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Abstract

When challenged with a variety of inflammatory threats, multiple systems across the body
undergo physiological responses to promote defense and survival. The constellation of fever,
anorexia, and fatigue is known as the acute illness response, and represents an adaptive behavioral
and physiological reaction to stimuli such as infection. On the other end of the spectrum, cachexia
is a deadly and clinically challenging syndrome involving anorexia, fatigue, and muscle wasting.
Both of these processes are governed by inflammatory mediators including cytokines, chemokines,
and immune cells. Though the effects of cachexia can be partially explained by direct effects of
disease processes on wasting tissues, a growing body of evidence shows the central nervous
system (CNS) also plays an essential mechanistic role in cachexia. In the context of inflammatory
stress, the hypothalamus integrates signals from peripheral systems, which it translates into
neuroendocrine perturbations, altered neuronal signaling, and global metabolic derangements.
Therefore, we will discuss how hypothalamic inflammation is an essential driver of both the acute
illness response and cachexia, and why this organ is uniquely equipped to generate and maintain
chronic inflammation. First, we will focus on the role of the hypothalamus in acute responses to
dietary and infectious stimuli. Next, we will discuss the role of cytokines in driving homeostatic
disequilibrium, resulting in muscle wasting, anorexia, and weight loss. Finally, we will address
mechanisms and mediators of chronic hypothalamic inflammation, including endothelial cells,
chemokines, and peripheral leukocytes.
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1. Introduction

Sickness behaviors and their associated metabolic responses are among the most ubiquitous
and readily identifiable aspects of acute and chronic illness. In the context of acute threats,
the onset of fever, anorexia, lethargy, and catabolism of lean body tissues all evolved as
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important defenses to promote survival. However, with chronic and ongoing inflammation,
these same defenses prove to be a double-edged sword, leading to neurodegeneration,
psychiatric conditions, and cachexia. Cachexia is an important predictor of morbidity and
mortality in a diverse array of conditions ranging from infectious disease to cancer. Though
a large body of work has focused on the direct interaction of cytokines and inflammatory
mediators with muscle tissue in the development of cachexia, these direct effects do not
account for all aspects of body mass alterations in acute and chronic illness. An increasing
body of work suggests the central nervous system (CNS) is a key mechanistic force in the
pathogenesis of cachexia by sensing inflammation, integrating information from peripheral
organ systems, and evoking downstream changes in body mass and metabolism.

Decades of investigation provide ample evidence that the CNS functions as both a receiver
and amplifier of peripheral inflammatory insults, thereby orchestrating a behavioral and
metabolic program that leads to wasting and debilitation if prolonged. As a demonstration of
neuronal signaling leading to amplified response to inflammation, intracerebroventricular
(ICV) injection of proinflammatory cytokines potently induces anorexia, lethargy, and
catabolism at doses far below the threshold for response with peripheral injection [1-4].
Collectively, existing data support a model wherein peripheral inflammatory insults are
amplified and modified within the mediobasal hypothalamus (MBH), creating a paracrine
inflammatory milieu that in turn initiates and sustains alterations in the activity of neuronal
populations that regulate appetite and metabolism. The attenuated blood brain barrier (BBB)
and dynamic regulation of vascular access found in this region is undoubtedly one of the
reasons this brain area is highly sensitive to a number of metabolic and inflammatory
signaling molecules [5]. This review will focus on recent insights in how stimuli of
hypothalamic inflammation, including dietary, infectious, and neoplastic sources, are sensed
in the CNS and translated peripherally into illness responses and cachexia.

1.1. Central nervous system control of body mass and energy homeostasis

Within the MBH, there are several neuronal populations in various nuclei responsible for
regulation of appetite, body mass, and energy homeostasis. These populations include
anorexigenic and orexigenic neuronal subsets, which decrease and increase appetite and
food intake respectively. Key anorexigenic populations include pro-opiomelanocortin
(POMC) and cocaine and amphetamine regulated transcript (CART) expressing neurons [6].
POMC is a precursor polypeptide that can be differentially processed for production of
aMSH, ACTH, and opioid peptides pendorphin and [met]enkephalin [7]. POMC neurons
release the anorexic neurotransmitter aMSH, which binds to type 4 melanocortin receptors
(MC4R) in a number of downstream sites in the brain to decrease appetite and energy
storage. CART is a neuropeptide first discovered as a transcriptional target of cocaine and
amphetamine exposure, but was subsequently found to act as an endogenous
psychostimulant that increases locomotor activity and decreases food intake [8]. Conversely,
two key orexigenic populations include neurons expressing agouti-related peptide (AgRP)
and neuropeptide Y (NPY). AgRP was first characterized because of a curious connection
between pigmentation and metabolic phenotypes, both of which act through melanocortin
receptors: mice carrying the dominant Agoutiallele known as lethal yellow not only
demonstrate a yellow pigmentation, but are profoundly obese [9]. Further characterization
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determined that the counter-regulatory neuropeptide AgRP functions as an antagonist of the
MCR4 receptor and AgRP neurons directly inhibit POMC neuronal activity, producing
increased appetite and energy storage [10,11]. NPY was first identified as a neuropeptide
structurally and biologically similar to the intestinal peptide YY (PYY), and is a potent
orexigen in the brain and autonomic nervous system [12,13]. Both anorexigenic and
orexigenic neuronal circuitry are affected by physiologic cues and by pathophysiologic
signals such as cytokines and pathogen-associated molecular patterns (PAMPS) [14].
Therefore, the MBH is a key central target of cytokine signaling and provides an important
primary neuronal substrate linking inflammation to muscle catabolism, anorexia, and other
sickness responses [15-19].

2. The brain-muscle axis: a model for hypothalamic mechanisms of iliness

responses and cachexia

2.1. Skeletal

In states of illness, the body initiates several processes to mobilize energy stores and provide
anabolic building blocks for the acute phase response. While these processes are integral to
normal immune physiology, they can result in pathologic homeostatic disequilibrium, where
the body assumes a state of energy wasting. As a result, tissue breakdown occurs in organs
important to activities of daily living. Muscle is an abundant source of amino acids, and
often the main target of pathologic tissue breakdown in disease. Selective catabolism of
skeletal muscle is one of the hallmarks of cachexia. It is well known that prolonged systemic
inflammation causes skeletal muscle breakdown [20-22]. While much of the literature has
focused on catabolic pathways within muscle itself, a growing body of evidence indicates
the CNS is a key mediator in this process [23-25]. In particular, the hypothalamic-pituitary
(HPA) axis promotes catabolism of carbohydrates, lipids, and proteins in peripheral tissue in
response to cytokines that enter the CNS. As a result, adipose tissue undergoes lipolysis, and
proteolysis occurs in skeletal muscle [25]. However, skeletal muscle proteolysis occurs
selectively over lipolysis in states of neuroinflammation [26].

muscle catabolism is mediated by hypothalamic cytokines

A series of studies demonstrate that through the actions of the prototypical inflammatory
cytokine IL-1p, a cascade of signaling is initiated in the hypothalamus, resulting in both
local and systemic changes in gene expression, protein synthesis, and neuroendocrine
signaling [23,24,26,27]. In a rodent model of cancer cachexia, hypothalamic expression of
IL-1B mRNA was increased. When IL-18 was administered ICV, animals experienced
profound muscle wasting. Importantly, this effect did not occur when IL-1p was
administered IP [26], supporting the hypothesis that central, rather than peripheral
inflammation is the main instigator of muscle catabolism in this model of cachexia.

While hypothalamic IL-1f alone can induce muscle atrophy [26], other pro-inflammatory
cytokines are implicated in this process. However, there is conflicting evidence regarding the
significance of these cytokines, and additional research is needed to fully elucidate their
mechanisms [27]. For example, I1L-6 is well established as an important mediator in muscle
metabolism [28,29] but its role within the hypothalamus is not well known. Although
systemic inflammation increases levels of IL-6 in the hypothalamus in concordance with
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altered energy homeostasis [30], the effect of ICV IL-6 on skeletal muscle has not been
examined. Furthermore, TNFa can directly induce skeletal muscle catabolism [31-33] and
produces anorexia when administered centrally [34,35], yet ICV administration of TNFa in
rodents does not induce skeletal muscle thermogenesis [34]. However, follow-up studies are
lacking, and thus the roles of hypothalamic TNFa, IL-6, or other proinflammatory cytokines
in skeletal muscle catabolism remain largely unknown. As such, this remains an important
area of research in the pathophysiology of cachexia.

2.2. Role of neuroendocrine modulation of muscle mass

Following the onset of hypothalamic inflammation, a neuroendocrine signaling cascade is
initiated, including marked activation of the HPA axis [5]. These neuroendocrine mediators
can act directly on skeletal muscle, or act on other organs to amplify the inflammatory
signal. It is also likely that CNS mediated activation of the sympathetic nervous system
contributes to the disordered muscle metabolism in cachexia, including inhibition of protein
synthesis as well as proteolysis within skeletal muscle and myofibril breakdown [26].
Endogenous glucocorticoids such as cortisol (or corticosterone in rodents) are important in
their ability to modify metabolism of fats, carbohydrates, and proteins, as well as exert
control over immune response in times of stress. The chief regulation of glucocorticoid
release in humans is at the level of the hypothalamus and pituitary, which produce
corticotrophin releasing hormone (CRH) and adrenocorticotrophic hormone (ACTH)
respectively. CRH, manufactured in the paraventricular nucleus (PVN) of the hypothalamus,
provides the initiating signal of the HPA axis by promoting release of ACTH from
corticotroph cells of the anterior pituitary. Direct stimulation by ACTH causes production
and release of cortisol from the zona fasiculata of the adrenal cortex [36]. Broadly speaking,
stress is the key activator of the HPA axis. This system is widely evolutionarily conserved as
a method of mounting a defense against stressors including infection and starvation, largely
by shifting targets of anabolism and catabolism. While the immune system must undergo
tremendous anabolism during stress, with increased production of granulocytes and acute
phase proteins, other systems must undergo catabolism in order to provide a supply of
biomolecules and energy, particularly in the face of stress-induced anorexia. Skeletal muscle
is a major site of protein storage, and serves as a primary target of glucocorticoids. Thus,
upon HPA axis activation, skeletal muscle undergoes catabolism to increase plasma levels of
free amino acids [26]. These amino acids can be used either for production of proteins such
as acute phase reactants, or can enter as Krebs cycle intermediates and serve as
gluconeogenic substrates in the liver [37]. This process is mediated by proteosomal
degradation of muscle protein, with E3 ubiquitin ligases, Muscle Atrophy F-box (MAFBX),
and Muscle Specific Ring Finger Protein 1 (MuRF1) playing key roles [38,39].

In the early phases of acute illness, the catabolism of skeletal muscle provides an important
energy substrate upon which other defenses can be built. However, when inflammation
persists in the context of subacute and chronic disease, this mobilization of protein from
skeletal muscle leads to substantial atrophy and functional impairment. The clinical
archetype of “matchstick limbs” seen in Cushing’s disease, a syndrome resulting from
ACTH-secreting pituitary adenomas, serves as a classic illustration of skeletal muscle
derangements evoked by the HPA axis [40]. However, Cushing’s disease is only one of
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many conditions known to cause neuroendocrine muscle wasting. Compelling evidence
demonstrates that the CNS invokes peripheral muscle wasting via the HPA axis in both
cancer and diabetes, with hypothesized roles in numerous other chronic illnesses [27,41]. As
such, the CNS not only is tied to the global metabolic dysregulation and behavioral aspects
of the illness response, but it is also able to employ neuroendocrine signaling to invoke an
indirect pathway of disease-mediated skeletal muscle atrophy.

3. Mechanisms of hypothalamic inflammation in metabolic derangements:

insights from high fat diet and obesity

Consistent with a wide variety of other pathologies, hypothalamic inflammation occurs in
both acute and chronic stages. In both instances, the hypothalamus acts in a feed-forward
loop to propagate inflammatory responses in the periphery, including changes in behavior
and metabolism. To understand how signals arising from the periphery can induce
disordered systemic metabolism via a hypothalamic relay, it is illustrative to examine obesity
as a systemic inflammatory disorder. In particular, exposure to high fat diet (HFD) is widely
studied as a cause of hypothalamic inflammation that in turn leads to significant alterations
in body mass regulation and energy homeostasis. Specifically, HFD exposure causes acute
inflammation and gliosis in the MBH, which alters metabolic signaling in this part of the
brain [42]. HFD exposure therefore represents one of several acute inflammatory insults
capable of inducing global metabolic derangements via hypothalamic signaling.

Multiple forms of dietary stressors have been investigated for their ability to induce
hypothalamic inflammation and downstream alterations in metabolism, including high
sucrose diet, high polyunsaturated fatty acid diet, and high saturated fat diet [43,44]. Though
all of these diets are capable of producing obesity in experimental models, hypothalamic
inflammation and gliosis only consistently ensues in the context of high saturated fat diets.
These CNS manifestations substantially precede the onset of overt changes in weight and
body mass, occurring within 1-4 days of the onset of a high saturated fat diet [42,45]. A key
site of inflammation is the arcuate nucleus, where HFD produces reactive gliosis, increased
expression of inflammatory genes IL-1p, IL-6, and TNFa, astrocyte injury, and eventually
POMC neuronal injury [42,46]. Further studies indicate that, similarly to peripheral
macrophages, microglia of the MBH exhibit an M1-dominant inflammatory response in the
presence of saturated fatty acids [46].

To date, studies investigating the mechanisms of HFD-induced hypothalamic inflammatory
changes have identified two main pathways: NF-xB signaling and endoplasmic reticulum
stress. The hypothalamus demonstrates a different pattern of NF-xB activity compared to
peripheral systems, including higher expression of both IKKf and NF-xB inhibitory protein
IKBa, with an overall suppression of NF-«xB activity [47]. However, with HFD exposure,
this dynamic is altered to significantly increase NF-«xB activity in the MBH. Forced
suppression of NF-xB signaling via MBH-targeted IKKJ knockout results in decreased
dietary intake, while MBH-targeted constitutive NF-xB activation results in central insulin
and leptin resistance. This same study identified hypothalamic endoplasmic reticulum stress
as both an upstream inducer and downstream event of NF-xB signaling [47]. Further studies
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confirm the importance of NF-xB to hypothalamic energy homeostasis. In both leptin
deficient and diet-induced obese (DIO) mice, pharmacologic and genetic inhibition of
IKKB/NF-xB signaling in the arcuate nucleus results in improvements in glucose tolerance
and hypothalamic insulin signaling, as well as increasing energy expenditure [48].

The importance of hypothalamic inflammation rests primarily with the fact that the
hypothalamus is a central regulator of whole-body metabolism, which produces substantial
downstream consequences. Central administration of the saturated fat palmitic acid not only
induces a program of hypothalamic inflammation, including increased local expression of
cytokines IL-6, IL-1p, and TNFa, but it also leads to decreases in leptin-induced mMRNA
expression related to gluconeogenesis, glucose transport, and lipogenesis in the liver [49].
These peripheral pathological outcomes are abrogated by reduction of hypothalamic
inflammation. For example, hypothalamus-specific inhibition of Toll-like receptor 4 (TLR4)
and TNFa both result in improved insulin sensitivity in the liver, resulting in decreases in
hepatic steatosis and gluconeogenesis [50]. However, TLR4-mediated and TNFa-mediated
hypothalamic signaling lead to divergent downstream consequences, with only TLR4
signaling inhibition leading to loss of body mass.

Overall, these findings demonstrate that hypothalamic inflammation results as a
consequence of high exposure to saturated fat, and through inflammatory changes and
recruitment of glial cell populations is able to alter both peripheral metabolism and behavior.
As such, HFD models provide a compelling example of how peripherally derived
inflammatory stimuli can induce systemically significant pathophysiological changes in the
hypothalamus. In contrast to infectious and neoplastic sources of inflammation, however,
HFD eventually produces changes which inhibit anorexigenic POMC and CART neurons,
while increasing expression of orexigenic NPY and AgRP. Therefore, hypothalamic
inflammation is a potent inducer of peripheral pathophysiological states, the manifestations
of which vary substantially with the type and duration of inflammatory stimulus. Through
what is in many ways a similar mechanism, other inflammatory insults of the hypothalamus
provoke the familiar anorexia, fever, and weight loss known collectively as the acute illness
response.

4. Hypothalamic inflammation and the acute illness response

The most commonly experienced cause of the acute illness response is logically that which
the system directly evolved to combat: the immediate threat of infection. The quintessential
traits of acute inflammation and sickness were described as early as Roman antiquity;
however, many molecular mechanisms linking inflammation to sickness behavior remain
incompletely understood. Even though it is clear that acute inflammation resulting from
infection can be deadly, as in sepsis, it is also increasingly clear that acute phase responses
are essential to survival. Thus, a significant and growing body of work has focused on
understanding the peripheral and central mediators of the response to acute infection, and
determining whether each individual step of the process is beneficial or deleterious. The
hypothalamus is a vital component of the system responsible for sensing and responding to
infectious stimuli, serving as an upstream effector of fever, mobilization of energy stores,
and initiation of sickness-associated behaviors. As such, research has focused on two arms
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of this system: first, how the hypothalamus responds to infectious stimuli on a molecular and
signaling level, and second, how hypothalamic sensing of threats leads to downstream
manifestations of sickness.

In its role as a sensor of acute infectious stimuli, the hypothalamus employs a diverse array
of danger and pathogen associated molecular pattern (DAMP and PAMP) receptors, as well
as being robustly responsive to cytokines and chemokines. Peripheral or central injection of
viral or bacterial PAMPs or pro-inflammatory cytokines produces neuronal activation in
several brain regions, particularly in nuclei that make up the MBH and its associated
vascular structures, collectively known as the median eminence [51-53]. Within this region,
two key appetite regulating populations of centrally projecting neurons alter their roles as
effectors during inflammatory responses: the anorexigenic POMC and CART, and the
orexigenic AgRP and NPY.

Much of the current understanding of acute hypothalamic inflammation derives from
experiments using lipopolysaccharide (LPS), a PAMP isolated from the outer membrane of
gram-negative bacteria. LPS binds to TLR4 to induce canonical NF-xB signaling, which
alters gene transcription to produce a myriad of cytokines, chemokines, and stress response
proteins. Both ICV and IP LPS produce acute sickness responses, suggesting it can act
through direct interactions with the hypothalamus as well as indirect pathways from the
periphery (although with far greater potency after direct CNS administration). Upon
exposure to LPS, animals develop sickness-associated anorexia, and orexigenic signaling via
NPY decreases at the transcriptional level [54,55]. Similarly, AgRP secretion is decreased
following LPS exposure, even though its mMRNA levels are increased [17]. Conversely, the
appetite inhibiting pathways are activated following LPS exposure. With acute LPS
stimulation, POMC neurons are activated, and MC4R and POMC mRNA levels increase
[56,57]. Accordingly, both pharmacologic inhibition of MC4R signaling with AgRP, and
repression of POMC neuron activation both abrogate the anorexia response following LPS
exposure [57-59].

Similar to HFD exposure, the molecular mechanism of LPS-induced hypothalamic
inflammation involves NF-xB signaling via TLR4 and endoplasmic reticulum stress [60].
Specifically, TLR4, MyD88, and CD14 are critical to the initiation of sickness behaviors:
mice with genetic deletion of any of these proteins demonstrate reduced anorexia in
response to IP LPS compared to wild type [54,61]. Fever, anorexia, and hypothalamic
inflammation responses to LPS exposure involve the signaling intermediate atypical protein
kinase C, whereas hypoactivity and weight loss seem to be mediated by separate pathways
[62]. Additionally, inducible nitric oxide synthase (iNOS) is induced by LPS exposure in the
MBH, where nitric oxide inhibits orexigenic neurons via a STAT dependent mechanism
independent of prostaglandin synthesis [63,64]. Obviously, these are important but not
exclusive molecular signaling pathways whereby PAMP exposure is translated into behavior,
nor is the MBH the only brain region involved. Indeed, it is clear that the brainstem has both
redundant and exclusive roles relative to the MBH (for example), but discussion of the
entirety of the CNS response to inflammation is beyond the scope of this review.
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Though a large body of work has focused exclusively on LPS as an instigator of
hypothalamic inflammation of infectious etiologies, viral proteins and nucleic acids are less
explored, yet potent inducers of central inflammation. In a study by Jang et al., viral and
bacterial components, Tat and LPS respectively, were compared in their effects on
hypothalamic inflammation and resultant sickness behavior. Following IP exposure to Tat or
LPS, NF-xB was acutely activated in the MBH, which induced hypothalamic production of
the pro-inflammatory cytokines IL-1p, IL-6, and TNFa. In corticotroph AtT20 cells, NF-xB
served as a transcriptional regulator of increased POMC expression following exposure to
LPS, Tat, and pro-inflammatory cytokines IL-1f3 and TNFa. Hypothalamic injection of LPS
or Tat both caused a significant reduction in food intake and body weight. However, these
effects were prevented by blockade of NF-xB signaling via IKK inhibitory peptide, as well
as by blockade of melanocortin signaling via administration of AgRP. Furthermore, specific
IKKP knockout in POMC neurons attenuated anorexia following LPS and Tat exposure.
Hypothalamic NF-kB was also activated by high doses of ICV leptin and serves as a
transcriptional regulator of leptin-stimulated POMC expression, suggesting NF-«xB is
common signaling pathway for all three stimuli [57]. In addition to viral proteins, the viral
double stranded RNA mimetic poly I:C causes fever, malaise, anorexia, and hypoactivity
[65-67]. While the fever induced by poly I:C depends partially on IL-1f and IFNa, the
mechanism of viral induction of sickness behavior is not yet fully understood — however, this
PAMP clearly activates inflammatory signaling and HPA axis activation at the level of the
hypothalamus [65,68,69].

Importantly, the hypothalamus regulates exposure to inflammatory stimuli differently from
peripheral sites of surveillance. While LPS priming decreases the magnitude of cytokine
release in the hypothalamus in subsequent LPS exposures, it has the opposite effect in the
spleen, where increased levels of IL-18 and IL-1R are induced by repeated exposures [70].
Furthermore, IP LPS exposure time-dependently increases STAT3 phosphorylation in both
the hypothalamus and liver, but the hypothalamus demonstrates a relatively more acute and
transient signaling response compared to the liver [71]. Most intriguing of all is the recent
discovery that microglia have a distinct ontogeny from the peripheral immune system, which
may explain why it differs in its responses to inflammatory events [72]. Despite the long-
held assumption that microglia originate in bone marrow, akin to other monocytes, fate
mapping demonstrates that microglia are seeded from the embryonic yolk sac and remain as
a self-sustaining population throughout life. While other tissue macrophages arise from this
same embryonic event, the key difference is that only the peripheral tissues continue to
recruit from hematopoietic stem cells of the bone marrow [73]. Microglia may recruit from
the peripheral monocyte pool during times of profound pathology, such as major insults to
the BBB, but they remain an isolated and selfrenewing population in most physiological
states. This discovery is important, as the distinct lineage of microglia suggests they are
likely to have distinct molecular signaling pathways to detect and propagate inflammation.
These combined data suggest acute hypothalamic inflammation is a process robustly
induced by a variety of stimuli, proceeds through distinct signaling modalities compared to
peripheral tissues, and requires a combination of signal initiation and signal propagation
events. A variety of signaling mediators and anatomical considerations make hypothalamic
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inflammation a particularly unique and a targetable niche of acute sickness responses and
cachexia alike.

4.1. The role of cytokines in acute hypothalamic inflammation and cachexia

While cytokines are key signaling mediators in normal immune responses, high levels are
damaging and can lead to sustained inflammation with many detrimental effects. In cancer,
higher levels of cytokines correlate with poorer outcomes [74]. Furthermore, elevated
circulating levels of TNFa and IL-6 in cardiac cachexia are the strongest predictor for
pathological weight loss [75,76]. While cytokines have significant effector functions in
various organs including muscle [77], it is their action in the CNS, specifically the
hypothalamus, that is the primary driver of the behavioral features of cachexia [78]. In spite
of the presence of the mostly impermeable BBB, there are several ways cytokines can enter
the brain from the circulation. First, since circumventricular organs lack a BBB, most
cytokines can enter the hypothalamus by volume diffusion [79]. In addition, some cytokines,
including IL-6 [80], TNFa [81], and IL-1f [82], can cross through various transporter
systems. Lastly, circumventricular organs and the choroid plexus contain macrophage-like
cells that express TLRs, allowing cytokines to exert their functions without entering the
brain parenchyma [83].

Dozens of different cytokines have been implicated in cachexia. However, in the
hypothalamus, the most robust data supports roles for TNFa and IL-1f in cachexia and
sickness behavior [84,85].

4.1.1. TNFa—Although TNFa has direct effects on various target tissues [84,86,87], its
most potent actions in regard to cachexia occur in the hypothalamus. Within the
hypothalamus, the actions of TNFa alone lead to anorexia, thermogenesis, and increased
respiratory rate [34,88,89]. Exposure of ventromedial hypothalamic slice cultures to TNFa
causes decreased firing rate of neurons in that nucleus [90]. In rodents, ICV injection of
TNFa leads to decreased food intake and increased respiratory quotient [89]. These
symptoms correlate with increased expression of mediators of the JAK/STAT signaling
pathway within the hypothalamus, indicating this signaling mechanism is an important
mediator in sickness behavior. Furthermore, ICV injection of TNFa leads to reduced food
intake and weight loss. In addition to the JAK/STAT signaling pathway, it also was
determined that TNFa signaling within the hypothalamus leads to increased thermogenesis
in brown adipose tissue via fadrenergic signaling [34]. Further studies are necessary to
determine the specificity of different TNFa signaling pathways within the hypothalamus in
cachexia.

4.1.2. IL-1B—IL-1p is established as one of the primary molecules in neuroimmune
signaling. While IL-1 can act on numerous different types of cultured cells found within the
brain, functional IL-1 receptors are primarily localized to endothelial cells and certain
neuronal populations, including those within the ARC [91]. It is well documented that
systemic inflammation increases IL-1p activity in the hypothalamus [26,92,93]. IP injection
of LPS induced increased IL-1p expression in endothelial cells of the PVVN [92].
Furthermore, IL-1f is an important cytokine in the hypothalamic relay leading to skeletal
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muscle catabolism [26]. In rodents, chronic ICV administration of IL-1f induces skeletal
muscle wasting [26]. In the same study, development of carcinoma-induced cachexia was
associated with increased hypothalamic IL-18 expression. In addition, knockout of
endothelial IL-1 receptor attenuated expression of IL-1B, TNF-a, and IL-6 mRNA in the
brain in a mouse model of chronic stress [94].

5. From acute to chronic: how hypothalamic inflammation contributes to

transition from sickness to cachexia

5.1. Pathological transition from acute to chronic inflammation

Although IL-1p and TNFa potently induce acute anorexia, animals rapidly desensitize to
continuous ICV administration [95-98]. This tachyphylaxis indicates these cytokines are not
sufficient to produce sustained catabolism, suggesting other mediators are necessary to
maintain and amplify the inflammatory signal. While the mechanism of chronic
hypothalamic inflammation in cachexia is not fully understood, several candidates have been
identified. The cytokine leukemia inhibitory factor (LIF) is expressed in the ARC, and can
induce anorexia in inflammatory disease [2,99,100]. In contrast to IL-1f3 and TNFa, chronic
administration of LIF does not induce tachyphylaxis [101-103]. However, the
neuroinflammatory actions of LIF appear to overlap with I1L-1f synergistically, suggesting
that it may be a secondary amplifier of inflammatory response rather than the sole mediator
of chronic hypothalamic inflammation [104].

While most studies focus on the altered signaling of neurons within the hypothalamus in
producing sickness response, an emerging body of evidence suggests non-neuronal cells
play an important role in the transition from acute to chronic inflammation in the CNS in
cachexia. In particular, activation of hypothalamic microglia and endothelium, followed by
secondary recruitment of peripheral leukocytes, may lead to the observable changes in
neuronal activity (Fig. 1). Specifically, cytokines initiate a cascade involving endothelial
activation, followed by increased expression of cell adhesion molecules, secretion of
chemokines, and recruitment of peripheral leukocytes. While the role of these mediators in
the hypothalamus is not well known, they represent an important area for future research in
the field of cachexia.

5.2. A reactive endothelium and leukocyte recruitment: new frontiers in neuroinflammatory
mechanisms of cachexia

When crossing from the periphery to the CNS, cytokines and other inflammatory molecules
first encounter endothelial cells, which express high levels of cytokine receptors. This
interaction leads to secretion of additional cytokines, expression of selectins, production of
chemokines, and peripheral lymphocyte recruitment. While the role of these mediators has
not been studied extensively in the hypothalamus specifically, there is evidence to suggest
they play a key role in the sequelae of cachexia (discussed further below). Further studies are
necessary to determine possible variations in these immune response proteins within the
hypothalamus. Furthermore, these mediators have not yet been targeted in the context of
cachexia, presenting an unexplored opportunity for therapeutic intervention.
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5.2.1. An activated endothelium—Upon exposure to inflammatory products, vascular
endothelial cells enhance their primary role in the circulatory system by activating pathways
designed to combat pathogens. Endothelial cells express TLRs that serve as activation
switches in response to a variety of DAMPs and PAMPs, leading to several phenotypic
changes. Upon activation, inter-epithelial junctions are down-regulated, allowing for
immune cells to access tissue and fight pathogens. Furthermore, endothelial cells can
produce cytokines and molecules such as metalloproteinases that are directly toxic to
pathogens, as well as adhesion molecules to promote leukocyte migration and extravasation.
In the CNS, neuroinflammation activates endothelial cells and other cells associated with the
BBB. If the neuroinflammation persists, this can cause BBB breakdown, which is associated
with several pathologies such as Alzheimer’s disease [105], Parkinson’s disease [106],
vascular dementia [107], stroke [108], and multiple sclerosis [109].

5.2.1.1. Cytokines and the hypothalamic endothelium: All of the major cytokines
involved in cachexia play a role in activating endothelial cells. It is well known that
increased expression of cytokines selectively occurs within endothelial cells of
circumventricular organs of the hypothalamus during systemic inflammation [83,92,93]. For
example, injection of LPS leads to increased expression of IL-1p in endothelial cells of the
hypothalamus [93]. This induces the production of numerous immune response elements,
including cytokines, adhesion molecules, matrix metalloproteinases, and coagulation factors
[110]. In addition, IL-1p activates cyclooxygenase in cerebral endothelium, leading to
production of the pyrogenic arachidonic acid metabolite prostaglandin E2 [111].
Furthermore, upon exposure to LPS, IL-1p is a key mediator to microglial production of the
vasodilator and neuromodulator nitric oxide, via increased biosynthesis of iINOS [112].

Additional cytokines play important roles in endothelial activation as well. In cerebral
microvascular endothelial cells, TNFa exposure induces Rho activation and myosin light
chain phosphorylation, leading to a gradual increase in permeability and loss of endothelial
junctions [113]. IL-6 is produced locally by brain endothelium upon LPS injection [114] and
can be further induced by IL-15 [115]. Lastly, although it does not cross the BBB [116],
TGF-B accumulates in cerebral endothelium [117] and is reported to increase BBB
permeability during inflammation [118].

While endothelial activation in response to cytokines is not exclusive to the hypothalamus,
the circumventricular structures — including the MBH — make this organ uniquely equipped
to sense, amplify, and respond to inflammatory molecules. First, the MBH is a highly
vascularized structure lacking a BBB, containing mainly fenestrated capillaries, which
provides circulating materials direct access to the parenchyma. Second, due to its adjacency
to the third ventricle, the MBH is in direct contact with the CSF, furthering its exposure to
circulating solutes within the CNS. Third, within the ependymal lining of the third ventricle
are specialized cells called tanycytes. These cells are found exclusively within the
ventricular lining of the hypothalamus, and extend processes deep into the parenchyma
[119]. Although relatively little is known about tanycytes, evidence suggests they are heavily
involved in energy homeostasis and hypothalamic neuroendocrine signaling [120]. However,
the role of these cells in cachexia has not been investigated. Lastly, as described previously,
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the hypothalamus is the feeding center of the CNS, and many of these areas, including the
PVN and ARC, express receptors for these cytokines [91,121-123].

Extensive vasculature and ample access to cytokine exposure make the hypothalamus an
ideal location for signal amplification via endothelial signaling. Furthermore, in response to
cytokines, cell adhesion molecules are upregulated and chemokines are secreted,
subsequently leading to peripheral immune cell inflltration. All of these factors make the
hypothalamus prone to perpetuation of inflammation, which is critical for development of
cachexia.

5.2.1.2. Cell adhesion molecules. Endothelial adhesion molecules function to tether
circulating leukocytes to vascular endothelium, as well as facilitate rolling and migration
into tissue. There are several different adhesion molecules expressed on leukocytes and
endothelial cells, which fall into two broad categories: selectins, which are expressed on
endothelial cells (with the exception of L-selectin) and integrins, which are expressed on
leukocytes [124].

Cellular adhesion molecules have very low levels of basal expression and are only
upregulated in inflammatory conditions [125]. While expression of these molecules is
necessary for an appropriate immune response, they can be markers of pathologic
inflammation. Increased expression of adhesion molecules is reported in numerous systemic
inflammatory diseases, such as atherosclerosis [126], heart failure [127] inflammatory bowel
disease [128], allergy [129], renal disease [130], COPD [131], and cancer [132]. While the
role of adhesion molecules in local immune responses has been studied extensively in nearly
every condition that causes cachexia, their role in the pathophysiology of sickness behavior
and cachexia itself is less well known. In patients with cancer cachexia, P-selectin
polymorphisms are predictive of increased muscle wasting [133]. In an accompanying
rodent model of cachexia, the P-selectin gene was a top early-induced gene [133].
Furthermore, a follow-up study found P-selectin polymorphisms were associated with
increased risk of developing cachexia in pancreatic cancer patients [134]. These studies
assessed the role of P-selectin in skeletal muscle, rather than the CNS. No studies have
investigated the expression and function of P-selectin or other adhesion molecules within the
hypothalamus in cachexia. However, these adhesion molecules are highly upregulated in
other portions of the brain during acute and chronic inflammation [135-137]. Furthermore,
in rodent models of liver inflammation, cellular adhesion molecules within the CNS are
implicated as important mediators of sickness behavior [136-138]. Liver disease is often
associated with high plasma concentrations cytokines and endotoxins, which results in
increased expression of cellular adhesion molecules, chemokines, and subsequent leukocyte
recruitment. Kerfoot et al. reported that in mice with cholestatic inflammatory liver disease,
there were increased levels of endothelial adhesion molecule VCAM-1. This correlated with
increased levels of monocytes within brain parenchyma. Furthermore, blockade of leukocyte
trafficking molecules a-4 integrin and P-selectin abolished this effect [136]. In a follow-up
study administration of the same blocking antip combination resulted in a decrease in
sickness behavior, quantified by social interaction, in mice with inflammatory liver disease
[137].
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These results, along with substantial evidence indicating adhesion molecules play a
prominent role in other neuroinflammatory diseases such as multiple sclerosis [139],
Alzheimer’s disease [140], and stroke [141], make it reasonable to suspect these molecules
are important in the pathophysiology of cachexia. Furthermore, viral models of cachexia
suggest leukocyte recruitment into the CNS, which is mediated by chemokines and adhesion
molecules, also has an important role in sickness behavior [142,143] (see Section 5.2.3).

5.2.2. Chemokines—Chemokines are small proteins that attract and activate immune
cells. They are involved in virtually all pathologies with an inflammatory component. While
their role in the immune response is well known, it was only recently discovered that they
are prominent mediators of CNS response to stress. In the CNS, chemokine receptors are
upregulated on astrocytes [144], microglia [145], and neurons [146] during
neuroinflammation. In states of stress, hypothalamic chemokines play an important role in
the pathophysiology of cachexia [147]. ICV administration of numerous chemokines into the
rat brain, including IL-8/CXCLS8, IP-10/CXCL10, CCL2 and RANTES/CCLY5, decrease
short-term food intake [148]. During states of stress, these chemokines are expressed mainly
in circumventricular organs [147]. Furthermore, CXCL8 expression in the PVN is
implicated in signaling of stress hormones, such as ACTH and CRH [149].

Various chemokines cause a leukocyte response in the CNS via migration from the periphery
into the brain parenchyma. While the role of these molecules in the hypothalamus in
cachexia is not yet known, previous studies show they are important in endothelial activation
and maintenance of neuroinflammation. For example, Wu et al. showed that genetic deletion
of CCR2 in mice prevented endothelial activation and leukocyte recruitment into the CNS
after ICV LPS injection [150]. Similarly, when CCR2 is knocked out of microglia, monocyte
inflltration into the CNS is decreased during systemic inflammation. This subsequently
results in decreased sickness behavior, at least as measured by diminished social interaction
[137].

Furthermore, CXCL10 is associated with T-cell responses, and regulates the migration of T-
cells into the brain parenchyma in response to various neuroinflammatory states [142,151].
Itis induced by IFN-Y [143] and in the CNS is expressed almost exclusively in astrocytes
[143,152]. While the role of CXCL10 in the hypothalamus has not been studied, mice
infected IP with the parasite Trypanosoma brucei showed increased CXCL10 expression in
the hypothalamus [153]. Furthermore, mice with global CXCL10 deletion show decreased
mortality in lymphocytic choriomeningitis virus (LCMV) infection, a viral model of
cachexia (see Section 5.2.3) [142,143]. However, these knockout studies did not assess
hypothalamic inflltration or sickness behavior. Future studies should investigate whether
CCR2 or other chemokine knockouts can attenuate additional inflammation or alleviate
cachexia symptoms.

High levels of chemokines within the brain, along with increased expression of adhesion
molecules on endothelial cells suggest a mechanism of recruiting peripheral cells into the
CNS during neuroinflammation and a potential role for these cells in cachexia. While the
role of peripheral leukocytes has not been studied in most forms of cachexia, for over 20
years immunologists have been studying a murine model of viral CNS infection that induces
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profound wasting. This wasting is mediated almost entirely by inflltration of peripheral
lymphocytes into the CNS. As described in the following section, this model presents a
powerful means for investigating the role of leukocytes in viral cachexia, and a framework
for studying these cells in other causes of sickness behavior.

5.2.3. Leukocyte recruitment—While leukocyte trafficking into the CNS is evident in
several neurological diseases that result in cachexia, their role in the pathophysiology of
hypothalamus mediated sickness behavior is unknown. However, studies of LCMYV infection
demonstrate that peripheral leukocytes enter the CNS and play an important role in
maintaining cachexia [154-156]. T-cells release a number of cytokines capable of producing
an illness response when injected centrally, including IL-6 and LIF [157,158]. In animals
inoculated ICV with LCMV, anorexia and lethargy are maintained by MHC Il restricted
CDA4+ cells [154]. Mice treated with anti-CD8 antibodies or HLA Class | knockout then
infected with LCMV experienced non-lethal chronic wasting, losing approximately 25%
body weight over the course of 32 days before recovering [154].

While the LCMV model is used extensively from the immunology standpoint to study
persistent infections, it has rarely been used to study cachexia [156,159]. Kampershroer and
Quinn infected CD8+ T-cell deficient mice with LCMV via ICV inoculation and found that
wasting was dependent on IFN-y and IL-1, with IL-6 contributing to symptoms [159].
However, in contrast to previous cachexia literature, wasting was not dependent on TNFa. In
a recent study, Stamm et al. injected WT mice with LCMV virus IV at different doses and
sought to identify dose effects and further characterize mediators of wasting. The authors
found a positive correlation between weight loss and viral dose, but were unable to attenuate
symptoms with IFN-y or IL-1 blockade [156]. Nevertheless, these studies show the LCMV
model is a potent inducer of cachexia and these intriguing results suggest it can be a means
of making new discoveries in the mechanisms and treatment of cachexia.

Future studies are needed to determine whether lymphocyte recruitment in LCMV models is
a byproduct of elevated numbers of lymphocytes recruited systemically to fight infection, or
a mediator of hypothalamic inflammation and an integral part of the mechanism of cachexia.
In addition to LCMV, other mouse models of sickness behavior demonstrate that systemic
inflammation induces leukocyte recruitment in the CNS. In models of inflammatory liver
disease, monocytes were found in various regions of the brain and produced TNFa,
amplifying the neuroinflammatory response [136,137]. Blocking entry of these molecules to
the CNS attenuated sickness behavior. In contrast to LCMV studies, the leukocyte
population entering the CNS was almost exclusively monocytes. Unfortunately, the
hypothalamus was not assessed as a potential location for leukocyte recruitment. Future
studies are needed to investigate whether monocytes play a role in the hypothalamus in
inflammatory liver disease.

Lastly, in a rodent model of chronic stress, monocytes were reported to inflltrate the CNS,
including the PVN [94,160]. Future studies will be necessary to assess whether leukocyte
recruitment is specific to the hypothalamus and determine the characteristics and effector
functions of these cells.
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Recent studies demonstrate that peripheral leukocytes enter the brain in cachexia and play a
role in the neuroinflammatory response that causes sickness behavior. In addition to the
studies mentioned above, studies in cancer immunology have shown that leukocytes play an
important role in modulating inflammatory immune response in the brain [161]. However,
the specificity and characteristics of these cells have yet to be fully elucidated. Further
studies are needed to determine if these cells enter the hypothalamus, and the role of their
effector functions.

6. Concluding remarks

Whether in the context of acute or chronic inflammatory insults, a growing body of evidence
implicates the hypothalamus as a driving force in the pathophysiology of the acute illness
response and cachexia. The hypothalamus orchestrates orexigenic and anorexigenic drives in
both physiological and pathophysiological states. A variety of dietary stressors, infectious
stimuli, and chronic illnesses are able to alter the behavior of these cell populations.
Anatomical considerations such as the attenuated BBB of the median eminence allow direct
sensing of DAMPs and PAMPS, as well as indirect sensing of threats via peripheral immune
responses giving rise to cytokines. Hypothalamic exposure to any of numerous inflammatory
stimuli triggers an acute illness response, caused by IL-1p and TNF-a, leading to fever,
lethargy, anorexia, and weight loss. These molecules act acutely by binding to receptors on
circumventricular neuronal populations, such as POMC and AgRP, triggering a feed-forward
loop involving skeletal muscle catabolism and lipolysis. While cytokines are important
mediators of acute illness responses, their effects are rapidly attenuated and undergo
tachyphylaxis over time, implicating additional mediators in chronic hypothalamic
inflammation. The key paracrine and autocrine signaling pathways local to the hypothalamic
neurons and glia remain yet to be fully elucidated, but the recent discovery of the separate
ontogeny of microglia from peripheral immune cells provides an exciting opportunity for
understanding how inflammation differs in the CNS. Furthermore, cytokines can also act on
endothelial cells within the rich capillary supply of the hypothalamus, leading to further
production of cytokines, increased expression of cell adhesion molecules such as selectins
and integrins, and secretion of chemokines. Subsequently, peripheral leukocytes are
recruited into the CNS, where they secrete cytokines and amplify neuroinflammation. While
LCMV and chronic liver inflammation rodent models provide insight on the role of
peripheral leukocytes in cachexia, no studies have addressed their function within the
hypothalamus. Further studies and characterization are needed to determine whether these
cells enter the MBH or adjacent structures in states of inflammation. Even though many
unknowns persist, one thing remains clear: the hypothalamus is crucial in both the acute
sickness response and cachexia, and an improved understanding of its role in these processes
could prove essential in uncovering the elusive therapeutic solution for these conditions.
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Fig. 1.
Initiation, amplification, and perpetuation of hypothalamic inflammation. Repeated CNS

exposure to primary inflammatory cytokines results in tachyphylaxis; therefore, additional
pathophysiological steps must be involved to maintain chronic inflammation in cachexia.
Upon entering the CNS, cytokines bind to PAMP receptors and activate numerous types of
cells, including glia and hypothalamic vascular endothelial cells. Microglia are recruited and
activated by PAMPs, which results in increased release of cytokines and chemokines.
Endothelial cell activation in vasculature results in secretion of IL-1p and additional
cytokines, chemokine secretion, and expression of cell adhesion molecules. Chemokines and
adhesion molecules in turn recruit leukocytes from the periphery. These cells secrete
secondary cytokines, such as IL-6 and LIF. These pathways ultimately converge on neurons
to elicit neuroendocrine, metabolic, and behavioral changes.

Semin Cell Dev Biol. Author manuscript; available in PMC 2016 December 01.



	Abstract
	1. Introduction
	1.1. Central nervous system control of body mass and energy homeostasis

	2. The brain-muscle axis: a model for hypothalamic mechanisms of illness responses and cachexia
	2.1. Skeletal muscle catabolism is mediated by hypothalamic cytokines
	2.2. Role of neuroendocrine modulation of muscle mass

	3. Mechanisms of hypothalamic inflammation in metabolic derangements: insights from high fat diet and obesity
	4. Hypothalamic inflammation and the acute illness response
	4.1. The role of cytokines in acute hypothalamic inflammation and cachexia
	4.1.1. TNFα
	4.1.2. IL-1β


	5. From acute to chronic: how hypothalamic inflammation contributes to transition from sickness to cachexia
	5.1. Pathological transition from acute to chronic inflammation
	5.2. A reactive endothelium and leukocyte recruitment: new frontiers in neuroinflammatory mechanisms of cachexia
	5.2.1. An activated endothelium
	5.2.1.1. Cytokines and the hypothalamic endothelium
	5.2.1.2. Cell adhesion molecules

	5.2.2. Chemokines
	5.2.3. Leukocyte recruitment


	6. Concluding remarks
	References
	Fig. 1

