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Abstract

Subsets of morbidly obese patients dot appear toexhibitthe expecteccomorbidities as
well as the fact that hightened sympathtc nervous systentSNSactivity has been known to
affect metabolism In this studyNeuropeptide YNPY, anSNS cdransmitter is explored asa
possibé biomarker for unhealthy obesity. The aims of the study were tidentify a
normoinsulinemicinsulin sensitive morbidly obese Caucasiapatient cohort, compare
differencesin NPY levels in the circulation and adipose tidsetveen the normoinsulinemic
and hyperinsulinemisubjects | explored thehypothesisthat elevatedcirculating peripheral
NPYcauwsesmetabolic abnormalitieby mediating changes in the normal function of brain stem
regulatory mechanisms via inflammation of astrocytes as shiovanin vitromodel of primary
cell line of human fetdbrain stemastrocyte cell line.

Blood andabdominaladipose tissue samples wegbtained from consenting morbidly
obese patient@awaiting bariatric surgerfor recruitment in the studyAdipokines and NPY were
measured as well agene and proteinexpressiorby reattime P@®R andhistology.Hfect of NPY
was determined on a human brainstem astrocyit primary ceHline using
immunohistochemistryreal time PCRg¢ytokine ELISAintracdlular secondary messengevé&
ELISAand fluorescence microscopy. Secreted lactdggels weremeasured bycalorimetric
assaysbDifferenceswere found betweenmetabolically healthy obesédHO) andpathologically
obese PO/diabetic groups in certain adipokis and insulisensitivity which were maintained
after surgical weight los®ifferencesn adipocytecell sizewerevisible ketweenthe two groups
both in subcutaneous and omental adipose tissue degmisinflammatory cell infiltration was
not different. Brain stem astrocyteexpresed NPYreceptors andIL-6 secretion from the
astrocytesincrease when exposed to a&combination of NPY and noradrenaljmeflected by
changes in intracellular cAMRytokine aray showed increases imarious inflammatory

cytokinesunder the same treatmenil-6 treatment increasedastrocytelactate levels.



In astrocytes there wasgreater level of adrenergic signalling asetretion of It6 and lactate
by the cellswhichcould meandifferent metabolic balancef astrocytes andong-term effects
on astrocyte chemosensing functionThese findings suggest differencessimsceptibility to
obesity associated pathologidmked to a synergistic modulation between the intracellular
signalling pathways of astrocytdseing regulated at least partially by components of theSCN
and having a direct effect on the cel®erhaps tlese would pave the way for targeted treatment
modalities. In vivo studies in an analogous animal model would further clarify the connection
between elevated peripheral NPY and its central effects on the brainstem astrocytes in

mediating metabdic disease.
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Introduction

17



1.1 The obesity epidemic and its impact on society

Obesity is defined as abnormal or excessive fat accumulation that may impair KEalth
This excessive fat accumulatioraiscommodatecdby the expansion of existing adipp$issue
depots of the organisnand ismostly caused by an excessive caloric intakeipled with a
sedentary lifestyle(2). Obesity isassociated with a variety of comorbidities and is currently a
growing economic burden on the National Health Service in the United Kingdom, with a growing
number of clinical resources being allocated to the treatment of the phenomenon every year.
Directcosts of treating obesity and obesity related comorbidities incurred by the NHS have risen
from £479.3 million in 1998 to £4.2 billion in 2007, and indirect costs have been estimated to
range from £600 nlibn to £1.4 billion in 20073). Modelled projections regarding the current

trend of indirect costs estimate them tise to £27 billion in 20183).

5000
B Males M Females
4000

3000 1

2000 4

Number of episodes

1000 -

2003/04 2004/05 2005/06 2006/07 2007/08 2008/09 2009/10

Figurel: Number of hospital episodes for bariatric surgery in Englandsky 2003/4

2009/10 (Source(4))
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As shownin Figurel, hospital episodes for suggl interventions to facilitate weight loss,
such as gastric bypass and gastric hagcave been steadily increasing every ydarthe UK
currently there are approximateli2.3of suchprocedures per 100,000 populatioi), reflecting
the risingneed for treatment folobesity and morbid obesityAdded to this economic and social
burden are thegreater numbers of overweight individualghich, in 2009 were estimated to
account for63% of males and 52% of femdl&sIn the face of the increasing prevalence of all
forms of obesity the need to tackle thedisease and its emorbidities, along with thecosts
associated \th its treatment, are paramount

In addition to the monetary considerationsf preventing the spread of the obesity
epidemic there isthe importantdisablingeffect that thecondition can have on the populatipn
calculatedin 2002 a¥% of European totddisability Adjusted Life Years (DALY, a figseslto
express the quantity of time spent with obesitglated comorbiditiesand the years of life lost
due to the disability compared to the average European life@paihesadatamake obesity a
tripartite issue, comprisingf human, economic and demographocomponents worthy of
greate investigationand a socialunderstandingof the diseaserather than victimisation and

stigmatisation of the suffere(5s)

1.2 Obesity and comorbidities

Obesity is associated with the increaségk of numerous metabolic complications, such as
insulin resistance dyslipidaemia, hypertension, and various cancéfslO). While inslin
resistance and endothelial dysfunction are risk factors for all of these metabolic diseases the
precise molecular mechanisms that may explain the associations between obesity and its co
morbidities is, as yet, poorly understood. Effective preventiod aovel therapies require
elucidation of the mechanisms darlying these interactions, which will be described in the
following sectios.
1.2.1Cardiovascular diseasand obesity

One of the most commortomorbidities associatedvith obesity is the emergencef

cardiovasculadisease, more commonly arisinig the forms of endothehl dysfunction irthe
19



intima mediaof the blood vessel wallwhichcan then lead to the formation of atherosclerotic
plagues(11,12) or a hypertensivecirculatorystate. This isobservedacross various ethnicities

as BMI increases in the populati¢h3), with endothelial dysfunction being correlated with
visceral adiposity in various obese populatiofigl). The mechanisms linking obesity to
endothelial dysfunction on the other hand are relatively poorly understood, despite evidence
from various studies suggestittzat an olese statewhich leads to increased reactive oxygen
species due tohyperglycaemiand theresultingsequestration of intrackular nitric oxide(15),
reducesi KS @S aaSt Qawhichochuldkein allowitide dyRfurictionit@evelop into a
full-fledged hypertensive state if left unchecked and allowed to progress as obesity is

maintained.

TEndothelin-1 INO  TFFA Tinsulin TLeptin TAldosterone TRAS

N

y |

l Vasoconstriction J Sodium and water
retention

Obesity Hypertension

Figure2: Mechanisms linking the obese state and hypertensi@t-A = Free Fattycis,

SNA = Sympathetic Nervous System ActivlRRAS = ReniAngiotensin System
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Another contributing change which occurs in the obese statdknown to contribute to
the development obbesity associatetypertension(Figure?) is the activity of the sympathetic
nervous systen{SNS)SNSactivity is markedly increased both human andanimal models of
dietary obesity(16). It is known to affect kidney sodium and water retention capability),
mediated through the hypothalamic action of circulating leptin ley&t. Alsohigher levels of
systemidnsulin which often accompany obesitgffect SNS activit{l5).
1.2.20bstructive SleeApnoea(OSA) and obesity

Another common comorbidity associated with a greater body mass is obstructive sleep
apnoea(OSA) an episodic and repetitive interruption of the upper airways characterised by
oxygen desaturations and sleep fragmentati(iB). Despite the symptoms of OSA being
detected as daytime tiredness and snoring, the disease has been associated with a number of
cardiovascularcomplications(19), heightered SNSactivity (20) and even abnormalities in
glucose homeostasis regulati¢h8,20) The mechanisms fahese types of abnormalities still
has to be elucidated, but SNS activity which is known to be heightersgdaccountor the
changes in blood pressure and breathing control observed in OSA pg@énts
1.2.3Nort+Alcoholic Fatty Liver Disease (NAFLD) and obesity

A highenergy dietary intake is also associated with the presence of greater amounts of
saturated fatty acids (SFAs) whisimetabolised by the livein a normal and fed state, the
monosaccharides and amino acids that enter the circulation are takery ugpatocytes and
converted into fatty aci€CoA through an acetfoA intermediate step. The first fatty acid
products are inthe saturated form and polyunsaturated fatty acids are created with
modifications by desaturase enzymes (e.g. SCD1). Newly sizaithésity acids are inserted into
complex lipids, which in turn are packeddrvery low density poprotein (VLDL) particles and
thus secreted (22) Impairment in any of the steps of this thavay, may it be due to
oversaturation of lipid suppl{23), eitherthrough the increase of intracellad reactive oxygen
species generated by mitochondrial dysfunctig¢®4) which in turn cause heightened

intracellular inflammation signallingr hyperinsulinemia triggered byreaterlevels ofglucose
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in overfeeding(25), causes @uild-up of fatty acids with histologically visible cytosolic lipid

vacuolesin hepatogtes The way these lipid droplets are accumulated can vary with genetic

variance in the expression and function of droplet traffick&sgociated genes, some of which

are currenty under study as a factor for predisposition to NAF&Xl{ as Liver Triglyceride

Hydrolase, TGH) and that could impair liver function in the face of heightened lipog&@sis
This buildup of intracellular lipidsthen causes fibrotic injuries which are similar to the

resulting damage caused in alcoholic liver dis€asg with impaired liver function andirrhosis

at later stages if left untreaid. The mechanisms underlying a predisposition to the disease in

an obese population are yet not fully understood, and need further study in ordelutidate

the molecular mechanisms involvéd NAFLD and the possible metabolic differertbas could

underlie the incidence of thelisease in obese populations worldwide.

1.3 Obesity andinsulin resistance

Obesity
Islet B-cells T Liver and kidney |
Y l
Insulin secretion T Insulin clearance |

N

Hyperinsulinemia

Y
Insulin resistance

Figure3: Hyperinsulinemia in obesitySource:(27)
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The most important and significant comorbidagsociated witlobesity, mainly due to its
effects on the onset foother disease characteristicsimsulin resistanc€lR) Insulin resistance
may be defined as a progressive resistance of various irggdonsive organs in the body to
the effects of circulating insulinfhe current understanding of the overall mechanisms that
explain insulin resistance in obesitiyigure 3, suggestghat the onset of IHs preceded by
incrlS &SR Ay adzZ Ay -callsaionyXith foRey clearéncelbKiSulin by the liver and
kidneys leading to systemtiyperinsulinemiaThe development of the IR may be to compensate
for this hyperinsulinemiato maintain glucose homeostasis before deteriorating into frank
diabetes. The crosgalk between insulirresponsive tissues is illustrated in Figdrevhere in
response to glucose levels rising in the bloodstream insulin secrigtistimulated and causes
uptake of glucose by the skeletal muscle and adipose tissue. High ilesdla also decrease
free fatty acid (FFA) levels through inhibition of lipolysis by the adipose tissue, and decrease
gluconeogenesis in the liver, as well as increasing leptin secretion by the adipose tissue. The
resulting @thologiesarising from the deelopment of insulin resistance could alter the balance
of this crosstalk, with a shift to rising FFA levels due to the lack of the lipwiggigting effect
of insulin signalling on adipose tissue, as well as impaired control of gluconeogenesis and
glumse uptake, which could ultimately lead to Type 2 diabetes mellitus as the disease
progresses and this balance is altemdtonically(8,28,29)

The correlation between obesity and insulin resistance has been investigated using various
techniques(8,28) including oral glucose tolerance tests (OGTT) andd/28) the euglycaemic
hyperinsulinaemic clamp, often described as the gold standard for measuring insulin sensitivity
in vivo. Insulin sensitivity in humans effectively decreases by(080 when body weight
increases past ideal levels by >8®%(28)and the development of insulin resistance has been
directly shown to occur in response ta@erimental overfeeding in normal weight individuals
(2). Progressive exacerbation of ili; resistance to type 2 diabetes following a prolonged state
of hyperinsulinemia has also been repori@j]28,30) The symptomatic manifestation of insulin

resigance involves the concerted action of all of the insuésponsive tissues (as shown in
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Figure 4) in the body: skeletal muscle, the liver and adipose tissue, with varying effects at the

systemic level: all of which will be briefly reviewed in the nextise.

Insulin-independent
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Non-glucose
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Pancreas

Insulin-dependent glucose uptake Skeletal muscle

Figure4: Crosstalk of insulirsensitive tissues in the body (Sourd@l), FFA = Free Fatty

Acids)

1.3.1 Insulin resistance and skeletauscle

The skeletal muscle has been estimated to carry out approximately 80% of total body
glucose uptake in response to insulin secretidg). In obese normal glucose tolerant patients,
there is marked insulin resistance in skeletal muscle compared to leanaadesexmatched
individuals(32). Animal, as well as, human studies have shown a direct correlation between
increase in body mass and skeletal muscle insulin resistance, suggesting that skeletal muscle
dysfunction may be a the primary defect in the development of insulin resistanceyaed2t
diabetes(32,33)

The reason for this increased insulin resistance in skeletal muscle is partiallyo due

increased free fatty acid (FFA) levels in the circulation of obese and morbidly obese paisents
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reported previously32,34) The reasons for the increased levels of free fatty acids in the
circulation of obese patients was originally hypothesizedRbyndle et al(35)to be due to the
increased mass of the adipose tissue of obese individuals which in turn causes higher levels of
circulating FFAsvhich then interfere with glucose mabolism by overriding normal energy
metabolism towards fatty acid oxidation instead of glycolysis, therefore causingupitd
glucose and woemning of insulin resistand@®5,36) These fatty acidsvhich have been shown

to increase insulin resistance after isfans in experimental mode(82,33) are thought to act
through the activation of inhibitory protein kinases such as JNK and Protein Kinase C which
inhibit IRSL function in the insulin signalliqgathway(32).

1.3.2 Insulin resistance and the liver
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Figure5: Insulin resistance in the liver. (Left: insulin sensitive liver. Right: Insulin

resistant liver)(Sourcef37))

Insulin resistance in the human livisrclosely assciated with raised intracellular fatty acid

levels, wheh could allow the emergence of the previously discussedatooholic fatty liver
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disease, oNAFLD This coupled wittevidenceof elevated hepatic lipid levels inmice with
specific deletions of vital insuliresponsive genesuch as the GLUT4 glucdsensporter(37),

has ledto the suggestiorthat insulin resistance in obesity could be timain cause of NAFLD,
through mpaired signalling of the insulin receptor by protein kinasgct/ation (as shown in
Figure 5 by free fatty acids (specifically diacylglycerols) associated with heightenedccalor
intake during obesity37,38) This is in turisexacerbated by the heightened levels of circulating
glucose which are then thought to be converted into a greater amount of fatty acids by the liver
through de novo lipogenesis, which in tdmther increaseinsulin resstance in the organ itself
(39). This is shown by studies illustrating the activation by insulin of SREBRranscription
factor responsible for the astation of lipogenesis gend87,38) The activity of this gene will

be discussed later in this introduction.

Since the liver is considered a very important organ inHRn@ing levels of liver enzymes
involved in lipid metabolism wbh ocar due to the modulation of intracellular signalling
specifically in enzymes like alanine aminotransferase (ALT) are being propogeattaf
metabolic syndrome due to theieadilydetectable changes in a clinical $ef, as well as direct
analysisof the ratio of circulatingfatty types as an indicator of fatty acid accumulation in the
liver (40)for indication of liver insulin resistance and cardigtabolic syndrome onset in obesity

and morbid obesity.

1.4 Insulin resistance and the adipose tissue

1.4.1 Adipose tissue: an endocrine organ

Being directly involved with its expansion in the onset and exacerbation of obesity in
response to overfeedingind the main organ involved in long term energy stordlge adipose
tissue is seen as a central player in the onset of the various comorbidities associated with
obesity itself(41). It is also recognized as being an important participant in the meshand
homeostasiof glucose levels in the bod¥2), as well as an extremely diverse and important
secretory organsecreting a wie array of adipokines such as leptinglLadiponectin, MCPL

and TNP (See Figure)6These are known to haaffectsat the locatissue and systemic lewel
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(43). The biological activity and systemic effects of these adipokirese theen extensively

reviewed invarious publication$41,4345).
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MIF, IL-8 l metallothionein

Adiponectin
resistin

Figure6: Adipose tissue adipokines (Sour¢é4))

The anatomical location of trediposetissue and its expangian different parts of the body
can alter the secretory profile of these adipokines, with viscdegdots havinga more pro
inflammatory gcretory profile in humangtl), and are able to modulate the function of immune
system cells such ascélls at a loal and systemic levél6). The expansion of this depot
specificallyin the obese state is thought to promote greater metabolic risk in hum@as
Nevertheless, its central role as a secretory organ and metabolic hub of energy expenditur
makes it a vital organ for the study imsulin resistance in obesity.

1.4.2 Adipose tissue remodelling and insulin resistance in obesity: Hypertrophy vs. hyperplasia
Adipose tissue undergoes expansion during excessive caloric intake, leading tostsamgce
remodelling. It has been hypothesized that impairments in the ability of the adipose tissue to
generate new cells through differentiation of paglipocytes inthe process ofdipogenesis

(hyperplasia) could be linked to the development of insulsmstance and diabetes mellit43),
and that the enlargement of adipocytes associated with exazdoric intake (hypertrophy) is
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correlated with necrosis of the adipocytes themselves, a heightened local inflammatory state

and the recruitment of monocytes of the immune system as a resp(t&d8)
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The evidence showing that adipocyte inflammation signalling caused by #senme of
macrophages in the adipose tissue is linked to insulin resistéd®ehas led to a proposed
model for the change of adipose tissue function as a response to over ontistillustrated in
Figure 7,where in a lean, healthy state adipose tissue is insulin sensitive, with a secretory
balance focused towards a less inflamvgt profile. In the occurrence of over nutrition and
forced adipose tissue expansion, the hypertrophied adipocyte shifts its secretory balance
towards a more inflammatory profile, with less ammflammatory adipokines like adiponectin
secreted and more ffammatory cytokines such as interleulsn (1l-6) and Monocyte

Chemotactic Protein 1 (MEB being more readily secreted and present at a local level. This
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causes the recruitment of adipose tissue macrophages which in turn focus around necrotic
adipocyteq48)and cause yet more heightened inflammation.

This can lead teescalation ininsulin resistanceendothelial dysfunction, hypoxia and
inflammation in the agiose tissue ashe number of tissue macrophagesd hypertrophied
adipocytesncrease The mechanisms through which the macrophages are initially recruited are
thought to be various: The macrophages are hypothesized to respond to the presence of
necrotic alipocytes in the adipose tissue due to increased hypoxia after adipocyte hypertrophy,
G2 GKS LINBaSyOS 2F AyONBFaASR 20t fS@Sta 27
due to their efficiency limitations in the testerification process aftelipolysis during fasting
states.

These are thought to activate and polarize inflammation levels of macrophages through toll
like receptor 4 (TLR4) activatioi49,50) in a phenomenon recentlydubbed as
&rSal Ff I Y{¥) whick? iy d@lso thought to be a primer for the increased inflammation
levels and macrophage recruitment seierdysfunctional adipose tissue.

Metaflammationmayalsobe a result oendoplasmic reticulumER stress aphenomenon
that occurs when thendoplasmiaeticulum, in which all the secretory and membrane proteins
are assembled into their secondary andtiary structures, and where unfolded or rifislded
proteins are detected, removed and degraded by the 26S proteasome s{s#is subjected
to an overload of unfolded proteins which results in the activation of an Unfolded Protein
Response (UPR) to preserve ER function. This response, which can also occur due to metabolic
overload in adipocytes and can be observed experimentaBiby druginducedimpairment of
ERfunction whichmainly occurs through signalling pathways that inhibit insulin signalling such
as the NF . LJ- (BK=)- add promote an autophagic responsehich if impaired (as can
be seen in obesit{s5)), may result in necrotic adipocyte deatBudies in mice showncreased
ER stress gene expression in dietuced obesity and the resulting inflammatory pathay
activation in adipocyte¢56), therefore suggesting a rofer ER stress in insulin resistance and

adipose tissue dysfunction.
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The imbalance between adipocyte hypertrophy and hyperplasia, and the impairment in
adipocyte turnover ratg57)favouring typertrophy over hyperplasig8)in the tissue has been
implicated in the development of insulin resistance and thpkgical development abbesity
related comorbidities. This propos@&A OK2 (G 2Y@e 06S06SSy aKSIFf GKeé
tissue expansionAs shown in Figure) Bwith the recruitment of new adipocytes andstgting
beneficial angiogenesistisought to bea central focus of the maianance of insulin sensitivity,
as opposed to the pathological expansion of the tissue involving adipocyte hypertrophy and
poor remodelling of the tissue as a result of tk&).

The mechanistic cause for the choice of hypertrophy over hyperplasia in pathological
adipose tissu@xpansion is still unknowmthough animal studies have suggested tfadtors
such asnacrophage recruitment o the adipose tissueasoccuistemporarily after significant

weight loss, as well athe effect of lipolysisinducing drugs such ds-adrenegic receptor
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agonists in mic€50), the real mechanisms betdrithe choice of the adipose tissue to expand its
existing adipocyte population rather than recruit new ones through adipogenesis from #s pre
adipocyte population still remains uncledihe beneficial effects seen in the use of PPAR 0
nuclear receptorhat has a major role iadipogenesis gene regulating) agonist drug farttiky
thiazoledinedionesin the treatment of insulin resistance could also show the importance of
hyperplasia over hypertroph{s9).

As also referred to by Figure 8, the recruitment of specific types of macrophages in the two
different modes for adipose tissue expansion, an already extensively observed phenomenon
(60)could be an important aspect to consider when observing the iffeways the tissue can
expand, including a pathological expansion type.

Macrophage polarityni tissue remodelling, namely looking at subtypes of ¢b#s which
can be observed according to activation stg6l) Ml(a more preinflammatory form of
macrophage, actively secreting pmtflammatory cytokines and antiggeresenting molecules)
and M2 macrophage@@less inflammatonsubtype which igssociated more closely with tissue
remodelling) is an aspect which is being extensively explored and charsetein adipose
tissue as well. There anmmteresting resultsassociated with activation statesuch as the
association of more prinflammatory M1 macrophages with a hypoxic state of the adipose
tissue (62), and the alteration of the more antnflammatory M2 macrophage phenotype
following adipocyte necrosi®$3).

The mechanisms behind the shifts in polarity are still being characterised, with the
aforementional hypoxic state, the necrosis of surrounding adipocytes and a specific lipid profile
also being explored as a possible contributing fa¢@) to polarity shifts, which could be
correlated to the inflammatory differences observed in adipose tissue between the insulin
resistant stateand the healthy state of obesity.

Another aspect that has also been explored is the difference in angiogenic potential of the
tissue itself, which has already been shown to be differeritveen adipose tissue depofs0)

Whether impaired angiogenesis could be a rhaiting step in the expansion of the adipose
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by evidence showing omental adipose tissue in humans to have higherdaazation but more
hypoxia(50), is still being investigatedSince there is direct evidence that hypoxia causes an
increase in pranflammatory adpokine secretionthisis an important factor to consider when
exploringadipose tissue remodelling5). Nevertheless, the resulting insulin resistance caused
by the improper function of the adipose tissue during obesity makes adipose tingmportant
player in thedevelopment of obesity related comorbidities and the study of adipose tissue
dynamics in obesity can give extraordinary insight to the metabolic problems arising from
obesity and insulin resistance.
1.4.3 FFA and insulin resistance in adipose tissue

Obesiy in humans is characterized by a greater amourffeAsn the circulation(59), and
the presence of heightened levels of FFAs as well as an impaired glucose metabolism in lean,
healthy individuals with family histories of tyjediabeteg(59) suggests that there could be a
vital role of FFAs in the development of insulin resistance. Their effects on skeletal muscle and
liver insulin resistance have been discussed earlier in this report, and being the materong

storage source of FFAs, thdipose tissue in this case yet again plays a central role.
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Figure9: Role of lipotoxicity via adipose tissue FFAs in obesity (Sou&e)

The central role oFFAsSn the development of insulin resistan¢seeFigure 9, again points
to apivotal rolefor adipose tissuemediated byadipocyte hypertrophy, ER stress, necrosis and
inflammatory signalling pathway activation léad to a change in the secretory profile of
adipokines from less antinflammatory to more proinflammatory. Additionally the
development of resistance to theng-lipolytic effects of insulin signalling causing heightened
levels of local FFAs could also exacerbate macrophage infiltration dié.Rd signalling
activation (66). This in turn could exacerbate insulin resistance, causing a further increase of
systemic FFA levels that are shown to affect other insdimsitive organs of the body, changing
them to a more insulimesistant state.

Therefore, an imbalance in the lipolytic potential of the adipose tissue could give rise to
insulin resistance from a metabolic point of view, and not just that of an inflammatory
phenomenon as the initial trigger for adipose tissue limsvesistance. Since the activity and

regulation of fatty acid desaturase enzymes such as St€abesaturase 1 (SCD1) that
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convert saturated free fatty acids (SFA) to mamsaturated fatty acids (MUFA) in adipose
tissue which are known toe less inmmatory(59,66,67has also been assotéa with insulin
signalling(67), the metabolic component of adipose tissue dysfunction becomes an extremely
important aspect of obesity and the development of obesity related comorbidities.
1.4.4 Obesity or metabolism? The need to expldhe heterogeneity of obesity

The dynamics and mechanisms of adipose tissue remodelling and dysfunction,
inflammation, hypoxia anddotoxicity in obesity have been exploredainlyby comparing the
adipose tissue from healthy, lean individstal that of obese subjects, déise natural progression
into the obese state via excess energy intake. The atigtgyogeneityin insulin sensitivity68)
that have been observed in various obese and morbidly obesealptipns may point to the fact
that metabolic syndrome is not a direct and inevitable consequence of excess energy intake,
and that there are individuals that maintain a normal metabolic profile regardiégbeir
morbid obese stat€69). This could give precious insigttt onlyinto the subtle mecharsims
that may come into playnithe obese individual bwlso in leaninsulin resistant individuals and

in the metabolism as a whole.

1.5 Heterogerity of insulin resistance

1.5.1 Metabolically Healthy Obese (MHO) individuals

The importance of insulin resistance as a driving factor for the onset of obesity related
comorbidities issignificant, as previously described in section 1.4. Howdherincidence of
insulin resistance among obese and morbidly obese individuals is variable in different
population groupq68) and groups of individualsegardless of their obese or morbidly obese
statusthat exhibit normal insulin responsiveness is apparéf;72). These individualghe
GaSilro2t AOF688¢ | 6§hf b #alr obdd® Stathh linSEavadirable metabolic
profiles with normal insulin responsiveness, lipid and inflammatory profilesl aare

normotensive Conversely the majority of obese and morbidly obese individhalsdevelop
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unfavourable metabolic profiles, inbu resistance and comorbidities have been referred to as
GKS aLJ K2t 23 A0 A sumdmargy of &S eharacteristics reported in various

studies are shown in Figure 10.

Metabolically Healthy Obese Vs Metabolically Abnormal Obese

Adipose-tissue metabolism?
Muscle characteristics?

Gene expression? o

High fat mass High fat mass

High insulin sensitivity Low insulin sensitivity

Low ectopic fat High ectopic fat

Low triglycerides High triglycerides

Low inflammation High inflammation

High HDL-cholesterol Low HDL-cholesterol

Low intima-media thickness High intima-media thickness
High adiponectin Low adiponectin

Low ApoB High ApoB

FigurelO: Profiles of MHO vaMAO (PO) patients (Sourcé?3))

Thereported prevalence of MHO depengat least in parton the stringency of the criteria
used to decribethe phenotypeandvaries from 1840%(73). Even so, the evidence that there
is such a phenotypdan diverse age ranges from 20 to 80 yearggests that the metabolic
change andthis dichotomy is presentalbeit changed in its proportiain many populations
that have beerstudied(74).

There is yet a consensus to be found as to how to characterize these individuals in patient
populations, especially with respect televant diagnastic techniques and biomarker©One
reason for these discrepanciés that the goldstandard technique for the determination of

insulin resistance, the euglycaenfigperinsulinaemic clamp, iso invasive, expensive and time
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consuminga procedure to be cosidered for routine use in a clinical context, therefore
increasinghe need forfinding easier, less invasivaeethods and biomarkeror characterizing
the phendype(73), especially since the incidence of these individuals may vary according to the
criteria used to select ther(v5). Nevertheless, the overlapping criteria amongst most research
groups studying the phenomenon are fasting plagihueose andnsulin levels, HOMAR index,
and lipid profiles such a choleste and triglyceride level§3). Using trese criteriait isapparent
that this metabolic heterogeneity &ill presentwithin the obese populations.
1.5.2 Implicationsof MHO individuals in the cliical setting

The acceptance of the existence of the MHO phenotype comes with pracits@quences
to clinical care. Ithere such a thing as a metaliohlly healthy obese individual? Can'stes be
describedas healthy despite the obese state being described asoptimal to health? Isit
worth treating these individuals in the same way as the other typesbefepatients? The
phenomenon is creating varying opinions with respect to treatm@i,77)from a practical
perspective, but the general consensus about these assessments is that the lack of a common
definition undermines the practical aspects of clinical caregtiese patients, especially with a
lack of detailed longitudinal studies in exploring the long term effects of treatrimetite MHO
versus the PO

The evidence of improvement in weight loss with respect to diet and exercise therapy
insulin sensitivityd apparent(77), and studies have shown that exercise alone can improve
insulin signalling and sensitivity in the tissum#olved(78). Howeverdata on the effectiveness
of exercise and diefor improving insulin sensitivity in MHO individualsscarce. There are
studies that show an increase in insulin sensitivity after weight ld8®individuals, as opposed
to a slight worsening of insulin resistance in the MHO population, showing that specific
differences must be taken into account with respect to treatmémtthese indiviluals(79),
Another study by Shin et al. showed an improvemenhilammatory markers and lipid profiles
of MHO women after weight loss, proving diet restrictions to be more effeacivmHO women

than PO womer(80). Karelis et ak81)showed that dieary/calorierestrictionmediatedweight
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lossin MHO womenled to a more unfavourable insulin resistance profile than withriak
individuals. A positive change in insulin sensitivity and cardio metabolic risk factors was
observed in Janizewski et 82)for both MHO men and women as opposed to previous findings
after weight loss through diet or exercisdowever, with only theséew studies outlining the
dynamics of weight loss in thed8¢HO individualsit is not enough to come to decison as to

what is the most effective treatmenfior them (83). Thereforeadditionalresearch needs to be
carried out in order to see the differences with larger patient groups and with more falfppw
data to prove whethemweight loss ithe most effective means to manage the continued status

of MHO individuals and prevent worsening of the metabolic profile.

Surgically assisted weight losas become one of the mosgiffective ways of managing
morbid obese patients in the developed world, abdriatric surgeies have been steadily
increasing in the UK to about 6520 pgrar for both men and wome). The proof of its
effectiveness a¥ (i NB type 2 ¢iabadesn morbidly obese poplations isdocumented(84), as
well as reducing overall mortalityn imorbidly obese patient$85,86) Its effectiveness at
improving an MHO metabolic profile is much letsdied with only a single studseporting 6
month follow-up information regarding an MHO/PO population of morbidly obese patients
carried out by Sesti et 87). This study showethat regardless of insulin sensitivity, which was
supposedly better in the MHO individuals to begin with, the MHO subgroup of morbidly obese
patients showed a significant weight loss and improvement in cardio metabolic risk markers
compared to before gastric banding. At the same time, recent developments from the Swedish
Obesity Study (SOS) in which 2,010 morbidly obese patients undergoing batiegecy were
matched up to an equal population of patients receiving standard medical care, and the results
indeed showed a reduced prevalence of candietabolic abnormalities, although it was
recognized that surgical benefits of bariatric surgery didomotelate with baseline BMI or post
operative weight loss, and the only predictive factor for cardiovascular events was fasting insulin
levels suggestinthat insulin resistance, and not obesity, being importanttfoe development

of cardiovasclar comobidity (88). Also, recent data from the American NHANES Il study has
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shown that despite the lack of a common definition for metabolically healthy obesity, by looking
at commonly used diagnostic criteria for MHO staised moe frequently, the varying MHO
population still did not seem to exhibit the same-@duse mortality risk as the remaining
unhealthy obese patient9).

Therefore the conclsion that can be drawn from these human studisghat healthy
metabolic profiles, even in the morbidly obese, have lesmediate benefit to gain from
bariatric surgery than insulin resistant ones, and this could be a very solid reason to discern MHO
patients from PO patnts in a clinical contextniorder to decide different therapeutic
approaches for the two groups by also lookindghatv this group of patients avoid metabolic
abnormalities across various BMI and age rangas. varying evidence from this field of study
is alsoa clear signal thatmore is needed to understand the phenomenon and learn from the
different metabolic profiles of the patients in order to target specific mechanistic differences

involved in the onset of the PO phenotype.

1.6 Mechanistic causes for MHO vs. PO differences

1.6.1 Adipokine profile differences

The differences in the secretory profile of adipose tissue with respect to its expansion could
suggest an inherent difference in the levels of specific circulating adipokines suehistm
(associated with increased ulin resistance)adiponectin (known to be aendogenousnsulin
sensitizer) and TNF 6 442 OA | 1 SR ¢ Adll &f which halz Hegh sedista hed G | Y
altered in the presence of dulin resistance in humar{80). Since these and other adipokines
like 11-6, all have autocrine and paracrine effects on glucose metabolism, lipolysis and insulin
sensitivity(43)they could be different between MHO and PO in their leveld effiects on insulin
resistance andocal inflammation. Alifference in secretion levels of these adipokines could
also be used as a biomarker for the onset of insulin resistance and the metabolic syndrome,
which makes quantification of these adipokines and their metabolic effects imgoRatios of

adiponectin to HOMAR index have already been used as a predictive tool falalodc
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syndrome in humang91), and adipokine levels have beebserved during weight 10592),
making the need for Aiomarker that could distinguish MHO/PO patients important.
1.6.2 Inhibition ofAdipogenesis

The possible mechanisms for the differences between the MHO and PO phenotype are being
explored at the molecular leveRdipocyte hypertrophyhas been reporteih the subcutaneous
adipose tissue of human patients as beingdicévefor type 2 diabete$93). Similarlyadipocyte
hypertrophyhas been showin certain ethnigroups such as Pima Indigfa8)and South Asian
populationsmore proneto insulin resistanc€94). Alsohypertrophied, older adipocytes had
been associaed with insulin resistancand adipogenesiassociated geneare more poorly
expressedin the adipose tissue of typ2 diabeticcompared to nordiabetics(95,96) This
inhibition of adipogenesis in insulin resistant adipose tissue is worthyribfer exploration.

However data fromarious studiesreinconclusivesome confirm the hypothesis that MHO
patients have smaller adipocytes in varsodepots yet with the omental being the only depot
to be significantly correlated to the metabolic syndron(@7)), with lower expressionof
adipogenesignhibiting genes such as preadipocytetor 1 (PREE) in MHO patientsThese
datasuggest a inhibition of adipognesis in PO adipose tiss{@8). Other studiegpoint towards
smaller adipocytein both depots despiteimpaired adipogenesjsas the possible causd the
difference between MHO and PO individualhe emergence of studies also pointing towards
lowert t | w! S ELIND & & ’eithgf calisgd by iRffardgatd®y Gy®kin€d9), or even
xenobiotic molecules present in western diets such as naringdit) shows that a variety of
factors can affect healthy adipocyte turnover and that the exploration of this difference is
important to understandingmetabolic variability. Also,an association between smaller
adipocyte size and heightened local inflamatory signallinghas been observeh some studies
(101,102) This is contranto the suggestion thatinhibition of adipogenesis adpocyte
hypertrophy and necrosisould lead to local inflammatiof#8). These differences idata could
arise from thedifferent criteria used to select patient®r the two groups,MHO and PO,

therefore making the need for a common definitiemer more important.
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1.6.3 Dysfunction in the regulation ofSREBP Proteins and the lipogenic/lipid homeostasis
pathway

Lipogenesis and cholesterol homeostasis stimulateéhbylin signalling in adipose tissue
appears to be mediated by the transcription factor Sterol Regulatory Elebieding Protein
1-c (SREBEC)(103) This factor is a member of a family of thteenscription factors, with the
most prevalent one in adipose tissue being SREBPThe SREHRR transcription factor is
responsible for transcriptional activation of the entire monounsaturatatiyf acid synthesis
pathway (103, and is also activated during the adipte differentiation procesg104) The
regulation of SREBE is complex and involves steps at the transcriptional and -post
translational levels with initial transcripts encoding a membréonend pecursor protein kept
anchored to the endoplasmic reticulum via Insig proteins. When sterol depletion ensues the
Insig proteins dissociate from SREBPSs, allowing them to translocate to the Golgi apparatus
where they are cleaved by proteases, and theeNninal fragment of the SREBP is cleaved from
the membrane and can finally translocate to the nucleuseigulate gene transcriptiofiL05)
which involvesseveralgenes involved in fatty acid metaboliggeeFigure 1) Regulation of
SREBP levels by insulin signalilnguppeoted by various pieces of evidencBat hepatocytes
express higher levels of SRERRafter insulin treatment, as well as decreasing SRIEEB&vels
after streptozotocininduced diabetes in rat hepatocyte$106) Insulin also induces liver X
receptor which in turn is known to agtite SREBEc transcription(107) therefore linking
insulin and insulin resistance to the possibility of improper lipid homeostasis, spkgifidin

cholesterol level$108)
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Figurell: Genes regulated by SREBP activitgholesterol andfatty acid synthesis
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(PUFASs) are responsible for the dovegulation of the SREBP transcigpt factors in mouse
livers(109) as well as the evidence showing that overexpression of SREBRMouse white
adipose tissue led to an insuliasistant phenotype of hypertrophied adipocyteslie adipose
tissue of mice(110) suggest that a possible difference in metabolic regulation of lipid
homeostasis maybe due to diet or genetic factors, leading to adipocyte hypertrophy due to
excess lipid accumulation, and inhibition of adipogenesis by SREBRs as its target lipid
metabolism genes like SCD1.
1.6.4 The need for a biomarker

As previously mentioned, studying and gaining an understanding of the differences in the
local functioning of the adipose tissue can also be useful for determining a \d@abtldetectable
biomarker for the recognition of spéic metabolic profiles. Despite the previous studies cited,
there is still a difference in opinienas towhether the actual use of high molecular weight

adiponectin or other adipokines such aseactve protein can givan indicationof metabolic
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status(111) Other types of biomarker types, namely neurotransmitters like epinepHdde)

are under study for their effects on the function of the adipose tissue and will be discussed in
the next section ofhiis thesis, or specific circulating serum microRNA typé8)which have

been observed to be altered during the onset of insulin resistance and type 2 digids

and of which the signalling properties are only just being explinddese past yearsOnce a
common definition for MHO is agreed upon and a common biomarker found, the protess
discrimination could allow for a more stratified and accurate approach telihecaltreatment

of obesity.

1.7 Sympathetic nervous systeactivity and metabolism

1.7.1 The sympathetic nervous systembineathing and blood pressureontrol

Blood pressuréBP)in humans is regulated by two concerting factors: vascular resistance
and cardiac outputBoth are directly controlled by the autonomigrvous system through
specific mechanisms which not only determine thtiald &8 SG LR Ay Gé F2NJ 6 &l
but also react to changes in the external environment that require homeostatic regu(ati&n
One of the most studied parts of the autonomic nervous system, specifically due to its activity
regarding theregulation of blood pressure and itslevancein hypertensonisthe sympathetic
portion, the SNS116) The SNS controls the level of blood pressure in the haalyhree main
types of neurons activated bydifferent stimuli, barosensitive, thermosensitiveand
glucosensitive, whicinnervate the circulatory system, the heart, the kidneys and the adrenal
medulla. Barosensitive sympathetic neurons are under the control of arterial baroreceptors in
the carotid body. This larggoup of neurons is chiefly responsible for both skerm and long
term BP regulation and its level activity at rest is thought to be the most importapérameter

for longterm BP contro(116)
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Figurel2: Sympathetic control of BP in humans.
Black arrows indicate external factorsyeen arrows interactions irthe network. SFO =

Sufornical organ OVLT = organum vasculosum lamina terminalis NTS = nucleus tractus

solitarius AP = area postrema Ang Il = Angiotensin Il SPGN = sympathetgapgdionic
neuron SGN = sympathetic ganglionic neuron (Sou(té6)

The core sympathetic network responsible for BP control in the human body is summarized
in Figure 12whichcomprises of three main neural control networfedl responsive to variau
types of circulating hormonesihe Hypothalamus, the Nucleus of the Solitary Tract (NTS) and
the Rostral Ventrolateral Medulla (RVLNMheseare responsible for relaying external inputs
(mainly from the renin angiotensin system which will be discusseaiah this introduction)
and responding via the spinal cord ganglionic neurons in eliciting the change in blood pressure
via the control of heart rate, vascular contraction or sodium retention by the kid&i/5,116)
ElevatedSNSactivity concerted with hypertensiohas been observed ascammon occurrence
for decadegq117) and dysfunction in sympathiettone appears to be caused by other obesity
related comorbidities such as obstructive sleepnoea (21). This correlation between
sympathetic nervous system activity, edity and hypertension makes the diguof how brain

stem control mechanisms in general affected in tke obese state, and the onset of obesity

related comorbidities extremely important.
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1.7.2 The sympathetic nervous system and adipose tissue
Adipose tssue is innervated bthe sympathetic nervous system, which is responsible for
the stimulationof lipolysis in the tissue during fasting and exercise condit{@®8,119) The
presence osympathetic neuron fibres in adipose tissue has been observed histologically and
via in situ hybridisation for quite sagrtime (120) and the main neurotransmitters responsible
for lipolysis stimulation, namely adrenaline and noradrenaline (NA), have effects on adipose
tissue lipolysis via adrenoceptors present on adipoc{i@4)
The lipolytic pathway is mediated by the expression of these adrenoceptors @sysky
shown by studies carried out by Langin and Laforfidi8F A GK i H | RNSy20SLJ
fALREEGAO YSRALIFG2N) 27F vy 2abienBeNoysctiiniay shtligoltia y | £ £ A

fashion.
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Figurel3: The HPA axi€CRH = Corticotropin releasing hormone, AVP= Vasopressin,
ACTH = Adrenocorticotropitormone (Sourcei(122)
The presene of sympathetic neurons also appears telacalise with other neuropeptides
in the adipose tissue, such as neuropeptideTHe correlation between SNS activity and
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metabolic function observed through the innervation and the activity of the SNS during th
stimulation of iIpolysis leads to many questisinegarding a possiblénk betweenstressors,
metabolism andhe HypothalamidPituitary-Adrenal (HPAJxis, shown in Figure 13.

The reason whyhese questions makthe HPA axiso important is due to itsitferential
function in obesity and visceral obesi{423;125), and its direct link with gluconeogenesis
mediated by the livef126) which could be altered by chronic stress levels and other mediators
of chronic SNS activity in stress, such as neuropeptide Y.

The HPA axis is thmain endocrine pathway respaible for the stress responsensisting
of CRH release from the hypothalamusgich in turn causes ACTH release from the pituitary
and ultimately the release of glucodmoids from the adrenal cortex. Singgucocorticoids
affect adipose tissue as methas of lipolysisvia the activation of lipolytic enzyme activity such
as Lipoprotein Lipase (LRILR7) levels of circulating glucocorticoids (and other mediators of
stress and SNS activity) mediated by chronic stress are a link between the HRYetbs)ism
and the obese state Therefore circulating glucocorticoidsould be important in the
understanding of metabolic differences between individuals in an obese or morbidly obese

population.

1.7.3 Direct effectors of the SNS: catecholamines andeadiceptors

Catecholamines such as noradrenaline are the neurotransmitters of the SNS. The synthesis
of these catecholamines are carried out by a number of enzymes such as tyrosine hydroxylase
(TH) in SNS neurons which can be histologically stained tol iameavation in tissues, including
adipose tissu¢128,129)

The effects of catecholamines on adipose tis$ipelysishas been extensivelytuglied,
especiallyin WAT (130) The signalling pathway involved the regulation oflipolysis is

summarised in Figure 14.
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Figurel4: lipolysis pathway
AC = adenyl cyclase, cAMP = cyclic AMP, PKA = protein kinase A, HSL = heemsitiee
fALlI asSs ¢D ' GNAIfR@OSNARS:E 5D I' RAaddRDSNARS
protein kinase ATGL = adipose triglyceride lipaggource(131)

N2 NI RNByY I f Ay Sadrénbogpodis ofitre adipécste i through the activation of
the Gprotein coupled receptors responsible for adenyl cyclase activation, resulting inda buil
up of cytosolic cyclic AMP and the resulting activation of protein kinase A, which in turn
phosphorylates hormonsensitive lipase (HSL) activating the enzyme responsible for
triglyceride breakdown, which results in the release of +ssterified (free) dtty acids and
glycerol ino the circulation Within the cell the triglycerides are storedtire cytoplasm in lipid
dropletssurroundedby phosphorylated perilipiil118,127) This regulation of lipolysis denotes

a direct effect of the SNS on the adipose tissue, andvsham important link between nervous

system function and metabolism.
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