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Brain Inflammation
and Endoplasmic Reticulum Stress

Isin Cakir and Eduardo A. Nillni

4.1 Inflammation

In his medical treatise De Medicina dating back
two millenniums, Aulus Cornelius Celsus refers
to the signs of inflammation as “redness and
swelling with heat and pain.” Inflammation is a
reaction of the body to foreign stimuli and has
presumably evolved to restore homeostasis in
response to infections, tissue damage, or toxins.
In conditions when the basal homeostatic state
cannot be restored, persistent inflammatory sig-
nals usually lead to a maladaptive state as we
observe in diet-induced obesity. Inflammatory
process typically involves an inducing factor,
such as bacterial infection, which is recognized
by sensory molecules, e.g., as toll-like receptors,
which then leads to secretion of inflammatory
mediators including cytokines, chemokines, and
a subclass of eicosanoids called prostaglandins.
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Final stage of the acute inflammatory cycle
involves a resolution stage aimed to return to the
pre-inflammatory ~ homeostatic ~ boundaries
(Serhan et al. 2007), and failure to do so might
lead to chronic inflammation. As opposed to
acute  inflammatory  response = commonly
observed, following tissue injury or bacterial or
viral infections, metabolic syndrome, and obesity
per se manifest in the form of a chronic low-
grade inflammatory state also called para—/meta-
inflammation (Medzhitov 2008; Hotamisligil
2017). The inducing factor(s) of this chronic low-
grade inflammation is still not entirely clear;
however common mediators are involved in the
acute and chronic inflammation. In contrast to
many other chronic inflammatory conditions
where the response is localized to the site of
action of the inducing factor (e.g., site of infec-
tion), obesity-associated inflammation is mani-
fested at a systemic level incorporating the
peripheral as well as central tissues. Low-grade
chronic inflammation has been demonstrated in
a variety of metabolic tissues, such as the white
adipose (Xu et al. 2003), liver (Cai et al. 2005),
skeletal muscle (8, 9), and pancreas (Ehses
et al. 2008; Donath et al. 2010), and appears to
play a causative role in metabolic dysregula-
tions including insulin resistance during obe-
sity. For example, treatment with an
anti-inflammatory agent amlexanox, an inhibi-
tor of the NF-xB kinases IKKe and TBK-1,
reduces obesity in rodents and improves glucose
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homeostasis in mice (Reilly et al. 2013) and a
subset of diabetics (Oral et al. 2017).

Inflammation in the central nervous system
(CNS) also parallels the excess calorie intake and
obesity, and this chapter will focus on the key
mediators, signaling components, and the various
cell types involved in the inflammatory process in
the CNS. We will describe genetic and pharma-
cological approaches utilized to target the inflam-
matory mediators or signaling pathways involved.
A significant number of studies now suggest that
obesity and the associated inflammatory state
form a positive feedback loop where induction of
inflammation exacerbates various abnormalities
observed in obesity such as the impaired glucose
metabolism (Okin and Medzhitov 2016). We fur-
ther address the central inflammation in regard to
neurons and glial cell populations with specific
emphasis on the hypothalamus and regulation of
energy homeostasis.

4.1.1 Hallmarks of Inflammation

Classical activators of inflammation, such as lipo-
polysaccharide (LPS or endotoxin), tumor necro-
sis factor alpha (TNFa), and interleukin-1 (IL-1),
induce a series of physiological outcomes involv-
ing fever and anorexia through their central
action. Fever is mediated through activation of
cyclooxygenase expression, which is targeted —
either directly or indirectly — by most commonly
used antipyretic (fever reducing) agents including
common nonsteroidal anti-inflammatory drugs
(NSAID), such as salicylic acid (aspirin) and ibu-
profen. Some inflammatory signals derived from
the periphery act through their receptors in the
brain; however their action is further amplified
through local production of other inflammatory
mediators. For example, peripheral administra-
tion of LPS (endotoxin) triggers hypothalamic
expression of pro-inflammatory cytokines includ-
ing TNFa, IL-6, and IL-1 (Hillhouse and Mosley
1993; Layé et al. 1994; Breder et al. 1994; Wong
et al. 1997), and the LPS-induced anorexia is pre-
sumably an integrated response to all these fac-
tors, which activate an overlapping set of
signaling cascades: These include the stress-acti-
vated kinase pathways including, but not limited

to, c-Jun N-terminal kinase (JNK) and p38 kinase,
canonical and noncanonical nuclear factor kappa
B (NF-xB) pathways, and protein kinase R
(PKR). Some of these pathways are also utilized
by metabolic hormones and important for the
regulation of energy balance. For example, sick-
ness and leptin-induced anorexia are mediated in
part by acute hypothalamic inflammation and
require central NF-xB signaling (Jang et al.
2010). Although LPS also results in a systemic
increase in TNFa concentrations, LPS-induced
upregulation of central TNFa seems to follow a
different mechanism and precedes the rise in cir-
culating TNFa concentration (Sacoccio et al.
1998). Furthermore, there appears to be a func-
tional redundancy on certain phenotypes induced
by the central action of the pro-inflammatory
cytokines. For example, most effects of systemic
LPS administration, including anorexia, hypogly-
cemia, and activation of the hypothalamus-pitu-
itary-adrenal axis, were intact in IL-1f knockout
mice. However, the anorexic response to central
administration of LPS still required central IL-1
production (Yao et al. 1999).

A classical hallmark of inflammation is upreg-
ulation of the hypothalamic-pituitary-adrenal
(HPA) axis. Upon inflammatory challenge,
plasma ACTH concentrations rise, which act on
the adrenal glands and result in systemic elevated
glucocorticoid levels. Glucocorticoids are anti-
inflammatory agents and therefore act as a pro-
tective negative feedback loop to block persistent
HPA activation (Besedovsky and del Rey 1996).
Classical pro-inflammatory cytokines such as
TNFa, IL-1, and IL-6 as well as LPS stimulate
transcription of hypothalamic corticotropin-
releasing hormone/factor (CRH/F), which acts
on pituitary to induce ACTH release into the cir-
culation. There is a certain degree of overlap in
the physiology as well as the mechanism of
action of leptin and the pro-inflammatory cyto-
kines. For example, central IL-1 infusion into the
VMH results in acute decreases in food intake
and body weight in rats (Kent et al. 1994) and
mice (Kent et al. 1996), and LPS administration
upregulates the immediate early gene c-fos,
which has been widely used as a marker for neu-
ronal activation (Sagar and Sharp 1993), in the
hypothalamus, the amygdala, and the nucleus
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tractus solitarius (NTS) (Elmquist et al. 1993).
LPS, like leptin, induces the hypothalamic
STAT3 phosphorylation (Hosoi et al. 2004),
although this is a secondary response to LPS-
induced IL-6 upregulation. In addition, LPS-
induced anorexia and fever depend in part on
circulating leptin (Sachot et al. 2004). Rats lack-
ing leptin receptor signaling are defective in acti-
vating the HPA axis upon LPS exposure (Steiner
et al. 2004). However, central action of leptin
counteracts the fasting-induced activation of
HPA axis, such that restoration of fasting-induced
decrease in plasma leptin concentrations back to
the fed levels blocks the rise in plasma corticoste-
rone and ACTH levels observed upon food depri-
vation (Ahima et al. 1996).

As discussed below, NF-kB activation is a
common hallmark of diet-induced obesity in the
hypothalamus and peripheral metabolic tissues
(Arkan et al. 2005; Wunderlich et al. 2008;
Chiang et al. 2009). The canonical (classical)
NF-«B signaling is comprised of a family of five
transcription factors (p65 (RelA), RelB, c-Rel,
pl05/p50 (NF-xB1), and pl100/52 (NF-xB2)),
which are under normal conditions sequestered
in the cytosol by inhibitor of xB (IxkB).
Phosphorylation of IkB by upstream IxB kinases
(IKK) results in its proteasome-mediated degra-
dation. Free NF-xB proteins then translocate to
the nucleus to activate the transcription of target
genes. Besides classical IKKs (IKKa, IKKp),
there are IKK-related kinases (IKKe, TBK1) that
play a critical role in the obesity-induced inflam-
mation. In the adipose tissue and liver of diet-
induced obese mice, the activity of these
noncanonical (alternate) IKKs increases (Chiang
et al. 2009). IKKe knockout mice are protected
from diet-induced inflammation and obesity
mainly due to elevated energy expenditure
(Chiang et al. 2009). Furthermore, treatment of
diet-induced knockout mice with an IKKe/TBK1
inhibitor reverses diet-induced obesity and asso-
ciated complications including glucose metabo-
lism (Reilly et al. 2013). Obesity activates IKKe
in the hypothalamus as well (Weissmann et al.
2014). Pharmacological or genetic inhibition of
hypothalamic IKKe signaling in obese rodents
leads to decreased NF-«kB activity and amelio-

rates central insulin and leptin resistance
(Weissmann et al. 2014).

IKKpB/NF-kB pathway plays a key role in neu-
ronal stem cells (NSCs). For example, CNTF, a key
factor involved in the maintenance of NSCs
(Shimazaki et al. 2001), can suppress food intake
and body weight even in leptin-resistant mice
through a mechanism that involves neurogenesis
in the hypothalamus (Kokoeva et al. 2005). Obese
rodents have decreased numbers of hypothalamic
NSCs, and inhibition of IKKP/NF-kB increases
their survival (Li et al. 2012). NSC-specific activa-
tion of IKKP/NF-kB in adult mice results in
decreased NSC number and increased food intake
and weight gain (Li et al. 2012). One of the hall-
marks of obesity is induction of a pathophysiology
of aging at earlier ages in peripheral as well as cen-
tral tissues. Hypothalamic markers of inflamma-
tion increase as mice get older. Most notably,
ablating neuronal IKKp expression or blocking
IKKSp activity specifically in the mediobasal hypo-
thalamus results in extended life-span accompa-
nied by improved cognitive and motor functions,
whereas activation of NF-kB induces an opposite
phenotype and results in mice with shorter life-
span (Zhang et al. 2013a). Most of these pheno-
types could be mimicked by microglia-specific
IKKp inhibition as well, suggesting the importance
of non-neuronal cells in hypothalamic inflamma-
tion and associated metabolic abnormalities.

Inflammatory ligands in the form of foreign
pathogens or endogenous signals are typically
recognized by pattern recognition receptors (toll-
like receptors, TLRs) expressed on the cell sur-
face or intracellular membranes such as ER. The
ligands recognized by different TLRs have been
characterized; for example, TLR4 acts as the
receptor for LPS. TLR activation classically
leads to NF-kB activation and induces the expres-
sion of interleukin-1 (IL-1) family of cytokines
(IL-1 and IL-18), which are processed from their
pro-interleukin precursors to mature forms by
active caspase 1. The canonical pathway of cas-
pase 1 activation involves inflammasomes
(Martinon et al. 2002), large protein complexes
assembled by innate immune receptors called
nucleotide-binding domain leucine-rich repeat-
containing receptors (NLRs), absent in melanoma
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2 (AIM2) and pyrin (Stutz et al. 2009; Broz and
Dixit 2016). Glial cells in the CNS including
microglia and astrocytes express TLRs (Lehnardt
2010), and inflammasome components are con-
stitutively expressed in the brain (Yin et al. 2009),
where they act as major regulators of central
inflammation (Song et al. 2017). For example,
the microglial IL-1B production observed in
Alzheimer’s disease is mediated by amyloid beta
recognized by the inflammasome NALP3 (also
called NLRP3), which leads to caspase 1 activa-
tion and the processing of pro-IL-1f to active
IL-1P (Halle et al. 2008). Inflammasome compo-
nents are also detected in neurons (Kummer et al.
2007) and seem to play essential roles during
conditions such as brain injury (de Rivero Vaccari
et al. 2008), headache (Silverman et al. 2009;
Karatas et al. 2013), and response to certain viral
infections (Ramos et al. 2012). The overall clini-
cal importance of inflammasomes extends
beyond infections, and its dysregulation plays a
key role in peripheral as well as central inflam-
mation associated with metabolic syndrome
including obesity. For example, NLRP3 ablation
protected mice from age-associated central
inflammation and astrogliosis, improved glucose
homeostasis, attenuated bone loss and thymus
dysfunction (Youm et al. 2013), and enhanced
the obesity-associated defects in insulin signaling
(Vandanmagsar et al. 2011). We next discuss in
more detail the inflammation of the nervous sys-
tem or “neuroinflammation.”

4.1.2 Central Nervous System (CNS)
Components
of the Inflammatory Process

4.1.2.1 Neurons Are Not Alone
in the CNS

In order to understand the CNS inflammation, it
is important first to get a broad understanding of
the cellular architecture of the CNS as term neu-
roinflammation extends beyond the neurons.
Majority of the cells in the CNS are non-neuronal
cells called glia. There are three glial cell popula-
tion: astrocytes, microglia, and oligodendrocytes.
The main function of these cells is to maintain
the homeostasis in the nervous system. Astrocytes

send projections (called astrocytic end feet) to
meet the blood capillaries and have traditionally
been viewed as a gate between the circulation
and the rest of the CNS. For example, the classi-
cal view of CNS glucose utilization has been the
import of glucose from the bloodstream by the
astrocytes to be first oxidized to lactic acid, which
is then taken up by neurons and used as the
energy source. This indirect route of glucose uti-
lization, called the astrocyte-neuron lactate shut-
tle, was reported to be key to the central regulation
of glucose metabolism (Lam et al. 2005).
Likewise, astrocytes can oxidize fatty acids to
ketones, which could then be used by neurons as
energy source (Le Foll and Levin 2016). Although
recent findings suggest that neurons might play a
more direct role in nutrient utilization (Lundgaard
et al. 2015), astrocytes play an indispensible role
in the central regulation of energy homeostasis:
They express the receptors for key metabolic fac-
tors including leptin, insulin, and ghrelin (Kim
et al. 2014; Garcia-Caceres et al. 2016; Frago and
Chowen 2017). Astrocytic insulin signaling is
required for brain glucose uptake and systemic
glucose homeostasis (Garcia-Cdceres et al.
2016). By regulating extracellular adenosine con-
centration, astrocytes regulate AgRP neuronal
activity and actively participate in the regulation
of feeding (Yang et al. 2015). Leptin induces
astrocyte proliferation in the hypothalamus
(Rottkamp et al. 2015), and removal of leptin
receptor from astrocytes attenuates the response
to leptin-induced anorexia while potentiating
ghrelin-induced food intake (Kim et al. 2014).
Microglia are resident macrophages of the
CNS derived from erythromyeloid precursors in
the yolk sac (Kierdorf et al. 2013). Their function
includes maintenance as well as the plasticity of
synaptic circuitry, synaptic transmission, neuro-
nal surveillance, and neurogenesis (Walton et al.
2006; Paolicelli et al. 2011; Pascual et al. 2012;
Wake et al. 2013). Rodents are estimated to have
between 3 and 4 million microglia. Their distri-
bution is not uniform throughout the brain, with
more microglia detected in the hippocampus,
olfactory telencephalon, basal ganglia, and sub-
stantia nigra than regions such as the cerebellum
and brain stem (Lawson et al. 1990). Contrary to
differentiated adult neurons, microglia can pro-



4 Brain Inflammation and Endoplasmic Reticulum Stress

79

liferate. Earlier studies have suggested that a
source of resident microglia was monocytes that
are recruited from the periphery, which in turn
could differentiate into resident microglia
(Lawson et al. 1992). However, recent studies
show that postnatal hematopoiesis makes a mar-
ginal contribution to steady-state resident
microglial cell population (Ginhoux et al. 2010).
Microglia development and survival depend on a
receptor tyrosine kinase called colony-stimulat-
ing factor 1 receptor (CSF1R) (Ginhoux et al.
2010; Erblich et al. 2011) whose inhibition leads
to complete microglial depletion in adult mice.
However, in adult mice, nestin-positive latent
microglial progenitors are capable of renewing
the CNS microglia pool (Elmore et al. 2014).
The third glial population is comprised of the oli-
godendrocytes (ODs). These cells mainly func-
tion to provide electrical insulation (myelination)
to neurons. Besides this fundamental role, ODs
produce a variety of neurotrophic and growth
factors such as BDNF and IGF-1 to promote neu-
ronal survival (Wilkins et al. 2001, 2003; Du and
Dreyfus 2002). Another glial population is NG2
glia, which are also called polydendrocytes or
oligodendrocyte precursors (Nishiyama et al.
2009). These cells are characterized by their
expression of a single membrane-spanning chon-
droitin sulfate proteoglycan, called NG2, and are
able to differentiate into myelinating oligoden-
drocytes and engage in tissue repair (Hughes
et al. 2013). Accordingly, NG2 glia gain a hyper-
trophic characteristic upon demyelinating insults
(Keirstead et al. 1998; Di Bello et al. 1999;
Levine and Reynolds 1999). In the hypothala-
mus, particularly in the circumventricular organ
the median eminence (ME), NG2 glia play a cru-
cial role in sensing circulating leptin (Djogo
et al. 2016). Leptin receptor-positive neurons
have their dendritic projections in the ME in
close proximity of NG2 glia. Following deple-
tion of NG2 glia, the ARC neurons lose their
response to leptin, which in turn triggers obesity
(Djogo et al. 2016). This finding has more immi-
nent consequences for humans as NG2 depletion
upon cranial X-ray irradiation was also proposed
to contribute to weight gain in humans (Djogo
et al. 2016).

The resident astrocytes and microglia are the
innate immune cells of the CNS, and there exists
a dynamic interaction between them including
during central inflammation. Activated microglia
can induce a subpopulation of astrocytes by
secreting inflammatory mediators including
IL1a, TNF, and Clq, which in turn blunts the
neuroprotective capacity of the astrocytes leading
to neuronal death (Liddelow etal. 2017). Contrary
to the periphery, central innate immune response
cannot initiate adaptive immunity: In the periph-
eral innate immune cells (e.g., dendritic cells),
foreign antigens are typically presented by MHC
class I molecules on the cell surface to T cells to
trigger an adaptive immune response. However,
this process is not adapted by the glia. This is
consistent with the anti-inflammatory environ-
ment of the brain parenchyma as well as the
physical limitations induced by the blood-brain
barrier (BBB) that would block migration/com-
munication of innate and adaptive immune cell
components. However, it is worth to mention that
the notion that brains are devoid of adaptive
immunity is not absolute. For example, dendritic
cell-like properties have been reported in menin-
ges and choroid plexus in healthy mice
(Anandasabapathy et al. 2011), and a rare expres-
sion pattern of MHCs exists in neurons (Neumann
et al. 1995). Surprisingly, recent evidence sug-
gests that inflammatory signals regulate periph-
eral adaptive immunity through pathways
including their central actions. For example,
hypothalamic responses to TNFa result in
increased sympathetic tone to white adipose tis-
sue. As a result, increased lipolysis produces
long-chain fatty acids, which mediate the accu-
mulation of the cells of adaptive immunity, the
lymphocytes, in spleen and adipose tissue (Kim
et al. 2015).

4.1.2.2 Hypothalamic Inflammation
and Energy Homeostasis

As explained above, obesity manifests itself as a
chronic low-grade inflammatory state. Increase
in the adipose tissue expression and plasma lev-
els of the pro-inflammatory cytokine TNFa in
obesity was first reported in 1993 in rodents
(Hotamisligil et al. 1993). TNFa inhibits insulin
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signaling by inducing an inhibitory phosphoryla-
tion on insulin receptor substrate 1 (IRS1)
(Hotamisligil et al. 1994, 1996), an insulin
receptor-interacting protein. Accordingly, TNFa
knockout mice are protected from obesity-
induced insulin resistance (Uysal et al. 1997).
Likewise, macrophage-specific ablation of c-Jun
N-terminal kinase (JNK) blocks pro-inflammatory
macrophage polarization, decreases their adipose
tissue infiltration, and confers protection from
obesity-induced insulin resistance (Han et al.
2013). Markers of inflammation in obesity are
observed in several peripheral tissues including
the liver, adipose tissue, and muscle (Schenk
et al. 2008). Hypothalamus is no exception; high-
fat feeding results in increased activation of JNK
and NF-kB pathways in the hypothalamus (De
Souza et al. 2005); results in elevated expression
of pro-inflammatory mediators in the hypothala-
mus, including IL-18 and TNFa; and attenuates
insulin, leptin, and ghrelin (Naznin et al. 2015)
signaling. Hypothalamic PTP1B expression, a
negative regulator of insulin and leptin receptor
signaling, increases in diet-induced obesity; and
this response can be mimicked by TNFa admin-
istration to lean healthy mice (Bence et al. 2006;
Zabolotny et al. 2008). Central injection of neu-
tralizing antibodies targeted against TLR4 or
TNFa in obese rats reduces markers of hypotha-
lamic inflammation and improves hepatic steato-
sis and gluconeogenesis through parasympathetic
output to the liver (Milanski et al. 2012).
Furthermore, reducing hypothalamic inflamma-
tion by neuronal-, glial-, or hypothalamus-
specific deletion of IKKf in mice confers
protection from diet-induced obesity (Zhang
et al. 2008; Valdearcos et al. 2017).

The hypothalamic inflammation observed in
obesity is temporally different than peripheral
inflammation. While peripheral inflammation is
thought to develop secondary to diet-induced adi-
posity, rapid changes in the hypothalamic inflam-
matory signaling cascades could be observed
within only 1 day following high-fat diet con-
sumption. For example, rodents display elevated
markers of inflammation (Thaler et al. 2012) and
insulin resistance in the hypothalamus-brain cir-
cuitry (Ono et al. 2008) within 24 h of exposure

to high-fat diet, much earlier than accumulation
of adiposity. HFD-induced proliferation and acti-
vation of glia in the hypothalamus seem to be
important for the accompanying peripheral
inflammation such that blocking central cell pro-
liferation attenuates not only the central but also
the peripheral inflammation (André et al. 2017).
The central inflammation observed upon high-fat
diet consumption, at least in part, depends on the
direct effect of saturated fatty acids on the hypo-
thalamus rather than the total calories consumed,
and central infusion of palmitate, a saturated fatty
acid, to lean rats mimics the hypothalamic insulin
resistance and IKKf activation observed in rats
exposed to high-fat diet (Posey et al. 2009).
Hypothalamic inflammation could be stimulated
by administration of saturated fatty acids by
intragastric gavage for 3 days; however, the same
treatment does not induce systemic inflamma-
tion. In parallel with their central effects in vivo,
saturated fatty acids induce endoplasmic reticu-
lum (ER) stress in neuronal cultures (Mayer and
Belsham 2010; Choi et al. 2010). However, their
pro-inflammatory effects were attenuated in cul-
tured hypothalamic neurons, suggesting a role for
non-neuronal cells in the fatty acid-induced cen-
tral inflammation (Choi et al. 2010). Consumption
of high-calorie diet results in accumulation of
saturated fatty acids in the hypothalamus (but not
the cerebral cortex) and activates the microglia in
the ARC (Valdearcos et al. 2014). Diet-induced
hypothalamic gliosis, activation of the glial pop-
ulation, is also reported in humans (Thaler et al.
2012). At least in high-fat diet-fed rodents, some
of the hypothalamic gliosis is also attributed to
monocyte-derived non-microglial myeloid cells
recruited by resident microglia (Berkseth et al.
2014). Furthermore, the detected inflammation
was restricted to hypothalamic microglia, but not
the astrocytes, although both cell population
accumulate in the mediobasal hypothalamus fol-
lowing high-fat diet consumption. Accordingly,
saturated fatty acids induce secretion of inflam-
matory mediators, including TNFa, IL-6, and
monocyte chemoattractant protein-1 (also called
CCL2), from primary microglia but not primary
astrocytes (Valdearcos et al. 2014), and hypotha-
lamic infiltration of astrocytes following high-fat
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diet does not seem to blunt leptin responsiveness
(Balland and Cowley 2017). Astrocytes also
express some components of the inflammasome
such as NLRP2 (Minkiewicz et al. 2013) but not
others (e.g., NLRP3) (Gustin et al. 2015), and
microglia appear to be the main inflammatory
glial population involved in CNS (Gustin et al.
2015). The hypothalamic microglial inflamma-
tion is accompanied by elevated markers of neu-
ronal injury and decreased cognitive function,
and this was reported in both rodents and humans
(Thaler et al. 2012; Valdearcos et al. 2014; Puig
et al. 2015). Saturated fatty acids induce hypotha-
lamic inflammation mainly acting through TLR4
(Milanski et al. 2009), and in line with above
findings, activation of microglial TLR4 by LPS
induces neurodegeneration (Lehnardt et al.
2003). Upon microglial depletion, the response
of the CNS to LPS challenge is compromised for
certain pro-inflammatory markers including
IL-1P and TNFa (Elmore et al. 2014). Microglia
also express TLR2, which was proposed to
acutely mediate the sickness-induced anorexia
and POMC activation (Jin et al. 2016), at least in
part through microglia-derived TNFa release (Yi
et al. 2017). Although the inflammatory path-
ways might contribute to the regulation of energy
balance by anorectic hormones including leptin
(Jang et al. 2010), these effects seem to be acute,
and blocking TNFa signaling in the mediobasal
hypothalamus results in attenuation of diet-
induced weight gain (Yi et al. 2017). Depleting
microglia by CSFIR antagonism augmented
leptin signaling and suppressed food intake, sug-
gesting a negative role of microglial activation on
central leptin action (Valdearcos et al. 2014).
When mice are fed with HFD supplemented with
the CSFIR antagonist, the food intake and weight
gain on the mice are attenuated (Valdearcos et al.
2017). Likewise, blocking microglial activation
by specific depletion of IKKp from microglia
confers resistance to high-fat diet-induced weight
gain in part by reducing food intake (Valdearcos
et al. 2017). When hypothalamic gliosis is
induced by specifically activating the microglial
NF-kB pathway, the transgenic mice had
increased food intake and weight gain and
reduced energy expenditure (Valdearcos et al.

2017). Considering that microglial depletion in
adult mice does not result in overt behavioral
phenotypes or cognitive abnormalities (Elmore
etal. 2014), CSF1R antagonism might be a prom-
ising anti-obesity mechanism. Astrocyte activa-
tion is also observed upon acute HFD challenge.
Surprisingly, blocking HFD-induced astrocyte
activation by astrocyte-specific inhibition of
NF-«B results in increased food intake, although
this response is very acute and does not persist
upon continuous HFD feeding (Buckman et al.
2015). In obesity as well as aging, elevated TGF(
production by the astrocytes impairs glucose
homeostasis by acting on POMC neurons and
inducing an inflammatory response (Yan et al.
2014). Diet-induced hypothalamic inflammation
and gliosis are not permanent in rodents and
could largely be reversed upon exercise (Ropelle
et al. 2010; Yi et al. 2012a) or weight loss
(Berkseth et al. 2014). In humans, at least one
study showed that hypothalamic inflammation in
obese human MBH was not reversed following
gastric bypass-induced weight loss and elevated
insulin sensitivity (Kreutzer et al. 2017). More
research is certainly warranted to dissect the
potential differences between humans and
rodents in regard to the kinetics as well as the
reversible nature of diet-induced hypothalamic
inflammation.

Neurons are rather resistant to saturated fatty
acid-induced inflammation compared to glia
(Choi et al. 2010). There is relatively higher
expression of IKKp and IxkBa in the hypothala-
mus compared to peripheral tissues including the
liver, skeletal muscle, adipose tissue, and kidney
(Zhang et al. 2008). In diet-induced obese mice,
IKKp-NF-kB signaling gets activated in the neu-
rons located in the mediobasal hypothalamus
(MBH) (Zhang et al. 2008). Neuronal activation
of IKKp in MBH neurons stimulates food intake
and weight gain, while a dominant negative IKKf}
reverses both parameters (Zhang et al. 2008).
AgRP-specific IKKp knockout mice also eat less
and gain less weight on HFD (Zhang et al. 2008),
and activating IKKp specifically in AgRP neu-
rons impairs glucose homeostasis without chang-
ing body weight (Tsaousidou et al. 2014).
Activation of the inflammatory signals and ER
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stress are mechanistically coupled at least
through NF-xB signaling (Zhang et al. 2008).
Active IKKp triggers ER stress, which in turn
leads to further activation of IKKp, resulting in a
positive feedback loop to attenuate central insulin
and leptin signaling leading to positive energy
balance (Zhang et al. 2008). Besides overnutri-
tion, inhibition of hypothalamic autophagy also
leads to IKKp activation and hypothalamic
inflammation, increased food intake, and
decreased energy expenditure (Meng and Cai
2011). Increased hypothalamic IKKB-NFxB sig-
naling decreases the number of hypothalamic
neural stem cells, results in dysregulated neuro-
genesis (Li et al. 2012), inhibits gonadotropin-
releasing hormone (GnRH) expression (Zhang
et al. 2013a), and triggers hypertension
(Purkayastha et al. 201la). For example,
increased MBH-specific IKKp activation
increases blood pressure, and POMC-specific
IKKB KO mice are protected from obesity-
induced hypertension (Purkayastha et al. 2011a).
Consequently, neuronal IKKf KO mice exhibit
extended life-span (Zhang et al. 2013a).
Prominent role of NF-«xB signaling in the reg-
ulation of energy balance is further emphasized
by studies utilizing glucocorticoids (GC). GCs
are potent anti-inflammatory molecules, secreted
from the adrenal glands typically in response to
stress-induced activation of the HPA axis. GCs
are steroids and act through the intracellular glu-
cocorticoid receptor (GR). GR directly interacts
with p65 (Rel A) (Ray and Prefontaine 1994) and
inhibits NF-xB signaling by increasing the
nuclear export rate of p65 (Nelson et al. 2003)
and increasing IkB expression level (Deroo and
Archer 2001). Targeting a GR agonist, dexameth-
asone (Dexa), to glucagon-like peptide-1 (GLP-
1) expressing cells by using a GLP-1/Dexa
conjugate results in decreased hypothalamic and
systemic inflammation, improves glucose
homeostasis, and decreases body weight in DIO
mice (Quarta et al. 2017). GLP-1 receptor
(GLPIR) is mostly expressed by neurons in
human and rodent brain. It is also expressed by
the immune cells in the circulation. Accordingly,
the metabolic improvements observed upon
GLP-1/Dexa treatment are mediated by both cen-

tral and peripheral GLPI1R-expressing cells
(Quarta et al. 2017).

JNKs are typically activated by high-fat feed-
ing (Prada et al. 2005), and genetic studies have
indicated the ablation of peripheral JNK activity
to be protective from diet-induced metabolic
abnormalities. JNK1 global KO mice, but not
JNK2 KO mice, are protected from diet-induced
obesity (Hirosumi et al. 2002). Adipose tissue-
specific ablation of JNKI1 does not alter body
weight or adiposity but confers significant pro-
tection from hepatic insulin resistance (Sabio
et al. 2008). Similar protection from peripheral
insulin resistance is observed upon deletion of
JNKI1 and JNK2 from macrophages (Han et al.
2013) or skeletal muscle (Sabio et al. 2010b).
Although liver-specific JNK1 KO mice were
reported to exhibit hepatic insulin resistance, glu-
cose intolerance, and steatosis (Sabio et al. 2009),
deletion of both JNKI and JNK2 from hepato-
cytes significantly improves systemic glucose
homeostasis and insulin signaling (Vernia et al.
2014).

In the CNS, JNKs are essential for proper
brain development (Kuan et al. 1999; Chang
et al. 2003; Amura et al. 2005). INK2 and JNK3
deletion confers protection from various forms of
neurodegeneration including cerebral ischemic
hypoxia (Kuan et al. 2003; Hunot et al. 2004). In
JNK1 KO mice, glucocorticoid-induced feeding
was exacerbated (Unger et al. 2010); however the
animals exhibit increased central insulin sensitiv-
ity (Unger et al. 2010). Accordingly, neuron-
specific ablation of JNKI1 results in increased
central as well as peripheral insulin sensitivity,
reduced hepatic steatosis, and decreased body
weight in diet-induced obese mice, without alter-
ing central leptin sensitivity (Kleinridders et al.
2009; Sabio et al. 2010a; Belgardt et al. 2010).
Most of these effects were due to decreased food
intake and elevated HPT axis activity (Sabio
et al. 2010a). Accordingly, disrupting HPT axis
by blocking thyroxine production attenuated the
protective effect of neuronal JNKI1 depletion
from diet-induced weight gain (Sabio et al.
2010a). Triiodothyronine treatment induced
hypothalamic JNK1 activity, which in turn led to
hepatic steatosis (Martinez-Sanchez et al. 2017).
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AgRP-specific JNK1 activation blunted leptin
signaling specifically in AgRP neurons, increased
AgRP neuronal firing, and consequently induced
weight gain (Tsaousidou et al. 2014) without sig-
nificant alterations in glucose homeostasis.

Role of JNK3 in feeding and body weight
regulation is different than the other isoforms.
HFD activated hypothalamic JNK3 phosphoryla-
tion, and embryonic deletion of JNK3 induces
food intake, significantly exacerbates weight
gain, increases adipose tissue inflammation, and
impairs systemic glucose homeostasis specifi-
cally on HFD (Vernia et al. 2016). These pheno-
types were largely mimicked when JNK3 was
ablated from leptin receptor-positive cells or spe-
cifically from AgRP neurons (Vernia et al. 2016).
However, POMC-specific JNK3 KO mice had
normal feeding and glucose homeostasis (Vernia
et al. 2016). Despite these findings based on
genetic studies, central or peripheral administra-
tion of a JNK2/3-specific inhibitor suppressed
food intake and resulted in robust weight loss
(Gao et al. 2017).

TLR4 acts as the endogenous receptor for LPS
and saturated fatty acids and plays a critical role
in the lipid-induced insulin resistance in the
periphery (Shi et al. 2006). In the CNS, TLR4 is
expressed  predominantly  in  microglia
(Chakravarty and Herkenham 2005) and plays a
critical role for fatty acid-induced hypothalamic
inflammation (Milanski et al. 2009). Adult neuro-
nal progenitor cells also express TLR4, and its
absence promotes neuronal differentiation (Rolls
et al. 2007). Hypothalamic TLR4 signaling has
also been implicated in the etiology of metabolic
syndrome. HFD-induced obesity triggers neuro-
nal expression of a chemokine, CX3CL1, in the
hypothalamus and mediates the recruitment of
peripheral monocytes and induction of hypotha-
lamic inflammation (Morari et al. 2014). TLR4
was proposed to also interact with resistin, an
adipokine that negatively regulates insulin sig-
naling (Benomar et al. 2013), such that the cen-
tral effects of resisting are blocked in TLR4
knockout mice (Benomar et al. 2016).
Hypothalamic TLR4 also appears to have protec-
tive effects such that TLR4 blocks excess apop-
totic neuronal death upon HFD feeding (Moraes

et al. 2009). Acting in the paraventricular nucleus
of the hypothalamus, TLR4 signaling mediates
the obesity-induced increase hypertension
(Dange et al. 2015; Masson et al. 2015). MyD88
knockout mice are resistant to LPS- or IL-1f-
induced anorexia but not weight loss (Ogimoto
et al. 2006; Yamawaki et al. 2010). Neuron-
specific ablation of MyD88 blocked high-fat
diet-induced ARC IKK activation (but not JNK1
activation) and conferred partial protection from
fatty acid-induced leptin resistance and weight
gain (Kleinridders et al. 2009).

Diet-induced obesity and associated inflam-
mation have been shown to alter the structure and
permeability of the BBB (Mauro et al. 2014,
Varatharaj and Galea 2017). Certain regions of
the CNS involved in the regulation of energy
homeostasis lie outside the BBB; these include,
among other regions, the ME and area postrema
(Maolood and Meister 2009; Riediger 2012). The
barriers between the CNS-resident cells and
circulation have a fundamental role in the regula-
tion of energy homeostasis during normal physi-
ology as well as pathophysiological conditions
including inflammation. Permeability of BBB is
not rigid especially at the blood-hypothalamus
barrier. A specialized and modified ependymal
microglial population called tanycytes line the
ventricles and form a barrier between the cere-
brospinal fluid and circulation (Langlet et al.
2013b). Tanycytes are critically important in the
sensing of circulating factors, such as leptin by
hypothalamic neurons (Balland et al. 2014),
while actively participating in neurogenesis (Lee
et al. 2012). During fasting, decreased blood glu-
cose concentration triggers the release of a per-
meability factor (vascular endothelial growth
factor-A, VEGF-A) from tanycytes (Langlet
et al. 2013a). Tanycytes are glucose-sensitive
cells; their stimulation by glucose evokes ATP-
mediated Ca*? responses, including ATP release
(Frayling et al. 2011). VEGF-A results in
increased access of the ARC to circulating factors
during fasting compared to other regions.
However, astrocytes also express VEGF-A and
contribute to pathologically increased BBB per-
meability and lymphocyte infiltration into the
brain parenchyma during neuroinflammatory dis-
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eases (Argaw et al. 2012). IL-1f administration
increases BBB permeability, probably by altering
the tight junction profile of the endothelium, and
its effect is amplified by other inflammatory
mediators such as TNFa (Quagliarello et al.
1991; Nadeau and Rivest 1999; Blamire et al.
2000; Beard et al. 2014). Upon exposure to HFD,
there is elevated degeneration in the endothelium
of the hypothalamic BBB vasculature, which
leads to infiltration and population of the ARC by
IgG-type antibodies, and a pathological increase
in blood vessel length and density in the ARC (Yi
et al. 2012b, c). Notably, similar findings have
been observed in the hypothalami of diabetic
patients (Yi et al. 2012b).

While it is not going to be extensively dis-
cussed in this chapter, it is important to note that
central inflammation is not restricted to the hypo-
thalamus and extends to other brain regions.
Diet-induced weight gain increases inflammatory
markers in the cortex, amygdala, cerebellum, and
brain stem and is overall associated with anxiety,
depression, cognitive defects, and hypertension
(Russo et al. 2011; Wu et al. 2012; Speretta et al.
2016; Guillemot-Legris et al. 2016; Carlin et al.
2016; Almeida-Suhett et al. 2017; Spencer et al.
2017). Hippocampus is another site where neuro-
inflammation is associated with high-fat diet,
where increased TLR4 expression is detected
(Dutheil et al. 2016). Hippocampal inflammation
acts as a causative factor for high-fat diet-induced
anxiety such that blocking the activation of
inflammasome attenuates the anxious phenotype
in rodents. Obesity and inflammatory cytokines
are associated with a decline in cognitive func-
tions (Yehuda et al. 2005; Gunstad et al. 20006;
Nguyen et al. 2014) and impaired neurogenesis
in the hippocampus (Lindqvist et al. 2006; Park
et al. 2010; Chesnokova et al. 2016). The
observed cognitive decline appears to require
microglial activation associated with decreased
BDNF levels (Pistell et al. 2010). Anti-
inflammatory manipulations including pharma-
cological interventions or exercise increase
cognitive function in rodents and humans (Jeon
et al. 2012; Kang et al. 2016; Veronese et al.
2017; Pérez-Dominguez et al. 2017; Wang et al.
2017). For example, treadmill exercise decreases

hippocampal microgliosis in obese mice.
Furthermore, blocking hippocampal IL-1p sig-
naling reverses the defects in synaptic plasticity
and cognitive decline (Erion et al. 2014).

Genetic and pharmacological studies targeting
different receptors or intracellular signaling cas-
cades of the inflammatory molecules have
revealed that, as opposed to their acute effects,
inflammatory molecules in the CNS contribute to
a positive energy balance, and their inhibition
contributes to weight loss and improves systemic
glucose metabolism. Diet-induced obesity and
aging display similar signs of neuroinflamma-
tion, neurodegeneration, and cognitive decline,
some of which could be blocked or in some cases
reversed by noninvasive interventions in lifestyle
including a healthy diet and exercise. However it
remains a reality that obesity has reached epi-
demic proportions throughout the world, which
increases the demand on pharmacological inter-
ventions to combat obesity and associated
metabolic abnormalities. Studies obtained in
rodents and in part in humans collectively sug-
gest that targeting central inflammation might
present promising approaches.

4.2 Endoplasmic Reticulum
Stress and Unfolded Protein

Response

Endoplasmic reticulum (ER) is a multifaceted
membranous structure extending from the outer
nuclear membrane to the cytoplasm and is
involved in several biological processes includ-
ing protein folding, secretion, lipid biosynthesis,
calcium storage, and posttranslational modifica-
tions such as glycosylation and lipidation. About
one third of the human proteome including the
secreted, ER-resident, and membrane proteins go
through ER. Depending on the tissue, representa-
tion of the secreted and membrane proteins in the
total proteome greatly varies. For example, the
majority of pancreatic proteome is composed of
secretory proteins, which however constitute a
small percentage of the skeletal muscle pro-
teome. The intracellular expression profile of the
chaperones has evolved to match the nature of the
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proteome of the corresponding tissue: While pan-
creas and liver, tissues with higher secreted and/
or membrane protein pools, have higher ER
chaperone expression, tissues such as skeletal
muscle and skin, where the soluble proteins con-
stitute the majority of the proteome, have higher
expression of cytosolic chaperones. Accordingly,
of more than 300 proteins in the human chaper-
one proteome (chaperome), 48 are ER-specific
proteins (Brehme et al. 2014). Together with the
ER-associated degradation (ERAD) pathways,
the ER chaperones coordinate the folding capac-
ity of the ER to regulate ER protein homeostasis.
When the ER protein load exceeds the folding
capacity, a condition called ER stress, a series of
signaling pathways collectively called the
unfolded protein response — UPR — is activated.
The primary function of UPR is to restore the ER
homeostasis by informing the cytosol and nucleus
about the excess protein load to activate a series
of protective mechanisms. Among these
responses are global shutdown of the protein syn-
thesis while specifically activating the translation
of chaperone proteins, elevated membrane syn-
thesis to increase the ER volume to remodel the
secretory apparatus, and degradation of unfolded
proteins through either ubiquitin-proteasome
pathway (ER-associated degradation) or lyso-
somes (autophagy). While UPR might achieve in
reinstating the ER homeostasis, persistent ER
stress leads to apoptotic cell death.

We discuss below the signaling components
of UPR and the results of genetic studies designed
to study the role of individual UPR components
in metabolism. Before that, we find it helpful to
briefly summarize some of the chemical tools
employed to study the biology of ER stress. Some
of the commonly used chemical agents known to
induce ER stress are tunicamycin, thapsigargin,
and brefeldin A (BFA). Tunicamycin is an anti-
fungal and antibiotic nucleoside, which acts as an
inhibitor of N-acetylglucosamine transferases to
block N-linked glycosylation (Takatsuki and
Tamura 1971). Resulting defective protein fold-
ing triggers ER stress. Thapsigargin is an inhibi-
tor of the ER Ca? importer called sarco—/
endoplasmic reticulum Ca** ATPase (SERCA).
Upon thapsigargin treatment, cytosolic Ca** con-

centration rises, while ER Ca* concentration
gets depleted. There is a significant difference
between the cytosolic and ER Ca** concentra-
tions (300 pM in the ER vs. 5-50 pM in the cyto-
sol) (Pozzan et al. 1994). Ca** is important for
protein-protein interactions and ER chaperone
function, thereby affecting protein synthesis,
folding, and posttranslational modifications
(Corbett et al. 1999). BFA is an antiviral lactone,
which blocks ER-Golgi transport (Helms and
Rothman 1992), resulting in accumulation of the
polypeptides in the ER, and triggers ER stress.
Another ER stress inducer, homocysteine, is a
nonprotein cysteine analog and triggers the
expression of ER stress-responsive genes, includ-
ing GRP78, and decreases the expression of anti-
oxidant enzymes, without inducing heat shock
response (Outinen et al. 1998). There is also a set
of other compounds, called chemical chaperones,
which help stabilize the native conformation of
proteins, which are now extensively used in
research to alleviate ER stress (Welch and Brown
1996). 4-phenyl butyric acid (4PBA) and taurour-
sodeoxycholic acid (TUDCA) are two chemical
chaperones commonly used in biomedical
research. Both compounds are pleiotropic agents:
While 4PBA also acts as a broad-spectrum
HDAC inhibitor (Bora-Tatar et al. 2009), TUDCA
is abile acid that acts as a ligand for the G-protein-
coupled receptor TGRS (also called G-protein-
coupled bile acid receptor 1), which is expressed
in BAT, microglia, and other tissues (Kawamata
et al. 2003; Yanguas-Casas et al. 2017), and acts
as an anti-inflammatory molecule.

UPR is classically composed of three arms
that are each initiated by distinct ER membrane
proteins: PERK (protein kinase RNA (PKR)-like
ER kinase) (Harding et al. 1999), IRE1 (inositol-
requiring protein-1) (Morl et al. 1993; Cox et al.
1993), and ATF6 (activating transcription factor
6) (Haze et al. 1999). These proteins function as
stress sensors that detect the ER protein load and
induce adaptive responses aimed to bring the ER
folding  capacity back to  homeostatic
boundaries.

PERK’s lumenal domain is a stress sensor,
whereas its cytosolic domain has enzymatic
activity for its substrate e[F2a (eukaryotic initia-
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tion factor 2 subunit o). The other known target
of PERK is a transcription factor nuclear
erythroid-related factor 2 (Nrf2), the master regu-
lator of the antioxidant response that is involved
in the PERK-mediated cell survival in stressed
cells (Cullinan et al. 2003). The enzyme(s) that
dephosphorylate and inactivate PERK are cur-
rently unknown. elF2a dephosphorylation is
accomplished by the phosphatase PP1 through its
association with either the growth arrest and
DNA damage-inducible protein GADD34 (also
called PPP1R15A) (Novoa et al. 2001; Lee et al.
2009; Rojas et al. 2015) or PPPIRI5B (Jousse
et al. 2003). GADD34 itself is an ER stress-
inducible gene acting in a negative feedback
loop, whereas PPP1R15B is a constitutive repres-
sor of e[F2a phosphorylation.

PERK is one of four elF2a kinases (other
being GNC2, PKR, HRI) that halt translation in
response to different stimuli (Donnelly et al.
2013). Besides ER stress, e[F2a phosphorylation
could be triggered by amino acid starvation,
double-stranded RNA accumulation, oxidants,
and heme depletion. Amino acid deficiency (as
well as UV light) is sensed by GCN2 (general
control nonderepressible 2, also called EIF2AK4).
PKR (protein kinase R, also known as RNA-
activated or double-stranded RNA-activated pro-
tein kinase, EIF2AK2) responds to viral
infections, and HRI (heme-regulated elF2a
kinase, EIF2AK1) senses heme deficiency.
Depletion of all four elF2a kinases in mouse
embryonic fibroblasts results in complete loss of
elF2a phosphorylation in response to various
stress stimulations (Taniuchi et al. 2016). All
these stimuli merge on elF2a and regulate the
same downstream pathways and collectively con-
stitute the integrated stress response (ISR)
(Pakos-Zebrucka et al. 2016). In unstressed cells,
PERK appears as a monomer bound to the major
ER chaperone GRP78 (78 kDa glucose-regulated
protein also known as binding immunoglobulin
protein-BiP). GRP78 is the primary chaperone in
the ER Iumen that interacts with the translocating
nascent polypeptides. Accumulation of unfolded
proteins in the ER lumen triggers the dissociation
of the GRP78-PERK complex, which results in
PERK homodimerization followed by trans-
autophosphorylation. Therefore, GRP78 dissoci-

ation couples the ER protein load (or ER stress)
to PERK dimerization and activation. PERK
phosphorylates elF2a at Ser51 (Harding et al.
1999), which results in the GDP-bound, inactive
form of elF2a. While elF5 inactivates elF2a by
hydrolyzing GTP to GDP, elF2B acts as the gua-
nine nucleotide exchange factor for elF2a.
Phosphorylation status and duration of elF2a
have significant impact in mammalian physiol-
ogy. An activator of elF2B called ISRIB, e.g.,
acts as a chemical inhibitor of the ISR and blocks
elF2a phosphorylation, and has been implicated
in increased cognitive function in rodents
(Sidrauski et al. 2013). GTP-bound elF2a inter-
acts with the initiator methionyl-tRNA, which
recognizes the start codon for initiation of trans-
lation. Therefore, elF2a phosphorylation links
ER proteostasis to the regulation of global pro-
tein synthesis. Translational attenuation, how-
ever, is not the only function of elF2a. Induction
of ER stress by an inhibitor of glycosylation
(tunicamycin) in PERK knockout cells results in
accumulation of endogenous peroxides (Harding
etal. 2003). A list of mRNAs whose transcription
is linked to eIF2a phosphorylation has been char-
acterized and includes genes regulating amino
acid sufficiency and resistance to oxidative stress
(Harding et al. 2003). Accordingly, there are
selective mRNAs whose translation actually
increases upon elF2a phosphorylation (Harding
et al. 2000). For example, ATF4 (activating tran-
scription factor 4) mRNA translation is elevated
following elF2a phosphorylation by PERK
(Harding et al. 2000), which then induces the
expression of genes involved in amino acid and
cholesterol metabolism, glutathione biosynthe-
sis, resistance to oxidative stress, and the pro-
apoptotic transcription factor CHOP (Harding
et al. 2000, 2003; Fusakio et al. 2016).

The mechanism of translational control of the
mRNAs whose translation increases by ER stress
represents a prominent example of adaptation.
ATF4, e.g., has two upstream open reading
frames (uORF), uORF1 and uORF2, which are
followed by the ATF4 coding sequence. Under
ER stress or other conditions that result in phos-
phorylated (thus inactive) elF2a, ribosomes do
not have sufficient time to reassemble at the
uORF2, which would otherwise be translated.
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uORF2 is inhibitory and translated in unstressed
cells where active elF2a is abundant (Vattem and
Wek 2004; Lu et al. 2004). Therefore, uUORF1 has
a stimulatory effect on the reinitiation of transla-
tion at AUGs downstream of uORF2.

UPR activation also leads to activation of the
NF-kB pathway. Phospho-elF2a-induced NF-xB
activation involves two possible mechanisms:
Phosphorylated elF2a triggers the release of the
I-xB from NF-xB (Jiang et al. 2003); when
bound, I-kB sequesters NF-kB in the cytosol and
blocks its nuclear localization. An alternative
mechanism is that the amount of I-kB decreases
due to the translational inhibition imposed by
phospho-elF2a (Deng et al. 2004). ATF6 branch
(discussed below) and the IRE1-IKK-TRAF2
complex can also induce NF-xB activity (Hu
et al. 2006; Yamazaki et al. 2009). ER stress and
NF-kB connection is of particular importance in
the context of metabolism. For example, ER
stress-induced NF-kB triggers hypothalamic
leptin resistance (Zhang et al. 2008). High-fat
diet feeding results in elevated ER stress in the
hypothalami of obese mice. Resulting activation
of NF-kB upregulates the transcription of SOCS3
(Zhang et al. 2008), which is a negative regulator
of the leptin-induced STAT3 phosphorylation.

IRE1 has a lumenal domain, which interacts
with GRP78 and can also recognize the unfolded
proteins, and a cytosolic kinase domain (Morl
et al. 1993; Cox et al. 1993). As described below,
the best characterized function of IRE1 involves
the splicing of the mRNA of a transcription factor
(HACI in yeast and XBP1 in metazoans) (Calfon
et al. 2002), and the IRE1-HAC1/XBP1 arm con-
stitutes the most ancient UPR pathway.
Dissociation of GRP78 triggers oligomerization
of the monomeric IRE1s, but is not sufficient for
IRE1 activation. IREI oligomers form a luminal
surface which allows IRE1l to directly sense
unfolded proteins (Kimata et al. 2007), which in
turn is thought to trigger a conformational change
in the protein allowing IREl dimers to trans-
autophosphorylate each other. Other than itself,
IRE1 does not have any other known substrates
as far as its kinase activity is concerned. IRE1
activation is prone to regulation by other factors
as well. For example, the cytosolic non-receptor
ABL tyrosine kinases localize to the ER mem-

brane during ER stress and potentiate IREI’s
RNase activity (Morita et al. 2017).

Active IRE1 has endoribonuclease activity
toward X-box-binding protein-1 (XBP1) mRNA
(Yoshida et al. 2001; Calfon et al. 2002).
Unprocessed XBP1 encodes a protein that
represses UPR genes. Excision of a 26 nucleotide
intron results in a frameshift in the XBP1 reading
frame. Upon removal of this intron, cleaved
XBP1 mRNA is ligated by RtcB (Lu et al. 2014),
and the resulting shorter mRNA encodes an
active transcription factor of UPR called XBP1
spliced (XBP1s). XBP1 transcription is upregu-
lated by UPR (through ATF6) as well (Yoshida
etal.2001), resulting in increased unspliced form
of XBP1, which serves as an inhibitor of UPR,
thereby forming a negative feedback loop
(Yoshida et al. 2006). XBP1s are involved in the
transcriptional regulation of genes regulating ER
biogenesis and ER-associated degradation.
Apparently, these two key processes that have to
be carried out in order to relieve ER stress reveal
the vital role of XBP1 in UPR. For example,
XBPl1s upregulate the expression of several
ER-resident chaperones and increase the biosyn-
thesis of the predominant ER phospholipid phos-
phatidylcholine to enable ER expansion (Sriburi
et al. 2004). XBP1 mediates the upregulation of
ER degradation-enhancing o-mannosidase-like
protein, which is required for the degradation of
misfolded glycoprotein substrates (Yoshida et al.
2003). XBP1s play a fundamental role in overall
mammalian development and physiology. Global
deletion of XBP1I results in embryonic lethality
from anemia (Reimold et al. 2000). In the liver,
XBP1 is required for recovery from ER stress
such that liver-specific XBP1 KO mice display
liver injury and fibrosis following ER stress
induction (Olivares and Henkel 2015). Hepatic
XBP1 positively regulates the expression of lipo-
genic genes, and liver-specific XBP1 KO mice
have decreased plasma levels of cholesterol and
triglyceride (TG) and hepatic lipid biosynthesis
(Lee et al. 2008). In the liver, there is a postpran-
dial transient upregulation of UPR, which is
important for the remodeling of hepatic meta-
bolic flux in the transition from fasting to refeed-
ing, and liver-specific XBP1s overexpression can
mimic this metabolic switch (Deng et al. 2013).
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Deletion of IREla from hepatocytes decreases
very low-density lipoprotein (VLDL) assembly
and secretion, without altering TG synthesis or
de novo lipogenesis (Wang et al. 2012).
Adipocyte-specific XBPl KO females have
defective milk production resulting in decreased
litter growth (Gregor et al. 2013). Depletion of
XBP1 from the pancreas and the hypothalamus
by RIP-Cre (rat insulin promoter)-mediated
recombination triggers glucose intolerance due to
B-cell failure and decreased insulin secretion
(Lee etal. 2011). XBP1 deletion results in consti-
tutive activation of IREI, which is capable of
cleaving prohormone convertase 1 and 2, and
carboxypeptidase E mRNAs in pancreatic f cells
(Lee et al. 2011). Likewise, deletion of IRElx
from RIP-positive cells leads to glucose intoler-
ance and attenuates the HFD-induced f-cell pro-
liferation commonly observed in obesity, but
does not affect body weight or food intake of lean
or HFD-induced obese mice (Xu et al. 2014). In
the brain XBP1 regulates memory formation
(Martinez et al. 2016), regulates neurite growth
(Hayashi et al. 2007), and confers neuroprotec-
tion from degenerative diseases (Valdés et al.
2014). However, neuron-specific XBP1 KO mice
are not different than wild-type mice in neuronal
loss or survival under conditions associated with
prion protein misfolding (Hetz et al. 2008).
Furthermore, the neuronal XBP1 KOs have com-
parable body weights to wild-type mice (Hetz
et al. 2008; Martinez et al. 2016).

XBP1 plays an important role in innate and
adaptive immunity: It is required for the develop-
ment and survival of dendritic cells, differentia-
tion of lymphocytes (Reimold et al. 2001;
Iwakoshi et al. 2003), and TLR2/4-mediated acti-
vation of pro-inflammatory cytokines by macro-
phages (Martinon et al. 2010). Eosinophil
differentiation also requires XBPls activity
(Bettigole et al. 2015). Despite its well-
characterized function in peripheral immune sys-
tem, the role of XBPI in microglia and CNS
inflammation is not uncovered.

Another important function of IRE1 — that is
implicated in linking ER stress to the metabolic
diseases — was revealed by David Ron and
coworkers, where they showed that IREI can

activate c-Jun N-terminal kinases (JNK) (Urano
et al. 2000). Tumor necrosis factor receptor
(TNFR)-associated factor 2 (TRAF2), an adaptor
protein, is recruited by phospho-IRE1 so that
TRAF2 associates with the JNK kinases that ulti-
mately result in JNK phosphorylation and activa-
tion (Urano et al. 2000). Tumor necrosis factor
(TNF) receptor family is known to elicit its activ-
ity partly through JNK activation (Smith et al.
1994), and this pathway depends on intact
TRAF2 (Lee et al. 1997). INK could phosphory-
late insulin receptor substrate 1 (IRS1) at Ser307,
which results in the blockage of insulin-mediated
IRS1 activation (Aguirre et al. 2000). Upon high-
fat feeding, certain peripheral tissues such as the
liver develop insulin resistance, at least in part,
due to the high-fat diet-induced activation of ER
stress, which in turn results in inhibition of JNK-
mediated insulin signaling (Ozcan et al. 2004).
Ser307Ala mutation eliminates phosphorylation
of IRS-1 by JNK and removes the inhibitory
effect of TNFa on insulin-stimulated tyrosine
phosphorylation of IRS-1 (Aguirre et al. 2000).

IRE1 is also engaged in an RNA degradation
pathway called IRE1-dependent decay of mRNA
(RIDD) (Maurel et al. 2014), which is not limited
to mRNA cleavage and extends to pre-microRNA
processing (Upton et al. 2012). Substrates for
IRE1’s RNase activity are comprised of nuclear,
cytosolic, ER, and extracellular targets (Maurel
et al. 2014). IREI1p, one of the two IRE1 iso-
forms, e.g., regulates selective degradation of
secretory pathway protein mRNAs (Nakamura
etal. 2011).

ATF6 is an ER transmembrane protein that
has a stress-sensing lumenal domain and a cyto-
plasmic basic leucine zipper domain that acts as a
transcription factor upon dissociation from the
rest of the molecules (Haze et al. 1999). In
unstressed cells, ATF6 exists bound to GRP78.
During ER stress, GRP78 dissociates from ATF6,
which triggers ATF6 to localize to Golgi, where it
is processed to release its cytoplasmic DNA-
binding domain (Shen et al. 2002). ATF6 is pro-
cessed by Site 1 and Site 2 proteases in Golgi in
a similar manner as the processing of sterol regu-
latory element-binding proteins (SREBPs)
(Brown and Goldstein 1997; Ye et al. 2000).
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ATF6 has two isoforms, ATF6o and ATF6p.
Knocking out both gene results in embryonic
lethality, while single knockouts develop nor-
mally (Yamamoto et al. 2007). Another ER trans-
membrane protein that is activated in a similar
manner to ATF6 is CREBH (cyclic AMP response
element-binding protein hepatocyte), which is a
liver transcription factor. CREBH has a cytoplas-
mic domain, which upon cleavage of CREBH in
Golgi transits to the nucleus to activate genes
involved in acute inflammatory response (Zhang
et al. 2006). Because ER stress activates cleavage
of CREBH in Golgi, CREBH acts as a mediator
of ER stress-induced inflammatory response
(Zhang et al. 2006). Activated ATF6 increases
phosphatidylcholine synthesis independently of
XBP1, suggesting a redundancy between ATF6
and XBP1 (Lee et al. 2003; Yamamoto et al.
2007) for certain genes including the ones
responsible for ER stress-activated lipid biosyn-
thesis and ER expansion (Bommiasamy et al.
2009). In hypothalamic cultures obtained from
ATF6a KO mice, ER stress-induced regulation of
various genes including CHOP-, GRP78-, and
ERAD-associated genes is defective, suggesting
that hypothalamic XBP1s cannot compensate for
the absence of ATF6a (Lu et al. 2016). ATF6 and
XBP1s can physically interact, and a dominant
negative truncated version of XBP1 can suppress
the activity of XBP1s or AFT6 (Lee et al. 2003).
ATFG6 activates the transcription of XBP1 and ER
chaperones including GRP78 (Yoshida et al.
2001). ATF6 participates in the hepatic control of
glucose homeostasis. In fasting, gluconeogenesis
is triggered in the liver partly through the activity
of CREB-regulated transcription coactivator 2
(CRTC2). Induction of ER stress in hepatocytes
stimulates the dephosphorylation and nuclear
entry of CRTC2. ATF6 recruits CRTC2 to ER
stress-responsive  genes, which results in
increased expression of ER quality control genes
and decreased hepatic glucose output (Wang
et al. 2009). In the brain, ATF6 activation confers
neuroprotection (Naranjo et al. 2016), and astro-
glial activation is attenuated in ATF6 knockout
mice upon ischemic brain injury (Yoshikawa
et al. 2015).

As discussed above, UPR has evolved to
maintain the ER homeostasis acting in a cell-
autonomous manner. Additionally, there are other
proteostatic signaling routes evolved to enable
communication between the nucleus and the
cytosolic proteome (i.e., heat shock response) (Li
et al. 2017) or the mitochondria (mitochondrial
UPR) (Fiorese and Haynes 2017). However,
there is an evolutionarily conserved yet incom-
pletely understood intertissue signaling mecha-
nism, also called the transcellular chaperone
signaling (van Oosten-Hawle et al. 2013),
described at least in metazoans that enable non-
autonomous protein homeostasis by communica-
tion between different tissues (van Oosten-Hawle
and Morimoto 2014). As UPR has evolved to
allow communication between ER and other
parts of the cellular structures, such as the
nucleus, this trans-chaperone signaling enables
the individual cells/tissues to communicate with
each other. While it is beyond the scope of this
chapter, it is worth to note that the regulation of
ER homeostasis including ER stress within indi-
vidual tissues should not be evaluated indepen-
dently of its effect on other tissues. While
induction of ER stress and impairment of UPR at
individual tissues have detrimental metabolic
consequences, some tissues respond to organelle
stress, including ER stress, by secreting factors
that improve the overall physiology. For exam-
ple, during ER stress in the liver, hepatocytes
secrete FGF21 (Schaap et al. 2013), which con-
fers broad metabolic improvements including
ameliorating ER stress and inducing weight loss
(Kharitonenkov et al. 2005; Coskun et al. 2008).
Likewise, neuronal overexpression of XBP1 in
C. elegans activates UPR in non-neuronal cells,
confers stress resistance, and increases longevity
(Taylor and Dillin 2013).

4.2.1 ER Stress and the Regulation

of Energy Balance

Regulation of metabolism in mammals requires a
coordination between multiple tissues that is medi-
ated by secreted factors, hormones and others, and
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neuronal inputs. The past decades in the metabo-
lism field have uncovered numerous secreted fac-
tors, most notably leptin, and the dysregulation in
the secretion, processing, recognition, or signaling
of these factors play a fundamental role in the eti-
ology of metabolic disorders. The canonical secre-
tory pathway in mammals involves the
translocation of nascent polypeptides into the ER,
their regulated processing, posttranslational modi-
fications, packing, and secretion. The hypothala-
mus is a heterogeneous population of chemically
distinct neurons, with at least 50 distinct cell types
in the ARC and ME identified based on their tran-
scriptome profile (Campbell et al. 2017). Even
within defined classes of neuronal populations,
such as AgRP and POMC neurons, there are vari-
ous subtypes. For example, there are at least three
different subsets of POMC neurons in the MBH
(Campbell et al. 2017). Likewise, among the
AgRP neurons, which are exclusively expressed in
the ARC, the leptin receptor-positive subset does
not project to intra-hypothalamic sites (Betley
et al. 2013). Therefore, the secretory profile of
these neuronal populations, and the relative role of
UPR in the respective neuronal subsets, is likely
not uniform. The wide abundance and variety of
the hypothalamic neuropeptides, which are syn-
thesized as inactive precursors that require pro-
cessing, demand a well-orchestrated ER quality
control machinery. The physiological relevance
and requirement of UPR in hypothalamic feeding
centers are evident by a study on the transcrip-
tional profile of AgRP and POMC neurons under
satiated and fasted states showing UPR activation
in AgRP neurons upon fasting (Henry et al. 2015).
Numerous target genes for XBP1s including ER
chaperones were upregulated by fasting in AgRP
neurons. Genes involved in ER protein transloca-
tion and Golgi trafficking were also upregulated
by fasting (Henry et al. 2015). ATF4 and ATF6
transcriptions also increased in AgRP neurons,
although ATF6 nuclear localization was not altered
by fasting. AgRP-specific ERAD-related tran-
scripts were also upregulated by food deprivation.
Besides UPR, fasting activated Nrf2 oxidative
stress pathway in AgRP neurons. Notably, most of
these fasting-induced changes in UPR pathway

were specific to AgRP neurons, and no significant
regulation was detected in POMC cells (Henry
et al. 2015). However, upon short-term refeeding
of fasted mice, POMC-specific XBP1s, ATF4, and
ATFG6 expression increased (Williams et al. 2014).
Changes in AgRP neurons are probably related to
fasting-induced AgRP neuronal activation and
increased AgRP biosynthesis and secretion. For
example, hypothalamic ATF4 regulates AgRP
expression by stimulating FOXO1 (Deng et al.
2017), a transcription factor that positively regu-
lates AgRP expression (Kitamura et al. 2006; Kim
et al. 2006; Ren et al. 2012). However, whether
and/or to what extent UPR contributes to the orexi-
genic response elicited by AgRP neurons is not
known.

Overexpression of ATF4 in the MBH margin-
ally induces food intake and weight gain and
results in an attenuated hepatic insulin signaling,
while a dominant negative ATF4 improves insu-
lin signaling and glucose metabolism (Zhang
et al. 2013b). Adverse effects of ATF4 overex-
pression could be reversed by hepatic vagotomy
or by knocking down hypothalamic S6K expres-
sion (Zhang et al. 2013b). As explained in more
detail in Chap. 8, while acute activation of hypo-
thalamic S6K activity appears to block hepatic
insulin signaling, overexpression of constitu-
tively active S6K in the MBH blocks weight gain
and protects against adverse consequences of
HFD (Ono et al. 2008; Blouet et al. 2008). AgRP
ATF4 KO mice are protected from weight gain
on regular chow and HFD due to decreased food
intake and increased energy expenditure (Deng
et al. 2017). Deletion of ATF4 from POMC neu-
rons also result in a similar phenotype with mice
resistant to HFD-induced weight gain (Xiao et al.
2017a, b). Effect of ATF4 on POMC neurons was
largely dependent on the negative regulation of
ATGS by ATF4 such that mice lacking both genes
in POMC neurons had reduced energy expendi-
ture on HFD and gained more weight (Xiao et al.
2017a, b). ATGS is required for the regulation of
autophagy, and POMC-specific ATG5 KO mice
have defective autophagy in POMC neurons,
although their body weight is not affected
(Malhotra et al. 2015). Deletion of ATF4 led to
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the ATG5-dependent autophagy and increased
oMSH production, which in turn led to increased
energy expenditure (Xiao et al. 2017a, b).
Deletion of XBP1 from POMC neurons does
not significantly alter body weight on regular
chow or HFD, although the mice show a ten-
dency for elevated weight gain (https://tez.yok.
gov.tr/UlusalTezMerkezi/TezGoster?key=
1zw6GvYMe-q3Hf6HR-3USykM7dHpyqsbqQ-
p1MsCgPMp7KeLv7nO_VnsnOmL6Afc). While
suppressing caloric intake on lean mice, HFD-fed
POMC-specific XBP1 KOs tend to eat more
(https://tez.yok.gov.tr/UlusalTezMerkezi/Tez
Goster?key=1zw6GvYMe-q3Hf6HR-3USykM
7dHpyqsbqQ-p1MsCgPMp7KeLv7nO_
VnsnOmL6Afc). Increased food intake of obese
mice is however compensated by increased
energy expenditure, and the obese KO mice have
decreased fat percentage and decreased respira-
tory exchange ratios, indicative of elevated fat
oxidation, than their POMC-Cre control counter-
parts  (https://tez.yok.gov.tr/UlusalTezMerkezi/
TezGoster?key=1zw6GvYMe-q3Hf6HR-3
USykM7dHpyqsbqQ-p1MsCgPMp7KeLv7nO_
VnsnOmL6Afc). These results should, however,
be evaluated taking into account the phenotype of
the POMC-Cre mice itself and the significant dif-
ference in the co-localization of POMC-Cre-
expressing cells and POMC neurons in adult
mice (Padilla et al. 2012). Genetic depletion of
IREla expression from POMC neurons does not
alter body weight on regular diet, but induces
food intake and weight gain with increased adi-
posity on HFD (Yao et al. 2017). Obese POMC-
IREla KO mice also display decreased energy
expenditure, decreased cold tolerance, and
impaired glucose tolerance (Yao et al. 2017).
Additionally, these KO mice had elevated expres-
sion of negative regulators of leptin receptor sig-
naling including PTP1B and SOCS3, which
might contribute to their hyperphagic phenotype
(Yao et al. 2017). Overexpression of XBPls in
POMC neurons results in hypophagic mice with
increased energy expenditure and confers resis-
tance to obesity (Williams et al. 2014).
Interestingly, POMC-specific XBP1 overexpres-
sion also led to increased hepatic XBP1s expres-
sion and increased the BAT- and beige-specific

genes in the adipose tissue. Considering that
hypothalamic induction of ER stress attenuates
POMC processing and aMSH production (Cakir
et al. 2013), it is worth investigating whether the
metabolic improvements observed in mice with
POMC-specific XBP1s overexpression are sec-
ondary to improved POMC processing.

ER stress and UPR play a fundamental role in
metabolic regulation. Studies conducted in
rodents showed that HFD-induced obesity leads
to ER stress in multiple peripheral systems
including the liver and adipose tissue.
Furthermore, there is a functional interaction
between ER stress and inflammation. For exam-
ple, ER stress-induced inflammation in the liver
couples obesity to insulin resistance (Ozcan et al.
2004), and deletion of IREla from the cells of
myeloid lineage, including the macrophages but
not the lymphocytes (T and B cells), confers
almost complete protection from HFD-induced
obesity and other associated metabolic abnormal-
ities (Shan et al. 2017). The role of central ER
stress and its effect on energy metabolism have
been an area of active research during the past
decade. Findings from our laboratory and others
have indicated that development of obesity is
accompanied by elevated markers of ER stress in
the hypothalamus, predominantly in the
MBH. Elevated ER stress in turn triggers central
inflammation, resulting a positive feedback loop
that is ultimately detrimental to the CNS circuitry
regulating food intake and energy expenditure.
ER stress has a more direct, cell-autonomous
effect on the neuroendocrine hypothalamic popu-
lation of neurons encoding bioactive neuropep-
tides, such as POMC (Cakir et al. 2013).

Initial evidence on the relationship between
HFD-feeding and hypothalamic ER stress came
from in vitro studies as well as results obtained
from rodents using pharmacological and genetic
tools. Treatment of leptin-responsive cells with
inducers of ER stress, such as homocysteine,
tunicamycin, and thapsigargin, induces the
expression of negative regulators of leptin recep-
tor signaling including SOCS3 and PTP1B and
reduces leptin-induced STAT3 phosphorylation
(Hosoi et al. 2008; Cakir et al. 2013). These
results are reproduced when ER stress was
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induced in the hypothalamus of lean rodents
(Hosoi et al. 2008; Cakir et al. 2013).
Homocysteine treatment induced XBP1 splicing
in the brain (Hosoi et al. 2010), also blocked the
leptin-induced ERK phosphorylation, and did not
affect the phospho-JNK levels (Hosoi et al.
2008). Furthermore, 4PBA treatment reversed
the ER stress-induced attenuation in leptin recep-
tor signaling. Central infusion of thapsigargin
also blocked leptin and insulin signaling in the
hypothalamus and had an orexigenic effect.
Diet-induced obesity correlates with increased
markers of hypothalamic ER stress. IREl and
PERK phosphorylation, XBP1 splicing, and
expression of CHOP and GRP78 increase in
HFD-fed rodent hypothalamus (Zhang et al.
2008; Won et al. 2009; Cakir et al. 2013). It is
possible that the diet composition plays a funda-
mental role in the induction of hypothalamic ER
stress. For example, central ceramide infusion
induces hypothalamic ER stress and causes
weight gain (Contreras et al. 2014). Ceramide-
induced ER stress and weight gain can be
reversed by VMH-specific overexpression of
GRP78, while a dominant negative GRP78
induces ER stress and weight gain (Contreras
et al. 2014). Overexpression of GRP78 in the
VMH of Zucker rats decreased ER stress, sup-
presses weight gain, and increases BAT-mediated
thermogenesis without altering food intake
(Contreras et al. 2014). Effect of GRP78 and ER
stress in the VMH is likely independent of leptin
signaling and involves the sympathetic output to
the adipose tissue and involves browning of
WAT- and UCPl-induced thermogenesis
(Contreras et al. 2017). Saturated fatty acids,
such as palmitate, activate ER stress in hypotha-
lamic neurons and attenuate leptin and insulin
signaling (Kleinridders et al. 2009; Mayer and
Belsham 2010; Diaz et al. 2015). As discussed
above, TLR4 acts as a receptor for saturated fatty
acids, and deletion of the TLR adaptor protein
MyD88 from neurons confers protection from
diet-induced obesity (Kleinridders et al. 2009).
Central infusion of palmitate induces inflamma-
tory cytokine expression and ER stress through
activation of toll-like receptor 4 (TLR4) (Milanski
et al. 2009; Kanczkowski et al. 2013), and central

inhibition or genetic inactivation of TLR4 con-
fers protection from diet-induced obesity in
rodents (Milanski et al. 2009). Likewise, knock-
out of the TLR4 adapter protein MyD88 prevents
excess weight gain in mice on high-fat diet
(Kanczkowski et al. 2013). TLR4 signaling can
also activate IRE1-XBP1 axis in macrophages
while suppressing the ATF4 pathway (Woo et al.
2009). Distinct from the ER-related XBP1 tar-
gets, TLR4-mediated XBP1 activation triggers
the production of pro-inflammatory cytokines
(Martinon et al. 2010). In rodent and human
CNS, XBP1 expression is highest in microglia
(Zhang et al. 2014; Bennett et al. 2016), and
whether a similar link exists between fatty acids
and IRE1-XBP1 pathway in CNS immune cells,
such as in microglia, is worth investigating.

As discussed above, diet-induced obese mice
have elevated hypothalamic IKKp-NF-kB axis,
which in turn activated the inflammatory gene
expression in the hypothalamus, but also act as a
factor in a positive feedback loop where its con-
stitutive activation promoted ER stress (Zhang
et al. 2008): HFD-fed mice have elevated levels
of phosphorylated PERK and elF2« in the hypo-
thalamus (Zhang et al. 2008). Induction of cen-
tral ER stress in lean mice by tunicamycin led to
the activation of NF-xB, suggesting a causative
relationship between ER stress and central
inflammation. Accordingly, overexpression of
constitutively active IKKp in the MBH of lean
mice was sufficient to induce ER stress, while
neuronal deletion of IKKP decreased PERK
phosphorylation. Activated IKKB-NF-xB signal-
ing induced the expression of SOCS3, which is a
negative regulator of insulin and leptin signaling.
While activation of ER stress increased NF-kB
activity, relieving ER stress with chemical chap-
erone TUDCA alleviated the HFD-induced hypo-
thalamic NF-kB activation (Zhang et al. 2008). In
summary, hypothalamic IKKp and ER stress can
activate each other, forming a positive feedback
loop leading to dysregulation of central energy
balance. DIO rats also display increased hypotha-
lamic PERK and elF2a phosphorylation (Cakir
et al. 2013), and these responses seem to be ARC
specific, as DIO rats do not suffer ER stress in the
PVN (Cakir et al. 2013). Accordingly, PVN
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retains its leptin sensitivity in DIO rodents
(Perello et al. 2010). While induction of ER stress
in lean animals induces markers of leptin resis-
tance, including SOCS3 and PTPIB, and sup-
pressed energy expenditure (Zhang et al. 2008;
Cakir et al. 2013), central infusion of TUDCA in
obese rats did not alter STAT3 phosphorylation
but acutely suppressed food intake and triggered
increased oxygen consumption (Cakir et al.
2013).

Central ER stress does not only alter energy
metabolism but also adversely affect other meta-
bolic parameters. For example, thapsigargin-
induced hypothalamic ER stress results in
glucose tolerance, peripheral insulin resistance,
and increases blood pressure, mimicking the phe-
notype in DIO rodents (Purkayastha et al. 201 1b;
Cakir et al. 2013). These responses could be
reversed by genetic inhibition of IKK signaling
in the ARC or partially reversed by treatment of
DIO mice with TUDCA without altering food
intake or body weight (Purkayastha et al. 2011b;
Horwath et al. 2017). 4PBA treatment of rats
resulted in attenuation of LPS-induced heart rate
thought to be mediated, at least in part, through
TLR4 action in the PVN (Masson et al. 2015). In
obese mice that undergo vertical sleeve gastrec-
tomy, hypothalamic markers of ER stress were
decreased, which was accompanied by a signifi-
cant decrease in mean arterial pressure
(McGavigan et al. 2017).

The physical interaction between the ER and
mitochondria is also affected by ER stress.
Mitofusin 1 and mitofusin 2 (MTF1/2) are pro-
teins located on the ER membrane and the outer
surface of the mitochondria tethering the two
organelles. MTF deficiency in the liver results in
ER stress and causes glucose intolerance and
defective insulin signaling in the liver and mus-
cle, a defect that can be rescued with TUDCA
treatment (Sebastidn et al. 2012). AgRP-specific
MTF1 or MTF2 KO mice are protected from
HFD-induced weight gain (Dietrich et al. 2013).
On the contrary, ablation of MTF2 in POMC
neurons results in elevated ER stress and pro-
motes food intake and weight gain (Schneeberger
et al. 2013), while POMC-specific MTF1 KOs
have dysfunctional glucose metabolism without

altered hypothalamic ER stress (Ramirez et al.
2017). As we continue to discuss in the following
section, several studies have indicated that ER
stress leads to a profound defect in the processing
of prohormones including POMC.

4.2.2 HypothalamicER Stress
and Neuropeptides

ER stress-induced abnormalities in energy as
well as glucose metabolism are causally related
to altered hypothalamic POMC processing.
POMC-specific MTF2 KO mice develop glucose
intolerance prior to development of their obese
phenotype largely due to increased hepatic glu-
coneogenesis (Schneeberger et al. 2015). These
mice had reduced hypothalamic aMSH levels
that could be rescued with central TUDCA treat-
ment (Schneeberger et al. 2015). In addition,
acute HFD exposure also increased the hypotha-
lamic ER stress, decreased aMSH levels, and
impaired glucose homeostasis, which could be
rescued by central oMSH replenishment
(Schneeberger et al. 2015). MTF2 deletion in
POMC neurons was proposed to decrease
ER-mitochondrial contacts in the POMC neurons
of obese mice; however the observed decreased
ER-mitochondrial physical interaction is likely
not a direct effect of the MTF2 deletion but rather
secondary to the obese phenotype of the KO
mice. MTF2 depletion in mouse embryonic fibro-
blasts results in increased ER-mitochondrial teth-
ering (Filadi et al. 2015). AgRP-specific MTF1
or MTF2 KOs did not have differences in mito-
chondria-ER contacts, compared to control mice,
and did not display altered markers of ER stress
(Dietrich et al. 2013). POMC-MTF2 KO mice
are resistant to anorectic action of exogenous
leptin (Schneeberger et al. 2013). As discussed
below, these mice have a decreased expression of
POMC mRNA but an accumulation in the POMC
protein. Although the expression of the POMC-
processing enzymes PC2, PAM, and CPE was
also elevated in the KO mice, a-MSH level was
significantly lower, which accounts for the obese
phenotype of the mice (Schneeberger et al. 2013).
However, upon chronic central infusion of 4PBA
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or TUDCA, their food intake decreased, aMSH
levels increased, and the mice lost their excess
adiposity, and their body weight returned to the
range observed in their chow-fed counterparts
(Schneeberger et al. 2013). Accordingly, overex-
pression of MTF2 in the ARC protects against
HFD-induced weight gain and decreases markers
of ER stress (Schneeberger et al. 2013). The
adverse effect of HFD on hypothalamic MTF
expression might be, at least in part, dependent
on SFAs. HFD feeding or palmitate alone
decreases the expression of mitofusin 2 (MTF2)
the ARC (Diaz et al. 2015).

In HFD-induced obese rodents, there is a
gradual decrease in the amount of POMC pro-
cessing evidenced by accumulation of POMC but
decreased amounts of its processing products
ACTH and oaMSH in the MBH (Enriori et al.
2007; Cakir et al. 2013; Schneeberger et al.
2013). Furthermore, although leptin could stimu-
late, albeit at a compromised level, the expres-
sion of POMC mRNA and hypothalamic ACTH
levels, aMSH level, is completely insensitive to
leptin administration (Cakir et al. 2013).
Decreased aMSH levels in DIO rodents were not
due to increased aMSH degradation (Wallingford
et al. 2009; Cakir et al. 2013; Schneeberger et al.
2013). These findings suggested that there was a
defect in the step leading from the POMC precur-
sor to the production of MSH. While there was
no significant difference in the mRNA levels of
POMC-processing enzymes between lean and
DIO animals, there was a significant reduction in
the protein levels of PC2 in DIO ARC. Reduced
PC2 expression and oMSH levels could be
induced in lean rat hypothalamus simply by cen-
tral infusion of thapsigargin or tunicamycin,
which suggested that ER stress negatively regu-
lated PC2 protein levels (Cakir et al. 2013),
which in turn leads to decreased aMSH levels.
The thapsigargin- or tunicamycin-induced
defects in POMC processing could be partially
rescued by chemical chaperones PBA or TUDCA
(Cakir et al. 2013). As explained in detail in
Chap. 5, PC2 is critical in the processing of
ACTH to aMSH. Decreased PC2 and «MSH lev-
els could also be induced in different cell lines
upon induction of ER stress in a way that could

be rescued by chemical chaperones. Furthermore,
central TUDCA infusion rescued the defect in the
POMC processing in DIO rats and increased the
oaMSH levels. However, the same treatment did
not alter the level of hypothalamic NPY, suggest-
ing that DIO-induced ER stress affects the pro-
cessing of  hypothalamic  neuropeptides
differently (Cakir et al. 2013). Salubrinal is an
agent that selectively inhibits the dephosphoryla-
tion of p-elF2a (Boyce et al. 2005) and enhances
the FFA-induced activation of the PERK path-
way, but not the ATF6 and IREl branches
(Ladriere et al. 2010). Blocking the dephosphor-
ylation of elF2a with salubrinal increased PC2
and reversed the effect of thapsigargin on PC2
levels, suggesting that PERK-elF2a branch of
the UPR could protect the decrease in PC2 during
ER stress.

A recent study has further revealed the overall
importance of ER homeostasis on POMC pro-
cessing in regard to energy balance. Proper traf-
ficking and processing of POMC require a protein
complex between suppressor enhancer of lin-like
1 (SellL) and hydroxymethylglutaryl reductase
degradation protein (Hrdl, also called synovi-
olin). SellL-Hrd1 is an evolutionarily conserved
arm of ERAD, and their genetic deletion results
in embryonic lethality in mice (Yagishita et al.
2005; Francisco et al. 2010). Both genes are
expressed in the hypothalamus and in POMC
neurons (Kim et al. 2017). Feeding and leptin
positively regulate their expression. Deletion of
SellLL from POMC neurons results in loss of
response to leptin’s anorectic effect, hyperpha-
gia, and age-associated obesity. SellL deficiency
did not induce central ER stress or inflammation
(Kim et al. 2017). Although POMC mRNA level
was unaltered in POMC-specific SellL defi-
ciency, there was a significant accumulation of
the POMC protein. Hrdl is an E3 ligase and
together with SellL targets POMC to protea-
somal degradation. Consequently, in the absence
of this quality control system, the nascent POMC
polypeptide cannot be properly targeted for fur-
ther processing resulting in aggregation and
accumulation in the ER (Kim et al. 2017). It is
possible that diet-induced obesity also results in a
functional dysregulation of the ERAD system in
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Fig. 4.1 Propose changes in POMC processing and bio-
synthesis of a-MSH in the obese state. While the levels of
processing enzyme PC2 adjust under fasting (i.e., low
leptin, first panel) and fed (i.e., basal leptin, second panel),
in the DIO (i.e., high leptin, third panel), there is a
decrease in PC2 and an accumulation of POMC compared
to the fed control. Compared to the basal leptin condition,
fasting causes diminished a-MSH by a leptin-mediated

POMC neurons, which might contribute to the
accumulation of POMC observed in obese
rodents (Cakir et al. 2013). Finally, while it is
beyond the scope of this chapter, it is worth not-
ing that the effect of hypothalamic ER stress
extends beyond regulation of energy balance.
Central ER stress affects the polyA tail length of
mRNA for certain neuropeptides including vaso-
pressin and oxytocin, resulting in decreased
mature mRNA levels (Morishita et al. 2011),
which could be reversed by TUDCA treatment
(Morishita et al. 2011). Furthermore, ERAD defi-
ciency also leads to aggregation and accumula-
tion of proAVP, the precursor of the precursor for
the antidiuretic hormone arginine vasopressin,
resulting in central diabetes insipidus (Shi et al.
2017) (Fig. 4.1).

reduction in POMC mRNA along with reduced POMC
processing due to lower PC1 and PC2 levels. In the DIO
condition, endoplasmic reticulum stress triggers an
unfolded response causing an accumulation of POMC in
the ER partly caused by an unfolded response and a pos-
sible degradation of PC2 through the ERAD system, con-
ditions that ultimately cause less a-MSH production.
(Image from our prior publication (Cakir et al. 2013))

43  Conclusion
Across species in all kingdoms of life, mainte-
nance of homeostasis is key for survival. Both at
the cellular and the organismal level, various sig-
naling routes have evolved and are activated in
response to internal or environmental stimuli to
keep the homeostasis within certain boundaries.
This chapter has focused on two of these adaptive
mechanisms, inflammation and ER stress/UPR.
Infection, tissue damage, or stress could trig-
ger inflammation, which in turn increases defense
mechanisms to cope with the infection (immune
response) or tissue repair and adaptation to the
stress stimuli. As outlined above, the inflamma-
tory state associated with obesity is different than
classical inflammatory response; it is a chronic
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but rather low-grade inflammatory state, which,
unlike the infection-induced inflammation, is not
coupled to induction of an immune response.
Furthermore, the central vs. the peripheral inflam-
mation associated with high-calorie intake are
different. Central markers of inflammation can be
detected following consumption of high-calorie
diets prior to any weight gain, while peripheral
inflammation, tissue macrophage infiltration, and
polarization proceeds gain of adiposity. The asso-
ciated cell types in the periphery vs. the CNS are
also different, and the anti-inflammatory nature
of the brain parenchyma is not suitable for sur-
vival of immune cell components in the brain.
CNS has its own macrophage pool, the microglia,
and we are only beginning to understand the role
of the glial cell populations in the regulation of
energy balance and overall metabolism.

ER stress is classically triggered by an imbal-
ance between the ER’s folding capacity and the
steady-state unfolded protein pool in the ER
lumen. There are numerous physiological or
pathological triggers of ER stress, and nutrient
deprivation, redox status, infection, and ER cal-
cium levels are among some of them. The dys-
function of the ER is communicated to the
nucleus and the translational machinery through
a set of signaling routes called the UPR. Much
like other stress response pathways, UPR initially
functions to restore the homeostasis, in this case,
of the ER. The temporal aspect of the stress-
activated pathways including the UPR is of sig-
nificant importance; prolonged UPR can result in
detrimental consequences as induction of apopto-
sis. This makes sense from an organismal point
of view to eliminate overly stressed/damaged
cells which cannot be rescued. However, a
chronic ER stress detected in an entire tissue as
observed in obesity results in a maladaptive state
which triggers a shift in homeostatic set points.
This, in turn, results in maladaptive states, such
as insulin and leptin resistance, which contributes
to the etiology of obesity and diabetes.

Both ER stress and inflammation are inti-
mately connected for a number of reasons. First
of all, mediators of inflammation and ER stress
utilize, at least in part, common downstream sig-
naling pathways (e.g., NF-xB activation). This is

one of the reasons that ER stress and inflamma-
tion can trigger each other even at a cell autono-
mous level. Second, signaling components of the
inflammatory process as well as ER stress are
also shared by several metabolic routes, resulting
in a causative relationship between these pro-
cesses and the regulation of energy metabolism.
Third, either process is activated chronically at a
moderate level during obesity. Fourth, nutrients,
most prominently saturated fatty acids, can
induce central ER stress as well as an inflamma-
tory response. Fifth, both obesity-associated ER
stress and elevated inflammation appear to be
reversible, at least in rodents.

Various studies conducted in rodents as well
as results from humans suggest that obesity is
accompanied by elevated ER stress and inflam-
mation in the CNS. Our knowledge on central ER
stress in regard to the possible role of UPR in glia
is rather limited, and most of the metabolic stud-
ies have so far focused on ER stress in neurons.
Central inflammation encompasses neurons as
well as glia, and astrogliosis and microgliosis
have detrimental consequences in the hypotha-
lamic circuits regulating energy balance. What
triggers hypothalamic ER stress or inflammation
in the first place is not fully uncovered; however
nutrient-related inputs, such as saturated fatty
acids, appear to play a causative role. Induction
of hypothalamic ER stress contributes to a posi-
tive energy balance, and this is mediated at least
in part due to the direct impact on altered prohor-
mone processing as in the case for
POMC. Inflammatory mediators are classically
accompanied by an anorexic response; however
prolonged activation of central inflammatory
pathways results in elevated food intake and/or
increased weight gain. This is a major distinction
in the effect of central inflammation when con-
sidered in an acute vs. chronic setting. Genetic
and pharmacological evidence suggest that ame-
lioration of the hypothalamic ER stress and
inflammation that accompanies obesity result in
weight loss, improved glucose metabolism, and
improved cardiovascular functions. It is finally
important to note the similarity between obesity
and the aging process in regard to their associa-
tion to central inflammation and ER stress. The
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results indicating that suppression of neuronal
inflammation confers longevity in mice point out
the importance of CNS inflammation on overall
mammalian physiology.

It is vital to the understanding of biology that
the cells or organisms are more than a collection
of individual components (organelles or tissues)
put together. As Aristotle said, “the whole is more
than the sum of its parts.” As such, there is a
sophisticated communication system evolved to
maintain the homeostasis in multicellular organ-
isms. Components of the inflammatory process
and the UPR should be evaluated from this per-
spective at the organismal level. Cell autonomous
stress response pathways function to restore the
homeostatic boundaries; however they have non-
cell autonomous consequences (e.g., ER stress-
induced hepatic FGF21 secretion) that translate
into whole animal physiology. While cellular
components of the UPR and inflammation are
rather well-characterized, how these processes
affect homeostatic brain centers including the
hypothalamus and the brain stem is only begin-
ning to be uncovered. A comprehensive under-
standing of the causes of the CNS inflammation
and ER stress and how these processes interact
with the metabolic regulatory routes will help us
devise novel therapeutic opportunities for the
treatment of metabolic diseases such as obesity.

Questions

1. What are the differences between central and
peripheral inflammation? How does innate vs.
acquired immunity play a role in CNS
inflammation?

2. What are the causes and consequences of
acute vs. chronic inflammation on energy
balance?

3. What is the relationship between ER stress
and inflammation? What are the signaling
pathways that connect them?

4. What are the signaling routes that communi-
cate between the ER and the nucleus? How
conserved are they?

5. How does hypothalamic ER stress interfere
with the regulation of energy homeostasis?
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