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Abstract
Various hypothalamic nuclei function as central parts of regulators that maintain homeostasis of the organism. Recently, 
findings have shown that inflammation in the hypothalamus may significantly affect activity of these homeostats and conse-
quently participate in the development of various somatic diseases such as obesity, diabetes, hypertension, and cachexia. In 
addition, hypothalamic inflammation may also affect aging and lifespan. Identification of the causes and mechanisms involved 
in the development of hypothalamic inflammation creates not only a basis for better understanding of the etiopathogenesis 
of somatic diseases, but for the development of new therapeutic approaches for their treatment, as well.
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Introduction

Homeostasis maintenance is essential for the preservation 
of health (Huber et al. 2011). Homeostasis is preserved at 
the cellular (e.g., regulation of proteosynthesis, cell vol-
ume, and electric potential across the plasma membrane), 
tissue (e.g., regulation of the number of cells in tissue, ratio 
between different cells, and composition of the extracellu-
lar matrix), and systemic levels (e.g., regulation of energy 
balance, blood pressure, glycemia, plasma osmolality, and 
pH) (Chovatiya and Medzhitov 2014). Here we are focusing 
on systemic homeostasis, which depends on the activity of 
complex regulatory systems known as homeostats (Fig. 1) 
(Goldstein 2008). Whereas some systemic homeostats are 
localized in the peripheral tissues (e.g., glucostat in pan-
creas, homeostat regulating calcemia in parathyroid glands), 
the central components (comparators and regulators) of the 
majority of systemic homeostats are located in the brain, 
mainly within the hypothalamus and medulla (Fig. 1) (Gold-
stein and Kopin 2017).

Dysfunction of these central comparators and regulators 
leads to disruption of homeostatic regulation and plays a 
crucial role in disease development. There have been various 
studies showing that inflammation within the hypothalamus 
represents an important factor that compromises functions of 
the central parts of homeostats localized in this brain struc-
ture and participates in the development of diseases such as 
obesity, diabetes, and hypertension (Valdearcos et al. 2015; 
Araujo et al. 2016).

The Hypothalamus Contains Central 
Components of Various Homeostats

Hypothalamic nuclei represent central components of sys-
temic homeostats that are involved in the regulation of 
various physiological variables. These nuclei include the 
paraventricular, suprachiasmatic, medial preoptic, arcu-
ate, ventromedial, and dorsomedial nuclei (Table 1). Of 
these, the paraventricular hypothalamic nucleus occupies a 
prominent position, coordinating the activity of autonomic, 
neuroendocrine, and immune systems. Interaction between 
hypothalamic nuclei allows for the orchestration of differ-
ent homeostatic regulations to maintain homeostasis of an 
organism (Graebner et al. 2015; Watts 2015).

Besides the hypothalamus, central components of homeo-
stats are also localized in the lower part of the brain stem, 
specifically in the medulla. These homeostats are involved 
in the regulation of blood pressure, partial pressure of O2 
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and CO2, pH, and energy intake and expenditure (Goldstein 
and Kopin 2017). Because the majority of papers describing 
the role of neuroinflammation in the disruption of systemic 
homeostatic regulation is focused on the hypothalamus, the 
next chapters describe mechanisms underlying the relation-
ship between hypothalamic inflammation and the develop-
ment of somatic diseases.

Hypothalamic Inflammation Disrupts 
the Function of the Central Components 
of Homeostats: Central Role of Glial Cells

Whereas neurons in the hypothalamic nuclei are the basic 
functional units of central components of homeostats 
(Goldstein and Kopin 2017), glial cells are crucial for 
maintenance of tissue homeostasis in the hypothalamus 
by regulating nutrient delivery, the removal of waste prod-
ucts, and the modulation of processes related to synaptic 
transmission between neurons (Allen and Barres 2009). 
Therefore, glial cells significantly contribute to the main-
tenance of a highly stable brain milieu that ensures proper 
functioning of the central components of hypothalamic 
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homeostats, even in conditions of changing internal and/
or external environments. As such, glial cells are sensitive 
to alterations in the chemical composition of extracellular 
fluid that surrounds them. However, if these alterations are 
significant and long-lasting, glial cells become activated, 
which in turn leads to the development of hypothalamic 
inflammation (de Git and Adan 2015; Burfeind et al. 2016; 
Rahman et al. 2018). The subpopulations of glial cells 
that contribute the most to hypothalamic inflammation are 
microglia and astrocytes (Le Thuc et al. 2017; Rahman 
et al. 2018). Microglia represent a subpopulation of mac-
rophages localized in the central nervous system (CNS) 
and are involved primarily with immune functions. When 
activated, microglia release pro-inflammatory molecules, 
including interleukin-1 beta (IL-1β), interleukin-6 (IL-
6), and tumor necrosis factor alpha (TNF-α) (Smith et al. 
2012; Valdearcos et al. 2017). Astrocytes on the other 
hand, are especially important due to their role in regulat-
ing neuronal metabolism. However, they also contribute to 
neuronal proliferation, synaptogenesis, and neurotransmis-
sion (Nedergaard et al. 2003). Like microglia, activated 
astrocytes also produce inflammatory cytokines (Choi 
et al. 2014). Moreover, they contribute to hypothalamic 
inflammation by morphological changes known as astro-
cytosis. Astrocytosis, the most prevalent type of gliosis, 
may significantly influence signaling in the affected area 
and thus contribute to neuroinflammation (Garcia-Caceres 
et al. 2013; Buckman et al. 2015).

Activated glia-driven inflammatory processes in the 
hypothalamus alter the tissue milieu and thereby disrupt the 
functionality of the central components of hypothalamic 
homeostats (Burfeind et al. 2016; Rahman et al. 2018). 
Alterations in homeostatic control mechanisms may lead 
to the development of somatic diseases, or have a negative 
effect on the course of already present somatic diseases (Val-
dearcos et al. 2015). Importantly, as the activity of microglia 
in the brain increases with age (Koellhoffer et al. 2017), 
hypothalamic inflammation may represent a factor intercon-
necting aging with disturbance of homeostatic regulations, 
thereby participating in the increased incidence of somatic 
co-morbidities in the elderly.

Intracellular Signaling Pathways 
Triggering Inflammatory Processes 
in the Hypothalamus

Various factors may induce hypothalamic inflammation 
(Fig. 2) via activation of several different intracellular pro-
cesses in hypothalamic glial cells. These processes include 
oxidative stress, endoplasmic reticulum stress, RNA stress, 
autophagy defects, or activation of Toll-like (TLR) and 
cytokine receptors (Fig. 2). The majority of these intracellu-
lar processes converge on the activation of c-Jun N-terminal 
kinase (JNK) and pathway IκB kinase/nuclear factor kappa 
B (IKK/NF-κB) (Fig. 3) (Cai and Liu 2011; Han et al. 2016).

Table 1   List of selected hypothalamic nuclei that significantly contribute to systemic homeostatic regulation

AVP arginine vasopressin, AgRP agouti-related peptide, CART​ cocaine- and amphetamine-regulated transcript, CRH corticoliberin, NPY neuro-
peptide Y, POMC proopiomelanocortin, GnRH gonadotropin-releasing hormone

Nucleus Regulated biological variables Mechanism of biological variables regulation

Paraventricular nucleus Plasma osmolality AVP secretion into systemic circulation
Blood pressure Oxytocin and vasopressin released by premotor neurons in synapses with 

autonomous preganglionic neurons
Immune system activity CRH secretion into hypothalamic-pituitary portal circulation (regulation of 

plasma glucocorticoid levels)
Suprachiasmatic nucleus Circadian rhythms Synchronizing action of melatonin

Reactive oxygen species production Antioxidant action of melatonin
Supraoptic nucleus Plasma osmolality AVP secretion into systemic circulation

Blood pressure
Medial preoptic nucleus Core body temperature Regulation of the generation and loss of heat

Aging GnRH released into circulation regulates aging
Arcuate nucleus Energy metabolism Modulation of activity of central circuits regulating food intake and energy 

metabolism (neuromodulators released: AgRP, NPY, POMC, CART, 
galanin)

Aging GnRH released into circulation regulates aging
Ventromedial nucleus Energy metabolism Modulation of activity of central circuits regulating food intake and energy 

metabolism (neuromodulators released: cholecystokinin)
Dorsomedial nucleus Energy metabolism Modulation of activity of central circuits regulating food intake and energy 

metabolism (neuromodulators released: CART, galanin, cholecystokinin)
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JNK belongs to the family of mitogen-activated protein 
kinases (MAPK). It is assumed that activation of JNK is 
associated with oxidative and endoplasmic reticulum stress 
in hypothalamic glial cells and neurons (Zhang and Kauf-
man 2008). JNK may activate inflammation-inducing pro-
cesses in the hypothalamus and additionally, hypothalamic 
inflammation may itself activate JNK. Activated JNK modu-
lates the function of multiple transcription factors (such as 
activator protein 1—AP1), nuclear receptors, and other sign-
aling pathways thereby affecting a wide spectrum of cellular 
processes (Cai and Liu 2011).

NF-κB is the key mediator of the immune response at 
the subcellular level and is activated by various biological 
factors, including immune stimuli (e.g., bacteria and their 
products, viruses, eukaryotic parasites), cytokines, and 
chemokines (Pahl 1999). There are several types of NF-κB. 
In its inactive form, NF-κB is a dimer associated with the 
IκB inhibitory molecule. The IKK is activated as the first 
step in the canonical activation of the IKK/NF-κB pathway 
(e.g., via the TLR). IKK in turn, phosphorylates IκB on two 
serine residues, which results in dissociation of IκB from 
NF-κB and to the ubiquitination and subsequent degradation 

of IκB. The released NF-κB complex is then transferred to 
the nucleus where it switches expression of target genes 
(Gilmore 2006), which include cytokines, chemokines and 
their modulators, immunoreceptors, acute phase proteins, 
and many others (Pahl 1999).

Hypothalamic Inflammation Alters 
Functions of Several Homeostats

Inflammation-induced dysfunction of hypothalamic home-
ostats leads to alteration of the activity of many effectors 
regulated by hypothalamic neurons:

•	 orexigenic and anorexinergic neuronal brain circuits 
modulating satiety (energy intake) (de Git and Adan 
2015);

•	 sympathetic nerves innervating fat tissue to regulate 
metabolism (release of fatty acids and glycerol into cir-
culation from white fat tissue) and energy expenditure 
(uncoupling mechanisms in brown fat tissue) (Bartness 
and Song 2007);

•	 autonomic nerves innervating the liver and regulating 
glucose storage and its release into circulation (Pur-
kayastha et al. 2011b);

•	 sympathetic nerves innervating skeletal muscles and 
regulating metabolism (glucose reuptake) (Roatta and 
Farina 2010);

•	 autonomic nerves innervating the cardiovascular system 
to regulate vascular resistance, heart rate, and contrac-
tility (blood pressure regulation and thermoregulation) 
(Purkayastha et al. 2011a, b);

•	 autonomic innervation of endocrine glands, regulating 
their mass and hormone release (Wilson et al. 1998);

•	 release of liberins (corticotropin-releasing hormone—
CRH, thyrotropin-releasing hormone—TRH, growth 
hormone–releasing hormone—GHRH, gonadotropin-
releasing hormone—GnRH), and statins (growth hor-
mone-inhibiting hormone—GHIH) that regulate secre-
tion of hormones from endocrine glands (Zhang et al. 
2013; Valdearcos et al. 2015; Rahman et al. 2018).

In the next chapters, we discuss the connection between 
hypothalamic inflammation and the development and pro-
gression of certain somatic diseases.

Hypothalamic Inflammation and Metabolic 
Syndrome

Metabolic syndrome is characterized by several metabolic 
abnormalities, including insulin resistance followed by 
impaired glucose tolerance (type 2 diabetes mellitus), central 
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Fig. 2   Hypothalamic inflammation may be induced by several sys-
temic factors, including overnutrition (excessive intake of fatty acids; 
(de Git and Adan 2015)), neuroinfection (caused by neurotrophic 
viruses, bacteria, parasites (Swaab 2004)), aging-associated changes 
(e.g., reduced anti-oxidative capacity), chronic diseases accompanied 
by cachexia (e.g., congestive heart failure, cancer, chronic obstruc-
tive pulmonary disease, and chronic kidney disease (Burfeind et  al. 
2016)), neuronal overactivity (Xanthos and Sandkuhler 2014), or γ 
irradiation of the hypothalamus (Velickovic et al. 2012; Ballesteros-
Zebadua et  al. 2014). Other factors such as increased intake of car-
bohydrates (Gao et al. 2017), elevated plasma levels of uric acid (Lu 
et al. 2015), alterations in gut microbiota (Moreira et al. 2012; Rocha 
et al. 2016), and somatic infection by adenoviruses (Wierucka-Rybak 
and Bojanowska 2014) may also induce hypothalamic inflammation. 
All these factors trigger inflammation of the hypothalamus by activa-
tion of several different cellular processes
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obesity, dyslipidemia, and hypertension (Kaur 2014). Inves-
tigation of the etiopathogenesis of metabolic syndrome is 
classically focused on peripheral factors participating in the 
development of insulin resistance that may lead to alteration of 
homeostatic regulations of metabolically active tissues, includ-
ing the liver, skeletal muscles, and adipose tissue (Eckel et al. 
2005). However, data published in the last decades have clearly 
shown that hypothalamic inflammation alters insulin sensitiv-
ity in peripheral tissues, increases food intake participating 
in obesity development, and alters blood pressure regulation. 
Moreover, hypothalamic inflammation is associated with 
central leptin resistance, another factor related to metabolic 
syndrome. Therefore, hypothalamic inflammation may rep-
resent a crucial factor in development of metabolic syndrome 
(Valdearcos et al. 2015; Rahman et al. 2018) (Fig. 4).
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Hypothalamic Inflammation and Obesity

The hypothalamus represents a key structure maintaining 
balance of energy intake and expenditure. The hypothala-
mus monitors glycemia, is informed about fat stores by 
adipokines, and receives hormonal signals related to food 
intake and nutrient absorption from the gastrointestinal 
system. Based on these signals, the hypothalamus regu-
lates food intake-related behavior, as well as digestion, 
absorption, and storage of nutrients in metabolically active 
tissues. Regulators, comparators, and sensors of homeo-
stats maintaining energy homeostasis are localized in the 
arcuate, paraventricular, ventromedial, and dorsomedial 
nucleus, along with the lateral hypothalamic area (Gao and 
Horvath 2008; Seoane-Collazo et al. 2015).

Subclinical inflammation, frequently found in obese 
individuals, is characterized by a slightly increased con-
centration of pro-inflammatory cytokines in fat tissue, 
skeletal muscles, and liver (Gregor and Hotamisligil 
2011). Recent findings also indicate that in obese indi-
viduals subclinical inflammation is present in the hypo-
thalamus and alters the functions of the above-mentioned 
hypothalamic nuclei (Zhang et  al. 2008; Posey et  al. 
2009; Purkayastha et al. 2011a). Hypothalamic inflam-
mation also affects the activity of homeostats regulating 
food intake, energy expenditure, insulin secretion, glu-
cose production in the liver, and fatty acid metabolism. 
Thus, inflammatory changes in the hypothalamus may be 
an important component in the etiopathogenesis of obe-
sity, diabetes mellitus, and metabolic syndrome (Rahman 
et al. 2018). Even if some data indicate that dietary sugars 
are an important factor in triggering hypothalamic inflam-
mation (Gao et al. 2017), the majority of published data 
related to hypothalamic inflammation and overnutrition 
support a key role for the excessive intake of saturated 
fatty acids in the development of hypothalamic inflam-
mation (Posey et  al. 2009). Several experiments have 
shown that excessive intake of saturated fatty acids can 
cause hypothalamic inflammation directly through the 
induction of oxidative and endoplasmic reticulum stress, 
as well as through TLR4 activation (Kleinridders et al. 
2009; Milanski et al. 2009; Posey et al. 2009). Moreover, 
increased levels of circulating pro-inflammatory cytokines 
in obese individuals may be involved in the maintenance 
of hypothalamic inflammation. Therefore, the following 
vicious circle may be proposed: (a) increased intake of 
saturated fatty acids induces hypothalamic inflamma-
tion in lean individuals; (b) hypothalamic inflammation 
leads to altered regulation of metabolism, reduced sati-
ety signaling with subsequent increased food intake, and 
adiposity; (c) fat tissue enlarges, and pro-inflammatory 
activity in this tissue predominates, which in turn leads to 

development of subclinical inflammation characterized by 
increased plasma levels of pro-inflammatory cytokines; (d) 
circulating pro-inflammatory cytokines participate in the 
maintenance of hypothalamic inflammation, even if intake 
of saturated fatty acids is reduced; (e) prolonged hypotha-
lamic inflammation participates in obesity maintenance 
and alters activity of central components of other homeo-
stats in the hypothalamus. Additionally, these disturbances 
may lead to other alterations (e.g., reduced insulin sensi-
tivity, increased blood pressure) followed by development 
of metabolic syndrome (Castanon et al. 2014) (Fig. 5).

Recently, experimental findings have elucidated the 
molecular mechanisms responsible for induction of hypo-
thalamic inflammation by increased intake of saturated fatty 
acids using animals fed a high-fat diet (HFD) (Tang et al. 
2015; Jais and Bruning 2017). Although it is still not clear 
whether neurons or glial cells are primarily affected in HFD-
induced inflammatory changes in the hypothalamus, interac-
tion of both cell types appears to be essential for induction 
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and maintenance of hypothalamic inflammation (Thaler 
et al. 2010; de Git and Adan 2015).

Activation of the TLRs, in particular the TLR4 sub-
type, plays a key role in the development of HFD-induced 
hypothalamic inflammation (Milanski et al. 2009; Posey 
et al. 2009). TLRs represent a group of membrane recep-
tors whose function is associated with innate immunity. 
Activation of these receptors by lipopolysaccharides and 
other microbial components triggers an intracellular signal-
ing cascade resulting in the synthesis of pro-inflammatory 
molecules (Fresno et al. 2011). In rodents, saturated fatty 
acids bind to TLR4 and trigger an interaction between TLR4 
and the myeloid differentiation primary response gene 88 
(MyD88) (Milanski et al. 2009), an adapter molecule con-
necting TLR4 with intracellular signaling cascades includ-
ing JNK and IKK/NF-κB (Velloso and Schwartz 2011). In 
support of this, knockout of either TLR4 or MyD88 prevents 
HFD-induced obesity (Kleinridders et al. 2009; Milanski 
et al. 2009). Moreover, recent data indicate that stimulation 
of TLR4 by saturated fatty acids also leads to activation of a 
MyD88 independent signaling pathway through induction of 
endoplasmic reticulum stress. This is supported by the fact 
that MyD88 gene knockout does not affect the expression of 
inflammatory markers or markers of endoplasmic reticulum 
stress in mice fed HFD (Kleinridders et al. 2009).

In the brain, expression of TLR4 is found in glial cells, 
including microglia and astrocytes, as well as in neurons 
(Trudler et al. 2010). However, published data indicate that 
glial cells play a primary role in the inflammation induced 
by interactions between saturated fatty acids and TLR4. 
Studies using cell culture have shown that administration 
of saturated fatty acids to astrocytes induces the expres-
sion of pro-inflammatory cytokines in these cells (Gorina 
et al. 2011; Gupta et al. 2012), while saturated fatty acids do 
not induce this effect if added to a culture of hypothalamic 
neurons (Choi et al. 2010). While fatty acids can cross the 
blood–brain barrier by several mechanisms and directly acti-
vate TLR4, the specific mechanism of transport depends on 
the structure of the particular acid (Spector 1988; Hamilton 
and Brunaldi 2007). Moreover, TLR4 are also found on the 
endothelial cells of the blood–brain barrier. Their activation 
can therefore induce changes in the central expression of 
cytokines even if their agonists do not cross the blood–brain 
barrier themselves (Quan et al. 1998). However, it is neces-
sary to note that several recent papers question the role of 
saturated fatty acids as agonists of TLR4 (Erridge and Sam-
ani 2009; Lancaster et al. 2018). It is possible that the major 
agents triggering the TLR signaling cascade are not fatty 
acids, but bacterial lipopolysaccharides and lipopeptides, 
which often occur as contaminants in complexes of chemi-
cals containing fatty acids administered to cell cultures (Err-
idge and Samani 2009). In addition, HFD can modify intesti-
nal microflora and induce production of lipopolysaccharides. 

These lipopolysaccharides subsequently activate the TLRs, 
which may ultimately lead to neuroinflammation (Moreira 
et al. 2012; Rocha et al. 2016). Although the precise mecha-
nism by which increased intake of saturated fatty acids 
causes neuroinflammation has not been fully explained, it is 
known that the final pathway involves TLR4 activation and 
production of pro-inflammatory cytokines.

Hypothalamic inflammation induced by HFD is asso-
ciated with increased levels of several pro-inflammatory 
cytokines in hypothalamic tissue. These cytokines include 
TNF-α, IL-1β, and IL-6 (Wang et al. 2012). TNF-α seems 
to have an important role in the hypothalamic inflammation 
associated with a positive energy balance, as its intracer-
ebroventricular administration leads to increased expression 
of suppressor of cytokine signaling 3 (SOCS3), even at low 
doses. SOCS3 is a negative regulator of leptin signaling and 
its increase results in reduction of the leptin effect in the 
hypothalamus. Furthermore, central administration of low 
doses of TNF-α is associated with increase in basal plasma 
insulin levels, as well decrease in the expression of thermo-
genic proteins in brown fat tissue of rats (Arruda et al. 2011).

Various studies have indicated that interactions between 
neurons and glial cells via cytokine signaling are involved 
in induction and maintenance of hypothalamic inflamma-
tion (de Git and Adan 2015; Burfeind et al. 2016). In addi-
tion to cytokine signaling, interactions between neurons and 
glial cells may also include other mechanisms. For example, 
Thaler et al. (2012) found that rodents fed a HFD developed 
reactive gliosis in the arcuate nucleus within a week of feed-
ing. Gliosis in the arcuate nucleus influences both microglia 
and astrocytes and significantly affects signal transmission in 
this brain structure. Conversely, administration of the anti-
mitotic drug arabinofuranosyl cytidine reduces the number 
of activated microglia in the arcuate nucleus. Arabinofura-
nosyl cytidine also prevents the activation of NF-κB and 
reduces the expression of TNF-α in arcuate nucleus micro-
glia. Finally, arabinofuranosyl cytidine reduces food intake, 
weight gain, and restores central leptin signaling in mice fed 
an HFD (Andre et al. 2017).

The effect of hypothalamic inflammation on the devel-
opment of obesity is mediated by altering the activity of 
hypothalamic orexinergic and anorexinergic neurons. For 
example, the dietary-induced pro-inflammatory milieu of 
the arcuate nucleus impairs both insulin and leptin signal-
ing (Munzberg et al. 2004; Zabolotny et al. 2008; Zhang 
et al. 2008). This leads to inhibition of catabolic processes 
via reduction of the activity of anorexinergic neurons syn-
thesizing proopiomelanocortin (POMC) and cocaine- and 
amphetamine-regulated transcript (CART), along with 
the potentiation of anabolic processes via exaggeration of 
activity of orexinergic neurons synthesizing agouti-related 
peptide (AgRP) and neuropeptide Y (NPY). Furthermore, 
activation of orexinergic neurons in the arcuate nucleus 
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inhibits the activity of anorexigenic neurons in the hypotha-
lamic paraventricular nucleus, promoting feeding behavior 
by reducing satiety (Rahman et al. 2018). This effect may 
be partially explained by the different roles of NF-κB in 
orexinergic and anorexinergic neurons. Under physiological 
conditions, NF-κB is a component of signaling pathways 
that are involved in the regulation of energy metabolism in 
POMC/CART neurons. When activated, NF-κB interacts 
with a POMC promoter, triggering POMC expression (Jang 
et al. 2010). In mice fed by HFD for a long period of time, 
increased NF-κB activation in the POMC/CART neurons of 
the arcuate nucleus was detected. Yet, NF-κB was not able 
to bind the POMC promoter because of the hypermethyla-
tion caused by chronic HFD feeding (Shi et al. 2013). Taken 
together, hypothalamic inflammation induced by excessive 
food intake is on one hand, associated with increased acti-
vation of NF-κB in AgRP/NPY neurons; while on the other 
hand, it disrupts POMC gene expression (de Git and Adan 
2015). The differing responses of POMC/CART and AgRP/
NPY neurons in hypothalamic inflammation associated with 
HFD feeding were also confirmed by a study using a gene 
knockout for IKK. While AgRP/NPY neuron-specific knock-
out of IKK partially prevented obesity development in mice 
receiving HFD (Zhang et al. 2008), IKK knockout in POMC/
CART neurons had no such effect (Purkayastha et al. 2011a). 
These data indicate the primary role of AgRP/NPY neurons 
in inflammation-related mechanisms participating in the 
development of obesity.

A possible explanation of mechanisms related to HFD-
induced, positive energy balance is found in a study by 
Thaler et al. (2012). This study detected an increase in the 
synthesis of heat shock protein 72 (hsp72), a marker of sub-
cellular stress responses in POMC/CART neurons, in mice 
after one week of HFD. After 8 months, a significant reduc-
tion in the number of POMC/CART neurons was observed 
in the arcuate nucleus of these animals. If neuronal dam-
age due to hypothalamic inflammation induced by exces-
sive intake of saturated fatty acids involves predominantly 
anorexinergic rather than orexinergic neurons, the loss of 
POMC/CART neurons could possibly explain the shift in 
energy metabolism in favor of the positive energy balance 
(Thaler et al. 2012).

Hypothalamic Inflammation and Diabetes 
Mellitus

Type 2 diabetes mellitus is characterized by impaired regu-
lation of glucose homeostasis resulting from insulin resist-
ance in metabolically active tissues (liver, skeletal muscles, 
and adipose tissue) (Blair 2016). The homeostat regulating 
glycemia (glycostat) is localized in the pancreas and is repre-
sented by pancreatic β-cells. These cells comprise a sensor, 

comparator, as well as an effector of glycostat that regulates 
plasma glucose levels through secretion of insulin. In the 
last decades, it was confirmed that besides the pancreas, 
the hypothalamus also represents an important regulator 
of glycemia. Furthermore, the hypothalamus contains not 
only central components of homeostats regulating glycemia, 
but also sensory components of these homeostats as well 
(Schwartz et al. 2013).

Hypothalamic inflammation may participate in the devel-
opment of peripheral insulin resistance and type 2 diabe-
tes mellitus through alteration of the activity of autonomic 
nerves innervating the liver, muscles, adipose tissue, and 
pancreas (Han et al. 2016). In addition, the reduced hypotha-
lamic insulin and glucose sensitivity seen as a consequence 
of hypothalamic inflammation, along with the subsequently 
altered neuroendocrine regulatory mechanisms (including 
hypothalamo-pituitary-adrenocortical axis and glucocorti-
coids release) may also participate in the development of 
insulin resistance.

In support of above-mentioned assumptions, it has been 
found that the feeding of laboratory animals with HFD 
induces development of central insulin resistance (for review 
see Pimentel et al. 2014). In addition, induction of hypotha-
lamic inflammation in laboratory animals increases base-line 
plasma insulin levels and impairs insulin signal transduction 
in liver and skeletal muscles (Arruda et al. 2011).

Hypothalamic Inflammation and Central 
Leptin Resistance

It has been suggested that leptin signaling dysfunction (lep-
tin resistance) represents one of the central components of 
the etiopathogenesis of metabolic syndrome (for review 
see (Eckel et al. 2005)). Hypothalamic neurons detecting 
plasma leptin concentrations represent a sensory component 
of homeostats regulating the balance between energy intake 
and expenditure (Gao and Horvath 2008; Seoane-Collazo 
et al. 2015). Leptin resistance in these neurons disrupts 
hypothalamic homeostatic regulation and participates in 
the development of obesity and associated metabolic dis-
orders (de Git and Adan 2015). Several data indicate that 
hypothalamic leptin resistance is caused by inflammation 
of hypothalamic tissue. In support of this, it has been found 
that found that a HFD can induce leptin resistance (Munz-
berg et al. 2004).

If hypothalamic inflammation is present, the leptin sig-
nalization is disturbed at several levels. Under physiologi-
cal conditions, leptin regulates its own effect by inducing 
expression of protein tyrosine phosphatase 1B (PTP1B) and 
SOCS3 via signal transducer and activator of transcription 3 
(STAT3). Furthermore, PTP1B and SOCS3 act as negative 
regulators of leptin signaling by inhibiting the Janus kinase 
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2-STAT3 (JAK2-STAT3) signaling cascade via an ultrashort 
loop negative feedback (Velloso and Schwartz 2011). How-
ever, excessive intake of saturated fatty acids activates the 
IKK/NF-κB pathway and attenuates leptin sensitivity by 
increasing the expression of SOCS3 and PTP1B in hypo-
thalamic cells (Zabolotny et al. 2008; Zhang et al. 2008). 
Moreover, it is thought that one of the NF-κB subunits may 
bind to STAT3 and block its promoter activity in POMC 
neurons (Shi et al. 2013). In addition, centrally administered 
palmitic acid suppresses leptin’s attenuating effect on gene 
expression of molecules associated with glucose transport, 
gluconeogenesis, and lipogenesis in the liver, thereby alter-
ing processes related to energy homeostasis in the liver of 
laboratory mice (Cheng et al. 2015).

Hypothalamic Inflammation 
and Hypertension

A central component of the barostat (a homeostat regulating 
blood pressure) is localized in the lower brain stem, specifi-
cally in the nucleus of the solitary tract. However, hypotha-
lamic nuclei, namely the paraventricular and dorsomedial, 
are also regulators of the barostat. These nuclei, especially 
the paraventricular nucleus, exert their regulatory influence 
on blood pressure via several mechanisms, including modu-
lating the activity of the sympathetic nervous system (SNS) 
(Ulrich-Lai and Herman 2009) (Fig. 1). In this way, hypotha-
lamic inflammation may disrupt activity of these regulators 
and participate in the development of hypertension.

Published data indicate that the renin-angiotensin-aldos-
terone system (RAAS) represents a link between hypotha-
lamic inflammation and hypertension. It is believed that 
increased levels of plasma angiotensin II (Ang II) may lead 
to resetting of the barostat by induction of hypothalamic 
inflammation thereby causing a maintenance of blood pres-
sure at higher levels (Khor and Cai 2017). Ang II binding 
to AT1 receptors promotes inflammation by several mecha-
nisms, including free radical generation and activation of 
TLR4 expression and immune cells, followed by increased 
secretion of pro-inflammatory cytokines (Benigni et al. 
2010). In addition, hypothalamic inflammation may be indi-
rectly induced by increased activity of peripheral RAAS by 
activation of central RAAS. This way, Ang II synthesized 
by neuronal cells may then induce pro-inflammatory pro-
cesses in the hypothalamus. Finally, Ang II may also induce 
inflammation by activation of pro-inflammatory processes 
in hypothalamic vessels (Erdos et al. 2006; Braga 2010; Car-
dinale et al. 2012).

Cardinale et al. (2012) found that Ang II administration, 
in addition to increasing the formation of reactive oxygen 
species (ROS), also increases in the paraventricular hypo-
thalamic nucleus the expression of the pro-inflammatory 

cytokines IL-1β, IL-6, and TNF-α thereby inducing inflam-
matory process in this hypothalamic nucleus. In support of 
this, several studies have detected elevated expression of 
pro-inflammatory cytokines in the paraventricular nucleus of 
the hypothalamus in animal models of hypertension (Srira-
mula et al. 2008; Kang et al. 2009). Importantly, stimulation 
of this nucleus by IL-1β and TNF-α increases adrenocorti-
cotropic hormone secretion as well as sympathetic nervous 
system activity (Han et al. 2016). Moreover, the presence of 
pro-inflammatory cytokines and ROS in the paraventricular 
nucleus of the hypothalamus leads to activation of NF-κB 
(Cardinale et al. 2012). NF-κB activation in turn increases 
concentrations of both ROS and pro-inflammatory sub-
stances via a positive feedback loop, thereby contributing 
to further disruption of central blood pressure regulation 
(Bubici et al. 2006; Kang et al. 2009). At the cellular level, 
NF-κB activation triggers several molecular pathways 
(including SOCS3 and PTP1B) that participate in SNS acti-
vation, resulting in increased blood pressure. In addition, 
activation of perivascular macrophages by IL-1β and TNF-α 
increases production of prostaglandin E2, which leads to 
activation of the paraventricular hypothalamic nucleus, 
followed by increased activity of SNS, and subsequently 
increased blood pressure (Khor and Cai 2017).

Finally, Ang II may be involved in disrupting the func-
tionality of homeostats regulating blood pressure by various 
different mechanisms. For example, oxidative stress caused 
by Ang II induces inflammatory changes in the blood–brain 
barrier microvasculature that increase its permeability, 
which further enhances hypertension related neuroinflam-
mation (Zhang et al. 2010). In addition, modified leptin sign-
aling or altered activity of the central melanocortin system 
may also be involved in the development of hypertension 
as they are related to hypothalamic inflammation as well. 
Administration of leptin induces hypertension in laboratory 
mice, while administration of anti-leptin antibodies reduces 
blood pressure (Simonds et al. 2014). Similarly, when an 
agonist of melanocortin receptor type 3 and 4 (MC3R/
MC4R) is centrally administrated, it induces an increase 
of SNS activity, as well as blood pressure (Li et al. 2013); 
while central administration of an antagonist of these recep-
tors has the opposite effect (da Silva et al. 2008). Consider-
ing that changes in leptin and central melanocortin system 
signaling are present in patients with obesity and metabolic 
syndrome, it is possible that some of these mechanisms 
may also contribute to the development of hypertension. In 
addition, in metabolic syndrome, the patients’ hypertension 
may be associated with an already existing hypothalamic 
inflammation that occurs in response to other factors, such 
as a chronically elevated intake of saturated fatty acids. Thus 
in patients with obesity, hypertension may be induced by 
pre-existing inflammation in the hypothalamus associated 
with the production of pro-inflammatory cytokines, NF-κB 



20	 Cellular and Molecular Neurobiology (2019) 39:11–29

1 3

activation in POMC neurons, as well as altered central leptin 
and melanocortin signaling; all of which converge to induce 
sympathetic nervous system activation and elevate blood 
pressure (Purkayastha et al. 2011). Inflammatory changes 
in the hypothalamus may also lead to increased hypotha-
lamic synthesis of Ang II, thereby creating a vicious circle 
maintaining elevated blood pressure, which can lead to the 
progression of hypertension (Khor and Cai 2017).

Plenty of data have shown that the incidence of hyperten-
sion is increased in obese individuals, with estimations that 
60–70% of arterial hypertension in adults is attributed to 
adiposity. Also, available data indicate that obesity-related 
hypertension represents a distinct hypertensive phenotype 
(Kotchen 2010). The findings discussed above and in pre-
vious chapters indicate that hypothalamic inflammation 
represents a crucial factor interconnecting etiopathogenetic 
mechanisms that lead to the development of hypertension 
in obese individuals.

Hypothalamic Inflammation and Cachexia

Whereas the majority of data related to hypothalamic inflam-
mation indicate that this pathological process is connected 
to a positive energy balance followed by development of 
obesity, published data show that hypothalamic inflamma-
tion is also present in patients with the opposite condition, 
cachexia (Pimentel et al. 2014).

Cachexia represents a life-threatening condition charac-
terized by a significant decrease in body weight due to mus-
cle protein catabolism (Evans et al. 2008). This maladaptive 
syndrome is present in a number of chronic diseases, includ-
ing cancer (Vaughan et al. 2013), infections (Vonroenn et al. 
1992), cardiovascular (e.g., heart) failure, (Okoshi et al. 
2013), and respiratory diseases (e.g., chronic obstructive 
pulmonary disease) (Sanders et al. 2016). These diseases 
are all characterized by a prolonged inflammatory response 
accompanied by significantly increased levels of circulating 
pro-inflammatory cytokines, particularly IL-1β, IL-6, and 
TNF-α (Moldawer et al. 1987; Levine et al. 1990; Anker 
et al. 1999; Borges et al. 2015).

Whereas the majority of cachexia-related studies are 
focused on investigating factors that disrupt the anabolic/cat-
abolic balance in muscles and other peripheral tissues, it is 
suggested that the catabolic changes in soft tissues induced 
by the direct action of pro-inflammatory cytokines are not 
sufficient for full development of cachectic syndrome. In 
support of this, recent studies indicate that cachexia is also 
connected with hypothalamic inflammation triggered by 
increased plasma levels of pro-inflammatory cytokines. This 
assumption is supported by the observation that centrally 
administered IL-1β enhances expression of muscle ring-fin-
ger protein-1 (also known as tripartite motif containing 63, 

MurF1), which mediates muscular atrophy in skeletal mus-
cles. Furthermore, central administration of IL-1β reduces 
food intake in rats, whereas intraperitoneal administration 
of IL-1β has no such effect (Braun et al. 2011). In summary, 
recent data indicate that chronic, significantly elevated lev-
els of pro-inflammatory cytokines in the circulation induce 
a negative energy balance in the organism by altering the 
function of central components of homeostats regulating 
energy intake and expenditure (Wisse et al. 2007; Braun 
et al. 2011).

Importantly, hypothalamic inflammation may represent a 
factor that perpetuates development of cachexia. In this way, 
increased plasma levels of pro-inflammatory cytokines in 
chronic diseases, such as oncologic, cardiovascular, or res-
piratory diseases may lead to development of hypothalamic 
inflammation followed by dysregulation of homeostatic reg-
ulation of autonomic nerves (innervation of muscles, liver 
and other organs) that may further potentiate dysregulation 
of metabolism and enhance peripheral, pro-inflammatory 
reactions. In this way, neuro-inflammatory processes in the 
hypothalamus induced by peripheral inflammation may play 
a key role in the development of cachexia in several chronic 
diseases (Wisse et al. 2007; Braun et al. 2011; Burfeind et al. 
2016).

Inflammation in the hypothalamus may participate in the 
development of cachexia by altering activity of the central 
melanocortin system. For example, intraperitoneal injection 
of lipopolysaccharide in rats results in a significant increase 
in the expression of POMC and CART mRNA in the arcu-
ate nucleus within four hours after administration (Sergeyev 
et al. 2001), implicating the involvement of NF-κB as it is 
required for increased expression of POMC (Jang et al. 
2010; Shi et al. 2013; Burfeind et al. 2016). Additionally, 
changes in POMC and CART expression are accompanied 
by decreased food intake (Sergeyev et al. 2001). In addition 
to changes in anorexinergic neurons, changes in orexinergic 
neurons also occur in response to peripheral inflammation. 
After intraperitoneal administration of lipopolysaccharide, 
a decrease in AgRP protein release was detected despite 
increased levels of AgRP mRNA (Scarlett et al. 2008). The 
presence of cytokine receptors in the arcuate nucleus (Utsuy-
ama and Hirokawa 2002) suggests that direct action of pro-
inflammatory cytokines on subpopulations of orexinergic 
and anorexinergic neurons plays a role in the initiation of 
hypothalamic inflammation in the presence of peripheral 
inflammation. This is also supported by studies employing 
central administration of pro-inflammatory cytokines. For 
example, intracerebroventricular administration of TNF-α 
decreases food intake in rats (Romanatto et al. 2007). Simi-
larly, centrally administrated IL-1β also decreases food 
intake (Gonzalez et al. 2006), probably due to the reduced 
expression of NPY in the hypothalamus (Gayle et al. 1997) 
and activation of POMC neurons in the arcuate nucleus 
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(Scarlett et al. 2007). Furthermore, central administration 
of IL-1β also triggers catabolism in muscle tissues (Braun 
et al. 2011).

In addition to changes in the central melanocortin system, 
inflammatory changes in the hypothalamus are also asso-
ciated with activation of the neuroendocrine stress reac-
tion, specifically those involving the hypothalamic–pitui-
tary–adrenocortical (HPA) axis. Recent data indicate that 
IL-1β plays an important role in these processes as it can 
activate the HPA axis. Moreover, previous studies using 
animal models of cachexia detected an increase in IL-1β 
mRNA expression within the hypothalamus (Berkenbosch 
et al. 1987; Sapolsky et al. 1987; Braun et al. 2011). It is 
thought that HPA axis activation results in elevated circu-
lating glucocorticoid levels that may lead to an increased 
expression of genes playing a role in skeletal muscle pro-
teostasis (Braun et al. 2011). In support of this, a recently 
published study has shown that glucocorticoids activate 
NF-κB in skeletal muscles, which in turn leads to increased 
expression of muscle atrophy mediators such as MuRF1 (Fry 
et al. 2016). Additionally, activation of the HPA axis leads 
to the release of amino acids from skeletal muscles into the 
circulation (Burfeind et al. 2016).

The acute phase of hypothalamic inflammation associ-
ated with a negative energy balance has an adaptive function 
as it promotes survival of an organism through behavioral 
changes and shifting anabolic/catabolic balance during acute 
diseases. It becomes detrimental only when transitioned to 
a chronic stage, as a chronic form of hypothalamic inflam-
mation may subsequently lead to a significant disruption 
of the energy balance and the development of cachexia 
(Burfeind et  al. 2016). Mechanisms responsible for the 
transition of acute, time-limited hypothalamic inflamma-
tion to the chronic stage have not yet been elucidated in 
detail. Although pro-inflammatory cytokines such as IL-1β 
acutely induce a reduction in food intake and lead to the 
activation of the HPA axis, their long-term administration 
causes receptor desensitization and is not sufficient for the 
development of cachexia (Hill et al. 1996). Therefore, it 
is likely that other mechanisms and signal molecules are 
necessary. One of these mechanisms may include leukemic 
inhibitory factor (LIF). Similar to increased expression of 
other pro-inflammatory cytokines, expression of LIF was 
also increased following lipopolysaccharide administration 
(Brown et al. 1994; Daniel et al. 2016). LIF via its recep-
tor, induces POMC expression, increases the release of 
α-melanocyte-stimulating hormone (α-MSH) from the ano-
rexinergic neurons of the arcuate nucleus (Grossberg et al. 
2010), and together with IL-1β can participate in activation 
of the HPA axis in response to inflammation (Auernhammer 
et al. 1998; Chesnokova and Melmed 2000). It appears that 
the effects of LIF overlap with the effects of IL-1β and it 
is likely that these signal molecules can act synergistically. 

However, unlike IL-1β, chronic LIF administration does 
not lead to desensitization, and therefore this cytokine may 
participate in the transition of hypothalamic inflammation 
to the chronic stage (Beretta et al. 2002; Prima et al. 2004). 
Another potential mechanism of transitioning acute hypotha-
lamic inflammation into the chronic stage was described by 
Burfeind et al. (2016). They have suggested that increased 
peripheral levels of pro-inflammatory cytokines can lead 
to changes in the blood–brain barrier triggering the activa-
tion of the hypothalamic endothelium and consequently the 
expression of pro-inflammatory cytokines and adhesion mol-
ecules by endothelial cells. These changes at the blood–brain 
barrier, together with changes in the central expression of 
chemokines, could ultimately lead to the entry of leukocytes 
into the CNS, potentiating neuroinflammation and the transi-
tion to chronic stage hypothalamic inflammation (Burfeind 
et al. 2016).

Interestingly, accumulated findings have shown that 
hypothalamic inflammation plays a role in two pathological 
conditions that are completely opposite from the view of 
homeostasis of energy intake and expenditure, obesity, and 
cachexia. These counterintuitive findings may be explained 
based on the differences in plasma cytokine levels found in 
obese and cachexic individuals. Whereas obese individu-
als show only a slight increase in plasma pro-inflammatory 
cytokines, plasma levels of these molecules are much higher 
in patients with cachexia. Therefore, it is suggested that the 
degree of inflammation determines whether inflammation-
induced alterations of hypothalamic homeostats will result in 
a positive or negative energy balance (Pimentel et al. 2014) 
(Fig. 6).

Hypothalamic Inflammation and Aging

Aging is a progressive process accompanied by a gradual 
disruption of homeostatic regulation at all levels of biologi-
cal systems, including cellular, tissue, and systemic. Recent 
data indicate that functional alteration of the central com-
ponents of hypothalamic homeostats caused by inflamma-
tion plays a significant role in aging (Gabuzda and Yankner 
2013).

Aging is accompanied by changes at the cellular level 
when aging cells acquire a so-called senescent secre-
tion phenotype (Ovadya and Krizhanovsky 2014). These 
changes are related to telomere shortening, genome 
instability, epigenetic changes, and proteostasis disrup-
tion (Lopez-Otin et al. 2013). Since cells with a senes-
cent profile have a pro-inflammatory phenotype, their 
accumulation is accompanied by chronic subclinical 
inflammation. Furthermore, increased concentrations of 
pro-inflammatory cytokines (e.g., IL-6, TNF-α), acute 
phase proteins, ROS, and antibodies are present in the 
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peripheral circulation of the aging organism (Franceschi 
et al. 2000; Deleidi et al. 2015). This peripheral, subclini-
cal inflammation may exaggerate pro-inflammatory activ-
ity of microglia, initiate or potentiate microglia aging, 
and contribute to the development of neuroinflammation 
in the hypothalamus (Franceschi et al. 2000; Ye and John-
son 2001; von Bernhardi et al. 2010).

In the brain, changes associated with aging are char-
acterized by microglial senescence and hyperactivity 
(Streit et al. 2004). Moreover, senescent microglia lose 
phagocytotic ability and are a source of pro-inflamma-
tory cytokines due to their uncontrolled activation (Sheng 
et al. 1998; Sierra et al. 2007; Njie et al. 2012). Therefore, 
age-related changes in nervous tissue may participate in 
the development of hypothalamic inflammation, which 
may be responsible for the increased incidence of co-
morbidities in elderly. Hypothalamic inflammation may 
also accelerate already present diseases (e.g., hyperten-
sion, metabolic syndrome, or atherosclerosis), as well 
as neurodegenerative and psychiatric ones (Ovadya and 
Krizhanovsky 2014).

The above-mentioned facts indicate that age-related 
inflammation in the hypothalamus participates in the 
development of somatic diseases and therefore potenti-
ates aging-related functional deterioration across the 
body. However, recent data suggest that hypothalamic 
inflammation may promote aging-related changes by 
another mechanism, as well. Mechanistic studies in mice 
have shown that NF-κB and IKKβ exaggerate aging of 
the organism by reducing release of GnRH. In support of 
this, aging is decelerated in mice treated by GnRH. These 
data indicate that the hypothalamus plays an important 
role in systemic aging and lifespan control via modula-
tion of GnRH secretion (Zhang et al. 2013). Therefore, 
reduction of hypothalamic inflammation may represent 
promising approach for attenuation of systemic aging and 
prolonging lifespan.

Hypothalamic Inflammation: The Cause 
or Consequence of Somatic Disease?

The above-mentioned facts suggest that hypothalamic 
inflammation plays a significant role in the etiopatho-
genesis of various somatic diseases. On the other hand, 
inflammatory changes in the hypothalamus may result 
from pathological processes that accompany already pre-
sent somatic diseases. Therefore, it may be difficult to 
assess whether a given somatic disease is a consequence 
of hypothalamic inflammation and associated alterations 
of hypothalamic homeostatic regulations, or whether the 
disease itself induces hypothalamic inflammation, which 
then perpetuates progression of somatic disease forming a 
vicious cycle (Castanon et al. 2014; Burfeind et al. 2016; 
Khor and Cai 2017) (Fig. 7).

Fig. 6   Hypothalamic inflamma-
tion may be found in individu-
als with different pathological 
conditions or diseases, such as 
obesity, hypertension, type 2 
diabetes mellitus, or tumor-
associated cachexia. The effect 
of hypothalamic inflammation 
on an organism’s energy bal-
ance depends on the intensity 
of hypothalamic inflammation, 
which positively correlates with 
the level of circulating pro-
inflammatory cytokines (modi-
fied from Pimentel et al. 2014)
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Fig. 7   a Long-term increases in plasma concentrations of saturated 
fatty acids or cytokines may induce the development of hypothalamic 
inflammation. Inflammatory changes in the hypothalamus then alters 
activity of central components of homeostats. This disturbance of 
homeostatic regulation then leads/participates in the development of 
various somatic diseases (e.g., obesity, diabetes, and hypertension). 
b Somatic disease (e.g., cancer) may also lead to the dysfunction of 
central components of homeostats localized in the hypothalamus, 
which results in acceleration of pathological processes. In the case of 
cancer, there is a change in the homeostat set-point, which regulates 
the energy balance of the organism. This resetting of the set-point 
contributes to the development and progression of cachexia
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Acute and Chronic Hypothalamic 
Inflammation

Available data indicate that in the acute phase, hypothalamic 
inflammation exerts an adaptive response of an organism 
to a triggering stimulus. In this phase, expression of the 
inflammatory markers in the hypothalamus is essential 
for homeostasis maintenance (Sergeyev et al. 2001; Wisse 
et al. 2007). However, if hypothalamic inflammation lasts 
long enough, it can lead to further functional alterations of 
the central components of homeostats (Beretta et al. 2002; 
Prima et al. 2004; Grossberg et al. 2010), while the develop-
ment of somatic diseases then participates in the progres-
sion of inflammation. This results in the development of 
a vicious cycle, in which chronic hypothalamic inflamma-
tion may significantly contribute to further progression of 
somatic disease, which can then potentiate inflammatory 
changes in the hypothalamus. This leads to the exacerbation 
of pathological changes on multiple levels and the disruption 
of homeostasis. If compensatory responses fail, such as in 
tumor cachexia, hypothalamic inflammation may have fatal 
consequences (Burfeind et al. 2016). However, as there is 
no clear borderline between acute and chronic hypothalamic 
inflammation, there is no clear borderline between its adap-
tive and maladaptive functions. Thus, hypothalamic inflam-
mation should be understood as a dynamic process whose 
effect on the organism can vary significantly depending on 
its stage.

Detection of Hypothalamic Inflammation

In animal studies, the presence of hypothalamic inflammation 
is determined from hypothalamic samples by various in vitro 
and ex vivo methods. However, in clinical studies it is feasible 
to detect neuroinflammation in probands using in vivo imag-
ing methods (Jacobs et al. 2012). In this way, the presence 
and dynamics of hypothalamic inflammation can be investi-
gated through non-invasive imaging methods such as positron 
emission tomography (PET), single photon-emission com-
puted tomography (SPECT), and magnetic resonance imag-
ing (MRI) (Jacobs et al. 2012). For example, several mark-
ers of microglial activation, as well as reactive gliosis, can 
be detected using radioligands via PET or SPECT (Arlicot 
et al. 2008; Chauveau et al. 2008; Dolle et al. 2009). Translo-
cator protein 18 kDa (TSPO) is frequently used as a marker 
of microglial activity. It is particularly useful as it is present 
on the outer mitochondrial membrane (Rupprecht et al. 2010) 
and its expression is low under physiological conditions, but it 
increases significantly in activated microglia (Chauveau et al. 
2008). For TSPO detection, radionuclides of carbon (11C) and 
fluorine (18F) are widely used (Jacobs et al. 2012). Inflamma-
tory changes in the brain may also be detected by determining 

the activity of enzymes associated with inflammatory reactions 
such as metalloproteinases or cyclooxygenases (Pinas et al. 
2009; Shukuri et al. 2011), which can be detected by the use of 
radioactively labeled substances whose concentration reflects 
enzymatic activity (Pinas et al. 2009; Shukuri et al. 2011).

Some modern techniques, such as imaging methods 
using labeled microparticles, allow detection of inflamma-
tion-induced changes in the blood–brain barrier endothe-
lium through detection of vascular cell adhesion molecule 
(VCAM) expression (McAteer et al. 2007). More specifi-
cally, VCAM expression can be detected using anti-VCAM 
antibodies, which are attached to iron oxide-labeled micro-
particles detectable by MRI (McAteer et al. 2007). Further-
more, labeled nanoparticles are used for the detection of 
intracellular adhesion molecules (ICAM) (Shao et al. 2011). 
These nanoparticles can be labeled with radionuclides of 
iodine (125I) or copper (64Cu) and are conjugated to ICAM 
antibodies (Rossin et al. 2008; Shao et al. 2011). Moreover, 
changes in the permeability of the blood–brain barrier can 
be recorded by other methods, such as MRI using magneti-
cally labeled water molecules in arterial blood (Tiwari et al. 
2017). In addition, magnetic resonance spectroscopy (MRS) 
allows us to investigate various aspects of inflammation by 
in vitro detection of selected substances. For example, MRS 
allows monitoring microglial activation by creatinine and 
myoinositol detection (Quarantelli 2015).

It is necessary to note that the use of in vivo imaging 
methods in the detection of hypothalamic inflammation in 
humans is questionable at this point, as there are no available 
studies dealing with this issue. Regardless, these methods 
seem to have clinical potential. However, several factors will 
have to be considered when attempting detection of hypo-
thalamic inflammation via imaging methods. Mostly impor-
tantly, hypothalamic inflammation is a subclinical form of 
inflammation and therefore it would be more appropriate to 
use more sensitive and specific methods for its detection. 
For example, MRI can detect changes in blood–brain barrier 
permeability in stroke, but it is questionable whether it is an 
appropriate method for detecting hypothalamic inflamma-
tion-associated changes in the blood–brain barrier (Tiwari 
et al. 2017).

Directions for Future Research and Possible 
Clinical Implications

Hypothalamic inflammation is associated with both physi-
ological adaptation responses and pathological processes. 
However, as mentioned above, inflammatory changes in the 
hypothalamus do not have uniform characteristics but differ 
depending on the stage of inflammation and the inducing 
stimulus. Recent data suggest that the chronic form of hypo-
thalamic inflammation is an important factor contributing to 
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the development and progression of various somatic diseases 
(Castanon et al. 2014; Burfeind et al. 2016; Khor and Cai 
2017). In addition to obesity, diabetes, hypertension, and 
cachexia, the recently published data indicate that hypo-
thalamic inflammation plays a role in heart failure, as well 
(Rigas et al. 2018). Yet, the role of hypothalamic inflam-
mation in other diseases, such as osteoporosis, anemia, and 
polycystic ovarian syndrome remains questionable (Kawai 
et al. 2012; Lian et al. 2016). A more detailed understanding 
of mechanisms participating in the development of hypo-
thalamic inflammation may lead to a better understanding 
of the etiopathogenesis of various somatic diseases and 
to the introduction of new therapeutic approaches in their 
treatment.

However, potential treatments are emerging as a result 
of rapid advances in research within the field of hypotha-
lamic inflammation. One of the more promising therapeutic 
approaches, which exerts a significant reduction of hypotha-
lamic inflammation, is regular physical activity (exercising). 
For example, a study on mice showed a positive effect of 
physical activity on the reduction of hypothalamic inflamma-
tion induced by HFD mediated by increased production of 
cytokines IL-6 and IL-10 in the hypothalamus (Ropelle et al. 
2010). Another potential therapeutic approach is based on 
the quantitative and qualitative changes of consumed food. 
For example, hypothalamic inflammation may be attenuated 
by the administration of unsaturated fatty acids. Intake of 
linseed oil and olive oil reduces hypothalamic inflamma-
tion and is associated with restoration of leptin and insulin 
signaling and increased expression of POMC and CART in 
the hypothalamus (Cintra et al. 2012). Another study has 
shown that activation of polyunsaturated fatty acid recep-
tors (GPR120) and free fatty acid receptor 1 (GPR40) may 
prevent the development of hypothalamic inflammation as 
it reduces the expression of the pro-inflammatory cytokines 
IL-1β and TNF-α while increasing the expression of the anti-
inflammatory cytokine IL-10 in the hypothalamus of mice 
receiving HFD (Dragano et al. 2017). Caloric restriction 
may also represent another efficient approach attenuating 
hypothalamic inflammation, especially in connection with 
aging-associated pro-inflammatory changes in hypothalamic 
tissue (Sadagurski et al. 2015).

The reduction of hypothalamic inflammation associ-
ated with negative energy balance and the development 
of cachexia seems to be even more important as cachexia 
represents a life-threatening factor in oncological patients. 
For example, in mice with cachexia, endurance training has 
been shown to reduce hypothalamic inflammation (Lira 
et al. 2011). Another study has demonstrated the positive 
effect of resistance exercise on the preservation of soft body 
tissues in mice with colon adenocarcinoma (al-Majid and 
McCarthy 2001). Unfortunately, although physical activity 
seems to reduce the devastating consequences of cachexia, 

its potential use in oncologic patients is limited by the physi-
cal condition of these patients.

When life-style changes are not sufficient, hypothalamic 
inflammation may also be attenuated by drugs that interfere 
with activation of NF-κB in the brain. Several drugs that 
suppress inflammation by reducing NF-κB-related signaling 
are being tested (Bremner and Heinrich 2002; Viatour et al. 
2005). In addition, many approved drugs, such as salicylates, 
derivates of glucocorticoids, disulfiram, and others exert 
inhibitory effect on NF-κB (Miller et al. 2010). Importantly, 
some of these drugs are able to pass the blood–brain barrier 
and therefore may be potentially used for targeted reduction 
of hypothalamic inflammation.

Conclusion

Mechanisms involved in the development of hypothalamic 
inflammation and its negative effects on body functioning 
are only starting to be described in detail. However, recent 
findings indicate that hypothalamic inflammation may rep-
resent an important target in the treatment of many somatic 
diseases. Life-style change represents a potent, inexpensive, 
and simple approach to reducing hypothalamic inflamma-
tion. For example, regular physical activity and rational 
diet exert beneficial effects on somatic diseases, not only by 
affecting pathological processes in peripheral tissues, but 
also by attenuating hypothalamic inflammation. Physical 
activity and rational diet thereby participate in the restora-
tion of homeostasis through their effect on the central com-
ponents of homeostats localized in the hypothalamus. Thus, 
exercising and rational diet are one of the most accessible, 
yet the most effective mechanisms to prevent many somatic 
diseases. Published data also indicate that drugs reducing 
inflammatory changes in the hypothalamic tissue improve 
the prognosis of certain somatic diseases.

The view of obesity, hypertension, cachexia, and other 
somatic diseases and pathological processes as complex dis-
orders associated with hypothalamic inflammation and the 
consequent disruption of homeostatic regulations, creates 
a basis for more focused and effective treatment as well as 
prevention of these diseases that have a high prevalence in 
modern society.
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