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Abstract 

Objectives: Endocannabinoids are bioactive amides, esters, and ethers of long-chain 

polyunsaturated fatty acids that activate two cannabinoid receptors, CB1 and CB2. 

Evidence suggests that activation of the endocannabinoid pathway offers 

cardioprotection. Cardiac hypertrophy is a convergence point of risk factors for heart 

failure, and it is associated with aberrant mitochondrial function. We determined a role 

for endocannabinoids in attenuating endothelin-1 (ET1)-induced hypertrophy and 

mitochondrial dysfunction, as well as the signaling pathways involved. 

Design and Methods: Cardiac myocyte hypertrophy was provoked by ET1 in isolated 

neonatal rat ventricular myocytes. Effects of four cannabinoid receptor agonists 

(anandamide, R-methanandamide, JWH-133 and CB-13) on hypertrophic markers 

(myocyte enlargement and hypertrophic gene expression) were assessed in the presence 

or absence of selective antagonists of CB1 or CB2 receptors. Mitochondrial function was 

evaluated by assessing changes in membrane permeability transition (calcein-AM), 

membrane potential (JC-1 dye), and mitochondrial bioenergetics related to fatty acid and 

glucose oxidation (seahorse XF24 analyzer). Molecular pathway components were 

identified by western blot and real-time PCR. 

Results: Anandamide and its metabolically-inactive analogue, R-methanandamide, 

prevented ET1-induced increases in hypertrophic markers, and application of selective 

CB receptor antagonists revealed a distinct role of each receptor therein. Also, JWH-133, 

a selective CB2 agonist, and CB-13, a dual agonist of CB1/CB2 receptors with limited 

brain penetration, were investigated as strategies to theoretically avoid central CB1 
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receptor-mediated psychoactive effects. CB-13 attenuated all indicators of hypertrophy, 

whereas JWH-133 did not. The anti-hypertrophic actions of CB-13 were mediated by 

AMPK-eNOS crosstalk.  

ET1 induced mitochondrial membrane depolarization in the presence of either 

palmitate or glucose as primary energy substrate, decreased mitochondrial bioenergetics 

and proteins related to fatty acid oxidation (i.e. PGC-1α, a driver of mitochondrial 

biogenesis, and CPT-1β, facilitator of fatty acid uptake), but did not affect glucose-related 

bioenergetics. CB-13 corrected all of these parameters, at least in part, via AMPK 

signaling. 

Conclusions: Activation of cannabinoid receptors by CB-13, a peripherally-restricted 

agonist of CB1/CB2 receptors, offers protective effects on cardiac myocyte hypertrophy 

and its related mitochondrial disorders. Therefore, a cannabinoid-based treatment for 

cardiac disease represents a potential therapeutic strategy that warrants further study. 
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Chapter I: Introduction 

Cardiovascular diseases (CVDs) are diseases or injuries occurring within the heart 

or blood vessels. Global statistics from 2008 indicate that 17 million deaths were due to 

CVDs, and this accounted for 39% deaths. Thus, CVDs are the leading cause of death 

worldwide (World Health Organization, 2014). In Canada, CVDs are the second leading 

cause of death, accounting for 29% deaths in 2008. 80% of these were due to heart 

diseases (Heart and Stroke Foundation of Canada, 2014a). Although the mortality due to 

CVDs has declined over the last few decades due to improved diagnosis and treatment, 

CVDs remain the leading cause of death and hospitalization. 1.3 million Canadians were 

suffering from heart diseases in 2009, and the hospitalizations due to various heart 

diseases approached 0.3 million in 2011 (Heart and Stroke Foundation of Canada, 

2014b). Approximately $21 billion were spent on CVDs in Canada both directly 

(hospitalizations, physician services, medication and equipment) and indirectly (loss of 

productivity) in 2010. In fact, CVDs represent the second greatest economic burden of 

disease in Canada (Public Health Agency of Canada, 2012).  

Ninety percent of Canadians have at least one risk factor for heart disease (for 

example, smoking, excessive alcohol intake, physical inactivity, obesity, hypertension, 

hypercholesterolemia, or diabetes (Public Health Agency of Canada, 2009)). Without 

proper intervention, these risk factors contribute to the development of various heart 

diseases that may eventually lead to heart failure. Heart failure is defined as impaired 

heart function that is manifested by a reduced stroke volume that cannot meet the oxygen 

and nutrient demands of the body. Declining mortality from cardiac events such as acute 

myocardial infarction and cardiac arrest has increased the prevalence of heart failure (Bui, 
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Horwich, & Fonarow, 2011). Statistics revealed that more than 500,000 Canadians are 

living with heart failure and 50,000 new patients are diagnosed each year (H. Ross et al., 

2006). In fact, the incidence of heart failure per year was predicted to double by 2025 

(Johansen, Strauss, Arnold, Moe, & Liu, 2003). Heart failure develops gradually, but 

once diagnosed, the average survival time for men is 1.7 years and for women is 3.2 years 

(K. K. Ho, Anderson, Kannel, Grossman, & Levy, 1993). Overall, approximately 50% of 

patients die within 5 years of diagnosis (Heart and Stroke Foundation of Canada, 2014b). 

Therefore, prevention of heart failure has emerged as a research priority. 

Heart failure is usually initiated and exacerbated by risk factors such as coronary 

heart diseases (CHDs), hypertension, and cardiac hypertrophy. In particular, pathological 

cardiac hypertrophy involves morphological and metabolic changes, and is considered an 

independent contributor to cardiac dysfunction and mortality from CVD (Benjamin & 

Levy, 1999; D. W. Brown, Giles, & Croft, 2000). Also, regression of hypertrophy was 

associated with reduced risks of cardiovascular events and mortality (Wachtell et al., 

2007). Therefore, attenuation of cardiac hypertrophy is regarded as a promising strategy 

to suppress the development of heart failure. 

The goals of current heart failure therapies are to relieve symptoms and delay 

progression by targeting the following objectives: 1) reduce hemodynamic overload (for 

example, angiotensin converting enzyme (ACE) inhibitors and angiotensin receptor 

blockers (ARBs) are prescribed as first-line therapy for hypertension; diuretics, by 

inhibiting sodium reabsorption and promoting water excretion, are used to relieve 

symptoms such as pulmonary congestion and peripheral edema; nitrates and hydralazine 

dilate blood vessels, thereby reducing hemodynamic overload and lowering oxygen 

demand); and 2) reduce cardiac workload by suppressing heart rate and contractility vis-
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à-vis depressing the sympathetic nervous system (β-adrenergic blockers) and Ca
2+

 

concentrations (Ca
2+

 channel blockers). Angina is also relieved because of reduced 

oxygen demand. The costs of managing heart failure patients in Canada are at least $2.3 

billion (Bentkover et al., 2003). The increased incidence of heart failure and associated 

costs suggest that we need to identify new targets and develop novel therapeutic strategies. 

Since hypertrophy is a leading predictor of heart failure and sudden death, this study 

investigated novel mechanisms by which we might attenuate cardiac hypertrophy. 

Normal functioning of the heart requires an abundant and dynamic energy supply. 

Thus, mitochondria, as the primary organelle responsible for ATP production, play an 

important role in maintaining cardiac performance. In healthy cardiac myocytes, 

mitochondria use predominantly fatty acids as substrate. However, in the diseased heart, a 

shift to glucose utilization as substrate occurs (Akhmedov, Rybin, & Marin-Garcia, 2015). 

This is accompanied by a decrease in oxidative phosphorylation, which leads to ATP 

generation that is inadequate to meet cardiac energy demand (Akhmedov et al., 2015; 

Allard, Schonekess, Henning, English, & Lopaschuk, 1994). In addition, increased 

oxidative stress and apoptosis due to mitochondrial disorders are involved in CVDs such 

as ischemia/reperfusion injury, atherosclerosis, and diabetic cardiomyopathy (Goncharov, 

Avdonin, Nadeev, Zharkikh, & Jenkins, 2015; Pham, Loiselle, Power, & Hickey, 2014; 

Teshima et al., 2014). These findings suggest a tight association between mitochondrial 

function and cardiac health. Thus, this work is based partly on the hypothesis that the 

correction of mitochondrial function is an important therapeutic target.  

Cannabis sativa has a long history of use as medicine to relieve symptoms such as 

pain, fever, anxiety, and diarrhea in the context of numerous diseases (Grant, Atkinson, 

Gouaux, & Wilsey, 2012). To improve safety and efficacy, compounds from cannabis 
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were purified or synthesized and named under an umbrella group as cannabinoids. 

Currently, several cannabinoids may be prescribed in Canada to mitigate nausea from 

chemotherapy, relieve pain from cancer, prevent spasticity due to multiple sclerosis and 

improve appetite in patients with AIDS (Kalant, Porath-Waller, Canadian Centre on 

Substance Abuse., & Canadian Electronic Library (Firm), 2012). More recently, an 

increasing number of studies investigated the endogenous cannabinoid system and 

discovered other possible uses, including cardioprotection (Pacher, Batkai, & Kunos, 

2006). The therapeutic potential of cannabinoids is therefore extended; however, evidence 

is limited and mechanisms remain unclear. In addition, the use of cannabinoids clinically 

has been hindered due to pronounced psychoactive side effects, such as dizziness, 

euphoria and addiction (Grant et al., 2012). Clearly, the role of cannabinoids and the 

endocannabinoid system in cardiac function and diseases remains poorly understood. 

Furthermore, any attempts to develop cannabinoid-based cardiovascular therapies would 

require mitigation of adverse psychoactive effects.  

This study determined whether activation of the endocannabinoid system prevents 

cardiac hypertrophy and mitochondrial abnormalities within cardiac myocytes. 

Significant efforts were focused on identifying synthetic cannabinoid receptor agonists 

that would theoretically avoid unwanted psychoactive effects. 

  



 5 

Chapter II: Literature Review 

1. Heart failure 

1.1. Definition 

Heart failure is a condition characterized by impaired cardiac output, which leads to 

inadequate blood supply to meet the oxygen and nutrients demands of the body. It may 

result from any structural or functional abnormality such as valvular disease, myocardial 

infarction and hypertrophic cardiomyopathy (Yancy et al., 2013). 

1.2. Classifications 

Based on the left ventricular ejection fraction (i.e. ratio of left ventricular stroke 

volume to end-diastolic volume; LVEF), heart failure is classified into two categories: i) 

heart failure with reduced LVEF (HFrEF), and ii) heart failure with preserved LVEF 

(HFpEF). Normal LVEF varies, but the average value resides between 55-70%. There is 

no clear cutoff value for reduced LVEF, but it is widely accepted that heart failure with 

LVEFs of >50%, 40%-50%, and <40% are HFpEF, heart failure with mild systolic 

dysfunction, and HFrEF respectively (Ahmed et al., 2006; Massie et al., 2008; Steinberg 

et al., 2012; Yusuf et al., 2003). The American College of Cardiology 

Foundation/American Heart Association (ACCF/AHA) guideline for the management of 

heart failure also defined the clinical diagnosis of HFrEF as a LVEF ≤ 40% (Yancy et al., 

2013). 

HFrEF was historically also referred to as systolic heart failure because it is 

generally associated with systolic dysfunction. Hallmarks of HFrEF include depressed 

contractility and eccentric hypertrophy (i.e. reduced relative wall thickness, dilated left 
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ventricular chamber, and increased left ventricular mass) (Devereux et al., 2000). HFrEF 

accounts for approximately 50% of patients with heart failure. These patients are more 

likely to have a history of previous myocardial infarction (Devereux et al., 2000; 

Solomon et al., 2015). Furthermore, lower LVEF was correlated with higher incidence of 

cardiovascular and all-cause deaths (Solomon et al., 2015).  

HFpEF is characterized by a normal or near normal LVEF (>50%). Instead, it is 

associated with diastolic dysfunction; impaired relaxation of the ventricular wall during 

diastole leads to a reduced end-diastolic volume, which impacts filling and eventually 

reduces cardiac output. HFpEF is often accompanied by concentric hypertrophy, with 

increased relative wall thickness, unchanged chamber volume, and augmented left 

ventricular mass. The prevalence of HFpEF is approximately half of all heart failure 

patients, with increased preference in elderly (>65 years old) and female patients 

(Andersen & Borlaug, 2014; Devereux et al., 2000; Masoudi et al., 2003; Owan et al., 

2006). There is some speculation that the postmenopausal phase contributes to the higher 

risk of developing HFpEF, although the mechanism is unknown (Scantlebury & Borlaug, 

2011). In addition, HFpEF patients are more likely to be hypertensive, diabetic and 

overweight (Devereux et al., 2000; Solomon et al., 2015). Clinical studies observed lower 

risk of mortality in patients with HFpEF than HFrEF (Meta-analysis Global Group in 

Chronic Heart, 2012). However, in the elderly population (>65 years old), the total 

number of HFpEF-related deaths may be greater due to the increasing prevalence 

compared to HFrEF (Gottdiener et al., 2002).  

Heart failure can be asymptomatic or symptomatic. Symptoms include dyspnea, 

orthopnea, paroxysmal nocturnal dyspnea, fatigue, exercise intolerance and edema. The 

New York Heart Association (NYHA) classified heart failure into four categories by the 
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severity of symptoms, whereas the ACCF/AHA classified heart failure into four stages 

based on the development of structural and functional abnormalities (Yancy et al., 2013). 

A comparison of ACCF/AHA stages and NYHA classifications is shown in Table 1. 

Table 1. Comparison of ACCF/AHA stages and NYHA classifications. 

 
ACCF/AHA stages of heart 

failure 
 NYHA functional classifications 

A 

At high risk for heart failure but 

without structural heart disease 

or symptoms of heart failure 

n/a  

B 

Structural heart disease but 

without signs or symptoms of 

heart failure 

I 

 

No limitation of physical activity. 

Ordinary physical activity does not 

cause symptoms of heart failure. 

C 

Structural heart disease with 

prior or current symptoms of 

heart failure 

I 

No limitation of physical activity. 

Ordinary physical activity does not 

cause symptoms of heart failure. 

II 

Slight limitation of physical activity. 

Comfortable at rest, but ordinary 

physical activity results in symptoms of 

heart failure. 

III 

Marked limitation of physical activity. 

Comfortable at rest, but less than 

ordinary activity causes symptoms of 

heart failure. 

IV 

Unable to carry on any physical activity 

without symptoms of heart failure, or 

symptoms of heart failure at rest. 

D 

Refractory heart failure 

requiring specialized 

interventions 

IV 

Unable to carry on any physical activity 

without symptoms of heart failure, or 

symptoms of heart failure at rest. 

 

Table 1. Adapted from “2013 ACCF/AHA Guideline for the Management of Heart 

Failure A Report of the American College of Cardiology Foundation/American Heart 
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Association Task Force on Practice Guidelines,” published in the Journal of the American 

College of Cardiology, with permission from Elsevier. 

It bears mentioning that the NYHA classes and ACCF/AHA stages do not replace 

each other, but rather offer complementary descriptions of heart failure progression. Also, 

the severity of symptoms described in the NYHA system does not necessarily correlate 

with the stage of heart failure progression defined by ACCF/AHA system. For example, a 

patient with severe heart failure symptoms (NYHA class III or IV) may exhibit mild 

symptoms due to treatment, although the progression of heart failure is not reversed 

(Goldberg & Jessup, 2006). Patients in ACCF/AHA stage B exhibit no previous or 

current symptoms, but they are still at high risk of developing symptoms and 

experiencing significant morbidity and mortality. A 12-year follow-up study on 

participants from the Framingham Heart Study demonstrated only a 7.1-year survival for 

patients with asymptomatic left ventricular systolic dysfunction (ALVSD) after diagnosis 

(T. J. Wang et al., 2003). In particular, Echouffo-Tcheugui et al. reported a higher risk of 

developing overt heart failure in patients with ALVSD than patients with asymptomatic 

left ventricular diastolic dysfunction (ALVDD) (Echouffo-Tcheugui, Erqou, Butler, 

Yancy, & Fonarow, 2015). In fact, a population-based study in England found that 

approximately half (47%) of patients with HFrEF were asymptomatic (Davies et al., 

2001). Diagnosis of asymptomatic heart failure is challenging, as it can be easily missed 

unless patients experienced a prior cardiovascular event such as acute myocardial 

infarction. Therefore, guidelines on heart failure from the ACCF/AHA and the Heart 

Failure Society of America (HFSA) recommend a family history recording over three 

generations, physical examination, and regular clinical screening for populations at high 

risk (e.g. first-degree relatives of patients with familial dilated cardiomyopathy) 
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(Hershberger et al., 2009; Yancy et al., 2013). Clinical screening strategies include 

biomarker assays, electrocardiogram (ECG), and echocardiography (Yancy et al., 2013). 

Heart failure is a syndrome that results from a complex of risk conditions; thus the 

diagnosis requires careful history and physical examinations, a series of diagnostic tests 

such as ECG, biomarker measurements (e.g. brain natriuretic peptide [BNP] or atrial 

natriuretic peptide [ANP]), cardiac imaging (e.g. echocardiography and magnetic 

resonance) and invasive evaluation (e.g. left-heart and right-heart catheterization and 

endomyocardial biopsy) (Yancy et al., 2013). HFrEF is relatively easier to diagnose; 

symptoms and biomarkers of heart failure with a reduced LVEF is sufficient to confirm 

the diagnosis. In contrast, diagnosis of HFpEF has been challenging because of the 

confusion caused by other conditions that contribute to heart failure symptoms, such as 

lung diseases, anemia and obesity (Caruana, Petrie, Davie, & McMurray, 2000). Thus 

current diagnostic guidelines recommend determination of diastolic function by Doppler 

echocardiography or cardiac catheterization, in addition to heart failure symptoms and a 

relatively normal LVEF (Paulus et al., 2007; Wachter & Edelmann, 2014).  

Extensive research has been conducted on the prevention and treatment of HFrEF, 

as it was long believed to be the sole cause of heart failure. Current therapies such as 

ACE inhibitors, ARBs and β-blockers improved patient quality of life and mortality 

(Flather et al., 2000; Granger et al., 2003; Packer et al., 1996; The SOLVD Investigators, 

1992). However, there is currently little evidence of benefits for the more recently 

recognized HFpEF (Massie et al., 2008; Shah, Desai, & Givertz, 2010; Yusuf et al., 

2003), although reduced hospitalization was observed with ARB treatment (candesartan) 

(Yusuf et al., 2003). 



 10 

1.3. Risk factors 

Heart failure is a progressive developing syndrome that may be initiated by any 

disorders that relate to cardiac function. Thus, identifying risk factors is a key process in 

order to prevent or delay the progression of heart failure. The Framingham Heart Study, a 

longitudinal cohort study that started in 1948 and is ongoing, introduced the concept of 

identifying risk factors as an aspect of the etiology of CVDs and heart failure. In addition, 

it established a Framingham risk score system to estimate the risk of an individual 

developing CVDs. Based on the Framingham heart study, several significant risk factors 

have been identified: CHDs, hypertension, diabetes, valvular diseases, atrial fibrillation, 

left ventricular hypertrophy (LVH), smoking, obesity and age (J. E. Ho et al., 2013; D. S. 

Lee et al., 2009). More recently, many studies have reported a distinction between the risk 

factors for HFrEF and HFpEF. For example, Lee et al. found CHD significantly increases 

the risk of HFrEF whereas valvular diseases, hypertension and atrial fibrillation are more 

highly associated with HFpEF (D. S. Lee et al., 2009). 

Among all the risk factors, LVH was associated with 15- and 13-fold increases in 

heart failure incidence in men and women, respectively (K. K. Ho, Pinsky, Kannel, & 

Levy, 1993; Mahmood & Wang, 2013). The Framingham Heart Study also observed 

higher incidences of CVDs and death associated with increased left ventricular mass and 

relative wall thickness measured by echocardiography and magnetic resonance (Levy, 

Garrison, Savage, Kannel, & Castelli, 1990; Tsao et al., 2015). Accordingly, the MAVI 

study (Verdecchia et al., 2001) demonstrated the strong prognostic role of LVH within 

the primary hypertensive population. Hypertensive patients with greater 

echocardiographic measurements of LVH have a higher risk of cardiovascular events, 

regardless of age, cigarette smoking, diabetes, and serum creatinine. Also, the Losartan 
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Intervention For Endpoint reduction in hypertension study (LIFE) found that regression 

of LVH (as determined by ECG measurements) is associated with reduced risk of 

cardiovascular events, cardiovascular and all-cause deaths, irrespective of blood pressure 

and all other risk factors (Wachtell et al., 2007). In conclusion, cardiac hypertrophy 

strongly predicts acute cardiovascular events and heart failure even when adjusted for 

hypertension or prior myocardial infarction (K. K. Ho, Pinsky, et al., 1993; Mahmood & 

Wang, 2013). 

2. Cardiac remodeling 

Cardiac remodeling refers to changes in myocardium and extracellular matrix 

(ECM), which in turn lead to alterations of the size, shape, structure, and ultimately, 

function of the heart. Cardiac hypertrophy, a term that describes the increase in 

myocardial mass, is an important component of cardiac remodeling. Given that LVH is a 

strong predictor of heart failure and cardiovascular death, cardiac remodeling and cardiac 

hypertrophy are introduced here. 

2.1. Categories 

Cardiac remodeling is classified into physiological and pathological remodeling 

based on its etiology. A comparison of characteristics of physiological and pathological 

cardiac remodeling is found in Table 2. 
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Table 2. Characteristics of physiological and pathological cardiac remodeling.  

 Pathological cardiac remodeling 
Physiological cardiac 

remodeling 

Stimuli 

Pressure overload (e.g. 

hypertension, aortic coarction) 

or volume overload (e.g. 

valvular disease) in a disease 

setting 

Regular physical activity, 

chronic exercise training, and 

pregnancy: 

Volume load (e.g. pregnancy, 

running, walking, and 

swimming); 

Pressure load (e.g. strength 

training: weight lifting). 

Cardiac morphology 

Increased myocyte volume, 

Formation of new sarcomeres, 

Interstitial fibrosis, 

Myocyte necrosis and apoptosis 

Increased myocyte volume, 

Formation of new sarcomeres 

Fetal gene expression Usually up-regulated Relatively normal 

Cardiac function Depressed over time 

Normal or enhanced (the 

athlete’s heart) 

Depressed for a short time 

(pregnancy) 

Completely reversible Not usually Usually 

Association with heart 

failure and mortality 
Yes No 

Adapted from “Differences Between Pathological and Physiological Cardiac Hypertrophy: 

Novel Therapeutic Strategies to Treat Heart Failure” (McMullen & Jennings, 2007), 

published in Clinical and Experimental Pharmacology and Physiology, with permission 

from John Wiley and Sons. 
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2.1.1. Physiological cardiac remodeling 

Physiological cardiac remodeling, as exemplified by the athlete’s heart, occurs as a 

consequence of a range of adaptive responses to increased cardiac workload (Wasfy & 

Weiner, 2015). In particular, endurance exercise, such as swimming and running, requires 

greater blood supply. This is provided by enhanced cardiac output, which is achieved by 

adaptive modifications including an enlarged left ventricular chamber and increased left 

ventricular mass (Wasfy & Weiner, 2015). In contrast, strength-based exercise, such as 

weightlifting, involves intense muscle contraction. This leads to elevated peripheral 

vascular resistance and hence, increases afterload. The adaptive alterations here include 

increased left ventricular wall thickness and left ventricular mass (Wasfy & Weiner, 

2015). Physiological remodeling that occurs in the athlete’s heart is usually mild and is 

considered a beneficial adaptation. Also, regression of this type of remodeling was 

observed after detraining (Maron, Pelliccia, Spataro, & Granata, 1993; Pelliccia et al., 

2002).  

Another example is pregnancy-induced cardiac remodeling. Similar to the athlete’s 

heart, in order to adapt to increased demand during the pregnancy, the heart, and in 

particular, the left ventricle, undergoes hypertrophy (dilated left ventricular chamber and 

increased left ventricular mass). However, unlike the maintained or improved cardiac 

function in the athlete’s heart, pregnancy-induced hypertrophy is accompanied by short-

term systolic and diastolic dysfunction (Schannwell et al., 2002). Apart from the LVH, 

sex hormones such as estrogen and testosterone are dramatically enhanced during 

pregnancy, which are speculated to participate in the development of LVH, although the 

specific roles remain unclear (J. Li et al., 2012). Pregnancy-induced LVH is considered a 

physiological phenotype because in most cases, LVH regresses, and systolic and diastolic 
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function are restored following delivery (Schannwell et al., 2002). However, healthy 

women may develop peripartum cardiomyopathy during late pregnancy and up to six 

months postpartum, which could be fatal. The mechanism is unclear, but factors including 

age >30 years, smoking, hypertension during pregnancy, and African American ethnicity 

increase the risk of peripartum cardiomyopathy (Sliwa et al., 2010).  

2.1.2. Pathological cardiac remodeling 

Pathological cardiac remodeling occurs in response to hemodynamic stress or 

myocardial injury (Parker, Patterson, & Johnson, 2005). It is often associated with other 

risk conditions, such as ischemia and hypertension, and ultimately results in a decline in 

cardiac output. Hereafter, cardiac remodeling refers to pathological cardiac remodeling. 

Cardiac remodeling usually starts as an adaptive response to compensate for decreased 

cardiac output. Compensatory changes include augmented left ventricular wall thickness 

or dilated chamber. However, without proper management, sustained remodeling 

eventually contributes to decreased cardiac function and heart failure, and is known as 

maladaptive cardiac remodeling (Vasan, Wilson, Colucci, & Yeon, 2010).  

2.2. Characteristics of cardiac remodeling 

Loss of myocytes, interstitial fibrosis, and cardiac hypertrophy are the three main 

features involved in cardiac remodeling.  

2.2.1. Loss of myocytes 

Loss of myocytes by necrosis and apoptosis is a critical feature of pathological 

remodeling that is distinct from physiological remodeling. In the healthy heart, the 

growing heart muscle is accompanied by a proliferation of coronary vasculature (Oka, 
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Akazawa, Naito, & Komuro, 2014), so that the greater oxygen and nutrient demand can 

be met. However, a reduction of coronary capillary density was observed in the 

remodeled heart (Anversa, Capasso, Ricci, Sonnenblick, & Olivetti, 1989). This may 

limit the blood supply and render the myocardium more prone to ischemia. In addition, 

atherosclerosis-induced ischemia and myocardium infarction are highly associated with 

the progression of cardiac remodeling. Atherosclerosis and ischemic insults involve 

oxidative stress due to increased ROS generation and reduced activity of SODs (Sawyer 

et al., 2002). Increased oxidative stress is a key stimulus that triggers a series of apoptotic 

cascades; commonly recognized proapoptotic mediators include p38 MAPK, JNKs, p53, 

and bax (see section 3.2.4) (Nadal-Ginard, Kajstura, Leri, & Anversa, 2003). 

Consequently, the increased risk of ischemia leads to further cell death. Unfortunately, 

cardiac myocytes generally stop dividing after birth (although recent evidence implied a 

very slow rate of proliferation, the rate is too slow to repair the injured area) (Brooks, 

Poolman, & Li, 1998; Mollova et al., 2013). Eventually, the loss of myocytes may 

diminish wall thickness, weaken contractile force, and lead to systolic dysfunction. 

2.2.2. Myocardial fibrosis 

Cardiac fibroblasts are the major cells that constitute the connective tissues in the 

heart and account for more than 50% of the cell population (Camelliti, Borg, & Kohl, 

2005). Fibroblasts play important roles in maintaining myocardial and vascular structure 

and synchronizing electrical conduction.  

First, fibroblasts synthesize and degrade ECM proteins (such as collagen and 

fibronectin), which serve as a mechanical scaffold for the myocardium. In normal 

conditions, the synthesis and degradation of ECM are well-regulated by fibroblasts. 
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However, fibrosis occurs due to over-production of ECM and/or suppression of ECM 

degrading proteins (i.e. matrix metalloproteinases [MMP]). This in turn impairs 

myocardial contraction and relaxation, and gives rise to systolic and diastolic dysfunction 

(Souders, Bowers, & Baudino, 2009). Acute myocardial infarction is a common stimulus 

of fibrotic scar formation. In addition, many clinical studies showed increased collagen 

synthesis or fibrosis in patients with hypertrophic cardiomyopathy, either asymptomatic 

or symptomatic, but mainly in hypertrophic regions, and the severity of fibrosis is 

negatively correlated with regional contractility (Choudhury et al., 2002; C. Y. Ho et al., 

2010). 

Second, fibroblasts synchronize electrical signals by interacting with myocytes via 

gap junction connexins (Goshima, 1970). This electrical coupling with myocytes 

facilitates the transduction of contractile force (Kohl, Kamkin, Kiseleva, & Noble, 1994). 

However, overproduction of ECM in fibrosis disrupts gap junction structure, and further 

interferes with propagation of the action potential. This eventually results in isolation of 

the fibrotic region from the paced electrical signal and causes arrhythmias (de Jong, van 

Veen, van Rijen, & de Bakker, 2011; Spach & Boineau, 1997). Studies revealed that 

cardiac remodeling determined by echocardiographic, ECG and cardiac magnetic 

resonance measurements is positively correlated with the incidence of atrial fibrillation 

(Chrispin et al., 2014; Okin et al., 2006), and regression of remodeling in response to anti-

hypertensive pharmacotherapy lowered the onset of atrial fibrillation (Okin et al., 2006). 

In conclusion, fibrosis, caused by over-production of ECM, leads to stiffening of 

cardiac tissue, impairs contraction and relaxation, and contributes to arrhythmias.  
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2.2.3. Cardiac hypertrophy 

Cardiac hypertrophy refers to an increase in myocardial mass, and may or may not 

be accompanied by dilation of heart chambers. Among the four chambers of the heart, 

hypertrophy of the left ventricle is most common. As LVH significantly increases the risk 

of heart failure (Levy et al., 1990), it is an important research target.  

2.2.3.1. Categories of LVH 

Based on the geometric nature of changes, LVH can be classified as concentric 

LVH or eccentric LVH. Concentric cardiac hypertrophy is usually due to pressure 

overload, for example, hypertension. In order to accommodate the elevated afterload, 

sarcomeres are added in parallel and the myocytes grow laterally. This leads to an 

increase in ventricular mass and relative wall thickness. These characteristics of 

concentric hypertrophy are very common in HFpEF. In fact, along with myocardial 

fibrosis, concentric hypertrophy impairs ventricular diastolic function (Andersen & 

Borlaug, 2014). 

In contrast, eccentric hypertrophy is usually due to volume overload, for example, 

valvular regurgitation. In order to adapt to increased blood filling, sarcomeres are added 

longitudinally and myocytes are lengthened. This leads to ventricular dilation. According 

to the Frank-Starling law (Moss & Fitzsimons, 2002), within a certain range, stroke 

volume positively correlates with the end diastolic volume such that increased sarcomere 

length contributes to greater contraction force. Therefore, initially, eccentric LVH 

increases or maintains the cardiac output as an adaptive response. However, when the 

sarcomeres are overstretched, the stroke volume stops increasing despite the chamber 

dilation. At this time, ventricular systolic function is impaired, which is a key feature of 
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HFrEF. In addition, reduced systolic function causes fluid retention in the pulmonary and 

systemic circulation, thereby leading to edema. In the pulmonary circulation, edema 

impairs pulmonary diffusion capacity, and this results in dyspnea (Ganau et al., 1992).  

The prevalence of concentric and eccentric LVH is similar in patients with primary 

or essential hypertension, whereas concentric LVH is more common than eccentric LVH 

in patients with secondary hypertension due to renal disease (Radulescu, Stoicescu, 

Buzdugan, & Donca, 2013). 

2.2.3.2. Myocyte hypertrophy 

Cardiac myocytes are the major functional cells in the heart, accounting for 

approximately 75% of the heart volume (Vliegen, van der Laarse, Cornelisse, & 

Eulderink, 1991). Myocyte enlargement plays a crucial role in the development of cardiac 

hypertrophy. Stimuli such as hemodynamic stress and neurohormonal factors induce 

alterations of the surviving myocytes to maintain stroke volume; these include 

reactivation of the fetal gene program, acceleration of protein synthesis and increase in 

myocyte size. 

2.2.3.2.1. Fetal gene activation 

The fetal gene program regulates a group of proteins that are primarily expressed in 

the fetal stage, and are replaced by other isoforms after birth. For example, in rodent 

models, the predominant isoform of the sarcomeric protein, myosin, is switched from β-

myosin heavy chain (β-MHC) in the fetal heart to α-myosin heavy chain (α-MHC) in the 

adult heart. In addition, there is a shift from skeletal α-actin to cardiac α-actin in human 

hearts from the fetal to adult phase (Cox & Marsh, 2014). However, when the heart 

undergoes hypertrophy, the fetal gene program is reactivated (Taegtmeyer, Sen, & Vela, 
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2010). Those reactivated fetal genes include the following (Cox & Marsh, 2014; Dirkx, 

da Costa Martins, & De Windt, 2013; Fuller, Gillespie-Brown, & Sugden, 1998; 

Taegtmeyer et al., 2010): i) early response genes for transcriptional factors, such as c-fos, 

c-jun, c-myc, heart and neural crest derivatives expressed protein 1/2 (HAND 1/2), 

myocyte enhancer factor 2 (MEF 2), GATA4, NK2 homeobox protein NKX2-5/CSX and 

serum response factor (SRF), etc., ii) genes for contractile proteins such as β-MHC for 

rodents, skeletal α-actin and N2BA isoform of titin, 3) genes for ANP and BNP, and 4) 

genes for proteins involved in fetal energy metabolism, which assist the utilization of 

glucose over fatty acids as energy substrates, such as malonyl-CoA (Stanley, Recchia, & 

Lopaschuk, 2005).  

It is worth mentioning that ANP and BNP are widely used clinically to diagnose, 

and as a prognostic marker for heart failure. As implied from their names, ANP is 

primarily secreted from atrial myocytes. BNP was first discovered in the brain, but is 

primarily released from the ventricles. Both are secreted from myocytes in response to 

high mechanical stress and exert diuretic and vasodilatory actions. Studies showed that 

ANP reduced synthesis of collagen, the inflammatory molecule, tenascin-C, and 

endothelin-1 (ET1) from cardiac fibroblasts, and attenuated myocyte enlargement 

stimulated by angiotensin II (Fujita et al., 2013). Inhibition of ANP degradation in heart 

failure patients reduced aldosterone levels and tended to lessen the hemodynamic load 

(Elsner, Muntze, Kromer, & Riegger, 1992). Compared to ANP, BNP is more widely 

used clinically to diagnose heart failure and determine prognosis, because the difference 

in the plasma concentration of BNP between normal subjects and heart failure patients is 

greater than ANP (de Lemos, McGuire, & Drazner, 2003). Two forms of BNP are 

assessed in the clinical measurements; BNP >100 pg/mL and N-terminal pro-BNP >900 
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pg/mL for patients >50 years old are generally considered as heart failure compared to the 

normal concentration of 10 pg/mL (Januzzi et al., 2006). In addition, an elevated BNP 

level independently predicts hospital readmission and cardiac death in heart failure 

patients (de Lemos et al., 2003). 

2.2.3.2.2. Protein synthesis 

The second feature of myocyte hypertrophy is enhanced protein synthesis rate. As 

mentioned above, the fetal gene program is reactivated, and it is followed by protein 

synthesis. Increased protein synthesis rate is mediated at the transcriptional and 

translational levels (Hannan, Jenkins, Jenkins, & Brandenburger, 2003). Although there is 

a switch between different isoforms of specific proteins, for instance, α-MHC is replaced 

by β-MHC in myocyte hypertrophy of rodent heart, net protein synthesis is also increased 

(Hannan et al., 2003). For example, Ojamaa et al. found that pressure overload increased 

β-MHC mRNA by 319% and decreased α-MHC mRNA by only 54%, with a net increase 

in total MHC mRNA content (Ojamaa, Petrie, Balkman, Hong, & Klein, 1994). 

Translation is reportedly the key step in up-regulation of protein synthesis rate; both 

translation capacity (i.e. the amount of ribosomal apparatus) and translation efficiency (i.e. 

the protein synthesis rate per amount of ribosomes) are improved (Hannan et al., 2003). 

This is supported by observations that ribosomal synthesis and activity of translation 

initiate factor eukaryotic initiation factor 4E (eIF4E) (Makhlouf & McDermott, 1998; 

Wada, Ivester, Carabello, Cooper, & McDermott, 1996) and eukaryotic elongation factor-

2 (eEF2) (Browne & Proud, 2002) are increased by hypertrophic stimuli. Therefore, the 

protein synthesis rate and total protein amount are elevated. Increased rate of transcription 

contributes to augmented expression of specific genes (i.e. fetal gene program) (Ojamaa 
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et al., 1994). The availability of mRNA is sufficient in both normal and fast-growing 

hearts, so increased transcriptional rate may not exert significant effects on protein 

synthesis rate directly (Morgan et al., 1987). However, early response genes reactivated 

by hypertrophic stimuli, for example, c-myc, up-regulates the expression of ribosomal 

apparatus, and thus promotes protein translation (Xiao et al., 2001). 

2.2.3.2.3. Myocyte size 

Lastly, enhanced protein synthesis contributes to enlarged myocyte volume. 

Individual myocytes becomes wider or longer due to the different pattern of sarcomere 

reassembly, leading to concentric hypertrophy or eccentric hypertrophy, respectively. The 

hypertrophic stimuli, ET1 and angiotensin II, increased the surface area of neonatal and 

adult isolated cardiac myocytes by approximately 50% and 45% respectively (M. V. 

Correa et al., 2014; Lu, Akinwumi, Shao, & Anderson, 2014).  

Therefore, fetal gene reactivation, enhanced protein synthesis and enlarged myocyte 

size are considered three typical markers of myocyte hypertrophy. However, unlike 

physiological hypertrophy, coronary capillaries do not proliferate in proportion. This 

leads to further tissue infarction and therefore, cell death. Thus, interplay between cell 

death and myocyte hypertrophy contributes to the decompensatory progression of cardiac 

hypertrophy.  

2.2.3.3. Hypertrophic signaling 

Various stimuli cause hypertrophy through common intracellular molecular 

cascades including, for example, the mitogen-activated protein kinases (MAPKs) 

pathways. However, the scope of all molecular mechanisms involved in hypertrophy is 
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complex and not completely understood. Several well-established pathways are 

introduced here.  

G protein-dependent signaling is the most common pro-hypertrophic pathway. 

Receptors of angiotensin II, ET1, and norepinephrine are all G protein-coupled receptors 

(GPCR). Binding with ligands induces conformational changes of GPCR that lead to the 

activation of GPCR-coupled G protein. G proteins are composed of three subunits, Gα, 

Gβ and Gγ, and once activated, Gα dissociates from Gβ and Gγ. The Gα monomer then 

initiates a series of specific effector molecules depending on the subtype: Gαs, Gαi/o, 

Gαq/11, or Gα12/13 (Tilley, 2011).  

Gαs activates adenylyl cyclase (AC), which catalyzes the production of cAMP. This 

leads to the activation of cAMP-dependent protein kinase A (PKA) (Zou et al., 1999). 

cAMP/PKA signaling then phosphorylates extracellular signal-regulated kinases (ERK), 

which in turn induce myocyte growth by enhancing DNA transcription and RNA 

translation. The nuclear factor of activated T cells (NFAT) family of transcriptional 

factors plays a key role in this process by up-regulating transcriptional activity (Dorn & 

Force, 2005). 

In contrast, Gαi activation desensitizes AC. However, instead of preventing cardiac 

hypertrophy, overexpression of Gαi contributes to impaired myocyte contractility (Bohm 

et al., 1992; Bohm et al., 1993). Furthermore, Gαi stimulates Ras-dependent signaling by 

cooperating with the Gβγ subunits (Tilley, 2011; Zou et al., 1999). Ras is a family of 

small GTPases that is activated while binding with GTP, but inactivated when coupled 

with GDP. The activity of Ras proteins is facilitated by guanine nucleotide exchange 

factor (GEF), which exchanges the Ras-liganded GDP to GTP. Activated Ras further 

stimulates a second effector, Raf-1, with subsequent ERK activation, and 
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phosphoinositide 3-kinase (PI3K) with downstream protein kinase B (PKB) signaling 

(Sugden, 2003). Both routes eventually contribute to enhanced DNA transcription and 

protein expression that promote myocyte hypertrophy. 

Gαq/11 activation initiates phospholipase C-β (PLCβ), primarily PLCβ-1b, which 

catalyzes the generation of inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) 

(Filtz, Grubb, McLeod-Dryden, Luo, & Woodcock, 2009). IP3 activates its receptors on 

the sarcoplasmic reticulum and triggers the release of Ca
2+

, which binds to calmodulins in 

the cytosol. The integrated Ca
2+

/calmodulin complex in turn activates protein kinase 

CAMKII and the protein phosphatase, calcineurin. CAMKII, mainly the δ isoform, 

phosphorylates and then depresses the nuclear import of class II histone deacetylase 4 

(HDAC4), which is a MEF2 inhibitor. Therefore, CAMKII promotes MEF2 activity and 

MEF-2-dependent transcription of hypertrophic genes (Anderson, Brown, & Bers, 2011; 

Backs, Song, Bezprozvannaya, Chang, & Olson, 2006). Calcineurin activates the NFAT 

family of transcriptional factors, which enter the nucleus and promote the transcription of 

hypertrophy-related proteins. DAG activates protein kinase C (PKC), a family that 

comprises many isoforms. Among those expressed in the heart (α, β1, β2, δ, ε, and λ/ζ), 

PKCε is best-known to be involved in hypertrophy (Dorn & Force, 2005). PKCs are 

capable of activating several downstream cascades, among which ERK and ERK-

stimulated transcriptional factors are major targets. 

Gα12/13-mediated signaling starts with activation of a group of proteins termed as 

Rho guanine nucleotide exchange factor (RhoGEF), which in turn activates the RhoA 

family of GTPase, followed by the activation of downstream cascades c-Jun NH2-

terminal kinases (JNK) and p38 MAPKs (Nishida et al., 2005). Although the mechanisms 

are not clearly understood, many studies reported that JNK and p38 activate numerous 



 24 

substrates in the cytosol and nucleus, and exert pro-hypertrophic effects (Rose, Force, & 

Wang, 2010). 

Although different subtypes of the G protein are involved, there are interactions 

between the protein kinase cascades, and most of them converge at the MAPKs, which 

are considered the central regulator of cardiac myocyte hypertrophy. 

2.3. Hypertrophy Stimuli 

Myocardial injury, hemodynamic overload and neurohormonal activation are three 

main causes of cardiac hypertrophy.  

2.3.1. Myocardial injury 

Myocardial injury such as myocardial infarction causes cell death directly, and also 

leads to fibrous scar formation and myocyte hypertrophy, which further exacerbate 

apoptosis (Konstam, Kramer, Patel, Maron, & Udelson, 2011). Cardiac hypertrophy 

begins immediately after myocardial infarction. Furthermore, ventricular dilation was 

observed three hours following the onset of myocardial infarction (Korup et al., 1997), 

and can deteriorate for as long as 6 to 12 months (Giannuzzi et al., 2001; Rumberger, 

Behrenbeck, Breen, Reed, & Gersh, 1993). Anterior infarction causes more pronounced 

ventricular wall dilation and tends to deteriorate for a longer period compared to inferior 

infarction (Korup et al., 1997; Rumberger et al., 1993). Post-infarction remodeling 

extends beyond the infarcted zone and into the non-infarcted zone. Early remodeling 

includes apoptosis, scar formation and myocardial dilation, which collectively result in 

impaired contractility. The non-infarcted myocardium stretches in an attempt to distribute 

the extra workload from the infarcted zone, thus yielding overall ventricular hypertrophy 

(Sutton & Sharpe, 2000).  
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2.3.2. Hemodynamic overload 

Hemodynamic overload includes pressure overload and volume overload. Pressure 

overload is an increase in afterload, which refers to the pressure that the heart must 

overcome in order to eject blood into the aorta. Examples include hypertension or aortic 

stenosis. Volume overload is due to elevated preload, which refers to the pressure 

generated during passive filling. Conditions that may cause left ventricular volume 

overload include aortic and mitral regurgitation. Pressure overload and volume overload 

contribute to concentric hypertrophy and eccentric hypertrophy, respectively (Lorell & 

Carabello, 2000).  

2.3.3. Neurohormonal activation 

Neurohormonal activation contributes to cardiac hypertrophy both directly and 

indirectly by provoking hemodynamic stress and myocardial injury (Sutton & Sharpe, 

2000).  

2.3.3.1. Angiotensin II 

Angiotensin II is an important component of the renin-angiotensin-aldosterone 

system (RAAS). Production of angiotensin II includes two steps: i) generation of 

angiotensin I from angiotensinogen catalyzed by renin released from kidney, and ii) 

conversion to angiotensin II from angiotensin I catalyzed by ACE. ACE is abundantly 

expressed in endothelial cells from various organs and tissues, and was also detected in 

vascular smooth muscle cells, fibroblasts, and cardiac myocytes (Fleming, 2006). 

Moreover, higher levels of ACE have been detected adjacent to the infarct area 

(Hokimoto et al., 1996). Thus, angiotensin II is synthesized both systemically and locally 

in the myocardium in response to mechanical stretch (Sadoshima, Xu, Slayter, & Izumo, 
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1993). Locally, two GPCRs of angiotensin II, that is, AT1 and AT2 receptors, are present 

in the heart (Griendling, Lassegue, & Alexander, 1996). Angiotensin II induces cardiac 

myocyte hypertrophy and promotes fibroblast proliferation primarily by activating AT1 

receptors (Sadoshima & Izumo, 1993). Systemically, angiotensin II constricts blood 

vessels and increases sodium and water reabsorption, thereby elevating blood pressure. In 

addition, angiotensin II stimulates the secretion of aldosterone, a hormone that further 

promotes sodium reabsorption and water retention. Moreover, aldosterone induces 

cardiac hypertrophy directly (Okoshi et al., 2004). Accordingly, ACE inhibitors and 

ARBs are recommended as first-line antihypertensive treatments. In summary, 

angiotensin II contributes to the progression of cardiac remodeling by directly stimulating 

myocardial fibrosis and myocyte hypertrophy, as well as by increasing hemodynamic 

load. 

2.3.3.2. ET1 

ET1 is a 21-amino acid vasoconstrictor peptide that is primarily secreted by 

endothelial cells, but is also synthesized by cardiac myocytes and fibroblasts (Chao et al., 

2005; Suzuki, Kumazaki, & Mitsui, 1993). Two GPCRs of ET1, ETA and ETB, are 

expressed in cardiac myocytes, in which ETA receptors are predominant and constitute 

approximately 82% in adult rat left ventricles (Ito, 1997). ETC, a third receptor with a low 

affinity for ET1 was also isolated. However, its function remains to be defined (Karne, 

Jayawickreme, & Lerner, 1993). Increased ET1 levels have been observed after 

mechanical stretch (Yamazaki et al., 1996) and in a variety of heart diseases such as 

myocardial infarction (Miyauchi et al., 1989; Stewart, Kubac, Costello, & Cernacek, 

1991), dilated cardiomyopathy (Hiroe et al., 1991), and heart failure (Lerman, Kubo, 
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Tschumperlin, & Burnett, 1992; McMurray, Ray, Abdullah, Dargie, & Morton, 1992; C. 

M. Wei et al., 1994). In vitro and in vivo studies confirmed the effects of ET1 on cardiac 

hypertrophy, manifested by increased cell surface area, protein synthesis rate, 

transcription of contractile protein genes (Ito et al., 1993; Ito et al., 1991; Suzuki, Hoshi, 

& Mitsui, 1990), and cardiac fibrosis (Ceylan-Isik et al., 2013; Fujisaki et al., 1995). ET1 

also acts as an intermediate signal. Activation of MAPKs and PKC by mechanical stress 

or angiotensin II is suppressed by an ETA antagonist (Yamazaki et al., 1993), and ET1 

mediates, at least partially, angiotensin II-induced cardiac fibrosis and hypertrophy 

(Adiarto et al., 2012; Fujisaki et al., 1995). There were also observations that ETA and/or 

ETB receptor antagonists prevent left ventricular dysfunction and hypertrophy (Mishima 

et al., 2000), as well as improve survival of rats with chronic heart failure (Mulder et al., 

1997; Sakai et al., 1996).  

2.3.3.3. Norepinephrine 

Norepinephrine is the neurotransmitter released from sympathetic neurons that 

activate adrenergic receptors. Adrenergic receptors are GPCRs, and they are present in 

the heart as several isoforms. β-adrenergic receptors account for approximately 90% of 

adrenergic receptors in the heart, and of the three isoforms (β1, β2 and β3), β1 is the 

predominant subtype. The remaining 10% are α-adrenergic receptors (α1 and α2) 

(Cotecchia, Del Vescovo, Colella, Caso, & Diviani, 2015). By activating β-adrenergic 

receptors, norepinephrine exerts sympathetic effects on the cardiovascular system (i.e. 

promotes contractility, heart rate, electrical conduction, vessel constriction and renin 

release), and therefore results in high blood pressure and arrhythmia. By activating α-

adrenergic receptors, norepinephrine directly promotes cardiac hypertrophy (Simpson, 
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1983). In vitro and in vivo studies observed myocyte hypertrophic markers (i.e. enhanced 

protein synthesis, reactivated fetal gene program and enlarged myocyte size) and 

increased ventricular mass induced by norepinephrine (Cotecchia et al., 2015; Marino, 

Cassidy, Marino, Carson, & Houser, 1991; Thandapilly et al., 2011). Norepinephrine may 

also induce cardiac hypertrophy indirectly. For example, an increase in ET1 mRNA was 

detected in ventricular myocardium infused with norepinephrine (Kaddoura, Firth, 

Boheler, Sugden, & Poole-Wilson, 1996). 

In closing, cardiac hypertrophy is a complex process that involves the interplay of 

hemodynamic overload, myocardial injury and neurohormonal factors. 

2.4. Cardiac hypertrophy - interventions 

As cardiac hypertrophy is usually initiated by myocardial injury or hemodynamic 

stress (i.e. CHD, hypertension, and heart attack), the current therapies attempt to reduce 

or reverse these risk factors. 

Lifestyle modification is always an important adjunct to pharmacological treatment 

and surgical intervention. Recommended lifestyle changes include no smoking, balanced 

diet with high fiber, low sodium and low saturated fat diets, regular exercise, and limited 

or moderate alcohol consumption (Luz, Nishiyama, & Chagas, 2011). 

In addition to life style modifications, blood pressure control medications, 

especially ACE inhibitors and ARBs, are considered standard therapies for cardiac 

hypertrophy. Studies showed that ACE inhibitors reduced left ventricular mass index as 

determined by echocardiography in a time-dependent manner, 17.5% reduction after 7.5 

months and 38.6% after 38.3 months. This marked reversal was accompanied by 

improved diastolic function (Franz, Tonnesmann, & Muller, 1998). The PAMELA 
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(Pressioni Arteriose Monitorate E Loro Associazioni) study (Mancia et al., 2002) showed 

that compared to hypertensive patients with inadequate control of blood pressure, 

effectively treated patients showed a lower prevalence and lesser degree of LVH, 

suggesting a positive correlation between hypertension and LVH. The LIFE study 

compared the effects of losartan, an AT1 receptor-selective antagonist, and atenolol, a β-

blocker, on multiple cardiovascular outcomes including blood pressure and ECG-

measured LVH parameters. Despite similar reductions in blood pressure, losartan 

produced a greater degree of LVH reversal and lesser morbidity and mortality (Dahlof et 

al., 1997).  

It should be noted, however, that data from the PAMELA study (Mancia et al., 

2002) showed a greater prevalence of LVH in hypertensive patients whose blood pressure 

had already reached the target compared to the normotensive group. This study unveiled 

the limitation of standard hypertensive therapies on hypertrophic treatment. Therefore, 

there remains interest in identifying the underlying mechanisms of cardiac hypertrophy 

from different perspectives to develop new therapeutic approaches. Potential approaches 

include: 1) manipulating the balance between MMP and its inhibitors to prevent fibrosis 

(Fingleton, 2007; Mishra, Givvimani, Chavali, & Tyagi, 2013), 2) inhibiting oxidative 

stress to protect against myocyte apoptosis and fibroblast proliferation (Sawyer et al., 

2002; Siwik, Pagano, & Colucci, 2001), and 3) preserving energy metabolism to maintain 

cardiac performance (Siddiqi, Singh, Beadle, Dawson, & Frenneaux, 2013). 

3. Mitochondria 

As the key organelle responsible for energy production, mitochondria play a central 

role in cardiac function. In fact, many CVDs, including hypertrophy and heart failure, are 
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associated with mitochondrial abnormalities. Thus, mitochondrial dysfunction is 

emerging as a potential therapeutic target. Mitochondrial physiology and its role in heart 

diseases are discussed below. 

3.1. Mitochondrial physiology 

3.1.1. Structure  

Mitochondria are organelles that are responsible for aerobic metabolism and the 

majority of ATP production. In humans, mitochondria exist in all cells except mature red 

blood cells, and mitochondrial content varies in different cell types. In fact, mitochondria 

are dynamic organelles that constantly undergo fusion and fission to adapt to various 

energy situations (Westrate, Drocco, Martin, Hlavacek, & MacKeigan, 2014). 

Mitochondria have two membranes - the outer mitochondrial membrane and the 

inner mitochondrial membrane that divide the mitochondria into the intermembrane space 

and the matrix. These two membranes are composed of phospholipid bilayers, but are 

distinct in morphological and physiological properties. The outer membrane has a 

protein-to-lipid ratio of 1:1, similar to the cell membrane, and contains porins that allow 

molecules of up to 5 kDa to diffuse freely. Larger proteins are imported into the 

mitochondria via the outer membrane translocation machinery; this process includes 

receptor binding and translocation through protein-conducting channels (Herrmann & 

Neupert, 2000). In contrast, the inner membrane has a higher protein-to-lipid ratio (4:1). 

Its surface area is extended due to the formation of cristae, and it is impermeable to 

virtually all molecules. Ions, small molecules and proteins are imported into the matrix 

through the inner membrane translocase complex machinery. In addition, there exist 

enzymes within the inner membrane to facilitate the transport of specific molecules. For 



 31 

example, carnitine palmitoyltransferase I (CPT-1) facilitates transport of fatty acyl-CoA. 

The inner membrane also carries respiratory chain complexes that are responsible for 

oxidative phosphorylation. Thus, the inner membrane is a central site for mitochondrial 

integrity and function. 

Enclosed within the mitochondrial outer and inner membranes is the matrix, which 

serves as the site of metabolism, and therefore contains abundant substrates, enzymes and 

metabolites. The two major metabolic pathways that occur in the matrix are β-oxidation 

and the tricarboxylic acid (TCA) cycle. These generate a small amount of ATP and 

substrates for oxidative phosphorylation, which occurs in the inner membrane (Krauss, 

2001).  

3.1.2. Mitochondrial functions 

Mitochondria are well known for their role in energy metabolism. Other processes 

such as apoptosis and oxidative stress are regulated by mitochondria as well. 

3.1.2.1. Energy metabolism 

Fatty acid oxidation and glucose utilization will be introduced here because they 

serve as major energy sources for cardiac myocytes. Glucose and fatty acids undergo 

glycolysis and β-oxidation, respectively, before these pathways merge at the TCA cycle 

and are followed by oxidative phosphorylation.  

3.1.2.1.1. Fatty acid oxidation  

Fatty acids are oxidized in three stages: β-oxidation, the TCA cycle and oxidative 

phosphorylation. Briefly, following cellular uptake into the cell, fatty acids are converted 

to acyl-CoA by fatty acyl-CoA synthetases in the cytosol. However, the mitochondrial 
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inner membrane is not permeable to acyl-CoA; thus, before entering the matrix for further 

metabolism, the CoA is replaced by carnitine to form acyl-carnitine. This step is 

catalyzed by CPT-1, which is located in the outer membrane. Acyl-carnitine is then 

transported across the inner membrane into the mitochondrial matrix by 

carnitine:acylcarnitine translocase. Once inside the matrix, acyl-carnitines are converted 

back to acyl-CoA by CPT-2, which is located on the interior side of the inner membrane, 

and the free carnitines are transported back to the intermembrane space via 

carnitine:acylcarnitine translocase (Kerner & Hoppel, 2000).  

After entering the matrix, acyl-CoA undergoes β-oxidation, a process that converts 

acyl-CoA into acetyl-CoA. Enzymes involved in this stage of oxidation are acyl-CoA 

dehydrogenase, enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase, and thiolase 

enzyme. 

The acetyl-CoA then enters the TCA cycle, which is a series of reactions that use 

acetyl-CoA to release a small amount of ATP and produce NADH and FADH2. From one 

molecule of acetyl-CoA, 1 ATP, 3 NADH and 2 FADH2 are produced. NADH and 

FADH2 are proton donors that are ultimately consumed during oxidative phosphorylation 

(see 3.1.2.1.3).   

3.1.2.1.2. Glucose oxidation 

The aerobic metabolism of glucose consists of glycolysis, the TCA cycle and 

oxidative phosphorylation. Glycolysis is the process in which glucose is broken down to 

two molecules of pyruvate, with a net generation of 2 ATP and 2 NADH. It occurs in the 

cytosol and does not require oxygen. Pyruvate is then transported into the mitochondrial 

matrix via members of the mitochondrial pyruvate carrier (MPC1 and MPC2), where it is 
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converted to acetyl-CoA by pyruvate dehydrogenase (Gray, Tompkins, & Taylor, 2014). 

Acetyl-CoA then enters the TCA cycle as described above. 

3.1.2.1.3. Oxidative phosphorylation 

As depicted in Figure 1, NADH and FADH2, yielded from the TCA cycle, serve as 

electron donors in the electron transport chain (ETC) and initiate oxidative 

phosphorylation. Briefly, the ETC is composed of several protein complexes (complex I, 

II, III, and IV) embedded in the mitochondrial inner membrane. ETC couples with ATP 

synthase to carry out oxidative phosphorylation. Electrons donated from NADH are 

passed to complex I (NADH dehydrogenase), and then are shuttled to complex III 

(cytochrome b-c1) by coenzyme Q (ubiquinone). In contrast, complex II accepts electrons 

from FADH2 and again, electrons are passed to complex III via coenzyme Q. Electrons 

are then transferred to complex IV (cytochrome oxidase) by cytochrome C. Eventually, 

electrons are received by oxygen to form water. During electron transport, energy is 

released to pump protons out to the intermembrane space from complex I, III, and IV and 

to build a proton gradient across the mitochondrial inner membrane. The energy trapped 

in this potential is released when the protons flow back down its gradient into the matrix 

through ATP synthase, whereby ATP is generated.  

Each glucose molecule generates approximately 31 ATP with consumption of 6 

oxygen molecules. In contrast, for fatty acids such as a single palmitic acid molecule, 

approximately 105 ATP are generated with consumption of 23 oxygen molecules 

(Fillmore, Mori, & Lopaschuk, 2014). Therefore, glucose oxidation is commonly 

regarded as more oxygen efficient than fatty acid oxidation. 
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Figure 1. Oxidative phosphorylation. 

 

Figure 1. Oxidative phosphorylation, which involves coupling between the electron 

transport chain and ATP synthase, generates ATP and H2O. 

3.1.2.2. Proton leak 

The efficiency of oxidative phosphorylation is defined as the degree of coupling 

between substrate oxidation (i.e. electron transport) and ATP synthesis. Full efficiency 

refers to the theoretical scenario in which energy retained in the proton gradient is used 

entirely to synthesize ATP. However, even under normal conditions, protons leak down 

its gradient from the intermembrane space to the matrix through uncoupling protein 

(UCP), specifically, UCP1, thereby generating heat. This is called proton leak. Three 

isoforms of UCP were discovered: UCP1, 2 and 3. UCP1 exists predominantly in high 

concentrations in adipose tissues, mediating thermogenesis (Nicholls, Bernson, & Heaton, 

1978). One hypothesis suggests that, instead of transporting protons directly, UCP1 

actually transports fatty acid anions, which then induce proton leak (Garlid, Orosz, 

Modriansky, Vassanelli, & Jezek, 1996). UCP1 has also emerged as a potential target for 
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body weight management, as UCP1 deficiency induced obesity in mice (Feldmann, 

Golozoubova, Cannon, & Nedergaard, 2009). Basal proton leak is essential and 

significant, playing physiological roles in terms of body temperature maintenance during 

cold exposure. It was estimated that approximately 26% and 50% of resting respiration is 

due to basal proton leak in hepatocytes and muscle cells, respectively (Brand et al., 1999). 

Although the mechanism of basal proton leak is not fully understood, it is widely believed 

that the magnitude of basal proton leak correlates with the fatty acyl composition and 

adenine nucleotide translocase (ANT) content of the inner membrane (Brand et al., 2005).  

In addition to basal proton leak, inducible proton leak can be activated or inhibited, 

and is regulated by UCP2 and 3, although the mechanisms are still unclear. UCP2 is 

expressed widely, whereas UCP3 is predominantly expressed in skeletal muscle and heart 

tissue at low concentrations, and neither transports protons unless activated (Schrauwen 

& Hesselink, 2002). In fact, there is abundant evidence to suggest that increased reactive 

oxygen species (ROS) levels activate UCP2 and UCP3 and induce mild proton leak, 

which then lowers ROS production as negative feedback (Brand et al., 2004; Mailloux & 

Harper, 2011). Thus, UCP2/3 activation may serve as a protective approach against 

oxidative damage and its related conditions, such as aging, inflammation and ischemia 

reperfusion injury. 

In closing, although it impairs the efficiency of oxidative phosphorylation, proton 

leak plays a significant role with respect to maintaining basal physiological conditions 

such as body temperature. Also, induction of proton leak mediated by UCP2/3 is a 

physiological process, to which beneficial effects have been linked.  
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3.2. Mitochondrial pathology in heart diseases 

The heart contracts ceaselessly, and thus requires large amounts of ATP. 

Mitochondria are the major sites of ATP production, and the ETC embedded within the 

mitochondrial inner membrane is responsible for oxidative phosphorylation, thereby 

yielding approximately 95% of the total ATP (Ashrafian, Frenneaux, & Opie, 2007). 

Accordingly, cardiac myocytes possess the greatest mitochondrial content (30% of 

myocyte volume) in order to meet the high and dynamic energy demand (Kolwicz, 

Purohit, & Tian, 2013). A variety of substrates may be used by cardiac myocytes as fuel, 

including fatty acids, carbohydrates, and ketone bodies (Wallace, 1959). However, it is 

well-established that under normal conditions, cardiac myocytes use predominantly fatty 

acids, and this accounts for 50% to 70% of total ATP production (Lopaschuk, Ussher, 

Folmes, Jaswal, & Stanley, 2010; Opie, 1968).  

Given its important function, it is not surprising that mitochondrial dysfunction has 

been linked to numerous cardiac pathological conditions or diseases, including ischemia 

reperfusion injury (Stanley, 2004), cardiomyopathy (Taylor, Bhandari, & Seymour, 2015), 

and heart failure (Doenst, Nguyen, & Abel, 2013). The most commonly discussed 

mitochondrial abnormalities associated with heart disease are summarized below.  

3.2.1. Disrupted energy metabolism 

Energy metabolism in the diseased heart is characterized by a shift of energy 

substrate from fatty acids to glucose. Healthy hearts rely mainly on fatty acid oxidation 

for ATP production. However, in the hypertrophied heart, the rate of fatty acid oxidation 

is reduced by 30-40% (Allard et al., 1994; el Alaoui-Talibi, Landormy, Loireau, & 

Moravec, 1992; Schonekess, Allard, & Lopaschuk, 1995). Meanwhile, reduced fatty acid 
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oxidation may be accompanied by increased utilization of glucose (Dodd et al., 2012), 

which involves glycolysis and glucose oxidation. The former is the conversion of glucose 

to pyruvate in the cytosol, whereas the latter, which involves pyruvate oxidation, occurs 

in mitochondria. 

The shift from fatty acid to glucose as energy substrate is considered a 

compensatory mechanism, as glucose is a more efficient substrate than fatty acids in 

terms of ATP production per oxygen molecule (see section 3.1.2.1.3). Moreover, Korvald 

et al. detected a 48% increase in myocardial oxygen consumption in pigs following lipid 

infusion compared to glucose infusion (Korvald, Elvenes, & Myrmel, 2000). Mjos also 

observed a 26% increase in oxygen consumption in intact dog hearts following 

intravenous infusion of a fatty emulsion, though cardiac output remained unchanged 

(Mjos, 1971).  

Nevertheless, the switch to glucose utilization in the diseased heart, while 

compensatory, is ultimately inadequate to meet cardiac energy demand. Accumulating 

evidence suggests that total ATP is decreased in hypertrophied and failing hearts 

(Akhmedov et al., 2015; Allard et al., 1994). First, complete glucose oxidation generates 

approximately 20% less ATP per carbon atom than fatty acids (Lou et al., 2013). Second, 

the increase in glucose utilization in diseased heart is mostly due to accelerated glycolysis, 

which is not accompanied by a concomitant increase in glucose-dependent oxidative 

phosphorylation (aka glucose oxidation). In fact, some studies found an unaltered rate 

while others found decreased rates of glucose oxidation in the hypertrophied heart. For 

example, Wambolt et al. reported a correlation between ischemia-induced cardiac 

hypertrophy and enhanced glycolysis, and the latter was normalized with the reversal of 

hypertrophy. However, glucose oxidation rates remained the same among the groups 
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(Wambolt, Henning, English, Bondy, & Allard, 1997). Allard et al. (Allard et al., 1994) 

reported increased glycolysis in the hypertrophied rat heart at both normal and high 

workloads; however, glucose oxidation was not altered by hypertrophy, although its 

contribution to ATP production was significantly elevated in response to high workload. 

Moreover, higher rates of glycolysis and lower rates of glucose oxidation were observed 

in post-ischemic and pressure overload-induced hypertrophied hearts (Allard et al., 1997; 

Wambolt, Lopaschuk, Brownsey, & Allard, 2000). In both cases, there exists an 

uncoupling between glycolysis (markedly increased) and glucose oxidation (unaltered or 

reduced), which is a critical phenotype of the hypertrophied heart. Mechanisms 

underlying this uncoupling are not yet fully understood, but increased activity of 

glycolytic enzymes and reduced pyruvate oxidative enzymes in diseased hearts may play 

a role. Indeed, expression or activity of glycolytic enzymes such as hexokinase, 

phosphofructokinase, and lactate dehydrogenase was enhanced in hypertensive and 

hypertrophic heart (Smith, Kramer, Reis, Bishop, & Ingwall, 1990; Taegtmeyer & 

Overturf, 1988). Second, activity of the pyruvate dehydrogenase complex, which consists 

of enzymes that convert pyruvate into acetyl-CoA to initiate the TCA cycle, as well as 

activity of citrate synthase, which catalyzes acetyl-CoA into citrate, were reduced in 

ischemic (Patel & Olson, 1984) and hypertrophied heart (Seymour & Chatham, 1997; 

Smith et al., 1990).  

Given this uncoupling between glycolysis and glucose oxidation, and the potential 

high efficiency of glucose as a substrate (i.e. ATP production per O2 molecule), 

improving glucose oxidation has been proposed as a strategy to ameliorate energy 

deficiency in hypertrophied cardiac myocytes. For example, palmitate/glucose-perfused 

rat hearts exhibit slower recovery of cardiac performance from ischemia compared to 
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hearts perfused with glucose alone. Improving glucose oxidation using dichloroacetate, 

which stimulates pyruvate dehydrogenase, in the palmitate/glucose-perfused hearts 

attenuated the delay in recovery (Q. Liu, Docherty, Rendell, Clanachan, & Lopaschuk, 

2002).  

A competitive relationship between fatty acids and glucose as energy substrate was 

also proposed by Philip Randle, commonly referred to as the Randle cycle (Randle, 

Garland, Hales, & Newsholme, 1963). Here, enhanced fatty acid oxidation inhibits 

glucose oxidation, and vice versa. Underlying mechanisms have been reported; for 

example, acetyl-CoA and NADH originating from fatty acids inhibit the activity of 

pyruvate dehydrogenase, whereas acetyl-CoA and NADH generated by pyruvate 

dehydrogenase suppress enzymes involved in β-oxidation (Eaton, Middleton, & Bartlett, 

1998; Olowe & Schulz, 1980). Indeed, reduced glucose oxidation and its uncoupling from 

glycolysis were observed in palmitate-perfused rat hearts, and CVT-4325, an inhibitor of 

fatty acid oxidation, restored them (Q. Liu et al., 2002; L. Wu, Belardinelli, & Fraser, 

2008). 

Based on the Randle cycle, the concept of suppressing fatty acid oxidation to 

stimulate glucose oxidation to achieve cardioprotection was proposed (Lionetti et al., 

2005). However, this concept has been challenged by opposite findings. Inhibition of 

fatty acid oxidation using etomoxir, an inhibitor of mitochondrial fatty acid uptake, failed 

to rescue cardiac dysfunction induced by pressure overload in vivo (Schwarzer et al., 

2009). CPT-1β knockout mice also exhibited exacerbated cardiac hypertrophy and 

contractile dysfunction, and this was associated with reduced fatty acid oxidation (L. He 

et al., 2012). This agrees with human data in which decreasing fatty acid uptake using 

acipimox, an inhibitor of lipolysis, reduced stroke volume, cardiac output, and cardiac 
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efficiency in patients with dilated cardiomyopathy (Tuunanen et al., 2006). In contrast, 

restoring fatty acid oxidation via deletion of acetyl CoA carboxylase 2, an inhibitor of 

fatty acid oxidation, enhanced and prevented the development of cardiac hypertrophy 

(Kolwicz et al., 2012).  

In conclusion, uncoupling between glycolysis and glucose oxidation, and reduced 

fatty acid oxidation, contribute to overall depletion of energy metabolism, which is a 

main feature of cardiac hypertrophy and heart failure. It is still unclear whether the shift 

from fatty acids to glucose as substrate is beneficial or detrimental, but the therapeutic 

strategy of disrupting fatty acid oxidation to improve glucose oxidation is likely to be 

unviable.  

3.2.2. Increased oxidative stress 

ROS are byproducts of oxidative phosphorylation, which occur due to incomplete 

reduction of oxygen by electrons that escape the ETC complexes, mainly complex I and 

III (Orrenius, Gogvadze, & Zhivotovsky, 2007). Also, succinate, a complex II substrate, 

stimulates complex I-generated ROS by inducing a reverse electron flow (Y. Liu, Fiskum, 

& Schubert, 2002). ROS species include the hydroxyl radical (OH
-
), superoxide (O2

·−
), 

hydrogen peroxide (H2O2), and others (Kornfeld et al., 2015), and they are highly reactive 

via unpaired electrons. Under normal conditions, ROS are balanced by a defense system 

consisting of superoxide dismutase (SOD) and non-enzymatic antioxidants. However, this 

balance is disturbed by overproduction of ROS or lack of antioxidant activity. The 

resulting oxidative stress is detrimental to mitochondria and the intact cell, and 

contributes to a wide range of pathological conditions such as atherosclerosis, 
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neurodegeneration, ischemia/reperfusion injuries, cancer, etc.(Goncharov et al., 2015; 

Ramalingam & Kim, 2012; Tong, Chuang, Wu, & Zuo, 2015). 

ROS generation by the ETC is subject to a number of regulatory mechanisms. First, 

membrane potential (Δψm) of the inner mitochondrial membrane influences oxidative 

status. Slight reduction of the inner mitochondrial Δψm causes a significant decrease in 

ROS production (Miwa & Brand, 2003). In contrast, Korshunov et al. reported a 

threshold (≈140 mV) in rat heart mitochondria, above which small increases in the inner 

Δψm cause significant elevations in ROS generation. This may be due to a reversal in 

proton and electron flow at complex I caused by extremely high Δψm (Korshunov, 

Skulachev, & Starkov, 1997). In addition, UCP2 and 3 also modulate ROS generation. 

Once activated by superoxide, UCP2 and 3 dissipate Δψm, induce proton leak, and in turn 

prevent ROS production (Echtay et al., 2002; Mailloux & Harper, 2011). Therefore, the 

mild proton leak regulated by UCPs may be a protective mechanism at the cost of slight 

loss of ATP (Jastroch, Divakaruni, Mookerjee, Treberg, & Brand, 2010). Finally, there 

are 3 forms of SOD in humans. SOD1, 2 and 3 are present in the cytosol, mitochondria, 

and extracellular space respectively. SOD2 is also referred to as MnSOD because of the 

manganese molecule located in the reactive centre. SOD2 catalyzes the conversion of 

superoxide to H2O2, which is more stable than superoxide, and H2O2 is converted to H2O 

and O2 by catalase or glutathione peroxidase (Droge, 2002; Sinha, Das, Pal, & Sil, 2013). 

ROS interact with many components of the mitochondria and cause oxidative 

damage. They are able to degrade mitochondrial DNA, which along with nuclear DNA, 

encode proteins involved in the ETC; hence, this gives rise to dysfunctional oxidative 

phosphorylation (Mikhed, Daiber, & Steven, 2015). NADH dehydrogenase, NADH 

oxidase and ATP synthase are also dramatically inactivated by hydroxyl radicals and 
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superoxide, though they are more resistant to H2O2 (Y. Zhang, Marcillat, Giulivi, Ernster, 

& Davies, 1990). Furthermore, oxidative stress induces the opening of mitochondrial 

permeability transition pores (mPTP), releases cytochrome c, and then initiates the 

apoptosis program (Cadenas & Davies, 2000). Excessive ROS release was observed in a 

myriad of heart diseases, including atherosclerosis (Hulsmans, Van Dooren, & Holvoet, 

2012), ischemia/reperfusion injury (Braunersreuther & Jaquet, 2012), hypertrophy (Amin 

et al., 2001) and heart failure (Ide et al., 1999). 

3.2.3. Increased mitochondrial permeability transition (mPT) 

Increased mPT results from the formation of mPTPs. These are non-specific protein 

channels located on the inner membrane that allow the free transport of molecules of less 

than 1500 Da across the inner membrane. Unlike the UCPs, which are expressed under 

normal conditions to maintain heat and regulate ROS production, mPTPs form only in 

response to pathological stimuli, and then lead to severe proton leak and impaired energy 

metabolism (Crompton, 1999).  

The composition of mPTP is yet to be fully determined, but ANT and cyclophilin D, 

a mitochondrial matrix peptidyl-prolyl cis-trans isomerase, are likely involved 

(Brustovetsky, Tropschug, Heimpel, Heidkamper, & Klingenberg, 2002). In support of 

this, it is known that: i) cyclosporin A suppresses Ca
2+ 

overload-induced mPT by 

inhibiting the interaction between cyclophilin D and ANT (Halestrap & Davidson, 1990); 

and ii) cyclophilin D null mice are less susceptible to mitochondrial mPT and swelling, as 

well as cardiac myocyte death, as stimulated by Ca
2+

 overload and oxidative stress 

(Baines et al., 2005). However, isolated liver mitochondria from ANT-deficient and 

cyclophilin D-deficient mice still underwent mPT and cell death, but required a higher 
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concentration of Ca
2+

. This
 
indicates that ANT and cyclophilin D are not essential 

components, but contribute to the sensitivity of mPTP to Ca
2+

 (Basso et al., 2005; 

Kokoszka et al., 2004). Also, the involvement of UCP in mPTP formation was ruled out 

based on the observation that Ca
2+

-induced mPT is similar in control and UCP1-deficient 

mice (Crichton, Parker, Vidal-Puig, & Brand, 2010).  

Formation of mPTP compromises the structure of the inner membrane, the most 

functional compartment of mitochondria, and leads to a universal collapse of 

mitochondrial function: dissipated mitochondrial inner Δψm, impaired ATP synthesis, 

release of apoptotic factors (cycochrome C), and elevated ROS production, etc. These 

eventually contribute to cell death (Lemasters, Theruvath, Zhong, & Nieminen, 2009).  

It is widely accepted that Ca
2+ 

overload (Haworth & Hunter, 1979) and oxidative 

stress (Javadov, Karmazyn, & Escobales, 2009) stimulate mPT. In addition, disrupted 

inner Δψm is thought to be another strong stimulus of mPTP formation (Bernardi, 1992), 

although a contrasting view is that disrupted Δψm is the consequence of mPTP formation. 

Nonetheless, oxidative stress, mPTP opening, mitochondrial membrane depolarization, 

and interplay therein contribute to mitochondrial disorders and cell apoptosis, and have 

been observed in cardiac myocytes in response to hypertrophic stimuli such as ET1 and 

phenylephrine (Javadov, Rajapurohitam, et al., 2009; Peng & Jou, 2010; Shaheen, 

Cheema, Shahbaz, Bhattacharya, & Weber, 2011). Conversely, limiting mPT was found 

to be protective against cardiac diseases such as diabetic cardiomyopathy (Y. Wang et al., 

2009) and ischemia/reperfusion injury (Baines et al., 2005). 
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3.2.4. Increased apoptosis 

Mitochondria are heavily involved in the regulation of apoptosis. In fact, it is 

thought that increased permeability is the convergence point for different apoptotic 

pathways. Generally, the enhanced inner and outer membrane permeability causes 

swelling and rupture of the outer membrane, releases apoptotic proteins such as 

cytochrome c to the cytosol, and initiates a series of cell death cascades (Kinnally, 

Peixoto, Ryu, & Dejean, 2011). 

In response to oxidative stress, p53 tumor suppressor protein contributes to 

apoptosis by increasing mitochondrial outer membrane permeability (Dashzeveg & 

Yoshida, 2015). Signaling involved in this process includes interaction with proapoptotic 

B-cell/lymphoma-2 (Bcl-2) family members, Bax and Bak (Chipuk et al., 2004; Leu, 

Dumont, Hafey, Murphy, & George, 2004). Once outer membrane permeability is 

elevated, cytochrome c is released to the cytosol. Cytochrome c is a protein located at the 

outer edge of the mitochondrial inner membrane, which transfers electrons from complex 

III to complex IV. It is loosely attached to the ETC due to its electrostatic interaction with 

an anionic phospholipid, cardiolipin. Under pathological conditions such as oxidative 

stress, a tight hydrophobic interaction forms between cytochrome c and cardiolipin. This 

dissociates cytochrome c from the ETC and converts it into a peroxidase (Birk, Chao, 

Bracken, Warren, & Szeto, 2014). Then, cardiolipin is peroxidized by cytochrome c and 

facilitates the release of cytochrome c by interacting with the Bcl-2 family members (i.e. 

Bax, Bak, and Bid) (Kagan et al., 2005). Upon cytochrome c release, downstream 

pathways are stimulated. These include binding with apoptotic protease activating factor-

1 (APAF-1), formation of the apoptosome, interaction with initiator caspase-9, and 

activation of effector caspases-3 and -7. Finally, degradation of proteins, such as lamins, 



 45 

cytoskeletal proteins, and focal adhesion complex occurs (Sinha et al., 2013), thereby 

destroying the structure of nuclear and cell membranes, and causing cell detachment and 

apoptosis (Spierings et al., 2005). 

With respective to inner membrane permeability transition (discussed above), 

although ANT and cyclophilin D are not essential components of mPTP, they contribute 

to the sensitivity of the pores to stimuli such as Ca
2+ 

overload. Thus, molecules that 

modify ANT and cyclophilin D are also likely involved in apoptosis. Indeed, the 

proapoptic Bcl-2 family plays a critical role in inducing mPTP opening. As a 

consequence, respiratory chain components such as oxidation of NADH and glutathione 

are affected (Sinha et al., 2013), and this further stimulates ROS production and 

contributes to apoptosis in a vicious cycle. 

As introduced above, attenuation of maladaptive hypertrophy is regarded as a 

primary research target to suppress the development of heart failure (Frey, Katus, Olson, 

& Hill, 2004). Meanwhile, mitochondrial function is tightly associated with the 

progression of hypertrophy and heart failure (Rosca, Tandler, & Hoppel, 2013). 

Therefore, modulating mitochondrial integrity might be a promising approach towards 

achieving cardioprotection. 

4. Endocannabinoid system.  

The endocannabinoid system is a lipid signaling system that is involved in a wide 

range of physiological and pathological processes such as energy metabolism and 

inflammatory reactions. 
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4.1. Components 

Three major components constitute the endocannabinoid system: endocannabinoids, 

cannabinoid receptors, and endocannabinoid degradation (Battista, Fezza, Finazzi-Agro, 

& Maccarrone, 2006).  

4.1.1. Endocannabinoids 

Endocannabinoids are endogenously-produced bioactive lipids that activate 

cannabinoid receptors. N-arachidonoylethanolamine (anandamide) and 2-

arachidonoylglycerol (2-AG) are the best-studied naturally-occurring endocannabinoids, 

which were initially identified in brain and intestine respectively (Devane et al., 1992; 

Mechoulam et al., 1995). 

Anandamide was first discovered in porcine brain by Devane et al. in 1992 (Devane 

et al., 1992), and was then detected in other tissues from a variety of species: brain of 

bovine and rat, spleen of rat and human, skin of rat, and testis of rat, as well as human 

heart (≈10 pmol/g) (Felder et al., 1996). Endogenous anandamide synthesis is a two-step 

process (Figure 2): i) N-arachidonoyl phosphatidylethanolamine (NAPE) formation by 

transferring arachidonic acid from one phospholipid (phosphatidylcholine) to another 

(phosphatidylethanolamine) (Sugiura et al., 1996), and ii) anandamide generation from 

the cleavage of NAPE mainly by NAPE phospholipase D (Basavarajappa, 2007). In fact, 

NAPE distribution in various regions of rat brain corresponds with that of anandamide, 

although NAPE concentrations are much higher (Bisogno et al., 1999).  

2-AG was isolated from canine intestine by Mechoulam et al. in 1995 (Mechoulam 

et al., 1995). Later, Kondo et al. detected 2-AG in rat brain (3.36 nmol/g), liver (1.15 

nmol/g), spleen (1.17 nmol/g), kidney (0.98 nmol/g) and lung (0.78 nmol/g). Note that the 
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brain contains considerably higher concentrations (Kondo et al., 1998). Stella et al. also 

determined the concentration of 2-AG in rat brain (4 nmol/g), and this is approximately 

170 times greater than anandamide (23 pmol/g) (Stella, Schweitzer, & Piomelli, 1997). In 

fact, the amount of 2-AG is higher than anandamide in most tissues (Mechoulam, Fride, 

& Di Marzo, 1998). There are also two steps in 2-AG synthesis (Figure 2): i) DAG is 

generated by phospholipid C-regulated hydrolysis of membrane phospholipids, followed 

by ii) DAG lipase-catalyzed conversion to 2-AG (Basavarajappa, 2007).  

It is believed that anandamide and 2-AG are synthesized on demand upon 

stimulation (for example, by depolarization of postsynaptic neurons and resultant 

intracellular Ca
2+

 accumulation (Stella et al., 1997)), and released immediately due to 

their lipophilicity (Battista, Di Tommaso, Bari, & Maccarrone, 2012; Hashimotodani et 

al., 2013).  



 48 

Figure 2. Synthesis and degradation of 2-AG and anandamide. 

 

 

Adapted from “The Role of Endocannabinoid Signaling in Motor Control” published in 

Physiology. 

4.1.2. Cannabinoid receptors 

4.1.2.1. CB1/CB2 receptors 

Two GPCRs for endocannabinoids, CB1 and CB2, have been extensively studied to 

date.  

CB1 receptors are highly expressed in brain (Matsuda, Lolait, Brownstein, Young, 

& Bonner, 1990), except in the respiratory centers of the brain stem (Howlett et al., 2002). 
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They are particularly dense in cerebral cortex, hippocampus, basal ganglia and 

cerebellum. CB1 receptors are also expressed in peripheral sensory nerves and the 

autonomic nervous system (Quarta et al., 2010). In addition, CB1 receptors are present at 

measurable levels in several peripheral tissues, including the spleen, lung, thymus, heart 

(Bonz et al., 2003; Howlett et al., 2002) and vasculature (Gebremedhin, Lange, Campbell, 

Hillard, & Harder, 1999; J. Liu et al., 2000).  

In contrast, CB2 receptors are abundantly expressed in hematopoietic cells (Valk & 

Delwel, 1998) and in the immune system (Munro, Thomas, & Abu-Shaar, 1993), 

including spleen, tonsils, bone marrow, and leukocytes. Bouchard et al. reported that 

expression levels of CB2 receptors are comparable to that of CB1 receptors in rat hearts 

(Bouchard, Lepicier, & Lamontagne, 2003). It was originally believed that CB2 receptors 

are absent in the brain (Munro et al., 1993). However, investigators eventually detected 

CB2 receptor mRNA and protein expression in rat and mouse central nervous systems 

(CNS), including neurons in various regions of the brain (Skaper et al., 1996), although at 

a much lower level compared to CB1 receptors (Gong et al., 2006; Van Sickle et al., 

2005). More recently, CB2 receptors were detected in cerebrovascular endothelial cells 

(Golech et al., 2004), microglia (Beltramo et al., 2006) and neurons, with postsynaptic 

localization (Brusco, Tagliaferro, Saez, & Onaivi, 2008; Callen et al., 2012; Kim & Li, 

2015).  

Existing evidence suggests that both CB1 and CB2 receptors are coupled to Gαi/o 

protein. Thus, activation of CB1 and CB2 receptors inhibits AC/cAMP/PKA/ERK 

signaling (Demuth & Molleman, 2006; Jung et al., 1997). In addition, CB1, but not CB2 

receptors, also activate Gαs proteins, and stimulate cAMP production (McAllister & Glass, 

2002). This dual inhibition and activation effects of CB1 receptor on AC/cAMP was 
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demonstrated to be ligand-specific (Bonhaus, Chang, Kwan, & Martin, 1998). 

Furthermore, CB1 receptors reportedly modulate Ca
2+

 channels. Activation of CB1 

receptors on presynaptic neurons inhibited Ca
2+

 influx and hence suppressed 

neurotransmitter release (Shen & Thayer, 1998). It also inhibited Ca
2+

 current through L-

type Ca
2+ 

channels in arterial smooth muscle cells leading to vasodilation (Gebremedhin 

et al., 1999).  

Anandamide exhibits marked selectivity for CB1 over CB2 receptors (Felder et al., 

1995; Khanolkar et al., 1996), whereas 2-AG is less selective (Ben-Shabat et al., 1998; 

Mechoulam et al., 1995). To investigate the specific role of each receptor, analogues of 

endocannabinoids have been synthesized (Pertwee, 2006) including, for example, the 

CB1-selective agonist arachidonyl-2-chloroethylamide (ACEA) (Hillard et al., 1999), and 

the CB2-selective agonist JWH-133 (Marriott & Huffman, 2008). Synthetic agonists and 

antagonists are listed in Table 3 and 4, respectively.  
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Table 3. Cannabinoid receptor agonists. 

Cannabinoid 

agonists 
Description 

Ki for 

CB1 (nM) 

Ki for CB2 

(nM) 
References 

2-AG 
CB1 and CB2 

agonist 
472 1400 

(Stella et al., 

1997) 

ACEA 
CB1-selective 

agonist 
1.4 3100 

(Hillard et al., 

1999) 

AM1241 
CB2-selective 

agonist 
280 3.4 

(Ibrahim et al., 

2003) 

Anandamide 
CB1 and CB2 

agonist 
89 371 (Pertwee, 1999) 

CB13 

Peripherally-

restricted CB1 and 

CB2 agonist 

6.1 27.9 
(Dziadulewicz et 

al., 2007) 

CP55940 
CB1 and CB2 

agonist 
3.72 2.55 

(Felder et al., 

1995) 

HU-210 
CB1 and CB2 

agonist 
0.061 0.52 

(Felder et al., 

1995) 

JWH015 
CB1 and CB2 

agonist 
383 13.8 

(Showalter, 

Compton, 

Martin, & 

Abood, 1996) 

JWH133 
CB2-selective 

agonist 
677 3.4 

(Huffman et al., 

1999) 

R-

methanandamide 

CB1 and CB2 

agonist 
20 815 

(Abadji et al., 

1994; Khanolkar 

et al., 1996), 

THC 
CB1 and CB2 

agonist 
53.3 75.3 

(Felder et al., 

1995) 

WIN55, 212-2 
CB1 and CB2 

agonist 
3.3 62.3 

(Felder et al., 

1995) 
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Table 4. Cannabinoid receptor antagonists. 

Cannabinoid 

antagonists 
Description 

Ki for CB1 

(nM) 

Ki for CB2 

(nM) 
References 

AM251 
CB1-selective 

antagonist 
7.5 2290 

(Lan, Liu, et al., 

1999) 

AM281 
CB1-selective 

antagonist 
12 4200 

(Lan, Gatley, et 

al., 1999) 

AM630 
CB2-selective 

antagonist 
5200 31.2 

(R. A. Ross et 

al., 1999) 

SR141716 
CB1-selective 

antagonist 
2 >1000 

(Rinaldi-

Carmona et al., 

1995) 

SR144528 
CB2-selective 

antagonist 
400 0.6 

(Rinaldi-

Carmona et al., 

1998) 

AM6545 

Peripherally-

restricted CB1-

selective antagonist 

1.7 523 
(Cluny et al., 

2010) 

 

4.1.2.2. Other putative cannabinoid receptors 

There were observations that some of the effects of anandamide cannot be 

explained by CB1/CB2 activation, suggesting that there might exist other cannabinoid 

receptors (A. J. Brown & Robin Hiley, 2009). 

G protein-coupled receptor 55 (GPR55) has gained a lot of attention as a potential 

receptor for cannabinoid ligands that mediated effects independently of CB1 and CB2 

receptors. In fact, it was recommended as a potential candidate as a third CB receptor (i.e. 

CB3) (A. J. Brown & Robin Hiley, 2009). GPR55 was detected in human brain, and 

peripheral tissues including spleen, adrenal gland and intestine (Yang, Zhou, & Lehmann, 

2015). Although considered a potential cannabinoid receptor, GPR55 has a different 
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ligand profile from classical CB1/CB2 receptors. Ryberg et al. reported that anandamide, 

2-AG, Δ
9
-tetrahydrocannabinol (THC), HU210 (CB1 agonist), and AM251 (CB1 

antagonist) act as agonists of GPR55. Moreover, cannabidiol, which has a restricted 

affinity for CB1 and CB2 receptors, acted as an antagonist, whereas WIN55, 212-2 

(CB1/CB2 agonist), AM281 (CB1 antagonist) exerted neither agonistic nor antagonistic 

effects (Ryberg et al., 2007). In addition, GPR55 elicits signaling cascades distinct from 

those of CB1/CB2 receptors. GPR55 activation stimulates the Gα12/13 pathway (Yang et 

al., 2015), and downstream effectors include RhoA/Rho-associated protein kinase 

(ROCK) and then JNK and p38 MAPKs (Nishida et al., 2005), as well as PLC-induced 

Ca
2+

 release and subsequent transcriptional modification via NFAT (Henstridge et al., 

2009). 

Transient receptor potential vanilloid type 1 (TRPV1) receptors are non-selective 

cation channels that also mediate some endocannabinoid effects. Found in central and 

peripheral neurons (R. A. Ross, 2003; Van Der Stelt & Di Marzo, 2004; Zygmunt et al., 

1999), as well as non-neuronal cells (Fernandes, Fernandes, & Keeble, 2012), they are 

activated by naturally-occurring vanilloids, acid and heat, and signal a painful and 

burning sensation. For example, myocardial ischemia causes acidification, which then 

activates TRPV1 and leads to angina pain (W. Huang, Rubinstein, Prieto, Thang, & Wang, 

2009). Anandamide and ACEA also activate TRPV1 (R. A. Ross, 2003). Toth et al. 

summarized features of the interaction between TRPV1 and anandamide: the efficacy of 

anandamide on TRPV1 activation depends on tissue, species, TRPV1 expression level 

and phosphorylation status; the concentration of anandamide required to activate TRPV1 

is higher (≈10 times) than that to activate CB1; metabolites of anandamide may activate 

TRPV1; activation of TRPV1 stimulates anandamide synthesis; and CB1-dependent 
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cascades activated by anandamide (e.g. PKA or MAPKs) stimulate TRPV1 activation 

(Toth, Blumberg, & Boczan, 2009). The complex interaction between endocannabinoids 

and TRPV1 renders mechanisms of endocannabinoid-TRPV1 crosstalk difficult to 

elucidate. 

In summary, CB1 and CB2 receptors are broadly distributed and are involved in a 

wide range of physiological processes. In addition, cannabinoid compounds also activate 

GPR55 and TRPV1 receptors, making them putative cannabinoid receptors. The profile 

of cannabinoid receptors requires further investigation. 

4.1.3. Endocannabinoid transport and degradation 

Endocannabinoid activity is rapidly terminated by cellular uptake and intracellular 

degradation.  

The transport mechanism of anandamide and 2-AG is not completely understood, 

although hypotheses of passive diffusion and protein transporter facilitated diffusion have 

been proposed (Basavarajappa, 2007). Beltramo et al. identified an anandamide 

membrane transporter in rat neurons and astrocytes. Moreover, AM404, a competitive 

inhibitor of anandamide transport, prolonged and enhanced anandamide-stimulated CB1 

activity (Beltramo et al., 1997). More recently, Fu et al. discovered an anandamide-

selective transport protein in rat brain and liver. It is an analogue of fatty acid amide 

hydrolase (FAAH), though it lacks hydrolytic activity, and is therefore named FAAH-like 

anandamide transporter (FLAT). A competitive FLAT inhibitor, ARN272, also generated 

CB1-mediated analgesic and anti-inflammation effects by suppressing the cellular uptake 

of anandamide (Fu et al., 2012).  
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Two major endocannabinoid-metabolizing enzymes are known: FAAH for 

anandamide and 2-AG (Deutsch & Chin, 1993; Maccarrone et al., 1998), and 

monoacylglycerol lipase (MAGL) for 2-AG (Dinh, Carpenter, et al., 2002; Dinh, Freund, 

& Piomelli, 2002; Saario, Savinainen, Laitinen, Jarvinen, & Niemi, 2004). These 

enzymes hydrolyze anandamide to arachidonic acid and ethanolamine, and 2-AG to 

arachidonic acid and glycerol, which are recycled to form phospholipids that might 

integrate into the cell membrane (Figure 2) (Basavarajappa, 2007).  

FAAH is widely expressed in many tissues, such as brain, liver, lung, spleen, testis, 

and kidney. Its expression was not detected in skeletal muscle and heart (Cravatt & 

Lichtman, 2002), yet myocardial anandamide levels were elevated in FAAH knockout 

mice; this provides indirect evidence for the presence of FAAH in the heart (Pacher, 

Batkai, & Kunos, 2004), perhaps at levels below detection limits. In mouse brain and 

liver, anandamide hydrolysis rate dropped by 100 and 50 fold, respectively, in FAAH 

knockout mice (Cravatt et al., 2001).  

MAGL mRNA was also detected in a number of rat tissues, including adipose 

tissue, kidney, brain, heart, lung, liver, skeletal muscle and spleen (Karlsson, Contreras, 

Hellman, Tornqvist, & Holm, 1997). Blankman et al. reported that MAGL contributes to 

85% of 2-AG hydrolysis in mouse brain, whereas FAAH only accounts for 1% 

(Blankman, Simon, & Cravatt, 2007).  

Other enzymes in addition to FAAH and MAGL reportedly to degrade anandamide 

and 2-AG, but their activity is less clear compare to that of MAGL and FAAH 

(Basavarajappa, 2007; Pertwee, 2014). These include FAAH-2, N-acylethanolamine-

hydrolyzing acid amidase (NAAA), α/β hydrolase domain (ABHD), cyclooxygenase-2 

(COX-2), and cytochrome p450. FAAH-2 was identified in primate models, including 
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humans, but not in rodents. However, its hydrolytic activity for anandamide is 

approximately 38 times lower than FAAH (B. Q. Wei, Mikkelsen, McKinney, Lander, & 

Cravatt, 2006). NAAA was also identified in various human, rat, and mouse tissues (eg. 

lung, spleen and small intestine). Using N-palmitoylethanolamine, an anandamide 

analogue, as reference, rat FAAH catalytic activity shows a preference towards 

anandamide (Vmax=5700 nmol/min/mg; Km=30 μM) over N-palmitoylethanolamine 

(Vmax=1800 nmol/min/mg; Km=70 μM) (Katayama, Ueda, Katoh, & Yamamoto, 1999), 

whereas rat NAAA hydrolase activity for anandamide was only 8% of that for N-

palmitoylethanolamine (Vmax=1847 nmol/min/mg; Km=35 μM) (Ueda, Yamanaka, & 

Yamamoto, 2001), suggesting that NAAA exerts weak hydrolase activity for anandamide 

compared to FAAH. Furthermore, NAAA exhibits no hydrolase activity on 2-AG (Ueda 

et al., 2001). Thus, it is reasonable to conclude that the role of NAAA as a hydrolase of 

endocannabinoids is insignificant.  

Proteins that contain the ABHD (i.e. ABHD 6 and ABHD 12) are serine hydrolases 

that can hydrolyze 2-AG. In fact, ABHD 6 and ABHD 12 account for 4% and 9% of total 

2-AG hydrolysis in mouse brain, respectively (Blankman et al., 2007). COX-2 is well 

known for its ability to convert arachidonic acid to the pro-inflammatory lipid, 

prostaglandin. COX-2 also oxygenates anandamide and 2-AG to produce ethanolamide 

and glycerol ester derivatives of prostaglandin respectively (Rouzer & Marnett, 2011). 

Likewise, various families (3A4, 4F2, and 2D6 etc.) of cytochrome p450 oxidize 

anandamide into different isoforms of epoxyeicosatrienoic acids ethanolamides (EET-

EAs) and hydroxy-eicosatetraenoic acids ethanolamides (HETE-EAs), which exhibit 

diverse effects in inflammation and vascular tone modulation (Rouzer & Marnett, 2011). 

Cytochrome p450 was only recently implicated in 2-AG oxidation in 2014, when 
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McDougle et al. detected 2-AG metabolite (2-EET-glycerols) production by CYP2J2, a 

predominant cytochrome p450 in the heart. CYP2J2 also hydrolyzes 2-AG to glycerol 

and arachidonic acids in a NADPH-dependent manner (McDougle, Kambalyal, Meling, 

& Das, 2014). Reports of COX-2- and cytochrome p450-dependent metabolism of 

endocannabinoids have only recently emerged and represent novel research areas that 

warrant further investigation.  

The aforementioned enzymes responsible for degrading endocannabinoids play an 

important role in terminating endocannabinoid signaling. Indeed, manipulating the levels 

of FAAH and MAGL by overexpression, knockdown or using their inhibitors has been an 

area of intense study. For example, Hohmann et al. reported that inhibition of MAGL and 

FAAH increased 2-AG and anandamide levels in rat brain and enhanced anti-

hyperalgesic effects (Hohmann et al., 2005). Ho et al. found that FAAH and MAGL 

inhibitors enhanced the vasodilatory actions of anandamide and 2-AG in rat isolated small 

mesenteric arteries (W. S. Ho & Randall, 2007). Carnevali et al. demonstrated an anti-

depressant effect of FAAH inhibition, which was associated with increases in central and 

peripheral anandamide levels (Carnevali et al., 2015). 

Collectively, endocannabinoid signaling includes endocannabinoid biosynthesis, 

receptor activation, membrane transport and degradation. 

4.2. (Patho-)physiological functions of the endocannabinoid systems 

Due to its wide distribution throughout the body, the endocannabinoid system has 

been implicated in multiple physiological or pathological processes. Whether acting at 

CB receptor or non-CB receptor sites, cannabinoid-related compounds exert inhibitory 

effects on obesity, inflammation, pain, and chemotherapy-induced nausea or vomiting, 
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and may alleviate the symptoms of neurodenegerative diseases and multiple sclerosis. 

Nabilone, dronabinol, and sativex are cannabinoid-based drugs that have been approved 

to treat pain, appetite loss, spasticity and chemotherapy-induced nausea (Grant et al., 

2012). However, it should be noted that cannabinoids are linked to unwanted side effects, 

particularly psychoactive in nature. Therefore, the endocannabinoid system is a 

convergence of benefits and risks that requires careful and comprehensive study. 

4.2.1. Appetite and energy expenditure 

Central CB1 receptors play an important role in appetite regulation. Kirkham et al. 

found that injection of 2-AG to limbic forebrain, a brain area that controls eating 

motivation, stimulated appetite, and this was inhibited by SR141716, an CB1 antagonist 

(Kirkham, Williams, Fezza, & Di Marzo, 2002). Appetite stimulation by CB1 receptors 

was confirmed by Cota et al., who observed reductions in food intake and body weight in 

CB1-deficient mice (Cota et al., 2003). In contrast, FAAH-deficient mice exhibited 

enhanced appetite and this was accompanied by elevated anandamide levels in 

hypothalamus, liver, and small intestine (Tourino, Oveisi, Lockney, Piomelli, & 

Maldonado, 2010). The stimulatory effect on appetite corresponds with the finding that 

anandamide and 2-AG levels in limbic forebrain and hypothalamus were highest during 

fasting, but dropped during eating (Kirkham et al., 2002). A clinical trial on dronabinol, a 

cannabinoid-based drug, showed improved appetite in AIDS patients, and dronabinol was 

subsequently approved to treat AIDS-associated anorexia (Beal et al., 1995).  

In addition to appetite regulation, CB1 receptors also modulate energy expenditure. 

Verty et al. reported that CB1 blockade with rimonabant (SR141716) in rats enhanced 

thermogenesis in brown adipose tissue, and this was associated with up-regulation of 
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UCP1, a protein that stimulates heat production. These changes were partially attenuated 

by denervation, implying the role of central CB1 receptors in restricting energy 

expenditure (Verty, Allen, & Oldfield, 2009). A clinical trial that involved obese patients 

with hypertension or dyslipidemia showed that rimonabant (SR141716), a CB1 antagonist, 

at 20 mg/day reduced body weight and waist circumference, and also improved several 

cardiovascular metabolic parameters (i.e. increased high-density lipoprotein and 

decreased triglycerides and insulin resistance) (Van Gaal et al., 2005). These findings 

were in agreement with similar clinical trials on rimonabant (Pi-Sunyer et al., 2006; 

Scheen et al., 2006). In 2006, rimonabant was released into the European market as an 

anti-obesity drug, although it was quickly withdrawn due to reports of adverse effects 

such as nausea, depression and anxiety (Di Marzo & Despres, 2009). 

To eliminate the psychiatric effects mediated by central CB1 receptors, attempts 

were made to evaluate the contribution of peripheral CB1 receptors to obesity. Cluny et al. 

observed a transient reduction in food intake and sustained body weight loss in response 

to a peripherally-restricted CB1 receptor antagonist, AM6545, in rats and mice (Cluny et 

al., 2010). Reduced hepatic triglycerides, increased expression of fatty acid oxidation 

genes, and improved insulin sensitivity were also confirmed with AM6545 (Tam et al., 

2010). Hsiao et al. compared the effects of SR141716 and BPR0912, a peripherally-

resticted CB1 receptor antagonist, on obesity parameters in diet-induced obese mice. 

Similar reductions in body weight, serum insulin, triglycerides, and hepatic triglycerides 

were observed with both compounds, but compared to SR141716, BPR0912 raised fatty 

acid oxidation-related gene expression and thermogenesis more significantly (Hsiao et al., 

2015). In summary, activation of CB1 receptors contributes to increased appetite, 

suppressed energy expenditure, and when deranged, obesity. Therefore, antagonism of 
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CB1 receptors, particularly in the periphery, remains a promising approach to enhance 

adipocyte lipolysis, reduce food intake and decrease body weight (Arrabal et al., 2015; 

Mastinu, Pira, Pani, Pinna, & Lazzari, 2012). 

The role of CB2 receptors in food intake and energy metabolism is not as 

extensively studied as that of CB1, but appears to oppose CB1 effects. The observation 

that the food intake inhibitory effect of AM6545, a CB1 antagonist, was abolished in 

CB1/CB2 knockout mice, but not in CB1 knockout mice indicated that CB2 receptors 

might be involved (Cluny et al., 2010). Onaivi et al. reported increased appetite in 

C57Bl/6 mice treated with the CB2 receptor antagonist AM630 after 12 h food-

deprivation, but not in other strains (i.e. Balb/c and DBA/2) (Onaivi et al., 2008). 

Similarly, the CB2 receptor agonist JWH015 induced a transient reduction in food intake 

in C57Bl/6 mice, which was restored by AM630. In addition, JWH-015-induced body 

weight loss, reduced white adipose tissue weight and adipocyte cell size, as well as 

increased triglyceride lipase expression were also reported (Verty, Stefanidis, McAinch, 

Hryciw, & Oldfield, 2015).  

4.2.2. Inflammation 

Since CB2 receptors are abundantly expressed in the immune system (Munro et al., 

1993), the involvement of CB2 receptors in inflammation is well-documented. Indeed, 

CB2 receptors play an important role in preventing gastrointestinal inflammation. Storr et 

al. reported that the CB2 receptor agonists, JWH133 and AM1241, attenuated colitis in 

mice, and pretreatment with a CB2 receptor antagonist or CB2 knockout abrogated this 

effect (M. Storr et al., 2009). Similar findings were observed in human colonic mucosa, 

where tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β)-induced inflammation, 
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as evidenced by luminal epithelial and crypt damage and increased lymphocyte density, 

was attenuated by CB2 activation (Harvey, Nicotra, Vu, & Smid, 2013). Overexpression 

of CB2 receptors in intestine was detected in models of inflammatory bowel disease, 

suggesting the important role of CB2 receptors as a compensatory anti-inflammatory 

response (M. Storr et al., 2009; Wright et al., 2005).  

Anti-inflammatory actions of CB2 receptors were also observed in other tissue or 

cells. For example, anandamide and 2-AG alleviated inflammation in cultured human 

retinal explant, which was reflected by increased viability of retinal neurons and Muller 

glia, as well as reduced Muller glia proliferation. This anti-inflammatory effect was 

achieved by inhibiting proinflammatory cytokines (e.g. IL-6, interferon-γ (IFN-γ), and 

TNF-α) while elevating anti-inflammatory molecules (e.g. IL-10 and transforming growth 

factor-β (TGF-β)) (Krishnan & Chatterjee, 2012). CB2 receptor activation also relieved 

rheumatoid arthritis symptoms via multiple pathways, including inhibition of fibroblast 

proliferation, suppression of proinflammatory cytokine release in fibroblast-like 

synoviocytes, T cells and macrophages, as well as prevention of bone erosion via 

stimulating osteoblasts and reducing osteoclasts (Gui, Tong, Qu, Mao, & Dai, 2015).  

Incidentally, the anti-inflammatory properties of cannabinoids are also an important 

aspect of treating neurodegenerative diseases, and cardiovascular risk factors, where 

inflammation is a key factor. This is discussed below. 

4.2.3. Emesis 

Emesis can be triggered centrally or peripherally. Stimuli such as food toxins and 

chemotherapeutic agents evoke vomiting primarily by inducing serotonin (5-HT) release 

from the epithelium of the gastrointestinal tract. By activating 5-HT receptors in afferent 
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nerves, signals are communicated to the emesis center in the medulla, followed by a 

series of motor responses. This emesis center can also be directly activated by central 

stimuli, for instance, aversive memories (Becker, 2010). Cannabinoids have traditionally 

been used to treat nausea and vomiting. Nabilone and dronabinol, synthetic analogues of 

THC, are approved to treat chemotherapy-induced vomiting (Sharkey, Darmani, & 

Parker, 2014). A clinical trial compared dronabinol, ondansetron (5-HT antagonist), and 

their combination on chemotherapy-induced nausea and emesis, and found similar anti-

emetic effects, However, dronabinol alone showed a better effect on reducing the severity 

of nausea (Meiri et al., 2007). Sativex, a 1:1 combination of THC and cannabidiol, is not 

yet approved to treat chemotherapy-induced vomiting. However, a clinical study observed 

that in combination with standard anti-emetic therapy, sativex improved chemotherapy-

induced nausea and vomiting compared to standard therapy alone (Duran et al., 2010). 

The role of the endocannabinoid system in anti-emetic effects was investigated in animal 

models. Hu et al. showed that CB1 receptor activation inhibited enterotoxin-induced 5-

HT release from the intestine of musk shrew, suggesting a peripheral action of CB1 in the 

anti-emetic effect of cannabinoids (Hu et al., 2007). The role of CB1 receptors was 

confirmed by other studies (Darmani, 2001; O'Brien et al., 2013), but evidence on CB2 

receptors is lacking. 

4.2.4. Pain 

Pain is regulated by the endocannabinoid system at both central and peripheral sites. 

Following electrical stimulation, Walker et al. detected release of anandamide in 

periaqueductal gray, the primary brain region for pain modulation, which coincided with 

the central CB1-mediated analgesic effect (Walker, Huang, Strangman, Tsou, & Sanudo-
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Pena, 1999). Clapper et al. reported that URB937, a peripheral FAAH inhibitor, generated 

a peripheral accumulation of anandamide, and suppressed both neuropathic and 

inflammatory pain-related behavior responses as well as neuron activation in the spinal 

cord; a CB1 receptor antagonist reversed these effects. The ability of URB937 to 

modulate pain signals despite its lack of CNS penetration implies that activation of 

peripheral CB1 receptors exhibits an analgesic effect by blocking the transduction of pain 

signals into the CNS (Clapper et al., 2010). The CB2 receptor was originally found to 

suppress pain sensation by attenuating the release of pro-inflammatory molecules, which 

increase the sensitivity of primary afferent neurons (Malan et al., 2003). Beltramo et al. 

later observed a direct inhibition on pain neurotransmitter production by CB2 receptors as 

well, in parallel to its analgesic effects in a rat model of neuropathic pain and a mouse 

model of central sensitization (Beltramo et al., 2006). Finally, Romero et al. confirmed 

the analgesic actions of CB1 and CB2 receptors, in a manner that requires activation of 

peripheral adrenergic receptors by norepinephrine (Romero, Resende, Guzzo, & Duarte, 

2013).  

4.2.5. Endocannabinoid signaling in the CNS 

The endocannabinoid system has been extensively studied in the brain. Anandamide 

is found in brains of animal models at concentrations of 173 pmol/g, 101 pmol/g and 30 

pmol/g in porcine, bovine and rat brain, respectively (Bisogno et al., 1999; Schmid et al., 

1995). Felder et al. measured anandamide concentrations in specific regions of human 

brain, and identified a range of approximately 35 pmol/g in cerebellum to 107 pmol/g in 

hippocampus (Felder et al., 1996). A brief overview on the important role of 

endocannabinoid signaling in a few CNS disorders is discussed below. 
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4.2.5.1. Multiple sclerosis 

Multiple sclerosis is an autoimmune disorder characterized by axon demyelination 

of neurons within CNS. Cannabis has traditionally been used to relieve symptoms, and 

current thinking attributes the beneficial effects to immunosuppressive and 

neuroprotective properties of cannabinoid receptors. However, whether cannabinoid 

ligands delay multiple sclerosis progression remains unknown, though preclinical studies 

are supportive. For example, microglial cells, which are the primary immune cells in the 

CNS, can be activated to secrete pro-inflammatory factors, including IL-12 and IL-23, 

thereby contributing to the progression of multiple sclerosis. Anandamide inhibited 

secretion of IL-12 and IL-23 in microglial cells in a partial CB2-dependent ERK1/2 and 

JNK pathway (F. Correa et al., 2009). An increase in anandamide concentration was 

detected in inflammatory brain tissue from multiple sclerosis patients (Eljaschewitsch et 

al., 2006), and in experimental autoimmune encephalomyelitis mice, a model of multiple 

sclerosis, WIN55, 212-2 (CB1/CB2 agonist) attenuated the up-regulation of inflammatory 

cytokines (COX-2, iNOS and TNF-α) and microglial-induced cell aggregation in spinal 

cord and brainstem. These effects of WIN55, 212-2 were reversed by a CB1 receptor 

antagonist (de Lago, Moreno-Martet, Cabranes, Ramos, & Fernandez-Ruiz, 2012). 

Increasing 2-AG levels in mice spinal cord using a MAGL inhibitor also slowed down the 

progression of multiple sclerosis, and was associated with decreased leukocyte infiltration 

and microglial activity (Hernandez-Torres et al., 2014). However, the Cannabinoid Use in 

Progressive Inflammatory brain Disease (CUPID) trial failed to show benefits of 

dronabinol on multiple sclerosis progression, perhaps due to slow progression rate which 

confounded statistical detection of group differences (Zajicek et al., 2013).  
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4.2.5.2. Neurodegenerative diseases 

Parkinson’s disease, Huntington’s disease, and Alzheimer’s disease are three 

common neurodegenerative diseases characterized by progressive degeneration and/or 

death of neurons. No therapy has been discovered to cure these diseases yet. However, 

manipulation of the endocannabinoid system has shown promising effects to alleviate 

symptoms. 

4.2.5.2.1. Parkinson’s disease 

Price et al. showed that administration of WIN55, 212-2 improved survival of 

dopamine-producing neurons in a mouse model of Parkinson’s disease (i.e. 1-methyl-4-

phenyl-1, 2, 3, 6-tetrahydropyridine-induced), in parallel with improved motor 

performance. This was mediated by CB2 receptors, whose expression was increased in 

the disease model (Price et al., 2009). Similar findings were observed in a 

lipopolysaccharide-induced mouse model of Parkinson’s disease (Garcia et al., 2011). 

Unlike the beneficial effects of CB2 receptor activation, CB1 contributed to disease 

progression. Rimonabant, a CB1 antagonist, improved motor coordination, but did not 

alter neurodegeneration (Gonzalez et al., 2006; Kelsey, Harris, & Cassin, 2009). In 

addition, neuroprotection provided by some cannabinoid agents such as THC, 

cannabidiol, and AM404, is due to antioxidant actions (Garcia-Arencibia et al., 2007). 

For example, cannabidiol, a naturally-occurring cannabinoid with limited affinity for CB1 

and CB2 receptors, attenuated dopamine reduction and increased SOD expression 

(Garcia-Arencibia et al., 2007). In addition, two anandamide uptake inhibitors, AM404 

and UCM707, which would increase anandamide levels, were compared. AM404, which 

possesses antioxidant properties, rescued dopamine levels in a rat model of Parkinson’s 
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disease, whereas UCM707, which lacks antioxidant properties, did not (Garcia-Arencibia 

et al., 2007). In summary, agonism of CB2 receptors, antagonism of CB1 receptors, and 

cannabinoids that exert antioxidant property might improve symptoms of Parkinson’s 

disease. 

4.2.5.2.2. Huntington’s disease 

Huntington’s disease is a genetic neurodegenerative disease that is characterized by 

impaired muscle coordination and cognitive ability, as well as behavior changes, such as 

anxiety, depression, apathy and aggression. It is caused by a mutation of the Huntington 

gene, which leads to neuron degeneration mainly in the striatum. No treatment is known 

to slow disease progression. Cannabinoid compounds may exert symptom-relieving 

effects. The malonate-induced rat model of Huntington’s disease is associated with 

increased proinflammatory molecules, edema, and microglial activity. A combination of 

THC and cannabidiol reversed all of these in a CB1- and CB2-dependent manner 

(Valdeolivas, Satta, Pertwee, Fernandez-Ruiz, & Sagredo, 2012). The role of CB2 

receptors was confirmed in CB2 knockout mice, which responded more severely to 

malonate (Sagredo et al., 2009). CB1 receptor activity declines dramatically in basal 

ganglia and striatum during the progression of Huntington’s disease, and this decline was 

proposed as a contributor to disease progression. However, markedly reduced CB1 levels 

render the CB1 receptor a poor therapeutic target (Lastres-Becker et al., 2001), although 

cannabinoid (anandamide, methanandamide, and ACEA) treatments increase CB1 mRNA 

in mouse striatal progenitor cell lines that model features of Huntington’s disease 

(Laprairie, Kelly, & Denovan-Wright, 2013). A double-blind, placebo-controlled, cross-

over clinical trial involving 44 patients with Huntington’s disease showed that while 
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nabilone failed to improve motor score, the chorea score was improved significantly 

(Curtis, Mitchell, Patel, Ives, & Rickards, 2009). 

4.2.5.2.3. Alzheimer’s disease 

Alzheimer’s disease is characterized by the excessive deposition of β-amyloid 

peptide and activation of microglial cells in senile plaques, which lead to neuron 

degeneration mainly in the hippocampus and prefrontal cortex. Symptoms include 

cognitive impairment, memory loss, mood swings, behavior changes and so on. Both CB1 

and CB2 receptors were detected in senile plaques (Ramirez, Blazquez, Gomez del 

Pulgar, Guzman, & de Ceballos, 2005). CB2 receptor agonism attenuated β-amyloid-

induced microglia activation and microglia-induced neurotoxicity in rats, and it preserved 

cognitive ability (Ramirez et al., 2005). However, studies on CB1 receptors in the 

progression of Alzheimer’s disease are controversial. Some found CB1 is detrimental to 

memory and learning ability, fostering interest in CB1 antagonism as a treatment 

approach. For example, Mazzola et al. reported that the CB1 antagonist, SR141716, 

reversed β-amyloid peptide-induced memory deficit in mice (Mazzola, Micale, & Drago, 

2003). In contrast, others demonstrated beneficial effects of CB1 receptors. First, CB1 

levels are markedly reduced in brains of various animal models with Alzheimer’s disease 

(Aso et al., 2012; Ramirez et al., 2005). Also, in patients, CB1 activity is increased in the 

earlier stage of Alzheimer’s disease, followed by a reduction in advanced stages of the 

disease. This implies an initial compensatory response mediated by CB1, which was 

impaired as neurodegeneration developed (Manuel, Gonzalez de San Roman, Giralt, 

Ferrer, & Rodriguez-Puertas, 2014). Second, Aso et al. showed that the CB1 agonist 

ACEA, at a non-amnesic dose, prevented cognitive retardation in a mouse model of 
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Alzheimer’s disease, particularly in the early stage. Mechanisms include inhibition of 

glycogen synthase kinase 3β (GSK-3β), microglial activation, and subsequent release of 

pro-inflammatory factors (Aso et al., 2012). There is little evidence derived from clinical 

trials to support the use of cannabinoid-based compounds to treat Alzheimer’s disease. 

However, dronabinol improved adverse psychiatric effects such as agitation, insomnia, 

and appetite loss in a few small clinical trials (Ahmed, van der Marck, van den Elsen, & 

Olde Rikkert, 2015).  

4.2.5.3. Mood 

It is well known that marijuana use elicits a feeling described as “high.” In fact, this 

is a complex of psychoactive effects due mainly to THC and cannabidiol, the majior 

cannabinoids in marijuana (Fitzgerald, Bronstein, & Newquist, 2013). Thus, it was 

speculated that endocannabinoid system exerts anti-depressant and anxiolytic effects. The 

role of CB1 receptors is well-established. The anti-depressant properties of low dose 

WIN55, 212-2 in rat were blocked by a CB1 receptor antagonist (Bambico, Katz, 

Debonnel, & Gobbi, 2007). Injection of anandamide and a CB1 selective agonist, ACEA, 

into midbrain dorsolateral periaqueductal gray, a region that regulates anxiety responses, 

also elicited anxiolytic effects in rats, whereas a CB1 antagonist abolished these effects 

(Moreira, Aguiar, & Guimaraes, 2007). However, in these two studies, high doses of 

cannabinoids failed to elicit the same effects. In fact, evidence suggests that the effects of 

cannabinoids on anxiety are bidirectional; anxiolytic at low doses whereas anxiogenic at 

high doses (Rubino et al., 2008; Viveros, Marco, & File, 2005). In addition, Rubino et al. 

found that the anxiety-regulation profile of cannabinoids varies in different brain regions; 

for example, low and high doses of THC injected into the prefrontal cortex and ventral 
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hippocampus elicit anxiolytic and anxiogenic effects, respectively; however, low doses of 

THC in basolateral amygdala generate anxiogenic effects whereas high doses of THC 

were ineffective (Rubino et al., 2008).  

Despite the complex activity profile of cannabinoids on anxiety and depression, it is 

consensus thinking that disruption of CB1 signaling leads to depressive- and anxiogenic-

like responses (Moreira, Grieb, & Lutz, 2009). Also, activation of CB1 receptors 

contributes to the removal of aversive memories (Marsicano et al., 2002). Therefore, CB1 

inhibition causes retention of aversive memories and may exacerbate depressive feelings. 

Patients treated with rimonabant, a CB1 antagonist, as an anti-obesity drug, exhibited 

depression and anxiety symptoms, and even increased risk of suicide, leading to 

withdrawal from the market (Christensen, Kristensen, Bartels, Bliddal, & Astrup, 2007). 

In summary, both suppression and hyperactivity of the endocannabinoid system 

may elicit adverse effects, such as anxiety and depression. These effects are mediated by 

CB1 receptors in CNS, which should be considered during drug development. 

4.2.6. Endocannabinoid system and the cardiovascular system 

Components of the endocannabinoid system are elevated in various aspects of 

CVDs, including atherosclerosis, myocardial infarction and cardiac hypertrophy (Duerr et 

al., 2013; Lin et al., 2015). The following sections discuss the potential roles of 

endocannabinoids and their receptors in the regulation of cardiovascular health. 

4.2.6.1. Hemodynamic parameters 

Marijuana use leads to blood pressure changes, and the influence of 

endocannabinoids on hemodynamics has been extensively studied. However, the results 

are complex. THC induced biphasic changes in blood pressure and heart rate in 
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anesthetized rats, which were characterized by an immediate and transient blood pressure 

increase followed by a marked drop and prolonged hypotension and bradycardia (Lake, 

Compton, Varga, Martin, & Kunos, 1997). Intravenous injection of anandamide caused a 

three-phase hemodynamic change in anesthetized rats, including i) phase 1 – a transient 

reduction in blood pressure, heart rate and cardiac contractility, ii) phase 2 - an elevation 

of diastolic blood pressure and blood flow in mesenteric and renal vascular beds, 

followed by iii) phase 3 - a more prolonged and significant decrease in blood pressure and 

contractility, and a slight reduction in heart rate (Malinowska, Kwolek, & Gothert, 2001; 

Pacher et al., 2004). Other synthetic compounds, such as HU210, WIN55, 212-2, and CP-

55940, also induced prolonged hypotension and bradycardia, although without the initial 

phases that were observed with THC and anandamide (Lake, Compton, et al., 1997).  

Possible mechanisms include CB1 or CB2 receptor activation, TRPV1 activation 

and metabolite-induced pathways. A similar three-phase action was observed with 

methanandamide, a stable analogue of anandamide, indicating the involvement of 

cannabinoid receptors. In addition, the CB1 receptor antagonist SR171416 blocked the 

phase 3 response, but not the transient pressor effect of THC nor the first two phases of 

anandamide. This suggests that CB1 is responsible for the prolonged hypotension and 

bradycardia (Lake, Compton, et al., 1997; Malinowska et al., 2001), perhaps by 

suppressing the sympathetic nervous system (Niederhoffer, Hansen, Fernandez-Ruiz, & 

Szabo, 2001). In contrast, a TRPV1 selective antagonist diminished the phase 1 responses 

induced by anandamide and methanandamide, suggesting that TRPV1 mediates the initial 

transient drop of blood pressure and heart rate (Malinowska et al., 2001). Phase 2 may 

also be induced by TRPV1 receptors, as evidenced by the observation that capsaicin, a 

potent TRPV1 agonist, also generated the phase 2 increase in blood pressure in 
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anesthetized rats, and this increase was absent in TRPV1 knockout mice compared with 

wild-type mice (Pacher et al., 2004). 

It bears mentioning that the influences of cannabinoids on hemodynamic 

parameters are different in conscious animals. Unlike the three-phase changes described 

in anesthetized rats, anandamide elicited the first two phases (i.e. transient depressor and 

pressor responses) in conscious rats, but not the prolonged hypotension and bradycardia 

(Lake, Martin, Kunos, & Varga, 1997). This might be explained by the anesthetic agent, 

urethane, which attenuated the sympathetic suppression of CB1 (Kurz et al., 2009), or the 

relative high resting sympathetic tone in anesthetic animals, which makes the hypotensive 

action of cannabinoids more evident (Carruba, Bondiolotti, Picotti, Catteruccia, & Da 

Prada, 1987). 

In humans, marijuana use and cannabinoid agents (sativex and nabione) were 

associated with an acute acceleration of heart rate that usually peaks at 10 to 30 min after 

smoking (Karschner et al., 2011; Lile, Kelly, & Hays, 2011). This is regarded as an 

important biomarker of cannabinoid use (Zuurman, Ippel, Moin, & van Gerven, 2009). 

The CB1 antagonist rimonabant ameliorated the tachycardia caused by cannabis use 

(Huestis et al., 2007). Marijuana use also caused hypotension and dizziness in standing 

position (Mathew, Wilson, & Davis, 2003), which was attenuated by rimonabant 

(Gorelick et al., 2006). An in vitro study demonstrated that CB1 receptor activation by 

anandamide dilates human vessels by stimulating endothelial nitric oxide release 

(Bilfinger et al., 1998). 
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4.2.6.2. Atherosclerosis  

Manipulation of cannabinoid receptors (CB2 receptor activation and CB1 receptor 

inhibition) might also limit atherosclerotic progression, as suggested by animal studies. 

The anti-atherosclerotic effects of CB2 receptors might be due, at least in part, to its anti-

inflammatory actions. Steffens et al. detected CB2 expression in atherosclerotic plaques 

within human coronary arteries and mouse aorta, but not in regions free of atherosclerotic 

lesions. They also reported that THC, at a non-psychiatric dose, ameliorated the 

progression of atherosclerosis, reduced macrophage content and migration within 

atherosclerotic plaques, and suppressed T cell activation in apoprotein E-deficient mice, a 

common model of atherosclerosis. A CB2 receptor antagonist blocked all of these effects, 

indicating the protective role of CB2 receptors (Steffens et al., 2005). Similar effects were 

reported with WIN55, 212-2, which reduced atherosclerotic size, macrophage infiltration, 

adhesion molecule expression (i.e. vascular cellular adhesion molecule-1, intracellular 

adhesion molecule-1, and P-selectin), and expression of pro-inflammatory mediators (i.e. 

TNF-α, IL-6, and monocyte chemotactic protein 1) in a CB2-dependent manner (Zhao, 

Liu, et al., 2010; Zhao, Yuan, et al., 2010). Also, it attenuated oxidized low-density 

lipoprotein (oxLDL)-induced activation of nuclear factor κ-light-chain-enhancer of 

activated B cells (NF-κB), which in turn up-regulates the pro-inflammatory factors (Zhao, 

Liu, et al., 2010). In addition, CB2 receptor activation reversed TNF-α-induced 

proliferation of human coronary artery smooth muscle cells and the underlying MAPK 

pathway (Rajesh, Mukhopadhyay, Hasko, Huffman, et al., 2008). 

In contrast, evidence suggests that CB1 signaling contributes to the atherosclerotic 

process. First, CB1 antagonism reduced cholesterol deposition in macrophages. Jiang et 

al. reported suppression of PPARγ by the CB1 antagonist AM251; PPARγ up-regulates 
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fatty acid translocase/CD36 receptor, which mediates macrophage cholesterol influx, and 

down-regulates ATP-binding cassette protein A1, which mediates cholesterol efflux 

(Jiang, Pu, Han, Hu, & He, 2009). Sugamura et al. also showed that rimonabant reduced 

atherosclerotic lesions, and this was associated with an increase in serum adiponectin, a 

protein involved in fatty acid degradation, and HDL cholesterol (Sugamura et al., 2010). 

Second, CB1 antagonism inhibits proliferation and migration of vascular smooth muscle 

cells. Reduced proliferation and migration of rimonabant-treated human coronary artery 

smooth muscle cells was observed in parallel to decreased ERK1/2 activation (Rajesh, 

Mukhopadhyay, Hasko, & Pacher, 2008). Note, however, that clinical trials 

(STRADIVARIUS and AUDITOR) failed to demonstrate the ability of rimonabant to 

delay atherosclerotic progression (Nissen et al., 2008; O'Leary et al., 2011), but the 

STRADIVARIUS trial showed a favorable effect of rimonabant on HDL elevation and 

triglyceride decrease. 

4.2.6.3. Ischemia/reperfusion injury 

It is generally accepted that activation of cannabinoid receptors protects the heart 

against ischemia-reperfusion injury, primarily via CB2 receptor activation. Lagneux and 

Lamontagne first reported that the cardioprotective effects of lipopolysaccharide 

following ischemia/reperfusion, namely infarct size reduction and improved myocardial 

contractility, were blocked by a CB2 receptor antagonist (Lagneux & Lamontagne, 2001). 

Similar effects were reported subsequently for various endocannabinoids (anandamide, 2-

AG and palmitoylethanolamide) (Lepicier, Bouchard, Lagneux, & Lamontagne, 2003; Q. 

Li, Shi, & Li, 2013) and synthetic agonists (JWH-015 and ACEA) (Lepicier et al., 2003). 

A CB2 receptor antagonist completely abolished the reduction of infarct size by all of 
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these compounds, whereas a CB1 receptor antagonist only partially blocked 2-AG-

elicited effects (Lepicier et al., 2003). Possible mechanisms include CB2-dependent 

activation of Pl3K/Akt, p38/ERK1/2, and PKC, as well as inhibition of TNF-α and ROS 

(Lepicier et al., 2003; Q. Li, Shi, et al., 2013; P. F. Wang et al., 2012).  

4.2.6.4. Cardiac hypertrophy and heart failure 

As discussed above, the endocannabinoid system is involved in modulation of 

blood pressure, heart rate and coronary artery conditions, which are important factors that 

influence cardiac performance. Thus, it was speculated that the endocannabinoid system 

might regulate cardiac function. However, any evidence of endocannabinoid system 

effects on cardiac hypertrophy, the convergent point of risk factors to heart failure, is 

limited and unclear. 

Regarding CB1 receptors, Liao et al. queried a potential protective role of CB1 

receptors using CB1-deficient mice, and exposing them to acute heart failure model by 

transverse aortic constriction (TAC). CB1-deficient TAC mice exhibited higher mortality, 

more severe lung edema, and greater epinephrine and norepinephrine levels compared to 

wild-type TAC mice and CB1-deficient sham groups. They further demonstrated more 

advanced LV hypertrophy and contractile impairment, associated with augmented 

MAPKs (p38 and ERK1/2) activation. In wild-type TAC mice, CB1 agonism ameliorated 

lung edema, reduced plasma epinephrine and norepinephrine levels, and activated AMP-

activated protein (AMPK) (Liao et al., 2012). CB1 receptor activation also suppressed 

MAPKs in cultured neonatal rat cardiac myocytes treated by isoproterenol (Liao et al., 

2013). Results generated by Wagner et al. agreed with the protective role of CB1 in a rat 

model of post-infarction cardiac remodeling (Wagner et al., 2003). However, 
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contradictory results suggest that CB1 antagonism improves cardiac performance. 

Mukhopadhyay et al. generated heart failure in mice using doxorubicin, an anti-cancer 

drug with severe cardiotoxicity. Cardiac performance-related parameters, including 

ejection fraction, cardiac output, contractility and apoptosis, deteriorated in response to 

doxorubicin, whereas CB1 antagonists rimonabant and AM281 were protective 

(Mukhopadhyay et al., 2007). More recently, Lin et al. showed that the LVH and fibrosis 

found in mouse model of uremic cardiomyopathy was attenuated by a CB1 antagonist. 

Also, in an in vitro model (indoxyl sulfate treated H9c2 cells), expression of fibrotic 

markers (collagen I, TGF-β and α-smooth muscle actin), was attenuated by a CB1 

receptor antagonist or siRNA knockdown of CB1, vis-à-vis inhibition of Akt (Lin et al., 

2015). 

There is little evidence regarding CB2 receptors in cardiac hypertrophy, although 

Weis et al. observed significant elevation of CB2 receptor expression in LV myocardium 

and endocannabinoids in blood circulation from patients with chronic heart failure, 

whereas CB1 receptor expression was down-regulated. These results suggest activation of 

the endocannabinoid system during chronic heart failure, and in particular, of CB2 

receptors (Weis et al., 2010). Increased CB2 receptor expression also occurs in patients 

with aortic stenosis and severe hypertrophic markers (Duerr et al., 2013). However, it is 

not clear whether this is a compensatory defense mechanism or a detrimental factor. 

4.2.7. Endocannabinoid system and mitochondrial function 

The endocannabinoid system is involved in various energy regulation processes, 

and it has been implicated in the regulation of appetite, body weight and diabetes 

(Horvath, Mukhopadhyay, Hasko, & Pacher, 2012; C. Li, Jones, & Persaud, 2011). For 
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example, CB1 antagonism reduced hepatic triglycerides, increased expression of genes 

involved in fatty acid oxidation, and improved insulin sensitivity (Tam et al., 2010). 

Mitochondria are therefore proposed as reasonable targets of the endocannabinoid system. 

Recently, studies on the endocannabinoid system and mitochondrial function have 

emerged. For example, Zaccagnino et al. observed reduced ATP synthesis without 

mitochondrial Δψm loss in isolated liver mitochondria treated by anandamide (Zaccagnino, 

Corcelli, Baronio, & Lorusso, 2011). Athanasiou et al. reported decreased mitochondrial 

Δψm and oxygen consumption in response to three cannabinoids: anandamide, THC, and 

the synthetic analog HU 210. Also, activities of ETC complexes I-III and cell viability 

were reduced, but only at concentrations higher than 10 μM, indicating concentration-

dependent effects on mitochondrial function and integrity (Athanasiou et al., 2007). A 

few studies found cannabinoid receptor-independent effects of endocannabinoids on 

mitochondrial-dependent apoptosis by modulating the membrane fluidity, but again, at 

concentrations higher than 10 μM (Catanzaro, Rapino, Oddi, & Maccarrone, 2009; 

Siegmund et al., 2007). Nevertheless, there is evidence to suggest that CB receptors 

regulate mitochondrial function, as discussed below.  

4.2.7.1. Mitochondrial effects of CB1 receptors 

CB1 receptors have been identified on mitochondrial membranes of mouse neuron 

cells, and account for approximately 15% of the total cellular amount (Benard et al., 

2012). Fisar et al. reported that activation of CB1 receptors significantly reduced the 

activity of ETC complex I and II, but not complex IV in isolated mitochondria from pig 

brain (Fisar, Singh, & Hroudova, 2014). CB1 receptor activation also reduced 

mitochondrial oxygen consumption and biogenesis parameters, such as mitochondrial 
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mass and mitochondrial DNA amount, in mouse muscle and liver, as well as human white 

adipose tissue (Tedesco et al., 2010). In contrast, a CB1 antagonist increased fatty acid 

oxidation, reduced obesity in high-fat-diet mice (Jbilo et al., 2005), and prevented high-

fat-induced cardiometabolic abnormalities in diabetic rats (Vijayakumar et al., 2012). 

This deregulation of mitochondrial function by CB1 receptors might be attributed to 

depressed p-AMPK and eNOS (Tedesco et al., 2010). In summary, existing evidence 

suggests that CB1 receptors negatively mediate mitochondrial biogenesis and fatty acid 

oxidation. 

4.2.7.2. Mitochondrial effects of CB2 receptors 

In contrast, studies suggest protective effects of CB2 receptor activation on 

mitochondrial performance. CB2 receptor activation slowed down neuron degeneration 

by preventing mitochondrial apoptotic pathways (Latini et al., 2014). In a rat model of 

myocardial ischemia/reperfusion, CB2 receptor activation by JWH133 inhibited mPT, 

mitochondrial membrane depolarization, cytochrome c release, and apoptosis, which were 

abolished by ERK1/2 inhibitor. These effects were used to explain the cardioprotective 

actions of CB2 receptors against ischemia/reperfusion injury (Q. Li et al., 2014; Q. Li, 

Wang, Zhang, Zhou, & Zhang, 2013). Contrary to CB1, CB2 receptor activation exhibits 

anti-obesity effects (Agudo et al., 2010; Verty et al., 2015); a possible mechanism is the 

stimulation of palmitate oxidation and related proteins, which is mediated by 

cAMP/PKA/sirtuin 1 (SIRT1)/PGC-1α signaling cascades (Zheng, Sun, & Wang, 2013). 
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4.3. Regulation of endocannabinoid system level 

Endocannabinoids and cannabinoid receptor levels can be altered by various stimuli, 

such as stress, inflammation, high-fat diet, obesity, diabetes, and dietary fatty acid 

composition.  

4.3.1. Stress 

Stress, depression, and anxiety are known to alter endocannabinoid levels. Memory 

retrieval in rats that underwent stressful training elicited an increase in 2-AG and a 

corresponding decrease in the activity of the 2-AG-degrading enzyme MAGL (Morena et 

al., 2015). A rat model of early life stress created by maternal deprivation also increased 

levels of endocannabinoid system components (CB1, CB2, TRPV1, GPR55, as well as 

endocannabinoid synthase and hydrolase) in frontal cortex and hippocampus of 

adolescent male and female rats respectively (Marco et al., 2014). In addition, serum 

levels of endocannabinoids were evaluated in female patients with depression and 

anxiety. This study reported an increase in anandamide and 2-AG in patients with mild 

depression; however, 2-AG levels were markedly reduced in patients with advanced 

depression, and tended to decline with prolonged progression. Unlike 2-AG levels that 

associated with depression, anandamide was found to be negatively correlated with 

degree of anxiety (M. N. Hill, Miller, Ho, Gorzalka, & Hillard, 2008). 

4.3.2. Inflammation 

Inflammatory conditions are often associated with elevated CB2 receptor 

expression. Multiple sclerosis patients have higher CB2 expression in B cells, and higher 

anandamide levels in B cells, natural killer cells, and T cells (Sanchez Lopez, Roman-

Vega, Ramil Tojeiro, Giuffrida, & Garcia-Merino, 2015). CB2 expression was also up-
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regulated in mouse model and human model of colitis (M. A. Storr et al., 2009; Wright et 

al., 2005). Finally, anandamide, 2-AG, CB1 and CB2 receptors were detected in synovial 

membranes from patients with rheumatoid arthritis, but not healthy volunteers (Gui et al., 

2015).  

4.3.3. High-fat diet, obesity, and diabetes 

High-fat diet, obesity, and diabetes are well-known conditions that involve altered 

levels of endocannabinoid system components. A marked increase in hepatic anandamide 

levels was detected in mice fed high-fat diets (60 en%) for three weeks, although the 

extent of increase declined after 14 weeks. This elevation of anandamide was associated 

with a reduction in FAAH activity (Osei-Hyiaman et al., 2005). In contrast, no changes of 

anandamide and 2-AG were observed in rats fed high-saturated fat diets (palm oil-rich 

diets, 38 en%) for one week (Artmann et al., 2008). Nevertheless, obese patients exhibit 

higher endocannabinoid levels in visceral fat and serum (Matias et al., 2006). Engeli et al. 

reported that compared to lean female subjects, obese females exhibited 35% and 52% 

increases in circulating anandamide and 2-AG respectively, and a reduction of FAAH 

expression in adipose tissue (Engeli et al., 2005). Cote et al. observed a positive 

correlation between plasma 2-AG level and body mass index, intra-abdominal adiposity 

and fasting insulin level in males. However, a negative correlation was found between 

anandamide and intra-abdominal adiposity (Cote et al., 2007). Interestingly, Annuzzi et 

al. assessed the levels of endocannabinoids in subcutaneous adipose tissue, and found 

increased anandamide and decreased 2-AG in patients with both obesity and type 2 

diabetes, but not in non-diabetic obese patients (Annuzzi et al., 2010). Similarly, a post-

hoc analysis of postmenopausal women reported a higher plasma level of 2-AG in 
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insulin-resistant obese women compared to insulin-sensitive obese women (Abdulnour et 

al., 2014). Increased FAAH and MAGL were detected in various adipose tissue 

(subcutaneous abdominal, visceral, and epididymal) in obese rats with or without 

diabetes. However, no changes in FAAH and MAGL were found in obese humans 

(Cable, Tan, Alexander, & O'Sullivan, 2014). The interaction between obesity and 

endocannabinoid levels remains unclear and existing evidence appears to be 

controversial. However, it seems like endocannabinoid levels are not simply influenced 

by high-saturated fat diet, but also by mediators such as leptin and insulin (Matias et al., 

2006). Indeed, intravenous injection of leptin significantly reduced anandamide and 2-AG 

levels in hypothalamus of normal rats and obese mice (Di Marzo et al., 2001). Insulin 

treatment decreased anandamide and 2-AG levels in healthy adipocytes, but not in 

insulin-resistant adipocytes (D'Eon et al., 2008). 

4.3.4. Dietary consumption of polyunsaturated fatty acid (PUFA) 

Anandamide and 2-AG are derived from arachidonic acid, an omega-6 PUFA. Thus, 

endocannabinoid levels can be modified by diets that affect the arachidonic acid content 

in tissue phospholipids. Indeed, increasing dietary linoleic acid (omega-6) (from 1 en% to 

8 en%) elevated anandamide and 2-AG levels in mouse liver and resulted in weight gain, 

although the total dietary fat remained unchanged (Alvheim et al., 2012). Also, the effects 

of omega-3 PUFA on endocannabinoid levels were evaluated in mice brain. Watanabe et 

al. found that an omega-3 PUFA-deficient diet significantly increased 2-AG content in 

brain. However, short-term consumption of a docosahexaenoic acid (DHA)-rich diet 

reduced the arachidonic acid content in phospholipids and brain 2-AG levels (Watanabe, 

Doshi, & Hamazaki, 2003). These results were similar to the findings of Wood et al., 
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which revealed that fish oil supplementation for 2 weeks is sufficient to affect fatty acid 

composition by enhancing DHA and eicosapentaenoic acid (EPA; omega-3 PUFA) levels, 

while down-regulating arachidonic acid and anandamide content in mouse brain and 

plasma (Wood et al., 2010). In addition, a recent human study investigated the effects of 

an omega-3-rich diet on endocannabinoid levels in obese men. In this study, krill powder, 

which contains 61.8% krill oil (omega-3-rich oil), was provided to mildly obese men for 

24 weeks. After 24 weeks, plasma levels of anandamide and its analogues 

plmitoylethanolamide and oleoylethanolamide were significantly reduced, as were 

triglycerides, but no weight loss was observed (Berge et al., 2013). Although more studies 

are needed, the existing evidence implies that dietary fatty acid composition influences 

endocannabinoid levels by manipulating omega-3/omega-6 balance, which in turn 

regulates the level of arachidonic acid. Therefore, modulation of dietary fatty acid 

composition might be a promising approach to achieve endocannabinoid-mediated health 

benefits. 
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Chapter III: Rationale and Hypothesis 

1. Rationale 

1.1. Determine and characterize the effects of cannabinoid receptor agonists on myocyte 

hypertrophy. 

There is growing interest in the medical benefits of cannabinoid receptor activation. 

Although there is much research on the cardiovascular role of the endocannabinoid 

system, few have investigated endocannabinoid effects on cardiac hypertrophy. Therefore, 

the first objective of this study was to investigate the role of endocannabinoids in 

ventricular myocyte hypertrophy. 

We began by testing the hypothesis that endocannabinoids and synthetic analogs 

prevent the development of cardiac myocyte hypertrophy via cannabinoid receptor 

activation. 

Anandamide is one of the most-studied endogenously secreted cannabinoids. It was 

identified as a natural ligand for cannabinoid receptors by Devane et al. in 1992 (Devane 

et al., 1992). Anandamide is a ligand for both CB1 and CB2 receptors, with a higher 

selectivity for CB1 (Ki are 89 nM for CB1 and 371 nM for CB2) (Pertwee, 1999). It is 

detectable in the brain and various peripheral tissues, including the heart (Felder et al., 

1996). It has been shown that anandamide elicits vaso-relaxation in rat hepatic artery 

(Randall & Kendall, 1998), pulmonary arteries (Baranowska-Kuczko et al., 2014), and 

coronary arteries (White, Ho, Bottrill, Ford, & Hiley, 2001), although the mechanism is 

still unclear. Also, there are reports that suggest anandamide protects against cardiac 

ischemic insult (Q. Li, Shi, et al., 2013). There also exists evidence that endocannabinoids 

may influence the development of hypertrophy in cardiac and non-cardiac cells. For 
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example, Duerr et al. observed increases in concentration of anandamide and expression 

of CB2 receptors in patients with aortic stenosis and cardiac hypertrophy (Duerr et al., 

2013). Jenkin et al found that anandamide induced hypertrophy in human proximal 

tubular cells by activating CB1 receptors, whereas CB2 receptors exhibited opposite 

action (Jenkin, McAinch, Grinfeld, & Hryciw, 2010). 

ET1 (0.1 μM) treated neonatal rat ventricular myocytes were used as our 

hypertrophic model. ET1 is a vasoconstrictor peptide that is primarily synthesized by 

endothelial cells, and is also produced from cardiac myocytes (Suzuki et al., 1993). In 

addition to its vaso-constrictive effect on vascular smooth muscle cells, it also acts as a 

growth factor in cardiac myocytes (Ito et al., 1991; Suzuki et al., 1990). Actually, ET1-

treated neonatal rat ventricular myocytes is a well-established model for myocyte 

hypertrophy (Ito et al., 1991). Myocyte size and fetal gene expression (BNP) are 

measured as markers of cardiac myocyte hypertrophy. BNP is usually only expressed in 

late embryonic and early neonatal life, but is reactivated during hypertrophic growth 

(Kohno et al., 1995). Thus, in the first series of experiments, we assessed the effects of 

anandamide on ET1-induced cardiac myocyte hypertrophy. 

It bears mentioning that endocannabinoid actions may be direct (via cannabinoid 

receptors) or indirect (via endocannabinoid metabolites). For example, Wenzel et al. 

demonstrated that the constrictive effect of anandamide on pulmonary arteries relies on 

FAAH-dependent metabolites (Wenzel et al., 2013). Arachidonic acid is a critical product 

of anandamide degradation. Studies on arachidonic acid and its metabolites demonstrated 

conflicting effects on CVDs. Arachidonic acid exhibits vasodilatory and anti-

inflammatory properties via its metabolites epoxyeicosatrienoic acids (EETs), and hence 

protect the heart from ischemic injury and cardiac hypertrophy (Althurwi, Elshenawy, & 
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El-Kadi, 2014). In contrast, another group of arachidonic acid metabolites, 20-

hydroxyeicosatetraenoic acids (20-HETE), promote vasoconstriction and inflammation, 

thus rendering the heart more susceptible to myocyte hypertrophy and fibrosis (El-

Sherbeni & El-Kadi, 2014). Therefore, to determine the contribution of metabolites to 

anandamide effects, we conducted a series of experiments in which we used a non-

hydrolysable analog of anandamide, R-methanandamide. R-methanandamide is a 

synthetic cannabinoid receptor agonist; the addition of a methyl group to the first carbon 

of anandamide renders resistance to hydrolysis by FAAH (Howlett et al., 2002). 

We were also cognizant that CB1 and CB2 receptors may regulate distinct aspects 

of the hypertrophic process, and thus we sought to further distinguish between the role of 

CB1 and CB2 receptors using pharmacological approaches. To do this, we used 

commercially available CB1- and CB2-selective antagonists. AM251 is selective for CB1 

(Ki: CB1=7.5 nM; CB2=2290 nM) (Lan, Liu, et al., 1999) and AM630 for CB2 (Ki: 

CB1=5200 nM; CB2=31.2 nM) (R. A. Ross et al., 1999).  

Finally, we investigated approaches that might render endocannabinoid-based 

treatment of CVD as clinically viable. Historically, the application of cannabinoid-based 

therapies has been limited due to psychoactive adverse effects mediated by central CB1 

receptors, such as memory impairment, disorientation and possibly addiction. (Hosking & 

Zajicek, 2008; Kunos, Osei-Hyiaman, Batkai, Sharkey, & Makriyannis, 2009). Alternate 

strategies like using CB2-selective agonists and/or peripherally-restricted CB1 agonists 

have been proposed (Gertsch et al., 2008; Hosking & Zajicek, 2008; Kunos et al., 2009; 

Palazuelos et al., 2006).  

We postulated that both CB1 and CB2 receptors are required to suppress 

hypertrophy. However, activation of CB2 receptors reportedly mediates a variety of 
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cardioprotective effects, such as reduced risk of ischemia (Duerr et al., 2014; Q. Li, 

Wang, et al., 2013), deceleration of atherosclerosis by reducing inflammation and 

macrophage infiltration (Carbone, Mach, Vuilleumier, & Montecucco, 2014), and 

induction of cardiac myocyte differentiation (Y. Wang et al., 2014). Thus, we proceeded 

with experiments to assess the ability of JWH-133, a CB2 selective agonist, to protect 

against cardiac myocyte hypertrophy. JWH-133 was discovered by, and named after John 

W. Huffman, and exhibits ≈ 200-fold selectivity for CB2 (Ki: CB1=677 nM vs. CB2=3.4 

nM) (Huffman, 2005).  

The second approach is to selectively target peripheral CB1 and CB2 receptors. We 

utilized CB-13, a peripherally-restricted dual CB1/CB2 agonist (Ki: CB1=6.1 nM vs. 

CB2=27.9 nM) (Dziadulewicz et al., 2007). Dziadulewicz et al. reported that CB-13 

exhibits anti-hyperalgesic effects through CB1 receptors with very limited penetration 

into the CNS (Dziadulewicz et al., 2007). In fact, by performing a catalepsy test, 

negligible CNS effects were detected at a concentration that was 170-fold greater than the 

dose required to reverse hyperalgesia (0.2 mg/kg) (Dziadulewicz et al., 2007). A 

catalepsy test records the time of a rodent to correct an externally imposed posture, and it 

is a commonly used behavioral test to evaluate cannabinoids-induced effects (Fox et al., 

2001; Little, Compton, Johnson, Melvin, & Martin, 1988). Furthermore, slow penetration 

and poor accumulation of CB-13 in the CNS was demonstrated (Dziadulewicz et al., 

2007).  
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1.2. Determine the signaling mediators of endocannabinoid actions. 

1.2.1. AMPK 

AMPK is a heterotrimeric protein consisting of α, β, and γ subunits. The catalytic 

domain, which is activated by phosphorylation at threonine-172, is situated on the α 

subunit (Hawley et al., 1996). Two AMPKα isoforms exist in the heart, α1 and α2, and α2 

appears to predominate over α1 (Sakamoto et al., 2006; Stapleton et al., 1996). It is 

reported that α2 accounts for 70-80% of total AMPKα activity in rat cardiac tissue 

(Cheung, Salt, Davies, Hardie, & Carling, 2000), and it is expressed dramatically more 

than the α1 subunit in human heart (Quentin et al., 2011).  

AMPK is well known for its ability to maintain cellular energy homeostasis; it 

senses the energy status of the cell through the ratio of AMP to ATP (Salt et al., 1998) 

and, in response to energy deprivation, coordinates metabolic reactions to conserve ATP. 

Specifically in the heart, AMPK is an important regulator of cardiomyocyte energy 

homeostasis by mechanisms which may include i) increasing fatty acid uptake and 

oxidation, ii) accelerating glucose uptake, iii) stimulating glycolysis, and iv) inhibition of 

energy-consuming pathways such as protein synthesis (Dolinsky & Dyck, 2006).  

There is evidence to suggest that activated AMPK is anti-hypertrophic. In vitro, 

AMPK activation blocked cardiomyocyte enlargement, protein synthesis, and 

hypertrophic gene expression in response to phenylephrine (Chan, Soltys, Young, Proud, 

& Dyck, 2004; B. L. Chen et al., 2010) and angiotensin II (Stuck, Lenski, Bohm, & 

Laufs, 2008), and also inhibited pro-hypertrophic mediators such as NFAT, NF-κB, and 

MAPK (H. L. Li et al., 2007). In vivo, AICAR, a chemical activator of AMPK, attenuated 

pressure-overload hypertrophy in rats (H. L. Li et al., 2007), and pressure-overload 
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hypertrophy was exaggerated in AMPKα2 gene knockout mice (P. Zhang et al., 2008). 

Also, the ability of resveratrol (Chan et al., 2008) and calorie restriction (Dolinsky et al., 

2010) to impede hypertrophy has been attributed to AMPK signaling.   

Notably, there is evidence to suggest that endocannabinoids activate AMPK, albeit 

derived mostly from the brain. Cannabinoid receptor ligands such as 2-AG (Kola et al., 

2005), THC (Kola et al., 2005), and HU210 (Lim et al., 2013) increase AMPK 

phosphorylation and enzymatic activity in rat hippocampus via CB1 and CB2 receptors 

(Dagon, Avraham, Ilan, Mechoulam, & Berry, 2007; Lim et al., 2013). There is less 

evidence from the heart, although WIN55, 212-22 (synthetic CB1 agonist) (Liao et al., 

2012) and THC (Kola et al., 2005) were reported to activate AMPK in mice and rats 

respectively. 

1.2.2. Nitric oxide 

There is likewise evidence of crosstalk between endocannabinoids and nitric oxide 

in the nervous system (Ortega-Gutierrez, Molina-Holgado, & Guaza, 2005), immune cells 

(Vannacci et al., 2004), adipocytes (Gasperi et al., 2007), and vasculature (Harris, 

McCulloch, Kendall, & Randall, 2002). Nitric oxide contributes to the ability of 

cannabinoid receptors to reduce myocardial infarct size (Lepicier, Bibeau-Poirier, 

Lagneux, Servant, & Lamontagne, 2006; Lepicier et al., 2003). Neuronal NOS (nNOS), 

eNOS and inducible NOS (iNOS) are expressed in myocytes (Balligand & Cannon, 

1997), and low levels of nitric oxide derived from eNOS protect the heart from 

hypertrophy (Barouch et al., 2003; Barouch et al., 2002; Khan et al., 2003; Wollert & 

Drexler, 2002; Ziolo & Bers, 2003). There are several sites on eNOS that might be 

phosphorylated to modulate its activity. The best-studied sites are serine-1177 and 
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threonine-495. Activation of eNOS requires phosphorylation of serine-1177 whereas 

nitric oxide synthesis is inhibited by phosphorylation of threonine-495 (Mount, Kemp, & 

Power, 2007). In contrast to eNOS, iNOS activation in the cytosol contributes to 

deleterious cardiac effects, whether due to high nitric oxide levels or 

superoxide/peroxynitrite formation (Arstall, Sawyer, Fukazawa, & Kelly, 1999; Feng, Lu, 

Jones, Shen, & Arnold, 2001; Mungrue et al., 2002; Sam et al., 2001).  

1.2.3. AMPK/eNOS crosstalk 

As activation of AMPK promotes phosphorylation and activation of eNOS at 

Ser1177 (Z. P. Chen et al., 1999; Morrow et al., 2003), and AMPK-eNOS signaling has 

been implicated in the anti-growth effects of resveratrol (Thandapilly et al., 2011) and 

metformin (C. X. Zhang et al., 2011), we tested the hypothesis that cannabinoid receptor 

signaling stimulates an AMPK-eNOS signaling axis that contributes to the attenuation of 

hypertrophy. To achieve this objective, the following experiments were performed: 

a) Determine if activation of CB receptors leads to stimulation of AMPK. 

CB-13 (1 μM) was used to treat neonatal cardiac myocytes for multiple time points 

(0-24 h). Western blotting was performed to detect native and phosphorylated AMPKα, 

and β-actin as internal control. 

b) Determine if AMPK mediates the anti-hypertrophic effects of CB receptors. 

Cardiac myocytes were pretreated with a chemical inhibitor of AMPK, compound 

C (1 μM), prior to the addition of CB-13 and ET1. Hypertrophic indicators were assessed 

as described above. 

We extended our findings using lentiviral-based shRNA knockdown to implicate 

AMPKα, and we predicted that inhibition or knockdown of AMPK would preserve the 
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hypertrophic response to ET1, which would indicate that the anti-hypertrophic actions of 

CB receptors rely on AMPK signaling. 

c) Determine if eNOS contributes to CB-AMPK signaling. 

To assess the effect of CB-AMPK signaling on eNOS activity, cardiac myocytes 

were treated with CB-13 (1 μM) for multiple time points (0-24 h) with and without 

AMPK knockdown. Western blotting was performed to detect eNOS phosphorylation at 

the activation site, Ser-1177 (Z. P. Chen et al., 1999). The ability of CB-13 to block 

hypertrophy was determined in the presence of an eNOS-selective inhibitor. A chemical 

inhibitor of eNOS, L-NIO (Rees, Palmer, Schulz, Hodson, & Moncada, 1990), was used 

to implicate eNOS as having a role in the anti-hypertrophic actions. Overall, we 

anticipated that eNOS is downstream of CB-AMPK signaling and plays a critical role 

protecting the heart against hypertrophy induced by ET1. 

1.3. Elucidate the alterations of mitochondrial function in ET1-treated cardiac myocytes 

As the energy factory of the cell, mitochondrial dysfunction is considered a critical 

feature of cardiac myocyte hypertrophy; in fact, aberrant energy production by impaired 

mitochondria might be involved in the development of hypertrophy (L. Y. Zhou et al., 

2012). Thus, we assessed myocyte mitochondrial function in ET1-treated cardiac 

myocytes. 

Mitochondrial membrane depolarization is an important aspect of mitochondrial 

dysfunction. In fact, inner Δψm is considered an indicator of mitochondrial health because 

it provides the driving force for ATP synthesis; thus, the loss of inner Δψm impairs ATP 

production. Membrane depolarization is tightly associated with mPT, although it is 

controversial whether membrane depolarization or mPT is the initiator. Stimuli such as 
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oxidative stress and calcium overload cause mPTP to open, thereby increasing 

permeability of the mitochondrial inner membrane (Javadov, Karmazyn, et al., 2009). 

This is always accompanied by mitochondrial inner membrane depolarization, which in 

turn diminishes ATP production. mPTP opening and membrane depolarization have been 

observed in cardiac myocytes in response to hypertrophic stimuli such as angiotensin II 

(M. Li, Ma, Han, & Li, 2014), phenylephrine (Javadov, Rajapurohitam, et al., 2009), and 

ET1 (Javadov, Rajapurohitam, et al., 2009).  

Mitochondrial dysfunction also presents as abnormal energy metabolism. Impaired 

ATP production and a shift of energy substrate from fatty acids to glucose are generally 

identified in hypertrophied heart (Lehman & Kelly, 2002; Leong, Brownsey, Kulpa, & 

Allard, 2003). Proteins that have been implicated in the regulation of mitochondrial 

bioenergetics were investigated in this study. First, peroxisome proliferator-activated 

receptor-γ coactivator 1α (PGC-1α) is a key regulator of mitochondrial function, as it 

drives mitochondrial biogenesis (Lehman et al., 2000), and improves fatty acid oxidation 

(Ventura-Clapier, Garnier, & Veksler, 2008; L. Y. Zhou et al., 2012). However, studies 

have shown that hypertrophic stimuli such as pressure overload (Sack, Disch, Rockman, 

& Kelly, 1997) and phenylephrine (Garnier et al., 2009) down-regulate PGC-1α, and the 

reduction in PGC-1α expression promotes heart failure (Arany et al., 2006; Sano et al., 

2004). In contrast, AMPK activators increase PGC-1α (B. Huang et al., 2014; W. J. Lee 

et al., 2006). Second, we examined CPT-1. CPT-1 facilitates the transport of long chain 

fatty acids into the mitochondria by catalyzing the formation of fatty acyl-carnitine, and is 

therefore an initial step in the fatty acid oxidation pathway (Kerner & Hoppel, 2000).  
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In this study, we assessed mitochondrial disorder in ET1-treated cardiac myocytes 

by examining the following aspects: i) mitochondrial inner membrane integrity, and ii) 

energy metabolism and its related proteins. 

1.4. Determine the effects of cannabinoid receptor activation on mitochondrial 

dysfunction. 

Activation of cannabinoid receptors regulates energy metabolism. For example, 

CB1 inhibition increases thermogenesis (Cardinal et al., 2015) and gene expression of 

fatty acid oxidation-related enzymes and lipase (Hsiao et al., 2015; Tam et al., 2010). In 

contrast, similar effects were observed in CB2 receptor activation (Zheng et al., 2013) 

(details were reviewed in chapter II section 4.2.1 and 4.2.7). Accordingly, we speculate 

that activation of CB1/CB2 receptors regulate mitochondrial function. Our preceding 

objective was to examine the effects of CB-13 on ET1-induced cardiac myocyte 

hypertrophy, which is usually characterized by mitochondrial dysfunction (L. Y. Zhou et 

al., 2012). Here, the effects of CB-13 on ET1-induced mitochondrial abnormalities were 

investigated. 

1.5. Determine the role of AMPK signaling in mitochondrial regulation by cannabinoid 

receptors 

This objective is based on our finding that dual activation of CB1/CB2 receptors 

using CB-13 prevents the development of cardiac myocyte hypertrophy via AMPK 

signaling (Lu et al., 2014). AMPK senses energy status of the cell and might be involved 

in mitochondrial function regulation (Hardie, 2007). Indeed, Toyama et al. discovered 

that AMPK is required in the mitochondrial fission process in response to energy stress 

(Toyama et al., 2016). Shin et al. reported that AMPK activation protects hepatocytes 
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against antimycin-induced mPT and apoptosis (Shin & Kim, 2009). Ido et al. found that 

hyperglycemia-induced mitochondrial membrane depolarization, reduction of fatty acid 

oxidation and ATP content, and apoptosis in human umbilical endothelial cells were 

attenuated by AMPK activation (Ido, Carling, & Ruderman, 2002). Therefore, the role of 

AMPK in mitochondrial protective actions of CB-13 was investigated. 

2. Hypotheses 

2.1. Endocannabinoids and synthetic analogs prevent the development of cardiac myocyte 

hypertrophy via cannabinoid receptor activation. 

2.2. AMPK/eNOS signaling mediates the anti-hypertrophic actions of ligand-activated 

cannabinoid receptors. 

2.3. ET1 induces early mitochondrial abnormalities in terms of membrane integrity and 

energy metabolism. 

2.4. Cannabinoid receptor activation rescues mitochondrial function in ET1-treated 

myocytes. 

2.5. Protective effects of cannabinoid receptor activation on mitochondria involve AMPK, 

PGC-1α, and CPT-1β. 
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Chapter IV: Objectives 

1. Determine and characterize the effects of cannabinoid receptor agonists on myocyte 

hypertrophy.  

1.1. Determine if endocannabinoids prevent cardiac myocyte hypertrophy via 

cannabinoid receptors.  

1.2. Determine if selective agonism of CB2 receptors prevents cardiac myocyte 

hypertrophy. 

1.3. Determine if dual agonism of CB1/B2 receptors using a peripherally-restricted 

agonist prevents cardiac myocyte hypertrophy. 

2. Determine the signaling mediators of endocannabinoid actions. 

2.1. Determine the role of AMPK/eNOS crosstalk in the anti-hypertrophic actions 

of ligand-activated CB receptors. 

3. Elucidate the effects of ET1 treatment on mitochondrial function in cardiac myocytes. 

3.1. Determine if ET1 induces mitochondrial membrane depolarization in isolated 

ventricular myocytes. 

3.2. Determine if ET1 depresses fatty acid oxidation-dependent mitochondrial 

bioenergetics. 

3.3. Determine if ET1 depresses glucose oxidation-dependent mitochondrial 

bioenergetics. 

3.4. Determine if ET1 suppresses the expression of PGC-1α and CPT-1β. 

4. Determine the effects of cannabinoid receptor activation on mitochondrial dysfunction. 

5. Determine the role of AMPK signaling in mitochondrial regulation by cannabinoid 

receptors.  
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Chapter V: Materials and Methods 

1. Animals 

This study was conducted according to recommendations from the Animal Care 

Committee of the University of Manitoba and the Canadian Council of Animal Care. 

Neonatal rat pups were produced from a larger in house Sprague-Dawley rat breeding 

colony. The pups were born in an aspen bedding-enriched polycarbonate rat cage 

suspended in a racking system that forms the cage lid. Pups were subsequently housed 

alone with the mother. Animals were maintained at 22-25°C, 55-60% humidity, and a 12 

h light-dark cycle, and allowed free access to water and food (PMI RMH-3000 feed). 

2. Materials 

Anandamide, R-methanandamide, JWH-133, ET1, compound C, sarcomeric α-

actinin antibody, β-actin antibody, sodium pyruvate solution (100 mM), L-carnitine 

hydrochloride, oligomycin, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone 

(FCCP), rotenone, antimycin A and etomoxir were from Sigma–Aldrich (Missouri, USA). 

AM251, AM281, AM630, and L-NIO were from Tocris Cookson (Minnesota, USA). CB-

13 and the JC-1 mitochondrial membrane potential assay kit were from Cayman 

Chemical (Michigan, USA). Lipofectin, calcein AM (Molecular Probes), propidium 

iodide (PI) and CPT-1β primers were from Life Technologies (California, USA). Alexa 

Fluor® 488-conjugated anti-mouse IgG1 antibody was from Abcam (California, USA). 

The -1595 human brain natriuretic peptide (BNP)-luciferase reporter construct was kindly 

provided by Dr. David Gardner (University of California, San Francisco, CA). Antibodies 

against phosphorylated AMPK (p-AMPK), AMPK, and phosphorylated eNOS (p-eNOS) 

were from Cell Signaling (Whitby, Canada). PGC-1α antibody was from EMD Millipore 
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(California, USA). XF24 FluxPak was from Seahorse Bioscience (Massachusetts, USA). 

The conjugated palmitate/BSA substrates were kindly provided by Dr. Paul Fernyhough 

(University of Manitoba, Winnipeg). 

3. Methods 

3.1. Treatments 

As applicable, myocytes were subjected to transfection or lentiviral infection. Then, 

unless otherwise indicated, myocytes were rendered quiescent by serum deprivation 

(0.5% CCS) or starvation (no serum) for 24 h and pre-treated for 1 h or 2 h with vehicle 

or anandamide (0.001-1 μM), R-methanandamide (1 μM), JWH-133 (0.001-1 μM) and 

CB-13 (0.001-1 μM) in the presence or absence of cannabinoid receptor antagonists 

(AM251 and AM281 for CB1, AM630 for CB2; 0.1 μM; 1 h), or chemical inhibitors of 

AMPK (compound C; 1 μM; 1 h) or eNOS (L-NIO; 1 μM; 1 h). Following the 1 h or 2 h 

pretreatment, ligands remained in the culture media for the remainder of the experiment. 

Hypertrophy and mitochondrial dysfunction were stimulated by addition of ET1 (0.1 μM; 

24-48 h or 4 h, respectively) (Alibin et al., 2008; Sun et al., 2014). The concentrations of 

CB antagonists used in these experiments are predicated on reports that sub- or low 

micromolar concentrations of AM251 and AM630 ablate previously described cardiac or 

vascular effects of endocannabinoids (Lam, Luk, & Ng, 2007; Romano & Lograno, 2006; 

Underdown, Hiley, & Ford, 2005). The treatment times of CB-13 and ET1 in 

mitochondrial function experiments were based on preliminary data suggesting improved 

or impaired mitochondrial function (data not shown).  
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3.2. Isolation and cell culture of neonatal rat ventricular myocytes 

Ventricular cardiomyocytes were isolated from 1-day-old neonatal Sprague-Dawley 

rats by digestion of minced ventricles with several cycles of 0.1% trypsin and 0.002% 

DNase in calcium bicarbonate-free Hanks with HEPES buffer (CBFHH) and mechanical 

disruption (Alibin et al., 2008). Supernatant was collected in BSA and centrifuged to 

acquire the cell pellets. To distinguish non-myocytes, cells were collected in Dulbecco’s 

modified Eagle medium (DMEM) containing 10% cosmic calf serum (CCS) (Hyclone) 

on tissue culture plates for 1 hour (i.e. pre-plating). During pre-plating, non-myocytes (i.e. 

fibroblasts, endothelial cells, and vascular smooth muscle cells) adhered to the plate, 

whereas the majority of myocytes remained in suspension. Myocytes were then collected 

and cultured on gelatin-coated plates in DMEM containing 10% CCS for 18 - 24 h prior 

to experimentation. 

3.3. Isolation and cell culture of adult rat ventricular myocytes 

Adult male Sprague Dawley rats (200-250 g) were anesthetized with 3% isoflurane 

and injected with heparin into the saphenous vein (1000 U/mL at 1 mL/Kg body weight). 

The heart was immediately removed and placed into a perfusion chamber and cannulated 

through the aorta. The heart was washed of blood with calcium-free buffer (mM: NaCl 

90, KCl 10, KH2PO4 1.2, MgSO4. 7H2O 5.0, NaHCO3 15, taurine 30, glucose 20, pH 

7.4) for 5 minutes. The heart was then perfused for 20 minutes (at 37°C) with calcium 

free buffer containing 179 U/mL collagenase II. After perfusion, ventricles were 

removed, minced, and incubated for five minutes at 37°C with re-circulated collagenase 

buffer for further digestion. Isolated cardiomyocytes were then plated on plates precoated 

with laminin (10 µg/mL) and maintained for 2 hours at 37°C and 5% CO2 in a medium 
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consisting of medium 199 containing 5% fetal bovine serum, 5% horse serum, and 1% 

penicillin/streptomycin. After two hours, the medium was replaced with medium 199 

supplemented with 5 mM taurine, 2 mM L-carnitine, 1 mM creatine, 2 µM insulin, and 

100 IU/mL penicillin/streptomycin. 

3.4. Myocyte size measurement 

Myocytes were cultured in 12-well plates (1×10
6
 cells/well) and serum-starved for 

24 h. Following treatments, cells were fixed with 4% paraformaldehyde for 30 min 

followed by permeabilization with phosphate-buffered saline (PBS) containing 0.1% 

Triton X-100 for 5 min. Cells were blocked with PBS containing 2% non-fat dry milk for 

1 h and incubated with mouse anti-rat sarcomeric α-actinin antibody in blocking solution 

at 4 °C for overnight. Cells were washed three times with PBS and incubated with Alexa 

Fluor® 488-conjugated anti-mouse IgG1 antibody at room temperature for 1 h. After 

three PBS washes, myocytes were viewed using fluorescence microscopy. Cell surface 

areas of individual cells were quantified using Image J planimetry software from two-

dimensional images. 

3.5. Transfection and luciferase assay 

Myocytes were cultured in 12-well plates (1×10
6
 cells/well) then co-transfected 

with Renilla luciferase and -1595 human hBNP-luciferase with Lipofectin according to 

the manufacturer's protocol. Myocytes were maintained in DMEM with 10% CCS for 24 

h, and then serum-deprived for 24 h. After treatments, luciferase activity was measured 

from lysates using the Dual-Luciferase Reporter Assay System (Promega). Luciferase 

activity was normalized to Renilla luciferase activity. 
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3.6. RNA extraction and real-time PCR 

Myocytes were cultured in 12-well plates (1×10
6
 cells/well) and serum deprived 

(0.5% CCS) for 24 h. Following treatments, total RNA was extracted from myocytes 

using the RNeasy mini kit (QIAGEN, Hilden, Germany). Real-time PCR was performed 

using the iScript
TM

 One-Step RT-PCR SYBR® Green kit (Bio-Rad, Ontario, Canada) in 

the presence of BNP primers (forward: CAGCTCTCAAAGGACCAAGG; reverse: 

CGATCCGGTCTATCTTCTGC), and CPT-1β primers (forward: 5’-

CTTCTCAGTATGGTTCATCTTCTC-3’; reverse: 5’-CGAACATCCACCCATGATAG-

3’). GAPDH was employed as the internal control. (forward: 

CTCATGACCACAGTCCATGC; reverse: TTCAGCTCTGGGATGACCT). 

3.7. Lentiviral preparation and infection 

Lentiviral vectors expressing shRNA against AMPK α1 and α2 were obtained from 

the University of Manitoba OpenBiosystems library (AMPK α1: TRCN0000000860, 

TRCN0000024003; AMPK α2: V2LMM_73754, V2LMM_71195). Scrambled sequences 

served as non-silencing controls. Lentivirus vector plasmids were co-transfected with 

psPAX2 (packaging) and pMD2.G (enveloping) vectors using FuGENE6 Reagent 

(Roche; Indianapolis, Indiana). High-titer lentiviral stock was produced in HEK-293T 

cells 48 h after transfection. Myocytes were infected for 24 h by application of the 

lentivirus to the culture medium, and then cultured for a further 72 h (to activate 

knockdown) prior to treatments and further experimentation. Knockdown was confirmed 

by western blotting. 
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3.8. Western blotting 

Myocytes were cultured in 6-well plates (2×10
6
 cells/plate).  Following treatments, 

cell lysates were prepared in radioimmune precipitation assay (RIPA) buffer and clarified 

by centrifugation. Antibodies against p-AMPK (1:1000), AMPK (1:1000), p-eNOS 

(1:1000), eNOS (1:1000), PGC-1α (1:1000) and SOD2 (1:50000) were used for detection 

by conventional western blotting. Membranes were stripped and reprobed with β-actin 

antibody to account for loading variations among lanes. 

3.9. Measurement of cardiomyocyte viability 

Cardiomyocyte viability was assessed by double staining with calcein-AM and PI. 

Calcein AM is a membrane-permeant dye that is converted to a green-fluorescent calcein 

by intracellular esterases in viable cells. PI is a membrane-impermeant intercalating 

agent. While excluded from viable cells with intact membranes, PI enters dead cells and 

fluoresces upon binding to nucleic acids. After treatments and removal of media, 400 µL 

of a mixture of 3 uM calcein AM and 2.5 µM PI in warm PBS was added to each well 

(24-well plate, 350,000 cells/well). The following were used as controls: background - no 

cells + calcein AM/PI; live controls - vehicle-treated cells; dead cell controls - cells 

treated with 0.2% Triton X-100 (15 min). Following dark incubation 37°C, 30 min), 

fluorescence was measured using a plate reader using excitation/emission wavelengths 

485nm/535nm for calcein and 530 nm/620 nm for PI. 

3.10. Measurement of ventricular myocyte contractile function 

Contractile properties of adult rat cardiac myocytes were assessed using a video-

based edge-detection system (Ionoptix HyperSwitch Myocyte System). Cardiac myocytes 

were cultured on coverslips (0.3×10
6
 cells/coverslip) and rendered quiescent. Following 
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treatments, coverslips were placed on a chamber mounted on the stage of an inverted 

microscope and perfused with a buffer containing (in mM): 131 NaCl, 4 KCl, 1 CaCl2, 1 

MgCl2, 10 glucose, 10 HEPES, at pH7.4 and maintained at 37°C. Cells were stimulated 

to contract using the IonOptix Myopacer at a frequency of 0.5 Hz. Cardiomyocytes were 

displayed on a monitor display using an IonOptix Myocam camera. SoftEdge software 

(IonOptix) was used to compare changes in cell length during shortening (contraction) 

and relengthening (relaxation). Indices used to evaluate cell contractility included 

maximal velocity of shortening (+dL/dt) and maximal velocity of relengthening (-dL/dt).  

These are representations of systolic contraction and diastolic relaxation, respectively.  

Contractility was also measured as peak shortening. 

3.11. Measurement of mPT 

Myocytes were cultured in 48-well plates (0.25×10
6
 cells/well), and pre-treated 

with CB-13 (1 μM; 1 h) or vehicle in Krebs-Henseleit buffer supplemented with 

palmitate/BSA substrates (200 μM), L-carnitine hydrochloride (0.4 mM) and glucose (2.5 

mM). Myocytes were then coloaded with calcein-AM (2 μM), CoCl2 (2 mM) and 

MitoTracker-Red (0.1 μM) for 15 min, followed by 5 min wash with PBS. Images were 

acquired using an Olympus brightfield fluorescence microscope. The excitation/emission 

wavelengths for calcein and MitoTracker-Red are 494/517 nm and 579/599 nm 

respectively. Images were acquired pre- and post-treatment (i.e. 0, 1, 2, 5, 15 and 30 min) 

with ET1 (0.1 μM) or vehicle. Cells were incubated with ionomycin (2 μM) for 5 min at 

the end of the experiment; this causes mPT and therefore served as positive control. 
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3.12. Measurement of changes in Δψm 

The lipophilic fluorescent probe JC-1 (Cayman Chemical Company) was used to 

investigate Δψm in cardiac myocytes, as per the manufacturer’s protocol. Myocytes were 

loaded with JC-1 for 60 min at 37ºC in specific working buffers: 1) Krebs-Henseleit 

buffer containing palmitate/BSA substrates (200 μM), L-carnitine hydrochloride (0.4 

mM) and glucose (2.5 mM) was used to measure fatty acid-dependent Δψm, or 2) DMEM 

with glucose (10 mM) and pyruvate (1 mM) was used to measure glucose-dependent 

Δψm. Myocytes were then washed with PBS for 5 min, and images were acquired using 

an Olympus brightfield fluorescence microscope. Samples were excited at 485 nm for 

monomer fluorescence and at 560 nm for JC-1 aggregate fluorescence. Emission 

fluorescence images were recorded at 535 nm for JC-1 monomer and 595 nm for JC-1 

aggregates. Fluorescence intensity was also quantified using the SpectraMax Gemini XS 

fluorescence microplate reader. The ratio of aggregate to monomer fluorescence was 

measured as an indicator of changes in in Δψm. Also, as JC-1 may respond to plasma 

membrane depolarization, the mitochondrial uncoupler p-trifluoro-methoxy carbonyl 

cyanide phenyl hydrazine (FCCP; 1 μM) was added at the end of each experiment to 

achieve maximal dissipation of Δψm, and therefore served as positive control. 

3.13. Measurement of mitochondrial respiration 

A Seahorse XF24 Bioanalyzer (Seahorse Biosciences, North Billerica, MA) was 

used to measure bioenergetic function in isolated neonatal rat cardiac myocytes. The 

XF24 creates a transient 7 μL chamber in specialized microplates that allows for oxygen 

consumption rate (OCR) to be monitored in real time (Roy Chowdhury et al., 2012). Fatty 

acid- and glucose-dependent OCR, driven by palmitate/BSA conjugate or 
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pyruvate/glucose respectively, were measured under basal conditions. Briefly, myocytes 

were seeded at 100,000 cells/well and exposed to assay media 1 h prior to the assay. 

Krebs-Henseleit buffer containing L-carnitine hydrochloride (0.4 mM), glucose (2.5 mM) 

and palmitate/BSA conjugate (200 μM) was used to measure fatty acid-dependent 

respiration, whereas DMEM (pH 7.4) supplemented with pyruvate (1 mM) and glucose 

(10 mM) was used to assess glucose-dependent respiration. Following the measurement 

of basal OCR, oligomycin (1 μM), FCCP (palmitate assays – 10 µM; glucose assays – 2 

µM), and rotenone + antimycin A (1 µM each) were sequentially injected, permitting 

determination of multiple parameters of mitochondrial bioenergetics. First, addition of 

oligomycin, an inhibitor of ATP synthase, decreases basal OCR due to any oxygen 

consumption linked to ATP synthesis; thus, the magnitude of decrease reflects ATP-

linked OCR, and the remaining portion of basal OCR represents OCR linked to proton 

leak. Mitochondrial coupling efficiency, or the efficiency with which mitochondria 

convert oxygen into ATP, is therefore determined as the ratio of ATP-linked OCR/basal 

OCR. Second, FCCP uncouples the ETC and allows protons to flow back into the 

mitochondrial matrix to reduce oxygen; thus, OCR in the presence of FCCP reflects the 

maximal respiratory capacity, and the difference between the maximal OCR and basal 

OCR reflects the spare respiratory capacity. Finally, rotenone + antimycin A abolish 

electron flow through complexes I to III, such that no oxygen is consumed at cytochrome 

c oxidase. The remaining oxygen rate consumption after this intervention is therefore due 

primarily to non-mitochondrial respiration (Brand & Nicholls, 2011).  

Oxidation of exogenous palmitate was validated using a CPT1 inhibitor, etomoxir 

(40 µM). Also, BSA in the presence or absence of etomoxir served as negative control. 
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3.14. Statistics 

All data are presented as means ± SEM. Statistical analyses were performed 

throughout using GraphPad Prism version 5. One-way ANOVA followed by a Newman–

Keuls Multiple Comparison test was used to detect between-group differences.  

Differences were considered significant at p<0.05. 
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Chapter VI: Results 

1. Anandamide suppresses ET1-induced cardiac myocyte hypertrophy. 

At the cardiomyocyte level, hypertrophy is characterized by increased cell size and 

reactivation of the fetal gene program (Chien, Knowlton, Zhu, & Chien, 1991). As re-

induction of fetal genes such as BNP is one of the most consistent markers of 

hypertrophy, expression of the BNP gene and BNP promoter-reporter constructs are used 

as experimental indicators of hypertrophy (LaPointe, 2005). To begin, we determined the 

effects of increasing concentrations of anandamide on ET1-induced myocyte 

enlargement. These first experiments suggested that 1 μM might be anti-hypertrophic 

while not affecting untreated cells (Figure 3). Therefore, this concentration was selected 

for further study. ET1 treatment (0.1 μM; 24-48 h) elicited cardiomyocyte hypertrophy, as 

evidenced by significant enlargement of myocytes (124±8%, p<0.05 vs. control) (Figure 

4A) and activation of the BNP promoter (340±118%, p<0.05 vs. control) (Figure 4B). 

These ET1-induced hypertrophic indicators were attenuated by anandamide (myocyte 

size: 106±6%, p<0.05 vs. ET1; BNP: 119±44%, p<0.05 vs. ET1) (Figure 4). 
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Figure 3. Effect of increasing concentrations of anandamide on ET1-induced 

myocyte enlargement. 

 

Figure 3. Serum-deprived myocytes were pre-treated with vehicle or increasing 

concentrations of anandamide (0.001-1 μM; 1 h), followed by addition of ET1 (0.1 μM; 

48 h). ET1-induced myocyte enlargement was attenuated by anandamide at a 

concentration of 1 μM, while this concentration did not affect untreated cells. n=5. 

*p<0.05 and **p<0.01 vs. control (open bar); ‡p<0.01 vs. ET1. 
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Figure 4. Anandamide inhibits ET1-induced myocyte hypertrophy. 

 

Figure 4. Serum-deprived myocytes were pre-treated with vehicle or anandamide (1 μM; 

1 h), followed by addition of ET1 (0.1 μM; 24-48 h). A, Myocyte size (surface area) and 

B, fetal gene activation (-1595 human BNP promoter activity) were attenuated by 

anandamide. n=4-5. *p<0.05 vs. control (open bars); †p<0.05 vs. ET1. 
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2. R-methanandamide suppresses ET1-dependent induction of hypertrophic markers. 

We also considered the possibility that the anti-hypertrophic effects of anandamide 

might be related to anandamide metabolism through the arachidonic acid cascade. Thus, 

to determine if metabolites contribute to anandamide-mediated anti-hypertrophic actions, 

we conducted experiments in which we replaced anandamide with R-methanandamide, 

which is a non-hydrolysable, metabolically stable analog of anandamide (Abadji et al., 

1994). R-methanandamide also suppressed ET1-dependent myocyte enlargement 

(107±4%, p<0.01 vs. ET1 (131±6%, p<0.01 vs. control)) (Figure 5A) and BNP promoter 

activity (212±20%, p<0.01 vs. ET1 (388±61%, p<0.01 vs. control)) (Figure 5B). These 

results demonstrate that the capacity of anandamide (and R-methanandamide) to suppress 

cardiac myocyte hypertrophy is not mediated by metabolites, but instead involves ligand 

activation of CB receptors. 
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Figure 5. Anti-hypertrophic actions of endocannabinoids are not mediated by 

metabolites generated through the arachidonic acid cascade 

 

Figure 5. Serum-deprived myocytes were pre-treated with vehicle or metabolically-stable 

R-methanandamide (1 μM; 1 h), followed by addition of ET1 (0.1 μM; 24-48 h). A, 

Myocyte size (surface area), and B, fetal gene activation (-1595 human BNP promoter 

activity) were attenuated by R-methanandamide. n=4-5. **p<0.01 vs. control (open bars); 

‡p<0.01 vs. ET1. 
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3. CB1 and CB2 receptors mediate distinct aspects of the anti-hypertrophic actions of R-

methanandamide. 

To determine whether CB1 and CB2 receptors regulate distinct aspects of the 

hypertrophic profile, we used selective pharmacological antagonists of CB1 and CB2 

receptors. AM251 is a selective CB1 receptor antagonist (Pacher et al., 2006). Ki values 

for AM251 are CB1=7.49 nM vs. CB2=2290 nM (Lan, Gatley, et al., 1999). In contrast, 

AM630 is selective for CB2 receptors; Ki values are CB1=5152 nM vs. CB2=31.2 nM 

(Pacher et al., 2006; R. A. Ross et al., 1999). The ability of R-methanandamide to 

suppress myocyte enlargement was abolished by AM630 (124±6%, p<0.01 vs. control), 

but was not affected by AM251 (Figure 6A). In contrast, the ability of R-

methanandamide to suppress ET1-dependent BNP promoter activation was abolished by 

AM251 (217±40%, p<0.05 vs. control) but not by AM630 (Figure 6B). Given reports that 

AM251 might also act as a GPR55 agonist, we verified the involvement of CB1 receptors 

using AM281 (Ki: CB1=12 nM vs. CB2=4200 nM) (Lan, Gatley, et al., 1999), as AM281 

exerts neither agonistic nor antagonistic effects on GPR55 (Ryberg et al., 2007). In fact, 

the effects of AM281 agree with those of AM251. As with AM251, AM281 failed to 

affect the ability of R-methanandamide to suppress myocyte enlargement (Figure 7A). In 

contrast, AM281 abolished the inhibitory effects of R-methanandamide on ET1-induced 

BNP mRNA expression (365±56%, p<0.05 vs. control) (Figure 7B). These results show 

dissociation of the trophic effect from the gene-expression effect of ET1 in 

cardiomyocytes, and that agonism of both CB receptor subtypes is essential to attenuate 

both hypertrophic events (i.e. CB1 inhibits BNP gene activation, whereas CB2 inhibits 

myocyte enlargement). 
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Figure 6. Distinct CB receptor subtypes mediate the inhibitory effects of R-

methanandamide on ET1-induced myocyte enlargement and fetal gene activation. 

 

Figure 6. A, The ability of R-methanandamide (1 μM; 1 h) to suppress ET1-dependent 

(0.1 μM; 24-48 h) myocyte enlargement was unaffected by antagonism of CB1 receptors 

(AM251; 0.1 μM; 1 h), but was blocked by antagonism of CB2 receptors (AM630; 0.1 

μM; 1 h). B, In contrast, R-methanandamide-dependent suppression of ET1-induced BNP 

promoter activation was blocked by AM251, but was unaffected by AM630. n=4-6. 

ns=not significant vs. control (open bars); *p<0.05 and **p<0.01 vs. control (open bars); 

†p<0.05 and ‡p<0.01 vs. ET1. 
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Figure 7. AM281, a CB1-selective antagonist, suppresses hypertrophic gene 

expression, but not myocyte enlargement. 

  

Figure 7. A, The ability of R-methanandamide (1 μM; 1 h) to suppress ET1-dependent 

(0.1 μM; 24-48 h) myocyte enlargement was unaffected by antagonism of CB1 receptors 

(AM281; 0.1 μM; 1 h). B, In contrast, R-methanandamide-dependent suppression of ET1-

induced BNP promoter activation was blocked by AM281.  n=3. *p<0.05 and **p<0.01 

vs. control (open bars); ‡p<0.01 vs. ET1. These data suggest that the ability of AM251 to 

inhibit hypertrophy involved CB1 antagonism rather than GPR55 agonism. 
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4. Selective agonism of CB2 receptors attenuated ET1-induced myocyte enlargement, but 

not BNP promoter activation. 

Clinical use of cannabinoid-based therapies has been impeded due to a series of 

psychoactive adverse effects (e.g. memory impairment, dizziness, and drug addiction) 

mediated by central CB1 receptors (Hosking & Zajicek, 2008; Kunos et al., 2009). One 

previously proposed approach is to selectively target CB2 receptors (Gertsch et al., 2008; 

Palazuelos et al., 2006), and cardioprotective effects of CB2 ligands have been reported 

(Lagneux & Lamontagne, 2001; Lepicier et al., 2003). Therefore, we assessed the effects 

of selective activation of CB2 receptors using JWH-133, a CB2 receptor-selective 

agonist. (Based on the role of CB1 and CB2 receptors in the anti-hypertrophic actions of 

R-methanandamide, we anticipated that JWH-133 would fail to completely abolish 

hypertrophy). 

We determined the effects of increasing concentrations of JWH-133 on ET1-

induced myocyte enlargement. As with anandamide and R-methanandamide, a JWH-133 

concentration of 1 μM significantly attenuated hypertrophic growth (100±3%, p<0.01 vs. 

ET1 (127±3%, p<0.01 vs. control)) (Figure 8 and Figure 10A). This concentration was 

used in further experiments. To verify the involvement of CB2 and not CB1 receptors in 

JWH-133 effects, selective antagonists of CB1 and CB2 receptors were applied. The 

ability of JWH-133 to attenuate cell enlargement was not affected by AM251 (i.e. CB1 

receptor antagonist), but was attenuated by AM630 (i.e. CB2 receptor antagonist) 

(117±2%, p<0.01 vs. control) (Figure 9).  
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 However, JWH-133 did not attenuate ET1-induced increase in BNP mRNA 

expression (Figure 10B). These data suggest that ligand activation of CB2 receptors alone 

is not sufficient to completely prevent cardiac hypertrophy. 
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Figure 8. Effect of increasing concentrations of JWH-133, a CB2-selective agonist, 

on ET1-induced myocyte enlargement. 

 

Figure 8. Serum-deprived myocytes were pre-treated with vehicle or increasing 

concentrations of JWH-133 (0.001-1 μM; 1 h), followed by addition of ET1 (0.1 μM; 48 

h). Myocyte size was attenuated by JWH-133 at a concentration of 1 μM. n=5. *p<0.05 

and **p<0.01 vs. control (open bars); ‡p<0.01 vs. ET1. 
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Figure 9. The inhibitory effects of JWH-133 on ET1-induced myocyte enlargement 

are mediated by the CB2 receptor. 

 

Figure 9. The ability of JWH-133 (1 μM; 1 h) to suppress ET1-dependent (0.1 μM; 

48 h) myocyte enlargement was unaffected by antagonism of CB1 receptors (AM251; 0.1 

μM; 1 h), but was blocked by antagonism of CB2 receptors (AM630; 0.1 μM; 1 h). n=3-5. 

**p<0.01 vs. control (open bars); †p<0.05 and ‡p<0.01 vs. ET1. 
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Figure 10. JWH-133 only partially suppresses ET1-induced hypertrophic processes. 

 

Figure 10. Serum-deprived myocytes were pre-treated with vehicle or JWH-133 (1 μM;1 

h), followed by addition of ET-1 (0.1
 
μM; 24-48 h). JWH-133 attenuated A, myocyte size 

(surface area), but not B, fetal gene activation (BNP mRNA expression), n=3-9. *p<0.05 

and **p<0.01 vs. control (open bars); ‡p<0.01 vs. ET1.  
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5. CB-13 attenuates all of the hypertrophy markers stimulated by ET1. 

As we expected, selectively agonism of CB2 receptors failed to completely prevent 

cardiac myocyte hypertrophy. We then focused our efforts on an alternative strategy: 

selective targeting of peripheral (i.e. non-central) CB1 and CB2 receptors. To perform 

these experiments, we selected CB-13, a peripherally-restricted dual agonist of CB1 and 

CB2 receptors.  

First, we determined the effects of increasing concentrations of CB-13 on ET1-

induced myocyte enlargement. As with anandamide, R-methanandamide, and JWH-133, 

a CB-13 concentration of 1 μM significantly attenuated hypertrophic growth (105±3%, 

p<0.01 vs. ET1 (122±4%, p<0.01 vs. control)) (Figure 11 and Figure 12A). This 

concentration was used in further experiments. 

In addition, CB-13 prevented the ET1-dependent induction of BNP mRNA 

expression (210±31%, p<0.05 vs. ET1 (426±89%, p<0.01 vs. control)) (Figure 12B). 

These results suggest that dual agonism of CB1 and CB2 receptors is able to prevent the 

hypertrophic process in cardiac myocytes. 

Furthermore, we found that micromolar CB-13 had no adverse effects on myocyte 

viability (Figure 13). Moreover, although ET1 treatment prolonged shortening and 

relengthening velocities, CB-13 had no adverse effects on contractile function either in 

untreated or ET1-treated cardiac myocytes (Table 5). 
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Figure 11. CB-13 suppresses ET1-induced myocyte enlargement at 1 μM. 

 

Figure 11. Serum-deprived myocytes were pre-treated with vehicle or increasing 

concentrations of CB-13 (0.001-1 μM; 1 h), followed by addition of ET1 (0.1 μM; 48 h). 

Myocyte size was attenuated by CB-13, in part at a concentration of 0.1 μM, and 

completely at 1 μM. n=4. ns=not significant vs. ET1. *p<0.05 and **p<0.01 vs. control 

(open bars); ‡p<0.01 vs. ET1. 
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Figure 12. Dual agonism of CB1/CB2 receptors by CB-13 suppresses ET1-induced 

myocyte hypertrophy. 

 

Figure 12. Serum-deprived myocytes were pre-treated with vehicle or CB-13 (1 μM; 1 h), 

followed by addition of ET1 (0.1 μM; 24-48 h). A, Myocyte size (surface area), and B, 

fetal gene activation (BNP mRNA expression) were attenuated by CB-13. n=5-7. 

**p<0.01 vs. control (open bars); †p<0.05 and ‡p<0.01 vs. ET1. 
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Figure 13. CB-13 does not adversely affect cardiac myocyte viability. 

 

Figure 13. Neither CB-13 (1 μM) nor ET1 (0.1 μM) affected myocyte viability, as 

measured by calcein/propidium iodide (PI) fluorescence staining. n=7. This experiment 

was designed by me and performed by Ms. Bolanle Akinwumi (Ph.D. student as of 2016). 

 

Table 5. CB-13 does not adversely affect cardiac myocyte contractile function.  

Parameter Control ET1 CB-13 CB-13+ET1 

Maximal velocity of shortening 

(+dL/dt; μm/s) 

 

133 ± 10 

 

86 ± 6* 

 

147 ± 14 

 

79 ± 6* 

 

Maximal velocity of relengthening 

(-dL/dt; μm/s) 

 

-92 ± 9 

 

-51 ± 5* 

 

-97 ± 15 

 

-54  ± 9* 

 

Peak shortening (% control) 100 ± 0 88 ± 10 116 ± 19 93 ± 10 

Table 5. ET1 (0.1 μM) significantly prolonged shortening (contraction) and relengthening 

(relaxation) velocities of adult rat cardiac myocytes. However, CB-13 (1 μM) had no 

adverse effects on contractile function either in untreated or ET1-treated cardiac 

myocytes. *p<0.01 vs. control. This experiment was designed by me and conducted by 

Ms. Bolanle Akinwumi (Ph.D. student as of 2016).  



 121 

6. AMPK-eNOS signaling contributes to CB-13 effects. 

As discussed above, we identified the AMPK-eNOS signaling axis as a candidate 

mediator of CB-13 effects. CB-13 significantly increased phosphorylation of AMPKα at 

Thr172 (CB-13 4h: 354±58% and CB-13 8h: 321±64%, p<0.01 vs. control) (Figure 14A), 

which is an indicator of AMPK activation status (Beauloye, Bertrand, Horman, & Hue, 

2011; Witters, Kemp, & Means, 2006). Consistent with reports that activated AMPK 

promotes phosphorylation and activation of eNOS at Ser1177 (Z. P. Chen et al., 1999; 

Morrow et al., 2003), CB-13 also activated eNOS (CB-13 4h: 237±51%, p<0.01 vs. 

control) (Figures 14B). We next performed knockdown of AMPKα1/2 to ascertain its role 

in eNOS phosphorylation by CB-13. Infection of cardiomyocytes with lentiviral 

constructs expressing shRNA against AMPKα1/α2 produced significant, simultaneous 

reductions of AMPKα1, AMPKα2 and total AMPKα to 17±6, 28±14% and 20±4%, 

respectively (Figure 15). The ability of CB-13 to induce eNOS phosphorylation (CB-13 

(in the presence of empty vector): 143±8%, p<0.05 vs. control) was abolished by AMPK 

knockdown (CB-13 (in the presence of AMPKα1/2 shRNA): 83±23%, p>0.05 vs. control 

(83±10%)) (Figure 16). These findings suggest that CB-13 stimulates AMPK-eNOS 

signaling. 

Moreover, the ability of CB-13 to attenuate cardiomyocyte hypertrophy was 

abolished by disruption of AMPK signaling using a chemical inhibitor (compound 

C/dorsomorphin: Ki = 109 nM; 1 μM) (myocyte size: 123±5%, p<0.01 vs. control, BNP 

mRNA: 232±44%, p<0.01 vs. control) or by shRNA knockdown of AMPKα1/2 (myocyte 

size: 124±4%, p<0.01 vs. control; BNP mRNA: 148±17%, p<0.05 vs. control) when 

normalized to their respective controls, (Figure 17 and 18). The selective eNOS inhibitor 

N5-(1-iminoethyl)-L-ornithine (L-NIO; IC50 = 500 nM; 10x and 5x less potent at nNOS 
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and iNOS, respectively; 1 μM) (Moore et al., 1994) also ablated the anti-hypertrophic 

effects of CB-13 (myocyte size: 124±6%, p<0.01 vs. control; BNP mRNA: 318±76%, 

p<0.05 vs. control) (Figure 19). It bears mentioning that shRNA knockdown of 

AMPKα1/2 and L-NIO increased baseline cardiomyocyte size to 161±20% (n=3, p<0.05) 

and 159±17% (n=5, p<0.01) vs. control, respectively, suggesting basal anti-growth 

activities of AMPK and eNOS in cardiomyocytes. Collectively, these findings indicate 

that CB-13 attenuates cardiomyocyte hypertrophy via AMPK-eNOS signaling. 
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Figure 14. CB-13 stimulates AMPK and eNOS phosphorylation. 

 

Figure 14. Serum-deprived myocytes were treated with vehicle or CB-13 (1 μM) for 0-24 

h. A, AMPKα phosphorylation (Thr172), and B, eNOS phosphorylation (Ser1177), 

measured by conventional western blotting, were stimulated by CB-13 at 4 h (p-AMPK 

and p-eNOS) and 8 h (p-AMPK). Results are presented as percent of normalized protein 

vs. vehicle-treated controls. n=10. **p<0.01 vs. vehicle-treated control (open bars). 



 124 

Figure 15. shRNA silencing of AMPKα isoforms. 

 

Figure 15. Serum-starved myocytes were infected with lentivirus carrying shRNA against 

AMPK α1 and α2 or non-silencing empty vector. Five days post-infection, infection 

efficiencies were 89±3% and 88±1% for non-silencing vector and AMPKα1/α2 shRNA, 

respectively. A, AMPK α1, B, AMPK α2, and C, AMPK α1/α2, measured by conventional 

western blotting, achieved significant knockdown in response to relevant shRNA. Results 

are presented as percent of normalized protein vs. empty vector-treated controls (open 

bars). n=3. *p<0.05 and **p<0.01 vs. non-silencing vector (open bars). 
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Figure 16. AMPK knockdown abolishes CB-13-dependent eNOS phosphorylation. 

 

Figure 16. Simultaneous knockdown of AMPKα1 and AMPKα2 abrogated the ability of 

CB-13 to phosphorylate eNOS at Ser1177, suggesting that eNOS activation lies 

downstream of AMPKα. n=3.*p<0.05 and vs. control (open bars); †p<0.05 vs. CB-13. 
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Figure 17. Chemical inhibition of AMPK using compound C blocked the anti-

hypertrophic actions of CB-13. 

 

Figure 17. Serum-deprived myocytes were pre-treated with vehicle or CB-13 (1 μM; 1 h) 

in the presence and absence of compound C (AMPK inhibitor; 1 μM; 1 h), followed by 

addition of ET1 (0.1 μM; 24-48 h). The ability of CB-13 to attenuate ET1-induced 

increases in A, myocyte size (surface area), and B, fetal gene activation (BNP mRNA 

expression) was abolished by compound C. n=6-7. **p<0.01 vs. control (open bars). 
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Figure 18. shRNA knockdown of AMPKα1/2 blocked the anti-hypertrophic actions of 

CB-13.  

 

Figure 18. Serum-deprived myocytes were pre-treated with vehicle or CB-13 (1 μM; 1 h) 

in the presence and absence of lentivirus containing shRNA against AMPK α1 and α2, 

followed by addition of ET1 (0.1 μM; 24-48 h). The ability of CB-13 to attenuate ET1-

induced increases in A, myocyte size (surface area), and B, fetal gene activation (BNP 

mRNA expression) was abolished by AMPKα1/2 knockdown. n=3-10. *p<0.05 and 

**p<0.01 vs. control (open bars). 
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Figure 19. Inhibition of eNOS using L-NIO blocked the anti-hypertrophic actions of 

CB-13. 

 

Figure 19. Serum-deprived myocytes were pre-treated with vehicle or CB-13 (1 μM; 1 h) 

in the presence and absence of L-NIO (eNOS inhibitor; 1 μM; 1 h), followed by addition 

of ET1 (0.1 μM; 24-48 h). The ability of CB-13 to attenuate ET1-induced increases in A, 

myocyte size (surface area), and B, fetal gene activation (BNP mRNA expression) was 

abolished by L-NIO. n=4-9. *p<0.05 and **p<0.01 vs. control (open bars). 
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7. With palmitate as the primary substrate, ET1-induced mPT is prevented by CB-13.  

Calcein-AM and CoCl2 dual staining is a well-established method used to assess the 

extent of mPT in intact cells (Petronilli et al., 1999). Calcein-AM is a membrane-

permeant dye that, once inside the cell, is then converted to a fluorescent calcein (green) 

by intracellular esterases. Fluorescent calcein is then trapped in cellular compartments 

and unable to cross cellular membranes, including mitochondrial membranes. CoCl2, a 

quencher of calcein fluorescence, selectively quenches calcein fluorescence in cytosol, 

thereby enabling detection of the fluorescent calcein signals accumulated in the 

mitochondria (manifested as bright fluorescence particles). However, in response to 

pathological stimuli, mPTPs open, thereby allowing fluorescent calcein to leak from 

mitochondria into the cytosol; this hence decreases the fluorescent contrast between 

mitochondria and cytosol, leading to a smeared appearance within cells. Mitotracker-Red 

(0.1 μM) was also co-loaded to verify the location of mitochondria (pictures not shown). 

The fluorescence signal of calcein and Mitotracker-Red overlapped, suggesting the bright 

fluorescent particles were within mitochondria.  

Whether ET1 promotes mPT in the presence or absence of CB-13 was studied. First, 

we detected whether ET1 induces mPT in the absence of CB-13. Myocytes were 

pretreated with DMSO (vehicle of CB-13), and co-loaded with calcein AM and CoCl2. 

Mitochondria stained with calcein fluorescence were presented as glowing particles 

(Figure 20A-1 and 20B-1); Addition of ET1 (0.1 μM) for 15 min dramatically disrupted 

the fluorescence density and dissolved those particles (Figure 20B-2), suggesting an 

increase in mPT. This mPT stimulation did not occur in myocytes treated with H2O (ET1 

vehicle) (Figure 20A-2). Second, we examined whether CB-13 pretreatment (1 μM; 1 h) 

prevented ET1-induced mPT. In the presence of CB-13, mitochondria stained with 
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calcein fluorescence were presented as glowing fluorescent particles (Figure 20C-1 and 

20D-1). However, these particles were not affected by addition of ET1 or H2O (Figure 

20D-2 and 20C-2), indicating preserved mPT in the presence of CB-13. At the end of the 

experiment, myocytes from all of the groups were treated with ionomycin. Ionomycin 

causes Ca
2+

 overload and thereby induces mPT, and thus served as positive control. 

Addition of ionomycin (2 μM; 5 min) disrupted the fluorescence particles in all groups 

(Figure 20A-3, 20B-3, 20C-3, and 20D-3). These results suggest protective effects of CB 

receptor activation on ET1-induced mPT. 
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Figure 20. CB-13 ameliorates ET1-induced mPT. 
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Figure 20. Myocytes were pre-treated with vehicle (DMSO) or CB-13 (1 μM; 1 h) in 

Krebs-Henseleit buffer containing palmitate/BSA (200 μM), L-carnitine hydrochloride 

(0.4 mM) and glucose (2.5 mM). Myocytes were then co-loaded with Calcein-AM (2 μM; 

15 min), CoCl2 (2 mM; 15 min) and Mitotracker-Red (0.1 μM; 15min). After washing 

with PBS three times for 5 min, images were acquired pre- and post-treatement with ET1 

(0.1 μM) or its vehicle H2O. Ionomycin (2 μM) was added as a positive control at the end 

of each experiment. CoCl2 quenches the fluorescence in cytosol but not mitochondria, 

thus allowing detection of brighter mitochondrial particles. B-2, addition of ET1 for 15 

min significantly dissipated the mitochondrial particles compared to A-2, H2O-treatment, 

suggesting calcein fluorescence leaked from the mitochondria. This is interpreted as 

increased mPT. In the presence of CB-13, neither C-2, H2O nor D-2, ET1 affected 

mitochondrial fluorescence, suggesting preserved mPT. A/B/C/D-3, as expected, 

ionomycin induced mPT in all groups. 
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8. With palmitate as the primary substrate, CB-13 prevents ET1-induced mitochondrial 

membrane depolarization in an AMPK-independent manner. 

The ratio of aggregate to monomer fluorescence of JC-1 was measured as an 

indicator of changes in Δψm. In healthy mitochondria with relatively high Δψm, JC-1 

concentrates as J-aggregates and shows intense red fluorescence. In contrast, in unhealthy 

mitochondria with reduced Δψm, JC-1 presents mainly as monomeric form due to 

decreased concentration and emits green fluorescence. As shown in figure 21, the ratio of 

red J-aggregates/green monomer declined in ET1-treated cells (80±3%, p<0.05 vs. 

control), reflecting membrane depolarization. This depolarization was attenuated in the 

presence of CB-13 pretreatment (106±10%, p<0.05 vs. ET1). However, the ability of CB-

13 to prevent mitochondrial depolarization was not affected by AMPK chemical inhibitor, 

compound C (Figure 22). These data indicate that Δψm is dissipated in ET1-treated 

cardiac myocytes where fatty acids are the primary substrates; CB receptor activation 

preserves Δψm in an AMPK-independent manner. 
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Figure 21. CB-13 prevents ET1-induced mitochondrial membrane depolarization in 

the presence of palmitate as substrate. 

 

Figure 21. Serum-deprived myocytes were pre-treated with CB-13 (1 μM, 2 h), followed 

by addition of ET1 (0.1 μM; 4 h) in media containing palmitate/BSA (200 μM) as 

substrate. The ability of ET1 to induce mitochondrial membrane depolarization, indicated 

by decreased ratio of JC-1 aggregated red signal to monomeric green signal, was 

attenuated by pre-treatment with CB-13 (1 μM; 2 h). Results are presented as A, 

representative fluorescent images and B, percent of normalized red/green fluorescence 

ratio vs. control (open bar). n=7. *p<0.05 and vs. control (open bars); †p<0.05 vs. ET1. 
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Figure 22. AMPK inhibitor, compound C, does not influence the inhibitory effect of 

CB-13 on ET1-induced mitochondrial membrane depolarization in the presence of 

palmitate as substrate. 

 

Figure 22. The ability of CB-13 (1 μM; 2 h) to attenuate ET1-induced (0.1 μM; 4 h) 

mitochondrial membrane depolarization was preserved in the presence of compound C 

(AMPK inhibitor, 1 μM; 1 h). Results are presented as A, representative fluorescent 

image and B, percent of normalized red/green fluorescence ratio vs. control (open bar). 

n=8. **p<0.01 and vs. control (open bars); †p<0.05 vs. ET1. 
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9. Optimization of working conditions for mitochondrial bioenergetics assay. 

Mitochondrial bioenergetics of cardiac myocytes were assessed in the presence of 

glucose/pyruvate and palmitate as major substrates. It was important to first determine the 

optimal conditions for mitochondrial bioenergetics assays. Therefore, the 

glucose/pyruvate model was used to achieve the maximal responses, and to optimize cell 

seeding density and oligomycin concentration. Furthermore, as the maximal effective 

concentration of FCCP may vary depending on the different energy substrate provided 

(Abe et al., 2010), optimal concentrations of FCCP were ascertained for both glucose and 

palmitate.  

9.1. Optimization of myocyte seeding density for mitochondrial bioenergetics assays. 

It is critical to determine the optical cell density for mitochondrial bioenergetics 

assays. The optimal density of cells should present as a monolayer and generate a 

maximal OCR. In this study, primary neonatal rat cardiac myocytes were seeded into 24-

well seahorse culture plate with test densities: 100,000 cells/well, 200,000 cells/well, 

300,000 cells/well and 400,000 cells/well. As shown in figure 23, the OCRs declined with 

increases in cell density in this range (100,000 to 400,000 cells/well). In addition, Hill et 

al. detected a linear increase in OCR in neonatal rat ventricular myocytes within a range 

of 25,000 to 75,000 cells/well (B. G. Hill, Dranka, Zou, Chatham, & Darley-Usmar, 

2009). Taken both results into consideration, the seeding density of 75,000-100,000 

cells/well reaches a peak of OCR, whereas underseeding or overseeding impacts the 

accuracy of OCR measurements. Here, 100,000 cells/well was chosen for future 

experiments. 
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Figure 23. Optimization of myocyte seeding density for mitochondrial bioenergetics 

assays (glucose-based working buffer). 

 

Figure 23. OCR were measured using the Seahorse Bioscience XF24 analyzer in cultured 

neonatal rat cardiac myocytes at cell densities ranging from 100,000 to 400,000 myocytes 

per well. The results are presented as the OCR per 10 μg protein. A cell density of 

100,000 myocytes per well resulted in the maximal protein-normalized OCR. n=5 

replicate cultures. 
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9.2. Optimization of oligomycin concentration in the presence of glucose/pyruvate. 

Oligomycin inhibits ATP synthesis; therefore, injection of oligomycin causes an 

OCR drop that reflects ATP-linked OCR, and the remaining portion of basal OCR 

represents OCR linked to proton leak. Increasing concentrations of oligomycin were 

titrated with glucose/pyruvate as provided substrates. OCR plots were presented as 

percent values normalized to basal levels (basal OCR was set as a baseline of 100%) 

(Figure 24). Addition of increasing concentrations of oligomycin (0.5 μg/mL, 1 μg/mL, 

5μg/mL and 10 μg/mL) reduced OCRs to similar degrees. A working oligomycin 

concentration of 1 μg/mL was selected for the subsequent experiments. 
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Figure 24. Optimization of oligomycin concentration for mitochondrial bioenergetics 

assays (glucose-based working buffer). 

 

Figure 24. OCRs of cultured myocytes at basal levels were measured using the Seahorse 

Bioscience XF24 Analyzer in media containing 10 mM glucose and 1 mM pyruvate, 

followed by the sequential addition of increasing concentrations of oligomycin (0.5-10 

μg/mL), then FCCP (2 μM) and R/AA (rotenone, 1 μM and antimycin A, 1 μM). Results 

are presented as the percent values of basal OCR. There were no concentration-dependent 

differences in oligomycin-induced OCR reductions between groups. Oligomycin at 1 

μg/mL was chosen for subsequent experiments. n=5 replicate cultures.  
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9.3. Optimization of FCCP concentrations in the presence of glucose/pyruvate or 

palmitate as substrate.  

FCCP uncouples the ETC and allows protons to flow back into the mitochondrial 

matrix to reduce oxygen, thereby reflecting a maximal respiratory capacity. Effective 

concentrations of FCCP vary in different cell types and with energy substrates (Abe et al., 

2010; Choi, Gerencser, & Nicholls, 2009; B. G. Hill et al., 2009; J. Liu et al., 2009). 

Hence, it is important to optimize its concentration in cardiac myocytes in response to 

glucose or palmitate.  

Increasing concentrations of FCCP were tested in the presence of either 

palmitate/BSA or glucose/pyruvate. As shown in figure 25, during glucose oxidation, 

FCCP concentrations ranging from 1 μM to 10 μM did not generate significant 

differences, except perhaps only a minor increase at 2 μM. In contrast, the effect of FCCP 

on fatty acid oxidation was concentration-dependent, and 10 μM achieved the maximal 

response (Figure 26). Therefore, 2 μM and 10 μM of FCCP were selected for glucose- 

and fatty acid-dependent OCR respectively. 
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Figure 25. Optimization of FCCP concentration for mitochondrial bioenergetics 

assays (glucose-based working buffer). 

 

Figure 25. OCRs of cultured myocytes at basal levels were measured using the Seahorse 

Bioscience XF24 Analyzer in media containing 10 mM glucose and 1 mM pyruvate, 

followed by the sequential addition of oligomycin (1 μg/mL), FCCP (1-10 μM) and R/AA 

(rotenone, 1 μM and antimycin A, 1 μM). Results are presented as the percent of basal 

OCR. Differences between groups are subtle; FCCP of 2 μM gives an apparent maximal 

rate of OCR. n=5 replicate cultures.  
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Figure 26. Optimization of FCCP concentration for mitochondrial bioenergetics 

assays (palmitate-based working buffer). 

 

Figure 26. OCRs of cultured myocytes at basal levels were measured using the Seahorse 

Bioscience XF24 Analyzer with palmitate/BSA (200 μM) as substrates, followed by the 

sequential addition of oligomycin (1 μg/mL), FCCP (1-10 μM) and R/AA (rotenone, 1 

μM and antimycin A, 1 μM). Results are presented as the percent of basal OCR. FCCP at 

10 μM gives a maximal response of increased OCR. n=5 replicate cultures. 
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10. CB-13 rescues ET1-induced aberrations of fatty acid-related mitochondrial 

bioenergetics.  

OCR was measured using the Seahorse Bioscience XF24 analyzer to determine the 

capacity of mitochondrial respiration. Cultured neonatal rat cardiac myocytes were 

exposed to palmitate/BSA conjugates to facilitate the study of fatty acid-dependent 

respiration. To verify that responses were due to utilization of exogenous palmitate by 

mitochondria, subgroups were pretreated with etomoxir (40 μM) 15 min prior to the assay 

to inhibit CPT-1. As CPT-1 facilitates fatty acid transport across the mitochondrial 

membrane, etomoxir would inhibit oxidation of exogenous fatty acids. BSA, the carrier of 

palmitate, was injected to the cells in the presence or absence of etomoxir, and served as 

negative control. As shown in Figure 27, the addition of etomoxir dramatically inhibited 

palmitate-related OCR, and BSA only generated negligible OCR. These data confirm that 

here, oxygen consumption was due to oxidation of exogenous palmitate.  

As shown in Figure 28 (representative plot) and Figure 29 (quantitative data), ET1 

reduced a number of parameters pertaining to fatty acid-associated mitochondrial 

bioenergetics, including (vs. control) basal OCR (82±5%, p<0.05), coupling efficiency 

(86±6%, p<0.05), maximal (78±4%, p<0.01) and spare (72±5%, p<0.01) respiratory 

capacity, as well as respiratory control ratio (81±5%, p<0.01). Basal OCR consists of 

both ATP-linked and proton leak-linked OCR; Figure 29B and C suggest that ET1-

induced reduction of basal OCR was attributed mainly to a decrease in ATP-linked OCR 

(74±7%, p<0.05 vs. control). CB-13 pretreatment partially attenuated the depression of 

basal OCR (95±3%, not significant (ns) from control or ET1) and coupling efficiency 

(97±2%, ns from control or ET1), and significantly restored maximal (97±5%, p<0.05 vs. 

ET1), spare respiratory capacity (97±4%, p<0.01 vs. ET1) and respiratory control ratio 
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(94±2%, p<0.05 vs. ET1). Proton leak-related OCR was not affected by either ET1 or 

CB-13. These results show that mitochondria within ET1-treated cardiac myocytes 

exhibit reduced efficiency and impaired potential capacity in terms of fatty acid 

utilization to generate ATP. Activation of cannabinoid receptors using CB-13 improves 

fatty acid utilization in ET1-treated cardiac myocytes. 

  



 145 

Figure 27. Determination of fatty acid-associated OCR in cultured neonatal rat 

cardiac myocytes. 

 

Figure 27. OCRs at basal levels were measured in the Seahorse Bioscience XF24 

Analyzer in cultured myocytes (100,000 cells per well) with palmitate/BSA complex (PM, 

200 μM) or BSA (vehicle carrier) as the substrate, in the absence or presence of etomoxir 

(inhibits CPT-1 and therefore mitochondrial fatty acid uptake), followed by the sequential 

addition of oligomycin (1 μg/mL), FCCP (2 μM) and R/AA (rotenone, 1 μM and 

antimycin A, 1 μM). The difference between PM (∆) and PM + etomoxir (○) sugguests 

that exogenous fatty acids were utilized as substrate. n=5 replicate cultures. 
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Figure 28. CB-13 attenuates ET1-induced depression of fatty acid-related 

respiration (representative plot). 

 

Figure 28. Serum-deprived myocytes were pre-treated with CB-13 (1 μM; 2 h) followed 

by addition of ET1 (0.1 μM; 4 h). OCRs were assessed in cultured neonatal rat cardiac 

myocytes with palmitate/BSA conjugates (200 μM) as substrate. Basal OCR were 

measured followed by addition of oligomycin (1 μg/mL), FCCP (10 μM) and R/AA 

(rotenone, 1 μM and antimycin A, 1 μM).  
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Figure 29. CB-13 attenuates ET1-induced depression of fatty acid-related 

respiration (quantitative data). 
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Figure 29. Mitochondrial respiratory parameters including A, basal OCR, B, ATP-linked 

OCR, D, coupling efficiency, E, maximal and F, spare respiratory capacity, as well as G, 

respiratory control ratio were reduced by ET1 (0.1 μM; 4 h). Pretreatment with CB-13 (1 

μM; 2 h) attenuated ET1-induced reductions in these parameters. C, Proton leak-linked 

OCR was not affected by ET1 nor CB-13. n=7, *p<0.05, **p<0.01vs. control (open bars); 

ns=not significant; †p<0.05 and ‡p<0.01 vs. ET1.  
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11. AMPK contributes to CB-13-dependent correction of fatty acid oxidation-related 

mitochondrial bioenergetics in ET1-treated myocytes.  

As discussed in chapter III, section 1.2.1, AMPK is well known for its crucial role 

in energy homeostatic regulation; one such aspect is to maintain or promote ATP 

production by improving fatty acid oxidation. Thus, we examined the role of AMPK in 

preservation of fatty acid oxidation by CB-13. Indeed, the ability of CB-13 to correct fatty 

acid-dependent mitochondrial bioenergetics in ET1-treated myocytes was abolished by 

disruption of AMPK signaling using its chemical inhibitor, compound C (1 μM; 1 h). 

Specifically, parameters (vs. control) include basal OCR (66±6%, p<0.01), ATP-linked 

OCR (64±9%, p<0.01), maximal (67±4%, p<0.01) and spare (65±6%, p<0.01) respiratory 

capacity were not rescued by CB-13 in the presence of compound C. Interestingly, fatty 

acid-related respiration was also impaired in the CB-13 + compound C group, namely (vs. 

control) basal OCR (81±3%, p<0.05), ATP-linked OCR (77±4%, p<0.05), coupling 

efficiency (92±2%, p<0.05), maximal (78±4%, p<0.01) and spare (71±7%, p<0.01) 

respiratory capacity, as well as respiratory control ratio (88±2%, p<0.01) (Figure 30 and 

31).  
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Figure 30. The ability of CB-13 to attenuate ET1-induced depression of fatty acid-

related respiration requires AMPK activity (representative plot). 

 

Figure 30. Serum-deprived myocytes were pre-treated with CB-13 (1 μM; 2 h) followed 

by addition of ET1 (0.1 μM; 4 h) in the presence of compound C (AMPK inhibitor; 1
 
μM; 

1 h) OCR were assessed in cultured neonatal rat cardiac myocytes with palmitate/BSA 

conjugates (200 μM) as substrates. Basal OCRs were measured followed by addition of 

oligomycin (1 μg/mL), FCCP (10 μM) and R/AA (rotenone, 1 μM and antimycin A, 1 

μM). 
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Figure 31. The ability of CB-13 to attenuate ET1-induced depression of fatty acid-

related respiration requires AMPK activity (quantitative data). 
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Figure 31. The ability of CB-13 to attenuate ET1-induced reductions in A, basal OCR, B, 

ATP-linked OCR, D, coupling efficiency, E, maximal and F, spare respiratory capacity 

were blocked by compound C (AMPK inhibitor; 1 μM). C, Proton leak-linked OCR and 

G, respiratory control ratio were not affected. n=4, *p<0.05, **p<0.01 vs. control (open 

bars); ns=not significant; †p <0.05 vs. ET1.  
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12. With glucose as the primary substrate, CB-13 prevents ET1-induced mitochondrial 

membrane depolarization in an AMPK-dependent manner. 

As with palmitate, when glucose was provided as the primary substrate, ET1 

reduced the ratio of red J-aggregates/green monomer (80±5%, p<0.05 vs. control), 

reflecting membrane depolarization. This depolarization was attenuated by CB-13 pre-

treatment, as evidenced by a normalized J-aggregates/green monomer ratio (98±4%, 

p<0.05 vs. ET1) (Figure 32). The ability of CB-13 to prevent mitochondrial 

depolarization was abolished by compound C (AMPK inhibitor) (81±9%, p<0.05 vs. 

control) (Figure 33).  

  



 154 

Figure 32. CB-13 prevents ET1-induced mitochondrial membrane depolarization in 

the presence of glucose/pyruvate as substrates. 

 

Figure 32. Serum-deprived myocytes were pre-treated with CB-13 (1 μM, 2 h), followed 

by addition of ET1 (0.1 μM; 4 h) in media that contained glucose (10 mM) and pyruvate 

(1 mM) as substrates. The ability of ET1 to induce mitochondrial membrane 

depolarization, indicated by decreased ratio of JC-1 aggregated red signal to monomeric 

green signal, was attenuated by pre-treatment with CB-13. Results are presented as A, 

representative fluorescent images and B, percent of normalized red/green fluorescence 

ratio vs. control (open bar). n=3. *p<0.05 and vs. control (open bars); †p<0.05 vs. ET1. 
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Figure 33. Inhibition of AMPK using compound C abolishes the inhibitory effect of 

CB-13 on ET1-induced mitochondrial membrane depolarization in the presence of 

glucose/pyruvate as substrates. 

 

Figure 33. The ability of CB-13 (1 μM; 2 h) to attenuate ET1-induced (0.1 μM; 4 h) 

mitochondrial membrane depolarization was ablated in the presence of compound C 

(AMPK inhibitor, 1
 
μM; 1 h). Results are presented as A, representative fluorescent 

images and B, percent of normalized red/green fluorescence ratio vs. control (open bar). 

n=7. *p<0.05 and vs. control (open bars). 
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13. Neither ET1 nor CB-13 affects glucose-related mitochondrial bioenergetics.  

Cultured neonatal rat cardiac myocytes were exposed to glucose (10 mM) and 

pyruvate (1 mM) to facilitate the study of glucose-related respiration. Basal OCR, 

coupling efficiency, maximal and spare respiratory capacity, and respiratory control ratio 

were determined following treatment with ET1 for 0-24 h. No significant changes in 

bioenergetics were observed in response to ET1 (data not shown). Likewise, CB-13 pre-

treatment did not alter glucose oxidation-related respiration (Figure 34 and 35). 
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Figure 34. Neither ET1 nor CB-13 affects glucose-related mitochondrial respiration 

(representative plot). 

 

Figure 34. Serum-deprived myocytes were pre-treated with CB-13 (1 μM; 2 h) followed 

by addition of ET1 (0.1 μM; 4 h). OCRs were assessed in cultured neonatal rat cardiac 

myocytes with glucose (10 mM) and pyruvate (1 mM) as primary substrates. Basal OCR 

was measured followed by addition of oligomycin (1 μg/mL), FCCP (10 μM) and R/AA 

(rotenone, 1 μM and antimycin A, 1 μM).  
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Figure 35. Neither ET1 nor CB-13 affects glucose-related mitochondrial respiration 

(quantitative data). 
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Figure 35. Mitochondrial respiratory parameters including A, basal OCR, B, ATP-linked 

OCR, C. proton leak-linked OCR, D, coupling efficiency, E, maximal and F, spare 

respiratory capacity, as well as G, respiratory control ratio were unaffected by ET1 or 

CB-13. n=7. 
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14. CB-13 attenuates ET1-reduced PGC-1α expression through AMPK. 

We next turned our attention to candidate mediators of CB-13 effects on 

mitochondria. We began by examining PGC-1α, the central regulator of mitochondrial 

metabolism, by conventional western blotting. As shown in Figure 36A, ET1 reduced 

PGC-1α expression by 41±7% (p<0.01 vs. control), and 2 h CB-13 pretreatment ablated 

the reduction (96±2%, p<0.05 vs. ET1). In addition, CB-13 alone increased PGC-1α to 

140±27% (p<0.01 vs. control). Simultaneous knockdown of AMPKα1 and AMPKα2 

abrogated the ability of CB-13 to increase PGC-1α (Figure 36B), and in fact, in the 

absence of AMPKα1/2, CB-13 actually reduced PGC-1α expression compared to control, 

whether in the presence (32±7%, p<0.01 vs. control) or absence (59±10%, p<0.01 vs. 

control) of ET1 (Figure 36B and C).  
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Figure 36. ET1-induced down-regulation of PGC-1α is rescued by CB-13 in an 

AMPK-dependent manner. 

 

Figure 36. A, PGC-1α was reduced by ET1 (0.1 μM; 4 h), and this was prevented by CB-

13 (1
 
μM; 2 h) pretreatment. B, The up-regulation of PGC-1α by CB-13 (1

 
μM; 4 h) was 

abolished by AMPKα1/α2 knockdown. C, The ability of CB-13 to restore PGC-1α 

reduced by ET1 was blocked by AMPKα1/α2 knockdown. n=3-12. *p<0.05 and **p<0.01 

vs. control (open bars); †p<0.05 vs. ET1, and ‡p<0.01 vs. CB-13 with empty vector.  
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15. ET1-induced down-regulation of CPT-1β is attenuated by CB-13.  

The second candidate mediator of CB-13 effects on mitochondria that we 

considered was CPT-1. CPT-1 is a rate-limiting enzyme that facilitates the transport of 

fatty acids into the mitochondria by catalyzing the formation of acyl-carnitines. This 

therefore facilitates the use of fatty acids by mitochondria as substrate for energy 

generation. Thus, CPT-1 is a potentially critical mediator that might be targeted by CB-13. 

CPT-1β, the predominant isoform of CPT-1 in the heart (N. F. Brown, Weis, Husti, 

Foster, & McGarry, 1995), was assessed by real-time PCR. ET1 reduced CPT-1β to 82±4% 

(p<0.05 vs. control), and this was attenuated by CB-13 (91±6%, ns from control or ET1) 

(Figure 37A). However, simultaneous knockdown of AMPKα1 and AMPKα2 abrogated 

the ability of CB-13 to rescue, at least in part, CPT-1β (73±8%, p<0.05 vs. control) 

(Figure 37B). This finding suggests that the ability of ET1 to reduce fatty acid transport 

into the mitochondria is partially prevented by CB-13 in an AMPK-dependent manner.  
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Figure 37. CB-13 blunts ET1-induced reduction of CPT-1β via AMPK. 

 

Figure 37. A, The ability of ET1 (0.1
 
μM; 4 h) to decrease CPT-1β RNA expression was 

partially attenuated by CB-13 (1 μM; 2 h), whereas B, AMPKα1/α2 knockdown blocked 

CB-13 effects. n=5-8, *p<0.05 vs. control (open bars); ns=not significant vs. control 

(open bars). 
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Chapter VII: Discussion 

1. Effect of cannabinoid receptor activation on cardiac myocyte hypertrophy. 

To our knowledge, the present study shows for the first time that ligand activation 

of cannabinoid receptors attenuates hypertrophy of isolated cardiomyocytes via AMPK-

eNOS signaling. Anandamide, a naturally-occurring endocannabinoid (Devane et al., 

1992), and three synthetic CB receptor ligands (R-methanandamide, JWH-133, and CB-

13) prevented ET1-induced cardiomyocyte enlargement.  As cardiac hypertrophy is a 

major risk factor for heart failure, we further investigated here the signaling mechanisms 

that underlie the anti-hypertrophic effects of CB receptors. 

There is significant interest in manipulation of the endocannabinoid system as a 

therapeutic approach to treat disorders such as metabolic syndrome, inflammatory and 

neuropathic pain, and multiple sclerosis (Hosking & Zajicek, 2008; Kunos et al., 2009; 

Palazuelos et al., 2006). Unfortunately, therapeutic use of cannabinoids is impeded by 

psychotropic side effects including dysphoria, memory impairment, reduced 

concentration, disorientation, motor incoordination, and possibly addiction (Hosking & 

Zajicek, 2008; Kunos et al., 2009). This undesirable psychoactivity is mediated by CNS 

CB1 receptors (Hosking & Zajicek, 2008; Howlett et al., 2002; Kunos et al., 2009; 

Piomelli, 2003), so alternate strategies like using CB2-selective agonists and/or 

peripherally-restricted CB1/CB2 dual agonists have been proposed (Gertsch et al., 2008; 

Hosking & Zajicek, 2008; Kunos et al., 2009; Palazuelos et al., 2006) 

We therefore investigated the role of CB1 and CB2 receptors and found that 

distinct CB receptor subtypes mediate the anti-hypertrophic actions of R-

methanandamide.  In fact, selective antagonism of CB receptor subtypes dissociated the 
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inhibitory effects on ET1-induced myocyte growth from effects on hypertrophic gene 

expression. In particular, R-methanandamide prevents myocyte enlargement through CB2 

receptor and was sensitive to AM630 (Figure 6A). In contrast, inhibition of fetal gene 

activation trafficked through CB1 receptors and was sensitive to AM251 (Figure 6B). We 

also considered the possibility that the ability of AM251 to block R-methanandamide 

effects might be due to agonism of GPR55 rather than antagonism of CB1 (Kapur et al., 

2009). However, it is likely that AM251 was functioning here solely as a CB1 receptor 

antagonist. First, the concentration of AM251 that blocked R-methanandamide effects on 

BNP gene activation was 0.1 μM in accordance with its Ki at CB1 receptors (7.5 nM) 

(Lan, Liu, et al., 1999). In contrast, Kapur et al. (Kapur et al., 2009) demonstrated 

GPR55-mediaed effects of AM251 at 30 μM, with an EC50 of about 10 μM, whereas at 

0.1 μM, and even a logarithmic increment higher at 1 μM, AM251 failed to invoke 

GPR55 signaling. This information strongly suggests that the inhibitory effects of AM251 

are attributable to antagonism of CB1 receptors. In support of this notion, we verified that 

AM281, a CB1 receptor antagonist lacking effects on GPR55, also abolished the ability 

of R-methanandamide to suppress BNP gene activation (Figure 7).  

There exist literature precedents in which morphological changes are uncoupled 

from the hypertrophic gene program. For example, Thorburn et al. (Thorburn, Frost, & 

Thorburn, 1994) reported that in isolated myocytes, ERK signaling mediates 

phenylephrine-dependent ANP promoter activation but not organization of contractile 

proteins such as actin. Furthermore, activator protein 1 (AP-1), and in particular c-Fos, is 

a key mediator of hypertrophic gene expression but not myocyte growth (Jeong, 

Kinugawa, Vinson, & Long, 2005). In vivo, activated GSK-3β can dissociate the 

expression of hypertrophic genes from cardiac growth overexpression; transgenic mice 
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that overexpress calcineurin exhibit cardiac growth and BNP expression, whereas 

coexpression of activated GSK-3β inhibited cardiac growth but not BNP expression 

(Antos et al., 2002). Interestingly, activation of CB1 receptors suppressed 

phosphorylation of MAPKs (i.e. ERK and p38) in neonatal rat cardiac myocytes (Liao et 

al., 2013). Moreover, there is evidence that endocannabinoids might interfere with c-Fos 

signaling (Greco et al., 2010) through CB1 receptors (Soderstrom & Tian, 2008). We 

therefore speculate that activated CB1 receptors may attenuate BNP expression by 

suppressing ERK/AP-1 signaling, though this remains to be determined. 

Selective agonism of CB2 receptors with JWH-133 suppressed myocyte 

enlargement but failed to prevent fetal gene activation (Figure 9). In contrast, we found 

that the anti-hypertrophic actions of a dual CB1/CB2 agonist, CB-13, extended beyond 

those of JWH-133, such that both myocyte enlargement and BNP gene expression were 

inhibited (Figure 12). These findings are consistent with the notion that, rather than a 

CB2-selective agonist, a viable strategy which might dissociate the peripheral 

cardioprotective effects from the unwanted central effects is to use a CB1/CB2 receptor 

dual agonist that does not cross the blood-brain barrier.   

Other cardioprotective attributes have been reported and pertain predominantly to 

activation of CB2 receptors. These include protection from ischemic insult (Di Filippo, 

Rossi, Rossi, & D'Amico, 2004; Lagneux & Lamontagne, 2001; Lepicier et al., 2003; 

Underdown et al., 2005), anti-arrhythmic effects (Krylatov et al., 2001), and prevention of 

endothelial dysfunction of coronary arteries (Bouchard et al., 2003; Wagner et al., 2003). 

However, while CB2 signaling may be cardioprotective, there is also evidence that 

activation of CB1 receptors is associated with dysfunction of vascular endothelium 

(Tiyerili et al., 2010), exerts pro-atherosclerotic actions (Dol-Gleizes et al., 2009; Molica 
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et al., 2013; Sugamura et al., 2009), and promotes oxidative stress, inflammation and/or 

cell death in vitro (Rajesh et al., 2010) and in pathological conditions such as diabetic 

cardiomyopathy (Rajesh et al., 2012), and doxorubicin-induced cardiomyopathy 

(Mukhopadhyay et al., 2007; Mukhopadhyay et al., 2010). Our data are consistent with 

the notion that sole activation of CB1 receptors is cardio-deleterious; in the context of 

cardiomyocyte hypertrophy, myocyte enlargement was suppressed by CB2 receptors, 

whereas only fetal gene activation was prevented by CB1 receptors. Thus, in the presence 

of sole activation of CB1 receptors and absence of CB2 signaling, myocyte hypertrophy 

would persist and potentially give rise to adverse endpoints such as ischemia (vis-à-vis 

reduced capillary density), myocyte misalignment, and cardiac stiffening. Activation of 

CB2 receptors is therefore a necessary component of cannabinoid-based anti-hypertrophic 

therapy which we speculate may ameliorate adverse effects of unopposed activation of 

CB1 receptors alone.  

CB-13 stimulated phosphorylation of AMPKα (Thr172) and eNOS (Ser1177) at 

known activation sites (Figures 14A and B) (Z. P. Chen et al., 1999; Morrow et al., 2003) 

(Beauloye et al., 2011; Witters et al., 2006), and we determined that eNOS 

phosphorylation is downstream of AMPK since it was inhibited by AMPKα knockdown 

(Figures 16). Inhibition of AMPK or eNOS signaling abolished the anti-hypertrophic 

effects of CB-13 (Figure 17-19). Taken together, our findings suggest that signaling 

through AMPK-eNOS crosstalk might play a role in the anti-hypertrophic effects of CB 

receptors. This is consistent with reports by others, in which AMPK-eNOS crosstalk 

underlies the anti-growth effects of non-cannabinoid interventions such as metformin (C. 

X. Zhang et al., 2011), calorie restriction (Dolinsky et al., 2010), and resveratrol 

(Thandapilly et al., 2011). Interestingly, phosphorylative activation of AMPK and eNOS 
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peaked by 4 h, and returned to baseline by 24 h. This suggests that AMPK-eNOS 

crosstalk might occur at a pivotal, early point with downstream effects that will 

collectively prevent the hypertrophic response. Attenuation of pro-hypertrophic 

RhoA/RhoA kinase (ROCK) signaling might be one such downstream event. These 

members of the Rho family GTPases are well-established mediators of cardiac 

hypertrophy (J. H. Brown, Del Re, & Sussman, 2006; Loirand, Guerin, & Pacaud, 2006; 

Zeidan, Gan, Thomas, & Karmazyn, 2014). In fact, Hunter et al. reported that nitric oxide 

inhibits ET1-induced cardiac myocyte hypertrophy by blocking the RhoA/ROCK cascade 

(Hunter et al., 2009). Moreover, CB receptor activation inhibits RhoA signaling (Kurihara 

et al., 2006; Nithipatikom et al., 2012; Rajesh et al., 2007). We therefore speculate that 

CB-13, by transiently activating AMPK/eNOS crosstalk, elicits NO-dependent blockade 

of RhoA/ROCK although the effects of CB-13 on RhoA/ROCK signaling remain to be 

determined. 

We tested the anti-hypertrophic potential of a wide range of concentrations of 

anandamide (Figure 3), JWH-133 (Figure 8), and CB-13 (Figure 11). Clearly, low 

micromolar concentrations are required; CB-13 partially attenuated or completely 

abolished ET1-induced myocyte enlargement at 0.1 μM and 1 μM, respectively. While 

seemingly high, these concentrations are achievable in blood as CB-13 exhibits good oral 

bioavailability. Dziadulewicz et al. reported that following oral administration of CB-13 

(3 mg/kg), a Cmax of 1.13 μM was observed at 1 h post-dose, whereas a maximal brain 

concentration of only 0.24 μmol/kg was reached 4 h post-dose (Dziadulewicz et al., 

2007). Moreover, CB-13 exerted biological effects (anti-hyperalgesia) in a rat model of 

neuropathic pain, but produced no CNS effects at this dose (Dziadulewicz et al., 2007). 

Importantly, our results suggest that this concentration does not adversely affect cardiac 
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myocyte viability (Figure 13). Also, although ET1 reduces conduction velocity in isolated 

myocytes (Reisner et al., 2009), and this is associated with increased expression and 

density of L-type Ca
2+ 

channels (Yu et al., 2013), CB-13 did not worsen contractile 

function (Table 5). Therefore, our experimental concentration of CB-13 (1 μM) should be 

physiological attainable and relevant. 

To summarize, these results suggest that: 1) endocannabinoids and their synthetic 

analogues may suppress cardiac myocyte hypertrophy by activating cannabinoid 

receptors; 2) CB1 and CB2 receptors contribute to the anti-hypertrophic action from 

distinct angles: CB1 suppresses fetal gene reactivation (possibly by ERK-AP-1 inhibition), 

whereas CB2 inhibits myocyte enlargement. Thus, dual activation of CB1 and CB2 is 

required to elicit complete prevention of cardiac myocyte hypertrophy; 3) Indeed, CB-13, 

a peripherally-restricted dual agonist of CB1/CB2 might be a potential candidate, due to 

its ability to attenuate all aspects of cardiac myocyte hypertrophy, while avoiding CNS-

mediated adverse effects theoretically; and 4) AMPK-eNOS crosstalk and potential 

downstream cascades (possibly RhoA/ROCK inhibition) contribute to the anti-

hypertrophic action of CB-13. 

2. Effect of cannabinoid receptor activation on ET1-induced mitochondrial dysfunction. 

We previously showed that ET1 induces hypertrophy in neonatal rat cardiac 

myocytes, and the activation of cannabinoid receptors CB1/CB2 attenuated it via the 

AMPK/eNOS pathway. Numerous studies reported that pressure overload and various 

hypertrophic stimuli caused mitochondrial dysfunction and energy substrate shift (Abel & 

Doenst, 2011; Q. He, Harris, Ren, & Han, 2014; Lang et al., 2014; Westenbrink et al., 

2015). However, the mitochondrial bioenergetics profile associated with specific energy 
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substrates has not been clearly demonstrated. Also, the effects of cannabinoid receptor 

activation on cardiac hypertrophy-related mitochondrial dysfunction have not been 

studied.  

Because it is widely accepted that there is a switch from fatty acids to glucose as the 

primary energy source during the progression of hypertrophy, this study investigated the 

effects of ET1, as a hypertrophic stimulus, on mitochondrial respiration in the context of 

palmitate or glucose/pyruvate as primary substrate. Mitochondrial Δψm and proteins 

involved in energy metabolism were also detected to evaluate mitochondrial function. In 

addition, this study examined whether CB-13, a peripherally-restricted agonist of 

CB1/CB2 receptors, prevents ET1-induced mitochondrial disorder.  

2.1. Glucose oxidation- or fatty acids oxidation-dependent mitochondrial bioenergetics in 

ET1-induced hypertrophy. 

First, mitochondrial bioenergetics during fatty acid oxidation was assessed with 

palmitate/BSA conjugates provided as substrate. In the ET1-treated group, the basal OCR, 

which consists of ATP synthesis and proton leak-related OCR, was reduced solely due to 

the decline in ATP synthesis-linked OCR. Coupling efficiency, which indicates the 

efficiency of ATP production, was correspondingly decreased. The maximal and spare 

respiration capacity that reflects the ability of the mitochondria to respond to stress or 

higher energy demand was also decreased (Figure 29).  

Second, mitochondrial bioenergetics in glucose oxidation was assessed with 

glucose and pyruvate provided as substrates. Interestingly, the ability of mitochondria to 

oxidize glucose was unaffected by ET1 or CB-13 (Figure 35). 
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Decreased fatty acid oxidation and unchanged glucose oxidation revealed a net 

reduced ability of the mitochondria to oxidize substrates in ET1-treated cardiac myocytes. 

ET1 is able to induce cardiac myocyte hypertrophy, which is characterized by stimulated 

fetal gene program, accelerated protein synthesis and increased cell size, and this requires 

more ATP. However, the overall ATP production derived from fatty acids and glucose 

was impaired by ET1. These results predict disruption of other myocyte functions such as 

contraction. Indeed, our results (Table 5) showed that ET1 impaired contractile function 

of cardiac myocytes, as evidenced by reductions in shortening and relengthening velocity. 

Maximal and spare respiration capacity was also impaired by ET1. This predicts a limited 

capacity of mitochondria to adjust to conditions that requires extra ATP, such as 

hemodynamic overload, rendering the cells more susceptible to secondary stress (Roy 

Chowdhury et al., 2012), and more prone to heart failure. This may explain the 

contribution of hypertrophy to the development of heart failure from a bioenergetics 

aspect.  

CB-13 partially or completely corrected fatty acid oxidation-related mitochondrial 

bioenergetics (Figure 29). However, inhibition of AMPK using compound C dissipated 

the protective effects of CB-13 (Figure 31). Thus, AMPK signaling contributes to the 

ability of CB-13 to improve fatty acid-dependent bioenergetics. 

2.2.  Mitochondrial membrane integrity in ET1-treated cardiac myocytes in the presence 

of palmitate vs. glucose. 

Mitochondrial Δψm is regarded as a key marker of mitochondrial performance. It is 

the electrochemical gradient across the inner membrane, and is established when protons 

are pumped out to the intermembrane space by the ETC. Two parallel ways to dissipate 
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the Δψm are proton leak and ATP synthesis. Thus, the Δψm is determined by the rate of 

proton extrusion and reentry (Figure 38). This notion led us to a more comprehensive 

understanding of the profile of mitochondrial oxidative phosphorylation. 

Δψm = Rate proton extrusion – Rate proton reentry 

Figure 38. Determination of mitochondrial Δψm. 

 

Figure 38. Mitochondrial Δψm is established when protons are pumped to the 

intermembrane space by ETC complexes I, III, and IV. Meanwhile, Δψm is dissipated by 

proton reentry through proton leak and ATP synthesis. Therefore, mitochondrial Δψm is 

determined by proton extrusion and reentry. 

ET1 dissipated the mitochondrial Δψm whether cardiac myocytes were using fatty 

acids or glucose as energy substrate (Figure 21 and 32). However, when palmitate was 

provided as energy substrate, ET1 reduced net proton reentry (as evidenced by less ATP 

production and accompanied by unaffected proton leak) (Figure 29). Nevertheless, 

mitochondrial Δψm was significantly decreased, indicating that the decline in active 

proton extrusion exceeded the decline in proton reentry. In contrast, when 

glucose/pyruvate served as the substrate, ET1 did not influence proton reentry (as 

suggested by unaltered ATP production and proton leak) (Figure 35). However, Δψm was 
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still dissipated, suggesting again a reduction in active proton extrusion. These data 

indicate that ET1-induced mitochondrial depolarization was attributable to reductions in 

active proton extrusion from the mitochondrial ETC, regardless of the substrate utilized.  

As expected, AMPK inhibition by compound C ablated the ability of CB-13 to 

restore mitochondrial Δψm when glucose served as substrates (Figure 33), but not with 

palmitate (Figure 22). Actually, when AMPK was inhibited, CB-13 reduced proton 

reentry (i.e. decreased ATP synthesis) (Figure 31), but the Δψm was unaltered, suggesting 

a parallel reduction in proton extrusion. Possible explanations include AMPK inhibition 

causing blunted activity of complex I-IV, and/or reduced NADH/FADH2 concentrations 

due to decreased fatty acid entry vis-a-vis decreased CPT-1β levels. Further determination 

of complex I-IV activity can be performed to confirm this hypothesis, but evidence from 

other studies lend support. For example, Afolayan et al. observed decreased AMPK 

activity and expression of ETC complexes in pulmonary artery endothelial cells from 

newborn lambs with persistent pulmonary hypertension (Afolayan et al., 2015). Preston et 

al. also observed decreased gene expression of complex I and ATP synthase in ventricles 

from aged rats (Preston et al., 2008), and it is well known that aging is associated with 

decreased AMPK activity (Salminen & Kaarniranta, 2012; Y. Zhang et al., 2014). 

Enzyme activities of complex I and II, as well as AMPK signaling, were also reduced in 

spontaneously hypertensive rats with hypertrophy (Tang, Mi, Liu, Gao, & Long, 2014). 

Overall, this study showed that AMPK signaling contributes to the maintenance of both 

proton extrusion rate and ATP production (proton reentry process) during fatty acid 

oxidation, although its inhibition may not significantly influence mitochondrial Δψm. 

Thus, it is incorrect to simply conclude that preserved mitochondrial Δψm reflects normal 

ETC function.  
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We then queried which downstream cascades might underlie the protective effects 

of CB-13/AMPK signaling on mitochondria. We first assessed PGC-1α, a master 

regulator of mitochondrial function, the expression of which is increased by AMPK 

activation via sirtuin-1 (B. Huang et al., 2014; W. J. Lee et al., 2006). A variety of roles 

of PGC-1α in multiple tissues have been reported, including increasing mitochondrial 

biogenesis, improving thermogenesis, and enhancing fatty acid oxidation and glucose 

uptake (Z. Wu & Boss, 2007). For example, PGC-1α knockout mice developed obesity, 

exhibited lower levels of mitochondria density, ETC protein expression, and oxidative 

phosphorylation in skeletal muscle, as well as impaired exercise tolerance that was 

associated with reduced cardiac output. Also, PGC-1α knockout mice failed to maintain 

body temperature when exposed to cold environment (Leone et al., 2005). Our results 

showed that PGC-1α was reduced by ET1 and restored by CB-13 (Figure 36A). However, 

knockdown of AMPKα1/2 abrogated the ability of CB-13 to increase PGC-1α (Figure 36B 

and C). Given that CB-13 increases AMPK activity, AMPK/PGC-1α could be a potential 

downstream pathway of CB receptor activation that contributes to correction of ET1-

induced mitochondrial dysfunction. CPT-1β is another key enzyme involved in fatty acid 

oxidation. It regulates the rate-limiting step of mitochondrial fatty acid uptake by 

introducing a carnitine group to none-permeable fatty acid acyl-CoA. Evidence 

demonstrated up-regulation of CPT-1 mediated by AMPK activation (L. Li, Wu, Wang, 

Liu, & Zhao, 2007). Our results showed that CPT-1β was significantly depressed by ET1, 

and this was prevented, at least in part, by CB-13 (Figure 37A). The attenuation of CPT-

1β suppression by CB-13 was disrupted by shRNA knockdown of AMPKα1/2 (Figure 

37B). These data support a predominant role of AMPK in protecting mitochondrial 

function by up-regulating PGC-1α and CPT-1β. 
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2.3. Distinct roles of CB1/CB2 receptors on mitochondrial function. 

Interestingly, AMPKα1/2 knockdown did not just block CB-13-induced PGC-1α up-

regulation, but also caused a CB-13-dependent decrease of PGC-1α in the presence and 

absence of ET1 (Figure 36C). This is consistent with the finding that CB-13 on its own 

reduced fatty acid oxidation-related mitochondrial respiration in the presence of an 

AMPK inhibitor (Figure 31). This suggests that without AMPK signaling, CB-13 might 

be stimulating other signaling cascades to reduce PGC-1α, thus depressing fatty acid 

oxidation-related mitochondrial bioenergetics. CB-13 is a dual agonist of CB1 and CB2 

receptors, and our previous data showed that JWH-133, a CB2-selective agonist 

stimulates AMPK activity (data not shown). In addition, Zheng et al. reported that a CB2 

agonist activated PGC-1α (Zheng et al., 2013). Therefore, we speculate that CB1-induced 

signaling emerges to exert opposing effects when CB2/AMPK signaling is inhibited. 

Indeed, Tedesco et al. observed decreased AMPK activity and eNOS expression, as well 

as depressed mitochondrial biogenesis in liver, muscle and white adipose tissues in mice 

treated with a CB1-selective agonist (Tedesco et al., 2010). Perwitz et al. also showed that 

blockage of CB1 receptors enhanced mitochondrial respiration and increased AMPK 

activity and PGC-1α expression in adipocytes (Perwitz et al., 2010). Other studies also 

reported the opposite effects of CB1 and CB2 receptors, where CB1 is detrimental and 

CB2 is beneficial (Fisar et al., 2014; Q. Li et al., 2014; Q. Li, Wang, et al., 2013). 

Therefore, an explanation for our finding that CB-13 impairs fatty acid oxidation when 

AMPK signaling is inhibited might be that CB1 (deleterious) and CB2 (salutary) act in 

opposition, at least in cardiac myocyte mitochondria, and that CB2 receptor-stimulated 

AMPK pathways dominate over CB1 receptor signaling in cardiac myocytes to achieve 

regulation of mitochondrial function by CB-13. 
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2.4. Is it protective to sustain fatty acid oxidation in the hypertrophied heart? 

It has been long known that decreased fatty acid oxidation and increased glycolysis 

are features of cardiac hypertrophy and heart failure, as glycolysis is more efficient 

regarding oxygen requirement (Bishop & Altschuld, 1970; Fillmore et al., 2014). 

However, uncoupling of glycolysis and glucose oxidation was observed in diseased heart 

in many studies (Allard et al., 1997; Allard et al., 1994; Leong et al., 2003; Wambolt et al., 

1997). Briefly, unlike the significant increase in glycolysis, the rate of pyruvate oxidation 

that occurs in mitochondria either does not change or accelerates to a lesser extent than 

glycolysis. Accordingly, we observed decreased fatty acid oxidation and unaltered 

glucose oxidation as early responses to a hypertrophic stimulus, which is consistent with 

these literature precedents. 

Although the substrate shift from fatty acid to glucose is well-recognized, whether 

this shift is beneficial is still under debate. The preference for glucose may be favorable to 

the failing heart based on the fact that glucose is more efficiently coupled to ATP 

production/O2 than fatty acids (B. G. Hill & Schulze, 2014). However, others insist that 

the shift to glucose oxidation cannot satisfy energy demand because glucose metabolism 

generates approximately 20% less ATP per carbon atom than fatty acids (Lou et al., 2013). 

A clinical study on dilated cardiomyopathy patients observed the substrate switch from 

fatty acids to glucose, and it was associated with deceased mechanical performance both 

at rest and in response to acute stress (Neglia et al., 2007). Also, in dilated 

cardiomyopathy patients, limited availability of fatty acids leads to decreased cardiac 

performance and efficiency (Tuunanen et al., 2006). In addition, Lou et al. used 

infarction-induced remodeling of rat heart followed by ischemia/reperfusion with or 

without protective pretreatment (i.e. conditioning with sevoflurane), and found that the 



 177 

protected heart stimulated fatty acid oxidation, but not glucose oxidation after the 

ischemic injury. Furthermore, the increased fatty acid oxidation improved cardiac 

function and recovery (Lou et al., 2013). In the present study, we observed decreased 

fatty acid oxidation in ET1-treated (4 h) myocytes (Figure 29), and we previously showed 

that ET1 induced a hypertrophic myocyte phenotype and slowed myocyte contraction 

after 24 h (Figure 12 and Table 4). Thus we support the notion that instead of being a 

compensatory mechanism, the shift away from fatty acid to glucose is detrimental and 

contributes to the development of cardiac dysfunction. In addition, various concentrations 

of FCCP were injected into myocytes to identify the clearest uncoupling response. FCCP 

is an oxidative phosphorylation uncoupler that induces proton leak across the inner 

membrane instead of generating ATP. FCCP achieved maximal uncoupling at 2 μM and 

10 μM in the presence of glucose and palmitate/BSA conjugates respectively (Figure 25 

and Figure 26). This may imply that with supplementation of fatty acids, the 

mitochondrial respiratory chain is more resistant to FCCP-induced uncoupling, whereas 

glucose renders the mitochondria more sensitive to FCCP. Fatty acid substrates may 

therefore be protective at the inner mitochondrial membrane. 

To summarize, this series of experiments found that: 1) short exposure to ET1, a 

hypertrophic stimulus, reduced the ability of mitochondria to perform fatty acid oxidation, 

but did not alter glucose oxidation in cardiac myocytes; 2) ET1 disrupted the 

mitochondrial Δψm; 3) CB-13, a peripherally-restricted dual agonist of CB1/CB2 

receptors, rescued fatty acid oxidation and mitochondrial Δψm, which were depressed by 

ET1; 4) The protective actions of CB-13 on mitochondria involve AMPK and 

downstream signaling mediators, PGC-1α and CPT-1β. Based on these findings and 

pertinent literature, we further propose the following: 1) AMPK contributes to CB-13-
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protected proton extrusion and ATP synthesis in fatty acid oxidation, but does not directly 

regulate Δψm; 2) The use of only Δψm to evaluate mitochondrial performance is not 

recommended, as preserved Δψm does not guarantee proper mitochondrial function; 3) 

Compared to CB1 receptor signaling (detrimental), CB2 receptor signaling (protective) 

predonminates in terms of mitochondrial regulation by CB-13; 4) Decreased fatty acid 

oxidation is detrimental to energy production, rather than compensatory to improve 

ATP/O2 efficiency. 

To our knowledge, this study is the first to demonstrate the effects of cannabinoid 

receptor activation on mitochondrial function in the context of cardiac myocytes 

stimulated to undergo hypertrophy. CB-13, a peripherally-restricted dual agonist of 

CB1/CB2 receptors, corrected mitochondrial function parameters that were impaired by 

ET1, including mitochondrial Δψm and energy metabolism. AMPK, a key energy sensor, 

is a coordinator of various mitochondrial protective actions and serves as a link to the 

anti-hypertrophic effects of CB-13. This study also reveals the limitation of using a single 

parameter to evaluate mitochondrial function (such as Δψm), and suggests that 

mitochondrial bioenergetics must also be considered.  
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Chapter VIII: Conclusion 

There is significant interest in manipulation of the endocannabinoid system as a 

therapeutic approach to treat disorders such as metabolic syndrome, inflammatory and 

neuropathic pain, and multiple sclerosis (Hosking & Zajicek, 2008; Palazuelos et al., 

2006). Unfortunately, therapeutic use of cannabinoids is impeded by psychotropic side 

effects including dysphoria, memory impairment, reduced concentration, disorientation, 

motor incoordination, and possibly addiction. This undesirable psychoactivity is mediated 

by central CB1 receptors (Hosking & Zajicek, 2008; Howlett et al., 2002; Kunos et al., 

2009; Piomelli, 2003), so alternate strategies like using CB2-selective agonists and/or 

peripherally-restricted CB1/CB2 dual agonists have been proposed (Gertsch et al., 2008; 

Hosking & Zajicek, 2008; Kunos et al., 2009; Palazuelos et al., 2006). Activation of the 

endocannabinoid system remains a viable strategy to prevent cardiac hypertrophy, a 

major risk factor for heart failure. Overall, our findings suggest that to achieve 

cannabinoid-based cardioprotection devoid of undesirable central CB1-mediated side 

effects, the best approach warranting further study would be a CB1/CB2 receptor dual 

agonist with negligible brain penetration. 

The heart requires abundant ATP to maintain its optimal performance. 

Mitochondria mediate a variety of processes including ATP generation and apoptosis 

signaling. In fact, mitochondrial disorders were implicated in multiple cardiac 

pathological conditions, including the maladaptive progression of hypertrophy. Here, 

activation of cannabinoid receptors was found to prevent the development of cardiac 

myocyte hypertrophy, and protective effects on mitochondrial function were subsequently 

identified.  
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Activation of peripheral CB1 and CB2 receptors by CB-13 restored mitochondrial 

Δψm irrespective of the substrates provided and prevented the depression of fatty acid 

oxidation-related mitochondrial bioenergetics. AMPK played a central role in these 

beneficial actions, at least partially by up-regulating PGC-1α and CPT-1β, which are key 

regulators of fatty acid oxidation. Given that fatty acids are the primary energy source in 

the heart and are replaced by glucose under pathological conditions, the ability of CB-13 

to restore fatty acid oxidation and subsequent ATP generation significantly amplifies and 

strengthens its cardioprotective potential. Thus, it is possible that activation of peripheral 

CB1/CB2 receptors will be a new therapeutic approach to mitigate the maladaptive 

effects of cardiac hypertrophy at both the cellular and subcellular level.  
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Chapter IX. Future Directions 

This present study provided evidence for the protective effects of CB receptor 

activation on cardiac hypertrophy and its related mitochondrial dysfunction in vitro using 

neonatal rat cardiac myocytes. Strengths and limitations of this study are listed below. 

Strengths: i) we detected a comprehensive profile of mitochondrial bioenergetics 

within different energy metabolic phenotypes (i.e. glucose and palmitates), and ii) instead 

of measuring bioenergetics in isolated mitochondria, we conducted experiments in intact 

myocytes, which theoretically avoided disruption of cellular environments and preserved 

better physiological relevance. 

Limitations: i) we did not perform in vivo experiments, and ii) we did not specify 

the distinct signaling cascades mediated by CB1 and CB2 receptors, respectively. 

Therefore, future studies could be performed as follows: 

1. Characterize the effects of CB receptor activation on hypertrophy and mitochondrial 

function in vivo. 

Cardiac hypertrophy primarily develops in adulthood. Thus, future studies might 

verify the anti-hypertrophic action of CB signaling in vivo within an adult model, such as 

the spontaneously hypertensive heart failure rat or TAC-induced mouse model of pressure 

overload. Blood pressure, cardiac dimensions, and left ventricular performance could be 

monitored in intact animals. Also, OCRs could be measured in isolated mitochondria 

from hearts. In addition, limited penetration of CB-13 to the brain could be verified, and 

compared to CB-13 levels in plasma and heart. 

2. Determine molecular signaling involved in protective actions of CB-13. 

As discussed on page 164-165, ERK1/2-AP-1 and RhoA/ROCK warrant further 

study as potential targets of CB1 and/or CB2 receptor activation by CB-13. Activity or 
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expression of mitochondrial ETC complexes I, III, and IV, as well as ROS production and 

MnSOD expression should be assessed to further investigate mitochondrial function.  
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