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ABSTRACT

Inflammatory reaction is a fundamental defense mechanism against threat towards normal integrity and physiology. On the other hand, chronic
diseases such as obesity, type 2 diabetes, hypertension and atherosclerosis, have been causally linked to chronic, low-grade inflammation in various
metabolic tissues. Recent cross-disciplinary research has led to identification of hypothalamic inflammatory changes that are triggered by
overnutrition, orchestrated by hypothalamic immune system, and sustained through metabolic syndrome-associated pathophysiology. While
continuing research is actively trying to underpin the identity and mechanisms of these inflammatory stimuli and actions involved in metabolic
syndrome disorders and related diseases, proinflammatory 1B kinase- (IKKB), the downstream nuclear transcription factor NF-xB and some related
molecules in the hypothalamus were discovered to be pathogenically significant. This article is to summarize recent progresses in the field of
neuroendocrine research addressing the central integrative role of neuroinflammation in metabolic syndrome components ranging from obesity,

glucose intolerance to cardiovascular dysfunctions.
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1. INTRODUCTION

While inflammatory responses in acute damages and disorders are necessary
for homeostatic and defensive mechanisms of repair, regeneration and
healing, chronic inflammatory signals in low-grade magnitude promote the
development of a host of disorders ranging from cancer, diabetes,
hypertension and cardiovascular disorders (CVDs). The etiologies of such
chronic inflammatory factors are varied: in some cases, genetic inflammatory
components work as a risk of developing chronic inflammatory diseases
[1-3], and on the other hand, environmental factors such as smoke, stress,
endocrine-disrupting pollutants and overnutrition (caloric excess) have been
implicated as prominent triggering factors in the development and propaga-
tion of inflammation-related diseases [4,5]. Studies across the fields of
immunology and endocrinology have established that caloric excess induces
persistent inflammation in the circulation and peripheral metabolic tissues,
disrupts metabolic homeostasis of the body, and thus contributes to a family
of disorders including obesity, insulin resistance, glucose intolerance,
hyperlipidemia and hypertension, collectively known as metabolic syndrome
[6-14]. Unlike classical infllammatory responses, the root of such
overnutrition-induced inflammation, descriptively termed “metabolic inflam-
mation” [7,8,15—-17] or “metaflammation” [9], is not necessarily pathogen
borne but a result of metabolic homeostatic abnormalities. Interdisciplinary
studies in neuroendocrinology and neuroimmunology have begun to elucidate
the causal involvement of neuroinflammation in metabolic syndrome and
related diseases, a phenomenon which did not receive research attention fill
recent years.

The central nervous system (CNS), in particular the hypothalamus, has been
recognized to play a decisive regulatory role in maintaining metabolic
homeostasis. Inflammation in the brain, which can be induced under
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chronic overnutrition, can disrupt neurohormone- and neurotransmitter-
mediated central regulatory functions to propagate obesity and related
disorders [6,8,15,16,18]. Lately, neuroinflammation has been recognized to
have an expansive contribution towards health problems and diseases [19—
30]. The proinflammatory axis comprising kB kinase-p (IKKp) and its
downstream nuclear transcription factor NF-xB (IKKB /NF-xB signaling) in
the hypothalamus has been shown to be upregulated under overnutrition
and promote chronic energy imbalance and changes in fat mass and body
weight [19,21,22,24-27,30]. Interestingly, IKKB/NF-xB-driven hypothalamic
inflammation can employ parallel body weight-independent mechanisms to
catapult to imbalance of glucose homeostasis, mediated by impaired insulin
secretion, insulin resistance and glucose intolerance [21,25,27,31], or serve
as an uncoupling point of obesity and hypertension [26]. Recently, non-
neuronal cell types like astroglia and microglia have been shown to act as
additional platforms of inducing hypothalamic inflammation in diet-induced
obesity [32,33], thus broadening the scope of central inflammation-
mediated metabolic dysfunctions. The current review describes the position
of overnutrition-induced metabolic inflammation in the pathogenesis of a
wide spectrum of diseases, emphasizing the underlying principal mediators
and signaling pathways and the potential therapeutic implications.

2. NEUROINFLAMMATORY BASIS OF OBESITY

Overweight and obesity are major risk factors for many diseases such as
hyperglycemia, T2D, hypertension, atherosclerosis, less high-density
lipoprotein cholesterol levels, and hypertriglyceridemia, and historically,
when patients have three or more of these symptoms with or without
obesity, the condition can be referred to as ‘metabolic syndrome’
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[17,34-38]. Recent studies indicate that excessive body weight and
obesity can also be a facilitator and predictor of neurodegenerative
diseases [16,17], thus possibly further enlarging the definition of
‘metabolic syndrome’. Although pathogenic mechanisms encompassing
this complex spectrum of disorders are yet to be fully understood,
epidemiological, clinical and research studies have causally linked
inflammatory factors and acute phase reactants such as C-reactive
protein (CRP) [39-42], TNF-alpha (TNF-«) [40], IL-6 [42,43] and soluble
adhesion molecules [44—-47] to metabolic disorders. It has been widely
accepted that there exists a chronic low-grade inflammation under
conditions of overweight or obesity [6-8,15-17,41,48]. Evidences from
experimental and clinical studies have unequivocally demonstrated that
excess of caloric intake can evoke an inflammatory response, inscribing
overfeeding to be a triggering factor of inflammation. The subsequent
disease response is sustained via signaling pathways in metabolic
tissues which involve local, intracellular actions of inflammatory
molecules [6,9,11-13,49-53]. Recent studies unveiled that some of
the intracellular pathways of inflammation in the hypothalamus have
causative roles in weight gain and related disorders (reviewed in [7,8]).
While the hypothalamus acts as the master regulator of energy balance
by sensing metabolic cues and modulating the neurohormonal and
neurotransmitter systems via endocrine signaling, trophic actions,
complex neuronal plasticity and projections into the autonomic control-
ling centers of the brain [54-56], inflammation in the hypothalamus can
affect many, if not all, of these critical regulatory machineries to provide
a neuropathological basis for the development of metabolic diseases
[8,17,57-63].

The mediobasal hypothalamus (MBH) plays a fundamental role in energy
homeostasis, and the primary cell types governing this process are the
orexigenic axis comprising the neuropeptide Y (NPY)/agouti-related
peptide (AGRP) neurons and anorexigenic pro-opio-melanocortin (POMC)
neurons. Thus, functionally, POMC and AGRP neurons reciprocally
regulate energy homeostasis via negative and positive energy balance
actions respectively and are also regulated by leptin in opposite manners
[64-68]. In the event of metabolic inflammation, it seems that these
first-order neurons get attacked readily, which negatively impact
neuronal regulatory cascades such as leptin and insulin signaling, and
also compromise the secretion of anorexigenic POMC-derived o-
melanocyte stimulating hormone (x-MSH) and cocaine- and
amphetamine-regulated transcript (CART), altogether resulting in
increased appetite along with central leptin and insulin resistance to
cause feeding and energy imbalance [30]. Mechanistically, these effects
have been causally linked to overactivation of hypothalamic IKK3/NF-«xB
pathway [30] and some relevant downstream mediators of leptin and
insulin signaling inhibitors such as suppressor of cytokine signaling-3
(SOCS3) [69-71] and protein tyrosine phosphatase 1B [72]. Using
experimental models of high-fat diet (HFD) feeding or intra-
cerebroventricular lipid infusion in rodents to introduce overnutrition-
induced hypothalamic inflammation, researchers have found that lipid
excess activates hypothalamic IKKp/NF-xB [19,22,25,30], consequently
impairing hypothalamic leptin and insulin signaling to mediate weight
gain and metabolic dysfunctions [30]. It has been shown that, mice with
AGRP neuron-specific IKKp ablation were partially protected from HFD-
induced hyperphagia and obesity [30]. Ablation of IKKp in POMC neurons
in mice is insufficient to prevent HFD-induced obesity [26], but
interestingly, it is able to reduce the cachectic effects resulting from
illness-inducing classical inflammatory offenses by such as lipopoly-
saccharides (LPS) [73]. It was also reported that acute inflammation-
induced Pomc gene activation results in food intake suppression,
physical inactivity and cachectic changes via a pathway that is
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independent of leptin and STAT3 signaling in POMC neurons [74], thus
indicating alternative hypothalamic pathway(s) in conveying cachectic
inflammation to affect POMC cells [75]. Altogether, future research is
much needed to depict the divergent roles and pathways of hypotha-
lamic inflammation in obesogenic weight gain vs. cachectic weight loss
outcomes.

In addition, molecules which interact with IKKB/NF-xB signaling
cascade, such as myeloid differentiation primary response gene 88
(MyD88) [19] or c-Jun N-terminal kinase 1 (JNK1) [28,76—-80], also play
significant roles in the development of obesity, insulin resistance and
dyslipidemia. Notably, these inflammatory pathways that mediate insulin
insensitivity are closely linked to an intracellular endoplasmic reticulum
(ER) stress process [81]. ER stress has been known to activate NF-xB
via signaling cross talk between IKKB/NF-xB pathway and unfolded
protein response (UPR) elements via PKR-like ER kinase, inositol
requiring enyzyme-1, and activating transcription factor-6 [82-84].
Under overnutritional condition, there is a positive feedback between
hypothalamic IKKB/NF-«xB activation and induction of neuronal ER stress
[27,30]. In fact, mice with genetic ablation of ER stress activator X-box
binding protein-1 have been shown to be susceptible to central leptin
resistance and diet-induced weight gain [85]. In an attempt to validate
the possible therapeutic potential of targeting these inflammatory
mediators, researchers found that brain-specific ablation of IKKp [30]
or MyD88 [19], chemical chaperone-mediated lowering of hypothalamic
ER stress [85], MBH-specific inhibition of autophagy defect [21], and
whole-body knockdown of NF-xB subunit p50 [86], can all similarly
improve leptin sensitization and alleviate diet-induced weight gain and
obesity. Furthermore, it was reported that JNK1 knockout in the brain
but not in other tissues [28,87], just like whole-body knockdown of
JNK1 [76], provided anti-obesity effect in mice. Consistently, brain-
specific SOCS3 knockout mice displayed anti-obesity effects with
improved central leptin sensitivity when animals were subjected to
HFD feeding [88].

However, it is yet to be fully understood, what are the inducers of
hypothalamic IKKB/NF-xB signaling activation in the context of obesity
and related metabolic diseases. Studies on Toll-like receptors (TLRs) of
the innate immune system revealed that TLR2 [89,90] or TLR4 [22,91]
knockdown in mice could significantly reduce HFD-induced inflamma-
tion and protect against dietary obesity. Also, inflammasomes, which are
known as macromolecular innate immune cell sensors, have been
recognized to increase metabolic stress, insulin resistance and obesity
[92-96]. Studies have also tackled Nod-like receptor 3 (NLRP3)
inflammasome components, which can activate IKKB/NF-xB pathway
through inflammatory IL-18 and IL-18 release. When NLRP3 was
ablated in HFD-fed mice, it led to improved glucose tolerance and
insulin sensitivity and prevented obesity-induced activation of adipose
tissue interferon-y expression [95]. Collectively, these data suggested a
potential role of inflammasomes in mediating IKKB/NF-xB-dependent
metabolic inflammation, and that molecular intervention in
inflammasome-mediated pathways could improve obesity-associated
inflammation and metabolic dangers.

It is also important to point out that glial cells, such as microglia and
astrocytes, are involved in overnutrition-induced central inflammation.
Research has demonstrated that early postnatal nutritional overload
through HFD feeding leads to excessive production of IL-6 in activated
microglia and consequent weight gain [97]. In concurrence with the
microglial participation, the astrocytes have been found to be activated
by various stimuli such as proinflammatory cytokines [98] and saturated
fatty acids [99] — which further trigger the release of inflammatory
cytokines like TNF-o and IL-6 that can contribute to central metabolic
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Fig. 1: Role of hypothalamic neuroinflammation in metabolic disorders. Overnutrition activates
pro-inflammatory IKK-/NF-B in the hypothalamic neurons, which occurs through intracellular
neuronal stressors like ER stress, defective autophagy machinery as wel as glia-neuron
inflammatory cross-talk, collectively leading to hypothalamic metabolic deregulations that cause
a spectrum of metabolic disorders.

inflammation. Also in rodents, HFD feeding has been reported to result
in reactive gliosis in the mediobasal hypothalamus and weight gain [33].
Therefore, central metabolic inflammation is evidently a consummation
of both neuronal and non-neuronal contributions and their possible
cross-talks. In sum, central metabolic inflammation exhibits a function-
ally integrative point of overnutrition-induced obesity. Mechanistically,
this central inflammatory state is sustained by hypothalamic stress and
inflammation that is critically mediated by IKKB/NF-xB and its related
signaling components (Fig. 1). Based on promising intervention results
in animals, therapeutic strategies for human patients may expect to
follow by targeting the key elements of inflammation in the neuronal and
glial cells in order to counteract obesity and related co-morbidities.

3. NEUROINFLAMMATORY BASIS OF DIABETIC GLUCOSE
DISORDERS

The CNS can regulate whole-body glucose balance, and the hypotha-
lamus governs the peripheral and central glucose homeostasis via
multiple complex neural networks through neuropeptide and neuro-
transmitter actions [68,100-102]. For example, central insulin and leptin
signaling have been shown to be required for maintaining glucose
homeostasis at least via suppressing hepatic glucose production and
promoting peripheral glucose uptake (reviewed in [6,7,15,17]). Several
studies have echoed the regulatory action of hypothalamic arcuate
nucleus-mediated leptin signaling on glucose metabolism independent
of its actions on feeding or body weight [101,103-105]. Leptin
deficiency can impair glucose metabolism irrespective of being obese
[105] or lean [104], and leptin treatment in some models effectively
improves these glucose disorders without requiring changes of food
intake or body weight [103,104]. It has also been appreciated that
glutamatergic or GABAergic neurotransmission of the hypothalamus can
acutely mediate hypothalamic control of glucose homeostasis [106,107].
From disease perspective, while literature over time has convincingly
established the role of overnutrition-induced weight gain and peripheral
metabolic inflammation on development of glucose intolerance, insulin
resistance, insulin insensitivity and leptin resistance [6,11,14,81], recent
findings revealed that systemic glucose homeostasis can be impaired by
overnutrition-induced pathological activation of central immune system
through  body  weight-independent mechanisms  [68,100-102].
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Prolonged metabolic stress through overnutrition, in part through
subjecting hypothalamic immune cells to a chronic state of over-
activation, disrupts the normal physiological functioning of central insulin
and leptin signaling that are needed for the control of systemic glucose
homeostasis (reviewed in [6,7,15,17]). While molecular mechanisms of
central dysregulation in glucose disorders largely remain to be
investigated, a body of literature over the past decade has recognized
IKKB/NF-kB and JNK pathways to be the targets of metabolic insults for
the development of peripheral insulin resistance and glucose intoler-
ance. For example, overnutrition-induced increases of intracellular
stimuli, such as ligands of CRP [39], TNF-alpha [40], IL-6 [42], TLRs
[108], were all shown to activate IKKB/NF-xB to cause insulin resistance
and T2D. Also, intracellular stresses including reactive oxygen species
(ROS) and ER stress are widely demonstrated to exalt deleterious effects
on glucose balance [30,41,48]. By targeting hypothalamic inflammation,
existing experimental data has provided initial evidence to support a
direct link between diet-induced activation of pro-inflammatory factors
in the hypothalamus and development of T2D/pre-T2D that can occur in
an obesity-independent manner [27]. These findings suggest that while
inhibition of hypothalamic inflammation leads to improvement of
systemic glucose metabolism that is secondary to the anti-obesity
effect [21,27,30,109], this therapy can simultaneously introduce a direct
neural action from inhibiting hypothalamic inflammation in improving
central control of glucose homeostasis. Further research is much
needed to decipher the central mechanistic pathways that can primarily
link hypothalamic inflammation to the development of glucose disorders.
Regarding superoxides, we need to keep in mind that, while excessive
production of ROS is classically associated with oxidative stress,
pathology of insulin resistance, T2D, muscular dystrophies and aging
[110-113], recent evidences showed that ROS can facilitate beneficial
actions depending on the amount and source of its generation
[110,114-118]. ROS accumulation has been observed in glucose-
utilizing POMC neurons even when the body is in a state of positive
energy balance, which can solicit a satiety-promoting action of POMC
neuron-generated ROS upon glucose triggering [114]. In the long run,
sustained elevated ROS levels could be detrimental for the POMC
neuronal functioning and therefore promote weight gain. By contrast,
during a state of negative energy balance, the overactive NPY/AGRP
neurons which utilize free fatty acids but not glucose as their primary
substrate, do not accrue high levels of ROS [115]. Such decrement of
free radicals even during increased substrate utilization is reported to be
mediated by a feed-forward buffering action of ROS scavenger
uncoupling protein 2 (UCP 2) [115]. On the other hand, uncontrolled
ROS production in NPY/AGRP neurons impairs the neuronal firing of
these cells [115]. Evidently, the beneficial or deleterious actions of ROS
are determined by the source of its fuels and the amount of its
accumulation at a given time in a particular cellular group. In this line,
other studies have also reported that ROS, when generated within a
boundary of low concentrations in the plasma membrane or the
endomembrane can provide a protective action via normal cellular
functioning and intracellular signaling which could be beneficial for
reversal of insulin resistance [110,116,117]. These findings give a new
perspective of the protective actions of ROS which was classically
believed to be an intra-cellular stressor.

Taken together, these experimental evidences have in general pointed to
a causal link between the hypothalamic inflammatory mediators and
T2D/pre-T2D, and inhibitors of inflammatory molecules can be con-
sidered as prospective therapeutic options for developing novel anti-T2D
treatments. Indeed under experimental conditions of using pharmaco-
logical tools, biochemical modulators or genetic manipulations, brain
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specific annihilation of metabolic inflammation via IKKB/NF-«B inhibition
and ER stress suppression, have both been shown to improve insulin
action and glucose metabolism [27,30]. Recently, some epidemiological
evidence interestingly demonstrated the lower mortality among mild
overweight or small-degree (grade 1) obesity, while higher levels of
obesity were associated with a significant risk of death [119], further
highlighting the value of developing weight control-independent solu-
tions for treating T2D and related deleterious complications.

4. NEUROINFLAMMATORY BASIS OF HYPERTENSION AND
CARDIOVASCULAR DISEASE

Hypertension is an integral component of obesity-related metabolic
disorders and is a predictor of CVDs such as atherosclerosis and stroke
[17,120]. While cardiac output, vascular compliance, blood volume and
endocrine balance are major determinants of blood pressure, vasocon-
striction and sodium retention are considered as primary contributors of
hypertension and both processes are closely regulated by the CNS.
Comparatively, obesity-related hypertension is governed by even more
complex interactions among large numbers of genetic and environ-
mental factors. Earlier studies implicated adipose tissue regulation of
cardiovascular—renal functioning and leptin-mediated sympatho-excita-
tion to be causally important for obesity-induced hypertension [121].
Further studies recognized the contribution of inflammation in some of
the peripheral components such as smooth muscles, endothelial cells
and vascular macrophages towards the development of obesity-related
hypertension [122—124]. Ample evidence now points towards the critical
involvement of neuroendocrine modulators such as melanocortin system
[125,126] and the sympathetic nervous system (SNS) [26,27] in obesity-
associated hypertension. Although, the mechanism through which
obesity directly induces hypertension is still an emerging area of
investigation, an induction of neuroinflammatory condition has been
observed in obesity-related hypertension. Of note, recent research has
identified hypothalamic metabolic inflammation as a vital pathogenic link
between obesity and blood pressure increase [26,27]. A salient
observation of this study was that obesity-induced activation of the
hypothalamic inflammatory system, and more specifically, the IKKp/NF-
kB pathway in POMC neurons, could account for the effects of chronic
HFD in causing hypertension, and therapeutically, inhibition of IKKp/NF-
kB pathway in POMC neurons [26] or pharmacological inhibition of brain
ER stress that lies upstream of NF-xB activation [27], can acutely
alleviate sympathetic upregulation and hypertensive outcomes prior to
the chronic effects of obesity reduction. Thus, the convergent point of
hypothalamic metabolic inflammation and SNS overactivation-mediated
hypertension represents a novel platform for antihypertensive drug
targeting. It is even more meaningful, since central NF-xB pathway
gains further support for anti-hypertensive drug targeting in general, in
addition to obesity-related hypertension, as the inflammatory machinery
has been found to be involved with several other forms of hypertension
such as essential hypertension, spontaneous hypertension, and angio-
tensin ll-induced hypertension [127-129], albeit the downstream
mechanisms of NF-xB could be different among these types of
hypertension.

Uncontrolled high blood pressure is a predisposing risk factor of stroke. A
growing number of recent investigations have established a critical role of
brain inflammation in pathogenesis of ischemia and stroke [130-132] in an
obesity-dependent or obesity-independent manner. As a prophylactic or
therapeutic option, several anti-inflammatory agents have been proven
successful in treating stroke [133—-135], and of interest, inhibition of brain
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IKKB/NF-«B also provides a striking protection against ischemia [136—139]. In
addition, anti-inflammatory treatment with IL-1 receptor blocker in a clinical
trial showed improvement in neurological impairments in stroke patients
[140]. Thus a “primed” inflammatory environment in the brain can promote
the risk of ischemia and stroke, and conversely, curtailing neuroinflammation
could be therapeutically effective. However, an important caveat for use of
anti-inflammatory drugs in stroke patients is that, stroke is often accompanied
with the risk of adaptive immune response of lymphoid organs, hence
druggable choices should be focused on selective anti-neuroinflammatory
factors without spillovers on systemic immune functioning [141].

5. FROM BENCH TO BEDSIDE: PERSPECTIVES AND
CHALLENGES

Although basic experimental research on animal models are the
foundation of designing therapeutic strategies and drug discovery, these
models that are subjected to high fat/calorie feeding, intra-brain
proinflammatory challenges or gene manipulations cannot unerringly
clone the different pathological manifestations in patients across diverse
race, feeding habits, behavioral practices and environmental cues. As a
result, our biggest challenge remains in recapitulating the complex and
sundry human disease conditions. While a ‘top—down’ approach could
be attempting to replicate the disease symptoms and pathological
causes, the reverse ‘bottom-up’ strategy of screening human popula-
tions for cellular and genetic alterations that mirror observed aberrations
in experimental models will provide meaningful information. Recent
report by Thaler et al. [33] depicting the association between
hypothalamic neuronal and glial injury with obesity both in humans
and rodent models, as well as the discovered role of lipid sensor
GPR120 in the control of energy balance in humans and rodents [142]
aptly recounts this strategy. Another key aspect to be taken into account
is the paradoxical actions of several classical toxic and degenerative
elements in health and pathophysiological state. As we have discussed
earlier, overt concentrations of ROS contribute to inflammation-mediated
metabolic deregulations, but subtle presence in confined regions
convene a protective action [114,115,118]. Similar considerations need
to be given to certain pro-inflammatory cytokines which have anorexic
effects, as well as some cytokines which have anti-inflammatory
actions. Of interest, slight weight gain has been shown to delay aging
and mortality [119], which should increase our caution in order to
develop appropriate anti-obesity strategies. Largely the challenge
towards meaningful translation of basic research findings to therapeutic
options for patients remains in identifying the balance between the right
environment, concentration and duration of the insults in experimental
animal models. Regardless, chronic inflammation in the body, in
particular in the CNS, represents a bold mechanistic player for a
spectrum of metabolic syndrome-related diseases, and is clearly worth
being a target for combating these human diseases.

6. CONCLUDING REMARKS

Convincing evidences from research during the past decade have
established the contribution of neuroinflammation and in particular
hypothalamic inflammation in the pathogenesis of obesity, insulin
resistance, T2D/pre-T2D and CVD. The effects of metabolic inflamma-
tion due to chronic overnutrition is not just circumscribed to the
peripheral metabolic tissues as was believed earlier, but is etiologically
important for the CNS and especially the hypothalamus which drives
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central dysregulation of metabolic homeostasis. Hypothalamic neuroin-
flammation exerts its enervating actions via neurohormonal as well as
autonomic regulations of nutrient sensing and energy balance, leading to
a spectrum of metabolic syndrome disorders that mediate T2D and
CVDs. The IKKB/NF-xB pathway in the hypothalamus has been
recognized as the prime machinery directing overnutrition-induced
metabolic dysfunctions, and in this process, several forms of intracel-
lular organelle changes in hypothalamic cells including ER stress,
oxidative stress and autophagic defect, all of which are known to foster
metabolic impairment in concert with IKKp/NF-xB activation, have been
proven to contribute towards disease manifestations (Fig. 1). In sum,
current findings have substantially advanced our knowledge in the field
of overnutrition-induced central inflammation and the mechanisms of
metabolic dysfunctions. Also, anti-inflammatory therapies for chronic
diseases have been successful to some extent. However, high risks to
activate compensatory or counteracting mechanisms in some cases
pose a challenge to strategize appropriate therapeutic options. There-
fore, continuing research in understanding the detailed characteristics of
neuroinflammatory mechanisms will be indispensable for harnessing the
promising empiric findings to cogent therapeutic options, so that
effective and selective therapies can be developed to treat patients
without blunting other important aspects of health.
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