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Abstract

The hypothalamus is one of the master regulators of various physiological processes, including
energy balance and nutrient metabolism. These regulatory functions are mediated by discrete
hypothalamic regions that integrate metabolic sensing with neuroendocrine and neural controls of
systemic physiology. Neurons and non-neuronal cells in these hypothalamic regions act
supportively to execute metabolic regulations. Under conditions of brain and hypothalamic
inflammation, which may result from overnutrition-induced intracellular stresses or disease-
associated systemic inflammatory factors, extracellular and intracellular environments of
hypothalamic cells are disrupted, leading to central metabolic dysregulations and various diseases.
Recent research has begun to elucidate the effects of hypothalamic inflammation in causing
diverse components of metabolic syndrome leading to diabetes and cardiovascular disease. These
new understandings have provocatively expanded previous knowledge on the cachectic roles of
brain inflammatory response in diseases, such as infections and cancers. This review describes the
molecular and cellular characteristics of hypothalamic inflammation in metabolic syndrome and
related diseases as opposed to cachectic diseases, and also discusses concepts and potential
applications of inhibiting central/hypothalamic inflammation to treat nutritional diseases.
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Introduction

The ability to properly maintain metabolic homeostasis is crucial for an organism’s survival
and normal functioning. Unfortunately, due to various environmental and internal interfering
factors, disruption of metabolic homeostasis is quite common and often leads to disease
consequences. The prominent environmental changes in today’s post-industrial society are
the easy availability to calorie-abundant food and sedentary lifestyles, which, in
combination, have formed the most important etiological causes for obesity, type 2 diabetes
(T2D) and cardiovascular disease (CVD).1> According to the latest statistics of the World
Health Organization, 1.5 billion adults worldwide are overweight (defined by body mass
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index (BMI) greater than or equal to 25), and among these people, 200 million men and
nearly 300 million women are obese (defined as BMI greater than or equal to 30).6 Being
overweight or obese greatly increases the risk for developing a cluster of metabolic
disorders, such as high blood pressure, hyperglycemia, insulin resistance, and
hyperlipidemia, which, together with a few other pathophysiological abnormalities, are
collectively referred to as metabolic syndrome or syndrome X.”~11 Metabolic syndrome is a
serious medical condition because it greatly increases the risks for developing devastating
diseases such as T2D, coronary artery disease, stroke, atherosclerosis, fatty liver disease, and
aging-related degenerative diseases;11-19 however, effective interventions that target
metabolic syndrome are still missing, largely due to our insufficient understanding of the
root causes of these problems. Interestingly, recent research in the cross-disciplinary field of
neurobiology and immunology has unexpectedly made quite significant contributions in this
regard. Specifically, hypothalamic inflammation was revealed as a general yet multifaceted
mediator for various components of metabolic syndrome. These understandings also
fundamentally expanded earlier knowledge that had linked brain and hypothalamic
inflammatory response to cachexia—a multifactorial wasting syndrome characterized by a
paradoxical state of decreased voluntary food intake and increased metabolic rate despite
pronounced negative energy balance.20-26 Strikingly differing from metabolic syndrome,
cachectic syndrome is frequently seen in infectious diseases, cancers, and end-stage chronic
diseases (e.g., congestive heart failure and chronic kidney disease), which are often
accompanied by anorexia, physical inactivity, and sometimes fever.2/-30 In the following
chapters, we describe recent research advances that have revealed the role of hypothalamic
inflammation in several elements of metabolic syndrome and related diseases, and also
comparatively analyze the molecular/cellular and physiological characteristics of
hypothalamic inflammation in metabolic syndrome-related diseases versus cachectic
diseases.

Hypothalamic inflammation in nutritional disorders and diseases

The hypothalamus of the central nervous system (CNS) is a crucial brain structure
functioning as the “headquarters” in the regulation of many fundamental physiological
activities of the whole body. Among many physiological processes controlled by the
hypothalamus, several are directly related to metabolic and energy homeostasis, including
nutrient sensing, appetite control, energy expenditure, and carbohydrate and lipid
metabolism.3147 Through a broad network of hormonal and neural communications, the
hypothalamus receives a variety of peripheral metabolic information, such as the amount of
adiposity and nutrients indicated by circulating leptin and insulin, hunger versus satiety
signals reported by gut neural input and gut hormones (e.g., ghrelin, peptide Y,
cholecystokinin, gastric inhibitory polypeptide, and glucagon-like peptides), and nutritional
conditions reported by circulating nutrients and their metabolites. Distinct groups of
hypothalamic neurons are responsible for sensing these metabolic signals, which in turn
employ an integrated neuroendocrine and neural network to direct peripheral metabolic
activities. These metabolic sensing and regulatory neurons are located in several areas of the
hypothalamus especially the mediobasal hypothalamus (MBH), paraventricular nucleus
(PVN) and lateral hypothalamus, and the regulations are mediated by controlled synthesis,
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release and actions of hypothalamic neuropeptides and neurotransmitters.31-47 A well-
characterized metabolic sensing center in MBH is the arcuate nucleus (ARC), which
contains two types of functionally antagonizing neurons: anorexigenic pro-opiomelanocortin
(POMC) neurons and orexigenic agouti-related peptide (AGRP) neurons. Hormonal or
nutrient sensing by these neurons engages downstream neuroendocrine and neural activities
to control energy intake, energy expenditure and body weight balance. Research has further
established that the hypothalamus can employ body weight-independent mechanisms to
regulate peripheral glucose metabolism and whole-body blood pressure balance.39:48-51
However, from the perspective of disease development, it remains a question whether and
how disrupted hypothalamic functions may mediate different components of metabolic
syndrome in either body weight-dependent or independent manners. Excitingly, research
over the recent years has demonstrated the mechanistic involvement of central/hypothalamic
inflammation across multiple components of metabolic syndrome and diseases, which
represents a significant research development in delineating the central mechanisms of these
diseases.

Initial interest in the relationship between metabolic syndrome and inflammation was drawn
by the observations that metabolic diseases such as obesity and T2D are characterized by an
atypical form of inflammation in the circulation and various metabolic tissues such as
adipose tissues, liver, and muscle.>2-65 Compared to classical (e.g., pathogen-induced)
inflammation, overnutrition-induced inflammation is primarily triggered by nutrient
(caloric) excess. Accordingly, a special term “metaflammation” or “metabolic
inflammation” was used by some investigators to refer to this type of inflammation.60.61
Unlike inflammations following pathogen infection or tissue injury, which have appreciable
symptoms, such as redness, tissue swelling, heat, and pain, metabolic inflammation is rather
low-grade and usually discernible only at the molecular level. Further studies revealed that
metabolic inflammation is frequently mediated by a subset of immune mediators that are
produced downstream of activation of canonical proinflammatory pathways in metabolic
tissues and cells, and such inflammation can generate prominent impacts on the metabolic
homeostasis and regulations of peripheral tissues.52-65 Stemming from this background,
recent research has found that in metabolic syndrome and related diseases like obesity and
T2D, the hypothalamus is chronically presented with the similar type of low-grade
metabolic inflammation.60-78 Research over past years has consistently shown that chronic
high-fat diet (HFD) feeding in animals can employ proinflammatory pathways and related
stress signaling in the hypothalamus to mediate overnutrition-induced metabolic
diseases.®6-77 Such hypothalamic inflammation can be acutely induced at the molecular
level by nutritional excess. For example, an acute central over-supply of glucose®® or
lipids®6-69 were shown to induce hypothalamic inflammation within as short as a few hours
to three days. These findings suggest that hypothalamic inflammation precedes and thus can
be as a cause of overnutrition-induced diseases. On the chronic basis, prolonged
inflammation can theoretically sustain and accumulate the deleterious effects of
overnutrition on metabolic regulation and lead to overt disease outcomes. In terms of the
underlying mechanism, hypothalamic inflammation was reported to affect hypothalamic
hormonal (e.g., leptin and insulin) signaling to cause central dysregulation of energy balance
leading to obesity development.66-68.74-77 Recently, the causal involvement of
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hypothalamic inflammation in metabolic disease has been expanded to body weight-
independent metabolic and cardiovascular disorders. In this regard, hypothalamic
inflammation was reported to disrupt peripheral insulin and glucose homeostasis in the
development of systemic insulin resistance and pre-T2D70.77.79 and cardiovascular
dysfunctions, such as hypertension.”%.71.80 Qverall, while standing out as an emerging new
topic, this line of research is clearly consistent with two conceptual advancements of the
recent decade: one is the increasing appreciation that the pathogenesis of metabolic
syndrome-associated diseases is causally related to hypothalamic dysfunctions; the other is
the recognition that inflammation is the not only a prominent feature but also a pathogenic
basis of these diseases.52-78

In contrast to the above scenario related to metabolic syndrome, the effect of brain
inflammation on energy homeostasis has also been related to the development of cachectic
syndrome, a life-threatening condition seen in chronic infections, cancers, and heart failure,
which features anorexia, decreased physical activity, increased metabolic rate, and fever. As
generally understood,29-26 these cachectic diseases typically involve an intense degree of
systemic classical (cachectic factors-induced) inflammation, which affects the whole body
including the CNS and the comprised hypothalamus. There are many experimental systems
to reproduce this disease model, including an aP2 promoter-driven p65 transgenic mouse
line®® with a robust level of systemic inflammation, high metabolic rate, and catabolic
outcomes. While cachectic inflammation can directly act on peripheral tissues to cause fat
and muscle breakdown—which can be replicated with in vitro models,2%-23 the CNS
(particularly the hypothalamus) was also thought to be a necessary mediator for the
cachectic effects.21-26 The latter possibility was suggested by pharmacologic studies
showing that direct administration of inflammatory cytokines into the CNS can induce
cachexia-like anorexia, fever, and tissue breakdown.82-20 Evidently, such cachectic
inflammation has a different disease milieu compared to overnutrition-induced
inflammation, which is often related to metabolic syndrome. Moreover, the inflammatory
origin, duration, intensity, and mediators are different between cachectic inflammation
versus overnutrition-inflammation as summarized in Table 1 and further discussed in
following chapters.

Types of inflammatory stimuli in the hypothalamus

Several lines of evidences suggest that metabolic syndrome-related hypothalamic
inflammation primarily results from local intracellular stresses caused by excessive nutrients
presented to the hypothalamus. Animal studies have unequivocally shown that central
administration of glucose or lipids to mimic overnutrition promptly activates
proinflammatory pathways such as IxB kinase f (IKKf) and downstream nuclear factor-xB
(NF-xB) leading to expression of certain inflammatory genes in the hypothalamus.86-69
Moreover, inflammation in the hypothalamus induced by overnutrition can occur prior to the
overt onset of obesity or other metabolic derangements,66-69 indicating that hypothalamic
inflammation in obesity and related diseases can be a first-line intrabrain local response,
which does not depend on peripheral inflammatory source. Using genetic and molecular
approaches as discussed in detail below, recent research has appreciated, as also summarized
in Figure 1, that overnutrition can induce hypothalamic inflammation at least via three
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avenues: membrane receptor-independent intracellular stresses, toll-like receptor (TLR)
pathway, and cytokine/chemokine receptor pathways.

Mitochondrial dysfunction and oxidative stress

Mitochondria are the primary organelles that generate energy in most eukaryotic cells and
often referred to as powerhouse of the cell. Pathological mitochondrial dysfunction, on the
other hand, cripples cellular energy supply and adversely affects cellular function. At the
whole-organism level, mitochondrial dysfunction in metabolic tissues, such as skeletal
muscle and liver has been linked to impaired glucose metabolism and the development of
systemic insulin resistance and T2D.91:92 However, some studies also indicate a negligible
causative role for impaired mitochondrial function in skeletal muscle in T2D.93-9°
Mitochondrial function insufficiency in endothelial, vascular, and myocardial cells can
directly lead to the development of cardiovascular abnormalities, such as atherosclerosis,
hypertension, and heart disease.?-9 In contrast to its preponderant association with
metabolic syndrome in peripheral tissues, mitochondrial dysfunction in the CNS was more
intensively investigated in the context of neurological and neurodegenerative diseases. 99100
For instance, brain mitochondrial dysfunction was generally agreed to be a key factor in the
development of aging-related cognitive dysfunction, Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, and other neurodegenerative disorders.9%-104 Conversely,
therapeutic interventions that improve mitochondrial function are neuroprotective and can
ameliorate aging-related neurodegenerative symptoms.105 Albeit limited, recent literature
has directly linked brain mitochondrial dysfunction to the central dysregulation of metabolic
homeostasis. Experiments using genetic mouse models showed that overnutrition-induced
mitochondrial dysfunction in hypothalamic POMC neurons impaired central glucose
sensing, 196 and defect of brain mitochondrial biogenesis induced by peroxisome
proliferator-activated receptor coactivator 1a (PGC-1a) knockout impaired energy
homeostasis.197 The role of brain mitochondrial defect in metabolic syndrome can be
significantly mediated by neuronal accumulation of reactive oxygen species (ROS), a major
intracellular change resulting from mitochondrial dysfunction.99:108-112 |ndeed, brain
neurons are highly susceptible to ROS-mediated oxidative stress,110-113 and oxidative stress
has been tightly associated with brain inflammation in overnutrition-related
diseases.102:108,114-116 gy, djes have further explored the mechanisms that mitochondrial
dysfunction and oxidative stress cause inflammatory induction—accumulation of damaged
mitochondria and ROS can activate NLRP3 inflammasome to promote inflammation.117
Reciprocally, an inflammatory state can enhance the cell’s susceptibility to oxidative stress
through induction of enzymes that generate free radicals.}18 From the interventional
viewpoint, inhibition of oxidative stress by nutritional intervention such as caloric restriction
(CR) can reduce inflammation and provide anti-disease and anti-aging benefits.119.120

ER dysfunction and ER stress

ER is the organelle responsible for protein folding, maturation, and trafficking, and thus can
be viewed as a sentinel for cellular protein homeostasis. When excessive newly synthesized
proteins are accumulated in ER, which exceeds the ER’s adaptive capacity, ER stress occurs
through activation of unfolded protein response (UPR) pathways. There are three canonical
cascades of UPR signaling—activating transcription factor 6 (ATF6), protein kinase RNA-
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like endoplasmic reticulum kinase (PERK) and downstream eukaryotic translation initiation
factor 2a (elF2a), and inositol requiring kinase 1 (IRE1). All of these signaling pathways
can interact with and activate the proinflammatory network mediated by IKKB/NF-xB and
c-Jun N-terminal kinase (JNK).89121 |n fact, earlier studies in peripheral tissues have
established ER stress signaling as a key proinflammatory mediator in the pathogenesis of
overnutrition-related diseases.121 More recently, several lines of research have indicated that
ER stress potently mediates the molecular and physiological effects of overnutrition-related
inflammation in the hypothalamus. First, overnutrition including the associated
inflammatory insults can clearly act in the hypothalamus to induce central ER stress,66:69.122
and inhibition of hypothalamic proinflammatory IKKB/NF-xB pathway attenuated central
ER stress and protected animals against HFD-induced obesity and glucose intolerance.66:70
Second, pharmacologic or genetic induction of ER stress in the hypothalamus or the brain
can mimic metabolic inflammation to cause central leptin and insulin resistance, resulting in
a broad range of metabolic disorders including overeating, glucose intolerance and
hypertension, while pharmacologic or genetic reduction of ER stress significantly alleviated
these metabolic derangements.66:70.74.123 |n connection with other types of cellular stress
and inflammation,121:124 chronic ER stress can elevate intracellular levels of ROS to
promotes oxidative stress, and cellular accumulation of ROS can in turn reinforce ER stress
to exacerbate inflammatory response.

Autophagy defect

Macroautophagy, or autophagy, is an evolutionarily conserved cellular degradation pathway
that serves to maintain cellular homeostasis by counteracting stressors, such as infection,
nutrient depletion, cellular oxidative stress, and intracellular accumulation of protein
aggregate.125.126 Complete loss of autophagy is lethal, 127 and tissue-specific ablation of
autophagy in liver, skeletal muscle, pancreatic 3 cells, or fat cells causes various metabolic
diseases, such as T2D, dyslipidemia and premature tissue aging.}28-132 Neuron-specific loss
of autophagy can lead to aging,126 neurodegenerative disease,133.134 obesity, and systemic
insulin resistance,’2 indicating that central autophagy defect is highly relevant for the
development of metabolic syndrome. However, upstream and downstream mediators of
autophagy defect in metabolic syndrome and related diseases are still unclear. Chronic and
intense oxidative stress or ER stress can be inducers of autophagy defect, 135136 despite that
these stresses at physiological levels can trigger adaptive upregulation of autophagy
activity.137-139 Regarding downstream signaling, similar to oxidative stress and ER stress,
hypothalamic autophagy defect was recently revealed to activate IKKB/NF-xB pathway to
disrupt central regulation of feeding and energy balance, leading to the progression of
obesity and related glucose intolerance.” Notably, the induction of autophagy dysfunction
in the development of HFD-induced obesity and metabolic disorders represents a relatively
late event; nonetheless, the late-involvement does not diminish its significant disease
impacts.”2 Assembling all these types of intracellular stress, a model underlying
overnutrition-induced metabolic syndrome can be depicted as shown in Figure 1. In this
model, excessive nutrients presented to the CNS and particularly the hypothalamus can
disturb cellular homeostasis by inducing mitochondrial oxidative stress and ER stress—
which can spread from one organelle to another via the well-connected intracellular
membrane system, leading to central inflammation and dysregulation of metabolic
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physiology. The disease consequences of this model are particularly related to chronic
challenges of these stresses, which induce autophagy defect to sustain and escalate central
inflammation. Pertinent to the latter point, central inflammation-induced metabolic
syndrome and diseases may be difficult to reverse in their late stages using conventional
approaches.

Toll-like receptors

Toll-like receptors (TLRs) were originally identified as an important class of cellular pattern
recognition receptors that mediate innate immune defense against a diverse range of
pathogens.140141 Recently, TLR signaling has been linked to overnutrition-induced
metabolic inflammation and the associated obesity and T2D.68.69.142-153 Of ]| mammalian
TLR members, TLR1, TLR2, TLR4, and TLR6 have been suggested as potential mediators
for metabolic inflammation related to lipid overnutrition particularly, since these receptors
are primarily activated by extracellular lipids and can respond to lipid stimulation to induce
proinflammatory response in adipocytes, macrophages, and myocytes.143-146 |n dietary
obese mouse models, high levels of circulating fatty acids were shown to activate TLR2 and
TLR4 signaling in adipocytes, macrophages, and muscle to mediate obesity-related
inflammation, 149152 while whole-body or tissue-specific inhibition of TLR2 or TLR4
suppresses HFD-induced inflammation in fat, liver, and muscle,148-153 which accounts for
protection against HFD feeding-induced insulin resistance and dyslipidemial4/-153 and
energy and body weight imbalance.1®0 TLR4, a TLR member widely expressed in the
CNS,142 has recently received particular attention in overnutrition-induced brain
inflammation and central metabolic dysregulation.58:69.142.143 Central over-supply of
saturated fatty acids or HFD-feeding can induce hypothalamic inflammatory response via
TLR4 activation,9 and brain-specific or whole-body inhibition of TLR4 signaling abrogated
this induction of central inflammation, leading to attenuation of central leptin resistance,
systemic insulin resistance, and weight gain.68:69 In terms of downstream mediators of lipid-
activated TLR signaling, both IKKB/NF-kB and JNK pathways have been shown to mediate
the inflammatory response induced by TLR2 or TLR4 activation in adipose tissue, muscle
and liver,145.146,148-150.152 |y the hypothalamus, activation of IKKB/NF-«xB and JINK
proinflammatory pathways coexists with lipid-induced TLR4 activation;58 however, brain-
specific inhibition of TLR4 signaling only attenuated IKKJ but not JNK activation in the
hypothalamus,®8 indicating that TLR4 signaling is necessary for IKKB/NF-kB but not JNK-
mediated proinflammatory activation in the hypothalamus. Additionally, activation of TLR4
and hypothalamic inflammatory response by central lipid excess was associated with
induction of brain ER stress,39 suggesting that ER stress may act downstream of TLR4 to
promote IKKB/NF-kB. Of note, lipid-induced TLR4 activation can also lead to apoptosis of
affected neurons,1® suggesting that hypothalamic inflammation might employ neural
degeneration in addition to signaling defects to mediate the development of HFD-induced
diseases.

Cytokine/chemokine receptors

It is clear that cytokines and chemokines can participate in systemic inflammation under
condition of chronic nutritional excess, especially in the late stage when peripheral tissues
such as fat and liver are evidently altered leading to excessive release of inflammatory
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cytokines into the circulation.52-62 Among these cytokines, tumor necrosis factor-a (TNF-a)
is a critical one that has been related to IKKB/NF-xB-mediated hypothalamic inflammation
in metabolic syndrome. For example, central administration of TNF-a at low dose mimics
low-grade inflammation to cause obesity/diabetes-related molecular signaling changes in the
hypothalamus, resulting in overeating and decreased energy expenditure®2:155 or
hypertension.’! Conversely, mice that are genetically deficient of either TNF-a1%6.157 or
TNF-a receptor!®5:158 gre protected against overnutrition-induced obesity and insulin
resistance. Interleukin-4 (IL-4) was also reported to mediate hypothalamic inflammation and
the central induction of obesity.159 Moreover, interleukin-10 (IL-10) and interleukin-6
(IL-6) were recently discovered as anti-inflammatory molecules that mediate the effects of
exercise in reducing hypothalamic inflammation and consequent anti-disease benefits.160 In
addition, resistin, an adipocyte-derived cytokine which has been implicated in insulin
resistance,61 was studied for its central role in metabolic syndrome. Central injection of
resistin in mice was found to increase hepatic glucose production and induce hepatic insulin
resistance, which was associated with increased hepatic expression of inflammatory
molecules TNF-a, IL-6, and SOCS3, but no effects on food intake or body weight were
reported by these studies.162:163 Taken together, the mediators of hypothalamic
inflammation in metabolic syndrome and related disease can include certain types of
cytokines and chemokines in addition to intracellular stresses discussed above. In this
context, it is necessary to point out a technical issue that the roles of individual cytokines
and chemokines in metabolic syndrome are difficult to dissect by pharmacologic approaches
—which often fail to replicate the low-grade characteristic of metabolic inflammation. In
many cases, studies with central administration of cytokines or chemokines, such as I1L-1p,
IL-6, IL-18, leukemia inhibitory factor (LIF), brain-derived neurotrophic factor (BDNF),
ciliary neutrophic factor (CNTF), granulocyte-macrophage colony stimulating factor (GM-
CSF), and TNF-,82-90 generated robust inflammatory reaction in the brain, which might
resemble the features of cachectic diseases more. Physiological consequences in these
conditions were often related to catabolic actions, such as anorexia, high metabolic rate, and
fever in association with severe breakdown of lean body mass and weight loss. While some
cytokines, such as IL-1f, IL-6, IL-18, LIF, BDNF, and GM-CSF predominantly have
cachectic actions as suggested by genetic knockout or haploinsufficiency models86.90.164-167
and transgenic overexpression models, 168169 the central effects of these molecules remain
to be established with brain-specific or neuron subtype-specific genetic models. These
models can address whether robust central inflammatory reaction to cachectic cytokines,
directly or indirectly via prostaglandin E2 released by blood-brain barrier (BBB),170.171 js
responsible for cachectic outcome, while low-grade induction of these cytokines in the
hypothalamus by overnutrition leads to metabolic syndrome.

To summarize, induction of hypothalamic inflammation involves multiple levels of
responses consisting of membrane and cytosolic changes. Regarding overnutrition-
associated hypothalamic inflammation, intracellular stress responses, such as oxidative
stress and ER stress most likely represent early changes that lead to molecular inflammation
in involved cells. These changes possibly take place as adaptive responses to overnutrition-
associated microenvironmental changes, but when prolonged they become harmful. For
example, increased mitochondrial oxidation under overnutrition helps process excessive
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nutrients uptaken by the cell, but chronically it leads to elevated cellular oxidative stress
from increased mitochondrial respiration. Such increased mitochondrial activity calls for
increased synthesis of cytosolic proteins, which leads to heightened UPR of ER; however,
prolonged and intense UPR can result in pathologic ER stress. As a result of sustained
oxidative stress and ER stress, inflammatory products are produced to help cellular survival
but at the expense of certain normal functions such as metabolic homeostasis. Also, under
prolonged oxidative stress and ER stress, accumulation of defective mitochondria and ER
demands increased workload of autophagy machinery, and this late-stage organelle
adaptation, when beyond the physiological capacity, can cause autophagic stress and defect,
which further contributes to hypothalamic inflammation. In parallel, extracellular nutrients
in the form of fatty acids can directly activate the proinflammatory TLR pathway. In
addition, hypothalamic inflammation can be promoted by cytokines, which are either
produced locally by hypothalamic cells due to proinflammtory activation or transferred from
the periphery due to increased circulating levels under chronic overnutrition. Overall,
hypothalamic inflammation under chronic conditions, such as overnutrition, is a dynamic
and integrated process; while the general goal is set to resolve environmental interruption of
cellular biology, its chronic setup can be extremely detrimental to metabolic physiology
which leads to nutritional diseases.

Types of inflammatory signaling and modulators in the hypothalamus

IKKB/NF-xB

Metabolic inflammation represents a subtype of inflammatory changes and has many unique
features in terms of the context of inflammatory signaling. Based on current knowledge,
central inflammation in metabolic syndrome is significantly mediated by proinflammatory
IKKB/NF-xB and JNK pathways. Although both pathways are also implicated in cachectic
inflammatory reaction, the molecular and intracellular events upstream and downstream of
these kinase pathways have distinct characteristics in metabolic versus cachectic
inflammation as summarized in Table 1 and discussed below:

Nuclear transcription factor NF-xB is the central mediator of immune response. A wide
range of stimuli can stimulate NF-xB, and activated NF-xB induces the expression of a
broad range of immune response genes.118 NF-xB is normally inactive in the cytoplasm
bound by the inhibitory protein 1xBa.172 Upon immune stimulation, IKKS is activated and
phosphorylates IxBa, leading to IxBa degradation and release of NF-xB activity. The
liberated NF-xB translocates into the nucleus and induces transcription of a myriad of genes
that promote inflammation. NF-xB—mediated inflammation in metabolic tissues has been
recognized as a prominent feature of various metabolic disorders.55-82 Under various
disease conditions such as stroke and brain aging, NF-xB in the CNS was shown to be
activated by oxidative stress173174 and ER stress.17>176 More recently, NF-kB—induced
inflammation in the hypothalamus was identified as a central cause for multiple components
of metabolic syndrome and related T2D and CVD.%6-72.77 Hypothalamic IKKB/NF-xB
activation in obesity and obesity-related disease has been demonstrated to be induced by
overnutrition-induced ER stress®®:70 and autophagy defect’2 to cause eating disorder and
obesity®8 or body weight-independent induction of systemic glucose intolerance’® and
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hypertension.”%.71 Stress and inflammation can form a vicious cycle to sustain and prolong
the disease effects, as hypothalamic inflammation by IKKB/NF-xB was found to promote
ER stress.% In addition to being a stress response mediator, hypothalamic IKKB/NF-kB can
transduce the activation of membrane receptors (TLRs and cytokine receptors) into central
inflammation in overnutrition-related diseases. Recent literature showed that hypothalamic
IKKB/NF-xB can mediate the effects of TLR4 signaling in the central mechanism of
obesity.58 Also, activation of IKKB/NF-kB in hypothalamic POMC neurons specifically via
TNF-a receptor 2 was shown to play a major role in obesity-related hypertension.’?
Additionally, 1L-4 was shown to stimulate hypothalamic IKKB/NF-kB activation leading to
overeating and weight gain.1%9 The terminal effectors of hypothalamic IKKB/NF-xB
activation in causing and promoting metabolic syndrome are largely unclear, which may
include intracellular stress-inducing enzymes (e.g., cytosolic phospholipase A,
cyclooxygenase-2, lipoxygenase, and nitric oxide synthase) and inflammatory molecules,
such as suppressor of cytokine signaling 3 (SOCS3), cytokines, chemokines, and their
receptors.66.118.177

JNKs belong to the mitogen-activated protein kinase (MAPK) family, and as a major class
of stress-activated protein kinases, JNKs play important roles in metabolic homeostasis
control and the development of metabolic diseases.42:73:75.178-187 There are three
mammalian JNK isoforms, with JINK1 and JNK2 being ubiquitously expressed, and JINK3
expression confined to a few tissues such as brain, pancreatic islet cells and heart.178 Due to
their high degree of similarity and overlapping tissue expression patterns, the three isoforms
may have partially redundant functions.1’® JNKs are immediately activated through
phosphorylation by MAPK kinases, and upstream mediators of JNKs predominantly involve
inflammatory cytokines and environmental stress. In the context of metabolic regulation,
lipid exposure, intracellular ER stress and oxidative stress are found to induce JNK
activation.178-180 Activated JNKs modulate the function of a complex set of nuclear
transcription factors (e.g., c-Jun, AP-1, ATF2 and FOXO04), nuclear hormone receptors (e.g.,
peroxisome proliferator-activated receptor-vy, glucocorticoid receptor, and retinoic acid
receptor), and non-nuclear signaling molecules (e.g., insulin receptor substrates,
mitochondrial Bcl family proteins, and 14-3-3 family of cytosolic signaling adaptors), thus
affecting a broad range of biological processes. Various global or tissue-specific INK1
genetic knockout models demonstrated that JNK activation in metabolic tissues (fat, liver
and skeletal muscle) or non-metabolic myeloid cells mediates HFD-induced insulin
resistance and related metabolic complications such as dyslipidemia.181-186 Recently,
overnutrition-induced JNK activation was extended to include the CNS and the
hypothalamus in particular.”76:187 This interest was stimulated by the unresolved question
that peripheral JINK1 knockouts could not replicate the anti-obesity effect of global INK1
knockout against HFD overnutrition,181-186 which suggested a central site for JINK signaling
in energy homeostasis control. Also, JNK activation was increased in the brain of rats and
mice with dietary obesity.”376 Using mice with brain-specific JNK1 knockout, Sabio et al.
showed that central inhibition of JINK1 significantly prevented HFD-induced obesity,
demonstrating that INK-mediated inflammation acts in the brain to control energy
homeostasis.”> HFD-induced suppression of peripheral insulin signaling in adipose tissue,
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muscle, and liver was prevented by brain-specific INK1 deficiency in these mice.”® Also
using a brain-specific JNK1 knockout model, Belgardt et al. observed similar metabolic
benefits against HFD-feeding.”® Interestingly, both studies found that brain JNK1 deficiency
increased the hypothalamic-pituitary-thyroid axis activity, and one study also observed
reduction of growth hormone.”76 Unger et al. also demonstrated that central inhibition of
JNK1 in mice improved metabolic response to central insulin administration as evidenced
by more pronounced appetite decrease and weight loss.187 However, the same study found
central inhibition of JINK1 additionally potentiated the hyperphagic effect of central
glucocorticoid administration.187 Taken together, these studies demonstrated that central
JNKT1 signaling regulates multiple endocrine axes and modules involving insulin, thyroid
hormone, growth hormone and adrenal hormone. By contrast, JINK2 and JNK3 have not
been directly studied pertaining to their possible roles in the central pathogenesis of
metabolic syndrome, but both isoforms have been implicated in the central pathogenesis of
neurodegenerative diseases and ischemic neuronal cell death.188-192 Studies have shown
that INK2 and JNK3 are required for the development of oxidative stress-related neuronal
degeneration in mouse models of Parkinson’s disease, while JNK2 or JNK3 knockout
protects mice against cellular oxidative stress and apoptosis and ameliorates the symptoms
of neurodegenerative disease.189-191 Since intracellular stress is involved in both
neurodegenerative diseases and obesity-related diseases, it is very likely that these INK
isoforms participate in the central mechanism of metabolic syndrome and related diseases,
which calls for future investigations.

Myeloid differentiation factor 88 (MyD88) is a central signaling adaptor for TLRs and IL-1
signaling to trigger downstream activation of proinflammatory kinase pathway mediated by
IKKPB/NF-xB and JNKs etc.193:194 MyD88 is brought into attention in metabolic
inflammation because proinflammatory activation induced by TLR4 signaling is implicated
in central or peripheral lipid sensing and metabolic regulation.68.69.142-151 For example,
fatty acids can induce inflammation through TLR4 activation in adipocytes, macrophages,
muscle, and liver,143-146.149 \whjle inhibition of TLR4 signaling substantially suppressed
tissue inflammation and systemic insulin resistance against HFD overnutrition.148-151 |n this
background, brain-specific ablation of MyD88 was found to abolish TLR-mediated central
inflammatory signaling through IKKB/NF-xB in HFD-fed mice, resulting in metabolic
protections against HFD-induced central leptin resistance and the development of obesity or
central glucose dysregulation.®® In the same study, overnutrition-induced brain JINK
activation was found unaffected by MyD88 deficiency, indicating that INK-mediated
metabolic inflammation in the CNS may not depend on MyD88. These findings were in line
with another work that showed that LPS-induced TLR4 activation led to an early phase NF-
kB activation in a MyD88-dependent manner and a late phase MAPK/INK pathway
activation in a MyD88-independent manner in astrocytes.19% This study provoked a question
regarding the neuronal versus non-neuronal source for MyD88-induced central inflammation
in metabolic syndrome and related diseases.
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SOCS3

While MyD88 can act upstream of IKKB/NF-kB-mediated metabolic inflammation, SOCS3
can be a key downstream player. SOCS family proteins were identified based on their
abilities to inhibit JAK2-STAT3 signaling, which forms the mechanistic basis for SOCS
proteins to inhibit leptin signaling.31:47:65.196 SOCS3 is particularly important for central
metabolic dysregulation because HFD feeding specifically increases SOCS3 expression in
the hypothalamus.56:197 Accordingly, the deleterious molecular and physiological effects of
metabolic inflammation significantly depend on SOCS3 expression,198 particularly in brain
neurons!® or hypothalamic neurons.””:79:200 |ndeed, SOCS3 was demonstrated by multiple
groups to negatively affect central insulin and leptin signaling through interrupting
comediators, such as insulin receptor substrates, JAK2/STAT3 and FOX01.3147.65,196
Brain-specific SOCS3 knockout results in increased hypothalamic STAT3 phosphorylation
and POMC induction.199 Conversely, SOCS3 overexpression in POMC neurons impairs
STATS3 signaling.2%° Interestingly, upregulation of hypothalamic SOCS3 by HFD feeding
was shown to depend on IKKB/NF-kB signaling in a cell autonomous manner:% moreover,
this NF-kB—dependent SOCS3 induction partially mediated the physiological effects of
hypothalamic IKKB/NF-xB activation in causing energy imbalance and obesity
development.56

PTP1B and inflammation

In addition to SOCS3, protein-tyrosine phosphatase 1B (PTP1B) is another molecule that
can inhibit insulin and leptin signaling.201-207 PTP1B belongs to the general family of
protein-tyrosine phosphatases, which reduce the phosphorylation of many important
signaling molecules.291.202 pTP1B is of particular interest in metabolic regulation because
PTP1B is widely expressed in multiple insulin-responsive tissues such as skeletal muscle,
liver, adipose tissue, and brain,208:209 and PTP1B mediates inhibition of leptin signaling in
cultured cells.203 Whole-body204.205 or muscle-specific?%6 PTP1B deficiency improves
insulin signaling in major metabolic sites such as liver and skeletal muscle. With regard to
central metabolic regulation, brain-specific PTP1B knockout improves central leptin
signaling in mice, resulting in a host of beneficial metabolic changes against overnutrition,
including reduction of body weight and adiposity, increase of energy expenditure and
improvement of glucose homeostasis, indicating that brain PTP1B is a key player in
overnutrition-induced central metabolic dysregulation.2%” HFD increases PTP1B expression
in the hypothalamus,?10 and factors that link HFD feeding to PTP1B upregulation can
include excessive circulating glucose, lipids, and hormones (e.g., insulin and leptin).211-215
Interestingly, IKKB/NF-kB activator TNF-a was recently demonstrated to induce PTP1B
overexpression not only in adipocyte and hepatocyte cultures but also in liver, skeletal
muscle, adipose tissue, and hypothalamus of animals.210 Considering that HFD feeding can
activate hypothalamic IKKB/NF-kB—a proinflammatory pathway pivotally responsible for
the induction of central inflammation,® PTP1B may represent another link in addition to
SOCS3 between overnutrition and inflammatory reaction in metabolic syndrome and related
diseases. Further bolstering this hypothesis, Loh et al. recently showed that hypothalamic
levels of another tyrosine phosphatase TCPTP are also elevated in diet-induced obesity
which additionally accounts for the development of central leptin resistance.216 Based on the
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observation that hypothalamic neuronal double-knockout of PTP1B and TCPTP has additive
anti-obesity effects against overnutrition compared to PTP1B or TCPTP single knockout,
the authors proposed a model where PTP1B and TCPTP, respectively, promote primary
versus secondary hypothalamic inflammation associated with overnutrition-induced
obesity.216

AMPK and inflammation

AMP-activated protein kinase (AMPK) is an evolutionarily conserved serine/threonine
kinase and functions as an energy sensor at both cellular and whole-organism
levels.40:217-226 AMPK is activated by physiological or pathological states of energy
deficiency, such as exercise and muscle contraction, fasting, hypoxia, ischemia, glucose
deprivation or hypoglycemia, and uncoupling of oxidative phosphorylation. Multiple tissue-
specific knockout or overexpression models showed that AMPK activation in individual
peripheral tissue counteracts the negative impact of energy deficiency on that specific tissue.
For example, AMPK stimulates glucose and fatty acid uptake and oxidation in muscle,
inhibits gluconeogenesis (an ATP-consuming process) of the liver, and stimulates lipolysis
in adipose tissue. The net outcomes are decreased circulating levels of glucose and lipid,
reduction of fat accumulation and enhanced insulin sensitivity, leading to protections against
obesity and insulin resistance.217-220 |n the CNS, AMPK acts as a hypothalamic neuronal
fuel sensor and counteracts energy deficit by stimulating food intake and hepatic glucose
production and by inhibiting energy expenditure and fatty acid oxidation,40.221-226
Consistently, anorexic hormone leptin or insulin, which signals energy sufficiency, inhibits
hypothalamic AMPK activity; whereas orexigenic peptide ghrelin or AGRP increases
hypothalamic AMPK activity.222:223 Thus, activation of hypothalamic AMPK is orexigenic,
and excessive hypothalamic AMPK activity can be obesogenic. Indeed, leptin failed to
inhibit AMPK2a activity in the arcuate and medial hypothalamus of mice with diet-induced
obesity, which was associated with central leptin resistance.?24 In agreement with this
understanding, AGRP neuron-specific AMPK2a deletion was found to prevent obesity,225
although discrepancy exists that POMC neuron-specific AMPK2a deletion also somehow
promotes obesity.225 Interestingly, hypothalamic AMPK inhibition was found to underlie
the anti-obesity effect of central administration of anti-inflammatory a-lipoic acid.226 Thus,
it is quite possible that excessive activation of hypothalamic AMPK participates in central
inflammation and the resulting positive energy balance. Future research is needed to
determine whether and how AMPK can be involved in HFD-induced hypothalamic
inflammation, particularly in AGRP neurons versus POMC neurons.

MTOR and inflammation

The mammalian target of rapamycin (mTOR) is an evolutionarily conserved serine-
threonine kinase that controls cell metabolism, growth, proliferation, and survival in
response to nutrient availability.227-230 mTOR pathway responds to nutrients, cellular ATP
levels, stresses, and growth factors, and activated mTOR controls a number of signaling
cascades involved in transcription, translation, ribosome biogenesis, autophagy, and
metabolism. Well-characterized mTOR targets include ribosomal S6 kinases (S6K1 and
S6K?2) and eukaryotic initiation factor 4E-binding protein 1, which function sequentially to
activate translation of specific genes. Due to its pivotal role in cellular physiology, complete
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loss of mTOR is lethal.231 An interesting observation is although mTOR and S6K1 are
ubiquitously expressed in brain, their phosphorylated forms are largely limited to the arcuate
nucleus and the PVN in rats,232233 indicating their function importance in these
hypothalamic metabolic centers. mTOR is activated downstream of PI3K/Akt signaling,234
which is an important mediator of insulin and leptin signaling in metabolic control,50
suggesting that mTOR could act as an effector of central insulin or leptin sensing. Indeed,
central administration of leptin leads to activation of mMTOR/S6K1 pathway, while central
inhibition of MTOR abrogates the anorexic effect of leptin.232 Similarly, hyperactivation of
mTOR was shown to downregulate insulin signaling through S6K1-mediated negative
feedback inhibition of insulin receptor substrates to cause insulin resistance in many types of
peripheral tissues.235236 This pathological action of MTOR/S6K may also apply to the
hypothalamic insulin signaling, as suggested by a study showing that hypothalamic ablation
of mTOR signaling inhibitor tumor suppressor complex 1 (TSC1) leads to uninhibited
mTOR activity and the development of hyperphagia and obesity due to central insulin
resistance.237 Along this line, constitutive activation of S6K in the hypothalamus was found
to mimic HFD feeding to impair central insulin signaling with disease consequences, yet
suppression of S6K in MBH restored central insulin signaling.238 Thus, hyperactivation of
mTOR pathway may contribute to the pathogenesis of overnutrition-induced central
metabolic dysregulation. In connection with inflammation, mTOR pathway has been shown
to be activated by inflammatory cytokines, such as TNF-a and IL-6,239 and IKKp activation
can mediate TNF-a—induced mTOR activation via suppressing TSC1.240 Reciprocally,
activated mTOR pathway can promote cellular inflammation by inducing inflammatory
cytokines through activating NF-«xB and ER stress.241:242 Qverall, there still miss
compelling evidences for mTOR hyperactivation being the downstream mediator of central
inflammation, and an intriguing future research topic would be to investigate the connection
between mTOR and IKK@- or stress-induced hypothalamic inflammation and its disease
significance.

inflammation

Sirtuins refer to a family of nicotinamide adenine dinucleotide (NAD)-dependent protein
deacetylases.?43.244 Sirtuins are originally known for the anti-aging effects in yeast and
metazoan species,?4 although a recent study by Burnett et al.246 challenged the pro-
longevity role of C. elegans and Drosophila Sir2 (ortholog of mammalian SIRT1). In
mammals, the sirtuin family has seven functionally non-redundant homologues, namely
SIRT1-7.247 Protein deacetylation by nuclear sirtuins (SIRT1, 2, 6, and 7) is associated with
modulations of chromatins and transcription factors, which results in transcription activation
of genes that control key metabolic pathways, and the overall physiologic effects of sirtuins
have been related to enhanced stress tolerance and protections against aging and metabolic
diseases.?4> In fact, such anti-stress actions form the mechanistic basis for sirtuins to
mediate the anti-aging effect of caloric restriction (CR).24® Protein deacetylation by
mitochondrial sirtuins (SIRT3, 4 and 5), on the other hand, directly modulates the functions
of mitochondrial proteins that govern metabolic pathways, and their roles in promoting
cellular adaptation to metabolic stresses are more prominent.24’ As overnutrition can induce
metabolic stress, which mirrors the effect of CR in reducing metabolic stress, there might
exist some molecular pathways that are oppositely targeted by overnutrition and CR.
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Sirtuins may represent such candidates which generate anti-inflammatory actions against
overnutrition, as activation of sirtuins (e.g., SIRTL, 3, 4, and 7) reduces cellular oxidative
stress® and renders cells more resistant to stress-induced deleterious outcomes such as
inflammation. This notion can be suggested by a recent study by Pflunger et al. showing that
transgenic overexpression of SIRT1 in endogenous SIRT1-expressing cells improved energy
expenditure and glucose tolerance and protected against hepatic steatosis in mice; more
importantly, these metabolic benefits of SIRT1 overexpression are mediated by induction of
antioxidants and reduction of proinflammatory cytokines via NF-kB downregulation.248 The
working model of sirtuins in suppressing inflammation may similarly apply to the CNS and
the hypothalamic neurons. Studies have shown that POMC neuron-specific SIRT1
deficiency rendered hypothalamic neurons susceptible to HFD-induced leptin resistance, 249
and mice with either POMC neuron-specific or steroidogenic factor 1 (SF1) neuron-specific
SIRT1 deletion were highly susceptible to the development of dietary obesity and
T2D.249.250 However, there is one caveat with the POMC neuron-specific SIRT1 knockout
model, since studies with rats have shown that hypothalamic inhibition of SIRT1 decreases
food intake through its direct effects in NPY/AGRP neurons and indirect effects on POMC
neurons.251:252 Independently of these genetic approaches, pharmacologic studies revealed
that resveratrol activates SIRT1 to reduce HFD-induced hypothalamic inflammation and
improve diabetic symptoms in mice, suggesting the central anti-inflammatory role of SIRT1
against overnutrition.253:254 Regarding other SIRT isoforms, neuronal deletion of SIRT6
resulted in striking histone hyperacetylation in neuroendocrine regions of the brain and the
development of obesity, indicating that SIRT6 normally functions as a central anti-obesity
molecule.2%5 Recently, mice deficient in SIRT3 were shown to have accelerated
development of metabolic syndrome including obesity, insulin resistance, hyperlipidemia,
and steatohepatitis when fed a HFD.2%8 In summary, the anti-inflammatory potential of
sirtuins may account for their central actions in preventing overnutrition-related diseases,
and it can be anticipated that significant amount of research interest and efforts will be
attracted to test this hypothesis in the next few years.

Hypothalamic cell types affected by inflammation

The hypothalamus is a highly heterogeneous brain structure consisting of different types of
neurons and non-neuronal cells. Hypothalamic neurons that regulate metabolic homeostasis
are clustered into distinct groups located in different hypothalamic regions, and those in the
MBH, such as POMC neurons and AGRP neurons, are primarily responsible for converting
systemic metabolic signals to brain control of metabolic physiology. In this process, these
neurons employ various neuropeptides and neurotransmitters to direct downstream
neuroendocrine and neural events in concert with hunger, satiety, energy expenditure,
thermogenesis, and peripheral nutrient metabolism. The hypothalamus contains different
non-neuronal cell types including astrocytes, oligodendrocytes, microglial cells, ependymal
cells, and endothelial cells, which maintain a homeostatic environment for neurons by
providing nutrients, oxygen, physical support, and protection to neurons. Major neuronal
and non-neuronal cell types in the brain express membrane-bound pattern recognition
receptors (PPRs), which are a form of secreted soluble proteins displayed on cell surface that
bind, phagocytose, and transduce extracellular signals based on their molecular patterns.257
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Two major functional classes of membrane PPRs are endocytotic PPRs (e.g., mannose
receptors and scavenger receptors) that promote phagocytosis of non-self molecules and
signaling PPRs (e.g., TLRs and CD14) that promote synthesis and secretion of immune
response molecules.141.258 Thus, at least via PPRs, both neurons and various glial cell types
can mediate innate immune response to local and systemic inflammatory stimuli.259-261

Hypothalamic inflammation that underlies the development of obesity and related disease
was initially demonstrated to occur in hypothalamic neurons, which can be induced through
HFD-induced IKKB/NF-kB activation.®8 Several subsequent studies supportively
demonstrated that overnutrition induces metabolic inflammation in the hypothalamus or the
arcuate nucleus region in particular.67-69 Using mouse models of neuron-specific gene
knockout, IKKp inhibition in AGRP neurons and POMC neurons were respectively
demonstrated to protect against HFD-induced obesity and obesity-associated disorders (e.g.,
glucose intolerance and blood pressure elevation).%6:71.72 The underlying mechanisms
include direct remedies of central leptin and insulin resistance®® and sympathetic nervous
system alteration’%.71 at neuronal levels. Neuron-specific knockouts of SOCS3 using
synapsin 1 promoter-driven Cre-loxP system was shown to increase hypothalamic leptin
sensitivity and prevent diet-induced obesity, indicating that SOCS3-mediated neuronal
inflammatory signaling contributes to the development of central metabolic deregulation
under overnutrition.1%9 Overall, because neurons mediate hypothalamic mechanism of
metabolic syndrome and diseases, neuronal inflammation induced factors—particularly
intracellular oxidative stress and ER stress, are most likely to be pertinent to the central
inflammatory mechanism of these diseases. Based on this understanding, neuronal inhibition
of stress and inflammatory signaling can significantly mediate the anti-obesity/T2D
phenotypes in a variety of brain-specific knockout mouse models that targeted ER stress
signaling enhancer X box binding protein-1,”4 MyD88,58 or INK1,75:76 although gene
ablations (via nestin promoter-directed Cre-loxP recombination) in these models occurred in
not only neurons but also glial cells.

Along with recent advances on hypothalamic inflammation in overnutrition-induced
diseases, research also began to revisit the role of inflammatory reaction in hypothalamic
mechanism of negative energy balance and cachexia, facilitated by recently available brain-
or neuron-specific genetic models. Two recent studies have linked POMC neurons to the
effect of central cachectic inflammation: one showed that upregulation of inflammatory
cytokine LIF in POMC neurons accounts for LIF’s central cachectic action;8” the other
showed that activation of IKKf in POMC neurons is required for anorexia and weight loss
in sickness response.2%2 In addition to POMC neurons which are localized in the MBH,
some studies examined the lateral hypothalamus that contains orexin neurons and
melanocortin concentrating hormone (MCH)-expressing neurons, and found that these
neurons were critical for the attenuation of lipopolysaccharide (LPS)-induced cachectic
effect induced by central administration of anti-inflammatory cytokine 1L-10.263 Thus,
neurons in the lateral hypothalamus may have an important role in terms of cachectic
hypothalamic inflammation and disease consequence. Comparatively, a question can be
asked whether neurons in lateral hypothalamus can be relevant to metabolic inflammation in
obesity and obesity-related diseases.
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Apart from neuronal inflammation, recent studies have alluded to the role of non-neuronal
cells in hypothalamic inflammation with regard to overnutrition-induced diseases. Neonatal
exposure to overnutrition (HFD feeding) was shown to cause microglial activation and
increased local levels of IL-6 in the ventromedial hypothalamus at 60 days postnatal, leading
to elevated circulating levels of leptin and moderate weight gain on a normal diet in rats.264
Also, another study reported that central 1L-4 administration was able to induce microglial
activation which promoted hypothalamic inflammation and weight gain, while blockade of
proinflammatory kinase IKKp abolished the obesogenic effect of 1L-4.159 Based on this
work, microglial cells may provide a permissive effect on neuronal inflammatory
dysfunction. This idea is also suggested by an in vitro study showing that cultured pure
population of hypothalamic neurons are not sensitive to lipid-induced inflammatory
activation.2%5 Another intriguing question regarding the cellular basis of hypothalamic
inflammation is whether metabolic versus cachectic inflammation may have cell type-
dependent basis between neurons versus glial cells. Given the highly heterogeneous nature
of hypothalamic cells, such a question seems quite legitimate; however, current research in
this regard is scarce. Regardless, among non-neuronal glial cells, microglial cell-mediated
hypothalamic inflammation in response to overnutrition has different characteristics from
the classical inflammation mediated microglial cells in brain injuries and infections266-268
or neural autoimmune diseases.289 Astrocytes could be another glial cell type relevant to
central induction of inflammation by overnutrition—especially lipid excess, given that
astrocytes rely on free fatty acids as energy source and express plenty lipid regulators, such
as PPARa, lipoprotein apoE, and brain fatty acid-binding proteins.#> Overall, the role of
various glial cells in hypothalamic inflammation and nutritional diseases, whether being
obesogenic or cachectic, remains an under-investigated topic.

Impacts of hypothalamic inflammation on neuroendocrine and neural

systems

The hypothalamus functions as endocrine headquarters in regulating whole-body energy and
metabolic homeostasis.31~47 Metabolic regulatory centers of the hypothalamus, such as
those located in the MBH and the lateral hypothalamus, critically integrate metabolic
sensing with central neuroendocrine and neural control of metabolic physiology. A crucial
component that couples metabolic sensing with downstream physiological regulation is the
regulatory network directed by various neuropeptides.2’%-272 Some well-studied
neuropeptides in hypothalamic metabolic regulation include a-melanocyte stimulating
hormone (a-MSH, a peptidyl product of POMC), NPY and AGRP—which are produced
and released by POMC neurons or AGRP neurons in response to metabolic signals. These
neuropeptides subsequently act on downstream hypothalamic neurons which use peptidyl
hormones, such as thyrotropin-releasing hormone (TRH),273 corticotropin-releasing
hormone (CRH), oxytocin, and MCH?274 to control metabolic physiology. Two well-studied
examples of such neuroendocrine systems are the hypothalamic-pituitary-thyroid (HPT) axis
and the hypothalamic-pituitary-adrenal (HPA) axis.

Brain inflammation is known to have dramatic effects on hypothalamic endocrine systems
(e.g., HPA and HPT axes) at multiple levels of. For example, brain inflammation following
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traumatic brain injury can result in hypothalamic-pituitary insufficiency, a cluster of
disorders that affect many endocrine regulations leading to adrenal, thyroid, or growth
hormone defects.27%:276 Qvernutrition-induced central inflammation is milder in
comparison, but the chronic nature still results in (selective) disruption of hypothalamic
neuroendocrine pathways to negatively impact metabolic physiology, as summarized in
Table 2. Under obesogenic conditions, such as chronic HFD feeding, excessive nutrients can
induce inflammation in the hypothalamus to impair neuronal sensitivity to central leptin and
insulin, leading to feeding and energy imbalance and obesity.5¢ At the molecular level, such
inflammation can be significantly mediated by IKKB/NF-xB activation and SOCS3
upregulation.56 Hypothalamic inflammation can also inhibit the HPT axis to cause obesity,
as demonstrated by two recent studies that inhibition of brain inflammation via brain-
specific JNK1 knockout was associated with increased HPT axis activity,”®76 which
accounted for the protection against HFD-induced obesity.”> Also, it was shown that
hypothalamic inflammation induced by neuropsychiatric stress or brain L-glutamate—
induced damage was associated with activation of HPA axis which led to visceral
obesity.277-279 Furthermore, hypothalamic inflammation may activate the endocannabinoid
system to promote overeating and obesity,280:281 since the appetite-suppressing and anti-
obesity effects of cannabinoid-1 receptor antagonist rimonabant are related to a systemic
decrease of inflammatory markers such as TNF-a, and C-reactive protein.282

In addition to being a neuroendocrine regulator, the hypothalamus is an important player in
the neural control of metabolism and related diseases. The underlying anatomic basis is the
extensive neural projections emanating from several hypothalamic nuclei to hindbrain
autonomic sites such as rostral ventrolateral medulla (RVLM), nucleus tractus solitarius
(NTS), and dorsal motor nucleus of the vagus nerve (DMX).31:3749 |n fact, such neural
regulatory pathways have been speculated to mediate body weight-independent regulation of
glucose homeostasis by the arcuate nucleus and comprised POMC neurons or AGRP
neurons and by the ventromedial nucleus and comprised SF1 neurons.49:283-286 ynder
disease conditions, such as overnutrition-induced inflammation, normal hypothalamic neural
regulation of energy homeostasis and metabolism can be disrupted, leading to various
disease consequences. This model is suggested by the observations that acute overnutrition
is associated with elevation of sympathetic nervous system activity,287:288 and inflammation
also leads to sympathetic excitation in various experimental systems.”%71 Indeed, studies
using mice with neuronal deletion of inflammatory mediator SOCS3 showed that neuronal
inflammation impairs central regulation of glucose homeostasis in a body weight-dissociable
manner,’”:79 though these studies did not examine whether an alteration of neural output
was accountable. However, two recent studies unequivocally demonstrated that NF-xB—
mediated inflammation in hypothalamic arcuate nucleus causes peripheral insulin
resistance’? and hypertension’! via sympathetic upregulation, and one study pinpointed that
NF-kB-mediated inflammation in POMC neurons rather than AGRP neurons was required
for overnutrition-induced sympathoexcitation.”* Thus, these two types of hypothalamic
neurons can employ neuroendocrine versus neural programs differentially to decode
overnutrition-related inflammation. In conjunction with the literature that NF-xB-mediated
inflammation in AGRP neurons causes obesity,%6 while NF-xB-mediated inflammation in
POMC neurons underlies the cachectic effects of sickness response,252 it can be speculated
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that obesogenic versus cachectic effects of hypothalamic inflammation might be
preferentially diverted to neuroendocrine versus neural changes by different types of
hypothalamic neurons. In addition to sympathetic activation, brain inflammation has been
recognized to downregulate parasympathetic pathway28° to cause glucose dysregulation®®
and cardiac damage,2%0 yet restoring parasympathetic activity can antagonize the
pathogenesis of inflammation-related stroke.291 However, it has been barely studied whether
the parasympathetic pathway can be modulated by overnutrition-related hypothalamic
inflammation to mediate the development of metabolic syndrome and diseases.

Impacts of hypothalamic inflammation on body weight

The hypothalamus is one central regulator of energy balance and body weight at whole-
organism level (Fig. 2).31-46 The regulation is crucially mediated by multiple hypothalamic
regions and locally released neuropeptides such as a-MSH, CART, AGRP, NPY, orexin,
and MCH.292-301 The well-defined MBH region contains first-order neurons that sense
metabolic cues (e.g., circulating leptin, insulin and nutrients) and instructs downstream
neuroendocrine and neural systems to adjust energy intake (feeding) and energy
expenditure.392-305 \When energy intake exceeds expenditure, increased amount of leptin is
produced by fat cells and acts on MBH neurons via leptin signaling consisted of JAK2 and
STAT3. As a result, POMC neurons produce and release anorexigenic neuropeptides a-
MSH and CART, while AGRP neurons stop producing orexigenic neuropeptides AGRP and
NPY. Insulin generates similar effects on these neurons via insulin signaling, and some
insulin signaling components such as PI3K and FOXO also participate in leptin
signaling.31:3742 |n addition to neuropeptides, these neurons can use neurotransmitters to
control downstream regulatory systems.44:306-311 Downstream effectors of these
neuropeptides comprise both neuroendocrine pathways and neural routes that are linked to
brain autonomic centers. However, under pathological conditions, such as overnutrition-
induced inflammation or cachectic systemic inflammation, the regulatory functions of
hypothalamic neurons and effectors169:312-318 gre disrupted, leading to various types of
energy and body weight imbalance as summarized in Table 3 and discussed below.

IKKB/NF-xB and body weight

Various genetic models demonstrated that central leptin and insulin signaling are
indispensible for proper feeding and body weight regulation, while impairment of central
leptin or insulin signaling underlies the development of obesity.304:305.319-324 Actjvation of
hypothalamic IKKB/NF-xB inflammatory pathway is a major pathogenic mediator for
overnutrition-induced obesity.66-69.72 Using HFD feeding or central administration of
saturated fatty acids, lipid excess has been related to induction of NF-xB-related
inflammation in the hypothalamus, resulting in impairment of central leptin and insulin
signaling, increased food intake, decreased energy expenditure and the development of
obesity.56-69 |nhibition of IKKB/NF-kB via pharmacologic inhibition of hypothalamic
IKKB,87 gene knockout of TLR4%9.150 or NF-xB subunit p50,32> or brain-specific ablation
of IKKB or MyD88%6:68 unanimously had protective effects against these metabolic
disorders. Mechanistically, overnutrition was shown to activate neuronal IKKB/NF-kxB via
cellular metabolic stress such as ER stress.56 Central induction of ER stress can mimic
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overnutrition to cause NF-kB activation in the hypothalamus of mice, while central
inhibition of ER stress can reduce the effect of HFD feeding in inducing hypothalamic NF-
kB activation.%6 Furthermore, mice with genetic induction of brain ER stress were
susceptible to HFD-induced leptin resistance and obesity.”# Taken together, an early-onset
cascade induced by overnutrition can be inferred, i.e., cellular ER stress — hypothalamic
IKKB/NF-xB activation — central leptin and insulin resistance — energy imbalance and
obesity. Besides ER stress, autophagy defect, which represents another type of cellular
abnormality, can induce feeding and energy imbalance and obesity development by
promoting hypothalamic IKKB/NF-kB activation, since brain-specific IKKf knockout
abrogated the obesogenic effects of autophagy defect.”2 Of note, the development of
autophagy defect in hypothalamic arcuate nucleus is late-onset during overnutrition (HFD)-
induced obesity,’2 implying that ER stress and autophagy defect respectively represent early
versus late mediator of IKKB/NF-xB-mediated hypothalamic inflammation under
obesogenic conditions.

Regarding the cellular basis for the obesogenic effect of hypothalamic IKKB/NF-xB, AGRP
neurons represent an important neuronal subtype, because AGRP neuron-specific IKK[(
knockout partially protected mice against HFD feeding-induced obesity.%8 The potential
effect of IKKB/NF-xB in POMC neurons cannot be excluded, although IKKJ inhibition in
POMC neurons by itself was insufficient to reverse HFD-induced obesity.”? IKKB/NF-xB in
brain and hypothalamic glial cells may also mediate obesity development. Oh et al. reported
that central administration of IL-4 promotes weight gain under HFD feeding condition via
microglia-mediated activation of IKKp signaling, yet pretreatment with IKKp inhibitor in
the brain prevents the effect of I1L-4 in promoting obesity.15® Thus, mirroring the
proinflammatory effect of macrophage activation in promoting peripheral metabolic
disorders, activation of microglia also promotes a central inflammatory milieu which
contributes to the development of central metabolic dysregulations. In addition to microglia,
HFD was shown to stimulate astrocyte activities, indicating that astrocyte-mediated immune
response may play a role in metabolic dysregulation associated with dietary obesity.*> In
summary, these studies highlight the multiple cellular substrates and their potential cross-
talk for central IKKS proinflammatory pathway to cause obesity and related metabolic
diseases.

IKKP/NF-xB also mediates cachectic inflammation, as suggested by a study2%2 showing that
in LPS-induced bacterial infection and in HIV-1 transactivator protein (Tat)-induced viral
infection, NF-xB activation in POMC neurons was essential for hypothalamic expression of
inflammatory cytokines and increased POMC expression, which accounted for the anorexic
effects of LPS and Tat. In another cachexia model induced by central administration of high
dose TNF-a, activation of hypothalamic NF-xB was observed and accompanied by a 25%
reduction of 12-hr food intake as well as increased body temperature and respiratory
quotient.82 Therefore, targeting central IKKB/NF-xB may be significant not only for the
control of metabolic syndrome, but also for the intervention of cachectic syndrome
associated with AIDS, cancer, and end-stage heart and kidney diseases.
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JNK1 and body weight

As another class of canonical cellular proinflammatory kinases, JNKs are activated by
inflammatory cytokine TNF-a and free fatty acids in cultured cells326-328 and by HFD
feeding in metabolic tissues of animals.181 Global INK1 knockout mice were protected
against HFD-induced obesity, and reduction of weight gain was specifically caused by
decreased adipocyte size and total adiposity, rather than changes of food intake or lipid
metabolism.181 Consistently, JINK1 ablation significantly attenuated the genetic obesity of
ob/ob mice.181 Tissue-specific JNK1 knockout studies showed that JINK1 deficiency in
peripheral metabolic sites, such as fat, liver or muscle could not recapitulate the anti-obesity
effect of global INK1 knockout.182-184 However, brain-specific JNK1 deletion is sufficient
to prevent HFD-induced weight gain as global JINK1 knockout.” Sabio et al. found that
brain-specific INK1 knockout significantly improved central insulin sensitivity, leading to
decreased food intake, increased physical activity, increased energy expenditure and reduced
adiposity.”> Belgardt et al. similarly reported that mice with brain-specific JNK1 knockout
mice showed improved central insulin sensitivity and glucose metabolism together with
reduced body weight and epididymal fat mass, although the total body fat composition was
not different from wild-type controls under the same HFD-feeding condition.”® Both studies
found that HPT axis activity was increased by brain JNK1 ablation,”>76 yet such connection
to HPT axis has not been reported in IKKB/NF-xB-mediated brain inflammation. With
regard to other types of metabolic inflammation stimuli, there have been no studies that
directly linked central JNK activation to ER stress, oxidative stress or autophagy defect in
the context of obesity. Regardless, ER stress was shown to induce JNK activation in adipose
tissues,32% and mitochondrial oxidative stress was shown to activate JNK pathway in
pancreatic B cells and liver cells.330 Finally, similar to IKKB/NF-«xB pathway, JNK
activation may be involved in central cachectic inflammation, as suggested by a study
showing that central administration of TNF-a at high dose activated canonical inflammatory
pathways including JNK .82

SOCS3 and body weight

As an important negative regulator of leptin and insulin signaling, SOCS3 is closely related
to central body weight dysregulation via central leptin and insulin resistance in
hypothalamic nutrient-sensing neurons.31:65.66.77.198-200 Mice with haploinsufficiency of
SOCS3 exhibit increased feeding suppression and weight loss in response to leptin
administration, and are resistant to HFD-induced leptin resistance and associated metabolic
complications.198 Further, brain neuron-specific SOCS3 deficiency similarly results in
enhanced leptin sensitivity and protections against HFD-induced leptin or insulin resistance
and weight gain, indicating that SOCS3 controls body weight and energy balance through
brain neurons.®® Zhang et al. mechanistically demonstrated that overnutrition induces
SOCS3 expression in the hypothalamus in a IKKB/NF-kB-dependent manner, and this
SOCS3 upregulation mediates the effects of IKKB/NF-xB activation in promoting feeding
and weight gain.%6 Since hypothalamic IKKB/NF-kB can be activated by TLR
signaling,%7-9 cytokine signaling,159 intracellular ER stress®® and autophagy defect,’2
SOCS3 could act as a universal downstream player—an hypothesis that remains to be
experimentally tested. Hypothalamic neurons that mediate SOCS3 action in body weight
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dysregulation should include AGRP neurons, since IKKf inhibition in AGRP neurons can
reduce the extent of overnutrition-induced obesity.88 POMC neurons have been
experimentally targeted by two studies, which showed that SOCS3 upregulation in POMC
neurons induces central leptin resistance and obesity,29° and SOCS3 deletion in POMC
neurons leads to enhanced leptin sensitivity and reduced weight gain on a HFD.”’
Interestingly, POMC neuron-specific IKKB knockout was insufficient to reduce HFD-
induced obesity,”? indicating that the upstream induction of SOCS3 in POMC neurons may
involve synergistic actions between IKKB/NF-kB and other pathway(s).

PTP1B and body weight

PTP1B is also a negative regulator of insulin and leptin signaling,294-207 and hitherto plays
arole in central body weight dysregulation. Whole body PTP1B-deficient mice showed
increased energy expenditure and decreased adiposity, and were protected from HFD-
induced obesity.294:205 Moreover, brain207 or hypothalamic331332 pPTP1B knockout
recapitulates the anti-obesity effects of whole-body PTP1B knockout, indicating that PTP1B
acts in the hypothalamus to mediate overnutrition-induced central obesity. In support of this
model, HFD feeding was shown to increase PTP1B expression in the hypothalamus in
mice.210 In exploring the potential inflammatory basis of overnutrition-induced PTP1B
expression, inflammatory cytokine treatment was shown to induce PTP1B expression in
hypothalamic arcuate nucleus as well as metabolic tissues in vivo.210 Taken together, these
studies suggest a pathway where overnutrition-induced hypothalamic inflammation
upregulates PTP1B expression to promote obesity development.

TLRs and body weight

Known to be activated by lipid ligands, TLR2 and TLR4 are particularly implicated in
metabolic inflammation and body weight dysregulation induced by lipid
excess.68.69.142-144,146-153 T|_R2 inhibition in skeletal muscle or fat tissue was found to
improve tissue insulin sensitivity in association with a reduction of NF-xB activity in these
tissues.152 More recently, whole-body TLR2 knockout mice were reported to exhibit strong
protection against HFD-induced obesity, and this effect was associated with inflammatory
reduction.152.153 However, the role of central TLR2 signaling in inducing body weight
dysregulation or obesity has not been studied. TLR4 is more intensively studied with regard
to overnutrition-related body weight control.68.69.144.146-151 Central knockout of TLR4
signaling adaptor MyD88 in mice increases central leptin sensitivity, decreases food intake,
increases energy expenditure, and prevents weight gain or systemic insulin resistance
against lipid overnutrition.%8 Although MyD88 also facilitates signaling of other membrane
receptors such as I1L-1,193.194 this study highly indicates that central activation of TLR4 may
be an important pathogenic link in metabolic syndrome related to lipid overnutrition. The
anti-obesity effect of TLR4 inhibition was also supported by studies using a mouse line with
a loss-of-function mutation (proline’12 to histidine) in TLR4.150.151 Under HFD-feeding
condition, these mutant mice showed decreased adiposity and increased basal metabolic rate,
and were protected from dietary obesity,1°0 though another group only observed decreased
food intake without significant anti-obesity effect.1>1 Whole-body TLR4 knockout was also
reported to have no protection against HFD-induced obesity in CB57BL/6 mice.14® To
clarify these inconsistencies, mouse models with brain-specific TLR4 inhibition need to be
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developed and analyzed for energy metabolic phenotypes. On the other hand, appropriate
levels of TLR-mediated lipid signaling under physiological conditions may be required to
maintain normal body weight and energy homeostasis.#6:333-336 Evidence has shown that
normalizing the levels of long-chain fatty acyl-CoA in the hypothalamus can correct energy
imbalance in overfed rats.333 Also, hypothalamic inactivation of fatty acid synthase protects
against diet-induced obesity,334 possibly through increasing cellular levels of malonyl-CoA
which signals energy surfeit to the brain, leading to feeding reduction.® Recently, brain-
specific knockouts of lipoprotein receptor-related protein 1 (LRP1), which mediates cell
surface lipid signaling33® or lipoprotein lipase, which releases free fatty acids from
circulating triglyceride-rich lipoproteins,336 were both shown to cause obesity. While these
studies suggest that normal central lipid sensing can help control overfeeding and weight
gain, the physiological and pathological connections between central lipid sensing, TLR
activation and downstream inflammatory pathways remain to be investigated.

Cytokine signaling and body weight

The effects of cytokine receptor-mediated hypothalamic inflammation on body weight are
complicated and could have opposite directions depending on obesogenic or cachectic
disease contexts. In overnutrition-induced hypothalamic inflammation, activation of
proinflammatory pathways, such as IKKB/NF-kB can induce expression of proinflammatory
cytokines in both affected neurons and nearby glial cells via paracrine mechanisms. Besides,
overnutrition-related diseases like obesity and T2D are accompanied by a low-grade
elevation of circulating cytokines, which may be transported to MBH (the BBB is relatively
leaky in this hypothalamic region) and activate low-grade inflammation via cytokine
receptor signaling. By contrast, cachectic diseases are often associated with abundant
circulating cytokines,20:22-25 which are likely to induce robust inflammatory reactions in the
hypothalamus, via direct transfer of excessive cytokines across BBB or via secondary
triggering of inflammation amplifier PGE2 in BBB.170.171 |n support of the notion that the
intensity of inflammatory cytokines determines the physiological outcome of positive versus
negative energy balance, central administration of low-dose TNF-a reproduced the
obesogenic effects of metabolic inflammation,82:155 while high-dose of central TNF-a
administration caused cachectic effects.82 This disease model is also supported by mouse
models with genetic knockout of TNF-a 196157 or TNF-a receptor 1 (TNFR1),155:158 poth of
which showed counteraction against diet-induced obesity. Central administration of a few
other cytokines at high doses each induced anorexia, increased respiratory quotient and
fever, resembling the pathophysiological changes in cachectic diseases.83-90

It also seems that overnutrition-induced inflammation versus cachectic inflammation can
differentially impact energy intake versus expenditure to affect body weight. Increased
energy intake (overfeeding) is an immediate and predominant factor for positive energy
balance in overnutrition-induced brain inflammation.%6-69 Yet reduction of energy
expenditure becomes apparent only after prolonged overnutrition as seen in HFD-induced
obesity or genetically obese ob/ob mice,337 which presumably reflects a secondary effect of
increased adiposity. By sharp contrast, cachectic inflammation can potently increase basal
energy expenditure (mainly in the forms of basal metabolic rate and thermogenesis) to
induce negative energy balance. Cachectic changes induced by systemic inflammation due
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to NF-kB or JNK activation can occur without food intake reduction.81:338.339 |n fact,
overeating was observed in some cachexia mouse models, which may reflect an adaptive
change in response to drastically elevated energy expenditure, or it could be that a subset of
inflammatory factors induced isolated overnutrition-like metabolic effects. Further
suggested by recent literature, anabolic versus catabolic effects of inflammation might
differentially engage hypothalamic neurons. Ablation of IKKf in AGRP neurons was shown
to protect mice from HFD-induced hyperphagia and obesity,56 yet ablation of IKKp in
POMC neurons in mice did not prevent HFD-induced obesity.’! An additional study further
linked IKKB/NF-xB in POMC neurons to the cachectic effects of LPS-induced infection,
and ablation of IKKp in POMC neurons reduced the cachectic effects.262 Notably,
sympathetic upregulation underlies both the cachectic action of POMC derived neuropeptide
a-MSH.24 Taken together, AGRP neurons are prone to mediate overnutrition-induced
inflammation and ensuing neuroendocrine dysregulation to cause obesity, while
inflammation in POMC neurons is likely to induce sympathetic excitation to cause cachectic
effects.

Regarding genetic knockout models that targeted cytokines or their receptors, global
knockout of IL-1, IL-1, receptor or IL-6 can result in mature-onset obesity,164-166 clearly
pointing to the catabolic actions of these cytokines. These studies were in line with the
pharmacologic experiments demonstrating the central cachectic actions of 1L-1p8384 and
IL-6.85 The late development of obesity in IL-1 and IL-6 signaling deficient mice may be
caused by cumulative small positive energy balance that resulted from reduced energy
expenditure, since increase of food intake was not evident until 10-13 months of age, which
was several months later than the onset of obesity.165.166 These observations in general
support the view that cytokine-related inflammation primarily increases energy expenditure
to affect body weight. As discussed above, sympathetic activation represents an underlying
basis, which was suggested by a study showing that increased sympathetic tone mediated the
weight loss effect of IL-1 receptor antagonist knockout (an IL-1 signaling gain-of-function
model).340 In this context, anti-inflammatory approaches targeting cytokine signaling can be
valuable for the treatment of cachectic syndrome. On the other hand, although cachectic
cytokine signaling can decrease adiposity,341:342 taking advantage of this pathological action
of these cytokines to treat obesity seems dangerous, as the overall unhealthy impacts on
whole body can be substantial and outweigh the benefit of obesity control.

Impact of hypothalamic inflammation on glucose homeostasis

The body’s ability to maintain stable circulating glucose levels is crucial for the normal
functioning of organs and tissues. Glucose homeostasis is achieved through coordinated
actions between multiple organs including brain, liver, pancreas, adipocytes, and skeletal
muscle.343 For instance, in response to an increase of glucose level, pancreatic p-cells
secrete insulin to promote tissue glucose uptake, while inhibit hepatic glucose production,
whereas a decrease in glucose level stimulates counter-regulatory hormones, such as
glucagon, corticosteroids, and catecholamines to promote hepatic glucose production.
Research during the recent decade has appreciated that these activities are also monitored by
regulatory neurons in the hypothalamus, which can sense metabolic signals to regulate
glucose metabolism in peripheral tissues39:49.50.344-346 (Fig. 2). Such metabolic signals
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include circulating leptin, insulin, gut hormones, and nutrients, all of which can act on
hypothalamus neurons to control peripheral glucose homeostasis. For example, insulin has
central hypoglycemic actions via suppressing hepatic glucose production and promoting
peripheral glucose uptake;347 while central administration of leptin rescues the insulin
resistance and diabetic phenotype of lipodystrophic mice.348 Neurons in the hypothalamus,
such as AGRP neurons, POMC neurons, and SF1 neurons are all responsive to leptin and
insulin in exerting central regulation of peripheral glucose homeostasis.”9:284.285349 Thege
neurons can direct downstream neurons to regulate several autonomic sites in other brain
regions (e.g., DMX and NTS of the brain stem), which directly control glucose metabolism
and related insulin signaling in peripheral organs.

Recent research has elucidated that hypothalamic regulation of systemic glucose
homeostasis can be independent of hypothalamic control of feeding and body weight.3949.50
For instance, leptin has been shown to act in hypothalamic arcuate nucleus to improve
glucose homeostasis independently of its effects on body weight or food intake in mice3%0
and rats.351 A recent study further pinpointed this body weight- and food intake-independent
regulation of glucose homeostasis by leptin (and insulin as well) to POMC neurons of the
arcuate nucleus.349 Similarly, hypothalamic dysregulations that underlie weight gain versus
glucose intolerance can be separated, as these two disorders are not necessarily linked
together in patients and animal models.352-356 Systemic insulin resistance and glucose
intolerance are core components of metabolic syndrome which form a critical
pathophysiological basis for T2D. Recently, body weight-independent hypothalamic
regulation of glucose homeostasis has become an emerging research topic. A critical
understanding is that, since central leptin and insulin resistance can use body weight-
independent mechanism to affect systemic glucose metabolism, hypothalamic inflammation
may have similar effects through induction of central leptin and insulin resistance. However,
it is often a technical challenge to mechanistically separate glucose metabolic abnormalities
from weight changes. Nonetheless, clinical disease or animal research models have shown
that IKKp and JNK can dampen leptin or insulin signaling by antagonizing PI3K
pathway357-360 to cause body weight-independent glucose dysregulation.186:361.362 ypon
intracerebroventricular injection of low-dose TNF-a to mimic overnutrition-induced brain
inflammation, mice showed activation of hypothalamic inflammatory signaling mediated by
JNK, p38, and NF-xB, and developed insulin insensitivity and reduced thermogenesis
without significant body weight changes.82:155 Moreover, acute induction of brain ER stress
in mice can cause glucose intolerance and systemic and hepatic insulin resistance in the
absence of body weight change, and these effects are reversible by hypothalamic NF-xB
inhibition.”® As an NF-kB target in metabolic inflammation, SOCS3 was also studied in this
regard. Chow-fed mice with POMC neuron-specific SOCS3 knockout exhibited
improvement of glucose homeostasis at 23-26 weeks of age despite no effect on body
weight.”” Adipose tissue-derived cytokine resistin was also found to act in the hypothalamus
to impair glucose homeostasis independent of obesity.162.163 Central administration of
resistin induced hepatic inflammatory response and hepatic insulin resistance independent of
body weight, although it promoted expression of orexigenic NPY.162.163 The body weight-
dissociable role of resistin in glucose metabolism is further supported by genetic ob/ob mice
that simultaneously bear resistin haploinsufficiency. These mice showed improved glucose
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homeostasis in association with reduced inflammatory response in liver and muscle despite
profound obesity.363

Central dysregulation of systemic glucose metabolism via hypothalamic leptin/insulin
resistance should critically involve changes in various hypothalamic neuropeptides, since
these neuropeptides work as effectors of hypothalamic leptin and insulin signaling. In
addition, hypothalamic inflammation may impair glucose homeostasis via neurotransmitter
signaling, as a recent study showed that hypothalamic leptin signaling is integrated with
neurotransmitter GABA signaling in energy homeostasis control.309 Clearly the
hypothalamus is critical for mediating hypoglycemia counteraction in response to
hypoglycemia-induced glucagon and epinephrine release,3% and the underlying basis is
essentially directed by hypothalamic glutamate and GABA signaling.285:364.365
Accordingly, defects of hypothalamic glutamatergic or GABAergic neurotransmission
impair the counter-hypoglycemic function of the hypothalamus.28%:366 Sych hypothalamic
regulation/dysregulation of glucose homeostasis is dissociable from hypothalamic control of
body weight.”9:286 Brain inflammation has been shown to alter glutamate and GABA
signaling to affect the development of neurodegenerative disease and neuropsychiatric
disorders.367-370 prompted by the observation that the electrophysiology of hypothalamic
glucose-sensing neurons is changed in obesity,36° an interesting question to test is whether
obesity-induced hypothalamic inflammation mediates systemic glucose dysregulation via
altering hypothalamic neurotransmitter signaling independently of body weight. If proved,
such a mechanism can be applied to treat obesity-related T2D via targeting hypothalamic
neurotransmitter signaling despite the obese condition.

Hypothalamic neuropeptide and neurotransmitter signaling can both relay metabolic sensing
to downstream brain autonomic system which directly controls peripheral insulin actions
and glucose metabolism. On this basis, brain inflammation may employ autonomic
regulation to directly influence glucose homeostasis in a body weight-independent manner.
For instance, brain inflammation is associated with upregulation of the sympathetic nervous
system activity’%-72 and downregulation of the parasympathetic nervous system activity.289
Both changes can increase hepatic glucose production and blood glucose levels while
decrease systemic insulin sensitivity.343 Indeed, hypothalamic inflammation induced by
brain ER stress causes glucose intolerance and systemic insulin resistance, and these effects
can be reversed by sympathetic suppression.”9 Furthermore, inhibition of NF-xB pathway in
the hypothalamus can prevent sympathoactivation-induced hepatic insulin resistance and
glucose intolerance in response to brain ER stress.”® Compared to overnutrition-induced
central inflammation, classical inflammation can affect systemic glucose levels
bidirectionally via the CNS-liver neural pathway, as seen in the inductions of a “flow phase”
of hypoglycemia followed by an “ebb phase” of hyperglycemia in brain inflammation in
response to acute injury.371:372

Impact of hypothalamic inflammation on blood pressure regulation

Obesity-related metabolic inflammation has been conclusively associated with the
development of cardiovascular disorders including hypertension. As a key element of
metabolic syndrome, hypertension has been extensively studied for inflammatory
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mechanism in the vasculature including endothelial cells, smooth muscles and resident
macrophages.373-375 Meanwhile, the control of blood pressure homeostasis importantly
involves neurological components, which tightly regulate many physiological factors such
as cardiac output, vascular compliance and body fluid and salt balance to determine blood
pressure level (Fig. 2). Research over the past decade has increasingly recognized that
alteration of hypothalamic pathways, such as enhanced activation of melanocortin system
due to selective leptin resistance, can contribute to the pathogenesis of obesity-related
hypertension.376:377 More recently, it is revealed that obesity-related hypothalamic
inflammation can induce sympathetic upregulation of blood pressure to cause
hypertension,’0:71.80 and IKKB/NF-«B in hypothalamic POMC neurons was identified
responsible for this central mechanism of obesity-related hypertension.’? In addition to
obesity-related hypertension, other forms of hypertension could be related to NF-xB
activities in the brain. For instance, brain NF-xB upregulation was reported to impair
vasodilation and therefore contribute to spontaneously hypertension in rats, and indeed,
central inhibition of NF-«xB activity using pyrrolidine dithiocarbamate results in significant
decrease of systolic blood pressure possibly via suppressing matrix metalloproteinase
activities.378 In animal models with angiotensin 11 (ANG I1)-induced hypertension, ANG II
action via brain ANG |1 receptors was shown important.379-382 More recently, the central
site for ANG ll-induced is related to the hypothalamus, as binding of ANG Il to ANG Il
receptors in hypothalamic paraventricular nucleus was found to cause cellular oxidative
stress and NF-xB activation leading to sympathoexcitation and hypertension.383 Evidences
that link hypothalamic inflammation to hypertension can also include the model of
intracerebroventricular LPS injection, which causes both central inflammation and
hypertension.384 In defining the underlying mechanism, p38 mitogen-activated protein
kinase, an upstream mediator of IKKB/NF-xB pathway, was found being activated in
hypothalamic paraventricular nucleus, which promoted PGE2 production to account for
sympathoexcitation and hypertension.384 Besides, hypothalamic inflammation is also found
to activate central kallikrein-kinin system to induce essential hypertension.38 In summary,
multiple experimental models support that central inflammation plays an important role in
the pathogenesis of cardiovascular dysfunctions such as hypertension, and elucidating their
underlying central molecular and cellular mechanisms represents a new and highly valuable
direction to study metabolic syndrome associated cardiovascular disorders.

Clinical applications

Research in the past decades has rapidly expanded in elucidating the inflammatory
mechanisms of metabolic syndrome and related diseases. In this background, significant
progresses have been made in terms of applying anti-inflammatory medicines to treat
clinical metabolic syndrome-related diseases such as T2D and CVD. One strategy in this
endeavor relies on pharmacologic blockade of core pro-inflammatory signaling kinases
using salicylate and its derivatives (e.g., aspirin and salsalate), which have inhibitory actions
on cyclooxygenase-1/2 (COX-1/2) and IKKB/NF-kB. Hundal et al. showed that two weeks
of treatment with aspirin significantly improved glucose and lipid metabolism in T2D
patients, resulting in an approximately 25% reduction of fasting plasma glucose, 30%
reduction of insulin clearance, 50% reduction of triglycerides, and 15% reduction of total
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cholesterol.38 Two other clinical trials showed that salsalate effectively improved both
glucose and lipid homeostasis in T2D patients.387:388 Boaz et al. performed a retrospective
case-control study showing that anti-inflammatory intervention with aspirin markedly
promoted weight loss in patients with T2D.389 Pro-inflammatory JNK pathway has also
been clinically targeted using inhibitory peptide or synthetic small-molecule inhibitor, which
effectively improved insulin action and glucose metabolism in humans.3%0 In addition to
inhibiting inflammatory signaling, blocking inflammatory cytokines have been clinically
tested for T2D treatment. For example, clinical trials showed that antagonizing
inflammatory 1L-1391 or TNF-a392:393 has therapeutic effects against metabolic syndrome
related T2D. In parallel, while cellular ER stress and oxidative stress can mediate metabolic
inflammation, pharmacologic approaches designed to reduce cellular stress proved useful for
treatment of T2D and related metabolic problems.3%4-39 |t was shown that a 4-week
treatment with ER stress inhibitor tauroursodeoxycholic acid (TUDCA) increased hepatic
and muscle insulin sensitivity by approximately 30% in obese men and women.397
Oxidative stress suppressant stavudine offers another candidate for T2D treatment, as it was
shown to increase muscle insulin sensitivity in correlation with mitochondrial function
improvement in healthy human subjects.3% Other compounds (for example, gp91 ds-tat,
PR39, VAS2870, and apocynin) have been developed to inhibit oxidative stress via targeting
NADPH oxidase and were demonstrated effective in preventing vascular dysfunction.39°
Besides, a-lipoic acid and a-L-carnitine can both reduce oxidative stress and improve
mitochondrial function; treatment with these compounds was shown to decrease systolic
blood pressure in patients with coronary artery disease.#%0 Overall, considering the recent
establishment that the hypothalamus is critical for the control of body weight and systemic
glucose metabolism, some therapeutic effects of these clinical applications may take place
via inhibition of central inflammation, as many of the small molecule drugs can cross BBB
via diffusion or active transport. This central mechanism can be exemplified by a clinical
study showing that systemic administration of candesartan reduces brain inflammation and
treats eating disorder and the associated mood disorder.401

Anti-inflammatory therapy can also be a clinical strategy for treating cachexia syndrome
seen in cachectic diseases. Due to the high mortality rate resulting from cachectic
conditions, finding effective treatment of cachexia represents a clinical area of great
concern. With the increasing recognition of the inflammatory cause of cachexia, therapeutic
designs to attenuate inflammation have shown promising potentials.#92-404 Among clinical
studies, COX-2 inhibitors, which have good anti-inflammatory and antioxidant properties,
have become an attractive class of cancer cachexia drugs.%> COX-2 inhibitor celecoxib
appeared particularly successful, and has recently moved from phase 11 to phase Il clinical
trials on patients with cancer cachexia.?%6407 Blocking TNF-a, signaling is another anti-
inflammatory strategy to treat cachexia. For examples, etanercept (a synthetic TNF-blocking
agent) was shown effective in clinical trials on patients with rheumatoid arthritis-related
cachexia and has been approved for clinical use,*%8 and TNF-a converting enzyme (TACE)
inhibitors have been proposed for treating cachexia related with rheumatoid arthritis.409
Interestingly, ghrelin, which has central orexigenic and anti-inflammatory effects, is
emerging as a new promising therapeutic for cachexia syndrome, and has proven effective in
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human studies, #1411 which supported the notion that reduction of central inflammation can
underlie the anti-cachectic effects of inflammatory inhibitors.

Finally, we want to point out that there are many practical difficulties facing the application
of anti-inflammatory therapies against metabolic diseases. For example, although some
systemic anti-inflammatory drugs have shown positive results in clinical studies, there are
other factors that prevent them from becoming widely adopted treatment options, such as
serious adverse side effects associated with long-term or high-dose usage and poor BBB
permeability. However, given many successful cases of CNS drug treatments in other
neurological disorders, it can be expected that recruitment of new technologies will facilitate
the development of new therapeutic avenues that can counteract central and hypothalamic
inflammation to treat and prevent metabolic diseases.

Concluding remarks and future questions

Research over the past decade has begun to unveil the pivotal role of central neuroimmune
dysregulation in the pathogenesis of metabolic diseases. Hypothalamic inflammation in
particular is found to underlie the development of multiple nutritional diseases, ranging from
metabolic syndrome-related diseases to chronic diseases with cachexia syndrome. A general
pathogenesis model is that brain inflammation impairs the normal functioning of central
metabolic regulators, leading to pathologic uncoupling of central nutrient sensing from
central neural and neuroendocrine regulation of peripheral physiology. A philosophical
question is, why does the hypothalamus respond to environmental changes to induce
inflammation and affect energy metabolism? This question is probably better understood in
terms of hypothalamic cachectic inflammation, which can raise metabolic rate and body
temperature to fight against cachexia-inducing factors such as infections or cancers.
Overnutrition can be regarded as another type of environmental stress and also elicits
adaptive biological responses which particularly apply to the body’s nutrient sensing center
—the hypothalamus. Such stress responses and related inflammatory changes might be
induced in order to promote the survival of cells and organs to adverse environmental
changes. For example, many gene products resulting from ER stress or NF-xB activation,
such as antioxidants, chaperones and anti-apoptotic proteins, are pro-survival. From this
perspective, induction of neural stress and inflammation in response to environmental
challenges such as overnutrition is a cellular reaction which is conceived to be immediately
protective. However, under chronic settings, these hypothalamic inflammatory changes are
beyond the physiological adaptive range, leading to hypothalamic dysfunctions and whole-
body metabolic derangements. The disease consequences can be cachectic or obesogenic,
depending on the nature of inflammatory stimuli and hypothalamic pathways involved. To
understand the complex physiological relevance of hypothalamic inflammation currently
represents a burgeoning field, which is challenged by the fact that the known cellular/
molecular basis of hypothalamic inflammation is limited compared to the more appreciated
peripheral inflammation. For example, recent studies on hypothalamic inflammation were
mostly restrained to a few types of well-characterized neurons such as POMC neurons and
AGRP neurons in the arcuate nucleus and SF1 neurons in ventromedial nucleus. Even
within the same neuronal subtype, such as POMC neurons or AGRP neurons, cellular
heterogeneity still exists. Moreover, non-neuronal cells such as microglial cells and
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astrocytes can have important roles in inducing and integrating central inflammation, which
increases the challenge to depict central neuroimmune mechanism of metabolic diseases.
Adding to this complexity, hypothalamic inflammation by itself is rather heterogeneous in
terms of inflammatory stimuli, characteristics of inflammation, signaling mediators, cellular
milieu and effectors. One striking example is that central inflammation can affect a same
physiological process bidirectionally, as seen in hypothalamic inflammation-induced
positive or negative energy balance. Hence, although central inflammation has been causally
linked to a variety of metabolic, neural, and cardiovascular diseases, it can be predicted that
more remain to be discovered. Considering all these factors, current knowledge of
hypothalamic inflammation in the pathogenesis of metabolic diseases may only represent a
tunnel view. Regardless, aided with the conceptual and experimental frameworks that are
already established, and taking advantage of the fast developing scientific technologies, the
near future will likely witness significant progresses in understanding the hypothalamic
inflammatory basis of metabolic diseases. At the same time, one certain endpoint is to make
major breakthroughs in translating basic research findings into novel clinical treatment and
prevention applications.
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Figure 1.
Signaling cascades of metabolic inflammation in the hypothalamus. (A) Various cellular

stresses such as oxidative stress and mitochondrial dysfunction, endoplasmic reticulum (ER)
stress and late-stage lysosome autophagy defect are induced under the chronic condition of
overnutrition. Stress of individual cellular organelle is spread through intracellular
membrane network and mutually promoting, for instance, increased levels of reactive
oxygen species (ROS) from oxidative stress exacerbate ER stress, whereas prolonged ER
stress and oxidative stress lead to accumulation of damaged ER and mitochondria, resulting
in increased lysosome stress and autophagy defect. All these stresses can lead to activation
of proinflammatory regulators, such as IxB kinase (IKK) and c-Jun N-terminal kinase
(INK), which activates nuclear transcription factors NF-xB or AP1 to initiate gene
expression of inflammatory response molecules. Certain nutrient species such as fatty acids
can activate inflammatory pathways via activating toll-like receptors located at cellular
surface. Low-grade excess of circulating cytokines during chronic overnutrition may cross
the incomplete blood-brain barrier around the mediobasal hypothalamus to act on
hypothalamic cells and thus additionally contribute to metabolic inflammation in the
hypothalamus. (B) Metabolic inflammation in the hypothalamus involves neurons and glial
cells and possibly their interactions through paracrine actions of inflammatory molecules.
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Figure 2.
Hypothalamic regulation of body weight, glucose and cardiovascular homeostasis. The

arcuate nucleus (ARC) of mediobasal hypothalamus is a well-characterized hypothalamic
metabolic sensing center, containing first-order nutrient sensing AGRP neurons and POMC
neurons. Through activating POMC neurons but inhibiting ARGP neurons, metabolic
signals activate MC4R-expressing neurons in paraventricular nucleus (PVN) and other
hypothalamic areas, leading to the hypothalamic control of feeding, energy expenditure, and
body weight. The ARC can also convey nutritional signals, directly or indirectly via the
PVN neurons, to hindbrain autonomic sites such as the nucleus of solitary tract (NTS) and
the rostral ventrolateral medulla (RVLM), and mediate the hepatic control of glucose
homeostasis and the renal and cardiovascular control of blood pressure balance. Dashed
lines represent endocrine or neuroendocrine regulation; solid lines represent neural
projections; lines with an arrow end denote activation; lines with a bar end denote inhibition.
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