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ABSTRACT 
 

The endocannabinoid system is a novel pharmacological target in the 

treatment of metabolic syndrome.  Antagonism of the endocannabinoid-1 

receptor (CB1R) leads to a transient reduction in food intake, a sustained 

decrease in body weight and an improvement in metabolic parameters in animal 

models of obesity.  Skeletal muscle is the primary tissue involved in glucose 

uptake in response to insulin, and insulin sensitivity of skeletal muscle is vital to 

the maintenance of whole-body euglycemia.  Little is known regarding the effects 

of CB1R antagonism on skeletal muscle glucose transport activity.  The purpose 

of this dissertation was to test the hypothesis that antagonism of the CB1R 

activates signaling molecules of the insulin signaling pathway to increase glucose 

transport activity in normal and insulin-resistant skeletal muscle, thereby 

improving whole-body glucose tolerance.  CB1R antagonism with SR141716 

directly enhanced basal and insulin-stimulated glucose transport activity in 

skeletal muscle from lean and obese Zucker while activation of the CB1R with 

ACEA, decreased glucose transport activity.  Key proteins associated with 

regulation of glucose transport activity were not altered by either CB1R agonism 

(ACEA) or antagonism (SR141716).  Chronic CB1R antagonist treatment (10 

mg/kg SR141716 i.p. / 14 days) also enhanced insulin-stimulated glucose 

transport activity in skeletal muscle of both lean and obese animals, again with 

no alteration in relevant signaling factors.  Plasma free fatty acids (FFAs) were 
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decreased in chronically-treated lean and obese animals and whole-body insulin 

sensitivity was improved in obese Zucker rats.  The enhanced insulin sensitivity 

seen in chronically-treated obese animals was associated with a dramatic 

reduction in insulin secretion following a glucose challenge.  Acute CB1R 

antagonism in obese animals also elicited a reduction in insulin secretion 

following a glucose challenge; however, with no improvement of whole-body 

insulin sensitivity.  Acute CB1R antagonist treatment did not alter skeletal muscle 

glucose transport activity or circulating FFAs for any animals.  These data 

suggest that although CB1R antagonism directly enhances basal and insulin 

stimulated glucose transport in skeletal muscle of lean and obese rats, direct 

action on the skeletal muscle is not responsible for the improvement in insulin-

stimulated glucose transport activity and whole-body insulin sensitivity seen in 

chronically-treated obese animals.  
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CHAPTER 1 

 INTRODUCTION TO THE METABOLIC SYNDROME AND THE 

ENDOCANNABINOID SYSTEM 

 

According to the Center for Disease Control and Prevention, one-third of 

the population, or 72 million people, in the United States are considered obese 

(BMI ≥ 30) (Ogden et al, 2007).  Obesity is the major risk factor for type 2 

diabetes, with 90% of individuals with type 2 diabetes considered overweight 

(BMI ≥ 25) or obese (BMI ≥ 30) (James et al, 2003).  The obese population has 

been growing rapidly both domestically and internationally and shows no signs of 

slowing, despite increased efforts to publicize the health risks associated with 

this condition.  As health and economic costs rise with the obesity rates, the need 

to find effective treatments becomes more urgent.  Diet and exercise have been 

found to be successful treatments for obesity and type 2 diabetes (Hayes and 

Kriska, 2008; Thomas et al, 2006; Markovic et al,1998), but maintaining the 

weight loss without pharmacological or surgical intervention has proven to be 

difficult for many obese and overweight patients (Wadden et al, 2007).   

An emerging novel pharmacological intervention involves antagonism of 

the endocannabinoid system.  Specifically, antagonism of the endocannabinoid-1 

receptor (CB1R) elicits weight loss in obese patients (Van Gaal et al, 2008a).  

Centrally, CB1R antagonists act at feeding centers in the hypothalamus to 
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suppress appetite and induce weight loss (Cota et al, 2003).  Recently, however, 

evidence is emerging regarding peripheral actions of CB1R antagonism to 

improve whole body metabolic parameters, including improved glucose tolerance 

and insulin sensitivity in insulin-resistant subjects (reviewed in Scheen and 

Paquot, 2008).  The pathway through which CB1R antagonism improves these 

parameters, however, has yet to be elucidated.  Skeletal muscle, the major tissue 

responsible for glucose uptake after a meal or exercise bout, has been found to 

express the CB1R (Cavuoto et al, 2007a).  It is worthwhile to study the direct 

effects of CB1R antagonism on glucose transport in the skeletal muscle to 

potentially discover a novel pathway (if it exists) in this tissue to increase glucose 

uptake and thereby enhance whole-body glucose tolerance in conditions of 

insulin resistance, including type 2 diabetes. 

The long-range goal of this research project is to determine how 

antagonism of the CB1Rs in skeletal muscle acts to increase whole-body glucose 

tolerance and insulin sensitivity.  The objective of this dissertation is to determine 

how CB1R antagonism improves glucose tolerance beyond factors associated 

with the initial weight loss brought about by CB1R antagonism and to find a novel 

approach to increasing glucose transport activity in the skeletal muscle.  The 

central hypothesis of this project is that antagonism of CB1R activates signaling 

molecules of the insulin signaling pathway to increase glucose transport activity 

in normal and insulin-resistant skeletal muscle, thereby improving whole-body 

glucose tolerance.  The rationale for this research is that by understanding how 
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CB1R antagonism increases glucose tolerance, more specific interventions can 

be identified to treat type 2 diabetes as well as obesity.  The Henriksen 

laboratory is well suited for this project because we have an extensive 

background studying the insulin signaling pathway and are equipped to carry out 

in vitro incubations of skeletal muscle as well as in vivo animal experiments. 

 

METABOLIC SYNDROME 

Metabolic syndrome is defined as a clustering of risk factors that lead to 

type 2 diabetes and cardiovascular disease (DeFronzo and Ferrannini, 1991; 

Eckel et al, 2005).  Recently, an international gathering of experts in diabetes 

and cardiovascular disease was convened and this group defined the clinical 

criteria for the diagnosis of metabolic syndrome.  A diagnosis can be made when 

three of the following five risk factors are present: elevated waist circumference 

(defined by country of origin), triglycerides ≥ 150 mg/dl (1.7 mM), HDL-C < 40 

mg/dl (1.0 mM) in males and < 50 mg/dL (1.3 mM) in females, systolic blood 

pressure ≥ 130 mm Hg and/or diastolic blood pressure ≥ 85 mm Hg, and fasting 

blood glucose ≥ 100 mg/L (Alberti et al, 2009).   

This clustering of risk factors in a defined syndrome has not been without 

controversy.  The grouping of metabolic risk factors that increase risk of 

developing to cardiovascular disease has been given many names: metabolic 

syndrome (Alberti, 1998), cardiometabolic syndrome (Sowers et al, 2001; 
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Hayden et al, 2006), insulin resistance syndrome (DeFronzo and Ferrannini, 

1991) and syndrome X (Reaven, 1993; Wajchenberg et al, 1994).  Each of these 

syndromes encompasses somewhat different inclusion criteria as well as cut off 

points to determine abnormality.  In addition to differences in the name and the 

criteria involved in defining the syndrome, there has also been controversy as to 

whether this “clustering” of risk factors actually leads to a greater risk of 

developing cardiovascular disease compared to the risk involved with each 

individual metabolic factor (Kahn et al, 2005).  Regardless of whether taken 

individually or as a whole, there is overwhelming evidence suggesting that high 

visceral adiposity, hyperglycemia, hypertension, and dyslipidemia exacerbate 

cardiovascular and metabolic disease states in the human body (Dagenais et al, 

2005; Wang et al, 2005; Hanna-Moussa et al, 2009; Subramaniam and Lip, 

2009; Suadicani, 2010; Kreisberg, 1998). 

Obesity, specifically elevated visceral adiposity, has been identified as a 

risk factor for advanced metabolic and cardiovascular disease since the 1940s 

(reviewed in Eckel, 2005).  Visceral adipose tissue not only acts as a storage 

vessel for excess energy as lipids, but also is an extremely active endocrine 

tissue (Wozniak, et al 2009review).  As visceral fat levels increase, secretion of 

key metabolic regulating hormones, termed adipokines, becomes dysregulated 

(Frederich et al, 1995).  Leptin, a key signaling adipokine involved in satiety and 

energy homeostasis (reviewed in Morris and Rui, 2009), is increased with 

obesity.  Unfortunately, even though in lean animals, elevated leptin levels are 
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associated with improved insulin sensitivity, increased energy expenditure, 

decreased liver gluconeogenesis, and reduced appetite (Rabe et al, 2008); it 

appears that end-organ resistance to leptin develops with obesity negating the 

positive effects of elevated leptin secretion (Munzberg and Myers, 2005; El-

Haschimi et al, 2000).  Increased secretion of inflammatory factors such as 

interleukin (IL-6), tumor necrosis factor-α (TNFα) and plasminogen activator 

inhibitor- 1 (PAI-1) from adipocytes are also associated with obesity, metabolic 

syndrome and type 2 diabetes (Lee et al, 2009) lending to the proposal that 

obesity is an inflammatory disease leading to cardiovascular complications.  The 

secretion of a key cardioprotective adipokine, adiponectin (Arita et al, 1999; 

Menzaghi et al, 2007) is negatively correlated with increased visceral adiposity.  

Adiponectin is an important regulatory hormone responsible for maintaining 

tissue insulin sensitivity and cardiovascular health (Hotta et al, 2001; Yamauchi 

et al, 2001; Pi-Sunyer, 2006).  A reduction in adiponectin secretion is associated 

with stroke, coronary heart disease, insulin resistance and nonalcoholic fatty liver 

disease (Trujillo et al, 2005).  These alterations in adipokine secretion and the 

increased mass of adipocytes in the visceral cavity are involved in central 

adiposity being significantly correlated to the development of type 2 diabetes 

(Ohlson et al, 1985), liver disease (Marchesini et al, 2008), and to an increased 

morbidity and mortality due to cardiovascular disease (Oliveira et al, 2010).  

An increase in circulating lipids and a dysregulation of cholesterol 

metabolism is associated with obesity and elevated risk for insulin resistance and 



19 

 

cardiovascular disease.  Free fatty acids (FFAs, also known as non-esterified 

fatty acids) enter the bloodstream due to dietary intake, lipolysis of triglycerides in 

adipose and other tissues, and de novo synthesis in the liver (reviewed in Taube 

et al, 2009).  Insulin controls levels of circulating FFAs by suppressing lipolysis 

and de novo FFA production (Rector et al, 2008).  However, with obesity, 

adipocytes and hepatocytes become insulin-resistant and insulin no longer is 

able to suppress FFA formation and secretion.  In circular fashion, the elevated 

FFAs themselves then lead to insulin resistance in tissues such as skeletal 

muscle and liver.  FFAs induce insulin resistance in these tissues leading to 

hyperglycemia through impaired glucose transport activity in the skeletal muscle 

(Dresner et al, 1999; Griffin et al, 1999, Yu et al, 2002) and inhibition of insulin-

suppressed gluconeogenesis in the liver (Boden et al, 2005; Oakes et al, 1997).  

Insulin resistance and elevated lipid levels in the liver also increase the 

production of very low-density lipoproteins (VLDL) (Sniderman et al, 2001; 

Marchesini et al, 2008) and de novo triglyceride production (Rector et al, 2008).   

Triglyceride carrier proteins such as chylomicrons and low-density lipoproteins 

are elevated in order to carry circulating triglycerides in the plasma (Kreisberg, 

1998).   

Hyperglycemia, an indicator of glucose intolerance and insulin resistance, 

is also associated with the development of impaired cardiovascular health.  As 

far back as 1927, hyperglycemia and diabetes has been associated with 

cardiovascular complications such as arteriosclerosis and poor recovery from 
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myocardial infarction (Joslin, 1927; Epstein, 1967). If maintained for extended 

periods of time, high circulating glucose levels lead to glycoslyation of 

hemoglobin (measured clinically by HbA1c) as well as of vascular endothelial 

cells, compromising the integrity of the vascular system.  Specifically, 

hyperglycemia is attributed to apoptosis of endothelial cells in the pancreas 

(Favaro et al, 2008) and vasculature (Ho et al, 2006; Sheu et al 2005), and 

elevated glucose levels are implicated in the exacerbation of the inflammatory 

response leading to the formation of atherosclerotic plaques (Kanter et al, 2007).  

Patients with elevated fasting plasma glucose and HbA1c levels have a much 

greater morbidity and mortality rate due to coronary heart disease (Haffner and 

Cassells, 2003).  Acutely, insulin secretion is elevated to combat hyperglycemia 

and restore homeostasis.  However, in the long term, dysfunction of insulin 

secretion by pancreatic β-cells occurs, and the body is no longer able to maintain 

the hyperinsulinemic state, leading to the development of type 2 diabetes.   

The final metabolic risk factor that is involved in metabolic syndrome is 

hypertension.  Hypertension has been associated with an increased incidence of 

stroke (Kannel et al, 1983) and heart attack (Shaper et al, 1994) for many 

decades.  Patients with antecedent hypertension have a higher risk of developing 

chronic heart failure and increase mortality after an acute myocardial infarction 

(Richards et al, 2002; Yoshiyama et al 2005).  However, despite the increase in 

patient awareness of hypertension as a cardiovascular risk factor, there was a 

dramatic increase in comorbidity rates of those hospitalized for acute myocardial 
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infarctions and hypertension between data collected from 1979-1981 and those 

from 2003-2005 (Fang et al, 2010).  Whether this is due to a reduction in heart 

attacks associated with other risk factors, or better data collection, is unclear. 

Nevertheless, it is still important to note that hypertension is serious risk factor for 

cardiovascular incidences. 

So, whether the combination of these risk factors constitutes a syndrome 

or other risk factors need to be included in the definition of the metabolic 

syndrome, it is clear that, at least individually, these parameters are precursors to 

more severe cardiovascular and metabolic disease states.  Treating them as a 

group or individually is imperative in order to prevent more serious and costly 

health problems. 

 

NORMAL WHOLE-BODY AND TISSUE GLUCOSE METABOLISM 

Glucose is the primary source of readily available energy in the body.  

During the fasting state, the majority of circulating glucose is utilized by the brain, 

however during exercise and after a meal, skeletal muscle become the primary 

consumer of glucose (Lam et al 2009; Holloszy et al, 1998).  Plasma glucose is 

maintained within a fairly narrow range of concentrations (70-100 mg/dl).  

Maintenance of this glucose homeostasis, or euglycemia, is essential for proper 

functioning of the body’s systems in all mammals.  
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When a meal is consumed, the body must alter its metabolic functions in 

order to handle the glucose challenge (as well as other nutrients) entering the 

bloodstream.  The release of energy stores from tissues is inhibited, such as 

lipolysis in adipocytes and gluconeogenesis and glycogenolysis in the liver.  In 

addition, tissues within the body respond to signaling factors, such as insulin, to 

take up excess glucose from the bloodstream and convert it to storage 

molecules, glycogen in the liver and skeletal muscle and lipids in adipose tissue 

(Sherwood, 2007). 

All of the above must be delicately balanced in order to maintain 

euglycemia through signaling factors from the digestive tract and pancreas.  The 

primary endocrine factors involved in maintenance of euglycemia are glucagon 

and insulin, secreted by the pancreatic α- and β-cells respectively.  Glucagon is 

released in response to low plasma glucose levels and acts primarily on the liver 

to induce gluconeogenesis and glycogenolysis.  Insulin, on the other hand, is 

secreted in response to high blood glucose levels and acts to stimulate glucose 

uptake into sensitive tissues, as well as inhibit glucose formation in the liver.  

Insulin secreted from β-cells in the pancreas also act as a paracrine factor and 

inhibit glucagon secretion from neighboring α-cells in the pancreas (Dunbar et at, 

1978).  

While insulin and glucagon are primarily modulated by blood glucose 

levels, other signaling factors, especially from the gut, are also involved in 
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regulating their secretion (reviewed in Maggs et al, 2008).  The rate of gastric 

emptying from the stomach into the intestines is a major modulator of plasma 

glucose levels after a meal and appears to be regulated by blood glucose levels 

(Corvilain et al, 1995, Horowitz et al, 1993, Jones et al, 1996, Schwartz et al 

1996).  When food enters the intestines, several nervous and endocrine system 

factors are secreted to prime the body for the glucose load.  Incretins, such as 

glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic 

polypeptide (GIP), are thought to be primarily responsible for the augmented 

insulin response to an oral glucose challenge that is measured compared to 

intravenous glucose administration (Perley, et al, 1967; Nauck et al 1986).  Both 

GLP-1 and GIP have insulinotropic effects (Holst and Gromada, 2004).  GLP-1 

also inhibits post-prandial glucagon secretion, slows gastric emptying and 

reduces food intake (Holst and Gromada, 2004; Drucker and Nauck, 2006).  

Other signaling factors that are released by the gut in response to a meal are 

cholecystokinin (CCK), peptide YY, ghrelin, and oxyntomodulin which all act to 

optimize digestion and absorption of nutrients as well on the central nervous 

system to maintain and control energy intake and expenditure (Neary and 

Batterham, 2009).  
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REGULATION OF GLUCOSE TRANSPORT ACTIVITY IN SKELETAL MUSCLE  

Skeletal muscle comprises ~40% of the body’s mass in humans and other 

mammals.  It is the major tissue responsible for the uptake of glucose after a 

meal in response to insulin and after an exercise bout (DeFronzo et al, 1983; 

Baron et al, 1988).  Skeletal muscle contains both GLUT1 and GLUT4 glucose 

transporters.  GLUT1 is constitutively active within the cell membrane while 

GLUT4 is contained vesicles beneath the sarcolemma in the sarcoplasm.  Upon 

stimulation by insulin or muscle contraction/hypoxia, GLUT4 containing vesicles 

are translocated to the sarcolemma to mediate glucose uptake (as reviewed in 

Shepherd and Kahn, 1999).  As illustrated in Figure 1.1 (adapted from Shepherd 

and Kahn, 1999), insulin binds to the α-subunit of the insulin receptor leading to 

tyrosine autophosphorylation of the β-subunit.  The β-subunit of the insulin 

receptor then phosphorylates insulin receptor substrates (primarily IRS-1 in 

skeletal muscle) on tyrosine residues, allowing it to dock to the SH2 domain of 

the p85 regulatory subunit of phosphotidylinositol-3-kinase (PI3-kinase) and 

activate the catalytic subunit, p110.  PI3-kinase leads to the production of 

phosphoinositide moieties which activate 3-phosphoinositde-dependent kinases 

(PDK).  Specifically, PDK1 has the downstream target of Akt (or protein kinase 

B), a serine/threonine kinase whose activation is necessary for GLUT4-

containing vesicle translocation to the sacrolemma.  GLUT4 translocation to the 

cellular membrane correlates closely with the degree of insulin-stimulated 

glucose transport, suggesting that GLUT4 translocation is the major mechanism 



 

for insulin-simulated glucose transport in skeletal muscle (Gao et al, 1994; Lund 

et al, 1993; Etgen et al, 1996; Shepherd and Kahn

Fig. 1.1 Signaling mechanisms for GLUT4 translocation 

Shepherd and Kahn, 1999

 

Glucose transport in skeletal muscle is also stimulated through non

dependent pathways.  Muscle contraction (Holloszy and Narahara, 1965; Garetto 

et al, 1984; Nesher et al, 1985) and hypoxia (Cartee et al, 1991) have both been 

identified as stimuli for GLUT4 translocation to the cell membrane.  Currently, 

relatively little is known about the intracellular signaling proteins involved in these 

pathways.  However, evidence supports the role of 5’adenosine

activated protein kinase (AMPK) activation (Fig. 1.1) in both hypoxia

simulated glucose transport in skeletal muscle (Gao et al, 1994; Lund 

tgen et al, 1996; Shepherd and Kahn, 1999).  

Signaling mechanisms for GLUT4 translocation (adapted

and Kahn, 1999) 

Glucose transport in skeletal muscle is also stimulated through non

dependent pathways.  Muscle contraction (Holloszy and Narahara, 1965; Garetto 

et al, 1984; Nesher et al, 1985) and hypoxia (Cartee et al, 1991) have both been 

ntified as stimuli for GLUT4 translocation to the cell membrane.  Currently, 

relatively little is known about the intracellular signaling proteins involved in these 

pathways.  However, evidence supports the role of 5’adenosine-monophosphate

in kinase (AMPK) activation (Fig. 1.1) in both hypoxia
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simulated glucose transport in skeletal muscle (Gao et al, 1994; Lund 

adapted from 

Glucose transport in skeletal muscle is also stimulated through non-insulin 

dependent pathways.  Muscle contraction (Holloszy and Narahara, 1965; Garetto 

et al, 1984; Nesher et al, 1985) and hypoxia (Cartee et al, 1991) have both been 

ntified as stimuli for GLUT4 translocation to the cell membrane.  Currently, 

relatively little is known about the intracellular signaling proteins involved in these 

monophosphate-

in kinase (AMPK) activation (Fig. 1.1) in both hypoxia- and muscle 
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contraction-stimulated glucose transport (Kurth-Kraczek et al, 1999; Winder, 

2001 (review)).  Another protein that appears important for stimulation of glucose 

transport activity is the stress-activated serine kinase p38 mitogen-activated 

protein kinase (p38 MAPK).  p38 MAPK appears to be activated by contractions 

(Holloszy, 2005 (review); Somwar et al., 2000; Thong et al., 2003), oxidative 

stress (Kim et al., 2006), and lithium (Harrell et al., 2007) to activate glucose 

transport in skeletal muscle (Sweeney et al., 1999; Somwar et al., 2000; Somwar 

et al, 2002; Thong et al., 2003; Geiger et al., 2005; Kim et al, 2006).  

Interestingly, p38 MAPK appears to not affect GLUT4 translocation, but 

modulates the intrinsic activity of the transporter in the membrane (Sweeney et 

al., 1999; Somwar, 2002).  However, it should be noted that controversy exists as 

to whether p38 MAPK is necessary for contraction-stimulated glucose transport 

in L6 myotubes (Antonescu et al., 2005; Holloszy, 2005 (review)). 

A third insulin-independent mechanism of glucose transport is direct 

calcium signaling (Fig. 1.1).  Sarcoplasmic [Ca++] is elevated when it is released 

from the sarcoplasmic reticulum leading to skeletal muscle contraction.  This 

elevated Ca++ concentration within the sarcoplasm has been identified as a 

possible signaling factor involved in GLUT4 translocation and increased glucose 

transport activity in skeletal muscle (Youn et al, 1991, Holloszy, 1967; Henriksen, 

1989a).  However, the specific mechanism Ca++ utilizes to increase glucose 

transport activity has yet to be elucidated (reviewed in Jessen and Goodyear, 

2005).  There are three potential pathways through which Ca++ may increase 
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glucose transport: activation of calmodulin and calcium-dependent protein 

kinases (CaMKs), protein kinase Cs (PKCs), or, more controversial, AMP kinase 

(AMPK) (Jessen and Goodyear, 2005).  Through the use of specific inhibitors, 

CaMK activation appears to be necessary for Ca++ induced glucose transport 

(Ihlemann et al, 1999) however this pathway also seems to be cross-linked with 

the insulin-signaling pathways (Brozinick et al, 1999; Wright et al 2004a).  

Inhibition of Ca++ induced PKC activity also reduces glucose transport activity 

associated with contraction and/or hypoxia (Young et al, 1991; Henriksen et al 

1989b; Ihlemann, 1999), although the specific PKC isoforms involved have not 

be elucidated.   

Finally, Ca++ signaling may induce glucose transport through activation of 

AMPK.  This is controversial due to findings that inhibition of Ca++ released from 

the sarcoplasmic reticulum, does not block AMPK phosphorylation, but does 

inhibit glucose transport activity (Wright et al, 2005) and that activation of AMPK 

and Ca++ signaling have separate, additive effects to increase glucose transport 

activity (Wright et al, 2004b).  However, other studies suggest that while total 

AMPK phosphorylation may not change, there is an increase in phosphorylation 

of the α1 isoform of AMPK in response to an elevated Ca++ concentration in the 

sarcoplasm and is associated with increased glucose transport activity (Jensen 

et al, 2007).  Further studies are needed to determine the pathway through which 

Ca++ signals increased glucose transport and whether it is truly independent of 

AMPK activation or the insulin-signaling pathway. 
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ETIOLOGY OF INSULIN RESISTANCE 

Insulin resistance of skeletal muscle glucose transport represents a major 

defect in the normal maintenance of euglycemia (Zierath et al., 2000) and is often 

accompanied by a variety of metabolic abnormalities, including hypertension, 

type 2 diabetes mellitus, dyslipidemia, atherosclerosis, and central obesity, a 

condition referred to variously as metabolic syndrome or the insulin resistance 

syndrome (DeFronzo and Ferrannini, 1991) (see above).  The link among these 

disorders has been attributed to hyperinsulinemia, a consequence of the insulin 

resistance (DeFronzo and Ferrannini, 1991). Indeed, the increased 

cardiovascular mortality associated with this condition has been directly 

attributed by some leading investigators to the hyperinsulinemia itself (Ferrannini 

et al., 1991; Reaven, 1995; King, 1996).  An improvement in insulin action on 

skeletal muscle glucose metabolism in insulin-resistant individuals is therefore 

expected to decrease conversion rates to overt diabetes, as well as to reduce 

cardiovascular mortality.  Therefore, an understanding of the pathophysiology 

underlying this insulin resistance and the search for optimal interventions for 

improving insulin action on skeletal muscle are of substantial interest. 

Numerous studies have identified the primary cellular loci for the insulin 

resistance of glucose disposal associated with obesity in both animal models and 

humans.  The obese Zucker (fa/fa) rat (see below) is a model of severe skeletal 

muscle insulin resistance that is also characterized by marked hyperinsulinemia, 
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glucose intolerance, dyslipidemia, and central adiposity (Henriksen 2006). 

Insulin-stimulated GLUT4 protein translocation (Etgen et al., 1996) and glucose 

transport activity (Henriksen and Jacob, 1995; Etgen et al., 1996) are 

substantially impaired in isolated skeletal muscle from these obese animals.  

Anai et al. (1998) and Saengsirisuwan et al. (2004) have shown that in skeletal 

muscle from the obese Zucker rat there are significant defects in crucial aspects 

of the insulin signaling cascade. Compared to age-matched, insulin-sensitive 

lean Zucker rats, in hindlimb muscle from the insulin-resistant obese Zucker rats 

there is a 60% smaller IRS-1 protein level and insulin-stimulated IRS-1 

phosphorylation is only 72% of control, despite elevated basal levels.  The 

amount of the regulatory subunit of PI3-kinase associated with the tyrosine-

phosphorylated IRS-1 in the insulin-stimulated state is 29% of control. Finally, 

IRS-1-associated PI3-kinase activity in muscle immunoprecipitates from these 

obese animals was only 54% of the level observed in lean animals. 

 

REVIEW OF THE ENDOCANNABINOID SYSTEM  

Cannabinoids have been employed for various pharmacological and social 

uses for centuries.  Cannabis plants grow throughout the world but, due to 

climate and geographic factors, the pharmacologically active ingredients only 

reach effective concentrations in certain areas of the world (Kalant, 2001).  The 

first documented usage of medical marijuana dates back to 2737 B.C., when 

cannabis was used to treat asthma, migraines and gynecological disorders 



30 

 

(review in Lemberger, 1980).  The psychoactive and appetite stimulating effects 

of ganja were documented over 160 years ago, along with its medicinal use as 

an anticonvulsive, sedative, and analgesic (O’Shaughnessy, 1843).   

Although, cannabis had been known to have psychological and 

physiological effects, the chemical compound responsible for these actions and 

the system affected within the body had not been identified until the second half 

of the 20th century.  The foremost active ingredient in Cannabis sativa, delta-9-

tetrahydrocannabinol, was isolated in 1964 (Gaoni and Mechoulam, 1964),  and 

it was not until 25 years later that the first cannabinoid receptor was identified in 

rat brain (Devane et al, 1988).  The CB1R was identified as a G-protein coupled 

receptor in rat (Matsuda et al, 1990) and human brain (Gerard et al, 1991) tissue 

soon after.  Throughout the 1990s, the major endogenous cannabinoids (Devane 

et al, 1992; Mechoulam et al 1995; Sugiura et al, 1995; Howlett et al, 2002) were 

discovered as well as a second cannabinoid receptor, CB2 (Munro et al, 1993).   

For the last decade, the cannabinoid system has been studied not only for 

its actions in the nervous system involved in pain perception and alteration of 

mood, but also its actions on feeding behavior and regulation of metabolic 

actions in peripheral tissues.  Most notably for this review is the discovery of a 

selective endocannabinoid receptor-1 antagonist (Rinaldi-Carmona et al, 1994; 

Perio et al, 1996) and its anorexic effects and peripheral improvements of whole-

body metabolism. 
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ENDOCANNABINOID SYNTHESIS AND DEGRADATION 

The endocannabinoid system is made up of two G-coupled protein 

receptors (GPCRs), CB1 and CB2, and two major endogenous ligands: N-

arachidonyl ethanolamine (AEA, anandamide) and 2-arachidonyl glycerol (2-AG).  

Activation of the cannabinoid receptors leads to inhibitory actions in the cell.  

Cannabinoid receptors are coupled to Gi/o proteins, which in turn, inhibit adenylyl 

cyclase and activation of PKA (Fig. 1.3, reviewed in Pagotto, 2006). 

Originally located in the central nervous system (Matsuda et al, 1990; 

Gerard et al, 1991), CB1Rs have been identified as one of the most abundant 

GPCRs in the brain (Herkenham et al, 1990).  Cannabinoid system activation 

within the nervous system has been characterized as retrograde signaling in the 

synapse (Maejima et al, 2001).  Specifically in GABAergic or glutaminergic 

synapses, Ca2+ influx in the postsynaptic neuron signals release of 

endocannabinoids, which act on CB1Rs found on presynaptic neurons to inhibit 

vesicle release of neurotransmitter (Fig. 1.2) (Maejima et al 2001; Ohno-Shosaku 

et al, 2001; Wilson and Nicoll, 2001).  
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Fig. 1.2.   Retrograde inhibition of presynaptic neurotransmitt er release by 

the cannabinoid system.  (Maejima et al, 2001) 

 

Endogenous cannabinoids are derived from phospholipid constituents of 

the cell membrane such as long-chain polyunsaturated fatty acids (PUFAs) like 

arachidonic acid, when their synthesizing enzymes are activated.  However, the 

exact signaling mechanism for synthesis of the cannabinoids has yet to be 

determined.  The enzyme that catalyzes the formation of anandamide (AEA) from 

its PUFA is N-acylphophatidylethanolamine-selective phospholipase D (NAPE-

PLD), and 2-arachidonyl glycerol (2-AG) is synthesized by the enzyme 
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diacylglycerol lipase (DAGL) (Fig. 1.3).  Because endocannabinoids are 

extremely lipophilic, they cannot be stored in vesicles for secretion but must be 

synthesized as needed.  The degradation of endocannabinoids is controlled by 

fatty acid amide hydrolase (FAAH) for AEA and monoacylglycerol lipase (MAGL) 

for 2-AG (Fig. 1.3).  

 

Fig.  1.3 Synthesis and degradation of anandamide and 2-A G (Wang and 

Ueta, 2009) 

 

DYSREGULATION OF THE ENDOCANNABINOID SYSTEM IN OBESITY 

It is thought that most endocannabinoids act as paracrine or autocrine 

signaling molecules, either as retrograde neurotransmitters in the synapse, or in 

peripheral tissue, acting on originating or neighboring cells and tissues.  



34 

 

However, there is a circulating plasma concentration of the endocannabinoids 

anandamide and 2-AG, and they (D’Eon et al, 2008; Engeli et al, 2005; Blüher et 

al, 2006; Matias et al, 2006), along with their tissue concentrations in the 

hypothalamus (Di Marzo et al, 2001), pancreas, and visceral and subcutaneous 

adipose tissue (Starowicz et al, 2008), are significantly elevated in obesity.  The 

specific reason for this has not been elucidated yet but, at least in adipose tissue, 

it appears insulin, which exhibits a negative control on endocannabinoid 

production, is no longer able to signal inhibition of endocannabinoid synthesis 

and secretion (D’Eon et al, 2008).  

Recently, the levels of endocannabinoid synthesizing and degrading 

enzymes have been examined to determine if dysregulation of these proteins is 

responsible for the elevation of circulating endocannabinoids seen with obesity.  

In adipose tissue from both obese humans (Engeli et al, 2005; Blüher et al, 2006) 

and diet-induced obese mice (D’Eon et al, 2008) exhibited decreased mRNA 

expression levels for FAAH, the enzyme responsible for anandamide 

degradation.  Furthermore, mRNA expression for both NAPE-PLD and DAGL-α, 

the anandamide and 2-AG synthesizing enzymes respectively, were elevated in 

diet-induced obese mice compared to lean controls (D’Eon et al, 2008).  Similar 

findings were also observed in the pancreatic islet cells of chronic high fat-fed 

mice.  Increased expression of endocannabinoid synthesizing enzymes, DAGL 

and NAPE-PLD, and a reduction in the expression of FAAH, the anandamine 

degrading enzyme, were seen in high fat-fed mice compared to standard diet-fed 
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controls (Starowicz et al, 2008).  Other tissues have not been examined to date 

regarding alterations in response to obesity for the expression levels of enzymes 

responsible for synthesizing and degrading endocannabinoids. 

The endocannabinoid-1 receptor (CB1R) is primarily responsible for the 

endocannabinoid system’s role in metabolic functions.  CB1R is expressed in 

skeletal muscle, liver, adipose tissue, and the hypothalamus (reviewed in Pagotto 

et al 2006).  CB2R has been primarily localized in immune tissues (Xie et al, 

2007); however, there is emerging data that they are also expressed in 

pancreatic β-cells (Juan-Picó et al 2006, Bermúdez-Silva, et al 2008).   CB1R 

expression in metabolically active tissues appears to be modulated with obesity, 

but there is conflicting evidence as to whether CB1R expression levels are 

increased or decreased.  CB1R mRNA expression is dramatically, although not 

significantly, elevated in the adipose tissue of obese compared to lean Zucker 

rats (Bensaid, 2003) and is significantly reduced in adipose tissue of obese 

verses lean humans (Sarzani et al, 2009).  However, other data suggest that 

CB1R expression is down-regulated in human adipocytes (Blüher et al, 2006; 

Engeli et al, 2005) with obesity.  There are no studies to date that have reported 

CB1R protein expression in tissues of lean and obese animal models or humans.   
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THE ENDOCANNABINOID SYSTEM IN METABOLICALLY ACTIVE TISSUES 

 As stated previously, the endocannabinoid system was originally 

characterized for its psychotropic effects and, more recently, feeding behavior 

effects in the central nervous system.  Through antagonism of the CB1R, the 

effects of the endocannabinoid system in metabolically active tissues throughout 

the body have become more defined (de Kloet and Woods, 2009; Wierzbicki, 

2006).  Table 1.1 gives a brief overview of the role the endocannabinoid system 

associated with metabolically active tissues.  Due to the endocannabinoid 

regulation of these tissues, antagonism of the CB1R is a primary target in 

improving whole-body metabolic parameters. 

Tissue 
Stimulation  
(Agonist) 

Inhibition 
  (Antagonist) 

Brain 
(hypothalamus) 

↑ feeding behavior ↓ feeding behavior 

Adipose 
↑ lipogenesis,  

↓ adiponectin secretion 
↑ lipolysis,  

↑ adiponectin secretion 

Liver ↑ lipogenesis  
↓ fatty acid synthesis 
↑ triglyceride storage? 

Pancreas ↑ insulin secretion? ↑ insulin secretion? 

Skeletal muscle ↓ glucose transport 
↑ energy expenditure,  
↑ insulin sensitivity 

 

Table 1.1  Review of metabolic tissues and the known effect of the 

endocannabinoid system in each. 
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THE ENDOCANNABINOID SYSTEM AND CENTRAL CONTROL OF 

METABOLIC REGULATION 

Use of CB1 knockout mice (Di Marzo et al, 2001; Cota et al, 2003; Ravinet 

Trillou et al, 2004) as well as CB1 antagonist studies have demonstrated a 

reduction in food intake (Vickers et al, 2003; Ravinet Trillou et al, 2003; 

Nogueiras et al, 2008; Doyon et al, 2006) compared to controls.  Specifically, the 

reduction in food intake is due to the central effects of CB1R antagonism, as 

demonstrated by Nogueiras et al (2008), in which intracerebroventricular (IVC) 

infusion of the CB1R antagonist SR141716 (5 ug/rat/day) significantly decreased 

food intake compared to vehicle IVC-treated controls in both lean and diet-

induced obese rats.  Animals treated with 5 ug/rat SR141716, per intraperitoneal 

injection, did not exhibit altered food intake, which demonstrated that this dosage 

was only effective when directly administered to the central nervous system 

(Nogueiras et al, 2008).  A reduction in body weight was also seen with the initial 

reduction in food intake, however, the reduction in food intake was transient while 

the weight loss in maintained in rodent models (Vickers et al, 2003; Ravinet 

Trillou et al, 2003; Duvivier et al, 2009).   

The CB1R has been identified in the hypothalamic region (feeding center) 

of the brain (Cota et al, 2003), as well as the amygdala (emotion and stress 

center), hippocampus (memory, spatial orientation), and the basal ganglia 

(balance, coordination) (Moldrich and Wenger, 2000; Pettit et al, 1998; Tsou et 
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al, 1998).  Due to the wide-spread distribution of CB1R expression levels 

throughout the CNS, activation or antagonism of the CB1R systemically may 

have a wide range of effects on mood and behavior through the central nervous 

system. 

 

THE ENDOCANNABINOID SYSTEM IN ADIPOSE TISSUE 

 Adipose tissue is a highly metabolically active tissue.  Not only is it 

important in the storage of excess energy such as FFAs and glucose as lipids, it 

is vital in releasing energy in response to whole-body demands and signaling 

brain centers as to the metabolic state of the body (Wozniak et al, 2009).  The 

endocannabinoid system appears to play a role in both energy metabolism and 

endocrine signaling by the adipocyte.  CB1R knockout mice exhibit a reduction in 

visceral adiposity and bodyweight compared to controls, even though feeding 

behavior is the same (Cota et al, 2003).  CB1R antagonism also prevents the 

accumulation of visceral and subcutaneous fat induced by high-fat feeding in 

dogs (Richey et al, 2009).  From data such as this, it can be inferred that the 

endocannabinoid system affects lipogenesis. 

The CB1R expression in rodent (Cota et al, 2003) and human (Roche et 

al, 2006; Spoto et al, 2006) adipose tissue has been verified.  Adipocyte cell 

culture studies have implicated the endocannabinoid system’s involvement in 

lipogenesis and lipolysis.  Activation of the CB1R appears to stimulate 
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lipogenesis through increased lipid droplet accumulation, adipocyte differentiation 

(Matias et al, 2006), and increased lipoprotein lipase (LPL), an important enzyme 

involved in lipogenesis, activity (Cota et al, 2003).  On the other hand, blockade 

of the CB1R stimulates lipolysis.  Antagonism of CB1R in cultured adipocytes 

decreases lipid droplet accumulation and inhibits adipocyte proliferation (Gary-

Bobo et al, 2006).  In vivo evidence also supports the CB1R involvement in 

lipolysis.  Acute antagonism of the CB1R receptor was associated with elevated 

circulating FFA’s, glycerol and ketone bodies, all indicators of enhanced 

adipocyte lipolysis (Herling et al, 2007); while chronic CB1R antagonism also led 

to a reduction in triglyceride storage in white adipose tissue (Nogueiras et al, 

2008).  Further implicating the endocannabinoid systems involvement in energy 

storage in adipocytes is the finding that glucose transport activity is enhanced 

with CB1 activation (Pagano et al, 2007; Gasperi et al, 2007). 

The major endocrine signaling factor in adipose tissue regulated by the 

endocannabinoid system is adiponectin.  In cell culture studies, CB1R 

antagonism increases adiponectin secretion in a dose dependent manner (Gary-

Bobo et al, 2006; Bensaid et al, 2003).  Chronic in vivo SR141716 treatment in 

obese and, to a lesser extent, lean rats, induced elevation of plasma adiponectin 

levels (Bensaid et al, 2003; Flamment et al, 2009).  To date, adiponectin is the 

only adipokine that’s secretion is directly associated with regulation by the 

endocannabinoid system. However, CB1R knockout mice (Osei-Hyiaman et al, 

2005; Cota et al, 2003) and chronic CB1R antagonism in diet-induced obese 
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mice is associated with significant decreased circulating leptin levels compared 

to control mice.  The physiological relevance of this finding has yet to be 

determined. 

 

THE ENDOCANNABINOID SYSTEM IN LIVER 

 The endocannabinoid system in the liver is also active in regulating energy 

storage and metabolism.  CB1Rs are expressed in hepatocytes (Osei-Hyiaman 

et al, 2005).  Acute CB1R activation in lean mice, increased the expression of 

genes involved in hepatic lipogenesis, such as the transcription factor sterol 

regulatory element-binding protein-1c (SREBP-1c) and its downstream targets: 

acetyl-CoA carboxylase-1 (ACC1), and fatty acid synthase (FAS) (Osei-Hyiaman 

et al, 2005).  Osei-Hyiaman’s group also demonstrated that acute in vivo and in 

vitro CB1R agonist treatment enhanced de novo fatty acid synthesis, in lean 

mice, which was subsequently inhibited with CB1R antagonism and was 

ineffectual in CB1R knockout mice (Osei-Hyiaman, 2005).  The CB1R knockout 

mice also failed to develop fatty liver due to chronic high-fat feeding.  Despite the 

lack of fatty liver in CB1R knockout mice and the inhibition of de novo fatty acid 

synthesis with acute CB1R antagonism, chronic CB1R antagonism has been 

shown to increase hepatic triglyceride storage in high-fat fed rats (Flamment et 

al, 2009).  This is possibly due to the increase in lipolysis and necessity for 
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ectopic lipid store formation in liver to remove excess circulating triglycerides and 

FFAs from the bloodstream (Taube et al, 2009).    

Production of glucose by the liver is important in maintaining glucose 

homeostasis and is dysregulated with insulin resistance and obesity.  Preliminary 

studies have demonstrated that the endocannabinoid system may have a 

regulatory function in hepatic glucose production.  When the CB1R was 

chronically inhibited in diet-induced rats, hepatic glucose production and glucose 

6 phosphatase mRNA expression was suppressed compared to vehicle treated 

control animals (Nogueiras et al, 2008).  Endogenous glucose production was 

also suppressed with chronic CB1R antagonism in an obese mouse model 

(Watanabe et al, 2008). 

 A liver-specific CB1R knockout (LCB1-/-) mouse was recently developed 

to measure the significance of CB1R signaling in the liver on tissue and whole-

body metabolic parameters.  The LCB1-/- mice were resistant to liver steatosis 

due to high-fat feeding, demonstrated increased high-density lipoproteins and 

decreased low-density lipoproteins in the plasma, and an improved, whole-body 

glucose tolerance (Osei-Hyiaman et al, 2008) compared to their controls.  These 

data demonstrate that the endocannabinoid system’s actions in the liver can 

affect whole-body metabolic parameters. 
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THE ENDOCANNABINOID SYSTEM IN THE ENDOCRINE PANCREAS 

Recently, studies investigating the role of the endocannabinoid system in 

the pancreas are emerging.  Early studies identified CB1R mRNA expression in 

pancreatic islets (Nakata and Yada, 2006). However, further investigation 

demonstrated that CB1Rs are not expressed in insulin secreting β-cells within the 

islets, but in glucagon and somatostatin secreting α- and δ-cells respectively 

(Juan-Picó et al, 2006, Bermúdez-Silva et al, 2008; Tharp et al, 2008).  

Interestingly, CB2Rs have been colocalized on β-cells within the pancreatic islets 

(Juan-Picó et al, 2006, Bermúdez-Silva et al, 2008). 

The effect of stimulating and specifically inhibiting the CB1R receptors in 

the pancreas has lead to conflicting findings.  Activation of the endocannabinoid 

system with the nonspecific ligands anandamide, and WIN55,212-2, as well as 

with the CB1R specific agonists arachidonlcyclopropylamide and arachidonyl-2-

cholorethylamide, induced a reduction in glucose-stimulated insulin secretion 

(GSIS) (Nakata and Yada, 2006; Juan-Picó et al, 2006).  However, a reduction in 

GSIS was also seen with the specific CB1R antagonist, SR141716, treatment in 

the isolated pancreatic islets of lean and obese rats (Getty-Kaushik et al, 2009). 

CB1R antagonism also decreased basal insulin secretion in obese but not lean 

rat pancreatic islets (Getty-Kaushik et al, 2009); however, it is important to note 

that insulin secretion is dramatically elevated at the basal state in the obese 

compared to lean pancreatic islets. 
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In whole-body studies, fasting insulin levels are depressed with CB1R 

antagonism in rodents and humans (Ravenet Trillou et al, 2003; Doyon et al, 

2006; Van Gaal, 2008).  These data support the idea that the endocannabinoid 

system has regulatory control over insulin secretion from pancreatic β-cells.  

However, much has yet to be discovered regarding how the endocannabinoid 

system affects the endocrine activity of the pancreas, especially considering the 

interesting cell-specific expression of the CB1 and CB2 receptors within the 

pancreatic islets.  

 

THE ENDOCANNABINOID SYSTEM IN SKELETAL MUSCLE 

As previously stated, the skeletal muscle is the primary tissue involved in 

glucose uptake in response to elevated plasma glucose levels.  Insulin-

resistance in the skeletal muscle is the primary source of whole-body insulin 

resistance and development of type 2 diabetes.  CB1R mRNA and protein 

expression has been measure in the skeletal muscle of rodents and humans 

(Pagotto et al, 2006; Cavuoto et al, 2007a). It appears from agonist and 

antagonist studies, in vitro and in vivo, that the endocannabinoid system plays a 

role in regulating glucose uptake and metabolism in mammalian skeletal muscle. 

The endocannabinoid system has a direct regulatory effect on glucose 

transport activity in skeletal muscle.  In cultured skeletal muscle cells, CB1R 

antagonism enhanced basal (Esposito et al, 2008) and insulin-stimulated 
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(Eckardt et al, 2008) glucose transport activity.  Chronically, CB1R antagonism 

studies have also measured increased insulin-stimulated glucose transport 

activity in obese mice (Liu et al, 2005), as well as increased glucose uptake in 

diet-induced obese rats by several muscle groups during a euglycemic-

hyperinsulinemic clamp (Nogueiras et al, 2008).  This is the opposite effect on 

glucose transport as is seen in adipose tissue (see above) and could be due to 

differences in signaling factors associated with tissue specific CB1R activity.  

However, from a physiologic standpoint, endocannabinoid activation inducing 

glucose transport in the adipocyte leads to increased energy storage while the 

decrease in glucose transport in skeletal muscle would lead to less energy 

expenditure further supporting the role of the endocannabinoid system in 

regulation of energy expenditure and storage. 

Beyond the above studies, very little has been measured in terms of the 

direct effects of CB1R activation or inhibition on isolated skeletal muscle.  Some 

potential signaling mechanisms through which the CB1R acts to improve glucose 

tolerance have been identified and will be discussed later in this review. 

 

THE ENDOCANNABINOID SYSTEM IN OTHER METABOLICALLY ACTIVE 

TISSUES 

The endocannabinoid receptors have also been identified on tissues in the 

digestive tract and cardiovascular system (CVS).  In the digestive tract, it 
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appears that CB1R expression is concentrated in the enteric nervous system and 

vagal nerves (Di Marzo et al, 2008; Burdyga et al, 2004).  Activation of the 

cannabinoid system reduces satiety signals of cholecystokinin (CCK) and 

enhances food intake stimulation by ghrelin (Tucci et al, 2004). 

 In the CVS, endocannabinoids have an effect on both the vasculature and 

the myocardium. Stimulation of the cannabinoid system with anandamide or THC 

leads to bradycardia and hypotension (Vollmer et al, 1974, reviewed in Högestätt 

and Zygmunt, 2002). However, it is noteworthy that infusion of 2-AG leads to 

tachycardia in the heart (Járai et al, 2000), indicating specific roles for the 

different endocannabinoids within the CVS.  It also appears that 

endocannabinoid actions responsible for vasodilatation may act through vanilloid 

VR1 receptors, instead of directly through known CB receptors (reviewed in 

Högestätt and Zygmunt, 2002), demonstrating nonspecific actions of 

cannabinoids in the tissues.   

Despite the hypotensive effect of CB1R agonists, it appears that CB1R 

antagonism decreases elevated blood pressures in humans (Ruilope et al, 2008) 

and reduced infarct size in high-fat fed mice (Lim et al, 2009).  Further study of 

the direct action of CB1R antagonism on the cardiovascular tissue needs to be 

done to understand the specific and chronic effects of this system on the CVS. 
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THE ENDOCANNABINOID SYSTEM AND WHOLE-BODY METABOLIC 

PARAMETERS 

As stated above, the endocannabinoid system plays in important role in 

whole-body and tissue specific metabolism.  In general, it appears that activation 

of the CB1R leads to increased energy storage (adipocytes and liver) and 

decreased energy expenditure (skeletal muscle).  Antagonism of the CB1R on 

the other hand has the opposite effect, increasing energy availability and 

expenditure.   

The endocannabinoid system appears to be a regulator of systemic 

thermogenesis.  Whole-body energy expenditure, measured by oxygen 

consumption, is elevated with acute and chronic CB1R antagonist treatment in 

lean rats (Kunz et al, 2008; Herling et al, 2007) and obese mice (Liu et al, 2005).  

However, physical activity in treated animals was not significantly elevated 

(Herling et al, 2007) so the basis for this increased systemic metabolic rate has 

yet to be elucidated. 

Whole-body glucose handling and insulin sensitivity also appear to be 

affected by the endocannabinoid system.  Systemically, acute CB1R activation 

causes glucose intolerance, while acute CB1R antagonism improves glucose 

tolerance in lean rats (Bermúdez-Silva et al, 2006).  Interestingly, however, 

chronic CB1R antagonism of obese animals initially causes glucose intolerance 

due to depressed insulin secretion, but eventually insulin levels normalize and 
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chronic CB1R antagonism leads to improved whole-body glucose tolerance and 

insulin sensitivity (Duvivier et al, 2009). 

Fasting glucose and insulin levels in chronically-treated rodents (Ravinet 

Trillou, 2003; Doyon, 2006; Duvivier et al, 2009) and humans (Scheen and 

Paquot, 2008; Matias and Di Marzo, 2006; Van Gaal, 2005) are also decreased 

with the CB1R receptor antagonist, SR141716.  This indicates an improved 

insulin-sensitive state; however, the specific mechanism by which systemic 

CB1R antagonism depresses fasting glucose and insulin levels has yet to be 

elucidated.  Other circulating markers such as FFAs and triglycerides are shown 

to be reduced with CB1R antagonism (reviewed in Kakafika et al, 2007; Ravenet 

Trillou et al, 2003; Cota et al, 2009), which may be associated with improved 

insulin-stimulated glucose transport activity (described above) in skeletal muscle.  

The endocannabinoid system has effects on multiple metabolically active 

tissues and is responsible for regulating overall energy use and storage in the 

body.  The specific actions on the tissues, especially the skeletal muscle, and the 

overall physiological importance of these tissue specific actions, need to be 

evaluated further. 
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POSSIBLE INTRACELLULAR ENDOCANNABINOID SIGNALING 

MECHANISMS INVOLVED IN IMPROVED GLUCOSE TRANSPORT ACTIVITY 

IN SKELETAL MUSCLE 

Little is known regarding the underlying mechanisms for improved 

metabolic outcomes due to CB1R antagonism.  Potential insulin-stimulated and 

noninsulin-stimulated signaling molecules involved in glucose transport activity 

and associated with the CB1R include PI3-K, Akt, GSK3, AMPK, p38MAPK (Fig 

1.3).  Studies using cell lines from various tissues have implicated these 

signaling factors as downstream targets of the CB1R that may lead to the 

improved glucose transport activity observed in skeletal muscle in response to 

CB1R antagonism. 

The PI3-K/Akt/Gsk3 pathway is involved in insulin-stimulated glucose 

transport activity (see Fig. 1.1).  Multiple cell-line studies in various tissues have 

implicated one or more of the above signaling factors as a downstream target of 

the CB1R.  In primary cultured adipocytes, PI3-K was identified as a target in 

CB1R agonist-induced glucose transport activity, due to inhibition of CB1R 

agonist-induced glucose transport with the PI3-K inhibitor, wortmannin (Pagano 

et al, 2007).  Additional studies in the brain have also associated cannabinoids 

(THC) with increased phosphorylation of Akt as well as GSK3β; however, no 

effect was seen with low dose-treatment of SR141716 on Akt or GSK3β 

phosphorylation (Ozaita et al, 2007), indicating THC was working through a 
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nonspecific pathway with in the central nervous system.  In primary culture 

skeletal muscle cell and L-6 myotubes, CB1R antagonism is associated with 

increased basal and insulin-stimulated Akt phosphorylation (Esposito et al, 2008; 

Lipina et al, 2010), whereas conversely, CB1R activation inhibits Akt 

phosphorylation (Eckhardt et al, 2008, Lipina et al, 2010).  Insulin-stimulated Akt 

phosphorylation in the liver of chronic CB1R antagonist-treated obese mice was 

also elevated compared to vehicle-treated controls (Watanabe et al, 2009). 

Other targets, outside of the insulin-signaling pathway, which may be 

involved in CB1R regulation of glucose transport in skeletal muscle include 

AMPK and p38 MAPK.  Both of these signaling proteins are associated with 

increased glucose transport (as discussed previously) and have been implicated 

as a direct target of the CB1R.  AMPK phosphorylation is increased with CB1R 

antagonism in primary cultured human skeletal muscle cells (Cavuoto et al, 

2007a; Tedesco et al, 2008).  In vivo, chronic CB1R antagonism of obese mice 

leads to increased AMPK phosphorylation in both the liver and skeletal muscle 

tissue (Watanabe et al, 2009). Interestingly, skeletal muscle cells incubated with 

a CB1R agonist induced an increase in phosphorylation of p38 MAPK (Eckardt et 

al, 2008). 
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To date, all of these studies have focused cultured cell lines and effects of 

in vivo CB1R antagonist treatment.  Studies have yet to determine if these 

signaling factors are targets of the CB1R in whole skeletal muscle, directly 

incubated in the absence and presence of CB1R modulators.  

 

Fig. 1.4. Possible intracellular signaling mechanis ms for the CB1R ( Adapted 

from Pagotto et al, 2006) 

 

THE ROLE OF CB2 RECEPTORS IN METABOLIC FUNCTIONS 

While CB1 receptors are considered the primary endocannabinoid 

receptor involved in metabolic regulation in tissues, functional CB2 receptors 
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have also been identified in metabolically active tissues such as adipose tissue, 

liver, and pancreatic islets (Katarzyna et al, 2008; Roche et al, 2006).  Until 

recently, CB2 receptors have been identified as being located in the central 

nervous system and immune tissues and cells.  In the central nervous system, 

selective CB2R agonists have antinoceiceptive effects without the psychoactive 

side-effects seen with CB1 receptor agonism (Anand et al, 2009; Jhaveri et al, 

2008).  In immune tissues and cells such as the spleen, thymus, B-lymphocytes, 

monocytes, and neutrophils (Schatz et al, 1997; Galiègue et al, 1995); selective 

CB2 receptor agonists inhibit activation of inflammatory pathways and release of 

cytokines (Nagarkatti et al, 2009; Lomard, 2007).  The ability of the CB2 receptor 

to modulate inflammation may aid in the treatment of metabolic syndrome. 

 Cannabinoids are known to have anti-inflammatory properties and to 

inhibit the innate immune system (Klein, 2005; Zurier, 2003).  Stimulation of the 

endocannabinoid system is currently being studied as a treatment for various 

chronic inflammatory diseases such as arthrosclerosis (Steffens et al, 2005), 

rheumatoid arthritis (Sumariwalla et al, 2004), and inflammatory bowel syndrome 

(Mathison et al, 2004).  All of these treatments are focused on CB2R activation.  

However, a recent study has demonstrated that knockouts and antagonism of the 

CB2 receptor reduces obesity-associated inflammation in high fat-fed mice 

(Deveaux et al 2009).  Deveaux et al (2009) measured a significant reduction in 

inflammatory markers such as macrophage accumulation, TNFα and CCl2 with 

CB2R antagonism and in knockout mice on high-fat diets.  CB2R antagonist-
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treated animals also displayed improved insulin sensitivity (measured through an 

insulin tolerance test) without alteration in food intake, energy expenditure or 

body weight, as has been seen with CB1R antagonist treatment.  Since insulin 

resistance is associated with chronic inflammation (Olefsky and Glass, 2010), it 

appears that the CB2 receptor antagonist treatments improved insulin sensitivity 

through a reduction in the inflammatory state of the adipose tissue of high fat fed 

mice. 

 CB2 receptors in the liver and pancreas have not been thoroughly studied 

to date.  In the liver, there is some evidence that they modulate fibrosis 

formation.  However, whether it is stimulation (Lanthier et al, 2009) or 

antagonism (Deveaux et al, 2009) of CB2R that reduces inflammation and liver 

fibrosis has yet to be determined.  In the pancreas, it is only recently been 

discovered that CB2 receptors are colocalized on α- and β-cells within the 

pancreatic islet (Katarzyna et al, 2008).  The physiological relevance of these 

receptors has yet to be determined. 

 Overall, the CB2 receptor appears to function as a modulator of 

inflammation.  However, it has yet to be determined whether the CB2 receptor 

plays a direct, physiologically significant role in whole-body metabolic regulation 

via their function in the pancreas, adipose tissue and liver. 
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THE OBESE ZUCKER RAT MODEL 

For over 20 years, the obese Zucker (fa/fa) rat has been utilized as a 

model of obesity, glucose intolerance and insulin resistance, hyperinsulinemia, 

and dyslipidemia to study pharmaceutical and exercise interventions on insulin 

action in the skeletal muscle glucose transport system.  Compared to age-

matched lean Zucker (Fa/-) rats, the obese Zucker rat displays a slight 

hyperglycemia and markedly elevated plasma levels of insulin and free fatty 

acids (reviewed in Henriksen 2002 and Henriksen 2006).  In addition, insulin-

stimulated glucose transport activity in isolated skeletal muscle preparations is 

severely impaired in obese animals compared to lean animals (Henriksen 2002, 

Henriksen 2006) (see above).  Several pharmaceutical treatments have proven 

successful in significantly improving these parameters, including the ACE 

inhibitors captopril (Henriksen and Jacob, 1995; Dal Ponte et al., 1998; 

Henriksen et al., 1999) and trandolapril (Jacob et al., 1996a; Steen et al., 1999), 

the ß-adrenergic modulator celiprolol (Jacob et al., 1999), the sympatholytic 

agent moxonidine (Henriksen et al., 1997), the antioxidant alpha-lipoic acid 

(Jacob et al., 1996b; Streeper et al., 1997; Saengsirisuwan et al., 2001, 2004; 

Henriksen 2006), and the selective AT1 receptor blocker irbesartan (Henriksen et 

al., 2001).  In addition, the hyperinsulinemia, dyslipidemia, and muscle insulin 

resistance in the obese Zucker rat can be significantly improved by endurance 

exercise training (Steen et al., 1999; Saengsirisuwan et al., 2001, 2004; 

Henriksen 2002, 2006).   We propose to use this animal model of insulin 
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resistance and pre-diabetes to study the effects of CB1R antagonism on the 

glucose transport system in skeletal muscle. 
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SPECIFIC AIMS AND WORKING HYPOTHESES 

To test the central hypothesis that antagonism of CB1Rs activates 

signaling molecules of the insulin signaling pathway to increase glucose transport 

activity in normal and insulin-resistant skeletal muscle, thereby improving whole-

body glucose tolerance, the following specific aims are proposed: 

1) Determine the acute in vitro effects of CB1R ant agonism on insulin-

dependent and hypoxia-stimulated glucose transport activity and their 

respective signaling elements in skeletal muscle of  insulin-sensitive 

lean Zucker rats and insulin-resistant, pre-diabeti c obese Zucker rats. 

 

Working Hypothesis: CB1R antagonism will enhance insulin-stimulated and 

hypoxia-stimulated glucose transport in skeletal muscle in lean Zucker rats, 

and to a greater extent in obese Zucker rats.  These effects will be associated 

with up-regulation of the functionality of critical signaling elements involved in 

these two pathways for stimulating glucose transport. 

 

2) Determine the effects of chronic administration of a CB1R antagonist 

to lean and obese Zucker rats on whole-body insulin  action and 

glucose tolerance as well as on the skeletal muscle  glucose transport 

system. 
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Working Hypothesis: Chronic CB1R antagonism will enhance whole-body 

glucose tolerance and insulin-stimulated glucose transport activity and 

signaling in skeletal muscle of insulin-resistant, obese Zucker rats. 

 

3) Determine the effects of acute administration of  a CB1R antagonist to 

lean and obese Zucker rats on whole-body insulin ac tion and glucose 

tolerance as well as on the skeletal muscle glucose  transport system. 

 

Working Hypothesis: Acute CB-1 receptor antagonism will enhance whole-

body glucose tolerance and insulin-stimulated glucose transport activity and 

signaling in skeletal muscle of insulin-resistant, obese Zucker rats. 

 

These studies are innovative because, while the effects of the CB1R 

antagonist SR141716 have been studied concerning its actions on food intake 

and weight loss, its potential for modulating directly whole body glucose 

tolerance and skeletal muscle glucose transport activity has not been 

investigated.  This work is instrumental in developing an effective treatment for 

type 2 diabetes and obesity.  We expect to identify the pathways through which 

the CB1R antagonist acts on skeletal muscle to activate glucose transport in 

skeletal muscle, thereby identifying a novel approach to overcome insulin 
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resistance of this process.  This outcome will have a substantial impact in 

combating the type-2 diabetes and obesity epidemic. 
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CHAPTER 2 

EFFECTS OF IN VITRO ANTAGONISM OF ENDOCANNABINOID-1 

RECEPTORS ON THE GLUCOSE TRANSPORT SYSTEM IN NORMAL AND 

INSULIN-RESISTANT RAT SKELETAL MUSCLE 

 

ABSTRACT 

 The endocannabinoid (CB) system has well described effects on 

numerous physiological systems, such as feeding behavior, yet little is known 

regarding its impact on the skeletal muscle glucose transport system.  Therefore, 

the purpose of this study was to determine the direct effects of CB1R antagonism 

using SR141716 on isolated soleus muscle from both insulin-sensitive lean 

Zucker and insulin-resistant obese Zucker rats.  CB1R protein expression in 

visceral adipose (53%), soleus (25%), and myocardial (40%) tissue was 

significantly decreased in obese compared to lean animals, with a trend for a 

reduction (12%, p = 0.09) in the liver.  CB1R antagonism directly improved 

glucose transport activity in soleus muscle from both lean and obese Zucker rats 

in a dose-dependent manner.  Basal glucose transport activity was maximally 

enhanced between 100-200 nM SR141716 in both lean (26-28%) and obese (31-

22%) soleus muscle.  In the presence of insulin, the maximal increase for lean 

muscle (~30%) was achieved at 50 nM SR141716 and for obese muscle (~30%) 

at 100 nM SR141716.  In contrast, CB1R antagonism did not alter hypoxia-
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stimulated glucose transport activity. CB1R agonism using 1 mM ACEA 

significantly decreased both basal (15%) and insulin-stimulated (22%) glucose 

transport activity in isolated lean soleus muscle.  This effect was reversed by 200 

nM SR141716.  To determine the potential molecular mechanisms associated 

with these CB1R-dependent actions on glucose transport activity, we measured 

the functionality of key signaling proteins involved in the canonical insulin-

dependent (insulin receptor β-subunit, Akt, glycogen synthase kinase-3 β) and 

insulin-independent (AMPK, p38 mitogen-activated protein kinase) pathways.  In 

both lean and obese muscle, phosphorylation of these key proteins was not 

altered by either CB1R agonism (ACEA) or antagonism (SR141716).  These 

results indicate that the CB1R can negatively modulate both basal and insulin-

dependent glucose transport activity in lean and obese skeletal muscle, and that 

these effects are not mediated by engagement of elements of the canonical 

pathways regulating this process in skeletal muscle. 

  



60 

 

INTRODUCTION 

Obesity has reached epidemic proportions in the United States and 

throughout the world.  Obesity, specifically fat accumulation in the intra-

abdominal region, is a primary risk factor for development of the insulin 

resistance syndrome (also referred to as metabolic syndrome or the 

cardiometabolic syndrome) (DeFronzo and Ferrannini, 1991; Reaven, 1988).  

The insulin resistance syndrome is a clustering of metabolic factors including 

central adiposity, hypertension, dyslipidemia hyperglycemia, insulin resistance 

and compensatory hyperinsulinemia that exacerbate the likelihood of the 

development of type 2 diabetes and the risk of cardiovascular disease (Cornier et 

al, 2008; Eckel et al, 2005; Laaksonen et al, 2002).  

Insulin resistance, defined as the reduced ability of insulin to effectively 

engage signaling factors involved in the stimulation of glucose transport activity, 

is a primary defect in the onset of type 2 diabetes (Ferrannini, 1998).  Skeletal 

muscle, comprising ~40% of the total body mass of mammals, is the major tissue 

involved in insulin-dependent and non-insulin-dependent or contraction-mediated 

glucose uptake in the body (DeFronzo et al, 1983; Baron et al, 1988).  Insulin 

resistance in skeletal muscle leads to reduced glucose tolerance and 

compensatory hyperinsulinemia (Nistala and Stump, 2006).   Because of this 

critical role of skeletal muscle in the etiology of glucose dysregulation, 

interventions have been designed to ameliorate these defects in the insulin-
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dependent or non-insulin-dependent pathways for the treatment and prevention 

of the insulin resistance syndrome and type 2 diabetes (reviewed in Zierath et al, 

2000).  

 A novel pharmacological intervention in the treatment of obesity and 

hyperglycemia is antagonism of the endocannabinoid system.  CB1Rs have been 

identified in human and rodent skeletal muscle (Cavuoto et al, 2007a).  

Originally, endocannabinoid-1 receptor (CB1) antagonists were utilized to induce 

a centrally-mediated hypophagic effect leading to weight loss (Di Marzo et al, 

2001; Vickers et al, 2003).  However, CB1 antagonism has also been attributed 

to improved metabolic factors, such as increased glucose tolerance (Bermúdez-

Silva et al, 2005; Nogueriras et al, 2008), decreased hyperinsulinemia (Doyon et 

al, 2006), and increased glucose uptake in skeletal muscle (Liu, 2004), 

independent of those actions facilitated by hypophagic weight loss.  CB1 

antagonism is also associated with increased energy expenditure (Liu et al, 

2004; Kunz et al, 2007). 

 The majority of glucose transport into the skeletal muscle is facilitated by 

the GLUT4 glucose transporter isoform.  In unstimulated myocytes, the majority 

of GLUT4 is found in intracellular vesicles, which translocate to the sarcolemmal 

membrane upon activation of specific signaling factors (Shepherd and Kahn, 

1999).  There are both insulin-dependent and insulin-independent signaling 

cascades leading to GLUT4 translocation.  In cell cultured L6 myotubules 
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(Esposito et al, 2008) as well as primary human skeletal muscle culture (Eckardt 

et al, 2008), CB1R antagonism has been shown to improve glucose transport 

through activation of key proteins in the insulin-dependent signaling cascade, 

including increased activation of phosphatidylinositol-3 kinase (PI-3 kinase) and 

Akt phosphorylation.  CB1R antagonism has also demonstrated an effect on key 

signaling proteins involved in the detection of energy status, such as increased 

phosphorylation of AMP-dependent protein kinase (AMPK) in the liver (Watanabe 

et al, 2009), primary human myotubes (Cavuoto et al, 2007b) and cultured white 

adipose cells (Tedesco et al, 2008).  However, the direct effect of CB1 

antagonism on isolated mammalian skeletal muscle from normal, lean rodents 

and from obese, insulin-resistant rodents on these factors has not been 

assessed to date. 

 In this context, the primary purpose of the present investigation was to 

determine the direct effect of selective CB1R antagonism (using SR141716) on 

insulin-dependent and insulin-independent glucose transport activity and 

associated signaling factors in skeletal muscle isolated from insulin-sensitive lean 

and insulin-resistant obese Zucker rats.  The effects of in vitro SR141716 

treatment on basal, insulin-stimulated, and hypoxia-stimulated glucose transport 

activity and on the activation of signaling factors Akt, glycogen synthase kinase-

3β (GSK3β), AMPK, and the stress-activated protein kinase p38 MAPK in 

isolated skeletal muscle from these rodent models were assessed.  In addition, 

the direct effect of the CB1R agonist ACEA on basal and insulin-dependent 
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glucose transport activity and signaling factors involved in the insulin-dependent 

pathway for activation of glucose transport was also determined in isolated 

skeletal muscle. 
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METHODS AND MATERIALS 

Animals: 

Female lean (fa/–) and obese (fa/fa) Zucker rats were received from Harlan 

(Indianapolis, IN) and were used at 9–10 wk of age, at which time they weighed 

150–170 g and 290-330 g, respectively. Animals were housed in a temperature-

controlled (20–22°C)  room with a 12:12-h light-dark cycle (lights on from 7 AM to 

7 PM) at the Central Animal Facility of the University of Arizona. The animals had 

free access to chow (diet no. 7001; Teklad, Madison, WI) and water.  All 

procedures used in the present study were approved by the Institutional Animal 

Care and Use Committee at the University of Arizona. 

Determination of glucose transport activity: 

After an overnight food restriction (chow was restricted to 4 g at 5 PM and was 

consumed immediately), animals were deeply anesthetized at 8 AM with an 

injection of pentobarbital sodium (50 mg/kg i.p.), and strips of soleus muscles 

were prepared for in vitro incubation in the unmounted state.  Muscles were 

incubated for 60 min (unless otherwise stated) at 37°C i n 3 ml of oxygenated 

(95% O2, 5% CO2) or hypoxic (95% N2, 5% CO2) Krebs-Henseleit buffer 

containing 8 mM glucose, 32 mM mannitol, and 0.1% BSA (RIA grade; Sigma, St. 

Louis, MO), in the absence or presence of 5 mU/ml insulin (Humulin R. Lilly, 

Indianapolis, IN), and varying concentrations of the endocannabinoid receptor 

antagonist SR141716 or 1 µM of the endocannabinoid receptor-1 agonist 
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arachidonyl-2-chloroethylamide (ACEA) (Tocris Bioscience, Ellisville, MO).  The 

incubated muscles were rinsed for 10 min at 37°C in 3 ml of oxyge nated KHB 

containing 40 mM mannitol, 0.1% BSA, insulin (if previously present), and the 

endocannabinoid receptor modulator. After the rinse period, the muscles were 

transferred to 2 ml of KHB containing 1 mM 2-deoxy-[1,2-3H]glucose (2-DG, 300 

µCi/mmol; Sigma Chemical), 39 mM [U-14C]mannitol (0.8 µCi/mmol; ICN 

Radiochemicals, Irvine, CA), 0.1% BSA, insulin (if previously present), and the 

endocannabinoid receptor modulator.  At the end of this final 20-min incubation 

period at 37°C, the muscles were removed, trimmed  of excess connective tissue, 

quickly frozen between aluminum blocks cooled with liquid nitrogen, and 

weighed.  These muscles were dissolved in 0.5 ml of 0.5 N NaOH, 5 ml of 

scintillation cocktail were added, and the specific intracellular accumulation of 2-

DG was determined as described previously (Henriksen et al, 1994).  This 

method for assessing glucose transport activity in isolated muscle has been 

validated (Hansen et al, 1994).  

Assessment of glucose transport signaling factor protein expression and 

functionality: 

Muscle strips were prepared as described above.  After a 60-min incubation in 

the presence and absence of 5 mU/ml insulin and the presence or absence of 

100 µl SR141716, the muscle strips were trimmed of excess connective tissue 

and flash frozen between aluminum blocks cooled with liquid nitrogen.  Frozen 
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and phospho-AMPKαthr172, and p38MAPK and phospho-p38MAPKthr180/tyr182 (all 

Cell Signaling).  After incubation with horseradish peroxidase-conjugated 

secondary antibodies, the proteins were visualized by enhanced 

chemiluminescence detection system (Amersham Pharmacia, Piscataway, NJ) 

using the ChemiDoc system (Bio-Rad). The band intensities were quantified 

using Quantity One software (Bio-Rad).     

Endocannabinoid-1 receptor (CB1) protein expression was determined 

using an anti-Cannabinoid Receptor-1 rat antibody (Sigma, St. Louis, MO) and 

values were normalized to Pan-Actin (Cell Signaling) expression level in 

homogenates of liver, heart, adipose and soleus muscle.  The respective tissues 

were taken from anesthetized, aged-matched lean and obese Zucker rats and 

immediately flash frozen between aluminum blocks cooled with liquid nitrogen.  

Tissues were homogenized and prepared as described above. 

Statistical analysis: 

 All values are expressed as means ± SE. Differences between two groups were 

determined using an unpaired Student's t-test (when analyzing differences 

between lean and obese groups) or by one-way analysis of variance (ANOVA) 

with a post hoc Dunnett test using SPSS computer software (version 16.0, 

Chicago, IL) Dunnett test.  A level of P < 0.05 was set for statistical significance. 

 



68 

 

RESULTS 

CB1R expression in tissues of lean and obese Zucker rats.   

It has been previously reported that the mRNA expression of CB1Rs is 

upregulated in adipose tissue of obese Zucker rats compared to lean littermates 

(Bensaid et al, 2003).  To verify this, we measured CB1R protein expression in 

visceral adipose tissue, myocardium, soleus, and liver from age- matched lean 

and obese Zucker rats (Fig. 2.1).  Interestingly, there was a significant (p<0.05) 

decrease in protein expression of CB1Rs in soleus (40%), adipose (57%), and 

myocardial tissue (36%), with a trend in the reduction of CB1R protein in the liver 

(17%, p=0.079) in the obese group compared to the lean group. 
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Fig. 2.1. Comparison of CB1R protein expression in tissues from lean and obese 

Zucker rats.  Values depicted are a ratio of the CB1R/pan-actin protein levels and 

normalized to lean Zucker protein expression levels.  Values are means ± SE for 

4 animals per group.  * p<0.05, obese vs. lean. 
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The effect of CB1R antagonism on basal and insulin-stimulated glucose transport 

activity in lean soleus muscle.   

Selective CB1R antagonism with SR141716 directly increased glucose 

transport activity in a dose-dependent manner in the isolated soleus muscle of 

insulin-sensitive lean Zucker rats (Fig. 2.2).  In the absence of insulin, glucose 

transport activity was significantly increased (26-28%) with 100-200 nM 

SR141716, and a maximal increase within this same concentration range (Fig. 

2.2a).   In the presence of insulin, treatment with SR141716 significantly 

increased glucose transport activity, initially at a concentration of 25 nM (22%) up 

to 500 nM (24%), with a maximal effect (31-28%) between 50-200 nM (Fig. 2.2b).   

 The time course for the effects of 100 nM of SR141716 on glucose 

transport activity in soleus muscle from insulin sensitive, lean Zucker is shown in 

Fig. 2.3.  In the absence of insulin, glucose transport activity was significantly 

enhanced after 30, 60 and 120 min incubations (10%, 45% and 19% 

respectively) (Fig. 2.3a).  In the presence of insulin, glucose transport activity 

was also significantly enhanced at all three time points (24%, 37%, 26% 

respectively) (Fig. 2.3b).  These data confirmed that a maximal effect of 100 nM 

of the CB1R antagonist SR 141716 is elicited after a 1-hour incubation in the 

absence or presence of insulin. 
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Fig. 2.2. Effects of 60 min of selective CB1R antagonism with SR141716 on 

basal (panel a) and insulin-stimulated (5mU/ml) (panel b) glucose transport 

activity in isolated soleus muscle from lean Zucker rats.  Values are means ± SE 

for 4-16 muscles per group.  * p<0.05, + SR141716 vs. - SR141716.  
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Fig. 2.3. Time course of the effect of 100 nM SR141716 on basal (panel a) and 

insulin-stimulated (5mU/ml) (panel b) glucose transport activity in isolated soleus 

muscle from lean Zucker rats.  Values are means ± SE for 4 muscles per group.  

* p<0.05, + SR141716 vs. - SR141716.  
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The effect of CB1R antagonism on hypoxia-stimulated glucose transport activity 

in lean soleus muscle.    

Hypoxia stimulates glucose transport activity through an insulin-

independent pathway (Cartee et al, 1991; Henriksen and Ritter, 1993; Wright et 

al, 2005; Fluckey et al, 1999).  To determine the effect of CB1R antagonism on 

hypoxia-stimulated glucose transport activity, soleus strips from insulin-sensitive, 

lean Zucker rats were incubated for 1 hour under hypoxic conditions without and 

with 200 nM SR141716 (Fig. 2.4).  Hypoxia significantly enhanced (13%) glucose 

transport activity above the basal rate.  However, the effect of CB1R antagonism 

to increase hypoxia-stimulated glucose transport activity was no greater than the 

effect of this intervention to enhance basal glucose transport activity, indicating 

that this hypoxia-dependent pathway is not engaged by the CB1R antagonist.  
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Fig. 2.4.  Effects of selective CB1R antagonism on basal, insulin-stimulated (5 

mU/ml), and hypoxia-stimulated glucose transport activity in isolated soleus 

muscle from lean Zucker rats.  Values are means ± SE for 4-8 muscles per 

group.  * p<0.05, + SR141716 vs. - SR141716. # p<0.05, + insulin delta vs. – 

insulin delta. 
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The effect of CB1R antagonism on basal and insulin-stimulated glucose transport 

activity in obese soleus muscle.   

We next determined the effect of CB1R antagonism on basal and insulin-

stimulated glucose transport activity in skeletal muscle from insulin-resistant, 

obese Zucker rats (Fig. 2.5).  In the absence of insulin, glucose transport activity 

was significantly increased in response to 100 and 200 nM SR141716 (31% and 

22% respectively) (Fig. 2.5a).  In the presence of insulin, glucose transport 

activity in the insulin-resistant muscle was initially enhanced (9%) by 25 nM 

SR141716, with a maximal effect (28-32%) induced by 100-200 nM SR141716 

(Fig. 2.5b).  As SR171416 had no effect on hypoxia-stimulated glucose transport 

activity in the lean muscle (Fig. 2.4), we did not assess the impact of CB1R 

antagonism on hypoxia-dependent glucose transport activity in the obese 

muscle. 
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Fig. 2.5.  Effects of 60 min of selective CB1R antagonism with SR141716 on 

basal (panel a) and insulin-stimulated (5mU/ml) (panel b) glucose transport 

activity in isolated soleus muscle from obese Zucker rats.  Values are means ± 

SE for 4-10 muscles per group. * p<0.05, + SR141716 vs. - SR141716. 
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Effects of CB1R antagonism on the functionality of signaling proteins impacting 

the glucose transport system in soleus muscle of lean and obese Zucker rats.   

To determine the potential mechanism(s) by which CB1R antagonism 

directly improves glucose transport activity in the soleus muscle, the functionality 

of key signaling proteins known to be involved in the insulin-dependent and 

insulin-independent pathways of glucose transport regulation in skeletal muscle 

was assessed (Figs. 2.6 and 2.7).  Soleus muscle from lean and obese Zucker 

rats was incubated in the absence and presence of 100 nM SR141716 without or 

with insulin for 1 hr.  In lean soleus, tyrosine phosphorylation of the upstream 

insulin signaling factor IR-β and downstream insulin signaling factors Akt (ser473) 

and GSK-3β (ser9) were not altered by CB1R antagonism either in the absence 

or presence of insulin (Fig. 2.6).  In addition, the phosphorylation of AMPKα (thr 

172) and p38 MAPK (thr180/tyr182) was not changed by this CB1R antagonism, 

without or with insulin.  In the obese soleus, phosphorylation of Akt, GSK-3ß, 

AMPKα, and p38 MAPK was not altered by SR141716, either in the absence or 

presence of insulin (Fig. 2.7).  IR-β tyrosine phosphorylation was not measured in 

the obese soleus. 
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Fig. 2.6.  Effect of selective CB1R antagonism (60 min with 100 nM SR141716) 

on classical signaling factors involved in glucose transport in the absence and 

presence of insulin (5 mU/ml) in soleus muscle from lean Zucker rats. 

Phosphorylation of tyrosine on IRβ, Akt Ser473, GSK3ß Ser9, AMPKα Thr172, and 

p38 MAPK Thr180/Tyr182 was expressed relative to the total protein level of the 

signaling element.  Values are means ± SE for 4 muscles per group. 
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Fig. 2.7.  Effect of selective CB1R antagonism (60 min with 100 nM SR141716) 

on classical signaling factors involved in glucose transport in the absence and 

presence of insulin (5 mU/ml) in soleus muscle from obese Zucker rats. 

Phosphorylation of tyrosine on IRβ, Akt Ser473, GSK3ß Ser9, AMPKα Thr172, and 

p38 MAPK Thr180/Tyr182 was expressed relative to the total protein level of the 

signaling element.  Values are means ± SE for 4 muscles per group. 
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CB1R agonism directly decreases glucose transport activity in the soleus muscle 

of lean Zucker rats.   

To ascertain the direct effect of CB1R agonism on skeletal muscle glucose 

transport activity, soleus muscle strips from lean Zucker rats were incubated for 1 

hr in the presence or absence of the CB1R agonist ACEA (1 mM), without or with 

insulin.  ACEA treatment significantly reduced both basal (15%) and insulin-

stimulated (22%) glucose transport activity in lean soleus muscle (Fig. 2.8).  

However, these decreases in glucose transport activity elicited by the CB1R 

agonist ACEA were not associated with any changes in the functionality of the 

signaling factors Akt, GSK-3ß, AMPKα, or p38 MAPK (Fig. 2.9). 
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Fig. 2.8.  Effects of selective CB1R agonism (60 min with 1 µM ACEA) on basal 

and insulin-stimulated (5 mU/ml) glucose transport activity in the presence and 

absence of 200 nM SR141716 in isolated soleus muscle from lean Zucker rats.  

Values are means ± SE for 4-6 muscles per group.  * p<0.05, + ACEA + 

SR141716 vs. + ACEA - SR141716. 

0

100

200

300

400

500

600

700

(-) Insulin (+) Insulin

2-
de

ox
yg

lu
co

se
 u

pt
ak

e
(p

m
ol

/m
g 

m
us

cl
e/

20
 m

in
)

(-) ACEA

(+) ACEA

(+) ACEA    
(+) SR141716

*

*



82 

 

To determine whether ACEA and SR141716 were acting at the same 

cellular locus, we incubated soleus strips with 1 mM ACEA in the presence of 

200 nM SR141716 without and with insulin for 1 hour.  The CB1R antagonist 

SR141716 completely prevented the decreases in basal and insulin-stimulated 

glucose transport activity elicited by the CB1R agonist ACEA (Fig. 2.8). 
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Fig. 2.9.  Effect of selective CB1R agonism (60 min with 1 µM ACEA) on 

classical signaling factors involved in glucose transport in the presence and 

absence of insulin (5 mU/ml) in soleus muscle from lean Zucker rats. 

Phosphorylation of Akt Ser473, GSK3ß Ser9, AMPKα Thr172, and p38 MAPK 

Thr180/Tyr182 was expressed relative to the total protein level of the signaling 

element.  Values are means ± SE for 4 muscles per group. 
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DISCUSSION 

 In the present investigation, we demonstrated for the first time that direct 

CB1R antagonism with SR141716 improves basal and, to a greater extent, 

insulin-stimulated glucose transport activity in isolated soleus muscle strips from 

both insulin-sensitive lean (Fig. 2.2), and insulin-resistant obese (Fig. 2.5) Zucker 

rats in a dose-dependent manner.  Importantly, this effect of CB1R antagonism 

was not observed in muscle stimulated by hypoxia, which utilizes the contraction-

dependent pathway for activation of glucose transport (Cartee et al, 1991).  We 

also determined that direct, selective agonism of the CB1R with ACEA in lean 

Zucker soleus muscle decreases basal and, to a more substantial degree, 

insulin-stimulated glucose transport activity (Fig. 2.8), which was reversible with 

the addition of the CB1R antagonist (Fig. 2.8).  Although previous findings have 

found that the chronic systemic treatment of insulin-resistant ob/ob mice with 

SR141716 improves insulin-stimulated glucose transport activity in isolated 

soleus muscle (Liu et al, 2006), this is the first study to demonstrate a direct in 

vitro effect of CB1R antagonism or agonism on glucose transport activity in 

mammalian skeletal muscle.  

 At the molecular level, the functionality of signaling factors known to be 

involved in the regulation of either the insulin-dependent (Akt, GSK3β) or insulin-

independent (AMPKα, p38MAPK) glucose transport systems was not altered by 

direct CB1R antagonism or agonism in this study (Figs. 2.6 and 2.7).  It has been 

demonstrated previously in various tissues and cell lines that either activation or 
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inhibition of the CB1R was associated with modulation of the functionality of 

these signaling factors.  For example, Akt Ser473 phosphorylation was increased 

in the presence of a selective CB1R antagonist in primary cultured human 

myocytes (Eckardt et al, 2008) and in L6 myotubes (Esposito et al, 2008).  This 

parameter was also enhanced in the liver of ob/ob mice after systemic treatment 

with SR141716 (Watanabe et al, 2008).  Phosphorylation of AMPK Thr172 was 

increased in cultured white adipocytes treated with SR141716, as well as in 

epididymal fat pads from high fat-fed wild type mice compared to CB1 -/- mice 

(Tedesco et al, 2008) and in the liver of SR141716-treated ob/ob mice 

(Watanabe et al, 2008).  The mRNA expression of AMPKα was significantly 

increased in primary cultured human myotubes incubated with SR141716 

(Cavuoto et al, 2007b).  Although these signaling factors are known to increase 

with CB1R antagonism, ours is the first study to measure the direct effects of 

CB1R antagonism on soleus muscle from the lean and obese Zucker rats. 

 Interestingly, CB1R protein expression was significantly decreased in 

obese compared to lean Zucker soleus, intra-abdominal adipose, and cardiac 

tissues (Fig. 1).  This finding is consistent with studies in humans showing CB1R 

mRNA expression is decreased in visceral and subcutaneous adipose tissue 

from obese subjects compared to lean subjects (Blüher et al, 2006; Engeli et al, 

2005).  However, this finding is in contrast with previous rodent studies 

demonstrating increases in CB1R mRNA in the adipose tissue of obese Zucker 

rats compared to lean Zucker rats (Bensaid et al, 2003) and showing that high fat 
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feeding increases CB1R mRNA in soleus muscle of C56BL/6 mice (Pagotto et al, 

2006).  This decrease in CB1R protein expression in the present investigation 

could help to explain why there appears to be a right-shift in the concentration of 

SR141716 needed for maximal enhancement of insulin-stimulated glucose 

transport activity in the obese soleus (~100 nM) in comparison to the lean muscle 

(~50 nM) (cf. Fig. 2.5 vs. Fig. 2.2).   

 The relevance of the CB1R system in skeletal muscle in relationship to 

insulin-resistant states is an emerging area of investigation (Wierzbicki, 2006; 

Matias et al, 2006; Scheen et al, 2008).  A role of the endocannabinoid system 

has been implicated in modulation of whole-body and tissue glucoregulation.  

Circulating levels of the endocannabinoid 2-arachidonoyl glycerol (2-AG) have 

been negatively correlated with glucose infusion rates during a euglyemic-

hyperinsulinemic clamp in human subjects (Blüher et al, 2006) and CB1R 

agonism leads to elevated glucose levels in rats during glucose tolerance tests 

(Bermidez-Silva et al, 2006).  Altered functionality of the CB1R in metabolically 

active tissues may play a role in the endocannabinoid system’s ability to alter 

glucoregulation.  For example, agonism of the CB1R on isolated mouse 

pancreatic β-cells inhibits glucose-induced insulin secretion (Nakata et al, 2007), 

and CB1R antagonism decreases hepatic glucose production in diet-induced 

obesity in rats (Nogueiras et al, 2008).  As skeletal muscle is a major contributor 

to whole body euglycemia, the actions of CB1R antagonism to improve glucose 

transport activity directly in skeletal muscle (Fig. 2.5) makes this system an 



87 

 

exciting and novel target in the treatment of insulin resistance and 

hyperglycemia. 

 Further studies are needed to explore the direct actions of the CB1R 

system in the skeletal muscle and its effects on glucose transport activity.  The 

key molecular pathway through which the CB1R alters glucose transport in 

skeletal muscle has yet to be elucidated.  Also, the effects of acute and chronic in 

vivo treatments with CB1R antagonists on the skeletal muscle glucose transport 

system should be explored to determine the potential differences in direct and 

systemic actions of CB1R antagonism. 

 In summary, we have demonstrated in the present investigation the novel 

findings that pharmacological modulation of the CB1R system directly alters 

glucose transport activity in mammalian skeletal muscle.  Direct antagonism of 

the CB1R with SR141716 increased basal and, to a greater extent, insulin-

stimulated glucose transport activity in isolated soleus muscle from both insulin-

sensitive lean and insulin-resistant obese Zucker rats in a dose-dependent 

manner.  CB1R antagonism resulted in synergistic activation of insulin-

dependent glucose transport in skeletal muscle, but is without effect on hypoxia-

stimulated glucose transport activity.  These actions of CB1R modulation were 

realized without any alterations in the functionality of critical signaling elements of 

the insulin-dependent (Akt, GSK-3β) and insulin-independent (AMPKα, p38 

MAPK) pathways regulating glucose transport in this tissue. Although the exact 
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molecular mechanisms underlying how the CB1R mediates its actions in 

mammalian skeletal muscle have yet to be elucidated, the present findings 

support a pivotal role of the local endocannabinoid system in the regulation of 

glucose transport in skeletal muscle and underscore the importance of targeting 

this system in the treatment of insulin-resistant states associated with the 

Metabolic Syndrome and pre-diabetes. 
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CHAPTER 3 

CHRONIC ENDOCANNABINOID-1 RECEPTOR ANTAGONISM IMPROVES 

METABOLIC PARAMETERS BEYOND THOSE ASSOCIATED WITH REDUCED 

CALORIC INTAKE IN LEAN AND OBESE ZUCKER RATS 

 

ABSTRACT 

 Endocannabinoid-1 receptor (CB1R) antagonism is recognized for its 

central anorexic effects to induce weight loss.  Recently, studies have emerged 

identifying the potential role of CB1R antagonists to directly improve whole-body 

metabolic parameters.  The purpose of this study was to determine the effects of 

chronic CB1R antagonism on fasting plasma glucose, insulin, and free fatty acid 

(FFA) levels, as well as glucose tolerance and insulin action on glucose transport 

activity in skeletal muscle of insulin-sensitive lean and insulin-resistant obese 

Zucker rats.   Animals were aged-matched and separated into three groups: ad 

lib-fed and pair-fed vehicle-treated control groups, and a 10 mg/kg SR141716-

treated experimental group. Animals were administered vehicle or SR141716 i.p. 

for 14 days.  An oral glucose tolerance test (OGTT) was performed on day 11.  

Glucose transport (measured by 2-deoxyglucose uptake) was assessed in soleus 

muscle strips in the absence and presence of insulin on day 15.  Food intake was 

decreased (p < 0.05) after the initial treatment and remained significantly reduced 

in both lean and obese groups until day 13.  Body weights were significantly 
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reduced in the treated groups compared to the ad lib-fed control groups by day 5 

for both the lean (~11.8 g difference) and obese (~19.3 g difference) animals.  

There was no significant difference in body weight between the pair-fed and 

SR141716-treated groups and these groups maintained a lower weight than the 

ad-lib fed controls throughout the study.  Fasting plasma FFA was significantly 

reduced by CB1R antagonist treatment in both lean animals (21%) and obese 

animals (42%).  Fasting glucose levels were significantly decreased in the lean 

SR141716-treated (24%) group compared to the lean ad lib-fed controls.  The 

lean SR141716-treated group also exhibited elevated (43%) fasting insulin levels 

compared to the lean ad lib-fed control group.  Fasting glucose and insulin levels 

were not significantly affected by SR141716 treatment in the obese group.  

Chronic SR141716 treatment improved whole body insulin sensitivity (based on 

the glucose-insulin (G-I) index, which is inversely related to insulin sensitivity) in 

the obese animals.  The G-I index was decreased (36%) in the obese 

SR141716-treated group compared to the obese ad lib-fed controls associated 

with a dramatic reduction in insulin secretion during the OGTT.  These changes 

in G-I index were not observed in lean animals.  In lean and obese soleus, 

insulin-stimulated glucose transport was greatest in the respective SR141716-

treated groups compared to the corresponding ad lib- and the pair-fed control 

groups.  These results indicate that while the chronic treatment with the CB1R 

antagonist SR141716 markedly diminished food intake in both lean and obese 

Zucker rats, there are metabolic improvements in whole-body and skeletal 
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muscle insulin action mediated by CB1R antagonism through mechanisms 

independent of reduced caloric intake.  
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INTRODUCTION 

The incidence of metabolic syndrome has grown to epidemic proportions 

over the past few decades.  Also known as insulin resistance syndrome 

(DeFronzo and Ferrannini, 1991), metabolic syndrome is a clustering of risk 

factors that lead to more severe disease states such as cardiovascular disease 

and type-2 diabetes (Ford et al, 2008; Laaksonen et al, 2002).  A consortium of 

international experts in diabetes and cardiovascular health have defined the risk 

factors of metabolic syndrome as central obesity, hyperglycemia, hypertension, 

elevated fasting triglycerides and depressed HDL-C (Alberti et al, 2009).  With an 

estimated 47 million adult Americans having metabolic syndrome (AHA, 2009), 

lifestyle and pharmacological interventions to treat these risk factors are essential 

in preventing the more serious and costly complications associated with this 

syndrome. 

The endocannabinoid system is a novel pharmacological target in treating 

metabolic syndrome (Kakafika, 2007).  Endocannabinoid receptor-1 (CB1R) 

antagonists were originally developed and utilized as appetite suppressants and 

a treatment for obesity.  Recently, however, CB1R antagonists have been shown 

to elicit beneficial effects on metabolic parameters beyond those attributed to 

decreased food intake and weight loss alone (Nogueiras et al, 2008; Herling et al 

2007; reviewed in Matias and Di Marzo, 2006). 
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In rodent models, CB1R antagonism and CB1R knockout have 

demonstrated anorexic effects leading to a reduction in body weight (Di Marzo et 

al, 2001; Vickers et al, 2002; Ravinet Trillou et al, 2003) and specifically reduced 

visceral adiposity (Cota et al, 2003).   In animals treated with a CB1R antagonist, 

such as the compound SR14716, the reduction in food intake was transient 

(although the time course for a normalization of food consumption appeared to 

depend on the breed of animal and/or the specific diet), while the weight loss 

caused by the CB1R antagonism was maintained.  One possible explanation for 

this could be elevated energy expenditure due to CB1R antagonist treatment 

(Liu, et al 2005; Herling et al, 2007).  

Besides the effects on food intake and body weight, previous studies have 

shown that the endocannabinoid system has an effect on glucose tolerance and 

insulin sensitivity.  Bermúdez-Siva et al (2006) found that acute CB1R agonism in 

male Wistar rats caused decreased glucose tolerance, as evidenced by elevated 

plasma glucose levels during a glucose tolerance test, compared to vehicle-

treated control animals.  Acute antagonism of the CB1R was associated with 

decreased plasma glucose levels compared to vehicle-treated control animals.  

In a separate study, chronic CB1R antagonism improved insulin sensitivity, 

measured by an insulin tolerance test, in diet-induced obese rats compared to 

pair-fed and ad lib-fed controls (Cota et al, 2009).  Finally, chronic treatment of 

male Zucker fatty rats reduced insulin secretion while glucose levels were 

maintained during an oral glucose tolerance test (Duvivier et al, 2009). Chronic 
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CB1R antagonism may improve glucose tolerance through increased insulin-

mediated glucose transport in skeletal muscle, as a 7-day treatment with the 

CB1R antagonist SR141716 led to increased in vitro insulin stimulation of 

glucose transport activity in soleus muscle of leptin-deficient obese mice (Liu, 

2005).  However, no study to date has measured the chronic effects of CB1R 

antagonism on glucose tolerance, insulin sensitivity, and insulin action in skeletal 

muscle in a rat model of the metabolic syndrome. 

The effects of chronic CB1R antagonism on lipid circulation and storage 

are recently emerging.  Chronic SR141716 treatment reduced circulating 

triglyceride levels in high fat-fed rats (Flamment et al, 2009; Cota et al, 2009) as 

well as in human subjects treated for one year with selective CB1R antagonist, 

Rimonabant (Després et al, 2009).  However, the effect of chronic CB1R 

antagonism on fasting plasma free fatty acid levels appears to be conflicting.  

Cota et al (2009) found no effect of chronic SR141716 treatment on free fatty 

acid levels in the high fat-fed rats, while there was a significant decrease in 

fasting plasma free fatty acids after chronic SR141716 treatment in obese Zucker 

rats (Gary-Bobo, 2007) and diet-induced obese mice (Ravinet Trillou, 2003).  

There are also conflicting findings regarding the effects of CB1R antagonism on 

liver and muscle triglyceride storage.  In a high fat-fed rat model, Cota’s group 

found a significant increase in hepatic triglyceride storage after rats were treated 

with SR141716 for 21 days (Cota et al., 2009), while Flamment’s group found a 

slight, but statistically insignificant, decrease in liver triglyceride levels after 28 
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days of SR141716 treatment (Flamment et al., 2009).  Flamment’s group also 

analyzed triglyceride storage in skeletal muscle and found varying effects of the 

pair feeding and treatment depending on the muscle (Flamment et al., 2009). 

In the context of the foregoing information, the purpose of the present 

study was to determine the effects of chronic CB1R antagonism (using 

SR141716) on glucose tolerance, whole-body and skeletal muscle insulin 

sensitivity, and plasma free fatty acids in insulin-sensitive lean and insulin-

resistant obese Zucker rats.  To determine effects of SR141716 treatment 

beyond those associated with reduced food intake, the treatment group was 

compared to both a pair-fed group and an ad libitum-fed control group.  The 

impact of the chronic CB1R antagonism on glucose metabolism was assessed 

by measuring fasting glucose, insulin, and free fatty acids, glucose and insulin 

responses during a glucose tolerance test, insulin action on glucose transport 

activity and engagement of insulin signaling elements in isolated soleus muscle, 

and triglyceride storage in skeletal muscle and liver.  In addition, the effect of 

chronic CB1R antagonism on visceral fat levels was determined. 
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METHODS AND MATERIALS 

Animals: 

Female lean (Fa/–) and obese (fa/fa) Zucker rats were received from Harlan 

(Indianapolis, IN).  Treatment began at 9–10 wk of age, at which time the lean 

animals weighed 150–170 g and the obese animals weighed 290-330 g.  Animals 

were housed in pairs in a temperature-controlled (20–22°C)  room with a 12:12-h 

light-dark cycle (lights on from 7 AM to 7 PM) at the Central Animal Facility of the 

University of Arizona.  Ad libitum- and SR141716-treated animals had free 

access to chow (diet no. 7001; Teklad, Madison, WI) and water.  Pair-fed control 

animal group treatments were staggered one day after starting the SR141716-

treated group, and this group was fed the average amount of chow consumed by 

the SR141716-treated group.  All procedures were approved by the Institutional 

Animal Care and Use Committee at the University of Arizona. 

 

SR141716 Treatment: 

Animals were separated into three groups of 4 for both lean and obese groups.  

Each group was then weight-matched at the start of the respective treatments 

(160 ± 2 g for leans and 301 ± 2 g for obese groups ).  Animals were treated i.p. 

with either 10 mg/kg SR141716 or vehicle (20% Tween 80 and 0.9% NaCl). 
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Animal weights and 24 h food consumption were measured at the same time 

daily (~9 AM) for 14 days.   

SR141716 was prepared from tablets that contained 20 mg each of the 

active ingredient. The powdered drug was mixed fresh daily with 20% Tween 80 

and 0.9% NaCl into a slurry of 0.5 ml doses, with each dose providing 10 mg/kg 

of active ingredient per animal. 

 

Oral Glucose Tolerance Test: 

On the 11th day of treatment, animals were food restricted overnight (4 g chow at 

5 pm consumed immediately).  Animals were subjected to an oral glucose 

tolerance test (OGTT) using 1 g/kg glucose feeding by gavage.  Blood (~0.25 ml) 

was collected from a tail snip at time 0 min (immediately before gavage), and at 

15, 30, 60 and 120 min after glucose administration.  Whole blood was vortexed 

with EDTA (18 mM final concentration) and then centrifuged at 13,000 X g for 30 

sec to isolate the plasma.  Plasma was removed and stored at -80°C until 

analysis.  Following blood collection, animals were provided 2.5 ml normal saline 

solution by subcutaneous injection to compensate for plasma loss during the 

OGTT. 
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Plasma collected during the OGTT was analyzed for glucose (Thermo 

Electron, Pittsburgh, PA), insulin (Linco Research, St. Charles, MO) and free 

fatty acids (Wako, Richmond, VA) (basal sample only). 

 

Determination of glucose transport activity: 

Animals were treated a final time on day 14, 24 hrs prior to incubation.  After an 

overnight food restriction (chow was restricted to 4 g at 5 PM and was consumed 

immediately), animals were deeply anesthetized at 8 AM with an injection of 

pentobarbital sodium (50 mg/kg i.p.), and strips of one of the soleus muscles from 

each animal were prepared for in vitro incubation in the unmounted state.  

Muscles were incubated for 60 min at 37°C in 3 ml of ox ygenated (95% O2, 5% 

CO2) Krebs-Henseleit buffer containing 8 mM glucose, 32 mM mannitol, and 

0.1% BSA (RIA grade; Sigma, St. Louis, MO), in the absence or presence of 5 

mU/ml insulin (Humulin R. Lilly, Indianapolis, IN).  The incubated muscles were 

rinsed for 10 min at 37°C in 3 ml of oxygenated  KHB containing 40 mM mannitol, 

0.1% BSA, and insulin (if previously present). After the rinse period, the muscles 

were transferred to 2 ml of KHB containing 1 mM 2-deoxy-[1,2-3H]glucose (2-DG, 

300 µCi/mmol; Sigma Chemical), 39 mM [U-14C]mannitol (0.8 µCi/mmol; ICN 

Radiochemicals, Irvine, CA), 0.1% BSA, insulin (if previously present).  At the end 

of this final 20-min incubation period at 37°C, the muscles were removed, 

trimmed of excess connective tissue, quickly frozen between aluminum blocks 



 

cooled with liquid nitrogen, and weighed.  These

ml of 0.5 N NaOH, 5 ml of scintillation

intracellular accumulation

(Henriksen et al, 1994).  This method

isolated muscle has been validated (Hansen et al, 1994). 

 

Assessment of glucose transport signaling factor protein expression and 

functionality: 

The remaining soleus muscle from each animal was split into 2 strips and 

prepared as described above.  After the 60

presence of 5 mU/ml, the muscle strips were trimmed of excess connective 

tissue and flash frozen between a

Frozen tissues were homogenized in 8X volume of ice

HEPES, pH 7.5, 150 mM NaCl, 20 mM Na

glycerophosphate, 10 mM NaF, 2 mM Na

10% glycerol, 1 mM MgCl

0.5 µg/ml pepstatin, and 2 mM PMSF).  Homogenates were incubated on ice for 

20 min and then centrifuged at 13,000 

concentration was determined 

Chemical).  All samples were prepared with 250 µg total protein/35 µl.  Signaling 

proteins were separated by SDS

cooled with liquid nitrogen, and weighed.  These muscles were dissolved in 0.5 

ml of 0.5 N NaOH, 5 ml of scintillation cocktail were added, and the specific 

intracellular accumulation of 2-DG was determined as described previously 

et al, 1994).  This method for assessing glucose transport activity in 

has been validated (Hansen et al, 1994).  

Assessment of glucose transport signaling factor protein expression and 

The remaining soleus muscle from each animal was split into 2 strips and 

prepared as described above.  After the 60-min incubation in the absence and 

presence of 5 mU/ml, the muscle strips were trimmed of excess connective 

tissue and flash frozen between aluminum blocks cooled with liquid nitrogen.  

Frozen tissues were homogenized in 8X volume of ice-cold lysis buffer

HEPES, pH 7.5, 150 mM NaCl, 20 mM Na-pyrophosphate, 20 mM 

glycerophosphate, 10 mM NaF, 2 mM Na3VO4, 2 mM EDTA, 1% Triton X

glycerol, 1 mM MgCl2, 1 mM CaCl2, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 

and 2 mM PMSF).  Homogenates were incubated on ice for 

and then centrifuged at 13,000 g for 20 min at 4°C. Total  protein 

concentration was determined using the bicinchoninic acid method (BCA; Sigma 

Chemical).  All samples were prepared with 250 µg total protein/35 µl.  Signaling 

proteins were separated by SDS-PAGE on 7.5, 10 or 12% polyacrylamide gels

99 

muscles were dissolved in 0.5 

cocktail were added, and the specific 

DG was determined as described previously 

for assessing glucose transport activity in 

Assessment of glucose transport signaling factor protein expression and 

The remaining soleus muscle from each animal was split into 2 strips and 

min incubation in the absence and 

presence of 5 mU/ml, the muscle strips were trimmed of excess connective 

luminum blocks cooled with liquid nitrogen.  

cold lysis buffer (50 mM 

mM -

Triton X-100, 

aprotinin, 10 µg/ml leupeptin, 

and 2 mM PMSF).  Homogenates were incubated on ice for 

protein 

acid method (BCA; Sigma 

Chemical).  All samples were prepared with 250 µg total protein/35 µl.  Signaling 

PAGE on 7.5, 10 or 12% polyacrylamide gels 
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(Bio-Rad Laboratories, Hercules, CA) and transferred to nitrocellulose 

membranes.  To determine protein expression and functionality of insulin-

dependent and insulin-independent signaling factors, blots were incubated with 

commercially available antibodies against the signaling protein and the 

phosphorylated form of the protein.  For the insulin-dependent signaling 

pathways, the following antibodies were used: GSK-3α/β (Upstate Biotechnology, 

Lake Placid, NY) and phospho-GSK3α/β ser21/9 (Cell Signaling Technology, 

Beverly, MA), and Akt and phospho-Akt ser473 (Cell Signaling).  Insulin-

independent signaling factors assessed were: AMPKα and phospho-AMPKαthr172, 

and p38MAPK and phospho-p38MAPKthr180/tyr182 (all Cell Signaling).  After 

incubation with horseradish peroxidase-conjugated secondary antibodies, the 

proteins were visualized by enhanced chemiluminescence (Amersham 

Pharmacia, Piscataway, NJ) using the ChemiDoc system (Bio-Rad). The band 

intensities were quantified using Quantity One software (Bio-Rad).     

 

Tissue Triglyceride Assay: 

 Whole plantaris and sections of liver were collected at the time of termination 

described above.  Sections (20-30 mg) of each tissue were homogenized in 2 ml 

extraction buffer (25 ml methanol, 50 ml chloroform, 7.5 mg butylated hydroxyl 

toluene).  Homogenate was placed in refrigerator (4°C ) for ~16 hr (overnight).  

467 µl of 0.9% NaCl was added to the homogenate which was then vortexed and 
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centerfuged at 3000 X g   for 1 hr at 4°C.  800 µl o f the organic phase was 

extracted and dried at 60°C under a flow of nitrogen  gas.  The samples were 

then reconstituted and triglycerides were determined using the Sigma serum 

triglyceride determination kit (Sigma, St. Louis, MO). 

 

Statistical analysis: 

All values are expressed as means ± SE. Differences between two groups were 

determined using an unpaired Student's t-test (when analyzing differences 

between lean and obese groups) or by one-way analysis of variance (ANOVA) 

with a post hoc Dunnett test using SPSS computer software (version 17.0, 

Chicago, IL).  A level of P < 0.05 was set for statistical significance. 
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RESULTS 

Effects of chronic CB1R antagonism on food consumption and body weight of 

lean and obese Zucker rats.   

CB1R antagonism with 10 mg/kg SR141716 significantly (p<0.05) 

decreased food consumption in both the lean (64%) and obese (31%) animals 24 

h after initiation of the treatment compared to controls allowed to eat ad libitum 

(Fig. 3.1, top panels).  The SR141716-treated animals continued to consume 

significantly less chow than the ad lib-fed controls until day 10 for the lean 

animals and day 14 for the obese animals.  Body weight was also significantly 

reduced in the SR141716-treated animals compared to the ad lib-fed control 

group by day 5 (7%) for the lean animals and day 6 (8%) for the obese animals 

(Fig. 3.1, bottom panels).  This reduction in body weight was maintained 

throughout the remainder of the study.  There were no significant differences in 

food consumption and body weight between the SR141716-treated group and 

the pair-fed control group in either phenotype.   

 The percentage of body weight represented by visceral fat was 

significantly decreased in chronic SR141716-treated lean Zucker rats compared 

to both the lean ad lib-fed (1.3%) and pair-fed (1.1%) control groups (fig. 3.2).  

While there was a slight reduction in visceral body fat in the obese SR141716-

treated and pair-fed control groups (~0.8%) compared to the ad lib-fed obese 

animals, these differences were not statistically significant. 
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Fig. 3.1. Food consumption and body weights of lean and obese Zucker rats 

during the treatment with SR141716.  Values for food consumption are means ± 

SE of chow consumed during the previous 24-hr period.  Body weight values are 

the means ± SE of 4 animals per group. * p ≤ 0.05, ad lib-fed group vs. 

SR141716-treated group; one-way ANOVA with a Bonferroni’s post-hoc test. 
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Fig. 3.2. Visceral fat percentage of total body weight after chronic treatment of 

lean and obese Zucker rats with SR141716.  Values are means ± SE for 4 

animals per group. * p ≤ 0.05 ad lib-fed group vs. SR141716-treated group, # p ≤ 

0.05 pair-fed vs. SR141716 treated group; one-way ANOVA, with a Bonferroni’s 

post-hoc test. 
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Glucose tolerance and insulin sensitivity following chronic CB1R antagonism in 

lean and obese Zucker rats.   

Fasting blood glucose levels were significantly decreased in lean pair-fed 

and SR141716-treated animals compared to lean ad lib-fed controls (Fig. 3.3a).  

During the oral glucose tolerance test (OGTT), the glucose excursions over the 

first 30 min in the lean pair-fed and SR141716-treated groups were significantly 

less compared to the lean ad lib-fed controls.  The blood glucose levels at 60 and 

120 minutes did not differ among lean groups (Fig. 3.3a).  As a consequence, the 

glucose area under the curve during the OGTT was significantly lower in the lean 

SR141716-treated group compared to the lean ad lib-fed control group (Fig. 

3.3c). Plasma insulin levels were markedly affected by the reduction in food 

consumption for the lean Zucker rats (Fig. 3.3b).  Both the lean pair-fed control 

animals and lean SR141716-treated animals displayed significantly elevated 

fasting insulin levels.  However, during the OGTT, insulin levels in the lean pair-

fed and lean SR141716-treated groups expressed a delayed time for reaching a 

peak value: 60 min for these groups compared to15 min for the ad lib-fed control 

group.  Moreover, this insulin peak was significantly decreased in the lean 

SR141716-treated group compared to the lean pair-fed group at the 60 and 120 

min time points.  These delayed insulin peaks led to an increased insulin area 

under the curve in the lean pair-fed group compared to both the lean ad lib-fed 

and SR141716-treated groups (Fig. 3.3d).  Due to this increase in total insulin 

secretion during the OGTT, the glucose-insulin index (an inverse measure of 
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insulin sensitivity) was significantly increased in the lean pair-fed group 

compared to the lean ad lib-fed control group (Fig. 3.3e).  This increase in whole-

body insulin resistance was ablated by SR141716 treatment in the lean animals. 

 

  

 

 

 

 

 

 

 

 

Fig. 3.3 . Glucose tolerance and insulin sensitivity in lean Zucker rats after 

chronic treatment with SR141716.  Values are means ± SE for 4 animals per 

group. * p ≤ 0.05 ad lib-fed group vs. SR141716-treated group; # p ≤ 0.05 

SR141716-treated group vs. pair-fed control; one-way ANOVA, with a Dunnett’s 

post hoc test. 
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In the obese animals, the excursion of blood glucose during the OGTT 

was not altered by reduced food consumption or chronic CB1R antagonism (Fig. 

3.4a).  However, the excursion of insulin levels was reduced with pair feeding 

and was diminished significantly further with SR141716 treatment in the obese 

animals (Fig. 3.4b).  The glucose-insulin index was significantly less in the obese 

chronic SR141716-treated group compared to the obese ad lib-fed group (Fig. 

3.4e), reflecting a significant enhancement of whole-body insulin sensitive 

induced by the chronic CB1R antagonism. 
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Fig. 3.4.  Glucose tolerance and insulin sensitivity in obese Zucker rats after 

chronic treatment with SR141716.  Values are means ± SE for 4 animals per 

group. * p ≤ 0.05 ad lib-fed group vs. SR141716-treated group; one-way ANOVA, 

with a Dunnett’s post hoc test. 
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 Fasting plasma free fatty acids (FFA) are inversely correlated with whole 

body glucose tolerance (Boden, 1996) and insulin-stimulated glucose transport in 

skeletal muscle (Dresner, 1999).  In both lean and obese animals, plasma FFA 

levels were significantly reduced in the respective ad lib-fed animals (Fig. 3.5), 

and were reduced further by CB1R antagonism. 

 

 

 

  

 

 

 

 

Fig. 3.5.  Fasting plasma free fatty acids in lean and obese Zucker rats after 

chronic treatment with SR141716. Values are means ± SE for 4 animals per 

group.  * p ≤ 0.05 ad lib-fed group vs. SR141716-treated group; one-way 

ANOVA, with a Dunnett’s post hoc test. 
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Effects of chronic SR141716 treatment on soleus muscle glucose transport in 

lean and obese animals.   

There was no alteration in basal glucose transport activity in soleus 

muscle from either the lean or obese Zucker rats with pair feeding (Fig. 3.6).  

There was a small, but significant, decrease in basal glucose transport in the 

lean SR141716-treated group compared to the lean ad lib-fed control group; this 

difference was not observed in the obese animals.  Importantly, insulin-

stimulated glucose transport activity was significantly increased in soleus muscle 

following chronic CB1R antagonism in both the lean and obese groups.   
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Fig. 3.6.  Effects of chronic SR141716 treatment on basal and insulin-stimulated 

(5 mU/ml) glucose transport activity in isolated soleus muscle from the lean and 

obese Zucker rats. Values are means ± SE for 4 muscle strips per group. * p ≤ 

0.05, ad lib-fed vs. pair-fed control and SR141716-treated groups; one-way 

ANOVA, with a Dunnett’s post hoc test. 
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 This increase in insulin-stimulated glucose transport activity in the soleus 

muscle from lean and obese animals treated chronically with SR141716 (Fig. 

3.6) was not associated with altered functionality of key glucose transport 

signaling proteins (Figs. 3.7 and 3.8).  Basal and insulin-stimulated 

phosphorylation of Akt (ser473), GSK3β (ser9), as well as the phosphorylation 

states of AMPKα (thr172) and p38 MAPK (thr180/tyr192), did not differ among 

the groups within the lean or obese phenotypes. 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.7.  Effect of chronic SR141716 treatment on classical signaling factors 

involved in glucose transport in soleus muscle from lean Zucker rats.  Muscle 

strips were incubated in the absence and presence of insulin (5 mU/ml). 

Phosphorylation of Akt (ser473), GSK3

(thr180/tyr182) was expressed relative to 

element. Values are means ± SE for 4 muscles per group.
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Effect of chronic SR141716 treatment on classical signaling factors 

glucose transport in soleus muscle from lean Zucker rats.  Muscle 

strips were incubated in the absence and presence of insulin (5 mU/ml). 
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Fig. 3.8.  Effect of chronic SR141716 treatment on classical signaling factors 

involved in glucose transport in soleus muscle from 

strips were incubated in the absence and presence of insulin (5 mU/ml). 

Phosphorylation of Akt (ser473), GSK

(thr180/tyr182) was expressed relative to total protein level of the signaling 

element. Values are means ± SE for 4 muscles per group.
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Effect of chronic SR141716 treatment on classical signaling factors 

Zucker rats.  Muscle 

strips were incubated in the absence and presence of insulin (5 mU/ml). 
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Akt phosphorylation in liver and plantaris in vivo after chronic SR141716 

treatment.   

Chronic treatment with SR141716 did not alter Akt (ser473) 

phosphorylation in vivo in the liver (Fig. 3.9) or plantaris (Fig. 3.10) of lean and 

obese Zucker rats, whether expressed only as the absolute ratio of the phospho-

protein and the total Akt protein (top panels) or expressed relative to the fasting 

plasma insulin level in the animals (bottom panels). 

  



 

 

 

 

 

 

 

 

 

 

 

Fig. 3.9.  Effects of chronic SR141716 treatment on modulation of Akt 

functionality in vivo in the liver of lean and obese

Akt (ser473) was expressed relative to total Akt protein levels in a) lean and b) 

obese liver.  Relative phos

levels for each animal c) lean and b) obese.  Values are 

animals per group. 
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Fig. 3.10. Effects of chronic SR141716 treatment on modulation of Akt 

functionality in vivo in the plantaris of lean and obese Zucker rats. 

Phosphorylation of Akt (ser473) was expressed relative to total 

for  a) lean and b) obese plantaris. Relative phos

normalized to the fasting insulin levels for each animal for c) lean and d) obese.  

Values are means ± SE for 4 animals per group.
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Effects of chronic SR141716 treatment on tissue triglyceride storage.   

Triglyceride levels in liver and plantaris muscle were measured after 

chronic treatment with SR141716 (Figs. 3.11 and 3.12).  In the lean liver, there 

was a trend towards an increase in triglyceride storage (p=0.061) with SR141716 

treatment compared to ad lib-fed controls (Fig. 3.11, left panel).  In the obese 

liver, there was a trend (p=0.055) for a decrease in triglyceride storage in the 

pair-fed group compared to the ad lib-fed group (Fig. 3.11, right panel).  

Interestingly, in the obese liver the chronic treatment with SR141716 caused a 

significantly greater triglyceride level compared to the pair-fed group, returning 

the triglyceride concentration to a value no different from the ad lib-fed control 

group. 

 In the lean plantaris, chronic CB1R antagonism caused a significant 

decrease in triglyceride levels compared to the ad lib-fed control group and the 

pair-fed group (Fig. 3.12, left panel).  In contrast, triglyceride storage in the obese 

plantaris did not differ among the three experimental groups (Fig. 3.12, right 

side). 
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Fig. 3.11.  Effects of chronic SR141716 treatment on triglyceride storage in the 

liver of lean and obese Zucker rats.  Values are means ± SE for 4 animals per 

group.  * p ≤ 0.05, pair-fed control vs. SR141716-treated group; one-way 

ANOVA, with a Bonferroni’s post-hoc test. 
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Fig. 3.12. Effects of chronic SR141716 treatment on triglyceride storage in the 

plantaris muscle of lean and obese Zucker rats.  Values are means ± SE for 4 

animals per group.  * p ≤ 0.05, SR141716-treated vs. ad lib-fed control group; # p 

≤ 0.05, pair-fed control vs. SR141716-treated group; one-way ANOVA, with a 

Bonferroni’s post-hoc test. 
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DISCUSSION 

In this study, we have demonstrated for the first time that chronic CB1R 

antagonism with SR141716 improves whole-body insulin sensitivity in female 

obese Zucker rats (Fig. 3.4e) and enhances insulin-stimulated glucose transport 

in isolated skeletal muscle of female lean and obese Zucker rats (Fig. 3.6).  This 

is the first study to measure the direct effects of chronic SR141716 treatment on 

both plasma glucose and insulin levels during an oral glucose tolerance test in 

both an insulin-sensitive, lean rat model and an insulin-resistant, obese rat 

model.  Interestingly, the improved insulin sensitivity of the obese animals was 

not due to a reduction in plasma glucose levels during the OGTT (Fig. 3.4a,c), as 

seen in acute CB1R antagonist studies (Bermúdez-Silva et al, 2006), but due to 

a dramatic decrease in insulin secretion, compared to both the ad lib-fed and 

pair-fed control groups (Fig. 3.4b,d).  This indicates that chronic CB1R 

antagonism with SR141716 in obesity leads to increased insulin stimulated 

glucose disposal in insulin-sensitive tissues, such as skeletal muscle, and may 

also point to a direct effect of SR141716 treatment on insulin secretion.  These 

findings differ from those demonstrated in a 15-day chronic SR141716 (10 

mg/kg) treatment of male Zucker fatty rats by Duvivier et al (2009), who found 

that while insulin secretion during an OGTT was reduced after 15 days of 

SR141716 treatment, glucose levels were significantly higher compared to 

vehicle-treated controls.  However, after 1 month of treatment, the Duvivier group 

found that the male Zucker fatty rats continued to have reduced insulin secretion 
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but glucose levels had normalized to the values seen in vehicle-treated controls 

(Duvivier et al., 2009). 

Our findings also contrast with a recent study (Cota et al, 2009) utilizing 

diet-induced obese rats that chronic treatment with SR141716 did not alter 

glucose levels or insulin secretion during a glucose tolerance test.  However, 

these obese animals did express a significant increase in the rate of glucose 

disappearance during an insulin tolerance test (Cota et al, 2009).  Interestingly, 

both the present study and that of Cota et al. (2009) demonstrate increased 

glucose disposal from the plasma in response to insulin in an obese model 

following chronic CB1R antagonism. We have further identified that the improved 

whole-body glucose disposal after chronic SR141716 treatment is associated 

with significantly elevated insulin-stimulated glucose transport in soleus muscle 

of both lean and obese Zucker rats (Fig. 3.6). 

The lean Zucker rats displayed a markedly different response to the 

chronic SR141716 treatment compared to obese Zucker rats.  Glucose levels 

during the OGTT were significantly reduced in both the pair-fed and SR141716-

treated lean groups (Fig. 3.3a,c), consistent with the findings of Bermúdez-Silva 

et al. (2006).  However, the reduction in food intake in the lean animals 

dramatically altered insulin secretion during the OGTT (Fig. 3.3b).  The chronic 

reduction in food intake caused an elevation in fasting insulin levels in the pair-

fed group (Fig. 3.3d).  During the OGTT, insulin levels for both the pair-fed and 
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SR141716-treated lean groups failed to spike as quickly as the ad lib-fed controls 

and the peak insulin levels were achieved at a later time point (60 min versus 15 

min) (Fig. 3.3b).  However, chronic SR141716 treatment of lean Zucker rats 

reduced total insulin secretion to a value near the ad lib-fed control level (Fig. 

3.3d).  It is important to note that the ad lib-fed control lean animals were already 

insulin-sensitive, and it therefore appears that the transient food restriction by the 

pair-feeding caused a slight insulin-resistant state due to altered insulin 

secretion.  However, this food restriction-induced insulin resistance was 

ameliorated by the chronic SR141716 treatment.  Interestingly, the lean animals 

did exhibit improved insulin-stimulated glucose transport in the soleus muscle 

following SR141716 treatment similar to the obese animals (Fig. 3.6). 

Even though there was a significant increase in insulin-stimulated glucose 

transport in soleus of both the lean and obese animals following chronic CB1R 

antagonism, we found no alteration in the functionality of key signaling proteins 

involved in the regulation of insulin-dependent or insulin-independent glucose 

transport, including the phosphorylation of Akt, GSK3β, AMPKα, p38 MAPK 

(Figs. 3.7 and 3.8).  This was not surprising, considering our previous finding that 

direct CB1R antagonism with SR141716 in incubated soleus muscle strips 

improved insulin-stimulated glucose transport activity without altering the 

functionality of these key signaling proteins (see chapter 2).  While several 

muscle cell-line studies found altered phosphorylation of Akt, GSK3β and 

AMPKα with modulation of the CB1R system (Lipina et al, 2010; Watanabe et al, 
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2009; Eckardt et al, 2008; Esposito et al, 2008; Cavuoto et al, 2007b), these 

alterations have yet to be demonstrated in vivo or with actual mammalian skeletal 

muscle.  We measured in vivo Ser473 phosphorylation of Akt in tissues such as 

liver (Fig. 3.11) and plantaris muscle (Fig. 3.12) and again could not demonstrate 

any change in this parameter with chronic CB1R antagonism, further indicating 

that Akt is not a direct target of the CB1R in metabolically active tissue.  

High levels of fasting plasma free fatty acids are associated with insulin 

resistance and decreased glucose transport in skeletal muscle (reviewed in 

Taube et al, 2009; Yu et al, 2002; Dresner et al, 1999; Griffin, 1999).  In this 

study, we showed both a significant reduction in fasting plasma free fatty acids 

and an increase in insulin-stimulated glucose transport in skeletal muscle in both 

lean and obese Zucker pair-fed and, to a greater extent, SR141716-treated 

groups compared to the ad lib-fed controls (Figs. 3.5 and 3.6).  This finding is 

consistent with previous rodent studies that also demonstrated that chronic 

CB1R antagonism leads to a decrease in fasting free fatty acid levels (Ravinet 

Trillou et al, 2003; Gary-Bobo et al, 2007), as well as a reduction in circulating 

triglyceride levels (Cota et al, 2009; Flamment et al, 2009; Watanabe et al, 2009).   

Human studies have also shown a decrease in circulating triglycerides after 1 yr 

of SR141716 treatment (Rimonabant 20 mg daily) (Després et al, 2009). 

While there was a reduction in fasting plasma free fatty acids, and many 

studies found a reduction in circulating triglycerides, interestingly, there was a 
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significant increase in the triglyceride storage levels in the livers of chronic 

SR141716-treated obese animals compared to the obese pair-fed controls (Fig. 

3.9).  There was a trend towards elevated triglycerides in the liver of the lean 

SR141716-treated group (Fig. 3.9).   These data are in agreement with another 

study that found an increase in liver triglyceride storage in diet-induced obese 

rats treated with SR141716 (Flamment et al, 2009). There was no difference in 

the pair-fed and ad lib-fed control groups of the lean animals, most likely due to 

the fact that these animals are lean and already have low triglyceride storage 

levels in the liver.  The significant increase in triglycerides of the obese 

SR141716 treated liver reversed the marked, although not significant, reduction 

in triglyceride storage in the pair-fed versus the ad lib-fed control group.  

Triglyceride storage in the skeletal muscle, specifically the plantaris, of chronic 

SR141716-treated lean Zucker rats was significantly decreased compared to 

both the ad lib-fed and pair-fed control groups (Fig. 3.12).  Cota et al (2009) 

found a similar reduction in triglyceride storage in the soleus compared to pair-

fed and ad lib-fed of chronically treated, diet-induced obese rats.  However, the 

triglyceride storage levels in the chronically-treated obese muscle of our study 

were not altered from the ad lib- or pair-fed control groups (Fig. 3.12).  

SR141716-treatment may affect skeletal muscle triglyceride storage levels 

differently depending on fiber type and animal model.  Further investigation is 

needed to understand these findings. 
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Our understanding of the chronic effects of CB1R antagonism on 

peripheral, metabolically active tissue is becoming more defined each year.  It 

appears from our study, as well as from several others in the literature, that the 

endocannabinoid system is a key component in the normal regulation of 

metabolic parameters (de Kloet and Woods, 2009; Scheen et al, 2008; Kakafika 

et al, 2007; Xie et al, 2007).  Obesity is known to cause dysregulation of the 

endocannabinoid system (D’Eon, 2008; Engeli, 2005) leading to an elevation of 

circulating endogenous cannabinoids.  Activation of the endocannabinoid system 

has been linked to decreased glucose tolerance (Bermúdez-Silva, 2006), insulin 

resistance (Blüher et al, 2006) and decreased skeletal muscle glucose transport 

(chapter 2, Fig. 2.8).  Chronic antagonism of the CB1R with SR141716 is 

associated with improved glucose tolerance, enhanced insulin sensitivity, and a 

more favorable lipid profile in both insulin-sensitive lean Zucker rats and insulin-

resistant obese Zucker rats. 

Future studies are necessary to understand the chronic effects of CB1R 

antagonism on metabolic activities in the body.  Most notably, the remarkable 

effects of chronic CB1R antagonism on insulin levels in both lean and, to a 

greater extent, obese animals during the oral glucose tolerance test need to be 

addressed.  Previous studies report that CB1R agonism leads to a decrease in 

insulin section in β cell-lines (Nakata et al, 2008; Juan-Picó et al, 2006) as well 

as a reduction in glucose-stimulated insulin secretion in islets of lean Zucker rats 

(Getty-Kaushik et al, 2009).  However, in obese Zucker rats, CB1R antagonism 
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decreased insulin secretion in both primary cultured β-cell lines (Getty-Kaushik et 

al, 2009) and chronically treated animals (Duvivier et al, 2009; Fig. 3.4b, d). 

Expression of CB1R in human pancreatic β cells has been demonstrated (Nakata 

et al, 2008; Bermúdez-Silva et al, 2008).  In addition to understanding the role of 

the endocannabinoid system in insulin secretion, it is still unclear as to the 

molecular signaling pathway through which CB1R antagonism acts to improve 

insulin action on glucose transport in skeletal muscle. 

In summary, we demonstrated that chronic CB1R antagonism with 

SR141716 increases whole-body insulin sensitivity in an insulin-resistant obese 

animal model, the female obese Zucker rat, associated with a reduction in 

circulating free fatty acid concentrations and a remarkable diminution of insulin 

secretion in response to a glucose challenge.  Chronic CB1R antagonism also 

improved insulin-stimulated glucose transport in soleus muscle and enhanced 

hepatic lipid tissue storage in both lean and obese Zucker rats.  However, the 

molecular mechanism through which SR141716 treatment improves insulin 

sensitivity in obesity has yet to be elucidated.  Chronic CB1R antagonism did not 

alter the functionality of classical signaling factors (Akt, GSK3β, AMPK, p38 

MAPK) involved in the regulation of glucose transport activity in skeletal muscle.  

Overall, chronic CB1R antagonism elicited beneficial effects on several 

dysfunctional metabolic parameters in this obese animal model, and the 

peripheral effects of this intervention should continue to be investigated to further 

delineate its utility as a treatment for the metabolic syndrome. 
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CHAPTER 4 

EFFECTS OF ACUTE ENDOCANNABINOID RECEPTOR-1 ANTAGONISM ON 

METABOLIC PARAMETERS ASSOCIATED WITH GLUOCOSE TOLERANCE 

AND INSULIN SENSITIVITY IN LEAN AND OBESE ZUCKER RATS 

 

ABSTRACT: 

The endocannabinoid system is becoming established as a mediator for 

metabolic processes within the body.  Antagonism of the endocannabinoid 

receptor-1 (CB1R) is associated with central effects including appetite 

suppression, weight loss, as well as direct peripheral effects leading to improved 

glucose tolerance, insulin sensitivity at the whole-body and tissue level and lipid 

storage and circulation.  While many studies have focused on either chronic in 

vivo or direct in vitro effects of CB1R antagonism, very few have measured the 

acute in vivo effects of CB1R antagonism in a rodent model of metabolic 

syndrome.  The purpose of this study was to determine the effects of acute 

CB1R antagonism on whole-body glucose tolerance, insulin sensitivity and 

fasting plasma free fatty acids as well as skeletal muscle glucose transport 

activity in female insulin-sensitive lean Zucker rats and insulin-resistance obese 

Zucker rats.  Animals were age- and weight-matched and separated into two 

groups: vehicle-treated (0.5 ml, 20% tween 80 and 80% normal saline) or 

SR141716 treated (0.5 ml, 10 mg/kg).  Animals were food-restricted overnight 
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and were given an i.p. injection of vehicle or SR141716.  Two hours after the 

treatment, an oral glucose tolerance test (OGTT) was performed to measure 

glucose tolerance and insulin sensitivity, as well as to obtain fasting plasma for 

measurement of circulating free fatty acids.  One week later, animals were 

acutely treated as before, and glucose transport activity (assessed by 2-

deoxyglucose uptake) was measured in the absence and presence of insulin in 

soleus muscle strips. There were no significant changes in glucose or insulin 

responses during the OGTT in lean animals treated acutely with SR141716 

compared to the lean vehicle-treated control groups.  However, there was a 

significant decrease (17%) in total insulin secretion after the glucose challenge, 

as measured by the insulin area under the curve (AUC), during the OGTT, in the 

obese SR141716-treated group compared to the obese vehicle-treated controls.  

Although glucose levels were not significantly altered with SR141716-treatment, 

the reduction in the insulin AUC was not large enough to translate into a 

significant improvement in whole-body insulin sensitivity, as measured by the 

glucose-insulin (G-I) index (an inverse measurement of whole body insulin 

sensitivity). Acute CB1R antagonism also did not significantly alter fasting plasma 

free fatty acid circulation or basal or insulin-stimulated glucose transport activity 

in the soleus muscle of either the lean or obese Zucker rats.  These results 

indicate that acute CB1R antagonism with SR141716 in the obese, insulin-

resistant rat, reduces insulin secretion after a glucose challenge without 

significantly altering glucose transport in skeletal muscle.  Furthermore, CB1R 
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antagonism does not acutely alter glucose tolerance or insulin sensitivity in the 

lean Zucker rat, nor does it alter basal or insulin-stimulated glucose transport 

activity or fasting plasma free fatty acids in either the lean or obese Zucker rat.  

These data indicate that aside from an effect on insulin secretion in obese 

animals, the metabolic effects of chronic SR141716 treatment of lean and obese 

Zucker rats (see Chapter 3) are not due to any acute actions of the CB1R 

antagonist, but are associated with the cumulative effects of chronic CB1R 

antagonism. 
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INTRODUCTION: 

 The endocannabinoid system is an emerging target for the treatment of 

obesity and its co-morbidities: hyperglycemia, insulin resistance, and 

dyslipidemia - conditions that are part of the metabolic syndrome.  Also known as 

insulin resistance syndrome (DeFronzo and Ferrannini, 1991), metabolic 

syndrome is a clustering of these cardiovascular disease risk factors, along with 

hypertension, that lead to an earlier onset and more severe progression of 

cardiovascular diseases and type 2 diabetes (Ford et al, 2008; Laaksonen et al, 

2002).  Antagonism of the endocannabinoid receptor-1 (CB1R) is recognized as 

a treatment for obesity due to its central anorexic effects (Doyon et al 2006; 

Vickers et al, 2003; Ravinet Trillou et al, 2003; Di Marzo et al, 2001) and 

reduction in visceral adiposity (Cota et al, 2003).  Recently, CB1R antagonists 

have been studied for their peripheral effects on metabolically active tissues 

throughout the body (Cota et al, 2003; Nogueiras et al, 2008).  Through 

observations using experimental systems such as cell culture, in vitro tissue 

incubations and in vivo treatments, the therapeutic role of CB1R antagonism has 

expanded beyond a treatment solely for obesity, into a potential therapy for 

multiple risk factors involved in metabolic syndrome (Gary-Bobo et al; 2007).  

Specifically, CB1R antagonism improves whole-body and tissue specific insulin 

resistance as well as circulating lipid levels beyond that related to weight loss 

and reduced food intake (reviewed in Kakafika et al, 2007; Scheen and Paquot, 

2008).  These studies support the concept that the endocannabinoid system 
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plays an important role in maintaining proper metabolic function within the body 

and displays dysregulation in conditions of obesity (Engeli et al, 2005; Blüher et 

al, 2006). 

 The exact role played by the endocannabinoid system in the regulation of 

glucose tolerance and insulin sensitivity has not clearly been defined.  Very few 

investigations have studied the short-term in vivo actions of CB1R modulation.  

Acute treatment of lean, male Wistar rats with the CB1R agonists anandamide 

and ACEA led to decreased glucose tolerance, measured by elevated glucose 

levels during a glucose tolerance test (GTT), compared to vehicle-treated control 

animals (Bermúdez-Silva, 2006).  In the same study, CB1R antagonism 

improved glucose tolerance (Bermúdez-Silva, 2006).  The role of chronic 

interventions modulating the CB1R system has been more extensively 

investigated, but studies utilizing chronic treatment of obese rodents with CB1R 

antagonists have produced conflicting findings.  In obese rat models, glucose 

tolerance during a GTT was not altered after 4 weeks of SR141716 treatment 

(Cota et al, 2009; Duvivier et al, 2009).  However, Duvivier’s group also found 

that although there was a lack of change in glucose levels during the GTT, there 

was a significant decrease in plasma insulin levels, indicating an improved insulin 

sensitivity after 4 weeks of SR141716 treatment.  Our research group has also 

found that 11 days of chronic SR141716 treatment did not alter glucose disposal 

in obese Zucker rats during an oral glucose tolerance test (OGTT), but did 

improve whole-body insulin sensitivity associated with a significant reduction in 
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insulin levels during the OGTT (Chapter 3, Fig 4).  Moreover, lean Zucker rats 

treated for 11 days with SR141716 demonstrated improved glucose tolerance 

compared to ad lib-fed controls; however, it was in conjunction with elevated 

insulin levels (Chapter 3, Fig. 3).  Relative to pair-fed controls, chronic treatment 

of lean Zucker rats with SR141716 did not display an improvement of glucose 

tolerance, but did experience an increase in whole-body insulin sensitivity 

associated with a reduction in the insulin response during the OGTT (Chapter 3, 

Fig. 3).  No studies to date have assessed the acute effect of CB1R antagonism 

with SR141716 on glucose tolerance and insulin-sensitivity in a model of 

metabolic syndrome. 

 Circulating lipid levels are also altered due to endocannabinoid system 

action.  Free fatty acids (FFA) enter the bloodstream by either dietary intake, 

lipolysis in adipocytes or other tissues, or formed de novo by the liver (reviewed 

in Taube et al, 2009).  FFAs are elevated in obesity and are implicated in insulin 

resistance of peripheral tissues such as the skeletal muscle (Dresner et al, 1999; 

Griffin et al, 1999; Yu et al, 2002).  In vitro and acute activation of the CB1R in 

the murine liver increases FFA production (Osei-Hyiaman et al, 2005) which was 

suppressed by CB1R antagonism with SR141716.  Acute CB1R antagonism in 

fed male Wistar rats increased plasma FFAs, which may indicate stimulation of 

adipocyte lipolysis (Herling et al, 2007).  However chronic CB1R antagonism in 

obese rodents has been shown to reduce fasting plasma FFAs (Wantanabe et al, 

2009; chapter 3, Fig. 5), which is associated with improved whole-body and 
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skeletal muscle insulin sensitivity.  The response of fasting plasma FFA levels to 

acute CB1R antagonism in an obese, insulin-resistant model has yet to be 

determined. 

 Besides a chronic reduction in circulating FFAs, the endocannabinoid 

system appears to have a direct role in determining the insulin sensitivity of 

peripheral tissues.  While activation of the endocannabinoid system in adipose 

tissue increased glucose transport (Pagano et al, 2007; Gasperi et al 2007), the 

opposite appears to be true in skeletal muscle.  Antagonism of the CB1R in both 

L6 myotubes (Esposito et al, 2008) and in isolated soleus muscle strips from lean 

and obese Zucker rats (chapter 2, Figs. 3 and 5), glucose transport activity is 

increased under both the basal and insulin-stimulated conditions.  Chronic CB1R 

antagonism in vivo has also demonstrated to enhance insulin-stimulated glucose 

transport in skeletal muscle of lean (chapter 3, Fig. 6) and obese (Liu et al, 2006; 

Nogueiras et al, 2008; chapter 3, Fig 6) rodent models.  The specific mechanism 

through which CB1R antagonists enhance skeletal muscle glucose transport 

activity has yet to be elucidated. 

 The purpose of the present study was to determine the effects of acute 

CB1R antagonism on glucose tolerance and insulin sensitivity, fasting FFA 

levels, and glucose transport in skeletal muscle of insulin-sensitive, lean Zucker 

rats and insulin-resistant, obese Zucker rats.  Animals were treated with either 10 

mg/kg SR141716 or vehicle i.p. two hours before baseline blood was drawn for 
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an OGTT or anesthetized for the glucose transport assay.  This time point was 

chosen based on recently published data indicating serum SR141716 levels 

were substantially elevated at the two-hour time point (258 ± 59 ng/ml) compared 

to the 25-hour time point (21 ± 9 ng/ml) following i.p. administration in obese rats 

(Nogueiras, 2008).  Fasting FFA levels, glucose tolerance and insulin sensitivity 

were assessed.  In addition, basal and insulin-stimulated glucose transport 

activities in soleus muscle strips were measured following a second acute 

SR141716 administration one week after the initial acute treatment. 
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METHODS AND MATERIALS 

Animals: 

Female lean (fa/–) and obese (fa/fa) Zucker rats were received from Harlan 

(Indianapolis, IN) and were used at 9–10 wk of age, at which time they weighed 

150–170 g and 290-330 g, respectively.  Animals were separated into vehicle 

treated or SR141716 treated groups by weight.  Animals were housed in a 

temperature-controlled (20–22°C)  room with a 12:12-h light-dark cycle (lights on 

from 7 AM to 7 PM) at the Central Animal Facility of the University of Arizona. The 

animals had free access to chow (diet no. 7001; Teklad, Madison, WI) and water.  

All procedures used in the present study were approved by the Institutional 

Animal Care and Use Committee at the University of Arizona. 

Drug preparation: 

SR141716 was prepared from tablets that contained 20 mg each of the active 

ingredient. The powdered drug was mixed fresh daily with 20% Tween 80 and 

80% normal saline into a slurry of 0.5 ml doses, with each dose providing 10 

mg/kg of active ingredient per animal. 

Oral Glucose Tolerance Test (OGTT): 

Animals were food restricted overnight (4 g chow at 5 pm consumed 

immediately).  The next morning, animals were administered either vehicle (0.5 

ml 80% saline, 20% tween 80) or SR141716 (0.5 ml, 10 mg/kg ) i.p.  Two hours 
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after treatment, the animals were subjected to an oral glucose tolerance test 

using 1 g/kg glucose feeding by gavage.  Blood (~0.25 ml) was collected from a 

tail snip at time 0 min (immediately before gavage), and at 15, 30, 60 and 120 

min after glucose administration.  Whole blood was vortexed with EDTA (18 mM 

final concentration) and then centrifuged at 13,000 X g for 30 sec to isolate the 

plasma.  Plasma was removed and stored at -80°C until a nalysis.  Following 

blood collection, animals were provided 2.5 ml normal saline solution by 

subcutaneous injection to compensate for plasma loss during the OGTT. 

Plasma collected during the OGTT was analyzed for glucose (Thermo 

Electron, Pittsburgh, PA), insulin (Linco Research, St. Charles, MO) and free 

fatty acids (Wako, Richmond, VA) (basal sample only). 

Determination of glucose transport activity: 

Animals recovered for one week after the OGTT.  Again, they were food 

restricted overnight (chow was restricted to 4 g at 5 PM and was consumed 

immediately) and treated with either vehicle or SR141716 i.p. two hours before 

being deeply anesthetized with an injection of pentobarbital sodium (50 mg/kg 

i.p.).  Strips of one of the soleus muscles from each animal were prepared for in 

vitro incubation in the unmounted state.  Muscles were incubated for 60 min at 

37°C in 3 ml of oxygenated (95% O 2, 5% CO2) Krebs-Henseleit buffer containing 

8 mM glucose, 32 mM mannitol, and 0.1% BSA (RIA grade; Sigma, St. Louis, 

MO), in the absence or presence of 5 mU/ml insulin (Humulin R. Lilly, 
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Indianapolis, IN).  The incubated muscles were rinsed for 10 min at 37°C in 3 ml 

of oxygenated KHB containing 40 mM mannitol, 0.1% BSA, and insulin (if 

previously present). After the rinse period, the muscles were transferred to 2 ml of 

KHB containing 1 mM 2-deoxy-[1,2-3H]glucose (2-DG, 300 µCi/mmol; Sigma 

Chemical), 39 mM [U-14C] mannitol (0.8 µCi/mmol; ICN Radiochemicals, Irvine, 

CA), 0.1% BSA, insulin (if previously present).  At the end of this final 20-min 

incubation period at 37°C, the muscles were removed, tr immed of excess 

connective tissue, quickly frozen between aluminum blocks cooled with liquid 

nitrogen, and weighed.  These muscles were dissolved in 0.5 ml of 0.5 N NaOH, 

5 ml of scintillation cocktail were added, and the specific intracellular 

accumulation of 2-DG was determined as described previously (Henriksen et al, 

1994).  This method for assessing glucose transport activity in isolated muscle 

has been validated (Hansen et al, 1994).  

Statistical Analysis: 

All values are expressed as means ± SE. Differences between two groups were 

determined using an unpaired Student's t-test.  A level of P < 0.05 was set for 

statistical significance. 
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RESULTS 

Acute (2-hr) treatment of insulin-sensitive, lean Zucker rats with 10 mg/kg 

of SR141716 had no effect on glucose tolerance, insulin secretion during an 

OGTT, or insulin sensitivity as assessed by the glucose-insulin index (Fig. 4.1).  

However, acute SR141716 treatment of obese Zucker rats significantly (p<0.05) 

reduced total insulin secretion during the OGTT (Fig. 4.2d), but did not alter 

glucose tolerance.  The decrease in total insulin secretion during the OGTT was 

due to significantly lower insulin levels at the later time points (60 and 120 min) in 

the SR141716-treated obese animals compared to the vehicle-treated obese 

animals (Fig. 4.2b).  However, even though the insulin AUC was significantly 

lower in the CB1R antagonist-treated obese group compared to the vehicle-

treated obese group, there was not a significant improvement in whole-body 

insulin-sensitivity, measured by the glucose-insulin index (Fig. 4.2e).  There was 

a trend toward a decrease in the glucose-insulin index in the CB1R antagonist-

treated group.  This lack of significant change in the glucose-insulin index was 

due to a slight, although not significant, elevation in glucose levels during in the 

OGTT in the SR141716-treated obese group (Fig. 4.2c).   
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Fig. 4.1 . Glucose tolerance and insulin sensitivity in lean Zucker rats after acute 

treatment with SR141716.  Values are means ± SE for 4 animals per group.  
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Fig. 4.2 . Glucose tolerance and insulin sensitivity in obese Zucker rats after 

acute treatment with SR141716.  Values are means ± SE for 4 animals per 

group. * p ≤ 0.05 vehicle-treated vs. SR141716-treated group; unpaired, 

Student’s t-test. 
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Fasting glucose and insulin levels were not altered by SR141716 

treatment in either the lean (Fig. 4.1a,b) or obese (Fig. 4.2a,b) groups.  There 

was also no significant change in fasting plasma free fatty acid levels in lean or 

obese animals after the acute CB1R antagonist treatment (Fig. 4.3). 

 Glucose transport activity in the soleus muscle of both the lean and obese 

Zucker rat was not altered by acute, in vivo SR141716 treatment in either the 

absence or presence of insulin (Fig. 4.4). 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.  Fasting plasma free fatty acids in lean and obese Zucker rats after 

acute treatment with SR141716. Values are means ± SE for 4 animals per group.  
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Fig. 4.4.  Effects of acute SR141716 treatment on basal and insulin-stimulated (5 

mU/ml) glucose transport activity in isolated soleus muscle from the lean and 

obese Zucker rats. Values are means ± SE for 4 muscle strips per group.  
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DISCUSSION  

 The primary goal of this study was to determine the acute effects of CB1R 

antagonism on whole-body insulin sensitivity and glucose tolerance as well as 

fasting free fatty acid levels and insulin-stimulated skeletal muscle glucose 

transport.  Understanding the acute effects of CB1R antagonism with SR141716 

will aid in pin-pointing the primary target of whole-body SR141716 treatment and 

help to elucidate the evolution of improved metabolic parameters seen with 

chronic SR141716 treatment in rodent models (Vickers, 2003; Herling, 2007; 

Duvivier, 2009) and human subjects (Després, 2005; Pi-Sunyer et al, 2006; Van 

Gaal et al, 2008).   

 The major finding of the present study was a significant reduction in total 

insulin secretion, as measured by the insulin AUC, during an OGTT (Fig. 2b, d) in 

obese Zucker rats.  This was accompanied by a slight, but statistically 

insignificant, decrease in glucose tolerance (Fig. 4.2a, c).  Because of the slight 

elevation in glucose levels during the OGTT, the reduction in insulin secretion did 

not lead to a significant increase in whole-body insulin sensitivity (Fig. 4.2e).  

Previous studies performed in our lab have demonstrated that chronic SR141716 

treatment (11 days) also diminishes insulin secretion during an OGTT in obese 

Zucker rats (chapter 3, Fig. 3.4b, d).  However, this reduction in insulin secretion 

is associated with no change in glucose tolerance (chapter 3, Fig. 3.4a, c) and is 

associated with an improvement whole-body insulin sensitivity (chapter 3, Fig. 
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3.4e).  A similar effect was seen in male obese Zucker rats treated chronically 

with SR141716, but with a much longer treatment duration (Duvivier et al, 2009).  

A significant decrease in insulin secretion during a GTT was associated with a 

decrease in glucose tolerance; however, this was after 15 days of SR141716 

treatment (Duvivier et al, 2009) compared to the 2-hr acute SR141716 treatment 

performed in the present study in female obese Zucker rats.  Duvivier et al. 

(2009) also found that the diminished insulin secretion after a glucose challenge 

remain following 1 month of treatment with SR141716, while glucose tolerance 

returned to normal levels, as was seen in our chronically-treated animals after 11 

days of treatment.  These data indicate that the primary effect of CB1R 

antagonism with SR141716 in vivo in the obese animal appears to be 

suppression of insulin secretion in response to glucose stimulation, followed by a 

chronic improvement in glucose tolerance. 

 Interestingly, the lean animals did not display the same response to acute 

CB1R antagonism with SR141716 as did the obese animals.  There was no 

change in the glucose or insulin response during the OGTT in the lean animals.  

This contrasts with a previous study in which acute CB1R antagonism with 

AM251 in lean male Wistar rat decreased peak glucose levels and improved 

glucose tolerance during a GTT (Bermúdez-Silva, 2006).  However, it is 

important to note that the differences seen between these two studies in glucose 

tolerance of lean animals may be due to different antagonists employed 

(SR141716 vs. AM251) or the difference in response due to respective gender of 
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the animal model (female vs. male).  Chronic CB1R antagonism (11 day 

treatment) did improve glucose tolerance in the lean animals compared to 

vehicle-treated controls (chapter 3, Fig. 3.3a, c).  However, this improvement was 

associated with altered insulin secretion, represented by elevated fasting insulin 

levels, and a diminished and delayed peak insulin secretion (chapter 3, Fig. 

3.3b). 

 While it appears that there is a direct effect of CB1R antagonism on insulin 

secretion in obesity, in vitro studies on the role of the endocannabinoid system in 

pancreatic islet insulin secretion are conflicting.  Early studies identified CB1R 

expression in pancreatic islets (Nakata and Yada, 2006), although further 

research has localized the CB2R primarily on β-cells, while CB1R is localized in 

α- and δ-cells in the pancreatic islets (Juan-Picó et al, 2006; Bermúdez-Silva, 

2008; Tharp, 2008).  Both activation (Nakata and Yada, 2007, Juan- Picó 2006; 

Bermúdez-Silva, 2008) and antagonism (Getty-Kaushik et al, 2009) of the CB1R 

in isolated pancreatic islet preparations have significantly reduced glucose-

stimulated insulin secretion (GSIS).  The conflicting action of the 

endocannabinoid system in the pancreatic islet cells has yet to be resolved.  

Interestingly, however, Getty-Kaushik et al (2009) measured a reduction in the 

elevated basal insulin secretion of obese Zucker pancreatic islets with SR141716 

treatment, while there was no change with treatment in basal insulin secretion in 

tissue from lean Zucker rats treated with the CB1R antagonist.  This finding is in 

agreement with studies that have demonstrated that chronic SR141716 
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treatment reduces fasting insulin levels in obese rodents and humans (Ravinet 

Trillou et al, 2003; Doyon et al, 2006; Van Gaal, 2008).  While is remains unclear 

whether CB1R activation or antagonism acts directly or indirectly on β-cells in the 

pancreatic islets to alter insulin secretion, it is apparent that there is a direct 

effect of the endocannabinoid system on insulin secretion in the obese model. 

Further studies are needed to determine the role of the CB1R in the pancreas 

and its role in mediating insulin secretion.  Since no effects were seen on other 

metabolic parameters in this study, alteration of the time course or elevation of 

the SR141716 dosage can also be altered to determine if plasma concentration 

of was not high enough after one dose to elicit an acute response to CB1R 

antagonism. 

 Although we did not find an effect of acute CB1R antagonism on fasting 

plasma free fatty acids in either the lean or obese Zucker rat (Fig. 3.3), previous 

studies in lean male Wistar rats have demonstrated that acute CB1R antagonism 

elicits elevated plasma FFAs (Herling et al, 2007).  However, it should be noted 

that these animals were treated postprandially and with a different selective 

CB1R antagonist, AVE1625, than the compound used in our study.  While it has 

been well documented that chronic CB1R antagonism with SR141716 leads to 

significant reductions in fasting plasma free fatty acids in both rodents (chapter 3, 

Fig. 3.5; Wantanabe et al, 2009) and humans (Després et al, 2005), it does not 

appear that this is a direct, acute action of CB1R antagonism, and is more likely 

associated with cumulative chronic metabolic effects of SR141716 treatment.  
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 Improvements in insulin-stimulated glucose transport activity in skeletal 

muscle of chronically-treated SR141716-treated lean and obese animals (Liu et 

al, 2006; Nogueiras et al, 2008; chapter 3, Fig. 3.6) also appear to be unrelated 

to direct actions of CB1R antagonism on the skeletal muscle, as no alteration in 

muscle glucose transport was observed following acute SR141716 treatment 

(Fig. 4.4).   Even though in vitro exposure to SR141716 elicited a direct 

improvement in insulin-stimulated glucose transport of skeletal muscle cell 

cultures (Esposito et al, 2008) and soleus muscle tissue preparations (chapter 2, 

Figs. 2.2 and 2.5), it does not appear that this direct effect translates to the in 

vivo model.  This could be because plasma levels do not reach a high enough 

concentration to significantly improve insulin-stimulated glucose transport after 

an acute dose.  

 In conclusion, we observed a significant reduction of insulin secretion in 

response to a glucose challenge in female obese Zucker rats treated acutely with 

the CB1R antagonist SR141716.  However, this reduction in insulin secretion 

was not associated with improved whole-body insulin sensitivity, in contrast to 

female obese Zucker rats treated chronically with SR141716 (Chapter 3). Fasting 

plasma glucose, insulin, and FFA concentrations, as well as insulin-stimulated 

glucose transport in skeletal muscle, were likewise not altered by an acute dose 

of the CB1R antagonist in either the lean or obese Zucker rat.  These data 

indicate that, aside from an effect on insulin secretion in obese animals, the 

metabolic effects of chronic SR141716 treatment of lean and obese Zucker rats 
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(see Chapter 3) are not due to any acute actions of the CB1R antagonist, but are 

associated with the cumulative effects of chronic CB1R antagonism. 
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CHAPTER 5 

FINAL DISCUSSION AND FUTURE INVESTIGATIONS 

 

 

CONCLUSIONS 

 The incidence of obesity and its co-morbidities — hyperglycemia, 

dyslipidemia, and hypertension — in metabolic syndrome is increasing at an 

alarming rate both nationally and internationally.  Rates of pre-diabetes and full-

blown type 2 diabetes continue to climb and the affected populations presenting 

with these health risks are becoming younger (Daratha and Bindler, 2009; 

Rosenbloom et al, 1999, CDC, 2010).  It is estimated that 90-95% of the cases of 

diabetes involve type 2 diabetes (CDC, 2007), and this disease has become 

much more prevalent in children and adolescents over the past 30 years 

(Nesmith, 2001).  Type 2 diabetics are at elevated risk of developing 

neuropathies, blindness, kidney disease, and high blood pressure; they are also 

more likely to suffer heart attacks and strokes than non-diabetics (ADA, 2010).  

Due to the increased number and decrease age of the population diagnosed with 

type 2 diabetes, this next generation may be the first in recent history to have a 

decreased life expectancy rate and quality of life compared to their parents.  In 

2007, the estimated cost per year associated with treatment of diabetes was 

$174 billion in the United States and it does not appear to be diminishing (ADA, 
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2010).  If we can prevent and/or treat the risk factors associated with diabetes 

and cardiovascular disease, such as obesity and metabolic syndrome, before 

they progress into a more severe disease state, we can potentially decrease 

health costs and improve the quality of life and increase lifespan of future 

generations.  

 The endocannabinoid system contributes to the regulation of energy 

storage and utilization.  As discussed in chapter one, many of the risk factors in 

metabolic syndrome can be ablated by endocannabinoid receptor-1 (CB1R) 

antagonism either through central or peripheral effects on metabolically active 

tissues.  The endocannabinoid system itself appears to be upregulated in 

obesity, with expression of its synthesizing enzymes increased and degrading 

enzymes decreased with obesity (Engeli et al, 2005; Blüher et al, 2006; D’Eon et 

al, 2008; Starowicz et al, 2008). Alterations of CB1R expression with obesity 

were in question at the beginning of the present study (Bensaid, 2003; Sarzani et 

al, 2009; Blüher et al, 2006; Engeli et al, 2005).  We have identified a reduction in 

CB1R protein expression in metabolically active tissues of the animal model of 

obesity used in this study, the obese Zucker rat (Fig. 2.1).  By blocking the CB1R 

with the selective antagonist, SR141716, we were able to enhance glucose 

transport activity in skeletal muscle and improve whole-body metabolic 

parameters in the obese Zucker rat, a rodent model of metabolic syndrome. 
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CB1R antagonism directly regulates glucose transport activity in lean and obese 

Zucker rats. 

 Skeletal muscle is the primary tissue responsible for glucose uptake after 

a meal or during exercise (DeFronzo et al, 1983; Baron et al, 1988).  Insulin is 

the key signaling factor involved in stimulated glucose transport activity in 

skeletal muscle in response to elevated plasma glucose levels.  If the skeletal 

muscle becomes insulin-resistant, as occurs with obesity and pre-diabetes, 

whole-body insulin resistance soon develops, which can lead to the onset of type 

2 diabetes (Zierath et al., 2000).  Finding alternative pathways to circumvent or 

ameliorate insulin resistance in skeletal muscle is vital for the treatment of and 

prevention of the full-blown diabetic state. 

One of the major findings of the present study was that the CB1R receptor 

system has a direct effect on basal and insulin-stimulated glucose transport 

activity in the skeletal muscle of both lean and obese rats.  Previously, CB1R 

antagonist treatment in cell line studies (Esposito et al, 2008; Eckardt et al, 2008) 

and chronic in vivo treatment studies (Liu et al, 2005) were used to infer the 

direct effects of CB1R antagonism on glucose transport activity in mammalian 

skeletal muscle.  Our study was the first to demonstrate a direct, dose-dependent 

increase in glucose transport activity in isolated muscle preparations from both 

insulin-sensitive lean and insulin-resistant obese Zucker rats (Figs. 2.2 and 2.5) 

incubated with the selective CB1R antagonist, SR141716.  These results, along 
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with our finding that activation of the CB1R with the selective agonist ACEA 

diminished glucose transport activity in isolated soleus muscle (Fig. 2.8), further 

demonstrates that the CB1R directly regulates glucose transport activity in 

mammalian skeletal muscle.  

 Interestingly, the enhanced insulin-stimulated glucose transport activity 

seen in vitro was also observed in skeletal muscle from lean and obese Zucker 

rats treated chronically with the CB1R antagonist.  However, the effect of direct 

CB1R antagonism on basal glucose transport activity was absent in muscle from 

the chronically-treated animals (Fig. 3.6).  Since acute SR141716 treatment also 

failed to alter glucose transport activity either at basal or insulin-stimulated 

conditions (Fig. 4.4) in lean and obese soleus tissue, it appears that although 

CB1R antagonism can have a direct effect on glucose transport activity in 

isolated soleus muscle, this direct effect of CB1R antagonism in soleus muscle is 

likely not responsible for the enhancement of insulin-stimulated glucose transport 

in chronically-treated animals.   

 The enhancement of insulin-stimulated glucose transport activity in soleus 

muscle of lean and obese Zucker rats due to chronic SR141716 treatment could 

be due to a number of systemic metabolic factors that are altered with CB1R 

antagonism.  Fasting has been known to improve insulin-stimulated glucose 

transport in skeletal muscle (Dean et al, 1998a; Gazdag et al, 1999; Davidson et 

al, 2002).  The reduction in food intake in our study appears to be partially 
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responsible for increased insulin-stimulated glucose transport, as seen with the 

pair-fed control groups.  However, the chronic SR141716-treated group 

demonstrated an enhancement of insulin-stimulated glucose transport greater 

than that due solely to the transient reduction in feeding behavior induced by the 

SR141716 treatment.   

Another factor that may be the involved in the enhancement of insulin-

stimulated glucose transport activity seen in chronically-treated animals is 

adiponectin.  Although it was not measured in our study, adiponectin is 

associated with increased insulin stimulation of glucose transport activity in the 

skeletal muscle tissue (Tomas, et al 2002; Ceddia et al, 2004).  Previous studies 

have demonstrated the CB1R antagonism increases adiponectin secretion from 

adipocytes (Gary-Bobo et al, 2006; Bensaid et al, 2003) and chronic CB1R 

antagonism leads to elevated circulating adiponectin levels (Flamment et al, 

2009).  Future investigations using the experimental design of the present study, 

namely the inclusion of a pair-fed control group, should assess the impact of 

chronic CB1R antagonism on tissue and circulating adiponectin to determine its 

role in the enhanced insulin-stimulated glucose transport activity seen in skeletal 

muscle of the chronic CB1R antagonist-treated animals.  
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Effect of CB1R antagonism on circulating free fatty acids. 

 Elevated circulating free fatty acid levels are associated with obesity and 

type 2 diabetes (discussed in chapter 1) and are known to induce insulin 

resistance in skeletal muscle (Yki-Järvinen et al, 1992; Roden et al, 1996; 

Dresner et al, 1999).  We found that chronic (Fig. 3.5), but not acute (Fig. 4.3), 

CB1R antagonism decreased fasting plasma FFA concentrations in lean Zucker 

rats, and to a greater extent, in dyslipidemic obese Zucker rats.  Restricted food 

intake associated with chronic SR141716 treatment (Figs. 3.1 and 3.2) appears 

to be partially responsible for the reduction in fasting plasma FFA concentration 

(as seen with the pair-fed groups).  However, CB1R antagonism elicited a further 

reduction in fasting plasma FFAs beyond those associated with pair-feeding.  

The reduction in FFAs with chronic SR141716 treatment mimics the trend seen 

in the improved insulin-stimulated glucose transport activity in isolated soleus 

muscle.  These data suggest that the reduction in circulating FFAs may be 

mechanistically associated with the SR141716-induced enhancement of insulin-

stimulated glucose transport in skeletal muscle. 

Since the reduction in plasma FFA concentrations was not due to acute 

CB1R antagonism, other factors associated with chronic CB1R antagonism must 

be responsible for this effect.  FFA’s are secreted from adipocytes and the 

reduction in visceral adipose tissue brought about by chronic SR141716 

treatment may play a role in the diminution of circulating FFA levels.  For the lean 
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animals (Fig. 3.2), the reduction in visceral adiposity of the SR141716-treated 

groups was similar to the reduction in fasting plasma FFA concentration in these 

animals.  However, the same relationship between visceral adiposity and fasting 

plasma FFA concentration was not observed in the obese CB1R antagonist-

treated animals treated. Therefore, the factors involved in the reduction of fasting 

plasma FFA concentrations due to chronic CB1R antagonism were not fully 

elucidated in this study and further investigation is necessary. 

 

Systemic CB1R antagonism on whole-body insulin sensitivity. 

 Whole-body insulin resistance and impaired glucose tolerance are 

hallmarks of the development of pre-diabetes and type 2 diabetes.  Systemic 

administration of CB1R antagonists has been associated with improved glucose 

tolerance in lean animals (Bermúdez-Silva et al, 2006) and with reductions in 

fasting glucose and insulin levels in obese rodents and humans (Ravenet Trillou 

et al, 2003; Doyon et al, 2006; Van Gaal, 2008), indicating that CB1R 

antagonism is associated with improved metabolic homeostasis and a reduction 

in the risk for the development of type 2 diabetes. 

In this study, we determined that chronic CB1R antagonism increases 

insulin sensitivity in obese animals associated with a dramatic reduction in insulin 

secretion (Fig. 3.4).  This improvement in insulin sensitivity was not observed in 

the acutely-treated obese group, even though there was a small, but significantly 
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significant, decrease in insulin secretion during the OGTT (Fig. 4.2).  The 

chronically-treated lean animals displayed improved insulin sensitivity compared 

to the lean pair-fed group, also associated with a normalization of the insulin 

response during the OGTT (Fig. 3.3).  There was no effect of acute CB1R 

antagonism in lean animals on glucose tolerance or insulin sensitivity (Fig. 4.1).  

Indeed, the only significant metabolic alteration associated with acute CB1R 

antagonist administration was a decrease insulin secretion during the OGTT in 

the obese animals. These data indicate that aside from an effect on insulin 

secretion in obese animals, the metabolic effects of chronic SR141716 treatment 

of lean and obese Zucker rats (see Chapter 3) are not due to any acute actions 

of the CB1R antagonist, but are associated with the cumulative effects of chronic 

CB1R antagonism. 

   

Secretion of insulin is a primary target of in vivo CB1R antagonism in the obese 

model. 

As stated above, both acute and chronic CB1R antagonism in the obese 

Zucker rat leads to a reduction in insulin secretion during an OGTT.  The 

chronically-treated obese animals, however, did not display altered glucose 

tolerance, while the acutely-treated animals expressed slightly elevated glucose 

levels during the OGTT.  These data are consistent with those from a recent 

study in male obese Zucker rats that reported the same pattern for insulin 
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secretion and glucose tolerance during an OGTT (Duvivier et al 2009).  However, 

Duvivier’s group measured decreased insulin secretion and glucose tolerance 

after 15 days and normalization of glucose tolerance in addition to decreased 

insulin secretion after 30 days of CB1R antagonist treatment.  It should be noted 

that while the time frame for the present study was significantly shorter (effects 

measured acutely and after 11 days) than that utilized by Duvivier et al. (2009), 

the changes induced in glucose tolerance and insulin secretion were the same.   

Obese Zucker rats are markedly hyperinsulinemic compared to lean 

Zucker rats (Chapters 3 and 4), secondary to a greater basal insulin secretion 

from obese islets compared to islets from lean rats (Getty-Kaushik et al, 2009).  

Antagonism of CB1R appears to have a greater impact on reducing insulin 

secretion in conditions of exaggerated insulin secretion.  This concept is based 

on 1) the fact that acute CB1R antagonism did not alter insulin secretion in lean 

animals, but did in obese animals (Chapter 4), and 2) chronic CB1R antagonism 

had a much more robust effect on the insulin secretory response during an 

OGTT in obese animals compared to lean animals (Chapter 3). 

 

Effect of the CB1R antagonist-induced reduction in food intake in lean animals. 

 Some of the effects of the chronic CB1R antagonism in lean animals, such 

as glucose tolerance (Fig. 3.3), appeared to be associated with the reduction in 

caloric intake induced by SR141716 treatment.  Caloric restriction per se can 
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have both beneficial and negative consequences on carbohydrate metabolism.  

As stated above, moderate (20% or less) food restriction tends to improve insulin 

sensitivity and glucose tolerance (Park et al, 2005; Dean et al, 1998b.).  

However, when the food restriction is severe (50% below normal consumption), 

insulin resistance and impaired glucose tolerance is induced (Alonso et al, 2005). 

In the present study, the lean animals treated with SR141716 initially decreased 

their daily food intake from 12.5 g/rat to only 4.5 g/rat, a 64% reduction (Fig. 3.1).  

Even though the SR141716-treated animal’s food intake slowly returned to the 

levels maintained by ad-lib fed controls, the initial dramatic reduction in food 

intake on the first days of treatment appears to have long-lasting negative 

metabolic consequences (elevated insulin secretion and reduced insulin 

sensitivity) in these lean animals, perhaps related to the fact that these animals 

do not have large fat stores on which to depend in times of caloric restriction.  

However, it is interesting to note that SR141716 treatment of the pair-fed lean 

animals significantly reduced the elevated insulin secretion and improved the 

relative insulin insensitivity to values comparable to those of the ad lib-fed control 

levels (Fig. 3.3). 

 

Side effects of SR141716 treatment and a novel CB1R antagonist. 

 As stated above, CB1R antagonism improves many of the metabolic 

parameters that are dysregulated in obesity and metabolic syndrome in rodent 
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models.  Clinical studies, such as the Rimonabant in Obesity (RIO) studies, have 

also demonstrated a positive effect of CB1R antagonism in treating humans with 

metabolic syndrome, leading to a reduction in body weight and circulating 

triglycerides, fasting glucose and insulin levels, as well as to an increase in 

circulating high density-lipoproteins and adiponectin (Van Gaal et al, 2005; 

Després et al, 2009).  However, there was in increased incidence of anxiety and 

depression in obese patients treated with the CB1R antagonist, SR141716 

(Rimonabant) (Steinberg et al, 2007), and Rimonabant was pulled from the 

market in the European Union and was denied FDA approval in the United 

States.  However, many of the beneficial metabolic effects of CB1R antagonism 

appear to be due to peripheral actions and not to its central effects. 

 Novel CB1R antagonists are now being evaluated as to their efficacy in 

improving metabolic parameters without crossing the blood brain barrier and 

eliciting potentially negative psychotropic effects.  One such ligand is 5-(4-

chlorophenyl)-1-(2,4-dicholorphenyl)-3-hexyl-1H-1,2,4-triazole (LH-21), which 

may not to cross the blood brain barrier, still induces a reduction in feeding 

behavior and an increased weight loss in obese Zucker rats (Pavón et al, 2006).  

Pavón et al (2006) did not report any signs of anxiety, such as rearing, wet dog 

shakes, or scratching with LH-21 administration in these animals.  LH-21 did not, 

however, improve circulating triglycerides levels or reduce liver fat deposits in 

obese Zucker rats, as was previously observed with SR141716 treatment (Pavón 

et al, 2008).  This may be due to different kinetics of the ligand at the CB1 
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receptor in the peripheral tissues.  More studies are needed to determine if LH-

21 can improve metabolic functions in conditions of insulin resistance. 

 

LIMITATIONS 

A major limitation to our study was the use of the obese Zucker rat animal 

model to mimic metabolic syndrome in humans.  While the obese Zucker rat is 

widely utilized in the scientific investigations as a model for metabolic syndrome, 

it does not exactly simulate the onset of metabolic syndrome as seen in humans.  

Specifically, while the obese human population does have elevated plasma leptin 

levels (McGregor et al, 1996), as is seen in the obese Zucker rat (Picó et al, 

2002), the majority of obese humans are not leptin receptor-deficient.  If the 

action of the CB1R antagonist SR141716 is modulated by leptin receptor 

signaling, our findings may less translatable to human conditions than originally 

thought.  

 A second limitation is the fixed preparation of soleus muscle incubated in 

vitro to determine the direct effect of the CB1R antagonist on glucose transport 

and cell signaling.  While all precautions were made to simulate the muscle’s 

physiological environment, the incubation conditions do not reflect those found in 

vivo.  Our data revealed this limitation with the different findings in basal glucose 

transport measurements.  Basal glucose transport was enhanced, in vitro, with 

CB1R antagonism, but not with in vivo treatments.  Regardless of this limitation, 
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the in vitro incubations were necessary to determine the direct effect of the CB1R 

antagonist on the soleus muscle in controlled conditions and with as few 

potentially confounding variables as possible, which would be virtually impossible 

to achieve in an in vivo model. 

 

FUTURE INVESTIGATIONS 

CB1R signaling in the skeletal muscle. 

 In the current study, we did not identify the molecular pathway through 

which the CB1R modulates glucose transport activity in mammalian skeletal 

muscle.  Previous studies in cell culture demonstrated compelling evidence that 

the insulin signaling cascade, particularly the PI-3K and Akt elements, is involved 

in the mechanism through which the CB1R system regulates glucose transport 

activity.  However, studies in cultured cell lines do not always translate to findings 

in whole tissue.  Future studies should focus on continuing to determine the 

signaling pathway through which the CB1R directly modulates glucose transport 

activity in skeletal muscle tissue.  The use of specific inhibitors or altering 

incubation time course may help to determine the CB1R signaling pathway 

associated with improved insulin action on the glucose transport system in 

skeletal muscle.  A fruitful line of investigation would focus on the impact of 

CB1R modulation on Ca++-dependent signaling pathways involved in regulation 

of glucose transport activation.  The CB1R has been identified as a modulator of 
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Ca++ oscillations in pancreatic islets (Juan-Picó et al, 2006; Nakata and Yada, 

2007) and at neuronal synapses (reviewed in Maejima et al, 2001), and it is 

possible that its effect on intracellular Ca++-dependent processes is the primary 

signaling mechanism for increased glucose transport activity in the skeletal 

muscle.  

Acute treatment alterations. 

Modifying the time course of acute SR141716 treatment before the OGTT 

may be used to tease out any effects not apparent in the present study, which 

was restricted to a 2-hr treatment period.  CB1R antagonism did have a direct 

effect on insulin-stimulated glucose transport activity in isolated skeletal muscle, 

an effect not seen with acute treatment.  This may be due to the possibility that 

SR141716 did not achieve at a high enough concentration in the blood after the 

acute treatment.  Measurement of the concentration of SR141716 in the plasma 

at various time points after an i.p. injection of SR141716 would help determine 

when the peak plasma concentration occurs.  Performing assays to evaluate 

glucose tolerance and skeletal muscle glucose transport at this time point could 

more definitely determine any acute in vivo effects due to a single dose of CB1R 

antagonist.  

Determine the role the CB1R plays in pancreatic insulin secretion. 

 One of the most intriguing findings in this study was the effect of acute and 

chronic CB1R antagonism on insulin secretion during an oral glucose tolerance 
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test.  The data to date have been conflicting as to the role the CB1R plays in 

insulin secretion.  It is clear that more studies are necessary to define how CB1R 

antagonism inhibits insulin secretion.  Moreover, it is critical to delineate how 

peripheral tissues, such as skeletal muscle, improve their sensitivity to insulin in 

the face of these CB1R-induced reductions in circulating insulin in order to 

maintain or enhance whole-body glucose tolerance. 
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