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Abstract
“Medicine in the Western World has forgotten almost all it once knew about therapeutic
properties of marijuana or cannabis” (Mikuriya, 1969).

During the 1800’s cannabis use was described as a treatment for a variety of metabolic
disorders but its recreational use in the twentieth century resulted in laws which made the
usage of cannabis illegal despite its medicinal properties. Cannabis usage has been reported
to be useful in the treatment of Type 2 diabetes but unfortunately conflicting results are
often published and its mechanism of action is still unknown. The aim of this project was to
investigate the effect of phytocannabinoid treatment on adipogenesis and lipolysis in 3T3-L1
cells, to unravel their mechanism of action and also to test for potential anti-diabetic
properties. The studies showed that phytocannabinoid treatment promoted higher glucose
uptake and significantly less fat accumulation when compared to Rosiglitazone.
Rosiglitazone is an anti-diabetic drug that has recently been withdrawn from the market
since its usage has been associated with severe side effects. It was also found that
phytocannabinoid treatment was able to reverse the insulin-resistant state of 3T3-L1 cells.
The study indicates that the mechanism of action occurs at the mitochondrial level where
enzymes such as succinate dehydrogenase and glycerol-3-phosphate dehydrogenase are
modulated thereby affecting oxidative phosphorylation involved in the respiratory chain. In
addition the effect observed with phytocannabinoid treatment is time dependent and
affects the cells differently at different developmental stages. Therefore it can be concluded
that phytocannabinoid treatment not only helps to maintain the balance between
adipogenesis and lipolysis in 3T3-L1 cells but its use may also be helpful in the treatment of
Type 2 diabetes and/or obesity-related insulin resistance.

Mikuriya, T. H. (1969). "Marijuana in medicine: past, present and future." California medicine.
110(1): 34.
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Chapter 1: Literature Review
1.1 Diabetes: A global growing epidemic and silent killer

According to the World Health Organization (WHO), the number of people suffering from
diabetes is expected to increase from 171 million in 2000 to 366 million in 2030 (Wild et al.,
2004). These values might be an underestimation of the prevalence of diabetes due to
changing lifestyles linked to the development of insulin resistance and obesity. Once
diabetic, the patients are more likely to develop other metabolic disorders such as heart
failure (Bertoni et al., 2004). It was shown that men and women aged between 45 and 74
years have more than 2 and 5-fold increased risk of experiencing heart failure, respectively,
than their non-diabetic cohorts (Kannel et al., 1974). In South Africa, a survey carried out in
2002, showed that 29.2% of men were obese, of which 9.2% had abdominal obesity and in
the case of women, 56.6% were classified as being obese with 42% having abdominal
obesity (Puoane et al., 2002). Abdominal obesity is a marker of adipose tissue dysfunction
and it has been linked to the development of diabetes and increased risk of developing
cardiovascular diseases (Després & Lemieux, 2006). Furthermore, it has been predicted that
by 2015, death rates both in adults and children, due to diseases caused by obesity and
overnutrition such as diabetes, coronary vascular diseases and hypertension will exceed the
death rates due to undernutrition in low-income countries (Tanumihardjo et al., 2007).
Hence it can be seen that disruption in fat metabolism can lead to obesity and the
development of obesity-related insulin resistance and Type 2 diabetes. It is therefore
crucial to understand the mechanism of adipose tissue development and how disruptions in
glucose and fat metabolism can lead to adipose tissue dysfunction and ultimately death.

1.2 Adipose tissue

Adipose tissue is made up of adipocytes which are loosely held in a network of collagen
fibres and consists of 2 types namely brown adipose tissue (BAT) and white adipose tissue
(WAT) (Seeley et al., 2005). WAT is not only specialised in lipid storage (Seale & Lazar,
2009), but it is also an important secretory organ responsible for secreting adipokines such
1

as adiponectin and leptin which regulate glucose and lipid metabolism (Saltiel & Kahn,
2001). Recently, betatrophin, a protein secreted by adipose tissue has been shown to help
in beta-cell proliferation which is beneficial both in Type 1 and Type 2 diabetes (Yi et al.,
2013). Therefore it can be said that regulation of WAT is crucial for optimum glucose and
fat metabolism to ensure the maintenance of homeostasis and thereby preventing the
development of obesity, obesity-related insulin resistance as well as Type 2 diabetes.

1.2.1 Morphology

WAT and BAT differ greatly in their morphology and physiology. White adipocytes have
large unilocular lipid vacuole that occupies most of the cell’s volume with a thin rim of
cytoplasm (Cinti, 2009). In the case of brown adipocytes, the lipid vacuoles are smaller and
multilocular and the mitochondrial content of brown adipocytes is higher than white
adipocytes (Fantuzzi & Mazzone, 2007). WAT is mostly involved in storing lipids for energy
while BAT catabolises the lipids to produce heat. The difference in their functions is mostly
due to uncoupling proteins (UCPs) found typically in BAT (Cinti, 2009). The role of the UCPs
is to carry out thermogenesis where the UCPs form a special channel which allows the
movement of protons (H+) back into the mitochondrial matrix without having to pass
through the ATPase synthase complex, thereby causing dissipation of heat (Seale & Lazar,
2009). The family of UCPs include UCP1, UCP2 and UCP3. UCP1 is mostly found in BAT of
humans and rodents.

UCP2 is expressed in most tissues (lung, spleen, intestine and

pancreas) analysed both in humans and rodents while UCP3 is mostly expressed in skeletal
muscles of humans and rodents (Boss et al., 1998; Mozo et al., 2005).

High levels of BAT were commonly associated with new-born humans where the activity of
BAT decreases with increasing age (Mozo et al., 2005). The presence of BAT together with
WAT shows that possibly they are both involved in the regulation of energy metabolism and
weight. In fact studies have shown that depending on the energy requirement of an
individual, transdifferentiation of WAT to BAT can occur upon proper stimuli (for example
low temperature) to increase energy expenditure (Cinti, 2009). However the opposite can
also occur where more BAT is converted to WAT (Cinti, 2009). The development of more
BAT within white adipose tissue can potentially favour fat burning more than storage and
2

hence the ratio of brown to WAT might play a role in the development of obesity and
obesity-related insulin resistance (Porter et al., 2013).

1.2.2 Adipogenesis and lipolysis

For years scientists have thought that blocking the development of fat cells would tackle the
problem of obesity. However research has shown that adipose tissue not only plays a role
in weight regulation but it also contributes to maintain the entire body’s homeostatic
balance (Stephens, 2012) for example by regulating β-cell proliferation (Yi et al., 2013)
through the release of betatrophin. Hence adipose tissue dysfunction can in turn affect
insulin synthesis and release, thereby preventing insulin from carrying out its metabolic and
mitogenic effects. Blocking fat cell development can thus potentially lead to more severe
unwanted metabolic disorders (Stephens, 2012). It is therefore crucial to understand the
mechanisms involved in the development and regulation of adipose tissue homeostasis.

Adipogenesis is the differentiation of pre-adipocytes to form mature adipocytes. During
adipogenesis the cells acquire a more spherical shape and accumulate lipid in the form of
lipid droplets (lipogenesis). They can then act as energy storage sites which supply lipids in
the form of energy when required by other tissues (lipolysis). Lipolysis is the process where
triacylglycerides (TAGs) are hydrolysed to form glycerol and free fatty acids (FFAs) which are
supplied to other tissues for energy and storage (Ahmadian et al., 2010). The reaction is
catalysed by the enzyme hormone-sensitive lipase (HSL) and proteins such as plasma
membrane proteins and fatty acids binding proteins (FABP) are required to transport the
FFAs released (Nelson & Cox, 2013). Imbalances in the regulation of lipolysis can potentially
cause Type 2 diabetes (Londos et al., 1999), for instance high levels of FFAs produced from
increased lipolysis has been shown to promote the development of insulin resistance and
Type 2 diabetes (Lewis et al., 2002).

3

1.2.2.1 Processes involved in adipogenesis

Studies carried out during the last 20 years have shown the presence of proteins which are
involved in inhibiting and/or promoting differentiation of adipocytes (Stephens, 2012).
Proteins responsible for promoting adipogenesis include peroxisome proliferator-activated
receptor gamma (PPARγ) (Rosen & Spiegelman, 2001; Stephens, 2012), CCAAT/enhancer
binding proteins (C/EBPs) (Wu et al., 1999), signal transducer and activator of transcription
(STAT) (Zhang et al., 2011), Krüppel-like factor (KLF) (Brey et al., 2009), sterol regulatory
element binding protein 1 (SREBP-1) (Fajas et al., 1999) and activator protein 1 (AP-1)
(Stephens, 2012). Proteins responsible for inhibiting adipogenesis are preadipocyte factor 1
(Pref-1) (Smas & Sul, 1993), GATA (Tong et al., 2005) and Wnt family of proteins (Ross et al.,
2000; Stephens, 2012). The role of the different proteins involved in adipogenesis are
summarised in Figure 1.1 below.

Upregulation
Inhibition

Pref-1, GATA, Wnt
proteins

Adipocyte

Adipogenesis
Preadipocyte

AP-1, PPARγ, C/EBPs, STATs, KLFs, SREBP-1
proteins

Figure 1.1: Proteins involved in the regulation of adipocyte development modified from
Stephens (2012).
Pref-1: Preadipocyte factor 1, AP-1: Activator protein 1, PPARs: Peroxisome proliferatoractivated receptors, C/EBPs: CCAAT/enhancer binding proteins, STATs: Signal transducers
and activators of transcription, KLFs: Krüppel-like factors, SREBP-1: Sterol regulatory
element binding protein 1.
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The differentiation of pre-adipocytes to form mature adipocytes is strongly regulated by the
action of various transcription factors. During the early phase of differentiation, members
of the AP-1 family of transcription factors are activated. Transcription factors such as PPARγ
are responsible for promoting adipogenesis (Wu et al., 1999) whereas members of STATs,
KLF, SREBP-1 and C/EBP family of proteins are mostly involved in facilitating adipocyte
maturation (Stephens, 2012).
PPARγ activation causes an increase in the expression of glucose transporter type 4 (GLUT4),
making the cell more insulin-sensitive (Stephens, 2012; Fernyhough et al., 2007). The PPAR
family of transcription factors include PPARα, PPARγ and PPARδ (Rosen & Spiegelman,
2001). PPARα has been shown to promote fatty acid oxidation in muscle and liver during
fasting (Evans et al., 2004). PPARγ plays an important role in maintaining insulin sensitivity
of tissues such as muscle, fat and liver (Evans et al., 2004; Fernyhough et al., 2007). It has
also been shown to promote lipogenesis in both liver and adipose tissue (Evans et al., 2004).
PPARδ, on the other hand is responsible for fatty acid oxidation both in muscle and adipose
tissue (Evans et al., 2004). The C/EBP family of proteins includes C/EBPα, C/EBPβ and
C/EBPδ. C/EBPβ and C/EBPδ are expressed mostly during the early stages of adipogenesis
and they are responsible for inducing the expression of PPARγ whereas C/EBPα is induced
during the late stages of adipogenesis (Wu et al., 1999). STAT proteins are activated
immediately after inducing differentiation in 3T3-L1 cells and its activation occurs before the
induction of C/EBPs (Zhang et al., 2011). Members of the KLF family of transcription factors
play an important role in regulating adipogenesis. Studies have shown that KLF2 is usually
expressed in 3T3-L1 pre-adipocytes and its role is to inhibit PPARγ activation (Oishi et al.,
2005). However the levels of KLFs are rapidly decreased after induction of differentiation.
KLF15, on the other hand is induced during the late stage of 3T3-L1 differentiation and it
promotes the expression of GLUT4 transporters (Oishi et al., 2005).

SREBPs are

transcriptional factors which play an important role in adipogenesis as well as lipid
metabolism and it has been shown to regulate the expression of enzymes involved in lipid
synthesis (Eberle et al., 2004).
Pref-1 proteins usually act as a marker for preadipocytes. Its expression is dramatically
reduced during differentiation of 3T3-L1 cells and it has been shown to prevent
adipogenesis in 3T3-L1 cells (Wang et al., 2006). GATA on the other hand, has been shown
5

to bind to the promoter of PPARγ thereby downregulating its transcriptional activity and
also interacts with C/EBP to inhibit adipogenesis (Tong et al., 2005). Wnt family of proteins
play a role as inhibitors of adipogenesis and their mechanism of action is through inhibition
of C/EBPα and PPARγ (Ross et al., 2000).

1.2.2.2 Processes involved in lipolysis

Norepinephrine
Upregulation

Insulin
Epinephrine
Glucagon

α2-AR

β-AR

Gs

Inhibition

AC

ATP

cAMP
Adipocyte

Perilipin
phosphorylation

PKA activation

HSL phosphorylation
Breakdown of TAGs to
form FFA and glycerol

Figure 1.2: Activation of β-AR leads to lipolysis modified from Nelson & Cox (2013).
α2-AR: α2 adrenoceptor, β-AR: β-adrenoceptor, Gs: α subunit of G-protein coupled receptor,
AC: Adenylyl cyclase, ATP: Adenosine triphosphate, cAMP: cyclic adenosine
monophosphate, PKA: Protein kinase A, HSL: Hormone-sensitive lipase, TAGs:
Triacylglycerides, FFA: Free fatty acid.
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From Figure 1.2, it can be seen that specific ligands such as glucagon and epinephrine,
activate the β-adrenoceptors (β-AR) and lipolysis is favoured. During lipolysis, the Gs protein
that associates of G-protein coupled receptor (GPCR) is activated which leads to activation
of adenylyl cyclase (AC). AC catalyses the conversion of adenosine triphosphate (ATP) to
form cyclic adenosine monophosphate (cAMP). An increased in cAMP concentration in
adipocytes, causes activation of protein kinase A (PKA). PKA phosphorylates both perilipin,
found on the surface of the fat droplet and HSL. Phosphorylation of perilipin is important
since it allows HSL to have access to the fat droplet where TAG is broken down to form FFA
and glycerol (Nelson & Cox, 2013).
The cell membrane of adipocytes also contain another type of adrenoceptor namely α 2adrenoceptor (α2-AR). The presence of specific ligands such as insulin causes activation of
α2-AR which inhibits cAMP production. As a result, lipid mobilization is prevented and
lipogenesis is favoured (Liadó et al., 2002). Interestingly norepinephrine can bind to both
α2-AR as well as β-AR and it binds to α2-AR with higher affinity (Langin, 2006). However
whether lipolysis or lipogenesis will occur depends on the ratio of β-AR to α2-AR proteins
expressed on the adipocyte cell surface. Therefore the adrenergic system is a highly
regulated system which plays an important role in energy metabolism and in maintaining
homeostasis of the adipose tissue (Liadó et al., 2002). Often when disrupted, it can lead to
the development of insulin resistance and metabolic syndrome (Langin, 2006). Studies
carried out in 2010 showed that, an over-expression of α2-AR (lipogenesis favoured more
than lipolysis) contributes to the development of Type 2 diabetes (Rosengren et al., 2010).

1.2.3 Adipose tissue as an endocrine and secretory organ

Numerous proteins also known as adipokines are produced and secreted by the adipocytes
and macrophages such as leptin, adiponectin, resistin and tumour necrosis factor alpha
(TNFα) in response to various stimuli (Trayhurn & Beattie, 2001; De Fronzo et al., 2004).
These adipokines play an important role in the development of insulin resistance,
inflammation and Type 2 diabetes. It was found that plasma adiponectin levels were lower
in people suffering from obesity, dyslipidemia and Type 2 diabetes. Adiponectin is involved
in improving insulin sensitivity in tissues as well as reducing vascular inflammation
7

(Chandran et al., 2003; Fonseca, 2006). The role of leptin is to inhibit appetite, stimulate
thermogenesis, increase fatty acid oxidation, decrease plasma glucose levels and reduce
body weight and fat (Ahima, 2006; Nelson & Cox, 2013; Friedman & Halaas, 1998). Most
overweight individuals are leptin resistant where leptin is unable to regulate body weight
(Seufert, 2004). Resistin and TNFα, secreted by macrophages, have been shown to increase
the intensity of adipose tissue inflammation and insulin resistance (Qatanani et al., 2009).
TNFα decreases the expression of GLUT4 and increases the level of HSL, thereby promoting
lipolysis (Kern et al., 1995). Betatrophin, a protein secreted by adipose tissue has been
shown to help in beta-cell proliferation which is beneficial both in Type 1 and Type 2
diabetes (Yi et al., 2013). A wide variety of adipokines which are involved in insulin
regulation, fat and glucose metabolism as mentioned earlier, are linked to the regulation of
WAT which is crucial for the maintenance of a homeostatic balance to prevent the
development of obesity, obesity-related insulin resistance as well as Type 2 diabetes.

1.3 Insulin signalling pathway in adipocytes

As mentioned in section 1.2.3, adipose tissue plays an important role in the storage of
energy and also serves as an important endocrine organ regulating the homeostasis of
adipose tissue. Insulin has been shown to play an important role in regulating energy
metabolism in adipose tissue thereby affecting homeostasis of adipose tissue (Nelson & Cox,
2013). It plays an important role in metabolic (lipid and glucose metabolism) and gene
expression regulation (Saltiel & Kahn, 2001; Nelson & Cox, 2013; O'Brien & Granner, 1996).

Insulin cannot diffuse into the cell, instead it binds to the plasma membrane insulin receptor
and a cascade of signals is initiated to metabolic enzymes and to the nucleus (Nelson & Cox,
2013). The role of the insulin signalling pathway in energy metabolism is shown in Figure
1.3.
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Figure 1.3: Overall overview of the metabolic effect of insulin signalling pathway in an
adipocyte adapted from Saltiel & Khan (2001) (www.cellsignal.com – revised Nov 2012).
IRS: Insulin receptor substrate, PI3K: Phosphoinositide-3-kinase, PIP3: Phosphatidylinositol
3,4,5-trisphosphate, PDK1: 3-Phosphoinositide-dependent protein kinase 1, PKC: Protein
kinase C, GSK3: Glycogen synthase kinase 3, SREBP-1: Sterol regulatory element binding
protein 1, GLUT4: Glucose transporter type 4, Akt: Protein kinase B, mTOR: Mammalian
target of rapamycin
Figure 1.3 is a simplified overview of the metabolic effects of insulin. It can be seen that
when insulin binds to the insulin receptor, the tyrosine kinase activity of the insulin receptor
phosphorylates insulin receptor substrate (IRS) which in turn causes activation of
phosphoinositide-3-kinase (PI3K) (Backer et al., 1992). PI3K then causes activation of both
3-phosphoinositide-dependent protein kinase 1 (PDK1) as well as the Akt pathway
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(Vanhaesebroeck & Alessi, 2000). Activated Akt inhibits lipolysis by preventing a rise in
cAMP levels (Giorgino et al., 2005), inhibits the action of glycogen synthase kinase 3 (GSK3)
(Cross et al., 1995) thereby promoting fatty acid synthesis and glycogen synthesis (Saltiel &
Kahn, 2001). It also induces protein synthesis and prevents degradation of proteins through
the mTOR pathway (Saltiel & Kahn, 2001). Activated PDK1 phosphorylates protein kinase C
(PKC). PKC and Akt promotes the action of transcriptional factor SREBP-1 (Barthel &
Schmoll, 2003) which induce fatty acid synthesis and have also been shown to promote
adipogenesis (Stephens, 2012). They are also involved in promoting the translocation of
GLUT4 to the plasma membrane in response to increased insulin levels, thereby promoting
glucose uptake in adipocytes (Saltiel & Kahn, 2001).

1.4 Defects in insulin signalling pathway that can lead to the development of Type 2
diabetes

In obesity-related insulin resistance, the insulin signalling pathway is disrupted at various
levels. When one pathway is altered, other pathways which are interconnected are also
affected (Qatanani & Lazar, 2007). As a result, insulin is unable to mediate its metabolic and
mitogenic effect. Obesity has been linked to the development of insulin resistance possibly
because of increased fatty acid-derived signalling molecules (Boden, 2001), increased
production of reactive oxygen species (ROS) (Furukawa et al., 2004), mitochondrial
dysfunction (Kim et al., 2008) and/or the development of ER stress (Qatanani & Lazar,
2007).

The possible link between obesity and obesity-related insulin resistance is

summarised in figure 1.4.

FFA have been shown to play an important role in obesity-related insulin resistance where
an increase and a decrease in plasma FFA levels, induces and reduces insulin resistance
respectively (Boden et al., 2008). However not all obesity-related insulin-resistant cases are
due to high FFA plasma levels, thereby clearly implicating other mechanisms in the
development of insulin resistance and Type 2 diabetes. ER stress has been proposed to be
the link between obesity and insulin resistance (Özcan et al., 2004; Hotamisligil, 2005). How
does obesity result in ER stress?
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Figure 1.4: Factors playing a role in obesity-related insulin resistance adapted from Boden
et al. (2008), Kahn & Flier (2000) and Qatanani & Lazar (2007).
IRS: Insulin receptor substrate, PI3K: Phosphoinositide-3-kinase, ROS: Reactive oxygen
species, ER stress: Endoplasmic reticulum stress, JNK: c-Jun NH2-terminal kinase, GLUT4:
Glucose transporter type 4.
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During excess nutrient intake, fat storage is promoted (Ravussin & Smith, 2002). As a result,
there is a greater demand for proteins required to accommodate the increase in fat
droplets. It was found that obese individuals have an overexpression of proteins involved in
energy and fat metabolism (ATPase, perilipin) as well as proteins involved in transport and
signalling (myosin and tropomyosin) (Boden et al., 2008; Özcan et al., 2004). Furthermore,
there is also an overexpression of proteins linked with the unfolded protein response (UPR)
pathway (Özcan et al., 2004). Since the ER is the major site for protein synthesis, it tends to
undergo stress while trying to cope with the increased protein demand, thereby activating
UPR in order to reduce ER stress (Boden et al., 2008; Gregor & Hotamisligil, 2007). It was
shown that prolonged ER stress can lead to the development of insulin resistance and Type
2 diabetes (Özcan et al., 2004).

The activation of the UPR pathway by ER stress promotes the release of pro-inflammatory
cytokines (Zhang, 2010) such as TNFα, interleukin 6 (IL-6) and interleukin 1-β (IL1-β) through
activation of the c-Jun NH2-terminal kinase (JNK) pathway (Özcan et al., 2004). As a result of
inflammation, IRS-1 loses its functionality, shutting down the insulin-signalling pathway
(White, 2002; Hotamisligil, 2005). PI3K is no longer able to mediate its insulin action (Kahn
& Flier, 2000). GLUT4 transporters are unable to respond to the presence of insulin thereby
affecting both glucose and fat metabolism. Hence it can be said that the ER is the proximal
site that detects abnormalities in nutrient intake and sends out inflammatory and metabolic
signals to try and restore the homeostasis of the body (Boden et al., 2008).

In the case of ROS production, it has been proposed that the increase in ROS production is
possibly due to increased fatty acid oxidation in the mitochondria (Qatanani & Lazar, 2007;
Evans et al., 2003). Studies have shown that when healthy subjects are exposed to high
levels of FFAs, they tend to experience oxidative stress which is reversed by the presence of
anti-oxidants such as glutathione (Schulz et al., 2000). Furthermore ROS production has
been shown to cause activation of the serine/threonine kinase signalling cascade (Evans et
al., 2003). This promotes serine phosphorylation of IRS thereby dampening the insulin
signalling pathway by decreasing tyrosine phosphorylation of IRS (Gual et al., 2005). The
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serine/threonine kinase signalling cascade is also activated by the inflammatory cascade
mediated by JNK activation (Qatanani & Lazar, 2007).
It can therefore be seen that obesity plays a major role in the development of Type 2
diabetes and its regulation is crucial for maintaining optimum functioning of the body.

1.5 Anti-diabetic drugs, their benefits and side-effects

Figure 1.5 illustrates that obesity, obesity-related insulin resistance and inflammation are
linked, possibly through the development of ER stress and plays an important role in the
development of Type 2 diabetes (Boden et al., 2008).

Obesity

FFAs

Insulin Resistance

NFκB
activation

Inflammation

Diabetes

Figure 1.5: Link between obesity, inflammation and insulin resistance adapted from
Boden et al. (2008).
FFAs: Free fatty acids, JNK: c-Jun NH2-terminal kinase, ER: Endoplasmic reticulum, NFκB:
Nuclear factor κB.

Therefore, an ideal anti-diabetic drug would be one which helps to improve glucose uptake
and insulin sensitivity of peripheral tissues, insulin secretion from pancreatic cells as well as
helps to dampen inflammation. It should also reduce oxidative stress and have a protective
role at the endoplasmic reticulum and mitochondrial level thereby preventing ER stress and
mitochondrial dysfunctional, respectively.
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As mentioned earlier, insulin plays numerous roles in regulating metabolism, for example it
improves glucose uptake in muscle and fat, reduces hepatic glucose output, stimulates cell
growth and differentiation, lipogenesis, glycogen synthesis and protein synthesis (Saltiel &
Kahn, 2001; Kahn & Flier, 2000). However in Type 2 diabetes, insulin is unable to mediate
these metabolic effects (Reaven, 1988) and therefore an ideal anti-diabetic drug needs to
fulfil the roles carried out by insulin. Current anti-diabetic drugs provide some beneficial
effects but can also alter metabolic pathways thereby presenting severe side-effects despite
being helpful in alleviating insulin resistance.

1.5.1 Rosiglitazone

Rosiglitazone was introduced on the global market in 1999 and was recently withdrawn
(Gale, 2010). Its use has been associated with an increased risk of myocardial infarction as
well as an increased risk of death due to cardiovascular diseases among diabetic patients.
Furthermore the use of rosiglitazone among patients caused an 18.6% increase in lowdensity lipoprotein (LDL) cholesterol when compared to placebo patients, thereby showing
disruption of the blood lipid profile (Nissen & Wolski, 2007).

Rosiglitazone is classified as part of thiazolidinedione (TZDs) drugs which are PPARγ agonists
(Nissen, 2010). In adipose tissue PPARγ regulates adipogenesis, glucose and lipid
metabolism as well as glucose sensitivity of the tissue (Burstein, 2005). Its action as an antidiabetic drug was successful at first since it helped reduce blood glucose levels by promoting
glucose uptake and storage as fat in new adipocytes (Qatanani & Lazar, 2007). However it
resulted in weight gain which is unwanted in insulin resistant patients.

1.5.2 Metformin

Metformin has been shown to reduce hepatic glucose output and improve glucose uptake
by peripheral tissues especially in muscle tissue thereby lowering blood glucose levels (Rojas
& Gomes, 2013). Currently, it is the safest anti-diabetic drug among overweight patients
since it has been shown to reduce their risk of cardiovascular diseases (Peters et al., 2008).
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However its use has been associated with the development of severe lactic acidosis among
users where the mortality rate is as high as 50% (Peters et al., 2008).

Within the context of increasing global mortality rates due to diabetes, there is therefore a
need for the development of new, potent anti-diabetic drugs with no unwanted side-effects.

1.6 Role of mitochondria in adipose tissue

The mitochondria are known as the “powerhouses” of the cell.

It is responsible for

converting chemical energy from carbohydrates, lipids and protein catabolism to produce
ATP (Nelson & Cox, 2013; Smeitink et al., 2006; Lowell & Spiegelman, 2000). Processes that
take place in mitochondria include conversion of pyruvate to acetyl-CoA, fatty acid
oxidation, tricarboxylic acid (TCA) cycle as well as oxidative phosphorylation (Nelson & Cox,
2013). Furthermore studies have shown that upon proper stimulation, eukaryotic cells can
modify their energy demand by altering their mitochondrial content and distribution (De
Pauw et al., 2009). Figure 1.6 is a simplified overview of the processes that occur within
mitochondria.

As shown in figure 1.6, glucose broken down to pyruvate via glycolysis and acyl-CoA formed
from FFAs by acyl-CoA synthetase enter the mitochondrial matrix through specific
transporters namely pyruvate carrier and carnitine-palmitoyl-transferase 1 (CPT1) complex
respectively. Acetyl-CoA formed from pyruvate and β-oxidation enters the TCA cycle and is
oxidized to form carbon dioxide (CO2) and water (De Pauw et al., 2009). The electrons
donated are then carried by NADH and FADH2 which are the main electron carriers involved
in the respiratory chain. Their role is to temporarily carry oxidation energy in the form of
electrons (Nelson & Cox, 2013).

It can be seen that complex II also known as succinate dehydrogenase (SDH) links the TCA
cycle to oxidative phosphorylation (Figure 1.6).

It is responsible for catalysing the

conversion of succinate to fumarate (Jones & Hirst, 2013).
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Figure 1.6: Role of mitochondria in energy metabolism adapted from De Pauw et al. (2009)
and Nelson & Cox (2013).
TAGs: Triacylglycerides, G3PDH: Glycerol-3-phosphate dehydrogenase, DHAP:
Dihydroxyacetone phosphate, NADH: Nicotinamide adenine dinucleotide (reduced), NAD +:
Nicotinamide adenine dinucleotide (oxidized), H+: Protons, é: electrons, Q: Ubiquinone, Cyt
c: Cytochrome c, O2: Oxygen, H2O: Water, ATP: Adenosine triphosphate, SDH: Succinate
dehydrogenase, TCA: Tricarboxylic acid cycle, FADH2: Flavin adenide dinucleotide (reduced),
CPT1: Carnitine-palmitoyl-transferase 1, FFAs: Free fatty acids.
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During aerobic metabolism, electrons are transferred through complex I and II to
ubiquinone (Q) which is reduced to ubiquinol. Complex III is then responsible for carrying
the electrons from ubiquinol to cytochrome c (Cyt c). The final step in the respiratory chain
involves the transfer of the electrons from Cyt c through Complex IV, to the final electron
acceptor, O2, which is then reduced to form water and carbon dioxide.

The energy

generated through the flow of electrons across the different energy carriers and through the
different mitochondrial complexes is coupled to the uphill flow of protons (H +) across the
inner mitochondrial membrane to the intermembrane space, producing an electrochemical
gradient. This proton motive force generated is coupled to the synthesis of ATP by ATPase
activity (Nelson & Cox, 2013; Felder et al., 1992).

SDH is the only enzyme of the citric acid cycle which is bound to the inner mitochondrial
membrane and it has a covalently bound flavin adenide dinucleotide (FAD) molecule. It has
a P/O value of 2.0 where the P/O value reflects the amount of ATP produced per pair of
electrons (Nelson & Cox, 2013). Defects in complex II have been linked to numerous
metabolic diseases such as neurodegenerative diseases, cancer (Selak et al., 2005; King et
al., 2006) and diabetes (De Pauw et al., 2009).

The glycerol-3-phosphate dehydrogenase (G3PDH) shuttle plays an important role in
oxidative phosphorylation. It transfers a pair of electrons from NADH to form glycerol-3phosphate from dihydroxyacetone phosphate (DHAP). Glycerol-3-phosphate is reoxidised
back to DHAP by the enzyme G3PDH which is found on the outer face of the inner
mitochondrial membrane. G3PDH has a FAD prosthetic group which is reduced to FADH2 in
the presence of glycerol-3-phosphate. The electrons are then channelled to Q to ensure
oxidative phosphorylation occurs. The shuttling system plays an important role in
metabolism by ensuring continuous renewal of NAD+ required for glycolysis in the cytosol
(Berg et al., 2002; Nelson & Cox, 2013). A P/O ratio of 1.5 ATP has been assigned to the
G3PDH shuttling system (Berg et al., 2002).

It has been noted that brown adipocytes has an unusually high activity of G3PDH (Gong et
al., 1998; Kozak et al., 1991). Brown adipocytes exhibit high oxidative capacity when FFAs
act as fuels (Kuroshima, 1993) and low glycolytic activity (Houstek et al., 1975). The G3PDH
17

shuttling system has been proposed to play a role in maintaining a balance between fatty
acid oxidation and lipid synthesis as well as being a regulatory mechanism to protect the cell
against high intracellular FFAs (Houstek et al., 1975).

1.6.1 Factors affecting mitochondrial biogenesis during adipogenesis

During adipogenesis, the biogenesis of mitochondria is affected.

Studies showed

transcriptional factors such as PPARγ, C/EBPα, cAMP response element-binding (CREB) and
PPARγ coactivator 1 alpha (PGC-1α) (Ventura-Clapier et al., 2008) not only play an important
role in regulating differentiation of fat cells but they also regulate mitochondrial biogenesis,
thereby affecting the energy balance (De Pauw et al., 2009). PGC-1α has been shown to be
the master regulator of mitochondrial biogenesis since it plays an important role in
regulating the growth and organization of the mitochondrial compartments (VenturaClapier et al., 2008).

In vitro studies have shown that PPARγ ligands promote the

transcription of UCP1 proteins in mitochondria of white adipocytes in culture (Bogacka et
al., 2005).

C/EBPα also affects mitochondrial biogenesis both in white and brown

adipocytes and studies have shown that C/EBPα-null mice do not express UCP1 in their
brown adipocytes and have fewer mitochondrial content than wild-type mice (Carmona et
al., 2002). In the case of CREB, it plays an important role in activating PGC-1 thereby
regulating mitochondrial biogenesis (Wu et al., 2006).

1.6.2 Factors involved in mitochondrial dysfunction in pre-adipocytes and adipocytes

Mitochondrial dysfunction has been implicated in the development of Type I and 2 diabetes
(Lowell & Shulman, 2005; Evans et al., 2003). Studies have shown that people suffering
from Type I diabetes usually express mutations in their mitochondrial DNA (mtDNA) of
pancreatic β-cells. This leads to impairment in insulin secretion and increased apoptosis,
thereby causing a decrease in β-cell mass. Furthermore, reduced oxidative phosphorylation
by the mitochondria has been shown in insulin resistant individuals as well as obese
individuals, thereby showing a possible link between mitochondrial dysfunction, obesity and
the development of Type 2 diabetes (De Pauw et al., 2009; de Ferranti & Mozaffarian,
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2008). Figure 1.7 shows the factors contributing to mitochondrial dysfunction both in preadipocytes and adipocytes (De Pauw et al., 2009).
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Figure 1.7: Factors involved in mitochondrial dysfunction in pre-adipocytes and adipocytes
modified from De Pauw et al. (2009).
ROS: Reactive oxygen species, AMPK: Adenosine monophosphate - activated kinase, CREB:
cAMP response element-binding protein, PPARγ: Peroxisome proliferator-activated receptor
gamma, C/EBPα: CCAAT/enhancer binding protein alpha, ATP: Adenosine triphosphate,
mtDNA: Mitochondrial DNA, T2DM: Type 2 Diabetes Mellitus, TNFα: Tumour necrosis factor
alpha.
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From Figure 1.7, it can be seen that numerous factors contribute to mitochondrial
dysfunction. In the case of pre-adipocytes, hypoxic conditions have been shown to promote
the production of ROS (Carrière et al., 2004) which causes damage to mtDNA.

Pre-

adipocytes treated with oxidative phosphorylation inhibitors showed impaired respiration
leading to increased TAGs accumulation (lipogenesis) (Vankoningsloo et al., 2006).
Mitochondrial dysfunction in pre-adipocytes has been linked to increased AMPK
phosphorylation as well as increased activity of CREB (Vankoningsloo et al., 2006). CREB
plays an important role as a transcription factor regulating cell proliferation, survival,
differentiation and is often activated in response to mitochondrial dysfunction (Arnould et
al., 2002). Pre-adipocytes are not able to differentiate properly since the action of PPARγ
and C/EBPα is inhibited and ATP production is reduced (De Pauw et al., 2009).

In the case of adipocytes, ageing has been shown to cause damage to mtDNA due to
increased ROS production (Richter, 1995). The development of obesity and Type 2 diabetes
has been linked to increased production of TNFα (Hotamisligil et al., 1995) which promotes
mitochondrial dysfunction (Chen et al., 2010) and increase in ROS production (Chen et al.,
2010). As a result, mitochondrial biogenesis is supressed. It can be seen that mitochondrial
dysfunction both in pre-adipocytes and adipocytes leads to decreased ATP production (De
Pauw et al., 2009). It can therefore be hypothesised that the cells are not able to cope with
the ATP demand, resulting in oxidative phosphorylation activity increasing to meet the ATP
requirement of the cells and this in turn leads to increased ROS production which causes
further damage to the cells (Nelson & Cox, 2013).

1.6.3 Role of mitochondria in thermogenesis

Thermogenesis is a process where chemical energy from carbohydrates and lipids are
converted to heat instead of ATP as a result of uncoupling. Brown adipocytes contain a
unique uncoupling protein namely UCP1, also known as thermogenin which allows H+ to
flow back into the mitochondrial matrix without passing through ATPase (Porter et al.,
2013). Figure 1.8 shows the factors which play a role in regulating thermogenesis within a
brown adipocyte (Harms & Seale, 2013).
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Figure 1.8: Factors playing a role in thermogenesis in brown adipocytes modified from
Harms & Seale (2013).
β-AR: β-Adrenoceptor, Gs: α Subunit of G-protein coupled receptor, AC: Adenylyl cyclase,
cAMP: cyclic Adenosine monophosphate, PKA: Protein kinase A, CREB: cAMP response
element-binding protein, C/EBPβ: CCAAT/enhancer binding protein β, Atf2: Activating
transcription factor 2, MAPK: Mitogen-activated protein kinase, UCP1: Uncoupling protein 1,
PGC-1α: PPARγ coactivator-1 alpha, TFx: Thyroid receptor x, Pla2: Phospholipase A2, LCFA:
Long-chain fatty acid, H+: Proton, FFA: Free fatty acid.
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From figure 1.8, it can be seen that in the presence of stimuli such as norepinephrine, β-AR
found on the cell membrane of brown adipocytes is activated. As a result, the Gs protein is
activated which causes AC to increase cAMP levels. Increased cAMP levels activate protein
kinase A (PKA) which stimulates lipolysis. FFAs formed from the breakdown of TAGs are
oxidised by mitochondria to produce heat. As a result, uncoupling occurs where protons
enter the inner mitochondrial membrane through UCP1 which is activated by the presence
of long-chain fatty acids (LCFAs) released from the mitochondrial membrane by Pla2 (Figure
1.8). Active PKA phosphorylates CREB and p38 MAPK. Phosphorylated p38 MAPK is then
responsible for phosphorylating and activating Atf2 and PGC-1α where both play an
important role in activating downstream genes such as UCP1 thereby regulating
thermogenesis (Lin et al., 2005). PGC-1α binds DNA in the nucleus with the help of PPARγ,
PPARα, retinoid X receptor (RXR) and thyroid receptor (TFx) in order to regulate gene
expression of proteins involved in thermogenesis. Catecholamines have been shown to
induce the expression of C/EBPβ which plays a role in regulating thermogenesis (Harms &
Seale, 2013).
Hence the fact that humans also express brown adipocytes suggests that brown adipocyte
development might play an important role on body mass, adiposity as well as metabolic
health. However increased levels of thermogenesis might be detrimental to tissues which
have high metabolic rates such as the heart due to increased heat production. Interestingly
studies showed that mitochondrial respiration in adipose tissue provides approximately 4%
of the resting metabolic energy (Porter et al., 2013) and therefore upregulation of
thermogenesis in adipose tissue might be a solution to tackling the problem of obesity by
promoting gradual weight loss over time in obese individuals without excessive heat
generation.

1.7 Phytocannabinoids
Cannabis sativa L. has been used for medicinal purposes as well as relaxation purposes for
thousands of years. Cannabinoids derived from the plant Cannabis sativa L are known as
phytocannabinoids. In fact cannabinoids refer to any substance known to activate the
endocannabinoid system in the body (Fišar, 2009). Cannabis contains more than 489
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chemical constituents, 70 of which are classified as phytocannabinoids (Fišar, 2009;
Pertwee, 2006). The main active constituents of the plant are the phytocannabinoids
namely cannabidiol (CBD), cannabinol (CBN) and 9-tetrahydrocannabinol (THC). THC and its
homologues are the main psychoactive constituents of cannabis (Potter et al., 2008). CBN is
the metabolic breakdown product of THC and displays less psychoactive effects (Lambert,
2009).

Figure 1.9 below shows the structures of the classical phytocannabinoids namely

THC, CBN and CBD.

Δ9-Tetrahydrocannabinol
THC

Cannabinol
CBN

Cannabidiol
CBD

Figure 1.9: The structure of THC, CBN and CBD (Fišar, 2009)
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THC binds to both CB1 and CB2 receptors, but it shows a higher affinity for CB1 receptors
relative to CB2 receptors. CBD has low affinities for both CB1 and CB2 receptors (Fišar, 2009).
CBN, on the other hand shows a higher affinity for the CB2 receptors when compared to THC
(Reggio, 2009).

Intake of cannabinoids leads to its accumulation in the lipid part of

membranes due to its lipophilicity (Ashton, 2001).

They might often bind to the

hydrophobic portion of integral proteins embedded in the membrane. As a result, the
functions of the membrane proteins can be affected since the lipid portion plays an
important role in signal transduction (Fišar, 2009).

Interestingly studies showed that cannabinoid signalling in cells can be receptor mediated
and non-receptor mediated as well (Felder et al., 1992). The orphan receptor, G-proteincoupled receptor 55 (GPR55) is another receptor which mediates cannabinoid action and is
involved in the endocannabinoid system (Ryberg et al., 2007). THC has also been shown to
bind to the GPR55 receptor with better efficacy when compared to CB1 and/or CB2
receptors (Pertwee, 2007).

1.7.1 Role of phytocannabinoids in medicine

Sativex is one example of a drug which consists of an extract of Cannabis sativa and is used
for the treatment of multiple sclerosis (Barnes, 2006). It contains THC and CBD in a ratio of
1:1. Studies have shown that CBD (due to its anxiolytic and antipsychotic effects) can
reduce the harmful effects of THC such as the psychotic effect as well as anxiety (Moreira et
al., 2011). Nabilone on the other hand, is a synthetic analog of THC and is often used to
improve appetite and prevents nausea (Moreira et al., 2011). Table 1 summarizes the
different pharmacological effects mediated by the classical cannabinoids (Elsohly, 2007).
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Table 1: The different pharmacological effects of the phytocannabinoids adapted from
Elsohly (2007).

Phytocannabinoids
THC

CBD

CBN

Pharmacological effects
Euphoriant (Maickel, 1973)
Analgestic (Noyes et al., 1975)
Anti-inflammatory (Zurier, 2003)
Antioxidant (Hampson et al., 1998)
Antiemetic (Sallan et al., 1975)
Antispasmodic (Comelli et al., 2008)
Anxiolytic (Zuardi et al., 2006)
Antipsychotic (Zuardi et al., 2006)
Analgesic (Williamson & Evans, 2000)
Anti-inflammatory (Mechoulam et al., 2007)
Antioxidant (Hampson et al., 1998)
Antibiotic (Appendino et al., 2008)
Anticonvulsant (Karler et al., 1973)
Anti-inflammatory (Zurier, 2003)

1.7.2 Endocannabinoid system (ECS)

The endocannabinoid system includes the endocannabinoids, the receptors (CB 1 and CB2)
and the enzymes responsible for its synthesis, internalization and degradation (Moreira et
al., 2011). The endocannabinoid system in the body acts as the regulator of energy balance
(Nogueiras et al., 2009). They are lipid mediators that act through G protein-coupled
receptors namely CB1 and CB2 receptors. These receptors also recognise phytocannabinoids
which are plant-derived cannabinoids (Kunos et al., 2008). Endocannabinoids such as
anandamide (AEA) and 2-arachidonoyl-glycerol (2-AG) are anabolic substrates which are
produced by the body in response to increased intracellular calcium ion concentrations. AEA
has a higher affinity for CB1 receptors whereas 2-AG has the same affinity both for CB1 and
CB2 receptors (Moreira et al., 2011). These endogenous lipids are not stored in vesicles;
instead they are synthesized on demand through an enzymatic cleavage from membrane
phospholipid precursors (Lambert, 2009; Kunos et al., 2008). Their role as autocrine and
paracrine mediators is terminated by enzymatic degradation through hydrolysis by fatty acid
amide hydrolase (FAAH) and cleaved by monoacylglycerol lipase (MGL) respectively, forming
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arachidonic acid (Arnaud, 2008).

Arachidonic acid, which is an important membrane

constituent, acts both as the source and supply of endocannabinoids (Fišar, 2009).

1.7.3 Role of ECS in energy metabolism

Endocannabinoids are known to promote storage of energy and also to reduce energy
expenditure. CB1 and CB2 receptors differ from each other in their amino acid sequence
composition, their signalling mechanism, their distribution in the body and affinities for the
different cannabinoids (Howlett et al., 2002). CB1 receptors are usually not present in preadipocytes but their expression is induced during adipogenesis (Vettor & Pagano, 2009).
Studies showed that activation of CB1 receptors, PI3K and an increase in intracellular Ca2+,
promote glucose entry into the cells via GLUT4 (Pagano et al., 2008). CB2 receptors on the
other hand, are expressed at low levels in biopsies of adipose tissue. Such observations
suggest that the presence of CB2 mRNA in the adipose tissue extract could arise from
preadipocytes cells, infiltrating macrophages or vascular cells (Vettor & Pagano, 2009).

In adipose tissue, endocannabinoids promote adipogenesis, lipogenesis and glucose uptake
via CB1 receptor activation. CB1 activation induces cell differentiation (through the activation
of PPARs) and helps improve insulin sensitivity of tissues by promoting glucose uptake.
Therefore endocannabinoids mimic the action of insulin, promoting glucose uptake in
adipocytes (Pagano et al., 2008).

1.7.4 Link between endocannabinoids, insulin resistance & obesity

Endocannabinoids have been associated in the aetiopathology of obesity (Kirkham &
Rogers, 2011). The main cause of obesity is the overconsumption of food. THC has been
shown to have antiemetic properties and promote appetite and they are commonly used by
patients undergoing chemotherapy (Moreira et al., 2011). Endocannabinoid such as AEA
and 2-AG, have also been shown to mediate hyperphagia (excessive eating) through the
activation of CB1 receptors (Kirkham & Rogers, 2011). These findings suggested that the
endocannabinoid system plays a direct role in the control of appetite. Rimonabant which is
a CB1 antagonist was used to block the signalling of the CB1 receptor, thereby suppressing
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food intake. Dramatic weight loss was associated with its use. However Rimonabant was
shown to prevent the release of dopamine (Kirkham & Rogers, 2011) and has been
associated with behavioural and psychological side-effects (namely depression) (Kirkham &
Rogers, 2011; Pagano et al., 2008). Clearly the endocannabinoid system plays a more
complex role than just regulating body weight and its regulation is crucial for the
maintenance of homeostasis within the body.

1.7.5 Current findings on the role of phytocannabinoids in diabetes

Neuropathy is often a consequence of diabetes and studies have shown that CBD has the
potential to reduce neuropathic pain (Nurmikko et al., 2007) in streptozotocin-induced
diabetic rats (Comelli et al., 2009). Furthermore repeated treatment with CBD (isolated
from cannabis extract), caused an increase in the level of antioxidant namely glutathione in
the liver of the treated rats. This suggests that CBD has the potential to protect the liver
against oxidative stress which has been linked to the development of neuropathy in
diabetes (Comelli et al., 2009). However in contrast to these findings, a double-blind clinical
trial of Sativex (THC: CBD = 1:1) was carried out to test whether CBD had the potential to
reduce neuropathic pain associated with diabetes. The studies showed no significant
difference between CBD use and the placebo (Frisher et al., 2010).

THC has been reported to have beneficial effects in regulating insulin sensitivity of tissues
(Gallant et al., 2009). For example, studies showed that THC was able to improve glucose
uptake in an insulin-resistant model of adipocytes and muscle cells (Frisher et al., 2010;
Gallant et al., 2009). Furthermore THC not only has the potential to decrease TNFα
production which is often associated with inflammation and Type 2 diabetes, but it has also
been shown to promote gene expression of IRS-1, IRS-2 and GLUT4 which play an important
role in the insulin signalling pathway (Frisher et al., 2010; Gallant et al., 2009). THC also
plays a role in the regulation of pancreatic cells since it has been shown to promote insulin
secretion (Frisher et al., 2010). Obese rats treated with cannabis extract showed weight loss
and the cannabis extract appeared to have a protective effect on the pancreatic cells
(Levendal et al., 2012).
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THC activates PPARγ which regulates cell proliferation, differentiation and plays an
important role in glucose and lipid metabolism.

The use of TZDs ligands (PPARγ) as

mentioned before was very successful as anti-diabetic drugs but has been associated with
severe side-effects such as weight gain, oedema and increased LDL. Therefore
phytocannabinoids that do activate PPARs to the same extent as TZDs might exhibit antidiabetic properties without the unwanted side-effects (Frisher et al., 2010).

CB2 activation has been shown to prevent the development of inflammation. Low dosage
treatment with THC has proved to be beneficial in preventing the progression of
atherosclerosis (in mouse model), which is often associated with inflammation (Steffens et
al., 2005). Often diabetes can lead to other severe metabolic disorders such as coronary
heart disease and stroke (Manson et al., 1991). CBD has been shown to have a protective
effect on the blood-brain barrier especially during the onset of diabetes by reducing the
level of inflammatory cytokines such as TNFα. Furthermore in diabetic patients, the level of
vascular endothelium growth factor (VEGF) which is an inflammatory cytokine is elevated
and CBD has been shown to reduce the level of VEGF in patients (Mechoulam et al., 2007).
Other cytokines such as interferon gamma (IFNγ) which is released by T-lymphocytes is also
reduced by CBD treatment (Frisher et al., 2010).

Phytocannabinoids have been suggested to have both carcinogenic (when it is mixed with
tobacco) and anti-cancer properties since it is able to regulate cell proliferation, survival as
well as inhibit inflammation (Sarfaraz et al., 2008). It is also able to inhibit tumour growth
both in cultured cells and animal models (Guzman, 2003) thereby showing promises for the
treatment of cancer. Studies have shown that cannabinoid treatment induced apoptosis in
pancreatic cancer cells. It helped to reduce the growth of pancreatic tumour cells as well as
prevent its spreading possibly by regulating the expression of proteins involved in ER stress
(Carracedo et al., 2006).

From existing scientific data, it can be seen that phytocannabinoids have promising
potential as a therapeutic agent and might be effective in alleviating the symptoms of
insulin resistance and Type 2 diabetes. However, more extensive research needs to be
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conducted to determine the mechanism of action of phytocannabinoids. It should be noted
that the author in no way condones the casual use of cannabis.

Chapter 2: Aims and objectives
2.1 Aim

Adipogenesis and lipolysis as mentioned earlier are important processes involved in the
development of fat cells. Imbalances in their regulation can potentially lead to adipose
tissue dysfunction (Lyer et al., 2010), insulin resistance and Type 2 diabetes (de Ferranti &
Mozaffarian, 2008). The aim of this research is therefore to establish the mechanism of
action of selected endo- and phytocannabinoids in adipogenesis and lipolysis in normal and
insulin-resistant 3T3-L1 cells and to determine the potential anti-diabetic properties
associated with the selected phytocannabinoids, relative to selected anti-diabetic drugs
such as metformin and rosiglitazone.

2.2 Objectives

To achieve the above aim, the following research objectives were identified:

-

To determine the effect of endo- and phytocannabinoid treatment on glucose
uptake and fat accumulation in normal 3T3-L1 cells (7 and 14 days treatment).

-

To induce insulin-resistance in 3T3-L1 cells.

-

To determine the effect of endo- and phytocannabinoid treatment on glucose
uptake in an insulin-resistant model of 3T3-L1 cells.

-

To determine the effect of endo- and phytocannabinoid treatment on the enzyme
activities of SDH and G3PDH in normal 3T3-L1 cells (7 and 14 days treatment).

-

To determine the effect of endo- and phytocannabinoid treatment on oxygen
consumption in normal 3T3-L1 cells treated for 14 days.
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Chapter 3: Extraction and quantification of phytocannabinoids (THC, CBN and
CBD)

3.1 Chloroform extract procedure

The extraction procedure was conducted as described by Turner and Mahlberg (1984).
Briefly, 10 g of dried cannabis was ground in a mortar and pestle; 10 mL of analytical grade
chloroform was added and allowed to stand at room temperature for 1 hour. Thereafter,
the chloroform was removed and the procedure was repeated three times. Fraction 1, 2 and
3 was then combined and filtered using Millex Millipore filters (0.45 µm). The filtrate was
evaporated using nitrogen at 40C in the dark (Turner & Mahlberg, 1984). The remaining
resin, containing the phytocannabinoids was resuspended in 2 mL of 100% methanol,
flushed with nitrogen and stored under vacuum at 40C in the dark.

3.2 RP-HPLC quantification of THC, CBN and CBD

Commercial cannabinoids namely THC (Industrial Analytical), CBD (Sigma) and CBN (Sigma)
were used to set up calibration curves ranging from 0-1 mg/mL (Figure 3.1), using RP-HPLC.
Methanol present in the commercial phytocannabinoids was evaporated using the speed
vacuum dryer and the phytocannabinoids (free of methanol) were then resuspended in a
mixture of acetonitrile and phosphate buffer at a ratio of 70:30 respectively. Elution profiles
were obtained for a µBondapak C18 10 µm, 0.46 x 0.25cm column (Phenomenex) using
acetonitrile and 0.01M phosphate buffer (pH 7.4) at a 70:30 ratio and a flow rate of 1
mL/min. The absorbance of the fractions was monitored at 214 nm and the data was
analyzed using the dioarray detection Agilent software.

The retention time and the absorption spectrum of the peak for each of the commercial
standards were used to identify the respective phytocannabinoids present in the extract and
the peak area was used to determine the concentration of individual cannabinoids in the
extract. The elution profiles for the individual phytocannabinoids and the crude extract are
shown in the appendix (Figure A1, A2 and A3 for THC, CBN and CBD, respectively).
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From the elution profile of the crude extract (Figure A4 – Appendix), it can be seen that THC,
being the most non-polar, is eluted last when compared to CBD which is eluted first (most
polar) (De Backer et al., 2009).

Due to differences in their polarities, the different

phytocannabinoids interact with the C-18 hydrophobic column with different strength. The
least polar compound (THC) binds with stronger affinity to the column and therefore is
eluted last (Levendal et al., 2012).
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Figure 3.1: Standard curve of THC (R2 = 0.9989), CBN (R2 = 0.9995) and CBD (R2 = 0.9987)
using RP-HPLC.
The peak area was used to determine the concentration of THC, CBN and CBD present in the
extract and was found to be 0.135, 1.331 and 0.172 mg/mL, respectively. Therefore the
ratio of THC: CBN: CBD in the extract was approximately 1:10:1, respectively where the CBN
concentration is much higher than THC and CBD.
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Chapter 4: The effect of phytocannabinoid treatment on adipogenesis and
lipolysis in normal 3T3-L1 pre-adipocytes and adipocytes
During adipogenesis, the number of GLUT4 transporters on the cells increases thereby
promoting glucose uptake in the presence of insulin (Fernyhough et al., 2007; Stephens,
2012). As a result lipogenesis is favoured resulting in excess glucose being stored in the
TAGs. In the case of energy demand, lipolysis occurs whereby TAGs are hydrolysed by HSL
to release the FFAs from the glycerol backbone to supply energy (Ahmadian et al., 2010).
Therefore the level of fat accumulation depends on the balance between lipogenesis and
lipolysis as shown in Figure 4.1. Increased lipogenesis and/or increased lipolysis have both
been implicated in the development of Type 2 diabetes (Kersten, 2001; Lewis et al., 2002).
This shows that it is crucial to maintain the optimum balance between fat storage and fat
catabolism within fat cells.

Glycerol

Lipogenesis
TAGs

Lipolysis

FFAs

FFAs & glycerol

TAGs

Figure 4.1: The role of lipogenesis and lipolysis during adipogenesis in normal 3T3-L1 cells
FFAs: Free fatty acids, TAGs: Triacylglycerides
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4.1 Compounds to be tested
Table 2 below provides a list of the treatments, their concentration and abbreviations used
throughout the study. 3T3-L1 cells were exposed to the different compounds for 7 and 14
days in order to determine their effect on adipogenesis and lipolysis.

Table 2: A summary of the different treatments used in this study

Compound

Abbreviation

Concentration

Rosiglitazone

Rosi

1 µM

Cannabis extract

CE

1.32 µg/mL
(THC = 20 ng/mL, CBN= 200
ng/mL, CBD = 25 ng/mL)

Commercial THC

THC

20 ng/mL

Commercial CBN

CBN

20 ng/mL

Commercial CBD

CBD

20 ng/mL

2-AG

2AG

3 µM

Commercial Marrubiin

MA

1 µM

Metformin

MET

1 µM

Rosiglitazone was chosen as one of the treatments since it was one of the most widely used
anti-diabetic drugs until it was withdrawn from the market. Metformin is still currently used
but it is also associated with severe side-effects. Commercial THC, CBN and CBD were used
to determine whether the effects observed using commercial cannabinoids are similar to
that exerted by the cannabis extract and to ascertain whether there is a synergistic
relationship between the different cannabinoids. The effect of 2AG on adipogenesis and
lipolysis in 3T3-L1 cells was also investigated since it is an endocannabinoid (Galve-Roperh et
al., 2006) released by the body, and its effect can be compared to cannabis extract.
Marrubiin, an active ingredient of Leonotic leonurus, has been associated with antiinflammatory (Abbouyi et al., 2013) and anti-diabetic properties in INS-1 cells (pancreatic
cells) (Mnonopi et al., 2012), and its effect on the 3T3-L1 cells was included as an alternative
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terpenoid (cannabinoids are also terpenoids), to compare its effect to that of the extract
and the other commercial cannabinoids.

The concentration of the phytocannabinoids were chosen based upon a cytotoxicity study
conducted by Megan Gallant where the phytocannabinoids were found not to be toxic to
3T3-L1 cells at nanogram concentrations (Gallant et al., 2009). Similarly Rosi, MA, 2AG and
MET concentrations were chosen from previous studies and literature.

4.2 Routine cell culture maintenance

3T3-L1 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma)
supplemented with 10% FBS, cultured in 10 cm petri dishes (Corning) and incubated at 370C
in a humidified incubator with 5% CO2. Cells were routinely subcultured using a split ratio of
1:5. The cells were trypsinized using 0.2 mL of 0.25% (w/v) trypsin (Roche Biochemicals) per
petri dish and the plate was incubated at 37 0C for 10 minutes. Culture medium (1 mL) was
added to re-suspend the detached cells and cells were divided into 5 petri dishes (Celis,
2006).

4.3 Glucose uptake assay

4.3.1 Principle

Glu-cinet reagent contains a dye (4-aminoantipyrine) and enzymes namely glucose oxidase
and glucose peroxidase. Glucose oxidase catalyses the conversion of glucose to gluconic
acid and during the reaction hydrogen peroxide is formed. Glucose peroxidase, then
catalyses the reaction whereby hydrogen peroxide oxidises the reduced dye (colourless) to
an oxidised form (red) and water is produced during the reaction. The absorbance of the
coloured mixture can then be determined spectrophotometrically at a wavelength of 492
nm (Keston, 1956).
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4.3.2 Protocol

After 7 and 14 days of phytocannabinoids treatment, cells were starved for 1 hour by
exposing them to glucose-free media (Gibco) and thereafter the media were replaced with
media containing 8 mM glucose and 60 µU/ml insulin (Roche) for 1 hour. The glucose
remaining in the media was quantified using the Glu-cinet Reagent (Bayer). Briefly, 50 µL
aliquots of media were taken from respective wells and added to 150 µL of distilled water
(4 x dilution). 200 µl of Glu-cinet reagent was then added to 50 µL of the diluted aliquot and
incubated at 370C for 15 minutes and the absorbance was read at a wavelength of 492 nm
using a Biokinetix microtitre plate reader.

A glucose standard curve (0-5 mM) was

constructed (Figure A5-Appendix) (Gallant et al., 2009). The experiments were normalized
by conducting a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
to determine glucose uptake per 10000 cells.

4.4 Normalization of results using the MTT assay

4.4.1 Principle

The enzyme succinate dehydrogenase (in mitochondria) of living cells is able to cleave the
yellow insoluble MTT salt to form water soluble dark blue crystals. Dead cells are unable to
take up the salt and as a result cleavage of MTT does not take place (Celis, 2006).

4.4.2 Procedure

Cells were seeded in 48-well plates and treated for 7 and/or 14 days. After exposure time to
experimental conditions, 0.5 mg/mL MTT was added to each well and the plates are
incubated at 370C for 3 hours after which the media were removed and 300 µL of DMSO
was added to each well to solubilise the blue crystals formed within the cells.

The

absorbance was then read at 540 nm using the microtitre plate reader (Gallant et al., 2009).
A standard curve was constructed with cell numbers ranging from 0 - 80000 cells/mL (Figure
A6- Appendix).
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4.5 Oil Red O staining and quantification procedure

4.5.1 Principle

Oil Red O is a lysochrome (fat soluble dye) which stains neutral lipid droplets as well as
phospholipids. The lipophilic dye dissolves in and stains fat droplets (Beaudoin, 2004). The
principle is based on the greater solubility of the dye in fat droplets than the alcohol based
solvent. However it should be noted that lipid bodies are unfortunately destroyed by
processes such as drying, fixing and staining with alcohol-based reagents and therefore
there are limitations to its study (Melo et al., 2011).

4.5.2 Protocol

A modified protocol of De Pauw et al. (2009) was used in this study. Briefly, an Oil Red O
stock solution was prepared by dissolving 0.5 g Oil Red O in 100 mL isopropanol using gentle
heating in a water bath. The mixture was filtered through a 0.45 μm filter after which a
working solution was prepared fresh by mixing 6 mL stock solution and 4 mL distilled water.
The mixture was again filtered through Whatman number 1 filter paper. After the 7th and
14th day of treatment, cells were washed twice with PBS and fixed in 4% formaldehyde in
phosphate buffer saline (pH 7.4), overnight. Cells were rinsed with distilled water and
thereafter 200 μL of working solution of Oil Red O stain was added to each well. Plates
were incubated at room temperature for 10 minutes. After the incubation period the plates
were washed extensively with distilled water and allowed to dry overnight in an incubator.
Pictures of stained fat droplets present in the cells were taken using an inverted light
microscope (Zeiss AxioVision 4.8) with attached camera. To determine the amount of TAG
accumulation, 200 μL of isopropanol was added to each well to extract the dye from the
cells and incubated for 2 hours. The absorbance was read spectrophotometrically at 510
nm using a Biokinetix microtitre plate reader (Sargis et al., 2010).
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4.6 Experimental design: Normal 3T3-L1 pre-adipocytes treated for 7 days (0-7 days)
Rosi and CE act as PPARγ agonists and have been shown to promote differentiation of 3T3L1 pre-adipocytes to form mature adipocytes (Nissen, 2010). So the aim of this experiment
was to determine the extent of differentiation induced and also to ascertain how the
different treatments affect the balance between lipogenesis and lipolysis during
adipogenesis, especially during the initial developmental stages, from pre-adipocytes to
adipocytes.

A brief schematic representation of the experimental design is shown in figure 4.2. Preadipocytes were seeded in 48-well plates and allowed to reach post-confluence. Once postconfluent, cells were exposed to the different treatments (Rosi, CE, THC, CBN, CBD, 2AG, MA
and Met) for 7 days. The media was changed every 2-3 days. After 7 days of treatments, a
glucose uptake assay was performed (data normalized by MTT assay) and Oil Red O staining
and quantification was conducted to determine the effect of the different treatments on the
level of TAG accumulation in 3T3-L1 cells treated for 7 days.

Pre-adipocytes
seeded in 48 well
plates

7 days treatment

Adipocytes

(Rosi, CE, THC, CBN, CBD,
2AG, MA & Met)

Post- confluence

-

Glucose uptake (Section 4.3)
ORO staining (Section 4.5)
ORO quantification (Section 4.5)

Figure 4.2: Brief schematic representation of experimental design (0-7 days)
ORO: Oil Red O

4.6.1 Statistical analysis

A minimum of 3 experiments were carried (n=3) with each experiment having 6 repeats per
condition. The results are expressed as the mean ± standard error of the mean (SEM). The
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two-tailed unpaired t-test was used to determine the significance of results (p<0.05 and
p<0.01).

4.6.2 Results and discussion (0-7days)

An honours preliminary study in 2011, has been conducted where 3T3-L1 pre-adipocytes
treated with Rosi for 0-7 and 0-14 days, showed significantly (p<0.05) higher glucose uptake
and significantly (p<0.05) less fat accumulation when compared to the untreated cells
(control) (Ramlugon, 2011). The same trend was observed in differentiated 3T3-L1 cells
treated for 7 days with Rosi. The aim of the experiment was therefore to compare the
effect of Rosi (as the control) to the different phytocannabinoids, 2AG, MA and MET in
modulating adipogenesis and lipolysis.

From figure 4.3, it can be seen that CE, THC, CBN, CBD, 2AG as well as MA promoted
significantly higher (p<0.05) glucose uptake (approximately 2-fold) than Rosi in 3T3-L1 cells
treated for 7 days. CE, THC, CBN, CBD, 2AG, MA and MET promoted approximately the
same amount of glucose uptake in 3T3-L1 cells since there was no significant difference in
glucose uptake among these different treatments.
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Figure 4.3: Glucose uptake and ORO quantification of normal 3T3-L1 cells treated for 7
days (0-7 days).
Error bars indicate SEM (n=3) * p<0.05 relative to Rosi (positive control).
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In the case of fat accumulation, interestingly all the treatments (CE, THC, CBN, CBD, 2AG,
MA and MET) caused significantly (p<0.05) less fat accumulation than Rosi (more than a 2fold decrease in fat accumulation), despite promoting higher glucose uptake. There was no
significant difference noted in the level of fat accumulation between CE, THC, CBN, CBD,
2AG, MA and MET treatments. MET on the other hand significantly (p<0.05) improved
glucose uptake and caused significantly less (p<0.05) fat accumulation when compared to
Rosi.

CE treatment (0-7days) caused higher level of fat accumulation (although not

significantly different) in 3T3-L1 cells when compared to the individual phytocannabinoids
(THC, CBN and CBD) despite the concentration of THC and CBD both being the same as in
the extract (20 ng/ml) and the commercial standards (20 ng/mL). Only CBN concentration in
the extract was higher (10 times higher – 200 ng/ml) than the commercial standard (20
ng/mL). Therefore it can be seen that the effect observed with the CE treatment might be
dependent on the ratio and concentrations of the different phytocannabinoids present in
the extract (Wilkinson et al., 2003).

Summarising this initial experiment, it can be noted from figure 4.3 that all the treatments
promoted significantly higher (p<0.05) glucose uptake, however at the same time there was
less fat accumulation as compared to the positive control (Rosi). The effect of Rosi on
differentiating 3T3-L1 cells shows it might be promoting lipogenesis (storage) more than
lipolysis (mobilization) (McTernan et al., 2002) relative to all the other treatments. The
results obtained correlate to what is found in literature where the use of Rosi has been
shown to cause weight gain in patients (Marre et al., 2009; Rosenstock et al., 2007).

Interestingly, studies have shown that activation of CB1 receptors are linked to the
development of obesity, while blocking of CB1 receptors caused drastic weight loss in obese
patients (Perwitz et al., 2010). Phytocannabinoids have been shown to cause activation of
CB1 and CB2 (Pertwee, 2008) and PPARγ receptors (O'Sullivan & Kendall, 2010). Furthermore
inhibition of CB1 was shown to promote transdifferentiation of white adipocytes to form
brown adipocytes through increased expression of UCP1 (Perwitz et al., 2010). However
obese patients treated with Rimonabant, a CB1 antagonist, exhibited severe side-effects
such as depression and increased suicidal tendencies despite weight loss (Leite et al., 2009).
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Therefore clearly, the mechanism of action of Rosiglitazone and phytocannabinoids are
different, despite both being PPARγ activators since they affect lipid and glucose
metabolism differently as shown in figure 4.3.

In order to get some insights on the mechanism of action of the phytocannabinoids, pictures
of live normal 3T3-L1 cells treated for 7 days (0-7 days) with the different compounds were
taken in order to observe any morphological changes in the fat content. Oil Red O staining
and quantification was completed as described in section 4.5.

Figure 4.4 shows the morphological effects of the different treatments on the cells treated
for 7 days (0-7days); that is during the initial phase of adipogenesis as compared to an
untreated control. It can be seen that Rosi caused the highest amount of fat accumulation
when compared to all the other compounds (quantified in figure 4.3). Furthermore, the
morphology of the fat droplets in cells treated with Rosi was larger in size when compared
to other phytocannabinoids, where the fat droplets were smaller and multilocular. THC
seemed to promote multilocular and smaller fat droplet formation (similar to the CE) more
than CBN and CBD, where the fat droplets are slightly bigger. Therefore it can be seen that
the effects mediated by the individual phytocannabinoids (THC, CBN & CBD) differ from
when they are used in combination as in the CE. Exposure to 2AG and MA treatments
promoted the formation of small multilocular droplets (smaller than MET). Fat droplets in
the case of metformin were multilocular but larger than the different phytocannabinoids
excluding CBN.

The development of small and multilocular fat droplets in WAT is a hallmark of
transdifferentiation whereby there is formation of brown adipocytes within white adipose
tissue (Barbatelli et al., 2010). Transdifferentiation might be a possible explanation for the
phytocannabinoid treatment promoting less fat storage despite having a higher glucose
uptake than Rosi (Figure 4.3). Thermogenesis might have been favoured where the excess
energy is dissipated as heat (Barbatelli et al., 2010).

It should be noted that to date, no

research has been published where 3T3-L1 pre-adipocytes were treated with these different
compounds for 7 days (nor 14 days).
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Figure 4.4: Examples of pictures illustrating fat droplet formation in normal 3T3-L1 cells
treated with different compounds for 7 days (0-7 days).
The red arrow is associated with multilocular fat droplets and the black arrow with
unilocular fat droplets.
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4.7 Experimental design: Normal 3T3-L1 pre-adipocytes treated for 14 days (0-14 days)

From figure 4.3 and 4.4, the effect of the different treatments on 3T3-L1 pre-adipocytes was
observed for a period of 7 days (during the initial phase of differentiation). Therefore the
aim of the subsequent experiment was to determine whether the different treatments
maintained the same balance between glucose uptake and fat accumulation when treated
for longer period (14 days) as noted during the initial stages of adipogenesis (Figure 4.3).

In figure 4.5, 3T3-L1 pre-adipocytes were seeded in 48-well plates and allowed to reach
post-confluence. Cells were then exposed to the different treatments (Rosi, CE, THC, CBN,
CBD, 2AG, MA and MET) for 14 days. The media were changed every 2-3 days. After 14
days of treatment, the glucose uptake assay (Section 4.3) was performed (using the MTT
assay to normalise data), as well as Oil Red O staining and quantification (Section 4.5) to
determine the effect of the different treatments on the level of TAG accumulation in 3T3-L1
cells treated for 14 days.

Pre-adipocytes
seeded in 48 well
plates

14 days treatment
(Rosi, CE, THC, CBN,
CBD, 2AG, MA & MET)

Post- confluence

Post-treatment
Adipocytes

-

Glucose uptake (Section 4.3)
ORO staining (Section 4.5)
ORO quantification (Section 4.5)

Figure 4.5: Brief schematic representation of experimental design (0-14 days)
ORO: Oil Red O.

4.7.1 Results and discussion (0-14 days)

Figure 4.6 shows the results of glucose uptake and level of fat accumulation in normal 3T3L1 cells treated for 14 days with different compounds.
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It can be seen that only CBD and 2AG significantly (p<0.05) promoted higher glucose uptake
(approximately 2-fold increase) relative to Rosi. CE and THC showed higher glucose uptake
than Rosi but the increase was not significant. On the other hand, CBN, MA and MET
showed reduced glucose uptake when compared to Rosi but the results were not
significantly different from Rosi.
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Figure 4.6: Glucose uptake and ORO quantification of normal 3T3-L1 cells treated for 14
days (0-14 days).
Error bars indicate SEM (n=3) * p<0.05 relative to Rosi (Control)

In the case of fat accumulation, the same trend is observed as in figure 4.3, where all the
treatments caused significantly less (p<0.05) fat (more than 2-fold decrease) accumulation
relative to Rosi despite promoting glucose uptake fairly similar to Rosi. As observed in figure
4.3 (0-7 days) and figure 4.6 (0-14 days), CE treatment caused higher level of fat
accumulation (although not significant) in 3T3-L1 cells when compared to individual
phytocannabinoids (THC, CBN and CBD) despite the concentration of THC and CBD both
being the same in the extract (20 ng/ml) and the commercial standard (20 ng/ml). Only CBN
concentration in the extract was higher (10 times higher – 200 ng/ml) than the commercial
standard (20 ng/ml). Therefore it can be seen that the effect observed with the CE
treatment might be dependent on the ratio and concentrations of the different
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phytocannabinoids present in the extract (Wilkinson et al., 2003) . There was no significant
difference noted in the level of fat accumulation between THC, CBN, CBD, 2AG, MA and MET
treatments.

Therefore Rosi’s mechanism of action seems to be promoting lipogenesis significantly more
than lipolysis even after an extended treatment period, when compared to the mechanism
of action of the phytocannabinoids (where the same results were observed during 7 days
treatment – Figure 4.3). The results obtained for Rosi correlate with what is found in
literature for TZDs which has been reported to cause increase in body weight (Marre et al.,
2009). However the increase in weight gain has been suggested to be linked to fat
remodelling where there is a reduction in visceral fat and an increase in subcutaneous fat
deposition (Larsen et al., 2003). However no studies have been carried out to investigate
the long term effect, on the level of fat accumulation in 3T3-L1 cells treated with Rosi.

From the above results, it can be seen that the usage of Rosi as an anti-diabetic drug can
definitely lead to an unfavourable increase in weight gain (Marre et al., 2009; Carmona et
al., 2002) since it has been shown to promote lipogenesis in normal fat cells more, when
compared to the other treatments used.

Summarising the above results, it can be noted from figure 4.6 that there was no significant
difference in glucose uptake with CE, THC, CBN, MA and MET treatment when compared to
Rosi in normal 3T3-L1 cells treated for 14 days (0-14 days) but in the case of fat
accumulation, all treatments caused significantly (p<0.05) less fat accumulation than Rosi.
These findings lead to the following question: “How is the mechanism of action of
phytocannabinoids different from Rosi?”.

In order to get some insights into the

morphological changes in fat distribution induced by the different treatments, pictures of
live normal 3T3-L1 cells treated with the different compounds for 14 days were taken (0-14
days) (Figure 4.7).
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From figure 4.7, it can be seen that there is more fat accumulation as expected in these cells
(0-14 days) relative to 0-7 days treated cells (Figure 4.4).

In the case of Rosi, fat

accumulation was significantly (p<0.05) higher when compared to the other treatments as
confirmed by Oil Red O quantification (Figure 4.3 & 4.6). This confirms an increase in
lipogenesis. Furthermore, the fat droplets became larger in size and were largely unilocular
rather than multilocular when compared to the other treatments. In the case of the
phytocannabinoid treatments and MA, the multilocular development of fat droplets within
the cells, are more visible when compared to cells treated for 7 days (Figure 4.4). In the
case of MET, fat droplets were larger (higher level of fat accumulation – Figure 4.6) than MA
and 2AG as observed in Figure 4.4 & 4.7. Furthermore THC seemed to promote smaller and
multilocular fat formation more so than CBN, CBD and 2AG, thereby potentially favouring
thermogenesis. Interestingly, fat formation in untreated cells was larger than all the other
treatments excluding Rosi.

Based on these findings, it can be hypothesised that there are several mechanisms at play
preventing fat accumulation. Whether there is an alternative mechanism for the
phytocannabinoid treatments or a different signalling pathway that may be responsible for
the changes in the morphology of the fat droplets (representing BAT) and the amount of fat
accumulated, remains to be investigated. Nevertheless the microscopy results confirm the
quantitative results, indicating that the phytocannabinoid treatment caused less fat
accumulation than Rosi, without compromising glucose uptake (Figure 4.3 & 4.6).
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Figure 4.7: Examples of pictures illustrating fat droplet formation in normal 3T3-L1 cells
treated with different compounds for 14 days once post confluent.
The red arrow is associated with multilocular fat droplets and the black arrow with
unilocular fat droplets.
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4.8 Experimental design: Normal 3T3-L1 differentiated cells treated for 7 days (7-14 days)

Thus far, it was observed that the effect of the phytocannabinoid treatments and other
treatments varied with time; that is 0-7 day treatment compared to the 0-14 day treatment.
In both scenarios it was shown that the treatments including marrubiin and metformin,
maintained a better balance between lipogenesis and lipolysis during differentiation relative
to Rosi which was promoting more fat storage despite lower levels of glucose uptake (Figure
4.3 & Figure 4.6). Phytocannabinoid treatment appeared to have improved the insulin
sensitivity of the fat cells since the glucose uptake rate was higher (possibly through
increased GLUT4 transporters) (Gallant et al., 2009) than Rosi. Phytocannabinoid treatment
has also been shown to cause weight loss and have a protective effect on pancreatic cells of
obese rats (Levendal et al., 2012).

In the case of Marrubiin, studies carried out in 2012, showed that Marrubiin was able to
alleviate diabetic symptoms in pancreatic INS-1 cells thereby improving insulin secretion
(Mnonopi et al., 2012) and it was also associated with cardioprotective effects due to its
anti-coagulant, anti-inflammatory and anti-platelet properties (Mnonopi et al., 2011).

However, it should be noted that the results obtained (Figure 4.3 & 4.6) are observed when
normal fat cells were treated prior to adipocyte differentiation. It would therefore be of
interest to see the effect of the phytocannabinoid treatment, 2AG, MA and MET, on cells
that have already been differentiated (Figure 4.8) and to see whether the balance between
lipogenesis and lipolysis is maintained or could be restored.

As shown in figure 4.8, 3T3-L1 preadipocytes were seeded in 48-well plates and allowed to
reach post-confluence. In order for differentiation to occur, they were exposed to Rosi only
for a period of 7 days. The differentiated cells were then treated with the different
compounds (ROSI, CE, THC, CBN, CBD, 2AG, MA and MET) for an additional 7 days (7-14
days) after which glucose uptake assays and Oil red O quantification were performed (Figure
4.9).
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Rosi, CE, THC, CBN, CBD, 2AG, MA and MET
Pre-adipocytes
seeded in 48 well
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ORO staining (Section 4.5)
ORO quantification (Section 4.5)

Figure 4.8: Brief schematic representation of experimental design (7-14 days)
ORO: Oil Red O

4.8.1 Results and discussion (7-14 days)

Figure 4.9 shows the results of glucose uptake and fat quantification in differentiated 3T3-L1
cells (differentiated over a period of 7 days using Rosi as inducer of differentiation) treated
for 7 days with different compounds namely Rosi, CE, THC, CBN, CBD, 2AG, MA and MET.
Data were normalized following an MTT assay.

From figure 4.9, it can be seen that CE, CBD, 2AG, MA and MET caused higher glucose
uptake than Rosi although the increase in glucose uptake was not significant. Commercial
THC and CBN caused a slight decrease (not significant) in glucose uptake when compared to
Rosi unlike the extract (CE). As mentioned earlier, THC concentration in the commercial
standard (20 ng/mL) was the same as in the extract (20 ng/mL) but the extract has other
phytocannabinoids. The difference in glucose uptake between CE and THC might be due to
the difference in the composition of the different cannabinoids (synergistic behaviour)
present in the extract (Wilkinson et al., 2003).
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Figure 4.9: Glucose uptake and ORO quantification of differentiated cells treated for 7
days.
Error bars indicate SEM (n=3) * p<0.05 relative to Rosi (Control)

In the case of fat accumulation, CE, THC, CBN as well as 2AG treatment caused the fat
accumulation to be significantly (p<0.05) lower than Rosi (approximately 10% less). This
shows that CE, THC, CBN and 2AG helped to restore the balance between lipogenesis and
lipolysis during adipogenesis relative to Rosi. They did so potentially by promoting more fat
mobilization rather than storage without affecting the rate of glucose uptake and thereby
potentially playing a role in maintaining insulin sensitivity of the cells (Mnonopi et al., 2012;
Gallant et al., 2009; Levendal et al., 2012).

CBD and MET treatments caused a decrease in fat accumulation when compared to Rosi,
although the difference is not significant. MA promoted fat accumulation (1.3-fold increase)
relative to Rosi, however the increase was not significant.

To summarise, CE, THC, CBN and 2AG were able to affect the level of fat accumulation in
differentiated 3T3-L1 cells when compared to Rosi after a 7-day treatment. From figure 4.3
& 4.6, it can be seen that the balance between lipolysis and lipogenesis in normal 3T3-L1
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cells were better maintained in pre-adipocytes by CE, THC, CBN, CBD, 2AG, MA and MET
(that is when the cells were treated prior to differentiation). Differentiation of 3T3-L1 cells
with Rosi and then treatment afterwards with the different compounds did not bring about
the same results. It could therefore be hypothesised that to restore the balance between
fat expenditure and storage, “in an obese state” it may require an extended period of
exposure to the different phytocannabinoids.
4.9 Summary and interpretation of glucose uptake, Oil Red O quantification and
microscopy results (Normal 3T3-L1 cells)
The results show that CE, the individual phytocannabinoids including THC, CBN and CBD, the
endocannabinoid 2AG as well as MA and MET were able to significantly (p<0.05) promote
higher glucose uptake in 3T3-L1 cells which were treated for 0-7 days as well as significantly
(p<0.05) less fat accumulation when compared to Rosi. When the treatment exposure time
was extended to 14 days (0-14 days), only CBD and 2AG were able to significantly (p<0.05)
increase glucose uptake relative to Rosi. The other treatments (CE, THC, CBN, MA and MET)
caused no significant difference in glucose uptake relative to Rosi. However, in the case of
fat accumulation, Rosi had the highest level of fat accumulation while all the other
treatments caused significantly (p<0.05) less fat accumulation as observed in 3T3-L1 cells
treated for 0-7 days. In both scenarios (0-7 and 0-14 day treatments), it can be seen that
normal 3T3-L1 pre-adipocytes when treated with the different phytocannabinoids or MA,
affected glucose and lipid metabolism differently as compared to Rosi. However the same
effect is not observed on differentiated 3T3-L1 cells. Only CE, THC, CBN and 2AG were able
to restore lipid metabolism when compared to Rosi. The other treatments including CBD,
MA and MET were unable to significantly affect the level of fat accumulation in normal
differentiated 3T3-L1 cells.

It can therefore be hypothesised that the effect of the phytocannabinoid treatments as well
as 2AG and MA, on adipogenesis and lipolysis in normal 3T3-L1 cells may not only depend
on the exposure time of the different compounds (Figure 4.3 & 4.6) but also on the
developmental stage of the 3T3-L1 cells (pre-adipocytes or adipocytes) (Figure 4.9).
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The studies carried out on the normal cells also showed that the phytocannabinoid
treatment might potentially be very effective in insulin resistant cells (Gallant et al., 2009)
whereby it not only helps to maintain or improve the insulin sensitivity of the tissue but it
prevents fat accumulation (Levendal et al., 2012) unlike Rosi.

These findings, point to a possible mechanism of action by the phytocannabinoids via
uncoupling electron transport and/or oxidative phosphorylation. The microscopy results
(Figure 4.4 & 4.7) showed the development of multilocular fat droplet formation
(transdifferentiation) in normal 3T3-L1 cells treated with the different phytocannabinoids,
2AG and MA. Transdifferentiation might be an alternative explanation accounting for the
increase in glucose uptake and reduced fat accumulation relative to Rosi, in normal 3T3-L1
cells treated with the different phytocannabinoids, 2AG and MA.

In order to investigate this hypothesis, an oxygen consumption assay and enzyme assays
were conducted to determine the activity of SDH and G3PDH in normal 3T3-L1 preadipocytes and differentiated 3T3-L1 adipocytes (Chapter 5).
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Chapter 5: The effect of phytocannabinoid treatment on SDH and G3PDH
activities and oxygen consumption in normal 3T3-L1 cells
As seen in chapter 4, phytocannabinoid treatment (CE, THC, CBN & CBD), 2AG and MA
improved glucose uptake and decreased fat accumulation when compared to Rosi.
However, as mentioned before the mechanism of action is unknown.

Therefore to

investigate the effect of phytocannabinoid, 2AG, MA and MET treatments at the
mitochondrial level of 3T3-L1 cells, enzyme assays namely SDH and G3PDH assays were
performed.

As shown in Figure 5.1, once post-confluent, 3T3-L1 cells were exposed to the various
treatments for 7 (0-7) and 14 days (0-14), respectively. 3T3-L1 cells were also differentiated
for 7 days using Rosi as the inducer of differentiation and the cells were then exposed to the
different treatments for an additional 7 days (7-14 days). After the exposure time, the cells
were lysed and protein was extracted (Section 5.1) and quantified (Section 5.1.2) using the
bicinchoninic acid (BCA) assay. SDH and G3PDH activities were then monitored in order to
see how the enzymes’ activities were affected at different stages of adipogenesis.

0-7 days
treatment
Pre-adipocytes
seeded in 48 well
plates

Post-experimental
adipocytes
Post-experimental
adipocytes

0-14 days treatment

7 days
differentiation
with Rosi

- Protein
extraction

Adipocytes
7-14 days
treatment

Post-experimental
adipocytes

- BCA assay
- SDH assay
- G3PDH assay

Post- confluence

Figure 5.1: Schematic representation of the experimental design to test the effect of the
different treatment on SDH and G3PDH activity, in 3T3-L1 cells.
BCA: Bicinchoninic acid, SDH: Succinate dehydrogenase, G3PDH: Glycerol-3-phosphate
dehydrogenase.
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5.1 Protein extraction

3T3-L1 cells were cultured and exposed to the different treatments in 10 cm petri dishes.
After the exposure period (7 and 14 days), cells were lysed using 1 mL per petri dish of the
lysis buffer which contained 50 mM Tris-HCL (pH 7.4), 1 mM EDTA and 1 mM βmercaptoethanol (Wise & Green, 1979). The lysate was vortexed for 15 seconds and then
kept on ice for 10 seconds. This process was repeated 10 times. In order to separate the
pellet from the supernatant, the sample was centrifuged at a speed of 12000 rpm for 1
minute. Both the pellet (for SDH assay – membrane bound protein) and the supernatant (for
G3PDH assay) were isolated and the aliquots were stored at -200C.

5.1.1 BCA assay principle
The bicinchoninic acid (BCA) assay is based on the reaction of peptide bonds with Cu2+
converting it to Cu+ under alkaline conditions. Cu+ then reacts with BCA to form an intense
purple colour which absorbs at 562 nm (Walker, 1994).

5.1.2 Procedure

Briefly, cell supernatant (10 µL) was added to 200 µl BCA reagent (reagent A: reagent B;
50:1) in a 96-well plate and incubated at 370C for 30 minutes. After the incubation period,
the absorbance was read at 540 nm. A bovine serum albumin (BSA) standard curve from 0-2
mg/mL was constructed to quantify the amount of protein in the supernatant (Figure A7 –
Appendix).

5.2 Succinate dehydrogenase assay (SDH)

5.2.1 Principle

The oxidation of succinate to fumarate is catalysed by SDH (King et al., 2006) and involves
the reduction of one molecule of FAD (covalently attached to SDH) to form FADH 2.
Electrons therefore flow from succinate through electron carriers to O2, which is the final
53

electron acceptor. The energy from the flow of electrons is then coupled to the synthesis of
ATP molecules (Nelson & Cox, 2013).
FAD

FADH2

Succinate

Fumarate
SDH

Figure 5.2: Conversion of succinate to fumarate catalysed by enzyme SDH (Nelson & Cox,
2013).
5.2.2 Procedure

Pellets were resuspended in 500 µL of 0.05 M phosphate buffer (pH 7.5) and the BCA assay
was performed to determine the protein concentration in each sample. 50 uL of succinate
buffer containing 0.01 M sodium succinate (in phosphate buffer, pH 7.5), 50 ul of 2.5 mg/L
p-iodonitrotetrazolium violet (INT) in phosphate buffer (pH 7.5) and 100 uL of protein
sample were incubated separately at 370C for 5 minutes after which they were combined
and the change in absorbance was monitored at 490 nm for 10 minutes (Pennington, 1961).
Examples of progress curves obtained are shown in Appendix (Figure A9-A11). In order to
calculate the specific activity of the enzyme, the change in absorbance per minute (slope) of
each progress curves was divided by the protein content of the sample (to obtain the
change in absorbance per minute per milligram of protein present). The value obtained for
each treatment was then multiplied by the extinction coefficient of INT-formazan (Nelson &
Cox, 2013).

5.3 Glycerol-3-phosphate dehydrogenase (G3PDH)

5.3.1 Principle

G3PDH forms part of the glycerol-3-phosphate shuttle system in the mitochondria.
Dihydroxyacetone phosphate (DHAP) oxidizes NADH to form NAD + and it is itself reduced to
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glycerol-3-phosphate and the reaction is catalysed by G3PDH, which is involved in oxidative
phosphorylation (Berg et al., 2002).

NAD+

NADH
DHAP

Glycerol 3-phosphate
G3PDH

Figure 5.3: Conversion of DHAP to Glycerol-3-phosphate catalysed by enzyme G3PDH
(Nelson & Cox, 2013).
5.3.2 Procedure

A solution of NADH (0.12 mM) and 0.2 mM DHAP solution were prepared (fresh) in buffer
containing 100 mM triethanolamine/HCl (pH 7.5), 2.5 mM ethylenediaminetetraacetate
(EDTA) and 0.1 mM β-mercaptoethanol. 50 μL of NADH, 50 μL of DHAP and 100 µL of
protein sample (supernatant) were incubated separately at 37 0C for 5 minutes. After the
incubation period, they were combined and the change in absorbance was monitored at 340
nm for 10 minutes (Wise & Green, 1979). Examples of the progress curves obtained are
shown in the Appendix (Figure A12-A14). In order to calculate the specific activity of the
enzyme, the change in absorbance per minute (slope) of each progress curve was divided by
the protein content of the sample (to obtain the change in absorbance per minute per
milligram of protein present). The value obtained for each treatment was then multiplied
by the extinction coefficient of NADH.

5.4 Oxygen consumption assay (0-14 days)

3T3-L1 pre-adipocytes were seeded in 96-well plates and treated with the different
compounds for 14 days (0-14 days).

After the exposure time, the rate of oxygen

consumption of the cells was measured.
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5.4.1 Principle

The Mito-ID O2 Extracellular Sensor Kit (Enzo Life Sciences) was used to measure the oxygen
consumption of the treated cells. The principle of the assay is based on the ability of oxygen
to quench the excited state of the water-soluble Mito-ID O2 sensor probe thereby resulting
in an increase in fluorescence with decreasing oxygen levels.

5.4.2 Procedure

Briefly, 10 μL of the Mito-ID O2 probe was added to each well containing 150 μL of media
and 100 μL of Mito-ID HS Oil (300C) was overlaid in each well (to avoid interference with
atmospheric oxygen). The experiment was performed in the dark and the change in
fluorescence (Ex380nm/Em650nm) was monitored every 40 seconds for 30 minutes using a
fluorescent microtitre plate reader. Examples of the progress curves are shown in the
appendix (Figure A15). The slopes of the linear portion of the progress curves were then
calculated to determine the rate of oxygen consumption. The data was normalized using an
MTT assay.

5.5 Results: Effect of different compounds on the activity of SDH and G3PDH of 3T3-L1
cells treated for 7 days (0-7 days)
SDH (complex II) links the TCA cycle to oxidative phosphorylation in the mitochondria where
the oxidation of succinate releases electrons which ultimately serve to reduce oxygen (final
electron acceptor) to form water (Nelson & Cox, 2013). Often defects in complex II have
been linked to the development of metabolic disease such as diabetes and cancer (De Pauw
et al., 2009).
In the case of G3PDH, it plays an important role in ensuring the continuous renewal of NAD +
required for glycolysis (Berg et al., 2002). It has also been proposed to have a regulatory
role in maintaining energy balance and homeostasis of adipose tissue (Houstek et al., 1975).
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The aim of this experiment was to determine the effect of the different compounds on the
activity of SDH (Section 5.2) and G3PDH (Section 5.3) in normal 3T3-L1 pre-adipocytes
treated for 7 days (0-7) and 14 days (0-14) and differentiated adipocytes treated for 7 days
(7-14) with the different compounds (Figure 5.1).

Figure 5.4(a), illustrates that the SDH activity of the cells treated with Rosi, CE, CBN and 2AG
are significantly (p<0.01) higher than the untreated control cells.

THC, CBD and MA

treatment caused no significant change in SDH activity when compared to untreated cells.
MET, on the other hand caused a significant (p<0.01) decrease (approximately 2-fold) in the
level of SDH activity relative to untreated. Furthermore, there was no significant difference
in SDH activity between Rosi, CE and 2AG treatments. THC, CBD, MA and MET treatments
caused SDH activity to be significantly (p<0.01) lower than Rosi whereas CBN treatment
caused SDH activity to significantly (p<0.01) increase relative to Rosi.

Studies have shown that SDH activity, (a marker of mitochondrial dysfunction), is
significantly lowered in muscle tissues of diabetic patients (Eckardt et al., 2008). Diabetic
patients treated with Rosi showed increased gene expression of PGC-1α and PPARβ/δ as
well as increased SDH activity thereby improving insulin sensitivity of tissues (Mensink et al.,
2007). From figure 5.4(a), similar results are obtained where normal 3T3-L1 exposed to Rosi
showed significant (p<0.01) increase in SDH activity (1.25-fold) when compared to untreated
cells. MET resulted in a significant (p<0.01) decrease in SDH as compared to Rosi which
might account, in part, for the difference in fat accumulation observed between these
treatments (Rosi and MET) (Figure 4.3, 4.6 & 4.9).

From figure 5.4(b), however it can be seen that G3PDH activity was significantly lower in
cells treated with Rosi (4-fold; p<0.01), CE (2-fold; p<0.05), 2AG (4-fold; p<0.01) and MET (2fold; p<0.05) than the untreated cells. CBD treatment caused a significant (p<0.05) increase
(approximately 2.5 fold), in G3PDH activity relative to untreated cells during the initial stage
of adipogenesis. Interestingly only CE and CBD caused a significant (p<0.05) increase in
G3PDH relative to Rosi. THC, CBN and MA treatments, on the other hand, did cause an
increase in G3PDH activity relative to Rosi although the increase was not significant. MET
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caused a significant (p<0.01) increase in G3PDH activity relative to Rosi but was significantly
less than the untreated cells (p<0.05).

Furthermore phytocannabinoid (THC, CBN & CBD) treatment caused an increase in the
enzyme activity of G3PDH when compared to Rosi although the increase is not significant in
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Figure 5.4: (a) SDH activity of 3T3-L1 cells treated for 7 days ( 0-7) (b) G3PDH activity of
3T3-L1 cells treated for 7 days (0-7).
Error bars indicate SEM (n=3) * p<0.05; **p<0.01 relative to untreated (control); #p<0.05;
##p<0.01 relative to Rosi.
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To summarise, in the initial phase of adipogenesis (0-7 days treatment), Rosi, CE, CBN and
2AG caused SDH activity to significantly (p<0.01) increase above untreated level, thereby
showing increasing SDH activity in TCA cycle. In the case of G3PDH activity, CBD treatment
resulted in the highest enzyme activity whereas Rosi caused the enzyme activity to decrease
significantly (p<0.01) below untreated levels, thereby reducing the G3PDH shuttling system.

5.6 Results: Effect of different compounds on the activity of SDH and G3PDH of 3T3-L1
cells treated for 14 days (0-14 days)
The protocol as described in section 5.5 was used with the exception that treatment was for
14 days, with media being changed every 3 days. After exposure time, the cells were lysed
and protein extracted (Section 5.1). Thereafter, BCA assay (Section 5.1.2), the SDH assay
(Section 5.2) and G3PDH assay (Section 5.3) were performed. The results are shown in
figure 5.5.

From Figure 5.5(a), it can be seen that SDH activity of cells treated for 14 days with Rosi was
surprisingly significantly (p<0.01) higher (more than 3-fold) when compared to the other
treatments.

This showed that Rosi continuously activated the TCA cycle resulting in

increasing oxidation of succinate during adipogenesis. On the other hand, CE, 2AG and MET
treatment caused a significant (p<0.05) decrease (approximately 2-fold) in the activity of
SDH when compared to untreated cells.

The THC, CBN and CBD phytocannabinoid

treatments as well as MA, appear to maintain the activity of SDH similar to untreated cells.

In the case of G3PDH activity (Figure 5.5(b)), interestingly Rosi showed the lowest enzyme
activity when compared to all other treatments including the untreated cells (more than 4fold decrease than untreated; p<0.05). THC, 2AG and MA caused a significant (p<0.01)
increase (more than 5-fold) in G3PDH activity when compared to untreated cells. The
different phytocannabinoids appear to have varying roles at different stages of the 3T3-L1
cell development.

During the initial phase of adipogenesis, CBD caused the highest

significant increase (p<0.05) in enzyme activity of G3PDH and during the later phase of
adipogenesis, THC caused a significant (p<0.01) increase in enzyme activity relative to
untreated cells and Rosi-treated cells (p<0.05). CE, CBN and CBD on the other hand,
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increased the activity of G3PDH relative to untreated although the increase was not
significant. However, relative to Rosi, all treatments showed significantly higher levels of
G3PDH activity except MET where the increase was not significant.
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Figure 5.5: (a) SDH activity of 3T3-L1 cells treated for 14 days (0-14) (b) G3PDH activity of
3T3-L1 cells treated for 14 days (0-14).
Error bars indicate SEM (n=3) * p<0.05; **p<0.01 relative to untreated (control); #p<0.05;
##p<0.01 relative to Rosi.

It should be noted that the extract contains different phytocannabinoids and the ratio of
THC: CBN: CBD in the extract is 1:10:1, where the concentration of THC, CBN and CBD was
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20, 200 and 20 ng/mL respectively and the concentration of individual phytocannabinoids
(THC, CBN and CBD) exposed to the cells was 20 ng/ml. Therefore the presence of other
phytocannabinoids in the extract may have resulted in the varying effects on the enzyme
activity of SDH and G3PDH. CE (>5-fold), THC (>15-fold), CBN (3-fold), CBD (4-fold), 2AG
(>12-fold) and MA (20-fold) treatment caused G3PDH activity to increase significantly
(p<0.05) higher than Rosi whereas in the case of MET, although G3PDH activity was higher
than Rosi, the change was not significant.

Therefore to summarise, it should be noted that the effect observed by the different
phytocannabinoid treatments is time-dependent and is influenced by the different stages of
3T3-L1 cell development. Furthermore phytocannabinoid treatment caused a significant
(p<0.01) increase in G3PDH activity with time, especially THC.

The effect of 2AG treatment on normal 3T3-L1 cells also appear to be time-dependent since
during the initial stage of adipogenesis (0-7 days), 2AG caused a significant (p<0.01) increase
in SDH activity relative to untreated cells but after 14 days of exposure (0-14 days), 2AG
caused a significant (p<0.05, p<0.01)) decrease and a significant increase (p<0.01) in SDH
and G3PDH activity, respectively relative to untreated and Rosi. MA, on the other hand
appeared to maintain SDH activity similar to untreated cells (during 0-7 and 0-14 days
treatment) and caused a significant (p<0.01) increase in G3PDH activity relative to untreated
and Rosi-treated cells especially during the later stage of adipogenesis (0-14 days). MET
treatment, however caused both SDH and G3PDH activity to significantly decrease (p<0.05)
relative to untreated cells during 0-7 treatment but after 14 days of treatment, G3PDH
activity was similar to untreated cells while the SDH activity was significantly (p<0.05) lower.

5.7 Results: Effect of 7 days treatment of different compounds on the activity of SDH and
G3PDH on differentiated 3T3-L1 cells (7-14 days)
Since a change in enzyme activity profile was observed over time, it was decided to induce
differentiation in normal 3T3-L1 cells using Rosi, and then expose the differentiated
adipocytes to 7 days of treatment, to ascertain the effect of the treatments on SDH and
G3PDH activity.
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In Figure 5.6(a), it can be seen that relative to untreated cells, CE, CBN and 2AG showed a
slight increase in the levels of SDH activity, while THC, CBD, MA and MET showed levels that
were relatively similar or slightly lower (not significantly different) to that of untreated cells.
However, relative to Rosi-treated adipocytes, all conditions including CE (2-fold), THC (2fold), CBN (2-fold), CBD (3-fold), 2AG (2-fold), MA (2-fold) and MET (3-fold) showed a
significant (p<0.01) decrease in SDH activity.
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Figure 5.6: (a) SDH activity of differentiated 3T3-L1 cells treated for 7 days postdifferentiation (7-14) (b) G3PDH activity of differentiated 3T3-L1 cells treated for 7 days
post-differentiation (7-14).
Error bars indicate SEM (n=3) * p<0.05; **p<0.01; ***p<0.001 relative to Untreated
(control); #p<0.05; ##p<0.01 relative to Rosi.
62

Figure 5.6(b) shows that the G3PDH activity of cells differentiated with Rosi and exposed to
the different conditions for 7 days remained significantly (p<0.001) lower (approximately
10-fold) than untreated cells. All experimental treatments resulted in G3PDH levels that
were similar to that of Rosi. These results show that despite some treatments having been
able to affect G3PDH activity in pre-adipocytes, none of them were able to elicit an effect on
the activity of G3PDH in Rosi-differentiated adipocytes. In addition, having used Rosi as the
differentiating agent may have impaired the G3PDH shuttling system in 3T3-L1 cells.

5.8 Results and discussion: Oxygen consumption of 3T3-L1 cells treated with different
compounds for 14 days (0-14 days)
The aim of this experiment was to measure the oxygen consumption of 3T3-L1 cells treated
for 14 days (0-14 days) with different compounds once post-confluent. The results (Figure
5.7) obtained would provide insight on the energy metabolism occurring at the
mitochondrial level of 3T3-L1 cells. It would also be helpful in testing the hypothesis of
whether phytocannabinoids treatment, 2AG and MA are involved in promoting
transdifferentiation in 3T3-L1 cells. 3T3-L1 cells were treated for 0-14 days only as the most
prominent results for SDH and G3PDH were found at 0-14 days of treatment.
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Figure 5.7: Oxygen consumption of cells treated with different compounds for 14 days
once post-confluent.
Error bars indicate SEM (n=3) ** p<0.01; ***p<0.001 relative to untreated (control);
#p<0.05, ##p<0.01, ###p<0.001.
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Figure 5.7, illustrates that Rosi (4.3-fold, p<0.001), CE (3.6 fold, p<0.001), THC (5-fold,
p<0.001), CBN (2.3 fold, p<0.01), MA (2.3-fold, p<0.01) and MET (2.3-fold, p<0.01)
significantly increased oxygen consumption (relative to untreated cells) in 3T3-L1 cells
treated for 14 days (0-14) while CBD and 2AG did not significantly affect oxygen
consumption relative to the untreated cells.

THC promoted significantly (p<0.05) higher oxygen (1.15-fold) consumption levels than Rosi.
Studies have shown that brown adipocytes exhibit higher oxygen consumption rates than
white adipocytes and energy is dissipated as heat (Hook & Barron, 1941). Interestingly THC
also caused a significant (p<0.01) increase in G3PDH (Figure 5.5(b)) activity in 3T3-L1 cells
treated for 0-14 days. Since G3PDH activity was found to be increased in BAT (Gong et al.,
1998), the results in figure 5.7 as well as figure 4.4 and 4.7 (showing multilocular fat droplet
formation), provides substantial evidence that THC is indeed involved in promoting
transdifferentiation in 3T3-L1 cells.

These findings provide an explanation for THC

promoting significantly (p<0.05) higher glucose and significantly (p<0.05) less fat
accumulation when compared to Rosi.

Figure 5.7, shows that CE treatment promoted significantly (p<0.001) higher oxygen
consumption when compared to untreated cells. The results obtained correlate with figure
5.5(b) where G3PDH was higher than untreated although not significant. As mentioned
before, CE contains numerous phytocannabinoids and THC, CBN and CBD concentrations
were 20, 200 and 20 ng/mL respectively. The different phytocannabinoids in the extract
might be sharing a synergistic relationship since the effect observed with CE treatment is
different when compared to individual phytocannabinoids.

CBN at a concentration of 20 ng/mL caused a significant (p<0.01) increase in oxygen
consumption relative to untreated but to a lesser extent when compared to THC (1.8-fold
decrease) and CE (1.6-fold decrease). MA and MET also promoted oxygen consumption
significantly (p<0.01) higher than the untreated cells, however not to the same extent as
Rosi, CE and THC. In the case of MA, G3PDH activity of 3T3-L1 cells was significantly
(p<0.01) higher than the untreated cells (Figure 5.5(b)) indicating transdifferentiation may
also be occurring in MA-treated 3T3-L1 cells.
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Metformin did not cause a significant increase in G3PDH activity relative to the untreated
cells (Figure 5.5(b)) despite having significantly (p<0.01) higher (2.3-fold increase relative to
the untreated cells) oxygen consumption in the 3T3-L1 cells. Therefore it can be concluded
that the mechanism of action of MET at the mitochondrial level of 3T3-L1 cells differs from
that of the phytocannabinoids and MA. Metformin caused significantly (p<0.01) lower SDH
activity and higher G3PDH (although not significant) than Rosi as seen in figure 5.5(b).
Therefore it can be hypothesized that development of oxidative stress due to MET
treatment is less likely to occur and this was confirmed by the oxygen consumption results
which showed a significant (p<0.01) increase in oxygen consumption relative to untreated
control cells, however these levels were lower (1.85-fold, p<0.01) than the levels found in
cells treated with Rosi.

In the case of CBD and 2AG, there was no significant difference in oxygen consumption
when compared to the untreated cells, despite 2AG causing a significant (p<0.01) increase in
G3PDH activity (more than 3-fold increase) when compared to the untreated cells (Figure
5.5(b)).

Relative to Rosi, oxygen consumption was significantly (CE, p<0.05; CBN, p<0.01; CBD,
p<0.001; 2AG, p<0.001; MA, p<0.01 and MET, p<0.01) reduced in all the treatments, except
THC which showed a 1.15-fold (p<0.05) increase in oxygen consumption. Rosi exhibited the
second highest level of oxygen consumption (4.3- fold higher than untreated) in 3T3-L1 cells
treated for 0-14 days, which corresponds to the significant increase in SDH activity (p<0.01)
and a significant (p<0.05) decrease in G3PDH activity over time in 3T3-L1 cells compared to
untreated cells. However increased SDH activity has been involved in the development of
oxidative stress due to increased production of ROS (De Pauw et al., 2009). Interestingly the
modulation of SDH and G3PDH activities are linked and this is noted with Rosi having a high
SDH activity, impaired G3PDH activity (Figure 5.5(b)) and increased oxygen consumption
(Figure 5.7).

This indicates that electrons for oxidative phosphorylation were mostly

supplied from succinate oxidation (increased complex II activity leading to increasing
oxidative stress). This might explain the reason why Rosi was responsible for promoting
heart failure in diabetic patients unlike MET (Nissen, 2010). Furthermore Rosi has been
shown to promote fat accumulation in 3T3-L1 cells (Figure 4.3, 4.6 & 4.9).
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The above results therefore emphasises the importance of the G3PDH shuttling system in
modulating the 3T3-L1 cells metabolism to cope with the oxygen demand without causing
oxidative stress. CE, THC and MA appeared to be more effective in maintaining a balance
between SDH and the G3PDH shuttling system and in promoting transdifferentiation in
normal 3T3-L1 cells.

5.9 Interpretation of results

During oxidation of succinate, electrons are funnelled to the respiratory chain to ultimately
produce ATP. However during succinate oxidation, in normal cells, ROS are generated (De
Pauw et al., 2009). The damaging effects are counter interacted by the presence of antioxidants in the cells. However when the concentration of ROS produced exceeds the
amount of anti-oxidant present in the cell, the cells tend to undergo oxidative stress which
can lead to tissue damage and even cell death (De Pauw et al., 2009). Rosi’s ability to
increase SDH activity to such high levels might imply that the cells are not able to cope with
the ATP demand. Continuous succinate oxidation leads to increasing oxidative stress and
harmful side-effects. Rosi was withdrawn from the market since it was shown to cause cell
death in heart tissues (Nissen, 2010). The result therefore shows that cell death in heart
tissues caused by Rosi, might have occurred because of oxidative stress.

However

conflicting results are published where Rosi has been shown to increase SDH activity in
insulin-resistant skeletal muscles thereby improving insulin sensitivity (Mensink et al., 2007).
However the effect of Rosi on SDH and G3PDH in 3T3-L1 cells has not been investigated
prior to this study.

In the case of the phytocannabinoid treatment, 2AG, MA and MET SDH activity was
significantly (p<0.01) lower than Rosi and fairly similar to untreated cells when preadipocytes were treated with the different compounds for 0-14 days. This might suggest
that the phytocannabinoid treatment, 2AG, MA and MET possibly protected the 3T3-L1 cells
from increased levels of oxidative stress, by modulating SDH activity as well as increasing
the level of G3PDH shuttling system. Furthermore Figure 5.6(a) showed that the
phytocannabinoids have the potential to regulate the oxidation of succinate at complex II
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thereby restoring the balance (disrupted by Rosi treatment) between succinate oxidation
and ROS production.

Studies have shown that the activity of G3PDH is highest in brown adipocytes (Houstek et
al., 1975). Like uncoupling proteins, its expression is also increased in response to cold
exposure. Therefore the fact that the phytocannabinoids, 2AG and MA were able to
significantly (p<0.05) increase the activity of G3PDH alongside the morphological changes
observed provides evidence that transdifferentiation occurred whereby brown adipocytes
started to develop. This mechanism is suggested to be a way of protecting the cells from
increased fatty acid concentrations thereby protecting the cells from lipotoxicity (Houstek et
al., 1975). This would explain why the phytocannabinoids, 2AG and MA help to reduce fat
accumulation despite promoting glucose uptake as well as the development of multilocular
fat droplets with time when compared to Rosi. Furthermore Rosi caused a significant
decrease of G3PDH activity over time, which may account for the high level of fat
accumulation it induced in the 3T3-L1 cells (Figure 4.3, 4.6 & 4.9).

Studies have shown that mice lacking mitochondrial G3PDH showed a 50% reduction in
viability, reduced ATP levels in the liver as well as accumulation of glycerol in the liver
(Brown et al., 2002). These findings emphasise the importance of the G3PDH pathway in
energy metabolism. Studies carried out in rats showed the expression of G3PDH shuttling
system in tissues such as BAT, WAT, liver, brain, heart and testes where the level of G3PDH
in BAT was 75% higher than the levels found in WAT (Gong et al., 1998).
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Chapter 6: Phytocannabinoid treatment on an insulin-resistant model of 3T3L1 cells
TNFα (Stephens et al., 1997), high glucose and glucosamine concentrations (Nelson et al.,
2000) and lipopolysaccharides (LPS) (Song et al., 2006) have been shown to promote insulin
resistance in differentiated 3T3-L1 cells. TNFα exposure to 3T3-L1 causes downregulation of
GLUT 4 transporters and inhibits insulin receptor substrate 1 (IRS) mRNA levels (Stephens et
al., 1997). 3T3-L1 cells exposed to high glucose and glucosamine levels have impaired
GLUT4 translocation in the presence of insulin (Nelson et al., 2000). LPS exposure on the
other hand, activates toll-like receptors which are expressed on differentiating adipocytes
thereby causing increased expression of cytokines such as interleukin-6 and TNFα involved
in inflammation.

ER stress has been proposed to be a possible link between obesity-related insulin resistance
and inflammation, as shown in figure 1.5 (Boden et al., 2008). It has been shown to inhibit
the insulin signalling pathway by promoting serine phosphorylation of IRS (Kaneto et al.,
2006).

In this study, nitric oxide (NO) measurement (Section 6.2) was completed to

investigate whether 3T3-L1 cells made insulin-resistant through the use of TNFα (Section 6.3
& 6.7) and/or LPS (Section 6.5) (mimicking inflammation) also exhibit ER stress, as would be
predicted in an obesity-related insulin resistant model.

6.1 Inducing insulin-resistance in 3T3-L1 cells using TNFα

As shown in figure 6.1 below, 3T3-L1 pre-adipocytes were seeded in 48-well plates and
allowed to reach post-confluence (2 days).

Once post-confluent, the cells were

differentiated (over 7 days) using Rosi (1µM) as the inducer of differentiation (Fu et al.,
2005). Differentiated cells were then exposed to TNFα at a concentration of 20 ng/ml for 24
hours (Gallant et al., 2009). The amount of NO production was then monitored to test
whether ER stress had been induced in the 3T3-L1 cells (Section 6.2) and to determine if the
cells were becoming insulin resistant.

Glucose uptake assay (section 4.3) was also

performed to determine whether the insulin sensitivity of the fat cells had been
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compromised relative to the untreated cells and to investigate whether the NO
measurement correlated to glucose uptake results.

Inducer of differentiation

Pre-adipocytes
seeded in 48 well
plates

Rosiglitazone (7 days)

Post- confluence

Adipocytes

TNFα (20ng/ml) for 24 hours + NO
production measured
Exposed to different
treatment for 24 hours

Glucose uptake (section 4.3)

Figure 6.1: Developing insulin-resistant model of 3T3-L1 cells

6.2 Nitric oxide measurement in 3T3-L1 cells

6.2.1 Principle
NO is an important messenger and effector molecule produced by the body. It is often
linked to ER stress where it acts as an indicator of ER stress (Gotoh & Mori, 2006). However
NO is unstable and therefore this assay is based on measuring one of the breakdown
products of NO namely nitrite (NO2-) (Sun et al., 2003). The Griess reagent, a mixture of
sulphanilamide and N-1-napthylethyleneidamine dihydrochloride (NED) under acidic
conditions is used to detect the presence of NO2- (Sun et al., 2003). The reactions involved
are shown below.
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Sulfanilamide

Azo compound

Figure 6.2: Chemical reactions involved in the measurement of NO2- using the Griess
Reagent system (www.promega.jp).

6.2.2 Procedure

The assay was completed according to the manufacturer’s guidelines (Promega).

To

measure the amount of NO released into the media by 3T3-L1 cells, 50 µl of media was
removed from each well. 100 µL of Griess reagent (at room temperature) was then added
to 50 μl media. The plate was incubated at room temperature for 10 minutes (in the dark).
After the incubation period, the absorbance was then read at 540 nm using a Biotex
microtitre plate reader. A standard curve of NO2- (standard) ranging from 0-100 µM was
completed (Figure A8 - Appendix).

6.3 Results: Cells differentiated using Rosiglitazone and exposed to TNFα for 24 hours

From figure 6.3, all the data indicated there was no significant difference between the
different treatments as compared to the control (DMEM and BSA). The results implied that
either ER stress was not involved in TNFα-induced insulin-resistance in 3T3-L1 cells or that
the TNFα was degraded and no longer functional. Studies have shown ER stress
development (high level NO levels), in cases where obesity is involved due to excess nutrient
intake (Figure 1.4) ultimately causes activation of the UPR pathway (Gregor & Hotamisligil,
2007; Özcan et al., 2004). The results therefore indicate there was no effect on nitric oxide
levels.
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Figure 6.3: Nitrite production from differentiated 3T3-L1 cells exposed to TNFα for 24 hrs.
Error bars indicate SEM (n=3), All data are insignificant (p>0.05) when compared to DMEM
and BSA (Control).

Figure 6.4 illustrates the results obtained for glucose uptake for the different treatments. It
can be seen there was no significant difference between the different treatments and the
controls (DMEM and BSA). TNFα exposure was ineffective in impairing glucose uptake in
3T3-L1 cells differentiated using Rosi. The results obtained was unexpected since TNFα
exposure to 3T3-L1 cells have been shown to inhibit GLUT4 transporters and inhibit IRS-1
receptor thereby shutting the insulin signalling pathway (Mechoulam et al., 2007; Stephens
et al., 1997).

Therefore the insulin-resistant model of 3T3-L1 was not successful since glucose uptake was
not impaired (relative to controls). Possible explanations accounting for the unsuccessful
results includes the following; TNFα could have degraded possibly due to freezing and
thawing cycles (Flower et al., 2000) and/or cells had high passage transfer (e.g. 76) numbers.
To address these concerns, a new batch of TNFα and a low transfer number of 3T3-L1 cells
was ordered and the experiment was once again completed without success.
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Figure 6.4: Glucose uptake of differentiated 3T3-L1 cells exposed to TNFα for 24 hours.
Error bars indicate SEM (n=3), All data are insignificant (p<0.05) when compared to DMEM
and BSA (Control).

6.4 Inducing insulin-resistance in 3T3-L1 cells using lipopolysaccharides (LPS)

An alternative method to induce insulin resistance was considered whilst waiting for a new
stock of TNFα. LPS was exposed to 3T3-L1 cells differentiated using Rosi (7 days of
differentiation) in order to induce insulin-resistance (Song et al., 2006) and possibly ER
stress as shown in figure 6.5. Studies have shown that LPS exposure is able to mediate the
release of cytokines involved in insulin-resistance thereby impairing the insulin-signalling
pathway (Song et al., 2006).

3T3-L1 preadipocytes were seeded in 48 well plates and differentiated over a period of 7
days using Rosi as the inducer of differentiation. After the differentiation period, the cells
were exposed to a range of LPS concentrations (0-100 µg/mL) for 24 hours (Figure 6.5) after
which NO levels were monitored.
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Inducer of differentiation

Pre-adipocytes
seeded in 48 well
plates

Rosiglitazone (7 days)

Post- confluence

Adipocytes

LPS for 24 hours

ER stress (section 5.2)

Figure 6.5: Inducing insulin-resistance in differentiated 3T3-L1 cells.

6.5 Results: Cells differentiated using Rosiglitazone and exposed to LPS for 24 hours

From figure 6.6, no statistically significant difference was obtained relative to the control
(DMEM).

Therefore it can be concluded that the range of LPS concentrations was

ineffective in inducing ER stress in the 3T3-L1 cells differentiated using Rosi. At this time the
author noted that, ER stress is mostly associated in obese patients where an excessive
nutrient intake is required to induce insulin-resistance (Gregor & Hotamisligil, 2007; Özcan
et al., 2004). No studies have been published to date that relate adipocyte ER stress
development to non-obese/normal subjects.

Despite Rosi being commonly used to differentiate pre-adipocytes into adipocytes (Fu et al.,
2005), it was proposed that because it was previously used as an anti-diabetic agent (Gale,
2010) , it could actually be having a protective effect on the adipocytes, thus preventing it
from becoming insulin-resistant. As a result, a new protocol for differentiating 3T3-L1 cells
was optimised and tested, to determine if this hypothesis was correct.
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Figure 6.6: ER stress of differentiated 3T3-L1 cells exposed to LPS for 24 hours.
Error bars indicate SEM (n=3), All data are insignificant (p<0.05) when compared to DMEM
(Control).

6.6 New protocol for differentiating 3T3-L1 and developing an insulin-resistant model of
3T3-L1 cells
6.6.1 Inducing differentiation using 3-isobutyl-1-methylxanthine (IBMX), dexamethasone
(DEX) and insulin
A comparison of this new protocol of differentiation in 3T3-L1 cells with that of Rosi is
provided below.

IBMX is a non-specific phosphodiesterase inhibitor (Van Staveren et al., 2001) which plays
an important role in preventing degradation of cAMP by inhibiting the action of
phosphodiesterase (Lohmann et al., 1991). An increase in cAMP levels activates the PKA
pathway which leads to decreased proliferation (Chen et al., 1998) and

induces

differentiation in 3T3-L1 cells (Petersen et al., 2008).
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Dexamethasone (DEX) forms part of the glucocorticoids family (Grigoriadis et al., 1988)
which plays an important role in down-regulating the expression of pre-adipocyte factor 1
(Pref-1) (Smas et al., 1999) which has been shown to inhibit differentiation of 3T3-L1 cells
(Figure 1.1) (Stephens, 2012). IBMX and DEX have been shown to promote expression of
C/EBPδ and C/EBPβ which play an important role in adipogenesis (Wu et al., 1999; Wu et al.,
1996) as mentioned in section 1.2.2.1.

Insulin, on the other hand has been shown to promote adipocyte differentiation through
activation of PI3K/ AKT pathway (Zhang et al., 2009) as shown in figure 1.3.

In the case of Rosi, it forms part of TZD family and is a potent PPARγ agonist (Ling et al.,
2005). It has been shown to act as an inducer of differentiation in 3T3-L1 cells (Fu et al.,
2005) and is widely used as an anti-diabetic drug (Gale, 2010) since it helps to improve
insulin sensitivity of tissues (Burstein, 2005) to physiological levels of insulin, this may have
been the explanation for TNFα not inducing insulin resistance in the first model described.

6.6.2 New protocol using the differentiation cocktail (IBMX, DEX and Insulin)

3T3-L1 pre-adipocytes were seeded in 48-well plates and were allowed to reach postconfluence. They were then differentiated using a modified protocol of the differentiation
cocktail containing 10% FBS, 0.5 mmol/L IBMX, 0.25 µmol/L DEX and 10 µg/ml insulin for a
period of 3 days after which the differentiation cocktail was removed and the cells were
exposed to culture medium supplemented with insulin (10 µg/mL) for a period of 3 days
(Gallant et al., 2009). Once differentiated, the cells were then exposed to 20 ng/mL TNFα in
order to induce insulin-resistance (Figure 6.7). They were then treated for 24 hours with the
different compounds and glucose uptake assay was performed.
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Pre-adipocytes
seeded in 48 well
plates

IBMX, DEX and Insulin

Post- confluence

Adipocytes

TNFα (20ng/ml) for 24 hours

ER Stress
measurement

Exposed to different
treatments for 24 hours

Glucose uptake (section 4.3)

Figure 6.7: Inducing insulin-resistance in 3T3-L1 cells differentiated using IBMX, DEX and
insulin.

6.7 Results (Insulin-resistant 3T3-L1 cells)

6.7.1 Results: NO measurement after 24 hours exposure to TNFα

From Figure 6.8, it can be seen that no statistically significant difference was observed
relative to the untreated and the TNFα-alpha treated cells. However as mentioned before,
no studies have been published to date that relate adipocyte ER stress development to nonobese/normal subjects. Glucose uptake assay was then performed after 24 hours exposure
to the different treatments to investigate whether insulin signalling pathway and glucose
uptake was impaired after 24 hours exposure to TNFα.
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Figure 6.8: ER stress of differentiated 3T3-L1 cells exposed to TNFα (20 ng/mL) for 24
hours (before exposure to different compounds).
Error bars indicate SEM (n=3), All data are insignificant (p<0.05) when compared to
untreated (positive control) and TNFα (negative control).

6.7.2 Results: Glucose uptake results after 24 hrs treatment with different compounds

In this model where IBMX, DEX and insulin was used to differentiate 3T3-L1 cells, TNFα
significantly impaired glucose uptake as compared to the untreated cells (Figure 6.9).
Where Rosi was used as the inducer of differentiation, it may have been possible that the
anti-diabetic properties associated with Rosi, may have played a role in modulating TNFα’s
effects and thereby preventing insulin-resistance in 3T3-L1 cells as seen in Figure 6.4.
From Figure 6.9, all the treatments except MET, reversed the insulin resistant state of the
cells by promoting significantly more glucose uptake than the negative control (TNFα).
According to this study, MET appeared to be less effective in promoting glucose uptake in
insulin-resistant (3T3-L1) cases where inflammation (TNFα) is involved. MET has been
shown to prevent the down-regulation of GLUT 4 transporters in rat adipocytes exposed to
chronic levels of insulin as part of its mechanism of action (Kozka & Holman, 1993). Chronic
levels of insulin have been shown to promote insulin-resistance in 3T3-L1 cells by inhibiting
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the activity GLUT4 transporters (Maier & Gould, 2000).

Thus far no study has been

conducted to investigate the effect of MET on an insulin-resistant model of 3T3-L1 cells
where TNFα was used as the inducer of insulin-resistance.

CE, THC, CBN, CBD, 2AG and MA were very effective in reversing the insulin-resistant state
in this model as they promoted significantly (p<0.05) higher glucose uptake as compared to
the untreated. Whether this might be due to their anti-inflammatory properties associated
with phytocannabinoids (Table 1) as well as with MA (Abbouyi et al., 2013) requires
additional investigation.

Studies have shown that cannabinoids exhibit a neuroprotective effect and are able to
prevent the release of LPS-induced TNFα, in rat brain cells thereby preventing
neuroinflammation and damage to brain cells (Facchinetti et al., 2003). 2AG, has been
shown to reduce the production of TNFα in both murine macrophages and in mice thereby
preventing inflammation (Gallily et al., 2000). In the case of MA, it has been shown to
exhibit its anti-inflammatory properties by preventing activation of NF-KB pathway (Popoola
et al., 2013). Furthermore Marrubiin treatment caused a reduction in TNFα secretion in an
obese rat model (Mnonopi et al., 2011), thereby exhibiting anti-inflammatory properties.

The use of phytocannabinoid helped to restore or improve the insulin sensitivity in an
insulin-resistant model of 3T3-L1 cells by increasing glucose uptake. However conflicting
results have been published where CB1 antagonist (Rimonabant) has been shown to improve
insulin sensitivity of tissues (Pi-Sunyer et al., 2006).

Rosi on the other hand did reverse the insulin-resistant state of the cells but to a lesser
extent (approximately 1.1-fold less) when compared to the phytocannabinoids (same as
untreated). Possibly a longer period of treatment with Rosi would have reversed the
insulin-resistant state. Studies have shown that Rosi treatment was able to reduce IL-6 in IL6 treated adipocytes thereby reversing insulin resistance (Lagathu et al., 2003). However it
should be noted that Rosi favours lipogenesis more than lipolysis relative to the other
treatments which might lead to increase in fat accumulation, which in turn aggravates
insulin-resistance.
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Figure 6.9: Effect of different compounds on glucose uptake (Insulin-resistant model of
3T3-L1 cells).
Error bars indicate SEM (n=3) *p<0.05 relative to untreated (positive control); #p<0.05
relative to TNF alpha (negative control)
The results (Figure 4.3, 4.6, 4.9 & 6.9) confirmed the studies of Levendal et al., (2012) where
an obese rat model was treated with phytocannabinoids and the treatment led to weight
loss and had a protective effect on the pancreatic cells of the rats. However, how these
compounds mediate their action, still needs to be unravelled.

The fact that phytocannabinoids (in this study) are able to restore a balance between energy
storage and expenditure raises several questions; How is the energy balance restored?
Although phytocannabinoids are PPARγ agonists just like Rosi, why are their effects on the
fat cells tested different? Does Rosi’s mechanism of action differ from that of the
phytocannabinoids? How are the phytocannabinoid promoting glucose uptake (increased
GLUT 4) and fat usage?
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Chapter 7: Integrated discussion and conclusion
The ideal anti-diabetic drug would be one which helps to improve glucose uptake and
insulin sensitivity of tissues, insulin secretion from pancreatic cells as well as helps to
dampen inflammation. It should also have a protective role at the ER and mitochondrial
levels thereby preventing ER stress and mitochondrial dysfunction, respectively.

Figure 7.1 provides an overview of the compounds used in this study and indicates their role
to improve glucose uptake, reduce fat accumulation (relative to Rosi), reduce obesityrelated insulin resistance, restore and improve SDH and G3PDH enzymatic activities
respectively, and increase oxygen consumption in 3T3-L1 cells.

Compounds that have been shown to significantly improve glucose uptake and significantly
reduce fat accumulation (relative to Rosi) are CE, THC, CBN, CBD, 2AG, MA and MET
(Chapter 4). However, only CE, THC, CBN, CBD and MA were able to improve glucose uptake
in an insulin resistant model of 3T3-L1 cells thereby reversing the insulin-resistant state of
the 3T3-L1 cells (Chapter 6). MET was ineffective in doing so. Studies completed in 2006,
showed that MET is able to reduce body weight and improve insulin sensitivity of tissues
both in humans and in insulin-resistant animal models through activation of AMP-activated
protein kinase (MAPK) pathway (Lee et al., 2006). However in this study, MET was unable to
reverse the insulin-resistant state of 3T3-L1 cells for the period of time it had been exposed
to 3T3-L1 cells. In the case of Rosi (TZD), it did improve glucose uptake levels although there
was no significant difference relative to untreated cells. Furthermore it was shown to
promote fat accumulation significantly higher than the other treatments despite having
significantly lower glucose uptake. These findings correlate with literature where increased
adiposity is associated with the use of TZDs due to their ability to promote differentiation of
adipocytes (PPARγ agonist) (Lee et al., 2006). CE, THC, CBN, CBD, 2AG and MA treatment
might be promoting lipolysis more than lipogenesis during adipogenesis of the 3T3-L1 cells
accounting for less fat accumulation despite promoting a higher glucose uptake.
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Figure 7.1: Brief schematic representation of the results obtained in this study.
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A previous study has shown the ability of the phytocannabinoid treatments to reduce fat
accumulation in an obese-rat model (Levendal et al., 2012) possibly by restoring the balance
between energy storage and expenditure in order to maintain homeostasis of adipose
tissue. Furthermore the study also showed the protective effect of the phytocannabinoid
treatment on the pancreatic cells of the obese rat model (Levendal et al., 2012).
Maintenance of adipose tissue homeostasis is linked to the proper function of the
pancreatic cells where betatrophin (hormone released by adipose tissue) has been shown to
increase proliferation of pancreatic cells thereby improving insulin secretion and reducing
insulin resistance (Yi et al., 2013).

Regulation of SDH activity (Complex II) is crucial to maintain the homeostasis of the
mitochondria thereby preventing mitochondrial dysfunction (due to increased oxidative
stress) which is often linked to the development of cancer (Slane et al., 2006), insulin
resistance and type 2 diabetes (Lowell & Shulman, 2005). An increase in complex II activity
is associated with increasing oxidative stress and ROS production (Nelson & Cox, 2013)
which causes damage to cells. From figure 7.1, it can be seen only THC, CBD and MA
treatment did not significantly change the activity of SDH relative to untreated levels both
during the 0-7 and 0-14 day treatments. An increase in SDH activity indicates a hyperactivated TCA cycle (increased conversion of pyruvate to acetyl-CoA) which leads to an
increase in oxidative stress (Nie & Wong, 2009). However a decrease in SDH activity can
also be harmful. In 2003, studies have shown that muscle biopsies from insulin-resistant
individuals had decreased mitochondrial content (showing reduced mitochondrial
biogenesis) and decreased activity of SDH relative to insulin-sensitive controls (Selak et al.,
2003; Boushel et al., 2007).

Rosi treatment has been shown to improve oxidative

phosphorylation in insulin resistant skeletal muscles by promoting expression of PGC-1 and
PPARβ/δ and increasing the activity of SDH thereby improving insulin-resistance (Mensink et
al., 2007). Our findings correlate with what is found in literature where Rosi treatment has
been shown to promote SDH activity but our study shows the absence of a negative
feedback regulation for the activity of SDH in the case of 3T3-L1 cells treated with Rosi,
causing a dramatic increase in SDH over time (harmful-increasing oxidative stress). It was
noted that only the THC, CBD and MA treatments were able to reduce the activity of SDH to
untreated levels in differentiated 3T3-L1 cells (7-14 days), possibly decreasing the flux
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through the TCA cycle. CE, CBN, 2AG and MET was not as effective as THC, CBD and MA at
normalising the SDH activity of 3T3-L1 cells.

G3PDH shuttling system plays an important role in oxidative phosphorylation. It ensures the
continual renewal of NAD+ in the cytosol and is also involved in brown adipose tissue where
it has been shown to play a role in thermogenesis (Gong et al., 1998; Brown et al., 2002). Of
all the compounds tested only THC, CBD, 2AG and MA significantly increased the activity of
G3PDH relative to untreated cells. Rosi treatment seemed to impair the G3PDH shuttling
system possibly accounting for the increased fat accumulation in 3T3-L1 cells treated with
Rosi. When considering all the tests completed, THC, CBD and MA has its most marked
effect when modulating SDH and G3PDH activity.

From figure 7.1, Rosi, CE, THC, CBN, MA and MET treatments were able to significantly
increase oxygen consumption in 3T3-L1 cells above untreated cells. CBD and 2AG were able
to increase oxygen consumption slightly above untreated although there was no significant
difference (relative to untreated). The oxygen consumption study was performed on cells
treated for 0-14 days and it was noted that the G3PDH activity decreased for CBD. On the
other hand, THC treatment caused G3PDH activity to significantly increase during the 0-14
treatment period. This might account, in part, for the high oxygen consumption in 3T3-L1
treated for 0-14 days (thermogenesis favoured). 2AG however despite having high G3PDH
activity after 0-14 days treatment, did not cause an increase in oxygen consumption in 3T3L1 cells.

Therefore it is possible that other factors are also involved in regulating

thermogenesis in 3T3-L1 cells.

Interestingly studies carried out in 2010, showed that blocking of CB1 receptors promoted
transdifferentiation in white adipocytes where there is an increase in oxygen consumption
(Perwitz et al., 2010). This might be associated with the biphasic effect of THC where the
effect mediated is dose-dependent (Margulies & Hammer Jr, 1991). However it should be
noted that an increase in oxygen consumption does not necessarily indicate
transdifferentiation as shown in the case of Rosi treatment (increased fat accumulation). An
increase in oxygen consumption can lead to increased oxidative stress in mitochondria (Liu
et al., 2000) thereby causing a decrease in mitochondrial content. An increase in oxygen
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consumption as seen in the case of Rosi might reflect that the cells have fewer mitochondria
thereby accounting for increased oxygen consumption as a feedback mechanism in order to
cope with the oxygen demand of the cells.

Therefore to conclude, THC and MA act as the most promising treatments to reverse insulinresistance. They were able to maintain a balance between lipogenesis and lipolysis during
adipogenesis in 3T3-L1 cells thereby regulating glucose and lipid metabolism.

Their

regulatory effect at the mitochondrial level (normalising SDH activity), might be the
mechanism via which they prevent the development of oxidative stress and mitochondrial
dysfunction. Furthermore their ability to increase the activity of G3PDH might be an
alternative mechanism of preventing mitochondrial dysfunction by preventing hyper-activity
of the TCA cycle and activation of the G3PDH shuttling system. Activation of G3PDH
shuttling system has also been linked to transdifferentiation whereby excess energy is
dissipated as heat thereby preventing the development of obesity and obesity-related
insulin resistance (Houstek et al., 1975).

Interestingly CE also exhibited some beneficial properties where it improved glucose uptake,
caused significantly less fat accumulation relative to Rosi, reversed the insulin-resistant state
of cells as well as increased oxygen consumption in 3T3-L1 cells thereby possibly showing
transdifferentiation. However it was unable to affect SDH and G3PDH activity (unlike THC).
As mentioned before, possibly the other cannabinoids present in the extract also played a
role in the effect mediated. Therefore the right ratio of the different phytocannabinoids is
crucial to mediate regulation at the mitochondrial level in 3T3-L1 cells.

The effects mediated by THC and MA were similar in 3T3-L1 cells. One of the possible
explanations might be the fact that both of them are terpenoids. Their mechanism of action
on 3T3-L1 cells might be similar since they both can modulate the activities of PPARs (Goto
et al., 2010) thereby regulating adipogenesis. Studies have shown that terpenoids can be
helpful in the treatment of insulin resistance and Type 2 diabetes (Goto et al., 2010; Luo et
al., 1999).
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7.1: Future Proposal
According to this study, CE, THC and MA have the potential to be anti-diabetic drugs.
However additional research needs to be conducted in order to determine the right ratio of
phytocannabinoids required in the cannabis extract, to effectively reduce insulin resistance
in patients without any unwanted psychoactive effects associated with THC. Furthermore it
is important to explore the mechanism of action of phytocannabinoids in more detail, in
various cell-lines and animal models.

The effect of phytocannabinoid treatment in 3T3-L1 cells according to this study was timedependent. Changes in enzyme activity and fat accumulation were more pronounced
during longer exposure time and also different phytocannabinoids seemed to have a
different effect on 3T3-L1 cells at different stages of the cell development, for example CBD
caused a highest increase in G3PDH activity in 3T3-L1 cells treated for 7 days whereas after
14 days treatment THC caused the highest increase in G3PDH activity. It would therefore be
interesting to measure the changes in glucose and lipid metabolism in 3T3-L1 cells in realtime.

In order to confirm whether transdifferentiation was occurring, the level of expression of
markers involved in brown fat development can be investigated, for example the level of
expression of UCPs, PGC-1α and ratio of α/β-adrenoceptors.
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Appendix

THC

Figure A1: Elution profile of commercial THC (1mg/mL) (Acetonitrile: Phosphate buffer =
70:30, Flowrate = 1ml/min)

CBN

Figure A2: Elution profile of commercial CBN (1mg/mL) (Acetonitrile: Phosphate buffer =
70:30, Flowrate = 1ml/min)
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CBD

Figure A3: Elution profile of commercial CBD (1mg/mL) (Acetonitrile: Phosphate buffer =
70:30, Flowrate = 1ml/min)

CBN

CBD
THC

Figure A4: Elution profile of organic cannabis extract (Acetonitrile: Phosphate buffer =
70:30, Flowrate = 1ml/min)
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Figure A5: Glucose standard curve (0-5 mM) (n=3) (R2= 0.9873)
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Figure A6: A MTT standard curve for 3T3-L1 cells (n=3) (R2= 0.96)
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Figure A7: BSA standard curve (0-2mg/mL) (n=3) (R2= 0.9909)
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Figure A8: Nitrite standard curve (0-100μM) (n=3) (R2= 0.9999)
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Figure A9: Examples of progress curves of SDH (0-7 day treatment)
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Figure A10: Examples of progress curves of SDH (0-14 day treatment)
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FigureA 11: Examples of progress curves of SDH (7-14 day treatment)
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Figure A12: Examples of progress curves of G3PDH (0-7 day treatment)
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Figure A13: Examples of progress curves of G3PDH (0-14 day treatment)
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Figure A14: Examples of progress curves of G3PDH (7-14 day treatment)
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Figure A15: Examples of progress curves showing oxygen consumption of cells treated for
14 days
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Least effective
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Table 3: Effect of different compounds on 3T3-L1 cells
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