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Abstract

The hypothalamus is a critical brain region for the regulation of energy homeostasis. Over the years, studies on energy
metabolism primarily focused on the neuronal component of the hypothalamus. Studies have recently uncovered the vital
role of glial cells as an additional player in energy balance regulation. However, their inflammatory activation under meta-
bolic stress condition contributes to various metabolic diseases. The recruitment of monocytes and macrophages in the
hypothalamus helps sustain such inflammation and worsens the disease state. Neurons were found to actively participate
in hypothalamic inflammatory response by transmitting signals to the surrounding non-neuronal cells. This activation of
different cell types in the hypothalamus leads to chronic, low-grade inflammation, impairing energy balance and contribut-
ing to defective feeding habits, thermogenesis, and insulin and leptin signaling, eventually leading to metabolic disorders
(i.e., diabetes, obesity, and hypertension). The hypothalamus is also responsible for the causation of systemic aging under
metabolic stress. A better understanding of the multiple factors contributing to hypothalamic inflammation, the role of the
different hypothalamic cells, and their crosstalks may help identify new therapeutic targets. In this review, we focus on the
role of glial cells in establishing a cause—effect relationship between hypothalamic inflammation and the development of
metabolic diseases. We also cover the role of other cell types and discuss the possibilities and challenges of targeting hypo-
thalamic inflammation as a valid therapeutic approach.
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Introduction

The hypothalamus is an important brain structure that con-
trols various basic physiological functions ranging from
whole-body metabolism to aging [1]. An important func-
tion of the hypothalamus is linking the nervous system to
the endocrine system via the pituitary gland [2]. Notably,
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hypothalamus receives several hormonal and cellular signals
from the periphery, which act on distinct groups of hypo-
thalamic neurons and non-neuronal cells. Additionally, it
employs an integrated neuroendocrine network to direct
peripheral metabolic activities. Through these mechanisms,
the hypothalamus acts as a metabolic center that controls
a variety of functions, such as glucose and fat metabolism
[3, 4], nutrient sensing [5], food intake behavior [6], body
temperature regulation [7], energy homeostasis [8], blood
pressure (BP) regulation [9], and aging [10]. At the cel-
lular level, these physiological functions are conducted by
several groups of neurons located in the mediobasal hypo-
thalamus (MBH), paraventricular nucleus (PVN), and lateral
hypothalamus (LH), which regulate the controlled synthe-
sis, release, and action of hypothalamic neuropeptides and
neurotransmitters [11]. The arcuate nucleus (ARC) located
next to the third ventricle in the MBH is the well-studied
region concerning energy balance regulation, which com-
prises two distinct groups of interconnected neurons. One
group releases orexigenic neuropeptide Y (NPY) and agouti-
related peptide (AgRP), whereas another group releases
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anorexigenic peptides-pro-opiomelanocortin (POMC) and
cocaine-amphetamine-related transcript (CART). These two
groups of neurons reciprocally regulate each other and form
a neuronal circuit that has projections to the PVN and LH
nuclei, where they regulate the release of other neurohor-
mones [11, 12]. Furthermore, POMC and AgRP/NPY neu-
rons receive glutamatergic feedback signals from the PVN,
whereas PVN neurons receive inhibitory innervation from
LH neurons that promote feeding [13, 14]. Neurons are fun-
damental to various functions of hypothalamus, but they rely
on the surrounding non-neuronal cells to function properly.
Glia, epithelial cells, pericytes, and endothelia are examples
of non-neuronal cell types that supply vital substances to
neurons while also shielding them from harmful substances
and circumstances [15]. Moreover, it is now clear that these
non-neuronal cells play an important role in deciding the
outcomes of neuronal signaling in the hypothalamus.
Hypothalamic inflammation has been identified as a
critical factor that disrupts energy balance [16]; it is char-
acterized by activation of various molecular mediators or
pathways, such as cytokines [17, 18], chemokines [19], sign-
aling molecules [20], oxidative and endoplasmic reticulum
(ER) stress [20, 21], and autophagy [22]. Over the years,
hypothalamic inflammation has been linked to a variety of
metabolic disorders. It all began with the observation in
preclinical studies that chronic high-fat diet (HFD) feeding
induces hypothalamic inflammation [23]. Later research
linked this hypothalamic inflammation to a broader spec-
trum of conditions, such as hypertension [18, 24], impaired
glucose tolerance [25-27], and diabetes [28]. Recent studies

further revealed that inflammatory markers are upregulated
even in the offsprings and affect hypothalamic function and
plasticity, resulting in alteration of energy homeostasis when
pregnant rodents and non-human primates are exposed to a
high-calorie diet [29-31]. Amid these findings, it was sur-
prising that hypothalamic inflammation is found to program-
matically regulate whole-body aging on a far larger scale
[32, 33] (Fig. 1). Aging is associated with a systemic inflam-
matory state that has a negative association with longevity
[34, 35] and a positive correlation with hypothalamic inflam-
mation and related metabolic diseases [36—38]. These find-
ings suggest that the hypothalamic dysregulation that occurs
in metabolic disorders and aging share a similar paradigm,
even though aging is more than just a metabolic disorder.
Unlike metabolic inflammation in the peripheral tissues,
hypothalamic inflammation starts early when animals are
exposed to a hypercaloric environment; it is apparent even
before the development of disease phenotypes, implying
that hypothalamic inflammation is a key driver of metabolic
disease [39]. Non-neuronal cells, including microglia [40,
41], astrocytes [24, 42], tanycytes [43], and macrophages
[44, 45] are the key cells that have been attributed to hypo-
thalamic inflammation associated with metabolic disorders
and aging. Neurons are usually thought to be the victims
of hypothalamic inflammation, but recent studies suggest
that they can also contribute to inflammation by commu-
nicating quiescence or stress signals to surrounding non-
neuronal cells [46, 47]. In this scenario, evaluating cellular
sources of hypothalamic inflammation and targeting various
components of the inflammatory processes can aid in the
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Fig. 1 Timeline of hypothalamic inflammation in metabolic dysfunc-
tion and aging study. The importance of hypothalamic inflammation
in metabolic dysfunction and aging is known for the last few dec-
ades. The concept began with the observation of increased inflam-
matory cytokines level in the hypothalamus of high-fat diet (HFD)-
fed obese mice by De Souza et al. in 2005. Later studies by several

@ Springer

i Year
2017 2020
A\ .
qu’\(b Q@\‘?}
4% &

other groups have linked hypothalamic inflammation to hypertension,
glucose homeostasis, aging, and diabetes. The ongoing conceptual
shifts about our knowledge of hypothalamic inflammation reflect an
increasing appreciation that hypothalamic inflammation leads to sev-
eral pathological and pathophysiological processes despite being a
molecular event
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prevention or treatment of metabolic disorders and aging.
This review focuses on recent conceptual advances in the
hypothalamic inflammatory basis of metabolic diseases and
aging, emphasizing the role of various cell types and media-
tors in the hypothalamus and their crosstalks. Finally, we
discuss the implications, opportunities, and future perspec-
tives of targeting hypothalamic inflammation as a therapy
for metabolic disease and aging.

Factors causing hypothalamic inflammation

a.

Fatty acids

A fatty acid is a carboxylic acid with a long aliphatic
chain, which is either saturated or unsaturated [48].
The human body requires various types of fatty acids
as they provide energy, form cell membranes, aid in the
absorption of specific vitamins and minerals, and con-
tain essential hormones [49]. Over time, the human diet
has shifted to higher consumption of processed food rich
in fat content which has led to obesity, diabetes, hyper-
tension, and aging [50-52]. Specifically, long-chain
saturated fatty acids (LC-SFAs) are increasingly being
identified as the primary dietary triggers of hypotha-
lamic inflammation [53]. LC-SFAs interact with differ-
ent cell types through toll-like receptors (TLR) 2 and 4
in the hypothalamus. Further, these dietary fatty acids
can induce an increased expression of the TLR gene on
their own [54, 55]. Previously, researchers demonstrated
that LC-SFAs activates predominantly TLR4, resulting
in the induction of ER stress, which leads to the activa-
tion of inflammatory pathways in the hypothalamus via
cytokine expression [56]. However, the direct binding
of saturated fatty acids (SFAs) to TLR4 was questioned
[57-60], suggesting that SFAs may indirectly interact
with TLR4 through endogenous ligands or buildup of
various derivatives of fatty acids [61, 62]. In fact, the
HFD was found to increase the levels of hypothalamic
ceramide, lysophosphatidylcholine, cholesterol esters,
and diacylglycerol, and the accumulation of these deriv-
atives increases inflammatory activity [53, 63].

Another concept regarding SFAs-induced inflamma-
tion is related to their metabolism. LC-SFAs are less
susceptible to f-oxidation than medium-chain fatty acids
(carbon chain length 12) and unsaturated fatty acids
[64]. This causes elevation of SFAs in the hypothalamus,
which is sufficient to induce lipotoxic stress and cause
impairment in insulin and leptin signaling [65, 66]. This
further helps to explain why a high intake of LC-SFAs
causes metabolic inflammation. The condition is sup-
ported by the fact that enteric gavage of LC-SFAs causes
hypothalamic inflammation, whereas a similar response
is not observed with coconut oil, which is mainly com-

posed of medium-chain fatty acids (rich in lauric acid),
or olive oil, which is primarily composed of monoun-
saturated fatty acids (rich in the omega-9 oleic acid)
[41]. Furthermore, the key ingredient of the experimen-
tal diet used to cause obesity in rodents is lard, and par-
tial replacement of the fatty acids present in a standard
HFD with either flax oil (rich in omega-3 fatty acid), fish
oil (rich in omega-6 fatty acid, linolenic acid), or olive
oil (rich in omega-9 fatty acid, oleic acid), all of which
reversed the inflammatory response elicited by a lard-
based HFD, improved hypothalamic and whole-body
insulin sensitivity, decreased food intake and adiposity
[67]. Other researchers confirmed these results upon
direct intracerebroventricular (icv) infusion of linolenic
acid or oleic acid into the hypothalamus or treatment of
hypothalamic cells with these fatty acids, resulting in
decreased inflammatory markers or increased expression
of anti-inflammatory cytokines like interleukin (IL)-10
[56, 58, 67, 68]. In a recent study, palmitate, an SFA was
found increased in cerebrospinal fluid (CSF) of over-
weight and obese patients with mild cognitive impair-
ment. It was also found that palmitate-induced astrocyte
and microglial activation, and its harmful impact was
mediated by microglia-derived tumor necrosis factor
(TNF)-a signaling [69]. As palmitate elicited proinflam-
matory responses, ER stress, and insulin resistance in
the hypothalamus [66, 70, 71], its dysregulatory effect
on hypothalamic functions in humans must be evaluated.
Therefore, LC-SFAs-induced TLR activation, lipotoxic-
ity, and ER stress, all of which coexist and reinforce
each other by triggering parallel pathways, appear to
be pivotal in hypothalamic inflammation in rodents and
humans. More recently, it has been found that micro-
biota-depleted mice are protected from HFD-induced
hypothalamic inflammation [72]. The mechanism behind
this finding can be because of an increased percentage of
Gram-negative bacteria in the gut microbiota following
HFD, resulting in increased lipopolysaccharide (LPS)
plasma concentration and systemic inflammation, which
may eventually lead to hypothalamic inflammation [73].
These findings show that SFAs or HFD can be a poten-
tial trigger for hypothalamic inflammation. Amid these
findings, one ray of hope is that not all dietary fatty acids
cause hypothalamic inflammation as dietary fatty acids,
such as omega-3 and omega-9, provide protective effects
against hypothalamic inflammation and metabolic dys-
function.
Hyperglycemia

Our regular diet consists of both dietary fat and
refined carbohydrates and sugar. It is also worth noting
that HFD commonly used to induce obesity in rodents
includes sucrose as the main carbohydrate source. Fur-
ther, researchers have shown that overconsumption of
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simple carbohydrates, especially those found in soft
drinks made with high fructose corn syrup, were linked
to insulin resistance, obesity, type 2 diabetes mellitus
(T2DM), and hypertension [74]. The consumption of
a high-calorie diet leads to an undesirable increase in
blood glucose. If blood glucose is not kept in check,
it can lead to a condition called hyperglycemia [75].
Hyperglycemia is one of the key factors for developing
glucotoxicity in the nervous system [76—81]. Previously,
several glucotoxicity mechanisms were proposed, such
as (1) the induction of oxidative stress through activation
of the polyol and hexosamine pathway; (2) activation
of protein kinase C (PKC), a serine/threonine-protein
kinase that plays a central role in many intracellular
signaling pathways; and (3) the formation of non-enzy-
matic glycated proteins, generating more reactive mol-
ecules from glucose [82]. Most studies about the effect
of elevated glucose levels on neurotoxicity concentrated
mainly on the peripheral nervous system [83]. The
association between hyperglycemia and different brain
pathologies is an underexplored but emerging research
area. Lately, several researchers have tried to address the
issue using a different animal model of hyperglycemia or
diabetes. Diabetes is a syndrome defined by the presence
of abnormally high blood glucose levels or hyperglyce-
mia [84]. During poorly regulated diabetes, brain tissue
is chronically exposed to markedly elevated glucose lev-
els and may thus be subject to long-term adverse effects
of hyperglycemia as found in peripheral tissues [79].
However, most of the studies of hypothalamic inflam-
mation are performed using HFD-induced obesity and
the T2DM model, where several factors confound the
effect of hyperglycemia in brain pathology.

Recently, a study by Gao et al. showed the impor-
tance of sugar in a diet as it determines whether an HFD
induces hypothalamic inflammation and consequent obe-
sity or not [76]. The researchers found that a higher level
of N (g)-(Carboxymethyl)-Lysine (CML), an advanced
glycation end product (AGE) is produced by hypotha-
lamic neurons, which then binds to the receptor for AGE
(RAGE) in microglia, causing microglial activation and
inflammation following consumption of HFD rich in
carbohydrates [76]. This idea was strengthened when
studies using the type 1 diabetes model, which does
not include an HFD, also showed increased microglial
hypertrophy, astrocytic activation and proliferation, and
increased proinflammatory gene expression in the hypo-
thalamus [77, 85, 86]. Further, a recent study showed an
increase in the microglial density in the hypothalamus
of the binge sucrose rats [87]. Apart from the different
hyperglycemic mice models, the direct administration
of glucose into the mouse third ventricle has shown a
significant increase in the nuclear factor kappa light
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chain enhancer of activated B cells (NF-kB) activity in
the hypothalamus [20]. In line with this, other studies
reported that direct intraperitoneal injection of glucose
in rodents also increased hypothalamic Il-1a, II-1§
mRNA and prostaglandins (PG) level [3, 88]. Addition-
ally, in vitro studies have shown that primary cultures
of microglia, astrocytes, or Muller glial cells exposed
to high glucose conditions exhibited increased produc-
tion of inflammatory cytokines and reactive oxygen
species (ROS) via activation of inflammatory signaling
pathways [28, 89-91]. It is also found that incubation
of hypothalamic explants at high glucose concentra-
tion also increased the levels of Ii-1a, Il-1f, and Tnf-
a mRNA [28, 88]. Further, hyperglycemia-induced
activation of human astrocytes alters synaptic function
and neurotoxicity [92]. Various mechanisms were pro-
posed for how hyperglycemia induces an inflammatory
response in glial cells. A study by Quan et al. showed
that high glucose-induced TNF-a and chemokine C-C
motif ligand-2 (CCL2), also called monocyte chemoat-
tractant protein 1 (MCP-1) secretion by microglia is
mediated by the ROS and NF-kB [91]. Another study
found that the nucleotide-binding oligomerization
domain-like receptor family pyrin domain-containing
3 (NLRP3) inflammasome signaling may alter micro-
glia-related inflammation and pyroptosis under high-
glucose conditions [93]. Similarly, recent research by
Chen et al. demonstrated that chronic hyperglycemia
might gradually induce microglia polarization into an
increasingly proinflammatory subtype [94]. Apart from
the direct effect of hyperglycemia, diabetes leads to the
production of other metabolites, such as lactic acid and
ketone bodies, which might play inflammatory roles in
the hypothalamus [28]. A recent study by Rahman et al.
shows that diabetes-induced hyperglycemia induces
expression of pyruvate dehydrogenase kinase (PDK)-2,
a mitochondrial enzyme that causes a glycolytic shift in
astrocytes and increased accumulation of lactic acid in
the hypothalamus [28]. The increased lactic acid induces
an acidic extracellular microenvironment that may fur-
ther enhance inflammatory activation of glial cells and
the release of proinflammatory cytokines. Similarly,
lactic acid also activates and recruits other immune
cells, such as monocytes/macrophages or lymphocytes
[95, 96], another potential mechanism for hypothalamic
inflammation. Collectively, these findings indicate a link
between hyperglycemia and neuroinflammation, con-
stituting potential mechanisms for the pathogenesis of
metabolic disorders, such as diabetes.
Aging

Aging is one of the most intricate and complex bio-
logical phenomena. Chronic inflammation and high
levels of proinflammatory cytokines are common in
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the elderly, and they are powerful predictors of various
age-related complications [97-99]. This aging-induced
inflammatory response, also called inflammaging,
is characterized by chronic, sterile (occurring in the
absence of infection and primarily driven by endogenous
signals), low-grade inflammation [100]. The root causes
of hypothalamic inflammation with aging and its link to
metabolic dysfunction remain poorly understood. Previ-
ously, researchers have reported that glial cell activity
and cytokine production in the hypothalamus of mice
are elevated with aging [33]. Further, there has been a
great interest in the use of drugs that modulates several
signaling pathways and delay the onset and progression
of aging. However, there are no drugs approved by the
Food and Drug Administration (FDA) for extension of
lifespan in aging people. Several candidates like acar-
bose, nordihydroguaiaretic acid, and 17-a-estradiol have
been reported to extend life span in animal studies [101].
Taking this into account, a study by Sadagurski et al.
has shown that application of these drugs to aging mice
blocks hypothalamic reactive gliosis and neuroinflam-
mation indices [102], implying that altered glial activ-
ity in the hypothalamus with aging can be a potential
mechanism of hypothalamic inflammation. Moreover,
the reasons for inflammaging hypothalamus might be
due to cellular senescence (a phenomenon character-
ized by irreversible cell cycle arrest) [103, 104]. Senes-
cent cells accumulate with age in many tissues and
are prominent at sites of many age-related pathologies
[105]. Senescent cells, albeit not proliferating, are meta-
bolically and transcriptionally active, thereby affecting
their microenvironment, notably via the production of
inflammatory mediators. These mediators maintain
and propagate the senescence process to neighboring
cells and recruit immune cells for clearing senescent
cells [106, 107]. Importantly, senescent cells frequently
secrete cytokines, growth factors, and matrix metallo-
proteinases, which form the so-called senescence-asso-
ciated secretory phenotype, which might be a potential
mediator of hypothalamic inflammation in aging. Fur-
ther, strategic targeting of senescent cells in different
tissues is associated with decreased age-associated
gene signatures, attenuated low-grade chronic inflam-
mation, and improved physical function [108]. Increased
inflammation may also derive from defective autophagy
in the hypothalamus. Autophagy is a highly controlled
process regulating the turnover of cellular components
and maintenance of cellular homeostasis. The hypo-
thalamus of aged mice exhibited defective autophagy
characterized by lowering of autophagy proteins, such
as autophagy-related 7 (ATG7) and microtubule-associ-
ated protein light chain 3 (LC3)-II levels and autophagy
flux rate [10]. Furthermore, damaged macromolecules

and cells (self-debris) that accumulate with age due to
increased buildup or incomplete removal may cause an
inflammaging hypothalamus. This self-debris is recog-
nized as a threat signal by a network of receptors, which
trigger immune responses for physiological repair. How-
ever, as damage accumulates, the danger responses will
become persistent and maladaptive [109]. These findings
suggest that age-related changes in the hypothalamus
might act as a substrate for neuroinflammation.

Metabolic disorders, aging,
and hypothalamic inflammation

a.

Obesity and hypothalamic inflammation

Obesity-induced hypothalamic inflammation in ani-
mals and humans: Obesity is associated with chronic
low-grade inflammation in the hypothalamus. The first
investigation that led to this revelation was based on a
study that found changes in several proinflammatory
cytokines and inflammatory responsive proteins in the
hypothalamus of HFD-fed rats [23]. The finding was
further corroborated by various subsequent studies in
the coming years [20, 56, 65]. Later studies demon-
strated that HFD-induced inflammatory response in the
hypothalamus is paralleled by a glial cell accumulation
(gliosis) specifically in the ARC of the hypothalamus
[40, 41, 110-116]. This diet-induced inflammatory
response in the hypothalamus occurs in two phases.
The first phase is characterized by increased production
of chemokines (and chemokine-related proteins) such
as C-X3-C motif chemokine ligand 1 (CX3CL1) also
called as fractalkine, leukemia inhibitory factor (LIF),
MCP-1, and atypical chemokine receptor 2 (ACKR?2);
and cytokines, such as TNF-a and IL-6, ranging from
few hours to days after exposure to dietary lipids [40, 47,
117, 118]. As the HFD is continued, the hypothalamic
inflammatory response returns to near normal after 1
week, and then reappears as the second phase of inflam-
mation, after 4 weeks [40, 119]. This obesity-mediated
inflammatory responses have been reported to affect the
synthesis and release of neuropeptides and neurotrans-
mitters, which ultimately dysregulate the brain circuit
involved in important physiological functions, such as
food intake and energy expenditure, eventually leading
to obesity and diabetes [120] (Fig. 2).

So far, only a few clinical investigations have been
conducted to study the link between hypothalamic
inflammation and obesity. When compared to the
healthy control group, obese patients without chronic
or systemic illness have significantly higher inflamma-
tory markers in the hypothalamus [121]. In line with
this, a retrospective analysis of magnetic resonance
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Fig.2 Hypothalamic inflammation in the pathophysiology of meta-
bolic diseases. Abnormal metabolic signals associated with overnu-
trition, and immunological factors appear to induce hypothalamic
inflammation. Aberrant nutritional elements, including fatty acids
(FAs) and glucose transported into the hypothalamus primarily
through the permeable blood-brain barrier (BBB), may induce glial
activation, which leads to the release of various inflammatory medi-
ators. Tanycytes located in the lateral walls and surface of the third
ventricle allow the dynamic passage of nutrients from the circula-
tion to the hypothalamus. Increased levels of FAs and glucose can
activate both microglia and astrocytes through diverse inflammatory
signaling pathways, leading to the release of proinflammatory media-
tors. In addition, abnormal metabolic states can cause the recruit-

imaging (MRI) data of obese patients revealed gliosis
in the MBH region [40]. Later studies using MRI tech-
niques further supported the notion that hypothalamic
gliosis is associated with obesity and insulin resistance
in humans [122, 123]. Apart from the metabolic dis-
eases, approximately half of the craniopharyngioma
patients who develop tumor in the hypothalamus have
severe obesity phenotypes [124]. Further, the use of anti-
inflammatory treatment (statin or aspirin) was related
to a 2-fold increase in the chance of weight reduction
in patients with type 2 diabetes after 1 year of follow-
up [125]. Overall, recent studies have enabled to obtain
some information in humans and the changes observed
in human studies are similar to those seen in rodent
models, indicating the translational significance of hypo-
thalamic pathology in obesity.

Signaling pathways involved in hypothalamic inflam-
mation in obesity: Studies have demonstrated that die-
tary excess can activate various inflammatory signal-
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ment of macrophages in the hypothalamus, which help in sustaining
such inflammation and thus worsening the disease state. Collectively,
inflammatory conditions impair insulin and leptin signaling and nega-
tively affect the proper functioning of hypothalamic neuronal circuits,
which include neuropeptides and sympathetic outflow in the control
of metabolism, leading to metabolic diseases, such as obesity, diabe-
tes, or hypertension. Solid black arrows, reported links; dotted black
arrows, possible links, solid red arrows, upregulated. FAs fatty acids,
GLUT1I/2 glucose transporter ¥2, IR insulin receptor, MAPK mitogen-
activated protein kinase, NF-kB nuclear factor-kappa B, JNK c-Jun
N-terminal kinases, PKC protein kinase C, MCP-1 monocyte chem-
oattractant protein 1, Ang II angiotensin II, ObRb leptin receptor b,
ROS reactive oxygen species, TLR2/4 toll-like receptor 2/4

ing pathways in the hypothalamus. Zhang et al. have
established an intriguing connection between metabolic
inflammation and hypothalamic dysfunction via IxB
kinase-p (IKKp) activation [20]. In their study, chronic
dietary or genetic obesity resulted in IKKB/NF-kB acti-
vation in the neurons of MBH. Further, experimental
activation of the IKK/NF-«B signaling pathway in the
hypothalamus resulted in weight gain and an increase in
food intake, as well as significantly impaired insulin and
leptin signaling in the hypothalamus [20]. In addition,
the authors show that inhibiting IKK/NF-kB signaling
in the MBH protects against insulin and leptin resist-
ance and subsequent development of obesity. Further
studies by different groups have repeatedly established
the participation of several components of the NF-kB
signaling pathway including TLR4 and myeloid differ-
entiation primary response 88 (MyD88) in hypothalamic
inflammation [56, 126]. Valdearcos et al. later found that
activation of NF-xB in microglia is required for HFD-
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induced microgliosis in the MBH that leads to metabolic
dysfunction associated with obesity [113]. Accordingly,
reducing the microglial inflammatory activity by tar-
geting NF-kB signaling or microglia depletion protects
HFD-fed mice from hyperphagia and obesity [113].
Similarly, Douglass et al. found that IKKp/NF-«B sign-
aling in astrocytes is required for HFD-induced hypo-
thalamic inflammation and subsequent development of
obesity in mice [42]. In this study, selective ablation of
hypothalamic astrocyte IKKf reduces weight gain and
glucose intolerance following HFD feeding. Addition-
ally, Zhang et al. reported that the HFD-induced activa-
tion of astrocytic IKKB/NF-«xB signaling impaired the
astrocytic process plasticity. Such activation caused a
reduction of gamma-aminobutyric acid (GABA) and
brain-derived neurotrophic factor (BDNF) levels in the
hypothalamus, resulting in impaired glucose homeosta-
sis, increase in BP, and body weight gain in mice [24].
These findings suggest that NF-«kB signaling remains the
principal component of hypothalamic inflammation in
obesity.

Several other distinct signaling pathways are also
involved in hypothalamic inflammation. c-Jun N-ter-
minal kinases (JNKs), a member of the mitogen-acti-
vated protein kinase (MAPK) family is one of them.
The JNKSs are activated through phosphorylation by
upstream MAPK kinases and increase the production
of inflammatory cytokines [127]. Several factors, such
as nutritional components, hyperglycemia, intracellular
ER stress, and oxidative stress, are known to cause JNK
activation. It has been reported that selective ablation
of JNK1 from the mouse central nervous system (CNS)
significantly reduces HFD-induced obesity [128, 129].
Similarly, other signaling pathways, such as the Janus
kinase 2 (JAK2)/signal transducer and activator of tran-
scription-3 (STAT3) [130, 131], forkhead box protein
O1 (FOXO1) [132, 133], and mechanistic target of rapa-
mycin (mTOR) [134-137] might get dysregulated by
inflammatory insults in the hypothalamus during obe-
sity. This leads to an increase in the protein—tyrosine
phosphatase 1B (PTP1B) and suppressor of cytokine
signaling 3 (SOCS3) levels through the activation of
IKKP/NF-kB, thereby eventually causing aberrant
energy balance and obesity [20, 138]. This evidence
provides the causal link between hypothalamic inflam-
mation and obesity.

How does hypothalamic inflammation lead to obe-
sity: involvement of leptin and insulin signaling?: Hypo-
thalamic inflammation is involved in the dysregulation
of leptin and insulin function. Various studies have
revealed that leptin and insulin are the major hormones
that convey “adiposity negative feedback” signals to the
hypothalamus regarding the amount of body fuel stored

as fat [139]. The adiposity negative feedback model of
energy homeostasis is based on the idea that circulat-
ing signals alert the brain of changes in body fat mass,
and that the brain adapts energy balance to stabilize fat
storage in response to this information [140]. Taking
this into account, various researchers have investigated
if obesity-induced hypothalamic inflammation has any-
thing to do with leptin and insulin signaling in the hypo-
thalamus of obese animals. In fact, leptin transport to the
brain is hindered by the saturation of leptin transporters,
limiting further leptin accumulation in the brain during
obesity [141]. This corresponds to the fact that leptin
level in the CSF of obese people is significantly lower
in comparison to lean individuals [142, 143]. In addition
to leptin transport theory, impairment of leptin signal-
ing in the hypothalamus has been the major concern of
obesity-induced hypothalamic inflammation. It has been
found that hypothalamic SOCS3 expression is enhanced
in obese mice [144]. The elevated SOCS3 binds to
Tyr985 of leptin receptor (LRb) to mediate the inhibition
of LRb signaling in hypothalamus [145]. Interestingly,
two putative NF-kB DNA binding motifs are found in
the promoter region of the gene encoding SOCS3, and
hypothalamic SOCS3 expression is markedly decreased
in neuronal IKK-fp-deficient mice [20]. Hence, increased
SOCS3 has been shown to mediate hypothalamic leptin
resistance induced by activated IKKB/NF-«kB signaling
[20, 145, 146]. Further, leptin itself is known to induce
the expression of SOCS3 in mouse hypothalamus and
various in vitro conditions [147, 148] that ultimately
cause phosphorylation of Tyr985 in LRb receptor [145],
thereby attenuating leptin signaling and promoting lep-
tin resistance in obesity. Similar to SOCS3, PTP1B is
another important mediator expressed in the hypothal-
amus during obesity that inhibits leptin signaling via
JAK2-STAT3 pathway [138, 149]. PTP1B also nega-
tively regulates both hypothalamic leptin and insulin
signaling via 5" adenosine monophosphate-activated
protein kinase (AMPK) [150]. Therefore, both SOCS3
and PTP1B along with other inflammatory mediators
may provide a bridge between hypothalamic inflamma-
tion and leptin resistance.

Apart from leptin, insulin resistance is another com-
mon feature of obesity in the CNS. It was found that
insulin receptors are widely distributed within the hypo-
thalamus [151, 152] particularly the PVN [153] and
ARC [154, 155]. The exogenous administration of insu-
lin in the brain might act on these receptors and reduce
food intake, body weight [156], and endogenous glucose
production [157]. This is further supported by the fact
that brain-specific insulin receptor (IR) knockout mice
have been used to study obesity and insulin resistance
[158]. On the other hand, various studies have found that
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the hypothalamus regulates insulin secretion and glucose
metabolism presumably by the extensive neural connec-
tions that exist between the hypothalamus and pancreas
[159-161]. However, inflammation in the hypothalamus
has been found to affect this pathway too. In the study
by Arruda et al., icv injection of recombinant TNF-a
protein increases base-line plasma insulin and insulin
secretion by pancreatic islets, which is accompanied
by an impaired insulin signal transduction in the liver
and skeletal muscle [162]. This is important as insulin
released from the pancreas acts on different tissues and
regulates peripheral glucose metabolism and maintains
body weight. Similar to leptin resistance, HFD-induced
hypothalamic upregulation of SOCS3, PTP1B, and PKC
have been shown to impair hypothalamic insulin sign-
aling pathways [163—165]. Interestingly, several stud-
ies have conclusively shown that persistent exposure
to elevated leptin levels during obesity also induces
insulin resistance via impairment of neuronal insulin
signaling in the hypothalamus [166, 167]. Furthermore,
HFD-induced activation of hypothalamic inflammatory
pathways including IKKB/NF-xB, TLR4/MyD88, and
JNK, as well as the subsequent increase in proinflamma-
tory cytokines results in hypothalamic insulin resistance
[11, 20,56, 126, 168, 169]. When inflammation disrupts
insulin and leptin signaling in hypothalamic neurons, a
state of positive energy balance develops, which causes
accumulation of body fat and a rise in plasma leptin
and insulin levels sufficient to overcome the resistance.
This state of increased plasma leptin and insulin levels,
coupled with an elevated level of body weight is char-
acteristic of common obesity.

Controversies or limitations of the hypothalamic
inflammation and obesity studies: Although several
studies suggest that hypothalamic inflammation has an
important role in the development of diet-induced obe-
sity (DIO), several inconsistencies cast doubt over this
hypothesis. A recent study found that defective regula-
tion of hypothalamic POMC is the earliest marker of
obesity that even precedes hypothalamic inflammation
[170]. However, it was previously found that the acute
HFD-induced gliosis in the hypothalamus is thought
to limit or repair a neuronal injury, due to induction of
neuroprotective substances like heat shock protein 72
(HSP72) mainly in POMC neurons in the hypothala-
mus [40]. It was assumed that neurons directly respond
to SFAs by expressing HSP72 and producing factors
that attract local microglia and trigger their activation
[40]. However, a study by Valdearcos et al. showed
that microglia depletion abolishes HSP72 expression in
neurons, suggesting that neuronal stress is triggered by
increased microglial activity responding to SFAs [41].
As of late, Dalvi et al. showed that the levels of HSP70,
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a member of the HSP72 family, and ciliary neurotrophic
factor (CNTF) do not alter in the hypothalamic ARC
following acute intralipid (an emulsion of fatty acids
containing 7-14% palmitic acid together with a mix-
ture of linoleic and oleic acids) infusion; however, they
are significantly increased after the extended exposure
to HFD feeding for 8 weeks [119]. Further, there has
been a concern that an acute increase in TNF-« in the
ARC following intralipid infusion or HFD feeding might
likely limit or reverse the injury caused by high fatty
acid exposure, despite TNF-a being a proinflammatory
cytokine [119]. In line with this, it has recently been
shown that HFD-induced inflammation in astrocytes
may have a protective effect against the development
of obesity [171]. Further, it was reported that hypotha-
lamic gliosis caused by HFD is mostly reversible along
with the reversal of the HFD-induced obesity phenotype
[172]. In contrast to this finding, it is found that HFD-
fed rats, when switched back to a regular chow diet for
8 weeks, lose all their excess weight despite sustained
elevations in hypothalamic inflammatory gene expres-
sion [173]. Interestingly, profound weight loss has been
found to induce reactive astrogliosis in the hypothalamus
of obese mice, which was probably linked to increased
non-essential fatty acids in the circulation [174].
Another aspect of hypothalamic inflammation is the
infiltration of peripheral myeloid cells into the hypo-
thalamus during obesity condition. Recent studies have
revealed that myeloid cells leave the circulation and
accumulate in the MBH of HFD-fed mice and have an
important role in the progression of obesity [175, 176].
Researchers have faced difficulties for distinguishing
macrophages from resident microglia for some time
now. There are limited markers that can exclusively
distinguish these cells. Further, the immunoreactivity
of recently available microglia-specific markers like
purinergic receptor P2RY 12 or transmembrane (TMEM)
119 is found to be reduced by HFD consumption [175].
In addition, the reports that infiltrating myeloid cells dis-
play morphologies characteristic of resident microglia
further complicate studies to determine the independ-
ent impact of microglia versus infiltrating myeloid cells
on metabolic regulation [177]. Although researchers
have tried to address these issues using bone marrow
chimeras [47, 171], these studies have been inconsist-
ent [115] and confounded by the effects of irradiation
on blood-brain barrier (BBB) [178]. Future research
should concentrate on understanding what causes
chemotaxis of peripheral myeloid cells into the hypo-
thalamus in the setting of nutritional excess, as well as
the metabolic consequences of inhibiting this process.
Similar to microglia, astrocytes in the brain also cannot
be identified by a single common marker. In fact it has
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been found that the frequently used glial fibrillary acidic
protein (GFAP, a reactive astrocyte marker) can only
identify a subset of astrocytes [179]. In this condition,
use of a combination of genetic manipulations targeting
subpopulations of astrocytes that express aldehyde dehy-
drogenase 1 family member L1 (Aldh111) [180] or gluta-
mate aspartate transporter (Glast) [181] may be required
to fully comprehend astrocyte function in the context of
obesity and metabolic disorders. On the other hand, one
has to be careful as the strategies used to overexpress or
downregulate specific proteins in the hypothalamus can
itself damage the BBB and hence cause an increased
influx of peripheral immune cells.

Knockout mice are widely used in studies to deter-
mine the involvement of certain genes or proteins in
obesity. One of the studies showed that neuron-specific
peroxisome proliferator-activated receptor-6 knockout
mice are resistant to HFD-induced hypothalamic inflam-
mation yet are more susceptible to DIO than wild-type
control animals [182]. Similarly, various studies using
proinflammatory cytokine and cytokine receptor knock-
out models demonstrated obesity phenotypes rather than
being protected from DIO [183—-186]. In the study by
Schreyer et al., deletion of TNF-a receptors (TNFRs)
in mice fed with HFD exhibited marked fasting hyper-
insulinemia, glucose tolerance, and insulin sensitivity.
Further, loss of both TNFRs and leptin resulted in more
dramatic protection from obesity-induced insulin resist-
ance [186]. Another study found that TNFRs knockout
mice are heavier than wild-type controls from an early
age, and their weight increases further after 14 weeks of
high-fat high-sucrose (HFHS) diet feeding [183]. Similar
results were reported with IL-1 receptor knockout mice,
which showed decreased suppression of body weight
and food intake in response to systemic leptin treatment.
The decreased leptin responsiveness was even more pro-
nounced in older obese animals [184]. Similarly, Wal-
lenius et al. found that mice lacking the gene encod-
ing IL-6 developed obesity, which was reversed by icv
administration of IL-6 in these mice [187, 188]. Because
these are primarily whole-body gene knockouts that
affect numerous tissues and may induce developmental
changes, interpreting these findings for hypothalamic
inflammation in DIO is inherently challenging. Fewer
other studies found improved insulin sensitivity under
inflammatory conditions in peripheral tissues, suggest-
ing that the relationship between hormone signaling
and inflammation is situational [189, 190]. Apart from
these findings, a new study has revealed that mice with
DIO have a functional leptin transport system and have
normal leptin level in the MBH or circumventricular
organs, although they are leptin resistant [191], which
contrasts with the previous findings in both animals and

humans [142, 143]. Further, despite activating the same
pathways, diet-induced chronic low-grade inflamma-
tion leads to obesity, but strong acute inflammation that
occurs as part of the illness response leads to weight
reduction [162, 192]. In the middle of these confusing
results, future research must inquire into these facts and
disagreements must be resolved, and a comprehensive
perspective on the subject is necessary.
Diabetes and hypothalamic inflammation
Hypothalamic inflammation was primarily studied in
animal models of obesity or obesity-associated T2DM
(Fig. 2). However, very little is known about the role
of hypothalamic inflammation in type 1 diabetes. The
results from preclinical studies have shown higher lev-
els of microglia and astrocyte activation and increased
expressions of proinflammatory genes, such as Tnf-
a, II-1p, and inducible nitric oxide synthase (iNOS)
in the hypothalamus of diabetic rodents [28, 85, 193,
194]. A study by Hu et al. further found that diabetes
enhances the infiltration of bone marrow-derived mac-
rophages (BMDMs) into the hypothalamus which in
turn activates resident microglia [85]. In another study
by the same group, it was reported that loss of a clus-
ter of differentiation (CD) 39 in the vasculature of the
hypothalamus results in facilitated adhesion and sub-
sequent extravasation of inflammatory cells in these
regions. They also believed that increase in activation
of astrocytes observed in the brains of the diabetic mice
would facilitate BBB leakage and monocyte extravasa-
tion [77]. Further, a study by Rana et al. has shown that
microglial activation occurs specifically in the PVN
and supraoptic nucleus (SON) of the hypothalamus of
diabetic mice. They also found that neuronal activation
in the hypothalamus precedes the onset of microglial
changes suggesting the over-excitation of neurons as a
mechanism of microglial activation in diabetic condi-
tions [195]. Thinschmidt et al. used both streptozotocin
(STZ) and genetic (Ins2Akita mouse) models of type 1
diabetes and found that nuclear release of proinflamma-
tory mediator high-mobility group box-1 (HMBG1) in
the hypothalamus was associated with depressed basal
neuronal activity [196]. Similarly, hypothalamic neu-
rons in diabetic mice are found to undergo degeneration
[194], showing electron-dense cytoplasm, distension of
rough endoplasmic reticulum, and swollen mitochondria
[197, 198]. Clinically, diabetic patients develop abnor-
mal autoimmunity or inflammation [199] with a variety
of functional and structural brain alterations, such as
swelling and edema [200], with discrete brain activation
patterns [201]. A brain MRI study of diabetic patients
had an enlarged hypothalamus with thickened and com-
pressed third ventricle. These hypothalamic structural
changes correlate with classical inflammatory features,
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including tissue swelling, redness, and aberrant tissue
function [202]. In light of the limited knowledge, a
recent study revealed the role of hypothalamic inflam-
mation in diabetes [28]. It was found that PDK2-induced
metabolic shift from oxidative phosphorylation to gly-
colysis in astrocytes resulted in an increment of diabe-
tes-induced hypothalamic inflammation with increased
gliosis (microglia and astrocytes) and production of pro-
inflammatory cytokines and lactic acid in diabetic mice
[28]. This process further led to the dysregulation of
AMPK and protein kinase B (AKT) signaling and asso-
ciated orexigenic neuropeptidergic circuit, which likely
accounts for the increased food intake seen in diabetic
mice. Further, the pharmacological inhibition of hypo-
thalamic inflammation and site- and cell-specific genetic
ablation of Pdk2 inhibited the diabetes-induced hypotha-
lamic inflammation, which was associated with normal-
ized feeding behavior [28]. These findings suggest that
hypothalamic inflammation is crucial in diabetes.
Hypertension and hypothalamic inflammation
Similar to obesity and diabetes, inflammation has
been linked to the development of hypertension in both
animals and humans [203, 204]. The PVN in the hypo-
thalamus is a crucial BP regulation center [205], control-
ling other important nuclei and their circuits in the CNS,
especially the rostroventrolateral medulla and nucleus
tractus solitarius in the hindbrain, which is necessary
for BP control [206-208]. Several studies have reported
elevated proinflammatory cytokines expression in the
PVN of animal hypertension models [209-213]. Further,
the microinjection of inflammatory cytokines, such as
TNF-o or IL-1, into the PVN results in increased sym-
pathetic outflow and increased afferent cardiac sympa-
thetic reflex associated with an elevated BP [214]. Alter-
natively, the overexpression of anti-inflammatory IL-10
in the PVN of rats attenuates BP induced by chronic
infusion of angiotensin (Ang) II [215]. These inflam-
matory cytokines disrupt critical pathways, including
the renal sympathetic nerve activity, PVN sympathetic
pathway, and dorsomedial hypothalamic sympathetic
pathway, in the hypothalamus that control BP and cause
hypertension [216-218]. Alternatively, these cytokines
can activate perivascular macrophages (PVMs) in the
BBB, causing increased production of PGE2 leading to
increased activity of the sympathetic nervous system in
the PVN, subsequently increasing BP [216, 219]. The
hypothalamic synthesis of Ang II is related to another
possible mechanism attributed to inflammatory changes
[216]. It is believed that increased levels of Ang I may
lead to resetting of the barostat by induction of hypo-
thalamic inflammation, causing higher BP levels [216].
On the other hand, Ang II administration increases the
expression of the proinflammatory cytokines IL-1p,
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IL-6, and TNF-a in the PVN [220]. It was found that
Ang II binds to angiotensin II receptor type 1 (AT1)
receptors, promoting inflammation through a variety
of mechanisms, including the generation of free radi-
cals and TLR4 activation in immune cells, followed by
increased secretion of proinflammatory cytokines [221,
222]. A recent study showed that TNFR activation was
required for N-methyl-D-aspartate (NMDA)-mediated
signaling in the PVN neurons following Ang Il-infusion.
Further, silencing of TNFR1 in the PVN prevented high
BP in these animals [223]. These findings demonstrate
that hypothalamic inflammation is closely related to
hypertension regulation.

Obesity is one of the major causes of hypertension
[203]. With this in mind, researchers are now focusing
their attention on the study of hypertension using rodent
obesity models with a high clinical translation potential
[224, 225]. Obesity-related inflammation in endothelial
cells, smooth muscles, and vasculature-resident mac-
rophages in the periphery were linked to hypertension
development [226-228]. In the hypothalamus, HFD
feeding initiates an inflammatory cascade in both the
PVN and subfornical organ (SFO), two brain regions
critical for regulation of BP and energy balance [229].
This obesity-related hypothalamic inflammation can
trigger sympathetic BP upregulation [18, 21, 230]. Fur-
ther, obesity induces increased glial reactivity and proin-
flammatory gene expression within the PVN of HFD-fed
mice that depend on neuronal AT1a receptor signaling
[229]. It was found that AT1a contributes to the micro-
glial recruitment in the PVN during obesity [229], which
is involved in neurogenic hypertension [215, 231].
Another pathway linked to obesity-induced hyperten-
sion was related to leptin, a cytokine originating from
adipose tissue overproduced in obese people. This idea
is based on the observation that mice lacking leptin (ob/
ob) or leptin receptor (db/db) had a higher body weight
but no elevated heart rate or BP. Furthermore, leptin
therapy causes a rise in heart rate and BP in these mice,
which fades as body weight decreases. These results
demonstrate that obesity alone is insufficient to affect
cardiovascular outcomes and that leptin mediates these
effects [232]. However, this finding was connected to
inflammation, as researchers discovered that cytokines
like TNF-a could be essential in understanding the func-
tion of leptin in mediating a pathological BP increase
[233, 234]. Further, a new study suggests that leptin
signaling in the ARC may contribute to the exaggerated
sympathoexcitation observed in the HFD obese rats.
The study further reported that energy-sensing enzyme
sirtuin 1 (Sirtl) and FOXO1 are the key modulators of
leptin signaling in the hypothalamus, which contribute
to sympathetic activation and inflammation contribut-
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ing to increased BP [235]. Previously, Purkayastha et al.
identified IKKB/NF-kB in hypothalamic POMC neurons
as responsible for the central obesity-related hyperten-
sion mechanism [18]. The intriguing finding of the study
is that the impact on arterial pressure, arising from the
modulation of hypothalamic IKKp/NF-xB signaling,
is unrelated to changes in body weight and adiposity.
Such a result indicates that hypothalamic inflamma-
tion induces BP imbalance and insulin resistance in an
obesity-independent manner [18]. In another study by
the same group, brain ER stress was identified as the
event upstream of hypothalamic NF-kB activation in the
development of CNS inflammation-induced hyperten-
sion [21]. In the recent study, Zhang et al. identified the
NF-kB pathway as a critical regulator of astrocytic pro-
cess plasticity, with functional implications for acutely
regulated daytime BP [24]. Further, studies using rodent
hypertension models other than obesity have also shown
the involvement of NF-«B signaling in the brain [209,
220]. Lately, researchers have also found that mice that
were fed with an HFHS diet developed microvascular
remodeling in the hypothalamus, including the preau-
tonomic centers. Interestingly, these changes began
before the changes in systemic arterial BP, along with
an increase in body weight and elevated serum leptin
level [236]. They observed that both local astrocytes
and the vasculature in the hypothalamus go through
significant pathological changes not observed in other
brain regions. Further, they identified that leptin acts
as an upstream regulator of hypoxia-inducible factor-1a
(HIF-1a)-vascular endothelial growth factor (VEGF)
pathway in hypothalamic astrocytes associated with the
pathological remodeling of the local blood vessels [236].
However, there is a lack of a more complete understand-
ing of the underlying processes linking astrocytic VEGF
with autonomic output and BP. Future research should
include different pharmacological and transgenic ani-
mal models in conjunction with microendoscopy or
fiber photometry to examine pathological alterations in
astrocytic and neuronal activity within the MBH in vivo.
Considered together, our understanding of the several
potential mechanisms within the hypothalamus to con-
trol BP has vastly improved in recent years. The PVN
remains a dominant site within the hypothalamus where
neuroinflammation disrupts several signaling pathways,
eliciting autonomic and endocrine dysfunction and driv-
ing elevations in both sympathetic outflow and BP.
Aging and hypothalamic inflammation

Aging is marked by a steady deterioration of multiple
bodily functions and increased sensitivity to different
age-related disorders, such as diabetes and cardiovascu-
lar diseases. Recently, Suda et al. identified exhausted
and senescent microglia and activated astrocytes in

the hypothalamus of normal aging mice, contributing
to aging-related emotional and physical dyscoordina-
tion [237]. Another study found that microglia play a
significant role in the induction of reactive astrocytes
with aging [238]. Further, Zhang et al. reported that
the rise in age-related inflammation is mediated by the
hypothalamic microglial cells with activated NF-kB
and its upstream IKK-, and they produce inflamma-
tory cytokines like TNF-a, further stimulating NF-kB
activity and TNF-a production in neighboring neurons
through a cytokine-directed positive feedback mecha-
nism [33]. Another study using a Drosophila model also
reported that NF-«xB signaling regulates healthy aging
and age-related neurodegenerative disease [239]. Zhang
et al. further found that hypothalamic inflammation dur-
ing aging is partially attributed to defective gonadotro-
pin-releasing hormone (GnRH) neurons, which do not
sufficiently produce GnRH, a neuropeptide that is essen-
tial for neurogenesis [33]. The result is a wide array of
physiological, cognitive, and behavioral changes, such
as bone degeneration, skin atrophy, muscle deteriora-
tion, declined ability to learn, and memory impairment,
all of which are direct indicators of systemic aging
[33]. The correlation between impairment in neuro-
genesis with aging and related disorders was reported
previously [240]. In particular, adult neural stem cells
(NSCs), similar to other stem cells, are self-renewing
and can develop into many different cell types. These
cells exist in the hypothalamic third-ventricle wall and
MBH parenchyma [241]. Previously it was reported that
the proliferation of hypothalamic NSCs (htNSCs) was
reduced in HFD-induced inflammatory conditions [241,
242]. Considering the defective production of gonado-
tropin hormone essential for neurogenesis, Zhang et al.
further extended their study and reported that NF-kB-
mediated inflammatory activation of the hypothalamus
in aging mice also leads to the loss of stem cells in the
hypothalamus (Fig. 3). These stem cells are responsible
for releasing exosomes rich in microRNAs, which help
to regulate gene expression to exert endocrine control
over the speed of systemic aging [32]. This finding was
in line with the understanding that reduced neurogenesis
is linked to aging and the onset of aging-related dis-
eases [243-245]. However, Zhang et al. did not address
whether microRNAs could mitigate age-related physi-
ological decline on their own. It will be important to
see if other exosomal components play a role in aging.
Further, the proteins and pathways targeted by the exo-
somal microRNAs released from the htNSCs and exactly
how these affect aging are areas of interest for future
research. A recent study found that htNSCs express long
noncoding RNAs (IncRNAs) that may play a key role in
influencing the fate of these stem cells through regula-
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Fig.3 Inflammation in the hypothalamus and the regulation of sys-
temic aging. Aging and associated factors, such as stress, nutritional
factors, and environmental factors, induce activation of glial cells
like microglia and astrocytes in the hypothalamus of the brain. Glial
activation increases proinflammatory cytokine levels through NF-xB
pathway, which acts on neurons and neuronal stem cells, causing var-
ious defects in the secretary function and neurogenesis in the hypo-
thalamus. Finally, the hypothalamic control of whole-body physiol-

tion of cell senescence [246]. They found a IncRNA,
Hnscr, which regulated the senescence of htNSCs and
mice aging by binding to Y-box protein 1 (YB-1), pro-
tecting it from molecular level degradation. However,
they did not employ the Hnscr overexpression strategy
in htNSCs of older mice to levels observed in younger
mice to see if this is enough to prevent senescence and
enhance physiological aging. Another constraint is the
relationship between Hnscr and YB-1. While YB-1
is a key target of Hnscr in affecting the senescence of
these cells, it may not be the only one [246]. These find-
ings show an emerging correlation between age-related
hypothalamic inflammation and stem cell depletion, thus
indicating the substantial utility of the development of
drugs that target hypothalamic inflammation and neural
stem cell maintenance for extending health and life span.

Cellular contribution to hypothalamic
inflammation

a. Microglia
Microglia are first responder cells in a variety of CNS
insults [247]. It has been found that hypothalamic micro-
glia are readily activated in response to an HFD [41,
56, 110, 175], hyperglycemia [28], or a hypertensive
state [248]. The presence of lipid-sensitive receptors in
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ogy is compromised, leading to age-related changes, including bone
loss, skin atrophy, muscle weakness, and memory loss, contributing
profoundly to the development of systemic aging. See the text for
detail. Solid black arrows, reported link; solid red arrows, upregu-
lated; solid blue arrows, downregulated, dotted purple arrows, poten-
tial crosstalk. NF-kB nuclear factor kappa light chain enhancer of
activated B cells, GnRH gonadotropin-releasing hormone

microglia, such as TLRs, triggering receptors expressed
on myeloid cells 2 (TREM?2), and the CD 36 makes them
susceptible to incoming lipids during HFD-fed condi-
tion [249]. Microglia might utilize these receptors for
directly picking up fatty acids within the hypothalamus
in animals fed with SFAs-rich diet, leading to their acti-
vation [40, 41]. Further, in vitro studies using primary
microglia confirmed the ability of SFAs to initiate an
inflammatory response, characterized by the produc-
tion of proinflammatory cytokines and oxidative stress
response [41, 250-252]. A recent study found that HFD
induces a rapid and transient increase in uncoupling pro-
tein 2 (Ucp2), a condition that is linked to mitochon-
drial dysfunction. In this study, the selective deletion of
microglial Ucp2 inhibited HFD-induced impairment in
mitochondrial dynamics and function, microglia activa-
tion, and the expression of proinflammatory cytokines
[111]. It was noted that Ucp2 was deleted from whole
brain microglia and not only from the hypothalamus.
It is also unclear how UCP2 activation during HFD
feeding controls mitochondrial dynamics and function.
Further, UCP2 has been found to protect hypothalamic
cells from oxidative and pro-apoptotic damage generated
by inflammatory stimuli [253]. These issues need to be
resolved which necessitates further study to elucidate the
molecular mechanism of UCP2 in hypothalamic inflam-
mation with respect to human conditions.

Apart from obesity or HFD, microglial cells are also
stimulated when exposed to a hyperglycemic environ-
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ment. iNOS expression is significantly increased in
microglial cells following exposure to a high-glucose
environment [254]. High glucose also mediates tran-
sition to M1 phenotype in BV-2 microglial cells. Fur-
thermore, interleukin-1 receptor-associated kinase 1
(IRAK1), TNF receptor-associated factor 6 (TRAF6),
and NF-xB expression are significantly increased in
the high glucose-treated BV2-microglial cells [255].
A recent study in which mice were administered with
STZ for 3 weeks (type 1 diabetes) showed increased
microglial activation and proliferation in the hypothala-
mus [28]. Similarly, several studies also underline the
essential role of microglia in neuroinflammation and
BP regulation [231, 256-258]. Microglia are activated
by hypertensive triggers, such as Ang II, and release
proinflammatory cytokines, such as TNF-a, IL-1f, and
IL-6 during hypertension [231, 259]. Contrarily, central
Ang II signaling inhibition results in a decrement in neu-
roinflammation [260, 261], restoring BP [209]. These
observations strongly support the idea that microglia
participate in the regulation of neuroinflammation in a
hypertensive state. Further, microglia appeared to be the
initial players in aging. With normal aging, microglia
developed an inflammatory phenotype [262], charac-
terized by the increased number and overproduction of
inflammatory cytokines [33]. A recent study found that
microglia accumulate lipid droplets with aging in mouse
and human brains. These microglia exhibit insufficient
phagocytic activity, producing high ROS levels, and
secreting proinflammatory cytokines [263]. Contrarily,
liver X receptor target gene products in the lipid-laden
microglia/macrophages facilitate the efflux of lipid and
cholesterol to support remyelination by oligodendrocytes
during multiple sclerosis [264]. As the latter study was
conducted in adult mice, it is possible to speculate from
these findings that age determines microglial phenotype
toward either proinflammatory or anti-inflammatory. It
would be interesting to see how these adult microglia
respond to a hypercaloric state. More recently, Maya-
Monteiro et al. revealed that both lipid-laden microglia
and astrocytes are found to be concentrated mainly in the
walls of the third ventricle in the normal hypothalamus
of both mice and humans [265]. They also found that
HFD-fed mice accumulate lipid droplets in the hypothal-
amus. However, the hypothalamus of the human brain
with T2DM showed lower amounts of lipid droplet accu-
mulation, thus bringing into question the translational
significance of the study [265]. Although it is too early
to conclusively resolve these discrepancies, it is possible
to speculate that HFD in animal models does not fully
mimic the human T2DM pathogenesis. This condition is
a significant obstacle hampering translational studies on
brain dysfunction in T2DM patients [266]. Amid these

findings, understanding microglial activity in hypotha-
lamic inflammation and its impact on metabolic diseases
and aging will be beneficial in microglial research for
designing successful treatment techniques.

Astrocytes

Astrocytes are another type of glial cell in the CNS
that have an essential role in hypothalamic inflamma-
tion. Reactive astrocytosis is observed in the hypothala-
mus of animals with a metabolic disorder, such as obe-
sity and diabetes [28, 42]. Astrocytes generally detect
peripheral signals because of their physical proximity
to blood vessels and play an important role in transport-
ing/storing nutrients in the CNS. Mainly peripherally
administered fatty acids accumulate in the astrocytes in
the hypothalamus, and these lipid-laden cells display
higher expression of GFAP and inflammatory cytokines
(e.g., TNF-a, IL-1f, and IL-6) and CCL2 or MCP-1
[267-269]. The lipid-laden astrocytes released CCL2,
which causes microglia migration and activation, aug-
menting hypothalamic inflammatory responses [267].
Further, astrocytes also express TLRs, which activate
the NF-xB pathway in response to inflammatory trig-
gers, regulating the production of proinflammatory
cytokines during HFD feeding [24, 270-272]. Astro-
cytes also produce transforming growth factor (TGF)-p
during obesity, triggering an RNA stress response in the
hypothalamus and leading to atypical NF-«kB activation
in the hypothalamus [25]. Besides obesity, very little
is known about the role of hypothalamic astrocytes in
diabetic conditions. Preclinical studies have shown an
increased astrocytic reactivity and proliferation along
with increased proinflammatory gene expression in the
hypothalamus of rodent models of type 1 diabetes [77,
85].

Furthermore, aging is another factor that primes astro-
cytes toward proinflammatory type [237, 238]. Previous
research revealed that aged rat brain astrocytes overex-
press genes associated with increased reactivity, inflam-
mation, and oxidative stress, such as lipocalin-2 (Lcn2),
C-X-C motif chemokine ligand 10 (Cxcl10), and com-
plement component 3a (C3a), compared to astrocytes
from younger individuals [273, 274]. Others reported
similar changes in astrocytes isolated from aged mouse
brains via fluorescence-activated cell sorting [275].
However, changes were also observed in microglia as
they enter a reactive state during aging [276], which
might ultimately affect the reactive phenotype of astro-
cytes during aging. It is to be noted that aging astrocytes
can also cause changes in microglia, resulting in a nega-
tive feedback loop. Further, astrocytes secrete VEGF-A
under the neuroinflammatory condition, which binds to
VEGEF receptor 2 (VEGFR2) on endothelial cells and
enhances BBB permeability. As a result, the astrocyte-
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derived VEGF-A likely leads to hypothalamic inflamma-
tion by causing BBB hyperpermeability in the ARC of
obese mice [277, 278] and contributes to hypothalamic
inflammation by allowing the free entry of circulating
SFAs, inflammatory mediators, and immune cells.
Macrophages

Macrophages are white blood cells that play an
essential role in the immune system and the inflam-
matory response of the body [279]. The infiltration of
macrophages into the hypothalamus has been observed
in various metabolic diseases, such as obesity [44, 45,
175, 280], diabetes [85], and hypertension [281, 282].
Recent research indicates an increased permeability of
the BBB following an HFD diet, which agrees with the
fact that HFD exposure causes hypervascularization,
angiopathy, and endothelial damage in the hypothalamus
[283-285]. Compromised BBB integrity during HFD
feeding may induce an increase in macrophage recruit-
ment from the general circulation to help the resident
glial cells induce an immune response [116]. This idea
was confirmed by Buckman et al., who used bone mar-
row chimeras and found that prolonged HFD feeding
promotes BMDM infiltration into different regions of
CNS, including the hypothalamus [176]. This finding
differed from that by several scientists, as mice received
irradiation of the whole body, including the head that
can disrupt the integrity of BBB and allow the artificial
invasion of peripheral immune cells into the brain. To
protect the BBB from irradiation-induced disruption,
Valdearcos et al. employed a head and neck shielding
approach, which eliminated such bone-marrow trans-
plant monocyte infiltration; however, they did not check
this phenotype in HFD-fed conditions [41]. Addition-
ally, Baufeld et al. observed no significant influx of
BMDMs into the hypothalamus of green fluorescent
protein (GFP")-harboring bone marrow chimeric mice
in HFD-fed conditions, although head and neck shield-
ing strategy was not followed [115]. To resolve the issue,
Valdearcos et al. later performed another study using
chimeric mice and recently available microglia-specific
markers and found that BMDMs infiltration has a sig-
nificant contribution to HFD-induced microgliosis in the
hypothalamus [113]. They also identified that some of
the infiltrated cells in the hypothalamus were morpho-
logically similar to local perivascular and meningeal
macrophages. The number of cells increased somewhat
in response to the HFD, indicating that perivascular
or meningeal macrophages also play a role in the diet-
induced inflammatory response in the brain [113]. In
line with this, researchers have identified the presence
of monocyte-derived macrophages in the median emi-
nence (ME) and ARC of the hypothalamus [116, 286].
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These PVMs have a vital role in sensing metabolic sig-
nals from circulation and controlling BBB functions.
For example, they secrete VEGF in response to HFD-
induced reduction in brain glucose uptake and maintain
brain glucose uptake by increasing BBB glucose trans-
porter 1 (GLUT1) expression [287]. Recently, Lee et al.
demonstrated that PVMs activation and aggregation are
visible after 2 weeks of HFD feeding, indicating that
these cells are stimulated later than microglia during
HFD feeding [44]. These activated PVMs migrate from
the perivascular space to the ARC parenchyma changing
their morphology from linear to reactive microglia-like
cells [44]. These activated PVMs in the ARC express
higher amounts of iNOS and can release a significant
amount of nitric oxide (NO) after being exposed to
an HFD [44]. Further, iNOS inhibition in ARC mac-
rophages significantly reduces proinflammatory cytokine
overproduction, microgliosis, astrogliosis, macrophage
activation/accumulation, and vascular hyperperme-
ability in HFD-induced hypothalamic inflammation
[44]. However, there was some confusion regarding the
source of macrophage in the hypothalamus in the HFD-
fed condition. Indeed, numerous debates have discussed
whether monocytes and macrophages contribute to CNS
inflammation [288-290]. Lee et al. extended their study
and found that circulating lysozyme-M (LysM) myeloid
cells are not actively recruited to the hypothalamic ARC,
even under the conditions of chronic HFD feeding. In
contrast, a significant LysM-GFP-positive cell infiltra-
tion was observed within CNS sites, such as the choroid
plexus and meninges adjacent to the hypothalamus. This
lack of hypothalamic infiltration of circulating LysM-
GFP-positive cells in mice with DIO was unexpected
and surprising as the ARC vasculature becomes perme-
able from the early course of HFD feeding [45]. This
study provides evidence that macrophages primarily
infiltrate the hypothalamus during the early postnatal
cycle before the BBB closure, maintaining their pool
through local proliferation, even under chronic HFD
feeding conditions.
Neurons

Neurons were traditionally thought of as victims of
activated glial cells. However, several observations have
cast doubts on this assumption. Research have shown
previously that both neurons and glia could express
cytokines in response to their activation [291, 292].
Neurons express TLRs, which may mediate the pro-
inflammatory effects in the hypothalamus. Specifically,
TLR4 expression is found in PVN neurons [293] and
the immortalized hypothalamic neuronal cell lines, such
as rHypoE-7 [294], and N43/5 [295]. Further, TLR2
expression has been demonstrated in mouse ARC neu-
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rons in vivo and the mHypoE-42 (N42) hypothalamic
neuronal cell line [296]. In line with this, Dwarkasing
et al. found that the two hypothalamic neuronal cell
lines, HypoE-46 and HypoA-2/12, can produce inflam-
matory mediators when exposed to LPS, TNF-a, or
IL-6 [297]. This finding necessitated the considerable
attention of future research to confirm whether similar
changes may be observed in terms of primary neurons
or not. However, it was found that SFAs or high glu-
cose exposure does not induce inflammatory signaling
in cultured hypothalamic neurons [28, 295]. Recently,
Sergi et al. showed that LC-SFAs and palmitic acid, but
not the medium-chain fatty acid or lauric acid, induce
the upregulation of proinflammatory gene expression in
cultured N42 hypothalamic neurons [58]. The role of
neuronal cells in hypothalamic inflammation has also
been studied in several in vivo conditions. Within the
first week of HFD exposure, hypothalamic neurons ini-
tiated a stress response (as determined by upregulation
of the chaperone protein hsp72), close to the initiation
of hypothalamic inflammation [40]. Further, hypotha-
lamic neurons are known to express glycated proteins
and chemokines following HFD feeding that regulates
the activity of nearby microglia and neuroinflammation
[47, 76]. Other researchers suggested that inflammation
within specific hypothalamic neurons (i.e., AgRP neu-
rons) is critical for disrupting leptin and insulin signal-
ing, favoring weight gain [20]. These findings show that
hypothalamic neurons can detect nutrients, such as fatty
acids and glucose, via receptor or non-receptor mecha-
nisms. When these neurons detect diverse stimuli, they
can initiate a stress response, produce ROS or inflamma-
tory cytokines, which culminate into induction hypotha-
lamic neuroinflammation.
Tanycytes

Tanycytes are radial glia-like cells located in the
walls of the third ventricle. They are mainly classi-
fied into two main subtypes, a- and B-tanycytes, based
upon their location and morphological distribution,
which are further subdivided into al-, a2-, f1-, and
B2-tanycytes. Specifically, a-tanycytes live dorsally in
the ME, whereas p-tanycytes occupy the ventral side-
wall and surface of the third ventricle in the ME [298].
Tanycytes serve as a switchboard between the periphery
and hypothalamus, given their interface between blood
and CSF or brain parenchyma [298]. Recent studies
suggest that tanycytes sense glucose [299] and ghrelin
[300] and also regulate BBB plasticity and transport
leptin into the CNS depending upon nutrient signaling
by releasing VEGF-A [301, 302]. Apart from nutrient
signaling, hypothalamic tanycytes accumulate lipid
droplets in obesity [303]. Further, HFD-fed mice were

observed to have an early loss of f1-tanycytes structural
organization in the ME [304]. Interestingly, f2-tanycytes
in the ME region showed increased neurogenesis upon
HFD exposure. Selective inhibition of this mechanism
using targeted radiation reduced weight gain in HFD-fed
mice, implying that tanycytes proliferation plays a role
in obesity [242]. However, unlike microglia and astro-
cytes, the inflammatory role of tanycytes has not been
well studied in different metabolic conditions. Recently,
Bottcher et al. found that intravenous administration of
IL-1p increases the activity of the transcription factor
NF-kB in tanycytes, which lead to increased expres-
sion of cyclooxygenase-2 (Cox-2) and the release of the
anorexigenic PGE2 from tanycytes [43]. The selective
ablation of the IKK subunit NF-xB essential modulator
(NEMO) in tanycytes alleviates the IL-1p-induced ano-
rexia. These findings suggest that tanycytes may contrib-
ute to hypothalamic inflammation in response to selec-
tive stimuli [43]. More studies are required to determine
factors involved in the modulation of tanycytes activity
that play a causal role in hypothalamic inflammation and
the consequent metabolic dysregulation.
Neuron-glial antigen 2-positive glial cells
Neuron-glial antigen 2 (NG2) cells are one of the
glial cell types found in the CNS, which can be identi-
fied by the expression of the NG2 proteoglycan. They
are known as oligodendrocyte precursor cells (OPCs)
because of their ability to produce and regenerate oligo-
dendrocytes during development and adulthood [305].
However, a growing body of evidence suggests that NG2
cells play much broader and more complex roles in the
nervous system function and disease, prompting them
to be classified as the fourth major glial cell type [306—
308]. After years of study, researchers have reported that
NG2 glia are not only precursors to myelinating oligo-
dendrocytes but also play a role in other physiological
processes, including synaptic transmission in neurons,
body weight control, cognition, and immune response
[306, 309-312]. Researchers in recent studies showed
an essential role for NG2 glia in various neuroinflamma-
tory conditions. Liu et al. showed that NG2 glia exerts
a crucial influence on microglia cellular states relevant
to brain aging and neurodegenerative diseases [313].
The NG2 cells were also observed to suppress neuro-
inflammation and microglial activation through TGF-
signaling [314]. The deficiency of NG2 glia contributes
to neuroinflammation and nigral dopaminergic neuron
loss in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced mouse Parkinson’s disease model
[314]. In results from another study, the ablation of
NG2 glial cells produced defects in hippocampal neu-
rons due to excessive neuroinflammation via activation
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of the IL-1p proinflammatory pathway, resulting in hip-
pocampal atrophy [306]. In the hypothalamus, NG2 glia
physically engaged with the dendritic processes of ARC
neurons and regulated their responsiveness to leptin
signaling [311]. It was also found that genetic and phar-
macological ablation of adult NG2 glia resulted in pri-
mary leptin resistance and obesity in mice [311]. Further
studies are required to determine whether NG2 glia play
a causal role in metabolic disorders.
g. Endothelial cells

Endothelial cells form the part of microvessel walls
that assist in transferring metabolites through the BBB in
the CNS [315]. Exposure of endothelial cells to inflam-
matory cytokines like IL-1f leads to a BBB dysfunc-
tion by repressing the transcription of claudin-5, a tight
junction protein essential for maintaining BBB integ-
rity [316, 317]. Surprisingly, during systemic inflam-
mation, vessel-associated microglia can phagocytize
astrocytic end-feet, impairing the BBB function [318].
Similarly, endothelial cells are also responsive to various
dietary insults. HFD feeding induces CML secretion by
neuronal cells in the hypothalamus that binds to both
RAGE and activated leukocyte cell-adhesion molecule
in endothelial cells and assist neovasculature formation
in the hypothalamic ARC [76]. Researchers found that
a 3-day HFD reduces the glucose transporter GLUT1
expression in endothelial cells in the CNS, resulting
in lower glucose uptake [287]. Further, pathologic
changes in the hypothalamic vasculature were observed
in response to HFHS diet in rodents and patients with
T2DM [285]. Pillon et al. showed that saturated fats
increase adhesion molecule expression in microvas-
cular endothelial cells, promoting monocyte adhesion
and transmigration [319]. In addition, Freeman et al.
showed that the long-term intake of a hypercaloric diet
decreased the expression of tight junction proteins on
brain endothelial cells and increased microgliosis [320].
Apart from the role of endothelial cells as a physical bar-
rier or regulator of nutrient transport between the CNS
and systemic circulation, they were reported to have an
important role in neuroinflammation. Like other immune
cells in the CNS, endothelial cells can produce cytokines
and other mediators that have either neurotrophic or neu-
roprotective functions [321]. Studies have shown that
endothelial cells produce COX-2 and release PGE2 in
response to an inflammatory stimulus like IL-1 and LPS
[322, 323]. Given the paucity of information about the
function of endothelial cells in hypothalamic inflamma-
tion, more research is required to establish their signifi-
cance in metabolic disorders and aging.
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Cellular crosstalk in hypothalamic
inflammation

The hypothalamus comprises astrocytes, oligodendrocytes,
microglia, endothelial cells, ependymal cells, and vari-
ous neuronal subgroups [15, 324]. Identifying which cells
initiate an inflammatory response as a result of metabolic
or age-related signals may provide crucial information.
Accumulating evidence suggests that hypothalamic inflam-
mation is not limited to the activity of a single-cell type
but includes interaction among multiple cell types, which
play important roles in the modulation of immune and
inflammatory responses in the CNS [325-327]. In gen-
eral, the communication between glial cells is a critical
contributor to hypothalamic inflammation and neurometa-
bolic diseases. Microglia are usually the first to respond
to pathological insults in the CNS, accompanied by an
astrocytic response. Microglia and astrocytes often release
various signaling molecules to provide autoregulatory
feedback or create a mutual conversation [328, 329]. Spe-
cifically, microglia—astrocyte interaction potentiates their
activation states, mainly through the cell surface receptors
and subsequent activation of various intracellular sign-
aling pathways [175, 328, 330]. It was recently shown
that mitochondria in the microglia of rats fed a HFD are
smaller in size and higher in number [111]. This shift in
size is mediated by a protein called UCP2 that ultimately
regulates the activation of dynamin-related protein 1 (DRP
1), a well-known pro-fission protein [111]. This mitochon-
drial fragmentation has been attributed to the activation
of microglial cells in various studies. A study by Joshi
et al. has revealed an increased mitochondrial fragmenta-
tion and cytokine production in a mouse model of amyo-
trophic lateral sclerosis (ALS) [331]. In an extension of
their study, many defective mitochondria were observed
in activated microglial-conditioned medium and treat-
ing primary astrocytes with this conditioned media led
to mitochondrial fragmentation and an activation state in
astrocytes [331]. From these findings, it can be assumed
that there can occur similar intercellular crosstalk through
fragmented mitochondria from microglia to astrocyte in
the hypothalamus of obese and diabetic mice triggering
A1 astrocytic response as shown in the recent studies [111,
331]. However, it is important to consider the reciprocal
regulation of microglia by astrocytes as they establish bidi-
rectional conversation by releasing diverse signaling mol-
ecules [328]. In line with this, a recent study by Jin et al.
showed that astrocyte-specific Myd88 deletion blocked
HFD-induced increase in the number, intensity, and size
of microglial cells in the hypothalamic ARC [332]. Kwon
et al. further found that hypothalamic astrocytes accumu-
late lipid droplets under SFA-rich environments and get
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activated to release inflammatory cytokines like TNF-a,
IL-1p, IL-6, and MCP-1 [267]. Further, medium condi-
tioned by these astrocytes stimulates microglial chemo-
tactic activity and increases transcripts of the microglial
activation marker Iba-1 and inflammatory cytokines [267].
In another study by the same group, mice fed with HFD
showed an increased expression of 4-1BB receptor and
4-1BB ligand (4-1BBL) transcripts in the hypothalamus
[329]. The 4-1BB, also known as CD137, is a costimula-
tory and inflammatory receptor found in activated T cells
and specific non-immune cells, such as endothelial cells
and adipocytes. The 4-1BBL, also known as CD137L, is
strongly expressed in macrophages and antigen-presenting
cells and can transfer signals into other cells by binding
to the 4-1BB receptor [329, 330]. In the CNS, astrocytes
express 4-1BB, whereas microglia express 4-1BBL [333,
334]. Such expression suggests that these molecules may
have the ability to mediate astrocyte—microglia crosstalk.
Taking this into account, Kim and colleagues observed the
expression of 4-1BB in astrocytes and 4-1BBL in micro-
glia when these cells were treated with obesity-related fac-
tors, such as FFA, glucose, and adipose tissue-conditioned
medium [330]. The 4-1BB stimulation on astrocytes pro-
duced an inflammatory signal, which increased astrocyte
reactivity, increasing the production and release of proin-
flammatory mediators, such as TNF-a, IL-6, and MCP-1.
Concurrently, the 4-1BBL stimulation in microglial cells
increases their activity, causing the release of proinflam-
matory mediators, such as MCP-1 and IL-6, which were
mediated through the MAPK pathway [330]. They found
that inhibition of 4-1BB/4-1BBL crosstalk with a neutral-
izing antibody decreases the inflammatory responses in
the astrocyte—microglia co-culture [330]. They further
confirmed their finding as 4-1BB-deficient astrocytes dis-
played a reduction in inflammatory responses compared
to astrocytes/microglia isolated from wild-type animals
when co-cultured with microglia. These results imply that
4-1BBL/4-1BB signaling promotes glial cell-mediated
inflammatory crosstalk and plays a role in obesity-induced
hypothalamic inflammation.

Most of the researches have found that neurons in the
hypothalamus are typically on the receiving end of various
metabolic conditions. Recent research, on the other hand,
suggests that it may be the other way around. A study has
revealed that neurons and astrocytes combine to promote
microglial homeostatic signature genes and also repressed
inflammatory responses [335]. Another study reported
that neuron—astrocyte metabolic coupling protects neurons
from fatty acid toxicity during excitatory conditions [336].
In the hypothalamus, overnutrition activates the IKKf/
NF-kB pathway in neurons [20]. Further, neurons release
various chemokines, such as CXCL1 [337], CCL21 [338],
and CXCL10 [339], under the endangered condition, which

might facilitate the migration of glial cells and promote
hypothalamic inflammation. Morari et al. revealed that the
chemokine CX3CL1 is rapidly induced in hypothalamic neu-
rons of mice after the introduction of HFD [47]; inhibition of
CX3CL1 decreases diet-induced hypothalamic inflammation
and recruitment of bone marrow-derived monocytes to the
hypothalamus. The CX3CL1 is a transmembrane chemokine
that signals through its unique receptor CX3CR1 which
is primarily expressed in the microglial cells [340, 341].
It is reasonable to infer that inhibiting neuronal CX3CL1
prevents its potential interaction with microglial receptor
CX3CRI1 in the hypothalamus, resulting in less inflamma-
tion after HFD [47]. In another study, inhibition of micro-
glial CX3CRI1 attenuates fructose-induced hypertension and
chronic brain inflammation [256]. Contrarily, CX3CL1 is
known to interact with the CX3CR1 receptor in the micro-
glia and relay “off” signals, keeping them in a resting state
[47, 342, 343]. In line with this, Dorfman et al. found that
HFD-induced enhanced CX3CR1 signaling renders female
mice less susceptible to DIO via reduced microglial activa-
tion in the hypothalamus, while male mice lack this adap-
tive mechanism owing to CX3CL1 and CX3CR1 down-
regulation after HFD feeding and hence obese phenotype
[19]. This might provide a potential insight as to why male
rodents are more susceptible to obesity and insulin resist-
ance induced by HFD compared to female counterparts [19,
344-347]. Further analyses are needed to determine whether
the membrane-bound or soluble CX3CL1 is responsible for
the regulation of microglial function. These pieces of evi-
dence are increasingly evolving, and it is becoming apparent
that proper functioning of the neuron—microglia—astrocyte
“triad” is critical for brain function [348].

Astrocytes interact with surrounding capillary endothe-
lial cells by extending their endfeet cellular processes that
ensheath blood arteries to regulate BBB-endothelial cell
functions by cytokine production, such as TGF, glial cell-
derived neurotrophic factor (GDNF), basic fibroblast growth
factor (bFGF), and angiopoietin 1. In parallel, endothelial
cells have also been demonstrated to affect astrocyte devel-
opment by secreting leukemia inhibitory factor and astro-
cyte activity by supplying key signaling molecules such
as lactate and thyroid hormones [349-351]. In the hypo-
thalamus, astrocytes and tanycytes are VEGF sources that
facilitate microvessel permeability and help in the reorgan-
ization of close junction complexes in the ME and ARC
[302, 349-352]. As a result, coordination between circu-
lating metabolites and brain parenchyma can be facilitated.
Overall, it is suggested that coordination between tanycytes,
astrocytes, and endothelial cells could have a potential role
in overnutrition-induced hypothalamic inflammation by
increasing the permeability of BBB. Further, bidirectional
communication between astrocytes and oligodendrocytes
exists, as they express a wide array of receptors that are
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Fig.4 Schematic representation of potential intercellular interaction
in hypothalamic inflammation associated with metabolic diseases.
Hypercaloric environments, such as increased FAs and glucose or
immunological factors, induce glial activation and hypothalamic
inflammation. Higher circulating FAs and glucose are transported
into the hypothalamus through the permeable blood capillaries. Tany-
cytes, a specialized ependymal cell type located in the lateral walls
and surface of the third ventricle, allow the dynamic passage of nutri-
ents, including FAs and glucose, from the circulation to the hypo-
thalamus. Tanycytes express VEGF, which targets microvessel loops
and increases the permeability of the vessels and may also contribute
to chronic inflammation. In metabolic diseases like obesity and dia-
betes, increased level of FAs activates both microglia and astrocytes,
primarily by binding to TLRs in microglia. Similarly, FAs cause
accumulation of lipid droplets in astrocytes, leading to inflammatory
activation of astrocytes and releasing proinflammatory mediators,

responsive to inflammatory stimuli secreted by astrocytes
and vice versa [353-356]. This relationship is to be looked
at in metabolic disorders in future (Fig. 4). In recent years,
studying the molecular conversation between microglia and
astrocytes has provided novel insights into our understanding
of the CNS in health and disease. The interaction between
different cell types through secreted molecules is evident
in normal brain physiology, and changes in their molecu-
lar communication can underpin or facilitate pathological
conditions. Future research is needed to broaden our under-
standing of the functional importance of crosstalk among
neurons, astrocytes, and resident and infiltrating immune
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including chemokine MCP-1, which may further activate microglia
by molecular interaction, causing sustainable and enhanced inflam-
mation. The lipid-laden reactive astrocytes can also interact with
the microglia through the membrane-bound costimulatory receptor/
ligand, such as 4-1BB/4-1BBL, enhancing the inflammatory activity
of both microglia and astrocytes. Neurons release CX3CL1 following
hypercaloric insult and are thought to bind with a chemokine receptor
CX3CR1 expressed in the microglia, leading to inflammatory activa-
tion of the microglia. Solid purple arrows, reported cellular interac-
tion; dotted purple arrows, possible interaction; solid red arrows,
upregulated; solid blue arrows, downregulated. FAs fatty acids, TLR
toll-like receptor, VEGF vascular endothelial growth factor, VEGFR
vascular endothelial growth factor receptor, MCP-1 monocyte chem-
oattractant protein 1, CCR2 C—C chemokine receptor type 2, CX3CLI
chemokine (C-X-C motif) ligand 1, CXCLIR CX3C chemokine
receptor 1

cells in the hypothalamus. With such knowledge in hands, it
will be possible to understand better the pathophysiology of
metabolic disorders and aging.

Hypothalamic inflammation: cause
or consequence of the metabolic
dysfunction and aging

Over the years, research has focused on elucidating mech-
anisms linked to the progression of metabolic disorders
and aging. When exposed to high fat or high glucose,
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hypothalamic glial cells are activated and incite increased
expression and secretion of diverse inflammatory molecules
thought to cause leptin and insulin resistance within central
and peripheral tissues. Leptin and insulin resistance is one
of the hallmarks of obesity and accounts for many of its
comorbidities, including diabetes and hypertension [357,
358]. However, experimental evidence demonstrates that,
under defined conditions, inflammatory mediators alone can
trigger insulin resistance in cells in the absence of other trig-
gering factors, such as obesity. This observation suggests
that inflammation is proximal to the metabolic deterioration
[359]. Youn et al. demonstrated that excessive vascular ROS
production by a smooth muscle cell in HFD-fed mice had
a causal role in obesity by promoting inflammation rather
than the other way around [360]. In the hypothalamus, the
proliferation and activation of microglia were linked to a
rise in proinflammatory factors, such as IL-6 and TNF-a, in
rodents with different metabolic disorders, such as obesity
[110, 361], hypertension [231, 362], and diabetes [86, 122].
However, researchers showed the upregulation of hypotha-
lamic proinflammatory markers within few hours to days
after starting HFD feeding, a period too brief to indicate
substantial weight gain, refuting the idea that obesity causes
hypothalamic inflammation [40, 118]. Further, direct icv
treatment with a low dose of TNF-a inhibits leptin action,
thermogenesis, and causes impairment of insulin release
and its transduction pathways in peripheral tissues, simi-
lar to the effect produced by SFAs-induced hypothalamic
inflammation [162, 363]. Numerous reports demonstrated
that the induction and pathological actions of ER stress are
associated with inflammation [364, 365]. Purkayastha et al.
showed that induction of ER stress in the mice brain induced
glucose intolerance, insulin resistance, and increased BP,
which were accompanied by elevated sympathetic tone [21].
Further, direct microinjection of inflammatory cytokines in
the PVN showed a linear correlation between the doses of
cytokines with sympathetic activity and BP in animals [214].
These findings indicate that neuroinflammation alone is suf-
ficient to cause changes in parameters usually affected by
obesity, T2DM, or hypertension.

Numerous epidemiologic studies characterized inflamma-
tion as a feature of aging. The level of inflammatory media-
tors generally increases with age, even in the absence of
acute infection or other physiological stress [366, 367]. In
the brain, glial reactivity usually increases with aging, prim-
ing the brain for neuroinflammation [368]. While levels are
still in the sub-acute range, this chronic inflammation under-
lies many aging-related metabolic conditions. There is ample
evidence to suggest that obesity causes the upregulation of
different pathways considered as aging accelerators [369].
Since most metabolic diseases develop with growing age, it
is difficult to assess the causal relationship between inflam-
matory states observed in the hypothalamus of animals with

metabolic diseases. Therefore, whether the feedback or
feedforward mechanism prevails and consequently whether
neuroinflammation is a cause or rather the effect of meta-
bolic disorders or aging remains to be unveiled. Until now,
the “chicken or egg” question has no answer. This situa-
tion raises a variety of follow-up questions, all of which are
essential in addressing the first: is hypothalamic inflamma-
tion seen in rodents or humans because of metabolic disease,
or is it the opposite case? If both the cases are observed,
when will these facts become apparent during disease devel-
opment? Thus, the evidence supporting a direct role of hypo-
thalamic inflammation in promoting metabolic disease is
evidently mixed.

Targeting hypothalamic inflammation
for the treatment of metabolic diseases
and aging

Evidence from both rodent models and clinical trials sup-
ports the idea that targeting metabolic inflammation can be
a promising way of treating or preventing various metabolic
disorders. In recent years, several researchers have focused
on multiple cell types, inflammatory cytokines, and signal-
ing pathways in the hypothalamus to find a new drug for
the treatment of metabolic disorders and aging (Table 1).
Andre et al. inhibited HFD-induced microglial proliferation
in the hypothalamus by delivering arabinofuranosyl cyti-
dine (AraC, an antimitotic drug), resulting in a reduced body
weight gain and adiposity [110]. AraC therapy also reduced
microglial activation, expression of the proinflammatory
cytokine TNF-a, and activation of the NF-kB pathway in the
hypothalamus [110]. Similarly, depletion of hypothalamic
microglia using PLX5622, a selective inhibitor of colony-
stimulating factor 1 receptor (CSFIR) reduced weight gain,
overall body fat and food intake in mice with DIO [113].
Further, microglial depletion has been known to disrupt the
gustatory circuit that connects the hypothalamus with the
paraventricular nucleus of the thalamus, resulting in con-
siderable weight loss largely due to the reduced food intake
[370]. Similarly, aerobic training-induced improvement in
glucose tolerance and normalization of autonomic dysfunc-
tion was associated with decreased microgliosis in the hypo-
thalamus [371, 372]. Minocycline is another drug that was
used to inhibit microglial activation and proliferation in the
hypothalamus. Minocycline treatment reversed the effect
of the neonatal overfeeding-induced increase in microglial
numbers [373]. Further, minocycline treatment prevented the
overall neuroinflammatory response in the PVN by attenuat-
ing microglial activation exerting antihypertensive effects
[215, 231, 257]. Moreover, using microglial depletion and
adoptive transfer strategies, researchers found that TGF-f
modulated BP by suppressing microglial activation [258,
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362]. These findings suggest that targeting microglial cells in
the hypothalamus can be one strategy for treating metabolic
disorders. One limitation of targeting hypothalamic micro-
glia is being unable to distinguish the central microglia and
peripheral macrophage. PLX5622 is frequently cited as a
CSFIR inhibitor that specifically depletes microglia from the
CNS without affecting peripheral monocyte and macrophage
populations [374]. Recent research suggests that in response
to metabolic derangements, peripheral immune cells may
be mobilized to the CNS, contributing to the inflammatory
response [176]. While the idea that bone marrow-derived
cells play a role in preserving microglial numbers in adult
mice under normal physiological conditions is contentious
[289], there is growing interest in investigating this possi-
bility to prevent neurodegenerative diseases. If peripheral
monocytes or progenitor cells may achieve microglia-like
functionality in the CNS, they could be designed as thera-
peutic resources and delivered to the CNS with incredible
therapeutic potential.

Apart from the depletion of glial cells, blockade of syn-
thesis or release of inflammatory cytokines from hypotha-
lamic cells is another strategy for targeting inflammation.
As discussed above, the NF-kB cascade is a central proin-
flammatory signaling pathway in the hypothalamus that is
activated in metabolic diseases and aging. Further, NF-xB
is also a key target in receptor-independent hypothalamic
microinflammation through intracellular organelle stress,
including the RNA stress response, ER stress [20], and
defective autophagy [22]. Many independent experiments
have now demonstrated that inhibition of hypothalamic
NF-«B activation reverses various aspects of metabolic dis-
orders and aging [18, 20, 24, 42, 126, 175, 375-378]. Recent
research further reported that the interaction between circu-
lating SFAs and TLR4 is responsible for obesity-associated
activation of inflammatory pathways and that mice bearing
a CNS-specific deletion of the Myd88 gene are protected
against HFD-induced obesity through the alleviation of
hypothalamic inflammation, leptin resistance, and weight
gain [126]. Use of different neutralizing antibodies to block
the activity of inflammatory cytokines and their receptors
can be another strategy for targeting hypothalamic inflam-
mation. It was found that icv administration of neutralizing
antibodies against TLR4 or TNF-a reduces hypothalamic
inflammation, normalize the expression of neurotransmit-
ters involved in the control of feeding, thermogenesis and
BP, improve leptin signaling, and restore defective glucose
production in the liver [27, 379, 380]. Similarly, Rahman
et al. showed that PDK2 plays a crucial role in hypothalamic
inflammation and its sequelae in diabetes mouse models.
Cell type-specific genetic ablation and pharmacological
inhibition of Pdk2 in hypothalamic astrocytes attenuated
diabetes-induced local neuroinflammation and increased
food intake [28]. In line with this, icv administration of

@ Springer

Bay11-7085 (an inhibitor of I-xB phosphorylation), Ki20227
(an inhibitor of CSF1R), AZD7545 (a PDK2 inhibitor),
GSK2837808A (an LDHA inhibitor), and oxamate (an
LDH inhibitor) are effective attenuating diabetes-induced
hypothalamic inflammation and increasing food intake in
mice [28]. They further emphasized that lactic acid produced
by cells in the hypothalamus of mice with metabolic dis-
orders is a mediator of an increased level of inflammatory
cytokines, indicating that lactic acid can be a new therapeu-
tic target in metabolic disorder.

Furthermore, the use of natural compounds like butein,
epigallocatechin-3-gallate, quercetin, filbertone, and olive oil
showed therapeutic potential against hypothalamic inflam-
mation and metabolic disorders [67, 381-384]. Butein, a die-
tary flavonoid that inhibits IKKp/NF-kB signaling, showed
dose-dependent glucose-lowering activity, regardless of
whether obesity is caused by leptin deficiency or HFD [375].
Yang et al. reported that quercetin supplementation reduced
the levels of IL-6, IL-1, nitric oxide, and microglial activa-
tion markers via induction of heme oxygenase (HO)-1 in the
hypothalamus of HFD-fed obese mice [384]. Researchers
recently found that filbertone supplementation significantly
reduced the expression of inflammatory cytokines and a
microglial activation marker in the hypothalamus of obese
mice [381]. Mechanistically, filbertone decreased HFD-
induced microglial activation by inhibiting the MAPK and
NF-«xB pathways, thus protecting against obesity-induced
hypothalamic inflammation [381]. In addition to the treat-
ment of metabolic diseases, these strategies have also been
shown to be useful in extending the lifespan of animals [33,
101, 102, 385, 386] (Table 1). Although several inhibitors
or receptor antagonists have been widely used in several
experimental conditions, their clinical relevance is yet to
be established.

Concluding remarks and perspectives

In the last decade, chronic, low-grade inflammation has been
identified as a crucial link in the pathogenesis of various
diseases. While this low-grade atypical inflammation takes
a long time to manifest, it can have adverse consequences for
metabolic and physiological processes if left unchecked. In
line with this, hypothalamic inflammation has been linked
to the pathogenesis of various metabolic diseases and early
aging process. Further, metabolism and aging are inextri-
cably linked, metabolism influences aging and vice versa.
At times when the medical field is struggling to provide
adequate therapy for metabolic disorders, the aging process
further imposes a significant burden on patients and their
caregivers. Hence, targeting hypothalamic inflammation can
be a potential strategy in the treatment of various metabolic
sequelae.
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The crucial role of hypothalamic inflammation in the
pathogenesis of obesity, diabetes, hypertension, and aging
is more transparent than ever, thanks to a large body of evi-
dence collected in recent years. Recent research showed that
the hypothalamic basis for metabolic syndrome and aging
is mediated by NF-kB-dependent inflammatory activation
in neurons, neural stem/progenitor cells, and glial cells.
It would be interesting to see how NF-kB interacts with
other aging-regulating molecular events and whether some
NF-kB-unrelated molecular pathways are held accountable.
There are still many aspects that are yet to be understood.
For example, (1) the connections between hypothalamic
inflammation and peripheral inflammation triggered by
excessive overeating and aging, (2) the cause—effect rela-
tionship of hypothalamic inflammation vs. metabolic dis-
eases and aging, (3) if hypothalamic inflammation is the
direct effect of diet (high-fat and carbohydrate diet) or are
their effects exerted via an endogenous ligand?, (4) how
does hypothalamic microinflammation affect the functions
of other brain areas that can lead to the development of a
metabolic syndrome and aging?, and (5) are there any dif-
ferences between natural aging and aging-related chronic
diseases in terms of hypothalamic microinflammation?

Glial cells are essential for regulating energy metabolism
in both physiological and pathological conditions. Specifi-
cally, they have been the subject of research to understand
the inflammatory aspect of metabolic diseases. Although
the findings are intriguing, further research is needed to
determine whether and how hypothalamic glial cells detect
diet-induced metabolic stress and communicate with one
another and how heterogeneous hypothalamic neurons inter-
act with glial cells. Further, these glial cells attain an inflam-
matory state with aging, which might affect the progression
of metabolic diseases. It is now high time to check the effect
of aging glial cells as one of the confounding factors in dif-
ferent animal models, as the study time point for metabolic
diseases extends from a few months to years. Another aspect
would be the evaluation of sexual diversity in research. As
the effect of gender differences in energy homeostasis and
other physiological processes are becoming more apparent,
essential links might be missing, as female animals are pur-
posefully excluded from most trials to minimize costs and
time. Recently, viral vectors with specific promoters were
widely used in vivo to selectively modulate gene expres-
sion in specific cell populations in the hypothalamus. While
these viral techniques are useful in laboratory models, their
clinical translation effectiveness is constrained because even
modified viruses can cause nonspecific inflammation and
toxicity when transmitted to different brain regions.

Furthermore, unlike viral vectors, which are incapa-
ble of delivering chemical compounds, nanoparticles may
effectively deliver therapeutic agents to specific cells.
In addition, recent technological advancements, such as

CLARITY-based neuroimaging, nanotechnology, optoge-
netics, chemogenetics, induced pluripotent stem cells,
organoids, and single-cell multiomics, may make preclini-
cal research easier. As a result, current and future studies
could improve glia-based clinical treatments for metabolic
disorders and aging. Since animal models showed the causal
role in hypothalamic microinflammation-associated meta-
bolic syndrome and aging, profiling these inflammatory
modifications in human conditions and addressing the rel-
evance of this hypothalamic microinflammatory disorder in
terms of human aging and related diseases should be highly
important.
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