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Abstract

Obesity and type 2 diabetes are a growing concern worldwide and
changes within adipose tissue are implicated in their development. Adipocytes
contain a complete renin angiotensin aldosterone system (RAAS) implicated in
obesity-related complications. The energy regulating kinase AMP-activated
protein kinase (AMPK) has anti-inflammatory properties in adipose tissue and
systemic insulin sensitising effects.

Initial studies compared the human adipocyte model SW872 with the
well-described murine 3T3-L1 adipocyte model. AMPK signalling in SW872
adipocytes was evident with similar responses to two structurally-unrelated
AMPK activators, AICAR and A769662 compared with 3T3-L1 adipocytes. Key
components of the RAAS were present in SW872 adipocytes and induced upon
adipocyte differentiation. AICAR and A769662 were found to negatively
regulate classical RAAS components including the mineralocorticoid receptor
and angiotensinogen whilst upregulating the ratio of expression of angiotensin
converting enzyme-2 to angiotensin converting enzyme-1. However, AMPK
activation increased aldosterone secretion and the downstream target SGK1.
Interestingly, angiotensin Il, likely via the type 2 angiotensin Il receptor, and
angiotensin 1-7, likely via the Mas receptor, both increased AMPK activity.
Despite this AMPK activation there was no effect of angiotensin 1-7 seen on
inflammatory processes or insulin signalling in adipocytes so the functional
effects of this AMPK activation remain unknown. Wild type and AMPKa1-/-
mice were subjected to 12 weeks of high fat diet (HFD) with no significant
metabolic differences. Interestingly, the adipose tissue from AMPKa1-/- mice
fed chow diet showed increased basal inflammatory signalling which
decreased following HFD suggesting a possible pro-inflammatory effect of
AMPK upon HFD exposure. However, the systemic RAAS appeared to be
upregulated in the AMPKa1-/- HFD group.

The cross-talk between AMPK and RAAS in adipose tissue likely has an
important part to play in the development of obesity-related disorders and

this work identifies several potential therapeutic avenues.
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1.1 The impact of obesity

Obesity and diabetes are now two of the most important public health
problems worldwide. In the UK, obesity and overweight associated problems
cost the NHS £5 billion each year and diabetes treatment alone accounts for
10% of the NHS budget in England and Wales (£14 billion). Diabetes affects an
estimated 347 million people worldwide (Danaei et al. 2011), with type 2
diabetes accounting for 90% of cases. Despite increased understanding of type
2 diabetes and newer medications becoming available the associated
mortality is predicted to continue to rise, predominantly in developing
countries (Mathers and Loncar, 2006). This is an area in huge need of
improved understanding of aetiology and development of cure. Chronic
inflammation in adipose tissue is hypothesised to contribute to insulin
resistance and therefore further understanding adipose tissue biology may be
the key to a future without type 2 diabetes. This chapter describes the

relevant literature which had been reported prior to the outset of this study.

1.1.1 Metabolic impact of chronic obesity

Obesity is defined by a body mass index (BMI) greater than 30 kg/m? and
describes a heterogeneous group of individuals at risk of major metabolic
disturbance. However, a proportion of obese and severely obese (BMI > 40
kg/m?) individuals do not develop significant metabolic upset or health
complications. For the 75% of obese individuals who develop metabolic
problems there are several mechanisms which lead to these changes. Insulin
resistance is the primary metabolic change resulting in type 2 diabetes,
hyperlipidaemia, non-alcoholic fatty liver disease and cardiovascular disease
and understanding its development is therefore crucial. Several mechanisms
are associated with insulin resistance with varying significance and
therapeutic potential, in reality the importance of each likely varies between
individuals. Such mechanisms, which will be discussed further, include
inflammation (systemic and tissue specific), mitochondrial dysfunction,
altered adipokine secretion and sensitivity, and reactive oxygen species (ROS)
(Reviewed in Xu et al. 2013).
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1.2 Adipose Tissue

Adipose tissue is a dynamic structure with a key role in energy homeostasis.
Traditionally known as an energy storage tissue, its other properties such as
the synthesis and secretion of hormones and cytokines have been well-
described (Guilherme et al. 2008; Kershaw and Flier, 2004). Adipocytes are
the predominant cell type in adipose tissue which also consists of the stromal
vascular fraction made up of fibroblasts, immune cells and connective tissue
(Bijland et al. 2013).

Adipose tissue is anatomically defined as visceral or subcutaneous, with
visceral adiposity particularly associated with cardiovascular risk (Smith et al.
2012). Histologically, it is recognized as white adipose tissue (WAT) or brown
adipose tissue (BAT) due to differences in the adipocytes - a unilocular lipid
droplet is seen in WAT and multilocular lipid droplets in BAT (Bijland et al.
2013). Brown adipose tissue plays a major role in non-shivering thermogenesis
and is reliant on uncoupling protein 1 (UCP-1) for this process (Bijland et al.
2013). Beige adipocytes have more recently been defined as multilocular
adipocytes present in WAT which are UCP-1 positive and may be amenable to

manipulation in future treatments of obesity (Wu et al. 2013).

1.2.1 Adipose tissue physiology

Maintenance of energy homeostasis requires harmonious communication
between several organs including adipose tissue, liver, pancreas, skeletal
muscle and areas of the central nervous system concerned with appetite
regulation and energy expenditure. The primary function of adipose tissue is
to store energy for future use; lipid stores also provide support for visceral
structures. Dietary glucose and lipids not immediately required are stored in

WAT as triacylglycerol via the process of lipogenesis.

1.2.1.1 Lipogenesis

The majority of lipid stores originate from circulating lipids - chylomicrons

and very low density lipoproteins (VLDL) release fatty acids in the presence of
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lipoprotein lipase (LPL) at the surface of adipocytes (Sadur and Eckel, 1982).
Fatty acids enter the adipocytes where they undergo esterification with
Coenzyme A by fatty acyl-CoA synthetase (Watkins, 1997). Glyceryl phosphate
acyltransferase catalyses the addition of two fatty acids to glycerol-3-
phosphate (G3P) forming phosphatidate. Phosphatidate is hydrolysed to
diacylglycerol which is further acylated by diacylglycerol acyltransferase
(DGAT) yielding triacylglcerol (TAG) (Coleman and Lee, 2004).

Glucose is the other energy source stored as TAG in adipocytes. On entering
the cytoplasm glucose undergoes glycolysis forming dihydroxyacetone
phosphate (DHAP) which can be converted to G3P and therefore used to form
phosphatidate as described above (Nye et al. 2008). Circulating glucose can
also be utilized to form fatty acids for lipogenesis, whereby the 3 carbon
intermediates continue through glycolysis to form pyruvate which is converted
to acetyl-CoA in the mitochondria. After transfer of acetyl-CoA to the
cytoplasm, acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS)
catalyse the conversion of acetyl-CoA and malonyl-CoA to long chain fatty

acids (Tong, 2005). Figure 1.1 summarises the main steps in lipogenesis.
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Figure 1.1 Key steps in lipogenesis

Circulating fatty acids enter the adipocyte and combine with G3P to form
triglyceride in the lipid droplet. Glucose undergoes glycolysis within the
adipocyte which produces either DHAP or pyruvate. Pyruvate can be
converted into acetyl CoA and go on to produce fatty acids. G3P and fatty
acids are processed to lysophosphatidic acid (LPA), phosphatidic acid (PA),
diacylglycerol (DAG) then triglyceride (TAG). Key enzymes in this process
include glycerol-3-phosphate acyltransferase (GPAT), acylCoA acylglycerol-3-
phosphate acyltransferase (AGPAT), phosphatidic acid phosphatase (PAP-1)
and diglyceride acyltransferase (DGAT). Figure compliments body text
(Saponaro et al. 2015).

1.2.1.2 Lipolysis

In the fasted state energy can be released from stores in adipose or liver.
Lipolysis, the breakdown of triglycerides to form glycerol and three free fatty

acids, is a catabolic process under exquisitely tight inhibitory control by
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insulin and stimulated by catecholamines (Czech et al. 2013). In adipocytes,
an increase of intracellular cAMP in response to catecholamines leads to
activation of protein kinase A (PKA) which subsequently phosphorylates
hormone sensitive lipase (HSL) and perilipins (Collins et al. 2004). The action
of HSL is blocked when perilipins are in place covering the lipid droplet. Once
HSL and perilipins are phosphorylated, HSL is free to hydrolyse TAG forming
diacylglycerides and monoacylglycerides. Monoglyceride lipase is required for
the final step of monoacylglyceride hydrolysis into non-esterified fatty acids

(NEFAs) (Fredrikson et al. 1986). These steps are summarised in Figure 1.2.
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Figure 1.2 Key steps in lipolysis

Triglycerides are broken down to form glycerol and fatty acids following
catcholamine stimulation and the phosphorylation of HSL and Perilipin by
CAMP. Insulin inhibits this process by suppressing cAMP levels. Key enzymes
include adipose triacylglycerol lipase (ATGL), hormone sensitive lipase (HSL)

and monoacylglycerol lipase (MGL) (Saponaro et al. 2015).
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1.2.1.3 Regulation of lipogenesis and lipolysis by insulin

Insulin is a key anabolic hormone facilitating lipogenesis and inhibiting
lipolysis. Insulin signalling via phosphoinositol 3-kinase (P13 kinase) facilitates
glucose transporter GLUT4 translocation to the adipocyte plasma membrane
allowing influx of glucose (Cheatham et al. 1994; Huang and Czech, 2007).
Insulin also stimulates gene expression of FAS and activates ACC thus
facilitating TAG synthesis. As mentioned in 1.2.1.2, catecholamines stimulate
beta-adrenergic G-protein coupled receptors leading to increased intracellular
CAMP and PKA phosphorylation allowing HSL and perilipin phosphorylation and
mobilisation of triglycerides. Insulin acts to inhibit lipolysis by decreasing
intracellular cAMP and resultant PKA phosphorylation thereby preventing the
action of HSL and allowing perilipins to block HSL access to TAGs (Czech et al.
2013).

1.2.1.4 Importance of adipose tissue

The metabolic and immune functions of adipose tissue are abundant. Once
calorific intake exceeds the storage capacity of adipose tissue or there is a
lack of adipose tissue altogether, as in lipodystrophy, ectopic deposition of
lipid has catastrophic effects. Storage of lipids in the liver, skeletal muscle
and multiple other metabolic sites leads to gross dysregulation in glucose
metabolism and severe impairment of insulin signalling in addition to causing
liver disease including cirrhosis (Semple et al. 2011). Interestingly, leptin
replacement in such indivisuals with lipodystrophy, where circulating leptin is
absent or very low, improves the metabolic problems outlined above (Moon et
al. 2013).

1.2.2 Insulin, insulin resistance and type 2 diabetes

Type 2 diabetes is a chronic metabolic disorder diagnosed when
hyperglycaemia is detected. Glucose homeostasis is governed primarily by the
peptide hormone insulin. Type 2 diabetes develops after years of insulin
resistance and reactive hyperinsulinaemia when the pancreas can no longer

produce enough insulin to meet the demands of peripheral tissues and
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metabolic dysfunction ensues (van Greevenbroek et al. 2013). Type 1
diabetes is an autoimmune condition resulting in insulin deficiency and

therefore hyperglycaemia (Vehik et al. 2013).

1.2.2.1 Insulin

Insulin is an essential peptide hormone released from B cells in the islets of
Langerhans which consist of 2-3% of the pancreas volume. Insulin synthesis
begins with pre-proinsulin (11.5kDa, 86 amino acids) which is cleaved to form
proinsulin (9kDa). Proinsulin is then cleaved further to form insulin (a 21
amino acid A chain bound to a 30 amino acid B chain by disulphide bonds) and
c-peptide (30-35 amino acids). Insulin and c-peptide are stored together in
secretory vesicles prior to release in response to secretagogues. Transcription
of pre-proinsulin  mRNA is stimulated by high circulating glucose
concentrations. Furthermore, as the circulating glucose concentration rises it
stimulates insulin secretion, with a threshold plasma glucose concentration of
approximately 5mmol/l. In addition to glucose a number of other agents can
stimulate or inhibit insulin secretion including amino acids, fatty acids and
hormones. Insulin enters the portal circulation and binds membrane bound

insulin receptors in target tissues (Reviewed in Holt et al. 2010).

1.2.2.2 Insulin receptor and signalling

The primary action of insulin is to regulate serum glucose levels. In response
to high plasma glucose concentrations insulin acts to stop the production of
glucose by the liver and increase glucose transit via the glucose transporter
GLUT4 into cells of striated muscle and adipose tissue, thereby normalizing

plasma glucose concentrations (van Greevenbroek et al. 2013).

Circulating insulin mediates it’s action through the insulin receptor, a
member of the receptor tyrosine kinase family formed of a heterotetramer
consisting of two extracellular a subunits and two membrane spanning B
subunits (Lee and Pilch, 1994). Binding to the receptor results in tyrosine
kinase activation and autophosphorylation of the cytoplasmic domains of the

B subunits. The phosphotyrosine residues act as binding motifs to allow
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recruitment and subsequent phosphorylation of intracellular proteins such as
the insulin receptor substrates (IRSs). IRSs are then able to recruit effector

proteins such as PI3 kinase (Czech et al. 2013).

In adipocytes insulin increases glucose uptake, stimulates adipogenesis and
inhibits lipolysis. Following phosphorylation of IRS1 or IRS2, downstream
signalling is mediated initially via PI3 kinase which catalyses the formation of
phosphatidylinositol 3,4,5-trisphosphate, which acts to recruit and activate
both atypical protein kinase C and Akt at the plasma membrane (Czech et al.
2013). Akt is a serine/threonine protein kinase that phosphorylates and
inactivates the Rab GTPase activating protein, AS160. As a consequence, Rab
proteins remain GTP-bound and stimulate subsequent GLUT4 translocation to
the cell surface. Glucose enters via GLUT4 and is then processed to form

triacylglycerol as described in 1.2.1.1 (Figure 1.3).

Insulin signalling can prevent catecholamine mediated lipolysis by influencing
CAMP levels. This is mediated via Akt-mediated phosphorylation and
activation of phosphodiesterase 3B which lowers cAMP levels. Secondly,
insulin has been reported to activate adipose specific phospholipase A2 which
inhibits adenylate cyclase, similarly reducing catecholamine-stimulated cAMP
levels (Czech et al. 2013).
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Figure 1.3 Insulin signalling

Insulin binds to its tyrosine kinase receptor instigating a signalling cascade
through PI3-kinase, Akt and AS160 to ultimately translocate vesicles

containing GLUT4 to the cell membrane allowing glucose influx.

1.2.2.3 Insulin resistance

Insulin resistance occurs when cells no longer respond appropriately to
insulin. It is associated with obesity, metabolic syndrome and is a key
component of type 2 diabetes. Within adipose tissue, insulin resistance has
been reported to occur when factors interfere with insulin receptor levels or
the sensitivity of the insulin signalling pathway. Hyperinsulinaemia has been
associated with reduced expression of insulin receptors leading to reduced
insulin  signalling (Puig and Tjian, 2005). Furthermore, inhibitory
phosphorylation of IRS1 on serine residues has been proposed to occur in
response to proinflammatory signalling, mediated by c-Jun N-terminal kinase
(JNK) and inhibitor of kappa B kinase (IKK) (Copps and White, 2012). Selective
insulin resistance plays a key role in the pathogenesis of diabetes
complications. This was first described in the liver when the inhibitory effect
of insulin on gluconeogenesis (via FoxO1) is impaired whilst the lipogenic
effect (via SREBP-1c) is unimpaired leading to hyperglycaemic and lipotoxicity

commonly seen in poorly controlled type 2 diabetes (Shimomura et al. 2000,
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Brown and Goldstein, 2008). Laterally this concept has also been described in
endothelial cells. Endothelial dysfunction is a key characteristic of type 2
diabetes and contributes significantly to its cardiovascular complications.
Insulin signalling in endothelial cells occurs via two pathways, on results in
nitric oxide production and vasorelaxation (via PI3K) and the other results in
endothelin-1 and vasoconstriction (via MAPK). Selective impairment of PI3K
signalling is associated with type 2 diabetes leading to uncontrolled MAPK

signalling and endothelial dysfunction (Muniyappa and Sowers, 2013).

1.2.3 Adipose tissue as an endocrine organ

In addition to the energy storage function of adipose tissue, recent decades
have seen a substantial expansion in understanding of the dynamic role
adipose tissue has in the regulation of metabolism. At least 600 factors are
now known to be secreted by adipose tissue, termed adipokines, which may
exert endocrine, paracrine and autocrine actions that influence metabolism
(Bluher, 2012).

1.2.3.1 Leptin

The growing understanding of the secretory role of adipose tissue stems from
the discovery of leptin in 1994 (Mantzoros et al. 2011). Leptin is a member of
the type 1 helical cytokine family (Denver et al. 2011) and plays a key role in
the control of satiety acting as an anorexigenic stimulus to the hypothalamus.
Children with leptin deficiency due to genetic mutation of the leptin gene
also exhibit hyperphagia and obesity and respond very well to treatment with
leptin (Farooqi et al. 2002). It is secreted by adipocytes and positively
correlates with adipose mass, although with increasing obesity, resistance to
its actions develops (Banks and Farrell, 2003). Leptin deficient ob/ob and
leptin receptor deficient db/db mice are obese and insulin resistant (Lutz and
Woods, 2012). Leptin has been reported to have pro-inflammatory actions,
activating monocytes and macrophages to secrete interleukin-6 (IL-6) and
tumour necrosis factor-a (TNF-a) (Paz-Filho et al. 2012). Unfortunately, the

therapeutic use of leptin in this obesity-related leptin resistance has not been
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successful and is likely related to alterations in the leptin receptor and

downstream signalling changes (Moon et al. 2013).

1.2.3.1.2 Central regulation of adipose tissue

The hypothalamus contains both satiety and hunger centres under the
influence of leptin, and other factors, via its receptor in the arcuate nucleus.
A series of neuropeptide signals are activated by leptin via PI3K signalling
culminating in the paraventricular nuclei. This activity in turn stimulates the
autonomic nervous system to increase sympathetic stimulation of adipose
tissue resulting in increased lipolysis and thermogenesis (Breton, 2013). Beta-
adrenergic stimulation of white adipose tissue also stimulates glucose uptake
(Nonogaki, 2000). The parasympathetic nervous system plays a role in adipose
tissue function with associated increased insulin sensitivity (Fliers et al.
2003).

1.2.3.2 Adiponectin

Another key adipokine that regulates metabolism is adiponectin, the most
abundantly produced of the adipokines. Levels of adiponectin are inversely
related to adipose mass and insulin resistance (Diez and Iglesias, 2003).
Adiponectin activates AMP-activated protein kinase (AMPK) and has anti-
inflammatory properties (Kadowaki et al. 2006). Expression of adiponectin is
stimulated by peroxisome proliferator-activated receptor-y (PPARy) agonists
and inhibited by pro-inflammatory mediators such as TNF-a, IL-6 and reactive
oxygen species (ROS) (Kwon and Pessin, 2013). The use of adiponectin as a
biomarker and as a therapeutic agent remains a topic of interest however one

that has not been translated to the clinic (Padmalayam and Suto, 2013).

1.2.4 Adipose tissue inflammation

In addition to the adipokines described in 1.2.3, adipose tissue has also been
shown to secrete several members of the cytokine family. In both animal and
human studies adipose tissue inflammation has been closely correlated with

obesity and insulin resistance (Glass and Olefsky, 2012; Guilherme et al.
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2008). More recently it has been suggested that it is insulin resistance which
underlies adipose tissue inflammation rather than inflammation leading to

insulin resistance (Shimobayashi et al. 2018).

1.2.4.1 Cytokines

Cytokines are proteins with immunomodulatory properties which can have
local or systemic actions. They may be pro- or anti-inflammatory and can be
released from resident macrophages and/or adipocytes or other cell types in
adipose tissue. Obesity is associated with an increased number of pro-
inflammatory cytokines including TNF-a, IL-6, interleukin-18 (IL-18) and the

chemokine monocyte chemotactic protein-1 (MCP-1) (Tateya et al. 2013).

1.2.4.1.1 Tumour necrosis factor-a

TNF-a is a pro-inflammatory cytokine secreted primarily by macrophages but
can be released by multiple other cells (Qi and Pekala, 2000). Two TNF-a
receptors have been identified - TNF receptors 1 and 2, with most known
actions mediated via TNFR1 (Wajant et al. 2003). TNF-a is important in the
acute phase immune response and governs cell survival, production of other
cytokines and regulates inflammation at a local and systemic level (Haider
and Knofler, 2009). In adipose tissue, TNF-a mediates it’s actions via two
complimentary pro-inflammatory signalling pathways which will be discussed
in more detail later: the mitogen-activated protein kinases (MAPKs) and
nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB)
activation (Wajant et al. 2003). TNF-a levels are positively correlated with
obesity and insulin resistance and rodent studies show insulin sensitising
effects of TNF neutralisation (Hotamisligil et al. 1993). In humans anti-TNF
therapies are used for a selection of chronic inflammatory disorders such as
rheumatoid arthritis. In a group of obese individuals with type 2 diabetes, 4
weeks of anti-TNF-a therapy did not improve insulin sensitivity (Ofei et al.
1996). However, following 6 months of the TNF-a receptor fusion protein
etanercept, a group of obese subjects with metabolic syndrome were found to

have improved fasting glucose and increased adiponectin levels (Stanley et al.
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2011). This suggests prolonged treatment is required to see a metabolic

benefit.

1.2.4.1.2 Interleukin-1B8

IL-18 is initially released as a proprotein by macrophages and is cleaved to its
active form by caspase 1 (Denes et al. 2012). Early studies reported that IL-18
reduced both insulin-induced glucose transport and lipogenesis in murine and
human adipocytes (Lagathu et al. 2006). Subsequently prolonged exposure of
the 3T3-L1 adipocyte cell line to IL-18 was reported to lead to down-
regulation of IRS1T and reduced downstream activity of Akt and
phosphorylation of AS-160, an effect not seen with short term exposure.
Inhibition of ERK 1/2 signalling prevented the reduction in IRS-1 expression,
suggesting a key role of ERK 1/2 in this process (Jager et al. 2007). In
addition, Handa et al. reported that application of an anti-IL18 monoclonal
antibody to 3T3-L1 cells treated with IL-18 prevented insulin resistance
(Handa et al. 2013).

1.2.4.1.3 Interleukin-6

Interleukin-6 is another member of the cytokine superfamily implicated in
obesity related adipose dysfunction and insulin resistance. IL-6 can be
secreted by adipocytes and the stromal vascular fraction of adipose tissue
(Kwon and Pessin, 2013). Visceral adipose tissue has been reported to secrete
2-3 times more IL-6 than subcutaneous adipose (Fried, 1998). Circulating
levels of IL-6 are positively correlated with obesity and insulin resistance and
around one third of the circulating IL-6 originates from adipose tissue
(Kershaw and Flier, 2004). There are a number of mechanisms proposed by
which IL-6 promotes insulin resistance. IL-6 lowers adiponectin levels and
induces SOCS3 which can attenuate insulin signalling (Kwon and Pessin 2013;
Senn et al. 2003). Conversely, in the central nervous system IL-6 appears to
stimulate exercise and lead to weight loss suggesting different roles centrally
compared to the periphery (Wallenius et al. 2003). IL-6 signalling is mediated
via the Janus Kinase and Signal Transducer and Activator of Transcription
(JAK-STAT) pathway which is described in 1.2.4.2.4.
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1.2.4.1.4 Monocyte chemoattractant protein-1

Circulating levels of the chemokine MCP-1 are also positively correlated with
obesity and insulin resistance (Panee, 2012). MCP-1 is one of the key stimuli
for monocyte recruitment into adipose tissue and both adipocytes and
macrophages may release MCP-1 (Gustafson, 2010). Overexpression of MCP-1
in adipose tissue was associated with insulin resistance and adipose
macrophage infiltration in a transgenic mouse model (Kamei et al. 2006). It
signals to monocytes via the C-C motif receptor 2 (CCR2). Studies have
suggested a key role for CCR2 in adipose tissue inflammation as knock-down in
macrophages resulted in reduced inflammation in adipose tissue (Weisberg et
al. 2006).

1.2.4.2 Inflammatory signalling pathways

As mentioned previously, there are different signalling pathways of interest in
the development of adipose tissue inflammation, the MAPKs, NFkB and the
JAK-STAT pathways. The MAPK and NFkB pathways culminate in the

transcription of pro-inflammatory genes as summarised in Figure 1.4.
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Figure 1.4 MAPK and NFkB signalling pathways

Pro-inflammatory signalling stimulated by cytokines and other factors occurs
following receptor binding. The NFkB and MAPK pathways ultimately change
gene transcription to increase production of pro-inflammatory proteins which

may then enter the local and systemic environment.

1.2.4.2.1 Mitogen-activated protein kinases

MAPK signalling can be stimulated by a wide range of stimuli acting through
cytokine or toll like receptors (TLRs) in order to regulate a multitude of
functions such as proliferation, cell survival and gene expression (Thalhamer
et al. 2008). The classic MAPKs require at least two phosphorylation events
prior to activation, catalyzed by MAPK kinases (MAPKKs). MAPKs are present
throughout eukaryotes and the principal types that regulate inflammatory
pathways in humans are extracellular signal-regulated kinase 1/2 (ERK 1/2),
JNK and p38. JNK activation is the MAPK most closely linked to insulin
resistance (Tarantino and Caputi, 2011). JNK phosphorylates activator
protein-1 (AP-1) resulting in the transcription of pro-inflammatory genes, it

has also been proposed to directly phosphorylate IRS-1 on inhibitory Ser
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residues, resulting in degradation and diminished insulin signalling (Aguirre et
al. 2000).

1.2.4.2.2 NFkB

NFKB is recognized as a key pro-inflammatory transcription factor and
mediator of TNF-a and IL-18 action (Salt and Palmer, 2012). It is regulated by
inhibitor of NFKB (IkB) and IkB kinase (IKK). Under basal conditions, IkB binds
to NFKB dimers, such that they are maintained in the cytoplasm and upon
phosphorylation of IkB, NFKB dimers (such as p50-p65) are released and able
to translocate to the nucleus resulting in transcription of pro-inflammatory
genes. Within the nucleus NFKB can work in conjunction with AP-1 leading to
transcription of kB regulated genes such as IL-6, TNF-a and IL-18. KK
activation is also associated with insulin resistance due to its potential
phosphorylation of IRS-1 on inhibitory Ser residues (similar to JNK) (Gao et al.
2002).

1.2.4.2.3 JAK-STAT signaling

IL-6 mediates its pro-inflammatory effects via JAK-STAT signalling involving
increased phosphorylation of STAT3. JAK-STAT signaling is not always pro-
inflammatory and is a signalling mechanism also employed by the anti-
inflammatory cytokine IL-10 (Niemand et al. 2003). Binding of IL-6 to a trans-
membrane IL-6 receptor (a class 1 cytokine receptor) or a soluble IL-6
receptor leads to homodimerisation of the signal transducing receptor gp130
subunits, leading to activation of JAKs which phosphorylate tyrosine residues
on the cytoplasmic domains of gp130 (Murakami et al. 1993). These phospho-
tyrosine motifs act as the docking site for STATs, (STAT3 in the case of IL-6)
which undergo JAK-mediated phosphorylation resulting in STAT3 dimers which
translocate to the nucleus and facilitate transcription of target genes
including MCP-1. STAT3 activation also induces suppressor of cytokine
signalling 3 (SOCS3), which acts as a negative feedback loop to interrupt JAK-
STAT signalling (Schmitz et al. 2000).
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1.2.4.3 Reactive oxygen species

Increased levels of ROS including superoxide, hydrogen peroxide and hydroxyl
radicals are described in a rapidly expanding group of biological processes
including diabetes (Sedeek et al. 2012). Production of ROS can be stimulated
by a number of extra- and intracellular stimuli including the pro-inflammatory
cytokines described above and ROS can stimulate pro-inflammatory signalling
pathways which in turn increase production of these cytokines (Bashan et al.
2009). ROS have been implicated in the pro-inflammatory state associated
with obesity and the development of type 2 diabetes. In particular, NADPH
oxidase (NOX), a key source of ROS, is a multiprotein complex which is
upregulated in diet induced obesity in rats (Jiang et al. 2011). NOX4 is present
in adipocytes and increases ROS in response to high glucose and palmitate
(Han et al. 2008). The mitochondria are an additional source of ROS and
particularly relevant in the context of mitochondrial dysfunction which is
associated with insulin resistance (Fisher-Wellman & Neufer, 2012). ROS is
reported to increase adipose insulin resistance and contribute to obesity
(Rudich et al. 1998, Pires et al. 2013).

1.2.4.4 Adipose tissue macrophages

Macrophages are phagocytes which result from differentiation of monocytes
when they are resident in tissues. The primary stimulus for recruitment into
adipose is MCP-1 however other stimuli have been identified including
activated T cells, endoplasmic reticulum stress and a4 integrin (Patel et al.
2013). In lean adipose tissue, macrophages make up around 10% of the
stromal vascular fraction and function in an alternatively activated capacity
resulting in anti-inflammatory cytokine production, these have also been
known as M2 macrophages. In obesity, it has been demonstrated that
macrophage number increases to around 40% of adipose tissue cells and there
is a phenotypic switch to M1, classically activated pro-inflammatory
macrophages (Cildir et al. 2013). The key pro-inflammatory role of
macrophages in WAT was first proposed by Xu et al who carried out profiling
of multiple murine obesity and diabetes models (Xu et al. 2003). Interestingly,

histological analysis of obese adipose tissue has identified discrete entities
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named crown like structures where macrophages exist in clusters surrounding

necrotic adipocytes (Cinti et al. 2005).
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1.3 AMP- activated protein kinase

AMPK was discovered following a series of experiments in the 1970s and 1980s
by separate groups in which ATP was found to inactivate both ACC and HMG-
CoA reductase, subsequently the protein kinase AMPK was found to be
responsible for both of these actions (Hardie, 2003). AMPK is a heterotrimeric
serine/threonine protein kinase which acts as a key regulator of whole body
energy status. It consists of 3 subunits: the catalytic alpha subunit of which
there are two isoforms (a; and a;) and the regulatory beta (B4, B;) and gamma
(Y1, Y2, Y3) subunits. Therefore, 12 possible hetero trimer isoforms of this
kinase exist which may determine behaviour. Indeed, distribution of the ay
subunit is primarily found in adipose tissue, with a; being found in striated
muscle (cardiac and skeletal) (Bijland et al. 2013, Quentin et al. 2011). The y
subunit contains the AMP binding site for allosteric AMPK activation. Two AMP
binding sites, known as Bateman domains, are present beyond a variable N-
terminal region on each y subunit (Bateman, 1997). These sites have a high
affinity for AMP and lower affinity for ATP therefore high concentrations of
ATP may inactivate AMPK (Towler and Hardie, 2007). The structure of AMPK is
depicted in Figure 1.5.
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Figure 1.5 Structure of AMPK

A. AMPK subunit isoforms and B. structure of human AMPK (a182y1 complex).
The two figures are colour-linked detailing common component structures.
Mutations have been identified in the PRKAG2 gene encoding AMPK-y2
leading to cardiac conditions such as pre-excitation, excess glycogen storage
and cardiac hypertrophy. CBM = carbohydrate binding molecule, CTD = C-
terminal domain, CBS = cystathionine B-synthetase. Figure adapted from Salt
and Hardie, 2017.

1.3.1 AMPK activation

AMPK is activated by phosphorylation of the preserved Thr172 residue in the N
terminus of the a subunit in addition to allosteric activation by 5’-AMP binding
to the y subunit. There are two upstream kinases known to phosphorylate
Thr172: liver kinase B1 (LKB1) and calmodulin-dependent kinase kinase B
(CaMKKB) (Salt and Palmer, 2012). LKB1 is constitutively active and not
affected by AMP levels (Sakamoto et al. 2004), Thr172 phosphorylation may
be decreased, however, by phosphatases such as protein phosphatase 2C
(PP2C). AMP binding to the y subunit aids activation by enhancing Thr172
phosphorylation and inhibiting PP2C. This property is antagonised by ATP
which has a weaker affinity for the AMP binding site. The intracellular
AMP:ATP ratio is therefore crucial for the activation status of AMPK. As
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activation of AMPK is possible in the absence of LKB1, CaMKKB was
subsequently identified as an alternative upstream kinase, stimulated by

increased intracellular Ca** concentrations (Hawley et al. 2005).

1.3.2 Regulators of AMPK

As described above, the ratio of AMP:ATP within cells is a crucial regulator of
AMPK activation. Therefore, any process resulting in decreased ATP levels or
increased AMP levels will lead to activation of AMPK. Stresses such as hypoxia,
ischaemia and hypoglycaemia inhibit the production of ATP and thereby
stimulate AMPK activation (Hardie, 2008). Consequently, exercise has also
been shown to activate AMPK in skeletal muscle due to the increased
consumption of ATP. This may mediate some of the beneficial metabolic
effects of exercise including increased glucose uptake and fatty acid oxidation
(Sakamoto et al. 2004). In addition to the energy status within cells, several
circulating factors can regulate AMPK activation, which are described below.

Figure 1.6 summarises the range of mechanisms regulating AMPK.

1.3.2.1 Adipokines

Adiponectin has been shown to activate both a; and a; containing AMPK
heterotrimers in the liver and skeletal muscle mediating beneficial metabolic
effects of this adipokine (Yamauchi et al. 2002). In the liver, AMPK activation
by adiponectin inhibits gluconeogenesis and in skeletal muscle it facilitates
glucose uptake. The experimental use of dominant negative mutants of AMPK
confirmed this as the mechanism by which these effects were achieved
(Andreelli et al. 2006).

Leptin has also been demonstrated to activate AMPK within skeletal muscle
(Steinberg et al. 2003), but this action is diminished in obese skeletal muscle
(Steinberg et al. 2002). As described previously, obesity is associated with
resistance to leptin. Leptin has the opposite effect on AMPK in the
hypothalamus where it decreases appetite via AMPK inhibition (Lim et al.
2010).
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The pro-inflammatory cytokine TNF-a has been reported to decrease AMPK
activation in skeletal muscle in vitro and in vivo, whereby the mechanism is
proposed to be by increased transcription of the phosphatase PP2C leading to

AMPK dephosphorylation and inactivation (Steinberg et al. 2006).

1.3.2.2 Pharmacological activators

AMPK activation has been demonstrated in response to several prescribable
agents for type 2 diabetes, including metformin and thiazolidinediones.
Interestingly these are the two agents with insulin sensitising properties. The
anti-inflammatory agent salicylate, which is known to have metabolic

benefits, has also been shown to activate AMPK (Steinberg et al. 2013).

Metformin, a biguanide, is the first line oral medication for type 2 diabetes, it
decreases hepatic gluconeogenesis however the exact mechanism of action
has been somewhat elusive. It activates AMPK by interruption of the
mitochondrial respiratory chain resulting in reduced ATP production and
raised AMP:ATP ratio (Boyle et al. 2010). Metformin has been shown to
activate AMPK in human adipose tissue from subjects with diabetes (Boyle et
al. 2011). Despite this, data from mice lacking AMPK in the liver show that the
metformin related reduction in hepatic gluconeogenesis is AMPK-independent
and has been attributed to other mechanisms including reduced glucagon

signalling (Rena et al. 2013).

Thiazoladinediones (TZDs) are PPARy agonists and potent insulin sensitisers
used to treat type 2 diabetes and other insulin resistant conditions. Their
clinical use has now reduced due to associated adverse effects including fluid
retention which can precipitate heart failure and reduced bone mineral
density. They have been shown to increase adiponectin production (Astapova
and Leff, 2012) which has beneficial metabolic effects mediated through
AMPK as previously described. Additionally, the TZD rosiglitazone shown to
stimulate AMPK, via LKB1, in endothelial cells and increase nitric oxide
synthesis in an AMPK-dependent manner (Boyle et al. 2008). Studies in

cultured cells expressing an AMP-insensitive AMPKy; isoform have indicated
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that troglitazone also activates AMPK by increasing AMP:ATP (Hawley et al.
2010)

Salicylate was shown to activate AMPK by Hawley et al. in vitro and in vivo,
mediated primarily by prevention of Thr172 dephosphorylation. They found
increased fatty acid utilisation in vivo with salicylate in wild type mice but
not AMPK B¢ knock-out mice, whereas improvements in carbohydrate
metabolism were seen in both wild type and AMPK B; knock-out mice,
suggesting both AMPK-dependent and -independent effects of salicylate
(Hawley et al. 2012).

Experimentally two small molecule activators have been widely-used to
manipulate AMPK activity. 5’-aminoimidazole-4-carboxamide riboside (AICAR)
is a nucleoside that is converted to the AMP-mimetic ZMP within cells, and has
been widely used in studies of AMPK both in vitro and in vivo. However, as it
mimics AMP it has been shown to have a number of AMPK-independent effects
(Lopez et al. 2003) which may reflect actions on other AMP-dependent
enzymes. The more specific activator A-769662 is a thienopyridine which
binds to AMPK complexes containing the B¢ subunit (Scott et al. 2008)
resulting in allosteric activation and, similar to salicylate, inhibition of Thr172

dephosphorylation.
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Figure 1.6 Regulation of AMPK

AMPK is activated by upstream kinases LKB1 and CaMKKB or through
allosteric AMP binding to the y subunit. Phosphatases inactivate AMPK and
are inhibited by AMP. Pharmacological agents such as metformin and AICAR
act to increase AMP levels or mimic AMP whereas A769662 and salicylate bind

to complexes containing the B1 subunit isoform.

1.3.3 AMPK: regulator of metabolism

The primary actions of AMPK are to conserve energy - this can be achieved by
inhibiting anabolic pathways and stimulating catabolic activities (see Figure
1.7). Two of the best-characterised substrates of AMPK are ACC and HMG-CoA
reductase which are key steps in lipid metabolism and cholesterol synthesis
respectively. Activation of AMPK leads to phosphorylation and inactivation of
ACC resulting in increased fatty acid oxidation and reduced fatty acid and

triglyceride synthesis (Bijland et al. 2013).
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1.3.3.1 AMPK in liver metabolism

AMPK activation can influence both lipid and glucose metabolism in the liver.
Phosphorylation and inactivation of HMG-CoA reductase by AMPK reduces
cholesterol and isoprenoid synthesis in the liver (Viollet et al. 2009). AMPK
increases mitochondrial biogenesis and thereby increases fatty acid oxidation
in hepatocytes (Towler and Hardie, 2007). Hepatic gluconeogenesis is an
important contributor to hyperglycaemia in type 2 diabetes. Gluconeogenesis
is inhibited by AMPK activation and this has been demonstrated in response to
both AICAR and adiponectin. AMPK also regulates TORC2 which subsequently
effects PGC-1a and alters the expression of gluconeogenic enzymes (Viollet
and Andreelli, 2011).

1.3.3.2 AMPK in cardiac and skeletal muscle metabolism

In cardiac and skeletal muscle, AMPK activation can stimulate GLUT4
translocation and expression resulting in increased glucose uptake
independently of insulin (Viollet and Andreelli, 2011; Lim et al. 2010). This
can be regulated both by exercise and pharmacological AMPK activation and
appears to be reduced in obesity (Musi et al. 2001). AICAR was also shown to
increase both membrane FA transporter translocation (FABP,n and FAT/CD36)
and palmitate uptake in cardiac myocytes (Chabowski et al. 2005), indicating

that AMPK stimulates both glucose and fatty acid uptake in striated muscle.

1.3.3.3 AMPK in adipose tissue metabolism

The role of AMPK in adipose tissue is less well studied than the liver and
skeletal muscle. Interestingly, AMPK activation decreases insulin stimulated
glucose transport, which although initially seems counterintuitive may
actually be in keeping with energy preservation as it will reduce lipogenesis
(Salt et al. 2000). It was also reported that AICAR reduces TNF-a mediated
serine phosphorylation of IRS-1 and therefore attenuates the TNF-a mediated
inhibition of insulin signalling (Shibata et al. 2013). In addition, AMPK-
mediated phosphorylation of HSL has been reported to impair stimulation of

lipolysis, yet there is a somewhat conflicting literature regarding the role of
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AMPK in lipolysis (Bijland et al. 2013; Ceddia, 2013). It has been demonstrated
that AMPK activity is reduced in visceral adipose tissue of obese insulin
resistant individuals with an associated increase in mRNA for angiotensinogen
(Xu et al. 2013).
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Figure 1.7 The major metabolic effects of AMPK

AMPK regulates key metabolic processes in skeletal muscle, adipocytes and

the liver.

1.3.4 AMPK: anti-inflammatory properties

Metabolism and inflammation are related and there is therefore much interest
in how AMPK may link the two entities. Over the past decade or so it has
become clear from animal and cell culture work that AMPK may have an
important anti-inflammatory role. In 2004, Nagata et al. demonstrated that
AICAR treatment reduced angiotensin Il induced ERK activation in rat vascular

smooth muscle cells. In addition they found that angiotensin Il activated AMPK
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via the AT1 receptor through activation of NADPH oxidase (Nagata et al.
2004). When ex-vivo human subcutaneous adipose tissue was incubated with
AICAR, there was decreased secretion of TNF-a and IL-6 (Lihn et al. 2004). In
mice with diet-induced obesity AICAR treatment led to reduced circulating
pro-inflammatory cytokines such as TNF-a, IL-6 and MCP-1, which was
associated with improved insulin sensitivity (Yang et al. 2012). Studies of
transgenic mice lacking either AMPKal or AMPKa2 have revealed many
interesting roles of AMPK. AMPKa1-/- mice demonstrated increased NOX 2
expression and reactive oxygen species which was reversed by the NOX

inhibitor apocynin (Schuhmacher et al. 2011).

1.3.5. Genetic mouse models

Mice lacking different AMPK subunits have increased our understanding of the
role of AMPK in metabolic and other processes. As the combined lack of
AMPKa1 and AMPKa2 is embryonically lethal, more selective deletion of AMPK
isoforms has been performed. Initial studies utilised global knock-out models
however transgenic models with tissue-specific loss of AMPK subunits have
subsequently been generated and studied. The generation of AMPKa1-/-
(Jorgensen et al. 2004) and AMPKa2-/- (Viollet et al. 2004) mice allowed the
initial metabolic characterisation of global knock out of these catalytic

subunits.

AMPKa1-/- mice, which lack a basal metabolic phenotype, have smaller
adipocytes with an increased rate of lipolysis (Daval et al. 2005). In contrast,
AMPKa2-/- mice exhbit an insulin resistant phenotype and demonstrate
increased adipose tissue mass due to an increase in adipocyte size when
exposed to high fat diet (Villena et al. 2004). As AMPKa1 is predominant in
adipose tissue in terms of total cellular AMPK activity (Bijland et al. 2013), it
is proposed to have a key role in the regulation of lipolysis, however lack of

AMPKa2 may contribute to the development of obesity (Viollet et al. 2009).
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1.4 Renin angiotensin aldosterone system

1.4.1.1 Angiotensins

The renin-angiotensin-aldosterone system (RAAS) regulates blood pressure and
fluid status with precision due to a negative feedback process. Low renal
perfusion pressure sensed by the juxtaglomerular apparatus in the kidneys
leads to release of renin, an aspartyl protease, allowing conversion of
angiotensinogen to angiotensin | (Connell et al. 2008). Angiotensin | requires
activation to angiotensin Il, this is mediated by angiotensin converting enzyme
(ACE), and angiotensin Il activates the angiotensin Il type 1 receptor (AT1)
leading to vasoconstriction, water retention and the release of aldosterone
from the adrenal cortex (Connell et al. 2008). Angiotensin Il can also activate
angiotensin Il type 2 receptors (AT2) leading to opposing actions including
vasodilation and anti-proliferation (Munzenmaier and Greene, 1996; Carey,
2017). ACE 2 is an alternative form of ACE which acts to convert angiotensin |l
to angiotensin 1-7 (ang 1-7) and angiotensin | to angiotensin 1-9 (ang 1-9). Ang
1-7 is a 7 amino acid peptide which acts predominantly on the G-protein
coupled Mas receptor (Santos et al. 2008). There are now several studies
which suggest metabolic benefits of ACE 2 activity (Bindom et al. 2010) and
ang 1-7 (Santos et al. 2008), described further in 1.4.4. Additional protective
effects have been described associated with the complimentary RAAS

mediated by ang 1-9 through AT2 receptors (Flores-Munoz et al. 2011).

1.4.1.2 Aldosterone

Aldosterone is a steroid hormone synthesised in the adrenal cortex activates
mineralocorticoid receptors (MR) within the kidneys leading to sodium and
water retention, maintaining circulating volume and blood pressure (Connell
et al. 2008). Its production and secretion are highly regulated by 3 main
stimuli including angiotensin IlI, adrenocorticotrophic hormone (ACTH) and
elevated serum potassium. These stimuli increase transcription and
phosphorylation of the steroidogenic acute regulatory protein (StAR) leading

to increased cholesterol transport into the mitochondria and therefore
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steroidogenesis (Miller and Auchus, 2011). The components of the RAAS are

detailed in Figure 1.8 and aldosterone synthesis outlined in Figure 1.9.
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Figure 1.8 Principal components of the RAAS

The RAAS begins with angiotensinogen which is made principally by the liver.
This is converted to angiotensin | by kidney-derived renin and angiotensin | is
then converted to angiotensin Il by ACE. Angiotensin Il stimulates aldosterone
production by the adrenal gland. Angiotensin | and angiotensin Il can both be
converted to the alternative peptides ang 1-9 and ang 1-7 respectively by
ACE2.
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Figure 1.9 Aldosterone synthesis

Aldosterone synthesis takes place in the zona glomerulosa of the adrenal
cortex. Steroid acute regulatory protein (StAR), Endoplasmic reticulum (ER),
outer mitochondrial membrane (OMM), inner mitochondrial membrane

(OMM). Enzymes in italics.

1.4.2.1 RAAS in cardiovascular disease

Overactivation of the RAAS is implicated in the development of hypertension
and cardiac failure. Drugs which modulate this system including ACE
inhibitors, angiotensin receptor blockers (ARBs) and mineralocorticoid
receptor (MR) blockers have been shown to improve mortality in cardiac
diseases (Ma et al. 2010). Intriguingly, complications of diabetes can be
modified by drugs blocking the RAAS and people with diabetes appear to
respond favourably compared to those without diabetes when
mineralocorticoid receptor blockers are used post-myocardial infarction
(O’Keefe et al. 2008).
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1.4.2.2 RAAS and complications of diabetes

There has been much clinical interest into the use of RAAS blockers in
diabetes. The well-known cardiovascular benefits of ACE inhibitors, ARBs and
MR blockers are also seen in those with diabetes. Additionally, there is strong
evidence supporting these medications in the treatment of diabetic
nephropathy. Their use has been shown to both reduce progression of
microalbuminuria to proteinuria and in some cases normalise it (ACE inhibitors

in Diabetic Nephropathy Trialist Group, 2001).

1.4.3 RAAS and diabetes prevention

1.4.3.1 Clinical evidence

The large cardiovascular studies assessing ACE inhibitors and ARBs were not
designed to investigate new onset diabetes. Cumulative evidence, however,
has shown an association with reduced risk of the incidence of diabetes
(Abuissa et al. 2005). The results from studies such as CAPPP (Niklason et al.
2004), HOPE (Yusuf et al. 2000), SOLVD (Vermes et al. 2003) and ALLHAT
(Black et al. 2008) have been varied but agree that diabetes incidence is
reduced. The first RCT designed specifically to answer this question, DREAM,
did not show a significant reduction in new onset diabetes with ramipril (an
ACE inhibitor) yet did find improved 2-hour blood glucose levels suggesting
some effect on glycaemic control (Dagenais et al. 2008). In 2010 the
NAVIGATOR study, another designed to look at new onset diabetes was
published. In this case, valsartan (an ARB) was used in combination with
lifestyle change and the findings agreed with the earlier suggestions such that
a relative reduction of 14% in new diabetes was seen in those with obesity and
impaired glucose tolerance (McMurray et al. 2010). It is not clear whether it is
the effect of reducing angiotensin Il or aldosterone or both which results in
the main benefit. Certainly states of aldosterone excess such as primary
aldosteronism (Conn’s syndrome) and idiopathic adrenal hyperplasia are
associated with metabolic syndrome (Tirosh et al. 2010; Whaley-Connell, et
al. 2010). Importantly, treatment with MR antagonists or cure with

adrenalectomy has been shown to reverse metabolic consequences in
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aldosterone excess. It is now recognised that states of aldosterone excess are
under-diagnosed and may contribute to a substantial number of cases of

‘essential’ hypertension.

1.4.3.2 RAAS and glycaemia in vivo and in vitro

Alongside the clinical trials there has been significant interest into the
mechanisms underlying the benefits seen with RAAS blockade. This literature
is somewhat heterogeneous but in general implicates angiotensin Il and
aldosterone in the development of insulin resistance and inflammation in
adipose tissue and demonstrates clear benefits of antagonism of these

hormones. These effects are summarised in Figure 1.10.

1.4.3.2.1 Angiotensin Il

Angiotensin |l has been shown to decrease insulin stimulated glucose transport
in skeletal muscle in a study of ex-vivo rat skeletal muscle (Diamond-Stanic
and Henriksen, 2010). It has also been shown to increase the production of
pro-inflammatory cytokines from adipose tissue in both humans and rodents
(Kalupahana and Moustaid-Moussa, 2012). In a very interesting study
employing an adipose specific angiotensinogen over-expressing mouse,
systemic insulin resistance was evident and this was reversed by the ACE
inhibitor captopril. It was also demonstrated that the angiotensin Il induced
increase in MCP-1 in adipocytes was prevented by inhibitors of NOX and NFkB
(Kalupahana et al. 2012). In another study, the ARB losartan improved glucose
stimulated insulin release and proinsulin biosynthesis in a mouse model of
obesity (db/db) (Chu et al. 2006). Other studies of ARBs have found reduced
insulin resistance and inflammatory markers in humans (Pscherer et al. 2010)
and decreased macrophage infiltration of adipose tissue in rats fed a high fat
diet (Guo et al. 2008).

1.4.3.2.2 Aldosterone

Aldosterone excess is associated with insulin resistance and one mechanism

for this has been proposed to be the degradation of IRS1 mediated by reactive
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oxygen species. This was shown in 3T3-L1 adipocytes and was associated with
increased phosphorylation of NFkB, associated with increased NFkB activity.
When aldosterone signalling was analysed it appeared not to be mediated via
the MR but the study suggested it was through the glucocorticoid receptor
(Wada et al. 2009). There is much interest in aldosterone signalling in adipose
and it is questioned as to whether there is an as yet undiscovered mechanism
by which it mediates non-genomic effects (Nguyen Dinh Cat and Jaisser,
2012). However, one study by Hirata et al. did show the MR blocker
eplerenone to reduce insulin resistance and macrophage infiltration in adipose
in the obese db/db and ob/ob mouse models (Hirata et al. 2009). Another
transgenic model, the aldosterone synthase knock out mouse, has been
reported to be less prone to the elevated glucose, adipose tissue macrophage
infiltration and hepatic steatosis associated with high fat diet (Luo et al.
2013). This clearly adds to the clinical data mentioned above and implicates

aldosterone in the development of metabolic disorders.
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Figure 1.10 Summary of effects of angiotensin Il and
aldosterone on inflammation and metabolism in

adipocytes

Angiotensin Il and aldosterone have been shown to increase inflammation in

adipocytes and contribute to insulin resistance.

1.4.4 Local production of RAAS

Over recent years it has become apparent that an autonomous/local RAAS can
exist within many different tissues which could have varying degrees of
clinical significance. With the increased understanding of the dynamic role
adipose tissue can play in endocrine and immune functions there has been a
focus on the local RAAS in at this site. Excitingly, there is now evidence that
all components if the RAAS can be produced locally within adipose tissue (Jing
et al. 2012, Marcus et al. 2012).

Angiotensinogen was the first RAAS component to be localised in adipose
tissue, when in 1987 it was demonstrated to be expressed in rat brown
adipocytes from peri-aortic and peri-atrial areas (Campbell and Habener,

1987). Subsequently, all other components including renin, angiotensin | and
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angiotensin Il and their receptors were reported to be expressed in adipose
tissue of both rodents and humans (Marcus et al. 2012). In 2012 Briones et al.
demonstrated production and secretion of aldosterone from 3T3-L1 adipocytes
in addition to isolated human and murine adipocytes. Furthermore, they also
described the autocrine and paracrine actions of adipocyte-derived
aldosterone regulating adipogenesis and vascular tone (Briones et al. 2012). A
complete RAAS can therefore exist within adipocytes and is likely to have
auto- and paracrine effects and may contribute to the development of

adipose inflammation.

1.4.5 The alternative RAAS

1.4.5.1 ACE 2

The alternative arm of the RAAS was described following the discovery of ACE
2 in 2000 (Donoghue et al. 2000). In 2010, it was reported that ACE 2
overexpression via adenoviral infection improved fasting glucose and reduced
pancreatic B cell apoptosis in db/db mice suggesting glycaemic benefits of
ACE 2 (Bindom et al. 2010). Another group found that the absence of ACE 2
led to impaired glucose tolerance in mice fed high fat, high sucrose diet
compared to mice with ACE 2 present (Takeda et al. 2012). Additionally,
when pioglitazone (an AMPK activating TZD) was used to treat high fat diet
induced hepatic steatosis in rats, metabolic improvements were associated
with increased serum and hepatic ACE 2 along with serum ang 1-7, whilst
downregulating components of the classic RAAS (Zhang et al. 2013). These
studies suggest a role for ACE 2 in the prevention and treatment of obesity-

related diabetes.

1.4.5.2 Ang 1-7

In keeping with the above, ang 1-7 has also been shown to have some
metabolic benefits including improved glucose tolerance in rats fed a high
fructose diet (Giani et al. 2009). The mechanisms underlying these benefits
may be related to inflammation. One study reported that ang 1-7 treatment

reduced body weight, abdominal fat mass and adipose tissue IL-18 (Santos et
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al. 2012) whilst another study from the same group showed down-regulation
of the resistin/TLR4/NFkB pathway using an oral ang 1-7 formulation which
suggests great therapeutic promise (Santos et al. 2013). In an earlier study
Santos et al. reported that mice with global Mas receptor knock out had
impaired insulin and glucose metabolism including reduced adipose GLUT4
and increased abdominal fat mass (Santos et al. 2008). Collectively these
findings support a key role for ang 1-7/Mas signalling in maintaining metabolic

health and controlling adipose tissue inflammation.

1.5 Cross-talk between AMPK and RAAS

Prior to the start of this work a small literature was available regarding the
cross-talk between AMPK and RAAS. The majority of this, which is described
below and summarised in Figure 1.11, relates to vascular tissues and there
were no data relating to AMPK and RAAS in adipose, which is the proposed
area of investigation in this project. Although angiotensin Il may increase or
decrease AMPK activity depending on cell type, AMPK activation consistently

appears to decrease the effects of angiotensin Il.

1.5.1 Vascular cells

As mentioned in 1.3.4, AICAR was reported to attenuate angiotensin Il induced
ERK activation in injured vascular smooth muscle cells (VSMCs). This in turn
was related to a reduction in intimal hypertrophy following injury. The same
study found that angiotensin Il activated AMPK within VSMCs (Nagata et al.
2004). Another study assessed the effects of angiotensin Il infusion in AMPKa1-
/- mice and found increased endothelial dysfunction in the KO mice infused
with angiotensin Il, an effect which appeared related to increases in NOX2
and was partially prevented by the NOX inhibitor apocynin (Schuhmacher et
al. 2011). The same study found that AMPK phosphorylation was increased in

aorta samples from angiotensin Il treated WT mice (Schuhmacher et al. 2011).
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1.5.2 Cardiomyocytes

Two studies relate AMPK and angiotensin Il in primary rat neonatal
cardiomyocytes. The first of these published in 2008 found that, similar to
VSMCs, activation of AMPK with AICAR decreased angiotensin Il mediated
expression of hypertrophy markers. Conversely, angiotensin Il reduced AMPK
activity, an opposite effect to that seen in VSMCs (Stuck et al. 2008). In 2009,
Wang et al. demonstrated that globular adiponectin was able to reduce
angiotensin Il mediated cardiac hypertrophy via AMPK activation (Wang et al.
2010).

1.5.3 Renal

The only study to investigate aldosterone and AMPK was carried out in a renal
model of fibrosis using HK2 tubular epithelial cells. Published in 2013, this
study demonstrated that angiotensin Il and aldosterone both led to renal
fibrosis and that this process could be limited by both AICAR and metformin.
This was shown to be mediated by AMPK with the use of AMPK inhibitor
compound C and siRNA which negated the beneficial effects of metformin.
The mechanism involved was proposed as increasing haemoxygenase 1 and
thioredoxin leading to reduction of ROS. They also found that AMPK activity

was reduced by angiotensin Il (Lee et al. 2013).

1.5.4 Skeletal muscle

AMPK activity was decreased in gastrocnemius samples from mice following
angiotensin Il infusion, this was associated with muscle wasting and ATP
depletion (Tabony et al. 2011). Interestingly, AICAR restored AMPK activity

and also reversed the effects of angiotensin Il (Tabony et al. 2011).
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Figure 1.11 Interactions between angiotensin Il and

AMPK in renovascular tissues

AMPK activation reverses the effects of angiotensin Il in disease models in
VSMCs, cardiomyocytes and kidney cells. Angiotensin Il activated AMPK in
VSMCs but decreases AMPK activity in kidney and cardiac models.
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1.6 Summary

Despite the known anti-lipogenic, anti-inflammatory actions of AMPK and the
pro-inflammatory actions of local RAAS components in adipose tissue, there is
a shortage of published work concerning whether these two important
pathways are fundamentally linked in adipose tissue. As a consequence, the

principal objectives of this study were:

1. To determine the effect of AMPK activation upon adipocyte and
adipose tissue RAAS.

2. To characterise the effects of the RAAS on AMPK activity in adipocytes.

3. To assess how downregulation of adipose tissue AMPK influences the

RAAS and metabolism in vivo.
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2.1 Materials

2.1.1 List of materials and suppliers

Abcam, Cambridge, UK

A769662 (6,7-Dihydro-4-hydroxy-3-(2 " -hydroxy[1,1 " -biphenyl]-4-yl)-6-oxo-
thieno[2,3-b]pyridine-5-carbonitrile)

A 779, Asp-Arg-Val-Tyr-Ile-His-D-Ala

Anachem, Luton, UK

DNAreleasy

Bachem, Bubendorf, Switzerland
Angiotensin I/11 (1-7)

Bio-rad Laboratories Ltd, Hertfordshire, UK
Mini-PROTEAN® TGX™ precast gels

BIOS Europe, Lancashire, UK

DPX mounting medium

Cambridge Bioscience, Cambridge, UK
Aldosterone EIA kit
CXCL-10 EIA kit

Cell Path Ltd, Powys, UK

10% acetic zinc formalin

Cell signalling Technology Inc, Danvers, MA, USA
Interleukin -18 (IL-18)

Fisher Scientific UK Ltd, Loughborough, Leicestershire, UK

Ammonium persulphate (APS)
RNAse away

Tris base (tris(hydroxymethyl)aminoethane)
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Invitrogen (Life Technologies Ltd), Paisley, UK

High capacity cDNA reverse transcription kit
TagMan™ gene expression assays
TagMan® Universal Master Mix Il, no UNG

Invitrogen (GIBCO Life Technologies Ltd), Paisley, UK
Dulbecco’s modified Eagles media (DMEM)

Foetal calf serum (FCS) (USA origin)

Foetal calf serum (FCS) (EU origin)

Newborn calf serum (NCS)
Penicillin/streptomycin

Trypsin

Melford Laboratories Ltd, Chelsworth, Ipswich, Suffolk, UK
Dithiothreitol (DTT)

Merck Chemical LTd, Nottingham, UK
Compound C
Insulin ELISA kit

National Diagnostics, Nottingham, UK

Histoclear

New England Biolabs, Ipswich, MA, USA

Prestained protein marker, broad range (11-190 kDa)

PALL Life Sciences, Pensacola, FL, USA

Nitrocellulose transfer membrane, 0.45 pM pore size

Perkin Elmer, Beaconsfield, Buckinghamshire, UK
ATP,[Y-32P]
2-[*H]-deoxy-D-glucose

Premier International Foods, Cheshire UK
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Dried skimmed milk

Promega, Southampton, UK

Go Taq amplification system

Qiagen Ltd, Crawley, West Sussex, UK
RNeasy Mini kit

Raymond A Lamb Ltd, Eastbourne, UK

Eosin

Haematoxylin

Severn Biotech Ltd, Kidderminster, Hereford, UK

Acrylamide:Bisacrylamide (37.5:1; 30% (w/v) Acrylamide)

Sigma-Aldrich Ltd, Gillingham, Dorset, UK

Aldosterone

Angiotensin |l

Bovine serum albumin

Benzamidine

Cytochalasin B

Dexamethasone

D-glucose

D-mannitol

DNA primers

Ethylenediamine tetraacetic acid (EDTA)

Ethylene glycol-bis (B-amino-ethylether)-N,N,N" N -tetraacetic acid (EGTA)

Isobutylmethylxanthine (IBMX)

Oilred O

Phenylmethylsulphonyl fluoride (PMSF)

Ponceau stain

Porcine Insulin

Soyabean trypsin inhibitor (SBTI)

N,N,N" N -Tetramethylethylenediamine (TEMED)
Triton X-100
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Figure 6.9 Liver histology

Representative micropictographs of liver sections stained with haemotoxylin
and eosin from experimental mice. Images (40 x magnification) were

generated by Omar Katwan (University of Glasgow).
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Figure 6.10 Liver triglyceride content

Triglyceride content of liver homogenates was assayed using an Abcam
Triglyceride Quantification Assay Kit. T-test *p<0.05. Data shown is from four
chow-fed animals of each genotype and five animals of each genotype fed
high fat diet (HFD). Assay conducted by Dr lan Salt (University of Glasgow).



181

6.2.5 The effect of HFD on adipose tissue in WT and KO mice

6.2.5.1 Adipose tissue mass

Subcutaneous (SCUT) and epididymal (EVAT) adipose tissue depot weights at
the time of sacrifice were corrected to final body weight. High fat diet
significantly increased EVAT weight in WT and KO mice (Fig 6.10B). However,
SCUT weight increased significantly only in the WT group (Fig. 6.11).

6.2.5.2 AMPK phosphorylation in adipose tissue

AMPK Thr172 phosphorylation was significantly lower in SCUT and EVAT of KO
mice compared to WT mice (Fig. 6.12). As the antibody used recognizes
activating phosphorylation sites in both AMPKa1l and AMPKa2, the remaining

immunoreactivity in KO mice reflects phospho-AMPKa2 levels.

6.2.5.3 STAT3 phosphorylation in adipose tissue

STAT3 is a transcription factor with a crucial role in IL-6 mediated JAK-STAT
signalling and the induction of chemokines such as MCP-1 (Fasshauer et al.
2004) but also mediates anti-inflammatory effects of IL-10 (MacPherson et al.
2015). This group previously identified an increase in STAT3 phosphorylation
in gonadal and SCUT adipose tissue from female KO mice compared to WT
(Mancini et al. 2017). To determine the effect of HFD on adipose STAT3
phosphorylation western blotting was performed on adipose tissue lysates. In
SCUT, STAT3 phosphorylation was significantly reduced in KO mice fed a HFD,
compared to those fed chow diet (p=0.0004), a similar tendency was observed
in WT mice although this difference was not statistically significant (Fig.
6.13A). In EVAT, STAT3 phosphorylation was significantly increased in KO mice
compared to wild type mice fed chow diet. Interestingly, STAT3
phosphorylation in KO mice fed HFD was significantly reduced compared to
chow-fed KO mice, yet diet had no effect on WT mice (Fig. 6.13B).
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6.2.5.4 JNK phosphorylation in adipose tissue

Another pro-inflammatory signalling pathway which can be attenuated by
AMPK is the JNK signalling pathway (Mancini et al. 2017). In SCUT from WT
mice JNK phosphorylation increased in response to HFD (p=0.02)(Fig. 6.14A &
B). In SCUT from KO mice, however, JNK phosphorylation was not changed by
HFD. In EVAT from WT mice there was a tendency for HFD to increase JNK
phosphorylation whilst in KO mice JNK phosphorylation was unchanged by diet
(Fig 6.14C & D). Therefore, KO mice appear resistant to the effect of HFD on
JNK phosphorylation.
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Figure 6.11 Adipose tissue weights

Inguinal subcutaneous (SCUT) and epididymal (EVAT) fat pads were collected
and weighed following sacrifice. Weights corrected to body weight are
presented for A. subcutaneous and B. epididymal adipose tissue depots. Two-
way ANOVA, *p<0.05, **p<0.01, ***p<0.001. WT Chow n=6, WT HFD n=7, KO
Chow n=4, KO HFD n=6.
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Figure 6.12 AMPK phosphorylation in adipose tissue

following 12-week dietary intervention

SCUT (A. and B.) or EVAT (C. and D.) lysate proteins were resolved by SDS-
PAGE and immunoblotted for the indicated proteins. A. and C.
Representative immunoblots with the molecular masses of marker proteins
(in kDa) shown. Quantification of P-AMPK relative to GAPDH for B. SCUT and
D. EVAT. Two-way ANOVA, **p<0.01. WT Chow (WC) n=6, WT HFD (WH) n=6
(SCUT) or 7 (EVAT), KO Chow (KC) n=4, KO HFD (KH) n=6.
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Figure 6.13 STAT3 phosphorylation in adipose tissue

following 12-week dietary intervention

SCUT (A. and B.) or EVAT (C. and D.) lysate proteins were resolved by SDS-
PAGE and immunoblotted for the indicated proteins. A. and C.
Representative immunoblots with the molecular masses of marker proteins
(in kDa) shown. Quantification of P-STAT3 relative to STAT3 for B. SCUT and
D. EVAT. Two-way ANOVA, *p<0.05, ***p<0.001. WT Chow (WC) n=6, WT HFD
(WH) n=3 (SCUT) or 7 (EVAT), KO Chow (KC) n=4, KO HFD (KH) n=6.
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Figure 6.14 JNK phosphorylation in adipose tissue

KO

following 12-week dietary intervention

SCUT (A. and B.) or EVAT (C. and D.) lysate proteins were resolved by SDS-
PAGE and immunoblotted for the indicated proteins. A. and C.
Representative immunoblots with the molecular masses of marker proteins
(in kDa) shown. Quantification of P-JNK 54 relative to JNK 54 for B. SCUT and
D. EVAT. Two-way ANOVA, *p<0.05. WT Chow (WC) n=6, WT HFD (WH) n=6
(SCUT) or 7 (EVAT), KO Chow (KC) n=4, KO HFD (KH) n=6.
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6.2.5.5 MR expression in adipose tissue

Previous reports have identified increased adipose tissue MR expression in
obesity (Urbanet et al. 2015). MR protein levels were not significantly altered
by genotype nor by dietary intake (Fig. 6.15) in this study however there was

a trend towards increase with HFD.

6.2.5.6 Adiponectin expression in adipose tissue

Circulating levels of the insulin-sensitising adipokine adiponectin usually
decrease with increased adiposity (Lara-Castro et al. 2007). As shown in figure
6.16, adipose tissue adiponectin protein levels tended to be higher in the HFD

groups, particularly in SCUT of KO mice (p=0.055 vs chow).

6.2.5.7 MCP-1 expression in adipose tissue

Lastly, protein levels of the chemokine MCP-1 were determined in SCUT and
EVAT. MCP-1 levels in SCUT were unchanged between the groups (Fig 6.17A).
In EVAT however, MCP-1 levels were increased with HFD, a change which was
more prominent in the WT mice (p=0.035) and did not reach statistical

significance in KO mice (Fig. 6.17B).
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Figure 6.15 Expression of MR in adipose tissue following

12-week dietary intervention

EVAT lysate proteins were resolved by SDS-PAGE and immunoblotted for the
indicated proteins. A. Representative immunoblots with the molecular
masses of marker proteins (in kDa) shown. B. Quantification of MR relative to
GAPDH. WT Chow (WC) n=6, WT HFD (WH) n= 7, KO Chow (KC) n=4, KO HFD
(KH) n=6.
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Figure 6.16 Expression of adiponectin in adipose tissue

following 12-week dietary intervention

SCUT (A. and B.) or EVAT (C. and D.) lysate proteins were resolved by SDS-
PAGE and immunoblotted for the indicated proteins. A. and C.
Representative immunoblots with the molecular masses of marker proteins
(in kDa) shown. Quantification of adiponectin relative to GAPDH for B. SCUT
and D. EVAT. WT Chow (WC) n=6, WT HFD (WH) n=6 (SCUT) or 7 (EVAT), KO
Chow (KC) n=4, KO HFD (KH) n=6.
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Figure 6.17 Expression of MCP-1 in adipose tissue

following 12-week dietary intervention

SCUT (A. and B.) or EVAT (C. and D.) lysate proteins were resolved by SDS-
PAGE and immunoblotted for the indicated proteins. A. and C.
Representative immunoblots with the molecular masses of marker proteins
(in kDa) shown. Quantification of MCP-1 relative to GAPDH for B. SCUT and D.
EVAT. T-test, *p<0.05. WT Chow (WC) n=6, WT HFD (WH) n=6 (SCUT) or 7
(EVAT), KO Chow (KC) n=4, KO HFD (KH) n=6. Repeat analysis with non-
parametric test (Mann-Whitney) D. WC vs. WH p=0.0734.
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6.2.5.8 CXCL-10 gene expression in adipose tissue

As demonstrated in 5.2.2.3, CXCL-10 is secreted from adipocytes in response
to pro-inflammatory stimuli such as IL-1B8. In this study, CXCL-10 mRNA levels
in SCUT were not changed between genotype or dietary intervention (Fig.
6.18A). However, in EVAT it tended to increase with HFD in WT mice. There
was also a trend for CXCL-10 mRNA levels to be higher in KO animals however
when they were exposed to HFD the CXCL-10 mRNA levels decreased although
RNA from only two KO mice fed HFD were analysed (Fig. 6.18B).

6.2.5.9 IL-1B gene expression in adipose tissue

IL-18 mRNA levels were determined in EVAT samples. Basal IL-18 mRNA levels
were increased in KO compared to WT mice (p=0.017) and there was a
tendency for HFD to increase levels in WT EVAT (p=0.07) but not in KO mice

where levels were unchanged (Fig 6.19).

6.2.5.10 Angiotensinogen gene expression in adipose tissue

The RAAS precursor angiotensinogen was increased in adipose tissue from
insulin resistance obese individuals when compared to non-insulin resistant
obese individuals (Xu et al. 2012). In this study however, there was a
tendency for HFD to decrease SCUT angiotensinogen expression. This finding
was most pronounced in KO mice yet the change did not reach statistical
significance (p=0.08) (Fig 6.20).
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Figure 6.18 mRNA expression of CXCL-10 in adipose

tissue following 12-week dietary intervention

RNA was extracted from A. SCUT or B. EVAT. Reverse transcription was
carried out prior to Tagman qPCR assays for CXCL-10. Data are normalised to
TATA-binding protein mRNA expression. A. SCUT: WT Chow n=6, WT HFD n=4
KO Chow n=4, KO HFD n=2. B. EVAT: WT Chow n=3, WT HFD n=6, KO Chow
n=3, KO HFD n=6.
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Figure 6.19 Expression of IL-1B in adipose tissue

following 12-week dietary intervention

RNA was extracted from EVAT samples. Reverse transcription was carried out
prior to Tagman qPCR assays for IL-1B8. Data are normalised to TATA-binding
protein mRNA expression. T-test *p<0.05. WT Chow n=6, WT HFD n=4 KO
Chow n=4, KO HFD n=3.
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Figure 6.20 Expression of angiotensinogen in adipose

tissue following 12-week dietary intervention

RNA was extracted from SCUT samples. Reverse transcription was carried out

prior to Tagman gPCR assays for angiotensinogen. Data are normalised to
TATA-binding protein mRNA expression. WT Chow n=6, WT HFD n=7, KO Chow

n=4, KO HFD n=6.
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6.3 Discussion

This chapter sought to identify the impact of HFD on mice with decreased
AMPK activity in adipose tissue. The effects on systemic and adipose tissue
specific parameters were examined in chow- and HFD-fed WT and AMPKa1 KO

mice with a focus on inflammation and the RAAS.

In this study, WT and KO mice on HFD gained a similar percentage of body
weight which was significantly more than those on chow diet. A tendency for
the WT to gain more weight was observed and consistent with this the
increased weight of EVAT and SCUT depots in WT reached higher degrees of
significance than in KO mice where the SCUT depot did not significantly

increase in weight.

Despite gaining weight and significantly expanding adipose tissue depots, no
major glycaemic dysregulation was detected as a result of HFD.
Intraperitoneal glucose tolerance testing showed similar glucose dynamics
between the groups. At 15 minutes there was a significant decrease in the %
glucose rise from baseline in the KO HFD group compared to the KO chow
group. Suggesting a benefit of the high fat diet in the KO mice. Consistent
with these findings, fasting blood glucose was lowest in the KO chow group
and insulin was highest in the WT HFD group leading to a tendency for HOMA-
IR to be highest in the WT HFD group. It certainly would have been
anticipated that HFD would lead to impaired glucose tolerance however
several factors can influence this response (Kleinert et al. 2018). It may be a
consequence of the length of this study where longer exposure to the HFD
would result in metabolic dysregulation. In addition, the Sv129 strain is known
to be more resistant than others to diet-induced obesity and may explain the
lack of response. (Xiao et al. 2017). It should be noted that it was not possible
to integrate the C57/Blé6 background into the KO mice (Benoit Viollet, Institut

Cochin, personal communication).

Fatty liver is an important metabolic consequence of obesity and can result in
cirrhosis (Tilg & Hotamisligil, 2006). In this study, liver weight and triglyceride

content increased in both HFD groups however there was no difference



196

between genotypes at baseline or following dietary intervention. Similarly,
there was evidence of ectopic lipid deposition in both groups when liver
section examined by H&E staining. The liver plays a key role in cholesterol
synthesis. Here, the WT HFD group had a significantly higher serum
cholesterol concentration than the chow-fed WT mice whilst the KO HFD mice
did have a rise in cholesterol it did not reach statistical significance. Indeed it
is very well described that in metabolic disorders when human adipose
capacity becomes overwhelmed fatty liver can develop (Bertot et al. 2017).
Given the known anti-steatotic effect of AMPK, it is interesting that there was
not more steatosis evident in the KO mice, however as the liver would have
normal functioning AMPKa2 this may well compensate for the lack of a1
(Smith et al. 2016, Woods et al. 2017).

This group and others have shown that activators of AMPK have anti-
inflammatory properties in adipocytes (Shibata et al. 2013, Mancini et al.
2017). Here the effect of HFD on inflammatory mediators was examined in
SCUT and EVAT depots which contain many cells types including adipocytes.
Immunoblotting for phosphorylation of AMPK at Thr 172 found significantly
less AMPK activity in KO mice, confirming the key role of AMPKa1 in adipose
tissue where it is known to be the predominant catalytic isoform (Lihn et al.
2004, Daval et al. 2005). There was no difference in AMPK phosphorylation
following HFD in SCUT or EVAT in WT mice, however we have shown that HFD
decreased AMPK activity in perivascular adipose tissue from WT mice
(Almabrouk et al. 2018). In WT mice HFD led to significant increases in
adipose tissue JNK phosphorylation and MCP-1 protein whilst there was a
tendency for increased IL-18 gene expression. These findings have previously
been identified and are consistent with the pro-inflammatory effects of HFD
and obesity (Cranford et al. 2016). Interestingly, STAT3 signalling was not
increased with HFD in WT mice, but was increased in EVAT of KO chow mice
compared to WT and most strikingly, this was decreased in response to HFD.
In agreement with this, STAT3 signalling was increased in female gonadal and
SCUT adipose tissue from KO mice compared to WT (Mancini et al. 2017).
Similarly, JNK phosphorylation did not increase in response to HFD in KO
mice. However, there was no difference between chow WT and KO adipose

JNK phosphorylation, a difference which was observed in the gonadal adipose
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of the female cohort (Mancini et al. 2017), this could be a gender difference.
In a report of nicotine induced insulin resistance examining adipose specific
AMPKa1l and AMPKa2 deletion, no difference was seen in basal JNK
phosphorylation in white adipose tissue (Wu et al. 2015). In the present study
there was a trend towards increased MCP-1 expression in KO chow compared
to WT and again this tended to decrease with HFD. Considering the only
difference in glucose tolerance observed was a decrease in 15 min
incremental glucose in KO HFD compared to KO chow mice, the data suggest
that KO mice fed a chow diet have a pro-inflammatory adipose tissue, when
compared to WT mice, yet this is in some way improved in response to high
fat diet. This finding is certainly intriguing if not confusing. This may explain
the finding that adiponectin protein expression was highest in the KO mice on
high fat diet, whereas others have reported lower adipose expression of
adiponectin following this dietary intervention (Barnea et al. 2006).
Adiponectin secretion from PVAT was decreased by HFD and decreased in KO
mice despite no significant change in mRNA expression (Almabrouk et al.
2018). It may be that release of adiponectin, rather than production or

storage, is the main alteration in response to HFD.

Upregulation of adipose RAAS in obesity is one potential mechanism
underlying the pro-inflammatory changes in obesity giving rise to
cardiometabolic disorders. In this study, the systemic RAAS was not
significantly affected by HFD in WT mice. However, KO mice tended to have
higher basal angiotensin Il levels, and when exposed to HFD, KO mice had the
highest levels of angiotensin | and Il, aldosterone and renin activity. Although
these findings were not statistically significant, likely due to low number of
samples, there was a clear trend which suggests a relationship between
decreased AMPK and increased RAAS. Certainly this would be consistent with
findings in chapter 4 of this thesis. No significant changes in adipose tissue MR
protein or angiotensinogen mRNA levels were identified between the groups
studied here. Previous reports have shown that adipose MR is increased in
obesity (Urbanet et al. 2015). Whilst angiotensinogen mRNA levels were
increased in adipose tissue from insulin resistant obese individuals but not

those who were insulin sensitive (Xu et al. 2012).
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Whilst considering these findings it is important to note that rodent HFD
studies can differ considerably in nature between constituent diet and
duration of intervention. In this study a 42% calories from fat diet was used
which may be considered as a modest % of fat, closer to the 30% fat intake of
humans. Certainly studies commonly use 60% calories from fat or even higher
(Kleinert et al. 2018). Additionally, some diets use a combination of fat and
sugars to try and replicate diabetes more closely. Or employ an injection of
streptozotocin to injure the pancreatic beta cells and make diabetes more
likely (Kleinert et al. 2018). Longer duration of HFD is likely to induce a more
marked metabolic injury and could be utilised to further study some of the
changes identified in this cohort of mice. One must also be mindful of the
global AMPKa1 knockout in these mice, there have been recent reports from
mice with adipose specific knock down of different AMPK subunits including
a1 which would be of interest to this work (Wu et al. 2015).

In conclusion, AMPKa1 deficient mice had no significant metabolic features
basally, or when exposed to HFD. There was evidence of pro-inflammatory
changes in the KO adipose tissue basally which intriguingly improved with
HFD. However, the systemic RAAS appeared to be upregulated in the KO HFD
group. Overall this draws more interest to the role of AMPK in adipose tissue
and the development of metabolic disorders. Certainly, the paradoxical effect

of improvements with HFD in the KO mice requires further exploration.
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7 Chapter 7 - Discussion and summary
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7.1 Discussion

Obesity is a major threat to the health of current and future generations with
projected global rates of 18% in men and 21% in women by 2025 (NCD risk
factor collaboration, 2016). Adipose tissue inflammation appears to be an
important factor in the development of obesity-related insulin resistance
which may lead to type 2 diabetes if not addressed. This work sought to
identify a mechanism whereby a known metabolically active kinase, AMPK,
could regulate the local RAAS in adipocytes/adipose tissue and determine the
effects of RAAS on AMPK activity.

7.1.1 The effects of AMPK on adipocyte RAAS, inflammation and

metabolism

One of the major findings in this study was downregulation of the adipocyte
MR by AMPK activators. As the MR mediates metabolic effects of both
mineralocorticoids and glucocorticoids in adipocytes and is reportedly
increased in obese adipose tissue, the negative regulation by AMPK is an
important and relevant new finding (Caprio et al. 2007, Hoppmann et al.
2010, Hirata et al. 2012, Lee and Fried 2014). It would be of interest to
determine if similar effects were seen in other cell types including those
relevant to renal and vascular tissues. Previous reports demonstrate that
AMPK activation attenuates the pro-fibrotic effects of aldosterone however,
do not assess the effect of AMPK on MR expression (Lee et al. 2013, Mummidi
et al. 2016). Interestingly, the current work was not able to implicate
aldosterone in metabolic dysfunction. Determining the effect of AMPK
activation on MR expression in primary human adipocytes would strengthen
this study. In keeping with the original hypothesis, this work also
demonstrated that AICAR and A769662 affected expression of the angiotensin
converting enzymes. AICAR decreased ACE gene expression and increased the
ACE2:ACE ratio whilst A769662 increased ACE2 expression. However, it must
also be considered that further investigation revealed that aldosterone
secretion from adipocytes was increased by AICAR in 3T3-L1 adipocytes and
A769662 in SW872 adipocytes. Adipose-derived aldosterone may have a role in

the regulation of local vascular function which is of particular relevance for
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nutrient delivery (Briones et al. 2012, Nguyen et al. 2018). However, when
systemic RAAS was assessed in vivo there was a tendency for an increase in
the AMPK KO mice, and in fact AMPK was downregulated in the context of
prolonged AMPK activation in adipocytes which leads to the hypothesis that
aldosterone secretion may be acting to negatively regulate AMPK levels within
adipocytes, potentially via SGK1 and LKB1. Given the paucity of published
data in relation to this area it is difficult to compare these findings to those
previously reported. Indeed, the regulation of adipose MR is not well
understood but it has been established that blockade of the MR improves
metabolic function and cardiovascular outcomes for people with diabetes and
therefore downregulation of the MR by AMPK activation is highly likely to be a

beneficial thing.

There are now more specific AMPK activators available which have recently
been used in vivo in primate and rodent models. PF-739 (non-selective) and
PF-249 (B1 activator) were compared to assess the impact on glycaemia in
cynomolgus monkeys, with only the non-selective activator able to reduce
glucose levels, through skeletal muscle dispersal, due to the predominance of
B2 in skeletal muscle compared to B1 (Cokorinos et al. 2017). This study goes
some way towards confirming the importance for skeletal muscle over the
liver in glucose homeostasis. Another group assessed MK-8722, which activates
all AMPK complexes, assessing its effect on diabetes in rhesus monkeys, it
reduced HbA1c in 10 monkeys but increased it in 3 monkeys, these 3 monkeys
exhibited the more severe glycaemic disturbance at baseline (Myers et al.
2017). In addition, they found that MK-8722 increased cardiac hypertrophy
and glycogen storage in the heart which may have clinical implications if
translated to humans (Myers et al. 2017). The most recent report, of PF-
06409577 (B1 activator), found benefits in rodents with hepatic steatosis and
fibrosis and reported a decrease in cholesterol after 6 weeks treatment in
monkeys. However, again as the B1 expression is low in skeletal muscle in
humans and primates this may explain the lack of glucose lowering effect
(Esquejo et al. 2018). It would be of major interest to utilise these agents to
assess the effect on adipose RAAS and inflammation in addition to glycaemic
control in the context of obesity and diabetes. Ultimately, due to the

ubiquitous expression of AMPK, tissue or cell targeted therapies would be the
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optimal method of targeting adipose AMPK with the avoidance of potential
adverse effects in the heart and hypothalamus. Certainly the use of adipose
AMPK KO mice is beneficial for the characterisation of adipose-specific

effects.

In this study, AMPKa1-/- mice did not exhibit any major metabolic phenotype,
consistent with previous reports of AMPKa1-/- mice (Viollet et al. 2003). In
the current work AMPKa1-/- mice exposed to HFD responded similarly to WT
mice in terms of metabolic dysfunction and in fact were protected against
some of the increases in markers of adipose inflammation seen in WT mice.
However, there was a trend toward an increase in circulating RAAS in the
AMPKa1-/- mice on HFD suggesting that despite a lack of metabolic
disturbance, the RAAS was still upregulated. However, no change was seen in
adipose tissue MR although isolated adipocytes were not examined and
angiotensinogen expression tended to be reduced by HFD. It is possible that
the background genotype of mouse or the length of dietary intervention may
have influenced the outcomes of this work. Interestingly, data from adipose
specific KO mice has recently revealed the role of adipose AMPK. Wu et al.
demonstrated nicotine-induced insulin resistance and increased lipolysis in WT
and adipose-specific a1 KO but not a2 KO mice. Suggesting that, although less
abundant, the a2 subunit in adipose tissue is required for the pro-
inflammatory effects of nicotine. This study also identified glucose
intolerance in response to nicotine in WT and a1 KO but not a2 KO mice (Wu
et al. 2015). In the current study the a1 deletion was global and therefore the
systemic effects on metabolic processes must be considered relevant. This
work would certainly be enhanced by the use of adipose specific AMPK KO
mice with HFD to determine the effect on adipose RAAS, inflammation and
systemic metabolism. In 2016, an inducible adipose specific AMPK KO of B1
and B2 deletion (adiponectin promoter) was found to have a major influence
in brown adipose tissue function leading to cold intolerance in addition to
steatosis and glucose intolerance in response to HFD. The mechanism was
proposed to be due to impaired mitophagy leading to impaired mitochondrial
function. Very interestingly, the authors did not find an effect of AMPK on
lipolysis in vivo (Mottillo et al. 2016).
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7.1.2 The effects of the RAAS on AMPK in adipocytes

This study set out to explore the pro-inflammatory effects of RAAS in
adipocytes, however in the models used here, pro-inflammatory signalling
with angiotensin Il was not demonstrable despite previous reports of this
available in the literature (Kalupahana et al. 2012). Alternately, there was a
signal for AMPK activation by angiotensin |l which may be AT2 receptor
mediated. Angiotensin Il was found to activate AMPK in skeletal muscle, yet
decrease AMPK activity in cardiomyocytes and renal cells (Nagata et al. 2004,
Stuck et al. 2008, Lee et al. 2013). In this report ang 1-7 also activated AMPK
in adipocytes, yet had no effect on inflammatory processes or on insulin
signalling. The AMPK activation, although relatively weak, appeared to be
calcium and Mas receptor dependent. Given previous findings that AMPK
decreased MR and increased aldosterone secretion from adipocytes, the
effect of ang 1-7 on aldosterone secretion could be further explored and
understanding if and how the alternative RAAS may regulate the classic RAAS
through AMPK.

7.2 Limitations

This study focused on the actions of AMPK activators and components of the
RAAS in cultured adipocytes. One significant limitation of adipocyte models is
the lack of response to molecular biology techniques such as siRNA to
manipulate protein function. Indeed, in our lab, attempts to up- or down-
regulate AMPK genetically in terminally differentiated adipocytes have been
unsuccessful. This project therefore utilised two different AMPK activators
and the AMPK-/- MEFs to explore AMPKs actions as best as possible. Additional
attempts were made to differentiate AMPK-/- MEFs into adipocytes however
these also proved unsuccessful. Cultured adipocytes such as those used in this
study have relatively uniform characteristics whereas adipocytes from
different origin sites likely have unique behaviour depending on location as
well as body weight and fitness of the individual they come from. It is
therefore challenging to create a reliably translatable adipocyte cell model.
As discussed above, this study employed a global AMPKa1-/- mouse model, an

adipose tissue specific model would be preferable to elucidate the adipose
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component of effects seen. Indeed as AMPK is expressed ubiquitously, and
activation may have adverse effects in the hypothalamus and the heart,
selective and tissue-targeted pharmacological therapies would be of great
benefit. To date, targeting specific tissues in humans is not routine practice,
in particular targeting cells so widespread as adipocytes may be of particular

complexity.

7.3 Future work

This study has opened a number of lines for further investigation. One of the
main points of interest would be to reproduce two of the principal findings, of
AMPK activation on the MR and of ang 1-7 on AMPK activity, in isolated human
adipocytes to determine the possible clinical relevance of this. Indeed the
effect of A769662 on aldosterone secretion and SGK1 would be of great
interest in isolated human adipocytes but also in an adrenal model to see if
AMPK regulated adrenal aldosterone secretion. It would be prudent to assess
the effect of AMPK activators on the secretion of a panel of steroids, not just
focused on aldosterone. If there were an increase in glucocorticoid this may
be relevant to the anti-inflammatory effects of AMPK activation. As
mentioned above, the systemic use of AMPK activators in primate models and
the adipose specific AMPK KO mice would certainly add weight to the current
study. The systemic AMPK activators could be used in a primate study to
determine the effect on adipose RAAS and inflammation in the context of
diabetes and clarify the impact on systemic RAAS. Whilst the adipose specific
models would be very useful to isolate effects on MR expression and
inflammation in adipose tissue in addition to understanding the full metabolic
impact of adipose AMPK. A possible clinical study may involve the use of
metformin, which has been shown to activate AMPK in human adipose tissue,
to determine whether MR is reduced in adipose tissue and assess the effects

on adipose classic and alternative RAAS activity (Boyle et al. 2011).

It is not clear at this stage what the functional effects of ang 1-7-mediated
AMPK activation are, however, whether it activates AMPK in other cell types,

particularly those of the vasculature would be relevant. In addition, the
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mechanism of activation has been tested using pharmacological inhibitors,

genetic tools such as siRNA may be a way to confirm the observations here.

7.4 Summary

In summary, this study has demonstrated for the first time that the energy
regulating kinase AMPK regulates the local adipose RAAS and that ang 1-7 is an
AMPK activator in adipocytes. AMPKa1l may be involved in systemic RAAS
regulation and does not protect against the effects of HFD. Future studies are
required to improve our understanding of the therapeutic potential within this

system given its relevance to the worldwide obesity crisis.
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Appendix 1: Details of High fat diet

SDS Diet - 829100 - Western RD (P)
Specification as % kcal Crude Fat 42%, Crude Protein 15%, Carbohydrate 43%.

Kcal/g = 4.63 total AFE.

Ingredient g% (W/w)
Sucrose 33.94
Milk Fat Anhydrous 20
Casein 19.5
Maltodextrin 10
Corn Strach 5
Cellulose 5
Corn Oil 1
Calcium carbonate 0.4
L-Cystine 0.3
Choline Bitartrate 0.2
Cholesterol 0.15
Antioxidant 0.01
AIN-76A-MX 3.5
AIN-76A-VX 1




