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ABSTRACT 

 

THE ROLE OF CTP: PHOSPHOETHANOLAMINE 

CYTIDYLYLTRANSFERASE (PCYT2) IN DEVELOPING MALE-SPECIFIC 

DIABETIC CARDIOMYOPATHY 

 

 

Poulami Basu                                                                                    Advisor   

University of Guelph, 2015                                                      Prof. Marica Bakovic  

 

Phosphatidylethanolamine (PE) is the most abundant inner membrane 

glycerophospholipid, involved in many biological functions.  De novo PE synthesis is 

regulated by the enzyme Pcyt2.  Pcyt2
+/-

mice have reduced PE synthesis and perturbed fatty 

acid metabolism, and develop hyperlipidemia, obesity, systemic insulin resistance and 

hypertension. Older Pcyt2
+/- 

males specifically accumulate heart lipids, develop hypertension 

and cardiac hypertrophy,  express up regulated genes for hypertension (Ace) and reduced 

cardiac fatty acid uptake (CD36 deficiency), reduced testosterone and cortisone levels, 

increased reactive oxygen species production and ώ -6 polyunsaturated fatty acid. These 

cardiometabolic changes lead towards cardiac dysfunction in males. In contrast, Pcyt2
+/-

females have smaller amounts of heart lipids, CD36 deficiency, low Ace and a high level of 

cardio-protective DHA. These changes together protected Pcyt2
+/-

females from cardiac 

dysfunction with underlying conditions of chronic obesity and insulin resistance. Our data 

identify Pcyt2 and membrane PE biogenesis as one of the determinants of gender related 

differences in cardiac lipid metabolism and cardiac function.  

Left ventricular hypertrophy is important predictors of heart failure. Gender dependent 

differences of Pcyt2
+/-

 hearts, in the regulation of gene expression, that regulate the heart 

protein synthesis (mTOR STAT5 and Camk), ion transport (Kv1.5, and SCN5A) to the heart 

structure and apoptosis (Calpain 9 and cascase 2), demonstrate the functional adaptations 



 

 

during the male specific hypertrophy and the female specific heart protection under conditions 

of Pcyt2 deficiency and general insulin resistance. Down regulation of MiR-28 and negative 

regulation of p53 by miR-504 and the over expression of MiR-146 in Pcyt2 deficient female 

heart indicate towards their protective roles against cardiac hypertrophy. We conclude that 

female Pcyt2
+/-

 animals, despite having the deregulated PE homeostasis, as their male 

counterpart, are protected from cardiac hypertrophy and associated cardiac problems, in part 

because of their genetic constituents.  

Our study is unique to identify Pcyt2 and membrane PE biogenesis as important 

determinants of gender specific differences in heart function that may help open new avenues 

of research in the field of cardiovascular diseases and their therapeutic interventions. 
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1.1 Abstract:  

Phospholipids play an indispensable role in heart membranes via their structural and 

metabolic functions and serve as a barrier that protects the intracellular cell environment. 

Phospholipids regulate the function of membrane proteins and contribute important signaling 

lipidmediators.Both the quantity and composition of phospholipids are crucial for maintaining 

proper cardiac function. They are the source of arachidonic acid for prostanoid biosynthesis and 

their metabolic products such as phosphatidic acid and lyso phospholipids activate membrane 

receptors and contribute multiple cardiovascular functions. However, there is insufficient 

information on the significance of regulation of the membrane phospholipids homeostasis for 

the cardiac function and disease development. This review will focus on the synthesis and 

metabolism of major membrane phospholipids e.g., phosphatidylserine, phosphatidylcholine, 

phosphatidylethanolamine and phosphatidylinositol and their roles inischemia, oxidative stress, 

thrombosis, atherosclerosis, arrhythmia, hypertrophy, and diabetic cardiomyopathy. 
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1. 2.Structure and function of membrane phospholipids 

Phospholipids (PLs) are the major constituents of the cell membranes. PLs are 

characterized by a glycerol backbone to which a polar head-group (a phosphodiester group of 

choline, ethanolamine, serine or inositol) is attached at sn-3 carbon position and fatty acyl 

groups linked at the sn-1 and sn-2 position. PLs form the lipid bilayer of the cell membrane, 

with the polar regions of PL directed towards the outer surface and the hydrophobic regions 

towards the inner layer. Further diversity of PL is introduced by the components at the sn-1 and 

sn-2 positions, composing subclasses of diacyl and alkylacyl (plasmalogen) PLs. Diacyl PLs 

are further divided into subclasses according to the phosphodiester base group at the sn-3 

position [1]. The main types of diacyl PLs are phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphatidylinositol (PI)[1], 

while the main alkylacyl (ether) derivatives are PE plasmalogens [2]. PE-plasmalogens are 

enriched in polyunsaturated fatty acids (PUFA) docosahexaenoic (22:6n−3 or DHA) or 

arachidonic acid (20:4n−6 or AA) at the sn-2 position. LysoPLs are formed from PL 

degradation by hydrolysis. LysoPLs commonly have one acyl chain lacking and only one 

hydroxyl group of the glycerol backbone acylated [3]. 

PLs play an indispensable role in heart function via their structural and metabolic 

functions[4], and serve as a barrier that protects the intracellular environment. They regulatethe 

function of membrane bound proteins and contribute as the important lipidmediators for signal 

transduction [5-7]. PLs are the source of arachidonic acid for prostanoidbiosynthesis [8, 9]and 

their metabolicproducts such as phosphatidic acid and lyso PLsactivate the membrane 

receptors[3]andcontribute to multiple cardiovascular pathologies[10]. In this review, the 

formation and function of major PLs will be discussed. It will focus on the surmounting 

evidences that suggest a considerable crosstalk between PLs and cardiovascular system that 

acts as a foundation of multiple anomalies includingischemia-reperfusion injury (I/R), 

oxidative stress, thrombosis, atherosclerosis, arrhythmia,hypertrophy, and diabetic 

cardiomyopathy. 
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1.2. Phospholipid synthesis by the Kennedy pathway and CDP-DAG pathway 

The main cardiac PLs, phosphatidylcholine (PC) and phosphatidylethanolamine (PE) 

are the de novo the Kennedy pathway (Figure 1). PC is synthesized from choline and 

diacylglecerol (DAG) by the CDP-choline branch of the pathway[11-13].Choline is first 

phosphorylated to phosphocholine by the enzyme choline kinase (CK) and then transformed 

into CDP-choline by CTP: phosphocholine cytidylyltransferase 1 (CCT/Pcyt1), the rate 

controlling step in the pathway. The product PC is produced from DAG and CDP-choline by 

CDP-choline:1,2-diacylglycerol phosphotransferase (CPT) in the final step of the pathway.  

Most steps of the CDP choline pathway occurs in the cytoplasm except for the final PC 

formation which occurs in the ER. 

The synthesis of heart PE is more complex. The majority of PE is synthesized de novo 

from ethanolamine and DAG, by the CDP-ethanolamine branch of the Kennedy pathway[14, 

15], but in addition PE could be formed in the mitochondria by PS decarboxylation 

pathway[16].In the Kennedy pathway, ethanolamine is phosphorylated by ethanolamine kinase 

(EK) to phosphoethanolamine, and CTP:phosphoethanolamine cytidylyltransferase 2 

(ECT/Pcyt2), the rate limiting enzyme of  the pathway, then converts phosphoethanolamine to 

CDP-ethanolamine. Finally, CDP-ethanolamine:1,2-diacylglycerol phosphotransferase (EPT) 

catalyzes the formation of PE from CDP-ethanolamine and DAG. Alternatively, CDP-

ethanolamine could react with alkylacylglycerol (AAG) formed in peroxisomes to produce 

alkylacyl-PE which is then further converted to final PE plasmalogen species in the 

mitochondria. PE but not PE plasmalogens are produced by decarboxylation of mitochondrial 

PS by PS decarboxylase (PSD). AAG is exclusively formed in peroxisomesfrom 

dihydroxyacetone. AAG compete with DAG for CDP-ethanolamine in the final step of the 

CDP-ethanolamine pathway to produce alkyl-acyl PE, which is then converted to the final ether 

(alkenyl-acyl) plasmalogen product in the mitochondria [2]. Importantly, the heart is much 

enriched in plasmalogens but the formation and their role is not well understood [15] (Figure 

1). 
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Pathways of de novo phospholipid synthesis 

 

Figure 1: Pathways of de novo Phospholipid synthesis. PC and PE are produced de novo by the 

Kennedy pathway. PC is synthesized from choline and DAG by the CDP-choline brunch of the 

pathway. Choline is first phosphorylated to phosphocholine by the enzyme CK and then transformed 

into CDP-choline by Pcyt1, the rate controlling step in the pathway. The product PC is produced from 

DAG and CPT in the final step of the pathway. Most steps of the CDP choline pathway occurs in the 

cytoplasm except for the final PC formation which occurs in the ER.PE is synthesized de novo from 

ethanolamine and DAG, by the CDP-ethanolamine branch of the Kennedy pathway, or in the 

mitochondria by PS decarboxylation pathway. In the Kennedy pathway, ethanolamine is phosphorylated 

by EK to phosphoethanolamine, and Pcyt2, the rate limiting and the most regulatory enzyme in the 

pathway, then converts phosphoethanolamine to CDP-ethanolamine. Finally, EPT catalyzes the 

formation of PE from CDP-ethanolamine and DAG. Alternatively, CDP-ethanolamine could react with 

AAG formed in peroxisomes to produce alkylacyl-PE which is than further converted to final PE 

plasmalogen species in the mitochondria. PE but not PE plasmalogens is produced by decarboxylation 

of mitochondrial PS by PSD. AAGs are exclusively formed in peroxisomes from dihydroxyacetone. 

AAG compete with DAG for CDP-ethanolamine in the final step of the CDP-ethanolamine pathway to 

produce alkyl-acyl PE, which is then converted to the final ether (alkenyl-acyl) plasmalogen product in 

the mitochondria. 
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Phosphatylinositol (PI) and the mitochondria-specific PL cardiolipin (CL) are produced by 

CDP-DAG pathway (Figure 1). CDP-DAG is formed from phosphatidic acid (PA) and CTP in 

a reaction catalyzed by CDP-diacylglycerol synthase 1 and 2(Cds1/2) [17]. PI synthetase 

catalyzes this final step of PI formation from CDP-DAG and inositol while CL is formed from 

CDP-DAG and phosphatidylglycerol. The role and significance of CL in the heart function has 

been intensively investigated and reviewed elsewhere [18]. Activated PI kinases catalyze the 

addition of phosphate groups to PI, to produce PIP2[19].PIP2 is the substrate of 

phosphatidylinositol 3 kinases (PI3Ks) which in turn produce the important second messenger 

PIP3[20]. 

PS is exclusively produced from pre-existing PLs, PC and PE, by a base-exchange 

reaction in which the head groups choline and ethanolamine are exchanged to serine. PS is 

formed in the ER at the level of mitochondria associated membranes by PS synthase 1 and 2 

(PSS1 and PSS2) respectively[21]. Mitochondrial PS that has been transported from ER to the 

mitochondria is decarboxylated to PE, which is then redistributed to the cell membranes, 

although it does not compensate for low PE production via de novo PE synthesis pathway [22-

24]. The transport of PS to the mitochondria is believed to be the rate limiting step in the 

process of PE synthesis [24, 25]. 

1.4. Phospholipid degradation 

Heart PLs are degraded by multiple phospholipases, phospholipase A (PLA), 

phospholipase C (PLC), and phospholipase D (PLD) [26-28]. PC and PE are mainly hydrolysed 

by PLA2 into arachidonic acid (20:4n-6) and lysoPLs.PLChydrolyzes PIP2 to form IP3 and 

DAG, that boosts cytosolic calcium and activate PKC, respectively. In the heart, PLC β1 is the 

major isoform expressed [29].PC degradation by phospholipase D (PLD) produces PA. Two 

main isoforms of PLD are PLD1 and PLD2 and they are activated by PIP2, PKCΑ and the 

small GTP-binding proteins, Rho and ADP-ribosylation factor (ARF) [30].PA is also made by 

phosphorylation of DAG, by the action of DAG kinase (DGK) and converted to DAG under the 

action of PA phosphohydrolase.PA could be deacylated to lysoPA by PLA1and PLA2. Second 

major source of extracellular lysoPA is via cleavage of lysoPC by a lyso-PLD enzyme 

autotoxin (ATX) [31]. Most of lysoPA however; is formed de novo by conjugation of 

phosphatidylglycerol (PG) and acyl-CoA [3]. PA produced by lysophosphatidic acid 
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acyltransferases pathway is used for PC and PE formation in the Kennedy pathway, whereas 

PA from the PLD and DGK pathways is a signaling molecule. Degradation of lysoPA occurs 

by dephosphorylation catalyzed by lipid phosphate phosphatase (LPP) or by acylation, 

catalyzed by LPA acyl transferase (LPAAT). Lysophospholipase (LPA) catalyzes the 

degradation of LPC to glycerophosphocholine and FA. LPC can also be converted to PC by 

deacylation/reacylation cycle, catalyzed by acyl-CoA: lysophosphatidyl choline acyltransferase 

(LPCAT) [32, 33].  

1.5. Phospholipid deregulation in ischemia and oxidative stress 

Ischemia/reperfusion (I/R) injury, and subsequent oxidative stress, caused by reactive 

oxygen species (ROS), may occur to the myocardium after blood flow restoration, following a 

period of coronary blood vessel occlusion. In myocardial ischemia, an early activation of 

plasmalogen specific PLA2 leads to plasmalogen loss [2]. Evidence suggests that an 

augmentation of plasmalogen levels might protect against I/R [2]. Reportedly, plasmalogen 

deficient cells are more sensitive to hypoxia, superoxide and singlet oxygen [2]. Plasmalogens 

may have a supplementary role in cardiac sarcolemmal function. Preferred reconstitution of the 

trans-sarcolemmal Na
+
/Ca

2+
exchanger (SLC8A1) in PL vesicles containing plasmalogens as 

compared to PL alone suggests a structural role of plasmalogen in I/R [2]. A structural role of 

plasmalogen in cardiac tissue also comes from the evidence of Rhizomelic chondrodysplasia 

punctata (RCDP), an autosomal recessive peroxisomal disorder. The levels of plasmalogens are 

low in RCDP due to defective biosynthesis, and more recently cardiac dysfunction and 

malformation was found in a mouse model for RCDP, emphasizing the importance of 

plasmalogens for normal cardiac development and function [34]. 

Prolonged ischemia in rat myocardium causes deregulated movement of PE from the 

inner to outer leaflet, an important factor in destabilizing the lipid bilayer, causing irreversible 

membrane damage [35]. A recent study showed that pre-treatment with ethanolamine, the 

precursor of PE, produces lower infarct size in isolated mouse or rat hearts subjected to I/R but 

this outcome was absent in cardiomyocyte specific STAT3 deficient mice. These findings 

propose a cardioprotective role for ethanolamine against I/R injury via activation of STAT3, a 

vital prosurvival factor in I/R injury [36].A decreased PC synthesis in human ischemia appears 

to be due to a reduction in choline uptake and inhibition of the CDP-choline pathway[37]. 
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However, glucose perfusion completely abolished the ischemia-induced reduction in choline 

incorporation into PC, indicating that glycolytically produced ATP played an important role in 

PC biosynthesis [37, 38]. Furthermore, ex vivo studies have demonstrated that a synthetic high-

density lipoprotein (HDL), made of recombinant apolipoprotein A-I Milano and 1-palmitoyl-2-

oleoyl PC, could protect rabbit heart from reperfusion injury [39].The amount of total PLs, PC, 

and PE is lower in atrial tissue of both normoxemic and hypoxemic groups in comparison with 

the ventricles. Hypoxemia increases the total PL, PE, and PS in ventricles and total PL and PE 

in the atria. Interestingly, evidences also suggest that PLD, the enzyme responsible for PC 

degradation may have a protective role against I/R and is a potential factor for ischemia 

preconditioning treatment [40]. 

The age related changes in the mitochondrial membranes, that interfere with cardiac 

function and as a consequence energy management, has been associated with increased 

mitochondrial PC [41]. Although, subsarcolemmal mitochondria and, to a much lesser degree, 

interfibrillar mitochondria of normal rat hearts subjected to low blood flow of I/R exhibited low 

oxidative phosphorylation that was prevented by PC. PC-induced protection after diminished 

blood flow was associated with enhanced mitochondrial oxidative phosphorylation [42]. A 

study on bovine heart reveals that the catalytic activity of the mitochondrial enzyme NADH: 

ubiquinone oxidoreductase (Complex 1) is determined by the quantity of mitochondrial PE and 

PC. Their loss leads to irreversible Complex 1 nonfunctionality. PE and PC are most likely 

required for solubilisation and presentation of the hydrophobic ubiquinone [43] but this yet has 

to be firmly established.  

Neutrophil activation is a common response in ischemia and neutrophils are later 

removed by PS dependent phagocytosis [44]. After ischemic insult, cardiomyocytes undergoing 

the process of apoptosis, transiently expose PS on the cell surface (flip-flop) which binds to 

Anexin 5 and acts as the primary signal for cardiomyocyte phagocytosis [45]. In a normal state, 

the membrane PL bilayer maintains asymmetry by the enzyme aminoPL translocase (APLT) 

[46]. Apoptotic cells exhibit PS on the cell surface and are recognized by macrophages due to 

the presence of this externalized PS [47]. Two main triggers of cardiomyocyte PS 

externalization are elevated homocysteine (Hcy) and stimulated adrenergic receptor (β-1AR). 

Hcy induces PS exposure to the outer leaflet of rat cardiomyocytes via inhibition of Roh kinase 

(ROCK) and activation of flippases [48]. β1AR also increases PS translocation and apoptosis in 

rat cardiomyocyte [49]. On the contrary, glucagon-like peptide-1 (GLP-1), a cardio-protective 
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hormone, inhibits PS exposure and apoptosis [50]. Similar to GPL-1, PIP2 is also a potent 

inhibitor of caspase signalling and apoptosis [51]. Further studies on the mechanisms of 

regulation of the heart membrane asymmetry and PS and PE movement by specific flippases, 

scramblases and specific transport proteins may be needed in the future to salvage the 

cardiomyocyte death pathway during I/R. 

Hypoxia is a reduction of the normal oxygen supply in the cardiac tissue [52], and 

typically a reduced PC synthesis was present in the hypoxic heart. In hamster heart the 

reduction is caused by a decreased level of CTP, which resulted in a decreased conversion of 

phosphocholine to CDP-Choline [53]. Interestingly, hypoxia also resulted in the increased 

activity of CCT/Pcyt1, as an adaptive mechanism to maintain the PC synthesis [54]. In contrast 

to the hamster heart, mice heart has decreased level of PC because of an increased PLA2 

activity. In healthy heart tissue, PLA2 has a substrate specificity towards PE, although in 24 

hour hypoxic heart, its specificity broadly increases and PLA2 readily hydrolyzes both PE and 

PC [55]. Although, these studies demonstrated deregulation of PE and PC homeostasis is 

hypoxic heart, the significance of this deregulation needs further clarification.  

Hemorrhagic shock is a condition produced by rapid and significant loss of 

intravascular volume, and is a leading cause of hemodynamic instability and diminished 

oxygen delivery resulting in low cardiac perfusion, hypoxia, cardiomyocyte damage, and death 

[56-58]. The accumulation of PE after hemorrhagic shock alters the contractility of the 

myocardium. Also reduction of membrane PC occurs during hemorrhagic shock, causing 

destruction of cardiomyocytes. Clearly, PE assembly helps sustains the cardiac adaptation in 

the altered circulatory state of hemorrhagic shock, but currently, there is no known cause of the 

contrast behaviors of PE and PC in the hemorrhagic condition. The boost in PS content in 

hemorrhagic shock potentiates the effect of opioids on the myocardium [57]. 
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1.6. Phospholipid deregulation in thrombosis and atherosclerosis 

It is now well recognized, that PS has an important role in maintaining blood vessel 

function [59]. The increased expression pattern of PS in blood vessels promotes their 

procoagulant character and proinflammatory properties, including the alteration of vascular 

function. Reportedly, surface PS is critical during thrombosis [60]. Cytosolic calcium is a 

critical regulator of PS exposure [61], and in murine models, PKCθ restricts calcium 

independent Ca
2+

 entry, which leads to reduced PS exposure and limited platelet procoagulant 

activity during thrombus formation [62]. PE has been also reported to be associated with 

atherosclerosis related blood coagulation [63]. On the cell surface, where blood coagulation 

takes place, PE suppresses the x–prothrombin system and activates the protein C/protein S 

coagulation regulatory system, ensuing in the synergistic inhibition of thrombin formation [64]. 

Atherosclerosis is a progressive disease caused by the lipid accumulation and fibrosis 

in large arteries [65]. Although, a direct relation of PC has not been established with 

atherosclerosis, recent studies on mouse model showed that dietary supplementation of choline, 

trimethylamineN-oxide(TMAO) and betaine (the metabolites of choline) exhibited an up 

regulation of multiple macrophage scavenger receptors linked to atherosclerosis [66]. Also, 

inhibition of liver formation of PC from PE methylation prevented the accumulation of cardiac 

TAG that predisposes individuals to compromised cardiac function [67]. Approximately one-

third of hepatic PC is synthesized from PE by phosphatidylethanolamine N-methyltransferase 

(PEMT), and PC made from PE is an important component of very-low-density lipoproteins 

[67], however how exactly the liver PEMT deficiency protects the heart is not known.  Finally, 

the oxidized PC is strongly associated with atherosclerosis [68]. OxPL are continuously 

synthesized and degraded in an atherosclerotic blood vessel, and play an important role in 

monocyte endothelial cell interactions and production of chemokines, foam cell formation, 

smooth muscle cell proliferation, extracellular matrix production and calcification, 

angiogenesis, production of matrix metalloproteinases and activation of platelets [68]. 

Although, it is evident that OxPLs are the most crucial risk factors for the arthrosclerosis, it is 

not yet clear how they can be modified to prevent the disease.  
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1.7. Contrasting role of dietary phospholipids  

In a few studies PC alone has been reported to cause CVD. Studies using germ-free 

mice showed that gut flora TMAO (Trimethyl amine N-oxide, a by-product of PC and choline 

metabolism) augmented macrophage cholesterol accumulation and foam cell formation. 

Suppression of intestinal microflora in atherosclerosis-prone mice blocked atherosclerosis 

mediated by choline. Genetic variations controlling expression of flavin monooxygenase 

(FMO), an enzymatic source of TMAO, develops atherosclerosis in hyperlipidemic mice. 

Discovery of a connection between gut flora-dependent metabolism of dietary PC and CVD 

pathogenesis could help in developing novel diagnostic tests and therapeutic strategies for 

atherosclerosis [66]. However, dietary supplementation with PC also stimulated the reverse 

cholesterol transport that contributes to reduced risk of atherosclerosis and PC decreases the 

expression of iNOS, which is a well-known risk factor in cardiovascular disorders[69].  

A recent study has revealed the function of PE and PC in the fasted myocardium [70]. 

Murine myocardium lipidomics reveal a significant decrease in the PE and PC pools after 

moderate fasting, indicating that myocardium utilizes PE and PC as a readily available source 

of FA during energy deprivation (e.g., fasting). The selective loss of long-chain PUFA was 

present in fasted PC and PE, which altered the physical properties of myocardial membranes. 

The membrane composition of mildly fasted myocardium has an impact on its flexibility, 

which is critical for the ability of the myocardium to adapt to physical stress [70].  

Circulating n-3 PUFA-PL levels in patients with chronic heart failure mainly depend 

on dietary fish consumption and are inversely related to inflammatory markers and disease 

severity. Treatments with n-3 PUFA markedly enriched circulating EPA and DHA, 

independently of fish intake. Low EPA levels are inversely related to total mortality in patients 

with chronic heart failure [71]. Additionally, circulating PL contents of individual and total n-3 

FA concentrations are associated with lower incidence of congestive heart failure (CHF) in 

older adults [72]. Also, increased fish or fish-oil consumption is linked with diminished risk of 

cardiac mortality, especially sudden death. This benefit putatively arises from the incorporation 

of the LCFA, e.g., EPA and DHA into cardiomyocyte PLs. This signifies that the dietary n-3 

PUFAs are rapidly incorporated into human myocardial PLs (PC and PE) at the expense of n-6 

AA during high-dose fish-oil supplementation [73].  
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Plasma PLs containing ALA and DPA, but not EPA or DHA, are related with HF risk 

[74]. Fish consumption greater than once per month is associated with a lower heart failure risk 

[74]. In human trials, n-3-PLs demonstrated antiarrhythmic potential, although, perioperative 

fish oil supplementation did not reduce the risk of postoperative atrial fibrillation [75]. Trans-

FAs are well known risk factors of dyslipidemia and coronary artery disease (CAD), and a 

recent clinical trial revealed a lower risk of heart failure (HF) with higher plasma 

concentrations of trans-18:2 but not trans-16:1 or trans-18:1[76]. Furthermore, plasma PL 

(15:0), a biomarker of dairy fat, was inversely associated with incident CVD, and no 

association was found with PL (14:0) and trans-16:1n-7. More research in this field is needed 

to establish a cause behind this species specific effect of trans FAs on health.    

1.8. Phospholipid derived second messengers and arrhythmia  

The mechanisms underlying abnormal cardiac rhythms are multifaceted and 

incompletely understood [77]. PIP2 is the major second messenger which controls cardiac 

rhythm via ion channels and exchangers.  The inward rectifying K
+
 (KIR) channel is the 

regulator of resting membrane potential and requires PIP2 for channel opening [78]. G-protein-

gated inwardly rectifying K
+
 (GIRK) channels are inhibited by Gq protein-coupled receptors 

(GqPCRs) via PIP2 depletion in a receptor-specific manner [79]. Moreover, PIP2 affects the 

activity of repolarising K
+
 channels (KV) and terminates the cardiac action potential [80]. The 

Na
+
/Ca

2+
 exchanger (NCX) links the transmembrane movements of Ca

2+
 to the movement of 

Na
+
 ions in cardiac tissue and high levels of PIP2 induce constant NCX activity [81]. The 

stimulation of α (1A)-adrenoreceptor reduces PIP2 levels and inhibits the activation of the 

cardiac VRAC [82]. PIP2 also regulates the pacemaker current by controlling hyperpolarisation 

activated cyclic nucleotide-gated channels (HCN), important for the development of arterial 

fibrillation [83]. The cystic fibrosis transmembrane conductance regulator (CFTR), which is a 

cardiac chloride channel, is also activated by PIP2 [84]. Altogether these results unveiled a 

central role for PIP2 in the control of cardiomyocyte electrophysiology and show that 

PIP2mediated arrhythmogenesis. 

IP3 is also a major player for causing arrhythmia. The IP3/IP3R signalling is integral 

to intracellular Ca
2+

 release and the activation of IP3R modulates cardiac excitation contraction 

coupling by increasing Ca
2+

 release in both atrial and ventricular myocytes [85]. As expected, 

the lack of IP3 receptor type 2 diminishes the positive ionotropic effect and protects against its 
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arrhythmogenic effects [86, 87]. On the other hand, PI3K/PIP3protects against arrhythmia, and 

enhances PIP3 signalling due to PI3K over expression and mitigates the arrhythmogenic 

electrical remodelling associated with pathological hypertrophy and heart failure. In addition, 

increased activation of PI3K leads to transcriptional up regulation of the repolarising K
+
 

channel [88].  

1.9. Phospholipid intermediates in hypertrophy and heart failure  

Cardiac hypertrophy is an adaptive response to pressure or volume overload, along 

with other factors. Hypertrophic growth accompanies many forms of heart disease, including 

ischemic heart disease, hypertension and heart failure (HF) [89]. PIP3 produced by 

constitutively active PI3K leads to hypertrophy [90, 91]. In mice, cardiac over expression of a 

dominant-negative PI3K results in a smaller cell size and reduced heart size[92]. Mice 

expressing a dominant-negative PI3K are resistant to left ventricular hypertrophy induced by 

exercise but they develop compensatory hypertrophy following pressure overload [93]. PTEN 

acts as a direct antagonist of PI3K by metabolizing PIP3 and genetic loss of PTEN also causes 

hypertrophy [90]. Furthermore, a mouse PI phosphatise, Inpp5f, modifies hypertrophy by 

degrading PIP3 [94]. PIP3 produced by PI3K also occupies a central stage in the heart failure 

(HF), which is dominated by abnormal β-adrenergic stimulation. PIP3 produced by PI3K 

causes HF by interfering with the regulation of leukocyte migration to the heart [95].PI3K form 

a complex with G-protein coupled receptor kinase 2 (GRK2) that upon β-AR stimulation 

mediates translocation of PI3K to the activated receptor [96]. 

The expression of IP3Rs is altered in atrial fibrillation and HF. It has been also reported, 

that the Fas-mediated hypertrophy is dependent on the IP3pathway, which is functionally inter-

connected to the PI3K/AKT/GSK3βsignalling [97]. The stimulation of α-adrenergic receptors 

activates PLC and induces production of IP3 [29, 98].The anti-angina drug trimetazidine 

(TMZ) reduces IP3 availability by accelerating the IP3 recycling in the membranes, resulting in 

cytoprotection from hypertrophy [99]. 

Nuclear IP3is a key conserved signal for both pathological and physiological 

hypertrophy [100]. IP3activates CaMKII/MEF2 (myocyte enhancer factor 2) pathway and 

induces Ca2
+ 

entry through transient receptor potential channels (TRPC) [101]. It also activates 

nuclear factor κB (NF-κB) and increases the production of chromogranins, natriuretic peptides 

and growth factors, which eventually lead to pathological hypertrophy [102]. 
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In rat ventricular myocytes, LPA activates LPA1/2 receptors and stimulates ribosomal 

S6 kinases (RSK) and ERK1/2 pathway in a PKC dependent manner [97]. RSK has a role in 

the regulation of translational control of protein synthesis, therefore LPA utilizes this cascade 

to stimulate hypertrophy. PA also regulates hypertrophy via mammalian target of rapamycin 

(mTOR) signaling pathway [103]. Mitogenic stimulation leads to a PLD dependent 

accumulation of PA, which is necessary for activation of mTOR. Overall, these studies suggest 

that PI and PA and their derivatives are vital for causing hypertrophy by means of their 

participation in different signaling pathways.  

1.10. Phospholipids and diabetic cardiomyopathies 

It is well known that cardiac dysfunction in diabetes mellitus is associated with 

alterations in PL metabolism in the absence of arteriosclerosis. Oxidative stress and sub cellular 

remodelling due to hormonal imbalance and FA metabolic defects play a critical role in the 

genesis of heart failure during development of diabetic cardiomyopathy. A common 

complication of Type 1 diabetes (T1D) is myocardial mitochondrial dysfunction. The 

mitochondrial PL remodelling, characterized by elevated PC, PI, total FAs and increased 

cardiolipin peroxidation, results in reduced oxidative phosphorylation of the cardiac 

mitochondria and represents one of the early events in T1D pathogenesis [104]. In T1D 

streptozotocin treated rats PL content of sarcoplasmic reticulum increases radically, owing to a 

raise in PC and PE, a decrease in arachidonic acid (20:4n-6 or AA), and an increase in 22:6n-3 

or DHA acid in the early stages of diabetes [105]. The anti-ischaemic drug trimetazidine 

(TMZ) could prevent the alterations in PL composition in cardiac mitochondria induced by 

T1D. TMZ increases PL synthesis in cardiac membranes and limits the augmentation of the n-

6/n-3 PUFA ratio [106].Interestingly, male and female mice are differently affected by the 

streptozotocin induced T1D. Insulin treatment in this model causes hyper-stimulation of 

respiration in females that may lead to increased production of ROS. In addition, increased 

formation of advanced glycosylated end-products further leads to increased risk of CHF and 

CHD in females [107]. 

Cardiac sarcolemma in streptozotocin-treated rats have increased relative content of 

plasmalogens and PC and PE contained more LA than AA at sn-2 position. The lipid 

composition, however, could be restored by insulin, showing that abnormal PC and PE are 
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critical for defective contractility in T1D heart [108]. Evidence of diabetic cardiomyopathy has 

also been also demonstrated in animal models of type 2 diabetes (T2D), Zucker fatty rat, ob/ob 

and db/db mice [109, 110]. T2D is characterized by peripheral insulin resistance leading to a 

reduced glucose supply to the myocardium and causing changes in heart energy metabolism. 

This results in augmented FA consumption and alterations in lipid oxidative metabolism that 

plays important role in development of diabetic cardiomyopathies [111]. Obese and insulin 

resistant db/db heart has increased PC, as well as PC to PE ratio and increased lipid droplet 

(LD) accumulation [112]. The role and the mechanisms for the defects in PL degradation by 

phospholipase A2, C and D and PL-mediated signalling in diabetic cardiomyopathy has been 

recently reviewed [113]and it has been suggested as a novel target for treatment of heart 

disease. 

The fruit fly lacking PE synthesis by the CDP-ethanolamine Kennedy pathway (Figure 

1) develops severe cardiac dysfunction. The mutants for all three enzymes in the CDP-

ethanolamine pathway develop tachycardia and a defect in cardiac relaxation. They also exhibit 

phenotypes of cardiac and atrial fibrillation under stress. This is the first study to establish that 

reduced PE synthesis could directly impair the heart function [114].  The first evidence of 

mammalian heart dysfunction in relation to deregulated PE synthesis by the CDP-ethanolamine 

pathway came from our recent study with Pcyt2 heterozygous mice Pcyt2
+/-

[115]. Pcyt2
+/-

 mice 

of both genders have reduced PE synthesis and turnover, accumulate plasma and tissue TAG 

and develop insulin resistance. However, only Pcyt2
+/-

 males additionally develop cardiac 

hypertrophy and hypertension. The underlying mechanism for the male specific dysfunction 

was identified in the accumulation of arachidonic acid (20:4n-6) and other n-6 PUFA 

elongation/desaturation pathway intermediates in the male heart PLs and reduced circulating 

testosterone. There is a clear sexual dimorphism in the heart PC, PE and TAG [115] and the 

sex-related differences expand to the heart PI and DAG but not CL (Figure 2). The PC/PE ratio 

and total PI, TAG and DAG, but not CL, PC and PS, were increased in the Pcyt2
+/-

male heart 

relative to the Pcyt2
+/- 

female heart [115]. 
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Sexual dimorphism of cardiac glycerolipids 

Figure 2. Sexual dimorphism of the distribution of cardiac glycerolipids. The first evidence of 

mammalian heart dysfunction in relation to deregulated PE synthesis by the CDP-ethanolamine 

pathway came from our recent study with Pcyt2 heterozygous mice Pcyt2
+/-

Pcyt2
+/-

 mice of both 

genders have reduced PE synthesis and turnover, accumulate plasma and tissue TAG and develop 

insulin resistance. However, only Pcyt2
+/-

 males additionally develop cardiac hypertrophy and 

hypertension. The underlying mechanism for the male specific dysfunction was identified in the 

accumulation of arachidonic acid (20:4n-6) and other n-6 PUFA elongation/desaturation pathway 

intermediates in the male heart PLs and reduced circulating testosterone. As shown in this figure, 

there is a clear sexual dimorphism in the heart PC, PE and TAG and the sex-related differences 

expand to the heart PI and DAG but not CL.  n=6/ group. P>.05. 
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The genes for FA synthesis (Scd1, Fas, Acaca), FA elongation (elongase 6/ELOVL6), LD 

formation (perilipin/plin, cidec) and specific PLs (patatin-like phospholipase/pnpl7, 

lysophosphatidic acid receptors 2/5/lpar2/5, PL scramblase 2/plscr2, inositol-3-phosphate 

synthase 1/isyn1(Figure 3) were down regulated in Pcy2
+/- 

male heart (with hypertrophy and 

hypertension) relative to Pcy2
+/-

 female heart. Multiple genes for the cytochrome P450 

dependent oxygenation of 20:4 n-6 to the potent lipid mediators EET (cyp2c) and 20-HETE 

(cyp4a, f) were also down regulated in the Pcyt2
+/- 

male heart. On the other hand, multiple 

phospholipases that mediate the heart PL signaling, Pla1, Pla2 and Plc, and the 

monooxygenases that regulate cholesterol degradation, cyp27a1 and aldosterone 

synthase/cyp11b1/b2, were specifically up regulated in the hypertrophied Pcyt2
+/- 

male heart 

(Figure 3). Thus, our findings established that the composition of the heart membrane PLs is 

gender-specific and hormonally regulated. Dysfunctional Pcyt2 gene (reduced PE synthesis and 

turnover) causes insulin resistance in both males and females, however specifically perturbs n-6 

PUFA metabolism protecting the female heart and causing the male-specific diabetic 

cardiomyopathy. Future studies are needed to explore the nature of this sex differences to show 

what role Pcyt2 plays in cholesterol metabolism (oxysterol production, steroidogenesis) and 

how the low testosterone contributed the diabetic heart pathology. In addition, Pcyt2 deficient 

model will be useful to investigate the drugs targeting heart PL metabolism, particularly TMZ 

and Meclizine, as next described. 
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Male specific gene regulation in Pcyt2
+/-

mice 

 

Figure 3: Male specific gene regulation in Pcyt2
+/- 

mice. The genes for FA synthesis (Scd1, Fas, 

Acaca), FA elongation (elongase 6/ELOVL6), LD formation (perilipin/plin, cidec) and specific PLs 

(patatin-like phospholipase/pnpl7, lysophosphatidic acid receptors 2/5/lpar2/5, PL scramblase 2/plscr2, 

inositol-3-phosphate synthase 1/isyn1were down regulated in Pcy2
+/-

male heart (with hypertrophy and 

hypertension) relative to Pcy2
+/-

 female heart. Multiple genes for the cytochrome P450 dependent 

oxygenation of 20:4n-6 to the potent lipid mediators EET (cyp2c) and 20-HETE (cyp4a, f) were also 

down regulated in the Pcyt2
+/-

 male heart. Multiple phospholipases that mediate the heart PL signalling, 

Pla1, Pla2 and Plc, and the monooxygenases that regulate cholesterol degradation, cyp27a1 and 

aldosterone synthase/cyp11b1/b2, were specifically up regulated in the hypertrophied Pcyt2
+/-

male 

heart. Thus, our findings established that the composition of the heart membrane PLs is gender-specific 

and hormonally regulated. n=6, p>.05.  
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1.11. Drugs targeting heart PL metabolism  

It is well documented that the augmented glucose oxidation and decreasing proton 

production from glucose metabolism is cardioprotective, stimulating glucose oxidation as a 

drug strategy for improving substrate balance has not be developed. The inhibition of FA 

oxidation is, on the other hand, a novel approach to treating diabetic cardiomyopathies and 

ischemic heart disease [116].The anti-angina drug trimetazidine (TMZ) is one of the best 

known drug targeting heart glucose and lipid metabolisms. TMZ directly inhibits FA oxidation 

in the heart, secondary to an inhibition of mitochondrial long-chain 3-ketoacyl CoA thiolate. 

This inhibition of FA oxidation is accompanied by an increase in PDH activity, resulting in 

increased glucose oxidation [116]. TMZ does not interfere with glycolysis, which improves the 

coupling between glycolysis and glucose oxidation and a reduction in proton production from 

glucose metabolism. Importantly, TMZ stimulates PL synthesis and reduces incorporation of 

glycerol in TAG/DAG lipids. Moreover, TMZ increases the turnover of PI through the 

activation of PI synthase, reduces the availability of IP and DAG involved in the induction of 

cardiomyocyte hypertrophy. TMZ treatment in a pressure-overload model of ischemia-reduces 

plasma levels of brain natriuretic peptide (BNP), a marker of the severity of heart failure, and 

also prevents the down regulation or desensitization of adrenergic receptors [117].  

Rosuvastatin is a statin drug that dose-dependently lowers plasma PLs, independent of 

LDL lowering [118]. Simvastatin, another statin, produces a hypolipidemic effect, however 

modulates the composition of HDL PLs that contributed to the functional activity of HDL in 

the reverse cholesterol transport[119].The activity of the PL transfer protein PLTP in T2D is 

decreased by atorvastatin [120]. Further studies are needed to establish the relationship between 

membrane PLs and statin therapies. 

Recently, Meclizine, a popular over the counter anti-histaminic drug, has been 

investigated for its role in CVD prevention. We established that Meclizine acts as an inhibitor 

of Pcyt2 activity (Figure 1). Meclizine has been identified as cytoprotective against ischemic 

injury to the brain and the heart through blunting of mitochondrial respiration via accumulation 

of PE precursor phosphoethanolamine [121]. More research on the Meclizine and similar Pcyt2 

inhibitors as potential drugs for I/R might be an interesting avenue to explore in the future. 
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1.12. Concluding remarks 

There are not that many studies that have characterized the mechanisms of impaired 

membrane biogenesis/PL synthesis in the myocardium. It is however evident that PL is critical 

in maintaining cardiovascular morphology and function and that the PL mediated signaling is 

perturbed in multiple cardiac pathologies. There are many pathways and regulatory 

mechanisms that maintain PL homeostasis in the heart that needs to be determined. 

Deregulation of heart PE synthesis is linked with autophagy and oxidative stress, and male-

specific cardiac hypertrophy, whereas PS is mainly correlated with apoptosis of cardiac cells. 

PC depletion is related to many metabolic abnormalities but mostly to reduced levels in T1D, 

FA remodeling and development of atherosclerosis. PI deregulation is mainly linked to 

arrhythmias and abnormalities of the electrical impulses of the heart.  Figure 4 displays a 

summary of major correlations between the deregulation of PLs and different cardiac 

abnormalities. Knowledge about the membrane PL biogenesis and the mechanisms by which 

PL regulate cardiac physiology will help open new avenues of research in the field of CVD and 

will create new targets for therapeutic interventions. 

Phospholipid deregulation in cardiovascular disorders 

 

Figure 4: PL deregulation in cardiovascular disorders. There are many pathways and regulatory 

mechanisms that maintain PL homeostasis in the heart. Deregulation of heart PE synthesis is linked with 

autophagy and oxidative stress, and male-specific cardiac hypertrophy, whereas PS is mainly correlated 

with apoptosis of cardiac cells. PC depletion is related to many metabolic abnormalities but mostly to 

reduced levels in T1D, FA remodeling and development of atherosclerosis. PI deregulation is mainly 

linked to arrhythmias and abnormalities of the electrical impulses of the heart. 
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2.1 Objectives of the Thesis 

It is well established that, Pcyt2 deficiency leads to insulin resistance (IR), hypertension, 

dyslipidemia and obesity, a collection of factors known as the metabolic syndrome. This leads 

to atherosclerosis and heart failure. Our knowledge regarding the role of Pcyt2 in 

cardiovascular diseases is limited. Hence, this thesis aimed to contribute to a better 

understanding of any major role of the enzyme in causing cardiovascular diseases, and the 

molecular mechanisms that drive the cardiac abnormality. 

Objective 1  

A direct relation between Pcyt2 deficiency and a cardiovascular disease has not been 

established in any previous study. Depending on prior observations, our first hypothesis is to 

establish that global Pcyt2 deficient mice will exhibit morphological and functional 

abnormality of cardiovascular system. 

Objective 2  

We established that Pcyt2 enzyme has a gender dependent role in causing 

cardiovascular diseases, but the mechanism behind that was still obscure. The second 

objective of this study was to determine the mechanism of gender dependent variation of 

cardiovascular dysfunction in Pcyt2 deficient animals.  

Objective 3  

To conclude our understanding of gender dependent cardiac hypertrophy related to 

Pcyt2 deficiency, our third objective was to establish that female Pcyt2
+/-

 animals are 

genetically protected against cardiac hypertrophy and cardiovascular disorders while 

Pcyt2
+/-

 males does not show such genotype.    
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3.1. Abstract  

 PE is the most abundant inner membrane phospholipid. PE synthesis from ethanolamine 

and diacylglycerol is primarily regulated by CTP: phosphoethanolamine cytidylyltransferase 

(Pcyt2). Pcyt2
+/- 

mice have reduced PE synthesis and as a consequence perturbed glucose and 

FA metabolism that gradually leads to development of hyperlipidemia, obesity and insulin 

resistance. Glucose and FA uptake and corresponding transporters Glut4 and Cd36 are 

similarly impaired in male and female Pcyt2
+/- 

hearts. They also have similarly reduced 

PI3K/Akt1 signaling and elevated ROS production in the heart.  However, only Pcyt2
+/- 

males 

develop hypertension and cardiac hypertrophy.  Pcyt2
+/- 

males have up regulated heart Ace1 

expression and the heart PLs enriched in arachidonic acid and other n-6 polyunsaturated fatty 

acids, and dramatically elevated ROS production in the aorta. In contrast, Pcyt2
+/-

females have 

unmodified heart PLs but have reduced heart triglycerides and altered expression of the 

structural genes Acta (low) and Myh7 (high).  These changes together protect Pcyt2
+/- 

females 

from cardiac dysfunction under conditions of reduced glucose and FA uptake and heart insulin 

resistance.  Our data identify Pcyt2 and membrane PE biogenesis as important determinants of 

gender specific differences in cardiac lipids and heart function.  
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3.2. Introduction  

 The mammalian heart requires an enormous amount of energy to perform contractile 

function [122]. The heart can use various sources of energy[123], but in a normal adult heart, 

lipids are the main source and they count for ~70-80% of the total energy requirements [124]. 

PE, the most important PL, is located in the inner leaflet of cellular membranes. PE has many 

biological functions including membrane integrity, cell division, cytokinesis, autophagy, 

apoptosis, and blood coagulation, as reviewed by Bakovic et.al [125]. The de novo synthesis of 

PE occurs as described earlier. Various isoforms of kinases and phosphotransferases share 

substrates for the choline and ethanolamine branches of the Kennedy pathway, however Pcyt2 

is a product of a single gene [126], and therefore highly specific for the ethanolamine branch of 

the pathway. The Pcyt2 gene has been cloned and characterized for human[126], yeast[127], 

rat[128], and mouse [126, 129]. 

Total deletion of Pcyt2 in mouse [130] or Arabidopsis [131] causes embryonic 

lethality. Pcyt2
+/-

 mice, despite the reduced flux through the Kennedy pathway, are able to 

maintain normal PE levels by reducing PE turnover [132]. Decreased PE synthesis in Pcyt2
+/- 

mice increases the availability of unused DAG, which in turn esterifies with free FAs into 

triglycerides (TAG), causing development of obesity, hypertriglyceridemia and insulin 

resistance. A liver-specific Pcyt2 KO [133] further affirms the DAG hypothesis for TAG 

accumulation and disease development, when PE synthesis by the Kennedy pathway becomes 

reduced. Importantly to this study, there is a strong relationship between increased TAG levels 

and cardiomyopathy [134]; however, there are no in vivo mammalian models available that 

relate membrane PL deregulation with cardiac dysfunction. Several studies indicate that this is 

crucial, as reduced PE synthesis can impair cardiac function in the mutant fruit fly 

(Drosophila) when three separate genes in the PE Kennedy pathway are affected[114, 135]. 

Drosophila ethanolamine kinase (eas) mutant had reduced PE synthesis, accumulated heart 

lipids, and developed multiple heart pathologies, including tachycardia, diastolic dysfunction, 

atrial fibrillation and cardiac arrest under stress [114]. Similarly to Pcyt2 deficient mice [132, 

133], the eas mutants made TAG from excess DAG unused in PE synthesis and FAs produced 

by elevated lipogenesis.  The silencing of the other two Drosophila genes, Pcyt2 (pect) and 

choline/ ethanolamine phosphotransferase (cept) produces similar heart pathologies, strongly 

affirming the importance of PE and the Kennedy pathway in the heart function [135].    
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In this study we investigate cardiac function and pathophysiology in the Pcyt2 

deficient mice (Pcyt2
+/-

). These animals develop metabolic syndrome phenotype with 

abdominal obesity, hypertriglyceridemia and insulin resistance [132]. Notably, although both 

male and female Pcyt2
+/- 

mice have impaired cardiac insulin signaling, only Pcyt2
+/- 

males 

have elevated membrane arachidonic acid  and n-6 LCPUFA, and as a consequence develop 

systemic hypertension and cardiac hypertrophy. Our data demonstrate for the first time that 

the impaired PE synthesis in Pcyt2
+/- 

mice leads to gender related differences in cardiac 

membrane PL metabolism and gene expression that appear particularly detrimental for the 

male heart function.  
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3.3. Experimentalprocedures 

3.3.1. Animals 

Pcyt2
+/−

 mice were generated as described previously [125]. The Pcyt2
+/−

 mice 

(C57BL6 background) are cross-bred and the heterozygous colony maintained at the University 

of Guelph using procedures approved by the University Animal Care Committee and in 

agreement with guidelines of the Canadian Council on Animal Care. Pcyt2
+/− 

and Pcyt2
+/+

 

genotypes are identified from genomic DNA as described [125, 132]. Mice are housed in a 12-

h light/12-h dark cycle, have free access to water and fed a standardized chow diet (Harlan 

Teklad S-2335). Four groups are used for these studies, a) 3 month-old Pcyt2
+/− 

and Pcyt2
+/+

 

males; b) 8 month-old Pcyt2
+/+

and Pcyt2
+/−

 males; c) 3 month-old Pcyt2
+/−

 and Pcyt2
+/+ 

females; and d) 8 month-old Pcyt2
+/− 

and Pcyt2
+/+ 

females. All animals are sacrificed at 3-4 

hours after lights on to control for circadian time-of-day effects. Samples taken for biochemical 

assays (heart, liver and pancreas) are snap frozen in liquid nitrogen, and stored at -80
0
C for 

later use. For histopathology, hearts are washed in PBS, weighed, and fixed in 10% neutral-

buffered formalin. 

3.3.2. Transmission electron microscopy  

Liver tissues are prepared as recommended by the Electron Microscopy Facility of the 

University of Guelph [136]. Briefly, liver samples are incubated at 4
0
C overnight in a fixing 

buffer (2.5% glutaraldehyde, 1.0% paraformaldehyde in PBS), washed in 0.1M Hepes and 

suspended in 1.0% osmium tetroxide for 4h. Tissues are washed 3 times in 100 mMHepes and 

suspended in 2% uranyl acetate for 3h, washed 3 times in 0.1% Hepes, and dehydrated by 

incubating in a graded ethanol series (i.e. 25%-100% ethanol). Tissue is infiltrated with resin 

by suspending in 50/50 ethanol/resin (London Resin Company White) for 4 h and then in pure 

resin for 4 hours, using a rotating mixer. Tissue is embedded in pure resin overnight at 60
0
C to 

polymerize. Sections (100 nm) are laid onto 200 mesh formvar–carbon copper grids and stained 

with 2% uranyl acetate and Reynold's lead citrate. A minimum of three sections are placed on 

each grid. Images are obtained in a randomized systematic order from each sample. Samples 

are viewed on a Philips CM 10 TEM at 80 kV, and images obtained with an Olympus/SIS 

Morada CCD camera using the Olympus/SIS iTEM software. 
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3.3.3. Tissue sectioning and staining 

For liver histopathology, tissues are fixed in 10% neutral buffered formalin, processed, 

and stained either with haematoxylin/eosin for steatosis or with Picrosirus red for fibrosis. 

Pancreatic islets cells reactive to anti-somatostatin 14 and anti-pancreatic polypeptide are 

characterized using anti peroxidase immunohistochemistry[137]. A minimum of 3-5 different 

images are analyzed for each mouse group. Images are taken using Q-capture at 100-200x 

magnification.   

3.3.4. Echocardiography and Hemodynamics 

Cardiovascular pathophysiology is investigated in mice at 3 and 8 months of age, using 

standard approach. First, transthoracic echocardiography is performed in a blinded manner, 

using a GE Vivid 7 Ultrasound machine equipped with i13L 14 MHz linear array transducer, 

on mice anesthetized with 1% isoflurane (maintaining dose). Standard B-mode and M-mode 

short axis view images are taken at the level of the papillary muscles, to determine left 

ventricular (LV) internal diameter at diastole (LVIDd) and at systole (LVEDs), LV anterior and 

posterior wall thickness (AWT, PWT), percent fractional shortening (%FS) (calculated as: 

[(LVIDd − LVIDs)/LVIDd × 100]), percent ejection fraction (%EF), and heart rate (HR). At 

least 3 different images are analyzed for each mouse heart, and n=6 mice per group. Body 

temperature is monitored and maintained at 37
0
C throughout. 

In vivo hemodynamic parameters are also obtained in a blinded manner. Animals 

(n=6/group) are anaesthetized and maintained at 2% isofluorane (mixed with 99% oxygen), 

intubated (22-G 1.00-in. catheter) ventilated (Harvard Apparatus 687; St. Laurent, QC, 

Canada), and maintained at 37
0
C body temperature throughout. The right common carotid 

artery is exposed and cannulated with a 1-Fr microtip catheter (Millar, Houston, TX, USA) 

which is advanced through the ascending aorta into the LV for measurements. Data are 

acquired using Powerlab and Lab Chart 7 (AD Instruments, Colorado Creeks, CO, USA) and 

analyzed for systolic, diastolic, and mean arterial blood pressure (SBP, DBP, MAP), LV end 

systolic (LVESP) and end diastolic (LVEDP) pressure, LV developed pressure (LVDP), and 

the maximum and minimum first derivatives of LV pressure (dP/dt max; dP/dt min). 
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3.3.5. Cardiomyocyte cross sectional area and fibrosis 

Hearts are arrested in diastole with 1M KCl, fixed in 10% neutral buffered formalin for 

24h, processed and paraffin embedded. Then, 5 µm sections are stained with H&E. Images are 

taken using Q-Capture (QImaging; Surrey, BC) at a 200x magnification and analyzed using 

Image J software. Total field size is measured and cardiomyocyte cross section area determined 

in at least 50 myocytes per heart. 

3.3.6. Gene expression analyses 

RNA extraction and first strand cDNA synthesis are performed as described 

previously[132]. Genes of interest are analyzed in the exponential phase of PCR amplification, 

using the optimal amount of cDNA and the reaction cycle number. Each gene level is expressed 

relative to the internal Gapdh control. The genes tested include the cardiac-specific genes 

(Myh6, and -7, Acta, Nppa), the lypolysis genes (Atgl, Hsl, Lpl), genes for the FAtransport and 

oxidation (Cd36 and Pparα), the mitochondrial biogenesis gene Pgc1α, and thelipogenic gene 

stearoyl-CoA desaturase Scd1. Also included are genes for the membrane G-protein (estrogen) 

receptor Gpr30, the mitochondrial lactate/glutamate transporter Mct1, and angiotensin 

converting enzyme Ace. The experiments are performed using heart samples collected from 

young (3-month old) and adult (8-month old) Pcyt2
+/− 

andPcyt2
+/+ 

male and female mice 

(n=6/group). Image J 1.46 software is used to quantify band density, and gene levels are 

expressed as fold change relative to the controls. The primers are listed in supplementary table 

1.  

3.3.7. Quantitative real-time PCR 

RNA is isolated from the heart, kidney and liver tissues of male and female adult (8-mo 

old) Pcyt2
+/-

 and wild-type mice (n=3/group) with Trizol (Invitrogen) and assessed for high 

quality (260/280>2.0) by Nanodrop ND1000 (Thermo-Scientific). The genes angiotensin 

converting enzyme1, angiotensin converting enzyme 2, renin, angiotensinogen are amplified 

from 200 ng of RNA, primers (30uM), Power SYBR® Green RNA-to-CT™ 1-Step Kit 

(Applied Biosystems), and RNA/DNA free H2O (Invitrogen) on a Viia7 RTPCR Machine 

(Applied Biosystems). The temperature cycles are as follows: reverse transcription for 30 min 

at 48°C followed by 10 min at 95°C, then amplification (15 s at 95°C and 1 min at 60°C) for 40 
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cycles. Data are normalized to histone and analyzed using the ∆∆Ct method. The primers are 

listed in supplementary table 2. 

3.3.8. Immunoblotting 

Frozen heart samples (n=6/group) are homogenized in cold lysis buffer (10 mM 

HEPES, 10mM KCl, 1.5mM MgCl2 containing protease (1/10) and phosphatase (1/100) 

inhibitor cocktails (Sigma) and NP-40. The lysate is centrifuged at 2,000×g for 20 min at 4
0
C to 

remove cell debris. Proteins (25μg) are separated by 10% SDS-PAGE and transferred to 

polyvinylidene difluoride membranes. Ponceau S stain is used to ensure proper protein transfer 

and loading. Membranes are blocked with 5% milk in 20 mM Tris-HCl (pH 7.5), 500 mM 

NaCl, and 0.05% Tween-20 (TBS-T) for 1 h at room temperature, followed by brief washing in 

TBS-T. Membranes are incubated with the primary antibodies to AMPKα (Cell Signalling), 

pAMPKα (Cell Signalling), Akt1/2 (Upstate), pS
473

-Akt, pT
308

-Akt (Upstate) or PI3K (Cell 

Signalling) at a 1:1,000 dilution in TBS-T at 4
0
C overnight. Membranes are washed 4 times for 

15 minutes in TBS-T and incubated with the secondary HRP-conjugated goat anti-rabbit IgG 

antibody (1:10,000) for 1 h at room temperature, then washed four times for 15 min each in 

TBS-T. Bands are visualized using enhanced chemiluminescence (Amersham). Control β-

tubulin is detected with anti-β-tubulin antibody (Biovision Inc.) at a dilution of 1:10,000 (1% 

BSA in TBS-T).  

For Glut4, FAD/CD36, FABP4 and caveolin 1, heart membrane were isolated and (5µg) 

were separated by SDS-PAGE, transferred to polyvinylidene difluoride membrane, and 

incubated in 7.5 % BSA blocking solution. Thereafter, primary antibodies for FAT/CD36 and 

FABP4 (Santa Cruz), CAV1 (BD Biosciences), GLUT-4 (Chemicon) and -tubulin (Abcam), 

and the corresponding secondary IgG antibody as specified by the supplier, are used. 

Membrane proteins are detected by enhanced chemiluminesence (ChemiGenius2 Bioimaging 

system, SynGene, Cambridge, UK) and Ponceau S staining is used to verify equal loading. 

Relative band densities are used for quantification of the proteins in Pcyt2+/- vs. Pcyt2
+/+

 

hearts (n=4 per group). 

3.3.9. Quantification of heart lipids 

The lipid analysis of Pcyt2
+/-

and Pcyt2
+/+

 male and female hearts (2x n=4 per group) is 

performed by ‘shot-gun’ lipidomics as described previously[15]. The lipids are extracted 
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according to Bligh and Dyer[138] and analysis performed by direct infusion of the lipid extract 

in an ABSciex Qtrap5500 in both (+)ve and (–)ve ESI modes. Samples are infused at a constant 

rate of 5µL/min and "T-ed" into the solvent flow of 100 µL per minute. Data are acquired by 

precursor-ion and neutral-loss scans. Data analyses are performed with LipidView Software 

(ABSciex). Results are based on the peak area of each lipid species and expressed as percentile 

(%) of each species in the total lipid species identified. The total cardiac TAG content is 

measured with WAKO L-type TAG assay kit, in accordance with manufacturers specifications. 

3.3.10. 2-Bromopalmitate and 2-deoxyglucose uptake by cardiac tissue  

After 12 hours of fasting, mice (n=6 per group) are injected retroorbitally with 5μCi 2 

deoxy [14C]glucose and 1.5 μCi of BSA complexed 2-bromo-[3H] palmitate.  Blood is drawn 

after 5 min of injection and 10 μl of serum is isolated and immediately counted. One hour after 

injection, the hearts are harvested and homogenized in 250 µl of PBS. Radioactivity of total 

heart homogenates is determined and normalized with the radioactivity present in 5 μl of the 

serum collected 5 min after injection.  

3.3.11. Lipid peroxidation  

Hearts and aortae are isolated after 12 hour of fasting (n=6) and the TBARS assay kit 

(Caymen) is used to measure malondialdehide (MDA) derived from PUFA peroxidation. 

Samples are processed as per the instruction manual and MDA quantified colorimetrically at 

532 nm. 

3.3.12. Hormonal analyses  

Eight-month old mice (n=12) of both genders are sacrificed at 4h into the light period, 

and blood samples collected by cardiac puncture into 2ml microfuge tubes. Serum is separated 

by centrifugation for 10 minutes at 5000xg and snap frozen in liquid nitrogen. Samples were 

sent to the University of Tennessee for steroid hormone quantification using RIA assays. 

Cortisol and testosterone were determined with Coat-a-Count kit (Siemens Medical Solution 

Diagnostics, Los Angeles, CA) and androstenedione, estradiol and 17-OH-progesterone with 

ImmunChem Double Antibody kit (MP Biomedicals, Solon, OH). 
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3.3.13. Blood Biochemistry 

Blood is collected after 12 hours of fasting (n=8). Serum was separated immediately 

and sent to Animal Health Laboratory (University of Guelph) for biochemical analyses of 

kidney and liver function.  

3.3.14. Microarrays and bioinformatics analysis  

Total liver RNA is isolated from 3-month old Pcyt2
+/−

 (n=6) males and wild-type 

littermates (n=6) and analyzed onAffymetrix Mouse Gene 1.1 ST Arrays (whole 

transcriptome). RNA quality and integrity are confirmed using the Agilent BioAnalyzer. The 

Principal Component Analysis (PCA) and the Variance Component Analysis (VCA) are 

determined for 6 array data sets. A Volcano plot is used to estimate global variations in gene 

expression at p<0.05. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

analysis is performed using FunNet. The microarray data are submitted to the GEO database 

under the accession number GSE55617.   

3.3.14. Statistical Analyses 

Data are expressed as mean ± SEM. Statistical significance (Pcyt2
+/−

relative to Pcyt2
+/+

 

littermate controls) is determined by one- and two-tailed Student's t test using GraphPad Prism 

4 software. For echocardiography and hemodynamic measurements ANOVA followed by 

Tukey’s post-hoc-test is performed. Densitometry analyses is done using Image J 1.46 

software. Data of at least 6 independent measurements in each group are used for the statistical 

analysis.  

3.4. Results 

3.4.1. Multiple-organ dysfunction in adult Pcyt2
+/-

 mice  

Reduced PE synthesis in Pcyt2
+/-

mice causes’ hyperlipidemia and insulin resistance and 

as a result TAG accumulation in the liver and adipocytes, as anticipated [132]. Figure 5A 

shows that, compared with the wild-type mice, the 8 month old Pcyt2
+/-

mice had increased 

amount of lipid droplets and reduced number of mitochondria in the liver. The reduced number 

of mitochondria was accompanied by increased autophagy as evidenced by the increased 

population of autophagosomes (specific two membrane organelles) in Pcyt2
+/-

 liver. Liver 

steatosis in   Pcyt2
+/-

mice was also visible by H & E staining (Figure 5B) and it was 
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accompanied by collagen accumulation (liver fibrosis) (Figure 5C), all well-known 

characteristics of nonalcoholic fatty liver disease. Staining of pancreatic islets for somatostatin 

and pancreatic polypeptide further demonstrated the islet hypertrophy in the Pcyt2
+/-

mice in 

comparison to littermate controls (Figure 5D), in agreement with previously established 

hyperinsulinemia in older Pcyt2
+/-

mice. Surprisingly, only older male Pcyt2
+/-

mice had an 

enlarged heart when compared to controls (Figure 5E), but the Pcyt2
+/-

 females of the same age 

had unchanged heart size compared to littermate controls. The heart size was further confirmed 

by a thorough measurement of the heart weight and heart weight relative to the body weight 

(HW/BW) and a significantly (P<0.0001) increased weight was observed only for the older 

Pcyt2
+/-

males, but not in older Pcyt2
+/-

females (Table 1). The increased heart size was not 

observed in the young Pcyt2
+/-

mice of any gender.   

  



37 

 

Multi-organabnormalitiesinthecontextofPcyt2
+/-

metabolic syndrome 

 

 

Figure 5.Multi-organ abnormalities in the context of Pcyt2
+/-

metabolic syndrome. A. Electron 

microscopy reveals an increased amount of liver lipid droplets (LD), reduced and damaged 

mitochondria (m, black arrow) and mitophagy (m with two membrane layers, white arrows) in the 8-

month old Pcyt2
+/- 

liver. B. Liver sections stained with H&E (B) and Picrosirius Red (C) reveal severe 

liver steatosis and fibrosis in Pcyt2
+/- 

mice. D. Staining for somatostatin 14 and pancreatic polypeptide 

demonstrate pancreatic islet hypertrophy in Pcyt2
+/- 

mice. (A-C phenotype is present in both male and 

female Pcyt2
+/-

); E. Representative images illustrating that 8-month old Pcyt2
+/-

 male hearts (right) are 

larger than the hearts of control male littermates (left).   
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3.4.2. Pcyt2
+/-

males exclusively develop cardiac hypertrophy and hypertension  

We first document significant cardiac dysfunction in 8 month old Pcyt2
+/- 

males versus 

the littermate controls by echocardiography. Table 1 shows that the male Pcyt2
+/- 

mice exhibit 

cardiac hypertrophy with increased (p<0.001) left ventricular (LV) internal systolic dimensions 

(LVIDs, 3.18 ± 0.11 mm vs. 2.41 ± 0.05 mm vs.) and increased (p<0.0001) LV internal 

diastolic dimensions (LVIDd, 4.68 ± 0.08 mm vs. 4.14 ± 0.06 mm), accompanied by decreased 

(p<0.0001) fractional  shortening (FS) (32.13 ± 1.19% vs. 41.39 ± 0.79%) and decreased 

(p<0.0001) ejection fraction (EF) (66.77 ± 1.73% vs. 78.44 ± 0.87%).  These male Pcyt2
+/

mice 

also exhibited profound hypertension as compared to male littermate controls, as determined 

by in vivo catheterization and hemodynamics (Table 1). This include increased (p<0.0001) 1) 

LV end systolic pressure (LVESP, 148.73 ± 4.27 mmHg vs. 102.48 ± 0.61  mmHg);  2)  LV  

developed pressure (LVDP,  147.16 ± 3.92  mmHg vs. 103.68 ± 1.19 mmHg); 3) systolic 

blood pressure (SBP, 137.50 ± 2.29 mmHg vs. 100.82 ± 0.53 mmHg); 4) diastolic pressure 

(DBP, 83.34 ± 1.51 mmHg vs. 64.04 ± 0.62 mmHg); and 5) mean arterial pressure (MAP, 

101.39 ± 0.96 mmHg vs. 76.22 ± 0.48 mmHg). Thus, these data show severe myocardial 

hypertrophy and hypertension in the 8 month old males.  

We then excluded the possibility that the cardiac phenotype in the aging male Pcyt2
+/- 

mice was congenital in nature, and rather, that the disease pathogenesis was more likely due to 

reduced PE synthesis and consequential changes in membrane and FA metabolism. Young 

Pcyt2
+/- 

mice at 3 months of age appear healthy, with all cardiovascular parameters including 

echocardiography and hemodynamics similar to their control littermates. Although this does 

not exclude congenital cardiac conditions they were clearly not obvious at young age. 

Moreover, it suggests that the hypertension and hypertrophy that develops in the male Pcyt2
+/- 

mice does so over an extended period of deregulation. Taken together, the abnormal PE 

synthesis appears to act as a pathophysiologic stimulus and the heart disease develops over 

time.   

We next demonstrate that the cardiovascular phenotype in aging male Pcyt2
+/- 

mice is 

gender specific. Consistent with this notion, the pathophysiology is restricted to the male mice, 

as the age-matched female Pcyt2
+/- 

mice do not develop cardiac hypertrophy or hypertension. 

As might be expected from the functional data, the 8 month old female Pcyt2
+/- 

vs. female 

littermate control mice do not exhibit significantly different (p>0.05) echocardiography 
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(LVIDd, LVIDs, %FS, and %EF) or hemodynamic (LVESP, LVEDP, LDP, SBP, DBP and 

MAP) parameters (Table 1). Furthermore, the young female Pcyt2
+/- 

mice also show no 

evidence of cardiovascular dysfunction (supplementary table 4).  Thus these data establish the 

presence of profound hypertension with compensatory cardiac hypertrophy that appears to be 

specifically developed in older male Pcyt2
+/- 

mice.    
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Table 1. Morphometry, echocardiography and hemodynamics in 8-month old Pcyt2
+/-

male and female mice and WT control 

 

8 month 

Pcyt2
+/-

 

Male 

8 month 

WT  

Male 

8 month  

Pcyt2
+/-

 

Female 

8 month  

WT  

Female 

 

ANOVA  

p-value 

N- value 6 6 6 6  

BW(g) 45.01±1.49 44.48±1.53 43.30±2.22 37.13±4.98 ns 

HW(mg) 231.50±8.15** 197.33±3.15 143.00±4.19 139.50±8.83 <0.01 

HW:BW 5.09±0.04** 4.46±0.13 3.39±0.20 3.98±0.39 <0.01 

HW:TL 12.50±0.46* 10.56±0.11 7.98±0.24 7.67±0.51 <0.05 

HR (bpm) 498.42±17.57 490.74±4.45 511.90±10.46 503.20±18.34 ns 

LVIDd 

(mm) 

4.68 ±0.08**  4.14±0.06 4.08±0.07 3.94 ±0.06 <0.01 

LVIDs 

(mm) 

3.18±0.11** 2.41±0.05 2.48±0.09 2.34±0.04 <0.01 

FS (%) 32.13±1.19** 41.39±0.79 39.34±1.42 40.41±0.83 <0.01 

EF (%) 66.77±1.73** 78.44±0.87 76.09±1.63 77.38±0.91 <0.01 

LVESP 

(mmHg) 

148.73±4.27§ 102.48±0.61 101.64±0.66 100.35±1.05 <0.0001 

LVEDP 

(mmHg) 

1.57±1.61 -1.20±0.68 -0.90±0.81 0.00±0.76 ns 

LDP 

(mmHg) 

147.16±3.92§ 103.68±1.19 102.54±1.36 100.35±1.29 <0.0001 

SBP 137.50±2.29§ 100.82±0.53 99.50±0.68 99.83±0.93 <0.0001 
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(mmHg) 

DBP 

(mmHg) 

83.34±1.51§ 64.04±0.62 57.79±1.62 59.96±2.00 <0.0001 

MAP 

(mmHg) 

101.39±0.96§ 76.22±0.48 72.50±1.00 73.25±1.40 <0.0001 

dp/dt max 

(mmHg/s) 

10756.43±876 9591.04±667 9699.95±752 7991.47±479 ns 

dp/dt min 

(mmHg/s) 

10116.59±1163 9348.37±314 9519.56±860 8136.27±395 ns 

 

*= p<0.05, ** = p<0.01, § =p<0.0001, 8 month Pcyt2+/-mice vs. all other groups by two-way ANOVA 

and post-hoc Tukey test; t-test = malePcyt2+/- vs.maleWTmice. 

Legend: BW, body weight; HW, heart weight; HW:BW, ratio; TL, tibia length; HR, heart rate; LVIDd, 

LVIDs, left ventricle (LV) internal dimensions at diastole, and systole, respectively; % FS, percent 

fractional shortening; % EF, percent ejection fraction;LVESP, LVEDP, LV end systolic and end 

diastolic pressure; LDP, LV developed pressure;  SBP,DBP, MAP, systolic, diastolic and mean arterial 

blood pressure; dp/dt max/min, maximum and minimum first derivative of LV pressure. Mean ± SEM. 
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3.4.3. Increased cardiomyocyte size in Pcyt2
+/- 

male heart   

The functional pathologies in older male Pcyt2
+/- 

hearts are associated with increased 

cardiomyocyte size as shown in Figures 6A and 6B. Cardiomyocyte hypertrophy (p<0.05) is 

detected in 8 month old Pcyt2
+/- 

males compared with littermate controls (284.13 ± 12.08 

µm
2
vs. 228.57 ± 9.37µm

2
).  As expected, there was no myocyte hypertrophy in the young 

Pcyt2
+/- 

male hearts as compared to littermate controls (178.73 ±8.36µm
2 

vs. 169 ± 11.75 µm
2 

(Figures 6C and 6D). There was also no difference in the cardiomyocyte size in young and old 

Pcyt2
+/- 

female mice.  

 

 

Figure 6. Pcyt2
+/

males have increased cardiac hypertrophy with age. A. Representative images of 8 

month old Pcyt2
+/-

males and littermate controls hearts, with Pcyt2
+/-

hearts exhibiting increased cardiac 

hypertrophy. B. Quantification revealed significantly increased myocyte cross-sectional area (MSCA) 

in 8 month old Pcyt2
+/- 

males consistent with increased cardiac hypertrophy (n=5 hearts/group). C. 

Representative images from 3 month old Pcyt2
+/-

male and littermate control hearts showing no 

difference in cardiac morphometry. D. Quantification revealed no difference in MCSA between groups 

consistent with the notion that changes in cardiovascular morphometry in 8 month old Pcyt2
+/-

mice is 

associated with aging and not developmental (n=5/group).*p<0.05. 

  

 

 

8 

3 
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3.4.4. Gender-specific regulation of gene expression in Pcyt2
+/-

heart 

We next examined the gender related variations in cardiac gene expression. Differences 

established for 8-month old male and female mice are summarized in Figures 7 and 8. As 

shown in Figure 7A, the genes responsible for FA supply from circulating lipoproteins, FA 

transporter/Cd36 and lipoproteinlipase/Lpl, are specifically up regulated in male Pcyt2
+/-

heart. 

In contrast, the TAG and FA degrading genes hormone sensitive lipase/Hsl, adipose 

triglyceride lipase/Atgl, and peroxisomeproliferation activated receptor-alpha/Pparα, are not 

significantly modified, and as expected, the peripheral  G protein (estrogen) receptor/Gpr30 is 

not detected in any group of male hearts (Figure7A). The expression of structural proteins α-

actin/Acta,myosin heavy chain 6/Myh6 and myosin heavy chain7/Myh7 is also unaltered in 

Pcyt2
+/-

male heart. Natriuretic peptide type A/Nppa is significantly reduced in the Pcyt2
+/- 

male heart (Figure 7A). Altogether, Lpl and Cd36 are 27%-30% higher (p<0.05) (Figure 7C 

and 7D) while Nppa is 30% lower (p<0.05) (Figure7E) in thePcyt2
+/- 

male heart relative to the 

Pcyt2
+/+ 

male heart.  

 In the Pcyt2
+/- 

female heart, the levels of Cd36, Acta and Myh7 mRNAs are  

significantly altered (Figure 7B).Cd36 and Acta are reduced 60% and 55% (p<0.05) (Figures 

7F and 7G) while Myh7 is 70% higher (p< 0.05) (Figure7H) in the Pcyt2
+/- 

female heart than in 

the wild type female heart. The expression of Npaa, Atgl, Hsl, Lpl, Paraα, and Grp30 are 

unchanged in the Pcyt2
+/- 

female heart. Taken together, these data in Figure 7 demonstrates 

significantly altered genes for FA supply and heart remodeling in the 8 month old Pcyt2
+/- 

mice. Gene expression patterns are gender-specific, underlying the cardiac dysfunction that 

develops only in Pcyt2
+/-

males and cardiac protection in Pcyt2
+/- 

females, even though both 

genders develop chronic obesity, hyperlipidemia and insulin resistance [132].  
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                 Gender-specific regulation of gene expression in Pcyt2
+/-

heart 

Figure 7. Differential gene expression of heart biomarkers and lipid genes in male and female 

Pcyt2
+/-

 hearts. Expression of the heart failure genes and heart FA transport and metabolism genes in 8-

month old male (A) and female (B) hearts. Each line (n=3) represent separate Pcyt2
+/-

 and Pcyt2
+/+

 

animal. Quantification (n=6) revealed significant up regulation of the FA transporter/Cd36 (C) and 

lipoprotein lipase/Lpl (D) gene expression, and a significant down regulation of Nppa ( E) gene 

regulation  in Pcyt2
+/-

 male heart. On the other hand, there was a significant down regulation of Cd36 

(F) and α-actin/Acta (G) gene expression, and a significant up regulation of Myh7 (H) gene expression 

in Pcyt2
+/-

 female heart.  The surface G-protein (estrogen) receptor Gpr30 was only detected in Pcyt2
+/-

 

and Pcyt2
+/+

 female hearts. Values are mean ±SEM and * p<0.05 in a two-tailed or one tailed Student t-

test.  
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Next, we examined the expression of genes that can be directly linked to thePcyt2
+/- 

energy metabolism. We investigated the genes for the TCA cycle activity and mitochondrial 

biogenesis (mono-carboxylate (lactate/glutamate) transporter 1/Mct1, peroxisome proliferator-

activated receptor gamma co-activator 1 alpha/Pgc1α) and FA synthesis (stearoyl-CoA 

desaturase1/Scd1) (Figure8). As shown in Figure8A and 8B, Mct1 is 56% upregulated in 

Pcyt2
+/- 

male heart and 20% in female Pcyt2
+/- 

heart relative to their male and female control 

levels. When Pcyt2
+/- 

male versus female hearts are compared, the female Pcyt2
+/- 

heart still has 

33% higher Mct1 expression (p<0.05). Interestingly, the basal Ace expression was 73% 

(p<0.05) higher in the male hearts than in the female hearts (Figure 8A and 8C). The 

Pcyt2
+/−

male heart also had an additional 11% up regulation of Ace in comparison to the basal 

levels.  At the basal level, Pgc1α is 19% up regulated in female hearts in comparison to male 

hearts and a similar difference was maintained in the Pcyt2
+/- 

female and male hearts (16 % 

increase, p<0.05) (Figure 8A and 8D). The modest but significant up regulation of Pgc1α is 

consistent with the notion that mitochondrial biogenesis is unaltered in Pcyt2 deficient hearts of 

both genders. The Scd1 expression is unaltered in the Pcyt2
+/- 

male heart and it is strongly 

upregulated (88%) in the Pcyt2
+/- 

female heart (Figure8A and 8E). Altogether, data in Figure 8 

suggest a gender specific alteration of substrate supply (lactate/glutamate -Mct1transporter 

and monounsaturated FAsynthesis-Scd1) and renin-angiotensin system gene Ace1 in 

Pcyt2
+/- 

heart. 
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Gender-dependent expression of metabolic/hypertension genes in Pcyt2
+/-

 heart 

 

 

Figure 8. Gender-dependent expression of metabolic and hypertension genes in Pcyt2
+/-

 heart. A. 

Representation of the genes differently expressed in 8-month old male and female hearts. B. 

Monocarboxylate (lactate) transporter/Mct1 was significantly up regulated in both Pcyt2
+/-

 male and 

female hearts relative to control,Mct1 expression was significantly higher in Pcyt2
+/-

 female than 

Pcyt2
+/-

 male hearts.  C. Angiotensin converting enzyme/Ace was significantly up regulated in Pcyt2
+/-

 

male heart. Control female heart had minimal Ace expression and the expression remained relatively 

low in Pcyt2
+/-

 female heart in comparison to Pcyt2
+/-

 male heart. D. The mitochondrial regulator Pgc1α 

was significantly up regulated in control female heart relative to control male heart. Pgc1α expression 

was also significantly up regulated in Pcyt2
+/-

 female heart relative to Pcyt2
+/-

 male heart. E. Stearoyl-

CoA desaturase/Scd1 expression was significantly up regulated in Pcyt2
+/-

 female vs. Pcyt2
+/-

 male 

heart. Scd1 expression was significantly up regulated in Pcyt2
+/-

 female heart vs. littermate controls. 

Two tailed Student t-tests were performed (n=6) and values are mean ±SEM; * p<0.05, **p< 0.01, ***p 

<0.001.  

  

 

 

Male Female Male Female Male Female
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3.4.5. Cardiac insulin signaling pathway is impaired in both Pcyt2
+/-

genders 

We next tested if insulin signaling contributes to the cardiac dysfunction in 8 month old 

Pcyt2
+/- 

males. There is a dramatic decreaseinPI3Kprotein in both male and female Pcyt2
+/- 

hearts relative to Pcyt2
+/+ 

control hearts. In addition, Akt1 activation by phosphorylation 

(pAkt1/Akt1 ratio) is reduced 38-40% (p< 0.05) (Figure 9A) and the amount of the glucose 

transporter Glut4 is similarly decreased 30% (p< 0.05)in both male and femalePcyt2
+/- 

hearts 

(Figure 9B).  Therefore, in agreement with previously established systemic insulin 

resistance[132], the heart insulin signaling and glucose transport are impaired in both Pcyt2
+/- 

genders.  Reduced heart PI3K and pAkt1/Akt are also observed in 3 month old Pcyt2
+/-

 mice 

and in both genders (supplementary figure 1).Similarly to Glut4, Fat/Cd36 protein is reduced 

by 36-41% inPcyt2
+/- 

male and female hearts (Figure 9B). Fabpm, another protein important 

for cardiac FA uptake and the membrane specific caveolin 1 (Cav1) are not significantly 

different betweenPcyt2
+/- 

and Pcyt2
+/+ 

hearts (Figure 9B).  To relate the levels of Glut4 and 

Fad/Cd36 transport proteins with the heart capacity for the substrate uptake, we measured the 

uptake of respective non-degradable substrates 
3
H-deoxyglucose and 

14
C-bromopalmitate in 

the male and femalePcyt2
+/- 

and Pcyt2
+/+

 hearts (Figure 9C).  In accordance with reduced 

Glut4 levels, glucose uptake is reduced 47% (p< 0.01)in Pcyt2
+/- 

male heart and 32% 

(p<0.001) in Pcyt2
+/- 

female heart (Figure 9C). In accordance with reduced Fad/CD36, 
14

C-

bromopalmitate uptake in thePcyt2
+/- 

male heart decreased 44.7% (p<0.01) and in thePcyt2
+/- 

female heart decreased 29.7% (p<0.01) (Figure 9C). Altogether, these data establish that 

Pcyt2
+/- 

hearts of both gender have impaired insulin signaling and a significantly reduced 

capacity for exogenous substrate (glucose and FA) uptake, mostly mediated by Glut4 and 

Fad/CD36.  However, since the impairments are present in both Pcyt2
+/- 

genders they are 

unrelated to the male-specific cardiac dysfunction.  
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           Cardiac insulin signaling pathway is impaired in both Pcyt2
+/-

genders 

Figure 9: Gender-independent reduction in insulin signaling and substrate uptake inPcyt2
+/- 

heart.  

A. Insulin signaling pathway is impaired in male and female Pcyt2
+/- 

hearts- PI3K protein and 

pT
308

Akt/Akt and B.  Cd36 and Glut4 were reduced in the Pcyt2
+/- 

hearts of both genders.  The heart 

Fabpm, Caveolin 1 and beta-tubulin control were not affected by Pcyt2 deficiency. C. Glucose and FA 

uptake were similarly reduced in Pcyt2
+/- 

hearts of both genders. 14C-deoxyglucose and 3H-

bromopalmitate were injected and the heart incorporation (dpm/mg/h) determined in both sexes of 

Pcyt2
+/- 

and Pcyt2
+/+

mice. D. Pcyt2 gene expression in Pcyt2
+/-

mice did not vary between different 

tissue types showing no link with male-specific cardiac dysfunction. The values are means ±SEM. (n=6 

per group) at *p<0.05, **p< 0.01.  
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3.4.6. The composition of Pcyt2
+/-

heart lipids is gender dependent 

To identify the underlying mechanism(s) responsible for the male-specific cardiac 

dysfunction we also tested the gender-related differences in Pcyt2 expression in various 

tissues. As shown in Figure 9D, Pcyt2 mRNA levels do not significantly differ in the heart, 

kidney and liver of the male and femalePcyt2
+/-

mice and therefore Pcyt2 expression level 

cannot be related to the male-specific phenotype. Since deletion of Pcyt2 gene directly affects 

membrane PLs, we performed detailed analysis of the heart lipids by ‘shot gun’ lipidomics. 

The results are shown in Figure 10A-C. Figure 6A shows variations in individual PLs (PE, PC, 

phosphatydylserine-PS, phosphatidylinositol-PI, cardiolipin-CL) in the Pcyt2
+/- 

and Pcyt2
+/+ 

male and female hearts. While PS and CL do not differ among groups, PE, PC and PI show a 

gender dependent difference. Total PEis 11.9 % (p<0.05) higher in the Pcyt2
+/-

male heart 

and 8.6% (p<0.05) lower in the Pcyt2
+/-

 female heart (Figure 10B).  Total PC is reduced 

(6.2%; p<0.05) in the Pcyt2
+/-

male heart and unchanged in the Pcyt2
+/-

 female heart.  PI 

content is dramatically increased (47%; p<0.05) only in the Pcyt2
+/- 

male heart (Figure 

10A). Those changes alter the membrane PC/PE ratio only in the Pcyt2
+/- 

male heart where 

the ratio is 17.6% (P<0.01) reduced relative to the Pcyt2
+/+

 male heart. Pcyt2
+/-

and Pcyt2
+/+

 

female hearts have similar membrane PC/PE ratios (Figure 10B), showing that Pcyt2 

heterozygosity only alters the membranes of the male heart. Detailed analyses of the PL FA 

composition further reveals that the wild-type male heart has a FA composition different 

from the wild-type female heart and only male’s FA composition is altered by 

Pcyt2deficiency(Figure 10B). Wild-type Pcyt2
+/+

male heart have the lowest content of 

palmitic acid (18:0), otherwise the most abundant saturated FA in other groups, and the highest 

content of linoleic acid (18:2n-6), the essential FA and the precursor of arachidonic acid 

(20:4n-6) and other n-6 long-chain PUFA. The wild-type male heart TAG has reduced content 

of oleic acid (18:1) and increased content of stearic acid (16:0) that is also different from all 

other groups (Figure 10C). These data for the first time clearly establish a sexual dimorphism 

in the PL and TAG FA composition between male and female hearts that is specifically 

perturbed in the Pcyt2
+/-

male heart.  
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The composition of Pcyt2
+/-

heart lipids is gender dependent 

 

Figure 10: Modified PL ratio and FAcomposition in Pcyt2
+/- 

male heart.  A. Contribution of individual 

PLs (%) PE-phosphatydylethanolamine, PC-phosphatydylcholine, PI-phosphatydylinositol, PS-

phopshatydylserine, CLcardiolipin and SM-sphingomyelin-SM to total heart PLs; B. Specific 

contribution of PE, PC and PC/PE ratio in Pcyt2 deficient and wild-type male and female hearts 

(Pcyt2
+/- 

and Pcyt2
+/+

)-PE was increased in Pcyt2
+/- 

male heart and reduced in Pcyt2
+/-

female heart 

while PC/PE ratio was lower only in Pcyt2
+/- 

male heart. PI was specifically higher in Pcyt2
+/ -

male 

heart and CL and PS remained unchanged.  
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3.4.7. Arachidonic acid and n-6 LCPUFA are enriched in the Pcyt2
+/- 

male heart 

phospholipids 

Since the altered FA composition is the most critical alteration caused by Pcyt2 

deficiency, formation of arachidonic acid by desaturation/elongation of linoleic acid 

(18:2n-6) may paly a vital role.  As shown in Figures 11A and 11B, there is a clear 

sexual dimorphism in the heart n-6 elongation/desaturation products in the wild type males vs. 

wild type female (white bars).  The wild type male heart is enriched in 18:2n-6 and contains 

~37% (p<0.01) more 18:2n-6 than the wild-type female heart. The wild-type female heart 

however contains a higher proportion the elongation/desaturation products, including 

arachidonic acid (20:4n-6) and other n-6 PUFA (20:3n-6, 22:3n-6, 22:4n-6).  

Deletion of Pcyt2 causes remodeling of the membrane n-6 PUFA that is more specific 

in deficient males (Figure 11A and 11B; black bars). While Pcyt2
+/-

 male 18:2n-6 is reduced 

55% (p< 0.001) most of the elongation/desaturation products (20:3n-6, 20:4n-6, 22:3n-6, 

22:4n-6) are increased and in similar increments of 38-56%. On the other hand, n-6 PUFA in 

the female heart is not significantly affected by Pcyt2 deficiency. ThePcyt2
+/- 

female heart 

however is enriched in docosahesaenoic acid (22:6n-3; DHA). DHA is elevated in the wild-

type female heart compared to the wild-type male heart (20%p<0.01) and further elevated in 

Pcyt2-deficient female heart. The heart of Pcyt2
+/- 

females have 30% (p<0.001) more DHA 

than the heart ofPcyt2
+/- 

males (Figure 11B). Together, these data firmly establish that elevated 

linoleic acid (18:2n-6) desaturation/elongation leading toward accumulation of arachidonic 

acid and other n-6 PUFA is specific in the Pcyt2 deficient male heart (develop 

cardiomyopathy) while the unmodified n-6 PUFA PLs and accumulation of n-3 DHA are 

characteristics of the Pcyt2 deficient female heart (protected from cardiomyopathy).   

Finally, in addition to the heart TAG FA composition (Figure 10C), total heart TAG 

(Figure 7B) are also sexually dimorphic, with wild-type females having 44% more TAG than 

wild-type males. However, total heart TAG decreases 15.6% inPcyt2
+/- 

females relative to the 

wild type females, while inPcyt2
+/-

males TAG increases 16% relative to the wild-type males, 

additionally showing a gender-dependent variation in TAG turnover and utilization. Females 

accumulated and used more TAG in Pcyt2 deficiency. On the other hand, male hearts 

contained less TAG than female hearts and used less TAG in Pcyt2 deficiency.  
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3.4.8. Lipid peroxidation is elevated in the heart and aorta of Pcyt2+/-males 

SincePcyt2
+/- 

male hearts have increased content of arachidonic acid and long-chain n-6 

PUFA we also analyzed malondialdehyde levels (a measure of PUFA peroxidation-ROS) in 

cardiac tissue and aorta (Figure 11C). The cardiac tissue of bothPcyt2
+/- 

genders have 

increased ROS production, but cardiac ROS increased 62% (P< 0.05) inPcyt2
+/- 

males and 

32.8% (P<0.01) inPcyt2
+/- 

females in comparison to the same gender controls. ROS production 

is dramatically elevated and 2.6-fold higher in the aorta ofPcyt2
+/- 

male than the with-type 

male.  Aortas fromPcyt2
+/- 

females on the other hand have reduced ROS content relative to the 

wild-type females. Therefore, it seems likely that the Pcyt2 deficiency is causing a higher level 

of desaturation of the membrane PLs and higher n-6 PUFA, which increases oxidative stress in 

the male heart and vascular system and predisposes Pcyt2 deficient males to hypertension and 

cardiac dysfunction. 

3.4.9. Ace1 is specifically up regulated in Pcyt2
+/- 

male heart   

Blood biochemical analyses show that the male-specific hypertension cannot be caused 

by hepatic or renal dysfunction since both Pcyt2
+/-

 genders have normal tests for the liver and 

kidney function (Supplementary figure 4). To examine if the renin-angiotensin system (RAAS) 

(Figure 11D, E) has a causative role in the male-specific hypertension we tested the heart, liver 

and kidney arms of the RAAS.  We establish that Ace1 but not Ace2 is specifically elevated 

(2.6 fold increase) in the Pcyt2
+/-

male heart and that liver angiotensinogen (Agt), kidney renin 

(Ren) and cardiac angiotensin receptor (Agtr1) are not significantly different in both genders 

and genotypes. In agreement with the well-known role of Ace1in male hypertension, we 

conclude that the up regulation of Ace1is most critical in the male-specific RAAS activity and 

development of hypertension. 

 

  



53 

 

Arachidonic acid and n-6 LCPUFA are enriched in the Pcyt2
+/- 

male heart phospholipids 

 

Figure 11: Accumulation of arachidonic acid and long-chain n-6 PUFA in Pcyt2
+/ -

male heart. A. 

Desaturation and elongation of essential 18:2n-6 PUFA linoleic acid is sexually dimorphic and more 

active in wild-type female heart than in wild-type male heart (A-white bars). Production of arachidonic 

acid (20:4n-6) and longer chain n-6 PUFA from linoleic acid (18:2n-6) was up regulated only in Pcyt2 
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deficientmale heart (A-black vs. white bars). B. Cardiac very-long chain n-6 and n-3 PUFA and total 

TAGs also show sexual dimorphism and are elevated in the wild type female hearts (B, white bars). 

Docosahesaneoic acid (22:6n-3 or DHA) additionally increased only in Pcyt2
+/-

female heart. C. ROS 

production was increased in both, male and female Pcyt2
+/-

 hearts while in the aorta   ROS was 

specifically elevated in Pcyt2
+/-

 males showing a male-specific vascular oxidative stress in Pcyt2 

deficiency. D and E. Pcyt2
+/-

 male-specific overexpression of heart Ace1 gene (D) and no differences in 

the rest of the renin-angiotensin system, i.e., Ace2 (heart, kidney), angiotensinogen (Agt, liver) and renin 

(Ren kidney) and angiotensin receptor (Agtr1, heart); * p<0.05, **p< 0.01, ***p <0.001.  

 

 

3.4.10. Pcyt2
+/- 

males have modified hormonal status  

We also analyzed the steroid hormone levels in a gender-specific manner in male or 

female mice (Figure 12). The steroid hormone precursor 17-OH-progesterone and aldosterone 

are unaltered by Pcyt2 deficiency vs. wild-type controls (Figure 12A and 12B). The estrogen 

levels are modestly elevated in Pcyt2
+/- 

females vs. control females (Figure 12C).  Pcyt2
+/- 

males however have dramatically reduced circulating testosterone and cortisol levels (Figures 

12D and 12E). Testosterone is reduced 3.6-fold (p<0.05) (Figure 12D) and cortisol 2.2-fold 

(p<0.05) (Figure 12E) in Pcyt2
+/- 

males in comparison to control   males. No significant 

changes in serum cortisol are detected in the female Pcyt2
+/- 

mice and as expected a low 

testosterone (basal level) is present in all female mice. These data strongly correlate Pcyt2 

deficiency and the steroid hormone homeostasis. 
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Pcyt2
+/-

males have reduced amounts of serum testosterone and cortisol 

 

 

 

Figure 12: Pcyt2
+/-

males have reduced amounts of serum testosterone and cortisol. A. The serum 

cortisol (A) and testosterone (B) (ng/ml) were significantly reduced in Pcyt2
+/-

 males vs. control male 

littermates (n=6 per group). C. Serum estradiol (pg/ml) level was up regulated in Pcyt2
+/-

 females vs. 

control female littermates (N=6 per group). D. Serum 17-OH progesterone (D) and aldosterone (E) 

precursors (ng/ml) did not show any difference between the groups.    Data are expressed as mean ± 

SEM and the analysis performed using two-tailed Student t-test at *p <0.05, ** p < 0.01 and **p < 

0.01.   

  

 

Male  Female  
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3.4.11. Young Pcyt2
+/-

males have modified fatty acid metabolism and cholesterol 

homeostasis 

The liver is a very important regulator of cholesterol and steroid hormone homeostasis. 

To capture early changes that might   have occurred in sterol metabolism and to further 

investigate Pcyt2 deficiency in steroid hormone homeostasis, we performed a genome-wide 

microarray analysis on the liver samples from young, asymptomatic male Pcyt2
+/- 

and control 

mice. The microarray data are shown in Figure 13. The quality analysis established a clear 

separation between groups indicating that gene expression profiles for Pcyt2
+/- 

and control 

groups are distinct (Figure 13A). A mixed-model ANOVA analysis with a relaxed p-value 

(α=0.05) is used to prepare a volcano plot and further identify differentially expressed genes 

(Figure 13B). The number of differentially expressed transcripts identified (p<0.05) is 1458 

out of 28,996 transcripts, with 536 genes up regulated and 714 genes down regulated in 

Pcyt2
+/- 

mice relative to littermate controls. Functional KEGG pathway analyses 

revealsthat67.9%ofthedown-regulatedgenesaremetabolicpathway genes, while 44.4% of the up 

regulated genes belong to the steroid biosynthesis pathways (Figure 13C). 

Among the down-regulated metabolic pathway genes, the Pparα signaling and the FA 

oxidation genes contribute14.5% and 12.2% respectively, and in most cases they are the shared 

genes (Figure 13C). The group includes aldehyde dehydrogenase 3a2/Aldh3a2, carnitine 

palmitoyltransferase/Cpt1a, acyl-CoA dehydrogenase, member11/Acad11, acyl-

CoAdehydrogenase, C4-C12straightchain/Acadm, acyl-CoA synthase/Acsl1, 

cytochrome450/Cyp11A1, FAdesaturase1/Fads1, FA desaturase2/Fads2, andacyl-CoA oxidase 

1/Acox1 (Figure 13D). Interestingly, based on the lipidomic data in Figure 11A, 18:2 

desaturation steps catalysed by Fads1 and Fads2 activities are activated in Pcyt2 deficient 

male heart, suggesting that the reduced gene expression is most likely compensatory.  

The most up regulated are the genes for the sex steroid hormone metabolism, however 

many cholesterol metabolic genes are down regulated (Figure 13E). The up regulated group 

includes the key regulatory gene in the steroid hormone biosynthesis, 3beta 

hydroxylsteroiddehydrogenase-Hsd3b4, the male specific testosterone degrading gene 

Cyp2c70 and the estrogen degrading catechol-O-methyltransferase/Comt1. Infact, the top up 

regulated genes in the Pcyt2
+/-

 male liver (Figure 13E).Conversely, the most down regulated 

steroidogenic genes are hydroxysteroid (17-beta) dehydrogense13/Hsd17b13, progesterone 

receptor membrane component1/Pgrmc1, C14sterol reductase that regulates  conversion of 
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lanosterol to cholesterol/Tm7sf2, testosterone 6beta hydroxylase/Cyp3a25,cholesterol 

biosynthesisgene3-hydroxy 3-methylglutarylCoenzymeA synthase/Hmgcs2,the major bile  acid 

synthesis gene cholesterol7alpha hydroxylase-Cyp7a1, testosterone and xenobiotic 

oxydizingCyp2a5, sterolisomerase/emopamilbindingprotein/Ebp andsqualeneepoxydase/Sqle 

(Figure13E).Taken together, the steroidogenic gene expression analyses agree with the plasma 

hormonal data for Pcyt2
+/- 

males (Figure 12),at  least in the  case of low testosterone levels, 

predicting that an increased steroid metabolism (not reduced steroidogenesis) contributes to the 

reduced blood testosterone and perhaps cortisol content.  
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Young Pcyt2
+/-

males have modified fatty acid metabolism and cholesterol homeostasis 

 

Figure 13:  Differences in the regulation of metabolic pathways and steroid hormone biosynthesis A. 

The quality analysis established a minor variability and a clear separation between groups; B. Volcano 

plot with a mixed-model ANOVA analysis and a relaxed p value (α= 0.05) identify differentially 

expressed genes. C. Functional KEGG pathway analysis established that 67.9% of the down-regulated 

genes were the metabolic pathway genes, while 44.4% of the up regulated genes belonged to the steroid 

biosynthesis genes. D. While the steroid hormone genes Cyp2c70, Comt1 and Hsd3b4 were up 

regulated the cholesterol biosynthesis genes Sqle, Ebp, Pgrmc1, Hsd17b1, Tm7sf2, Cyp3a25, Hmgcs2, 

Cyp7a1 and Cyp2a5 were significantly down regulated in 3 month old Pcyt2
+/-

 male liver.  E. Multiple 

mitochondrial FA oxidaton and Pparα regulated genes were significantly down regulated in Pcyt2
+/-

 

mice liver vs. controls. All units are arbitrary. p<0.05.  
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3.5. Discussion 

In this study, we use a heterozygous murine model for Pcyt2 that has reduced 

membrane PE synthesis by the CDP-ethanolamine Kennedy pathway. This is the first study 

to directly link deregulated membrane PL homeostasis with mammalian cardiac dysfunction. 

The study emphasizes different consequences of reduced membrane PE synthesis on FA 

metabolism and steroidogenesis, leading to cardiac dysfunction in Pcyt2 deficient males and 

providing protection in Pcyt2 deficient females.  

Our findings are consistent with reduced PE synthesis in the Drosophila Kennedy 

pathway, in which mutants accumulate TAG and experience cardiac dysfunction [135]. The 

Pcyt2
+/- 

male mice have elevated TAG levels, and significantly increased left ventricular 

systolic and diastolic dimensions along with decreased fractional shortening (FS) and ejection 

fraction (EF). These occur along with profound hypertension including significantly increased 

systemic and left ventricular blood pressure. Interestingly the cardiovascular pathology is 

detected only in Pcyt2
+/- 

males but not the females. Despite reduced PE synthesis, Pcyt2
+/-

females do not have modified membrane PLs, and they have unimpaired EF and FS, and 

are protected from cardiac dysfunction.  

3.5.1. Reduced substrate supply to the insulin resistant Pcyt2
+/- 

heart is gender-

independent 

Normal cardiac function depends on FA metabolism and to a lesser degree on glucose 

metabolism as an energy source[10, 124, 139].In contrast, the hypertrophied heart requires 

alternative energy sources and tends to rely more on glucose metabolism [139-141]. Both male 

and female Pcyt2
+/- 

hearts have impaired PI3K/pAkt1/ Glut4 signaling and glucose uptake 

however cardiac hypertrophy is present only in males.  Myocardial FA uptake is 

predominantly mediated by Cd36 membrane transporter [142]. Cd36 null mice develop cardiac 

conduction abnormalities, altered membrane PLs and impairments in calcium homeostasis 

[143]. Moreover, CD36 deficiency in humans is linked to hypertrophic 

cardiomyopathy[144].However, both Pcyt2
+/- 

male and female have reduced cardiac FA uptake 

and Cd36 protein levels that cannot be responsible for the male-specific hypertrophy. Both 

Pcyt2
+/- 

male and female hearts have elevated lactate/glutamatetransporterMct1probably as 

compensatory or the reduced glucose uptake. As a compensation for the reduced FA uptake 

female but not male Pcyt2
+/-

Scd1 expression is highly elevated to increase the intracellular 
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amount of FAs. Altogether, we conclude that under the underlying conditions of heart insulin 

resistance and similarly reduced glucose and FA uptake in both Pcyt2
+/- 

genders, a different 

mechanism is responsible for the male specific cardiac dysfunction.  

3.5.2. Specific remodeling of Pcyt2
+/-

male heart phospholipids  

The ratio and composition of the bilayer PLs is vital for the membrane integrity and 

function and number of animal and human studies have established that males and females 

differ in membrane PL composition [145, 146]. Because deletion of Pcyt2 gene specifically 

modifies membrane PE [125, 132], we expected that the membrane PL remodeling could be 

the main initiator of the male-specific cardiac dysfunction. Indeed, the lipidomics analysis 

establishes a strong sexual dimorphism in cardiac n-6 PUFA and decreased PC/PE ratio in the 

Pcyt2
+/- 

male heart reflecting differential PL remodeling in the male and female Pcyt2 

deficient hearts. Arachidonic acid (20:4n-6) and longer n-6 PUFA are produced from linoleic 

acid 18:2n-6 by sequential desaturation and elongation reactions. Pcyt2
+/-

 female heart PLs 

have unmodified n-6 PUFA and elevated n-3 PUFA DHA (22:6n-3) known to be 

cardioprotective[146]. Wild-type male heart is enriched in 18:2n-6 and had low 20:4n-6. 

However, the Pcyt2
+/- 

male heart became deficient in 18:2n-6 and enriched in 20:4n-6, 

showing that Pcyt2 deficiency stimulates n-6 PUFA elongation and desaturation in these 

animals.   

It is well established that estrogen stimulates, whereas testosterone inhibits the 

conversion of PUFA into their longer-chain metabolite.  Since Pcyt2
+/- 

males have reduced 

testosterone levels that may be additional contributing factor in releasing the inhibition of 

18:2n-6 conversion to 20:4n-6 and accumulation of n-6 PUFA in the Pcyt2
+/- 

male heart. 

Androgen deficiency has been widely accepted to have a negative effect on metabolic diseases 

and in promoting coronary heart disease [147]. Benefits of testosterone supplementation were 

evidenced in the heart failure patients, metabolic syndrome, and performance enhancement in 

athletes [148]. Testosterone deficiency is a marker for early death in man  [149]and as shown 

in this study it could be an important factor in male-specific cardiovascular disease. 

3.5.3. Gender–dependent phospholipid remodeling is critical for Pcyt2
+/-

heart phenotype  

Our proposed model for the male-specific heart phenotype in insulin-resistant Pcyt2
+/-

mice is shown in Figure 14. Pcyt2 gene deletion primarily alters cardiac PL homeostasis and 
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remodeling. We establish a strong sexual dimorphism in the heart PLs and FA content. Pcyt2 

deficiency specifically alters the heart PLs by increasing the PC/PE ratio and n-6 PUFA in the 

male heart. The increased arachidonic acid and other n-6 PUFA instigate the oxidative stress in 

the Pcyt2
+/-

 male heart and aorta leading to development of the male-specific cardiac 

pathology. Deregulated steroid homeostasis and low testosterone in Pcyt2
+/-

males contributes 

to the PL remodeling and cardiac dysfunction. Conversely, unmodified membrane n-6 PUFA 

and increased n-3 PUFA protect the female Pcyt2
+/-

heart and vasculature from oxidative stress, 

hypertension, and cardiac remodeling.  

Male and female Pcyt2
+/-

 hearts are insulin resistant and exhibit similarly reduced FA 

and glucose transport and these defects cannot be considered as a source of male-specific 

hypertrophy. Interestingly, Mct1 expression is increased in both Pcyt2
+/-

 male and female 

hearts probably to elevate the transport of alternative substrates (lactic acid and glutamine) to 

compensate for reduced glucose supply. Although the females experience the reduced substrate 

uptake as much as the males, the female Pcyt2
+/−

 heart has more TAG available and utilizes 

TAG more efficiently. The female Pcyt2
+/−

 heart also has elevated expression of Scd1 to 

contribute additional oleic acid (18:1) for TAG and β-oxidation, rendering the female Pcyt2
+/− 

heart less sensitive to insulin resistance than the male Pcyt2
+/−

 heart (Figure 14). 
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Proposed mechanism for the male-specific heart phenotype in the insulin-resistant 

Pcyt2
+/-

mice 

 

Figure 14: Proposed mechanism for the male-specific heart phenotype in the insulin-resistant 

Pcyt2
+/-

 mice. Both male and female Pcyt2
+/-

 hearts exhibits similarly reduced FA and glucose 

uptake and insulin resistance. Pcyt2 gene deficiency directly alters membrane PL homeostasis and 

side-chain FA remodeling. There is a strong sexual dimorphism in the heart n-6 PUFA 

elongation/desaturation pathway. Pcyt2deficiency specifically increases conversion of linoleic acid 

(18:2n-6) to arachidonic acid (20:4n-6) in Pcyt2
+/-

 male heart. This instigates oxidative stress in the 

heart and aorta and elevates Ace1 expression in the Pcyt2
+/-

 male heart, leading to development of 

hypertension and cardiac hypertrophy. Low testosterone in Pcyt2
+/-

males is result of deregulated 

steroidogenesis and possibly adds to the cardiac dysfunction. On the contrary, Pcyt2
+/− 

females do 

not experience any cardiac malfunction. Unmodified membrane PLs and n-6 PUFA, and elevated n-

3 PUFA, protect female Pcyt2
+/-

heart and aorta from oxidative stress, cardiac dysfunction and 

hypertension. Although experience reduced substrate uptake as much as the male Pcyt2
+/−

 heart, the 

female Pcyt2
+/−

 heart has more TAG and utilizes TAG more efficiently, and stimulates expression of 

Scd1 for oleic acid synthesis and Mct1 for the lactic and glutamic acids transport to compensate for 

the lack of exogenous substrates. 
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Finally, duetothelackofpreviousresearchonPcyt2, we examined the GEO database 

(http://www.ncbi.nlm.nih.gov/geoprofiles/) gene expression profiles to search for any 

relationship between the heart function and Pcyt2. We found that in most heart-related diseases 

in humans and animal models Pcyt2 expression is down regulated. The examples include in 

human heart failure (GDS651/209577), human dilated cardiomyopathy (GDS2205), murine 

heart failure (GDS3386), the rat diabetic heart (GPL341), rat heart failure (GDS1959), rat 

cardiac aging (GPL85),human isoproterenol or exercise-induced cardiac hypertrophy 

(GDS3596), murine hypertension (GPL9734) and rat hypertension (GPL85).  We conclude that 

Pcyt2 is a new and important regulator of heart PL homeostasis, and if functionally impaired it 

may have serious consequences particularly on male heart function under conditions of 

insulin resistance and obesity.  Pcyt2 deficient mice are the first mammalian model to directly 

establish a firm relationship between gender-specific remodeling of PL essential FAs and 

development of heart disease, also providing the explanation why females are protected with 

their blood pressure and cardiac function preserved in similar diabetic state. 

 

 

  

http://www.ncbi.nlm.nih.gov/geoprofiles/
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL341
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL85
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL9734
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL85
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The genetic constituents protect Pcyt2 deficient females 

against cardiac hypertrophy in mice model 
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4.1. Abstract 

Left ventricular hypertrophy is one of the most important predictors of heart failure 

associated with hypertension, systolic and diastolic dysfunction and ischemic heart diseases. It 

is shown in Chapter 3 that despite of having disrupted membrane PE biosynthesis by the CDP-

ethanolamine pathway in both genders, only Pcyt2 deficient males developed systemic 

hypertension and cardiac hypertrophy. Here we examine the gender-related differences in the 

heart genes and identify the molecular pathways that could be involved in development of the 

male-specific cardiac hypertrophy. The KEGG pathway analysis showed that the most down 

regulated genes in  Pcyt2
+/- 

male hypertrophic heart the ribosomal, prostate cancer and 

circadian genes and the genes for the aromatic amino acid biosynthesis, while the most up 

regulated were the genes involved in the protein synthesis and cell growth regulation by 

MAPK and mTOR signaling pathways. GO pathway analysis revealed a down regulation of 

numerous structural and metabolic genes in Pcyt2 deficient male heart. RTPCR analysis 

showed that Pcyt2 deficient female heart despite of similar insulin resistance was protected 

from hypertrophy by elevated expression of the genes for ion trafficking, calcium signaling 

and by reduced mTOR and STAT5 pathways. 
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4.2. Introduction 

Cardiovascular disorders are one the most common health problems in the modern 

world and one of the leading causes of fatality worldwide [89]. Cardiac hypertrophy is 

important predictors of cardiovascular disorders, like, heart failure, and are associated with 

hypertension, systolic and diastolic dysfunction, and ischemic heart diseases [150-153]. 

Hypertrophy is characterized by an increase in the cell size, and the activation of some 

specific gene cascades, and changes in the sarcomeric structure [154]. Initially, cardiac 

hypertrophy acts as a compensatory response to optimize the mechanical stress and normalize 

cardiac function. Prolonged hypertrophy may lead to dilated cardiomyopathy, arrhythmia, 

fibrotic diseases, heart failure and sudden death [154, 155]. Several endogenous molecules 

and genes are important for the regulation of hypertrophy. Up or down regulation of those 

genes have been reported to effect hypertrophy [156].   

Cardiovascular disorders are well known gender biased phenomenon observed both, in 

animal models [157], and human clinical trials [158]. It has been reported that the female 

patients exhibit higher ejection fraction (EF), and lower left ventricular internal diameter in 

diastole (LVIDD) [159] than men and that differential gene expression and function 

contribute to the protective heart function in females [160].Although the underlying 

mechanism in still ambiguous, genomic technologies, has greatly contributed to our better 

understanding of gender specific regulation of heart function and development of 

cardiovascular disorders[157].   

PE is located in the inner leaflet of cellular membranes. PE has multiple biological 

functions such as membrane integrity ,cell division, cytokinesis, autophagy, apoptosis, and 

blood coagulation[130].De novo synthesis of PE occurs through the CDP-ethanolamine 

Kennedy pathway pathway, are able to maintain normal PE levels by reducing PE turnover. 

Decreased PE synthesis in Pcyt2
+/−

mice increases the availability of unused DAG, which in 

turn esterifies with free fatty acids into TAG, causing development of obesity, 

hypertriglyceridemia and IR [130, 132]. 

The first direct evidence that reduced PE synthesis could impair cardiac function has 

been recently established in the mutant fruitfly (Drosophila) when three separate genes in the 

PE Kennedy pathway became impaired. Drosophila ethanolamine kinase (eas) mutant had 

reduced PE synthesis, accumulated heart lipids, and developed multiple heart pathologies, 



68 

 

including tachycardia, diastolic dysfunction, atrial fibrillation and cardiac arrest under stress.  

Similar to Pcyt2 deficient mice, the eas mutants made TAG from excess DAG unused in PE 

synthesis and FAs produced by elevated lipogenesis. The silencing of the other two PE 

pathway genes, Pcyt2 (pect) and choline-ethanolamine phosphotransferase (cept) produced 

similar heart phenotype, strongly affirming the importance of PE and the Kennedy pathway in 

the heart function [114, 161]. 

In Chapter 3, we have shown that, male and female Pcyt2
+/-

mice have impaired cardiac 

insulin signaling, but only Pcyt2
+/-

males accumulate TAG, have reduced blood testosterone 

and cortisol content, and develop hypertension and cardiac hypertrophy. Although similarly 

obese and IR, Pcyt2
+/- 

females are protected from heart disease. Our data demonstrated for the 

first time that the partially inhibited PE synthesis in Pcyt2
+/-

mice leads to gender related 

differences in cardiac lipid metabolism and gene expression that appear particularly 

detrimental for the male heart function. In this current study we explored the gender specific 

differences that led to cardiac hypertrophy in Pcyt2
+/-

 males and protection in Pcyt2
+/-

 

females. 
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4.3. Experimental procedures 

4.3.1. Animals and genotyping 

Pcyt2
+/−

 mice were generated as described previously [130]. All procedures conducted 

were approved by the University of Guelph Animal Care Committee and in agreement with 

guidelines of the Canadian Council on Animal Care. Mice were housed in a 12-h light/12-h 

dark cycle beginning with lights on at 7:00 a.m. and were fed ad libitum and had free access to 

water. The mice were fed a standardized chow diet (Harlan Teklad S-2335). 2 groups were 

used for these studies, a) 8 month-old Pcyt2
+/+

and Pcyt2
+/−

 males, b) 8 month-old Pcyt2
+/− 

andPcyt2
+/+ 

females. All animals were sacrificed at 3-4 hours after lights on to control for 

circadian time-of-day effects. Heart samples taken for biochemical assays were snap frozen in 

liquid nitrogen, and stored at -80 ͦ C for later use.   

Pcyt2
+/− 

andPcyt2
+/+

 genotypes were identified from genomic DNA isolated from 21 day 

old mouse tail snips [132]. Briefly, genomic DNA was isolated (Promega) and amplified using 

a common upstream primer (FP: 5'-CCTGGAACTCATGAGATCCTCCTG-3') in combination 

with either a downstream primer (RP: 5'-ATCGCACCACACCCGCACGA-3') specific for the 

wild-type Pcyt2 allele or a primer (N1: 5'-TGCGAGGCCAGAGGCCACTTGTGTAGC-3') 

specific for the knockout Pcyt2 allele. Additional confirmatory screening was performed with 

separate sets of primers specific to the neomycin cassette (N2F, 5'-

GCACCGCTGAGCAATGGAAG; N2R, CGATTGTCTGTTGTGCCCAGTC-3') or the wild-

type Pcyt2 allele (ET-FP, 5'-CCTAGAGGAGATTGCCAAGC-3'; ET-RP, 5'-

CTGCCGTGAACAGAGAAGTC-3'). PCR was performed using RedTaq genomic DNA 

polymerase (Sigma). The PCR conditions were: denaturation at 94°C for 5 min, 32 cycles of 

denaturation at94°C for 1 min, annealing at 60°C for 30 s, and extension at 72°C for 1 min, 

with a final extension at 72°C for 10 min. The PCR products were run in 1.5% agarose gel with 

Ethidium Bromide. Bands were visualized by UV light and pictures were taken [130]. 
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4.3.2. RNA extraction 

RNA extraction was performed with the Purelink RNA extraction kit. Male and female 

mice of both genotypes were used for RNA extraction. Only the Pcyt2
+/-

 mice from both sexes 

were used for the microarray analysis.  

4.3.3. Assessment of RNA quantity and quality 

The extracted RNA was quantified with a Nanodrop 8000 (Thermo Scientific, Wilmington, 

DE, USA). RNA quality was verified using the Agilent 2100 Bioanalyzer (Agilent 

Technologies Inc., Santa Clara, CA, USA). Only samples having a RNA integrity number 

greater than 8 was used for microarray analyses. 

4.3.4. Microarray analyses 

Total RNA (100 ng) was used to synthesize cDNA and then cRNA. cDNA was 

subsequently produced, fragmented, biotin labeled, and hybridized to Affymetrix Mouse Gene 

2.1 ST array strips (Affymetrix Inc., Fremont, CA, USA), according to manufacturer’s 

instructions. Array strips were washed, stained and scanned on the GeneAtlas platform.  

4.3.5. Data analyses 

Data analyses were performed using the Expression Console followed by the 

Transcriptome Analysis Console from Affymetrix (Affymetrix Inc., Fremont, CA, USA). 

Microarray data were corrected for background noise, then log2was transformed and the 

quantilewere normalized, and summarized using robust multi-array average analysis. An 

analysis of variance corrected for multiple testing using a false discovery rate was performed to 

identify differentially expressed genes. FunNet tools (www.funnet.ws) were used to determine 

the biological pathways that are differentially regulated in male and female Pcyt2 knockout 

mice. KEGG biological pathways that were up or down regulatedwere identified by FunNet 

using exact Fisher’s test (FDR 0.05). 

4.3.6. Validation of microarray data   

The experiments were performed using heart samples collected from 8 month old Pcyt2
+/− 

andPcyt2
+/+  

male and female mice (n=6/group).The genome-wide transcriptomic data were 

validatedby PCR using the same mRNA samples. cDNA was prepared as described previously. 

http://www.funnet.ws/
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Genes of interest were analyzed in the exponential phase of PCR amplification, using the 

optimal reaction cycle and each gene levels expressed relative to Gapdh control. The genes 

tested included themembrane ion channel genes (Kcna5, potassium voltage gated channel, 

Scn5a, voltage gated sodium channel, Cacna1i, voltage gated calcium channel), 

hypertrophy/tumorogenesis/ developmental genes (CaMK, calcium/ calmodulin dependent 

protein kinase, GSK3β, glycogen synthase kinase 3β, mTOR, mammalian target of rapamycin, 

EGF, endothelial growth factor, STAT5a, signal transducer and activator 5, Wnt, calpain 2,  and 

caspase 9.  Primer information is in the supplementary Table 1. 

4.3.7. Statistical Analyses 

Image J 1.46 software was used to quantify the PCR band density and to express the 

mRNA fold change. Data were expressed as mean ± SEM. Statistical significance was 

determined using a one-tailed or a two-tailed, unpaired Student's t test using GraphPad Prism 4 

software. Data from 6 independent male and female hearts were used for the analysis.  
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4.4. Results 

4.4.1. Pcyt2
+/- 

male heart has up regulated growth promoting pathways and down 

regulated ribosomal, circadian, and lysosomal pathways 

We performed the mRNA profiling of male and female Pcyt2
+/-

 hearts using four 

independent mouse genome arrays. A summary of the pathway analysis and some statistical 

analysis are shown in Figure15. The number of differentially expressed genes identified 

(p<0.001) was 478 out of 41,346 transcripts, out of which 211transcripts were up 

regulated and 267 transcripts were down regulated in Pcyt2
+/−

male heart relative to  

Pcyt2
+/−

 female heart (The entire gene lists are in the Supplementary Table 5). Amixed-model 

ANOVA analysis with a relaxed p-value (α=0.05) was used to prepare a Volcano plot and 

identify differentially expressed heart genes (Figure15A). The KEGG pathway analysis of the 

microarray data established that of the up regulated Pcyt2
+/-

 male heart genes were from  the 

growth promoting MAPK  (40%) and mTOR  (13%)signaling pathways . The majority of 

other the up regulated male heart genes were also related to the growth promotion, i.e., 

cancer genes for melanoma, lung-, endometrial- and bladder cancer. On the other hand, the 

most down regulated genes in the Pcyt2
+/-

 male heart relative to the Pcyt2
+/-

 female heart 

were the circadian, ribosomal and lysosomal proteins (30% each) (Figure 15B) altogether 

reflecting the presence of the male-specific cardiac hypertrophy. 
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 Pcyt2
+/-

male specific expression of growth-promoting, ribosomal and lysosomal 

protein

 

 

 

Figure 15: Pcyt2
+/-

male specific expression of growth-promoting, ribosomal and lysosomal 

proteins.A. Volcano plot was prepared using a mixed-model ANOVA analysis with relaxed p-value 

(α=0.05) shows the distribution and the range of down-regulated and up-regulated genes in male vs. 

female Pcy2
+/-

 hearts. B. Functional KEGG pathway analysis shows the up regulation of MAPK and 

mTOR signaling pathways and multiple cancer pathways in Pcyt2
+/-

male hearts; downregulated genes 

in male hearts were the ribosomal, prostate cancer, circadian and aromatic amino acid biosynthesis 

genes. C. Heat map analysis shows a down regulation of the lysosomal protein processing gene cluster 

(Kdm5d, Uty, Ddx3y, Elf2s3y) in Pcyt2
+/-

 female heart (blue) relative to Pcyt2
+/-

male (pink) heart. Heat 

map is made for 4 separate arrays of the male and female hearts. 
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4.4.2. Gender specific regulation of gene expression in Pcyt2
+/-

 heart 

We validated the array data for a set of genes identified as gender dependent by 

RTPCR using wild-type and Pcyt2deficient male and female hearts. The heart gene tested 

involved the membrane ion trafficking, apoptosis and protein synthesis-growth promotion. 

Data are summarizedinFigure16. 

The genes responsible for ion transport, Kcna5-voltage gated potassium channel, 

Cacna1i-voltage gated calcium channel, and Scn5a-voltage gated sodium channel, were 

specifically up regulated in the female Pcyt2
+/-

heart, whereas the Camk-calcium calmodulin 

dependent protein kinase was down-regulated in the female Pcyt2
+/-

heart. In comparison to 

wild types and male Pcyt2
+/-

heart (Figure16A), Kcna5 was ~ 2 fold up regulated (p<0.05) in 

Pcyt2
+/-

female heart. Cacna1iwas 1.7 fold up regulated (p<0.05) in the female Pcyt2
+/-

heart in 

comparison to the wild type females, and 40% up regulated in comparison to male Pcyt2
+/-

heart (p<0.05)(Figure16B). Scn5awas 30% up regulated (p<0.05) in female Pcyt2
+/-

heart in 

comparison to the wild type females, and 15% up regulated (p<0.05) in comparison to male 

Pcyt2
+/-

heart (Figure16C). Camk was 60% down regulated (p<0.05) in female Pcyt2
+/-

heart in 

comparison to the wild type females (Figure16D). 

The mTOR1, STAT5a and Wnt genes were down regulated in the female Pcyt2
+/-

heart. 

While EGF was up regulatedin both male and female Pcyt2
+/-

hearts. mTOR was 20% down 

regulated (p<0.05) in the Pcyt2
+/-

female heart (Figure16E). EGF was 30% up 

regulated(p<0.05) in female Pcyt2
+/-

heart in comparison to the wild type females, and was 

45% down regulated (p<0.05) in comparison to male Pcyt2
+/-

heart (Figure16F). STAT5a was 

2 fold down regulated (p<0.05) in female Pcyt2
+/-

heart in comparison to the wild type 

females (Figure17G). Wnt was 40% down regulated (p<0.05) in female Pcyt2
+/-

heart in 

comparison to the wild type females, where as 50% down regulated (p<0.05) in male Pcyt2
+/-

heart in comparison to the wild type males (Figure16H). Caspase 9 was down regulated 3-

fold in female Pcyt2
+/-

 heart in comparison to wild type (p<0.001), indicating reduced 

apoptosis. On the contrary, male Pcyt2
+/-

 heart showed 2 fold increase caspase 9 (p<0.001), 

indicting an elevated apoptosis. Calpain 2 was 2-fold down regulated in the female Pcyt2
+/-

 

heart (p<0.001), and it was unmodified in the wild type and knockout male hearts. (Figure16 

I, J). 
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Altogether, these data indicated that although similarly insulin resistant as Pcyt2
+/-

 males, 

Pcyt2
+/-

 females were protected from cardiac dysfunction, by up regulated multiple voltage 

gated ion channels (sodium, potassium and calcium) and down regulated pro-apoptotic (caspase 

9) and growth promoting (mTOR and STAT5) pathways. On the other hand, Pcyt2
+/-

 males had 

unmodified expression of ion channels, mTOR and STAT5 genes, however had elevated 

caspase 9 and developed diabetic hypertrophy, fully characterized in the previous chapter.   
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Gender specific regulation of gene expression in Pcyt2
+/-

 heart 

Figure 17: Gender specific regulation of gene expression in Pcyt2
+/-

 heart. The genesresponsibleforion 

transport, Kcna5-voltage gated potassium channel, Cacna1i-voltage gated calcium channel, and Scn5a-

voltage gated sodium channel, wereup regulatedin the female Pcyt2
+/-

heart. Camk-calcium calmodulin 

dependent protein kinase was down-regulated in the female Pcyt2
+/-

heart.The mTOR1, STAT5a and 

Wntwere down regulated in the female Pcyt2
+/-

heart, while EGF was up regulatedin both male and 

female Pcyt2
+/-

hearts. Caspase 9 was down regulated in female Pcyt2
+/-

 heart, and male Pcyt2
+/-

 heart 

showed increased caspase 9. Calpain 2 was down regulated in the female Pcyt2
+/-

 heart. 
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4.4.3. Male-specific down regulation of structural and metabolic genes established by GO 

pathway analysis 

According to the GO pathway analysis of the heart microarray data, the structural and 

developmental genes were up regulated in Pcyt2
+/_

 male heart relative to Pcyt2
+/_

 female heart. 

Among 90 total genes, 25 anatomical structural genes and 23 developmental genes were up 

regulated in the male Pcyt2+/- heart relative to female Pcyt2+/- heart. Some of the up regulated 

male genes are angiotensin converting enzyme 1 (ACE 1)[162], actin-α1[163], calpain2 and 

3[164], epidermal growth factor[165], c-fos induced growth factor[30], nuraminidase2 [166], 

kinesin 26b[167], tumor necrosis factor receptor 19[168],  and dimethylarginine 

dimethylaminohydrolase 1[169]. 

GO pathway analysis also establishes gender-specific modification of metabolic genes. 

The processing of macromolecular species such as DNA repair and replication and protein 

synthesis and degradation were down regulated in Pcyt2+/-male heart (91 genes out of 118 total 

metabolic genes),  A big number ofthe down regulated metabolic genes (50 genes) was 

involved in nitrogen (amino acid  and amonium) metabolism. The same metabolic genes are 

also important for cardiac development and function and include S-adenosylmethionine 

decarboxylase [170], telomerase 1a[171], adenylate cyclase 6[172], Thyoma viral proto 

oncogene 1 (Akt1), androgen receptor[173], Ets 2[174], and peroxisomal proliferator 

coactivator 1α[175]. 

4.4.4. Microarray analysis of other Pcyt2
+/-

male-heart specific genes 

Olfactory receptors-Previous studies have indicated that heart displays the highest 

number of ectopically expressed olfactory receptors, a group of G-protein coupled 

receptors[176]. Interestingly, Pcyt2+/- males and females also showed differential expressions of 

genes encoding multiple olfactory receptors, including olfactory receptor 348, 1206, 945 and 

877 (Supplementary table 6). However, the reason behind the presence of differential 

expression of the olfactory receptors in the male and female hearts is unknown.    

Zinc finger proteins- This group of proteins are among the most abundant proteins in 

the eukaryotic genome. Their roles are extremely diverse including DNA recognition, RNA 

packaging, transcriptional activation, regulation of apoptosis, protein folding and assembly, and 

lipid binding.Some cardiovascular pathologies, such as atherosclerosis and ischemic heart 
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disease are interrelated to the deregulation or mutation of multiple zinc finger proteins[177]. 

Numerous genes encoding zinc finger proteins were specifically deregulated inthePcyt2+/- male 

heart (Supplementary table 7); still needs to be determined if the altered expression of this 

particular group of genes play any role in the male heart pathologies or protection of Pcyt2+/-

female heart. 

4.5. Discussion 

4.5.1. Gender dependent regulation of protein synthesis 

Protein synthesis is increased in cardiac hypertrophy which corresponds with the 

increased cell and organ size[178, 179], although the protein accumulation can be attributed to 

the decreased protein breakdown along with increased protein synthesis[180]. One of the 

important pathways that is involved in the heart protein synthesis is the PI3K/Akt/mTOR 

pathway[181]. Constitutive over expression of PI3K results in an increased heart size, with an 

increase in myocyte size, and a dominant negative mutant of PI3K decreased the heart size in 

mice[92]. Constitutively active Akt1/2 also increases the heart and myocyte size, which 

indicates that Akt is also a key regulator of the heart size [182]. The most important 

downstream target of PI3/Akt signaling is mTOR [183]. mTOR has a significant role in 

regulating protein synthesis and development of cardiac hypertrophy[92, 184]. 

Pharmacological inhibition of mTORC1 has shown to reverse the cardiac hypertrophy [185]. In 

Chapter 3 we demonstrated that the Pcyt2deficient hearts of both gender have impaired insulin 

signaling and down regulated PI3K/Akt pathway. However mTOR expression is significantly 

down regulated only in the female Pcyt2 
+/_

 heart suggesting that the female Pcyt2
+/_

hearts 

could be protected from mTOR mediated hypertrophy. In contrast, there is no significant 

difference of mTOR expression between in the wild type and Pcyt2
+/_

 male heart indicating that 

this pathway is not responsible for development of the male-specific hypertrophy.    

The G protein coupled receptors activate the phospholipase C (PLC), which in turn 

regulates Ca
2+

 ion release from intracellular stores[186].The release of calcium activates 

calcium/calmodulin dependent protein kinase (CaMK), which is an important mediator of 

cardiac hypertrophic growth[187].The inhibition of CAMK is beneficial for maintaining heart 

structure and decreases heart disease[188]. There is a specific down regulation of CaMK gene 
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in Pcyt2
+/-

female heart that probably also contributed to the female-specific protection from 

cardiac hypertrophy.  

EGF is an important stimulator of hypertrophic response and its downstream effector 

STAT5 is directly involved in development of cardiac hypertrophy [189]. EGF activates 

STAT5, and STAT5 than simulates protein synthesis [190].  EGF was up regulated in both 

male and female Pcyt2
+/-

hearts.  However STAT5was specifically reduced only in the female 

Pcyt2
+/-

heart.  Thus, the reductions STAT5 signaling could be strongly attributed to the female 

specific cardiac protection. 

4.5.2 Gender-dependent regulation of ion channels and apoptosis 

The Kv1.5 channel is richly expressed across the ventricular wall [191]. It is the most 

important molecular components for mediating cardiac potassium current [192]. Kv1.5 mRNA 

is repressed in response to cardiac hypertrophy and was normalized by the regression of 

hypertrophy, indicating that this phenomena is specific and consistent feature of a 

hypertrophied myocardium[193]. Kv1.5 gene is decreased in pressure overload induced 

hypertrophied rat ventricle and causes cardiac hypertrophy by suppression of outward 

potassium current[194]. Interestingly, the Kv1.5 gene is specifically over expressed in the 

female Pcyt2
+/-

heart (Figure 16) and may play a role in combating cardiac hypertrophy. 

T-type Ca
2+

channel contribute significantly to cardiac development and excitation–

contraction coupling in normal cardiomyocytes. The functional role of these channels are also 

prominent in cardiac hypertrophy and heart failure [195]. If the heart is subjected to 

pathological stress e.g., chronic exposure to endothelin-1,angiotensin II or aldosterone, leading 

to cardiac hypertrophy and failure, T-type Ca
2+

channels are reactivated. These channels 

participate in Ca
2+

 entry, Ca
2+-

induced Ca
2+

 release. Despite their low conductance, these 

channels are long-lasting opened near the diastolic potential, at which the driving force for Ca
2+

 

ions is high. The increase in intracellular Ca
2+

 might be an important link between the initial 

stimuli for hypertrophy and remodeling e.g., elevated blood pressure and growth hormone and 

the alteration of gene expression [196]. There is an up regulation of T type calcium channel 

Cav3.3 in both Pcyt2
+/-

animals of both genders (Figure 16). Due to the lack of information 

about the specific role of Cav3.3 in heart hypertrophy, we suggest that Cav3.3 has some 

specific role in insulin resistant hearts, although more research is needed in this area.   
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A rise in intracellular calcium leads to activation of a variety of calcium-dependent 

enzymes, including calpain, a cysteine protease that undergoes autocatalytic processing in the 

presence of calcium, which thus renders it independent of calcium. Calpain is capable of 

cleaving a variety of intracellular targets, including Bid, which translocate to the mitochondria 

and mediates cytochrome c release and apoptosis. Loss of cytochrome c eventually promotes 

caspase activation through caspase-9, and compromises mitochondrial ATP production, leading 

to energy depletion and cell death. Calpain cleaves caspase9 and -3, rendering them 

inactive[197].The ultimate fate of the cell rests upon the relative magnitude of these 

effects[198].  Caspase 9 was down regulated in Pcyt2
+/-

 female heart indicating the female-

specific regulation and protection against apoptosis. On the contrary, the male Pcyt2
+/-

 heart 

showed a highly significant up regulation of caspase 9 expression, as expected in the 

hypertrophy related apoptosis. Accordingly, calpain 2 was down regulated in the female 

Pcyt2
+/-

 heart and unmodified in the wild type and Pcyt2 knockout male heart.  

Adult patients with heart failure have increased abundance of alternatively spliced 

mRNA for the cardiac voltage-gated sodium channel (SCN5A). These splice variants encode 

nonfunctional sodium channels that contribute to arrhythmic risk and patients with cardiac 

hypertrophy have a decreased abundance of the full length SCN5A transcript. In Pcyt2 deficient 

mice,SCN5A abundance is reduced in the male heart and increased in the female heart, showing 

a gender-specific regulation. More research is needed to elucidate the role of over expressed 

SCN5Ain protection against male specific hypertrophy.  

4.5.3. Gender dependent regulation of microRNA 

MicroRNAs (miRNAs) the highly conserved RNAs of 18-25 nucleotide, regulate gene 

expression post transcriptionally [199] and various studies have exhibited the miRNAs 

regulation in human heart. Microarray analysis shows differential expression of multiple 

miRNAs in Pcyt2
+/- 

female and male hearts (Supplementary table 8).  For example, inPcyt2
+/-

female heart MiR-28 is down regulated compared to Pcyt2+/- male heart which implies a 

protective role of MiR-28 against cardiac hypertrophy in Pcyt2+/- females. MiR-28 promotes 

Nrf2 degradation[200] and it is a well-documented that Nrf2 is a transcription factor important 

for its role in protection against angiotensin II mediated cardiac hypertrophy [201]. Negative 

regulation of p53 by miR-504 in female Pcyt2
+/-

mice, suggests a protective role of Mi-504 in 



81 

 

females against cardiac hypertrophy [202]. p53 protein has a vital role  in regulating both 

apoptotic and cell proliferation during hypertrophy [203]. In femalePcyt2
+/-

mice, the over 

expression of MiR-340, indicates towards its protective role against hypertrophy. MiR-340 

down regulates the expression of ROCK1 (Rho-associated coiled-coil containing protein kinase 

1), thereby protecting the heart form cardiac hypertrophy [204]. ROCK1 1 has an important 

role to the progression of heart failure from cardiac hypertrophy [205] and ROCK1deletion 

reduces cardiomyocyte apoptosis and fibrosis in response to pressure overload [206].  

Tumor necrosis factor-α (TNF-α) is a pro inflammatory cytokine elaborated by all 

cardiac cells after stress to stimulate an inflammatory response [207, 208].TNF-α contributes to 

adverse left ventricular remodeling during pressure overload through regulation of cardiac 

repair and remodeling, leading to ventricular dysfunction[209].Myocardial TGF-β expression is 

up regulated in experimental models of myocardial infarction and cardiac hypertrophy, and in 

patients with dilated or hypertrophic cardiomyopathy [210]. It has been reported that themiR-

146b-5p is required for an optimal inhibition of TNFα and TGF-β mediated inflammation [211, 

212].The over expression of MiR-146 in Pcyt2 deficient female heart could indicate towards its 

protective role against cardiac hypertrophy. There were additional miRNA and a number of 

unknown genes that also show gender related expression in Pcyt2
+/-

heart. Further study is 

needed to identify the function of those genes in Pcyt2 deficient male and female hearts 

(Supplementary figures 8, 9 and 10). 

To conclude, the female and male Pcyt2
+/-

 hearts show dramatic differences in the 

regulation of gene expression, which ranges from the genes that regulate the heart protein 

synthesis, ion transport and metabolism to heart structure, development and apoptosis, that 

demonstrate the functional adaptations during the male specific hypertrophy and the female 

specific heart protection under conditions of Pcyt2 deficiency and general insulin resistance. 

Pcyt2
+/-

 male heart has elevated pathways for protein synthesis and cell growth and it appears 

that Pcyt2
+/-

female heart is protected from the mTOR and STAT5 and Camk stimulation of 

protein synthesis. Interestingly, crucial ion channels, Kv1.5, and SCN5A are up and down 

regulated respectively, in Pcyt2
+/-

 female. In contrast, in Pcyt2
+/-

 male heart, Kv1.5, and SCN5A 

are down and up regulated respectively. These channels have the opposite expression in 

hypertrophic.  Calpain 2 and caspase 9, the genes responsible for cardiac hypertrophy 

associated apoptosis are also down regulated in Pcyt2
+/-

 females; in contrast Calpain9 was up 
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regulated in Pcyt2
+/-

 male heart. Down regulation ofMiR-28 and negative regulation of p53 by 

miR-504 in femalePcyt2
+/-

implies a protective role against cardiac hypertrophy. Additionally, 

the over expression of MiR-146 in Pcyt2 deficient female heart could indicate towards its 

protective role against cardiac hypertrophy. These protective features of MiRNAs were not 

present in male Pcyt2
+/-

heart (Figure 18). Altogether we conclude that the female Pcyt2
+/-

 

animals, despite having the deregulated PE homeostasis, as their male counterpart, are 

protected from cardiac hypertrophy and associated cardiac problems, in part because of their 

genetic constituents. In contrast, male Pcyt2
+/-

 mice are not genetically protected from the 

cardiac hypertrophy and exhibits hypertension, cardiac hypertrophy, and cardiac dysfunction.  
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Putative gender dependent signaling pathways in Pcyt2 deficient heart 

 

Figure 18:Putative gender dependent signaling pathways in Pcyt2 
+/-

 heart.A. Female Pcyt2 deficient 

heart are genetically protected from hypertrophy. EGF, PI3K, AKT and finally mTOR are down 

regulated and ACE expression, PE/ PC ratio and n-6 FA composition and content did not change in 

Pcyt2
+/-

 females, Decreased Camk expression preserves the normal heart morphology. The Ion channel 

KV1.5 is down regulated in Pcyt2
+/-

 females. Caspase -9, and calpain -2, regulators of hypertrophy 

related apoptosis are also down regulated. MiRNAs also help preserve the heart morphology in Pcyt2
+/-

females.B. Male Pcyt2 deficient hearts are genetically unprotected from hypertrophy. EGF, PI3K, and 

AKT are down regulated and ACE expression, along with PE/ PC ratio and n-6 FA composition were 

altered. IncreasedCacnaexpression causes Ca
2+

 overload in cardiomyocytes. Caspase -9, regulator of 

hypertrophy related apoptosis was up regulated. MiRNAs may also elevate heart hypertrophy inPcyt2
+/-

males. 
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General discussion  

PLs play a crucial role in cardiac membranes via their structural and metabolic 

functions and serve as a barrier that protects the intracellular cell environment. PLs regulate the 

function of membrane proteins and contribute as important signaling lipid mediators. Both the 

quantity and composition of PLs are crucial for maintaining proper cardiac function. They are 

the source of AA for prostanoid biosynthesis and their metabolic products such as PA and 

LPLs activate membrane receptors and contribute to multiple cardiovascular functions. Many 

pathways and regulatory mechanisms maintain cardiac PL homeostasis e.g., deregulation of 

cardiac PE synthesis is associated with autophagy and oxidative stress, whereas PS is mainly 

interrelated with apoptosis of cardiac cells. PC depletion is connected to many metabolic 

abnormalities but mostly to reduced levels in T1D, FA remodeling and development of 

atherosclerosis. PI deregulation is mainly linked to arrhythmias and abnormalities of the 

electrical impulses of the heart. Despite the above mentioned documentations in different 

research works, there were no report that directly link deregulated membrane PL homeostasis 

with mammalian cardiac dysfunction. This is the first study to directly link deregulated 

membrane PE homeostasis with mammalian cardiac dysfunction that stresses different 

consequences of reduced membrane PE synthesis on FA metabolism and steroidogenesis, 

leading to cardiac dysfunction in Pcyt2 deficient males and providing protection in Pcyt2 

deficient females. Our study also emphasizes that, unlike their male counterparts, the Pcyt2 

deficient females are congenitally protected from the cardiovascular dysfunction in spite of 

deregulated PE homeostasis. Interestingly, the genes that are responsible for cardiac 

hypertrophy are down regulated in Pcyt2 deficient females, whereas the males lack such 

protection.  

The first part of the current chapter will be discussing the mechanism behind the cardiac 

pathology in Pcyt2
+/- 

male mice, and the possible mechanism behind the cardiac protection 

inPcyt2
+/- 

females. Later I would proceed to discuss the possible genetic constituent that 

additionally protects the Pcyt2
+/- 

female mice against cardiac disorders, in spite of having the 

deregulation in PE synthesis pathway asPcyt2
+/- 

male mice. Finally I would direct my 

discussion towards possible future directions of this study.  

The Pcyt2
+/- 

male mice have significantly augmented left ventricular systolic and diastolic 

dimensions along with decreased FS and EF, intense hypertension including significantly 
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increased systemic and left ventricular blood pressure. Interestingly, despite reduced PE 

synthesis, Pcyt2
+/- 

females have unimpaired EF and FS, and are protected from cardiac 

dysfunction.  

Both male and female Pcyt2
+/- 

hearts have reduced insulin signaling and glucose uptake as 

well as reduced CD36 expression and FA uptake, however cardiac hypertrophy exists only in 

males, specifying that it cannot be accountable for themale-specific hypertrophy. Both Pcyt2
+/- 

male and female hearts have elevated lactate/glutamate transporter Mct1 (compensatory for the 

reduced glucose uptake), but fascinatingly, female but not male Pcyt2
+/-

Scd1 expression is 

highly raised (to increase the intracellular amount of FAs as a reparation for the reduced FA 

uptake to add more oleic acid (18:1) for TAG and β-oxidation, rendering the female Pcyt2
+/− 

heart less sensitive to insulin resistance than the male Pcyt2
+/−

 heart). Although the females 

experience the reduced substrate uptake as much as the males, the female Pcyt2
+/−

 heart has 

more TAG accessible and exploits TAG more efficiently.  

Lipidomics analysis launches a strong sexual dimorphism in cardiac n- 6 PUFA and 

reduced PC/PE ratio in the Pcyt2
+/- 

male heart reflecting differential PL remodeling in the 

male and female Pcyt2 deficient hearts. The amplified AA and other n-6 PUFA activate the 

oxidative stress in the Pcyt2
+/-

 male heart and aorta leading to progress of the male-specific 

cardiac pathology. It is well accepted that estrogen stimulates, whereas testosterone hinders the 

conversion of PUFA into their longer-chain metabolites [213].  Since Pcyt2
+/- 

males have 

lower testosterone levels that may be additional contributing factor in releasing the inhibition 

of 18:2n-6 conversion to 20:4n-6 and accumulation of n-6 PUFA in the Pcyt2
+/- 

male heart. 

Deregulated steroid homeostasis and low testosterone in Pcyt2
+/-

males underwrites the PL 

remodeling and cardiac dysfunction. On the contrary, unchanged membrane n-6 PUFA and 

increased n-3 PUFA protect the female Pcyt2
+/- 

heart and vasculature from oxidative stress, 

hypertension, and cardiac remodeling. 

 Additionally, androgen scarcity is known to have an undesirable effect on metabolic 

diseases and in triggering coronary heart disease [148]. Testosterone deficiency is a marker for 

early death in man [214] and as shown in this study it could be a vital factor in male-specific 

cardiovascular disease. These changes together protect Pcyt2
+/- 

females from cardiac 

dysfunction under conditions of reduced PE synthesis, whereas male Pcyt2
+/-

 mice are 
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predisposed to cardiovascular disorders. Our data identify Pcyt2 and membrane PE biogenesis 

as important determinants of gender specific differences in cardiac lipids and heart function.  

Our microarray data exhibits indications of plausible genetic constituents that 

additionally protects the Pcyt2
+/- 

female mice against cardiac disorders, in spite of having the 

similar deregulation in PE synthesis pathway asPcyt2
+/- 

male mice. Most genetic markers for 

cardiac hypertrophy has been found to be down regulated in Pcyt2
+/- 

female mice, in 

comparison to controls as stated below.    

Microarray analysis reveals that the female Pcyt2 
+/-

 mice are protected from the cardiac 

hypertrophy. Endothelial growth factor (EGF), PI3K, AKT and mTOR expression is down 

regulated in Pcyt2
+/-

 females, which causes the down regulation of protein synthesis and 

hypertrophy in Pcyt2
+/-

 females. EGF via inhibiting STAT5, also causes down regulates the 

hypertrophied cardiac growth in Pcyt2
+/-

 females. Decreased expression of AKT and 

Wntsignaling also causes an increase in the GSK3β gene expression that finally down regulates 

the hypertrophy in Pcyt2
+/-

 females. ACE expression did not change in Pcyt2
+/-

 females, which 

helps maintain normal blood pressure and reduce the chance of pressure over load hypertrophy. 

Decreased Camk expression causes decreased re intake of Ca
2+

 in cardiomyocytes, thereby it 

preserves the normal heart morphology. Decreased cardiomyocyte size in Pcyt2
+/-

 females, may 

act as a protective measure against the cardiac hypertrophy. The Ion channel KV1.5 is down 

regulated in Pcyt2
+/-

 females. This may also negate the cardiac hypertrophy in those animals 

(Figure 17). 

Our data shows that, both genders of thePcyt2
+/-

 mice have deregulated PE homeostasis, 

but only the male Pcyt2
+/-

 mice exhibit cardiovascular problems. The genetic constituent in the 

female Pcyt2
+/-

 mice, along with other physiological consequences, (as described in the 

previous chapter) protects them from the cardiac disorders such as cardiac hypertrophy, high 

blood pressure and diminished heart function. On the contrary, the male Pcyt2
+/-

 mice are not 

genetically protected against these cardiac anomalies, and additionally they are prone to other 

physiological consequences that lead to cardiovascular problems.  

We conclude that Pcyt2 is a new and vital regulator of heart PL homeostasis, and if 

functionally compromised it may have severe consequences predominantly on male heart 

function under conditions of insulin resistance and obesity.  Pcyt2 deficient mice are the first 
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mammalian model to confirm firm relationship between gender-specific remodeling of PL 

essential FAs and progress of heart disease. 

Our study is exclusive in recognizing Pcyt2 and membrane PE biogenesis as central 

determinants of gender specific differences in cardiac lipids and heart function. Awareness 

about the membrane PL biogenesis and the mechanisms by which PLs control cardiac 

physiology will aid open new paths of research in the field of CVD and will generate new goals 

for therapeutic interventions. 

Future direction  

A recent study showed that despite the deregulation of PE synthesis and resultant DAG 

accumulation, the muscle specificPcyt2 deficient mice does not exhibit any muscular insulin 

resistance. Interestingly, Pcyt2 deficiency has positive effects on muscle e.g., increased muscle 

mitochondria content and increased muscle endurance[215].A muscle specific dose dependent 

inhibition of Pcyt2, can be a treatment option to many muscular diseases. More research is 

needed in this field to design a therapeutic approach for this purpose.  

Our findings recognized that the composition of the heart membrane PLs is gender-

specific and hormonally controlled. Dysfunctional Pcyt2 gene (reduced PE synthesis and 

turnover) causes insulin resistance in both males and females, however precisely disturbs n-6 

PUFA metabolism shielding the female heart and causing the male-specific diabetic 

cardiomyopathy. Future studies are needed to explore the nature of this sex differences to show 

what role Pcyt2 plays in cholesterol metabolism (oxysterol production, steroidogenesis) and 

how the low testosterone underwrote the diabetic heart pathology.   

Meclizine, an antihistamine that specifically inhibits Pcyt2 activity can be studied in 

this aspect. Meclizine has also been identified as cytoprotective against ischemic injury to the 

brain and the heart through blunting of mitochondrial respiration via the accumulation of PE 

precursor phosphoethanolamine [121121].More research on the Meclizine and similar Pcyt2 

inhibitors as potential drugs for I/R might be an interesting avenue to explore in the future. 

Rosuvastatin is a statin drug that dose-dependently lowers plasma PLs, independently of 

LDL lowering. Simvastatin, another statin, produces a hypolipidemic effect however controls 

the composition of HDL PLs that contributed to the functional role of HDL in the reverse 

cholesterol transport. The action of the PL transfer protein PLTP in T2D is reduced by 
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atorvastatin.  Further studies are needed to establish the relationship between membrane PLs 

and cholesterol-lowering statin therapies. 
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Supplementary Table 1: Primers used for gene expression analysis  

Pcyt2 WT forward primer      CTGGAACTCATGAGATCCTTCTG  

Pcyt2 WT   reverse primer     ATCGCACCACACCCGCACGA   

Pcyt2 KO reverse primer        TGCGAGGCCAGAGGCCACTTGTGTAGC  

Myh6 forward primer             GATTGGTCTCCCAGCCTCTG  

Myh6 reverse primer              TCTTGTCGAACTTGGGTGGG  

Acta 1 forward primer            CTAGACACCATGTGCGACGA  

Acta 1 reverse primer             TCCCAGTTGGTGATGATGCC  

Nppa forward primer              TCCTCGTCTTGGCCTTTTGG  

Nppa reverse primer               CAATCCTACCCCCGAAGCAG  

Myh7 forward primer             TCCTGCTGTTTCCTTACTTGC  

Myh7 reverse primer              GGTAAGCCCAGGCCTGTAGA  

Hsl forward primer                 ACGCTACACAAAGGCTGCTT  

Hsl reverse primer                  TCGTTGCGTTTGTAGTGCTC  

Atgl forward primer                CAACGCCACTCACATCTACGG  

Atgl reverse primer                 GGACACCTCAATAATGTTGGCAC  

Lpl forward primer                 GCTCGCACGAGCGCTCCATT  

Lpl   reverse primer                CCTCGGGCAGGGTGAAGGGAA  

Ppar α forward primer           GCTCACAGAATTTGCCAAGG  

Ppar α reverse primer            GTCATCCAGTTCTAAGGCATTG  

Gpr30 forward primer            GATCGTTAGATTAACAGAGCAG  
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Gpr30 reverse primer             CCTGGGAGCCTGTTAGTCTCAG   

Mct1 forward primer              GTGCAGCAGCCAAGGAGCCC  

Mct1 reverse primer               CCATGGCCAGTCCGTTGGCC  

Ace forward primer                CAGGAACGTGGAACTTGGA  

Ace reverse primer                 CTTTGACGGAAGCATCACC  

Tgf-β 3 forward primer          GTTCCTGGGCTCACACATGA 

Tgf-β-3 reverse primer           TCAGACTCCGAGGTCTCCTG 

 Stat 5 forward primer           CATGCATCCACAGATGCCG 

Stat-5 reverse primer             AGGTAGCCCTGTGAAACGTG 

Mtor forward primer             GGGAACGTCAAGGACCTCAC 

Mtorreverse primer              AAAGACGGGGCTATGGATGAA 

Scn5a forward primer           GAACACACACAGGCTCGGTA 

Scn5a reverse primer             TGGACTTCTTCCACGCCTTC 

Camk forward primer            ACCTGAGATTCTCCGAGGCT 

Camk reverse primer             ATGTGAACAAAGTTGGCCGC 

Kcna5 forward primer           GGCTCTGGTGTCCTTTCCTC 

Kcna5 reverse primer            ACTACTGCCCACCAGAATGC 

Egf forward primer                CTGCTCCTCTTGGGGATGTG 

Egf reverse primer                 ACTGAACTGGCTCTGTCTGC 

Gapdh forward primer           ACCACAGTCCATGCCATCAC  

Gapdh forward primer           TCCACCACCCTGTTGCTGTA   
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Supplementary Table 2. Primer table for RAS genes for RTPCR.  

 

Gene  
RefSeq ID   

Primer sequence (5’ to 3’)  Product 

(bp)  

Angiotensin 

converting enzyme 

(Ace)  

NM_207624,  

NM_001281819,  

NM_009598  

Forward  TATGCCCCTGGAACCTGAT  106  

Reverse  GATGGCTCTCCCCACCTT  

Angiotensinogen  

(Agt)  

NM_007428  Forward  CACCCCTGCTACAGTCCATTG  221  

Reverse  GTCTGTACTGACCCCCTCCAG  

Angiotensin II Type 

1 Receptor (Agt1r)  

NM_177322  Forward  GGAAACAGCTTGGTGGTGATC  236  

Reverse  CTGAGACACGTGAGCAGGAA

C  

Renin (Ren)  NM_031192  Forward  CCTTGACCAATCTTACCTCCC  74  

Reverse  GATGCCAATCTCGCCGTAG  

Angiotensin 

converting enzyme 2 

(Ace2)  

NM_027286, 

NM_001130513  

Forward  CAACCCAAAGAACCCACAAG  148  

Reverse  CTCTTCATACAACGGCCTCAG  

Histone (His)  NM_008210  Forward  GCAAGAGTGCGCCCTCTACTG  218  

Reverse  GGCCTCACTTGCCTCCTGCAA  
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Supplementary Table 3. Morphometry, echocardiography and hemodynamics in 3 month 

old male WT and Pcyt2+/- mice 

 3 month  WT 

Male 

3 month  

Pcyt2+/- 

Male 

N- value  6 6 

BW(g)  29.53±0.57 27.83±1.14 

HW(mg)  140.33±4.48 139.25±2.72 

HW:BW  4.76±0.20 4.91±0.16 

HW:TL  7.78±0.30 8.63±0.57 

HR (bpm)  507.57±5.93 531.46±6.77 

LVIDd (mm)  4.02±0.03 4.10±0.11 

LVIDs (mm)  2.35±0.02 2.45±0.12 

FS (%)  41.51±0.60 40.40±1.67 

EF (%)  78.61±0.62 77.20±1.84 

LVESP (mmHg)  101.21±52 100.24±0.67 

LVEDP (mmHg)  0.31±0.95 -0.87±0.88 

LDP (mmHg)  100.89±0.99 102.61±1.09 

SBP (mmHg)  97.98±2.09 101.41±0.46 

DBP (mmHg)  58.87±6.19 62.94±2.00 

MAP (mmHg)  71.66±4.76 75.15±1.30 

dp/dt max (mmHg/s)  8715.32±344 9202.43±970 

dp/dt min (mmHg/s)  7570.43±811 8543.59±1031 
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Figure S1: Gender-independent impairment in the heart insulin signaling pathway of young Pcyt2
+/-

 

mice. A. Immunoblots for PI3K, Akt, pS
473

Akt, pT
308

Akt, AMPK and p-AMPK in Pcyt2
+/- 

and control 

littermate heart (n=3 in each group). B. PI3K exhibit dramatic reduction in Pcyt2
+/-

 heart in comparison 

to control heart (n=6 per group); C. The ratio of pS
473

Aktr/tAkt was not changed between the groups. D. 

pT
308

Akt/tAkt was significantly reduced in Pcyt2
+/-

 heart E. The total AKT was significantly reduced in 

Pcyt2+/-heart. F. pAMPK/AMPK ratio was also significantly reduced in Pcyt2
+/-

 animals in comparison 

to the littermate control heart. Two-tailed or one tailed Student t-tests were performed and values are 

mean ±SEM. 
  

 



96 

 

Supplementary Table 4:Both Pcyt2
+/-

 genders have normal tests for the liver and kidney 

function 

    

 

 Compound          Pcyt2
+/+

 ± SD                     Pcyt2
+/-

 ± SD              p value 

(mg/L)  

 

Phosphorus   2.362  ±0.2283  3.013  ± 0.245  0.028  

CO2  22.33  ±0.5774  22.67  ± 0.5774  0.5185  

Total Protein  57.67  ± 0.5774  57.67  ± 0.5774  1  

Albumin  40.33  ± 0.5774  38  ± 1  0.0249  

Globulin  17.33  ± 0.5774  19.67  ± 1.155  0.0352  

Albumin:Globulin   2.327  ± 0.09713  1.94  ± 0.1587  0.0228  

Urea  6.4  ± 0.5292  6.833  ± 0.7506  0.4596  

Creatinine  10.33  ± 0.5774  9.667  ± 2.082  0.6213  

Cholesterol  5.583  ± 0.194  6.517  ± 0.588  0.0594  

Conjugated  

billirubin  

0.6667  ± 0.5774  0.6667  ± 0.5774  1  

Free billirubin   0.3333  ± 0.5774  0.3333  ± 0.5774  1  

AST  181.7  ± 38.55  179  ± 38.2  0.5045  

ALT  125.7  ± 36  144.3  ± 25.54  0.9363  

CK  154.7  ± 48.18  142.7  ± 72.7  0.8234  

# Significant differences at p<0.05 are shown in bold. 
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Supplementary Table 6: A group of olfactory genes are deregulated in Pcyt2
+/-

mice  

Transcript 

Cluster ID 

male 

KO 

female 

KO 

(log) 

Fold 

Change 

(linear) 

Female 

vs. 

Male 

 

ANOVA  

p-value  

Female 

vs. 

Male  

 

FDR 

p-

value 

Female  

vs. 

Male 

Gene Symbol Description 

 

Supplementary Table 7: A group of zinc finger genes are deregulated in Pcyt2
+/-

mice  

 

17370345 1.87 2.35 -1.4 0.004038 0.719804 258946 Olfr348 olfactory receptor 348

17372929 1.16 1.51 -1.28 0.003175 0.716052 258896 Olfr1206 olfactory receptor 1206

17372788 2.16 2.52 -1.28 0.009955 0.848807 257916 Olfr1031 olfactory receptor 1031

17374198 1.82 2.16 -1.26 0.000176 0.363239 258886 Olfr1299 olfactory receptor 1299

17337583 1.27 1.54 -1.21 0.004231 0.719804 404308 Olfr118 olfactory receptor 118

17389297 1.71 1.97 -1.2 0.003358 0.716052 258258 Olfr1308 olfactory receptor 1308

17524351 1.09 0.89 1.15 0.008147 0.821865 258551 Olfr866 olfactory receptor 866

17372779 1.7 1.38 1.25 0.006512 0.794197 257936 Olfr1028 olfactory receptor 1028

17525720 2.44 2.04 1.32 0.003596 0.716052 258499 Olfr945 olfactory receptor 945

17372846 1.47 1.06 1.34 0.00359 0.716052 258347 Olfr1123 olfactory receptor 1123

17516118 2.21 1.58 1.55 0.009069 0.83507 258412 Olfr877 olfactory receptor 877
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Supplementary Table 8: A group of MicroRNA genes are deregulated in Pcyt2
+/-

mice  
 

 

 

 

 

 

  

17326702 3.22 3.79 -1.48 0.002987 0.716052 387246 Mirlet7c-1microRNA let7c-1

17249108 2.96 3.5 -1.45 0.000004 0.024732 723845 Mir340 microRNA 340

17283343 4.3 4.64 -1.26 0.004345 0.720572 1E+08 Mir1190 microRNA 1190

17541946 1.97 2.28 -1.24 0.005588 0.762564 1E+08 Mir504 microRNA 504

17360018 2.6 2.79 -1.14 0.000144 0.331105 751550 Mir146b microRNA 146b

17324471 2.72 2.39 1.26 0.002863 0.716052 723830 Mir28 microRNA 28
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Supplementary Table 9: A group of unknown genes are deregulated in Pcyt2
+/-

mice  
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Supplementary Table 10: A group of predicted genes are deregulated in Pcyt2
+/-

mice 

 

 

 

 

 

 

 

 

 

17311312 4.41 4.87 -1.37 0.001074 0.660737 1.01E+08 Angpt1 angiopoietin 1, predicted gene, 17473

17334404 4.56 4.96 -1.31 0.007478 0.812447 16898 Gm8842 predicted gene 8842, predicted gene 10420, predicted gene 5978, ribosomal protein S2

17468432 1.97 2.26 -1.22 0.002028 0.698595 1.01E+08 Cml5 camello-like 5, predicted gene 11128, camello-like 3

17495985 4.77 5.05 -1.22 0.007815 0.817272 1.01E+08 Gm20299 predicted gene, 20299

17212045 3.13 3.41 -1.21 0.006309 0.785626 329123 Gm5099 predicted gene 5099

17380496 7.64 7.84 -1.14 0.009267 0.840241 1E+08 Gm14431 predicted gene 14431, predicted gene 8898, predicted gene 4723, predicted gene 4245, ethanol induced 1, predicted gene 14288, predicted gene 14420, predicted gene 14440, predicted gene 14435

17325933 2.69 2.84 -1.11 0.007907 0.817272 547267 Gm6030 predicted gene 6030

17548012 6.81 6.95 -1.1 0.000403 0.522006 1.01E+08 Gm19399 predicted gene, 19399, high mobility group nucleosomal binding domain 2

17548147 6.15 6.03 1.09 0.007154 0.808092 667062 Gm13545 predicted gene 13545

17242309 3.82 3.63 1.14 0.006535 0.794668 1.01E+08 Gm19402 predicted gene, 19402

17543562 4.42 4.19 1.17 0.000929 0.660737 245536 Gm614 predicted gene 614

17296625 3.63 3.41 1.17 0.003568 0.716052 1E+08 Gm10413 predicted gene 10413, predicted gene 3187, predicted gene 3012, predicted gene 8279, predicted gene 5795, predicted gene 10338, predicted gene 3685, predicted gene 3127, predicted gene 3182, predicted gene 7876, predicted gene 3453, predicted gene 3424, predicted gene 8246, predicted gene 3047, predicted gene 2888, predicted gene 3460, uncharacterized LOC100861646, predicted gene 5458, uncharacterized LOC100861615, predicted gene 3173, predicted gene 3739, predicted gene 3667, predicted gene 3558, predicted gene 3383, predicted gene 3298, predicted gene 3239, predicted gene 3095

17296682 3.63 3.41 1.17 0.003568 0.716052 1E+08 Gm10413 predicted gene 10413, predicted gene 3187, predicted gene 3012, predicted gene 8279, predicted gene 5795, predicted gene 10338, predicted gene 3685, predicted gene 3127, predicted gene 3182, predicted gene 7876, predicted gene 3453, predicted gene 3424, predicted gene 8246, predicted gene 2888, predicted gene 3476, uncharacterized LOC100861615, predicted gene 3173, predicted gene 3739, predicted gene 3667, predicted gene 3558, predicted gene 3383, predicted gene 3298, predicted gene 3239, predicted gene 3095

17535045 2.23 1.91 1.25 0.001096 0.660737 1.01E+08 Gm14718 predicted gene 14718

17525141 2.27 1.93 1.26 0.004051 0.719804 382064 Gm1110 predicted gene 1110

17542711 2.16 1.77 1.32 0.001555 0.685631 669291 Gm15363 predicted gene 15363

17340570 4.68 4.26 1.34 0.004746 0.721376 1E+08 Gm2808 predicted gene 2808

17388548 4.9 4.42 1.39 0.007853 0.817272 620695 Gm13889 predicted gene 13889

17511560 2.28 1.8 1.4 0.001471 0.685631 1.01E+08 Gm19935 predicted gene, 19935

17538549 3.15 2.58 1.49 0.003975 0.719804 434869 Gm15097 predicted gene 15097
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