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Abstract

Increased intakef highly processednergydense foods combined with a sedentary lifestgite
helpingfuel the current overweight andbesitycrisis which is more prevalent in women than in
men. Although peripheral organs such as adipose tissue contributieetghysiologicafievelopment
of obesity,emerging work aims tanderstand therole of the central nervous systeno whole body
energy homeostasis artkvelopment ofweight gain anabesity. The present reviewliscusses the
impactof insulin, insulin resistancéree fatty acids,and inflammatioron brainfunctionand how
these differ betweerthe malesandfemalesin the context of obesityWehighlight thepotential of
microglia, the resident immune cells in the brain, as mediatérsearonalinsulin resistance that
drive reduced satiety, increasddod intake and thus, obesity.



The silent obesity crisis

It is estimated that 2.1 billiopeople around the worl@re overweight or obesfl]. Although genetic
predisposition makes individuals and/or ethnicities more prémebesity,weight gainis promoted

by overconsumption dfiighlyprocessed, energgense foodsincreasingly sedentary lifestyées well

as physiological changes in whole body funcfjnAlthough doesity can occur at any age, studies
report that obesity prevalence has increased in adults and children of all ages, indiscriminate of
geographical location, ethnicity, or socioeconomic stdR}g3]. Worldwide,the proportion of
overweight individuals between the biological sexes is sirfllabut obesity is more

prevalentin females (15%) than males (11%urrently, it is projected that onfifth of adults around
the world will be obese by 2028]. This is concerning as obesity adversely affects nearly all
physiological functions in the body and is a major risk factor for develdiihgtes,cardiovascular
disease, and neurological diseases such as demiitid/e know that environmental factors such as
socioeconomic status influence the prémace of obesity, buthe underlying pathophysiological
mechanisms that drive continued weight gain in obesity remain to be fully understood, particularly
with respect to impact of biological sé¥nderstanding thebiologicalmechanisms that promote
weight gainand how these differ between males and femalegpivotal to developing ways of
reducing the burden of obesignd associated disorders.

Biological &x differences in metabolism and insulin sensitivity

It is notclear why biological sex determines susceptibility to obesity, but differences in body
morphology & well as thesite and storage of energy within adipose tissue have been identified as
potential factors. Epidemiological and clinical studies show thatitleadower percentage of overall
obesity, the prevalence odbdominal adiposityand insulin resistance is higherrirales[5, 6].
Differencesin the susceptibilityo insulin resistance between sexamy be due to higher whole

body insulin sensitivity ifemalesthus providing a larger buffer before insulin resistance manifests
[7, 8] Clinical data are consistent with rodent studies and demonstrate gréagulin sensitivity and
reduced effectiveness of hight diet-induced insulin resistance in femal&s 10] The exact
mechanisms responsible for biological sex differences in insulin sensitivity are not understood but
some have linked this to differences in the absolute amount andepaif insulin secretion in
response to stimulation (e.g., following a mddl}l]. Although some studies report no differences in
insulin secretion between young males and femdldg, others demonstrate females have higher
first-phase insulin secretiofi2, 13] An increase in pogirandial insulin secretion and subsequent
nutrient uptake nto insulinsensitive tissues may account for some of the discrepancies in
metabolism between males and femal&sfferent levels ofjlucosemediated insulin secretion
between males and femalasaybe due todifferences irbetacellsmitochondrial function or
dimorphic effects of sex hormones on beta cell funciibfi]. Studies using aged rats on a higih

diet have shown that there is an increase in mitochondrial biogenesis (numbers) and function (ATP
and Q consumption) in females, but not maleghich can enhance insulin secretifii@]. This

additional insulirproducing capacity may explain why females are more likely to have improved
glucose handling despite increased fat intake paned with males. & hormonesre also known
modulatorsof insulinrelease frombetacells(reviewed in[15]). In females, strogenacts viaSrc or
ERKsignalling hubs tenhance insulin secretion and promote pancreatic beta cell suriigalin
addition, variations in pancreatic insulin mMRNA levels and serum insulin levels have been observed
during the estrous cycle, suggesting that sex steroid hormones could modulate insulin set¢netion.
males, testosteron@cts onbetacell (via the androge receptor)to enhance glucosstimulated

insulin secretion by potentiating the insulinotropic action of glucatika peptide1[16]. These
studiesindicatethat even though males and females both release insulin after a meal, the underlying
mechanismgliffer depending on the status of testosterone and estrogen in males and females
Although a growing body of literature is emerging in this spacegiaet mechanisms that

determine differences in insulin sensitivity between the biological sexes remain to be determined.
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Obesity, insulin resistancend inflammation ¢ biological sex matters

Once released into the blood stream, inswdirts as a mastemetabolic regulator that stimulates
nutrient uptake and storage within insulsensitive tissues such as skeletal muscles, the liver and
adipose tissueia the IRS/PI3K/Akt pathwayreviewed n [17]). How much insulin is released into
the blood stream is tightly coupled to blood glucose concentrations, thus enabling exquisite control
of glucosehomeostasis at any given time. Obesity is the major risk factor for developing insulin
resistance; a condition where the body becomes less sensitive to the actions of in&gizi, 17,

22]. From a metabolic perspectivimsulin resistancéeads to reduced insulimediated suppression

of hepatic glucose output as well as reduced insolgdiated glucose uptake by skeletal muscle and
adipose tissu¢l8, 21] To compensate for this, the pancreatic beta cells produce more insulin to
achieve glucose homeosta$i®, 17] The need for additional insulin leads to a state of chronic
hyperinsulinemia and if allowed to continue, eventually leads to pancreatic beta cell exhaustion, loss
of insulin production and thus chronic hyperglycaemihe characteristic feature of type 2 diabetes
[19, 17] Although this pathophysiological process is generally accepted in the literature (reviewed
here[19, 17), the specific mechanisms that contribute to the initiation and progression ofiins
resistance in obesity remain a point of contenti@3, 17, 24] Despite this, the role of increased
circulating free fatty acids and altered adipose tissue physiology appear to be commonsthread
linking obesity with multorgan insulin resistance, including thentral nervous systefCN$[25].
Importantly, thelocation ofadipose tissue depot that expands during obesity confers either
protection or deterioration of insulin sensitivity.

It is generally well accepted that accumulation of visceral adipose tissue is detrimental, and that
subcutaneous adipose expansion is protectiweh respect toinsulin sensitivityreviewed in[26]).
Subcutaneous and visceral adipose depots display an array of diffeliecteting developmental
lineage[27, 28]and metabolic characteristi¢d29, 30] Anincrea® in expressiorof pro-inflammatory
genesis also evident in visceral adipose tissue compared with subcutaneous agedpotswitha
reduction ingenes related tansulin signalling and lipslynthesid31, 30] Additionally, aipokine
secretion profiles differ betweenisceraland subcutaneous depof82, 33] Visceraladipcse

secretes ayreater amount of pranflammatory cytokines (16 and IE8) as well as bbwer amount of
adiponectin andeptin compared with subcutaneous adipose tissuldch contributes towarch
reduction ininsulin sensitivity antlpid metabolism[32, 33] Males preferentially accumulate visceral
adipose tissue, while premenopausal females accumulate more subcutaneous adipos§d$sue
Experimental models support this dichotomy and report that female mice gain weight when fed a
high fat diet, however, males gain more weight and fat mass compared to their female counterparts
on the samehigh fat diet[35-37]. Sudies haveshown male mice develop hyperinsudemia,
hyperglycaemia, and hypercholesteseimiaafter 8¢ 11 months orhigh fat diet whereas female

mice showed little to no evidence of the same metabdigturbance438]. However, others have
shown that risk of developing cardiovascular consequences lifjerfat dietfor 6 months is similar
between male and female mice suggesting that obesity impairs cardiovascular function in both males
and females but the underlying mechanis ardikely to besexspecific[39]. In humans, these
patterns of adipose distribution result in characteristically female gaped obesity and ate
appleshaped obesityshown in Fig. 1[40]. In postmenopausdémales adipose distribution shifts
toward a malelike pattern, implicating sex hormones in maintaining a balance between
subcutaneous and visceral depot m@34]. Importantly, the cellular and molecular mechanisms
underlying differential adipose distribution in males and females remain to be deterntitmgever,
the differences in adipose distribution between males anddta hae been correlated with sex
hormones(reviewed in[41]). Estrogenhas been reported to increase dngh fat dietwhich
promotesthe acwmulation ofsubcutaneous adipodessue[41]. Whilsttestosteronehas been
documented to become reduced in malesiugh fat dietwhichpromotes visceral adipose

depasition [41]. In addition to this, genes expressed on the X chromosome are also associated with
adiposity controbetween sexe$42]. Studies using mouse models have also shown that visceral
adipocyteproliferation, known as hyperplasiaccurs in maleniceafter 8weeks orhigh fat diet



whilst femalemiceexhibit both visceral and subcutaneous adipocyte hyperpld§h However, in
ovariectomised female mice\8eeksof high fat dietfeeding leadso primarily visceral adipocyte
hyperplasiasimilar to malemice. Transplant o¥isceral or subcutaneous adipose tissue from male
mice onhigh fat dietinto visceral adipose depot of recipient male magehigh fat dietinduces

adipocyte hyperplasia of both the visceral and subcutaneous adipose that had been transplanted
[43]. These results indicatbat intrinsic cellular differences in adipocytestweenvisceral or
subcutaneous depatmay not influence how adipocytes responchtgh fat diet but rather,the
microenvironmentand thus functiorof the distinctdepots

A key driver of obesitdriven pathophysiology may be altered immune system function in both the
periphery and CNE4]. Visceral adipose tissue, which occurs predominantly in males, secretes large
amounts of preinflammatory cytokines and free fatty acids and has been linked to the development
of obesityinduced cardiovascular everi¢s, 44] Dietary factorsuch adree fatty acids can activate
toll-like receptor 4 (TLR4) qeripheralimmune cells and initiate inflammatory cascadiés, 44]

Adipose tissue expansion, particularly visceral, causes macrophage recruitment and release of pro
inflammatory cytokines into the blomtiream[46] leading to lowgrade systemic inflammatio@d 7,

48]. Increased pranflammatory cytokines can have downstream effects on the liver and muscle
insulin signalling, thus, contributirig systemic insulin resistan¢&9]. Free fatty acids have also

been shown tdnduce endotheliall y # R { S€¢ NB OS LJi 2 MilamiN&dmSaétiyatom O b [ wt o
along with the release of prmflammatory cytokinesnd production ofreactive oxygen specigikat

are reportedto disrupt the blood brain barrier (BBB) and thus contribute to altered CNS furjd8en
53]. Furthermore, mmune cells and adipose tissue have been shown to shaeecellular signalling
pathways, such as peroxisome proliferatmtivated receptors (PPARghich act to modulatehe
expression ofjenes related to glucose and lipid metabolism &¥ ws proliferation and inflammation
(reviewed in[54, 55). Activation of PPARs promotes secretion of adiponectin by adipose as well as
anti-inflammation by immune cellwhich actgo promote insulin sensitivity and lipid metabolism. A
reduction in PPARs has been reported in obese chil@@jand treatment with PPAR agonists in
obese adult malef57] and mouse models has shown to improve ligil glucose metabolism as

well as resolve insulin resistanbat enhances subcutaneous weight ggifl]. These results indicate
that both immunecells and adipose tissue share intracellular signalling paththaysnay be
underlyingobesity pathophysiologyncreasing literature demonstrassexual dichotomy in the

immune response to stimykuch as exposure tgpopolysaccharide (LPS), in both the periphery and
CNSwhich may also influence the obesityduced inflammatory respong&9, 60] During

development, males tend to have greater immune reactivity compared with females, however, the
opposing trend occurs indallthoodwhere femalesexhibitgreater immune ractivity compared with
males([59, 60). The expression of PPARs in T @lshas sexspecific functiongn humans and

mouse models, whermterferon gamma production was promoted in males and the production of
IL-17a was promoted in femald61]. Overall, these resulsuggesthat sex differences in the

immune system could be driving the sex differences in obgsitifophysiology and, thus, incidence

of obesity The amount ofpro-inflammatory cytokines and chemokines in the braais been shown

in mouse models to bmost strongly correlated with the amount of LPS in the blood, compared with
peripheral cytokines and chemoking®], suggestinghat immune cells in the CN&ndrive the

systemic inflammatory respeto LPS, which has implications for systemic inflammation that occurs
in obesity Recent workalsodemonstrates the presence of both afferent and efferent neural
innervation of adipose tissUé2-64], suggeshg the control of adipose tissue expansion and function
may be linked to changes in the CNS and-vezsa. Whether this adiposENS:rosstalkis influenced

by inflammation how this differs between the biological sexes how this contributeto obesity

and insulin resistance is not well understood.

Insulin and insulin resistance in the CNS
In the cerebrospinal fldi insulin concentrations are ~25% of those in the blood and increase
proportionally after eating or wi peripheral insulin infusiof65]. This suggests that a fraction of
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plasma insulin can cross the BBB via a saturable transport process, likely through interactions with
the insulin receptor on the microvascular endotheli{®®] and/or other saturable transport
processe$67]. In rodents, insulin receptor distribution is widespread throughout the CNS with the
highest expression in the olfactory bulb, cortex, hippocampus, hypothalamus and cerebellum and
relatively lower levels in the midbrain, striatum, and brainst§@®-70]. Although insulin access to

the brain parenchyma is tightly controlled by the BBB in almost all regions of the $easgry
circumventricular organthat surround the third and fourth ventricles laekclassi®BBandallow

more passive movement of bloodione factors such as insulin into the br§ifi-73]. This is critical
because it allowagoutirelated protein AgRPand proopiomelanocortih (POMGQ neuronsin the
nucleus tractus solitar(NTSand hypothalamudo have privileged access to detect nutrient and
insulin concentrations in the blood at any given tifiid]. Indeed, studies have shown rapid
activation of IRE/PI3K/Akt signalling in AGQRP/POMC neurons after peripheral insulin injE¢fipn
Although the exact neuronal circuitry and glial cell contributions remain to be determined, recent
advances in the fieldighlight the complex interplay between insulin and leptin (adipose tissue
derived hormone) in the regulation of feeding behaviour and metabolic homeostasis in otherwise
healthy or obese male mid&6, 77] Furthermore, the activation of NMDA receptors on NTSroesi

by insulin has been demonstratéal feed input into the hypothalamushich is required tdower
glucose production by the liver as well as reduce feeding behali8ui79] Therefore,current

literature indicates thalNTS andhypothalamic neurons LILISF NJ G2 YSRALFGS AyadzZ Ay
whole body energy homeostasis afegeding behaviour

Beyond hypothalamic neurons, itbecoming increasingly recognistitht almostall neurons are
insulin sensitive and neuronal insulin signalling primarily involves the phosphorylation and activation
of the IRSL/PI3K/Akt cascadim addition to MAPK/ERK pathwg$®]. In turn, thesecascade

targets multiple downstream pathways, includingmmalian target of rapamycin complex 1
(mTORCN glycogen synthase kinase 3 be@SK3) and theforkhead box protein O1FpxQ family

of transcription factorg80] ¢ pathways that play pivotal roles in normal brain function. For instance,
MmTORCnediated protein synthesis is important for synaptic plasti¢@¥] and the regulation of
autophagy, a major mechanism to degrade misfolded proteins and damaged organelles in neurons
[82]. Dysregulation of mTOR@#&perdent autophagy in neurons results in neuronal cell death and
the onset of neurodegenerative diseasadichcan occur as a consequence of obef88]. GSK3b
regulates multiple aspects of neuronal functioning, including neural progenitor cell proliferation,
neuronal polarity, and neuroplasticif3]. GSK3b can also phosphorylate tau pratemprocess
involved in the pathogenesis of Alzheimer disegk 85] Brainspecific knokout of the insulin
receptor or IR results in decreased GSK3b activity and increased tau phosphory&gi@7].

FoxO transcription facto@soplay diverse and important roles in the CNS, including controlling
energy homeostasis and leptin sensitivity, as well as locomotor ad@éty89] In addition to the
IRS1/PI3K/Akt cascade, insulin alsbmulates activation of the MAPK pathwisyneuronswhich
contributes to neuronal function and survival in additionplaying a direct role in proliferation,
differentiation, gene expression, and cytoskeletal reorganizg®®h Thereforemountingevidence
suggestghat insulinmayact onmog neuronsand carhave adiverse array of effects beyond
metabolism alone

As in peripheral tissues, it is now widely appreciated that neurons, in particular hypothalamic
neurons, develop insulin resistanf#1-93]. However, the extent to whic@NS insulin resistance
contributes to the systemic perturbations in glucose metabolism in humans has remained
contentious and whether this is different between the biological sexes remains unkj@awa5] In
rodent studies, high fat diet feeding drives s#ependent changes in hypothalamic genes where
female mice exhibithangesn expression oépithelial cell relatedyenessuch as Epcangldn5 and
claudin 5 whilst males exhibited an increase in grdlammatory gene#ncluding COX2, MerTK,

CD86 and CD1436]. Evidence from such rodent studies suggests that hypothalamic inflammation,
unlike peripheral inflammatiorgccurs within hours of higfat diet prior to any weight gaif@7].

Beyond the hypothalamustudies in mice have demonstrated thagh fat dietdriven inflammation
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occurs across multiple regions of the braioluding the cortex ash hippocampusvhich canmpact
many CNS functions including cognitive function aramory[98, 99] Therefore,brain
inflammationand neuronal insulin resistance appear to manitestly after high fat diet intake and
occur before any changes in body weight/composition are evidaftilethe mechanisms thatause
neuronalchangegemain to be determinedemerging research indicatgtial cells as potential
mediators of CNS inflammation and insulin resistance during high fat diet intake.

Insulin and insulin resistance in astrocytes

While most of the work thus far has focussedoy a dzft Ay Qa SFFSOla Ay ySdz2NRPya
cells is an emerging area of research with a predominant focus on astrocytes and microglia.
Astrocytes perform numerous vital functions such as the regulation of synaptic transmission and
their location at the interface between blood vessels and neurons makes them essential for the
supply of bloodderived metabolic cues into the parenchyfd®0, 101] In the hypothalamus,

astrocytes express insulin receptors and control gluéndaced activation of POMC neurons via the
IRS1/PI3K/Akt cascadl 00]. Hypothalamic astrocytes are also regulators of both central and
peripheral response to glucose availability and play a key role in glucose transport through the BBB
[102, 100] Both female and male mice constitutively lacking insulin receptors in astrocytes exhibit
delayed puberty, hypothalamigituitary-gonadotropin axis dysfunction and reduced ferti[it¥3].

Mice with postnatal ablation of the insulin receptor in astrocytes show excessifiemding after an
overnight fas{104]. In addition, female mice lacking the insulin receptor specifically in astrocytes
exhibit reduced preference for sucrofE)5]. These findings suggest insulin has multiple CNS effects
mediated by astrocytes that are importaim manyhomeostaticfunctions. Recent work highlights

that the release ofaturated free fatty acidby astrocytes following CNS damage or disease can
cause neuronal deatf106]. Why astrocytes release neurotoxic free fatty acids into the brain
parenchyma is not clear but appears to involve FixRRdiated microglial activatiof107]. Whether
release otoxicfree fatty acids from astrocytes is exacerbated in the obese, insulin resistant brain to
drive chronicmicroglial activation is not known.

Insulin and insulin resistance in microglia

Microglia are the resident immune cell in the CNS e long processes, which they continuously

extend and retract to scan their environme®eyond immune activities in the CNS, microglia also

have important functions in brain physiology and contribute to learning and mef@68), trophic

neuronal support, synaptic pruning and homeostatic support for living neurons, which is crucial for

the neural circuit remodelling and synapplasticity{109]. Loss of these homeostatic microglial

functions iscommonly reportedvith ageing andny SdzZNEP RS3ISy SNIF 6 A @S RAaSIHasSs
Disease and this is proposed to be further disturbed by obgkit9]. Recent evidencendicatesthat
microgliaalsoexpress insulin recepteandare insulin responsivén vitro, suchthat insulin induces

the activation of IR&/PI3K/Akt signalling pathwawp increase thephagocytic activity of microglia

when exposed to a prnflammatory stimulus such as lipopolysaccharide [H&,111]. In vivq

insulin persstently activates microglia and increases GDX-mi SELINB&aaAz2y Ay (KS K
young, but not aged male raf$12]. These data suggest that insulin is able to alter microglial

physiology and that excessive insuwignalling may lead to a pinflammatory microglial phenotype.

Lyadz AyQa STFFSOGa Ay GKS /b{ YI& 06S02YS S@Sy Y2N
inflammation since these alter BBB permeability and thus enhance insulin transport irthoatine

[113]. This sustained influx of insulin into the brain in obesity may be contributing toward insulin
resistance in neurons (potentially via insulin receptor desensitization), which has been recently

proposed to occur with aging 14, 115] Lastly peripheral immune cells chronicalposed to

insulin can become insuliresistant ancexhibitaltered inflammatoryprofiles[116]. Whether

microglia become insulin resistant and how a loss of normal insulin action impacts microglial activity
isnow known.



In a dietinduced model of obesity in rodentsystemidow-grade inflammation was reporteid be
associated withncreased microglial synaptic pruning and tmeduced cognitive functiofii17, 118]
Whethermicrogliatmediated synaptic pruning contributes to the specific hypothalamic neuronal
dysfunction observed in obesity not known Howeverobservationsgn the db/ db mouse model

(leptin receptor mutation leading to obesjtguggest thaneuronal synaptiplasticity in the
hypothalamuq119, 120] and hypothalamic microglia present with reduced expression of phagocytic
marker CD68121]. Furthermore, microglial activation in the arcuate nucleus (ARMBEgof
hypothalamus has been observed as early-dsys on high fat digtL22]. This occurregrior to

weight gainand as accompaniedith an increase in uncoupling protein 2 (UCP2) mRNA, a reduction
in synapses on ARC POMC neurons and astrodli@2is When UCP2 was genetically deleted in

mice using an inducible modehicroglial activation was attenuated with an increase in excitatory
inputs on POMC neurons. In turn, this protected againstidiéticed obesity in both male and

female mice despite the continued presence of astrogliosis in these[t#i@$ Therefore, microglia
and astrocytes become activated in the hypothalamus duringid@iiced obesity, even prior to

weight gain. However, only microglial activation was associated with changes to neuronal circuitry
organisation involved with feeding beWiaur and energy homeostasis. These findings suggest that
aberrant microglial activity is an early driver of hypothalamic dysfunction and has implications for
feeding behaviour and wholkody energy homeostasis.

Under homeostatic conditions microglia dyneally interact with various components of the CNS
including neurons, astrocytes, blood vessels and othe[#3, 124] When homeostasis is

disturbed, microglia becomeeactiveand produce inflammatory cascades to allow for microglial
proliferation and migration, recruitment of additional immune cells, and increased phagocytotic
activity[125-127]. Importantly, ablation of microglia leads to dramatic weight loss largely accounted
for by an acute reduction in food intake in otherwise healthy male [tE28]. Similarly, treating male
mice with an inhibitor of microglia (PLX5622) or deleting inhibitor 6f NF {1 Ay &S adzo dzy A (i ¢
in microglia reduces dighduced obesity susceptibilifit29]. It should be noted, however, thtte
beneficial effects of genetic and pharmacologimahnipulationof microglial functions in obesity were
demonstrated immale rodents only and whether these effects are also present in females needs to
be determined.This is important to highlight givehat microglia possess sexually dimorphic roles in
the developingadult, and aged brain as well as in neurological conditions such as autism and
traumatic brain injunyf130-132]. Thus, biological sex may influence the microglial response to
various stimuli and, hence, homvicrogliarespond to insulininsulin resistance and obesity

Increasing research indicates that microglia are sensitive to changes in lipid profile in the CNS.
Therefore, difference adipose tissue expansion between males and females may alter the species
of lipids present in the CNS and thus account for sombeftiifferent microglial activities and thus
inflammation observed between the sexes.

Couldincreasedfatty acids and insulin béhe trigger for microglial dysfunctiorthat drivesobesity?
Obesity is associated witthronicdyslipidaemiaand hyperinsulinaemifl9, 133] Circulating fatty

acids are increased in obesiye toexpansion ohdipose tissue and increased rates of lipolysis due

to adipocyte insulin resistand@33]. Certain species datty acids, such as palmitic and stearic acids,
are immunogenic and can triggperipheralinflammatory cascades initiated by TLR4 stimulation,
releasing preinflammatory cytokinessuchas TNF | & ¢St f (b&i A VG[EMINEHA A Y
Chronic exposure to freafty acidson high fat dietpromotesendothelialdysfunction which

increases BBBpermeability[49, 50, 52, 53]allowingincreasedacces®f circulating factors, such as

fatty acidsandinsulinto the brain parenchymadncreased fatty acids the CN$iave been shown to
cause insulin resistang¢&36] and activate microglia in a TLRKpendent manner leading to

increased production of proinflammatory cytokines (e.g., FNF | YR NBI QG A[®B% 2Ee&3ISy
140](shown in Fig. 2)ncreased BBB permeability also increases access of circulating
proinflammatory cytokines tthe CNS thus forming a chronic, toxic environment for neufb#-

145]. Indeed, studies show that acute high fat feeding in rodents quickly activates inflammatory
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responses in the CNS atheeseimpairsCNSnsulin signalling prior to anyeight gain[146, 97, 147,
139] It is worth noting thatstudies have reported increaseamession of pranflammatory genes
specifically in male mice given a high fat diet with no changes noted in femal¢9@]c&he
discrepancy in immune system activation between the biological sexepanaglly explain the
accelerated metabolic dysfunction seen in obese males compared with obese females.

As noted previously, insulin has also been demonstrated to induce micregtitivity and trigger the
release of preinflammatory cytokine$112]. Hyperinsulinaemia, as seen following high fat diet
intake[18, 148] may provideanotherstimulus to further drive microglia toward a proinflammatory
state in obesity. In turn, increased microglial production of cytokines such a&, WMifichinhibits
insulinreceptorsignalling at very low concentratiofis49], provides a mechanism where microglia
can directly inhibit neuronal insulin siglling The impact ofeducedinsulin signallingn brain
functionas a wholéas poorly understood but has been linked with cognitive impairment and

£ T KSAYS 8D a50R39a189]retle hypothalamus, insulin resistance in AGQRP and POMC
neurons leads to loss of wheledy energyhomeostasisind obesity by drivinglterationsin feeding
behaviourand glucose metabolism in addition itacreasel lipolysis in adipose tissuas a result of
insulin resistance iIROMCbut not AgRP neurorid51]. These important studies indicate that CNS
insulin resistance can drive changes in whole body energy homeostasis to fuel increased weight gain
(shown in Fig. 2)which in turn can drive further CNS insulin resistance.

Summary

To better deal with the growing obesity epidemic and associated metabolic disorders such as insulin
resistance, there is an urgent need to better understand the roldnef@NS in the regulation and
dysregulation of energy homeostasihe evidence above suggests microglia are highly sensitive to
changes iwhole bodymetabolism becoming activated when exposed to increased free fatty acids
and/or increased insulinThus, the combined effect of increased fatty acids and hyperinsulinaemia
during obesity provides a mechanism where aberrant microglial activity impacts neuronal function in
the hypothalamus, leading to impaired regulation of appetite/satiety and loss @éfggrhomeostasis
leading to further food intakéshown inFig. 2) This results in further dysregulation whole-body
metabolism and promotes a positive feedback cycle where periplsbaiges drive CNS changes

that in turn drive further peripheral changeThus,modulaton of microglid function could offer new
approaches tanterrupt this cycle to restorenetabolichomeostasisand help mitigate obesity and its
pathophysiological consequences.
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