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Abstract

lliness behaviors, metabolic disturbances, and cognitive injury are common in
cancer patients and frequently lead to wasting or cachexia. This devastating state of
malnutrition is brought about by a synergistic combination of decreased appetite and
increase in metabolism of fat and lean body mass. The severity of cachexia is often the
primary determining factor in both quality of life and ultimate survival. There are
currently no effective treatments for cachexia, and its mechanisms are poorly
understood. Our lab has previously elucidated the actions of inflammatory cytokines,
including IL-1B8 and TNF-a, on hypothalamic neurons and their roles in driving cachexia
symptoms. However, chronic administration of these cytokines results in desensitization
and loss of cachexia symptoms, demonstrating canonical inflammatory cytokines alone
are insufficient for sustaining cachexia. These observations and more demonstrate that
the molecular pathways responsible for driving chronic central nervous system (CNS)
derangement and cachexia symptoms remain unknown.

Lipocalin 2 (LCN2) is a secreted protein produced during numerous acute and
chronic diseases, yet its role in cachexia is unexplored. Lcn2 is described as an
important mediator of cell viability and is able to access appetite-regulating brain
regions found near circumventricular structures. | found that, in several murine models
of pancreatic ductal adenocarcinoma (PDAC)-associated cachexia, Lcn2 is robustly
upregulated in the circulation and brain. Chronic central administration of Lcn2 results in
appetite suppression that does not desensitize, and Icn2 knockout mice are protected
from cachexia-anorexia, fatigue, and lean and fat mass loss. The primary source of

Lcn2 during PDAC cachexia was the bone marrow compartment, and restoration of

viii



Lcn2 in this compartment alone was sufficient in rescuing the appetite-suppression
phenotype of PDAC cachexia.

In addition to Lcn2’s appetite-regulating effects, | observed a distinct alteration in
hippocampal neuron dynamics of mice receiving pathologic levels of Lcn2 in the brain,
including a reduction in mature neuron density and an increase in newborn neurons.
Indeed, mice receiving chronic central Lcn2 treatment displayed a reduction in spatial
recognition memory. These results suggest that while Lcn2 is able to regulate food
consumption during cachexia, it may also mediate cognitive decline associated with
chronic systemic inflammatory disease, including cancer.

Collectively, these results demonstrate that Lcn2 is a pathologic mediator of both
appetite suppression and cognitive decline in the setting of chronic exposure. Further
work is needed to identify the precise cellular mechanisms that elicit these pathologic
features of cachexia, including receptor-specific effects of Lcn2 and intracellular

signaling pathways.



Introduction

Overview

This dissertation explores the role of Lipocalin 2 in cancer-associated cachexia, a
devastating metabolic syndrome characterized by appetite suppression, accelerated fat
and lean mass catabolism, fatigue, and cognitive decline. Since a large portion of this
dissertation focuses on behavioral manifestations of cachexia, Section 1 of the
Introduction provides a broad overview of illness behaviors and their evolutionary
relevance in the context of disease. Section 2 provides an overview of cachexia,
including definitions, etiology, and inadequacy of treatment options. Since my studies
lead me to focus on appetite suppression and neurocognitive decline symptoms of
cachexia, | devote Section 3 of the introduction to providing background on CNS-based
mechanisms of cachexia. Finally, Section 4 of this Introduction provides a more in-depth

review of Lipocalin 2, which will be an emphasis of Chapters 3 and 4 of this dissertation.

1. lliness behaviors: an evolutionary perspective

The behaviors of both humans and animals are considerably changed during the
course of infection. Specifically, ill individuals maintain little motivation to eat or
ambulate, and frequently complain of symptoms of fatigue, anhedonia, and cognitive
impairment. These illness behaviors, including anorexia and fatigue, are evolutionarily-
conserved responses for combating pathogens through both minimizing macronutrients

for pathogen proliferation (i.e. anorexia), yet sparing energy for immunologic response



that would otherwise be diverted toward unnecessary locomotor activities (i.e. fatigue)
(). lliness behaviors broadly comprise a component life history theory, an organizing
principle in biology that attempts to understand how natural selection molded an
organism’s ability to enjoy reproductive success (2, 3). Ultimately, life history theory is a
framework for understanding how an organism’s environmental challenges (extrinsic
challenges; including nutritional availability, predation, pathogens, and toxins) influence
intrinsic behavioral, reproductive, and molecular programs, such as metabolic trade-offs
and fight-or-flight response (3). Since the dawn of life history theory in the 1950’s, over
half a century of research has clearly demonstrated the precedent of this organizing
principle in the context of inflammatory disease. For instance, when challenged by a
pathogen, mammals enact responses that optimizes its finite environmental resources
into reproductive, growth, metabolic, and survival strategies.

Broadly, the illness behaviors observed in the context of acute infectious disease
represent a highly coordinated, yet extremely energy-expensive, response in mitigating
pathogen proliferation (4). This response can be likened to an “all in” approach to
ridding the host of the pathogen, resulting in a huge apportionment of energy to mount a
robust immune response and modify host metabolism to create an unfavorable growth
environment for the pathogen. The degree and type of responses are closely associated
with level of inflammation, type of pathogen encountered (bacteria vs virus), and
metabolic state of the organism. Interestingly, rodents exposed to bacterial or viral
mimetics display similar illness behaviors, yet benefit differentially from illness programs
(5). Specifically, anorectic behaviors are observed under both contexts, yet opposing

this specific illness behavior improves metabolic status, mitigates inflammation, and



prolongs survival in the context of viral infection (2, 5). This study and others generally
agree with the old adage of “starve a fever, stuff a cold,” but also points out a flaw in our
evolutionary history in combating disease. Why would mammals develop similar
behavioral responses to viral infection as bacterial infection when certain aspects of this
response, specifically anorexia, is to the detriment of the host? This conundrum remains
a highly-debated and studied topic, and raises several questions concerning illness
behaviors observed in other disease settings. Of those many questions raised, a single
guestion particularly stood out to me at the beginning of my graduate studies and
remains fundamental to this thesis: are illness behaviors beneficial or detrimental during
non-infectious disease, including cancer?

Since our evolutionary history of life-threatening encounters—in which the
predominant extrinsic drivers of death included pathogens (namely bacteria), predation,
toxins, and undernutrition—were consequential in the development of life-preserving
metabolic, immunologic, and behavioral responses, it stands to reason that some of
these responses are teleologically inappropriate in the context of modern-day disease.
Put plainly, we humans die very differently today than we did some 0.2-25 million years
ago during our hominid chronology. The inception of sanitation, agriculture, scientific
advancement, and modern medicine are allowing us to live far beyond our ancestors
and the evolutionary code levied upon them over millions of years. As a result, we are
now experiencing new diseases at an ever-increasing rate, such as cancer and
neurocognitive pathologies, that are also associated with the aforementioned illness
behaviors, yet represent distinct inflammatory challenges. For instance, cancers

generally result in sterile inflammation and can impose illness behaviors for months or



years. This is in stark contrast with bacterial infection, which represents an acute
inflammatory state in which the illness behaviors rapidly subside after the clearance of
the pathogen. Indeed, life history theory strongly implicates bacterial infection and acute
inflammation as the principal driver of our allostatic metabolic and behavioral responses.
Herein lies the conundrum and primary topic of investigation for this thesis: since illness
behaviors are observed in both the context of acute and chronic inflammation, are these
evolutionarily conserved responses observed during acute inflammatory insult beneficial
or pathologic in the context of relatively “newer” chronic inflammatory diseases—such

as cancer?

2. Cancer-associated cachexia

Cachexia is a devastating metabolic syndrome that incites severe muscle and fat
wasting, fatigue, and cognitive decline (6). Cachexia has been alluded to for centuries,
including illustrious descriptions of the syndrome by Hippocrates around 400 BC: “the
flesh is consumed and becomes water... the abdomen fills with water, the feet and legs
swell, the shoulders, clavicles, chest, and thighs melt away... the illness is fatal” (7).
Cachexia is associated with numerous chronic diseases, including cancer, heart failure,
cystic fibrosis, kidney disease, and Alzheimer’'s disease (6). Indeed, cachexia is an
irreversible metabolic syndrome that is critically linked to poor prognosis in cancer, as it
is estimated to account for up to 80% of fatalities depending on the specific cancer (8).
The current international consensus definition for cachexia, defined in 2011, is: “....a
multifactorial syndrome characterised by an ongoing loss of skeletal muscle mass (with

or without loss of fat mass) that cannot be fully reversed by conventional nutritional


https://www-sciencedirect-com.liboff.ohsu.edu/topics/medicine-and-dentistry/skeletal-muscle

support and leads to progressive functional impairment. The pathophysiology is
characterised by a negative protein and energy balance driven by a variable
combination of reduced food intake and abnormal metabolism” (8). Current diagnostic
criteria for clinically-defined cachexia include: weight loss greater than 5%, or weight
loss greater than 2% in individuals already showing depletion according to current body
weight and height (body-mass index [BMI] <20 kg/m?)) or skeletal muscle mass
(sarcopenia) (8).

Cachexia is particularly prevalent amongst cancer patients as a result from not
only primary tumor growth and metastases, but also the cytotoxic therapy used to treat
the cancer, where it significantly contributes to reduced survival, accelerated disease
progression, and limits patients’ ability to tolerate therapy (9-12). It is estimated that
nearly half of patients suffering from hematological cancers, colorectal cancer, lung
cancer, and head and neck cancers experience clinically-defined cachexia, while up to
70% of patients with gastroesophageal and pancreatic cancer experience cachexia (6).
Although an in-depth comparison of cachexia, simple starvation, and malnutrition is
detailed in Chapter 1, it is important to highlight the unique metabolic and wasting profile
imposed by cachexia here. Specifically, cachexia results in a progressive wasting even
in the context of nutritional support, whereas starvation and malnutrition are completely
reversed by appropriate caloric intake (13). While an important component of the
treatment of cachexia, conventional nutritional support used to offset reduced caloric
intake is only marginally effective, demonstrating that the progressive tissue catabolism
observed in cachexia patients cannot be explained solely by a reduction in food intake.

As such, the cachexia field has focused on alternative mechanisms and pathways that
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drive cachexia symptoms, including inflammation, endocrine alterations, and immune
dysfunction to name a few. Despite recent advances on a basic science front, as well as
the completion of numerous clinical trials, no approved therapeutic intervention for
cachexia exists. These observations and more illustrate the fields lack of mechanistic
understanding of this complex metabolic syndrome and highlights the need for new
approaches for studying cachexia.

Cachexia imposes a significant burden on our health system, as it is estimated
that nearly 530,000 patients experience cancer-related cachexia yearly in the United
States alone (14). Given these staggering numbers, clear economic burden on our
health systems, and fact that no approved therapy for cachexia exists, it is unsurprising
that the National Cancer Institute recently issued a cachexia-focused provocative
question request for application titled “How can cancer cachexia be reversed? (PQ6;
FY2020)” This increasing recognition and focus on cachexia research is incredibly
exciting, and will hopefully result in the discovery of new therapies. As | write this, the
past two years of cachexia research alone provided several new insights into cancer-
associated cachexia, many of which include mechanisms by which peripherally-derived
signals interface with the central nervous system (CNS) to mediate behavioral and
metabolic disturbances. Since our laboratory and this thesis work focuses on CNS-
based mechanisms of cancer cachexia, an in-depth discussion of CNS mechanisms of

cachexia is warranted.



3. Central nervous system mechanisms of cachexia

Although cachexia is a multi-organ syndrome involving complex inter-organ
interactions during its progression, the CNS is uniquely equipped in exerting
overarching homeostatic control of peripheral tissues through its direct control of illness
behaviors (such as anorexia and fatigue), efferent engagement of the autonomic
nervous system, and regulation of neuroendocrine axes (13, 15, 16). Furthermore,
several decades of research demonstrate that the CNS is both a receiver and amplifier
of peripheral inflammatory signals, and that this amplification of peripheral signals is
responsible, in part, for regulating several metabolic and behavioral manifestations of
cachexia (17, 18). Research dedicated to unveiling CNS mechanisms of cachexia has
historically focused on the hypothalamus, a central coordinator of several homeostatic
processes that are known to be awry during cachexia, including appetite, sleep, activity
level, wakefulness, and macronutrient distribution to name a few. However, recent work
in this field has implicated additional CNS structures involved in cachexia symptoms,
including the brain stem (15, 19, 20). These advances in the field imply that not only is
our understanding of hypothalamic mechanisms incomplete at this time, but our
knowledge of how other brain structures and their CNS circuitry influence cachexia is in
its infancy. Nevertheless, given the clear role of the CNS in the development of the
signs and symptoms of cachexia, combined with recent advances in CNS-based
mechanisms of cachexia, research devoted to unveiling aberrant CNS pathways during
cachexia represents a promising approach in identifying therapeutic targets for this

metabolic syndrome. This section will highlight studies investigating how the brain



mediates cancer cachexia, with a particular focus on foundational work in inflammatory,

autonomic nervous system, and neuroendocrine mechanisms.

3.1 Central inflammation: lessons from IL-18

Cancer, as well as the cytotoxic chemotherapy utilized to treat the cancer, is
often accompanied by prolonged systemic inflammation. As such, it is generally
accepted that inflammation is a key component in the development and progression of
cancer cachexia (21-23). Indeed, increased circulating levels of inflammatory cytokines
and innate immune cells, including IL-6 (24), TNF-a (25), C-reactive protein (24), and
neutrophils (26) are all associated with cachexia in humans. These systemic
inflammatory mediators are derived from several tissue sources, including the liver, fat,
skeletal muscle, and bone marrow, as well as the developing tumor, including nearby
stromal cells in response to the tumor, infiltrating immune cells, and neoplastic cells
themselves (27-31). In addition to peripherally-derived inflammatory molecules, a recent
report describes a distinct neuroimmune axis in driving cachexia by which peripheral
myeloid cells directly invade the CNS (20). Once produced in the circulation, these
molecular and cellular inflammatory mediators are able to either interface with the brain
by directly crossing the blood-brain barrier (BBB) (32) or through direct blood-borne
sampling by circumventricular organs.

Seminal work describing the cachexia-inducing potential of systemic
inflammatory mediators originate from simple experiments in which cytokines were
administered directly to the brain of rodents. Specifically, intracerebroventricular (ICV)

injection of pathophysiological levels of interleukin 1 beta (IL-1B) or tumor necrosis



factor alpha (TNF-a) result in anorexia, weight loss, increased energy expenditure, and
accelerated catabolism of fat and lean mass (33, 34). Furthermore, the central
administration of these cytokines also results in a paracrine loop, through which their
administration into the brain results in an increase in endogenous production, both
maintaining and propagating a local inflammatory milieu in the CNS (35-37). These
foundational experiments demonstrate that when inflammatory cytokines produced
during cachexia interface with the CNS, 1) illness behaviors consistent with cachexia
are individually produced, and 2) the brain not only receives these inflammatory signals,
but interprets and amplifies these signals near CNS nuclei integral for energy
homeostasis.

Of the inflammatory cytokines produced peripherally and centrally during
cachexia, possibly no other is more studied that IL-1B. Indeed, several studies show
that IL-1p is the major cytokine induced in the mediobasal hypothalamus as a result of
peripheral tumor development (16, 38, 39). These reports and more formed the
precedent for the study IL-13 in the development of iliness behaviors and cachexia over
the past two decades. Indeed, it was recently demonstrated that brain-endothelial
expression of the interleukin-1 receptor (IL-1R) individually enhances leukocyte
recruitment, mediates sickness behavior, and impairs neurogenesis (40). Brain
endothelial cells respond to IL-1B in a myeloid differentiation primary response protein
MyD88-dependent manner, which amplifies and propagates inflammatory signals to
glial cells (41). The role of IL-1B in cachexia is further demonstrated by cachexia studies
in which MyD88, which is the universal adaptor protein to all Toll-like receptors (TLRS)

except TLR3 and the interleukin 1 receptor family, is implicated in the pathogenesis of



cancer cachexia. In two separate reports utilizing different models of cancer cachexia,
MyD88 deletion attenuated several measures of cachexia, including anorexia, muscle
catabolism, fat loss, hypothalamic inflammation, and fatigue (42, 43). Although a recent
report demonstrated that genetic deletion II-14 failed to improve fatigue symptoms in
several different rodent models of cancer, suggesting that while IL-1p signaling may
initiate or drive some cachexia symptoms, it is unlikely to be an all-encompassing
therapeutic target (44). Given the robust induction of several inflammatory cytokines in
the context of cancer cachexia, it is plausible that combinatorial blockade of central-
acting inflammatory mediators is requisite in mitigating cachexia. While we utilized IL-1
as a conceptual framework for CNS bioamplification of peripheral signals during
cachexia, there are undoubtedly other inflammatory cytokines that undergo similar
amplification events by the brain, including TNF-qa, IL-6, and LIF—mechanistic review of
these cytokines in the brain can be found in recent reviews (15, 18).

In addition to cytokines being received and amplified in the CNS during cachexia,
a recent report from our lab demonstrates a clear role for myeloid cell invasion in the
CNS in driving pancreatic cancer cachexia symptoms, including anorexia and lean
mass catabolism, that is predominantly driven by the CCR2-CCL2 axis (20). Prior
reports demonstrate a clear role for CNS-infiltrating immune cells in both health and
disease, having either beneficial or detrimental effects depending on the underlying
pathology (45). In this study, the majority of the CNS-invading immune cells were
neutrophils, which accumulated at a unique CNS structure called the velum interpositum
(VD). Interestingly, a large percentage of neutrophils in this region expressed CCR2,

which is typically considered a monocyte chemotaxis receptor. CCR2 deletion
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attenuated cachexia and prevented neutrophils from infiltrating the VI during pancreatic
cancer cachexia. Furthermore, these CNS-invading neutrophils expressed a
transcriptome that is dissimilar from that of neutrophils invading peripheral tissues,
implicating a distinct neutrophil population infiltrates the brain during cancer cachexia.
Although future investigation is needed, this study demonstrates that the inflammatory
mediators during cachexia may extend beyond canonical cytokines and to CNS-
invading immune cells, by which myeloid cells (namely neutrophils) enter the CNS
through a uniqgue meningeal portal to incite inflammation in CNS structures important in
energy homeostasis.

Although blockade of inflammatory signaling in rodent models of cancer cachexia
has yielded promising results, concomitant clinical trials have broadly failed to attenuate
cachexia in humans (46). Thus, while systemic inflammatory mediators may be
important in the initiation of illness behaviors and cachexia, current data suggest that
they are insufficient in sustaining cachexia (47-50). These results demonstrate the
complexity of cancer cachexia, and although they do not preclude anti-inflammatory

therapies in its treatment, they suggest they may have limited utility as a monotherapy.

3.2 Sympathetic nervous system engagement

In response to stress, the CNS coordinates an evolutionarily conserved fight-or-flight
response, a metabolically costly physiologic program that rapidly liberates energy stores
for muscle use. This program is directed within the central nervous system, where
neurons in the paraventricular nucleus of the hypothalamus (PVH) integrate

environmental and neuronal input and project to noradrenergic centers in the brainstem
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and preganglionic neurons in the spinal cord (51). Furthermore, extensive remodeling of
the SNS during chronic inflammatory stress greatly modifies end-organ responses to
SNS inputs (38, 52, 53). Acting through sympathetic ganglia throughout the body, the
SNS regulates end organs via the release of norepinephrine (NE) at synapses and
release of epinephrine (EPI) from the adrenal medulla into the circulation. These
neurotransmitters elevate metabolic rate by increasing heart rate (HR) and cardiac
contractility, engaging lipolysis in white adipose tissue (WAT), and inducing non-
exercise thermogenesis in brown adipose tissue (BAT) by uncoupling electron transport
from ATP generation in the mitochondria (6). Indeed, independent studies demonstrated
that sympathetic tone is elevated in patients and mice with cachexia, and a sustained
elevation in basal metabolic rate (BMR) is repeatedly described as a critical energy-
expenditure mechanism during cancer cachexia. Despite clear precedent for SNS
activation in the progression of cancer cachexia, the precise mechanisms of SNS
engagement in cachexia remain incompletely understood (54, 55). Here we will
summarize known and potential mechanisms by which the CNS orchestrates SNS
activation, tissue remodeling, and energy wasting in cachexia.

Increased BAT thermogenesis in cachectic mice was first reported 40 years ago and
has since been reported in multiple murine models of cachexia (54, 56, 57). In addition
to increased BAT thermogenesis, excess energy expenditure in cachexia can be
mediated by “browning” of WAT, in which WAT takes on some of the molecular
characteristics and thermogenic capability of BAT—a process mediated by SNS input
(58, 59). Indeed, it was recently demonstrated that the p3-adrenergic receptor

blockade—the receptor responsible, in part, for establishing sympathetic tone in
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tissues—ameliorated adipose wasting, browning, and cachexia-associated weight loss
(52). While this study implicates the SNS in remodeling adipose tissue, resulting in the
upregulation energetically-expensive thermogenesis programs, it remains unclear which
CNS pathways are responsible for this increased SNS tone during cachexia
development. Recently, a brain circuit was identified that potently regulates metabolism
in WAT and BAT (58). This circuit is initiated in the arcuate nucleus (Arc) of the MBH via
the interaction of pro-opiomelanocortin (POMC) and Agouti-related peptide (AgRP)
neurons with the adipokine leptin, then relayed via PVH Brain-derived neurotrophic
factor (BDNF) neurons that ultimately regulate SNS tone in peripheral adipose tissues.
Interestingly, these authors demonstrate remarkable plasticity in SNS innervation of
adipose depots, and this plasticity is dependent on chronic (rather than acute) signaling
in the Arc. Additionally, a recent report by Kim et al show a precise and rapid activation
of adipose tissue lipolysis by the brain-fat axis in the context of bacterial infection, and
that this axis that is entirely dependent on hypothalamic Arc TNF receptor activation and
sympathetic nerve outflow to fat (60). Since TNF, also known as cachectin, is strongly
implicated as a mediator of CNS inflammation during cachexia, it is plausible that this
described brain-fat axis mediates some of the adipose tissue remodeling and wasting
observed during cancer cachexia. Even though the authors described this phenomenon
in the context of adaptive immune response and did not investigate browning signatures
in WAT, it seems plausible that the chronic inflammatory state induced by cachexia
could induce sustained activation of this brain-fat axis through hypothalamic TNF
signaling, resulting in prolonged lipolysis and progressive fat wasting typical of

cachexia.
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Further evidence of SNS activation in cachexia is derived from studies of HR
variability (HRV) in cachectic patients. HRV is measured as variance in time between
successive beats and is a measure of autonomic tone. Imbalances in autonomic tone
(most commonly elevated sympathetic input) decrease HRV and are associated with
increased mortality. Cachectic cancer patients were found to have substantially
decreased HRV, indicating elevated SNS tone (61, 62). A recent report by Luan et al
demonstrate a brain-fat-heart axis in the maintenance of stroke volume and overall
cardiac output in the context of acute inflammation after LPS challenge (63). The
authors identify Growth and Differentiation Factor 15 (GDF15) as the critical mediator of
this axis. Specifically, GDF15 is produced in the liver during acute inflammation and
secreted into circulation where it then binds to its receptor in the area postrema of the
brainstem, resulting in SNS outflow back to hepatic tissue and subsequent mobilization
of lipids. The authors demonstrate that this lipid mobilization is critical in the
maintenance of cardiovascular function during acute inflammation, and intricately
demonstrate that hepatic 3-adrenergic signaling is central to this process (63). Since
GDF15 is known to be upregulated in numerous rodent cachexia models and humans
with cancer, it is likely that GDF15-driven SNS engagement mediates wasting during
cancer cachexia as a recent report suggests (64-66). As such, GDF15 represents a
promising therapeutic target for the treatment of cancer cachexia, due to not only its
potential SNS modulating effects, but also its robust anorectic effects through activation
of the area postrema (also known as the vomiting center of the brain) (67).

During acute stress, transient activation of the stress response elicits metabolic and

behavioral adaptations that are beneficial to the organism over the short term. In chronic
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disease states, prolonged activation of the stress response is maladaptive and leads to
loss of physiologic reserve and cachexia. Given the SNS plays an imperative role in the
acute stress response, and recent work implicates SNS engagement in the
pathogenesis of cancer-associated wasting, the identification of molecular mediators
and pathways in which the SNS is chronically activated represents a promising
approach to treating this debilitating wasting syndrome. Further research in this space is

needed.

3.3 Neuroendocrine modulation

The CNS is also a central regulator of endocrine organ function through the release
of several hypothalamic-pituitary hormones, including corticotropin-releasing hormone
(CRH), thyroid releasing hormone (TRH), and gonadotropin-releasing hormone (GnRH)
to name a few. These hypothalamic endocrine neurons all send projections to the
fenestrated capillaries of the ME, where they secrete hormones into the portal system,
which act on the pituitary gland to amplify additional hormone secretion into peripheral
circulation. While the neuroendocrine regulation of behavioral aspects of cachexia is
well established (for reviews, see (68, 69)), the cachexia field is still unveiling
mechanisms by which aberrant endocrine function leads to the direct catabolism of lean
and fat tissues. Here we will review these recent reports and mechanisms by which

CNS control of endocrine response mediates cachexia-associated wasting.

The hypothalamic-pituitary-adrenal (HPA) axis is activated by a wide array of
stressors, including fear, fasting or undernutrition, acute illness, and injury. Since many

of these stressors exist in the context of cachexia, the field hypothesized that the HPA
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axis is engaged during cachexia. Indeed, several reports show an increase in the
glucocorticoid (GC) corticosterone—the rodent analog of human cortisol—in mice with
cancer cachexia (38, 70). GCs are released as the systemic effector molecules of the
neuroendocrine arm of the CNS stress response beginning with activation of CRH
neurons in the PVH and leading to the release of cortisol (in humans) or corticosterone
(in mice) from the adrenal cortex. GCs are a primary driver of skeletal muscle
catabolism due to acute inflammation and denervation injury, and exogenous GCs are
sufficient to drive muscle catabolism in both mouse and human (16, 71). Our laboratory
showed that GC ablation, antagonism or deletion of the GC receptor (GR) in the muscle
all prevented inflammation-, lung cancer-, or chemotherapy-associated muscle wasting
(16, 71, 72). Thus, GCs act as a required permissive factor to allow pathological muscle
catabolism. Mechanistically, GCs induce muscle wasting by both promoting catabolism
by transactivation of Foxol and Trim63 and by blocking the activity of the mammalian
target of rapamycin (MTOR), a regulator of muscle anabolism (73, 74). These reports
strongly implicate GC signaling in driving cancer-associated muscle wasting, and
demonstrate that the CNS maintains endocrine control of, at a minimum, skeletal
muscle wasting.

In addition to CNS control of the HPA axis, induction of GCs, and subsequent
muscle atrophy during cancer cachexia, recent reports also suggest dysfunction of the
hypothalamic-pituitary-gonadal (HPG) axis in cancer patients (75, 76). These reports
detail a significant decrease in testosterone levels in male cancer patients, both prior to
and after the initiation of cancer treatment, estimating between 40-90% of cancer

patients suffer from low testosterone levels (77, 78). These results also extend to pre-
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clinical models of cachexia, as a recent report demonstrated that male mice engrafted
with pancreatic cancer display a loss of over 97% of circulating free testosterone
relative to control mice (38). Given the known anabolic properties of testosterone, this
hypogonadal state likely contributes to the propagation of cachexia symptoms, including
fatigue, weight loss, and muscle catabolism. Indeed, Skipworth and colleagues recently
demonstrated that hypogonadal cancer patients experienced significantly greater weight
loss than eugonadal patients (79), while Dev et al demonstrated low testosterone levels
were associated with increased systemic inflammation, weight loss, and decreased
overall survival (80). Despite the acknowledgement of hypogonadism in cancer
cachexia, little mechanistic advancement has been made into how cancer and its
therapeutics disrupt the HPG axis. A recent review by Burney and Garcia postulated
several potential mechanisms by which the HPG axis could be altered during cancer
cachexia, and included inflammation and hypothalamic leptin upregulation as potential
modulators of the HPG (75) . However, future mechanistic research is needed to
determine how cancer enacts neuroendocrine change through the HPG.

The hypothalamus is the master regulator of the endocrine system through its
ability to detect peripheral signals and produce a robust systemic hormonal response
through several axes, including the HPA and HPG. Since endocrine dysfunction is now
recognized in cachexia as a potent regulator of peripheral tissue catabolism, it is

plausible that other endocrine aberrations contribute to cachexia-associated wasting.
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3.4 Summary of CNS mechanisms in cachexia

Herein, we explored past and present research of CNS-based mechanisms of
cancer cachexia, providing a conceptual framework for inflammatory, autonomic, and
neuroendocrine pathways of energy homeostasis. Although we presented inflammatory,
autonomic, and neuroendocrine concepts of cachexia individually, it is undeniable that
their modulation during health and disease are interdependent. For instance, CRH
neurons regulate activity of the HPA axis and simultaneously provide regulatory
projections to brainstem and spinal cord neurons that regulate sympathetic outflow (81).
CRH neurons are known to regulate SNS inputs to the heart, adipose tissue, liver, and
other peripheral tissues, all of which are also sensitive to GC levels established by the
HPA axis (59, 61, 81). Additionally, hypothalamic IL-1B exposure is sufficient for
activation of the HPA axis, GC production, and subsequent muscle catabolism (16).
Therefore, components of the CNS-based inflammatory, autonomic, and
neuroendocrine pathways activated by cancer progression are mechanistically
interdependent and display functional redundancy in regulating peripheral tissue
catabolism during cachexia. This instance of redundancy also highlights the CNS’s
ability to amplify biological programs in the periphery, such as muscle catabolism,
through multiple efferent effector mechanisms. Therefore, promising cachexia
therapeutics that target the brain are likely to modulate several of these CNS processes

of cachexia.
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4. Lipocalin 2: a pleiotropic mediator of inflammation, metabolism,
and cell viability

Shortly after joining Dr. Marks’ lab, | came across a paper by Mosialou et al titled
“‘MC4R-dependent suppression of appetite by bone-derived lipocalin 2,” which
immediately piqgued my interest in the molecule (82). Since Dr. Marks’ is very familiar
with the hypothalamic type 4 melanocortin (MC4R) system in cachexia, combined with
this recent report detailing an appetite-regulating effect of Lcn2, we collectively thought
it prudent to perform a quick literature review and conceive simple pilot experiments to
determine if Lipocalin 2 is regulated in the context of cancer cachexia. This literature
review revealed just how diverse of a molecule Lcn2 truly is, having disparate roles in
various physiologic and pathologic settings. Lipocalin 2 (Lcn2), also known as neutrophil
gelatinase-associated lipocalin (NGAL), siderocalin, or 24p3, is a member of the
lipocalin superfamily and a pleotropic mediator of several immunologic, metabolic, and
inflammatory processes (83, 84). Further evidencing Lcn2’s multifaceted role is that it
has three known receptors: Solute Carrier Family 22 Member 17 (SLC22A17), the
MC4R, and megalin (82, 85, 86). Lcn2 was originally identified as a 25-kD protein
purified from human neutrophilic granules in 1993 (83, 87-89). Since this molecule has
only recently been discovered, it is likely that there is still much to be discovered about
its biological function.

One of the first molecular functions unveiled of Lcn2 was its iron-trafficking
capacity (90). At the time, this was a remarkable study, as the delivery of iron to cells
was solely attributable to their ability to capture iron-loaded transferrin (91, 92). With this

recent discovery of Lcn2 and its iron-trafficking role, it was postulated that Lcn2 would
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be a multifaceted mediator of cellular processes, as intracellular iron processing is a
unique regulation mechanism of inflammation, immune system function, and gene
expression to name a few (93-96). What would follow in the decade after this initial
discovery and characterization of Lcn2 would embody these initial hypotheses, in which
Lcn2 mediates several molecular functions. Here | provide a comprehensive review of
Lcn2 during health and disease, and end with a discussion about its potential

intersections with cancer cachexia.

4.1 Bacteriostatic and Inflammatory properties

In 2004, the first definitive study concerning the iron-trafficking role of Lcn2
during disease was published in Nature (97). Flo et al demonstrated that Lcn2 was
robustly induced in the serum of mice after lipopolysaccharide (LPS) challenge, and that
mice deficient in Lcn2 experienced significantly increased blood, liver, and splenic E.
coli proliferation (97). The authors go on to demonstrate that Lcn2 specifically inhibits
enterochelin-dependent growth of E. coli through the binding of Lcn2 to catecholate-
type siderophores, and that increasing concentrations of Lcn2 inhibits E. coli growth in
vitro—an effect that is promptly counteracted by adding equimolar amounts of
enterochelin (97). Finally, they show that Icn2-KO mice succumb to E. coli infection
much faster than WT mice, and that this survival effect is siderophore-specific (97). This
hallmark study was the first line of evidence for the acute induction of Lcn2 being a
beneficial response in the context of acute disease.

Since its initial characterization in the context of bacteria-induced inflammation,

Lcn2 is shown to be increased in expression in a variety of inflammatory states,
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including acute kidney injury (98-100), reperfusion injury (101, 102), lupus nephritis
(103), acute liver injury (98, 104), acute hepatic failure (105), autoimmune myocarditis
(106), and several cancers (107-110). Similarly, Lcn2 is also shown to be highly
expressed in numerous neuropathologies that result in CNS inflammation, including
inflammatory conditions like fever (111), primary neurodegeneration (112-114),
autoimmune disease (115-117), brain injury (118, 119), schizophrenia (120), spinal cord
injury (121), and vascular disease (122, 123) amongst others. Given many of these
inflammatory conditions occur in a sterile setting, the principle anti-bacterial effects of
Lcn2 are seemingly dispensable in this context, suggesting Lcn2 act beyond a simple
anti-bacterial molecule during disease. Indeed, numerous reports have come to light
characterizing the tolerance function (defined below) of Lcn2 in the context of acute
inflammation. These reports include Lcn2’s influence on immune cell function (124, 125),
chemotaxis and migration (126), and amelioration of CNS inflammation (127), although
refuting reports describing an exact opposite effect are prevalent (128, 129).

When considering a molecule’s “resistance” effects, defined as a molecule’s
ability to fight a pathogen, another term that now comes into biological consideration is
“tolerance,” defined as biological mechanisms employed to protect the host from
secondary inflammatory damage produced from both the pathogen and the hosts
inflammatory response in fighting the pathogen (i.e. fever) (130, 131). This line of
thought can be applied to the progression of Lcn2’s scientific study, in which the focus
of Lcn2 research is generally now focused beyond its anti-bacterial properties (tolerance
mechanisms). One such field of investigation is the role Lcn2 may play in the regulation

of inflammation, which we will now discuss.
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The case for Lcn2 being an anti-inflammatory molecule, and thus a molecular
mediator of host tolerance during infection, was illustrated through a simple experiment
in which LPS was injected intraperitoneally in rodents (132). Guo and colleagues
demonstrated that Icn2-deficient bone marrow-derived macrophages were more
sensitive to LPS simulation, ultimately leading to an increase in the activation of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB), c-Jun, and STAT3
signaling pathways and concomitant up-regulation of expression of NF-kB and STAT3
target genes such as Il-18, /-6, Inos, and Mcp-1 (132). Similarly, Zhang et al
demonstrated that when added to macrophages, Lcn2 suppressed LPS-induced
cytokine production (133). These studies demonstrates that Lcn2 expression plays an
important anti-inflammatory role during macrophage activation (132). In addition to
potential peripheral anti-inflammatory effects of Lcn2, a publication by Kang et al in
2018 demonstrated Lcn2 is uniquely protective in the CNS during LPS challenge (127).
Specifically, the authors demonstrate that Ilcn2-KO mice injected with LPS displayed a
unique transcriptome in the CNS with significantly higher levels of several pro-
inflammatory molecules, including cytokine and chemokines, nucleotide-binding
oligomerization domain-like receptor signaling molecules, and Janus kinase signaling
molecules (127). These studies and more suggest Lcn2 acts in a protective capacity
during sterile inflammation, while a large body of literature suggests the exact opposite
effect of Lcn2 during sterile inflammatory disease, in which Lcn2 propagates disease-
related inflammation.

The literature for Lcn2 being a pro-inflammatory agent is more abundant than

that suggesting it serves as an anti-inflammatory molecule as discussed above. In direct
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contrast with the aforementioned Kang study in which Lcn2 is protective in the CNS
during LPS challenge, Jin et al observe a neurotoxic role of Lcn2 in the brain, detailing
the inflammation-inciting effects of Lcn2 on glia and endothelium in the brain, which in
turn resulted in a reduction in neuronal viability (134). In addition to Lcn2 aggravating
CNS inflammation in LPS models, over a decade of work from the Kyoungho Suk lab
details several other instances in which Lcn2 is broadly pathological when induced in
the CNS, including models of peripheral nerve injury (135), formalin-induced nociception
and pathologic pain (136), stroke (119), encephalomyelitis (116), optic neuritis (137),
parkinsonism (138), vascular dementia (139), diabetic encephalopathy (140), and
diabetic neuropathy (141). Additionally, Shin et al recently reported a dual oxidative
stress and inflammatory effect of Lcn2 when induced in the hippocampus after kainic
acid-induced seizure rodent model (142). Another putative mechanism by which Lcn2
may induce CNS inflammation is through its chemotactic properties, in which the
upregulation of Lcn2 in the brain results the induction of chemokines (particularly
CXCL10) and subsequent recruitment of inflammatory immune cells (126, 143). Indeed,
Lcen2 is known to individually induce neutrophil chemotaxis (96, 144).

In peripheral inflammatory models, Lcn2 has also been demonstrated to
exacerbate inflammation. In an imiquimod-induced psoriasiform skin model, exogenous
Lcn2 treatment resulted in a significant induction of numerous inflammatory cytokines
and chemokines in the plague compared to vehicle treated mice (145). These trends
extend to other peripheral inflammatory disease models, including nonalcoholic
steatohepatitis (146), alcoholic liver disease (147), and atherosclerosis (148). A

recurring theme in these reports is an acute induction of Lcn2 in their respective tissue
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of study, followed by an increase in inflammatory immune cell infiltration (predominantly
neutrophils) and subsequent increase in inflammatory tissue damage. As mentioned
previously, the litany of research demonstrating a pro-inflammatory effect of Lcn2
outweighs that of its anti-inflammatory effects. As | write this, a PubMed search for
“Lipocalin 2” results in 3,522 articles, while searching “Lipocalin 2 inflammation” results
in 812 reports. Given nearly a quarter of the Lcn2 literature concerns its influence on
inflammatory processes, and since systemic and central inflammation is described as a
critical component of cachexia progression, investigations into Lcn2’s inflammatory
effect in the context of cancer cachexia was warranted and is examined in-depth in

Chapter 3 of this thesis.

4.2 Metabolic properties: insights from models of obesity

Lcn2 is also highly regulated in several metabolic disorders, with the
preponderance of the literature describing various functions of Lcn2 in the progression
of obesity (84). Obesity reflects a metabolic state of low-grade chronic inflammation,
hypothalamic dysregulation, and a mismatch in caloric intake-to-use. In this sense,
obesity represents a similar metabolic inflammatory state as cachexia, although
presents in a dialectical opposite phenotype. The first reports demonstrating Lcn2’s
upregulation during high-fat diet (HFD) induced obesity attributed its expression to white
adipocytes (149), while dexamethasone was also shown to rapidly induce Icn2 in
cultured 3T3-L1 adipocytes (150). Indeed, serum Lcn2 levels are significantly increased
in obese patients and closely correlated with measures of insulin resistance (151), and

Icn2 expression in visceral and subcutaneous adipose tissue was found to correlate with
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circulating proinflammatory cytokines (152). In addition to the regulation of adipose
expression of Icn2 by inflammatory cytokines, a report by Zhang et al demonstrated Icn2
was also highly regulated by other metabolic stressors, including fasting, excess
glucose, insulin-tolerance test, and exogenous fatty acids (palmitate and oleate) (153).
Interestingly, after performing a whole-body tissue analysis for Lcn2 production, |
observe no such regulation of Lcn2 in the fat of cachectic mice (See Chapter 3, Figure
2a). Therefore, while Icn2 is robustly induced in the fat during obesity, my data suggest
alternative immunometabolic pathways are responsible for its induction in the context of
cancer cachexia, and imply a distinct biological role for Lcn2 during cachexia when
compared to obesity. Furthermore, white adipose expression of Icn2 was demonstrated
to activated brown adipose tissue (BAT) via a norepinephrine-independent pathway, as
BAT from Icn2-KO mice is less thermogenically active (154). A recent report by Meyers
et al expanded upon this notion of Lcn2 activating thermogenic programs using an in
vitro approach, demonstrating exogenous Lcn2 increases beiging (Tbx1 and Zicl) and
thermogenic markers (Ucpl and Ppar-y) in cultured 3T3-L1 cells (155). Since increased
adipose tissue “browning” and increased thermogenesis is a purported mechanism of
energy imbalance in cachexia, | also performed detailed analyses of adipose tissue
browning in Icn2-KO mice after cachexia development in Chapter 3. These early studies
demonstrate that Lcn2 is robustly regulated in the context of obesity and serves to
increase adipose tissue thermogenesis and tissue remodeling. However, these early
studies were broadly observational. Whether or not the induction of this evolutionarily
conserved anti-bacterial molecule in the context of obesity is beneficial or pathological

was unknown until recently.
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As mentioned in the opening paragraph of this section, Mosialou et al
demonstrated an anorectic effect of Lcn2 through its actions in the paraventricular
nucleus of the hypothalamus in 2017, but a significant component of that work also
detailed a glucose-handling effect of bone-derived Lcn2 (82). Specifically, the authors
demonstrate osteoblast-derived Lcn2 improves insulin secretion and glucose clearance
after glucose-tolerance test (82). The authors logically followed up this interesting
observation in a report published just last year, demonstrating that osteoblast-specific
deletion of Icn2 resulted in glucose intolerance, insulin resistance, and pancreatic 3-cell
dysfunction (156). Using a streptozotocin-induced diabetes model, the authors
demonstrate that exogenous Lcn2-treated mice displayed improved blood glucose
handling, increased islet number, B-cell area, B-cell mass, insulin secretion, and
ultimate survival (156). This report suggests an adaptive role of Lcn2 in the context of
obesity, in which HFD, obesity, and type 2 diabetes results in the induction of Lcn2 in
osteoblasts, which is then capable of curbing appetite, increasing pancreatic B-cell islet
function, and subsequent glucose handling. Collectively, these data and more support

the notion that Lcn2 regulates metabolism in some capacity.

4.3 Cell viability properties

Seminal work by Devireddy and colleagues demonstrated a clear role for Lcn2 in
the regulation of programmed cell death (85, 157). In 2001, the authors showed that
Icn2 was the most upregulated gene after IL-3 deprivation of hematopoietic cells—an
experimental paradigm known to induce apoptosis in all non-immortalized

hematopoietic cells (158). Using several molecular assays and overexpression systems,
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the authors intricately demonstrate that the induction of Icn2 is required for apoptosis in
cultured hematopoietic cells, but several nonhematopoietic cells and monocyte-derived
macrophages were resistant to Lcn2-mediated apoptosis, demonstrating that the
apoptotic effects of Lcn2 are cell type-specific (157). Four years after this discovery,
these authors demonstrated that Lcn2’s ability to regulate programmed cell death is
dependent on the iron-loading status of the molecule, and that this iron-binding is
dependent on an associated siderophore (85). Using clever in vitro overexpression
systems of Lcn2 and its identified receptor (SLC22A17 or 24p3R), the authors imply that
the synthesis and release of Lcn2 is performed in a siderophore-free state, and
siderophore-free extracellular Lcn2 binds its endogenous receptor, is endocytosed, and
can then associated with intracellular siderophore-iron complex (85, 159). If Lcn2 is
loaded with an iron-siderophore complex prior to receptor binding and endocytosis, the
siderophore-iron complex can be donated intracellularly, initiating an anti-apoptotic
program dependent on the downregulation of Bim (85). The opposite occurs in the
context of siderophore-iron-free Lcn2 binding to its receptor, in which unbound Lcn2 is
endocytosed and is able to complex with intracellular iron and an unidentified
endogenous siderophore; this intracellular iron-removal pathway results in an
upregulation of pro-apoptotic Bim and subsequent activation of apoptosis (85). Despite
these heroic efforts in describing Lcn2’s iron trafficking properties, the precise
mechanisms by which Lcn2 binds to iron remains mysterious. Specifically, it remains
unclear if siderophilic binding to extracellular iron is required for its recognition by Lcn2,
and if non-bacterial siderophores—specifically mammalian homologs—are capable of

binding iron and forming the Lcn2-iron-siderophore complex (90).
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Since this initial characterization of the apoptotic-regulatory effects of Lcn2,
several reports have suggested both pro- and anti-apoptotic effects of Lcn2 dependent
on the pathology, cell type, and iron-binding status of the molecule. Wen et al
demonstrated that Lcn2 induced during obesity is protective of gastric mucosa through
the its ability to reduce endoplasmic reticulum stress (160). In cultured cardiomyocytes,
Holo-Lcn2 (Lcn2-siderphore-iron complex) was recently shown to induce mitochondrial
reactive oxygen species production and impair oxidative phosphorylation, while Apo-
Lcn2 (Len2 moiety alone) did not individually influence mitochondrial dynamics (161).
Utilizing an in vitro rat brain slice culture model, Bi et al demonstrate that reactive
astrocytes are able to secrete Lcn2 in the context of TDP-43 overexpression (the
pathologic disease protein in tau- and alpha-synuclein negative frontotemporal
dementia), and this astrocyte-derived Lcn2 is selectively toxic to cultured cortical
neurons (112, 162). These results were corroborated in models of methamphetamine-
abuse related neuronal apoptosis (163) and vascular dementia (139).

The apoptotic-regulatory effects of Lcn2 are well established. However, the past
10 years of research on this topic demonstrates Lcn2 is able to activate endoplasmic
reticulum stress, generate mitochondrial reactive oxygen species, and prevent
ferroptosis (164), demonstrating this molecule’s versatility in regulating intracellular
processes. Furthermore, Lcn2 has three putative receptors, two iron-bound forms (Apo-
and Holo-Lcn2), and differential intracellular effects dependent on cell type. The
permutations in which Lcn2 can enact cellular change is vast, and presents an

incredibly complex biological situation for the study of Lcn2 in vivo.
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4.4 Lcn2 and cachexia: a promising therapeutic target?

Since our laboratory is focused on CNS-based mechanisms of cachexia, my first
exploratory study concerning Lcn2 was quantitative PCR of the hypothalamus in mice
with pancreatic cancer cachexia. | observed a near 60-fold increase in Icn2 in cachectic
mice and was full of glee (Figure 1). After this initial observation, confirming Icn2 was
robustly upregulated in the hypothalamus of cachectic mice, | was completely dedicated
to unveiling what this highly evolutionarily conserved anti-bacterial molecule was doing
in the brain during cancer. These investigations are the focus of Chapter 3 of this

dissertation.
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Figure 1. gPCR of Icn2 in the hypothalamus of sham and pancreatic cancer cachexia

mice. n = 4 per group.

After this initial characterization of Icn2 expression in the hypothalamus of

cachectic mice, | performed a more thorough examination of the expression pattern of
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Icn2 in the brain of mice by in situ hybridization. To my surprise, an area ventral to the
hippocampus, and not the hypothalamus, exhibited the largest induction of Icn2 during
cachexia. Given Lcn2’s known role in regulating cell viability, over a decade of research
by the Kyoungho Suk lab demonstrating a neurotoxic effect of Lcn2 in the brain in
several neuropathologic conditions, along with neurocognitive decline being a known
symptom of cachexia (165), we hypothesized that this specific induction of Icn2 adjacent
to the hippocampus plays a role in cognition. This line of thought forms the basis of
Chapter 4 of this dissertation.

Collectively, my initial literature review of Lcn2 left me with far more questions
than answers. The literature is fraught with conflicting reports of the role of Lcn2 during
disease, and at the time, there were no reports concerning the role of Lcn2 in the
context of cachexia. Since Lcn2 is strongly implicated in the regulation of inflammation,
metabolism, and cellular stress and death—all processes central to the pathogenesis of
cachexia—I thought Lcn2 represented an exciting and promising research avenue for

my graduate studies.

5. Summary

Cachexia represents a formidable metabolic syndrome that is observed in
several chronic diseases, including cancer, and consists of anorexia, progressive fat
and lean mass catabolism, fatigue, and cognitive decline. The mechanisms of cachexia
remain unclear, and while over one hundred clinical trials of human cancer cachexia
have been conducted to date, none have resulted in the approval of an effective therapy

(166-170). In this dissertation, | characterize the role of Lipocalin 2 in driving the
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appetite-suppressive and cognitive impairment features of cachexia through its actions
on the mediobasal hypothalamus and hippocampus, respectively (Figure 2). Throughout
my medical and scientific training, | have realized my affinity to head and neck oncology,
and recognized a significant lack of basic science tools for the study of cachexia in a
head and neck cancer setting. As such, | end this dissertation with my future career
directions in mind, describing and characterizing a novel murine model of head and
neck cancer cachexia. | hope to utilize these newly established tools as | advance in my

academic career.
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Figure 2. A model of Lcn2 production and action in the brain during cancer cachexia.
During the evolution of cancer cachexia, the bone marrow and brain endothelium
produce Lipocalin 2 (red circles) that is able to enter the brain parenchyma. Once in the
brain, Lipocalin 2 acts through distinct neuron receptors to cause anorexia and cellular

stress which drives cachexia symptoms.
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Chapter 1: Diverging metabolic programs and
behaviors during states of starvation, protein

malnutrition, and cachexia.

A manuscript published in Journal of Cachexia, Sarcopenia, and Muscle
Olson B, Marks DL, Grossberg AJ. Diverging metabolic programmes and behaviours

during states of starvation, protein malnutrition, and cachexia. J Cachexia Sarcopenia

Muscle. 2020;11(6):1429-1446.
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Abstract

Background

Our evolutionary history is defined, in part, by our ability to survive times of nutrient
scarcity. The outcomes of the metabolic and behavioral adaptations during starvation
are highly efficient macronutrient allocation, minimization of energy expenditure, and
maximized odds of finding food. However, in different contexts, caloric deprivation is
met with vastly different physiologic and behavioral responses, which challenge the

primacy of energy homeostasis.

Methods

We conducted a literature review of scientific studies in humans, laboratory animals,
and non-laboratory animals that evaluated the physiologic, metabolic, and behavioral
responses to fasting, starvation, protein- or essential amino acid-deficient diets, and
cachexia. Studies that investigated the changes in ingestive behavior, locomotor activity,

resting metabolic rate, and tissue catabolism were selected as the focus of discussion.

Results

Whereas starvation responses prioritize energy balance, both protein malnutrition and
cachexia present existential threats that induce unique adaptive programs which can
exacerbate the caloric insufficiency of undernutrition. We compare and contrast the
behavioral and metabolic responses and elucidate the mechanistic pathways that drive

state-dependent alterations in energy seeking and partitioning.
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Conclusion

The evolution of energetically inefficient metabolic and behavioral responses to protein

malnutrition and cachexia reveal a hierarchy of metabolic priorities governed by discrete

regulatory networks.
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1. Introduction

Appropriate nutrient consumption is an essential process in sustaining normal
biological processes. Both small and extreme fluctuations in caloric intake result in
changes in metabolism and behavior in effort to maintain organismal homeostasis.
During calorically plentiful states, organisms activate energy-consuming anabolic
pathways and satiety behaviors, while states of caloric deprivation result in energy-
liberating catabolic pathways and foraging behaviors (171, 172). These metabolic
programs and behaviors are evolutionarily conserved responses that were shaped to
endure periods of famine (173). Specifically, starvation results in metabolic adaptations
that decrease energy expenditure and conserve protein stores in order to preserve
organ function, while increasing appetite and foraging behaviors in attempt to correct
the underlying nutritional deficiency. However, in the context of protein-specific
malnutrition or disease-associated cachexia, the metabolic and behavioral responses to
nutrient insufficiency differ from simple starvation. For example, in both protein
malnutrition and cachexia, catabolic processes are activated and macronutrient intake is
paradoxically suppressed, violating the rule of energy conservation. While decades of
research demonstrate that the physiologic and behavioral responses activated during
starvation serve to spare energy stores and restrict energy expenditure, recent
discoveries regarding the physiology and behavioral neuroscience of protein
malnutrition and cachexia reveal additional levels of metabolic regulation that lend
insight into the pressures that guided metabolic pathway evolution.

Simple starvation, defined herein as pure caloric deficit in an otherwise healthy

organism, activates programs that prioritize metabolic efficiency, thereby promoting
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resilience and survival. Less is known about protein malnutrition and cachexia, and
recent evidence suggests the metabolic programs of these states in response to caloric
deficit are broadly inefficient. Furthermore, these three states of nutrient deprivation
result in unique behavioral responses that either complement, or contradict, the overall
nutrient requirement of the organism (Figure 1). In this review, we will discuss the
disparate physiologic responses of the metabolic states of simple starvation, protein
malnutrition, and cachexia, with a particular focus on our current understanding of

metabolism, neurophysiology, and behavioral outputs.

Starvation Protein malnutrition Cachexia
I 1 |

Carbohydrate intake None ¢ ¢¢

Fat intake None ¢ ¢¢
Protein intake None ¢¢ ¢¢

Macronutrient
intake

Fat Catabolism ? ? ?f
% Protein Catabolism ¢ f f?
§ Basal Metabolic Rate ¢ f ??

Temperature ¢ ¢ ?
% Appetite f f* ¢
é Foraging T ? ¢
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Figure 1. An overview of macronutrient intake, tissue metabolism, and behavioral
changes observed during simple starvation, protein deficiency, and cachexia.

*Increased appetite to protein-rich foods, yet active rejection of protein-poor foods.

2. Starvation

Metabolic homeostasis is maintained by a well-described network involving
regions in the hypothalamus and brainstem that respond to hormonal and metabolic
signals of both short- and long-term energy supply and engage appropriate behavioral
and physiologic programs (174). Under physiologic conditions, mammals are able
match cumulative energy intake with energy expenditure with exceptional precision due
to tight control of tissue metabolism and feeding behaviors by the central nervous
system (175, 176). Because nutrient scarcity represented an existential threat to
organisms throughout their evolution, these systems prioritize efficiency and energy
storage to maximize both countermeasures against and resilience to undernutrition.
This response is defined behaviorally by an increase in appetite and foraging behavior,
and metabolically by a decrease in basal metabolism and preferential catabolism of
adipose over lean tissue (177, 178). Although this imbalanced response to nutrient
availability likely made humans more vulnerable to obesity in the context of high nutrient
availability, it ensures that the long-term effects of nutrient insufficiency are minimized.
In this review, we use simple starvation to introduce the homeostatic response to
nutritional insufficiency, which will then serve as our comparator when discussing the

respective situations of protein malnutrition and cachexia.
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2.1 Ingestive Behavior

Secreted peripheral factors alter neuronal activity and feeding behaviors during
starvation, with decades of research demonstrating the influence of gut- and fat-
secreted neuropeptides on the mediobasal hypothalamus (MBH) (179). Here, we will
briefly discuss the well-studied endocrine molecules ghrelin and leptin that are known to
play roles in driving behaviors of feeding at least in part through their direct, yet
opposing, mechanisms on hypothalamic neurons. Other peripherally secreted
hormones that influence food intake under physiologic conditions are summarized in
Table 1. During fasting and starvation, the stomach releases the peptide hormone
ghrelin, the only known circulating hormone that stimulates appetite. After secretion by
the stomach, acylation of ghrelin is required for its binding to its receptor, the growth-
hormone-secretagogue receptor, and for its ability to cross the blood-brain barrier (180).
Once in the brain, ghrelin stimulates appetite through interaction with appetite-regulating
neurons in the MBH. These include neurons that inhibit food intake (pro-
opiomelanocortin  (POMC) neurons), and appetite-stimulating neurons expressing
neuropeptide Y (NPY) and agouti-related protein (AgRP), known collectively as the
melanocortin system. The melanocortin system exerts many of its effects through
regulation of activity at the type 4 melanocortin receptor (MC4R), which is expressed in
numerous brain regions. POMC neurons release the MC4R agonist neurotransmitter
alpha-melanocyte stimulating hormone (MSH), whereas AgRP neurons directly inhibit
POMC neuronal activity and also release the MC4R inverse agonist AQRP at most

MC4R expressing neurons. Ghrelin induces food intake primarily via activation of
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NPY/AgRP neurons in the arcuate nucleus (ARC) of the MBH (181-183), which in turn

send projections to numerous nuclei within the hypothalamus, including the
paraventricular, ventromedial, dorsomedial, and lateral hypothalamus, as well as nuclei
outside of the hypothalamus, including the nucleus of tractus solitarii and parabrachial
nucleus (PBN) (184). Conversely, the anorexigenic adipokine leptin is markedly reduced
during starvation (185). Leptin functions as a long-term signal of energy status, with
circulating levels proportional to total adipose stores (186). Whereas the presence of
leptin is permissive of normal caloric intake and neuroendocrine function, a fall in leptin
levels signals a loss of long term energy stores. Correspondingly, decreased leptin is
associated with decreased anorexigenic POMC neuronal activity, thereby triggering
hunger and accompanying physiologic responses during starvation (187). This
neuroendocrine interplay between rising levels of ghrelin and falling levels of leptin
synergistically increase appetite during starvation. This intricate balance between

upregulation of orexigenic and downregulation of anorexigenic molecules is a unifying

theme of starvation neurophysiology.

Table 1. Additional endocrine molecules that mediate food intake

Hormone Source Signaling mechanism(s)

enteroendocrine

cells of the | Peripheral vagal afferent receptors and
Cholecystokinin | duodenum and | transmission of signals to nucleus of the
(CCK) jejunum solitary tract; Melanocortin system(188)
Glucacon-like L cells of distal | nucleus of the solitary tract in the brainstem
peptide-1 small and large | and the paraventricular nucleus of the
(GLP1) intestine hypothalamus; glucose regulation(189, 190)

Hypothalamic melanocortin system*; Aversive

Peptide YY | endocrine L cells of | response; protein-dependent satiety(191,
(PYY) the gut 192)
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Unclear, but potentially permissive in the
orexigenic effect of AgRP in the
Glucocorticoids | Adrenal gland hypothalamus(193, 194)

Insulin Endocrine pancreas | Hypothalamic melanocortin system(195, 196)

2.2 Locomotor Activity

The regulation of activity in response to starvation is somewhat more complex than
that of appetite. On one hand, voluntary activity increases energy usage and
exacerbates energy debt in the absence of food intake. Yet, for nearly all of human
existence, survival depended on the ability to forage, or to efficiently locate, acquire,
and consume food (197). As such, foraging is deemed an obligate life history strategy,
and a species’ ability to recognize when foraging is beneficial or detrimental is a part of
its evolutionary code (198). In general, starvation increases foraging behaviors when
the likelihood of a meal is increased, yet limits foraging and movement when prey or
food is limited (199, 200). During calorie deprivation, hyperactivity and increased
foraging behavior is readily observed in rodents, wherein they exhibit stereotypic food
anticipatory activity in the hours preceding mealtime (201). Although the neural
pathways underlying this response are incompletely understood, this behavior is
associated with concurrent increases in hypothalamic turnover of norepinephrine,
dopamine, and serotonin (202). The neuropeptide orexin-A, released by neurons
located in the lateral and perifornical hypothalamus, is required for fasting-associated
activity increases. Furthermore, recent mouse work demonstrated that AQRP neurons in
the mediobasal hypothalamus are themselves activated during starvation and are
capable of driving foraging behavior (203). Orexin neurons reciprocally regulate both

hypothalamic AgRP neurons and catecholaminergic neurons in the locus coeruleus,
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establishing a brainstem-to-hypothalamus arousal loop that appears to mediate fasting-
associated foraging (204, 205). The degree of hyperactivity and foraging is balanced
between fear of predation and likelihood of feeding, and these processes are influenced,
in part, through amygdala circuitry (206).

Rodents will increase their locomotor activity (foraging) when calorie availability is
restricted, but access to at least some nutrition is maintained. In contrast, complete
removal of food causes a triphasic response in weight loss and locomotor activity in
rodents (207-209). The short-lived first phase is defined by early rapid weight loss and a
decline in daily activity within 24 hours of fasting initiation. During a prolonged second
phase, ongoing suppression of activity is associated with low rates of protein turnover,
high dependence on lipid oxidation, and relatively steady body mass. Upon exhaustion
of adipose depots, fasted rodents then show a profound rise in locomotor activity in the
third phase, associated with rapid weight loss and protein catabolism (210). The
duration of the energy-conserving second phase is age-dependent, longest in older
animals that have larger adipose depots. Similar responses were shown in other
species, most notably migratory birds and emperor penguins, in which the metabolic
shift from lipid to protein catabolism is a signal of expiring energy stores that switches
behavioral program from conservation to active foraging (211, 212). Collectively, these
observations demonstrate the clear link between voluntary activity and energy balance
and reveal an evolutionarily conserved mechanism whereby activity is regulated both by

food availability and long-term energy stores.
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2.3 Resting Metabolic Rate

Energy conservation is a key component of the adaptive response to starvation.
Resting metabolic rate (RMR), the energy used to maintain body temperature, repair
organs and tissues, maintain ion gradients, and support cardiorespiratory function,
accounts for approximately two-thirds of total energy expenditure (213). Therefore, the
RMR represents the greatest potential reservoir for energy conservation. Indeed,
decades of research demonstrate that one of the main adaptations in humans and other
species to nutrient deprivation is to reduce RMR. RMR is proportional to an animal’s
lean body mass, as lean tissues are far more metabolically active than adipose tissue.
The suppression of RMR seen in response to even prolonged starvation exceeds that
which can be explained by pure loss of lean mass, indicating that RMR depression is an
active conservation strategy. This is known as “adaptive thermogenesis”, because heat
generation is the principal component of resting energy expenditure that is modulated in
response to feeding. One of the earliest reports of this process showed the basal
metabolic rate (equal to the RMR upon waking, while fasted and at rest) of a man who
fasted for 42 days, with intake limited to water, lemonade, or beer. Basal metabolism
progressively decreased until the end of his fast, at which time his resting energy
expenditure was approximately half of that in the fed state (214). Similarly, the
Minnesota Experiment challenged normal weight participants through stages of semi-
starvation, restricted refeeding, and ad libitum refeeding, demonstrating excess
suppression of RMR during undernutrition (215). Rats and mice also reduce
thermogenesis response to fasting, suggesting that this is an evolutionarily conserved

mechanism to preserve body mass (216, 217). Suppression of thermogenesis can
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preserve mass over a large range of caloric deficits, perhaps most recognizably in the
context of failure to lose weight during dieting (218).

The RMR is largely under the control of the sympathetic nervous system (SNS).
Catecholamines released into the synapse from noradrenergic nerve terminals or
systemically from the adrenal medulla increase the rate of cellular metabolism and
mobilize fuel stores by stimulating lipolysis in adipocytes and glycogenolysis and
gluconeogenesis from the muscle and liver (219). The SNS is responsive to nutritional
status—engaged by overfeeding and suppressed by fasting (220). This response is
seen in the human studies cited above, wherein fasting decreased resting heart rate, a
surrogate for decreased sympathetic tone, in addition to its effects on thermogenesis.
Indeed, fasting mice and rats also exhibit decreases in heart rate and blood pressure,
consistent with decreased SNS activity (221, 222). Fasted rats have lower levels and
turnover of norepinephrine in the heart, liver, pancreas, and other sympathetically
innervated tissues as compared to fed rats (223). Although these cardiovascular effects
can themselves conserve energy, the SNS has direct effects on thermogenesis
mediated primarily by brown and white adipose tissue (WAT) via the 3 adrenoceptor
(224). SNS activation stimulates uncoupled oxidative respiration via the expression of
uncoupling protein 1 (UCP1), leading to nonshivering thermogenesis in brown adipose
tissue (BAT) (225). Simultaneously, adrenergic input induces lipolysis in WAT, thereby
providing a fuel source for BAT thermogenesis (226). Although previously thought to
only be found in infants, BAT has recently been identified as an important thermogenic

tissue in adult humans, as well (227-231). Thus, the decreases in RMR induced by
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fasting appear to be largely mediated by decreased SNS activity and the resultant

restriction of thermogenesis and cardiac output.

2.4 Fuel Utilization and Tissue Catabolism

The primary purpose of the metabolic response during fasting and starvation is to
provide sufficient energy to the brain and other tissues critical for survival. During
starvation, energy in the form of glucose is mobilized during early starvation, with
ketone bodies serving as the primary energy source for the heart and brain in prolonged
starvation (232). If fasting proceeds beyond one day in humans, or 8-12 hours in mice,
hepatic stores of glycogen are rapidly depleted and catabolism of adipose and muscle
tissue serve as the major sources of energy (233, 234). Since fat stores are limited in
their ability to generate glucose, muscle catabolism is the primary source of hepatic and
renal glucose production during starvation through liberation of gluconeogenic amino
acids (235). However, proteins are not a substantial stored energy reserve, and humans
evolved to preserve protein by shifting our fuel utilization from glucose to ketone bodies
after just two days of starvation (236). These ketone bodies are produced by the liver
from lipolysis-liberated fatty acids and significantly curtail muscle catabolism during
starvation (237). Indeed, humans preferentially catabolize fat stores over skeletal
muscle mass during prolonged caloric deficit (171). If starvation persists after fat stores
are depleted, protein catabolism accelerates and can lead to severe wasting, organ
failure, and ultimately death (238, 239). The preferential catabolism of adipose tissue is
largely driven by the endocrine response to starvation. In the short term, falling blood

sugar is met with the counter-regulatory endocrine response, including release of
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glucocorticoids, glucagon, and growth hormone, and a concomitant decrease in insulin
(240, 241). This stimulates both gluconeogenesis and lipolysis, engaging a catabolic
program that redistributes stored energy in the absence of food intake (242). Although
full discussion is outside of the scope of this review, a review of the major changes in
circulating hormone levels is summarized in Table 2. Taken together, this strategic
triaging of energy store utilization during starvation serves to reduce breakdown of
proteins while providing adequate energy substrates for the brain and other tissues

critical for survival (Figure 2A).
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Figure 2. Relative rates of carbohydrate, fat, and protein catabolism during simple

starvation, protein malnutrition, and cachexia.

Table 2. Overview of peripheral hormone response during starvation, protein
malnutrition, and cachexia. Data are compared to healthy (all human studies) or pair-fed
controls. Trends reported from human studies are italicized. *Compared to non-

cachectic cancer patients.

Protein
Starvation Malnutrition Cachexia
Increased(16,
Cortisol Increased(242) Increased(243, 244) | 245)
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Decreased(246-
Thyroid hormone 248) Decreased(249) Increased*(250)
Increased(253,
Parathyroid hormone | Increased(251) Increased(252) 254)
Renin-angiotensin Increased(255, Increased; minimal | Increased(258,
aldosterone 256) excretion(257) 259)
Increased Increased
peripherally(260); peripherally;
reduced action | reduced action
Norepinephrine centrally(261) centrally(262) Increased(259)
Increased(240,
Growth Hormone 241) Increased(263) Increased(264)
*Decreased(259,
267-269);
Decreased(260, impaired
Insulin 265) Increased(266) secretion
IGF1 Decreased(270) Decreased(271) Decreased(272)

3. Protein Malnutrition

Protein malnutrition represents a special case of undernutrition, in which specific
adaptations evolved to ensure adequate intake of amino acids essential for growth,
reproduction, and survival (273). In contrast to simple starvation, which is defined as
caloric insufficiency, in protein malnutrition an imbalance in amino acid content or
inadequacy of one or more amino acids drives behavioral and metabolic responses
designed to correct the imbalance. Protein malnutrition can refer to a broad range of
protein-deficient diets from total lack of protein content to specific amino acid shortages.
For the sake of this review, we will define protein malnutrition as either overall
inadequate protein intake—a low protein (LP) diet—or the dietary absence of a single
essential amino acid (EAA-deficient diet), a scenario which best exemplifies the protein-

specific homeostatic circuit. Absence or excess of single amino acids elicit powerful
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feeding and behavioral effects, which in some cases can exacerbate overall energy
imbalance. Imbalances in amino acids are then recovered via the increased catabolism
of lean tissues, which may rely upon pathways that increase resting metabolic rate. This
highlights a graded system in which regulation of nutritional composition preferentially
drives the response program over pure caloric content. Below, we discuss the parallel
mechanisms that mediate these processes and their interactions with homeostatic

systems employed during starvation.

3.1 Ingestive Behavior

Animals fed a LP diet display alterations in appetitive behaviors that vary depending
on protein content. For example, rats fed a moderately LP diet, with 8-10% of energy as
protein, display sustained hyperphagia, prioritizing normalizing protein levels over
caloric homeostasis (274-276). However, rodents consuming either very LP diet (<8% of
energy in rats or <5% in mice) or EAA-deficient diets become hypophagic, even in the
context of negative energy balance (277, 278). When exposed to such a diet, rats will
decrease meal size and increase interfeeding intervals within 20 minutes of meal onset,
mediated by neuronal detection of the EAA imbalance (279, 280). Within hours, the rats
then develop conditioned taste aversion to the deficient diet while also developing
preference for the missing amino acid (281, 282). Thus, despite undernutrition,
laboratory rodents will paradoxically sustain hypophagia in the presence of EAA-
deficient foods. When given access to foods containing the missing amino acid, or if the
deficient EAA is injected into the brain, feeding behavior rapidly resumes with

preference shown for the nutritionally replete food (283). Upon refeeding, rats will even
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prefer a protein-free meal to an amino acid-imbalanced chow, reinforcing the
importance of amino acid composition as a driver of food preference (284). Chronic
hypophagia is therefore driven by aversion to EAA-deficiency, not lack of appetite.
These observations translate somewhat to human studies, as moderate restriction of
dietary protein induces adaptive changes in food intake to restore adequate protein
status, but people will not overeat a very low protein diet to the point of protein repletion
(285, 286). These findings led to the hypothesis of a “protein-centric” feeding paradigm,
in which dietary amino acid composition is proposed to be the primary determinant of
ingestive behavior, superseding the drive for energy homeostasis.

The sensing of amino acid deficiency during protein malnutrition is complex, and
involves both the hypothalamus and the anterior piriform cortex (APC), a region
involved in olfaction that is among the most primitive parts of the mammalian cortex
(287, 288). The APC detection mechanism relies on the accumulation of uncharged
transfer RNA, which activates the general amino acid control non-derepressing kinase 2
(GCNZ2). Mice and drosophila lacking GCN2 do not detect or avoid EAA-deficient diets,
unless this exposure is prolonged (287). GCN2 phosphroylates eukaryotic initiation
factor 2 (EIF2A) in APC neurons, initiating a signaling cascade that functions to block
general protein synthesis (287, 289). The net effect of this pathway is to reduce
GABAergic inhibition in the APC circuit and increase glutamatergic transmission (290).
Although it remains unclear which targets of APC mediate the anorectic response, fMRI
assessments in rats show rapid activation of both the ventromedial and lateral
hypothalamus, two regions involved in feeding behaviors that receive APC axonal

projections (290, 291). However, recent conflicting studies question the GCN2/EIF2A-
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dependent mechanism in the APC, suggesting neuronal sensing of amino acids remain
incompletely understood (292). A similar mechanism for EAA detection in the MBH was
proposed, supported by the blunting of the anorectic response to a leucine-deficient diet
following adenoviral knockdown of GCN2 in the ARC of mice (293). Although appetite-
regulating neurons in the hypothalamus may directly detect EAA deficiencies, central
melanocortin signaling appears to only play a minor role in the acute feeding response.
Mice depleted of the MC4R have a slightly attenuated acute anorectic response to EAA-
deficient diet, but neither pharmacologic or genetic blockade impacts the chronic
hypophagia induced by dietary EAA deficiency (294). This observation illustrates the
mechanistic and behavioral divergence between feeding responses—driven principally

by aversion—and appetite, which is preserved.

3.2 Locomotor Activity

Rodents fed EAA-deficient diets develop rapid and sustained anorexia yet display
increased foraging behaviors in effort to find foods containing the needed essential
amino acid (290). This supports the observation that hypophagia observed during EAA
deficient diet consumption is not reflective of a global decrease in appetitive behaviors.
Similar to fasting, both LP diet and EAA-deficiency significantly increase locomotor
activity compared to rodents fed normal chow (295). During the initial EAA-deficient
meal, increased activity corresponds temporally to meal termination and is
characterized by digging in their food cup, suggesting that the purpose of this activity is
to seek new foods (296). Accordingly, this behavior is rapidly extinguished upon
reintroduction of the deficient EAA, in a process dependent upon normal protein

synthesis in the APC (297).
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As with the regulation of food intake, the regulation of foraging behavior due to
protein malnutrition is complex. The key site of signal integration appears to be orexin
neurons in the lateral hypothalamus, which receive both excitatory projections from the
APC and peptidergic projections from the MBH. Disinhibition of APC neurons in
response to EAA-deficiency then directly activates lateral hypothalamic orexin neurons,
which coordinate the locomotor appetitive behaviors (reviewed in (290)). Karnani and
colleagues demonstrate that orexin neurons are also activated by non-essential amino
acids, which may be increased in the context of EAA deficiency, leading to increased
foraging activity (298). These authors were further able to show that non-essential
amino acids at physiologic concentrations were able to overcome glucose inhibition of
orexin neurons, providing a mechanistic explanation for the activation of foraging in the
EAA deficient setting despite adequate calorie intake (298). Collectively, it is clear that
protein malnutrition induces foraging behaviors similar to that of a starving animal and,
combined with a strong preference for amino acid replete food sources, serve to

maximize the animal’s chances of rectifying nutrient imbalances.

3.3 Resting Metabolic Rate

The central sensing of amino acid deprivation can regulate energy expenditure and
autonomic outflow through mechanisms that are independent of other macronutrients.
Dietary leucine deprivation increases thyrotropin-releasing hormone (TRH) expression
in the hypothalamus, ultimately increasing energy expenditure as indicated by
measures of locomotor activity, oxygen consumption, and temperature regulation (299).

This collective increase in TRH observed during leucine deprivation results in
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sympathetic nervous system (SNS) activation and autonomic outflow to peripheral
tissues that increases resting metabolic rate and lipid catabolism, as reviewed above.
Specifically, leucine deprivation increases the expression of the $3-adrenoceptor, Adrb3,
as well as Ucpl in BAT consistent with sympathetic activation of thermogenesis (300,
301). Similarly, we found that Ucpl expression was increased in mice and rats fed a
valine-deficient diet, and Guo and colleagues showed that both valine and isoleucine
deficiency increase lipid mobilization and energy expenditure suggesting that
hypermetabolism is a conserved response to amino acid imbalance (277, 295). Other
investigators demonstrated that leucine deprivation induced the induction of Ucpl and
other markers of thermogenic activation (generally known as “browning”) in WAT, via a
CNS pathway and activation of sympathetic outflow (302). The evolutionary benefit of
this increase in metabolic rate and metabolic reprogramming of adipose tissue in an
undernourished animal is not immediately clear, but may be important to balance the

energy demands of foraging, via SNS mediated activation of lipolysis (300).

3.4 Fuel Utilization and Tissue Catabolism

When compared to starvation, protein malnutrition is broadly associated with an
earlier-onset and increased protein and fat catabolism (Figure 2B). After being fed a diet
deficient in EAA, rodents quickly deplete carbohydrate stores similar to that observed
during simple starvation. However, rodents catabolize muscle at a significantly higher
rate than their normal chow pair-fed counterparts, demonstrating that a distinct and
independent catabolic pathway is associated with EAA deficiency (277). Active muscle

catabolism releases EAAs into the blood, thereby providing a source of diet-limited
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EAAs and allowing for ongoing protein synthesis to maintain essential physiological
processes. Mechanistically, this process is driven by the induction of catabolism-
inducing E3 ubiquitin ligases (MuRF1 and MAFbx) in skeletal muscle. These catabolic
proteins are upregulated in the muscle of rodents fed an EAA-deficient diet after just 3
days and remain elevated after nearly 3 weeks (277). To a lesser extent, this increased
catabolic state observed in the muscle compartment for EAA-deficient animals is also
observed in fat tissues. Specifically, rodents on an EAA-deficient diet catabolize fat
stores similarly to pair-fed controls for the first week, but burn fat at a much higher rate
after 2 weeks (277). This catabolic program is likely to be influenced both by increased
energy expenditure described above, along with the actions of circulating
glucocorticoids. Although the general trends of hormonal changes associated with
protein malnutrition are similar to those found in starvation (Table 2), administration of a
valine deficient diet increased plasma corticosterone compared with pair-fed control
mice and rats (277). In response to a leucine-deficient diet, Xia and colleagues define a
novel role of p70 S6 kinase 1 (S6K1) in modulating expression of corticotropin-releasing
hormone (CRH) in MCA4R-positive hypothalamic neurons. This induction of
hypothalamic CRH expression is essential for stimulating lipolysis in response to leucine
deprivation (303). Furthermore, glucocorticoids play a well-established role in mediating
skeletal muscle catabolism via the induction of the E3 ubiquitin ligases referenced
above in multiple pathophysiologic conditions (16, 71, 72). Although the dependence of
muscle catabolism in response to EAA deficiency upon glucocorticoid elevation has not
been directly confirmed, the associative data provide compelling evidence that

glucocorticoids serve as a unifying endocrine mediator of macronutrient mobilization.
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Conversely, the levels of the anabolic hormones insulin and insulin like growth factor-1
are decreased in rodents on an EAA-deficient diet compared to pair fed animals, further
shifting the metabolic balance toward catabolism (294). In total, EAA-deficiency results
in a sustained catabolic state of peripheral tissues, liberating fat and muscle stores at a

faster pace than simple starvation.

4. Cachexia

Cachexia is a wasting syndrome associated with a broad range of acute and chronic
illnesses, including infection, heart disease, cancer, and chronic inflammatory conditions.
Unlike starvation and protein malnutrition, which are dictated by environmental nutrient
availability, cachexia results from internal factors and cannot be fully reversed by
nutritional supplementation. Cachexia is characterized by the co-occurrence of anorexia,
lethargy, hypermetabolism, and accelerated catabolism (15). This program is the result
of inflammatory and metabolic signals that reorient the homeostatic mechanisms
employed during starvation and protein malnutrition, establishing a hierarchy of context-
specific afferent signals. That cachexia is conserved across species and inflammatory
conditions suggests that it likely evolved as an adaptive response to life-threatening
illness. Indeed, several studies demonstrate survival benefits of this catabolic state
during acute infectious processes (63, 304). These benefits are traditionally thought to
result from the redirection of valuable metabolic resources from the brain and gut to the
immune response (305). Recent work adds that this metabolic program aids in tissue
tolerance during the immune response, preventing end organ dysfunction (63, 304).

Proinflammatory cytokines are common among cachectic conditions and sufficient to
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drive much of the metabolic physiology. Recent work has expanded the list of afferent
mediators contributing to wasting and offered new insights into its etiology. Below we
contrast the CNS response to cachexia from those of starvation and protein malnutrition

and discuss the mediators that drive these divergent programs.

4.1 Ingestive Behaviors

Due the increase in resting energy expenditure during cachexia, an increase in
energy intake would be required to offset the overall catabolic state. However, cachexia
induces appetite suppression that amplifies the overall energy deficit (Figure 3). In some
cases this presents as frank anorexia, whereas in other cases a more subtle failure to
appropriately increase feeding is observed (38, 52, 306, 307). The resistance to the
effects of energy debt are most notable after substantial weight is lost, when the
hypothalamic feeding rheostat would be under increased pressure to reestablish
homeostasis. The disinterest in feeding during cachexia is in direct opposition to what is
observed in simple starvation or protein malnutrition, each of which results in behaviors

that attempt to restore macronutrient homeostasis.
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Figure 3. Energy intake and expenditure during starvation, protein malnutrition, and

cachexia.

Multiple systemic and central factors converge to inhibit ingestive behaviors, with
the hypothalamus and brainstem thought to be the major sites of signal integration.
Principal among anorectic factors are inflammatory cytokines, including interleukin-1p
(IL-1B), tumor necrosis factor (TNF), leukemia inhibitory factor (LIF), type 1 interferon
(IFN), and prostaglandins (2, 15). Each of these molecules is independently capable of
inducing anorexia when administered either peripherally or directly in the brain.

Research in our laboratories and others’ over the past two decades demonstrated that a
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principal site of action for these cytokines is in the MBH, where specialized fenestrated
endothelium and localized inflammatory cells allow for the transmission and
amplification of peripheral inflammatory signals (reviewed in (18)). These cytokines then
act directly or indirectly to increase signaling through the MC4R, in a fashion similar to
leptin (306). Pharmacologic or genetic ablation of MC4R signaling reverses cachexia in
multiple acute and chronic laboratory rodent models of cachexia (308-313).

More recent work implicates two populations of neurons in the brainstem in the
anorectic component of cachexia. The first consists of neurons in the PBN, located in
the pons, which relays noxious stimuli from the viscera to the amygdala as a component
of the threat circuit. Activation of PBN calcitonin gene-related peptide (CGRP)-
expressing neurons potently suppresses appetite (314). These neurons were activated
in two murine models of cancer cachexia and sterile inflammation, and their
chemogenetic inhibition was sufficient to reverse the anorexia and weight loss
associated with each model (314, 315). As PBN CGRP neurons are inhibited by
hypothalamic AQRP neurons and express MC4R, they may function as a downstream
effector of hypothalamic-mediated cachexia (316, 317). Given their role in relaying
aversive signals, these neurons may also have non-overlapping influences on cachexia-
anorexia, generating redundancy in this system. A second brainstem site involved in the
transmission of noxious signals is located in the area postrema, a circumventricular
organ most well-known for its role in nausea. A population of neurons there express the
GDNF family receptor alpha like (GFRAL), the only known receptor for growth
differentiation factor 15 (GDF-15), a member of the transforming growth factor beta

ligand family that suppresses food intake (318-320). Elevated serum levels of GDF-15
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are found in multiple cachectic states and serum levels correlate with weight loss in
prostate cancer (63, 321). Treatment of mice with GDF-15 or implantation with a GDF-
15 overexpressing tumor is sufficient to induce cachexia, whereas treatment with a
neutralizing antibody reversed cachexia in multiple murine cancer models (307, 322,
323). Although there is some integration of these anorectic pathways, the existence of
multiple disparate mediators represents a level of redundancy found in few biological
systems, suggesting that suppression of food intake during illness is an essential
response. Indeed, a provocative study by Wang and colleagues demonstrated that
improvement in survival in mice with a Salmonella infection, required fasting-induced
ketogenesis (304). Whether decreased nutrient intake provides an adaptive advantage

in the contexts of cancer or other conditions remains unclear.

4.2 Locomotor Activity

Unlike starvation or protein malnutrition, cachexia is associated with a profound
lethargy and decrease in both foraging and non-foraging locomotor activity. Lethargy is
among the first signs of sickness, often observed prior to the onset of fever in patients
with microbial infections or murine models of sterile inflammation (324). From an
evolutionary perspective, this response makes sense both to reserve metabolic
resources for the fight against infection and to avoid exposure to the elements or
predation while in a weakened state. Cachectic rodents neither exhibit the increase in
foraging behavior seen in other states of undernutrition nor do they develop anticipatory
activity when entrained with time-restricted feeding paradigms (325). As described

above, foraging behavior is mediated by perifornical/lateral hypothalamic orexin neurons,
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which receive input from the MBH, APC, and brainstem arousal centers. Orexin neuron
activity is decreased in mice treated with LPS and sarcoma-bearing rats, and
intracerebroventricular administration of orexin can restore normal locomotor activity in
these models, suggesting that the inhibition of orexin neuron activity underlies sickness-
associated lethargy (325). This inhibition appears to be mediated by an increase in the
activity of local interneurons that express neurotensin, but the link between inflammation
and the activity of these neurons remains poorly described (325). Within the MBH,
AgRP neuron activity is necessary to engage in foraging behavior, yet AQRP neuron
activity and peptide release are reduced in cachectic rodents (203, 326, 327). As AgRP
neurons are known to share reciprocal projections with the lateral hypothalamus and
thought to drive foraging via activation of orexin neurons, the loss of AgRP neuron
activity may mediate the downregulation of orexin neuron activity. The aforementioned
study that evaluated PBN CGRP neurons also found that their chemogenetic inhibition
reversed lethargy (315). Neurons in the lateral PBN send projections to orexin neurons
that then innervate the locus coeruleus, but it remains unclear whether orexin neurons
play a role in lateral PBN CGRP-mediated lethargy or these are two parallel pathways
(328).

Decreased activity in cachectic humans and rodents appears to be multifactorial,
involving peripheral mechanisms, as well. Muscles from cachectic mice exhibit
decreased mass, strength, function, and exhibit early fatigability (329, 330). Because
inflammatory signaling can drive both skeletal muscle wasting and lethargy, it can be
difficult to attribute the decrease in locomotor activity specifically to muscle wasting.

However, transgenic mice overexpressing the transcription factor Forkhead box protein
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O1 (Fox01), a driver of skeletal muscle catabolism, show reduced muscle mass and
spontaneous locomotor activity, suggesting that skeletal muscle loss is sufficient to
suppress activity (331). Cachexia is further associated with metabolic changes that alter
fuel mobilization and utilization. Recent work in mice bearing head and neck cancers
shows that decreases in locomotor activity can occur independent of central
inflammation and prior to significant muscle loss (44). Metabolic phenotyping in these
mice revealed significant changes in carbohydrate metabolism associated with lower
blood glucose levels and increased skeletal muscle lactate accumulation, positing an

additional contribution of metabolic exhaustion to hypoactivity in cachexia (332).

4.3 Resting Metabolic Rate

The regulation of resting metabolic rate in cachexia is most thoroughly studied in
the context of cancer, with the majority of studies demonstrating normal or increased
energy expenditure in a variety of different cancer types (333-336). Cancer patients
frequently have reduced caloric intake and weight loss, so even “normal” energy
expenditure should be considered excessive in this context. RMR is related to the
degree of cachexia, with elevated energy expenditure documented prior to overt weight
loss, sustained through early cachexia, then declining in those most severely affected
(refractory cachexia) (333, 337), perhaps due to depletion of available metabolic
substrates. Indeed, increased fat oxidation is observed in cancer patients, irrespective
of weight loss, and browning of WAT is observed in murine cachexia models and in
humans with cachexia (52, 338). Although direct action of circulating factors (e.g.

parathyroid hormone related peptide [PTHrP]) can activate thermogenesis and
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browning of adipose tissue in a subset of cancer types, the most robust and consistent
driver of this process is chronic activation of adrenergic sympathetic inputs. A number of
studies demonstrate activation of pre-autonomic neurons in the paraventricular nucleus
of the hypothalamus (PVH) during both the early and late stages of cachexia,
suggesting that this is a common mechanism of induction of thermogenesis in this
disease (339, 340). Although few in number, studies that explored the impact of
glucocorticoids on human adipose tissue thermogenesis demonstrated an increase in
BAT activation by glucocorticoids, suggesting that this is another mechanism driving
increased energy utilization during cachexia (341, 342). Furthermore, the hormonal
changes associated with cancer cachexia are characterized by increased release of
thyroid hormone as compared to non-cachectic patients, indicating that this may further
increase the resting metabolic rate (250) (Table 2). Collectively, existing data argue
that increased metabolic rate (or lack of compensatory metabolic response to
insufficient caloric intake) is an important feature of cachexia, driven by a combination of
metabolic inefficiency (“futile” metabolic cycles) and tissue reprogramming. However,
the afferent signals driving these events, as well as the relative contribution of CNS vs.

peripheral mechanisms remain poorly described.

4.4 Fuel Utilization and Tissue Catabolism

As in starvation and protein malnutrition, cachexia is associated with a global
shift from carbohydrate to lipid oxidation in both patients and rodent models of disease
(343-345). Levels of both glucose and lipids are frequently elevated in the blood of

cachectic patients and rodents, indicating adequate substrate availability, particularly in
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early stages of cachexia (346, 347). That hyperglycemia is common in cancer patients
despite the tumor’s increased glucose avidity, implies a global metabolic reprogramming
favoring lipid as a substrate. The relative fuel utilization can be measured by indirect
calorimetry, and is expressed as the respiratory exchange ratio (RER)—the ratio
between the amount of carbon dioxide generated and the amount of oxygen consumed.
Multiple studies show a decrease in RER of cachectic patients and rodents, indicating a
preference for lipid oxidation over glucose (52, 343, 348). Evidence from models of
early cachexia suggests that this transition occurs before substantial weight loss occurs
(343). Lipid oxidation appears to be elevated principally in the skeletal muscle, where
excess lipid oxidation may be sufficient to drive muscle wasting (343, 349). However,
hepatic lipid oxidation, required for ketone generation, is decreased in multiple models
of cachexia, demonstrating a tissue-dependent reprogramming (350, 351). This
impaired ketogenesis is hypothesized to be a driver of tissue wasting, but conflicting
data exist, with dietary or pharmacologic activation of ketogenesis shown to reverse
cachexia in mouse models of lung and pancreatic cancer, but not in a rat sarcoma
model or human cancer patients (350, 352-354). The use of proteins as a metabolic fuel
is more difficult to measure, as RER does not take them into account, and they
generally constitute a small contribution to overall metabolism. Although muscle wasting
is a cardinal feature of cachexia, levels of serum amino acids and urinary nitrogen
excretion are largely unaltered or paradoxically decreased in cachectic patients and
rodents (355-357). Much of the protein mobilized from muscles during cachexia is
thought to provide substrate for the hepatic acute phase response to inflammation, a

metabolically costly process involving the synthesis and release of bioactive proteins
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involved in modifying the metabolic environment of the threatened host. Because the
amino acid composition of muscle differs substantially from acute phase reactants, it is
hypothesized that this drives further wasting to supply adequate levels of the limiting
amino acids (358).

In comparison to both starvation and protein malnutrition, cachexia is associated
with the greatest muscle and fat catabolism relative to the degree of caloric deficiency
(Figure 2C) (38, 359). Using computational models of cachexia in humans, it is
estimated that lipolysis increases by up to 30-80% over baseline (360-362), while
reports suggest muscle catabolism may increase by 40-60% (363-366). Muscle loss in
cachexia owes to a combination of reduced protein synthesis and increased protein
catabolism (367). The relative influence of altered synthesis and degradation to wasting
varies among studies, with early reports suggesting that decreased synthesis played a
dominant role (368, 369). More recent studies clearly established that cachectic patients
retain anabolic potential, with a clinical trial showing net gain in muscle mass with the
ghrelin mimetic (anamorelin) in patients with cancer cachexia (370-374). Amino acid
supplementation in cachectic tumor-bearing rats increased protein synthesis, yet
degradation outpaced gains in protein synthesis (375). This catabolic program in
skeletal muscle is mediated through the activation of the ubiquitin proteasome pathway
and enhanced Mafbx, Murfl, and Foxol expression (376). Although common to all
three states of undernutrition, the ubiquitin proteasome pathway is activated to a greater
degree in cachexia than in either starvation or protein malnutrition (38, 294). The
activation of the ubiquitin proteasome pathway in cachexia reflects the influences of

direct inflammatory cytokine signaling on muscle, persistently elevated glucocorticoid

64



signaling, and disuse (377). Multiple in vitro and preclinical studies confirm that
inflammatory cytokines, including IL-1, TNF, and IFNy, and glucocorticoids, are
independently sufficient to induce E3 ubiquitin ligase expresion in skeletal muscle,
thereby amplifying the catabolic effect of undernutrition (378-380).

Autophagy, the digestion and recycling of cellular contents by the lysosome, also
contributes to muscle catabolism. This process is an important component of cellular
homeostasis, allowing for the degradation of damaged organelles, toxic protein
aggregates, and misfolded proteins (381). Autophagy is increased following prolonged
fasting in mice, but notably is elevated in the muscles of cachectic humans mice as well,
as evidenced by increased levels of autophagy mediators BNIP3 and LC3B and the
autophagy-promoting transcription factor FOXO3 (382-388). Similar to the ubiquitin-
proteasome pathway, autophagy can be activated in skeletal muscle by metabolic
(calorie restriction), hormonal (glucocorticoid) or inflammatory (cytokine) challenges,
illustrating the high degree of conservation in muscle-intrinsic catabolic mechanisms
across contexts (384). As in skeletal muscle, cardiac wasting can be driven by both the
ubiquitin protesasome pathway and increased autophagy. Few extant data support the
role of increased MAFbx and MuRF-1 in hearts from cachectic mice, however, with
conflicting reports in mice with cancer cachexia (38, 389, 390). Conversely, autophagy
markers LC3-Il, cathepsin L, and beclin are elevated in hearts from rodents with cancer
cachexia (389, 391, 392). The relative roles for these pathways in cardiac wasting
remain unclear and a topic of active investigation. Ultimately, the cachectic humoral

milieu, characterized by increased levels of proinflammatory mediators and
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glucocorticoids, is able to augment physiologic activation of these catabolic pathways in
skeletal and cardiac muscle beyond that of undernutrition alone.

Loss of WAT in cachexia is due to enhanced lipolysis, associated with elevated
levels of circulating free fatty acids and glycerol (393). Lipolysis is mediated by two
enzymes in adipocytes—adipose triglyceride lipase (ATGL), which catalyzes the initial
hydrolysis of triglycerides to diacylglycerol, and hormone sensitive lipase (HSL), which
is responsible for the subsequent hydrolysis of diacylglycerol. Although HSL is generally
considered the main inducible driver of lipolysis, deletion of Atgl prevented lipolysis in
the B16 melanoma murine model of cancer cachexia (394). Lipolysis in cachexia is
mediated by increased SNS activation and a host of humoral mediators, including TNF,
IL-6, and zinc alpha glycoprotein, each of which is commonly elevated in the serum of
cachectic patients or rodents (393). Cachexia is also associated with browning of WAT
to promote thermogenesis via the expression of the UCP1 (52, 254). In this way,
cachexia modifies adipocyte biology both to induce WAT atrophy via lipolysis and
increase metabolic rate through excess energy dissipation. Fat and muscle catabolism
are largely studied as independent events in cachexia, however several murine studies
demonstrate that preventing adipose wasting also reversed skeletal muscle loss (254,
394). The link between adipose wasting and muscle loss remains unclear but may owe
to oxidative stress associated with the increase in fatty oxidation seen in cachectic
muscle (349). When compared to simple starvation and protein malnutrition, the
metabolic programs of cachexia are broadly more catabolic and energetically inefficient,
leading to an increase in resting energy expenditure and depletion of metabolic

reserves.
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5. Conclusion

Throughout our evolutionary history, humans developed behavioral and biochemical
strategies to cope with nutrient scarcity in the context of famine. However, starvation
was not the only threat to survival associated with undernutrition, as changes in
ingestive behaviors and metabolism are seen in the contexts of protein malnutrition and
infection or inflammation, as well. Herein, we sought to summarize general
macronutrient utilization and tissue catabolism shifts observed amongst these three
metabolic states, as well as the associated deviations in neurophysiology and behaviors
that serve to rectify (or propagate) nutritional imbalances. In the context of simple
starvation and protein malnutrition, the metabolic and neuroendocrine responses induce
changes in behavior and metabolism that facilitate correction of the nutritional
deficiencies. Throughout the spectrum of starvation and protein malnutrition, the brain
receives both local and distant neuroendocrine signals to interpret the body’s overall
nutritional state, and modulates behaviors and motivations in attempt to balance energy
needs, with the requirement to balance amino acid composition eclipsing the drive to
maintain overall caloric sufficiency. This hierarchy may seem somewhat surprising, and
suggests that EAAs and not simple energy equivalents are the limiting nutritional
reagent for organismal survival and replication.

The constellation of metabolic and behavioral responses observed during cachexia
represent a highly coordinated series of adaptations designed to survive acute insults
by shifting priorities to both combat and tolerate the inflammatory challenge. As

systemic infection represented the most salient existential threat to animals in the pre-
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antibiotic era, the reorganization of metabolism around disease survival provides a
teleological narrative for this paradoxical response to energy depletion. From an
evolutionary perspective, humans rarely lived long enough to develop chronic diseases
associated with cachexia. Because the metabolic alterations of cachexia, including
browning of adipose tissue, skeletal muscle and adipose catabolism, and elevated basal
metabolic rate lead to a severe mismatch in energy balance, it is commonly thought that
these responses become maladaptive when engaged over a prolonged period, as
during chronic disease. Furthermore, the sickness behaviors of cachexia (including
appetite suppression, fatigue, and debility) significantly impact patients’ quality of life,
stimulating efforts to develop treatments aimed specifically toward reversing cachexia.
However, future research may yet show advantages to this physiology in chronic
cachectic conditions.

We recognize the important contributions that cognitive, emotional, and hedonic
inputs play in feeding motivation during both normal physiology and pathology. Due to
the widely varying influences these psychosocial inputs play in both energy metabolism
and feeding, we chose to focus solely on the brain’s integration of metabolic and
neuroendocrine cues during starvation, protein malnutrition, and cachexia, with a
particular focus on neurological pathways that are distinct amongst these three
metabolic states. Nearly all of the mechanistic data discussed in this review is derived
from studies in rodents. It is clear that these responses are likely to be heavily modified
by telencephalic inputs in humans, which may provide an additional level of context-

matching to enhance survival.
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In starvation, classical neuroendocrine cues, such as gut- and fat-derived hormones,
are predominantly responsible for organismal metabolic and behavioral outputs. During
protein malnutrition, the direct sensing of amino acid imbalances through recently
identified neuronal pathways in the APC likely play a direct role in driving peripheral
tissue catabolism. The neuroscience of cachexia is defined by the production of
cachexia-promoting factors that are not regulated by nutritional stress alone, but by
systemic inflammation due to the underlying disease. The CNS-based pathways that
regulate energy homeostasis during cachexia remains an area of active investigation,
but a growing body of evidence demonstrates the capacity of the brain to recognize
peripheral mediators of sickness, amplify these signals in circumventricular structures,
and modulate energy homeostasis through appetite regulation and neuroendocrine and
autonomic control of peripheral tissue metabolism (15, 18, 395). Collectively, the
neurophysiology of cachexia exacerbates energy losses, whereas the neurophysiology
of simple starvation and protein malnutrition ultimately serve to rectify energy
imbalances (Figure 3). As evolution is driven by competing pressures, these divergent
responses are the result of a natural hierarchy of needs and illustrate the profound
impact that disease had in shaping animal physiology. Future investigations into the
metabolism and neuroscience of these metabolic states may identify distinct diverging
points in our evolutionary history, unique neurobiological pathways of CNS metabolic
control, and offer new insights into the physiologic plasticity needed for long term

survival of a species.
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Abstract

Cognitive changes are common in patients with active cancer and during its
remission. This has largely been blamed on therapy-related toxicities and diagnosis-
related stress, with little attention paid to the biological impact of cancer itself. A
plethora of clinical studies demonstrates that cancer patients experience cognitive
impairment during and after treatment. However, recent studies show that a significant
portion of patients with non-central nervous system (CNS) tumors experience cognitive
decline prior to treatment, suggesting a role for tumor-derived factors in modulating
cognition and behavior. Cancer-related cognitive impairment (CRCI) negatively
impacts a patient’'s quality of life, reduces occupational and social functioning, and
increases morbidity and mortality. Furthermore, patients with cancer cachexia
frequently experience a stark neurocognitive decline, suggesting peripheral tumors
exert an enduring toll on the brain during this chronic paraneoplastic syndrome.
However, the scarcity of research on cognitive impairment in non-CNS cancers makes
it difficult to isolate psychosocial, genetic, behavioral, and pathophysiological factors in
CRCI. Furthermore, clinical models of CRCI are frequently confounded by complicated
drug regimens that inherently affect neurocognitive processes. The severity of CRCI
varies considerably amongst patients and highlights its multifactorial nature. Untangling
the biological aspects of CRCI from genetic, psychosocial, and behavioral factors is
non-trivial, yet vital in understanding the pathogenesis of CRCI and discovering means
for therapeutic intervention. Recent evidence demonstrating the ability of peripheral

tumors to alter CNS pathways in murine models is compelling, and it allows
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researchers to isolate the underlying biological mechanisms from the confounding
psychosocial stressors found in the clinic. This review summarizes the state of the
science of CRCI independent of treatment and focuses on biological mechanisms in

which peripheral cancers modulate the CNS.

Keywords: Cancer; cachexia; cognitive decline; cytokines; extracellular vesicles;

blood-brain barrier; neuroinflammation
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1. Introduction

Advances in cancer treatments have greatly improved the overall survival of
patients. However, the use of cancer therapies, including radiation, chemotherapy, and
immunotherapies, are commonly associated with toxicities. A multitude of studies
demonstrates that patients treated with systemic therapy or radiotherapy experience
neurocognitive decline (397-400). However, a new wave of research demonstrates that
even prior to treatment, a significant portion of patients with non-CNS malignancies
experience cognitive impairment (401, 402). Furthermore, patients with cancer cachexia
frequently experience cognitive decline, suggesting tumor factors chronically affect
cognition throughout the disease course. With 1.7 million new cases of cancer in 2018
in the US alone and due to an aging population, the prevalence of cancer is on the rise
as is the population of patients in remission or cured of disease (403). Consequently, as
patients continue to live longer after their cancer is cured, the focus is shifting towards
understanding long-term sequelae caused by cancer therapeutics or surgery, and
special attention to the quality of life measurements has become paramount for patient
care. While much of the focus is centered around mitigating therapy-related toxicities,
there is a paradoxical under-appreciation of inherent cancer-related toxicities. The
precise mechanisms by which peripheral tumors communicate to the CNS to cause
cognitive and behavioral change remain elusive, but almost certainly consist of a
complex interplay between the immune system, genetic factors, host behavior, and
psychosocial state.

Overall, an estimated 30% of cancer patients have detectable cognitive impairment

prior to treatment, up to 75% of patients experience cognitive impairment during

75



treatment, and 35% of patients experience cognitive impairment several years after the
completion of treatment (397-402). Defining and measuring cancer-related cognitive
impairment (CRCI) is a challenge, as there are multiple neuropsychological measures to
assess cognitive function. Testing cognition within the clinic is complicated and
measures multiple domains, including executive function, visual memory, psychomotor
speed, attention, and concentration, to name a few. There is currently no “gold
standard” for measuring cognitive function in cancer patients or survivors, and there is no
general consensus on the methodology for the testing of cognitive decline (404). The
clinical presentation of CRCI varies between cancer types and is affected by several
factors of the tumor alone, including the stage during diagnosis. As we review the recent
clinical data of CRCI, it is worth noting that the clinical tests of cognitive dysfunction in
cancer are not currently validated for this patient cohort. Furthermore, the definition of
“cognitive impairment” encompasses several aspects of cognitive function and is not
universal across studies. In addition to cognitive impairment, patients may also
experience cancer-related fatigue prior to treatment (405, 406). Although out of the
scope of this review, it is worth noting that cancer-related fatigue—defined as a
persistent sense of tiredness related to cancer or cancer treatment that interferes with
usual functioning—is biologically distinct from cognitive dysfunction (407, 408). While
the neurocognitive decline may occur in the context of cancer-related fatigue, CRCI
frequently occurs in isolation or precedes fatigue (409-411). Additionally, the clinical
course of fatigue is a notable experience that impairs both mind and body, while CRCI
is often insidious in nature, and patients may not universally recognize their cognitive

decline during clinical presentation (412, 413). Furthermore, defining cognitive decline
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requires knowledge of patients’ baseline cognitive function. Rodent models confirmed
the temporal distinction between cognitive impairment, fatigue, and other sickness
behaviors. Memory impairment, as measured by novel object recognition, significantly
precedes fatigue and other classical sickness behaviors (414). Indeed, repeated
intraperitoneal injection of breast cancer cell-conditioned medium is sufficient to induce
cognitive decline, but not other sickness behaviors (414), providing direct evidence of
the ability of soluble tumor factors to cause cognitive impairment.

In patients, fatigue is associated with poor clinical outcomes and is taken into
consideration when creating treatment plans (415, 416). However, less was known
about the prognostic utility of CRCI until recently. Cognitive impairment (deficits in
working memory) prior to cancer treatment is an important predictor of survival in
hematologic cancers (417) and pancreatic cancer (418). Furthermore, CRCI is not
limited to older patients, as it is also observed in younger patients with Hodgkin lymphoma
(419). Taken together, recent clinical studies demonstrate that cognitive impairment is
an underappreciated symptom of cancer that affects both quality of life as well as
survival. Furthermore, these studies emphasize the need for robust clinical testing of
cognitive impairment in patients recently diagnosed with cancer, as CRCI is a risk factor
that should guide clinicians in creating individualized treatment plans.

As the population continues to age, the prevalence of cognitive impairment in
cancer patients will continue to escalate, creating a serious need for targeted
approaches for patients with CRCI. A recent article by Horowitz et al. highlights the
importance of future studies to investigate CRCI in a basic science context, efforts that

are requisite for developing rational therapeutic targets (420). As patients experience
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varying degrees of CRCI throughout their disease course, assessing the differential
impact of the tumor and treatment on cognition remains challenging. A better
pathophysiological understanding of CRCI will aid in the development of effective
treatment strategies while providing a broader framework for mechanisms by which
peripheral cancers communicate to the brain to modulate behavior. Consequently,
animal models are necessary to uncouple tumor versus treatment effects on the CNS.
This review summarizes recent clinical studies concerning CRCI and highlights
advances in our understanding of the biological mechanisms by which peripheral

tumors modulate the CNS.

2. Epidemiology of Pre-Treatment CRCI and Recent Clinical Studies

Cognitive impairment during cancer is most studied in the context of therapy-related
cognitive impairment. However, pre-treatment CRCI was recently demonstrated in
several cancer types, including acute myelogenous leukemia or myelodysplastic
syndrome (407), breast cancer (401, 421, 422), colorectal cancer (423), and testicular
cancer (424) (Table 1). Longitudinal studies observed between 11 (425) and 33% of
breast cancer patients experienced cognitive impairment prior to chemotherapy (401,
402, 426). More recently, a nationwide, prospective, observational study identified that
patients with stage I-11IC breast cancer experience significant cognitive impairment prior
to treatment, particularly in the domains of memory, attention, and executive function

(427).
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Table 1. Human studies reporting a significant cognitive decline in cancer

patients prior to treatment.

% With
Pre-
Treatm
Study Cancer Testec_i Cognitive Neuropsychological ent
Type Domains Assessments Cogniti
ve
Impair
ment?
Attention,  motor
Acute function, memory, . . .
Myelogenou executive function, glgr:bol Span, H\[/)ll_gllt
Meyers et al. s Leukemia, verbal fluency, C)c/)ntroll’ed Oral Word >40%
2005 Myelodyspla visual-motor Association.  TMTA+B
stic scanning  speed, Grooved Pégboar d ’
Syndrome fine motor
dexterity
Qt:]igt(')?]n’ memgtr?/r RBANS, Stroop Test,
Jansen et al. Breast executi\;e function’ Grooved Pegboard, AFI, 2304
2011 : . ..« CES-D Scale, STAI-S,
visuospatial  skill, LES
language
. Digit Span, Letter-
Vardy et al \'/A\vgfl?iggn’ Tneeanoc:?/); N!meer, Spatial Span,
2015 " Colorectal capacity task Digit Symbol,_TMTA+_B, 43%
switchiné HVLT, Brief Visuospatial
Memory Test
Attention,  motor Digit Span, Digit
Wefel et al Nonsemina functio_n, memory, Symbol, TMTA+B, MAE
2011 ' matous executive function, Contrqllgd Oral Word 46%
Testicular psychomotor Association, HVLT,
speed, language Grooved Pegboard
Self-reported
Baekelandt et o\ reatic  assessment of EORTC = QLQ-C30 5,
al. 2016 " .5 Questionnaire
cognitive function
Hsheih et al. Hematologic Memory, executive Eibjgf(\;\'/r;'rtge'BoxDe(lgzﬁ 3506
2018 Cancers function Recall
1 Cognitive impairment as defined by significantly lower function in any one

cognitive domain
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2 The raw scores from EORTC QLQ-30 on the two questions that together
constitute the cognitive function scale were transformed to a score range from O to

100%. Low cognitive function was defined as a score <66.67%

Abbreviations: HVLT, Hopkins Verbal Learning Test; TMTA+B, Trail Making Test Part A
+ B; RBANS, Repeatable Battery of Adult Neuropsychological Status; AFI, Attentional
Function Index; CES-D, Center for Epidemiological Studies-Depression; STAI-S,
Spielberger State Anxiety Inventory; LFS, Lee Fatigue Scale; MAE, Multilingual Aphasia
Examination; EORTC QLQ, European Organisation for Research and Treatment of

Cancer Quality of life Questionnaire

In the past 25 years, several studies explored neuroimaging approaches in
assessing cognitive impairment during cancer (428). A recent magnetic resonance
imaging (MRI) study in patients with various non-CNS cancers noted significant
differences in cortical surface area or cortical thickness in multiple brain regions
between non-treated cancer patients and controls (429). Specifically, decreases in
cortical surface area or thickness were observed in untreated cancer patients in the
temporal and frontal lobes, including the parahippocampal region, an area important in
memory encoding and retrieval. Scherling and colleagues also observed smaller white
matter volumes in breast cancer patients compared to healthy controls in several regions
of the parietal, frontal, and limbic regions (430). These two studies provide compelling
data describing baseline neuroanatomic differences, independent of treatment, between
cancer patients and healthy controls. However, contrary results were reported in breast

cancer brain MRI studies, revealing only a chemotherapy-related reduction in a gray
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matter (431, 432). It is worth noting that the atrophy observed in these studies was not
directly associated with cognitive impairment. Importantly, these studies are not without
limitations, as the sample size was limited and baseline performance status varied
considerably amongst groups.

The notion that pre-treatment cancer patients experience neurocognitive decline
more readily than age-matched controls is gaining attention. Furthermore, recent clinical
studies demonstrate that cognitive decline prior to cancer treatment is a significant
independent predictor of survival (417, 418). Taken together, the clinical studies to date
suggest that peripheral tumors and blood cancers affect several domains of cognitive
function and modulate white matter neuroanatomy. However, the mechanisms by which
cancer interfaces with the brain to enact cognitive and structural change remain unclear.
Here, we explore the putative mechanisms by which peripheral cancers interact with the

brain to affect cognitive function.

3. Theory of Soluble Tumor Factors’ Ability to Communicate with the
CNS

3.1 Inflammatory Cytokines

Perhaps the most established and studied facet of cancer and behavior is the
inflammatory capacity of the tumor microenvironment. Tumors contain a complex