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Abstract

Increased intake of highly processed, energy-dense foods combined with a sedentary lifestyle are
helping fuel the current overweight and obesity crisis, which is more prevalent in women than in
men. Although peripheral organs such as adipose tissue contribute to the physiological development
of obesity, emerging work aims to understand the role of the central nervous system to whole body
energy homeostasis and development of weight gain and obesity. The present review discusses the
impact of insulin, insulin resistance, free fatty acids, and inflammation on brain function and how
these differ between the males and females in the context of obesity. We highlight the potential of
microglia, the resident immune cells in the brain, as mediators of neuronal insulin resistance that
drive reduced satiety, increased food intake and thus, obesity.



The silent obesity crisis

It is estimated that 2.1 billion people around the world are overweight or obese [1]. Although genetic
predisposition makes individuals and/or ethnicities more prone to obesity, weight gain is promoted
by overconsumption of highly processed, energy-dense foods, increasingly sedentary lifestyle as well
as physiological changes in whole body function [2]. Although obesity 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 status [2][3]. Worldwide, the proportion of
overweight individuals between the biological sexes is similar [2], but obesity is more

prevalent in females (15%) than males (11%). Currently, it is projected that one-fifth of adults around
the world will be obese by 2025 [4]. This is concerning as obesity adversely affects nearly all
physiological functions in the body and is a major risk factor for developing diabetes, cardiovascular
disease, and neurological diseases such as dementia [4]. We know that environmental factors such as
socioeconomic status influence the prevalence of obesity, but the underlying pathophysiological
mechanisms that drive continued weight gain in obesity remain to be fully understood, particularly
with respect to impact of biological sex. Understanding the biological mechanisms that promote
weight gain and how these differ between males and females is pivotal to developing ways of
reducing the burden of obesity and associated disorders.

Biological sex differences in metabolism and insulin sensitivity

It is not clear why biological sex determines susceptibility to obesity, but differences in body
morphology as well as the site and storage of energy within adipose tissue have been identified as
potential factors. Epidemiological and clinical studies show that despite a lower percentage of overall
obesity, the prevalence of abdominal adiposity and insulin resistance is higher in males [5, 6].
Differences in the susceptibility to insulin resistance between sexes may be due to higher whole-
body insulin sensitivity in females thus providing a larger buffer before insulin resistance manifests
[7, 8]. Clinical data are consistent with rodent studies and demonstrate greater insulin sensitivity and
reduced effectiveness of high fat diet-induced insulin resistance in females [9, 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 and pattern of insulin secretion in
response to stimulation (e.g., following a meal) [11]. Although some studies report no differences in
insulin secretion between young males and females [11], others demonstrate females have higher
first-phase insulin secretion [12, 13]. An increase in post-prandial insulin secretion and subsequent
nutrient uptake into insulin-sensitive tissues may account for some of the discrepancies in
metabolism between males and females. Different levels of glucose-mediated insulin secretion
between males and females may be due to differences in beta cells mitochondrial function or
dimorphic effects of sex hormones on beta cell function [14]. Studies using aged rats on a high-fat
diet have shown that there is an increase in mitochondrial biogenesis (numbers) and function (ATP
and O, consumption) in females, but not males, which can enhance insulin secretion [14]. This
additional insulin-producing capacity may explain why females are more likely to have improved
glucose handling despite increased fat intake compared with males. Sex hormones are also known
modulators of insulin release from beta cells (reviewed in [15]). In females, estrogen acts via Src or
ERK signalling hubs to enhance insulin secretion and promote pancreatic beta cell survival [15]. In
addition, variations in pancreatic insulin mRNA levels and serum insulin levels have been observed
during the estrous cycle, suggesting that sex steroid hormones could modulate insulin secretion. In
males, testosterone acts on beta cell (via the androgen receptor) to enhance glucose-stimulated
insulin secretion by potentiating the insulinotropic action of glucagon-like peptide-1[16]. These
studies indicate that even though males and females both release insulin after a meal, the underlying
mechanisms differ depending on the status of testosterone and estrogen in males and females.
Although a growing body of literature is emerging in this space, the exact mechanisms that
determine differences in insulin sensitivity between the biological sexes remain to be determined.



Obesity, insulin resistance and inflammation — biological sex matters

Once released into the blood stream, insulin acts as a master-metabolic regulator that stimulates
nutrient uptake and storage within insulin-sensitive tissues such as skeletal muscles, the liver and
adipose tissue via the IRS-1/P13K/Akt pathway (reviewed in [17]). How much insulin is released into
the blood stream is tightly coupled to blood glucose concentrations, thus enabling exquisite control
of glucose homeostasis 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 insulin [18-21, 17,
22]. From a metabolic perspective, insulin resistance leads to reduced insulin-mediated suppression
of hepatic glucose output as well as reduced insulin-mediated glucose uptake by skeletal muscle and
adipose tissue [18, 21]. To compensate for this, the pancreatic beta cells produce more insulin to
achieve glucose homeostasis [19, 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 hyperglycaemia — the 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 of insulin
resistance in obesity remain a point of contention [23, 17, 24]. Despite this, the role of increased
circulating free fatty acids and altered adipose tissue physiology appear to be common threads
linking obesity with multi-organ insulin resistance, including the central nervous system (CNS) [25].
Importantly, the location of adipose 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 protective with respect to insulin sensitivity (reviewed in [26]).
Subcutaneous and visceral adipose depots display an array of differences including developmental
lineage [27, 28] and metabolic characteristics [29, 30]. An increase in expression of pro-inflammatory
genes is also evident in visceral adipose tissue compared with subcutaneous depots along with a
reduction in genes related to insulin signalling and lipid synthesis [31, 30]. Additionally, adipokine
secretion profiles differ between visceral and subcutaneous depots [32, 33]. Visceral adipose
secretes a greater amount of pro-inflammatory cytokines (IL-6 and IL-8) as well as a lower amount of
adiponectin and leptin compared with subcutaneous adipose tissue which contributes toward a
reduction in insulin sensitivity and lipid metabolism [32, 33]. Males preferentially accumulate visceral
adipose tissue, while premenopausal females accumulate more subcutaneous adipose tissue [34].
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 same high fat diet [35-37]. Studies have shown male mice develop hyperinsulinaemia,
hyperglycaemia, and hypercholesterolaemia after 8 — 11 months on high fat diet, whereas female
mice showed little to no evidence of the same metabolic disturbances [38]. However, others have
shown that risk of developing cardiovascular consequences after high fat diet for 6 months is similar
between male and female mice suggesting that obesity impairs cardiovascular function in both males
and females but the underlying mechanisms are likely to be sex-specific [39]. In humans, these
patterns of adipose distribution result in characteristically female pear-shaped obesity and male
apple-shaped obesity (shown in Fig. 1) [40]. In postmenopausal females, adipose distribution shifts
toward a male-like pattern, implicating sex hormones in maintaining a balance between
subcutaneous and visceral depot mass [34]. Importantly, the cellular and molecular mechanisms
underlying differential adipose distribution in males and females remain to be determined. However,
the differences in adipose distribution between males and females have been correlated with sex
hormones (reviewed in [41]). Estrogen has been reported to increase on high fat diet which
promotes the accumulation of subcutaneous adipose tissue [41]. Whilst testosterone has been
documented to become reduced in males on high fat diet which promotes visceral adipose
deposition [41]. In addition to this, genes expressed on the X chromosome are also associated with
adiposity control between sexes [42]. Studies using mouse models have also shown that visceral
adipocyte proliferation, known as hyperplasia, occurs in male mice after 8-weeks on high fat diet,



whilst female mice exhibit both visceral and subcutaneous adipocyte hyperplasia [43]. However, in
ovariectomised female mice, 8-weeks of high fat diet feeding leads to primarily visceral adipocyte
hyperplasia, similar to male mice. Transplant of visceral or subcutaneous adipose tissue from male
mice on high fat diet into visceral adipose depot of recipient male mice on high fat diet induces
adipocyte hyperplasia of both the visceral and subcutaneous adipose that had been transplanted
[43]. These results indicate that intrinsic cellular differences in adipocytes between visceral or
subcutaneous depots may not influence how adipocytes respond to high fat diet, but rather, the
microenvironment and thus function of the distinct depots.

A key driver of obesity-driven pathophysiology may be altered immune system function in both the
periphery and CNS [44]. Visceral adipose tissue, which occurs predominantly in males, secretes large
amounts of pro-inflammatory cytokines and free fatty acids and has been linked to the development
of obesity-induced cardiovascular events [45, 44]. Dietary factors such as free fatty acids can activate
toll-like receptor 4 (TLR4) on peripheral immune cells and initiate inflammatory cascades [45, 44].
Adipose tissue expansion, particularly visceral, causes macrophage recruitment and release of pro-
inflammatory cytokines into the bloodstream [46] leading to low-grade systemic inflammation [47,
48]. Increased pro-inflammatory cytokines can have downstream effects on the liver and muscle
insulin signalling, thus, contributing to systemic insulin resistance [19]. Free fatty acids have also
been shown to induce endothelial “nod-like” receptor protein 3 (NLRP3) inflammasome activation
along with the release of pro-inflammatory cytokines and production of reactive oxygen species that
are reported to disrupt the blood brain barrier (BBB) and thus contribute to altered CNS function [49-
53]. Furthermore, immune cells and adipose tissue have been shown to share intracellular signalling
pathways, such as peroxisome proliferator-activated receptors (PPARs), which act to modulate the
expression of genes related to glucose and lipid metabolism as well as proliferation and inflammation
(reviewed in [54, 55]). Activation of PPARs promotes secretion of adiponectin by adipose as well as
anti-inflammation by immune cells which acts to promote insulin sensitivity and lipid metabolism. A
reduction in PPARs has been reported in obese children [56] and treatment with PPAR agonists in
obese adult males [57] and mouse models has shown to improve lipid and glucose metabolism as
well as resolve insulin resistance but enhances subcutaneous weight gain [58]. These results indicate
that both immune cells and adipose tissue share intracellular signalling pathways that may be
underlying obesity pathophysiology. Increasing literature demonstrates sexual dichotomy in the
immune response to stimuli, such as exposure to lipopolysaccharide (LPS), in both the periphery and
CNS, which may also influence the obesity-induced inflammatory response [59, 60]. During
development, males tend to have greater immune reactivity compared with females, however, the
opposing trend occurs in adulthood where females exhibit greater immune reactivity compared with
males ([59, 60]). The expression of PPARs in T cells also has sex-specific functions in humans and
mouse models, where interferon gamma production was promoted in males and the production of
IL-17a was promoted in females [61]. Overall, these results suggest that sex differences in the
immune system could be driving the sex differences in obesity pathophysiology and, thus, incidence
of obesity. The amount of pro-inflammatory cytokines and chemokines in the brain has been shown
in mouse models to be most strongly correlated with the amount of LPS in the blood, compared with
peripheral cytokines and chemokines [60], suggesting that immune cells in the CNS can drive the
systemic inflammatory response to LPS, which has implications for systemic inflammation that occurs
in obesity. Recent work also demonstrates the presence of both afferent and efferent neural
innervation of adipose tissue [62-64], suggesting the control of adipose tissue expansion and function
may be linked to changes in the CNS and vice-versa. Whether this adipose-CNS crosstalk is influenced
by inflammation, how this differs between the biological sexes and how this contributes to obesity
and insulin resistance is not well understood.

Insulin and insulin resistance in the CNS
In the cerebrospinal fluid, insulin concentrations are ~25% of those in the blood and increase
proportionally after eating or with peripheral insulin infusion [65]. This suggests that a fraction of



plasma insulin can cross the BBB via a saturable transport process, likely through interactions with
the insulin receptor on the microvascular endothelium [66] and/or other saturable transport
processes [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 brainstem [68-70]. Although insulin access to
the brain parenchyma is tightly controlled by the BBB in almost all regions of the brain, sensory
circumventricular organs that surround the third and fourth ventricles lack a classic BBB and allow
more passive movement of bloodborne factors such as insulin into the brain [71-73]. This is critical
because it allows agouti-related protein (AgRP) and proopiomelanocortin (POMC) neurons in the
nucleus tractus solitarii (NTS) and hypothalamus to have privileged access to detect nutrient and
insulin concentrations in the blood at any given time [74]. Indeed, studies have shown rapid
activation of IRS-1/PI13K/Akt signalling in AgRP/POMC neurons after peripheral insulin injection [75].
Although the exact neuronal circuitry and glial cell contributions remain to be determined, recent
advances in the field highlight 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 mice [76, 77]. Furthermore, the activation of NMDA receptors on NTS neurons
by insulin has been demonstrated to feed input into the hypothalamus which is required to lower
glucose production by the liver as well as reduce feeding behaviour [78, 79]. Therefore, current
literature indicates that NTS and hypothalamic neurons appear to mediate insulin’s ability to control
whole body energy homeostasis and feeding behaviour.

Beyond hypothalamic neurons, it is becoming increasingly recognised that almost all neurons are
insulin sensitive and neuronal insulin signalling primarily involves the phosphorylation and activation
of the IRS-1/PI13K/Akt cascade in addition to MAPK/ERK pathways [80]. In turn, these cascades
targets multiple downstream pathways, including mammalian target of rapamycin complex 1
(mTORC1), glycogen synthase kinase 3 beta (GSK3b), and the forkhead box protein O1 (FoxO) family
of transcription factors [80] — pathways that play pivotal roles in normal brain function. For instance,
mTORC1-mediated protein synthesis is important for synaptic plasticity [81] and the regulation of
autophagy, a major mechanism to degrade misfolded proteins and damaged organelles in neurons
[82]. Dysregulation of mMTORC1-dependent autophagy in neurons results in neuronal cell death and
the onset of neurodegenerative diseases, which can occur as a consequence of obesity [82]. GSK3b
regulates multiple aspects of neuronal functioning, including neural progenitor cell proliferation,
neuronal polarity, and neuroplasticity [83]. GSK3b can also phosphorylate tau proteins, a process
involved in the pathogenesis of Alzheimer disease [84, 85]. Brain-specific knockout of the insulin
receptor or IRS-2 results in decreased GSK3b activity and increased tau phosphorylation [86, 87].
FoxO transcription factors also play diverse and important roles in the CNS, including controlling
energy homeostasis and leptin sensitivity, as well as locomotor activity [88, 89]. In addition to the
IRS-1/PI3K/Akt cascade, insulin also stimulates activation of the MAPK pathway in neurons which
contributes to neuronal function and survival in addition to playing a direct role in proliferation,
differentiation, gene expression, and cytoskeletal reorganization [90]. Therefore, mounting evidence
suggests that insulin may act on most neurons and can have a diverse array of effects beyond
metabolism alone.

As in peripheral tissues, it is now widely appreciated that neurons, in particular hypothalamic
neurons, develop insulin resistance [91-93]. However, the extent to which CNS 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 unknown [94, 95]. In
rodent studies, high fat diet feeding drives sex-dependent changes in hypothalamic genes where
female mice exhibit changes in expression of epithelial cell related genes such as Epcam, Cldn5 and
claudin 5, whilst males exhibited an increase in pro-inflammatory genes including COX2, MerTK,
CD86 and CD163 [96]. Evidence from such rodent studies suggests that hypothalamic inflammation,
unlike peripheral inflammation, occurs within hours of high-fat diet prior to any weight gain [97].
Beyond the hypothalamus, studies in mice have demonstrated that high fat diet-driven inflammation
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occurs across multiple regions of the brain including the cortex and hippocampus which can impact
many CNS functions including cognitive function and memory [98, 99]. Therefore, brain
inflammation and neuronal insulin resistance appear to manifest early after high fat diet intake and
occur before any changes in body weight/composition are evident. While the mechanisms that cause
neuronal changes remain to be determined, emerging research indicates glial 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 focussed on insulin’s effects in neurons, insulin signalling in glial
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 blood-derived metabolic cues into the parenchyma [100, 101]. In the hypothalamus,
astrocytes express insulin receptors and control glucose-induced activation of POMC neurons via the
IRS-1/P13K/Akt cascade [100]. 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, hypothalamic-pituitary-gonadotropin axis dysfunction and reduced fertility [103].
Mice with postnatal ablation of the insulin receptor in astrocytes show excessive re-feeding after an
overnight fast [104]. In addition, female mice lacking the insulin receptor specifically in astrocytes
exhibit reduced preference for sucrose [105]. These findings suggest insulin has multiple CNS effects
mediated by astrocytes that are important in many homeostatic functions. Recent work highlights
that the release of saturated free fatty acids by astrocytes following CNS damage or disease can
cause neuronal death [106]. Why astrocytes release neurotoxic free fatty acids into the brain
parenchyma is not clear but appears to involve TLR4-mediated microglial activation [107]. Whether
release of toxic free fatty acids from astrocytes is exacerbated in the obese, insulin resistant brain to
drive chronic microglial activation is not known.

Insulin and insulin resistance in microglia

Microglia are the resident immune cell in the CNS and have long processes, which they continuously
extend and retract to scan their environment. Beyond immune activities in the CNS, microglia also
have important functions in brain physiology and contribute to learning and memory [108], trophic
neuronal support, synaptic pruning and homeostatic support for living neurons, which is crucial for
the neural circuit remodelling and synaptic plasticity [109]. Loss of these homeostatic microglial
functions is commonly reported with ageing and in neurodegenerative disease, such as Alzheimer’s
Disease and this is proposed to be further disturbed by obesity [110]. Recent evidence indicates that
microglia also express insulin receptors and are insulin responsive, in vitro, such that insulin induces
the activation of IRS-1/PI3K/Akt signalling pathway to increase the phagocytic activity of microglia
when exposed to a pro-inflammatory stimulus such as lipopolysaccharide (LPS) [102, 111]. In vivo,
insulin persistently activates microglia and increases COX-2/ IL-1B expression in the hippocampus of
young, but not aged male rats [112]. These data suggest that insulin is able to alter microglial
physiology and that excessive insulin signalling may lead to a pro-inflammatory microglial phenotype.
Insulin’s effects in the CNS may become even more important in presence of obesity and peripheral
inflammation since these alter BBB permeability and thus enhance insulin transport into the brain
[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 [114, 115]. Lastly, peripheral immune cells chronically exposed to
insulin can become insulin-resistant and exhibit altered inflammatory profiles [116]. Whether
microglia become insulin resistant and how a loss of normal insulin action impacts microglial activity
is now known.



In a diet-induced model of obesity in rodents, systemic low-grade inflammation was reported to be
associated with increased microglial synaptic pruning and thus reduced cognitive function [117, 118].
Whether microglial-mediated synaptic pruning contributes to the specific hypothalamic neuronal
dysfunction observed in obesity is not known. However, observations in the db/db mouse model
(leptin receptor mutation leading to obesity) suggest that neuronal synaptic plasticity in the
hypothalamus [119, 120], and hypothalamic microglia present with reduced expression of phagocytic
marker CD68 [121]. Furthermore, microglial activation in the arcuate nucleus (ARC) of the
hypothalamus has been observed as early as 3-days on high fat diet [122]. This occurred prior to
weight gain and as accompanied with an increase in uncoupling protein 2 (UCP2) mRNA, a reduction
in synapses on ARC POMC neurons and astrogliosis [122]. When UCP2 was genetically deleted in
mice using an inducible model, microglial activation was attenuated with an increase in excitatory
inputs on POMC neurons. In turn, this protected against diet-induced obesity in both male and
female mice despite the continued presence of astrogliosis in these mice [122]. Therefore, microglia
and astrocytes become activated in the hypothalamus during diet-induced obesity, even prior to
weight gain. However, only microglial activation was associated with changes to neuronal circuitry
organisation involved with feeding behaviour and energy homeostasis. These findings suggest that
aberrant microglial activity is an early driver of hypothalamic dysfunction and has implications for
feeding behaviour and whole-body energy homeostasis.

Under homeostatic conditions microglia dynamically interact with various components of the CNS
including neurons, astrocytes, blood vessels and other glia [123, 124]. When homeostasis is
disturbed, microglia become reactive and 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 rats [128]. Similarly, treating male
mice with an inhibitor of microglia (PLX5622) or deleting inhibitor of NF-kB kinase subunit b (IKBKPB)
in microglia reduces diet-induced obesity susceptibility [129]. It should be noted, however, that the
beneficial effects of genetic and pharmacological manipulation of microglial functions in obesity were
demonstrated in male rodents only and whether these effects are also present in females needs to
be determined. This is important to highlight given that microglia possess sexually dimorphic roles in
the developing, adult, and aged brain as well as in neurological conditions such as autism and
traumatic brain injury [130-132]. Thus, biological sex may influence the microglial response to
various stimuli and, hence, how microglia respond to insulin, insulin resistance and obesity.
Increasing research indicates that microglia are sensitive to changes in lipid profile in the CNS.
Therefore, differences in adipose tissue expansion between males and females may alter the species
of lipids present in the CNS and thus account for some of the different microglial activities and thus
inflammation observed between the sexes.

Could increased fatty acids and insulin be the trigger for microglial dysfunction that drives obesity?
Obesity is associated with chronic dyslipidaemia and hyperinsulinaemia [19, 133]. Circulating fatty
acids are increased in obesity due to expansion of adipose tissue and increased rates of lipolysis due
to adipocyte insulin resistance [133]. Certain species of fatty acids, such as palmitic and stearic acids,
are immunogenic and can trigger peripheral inflammatory cascades initiated by TLR4 stimulation,
releasing pro-inflammatory cytokines such as TNF-a as well as interleukin (IL)-1p and IL-6 [134, 135].
Chronic exposure to free fatty acids on high fat diet promotes endothelial dysfunction which
increases BBB permeability [49, 50, 52, 53], allowing increased access of circulating factors, such as
fatty acids and insulin to the brain parenchyma. Increased fatty acids in the CNS have been shown to
cause insulin resistance [136] and activate microglia in a TLR4-dependent manner leading to
increased production of proinflammatory cytokines (e.g., TNF-a) and reactive oxygen species [137-
140] (shown in Fig. 2). Increased BBB permeability also increases access of circulating
proinflammatory cytokines to the CNS thus forming a chronic, toxic environment for neurons [141-
145]. Indeed, studies show that acute high fat feeding in rodents quickly activates inflammatory



responses in the CNS and these impairs CNS insulin signalling prior to any weight gain [146, 97, 147,
139]. Itis worth noting that studies have reported increased expression of pro-inflammatory genes
specifically in male mice given a high fat diet with no changes noted in female mice [96]. The
discrepancy in immune system activation between the biological sexes may partially explain the
accelerated metabolic dysfunction seen in obese males compared with obese females.

As noted previously, insulin has also been demonstrated to induce microglia reactivity and trigger the
release of pro-inflammatory cytokines [112]. Hyperinsulinaemia, as seen following high fat diet
intake [18, 148], may provide another stimulus to further drive microglia toward a proinflammatory
state in obesity. In turn, increased microglial production of cytokines such as TNF-a, which inhibits
insulin receptor signalling at very low concentrations [149], provides a mechanism where microglia
can directly inhibit neuronal insulin signalling. The impact of reduced insulin signalling on brain
function as a whole is poorly understood but has been linked with cognitive impairment and
Alzheimer’s disease [87, 150, 139, 145]. In the hypothalamus, insulin resistance in AgRP and POMC
neurons leads to loss of whole-body energy homeostasis and obesity by driving alterations in feeding
behaviour and glucose metabolism in addition to increased lipolysis in adipose tissue as a result of
insulin resistance in POMC, but not AgRP neurons [151]. 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 role of the CNS in the regulation and
dysregulation of energy homeostasis. The evidence above suggests microglia are highly sensitive to
changes in whole body metabolism, becoming activated when exposed to increased free fatty acids
and/or increased insulin. Thus, 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 of energy homeostasis
leading to further food intake (shown in Fig. 2). This results in further dysregulation of whole-body
metabolism and promotes a positive feedback cycle where peripheral changes drive CNS changes
that in turn drive further peripheral changes. Thus, modulation of microglial function could offer new
approaches to interrupt this cycle to restore metabolic homeostasis and help mitigate obesity and its
pathophysiological consequences.
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Figure Legends

Fig. 1. Schematic depicting differences in adipose distribution between females and males. In males, apple-
shaped obesity is more prevalent where visceral fat accumulation occurs. In apple-shaped obesity, systemic
inflammation and insulin resistance are typical consequences of obesity. In pre-menopausal females, pear-shaped
obesity is more prevalent where subcutaneous fat accumulation, particularly on the thighs, is favoured and this is
associated with normal insulin sensitivity. In contrast, adipose distribution in post-menopausal females shifts
towards a male-like, apple-shaped pattern where visceral fat accumulation is favoured promoting insulin
resistance and inflammation.

Fig. 2. Schematic depicting the role microglia may play in the CNS during obesity to drive neuronal insulin
resistance and loss of whole-body metabolic homeostasis. (A) In healthy people, adipose tissue is insulin
sensitive and releases low amounts of free fatty acids into the circulation as needed for homeostasis. The BBB is
intact and free fatty acid and insulin access to the brain parenchyma is tightly controlled by transport
mechanisms. Microglia are performing homeostatic roles and neuronal insulin activation promotes satiety. (B) In
response to increased dietary fat intake adipose tissue expands and becomes insulin resistant. Loss of insulin
action in adipose tissue leads to lipolysis and increased release of free fatty acids into the blood stream. At the
same time, insulin secretion is increased to compensate for the developing insulin resistance driving
hyperinsulinaemia. Free fatty acids increase the permeability of the BBB leading to increased access of fatty acids
and insulin to the brain parenchyma and activation of microglia. Activated microglia release proinflammatory
cytokines, such as TNF-a, which further increase BBB permeability and inhibit insulin signalling in neurons leading
to reduced satiety and thus increased feeding behaviour. Together, a lack of satiety promoted increased food
intake coupled with increased sympathetic nervous system (SNS outflow to adipose tissue driving more lipolysis
creates a positive feedback cycle to drive weight gain and insulin resistance as seen in obesity.
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Males

Apple-shaped obesity
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= |nsulin resistant
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Pre-menopause
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Post-menopause
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= Visceral fat accummulation
= |nsulin resistant
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