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Abstract 

The adipocyte-derived lipokine, C16:1n7-palmitoleate, regulates a variety of functions such as 

systemic glucose and fatty acid metabolism. Under normal physiological conditions, palmitoleate 

levels are regulated by de novo lipogenesis. During pathological conditions where there are 

enhanced rates of adipose tissue lipolysis, circulating levels of palmitoleate can be increased and 

these increases can be correlated to cardiovascular disease. Thus, the levels of palmitoleate in the 

circulation can potentially be a cause of cardiovascular disease, including hypertension, cardiac 

hypertrophy and heart failure. To address this, we administered palmitoleate to mice and 

determined the effects on blood pressure and cardiac structure and function. Our studies 

demonstrate that administration of palmitoleate by osmotic pump for one-week induces 

significant increase in blood pressure and promotes cardiac hypertrophy. In addition, 

palmitoleate increases muscle mass and decreases fat accumulation. 

Our preliminary results suggest that pro-hypertensive and pro-hypertrophic signaling 

mechanisms are induced by palmitoleate in the mesenteric arteries, kidneys and heart. Our 

results suggest that AMPK/eNOS signaling axis inhibition by palmitoleate in the mesenteric 

arteries is associated with an increase in blood pressure. Further studies are required to discover 

the involvement of other signaling pathways to determine whether targeting those signaling 

pathways could be a therapeutic strategy against hypertension and cardiac hypertrophy. 
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1. Introduction 

1.1 Hypertension 

According to a recent report from the American Heart Association, cardiovascular disease 

(CVD) is the leading cause of death in North America [1] and every seven minutes there is a 

reported death among Canadians [2]. Statistics report show that cardiovascular related deaths 

have reduced every year in Canada [2], however, due to exposure to risk factors including 

hypertension, obesity and diabetes, prevalence of CVD has increased among Canadians [3]. 

Hypertension is a major healthcare concern in Canada and elsewhere [4, 5]. It is one of the main 

modifiable risk factors for CVD that contributes to morbidity and mortality more than any other 

risk factor in Canada [6]. In fact, hypertension affects approximately 1 in 5 Canadian adults [7, 

8]. In Canada, estimated healthcare cost in 2010 attributed to hypertension were $13.9 billion 

which would be expected to rise $20.5 billion by 2020 [9]. 

A new blood pressure (BP) classification method was introduced by the joint national committee 

7 (JNC 7) for the purpose of identifying individuals who would benefit with early intervention, 

reducing the rate of progression of BP to hypertension associated CVD or preventing 

hypertension completely [10]. According to the JNC 7 report, BP is categorized in four 

categories. 1) normal BP is defined when systolic BP (SBP) measurement is less than 120 mmHg 

and diastolic BP (DBP) is less than 80 mmHg, 2) prehypertension is when SBP/DBS is 120-

139/80-89 mmHg, 3) stage I hypertension is when SBP/DBP is 140-159/90-99 mmHg and, 4) 

stage II hypertension when SBP/DBP is greater than or equals to 160/100 mmHg [10]. 

Prospective observational studies report that with every 20  mmHg in SBP and 10 mmHg in DBP 

above the range of 115/75 (SBP/DBP) doubles the cardiovascular mortality risk [11]. Further, 

increase in BP more than 115/75 mmHg is associated with stroke (54%), ischemic heart disease 

(47%) and other cardiovascular disease (25%) [12]. In fact, in individuals who have preexisting 

high-normal BP (130-139 SBP and 85-89 DBP), the risk of hypertension increases by three fold 

and risk of CVD by approximately two fold [13]. 
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1.2 Pathophysiology of hypertension 

There are several factors involved in the pathophysiology of hypertension including impaired 

renin angiotensin aldosterone system (RAAS), abnormal sympathetic nervous system (SNS) 

activation, endothelial dysfunction, increased cardiac output and peripheral resistance, cardiac 

remodeling and renal dysfunction [14-17]. 

1.2.1 RAAS, oxidative stress and vascular inflammation 

The RAAS is a very important hormonal mechanism that maintains the functions of 

cardiovascular, renal and adrenal glands by regulating hemodynamic stability in the body 

through BP, sodium and potassium concentration and fluid balance [18]. Therefore, abnormal 

activation of the RAAS results in the development of CVD (hypertension, atherosclerosis, left 

ventricular hypertrophy, myocardial infarction (MI) and congestive heart failure) and renal 

disease [18, 19]. 

Renin (active form) is a proteolytic enzyme which is first synthesized as pro-renin (inactive 

form) in the afferent arterioles of renal glomerulus and released into the blood [20]. In the blood, 

renin is converted from pro-renin by the proteolytic and non-proteolytic mechanisms [21-23]. 

Renin then cleaves a glycoprotein, angiotensinogen (produced in the liver), and converts it into 

angiotensin I (Ang I). Angiotensin-converting enzyme (ACE) (produced in the lungs) cleaves 

Ang I into angiotensin II (Ang II) which is the main effector of RAAS. Ang II acts through its 

receptors known as Ang II type 1 (AT1 R) and Ang II type 2 (AT2 R) [24]. AT1 R induces 

various actions of Ang II on the blood vessels such as vasoconstriction, endothelial dysfunction, 

vascular remodeling and inflammation, whereas AT2 R is believed to be involved with opposite 

effects of that of AT1 R [25]. Beside renin and pro-renin receptors in the kidney, studies suggest 

that heart, liver, and placenta express these receptors [26]. Studies also suggest that subcutaneous 

and visceral adipose tissue express renin receptors indicating the local synthesis of Ang II [27]. 

Renin and pro-renin receptors activation induces a mitogen-activated protein kinase (MAPK) 

signaling pathway, extracellular signal-regulated kinase (ERK1/2) [28]. 

Ang II is a major regulator of aldosterone synthesis, another effector of RAAS. AT1 R mediated 

aldosterone synthesis takes place in adrenal cortex. Aldosterone acts on the distal nephron of the 
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kidney and stimulates water retention, sodium and chloride reabsorption, potassium and 

magnesium excretion, as a result increasing extracellular fluid volume and BP [29]. Aldosterone 

induces these effects via AT1 R, G-protein coupled receptor [30] and epidermal growth factor 

receptors [31]. These receptors acts through MAPK/ERK1/2/p38 pathways and mediate vascular 

remodeling, fibrosis, inflammation [15], cardio-renal and metabolic disease [32, 33]. After 

aldosterone synthesis and secretion by epithelial cells in the renal tubule [34] or vascular smooth 

muscle cells [35], aldosterone induces the expression of genes associated with water absorption 

including sodium-potassium ATPase, serum/glucocorticoid regulated kinase 1, and epithelial 3 

sodium channel [36]. These process regulate normal BP by modulating water and electrolyte 

balance. 

AT1 R mediates activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 

(NOX) which in turn increases reactive oxygen species (ROS) production in the vasculature and 

facilitate the development of atherosclerotic process [37]. Studies suggest that oxidative stress 

induced ROS production negatively affects the bioavailability of endothelial nitric oxide (NO), a 

protective vasodilator, in CVD including hypertension [38-41]. ROS regulates endothelial 

function, vascular tone and cardiac function [42]. Involvement of ROS have been discussed in 

the vascular pathological processes such as, apoptosis, fibrosis, hypertrophy and inflammation 

and these processes positively affect the progression of endothelial dysfunction and 

cardiovascular remodeling that are features of hypertension [43, 44]. NO is synthesized and 

produced in endothelial cells during conversion of L-arginine to L-citrulline by enzyme 

endothelial NO synthase (eNOS) [45-47]. NO increases blood flow and reduces BP by signaling 

smooth muscle to relax causing vasodilation [48, 49]. Activity of eNOS within the endothelial 

cell is regulated by insulin. Insulin exerts vasodilatory action via stimulating NO production by 

PI3K/Akt pathway-dependent eNOS activation [50]. This pathway is impaired during insulin 

resistance and NO production is diminished [51]. Ang II affects vascular smooth muscle cells 

causing vasoconstriction in afferent and efferent arterioles which leads to the development of 

hypertension in glomerular capillary and reduced renal blood flow [52]. 

Although it is noted that RAAS and SNS are essential for change in the BP for short period of 

time, kidneys play a major role in the blood-volume and pressure control in the long-term [53]. 

The kidneys perform a pivotal role in controlling BP by various mechanism including diuresis, 
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natriuresis, RAAS and SNS [54]. Studies show that increased aldosterone concentration is 

associated with increased reabsorption of sodium and water in the distal nephron in the kidney 

which increases BP [34]. Emerging evidences implicate aldosterone as a mediator for the 

development of renal disease [55]. Increased plasma levels of aldosterone have been associated 

with hyperaldosteronism and adrenal hypertrophy [56]. Increased aldosterone levels and renal 

deterioration have also been shown by clinical studies [57]. Study in rats show that aldosterone 

infusion resulted in the progression of renal injury and fibrosis [58] mediated by ROS and 

ERK1/2 [59]. In the rat model of type 2 diabetes, hypertension accelerates development of 

diabetic nephropathy through ERK1/2 and p38 [60]. These studies suggest that hypertension 

leads to structural and functional damage in the kidney resulting in renal dysfunction [61]. 

Studies provide the link between the kidneys and chronic hypertension [62-64]. These studies 

show that, when a kidney was transplanted from a salt-sensitive and hypertensive rat into a salt-

resistant, normotensive rat, this later developed hypertension in the salt-resistant and 

normotensive rats. On the other hand, when a kidney from a salt-resistant, normotensive rat was 

transplanted into a salt-sensitive, hypertensive rat, this protected from increasing the BP [62, 63]. 

These findings were also verified in genetic rat models of hypertension studies [65-69]. These 

studies suggest that hypertension is regulated by the kidneys [70]. 

Ang II have been shown to induce vascular dysfunction mediated by MAPK and Akt signaling 

pathways which promote cell proliferation and apoptosis [71]. Ang II has been implicated in the 

progression of atherosclerosis by providing a positive feedback loop during vascular 

inflammation by recruiting inflammatory cells, and these cells produce more Ang II which 

exaggerate the vascular inflammation [18]. Oxidative stress mediated by Ang II reduces NO 

levels [72]. Studies show that chronic infusion of Ang II in mice increases BP, promotes 

inflammatory cells infiltration into myocardium and cardiac fibrosis [73]. Ang II induces 

oxidative stress and calcium signals in the rat cardiomyocytes which results in cardiomyocytes 

hypertrophy [74]. Chronic treatment of Ang II induces increase production of protein synthesis 

that leads to vascular smooth muscle cell hypertrophy [75]. 

During hypertension, insulin resistance is implicated in the pathophysiology of CVD and chronic 

kidney disease [76, 77]. Studies estimated that at least half of the hypertensive individuals are 

insulin resistant, and insulin resistance is one of the main abnormality of the cardio-metabolic 
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syndrome [78, 79]. It is observed that patients who have hypertension show high fasting and pre-

prandial insulin levels which is not dependent on the fat distribution or body mass index [80]. 

Experimental evidence from animal model of insulin receptor knockout in the renal tubule 

epithelial cells suggested that lack of insulin resulted in increased BP and this was correlated 

with reduced NO production [81]. This suggests that reduced NO production leads to 

vasoconstriction in the kidney and insulin resistance condition leads to sodium reabsorption in 

the distal nephron resulting in hypertension. 

Studies have established that hypertension is associated with vascular endothelial dysfunction 

[82-84]. Endothelial dysfunction is an alteration in the endovascular lining of blood vessels 

defined by pro-inflammatory and pro-thrombotic phase [14]. The Framingham heart study of 

offspring cohort suggests that degree of endothelial dysfunction is positively associated with the 

hypertension severity [85]. Oxidative stress from various sources have been linked with the 

hypertension associated endothelial dysfunction [86]. Studies suggest NO as an important 

regulator of vascular endothelial function and endothelial dysfunction phenotypic characteristic 

is identified by the absence of NO bioavailability [87, 88]. It is controversial that hypertension is 

a cause or an effect of endothelial dysfunction. Studies support the hypothesis that endothelial 

dysfunction occurs prior to the development of hypertension in which exogenous infusion of 

eNOS inhibitors in humans lead to hypertension [89]. Further supported by the cohort study in 

which postmenopausal normotensive women who had endothelial dysfunction had six times 

increased risk of hypertension development [90]. Conversely, study demonstrates that in young 

adults acute, large increase in BP is associated with acute endothelial dysfunction [91]. Other 

study show that subjects with high BP in adolescence were more prone to develop endothelial 

dysfunction in adulthood [92]. 

It is believed that if hypertension progresses over time then renal dysfunction may be normalized 

by compensatory mechanisms, which include cardiac and vascular remodeling [17]. It is 

proposed that during the pre-hypertension stage, the kidneys are normal but renal injury is 

initiated by recurrent and repeated vasoconstriction mediated by several factors [93] including, 

hyperactive SNS activity [94] and modification in the RAAS which leads to increased Ang II in 

the circulation and loss of local NO [93, 95]. 
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Clinically, hypertension is associated with left ventricular hypertrophy which is an adaption to 

hemodynamic overload exerted by chronic increase in systemic hypertension [96, 97]. This 

adaption is called cardiac remodeling in which left ventricular wall thickness and mass are 

increased in the ventricular myocardium to meet the functional demand, however, this may also 

progress to heart failure [96, 98]. 

1.3 Cardiac hypertrophy and heart failure 

Cardiac hypertrophy is a compensatory adaptation of the heart in response to hemodynamic 

overload such as that observed during pregnancy, exercise, hypertension and valvular heart 

disease [99]. In these situations, the heart undergoes necessary changes including increase in 

ventricular wall thickness and increase cardiac output that allow the heart to deal with the 

increased workload. Cardiac hypertrophy induces increase in cardiomyocyte size, increase in 

total rate of protein synthesis and re-expression of fetal genes, i.e. atrial natriuretic peptide 

(ANP), β-myosin heavy chain (β-MHC) and brain natriuretic peptide (BNP) [100]. Although 

cardiac hypertrophy can be reversible, long-term cardiac hypertrophy can become maladaptive 

and can be involved in the progression to heart failure [101]. 

Although many factors are involved in the transition from adaptive cardiac hypertrophy to 

maladaptive hypertrophy, it appears that cardiac metabolism may play a role [102, 103].  For 

examples, some metabolic factors that may drive the transition from cardiac hypertrophy to heart 

failure are that the heart becomes insulin resistant along with a reduction in mitochondrial 

oxidative metabolism, all of which can lead to the heart becoming energy deficient [104]. 

Whereas the healthy heart can shift fuel source utilization between glucose and fat [105], studies 

have shown that the hypertrophic or falling heart primarily uses glucose for ATP production and 

less fatty acid [105, 106]. Taken together, these studies suggest that energy metabolism is 

compromised during cardiac hypertrophy and heart failure and thus, restoring energy production 

in these situations may prove to be an effective strategy for prevention and treatment of cardiac 

hypertrophy and heart failure. One major regulator of cardiac energy metabolism is the energy 

sensing kinase, adenosine monophosphate (AMP)-activated protein kinase (AMPK). 
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1.4 AMPK: structure, activation, and regulation 

AMPK is a serine-threonine protein kinase that plays a crucial role as an energy sensor of the 

cells and maintains cellular homeostasis. It is activated during low energy levels of the cells and 

it turns-on the energy generating pathways and turns-off the energy consuming pathways [107]. 

Due to these important actions of AMPK, it has been known as a fuel gauge [107] and a major 

metabolic regulator of the cells [108]. AMPK was first purified in 1989 [109] and clones in 1994 

[110]. Since the cloning of AMPK, the molecular properties have been studied and early studies 

investigating the role of AMPK in the heart were initiated in 1995 [111]. Since then, studies have 

been focused on the role of AMPK on cardiovascular disease and as a result, various actions in 

the heart have been identified [111-119]. 

AMPK is a complex of three subunits, alpha (α) subunit, beta (β) and gamma (γ). Each 

individual subunit has a different structure and function and the interaction between these 

subunits is essential for the cell environment in order to regulate AMPK activity. The α subunit 

is the catalytic subunit and the β and γ subunits are regulatory subunits. The α subunit is a 

serine/threonine domain of the AMPK and this has an important activating site, threonine-172 

(Thr172). Upstream kinases are required to phosphorylate AMPK at Thr172 and this 

phosphorylation is an indicator of AMPK activation [120]. The β subunit has a glycogen binding 

site and structurally it is in the middle of other α and γ subunits. Studies report that when the cell 

has plenty of energy and thus high levels of stored glycogen, high glycogen concentrations in the 

cell can inhibit activation of AMPK [121, 122]. On the other hand, studies also report that 

absence of glycogen might cause activation of AMPK in the heart in the event of MI [123] and 

physical exercise [124]. The α subunit has an auto-inhibitory sequence, which is reversed when 

AMP binds with γ subunit that leads to conformational changes in the AMPK complex [125, 

126]. Binding of AMP with γ subunit results in conformation change and leads to activation of 

catalytic unit of AMPK [127]. All of the subunits have different isoforms encoded by different 

genes depend on different types of cells [128]. The α1 isoform is most abundant in endothelial 

cells and α2 isoform is in cardiomyocytes [129]. The γ1 and γ2 isoforms are expressed in the heart 

and γ3 in the skeletal muscle [129]. Because of changes in the expression of different isoforms in 

different cells, AMPK possess different action. For example, intracellular concentration of AMP 

affects mainly α2 isoform than α1 isoform [130]. It is observed that during MI, α1 and α2 isoforms 
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are activated [131, 132], however, less intense exercise only activates α2 isoform in the heart 

[133, 134]. 

Activation of AMPK depends on the intracellular energy levels which is determined by the AMP 

to ATP ratio. When the heart requires energy, ATP is broken down in ADP and subsequently 

into AMP and increase in the levels of AMP activates AMPK [135-137]. Upon AMP binding, 

the activation site of α subunit, Thr172, is phosphorylated by upstream kinases leading to 

increased AMPK activity [138, 139]. Intracellular AMP in the heart has high affinity towards 

binding with AMPK and AMP concentrations are found in micromolar quantity [135]. Though 

ATP is found in very high concentration, it has low-binding tendency towards AMPK compared 

with AMP or ADP which allows AMP or ADP to bind with AMPK competitively [140]. 

Phosphorylation and activation of AMPK is regulated by upstream AMPK kinases. One of the 

upstream kinase discovered is the tumor suppressor protein liver kinase B1 (LKB1) [141, 142]. 

LKB1 is expressed abundantly in the heart [143]. It has been shown that LKB1 deficiency during 

MI attenuates AMPK activation of α2 isoform suggesting that LKB1 regulates α2 isoform in the 

heart during MI [143]. 

Another upstream kinase calcium-calmodulin–activated protein kinase kinase-β (CaMKKβ) is 

expressed in brain and other non-cardiac tissues and has been shown to activate AMPK [144]. 

CaMKKβ is expressed at very low levels in cardiomyocytes [145]. It has been reported that 

during a MI, AMPK is upregulated along with increased CaMKKβ activity [146] suggesting that 

energy is depleted during a MI and increase in AMP concentrations in the cells activates AMPK. 

However, CaMKKβ activation is not related to LKB1 activation [137, 146]. When Ca2+ influx 

increases in the cell, CaMKKβ activates AMPK in order to meet ATP demand and this activation 

does not depend on the AMP/ATP ratio of the cell [147, 148]. 

1.5 AMPK in CVD 

The hypertrophied heart undergoes metabolic alterations impairing energy metabolism, which 

can contribute to deteriorating cardiac function [149]. The role of AMPK in the prevention of 

hypertension has been established. Studies show that AMPK activation by resveratrol lowers BP 

in deoxycorticosterone acetate (DOCA)-salt hypertensive mice [150] and prevents Ang II-
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induced hypertension [151]. Further, anti-hypertensive effect of AMPK is mediate through 

eNOS/Akt signaling pathway [152] and Ras homolog gene family member A (RhoA)/Rho 

associated Kinase (ROCK) suppression [151]. It has been shown that resveratrol treatment in 

spontaneous hypertensive rat and Ang II-infused hypertension rodents attenuates BP increase, 

reduces oxidative stress, improves vascular function and prevents cardiac hypertrophy through 

the LKB1/AMPK/eNOS signaling axis [153]. Studies in the mesenteric arterioles, which are 

considered true resistant vessels that contribute to total peripheral resistance [17], and aorta show 

that AMPK activation by resveratrol, 5-aminoimidazole-4-carboxamide 1- β-ribofuranoside  

(AICAR), berberine or metformin reduces BP and endothelial injury by inducing vasorelaxation 

via increases in eNOS phosphorylation through AMPK/eNOS signaling [153-156]. It is 

suggested that hypertension causes cardiac hypertrophy and, thus, AMPK downregulation may 

be involved in that either secondary to hypertension or directly, via the cardiomyocytes. 

A study by Tian et al. reported activation of AMPK isoforms, α
1
 and α

2
, in the pressure overload 

hypertrophied hearts [157]. In these hearts, activation of AMPK was associated with increased 

glucose uptake [157] and glycogen storage [158]. Another study in the pressure overload 

hypertrophied hearts demonstrated increased AMPK activation promoted glucose uptake [159]. 

In contrast to these studies, it has been shown that impaired AMPK activation in the heart 

promotes cardiac hypertrophy [153, 160, 161]. Similarly, low expression of AMPK during 

pressure overload hypertrophy is associated with severe cardiac remodelling [162]. In addition, a 

spontaneous hypertensive rat model shows inhibition of cardiac hypertrophy by activation of 

AMPK [163]. These studies are in favor of the concept that AMPK activation is required to 

attenuate cardiac hypertrophy. Moreover, the prolonged treatment with the AMPK activator, 

AICAR, causes regression of hypertrophy in aortic banding [164]. Similar study in isolated 

cardiomyocytes, shows increased AMPK activity and reduction of the hypertrophic responses. 

The pre-treatment with AMPK activators, metformin, phenformin, AICAR, and resveratrol 

attenuates cardiomyocyte hypertrophy induced by phenylephrine, supports the role of AMPK 

activation in the hypertrophic growth [165]. 

Furthermore, AMPK directly and indirectly regulates eukaryotic elongation factor-2 (eEF2) 

[166, 167] kinase and mammalian target of rapamycin (mTOR)/p70S6 kinase (p70S6K) [168] to 

regulate protein synthesis during cardiac hypertrophy. Similarly, pharmacological activation of 
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AMPK in cultured cardiomyocytes inhibits mTOR/p70S6K and eEF2 that attenuates protein 

synthesis and gene expression [160, 169, 170]. In addition, AMPK activation by resveratrol or 

AICAR in isolated cardiomyocytes inhibits protein synthesis through mTOR and this inhibition 

prevents subsequent phosphorylation of p70S6K and ribosomal protein S6, resulting in the 

suppression of cardiac hypertrophic growth secondary to protein synthesis. Furthermore, deletion 

of cardiac specific LKB1 results in the attenuation of AMPK and activation of mTOR/p70S6K 

signaling which leads to cardiac hypertrophy [171]. Recent studies also support that activation of 

AMPK leads to anti-hypertrophic effect via inhibiting mTOR pathway [172-175]. In addition, 

AMPK activation inhibits cardiac hypertrophy by attenuating ERK1/2-MAPK pathway [176], 

calcineurin-nuclear factor of activated T-cells (NFAT) and nuclear factor kappaB (NF-κB) 

pathway [164], and upregulating PPAR-α [176, 177], and eNOS pathway [163]. These studies 

suggest that AMPK plays an important role in attenuation of cardiac hypertrophy via regulation 

of protein synthesis. 

Studies report that AMPK activity increases in cardiac hypertrophy [157], ischemia [111, 136], 

hypoxia [178] and cardiomyopathy [179]. Also, during acute heart failure, activation of AMPK 

is the case of adaption due to energy depletion [180]. However, AMPK activity decreases in the 

advanced stage of the heart failure [181]. Cardiac hypertrophy and heart failure condition prefers 

glucose oxidation over fatty acid oxidation (FAO) [105, 106] and during these cardiac 

pathological conditions heart is unable to maintain preferred glucose oxidation [182, 183]. This 

reduction in energy metabolism and decrease in the GLUT4 translocation on the membrane also 

indicates less glucose uptake by cardiomyocytes [104, 184]. The pharmacological activators, 

metformin and AICAR treatment diminishes contractile dysfunction, apoptosis, and fibrosis in 

the canine heart failure model suggesting that heart failure does not activate AMPK but its 

activation is beneficial [185]. These treatments also improve systemic insulin resistance and 

increase plasma NO levels [186] and these effects may contribute to the beneficial effects of 

AMPK. 

The oxidative stress and apoptosis may play an important role in the development of 

cardiomyopathy, atherosclerosis and heart failure [187-190]. Attenuation of oxidative stress and 

apoptosis prevents heart failure by improving cardiac performance [191]. AMPK activation by 

resveratrol protects cardiomyocytes from oxidative stress and apoptosis [192, 193]. In addition, 
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AMPK activation by resveratrol improves cardiac functions through silent information regulator 

(SIRT1) activation [192]. Moderate overexpression of SIRT1 protects cardiomyocytes from 

oxidative stress and apoptosis and inhibition of SIRT1 exacerbates cell death [194]. 

Furthermore, the peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-

1α) may play cardio-protective role in the heart failure as lack of PGC-1α promotes cardiac 

dysfunction that leads to heart failure [195]. In addition, it has been shown that AMPK activates 

PGC-1α protein by binding and phosphorylating directly at Thr-177 and Ser-538 residues [196] 

and AMPK also stimulates SIRT1-mediated deacetylation and activation of PGC-1α [197]. 

Lastly, AMPK phosphorylates forkhead box O3 (FoxO3) thus causing its translocation into the 

nucleus and activation [198]. In the nucleus, FoxO3 activates antioxidant system thioredoxin 

(Trx) by binding with Trx promotor and upregulating transcription of Trx which leads to the 

inhibition of oxidative stress and reduction in ROS production [198] and ultimately protection of 

cardiomyocytes from oxidative stress and apoptosis [199]. Studies report that AMPK activated 

FoxO promotes autophagy in the heart by activating the genes involved in autophagy [200, 201]. 

Autophagy activation by resveratrol reverses cardiac remodeling and protects heart failure via 

AMPK activation [202] and impaired process of autophagy leads to heart failure [201]. Study 

report that metformin administered at the time of reperfusion, induces increased AMPK 

phosphorylation, eNOS phosphorylation, and PGC-1α expression, reduced LV remodeling after 

MI [203]. Overall, the accumulated evidences suggest that AMPK activation is beneficial in the 

cardiovascular disease. 

1.6 Importance of adipose tissue in CVD 

The role of adipose tissue was largely restricted to fatty acid storage until 1987, when it was 

identified as an important site for sex steroid metabolism [204]. In addition, after the discovery 

of leptin in 1994, adipose tissue was recognised as an endocrine organ [205] and it is now known 

to secrete and express a wide varieties of bioactive compounds and peptides known as 

adipokines that act in autocrine, paracrine and endocrine manners [206]. Adipose tissue also 

expresses various receptors that enables it to react to different endocrine hormonal regulation as 

well as regulation by the central nervous system [206]. Thus, along with being the reservoir for 
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energy, adipose tissue coordinates many biological processes such as energy metabolism, 

neuroendocrine, immune function [206]. 

Increasing amounts of research evidence implicate that secreted hormones or peptides from the 

adipose tissue also regulate systemic carbohydrate and lipid homeostasis [207-210]. The 

endocrine function of adipose tissue is highlighted by the condition when there is a deficiency 

and excess of adipose tissue. Increased adiposity or excessive adipose tissue deposition, 

especially in the visceral areas, is associated with comorbidities, known as metabolic syndrome, 

such as hypertension, insulin resistance, atherogenic dyslipidemia, hyperglycemia, pro-

inflammatory and pro-thrombotic state [211]. These comorbidities are also linked with adipose 

tissue deficit (or lipodystrophy) [212]. Therefore, both adipose tissue excess and deficit can have 

adverse health outcomes. 

1.6.1 Adipokines 

White adipose tissue (WAT) is composed of many heterogeneous cell types including 

adipocytes, pre-adipocytes, pericytes, blood vessels, leukocytes, fibroblasts, macrophages, 

stromovascular cells, endothelial cells, and connective tissue matrix [213-216]. This complex 

structure enables WAT to regulate multiple metabolic actions, which is the foundation of the 

functions of adipose tissue [217]. WAT is able to perform multiple functions by communicating 

with organs or organ systems in an autocrine, a paracrine and an endocrine manner through 

release of bioactive chemical compounds and peptides known as adipokines [206, 218]. 

Adipokines are synthesized by adipocytes, macrophages, fibroblasts and leukocytes [219, 220] 

and can be secreted during various conditions. For example, during the development of obesity, 

adipokine release from adipose tissue can be altered followed by the changes in the adipocyte 

phenotype, numbers and accumulation of inflammatory cells [221]. The secretion and expression 

of adipokines depends on the location of adipose tissue in the body and it is now clear that the 

visceral and subcutaneous depot of adipose tissue show distinct adipokine profiles [222, 223]. 

Abnormal increases in adipocyte number and volume can be observed in obese patients [224]. 

Evidence suggests that obesity-induced adipocyte expansion is linked with hypoxia [225], 

oxidative stress [226], and accumulation of macrophages [227], suggesting that these events are 

a cause or an effect of dysregulation in adipokines release. Though, the exact biological effects 
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of adipokines are still poorly understood, they are believed to be involved with regulation of 

many physiological actions including lipid metabolism, food intake and energy balance, insulin 

sensitivity, BP, angiogenesis, homeostasis and inflammation [228]. Involvement of adipokines 

with physiological conditions suggests that the inflammatory stage of adipose tissue may be 

responsible for poor health during obesity. 

The ability of adipose tissue to produce tumour necrosis factor alpha (TNF-α), was first 

identified in 1993 and the secretion of this pro-inflammatory cytokine is elevated in obesity and 

diabetes [229]. Interestingly, upregulation of TNF-α was associated with obesity and obesity-

induced hypertension [230], thus linking adipose tissue-derived adipokines to CVD. Following 

this discovery, leptin was identified in 1994 as an adipokine that balances the appetite and energy 

expenditure [231]. Like TNF-α, increased leptin levels has been suggested to be involved in 

mediating obesity-associated hypertension [232]. Further, plasminogen activator inhibitor-1 

(PAI-1) was identified in 1996 as an adipokine which was found to be correlated with visceral 

obesity [233]and high BP [234]. 

Around the same time, the adipose-tissue specific adipokine, adiponectin, also known as 

AdipoQ/ACRP30, was discovered [235-237]. Adiponectin is the most abundant serum anti-

inflammatory adipokine and it is reported that expression of adiponectin is significantly 

downregulated during obesity [235]. Of importance, experimental studies showed that 

adiponectin treatment protects against obesity linked CVD [238, 239] and that low levels of 

adiponectin are found in the hypertensive adults [240]. Interestingly, studies show that 

hypertensive adults have lower adiponectin levels compared with normotensive adults and 

increase in adiponectin levels was associated with decreased risk of hypertension [241]. Taken 

together, these studies suggest that cardiovascular dysfunction associated with increased 

adiposity may result from an imbalance of pro-inflammatory and anti-inflammatory adipokines. 

Thus, these studies provide an important link between increased adiposity and cardiovascular 

dysfunction and suggest that other adipokines may also have similar roles. 

1.6.2 Lipokines 

Lipokines are an adipose tissue-derived hormone-like lipid molecules used by adipose tissue to 

communicate with distant organs. The term lipokine was first used by “Gökhan Hotamisligil lab” 
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in 2008 to identify a unique fatty acid that was involved in the lipid metabolism [207]. When 

they performed a detailed analysis of whole body lipid profiling in mice lacking lipid chaperone 

proteins fatty acid binding proteins (FABP4/5), they observed enhanced rate of de novo fatty 

acid synthesis mediated by upregulated expression of de novo lipogenesis genes (fatty acid 

synthase (FAS) and stearoyl-CoA desaturase 1 (SCD1)) in adipose tissue [207]. FABP4/5 are a 

group of molecules that regulate lipid functions in cells and are strongly associated with 

metabolic and inflammatory signaling [242, 243]. They discovered a novel lipokine, 

palmitoleate, that showed beneficial systemic effects and that was elevated in the plasma with 

increased rate of de novo lipogenesis [207]. 

1.7 Palmitoleate  

Adipocyte-derived product, palmitoleate is a monounsaturated fatty acid also known as cis-9-

hexadec-9-enoic acid or palmitoleic acid (C16:1n7). Palmitoleate has been shown to functions as 

a lipokine which communicates with other organs and coordinates systemic metabolic 

homeostasis [207]. Studies using hyperinsulinemic-euglycemic clamp in mice showed that 

infusion of palmitoleate required significantly higher infusion rate of glucose to maintain normal 

blood glucose which further suggests that palmitoleate improves glucose metabolism [207]. 

Infusion of palmitoleate in mice showed direct and positive regulation of systemic glucose and 

lipid metabolism by inhibiting the lipogenic genes (SCD1, FAS and Elovl6) in the liver and 

enhancing insulin signaling in  the liver and muscle [207]. Increase in plasma palmitoleate 

concentration was positively associated with enhanced rate of de novo lipogenesis in adipose 

tissue, thus, palmitoleate has been suggested to act as a marker for de novo lipogenesis [207]. 

A number of studies have attempted to discover a link between the levels of palmitoleate in 

blood and tissue and metabolic diseases in humans ranging from instance insulin resistance [244-

247] obesity [248-250], and diabetes [251, 252].  After the identification of palmitoleate in the 

animal models, circulating palmitoleate was examined in humans in terms of the role it plays in 

metabolic diseases including insulin resistance and type 2 diabetes. In 100 Caucasians 

participants, the circulating palmitoleate concentration was found to be positively associated with 

insulin sensitivity determined by euglycemic-hyperinsulinemic clamp studies and that this 

association was independent of the subject’s age, sex and/or adiposity [245]. Another study of 
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3630 participants from US showed that higher concentration of circulating palmitoleate was 

correlated with increased body mass index (BMI), and greater insulin resistance [253]. These 

studies indicated that association of circulating palmitoleate levels with metabolic disease was 

complex and this might be dependent on the endogenous synthesis of palmitoleate from liver and 

adipose tissue as high carbohydrate and fat rich diet and fatty liver may alter the true metabolic 

effects of palmitoleate [253]. 

1.7.1 Dietary source 

Food intake is the primary source of fatty acid in blood and tissue [254]. There are few food 

sources that contain higher quantities of palmitoleate than other fatty acids. However, food 

containing palmitoleate more than 5% (gm per 100gm of total fatty acid) are very limited. For 

instance, palmitoleate rich food sources are salmon 6%, cod liver oil 7.1% and macadamia oil 

17.3%, and low palmitoleate food sources are soybean oil 0.08%, chocolate 0.2%, eggs 0.3% and 

olive oil 1.4% [255]. There is an exceptional plant, Sea Buckthorn (Hippophae rhamnoides l.), 

native to Asia and Europe which is known for the richest palmitoleate content. Its pulp oil 

contains 32-42%, whole berry oil 28-37% and seed oil less than 4% of palmitoleate [256]. 

The dietary intake of fatty acid also have been studied and palmitoleate amount is found to be 

very low compared with other fatty acid. A study involving randomly selected 49 black and 72 

white members of Seventh-day Adventist church reported that dietary palmitoleate intake 

assessed by 24-hour recall for the black subjects was 0.9 ± 0.4 gm/day (mean ± SD) and this was 

1.3 ± 0.4% of total fatty acid intake. Whereas, white subjects were similar in daily intake of 

palmitoleate (0.9 ± 0.4), however, it was significantly lower (0.3 ± 0.4) percentage of total fatty 

acid intake per day [257]. Another study using a food frequency questionnaire (FFQ) in a large 

cohort of 2048 men and 2391 women reported that palmitoleate intake was 2.0 ± 0.8 gm/day 

(mean ± SD) which was 2.2 ± 0.5% of total fatty acid intake in men compared with 1.6 ± 

0.6gm/day which was 2.2 ± 0.5% of total fatty acid intake for women [258]. In addition, study in 

overweight, obese and morbidly obese individuals reported that palmitoleate intake decreased 

with increasing adiposity, for example 2.51 ± 2.51% (total fatty acid intake per day) in 

overweight, 2.09 ± 0.80% in obese and 1.17 ± 0.30% of in morbidly obese individuals [259]. 

These studies suggest that palmitoleate intake from food sources is low in comparison with other 
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fatty acid, for example oleate which was measured around 23-29 gm/day which was 33-52% of 

total fatty acid intake per day [257-259]. 

1.7.2 Endogenous synthesis 

Even though the literature provides evidence of low palmitoleate intake from dietary sources, its 

concentration in the blood and tissue is reported from as low as 0.7 mol% and as high as 7.2 

mol% [254]. Thus, it is likely that endogenous synthesis of palmitoleate can modulate plasma 

concentrations [260]. 

Fatty acids, including palmitoleate, are primarily synthesized in the liver and secondarily in 

adipose tissue by de novo lipogenesis, resulting from the specific activation of fatty acid synthase 

(FAS) and regulation of stearoyl CoA desaturase 1 (SCD1) [207, 261] (Figure 1). Upon 

synthesis, fatty acids are converted into triglycerides and stored in adipose tissue [262]. Under 

normal physiological condition, fatty acids release from adipose triglyceride storage is 

suppressed by insulin and insulin resistance is suggested to be responsible for activation of 

lipolysis and release of free fatty acids into circulation [262]. Increases in the circulatory free 

fatty acids have been associated with hypertension, insulin resistance, atherosclerosis and obesity 

[263-266]. 
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Fig. 1 De novo lipogenesis of palmitoleate [269] 

 “Republished with permission of Elsevier Science Publishers, from Lipoexpediency: de novo 

lipogenesis as a metabolic signal transmitter, Irfan J. Lodhi, 22(1), 2011; permission conveyed 

through Copyright Clearance Center, Inc.” 

De novo lipogenesis usually occurs in all cells, but both liver and adipose tissue are the major 

organ where lipogenesis occurs. This lipogenesis process requires series of enzymatic processes 

from glucose to fatty acid production. Citrate is produced from utilization of glucose in 

glycolytic process in mitochondria. ATP-citrate lyase (ACL) enzyme converts citrate to acetyl-

CoA. Acetyl CoA is then converted to malonyl CoA by acetyl CoA carboxylase (ACC). Fatty 

acid synthase (FAS) utilizes both acetyl CoA and malonyl CoA and converts into palmitate and 

palmitate is further processed by elongation of very long-chain fatty acids protein 6 (Elovl6) 

enzyme into stearic acid [267]. Stearoyl-CoA desaturase 1 (SCD1) then catalyzes palmitate 

(palmitic acid) to palmitoleate and stearate to oleate [268], which are preferentially converted 

into triglycerides and stored in adipose tissue [269]. 
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1.8 The role of palmitoleate in CVD 

While studies have suggested that circulating palmitoleate levels are associated with hemostasis 

and metabolism of cholesterol, the overall effect on the cardiovascular system has yet to be 

elucidated. Studies show that, higher levels of low-density lipoprotein (LDL) cholesterol and low 

levels of high-density lipoprotein (HDL) cholesterol are risk factors of CVD [270-272]. A recent 

cohort study in the Cardiovascular Health Study of 3630 men and women reported that higher 

plasma phospholipid palmitoleate concentrations was observed significantly associated with low 

LDL cholesterol, low fibrinogen and high HDL cholesterol [250, 252]. In addition, results from 

epidemiological studies have shown that circulating levels of palmitoleate is strongly associated 

with several cardio-metabolic risk factors, including serum apolipoprotein A1 and apolipoprotein 

B levels, endothelial dysfunction, high BP, TG, LDL and HDL cholesterol [250, 273]. 

Furthermore, study in a Chinese population of middle-aged and older subjects show that the 

concentration of palmitoleate in erythrocytes was inversely associated with adiponectin but 

positively associated with high BP, retinol binding protein 4, hypertriglyceridemia and decreased 

HDL cholesterol [274]. In addition, the Physicians Health Study showed that the palmitoleate 

concentration in erythrocyte membranes was positively associated with the risk of coronary heart 

disease (CHD) [275]. Although the erythrocyte concentration of palmitoleate is not a 

representation of what is present in tissues or in the circulation, this represents endogenous fatty 

acid production [276]. Palmitoleate rich diet consumption showed beneficial effects by 

decreasing circulating cholesterol and TG levels [277, 278]. A recent study by Bernstein et al. 

showed that when 220.5 mg of purified palmitoleate was given to adults with dyslipidemia, TG, 

LDL cholesterol and C-reactive protein were significantly decreased and HDL cholesterol was 

increased which suggested palmitoleate could be a potential treatment of hypertriglyceridemia 

[279]. Studies show that consumption of palmitoleate rich food, macadamia nuts, was linked 

with beneficial change in serum lipid composition [277, 280, 281], however, this phenomena 

was not observed in the study by Nestel et al. [278]. Taken together, contradicting results of 

palmitoleate concentration and effects on circulating lipid profiles may be explained by different 

patient populations, such as healthy and diseased condition. Healthy participants may not have 

any beneficial effect of high serum palmitoleate, however, this may be a potential therapy for 

improving lipid profile in the subjects with dyslipidemia. Therefore, additional studies are 

required to confirm this speculation. 
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Fatty acid products of de novo lipogenesis, palmitoleate, have been correlated with heart failure 

risk factors including hypertension [282], obesity [248, 249, 253], diabetes [283, 284], CHD 

[275] and cardiovascular mortality [285]. A study by Djousse et al. in the participants from 

Physicians Health Study showed that increase in plasma phospholipid palmitoleate concentration 

was significantly associated with 17% higher risk of heart failure in male physicians [286] This 

study also suggested that palmitoleate concentration in the blood are a positive biomarker that 

enhances the progression of heart failure by developing hypertension. Experimental evidence 

from animals show that when fatty acid mixture including palmitoleate and palmitic acid was 

administered subcutaneously, it stimulated cardiac growth and significant increase in left 

ventricular mass [287]. Taken together, these observation suggests that palmitoleate may affect 

the development of cardiac hypertrophy and heart failure. 

1.9 Hypothesis and objectives 

Adipose tissue is an endocrine organ and releases a variety of bioactive molecules that are 

known to communicate in an endocrine, paracrine and autocrine manner to regulate a wide array 

of physiological functions. Adipocyte-produced adipokines such as leptin and adiponectin have 

been well studied for their effects as signaling molecules in the CVD. Similarly, adipocyte 

lipolysis produces the lipokine, C16:1n7-palmitoleate, which has also been shown to act as 

signaling molecule. In fact, studies have suggested that the palmitoleate concentration in the 

circulation is positively associated with BP, insulin resistance, inflammation, and heart failure. 

However, due to the complex interplay between all of the conditions, it is not known if elevated 

palmitoleate levels alone are sufficient to cause hypertension. 

Hypothesis: Adipose-derived C16:1n7-palmitoleate induces hypertension and indirectly 

causes cardiac remodelling 

Specific Aims: 

1. To examine the effect of palmitoleate on blood pressure and cardiac structure/function. 

2. To investigate the signaling mechanism(s) associated with palmitoleate-induced 

hypertension 
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2. Materials and Methods 

2.1 Animal Care and Diets 

All protocols involving mice were approved by the University of Alberta Institutional Animal 

Care and Use Committee and conformed with the Guide for the Care and Use of Laboratory 

Animals published by the United States National Institutes of Health. The University of Alberta 

adheres to the principles for biomedical research involving animals developed by the Council for 

International Organizations of Medical Sciences and comply with the Canadian Council on 

Animal Care guidelines. All C57BL/6J mice were obtained from Jackson laboratory Canada. 

Seven-week old mice were housed in individual cages with ad libitum access to standard chow 

diet and water for 2 weeks. 

2.2 Materials 

Primary antibodies utilized for immunoblotting in this thesis were anti-phospho Akt (Ser473), 

anti-Akt, anti-phospho-AMPKα (Thrl72) and anti-AMPKα, anti-phopho-p70S6K 

(Thr421/Ser424) and anti-p70S6K, anti-phospho mTOR (Ser2448) and anti-mTOR, anti-

phospho-LKB1 (Ser428) and anti-LKB1, anti-phospho-p38 (Thr180/Tyr182) and anti-p38 

antibodies purchased from Cell Signaling Technology (Danvers, Massachusetts). Anti-actin 

antibody and horseradish peroxidase (HRP)-labelled secondary antibodies were purchased from 

Santa Cruz Biotechnology (Santa Cruz, California). Fatty acid free bovine serum albumin 

(BSA), palmitoleate, and Protease inhibitor cocktail were purchased from Sigma-Aldrich (St. 

Louis, Missouri) and Phosphatase inhibitor cocktail set IV was purchased from Calbiochem 

(Gibbstown, NJ). For immunoblotting, Trans-Blot® Transfer Medium (pure nitrocellulose) from 

BioRad (Richmond, California), FUJI Medical X-ray films from Mandel Scientific (Guelph, 

Ontario), and Western Lightning® Chemiluminescence Reagents Plus kit from Perkin Elmer 

Life and Analytical Sciences (Woodbridge, Ontario) were used. 

2.3 Palmitoleate Preparation and Administration 

Alzet osmotic micro-pumps (Model 1007D, Durect Corporation, Cupertino, CA, USA) 

containing either fatty acid free BSA in 1x Dulbecco's Modified Eagle Medium (DMEM) or 

BSA/palmitoleate mixture were implanted under anesthesia at dorsal interscapularis by scalpel to 
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make a small incision and form a small subcutaneous pocket. Stock solution of 7 mM 

palmitoleate was prepared as described by Riguelme et al. [287]. Mice were divided randomly to 

receive either BSA or BSA/palmitoleate mixture for 7 days. A method almost identical with ours 

to infuse palmitoleate has previously been shown to induce significant changes in healthy mice 

[287]. According to the binding capacity of BSA, 1:5 molar ratio of BSA and palmitoleate was 

prepared. Stock solution of 1.4 mM BSA was prepared by mixing 2.31 g in 25 mL of DMEM 

without glucose or other addition. BSA was mixed in smaller volume of DMEM in 50 mL falcon 

tube and top it up to 25 mL. Solution was centrifuged at 1200x g to accelerate solubilisation of 

BSA into medium. The final solution was sterile filtered through 0.22 µm syringe filter and 

stored at -80 oC. A 7 mM Palmitoleate stock solution was prepared by mixing 100 mg in 3.75 

mL DMEM and stored at -80 oC in aliquots. To prepare stock solution of 7 mM palmitoleate, 

266.67 µL of 105 mM palmitoleate was mixed in 3.733 mL of a 1.4 mM BSA solution. The final 

mixture was sterile filtered through a 0.22 µm syringe filter and transferred into pumps. The 

osmotic pump filling capacity was 100 µL that released solution at constant rate of 0.5 µL per 

hour. The amount of palmitoleate in the osmotic pump was 178 µg in 100 µL, which was 

delivered at 1.06 µg in 0.5 µL per hour for 7 days. After 7 days, mice were sacrificed and tissues 

were collected. 

2.4 In Vivo Assessment of Cardiac Function and BP 

One-weeks following the osmotic pump implantation, mice were mildly anesthetized using 3% 

isoflurane and 1.0 L/min oxygen, and maintained on 1-1.5% isoflurane and 1.0 L/min oxygen 

throughout the procedure. These mice were subjected to transthoracic echocardiography using a 

Vevo 770 High-Resolution Imaging System equipped with a 30-MHz transducer (RMV-707B; 

VisualSonics, Toronto, ON). ECG tracings were obtained simultaneously along with cardiac 

images by immobilizing mice on ECG metal strips on a mice handling heating platform using 

tapes. Parameters for cardiac function were set by an experienced animal echocardiographer. 

Analysis of the images were done by a blinded observer. M-mode measurements for the left 

ventricular wall thickness and cavity size were obtained from the long-axis view at the level of 

papillary muscles. Measurements for the free wall thickness of right ventricle and dimension of 

end-diastolic cavity were obtained from the short axis view just below the level of the aortic 

valve. In the animal model, right ventricle free wall images are most consistent with this view. 
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To obtain ventricular dimensions, M-mode recordings of 3-6 cardiac cycles were used, and % 

Fractional Shortening and % Ejection Fraction were determined. Doppler imaging of pulmonary 

outflow was obtained from the view at the level of aortic valve. Four view chamber view was 

used to obtain Doppler imaging of the mitral E and A wave velocities. To determine myocardial 

performance index (TEI index), isovolumic contraction time (IVCT), isovolumic relaxation time 

(IVRT) and aortic ejection time (ET) were measured from E and A waveforms. The TEI index 

was derived from (IVRT/IVCT)/ET equation. 

Non-invasive BP measurements were made using a tail-cuff system (IITC Life Science). Mice 

were kept in the ventilated tubes to restrict the physical mobility to train and acclimatize them for 

a week. Mice tails were kept in the BP recording device, BP was taken before the pump implant, 

and at the end of study (end of 1st week). 

2.5 Serum palmitoleate measurement  

To measure the palmitoleate in the serum, fatty acid methyl esters (FAMEs) were prepared and 

analysed by gas-liquid chromatography (GC). 100 µL of serum was transferred to glass tubes 

with Teflon-lined cap. For this protocol, heptadecanoic acid (C17:0, Margaric acid) was used as 

an internal standard and 100 µL was added in the tubes. 3.75 mL of chloroform/methanol (2:1) 

was added to each tube and then vortexed. 1.25 mL of mildly acidified 0.9% sodium chloride 

was added to each tube and then vortexed. Next, 1.25 mL of chloroform was added and then 

vortexed. Tubes were centrifuged at 3000 rpm for 10 min in a benchtop swinging bucket 

centrifuge. After that, a Pasteur pipette was used to collect the lower organic phase and then 

transferred to clean glass tubes. These tubes were placed under a stream of inert gas (nitrogen) to 

dry down the lipids in a fume hood. Following this, 1.5 mL of 6% hydrogen peroxide in 

methanol was added, capped and then vortexed. Tubes were incubated at 80 oC for 2 hours and 

then removed to cool at room temperature. Later, 2 mL of ammonium hydroxide/water (1:3) was 

added and vortexed well. 4 mL of hexane was added, vortexed well and centrifuged at 1000 rpm 

for 1 minute. The upper hexane phase was removed and then passed through sodium sulfate 

column (Pasteur pipette with glass wool plug at the bottom and ~2 cm of granular sodium sulfate 

on top) into another clean glass tubes. These tubes were placed under a stream of nitrogen to dry 

the eluent in a fume hood. After drying, the end product was FAMEs and it was re-dissolved in 
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200 µL of hexane and then subjected to capillary gas chromatography (Agilent 6890 GC, Agilent 

Technologies, Santa Clara, CA, USA) equipped with flame ionization detector and 6890 

autosampler and GC column (Agilent J&W CP-Sil 88 (100 m), Agilent Technologies, Santa 

Clara, CA, USA). All the solvents used in this experiments were HPLC grade. 

2.6 EchoMRI 

Body composition including fat and lean mass in mice were analysed 1 week after osmotic pump 

implantation using the quantitative nuclear magnetic resonance (qMNR) method 4-in-1 Whole 

Body Composition Analyzer, (EchoMRI; Echo Medical Systems, Houston, TX). Live mice were 

placed into a cylinder made of plastic with inside diameter of 4.7 cm and 0.15 cm thick. Mice 

were limited to vertical movement by a plastic insert. After the measurements, mice were 

returned to their respective cage. 

2.7 Glucose Tolerance Test (GTT) 

Mice were kept in individual cages and fasted for 5 hours. Mice were then injected with a 50% 

glucose solution (2 g (kg body weight)−1) intraperitoneally. Blood glucose levels (mmol/L) were 

measured in the tail vein using ~0.6 µL blood sample. determined using ACCU-CHEK 

Advantage glucometer (Roche Diagnostics, Laval, QC, Canada) and test strips at baseline and 

following glucose injection (10, 20, 30, 60, 90 and 120 min). 

2.8 Tissue Homogenization and Immunoblot Analysis 

Mice were fasted overnight and anaesthetized next morning with 100 uL sodium pentobarbital. 

Tissues, including heart, kidney, mesenteric artery, were isolated and freeze-clamped rapidly. 

Hearts were removed and placed in ice cold 1x phosphate buffer saline (PBS) (pH 7.4) and 

cleaned of any blood or excess tissue around the heart before freezing in the liquid nitrogen. 

Tissues were stored in the freezer at -80°C and taken out when needed. Tissues were taken out of 

the freezer and kept in the liquid nitrogen for homogenization. Tissues were ground and 

powdered in mortar and pestle. Mortar and pestle were kept in liquid nitrogen to maintain the 

frozen tissue temperature. 20-30 mg of tissue were homogenized in ice cold lysis buffer made up 

of 20 mmol/L Tris-HCL (pH 7.4), 50 mmol/L sodium chloride, 50 mmol/L sodium fluoride, 5 

mmol/L sodium pyrophosphate and 0.25 mol/L sucrose, and supplemented with protease 
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inhibitor (Sigma Aldrich; St. Louis, Missouri) sodium orthovanadate (Sigma Aldrich; St. Louis, 

Missouri), and phosphatase inhibitor cocktails (Calbiochem; Gibbstown, New Jersey). Tissue 

and lysis buffer were mixed at a 1:10 ratio. Tissue homogenates were then centrifuged at 1,200 × 

g for 20 min at 4°C. Supernatant was transferred and pellet was discarded. Protein concentration 

in the supernatant was determined by using Bradford protein essay (Bio-Rad; Richmond, 

California). Protein concentration was then equalized for each samples and 15-20 µg of protein 

samples were loaded onto 5 or 8 % bis acrylamide gels and subjected to SDS-PAGE. Separated 

proteins were transferred at 90 V for 2.5 hours onto nitrocellulose membranes. Nitrocellulose 

membranes were incubated with blocking buffer made up of 5% milk in tris-buffered saline and 

0.1% tween 20 (TBST) at 1 hour room temperature on a shaker. Membranes were then washed 

3x10 min with 1x TBST buffer followed by overnight incubation at 4 °C with primary antibody 

made with 5% BSA-TBST buffer. Membranes were washed and incubated for 1 hour at room 

temperature with respective HRP conjugated secondary antibody made with 5% milk TBST. 

Membranes were washed again and Western Lightning® Plus-ECL, Enhanced 

Chemiluminescence Substrate (Perkin Elmer, Waltham, MA) was used to visualize the immune 

complex. ImageJ software (National Institutes of Health, Bethesda, MD) was used for 

densitometry. 

2.9 Statistical Analysis  

Data are expressed as mean ± SEM. For comparisons between control (BSA) and treatment 

(palmitoleate) groups, the unpaired Student t-test was employed in all the experiments. Only for 

the GTT experiment, two-way Analysis of variance (ANOVA) was used. A value of p < 0.05 

was considered significant. GraphPad Prism 7.0 (GraphPad Software, San Diego, CA) was used 

for statistical analysis and to plot all graphs.  
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3. Results 

3.1 Palmitoleate elevates BP in mice 

To assess the effect of PO on SBP, mice were subjected to tail-cuff analysis at the baseline 

(before osmotic pump implant) and at the end (one-week after osmotic pump implant) of study. 

Mice were divided into two groups, BSA group (osmotic pump with BSA implanted group) and 

PO group (osmotic pump with palmitoleate implanted group). 

Baseline tail-cuff analysis shows no significant difference between the PO and the BSA group. 

However, after one-week of treatment, the PO group shows a significant increase (p < 0.001) in 

SBP compared to the BSA group (116.7 ± 2.17 vs 88.71 ± 2.07) (mean ± SEM) (Figure 2A and 

2B). 
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Fig. 2 Palmitoleate induces an increase in SBP 

Panel A shows baseline tail-cuff measurement before osmotic pump implantation and panel B 

shows tail-cuff measurement one-week after osmotic pump implantation. C57BL/6J Mice (7-8 

weeks old) were assigned randomly and implanted with osmotic pumps containing either BSA or 

PO and left for one-week. Values are means ± SEM of n = 6 mice in each group. *** p < 0.001 

vs. BSA group as determined by Student's unpaired t-test. 
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3.2 Palmitoleate does not alter blood glucose level in mice 

In order to determine if PO had an impact on glucose handling, mice were given a 50% glucose 

solution (2 g (kg body weight)−1) intraperitoneally and then blood was drawn at the baseline 

(before glucose injection) and at 10, 20, 30, 60, 90, and 120 min. blood glucose levels were 

measured using a glucometer. At the baseline and after one week of pump implant, no significant 

differences were observed between BSA and PO group (Figure 3A and 3B).   
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Fig. 3 Blood glucose level after one-week of palmitoleate administration 

Panel A shows the baseline glucose tolerance test (GTT) and panel B shows GTT after one-week 

osmotic pump implantation. C57BL/6J Mice (7-8 weeks old) were assigned randomly and 

implanted BSA and PO osmotic pump subcutaneously for one-week. Values are means ± SEM 

of n = 6 mice in each group. Groups were analyzed by two-way ANOVA.  
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3.3 Palmitoleate administration leads to left ventricular remodeling in mice 

To assess the effect of PO on in vivo cardiac structure and function, echocardiography was used 

at the end of study (after one-week). Post-echocardiography, mice were euthanized and heart 

weight and tibia length were measured. PO administration significantly increased inter 

ventricular septal wall thickness end diastole (IVSd) (p < 0.001; Figure 4A), inter ventricular 

septal wall thickness end systole (IVSs) (p < 0.001; Figure 4B), left ventricular posterior wall 

thickness end diastole (LVPWd) (p < 0.001; Figure 4C), and TEI Index (p < 0.05; Figure 3D) 

compared with BSA (Table 1). In addition, the PO group demonstrated a significant increase in 

the heart weight and heart weight-to-tibia length (HW/TL) ratio (p < 0.05; Figure 4E). There was 

no significant effect of PO in heart rate (HR), left ventricular internal diameter end diastole 

(LVIDd), left ventricular internal diameter end systole (LVIDs), left ventricular posterior wall 

thickness end systole (LVPWs), % ejection fraction (EF), % fraction shortening (FS), corrected 

left ventricular Mass, cardiac output  (CO), stroke volume (SV) in contrast with BSA group 

(Table 1).  
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Fig. 4 Palmitoleate administration induces left ventricular hypertrophy in mice 

C57BL/6J Mice (7-8 weeks old) were assigned randomly and implanted BSA or PO osmotic 

pump subcutaneously for one-week. One-week after the pump implantation, echocardiography 

was performed. Panel A shows inter ventricular septal wall thickness end diastole (IVSd). B, 

inter ventricular septal wall thickness end systole (IVSs). C, left ventricular posterior wall 

thickness end diastole (LVPWd). D, TEI Index left ventricular internal diameter end systole 

(LVIDs). E, heart weight/tibia length (HW/TL) ratio. Values are means ± SEM of n = 6 mice in 

each group. * p <0.05, **p < 0.01, ***p < 0.001 vs. BSA group as determined by Student's 

unpaired t-test.  
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Table 1: Echocardiographic values in the BSA and PO group at the end of study. 

Parameters BSA PO  

HR (beats.min-1) 484 ± 29 532 ± 22 

IVSd (mm) 0.746 ± 0.021 0.920 ± 0.023*** 

IVSs (mm) 1.329 ± 0.044 1.528 ± 0.034** 

LVIDd (mm) 3.920 ± 0.153 3.531 ± 0.223 

LVIDs (mm) 2.458 ± 0.167 1.933 ± 0.178 

LVPWd (mm) 0.711 ± 0.032 0.907 ± 0.017*** 

LVPWs (mm) 1.236 ± 0.069 1.370 ± 0.052 

EF (%) 67.329 ± 3.262 75.596 ± 2.898 

FS (%) 37.124 ± 2.482 43.931 ± 2.667 

CO (mL.min-1) 20.745 ± 0.878 20.922 ± 2.169 

SV (mL.beat-1) 0.043 ± 0.003 0.040 ± 0.005 

Corrected LV Mass (mg) 83.113 ± 3.381 93.001 ± 7.798 

TEI Index 0.603 ± 0.061 0.834 ± 0.068* 

Data are presented as means ± SEM, heart rate; HR, Inter ventricular septal wall thickness end 

diastole; IVSd, Inter ventricular septal wall thickness end systole; IVSs, Left ventricular internal 

diameter end diastole; LVIDd, Left ventricular internal diameter end systole; LVIDs, Left 

ventricular posterior wall thickness end diastole; LVPWd, Left ventricular posterior wall 

thickness end systole; LVPWs, % Ejection fraction; EF, % Fraction shortening; FS, cardiac 

output; CO, stroke volume; SV, Corrected left ventricular (LV) Mass, TEI Index. n = 6 mice in 

each group. * p <0.05, **p < 0.01, ***p < 0.001 vs. BSA group as determined by Student's 

unpaired t-test. 



38 
 

3.4 Palmitoleate administration increases lean mass and decreases fat mass in mice 

Studies have shown that increase BP is significantly associated with weight gain and increase fat 

mass [288, 289] as well as with increase lean mass [290, 291]. PO has been shown to decrease 

body weight significantly [292] and decrease fat mass and increase lean mass [293]. PO has also 

been shown to increase adipose tissue lipolysis that results in decrease overall fat mass [294, 

295]. Therefore, in order to determine if PO affects whole body mass composition EchoMRI was 

used to assess the lean mass and fat mass. Mice were weighed at the beginning of the study 

before osmotic pump implant (baseline) and one-week after osmotic pump implant, and then 

subjected to EchoMRI analysis at the end of study. At baseline, body weight was similar in both 

BSA and PO group (Figure 5A) and increased very slightly albeit significantly (p < 0.05) in the 

PO group after one-week compared with the BSA group (Figure 5B). While there was no 

significant difference in the fat mass between the PO group and the BSA group, there was a trend 

to decrease fat mass in the PO group (Figure 5C). Lean mass increased significantly (p < 0.01) in 

the PO group (Figure 5D). When fat and lean mass was divided with body weight, the % fat 

mass in the PO group was significantly decreased (p < 0.05) in the PO group (Figure 5E) but % 

lean mass was not different (p < 0.07) from the BSA group (Figure 5E). 
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Fig. 5 Increase in lean mass and decrease in fat mass induced by palmitoleate 

administration 

C57BL/6J Mice (7-8 weeks old) were assigned randomly and implanted BSA and PO osmotic 

pump subcutaneously for one-week. Panel A and B shows body weight at the baseline and after 

one-week of osmotic pump implant, respectively. C, fat mass at one-week. D, lean mass at one-

week. E, fat mass/body weight % at one-week. F, lean mass/body weight % post one-week. 

Values are means ± SEM of n = 6 mice in each group. * p < 0.05, ** p < 0.01 vs. BSA group as 

determined by Student's unpaired t-test. 
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3.5 Palmitoleate levels are unchanged in the serum of mice 

Higher levels of PO are associated with hypertension [282] and cardiac hypertrophy [295]. PO 

levels were reported to be elevated in the serum of mice that were supplemented orally with PO 

[295]. Since, we observed hypertension and cardiac hypertrophy in mice, we hypothesized that 

after one-week of PO infusion, PO levels in the blood would be higher in mice. Therefore, serum 

was collected after one-week of osmotic pump implant and was subjected to FAMEs-GC 

analysis. Although we observed a clear change in animal physiology with PO infusion, a 

significant difference in the PO levels between PO and BSA group after one-week of osmotic 

pump implant was not evident (Figure 6). However, since our assay did not have a positive 

control, we cannot be certain about the accuracy of the assay. 
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Fig. 6 Serum palmitoleate levels in mice  

C57BL/6J Mice (7-8 weeks old) were assigned randomly and implanted BSA and PO osmotic 

pump subcutaneously for one-week. Panel shows PO levels in the serum after one-week of 

osmotic pump implant. Values are means ± SEM of n = 6 mice in each group.   
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3.6 Palmitoleate upregulates eNOS and AMPK protein expression in the mesenteric 

arteries of mice 

eNOS is predominantly present in the vasculature and is responsible to produce NO [296]. NO is 

a vasodilator molecule that dilates blood vessels and plays a critical role in the vascular tone 

[297]. Studies shows that defect in NO production contributes to hypertension [298, 299]. To 

observe the production of NO in the vasculature, phosphorylated eNOS is used as a surrogate 

marker [153, 163]. Taken together, we hypothesize that PO-induced hypertension would 

decrease vascular eNOS activity. To investigate this mesenteric arteries were isolated from mice 

with BSA or PO and were subjected to western blot analysis. 

After one-week of PO infusion, relative protein expression of P-eNOS/ was also found 

significantly (p < 0.05) decreased (Figure 7B) but total eNOS protein expression was 

significantly increased (p < 0.05) (Figure 7C) compared with BSA. 

Since, AMPK phosphorylates eNOS and increases NO production [300]. We assessed whether 

AMPK was altered in correspond with eNOS protein expression. We observed that relative 

protein expression of P-AMPK/AMPK was significantly (p < 0.05) decreased in the PO group 

(Figure 7D) but total AMPK protein expression was significantly increased (p < 0.05) (Figure 

7E) in comparison with BSA. 
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Fig. 7 Analysis of P-eNOS and P-AMPK protein expression in mesenteric arteries of mice 

Immunoblot analysis was performed on mesenteric artery homogenates isolated from C57BL/6J 

Mice (7-8 weeks old) that were assigned randomly and implanted BSA and PO osmotic pump 

subcutaneously for one-week. Panel A shows immunoblots, B and C show quantification data for 

phosphorylated threonine-172 AMPK (P-AMPK) normalized against total AMPK and total 

AMPK normalized against β-actin, respectively. Panel D and E show phosphorylated serine-

1177 eNOS (P-eNOS) quantified by densitometry and normalized against total eNOS and total 

eNOS normalized against β-actin, respectively. Values are means ± SEM of n = 4 in each group. 

* p < 0.05 vs. BSA group as determined by Student's unpaired t-test. 
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3.7 Palmitoleate downregulates P-LKB1 protein expression in the kidney of mice 

Kidneys control the blood-volume and pressure control by various mechanisms which prove that 

kidneys are a major regulator of hypertension [70]. Hypertension is one of the main cause for the 

progression of renal dysfunction, fibrosis, diabetic nephropathy, renal hypertrophy and chronic 

kidney disease [56, 58, 61]. A recent study shows that activation of renal AMPK prevents the 

development of salt-induced hypertension by increasing sodium excretion [301]. In order to 

investigate the AMPK activity during the hypertensive effect of PO in the kidney we examined 

the phosphorylation of AMPK in the kidney. We observed no significant difference in the 

phosphorylation of AMPK in the PO group with BSA group (Figure 8B). 

As phosphorylation and activation of AMPK is mediated by upstream kinase, LKB1, which is 

abundantly expressed by kidney [302] and its deletion leads to severe renal fibrosis, impaired 

renal metabolism and chronic kidney disease [303, 304]. We hypothesize that activity of LKB1 

would be decreased. Examination of protein expression showed that phosphorylation of LKB1 in 

PO group was significantly (p < 0.05) downregulated compared with BSA group (Figure 8C). 

Some studies reported that hypertension was associated with increased phosphorylation of Akt 

and mTOR in the kidneys that lead to glomerular hypertrophy, fibrosis, and tubule-interstitial 

atrophy [305-307]. Studies have also shown that renal hypertrophy is mediated by activation of 

Akt, mTOR and reduction in AMPK phosphorylation and this was associated with loss of 

function in nephrons, tubular atrophy and fibrosis [306, 308]. We examined Akt and mTOR 

phosphorylation and observed that phosphorylation of Akt and mTOR in PO group were not 

significantly different with BSA group (Figure 8D and 7E). 

Study shows that Ang II–dependent vasoconstriction is enhanced by activation of p38 MAPK 

and abrogation of p38 improves endothelial function and decreases Ang II–induced 

vasoconstriction [309-311]. Similarly, increased phosphorylation of p38 has been shown to cause 

renal vasoconstrictions and inhibition of p38 by specific inhibitor reduces renal pressor response 

to Ang II [312]. Upon analysis of phosphorylation of p38 by western blot, no significant 

difference was observed in the phosphorylation of p38 in the PO group compared with BSA 

(Figure 8F). 
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Fig. 8 Palmitoleate administration does not affect P-AMPK in the kidney of mice 

Immunoblot analysis was performed on kidney homogenates isolated from C57BL/6J Mice (7-8 

weeks old) that were assigned randomly and implanted BSA and PO osmotic pump 

subcutaneously for one-week. Panels show representative immunoblots (A) and respective 

quantification data for phosphorylated threonine-172 AMPK (P-AMPK) normalized against total 

AMPK (B). Phosphorylated liver kinase beta 1 (P-LKB1) was quantified and normalized by total 

LKB1 (C). Phosphorylated mTOR (P-mTOR) was quantified and normalized against total 

mTOR (D). Phosphorylated serine-473 Akt (P-Akt) was normalized against total Akt (E). 

Phosphorylated p38 was quantified by densitometry and normalized against total p38 (F). Values 

are means ± SEM of n = 4 in each group. * p < 0.05 vs. BSA group as determined by Student's 

unpaired t-test. 
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3.8 Palmitoleate downregulates P-AMPK protein abundance in the heart of mice 

Remodeling of the heart is a cardiac response to hypertension [313] associated with increased 

protein synthesis, fibrosis, and cardiomyocyte volume [314]. Study shows that, phosphorylated 

AMPK is significantly reduced in the heart during hypertension which could be permissive for 

increase in the cardiac mass and activation of AMPK protects heart from hypertrophy [151, 161] 

suggesting an important role of AMPK as a negative regulator of cardiac hypertrophy [315]. To 

investigate whether AMPK activity was altered in the heart, phosphorylation of AMPK was 

observed. Western blot analysis showed that the PO group had a significant (p < 0.05) 

downregulation in AMPK phosphorylation (Figure 9B) in the PO group. 

To investigate whether reduction in AMPK activity activates pro-hypertrophic signaling 

molecules we determined the activity of Akt, p70S6K, and mitogen activated protein kinase 

(MAPK) p38 as increase in these proteins have been shown to promote cardiac hypertrophy 

[170, 316, 317]. Studies show that Akt-induced hypertrophy is associated with reduced 

phosphorylation of AMPK that results in an Inhibition of AMPK activity in the heart [160, 318] 

and Akt induces hypertrophic growth via mTOR-p70S6K mediated protein synthesis pathway 

[160]. Further, activation of AMPK by pharmacological activator inhibits Akt-induced cardiac 

hypertrophy [160]. These studies suggest that Akt and AMPK negatively regulate each other. 

Study shows that AMPK regulates protein synthesis and cardiac hypertrophy by p70S6K [170]. 

As activation of p38 MAPK has also been implicated to be involved in promoting cardiac 

hypertrophy [319, 320]. Therefore, we examined the activity of Akt and p70S6K and p38. 

Analysis of western blot showed no significant change in the phosphorylation Akt (Figure 9C), 

p70S6K (Figure 9D), and p38 (Figure 9E) in the PO group compared with BSA group. 



51 
 

P
-A

M
P

K
/A

M
P

K
 (

A
. 

U
.)

B S A P O

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

*

B

P
-A

k
t/

A
k

t 
(A

. 
U

.)

B S A P O

0 .0

0 .2

0 .4

0 .6

0 .8

C

P
-p

7
0

S
6

K
/p

7
0

S
6

K
 (

A
. 

U
.)

B S A P O

0 .0

0 .5

1 .0

1 .5

2 .0

D

P
-p

3
8

/p
3

8
 (

A
. 

U
.)

B S A P O

0 .0

0 .5

1 .0

1 .5

E

A

P-AMPK
AMPK

BSA PO

P-Akt
Akt

P-p70 S6K
p70 S6K

P-p38
p38

 



52 
 

Fig. 9 Palmitoleate-induced decrease in P-AMPK protein expression in the heart of mice  

Immunoblot analysis was performed on the heart homogenates isolated from C57BL/6J Mice (7-

8 weeks old) that were assigned randomly and implanted BSA and PO osmotic pump 

subcutaneously for one-week. Panels show representative immunoblots (A) and respective 

quantification data for phosphorylated threonine-172 AMPK (P-AMPK) normalized against total 

AMPK (B). Phosphorylated serine-473 Akt (P-Akt) was normalized against total Akt (C). 

Phosphorylated threonine-421/serine-424 of p70S6 kinase (P-p70S6K) was quantified by 

densitometry and normalized against total p70S6K (E).  Phosphorylated p38 was quantified by 

densitometry and normalized against total p38 (F). Values are means ± SEM of n = 4 in each 

group. * p < 0.05 vs. BSA group as determined by Student's unpaired t-test. 
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4. Discussion 

CVD is a growing worldwide concern that burdens healthcare expenditures. Advancement in the 

treatment therapies has decreased the incidents of heart failure and improved rates of morbidity 

and mortality. However, these treatments have also increased the incidence and prevalence of 

heart failure. Hypertension is one of the most important and major contributors to CVD [321]. 

Hypertension induces several functional and molecular changes in the organs including, heart 

[153, 322], mesenteric arteries [153] and kidney [52]. Adipose tissue is an endocrine organ 

known to release and express wide range of bioactive compounds which act as signaling 

molecules. These signaling molecules communicate with organs or organ system in an autocrine, 

paracrine and endocrine manner [206]. One of these molecules is palmitoleate, which has been 

suggested to control glucose and lipid metabolism [207]. Circulatory palmitoleate levels are 

strongly associated with heart failure risk factors such as high BP, obesity, diabetes and CHD 

[248, 275, 282, 284]. A study by Djousse et al. suggests that palmitoleate levels in the blood are 

a positive biomarker that increases risk of heart failure by developing hypertension [286]. Based 

on this, we wanted to investigate the effects of palmitoleate on the BP, cardiac function and 

remodelling. We investigated the effect of palmitoleate in the mice (7-8 weeks) that were 

selected randomly to receive osmotic pump with BSA or palmitoleate subcutaneously and 

subsequent experiments were carried out. Herein, we provide the evidence that palmitoleate 

administration significantly increases SBP suggesting a pro-hypertensive effect of palmitoleate. 

To assess whether palmitoleate modulates blood glucose levels, we performed GTT in the mice 

before and after one-week of osmotic pump implantation with either BSA or palmitoleate. We 

did not observe any significant different in GTT between BSA and palmitoleate group, this 

suggests that palmitoleate does not affect blood glucose levels. Our results are in agreement with 

the study that observed no significant change in the glucose levels after palmitoleate infusion 

[323]. 

To further investigate the effect of palmitoleate on cardiac structure and function, we performed 

echocardiography at the end of experiment and characterized the morphology of the heart. We 

observed significant cardiac remodelling in the palmitoleate group in contrast with BSA group 

after one-week. Inter ventricular septal wall thickness end diastole (IVSd), inter ventricular 
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septal wall thickness end systole (IVSs), and left ventricular posterior wall thickness end diastole 

(LVPWd) were significantly increased. These findings suggest that higher IVSd, IVSs and 

LVPWd values may be caused by higher BP values. These observation are supported by the 

study that suggests that IVSd, IVSs and LVPWd values are considered as a positive parameter to 

identify the increased risk of left ventricular hypertrophy [324]. Following this, we looked at TEI 

index which is an index of myocardial performance that shows dysfunction of both systolic and 

diastolic function of LV [325]. After calculating values, TEI index was found to be significantly 

different in the palmitoleate group compared to the BSA group, indicating the systolic and 

diastolic dysfunction in the LV in response to palmitoleate. These findings suggests that 

palmitoleate-induces hypertension causes cardiac remodeling and dysfunction. The literature 

suggests that assessment of cardiac hypertrophy is more accurately predicted using tibia length 

as a reference than body weight [326]. After normalizing the heart weight with tibia length, as 

expected, we noted a significant increase in the heart weights of palmitoleate group, 

corresponding to the cardiac hypertrophy. 

Studies report that increase in BP is positively associated with increase in the total body weight, 

fat mass and lean mass [288-291]. In addition, palmitoleate significantly decreases weight gain 

[292] and fat mass, and increases muscle mass [293]. Palmitoleate has been reported to increase 

adipose lipolysis that was correlated with decrease in total body fat mass [294, 295]. Our results 

show similar findings, that at the end of our study we observed significant increase in the body 

weight with palmitoleate-induced hypertension. Further, we looked at the whole body 

composition analysis and mice with palmitoleate implant showed significant increase in muscle 

mass and reduction in accumulation of fat mass in comparison with BSA group after one-week. 

Studies have shown that circulating levels of palmitoleate are positively associated with CVDs 

such as hypertension [282] and cardiac hypertrophy [295]. When mice were supplemented orally 

with palmitoleate then palmitoleate levels in the serum were found to be increased [295] and 

when mice were infused with palmitoleate then significant cardiac remodelling was observed 

[287]. Similarly, in our study after one-week of palmitoleate infusion in mice, we observed 

significant development of hypertension and cardiac hypertrophy. Therefore, to observe the 

palmitoleate levels in the serum, we performed FAMEs-GC analysis and found no significant 

difference between palmitoleate and BSA group. In agreement with our findings, study by 
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Foryst-Ludwig et. al [295] reported that when mice were orally supplemented with palmitoleate 

or oleic acid (C18:1), the blood palmitoleate levels were unchanged. The palmitoleate levels 

were only increased in the mice that were subjected to exercise compared with sedentary mice 

and author reported that this increase in palmitoleate was associated with exercise induced-

adipose tissue lipolysis which released FA in circulation and contributed to the increased 

palmitoleate levels [295]. Literatures report that palmitoleate induces decreased lipogenesis [327, 

328] and increased lipolysis in adipose tissue [294] resulting in the increase in the FA levels in 

the circulation. In our experiment, it is speculated that palmitoleate levels were increased 

throughout the week. However, the explanation for unchanged levels of palmitoleate could be 

the due to the quick removal from the circulation. Elevated levels of FA, including palmitoleate, 

might have been quickly disposed from the circulation by utilizing FA as an energy substrate and 

meeting increased energy demands by the heart and skeletal muscle [329]. In our experiment, we 

did not collect the blood everyday post-osmotic pump implantation, therefore, we do not know 

the trend of palmitoleate levels in the blood as to how its levels were throughout the week and 

remained unchanged at the end of experiments. Thus, future studies are required to address this 

hypothesis. 

eNOS is present predominantly in the vasculature and produces NO [296] in the circulation that 

has vasodilatory properties which has an important role in maintaining vascular tone [297]. 

Decreased production of NO leads to pathogenesis of hypertension [330]. Activity of eNOS in 

the vasculature acts as a surrogate marker for the production of NO. Therefore, to investigate 

this, we performed western blot analysis using mesenteric artery lysates. Our result shows 

significant decrease in the relative expression of eNOS protein in the mesenteric artery with 

palmitoleate infusion. However, there was robust increase in the phosphorylated and total eNOS 

protein expression in the palmitoleate group which suggests eNOS activation and subsequent 

increased NO production. Additionally, we looked at the protein expression of AMPK as AMPK 

is an upstream kinase that phosphorylates and activates eNOS [300], we measured 

phosphorylated levels of AMPK. Our result shows significant decrease in the relative protein 

expression of AMPK in the mesenteric arteries. However, our findings show that protein 

expression of phosphorylated and total AMPK was significantly increased suggesting AMPK 

activation and further suggesting that activation of AMPK resulted in the activation of eNOS 

[153-156].This increased in the phosphorylated and total eNOS and AMPK protein expression 
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could be explained by the hypothesis that during palmitoleate-induced hypertension, eNOS and 

AMPK signaling are activated as a compensatory response of vasculature to relieve 

vasoconstriction and increase in the BP by increasing NO production. This observation also 

suggest the possibility of involvement of post-translational modification such as protein 

degradation (ubiquitin-proteasome and lysosomal proteolysis) in the upregulation of protein 

expression of eNOS and AMPK. Protein degradation pathways of eNOS and AMPK may have 

been affected by palmitoleate. Thus, future studies are required to address these hypotheses. 

 Kidneys regulate hypertension by various mechanism such as diuresis, natriuresis, RAAS and 

sympathetic nervous system which implicates kidneys as a major regulator of hypertension [54]. 

Hypertension leads to the development of renal dysfunction, diabetic nephropathy, fibrosis, renal 

hypertrophy and chronic kidney disease [56, 58, 61]. Role of AMPK in the kidney has been 

implicated in various aspects of renal physiology and pathology such as ion transport [328], renal 

hypertrophy [308], ischemia [329], podocyte function [330], inflammation [331], diabetes [308, 

332], and polycystic kidney disease [333]. Recently it has been shown that hypertension 

downregulates AMPK activity in the kidney [334]. Activation of renal AMPK has been shown 

attenuate hypertension by increasing urinary sodium excretion [301]. Thus, to investigate the role 

of AMPK in kidneys in palmitoleate-induced hypertension, we looked at AMPK activity in the 

kidneys. In contrast to that previous study, we did not observe any changes in AMPK, however, 

we found a significant downregulation in the phosphorylation of LKB1. LKB1 is an upstream 

kinase that phosphorylates and activates AMPK and is widely expressed in the kidneys [302]. 

LKB1 deletion leads to severe renal fibrosis, impaired renal metabolism and chronic kidney 

disease [303, 304] suggesting the vital role of LKB1. Our results show that palmitoleate-induced 

hypertension downregulates LKB1 activity in the kidney but not AMPK which suggests that 

there may be other upstream molecules, other than LKB1, which are involved in the AMPK 

activation, such as SIRT1 [335]. Study using SIRT1 deficient mice shows that, SIRT1 is an 

essential upstream molecule that activates AMPK. SIRT1 is also involved in the renal 

physiology and pathology such as reduces BP and related CVD, diabetic albuminuria, protects 

acute kidney injury, and delays kidney fibrogenesis [336]. Further studies are required to prove 

this. 
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The heart undergoes remodeling in response to hypertension [313] and is characterized by 

increased protein synthesis, fibrosis, and cardiomyocyte volume [314]. Studies previously 

reported that, phosphorylation of AMPK is significantly downregulated during cardiac 

hypertrophy which was responsible for increase in the cardias mass and activation of AMPK 

attenuated cardiac hypertrophy [153, 163]. Our result previously suggested cardiac remodeling 

with dysfunction. We further investigated the AMPK activity in palmitoleate induced 

hypertension. Our results in the heart are in agreement with findings showing downregulation in 

the phosphorylation of AMPK in the palmitoleate-induced cardiac hypertrophy. 

4.1 Conclusion 

The data presented in this study show that palmitoleate induces hypertension and cardiac 

hypertrophy in mice. Palmitoleate induces weight gain with increase in the muscle mass and 

decrease in the fat accumulation. Our preliminary findings suggest that eNOS/NO/AMPK/LKB1 

signaling may be involved in the palmitoleate-induced hypertension and cardiac hypertrophy, 

however, there may be other signaling molecules involved and further investigation is required. 

Based on our finding, it can be speculated that understanding the precise role of palmitoleate on 

the development of hypertension and cardiac hypertrophy in patients, and associated molecular 

mechanism may provide a direction for new discovery of therapies designed to regulate 

palmitoleate that may be an approach towards management and prevention of high BP and 

cardiac hypertrophy. 

4.2 Future directions 

4.2.1 Palmitoleate-induced cardiac hypertrophic signaling mechanism 

To investigate this, studies could be performed in cell culture of neonatal rat or mice 

cardiomyocytes that would facilitate the understanding of the precise signaling mechanism. 

Whether targeting eNOS/NO/AMPK/LKB1 signaling mechanism would prevent palmitoleate-

induced cardiac hypertrophic responses, cardiomyocytes would be incubated with palmitoleate 

or BSA and they would be further treated with AMPK activators such as AICAR or compound 

C. As it has been shown by various studies that activation of AMPK attenuates cardiac 
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hypertrophic responses. By activating AMPK we would expect to see downregulation in fetal 

gene expressions, protein expression, decrease in fibrosis, and collagen production. 

4.2.2 The role of deletion of adipose triglyceride lipase (ATGL) in heart failure 

ATGL is a key enzyme of the lipolytic process and catalyzes the initial step of TG hydrolysis 

(lipolysis) [340].  ATGL converts TG to diacylglycerol (DG) and free fatty acid [341]. ATGL 

mobilizes lipid storage that are released them into circulation for other organs to be utilized as an 

energy substrate. Adipose tissue is a predominant site of ATGL expression, however, other 

organs such as heart, kidney and skeletal muscle express ATGL to a lesser extent [340]. Recent 

studies have shown that during heart failure, increased adipocyte lipolysis is associated with 

inflammation in adipose tissue and systemic insulin resistance [342], and have implicated 

adipose tissue ATGL as being a key mediator of this process. The role of adipose tissue ATGL in 

lipolysis and subsequent inflammation was supported by the use of the selective inhibitor of 

lipolysis (acipimox) in ex vivo culture of ATGL-deficient adipose tissue [342] and explants of 

adipose tissue from whole body ATGL-deficient mice [343]. In this instance, inhibition of 

systemic lipolysis in heart failure reduced adipose tissue inflammation, inhibited pro-

inflammatory cytokine production in the adipose tissue, increased insulin sensitivity and 

increased glucose tolerance [342]. However, inhibition of lipolysis and linked adverse effects 

were associated with worse cardiac function and LV hypertrophy [342], which may be due to 

inhibiting lipolysis in the myocardium. Taken together, these studies do not address the effects of 

ATGL mediated adipocyte lipolysis deletion during heart failure, therefore, to fully understand 

this studies focusing the role of ATGL in heart failure we would generate ATGL deficient mice 

and study how reduction of lipolysis affects cardiac structure and function in mice with heart 

failure. 

ATGL-deficient mice will be subjected to transverse aortic constriction to induce heart failure. 

Mice will be subjected to echocardiography to assess cardiac function. Blood glucose and insulin 

will be measured to examine whole body glucose and insulin resistance during heart failure. To 

determine the extent to which reduction in lipolysis affects adipose tissue inflammation in the 

heart failure, mice epididymal adipose tissue will be collected and subjected to 

immunohistochemistry to see the macrophage infiltrations.  
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