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Exercise-induced hypothalamic neuroplasticity:
Implications for energy and glucose metabolism
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ABSTRACT

Background: Neuroplasticity refers to the brain’s ability to undergo functional and structural changes in response to diverse challenges.
Converging evidence supports the notion that exercise serves as a metabolic challenge, triggering the release of multiple factors both in the
periphery and within the brain. These factors actively contribute to plasticity in the brain, and in turn, regulate energy and glucose metabolism.
Scope of Review: The primary focus of this review is to explore the impact of exercise-induced plasticity in the brain on metabolic homeostasis,
with an emphasis on the role of the hypothalamus in this process. Additionally, the review provides an overview of various factors induced by
exercise that contribute to energy balance and glucose metabolism. Notably, these factors exert their effects, at least in part, through actions
within the hypothalamus and more broadly in the central nervous system.

Major Conclusions: Exercise elicits both transient and sustained changes in metabolism, accompanied by changes in neural activity within
specific brain regions. Importantly, the contribution of exercise-induced plasticity and the underlying mechanisms by which neuroplasticity
influences the effects of exercise are not well understood. Recent work has begun to overcome this gap in knowledge by examining the complex

interactions of exercise-induced factors which alter neural circuit properties to influence metabolism.
© 2023 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The increasing prevalence of metabolic diseases is an economic
burden on health systems. Excessive consumption of calorically dense
food and a sedentary lifestyle increases the incidence of obesity.
Obesity, in turn, is associated with a variety of diseases, including type
2 diabetes, non-alcoholic fatty liver disease, and coronary heart dis-
ease, which can result in premature death. Lifestyle modifications,
such as increased physical activity and/or exercise, are frequently
recommended for patients with obesity, diabetes, and vascular disease
in order to improve and/or prevent various medical complications.
Exercise (single bout and/or chronic training) is associated with a wide
range of benefits, including improved cardiovascular function [1],
enhanced learning and memory [2—4], and improved metabolism [5,6]
(Figure 1). In particular, exercise training promotes vasodilation, nitric
oxide synthase, and functional adaptation of the heart [7,8], leading to
improved cardiovascular health. In rodents, exercise has been shown
to enhance hippocampal-associated learning and memory tests [2,3].
Similarly, in humans, exercise has been shown to delay age-related
cognitive decline [9,10].

Metabolic improvements in response to exercise include increased
insulin sensitivity, which leads to enhanced glucose uptake in muscles
and decreased glucose production in the liver [11,12]. These benefits
have been observed in both lean and obese individuals and may persist

for several days following a single bout of exercise [11,12]. High-
intensity exercise or high work-load exercise can also acutely
decrease hunger/feeding in the hours immediately post-exercise in
multiple species, whereas mild to moderate exercise may stimulate
appetite to compensate for the caloric demands of exercise [13—15].
While some of these effects are due to direct actions in the periphery,
the plasticity of the central nervous system (CNS) also plays a role in
metabolic improvements following exercise [16]. This review highlights
emerging findings that illustrate how exercise modifies neuron circuits
in the brain, and its implications on metabolism (with an emphasis on
action within the hypothalamus).

2. EXERCISE AND THE HYPOTHALAMUS

Over the past century, extensive experimental evidence has consis-
tently highlighted the brain, particularly the hypothalamus, in regu-
lating body weight and blood glucose levels [17—22]. Clinical reports
of hypothalamic insufficiency resulting from tumors of the pituitary
have supported this understanding [17,22—24]. Animal models with
targeted lesions in specific regions, nuclei, or cell populations in the
hypothalamus have replicated the observed clinical manifestations
observed in humans, providing additional evidence. Moreover, mo-
lecular genetics, in conjunction with methods to monitor and manip-
ulate neuronal activity in a cell-specific manner, has identified multiple
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Abbreviations

aBNST Bed nucleus of the stria terminalis
AD Alzheimer’s disease

ARC Arcuate nucleus

BAdRs [3-adrenergic receptors

BAT Brown adipose tissue

BDNF Brain-derived neurotrophic factor
CEA Central nucleus of the amygdala
CNDP2 Cytosolic nonspecific di-peptidase 2
CNS Central nervous system

CRF Corticotrophin-releasing factor
DBHB p-B-hydroxybutyrate

DIO Diet induced obese

DMH Dorsal medial hypothalamus

DMV Dorsal motor nucleus of the vagus
GHSR Growth hormone secretagogue receptor
GLP-1R  Glucagon-like Peptide-1 receptor
HDAC Histone deacetylase

HIIE High intensity interval exercise

ICV Intracerebroventricular

IL-6 Interleukin 6

Lac-Phe  N-lactoyl-phenylalanine

LEAP2 Liver-expressed antimicrobial peptide 2
LepR Leptin receptor

LH Lateral hypothalamus

MC4R Melanocortin-4 receptor

MnPO Median preoptic nucleus

NAFLD Non-alcoholic fatty liver disease
NPY/AgRP Neuropeptide Y/agouti-related peptide
NTS Nucleus of the Solitary Tract

PACAP Pituitary adenylate-cyclase-activating polypeptide
PAG Periaqueductal grey

PNOC Prepronociceptin

POMC Proopiomelanocortin

POA Preoptic areas

PPG Preproglucagon

PVH Paraventricular hypothalamus

PVT Paraventricular thalamic nucleus

SF1 Steroidogenic factor 1

SHy Septohypothalamic nucleus

Sim1 Single-minded 1

SNS Sympathetic nervous system

SON Supraoptic nucleus

SST Somatostatin

T2D Type 2 diabetes

TH Tyrosine hydroxylase

TRH Thyrotropin releasing hormone

TRPVA Capsaicin-sensitive transient receptor potential vanilloid 1

TTR Transthyretin
VMH Ventral medial hypothalamus
WAT White adipose tissue

nuclei and cell populations within the hypothalamus that contribute to
energy and glucose homeostasis [17,19,20,22,25]. Key hypothalamic
nuclei include the lateral hypothalamus (LH), paraventricular hypo-
thalamus (PVH), ventral medial hypothalamus (VMH), dorsal medial
hypothalamus (DMH), and arcuate nucleus (ARC). These hypothalamic
nuclei and associated cell populations are sensitive to changes in
nutrient availability and circulating factors that influence food intake,
body weight, and blood glucose regulation [17,19,22,25—28].
Neuronal activity in these regions is rapidly modulated in response to
food consumption with specificity to particular nutrient substrates.
Moreover, the activity state of these neurons directly influences feeding
behavior, blood glucose levels, and substrate utilization [17,19,29—
35]. These findings suggest that hypothalamic nuclei, in response to
various metabolic challenges, can rapidly alter neuronal activity in a
sustained manner in order to influence energy and glucose
metabolism.

Exercise is also a metabolic challenge that results in rapid and/or
sustained changes in energy and glucose homeostasis [5,19,36—41].
This has sparked considerable interest in understanding how exercise
modifies the activity of metabolically relevant neurons in the brain
[19,35,42—44]. Recent work has focused on exercise-induced plas-
ticity of identified metabolically-relevant neurons in the hypothalamus,
including the arcuate nucleus (ARC), ventral medial hypothalamus
(VMH), dorsal medial hypothalamus (DMH), and paraventricular hy-
pothalamus (PVH).

These studies aim to unravel how exercise influences energy and
glucose metabolism by studying the plasticity of these metabolically-
relevant neurons and their associated neural circuits in the brain.
Importantly, the conservation of these hypothalamic regions, which
play a crucial role in regulating various aspects of energy and glucose
metabolism across species, highlights the potential significance of this
knowledge in deepening our understanding of how exercise impacts
human health and well-being [45,46].

This review discusses results from multiple species, including rodents
and humans. Species information is provided where appropriate.
However, unless specifically stated otherwise, the review predomi-
nantly relies on findings from rodent experiments.

2.1. The arcuate nucleus (ARC)

The hypothalamic arcuate nucleus (ARC) plays a crucial role in regu-
lating metabolism by receiving input from peripheral hormones that
signal energy storage and nutrient availability [18,21,47—50]. Sub-
sequently, the ARC relays this information to various brain regions,
both within and outside the hypothalamus, leading to altered meta-
bolism [18,21,25,45,48,49,51]. Among the diverse cell types within
the ARC, two notable populations involved in this regulatory process
are the anorexigenic Proopiomelanocortin (POMC) neurons and the
orexigenic Neuropeptide Y (NPY)/agouti-related peptide (AgRP) neu-
rons. Activation of ARC NPY/AgRP and/or a rise in central NPY or AgRP
levels is sufficient to stimulate foraging behavior, promote feeding,
reduce energy expenditure, and impair glucose metabolism in mice
[31,46,52—55]. Conversely, activation of ARC POMC neurons or
administration of the biologically active peptide alpha-melanocyte-
stimulating hormone (a-MSH) that is derived from POMC, has been
found to suppress feeding, increase energy expenditure, and improve
glucose metabolism in rodents [45,56,57]. Electrophysiology and op-
tical imaging further demonstrated that ARC NPY/AgRP and POMC
neurons rapidly reorganize their activity state in response to nutrients,
hormones, and neurotransmitters [19,44,58—62]. This reorganization
can be either transient or sustained, giving rise to a plasticity of this cell
population to influence metabolism. These recent data highlight the
ability of ARC POMC and NPY/AgRP neurons to acutely and chronically
alter their activity state in order to modify energy and glucose ho-
meostasis in response to variable energy needs.

The effects of exercise on the activity state and plasticity of ARC POMC
and NPY/AgRP neurons have traditionally been poorly understood.
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Figure 1: Exercise-related health benefits. Shown here are improvements in response to exercise in multiple organs. These exercise-induced changes have been linked to

reducing the presence or severity of disease.

However, recent work has demonstrated that ARC POMC neurons are
activated following high-intensity interval exercise (HIIE) in mice, while
ARC NPY/AgRP neurons are inhibited [43] (Figure 2). A similar inhi-
bition of ARC NPY/AgRP neurons was observed after voluntary exercise
in mice [63]. Interestingly, the activity states of ARC POMC and NPY/
AgRP neurons are temporally variable following forced HIIE exercise,
with the inhibition of NPY/AgRP neurons lasting for only a few hours,
while the exercise-induced activation of POMC neurons is sustained for
at least 2 days after a single bout of exercise (Figure 2).

During exercise, mice on an unrestricted chow diet exhibited height-
ened activation of ARC AgRP neurons and decreased ARC POMC
neuron activity as determined by monitoring in-vivo calcium levels via
photometry recordings [19]. The level of cellular activity of ARC AgRP
and POMC neurons in awake-behaving mice is dependent upon the
intensity of exercise, as the level to which ARC AgRP neurons were
activated and ARC POMC neurons were inhibited was directly pro-
portional to the speed of running. Interestingly, exercise-induced in-
hibition of both AgRP and POMC neurons occurs when mice are food
deprived (held at 85—90% of their initial body weight) [19], indicating

the important role of nutrient availability in the exercise-induced ac-
tivity state of these neurons (Figure 2).

Taken together, the activity of ARC POMC and NPY/AgRP neurons
during exercise is influenced by nutrient availability and exercise in-
tensity. In animals with unrestricted access to food, the onset of ex-
ercise leads to increased activity of AgRP neurons and inhibition of
POMC neurons [19,63]. This potentially contributes to increased en-
ergy intake, improved glucose metabolism, and a preference for car-
bohydrate utilization [19]. This activity profile may also align with the
metabolic demands of exercise in humans, which often involve
increased glucose production and a preference for carbohydrate uti-
lization particularly during high-intensity exercise [64,65]. During food
deprivation, exercise leads to inhibition of both AgRP and POMC
neurons, and an activity profile indicative of an acute decrease in a
drive for energy intake. These acute changes can still result in
increased glucose production and decreased carbohydrate utilization
or preference compared to fat utilization [19,63—65]. As increased
ARC POMC neuronal signaling improves insulin sensitivity and glucose
metabolism, the sustained activation of ARC POMC neurons after
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Figure 2: State dependent changes of NPY/AgRP and POMC neurons during and after exercise — involvement in neuroplasticity. The effects of exercise under different
nutrient states on arcuate NPY/AgRP and POMC neuron activity is summarized from top to bottom (top: sedentary state, middle: during exercise, bottom: post exercise). The yellow
cell represents an NPY/AgRP neuron, and the blue cell represents a POMC neuron. Inhibitory and excitatory synaptic inputs are represented by gray and red elliptical shapes on the
surface of each neuron, respectively. The green arrow represents an increase in calcium activity and the red arrow represents a decrease in calcium activity. NPY/AgRP calcium
activity during exercise is dependent on the nutrient state of the mouse; italicized as either ad libitum fed or held at 85—90% body weight. The straight pink arrows are pointing to
changes in synaptic activity (either increased or decreased). The straight black arrows (in post exercise) are showing the time frame for these synaptic changes to happen. The
black curved arrows from the post exercise to sedentary state indicate the duration that these synaptic changes persist following a bout of exercise before returning to the

sedentary state (1 h—72 h later).

exercise aligns with improved insulin sensitivity observed for up to 48 h
after a single bout of exercise which is observed across various spe-
cies [38—41]. Furthermore, since NPY/AgRP neurons play a role in
regulating acute feeding behavior [19,31,52,55], the transient sup-
pression of NPY/AgRP neuronal activity after exercise may correlate
with the acute hypophagia (reduced food intake) observed following
high-intensity exercise. This is supported by the suppression of food
intake in mice immediately after a single bout of HIIE [43].

It is important to note that the ARC is not exclusively comprised of
NPY/AgRP and POMC neurons. There are multiple other cell pop-
ulations within the ARC that have also been implicated in energy and

glucose metabolism. One such population is the GABAergic non-
AgRP, non-POMC neurons, which play a role in mediating some of
the effects of leptin on energy balance [66—68]. Whether this
GABAergic neuron population overlaps with tyrosine hydroxylase
(TH), prepronaciceptin (PNOC), or somatostatin (SST) neurons within
the ARC remains to be determined. However, these additional neuron
populations have also been implicated in regulating feeding behavior
and body weight control [69]. Understanding the effects of exercise
on these diverse cell populations within the ARC will be an important
next step in fully elucidating the effects of exercise within this hy-
pothalamic region.
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2.2. Ventromedial nucleus of the hypothalamus (VMH)

Increasing evidence suggests that VMH steroidogenic factor 1 (SF7)
neurons sense hormonal cues to regulate basal metabolism, primarily
in response to metabolic challenges that occur with high-fat diet
feeding [70]. Stimulation of the VMH or SF1 neurons increases sym-
pathetic nervous system (SNS) outflow to mediate glucose uptake in
skeletal muscle and brown adipose tissue (BAT), as well as promoting
lipolysis in white adipose tissue (WAT) in rodents [71,72]. Moreover,
acute chemogenetic activation of SF1 neurons enhances insulin
sensitivity in the skeletal muscle of sedentary mice [73].

Exercise is a robust metabolic challenge that is also influenced by the
VMH [36]. In particular, antagonism of B-adrenergic receptors
(BAdRs) in the VMH of rats delays the exercise-induced increase in
circulating fatty acids [74]. Moreover, lidocaine or BAdR antagonists
administered directly into the VMH attenuates fatty acid oxidation
during exercise [75]. VMH-specific deletion of SF-1 also blunts re-
ductions in fat mass, reduces improvements in glycemia, and miti-
gates increases in energy expenditure that are associated with
exercise training [76]. In addition to the beneficial effects of exercise,
VMH neurons have also been implicated in the pivotal flip between
sedentary and active lifestyles in female mice [77]. In particular,
estrogen, via estrogen receptor alpha (ER) in the ventrolateral VMH
(VIVMH), increases melanocortin-4 receptor (MC4R) expression.
Activation of these VIVMHER*MC4R neyrons promotes physical activity
in mice. While pharmacogenetic activation of VMH SF7 neurons has
been shown to suppress feeding and activation of VMH SF7 neurons
or VIVMHER*MC4R imnroves insulin sensitivity [29,73], the activity/
plasticity of SF7 neurons during or after exercise remains undefined.
Of note, suppression of neuronal activity in the VMH apparently does
not affect metabolism under sedentary conditions [75]. Glutamatergic
VMH neurons are synaptically coupled to arcuate POMC and NPY/
AgRP neurons [78]. As these glutamatergic VMH neurons are up-
stream of target neurons in the arcuate, the exercise-induced effects
previously described in arcuate POMC and NPY/AgRP neurons may
require, at least in part, activity-induced changes of VMH neurons
[43]. These findings emphasize the need to investigate VMH cell
populations to better understand how exercise influences brain
plasticity and long-term metabolic changes.

2.3. Dorsomedial hypothalamic nucleus (DMH)

Classic lesion studies in rodents have demonstrated that the dorso-
medial hypothalamic nucleus (DMH) contributes to feeding behavior,
energy expenditure, and ultimately body weight regulation [79]. Acti-
vation or disinhibition of the DMH induces nonshivering thermogenesis
and increases body temperature [80,81]. These effects are intertwined
with circulating metabolic signals, neurotransmitters, and ultimately
autonomic outflow [82—84]. Additionally, leptin receptor (LepR) neu-
rons in the DMH are synaptically and functionally linked to ARC NPY/
AgRP (and to a much lesser degree ARC POMC) neurons and feeding
[59,85]. In particular, sensory detection and subsequent consumption
of food activates DMH LepR/GABA neurons, which in turn inhibit ARC
NPY/AgRP neurons [59,85]. These findings highlight the DMH as a
crucial node in the brain that senses, transmits, and adjusts meta-
bolism in response to variable energy states or requirements.
Beyond its classic role in energy regulation, the DMH has also been
linked to physical activity and exercise. Voluntary wheel running ac-
tivates DMH neurons, particularly in the ventral and caudal subregions
[86]. This activity may be linked to corticotrophin-releasing factor
(CRF), neuropeptide Y (NPY), and transthyretin (TTR) in the DMH
[86,87]. Activation or disinhibition of DMH neurons promotes overall
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running activity (reducing fatigue) while also reducing food intake and
body weight [86,88]. Similar to the VMH, the neurons (particularly in
the ventral and caudal subregions) of the DMH are synaptically coupled
to ARC NPY/AgRP neurons and may form a circuit (DMH LepR/
GABA — ARC NPY/AgRP) co-opted during exercise and/or exercise
training to facilitate proper energy metabolism.

2.4. Paraventricular hypothalamus (PVH)

Similar to the ARC, VMH, and DMH, classical lesion and pharmaco-
logical studies have implicated the PVH in regulating energy balance
and glucose metabolism [89,90]. PVH MC4R neurons are downstream
and putative effector targets of ARC POMC and NPY/AgRP neurons
involved in feeding and body weight regulation [55,90,91]. In partic-
ular, PVH MC4R neurons bi-directionally regulate feeding behavior in
response to artificial inhibition and activation, driving hunger and
satiety, respectively [91]. The ARC POMC and NPY/AgRP — PVH
MC4R neurons form a key component of the melanocortin circuit,
which plays a major role in monogenic forms of obesity and diabetes
across various species, including rodents and humans [92,93]. This
connection makes the melanocortin circuit a crucial factor in bridging
metabolic studies in animal models with those in humans.

In addition to MC4R neurons, multiple cell populations within the PVH
have been implicated in feeding, blood glucose control, and body
weight regulation [32,94,95]. These populations include, but are not
limited to: Single Minded 1 (Sim1), Pituitary adenylate-cyclase-
activating polypeptide (PACAP), thyrotropin releasing hormone (TRH),
oxytocin, and Glucagon-like Peptide-1 receptor (GLP-1R) neurons.
While activation of several of these neuronal populations suppresses
feeding or improves energy balance [32,94,96—98], activation of PVH
Sim1-+/TRH+/PACAP-+ neurons which project to arcuate AgRP neu-
rons results in an excitatory orexigenic circuit [99].

PVH neurons also coordinate responses of skeletal muscle, WAT, and
BAT to various metabolic challenges [100]. Additionally, the PVH
provides an important bidirectional control of autonomic outflow, at
least in part, via a reciprocal connection with the Nucleus of the Sol-
itary Tract (NTS). The NTS receives viscerosensory information from
the thoracic and abdominal viscera [101,102]. This sensory informa-
tion includes gastrointestinal sensation as well as cardiovascular in-
formation from arterial mechanoreceptors (also known as
baroreceptors). Thus the NTS-PVH-NTS connection acts as a real-time
feedback loop for viscerosensory information that, in addition to con-
trolling energy balance, can facilitate rapid cardiovascular adjustments
[103].

Using cFos as a measure of cellular activity; acute, moderate intensity
exercise activates PVH Sim1 neurons [104]. Additionally, exercise
training induces structural and functional neuroplasticity of PVH neu-
rons that project to the dorsal brainstem, including the NTS and dorsal
motor nucleus of the vagus (DMV) [105,106]. The specific role of these
changes in contributing to the beneficial effects on energy balance and
glucose metabolism has traditionally been less understood. However,
the PVH-NTS descending peptidergic pathways may play a crucial role
in regulating cardiovascular function during acute bouts of exercise
[106,107]. In particular, vasopressin resets reflex control from
bradycardia, ultimately facilitating exercise-induced tachycardia in
both sedentary and trained individuals [106]. On the other hand,
oxytocin complements this activity by promoting a slower heart rate
during exercise in trained individuals [106]. Thus, balanced action of
vasopressin and oxytocin in the PVH-NTS circuit is necessary to
effectively coordinate the cardiovascular system and adapt to the
changing physiological demands of exercise.
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3. POTENTIAL EXERCISE-INDUCED TRIGGERS OF NEURAL
PLASTICITY WHICH PROMOTE THE BENEFICIAL EFFECTS OF
EXERCISE

The benefits of exercise extend beyond physical fitness and can have
positive effects on the brain. However, an active lifestyle may be
difficult for some individuals to maintain because of choice or due to
age, disease, or injury. Thus, one of the enviable goals of exercise
research is to identify one or many factors (such as proteins, metab-
olites, or enzymes) that are induced during or after exercise so it may
be developed as a potential therapeutic to provide the benefits of
exercise in the absence of increased physical activity. This research
has typically surrounded factors that are secreted from skeletal muscle
(myokines), the liver (hepatokines), and adipose tissue (adipokines) —
Figure 3. Additionally, some of these factors may be released or
directly induced within the brain. Not surprisingly, many of these
factors regulate energy balance and glucose metabolism. Herein we
focus on factors that are induced by exercise and potentially improve
metabolism via action within the hypothalamus. As outlined below, the
growing list of potential exercise-induced factors includes, but is not
limited to: Brain-derived neurotrophic factor (BDNF), Interleukin 6 (IL-
6), Ghrelin/Liver-expressed antimicrobial peptide 2 (LEAP2), N-lactoyl-
phenylalanine (Lac-Phe), and Temperature.

3.1. Brain-derived neurotrophic factor (BDNF)
BDNF is a secreted protein that plays a crucial role in neural and
synaptic development as well as synaptic plasticity [110,111]. It has

Hormone

e.g. Ghrelin, LEAP2

Hepatokine

e.g. B-hydroxybutyrate, LEAP2

Myokines and metabolites
e.g. Lactate, Lac-Phe, IL-6, BNDF

Adipokines
e.g. IL-6

also been shown to have neuroprotective properties during adverse
conditions such as cerebral ischemia, hypoglycemia, and neurotoxicity
[112,113]. In both rodents and humans, BDNF is expressed widely
throughout the adult brain, including regions such as the olfactory bulb,
cortex, basal forebrain, hippocampus, and hypothalamus [114,115].
While BDNF within the hippocampus has been linked to improvements
in learning and memory or cognition [116], hypothalamic BDNF action
has been linked to the regulation of energy homeostasis. In particular,
deficiency of BDNF or its receptor, Tropomyosin receptor kinase B
(TrkB), either globally or in the brain, has been linked to excess weight
gain in rodents and humans [117,118]. Within specific hypothalamic
regions such as the ARC, VMH, PVH, and DMH, BDNF deficiency or
impaired signaling results in positive energy balance, leading to weight
gain and/or impairment in proper responses to blood glucose levels
[111,119]. Conversely, intracerebroventricular (ICV) administration of
BDNF suppresses appetite, increases energy expenditure, and induces
weight loss in mice [115]. These ICV administered BDNF effects can be
more directly mimicked with an infusion of BDNF into the PVH and VMH
of the hypothalamus [120,121]. At the cellular level, impairment of
BDNF signaling in the hypothalamus leads to decreased synaptic
development, maintenance, and pruning [111,119,122]. Thus, BDNF is
considered a prototypical neurotrophin involved in the plasticity of
hypothalamic circuits, regulating energy balance and metabolism.

Exercise increases BDNF levels in humans, regardless of the intensity
(both strength and endurance) or duration (both acute and chronic) of
the exercise [123—125]. Similarly, acute exercise increases BDNF
expression in the hippocampus and hypothalamus in rodent species

Neurotrophin or Cytokine

e.g. BDNF, IL-6
Coﬂe)( US
Olfactory  yyjppoc@™P Cerebellum
bulb
Thalamus — Hindbrain

Hypothalamus Spinal cord

Cross
Talk

Bregma -0.94mm

Figure 3: Cross talk between the periphery and the brain leading to exercise-induced plasticity. Shown here are organs and tissues that release hormones, hepatokines,
myokines, adipokines, cytokines, metabolites and neurotrophins via exercise. These factors are linked to functional and structural changes of neural circuits within the brain
(including within the hypothalamus). Lac-Phe: Lactoylphenylalanine, LEAP2: Liver-expressed antimicrobial peptide 2, BDNF: Brain-derived neurotrophic factor, IL-6: interleukin 6,
PVH: Paraventricular hypothalamus, DMH: Dorsomedial hypothalamus, VMH: Ventromedial hypothalamus, ARC: Arcuate nucleus, 3V: Third ventricle.
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[126]. Interestingly, elevated levels of BDNF in the rat hippocampus
may be sustained for several weeks after exercise [127]. This could be
a link to the observed cognitive and metabolic improvements in
physically active individuals. Some recent work suggested that
exercise-induced increases in BDNF levels may be mediated by
myokines such as cathepsin B and irisin [128]. It should be noted that
the effects of exercise on irisin have been contentious due to debates
over the specificity of reagents and potential species differences
[129,130]. Nonetheless, several reports have linked irisin to im-
provements in cognitive function, including in individuals with Alz-
heimer’s disease (AD), possibly involving BDNF signaling [131,132].
Additionally, prolonged exercise increases the ketone body, b-B-
hydroxybutyrate (DBHB), within the liver, which can cross the blood-
brain barrier and reach the mouse hippocampus [133]. Once in the
hippocampus, DBHB induces BDNF expression through the inhibition of
histone deacetylase (HDAC2/HDAC3) and Histone H3 acetylation [133].
Skeletal BDNF may also induce insulin secretion independent of CNS
activity in rodents [134]. Importantly, there is limited knowledge
regarding the possible BDNF-dependent changes in hypothalamic
circuits that take place during or after exercise, and the specific
mechanism responsible for inducing BDNF in response to exercise is
not fully understood. However, BDNF is a potential candidate for the
exercise-induced plasticity within the hypothalamus that may
contribute to enduring changes in metabolism.

3.2. Interleukin 6 (IL-6)

IL-6, a myokine with pleiotropic functions, has diverse effects on the
immune system, inflammation response, hematopoiesis, and organ
development [135]. In the periphery, exercise increases IL-6 levels in
human plasma, simultaneously enhancing glucose production and
glucose uptake [136]. Additionally, elevated IL-6 levels have been
observed in disease conditions such as cancer cachexia, where it
decreases appetite, enhances energy metabolism, and increases body
temperature in rodents [137,138]. Consequently, these effects result in
decreased body fat mass and an increase in energy expenditure
[137,138]. Conversely, mice deficient in IL-6 develop obesity in the
later stages of life [139].

In addition to release from peripheral muscle tissue, IL-6 is also found
within astrocytes and microglia within the CNS [140]. In rodents, the
anti-obesity effect of IL-6 is partially exerted at the level of the brain,
perhaps in the hypothalamus and hindbrain [139,141—143]. In the
hypothalamus of rodents, IL-6 receptors are expressed within the ARC,
DMH, VMH, PVH, and LH [143]. Neurons, including those in the hy-
pothalamus, may also produce IL-6 in response to physical activity, a
change in the strength of neuronal activity, or in response to disease/
injury [140,144—146]. In the CNS, IL-6 has been linked to neuro-
genesis, altered synaptic transmission, and synaptic plasticity;
potentially leading to improvements in cognition in rodents [140,145].
Chronic exercise-induced IL-6 suppresses hyperphagia mediated by
overnutrition [143]. This effect involves a decrease in NPY mRNA and
an increase in POMC mRNA predominantly in the arcuate nucleus of
obese animals [143,145]. However, it is currently unclear if these
changes in NPY and POMC levels correlate with altered cellular activity
or synaptic plasticity within the hypothalamus. Intracerebroventricular
administration of IL-6 also increases mitochondrial stress, an analo-
gous response seen in POMC neurons after two weeks of moderate
exercise [147]. An acute bout of exercise can also increase IL-6 mRNA
levels in the VMH of the hypothalamus, where IL-6 signaling has a
critical role in regulating fatty acid metabolism [148].

In addition to potential action within the hypothalamus, multiple reports
demonstrate that elevated IL-6 levels (in response to a high or
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moderate intensity exercise) stimulate GLP-1 secretion in the periphery
of both humans and rodents [149,150]. Interestingly, preproglucagon
(PPG) neurons of the mouse hindbrain NTS also express excitatory IL-6
receptors [146]. Given that, in both humans and rodents, exercise
increases IL-6 release in the periphery and the brain [151], elevated IL-
6 levels during and after exercise may link activation of PPG neurons in
the hindbrain to the beneficial effects of exercise.

3.3. Ghrelin

Ghrelin is a stomach-derived hormone commonly referred to as the
“hunger hormone” [152,153]. Ghrelin levels rise prior to a meal and
rapidly fall after a meal [152]. Accordingly, pharmacological admin-
istration of ghrelin results in an increase in food intake [154]. Ghrelin is
also involved in nutritional and metabolic state-dependent regulation of
blood glucose levels [155]. The ghrelin receptor, growth hormone
secretagogue receptor (GHSR), is found throughout the periphery and
brain in both rodents and humans [156,157]. In particular, GHSR
expression is prominent in the aforementioned hypothalamic regions
resulting in the ghrelin-induced direct activation of arcuate NPY/AgRP
neurons and indirect inhibition of arcuate POMC neurons [158].
Additional work suggests that ghrelin and its mimetics, the growth
hormone secretagogues, increase food intake and adiposity by acting
(at least in part) on this circuit [159,160]. Interestingly, much of the
orexigenic effect of ghrelin is diminished or completely lost in obese
animals [161]. This is believed to be due, at least in part, to the rise of
the GHSR antagonist/inverse agonist, Liver-expressed antimicrobial
peptide 2 (LEAP2) [50,162]. LEAP2 competes with ghrelin for binding
and activity of GHSR and directly counteracts many of the metabolic
actions of ghrelin [50,162,163].

Exercise transiently increases ghrelin levels in plasma, and GHSRs are
required for complete exercise performance in mice [37]. Several
studies in humans have also found that moderate or high-intensity
exercise increases ghrelin levels in both healthy, active individuals
and inactive, obese individuals [164—166]. Interestingly, food intake
after exercise is dramatically decreased in GHSR-null mice, supporting
a role for ghrelin signaling in feeding after exercise [37]. Importantly,
this work did not investigate the ghrelin and LEAP2-induced effects of
exercise on feeding or performance via the central nervous system.
However, these data raise important considerations for targeting
GHSRs during and after exercise. In particular, suppressing GHSR
signaling via increased LEAP2 may be a means to acquire the added
benefit of exercise while limiting food intake [50]. For these obser-
vations, a thorough examination of the requirement of GHSRs as well
as the interaction between ghrelin and LEAP2 in the brain is warranted.

3.4. Lactate and N-lactoyl-phenylalanine (Lac-Phe)

In addition to circulating peptides and neurotrophic factors, recent in-
terest has turned to metabolites that are induced in response to
increased physical activity or exercise. Lactate is a metabolite which is a
valuable energy source for the brain, heart, and skeletal muscle [167].
Arterial and cerebral lactate concentrations increase in response to both
low and high-intensity exercise in both rodents and humans [168,169].
Tanycytes within the third ventricle shuttle lactate to ARC POMC neurons
in order to be used as an energy substrate, and this energy is necessary
to sustain POMC neuronal activity. Inhibition of this lactate-POMC
pathway alters energy balance [170,171]. Recent work found that an
acute bout of exercise induced an increase in lactate levels and POMC
expression for at least 24 h, as well as a decrease in NPY expression for
6 h in the hypothalamus of mice which was concomitant with a decrease
in food intake [172]. Interestingly the exercise induced hypophagia
(decreased food intake) was abolished with administration of oxamate (a
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LDHA inhibitor) , suggesting that central lactate could be required for
exercise-induced anorexigenic effects [172]. While lactate has been
linked to feeding behavior via action within the hypothalamus, it is
important to note that a recent study suggested mice commonly react to
an injection of Sodium c-lactate with malaise and stress, causing a
natural decrease in locomotion and appetite. However, the suppression
of food intake and decreased body weight in DIO mice in this study was
due to the hypertonicity of the metal ion in Sodium L-lactate, rather than
the lactate itself [173]. This is not necessarily a criticism of all previous
studies examining the effects of lactate, as numerous studies have
controlled for lactate hypertonicity and observed significant effects in-
dependent of osmolarity changes [174,175]. However, the potential
influence of hypertonicity and metal ions in metabolite salts on energy
metabolism should be an important consideration when determining
control groups.

In addition to lactate, N-latoyl-amino acids (which are ubiquitous
metabolites that are formed from lactate and amino acids) have also
been suggested as a potential exerkine [176,177]. In 2015, Jansen
and colleagues first discovered the molecule Lac-Phe and other N-
lactoyl-amino acids as substrates of ATP-binding cassette subfamily C
member 5 [176]. Notably, plasma levels of these metabolites are
elevated in response to exercise in multiple species, from rodents to
humans [177]. Endogenous levels of Lac-Phe correlate with exercise
intensity; as high-intensity, maximal effort exercise such as running or
sprinting results in higher plasma Lac-Phe levels compared to
endurance and resistance training. Exercise-induced elevations in Lac-
Phe are also transient across species, with levels staying elevated for
at least 1-h following an exercise bout. Intraperitoneal injection of Lac-
Phe increased circulating levels of the metabolite and suppressed food
intake independent of locomotor activity or energy expenditure in a
diet-induced obese (DIO) mouse model [117]. It should be noted that
the pharmacological effect of Lac-Phe on food intake was dependent
upon plasma concentrations that were 100 times higher than plasma
concentrations observed after exercise. However, in support of a
physiological role for Lac-Phe in this process, mice deficient for the
enzyme that synthesizes Lac-Phe, cytosolic nonspecific di-peptidase 2
(CNDP2), exhibited an abrogation of the exercise-induced acute sup-
pression of feeding. While these findings highlight a metabolite that
pharmacologically and physiologically could alter energy balance in
response to exercise, it is currently unclear whether this factor alters
activity within the brain or, more specifically, in the hypothalamic
populations highlighted in the current review. Speculatively, it is of
interest that the levels of Lac-Phe remain elevated for approximately 1-
h following exercise, a timeline that mirrors the suppression of ARC
NPY/AgRP neuron activity following exercise. Understanding the ac-
tions of Lac-Phe in ARC NPY/AgRP neurons and other cell populations
highlighted here will undoubtedly be required to better understand the
cellular mechanisms behind exercise-induced metabolic responses.

3.5. Temperature

Core body temperature is determined by the heat equilibrium between
the internal metabolic heat-production and the heat-exchange rate
from the environment [178]. In general, both aerobic and anaerobic
exercise is accompanied by elevations in core body temperature [179].
Exercise also increases temperature within the brain in both humans
and rodents [180,181]. In particular, increases in cortical brain tem-
perature begin within the initial phase of running (~8 min), and the
magnitude of increase in temperature is largely dependent upon
running speed [180]. This effect was not limited to the cortex, as
exercise-induced increases in temperature were also observed in the
rat hypothalamus [182]. Separately, increasing the temperature of

hypothalamic brain slices containing ARC POMC and NPY/AgRP neu-
rons ex-vivo was sufficient to depolarize ARC POMC neurons, but not
NPY/AgRP neurons [42]. The capsaicin-sensitive transient receptor
potential vanilloid 1 (TRPV1) receptor antagonists and Trpvl gene
knockdown blocked the temperature-dependent depolarization of
POMC neurons. Optogenetic stimulation of TRPV1 receptor-expressing
POMC neurons reduced food intake, which is analogous to the acute
effect observed following high-intensity exercise [42]. Moreover,
knockdown of the Trpv1 gene in the ARC POMC neurons blocked the
exercise-induced hypophagia [42]. These findings highlight a potential
mechanism by which exercise increases temperature within the hy-
pothalamus, thereby increasing ARC POMC activity, and consequently
suppressing food intake.

It is of interest that increasing the temperature of hypothalamic brain
slices ex-vivo failed to alter the activity of adjacent NPY/AgRP neurons
[183]. Conversely, cold is a potent inducer of hyperphagia [184]. Recent
work has demonstrated that ARC NPY/AgRP neurons are rapidly acti-
vated when mice are exposed to cold environments [185]. Moreover,
cold-induced hyperphagia is abrogated when ARC NPY/AgRP neurons
are inhibited [185]. Increasing the housing temperature of the mice also
resulted in the reversal of the cold-induced increase in ARC NPY/AgRP
activity, suggesting that elevations in temperature — depending on the
magnitude — may suppress NPY/AgRP activity in-vivo [185].

It should be noted that while TRPV1 expression is localized in hypo-
thalamic and hindbrain areas [186] and the ARC may not have the
densest overall expression. Thus, one cannot exclude an indirect
activation of POMC neurons in response to increased temperature in
the previous report [42]. Moreover, treadmill running in rats resulted in
an increase in cFos within the medial and ventromedial preoptic areas
(mPOA and vmPOA), median preoptic nucleus (MnPQ), PVH and su-
praoptic nucleus (SON), and septohypothalamic nucleus (SHy) [182]. It
is unclear if these effects are a direct result of exercise, however this
may suggest that exercise linked to temperature-induced changes
could be a factor in the regulation of cellular activity in other intra-
hypothalamic and extra-hypothalamic areas.

4. CONCLUSION

Exercise improves metabolism through numerous molecular and
neuronal adaptations in both the periphery and the central nervous
system (CNS) [5,6]. The melanocortin neurons in the hypothalamic ARC
as well as their upstream and downstream target nuclei (e.g. the PVH,
DMH and VMH) contribute to a distributed network of neurons involved in
metabolism [17,19,21,25,47,49,51,70,84]. Importantly, this neuronal
network is sensitive to factors produced both peripherally and within the
CNS in response to exercise. While there is increasing evidence sup-
porting the role of these factors in promoting exercise-induced metabolic
adaptations, further investigation is required to better understand the
regulation of metabolism in response to exercise and the specific roles of
these various factors in this process. It is worth noting that not all
exercise-induced factors may directly impact the hypothalamus. For
example, GDF15 is a potential exercise-induced factor that may
contribute to plasticity within the brain [108,109]. However, an important
distinction is that the GDF15 receptor, GFRAL, is largely restricted to an
area in the hindbrain. Although this does not necessarily rule out an
indirect regulation of hypothalamic plasticity by GDF15, we have chosen
not to discuss GDF15 in this context due to its predominantly indirect
nature of regulation. In addition to these conclusions, several contextual
factors (outlined below) should be considered in future studies.

First, the effects of exercise must be understood in highly heterogeneous
cell populations. Within each nucleus, different cell populations can have
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opposing effects on energy balance and glucose metabolism. These
populations may be defined by neurotransmitter and/or neuropeptide
expression, as well as by how they respond to distinct interoceptive
signals and food-related cues. Moreover, these cell populations may be
segregated based on their projection patterns to other target nuclei,
which in turn can influence metabolic outcomes. For instance, ARC,
PVH, and LHA cell populations are prototypical examples of this
segregation. Within the ARC, activating NPY/AgRP neurons drives
feeding behavior, while activating POMC neurons suppresses feeding
[31,32,55], and these effects on feeding are influenced by specific
projection patterns. This was evidenced by acute activation of ARC NPY/
AgRP neurons that project to the anterior subdivisions of the bed nucleus
of the stria terminalis (@aBNST), PVH, LHA, and paraventricular thalamic
nucleus (PVT) induce feeding, while activation of those that project to the
central nucleus of the amygdala (CEA) and periaqueductal grey (PAG) fail
to elicit food intake [52,54]. ARC POMC neurons are also highly het-
erogeneous, and this differentially affects metabolism [19]. Within the
PVH, acute activation of GLP-1R, oxytocin, CRH, and MC4R neurons
decreases feeding and body weight, while activating PVH Sim1+/
TRH+-/PACAP+ neurons stimulates feeding [95,187]. Similarly, in the
LHA, GABAergic neurons drive appetitive and consummatory behavior,
while glutamatergic neurons in the LHA suppress feeding [188,189].
Given the innate roles of these cell populations in regulating metabolism,
it is crucial for future studies to investigate the effects of exercise in a
cell-specific manner to better understand the implications of exercise on
metabolic outcomes.

Second, are the effects of exercise on the activity or plasticity of
neurons dependent upon the time of day? Exercise induces changes in
factors released into circulation or directly within the brain
[5,6,37,136,177]. Metabolic responses to exercise and to these factors
are variable depending on nutrient state [19], sex [190], adiposity
[191], and type of exercise performed [192]. In addition, the time of
day in which exercise is performed can also affect the release of these
factors and the resulting metabolic changes, such as glucose pro-
duction, utilization, and systemic energy expenditure [193]. The mo-
lecular mechanisms underlying these processes may also differ
depending on whether exercise is performed during the active or rest
phase of the day [193]. Importantly, the expression level of neuro-
peptides and neuronal activity in the brain, including hypothalamic
nuclei, depends upon diurnal variation in order to reflect different
physiological needs according to circadian rhythm [19,194—196].
While not entirely clear, the diurnal variability of metabolically relevant
neural circuits likely contributes to differing metabolic outcomes of
exercise. These findings highlight the importance of investigating the
temporally-dependent effects of exercise on the plasticity of brain
circuits and their associations with metabolic improvements.

Third, what circuits in the brain are required for the exercise-induced
beneficial effects on metabolism, and how are they connected? The
current review highlights an emerging field of research with the goal of
identifying circuit nodes (nuclei and specific cell populations) in the
brain that are modified in response to exercise and/or contribute to
exercise performance. Using molecular genetics and the ability to
manipulate the activity of neurons in a cell-specific manner, previous
studies have identified metabolically-relevant circuits in the brain that
may be involved in regulating metabolism in response to exercise.
However, it is still unclear whether all metabolically-relevant nuclei/cell
populations are modified in response to exercise and how these cir-
cuits are interconnected. Additionally, it is currently unknown if these
circuits are required for exercise-induced changes in metabolism or
exercise performance. Similar to the recent advances in neuroscience
research that has accelerated our understanding of the brain’s
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involvement in energy balance and glucose control, a combinatorial
approach of optical imaging, electrical recordings, and circuit mapping
tools will be needed to parse these important questions.

Another key aspect to consider is the duration of exercise-induced ef-
fects on individual neurons and neural circuits. Numerous studies
investigating the effects of exercise in the periphery and the CNS focus
on a perceived, arbitrary time-point, which may not capture the dynamic
nature of exercise-induced changes. Moreover, the changes in neuron
activity observed in response to exercise may be transient or sustained
for hours to days after an exercise bout. This may be less surprising
given that exercise induces a rapid increase in metabolic rate and
glucose uptake that is sustained post-exercise across multiple species
[197]. Such a sustained change in activity may also be an adaptation to
exercise in order to ensure future exercise performance. A common
principle in exercise training revolves around training reversibility and
supports the phrase “Use it or Lose it”. That is, while regularly performed
aerobic exercise results in significant improvements in metabolism,
cessation of exercise training results in decline in various metabolic
parameters. Neural plasticity is likely to play a role in these adaptations,
and it is important to understand the onset and reversal of exercise-
induced plasticity in order to better understand exercise-induced
remodeling within the brain. Future studies should consider the time
course of exercise-induced changes in neuronal activity and how these
changes contribute to the sustained metabolic benefits of exercise.
Finally, studies on the adaptive capacity of metabolically relevant
neurons or brain circuits commonly center on studying neuroplasticity
in lean subjects. While these studies provide crucial baseline insights
into potential cellular mechanisms contributing to metabolic dysfunc-
tion, it is equally important to investigate whether and how these
circuits can adapt in the context of disease states. This is particularly
important for understanding the effects of exercise on metabolic
dysfunction and whether lifestyle interventions, such as increased
physical activity or exercise, can induce similar plasticity changes as
observed in healthy individuals.

Proper consideration of these contextual factors will significantly
contribute to our understanding of the effects of exercise on meta-
bolism and may explain the inter-individual variability in response to
exercise. Ultimately, investigating these factors will be crucial for
elucidating a more comprehensive understanding of the mechanisms
underlying exercise-induced metabolic adaptations.
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