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Abstract 
 
The endocannabinoid (EC) system has a role in metabolic homeostasis. The purpose 

of this study was to determine the effect of ECs and the fatty acids they are derived 

from on lipid metabolism and mitochondrial function in adipocytes. 3T3-L1 

adipocytes on day 8 of differentiation were treated with ECs and fatty acids for 48 

hours in the absence or presence of insulin and various inhibitors. Lysates were 

analyzed via Western immunoblotting, a lipolysis assay and Seahorse XF Analyzer 

for changes in protein levels, phosphorylation state, lipolysis, and oxygen 

consumption rate. Results showed that ECs (2-arachidonoyl glycerol) stimulated 

lipolysis via a novel AMPK-dependent pathway, while fatty acids had varying effects 

on insulin signaling and mitochondrial function . These data suggest adipose tissue 

EC receptors may be a suitable target for anti-obesity therapy. Further research is 

needed to understand how the dietary fatty acid profile may influence synthesis of 

ECs. 
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Literature Review 
 

Introduction 
 

The endocannabinoid (EC) system, which consists of several fatty acid-

derived endogenous ligands operating through two G protein-coupled receptors, 

CB1 and CB2, has a role in metabolic homeostasis based on evidence that elevated 

EC levels promote weight gain by stimulating hunger [ref]. As a result, chronic 

blockade of the CB1 receptor leads to weight loss in humans and rats (Engeli et al. 

2005; Despres, 2007).  Thus, the EC system has been investigated as a target for 

anti-obesity drugs.  This research led to the development of the weight loss drug 

Rimonabant, but it was withdrawn due to neuro-psychiatric side effects (Krentz et 

al., 2016). The EC system is generally thought to influence body weight through the 

neuronal CB1 receptor, however, whether ECs can also affect metabolism through 

peripheral tissues such as adipose remains unclear, and if so whether the CB2 

receptor is also involved. Thus, the overall goal of this thesis was to investigate the 

effects of dietary fatty acids and ECs on lipid metabolism using 3T3-L1 adipocytes. 

Lipid metabolism was investigated in the context of lipolysis and relevant proteins, 

effects of insulin, and effects on energy metabolism with respect to mitochondrial 

respiration. 

 

Adipocytes and adipose tissue 
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 Adipose tissue in the body is composed of adipocytes, the cells that store 

lipids as triglycerides (TGs). Under conditions where there is excess energy intake, 

the extra calories are stored in adipose tissue as TGs through a process that involves 

an increase in adipocyte size (hypertrophy) (Wang et al., 2013). Adipose tissue is 

also an endocrine organ, with adipocytes producing molecules known as adipokines. 

As adipocyte size increases, the profile of adipokines becomes unbalanced, with 

adipocytes producing more pro-inflammatory adipokines, typified by adiponectin, 

and fewer anti-inflammatory adipokines, such as tumour necrosis factor-α (TNF-α). 

As well, the adipose tissue becomes insulin resistant.  These dysfunctional 

adipocytes account for the negative health consequences of obesity, including 

cardiovascular disease, diabetes, and liver disease (Saponaro et al., 2015).     

 

Fatty acid metabolism and adipocytes 
 

Fatty acid types 
 
 Fatty acids can be characterized by their chain length (short, medium and 

long), number of double bonds (saturated, monounsaturated, polyunsaturated) and 

location of the double bonds (n-3, n-6, n-9) from the methyl end.  The fatty acids of 

interest for this thesis with respect to the EC system were linoleic acid (LA, 

C18:2n6), and its elongation product arachidonic acid (AA, C20:4n6), and α-linolenic 

acid (ALA, C18:3n3), and its elongation product docosahexaenoic acid (DHA, 

C22:6n3).  

Synthesis and storage 
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 Fatty acids from both endogenous and exogenous sources are stored as TGs 

in adipocytes. TG synthesis occurs through esterification of fatty acids with glycerol. 

 

Fatty acids can be synthesized de novo in adipocytes via lipogenesis through the 

actions of fatty acid synthase, or exogenous fatty acids are taken up by adipocytes 

from the circulation, including fatty acids that were attached to albumin or fatty 

acids that were released from lipoprotein-derived TGs (e.g. chylomicrons, VLDL) by 

lipoprotein lipase. The TGs are stored in lipid droplets which are coated by lipid 

droplet proteins such as perilipin-1. 

Lipolysis 
 

Stored TGs are broken down into free fatty acids for energy production and 

release of free fatty acids into the circulation via the enzymes adipose triglyceride 

lipase (ATGL) and hormone sensitive lipase (HSL) (Bolsoni-Lopes and Alonso-Vale, 

2015). This process is referred to as lipolysis.  Figure 1 is a schematic of the 

signaling pathways involved in the regulation of ATGL and HSL in adipocytes. 

Stimulation of protein kinase A (PKA) leads to phosphorylation of perilipin-1, and 

subsequently leads to activation of ATGL and HSL (via phosphorylation of HSL on 

serine-563 (S563)). On the other hand, activation of AMPK leads to phosphorylation 

of HSL at S565, and this modification of HSL prevents the phosphorylation of HSL at 

S563, which in turn inhibits lipolysis.  

Inhibitors and activators used to investigate this pathway and its regulation 

include Isoproterenol, H89 and 5-Aminoimidazole-4-carboxamide ribonucleotide 

(AICAR). Isoproterenol is a β-adrenergic receptor agonist that stimulates lipolysis in 
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adipocytes and is used as a positive control in lipolysis assays. H89 is a PKA 

inhibitor that blocks the ATP binding site and thus interferes with the ability of PKA 

to phosphorylate its target substrates (Lochner and Moolman 2006). AICAR is an 

AMP analog that stimulates AMPK.  These inhibitors and activators were used in the 

present study to determine the effects of ECs on the lipolysis and role of potential 

regulatory pathways such as PKA and AMPK.  



 

5 
 

 
 
 
 
 
Figure 1: Schematic of normal lipolysis in adipocytes 
 
Stored TGs are broken down into free fatty acids for energy production and release 

of free fatty acids into the circulation. Stimulation of PKA (protein kinase A) leads to 

phosphorylation of perilipin-1, and subsequently leads to activation of ATGL 

(Adipocyte triglyceride lipase – via release of protein CGI-58) and HSL (Hormone 

sensitive lipase - via phosphorylation of HSL on serine-563 (S563)). On the other 

hand, activation of AMPK (5’ AMP-activated protein kinase) leads to 

phosphorylation of HSL at S565, and this modification of HSL prevents the 

phosphorylation of HSL at S563, which in turn inhibits lipolysis.  
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Fatty acid oxidation 
 
 In the mitochondria, fatty acids undergo β-oxidation yielding acetyl-CoA 

which enters the Kreb’s Cycle and produces reducing equivalents that undergo 

oxidative phosphorylation in the electron transport chain (Figure 2). Thus, 

mitochondrial function is important for energy production by fatty acids.  

Stored TGs are catabolized into free fatty acids and glycerol via lipolysis. The 

free fatty acids leave the cytosol and enter the mitochondria where they undergo -

oxidation, producing Acetyl CoA, which enters the TCA (Tricarboxylic acid) cycle. 

This process releases one unit of FADH and 2 units of NADH+ + H+. These reducing 

equivalents enter the ETC (Electron transport chain) to produce ATP (Adenosine 

triphosphate) via oxidative phosphorylation. The electrons are passed along the 

inner membrane of the mitochondria through various Complexes (Complex I-IV) 

that transport hydrogen ions across the membrane thus creating a proton gradient. 

The final step in the process involves the transfer of all protons back across the 

inner membrane via ATP synthase (Complex V) to produce ATP. Each round of -

oxidation involving 2 carbon units produces 5 ATP molecules. 

 In Complex I of the ETC, 2 electrons are removed from NADH and transferred 

to Coenzyme Q (CoQ), and 2 hydrogen ions are passed through the inner membrane 

into the inter membrane space.  In Complex II, succinate is used to generate 

fumarate, transferring 2 electrons to CoQ. Complex III transfers electrons to 

cytochrome c and 4 hydrogen ions are transferred across the inner membrane into 

the intermembrane space, contributing to the proton gradient. Complex IV accepts 4 

electrons from cytochrome c and generates H2O via the reduction of O2. Hydrogen 
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ions are released into the intermembrane space contributing to the proton gradient. 

Lastly, in Complex V, ATP synthase acts as an ion channel to provide a flux of 

protons back across the inner membrane into the matrix of the mitochondria. This 

converts ADP (Adenosine diphosphate) to ATP and H20 (Figure 2). 
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Figure 2: Schematic of fatty acid oxidation and the electron transport chain 

Stored triglycerides are catabolized into free fatty acids via lipolysis. The free fatty 

acids leave the cytosol and enter the mitochondria and undergo -oxidation. -

oxidation removes 2-carbon units each cycle, and these then enter the TCA 

(Tricarboxylic acid) cycle leading to the production of one unit of FADH and 2 units 

of NADH+ + H+. These reducing compounds enter the ETC (Electron transport chain) 

to produce ATP via oxidative phosphorylation. Electrons are passed along the inner 

membrane of the mitochondria through various Complexes (Complex I-IV) leading 

to the formation of a proton gradient. The final step in the process involves the 

transfer of all protons back across the inner membrane via ATP synthase (Complex 

V) to produce ATP. Each round of -oxidation produces 5 ATP units. 
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Regulation by insulin 
 
 When insulin is present, fatty acid synthesis and lipid storage is promoted, 

and lipolysis is inhibited. Insulin signals a cascade of reactions, which leads to the 

metabolism of glucose and lipids and other downstream effects. Once insulin binds 

to its receptor on the cell membrane, AKT (Protein kinase B) is phosphorylated at 

serine473 (S473), which leads to the phosphorylation of AS160 (Akt substrate 160 

kDa) at threonine642 (T642). These two steps in the insulin signaling cascade allow 

for the translocation of the GLUT4 vesicle to the cell membrane, which in turn 

allows for glucose uptake into the cell.  AKT is also phosphorylated at T308 and this 

occurs upstream of p70S6 kinase. Phosphorylation of p70S6 kinase at both T389 

and T421/S424 sites is mediated by mTOR (Williams et al. 2016). The 

phosphorylation of p70S6 kinase at T389 is necessary for kinase activity, while 

phosphorylation at T421/S424 is thought to be necessary for T389 phosphorylation 

(Moschella et al., 2007). Downstream effects of p70S6 kinase activation include cell 

growth/differentiation, protein synthesis and mitochondrial function (Figure 3).  

In the presence of insulin, glucose is used for energy via glycolysis or stored 

as glycogen. However, when glycogen stores are filled, glucose not needed for 

energy is diverted to fatty acid synthesis via transport of citrate to the cytosol; the 

citrate is converted back to Acetyl-CoA and used for synthesis of malonyl CoA (via 

acetyl CoA carboxylase), the substrate for fatty acid synthase. The fatty acids 

produced (i.e. palmitate) are stored as TGs in adipocytes. The presence of insulin 

promotes anabolic pathways (e.g. glycogenesis, lipogenesis and protein synthesis) 
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and inhibits catabolic pathways such as lipolysis via regulation of specific enzymes.  

For example, insulin stimulates acetyl CoA carboxylase and inhibits HSL. 

In the absence of insulin, the metabolic pathways switch to energy 

production. Stored TGs undergo hydrolysis to free fatty acids and glycerol and the 

fatty acids enter the TCA cycle via β-respiration. The first step in this process is the 

breakdown of the TG to a diglyceride (DG) via the proteins Perilipin-1 and ATGL; 

Specifically, phosphorylation of Perilipin-1 enables activation of ATGL (Figure 1). At 

this point, HSL becomes phosphorylated and the DG can be broken down into a 

monoglyceride (MG) and free fatty acids.   
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Figure 3: Schematic of insulin signaling 
 

Insulin signals a cascade of reactions, which lead to the metabolism of glucose and 

lipids and other downstream effects. Once insulin binds to its receptor on the cell 

membrane, AKT (Protein kinase B) is phosphorylated at S473, which leads to the 

phosphorylation of AS160 (Akt substrate 160 kDa) at T642. These two steps in the 

insulin signaling cascade allow for the translocation of the GLUT4 vesicle to the cell 

membrane, which in turn allows for glucose uptake into the cell. Glucose can enter 

the TCA cycle to produce energy; as well it can undergo lipogenesis and be stored as 

triglycerides.  AKT is also phosphorylated at T308 and this occurs upstream of 

p70S6 kinase. Phosphorylation of p70S6 kinase at both T389 and T421/S424 sites is 

mediated by mTOR. Downstream effects of p70S6 kinase phosphorylation include 

adipogenesis and an increase in PGC-1 which in turn may modulate mitochondrial 

function. Phosphorylation of AKT will also inhibit the activation of PKA, which 

blocks lipolysis.  
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Endocannabinoid system (ES) 
 

The ES is an endogenous signaling system that is found in both neuronal and 

peripheral tissues.  Activation of this system can occur via exogenous cannabinoids 

(e.g. delta 9-tetrahydrocannabinol (THC)) and endogenous cannabinoids (e.g. ECs).  

The two most studied ECs are 2-Arachidonoylglycerol (2-AG) and N-

Arachidonoylethanolamine (Anandamide, AEA).  These two ligands function as 

receptor agonists (a compound that can bind to a receptor and activate the receptor 

to produce a response). These two ECs are also AA metabolites that are synthesized 

by N-Acyl phosphatidylethanolamine-specific phospholipase D (NAPE-PLD) and 

Diacylglycerol lipase-alpha (DAGL-), respectively, and are degraded by fatty acid 

amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL)(Di Marzo 2006).  ECs 

can bind to two G-protein coupled receptors (GPCR), CB1 and CB2, which are 

receptors found in most tissues, although the CB2 receptors are predominantly 

associated with immune cells (Howlett 2002).  

CB1 and CB2 are GPCRs, which are a family of related membrane proteins 

also known as 7-transmembrane receptors (Kobilka, 2007). In general, GPCRs are 

responsible for many cellular responses, including those involving hormones, 

neurotransmitters or other sensory stimuli, that occur in response to specific 

ligands. When a ligand binds to a GPCR, it causes a conformational change in the 

receptor that activates the trimeric G protein that is bound to the receptor (Sato et 

al., 2016, Hodavance et al., 2016). This is done by exchanging GDP (Guanosine 5’-

diphosphate – the inactive state), which is bound to the -subunit of the complex, 

for GTP (guanosine triphosphate – the active state)(Zhang and Shi, 2016 ). At this 
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point, the presence of GTP activates the protein, and this allows the G protein 

subunits to dissociate. The separate Gα and Gβγ subunits can individually stimulate 

different signal transduction pathways in the cell, each associated with a distinct 

cellular response. However, the α-subunit contains an inherent GTPase activity, 

which leads to hydrolysis of GTP to GDP. This inactivates the G protein and stops 

signal transmission. 

In the case of CB1 and CB2, they predominantly associate with the Gi class of 

G proteins (Pertwee, 2006). Thus, when an endocannabinoid binds to these 

receptors, production of cAMP (cyclic adenoside monophosphate) is decreased 

through inhibition of adenylate cyclase, the enzyme that catalyzes conversion of 

ATP to cAMP. Interestingly, CB1 has also been reported to interact with the Gs class 

of G proteins, which function by stimulating adenylate cyclase to produce cAMP 

(Ianotti et al., 2016). Thus, it remains unclear which system might be activated by 

endocannabinoids in peripheral tissues.  

In addition to the natural endocannabinoid ligands, CB1 and CB2 may 

interact with antagonists intended to prevent activation of the receptor by its ligand. 

Rimanobant is one such compound. However, although these antagonists may block 

certain pathways, they may not affect others, which makes them partial antagonists. 

Alternatively, the antagonists may actually trigger certain pathways opposite to 

those of the ligand, and in this case they are termed inverse agonists. 

Mechanistically, partial antagonists either trigger or block a signal transduction 

pathway that is not mediated by a G protein. In contrast, inverse agonists prevent 

basal G protein activation (Rosenbaum et al., 2009; Pupo et al, 2016). The 
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compounds that were used in the experiments described in this thesis fall into 

various categories, and these will be indicated in the relevant Results section. It 

should be noted that they were employed on the basis that they function as 

antagonists, however, better understanding of how they work has made it possible 

to more accurately interpret the data that was obtained. 

 To differentiate the EC effects mediated by the CB1 and CB2 receptors, 

various cannabinoid receptor antagonists are used.  1-(2,4-Dichlorophenyl)-5-(4-

iodophenyl)-4-methyl-N-4-morpholinyl-1H-pyrazole-3-carboxamide (AM281) is a 

CB1 antagonist/inverse agonist, while 6-Iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-

1H-indol-3-yl](4-methoxyphenyl)methanone (AM630) is a CB2 inverse agonist. An 

antagonist is a ligand that can bind to a receptor to prevent the binding of the 

receptor’s natural ligand, thereby blocking or inhibiting its effects. An inverse 

agonist is described as a ligand that binds to the same receptor as its natural ligand 

but induces effects that are opposite to those produced by the natural ligand.  The 

majority of studies investigating the EC system and CB1 and CB2 receptor mediated 

signaling are done in the context of neuronal activity, and as such, not much is 

known in regards to downstream signaling molecules in peripheral tissue. Di Marzo 

(2008) has stated that the EC metabolites can be converted to eicosanoids which are 

also important signaling molecules.  

  

ES and obesity-related disease 
 
 Activation of the ES has been implicated in many physiological functions, 

including appetite and pain regulation, addiction, and obesity and its metabolic 
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complications.  Chronic stimulation of the ES leads to increased lipogenesis in 

adipose tissue, increased fatty acid synthesis in the liver, as well as reduced glucose 

uptake in muscle and dysregulated insulin release by the pancreas (Di Marzo et al. 

2011).  The peripheral ES is upregulated in human obesity (Engeli et al. 2005).   

 In liver tissue, it has been reported that stimulation of CB1 and CB2 lead to 

increased accumulation of lipids, as well as increased prevalence of hepatic steatosis 

and inflammation.  De Gottardi et al. (2010) showed an increase in lipid content in 

HepG2 human liver carcinoma cells as well as immortalized human hepatocytes 

when treated with CB1 and CB2 agonists in the presence of oleic acid.  Bartelt et al. 

(2011) found that, following a high fat diet, ApoE knockout mice had an increase in 

EC levels in the liver and adipose tissue.  Bell-Anderson et al. (2011) reported that 

treatment with a CB1 antagonist/inverse agonist (SR141716) led to a decrease in 

markers of hepatosteatosis in foz/foz mice, a model of obesity, insulin resistance 

and liver steatosis.  The authors also reported that treatment with the agonist 

reversed steatosis in the same mice and reduced levels of circulating insulin.  

Similarly, Deveaux et al. (2009) showed that CB2 knockout mice on a high fat diet 

had lower levels of hepatic steatosis and liver TGs than wild-type mice.  These CB2-/- 

mice fed a high fat diet also had lower homeostatic model assessment-insulin 

resistance (HOMA-IR) scores, slower progression in body weight gain, and reduced 

levels of circulating leptin.   

 In adipose tissue, there is a similar trend for improvements in adipose 

function.  Murumalla et al. (2011) reported that treatment with a CB1 inverse 

agonist (SR 141716) decreased secretion of interleukin-6 (IL-6) and TNF in 
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lipopolysaccharide (LPS)-treated human adipocytes.  SR141716 also returned levels 

of adiponectin secretion to normal after treatment with LPS.  Similarly, Nam et al. 

(2012) reported that SR141716 treatment of leptin deficient db/db mice led to a 

decrease in liver cholesterol and TG levels, decreased plasma insulin and increased 

adiponectin.  As well, SR141716 treatment led to decreased hepatic steatosis and 

changes in adipocyte differentiation resulting in smaller adipocytes.   

 In humans with obesity, there is an association between increased ES activity 

and increased body weight.  Plasma levels of 2-AG have been positively correlated 

with body mass index, waist circumference and intra-abdominal adiposity, and 

negatively correlated with adiponectin and high density lipoprotein (HDL)-

cholesterol (Cote et al., 2007; Di Marzo et al., 2009).  In addition, it has been 

reported that treatment with Rimonabant (SR141716) for 1 year led to a significant 

decrease in body weight, waist circumference and plasma TGs, and an increase in 

plasma HDL-cholesterol in obese males (Pi-Sunyer et al., 2006).  However, due to 

the negative effects of Rimonabant on the central nervous system, it was never 

approved as an anti-obesity drug in North America and it was withdrawn from the 

European market in 2009.  Nevertheless, there has been interest in whether the 

peripheral effects of ECs could be targeted and how dietary fatty acids may affect 

levels of ECs and their actions. 

 

Dietary fatty acids and the ES 
 

Dietary n-3 polyunsaturated fatty acids (PUFAs) are known to have anti-

inflammatory effects and are associated with increased insulin sensitivity.  They also 
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seem to have a beneficial effect on the ES.  It has been reported that DHA treatment 

in rats and mice leads to lower levels of 2-AG in the brain (Watanabe et al., 2003; Di 

Marzo et al., 2010).  A fish oil-based diet led to a decrease in levels of 2-AG and AEA 

in the liver of rats, with no effect in the brain (Artmann et al. 2008).  They also found 

that an AA-based diet led to increased levels of the ECs in the jejunum, and no 

changes in the liver.  Batetta et al. (2009) reported that feeding a krill oil-based diet 

(high in DHA and eicosapentaenoic acid (EPA)) to Zucker rats leads to a lower 

concentration of the ECs in visceral adipose tissue, and a lower concentration of AEA 

in the liver and heart.   

Matias et al. (2008) treated 3T3-F442A adipocytes with various fatty acids at 

a concentration of 100 µM for 72 hours.  They found that treatment with AA 

increased levels of 2-AG, and that treatment with DHA reduced levels of 2-AG and 

AEA. In contrast, they found no effect of ALA treatment on the ES in terms of EC 

levels.  They did find that ALA treatment reduced levels of phospholipid AA in 

adipocytes, although this did not affect levels of AA-derived ECs.  However, other 

evidence suggests that changes in levels of ECs are due to phospholipid remodeling 

since replacing AA in the phospholipid membrane with DHA leads to a decrease in 

EC production.  Lastly, it was reported by Banni et al. (2011) that treatment with 

krill oil reduced levels of plasma 2-AG in obese subjects.  Thus, research conducted 

to date strongly suggests that DHA has a positive impact on the ES, however, there is 

no information available on ALA and its effects on the ES.   
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ES and insulin signaling 
 

In 2008, Motaghedi and McGraw (2008) reported that activation of the CB1 

receptor in adipocytes led to an increase in markers of insulin sensitivity, while 

blocking the receptor did not.  The authors treated 3T3-L1 adipocytes with 

SR141716, a CB1 inverse agonist, or 2-AG for 48 hours and measured GLUT4 

translocation to the plasma membrane as well as phosphorylation of AKT at S473.  

They reported that stimulation of the CB1 receptor in the presence of insulin led to 

an increase in GLUT4 translocation and AKT phosphorylation.  Treatment with 

SR141716 produced the opposite results, suggesting that activation of the CB1 

receptor has a sensitizing effect on the insulin response.  Interestingly, this finding 

has never been reproduced and further examination of the mechanism of action 

remains incomplete. 

 

The mitochondrion in adipocytes 
 
 The mitochondria plays in important role in adipocytes; as mentioned above, 

they are responsible for energy production from stored TGs via β-respiration. 

Energy (ATP) is produced via oxidative phosphorylation in the ETC, and the process 

requires five different Complexes (Complex I-V) (Liu et al., 2002). Each of Complex I-

IV contributes to the series of proton transfer across the inner mitochondrial 

membrane. Complex I generates a proton gradient, while Complex II runs in parallel, 

accepting electrons but not producing a proton gradient. Complexes III and IV 

contribute to the proton gradient through electron acceptance and release. Complex 

V is the final step of the process that generates ATP; oxygen is consumed when H+ is 
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converted to H2O, thus generating an oxygen consumption rate (OCR) that can be 

measured and used to reference the process. 

 Changes in mitochondrial activity can affect the function of both adipose 

tissue and adipocytes. Huang et al. (2013) published that dysfunction of the 

mitochondria plays a role in insulin resistance. They also reported that 

mitochondrial biogenesis is modulated by peroxisome proliferator-activated 

receptor gamma coactivator-1 alpha (PGC-1α) and PGC-1β, which are downstream 

of AMPK. An increase in these transcriptional co-activators can lead to an increase in 

the transcription factor nuclear respiratory factor 1 (NRF1) and an overall increase 

in mitochondrial biogenesis, including an increase in transcription and replication of 

mitochondrial DNA. Lin et al. (2005) have reported that stimulation of both PGC-1α 

and PGC-1β leads to an increase in β-oxidation and oxidative phosphorylation as 

well as stimulation of mitochondrial biogenesis and induction of genes involved in 

mitochondrial DNA translation. With respect to adipocytes, good mitochondrial 

function is needed for appropriate adipokine (adipose specific cytokines) secretion 

by adipose tissue, and that mitochondrial dysfunction leads to a decrease in 

circulating adiponectin (Jeon et al. 2012). Wilson-Fritch et al. (2013) have reported 

that adipogenesis in 3T3-L1 cells occurs along with mitochondrial biogenesis. SIRT1 

(a member of the sirtuin family), which deacetylates and activates PGC-1α (Gao et 

al., 2010), has been shown to regulate proliferation in pre-adipocytes, while an 

absence of SIRT1 led to general adipocyte dysfunction (Abdesselem et al., 2016).  

Thus, mitochondrion function and biogenesis are important for metabolism and 

various functions of adipocytes. 



 

22 
 

 

Cannabinoid receptors and mitochondrial function 
 
 Two publications by Tedesco et al. (2008, 2010) investigated the 

involvement of the CB1 receptor in relation to mitochondrial biogenesis in 

adipocytes.  In the first study, murine white adipocytes and white adipose tissue 

were treated with a CB1 inverse agonist (SR141716) for up to 48 hours.  The 

authors reported that treatment with the compound led to an increase in markers of 

mitochondrial biogenesis via an AMPK-activated endothelial nitric oxide synthase 

(eNOS)-dependent pathway.  The markers of mitochondrial biogenesis included 

PGC-1α, NRF1, transcription factor A mitochondrial (Tfam), cytochrome c oxidase 

IV, and cytochrome c.  In addition to increased expression of all these markers, the 

authors also reported an increase in the amount of mitochondrial DNA.   

 In the second study performed by the same authors (Tedesco et al. 2010), 

cultured murine and human white adipocytes were treated with a CB1 agonist 

(arachidonyl-2-chloroethanolamide (ACEA)) for up to 48 hours, and they found that 

the same markers of mitochondrial biogenesis decreased as a result of the 

treatment.  The authors reported that activation of p38 MAPK by this treatment was 

responsible for a decrease in the phosphorylation of AMPK and eNOS.  

 Chen et al. (2010), Gao et al. (2010, 2011) and Ji et al. (2001) all looked at 

adipocytes and mitochondrial function, using several different stressors.  In their 

first publication, Gao et al. (2010) treated 3T3-L1 cells with a mixture of several 

fatty acids at a high concentration (1 mM) and reported a decrease in markers of 

mitochondrial function and biogenesis, including NRF1, SIRT1, PGC-1 and PGC-1.  
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The fatty acids used in this study were a combination of oleic acid, LA, AA, myristic 

acid and lauric acid.  The fatty acid treatments had a detrimental effect on the 

function of the mitochondria in adipocytes, however, the fatty acid concentrations 

were very high and lower concentrations need to be investigated.   

 The only other publication looking at mitochondrial function and the CB1 

receptor was by Athanasiou et al. (2007).  These authors found that treatment of 

H460 human lung carcinoma cells with a CB1 agonist (AEA, THC) led to a 

detrimental change in mitochondrial morphology as well as a decrease in 

membrane potential and oxygen consumption.  This suggests that, as was seen in 

the Tedesco publications, stimulation of the CB1 receptor leads to a decrease in 

mitochondrial function. 
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Rationale 
 

Information regarding the effect of endocannabinoids on adipocytes is 

extremely limited. To date, only one report has been published. The work by 

Motaghedi and McGraw (2008) showed that ECs enhanced the ability of insulin to 

stimulate glucose uptake. Specifically, the translocation of Glut4 to the plasma 

membrane was elevated when 3T3-L1 adipocytes were treated with 2-AG prior to 

stimulation with insulin. These data suggest ECs make the cells more sensitive to the 

actions of insulin. Consequently, it would be expected that EC treatment will 

promote the actions of insulin on other key functions of adipocytes, including lipid 

metabolism. As such, the expected benefits of CB1 and/or CB2 antagonists on 

preventing weight gain (via their CNS effects) may be blunted by the development of 

insulin resistance, which could negate the central actions of CB1 and/or CB2 

antagonists on TG mobilization at the level of the adipocyte. 

It is well established that higher levels of circulating FFA have direct effects 

on adipocyte function, primarily through their ability to suppress the cellular 

response to insulin. This insulin resistance becomes even greater as adipocytes 

enlarge due to greater storage of TGs. At the same time, it has been shown that 

insulin resistance impairs mitochondrial function, as indicated by lower oxygen 

consumption and uncoupled respiration (Schottl and Klingenspor 2013). However, 

do fatty acids cause mitochondrial dysfunction prior before they enlarge? Also, do 

different fatty acids affect mitochondria to the same degree? Finally, is the effect of 

fatty acids direct, or is it due to their conversion to ECs? With respect to the latter 

possibility, there is very limited information to link measures of mitochondrial 
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function to activation or blockade of the CB1 receptor in adipocytes. Since there 

have not been any follow-up studies investigating the results of Tedesco et al. (2008, 

2010) and current research into mitochondrial function in adipocytes is not 

investigating the CB1 receptor, there are several lines of research that should be 

examined in the context of fatty acids and ECs. 

 

Hypotheses 

1. ECs enhance insulin signaling and its effects on adipocyte metabolism 
as indicated by stimulation of lipogenesis and TG storage in lipid 
droplets, and inhibition of lipolysis and enzymes such as ATGL and HSL. 

2. Polyunsaturated fatty acids can interfere with insulin signaling and 
increase mitochondrial respiration directly or through conversion to 
ECs. 
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Objectives 
 

1.  To determine the effects of ALA and 2-AG on insulin signaling proteins 

(e.g. activation of AKT, AS160 and p70S6 kinase) in the absence and 

presence of insulin in 3T3-L1 adipocytes. 

2.  To determine if treatment with ALA will similarly benefit insulin signaling 

in 3T3-L1 adipocytes as seen when cells are exposed to DHA. 

3.  To determine the effects of 2-AG on lipolysis and proteins associated with 

lipolysis. 

4.  To determine the effects of ALA on mitochondrial function (mitochondrial 

respiration, and markers such as Complex I-V proteins, SIRT1, NRF1, 

PGC-1 and PGC-1) in 3T3-L1 adipocytes.   

5. To determine if any changes in proteins association with lipolysis or  

mitochondrial function are a result of agonism or antagonism of the CB1 

or CB2 receptor in 3T3-LI adipocytes. 
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Methods 

 

Cell culture 
 

The 3T3-L1 embryonic murine fibroblast cell line (American Type Cell 

Culture (ATCC) CL-173) was used for all experiments. Cells were seeded at 3 ×103 

cells/cm2  and grown in Dulbecco’s modified eagle’s medium (DMEM: Gibco 12800-

082) with 10% calf serum (Gibco 16170-078) as well as 20 mM HEPES (MP 

Biomedicals 101926), sodium bicarbonate (Sigma S5761-500 g),100 units/mLl 

penicillin and 100 ug/mL streptomycin (PenStrep: Gibco 15140-122). Cells were 

grown and maintained in a 5% CO2 incubator and media was replaced every 48 

hours. Cells were grown until confluent, and two days post-confluency a mixture of 

172 μM insulin (Humulin R, Lilly HI0210), 0.25 μM dexamethasone (Sigma D2915) 

and 0.5 mM 3-isobutyl-1-methylxanthine (Sigma I5879) was added to stimulate 

differentiation. This was considered day 0. At day 2, 10 μg/mL insulin only was 

added to fresh DMEM with FBS (Gibco 12483-020), and nothing else was added to 

the media after this point. Media was refreshed every 2 days, with no insulin added. 

Cells were treated on day 8 of differentiation when they are functionally mature.  

 

Cell treatments  
 

All cell treatments were 48 hours in length, and performed on 3T3-L1 

adipocytes that were differentiated for 8 days (mature adipocytes).  Each cell 

treatment was performed in replicates of 3 or 6 (3 or 6 wells/treatment). For 

experiments involving ECs and cannabinoids, the following compounds were used: 
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2-AG, AEA, HU210, AM281, AM630, insulin and isoproterenol (See Table 1 for 

concentrations and other details). The dose of ECs used in the experiments are 

based on pilot studies which tested a dose range. For experiments involving fatty 

acids, the following were used: ALA, DHA, AA, LA and palmitic acid (PA) (all at 60 

μM; see Table 1 for other details). The fatty acid concentration used for all studies is 

based on prior work done in the lab showing 60 µM is optimal with 3T3-L1 

adipocytes. When treating cells with fatty acids, the purpose was to look at the 

effects of fatty acids on mitochondrial respiration and not the effects on fatty acid 

oxidation. The objective was to investigate how treatments changed cells in a way 

that changes respiration.  

When treatment involved the addition of insulin, the hormone was added for 

30 minutes at the end of the 48 hour treatment to challenge the cells and to 

investigate any changes in the cellular response to insulin. At the point insulin was 

added for treatment, the cells had not been exposed to insulin for 6 days. Cells that 

were completed differentiated (day 8) were treated with fatty acids, 

endocannabinoids or inhibitors were for 48 hours (2 days)and collected on day 10. 
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Table 1: List of chemicals  
 
 

Chemical Functions Working  
Concentration 

Vehicle Company Catalog # 

AEA Endocannabinoid 1, 2.5, 5 μM EtOH Tocris 1339 

AM281 CB1 Antagonist/Inverse 
agonist 

0.1, 0.2, 0.4 μM DMSO Tocris 1115 

AM630 CB2 Inverse agonist  DMSO Tocris 1120 

HU210 CB1 Agonist 0.005, 0.001, 
0.002 μM 

EtOH Tocris 0966 

Insulin (Humulin R) Anabolic Hormone 10 nM dd H2O Lilly HI0210 

Isoproterenol 
Hydrochloride 

β-adrenoceptor Agonist 10 μM dd H2O Tocris 1747 

SC26196 Δ6 Desaturase Inhibitor 1 μM DMSO Tocris 4189 

2-AG Endocannabinoid 1.32, 3, 6, 10, 
13.2 nM 

EtOH Tocris 1298 

Arachidonic Acid 
(AA) 

Fatty Acid 60 μM EtOH Cayman 90010 

α-Linolenic Acid 
(ALA) 

Fatty Acid 60 μM EtOH Cayman 90210 

Docosahexaenoic 
acid (DHA) 

Fatty Acid 60 μM EtOH Cayman 90310 

Linoleic Acid (LA) Fatty Acid 60 μM EtOH Cayman 90150 

Palmitic Acid (PA) Fatty Acid 60 μM EtOH Sigma P-5585 
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Lipolysis assay 
 
 The lipolysis assay (BioVision kit K577-100) measures the glycerol content 

of the 3T3-L1 cell culture media. In lipolysis, TGs stored by adipocytes are broken 

down into free fatty acids and glycerol to be released into the bloodstream. 

Isoproterenol is used as a control because it stimulates lipolysis via β-adrenergic 

receptor stimulation. Media was collected after cell treatment (48 hours) and stored 

at -80°C for use in the assay. Cells that were being treated with isoproterenol had 

their media aspirated and were washed with a lipolysis wash buffer (manufacturer’s 

proprietary composition), and incubated in a lipolysis assay buffer (manufacturer’s 

proprietary composition). The wash buffer was used to remove all traces of 

interfering compounds (FBS and Phenol Red) from the plate well. The lipolysis 

assay buffer is Phenol Red-free and maintains cell viability during treatment. The 

isoproterenol was added to this lipolysis assay buffer and incubated for 3 hours at 

37°C. At the end of the three hours, the assay buffer was collected, along with the 

media from the other treatments and frozen. The cells in the plates were lysed 

(described below) for further analysis.  

 Media was loaded into a 96-well plate in triplicate. Media samples were at a 

1:5 dilution (with glycerol assay buffer (manufacturer’s proprietary composition)) 

and assay buffer samples were at a 1:2 dilution. There was a media control to 

account for the Phenol Red in the 10% FBS-DMEM and an isoproterenol control. 

Glycerol standards were 0, 2, 4, 6, 8 and 10 nmol/well. Each well had its volume 

adjusted to 50 μL with the glycerol assay buffer. Lastly, 50 μL of a reaction mix 

(glycerol assay buffer, glycerol probe, glycerol enzyme mix) was added to each well, 
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for a total volume of 100 μL per well, and the plate was left to incubate at room 

temperature for 30 minutes protected from the light.  

In the assay, the glycerol first reacts with the enzyme mix to phosphorylate 

and oxidize the glycerol, producing hydrogen peroxide. This compound reacts with 

the developer and probe to form a coloured product that can be measured by 

absorbance at 570 nm. The intensity of the colour is proportional to the amount of 

glycerol in the sample.  

 

Sample (containing glycerol) >> Enzyme Mix >> Intermediate (Hydrogen Peroxide) 

>> Developer & Probe >> Coloured product 

 

 The plate was read at 570 nm in a FLU0star Omega microplate reader (BMG, 

LABTECH, Thermo Fisher Scientific, Offenburg, Germany) and a standard curve was 

calculated using the average blank corrected optical density for the standards. 

Samples were appropriately normalized using glycerol assay buffer, complete media 

and total protein content per well to calculate the amount of glycerol released from 

the cells. A coefficient of variation  5% was used. 

 

Lysing cells 
 

All cell experiments were terminated after 48 hours. Media was removed by 

aspiration and cells were washed twice with 1×PBS (136.9 mM NaCl, 2.68 mM KCl, 

10.14 mM Na2HPO4, 1.76 mM KH2PO4, pH 7.4). After cells were washed, 2×Sample 

Buffer (0.5 M Tris-HCl pH 6.8, 10% sodium dodecyl sulfate (SDS), 10% glycerol) was 
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added to each well for 5 minutes to lyse the cells. Cells were collected, sonicated and 

stored at -80°C for analysis.  

 

Protein assay 
 

The Bicinchoninic acid (BCA) protein assay (Thermo Scientific 23223 & 

23224) was used to determine the protein concentration of cell lysates. Equal 

volumes of bovine serum albumin (BSA) standards (Thermo Scientific 

PL212307)(0-2.0 mg/mL) and samples (undiluted) were loaded in triplicate into 

the wells of a 96-well plate. One part Reagent B was mixed with 50 parts Reagent A, 

and 200 μL of that mixture was added to each well. Once the plate was gently mixed, 

it was incubated for 30 minutes in an incubator at 37oC before reading the 

absorbance at 550 nm in the FLU0star Omega microplate reader. The mean of each 

sample (run in triplicate) was calculated, and samples with a coefficient of variation 

greater than 10% were re-assayed. The data were plotted on a standard curve, for 

which the correlation was always greater than 0.95. Mean values for each sample 

were calculated and used to calculate the volume of treated cell sample needed to 

load 10 μg of protein into SDS-PAGE.  

 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
 

Polyacrylamide gel electrophoresis is a process by which an electric field is 

used to separate proteins based on molecular weight using a polyacrylamide gel. A 

7.5% or 10% separating gel was used for all experiments (the lower percentage gel 
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was used for higher molecular weight proteins). The separating gels were poured 

into glass plates separated with a 1.0 mm spacer and allowed to polymerize for 1 

hour. Next, a 5% stacking gel was poured on top of the separating gel and left to 

polymerize for 5-15 minutes around a comb that formed the sample wells (15 wells 

for small gels, 60 wells for large gels). For all experiments, 10 μg of protein was 

loaded for each sample, and samples were run in triplicate. A 50% Bromophenol 

Blue (Fisher Scientific B-392) and β-mercaptoethanol (Calbiochem 444203) 

solution was added to samples at 10% of the sample volume. The samples were 

subsequently boiled in a water bath for 5 minutes, then loaded into the sample 

wells. A molecular weight marker (GeneDirex BLUeye Prestained Protein Ladder 

PM007-0500) was used for reference. The gels were run at 20 (small gel) or 80 mA 

(large gel) for about 1 hour.  

Proteins were then transferred from the gel to a polyvinylidene difluoride 

(PVDF) membrane (Roche 03010040001). The glass plates that contained the 

separating and stacking gel were separated and the stacking gel was discarded. The 

separating gel was removed from the glass plates via blotting paper. The PVDF 

membrane, after soaking in methanol, was placed on top of the gel, and another 

piece of blotting paper was laid on top. At this point, the gel, membrane and blotting 

papers were placed in-between two fibrous pads and then into a plastic transfer 

cassette to keep everything in place. Proteins were transferred from the gel to the 

membrane in transfer buffer at 100 V for 45-60 minutes. Membranes were stored at 

4°C for Western immunoblotting.  
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Reagents used: 

ddH2O 

H20- saturated butanol (Fisher A383-1) 

SDS-PAGE buffer (0.125M Tris (Roche 11814273001), 0.96 M glycine (Fisher BP 

381-5), 0.5% SDS (Sigma L3771)) 

β-Mercaptoethanol (5% volume/volume) 

10% Bromophenol blue 

Transfer buffer (20% methanol, 0.25 mM Tris, 130 mM glycine) 

Methanol (Fisher Scientific A412-4) 

Separating gel (20% Acrylamide (Fisher BP1410), 10% Ammonia persulfate (Fisher 

BP 179-100), 1.5 M Tris-HCl pH 8.8, TEMED (Calbiochem 8920)) 

Stacking gel (20% Acrylamide, 10% Ammonia persulfate, 0.5 M Tris-HCl pH 6.8, 

TEMED) 

 

Western immunoblotting 
 

Western immunoblotting is used to detect specific proteins on the PVDF 

membrane.  See Tables 2-4 for a list of all antibodies. The membranes were blocked 

for 1 hour in 3% BSA-TBST at room temperature, then incubated with primary 

antibody (diluted in 3% BSA-TBST) for 1 hour at room temperature or overnight at 

4°C, depending on the characteristics of the antibody. After removing the antibody, 

the membrane was washed 4 times with 1×TBST with 5 minutes for each wash. 

Next, secondary antibody (diluted in 1% BSA-TBST) was added to the membrane, 

followed by incubation at room temperature for 1 hour. The membrane was again 
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washed after the secondary antibody was removed, with 5 washes of 5 minutes. 

Lastly, the membrane was dipped in ECL reagent (Millipore Luminata Crescendo 

Western HRP Substrate WBLUR0500) for 1-2 minutes. The secondary antibody is 

conjugated to an enzyme, horseradish peroxidase (HRP) that results in the 

production of a chemiluminescent signal, which is used to quantify the amount of 

protein. The signal was captured using a Gel Doc imaging system. Alphaview 

software was used to quantify band intensity. Relative protein levels for each 

sample were calculated as the ratio of raw signal strength for the protein of 

interest/raw signal strength for the loading control. β-tubulin was used as a loading 

control for all experiments to detect changes in protein levels. To identify changes in 

phosphorylation state, the phosphorylated protein was compared to the non-

phosphorylated protein. 

 

Reagents used: 

1% BSA-TBST (BSA (Roche 10735078001), 5×TBST (1 M Tris-HCl pH 7.4, 5 M NaCl 

(Fisher BP358-10))) 

3% BSA-TBST (BSA, 5×TBST) 

1×TBST  

ECL reagent
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Table 2: List of antibodies for insulin signaling proteins 
 
 

Antibody Secondary Application Dilution Size (kDa) Catalog # Company Function 

AS160 Rabbit WB 1:1000 160 2670 Cell 
Signaling 

Protein 
Kinase 

p-AS160 
T642 

Rabbit WB 1:1000 160 8881 Cell 
Signaling 

Protein 
Kinase 

AKT Rabbit WB 1:1000 60 9272 Cell 
Signaling 

Protein 
Kinase 

p-AKT  
S473 

Rabbit WB 1:1000 60 9271 Cell 
Signaling 

Protein 
kinase 

p70S6 
kinase 

Rabbit WB 1:1000 70/85 9202 Cell 
Signaling 

Protein 
Kinase 

p-p70S6 
kinase 

T421/S424 

Rabbit WB 1:1000 70/85 9204 Cell 
Signaling 

Protein 
Kinase 

p-p70S6 
kinase T389 

Rabbit WB 1:1000 70/85 9205 Cell 
Signaling 

Protein 
Kinase 

Tubulin β Rabbit WB 1:1000 55 2146 Cell 
Signaling 

Loading 
Control 
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Table 3: List of antibodies for lipid metabolism proteins 
 
 

Antibody Secondary Application Dilution Size (kDa) Catalog # Company Function 

ATGL Rabbit WB 1:1000 54 2138 Cell Signaling Lipolytic 
Enzyme 

CREB Rabbit WB 1:1000 43 9197 Cell Signaling Transcription 
Factor 

p-CREB Rabbit WB 1:1000 43 9191 Cell Signaling Transcription 
Factor 

HSL Rabbit WB 1:1000 80/83 4107 Cell Signaling Lipolytic 
Enzyme 

p-HSL (S565) Rabbit WB 1:1000 80/83 4137 Cell Signaling Lipolytic 
Enzyme 

p-HSL (S563) Rabbit WB 1:1000 80/83 4139 Cell Signaling Lipolytic 
Enzyme 

Perilipin-1 Rabbit WB 1:1000 62 3467 Cell Signaling Lipid 
Droplet-

associated 
Protein 

Tubulin β Rabbit WB 1:1000 55 2146 Cell Signaling Loading 
Control 
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Table 4: List of antibodies for mitochondrial function proteins 
 
 

Antibody 
 

Secondary Application Dilution Size (kDa) Catalog # Company Function 

NRF1 Rabbit WB 1:1000 67 ab34682 Abcam Transcription 
Factor 

PGC-1α Rabbit WB 1:1000 91 ab61249 Abcam Transcriptional 
Co-activator 

PGC-1β Rabbit WB 1:1000 113 2178 Cell 
Signaling 

Transcriptional 
Co-activator 

SIRT1 Mouse WB 1:1000 120 8469 Cell 
Signaling 

Protein 
Deacetylase 

Tubulin β Rabbit WB 1:1000 55 2146 Cell 
Signaling 

Loading 
Control 
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Regenerating polyvinylidene difluoride membranes 
 
 PVDF membranes were stripped between antibodies to allow for reuse of the 

membrane for analysis with other antibodies. Small membranes were covered with 

25 mL of stripping buffer and 200 μL of β-mercaptoethanol, while large membranes 

were treated with 50 mL and 400 μL, respectively. The membranes were placed on 

an orbital shaker overnight, and were washed in 1×TBST the following morning 

with 5 minutes per wash until no odour of β-mercaptoethanol could be detected. 

Containers were cleaned with a 10% bleach solution. 

 

Reagents Used:  

Stripping buffer (10% SDS, 0.5 M Tris HCl pH 6.8) 

1×TBST  

β-Mercaptoethanol 

10% bleach 

 

Seahorse and mitochondrial analysis 
 

The Seahorse XFe 24 Analyzer (Seahorse Bioscience) can be used to measure 

mitochondrial respiration and glycolysis in cultured and primary cells. 

Mitochondrial respiration is measured via OCR and glycolysis is measured via the 

extracellular acidification rate (ECAR). The XF analyzer allows for up to four 

compounds to be injected during the assay allowing for real-time measurements of 

cellular bioenergetics. This is accomplished by probes that are lowered into each 
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well during the assay that measure changes in the extracellular media that occur 

when the cells react to the treatment compounds.  

In the present experiments, OCR was measured. Four different sets of 

measurements were taken for this assay. The first measurement was basal 

respiration rate, and this was measured at three time points. Next, oligomycin was 

injected into the media to inhibit ATP synthesis. Oligomycin inhibits ATP synthase, 

thereby blocking ATP synthesis by Complex V of the ETC.  This inhibition stops 

electron flow. This step can determine the difference in oxygen consumption 

between ATP synthesis and the proton leak. Three sets of measurements were taken 

at this stage.  

The third step in the assay was addition of Carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone (FCCP) which is an ionophore and an 

uncoupling agent that transports the hydrogen ions across the mitochondrial 

membrane causing the gradient to collapse. This step can be used to determine the 

maximum oxygen consumption and spare respiratory capacity of the cells. Two 

measurements were taken at this point.  

The last step in the assay was the addition of rotenone and antimycin–A. 

Antimycin-A inhibits the respiration of ubiquinol by binding to cytochrome c 

reductase which leads to the elimination of a proton gradient. This will stop ATP 

production. Rotenone inhibits the transfer of electrons to ubiquinone in Complex I. 

This leads to a buildup of electrons in the intermembrane space and inhibition of 

mitochondrial respiration. This step can be used to determine the level of non-

mitochondrial respiration in cells. Two measurements were taken at this point.  
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Cell preparation 

  
The 3T3-L1 cells were grown and treated in a Seahorse XF plate following 

the same protocol already discussed. The Seahorse XF plate is a 24-well plate 

specially designed for the XF analyzer.  

Cell treatments 
 

Cells treatments followed the same protocol already discussed. Treatments 

were performed in replicates of 5. The following compounds were used: ALA, DHA, 

AA, SC26196 (1 µM). Fatty acids were added at 60 µM.  

Optimization for 3T3-L1 adipocytes 
 
 The XF analyzer needed to be optimized for the 3T3-L1 adipocytes in two 

ways: cell seeding volume and FCCP concentration. Optimization of cell seeding 

volume was needed because there was no literature available to provide guidance 

regarding this detail. FCCP concentration optimization was needed to identify 

maximum respiration in untreated cells.  

 Cell seeding volume was optimized first. Cells were seeded into an XF 24-well 

plate at 5 different concentrations: 4.5 ×103 cells/cm2, 4 ×103 cells/cm2, 3 ×103 

cells/cm2, 2 ×103 cells/cm2 and 1.5 ×103 cells/cm2. FCCP was used at 1 µM for this 

assay; it is the standard concentration of FCCP used. After running the assay, it was 

decided to use 3 ×103 cells/cm2 as the seeding volume for the 3T3-L1 cells. This is 

the same seeding concentration used when seeding plates for the other analyses. 

 FCCP concentration was optimized next. An assay was run using five 

different concentrations of FCCP: 0.5, 0.75, 1.0, 2.0 and 5.0 µM. This was the normal 

range to run for an FCCP optimization. The adipocytes showed an increase in 
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maximum respiration for each increased concentration, so a second optimization 

was performed in which the FCCP treatment was: 1.0, 2.0, 5.0, 10.0 and 20.0 µM. The 

adipocytes showed a peak maximum respiration at 5.0 µM FCCP followed by a 

plateau. Thus, 5.0 µM was chosen as the concentration to use.  

Assay procedure 
 
 Cells were grown and treated as previously discussed. The day before 

running the assay, the XF sensor cartridge was incubated overnight in the XF 

Calibrant solution in a CO2-free incubator at 37°C. The XF analyzer and software 

were running the night before. On the day of the assay, the cell treatment plate was 

removed from the incubator. All but 200 µL of media was removed from each well, 

and the cells were then washed with 1 mL of freshly prepared XF media warmed to 

37°C. Again, all but 200 µL of media was removed from each well and 575 uL of the 

XF media added to each well. The treatment plate was then incubated in a CO2-free 

incubator for one hour at 37°C. During this time, the XF sensor cartridge was 

prepared for the assay. Oligomycin (1 µM), FCCP (5 µM), Rotenone (1 µM) and 

Antimycin-A (1 µM) were injected into the appropriate ports for each well of the 

sensor cartridge. The sensor plate was calibrated in the XF analyzer before the 

treatment plate was added. The assay length was 117 minutes. Once the assay was 

complete, cells in all wells were trypsinized and counted to ensure similar amounts 

of cells in each well.  

 

Reagents used: 

XF assay media (Seahorse XF DMEM, 10 mM glucose, 1 mM pyruvate) 
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Isolation of mitochondria from 3T3-L1 adipocytes 

  
 Isolation of mitochondria allows for the analysis of organelles in a less 

Complex milieu. A mitochondrial isolation kit for cultured cells was used 

(Mitochondrial Isolation Kit for Cultured Cells: ThermoFisher Scientific 89874). A 

reagent-based method was chosen over a Dounce homogenization method (physical 

homogenization/grinding of the cells) due to the fact it allowed for the processing of 

multiple samples at the same time. Cells were grown and treated and lysed as 

previously discussed in sections “Cell Culture”, “Cell Treatments” and “Lysing Cells”. 

For these experiments, cells were grown in a 100 mm plate so a large enough 

quantity of cells could be collected. The cell suspension was pelleted and 

supernatant discarded. Two isolation reagents (Reagent A and Reagent B 

(proprietary compositions)) were added to the cell pellet and vortexed at various 

speeds for five seconds. A third reagent (Reagent C (proprietary composition)) was 

added and cells were centrifuged at two different speeds to separate the cytosolic 

fraction from the isolated mitochondria. The mitochondrial pellet was washed and 

re-suspended in 100 µL of 2% CHAPS in TBS for protein quantification via the Pierce 

BCA protein assay and further analysis via Western immunoblotting.  

 

SDS-PAGE and Western immunoblotting of isolated mitochondria 
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 An SDS-PAGE was run with the isolated mitochondria in the same manner as 

described above, with two exceptions. An equal volume of 2× sample buffer was 

added to each sample, and samples were run undenatured.  

 Western blotting was also performed as described above. Only one antibody 

set was used:  MitoProfile total OXPHOS WB antibody cocktail (Abcam 110413). 

This antibody mixture probes for the proteins of all five Complexes of the ETC (CI 

subunit NDUFB8, CII-30kDa, CIII-Core protein 2, CIV subunit I, CV alpha subunit) 

simultaneously. One of the proteins (CIV) is very sensitive to heat, so samples were 

not heated prior to loading into the polyacrylamide gel.  

 

Data analysis 
 
 Statistical analysis for all data was performed using one-way Analysis of 

Variance (ANOVA) with Statistical Analysis Software (SAS). Significant differences 

among means were determined via Duncan’s multiple range test. Data that were not 

homogeneous or not normal were analyzed via the non-parametric Kruskal-Wallis 

test followed by least significant differences for post hoc testing. Differences were 

considered statistically significant at p<0.05. Data are presented as the mean ± 

standard error of the mean (SEM).  

  



 

45 
 

Results 
 

Effect of fatty acids on activation state of p70S6 kinase  
 
 3T3-L1 adipocytes were treated at day 8 of differentiation for 48 hours to 

examine the effects of 5 different long chain fatty acids on the activation state of p70 

S6 kinase: DHA, ALA, LA, AA, and PA. The phosphorylation of sites T389 (Figure 4) 

and T421/S424 (Figure 5) were investigated. The cells were treated with each of the 

fatty acids alone, as well as with insulin which was added for 30 minutes after 

exposure of the cells to fatty acids for 48 h.  

 In general, the cells responded as expected, with phosphorylation of p70S6 

kinase greatly increased in the presence of insulin. Furthermore, there were no 

differences in the response to insulin when cells had been pre-incubated with DHA, 

LA, AA or PA. However, treatment with ALA in the presence of insulin caused a 

significant decrease in p70S6 kinase phosphorylation at site T389 in comparison to 

the other fatty acid treatments (Figure 4). These data suggest that ALA decreases 

the ability of insulin to activate this protein at T389. In contrast, the fatty acid 

treatments did not alter phosphorylation of p70S6 kinase at T421/S424 in response 

to insulin (Figure 5). 

In the absence of insulin, there was, however, a significant difference in the 

activation state of p70S6 kinase (T389) between LA, AA and ALA, with the latter two 

showing a significant decrease when compared to LA (Figure 4). This would suggest 

that different fatty acids elicit different responses within the signaling pathways 

that regulate the basal p70S6 kinase activation state (in the absence of insulin). 
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Also in the absence of insulin, LA, AA, PA and ALA were able to increase the 

level of p70S6 kinase phosphorylation on T421/S424, while DHA treatment had no 

effect (Figure 5). This would suggest that these four fatty acids can activate the 

pathway responsible for modifying p70S6 kinase on the T421/S424 

phosphorylation sites. 
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Figure 4: Effect of fatty acids on p70S6 kinase (T389) activation state in 
adipocytes 
 
3T3-L1 adipocytes were treated at day 8 of differentiation with 60 µm of various 

fatty acids (Docosahexaenoic Acid (DHA), Linoleic Acid (LA), Arachidonic Acid (AA), 

Palmitic Acid (PA), and α-Linolenic Acid (ALA)) for 48 hours. At 48 hours, the 

samples were treated without and with insulin (10 nM) for 30 minutes and then 

lysed. Samples were analyzed via Western immunoblotting for phospho-p70S6 

kinase (T389). Relative protein levels for each sample were calculated as the ratio of 

raw signal strength for band intensity of the phosphorylated protein of 

interest/non-phosphorylated protein. The data are presented as the mean ± 

standard error of the mean (SEM). Differences were determined using 1-way 

ANOVA and were considered statistically significant at p<0.05 with each treatment 
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tested in triplicate. Bars with different letters are significantly different from each 

other. 
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Figure 5: Effect of fatty acids on p70S6 kinase (T421/S424) activation state in 

adipocytes 

3T3-L1 adipocytes were treated at day 8 of differentiation with 60 µM of various 

fatty acids (Docosahexaenoic Acid (DHA), Linoleic Acid (LA), Arachidonic Acid (AA), 

Palmitic Acid (PA), and α-Linolenic Acid (ALA)) for 48 hours. At 48 hours, the 

samples were treated without and with insulin (10 nM) for 30 minutes and then 

lysed. Samples were analyzed via Western immunoblotting for phospho-p70S6 

kinase (T421/S424). Relative protein levels for each sample were calculated as the 

ratio of raw signal strength for band intensity of the phosphorylated protein of 

interest/non-phosphorylated protein. The data are presented as the mean ± 
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standard error of the mean (SEM). Differences were determined using 1-way 

ANOVA and were considered statistically significant at p<0.05 with each treatment 

tested in triplicate. Bars with different letters are significantly different from each 

other. 
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Effect of cannabinoids on activation state of insulin signaling proteins 
 
 3T3-L1 adipocytes were treated for 48 hours at day 8 of differentiation to 

examine the effect of cannabinoid treatment on the activation of three proteins 

known to be involved in insulin signaling: AKT (S473), AS160 (T642) and p70S6 

kinase (T389 and T421/S424) (Figure 6). Cells were treated with 2-AG alone for 48 

hours and subsequently exposed to insulin for 30 minutes. Cells were also treated 

for 30 min with insulin alone (after 48 hours without 2-AG treatment).   

 2-AG on its own did not elicit any changes in the phosphorylation of the three 

proteins when compared to the vehicle control, suggesting that cannabinoids have 

no effect on the activation state of AKT, AS160 or p70S6 kinase (Figure 6). 2-AG in 

conjunction with insulin did not elicit a change in phosphorylation of AKT, AS160 or 

p70S6 kinase at the T421/S424 site compared to insulin treatment alone. However, 

treatment with 2-AG reduced the effect of insulin on the phosphorylation of p70S6 

kinase at T389 when compared to insulin treatment alone, suggesting that 2-AG 

attenuates the activation of this protein by insulin.  
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Figure 6: Effect of cannabinoids and insulin on activation state of insulin 

signaling proteins in adipocytes 

3T3-L1 adipocytes were treated at day 8 of differentiation for 48 hours with 2-AG 

(10 nM), and subsequently treated for 30 minutes without and with insulin (10 nM). 

The cells were lysed and the samples were analyzed via Western immunoblotting 

for phospho-AKT (S473)(A), phospho-AS160 (T642) (B), phospho-p70S6 kinase 

(T389) (C) and phospho-p70S6 kinase (T421/S424) (D). Relative protein levels for 

each sample were calculated as the ratio of raw signal strength for band intensity of 

the phosphorylated protein of interest/non-phosphorylated protein. The data are 

presented as the mean ± standard error of the mean (SEM). Differences were 
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determined using 1-way ANOVA and were considered statistically significant at 

p<0.05 with each treatment tested in triplicate. Bars with different letters are 

significantly different from each other. 
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Effect of cannabinoids and cannabinoid inhibitors on proteins involved in 

lipolysis 

 3T3-L1 adipocytes were treated at day 8 of differentiation with 2-AG for 48 

hours to determine effect of cannabinoids on specific proteins related to lipolysis: 

ATGL, Perilipin-1 and HSL (Figure 7). The effects of 2-AG on these proteins were 

also examined in the presence of selective cannabinoid receptor antagonists. Cells 

were also treated with Isoproterenol (0.1 µM) for 3 hours at the end of the 48-hour 

treatment period as a positive control.  

 Isoproterenol alone increased the relative amount of ATGL 1.8-fold 

compared to the vehicle (Figure 7A). 2-AG also elevated ATGL, but only 1.3-fold 

compared to the vehicle control. In the presence of AM281 (a CB1 receptor 

antagonist/inverse agonist), 2-AG treatment had no effect on ATGL and was similar 

to the vehicle. In contrast, 2-AG treatment was unaffected by AM630 (a CB2 receptor 

inverse agonist), and ATGL increased 1.5-fold compared to vehicle. This increase 

was higher than 2-AG alone, but lower than the treatment with Isoproterenol. These 

results indicate that Isoproterenol and 2-AG are increasing levels of ATGL in 

adipocytes when compared to the control. However, the 2-AG-induced increase is 

inhibited by one receptor inverse agonist (CB1), and accentuated by another (CB2), 

suggesting that 2-AG is working through the CB1 receptor. 

With respect to Perilipin-1, both Isoproterenol and 2-AG increased the 

amount of this protein to a similar extent when compared to the vehicle control 

(Figure 7B). When 2-AG was treated in conjunction with AM281 and AM630 

(separately), there was a significant decrease relative to 2-AG alone for both 
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antagonists. These decreases suggest that 2-AG is working through both CB1 and 

CB2 receptors to affect Perilipin-1.  

 HSL and phospho-HSL (S563) levels were increased by both Isoproterenol 

and 2-AG compared to vehicle in 3T3-L1 adipocytes (Figure 7C and 7D). Treatment 

with AM281 prior to addition of 2-AG resulted in a small but significant decrease in 

the level of HSL compared to 2-AG, but did not affect phospho-HSL (S563) compared 

to 2-AG. In contrast, treatment with AM-630 slightly enhanced the effect of 2-AG on 

HSL compared to 2-AG alone, while decreasing phospho-HSL (S563). These data 

indicate that 2-AG influences the levels of HSL, ATGL and Perilipin-1, thus providing 

a mechanism by which it modulates lipolysis. These results also suggest that 2-AG 

could potentially affect lipolysis via either the CB1 or CB2 receptors.  
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Figure 7: Effect of 2-AG and cannabinoid receptor inhibitors on lipolysis 

proteins 

3T3-L1 adipocytes were treated on day 8 of differentiation with isoproterenol (10 

µM) as a positive control, or with 2-AG (10 nM) without and with the addition of 

AM281 (0.2 µM) or AM630 (0.3 μM) for 48 hours. Cells were lysed and the samples 

were analyzed via Western immunoblotting for ATGL (A), Perilipin-1 (B), HSL (C) 

and phospho-HSL (S563)(D). Relative protein levels for each sample were calculated 
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as the ratio of raw signal strength for band intensity of the protein of 

interest/loading control or as the ratio of raw signal strength for band intensity of 

the phosphorylated protein of interest/non-phosphorylated protein. The data are 

presented as the mean ± standard error of the mean (SEM). Differences were 

determined using 1-way ANOVA and were considered statistically significant at 

p<0.05 with each treatment tested in triplicate. Bars with different letters are 

significantly different from each other. 
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Effect of cannabinoids and cannabinoid inhibitors on lipolysis in 3T3-L1 

adipocytes 

 3T3-L1 adipocytes were treated for 48 hours at day 8 of differentiation with 

2-AG and the media was assessed for its glycerol content, which is an indirect 

measurement of lipolysis (Figure 8). Cells that were treated with 2-AG showed a 3-

fold increase in lipolysis when compared to the null treatment.  

Isoproterenol, which was used as a positive control in the assay since this 

compound stimulates lipolysis, increased glycerol production by adipocytes as 

would be expected (Figure 9). When 2-AG was added in combination with 

Isoproterenol, lipolysis was unchanged compared to Isoproterenol alone.  

AICAR activates AMPK, which is known to mediate a signal transduction 

pathway that leads to phosphorylation of HSL at serine 565. Modification of HSL at 

this site inhibits the phosphorylation of HSL at serine 563, which in turn inhibits 

lipolysis. When AICAR was used alone, there was a slight stimulation in lipolysis 

compared to the no treatment control, but this increase was not as large as was seen 

with 2-AG treatment. However, adding AICAR in combination with 2-AG caused a 

significant reduction in lipolysis compared to 2-AG alone. 

H89 is a PKA inhibitor, and for this reason inhibits lipolysis induced by 

hormones and analogues such as Isoproterenol which activate the β-adrenergic 

receptor pathway to produce cAMP. As was seen with AICAR, treatment with H89 

caused a small increase in lipolysis compared to the no treatment control. However, 

when H89 was added to the cells with 2-AG, it did not block the effect of 2-AG alone 

on lipolysis.  
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Taken together, these results indicate that 2-AG stimulates lipolysis in 

adipocytes. Interestingly, treatments with AICAR and H89 showed that the actions 

of 2-AG on lipolysis may operate through a pathway requiring AMPK, but not PKA. 
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Figure 8: Effect of 2-AG on lipolysis in adipocytes 

3T3-L1 adipocytes were treated at day 8 of differentiation with 2-AG (10 nM) for 48 

hours. Glycerol release was subsequently measured as an indication of lipolysis. The 

glycerol concentration was calculated from the colour intensity of the media relative 

to a standard curve, and then normalized against the total protein content of each 

sample. The data are presented as the mean ± standard error of the mean (SEM). 

Differences were determined using 1-way ANOVA and were considered statistically 

significant at p<0.05 with each treatment tested in triplicate. Bars with different 

letters are significantly different from each other. 
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Figure 9: Effect of 2-AG on lipolysis in adipocytes  

3T3-L1 adipocytes were treated at day 8 of differentiation with 2-AG (10 nM) for 48 

hours followed by an additional 3 hours without or with AICAR (2 mM), H89 (10 

μM) or Isoproterenol (0.1 μM). Glycerol release was subsequently measured as an 

indication of lipolysis. The glycerol concentration was calculated from the colour 

intensity of the media relative to a standard curve, and then normalized against the 

total protein content of each sample. The data are presented as the mean ± standard 

error of the mean (SEM). Differences were determined using 1-way ANOVA and 
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were considered statistically significant at p<0.05 with each treatment tested in 

triplicate. Bars with different letters are significantly different from each other. 
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Effect of fatty acids on mitochondrial respiration 
 
 3T3-L1 adipocytes were treated for 48 hours on day 8 of differentiation with 

DHA, AA or ALA to determine the effect of these three fatty acids on mitochondrial 

respiration (Figure 10). Respiration is presented as OCR, which is used to calculate 

four components of mitochondrial respiration (maximal respiration, coupling 

efficiency, respiratory control ratio and spare respiratory capacity) and corrected 

for non-mitochondrial respiration as described in Brand and Nicholls (2011). 

 For all treatments, there was no change in the OCR relative to the vehicle 

control, which suggests that these dietary fatty acids have no effect on 

mitochondrial respiration (Figure 10). SC26196, an inhibitor of delta-6 desaturase, 

which catalyzes the first step in the elongation of ALA to DHA, was also examined 

alone and with ALA (Figure 11). The reason for using SC26196 was to determine if 

the effects of ALA were caused by its conversion to DHA. However, since ALA had no 

effect, it was not surprising that inhibiting ALA conversion to DHA with SC26196 

also had no effect on oxygen consumption. 
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Figure 10: Effect of fatty acids on mitochondrial respiration in 3T3-L1 

adipocytes 

3T3-L1 adipocytes were treated on day 8 of differentiation with ALA, DHA or AA (all 

60 µM) for 48 hours. Cells were then incubated for one hour in a CO2-free incubator 

while assay compounds (Oligomycin, FCCP, Rotenone + AA (Antimycin-A)) were 

loaded into the assay cartridge, after which the cell plate and reagent plate were 

loaded into the Seahorse XF 24 Analyzer. Samples were analyzed for oxygen 

consumption rate (OCR), and corrected for non-mitochondrial respiration (A). The 

four bioenergetics components of the mitochondria are also presented separately: 

maximal respiration (B), coupling efficiency (C), respiratory control ratio (D) and 

spare respiratory capacity (E). It was verified that an equivalent number of cells was 

present in each well for the assay. The data are presented as the mean ± standard 

error of the mean (SEM). Data were analyzed using 1-way ANOVA and there were 

no statistical differences identified. 
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Figure 11: Effect of ALA and an ALA elongation inhibitor on mitochondrial 
respiration in 3T3-L1 adipocytes 
 
3T3-L1 adipocytes were treated on day 8 of differentiation with ALA (60 µM) 

without and with SC26196 (1 µM) for 48 hours. SC26196 at the same concentration 

was also used as a treatment control. Cells were then incubated for one hour in a 

CO2-free incubator while assay compounds (Oligomycin, FCCP, Rotenone + AA 

(Antimycin-A)) were loaded into the assay cartridge, after which the cell plate and 

reagent plate were loaded into the Seahorse XF 24 Analyzer. Samples were analyzed 

for oxygen consumption rate (OCR), and corrected for non-mitochondrial 

respiration (A). The four bioenergetics components of the mitochondria are also 

presented separately: maximal respiration (B), coupling efficiency (C), respiratory 

control ratio (D) and spare respiratory capacity (E). It was verified that an 

equivalent number of cells was present in each well of the assay. The data are 

presented as the mean ± standard error of the mean (SEM). Data were analyzed 

using 1-way ANOVA and no statistical differences were detected. 
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Effect of fatty acids on mitochondrial Complex proteins (I-V) 
 
 3T3-L1 adipocytes were treated for 48 hours on day 8 of differentiation with 

DHA, AA, ALA and ALA + SC26196 to determine the effect of these three fatty acids 

on the levels of mitochondrial Complex I-V proteins (Figures 12 and 13).  

 ALA treatment with and without SC26196 initially did not produce any 

changes relative to vehicle for all five mitochondrial Complex proteins (Figure 12). 

However, in a separate experiment, ALA treatment produced a small increase in the 

amount of the Complex I when compared to the vehicle (Figure 13). Complex I was 

also slightly increased relative to DHA, but not to AA with ALA treatment. However, 

neither DHA nor AA changed Complex I levels relative to the vehicle control.  

 Treatment with AA led to a small decrease in Complex II when compared to 

the vehicle treatment. No effects were observed with either ALA or DHA. Complex III 

and IV levels were unchanged by the fatty acid treatments, while the amount of 

Complex V decreased slightly with both AA and DHA treatments when compared to 

the vehicle control. ALA had no effect on Complex V. These data suggest that fatty 

acids may affect the production of certain mitochondrial Complex proteins, but 

these changes may not be sufficient to produce a detectable effect on function.  
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Figure 12: Effect of ALA and an ALA elongation inhibitor on mitochondrial 

Complex proteins in adipocytes 

3T3-L1 adipocytes were treated at day 8 of differentiation for 48 hours with ALA 

(60 µM) and without or with SC26196 (1 µM). SC26196 at the same concentration 

was also used as a treatment control. The cells were lysed and the samples were 

analyzed via Western immunoblotting for mitochondrial Complex I (A), Complex II 

(B), Complex III (C), Complex IV (D) and Complex V (E). Relative protein levels for 

each sample were calculated as the raw signal strength for the protein of interest. 

The data are presented as the mean ± standard error of the mean (SEM). Data were 

analyzed using 1-way ANOVA and no statistical differences were identified. 
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Figure 13: Effect of fatty acids on mitochondrial Complex proteins in 

adipocytes 

3T3-L1 adipocytes were treated at day 8 of differentiation for 48 hours with AA, 

DHA and ALA (all 60 µM). The cells were lysed and the samples were analyzed via 

Western immunoblotting for mitochondrial Complex I (A), Complex II (B), Complex 

III (C), Complex IV (D) and Complex V (E). Relative protein levels for each sample 

were calculated as the raw signal strength for the protein of interest. The data are 

presented as the mean ± standard error of the mean (SEM). Differences were 

determined using 1-way ANOVA and were considered statistically significant at 

p<0.05 with each treatment tested in triplicate. Bars with different letters are 

significantly different from each other. 
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Effect of fatty acids on mitochondrial regulatory proteins 
 
 3T3-L1 adipocytes were treated for 48 hours on day 8 of differentiation with 

DHA, AA, ALA and ALA + SC26196 to determine the effect of fatty acids on four 

proteins known to be involved with mitochondrial regulation (Figure 14).  

 None of the fatty acid treatments altered the levels of NRF1, SIRT1 and PGC-

1α. On the other hand, treatment with ALA, DHA and AA, but not ALA + SC26196, led 

to an increase in the amount of PGC-1β when compared to the vehicle control. 

However, there were no significant differences in the amount of the protein 

between the three different fatty acid treatments, suggesting that these fatty acids 

may all affect the amount of PGC-1β in adipocytes through a similar mechanism.  
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Figure 14: Effect of fatty acids and an ALA elongation inhibitor on 

mitochondrial regulatory proteins in adipocytes 

3T3-L1 adipocytes were treated at day 8 of differentiation for 48 hours with DHA, 

AA and ALA (all 60 µM). ALA treatment was also in combination with SC26196 (1 

µM) for 48 hours. The cells were lysed and the samples were analyzed via Western 

immunoblotting for NRF1 (A), SIRT1 (B), PGC-1α (C) and PGC-1β (D). Relative 

protein levels for each sample were calculated as the ratio of raw signal strength for 

band intensity of the protein of interest/loading control. The data are presented as 

the mean ± standard error of the mean (SEM). Differences were determined using 1-

way ANOVA and were considered statistically significant at p<0.05 with each 
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treatment tested in triplicate. Bars with different letters are significantly different 

from each other. 
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Effect of cannabinoids on mitochondrial regulation proteins 
 
 3T3-L1 adipocytes were treated for 48 hours at day 8 of differentiation with 

AEA, HU210 and 2-AG to examine the effects of cannabinoids on four proteins 

known to be involved with mitochondrial regulation: SIRT1, NRF1, PGC-1α and PGC-

1β (Figure 15). AEA is another well-known EC and was used to determine the effects 

of endogenous cannabinoids on mitochondrial regulation proteins and to look for 

differences between the two ECs. HU210 is a synthetic cannabinoid similar to THC 

that was used to determine effect of exogenous cannabinoids on mitochondrial 

regulatory proteins.  

 With respect to SIRT1, treatment with AEA and HU21O, both on their own 

and in the presence of insulin, as well as insulin alone, did not lead to any changes 

from the vehicle control (Figure 15A). This suggests that neither insulin nor the 

cannabinoids have any effect on the amount of SIRT1. While treatment with AEA, on 

its own and in the presence of insulin, as well as insulin alone, had no effect on 

NRF1, treatment with HU210 caused a significant decrease in this protein, 

particularly when this cannabinoid was combined with insulin (Figure 15B). These 

data suggest that NRF1 is affected differently by endogenous cannabinoids (AEA) 

versus synthetic exogenous cannabinoids (HU210).  

 In a separate experiment with 2-AG alone, as well as in conjunction with 

insulin, 2-AG with and without insulin decreased the amount of SIRT1 when 

compared to the vehicle control but not insulin alone (Figure 16A). 2-AG alone, but 

not insulin alone, decreased NRF1. In contrast, adding insulin with 2-AG prevented 

the decline in NRF1 that was obtained with 2-AG alone (Figure 16B). While none of 
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the treatments changed the amount of PGC-1α (Figure 16C), as was seen with NRF1, 

2-AG reduced levels of PGC-1β. Also similar to NRF1, insulin blocked the reduction 

in PGC-1β levels that was observed with 2-AG alone (Figure 16D). These data 

suggest that 2-AG modulates the amounts of some mitochondrial regulatory 

proteins, but that this effect is influenced by insulin.  
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Figure 15: Effect of cannabinoids on mitochondrial regulatory proteins in 

adipocytes 

3T3-L1 adipocytes were treated at day 8 of differentiation for 48 hours with AEA 

(1.0 μM) or HU210 (5 nM) and subsequently treated for 30 minutes without and 

with insulin (10 nM). The cells were lysed and the samples were analyzed via 

Western immunoblotting for SIRT1 (A) and NRF1 (B). Relative protein levels for 

each sample were calculated as the ratio of raw signal strength for band intensity of 

the protein of interest/loading control. The data are presented as the mean ± 

standard error of the mean (SEM). Differences were determined using 1-way 

ANOVA and were considered statistically significant at p<0.05 with each treatment 

tested in triplicate. Bars with different letters are significantly different from each 

other. 
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Figure 16: Effect of cannabinoids and insulin on mitochondrial regulatory 

proteins in adipocytes 

3T3-L1 adipocytes were treated at day 8 of differentiation for 48 hours with 2-AG 

(10 nM), and subsequently treated for 30 minutes without and with insulin (10 nM). 

The cells were lysed and the samples were analyzed via Western immunoblotting 

for SIRT1 (A), NRF1 (B), PGC-1α (C) and PGC-1β (D). Relative protein levels for each 

sample were calculated as the ratio of raw signal strength for band intensity of the 

protein of interest/loading control. The data are presented as the mean ± standard 

error of the mean (SEM). Differences were determined using 1-way ANOVA and 
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were considered statistically significant at p<0.05 with each treatment tested in 

triplicate. Bars with different letters are significantly different from each other. 
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Discussion 
 

Summary of major findings 
 
 The experiments described in this thesis revealed significant findings in four 

areas related to adipocyte metabolism: 1) ALA reduced the ability of insulin to 

phosphorylate p70S6 kinase (T389), while LA, AA, DHA and PA did not alter 

activation of this protein by insulin. 2) The EC 2-AG had no effect on activation of the 

insulin signaling proteins AKT (S473), AS160 (T642) or p70S6 kinase (T389, 

T421/S424), however, 2-AG seemed to impede the activation of p70S6 kinase 

(T389) when combined with insulin. 3) Treatment with 2-AG increased lipolysis in 

3T3-L1 adipocytes, providing evidence for peripheral effects of ECs with respect to 

energy metabolism. Interestingly, AMPK but not PKA mediated the effect of 2-AG on 

lipolysis. 4) Various ECs and fatty acids affected proteins involved in mitochondrial 

function (Complex I, II and V) and regulation of mitochondrial biogenesis (SIRT, 

NRF1, PGC1β), but not mitochondrial respiration.  

 

Activation of p70S6 kinase, AKT and AS160 
 
 p70S6 kinase is a protein involved in the insulin signaling pathway. In 

adipocytes, it has been reported to affect cell differentiation (Carnevalli et al., 2010). 

Major downstream targets of the protein include cell survival and feedback 

regulation. p70S6 kinase becomes active when it is phosphorylated on three sites – 

S371, T229 and T389; these phosphorylation events occur through several 

upstream signal transduction pathways. In response to activation of 
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phosphatidylinositol 3-kinase, PDK1 phosphorylates T229. Likewise, insulin-

dependent activation of mTOR leads to phosphorylation at T389. In contrast, the 

kinase responsible for modifying S371 has not been unambiguously identified. 

Although these sites are critical for full activation of p70S6 kinase, particularly 

T389, activity can be enhanced through phosphorylation of several C-terminal 

residues found in the pseudosubstrate domain. Although not essential for activation, 

phosphorylation of T421/S424 blocks pseudosubstrate binding, thus allowing 

p70S6 kinase to enter a more favourable conformation (Fenton & Gout 2011). When 

active, p70S6 kinase mediates a number of downstream processes, including protein 

synthesis, cell growth, survival and motility, and adipocyte differentiation 

(Magnuson 2012). With respect to the cellular response to insulin, activation of 

p70S6 kinase is part of the feedback mechanism responsible for receptor 

desensitization through phosphorylation of IRS-1 (Asano 2007). 

 Previous studies have reported that a mixture of saturated and unsaturated 

free fatty acids can induce insulin resistance (Gao et al., 2010).  However, in the 

present experiments, treatment of adipocytes with fatty acids in the absence of 

insulin had limited effects on the phosphorylation of p70S6 kinase on both T389 and 

T421/S424 sites (Figures 4 and 5). LA, AA, PA and ALA all increased the activation 

of p70S6 kinase at the T421/S424 residues but DHA did not. Perhaps low 

concentrations of saturated and polyunsaturated fatty acids can have beneficial 

effects on insulin signaling, however, DHA would be expected to have effects similar 

to the other polyunsaturated fatty acids, and PA, a saturated fatty acid, would be 

expected to increase phosphorylation of p70S6 kinase at T421/S424. Although 
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there were differences in activation of p70S6 kinase at T389 among LA, AA and ALA, 

their effect was not different from the vehicle control. It may be that we are seeing 

changes in phosphorylation of p70S6 kinase at T421/S424 due to fatty acids having 

indirect beneficial effects via modulation of the protein to a favourable 

conformation, as mentioned above.  

 In the presence of insulin, only ALA attenuated the effect of insulin based on 

activation of the T389 residue but not the T421/S424 site (Figures 4 and 5). Given 

that we saw a similar effect with 2-AG treatment in the presence of insulin (Figure 

6C and 6D), perhaps we are seeing the actions of fatty acid conversion to 

metabolites, and not the fatty acid itself.  Di Marzo (2008) has stated that ECs can be 

further metabolized to eicosanoids, as can n-3 fatty acids (Marion-Letellier et al., 

2015; Simopoulos, 2016). Perhaps we are seeing results that represent similar 

downstream metabolites of both ECs and polyunsaturated fatty acids.  

 We tested the effects of ECs on insulin signaling proteins as Motaghedi et al. 

(2008) had reported that 2-AG potentiates insulin-stimulated translocation of 

GLUT4 to the plasma membrane and phosphorylation of AKT in 3T3-L1 adipocytes.  

In contrast, we found that co-treatment of 3T3-L1 adipocytes with 2-AG and insulin 

did not potentiate insulin-stimulated phosphorylation of AKT, AS160 or p70S6 

kinase (T421/S424). However, similar to Motaghedi et al. (2008), our results 

showed that 2-AG alone had no effect on activation of the insulin signaling proteins 

AKT (S473), AS160 (T642) or p70S6 kinase (T389, T421/S424) (Figure 6) 

indicating that this cannabinoid cannot directly stimulate the same signaling 

pathway as insulin in 3T3-L1 adipocytes. On the other hand, we found that 2-AG + 
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insulin attenuated the phosphorylation of p70S6 kinase (T389) compared to insulin 

alone (Figure 6) thus indicating that 2-AG opposes the actions of insulin on this 

protein. Unfortunately, no studies have been published since the Motaghedi et al. 

(2008) on this issue and the interactions between 2-AG and insulin signaling are still 

unresolved.  

  

Endocannabinoids and lipolysis 
 
 ECs are metabolites of fatty acids.  For example, 2-AG is derived from 

arachidonic acid. ECs bind to the CB1 and CB2 receptors; these receptors are 

present in 3T3-L1 adipocytes based on the inhibitory effects of CB1 and CB2 

receptor inverse agonists on lipolysis proteins (Figure 6), and in agreement with 

Teixeira et al. (2010).  

Similar to Isoproterenol, treatment of 3T3-L1 adipocytes with 2-AG alone 

increased levels of ATGL, Perilipin-1, and HSL and induced activation of HSL 

compared to vehicle control. These results indicated that this cannabinoid could 

directly stimulate proteins associated with lipolysis (Figure 7). This interpretation 

was supported by the effects of cannabinoid receptor inhibitors.  Treating cells with 

2-AG and a CB1 receptor inverse agonist (AM281) decreased levels of ATGL, 

Perilipin-1 and HSL compared to 2-AG treatment alone while treatment with a CB2 

receptor inverse agonist (AM630) in conjunction with 2-AG had a similar effect of 

reducing levels of Perilipin-1 and phosphorylation of HSL compared to 2-AG alone.  

Interestingly, the combination of 2-AG and the CB2 receptor inhibitor (AM630) 

increased levels of ATGL and HSL compared to 2-AG alone.  Overall, while these 
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results suggest that 2-AG could potentially affect lipolysis via either the CB1 or CB2 

receptors, the fact that AM630 has partial agonist activity on the CB1 receptor (Ross 

et al 1999) suggests only CB1 receptor activation may account for the results 

obtained in these experiments. To date, no other study has examined this aspect of 

EC function as it relates to lipid metabolism. 

These changes in the levels of proteins associated with lipolysis led us to 

conclude that 2-AG has a direct effect on lipolysis in adipocytes, even though it has 

been proposed to the contrary that ECs are responsible for triglyceride synthesis 

and increasing lipid droplet numbers (Vettor & Pagano 2009). Being that it has been 

previously reported that effects of ECs in regards to lipid metabolism have been 

assumed to involve centrally located CB1 and CB2 receptors (Pang et al., 2011), our 

data are showing that ECs could also have lipolytic effects via peripherally located 

CB receptors. This idea was confirmed with a lipolysis assay (based on glycerol 

release) that showed that 2-AG can increase lipolysis in adipocytes (Figure 8).  

The assay not only confirmed that 2-AG stimulated lipolysis, but it helped to 

pinpoint the mechanism of action. Isoproterenol was used as a positive control as it 

is a β-adrenergic compound that causes lipolysis in adipocytes. AICAR was used as 

an AMPK activator and H89 was used as a PKA inhibitor. Data from the assay show 

that H89 did not affect the degree of lipolysis when used in combination with 2-AG, 

while AICAR attenuated the effect of 2-AG on lipolysis (Figure 9).  These are novel 

findings that 2-AG stimulates lipolysis through a pathway requiring AMPK, but not 

PKA.  
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As proposed in Figure 17, 2-AG treatment activates AMPK, leading to 

phosphorylation of HSL at serine 565, thus preventing phosphorylation of HSL at 

serine 563 and inhibiting lipolysis. When we investigated 2-AG treatment and levels 

of proteins associated with lipolysis, we observed that the activation state of HSL 

(S563) was increased compared to the vehicle control.  We know that lipolysis is 

stimulated by 2-AG and that AICAR attenuates that effect while H89 does not (Figure 

8). Given that AICAR works via AMPK (which inhibits lipolysis) and H89 works via 

PKA (which stimulates lipolysis), we have learned that AMPK, not PKA, mediates the 

effect of 2-AG on lipolysis (Figure 17).  

Further to this, we did not see any changes in the activation state of p70S6 

kinase (T389 or T421/S424) except when 2-AG was combined with insulin (Figure 

4). Upon treatment with both compounds (2-AG + insulin), there is a decrease in the 

activation state of p70S6 kinase (T389) when compared to insulin treatment alone. 

2-AG seems to impede the action of insulin at this point in the signaling cascade. 

Being that insulin inhibits lipolysis, we may be seeing this impedance of insulin 

action in the presence of 2-AG because 2-AG is stimulating lipolysis in the cells. It is 

therefore possible to postulate a scenario that involves two parallel signal 

transduction pathways leading to lipolysis, but with the action of 2-AG being 

dominant over that of insulin. In this way, ECs could be responsible for insulin 

resistance, and this would also explain why fat is transported from adipose tissue to 

the liver. The fact that the EC system becomes more active in obesity (Despres 

2007) may further indicate why the insulin resistant state forms under these 
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conditions. Identifying the mechanism by which 2-AG operates may provide a novel 

target for the development of interventions designed to treat insulin resistance. 
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Figure 17: Schematic of lipolysis in adipocytes after treatment with 2-AG 

This figure illustrates the actions of 2-AG on lipolysis as it relates to the original 

diagram presented in Figure 1. The outcome of the experiments described in this 

thesis is the novel finding that 2-AG stimulates lipolysis through activation of AMPK 

and not PKA.   
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Mitochondrial respiration and mitochondrial proteins 
 
 Given that EC treatment increased lipolysis and altered the levels of proteins 

associated with lipolysis, we would expect increased availability of fatty acids to 

either simulate cells directly or be used by mitochondria for respiration. However, 

we saw no changes in mitochondrial OCR by adipocytes (Figure 8) with fatty acid 

treatment, indicating that exogenous fatty acids do not stimulate β-respiration in 

3T3-L1 adipocytes. There were some small changes in levels of mitochondrial 

Complex proteins with fatty acid treatment (more Complex 1 with ALA, less 

Complex II with AA, less Complex V with AA and DHA) (Figure 11), but it appears 

that these changes were not sufficient to affect mitochondrial function based on 

mitochondrial OCR. We had also tested whether elongation of ALA to longer chain 

omega-3 fatty acids was required to stimulate respiration, however, combining ALA 

treatment with a delta-6 desaturase inhibitor (SC26196) did not alter mitochondrial 

respiration (Figure 9) or mitochondrial regulatory proteins (Figure 12). 

 In other cells, ECs are associated with decreased mitochondria biogenesis 

and respiration (Vettor & Pagano 2009), but no effect on OCR was seen in 3T3-L1 

adipocytes. In contrast, with lipolysis being activated via EC treatment, endogenous 

fatty acids would be released into the cell, leading to the assumption that they 

would stimulate the mitochondria and increase the metabolic rate in the cell. 

Interestingly, fatty acids and ECs had opposing effects on levels of mitochondrial 

regulatory proteins.  ALA, DHA and AA increased levels of PGC-1β, but not other 

mitochondrial regulatory proteins (Figure 12), whereas treatment with the EC 2-AG 

decreased SIRT1, NRF1 and PGC-1β (Figure 15). In contrast, the exogenous 
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cannabinoid HU210 only decreased NRF1 (Figure 13) when compared to no 

treatment. PGC-1β is a transcriptional co-activator that is involved in mitochondrial 

biogenesis, which helps to regulate energy metabolism within the cell (Cropeza et 

al., 2015). It is also involved in activating NRF1. NRF1 is a transcription factor that 

helps to regulate mitochondrial growth and respiration (Bugno et al, 2015). Sirt1 

operates via a completely different mechanism; it is a deacetylase that controls the 

activity of a number of different proteins, including PGC-1α which is involved in 

mitochondrial biogenesis (Tang 2016).  Thus, decreases in the relative amount of 

these proteins due to the actions of ECs may represent negative effects on 

mitochondrial function while increases in these proteins by fatty acids may have 

positive effects in terms of promoting their mitochondrial respiration. However, 

each of these proteins, PGC-1β, NRF1 and Sirt1, affect other proteins unrelated to 

mitochondrial function, yet are involved in cell metabolism. Given the important 

role of adipocyte metabolism in energy homeostasis, the changes observed in these 

experiments warrant further investigation in a broader context than was made in 

this thesis. 

The cannabinoid treatments were compared to insulin treatment which 

would inhibit lipolysis and β-respiration.  In this context, 2-AG and insulin alone had 

similar effects on reducing SIRT1 and PCG-1β, while 2-AG caused a further 

reduction in NRF1 (Figure 15), thus indicating that the response to cannabinoid 

treatment was in the same direction as when insulin is present. However, 

concurrent treatment of 2-AG and insulin abolished the decrease in NRF1 and PGC-

1β, but not SIRT1, that was observed when cells were treated with 2-AG alone 
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(Figure 15). These results suggest that insulin and 2-AG are operating via similar 

signal transduction pathways. 

Interestingly, SIRT1 and NRF1 appear to be differentially affected by other 

endogenous and exogenous cannabinoids as AEA and HU210 did not affect SIRT1 

and only HU210 reduced NFR1 (Figure 13) while 2-AG decreased SIRT1, NRF1 and 

PGC-1β (Figure 15). This indicates that the response of the CB receptors is highly 

specific to the molecular structure of the cannabinoid.  Perhaps it may be possible to 

design a synthetic cannabinoid molecule with the desired effects on peripheral 

metabolism and to avoid the negative side effects associated with centrally acting 

cannabinoids that have been tested as weight loss drugs. Some attempts to achieve 

this goal are now underway (Gatta-Cherifi 2015) 

There are reports in the literature that high concentrations of free fatty acids, 

as well as exogenous and synthetic cannabinoids, can produce deleterious changes 

in mitochondria. Specifically, the presence of free fatty acids (1 mM) induced 

morphological changes in mitochondria and decreased the protein levels of NRF1, 

PGC-1β and SIRT1 in 3T3-L1 adipocytes (Gao 2010). These results were not 

replicated in the present series of experiments, perhaps due to the much lower 

concentration of free fatty acids used (60 μM). These experiments were designed to 

represent a more moderate amount of fatty acids, and they did not have the same 

deleterious effects as a high concentration.  

Others have reported that AEA, HU210 and TCH negatively alter the 

morphology, oxygen consumption and hydrogen peroxide production of 

mitochondria in human lung cancer (H460) cells and in mitochondria isolated from 
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rat heart (Athanasiou 2007).  The data from our experiments seem to agree with 

those results as HU210 decreased the relative amount of NRF1, and 2-AG decreased 

the relative amounts of both NRF1 and PGC-1β as discussed above. It appears that 

even small concentrations of ECs and synthetic cannabinoids have a detrimental 

effect on some aspects of mitochondrial function. Because we see changes in some 

proteins associated with mitochondrial function, further investigation of this area is 

warranted.  

 

Conclusions 
 

The experiments described in this thesis have shown possible negative 

effects of ECs on insulin signaling and mitochondrial regulatory proteins, however, 

additional investigation is required to determine the extent of these compounds. On 

the other hand, we have also demonstrated that ECs can directly induce lipolysis in 

adipocytes, which indicates that ECs can act on peripheral tissue in a positive 

manner when weight loss is desired. Early research into this field focused on 

targeting the EC system for weight loss via central targets, but the data presented 

has offered another option for exploring peripheral effects of ECs. More recent 

studies are moving in this direction, calling for investigation into peripheral targets 

(Sharma et al., 2015), as well as demonstrating potential effects (Krentz et al., 2016). 

Lastly, since ECs are fatty acid metabolites, there is the possibility of using dietary 

lipids to influence the presence and activity of ECs for beneficial effects such as 

increasing lipolysis, and this approach requires further study. 
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Significance of the Research 
 
 Up to this point, the only weight loss drugs working via the EC system have 

functioned via neuronal pathways and exhibited deleterious side effects (Christen et 

al., 2007 & Krentz et al, 2016). This study brings forth the idea that a peripherally 

acting EC, one with no or limited effects on the central nervous system, might be 

warranted for weight loss purposes. Additionally, these data can be extrapolated to 

what might be observed in a whole body system. We know that ECs are a fatty acid 

metabolite; if we can manipulate the production of ECs via consumption of 

exogenous fatty acids, this may offer a non-pharmaceutical option for those wanting 

to lose weight. We also know that ECs function in a similar manner to exogenous 

cannabinoids. This may also lead to an understanding of the limitations of 

exogenous cannabinoid use for therapeutic purposes, helping to distinguish 

between its beneficial and deleterious effects.  
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Strengths 
 

 This study investigated mechanisms involved in EC function in adipocytes 

 This study developed a method for using the Seahorse XF Analyzer with 3T3-

L1 adipocytes as at the time a published method was not available 

 This study showed that endocannibinoids produce changes in peripheral 

tissues, and have direct effects on 3T3-L1 adipocytes 

 This study showed that ECs can stimulate lipolysis, and that AMPK signaling 

is involved 

 This study measured lipolysis in adipocytes in two ways: via protein levels 

and activation state of key proteins, and by a lipolysis assay based on glycerol 

release into the media 

 This study tested the effects of both saturated and polyunsaturated fatty 

acids 

 This study showed ECs affected insulin signaling via a mechanism 

independent of the traditional insulin signaling pathway 
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Limitations 
 

 This study used 3T3-L1 adipocytes, a murine cell line that may not be 

representative of human adipocytes 

 The 3T3-L1 adipocytes were not amenable to mitochondrial isolation, thus 

more specific results on mitochondrial function could not be measured with 

the Seahorse XF Analyzer 

 This study did not determine the concentrations of ECs in the cells, thus we 

do not know if the fatty acid treatments changed the levels of either 2-AG or 

AEA 

 The fatty acid and EC treatments were conducted using one concentration 

and a dose response might have revealed additional information 

  The analyses with the Seahorse XF Analyzer were completed with the fatty 

acid treatments and desaturase inhibitor, but not the ECs 
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Directions for Future Research 
 

 Based on the mechanisms identified, expanding this research to a whole body 

system to determine if ECs with peripheral actions might be beneficial for 

weight management 

 Further examination of the effect of ECs on mitochondrial respiration, 

specifically with isolated mitochondria 

 Further examination of the different ECs receptors in response to EC and 

fatty acid treatments 

 Determining the changes in EC levels in adipocytes in response to fatty acid 

treatments and whether this might have implications on how diet can affect 

the EC system 

 Examining the effect of changes of NRF1, Sirt1 and PGC-1β induced by ECs in 

non-mitochondrial functions related to energy metabolism 
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