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Abstract

Diet-induced obesity leads to devastating and common chronic diseases,
fueling ongoing interest in determining new mechanisms underlying both
obesity and its consequences. It is now well known that chronic overnutri-
tion produces a unique form of inflammation in peripheral insulin target
tissues, and efforts to limit this inflammation have met with some success in
preserving insulin sensitivity in obese individuals. Recently, the activation
of inflammatory pathways by dietary excess has also been observed among
cells located in the mediobasal hypothalamus, a brain area that exerts central
control over peripheral glucose, fat, and energy metabolism. Here we review
progressin the field of diet-induced hypothalamic inflammation, drawing key
distinctions between metabolic inflammation in the hypothalamus and that
occurring in peripheral tissues. We focus on specific stimuli of the inflamma-
tory response, the roles of individual hypothalamic cell types, and the links
between hypothalamic inflammation and metabolic function under normal
and pathophysiological circumstances. Finally, we explore the concept of
controlling hypothalamic inflammation to mitigate metabolic disease.
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INTRODUCTION

The prevalence of obesity, in the context of dietary excess and sedentary lifestyles, has risen dra-
matically in recent decades, and it is now estimated that up to 36% of adults in the United States
are obese [body mass index (BMI) > 30 kg/m?’] and that another 33% are overweight (BMI >
25 kg/m?) (1). Particularly alarming is the increase in obesity among certain ethnicities, in highly
populous emerging nations, and among children (2). Moreover, obesity is closely associated with
devastating diseases such as type 2 diabetes, cardiovascular disease, steatohepatitis, neurodegen-
eration, and certain forms of cancer (3). Given this scenario, there has never been a greater need
to determine the mechanistic underpinnings leading to both obesity and its consequences.

It is now well accepted that overnutrition in susceptible individuals results in metabolic in-
flammation, or metaflammation, which is a form of chronic, low-grade, sterile inflammation in
the absence of any demonstrable systemic or local microbial infection (3, 4). This diet-induced
activation of inflammatory pathways—which has been observed in a variety of insulin-responsive
peripheral tissues, including white adipose (5, 6), liver (7), and skeletal muscle (8, 9) tissues—
is implicated in driving aspects of metabolic dysfunction, including the development of insulin
resistance. Interestingly, genetically deleting key aspects of inflammatory function in mice is pro-
tective against both diet-induced metabolic inflammation in these tissues and the development
of insulin resistance. These findings highlight the idea that inflammatory pathways may play a
causative role in metabolic dysfunction. Nutrient overload also stimulates metabolic inflammation
in the pancreatic islets, promoting {3 cell apoptosis and reducing insulin secretion that leads to
full-blown diabetes (10, 11). These data demonstrate that metabolic inflammation is not limited
to glucose-consumptive insulin target tissues.

In addition to being activated in peripheral tissues, inflammatory pathways are also activated
in brain areas that exert central control over peripheral glucose, fat, and energy metabolism. In
particular, inflammation in the mediobasal hypothalamus (MBH), which contains the arcuate
nucleus (ARC) and median eminence (ME), occurs in the context of diet-induced obesity (DIO)
(12-14). However, critical questions need to be answered before determining the value of targeting
mechanisms underlying diet-induced hypothalamic inflammation to prevent or treat metabolic
disease. In this review, we discuss progress in the field of diet-induced hypothalamic inflammation
and draw distinctions between metabolic inflammation in the hypothalamus and that occurring in
peripheral tissues. We also discuss the impact of hypothalamic inflammation on metabolism, under
both normal physiological and pathophysiological circumstances, and explore potential strategies
to mitigate hypothalamic inflammation to control metabolic disease.

THE ASSOCIATION BETWEEN DIET-INDUCED OBESITY
AND HYPOTHALAMIC INFLAMMATION

Obesity-associated hypothalamic inflammation was initially described in 2005 after it was dis-
covered that inflammatory pathways were activated in the hypothalami of rats fed a high-fat diet
(HFD) for 16 weeks (15). This work revealed a diet-induced upregulation of the inflammatory cy-
tokines tumor necrosis factor o« (INF-w), interleukin (IL)-1{, and IL-6. In conjunction with these
proinflammatory transcriptional changes, the hypothalamic actions of insulin, which normally acts
under euglycemic conditions to acutely reduce food intake, were impaired. Since this earlier study,
diet-induced hypothalamic inflammation has also been observed in mice and reconfirmed in rats
(16-18).

One of the key distinctions between diet-induced metabolic inflammation in peripheral tis-
sues and that occurring in the hypothalamus relates to latency. Studies show that inflammatory
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responses to overnutrition develop much more rapidly in the hypothalamus compared with pe-
ripheral tissues. Indeed, metabolic inflammation in the white adipose tissue is marked by the
accumulation of macrophages and CDS8 effector T cells and by a reduction in the numbers of cells
that exert restraining effects on inflammation, including eosinophils and regulatory T cells (19).
These changes are induced by chronic obesity over, for example, weeks to months in rodents con-
suming a high-calorie HFD or by chronic hyperphagia in the context of specific genetic models
(6, 20). By contrast, diet-induced metabolic inflammation in the hypothalamus—as marked by, for
example, the increased transcription of inflammatory cytokines—can occur quickly over 24-72 h
after initiation of a HFD in rodents (16).

Therefore, hypothalamic inflammation induced by dietary excess precedes the onset of overt
obesity and occurs much earlier than inflammation or metabolic disturbances in peripheral tis-
sues. This primacy suggests that hypothalamic inflammation plays an acute role in modulat-
ing normal metabolic physiology and is an early driver of the pathophysiology associated with
overnutrition.

HYPOTHALAMIC CONTROL OF METABOLIC FUNCTION

Hypothalamic Neurocircuitry and Feedback Regulation

The MBH is a critical regulator of food intake, energy expenditure, body weight, and glucose
metabolism (21-23). The ARC, which sits adjacent to the third ventricle in the MBH and is the
best-understood hypothalamic area in this regard, contains two interconnected groups of neu-
rons. One group is orexigenic and releases the neurotransmitters neuropeptide Y (NPY) and
agouti-related peptide (AgRP). The other is anorexigenic and contains neurons expressing pro-
opiomelanocortin (POMC). When bound to its cognate receptor, NPY is a potent stimulator of
food intake and reducer of basal energy expenditure (24). In contrast, POMC neurons release
a-melanocyte-stimulating hormone (-MSH), which binds to melanocortin receptors (MCRs)
3 and 4 and exerts anorectic effects. AgRP is an inverse agonist at both the MC3R and MC4R
and prevents the anorectic effects of a-MSH (25). Therefore, NPY/AgRP neurons and POMC
neurons reciprocally regulate one another to form an elegant neuronal circuit. Due to their in-
terconnectedness and reciprocal actions, these two groups of neurons allow the hypothalamus to
exert fine-tuned control over other groups of neurons and ultimately on efferent CNS outputs that
regulate energy balance and fuel homeostasis in the rest of the body. The neuronal circuitry of the
hypothalamus, and its impact on metabolic regulation, has been extensively reviewed elsewhere
(26).

This hypothalamic circuit of energy balance is amenable to feedback regulation by circulating
metabolic signals, including those from nutritional hormones such as leptin and insulin. As is
the case for local neurotransmitters, these two hormonal signals also exert reciprocal actions on
one another in the MBH, revealing another layer of competing inputs that can finely modulate
CNS-dependent metabolic control (21, 27).

Hypothalamic Nutrient Sensing in Metabolic Control

Finally, AgRP and POMC neurons are also able to sense nutrients, and there is evidence for
reciprocal regulation in this regard as well. For example, increasing extracellular levels of glu-
cose inhibits the firing of AgRP/NPY neurons and stimulates firing among POMC neurons (28,
29). As a result of this hypothalamic glucose-sensing capacity, peripheral glucose infusions can
increase CNS-induced sympathetic activity (30) and can consequently stimulate thermogenesis
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even when the effects of insulin are controlled for (31). The specific thermogenic effects of glucose
are probably also mediated by other groups of hypothalamic glucose-sensing neurons, including
those residing in the ventromedial hypothalamus (VMH). Evidence for VMH control over ther-
mogenesis comes from classical work showing that injections of glucose directly into the VMH of
rats are sufficient to increase the activity of sympathetic efferent fibers that eventually stimulate
brown adipose tissue (BAT) activation, as measured by recording the firing rates of sympathetic
neurons innervating the BAT (32).

Beyond its control of basal thermogenesis, hypothalamic glucose sensing is also part of the
feedback regulatory mechanism that maintains whole-body glucose homeostasis in mammals. For
example, changes in hypothalamic glucose concentrations modulate the output of vagal efferents
that regulate hepatic glucose production. As such, increasing hypothalamic glucose levels markedly
reduces hepatic glucose production. In addition to responding to glucose, hypothalamic neurons
respond to lactate. For example, administering lactate directly into the ARC of mice is sufficient
to inhibit hepatic glucose production, and the effects of lactate in the hypothalamus are blocked
by coinfusion of the Kyrp channel blocker glibenclamide (33).

The sensing of both glucose and lactate by the hypothalamus also modulates CNS control over
hepatic lipid metabolism, as intracerebroventricular (ICV) administration of glucose or lactate
lowers circulating lipid concentrations and hepatic triglyceride synthesis. Although the molecular
sensors of central glucose and lactate have yet to be fully defined, hypothalamic Kyrp channel
activity appears important for mediating the effects of both centrally acting glucose and lactate on
hepatic lipid metabolism (34).

Hypothalamic neurons detect and respond to changes not only in carbohydrates and glycolytic
by-products but also in circulating lipid levels. To date, no molecular sensors of hypothalamic
lipids have been identified. However, one set of studies suggests that long-chain fatty acid (FA)-
CoA molecules alter the activity of hypothalamic neurons via mechanisms regulating intracellular
patterns of lipid flux. For example, ICV administration of the monounsaturated FA oleic acid
inhibits food intake and decreases hepatic glucose production in mice (35, 36). The effects of
central oleate infusion are essentially duplicated by ICV administration of etomoxir; this drug
inhibits hypothalamic carnitine palmitoyltransferase, an enzyme that catalyzes the rate-limiting
step in the intracellular -oxidation of FAs.

The importance of intracellular FA sensing within the hypothalamus is further bolstered by
work focusing on lipoprotein lipase (LPL), an enzyme that catalyzes the hydrolysis of triacyl-
glycerols present within lipoproteins. This enzyme facilitates the intracellular uptake, storage,
and utilization of FAs (37). Deleting neuronal LPL in mice produces significant hyperphagia and
increases CNS levels of two orexigenic neuropeptides, AgRP and NPY, leading to obesity (38).
The metabolic changes associated with LPL deficiency were coupled to deficiencies in essential
and long-chain FAs within the hypothalamus, pointing to a potential role of hypothalamic LPL
in regulating intracellular lipid content.

HYPOTHALAMIC INFLAMMATION AND METABOLIC
DYSFUNCTION IN OBESITY

Comparing Metabolic Inflammation in the Hypothalamus
and Peripheral Tissues

Although nutrients, fluctuating within normal physiological parameters, are important regulators
of hypothalamic neurocircuitry, the excess consumption of these same nutrients is implicated in
triggering metabolic inflammation in the MBH. For example, acute administration of glucose in
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the third ventricles of mice increases the activity of NF-«kB (nuclear factor k-light-chain enhancer
of activated B cells), a master transcriptional activator of inflammation that is critical for the
cellular response to a variety of proinflammatory molecular patterns, in the hypothalamus but not
in peripheral tissues (18).

Acute increases in the hypothalamic levels of specific lipids also exert proinflammatory effects
within the MBH. For example, ICV administration of long-chain saturated FAs (SFAs) in rats
induces the expression of several inflammatory cytokines within the hypothalamus (39). The
concept that this inflammatory response is caused by nutrient excess rather than by associated
changes in body weight (obesity) is supported by work showing that hypothalamic inflammation
is induced within a few hours to 3 days following either glucose or lipid infusion, a time course
that is too rapid to be reflective of diet-induced weight gain, which happens much more slowly
(16). Similarly, recent work showed that hypothalamic inflammation in response to feeding mice
a HFD was still evident even after the mice were switched back to a low-fat diet and lost the excess
weight that they had previously gained (40). Therefore, diet-induced metabolic inflammation in
the hypothalamus can happen rapidly, in a body weight—independent manner that precedes overt
obesity, and may persist after the loss of excess body weight.

Interestingly, in accordance with the persistent nature of hypothalamic inflammation that is
induced by the intake of excess dietary fat, evidence also suggests that recovery from the impairment
of hypothalamic function induced by a HFD is slow. For example, resistance of hypothalamic
neurons to the actions of the adipokine leptin, a phenomenon that occurs in mice with DIO in
parallel with hypothalamic inflammation (39, 41), is not reversible until mice chronically fed a
HFD are returned to a low-fat diet for 20 weeks (42).

Because diet-induced hypothalamic metabolic inflammation precedes or occurs simultaneously
with hypothalamic dysfunction, there is growing interest in the notion that hypothalamic inflam-
mation is a cause rather than a consequence of diet-induced metabolic disease. This concept is
distinct from findings in peripheral tissues such as the white adipose, where both acute phys-
iological stimuli (for example, fasting) and chronic overnutrition (obesity) increase the num-
ber of macrophages in the tissue. Interestingly, under these two conditions, the phenotypes of
macrophages recruited into the white adipose tissue are quite different; fasting promotes the accu-
mulation of anti-inflammatory M2 macrophages, and obesity is associated with the accumulation
of relatively inflammatory M1-like macrophages. Unlike for peripheral tissues, the phenotypic
nature of diet-induced metabolic inflammation in the brain is not understood. Further studies
are needed to dissect the role of specific hypothalamic inflammatory pathways in acute versus
chronic regulation of hypothalamic neuronal function. Additionally, further work is needed to
determine the role of metabolic inflammatory activation in the regulation of normal hypotha-
lamic physiology and in the pathophysiological effects on feeding, energy expenditure, and fuel
metabolism that are seen under conditions of overnutrition. Finally, sex differences are important
in directing hypothalamic development and in the hypothalamic regulation of energy homeostasis
and body composition. In this regard, a recent study indicates that regulation of estrogen receptor
signaling in the brain may be a determinant in the susceptibility of mice to diet-induced hypotha-
lamic inflammation (43). Future work will need to fully determine the extent to which metabolic
inflammation in the brain is sexually dimorphic.

Functional Consequences of Hypothalamic Metabolic Inflammation

Recent work has gone beyond describing the rapid onset of diet-induced hypothalamic metabolic
inflammation and has begun to delve into its functional impact on tissues throughout the body.
These efforts show that the inflammatory activation in the MBH exerts broad effects on peripheral
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Figure 1

The impact of metabolic inflammation in the MBH on the neurocircuitry controlling energy balance and
processes that maintain hypothalamic architecture. Specifically, diet-induced hypothalamic inflammation is
associated with reduced responsiveness of POMC and AgRP neurons in the ARC to the physiological
actions of leptin and insulin. Hypothalamic inflammation is also linked to a reduction in the capacity of
tanycytes and other potential progenitor cell types lining the wall of the 3V to give rise to new neurons and
glia. Leptin resistance is associated with increased food intake and reduced energy expenditure, exacerbating
obesity. Disrupted neurogenesis is associated with enhanced aging. Also shown are hypothalamic control
mechanisms regulating thermogenesis, hepatic metabolism, and pancreatic insulin secretion. Hypothalamic
metabolic inflammation is implicated in altering these control mechanisms to result in BAT, liver, and
pancreatic islet dysfunction. Abbreviations: 3V, third ventricle; AgRP, agouti-related peptide; ARC, arcuate
nucleus of the hypothalamus; BAT, brown adipose tissue; Dio2, type 2 deiodinase; MBH, mediobasal
hypothalamus; ME, median eminence of the hypothalamus; PGC-1«, peroxisome proliferator-activated
receptor gamma coactivator 1 alpha; POMC, pro-opiomelanocortin; UCP-1, uncoupling protein 1.

tissues (Figure 1). For example, hypothalamic inflammation, independently of body weight, is
associated with impaired insulin release by pancreatic 8 cells, with insulin action in target tissues,
and with the development of renovascular dysfunction leading to hypertension (44-46).

There is also evidence to suggest that peripheral metabolic disturbances lead to cellular stress
in hypothalamic neuronal subsets (16). For example, Hsp72, a heat shock protein induced in
response to many forms of cellular stress (47), is rapidly induced in neurons within both the ARC
and ME of rats consuming a HFD (16). In particular, Hsp72 expression is prominently induced in
POMC neurons involved in satiety signaling. This neuronal stress response gives way to apoptosis
of hypothalamic neurons when the HFD is chronic in nature. Moreover, ICV administration of
the proinflammatory cytokine TNF-o at low doses in rats is also sufficient to induce apoptosis
of hypothalamic neurons (48, 49), indicating that soluble inflammatory factors may play a role in
promoting neuronal demise in the setting of overnutrition.
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Recent work suggests that, beyond modulating the regulation of hunger and satiety, low-
grade hypothalamic inflammation also reduces adaptive thermogenesis (50, 51). For example,
ICV administration of TNF-« provided at low doses is sufficient to reduce the expression of genes
encoding uncoupling protein 1, peroxisome proliferator—activated receptor gamma coactivator 1
alpha, and type 2 deiodinase, all of which are upregulated in BAT under conditions favoring
thermogenesis, such as cold and fasting (50). Moreover, mice lacking a critical TNF-« receptor
[TNF- type 1 (p55) receptor (INFR1)] have increased BAT activation and are accordingly
resistant to obesity in response to consuming a HFD (52).

The effects of hypothalamic inflammation on glucose and energy metabolism may have strong
health and disease consequences. For example, a recent study demonstrated that the predisposition
of mice lacking insulin receptor substrate 2 (IRS-2) [a well-studied murine model of diabetes (53)]
to develop overt hyperglycemia occurs in association with the activation of inflammatory hypotha-
lamic pathways in parallel with antecedent changes in feeding, body weight, and systemic glucose
intolerance (54). In summary, work in rodent models indicates that strategies aimed at amelio-
rating diet-induced hypothalamic inflammation may have translational potential in preventing
metabolic disease.

Despite these intriguing correlations linking hypothalamic inflammation and positive energy
balance associated with weight gain, a vexing paradox remains: Hypothalamic inflammation can
also be associated with negative energy balance and anorexia (as is the case under conditions
promoting cachexia). An interesting example of this paradox is the finding that, in contrast to
the antithermogenic effects of low-dose TNF-«, delivering high doses of TNF-« into rat brains
stimulates the release of thermogenic neurotransmitters, including thyroid-releasing hormone
and corticotropin-releasing hormone, and reduces hypothalamic levels of NPY and melanin-
concentrating hormone; the net effect is enhanced thermogenesis (51). Two of the key challenges
in the field of hypothalamic metabolic research, therefore, are to determine the neuroanatomical
determinants of these differences and to elucidate what inflammatory signals are involved in
stimulating and modulating these disparate responses (55).

Beyond metabolic diseases, neurodegenerative diseases are another devastating category of
diseases that attack people as they age and that are potentiated by DIO. In this regard, the MBH
and adjacent third ventricular wall are niches for multipotent neural stem cells (NSCs) with the
capacity to differentiate into astrocytes, oligodendrocytes, and new neurons both in vivo and
in vitro (56). This neogenic capacity of the adult hypothalamus may help to preserve normal
CNS control over food intake and energy balance as human beings age (57). Thus, impairing the
putative NSC-dependent remodeling in the hypothalamus by dietary excess is hypothesized to set
up a vicious cycle that increases the susceptibility of individuals to further DIO and consequent
metabolic diseases with advancing age (58).

As such, determining how hypothalamic inflammation impinges on the viability and neogenic
capacity of NSCs residing in the hypothalamus becomes important. For example, cultured hy-
pothalamic NSCs from obese mice overproduce the proinflammatory cytokines TNF-« and IL-13
(56). Also, hypothalamic inflammation, induced by manipulating the IKK3/NF-kB pathway, pro-
motes obesity-associated hypothalamic neurodegeneration in mice (56). Similar findings are well
known in other brain areas. For example, previous work showed that NF-kB-mediated inflam-
mation, induced by activation of Toll-like receptor 4 (TLR4), myeloid differentiation primary
response gene 88 (MyD88), or IL-1 receptor—dependent pathways (59), impairs hippocampal
neurogenesis in the context of age-dependent cognitive decline and mood disorders. Therefore,
diet-induced neuroinflammation can promote the degeneration of circuits beyond those impacting
energy homeostasis to include those governing processes fundamental to aging, such as learning,
memory, and mood.
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EXPLORING THE TRIGGERS AND MEDIATORS OF HYPOTHALAMIC
METABOLIC INFLAMMATION

Saturated Fatty Acids

Long-chain SFAs are emerging as a potential nutritional trigger of hypothalamic metabolic in-
flammation; they exert effects in the brain analogous to those documented for peripheral tissues.
In the course of developing DIO, individuals experience a progressive elevation in circulating
levels of free FAs. These FAs flux into ectopic, nonadipose tissue sites (e.g., liver, skeletal muscle,
pancreas) within the body and contribute to nonadipose tissue steatosis. Once in these tissues, FAs
and their glycerolipid, phospholipid, and sphingolipid metabolites can trigger proinflammatory
pathways in tissue-resident macrophages and infiltrating immune cells. In insulin target tissues,
triggering these pathways alters patterns of PKC, IRS-1, and AKT phosphorylation, leading to
the development of insulin resistance (60). SFAs, including palmitic and stearic acid, can activate
TLR2- and TLR4-dependent signaling pathways, whereas monounsaturated FAs (MUFAs) and
polyunsaturated FAs (PUFAs), particularly #-3 PUFAs, do not do so and may instead protect
against SFA-induced TLR activation (61, 62).

Long-chain palmitoyl and stearoyl (SFA)-CoA species also accumulate within the hypothala-
mus in response to high-fat feeding, and this accumulation is emerging as a driver of hypothalamic
inflammation and of both leptin and insulin resistance (63). The propensity for SFAs to accumulate
may stem, at least in part, from the fact that long-chain SFAs (>C:12) are less efficiently oxidized
than are unsaturated species and therefore flux into compartments that experience less turnover.

The idea that SFAs act locally in the brain to stimulate hypothalamic inflammation is supported
by studies employing ICV injection in mice. ICV injections of stearic acid increase inflammatory
cytokines, including TNF-«, IL-13, and IL-6, and activate JNK and NF-«B in the hypothala-
mus (45). Moreover, consumption of an excess amount of dietary SFAs is more obesogenic than
isocaloric consumption of a diet rich in other FA species (64). The negative impact of excess
dietary SFA on energy balance and body weight regulation therefore correlates well with an in-
crease in the hypothalamic inflammatory response. The concept that SFA-induced hypothalamic
inflammation alters hypothalamic function is further underscored by the observation that DIO in
mice is partially reversed when saturated fats are replaced by unsaturated fats (65). More impor-
tantly, this reversal was associated with lowered hypothalamic inflammatory responses and with
the restoration of leptin and insulin sensitivity (65).

The specificity of dietary SFAs as inducers of inflammation within the MBH has been assessed
in several ways. First, MBH-focused inflammation that is induced by feeding mice a diet rich in
SFAs is reproduced within days after administering SFAs via enteric gavage. By contrast, enteric
administration of isocaloric MUFAs, PUFASs, or short-chain SFAs does not produce such an effect
(66). Additionally, hypothalamic inflammation can be specifically induced by ICV infusion of SFAs
(18, 39, 41). Moreover, inflammation induced by CNS administration of SFAs (#) promotes the
impairment of hypothalamic leptin and insulin signaling and (/) increases body weight and disturbs
other metabolic parameters (18).

To better define the links between hypothalamic lipid flux, lipotoxicity, inflammation, and
neuronal dysfunction, investigators have begun performing lipidomic analyses on hypothalamic
tissue under various conditions (67). Such approaches have revealed that consuming a HFD pro-
duces a specific accumulation of dietary lipids in the hypothalami of mice, although whether there
are differences across individual hypothalamic nuclei is unknown. This finding is of interest given
that some of these dietary lipids, such as diacylglycerols and ceramides, are already known to
impair insulin signaling in peripheral tissues (17, 68). Furthermore, profiles of hypothalamic FAs
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closely mirror the profiles of dietary FAs when consumed in excess; this is not true for other brain
regions, highlighting the unique ability of the hypothalamus to sense changes in dietary fat intake
(69). Focusing on the hypothalamus in conjunction with new, high-resolution mass spectrometric
methods therefore has the potential to identify unrecognized lipids that may trigger or modulate
metabolic inflammation in the hypothalamus.

Inflammatory Cytokines

The role of inflammatory cytokines in hypothalamic inflammation has been explored, and the
data are mixed. On one hand, hypothalamic levels of activated IKKf and several inflammatory
cytokines become relatively high in response to dietary excess (18). Pharmacological activation of
the IKKB/NF-«B pathway or introduction of a constitutively active IKKf into hypothalami of
mice also causes obesity and both leptin and insulin insensitivity. By contrast, inhibiting NF-«B
maintains leptin and insulin sensitivity and protects against obesity in the face of dietary challenge
(18). On the other hand, forced activation of the IKKB/NF-«B pathway in hypothalamic neurons
is not associated with an increase in hypothalamic expression of proinflammatory cytokines (18),
suggesting that, whereas neuronal NF-«B signaling may be important in regulating hypothalamic
function, activation of the NF-«B pathway in nonneuronal cell types may play a key role in the
elaboration of inflammatory cytokines in the setting of hypothalamic metabolic inflammation.

Recent evidence targeting individual cytokine receptor pathways within the hypothalamus
suggests strongly that inflammatory cytokines act directly in the hypothalamus to promote diet-
induced metabolic disease. For example, ICV administration of TNF-a atlow doses increases food
intake, decreases energy expenditure (50, 70), and increases blood pressure (46), thus recapitulating
the effects of overnutrition. In addition, ICV injection of TNF- also affects pancreatic function
by impairing insulin secretion and altering pancreatic expression of genes involved in cellular
energy metabolism, mitochondrial function, and apoptosis (45). Consistent with these findings,
genetic ablation of TNF-« (13, 71) or TNFR (50, 52) in mice lessens the impact of overnutrition.
Interestingly, ICV injection of stearic acid (SFA) mimics that of TNF-« and leads to proapoptotic
signaling and dysfunctional insulin secretion in pancreatic islets, indicating that SFAs and TNF-«
modulate the same or parallel hypothalamic pathways involved in metabolism (45).

Whereas the secretion of cytokines such as TNF-o and IL-6 in myeloid cells is stimulated by
NF-«B activation, another highly regulated protein complex termed the Nod-like receptor pro-
tein 3 (NLRP3) inflammasome integrates NF-«kB-dependent signaling with separate inflammatory
signals resulting from the detection of pathogen- and danger-associated molecular patterns. In-
terestingly, lipids such as cholesterol, in crystal form, and SFAs induce NLRP3 activation, leading
to consequent activation of caspase-1, and induce the processing and secretion of two cytokines,
IL-1f and IL-18. Several studies showed that the NLRP3 inflammasome is important in the
pathogenesis of diet-induced metabolic inflammation in peripheral tissues, insulin resistance, and
obesity (72-76). More recently, Nirp3- and Caspl-deficient mice were shown to be resistant to
diet-induced hypothalamic inflammation (73). An emerging area of active research is focused on
what MBH cell types mediate the NLRP3 inflammasome activation; what DAMPs are sensed by
these MBH cells in dietary excess; and what role the NLRP3 inflammasome, IL-1f, and IL-18
play in diet-induced hypothalamic dysfunction.

Cytokines acting in the brain do not always stimulate processes leading to weight gain or
insulin resistance. For example, recent work suggests that IL-6 and IL-10 are involved in the
exercise-induced suppression of hyperphagia and in reducing both IKKB/NF-«B activity and en-
doplasmic reticulum (ER) stress in the brain (77). Indeed, IL-6 can promote proinflammatory or

www.annualreviews.org o Hypothalamic Inflammation and Metabolism

NLRP: Nod-like
receptor protein

DAMP:
danger-associated
molecular pattern

139



BBB: blood-brain
barrier

ROS: reactive oxygen

species

140

anti-inflammatory effects, depending on the environmental circumstances. In addition, the infu-
sion of recombinant IL-6 into the third hypothalamic ventricle reduced food intake, hypothalamic
ER stress, and IKK{ activation in obese mice. Similarly, infusion of recombinant IL-10 into the
third ventricle promoted the restoration of energy homeostasis in obese mice by abrogating ER
stress, blocking IKKf3 activation, and restoring insulin-simulated Akt phosphorylation and leptin-
induced STAT3 phosphorylation (77). Recently, investigators showed that spleen-derived IL-10
was decreased in rats with DIO compared with levels in lean counterparts and that splenectomy
accelerated DIO-induced hypothalamic inflammation (78). These data suggest that the original
source of IL-10 in modulating hypothalamic inflammation comes from a peripheral location, such
as the spleen. Whether IL-10 crosses the blood-brain barrier (BBB) freely or whether its transport
into the brain is actively regulated remains to be determined. In any case, splenic IL-10 may be
emerging as a potential target to quell diet-induced hypothalamic inflammation and its deleterious
impact on metabolic function.

CNS administration of IL-4 also exerts anti-inflammatory effects, which have been associated
with beneficial disease-modifying outcomes in mouse models of neuroinflammation, including
experimental autoimmune encephalomyelitis (79) and Alzheimer’s-like dementia (80). However,
IL-4 unexpectedly enhanced the proinflammatory effects of high-fat feeding in the hypothalami
of mice, suggesting that the role of IL-4 in the pathogenesis of diet-induced hypothalamic inflam-
mation may differ importantly from its role in other models of brain inflammation (81).

Endoplasmic Reticulum Stress

The inflammatory pathways linked to the development of insulin resistance are also closely linked
to ER stress in multiple cell types (82). For example, activation of the unfolded protein response
(UPR) to ER stress can lead to activation of NF-kB signaling via the ability of UPR sensors [e.g.,
ATF-6 (transcription factor 6), IRE1 (inositol-requiring enzyme 1), and PERK (protein kinase
RNA-like ER kinase)] to modulate positive and negative regulators of the IKK3/NF-«B pathway
(83-85). Moreover, overnutrition in mice has revealed a positive feedback mechanism in which
hypothalamic IKKR/NF-kB activation promotes the induction of neuronal ER stress (18, 46),
setting up a potentially vicious cycle. Indeed, mice that genetically lack the IRE1-dependent tran-
scription factor Xbp1 (X-box-binding protein 1) are susceptible to hypothalamic leptin resistance
and to associated body weight gain (86).

Oxidative Stress

Oxidative stress is also being explored as a factor in initiating and maintaining hypothalamic
metabolic inflammation in the setting of overnutrition. Oxidative stress results from an ongoing
imbalance between the production and disposal of reactive oxygen species (ROS). The prece-
dent for focusing on oxidative stress comes from work in peripheral tissues such as the liver and
white adipose tissue, where local ROS generation and oxidative stress precede severe metabolic
inflammation and the onset of insulin resistance induced by DIO (87).

Recently, mitochondrial ROS generation was directly linked to inflammation. For example, the
NLRP3 inflammasome in macrophages is activated by chemical and genetic manipulations that
induce mitochondrial dysfunction and promote ROS. NLRP3 is also induced by pharmacological
or genetic inhibition of mitophagy (a form of autophagy in which defective mitochondria are selec-
tively degraded), leading to the accumulation of damaged, ROS-producing mitochondria (88-91).

The human brain accounts for approximately 2% of total body weight but utilizes approx-
imately 20% of the oxygen and calories consumed by the body (92). The brain’s metabolic
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demand confers a vulnerability to excess ROS generation and oxidative stress in the setting of
high rates of oxidative phosphorylation and electron transport chain flux (93). Mitochondria
generate considerable amounts of ROS as a result of both glucose and fat oxidation. As such, the
finding that orexigenic AgRP neurons in the hypothalamus utilize intracellular lipids for energy,
particularly during fasting (94), demonstrates a mechanism by which excessive consumption of
dietary fats may lead to ROS generation and fuel oxidative stress in hypothalamic neurons. Indeed,
intraperitoneal injection of triacylglycerols (Intralipid®) increased mitochondrial respiration and
ROS production in the hypothalami of rats (95).

Examining the physiological impact of oxidative stress on hypothalamic function has revealed
that increased ROS generation is associated with abnormal hypothalamic glucose sensing in
Zucker fatty rats (94) and other rodent models (95). Increased ROS generation has also been
linked to abnormal lipid sensing in rodents (96). Future research is needed to determine (#) the
relationship between oxidative stress and the induction of hypothalamic metabolic inflammation
and (b) the potential benefits of targeting hypothalamic ROS generation to prevent diet-induced
metabolic dysfunction.

Autophagy

Autophagy is a cellular process that eliminates damaged cytoplasmic elements and organelles
to maintain internal homeostasis and structural integrity. Autophagy also plays a key role in the
response of cells to metabolic stress (97). In the setting of overnutrition, autophagic pathways are
induced by both ER stress and oxidative stress (98, 99). Recently, the importance of autophagy in
the MBH was revealed after virally mediated knockdown of the gene encoding ATG7, a key me-
diator of autophagy in mice (100). Partially abrogating the levels of ATG7 in the MBH in this way
resulted in mice that ate more, gained more weight, and had increased hypothalamic activation of
IKK(/NF-kB. Interestingly, in this same mouse model, inhibiting IKKf relieved the metabolic
dysfunction, thus providing evidence that defective autophagy is tightly linked to hypothalamic
inflammation. These findings mirror the close association between autophagy and inflammatory
signaling in other tissues. For example, defective autophagy resulted in enhanced lipopolysac-
charide (LPS)-induced IKKR/NF-kB activation in the intestinal epithelia of mice (101). Given
that there are emerging pharmacological tools to modulate autophagic processes, the finding
that autophagy is involved in diet-induced hypothalamic inflammation and its consequences is
intriguing.

CONTRIBUTION OF SPECIFIC CELL TYPES TO HYPOTHALAMIC
METABOLIC INFLAMMATION

Neurons

The hypothalamus contains circumventricular organs that are proximal to the BBB and that have
evolved to sense signals emanating from the peripheral circulation. Given that the MBH also lies
close to the BBB, neurons and other cells in the MBH are anatomically well positioned to sense
and integrate information conveyed by circulating diffusible factors, for example, nutrients, to
mount coordinated neurophysiological responses.

However, this privileged position also makes the MBH vulnerable to the stress-promoting
and potentially toxic effects of circulating factors from the environment, including those asso-
ciated with chronic overnutrition (Figure 2). Research has shown that hypothalamic neurons
are particularly susceptible to nutrient-induced oxidative stress and mitochondrial dysfunction
(102). Studies indicate that first-order POMC and AgRP neurons are among the first to feel the
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Figure 2

Contributors to hypothalamic metabolic inflammation. (#) Normal hypothalamic function involves a
reciprocal interaction between AgRP/NPY and POMC/CART neurons in the ARC. Such neurons respond
to signals from leptin and insulin and regulate both food intake and energy expenditure pathways. (b) In the
setting of chronic dietary excess, this finely tuned regulation is disrupted by the accumulation of nutrients,
including dietary FAs, microglia and astrocytes (both of which undergo a specific form of morphological and
functional alteration), and inflammatory cytokines that exert multiple effects on a variety of cell types. In this
inflammatory context, the normal activity of AgRP/NPY and POMC/CART neurons gives way to
dysfunction, with potentially deleterious effects on energy, lipid, and glucose homeostasis. Tanycytes lining
the ventricular walls, which both assist in transport across the BBB and potentially give rise to new neurons
and glia, are not shown in the figure to depict the impact of hypothalamic inflammation on neogenic
capacity. Also, the BBB is highlighted to indicate its important role in the transport of nutrients, including
FAs and hormones, and its close association with glial cells and neurons in the ME that may be able to
sample the levels of factors present in the systemic circulation. Abbreviations: 3V, third ventricle; AgRP,
agouti-related peptide; ARC, arcuate nucleus of the hypothalamus; BBB, blood-brain barrier; CART,
cocaine- and amphetamine-regulated transcript; FA, fatty acid; ME, median eminence of the hypothalamus;
NPY, neuropeptide Y; POMC, pro-opiomelanocortin.
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effects of hypothalamic inflammation, which produces a detrimental effect on neuronal signaling
in response to leptin and insulin and compromises the secretion of anorexigenic POMC-derived
a-MSH and CART (cocaine- and amphetamine-regulated transcript), corresponding to increased
appetite and a positive energy balance (18).

By contrast with the in vivo effects of a HFD on hypothalamic inflammation, treating cultured
primary hypothalamic neurons with SFAs, for example, does not directly promote inflammatory
pathways or impair insulin action (103). These data suggest that, rather than having a direct effect
on neurons, SFAs alter hypothalamic neuronal function in vivo by modulating the function of
nonneuronal cells, most likely microglia. However, prolonged exposure of cultured neurons to
SFAs does induce ER stress and apoptosis, as is common among many mammalian cell types,
although the mechanism for these in vitro responses is unknown (103, 104).

Whereas IKK3/NF-«B signaling plays a critical role in the pathogenesis of insulin resistance
in peripheral tissues (7, 105), the metabolic impact of IKK3/NF-kB activation in the CNS is still
a matter of debate. Injecting TNF-« into the third ventricles of mice markedly induced IKKf
phosphorylation and IkBa degradation in the ARC, particularly in POMC neurons, and less so
in NPY/AgRP neurons (106). Preferential activation of POMC and not NPY/AgRP neurons by
TNF-o might be expected to disrupt the reciprocal inputs controlling MBH neurocircuitry and
to tip energy balance toward increased food intake and obesity. However, such effects have not
been observed in mouse models that conditionally delete IKKf in POMC neurons. Instead, these
mice exhibit reduced cachexia when induced by classical inflammatory activators such as LPS
(107). In contrast, mice lacking IKKf specifically in AgRP neurons are partially protected from
hyperphagia and weight gain when fed a HFD. Therefore, NF-kB signaling in hypothalamic
POMC and AgRP neurons may have differential metabolic effects in severe or acute forms of
inflammation, as opposed to milder, more chronic forms of inflammation such as that induced by
dietary excess (18).

Investigators have also manipulated neuron-specific inflammatory signaling through TLRs,
which respond to a variety of proinflammatory PAMPs. For example, conditionally deleting
MyD88, an adaptor protein needed for TLRs and IL-1 signaling, in nestin-expressing cells pro-
tected mice from the effects of HFD (41).

Finally, there is increasing evidence that, in addition to innate immune cell types, neurons also
possess functionally important NLRP complexes that form inflammasomes capable of coupling
signal recognition to caspase-1-dependent cleavage of pro-IL-1f to form mature IL-1f3 (108-
111). For example, spinal cord neurons, which are not classically known to serve an immune or
inflammatory function, express NLRP1 inflammasome proteins (112). Moreover, the expression
and cellular localization of neuronal NLRP1 are changed after cervical injury, suggesting that
the NLRP1 inflammasome may play a role in the neuronal response to injury (112). Future
work should focus on determining the relative importance of neuronal NLRP inflammasomes in
nutrient- and/or obesity-induced hypothalamic inflammation.

Microglia

Opver the last decade, it has become evident that microglia are the patrolling sentinels of innate
immunity in the brain and act analogously to resident macrophages in peripheral tissues, as they
are capable of phagocytizing bacteria, debris, and damaged cells. They also help to mount de-
fensive responses against infectious agents and to physical damage and DAMPs (113). However,
microglia, which are yolk sac derived and populate the brain early in embryogenesis, are also
critical players in maintaining the functional and architectural homeostasis of the brain and its
neurocircuitry (114). As such, they play key roles in the remodeling of neurological circuits (115),
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in synaptic pruning (116), and in neurogenesis (117). Indeed, microglia are activated in the context
of several neurodegenerative disease processes. However, it remains unknown whether the sole
role of microglia in this context is to restore homeostasis and normal function, whether microglial
activation is harmful and hastens disease progression, or whether microglia exert both beneficial
and destructive properties in a context-dependent manner (118).

In pursuing this question, recent exciting work shows that hypothalamic microglia respond to
SFAs. Indeed, microglia, like peripheral macrophages, express TLRs and are highly responsive to
LPS stimulation (119). Moreover, primary cultures of microglia mount an inflammatory response
that is highly reminiscent of that of macrophages when treated with long-chain SFAs such as
palmitic acid. This nutrient responsiveness is potentially unique to microglia, as primary astrocytes
do not respond to SFA treatment in this way (66).

As observed for macrophages within white adipose tissue and peripheral metabolic tissues,
microglia that have morphological features of inflammatory activation and that are positive for in-
flammatory cytokines accumulate within the ARC and ME of rodents fed HFD and obese humans
(16, 39, 66). These activated microglia are associated with the hypothalamic buildup of dietary
lipids (43, 67), including FA species, which mirror dietary composition (66). Indeed, feeding mice
specific FA species in an isocaloric manner by enteric gavage showed that the excess consumption
of long-chain SFAs specifically induces microglial activation within the MBH, strongly suggesting
that hypothalamic microglia can sense and respond to rising levels of SFAs to initiate metabolic
inflammation (66).

Activated hypothalamic microglia also engage proinflammatory signaling cascades and secrete
high levels of proinflammatory cytokines that may in turn alter local neuronal circuits involved in
metabolic control. Experimental evidence supports the notion that cross talk between activated
microglia and local neurons in the hypothalamus is important in controlling energy balance. For
example, x-MSH and NPY produced in the ARC modulate nitric oxide production and cytokine
secretion by microglia (120-122). In turn, microglia are also implicated in modulating hypotha-
lamic function. For instance, ICV administration of IL-4 into rats skews microglia toward an
alternative, anti-inflammatory, M2-like state reminiscent of the peripheral macrophage responses
to IL-4. This IL-4-induced, M2-like activation of microglia promoted weight gain in mice, and
these effects were abolished by central administration of an IKKf inhibitor (123), illustrating
that microglia and their polarization state may exert profound effects on hypothalamic pathways
relevant to energy homeostasis.

Building on this concept, we recently showed that increasing the basal number of microglia
in the MBH potentiates the intensity of hypothalamic inflammation triggered by excess con-
sumption of dietary SFAs. In contrast, specifically depleting microglia from the MBH abrogates
SFA-induced hypothalamic inflammation (66). Therefore, microglial content in the MBH may be
critical in orchestrating hypothalamic metabolic inflammation. Moreover, we found that microglia
mediate the cellular stress response in MBH neurons, as marked by HSP72, to excess dietary SFA
consumption. Indeed, depleting microglia from mice consuming excess dietary SFAs was associ-
ated with enhanced hypothalamic signaling in response to peripherally injected leptin (66). The
task now is to determine how microglia orchestrate the operation of hypothalamic circuits, which
control peripheral metabolic functions and go awry in DIO.

What fuels hypothalamic activation of microglia or microgliosis in response to dietary ex-
cess? Is such activation (#) a consequence of local proliferation, migration, and differentiation of
CNS-resident progenitor cells; (b) a consequence of infiltration of bone marrow—derived cells; or
(¢c) due to a combination of these phenomena? Researchers recently reported that HFD-induced
macrophage accumulation in the white adipose tissue is largely due to the proliferation of resident
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THE IMPORTANCE OF MICROGLIAL SELF-RENEWAL

How do microglia accumulate within the MBH in the context of dietary excess and obesity? There is emerging
interest in determining what contextual cues drive this process and what mechanisms are responsible for rapidly
increasing microglial number in response to noninfectious stimuli. One possibility is that microglia accumulate in
the MBH by migrating from other brain areas along gradients established by inflammatory chemokines or possibly
lipids. Another possibility is that bone marrow—derived mononuclear cells from the systemic circulation cross the
fenestrated blood-brain barrier lining the MBH and alter their morphology, and potentially their function, to
resemble that of microglia once they arrive. Some compelling data from murine models support this concept.
Perhaps the most intriguing possibility, however, stems from recent work pointing to the existence of CNS-
resident, nestin-positive progenitor cells that proliferate and specifically give rise to microglia under conditions
in which microglial content needs to expand. Understanding how these possibilities account for the remarkable
plasticity of microglia has the potential to produce breakthroughs in our understanding of neuroinflammation and
neurodegeneration.

macrophages (124), as detailed in the sidebar entitled The Importance of Microglial Self-Renewal,

although infiltration by circulating monocytes may also contribute to their accumulation in this tis-

sue (125). Approaches that experimentally deplete microglia from the brains of mice have shown
that microglia are able to proliferate to repopulate CNS tissues (66, 126). Recently, investiga-
tors showed that a nestin-positive precursor cell type gives rise to mature microglia and that the
proliferation and differentiation potential of these precursor cells depends on stimulation of the
CSF1 receptor (CSFIR) (127). Emerging work is applying pharmacological approaches that block

CSF1R in the brain to control microglial self-renewal for therapeutic purposes. Such a strategy

may have applications in the setting of overnutrition.

Metabolic signals may also play a role in regulating the activation state and number of microglia

in the hypothalamus. For example, treating mice with leptin directly stimulates microglia to secrete
inflammatory cytokines and to assume an activated morphology (128, 129). By contrast, microglial

activation in HFD-fed mice is shifted by exercise toward an anti-inflammatory polarization state

that is also associated with improved glucose tolerance (130).

What cellular signaling pathways mediate microglial activation within the hypothalamus?

Chronic overnutrition in adult mice leads to IKK3/NF-«B hyperactivation in hypothalamic NSCs
and signs of neurodegeneration, consistent with accelerated aging (56). Obesity-associated neu-
rodegeneration in this model was attributed to excessive TNF-a and IL-1f production by mi-

croglia, which were maintained in an M1-like state, although how this polarization is maintained
is unclear. Microglia-specific IKKf ablation appeared to break the inflammatory cross talk be-
tween microglia and NSCs and promoted hypothalamic NSC survival and neurogenesis (56). Not
surprisingly, murine microglia express components of the NLRP3 and NLRP4 inflammasomes,

which are activated by relevant stimuli, including SFAs and cholesterol crystals (131, 132). How-

ever, it is not known whether a distinct subpopulation of microglia express and activate different
inflammasomes according to their anatomical location in the CNS. For example, deleting N/rp3 in
the CNS of mice reduced the age-related activation and inflammatory responses of hippocampal
microglia (133), but not those of hypothalamic microglia (133). The idea that different subsets of

microglia exist within the CNS is a new topic in brain research, and exploring microglial diversity

in the context of metabolic inflammation therefore represents a new frontier.
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Additionally, the relative contributions of TLR-dependent signaling, NF-«kB-dependent sig-
naling, and inflammasome-dependent signaling to microglial polarity within the hypothalamus are
not known. Dissecting these inputs, particularly in the context of nutrient excess, is an important
area for future research.

Astrocytes

Astrocytes participate in several functions within the brain, including the supply of neurons with
nutrients; synaptic plasticity; and the release of neuromodulators, such as glutamate, ATP, and
GABA (134). Astrocytes are heterogeneous, exhibiting different morphologies and expressing
different receptors according to their anatomical location (135). Although their specific function
in the hypothalamus is poorly understood, there are clues that they may respond to signaling events
that target the hypothalamus. For example, hypothalamic astrocytes express various isoforms of
the leptin receptor (135, 136), suggesting that leptin may exert direct effects on them. Indeed,
experimentally manipulating leptin levels can modify the morphology and function of astrocytes
both in vivo and in vitro (137, 138). Given that specific mechanisms may exist to transport leptin
into the hypothalamus, and given that leptin exerts major effects in this part of the brain, it is
intriguing that astrocytes respond to leptin.

Astrocytes may also exert control over neurons involved in metabolic control (139). A recent
report showed that deleting leptin receptors on GFAP (glial fibrillary acidic protein)-expressing
astrocytes altered synaptic connections in hypothalamic circuits controlling feeding behavior and
led to increased food intake after fasting or ghrelin administration (136). Astrocytes also control the
uptake and metabolism of glucose (140) as well as lipids (141) by local neurons. In the case of lipids,
astrocytes produce significant levels of apolipoprotein E, the most abundant lipid transporter in
the CNS. Leptin is proposed to stimulate the secretion of apolipoprotein E by astrocytes in the
hypothalamus, which in turn may facilitate the stimulation of POMC neurons to reduce food
intake and body weight (141). Astrocytes also oxidize FAs to produce ketone bodies, which can be
used as an energy source for neurons (142).

HEFDs are associated with the accumulation of not only microglia (microgliosis) but also as-
trocytes (astrogliosis) within the hypothalamus, and such accumulation may be involved in the
development of hypothalamic leptin and insulin resistance (16, 143). In exploring what triggers
astrogliosis in the setting of overnutrition, early studies reported that cultured primary astrocytes
mount an inflammatory response after treatment with long-chain SFAs (144). However, primary
astrocytes are difficult to culture without contamination from other cell types (145). We recently
used two separate approaches to culture highly pure populations of astrocytes while eliminat-
ing any contaminating microglia and neurons and found that murine astrocytes failed to secrete
inflammatory cytokines following SFA treatment. These data have led us to hypothesize that nutri-
tional stimuli trigger inflammatory responses by microglia within the MBH, whereas astrogliosis
may be secondary to this microglial response. Still, astrocytes continue to be implicated as key cell
types in diet-induced hypothalamic inflammation (43), suggesting that more research into what
triggers their activation is needed.

In contrast, astrocytes in retinal-pigmented epithelial cells and the NLRP2 inflammasome
(146, 147) contribute to CNS neuroinflammation. Moreover, diet- and aging-induced hippocam-
pal astrogliosis was reduced in N/rp3-deficient mice, and whether this reduction is due to a primary
loss of inflammasome activity in astrocytes remains unclear (133). Future research must there-
fore continue to explore the potentially important role of astrocytes in coordinating metabolic
inflammation and its impact in the brain.
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Tanycytes

Tanycytes are specialized glial cells that extend from ventricular ependymal surfaces to connect
with vascular plexuses at the pial surface of the brain. Within the hypothalamus, tanycytes are
located in the ME and extend from the ependymal surface of the third ventricle to a vascular plexus
that is particularly fenestrated and permeable to circulating factors. These hypothalamic tanycytes
are emerging as a key component of the leptin-responsive network that controls body weight and
energy balance (148, 149). Recent evidence suggests that tanycytes respond to glucose and several
transmitters, such as ATP, histamine, and acetylcholine, with rapid and robust Ca’* signaling (150,
151). Specifically, tanycytes are proposed to control the transport of leptin across the BBB and to
act as checkpoints before leptin reaches neurons in the MBH (152). Tanycytes may also represent
neuronal progenitors, as they are called into action under specific physiological conditions.

In this context, starting a HFD in mice acutely stimulates tanycytes to proliferate and to
potentially differentiate into functional neurons, as revealed by lineage tracing using a nestin-Cre
strategy (148). However, chronic DIO may lead to a depletion of proliferating progenitor-like
cells in the hypothalamus (58), including tanycytes.

Tanycytes may also participate in hypothalamic inflammation. Endotoxin administration in
rats induced tanycytes to increase their expression of TNFR1 (153) and macrophage migration
inhibitory factor (154). Additionally, TNFR1 expression in the hypothalami of mice is found
mostly in nonneuronal cells, including notably tanycytes located in the ME and along the third
ventricular wall (106). Thus, tanycytes may respond to inflammatory signals and relay information
to other hypothalamic cell types and to general neuroendocrine circuits. Further studies are nec-
essary to define how tanycytes function and sample nutritional, hormonal, or inflammatory signals
across the BBB.

TARGETING HYPOTHALAMIC INFLAMMATION TO RESTORE
METABOLIC HOMEOSTASIS

Building on data from genetically modified mice (Table 1), evidence from both rodent models and
clinical studies supports the concept that targeting metabolic inflammation may hold promise as
a means to treat and/or prevent insulin resistance, type 2 diabetes, and cardiovascular disease. For
example, salicylates, which block inflammatory signaling by inhibiting NF-«B activity, improve
insulin sensitivity and glucose metabolism in obese mice (155) and enhance insulin sensitivity in
diabetic patients (12).

Additionally, many reports have described the role of proinflammatory cytokines in promoting
insulin resistance (13). For example, blocking the actions of TNF-« improves insulin resistance
in rodents (14), and neutralizing antibodies against TNF-« show only modest effects on lower-
ing fasting glucose levels in obese patients (156). In contrast, a recent study found that TNF-«
inhibitors improve type 2 diabetes in patients who take them for systemic inflammatory condi-
tions such as rheumatoid arthritis and psoriasis; other disease-modifying antirheumatic drugs do
not have this effect (157). Similarly, inhibiting IL-1, another proinflammatory cytokine, also
produces a modest improvement in glycemic control and an enhancement of B cell function in
rodents (158, 159) and humans (160). These collective findings suggest that inflammation directly
contributes to the development of diet-induced metabolic disease and that translating strategies
to specifically reduce antecedent metabolic inflammation may be optimized to produce a strategy
to prevent and/or treat these diseases. With this in mind, determining exactly what pathways, cell
types, and tissue contexts are most important in driving metabolic inflammation is at the forefront
of obesity and metabolic research.
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Table 1 Strategies using murine models to demonstrate the role of inflammatory pathways and individual cell types in

key aspects of hypothalamic control

Cell type or tissue Approach Phenotype or outcome Reference
Brain JNKI1 knockout (nestin-Cre) Protected from HFD-induced obesity 123
MyD88 knockout (nestin-Cre) Protected from central obesity and 45

leptin/insulin resistance

IKKB knockout (nestin-Cre; Protected from HFD-induced obesity 24
MBH-Cre with adenovirus)

Neurons IKKP knockout in AgRP neurons Protected from HFD-induced 24
hyperphagia and obesity
VQ IKKP knockout in POMC neurons Protected from LPS-induced cachexia 67
Microglia Ibal staining in brains Resulted in microgliosis and M1-like 62
of HFD-fed mice activation in the MBH
IKKP knockout (CD11b-Cre Protected from impact of aging 22
~ with lentivirus)
Depletion of hypothalamic content Reduced SFA-induced inflammation 116
Astrocytes GFAP staining in brains of Resulted in astrogliosis in the MBH 22
HFD-fed mice
Leptin receptor knockout Increased food intake after fasting 120
(GFAP-Cre)
“Tanycytes TNFRI staining Resulted in TNFRI expression 107
0’\—/ Primary cell culture Resulted in LPS-induced inflammation 68

Abbreviations: AgRP, agouti-related peptide; GFAP, glial fibrillary acidic protein; HFD, high-fat diet; JNK1, c-Jun N-terminal kinase 1; LPS,
lipopolysaccharide; MBH, mediobasal hypothalamus; MyD88, myeloid differentiation primary response gene 88; POMC, pro-opiomelanocortin;
SFA, saturated fatty acid; TNFR1, TNF-a type 1 receptor.

In addition to highlighting the role of molecules downstream of leptin and insulin signaling
[e.g., suppressor of cytokine signaling 3 (SOCS3) (161, 162) and protein tyrosine phosphatase
1B (PTPIB) (163)] in mediating obesity and peripheral insulin resistance, research focused on
brain pathways driving these disease processes has uncovered molecules involved in controlling
IKKR/NF-«kB signaling [e.g., MyD88 (41) and c-Jun N-terminal kinase 1 (JNKI) (164-166)].
Indeed, brain-specific ablation of IKKf (18) and MyD88 (41) improves leptin sensitivity and
alleviates diet-induced weight gain and obesity, respectively. Similarly, JNKI1 deletion in the
brain, but not in other tissues, protects against obesity in mice. Consistent with these findings,
brain-specific SOCS3 knockout mice have enhanced leptin sensitivity and are protected against
obesity when fed a HFD (167).

Neurons have historically been the primary focus of research on the regulation of energy
balance. However, recent studies point to an emerging role for glial cells in the neuroendocrine
control of systemic metabolism and obesity. On the basis of the studies mentioned above,
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hypothalamic metabolic inflammation may result from the combined, and potentially integrated,
contribution of both neuronal and nonneuronal cell types. Therefore, translating the promising
results of animal models into effective therapeutic strategies that target hypothalamic inflamma-
tion to mitigate metabolic disease in humans may require separate approaches focused on both
neurons and glia. To this end, some recent studies are worth mentioning.

Pharmacological or genetic disruption of hypothalamic inflammation reduces food intake and
lowers body weight in mice fed a HFD, but not in mice fed a control (low-fat) diet (18). Diet-
induced metabolic inflammation in peripheral tissues such as the skeletal muscle, white adipose
tissue, and the liver is implicated in inducing tissue-specific insulin resistance. For example, block-
ing inflammatory pathways in hepatocytes improves hepatic insulin sensitivity (105). Mirroring
what occurs in these tissues, the induction of hypothalamic inflammation and associated weight
gain is strongly linked to the induction of hypothalamic resistance to hormones such as leptin
and insulin (15, 42). However, hypothalamic metabolic inflammation may impact a wider array
of functional processes than does inflammation in peripheral tissues. For example, inhibiting hy-
pothalamic inflammation in the setting of DIO improves hepatic insulin action in mice and reduces
both hepatic steatosis and glucose production (168). Indeed, vagotomy or pharmacological block-
ade of muscarinic acetylcholine receptors reversed the beneficial effects of inhibiting hypothalamic
inflammation on hepatic insulin sensitivity (168).

Microglia are very attractive therapeutic targets in attempting to limit metabolic inflammation
in the hypothalamus. Given that microglia engage in rapid chemotaxis and are highly efficient
phagocytes, delivery of traditional pharmacological agents and cell type—specific RNAi to microglia
is feasible. For example, it was recently shown that quantum dots (QDs) are avidly taken up by
microglia and can effectively deliver biologically active molecules selectively to microglia both in
vitro and in vivo (169). Viral vectors with specific promoters (CD11b, CSF1R, CX3CR1) (170,
171) are now widely used in vivo to selectively modulate gene expression in microglia and not
in peripheral myeloid cell populations (172, 173). Although these viral strategies are useful in
experimental models, their utility in clinical translation is limited by the fact that even modified
viruses, when delivered to brain regions, can nonspecifically induce inflammation as well as toxicity.
Moreover, whereas viral vectors cannot deliver chemical compounds, QDs and other nanoparticles
could effectively deliver therapeutic agents to microglia that are applicable to a wide range of
neurological and metabolic diseases.

A recently developed nanoparticle encapsulation system that exploits yeast-derived glucan
shells to entrap siRINA has been used to specifically target siRNAs to phagocytes in vivo. Glucan
nanoparticles containing fluorescently labeled siRNA are readily internalized by phagocytes, but
not by other cell types, and can knock down gene expression in a cell type-specific manner
(174). Intraperitoneal administration of such glucan shells was used to selectively silence genes in
macrophages located in the epididymal white adipose tissue of obese mice without affecting gene
expression in other macrophage populations (175). Although highly promising, this approach has
yet to be tested for effectiveness in the hypothalamus.

One caveat to selectively targeting microglia is that, under conditions of acute inflammation
and/or loss of BBB integrity, peripheral monocytes and other hematopoietic cell types migrate
into the brain and can differentiate into cells that have morphological and functional features akin
to those of microglia. This development has been well documented, for example, following brain
irradiation (176-178). Recent findings suggest that peripheral immune cells may be recruited to
the CNS in response to chronic obesity and may contribute to the inflammatory response (179).
The idea that bone marrow—derived cells are involved in maintaining microglial numbers in adult
mice under normal physiological conditions is controversial (180), but there is increasing interest
in exploring this possibility as a means to prevent neurodegenerative and neuropsychiatric diseases.
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If peripheral monocytes and/or progenitor cells are capable of gaining microglia-like functionality
once in the CNS, they may be engineered as therapeutic tools and administered into the CNS
with astounding therapeutic possibilities.

For example, Rett syndrome is a neurodegenerative disorder caused in most cases by mutations
in the Mecp2 gene located on the X chromosome, which encodes a methyl-CpG-binding protein
(181, 182). Glia were recently recognized to play a role in the development of Rett syndrome
(183). Transplanting wild-type bone marrow into irradiated Mecp2-deficient mice resulted in the
stable engraftment of bone marrow—derived myeloid cells into the brain parenchyma of recipient
mice, and importantly, these transplanted cells displayed several features of microglia. Remark-
ably, this engraftment arrested disease development. However, when the heads of the recipient
mice were protected by lead shielding during irradiation to protect the BBB from breakdown,
brain engraftment by donor myeloid cells was prevented, and disease progression was no longer
arrested (184). These findings combine to define monocyte-derived cells, in addition to resident
microglia, as potential targets to prevent chronic, diet-induced hypothalamic inflammation.

ADAPTIVE SIGNIFICANCE OF NUTRIENT-INDUCED
HYPOTHALAMIC INFLAMMATION

Given that obesity is a relatively new advent on the evolutionary timescale, it is hard to invoke
hypothalamic or peripheral tissue inflammation simply as a component of the process leading to
insulin resistance or other metabolic disturbances. Rather, the hypothalamus may sense elevated
levels of nutrients, for example, FAs, as a way to signal acute changes in nutrient availability, envi-
ronmental conditions, or other physiological states. Neurons, microglia, and other hypothalamic
cell types must be responsive to these signals to effectively adapt to physiological extremes. For
example, whereas herbivorous grazing mammals consume relatively small amounts of food on a
frequent and consistent basis, carnivorous mammals may go for prolonged periods of time prior
to each meal, expending precious energy stores in the process of finding prey. Once carnivores
finally succeed and consume their meal, selective pressure may mount to consume as much food
and calories as possible. Indeed, carnivores can consume a large percentage of their preexisting
body weight in a given meal, gaining significant amounts of weight in the process. Interestingly,
circulating SFA levels go up dramatically after the consumption of a large meal consisting of meat.
We showed that SFA levels rise preferentially in the hypothalamus following an acute challenge
with dietary saturated fat. Perhaps the capacity to sense hypothalamic FAs and to initiate an in-
flammatory response in the hypothalamus reprograms the neurocircuitry to eliminate preexisting
brakes on food intake and facilitate maximal food consumption.

If the abrupt elevations in hypothalamic FA levels are indeed able to remodel circuits related
to hunger and satiety, for example, then what we term hypothalamic inflammation may very well
represent a conserved mechanism that allows for adaptive responses during refeeding after a pro-
longed fast. In this paradigm, one of the problems with the modern world is that food consumption
isnot tempered by periods of prolonged fasting. Indeed, common forms of human obesity are asso-
ciated with the chronic, consistent consumption of foods rich in saturated fat, calories, and sugar.
Therefore, whereas acute elevations in hypothalamic SFAs may have an adaptive role, chronic
elevations may promote a more severe, sustained form of inflammation that predisposes individu-
als to metabolic disease. In this way, chronic, diet-induced hypothalamic metabolic inflammation
represents the hijacking of an otherwise evolutionary beneficial mechanism. Experimentally de-
termining the physiological significance of SFA responsiveness among hypothalamic cell types
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will be crucial to informing our understanding of exactly what goes awry in the context of the

modern obesity epidemic.

SUMMARY POINTS

1.

Given that controlling diet-induced inflammation in peripheral tissues has emerged as
a potential strategy to mitigate the metabolic consequences of obesity, there is growing
interestin exploring diet-induced hypothalamic inflammation, which bears a resemblance
to inflammation that occurs in peripheral tissues.

. The mediobasal hypothalamus controls a diverse array of metabolic functions, including

hunger and satiety, energy metabolism, peripheral lipid metabolism, glucose homeostasis,
and thermogenic capacity.

. These controls go awry in the setting of diet-induced obesity, along with the accumulation

of microglia, astrocytes, dietary lipids, and inflammatory cytokines, and there is evidence
of cellular stress among neurons engaged in metabolic control.

. Microglia directly respond to saturated fats that can accumulate in the hypothalamus

when consumed in excess, and as a result, they rapidly take on a proinflammatory polarity
that is highly reminiscent of M 1-like macrophages that accumulate in the white adipose
tissue in response to obesity.

. Inflammatory pathways in microglia, astrocytes, neurons, and supporting cell types such

as tanycytes may be engaged in the setting of dietary excess and may play a role in
promoting altered hypothalamic control over metabolic function.

. New approaches to target individual cell types within the brain may allow for the ma-

nipulation of hypothalamic inflammation for therapeutic purposes.

. As opposed to their potentially harmful roles in the setting of chronic obesity, inflamma-

tory pathways in the hypothalamus may have evolutionarily conserved adaptive functions
when acutely activated for short periods by nutrient-level fluctuations that may be seen,
for example, in response to prolonged periods of fasting followed by refeeding.

FUTURE ISSUES

1.

It will be important to determine whether acutely stimulating inflammatory pathways in
hypothalamic cell types for short periods of time has an adaptive significance to normal
physiology and whether these pathways are hijacked to produce deleterious consequences
in the setting of diet-induced obesity.

. Determining how hypothalamic cell types (microglia, astrocytes, and neurons) take up,

metabolize, and store dietary lipids will provide insight into how dietary lipids modulate
hypothalamic function under normal conditions and into how excessive hypothalamic
lipid accumulation leads to inflammation and the dysfunction of metabolic control.

. Identifying the mechanistic links between hypothalamic inflammation and altered CNS

control over peripheral metabolic processes—including energy balance, thermogenesis,
hepatic glucose production and lipid storage, and insulin sensitivitcy—will be crucial to
determining the translational potential of anti-inflammatory strategies aimed at the brain.
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. It will be important to dissect the mechanisms that facilitate cachexia and negative en-

ergy balance in response to some forms of CNS inflammation from those mechanisms
associated with positive energy balance and weight gain in the setting of diet-induced
hypothalamic inflammation.

. Thereisanurgentneed to identify resident neural stem cells and progenitor cells that give

rise to other cell types (microglia, astrocytes) within the brain so as to devise regenerative
strategies to alleviate neurodegeneration, which may be hastened in the hypothalamus
by advancing age and potentially by chronic obesity.

. It is important to understand the relative importance of NF-kB-driven inflammatory

pathways, oxidative stress, ER stress, NLRP3 inflammasome activation, and autophagy
across individual cell types in the development and maintenance of diet-induced hy-
pothalamic inflammation and its specific metabolic consequences.

. There is emerging interest in using nanotechnology to specifically target microglia for

therapeutic purposes.
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