changes in EET formation (Zordoky et al., 2010, Alsaad et al., 2012). In rats, acute dox 

treatment was found to alter the mRNA expression of P450 and sEH enzymes in kidney 
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and liver, leading to decreases in 5,6-, 8,9-, 11,12- and 14,15-EET (Zordoky et al., 

2010). Ichikawa et al., (2014) found that acute dox induced cardiotoxicity was 

associated with generation of reactive oxygen species, cellular iron accumulation and 

disruption of the mitochondria which in turn initiated apoptotic pathways in isolated 

neonatal rat cardiomyocytes (Ichikawa et al., 2014). Previously, EETs have been shown 

to attenuate reactive oxygen species production and mitochondrial dysfunction in 

carcinoma cells treated with arsenic trioxide (L. Liu et al., 2011) and an interesting and 

potentially important recent study suggested that CYP2J2 mRNA expression increased 

in adult human ventricular myocytes in culture in response to both external oxidants and 

addition of doxorubicin; the latter, amongst other effects, stimulates intracellular 

oxidant production. Moreover, cell survival decreased with oxidant exposure when 

CYP2J2 was inhibited either using danazol or by siRNA for CYP2J2. Unsurprisingly, 

this reactive oxygen species toxicity was mitigated with the addition of exogenous 

EETs. Although the report is intriguing and plausible, there are limitations to be 

highlighted. The use of millimolar concentrations of pyruvate as the only antioxidant 

trialled limits mechanistic interpretation as does the use of danazol as a CYP2J2 

inhibitor; however in support of CYP2J2-derived EETs as protective agents, 

knockdown of CYP2J2 mRNA also negatively affected cell survival following dox yet 

levels of CYP2J2 protein were not addressed.  The relatively non-specific measurement 

of intracellular oxidant formation resulting from dox treatment of cells also limits 

interpretation of the mechanism of molecular signalling. Nevertheless, this mechanism 

may have implications for other cardiotoxic compounds acting, in part, via oxidant 

formation in cells of the cardiovascular system. If the mechanism is proven to be 

mediated by increased oxidants in cells then protection from these agents could also be 

afforded by changes in CYP2J2 gene expression and the resultant increased EET 

formation.  

Alsaad et al. (2012) studied the effects of chronic dox cardiotoxicity in the heart on the 

mRNA expression of proteins involved in the formation of AA metabolites as well as 

levels of these metabolites via LC/MS in rats. Animals were treated with multiple 

intraperitoneal injections over 14 days followed by a 14 day recovery period, emulating 

the clinical administration (Alsaad et al., 2012). Chronic Dox treatment in vivo caused 

no change in mRNA expression of the rat analogue of CYP2J2, CYP2J3. However, it 

increased mRNA expression of other P450 enzymes including CYP4A3, CYP4F1 and 
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CYP4F5  known to produce the alternative AA metabolite, 20-HETE resulting in 

increased levels of 20-HETE compared with an untreated control group (Alsaad et al., 

2012). The authors also observed a rise in the mRNA expression of the EPHX2 (sEH) 

gene in heart in dox treated rats accompanied by the decreased EET levels and an 

increase in the levels of inactive DHETs. Furthermore, treatment of H9c2 cells, a rat 

cardiac cell line, with a sEH inhibitor (t-AUCB) in combination with dox, reduced both 

ANP and BNP release (markers of cardiac hypertrophy), suggesting a cardioprotective 

effect of sEH inhibition. Additionally, dox has been shown to upregulate levels of many 

P450 enzymes in this cell model including 2J3 and 2E1 (Zordoky and El-Kadi, 2008). 

Given the biological protective activity of EETs particularly 11,12-EET and 14,15-EET 

against cardiovascular disease (Sudhahar et al., 2010), it is hypothesised that EETs may 

provide protection against cardiotoxicity induced by a whole spectrum of xenobiotics in 

vivo.  

Discrepancies in mRNA expression between acute and chronic dox administration have 

been documented (Zordoky et al., 2010, Alsaad et al., 2012) highlighting the caution 

required when interpreting studies comparing acute versus chronic dox administration. 

Furthermore, the treatment period used by Alsaad may not be sufficient to induce many 

of the characteristic features of chronic dox cardiotoxicity. A detailed assessment by 

Cove-Smith et al., 2014 of both cardiac morphology and function in rats for 8 weeks 

following 1.25 mg/kg dox demonstrated changes in cardiac function, in particularly 

cardiac output, stroke volume and ejection fraction from day 15. Gross morphological 

changes and biomarkers associated with cardiomyocyte degeneration occurred much 

later (Cove-Smith et al., 2014). Consequently, the changes observed after 2 weeks of 

dox treatment are unlikely to be a true indication of the protective role of EETs during 

dox cardiotoxicity and therefore the study length would need to be extended to 

definitively determine this. However, it is plausible to suggest that epoxygenase 

enzymes are involved in the cellular development of dox induced cardiotoxicity. 

Using transgenic mice with cardiomyocyte specific overexpression of human CYP2J2, 

Zhang et al. (2009) identified the possible beneficial effects of EETs in the protection 

against dox-induced cardiotoxicity. Elevations in serum lactate dehydrogenase (LDH) 

and creatinine kinase (CK) and activation of cardiac caspase 3 and catalase caused by 

acute treatment with dox (0, 5 and 15 mg dox/kg/day i.p. for 3 days followed by 24 h 

recovery) were mitigated in mice overexpressing CYP2J2 suggesting protection against 



Chapter 1 

24 

dox induced myocardial damage.  However, some of these markers are not specific to 

the heart and this may affect the interpretation of these findings. Following chronic 

treatment with dox (0, 1.5, 3 mg/kg biweekly for 5 weeks followed by a 2 week 

recovery) the CYP2J2 transgenic mice showed a lower heart weight to body ratio, 

reduced cardiac ankyrin repeat protein (CARP) and expression ratio of βMHC: αMHC 

and no change in LVDP compared to wild type mice. This indicates that cardiac 

structure and contractile function were preserved which may have been mediated by 

protective EETs (Y. Zhang et al., 2009). Although CARP is a specific biomarker of 

cardiac hypertrophy, it may not be a good biomarker of early cardiac remodelling. In 

fact, many of the serological, pathological and functional biomarkers of early cardiac 

damage during cardiotoxicity were not reported. For example, cardiac troponin which is 

known to be the gold standard in investigating cardiac damage, pre-clinically and 

clinically, was not measured (Cove-Smith et al., 2014). 

Studies have found that CYP2J2 is capable of metabolising dox (Y. Zhang et al., 2009). 

However, as this was a CYP2J2 transgenic model and not a null model other P450 

enzymes may also be responsible for the increased metabolism of dox. Furthermore, 

increased expression and activity of reductase in the transgenic mouse hearts may also 

lead to an increase in activity of many other P450 enzymes. It is known that the major 

metabolite of dox, doxorubicinol (DOXol) contributes to the toxicity in the 

myocardium, however, there is also evidence to suggest other metabolites of dox 

including dox deoxyaglycone and DOXol hydroxyaglycone may also contribute to the 

cardiotoxicity (Licata et al., 2000).  In addition cytochrome P450 reductase can also 

metabolise dox to 7-deoxydoxyrubicin aglycone which has been shown to inhibit AA 

metabolism, reducing the production of EETs and altering the regiosomers of EETs 

produced (Arnold et al., 2017). Therefore, increased metabolism through CYP2J2 may 

have a conflicting effect on the heart, elevating levels of toxic metabolites for certain 

drugs but increasing protection through EETs. Other cytochrome P450 enzymes 

belonging to the murine CYP2J family, including CYP2J8, 2J11, 2J12 and 2J13, also 

have epoxidase activity towards AA. This may confound results especially as 

expression levels of these enzymes were not measured in the CYP2J2 transgenic mice 

(Graves et al., 2013). In rats, only CYP2J3 has been demonstrated to possess 

expoxygenase activity and so protective effects by EETs may be less apparent. In 

addition, the use of transgenic models where there is a genetic alteration leading to 



Chapter 1 

25 

differences in protein expression and hence activity, may not directly model 

pharmacological activation of CYP2J2 in the wild-type mouse (Knight and Shokat, 

2007).  

Taken together the limited number of studies on dox toxicity suggest CYP2J2 

expression and EET production have profound cardioprotective effects, modulating dox 

cardiotoxicity through their influence on molecular pathways involved in apoptosis, 

ROS generation, hypertrophy and cardiac remodelling leading to an overall 

conservation of structure and function.  It may be hypothesised that the cardiac potential 

of other drugs might be affected by CYP2J2 metabolism and/or EET formation. The 

effects of EETs on dox raises the possibility that the CYP2J2/EET pathway may also 

modulate cardiotoxicity of other drugs, working through different mechanisms. 

1.9 The search for the ideal cell type for in vitro cardiotoxicity testing 

1.9.1 HepG2 cells 

The HepG2 immortalised cell line was derived from liver hepatocellular carcinoma of a 

15 year old Caucasian male. The cells have an epithelial-like structure that adhere and 

grow in small aggregates (Bouma et al., 1989). HepG2 cells are widely used in toxicity 

assessment of a wide variety of chemicals and drugs due to their unlimited availability 

and phenotypic stability. They also display a similar genotype to normal liver cells 

(Gerets et al., 2012).  

Although expression of drug metabolism enzymes are much lower in HepG2 cells 

compared to primary human hepatocytes, HepG2 cells have shown similar up-

regulation of P450 enzymes compared to primary cells in response to test substances 

indicating their usefulness in studying regulation of drug-metabolising enzymes 

(Wilkening et al., 2003). To support this, studies showed upregulation of CYP2J2 in 

response to butylated hydroxyanisole in HepG2 cells (A. C. Lee and Murray, 2010) and 

impaired activation of the gene under conditions of nitrative stress (P. H. Cui et al., 

2010). The presence of inducible CYP2J2 in HepG2 cells indicates an appropriate 

model for studying its role in cardiotoxicity and the EET formation pathway. 



Chapter 1 

26 

1.9.2 iPSC-CMs 

It is also important to adopt cell types which would best mimic characteristics of cardiac 

cells and provide a more physiologically relevant model. Induced pluripotent stem cell 

derived cardiomyocytes have been a breakthrough in producing more physiologically 

relevant models of disease, drug discovery and drug safety screening (Maillet et al., 

2016). 

The high degree of homology of iPSC-CMs with human cardiomyocytes is presumably 

through their differentiation from induced pluripotent stem cells. These cells normally 

originate from a human mature cell such as a fibroblast that is reprogrammed by forced 

expression of four pluripotent genes, Oct3/4, Sox2 and c-Myc through viral or non-viral 

methods (Oldroyd et al., 2012). Once an iPSC cell line has been established they can 

undergo treatment with growth factors which target specific signalling pathways to 

produce cells of a certain lineage. Cardiovascular cells are typically generated by 

mimicking the Actvin/Nodal/TGF-β, Wnt and BMP cellular pathway (Paige et al., 

2010). To retrieve a particular cell type, for example ventricular cardiomyocytes, 

purification techniques such as use of cell surface markers and fluorescent probes or by 

modulating the retinoic acid and Wnt signaling pathways are employed (Lundy et al., 

2013). Phenotypically, immature iPSC-CMs (20-40 days) are small and round with little 

of the structural and functional machinery commonly seen in cardiac myocytes. 

However once mature (80-100 days) they exhibit many of the qualities of human 

cardiac myocytes. They are able to form connections with other myocytes and beat in 

synchrony. The magnitude of contraction for early stage hiPSC-CMs was shown to be 

4.95% of resting length which increased to 10.17 for mature cells (Lundy et al., 2013). 

One of the major assets of mature iPSC-CMs is that they possess many of the major 

human structural and functional cardiac proteins. They have been shown to express 

sarcomeric related proteins including MYH6 and TNNT2 and also contain the same 

components of Ca
2+

 cell cycling machinery such as the inositol triphosphate receptor 

IP3R and sarcoplasmic reticulum Ca
2+

 ATPase SERCA2a together with ion channels 

including sodium channels and L type calcium channels (Karakikes et al., 2015). 

However action potentials recorded for iPSC-CMs exhibit mixed action potential 

phenotypes with a positive diastolic potential and slow upstroke velocity when 

compared to native cardiomyocytes (Lundy et al., 2013). 
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The correlation in structural and functional characteristics between iPSC-CMs and 

primary cardiomyocytes, high throughput screening capabilities and the relative 

inaccessibility of human cardiac tissue have meant the use of iPSC-CMs in drug 

assessment and disease modelling is increasingly being recognised.  iPSC-CMs have 

been used as part of an in vitro model for doxorubicin (dox) cardiotoxicity. Within 

hours of dox treatment, toxicity markers assessed showed a significant production of 

reactive oxygen species (ROS), mitochondrial dysfunction and increased [Ca
2+

]
I 

(Maillet et al., 2016). This is consistent with the toxicity response commonly seen in the 

initial steps of dox cardiotoxicity indicating its use as a useful candidate cell type in in 

vitro study. 

The expression levels of CYP2J2 in this cell type have not been fully understood as of 

yet, however preliminary data from AstraZeneca indicate that RNA expression levels 

are very similar to human ventricle indicating that this cell type may be a suitable model 

to use for the study of both cardiotoxicity and CYP2J2 expression and activity (see table 

4.1).  

Table 1-7 CYP2J2 next generation sequencing data 

 

Similarities were seen in CYP2J2 expression (RNA) NGS score of human primary ventricle 

cardiomyocytes and human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CM). 

MEC microvascular endothelial cells; hESC-CMs human embryonic stem cells derived 

cardiomyocytes. Data kindly supplied by Dr Amy Pointon, AstraZeneca. 

 

Tissue 

type 

Liver Coronary-

MEC 

Fetal 

heart 

Ventricle Cardiac-

MEC 

hESC-

CMs 

hiPS-

CMs 

 

CYP2J2 

expression 

65.02 0.30 46.07 56.63 0.13 12.04 55.63 

 

1.9.3 Human cardiac myocytes  

In addition to iPSC-CMs, a commercial human cardiac myocyte cell line is also 

available. The human cardiac myocytes that were purchased from Promocell were from 

normal human ventricle tissue of the adult heart. These cells were more amenable to 

long term culture compared to freshly isolated cardiomyocytes and iPSC-CMs and 

therefore offered an economical alternative to induced pluripotent cells. However, P450 

expression in this cell line had not been investigated and so its usefulness in 

investigating a role for CYP2J2 in cardiotoxicity was unknown. 
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1.9.4 EA.hy926 cells 

Besides cardiac cells, other cells in particular endothelial cells make up a large 

proportion of the heart. With this in mind, an endothelial cell line, EA.hy926 was also 

included as a possible in vitro cell model. EA.hy926 cells are a permanent human 

vascular endothelial cell line generated in 1983 by fusion of human umbilical vein 

endothelial cells (HUVECs) with the human lung carcinoma cell line A549 (Edgell et 

al., 1983). They retain many of the characteristics of HUVECs including expression of 

adhesion molecules ICAM, VCAM and E-selectin as well von willibrand factor (vWF) 

which is upregulated when stimulated with TNF-α. Phenotypically these cells have an 

elongated structure which forms networks with nearby cells (Bouïs et al., 2001). 

Investigation of expression of CYP2J2 in EA.hy926 cells showed inducible expression 

of CYP2J2 by TLR-4 agonist LPS and in correlation and an increase in epoxygenase 

activity which was inhibited by the epoxygenase inhibitor MS-PPOH. In addition, sEH 

expression and epoxide hydrolase activity were also present in these cells (Askari et al., 

2014). Thus these cells were shown to be a simple, reproducible in vitro cell model to 

investigate the potential protective effects of CYP2J2 from external stimuli e.g 

cardiotoxic drugs.     

1.10 Candidate cardiotoxic drugs  

1.10.1 Astemizole 

The drugs selected as candidate drugs for initial investigation of toxicity were known 

cardiotoxins. Astemizole, an anti-histamine drug, is a second generation H1 receptor 

antagonist previously used for the treatment of allergic inflammatory conditions 

(Baroody and Naclerio, 2000). It undergoes rapid hepatic metabolism to produce the 

active metabolite desmethylastemizole by o-demethylation of the parent drug. However, 

it was withdrawn from the market worldwide in 1998 due to its adverse effects on the 

heart (Minotti, 2010). Astemizole was shown to trigger torsades de pointes arrhythmias 

leading to tachycardia, ventricular fibrillation and death (Baroody and Naclerio, 2000). 

In the UK, a study showed astemizole to have the highest relative risk of toxic 

ventricular arrhythmias and death compared with other anti-histamines (Minotti, 2010). 

The mechanisms of its toxicity centres on blocking of the Kv11.1 (hERG) potassium 

channel by both astemizole and desmethylastemizole equipotently with IC50 values in 

the nanomolar range (Minotti, 2010) leading to QT prolongation. The long elimination 
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time of desmethylastemizole (~9-13 days) means toxicity can be harder to treat (Z. 

Zhou et al., 1999). Astemizole and its metabolite have also been shown to block other 

cardiac potassium channels including the delayed rectifier K+ channel (IKr) in HEK293 

cells and rabbit myocytes (Z. Zhou et al., 1999). Ex vivo studies on rabbit purkinje 

fibres showed a concentration dependent prolonging effect of astemizole on final 

repolarisation and showed a development in early after depolarisations (EADs) 

(Adamantidis et al., 1995).  This was corroborated in vivo by a study in cynomolgus 

monkeys where single doses of astemizole ranging from 10-60mg/kg/day showed QT 

prolongation (J. Lee et al., 2008). 

Although mainly metabolised in the liver, Matsumoto et al (2002) observed that 

astemizole could also undergo extensive first pass metabolism in rabbit small intestine, 

which was orchestrated primarily by CYP2J2. Due to the high expression of CYP2J2 in 

the heart and the adverse cardiac effects of astemizole, it may be possible that 

metabolism of astemizole occurs in the heart. Furthermore, inhibition studies with 

recombinant CYP2J2 microsomes showed an inhibition of astemizole demethylation by 

arachidonic acid (Matsumoto et al., 2002). This may be seen as a positive effect as 

arachidonic acid epoxidation by CYP2J2 leads to protective EETs which may reduce 

toxic effects of astemizole. The metabolism of astemizole by CYP2J2 and its inhibition 

by arachidonic acid proposed an opportunity for its use to better understand drug 

interactions with CYP2J2 and how CYP2J2 may initiate the protective EET pathway in 

the presence of astemizole induced cardiotoxicity.  

 

 

 

 

 

 

1.10.2 Doxorubicin 

Dox is a quinone-containing anthracycline used for the treatment of solid tumours and 

haemotological carcinomas. Its anti-malignancy mode of action consists of intercalation 

Figure 1-7 Chemical structure of astemizole (Alghamdi, 2008)  
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into DNA, inhibition of topoisomerase II and generation of ROS leading to disruption 

of DNA crosslinking, DNA damage and apoptosis (Chatterjee et al., 2010). However 

the use of dox has been hampered by several toxic effects including haematopoietic 

suppression, extravasation, and nausea with the most severe being cardiotoxicity. Dox 

cardiotoxicity can have a wide range of features which occur either immediately or 

years after cessation of therapy. Acute dox toxicity normally occurs within 24 hours of 

treatment in around 11% of cancer patients. It is characterised by ECG abnormalities 

including QT prolongation, however this stage may also be asymptomatic. Sub-acute 

cardiotoxicity can occur several weeks or months after the last dose with the main 

symptom being pericarditis and myocardial edema (Chatterjee et al., 2010). Chronic 

dox toxicity may initiate 4-20 years after dox treatment (Octavia et al., 2012) and is 

much rarer than acute with an incidence of 1.7% related to the dosage and individual 

susceptibility such as age and gender. It is associated with more progressive myocardial 

dysfunction with reduced ventricular ejection fraction and interstitial fibrosis 

(Chatterjee et al., 2010). 

One of the main mechanisms of dox induced cardiotoxicity appears to be the ‘ROS and 

iron hypothesis’ where accumulation of iron leads to an increased generation of ROS 

and toxic damage to the mitochondria of cardiomyocytes. It has been proposed that dox 

gets oxidised and becomes a semiquinone radical inducing reactive superoxide 

formation. Furthermore doxorubicin can also interact with iron forming the dox-Fe 

complex leading to further ROS production (Gammella et al., 2014).  This hypothesis is 

supported by experiments in vivo. In a mouse model of dox toxicity where there was an 

increase in iron accumulation this was reduced when treated with an iron chelator which 

also prevented dox toxicity (Ichikawa et al., 2014). Dox may also generate ROS through 

interaction with eNOS where binding of dox to eNOS reductase leads to O2
−
 generation. 

eNOS reductase reduction then forms the dox semiquinone radical which can lead to 

further O2
−
 generation (Octavia et al., 2012). 

Although cardiomyocytes are the classical cellular target for dox toxicity, the 

myocardium is also composed of fibroblasts, endothelial cells and vascular smooth 

muscle cells which may interact and play a part in dox cardiotoxicity. In particular, 

studies have shown that dox can inhibit proliferation, increase oxidative stress and 

apoptosis in cardiac progenitor cells (CPCs) (De Angelis et al., 2010). CPCs give rise to 

cardiomyocytes, endothelial cells and smooth muscle cells thus reducing the number 
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resident CPCs decreasing CPC activation and cardiomyocyte turnover in the presence of 

myocyte death. In addition, dox can also act on fibroblasts, transforming them to 

myofibroblasts with a pro-fibrotic phenotype (Cappetta et al., 2016). Dox has also been 

shown to disrupt the structure and function of vascular smooth muscle cells. In vitro 

smooth muscle cells enter cell cycle arrest after dox treatment and display decreased 

expression of adrenoreceptor protein decreasing contraction (De Angelis et al., 2016). 

The metabolism of dox by CYP2J2 was observed by Zhang et al (2009) who observed 

higher rates of dox metabolism in CYP2J2 transgenic mice compared with wild type (Y. 

Zhang et al., 2009). However, whether there is metabolism of dox in the heart and how 

this may affect EET production is a question yet to be answered. 

 

 

 

 

 

 

 

 

 

1.10.3 Sunitinib  

Sunitinib malate is a multi- target tyrosine kinase inhibitor used in the treatment of 

gastrointestinal tumours and renal cell carcinoma. Its main mechanism of action is 

through inhibition of growth factor receptors regulating tumour cell survival, including 

vascular endothelial cells growth factor receptor 1-3 (VEGFR), platelet derived growth 

factor receptor α and β (PDGFR), stem cell factor receptor (c-KIT) and colony 

stimulating factor-1 receptor (CSFR-1) (Chu et al., 2007). 

However, numerous studies have suggested that around 8-15% of sunitinib-treated 

patients show cardiac adverse effects including development of left ventricular 

Figure 1-8 Chemical structure of doxorubicin (Senes-Lopes et al., 2018)  
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dysfunction, hypertension and congestive heart failure (Kerkela et al., 2009). At a 

cellular level, transmission electron microscopy (TEM) analysis of endomyocardial 

biopsy samples from patients with sunitinib induced cardiotoxicity showed cardiac 

hypertrophy and a disruption of mitochondrial structure with effaced cristae and 

membrane whorls (Chu et al., 2007). Both in vitro and in vivo models have been used to 

further investigate mechanisms of toxicity. Mice were given a dose of 40/mg/kg of 

sunitinib per day for 3 weeks to emulate levels in patients. In addition to mitochondrial 

swelling there was increased release of cytochrome c leading to increases in cell death 

particularly apoptosis (Chu et al., 2007). Sunitinib has also been associated with an 

impaired cardiac response to stress accompanied by microvascular dysfunction and 

significant depletion in coronary microvascular pericytes. These cells which have been 

shown to regulate capillary flow are dependent on PDGFR signalling. As PDGFR is a 

target for sunitinib, it has been proposed that sunitinib acts on coronary microvascular 

pericytes though PDGFR signalling, leading to left ventricular dysfunction and heart 

failure (Chintalgattu et al., 2013). 

One of the proposed mechanisms of cardiotoxicity of sunitinib is through the off-target 

inhibition of AMP-activated protein kinase which plays a key role in regulating energy 

stress and is normally activated as a protective response to energy depletion, restricting 

energy utilisation and increasing production (Kerkela et al., 2009). Phosphorylation of 

AMP kinase was increased in sunitinib treated mice and determination of the IC50 for 

sunitinib against AMPK in vitro showed AMPK may be a target for sunitinib. In 

addition treatment of cardiomyocytes with compound C (AMPK inhibitor) showed a 

disruption in mitochondrial structure and membrane potential and induced apoptosis 

similar to that in sunitinib toxicity (AMPK) (Kerkela et al., 2009). 

The question of whether sunitinib toxicity may be reversed with the right treatment has 

led to work in to new therapies. It was found that injection of fibroblast growth factor 2 

(FGF2) mRNA into embryos protected cardiomyoblast H9c2 cells against sunitinib 

cardiotoxicity. Furthermore FGF2 did not compromise the anti-tumour action of 

sunitinib (G. Cui et al., 2016). Also, the use of VEGF signalling pathway inhibitors 

(VSP) in two severe symptomatic cases of sunitinib cardiomyopathy reversed much of 

the mitochondrial damage and stress, microvascular stress and hypoxic signalling 

(Uraizee et al., 2011). 
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The link between sunitinib toxicity and CYP2J2 is not clear, however investigation of 

the metabolic activity of 2J2 in sunitinib biotransformation in hepatocellular and renal 

cell carcinomas showed that CYP2J2 was highly expressed in cancer tissue and rapidly 

metabolised sunitinib along with other TKIs with the same efficiency as CYP3A4, a 

major drug metaboliser in the liver (Narjoz et al., 2014). This gives evidence for a role 

of CYP2J2 in drug metabolism in the liver, its role in the heart however is yet unknown.  

 

 

 

 

 

 

 

 

1.11 Pharmacological inhibitors of the EET pathway 

1.11.1 MS-PPOH 

The acetylene N-methylsulfonyl-6-(2-propyrgyloxyphenyl) hexanamide (MSPPOH) is a 

potent and selective inhibitor of cytochrome P450 arachidonic acid epoxidation both in 

vitro and in vivo (Brand-Schieber et al., 2000).  MSPPOH works as a suicide substrate 

by resembling the substrate such as AA and at the same time irreversibly inactivating 

the enzyme using the catalytic cycle. Due to the lack of specificity of MSPPOH for a 

particular P450 enzyme, VanAlstine et al (2011) studied the effects of MSPPOH on the 

activity of nine human and three rat recombinant P450 enzymes. MSPPOH was shown 

to potently inhibit CYP2C9 and 2C11 epoxygenases. However, CYP2J2 activity was 

not investigated (VanAlstine and Hough, 2011).  

MSPPOH was shown to significantly inhibit arachidonic acid epoxidation and 

production of EETs in both rat renal microsomes and anaesthetised rats as measured by 

LC-MS. This effect lasted around 6hrs, however during that time there were no changes 

Figure 1-9 Chemical structure of sunitinib malate (Hao and Sadek, 2016)  
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seen in 20-HETE formation (Brand-Schieber et al., 2000) indicating MSPPOH did not 

affect hydroxylase enzyme activity. A further study in renal microsomes showed a 

reduction in expression of CYP2J2 in response to MSPPOH (Huang et al., 2006). 

 

 

 

 

 

1.11.2 Quinacrine 

Phospholipase A2 (PLA2) releases arachidonic acid from the membrane and increases 

production of EETs. Quinacrine dihydrochloride is a general non-specific PLA2 

inhibitor that has been shown to reduce EET production in vitro in LLCPKcl4 cells 

(Chen et al., 1999). In isolated rat mesenteric artery EETs caused hypopolarisation of 

the endothelial membrane leading to release of endothelial derived hypopolarising 

factors and relaxation of vascular smooth muscle. In the presence of quinacrine 

dihydrochloride acetylcholine induced hypolarisation was attenuated and instead there 

was depolarisation of the membrane leading to vasoconstriction of the artery (Fulton et 

al., 1997).  

 

 

 

 

 

 

 

 

 

 

Figure 1-10 Chemical structure of MS-PPOH  (Campbell and Fleming, 2010) 

Figure 1-11 Chemical structure of quinacrine dihydrochloride (image courtesy of 

CAMEO online) 
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1.11.3 LY311727 

LY311727 is a specific PLA2 inhibitor for secretory phospholipase A2 which has been 

shown to be involved in the release of fatty acids from the phospholipid membrane 

including arachidonic acid (AA) (Murakami et al., 1998). It is proposed that inhibition 

of AA release from the membrane may lead to a reduction of EET formation and 

signalling and exacerbation of drug induced toxicity. Although there is little evidence of 

the role of secretory PLA2 in the heart, in an experimental model of ventilator induced 

lung injury (VILI), inhibition of sPLA2 in the pulmonary vascular endothelium by 

LY311727 led to a reduction in recruitment and adhesion of inflammatory cells to the 

injury site (Meliton et al., 2013). This indicates there may be other more prominent 

pathways involved which are pro-inflammatory and counteract the protective effects of 

EETs. Thus it would be pertinant to see how prominent the role of EETs is in reaction 

to cell stress and injury in cardiac cells as well as understand the possible role of other 

groups of PLA2 enzymes. For example, cytosolic phospholipase A2 has been shown to 

mediate AA release in H9c2 rat cardiomyocytes in response to hydrogen peroxide, 

indicating PLA2 enzymes other than sPLA2 may also be involved in AA release.  

 

 

 

 

 

 

1.12 Pharmacological facilitators of the EET pathway 

1.12.1 t-AUCB 

An increasing number of studies have shown the importance of the EET pathway and in 

particular soluble epoxide hydrolase (sEH) in cardiovascular disease and heart failure 

(see section 5.1).  Indeed the sEH gene EPHX2 has been identified as a susceptibility 

gene for heart failure (Monti et al., 2008). Animal and in vitro models utilising 

Figure 1-12 Chemical structure of LY311727 (Om, 2018) 
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pharmacological inhibitors of sEH have therefore become an attractive option to further 

investigate the role of sEH in protection.  

4-[[trans-4-[[(tricyclo[3.3.1.1
3,7

]dec-1-ylamino)carbonyl]amino]cyclohexyl]oxy]-

benzoic acid (t-AUCB) is a well-established inhibitor of sEH with an IC50 against 

human sEH of 1.3nM compared to other known inhibitors such as AUDA and TUPS 

which have IC50 values of 3.2 and 2.9nM respectively (J. D. Imig and Hammock, 2009). 

It is a urea based inhibitor which inhibits sEH by creating hydrogen bonds and salt 

bridges between the urea component of the inhibitor and residues on the sEH active site, 

resembling the intermediate formed during the EET reaction (J. D. Imig and Hammock, 

2009).  t-AUCB has been used widely in animal and in vitro models to examine the role 

of EETs within the heart and has been shown to successfully inhibit sEH and reverse the 

deleterious effects of cardiovascular disease. For example in a mouse model of 

atherosclerosis, treatment with t-AUCB reduced the size of the atherosclerotic plaque 

by promoting cholesterol efflux and increasing HDL levels (Shen et al., 2015). In 

addition, t-AUCB reduced the myocardium infarct size and incidence of arrhythmias in 

a myocardial infarction mouse model (Gui et al., 2017). Furthermore, investigation into 

the role of sEH in toxicity showed protective effects against hypertrophy associated 

with both doxorubicin and daunorubicin induced toxicity in vitro indicating EETs may 

play a major role in regulating drug induced damage to the heart (Alsaad et al., 2012, 

Maayah et al., 2018). 

 

 

 

 

 

1.13 Conclusions  

CYP2J2 is an AA and drug metabolising enzyme highly expressed in the human heart. 

However, the role of CYP2J2 in drug metabolism in the heart has not been well defined.  

Nevertheless, there is increasing awareness that many current drugs are substrates for 

CYP2J2. There are also substantial data suggesting that CYP2J2 along with CYP3A4 

plays a significant part in the metabolism of drugs known to cause cardiotoxicity. 

Figure 1-13 Chemical structure of t-AUCB (Iyer et al., 2012) 
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Therefore, changes in the expression or activity of this enzyme may alter drug 

concentrations in the body leading to either an ineffective drug response or increased 

levels of metabolites leading to potential cardiotoxicity. Known P450 inducers do not 

modulate CYP2J2 levels but some compounds have been recognised to induce 

expression and activity of CYP2J2 in adult human cardiomyocytes. In addition, several 

SNPs in the human CYP2J2 gene are associated with altered in vitro activity of the 

CYP2J2 enzyme, which may lead to changes in EET formation and drug metabolism, 

potentially altering cardiotoxicity in some individuals.  As well as its role in drug 

metabolism, CYP2J2 derived EETs have also been shown to have a protective effect, 

although this has only really been reported for dox-induced cardiotoxicity. Given that 

our understanding of the role of CYP2J2 and EET formation is largely based on the data 

from this single drug and the importance of cardiotoxicity to drug development and 

application in man, understanding more widely the role and possible protection by 

CYP2J2 in the heart is worthy of further study. 
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Chapter 2 Hypothesis and Aims 

Drug induced cardiotoxicity has been associated with pathophysiological changes which 

may be regulated by multiple mechanisms. CYP2J2 has been found in high levels in the 

heart and cardiovascular system and has been found to be involved in drug metabolism 

and production of endogenous protective ecoisanoids called EETs. This study aimed to 

investigate the hypothesis that CYP2J2 may be involved in regulating in vitro drug 

cardiotoxicity through the production of EETs and drug metabolism of cardiotoxic 

drugs. 

 

The aim of this study is to use cytotoxicity assays to investigate a pertinent drug cell 

model that could be employed as a cardiotoxicity screen to aid in the investigation of 

the protective capabilities of EETs towards cardiotoxicity in vitro. To do this we 

investigated:  

1) Expression of CYP2J2 and soluble epoxide hydrolase (sEH) in human cardiac 

myocytes (HCMs) and Eahy.926 cells, an endothelial cell line.  

2) Astemizole drug metabolism by CYP2J2 using LC-mass spectroscopy.  

3) Whether CYP2J2 has a protective role in astemizole drug cardiotoxicity through the 

addition of ‘EET modulators’.  

4) Biomarkers of toxicity by analysing exosome release in vitro in response to 

cardiotoxic drugs. 
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Chapter 3 Materials and Methods 

3.1 Cell culture and treatment reagents  

3.1.1 Cell lines and primary cells  

HepG2 cells were originally isolated from a human liver biopsy taken from a 15- year 

old male patient with hepatocellular carcinoma. The cells were purchased from ATCC 

as an established cell line (https://www.lgcstandards-atcc.org/). 

HL-60 cells, a human peripheral blood cancer cell line were a generous gift from 

Professor Alison Goodall’s group, ardiovascular science department, Glenfield hospital, 

Leicester, UK. 

iCardiomyocytes were made by firstly inducing pluripotency in mature cells taken from 

adult skin or blood obtained from donors. These induced pluripotent cells were then 

differentiated into cardiomyocytes with the use of growth factors. The cells were 

generously purchased for us by AstraZeneca, Cambridge, UK from Cellular Dynamics 

International, Madison, Wisconsin, USA. https://cellulardynamics.com/.  

EA.hy926 cells are a permanent human vascular endothelial cell line generated in 1983 

by fusion of human umbilical vein endothelial cells (HUVECs) with the human lung 

carcinoma cell line A549. The cells were a generous gift from Professor Alison 

Goodall’s group, cardiovascular science department, Glenfield hospital, Leicester, UK. 

Human cardiac myocytes (HCM) originated from normal human ventricle tissue of the 

adult heart and were more amenable to long term culture compared to freshly isolated 

cardiomyocytes. The cells were purchased from PromoCell, Heidelberg, Germany. 

3.1.1.1 Cell culture consumables 

The stripettes were bought from Costar, Sigma-Aldrich Company Ltd, Poole, and 

Dorset, UK. The clear-bottom 96-well plates, 96-well white bottom plates and cell 

culture flasks (T25 and T75cm
2
) were obtained from Corning, Sigma-Aldrich Company 

Ltd, Pool, Dorset, UK.  

https://www.lgcstandards-atcc.org/
https://cellulardynamics.com/
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3.1.1.2 Cell culture media  

The media used to culture HepG2 cells, HL-60 cells and EA.hy926 cells was 

Dulbecco’s Modified Eagle’s Medium with high glucose (containing 4500mg/L 

glucose, 110mg/L sodium pyruvate and 4mmol/L L-glutamine) and was purchased from 

Gibco, Invitrogen UK Ltd, Paisley, Scotland, UK. 

Specific plating medium was used for the first 24hrs after thawing iCardiomyocytes 

after which cells were grown in maintenance medium. Both were purchased from 

Cellular Dynamics International, Madison, Wisconsin, USA.  

Human cardiac myocytes were grown in low serum (5% V/V) myocyte growth medium 

supplemented with 0.05ml/ml foetal calf serum (FCS), epidermal growth factor 

(0.5ng/ml), basic fibroblast growth factor (2ng/ml) and insulin (5µg/ml) purchased from 

PromoCell, Heidelberg, Germany. 

3.1.1.3 Cell media and additives 

In addition to this, heat inactivated foetal bovine serum (FBS) EU approved South 

American Origin, Dulbecco’s phosphate buffered saline (DPBS) with calcium and 

magnesium, and 0.25%Trypsin/Diaminoethanetra-acetic acid (EDTA) (1X) were 

purchased from invitrogen, Life technologies Ltd, Paisley, Scotland UK. 

Human myocyte growth medium supplement was obtained from PromoCell, 

Heidelberg, Germany. 

3.1.1.4 Cell treatment and reagents 

Trypan blue solution (0.4%), Dimethyl Sulfoxide (DMSO) and doxorubicin 

dihydrochloride were purchased from Sigma Aldrich. Both astemizole and suntinib 

were provided by Dr Amy Pointon (AstraZeneca). CYP epoxygenase inhibitor 

MSPPOH (N-(methylsulfonyl)-2-(2-propynyloxy)-benzenehexanamide) was purchased 

from Santa Cruz Biotechnology Inc, Heidelberg, Germany. sEH inhibitor t-AUCB (4-

[[trans-4-[[(tricyclo[3.3.1.1
3,7

]dec-1-ylamino)carbonyl]amino]cyclohexyl]oxy]-benzoic 

acid) and 11,12-EET (11,(12)-epoxy-5Z,8Z,14Z-eicosatrienoic acid ) were purchased 

from Caymen Chemical, Michigan,USA.  
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3.1.2 Cell culture and treatment method 

3.1.2.1 Culturing HepG2 cells, HL-60 cells, EA.hy926 cells and Human cardiac 

myocytes 

HepG2 cells are adherent cells, with a morphology closely resembling epithelial cells. 

The cells were cultured between passages 18-22 and generally were allowed to reach a 

confluence of ~80% before being sub-cultured.  

HL-60 cells are non-adherant cells. These cells were cultured between passages 15-20. 

EA.hy926 cells are a permanent human vascular endothelial cell line generated in 1983 

by fusion of human umbilical vein endothelial cells (HUVECs) with the human lung 

carcinoma cell line A549. They retain many of the characteristics of HUVECs. 

However unlike HUVECS they are contact inhibited in growth and show reduced 

growth factor requirements. Phenotypically these cells have a long, elongated structure 

which forms networks with nearby cells (Bouïs et al., 2001). These cells were cultured 

at a passage of 5-10 and used when at a confluence of ~90%. 

After storage in liquid nitrogen, the cells were removed and thawed for 2 minutes in a 

37°C water bath. Once defrosted, they were immediately pipetted into a 15ml universal 

tube already containing 10ml of pre-warmed (37°C) complete media. This was then 

centrifuged at 1000rpm for 5 minutes. The supernatant was then removed and the cell 

pellet was suspended in 1ml of fresh media. Cells were then stained with trypan blue 

and counted using a haemocytometer. 
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They were then subdivided into T75 flasks to the required density. 

HepG2, HL-60 cells and EA.hy926 cells were cultured in 10ml of high glucose (25mM) 

DMEM media containing 10% (
v
/v) FBS (growth media). Human cardiac myocytes 

were grown in myocyte growth medium supplemented with supplement mix. Cells were 

incubated at 37°C in an incubator with 5% (
v
/v) carbon dioxide (CO2). Media was 

changed every 48 hours. 

Once the cells had reached their intended confluence, the media was removed and 5ml 

of pre-warmed (37°C) trypsin-EDTA (0.25%) were added to the cell surface of the 

flask. The flask was then placed in a 37°C incubator for ~5 minutes until all the cells 

had displaced from the surface of the flask, which was ensured by firmly tapping the 

sides of the flask and analysing under the microscope. Immediately after this, the 

trypsin was neutralised with 5ml of growth media and the suspension was then 

transferred to a 15ml universal tube and centrifuged at 1000rpm for 5 minutes. The 

supernatant was then discarded and the cell pellet was resuspended in 2ml of media for 

counting as described above.  

  

  

  

    

  

  

  

  

 

 

Figure 3-1 The format of a haemocytometer.  

 

Cells were counted in the top left (n1) and bottom right (n2) boxes. The numbers of cells in 2ml 

were then found with the following calculation.  
     

 
                                 . 
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The remaining cells were frozen down to maintain liquid nitrogen stocks. All cells were 

frozen using cryopreservation media which consisted of 5% FBS, 4% media and 1% 

(
v
/v) Dimethyl Sulfoxide (DMSO). Cells were resuspended in 1ml of cryopreservation 

media and transferred to a cryovial. Cells were incubated at -80°C in a CoolCell®. In 

this way the cells were frozen down slowly at a rate of -1°C/ minute. After 24 hours the 

cells were transferred for permanent storage in liquid nitrogen. 

3.1.2.2 Culturing iPSC-CMs 

Cellular Dynamics iPSC derived cardiomyocytes (iCell cardiomyocytes) were obtained 

from AstraZeneca. They are also adherent cells that form electrically connected layers 

that beat in synchrony in culture. These cells do not proliferate in culture and so are not 

able to be sub-cultured. 

Prior to defrosting cells from liquid nitrogen, a 96-well white bottom plate was coated 

in 0.1% (w/v) sterile gelatine solution. A 100μl of this solution was added to each well 

using a multichannel pipette and then left in the incubator at 37°C overnight. 

Immediately before plating cells the gelatin was removed. In addition icell 

cardiomyocyte plating medium was thawed at 4°C overnight. 

To thaw cells from liquid nitrogen, a cryovial of cells were placed at 37°C in a water 

bath for 4 minutes, making sure not to swirl. The contents were immediately pipetted 

into a 50ml falcon tube. The cryovial was then rinsed with 1ml icell plating media and 

combined with the cell suspension in a drop-wise manner while gently swirling the tube 

(one drop every 4-5 seconds). A further 1ml of icell plating medium was added 

dropwise to the cells over 30-60 seconds and then finally a further 7ml was added over 

~30 seconds. The cell suspension was then centrifuged at 200g for 5 minutes and the 

excess media was discarded. The cell pellet was resuspended in 1ml of media for 

staining with Trypan blue and to determine cell viability using a haemocytometer. The 

cardiomyocytes were then plated at a cell density of 20,000 per well in a white bottom 

96 well plate in 50μl of icell plating media for 48 hours. After this point, the media from 

each well was pipetted up and down a few times to gently wash off the non-adherent 

cells and then washed twice in icell maintenance media. 50μl of icell maintenance 

media was then added to each well which was then replaced every 48 hours. To allow 

the cells to stabilise and develop a beating phenotype, the cells were used at day 10. 
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Figure 3-2 Timeline showing how iPS-CMs are cultured. 

 

 

 

 

 

 

 

3.1.3 Treatments 

HepG2 cells, EA.hy926 cells and human cardiac myocytes were seeded in 96-well 

white bottom plates at a density of 20,000 cells per well and grown for 24hr to 70-80% 

confluency. iPSC-CM were thawed and cultured in 96-well plates for 10 days. They 

began to beat synchronously after ~8days. Cells were treated with drugs and/or 

inhibitors for 30mins, 6hr and 24hr. In the case where cells were treated with a 

combination of both astemizole and inhibitor, there was a 1hr pretreatment with 

inhibitor after which cells were treated with astemizole. In addition, wells were 

allocated for untreated cells and a reagent blank as well as a vehicle control. After 

incubation the assay was conducted according to the procedure seen in section 3.1.4. 

Results obtained were analysed by subtracting the blank and the in cases of ATP and 

caspase normalising to the untreated control. 

 

3.1.4 Markers of cell viability 

3.1.4.1 ATP 

ATP determination kit was purchased from Invitrogen, Life technologies Ltd, Paisley, 

Scotland UK. 

Standard reaction solution: 
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Table 3-1 The components required to make 10ml of a standard reaction solution.  

 

This can be stored at 2–6°C protected from light for several days; however, luminescent signal 

diminishes with time. 

 

Volume  Reagent 

8.9ml dH2O 

0.5ml 20X reaction buffer 

0.1ml 0.1M DTT 

0.5ml 10mM D-luciferin 

2.5μl  Firefly luciferase 

 

This ATP determination kit utilises the recombinant firefly luciferase and its substrate 

D-luciferin to provide a bioluminescent signal allowing quantitative determination of 

ATP.  

The assay reaction is based on the principle that luciferase generates light from the 

reaction with ATP and luciferase.  

Luciferase + ATP + O2  
    

          
  + CO2 + Light 

The light intensity generated is directly proportional to the ATP concentration. 

Cells were seeded in a 96 well white bottom plate and grown to confluence after which 

the concentrations of the reagent were made up in the relevant media and a 100μl of this 

was added to the cells. 

After the appropriate incubation period was reached, the standard reaction solution 

(SRS) was made up in the dark according to the manufactures protocol and was mixed 

gently by inverting. After removing the media form the plates, the cells were washed 

first with 200μl and then with 100μl of PBS, pH 7.4. A 100μl aliquot of the SRS 

solution was then added to each well. A background well containing 100μl SRS without 

cells was included to account for luminescence produced by the SRS alone and this 

value was subtracted from all the other wells for subsequent analysis. A platform shaker 

was then used at medium speed for 1 minute at room temperature to agitate the plate 

after which it was incubated with the NOVOstar luminometer at the optimum 

temperature for this reaction (28°C). Luminescence (Relative light units per second 

(RLU/sec)) was measured at 30 minutes, 6 hours and 24 hours. 
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3.1.4.2 Caspase 

The Caspase-Glo® 3/7 assay was purchased from Promega (Southampton, Hampshire, 

UK). 

Table 3-2 Reagents supplied in the kit for measuring caspase release.  

 

The kit was kept at -20  C out of light as per instructions. 

 

Volume Supplied  Reagents 

10ml Caspase-Glo® 3/7 buffer 

1 bottle Caspase-Glo® 3/7 substrate (lyophilized) 

 

 

 

 

 

 

 

 

 

 

Caspases are crucial in mediating apoptosis in mammalian cells and caspase-3 in 

particular has been identified to be involved in chromatin condensation and DNA 

fragmentation (Porter and Jänicke, 1999). The Caspase-Glo® 3/7 assay uses 

luminescence to measure caspase-3 and 7 activities. The assay contains a luminogenic 

caspase 3/7 substrate which contains the tetrapeptide sequence DEVD. Caspase cleaves 

this sequence, releasing a substrate for luciferase resulting in the production of light. 

        

 

Figure 3-3 Brief diagram showing the reaction to produce luminenescence, proportional 

to caspase 3/7 activity. 
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EAhy.926 cells and human cardiac myocytes were cultured according to the sub 

culturing protocol previously described (3.1.2). Caspase 3/7 was measured in cells and 

media after incubation at 6hrs following the Promega assay protocol. 

All reagants were kept on the bench for 3-4 hrs to allow slow thawing to room 

temperature. The Caspase-Glo® 3/7 reagent was prepared by transferring the Caspase-

Glo® 3/7 buffer to the Caspase-Glo® 3/7 substrate and mixing the contents until all 

substrate was dissolved to for the reagent. 

After incubation of cells for the desired test exposure period, assay plates were removed 

from 37°C and allowed to reach room temperature for ~20 minutes. 100μl of Caspase-

Glo® 3/7 reagent was added to each well of the 96-well plate. 1μl of recombinant 

caspase 3 enzyme was added to each well of the positive control wells. A blank reaction 

with no cells and media and reagent was made up. The contents were then mixed using 

a plate shaker  for 30 seconds at 300-500rpm. The plate was incubated at room 

temeprature for ~2hours after which luminescence was read with a plate reader. The 

results were calculated by minusing the blank. 

 

3.1.4.3 MTS assay 

The RealTime-Glo MT cell viability assay was purchased from Promega (Southampton, 

Hampshire, UK). 

Table 3-3 Reagents supplied in the kit for measuring metabolism of cells.  

 

The kit was kept at -20  C out of light as per instructions. 

 

Volume Supplied  Reagents 

10µl MT cell viability substrate, 1,000X 

10µl NanoLuc enzyme, 1,000X 
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EAhy.926 cells and human cardiac myocytes were cultured according to the sub 

culturing protocol previously described in 3.1.2.  

MT cell viability substrate and NanoLuc enzyme was incubated to 37⁰C. RealTime-Glo 

reagent was prepared by diluting MT cell viability substrate and NanoLuc enzyme in 

culture medium to form a 2x concentration for each reagent. An equal volume of 2x 

RealTime-Glo reagent was added to the cells and incubated 30 minutes at 37  C. The 

luminescence was then read using the Novostar plate reader. 

 

3.1.4.4 Hoechst 33342 staining 

Hoechst 33342 nuclear stain was purchased from Applied Biosystems Inc, California, 

USA. 

Hoechst nucleic acid stain was used to distinguish cell viability both qualitatively and 

quantitatively. The Hoechst stain dye stock solution was first prepared in 10ml 

deionised water to create a 10mg/ml (16.23mM) solution. Once cells had been cultured, 

the media was removed and dye solution was added to the cell enough to cover the well. 

Cells were then incubated with the Hoechst stain for 10 minutes in foil. After incubation 

the stain was removed and cells were washed 3 times with PBS after which they were 

visualised using a fluorescent microscope (excitation/emission 350/461nm). 

Figure 3-4 Mechanism of detection of viable cells using the MT cell viability substrate. 
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3.1.4.5 LDH assay 

The CytoTox-ONE Homegenous Membrane Integrity Assay was purchased from 

Promega (Southampton, Hampshire UK). 

Table 3-4 Reagents supplied in the kit for measuring LDH release.  

 

The kit was kept as -20  C out of light as per instructions. 

 

Volume Supplied (ml) Reagents 

n/a Substrate mix (2 vials) 

24 Assay buffer 

0.5 Lysis solution 

11 Stop solution 

 

Cell viability was assessed with the CytoTox LDH assay (Promega, Southampton, 

Hampshire UK), which allows the measurement of LDH release from cells.  When 

membrane integrity is compromised, LDH and other enzymes are leaked from cells into 

the extracellular space and so are commonly used as a marker of cell viability.  

The CytoTox-ONE Membrane Integrity Assay uses the conversion of Rezazurin to 

Resorufin to quantitatively dictate LDH release as seen in figure 3.5. 

 

 

 

 

 

  

 

 

 

Figure 3-5 Leaked LDH from damaged cells react with lactate and NAD
+
 to create 

Pyruvate and NADH.  

 

NADH is utilised in the reduction reaction to produce Resorufin. Resorufin is a fluorescent 

product which is proportional to amount of LDH. 
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EAhy.926 cells were cultured according to the sub culturing protocol previously 

described (3.1.2). LDH was then measured in the media from these cells at following 

the Promega cytoxicity assay protocol. All reagents were kept on the bench for 3-4hrs to 

allow slow thawing to room temperature. CytoTox-ONE reagent was made up by 

adding 11ml of assay buffer to a vial of substrate mix and gently mixing to dissolve. 

After incubation of cells for the desired test exposure period, assay plates were removed 

from 37  C and allowed to reach room temperature for ~20 minutes. A maximum LDH 

release control was set up where 2µl of lysis solution was added to positive control 

wells. A 100µl of cell culture medium was taken from each well of the 96 well plate and 

pipetted into a separate black walled 96 well plate. To this an equal volume of CytoTox 

reagent was added with a multi-channel pipette and the plate was shaken for 30 seconds 

using a plate shaker. The culture medium was then allowed to incubate with the reagent 

for 10mins at room temperature. 50µl of stop solution was carefully added to each well 

using a multi-channel pipette making sure to add stop solution in the same order 

CytoTox reagent was added. The plate was then shaken for 10 seconds and fluorescence 

was read with a plate reader at an excitation wavelength of 560nm and emission 

wavelength of 590nm. To calculate results the following formula was used: 

                     

       
                                      

                                             
 

3.1.5 Molecular biology techniques 

3.1.5.1 Ribonucleic acid (RNA) extraction and quantification  

The steps involved in the isolation of RNA involved a combination of the RNeasy mini 

kit and RNase free DNase kit. RNase free DNase I set and RNeasy mini kit were both 

purchased from Qiagen, Manchester, Lancashire, England, UK. 
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The RNeasy mini kit contains the following reagents: 

Table 3-5 The components provided in the RNeasy mini kit needed for the RNA extraction 

of cells. 

 

Volume Supplied (ml)/ Number Reagents 

50 RNeasy Mini spin columns 

50 Collection tubes (1.5ml) 

50 Collection tubes (2ml) 

45ml Buffer RLT  

45ml Buffer RW1 

11ml Buffer RPE (concentrate) 

10ml RNase free water 

 

4 volumes of 100% ethanol were added to RPE buffer to obtain the final working 

solution. 

The components of the RNase free DNase I set were: 

Table 3-6 The DNase I reagents required for DNase treatment. 

 

Volume Supplied (ml)/ Number Reagents 

1500 Kunitz units DNase I, RNase-free (lyophilized) 

2x2ml Buffer RDD 

1.5ml RNase-free water 

 

Extra components used for the RNA extraction general protocol include Kimtech 

Science Kimwipes purchased from Kimberley Clark Professional, West Malling, Kent, 

England, UK and RNase Zap™ which was purchased from Sigma Aldrich Ltd Dorset, 

UK. 

3.1.5.1.1 Before starting 

The entire workstation and all the equipment was first decontaminated with IMS 

followed by RNase Zap™ solution. In addition, the Gilson’s pipettes were exposed to 

UV radiation for sterilisation. The buffer RLT and Qiagen DNase reagents were 

prepared as was detailed in the manufacturer’s instructions. 
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To prepare the cells for RNA extraction the cells were first washed gently in 1XPBS. 

After removing the PBS thoroughly, the cells were detached with trypsin/EDTA 

solution and incubated at 37°C for ~3 minutes. The flask was tapped firmly until the 

cells were detached and the trypsin was neutralised with complete DMEM media and 

cells centrifuged at 1,000rpm at room temperature for 5 minutes. Without disturbing the 

pellet, all the suspension was removed and 1ml of RLT buffer with 10µl β-

mercaptoethanol was added and the suspension was pipetted up and down to mix 

thoroughly.  

3.1.5.1.2 Additional RNA separation step for iPSC-CMs 

The cardiomyocyte lysate was loaded on to a QIAshredder spin column placed in a 2ml 

collection tube, and centrifuged at full speed for 2 minutes. After transferring the 

cardiomyocyte lysate to a new 1.5ml RNase-free tube, it was diluted with 295µl of 

RNase-free water. To this mixture 5µl of 20mg/ml proteinase K were added. This was 

then incubated on a heated block for 10 minutes at 55  C. The lysate was then processed 

through the RNA extraction protocol detailed below. 

3.1.5.1.3 Washing and elution 

The RNA lysate was mixed with an equal volume of 70% ethanol and mixed well by 

pipetting. The sample were then added to an RNeasy spin column and centrifuged at 

10,000rpm for 2 minutes. The flow through was discarded at this stage and a new 

collection tube was used. The sample was washed in an ethanol based RW1 buffer 

(350μl) and centrifuged at 10,000rpm for 2 minutes and the flow through discarded. 

DNase (80μl) was added directly to the spin-column and left to incubate for 30 minutes 

at room temperature after which another wash with RW1 buffer (350μl) was performed. 

The collection tube was again changed and 500μl of buffer RPE were added to the spin 

column and left to incubate at room temperature for 5 minutes prior to centrifugation at 

10,000rpm for 4 minutes. This allowed drying of the spin column and prevented solvent 

contamination of RNA. The flow through was then discarded and a ‘dry spin’ was 

performed at 10,000rpm for 5 minutes to further dry the spin-column membrane. 

To elute the RNA 25μl of RNase-free water were added directly to the spin column and 

centrifuged at 10,000rpm for 2 minutes. The eluted sample was again passed through 

the column and centrifuged for a further 2 minutes at 10,000rpm. The eluted RNA 

samples were then aliquoted into 3 tubes of 10μl each, 2 of which were placed on dry 



Chapter 3 

53 

ice for long term storage at -80°C. The final 10μl aliquot was used to analyse the sample 

with a UV spectrophotometer immediately. 

3.1.5.1.4 Quantitation and quality control of RNA - NanoDrop ND-1000 UV 

spectrophotometer protocol 

To ensure the RNA extracted was of a high yield and quality and to measure the level of 

contamination, quality control was performed using a NanoDrop ND-1000 UV 

spectrophotometer (Thermo Scientific, NanoDrop technologies). The software 

calculated the concentration as a 10mm absorbance path for convenience, displaying the 

concentration in ng/µl. The purity of the RNA was determined by calculating the ratios 

for OD260/280 (260nm - peak nucleic acid absorbance, 280nm - peak protein 

absorbance) and OD260/230 (260nm - peak nucleic acid absorbance, 230nm - peak 

carbohydrates, peptides, phenols, aromatic compounds absorbance) (figure 3.6). A ratio 

of between 1.8 and 2.07 was classified as the acceptable range for 260/280, indicating 

RNA relatively free from protein contamination. For 260/230, a ratio of between 1.8 

and 2.2 was the acceptable range and demonstrated a low level of contamination from 

molecules that absorb in the 230nm range. Any RNA samples outside of these ranges 

were discarded and an RNA re-extraction was performed from a separate sample of 

cells. 

 

 

 

 

 

 

 

 

 

 

Protein 
(280nm) 

Nucleic Acid 
(260 nm) 

Carbohydrates, 

peptides, phenols, 

aromatic compounds 

(230nm) 

  

  

Figure 3-6 A typical nanodrop graph plot showing the significance of the peaks in the 

purity of the RNA 
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3.1.5.2 cDNA production 

For the synthesis of single stranded cDNA the Applied Biosystems high capacity 

reverse transcriptase kit was used, Applied Biosystems Inc, California, USA. 

For each 20μl reaction (per sample) a 2X master mix solution was made up on ice as 

indicated in table 3.8. 

To prepare the cDNA RT reactions 10μl of 2X RT master mix was pipetted into each 

eppendorf sample tube. 10μl of RNA sample were then added and mixed with the 

master mix by pipetting up and down gently. The tubes were then centrifuged briefly to 

eliminate any bubbles and placed on ice. 

Table 3-7 Thermal cycler conditions for RT step. 

 

To perform the reverse transcription the thermal cycler was programed with the 

following conditions:  

Table 3-8 Composition of 2X cDNA mastermix. 

 

The reaction volume was then set as 20μl, the samples were loaded and the thermal 

cycler started. 

 

 

Component Volume/Reaction (μl) 

10X RT buffer 2.0 

25X dNTP mix (100mM) 0.8 

10X RT random primers 2.0 

MultiScribe™ Reverse Transcriptase 1.0 

Nuclease-free H2O 4.2 

Total per reaction  10.0 

 Step 1 Step 2 Step 3 Step 4 

Temperature (°C) 25 37 85 4 

Time 10 mins 120 mins 5 mins ∞ 
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3.1.5.3 Gel PCR 

Agarose powder was purchased from Melford Biolaboratories Ltd., Ipswich, UK. 

GelRed™ nucleic acid gel stain, 10,000X was purchased from Biotium Inc., California, 

USA. Loading buffer blue (5X) was purchased from Bioline Reagents Ltd., London, 

UK. PCR sizer 100pb DNA ladder was purchased from NORGEN Biotek Corp., 

Ontario, Canada. Gel trays, combs and tanks were purchased from Fisher Scientific, 

Loughborough, UK. The power supply, purchased from Bio-Rad Laboratories Ltd 

Hertfordshire, UK was used to run the electrophoresis in TAE buffer (table 3.9).  

Table 3-9 Recipes for 10X TAE electrophoresis buffer 
 

Materials Amount 

Tris base 48.4g 

Glacial acetic acid (17.4M) 11.4ml 

EDTA, disodium salt 3.7g 

Deionized water Up to 1 L 

Primers to sEH, CYP2J2 and housekeepers were designed with the help of Laurence 

Hall using NCBI and Ensembl database and validated with the PrimerBlast program 

transcripts. In accordance with the manufacturers instructions each set of primers were 

then diluted to a 100µM stock solution in milliQ water as instructed on the data sheet. A 

working solution was made by diluting the stock solution 1 in 10 in milliQ water. 

Table 3-10 CYP2J2 primer gene sequences, combinations for PCR, predicted pcr product 

size and annealing temperature gradient 

 

 

 

 

Primer Sequence Tm 

( C) 

Combination  Predicted pcr 

product size (bp) 

Gradient 

( C) 

CYP2J2 

transcript #1 F#1  

GAGTGGGCCACCCCTGACAC 69 F1+R1 #10 100 65-70 

CYP2J2 

transcript #1 R#1 

CGAGGCATGCCCGCTTTCCTAT 69 

CYP2J2 

transcript #1 F#2 

ACCTGCCCAAGGGTACCATGA 68 F2+R2 #11 180 65-70 

CYP2J2 

transcript #1 R#2 

GGCCAACTGTTCTCCGAGGCA 69 
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Table 3-11 sEH variant primer sequences, combinations for PCR and annealing 

temperature gradient. 

 

Primer  Sequence Tm 

( C) 

Combination Predicted 

PCR 

product 

size (bp) 

Gradient 

( C) 

sEH pan forward 

#1 

CAGCAGGATGGTCACTGAGG 64.5 #1- F1+R1 290 61-66 

sEH Pan Reverse 

#1 

GGGCCGGAATCAGGATCTTC 64.7 

sEH Pan Forward 

#2 

ACTTCGTGCTCGTTCCTCAG 64.3 #2- F2+R2 150 61-66 

sEH Pan Reverse 

#2 

CTCGGTTGGCTTGTCCATCT 64.6 

sEH Transcript 

#1 F#1 

GGTTAGCTGCGTGTCCGGGT 69 #3- F1+R1 160 65-70 

sEH Transcript 

#1 R#1 

GCATCATTCAGAAGTCCTCTGGGCA 68.5 

sEH Transcript 

#1 F#2 

TTCGACCTTGACGGGGTGCT 68.4 #4- F2+R2 100 63-68 

sEH Transcript 

#1 R#2 

CATCATTCAGAAGTCCTCTGGGCA 66.3 

sEH Transcript 

#2 F#1 

GGTTAGCTGCGTGTCCGGGT 69 #5- F1+R1 160 65-70 

sEH Transcript 

#2_R#1 

GGTAGTGGCACCCTCTGGGCA 70.4 

sEH Transcript 

#2 F#2 

CGTCTTCGACCTTGACGGGGTG 68.6 #6- F2+R1 100 65-70 

sEH Transcript 

#3 F #1 

TGGCGCTGCCCAGTGGATAC 69 #7- F1+R1 150 65-70 

sEH Transcript 

#3 R #1 

CTGGAGCATGGGGCGGTTGA 69 

sEH Transcript 

#3 R #2 

CACGGTCGTCCAGCCAGGTGTT 70.7 #8-F1+R2 215 65-70 

sEH Transcript 

#4 F #1 

TGGCGCTGCCCAGGACTTCTGA 72.2 #9-F1+R1 230 67-72 

sEH Transcript #4 

R #1 

TGCCTGGAGCATGGGGCGGT 70 
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Table 3-12 Housekeeper primer sequences, combinations for PCR and annealing 

temperature gradient. 
Primer Sequence Tm 

( C) 

Combination Predicted 

PCR 

product 

Size (bp) 

Gradient 

( C) 

GapDH F#1 GCACCCCTGGCCAAGGTCAT 69 #12- F1+R1 170 66-71 

GapDH R#1 CAGCGCCAGTAGAGGCAGGG 69 

GapDH F#2 GCGACACCCACTCCTCCACC 69 #13- F2+R2 125 66-71 

GapDH R#2 GGCCATGAGGTCCACCACCC 69 

βActin Forward #1 ATATCGCCGCGCTCGTCGTC 69 #14- F1+R1 125 67-72 

βActin Reverse #1 ACCATCACGCCCTGGTGCCT 71 

B Tubulin F #1 TGGCGGAGCGTCGGTTGTAG 69 #15- F1+R1 275 63-70 

B Tubulin R #1 GCACGTACTTGCCGCCGGT 70 

B Tubulin R #2 GCTGATCACCTCCCAAAACTTG

GC 

68 #16- F1+R2 167 63-70 

B2 Microglobulin F #1 TGCCTGCCGTGTGAACCATGT 69 #17-F1+R1 100 63-70 

B2 Microglobulin R #1 TGCGGCATCTTCAAACCTCCAT

GA 

69 

B2 Microglobulin R #2 ATGCGGCATCTTCAAACCTCCA 67 #18- F1+R2 100 63-70 

TBP Forward #1 GGGTTCAGTGAGGTCGGGCAG 69 #19-F1+R1 110 63-70 

TBP Reverse #1 AGTCATGGCACCCTGGGTCA 

 

68 

 

To deduce that correct annealing temperature for the different sets of primers as well as 

find out which primer set showed the best expression of each gene, samples were set up 

for PCR, an example is shown below: 
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Table 3-13 An example of strip tube samples for PCR run in duplicate.  

 

The numbers are associated with specific primer sets and the possible annealing temperatures 

are shown above in yellow. Possible annealing temperatures used were between Tm -3˚C and 

Tm +2˚C. Most optimum annealing temperatures are found within the 63-67  C mark. Tm primer 

melting temperature. 

 

⁰C 

61 62 63 64 65 66 67 68 69 70 71 72 

            

#1 #1 #1 #1 #1 #1       

#1 #1 #1 #1 #1 #1       

#2 #2 #2 #2 #2 #2 #9 #9 #9 #9 #9 #9 

#2 #2 #2 #2 #2 #2 #9 #9 #9 #9 #9 #9 

  #4 #4 #4 #4 #4 #4     

  #4 #4 #4 #4 #4 #4     

    #3 #3 #3 #3 #3    

    #3 #3 #3 #3 #3    

            

Final mixture of each sample contained: 

Table 3-14 Composition of PCR mixture. 

 

 

Reagent µL 

5 x reaction buffer 5 

Taq polymerase (25U/ml) 0.5 

10µM forward primer 1 

10µM reverse primer 1 

cDNA (100ng) 1 

MilliQ water 16.5 

Total 24 

 

Once all reagents were added to each strip tube, a drop of mineral oil was added to each 

sample to avoid evaporation. The tubes were run in the G storm thermal cycler with the 

appropriate gradient temperature conditions. Whilst the PCR was running 4.5g of 

agarose was mixed with 300ml of 1XTAE in a duran bottle to make a 1.5% agarose gel. 

The agarose solution was then heated in the microwave for ~3mins after which it was 
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Table 3-15 PCR 96 well plate with selected sEH, CY2P2J2 and housekeeping primers 

including non-template controls (NTC) and water controls. Gap GAPDH; β2 micro β2 

microglobulin. 

swirled using heat resistant gloves to facilitate dissolving. The solution was then heated 

for a further 1min to ensure all the agarose had dissolved. Agarose was then cooled for 

15-20mins on the bench. 30µl of gel red was then added to the molten agarose which 

was then poured into a 16 tooth gel tray. The gel was then left to set for 30mins. Once 

set the combs were removed from the gel slowly and the gel was immersed in 1XTAE 

buffer. Each well was then loaded carefully with 30µl of sample + 1Xrunning buffer 

(bromophenol blue and glycerol) to ensure contents of each well fell to the bottom to 

avoid cross contamination. Electrophoresis was then performed for 1hr @100v for 

identification of bands.  

3.1.5.4 Quantitative real-time PCR 

SYBR green mix was purchased from Qiagen, Manchester, UK. Taqman CYP2J2 probe 

and TaqMan master mix were bought from Thermo Fisher scientific, Loughborough 

UK.  

Once the desired primer set and appropriate annealing temperature had been 

established, gene expression was quantified with qPCR. Primers were diluted and a 

PCR plate was set up, an example is shown below:  
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Each well contained the following mixture: 

Table 3-16 PCR mixture per well. 

 

 

Once the plate was set up, the PCR plate was covered with a plastic adhesive cover and 

spun for 3mins at 1200rpm before being loaded on the Viia7 real-time PCR system. 

Once a suitable annealing temperature had been established, gene expression was 

quantified with PCR set up on a 96 well plate. Once CT values were collected, data w as 

analysed by calculating the ΔΔCT which normalised mRNA expression to the untreated 

control. 

3.1.5.5 Protein extraction 

Tris-base (50mM), sodium chloride (150mM), sodium deoxycholate (0.5%), 

hydrochloric acid (1M) and phosphatase inhibitor were purchased from Thermo Fisher 

Scientific. Sodium dodecyl sulphate (SDS) (0.1%), Triton-X-100 (1%) and sterile PBS 

was from Sigma Aldrich, Gilingham, Dorset, UK.   

To prepare the cells for protein extraction the cells were first washed gently in 1XPBS. 

After removing the PBS thoroughly, the cells were detached with trypsin/EDTA 

solution and incubated at 37°C for ~3 minutes, tapping the flask firmly until the cells 

were detached. The trypsin was then neutralised with complete DMEM media and cells 

centrifuged at 1,000rpm at room temperature for 5 minutes. Without disturbing the 

pellet, all the suspension was removed and the pellet was resuspended with 1ml PBS 

and centrifuged at 1,000rpm for 5 minutes. The supernatant was removed and the pellet 

was suspended in 0.7µl protein/phosphatase inhibitor in 70µl RIPA buffer and left on 

ice for 10 minutes. The sample was centrifuged at the highest speed for 10 minutes at 

4⁰C and the supernatant was collected and stored at -80⁰C.  

Reagent X1 µl 

cDNA (100ng) 1 

2xSYBR green  10 

Forward primer (10µM) 1 

Reverse primer (10µM) 1 

DMSO 0.25 

MilliQ water 6.5 
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3.1.5.6 Protein assay 

Detergent compatible, (DC) protein assay kit was purchased from Bio-Rad, Hemel 

Hempstead, UK, containing alkaline copper tartrate solution for colorimetric assays 

(reagent A), dilute Folin reagent for colorimetric assays (reagent B) and surfactant 

solution for colorimetric assays (reagent S). Pierce™ Bovine Serum Albumin Standard 

Ampules, (23209 2mg/mL) was purchased from Thermo Fisher Scientific. 

The DC Bio-Rad protein assay was used to dictate the concentration of protein in each 

sample. The standards were made up as follows: 

Table 3-17 Components of protein standards used for the DC Bio-Rad protein assay. 

 

 [Protein] µg/µl RIPA,µl Pr Standard, µl 

Standard 1 0 40 0 

Standard 2 0.35 30 10 

Standard 3 0.7 20 20 

Standard 4 1.05 10 30 

Standard 5 1.4 0 40 

 

Protein samples were then diluted 1 in 5 and 5µl of this and each standard was pipetted 

into a 96 well plate.  A, B and S solution was then added according to the manufacturer 

instructions and the plate was left for 10 minutes for the samples to fully change colour. 

Once this had occurred, absorbance readings for each well were read using the Novostar 

plate reader at 595nm. 

3.1.5.7 Antibodies 

CYP2J2 mouse monoclonal antibody was purchased from Origene, Herford, Germany. 

sEH rabbit polyclonal antibody was a kind gift from Professor Bruce Hammock, 

UCLA, CA. Monoclonal anti-β-Actin antibody, (A5441 1:2000) was from Sigma-

Aldrich Company Ltd  and rabbit polyclonal and rabbit anti-mouse (ab6728 1:10000) 

were from Abcam Ltd. 

3.1.5.8 Western blotting  

Western blotting reagents, 30% (     acrylamide/bis solution (29:1) was purchased 

from Bio Rad Laboratories Ltd. Precision protein standard was purchased from Thermo 

Fisher scientific, Loughborough UK. Ammonium persulfate (APS), HCl, methanol, 
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NaCl, NaOH, 5% (     trichloroacetic acid and tris were bought from Fisher Scientific 

UK Ltd. BSA, β-mercaptoethanol, bromophenol blue, DMSO, dithiothreitol (DTT), 

glycerol, glycine (electrophoresis grade), 30% (     H2O2 , isopropanol, luminol, 

N,N,N',N'-tetramethylethane-1,2-diamine (TEMED) (Electrophoresis reagent), p-

coumaric acid and Polyoxyethylene (20) sorbitan monolaurate (tween-20) were 

purchased from Sigma-Aldrich Company Ltd, Poole, and Dorset, UK. 

3.1.5.8.1 Gel preparation  

To produce a gel for western blot two types of gel are required, a resolving gel being the 

main body of the gel and the overlaying stacking gel. As resolving gel is basic (pH 8.8) 

compared to the stacking gel (pH 6.8) it allows for better separation of protein 

molecules. 

The components of each are found in the table below: 

Table 3-18 Gel preparation of resolving and stacking gel. 

 

 Resolving gel 12% Stacking gel (4%) 

dH20 water 2.1ml 3.675ml 

IM Tris – HCL pH 8.8 / 6.8 3.75ml 0.625ml 

30% Acrylamide / Bis solution 29:1 4ml 0.665ml 

10% SDS 100µl 50µl 

10% APS 50µl 25µl 

TEMED 5µl 5µl 

Before making the gels all glass plates, casting frames and combs were cleaned with 

IMS and assembled correctly to stop any leakage of gel solution. The resolving gel 

solution was made up in a universal tube at 12% density and 7ml was added between 

the short and spacer plates to for the gel cassette. The gel was then overlaid with 1ml of 

isopropanol and left to set for 40mins. Once set the layer of isopropanol was poured 

away and 4ml of stacking solution was pipetted onto the resolving gel. A comb was 

inserted within the stacking gel and the gel was left to solidify for 15-30 minutes. Once 

the gel had set the gel cast was released from the casting stand and the comb was slowly 

removed.  
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3.1.5.8.2 Electrophoresis 

Once the gel was ready, protein samples were loaded onto the wells. Protein samples 

were made up to 70ng/µl of protein with loading buffer containing bromophenol blue 

and glycerol and water and then heated to 95⁰C for 5 minutes for protein denaturation.  

5µl of protein standard was first pipetted onto the gel followed by the protein samples in 

the remaining wells. The gels were then assembled in the in the electrophoresis tank and 

filled with 1x SDS-PAGE running buffer. The gels were then run at the lower voltage of 

100V for 15 minutes after which they higher voltage of 120V was applied until the dye 

ran to the bottom of the gel. 

Table 3-19 Components of 1X SDS-PAGE running buffer 

 

1 L of 1X SDS-PAGE running buffer Weight 

Tris-base 3.03g 

Glycine 14.4g 

SDS 1g 

 

3.1.5.8.3 Protein transfer 

Protein was transferred from the gel to the PVDF membrane using a transfer sandwich 

consisting of; sponge, 2 filter papers, gel, PVDF membrane, 2 filter papers and sponge. 

It was made sure there no air bubbles between the membrane and gel. The transfer 

sandwich was kept in cold transfer buffer for 90 minutes at 63V. 

Table 3-20 Components of transfer buffer 

 

1 L of transfer buffer Amount 

Tris-base 3g 

Glycine 13.3g 

Methanol 100ml 

dH20 water 900ml 
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3.1.5.8.4 Immunoblotting 

Once the protein was transferred to the membrane, the membrane was blocked with 5% 

skimmed milk in tris-buffered saline tween-20 (TBST) for one hour to prevent any non-

specific binding. Primary antibody was made also made up in 5% skimmed milk and 

was incubated with membrane overnight at 4⁰C on the roller rocker. After washing with 

TBST (3x 15 minute washes) the membrane was incubated with secondary antibody in 

5% semi-skimmed milk for 1 hour. The membrane was washed a further 3 times in 

TBST to remove excess antibody and then incubated with ECL reagent for 5 minutes 

and visualised with ImageQuant. 

Table 3-21 Components of ECL reagent 

 

ECL reagent  Amount 

Reagent A  2.2µl 

Reagent B 5µl 

Hydrogen peroxide  0.3µl 

Tris base (8.5pH) 10ml 

 

3.1.5.9 Transfections 

sEH silencer select Pre-designed siRNA was purchased from Life technologies Ltd. 

ON-TARGETplus CYP2J2 siRNA was bought from Dharmacon, Lafayette, Colorado. 

Allstars scrambled siRNA control and cell death siRNA was purchased from Qiagen, 

Manchester, UK. RNAiMAX lipofectamine and Opti-MEM reduced serum media was 

purchased from Thermo Fisher Scientific UK Ltd, Loughborough UK. 

SiRNA transfection was done using the lipofectamine RNAimax reverse transfection 

protocol. Reverse transfection differs from regular transfection in that siRNA 

complexes are added to the well at the same time as cells thereby giving a high-

throughput transfection compared to forward transfection. 

Firstly stock solutions were made of siRNA and control solutions in RNase free water. 

Lipofectamine and stock siRNA/control was diluted with Opti-MEM media according 

to manufacturer guidelines. Cells were then added at a density appropriate for the plate 
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type used and normal serum feeding media was then added to each well. After 24 hrs 

the media was changed to just normal serum feeding media and after 2 days cells were 

used for experiments. 

3.1.6 Metabolomics 

3.1.6.1 Astemizole metabolism reagents 

CYP2J2 bactosomes were purchased from CYPEX, Dundee, Scotland. NADPH 

generation system was bought from Promega, Southampton, Hampshire, UK. 

Potassium phosphate and magnesium chloride was purchased from Sigma-Aldrich 

Company Ltd, Poole, and Dorset, UK. Hydrochloric acid was purchased from Fisher 

Scientific UK Ltd. 

3.1.6.2 Extraction of metabolite from cells 

To prepare the cells for metabolite extraction the cells were first washed gently in 

1XPBS. After removing the PBS thoroughly, the cells were detached with 

trypsin/EDTA solution and incubated at 37°C for ~3 minutes and the flask tapped 

firmly until the cells were detached. The trypsin was then neutralised with complete 

DMEM media and cells centrifuged at 1,000g at room temperature for 1 minute to form 

a pellet. As much of media pipetted off the pellet and was then resuspended in 500µl 

100% methanol. The cells were then recentrifuged at 800g for 1 minute after which the 

supernatant was collected into a separate centrifuge tube and kept on dry-ice. The pellet 

was then suspended in 100% methanol and snap freezed in liquid nitrogen. The steps 

were then repeated: thaw cells, pellet and pool supernatant into the same tube. The cell 

pellet was then resuspended in 250µl ice cold milliQ water and snap freezed in liquid 

nitrogen. The steps were then repeated again: thaw cells, pellet and pool supernatant 

with the rest from earlier steps. The pooled supernatant was then centrifuged at 15,000g 

for 1 minute and transferred to a fresh tube. The supernatant was then dried using a 

centrifugal evaporator at 30⁰C.  
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Figure 3-7 Procedure for metabolite isolation from cultured cells.  

 

Cells were treated for 30mins, 6hrs and 24hrs before being trypsinised, 

centrifuged and resuspended in methanol for isolation (Diagram courtesy of Dr 

Rajinder Singh, University of Leicester, UK).  

 

 

 

 

 

 

 

 

 

 

 

 

3.1.6.3 Astemizole metabolism by CYP2J2 recombinant bactosomes 

200mM potassium phosphate buffer pH 7.4 was made up using 2.7g potassium 

phosphate in 50ml water and warmed until fully dissolved. This solution was then made 

up to 50ml with sodium hydroxide until the right pH was reached. 100 mM magnesium 

chloride was made up with 0.2g in 10ml water and mixed. The NADPH generation 

system involved preparing reagents in accordance with table 3.22. All reagents 

including astemizole, hydrochloric acid and the recombinant bactosomes were kept on 

ice. 

Table 3-22 Reagents included in the NADPH generation system (Promega, Southampton, 

UK). 

 

Component Volume per reaction 

(Promega instructions) 

Volume needed for 1.2ml 

total 

water 22ul 1056ul 

Solution A 2.5ul 120ul 

Solution B 0.5ul 24ul 

Final volume 25ul 1200ul 
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To prepare the reaction, 2.25ml of potassium phosphate, 250µl of magnesium chloride, 

500µl 100µM astemizole and either 1,5 or 10µl thawed bactosomes diluted to 1ml in 

water was combined in a 25ml conical flask. This was swirled gently and placed in a 

37⁰C water bath together with the NADPH generation system vial for 4-5 min. To 

initiate the reaction, 1ml of pre-warmed NADPH generating system was added to the 

conical flask and swirled gently. The flask was then shaken in a conical flask shaker for 

30 min at 37⁰C after which the reaction was stopped with 25µl 1M hydrochloric acid. 

The contents were transferred to an Eppendorf and stored in -80⁰C until ready to 

analyse. 

3.1.6.3.1 Manipulating astemizole metabolism with arachidonic acid  

When setting up a reaction, a standard concentration of 100µM astemizole and 0.6pmol 

of bacterial bactosomes was used. Aracidonic acid concentrations varied from 10, 

50,100,150 and 200µM. Once the reagents were set up, the experimental procedure was 

undertaken as before.  

3.1.6.3.2 LC-MS 

The LC-ESI-MS/MS consisted of a Waters Alliance 2695 separations module with a 

100 µL injection loop and Waters 2487 UV detector connected to a Micromass Quattro 

Platinum (Waters Ltd., Manchester, UK) tandem quadrupole mass spectrometer with an 

electrospray interface. The temperature of the electrospray source was maintained at 

120ºC and the desolvation temperature at 350ºC. Nitrogen gas was used as the 

desolvation gas (650 L/h) and the cone gas was set to 25L/h. The capillary voltage was 

set at 3.20 kV. The cone and RF lens 1 voltages were 42 V and 30 V, respectively. The 

aperture and RF lens 2 voltages were 0.5 V and 0.8 V, respectively. The mass 

spectrometer was tuned by using an astemizole standard solution (50 pmol/µL) 

dissolved in LC-MS optima grade water/acetonitrile (90:10, v/v) introduced by 

continuous infusion at a flow rate of 5 µL/min with a Harvard model 22 syringe pump 

(Havard Apparatus Ltd., Edenbridge, UK). 

Supernatants from pelleted cell/bacteriosome samples were evaporated to dryness and 

re-dissolved in 50 µL of LC-MS optima grade water/acetonitrile (90:10, v/v). Following 

centrifugation at 14,000 rpm for 10 min the supernatants were transferred to HPLC 

vials. A 10 µL aliquot of the sample was injected onto a HyPurity C18 (2.1 × 150 mm, 

3 µm) column connected to a HyPurity C18 (2.1 × 10 mm, 3 µm) guard cartridge 
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(Thermo Electron Corporation, Runcorn, UK) attached to KrudKatcher (5 µm) 

disposable pre-column filter. The column was eluted using a gradient with solvent A, 

0.1% acetic acid and solvent B, acetonitrile (0.1% acetic acid) at a flow rate of 200 

µL/min with a run time of 30 min. The following gradient was used: 0min-10%B, 2min-

10%B, 14min-90%B, 15min-90%B, 15.1min 100%B, 20min-100%B 20.1min-10%B 

and 30min-10%B. The column oven temperature was maintained at 30 ºC and the UV 

detector wavelength monitored at 260nm. 

The samples were analysed in positive electrospray ionization (ESI) mode with selected 

reaction monitoring (SRM) for the [M+H]
 +

 ion transitions of astemizole 459.3 to 218.2 

m/z and 459.3 to 135.1 m/z plus desmethylastemizole 445.3 to 204.3 m/z and 445.3 to 

121.2 m/z. The collision gas was argon (indicated cell pressure 2.5 × 10
-3

 mbar) and the 

collision energy set at 25 eV. The dwell time was set to 200 ms and the resolution was 

1.0 m/z units at peak base. The data was acquired using MassLynx software (Version 

4.0). The levels of astemizole and desmethylastemizole in the samples were determined 

from a calibration line which was constructed by the serial dilution of the astemizole 

standard. 

3.1.7 Isolation and quantification of exosomes by Nanosight 

Sepharose CL-2B was bought from GE healthcare, Uppsala, Sweden and a 10ml plastic 

syringe was purchased from Becton Dickinson (BD), San Jose, CA. 

EA.hy 926 cells were grown in accordance with section 3.1.2. Cells were grown in T75 

flasks and treated with varying concentrations of astemizole, doxorubicin and loratadine 

for 24 hr.  

After treating cells with drug for 24hr the media was collected and spun at 1500g for 

15min to remove cells. The supernatant was then collected and transferred to a separate 

vial and re-spun at 1500g for 15min to remove larger particles such as apoptotic bodies 

and samples were put on ice. 

Size exclusion chromatography was used to further remove larger particles from media. 

A syringe stacked with Sepharose CL-2B was used to create a size exclusion 

chromatography column. The centrifuged media was loaded on to the column followed 

by PBS/0.32% citrate. The eluted sample was collected in 25 1ml fractions to be 

analysed by the nanosight. 
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The nanosight machine was prepared by first cleaning the stage with isopropanol and 

assembling the platform with screws. Once fluidics had been primed the camera level 

was set at 12, the temperature at 25⁰C and the focus at position 135. The nanosight then 

quantified particle concentration and size within each sample.  

 

3.2 Equipment 

Cell viability assays were read using the NOVOstar plate reader, BMG Labtech Ltd, 

Aylesbury, UK. 

Gel PCR gels were analysed using an imaged GeneGenius Gel Imaging System and 

printed out using a digital graphic printer from Syngene, Cambridge, UK. 

RT-qPCR was conducted on the ViiA7 real-time PCR system, Thermo Fisher Scientific 

UK Ltd, Loughborough UK. 

Protein assays were conducted in 96 well sterile cell culture plates, flat bottom with lid 

were obtained from Greiner Cellstar, Sigma-Aldrich. 

Western blots were visualised with the ImageQuant LAS 4000 from GE healthcare, 

Uppsala, Sweden. 

Analysis of metabolites was done with The LC-ESI-MS/MS which consisted of a 

Waters Alliance 2695 separations module with a 100 µL injection loop and Waters 2487 

UV detector connected to a Micromass Quattro Platinum (Waters Ltd., Manchester, 

UK) tandem quadrupole mass spectrometer with an electrospray interface. 

Exosome quantification was done with the NanoSight nanoparticle tracking analysis 

(NTA) machine from NanoSight Ltd, Malvern UK
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Chapter 4 Establishing an in vitro cell model to investigate the role 

of Cytochrome P450 2J2 in drug cardiotoxicity 
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4.1 Background  

4.1.1 A suitable cell model to investigate the role of CYP2J2 in drug 

cardiotoxicity 

Cytochrome P450, 2J2 (CYP2J2) metabolises both exogenous and endogenous 

substrates and is highly expressed in the human heart. CYP2J2 has been found to be 

involved in phase 1 drug metabolism of a variety of structurally diverse compounds 

including anti histamines, anti-cancer drugs and antibiotics (C. A. Lee et al., 2010, 

Matsumoto et al., 2002). The significance of CYP2J2 in drug metabolism is due firstly 

to its expression in the intestine allowing for its involvement in first pass metabolism as 

well as the recent finding that this enzyme may produce unique metabolites from the 

metabolism of some drugs (Xie et al., 2016, C. A. Lee et al., 2010).  

As well as xenobiotic metabolism, there is increasing awareness for the role of CYP2J2 

in the metabolism of endogenous substrates (Solanki et al., 2018).  The positive effects 

of CYP2J2 in combating many of the hallmarks of cardiotoxicity (Y. Zhang et al., 2009)  

have been attributed mainly due to its epoxygenase activity whereby it metabolises 

arachidonic acid producing four active metabolites known as epoxyeicosatrienoic acids 

or EETs. The biological effects of these EETs on the cardiovascular system are diverse 

due their ability to act on an assortment of cells, permitting their involvement in the 

protection of the heart from drug cardiotoxicity (Solanki et al., 2018). This raises the 

prospect that an ideal in vitro cell culture model would offer a better understanding of 

the interplay between CYP2J2 and its metabolism of both exogenous and endogenous 

compounds as well as investigate how the CYP2J2/EET pathway may protect against 

drug induced toxicity. 

4.2 Aims 

To establish a suitable cell type to study cardiotoxic drugs in vitro as well as an 

opportunity to investigate CYP2J2 and the protective EETs pathway. 

To determine an appropriate cell type(s) and cardiotoxic drug to produce an in vitro 

model that give a consistent toxic response for further study. 

To study the effects of inhibitors which modulate the CYP2J2/EET pathway on toxicity 

induced by astemizole in the cell models. 
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4.3 Results 

4.3.1 Concentration response of a panel of a drugs to relevant cell types 

To set a viable in vitro cell model of toxicity a model compound and cell culture system 

were investigated which would give a consistent concentration related toxicity response 

and allow investigation and quantification of cardiotoxic parameters in future 

experiments. 

A concentration dependent response was evaluated for astemziole, sunitinib and 

doxorubicin (dox) using HepG2 cells and iPSC-CMs at 30mins, 6hr and 24hr. It was 

vital that concentrations used included the therapeutic and toxicity range of the drug in 

humans. Previous in vitro toxicity testing for dox used concentrations ranging from 0.1-

10 µM for 24hrs when analysing apoptosis and ROS generation in mouse cardiac 

myocytes (Fu et al., 2010), however even lower concentrations had been reported (Xiao 

et al., 2017). Typically a therapeutic dose of dox lies between 0-5µM (J. Liu et al., 

2008). With regards to sunitinib, previous study into toxicity responses via cell viability 

and caspase activity in human cardiac myocytes showed a concentration of between 0-

10 µM to be sufficient to show a concentration dependent response (Doherty et al., 

2013). The therapeutic window for sunitinib was shown to be narrow and should be 

below 0.25 µM (Lindauer et al., 2010). Furthermore, Cmax values for astemizole 

~0.74ng/ml
-1 

in healthy volunteers (Lefebvre et al., 1997). Thus a concentration 

response between 0 and 100 µM was utilised which would include both the therapeutic 

range and low to severe toxicity to cells. 

Toxicity concentration responses to astemizole, dox and sunitinib were observed (figure 

3.1). Prior to working with (expensive) iPSC-CMs the ATP method for assessment of 

cell viability in 96 well plate format was established in the laboratory using HepG2 cells 

as a preliminary cell model. For all drugs there was a decrease in ATP and hence an 

increase in cell death at the later timepoints of 6hr and 24hr compared with 30mins. For 

astemizole in HepG2 cells at 30mins there was a ~40% decline in ATP at the lowest 

concentration of 1nM compared to 100% DMSO control. The levels of ATP declined 

gradually until after 10 µM where there was steep decline from ~50% to less than 10%. 

At 6hrs there was a spike of ATP (1 µM) after which there was a steep decline in ATP 

indicating a cell stress response which was depressed by an increasing concentration of 

sunitinib. At 24hr the concentration response was shifted to the left (i.e toxicity at lower 
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concentrations of astemizole) (figure 4.1A).  HepG2 cells treated with sunitinib showed 

an abrupt decrease in ATP at 1nM comparable to astemziole at 30mins compared to 

DMSO control (figure 4.1B). This may be due to an initial shock to cells. At both 

30mins and 6hr there was spike of ATP at 10 µM to 100-150% after which there was a 

steep decline to less than 1% control, similar to that seen for astemizole. This spike was 

not seen at 24hr, instead the concentration was shifted to the left with toxicity at lower 

concentrations of drug (figure 4.1B). For dox, there was a rapid decrease from 100% to 

~50% at 1nM at 30mins. However there little change in toxicity even at the higher 

concentrations of 100 µM indicating 30mins was not enough time to induce a full 

concentration dependent toxicity in cells. Both 6 and 24hr showed a similar trend with 

an initial increase in ATP to ~150% control at 10 µM after which there was a steep 

decline in ATP (figure 4.1C). Due to this it was difficult to see a clear concentration 

dependent effect of dox.  

The procedure developed successfully for HepG2 cells was applied to iPSC-CMs. 

iPSC-CMs showed a more traditional concentration response with all three drugs. For 

astemizole both 30mins and 6hr showed a similar trend with a loss of ATP proportional 

to the concentration of drug. This was also seen at 24 hr with a shift to the left 

indicating a longer drug incubation exacerbated toxicity at lower concentrations (figure 

4.1D). Sunitinib showed a similar response to astemizole. Both showed a gradual 

decline in toxicity at lower concentrations of drug with 1-10 µM yielding ~100% ATP 

after which there was a sharp decline in ATP and increased toxicity at higher 

concentrations of 10 and 100 µM (figure 4.1E). With regards to dox there was little 

change in ATP at 30mins compared to 100% DMSO control indicating toxicity had not 

yet developed.  At 6 and 24hr for concentrations <10µM there was no significant 

change in ATP, however between 10 and 100 µM there was a steep decline in ATP to 

nominal levels suggesting there was a threshold concentration between 10 and 100 µM 

at which toxicity was reached (figure 4.1F). Overall, a decrease in ATP was seen mainly 

at the higher drug concentrations of 1 and 10 µM. Astemizole was seen to be a fast 

acting drug with toxicity apparent at 30mins. Sunitinib was found to be toxic at 10 µM 

over 30mins and 24hr but required 24hr incubation to develop toxic effects at 1 µM. As 

also seen in HepG2 cells, doxorubicin was the slowest acting in iPSC-CMs with 

significant cell death apparent at 10 µM and above at the longer timepoints studied. 
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Figure 4-1 Effect of cardiotoxic compounds on ATP levels in HepG2 cells (A-C) and iPSC-CMs (D-F).  

 

HepG2 cells and iPSC-CMs were cultured to 80-90% confluence and then treated with drugs (1nM- 100µM) for 30mins, 6hrs and 24hrs to produce a 

standard curve. All data (mean and SEM of 4 replicates) was normalised as a percentage of the vehicle DMSO control. DMSO was kept at a final 

concentration of dilution of 0.001%. 
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4.3.2 Concentration and time dependent toxicity response: astemizole 

From the results it was inferred that astemizole gave a consistent cytotoxicity result and 

therefore was used for further experiments. iPSC-CMs were not used for future experiments 

due to expense and because cells could not be passaged. HepG2 cells showed an 

uncharacteristic concentration dependent response to the three drugs and it is known they 

lack expression and activity of many cytochrome P450 enzymes and so may not be the most 

appropriate model for future experiments (Gerets et al., 2012). Instead EA.hy926 cells and 

HCM were utilised to further ascertain the best concentration and time point to use with 

astemizole. ATP was assayed as a marker of toxicity to create a concentration dependent 

response between 1nM and 100µM at three time points (see figure 4.2). At 30mins both 

EA.hy926 cells and HCM showed a characteristic concentration response to astemizole. 

However, cells treated with astemizole showed elevated levels of ATP, 60-100% higher 

compared to the vehicle control suggesting there may be an alternate mechanism increasing 

ATP and conveying a stress response to astemizole (figure 4.2A). After 10 µM there was a 

steep decline in ATP in both cell types. In EA.hy926 cells ATP declined to less than 10% at 

100µM, however in HCM at 100 µM ATP levels were over 50% indicating that HCM may 

be less prone to toxicity than EA.hy926 cells. This was reiterated at 6 hr (figure 4.2B) where 

levels of ATP were higher in HCM compared to control and there was a steep decline in ATP 

at concentrations of >10 µM. At 24 hr extensive toxicity was seen at 10µM in both cell types 

(figure 4.2B and 2C). 

Due to a decline in ATP between 1 µM and 100 µM which made it difficult to judge the 

exact concentration at which toxicity was occurring, a further concentration response between 

1 and 100 µM was carried out (figure 4.2D-F). At 30mins cells EA.hy926 cells showed a 

decline in ATP from 30µM onwards and reached full toxicity between 70-100 µM. In HCM 

however, ATP levels did not decline until ~70 µM and ATP was still detectable at 100 µM 

(figure 4.2D). At 6hr both cell types showed similar trends with a reduction in ATP ~40 µM 

onwards with no detectable ATP at 100 µM astemizole (figure 4.2E). This toxicity was 

exacerbated at 24hr where no ATP levels were detectable after 30 µM (figure 4.2F). A non-

toxic dose of 25 µM (100% ATP) and a toxic dose of 50 µM (50% ATP) at a time point of 

6hr for both cell types was established as suitable for further experimentation (see figure 4.2). 
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Figure 4-2 Effect of astemizole on ATP levels in EA.hy926 cells and HCM after incubation at 3 time points.  

 

 EA.hy926 cells and human cardiac myocytes were cultured to 80-90% confluence and then treated with astemizole at either 1nM- 

100µM (A-C) or 1-100µM (D-F) for 30mins, 6hrs and 24hrs to produce a standard curve. All data (mean and SEM of 4 replicates) 

was normalised as a percentage of the vehicle DMSO control. DMSO was kept at a final concentration of dilution of 0.001%. 
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4.3.3 Effect of EET synthesis inhibitors on astemizole toxicity 

4.3.3.1 Concentration dependent response: EET inhibitors 

Once a suitable concentration and timepoint had been established for astemizole, it was the 

aim to inhibit EET formation using inhibitors of PLA2 (quinacrine dihydrochloride and 

LY311727) and the CYP epoxygenase inhibitor MSPPOH. Initially, it was important to 

define the toxicity caused by these inhibitors. Therefore, both cell ATP and released LDH 

levels were determined in EA.hy926 and HCM cell cultures after incubation with quinacrine, 

MSPPOH and LY311727 from 1-50 µM at 6hr (see figure 4.3).  

Overall, MSPPOH and quinacrine hydrochloride showed little toxicity with no significant 

change in ATP or LDH levels over the range of concentrations tested. However, LY311727 

showed a concentration dependent decrease in ATP and increase in LDH showing a toxicity 

response which was particularly discernible at higher concentration of inhibitor. From the 

results a concentration which gave a 100% ATP and LDH was deduced. In further 

experiments, both quinacrine dihydrochloride and LY311727 were used at 25 µM and 

MSPPOH was used at the lower concentration of 12.5µM. 
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Figure 4-3 Effect of Quinacrine dihydrochloride (A,D), MSPPOH (B,E) and LY311727 (C,F) on cell viability.  

 

EA.hy926 cells and human cardiac myocytes were cultured to 80-90% confluence and then treated with either quinacrine 

dihydrochloride (25µM), MSPPOH (12.5µM) and LY311727 (25µM) for 6hrs to produce a standard curve. Cellular ATP 

(A-C) and released LDH (D-F) levels were assessed. All data (mean and SEM of 4 replicates) was normalised as a 

percentage of the vehicle DMSO control. DMSO was kept at a final concentration of dilution of 0.001%. 
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4.3.4 Effect PLA2 and CYP2J2 inhibitors on astemizole toxicity in EA.hy926 cells 

and human cardiac myocytes  

EA.hy926 cells and HCM were incubated with astemizole and inhibitors for 6hr. With 

both cell types there was a significant decrease in ATP when cells were incubated with 

50µM astemizole alone compared with vehicle control as expected (figure 4.4B, D).  A 

concentration of 25µM was also used which had previously given ~ 100% ATP to act as 

a further control.    

When EA.hy926 cells were incubated with both inhibitor and 25µM astemizole no 

significant change was seen with either quinacrine dihydrochloride or MSPPOH. 

However, there was a significant increase in ATP with the addition of both toxic drug 

and LY311727 compared to inhibitor and cells alone (figure 4.4A). Furthermore, this 

was also seen at 50µM astemizole (figure 4.4B) indicating a stress response by cells to 

these compounds. Although for EA.hy926 cells in particular, the inhibitors seemed to 

show evidence towards protection against ATP loss, these effects did not reach 

statistical significance (figure 4.4B). 
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Figure 4-4 Effect of CYP epoxygenase inhibitor MSPPOH and PLA2 inhibitors 

quinacrine dihydrochloride and LY311727 on astemizole toxicity (ATP). 

 

 

EA.hy926 cells and human cardiac myocytes were cultured to 80-90% confluence and 

pretreated for 1hr with MSPPOH (12.5µM), quinacrine dihydrochloride and LY311727 

(25µM) after which they were incubated for 6hrs with astemizole without changing the media. 

Cell viability measured as cellular ATP in EA.hy926 cells (A and B) and HCM (C and D). 

Astemizole concentrations used were 25 µM (A and C) and 50 µM (B and D) All data (mean 

and SEM of 4 replicates) was normalised as a percentage of the vehicle DMSO control. DMSO 

was kept at a final concentration of dilution of 0.001%. .***P=0.0003, **P=0.0046 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To investigate whether the LY311727 was interacting with ATP assay, an ATP assay 

was conducted with a mixture of LY311727 and ATP reagent with no cells. For 

comparison MSPPOH was also tested and normalised to ATP reagent alone. However, 

there was no significant change in luminescence between the two drugs and both drugs 

caused little change in luminescence compared to ATP reagent alone (figure 4.5). 
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Figure 4-5 Investigation of the effect of LY311727 on ATP reagent luminescence.  

 

LY311727 was mixed in  a plate shaker with ATP reagent in a 96 well plate with no 

cells and incubated for 5 min before being analysed with a plate reader. Results are a 

mean (+ SEM ) of 3 experiments normalised to ATP reagent alone. 

 

 

 

 

 

 

 

 

 

 

 

 

In addition to ATP, caspase activity was used as an alternative endpoint to measure 

apoptosis (see figure 4.6). Untreated cells were used as a negative control which showed 

negligible caspase activity and recombinant caspase-3 was used a positive control and 

gave a strong luminescent signal. Incubation of EA.hy926 cells with astemizole showed 

little change in apoptosis compared with negative control at both concentrations for 

both cell types. Overall there was no significant change in caspase levels and thus 

apoptosis when both cell types were treated with astemizole and PLA2 inhibitors 

quinacrine dihydrochloride or LY311727. However there was a notable increase in 

caspase when EA.hy926 cells were treated with both 50uM astemizole and the CYP 

epoxygenase inhibitor MSPPOH compared to control which was not seen in HCM 

indicating a halt in EET production in EA.hy926 cells leading to increased toxicity. 

Cell viability was further investigated in EA.hy926 cells using the same treatments as in 

Figure 4.4 with the MTS assay (see figure 4.7). Inhibitors prevented the astemizole 

induced loss of cell viability, so rather than exacerbating toxicity as hypothesised, these 

inhibitors were protective. 
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Figure 4-6 Effect of CYP epoxygenase inhibitor MSPPOH and PLA2 inhibitors 

quinacrine dihydrochloride and LY311727 on astemizole toxicity (Caspase 3/7).  

 

EA.hy926 cells and human cardiac myocytes were cultured to 80-90% confluence and 

pretreated for 1hr with MSPPOH (12.5µM), quinacrine dihydrochloride and LY311727 

(25µM) after which they were incubated for 6hrs with astemizole without changing the 

media. Apoptosis measured as caspase 3/7 activity in EA.hy926 cells (A and B) and HCM 

(C and D). Astemizole concentrations used were 25uM (A and C) and 50uM (B and D). 

Data was shown unnormalized. A positive control with recombinant caspase enzyme was 

used as well as a negative vehicle control. DMSO was kept at a final concentration of 

dilution of 0.001%. **p<0.01. 
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Figure 4-7 Effect of CYP epoxygenase inhibitor MSPPOH and PLA2 inhibitors 

quinacrine dihydrochloride and LY311727 on astemizole toxicity measured using the 

MTS assay in EA.hy926 cells. 

 

EA.hy926 cells were cultured to 80-90% confluence and pretreated for 1hr with MSPPOH 

(12.5µM), quinacrine dihydrochloride and LY311727 (25µM) after which they were incubated 

for 6hrs with astemizole without changing the media. Astemizole concentrations used were 

25µM (A) and 50µM (B). Cell viability was measured with the MTS assay. All data (mean and 

SEM of 4 replicates) was normalised as a percentage of the vehicle DMSO control. DMSO was 

kept at a final concentration of dilution of 0.001%. P=0.001 (quinacrine + 50uM ast), P=0.003 

(MSPPOH +50uM ast) and P=<0.0001 (LY311727 +50uM ast).  P=0.0001. MTS 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium). 

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore the Hoechst 33342 nuclear stain was utilised to visualise cells and further 

investigate cell viability. EA.hy926 cells and HCMs produced similar results. When 

cells were incubated with a cytotoxic concentration of astemizole there was a stark 

decrease in cell viability compared with a non-toxic dose of astemizole and negative 

control (figure 4.8).  
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Figure 4-8 The effect of different concentrations of astemizole on cell viability through 

Hoechst 33342 staining. 

 

EA.hy926 cells were cultured to 80-90% confluence and treated with a non-toxic dose (25uM) 

of Astemizole and imaged at x4 magnification (A) and x10 magnification (C). A toxic dose of 

Astemizole (50uM) was also used as a control and imaged at x40 (B) and x100 (D). Once cells 

had been cultured, the media was removed and dye solution (10mg/ml) was added to the cells 

enough to cover the well. Cells were then incubated with the Hoechst stain for 10 minutes in 

foil. After incubation the stain was removed and cells were visualised using a fluorescent 

microscope (excitation/emission 350/461nm). 
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Figure 4-9 Effect of inhibitors of the EET pathway on astemizole toxicity.  

 

Cells were treated with either 12.5µM MSPPOH alone (A and D), 12.5µM MSPPOH with 25 

µM astemizole (B and E) or 12.5µM MSPPOH and 50µM astemizole (C and F) for 6hrs. Once 

cells had been cultured, the media was removed and dye solution (10mg/ml) was added to the 

cells enough to cover the well. Cells were then incubated with the Hoechst stain for 10 minutes 

in foil. After incubation the stain was removed and cells were visualised using a fluorescent 

microscope (excitation/emission 350/461nm).Cells were imaged at x4 and x10 magnification. 

Quantification of cytotoxic effects of astemizole and inhibitors was done by counting cells by 

eye in three fields of view and calculating the mean. EA.hy926 cells were cultured to 80-90% 

confluence and pretreated for 1hr with MSPPOH (12.5µM), quinacrine dihydrochloride and 

LY311727 (25µM) after which they were incubated for 6hrs with astemizole without changing 

the media.  (G) Cells treated with 25µM astemizole and (H) cells treated with 50µM astemizole. 

All data (mean and SEM of 3 replicates) was normalised as a percentage of the vehicle DMSO 

control. Positive control was cells treated with water. 
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Both EA.hy926 cells and HCM were incubated with astemizole and/or inhibitors of 

EET formation to investigate if there were any change in cell viability. Quantification of 

cells within each treatment showed no exacerbation of astemizole toxicity after 

treatment with quinacrine dihydrochloride, instead a possible protective effect was 

observed when cells were treated with a toxic dose of astemizole (50µM) and 

quinacrine (figure 4.9H). Similarly, there was little change in cell viability with the 

alternative PLA2 inhibitor LY311727 which showed no change in toxicity at the non-

toxic dose of 25µM astemizole (figure 4.9G) or at 50µM astemizole (figure 4.9H). 

Similarly, cells treated with a non-toxic dose or toxic concentration of astemizole and 

an inhibitor of epoxygenase activity MSPPOH showed no change in cell viability 

compared with astemizole treatment (figure 4.9G). Overall there were no statistically 

significant changes in cell viability using PLA2 and CYP epoxygenase inhibitors (figure 

4.9) and therefore these data provide no convincing evidence that the inhibition of 

epoxidase activity or PLA2 inhibitors affected astemizole induced cytoxicity.  

4.3.5 Effect of EET facilitators on astemizole toxicity 

Both EA.hy926 cells and human cardiac myocytes were preincubated with the 100µM 

SEH inhibitor, t-AUCB, for an hour before incubation with either a non-toxic (25µM) 

or a toxic (50µM) dose of astemizole for 6hr. After analysing ATP levels it was found 

there was no significant change in ATP when cells were treated with a non-toxic dose of 

astemizole. However, when cells were treated with both a toxic dose of astemziole and 

t-AUCB, ATP was conserved to ~100% vehicle control compared to cells treated with 

50 µM astemizole alone (figure 4.10A). The evidence was even more convincing for 

HCM. Astemizole (50µM) caused a 4 fold reduction in ATP (figure 4.10B) and this 

toxicity was protected by t-AUCB such that ATP levels were identical to the vehicle 

control.  This may suggest inhibiting sEH may decrease the deactivation of and lead to 

an increase in endogenous EETs which may have protective effects against toxicity in 

vitro.   

Nuclear staining with Hoechst stain was used to further investigate cell viability. Pre-

treatment with t-AUCB showed no change in the number of EA.hy926 cells in cells 

exposed to 25µM astemizole, however, against astemizole toxicity t-AUCB showed a 

significant protection of cells indicating a preservation of cell viability against 

astemizole toxicity (figure 4.11).  
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Figure 4-10 Effect of sEH inhibitor t-AUCB on astemizole toxicity assessed by measuring 

ATP concentrations.  

 

EA.hy926 (A) and HCM (B)  were cultured to 80-90% confluence and pretreated for 1hr with t-

AUCB (100µM) after which they were incubated for 6hrs with astemizole (25µM and 50µM) 

without changing the media. Cell viability was measured with the ATP assay. All data (mean 

and SEM of 3 replicates) was normalised as a percentage of the vehicle DMSO control. DMSO 

was kept at a final concentration of dilution of 0.001%. *P<0.05, ***P=0.0002 

In addition to sEH inhibitor, exogenous EETs were also used to investigate whether 

EETs might be possibly responsible for protecting cells against toxicity. EA.hy926 cells 

were pre-treated with exogenous 11,12-EET for 1hr before being incubated with either 

25 µM or 50 µM astemizole. ATP concentrations showed a preservation in ATP when 

cells were pre-treated with 11,12-EET subsequent to astemizole. This was particularly 

apparent and statistically significant when a cytotoxic dose of astemizole was 

administered (figure 4.12).  
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Figure 4-11 Effect of sEH inhibition on cell viability after astemizole treatment. 

 

EA.hy926 cells were cultured and then treated with 25 µM astemizole (A and B) and 50 µM 

astemizole (C and D) for 6hr. Some cells were also pre-treated with sEH inhibitor (B and D) 1 

hour before astemizole was added. The media was then removed and dye solution (10mg/ml) was 

added to the cells enough to cover the well. Cells were then incubated with the Hoechst stain for 

10 minutes in foil. After incubation the stain was removed, and cells were visualised using a 

fluorescent microscope (excitation/emission 350/461nm). Cells were imaged at x10 

magnification. 
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Figure 4-12 Effect of exogenous EETs on astemizole toxicity in EA.hy926 cells.  

 

 EA.hy926 cells were cultured to 80-90% confluence and pretreated for 1hr with exogenous 

11,12-EET (100µM) after which they were incubated for 6hrs with astemizole (25µM and 

50µM) without changing the media. Cell viability was measured with the ATP assay. All data 

(mean and SEM of 3 replicates) was normalised as a percentage of the vehicle DMSO 

control. DMSO was kept at a final concentration of dilution of 0.001%. **P<0.005. 
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4.4 Discussion 

ATP gave a consistent response for cells incubated with a series of toxic drugs and was 

a good indicator of cell viability as it was proportional to the number of viable cells 

present as determined with Hoechst staining. Previously, ATP was used in structural 

profiling of cardiotoxins in the rat cell line H9C2 cells and human embryonic stem cell-

derived cardiomyocytes (hESC-CMs) alongside mitochondrial membrane potential and 

endoplasmic reticulum stress. Cell viability measured as ATP levels agreed well with 

other parameters and together were predictive of cardiotoxicity in vitro (Pointon et al., 

2013).  

From the concentration response curves, the final concentrations of astemizole used 

were a relatively non-toxic concentration of 25 µM which resulted in 100% ATP 

remaining and a toxic concentration of 50 uM which caused a loss of 50% ATP relative 

to DMSO vehicle control. There has been little work reported on the effect of 

astemizole on cell viability and cell death in vitro and therefore there were no literature 

values to use as a reference. However, drug metabolism investigations with astemizole 

in human liver microsomes and recombinant CYP2J2 protein showed a Km of 16 µM 

and Vmax of 190µM
-1

min
-1

 suggesting the concentrations used were appropriate to 

study the interaction of CYP2J2 with astemizole and may be adequate to test toxicity in 

cells (Uehara et al., 2016). 

Contrary to the original hypothesis, which assumed inhibition of CYP2J2 or PLA2 

would inhibit the production of EETs and therefore exacerbate astemizole induced 

toxicity, there was an increase in ATP when cells were treated with either CYP 

epoxygenase inhibitor MSPPOH or PLA2 inhibitors quinacrine dihydrochloride and 

LY311727 in combination with 50 µM astemizole for 6hr. This was also corroborated 

by Hoechst nuclear staining showing an increase in viable cells. For LY311727 this 

increase in ATP was particularly evident. This unexpected finding may be the result of a 

cell stress response leading to increases in ATP in cells. In addition, the mechanism 

behind how astemizole leads to cell death may involve AA, possibly producing an 

intermediate compound which is needed to exert its toxicity effect. Inhibiting AA 

release through pharmacological inhibition of PLA2 may reduce cell death independent 

of the inhibition of EET production (figure 4.13).  
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Figure 4-13 Proposed mechanism for how the CYP2J2/EET pathway may play a role in 

astemizole related cell death. 

 

PLA2 hydrolyses AA from the membrane which can be utilised to produce EETs. Inhibition of 

this protective pathway with PLA2 inhbitors was shown to increase ATP in response to 

astemizole toxicity. A potential reason for this may be the need for AA in the intitation or 

execution of astemizole toxicity. Reducing AA may therefore inhibit cell death. A possible 

mechanism to why MSPPOH may increase ATP is that MSPPOH is a non-specific CYP 

epoxygenase inhibitor and can inhibit other P450 enzymes as well as CYP2J2 which may lead 

to non-target effects. CYP2C9 a CYP epoxygenase present in human cardiomyocytes and 

endothelial cells can metabolise AA to EETs. However, it has also been shown to have several 

detrimental effects through increasing ROS leading to oxidative stress and DNA damage. 

Inhibition of these pathways may account for the protective effect of MSPPOH.  

 

Inhibition of CYP2J2 by MSPPOH in combination with a toxic dose of astemizole led 

to an increase in ATP compared to cells treated with astemizole alone.  MSPPOH is a 

non-specific CYP epoxygenase inhibitor and can inhibit other P450 enzymes which 

may lead to non-target effects. For example CYP2C9 a CYP epoxygenase present in 

human cardiomyocytes and endothelial cells has the ability to metabolise AA to both 

EETs and 20-HETE. EETs and 20-HETE have contrasting effects on a variety of 

pathways. For example EETs are endothelial cell derived hypolarising factors 

increasing vasodilation and contributing to endothelial cell function, however 20-HETE 
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has been shown to be a potent vasoconstrictor. 20 HETE has also shown to contribute to 

vascular inflammation, oxidative stress and ischaemia-reperfusion injury all of which 

contrast with the known cardioprotective effects of EETs (Hoopes et al., 2015, Roman, 

2002). Through this balance in EETs and HETEs, AA metabolites may modulate 

cardiovascular disease and cardiotoxicity (J. Imig, 2016). 

Further investigation into identification and quantification of the different AA 

metabolites involved in the EET pathway and with a potential role in regulating toxicity 

in vitro may give an insight into how EETs and other AA metabolites may work to 

modulate drug-induced toxicity.  Through lipidomics, isoforms of EETs and their 

deactivated metabolite DHETs as well as the known hydroxylated AA metabolite 20-

HETE may be measured at baseline and after treatment with astemizole and/or 

inhibitors. Previous studies into lipidomics have found changes in the productions of 

specific isoforms of EETs as well as changes in the ratio of EETs to 20-HETE in both 

cardiovascular disease and in cardiotoxicity. Evaluation of P450-derived eicosanoids in 

patients with coronary artery disease showed elevated levels of EETs, versus healthy 

controls. However certain subsets were found to have decreased levels of EETs 

including those who were obese, were elderly and those who smoked. However no 

changes in 20-HETE were seen in all groups (Theken et al., 2012). With regards to 

drugs, studies into the known cardiotoxic drug fluconazole and the anti-oxidant drug 

resveratrol found that flucanozole inhibited the production of 8,9-, and 14,15-EET as 

well as 11,12 and 15-HETE with an IC50 of 27, 28, 28 and 36µM respectively. In 

contrast the anti-oxidant drug resveratrol which has previously shown to protect in heart 

disease inhibited hepatic CYP4 enzymes, responsible for producing 20-HETE thus 

decreasing 20-HETE production (El-Sherbeni and El-Kadi, 2016). Furthermore, 

analysis of AA metabolites in rats with dox induced cardiotoxicity, showed a difference 

in EET and 20-HETE production compared to controls. Chronic dox toxicity induced 

gene expression of CYP4 enzymes and the sEH which was followed by an increase in 

20-HETE and reduction in EETs thus suggesting an imbalance between the cardio 

protective EET and cardiotoxic 20-HETE pathway (Alsaad et al., 2012).  

In addition, other fatty acid derivatives such as omega 3 fatty acid metabolites 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) have been shown to 

share many of the protective effects of EETs and a protective role in the cardiovascular 

system in both experimental models and clinical trials has been demonstrated. In animal 

https://www.sciencedirect.com/topics/medicine-and-dentistry/eicosapentaenoic-acid
https://www.sciencedirect.com/topics/medicine-and-dentistry/docosahexaenoic-acid
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models of cardiovascular disease, omega 3 derivatives have been found to protect 

against vascular inflammation (Nodari et al., 2011), atherosclerosis (Reed, 2008) and 

arrhythmias (Mozaffarian and Wu, 2011). The mechanism of protection is still largely 

unknown. However, it may be feasible to suggest that other fatty acids may be 

responsible for a protective effect in the astemizole induced toxicity (Figure 4.13). 

In addition, to determine whether the protective effects of t-AUCB (sEH inhibitor) and 

exogenous 11,12-EET in EA.hy926 cells and HCM may be through the EET pathway, 

cells may also be incubated with the 14,15-EEZE EET receptor antagonist. 14,15-EEZE 

was shown to abolish the protective effects of exogenous 14,15-EET on endoplasmic 

reticulum stress in H9C2 cells (X. Wang et al., 2014). In a dog myocardial infarction 

model, 14,15-EEZE reversed the protective effect of 11,12-EET and 14,15-EET on 

infarct size (Gross et al., 2008) and so therefore would block any protective effects 

modulated specifically by EETs in vitro in astemizole toxicity. 

It may also be pertinant to use the main metabolite of astemizole, o-desmethyl 

astemizole to deduce whether conversion of astemizole to its metabolite by CYP2J2 

may modulate toxicity. Studies have shown there is no difference in toxicity between 

astemizole and o-desmethyl astemizole when measuring hERG channel inhibition (Z. 

Zhou et al., 1999), however the toxic effect of the metabolite on cell death in vitro in a 

different cell system may show contrasting results. If o-desmethyl astemizole is less 

toxic in vitro than astemizole then any protective effects seen in cells may be from the 

metabolism of astemizole by CYP2J2 to a less toxic product rather than through a 

potential increase in EETs. 

Furthermore, in this study astemizole was the main drug investigated, however it may 

be useful to investigate other cardiotoxic drugs with different modes of cardiotoxicity to 

examine whether increasing EETs may protect against their toxic effects. 
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Chapter 5 Investigating the molecular mechanism of EET 

protection against astemizole induced toxicity 
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5.1 Background 

Soluble epoxide hydrolase (sEH) belongs to a family of enzymes which convert 

epoxides such as epoxyeicosatrienoic acids (EETs) to their hydrolysed derivatives i.e 

DHETs. Its structure consists of a C-terminal epoxide hydrolase domain that 

metabolises endogenous substrates such as EETs and an N-terminal phosphatase 

domain which is responsible for phosphorylating lipid metabolites such as cholesterol 

precursors (Sura et al., 2008). This enzyme is found in most tissues including liver, 

kidney, cardiovascular system and GI tract (Enayetallah et al., 2004). In addition, 

expression has been studied in the human brain where distribution of sEH was found 

mainly in the astrocytes, oligodendrocytes and vascular smooth muscle of arterioles 

(Sura et al., 2008). 

EETs have been shown to have protective effects against the pathogenesis of 

cardiovascular disease and cardiotoxicity in experimental models (Gross and 

Nithipatikom, 2009). One of the major ways the EET pathway may be manipulated to 

increase EETs is to inhibit or knockdown the primary deactivator of EETs within cells, 

sEH. Pharmacological inhibitors such as t-AUCB and AUDA are commonly used to 

assess the protective effect of EETs in both in vitro and ex vivo models of myocardial 

infarction, ischaemia reperfusion injury and cardiac hypertrophy (Gui et al., 2017, 

Merkel et al., 2009, Gross and Nithipatikom, 2009).  

In a sEH null mouse model of hypoxia reperfusion injury, sEH null mice had an 

improved recovery of left ventricle developed pressure (LVDP) and less infarction 

compared to wild type hearts after 20mins ischaemia. This protective effect was 

nullified with pre-treatment of the EET receptor antagonist 14,15-epoxyeicosa-5 (Z)-

enoic acid (14,15-EEZE). Inhibitors of the phosphoinositide-3-kinase (PI3K) also 

inhibited the cardio-protective effect seen with sEH null mice suggesting the EETs may 

protect through the PI3K pathway (J. M. Seubert et al., 2006). In addition, other studies 

have shown the role of STAT3 in EET protection. Treatment of isolated cardiomyocytes 

from mice that had undergone hypoxia and reperfusion with 14,15-EET conferred 

cytoprotection from ischemia which was abolished by pharmacological inhibition of 

STAT3 and gene knockdown with siRNA (Merkel et al., 2009).  
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In addition to gene knockdown studies with pharmacological inhibition have shown 

similar cytoprotective and cardioprotective effects. For example, the sEH inhibitor 

AUDA reduced infarct size in a dog model of MI and a strengthened protective effect 

was observed when given in combination with exogenous 14,15-EET. These effects 

were replicated in mice where administration of the sEH inhibiter t-AUCB over 7 days 

before MI improved cardiac function and prevented development of arrhythmias 

compared to untreated mice (Gui et al., 2017). Furthermore, in mice with pressure 

overload-induced left venticular hypertrophy, administration of the sEH inhbitors 

AEPU and AUDA prevented development or reversed established left-ventricular 

hypertrophy through the inhibition of NF-kB (Gross and Nithipatikom, 2009). The 

cardioprotective effects of these inhibitors suggest the usefulness of sEH as a 

therapeutic target in cardiovascular disease and its potential in cardiotoxicity to combat 

the effects of cardiotoxic drugs.  

5.2 Aims 

Results in the previous chapter suggested that sEH inhibition protected against 

astemizole-induced cytotoxicity in both EA.hy926 cells and human cardiac myocytes. 

In order to further investigate possible mechanisms, the aims of the work presented in 

this chapter were: 

1. To investigate gene expression (mRNA and protein) of sEH in the EA.hy926 

endothelial cell line and human cardiac myocytes. 

2. To understand the role of sEH protein in astemizole toxicity through in vitro 

knockdown. 
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5.3 Results 

5.3.1 Expression of sEH in EA.hy926 and the human cardiac myocyte cell line 

5.3.1.1 Development of pcr assays for sEH mRNA expression 

To conduct gene expression analysis of sEH, firstly primers were designed that were 

specific to this gene. From the NCBI database it was found that sEH had four variants 

so primers were designed that would bind to each of these as well as pan specific 

primers which would potentially bind to all/any sEH mRNA. 

After pooling cDNA from both EA.hy926 and HCM, variants 1 and 4 gave significant 

amplification with the best annealing at the lower temperatures of 65-67⁰C. It was 

however further found that variants 2 and 4 had exactly the same gene sequence 

(https://www.ncbi.nlm.nih.gov/gene/2053) which may be why isoform 4 has other 

bands (figure 5.1).  
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Figure 5-1. PCR products were amplified using gradient gel PCR as described in section 

3.3.4. 

 

Primers were validated and the best annealing temperature was ascertained. Primers were pan 

specific primers (A,B), sEH variant 1 (C,D), sEH variant 2 (E,F), sEH variant 3 (G,H) and sEH 

variant 4 (I). Combinations are as follows: A=#1,B=#2,C=#3,D=#4,E=#5,F=#6,G=#7, H=#8,I=#9. 

Different sets of primers were designed to each gene. Each gel represents a different primer 

combination. Primers were designed for sEH pan specific and transcript variants 1-4. A 100bp 

ladder was used to estimate size of PCR products. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Concomitantly, primers were designed to five housekeepers and validated with gel 

PCR. All PCR products were detected except for TABP (figure 5.2E) where only faint 

bands were seen. These primers would be used alongside the gene of interest primer for 

SYBR green qPCR (figure 5.2). 
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E 

Figure 5-2 Validation of primers designed to housekeepers using gradient gel PCR. 

 

(A) GAPDH, (B) β-actin, (C) β-microglobulin, (D) B tubulin and (E) Tata binding protein 

(TABP). RT-PCR was carried out as described in section 3.3.4. A temperature gradient 

between 60-71 C used to determine the appropriate annealing temperature for each housekeeper. 

Different sets of primers were designed to each gene. Each gel represents a different primer 

combination. A 100bp ladder was used to estimate size of PCR products. 



Chapter 5 

100 

Figure 5-3 Expression of sEH mRNA in EA.hy926 cells and HCM as determined by qPCR 

with SYBR green detection. 

 

 EA.hy926 cells and HCM were grown to 80% confluence after which they were lysed for PCR 

using β actin and β2 microglobulin as housekeeper genes. All data (mean and SEM of 3 

replicates) was expressed as fold change ΔΔCT values.  

 

After primers were validated using gel PCR, SYBR green PCR was undertaken using 

the sEH primer pair for sEH transcript 1 as this had prviously given the strongest signal.  

Initially, all housekeepers tested earlier were used except for TABP due to lack of signal 

during gel PCR. In addition to housekeeping controls, water and non-template controls 

were used to make sure there was no interference from reagents and the sEH signal was 

a true representation of gene expression. To validate housekeepers the CT values were 

analysed to make sure they did not change significantly between cell types. 

Furthermore, the melt curves were observed to make sure there were no primer dimers.  

From these distinguishing markers β actin and β2 microglobulin were found to be the 

best housekeepers for normalisation against the gene of interest.  Human cardiac 

myocytes were found to have ~4 times more baseline expression of sEH compared to 

EA.hy926 cells (figure 5.3). 
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Figure 5-4 Gene expression of sEH in EA.hy926 cells (A,B) and HCM (D,E) after 

treatment with 25µM astemizole for 6h (A,D) and 24h (B,E).  

 

EA.hy926 cells and HCM were grown to 80% confluence after which they were treated with 

25µM astemizole for 6 and 24hrs. Cells were then lysed for PCR using β actin and β2 

microglobulin as housekeeper genes. All data (mean and SEM of 5 replicates) was expressed as 

fold change ΔΔCT values. DMSO was kept at a final concentration of dilution of 0.001%.  

Western blot protein expression of sEH in EA.hy926 cells (E) and HCM (F) ****P< 0.0001. 

Western blot protein expression of sEH in EA.hy926 cells (C) and HCM (F). 

 

5.3.2 Effect of astemizole on sEH mRNA and protein expression 

Next, cells were treated with a ‘non-toxic’ dose of astemizole (25µM) for 6 and 24 hrs 

to observe changes in sEH expression. In EA.hy926 cells there was an initial increase in 

expression compared to untreated control at 6hrs. However over 24hrs this expression 

decreased to lower than control. In HCM there a drastic reduction in gene expression of 

sEH over 6 and 24 hrs (figure 5.4). 

 

 

 

 

 

 

 

   

 



Chapter 5 

102 

sEH  

When examining protein concentrations of sEH after astemizole treatment, there was 

little fluctuation of protein compared to untreated control suggesting the decrease in 

expression of the gene was not translated to protein expression.  

5.3.3 Effect of sEH and CYP epoxygenase inhibition on sEH mRNA and protein 

expression 

 

To understand the mechanism by which the EET pathway may be eliciting 

cytoprotection against astemizole toxicity, EA.hy926 cells and HCM were incubated 

with 25µM astemizole and either the CYP epoxygenase inhibitor (MSSPOH) or the 

sEH inhibitor (t-AUCB). 

Compared to untreated control there was an increase in sEH gene expression in 

EA.hy926 cells and a decrease in expression in HCM as seen in figure 5.5.  When cells 

were treated with the CYP2J2 inhibitor MSPPOH there was no significant change in 

expression compared to untreated cells. However cells treated with both astemizole and 

MSPPOH showed a conservation of expression of sEH and opposed the increase in sEH 

seen with astemizole alone.  

Similarly, when human cardiac myocytes were treated with both astemizole and 

MSSPOH, sEH expression resembled that of untreated cells. Added treatment with 

MSPPOH opposed the reduction in sEH expression seen in cells treated with astemizole 

alone. With regards to treatment with sEH inhibitor t-AUCB alone, expression of sEH 

did not change in either EA.hy926 cells or HCM. In EA.hy926 cells treatment with both 

t-AUCB and astemizole slightly reversed the increase in sEH expression seen in cells 

treated with astemizole alone. However, expression was still higher than both untreated 

control and cells with inhibitor alone. Likewise in HCM, t-AUCB maintained 

expression of sEH and countered the effect of astemizole. Taken together the data on t-

AUCB and MSPPOH suggest that these compounds counter the effects of astemizole on 

sEH mRNA expression (figure 5.5A-D). Possible reasons for these finding are 

discussed in the discussion section 5.4.  

Protein expression showed little change in expression of sEH in treatments compared 

with untreated cells and positive HepG2 control and normalised to β actin control 

indicating that although there were changes in mRNA expression, these were not 
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translated to protein expression (figure 5.5E,F). These effects and possible explanations 

are further discussed below. 



Chapter 5 

104 

CYP2J2 

 

 

 

Figure 5-5 Expression of sEH in EA.hy926 cells (A and B) and human cardiac myocytes (HCM) (C and D) after treatment with 25 µM 

astemizole and/or inhibitors for 6 hr. 

 

EA.hy926 cells and HCM were grown to 80% confluence after which they were treated with 25µM astemizole and/or CYP epoxygenase MSPPOH 

(12.5 µM) and SEH inhibitor t-AUCB (100µM) for 6hrs. Cells were then lysed for PCR using β actin and β2 microglobulin as housekeeper genes. 

All data (mean and SEM of 5 replicates) was expressed as fold change ΔΔCT values. DMSO was kept at a final concentration of dilution of 0.001%.  

Western blot protein expression of sEH in EA.hy926 cells (E) and HCM (F) with the presence or absence of sEHi (t-AUCB) or CYP epoxygenase 

inhibitor (MSPPOH). **P=0.036, ***P=0.005, ****P<0.0001. 
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Figure 5-6 sEH gene and protein expression via RT-PCR and western blot  in EA.hy926 

cells.  

 

EA.hy926 cells were cultured to 80% confluence and treated with 10nM sEH siRNA and 

RNAimax Lipofectamine for 24hr after which the media was changed. In total, cells were 

incubated for 3 days before being lysed for PCR or western blot. Results were normalised to 

untreated cells (A). Values are the mean and SEM of 3 experiments expressed as fold change 

ΔΔCT values. (B) Western blot protein expression of sEH in EA.hy926 cells detected using 

rabbit polyclonal antibody.  

 

5.3.4 Effect of sEH knockdown on astemizole-induced cytotoxicity in EA.hy926 

cells 

 

To investigate the role of sEH in astemizole toxicity, an in vitro knockdown model was 

established in EA.hy926 cells. Initially, lipofectamine reagent was used for delivery of 

sEH siRNA into cells. In addition to cells treated with siRNA, multiple controls were 

used including untreated cells, cells treated with lipofectamine and optimem media, a 

negative scrambled control and a cell death control. Gene expression studies with qPCR 

showed a decrease in expression of sEH by sEH siRNA at gene level compared to the 

negative scrambled control (figure 5.6A). This was also reproduced at the 

transcriptional level with a decrease in the sEH protein (figure 5.6B).  There was also a 

reduction in sEH expression when cells were treated with lipofectamine and optimem 

media or with a negative scrambled control alone. 

To investigate how in vitro knockdown of sEH may affect astemizole induced cell 

death, cellular ATP was measured after knocked down cells were treated with 25µM 

astemizole and/or inhibitors of CYP2J2 or sEH for 6 hr. Data was normalised to the 

negative scrambled siRNA control for each treatment. There was no significant change 

in ATP across all treatments when sEH was knocked down compared with no 

knockdown (figure 5.7) indicating sEH protein/activity may still be present. 
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Figure 5-7 Effect of sEH knockdown and sEH and CYP2J2 inhibitor on astemizole induced 

cytotoxicity. 

 

EA.hy926 cells were cultured and treated with 10nM sEH siRNA and RNAimax Lipofectamine for 24hr 

after which the media was changed. Knockdown cells were then treated in the following way: (A) 

untreated, (B) 25µM astemizole, (C) 12.5µM MSPPOH alone, (D) 100µM t-AUCB alone, (E) 25µM 

astemizole and MSPPOH and (F) 25µM astemizole and t-AUCB. DMSO was kept at a final 

concentration of dilution of 0.001%. ATP content was used a surrogate marker of cell viability and 

values are the mean+SEM of 3 experiments normalised to the treated scrambled oligo control.  
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5.4 Discussion 

Initial analysis of gene expression of sEH with agarose gel PCR showed the different 

isoforms of sEH with isoform 1 having predominant expression, this was a novel 

finding as isoforms of sEH had not been identified in these cells with PCR before. It is 

unknown how these proteins contribute to the overall sEH activity in vitro and in vivo 

and thus how these other isoforms may affect toxicity.  

SYBR green qPCR was used to quantify sEH gene expression which was normalised to 

at least two housekeepers. To investigate the most appropriate housekeepers to use for 

each treatment, a housekeeper screen was done with 5 housekeepers. A programme, 

NormFinder was then used which contained an algorithm to identify the CT values 

which showed the least change in response to a treatment. From this analysis β-actin 

and β2 microglobin were used in combination (table 5.8).  

 

Table 5-8 Normfinder analysis of CT values from a housekeeper screen investigating 

changes in sEH expression with the treatment of astemizole in EA.hy926 cells. 

 

RNA was extracted from EA.hy926 cells treated with astemizole for 6hrs and used for qPCR 

along with housekeepers for 5 genes, VCP-1, β-actin, β2 microglobulin, 36B4 and PSMB4. The 

CT values were extracted and NormFinder was used to generate a stability value in response to 

the treatment.VCP-1 Valocin-contaning protein-1; 36B4 Acidic ribosomal phosphoprotein P0; 

PSMB4 Proteasome subunit beta type-4. 

Gene 

name 

Stability 

value 

 

Best gene B2 MICRO 

VCP-1 0.226 

 

Stability value 0.062 

B 

ACTIN 0.114 

   B2 

MICRO 0.062 

 

Best combination of two genes 

B ACTIN and B2 

MICRO 

36B4 0.128 

 

Stability value for best combination 

of two genes 0.052 

PSMB4 0.082 
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When investigating sEH protein expression in HCM and EA.hy926 cells a positive 

control was needed which would allow a validation of the Western blot and also show a 

comparison of protein expression between different cell types. HepG2 cells were easily 

obtainable and had previously been shown to constitutively express sEH (Garscha et al., 

2017) making them a suitable cell type as a positive control. 

Expression analysis of sEH in HCM and EA.hy926 cells showed gene expression was ~ 

4 times higher in cardiac cells. Although expression of sEH has been documented in 

both cardiac cells and vasculature, there is little evidence for comparison of expression 

between different cell types. sEH expression has been found in aorta, coronary artery 

(Xie et al., 2016), and mesenteric artery in rodents and has been shown to be 

upregulated in response to external agents (Zhao et al., 2005). Treatment of HCM with 

25µM astemizole reduced gene expression of sEH at 6hr and 24hr. In EA.hy926 cells 

however there was an initial increase in expression at 6hr followed by reduced 

expression at 24hr. These differences between cell types may be due to the baseline 

gene expression of sEH which was higher in HCM than in EA.hy926. In section 6.3.2 

higher CYP2J2 gene expression was also seen in HCM compared to EA.hy926 cells 

which could indicate the importance of the CYP2J2/EET pathway in this cell type 

compared to endothelial cells. Previously, the sEH gene was shown to be upregulated in 

response to the anti-cancer drug tamoxifen in rat mesenteric artery (Mark-Kappeler et 

al., 2011) and in endothelial cells of the aorta of mice in response to tobacco smoke 

(Maresh et al., 2005). Furthermore, a link between sEH gene expression and NOS 

production in endothelial cells was established indicating there may be a role for sEH in 

regulating vascular tone in vasculature (Nayeem et al., 2011). In the heart, sEH was 

expressed in atrial and ventricular tissues of rodents and was found to upregulated in 

cardiac hypertrophy and in response to toxic drugs including doxorubicin and arsenic 

(Anwar-Mohamed et al., 2012, Alsaad et al., 2012). This suggests sEH may be involved 

in cardiovascular toxicity and cardiovascular disease possibly through increasing the 

deactivation of EETs to DHETs. However, there are cases where cardiovascular 

pathology did not result in increases in sEH expression. For example, there was no 

change in protein expression in a mouse model of myocardial infarction (Li et al., 2009) 

and there was no change in mRNA in a rat chronic heart failure model (Merabet et al., 
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2012) suggesting there may be other pathways that predominate in cardiovascular 

pathologies over the CYP2J2/EET pathway. 

When cells were treated with a combination of astemizole and either MSPPOH or t-

AUCB both cell types showed differences in expression profiles. In HCM where there 

was a reduction in sEH expression when cells were treated with astemizole, incubation 

with both astemizole and MSPPOH or t-AUCB increased sEH expression levels back to 

control levels. In EA.hy926 cells however the same treatment did the opposite, reducing 

sEH expression closer to vehicle control levels. This suggests that inhibiting CYP2J2 or 

sEH does affect sEH expression and may be involved in homeostatically regulating sEH 

expression providing further evidence that these genes may be linked.  

In addition to pharmacological inhibition, sEH siRNA was used to knock down the 

EPHX2 gene to further investigate the role of sEH in toxicity. A negative scrambled 

control and a cell death control was added to each cell plate to make sure transfection 

was efficient. The cell death control showed dead, floating cells after the 3 day 

incubation with siRNA indicating cells had taken up the siRNA (figure 5.9). Although 

gene and protein expression were reduced there was still some detectable sEH protein. 

This may be the result of not enough siRNA being transported into the cell. The cells 

were incubated with siRNA for 3 days, however this may not be enough to fully 

transfect the cells. On the other hand incubation for too long with siRNA and 

lipofectamine may be toxic to cells and the inhibitory effect of siRNA may also subside. 

Studies in adipocytes incubated with sEH siRNA for two days did show changes in lipid 

droplet size compared to untreated cells however, validation of knockdown with PCR 

was not shown (L. Liu et al., 2018). Transfection of H9c2 cells with EPHX2 siRNA for 

24 hr was shown to knockdown the gene by 50% as indicated by real-time PCR 

(Anwar-Mohamed et al., 2012) which when incubated in combination with arsenic 

trioxide further reduced sEH RNA by 62% compared to toxic drug alone. However, 

although ~50% gene knockdown was observed with this sEH siRNA compared to 

negative control, later experiments incubating EA.hy926 knockdown cells with 

astemizole for 6hr showed no difference in ATP. This suggests other endpoints such as 

PCR may be needed to fully understand the effect knockdown may be having on 

expression of sEH. In addition, other forms of siRNA delivery may increase the 

efficiency of delivery of siRNA into cells. Electroporation experiments with sEH 



Chapter 5 

110 

Figure 5-9 EA.hy926 cells treated with cell death siRNA after 3 days. X100 magnification. 

 

EA.hy926 cells were cultured to 80-90% confluence and treated with 10nM AllStars Hs cell 

death control siRNA and RNAimax lipofectamine for 24hrs after which the media was replaced 

with normal cell culutre media for 48hrs. Images were taken with brightfield microscopy. 

siRNA in the prostate cancer cell line 22RV1 cells in vitro showed 75% of cells were 

successfully transfected from GFP expression (Wolf, N et al 2016).  

 

 

 

 

 

 

 

 

 

Future work investigating sEH expression in other cells other than heart such as primary 

endothelial cells, smooth muscle cells and fibroblasts may be beneficial to understand 

the localisation of sEH in the heart as well as characterising the different isoforms of 

sEH with PCR and protein expression.  

To further investigate the role of the sEH and EETs on astemizole toxicity, treatment of 

cells with exogenous EETs or with exogenous AA in combination with astemizole may 

show how increasing EETs through different means could have varying levels of 

protection againist astemizole toxicity. Furthermore, the EET inhibitor 14,15-EEZE 

may elucidate a feedback mechanism between EETs and sEH expression where 

inhibiting EETs directly may have an opposing effect to balance the concentration of 

EETs.  
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Chapter 6 Investigating the possible role of cytochrome P450 2J2 in 

astemizole induced cytotoxicity 
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6.1 Background 

The CYP2J2 gene is expressed in humans and contains nine exons and eight introns; it 

is approximately 40.4 kb long and encodes for a protein of 58 kDa (King et al., 2002). 

The mRNA expression of CYP2J2 in humans is mainly confined to the cardiovascular 

system and liver, with predominant expression in the right ventricle of the heart 

(Michaud et al., 2010). Within the heart, CYP2J2 is the predominant P450 isoenzyme 

expressed in cardiomyocytes and human heart tissue (Evangelista et al., 2013).  In 

addition to cardiomyocytes, CYP2J2 expression has also been observed in other 

cardiovascular cells.  CYP2J2 is expressed in endothelial cells in a variety of vascular 

beds including coronary artery, aorta (Delozier et al., 2007) and in varicose veins 

(Bertrand‐Thiebault et al., 2004). The presence of CYP2J2 in the heart leads to the 

hypothesis that CYP2J2 could contribute to endogenous tissue function and to 

cardiotoxicity through drug metabolism as well as protective effects through the 

formation of EETs.  

CYP2J2 has been shown to possess both endogenous and exogenous activities, 

mediating drug biotransformation reactions with a number of exogenous substances. 

CYP2J2 has been shown to be the primary enzyme involved in several metabolic 

reactions including amiodarone 4-hydroxylation, astemizole o-demethylation and 

ebastine hydroxylation (Matsumoto et al., 2002, Matsumoto and Yamazoe, 2001, K. H. 

Liu et al., 2006). For ebastine, CYP2J2 plays a superior role in first-pass intestinal 

metabolism to its pharmacologically active metabolite and less toxic carebastine. The 

biological role of CYP2J2 appears to relate primarily to its metabolism of arachidonic 

acid (AA) to cardio-protective epoxyeicosatrienoic acids (EETs). However, it has been 

proposed that a complex interplay between EET synthesis and drug metabolism by 

CYP2J2 exists. Indeed Matsumoto et al (2002) showed that CYP2J2 substrates 

arachidonic acid (AA) and ebastine significantly inhibited astemizole o-demethylation 

in human small intestine and in vitro for recombinant CYP2J2 (Matsumoto et al., 2002) 

suggesting a protective mechanism of EET production predominates over toxic drug 

metabolism.  However, Arnold et al (2017) found that through molecular dynamics 

simulations doxorubicin (dox) can prevent the binding of AA to CYP2J2 in a 

competitive way through binding to the active site (Arnold et al., 2017), thus reducing 

EET production indicating some drugs have more EET inhibitory potential than others. 
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It is likely that EET synthesis largely protects the cardiovascular system. Indeed disease 

states and toxicity have been shown to alter the expression of CYP2J2. For example, 

treatment of human cardiomyocytes with reactive oxygen species (ROS) or dox, a 

potent ROS stimulator, upregulated CYP2J2 expression (Evangelista et al., 2018). In 

addition, overexpression of CYP2J2 in experimental models has been shown to protect 

against cardiovascular disease. In a mouse model of ischaemia-reperfusion injury, 

cardiac specific expression of CYP2J2 in transgenic mice improved left ventricular 

functional recovery, however this protective effect was not seen in a mouse model of 

endothelial cell specific CYP2J2 expression indicating cardiomyocytes are the main 

driving force in cardioprotection through EETs (Edin et al., 2011).  Furthermore, in an 

atherosclerosis prone apolipoprotein E-deficient mouse model CYP2J2 gene over 

expression deterred the development of high-fat diet induced atherosclerosis (W. Liu et 

al., 2016). Hypertrophy and subsequent arrhythmias are also a part of the pathogenesis 

of cardiovascular disease. Overexpression of CYP2J2 prevented cardiac hypertrophy in 

a mouse model of hypertension and the authors proposed that this protective effect was 

though EETs acting through downstream signalling pathways reducing NF-kB via 

PPAR-γ or AMPKα2 activation (B. Wang et al., 2016). CYP2J2 transgenic mice also 

had shorter action potential durations that wild type mice, however this was reversed 

with exposure to the CYP epoxygenase inhibitor MSPPOH (Ke et al., 2007).  

Although, there are many studies involving CYP2J2 overexpression there has been little 

investigation into the effect of CYP2J2 downregulation on toxicity. Preliminary, in vitro 

studies in human cardiomyocytes treated with CYP2J2 silencer siRNA showed their 

increased susceptibility to dox compared to non-silenced cells (Evangelista et al., 2018). 

This indicates CYP2J2 is directly involved in modulating stresses to the heart for 

example during ischaemia or toxicity. It has been shown that the role of CYP2J2 in 

cardioprotection is due to EET production, however further study is needed to 

investigate signalling mechanisms which are still poorly understood.  
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6.2 Aims  

Based on previous findings in the literature, it was hypothesised that astemizole acted 

via CYP2J2 to mediate its toxic effects in endothelial and HCMs. The aims of this 

chapter were to: 

To establish gene and protein expression of CYP2J2 in the EA.hy926 endothelial cancer 

cell line and human cardiac myocytes. 

To understand the potential role of CYP2J2 in astemizole toxicity through 

pharmacological inhibition and an in vitro knockdown model. 

To analyse metabolism of astemizole by CYP2J2 and whether this metabolism may be 

inhibited by the alternative CYP2J2 substrate arachidonic acid. 
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6.3 Results 

6.3.1 Expression of CYP2J2 mRNA in EA.hy926 cells and human cardiac 

myocytes: expression studies with TaqMan and SYBR Green qPCR  

 

Initial investigation of CYP2J2 with TaqMan RT-PCR showed expression of CYP2J2 

was increased in human cardiac myocytes (HCM) compared to EA.hy926 cells (figure 

6.1A). An interesting finding in EA.hy926 cells showed expression was conserved only 

in lower passages of cells ≤ 10, however at passages above p15 this expression was at 

undetectable levels (figure 6.2).  

To conduct SYBR green RT-PCR gene expression analysis of CYP2J2, firstly primers 

were designed that were specific to this gene. From the NCBI database it was found that 

CYP2J2 had no variants so primers were designed that would bind to one isoform.   

After pooling cDNA from both cell types, PCR with an annealing gradient was 

conducted to investigate the perfect annealing temperature for each combination of 

forward and reverse primers. Samples were run on an agarose gel after amplification. 

However, due to the low expression of CYP2J2 and the low detection capability of gel 

PCR, no bands were seen (figure 6.3). Due to this a Tm recommended by the 

manufacturer (69
o
C) was used for the final SYBR green experiment.  SYBR green PCR 

reflected the TaqMan PCR results showing expression was ~ 8-9 times higher in HCM 

compared with EA.hy926 cells (figure 6.1).   
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A B 

Figure 6-1 Expression of CYP2J2 mRNA in EA.hy926 cells and HCM as determined by 

qPCR with TaqMan and SYBR green detection. 

 

EA.hy926 cells and HCM were grown to 80% confluence after which they were lysed for PCR. 

(A) Gene expression measured via TaqMan probe and (B) SYBR green RT-PCR. Expression of 

mRNA was calculated from average ΔΔCT values from 3 experiments normalised against the 

housekeepers GAPDH and GPI. HCM CYP2J2 expression was then normalised to EA.hy926 

cell CYP2J2 expression. 
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A 

B 

65    66       67         68      69    70 ( C) 

Figure 6-2 TaqMan PCR amplification. 

TaqMan PCR was conducted on passage 10 (A) and 15 (B) EA.hy926 cells. A standard PCR 

protocol of 40 cycles was run and an amplification plot was produced. Housekeeper controls 

GPI (pink) and GAPDH (orange) were used to control P15 EA.hy926 cells showed 

undetectable expression of CYP2J2 (blue) compared to P10.  



Chapter 6 

118 

 

6.3.2 Effect of astemizole on CYP2J2 mRNA expression 

 

 

To further investigate the role of CYP2J2 in astemizole toxicity, cells were treated with 

‘non-toxic’ concentrations of 25µM astemizole for 6 and 24 hr to observe changes in 

CYP2J2 expression. There was no change in CYP2J2 expression at 6hr in EA.hy926 

cells (figure 6.4A) however expression was 3 fold higher after 24hr (figure 6.4B). At 

protein level the barely detectable band of CYP2J2 protein in untreated cells was 

noticeably increased by astemizole at 6 and 24 hr (figure 6.4C).  

These results were replicated with HCM with a suggestion of a similar increase in 

protein expression of CYP2J2 at 6 and 24 hr and at gene and protein level at 24 hr 

(figure 6.4D-F).  

 

 

 

 

 

 

Figure 6-3 PCR products were amplified using gradient PCR and run on a gel as 

described in 3.1.5.3  

 

CYP2J2 expression was undetectable using gel PCR so the best annealing temperature was 

ascertained according to the manufacturer. Different sets of primers were designed to each 

gene. Each gel represents a different primer combination. (A) Primer combination #10 (B) 

primer combination #11. 100bp ladder was used to estimate size of PCR products. 
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Figure 6-4 mRNA expression of CYP2J2 in EA.hy926 cells (A,B) and HCM (D,E) after 

treatment with 25µM astemizole for 6h (A,D) and 24h (B,E).  

 

EA.hy926 cells and HCM were grown to 80% confluence after which they were treated with 

25µM astemizole for 6 and 24hrs. Cells were then lysed for PCR using β actin and β2 

microglobulin as housekeeper genes. All data (mean and SEM of 5 replicates) was expressed as 

fold change ΔΔCT values. DMSO was kept at a final concentration of dilution of 0.001%.    

*P< 0.05. Western blot protein expression of CYP2J2 in EA.hy926 cells (C) and HCM (F) was 

conducted using the trueMAB mouse monoclonal CYP2J2 primary antibody from Origene. 
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6.3.3 Effect of sEH and CYP epoxygenase inhibitors on expression of CYP2J2 

mRNA and protein 

EA.hy926 and HCM cells were treated with inhibitors of sEH (t-AUCB) and CYP2J2 

(MSPPOH) in the presence or absence of astemizole. In EA.hy926 cells there was a 

trend towards a reduction in CYP2J2 expression when cells were treated with MSPPOH 

in addition to astemizole for 6 hr compared to astemizole alone, however this did not 

reach statistical significance (figure 6.5A). When cells were treated with t-AUCB in 

combination with astemizole for 6 hr this reduced CYP2J2 expression compared to 

astemizole alone, P<0.001 (figure 6.5B). Western blot also suggested a reduction in 

CYP2J2 protein when t-AUCB was added to cells treated with astemizole (figure 6.5E). 

Proof of this effect would require further experimentation.  

In HCM MSPPOH had no effect on CYP2J2 expression in cells treated with astemizole 

at either gene or protein level (figure 6C), however, there was a reduction in CYP2J2 

mRNA expression.
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Figure 6-5 Expression of CYP2J2 mRNA in EA.hy926 cells (A and B) and human cardiac myocytes (HCM) (C and D) after treatment with 25 µM 

astemizole and/or inhibitors for 6 hr. 

 

EA.hy926 cells and HCM were grown to 80% confluence after which they were treated with 25µM astemizole and/or CYP epoxygenase MSPPOH (12.5 

µM) and SEH inhibitor t-AUCB (100µM) for 6hrs. Cells were then lysed for PCR using β actin and β2 microglobulin as housekeeper genes. All data (mean 

and SEM of 5 replicates) was expressed as fold change ΔΔCT values. DMSO was kept at a final concentration of dilution of 0.001%.  Western blot protein 

expression of CYP2J2 in EA.hy926 cells (E) and HCM (F) with the presence or absence of sEHi (t-AUCB) or CYP epoxygenase inhibitor (MSPPOH). 

***P=0.005, ****P<0.0001. 
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Figure 6-6 CYP2J2 mRNA knockdown in EA.hy926 cells.  

 
Cells were treated with siRNA and lipofectamine for 24hr after which the media was changed. 

mRNA expression was measured by RT-PCR compared to  a negative scrambled control and 

lipofectamine only control. In total, cells were incubated for 3 days before being lysed for PCR. 

Results were normalised to untreated cells. Values are the mean and SEM of 3 experiments. 

Expression of mRNA was calculated from average ΔΔCT values from 3 experiments 

normalised against the housekeepers B actin and B2 microglobulin. CYP2J2 expression was 

then normalised to untreated vehicle control CYP2J2 expression. (B) Western blot protein 

expression of CYP2J2 in EA.hy926 cells after incubation for 3 days. 

 

6.3.4 Optimisation of siRNA knockdown of CYP2J2 mRNA 

To further investigate role of CYP2J2 in astemizole toxicity, an in vitro knockdown 

model was attemptedin EA.hy926 cells. Initially, lipofectamine reagent was used for 

delivery of sEH siRNA into cells. In addition to cells treated with siRNA, untreated 

cells, cells treated with lipofectamine and optimem media, a negative non-template 

control and a cell death control were included. Gene expression studies with qPCR 

showed a trend towards a decrease in mRNA expression of CYP2J2 compared to the 

negative scrambled control, however this was not statistically significant (Figure 6.6A). 

This was also suggested at the protein level with a decrease in the CYP2J2 band 

observed by western blotting; this data was taken from a single experiment and would 

require further experimentation (Figure 6.6B). 
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6.3.5 Effect of knockdown of CYP2J2 mRNA and CYP2J2 and sEH inhibitors on 

astemizole-induced cytotoxicity   

To investigate how in vitro knockdown of CYP2J2 may affect astemizole-induced cell 

death, cellular ATP was measured after knocked down cells were treated with 25 µM 

astemizole and/or inhibitors of CYP2J2 or sEH for 6 hr. Data were normalised to the 

negative scrambled siRNA control for each treatment. There was no significant change 

in ATP when CYP2J2 was knocked down compared with no knockdown indicating 

CYP2J2 protein/activity may still be present (Figure 6.7).  
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Figure 6-7 Effect of CYP2J2 knockdown and sEH and CYP2J2 inhibitors on astemizole-

induced cytotoxicity.  

 

EA.hy926 cells were cultured and treated with 10nM CYP2J2 siRNA and RNAimax 

Lipofectamine for 24hr after which the media was changed. Knockdown cells were then treated 

in the following way: (A) untreated, (B) 25µM astemizole, (C) 12.5µM MSPPOH alone, (D) 

100µM t-AUCB alone, (E) 25µM astemizole and MSPPOH and (F) 25µM astemizole and t-

AUCB. DMSO was kept at a final concentration of dilution of 0.001%. ATP content was used a 

surrogate marker of cell viability and values are the mean+SEM of 3 experiments normalised to 

the treated scrambled oligo control.  
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6.3.6 Metabolism of astemizole by cells and recombinant CYP2J2 

CYP2J2 activity was investigated in EA.hy926 cells by measuring astemizole O-

desemethylation. Evaluation of peak intensities showed no significant increase in the 

ratio of metabolite to astemizole when cells were incubated with 25µM astemizole for 

30 min, 6 hr and 24 hr compared to the astemizole drug alone without cells (figure 6.8).  

 

6.3.7 Metabolism of astemizole by recombinant CYP2J2 in bactosomes 

To further investigate whether CYP2J2 was responsible for astemizole metabolism to its 

main metabolite O-desmethylastemizole, 100µM astemizole was incubated with 

recombinant CYP2J2 bactosomes over a range of bactosome concentrations. The ratio 

of O-desmethylastemizole: astemizole increased in a concentration dependent manner 

with increasing bactosome concentration (Figure 6.9). At 2µM bactosome concentration 

the metabolite ratio was less than 2% compared with 10µM where the metabolite: 

astemizole ratio was approximately 5%.  

To manipulate this metabolism an alternative substrate for CYP2J2, AA was added to 

the reaction with a standard concentration of 10µM astemizole and 0.6pmol 

bactosomes.  O-desmethylastemizole formation decreased as AA concentration 

increased such that at the highest AA concentration metabolite was undetectable. The 

IC50 value was estimated as 75µM. 
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Figure 6-8 Metabolism of astemizole by EA.hy926 cells.  

 

EA.hy926 cells were grown to 80% confluence and incubated with 25µM astemizole for 30 

min, 6 hr and 24 hr before detached using trypin/EDTA. The pellet was resuspended in 100% 

methanol and snap freezed in liquid nitrogen. The steps were then repeated: thaw cells, pellet 

and pool supernatant into the same tube. The cell pellet was then resuspended in 250µl ice cold 

milliQ water and snap freezed in liquid nitrogen. The pooled supernatant was then centrifuged 

at 15,000g for 1 minute and transferred to a fresh tube. The supernatant was then dried using a 

centrifugal evaporator at 30⁰C. O-desmethyl astemizole was quantified via LC-MS (see section 

3.1.6) Values are the ratio of the mean of peak intensity values of O-desmthylastemizole and 

astemizole and represent the percent conversion of astemizole to o-desmethylastemizole. 

Astemizole standard was astemizole drug alone with no cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-9 Metabolism of astemizole by recombinant CYP2J2 bactosomes.   

 

(A) Metabolism of astemizole by recombinant CYP2J2 bactosomes and quantified via LC-MS. 

Bactosomes were incubated with 200mM potassium phosphate, 100mM magnesium chloride, 

100µM astemizole and 0.6pmol thawed bactosomes diluted to 1ml in water. To initiate the 

reaction, 1ml of pre-warmed NADPH generating system was added to the conical flask and 

swirled gently. The reaction was stopped with 25µl 1M hydrochloric acid after 30 mins at 

37 C.Metabolism was reduced when a competing substrate for CYP2J2, AA was added. 

Aracidonic acid concentrations varied from 10, 50,100,150 and 200µM (B). Results were 

normalised to untreated cells. Values are the ratio of the mean of peak intensity values of O-

desmethylastemizole and astemizole. Data are from a single experiment. 
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6.4 Discussion 

Investigation of expression of CYP2J2 showed it was higher in HCM than in EA.hy926 

cells. This corroborated with expression studies of CYP2J2 in human heart and 

coronary artery samples compared with other CYP epoxygenase enzymes. CYP2J2 was 

the highest expressed P450 enzyme in heart and a primary human cardiac cell line with 

10
3
 fold higher mRNA and protein expression than CYP2C9 or CYP2C8, however in 

coronary artery and aorta CYP2C9 mRNA was more abundant than CYP2J2 mRNA 

(Delozier et al., 2007, Evangelista et al., 2013). 

One novel outcome when analysing baseline gene expression in cells was that cultured 

EA.hy926 cells were shown to have diminished expression of CYP2J2 over multiple 

passages. Previously it was shown that P450 gene and protein expression and activity of 

multiple P450 enzymes (not including CYP2J2) were reduced in cultured hepatocytes 

over increased culture time compared to human liver (Rodriguez-Antona et al., 2002). 

This may lead to the conclusion that other potential CYP enzymes including CYP2J2 

may be regulated in a similar way and may be reduced in other cell types including 

those of cardiac origin. 

When investigating an annealing temperature for CYP2J2 primers in SYBR green 

qPCR, no products were detected on agarose gels with any combination of CYP2J2 

primers. CYP2J2 mRNA was later detected with the more sensitive SYBR green PCR. 

SYBR green RT-PCR has previously been compared to conventional agarose gel 

electrophoresis PCR and was found to be at least 10 times more sensitive than 

traditional gel electrophoresis detection when detecting infectious virus mRNA (Fellahi 

et al., 2016), corroborating the fact that CYP2J2 gene expression was only detected 

when using the more sensitive SYBR green method of detection. 

Treatment of both EA.hy926 cells and HCM with 25µM astemizole showed a time-

dependent increase in CYP2J2 gene expression compared to the vehicle treated control. 

This response may be due to a need for increased metabolism of the drug astemizole or 

to attenuate its toxic effects by increasing production of protective EETs. Very recently, 

adult ventricular myocytes treated with 5 or 20µM dox also showed a 2-fold increase in 

CYP2J2 expression after 24hr as well as other genes encoding for antioxidant proteins 
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indicating an increase in CYP2J2 expression may be a protective response against the 

toxic effects of dox (Evangelista et al., 2018). 

When incubated with both astemizole and CYP epoxygenase inhibitor MSPPOH both 

cell types showed no change in expression of CYP2J2. This may be the result of a short 

incubation time of 6hr where changes in gene expression could not yet be observed. 

There is little evidence in the literature investigating the effect of MSPPOH on CYP 

epoxygenase expression in the heart however, in rat proximal tubular epithelial cells 

treated with high glucose to induce a diabetes-like phenotype, inhibition of EET 

production with MSPPOH altered protein expression of CYP epoxygenase CYP2C11 

after 6hr and this was further decreased after 48hr suggesting suppression of expression 

is time dependent and may have different effects according to cell type (Eid et al., 

2013). 

In response to incubation with both astemizole and the sEH inhibitor t-AUCB for 6hr 

there was a reduction in CYP2J2 mRNA expression in EA.hy926 cells. Expression of 

sEH was previously increased in response to the same treatment indicating a possible 

link between the regulations of these genes, where t-AUCB increased expression of sEH 

yet decreased expression of CYP2J2. It is still unclear how gene expression of CYP2J2 

and sEH may be linked.  Studies have shown that CYP2J2 may be downregulated in 

HepG2 cells in response to a hypoxic environment and this is regulated by c-jun, part of 

the AP-1 transcription factor (Marden et al., 2003). Furthermore expression of CYP2J2 

in vitro in HEK293 cells activated PPARα which was also activated by CYP2J2 AA 

metabolites 8,9- and 11,12-EET (Wray et al., 2009).  

Along with pharmacological inhibition, siRNA knockdown of the CYP2J2 gene was 

also conducted to further investigate the role of CYP2J2/EETs in astemizole toxicity. A 

mixture of siRNA and lipofectamine as the transfection reagent was used to increase the 

efficiency of transfection. In addition a negative scrambled control and a cell death 

control was added to each cell plate to make sure transfection was efficient. The cell 

death control showed dead, floating cells after the 3 day incubation with siRNA 

indicating cells had taken up the siRNA (figure 6.10). 
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Figure 6-10 EA.hy926 cells treated with cell death siRNA after 3 days. X100 

magnification. 

 

EA.hy926 cells were grown to 80% confluence and treated with 20nM AllStars cell death 

siRNA and RNAimax lipofectamine in optimem media for 24hr after which the media was 

changed. Images were taken after 3 days with brightfield microscopy.  
 

However, although a reduction in CYP2J2 gene and protein was found there was still 

protein detected indicating CYP2J2 activity may still be present. When these transfected 

cells were then treated with astemizole and/or inhibitors of CYP2J2 and sEH there was 

no change in ATP. Further work into investigation of optimisation of CYP2J2 siRNA 

knockdown may include incubating cells with siRNA for different timepoints as well 

using different modes of siRNA delivery into cells such as electroporation. A similar 

experiment done in adult ventricular myocytes using the cardiotoxic drug doxorubicin 

incubated cells with Trilencer siRNA and lipofectamine reagent for 3 days and 

evaluated knockdown by PCR. PCR showed a significant knockdown of CYP2J2 gene 

of ~90%. Investigating cell viability with a treatment with doxorubicin for 24hr showed 

a reduction in viability of ~50% compared with scrambled control (Evangelista et al., 

2018). This suggests the 3 day protocol may be an appropriate timepoint to use for 

CYP2J2 knockdown, however different siRNA targeting multiple sites may be needed 

to fully knockdown the gene and protein. A 3 day siRNA incubation with 4 non-

targeting sequences was also used in the MC47 breast cancer cell line which showed a 

complete knockdown of the gene as indicated with PCR (Mitra et al., 2011). However, 

when investigating potential pathological mechanisms of homocysteine in SMMC7721 

cancer cells, cells were incubated with CYP2J2 siRNA and lipofectamine for 8hr (D. 
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Zhang et al., 2017). This showed a reduction in CYP2J2 gene expression by ~50% 

compared to control suggesting timepoints may vary possibly with cell type and type of 

siRNA. 

To study the metabolism of astemizole by CYP2J2, EA.hy926 cells were incubated with 

25µM astemizole for 30min, 6hr and 24hr. Using LC-MS the peak intensity of the O 

demethylated metabolite was determined. However, there very low detectable 

metabolism of astemizole seen at all timepoints. There may be many limitations of 

studying drug metabolism of astemizole in EA.hy926. As these cells are an endothelial 

cell line they are not primarily responsible for drug metabolism and therefore may lack 

some of proteins involved in drug metabolism. For example, there may be produce 

insufficient levels of NADPH cytochrome P450 reductase (CPR) that enable P450 

enzymes to function. Furthermore, it is already known these cells have much lower 

expression of P450 enzymes than the heart (Delozier et al., 2007). A cell type such as 

human cardiac myocytes which have higher expression of CYP2J2, subsidised with the 

relevant proteins and enzyme systems they lack may be more adequate in showing 

metabolism of astemizole by CYP2J2. 

To further investigate the role of CYP2J2 in astemizole drug metabolism a bactosome 

system with recombinant expression of CYP2J2 was found to be efficient in 

metabolsing astemizole to O-desemthylastemizole indicating CYP2J2 activity was 

active in this system. To further manipulate metabolism AA was added which would 

potentially inhibit drug metabolism. AA was shown to inhibit astemizole drug 

metabolism in a concentration dependent way. Indeed Matsumoto et al (2002) showed 

that CYP2J2 substrates arachidonic acid (AA) and ebastine significantly inhibited 

astemizole O-demethylation in human small intestine and in vitro for recombinant 

CYP2J2 (Matsumoto et al., 2002). This suggests a protective mechanism of EET 

production predominates over toxic drug metabolism. Further work into drugs other 

than astemizole would be useful in understanding the role of CYP2J2 in balancing both 

exogenous and endogenous metabolism.  

Future advances may be made by investigating CYP2J2 expression in cells other than 

heart such as primary endothelial cells, smooth muscle cells and fibroblasts which may 

be beneficial to understand the localisation of CYP2J2 in the heart.  
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It may also be of interest to show how over expression of CYP2J2 may protect against 

astemizole toxicity. Over expression of the CYP2J2 gene has already shown to be 

protective in a variety of animal models of disease so it may be feasible to suggest that 

protection may also be afforded against astemizole toxicity (Ma et al., 2013, W. Liu et 

al., 2016, Deng et al., 2011, J. Seubert et al., 2004).  
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Chapter 7 Investigation of biomarkers of astemizole induced 

cardiotoxicity 
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7.1 Background 

Extracellular vesicles can be released by eukaryotic and prokaryotic cells into the 

extracellular environment (Yáñez-Mó et al., 2015) and can be classified into 3 main 

types, exosomes, microvesicles and apoptotic bodies which are differentiated according 

to their size, lineage and function (Valadi et al., 2007). 

Exosomes, the smallest of these with a size of around 30-150nm, are secreted by most 

cells types and are present in biological fluids including blood, urine and culture 

medium (van der Pol et al., 2012). They are enclosed in a lipid membrane and are 

released by exocytosis by two main mechanisms, either through the classic or direct 

pathway. The classic pathway involves the production of intraluminal vesicles (ILVs) 

within the multi vesicular endosomes (MVEs). When MVEs fuse with the cell 

membrane the ILVs or exosomes are released. Alternatively, the direct pathway 

involves the direct fusion of vesicles with membrane where they are released as 

exosomes (van der Pol et al., 2012). 

Exosomes carry unique substances including proteins, mRNA and miRNA which can 

then function as signalling mediators, crossing the cell membrane to transfer 

information to nearby cells (Boriachek et al., 2018). Proteins within exosomes are 

unique to the cell they originate from. The protein content of exosomes include 

transmembrane and membrane transport proteins, proteins involved in apoptosis, those 

involved in transporting exosomes and enzymes involved in intracellular signalling such 

as GTPase which promotes the fusion of membranes (Boriachek et al., 2018). In 

addition to proteins, RNA is transported in exosomes and translated to proteins within 

target cells thus potentially manipulating chemical signalling processes within the cell. 

It’s unclear what mechanisms are involved in dictating which RNA sequences are found 

in exosomes, however studies have found the presence of short sequence motifs 

(EXOmotifs) on miRNA may be involved in the encapsulation and exportation into 

exosomes. Exosomes are also able to transport lipids such as cholesterol, sphingolipids 

and prostaglandins to target cells (Boriachek et al., 2018).  

Due to the role of exosomes in modulating major cell processes it’s not surprising that 

they have been shown to modulate the pathology of cancer (Skog et al., 2008), 

infections (Pegtel et al., 2010), cardiovascular disease (Kuwabara et al., 2011) and 

cardiotoxicity (Yarana et al., 2017). Microparticles such as exosomes have been found 
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as effectors of cardiovascular inflammation by transporting bioactive molecules, leading 

to an increase in adhesion molecules and cytokine release. For example, investigation of 

microparticles produced from angiotensin-activated endothelial cells showed an 

increase in ROS formation. Furthermore, when thrombin upregulated TNF-related 

apoptosis-inducing ligand (sTRAIL), this increased release of exosomes from human 

umbilical vein endothelial cells (HUVECs) leading to increases in inflammatory 

regulators such as ICAM-1 and IL-8. (Andriantsitohaina et al., 2012) Exosomes isolated 

from hypertensive patients attenuated proliferation of endothelial cells and increased 

cellular sensenescence compared to individuals with hypertension and normal 

albuminuria (Berezin et al., 2015). A high number of exosomes have also been 

associated with atherosclerosis and myocardial infarction compared to healthy controls 

indicating exosomes may be promising biomarkers for cardiovascular disease 

(Tushuizen et al., 2011).  

Recently their role has also been studied in drug induced toxicity. Investigation of 

extracellular vesicles from hepatocytes treated with hepatoxic drugs such as 

acetaminophen and diclofenac showed drug specific increases in several mRNA coding 

for proteins including albumin, guanine nucleotide binding protein (G protein), beta 

polypeptide 2-like 1 (Gnb21) and retinol binding protein 4 (RBp4). In addition, analysis 

of miRNA in patients with acetaminophen toxicity showed specific changes in their 

miRNA profile compared to healthy controls. Of all the miRNAs, MiR-122-5p 

increased substantially and was shown to be more sensitive than alanine 

aminotransferase (ALT) in reporting liver injury (Palomo et al., 2018). Similarly 

biomarkers of doxorubicin induced cardiotoxicity were also assessed in extracellular 

vesicles released by cardiomyoyctes in a dox-induced cardiotoxicity mouse model. Dox 

treated rats had increasing circulating exosomes compared with controls. Proteomic 

analysis showed the presence of brain/heart, skeletal muscle and liver glycogen 

phosphorylase (PYGB) which correlated with a reduction in PYGB in the heart. 

Furthermore, the extracellular vesicles containing PYGB were released before cardiac 

troponin in response to dox related injury indicating this may be a sensitive biomarker 

to detect early tissue injury (Yarana et al., 2017). Thus, it is realistic to suggest 

astemizole toxicity may also increase exosomes in vitro and may be investigated for 

possible biomarkers. 
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The gold standard of exosome isolation is differential centrifugation which requires low 

speed centrifugation to remove cells and apoptotic bodies, a high speed spin to abolish 

larger vesicles and high speed centrifugation to precipitate exosomes. However this 

form of exosome isolation has reduced sample purity and increasing contamination with 

larger artefacts. Another more recent method is size exclusion chromatography which 

relies on porous polymer beads in a column to separate protein molecules according to 

thier size. As the samples passes through the column it is collected in fractions for 

further analysis. Size exclusion chromatography has been shown to remove most of the 

abundant proteins contained in body fluids, as well as maintaining structure and 

conformation of exosomes increasing the purity and viability of the sample (Gámez-

Valero et al., 2016).The quantification of microparticles can be done with nanoparticle 

tracking analysis which simultaneously determines the size and number of particles by 

light scattered from each particle in motion. It overcomes many of the limitations of 

other techniques of analysis as it is relatively quick and easy and is more sensitive 

towards smaller molecules (Dragovic et al., 2011).  

7.2 Aims  

To isolate and investigate exosome release from EA.hy926 cells after astemizole 

induced toxicity and compare with this exosome release from other cardiotoxic and 

non-cardiotoxic drugs. 

7.3 Results  

7.3.1 The effect of serum free media on EA.hy926 cells treated with astemizole  

To investigate exosomes released in response to astemizole, the use of serum free media 

was pertinent to minimise contamination from proteins in serum including albumin. 

Therefore, firstly cells were incubated with astemizole at timepoints of 24,48 and 72hr 

with FBS serum or serum free DMEM media. With serum media there was no change 

cell viability as measured with trypan blue staining (figure 7.1A). However, when cells 

were incubated with serum free media there was a marked reduction in cell viability at 

both 48 and 72hr compared to the DMSO control. This was more prominent at 72hr 

where there was reduction in cell viability of ~20% (figure 7.1B). 
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Figure 7-1 The effect of serum free media on EA.hy926 cells.  

 

EA.hy926 cells were grown to ~80% confluence and cultured in serum supplemented media 

(A) or serum free media (B) for 24, 48 and 72hr. Cell viability was assessed using trypan blue 

cell stain. Values are the mean and SEM of 3 experiments normalised to serum cells. 

 

 

 

 

 

 

 

 

Once a suitable timepoint had been found, an appropriate concentration of astemizole 

was investigated which would give release of exosomes but would not be toxic to cells. 

Therefore, lower concentrations of astemizole between 5-25µM were used to investigate 

cell viability and then release of exosomes. Investigation of cell viability showed a 

concentration dependent decrease in cell viability with a stark decrease in viable cells 

from 10, 15 and 25µM. Therefore, a concentration between 2-10µM was used to further 

investigate particle concentration and specifically exosomes stimulated from EA.hy926 

cells (figure 7.2).  
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Figure 7-2 The effect of astemizole on EA.hy926 cell viability 

 

 EA.hy926 cells were grown to ~80% confluence and twere treated with 5, 10, 15 and 25µM 

astemizole for 24hr in serum free media. Cell viability was assessed using trypan blue cell 

stain. Values are the mean and SEM of 3 experiments and were normalised to the DMSO 

control which was kept at 0.01%.  

 

 

 

 

 

 

 

 

The NanoSight nanoparticle tracker was used to determine the concentration and size of 

particles in media from EA.hy926 cells stimulated with astemizole. Exosomes are 

typically between 30-100nm (van der Pol et al., 2012). With larger particles being larger 

microvesicles and apoptotic bodies. From the graph, it was proposed that untreated cells 

and lower concentrations of astemizole between 2-4µM gave mostly larger particles 

>100nm indicating a lower concentration of exosomes. However at samples treated with 

6, 8, 10µM there was a peak in concentration of particles at a lower particle size 

<100nm as well as at larger particle sizes indicating a mixture of both small and larger 

microparticles present in the sample (figure 7.3A). In addition, the NanoSight identified 

that the concentrations of particles increased in a concentration dependent way 

proportional to increased concentrations of astemizole (figure 7.3B). 
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Figure 7-3 Particle size distribution (A) and particle concentration (B) in cells treated 

with varying concentrations of astemizole for 24hr.  

 

EA.hy926 cells were grown to ~80% confluence after which they were treated with varying 

concentrations of astemizole (2, 4, 6, 8 10µM) for 24hr in serum free media. The media was 

then obtained and used for NanoSight analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To further isolate exosomes from larger microparticles, a size exclusion 

chromatography column was used which utilised porous polymer beads to separate 

molecules according to size with larger molecules traveling faster down the column and 

smaller molecules isolated later. An astemizole concentration of 10µM was used as this 

had shown to stimulate the release of smaller exosomes as well as an untreated vehicle 

control sample. 25 1ml fractions were collected for each sample and analysed using the 

NanoSight to determine the concentration of exosomes and purity of the sample. 

Astemizole 

concentration 
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Media from astemizole treated cells showed that the highest concentration of particles 

were seen at fractions between 6 and 12 indicating these fractions may have an 

increased concentration of exosomes, however at the earlier and later fractions there 

was hardly any particles detected (figure 7.4B).  Fraction 8,9,10 and 11 also gave a peak 

concentration of particles at a smaller particle size indicating these fractions yielded the 

most exosomes. However all fractions analysed had a peak at larger particle sizes 

indicating contamination with larger particles (figure 7.4A).  Fractions from untreated 

samples showed a lower concentration of particles compared with treated cells with the 

highest equivalent particle concentration at fraction 12, 13 and 14 peaking at around 2 

to 3 compared to treated cells with a peak concentration of between 12 and 14 (figure 

7.4D). This was further seen when investigating the size distribution of particles in each 

fraction. The peak concentration of all fractions were low and veered towards the bigger 

particle sizes indicating cells may not be stimulated to release exosomes (figure 7.4C). 
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Figure 7-4 Particle size distribution and particle concentration in cells treated with 

astemizole and untreated EA.hy926 cells. 

 

EA.h926 cells were grow to ~80% confluence and treated with 10µM astemizole (A,B) in 

serum free media or untreated serum free media (C,D) for 24hr. The media was then isolated 

and used for NanoSight analysis. 

 

7.3.2 The effect of serum free media on EA.hy926 cells treated with doxorubicin  

To understand whether the effects seen with cells stimulated with astemizole was a drug 

specific effect, another cardiotoxic drug, doxorubicin was utilised. Firstly, an 

appropriate concentration was investigated which would give release of exosomes but 

would not be toxic to cells. Therefore, lower concentrations of dox between 5-25µM 

were used to investigate cell viability and then release of exosomes. Investigation of cell 

viability showed a ~20% decrease when cells were treated with dox at any 
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concentration between 5-25µM indicating toxicity was not concentration dependent 

(figure 7-5). Therefore, a lower concentration range between 2-10µM was used to 

further investigate particle concentration and specifically exosomes stimulated in 

EA.hy926 cells.  
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Figure 7-5 The effect of doxorubicin on EA.hy926 cell viability 

 

 EA.hy926 cells were grown to ~80% confluence and were treated with 5, 10, 15 and 25µM dox 

for 24hr in serum free media. Cell viability was assessed using trypan blue cell stain. Values are 

the mean and SEM of 3 experiments and were normalised to the DMSO control which was kept 

at 0.01%.  

 

Stimulation of cells with dox between 2-10µM did not show a concentration dependent 

increase in particles as with astemizole. A 2 fold increase in particle concentration was 

seen at 2 and 10µM dox with all other concentrations showing a modest increase in 

particle concentration compared to untreated (figure 7.6A). Further investigation of the 

particle size distribution of particles within each sample showed all samples had a 

similar size distribution and peak particle concentration. Furthermore, compared to 

astemizole there was a shift in particle size distribution to the right when EA.hy926 

cells were treated with dox with larger particles (>100nm) predominating within each 

sample.  This suggested that dox was not stimulating the release of exosomes or at least 

not to the extent of astemizole (figure 7.6B). 
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Figure 7-6  Particle size distribution (A) and particle concentration (B) in cells treated 

with varying concentrations of doxorubicin for 24hr.  

 

EA.hy926 cells were grown to ~80% confluence after which they were treated with varying 

concentrations of dox (2, 4, 6, 8 10µM) for 24hr in serum free media. The media was then 

obtained and used for NanoSight analysis. 
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To further investigate whether dox was releasing exosomes and to isolate them from 

larger microparticles, a size exclusion chromatography column was used. A 

concentration of 2µM was used as this was non-toxic and had increased the 

concentration of microparticles previously.  25 1ml fractions were collected for each 

sample and analysed using the NanoSight to determine the concentration of exosomes 

and purity of the sample. 

Media from dox treated cells showed a large size distribution curve suggesting that 

although separation through the column had occurred there was still contamination with 

different microparticles.  However, compared to untreated cells there was an increase in 

overall particle concentration suggesting dox may stimulate the release of micoparticles 

and possibly microsomes (figure 7.7) 
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Figure 7-7 Particle size distribution and particle concentration in cells treted with dox and 

untreated EA.hy926 cells. 

 

EA.h926 cells were grow to ~80% confluence and treated with 2µM dox (A,B) in serum free 

media or untreated serum free media (C,D) for 24hr. The media was then isolated and used for 

NanoSight analysis. 

 

7.3.3 The effect of serum free media on EA.hy926 cells treated with loratadine 

To investigate whether the release of exosomes was an effect seen only with cardiotoxic 

drugs a non cardiotoxic drug, loratadine, from the same family as the anti-histamine 

astemizole was investigated for its exosome releasing effects. Firstly, an appropriate 

concentration was investigated which would give release of exosomes but would not be 

toxic to cells. As loratadine had none of the reported toxic effects of astemizole, initially 

a higher concentration range between 12.5-100µM was used to investigate cell viability 

in serum free media. However these concentrations were too toxic for EA.hy926 cells in 

serum free media (figure 7.8) and so a lower concentration range between 5-25µM was 

assessed. This concentration showed a concentration dependent decrease in cell viability 

with increasing concentrations of loratadine. A 20% decrease in cell viability compared 

with vehicle control was seen at 10µM. At higher concentrations cell viability was 
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Figure 7-8 The effect of loratadine on EA.hy926 cells over different concentrations at 

24hr. 

  

EA.hy926 cells were grown to ~80% confluence and were treated with concentrations ranging 

from 12.5-100µM (A) and 5-25µM  (B) loratadine for 24hr. Cell viability was assessed using 

trypan blue cell stain. Values are the mean and SEM of 3 experiments and were normalised to 

the DMSO control which was kept at 0.01%. 

 

 

 

negligible. However, 5µM loratadine showed a promising preservation of cell viability 

compared to DMSO control, therefore a low concentration range of between 2-10µM 

was used to assess the concentration of microparticles and potential presence of 

exosomes (figure 7.8).   

 

 

 

 

 

 

 

 

 

Media from cells treated with Loraratadine showed microparticles levels lower than 

both astemizole and dox and no change in the equivalent particle concentration over 

increasing concentrations indicating there was no release of extra microparticles in 

response to loratadine. Size distribution curves showed a wide particle distribution size 

for all concentration apart from 10µM which showed a peak at particle size between 29-

100nm indicating at the potential presence of exosomes at 10µM (Figure 7.9).   
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Figure 7-9 Particle size distribution (A) and particle concentration (B) in cells treated with 

varying concentrations of loratadine for 24hr.   

 

EA.hy926 cells were grown to ~80% confluence after which they were treated with varying 

concentrations of loratadine (2, 4, 6, 8 10µM) for 24hr in serum free media. The media was then 

obtained and used for NanoSight analysis. 
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7.4 Discussion 

The NanoSight nanotracking analysis device was found to be good predictor of 

microparticle size and concentration in cell culture media samples. Samples with higher 

microparticle concentrations generally correlated with increased exosome 

concentrations which were indicated by the size distribution curve peaking at a lower 

particle size, thus the NanoSight was a good indication of whether exosomes may be 

present in the sample.  However it is important to note that in addition to exosomes, low 

density lipoproteins such as chylomicrons (100-600nm) and very low density 

lipoproteins (VLDL) (30-80nm) may contaminate samples and cause false positive 

results on the NanoSight. 

Size exclusion chromatography was used to increase the purity of the cell culture media 

and exclude larger particles leaving exosomes. In theory this should yield a higher 

exosome concentration meaning there may be a lower concentration of overall 

microparticles but the size distribution curve would indicate more particles in the 30-

100nm range. However, size exclusion chromatography column did not increase the 

exosomes yield as hoped. Although it has shown to perform well in isolating larger 

plasma proteins from plasma samples, size exclusion chromatography does have several 

limitations which may compromise the purity of the sample and the lower concentration 

of exosomes isolated. Firstly, isolation of exosomes is limited by the pore size of the 

matrix used. For example CL-2B Sepharose has a pore size of 70nm which means it can 

only isolate vesicles larger than this size. Exosomes range from 30-100nm which means 

smaller exosomes may not be isolated efficiently. Furthermore, due to the manual 

collection of sample fractions from the column there may be variability between 

samples due to human error.  The samples are also diluted as they pass through the 

column often leading to a reduced, less concentrated yield of exosomes (Stranska et al., 

2018). 

To enhance the exosome yield from cell culture media a previous ultrafiltration step 

may be used to exclude larger particles. This was shown by Benedikter et al (2017) who 

showed culture media samples which had undergone ultrafiltration and size exclusion 

chromatography had a higher yield and EV-to-protein ratio compared to ultra-

centrifugation alone (Benedikter et al., 2017). In addition to size exclusion 

Particle size 

(nm) 
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chromatography, other size exclusion techniques may be more efficient at separating 

exosomes. A new method is the membrane affinity spin column method which works 

on the principle that distinguishes exosomes by the biochemical features of vesicles and 

was shown to produce a purer sample than size exclusion chromatography alone 

(Stranska et al., 2018).  

Astemizole increased microvesicle release in a concentration dependant way with an 

increase in exososomes specifically at higher concentration of 10µM suggesting 

exosomes may be involved in the pathogenesis of astemizole toxicity or at least may be 

used as a biomarker at sub-toxic concentrations.  

Doxorubicin increased concentrations of extracellular vesicles compared to untreated 

cells, however this was not concentration dependent. Furthermore, the size distribution 

did not show an increase in exosomes. In vivo studies in rats have previously shown 

increased circulating exosomes compared with controls (Yarana et al., 2017). However 

due to the differences between in vitro and ex vivo models there may be variances 

between exosome release and concentrations. Furthermore, astemizole and dox may be 

illiciting toxicity through different mechanisms. For example in a study related to drug 

induced liver injury illicited by acetaminophen, there was no increase in exosomes ex 

vivo in rats or in vitro in primary human hepatocytes. However, the concentration of 

exosomal albumin mRNA and mIR-122 were increased. Both these exosomal contents 

have been shown to trigger immunoligcal responses in other cell types (Holman et al., 

2016). This suggests that an increase in exosome concentrations may not be a direct 

indicator of toxicity; rather it may be more pertinent to investigate exosomal contents 

which may be involved in toxicity. 

A non toxic drug loratadine was used a potential control to investigate if an increase in 

exosomes were toxicity dependent. Loratadine showed a decrease in extracellular 

vesicle concentration at all concentrations, and this was not concentration dependent. 

However, similar to astemizole, loratadine showed a difference in subsets of 

extracellular vesicles with higher concentrations of the drug producing high exosome 

contents. Both astemizole and loratadine are H1 antihistamines which may suggest why 

they have a similar exosome profile albeight with different levels of exososmes.  



Chapter 7 

150 

Further work with proteomics and PCR arrays to identify changes in specific proteins 

and RNA may identify biomarkers of toxicity common between astemizole and dox 

which do not change with non-toxic drugs such as loratadine.  
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Chapter 8 General discussion and future work 

The aim of this study was to investigate the role of CYP2J2 in regulating drug induced 

toxicity through potential EET formation and drug metabolism. An in vitro cell model 

was established in a relevant cell type to measure cellular and biochemical changes 

associated with astemizole drug induced toxicity. The effects of EET modulation on 

toxicity were also investigated. From this work, further work extends towards 

investigating EET formation and quantification of EETs in response to toxicity in vitro 

and uncovering future biomarkers for the detection of early toxicity. 

8.1 EA.hy926 cells and human cardiac myocytes (HCM) as an in vitro model to 

study the cellular effects of drug toxicity 

Both EA.hy926 cells and HCM showed classic phenotypic characteristics of endothelial 

cells and human cardiac myocytes respectively. However as EA.hy926 cells are a 

cancer cell line, cells showed increased replication. This allowed them to be easier to 

conduct experiments on but may have compromised thier cellular integrity particularly 

after higher passages. Furthermore, the commercially bought HCM cell line did not beat 

and so did not share all functional characteristics with primary human cardiac myocytes. 

Gene and protein expression showed the presence of CYP2J2 and sEH, two if the most 

fundamental enzymes in the regulation of EET production. Gene expression was higher 

in HCM than in EA.hy926 cells and so allowed comparison between cell types.  

Investigating cell viability in both cell types in response to varying concentrations of 

astemizole toxicity showed consistent changes in ATP, caspase and LDH suggesting 

these cells were worthy of  investigating structural toxicity. Current drug testing for 

astemizole has tested toxicity only in the context of hERG channel inhibition (Z. Zhou 

et al., 1999) which does not take into context other biochemical changes. Furthermore, 

pharmacutical companies usually use animal derived cells or ex vivo studies which do 

not fully represent toxicity in man. It is therefore pertinent that an in vitro cell model 

which is physiologically relevant to humans and can be manipulated for study is 

investigated  

Due to the drawbacks of using animals for drug testing and the increased number and 

diversity of compounds that need to be tested in recent years, the occurrence of research 
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into new in vitro paradigms has become more pronounced, leading the way to new high-

throughput and physiological accurate in vitro drug testing models. 

To tackle the downside of the current in vitro cultures new 3D cultures and perfusion 

cultures are being developed. Current 2D test cultures, although relatively inexpensive, 

can result in false results when predicting tissue-specific responses due to limited cell-

cell and cell-matrix interactions (Basu and Yang, 2005). Various 3D cultures have been 

developed to combat this. 3D cultures are multi-layer cells or aggregate clusters in a 3D 

scaffold (S. T. Yang et al., 2008). 3D cultures show morphology very similar to in vivo 

allowing for more accurate analysis of cell-cell interactions, cell migration and cell-

morphogenesis. Overall they can repeat the in vivo cellular responses to drug treatment 

and have potential to be a superior platform for drug toxicity testing (S. T. Yang et al., 

2008).  Widely used static cultures do not fully correlate with conditions in vivo and 

cannot support long term cell culture as they often become contaminated. With 

microfluidic technology, perfusion cultures have been generated which are modified 

multiwall plates with the integration of microfluidic systems (Lob et al., 2007). These 

systems can maintain the cell culture for longer allowing for the evaluation of long term 

drug effects.  As well as this, microchannels keep conditions more stable as cells are 

constantly being provided with nutrients and waste is constantly removed. In regards to 

toxicity screening, microfluidics can be used to generate gradients of drug 

concentrations (M. Wu et al., 2010).  The combination of both 3D culture and 

microfluidics characteristics would also be desirable and various natural and synthetic 

hydrogels have been incorporated into microfluidic cell culture systems to support cells 

in 3D (Zang et al., 2012). Wen et al developed a microbioreactor assay that has the 

capability of perfusion of high density 3D cell culture. Cell proliferation is measured 

non-invasively and time dependently through a plate reader (Wen et al., 2010). 

The types of cells used are just as important and many drug companies are veering 

towards a more common cell type to be used for all kinds of toxicity testing. Human 

derived cells are fast becoming a must for in vitro drug toxicity testing as they provide a 

more realistic interpretation of toxicity in man and express the same drug metabolising 

enzymes and drug transporters. In this way they overcome the limitations of animal 

models. Induced pluripotent stem cell derived cardiomyocytes (iPSC-CMs) are a recent 

breakthrough in the formation of physiologically relevant cell lines. These cells are 

derived from mature human cells which have been reverted back to their stem cell 
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Figure 8-1 High content biology used to analyse structure and function. 

 

High content biology used to analyse structure and function of hESC-CMs (A and B) and H9c2 

cells (C and D) after treatment with 0.5% DMSO (vehicle) and 0.16μM Sunitinib Malate 

(Pointon et al., 2013). 

phenotype before being differentiated into cardiomyocytes. The advantages of these 

cells are that, compared with human embryonic stem cell derived cardiomyocytes 

(hESC-CM), they have no ethical issues associated with their use and they allow 

generation of PSCs and their derivatives from any individual of choice (Davis et al., 

2011). In addition to this, iPSC-CMs could also increase the safety and predictability of 

repeat dose testing (RDT), an integral part of the drug safety screening. Currently RDT 

is done in vivo, in rodent and non-rodent animals which commonly give false negative 

results, however, in vitro testing protocols using PSC-CMs are very complimentary to 

the existing RDT procedures as they allow many of the same endpoints to be analysed. 

These include action potential parameters, metabolic activity, and energy content and 

intracellular calcium handling (Laustriat et al., 2010). Already multi electrode arrays are 

being used to measure action potentials as well as fluorescence imaging plate reader 

(FLIPR) for calcium flux. High content biology has also been used for the analysis of 

structural cardiotoxicity as seen in fig 8.1. (Pointon et al., 2013).  

Future in vitro testing may include a step to investigate not only early toxicity but also 

potential protection with protective EETs, thus allowing potential application of these 

protective EETs in protecting againist unknown side effects of drugs. 
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8.2 Mechanism of CYP2J2/ EETs in regulating astemizole induced toxicity  

Inhibition of EET production through either pharmacologically inhibiting CYP2J2 or 

PLA2 did not exacerbate astemizole toxicity as expected. Instead, there was an increase 

in ATP which was also corroborated by Hoechst nuclear staining showing an increase in 

viable cells. This unexpected finding may therefore be the result of a non-specific cell 

stress response leading to increases in ATP in cells. Another conclusion may include the 

involvement of AA in producing a toxic intermediate compound from astemizole 

leading to cell death. Inhibiting AA release through pharmacological inhibition of PLA2 

may reduce cell death independent of the inhibition of EET production. MSPPOH is a 

non-specific CYP epoxygenase inhibitor and is able to inhibit other P450 enzymes 

which may lead to non-target effects. For example CYP2C9 a CYP epoxygenase 

present in human cardiomyocytes and endothelial cells has the ability to increase ROS 

production which have detrimental effects including inducing apoptosis and 

mitochondrial damage. As EETs and ROS, they may modulate cardiovascular disease 

and cardiotoxicity (Chaudhary et al., 2009). 

Gene and protein expression correlated with this hypothesis with no change in 

expression of CYP2J2 when cells were incubated with both astemizole and CYP 

epoxygenase inhibitor MSPPOH compared with astemizole alone. Treatment of both 

EA.hy926 cells and HCM with 25µM astemizole showed a time-dependent increase in 

CYP2J2 gene expression compared to the vehicle treated control. This may be the result 

of a short incubation time of 6hr where changes in gene expression could not yet be 

observed. There is little evidence in the literature investigating the effect of MSPPOH 

on CYP epoxygenase expression in the heart however, in rat proximal tubular epithelial 

cells treated with high glucose to induce a diabetes-like phenotype, inhibition of EET 

production with MSPPOH altered protein expression of CYP epoxygenase CYP2C11 

after 6hr and was this further decreased after 48hr suggesting suppression of expression 

is time dependent and may have different effects according to cell type (Eid et al., 

2013). In response to incubation with both astemizole and the sEH inhibitor t-AUCB for 

6hr there was a reduction in CYP2J2 mRNA expression in EA.hy926 cells. Expression 

of sEH was previously increased in response to the same treatment indicating a possible 
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link between the regulations of these genes, where t-AUCB increased expression of sEH 

yet decreased expression of CYP2J2.  

Increasing the production of EETs through inhibition of sEH protected cells from cell 

death and preserved cell viability induced by astemizole. This protective effect was 

replicated when cells were treated with exogenous 11,12-EET suggesting increasing 

available EETs protects against toxicity in vitro. Gene and protein expression showed 

that in HCM where there was a reduction in sEH expression when cells were treated 

with astemizole, incubation with both astemizole and MSPPOH or t-AUCB increased 

sEH expression levels back to control levels. In EA.hy926 cells however the same 

treatment did the opposite, reducing sEH expression closer to vehicle control levels. 

This suggests that inhibiting CYP2J2 or sEH does affect sEH expression and may be 

involved in homeostatically regulating sEH expression providing further evidence that 

these genes may be linked.  

8.3 Exosomes and future biomarkers of drug induced cardiotoxicity 

Drug induced cardiotoxicity accounts for many new drugs failing in the pre-clinical and 

clinical phase of drug testing. Currently cardiotoxicity is monitored by cardic imaging 

techniques and serum protein biomarkers such as CK, LDH and cardiac troponin.  

However recent advances in exosome derived miRNA molecules have shown they may 

be early indicators of drug cardiotoxicity (W. Wang et al., 2015). For example increased 

levels of plasma miR-208 were seen in rats with isoproterenol-induced myocardial 

injury and was shown to be better than cardiac troponin in detecting toxicity earlier (Ji 

et al., 2009). In addition to cardiotoxicity their use in cardiovascular disease has shown 

that in myocardial infarction there were increased levels of miR-1, miR-133 and miR-

499 in patients within 4hr compared to healthy controls. Furthermore, miR-423-5p has 

been shown to be a good predictor of heart failure in patients (Tijsen et al., 2010). The 

work in this study has shown increased levels of exosomes compared to untreated cells 

and a non-cardiotoxic drug after 24 hr. This may lead to further work into investigating 

specific biomarkers that can detect effectively drug toxicity, possibly in animal models 

of toxicity. 
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