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Preface to ”Hypothalamic Regulation of Obesity”

The obesity epidemic is a major socioeconomic problem that urgently necessitates better

understanding of the mechanisms that mediate the imbalance between food intake and energy

expenditure and of obesity-related metabolic and cardiovascular complications. Gaining insight

into the cellular basis of obesity could lay the foundations for the development of new therapeutic

strategies.

In the last few decades, it has been demonstrated that the hypothalamus regulates energy

homeostasis. The hypothalamus contains hormonal- and nutrient-sensing nuclei that organize

central and peripheral responses to maintain normal body weight, food intake, energy expenditure

and nutrient partitioning. Within the hypothalamus, numerous specialized neuronal populations

are connected to each other and to various extrahypothalamic brain regions to coordinate energy

homeostasis. Evidence also suggests non-neuronal populations, such as astrocytes, participate, and

interesting interplay may exist between astrocytes and hypothalamic neurons, whose disruption

leads to insulin resistance and obesity.

This reprint reports on the most recent insights into the hypothalamic neuronal and

non-neuronal pathways involved in obesity development. Novel findings related to key systems,

such as endocannabinoid and melanocortin-related pathways, in the hypothalamus are discussed.

In addition, the emerging contribution of the crosstalk between the hypothalamus and peripheral

tissues, such as gut and adipose tissue, in obesity is a promising topic. Therefore, here, we present

an overview of the most recent mechanisms underlying the hypothalamic regulation of obesity and

the impact of these investigations in the prevention and treatment of human obesity for the scientific

community and doctors. We thank the authors who have contributed their scientific findings to this

reprint.

Rosalı́a Rodrı́guez-Rodrı́guez and Cristina Miralpeix

Editors
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Obesity has now reached pandemic proportions and represents a major socioeconomic
and health problem in our societies. Up to now, obesity has been considered a medical
issue only in high-income countries, but this disease is now dramatically on the rise in low-
and middle-income countries, particularly in urban settings, affecting both adults and the
pediatric population [1].

The simplest definition of overweight and obesity is an excessive accumulation of fat
due to an imbalance between the energy in and the energy out, and this adiposity represents
a risk to health [1]. But the whole picture is more complex than this, and obesity is a marker
of a serious metabolic dysregulation that involves several diseases such as type 2 diabetes,
cancer, cardiovascular pathologies, and most recently for COVID-19 infection [1,2]. Since
the current approaches to combatting obesity and its complications have limited clinical
effectiveness, gaining insight into the cellular and molecular basis of obesity could lay the
foundations for the development of new strategies to prevent metabolic disruption and to
treat this somewhat unaddressed medical issue.

In the last few decades, it has been strongly demonstrated that the hypothalamus is
the master regulator of energy homeostasis. The hypothalamus contains hormone- and
nutrient-sensing nuclei that organize central and peripheral responses for maintaining
normal body weight, food intake, energy expenditure, and nutrient partitioning. Within
the hypothalamus, specialized sub-populations of neurons are connected to each other
and to various extrahypothalamic regions to coordinate energy balance. Evidence has also
highlighted the participation of non-neuronal populations (i.e., microglia and astrocytes),
and even the interesting cross-talk between these types of brain cells, whose disruption
leads to insulin resistance and obesity. In this Special Issue, we report on the most recent
insights into the hypothalamic circuitries and pathways involving neurons [3–7], astro-
cytes [8,9], and microglia [10,11] in obesity development and associated complications. The
emerging contribution of astrocyte–neuron [9] and microglia–neuron cross-talks [12] in the
hypothalamus and the contribution of microbiota and the gut-brain axis controlling food
intake and energy homeostasis [13] are also presented in this Special Issue (Figure 1).

Regarding the importance of hypothalamic targets in obesity development, Quiñones
et al. [3] elegantly review the most relevant studies focusing on the deacetylases sirtuins in
hypothalamic neurons, SIRT1 and SIRT6, as multifaceted mediators of energy metabolism,
controlling processes such as food intake, food preference, puberty, body weight, adiposity,
and glucose and insulin homeostasis. Importantly, the complexity of the hypothalamic
nuclei in obesity development is supported by the fact that the effect of SIRT1 on energy
balance depends on the neuronal type where it is acting. For instance, lacking SIRT1 or
SIRT6 in POMC neurons affects energy expenditure and adiposity; however, SIRT1 in
AgRP neurons specifically affects eating behavior, and in oxytocin neurons in the PVN
controls diet preference. In addition to sirtuins, Fosch et al. [4] provide new insights into
other targets in SF1 neurons of the ventromedial hypothalamus that play a critical role not
only in body weight control and adiposity, but also in glucose tolerance and insulin and
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leptin sensitivity, with minimal effects on food intake and differential actions between male
and female mice. The authors also report how nutrient sensors such as AMPK and SIRT1,
glutamatergic transmission, synaptic receptors, and mediators of autophagy in SF1 neurons
are promising therapeutic targets against obesity and diabetes, reinforcing the “central
role” of the hypothalamus in the control of peripheral metabolism beyond the regulation of
feeding behavior [4]. In this sense, Fukumura et al. [5] found new evidence in this special
issue about the effects of a novel hypothalamic small protein, named neurosecretory protein
GL (NPGL), on glucose and insulin homeostasis. In this study, overexpression of Npgl in
the mediobasal hypothalamus of mice improved glucose tolerance and attenuated insulin
resistance and hyperglycemia under high-fat diet (HFD) exposure, without significant
changes in food intake. The concomitant increased mRNA expression levels of galanin
(a neuropeptide that co-localizes with NPGL in arcuate neurons and regulates glucose
homeostasis) suggests that both peptides could regulate each other for these actions [5].
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Figure 1. In this Special Issue, we report on the most recent insights into the neuronal targets and
neuropeptides of the hypothalamic circuitries involved in obesity development and progression.
In addition, the emerging contribution of astrocyte-neuron and microglia-neuron cross-talks in the
hypothalamus in response to a high-fat diet, and the implication of the gut-brain axis controlling
food intake and energy homeostasis are also presented

When investigating the hypothalamic regulation of obesity, in addition to the identifi-
cation of potential targets mediating the homeostatic circuits, it is also important to explore
the hedonic circuits mediating energy balance, identifying the salient neural, hormonal,
and humoral components involved, as remarkably reviewed by Gastelum et al. [7]. They
explore the sexual dimorphism on these circuits, paying special attention to the role of
two emerging neuropeptides, the nociception/orphanin FQ and the pituitary adenylate
cyclase-activating polypeptide (PACAP) in the neuronal activity regulation in positive and
negative energy states. Jang et al. [6] also investigate leptin-mediated feeding circuits in
hypothalamic neurons, identifying the expression of the angiopoietin-like growth factor
(AGF) in POMC neurons of the arcuate nucleus as a downstream factor involved in leptin
signaling in the hypothalamus.

Hypothalamic circuits controlling energy balance in response to feeding are also
mediated by the gut-to-brain nutrient signaling, whose disruption leads to obesity. As ex-
tensively reported by Romani-Perez et al. [13], aberrant feeding patterns or unhealthy diets
might alter gut microbiota–diet interactions and modify nutrient-sensing information from
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the gut to the hypothalamus, impairing energy homeostasis. They identify microbiome-
based strategies to improve the gut-brain axis function and hence combat obesity.

An already well-established concept in the neurobiology of obesity is that neurons are
not the only characters playing a main role in the response processing and the transmission
of information. This is also true in the hypothalamus, where a maladaptive interaction
between neurons and their surrounding microglia and astrocytes likely contribute to the
development and progression of obesity [9,12]. The perspective elegantly presented by
Leon et al. [12] discusses recent evidence that sheds light on the cellular and molecular
mechanisms underlying microglia–neuron communication in hypothalamic circuits that are
crucial for body weight and food-intake control in response to HFD exposure. Interestingly,
microglia, as key players in the immunological response, are sensitive to fuel substrate
and can influence neuronal activity in part via cytokines. However, the maladaptive
microglia–neuron cross-talk observed in response to overnutrition seems to involve synergy
with astrocytes, which are key components of the tripartite synapse, as discussed below.
In addition to these cellular interactions, Mendes et al. [10] examine the subtypes of
microglia that may be involved in HFD-induced hypothalamic inflammation in the early
stages of the disease. They also remarkably discuss which models can be useful for
obtaining the most reliable data when exploring distinct subsets of microglia, and clarify
the changes in hypothalamic microglia signature in response to HFD-induced obesity
based on novel transcriptomic analysis. The importance of microglia activation in the
hypothalamus in energy balance has also been reported by Lopez-Gambero et al. [11].
They found that glial activation and metabolic dysfunction in the hypothalamus of a
mouse model of Alzheimer’s disease (5XFAD mouse) leads a negative energy balance
and lower insulin and related hormones in plasma, contributing to the development of
the pathology. Interestingly, this phenotype was more marked in female than male mice,
indicating useful information for early detection of the disease and sexual dimorphism in
the pathophysiology of Alzheimer’s disease.

The function of hypothalamic astrocytes and the interplay between astrocytes and neu-
rons are also becoming very important in the study of obesity development. In this special
issue, Song et al. [8] show the ability of the adipose tissue-derived hormone adiponectin
to control nutrient metabolism in hypothalamic astrocytes by enhancing glucose uptake,
glycolytic activity, and lactate and ketone body production. In this study, central adminis-
tration of adiponectin increases the number of astrocytes in the hypothalamus of mice. The
most relevant findings regarding molecular mechanisms by which hypothalamic astrocytes
are involved in the pathogenesis of obesity have been well reviewed by Gonzalez-Garcia
et al. [9]. They expose the idea of how a disruption in the astrocyte–neuron communication
within the hypothalamus is altered by exposure to obesogenic insults and the impact
this has on obesity development. In addition, they point out the emerging idea that as-
trocytes are heterogeneous and that there might exist subpopulations that contribute to
specific actions. Therefore, the identification of specific hypothalamic astrocyte subpopula-
tions might be critical for the pathophysiology of obesity [9]. The study of the potential
role of other brain cells and how they are interconnected with glia and neuronal cells in
the hypothalamic regulation of obesity is also promising (e.g., tanycytes and endothelial
cells) [12].

Therefore, the manuscripts published in this Special Issue provide new insights into
the hypothalamic neuronal and non-neuronal pathways involved in the pathophysiology
and development of obesity and related diseases such as diabetes (Figure 1). Via four
original papers, six review manuscripts, and one perspective, this Special Issue will sub-
stantially contribute to the identification of novel therapeutic targets in the hypothalamus
and novel approaches to combatting the progression of human obesity.

Author Contributions: All authors (R.R.-R. and C.M.) have participated in writing and editing. All
authors have read and agreed to the published version of the manuscript.
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Abstract: Diet-induced obesity can originate from the dysregulated activity of hypothalamic neuronal
circuits, which are critical for the regulation of body weight and food intake. The exact mechanisms
underlying such neuronal defects are not yet fully understood, but a maladaptive cross-talk between
neurons and surrounding microglial is likely to be a contributing factor. Functional and anatomical
connections between microglia and hypothalamic neuronal cells are at the core of how the brain
orchestrates changes in the body’s metabolic needs. However, such a melodious interaction may
become maladaptive in response to prolonged diet-induced metabolic stress, thereby causing over-
feeding, body weight gain, and systemic metabolic perturbations. From this perspective, we critically
discuss emerging molecular and cellular underpinnings of microglia–neuron communication in the
hypothalamic neuronal circuits implicated in energy balance regulation. We explore whether changes
in this intercellular dialogue induced by metabolic stress may serve as a protective neuronal mecha-
nism or contribute to disease establishment and progression. Our analysis provides a framework
for future mechanistic studies that will facilitate progress into both the etiology and treatments of
metabolic disorders.

Keywords: microglia–neuron communication; hypothalamus; obesity; metabolism

1. Introduction

Over the last 25 years, since the discovery of the hormone leptin [1], enormous
advancements have been made in understanding how the brain directs changes in feeding
behaviors and systemic metabolic pathways to maintain the body’s metabolic needs [2].
This advancement has initiated a consensus on a “brain-centric” view, which now considers
that obesity does not only result from the dysfunctional activity of peripheral organs, such
as the adipose tissue, but can also originate from the brain [3].

Large-scale genomic studies have demonstrated that body weight excess and the
associated systemic metabolic defects can derive from spontaneous mutations that involve
genes that are expressed in the central nervous system (CNS) [3]. Moreover, multiple lines
of evidence have now demonstrated that hypercaloric diet feeding can trigger obesity and
multiple metabolic comorbidities via central mechanisms of action [4–7].

Most of these mechanisms involve changes in the activity of neuronal networks located
in the hypothalamus that influence fuel (food) ingestion, dissipation, or storage [8–10].
Brain-to-periphery axes controlled by this brain region allow maintenance of constant
levels of energy reserves, or the so-called condition of energy balance. The melanocortin
circuit, which is formed by different neuronal populations that respectively express the
peptidergic precursor pro-opio-melanocortin (POMC) or the neuropeptide agouti-related
protein (AgRP), plays a crucial role. When the synaptic plasticity of this circuit is impaired—
for instance, in response to prolonged feeding with hypercaloric diets—this neurobiological
defect can lead to energy balance dysregulation [5,6], and, therefore, to the establishment
or the progression of diet-induced obesity (DIO) [7,11].
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The pivotal role played by the hypothalamus in the etiology of obesity and its asso-
ciated sequelae may not seem surprising given that this brain area has long been known
to influence food intake and energy handling. More surprisingly, however, non-neuronal
cells may be the key piece of the puzzle, at least based on more recent information.

Astrocytes have classically been known to participate in the so-called “tripartite
synapse”, e.g., the integrated functional unit whereby these glial cells communicate with
two or more neurons to accommodate their synaptic transmission [12]. Within this cell-to-
cell process of communication, however, microglial cells are emerging as key players given
their influence on the formation, function, plasticity, and elimination of synapses [13,14].

During overfeeding, microglial cells accumulate in the hypothalamus [15] (“microglio-
sis”), undergo morphological activation, and augment the production of proinflammatory
cytokines and other neuronally secreted factors that potentially interfere with synaptic
transmission [16]. These changes seem to occur specifically in the hypothalamus, but not
in other brain areas [16], suggesting that a “healthy” microglial–neuronal crosstalk may be
crucial for hypothalamus-based regulation of energy balance, whereas a defective process
of intercellular communication may promote neuronal dysfunction, energy imbalance, and
ultimately obesity.

Our understanding of the role of microglia–neuron interactions in modulating neu-
ronal function in extrahypothalamic brain areas has significantly improved over the last
decade [17]. However, the molecular and cellular underpinnings of such intercellular
dialogue at the level of specific hypothalamic circuits involved in body weight control have
only begun to emerge.

Here, we will discuss recent evidence that sheds new light on the cellular and molecu-
lar mechanisms implicated in microglia–neuron communication in hypothalamic circuits
that are relevant for body weight and food intake regulation. We will interrogate whether
a defective dialogue between hypothalamic microglia and neurons may be causally linked
with the etiology of DIO, while also highlighting the remaining outstanding questions on
how this intercellular cross-talk operates to maintain energy homeostasis in the whole body.

2. The Emerging Neuroimmune Theory of Obesity

Bidirectional interactions between the immune system and the CNS enable immuno-
logical, physiological, and behavioral responses. Upon activation by infection or injury, for
instance, peripheral cells of the innate immune system synthesize and release cytokines
that serve as immune mediators. These peripheral signals travel to the brain and act
through complex mechanisms of microglia–neuron communication, ultimately leading
to non-specific symptoms of infection, including lethargy or listlessness, amongst others,
which are commonly referred to as the “sickness response” [18].

In animal models of DIO, enhanced sickness behavior is observed after a single
administration of the bacterial lipopolysaccharides (LPSs) [19]. This phenotype is associated
with increased production of proinflammatory mediators in the hypothalamus, including
tumor necrosis factor alpha (TNFα), interleukin 1 beta (IL-1β), interleukin 6 (IL-6), the
inhibitor of nuclear factor kappa alpha (IκBα), and cyclooxygenase-2 (COX2) [20], thereby
suggesting that whole-body neuroimmune axes coordinated by CNS microglia undergo
defective regulation in obesity.

In addition to responding to injury or infections, CNS microglia can be also activated
by dietary or hormonal factors that influence whole-body energy handling, including,
for instance, lipids [21,22], carbohydrates [23], or the hormone leptin [20,24]. This sug-
gests that microglial cell activity may play a critical role in maintaining systemic energy
homeostasis. After long-term feeding with hypercaloric diets, an increased number of
activated microglial cells has been consistently observed across different studies at the level
of the mediobasal hypothalamus, where POMC and AgRP neurons reside [4,25–31]. These
microglial changes are accompanied by the upregulation of cytokine-signaling-related
pathways in hypothalamic neurons [4,25–31], and are not a rodent-specific phenomenon.
Indeed, human obesity is also associated with radiological signs of gliosis [4,32,33]. More-
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over, histological analyses of post-mortem brain tissues obtained from obese individuals
has revealed the presence of microglial cells with aberrant morphologies at the level of
hypothalamic areas [34]. Accordingly, body mass index (BMI) positively correlates with
microglial soma size in subjects affected by type-2 diabetes (T2D), which is one of the major
glucometabolic complications of obesity [35].

Based on these accumulated findings, one emerging theory in the field is that the
exacerbated microglial activity induced by overfeeding may sustain and propagate a
condition of low-grade chronic inflammation at both the central (hypothalamus) and sys-
temic level, which contributes to the establishment and the progression of DIO and its
associated glucometabolic complication. Several observations support this model: (i) in-
hibiting expansion of CNS microglia expansion in DIO mice hindered diet-induced weight
gain and prevented central and peripheral inflammatory responses induced by overfeed-
ing [15]; (ii) pharmacologically depleting microglia or selectively restraining microglial
inflammatory signaling pathways in the hypothalamus sharply reduced hypothalamic
microgliosis while also limiting diet-induced hyperphagia and weight gain in a murine
model of DIO [36]; (iii) several molecules and pathways have been identified as candidate
mediators of hypothalamic inflammatory reactions observed during chronic feeding with a
hypercaloric diet (for a detailed review on this topic, see [37]). The targeted disruption of
these pathways in a hypothalamus-specific manner, by pharmacologic or genetic means,
limits the extent of DIO and its main systemic metabolic defects, e.g., impaired systemic
glucose homeostasis [26–30,38].

Of note, emerging microglia-directed neuroimmune responses induced by diet and/or
obesity share elements of similarity with other “classic” neuroimmune axes. For instance, a
feature of the sickness behavior is the enhanced entry of peripheral immune cells into the
CNS [18]. Likewise, during high-fat diet (HFD) consumption, changes in the peripheral
and central immune systems are intimately interconnected.

In DIO mice, blood-borne monocyte-derived cells can extravasate the vasculature and
enter the brain at the level of the hypothalamic arcuate nucleus (ARC) of the hypotha-
lamus [36], which contains a leaky blood–brain barrier [39]. As they accumulate, these
infiltrating cells resume a typical microglia morphology and contribute to propagating the
diet-induced inflammatory response [36].

Additionally, diet-induced hypothalamic inflammation, and, similarly, other mi-
croglial neuroimmune responses, can have both positive and negative downstream neu-
ronal effects. After brain injury or pathogens invasion, an initial microglial activation is
typically observed and is necessary for neuroprotection, but increased or prolonged mi-
croglial activity can have neurotoxic effects [40]. Likewise, short-term microglial responses
to diet-induced metabolic stress may initially be protective for neurons that are in strict
communication with these glial cells, whereas in the long term, the communication process
may become maladaptive, thus negatively influencing neurotransmission [41]. Supporting
this view, ARC microglial activity and the resulting local increase in proinflammatory
cytokine levels observed during DIO progression follow a dynamic pattern, as they occur
rapidly during the first hours [42] and days [4] of overfeeding, are normalized for a few
weeks during the dietary administration, and rise again thereafter [4]. Moreover, the
establishment of a “low-grade” chronic microglial activation state in response to prolonged
feeding with hypercaloric diets is often associated with hallmarks of hypothalamic neu-
ronal dysfunction in animal models after long-term feeding of hypercaloric diets, including
loss of synapses [5], impaired responsiveness to metabolic hormones [7,43,44], altered
intracellular organelles function [4,29,45,46], and possibly cell death [47,48], although the
latter was not observed in all of the studies [49].

Thus, an intimate and dynamic relationship links exacerbated hypothalamic mi-
croglial activity with hypothalamic neuronal dysfunction and DIO progression. Such a
neuroimmune basis of obesity may either originate from or lead to a defective process of
communication between neurons and surrounding microglial cells.
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3. Role of Microglia in the Remodeling of Neuronal Networks in Obesity

Microglia can phagocytize neuronal spines, terminals, and cell bodies, and errors in
this process can lead to impaired neuronal activity and possibly to cell death [13,50]. In
response to pathogen invasion or neuronal damage, phagocytosis of microorganisms, dying
cells, or neuronal debris from microglia occurs during the resolution phase of inflammation
and involves the release of cytokines and lipid mediators that exert anti-inflammatory and
prorepair properties.

Microglia can also remove synaptic elements from neuronal cell bodies, a process that
allows the protection of neurons from excitotoxicity, e.g., the neuronal death caused by the
overactivation of excitatory amino acid receptors [13]. Early in the course of a disease’s
process, it might be useful to strip away dying synapses so that healthy synaptic elements
can take over. However, as the insult to the CNS persists, abnormal synapse removal can
translate into neurodegenerative cellular states [13].

Consumption of dietary fat has been proposed to induce apoptosis of neurons in the
arcuate nucleus, paraventricular nucleus, and lateral hypothalamus in mice [47,48], and
such a neuronal loss is often paralleled by microgliosis [47,48], which makes one wonder if
diet-induced neuronal death and exacerbated microglial activity in the hypothalamus are
the two faces of the same phenomenon. However, the observation that DIO is associated
with hypothalamic neuronal death has not been reproduced by all the studies [49]. This
inconsistency may be due to differences in the diet-composition, caloric content, length
of diet exposure, and technical approach used to assess neuronal counts across these
studies [7]. Hence, only addressing whether and how these different contributing factors
impact microglial phagocytic capacity and, eventually, hypothalamic neuronal death may
provide a final answer.

Irrespective of this dispute, changes in microglial activity induced by overfeeding may
have more “subtle” consequences on downstream neurons—for instance, on their synaptic
transmission. LPS-mediated activation of microglial cells evokes excitatory responses
in hypothalamic POMC neurons and inhibitory responses in AgRP neurons [51]. HFD-
induced obesity is associated with the synaptic reorganization of hypothalamic POMC
and AgRP neurons [5], which present fewer total synapses on their perikaryal [5]. These
synaptic changes are intimately associated with the presence of increased hypothalamic
microglial activity [5], which suggests that microglial-mediated effects may be directly
implicated, although no direct causal evidence supporting this model is yet available.

Changes in microglial-mediated phagocytosis of synaptic elements (or microglial
“pruning”) seem to occur in response to overnutrition in extrahypothalamic areas—for
instance, in the hippocampus. In a DIO animal model, low-grade chronic inflammation
induced by a hypercaloric diet was associated with reduced cognitive function and with
increased microglial pruning [52,53]. Memory impairment observed in these animals
occurred along with reductions in hippocampal dendritic spines [53], and both the mem-
ory defects and the loss of neuronal spines could be rescued through pharmacological
manipulation of microglial phagocytosis [53].

Whether or not microglia-mediated pruning contributes to the specific hypothalamic
neuronal dysfunction observed during DIO has not yet been directly tested, but this
hypothesis is supported by a series of indirect observations. For instance, in an animal
model of obesity and type 2 diabetes (db/db mice), which was characterized by impaired
hypothalamic neuronal synaptic plasticity [54,55], hypothalamic microglial cells presented
a reduced expression of the phagocytic marker cluster of differentiation 68 (CD68) [56].
In this model, the deficit in hypothalamic neuronal function and the resulting obesity
phenotype derived from a defective action of the metabolic hormone leptin.

Likewise, transgenic mice with a specific leptin receptor deficiency in myeloid cells
(which include microglia) presented an obesity-like phenotype, a reduced number of hy-
pothalamic ARC POMC-expressing neurons, and signs of impaired microglial phagocytic
capacity in the hypothalamus [24]. Thus, microglia-mediated synaptic remodeling of hy-
pothalamic neuronal cells may be under the influence of hormonal signals, such as leptin.
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This implies that alterations in these microglial–neuroendocrine axes may contribute to
DIO pathophysiology. Of note, leptin can potentiate the microglial response to LPS in
an in vitro system, and this is linked to morphological changes that render the microglia
more reactive [57], further suggesting that this hormone may have an important role in
mediating microglial functions.

Notably, in addition to influencing synapse homeostasis through their phagocytic
activity, microglial cells can also promote synapse formation [13], although no studies have
thus far investigated whether changes in microglial-mediated synaptogenesis occur during
diet-induced metabolic stress, which represents an interesting angle for future investigations.

Thus, hypercaloric diets may trigger microglial-mediated synaptic remodeling, which
possibly disrupts the activity of AgRP/NPY and POMC neurons, thereby contributing to
disease development. However, the defective synaptic plasticity observed in the ARC of
DIO animal models likely involves synergy among not only neurons and microglia but
also astrocytes [5], which are key components of the tripartite synapse. Thus, studying cell-
type-specific mechanisms that link diet-induced inflammation with the impaired synaptic
plasticity of ARC neurons is an interesting avenue for future research.

4. Impact of Fuel Substrates on Microglia–Neuron Communication in Obesity

Microglia are highly dynamic and continuously move around the brain parenchyma
in response to chemotactic signals. Under activated states, these glial cells not only display
increased phagocytic activity, but also augment the production of proinflammatory and neu-
romodulatory factors, which are all processes that require large amounts of energy. To meet
these continuous and rapid changes in energy demands, microglia express transporters for
glucose, fatty acids, and amino acids, the three main fuel substrates. Moreover, these glial
cells are also capable of metabolizing alternative nutrients, such as glutamine [58].

The exact identities of the main extracellular influencing factors leading to reactive
microglial states during overfeeding are under intense investigation and have not yet been
clarified. However, saturated fat (SF) may be a key piece of the puzzle. In animals fed with
a saturated fat (SF)-enriched diet, fatty acids, including palmitic acid, are conveyed to the
brain after ingestion. They are then taken up by hypothalamic microglia, and ultimately
contribute to inducing the hypothalamic inflammatory reaction [22].

Feeding mice with an SF-rich diet augments the expression of the heat-shock protein 72
(Hsp72), which is a chaperone protein that is implicated in cellular stress, in the mediobasal
hypothalamus [22]. Such a molecular stress response is independent of the increased
caloric intake associated with the SF-rich diet. Indeed, increased neuronal Hsp72 levels
were observed by administering milk fat to control mice fed with a standard chow diet,
but not following the administration of isocaloric olive oil [22]. Thus, increased SF intake—
and not fat intake per se—accounts for the presence of signs of hypothalamic neuronal
stress. Of note, depleting microglia via a genetic approach nearly abolishes the marked
induction of neuronal Hsp72 that is otherwise seen in ARC neurons following SF-rich
administration [22]. This suggests that changes in microglial SF sensing causally contribute
to the neuronal dysfunction observed in DIO.

Saturated fat is likely not the only fuel substrate that mediates diet-induced microglial
activation and the resulting negative downstream neuronal effects. Indeed, long-term feed-
ing with a high-carbohydrate/high-fat diet (HCHF) also leads to increased hypothalamic
microglial activity in mice, which is associated with the elevated production of advanced
glycation end-products (AGEs) from hypothalamic POMC and AgRP neurons. AGEs are
products of glycoxidation and lipoxidation reactions that originate from overexposure
to sugars. These bioproducts are implicated in many degenerative conditions, including
diabetes and Alzheimer’s disease [59]. Certain types of AGEs—for instance, the product
N(ε)-(carboxymethyl)-lysine (CML)—are mainly produced by neurons during diet-induced
cellular stress, whereas their receptors are specifically localized in non-neuronal cells, in-
cluding, but not limited to microglia [23]. Genetic deletion of CML receptors in mice fed
with an HCHF diet resulted in less microglial reactivity in the hypothalamic ARC and also
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led to favorable antiobesity effects [23]. Thus, a putative model can be proposed whereby
HCHF diets—and the consequent combined overload of both lipids and glucose in the
mediobasal hypothalamus—trigger excessive production of neuronal metabolites (such as
AGEs) that activate surrounding microglial cells. This results in a vicious feedback loop
that impairs neuronal functions.

However, what are the main intracellular underpinnings of such a maladaptive cross-
talk? A final answer is not yet available, but common intracellular nodes may integrate
changes in fuel substrate handling between neurons and microglia. In both microglial and
neuronal cells, maladaptive changes in mitochondrial function and cellular fuel utilization
were observed after hypercaloric diet feeding, and in both cell types, these changes were,
in part, mediated by the mitochondrial protein uncoupling protein 2 (UCP2) [60]. Of note,
increased UCP2-dependent activity in either microglial or neuronal cells played a key role
in mediating DIO susceptibility in murine models [61–63].

Thus, sensing of specific dietary components, such as fat and/or sugar, may lead to
exacerbated cellular fuel metabolism in both microglial and neuronal cells located in the
hypothalamus via common (UCP2-mediated) molecular pathways that are essential for
proper mitochondrial activity. This implies that changes in fuel substrate uptake and/or
metabolism induced by diet-induced caloric overload may directly impact the microglia–
neuron crosstalk via mitochondria-mediated mechanisms and the subsequent production of
yet-to-be identified energy metabolites that contribute to the intercellular communication.

Supporting this view, specific microglial genetic deletion of lipoprotein lipase (LPL),
one of the key enzymes involved in cellular fuel uptake, caused mitochondrial dysmor-
phologies in both microglia and nearby ARC neurons in animals that were fed with a
hypercaloric diet [64]. These transgenic mice that specifically lacked LPL activity in mi-
croglia also presented higher body weight gain relative to wild-type animals when fed
with an obesogenic diet [64].

5. Role of Cytokines in Microglia–Neuron Communication in Obesity

Activated hypothalamic microglia produce a variety of proinflammatory cytokines
that potentially influence metabolic or behavioral outputs by inducing changes in neuronal
activity [65–67]. In vitro incubation of hypothalamic POMC neurons with the microglial-
produced cytokine TNF-α led to an increased neuronal firing rate, increased intracellular
ATP production, and mitochondrial fusion processes [68]. HCHF diet consumption is
associated with elevated hypothalamic TNF-α levels [69] and with signs of POMC neuronal
mitochondrial stress [68]. Hence, persistently elevated TNF-α signaling during DIO may
cause functional impairment of hypothalamic POMC neurons as a result of alterations in
neuronal mitochondrial activity [68]. This hypothesis is supported by multiple studies
that showed that DIO leads to mitochondrial dysfunction in POMC neurons and that
this specific pathogenic mechanism may promote dysregulated neuronal activity and
obesity [7]. The molecular underpinnings of TNF-α-mediated neuronal dysfunction in
obesity have yet to be fully elucidated, but cytokine-mediated changes in the c-Jun N-
terminal kinase (JNK)/activator protein 1(AP-1) and NF-κB signal transduction pathways
may have a central role. A detailed analysis of the neuronal molecular pathways implicated
in hypothalamic inflammation is beyond the main scope of the present work, but more
detailed information can be found elsewhere—for instance, in [37].

Although it is tempting to speculate that proinflammatory cytokines produced by
hypothalamic microglial cells in response to overfeeding may globally contribute to the
induction of neuronal dysfunction and obesity, this hypothesis appears to be too simplistic
given that certain microglia-derived cytokines can have positive effects on metabolism
and body weight regulation. For instance, activated hypothalamic microglia can produce
the proinflammatory cytokines IL6 and IL-1β [70], which can have favorable effects on
energy balance regulation. Administration or overexpression of these cytokines in the brain
results in reduced food intake, increased energy expenditure, and decreased body weight
gain [71–75]. This is likely due to changes in the activity of neurocircuitries located in the
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hypothalamus [76,77]. Accordingly, the central application of IL6 led to potent feeding
suppression and to improvements in glucose tolerance in DIO mice via the modulation of
neurons located in the paraventricular nucleus of the hypothalamus [78]. Thus, different
proinflammatory cytokines can have either positive or negative effects on body weight
control, which makes one wonder whether diet-induced hypothalamic inflammation is
necessarily a pathophysiological mechanism that contributes to disease progression.

The fact that microglia-derived proinflammatory cytokines may induce dynamic
downstream neuronal effects is probably part of the answer. For instance, among families
of cytokines that orchestrate hypothalamic inflammatory reactions induced by overfeeding,
chemokines act by attracting immune cells to the inflamed site [79]. When proinflammatory
cytokines activity is enhanced in the brain of an animal, this generally leads to a condition of
initial high-grade inflammation and to a transitory reduction in food intake, which is partly
due to changes in the activity of hypothalamic neurons [80,81]. Nevertheless, such acute
and robust inflammatory responses and the linked food-intake-reducing effect generally
tends to diminish or, in some cases, to fade away a few hours after administration [80,81].
The metabolic or behavioral effects observed after short-term hypothalamic cytokines
action during hypercaloric diets feeding may reflect a defense mechanism that limits the
introduction of unhealthy diets. Nevertheless, this mechanism of “neuroprotection” may
become maladaptive in the long term and have the opposite effects, thereby contributing to
disease establishment and progression. Accordingly, certain chemokines, such as the C-X3-
C motif chemokine ligand 1 (CX3CL1, or ‘fractalkine’), promote obesity when chronically
administered in the brain [82], whereas inhibition of CX3CL1 actions in the hypothalamus
of DIO mice through an approach of small interfering RNA reduced local inflammation and
led to weight loss and to improvements in systemic glucose metabolism [82]. Moreover,
the expression of the C-X-C motif chemokine 12 (CXCL12) and its receptors was induced
in the hypothalamus of mice fed with an HFD [83]. Such increased CXCL12 activity has
been suggested to favor overfeeding by enhancing the synaptic activity of specific neu-
rons located in this hypothalamic area that produce the hunger-promoting neuropeptide
enkephalin [83].

From a broader perspective, cytokine-mediated changes in microglia–neuronal com-
munication likely also involve other non-neuronal cells. As previously discussed, DIO
leads to hypothalamic astrocyte activation, and following activation, these non-neuronal
cells produce a variety of immune mediators, including TNFα, IL-1β, IL-6, or the monocyte
chemoattractant protein-1 (MCP-1) [39,84], amongst others.

When cultured in vitro, astrocytes accumulate lipid droplets under a free fatty acid
(FFA)-rich environment, while also producing a large amount of proinflammatory cy-
tokines [84]. If cultured microglial cells are treated with a conditioned medium obtained
from lipid-laden astrocytes, this leads to a markedly enhanced chemotactic activity of the
microglial cells, which is due to MCP-1-mediated actions at the level of the microglial C-C
chemokine receptor type 2 (CCR2) [84]. Thus, astrocytes-derived inflammatory signals
may have an impact on neighboring CNS microglia, thereby alimenting the hypotha-
lamic inflammatory response. Given that the chemokine MCP-1 disrupts the integrity
of the blood–brain barrier (BBB) [85] and that the increased brain infiltration of bone-
marrow-derived monocytes/macrophages contributes to the induction of hypothalamic
inflammation [36] (see above), this vicious cycle may be also influenced by peripheral
immune cells.

In conclusion, a multicellular model can be proposed whereby, in response to hyper-
caloric diets, astrocytes, local microglial cells, and peripheral monocytes/macrophages
co-direct changes in the local production of cytokines and chemokines, which ultimately im-
pact hypothalamic neuronal activity and energy homeostasis in a highly dynamic manner
during the progression of DIO.
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6. “ON/OFF” Communication between Microglia and Neurons in Obesity

While long-term changes in the activity of CNS microglia can impair neuronal func-
tions, the opposite relationship can be also relevant, as discussed herein. However, can
hypothalamic neurons be initiators of vicious interactions with surrounding non-neuronal
cells in response to diet-induced metabolic stress? If one considers that neuronal cells in
mammals can release ON signals that promote microglial recruitment and activity [82,86],
this hypothesis seems plausible.

For instance, the energy substrates adenosine 5′- triphosphate (ATP) and adenosine
5′-diphosphate (ADP) can be released from the neuronal cell body via membrane channels
or activity-dependent vesicle exocytosis [87,88]. Microglia contain specific purinergic
receptors (such as P2Y12) that are expressed at the level of structural interaction sites
located between neuronal cell bodies and microglial processes [88]. P2Y12-containing
purinergic junctions allow microglia to constantly monitor the neuronal status. During
traumatic neuronal events (e.g., brain stroke) these junctions initiate microglia-driven
neuroprotective actions in a targeted manner on the neuronal cell body [88]. Moreover,
purinergic receptors are implicated in controlling microglial motility and attraction to
synapses [89].

Similar mechanisms of spatially controlled neuronal surveillance and protection may
take place in hypothalamic neurons in response to diet-induced neuronal stress. DIO leads
to POMC neuronal mitochondrial dysfunctions [7,68] and to a higher number of activated
microglial cells that are in close contact with POMC neurons [68], e.g., potential sites of
P2Y12-mediated communication. However, no studies have, thus far, directly addressed
whether hypothalamic neuronal cells display a plastic ability to release purinergic signals
that influence microglia recruitment and functions, which represent an interesting area for
future investigation.

Of note, microglial cells in the healthy CNS are immunologically more quiescent
than peripheral macrophages [90], which raises the question of whether brain neurons
may release OFF signals that keep these glial cells in a non-active state. In hippocampal
brain slices, the induction of the major histocompatibility complex class II (MHC-II) in
microglia, which is indicative of increased microglial immune response [91], is restricted by
neurotrophins released from electrically active neurons, for instance, by the brain-derived
neurotrophic factor (BDNF [92]).

BDNF-producing hypothalamic neurons play a major role in energy balance regulation
in response to the hormone leptin [93]. Accordingly, mutations in the BDNF gene lead
to insatiable appetite and severe obesity [94]. Hence, BDNF might be a neuronal OFF
signal that maintains a homeostatic process of neuron–microglia communication in the
hypothalamus, while defective BDNF production may ultimately lead to exacerbated
microglial activity and obesity.

In addition to neurons, microglia can also release BDNF, for instance, in response
to the activation of ATP-sensitive purinergic receptors [95]. Moreover, BDNF-producing
hematopoietic cells can migrate from circulation to the hypothalamus; they can make direct
contact with neurons in response to the feeding status, thereby influencing whole-body
metabolic and behavioral responses [96]. Mice with congenital BDNF deficiency specifically
in these hematopoietic cells developed hyperphagia, obesity, and insulin resistance [96],
suggesting that defective BDNF production from either neuronal and non-neuronal cells
located in the hypothalamus may initiate a vicious cycle leading to defective neuronal
functions and obesity.

Neurotransmitters may represent an additional layer of reciprocal ON/OFF regulation
between microglia and neurons. Microglia can express receptors for the neurotransmitters
glutamate, gamma-aminobutyric acid (GABA), noradrenaline, or dopamine (amongst
others) in both in vitro and ex vivo systems [97], although evidence for microglial expres-
sion of these markers in vivo is still lacking. In vitro treatment of microglial cells with
most of these neurotransmitters inhibits LPS-induced release of various proinflammatory
factors from these glial cells [86]. Nevertheless, these neurotransmitter-mediated effects on
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microglia activity are unlikely to be only directly mediated. Instead, these influences could
be indirectly influenced by extracellular ATP, which is released in response to changes in
neurotransmission [98].

While several neurotransmitters may act as an OFF-signals that keep microglia in a
quiescent state, one exception may be the excitatory neurotransmitter glutamate. Glutamate
can trigger activation and release of the proinflammatory cytokine TNF-α from microglial
cells [99,100]. Faced with proinflammatory stimuli, such as TNF-α, microglia can, in
turn, release glutamate [101], and thus probably enter a vicious cycle that leads to the
increased generation of both glutamate and TNF-α. The reciprocal control of glutamate
production by microglial and neuronal cells may be part of a feedback loop that protects
neurons from excitotoxicity. Alternatively, neurotransmitter-mediated cross-talks between
neurons and microglia may serve as a defense mechanism that limits exacerbated cytokine
action or excessive microglial phagocytic activity [86]. Whether or not DIO leads to
defective neurotransmitters-mediated microglia–neurons communication has yet to be
directly addressed. Given that animal models of DIO display impaired hypothalamic
expression of glutamate transporters [102], understanding how and whether changes in
the balance between both ON and OFF signals orchestrate the (dys) functional dialogue
between microglia and neurons in obesity warrants further investigation.

7. Conclusions and Perspectives

A better understanding of the neurobiological basis of obesity is urgently needed
given that this disease may have an origin in the brain [3] and that currently available
antiobesity strategies have not yet achieved a transformative therapeutic impact [103].

New pharmacological tools that selectively and safely target hypothalamic neuronal
circuits affected by obesity are on the horizon [38,104]. However, the cellular and molecular
mechanisms leading to hypothalamic neurons’ dysfunction in obesity have only begun to
emerge, and additional research will be needed before functional optimization and clinical
translation of these brain-directed agents.

These future efforts toward understanding the neurobiological basis of obesity should
consider that hypothalamic neuronal cells are not isolated functional entities, and mal-
adaptive reciprocal interactions between neurons and surrounding microglia cells likely
contribute to the establishment and the progression of the disease (Figure 1).

Several outstanding questions related to the extracellular and intracellular mode(s)
of action of this process of cell–cell communication remain. For instance, what are the
main extrinsic factors that transform a melodious microglia–neuron interaction into a
maladaptive process? The caloric content of the diet, diet composition, and duration
of diet exposure, may influence hypothalamic neuroinflammatory responses through
multiple mechanisms, including changes in gut microbiota composition [32]. Moreover,
the overload of certain dietary components, such as fats or carbohydrates, may engage
specific cellular metabolic pathways that interfere with mitochondrial function and with
the extracellular release of chemical messengers (such as ATP or ADP) influencing the
inter-cellular communication.

Of note, both neurons and microglia in the brain may secrete extracellular vesicles
(EVs), which are known to contain a broad range of signals possibly involved in the mal-
adaptive microglia–neuron communication, including chemokines, ATP, and inflammation-
associated small, noncoding RNA (miRNAs) [105]. Whether or not mitochondrial or
EV-mediated mechanisms of communication may contribute to diet-induced hypothalamic
neuronal alterations, however, remains to be directly explored.
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Figure 1. Under physiological conditions (left) microglia play a key role in fine-tuning neuronal synaptic function in re-
sponse to changes in the energy status of the body. This involves different mechanisms including the release of ON-OFF 
signals, the intercellular production of metabolic messengers in response to the cellular metabolism of fuel substrates, and 
physical intercellular contacts that are necessary for neurosurveillance. This melodious interaction may become maladap-
tive during diet-induced obesity (right), thereby leading to impaired synaptic plasticity through multiple possible mech-
anisms, which are highlighted in the figure. The maladaptive cross-talk ultimately results in energy balance dysregulation, 
obesity, and systemic glucose intolerance. FA: fatty acids; AGEs: advanced glycation end-products; UCP2: uncoupling 
protein 2 ; CX3CL1: C-X3-C motif chemokine ligand 1; ATP: adenosine 5′- triphosphate; TNFα: tumor necrosis factor-alpha 
; IL-1β: interleukin 1 beta, IL6: interleukin 6. 

Several outstanding questions related to the extracellular and intracellular mode(s) 
of action of this process of cell–cell communication remain. For instance, what are the 
main extrinsic factors that transform a melodious microglia–neuron interaction into a mal-
adaptive process? The caloric content of the diet, diet composition, and duration of diet 
exposure, may influence hypothalamic neuroinflammatory responses through multiple 
mechanisms, including changes in gut microbiota composition [32]. Moreover, the over-
load of certain dietary components, such as fats or carbohydrates, may engage specific 
cellular metabolic pathways that interfere with mitochondrial function and with the ex-
tracellular release of chemical messengers (such as ATP or ADP) influencing the inter-
cellular communication. 

Of note, both neurons and microglia in the brain may secrete extracellular vesicles 
(EVs), which are known to contain a broad range of signals possibly involved in the mal-
adaptive microglia–neuron communication, including chemokines, ATP, and inflamma-
tion-associated small, noncoding RNA (miRNAs) [105]. Whether or not mitochondrial or 
EV-mediated mechanisms of communication may contribute to diet-induced hypotha-
lamic neuronal alterations, however, remains to be directly explored. 

In addition to being influenced by extrinsic factors, the maladaptive cross-talk be-
tween microglia and neurons observed in obesity may then originate from intrinsic vari-
ables, including genetic predisposition. Indeed, human subjects carrying common poly-
morphisms in the Jun N-terminal kinase (JNK) or the melanocortin 4 receptor (MC4R) 

Figure 1. Under physiological conditions (left) microglia play a key role in fine-tuning neuronal synaptic function in
response to changes in the energy status of the body. This involves different mechanisms including the release of ON-OFF
signals, the intercellular production of metabolic messengers in response to the cellular metabolism of fuel substrates, and
physical intercellular contacts that are necessary for neurosurveillance. This melodious interaction may become maladaptive
during diet-induced obesity (right), thereby leading to impaired synaptic plasticity through multiple possible mechanisms,
which are highlighted in the figure. The maladaptive cross-talk ultimately results in energy balance dysregulation, obesity,
and systemic glucose intolerance. FA: fatty acids; AGEs: advanced glycation end-products; UCP2: uncoupling protein 2;
CX3CL1: C-X3-C motif chemokine ligand 1; ATP: adenosine 5′- triphosphate; TNFα: tumor necrosis factor-alpha; IL-1β:
interleukin 1 beta, IL6: interleukin 6.

In addition to being influenced by extrinsic factors, the maladaptive cross-talk between
microglia and neurons observed in obesity may then originate from intrinsic variables,
including genetic predisposition. Indeed, human subjects carrying common polymor-
phisms in the Jun N-terminal kinase (JNK) or the melanocortin 4 receptor (MC4R) gene
are more susceptible to development of obesity and hypothalamic neuroinflammation [32].
Furthermore, gender may play a key role given that microglia isolated from adult brains
present sex-specific molecular features [106–108] and that sex differences in microglial
activity determine obesity susceptibility in mice [109,110].

Finally, the maladaptive microglia–neuron crosstalk that is observed in response to
overnutrition likely involves synergy with other cell types—for instance, astrocytes [5,111],
which are key components of the tripartite synapse. Moreover, peripheral monocytes/
macrophages, which can extravasate from circulation to the brain during DIO progression,
are known to contribute to neuroinflammation and microglia–neuron communication [36].
Tanycytes, which are specialized ependymocytes that form a blood–cerebrospinal fluid
barrier in the hypothalamus, may have an additional influencing role [39] due to their
ability to fine-tune the brain transport of nutrients and hormones implicated in metabolic
control [112,113]. Additionally, endothelial cells located in the hypothalamus are emerging
as key cellular mediators of obesity and related metabolic disorders [114] and may therefore
contribute to the modulation of diet-induced inflammatory responses in hypothalamic
neurocircuitries [37].
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While trying to fill in this knowledge gap, cellular heterogeneity may represent a
challenging obstacle, but also a relevant aspect. Indeed, microglia and neurons in the
hypothalamus form highly diverse cellular clusters [115–118], and may therefore operate in
response to diverse and cell-specific mechanisms of communication. Accordingly, different
subpopulations of microglial cells have been found in the mediobasal hypothalamus of
rodents and humans [119], and these subpopulations present a high degree of spatial
localization and distinct molecular signatures in response to diet-induced inflammatory
conditions [119].

Thus, addressing when, where, and how hypothalamic neurons and surrounding
microglial cells communicate in response to diet-induced metabolic stress will be challeng-
ing, but this effort may ultimately favor progress into both the etiology and treatment of
metabolic disorders.
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Abstract: Astrocytes are a type of glial cell anatomically and functionally integrated into the neu-
ronal regulatory circuits for the neuroendocrine control of metabolism. Being functional integral
compounds of synapses, astrocytes are actively involved in the physiological regulatory aspects of
metabolic control, but also in the pathological processes that link neuronal dysfunction and obesity.
Between brain areas, the hypothalamus harbors specialized functional circuits that seem selectively
vulnerable to metabolic damage, undergoing early cellular rearrangements which are thought to be at
the core of the pathogenesis of diet-induced obesity. Such changes in the hypothalamic brain region
consist of a rise in proinflammatory cytokines, the presence of a reactive phenotype in astrocytes and
microglia, alterations in the cytoarchitecture and synaptology of hypothalamic circuits, and angio-
genesis, a phenomenon that cannot be found elsewhere in the brain. Increasing evidence points to
the direct involvement of hypothalamic astrocytes in such early metabolic disturbances, thus moving
the study of these glial cells to the forefront of obesity research. Here we provide a comprehensive
review of the most relevant findings of molecular and pathophysiological mechanisms by which
hypothalamic astrocytes might be involved in the pathogenesis of obesity.

Keywords: astrocytes; neurons; hypothalamus; obesity

1. The Hypothalamus: Integrator of Neuroendocrine and Systemic
Metabolic Homeostasis

The organization and cellular components of mammalian neuroendocrine systems are
highly evolutionarily conserved and require circuits precisely tuned throughout life. The
central nervous system (CNS) senses and processes local and peripheral afferent metabolic
signals emanating from circulation (hormones, nutrients), and translates information
from sensory nerves into physiological responses regulating feeding behavior and energy
expenditure [1–3]. The identification of the hypothalamus as a metabolic center arose from
pioneered observations during the mid-20th century. These seminal studies demonstrated
first that inflicting lesions or the presence of tumors in specific hypothalamic brain areas
elicited either hyperphagic obesity or severe anorexia [4]. Subsequently, the advances
in technologies and knowledge allowed for further confirmation that the key role of the
hypothalamus is its ability to integrate and process metabolic cues of endocrine and
autonomic nervous system origins; thus, positioning this brain area at center stage in the
regulation of body weight and energy balance.

The hypothalamus is structured and organized into different nuclei with the arcu-
ate nucleus (ARC) having been more deeply studied for containing specialized neuronal
populations. These neurons are vastly interconnected between themselves and with other
extra-hypothalamic areas, which allows for a high intercommunication and redundancy
in the homeostatic mechanisms [5]. The ARC is located at the base of the hypothalamus
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in close proximity to the median eminence (ME) and it is there where two neuronal pop-
ulations well-known for being fundamental for whole-body energy regulation reside:
Neuropeptide Y and agouti-related peptide (NPY/AgRP) expressing neurons whose acti-
vation exert orexigenic effects and reduce energy expenditure, and proopiomelanocortin
(POMC) expressing neurons with opposing effects on feeding behavior and energy expen-
diture compared to NPY/AgRP neurons [1]. Both sets of neurons express receptors for
peripheral endocrine inputs (e.g., leptin, insulin, GLP1, free fatty acids, and ghrelin), but
also for central-derived signals (e.g., NPY, GABA, serotonin, and melanocortin), and the
overall result of the integration and processing of these signals is to influence the wiring
and flexibility of neuronal circuits for the homeostatic maintenance of energy balance.
Thus, the connectivity of these ARC neuronal circuits is flexible, varying depending on
the energy storage and nutritional state of the entire organism. Such adaptive plasticity of
neuronal connectivity requires the chemical and physical association and cooperation of
adjacent glial cells, which are active units in the regulation of synaptic function.

In the last few years, hypothalamic astrocytes have started to draw some attention in
the neuroendocrine field for acting as hypothalamic functioning regulators, particularly for
their role in the central control of metabolism. Indeed, several findings emphasize the cru-
cial involvement of astrocytes for their functional interactions with specific ARC-resident
neuronal populations [6–10] together forming one unique functional circuit in metabolic
regulation. The advances in neuroscience and molecular biological technologies designed
for targeting non-neuronal cells are allowing us to advance current knowledge by pro-
viding novel concepts about the functional contribution of astrocytes in the physiological
regulation of food intake and energy homeostasis.

2. Hypothalamic Astrocytes: A Specialized Population in Regulating Metabolism

The hypothalamus, in particular its ventral border where the ARC is located, is
beneficially situated adjacent to the ME, a circumventricular organ with a particular an-
gioarchitecture (i.e., fenestrated microvessels which lack blood brain barrier) positioning it
as a more metabolically sensitive brain center over others in the CNS [11–13]. Such high
and rapid responsiveness to metabolic disturbances is also due to being highly-enriched
in a wide-array of metabolic receptors and transporters acting as primary sensors and
responders to nutrients and endocrine cues emanating from the bloodstream [14–17]. Ad-
ditionally, emerging insights highlight that hypothalamic astrocytes, tightly connected
to ARC-resident neurons and blood vessels [18], are strategically situated to survey the
organism’s metabolic status and to, in turn, remodel local vascular beds thereby controlling
the selective access of some circulating factors into the brain [19]. Earlier studies have also
indicated that hypothalamic astrocytes are particularly and primarily affected in response
to metabolic damage induced by hypercaloric diets [20], positioning these glial cells as the
center of attention for obesity research. In a more physiological context though, current
literature underlines the role of astrocytes in the control of metabolism by their role of
nutrient and hormone sensing regulation, and via the release of gliotransmitters in crosstalk
with neurons.

2.1. Hypothalamic Astrocytes: In Bidirectional Tuning with Neurons for Hypothalamic
Feeding Control

In recent years, several studies based on Designer Receptor-Exclusively Activated by
Designed Drug (DREADD) have revealed that changes in astrocyte activity can impact
the feeding behavior response to leptin and ghrelin. In 2015, a study led by Yang and
colleagues showed that activation of astrocytes within the mediobasal hypothalamus
(MBH) leads to reduced feeding by inhibiting AgRP neurons via adenosine A1 receptors,
both in basal conditions and after ghrelin-evoked feeding. Moreover, pharmacogenetic
activation of MBH-astrocytes increases leptin’s anorectic effect [6]. This study proposed a
mechanism by which astrocytes participate in food intake regulation through the release of
adenosine, a gliotransmitter known by its inhibitory action on both pre-and post- synaptic
neurons [21], leading to the suppression of AgRP neuronal activity and its orexigenic action.
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Contrary to this, a later study showed opposing results, observing an increase in AgRP
neuronal stimulation and food intake after chemogenetic activation of astrocytes [7]. These
discrepancies between studies could be explained by the heterogeneous nature of the glia–
neuronal interconnections in the hypothalamic feeding circuits where their connectivity
and plasticity can vary depending on health (also influenced by sexual hormones and
age) and metabolic status of the animal. Therefore, small alterations in the experimental
paradigm such as time, last meal, environment, the anatomical location, and number of
hypothalamic astrocytes chemogenetically manipulated could shift the circuit specific
manipulation for controlling feeding and thus explain the diverse result observed. A recent
study has pointed out the essentiality of a regulatory role of AgRP neurons over adjacent
astrocytes for dynamic fine-tuned adaptations of their activity as part of homeostatic control
of feeding [10]. This study has shown that chemogenetic or ghrelin-evoked activation of
AgRP neurons promotes the release of GABA to increase astrocytic endfeet coverage on the
membrane of AgRP neurons and triggers prostaglandin E2 release to subsequently increase
the excitability of AgRP neurons via EP2 receptors. These findings support a dynamic and
bidirectional communication between AgRP neurons and astrocytes for a feed-forward
autoactivation loop of hunger circuits. Other studies have also reported that a gliopeptide
Acyl-CoA–binding protein–derived (ACBP-derived) and its product octadecaneuropeptide
(ODN) secreted by astrocytes is important for hypothalamic astrocyte–neuron tuning in
the regulation of energy balance. In particular, they showed that pan-brain deletion of
the ACBP gene in astrocytes promotes diet-induced hyperphagia and obesity in mice.
Mechanistically, they proposed a “gliogenic” endozepine released mechanism based on
the ACBP–ODN signaling in ARC astrocytes to influence the activity of POMC neurons to
reduce feeding and weight gain [9].

2.2. Hypothalamic Astrocytes: Nutrient and Hormone Sensing-Dependent Regulation

Lipid sensing. Astrocytes uptake lipids and store them in the form of droplets via sev-
eral lipid transporters, including lipoprotein lipase (LPL), which is essential for the control
of cellular lipid storage in the brain. When lpl is postnatally deleted in astrocytes, mice
develop an aggravated obesogenic phenotype characterized by increased body weight gain
and glucose intolerance in response to a high fat diet [22]. Mechanistically, it was found
that these mice exhibited increased ceramide accumulation, specifically in hypothalamic
neurons, a phenomenon observed in neurodegenerative processes induced by lipotoxic-
ity [13,23]. In vitro studies have reported that hypothalamic astrocytes accumulate lipid
droplets under saturated fatty acid-rich conditions, adopting a reactive inflammatory pro-
file and eliciting chemotactic activity of microglia to produce inflammatory mediators [24].
Other in vitro work in human astrocytes has also pointed out a direct link between a
disruption of lipid metabolism in astrocytes and insulin resistance [25]; however, the use in
this case of cultured astrocytes would require additional confirmation for its relevance at
hypothalamic level.

Ketone body sensing. Besides lipid homeostasis function, astrocytes play a key role in
fatty acid oxidation by synthesizing the majority of ketone bodies (KB) in the CNS. Studies
in mice have shown that short-term exposure to a hypercaloric diet (HFD) is associated
with higher levels of astrocyte-derived KB in the hypothalamus and an acute decrease
in food intake. Accordingly, pharmacological inhibition of ketone synthesis blunts HFD-
induced anorexia, supporting a model where astrocytes regulate fatty acids and KB levels
in the hypothalamus as a lipid sensing mechanism, which is disrupted in leptin resistant
obese rats [26]. Further, in vitro studies with the ketone body β-hydroxybutyrate have
shown the direct effect of KBs on lowering the consumption of glucose and higher ability of
mitochondria to metabolize pyruvate in mouse astrocytes, and consequently affecting the
delivery of glucose and lactate to neurons [27]. Overall, these in vitro and in vivo findings
indicate that astrocytes play a key role in maintaining a tight regulation of hypothalamic
lipid homeostasis necessary for correct metabolic control. Further studies will need to
address in detail how the lipogenic/lipolytic state of hypothalamic astrocytes is able to
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determine its cellular bioenergetics and communication with the surrounding neurons for
the regulation of metabolism.

Glucose sensing. The brain has high energetic requirements, with glucose being its pre-
ferred fuel. However, glucose or energy storage in the brain is rather limited and restricted
to astrocytes that, unlike neurons, are able to store glucose in the form of glycogen deposits
in order to energetically support themselves through its lactate-shuttle transport [28,29].
It must be noted though that other authors have raised some questions about whether
lactate oxidation primarily occurs in neurons and therefore the lactate-shuttle transport
model probably needs further validation [30]. Independent of this role of astrocytes in
energy storing, they also behave as glucose sensors. One of the first pieces of evidence of
astrocyte involvement in central glucose sensing was provided by studies based on glucose
transporter 2 (GLUT2) interrogation, which demonstrated that its inhibition in the ARC
impaired glucose sensing by inhibiting the insulin response in response to intra-carotid
glucose injection [31]. Interestingly, it was described that GLUT2 is mainly expressed in
astrocytes instead of neurons within the hypothalamus [32–34]. Later studies using glut2
global knockout (KO) mice confirmed the relevance of astrocytes in central glucose sensing.
The mice globally lacking GLUT2 exhibited elevated blood glucagon levels and a decreased
glucagon secretion in response to fluctuations in systemic glucose, a phenotype which
illustrates that GLUT2 is essential for the counterregulatory response to hypoglycemia.
Further, transgenesis-induced GLUT2 rescue specifically in astrocytes was able to restore
glucagon secretion [35]. However, these last effects were specifically observed in astrocytes
located in the brainstem, a relevant brain region regarding astrocyte glucose sensing and
metabolism [36–38]. Glucose sensing is also a mechanism involved in the control of food
intake, and thus the effects derived from hypothalamic astrocytes affect the way energy
balance is regulated. In this regard, a different study showed that transgenic mice with
inhibited GLUT2-mediated glucose detection augmented daily food intake by a mechanism
that increased the meal size, but not the number of meals [39]. GLUT2 is located not only
in astrocytes [32,35,40], but also in tanycytes and neurons [41,42]; therefore, these findings
cannot be attributed solely to the astrocytic glucose transporter. In parallel, astrocytes
located within the hypothalamus were also associated with the glucose sensing mechanism
via GLUT1 in streptozotocin (STZ)-treated rats. Virogenetic overexpression of GLUT1 in
hypothalamic astrocytes of STZ-diabetic rats with reduced GLUT1 normalizes circulating
glucose levels and restores hypothalamic glucose sensing in rats, namely it rescues glucose
production measured in intrahypothalamic clamp studies [43]. These findings support
hypothalamic astrocytes as being essential components of the glucose sensing mechanism.

Insulin sensing. Insulin receptor (IR) expressed in hypothalamic astrocytes has been
proven critical for the entry of glucose into the brain and for the modulation of glucose
metabolism within the brain. Indeed, mice with postnatal ir knockout in astrocytes develop
a defective anorectic response to glucose and an altered glucose homeostasis [8,44]. Despite
this, genetically ablated mice lack IR in the whole brain, the phenotype was reproduced un-
der a virogenetic deletion approach, thus proving that astrocytes within the hypothalamus
were sufficient to induce the changes in glucose homeostasis. Moreover, we observed that
the glucose-evoked reduction in neuronal activation occurred specifically in the hypothala-
mus and particularly in POMC neurons, thus reinforcing the special relevance of astrocytes
located in this brain region [8]. Subsequent in vitro studies confirmed that loss of IR in
astrocytes downregulates the expression of GLUT1 [45], while insulin-like growth factor
1 receptor (IGF1R) cooperates together with insulin in order to stimulate glucose uptake
by astrocytes [46]. Importantly, in vivo experiments have also shown that IR ablation in
astrocytes induces a compensatory upregulation of IGF1 receptor [45] and therefore, the
fact that these two receptors have high homology and convergent signaling pathways
underlines the importance of understanding their dual functional role in astrocytes.

Leptin sensing. Initial studies in agouti viable yellow (Avy) mice, showed that leptin
receptor (LepR) in astrocytes may play a role in leptin transport across the BBB and in the
regulation of adult-onset obesity of these animals [47,48]. Molecular analysis of the brain in
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the same model, in addition to HFD-fed mice, showed that obesity rapidly increases LepR
expression in astrocytes where it then influences the leptin-induced calcium signaling in
astrocytes [49]. Later, additional studies showed that central and chronic leptin adminis-
tration modifies hypothalamic astrocyte morphology and glutamate transporters [50,51].
The subsequent generation of specific astrocyte LepR ablation mouse models confirmed
these initial findings. In this regard, constitutive astrocyte-specific lepr (KO) mice did not
develop an altered phenotype in terms of energy balance, likely due to a compensatory
mechanism [52]. However, inducible astrocyte-specific lepr KO mice exhibited a lack of
proper anorectic response to leptin and showed an exacerbated refeeding after fasting. In-
terestingly, both physiological alterations were associated with changes in POMC neurons
(i.e., lower activation after leptin treatment) and AgRP neurons (i.e., overactivation during
the refeeding phase) [53]. Overall, these findings support the existence and functional
relevance of LepR in astrocytes. In agreement with previous reports, our work has recently
confirmed the specific presence of the truncated LepRa in fluorescence-activated cell sorting
(FACS)-isolated hypothalamic astrocytes [19].

GLP1 sensing. Recent studies have highlighted the role of astrocytic glucagon-like
peptide-1 (GLP-1) signaling in the regulation of brain glucose uptake [54]. When GLP-1R
was postnatally and genetically ablated in hypothalamic astrocytes, mice displayed an
increased brain glucose uptake, which was associated with an improvement in memory
formation and systemic glucose response [54]. Further evidence suggested that these effects
are mediated through fibroblast growth factor (FGF)-21 action, given that neutralization of
central FGF21, as well as astrocyte-specific ablation of FGF21, abrogated the improvements
in glucose metabolism observed in the astrocyte-specific glp-1r knockout mice [54].

3. Hypothalamic Astrocytes in the Physiopathological Development of Obesity

Based on human genome-wide association studies (GWAS) from obese patients, it has
recently emerged that the brain, in particular the hypothalamus, controls most aspects of
systemic metabolism over other classically described peripheral endocrine axes, suggesting
that obesity is largely a brain disease [55]. Interestingly, clinical studies have reported
that being obese is associated with brain atrophy; describing alterations in food reward-
regulating circuits [56], nutrient and hormone sensing-dependent neuronal activity [57,58],
hypothalamic gliosis [20,59–61], and angiopathy [62], all being signs of neuronal dys-
function and aging [63]. Most of these changes have been reported to originate from the
hypothalamus, which is considered a selective vulnerable area in diet-induced obesity and
has been suggested as a hallmark of neuronal dysfunction associated with the initiation and
progression of this pathology [64,65]. In fact, it is thought that obesity-induced hypothala-
mic dysfunction emerges from aberrant glia responses (astrocyte and microglia) inducing
impairments in the connectivity and activity (responsiveness) of ARC-resident neuronal
circuits responsible for orchestrating metabolic control and contributing to the aggravation
of this pathology [64–67]. Despite the relative contribution of each glial cell type [68] and
their crosstalk [69] to obesity pathophysiology being a current topic of research in this
section, we will focus in the astrocyte-related mechanisms.

3.1. Inflammatory-Related Mechanisms

One of the most established pathophysiological mechanisms to explain obesity devel-
opment is the inflammatory and oxidative stress hypothesis, mediated through different
pathways, occurring in different endocrine tissues, including in the hypothalamus. Early
studies pointed out that rich caloric diets induce a low-grade inflammation within the
hypothalamus characterized by a rapid rise in cytokines [70], gliosis, and metabolic stress
leading to dysfunction of hypothalamic circuits and consequent obesity [20]. Moreover,
hypothalamic inflammation has also been associated with the development of central resis-
tance to endocrine signals before changes in body weight [20,70,71]. Indeed, hypothalamic
inflammatory processes are tightly linked with hormone resistance and obesity. This is
supported by studies reporting that amelioration of hypothalamic inflammatory processes
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i.e., a blunted tumor necrosis factor alpha (TNFα) signaling, an ablated suppressor of
cytokine signaling-3 (Socs3), and the disruption of hypothalamic-specific interleukin (IL)-6)
led to rescue of both leptin and insulin signaling and protection from the metabolic al-
terations induced by HFD [72–74]. Several pathways have been proposed as mediators
of hypothalamic inflammatory responses in diet-induced obesity. Notably, some studies
pointed out that the IkB kinase-β (IKKβ)/nuclear factor κB (NF-κB) pathway mediates
the expression of several pro-inflammatory genes within the hypothalamus, including
cytokines and chemokines [75], and leads to endoplasmic reticulum (ER) stress, a cellular
process characterized by the accumulation of misfolded or unfolded proteins in the ER
lumen [76,77]. Both signaling pathways are actually interconnected, and it was shown that
HFD leads to increased ER stress and consequently activates IKKβ–NF-κB signaling in
the hypothalamus, producing the altered response to hormones and ultimately leading to
metabolic homeostasis dysregulation.

3.2. Reactive Astrogliosis in Obesity

This term, which recently reached a consensus agreement on its definition, together
with “astrocyte reactivity” or “reactive astrocytes” [78], entails the morphological and/or
functional changes seen in astrocytes responding to healing processes or pathophysiol-
ogy [79]. Seminal studies led by Horvath and colleagues reported that diet-induced obesity
in mice also induces reactive astrogliosis in the hypothalamus [18]. The ultrastructural anal-
yses of these brains also showed that, concomitant with the findings, there were changes
in the physical interactions of astrocytes with endothelial cells and neurons causing alter-
ations of the cytoarchitecture and synaptology of hypothalamic circuits [18]. Surprisingly,
these astrocytic morphological changes, as well as the increased cytokine production in
the hypothalamus, occurred before any sign of systemic inflammation or body weight
gain [20]. HFD-induced reactive astrogliosis is characterized by an upregulation of the
structural protein glial fibrillary acidic protein (GFAP), promotion of a pro-inflammatory
phenotype (producing and releasing cytokine markers), and the acquisition of a hyper-
trophic morphology, but without proliferation-unlike what was observed in other brain
pathologies. Remarkably, a recent study has found that GFAP gene induction occurs very
early, and even one hour of HFD exposure is sufficient to find a significant change. That
short exposure interferes also in the neuropeptide and an inflammatory-like gene responses
exerted by the chemogenetic activation of astrocytes [80].

Blocking inflammatory-induced astrocyte activation via expression of a dominant-
negative form of the NFκB inhibitor, IκBα, in GFAP+ astrocytes in a doxycycline-inducible
manner showed an inhibition of HFD-induced reactive astrogliosis in the hypothalamus
coupled with a promotion of hyperphagia, even 24 h following the dietary switch [81].
These findings suggest that the NFκB-IκBα pathway in astrocytes controls HFD-induced
reactive astrogliosis illustrating acute morphological adaptations in astrocytes for precisely
controlling food intake [81]. Of note, astrocyte changes described here were found in the
MBH; the genetic mouse model was generated modifying all GFAP+ astrocytes in the
CNS and therefore an indirect effect via non-hypothalamic regions cannot be ruled out.
Douglass and colleagues found that postnatal ablation of IKKβ specifically in astrocytes
after HFD exposure has a protective effect on weight gain mediated through a reduction
in food intake and an increase in energy expenditure, which was also accompanied by an
improved glucose tolerance and insulin sensitivity. Importantly, both hypothalamic inflam-
mation and reactive astrogliosis were diminished in HFD-fed IKKβKO mice [82]. These
findings were similarly supported by other authors showing that astrocytic IKKβ/NF-κB
upregulation is a key signaling pathway during overnutrition, which mediates some of the
early-onset effects of obesity. Mechanistically, astrocytic activation via IKKβ/NF-κB seems
to modify astrocytic morphology (i.e., decreased astrocytic process density), a downstream
regulation of hypothalamic extracellular GABA levels, and BDNF expression within the
hypothalamus [83]. That being said, hypothalamic inflammation and reactive astrogliosis
have been used as generic terms to describe a variety of morphological and molecular
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changes occurring under the effects of high fat diet exposure, sometimes describing phe-
notypes under the same phenomena, which only partly fulfill the molecular and cellular
characteristics of the other phenotypes reported. In this regard, there is a clear demand for
neuroscientists to agree on a clear and meaningful nomenclature, which precisely describes
the morphological and functional readouts to evaluate.

Some studies indicate that dietary factors such as fat are determinant triggers to the
hypothalamic inflammatory response and the changes induced in glial cells. In vitro stud-
ies have pointed out that saturated fatty acids (i.e., palmitic, lauric, and stearic acid) induce
the release of TNF-α and IL-6 from cultured astrocytes [84]. Mechanistically, saturated fatty
acids require toll-like receptor 4 (TLR4) to induce cytokine release, while the pharmacologi-
cal inhibition of p38 or p42/44 MAPK pathways precludes the pro-inflammatory actions
of the saturated fatty acids [84]. In agreement with these findings, TLR2/4-deficient mice
were protected from HFD-induced weight gain as well as glucose intolerance and insulin
resistance. Moreover, C3H/HeJ/TLR2-deficient mice also showed a decreased expression
of IL-6 in both basal and insulin-stimulated states. Following that, treatment with an
IL-6-neutralizing antibody led to a rescue of insulin sensitivity in HFD-fed mice despite no
changes being found in body weight [85]. Gao and colleagues found that while reactive
astrogliosis was mainly a response to the fat content of the diet, it is the combination of
sucrose and fat consumption that are responsible for stimulating some other aspects of
hypothalamic inflammatory response, such as microgliosis and angiogenesis [86]. Lastly,
other studies have highlighted that the astrocytes’ response to develop an HFD-induced
hypertrophic phenotype can vary depending on the age of the mice. Specifically, Lemus
and colleagues observed that aged mice showed a higher GFAP expression in basal condi-
tions than younger ones, which can affect the visualization of differences between mice
fed with chow diet and HFD at a certain age [87]. Aside from diet-induced obesity, other
studies have also reported the presence of reactive astrogliosis in monogenetic genetic
obese mouse models [47,49,88], or by maternal dietary influence during the fetal and early
stages of life of the offspring [51]. Therefore, a careful interpretation has to be taken about
the context in which reactive astrogliosis is evaluated because the molecular pathways
entailed and functional implications in obesity development could vary depending on the
nature of the trigger (e.g., dietary factor, aberrant metabolic, or hormone inputs), the brain
areas involved, the status of surrounding cellular compounds (microgliosis and neuronal
connectivity), as well as other relevant parameters, such as health state and age of the
animal that could interfere with the resulting outcomes and conclusions.

3.3. Alterations in the Astroglia-Vascular Interface in Obesity

HFD-induced reactive astrogliosis has been detected in specific hypothalamic regions,
in particular, those ones close to the third ventricle, such as the MBH [18,64,88], which
have a higher accessibility of circulating factors and are partly placed out of the BBB [88].
Indeed, HFD-fed mice show a significant increase in blood vessel length and density in
the MBH, as well as a lack of BBB integrity [62]. Interestingly, human diabetic patients
exhibited an increased number of arteries and arterioles in the hypothalamic infundibular
nuclei, suggesting a potential link between hypothalamic vascular remodeling and the
development of metabolic diseases in humans [62]. A recent study by our group has further
dissected the pathogenic processes leading to such impairments, uncovering the role of
hypothalamic astrocytes in promoting hypothalamic microangiopathy and the systemic
arterial hypertension associated with obesity. By using virus-mediated gene transfer, it
was found that astroglial vascular endothelial growth factor (VEGF) in the hypothalamus
exerts significant effects on systemic blood pressure control via tuning sympathetic outflow.
These new findings supporting a novel mechanism with hypothalamic angiopathies at its
center are important as they could explain how obesity-associated hyperleptinemia rather
than adiposity causes hypertension [19] (Figure 1).
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Figure 1. Hypothalamic astrocytes participate in the regulation of metabolic homeostasis and act as key players in the
development of diet-induced obesity. Astrocytes located in the hypothalamus express several endocrine receptors such as,
insulin, leptin, and GLP-1. The action of hormones and pharmacological analogues on hypothalamic astrocytes has been
described to influence several aspects of normal energy homeostasis. Under energy-dense diet exposure, the hypothalamus
experiences a low-grade inflammation characterized by a rapid rise in cytokines, which trigger downstream pathways
such as the IKKβ/NF-κB and TLR2/4. This also leads to increased hypothalamic ER stress, which seems to interfere with
the adequate response to hormones. Together, there is an HFD-reactive astrogliosis characterized by an overexpression
of GFAP, the acquisition of a hypertrophic morphology, and a synaptic input reorganization of the melanocortin system,
which may suggest a direct involvement of hypothalamic astrocytes in the pathogenesis of diet-induced obesity. At vascular
level, obesogenic diets trigger astroglial VEGF-driving angiogenesis in the hypothalamus to promote the development
of systemic hypertension. ER, endoplasmic reticulum; IKKβ, IkB kinase-β; GFAP, glial fibrillary acidic protein; GLP-1,
glucagon-like peptide-1; NF-κB, nuclear factor κB; POMC, proopiomelanocortin; TLR2/4, toll-like receptor 2/4; VEGF,
vascular endothelial growth factor.

4. Outlook

The hypothalamus, with its different nuclei, is a good example of how different
neuronal types and connections translate to functional specialized roles. Given the complex
nature of hypothalamic cytoarchitecture where circuits that play opposing roles in the
control of metabolism are tightly intermingled, it will not be surprising that the study of
astrocytes in the control of metabolism should be approached to specifically address the
precise anatomical location of the circuits and the interaction among them. To date, several
studies have contributed to understanding the functional relevance of astrocytes in the
development of obesity; however, a big gap is still present on how these alterations affect
the neural networks in which astrocytes are embedded. Thus, the idea of a disruption
in the astrocyte-neuron communication within the hypothalamus seems a plausible, yet
poorly investigated, hypothesis that could contribute to the pathophysiology of obesity.
Research on how astrocyte–neuron communication is altered by exposure to obesogenic
insults will allow a better understanding of the hypothalamic alterations that occur in
this context.
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Another important factor linked to the regional specialization is astrocyte heterogene-
ity. Regardless of the classical morphological taxonomy (i.e., fibrous and protoplasmic
astrocytes), the specific molecular markers label a wide range of astrocyte subpopulations,
which could also indicate a complex array of functional actions. In the upcoming years,
an important topic to address will be the relative contribution of each subpopulation to
the development of obesity. Taking advantage of the novel technological advances in the
study of cell- and synapse-specific functionality by using combined two-photon imaging,
patch-clamp recordings, cellular mapping of transcriptomic profiles in the tissue context
using single-cell RNA sequencing, and new in situ hybridization technologies. In combina-
tion, researchers will be able to understand the tissue structure and function on a single
astrocyte level, helping to identify specific hypothalamic astrocyte subpopulations, which
might be critical for the pathophysiology and development of obesity.
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Abstract: Under high-fat feeding, the hypothalamus atypically undergoes pro-inflammatory signal-
ing activation. Recent data from transcriptomic analysis of microglia from rodents and humans has
allowed the identification of several microglial subpopulations throughout the brain. Numerous
studies have clarified the roles of these cells in hypothalamic inflammation, but how each microglial
subset plays its functions upon inflammatory stimuli remains unexplored. Fortunately, these data
unveiling microglial heterogeneity have triggered the development of novel experimental models for
studying the roles and characteristics of each microglial subtype. In this review, we explore microglial
heterogeneity in the hypothalamus and their crosstalk with astrocytes under high fat diet–induced
inflammation. We present novel currently available ex vivo and in vivo experimental models that
can be useful when designing a new research project in this field of study. Last, we examine the
transcriptomic data already published to identify how the hypothalamic microglial signature changes
upon short-term and prolonged high-fat feeding.

Keywords: microglia; gliosis; hypothalamus; high-fat diet; obesity; transcriptomic

1. Introduction

Hypothalamic inflammation is a condition frequently observed in experimental mod-
els of diet-induced obesity (DIO) [1–3] and obese humans [4–6]. This inflammatory re-
sponse is mainly triggered by excessive saturated fatty acids (SFAs) from the diet [7–9],
which reach the neural tissue mainly through the median eminence (ME), where fenes-
trated vascular endothelium lacks a blood–brain barrier (BBB) [10,11]. Brain perivascular
macrophages (PVMs) also react to excessive free fatty acids (FFAs) circulating in the
blood vessels, with a consequent increase in BBB permeability [12,13]. Glial cells, such
as astrocytes and microglia, quickly sense and react to the presence of those SFAs in the
hypothalamic parenchyma, releasing pro-inflammatory cytokines, chemokines, and re-
active oxygen species (ROS) [14,15]. If the stimulus persists, the hypothalamic neuronal
network may be damaged, resulting in neuro-inflammation, which eventually leads to
energy balance disruption [16,17], and finally, to neuronal dysfunction/apoptosis [18].

Researchers have shown that hypothalamic inflammation initiates just a few hours/
days upon high-fat feeding [5,15,19]. After the onset of the inflammatory response, bone
marrow–derived cells (BMDC) and other peripheral immune cells, such as neutrophils,
lymphocytes, and regulatory T (Treg) cells can arise into the hypothalamic parenchyma
in a time-dependent manner, directly affecting glial functions [12,20,21]. To avoid further
metabolic complications, hypothalamic neuronal and non-neuronal cells, along with pe-
ripheral immune cells, should act together in an orchestrated mode beginning with the
earliest phase of the inflammatory response.
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The molecular mechanisms underlying microglial immune and metabolic interactions
with other cell types under high-fat diet (HFD)-induced hypothalamic inflammation still
require a more detailed exploration [22]. Recent data unveiling microglial diversity and
signatures throughout the brain have contributed to the development of novel state-of-
the-art approaches in experimental studies, which can be valuable for this field in the
coming years.

In this review, we explore novel findings of hypothalamic microglial diversity from
rodents and humans. We examine the subtypes of microglia that may be involved in
HFD-induced hypothalamic inflammation and investigate how these cells interact with
astrocytes upon high-fat feeding. Beyond that, we discuss which models can be useful
to get the most reliable data when studying distinct subsets of microglia, myeloid cells,
and border-associated macrophages (BAMs). Last, we investigate novel transcriptomic
data already published to clarify how the hypothalamic microglia signature changes under
saturated fat consumption.

2. Microglial Heterogeneity in the Hypothalamus

Microglia were identified by Pío del Río-Hortega in 1919, but only in the last two
decades has the interest in these cells grown exponentially, with the discovery of their
unique origin in the yolk sac and motile capacity [23,24]. Since their identification, mi-
croglia have been studied as a unique macrophage-like cell type in the central nervous
system (CNS), able to quickly react to a wide range of stimuli by switching their phe-
notype activation between M1 and M2 subtypes [25,26]. According to this past view,
microglia represent a naïve cell type that could equally react to any stimuli by acquiring a
predetermined phenotype.

Most recently, advances in genetic tools have been developed and extensively em-
ployed in experimental research, enabling a deeper understanding of microglial diversity.
Stratoulias et al. [27] recently proposed a new classification, in which microglia constitute
a heterogeneous cell group, and each subtype has distinct properties and physiological
functions, reacting differently to stimuli. This new view is based on the regional steady-
state heterogeneity of microglia and their broad gene marker diversity. Curiously, from
six putative microglial subtypes with unique specializations presented by these authors,
the only one found in the hypothalamic area is dark microglia (DM). Despite their clas-
sification in subtypes, it is important to highlight the existence of many other types of
microglia showing distinct features and functions in the hypothalamic area, which were
not considered, or at least did not show up, in their categorization.

DM are also found in the hippocampus, cerebral cortex, and amygdala [28]. These cells
can only be visualized through high-spatial-resolution transmission electron microscopy
and display markers of oxidative stress, such as a condensed, electron-dense cytoplasm and
nucleoplasm, dilatation of the Golgi apparatus and endoplasmic reticulum, mitochondrial
alteration, and a partial to complete loss of the heterochromatin pattern. Functionally, DM
are very active and show extremely thin processes, which allow them to make contact with
synaptic elements [28]. Despite being rarely observed in healthy young adult mice, DM are
widespread upon chronic stress, ageing, in CX3C chemokine receptor 1 (CX3CR1)-knockout
(KO) mice, and in Alzheimer’s disease pathology (APP/PS1 model) [27].

It remains unknown through which mechanisms DM are involved in the central
inflammatory response, but it is reasonable to speculate that DM functions, similarly to
other microglial subtypes, are influenced by peripheral signals. Savage et al. [29] showed
that 24 h after an acute systemic injection of lipopolysaccharide (LPS), there are alterations
in the inflammatory profile and in the microglial ultrastructure in the hippocampus, with
no direct impact on DM. Curiously, DM are largely found in C-C chemokine receptor
type 2 (CCR2-KO) mice, which present impaired recruitment of peripheral monocytes
to the brain [30]. This finding is particularly interesting because upon prolonged HFD
consumption, these peripheral cells are recruited to the hypothalamic parenchyma, as
previously mentioned, similarly to what happens in many types of acute CNS injury [21].
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Since their first description in 2016 [28], studies have described several DM features
in rodents [31–36] and humans [37]. However, none of these studies have focused on DM
roles specifically in the hypothalamus. Advances in this subject remain necessary to clarify
how DM crosstalk with other microglia under hypothalamic inflammation, whether DM
are involved in this recruitment of immune cells to the brain, and which peripheral stimuli
can affect hypothalamic DM functions.

Microglia simultaneously express several hallmarks, such as Iba1, Cx3cr1, P2ry12,
Tmem119, Trem2, Cd11b, Hexb, Csf1r, Itgam, and Siglec, among others [38–43]. However,
there is no unique expression pattern of these transcripts in these cells, that is, it varies
according to the pathological condition, age, sex, species, and brain area [27]. Particularly
in mice, Valdearcos et al. [20] recently showed through immunofluorescence assays that
the microglial signature varies according to hypothalamic nuclei and the dietary fat con-
tent. Thus, at least in mice, some CX3CR1+ cells in the arcuate nucleus (ARC) overlap
with Tmem119+ or P2ry12+ cells, while other CX3CR1+ cells do not. When gliosis occurs
upon consuming a HFD, ionized calcium binding adaptor molecule 1 (Iba1+) cells become
widespread in the ME, ARC, and ventromedial nucleus (VMH), while Tmem119+ and
P2ry12+ cells remain more restricted to the VMH when compared with the brain slices
obtained from mice fed on chow diet. Some studies involving DM also show this hetero-
geneity, because these cells barely express Iba1, Cx3cr1, and P2ry12, but robustly express
cluster of differentiation molecule 11B (Cd11b), which is involved in their synaptic pruning
role [44,45].

These data indicate that some hypothalamic microglial subsets may have anti-
inflammatory functions, depending on the transcriptomic profile of each subtype and
their status (steady-state or reactive). It is plausible to consider that it may also happen
with other hallmarks, which explains why using only one surface marker for microglial
staining, choosing a single cell line for ex vivo experiments, or even examining a single
transgenic mouse model for manipulating microglia implicates a methodology bias.

Disease-associated microglia (DAM) are another subset of CNS resident macrophages
that have been recently identified in experimental models of neurodegeneration and de-
myelination [46]. These cells are characterized by the expression of several genes, such
as Apoe, Clec7a, Cst7, and Spp1. They are mainly found at sites of neurodegeneration
and might play a protective role [47]. Interestingly, DAM hallmarks are also observed in
human Alzheimer’s disease post-mortem brains [46,48]. Triggering receptor expressed on
myeloid cells-2 (TREM2) is also highly expressed by DAM; the activation of its intracellular
signaling is essential for the transition of homeostatic microglia to the DAM state [49]. Both
Toll-like receptor 4 (TLR4) and TREM2 can recognize different pathogen-associated molec-
ular patterns [50,51] and other ligands, such as gram-negative bacteria [52], lipids [53],
apolipoproteins (ApoE, ApoJ, and ApoA) [54–56], and nucleic acids released by apoptotic
cells [57]. Because TREM2 and TLR4 share some ligands, it is not easy to identify which
signaling pathway is activated through each receptor by these stimuli. However, exper-
iments regarding TREM2 inhibition in combination with TLR4 stimulation by LPS have
started to clarify the involvement of each receptor in neuro-inflammation [58].

An important characteristic observed in HFD-induced hypothalamic inflammation
is the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
κB) [14,59–62]. Conversely, inhibition of IKKβ/NF-κB signaling in microglia expressing
CX3CR1 ameliorates DIO and hypothalamic inflammation [20]. In the CNS, TREM2 is
widely expressed in microglia [63,64], where it acts by negatively regulating the activation
of NF-κB [65]. In BV2 cell culture, TREM2 overexpression inhibits PI3K/AKT and NF-κB
signaling pathways [66,67]. Interestingly, LPS reduces the expression of TREM2 in these
cells through the activation of JNK and NF-κB, resulting in a vicious cycle [66]. Recently,
Zhang et al. [68] treated BV2 cells with curcumin, a bioactive compound isolated from
Curcuma longa with anti-inflammatory and antioxidant activities, and LPS; they observed
reduced microglial activation via TLR4/NF-κB when compared with microglial cells treated
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only with LPS, which occurred in parallel to the increased TREM2 expression, reinforcing
the potential anti-inflammatory role of this receptor.

Microglial dynamics and density vary between brain areas and LPS doses during
infection-induced inflammation [69]. In addition, considering that both LPS and SFAs can
activate TLR4 and TREM2 intracellular signaling pathways, it is reasonable to speculate
that a HFD could also have some effect on these microglial characteristics, especially in the
hypothalamus. Yet, whether continued activation of TREM2+ cells under prolonged HFD-
induced inflammation is implicated in the development of neurodegenerative diseases
remains unexplored. The broad diversity of hypothalamic microglia at steady state and
during the HFD-induced inflammatory response is shown in Figure 1.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 5 of 24 
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(HFD). At steady state, microglia can be targeted by several hallmarks and are widely distributed 
in the hypothalamic parenchyma. Dark microglia (DM) are only visualized by transmission elec-
tron microscopy and are close to blood vessels and neuronal synapses. Hallmarks of DM are well 
known in hippocampus, but remains barely explored in the hypothalamus. In HFD-induced hypo-
thalamic inflammation, reactive gliosis is observed and microglia change their spatial distribution 
and molecular signature. Microglia cells react by increasing the release of pro-inflammatory cyto-
kines, reactive oxygen species (ROS), and growth factors. In the ARC, ME, VMH, there is a huge 
increase in Iba1+ cells (wide arrow) and a decrease in P2ry12+ and Tmem119+ cells, which become 
more restricted to the VMH (thinner arrows when compared to their arrows in the ARC). How 
other microglial hallmarks (e.g., Trem2, Cd11b, Hexb, Csfr1, among others) behave under HFD have 
not been studied yet in this inflammatory process. The role of DM and changes in their hallmarks 
in this specific inflammatory response have still not been explored. A leaky blood–brain barrier 
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are only visualized by transmission electron microscopy and are close to blood vessels and neuronal synapses. Hallmarks of
DM are well known in hippocampus, but remains barely explored in the hypothalamus. In HFD-induced hypothalamic
inflammation, reactive gliosis is observed and microglia change their spatial distribution and molecular signature. Microglia
cells react by increasing the release of pro-inflammatory cytokines, reactive oxygen species (ROS), and growth factors. In
the ARC, ME, VMH, there is a huge increase in Iba1+ cells (wide arrow) and a decrease in P2ry12+ and Tmem119+ cells,
which become more restricted to the VMH (thinner arrows when compared to their arrows in the ARC). How other
microglial hallmarks (e.g., Trem2, Cd11b, Hexb, Csfr1, among others) behave under HFD have not been studied yet in this
inflammatory process. The role of DM and changes in their hallmarks in this specific inflammatory response have still
not been explored. A leaky blood–brain barrier (BBB) allows free fatty acids (FFAs) accumulation in the hypothalamic
parenchyma, boosting inflammation. If HFD persists for some weeks, peripheral myeloid cells, such as CD169+ and CCR2+
cells, are chemoattracted and infiltrate the hypothalamic parenchyma, but their functions in the HFD-induced inflammation
need to be further studied. Abbreviations: ARC, arcuate nucleus of the hypothalamus; VMH, ventromedial nucleus of the
hypothalamus; ME, median eminence.

Most transcriptomic data currently available about microglia heterogeneity is from
studies with rodents [39,70–72]. By contrast, human microglial diversity has only begun
to be comprehended in the last few years. Masuda et al. [39] recently identified several
clusters of microglia in healthy human brains and in the brains of patients with multi-
ple sclerosis, but these authors evaluated only the cortex and temporal lobe. Similarly,
Sankowski et al. [73] identified several microglial subsets in the human brain during home-
ostasis and some diseases through the combination of two high-dimensional technologies,
single-cell RNA sequencing (scRNA-seq) and multiplexed mass cytometry (CyTOF), al-
though the hypothalamus was not included in the analysis. Likewise, Böttcher et al. [74]
applied multiplexed CyTOF to detect microglia regional heterogeneity in human post-
mortem samples from the subventricular zone, thalamus, cerebellum, temporal lobe, and
frontal lobe.

Unfortunately, there is still a lack of data from hypothalamic human microglia in the
hypothalamus because there are several methodological difficulties in collecting human
brain samples and keeping them cryopreserved without damage. These issues have limited
large-scale studies. In addition, while recent advances in transcriptomics, multiplex protein
expression analysis, and methods to detect chromatin structure have revealed many facets
and details about microglia in rodents and humans, the correlation between the genome-
related information and their features remains to be explored.

3. Hypothalamic Microglia–Astrocyte Crosstalk

CNS homeostasis, development, injury, and repair are precisely controlled by appro-
priate cell–cell communication. Nevertheless, studies investigating microglial functions
have been focused on microglia isolation, neglecting that physiological actions of these cells
are part of a complex network involving other cell types. Therefore, new tools have been
widely applied in experimental studies, allowing the determination of an infinite number
of intercellular interactions by connecting ligands to target genes across cell types and
tissues [75–77]. Unsurprisingly, the inflammatory process in the hypothalamus, observed
in obesity, drives multiple harmful outcomes that can affect the interactions between mi-
croglia and other cell types [78,79]. As astrocytes and microglia play active roles from the
onset of the hypothalamic inflammatory response, here we focus on their crosstalk under
this process.

While microglia comprise only 5% to 10% of the total number of CNS cells in humans
and rodents [80], astrocytes are the largest cell component of the brain, comprising at least
50% of all CNS cells [81]. Astrocytes make intimate contacts with synapses, blood vessels,
and other glial cells, thus controlling synaptic transmission, BBB structure and function,
and sensing nutrients and hormones in the blood [82,83]. They are also involved in the
regulation of lipid metabolism and storage [84] and some studies have been indicating that
astrocytes can also express some hormone receptors, such as leptin, insulin, ghrelin, and
glucocorticoid receptors [85–88].
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Coordinated crosstalk between glial cells is a determinant in homeostatic and patholog-
ical conditions [89]. Microglia and astrocytes interact via contact-dependent and secreted
factors, such as growth factors, neurotransmitters, cytokines, chemokines, innate-immunity
mediators, mitogenic factors, ROS, and metabolic mediators such as glutamate, which
can be used for cell metabolism and may also mediate tissue changes [90]. These glial
cells play a crucial role in synapse development and function in the healthy CNS, forming
the ‘quad-partite’ synapse [91], which is essential for neuro-immune communication [90],
critically contributing to brain homeostasis [92].

Both microglia and astrocytes quickly become activated upon an injury or any in-
flammatory stimulus [93]. Reactive microglia release several pro-inflammatory cytokines
that induce astrocytic activation [75,93]. Likewise, HFD-induced microglial activation
results in astrocytic proliferation, morphological changes, and increased production of
cytokines and growth factors [61,84,94–96]. Classically, these morphologic and functional
adaptations by glial cells under inflammation are known as gliosis [5,97] and are usually
described in rodents fed on HFD for weeks [20,98], or even after very short periods of
high-fat feeding [15].

In the hypothalamus, all these astrocytic characteristics are essential for controlling
energy homeostasis. NF-κB signaling inhibition by IKKβ deletion in astrocytes (GFAP-Cre
mice) reduces HFD-induced hypothalamic inflammation and reactive astrogliosis and
attenuates DIO and glucose intolerance [14].

Similarly, knockdown of TGF-β1—which is predominantly synthesized by astrocytes,
specifically in the ARC of HFD-fed mice—reduces TGF-β/SMAD and NF-κB signaling
pathways and, consequently, also attenuates the inflammation [99]. Interestingly, this ap-
proach of hypothalamic TGF-β1 knockdown presents many metabolic benefits, preventing
obesity development even under HFD. Countless microglial functions depend on TGF-β1,
including their maturation and activation, both in homeostatic conditions and in response
to any inflammatory stimuli [100,101]. In addition, the accurate functioning of the TGF-β1
signaling pathway is crucial to prevent excessive microglia activation [102,103].

In astrocyte cell culture, treatment with palmitic acid, an SFA largely found in HFD,
evokes lipid droplet accumulation [95], culminating in an inflammatory response, charac-
terized by an increased production of chemokines, such as chemokine C-C motif ligand-2
(CCL2), also called monocyte chemoattractant protein-1 (MCP-1). Curiously, the main
chemotactic mechanism described in the hypothalamic inflammation is mediated by
fractalkine (CX3CL1), a chemokine produced by hypothalamic neurons that acts through
the fractalkine receptor (CX3CR1) [104]. However, another possible chemokine involved in
the peripheral recruitment of immune cells to the hypothalamus is MCP-1 [105]. Peripheral
immune CCR2+ and CD169+ cells arise in the hypothalamic parenchyma upon chronic
periods of HFD [12,20]. CCR2+ cells of obese mice can enter into their white adipose tissue,
and this chemo-attraction is mediated by the MCP-1/CCR2 axis [106].

In the CNS, the MCP-1/CCR2 axis has also been presented as an important chemotac-
tic mechanism involved in the recruitment of peripheral immune cells to the paraventricu-
lar nucleus of the hypothalamus (PVH) upon inflammatory stimuli [107]. These authors
showed that blockage of this recruitment by the peripheral administration of a CCR2 an-
tagonist results in a reduction in local inflammation, suggesting that the MCP-1/CCR2 axis
may also be involved in the chemotaxis of peripheral myeloid cells seen in HFD-induced
hypothalamic inflammation. Curiously, according to the scRNA-seq data from ARC and
ME published by Campbell et al. [108], MCP-1 expression in these areas is mainly observed
in microglia. Hence, upon high-fat feeding, neurons could be the main cells involved in
fractalkine production, while astrocytes and microglia are responsible for CCL2 (MCP-1)
release. Based on these data, activated astrocytes not only directly modulate microglial
activity, through the increased synthesis of pro-inflammatory cytokines and growth fac-
tors, but also mediate and stimulate the recruitment of peripheral macrophages to the
hypothalamus, thus contributing to sustained microglial activation.
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A leaky BBB in the hypothalamic area has been observed in the HFD-induced inflam-
matory response [109]. The mechanism underlying this BBB disruption may be due to
various factors, such as altered function/structure of non-fenestrated brain endothelial
cells, tanycytes, pericytes, neurons, or glia [11]. These cells constitute the neurovascular
unit and confer integrity to the BBB under physiological conditions [110]. However, in
response to some inflammatory stimuli, astrocytes and tanycytes increase the secretion
of vascular endothelial growth factor (VEGF), increasing BBB permeability [110,111]. It
is not well established whether this mechanism is crucial for the entrance of FFAs and
peripheral cells into the hypothalamic parenchyma upon chronic HFD intake. Therefore,
Lee et al. [12] showed that PVMs in the hypothalamic area produce inducible nitric oxide
synthase (iNOS) abundantly under high-fat feeding, resulting in disruption of BBB integrity
and in the spread of monocyte-derived macrophages in the ARC. As expected, specific
hypothalamic macrophage iNOS inhibition completely abrogates astrocytic lipid droplets
and macrophage accumulation and activation in the ARC of obese mice.

Another possible mechanism by which microglia and astrocytes contribute to the leaky
BBB – observed in several inflammatory diseases – is the downregulation of tight-junction
proteins, namely claudin-5 (CLDN5), occludin, and zonula occludens-1, in activated glial
cells [112,113]. Interestingly, under systemic inflammation, vessel-associated microglia
are able to phagocytize astrocytic end-feet, an action that damages BBB function [114].
However, how hypothalamic microglial and astrocytic crosstalk impairs BBB integrity
under HFD-induced inflammation has been minimally explored.

Unsurprising, upon hypothalamic inflammation, microglial activity can also modulate
astrocytic functions. Studies using co-culture of microglia and astrocytes have shown that
microglial production of pro-inflammatory cytokines increases astrocytic glucose uptake,
thus reducing intercellular glucose trafficking [115] and inhibiting astrocytic gap junc-
tions [116,117]. Phenotypic alterations observed both in microglia and astrocytes at the
onset of the inflammatory response are mediated by metabolic changes, switching from
mitochondrial oxidative phosphorylation to glycolysis [118]. An important mechanism
involved in HFD-induced hypothalamic inflammation in rodents comprises the increased
levels of microglial UCP2 levels after HFD consumption, which drives a disruption in
microglial mitochondrial dynamics [119]. These authors found that UCP2 deletion specif-
ically in microglia reduced the number of GFAP+ cells in the ARC of mice fed a HFD,
suggesting that mitochondrial dynamics in microglia regulate astrogliosis in HFD-induced
hypothalamic inflammation.

The schematic representation of the crosstalk between microglia and astrocytes under
homeostasis and HFD-induced hypothalamic inflammation is shown in Figure 2.

Over the past decade, accumulating evidence has demonstrated that astrocytes also
display high heterogeneity. These cells present many subpopulations spread through-
out the CNS, which can vary depending on age, species, and sex, and astrocytic state
(surveillance or reactive) [120–122]. Given their complexity, a consensus statement about
reactive astrocytes [123] recently recommended that astrocyte phenotypes should be de-
fined by a combination of molecular markers and functional readouts. There is evidence
that heterogeneity of astrocytes and microglial hallmarks expression can be bi-directionally
controlled [124]. Although understanding how different glial subpopulations regulate their
local niche under HFD-induced hypothalamic inflammation still need to be investigated.
Future studies regarding single-cell transcriptomic heterogeneity of hypothalamic astro-
cytes and microglia will elucidate which of their sub-populations are paired, their features,
and how their hallmarks change upon HFD-induced reactivity.
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Figure 2. Microglia and astrocyte crosstalk in the hypothalamus. In homeostatic conditions: (1) 
microglia and astrocytes sense nutrients (amino acids, glucose, and free fatty acids [FFAs], among 
others) and hormones (e.g., leptin) that enter the hypothalamic parenchyma and react to those 
environmental changes. Astrocytes regulate lipid metabolism and storage and trigger metabolic 
changes due to hormone binding to their surface receptors (e.g., leptin and glucose receptors). (2) 
UCP2 expression in microglia is tightly controlled preserving their mitochondrial function while 
PVMs release normal levels of iNOS in response to FFAs concentration in blood vessels. (3) Micro-
glia and astrocytes interact via contact-dependent and secreted factors and (4) control synapse 
development and function. Under high-fat feeding: (5) Glial cells quickly sense environmental 
changes and become reactive, releasing several pro-inflammatory cytokines and growth factors 
(e.g., VEGF and TGF-β1), and increasing reactive oxygen species (ROS) production. Astrocytes 
store the excessive FFAs in lipid droplets while microglial UCP2 increases, promoting astrogliosis 
and mitochondrial dysfunction in microglia. (6) PVMs surrounding blood vessels increase the 
release of iNOS promoting leaking BBB and facilitating the entrance of FFAs into the hypotha-
lamic parenchyma, (7) which can stimulate IKKβ/NF-κB signaling by activating TLR4 and TREM2 
in microglial cells. (8) Glial cells and neurons increase the synthesis of chemokines (e.g., MCP-1 
and fractalkine), leading to the recruitment of peripheral myeloid cells to the central nervous sys-
tem. If the inflammatory stimulus persists, the astrocytic control of synaptic functions become 
impaired, resulting in neuronal dysfunction. Abbreviations: 3V, third ventricle; MBH, mediobasal 
hypothalamus. 
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Figure 2. Microglia and astrocyte crosstalk in the hypothalamus. In homeostatic conditions: (1) microglia and astrocytes
sense nutrients (amino acids, glucose, and free fatty acids [FFAs], among others) and hormones (e.g., leptin) that enter the
hypothalamic parenchyma and react to those environmental changes. Astrocytes regulate lipid metabolism and storage and
trigger metabolic changes due to hormone binding to their surface receptors (e.g., leptin and glucose receptors). (2) UCP2
expression in microglia is tightly controlled preserving their mitochondrial function while PVMs release normal levels of
iNOS in response to FFAs concentration in blood vessels. (3) Microglia and astrocytes interact via contact-dependent and
secreted factors and (4) control synapse development and function. Under high-fat feeding: (5) Glial cells quickly sense
environmental changes and become reactive, releasing several pro-inflammatory cytokines and growth factors (e.g., VEGF
and TGF-β1), and increasing reactive oxygen species (ROS) production. Astrocytes store the excessive FFAs in lipid droplets
while microglial UCP2 increases, promoting astrogliosis and mitochondrial dysfunction in microglia. (6) PVMs surrounding
blood vessels increase the release of iNOS promoting leaking BBB and facilitating the entrance of FFAs into the hypothalamic
parenchyma, (7) which can stimulate IKKβ/NF-κB signaling by activating TLR4 and TREM2 in microglial cells. (8) Glial
cells and neurons increase the synthesis of chemokines (e.g., MCP-1 and fractalkine), leading to the recruitment of peripheral
myeloid cells to the central nervous system. If the inflammatory stimulus persists, the astrocytic control of synaptic functions
become impaired, resulting in neuronal dysfunction. Abbreviations: 3V, third ventricle; MBH, mediobasal hypothalamus.

4. Advances in Experimental Manipulation of Microglia

The identification of the microglial transcriptomic signature and heterogeneity has
given rise to the development of new experimental models for manipulating or labelling
specific subtypes of microglia. The hypothalamus has many microglial subpopulations
that distinctly react to hormones and nutrients from the diet. Thus, the availability of
these new models can provide a significant advance to comprehend the involvement
of each microglial subtype in the HFD-induced hypothalamic inflammation and other
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inflammatory or neurodegenerative diseases. To achieve that, researchers should be able
to choose the best model to answer their specific questions. In this topic, we discuss the
newest approaches that have been developed.

4.1. Ex Vivo Models

To understand how microglia react to different stimuli, most studies conducted in the
past decades have employed ex vivo strategies. A large variety of mouse microglia cell
lines have been generated over the years, but the most used has been the murine microglial
BV2 cell line. These cells were originally obtained and immortalized from the cerebral
cortex of neonatal mice [125]. Other similar cell lines have been obtained from the whole
brain, cerebellum, or cortex of adult/embryo rodents and have been less applied in basic
research and barely cited in the literature compared with BV2 [126].

Most studies investigating microglial hypothalamic features using ex vivo methods
have been conducted with BV2 cells [127–129]. It is well known that there are many
phenotypic and genomic differences between microglia from the cortex and from the
hypothalamus or microglia from a neonatal mouse compared to an adult or embryo – not
to mention the fact that these cells were immortalized 30 years ago, and have very likely
already suffered several transcriptomic modifications since that time. Another concern that
must be considered when interpreting data is whether these cells are at the surveillance
or reactive state when cultivated with no other neuronal or glial cells. Many questions
and worries emerged when microglia stopped being seen as a simple macrophage of
the CNS. Hence, to reduce any possible bias, published data and ongoing experiments
with BV2 cells should be carefully planned, analyzed, and always accompanied by other
in vivo strategies.

The development of new transgenic mouse models that express a fluorescent protein
driven by microglial hallmarks promises an appealing alternative for researchers interested
in cultured microglia. Magnetic-activated cell sorting (MACS) [130] and fluorescence-
activated cell sorting (FACS) [131,132] using these fluorescent reporter mice or even
microglia-specific surface markers allow the physical isolation of various subsets of mi-
croglia, which can be obtained from primary cultures or co-cultures with other cells. Using
these approaches, the brain area of interest can be precisely harvested after a specific
dietary or treatment protocol, and the researcher can freely choose the age and the sex
of the rodents used in the experiments. These strategies render the collected data much
more reliable when compared to studies using only BV2 cells. Although, when choosing
cell sorter techniques researchers should keep in mind that any steps of protocols can
trigger some reaction in microglia morphology or gene expression and even impair the cell
viability (Figure 3).

Grassivaro et al. [133] recently applied FACS to isolate CNS resident microglia and
peripheral myeloid cells from some models of neuroinflammation, such as experimental
autoimmune encephalomyelitis (EAE). These authors collected samples during embryonic
and postnatal periods and subsequently targeted cells from the brain and liver through
labelling microglia and peripheral myeloid cells with fluorescent antibodies. By this
approach, they observed extraordinary differences and transcriptomic details between
those cells. Unfortunately, there is still a lack of data obtained through FACS or MACS for
isolating microglia from the hypothalamus of experimental models of obesity.
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Pros (in blue) and Cons (in red) of each approach are depicted in figure. Abbreviations: FACS, 
fluorescence-associated cell sorting; MACS, magnetic-activated cell sorting. 
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4.2. In Vivo Models

Most studies need to evaluate microglial functions in vivo. Conveniently, at least in
rodents, functional contributions of specific cell populations can be explored using Cre
recombinase–mediated mutagenesis. The identification and cloning of CX3CR1 triggered
the development of new tools for studying microglia in vivo [134–136]. Studies regarding
the mechanisms through microglia-mediated HFD-induced hypothalamic inflammation
have been mostly conducted with a transgenic mouse known as CX3CR1-Cre, which
expresses Cre recombinase under the direction of the Cx3cr1 promoter in the mononuclear
phagocyte system, and CX3CR1EGFP knock-in/knock-out reporter mice, which expresses
a green fluorescent protein (EGFP) in monocytes, dendritic cells, natural killer cells, and
brain microglia under the control of the same locus [20,137]. Consequently, all mechanisms
regarding microglial reactivity and gliosis in those research articles can only be interpreted
as adaptations and features of CX3CR1+ microglia. Thus, when researchers activate/inhibit
microglia in CX3CR1-Cre mice through DREADD, optogenetic, or other Cre recombinase-
targeted manipulation, they can only interpret the obtained data in the context of the
manipulation of CX3CR1+ microglial, and not to other cells.

CX3XR1-CreERT2 is another Cx3xr1-driven model widely used in experimental re-
search since it expresses Cre recombinase in a tamoxifen-inducible manner [138–140]. This
tamoxifen-inducible model allows the temporal manipulation of microglia. Therefore, Van
Hove et al. [141] have recently warned that the use of this strain is not indicated for all
types of microglia-related investigations, such as fate-mapping studies, once it exhibits
considerable leakiness in the absence of tamoxifen.

For many years, Cx3cr1-driven lines were largely employed in basic research – and
they still are. However, they are haploinsufficient for Cx3cr1, which means that EGFP or Cre
coding regions have been designed to replace the endogenous Cx3cr1 locus. Some studies
suggest that this haploinsufficiency could affect microglial functions, such as synaptic
plasticity [142–144]. Given this background, all Cx3cr1-drive lines should be used with
this limitation in mind. It is fortunate that new transgenic mouse models for genetic
labelling and manipulating other microglial subtypes, myeloid cells and border-associated
macrophages (BAMs) found in the hypothalamus and in other brain areas have been
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generated in recent years, allowing a deep investigation of new microglial phenotypes and
functions (Table 1).

Table 1. Novel in vivo experimental models for studying various subtypes of microglia, myeloid cells, and BAMS.

Manipulating
Microglia

Labeling
Microglia

Depleting
Microglia

Targeting
Myeloid Cells

Targeting
Microglia and PVMs

CX3CR1-Cre CX3CR1EGFP Csf1r-FIRE∆/∆ [145] LysMEGFP Sall1ncre:Cx3cr1ccre [146]
CX3CR1-CreERT2 Tmem119EGFP [147] LysM-Cre Lyve1ncre: Cx3cr1ccre [146]

P2ry12-CreERT2 [148] Tmem119TdTomato [149]
Tmem119-CreERT2 [147] HexbTdTomato [150]

Hexb-CreERT2 [150]

Masuda et al. [150] recently developed another of these new microglia gene-targeting
models. For this endeavor, the authors initially analyzed microglia and CNS-associated
macrophage (CAM) signatures obtained from scRNA-seq, during homeostasis and disease,
and identified beta-hexosaminidase subunit beta (Hexb) as a stably expressed microglia
core gene. Based on that, they generated HexbTdTomato and Hexb-CreERT2 mouse strains,
which express a red fluorescent protein (TdTomato) or Cre recombinase protein under
the control of the Hexb locus upon tamoxifen administration, respectively. Although this
research article was published a few months ago, there is no data available in the literature
about the participation of microglial cells Hexb+ in hypothalamic inflammation. Curiously,
Hexb is highly expressed in the ARC and ME [108], but in these areas, it is not tightly
restricted to microglial when compared with other markers that can also be manipulated
through transgenic mouse strains (Cx3cr1, P2ry12, or Tmem119) (Figure 4). Nevertheless,
future studies should evaluate whether these Hexb+ microglia are important in some stage
of HFD-induced hypothalamic inflammation and characterize their interactions with other
glial and non-glial cells in the hypothalamus.

Transmembrane protein 119 (Tmem119) and purinergic receptor P2Y12 (P2ry12) loci
have also been targets for the development of new mouse models (Table 1). Kaiser and
Feng [147] generated Tmem119EGFP mice and Tmem119-CreERT2 mice, which express EGFP
or CreERT2 under the control of the Tmem119 coding region, respectively. More recently,
Ruan et al. [149] generated another reporter mouse, Tmem119TdTomato, which expresses
TdTomato rather than EGFP in microglia. All these Tmem119-driven lines have been
validated and are now valuable tools to study specifically the role of Tmem119+ microglia
in health and disease. McKinsey et al. [148] recently published the new P2ry12-CreERT2

mouse line. As stated by the authors, they chose P2ry12 because it appeared to be the
most restricted to brain myeloid cells compared with other markers. Following the pattern,
this model expresses Cre protein recombinase under the control of the P2ry12 locus. They
also suggested that this model could be useful for studies about middle cerebral artery
occlusion–induced ischemic stroke as well as EAE.

As previously mentioned, Valdearcos et al. [20] identified that both Tmem119+ and
P2ry12+ cells react differently to Cx3cr1+ or Iba1+ cells in the ARC and the VMH under
prolonged HFD intake. Thus, these novel Tmem119- and P2ry12-driven strains can also
be promising to comprehend the mechanisms through which these specific microglial
subtypes react to SFAs from the diet in this specific inflammatory condition.
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Figure 4. Distribution of genes in the arcuate nucleus (ARC) and median eminence (ME) chosen to
generate mouse models that target microglia and perivascular macrophages (PVMs). Scatter plot
images were obtained from https://singlecell.broadinstitute.org/ accessed on 20 November 2020,
ARC-ME DROPSEQ data is from Campbell et al. [108].
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Beyond Cre-driven and fluorescent reporter mouse lines, many researchers have
chosen to deplete microglia to evaluate their role in some pathologic condition. There are
many microglial depletion strategies, which were recently remarkably reviewed by Miron
and Priller [151], including the use of liposomes, global knockout of genes required for
microglial development or survival, or even transgenic or pharmacological induction of
microglial death. Unfortunately, all these methods have some bias and do not allow the
depletion of only microglial cells, because BAMs and monocytes may also be targeted. The
use of some knockout mice, such as the knockout for colony stimulating factor 1 receptor
(Csfr1-KO), is also not a good choice, because these mice lack all CNS macrophages; they
show serious brain abnormalities and usually die within weeks after birth [152].

Due this dilemma, a novel model has been developed in which microglia are depleted,
but BAMs are widely preserved after the genomic deletion of a super enhancer in the colony
stimulating factor 1 receptor (Csf1r) coding region (fms-intronic regulatory element; Csf1r-
FIRE∆/∆) [145]. A few studies have employed microglial depletion to study microglial
immune and metabolic functions in the hypothalamus [137,153], because depletion disrupts
immune balance and energy homeostasis [154]. Fortunately, Csf1r is also expressed by
microglia from the ARC and ME [108] (Figure 4). CSF1R inhibition through a pharmacologic
inhibitor (PLX5622) can improve metabolic outcomes in middle-aged female mice [155].
Thus, investigating the role of Csfr1+ microglial cells in the hypothalamic inflammation,
through this Csf1r-FIRE∆/∆ mouse model, could also provide new, important information
regarding this subtype of microglia.

As previously described, PVMs are also involved in HFD-induced hypothalamic
inflammation [12]. This study was conducted with transgenic mouse models targeting
lysozyme M (LysM)-expressing myeloid cells. Although many experimental models have
been developed in the past years, there are still some methodological challenges with
regard to manipulating specifically microglia or other CAMs/BAMs, such as PVMs. Even
the above-mentioned transgenic lines used to study several microglial subsets (Table 1)
have the mutation driven by a locus common to microglia and PVMs, at least in the ARC
and ME [108] (Figure 4).

Some studies using scRNA-seq have already analyzed these cells separately [71],
through dissection of leptomeninges, the perivascular space and parenchyma, and the
choroid plexus; however, experimental manipulation of microglia and other CAMs/BAMs
independently remains a challenge. Fortunately, Kim et al. [146] have just developed a
binary transgenic system involving complementation-competent NCre and CCre fragments.
Their expression is driven by two distinct promoters: Sall1ncre:Cx3cr1ccre, which specifically
targets parenchymal microglia, and Lyve1ncre: Cx3cr1ccre, which allows the ability to target
various CAMs throughout the brain. These new models are very promising and were
developed using CRISPR/Cas9 technology. According to the authors, a CCre cassette was
inserted after the Cx3cr1 gene, and Ncre partner transgenes were inserted into Sall1 and
Lyve1 loci, respectively. In fact, Lyve1 is scarcely expressed by microglia, at least in the
ARC and ME [108] (Figure 4). Hence, both models may be useful to study separately the
functions of microglia and CAMs in HFD-induced inflammation, because the knowledge
about the role of each glial cell type in this specific condition still need to be better clarified.

5. Microglial Signature Changes Upon HFD-Induced Hypothalamic Inflammation

There are sufficient clues indicating that microglia present distinct activated signatures
under inflammatory conditions. Sousa et al. [72] performed scRNA-seq to investigate the
microglial profile in the brain of LPS-injected mice. They found that microglia isolated
from these mice exhibit a downregulation of their homeostatic signature together with an
upregulation of inflammatory genes. They obtained this data by excluding other CNS-
resident immune cells and peripheral cells in the analysis.

To explore deeply how HFD-induced inflammation affects microglial transcriptomics,
we have searched for transcriptomic data published from HFD-fed rodents at a single-cell
resolution. As already mentioned, Campbell et al. [108] performed Drop-seq profiling on
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the ARC and ME from mice across different feeding conditions, including 1-week HFD
(60% calories from fat). They found that microglia present high P2ry12 and low Mrc1 while
PVMs show low P2ry12 and high Mcr1. However, when comparing low fat diet–fed mice
with HFD-fed mice, they found the transcripts from these clusters downregulated, but they
did not describe which HFD-sensitive genes were modulated.

On the other hand, in an experimental model of prolonged high-fat feeding, C57BL/6J
male mice were fed a HFD (45% calories from fat) for 10 weeks, and their ARC was collected
for single-nucleus RNA-seq (snRNA-seq) [156]. After consuming a HFD for 10-weeks,
some genes were upregulated in the cluster of microglia (Nudt5, Gsk3a, Oxt, Lars2, and
Il17ra) while other genes (Sun1, Tmem173 and Anxa3) were downregulated (Figure 5).
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Some of them have also been described in obesity-related studies. Methylation in
Lars2, which is a mitochondrial gene, has been reported in an epigenome-wide association
study as a gene associated with increased body mass index and waist circumference [157].
The receptor for interleukin-17 (IL-17), known as Il17ra, is found in pro-opiomelanocortin
(POMC) and agouti-related peptide (AgRP) neurons in the hypothalamus and modulates
food intake after IL-17 binding, without affecting whole-body energy expenditure [158].

Although the ARC is the main nucleus involved in energy metabolism and food intake
control, functional impairments in neurons and glial cells from other hypothalamic nuclei
are also involved in DIO establishment [159,160]. Recently, Rossi et al. [161] identified in
the lateral hypothalamic area (LHA) thousands of genes altered upon prolonged HFD
intake. This research article highlighted only dynamic transcriptomic details in neurons;
thus, the authors did not deeply explore the transcription differences in microglia and other
myeloid cell lineages upon. However, the authors distinctively represent these cells by
using Cx3cr1 hallmark for microglia and Lys2 for myeloid cells, which was not considered
in data from ARC published by Deng et al. [156].

Interestingly, from all transcriptomic data obtained from the ARC–ME or LHA, re-
searchers can apply a bioinformatic analysis to better investigate how microglia and other
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myeloid cells changes upon prolonged HFD. In the face of the recent and continuous devel-
opment of novel transcriptomic tools, such as scRNA-seq, snRNA-seq, and CyTOF, among
others, future studies should be conducted to better clarify the main changes in microglial
signature throughout the hypothalamus under different stages of high-fat feeding. For
accurate data interpretation, microglia and other CNS-associated macrophages should be
clustered and analyzed separately. The detailed identification of those cells will be valuable
to answer more precisely several outstanding questions.

6. Conclusions

Microglia were first recognized as macrophage-like cells from the CNS a century
ago, but for a long time their complexity was unknown. Luckily, the development of
assorted transcriptomic tools has boosted the knowledge about these cells in recent years.
Currently, it is well known that the hypothalamus presents several microglial subsets that
can be identified by their hallmarks: Iba1, Cx3Cr1, Tmem119, P2ry12, Trem2, Hexb, and
Csfr1, among many other. DM are also found in the hypothalamic area, but their roles
in HFD-induced inflammation has been poorly investigated. In fact, microglia play a
pivotal role in different stages of the hypothalamic inflammatory process, but how each
microglial subtype reacts to SFAs from the diet, communicates with other cells, or even
leads to the recruitment of peripheral myeloid cells remains to be explored. Beyond
microglia, astrocytes also display high heterogeneity throughout the CNS, and in the
hypothalamus, its diversity and its crosstalk with microglia require to be better elucidated.
Novel experimental models for manipulating or labelling microglia have been developed
and will be useful to answer that question in forthcoming research. On the other hand, the
hypothalamic microglial signature under HFD-induced hypothalamic inflammation should
still be further studied using different transcriptomic approaches. Together, these advances
will allow researchers to take full advantage of crucial insights we have gained about
microglial heterogeneity (provided by transcriptomic data) and to exploit this knowledge
to determine the mechanisms by which microglia are involved in the inflammatory process
observed in obesity.
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CAMs CNS-associated macrophages
CCL2 Chemokine C-C motif ligand-2
CCR2 C-C chemokine receptor type 2
CD11b Cluster of differentiation molecule 11B
CD169 Sialoadhesin
CNS Central nervous system
CSF1R Colony stimulating factor 1 receptor
CX3CR1 CX3C chemokine receptor 1
CyTOF Mass cytometry
DAM Disease-associated microglia
DIO Diet-induced obesity
DM Dark microglia
EAE Experimental autoimmune encephalomyelitis
FACS Fluorescence-activated cell sorting
FFAs Free fatty acids
GFAP Glial fibrillary acidic protein
Hexb Beta-hexosaminidase subunit beta
HFD High-fat diet
IBA1 Ionized calcium binding adaptor molecule 1
iNOS Inducible nitric oxide synthase
ITGAM Integrin subunit alpha M
LHA Lateral hypothalamic area
LPS Lipopolysaccharide
MACS Magnetic-activated cell sorting
MCP-1 Monocyte chemoattractant protein-1
ME Median eminence
P2ry12 Purinergic receptor P2Y12
PVH Paraventricular nucleus of the hypothalamus
PVMs Perivascular macrophages
ROS Reactive oxygen species
scRNA-seq Single-cell RNA sequencing
SFAs Saturated fatty acids
Siglec Sialic acid-binding immunoglobulin super-family lectin
snRNA-seq Single-nucleus RNA sequencing
TGF-β Transforming growth factor beta
TLR4 Toll-like receptor 4
Tmem119 Transmembrane protein 119
TREM2 Triggering receptor expressed on myeloid cells-2
VEGF Vascular endothelial growth factor
VMH Ventromedial nucleus of the hypothalamus

References
1. De Souza, C.T.; Araujo, E.P.; Bordin, S.; Ashimine, R.; Zollner, R.L.; Boschero, A.C.; Saad, M.J.A.; Velloso, L.A. Consumption of a

Fat-Rich Diet Activates a Proinflammatory Response and Induces Insulin Resistance in the Hypothalamus. Endocrinology 2005,
146, 4192–4199. [CrossRef] [PubMed]

2. Posey, K.A.; Clegg, D.J.; Printz, R.L.; Byun, J.; Morton, G.J.; Vivekanandan-Giri, A.; Pennathur, S.; Baskin, D.G.; Heinecke, J.W.;
Woods, S.C.; et al. Hypothalamic Proinflammatory Lipid Accumulation, Inflammation, and Insulin Resistance in Rats Fed a
High-Fat Diet. Am. J. Physiol. Endocrinol. Metab. 2009, 296. [CrossRef] [PubMed]

3. Klöckener, T.; Hess, S.; Belgardt, B.F.; Paeger, L.; Verhagen, L.A.W.; Husch, A.; Sohn, J.W.; Hampel, B.; Dhillon, H.; Zigman, J.M.;
et al. High-Fat Feeding Promotes Obesity via Insulin Receptor/PI3K-Dependent Inhibition of SF-1 VMH Neurons. Nat. Neurosci.
2011, 14, 911–918. [CrossRef] [PubMed]

4. Van De Sande-Lee, S.; Pereira, F.R.S.; Cintra, D.E.; Fernandes, P.T.; Cardoso, A.R.; Garlipp, C.R.; Chaim, E.A.; Pareja, J.C.; Geloneze,
B.; Li, M.; et al. Partial Reversibility of Hypothalamic Dysfunction and Changes in Brain Activity after Body Mass Reduction in
Obese Subjects. Diabetes 2011, 60, 1699–1704. [CrossRef] [PubMed]

5. Thaler, J.P.; Yi, C.X.; Schur, E.A.; Guyenet, S.J.; Hwang, B.H.; Dietrich, M.O.; Zhao, X.; Sarruf, D.A.; Izgur, V.; Maravilla, K.R.; et al.
Obesity Is Associated with Hypothalamic Injury in Rodents and Humans. J. Clin. Investig. 2012, 122, 153–162. [CrossRef]

50



Int. J. Mol. Sci. 2021, 22, 2256

6. Kreutzer, C.; Peters, S.; Schulte, D.M.; Fangmann, D.; Türk, K.; Wolff, S.; Van Eimeren, T.; Ahrens, M.; Beckmann, J.; Schafmayer,
C.; et al. Hypothalamic Inflammation in Human Obesity Is Mediated by Environmental and Genetic Factors. Diabetes 2017, 66,
2407–2415. [CrossRef] [PubMed]

7. Milanski, M.; Degasperi, G.; Coope, A.; Morari, J.; Denis, R.; Cintra, D.E.; Tsukumo, D.M.L.; Anhe, G.; Amaral, M.E.; Takahashi,
H.K.; et al. Saturated Fatty Acids Produce an Inflammatory Response Predominantly through the Activation of TLR4 Signaling in
Hypothalamus: Implications for the Pathogenesis of Obesity. J. Neurosci. 2009, 29, 359–370. [CrossRef]

8. Rebelos, E.; Hirvonen, J.; Bucci, M.; Pekkarinen, L.; Nyman, M.; Hannukainen, J.C.; Iozzo, P.; Salminen, P.; Nummenmaa, L.;
Ferrannini, E.; et al. Brain Free Fatty Acid Uptake Is Elevated in Morbid Obesity, and Is Irreversible 6 Months after Bariatric
Surgery: A Positron Emission Tomography Study. Diabetes Obes. Metab. 2020, 22, 1074–1082. [CrossRef]

9. Sergi, D.; Williams, L.M. Potential Relationship between Dietary Long-Chain Saturated Fatty Acids and Hypothalamic Dysfunc-
tion in Obesity. Nutr. Rev. 2020, 78, 261–277. [CrossRef]

10. Rodríguez, E.M.; Blázquez, J.L.; Guerra, M. The Design of Barriers in the Hypothalamus Allows the Median Eminence and the
Arcuate Nucleus to Enjoy Private Milieus: The Former Opens to the Portal Blood and the Latter to the Cerebrospinal Fluid.
Peptides 2010, 31, 757–776. [CrossRef]

11. Haddad-Tóvolli, R.; Dragano, N.R.V.; Ramalho, A.F.S.; Velloso, L.A. Development and Function of the Blood-Brain Barrier in the
Context of Metabolic Control. Front. Neurosci. 2017, 11, 224. [CrossRef]

12. Lee, C.H.; Kim, H.J.; Lee, Y.S.; Kang, G.M.; Lim, H.S.; Lee, S.H.; Song, D.K.; Kwon, O.; Hwang, I.; Son, M.; et al. Hypothalamic
Macrophage Inducible Nitric Oxide Synthase Mediates Obesity-Associated Hypothalamic Inflammation. Cell Rep. 2018, 25,
934–946.e5. [CrossRef] [PubMed]

13. Lee, C.H.; Shin, S.H.; Kang, G.M.; Kim, S.; Kim, J.; Yu, R.; Kim, M.S. Cellular Source of Hypothalamic Macrophage Accumulation
in Diet-Induced Obesity. J. Neuroinflamm. 2019, 16. [CrossRef] [PubMed]

14. Douglass, J.D.; Dorfman, M.D.; Fasnacht, R.; Shaffer, L.D.; Thaler, J.P. Astrocyte IKKβ/NF-KB Signaling Is Required for Diet-
Induced Obesity and Hypothalamic Inflammation. Mol. Metab. 2017, 6, 366–373. [CrossRef]

15. Cansell, C.; Stobbe, K.; Sanchez, C.; Le Thuc, O.; Mosser, C.A.; Ben-Fradj, S.; Leredde, J.; Lebeaupin, C.; Debayle, D.; Fleuriot, L.;
et al. Dietary Fat Exacerbates Postprandial Hypothalamic Inflammation Involving Glial Fibrillary Acidic Protein-Positive Cells
and Microglia in Male Mice. Glia 2020. [CrossRef]

16. Enriori, P.J.; Evans, A.E.; Sinnayah, P.; Jobst, E.E.; Tonelli-Lemos, L.; Billes, S.K.; Glavas, M.M.; Grayson, B.E.; Perello, M.; Nillni,
E.A.; et al. Diet-Induced Obesity Causes Severe but Reversible Leptin Resistance in Arcuate Melanocortin Neurons. Cell Metab.
2007, 5, 181–194. [CrossRef] [PubMed]

17. Dalvi, P.S.; Chalmers, J.A.; Luo, V.; Han, D.Y.; Wellhauser, L.; Liu, Y.; Tran, D.Q.; Castel, J.; Luquet, S.; Wheeler, M.B.; et al.
High Fat Induces Acute and Chronic Inflammation in the Hypothalamus: Effect of High-Fat Diet, Palmitate and TNF-α on
Appetite-Regulating NPY Neurons. Int. J. Obes. 2017, 41, 149–158. [CrossRef]

18. Moraes, J.C.; Coope, A.; Morari, J.; Cintra, D.E.; Roman, E.A.; Pauli, J.R.; Romanatto, T.; Carvalheira, J.B.; Oliveira, A.L.R.; Saad,
M.J.; et al. High-Fat Diet Induces Apoptosis of Hypothalamic Neurons. PLoS ONE 2009, 4, e5045. [CrossRef]

19. Carraro, R.S.; Souza, G.F.; Solon, C.; Razolli, D.S.; Chausse, B.; Barbizan, R.; Victorio, S.C.; Velloso, L.A. Hypothalamic Mito-
chondrial Abnormalities Occur Downstream of Inflammation in Diet-Induced Obesity. Mol. Cell. Endocrinol. 2018, 460, 238–245.
[CrossRef] [PubMed]

20. Valdearcos, M.; Douglass, J.D.; Robblee, M.M.; Dorfman, M.D.; Stifler, D.R.; Bennett, M.L.; Gerritse, I.; Fasnacht, R.; Barres, B.A.;
Thaler, J.P.; et al. Microglial Inflammatory Signaling Orchestrates the Hypothalamic Immune Response to Dietary Excess and
Mediates Obesity Susceptibility. Cell Metab. 2017, 26, 185–197.e3. [CrossRef] [PubMed]

21. Greenhalgh, A.D.; David, S.; Bennett, F.C. Immune Cell Regulation of Glia during CNS Injury and Disease. Nat. Rev. Neurosci.
2020, 21, 139–152. [CrossRef] [PubMed]

22. Mendes, N.F.; Kim, Y.-B.; Velloso, L.A.; Araújo, E.P. Hypothalamic Microglial Activation in Obesity: A Mini-Review. Front.
Neurosci. 2018. [CrossRef] [PubMed]

23. Nimmerjahn, A.; Kirchhoff, F.; Helmchen, F. Neuroscience: Resting Microglial Cells Are Highly Dynamic Surveillants of Brain
Parenchyma in Vivo. Science 2005, 308, 1314–1318. [CrossRef]

24. Ginhoux, F.; Greter, M.; Leboeuf, M.; Nandi, S.; See, P.; Gokhan, S.; Mehler, M.F.; Conway, S.J.; Ng, L.G.; Stanley, E.R.; et al. Fate
Mapping Analysis Reveals That Adult Microglia Derive from Primitive Macrophages. Science 2010, 330, 841–845. [CrossRef]
[PubMed]

25. Martinez, F.O.; Gordon, S. The M1 and M2 Paradigm of Macrophage Activation: Time for Reassessment. F1000Prime Rep. 2014, 6.
[CrossRef] [PubMed]

26. Ransohoff, R.M. A Polarizing Question: Do M1 and M2 Microglia Exist. Nat. Neurosci. 2016, 19, 987–991. [CrossRef] [PubMed]
27. Stratoulias, V.; Venero, J.L.; Tremblay, M.; Joseph, B. Microglial Subtypes: Diversity within the Microglial Community. EMBO J.

2019, 38. [CrossRef]
28. Bisht, K.; Sharma, K.P.; Lecours, C.; Gabriela Sánchez, M.; El Hajj, H.; Milior, G.; Olmos-Alonso, A.; Gómez-Nicola, D.; Luheshi,

G.; Vallières, L.; et al. Dark Microglia: A New Phenotype Predominantly Associated with Pathological States. Glia 2016, 64,
826–839. [CrossRef]

29. Savage, J.C.; St-Pierre, M.K.; Hui, C.W.; Tremblay, M.E. Microglial Ultrastructure in the Hippocampus of a Lipopolysaccharide-
Induced Sickness Mouse Model. Front. Neurosci. 2019, 13. [CrossRef]

51



Int. J. Mol. Sci. 2021, 22, 2256

30. Mildner, A.; Schmidt, H.; Nitsche, M.; Merkler, D.; Hanisch, U.K.; Mack, M.; Heikenwalder, M.; Brück, W.; Priller, J.; Prinz, M.
Microglia in the Adult Brain Arise from Ly-6ChiCCR2+ Monocytes Only under Defined Host Conditions. Nat. Neurosci. 2007, 10,
1544–1553. [CrossRef]

31. Hui, C.W.; St-Pierre, A.; El Hajj, H.; Remy, Y.; Hébert, S.S.; Luheshi, G.N.; Srivastava, L.K.; Tremblay, M.È. Prenatal Immune Chal-
lenge in Mice Leads to Partly Sex-Dependent Behavioral, Microglial, and Molecular Abnormalities Associated with Schizophrenia.
Front. Mol. Neurosci. 2018, 11. [CrossRef]

32. Elgayar, S.A.M.; Abdel-hafez, A.A.M.; Gomaa, A.M.S.; Elsherif, R. Vulnerability of Glia and Vessels of Rat Substantia Nigra in
Rotenone Parkinson Model. Ultrastruct. Pathol. 2018, 42, 181–192. [CrossRef] [PubMed]

33. El Hajj, H.; Savage, J.C.; Bisht, K.; Parent, M.; Vallières, L.; Rivest, S.; Tremblay, M.È. Ultrastructural Evidence of Microglial
Heterogeneity in Alzheimer’s Disease Amyloid Pathology. J. Neuroinflamm. 2019, 16. [CrossRef]

34. Kavetsky, L.; Green, K.K.; Boyle, B.R.; Yousufzai, F.A.K.; Padron, Z.M.; Melli, S.E.; Kuhnel, V.L.; Jackson, H.M.; Blanco, R.E.;
Howell, G.R.; et al. Increased Interactions and Engulfment of Dendrites by Microglia Precede Purkinje Cell Degeneration in a
Mouse Model of Niemann Pick Type-C. Sci. Rep. 2019, 9. [CrossRef] [PubMed]

35. Calì, C.; Agus, M.; Kare, K.; Boges, D.J.; Lehväslaiho, H.; Hadwiger, M.; Magistretti, P.J. 3D Cellular Reconstruction of Cortical
Glia and Parenchymal Morphometric Analysis from Serial Block-Face Electron Microscopy of Juvenile Rat. Prog. Neurobiol. 2019,
183. [CrossRef]

36. Pedicone, C.; Fernandes, S.; Dungan, O.M.; Dormann, S.M.; Viernes, D.R.; Adhikari, A.A.; Choi, L.B.; De Jong, E.P.; Chisholm,
J.D.; Kerr, W.G. Pan-SHIP1/2 Inhibitors Promote Microglia Effector Functions Essential for CNS Homeostasis. J. Cell Sci. 2020,
133. [CrossRef]

37. Uranova, N.A.; Vikhreva, O.V.; Rakhmanova, V.I.; Orlovskaya, D.D. Ultrastructural Pathology of Oligodendrocytes Adjacent to
Microglia in Prefrontal White Matter in Schizophrenia. Npj Schizophr. 2018, 4. [CrossRef]

38. Whitelaw, B.S.; Matei, E.K.; Majewska, A.K. Phosphoinositide 3-Kinase γ Is Not a Predominant Regulator of ATP-Dependent
Directed Microglial Process Motility or Experience-Dependent Ocular Dominance Plasticity. Eneuro 2020. [CrossRef]

39. Masuda, T.; Sankowski, R.; Staszewski, O.; Böttcher, C.; Amann, L.; Sagar; Scheiwe, C.; Nessler, S.; Kunz, P.; van Loo, G.; et al.
Spatial and Temporal Heterogeneity of Mouse and Human Microglia at Single-Cell Resolution. Nature 2019, 566, 388–392.
[CrossRef] [PubMed]

40. Gratuze, M.; Leyns, C.E.G.; Sauerbeck, A.D.; St-Pierre, M.K.; Xiong, M.; Kim, N.; Serrano, J.R.; Tremblay, M.È.; Kummer, T.T.;
Colonna, M.; et al. Impact of TREM2R47Hvariant on Tau Pathology-Induced Gliosis and Neurodegeneration. J. Clin. Investig.
2020, 130, 4954–4968. [CrossRef]

41. Liu, W.; Taso, O.; Wang, R.; Bayram, S.; Graham, A.C.; Garcia-Reitboeck, P.; Mallach, A.; Andrews, W.D.; Piers, T.M.; Botia,
J.A.; et al. Trem2 Promotes Anti-Inflammatory Responses in Microglia and Is Suppressed under pro-Inflammatory Conditions.
Hum. Mol. Genet. 2020, 29, 3224–3248. [CrossRef]

42. Li, F.; Xu, D.; Hou, K.; Gou, X.; Li, Y. The Role of P2Y12 Receptor Inhibition in Ischemic Stroke on Microglia, Platelets and Vascular
Smooth Muscle Cells. J. Thromb. Thrombolysis 2020, 50, 874–885. [CrossRef] [PubMed]

43. Bohnert, S.; Seiffert, A.; Trella, S.; Bohnert, M.; Distel, L.; Ondruschka, B.; Monoranu, C.M. TMEM119 as a Specific Marker of
Microglia Reaction in Traumatic Brain Injury in Postmortem Examination. Int. J. Legal Med. 2020, 134. [CrossRef] [PubMed]

44. Stevens, B.; Allen, N.J.; Vazquez, L.E.; Howell, G.R.; Christopherson, K.S.; Nouri, N.; Micheva, K.D.; Mehalow, A.K.; Huberman,
A.D.; Stafford, B.; et al. The Classical Complement Cascade Mediates CNS Synapse Elimination. Cell 2007, 131, 1164–1178.
[CrossRef] [PubMed]

45. Schafer, D.P.; Lehrman, E.K.; Kautzman, A.G.; Koyama, R.; Mardinly, A.R.; Yamasaki, R.; Ransohoff, R.M.; Greenberg, M.E.;
Barres, B.A.; Stevens, B. Microglia Sculpt Postnatal Neural Circuits in an Activity and Complement-Dependent Manner. Neuron
2012, 74, 691–705. [CrossRef] [PubMed]

46. Keren-Shaul, H.; Spinrad, A.; Weiner, A.; Matcovitch-Natan, O.; Dvir-Szternfeld, R.; Ulland, T.K.; David, E.; Baruch, K.; Lara-
Astaiso, D.; Toth, B.; et al. A Unique Microglia Type Associated with Restricting Development of Alzheimer’s Disease. Cell 2017,
169, 1276–1290.e17. [CrossRef] [PubMed]

47. Deczkowska, A.; Keren-Shaul, H.; Weiner, A.; Colonna, M.; Schwartz, M.; Amit, I. Disease-Associated Microglia: A Universal
Immune Sensor of Neurodegeneration. Cell 2018, 173, 1073–1081. [CrossRef] [PubMed]

48. Friedman, B.A.; Srinivasan, K.; Ayalon, G.; Meilandt, W.J.; Lin, H.; Huntley, M.A.; Cao, Y.; Lee, S.H.; Haddick, P.C.G.; Ngu, H.;
et al. Diverse Brain Myeloid Expression Profiles Reveal Distinct Microglial Activation States and Aspects of Alzheimer’s Disease
Not Evident in Mouse Models. Cell Rep. 2018, 22, 832–847. [CrossRef]

49. Schlepckow, K.; Monroe, K.M.; Kleinberger, G.; Cantuti-Castelvetri, L.; Parhizkar, S.; Xia, D.; Willem, M.; Werner, G.; Pettkus, N.;
Brunner, B.; et al. Enhancing Protective Microglial Activities with a Dual Function TREM 2 Antibody to the Stalk Region. EMBO
Mol. Med. 2020, 12. [CrossRef]

50. Kigerl, K.A.; de Rivero Vaccari, J.P.; Dietrich, W.D.; Popovich, P.G.; Keane, R.W. Pattern Recognition Receptors and Central
Nervous System Repair. Exp. Neurol. 2014, 258, 5–16. [CrossRef]

51. Painter, M.M.; Atagi, Y.; Liu, C.C.; Rademakers, R.; Xu, H.; Fryer, J.D.; Bu, G. TREM2 in CNS Homeostasis and Neurodegenerative
Disease. Mol. Neurodegener. 2015, 10, 1–10. [CrossRef]

52. N’Diaye, E.N.; Branda, C.S.; Branda, S.S.; Nevarez, L.; Colonna, M.; Lowell, C.; Hamerman, J.A.; Seaman, W.E. TREM-2 (Triggering
Receptor Expressed on Myeloid Cells 2) Is a Phagocytic Receptor for Bacteria. J. Cell Biol. 2009, 184, 215–223. [CrossRef]

52



Int. J. Mol. Sci. 2021, 22, 2256

53. Wang, Y.; Cella, M.; Mallinson, K.; Ulrich, J.D.; Young, K.L.; Robinette, M.L.; Gilfillan, S.; Krishnan, G.M.; Sudhakar, S.;
Zinselmeyer, B.H.; et al. TREM2 Lipid Sensing Sustains the Microglial Response in an Alzheimer’s Disease Model. Cell 2015, 160,
1061–1071. [CrossRef] [PubMed]

54. Atagi, Y.; Liu, C.-C.; Painter, M.M.; Chen, X.-F.; Verbeeck, C.; Zheng, H.; Li, X.; Rademakers, R.; Kang, S.S.; Xu, H.; et al.
Apolipoprotein E Is a Ligand for Triggering Receptor Expressed on Myeloid Cells 2 (TREM2). J. Biol. Chem. 2015, 290, 26043–
26050. [CrossRef] [PubMed]

55. Bailey, C.C.; Devaux, L.B.; Farzan, M. The Triggering Receptor Expressed on Myeloid Cells 2 Binds Apolipoprotein E. J. Biol.
Chem. 2015, 290, 26033–26042. [CrossRef] [PubMed]

56. Yeh, F.L.; Wang, Y.; Tom, I.; Gonzalez, L.C.; Sheng, M. TREM2 Binds to Apolipoproteins, Including APOE and CLU/APOJ, and
Thereby Facilitates Uptake of Amyloid-Beta by Microglia. Neuron 2016, 91, 328–340. [CrossRef] [PubMed]

57. Kawabori, M.; Kacimi, R.; Kauppinen, T.; Calosing, C.; Kim, J.Y.; Hsieh, C.L.; Nakamura, M.C.; Yenari, M.A. Triggering Receptor
Expressed on Myeloid Cells 2 (TREM2) Deficiency Attenuates Phagocytic Activities of Microglia and Exacerbates Ischemic
Damage in Experimental Stroke. J. Neurosci. 2015, 35, 3384–3396. [CrossRef] [PubMed]

58. Turnbull, I.R.; Gilfillan, S.; Cella, M.; Aoshi, T.; Miller, M.; Piccio, L.; Hernandez, M.; Colonna, M. Cutting Edge: TREM-2
Attenuates Macrophage Activation. J. Immunol. 2006, 177, 3520–3524. [CrossRef]

59. Zhang, X.; Zhang, G.; Zhang, H.; Karin, M.; Bai, H.; Cai, D. Hypothalamic IKKβ/NF-KB and ER Stress Link Overnutrition to
Energy Imbalance and Obesity. Cell 2008, 135, 61–73. [CrossRef]

60. Tam, A.B.; Mercado, E.L.; Hoffmann, A.; Niwa, M. ER Stress Activates NF-KB by Integrating Functions of Basal IKK Activity,
IRE1 and PERK. PLoS ONE 2012, 7. [CrossRef]

61. Zhang, Y.; Reichel, J.M.; Han, C.; Pablo Zuniga-Hertz, J.; Correspondence, D.C.; Zuniga-Hertz, J.P.; Cai, D. Astrocytic Process
Plasticity and IKKb/NF-KB in Central Control of Blood Glucose, Blood Pressure, and Body Weight Cell Metabolism Article
Astrocytic Process Plasticity and IKKb/NF-KB in Central Control of Blood Glucose, Blood Pressure, and Body Weight. Cell Metab.
2017, 25. [CrossRef]

62. Cai, D.; Khor, S. “Hypothalamic Microinflammation” Paradigm in Aging and Metabolic Diseases. Cell Metab. 2019, 30, 19–35.
[CrossRef]

63. Schmid, C.D.; Sautkulis, L.N.; Danielson, P.E.; Cooper, J.; Hasel, K.W.; Hilbush, B.S.; Sutcliffe, J.G.; Carson, M.J. Heterogeneous
Expression of the Triggering Receptor Expressed on Myeloid Cells-2 on Adult Murine Microglia. J. Neurochem. 2002, 83, 1309–1320.
[CrossRef]

64. Hickman, S.E.; El Khoury, J. TREM2 and the Neuroimmunology of Alzheimer’s Disease. Biochem. Pharmacol. 2014, 88, 495–498.
[CrossRef] [PubMed]

65. Colonna, M. Trems in the Immune System and Beyond. Nat. Rev. Immunol. 2003, 3, 445–453. [CrossRef]
66. Zhong, L.; Zhang, Z.L.; Li, X.; Liao, C.; Mou, P.; Wang, T.; Wang, Z.; Wang, Z.; Wei, M.; Xu, H.; et al. TREM2/DAP12 Complex

Regulates Inflammatory Responses in Microglia via the JNK Signaling Pathway. Front. Aging Neurosci. 2017, 9. [CrossRef]
[PubMed]

67. Li, J.T.; Zhang, Y. TREM2 Regulates Innate Immunity in Alzheimer’s Disease. J. Neuroinflamm. 2018, 15, 1–7. [CrossRef]
68. Zhang, J.; Zheng, Y.; Luo, Y.; Du, Y.; Zhang, X.; Fu, J. Curcumin Inhibits LPS-Induced Neuroinflammation by Promoting Microglial

M2 Polarization via TREM2/ TLR4/ NF-KB Pathways in BV2 Cells. Mol. Immunol. 2019, 116, 29–37. [CrossRef] [PubMed]
69. Furube, E.; Kawai, S.; Inagaki, H.; Takagi, S.; Miyata, S. Brain Region-Dependent Heterogeneity and Dose-Dependent Difference

in Transient Microglia Population Increase during Lipopolysaccharide-Induced Inflammation. Sci. Rep. 2018, 8. [CrossRef]
[PubMed]

70. Hammond, T.R.; Dufort, C.; Dissing-Olesen, L.; Giera, S.; Young, A.; Wysoker, A.; Walker, A.J.; Gergits, F.; Segel, M.; Nemesh,
J.; et al. Single-Cell RNA Sequencing of Microglia throughout the Mouse Lifespan and in the Injured Brain Reveals Complex
Cell-State Changes. Immunity 2019, 50, 253–271.e6. [CrossRef] [PubMed]

71. Jordão, M.J.C.; Sankowski, R.; Brendecke, S.M.; Sagar; Locatelli, G.; Tai, Y.H.; Tay, T.L.; Schramm, E.; Armbruster, S.; Hage-meyer,
N.; et al. Neuroimmunology: Single-Cell Profiling Identifies Myeloid Cell Subsets with Distinct Fates during Neuroinflammation.
Science 2019, 363. [CrossRef] [PubMed]

72. Sousa, C.; Golebiewska, A.; Poovathingal, S.K.; Kaoma, T.; Pires-Afonso, Y.; Martina, S.; Coowar, D.; Azuaje, F.; Skupin, A.;
Balling, R.; et al. Single-cell Transcriptomics Reveals Distinct Inflammation-induced Microglia Signatures. EMBO Rep. 2018, 19.
[CrossRef] [PubMed]

73. Sankowski, R.; Böttcher, C.; Masuda, T.; Geirsdottir, L.; Sagar; Sindram, E.; Seredenina, T.; Muhs, A.; Scheiwe, C.; Shah, M.J.; et al.
Mapping Microglia States in the Human Brain through the Integration of High-Dimensional Techniques. Nat. Neurosci. 2019, 22,
2098–2110. [CrossRef]

74. Böttcher, C.; Schlickeiser, S.; Sneeboer, M.A.M.; Kunkel, D.; Knop, A.; Paza, E.; Fidzinski, P.; Kraus, L.; Snijders, G.J.L.; Kahn, R.S.;
et al. Human Microglia Regional Heterogeneity and Phenotypes Determined by Multiplexed Single-Cell Mass Cytometry. Nat.
Neurosci. 2019, 22, 78–90. [CrossRef]

75. Liddelow, S.A.; Marsh, S.E.; Stevens, B. Microglia and Astrocytes in Disease: Dynamic Duo or Partners in Crime? Trends Immunol.
2020, 41, 820–835. [CrossRef] [PubMed]

53



Int. J. Mol. Sci. 2021, 22, 2256

76. Esaulova, E.; Cantoni, C.; Shchukina, I.; Zaitsev, K.; Bucelli, R.C.; Wu, G.F.; Artyomov, M.N.; Cross, A.H.; Edelson, B.T. Single-Cell
RNA-Seq Analysis of Human CSF Microglia and Myeloid Cells in Neuroinflammation. Neurol. Neuroimmunol. Neuroinflamm.
2020, 7, 732. [CrossRef] [PubMed]

77. Geirsdottir, L.; David, E.; Keren-Shaul, H.; Weiner, A.; Bohlen, S.C.; Neuber, J.; Balic, A.; Giladi, A.; Sheban, F.; Dutertre, C.A.;
et al. Cross-Species Single-Cell Analysis Reveals Divergence of the Primate Microglia Program. Cell 2019, 179, 1609–1622.e16.
[CrossRef]

78. Rahman, M.H.; Kim, M.-S.; Lee, I.-K.; Yu, R.; Suk, K. Interglial Crosstalk in Obesity-Induced Hypothalamic Inflammation. Front.
Neurosci. 2018, 12. [CrossRef] [PubMed]

79. Lee, D.A.; Bedont, J.L.; Pak, T.; Wang, H.; Song, J.; Miranda-Angulo, A.; Takiar, V.; Charubhumi, V.; Balordi, F.; Takebayashi, H.;
et al. Tanycytes of the Hypothalamic Median Eminence Form a Diet-Responsive Neurogenic Niche. Nat. Neurosci. 2012, 15,
700–702. [CrossRef]

80. Li, Q.; Barres, B.A. Microglia and Macrophages in Brain Homeostasis and Disease. Nat. Rev. Immunol. 2018, 18, 225–242.
[CrossRef] [PubMed]

81. Giovannoni, F.; Quintana, F.J. The Role of Astrocytes in CNS Inflammation. Trends Immunol. 2020, 41, 805–819. [CrossRef]
82. Tsai, H.H.; Li, H.; Fuentealba, L.C.; Molofsky, A.V.; Taveira-Marques, R.; Zhuang, H.; Tenney, A.; Murnen, A.T.; Fancy, S.P.J.;

Merkle, F.; et al. Regional Astrocyte Allocation Regulates CNS Synaptogenesis and Repair. Science 2012, 337, 358–362. [CrossRef]
83. Ortiz-Rodriguez, A.; Arevalo, M.A. The Contribution of Astrocyte Autophagy to Systemic Metabolism. Int. J. Mol. Sci. 2020, 21,

2479. [CrossRef]
84. Lee, C.H.; Suk, K.; Yu, R.; Kim, M.S. Cellular Contributors to Hypothalamic Inflammation in Obesity. Mol. Cells 2020, 43, 431–437.
85. García-Cáceres, C.; Quarta, C.; Varela, L.; Gao, Y.; Gruber, T.; Legutko, B.; Jastroch, M.; Johansson, P.; Ninkovic, J.; Yi, C.X.;

et al. Astrocytic Insulin Signaling Couples Brain Glucose Uptake with Nutrient Availability. Cell 2016, 166, 867–880. [CrossRef]
[PubMed]

86. Hsuchou, H.; Pan, W.; Barnes, M.J.; Kastin, A.J. Leptin Receptor MRNA in Rat Brain Astrocytes. Peptides 2009, 30, 2275–2280.
[CrossRef] [PubMed]

87. Wiktorowska, L.; Bilecki, W.; Tertil, M.; Kudla, L.; Szumiec, L.; Mackowiak, M.; Przewlocki, R. Knockdown of the Astrocytic
Glucocorticoid Receptor in the Central Nucleus of the Amygdala Diminishes Conditioned Fear Expression and Anxiety. Behav.
Brain Res. 2021, 402. [CrossRef]

88. Fuente-Martín, E.; Garciá-Cáceres, C.; Argente-Arizón, P.; Diáz, F.; Granado, M.; Freire-Regatillo, A.; Castro-González, D.;
Ceballos, M.L.; Frago, L.M.; Dickson, S.L.; et al. Ghrelin Regulates Glucose and Glutamate Transporters in Hypothalamic
Astrocytes. Sci. Rep. 2016, 6, 1–15. [CrossRef]

89. Jha, M.K.; Jo, M.; Kim, J.H.; Suk, K. Microglia-Astrocyte Crosstalk: An Intimate Molecular Conversation. Neuroscientist 2019, 25,
227–240. [CrossRef]

90. Matejuk, A.; Ransohoff, R.M. Crosstalk Between Astrocytes and Microglia: An Overview. Front. Immunol. 2020, 11, 1416.
[CrossRef] [PubMed]

91. Schafer, D.P.; Lehrman, E.K.; Stevens, B. The “Quad-Partite” Synapse: Microglia-Synapse Interactions in the Developing and
Mature CNS. Glia 2013, 61, 24–36. [CrossRef] [PubMed]

92. Cohen-Salmon, M.; Slaoui, L.; Mazaré, N.; Gilbert, A.; Oudart, M.; Alvear-Perez, R.; Elorza-Vidal, X.; Chever, O.; Boulay, A.
Astrocytes in the Regulation of Cerebrovascular Functions. Glia 2020, glia.23924. [CrossRef]

93. Liu, L.R.; Liu, J.C.; Bao, J.S.; Bai, Q.Q.; Wang, G.Q. Interaction of Microglia and Astrocytes in the Neurovascular Unit. Front.
Immunol. 2020, 11, 1024. [CrossRef] [PubMed]

94. Yan, J.; Zhang, H.; Yin, Y.; Li, J.; Tang, Y.; Purkayastha, S.; Li, L.; Cai, D. Obesity-and Aging-Induced Excess of Central Transforming
Growth Factor-β 2 Potentiates Diabetic Development via an RNA Stress Response. Nat. Med. 2014, 20, 1001–1008. [CrossRef]

95. Kwon, Y.H.; Kim, J.; Kim, C.S.; Tu, T.H.; Kim, M.S.; Suk, K.; Kim, D.H.; Lee, B.J.; Choi, H.S.; Park, T.; et al. Hypothalamic
Lipid-Laden Astrocytes Induce Microglia Migration and Activation. FEBS Lett. 2017, 591, 1742–1751. [CrossRef]

96. Douglass, J.D.; Dorfman, M.D.; Thaler, J.P. Glia: Silent Partners in Energy Homeostasis and Obesity Pathogenesis. Diabetologia
2017, 60, 226–236. [CrossRef] [PubMed]

97. Horvath, T.L.; Sarman, B.; García-Cáceres, C.; Enriori, P.J.; Sotonyi, P.; Shanabrough, M.; Borok, E.; Argente, J.; Chowen, J.A.;
Perez-Tilve, D.; et al. Synaptic Input Organization of the Melanocortin System Predicts Diet-Induced Hypothalamic Reactive
Gliosis and Obesity. Proc. Natl. Acad. Sci. USA 2010, 107, 14875–14880. [CrossRef]

98. Baufeld, C.; Osterloh, A.; Prokop, S.; Miller, K.R.; Heppner, F.L. High-Fat Diet-Induced Brain Region-Specific Phenotypic Spectrum
of CNS Resident Microglia. Acta Neuropathol. 2016, 132, 361–375. [CrossRef]

99. Mendes, N.F.; Gaspar, J.M.; Lima-Júnior, J.C.; Donato, J.; Velloso, L.A.; Araújo, E.P. TGF-B1 down-Regulation in the Mediobasal
Hypothalamus Attenuates Hypothalamic Inflammation and Protects against Diet-Induced Obesity. Metabolism 2018, 85. [CrossRef]

100. Tichauer, J.E.; Flores, B.; Soler, B.; Eugenín-von Bernhardi, L.; Ramírez, G.; Von Bernhardi, R. Age-Dependent Changes on TGFβ1
Smad3 Pathway Modify the Pattern of Microglial Cell Activation. Brain Behav. Immun. 2014, 37, 187–196. [CrossRef]

101. Dudiki, T.; Meller, J.; Mahajan, G.; Liu, H.; Zhevlakova, I.; Stefl, S.; Witherow, C.; Podrez, E.; Kothapalli, C.R.; Byzova, T.V.
Microglia Control Vascular Architecture via a TGFβ1 Dependent Paracrine Mechanism Linked to Tissue Mechanics. Nat. Commun.
2020, 11. [CrossRef] [PubMed]

54



Int. J. Mol. Sci. 2021, 22, 2256

102. Spittau, B.; Dokalis, N.; Prinz, M. The Role of TGFβ Signaling in Microglia Maturation and Activation. Trends Immunol. 2020, 41,
836–848. [CrossRef] [PubMed]

103. Attaai, A.; Neidert, N.; von Ehr, A.; Potru, P.S.; Zöller, T.; Spittau, B. Postnatal Maturation of Microglia Is Associated with
Alternative Activation and Activated TGFβ Signaling. Glia 2018, 66, 1695–1708. [CrossRef]

104. Morari, J.; Anhe, G.F.; Nascimento, L.F.; De Moura, R.F.; Razolli, D.; Solon, C.; Guadagnini, D.; Souza, G.; Mattos, A.H.; Tobar, N.;
et al. Fractalkine (CX3CL1) Is Involved in the Early Activation of Hypothalamic Inflammation in Experimental Obesity. Diabetes
2014, 63, 3770–3784. [CrossRef]

105. Deshmane, S.L.; Kremlev, S.; Amini, S.; Sawaya, B.E. Monocyte Chemoattractant Protein-1 (MCP-1): An Overview. J. Interf.
Cytokine Res. 2009, 29, 313–325. [CrossRef]

106. Ito, A.; Suganami, T.; Yamauchi, A.; Degawa-Yamauchi, M.; Tanaka, M.; Kouyama, R.; Kobayashi, Y.; Nitta, N.; Yasuda, K.; Hirata,
Y.; et al. Role of CC Chemokine Receptor 2 in Bone Marrow Cells in the Recruitment of Macrophages into Obese Adipose Tissue.
J. Biol. Chem. 2008, 283, 35715–35723. [CrossRef]

107. Ataka, K.; Asakawa, A.; Nagaishi, K.; Kaimoto, K.; Sawada, A.; Hayakawa, Y.; Tatezawa, R.; Inui, A.; Fujimiya, M. Bone
Marrow-Derived Microglia Infiltrate into the Paraventricular Nucleus of Chronic Psychological Stress-Loaded Mice. PLoS ONE
2013, 8. [CrossRef]

108. Campbell, J.N.; Macosko, E.Z.; Fenselau, H.; Pers, T.H.; Lyubetskaya, A.; Tenen, D.; Goldman, M.; Verstegen, A.M.J.; Resch, J.M.;
McCarroll, S.A.; et al. A Molecular Census of Arcuate Hypothalamus and Median Eminence Cell Types. Nat. Neurosci. 2017, 20,
484–496. [CrossRef] [PubMed]

109. Ramalho, A.F.; Bombassaro, B.; Dragano, N.R.; Solon, C.; Morari, J.; Fioravante, M.; Barbizan, R.; Velloso, L.A.; Araujo, E.P.
Dietary Fats Promote Functional and Structural Changes in the Median Eminence Blood/Spinal Fluid Interface-the Protective
Role for BDNF. J. Neuroinflamm. 2018, 15. [CrossRef] [PubMed]

110. Langlet, F. Tanycytes: A Gateway to the Metabolic Hypothalamus. J. Neuroendocrinol. 2014, 26, 753–760. [CrossRef]
111. Argaw, A.T.; Asp, L.; Zhang, J.; Navrazhina, K.; Pham, T.; Mariani, J.N.; Mahase, S.; Dutta, D.J.; Seto, J.; Kramer, E.G.; et al.

Astrocyte-Derived VEGF-A Drives Blood-Brain Barrier Disruption in CNS Inflammatory Disease. J. Clin. Investig. 2012, 122,
2454–2468. [CrossRef]

112. Obermeier, B.; Daneman, R.; Ransohoff, R.M. Development, Maintenance and Disruption of the Blood-Brain Barrier. Nat. Med.
2013, 19, 1584–1596. [CrossRef] [PubMed]

113. Keaney, J.; Campbell, M. The Dynamic Blood-Brain Barrier. FEBS J. 2015, 282, 4067–4079. [CrossRef] [PubMed]
114. Haruwaka, K.; Ikegami, A.; Tachibana, Y.; Ohno, N.; Konishi, H.; Hashimoto, A.; Matsumoto, M.; Kato, D.; Ono, R.; Kiyama, H.;

et al. Dual Microglia Effects on Blood Brain Barrier Permeability Induced by Systemic Inflammation. Nat. Commun. 2019, 10.
[CrossRef]

115. Retamal, M.A.; Froger, N.; Palacios-Prado, N.; Ezan, P.; Sáez, P.J.; Sáez, J.C.; Giaume, C. Cx43 Hemichannels and Gap Junction
Channels in Astrocytes Are Regulated Oppositely by Proinflammatory Cytokines Released from Activated Microglia. J. Neurosci.
2007, 27, 13781–13792. [CrossRef] [PubMed]

116. Même, W.; Calvo, C.; Froger, N.; Ezan, P.; Amigou, E.; Koulakoff, A.; Giaume, C. Proinflammatory Cytokines Released from
Microglia Inhibit Gap Junctions in Astrocytes: Potentiation by B-amyloid. FASEB J. 2006, 20, 494–496. [CrossRef] [PubMed]

117. Watanabe, M.; Masaki, K.; Yamasaki, R.; Kawanokuchi, J.; Takeuchi, H.; Matsushita, T.; Suzumura, A.; Kira, J.I. Th1 Cells
Downregulate Connexin 43 Gap Junctions in Astrocytes via Microglial Activation. Sci. Rep. 2016, 6. [CrossRef]

118. Nair, S.; Sobotka, K.S.; Joshi, P.; Gressens, P.; Fleiss, B.; Thornton, C.; Mallard, C.; Hagberg, H. Lipopolysaccharide-Induced
Alteration of Mitochondrial Morphology Induces a Metabolic Shift in Microglia Modulating the Inflammatory Response in Vitro
and in Vivo. Glia 2019, 67, 1047–1061. [CrossRef] [PubMed]

119. Kim, J.D.; Yoon, N.A.; Jin, S.; Diano, S. Microglial UCP2 Mediates Inflammation and Obesity Induced by High-Fat Feeding. Cell
Metab. 2019, 30, 952–962.e5. [CrossRef] [PubMed]

120. John Lin, C.C.; Yu, K.; Hatcher, A.; Huang, T.W.; Lee, H.K.; Carlson, J.; Weston, M.C.; Chen, F.; Zhang, Y.; Zhu, W.; et al.
Identification of Diverse Astrocyte Populations and Their Malignant Analogs. Nat. Neurosci. 2017, 20, 396–405. [CrossRef]
[PubMed]

121. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Münch, A.E.; Chung, W.S.;
Peterson, T.C.; et al. Neurotoxic Reactive Astrocytes Are Induced by Activated Microglia. Nature 2017, 541, 481–487. [CrossRef]

122. Miller, S.J. Astrocyte Heterogeneity in the Adult Central Nervous System. Front. Cell. Neurosci. 2018, 12, 15. [CrossRef]
123. Escartin, C.; Galea, E.; Oamp, J.P.; Petzold, G.C.; Serrano-Pozo, A.; Steinhamp, C.; Volterra, A.; Carmignoto, G.; Agarwal, A.;

Allen, N.J.; et al. Reactive Astrocyte Nomenclature, Definitions, and Future Directions. Nat. Neurosci. 2021, 1–14. [CrossRef]
124. Han, R.T.; Kim, R.D.; Molofsky, A.V.; Liddelow, S.A. Astrocyte-Immune Cell Interactions in Physiology and Pathology. Immunity

2021, 54, 211–224. [CrossRef]
125. Blasi, E.; Barluzzi, R.; Bocchini, V.; Mazzolla, R.; Bistoni, F. Immortalization of Murine Microglial Cells by a V-Raf/v-Myc Carrying

Retrovirus. J. Neuroimmunol. 1990, 27, 229–237. [CrossRef]
126. Timmerman, R.; Burm, S.M.; Bajramovic, J.J. An Overview of in Vitro Methods to Study Microglia. Front. Cell. Neurosci. 2018, 12,

242. [CrossRef] [PubMed]
127. Liu, J.J.; Mustafa, S.; Barratt, D.T.; Hutchinson, M.R. Corticosterone Preexposure Increases NF-KB Translocation and Sensitizes

IL-1β Responses in BV2 Microglia-like Cells. Front. Immunol. 2018, 9. [CrossRef]

55



Int. J. Mol. Sci. 2021, 22, 2256

128. Duffy, C.M.; Xu, H.; Nixon, J.P.; Bernlohr, D.A.; Butterick, T.A. Identification of a Fatty Acid Binding Protein4-UCP2 Axis
Regulating Microglial Mediated Neuroinflammation. Mol. Cell. Neurosci. 2017, 80, 52–57. [CrossRef]

129. Zhu, L.; Liu, X.; Nemeth, D.P.; DiSabato, D.J.; Witcher, K.G.; Mckim, D.B.; Oliver, B.; Le, X.; Gorantla, G.; Berdysz, O.; et al.
Interleukin-1 Causes CNS Inflammatory Cytokine Expression via Endothelia-Microglia Bi-Cellular Signaling. Brain Behav. Immun.
2019, 81, 292–304. [CrossRef] [PubMed]

130. He, Y.; Yao, X.; Taylor, N.; Bai, Y.; Lovenberg, T.; Bhattacharya, A. RNA Sequencing Analysis Reveals Quiescent Microglia Isolation
Methods from Postnatal Mouse Brains and Limitations of BV2 Cells. J. Neuroinflamm. 2018, 15. [CrossRef] [PubMed]

131. Bennett, M.L.; Bennett, F.C.; Liddelow, S.A.; Ajami, B.; Zamanian, J.L.; Fernhoff, N.B.; Mulinyawe, S.B.; Bohlen, C.J.; Adil, A.;
Tucker, A.; et al. New Tools for Studying Microglia in the Mouse and Human CNS. Proc. Natl. Acad. Sci. USA 2016, 113,
E1738–E1746. [CrossRef] [PubMed]

132. Bohlen, C.J.; Bennett, F.C.; Bennett, M.L. Isolation and Culture of Microglia. Curr. Protoc. Immunol. 2019, 125, e70. [CrossRef]
[PubMed]

133. Grassivaro, F.; Menon, R.; Acquaviva, M.; Ottoboni, L.; Ruffini, F.; Bergamaschi, A.; Muzio, L.; Farina, C.; Martino, G. Convergence
between Microglia and Peripheral Macrophages Phenotype during Development and Neuroinflammation. J. Neurosci. 2019, 40,
784–795. [CrossRef] [PubMed]

134. Imai, T.; Hieshima, K.; Haskell, C.; Baba, M.; Nagira, M.; Nishimura, M.; Kakizaki, M.; Takagi, S.; Nomiyama, H.; Schall, T.J.; et al.
Identification and Molecular Characterization of Fractalkine Receptor CX3CR1, Which Mediates Both Leukocyte Migration and
Adhesion. Cell 1997, 91, 521–530. [CrossRef]

135. Combadiere, C.; Gao, J.; Tiffany, H.L.; Murphy, P.M. Gene Cloning, RNA Distribution, and Functional Expression of MCX3CR1, a
Mouse Chemotactic Receptor for the CX3C Chemokine Fractalkine. Biochem. Biophys. Res. Commun. 1998, 253, 728–732. [CrossRef]

136. Nishiyori, A.; Minami, M.; Ohtani, Y.; Takami, S.; Yamamoto, J.; Kawaguchi, N.; Kume, T.; Akaike, A.; Satoh, M. Localization of
Fractalkine and CX3CR1 MRNAs in Rat Brain: Does Fractalkine Play a Role in Signaling from Neuron to Microglia? FEBS Lett.
1998, 429, 167–172. [CrossRef]

137. Valdearcos, M.; Robblee, M.M.; Benjamin, D.I.; Nomura, D.K.; Xu, A.W.; Koliwad, S.K. Microglia Dictate the Impact of Saturated
Fat Consumption on Hypothalamic Inflammation and Neuronal Function. Cell Rep. 2014, 9, 2124–2138. [CrossRef] [PubMed]

138. Joost, E.; Jordão, M.J.C.; Mages, B.; Prinz, M.; Bechmann, I.; Krueger, M. Microglia Contribute to the Glia Limitans around
Arteries, Capillaries and Veins under Physiological Conditions, in a Model of Neuroinflammation and in Human Brain Tissue.
Brain Struct. Funct. 2019, 224, 1301–1314. [CrossRef] [PubMed]

139. Von Ehr, A.; Attaai, A.; Neidert, N.; Potru, P.S.; Ruß, T.; Zöller, T.; Spittau, B. Inhibition of Microglial TGFβ Signaling Increases
Expression of Mrc1. Front. Cell. Neurosci. 2020, 14. [CrossRef] [PubMed]

140. Lee, Y.; Lee, J.W.; Nam, H.; Yu, S.W.; Yu, S.W. Cx3cr1 CreERT2-Driven Atg7 Deletion in Adult Mice Induces Intestinal Adhesion.
Mol. Brain 2020, 13. [CrossRef]

141. Van Hove, H.; Antunes, A.R.P.; De Vlaminck, K.; Scheyltjens, I.; Van Ginderachter, J.A.; Movahedi, K. Identifying the Variables
That Drive Tamoxifen-Independent CreERT2 Recombination: Implications for Microglial Fate Mapping and Gene Deletions. Eur.
J. Immunol. 2020, 50, 459–463. [CrossRef] [PubMed]

142. Hickman, S.E.; Allison, E.K.; Coleman, U.; Kingery-Gallagher, N.D.; El Khoury, J. Heterozygous CX3CR1 Deficiency in Microglia
Restores Neuronal β-Amyloid Clearance Pathways and Slows Progression of Alzheimer’s Like-Disease in PS1-APP Mice. Front.
Immunol. 2019, 10. [CrossRef] [PubMed]

143. Lee, S.; Varvel, N.H.; Konerth, M.E.; Xu, G.; Cardona, A.E.; Ransohoff, R.M.; Lamb, B.T. CX3CR1 Deficiency Alters Microglial
Activation and Reduces Beta-Amyloid Deposition in Two Alzheimer’s Disease Mouse Models. Am. J. Pathol. 2010, 177, 2549–2562.
[CrossRef]

144. Rogers, J.T.; Morganti, J.M.; Bachstetter, A.D.; Hudson, C.E.; Peters, M.M.; Grimmig, B.A.; Weeber, E.J.; Bickford, P.C.; Gemma,
C. CX3CR1 Deficiency Leads to Impairment of Hippocampal Cognitive Function and Synaptic Plasticity. J. Neurosci. 2011, 31,
16241–16250. [CrossRef]

145. Rojo, R.; Raper, A.; Ozdemir, D.D.; Lefevre, L.; Grabert, K.; Wollscheid-Lengeling, E.; Bradford, B.; Caruso, M.; Gazova, I.;
Sánchez, A.; et al. Deletion of a Csf1r Enhancer Selectively Impacts CSF1R Expression and Development of Tissue Macrophage
Populations. Nat. Commun. 2019, 10. [CrossRef] [PubMed]

146. Kim, J.-S.; Kolesnikov, M.; Peled-Hajaj, S.; Scheyltjens, I.; Xia, Y.; Trzebanski, S.; Haimon, Z.; Shemer, A.; Lubart, A.; Van Hove, H.;
et al. A Binary Cre Transgenic Approach Dissects Microglia and CNS Border-Associated Macrophages. Immunity 2020. [CrossRef]

147. Kaiser, T.; Feng, G. Tmem119-EGFP and Tmem119-CreERT2 Transgenic Mice for Labeling and Manipulating Microglia. Eneuro
2019, 6. [CrossRef]

148. McKinsey, G.L.; Lizama, C.O.; Keown-Lang, A.E.; Niu, A.; Santander, N.; Larpthaveesarp, A.; Chee, E.; Gonzalez, F.F.; Arnold,
T.D. A New Genetic Strategy for Targeting Microglia in Development and Disease. eLife 2020, 9, 1–34. [CrossRef]

149. Ruan, C.; Sun, L.; Kroshilina, A.; Beckers, L.; De Jager, P.; Bradshaw, E.M.; Hasson, S.A.; Yang, G.; Elyaman, W. A Novel
Tmem119-TdTomato Reporter Mouse Model for Studying Microglia in the Central Nervous System. Brain Behav. Immun. 2020, 83,
180–191. [CrossRef]

150. Masuda, T.; Amann, L.; Sankowski, R.; Staszewski, O.; Lenz, M.; d´Errico, P.; Snaidero, N.; Costa Jordão, M.J.; Böttcher, C.;
Kierdorf, K.; et al. Novel Hexb-Based Tools for Studying Microglia in the CNS. Nat. Immunol. 2020, 21, 802–815. [CrossRef]

56



Int. J. Mol. Sci. 2021, 22, 2256

151. Miron, V.E.; Priller, J. Investigating Microglia in Health and Disease: Challenges and Opportunities. Trends Immunol. 2020, 41,
785–793. [CrossRef] [PubMed]

152. Erblich, B.; Zhu, L.; Etgen, A.M.; Dobrenis, K.; Pollard, J.W. Absence of Colony Stimulation Factor-1 Receptor Results in Loss of
Microglia, Disrupted Brain Development and Olfactory Deficits. PLoS ONE 2011, 6. [CrossRef]

153. De Luca, S.N.; Sominsky, L.; Soch, A.; Wang, H.; Ziko, I.; Rank, M.M.; Spencer, S.J. Conditional Microglial Depletion in Rats Leads
to Reversible Anorexia and Weight Loss by Disrupting Gustatory Circuitry. Brain Behav. Immun. 2019, 77, 77–91. [CrossRef]

154. Lee, B.; Qiao, L.; Kinney, B.; Feng, G.S.; Shao, J. Macrophage Depletion Disrupts Immune Balance and Energy Homeostasis. PLoS
ONE 2014, 9. [CrossRef] [PubMed]

155. Ali, S.; Mansour, A.G.; Huang, W.; Queen, N.J.; Mo, X.; Anderson, J.M.; Hassan, Q.N.; Patel, R.S.; Wilkins, R.K.; Caligiuri, M.A.;
et al. CSF1R Inhibitor PLX5622 and Environmental Enrichment Additively Improve Metabolic Outcomes in Middle-Aged Female
Mice. Aging (Albany N.Y.) 2020, 12, 2101–2122. [CrossRef]

156. Deng, G.; Morselli, L.L.; Wagner, V.A.; Balapattabi, K.; Sapouckey, S.A.; Knudtson, K.L.; Rahmouni, K.; Cui, H.; Sigmund, C.D.;
Kwitek, A.E.; et al. Single-Nucleus RNA Sequencing of the Hypothalamic Arcuate Nucleus of C57BL/6J Mice after Prolonged
Diet-Induced Obesity. Hypertension 2020, 76, 589–597. [CrossRef] [PubMed]

157. Dhana, K.; Braun, K.V.E.; Nano, J.; Voortman, T.; Demerath, E.W.; Guan, W.; Fornage, M.; Van Meurs, J.B.J.; Uitterlinden, A.G.;
Hofman, A.; et al. An Epigenome-Wide Association Study of Obesity-Related Traits. Am. J. Epidemiol. 2018, 187, 1662–1669.
[CrossRef]

158. Nogueira, G.; Solon, C.; Carraro, R.S.; Engel, D.F.; Ramalho, A.F.; Sidarta-Oliveira, D.; Gaspar, R.S.; Bombassaro, B.; Vasques,
A.C.; Geloneze, B.; et al. Interleukin-17 Acts in the Hypothalamus Reducing Food Intake. Brain Behav. Immun. 2020, 87, 272–285.
[CrossRef] [PubMed]

159. Gumbs, M.C.R.; Eggels, L.; Kool, T.; Unmehopa, U.A.; van den Heuvel, J.K.; Lamuadni, K.; Mul, J.D.; la Fleur, S.E. Neuropeptide
Y Signaling in the Lateral Hypothalamus Modulates Diet Component Selection and Is Dysregulated in a Model of Diet-Induced
Obesity. Neuroscience 2020, 447, 28–40. [CrossRef]

160. Li, M.M.; Madara, J.C.; Steger, J.S.; Krashes, M.J.; Balthasar, N.; Campbell, J.N.; Resch, J.M.; Conley, N.J.; Garfield, A.S.; Lowell,
B.B. The Paraventricular Hypothalamus Regulates Satiety and Prevents Obesity via Two Genetically Distinct Circuits. Neuron
2019, 102, 653–667.e6. [CrossRef]

161. Rossi, M.A.; Basiri, M.L.; McHenry, J.A.; Kosyk, O.; Otis, J.M.; Van Den Munkhof, H.E.; Bryois, J.; Hübel, C.; Breen, G.; Guo,
W.; et al. Obesity Remodels Activity and Transcriptional State of a Lateral Hypothalamic Brake on Feeding. Science 2019, 364,
1271–1274. [CrossRef] [PubMed]

57





 International Journal of 

Molecular Sciences

Review

Adaptive Changes in the Central Control of Energy
Homeostasis Occur in Response to Variations in Energy Status

Cassandra Gastelum 1,†, Lynnea Perez 1,†, Jennifer Hernandez 1, Nikki Le 1, Isabella Vahrson 1 , Sarah Sayers 1

and Edward J. Wagner 1,2,*

Citation: Gastelum, C.; Perez, L.;

Hernandez, J.; Le, N.; Vahrson, I.;

Sayers, S.; Wagner, E.J. Adaptive

Changes in the Central Control of

Energy Homeostasis Occur in

Response to Variations in Energy

Status. Int. J. Mol. Sci. 2021, 22, 2728.

https://doi.org/10.3390/ijms22052728

Academic Editor:

Rosalía Rodríguez-Rodríguez

Received: 5 February 2021

Accepted: 4 March 2021

Published: 8 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Graduate College of Biomedical Sciences, Western University of Health Sciences, Pomona, CA 91766, USA;
cassandra.gastelum@westernu.edu (C.G.); lynnea.perez@westernu.edu (L.P.);
jenniferhernandez@westernu.edu (J.H.); nikki.le@westernu.edu (N.L.); isabella.vahrson@westernu.edu (I.V.);
sarah.sayers@westernu.edu (S.S.)

2 College of Osteopathic Medicine of the Pacific, Western University of Health Sciences,
Pomona, CA 91766, USA

* Correspondence: ewagner@westernu.edu; Tel.: +1-909-469-8348; Fax: +1-909-469-5698
† These authors contribute equally to this work.

Abstract: Energy homeostasis is regulated in coordinate fashion by the brain-gut axis, the homeostatic
energy balance circuitry in the hypothalamus and the hedonic energy balance circuitry comprising
the mesolimbcortical A10 dopamine pathway. Collectively, these systems convey and integrate
information regarding nutrient status and the rewarding properties of ingested food, and formulate
it into a behavioral response that attempts to balance fluctuations in consumption and food-seeking
behavior. In this review we start with a functional overview of the homeostatic and hedonic energy
balance circuitries; identifying the salient neural, hormonal and humoral components involved.
We then delve into how the function of these circuits differs in males and females. Finally, we
turn our attention to the ever-emerging roles of nociceptin/orphanin FQ (N/OFQ) and pituitary
adenylate cyclase-activating polypeptide (PACAP)—two neuropeptides that have garnered increased
recognition for their regulatory impact in energy homeostasis—to further probe how the imposed
regulation of energy balance circuitry by these peptides is affected by sex and altered under positive
(e.g., obesity) and negative (e.g., fasting) energy balance states. It is hoped that this work will impart
a newfound appreciation for the intricate regulatory processes that govern energy homeostasis, as
well as how recent insights into the N/OFQ and PACAP systems can be leveraged in the treatment
of conditions ranging from obesity to anorexia.

Keywords: sex difference; estradiol; nociceptin/orphanin FQ; pituitary adenylate cyclase-activating
polypeptide; obesity; fasting

1. The Hypothalamic Energy Balance Circuit in Homeostatic Feeding

Energy homeostasis, the intricate balance between energy intake and expenditure, is
regulated in coordinate fashion by homeostatic and hedonic neural circuits [1]. Aberrations
in these circuits are implicated in the pathophysiology of conditions such as obesity, type-II
diabetes, and food addiction [2–5]. Homeostatic control of energy balance is attributed to
the hypothalamic energy balance neural circuitry, which integrates information relayed
from the brainstem regarding the energy/nutritional status of the organism, based on
chemical and mechanical cues from the gastrointestinal (GI) tract [6,7]. These commu-
nications are ultimately encoded by various hypothalamic nuclei and their associated
neuronal populations, including those in the arcuate nucleus (ARC), ventromedial nucleus
(VMN), lateral hypothalamus (LH), dorsomedial nucleus (DMN), and the paraventricular
nucleus (PVN); producing orexigenic and anorexigenic signals to, respectively, stimulate
and suppress energy intake as well as altering energy expenditure [1,8].
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Excitatory input from steroidogenic factor (SF-1) neurons, located in the VMN, imping-
ing on proopiomelanocortin (POMC) neurons in the ARC represent a critical anorexigenic
synapse in homeostatic energy balance that, when activated, suppresses energy intake and
enhances energy expenditure [5,8–12]. SF-1 is a transcription factor encoded by the NR5A1
gene, and activation of these neurons in the VMN leads to glutamatergic stimulation of
POMC neurons [2,5,8–11]. Activation of POMC expressing neurons within the hypothala-
mic melanocortin system ultimately leads to formation of POMC posttranslational cleavage
products such as α-melanocortin stimulating hormone (α-MSH), which following release
from axon terminals go on to bind downstream effectors like melanocortin 4 receptors
(MC4R) expressed on corticotropin-releasing hormone (CRH) neurons in the PVN [13–17].
In line with α-MSH functioning as a satiety mediator, the percentage of α-MSH neurons
colocalizing with c-Fos in the ARC is greatest at the end of a meal, compared to the be-
ginning of or hours after consumption [18]. In addition to α-MSH, POMC neurons also
release β-endorphin (following posttranslational modification), and co-express cocaine-
and amphetamine- regulated transcript (CART) [19,20]. Overall, POMC signaling reduces
food intake, increases energy expenditure, and regulates glucose metabolism [16,17,19,21].
Prevailing glucose concentrations play a key role in relaying nutrition/energy state cues to
the homeostatic energy balance circuity, where anorexigenic and orexigenic ARC neurons
have glucose sensing abilities. ARC POMC/CART neurons are categorized as glucose-
responsive neurons and take up glucose via a glucose transporter (GLUT2) where it then
metabolizes, producing ATP and thereby promoting the closure of ATP-dependent potas-
sium (KATP) channels to reduce the outflow of K+, ultimately leading to the depolarization
of the cell [22,23]. This aligns POMC cellular excitability and firing rate in direct proportion
to glucose concentrations, with satiety signaling accentuated as glucose levels rise (e.g.,
during or shortly following a meal) [22,23]. It should therefore not be surprising that
perturbations in signaling at this VMN SF-1/ARC POMC synapse can pose detrimental
consequences for energy balance, where null mutations in POMC, its cleavage enzymes or
downstream receptors, as well as lesioning in the VMN, ultimately leads to hyperphagia
and obese phenotypes in rodents and humans [16,17,24].

At the opposing end of hypothalamic energy balance control are neuronal popula-
tions that promote orexigenic or appetite-stimulating effects. Alongside POMC neurons,
the ARC houses neuropeptide Y (NPY) and agouti-related peptide (AgRP) co-expressing
neurons, as well as ghrelin-containing somata [25–27]. Activation of this subset of neurons
pleiotropically dampens the aforementioned anorexigenic signaling. For example, follow-
ing NYP/AgRP neuronal activation, direct inhibition of neighboring POMC neurons is
achieved via synaptic release of the inhibitory amino acid neurotransmitter γ-aminobutyric
acid (GABA) on POMC soma [28]. Further downstream modulation of POMC signaling
is mediated by AgRP antagonism on MC4R or via NPY acting on various receptor sub-
types, ultimately impeding the anorexigenic signaling of α-MSH to induce feeding and
reduce energy expenditure [15,23]. Additionally, NPY/AgRP neurons in the ARC are
glucose-sensitive neurons and their activity/firing rate is inversely proportional to ambient
glucose levels [23]. Neurons found within the LH also relay orexigenic signals, which are
mediated by neurotransmission of melanin-concentrating hormone (MCH) neurons and
orexin neurons [29,30]. Indeed, orexin has been shown to electrically silence POMC neu-
rons by enhancing GABAergic and diminishing glutamatergic inputs onto these cells [31].
In addition, endocannabinoids elicit their orexigenic effects in part through retrograde
inhibition of GABAergic inputs onto MCH neurons [32].

In addition to the ascending inputs from the brainstem, the neurons comprising the
hypothalamic energy balance circuit are also susceptible to the influence of circulating
peripheral hormones—leptin, ghrelin, insulin and sex hormones. Sensitivity to these tran-
sient peripheral hormones (and other periphery signaling molecules) is especially true
for ARC neuronal populations, as this region lies in close proximity to the third ventricle
(3V) and median eminence; a circumventricular organ with an incomplete blood–brain
barrier [33,34]. Therefore, the ARC is in direct contact with systemic circulating hormones,
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permitting critical communication about the energy/nutritional status of the body to ARC
neurons that promotes energy homeostasis. Leptin is synthesized by white adipose tissue
(WAT), with levels fluctuating in proportion to fat mass. Leptin acts as a potent sup-
pressor of food intake, while also stimulating metabolism and reducing excessive stored
energy [35]. POMC and SF-1 neurons are depolarized by leptin receptor (LEPR) activation
via JAK/signal-transducer-and-activator-of-transcription (STAT) and phosphatidylinositol-
4,5-bisphosphate 3-kinase (PI3K) pathway signaling [36–39], while LEPR activity on AgRP
neurons activates ATP-gated K+ (KATP) channels leading to potassium outflow, hyperpo-
larization and decreases in firing [40–42]. The anorexigenic effect of leptin also involves a
reduction in hypothalamic endocannabinoid levels [43]. Conversely, hypothalamic levels
of endocannabinoids are increased in leptin receptor-deficient fa/fa rats and leptin-deficient
ob/ob mice [43]. Similar to leptin, insulin signaling in the hypothalamus promotes an anorex-
igenic tone and elicits transient receptor potential (TRP)C5 channel-induced excitation of
POMC neurons following receptor activation [44]. While for insulin, several prior studies
reported inhibitory responses in POMC neurons due to activation of KATP channels, it
is now known that the proportion of excitatory vs. inhibitory insulin-induced responses
is dependent on ambient levels of protein tyrosine phosphatase 1B (PTP1B) and T-cell
protein tyrosine phosphatase (TCPTP) activity [45–47]. Both enzymes are expressed in
ARC neurons integral to the regulation of energy balance. PTP1B and TCPTP are key
regulators of cell metabolism, as PTP1B decreases leptin activity and TCPTP attenuates
insulin signaling via dephosphorylation of JAK2 tyrosine kinase and the insulin receptor,
respectively, in POMC neurons, whereas in NPY/AgRP neurons TCPTP attenuates insulin
but not leptin signaling [48–50]. Deletion of both enzymes in POMC neurons, or of TCPTP
in NPY/AgRP neurons, from obese mice results in promoted weight loss due to decreased
food consumption and increased WAT browning along with elevated uncoupling protein
(UCP)-1 expression due to enhanced leptin and insulin signaling [48,49].

Conversely, levels of the orexigenic gut-derived peptide ghrelin increase in response
to negative energy balance. As a result, the peptide binds to receptors on ARC NPY/AgRP
neurons to stimulate these neurons, and thereby promote feeding behavior and energy
storage [35]. The orexigenic effect of ghrelin also depends on enhanced hypothalamic
production of endocannabinoids and activation of the energy-sensing signaling molecule
AMP-dependent protein kinase (AMPK) that, in turn, elicits retrograde inhibition of exci-
tatory input impinging on parvocellular neurons in the PVN [51]. These actions require
functionally intact cannabinoid CB1 and ghrelin receptor systems [51,52]. AMPK functions
as an important signaling molecule within the hypothalamic energy balance circuitry, and
exists as a heterotrimeric complex comprising α-, β-, and γ-subunits [53–56]. The α subunit
is the catalytic subunit, while the β and γ subunits are involved in glycogen and AMP/ATP
binding, respectively [53–56]. AMPK activity is stimulated by phosphorylation via two
upstream kinases, human tumor suppressor LKB1 or Ca2+/calmodulin-dependent protein
kinase kinase-β (CaMKKβ) that is triggered by cellular stress, cytokines, hormones like
those mentioned above, as well as by increases in AMP/ATP ratio [53–56]. This in turn
inhibits anabolic pathways and activates catabolic pathways to generate ATP [53–56]. Lep-
tin, insulin, α-MSH, high plasma glucose concentrations and refeeding all inhibit AMPK
whereas AgRP increases it [57]. On the other hand, AMPK activation is necessary for leptin
to inhibit fatty acid synthesis and thereby promote fatty acid oxidation in skeletal muscle
via phosphorylation of acetyl coenzyme A carboxylase [58]. This is consistent with other
examples of opposing cannabinoid- and ghrelin-induced effects on AMPK activity in the
central nervous system (CNS) versus the periphery [59]. When the effects of AMPK are
constitutively manifest in transgenic mice bearing a gain-of-function mutation in the γ2
subunit, this brings about ghrelin-dependent hyperphagia that leads to obesity, glucose
intolerance and hyperinsulinemia [60]. The dynamic interplay between the aforementioned
peripheral hormones and the homeostatic energy balance circuitry is graphically depicted
in Figure 1.
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Figure 1. Schematic diagram illustrating the interplay between peripheral hormones and the homeostatic energy bal-
ance circuitry. Hormones like leptin and insulin released from adipose tissue and the endocrine pancreas, respectively,
exert anorexigenic effects, whereas ghrelin released from the gastric mucosa exerts orexigenic effects. Leptin’s appetite-
suppressing actions are mediated via excitatory effects on anorexigenic POMC and SF-1/PACAP neurons, as well as
inhibitory effects on orexigenic NPY/AgRP and N/OFQ neurons. Insulin also inhibits NPY/AgRP neurons and, paradoxi-
cally, SF-1/PACAP neurons as well. Insulin’s effects on POMC neurons are dependent upon prevailing levels of tyrosine
protein phosphatases. On the other hand, ghrelin’s appetite-promoting effects are due to its excitatory effects on NPY/AgRP
and orexin neurons.

2. The Mesolimbic Dopamine Network and Hedonic Feeding Behavior

Alongside the homeostatic-hypothalamic circuitry, energy balance is also modulated
by hedonic aspects of feeding behavior pertaining to reward-based food intake, or eat-
ing for pleasure. Amounting evidence in rodents and humans now support the theory
that both drugs of abuse and the consumption of highly palatable foods converge on a
shared pathway within the limbic system to mediate motivated behaviors [61–63]. There-
fore, the hedonic consumption of palatable foods involves the mesolimbic dopamine
(A10) neurons that emanate from the ventral tegmental area (VTA) and project onto struc-
tures such as the nucleus accumbens (NAc), prefrontal cortex (PFC), hippocampus, and
amygdala [64–66]. The VTA is comprised of three main neuronal phenotypes including
dopaminergic, GABAergic, and glutamatergic neurons. The rate limiting enzyme for cate-
cholamine synthesis is tyrosine hydroxylase (TH), which catalyzes the hydroxylation of
tyrosine to 3,4-dihydroxyphenylalanine that is then rapidly decarboxylated to produce
dopamine and, in some neuronal populations, norepinephrine and epinephrine [67]. Opto-
genetic studies have shown that local activation of A10 dopamine neurons or their terminals
within the NAc promotes responses of increased reward-seeking behavior [68–71]. On the
other hand, activation of VTA GABAergic neurons promotes aversive responses, while
their inhibition promotes reward, by dampening or promoting A10 dopamine signaling,
respectively [72,73]. Photoactivation studies, following an intracranial self-stimulation
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operant paradigm protocol [74], further support the role of VTA A10 dopamine neurons
in reward-seeking. This reward-seeking role is exemplified through data showing that
photoactivation of VTA glutamatergic neurons expressing cation channel rhodopsin-2
(ChR2) under a vesicular glutamate transporter-2 (VGlut2) promoter caused conditioned
place preference to a photostimulation-paired chamber and motivated operant responding
to earn optical intracranial self-stimulation in mice [75]. These rewarding effects are at-
tributed to local excitatory input onto the VTA A10 dopamine neurons [75]. A10 dopamine
neurons thereby encode reward processing for natural and drug-induced rewards and
are implicated in increasing incentive salience for palatable foods, food-seeking behavior
and impulsivity that could, under the right circumstances, lead to binge-feeding behav-
ior [4,64,66,76–78].

To fully grasp the distinct role A10 dopamine neurons play in hedonic feeding pat-
terns, it is imperative to delineate the multifaceted aspects of global reward processing.
The influential theories proposed by Berridge and colleagues make the case that when
examining the role of food reward in feeding behavior, distinctions must be made between
what he coined as reward ‘liking’ and reward ‘wanting’ [79,80]. ‘Liking’ is associated
with the hedonic impact, or the brain reaction underlying sensory pleasure triggered by
a rewarding stimulus, such as a highly palatable food [79,80]. Hedonic pleasure (‘liking’)
has been reliably measured through observation of facial affective reactions prompted by
exposure to a natural taste stimulus, where sweet tastes elicit positive ‘liking’ patterns
of distinct orofacial expressions (e.g., rhythmic or lateral tongue protrusions) and bitter
tastes alternatively evoke “disliking’ expressions (e.g., gapes) [81]. These varying patterns
of orofacial reactions are homologous to those observed in human infants, orangutan,
chimpanzees, monkeys, rats, and mice, insinuating evolutionary conservation of the under-
lying brain circuits involved [80–83]. Data collected from taste reactivity studies allowed
further insights into the neural underpinning of hedonic impact reactions, illuminating
involvement of hedonic hotspots in the rostrodorsal quadrant of the medial shell of the
NAc, ventral pallidum, and brainstem regions such as the parabrachial nucleus in the
pons [80,84,85].

Conversely, hedonic impact (‘liking’) is distinguishable from ‘wanting’, which is re-
lated to incentive salience or motivation in reward-seeking [79,80]. Further, incentive
salience (in the form of cue-triggered ‘wanting’) is mediated by separate neural networks,
like those originating from A10 dopamine neurons in the VTA, though integration of sig-
nals from both components is mechanistically crucial to produce the full phenomenon we
typically think of as reward [79,80]. As previously mentioned, VTA dopamine signaling
is indicated in incentive salience, a notion vastly supported by evidence wherein reward-
ing stimuli leads to enhanced dopamine transmission, while suppression of dopamine
signaling lessens the motivation for rewards including food, sex, and drugs [65,76,86–88].
However, taste reactivity studies utilizing mutant mice with genetically abolished neural
dopamine, or impaired ventral striatal dopamine caused by neurochemical 6-OHDA le-
sions, have reiterated this point, showing no detectable effects on ability to register the
pleasurability/hedonic impact of tastes in the absence of dopamine [80,89]. Recognition
of these separate neuronal networks encompassing overall reward is key to be able to
discern the contributing neural pathways, and perturbations of these pathways, that lead
to pathological reward-seeking behaviors (e.g., in food and drug addiction). In regard
our recent study described below in Section 4, we mainly focus on ‘wanting’ behaviors in
hedonic feeding and modulations of A10 dopamine signaling in the context of food reward
and binge feeding.

It should be noted that A10 dopamine neurons also play a critical role in aversion
processing in ways that are related to their firing pattern as well as the topographical
pattern of dopaminergic innervation of the NAc. In vivo photometry studies have revealed
that responses to aversive stimuli are mediated by A10 dopamine neurons terminating
in the ventromedial shell of the NAc [90]. Aversive responses are induced by excitation
of these neurons that occurs, at least in part, via glutamatergic input from the lateral
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hypothalamus [91]. Optogenetic studies indicate that prolonged stimulation of these A10
dopamine neurons activates dopamine D1 and D2 receptor-bearing medium spiny neurons
that, in turn, increases the firing rate of GABAergic neurons in the ventral pallidum,
decreases the excitability of A10 dopamine neurons and reduces cocaine reward [92].

As with the hypothalamic energy balance circuit, the neurons comprising the hedonic
reward circuitry, namely the A10 dopamine neurons, are also sensitive to circulating leptin,
insulin, and ghrelin levels, relaying signals to regulate food-seeking behavior and ultimately
changes in body mass [93]. Leptin binding to and activating LEPRs expressed on VTA A10
dopamine neurons leads to phosphorylation of STAT3, membrane hyperpolarization and
reduced firing in these neurons [94,95]. Moreover, site-specific ablation of LEPRs in the
VTA heightens the sensitivity of mice to the rewarding aspect of highly palatable foods (e.g.,
sucrose), while microinjection of leptin into the VTA reduces food intake [95]. Secondary
regulation of VTA dopamine neurons by leptin is mediated via direct leptin action on LH
LEPR expressing neurons which in turn relay signals onto the A10 dopamine population,
via synaptic contact, to promote decreases in food intake and concomitant decreases in
body weight [96]. Interestingly, LH LEPR neurons have been shown to represent a unique
neuronal population distinct from the previously mentioned orexin or MCH neurons
also found in the LH [96]. Anterograde tract- and retrograde tracing further confirmed
that LH LEPR neurons project caudally to densely innervate the VTA, with few to no
projections seen in hypothalamic regions (including the ARC) or in the striatum (including
the NAc). Therefore, LH LEPR neurons may play a unique role in A10 dopamine regulation
compared to other LEPR expressing neurons in the hypothalamus [96]. This interaction
of LH signaling to control VTA neurons importantly highlights how homeostatic and
hedonic neural circuits may dynamically and coordinately interact with one another to
promote global energy balance. Insulin receptors are also present on VTA (and substantia
nigra) dopamine neurons and can induce expression of the dopamine transporter (DAT)
in these neuronal populations, as was demonstrated following intracerebroventricular
(i.c.v.) insulin treatment [93]. Increased DAT results in quicker dopamine reuptake from the
synaptic cleft back into presynaptic neurons, thereby halting stimulation of postsynaptic
neurons and ultimately working to decrease the rewarding effect of food [93]. Furthermore,
ghrelin binding to and activating ghrelin receptors expressed on A10 dopamine neurons has
been shown to elevate the frequency of action potentials in these neurons, as well as induce
increased dopamine turnover in the NAc, promoting appetite [97]. Interestingly, the ghrelin-
induced increase in locomotor activity and dopamine release in the NAc is negated by CB1
receptor antagonism with rimonabant [98]. Thus, the abundant presence of communication
between the brains reward circuitry and fluctuating hormones and neuromodulators,
that typically relay nutritional/energy state cues, underscores the important role of A10
dopamine signaling in energy balance and potential links to feeding pathologies.

The intrinsic separation of the neural systems encoding hedonic impact from pleasure
and the incentive salience or motivation for a reward, can give way to possible explanations
for aberrant feeding behaviors that may underlie feeding pathologies [80]. Individuals
with substance abuse disorders seem to take drugs compulsively even when they no longer
derive pleasure from them (‘liking’), and their motivation to take the drug (‘wanting’) may
persist due to long-lasting sensitization of their brain mesolimbic systems, brought on by
repeated binges [76,80,88]. Food is a natural reward with reinforcing properties, similar
to rewards such as sex and drugs, and activates the dopaminergic mesolimbic system
by elevating extracellular dopamine concentrations in the NAc [99–101]. In particular,
highly palatable, calorie rich foods can critically effect A10 dopamine neurotransmis-
sion [102,103], analogous to modulations caused by other potent reinforcing stimuli, e.g.,
cocaine, amphetamines, opiate-like drugs, cannabinoids, alcohol, and nicotine [104–108].
Some evidence suggests that similar sensitization-like changes can be induced by exposure
to certain regimens of food and restriction, modelling oscillations between dieting and
binging on palatable foods [109–113]. Wherein, rats exposed to brief, intermittent bouts
of sucrose access (sucrose binges), express sensitization-like changes, especially when
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binges are cycled with food-restriction. Observed changes include: increasing propensity
to over-consume when allowed, an enduring enhanced neural response to the presentation
of food reward and cues, and an over-response to the psychostimulant effects of drugs such
as amphetamine (a typical behavioral marker of drug-induced neural sensitization, which
suggests a common underlying mechanism) [110,113–115]. Indeed, dopamine release into
the NAc and c-fos expression in A10 dopamine neurons is increased during binge-feeding
episodes [77,116], lending further credence to this notion. Additionally, obesity is asso-
ciated with dysfunction of dopaminergic systems. Obese patients present with reduced
striatal dopamine D2 receptor, as measured by positron emission tomography [117]. This
similarity between food reward and drug reward gives rise to the notion that feeding
disorders and drug abuse and/or dependence share common mechanisms, as neuropsy-
chological diseases involving negative alterations of the neural networks associated with
the reinforcing properties of rewards [118–120].

3. Influences of Sex and Diet on Central Energy Balance Circuits

Sex differences are abundantly present in the context of energy homeostasis and
although the prevalence of obesity is similar between men and women, women seem to
have a greater risk of developing eating disorders and extreme obesity [121,122]. Indeed,
sex is thought to represent one of the main risk factors for food-related disorders, including
binge eating disorder [123]. Other lines of evidence illustrating sex differences in food-
based reward processing include women having a reduced ability to control food desire,
higher cortical and limbic activation when presented with visual, gustatory and olfactory
cues, as well as increased susceptibility to episodes of food-craving and lack of control
for sugary foods, compared to men [124–128]. The role of sex hormones, particularly the
fluctuating estrogen levels in females throughout the estrous cycle, is of interest in these
disparities seen between males and females for reward-based consumption.

Estrogens elicit inhibitory effects on food intake, attributable to activation of estrogen
receptors in key brain regions responsible for food intake control and body weight, such as
the hypothalamus and nucleus tractus solitarius [5,129–132]. In regard to sex hormones,
studies on the cannabinoid system have elucidated activation effects of gonadal steroid
hormones on hypothalamic energy balance neural circuitry. Estradiol (E2) in females has
been shown to attenuate cannabinoid-induced hyperphagia and hypothermia, as well
the decrease in glutamatergic input onto POMC neurons [133]. These estrogenic actions
occur through activation of estrogen receptor (ER) and the Gq-coupled membrane ER (Gq-
mER), which triggers a signaling pathway involving PI3K, protein kinase C (PKC), protein
kinase A (PKA) and neuronal nitric oxide synthase (nNOS) [131,132,134]. This, in turn,
diminishes endocannabinoid tone at VMN SF-1/ARC POMC synapses, thereby relieving
the retrograde inhibition of the glutamatergic input [10,11]. Regarding nNOS, while
multiple isoforms with differing efficacies in eliciting downstream nitric oxide signaling
have been characterized in brain [135], it is currently unknown which isoform mediates
the estrogenic diminution in endocannabinoid tone at these synapses. Therefore, it will be
necessary for future studies to elucidate the isoform responsible.

Interestingly, functional glutamatergic synapses at these VMN SF-1/ARC POMC
synapses are largely silenced in obese females [11]. Indeed, studies of both POMC and
NPY/AgRP neurons from ob/ob mice reveal that they undergo extensive synaptic plasticity
under conditions of obesity; with the former receiving significantly more inhibitory inputs
concomitant with a reduction in excitatory inputs, and the latter having appreciably more
excitatory inputs and fewer inhibitory ones impinging upon them [136]. Obesity also
correlates with chronic inflammation and resistance to leptin and insulin not only in the
CNS but also peripherally [137–140]. However, the inflammation, reactive gliosis and
subsequent neuronal injury observed in the mediobasal hypothalamus develops more
rapidly than for similar maladaptations occurring in peripheral organs [141].

By contrast, testosterone in males rapidly increases energy intake and is reversed
by the CB1 receptor antagonist AM251 and the diacylglycerol lipase (DAGL) inhibitor
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Orlistat, and potentiates the cannabinoid-induced decrease in glutamatergic input onto
POMC neurons [10,142]. This androgen-induced increase in endocannabinoid tone is due
to activation of AMPK, which augments retrograde inhibition of glutamate release at VMN
SF-1/ARC POMC synapses [10,142]. These effects are further magnified in obese males
due to reduced PI3K signaling in the ARC [11,143]. Lastly, the development of central
insulin resistance brought on by diet-induced obesity is sexually differentiated. Males are
more susceptible to the attenuated activation of both TRPC5 channels in POMC neurons
and KATP channels in NPY/AgRP neurons than are females under the protection of E2,
which prevents the respective increase in suppressor of cytokine signaling-3 and decrease
in PI3K signaling that drives central insulin resistance [143,144].

Estrogen receptors are also expressed within the VTA. Evidence indicates that estrogens
increase self-administration of rewards like psychomotor stimulants and alcohol [145–147].
In animal studies, female rats have been more motivated to work for cocaine during
the estrus phase, compared to other phases of the estrous cycle [148,149], and E2-treated
ovariectomized (OVX) female rats exhibited increased motivation to self-administer co-
caine [150]. The effects of estrogen on reward neural circuitry are also evident in motivation
for food rewards. In opposition of the findings from self-administration of drug rewards,
intra-VTA injections of E2 significantly reduced the motivation to work for sucrose rewards
in a progressive ratio operant conditioning task within 1 h after injection, while overall
food intake was not altered by this treatment [151]. Additionally, a study comparing the
self-administration of chocolate-flavored beverage (CFB) and concomitant changes in extra-
cellular dopamine in the dialysate obtained from the NAc, between male as well as intact
and OVX female rats, showed that female rats in the proestrus and estrus phases of the
cycle had reduced lever responding for, and amount of self-administered CFB, paired with
lowered extracellular dopamine in the dialysate from the NAc shell [152]. These variable
findings between food versus drug rewards raise questions about the role estrogens play
in food reward processing and how they may potentially explain the disparate prevalence
rates between males and females in feeding behavior pathologies.

4. Nociceptin/Orphanin FQ Regulation of Homeostatic and Hedonic Energy Balance
Circuits

The neuropeptide nociceptin/Orphanin FQ (N/OFQ) is an endogenous opioid hep-
adecapeptide that is encoded by the prepronociceptin gene [153–155]. N/OFQ binds with
high affinity to its cognate Gi/o-coupled nociceptin opioid peptide (NOP) receptor, and
despite high structure homology, has minimal affinity for classic opioid receptors (mu,
kappa, or delta opioid receptors), nor do classical opioid receptor ligands (e.g., naloxone,
endorphin, dynorphin) have high affinity binding for NOP [155,156]. Initial studies on
N/OFQ indicated the peptide attenuates locomotor activity, increases sensitivity to pain,
while blocking the antinociceptive activity of mu, delta, and kappa analgesics following
i.c.v. injections; thus garnering the name nociceptin [154,155,157]. The NOP receptor
is expressed extensively throughout the central nervous system (CNS) [153,156,158,159],
subserving a role in an array of central processes including pain, learning and memory,
emotional states, neuroendocrine control, food intake, and motor control (see [160] for
thorough review).

The actions of N/OFQ in these disparate neuronal systems is accredited to peptide
binding and subsequent activation of its NOP receptor. In line with agonist activation in
all GPCRs, following NOP activation by N/OFQ the Gα and Gβγ subunits dissociate to
then promote the various effector pathways [155,158]. Therein, NOP receptor activation
inhibits adenylate cyclase (AC) activity and couples to pertussis-toxin-sensitive G-proteins
resulting in decreased cyclic adenosine monophosphate (cAMP) production [154,155,160,
161]. Further, NOP receptors canonically couple to G protein-gated inwardly rectifying
potassium (GIRK)3 and both N-type as well as P/Q type voltage-gated Ca2+ channels.
Upon NOP receptor activation, Ca2+ currents are reduced and GIRK channels activated,
causing K+ efflux, cellular hyperpolarization and attenuated neural activity [162–164].
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Additionally, NOP receptor signaling has been shown to promote activation of PKC as well
as phospholipase A2 and C [165–167].

As mentioned, the N/OFQ/NOP receptor system is expressed widely throughout
the brain in mice, rats, and humans, and importantly is expressed densely in the ARC
and VTA [153,156,159,168,169]. The abundant expression of N/OFQ and NOP in these
key regions supports a role in both homeostatic and hedonic energy balance regulation.
Indeed, i.c.v. injections into the lateral ventricle (LV), 3V, and intranuclear injections into
the ARC of N/OFQ or NOP agonists have been shown to produce a dose-dependent
increase in feeding behavior even in satiated animals; intra-ARC injections proving to be
the most efficacious to induce hyperphagia [170–174]. Additionally, chronic i.c.v. infusions
of the neuropeptide have been associated with increased body weight via modifications
in feeding and metabolism in mice [175]. In addition, we have found that the rebound
hyperphagia seen upon refeeding in fasted NOP receptor null mice is significantly blunted
compared to their wildtype littermate controls [176]. The appetite-stimulating properties
of N/OFQ can be attributed, at least in part, to the NOP receptor-mediated inhibition
of POMC neurons via activation of GIRK channels, as seen with either exogenous bath
application of the neuropeptide or high-frequency optogenetic stimulation of ARC N/OFQ
neurons [5,176–179]. The observed effects of N/OFQ are not limited to anorexigenic
pathways, however, and have been observed to also influence orexigenic circuitry. NOP
receptors are expressed in NPY/AgRP neurons, and N/OFQ increases AgRP release from
mediobasal hypothalamic explants [180]. Interestingly, these ARC N/OFQ neurons co-
release GABA upon low-frequency optogenetic stimulation, which can provide additional
inhibitory input onto POMC neurons [181]. They are also regulated by ambient levels of ex-
tracellular glucose, and inhibited by leptin [181]. On the other hand, N/OFQ administered
into the perifornical/lateral hypothalamic area exerts a hypophagic effect attributed to a
NOP receptor-mediated inhibition of orexin neurons via activation of KATP channels [182].
Nevertheless, the prevailing sentiment based on the totality of the available evidence
clearly indicates that N/OFQ is profoundly hyperphagic via its collective actions within
the homeostatic energy balance circuitry.

Moreover, several lines of in vivo and in vitro evidence illustrate the effects of N/OFQ
on the A10 dopamine system, providing credence to the notion that N/OFQ may be
inherently linked to reward system processing, and thus to hedonic feeding behavior.
Data obtained from in vivo studies have shown that N/OFQ decreases the outflow of
dopamine in the NAc following intracerebral injections, dampens the morphine-induced
dopamine release in the NAc, and blocks the acquisition of morphine-dependent place
preference [183–186]. Further, bath application of N/OFQ during intracellular electrophys-
iology recordings in rat midbrain slices caused membrane hyperpolarization and reduced
firing under current-clamp, which was associated with an outward current under voltage
clamp [187]. These inhibitory effects of N/OFQ in the VTA were reduced by the NOP
receptor antagonist [Phe11jCH2-NH)Gly2]NC(1 ± 13)NH2 (1 µM) but were unaltered by
presence of tetrodotoxin or the opioid receptor antagonist naloxone [187]. Additionally, acti-
vation of NOP receptors expressed in the NAc and dorsal striatum work to pre-synaptically
inhibit dopamine synthesis and tyrosine hydroxylase (TH, the rate-limiting enzyme in
dopamine production) phosphorylation and act post-synaptically on dopamine responsive
neurons by decreasing dopamine D1 receptor signaling via suppression of cAMP/PKA
activity [188]. Lastly, microdialysis studies have revealed that N/OFQ significantly reduces
extracellular DA levels in both the VTA and NAc [184].

The preceding section on sex differences in energy balance control is particularly
relevant when it comes to NOP receptor-mediated regulation. In homeostatic energy bal-
ance, males are significantly more sensitive to the inhibitory effects of exogenous N/OFQ
on excitatory neurotransmission at VMN SF-1/ARC POMC synapses than are females
during E2-dominated phases of the estrous cycle in two ways: (1) the direct hyperpolar-
ization/cessation of firing of both VMN SF-1 and ARC POMC neurons, as well as the
underlying outward current, due to the activation of GIRK channels is greater in males than
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in females and (2) the presynaptic inhibition of glutamate released of VMN SF-1 neurons at
these synapses is more substantive in males than in females [5,189,190]. Additionally, E2 ex-
erts powerful activational effects by diminishing the inhibitory effects of exogenous N/OFQ
at VMN SF-1/ARC POMC synapses, as well as the decreased excitability of POMC neurons
caused by optogenetic stimulation of ARC N/OFQ neurons, and protecting against the
aberrant hyperphagia and reduction in energy expenditure caused by exogenous N/OFQ
administered directly into the ARC of obese OVX females [5,178,179,191]. E2 also attenu-
ates the pleiotropic actions of N/OFQ on POMC neurons by binding to either ERα or the
Gq-mER, which leads to a signaling cascade that includes phospholipase C (PLC), PI3K,
PKC, PKA and nNOS [191]. Furthermore, progesterone administered to OVX, estrogen-
primed females restores the sensitivity of POMC neurons to these pre- and postsynaptic
actions of N/OFQ [192]. The precise actions of N/OFQ and NOP receptor activation in
the aforementioned neural circuitry, its effects on feeding-behavior, and potential role in
feeding-related pathologies will be discussed in further detail below.

In addition to sex differences, diet modifications resulting lean or obese phenotypes
alter the signaling effects of N/OFQ in homeostatic and hedonic neural circuits, and
increases the risk for aberrant feeding-behavioral patterns to form. Diet-induced obesity
increases the intrinsic excitability of ARC N/OFQ neurons, which augments the inhibitory
GABAergic tone received by POMC neurons [181]. Conversely, ablation of ARC N/OFQ
neurons hinders the development of obesity caused by a four-week exposure to a HFD [181].
Moreover, diet-induced obesity renders VMN SF-1/ARC POMC synapses more susceptible
to the inhibitory effects of exogenous N/OFQ in males and hypoestrogenic OVX females [5].
This greatly curtails anorexigenic signaling at these synapses; causing exaggerated N/OFQ-
induced increases in energy intake and decreases in energy expenditure, and is entirely in
keeping with our recent demonstration that N/OFQ administered directly into the ARC
significantly enhances binge-feeding behavior caused by short-term intermittent exposure
to a HFD [179].

Endogenous N/OFQ signaling may also be intrinsically associated with or escalate
aberrant feeding patterns associated with diet-induced obesity and/or binge-feeding. In
one instance, Sprague Dawley rats that had previously been determined as “fat-preferring”,
were particularly susceptible to N/OFQ-induced acute hyperphagia following i.c.v. in-
jection [173]. Additionally, NOP receptor knockout mice displayed significantly reduced
levels of HFD food consumption, compared to their wildtype littermate controls [193].
Additionally, administration of the novel NOP antagonist LY2940094, effectively increases
lipid utilization metabolism and reduces fasting-induced hyperphagia of chow in wildtype
129S6 mice, but not in those with genetic deletion of the NOP receptor [194,195]. Further,
LY2940094 reduces HFD consumption measured over a 5-h exposure period and also
hindered weight gain over 3 days of HFD exposure [195]. Providing further support for
the intrinsic contribution of endogenous N/OFQ/NOP signaling in the pathogenesis of
obesity and eating disorders, systemic administration of LY2940094 reduced intake of
HFD in diet-induced obese rats and mice, and also improved metabolic parameters by
reducing the respiratory quotient in mice with access to HFD in their metabolic feeding
chamber [195]. In relation to N/OFQ and binge-feeding, systemic treatment with the
selective NOP antagonist SB 612111 produced a dose-dependent decrease in intermittent
HFD binge eating, but not a change in the total 24-h food intake of mice who were either
on an intermittent-HFD or continuous-HFD feeding regimen [196].

While the last few studies mentioned regarding altered feeding behavior certainly
provide evidence that the N/OFQ-NOP system is involved in the neuropathology of obe-
sity and related eating disorders, they were not designed to offer insight into the specific
neuronal populations acted upon that leads to such pathogeneses. In addition, the exact
mechanisms through which sex and diet interact to modulate NOP receptor-mediated inhi-
bition of reward encoding A10 dopamine neurons and hedonic feeding remained a mystery
until very recently. We have discovered that the endogenous release of N/OFQ caused
by high-frequency optogenetic stimulation of VTA neurons in mesencephalic slices from
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N/OFQ-cre mice powerfully inhibits neighboring VTA neurons; an effect that is faithfully
recapitulated by exogenous bath application of N/OFQ during recordings of A10 dopamine
neurons in slices from TH-cre mice [179]. The membrane hyperpolarizations and underly-
ing outward currents were attenuated by E2 in females, and accentuated by diet-induced
obesity in males [179]. These N/OFQ-induced inhibitory effects on A10 dopamine neurons
functionally translated into sex- and diet-dependent changes in binge-eating behavior, as
N/OFQ delivered into the VTA decreased the rampant consumption seen during the binge
episodes in obese but not lean males, and in both lean and obese females [179]. Just as we
saw with the inhibitory effects of N/OFQ in A10 dopamine neurons from female mice, E2
counteracted the inhibitory effect of intra-VTA N/OFQ on binge feeding [179]. Thus, it is
clear that N/OFQ exerts multifaceted effects on energy balance via NOP receptor-mediated
regulation of homeostatic and hedonic circuits that are site-specific as well as sex hormone-
and diet-dependent. The site specificity underscores the fact that despite the inhibitory
effect of N/OFQ on A10 dopamine neurons and the associated dampening of binge-feeding
behavior, there is clearly a net hyperphagic response caused by the peptide that is due
largely, if not exclusively, to its effects within the homeostatic energy balance circuitry.

5. Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP) Regulation of
Homeostatic and Hedonic Energy Balance Circuits

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a hypophysiotropic
neurohormone belonging to the largest family of developmental and regulatory peptides
that includes vasoactive intestinal polypeptide (VIP)-secretin-growth hormone-releasing
hormone (GHRH)-glucagon superfamily, along with secretin, glucagon, human growth
hormone-releasing factor (hGRF), and VIP [197]. Containing the most conserved sequence
throughout evolution in its family, PACAP is encoded by the ADCYAP1 gene as a 38-amino
acid C-terminally α-amidated polypeptide [197]. It is transcribed in hypothalamic neurons
and peripheral organs, such as the GI tract, pancreas, and gonads; exerting pleiotropic
physiological effects such as the regulation of neurotransmitter release and secretion,
vasodilation, energy balance, as well as stimulation and inhibition of cell proliferation
and/or differentiation [198–200]. The PACAP precursor yields two different forms of
PACAP, PACAP1–38 and PACAP1–27, as well as PACAP-related peptide (PRP) [200]. Given
its widespread distribution in the CNS and periphery, PACAP is well-equipped to act as a
hormone, a neurotransmitter, and a trophic factor in various tissue types [200].

The effects of PACAP are mediated through two classes of PACAP receptors: the
pituitary adenylate cyclase-activating polypeptide-specific 1 receptor (PAC1) and two
subtypes of VIP/PACAP-receptors termed VPAC1 and VPAC2 [197,200]. PAC1 receptor
exhibits almost a twofold higher affinity for PACAP than for VIP, while the VPAC1 and
VPAC2 receptors recognize both PACAP and VIP with equally high affinity [197]. PAC1, a
metabotropic receptor, is found in various hypothalamic structures including the supraop-
tic nucleus (SON), PVN, ARC, LH, VMN, as well as extrahypothalamic regions of the brain
like the cerebral cortex, Broca’s area, the hippocampus, among others [197,200]. VPAC1 and
VPAC2 receptors are appreciably expressed in peripheral organs including the lung, duo-
denum, and thymus, although with less abundance than PAC1 receptors [201,202]. There
is considerable evidence demonstrating that the PAC1 receptor signals through Gq and Gs.
For example, physiological studies have determined that PACAP acts on PAC1 receptor
in mouse neural stem cells, and upon receptor activation the signal generated is carried
via a Gq-mediated PLC/diacylglycerol/inositol 1,4,5-trisphosphate (IP3)-dependent sig-
naling pathway [203]. In the hypothalamus, PACAP binds to PAC1 receptors that induce
Gq-coupled stimulation of PLC, PI3K, and PKC to ultimately activate TRPC5 channels [12].
In the neurohypophysis, activation of PAC1 receptors by PACAP can lead to signaling via
the Gs pathway [204] that increases firing and depolarizes the membrane potential of mag-
nocellular neurons in rat brain slices via the activation of adenylate cyclase/cAMP/PKA
signaling [204–206]. In doing so, PACAP stimulates the release of oxytocin and vasopressin
from the posterior pituitary [204,207]. Activation of PAC1 receptors has also been shown
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to elevate intracellular Ca2+ concentrations in dissociated magnocellular neurons from rat
SON, and stimulate a quinine- sensitive K+ outward current in murine microglia [207,208].

In the immune system, PACAP decreases chemotaxis of thymocytes and lymphocytes
both via the activation of the PKA pathway [209,210]. Additionally, PACAP inhibits tumor
necrosis factor-α and both interleukin-6 and interleukin-12 release, while enhancing the
production of the cytokine interleukin-10 in lipopolysaccharide-activated macrophages;
suggesting it acts as a protective agent that regulates the release of proinflammatory and
anti-inflammatory cytokines [211–214]. The effects of PACAP on cell proliferation/survival
are dependent on the downstream channel targeted as well as transcriptional cues. In vitro
experiments have demonstrated that the effect of PACAP on cell survival is regulated via
the activation of the Gs pathway, contributing to the phosphorylation of the extracellular
signal-regulated (ERK)-type of mitogen-activated protein (MAP) kinase and enhanced
c-fos gene expression [215–217]. On the other hand, PACAP dose-dependently inhibits
concanavalin A-induced cell proliferation in murine splenocytes [218]. Moreover, PACAP
stimulates Ca2+ mobilization and blocks K+ currents in a variety of neuronal cell types
(e.g., magnocellular neurons, cerebellar granule cells), two processes intimately linked to
PACAP-induced enhancements in cell excitability [206,219–221]. Furthermore, PACAP
stimulates postprandial glucagon-like peptide, leptin and insulin secretion, and also has
been shown to promote insulin secretion from pancreatic β-cells via Ca2+ influx through
L-type Ca2+ channels [222–226]. This latter effect may be dependent on ambient glucose
concentration and its ability to enhance ATP production and thereby negatively gate ATP-
sensitive potassium (K+

ATP) channels [227,228]. This indicates that endogenous PACAP
acts as a physiological regulator of pancreatic β-cell activity linked to K+

ATP channels
in a manner similar to that described for the vasodilatory and neuroprotective effects
of the peptide. [229,230]. Thus, it is clear that PACAP regulates a wide array of bodily
functions including hypophysiotropic neurosecretion, glial function, immunomodulation,
cell proliferation/survival, glucose homeostasis, vasodilation, neuroprotection and energy
homeostasis via Gs- and Gq-mediated signaling. Moreover, given the inexorable link
between obesity and inflammation [137–139,141], it is entirely conceivable that the overall
anti-inflammatory effect of PACAP contributes significantly to lean phenotypes promoted
by this peptide [226,231].

PACAP exerts myriad effects on energy balance at all levels of the brain-gut axis. For
example, intravenous injection of PACAP on rats causes secretion of saliva from the sub-
mandibular and parotid glands, whereas in the stomach, PACAP decreases histamine- and
pentagastrin-activated gastric acid secretion; the latter suggesting that PACAP acts indi-
rectly to regulate gastric acid release [232–234]. In addition, intravenous injection of PACAP
increases bicarbonate secretion and chloride secretion in the duodenum and in the distal
colon, respectively [235,236]. Moreover, while PACAP administered centrally increases gas-
tric motility, peripherally it evokes a dose-dependent relaxation of the gastric smooth mus-
cles, decreases gastric motility and therefore delays stomach clearing [237–239]. Likewise,
PACAP stimulates intestinal smooth muscles to relax in rats and other species [240–243].

Concerning peripheral glucose and lipid homeostasis, PACAP exerts a more potent
action in stimulating glucose output from a perfused rat liver as compared to VIP [244].
While PACAP can clearly act centrally to regulate glucose homeostasis, the hyperglycemic
role of PACAP in vivo can also be attributed to both an indirect action via increase in plasma
glucagon and/or catecholamines, which increase glycogenolysis and gluconeogenesis [245].
Finally, in regard to energy metabolism, PACAP is known to accelerate lipolysis via the
sympathetic nervous system (SNS). This suggests that hypothalamic PACAP signaling may
promote the use of catabolized lipids as a viable energy source [197,231].

The hypothalamic regions that play a role in the regulation of thermogenesis, energy
expenditure, and energy intake such as the PVN, VMN, and ARC abundantly express
PACAP and the PAC1 receptor, suggesting that PACAP plays a vital role in the control of
these processes [200,201,246]. There are two major populations of hypothalamic PACAP
neurons—one with cell bodies residing in the PVN and the other with somata in the
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VMN [9,12,247]. The PVN PACAP neurons are thought to promote appetite through synap-
tic connections with, and excitation of, NPY/AgRP neurons [9]. It is the loss of signaling
via this population of PACAP neurons that may explain reports of hypoinsulinemia, de-
creased adiposity, lower body weight and increased insulin sensitivity seen in transgenic
PACAP-null mice [248]. The VMN PACAP neurons exhibit extensive colocalization with
SF-1, which along with leptin drives PACAP expression [12,247,249]. These neurons are
reported to be glucose inhibited, and their selective activation reduces circulating insulin
concentrations and glucose tolerance [250,251]. VMN PACAP neurons make synaptic con-
tact with POMC neurons, and like POMC neurons, are excited by leptin [9,12,36,37,252]. As
such, this VMN population of PACAP neurons is poised to suppress appetite and enhance
energy expenditure. In accordance, studies show that PACAP injected into the VMN causes
an increase in body temperature via adaptive thermogenesis and increased levels of UCP-
1 [197,247,253,254]. The adaptive thermogenesis brought on in part by increasing WAT
browning in rodents increases energy expenditure and suppresses diet-induced obesity
and glucose intolerance [49,50]. PACAP also controls activity, as an injection of PACAP
given i.c.v. or into the VMN increases locomotion in rodents concomitant with an increase
in O2 consumption [247,253,254]. A systemic injection of PACAP into wild type (WT) mice
dose-dependently lowers cumulative energy intake and decreases various indices of meal
pattern like meal-size and rate of consumption, which correlates with reduced ghrelin
secretion [226]. PACAP delivered directly into the VMN or PVN also reduces energy
intake; however, these effects are coupled with somewhat disparate effects on meal pattern.
PACAP injected directly into the PVN decreases meal size, rate of consumption, duration,
total time spent eating and increased latency to meal initiation, whereas PACAP injected
into the VMN only evokes an increase in the latency to meal initiation and a decrease in the
rate of eating [254]. Thus, PACAP signaling throughout the homeostatic energy balance
circuitry exerts far-reaching effects on energy intake, meal pattern and energy expenditure.

Additional studies investigating the homeostatic energy balance circuitry have demon-
strated that PAC1 receptors are expressed in POMC neurons, and that PACAP administered
to ad libitum-fed animals elevates POMC expression, c-Fos expression in POMC neurons,
and MC4R receptor mRNA expression when injected i.c.v. or into the VMN, as well as
enhancing α-MSH release from hypothalamic explants [250,253,255]. In contrast, PACAP
had no effect on AgRP, CART or NPY mRNA levels [250]. In addition, PAC1 receptor block-
ade with PACAP6–38 or PACAP deficiency seen in Adcyap1-/-mice significantly decreases
the leptin-induced hypophagia, hyperthermia, and increase in WAT sympathetic nerve
activity in vivo [231,247]. We have recently shown that the profound influences PACAP
exerts in the homeostatic control of energy balance in ad libitum-fed mice are diet- and
sex-dependent [12]. We observed that PACAP evokes an inward current associated with an
increase in firing in ARC POMC neurons that was abolished by PAC1 receptor antagonism
and TRPC5 channel blockade, and augmented by E2 [12]. The inward current was signifi-
cantly attenuated upon inhibition of PLC, PI3K and PKC, but not PKA; suggesting that the
PACAP-induced activation of POMC neurons was mediated via, PI3K and Gq-mediated
signaling pathways [12]. The stimulation of ARC POMC neurons caused by PACAP admin-
istered directly into the ARC suppresses energy intake and enhances energy metabolism,
and these effects were markedly attenuated under conditions of diet-induced obesity [12].
These effects of exogenously applied PACAP were effectively mirrored by chemogenetic
and optogenetic stimulation of VMN PACAP neurons [12]. Collectively, these data sug-
gest that under ad libitum-fed conditions PACAP functions through a PI3K/PLC/PKC
pathway to activate POMC neurons via TRPC5 channels upon PAC1 receptor stimulation
via Gq-mediated signaling [12]. Thus, VMN PACAP/ARC POMC synapses constitute
a critical anorexigenic component of the homeostatic energy balance circuitry, one that
is accentuated by E2 in females and attenuated by obesity in males. These findings are
consistent with other examples of positive estrogenic modulation of the PACAP/PAC1
receptor system that occur during the response to stress. E2 stimulates PACAP and PAC1
receptor expression in the bed nucleus of the stria terminalis (BTNS) as well as in the
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medial basal hypothalamus (MBH) compared to levels seen in the oil-treated OVX con-
trols [256]. Likewise, PACAP expression in the PVN and anterior pituitary is heightened
during the elevated E2 levels seen during proestrus [256]. Concerning the hedonic energy
balance circuitry and the consumption of palatable food, prior studies have shown that
when PACAP is injected into the NAc it mimics the inhibitory effect of GABA receptor
agonists on binge-like feeding behavior and decreases firing in NAc neurons [257]. This
effectively reduces hedonic drive for palatable food as gauged by decreases in appetitive
orofacial responses to sucrose, as well as by increases in aversive responses when PACAP
is administered into the caudal NAc [258].

Whereas obesity exemplifies a state of positive energy balance, fasting represents
a state of negative energy balance. Food-restricted mice show low levels of POMC and
PACAP mRNA expression coupled with an increase in NPY mRNA expression, and
i.c.v. injections of PACAP decrease energy intake after 30 min of refeeding [247,250].
Surprisingly, in recent experiments we found that during voltage clamp recordings in
POMC neurons from eGFP-POMC mice subjected to an 18-h fast for five consecutive days,
the PACAP response reversed polarity from a predominantly excitatory inward current
seen under ad libitum conditions to an inhibitory outward one (Figure 2A,B,E–H); see
Supplementary Materials for full material and methods The inset I/V plots corresponding
to the representative current traces in Figure 2A,B revealed that the reversal potential
shifted from ~−20 mV under ad libitum conditions (indicative of a mixed cation current)
to ~−90 mV under fasted conditions (indicative of a K+ current). The PACAP-induced
inhibitory outward current and the corresponding increase in conductance seen under
fasting conditions were virtually abolished by the KATP channel blocker tolbutamide and
the PAC1 receptor antagonist PACAP6–38 (Figure 2C,D,G,H; 2G: one-way ANOVA/LSD, F
= 25.71, df = 3, p < 0.0001; 2H: one-way ANOVA/LSD, F = 9.78, df = 3, p < 0.0001).
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Figure 2. Fasting reverses the polarity of postsynaptic PACAP response in POMC neurons by switching the coupling of
PAC1 receptors from TRPC5 to KATP channels. (A–D), Representative current traces from voltage clamp recordings of
POMC neurons that depict the response elicited by 100 nM PACAP under ad libitum and fasting conditions, the latter
of which is abrogated by blockade of KATP channels with tolbutamide (100 µM) and PAC1 receptors with PACAP6–38

(200 nM). The inset I/V plots illustrate that the fasting-induced change in polarity is due to a switch from a mixed cation
conductance to a PAC1 receptor-mediated K+ conductance via KATP channels. (E,F), Pie charts that show the proportion
of POMC neurons that are excited by, inhibited by, or unresponsive to PACAP under ad libitum (to the left) and fasting
(to the right) conditions. (G,H) highlight the PACAP-induced changes in membrane current (∆I) and conductance (∆G);
alone (n = 12) and in conjunction with tolbutamide (n = 12) and PACAP6–38 (n = 8). Bars represent means and lines 1 SEM. #,
p < 0.05 relative to PACAP under ad libitum conditions. *, p < 0.05 relative to PACAP under fasting conditions, one-way
ANOVA/LSD. Figure adapted from [12].
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A nearly identical switch in polarity of the PACAP response in POMC neurons was
observed during voltage clamp recordings in EtOH vehicle-treated slices from fasted OVX
female eGFP-POMC mice (Figure 3A,C–E). Bath application of E2 in slices from fasted OVX
female eGFP-POMC mice reduced the magnitude of the PACAP-induced outward current
by ~50%, and markedly attenuated the increase in K+ conductance (Figure 3B,D: Student’s
t-test, t = 1.51, p < 0.15; 3E: Student’s t-test, t = 2.664, p < 0.02).
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Figure 3. E2 attenuates the PACAP-induced outward current in POMC neurons observed under fasting conditions. (A,B)
are representative membrane current traces during voltage clamp recordings in EtOH vehicle- (0.01% (v:v); n = 11) and
E2-treated (100 nM; n = 8) slices from OVX females that illustrate the estrogenic diminution of the robust and reversible
PACAP-induced outward current and change in K+ conductance (as seen from the inset I/V plots). (C), Pie chart that
indicates the percentage of POMC neurons from OVX females that are excited by, inhibited by, or unresponsive to PACAP
under fasting conditions. (D,E) show the composite data underscoring the ability of E2 to negatively modulate the PACAP
response. Bars represent means and lines 1 SEM of the PACAP-induced ∆I and ∆G in POMC neurons from OVX females
under fasting conditions. *, p < 0.05 relative to EtOH vehicle, Student’s t-test.

Current clamp recordings in POMC neurons from fasted male eGFP-POMC mice
uncovered a more hyperpolarized resting membrane potential (RMP) than those from
their ad libitum-fed counterparts (Figure 4A: Student’s t-test, t = 2.237, p < 0.04). Once
again, the switch in polarity of the PACAP response was evident, such that the PACAP-
induced depolarization of POMC neurons and the associated increase in firing seen in the
representative trace and composite data from the ad libitum-fed state transformed into a
hyperpolarization and a suppression of firing in the fasted state (Figure 4B–E; 4D: Student’s
t-test, t = 9.501, p < 0.0001; 4E: Kruskal–Wallis/median-notched box-and-whisker analysis,
test statistic = 15.6201, p < 0.002).
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and increase in firing under ad libitum-fed conditions (n = 10) and the reversible 
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Figure 4. The PACAP-induced outward current observed during fasting conditions is associated with a hyperpolarization
and a decrease in firing. (A), Composite bar graph that demonstrates the more hyperpolarized RMP of POMC neurons under
fasting conditions. (B,C), Representative current clamp traces from POMC neurons showing the reversible PACAP-induced
depolarization and increase in firing under ad libitum-fed conditions (n = 10) and the reversible hyperpolarization and
suppression of firing seen under fasting conditions (n = 10). Comparable effects are seen during recordings in vehicle
pre-treated slices from OVX females. (D,E), Composite data illustrating the PACAP-induced changes in membrane potential
(∆V) and firing rate under ad libitum-fed and fasting conditions. Bars represent means and lines 1 SEM. * p < 0.05, relative
to ad libitum-fed conditions, Student’s t-test (D); relative to baseline, Kruskal–Wallis/median-notched box-and-whisker
analysis (E). Figure adapted from [12].

We corroborated these findings during optogenetic recordings in POMC neurons
(Figure 5A,C,D) from PACAP-cre/eGFP POMC mice. Selective activation of VMN PACAP
neurons (Figure 5B,E) elicited inward currents that were associated with depolarizations
and increases in firing in the ad libitum-fed state (Figure 5F,H,J,L–N), and outward currents
that were associated with hyperpolarizations and cessation of firing in the fasting state
(Figure 5G,I,K–N; 5L: Student’s t-test, t = 6.444, p < 0.0001; 5M: Student’s t-test, t = 6.97, p
< 0.0001; 5N: Kruskal–Wallis/median-notched box-and-whisker analysis, test statistic =
13.8222, p < 0.004).
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the immediate vicinity of the recorded neuron. Photostimulation (10-ms pulses delivered at 20 Hz 
for 10 s) of male VMN PACAP neurons produces a reversible inward current linked to membrane 
depolarization and increase in the firing of ARC POMC under ad libitum-fed conditions neurons 
(F,H,J,L–N); n = 7–11), and the exact opposite is seen under fasting conditions (G,I,K–N); n = 11–
13). Bars represent means, and lines 1 SEM of the light-induced change in ΔI (L), ΔV (M) and 
firing rate (N). * p < 0.05, relative to ad libitum-fed conditions, Student’s t-test (L,M); relative to 
baseline, Kruskal–Wallis/median-notched box-and-whisker analysis (N). Figure adapted from [12]. 

Given that the tyrosine phosphatases PTP1B and TCPTP as well as AMPK figure 
prominently in orchestrating the cellular response to a state of negative energy balance, 
we then evaluated the role these signaling molecules play in the reversed polarity of the 
PACAP response in POMC neurons seen during fasting. In slices from fasted male eGFP-
POMC mice we found that pretreatment with the PTP1B/TCPTP inhibitor CX08005 
dramatically switched the PACAP response in POMC neurons from robust and reversible 
outward currents and hyperpolarizations (Figure 6A,C,E–I) to robust and reversible 
inward currents and depolarizations typically seen in the ad libitum-fed state (Figure 
6B,D–I; 6E: Student’s t-test, t = 8.194, p < 0.0001; 6F: Student’s t-test, t = 6.878, p < 0.0001; 

Figure 5. Optogenetic stimulation of VMN PACAP neurons depolarizes POMC neurons and increases their firing under
ad libitum-fed conditions, effects which are flipped under fasting conditions. (A), Low power (4×) image of ARC POMC
neurons taken from a PACAP-Cre/eGFP POMC mouse. (B), Photomicrograph (4×) showing the channel rhodopsin-2
expression in VMN PACAP neurons two weeks after AAV injection as visualized by eYFP. (C), Differential interference
contrast image (40×) of a recorded POMC neuron and the corresponding eGFP fluorescence signal from the same neuron
(D). (E), 40X image showing the eYFP-labeled fibers in the immediate vicinity of the recorded neuron. Photostimulation
(10-ms pulses delivered at 20 Hz for 10 s) of male VMN PACAP neurons produces a reversible inward current linked to
membrane depolarization and increase in the firing of ARC POMC under ad libitum-fed conditions neurons (F,H,J,L–N);
n = 7–11), and the exact opposite is seen under fasting conditions (G,I,K–N); n = 11–13). Bars represent means, and lines
1 SEM of the light-induced change in ∆I (L), ∆V (M) and firing rate (N). * p < 0.05, relative to ad libitum-fed conditions,
Student’s t-test (L,M); relative to baseline, Kruskal–Wallis/median-notched box-and-whisker analysis (N). Figure adapted
from [12].

Given that the tyrosine phosphatases PTP1B and TCPTP as well as AMPK figure
prominently in orchestrating the cellular response to a state of negative energy balance,
we then evaluated the role these signaling molecules play in the reversed polarity of
the PACAP response in POMC neurons seen during fasting. In slices from fasted male
eGFP-POMC mice we found that pretreatment with the PTP1B/TCPTP inhibitor CX08005
dramatically switched the PACAP response in POMC neurons from robust and reversible
outward currents and hyperpolarizations (Figure 6A,C,E–I) to robust and reversible inward
currents and depolarizations typically seen in the ad libitum-fed state (Figure 6B,D–I; 6E:
Student’s t-test, t = 8.194, p < 0.0001; 6F: Student’s t-test, t = 6.878, p < 0.0001; 6G: Kruskal–
Wallis/median-notched box-and-whisker analysis, test statistic = 13.5957, p < 0.004).
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of the PTP1B/TCPTP inhibitor CX08005 (20 μM; B). This is further substantiated by the composite 
bar graphs in (E–G) as well as the pie charts in (H,I). Bars represent means, and lines 1 SEM of the 
PACAP-induced change ΔI, ΔV or normalized firing rate under fasted conditions, alone and in 
combination with CX08005, Compound C or metformin. * p < 0.05, relative to PACAP alone, 
Student’s t-test (E,F); relative to baseline, Kruskal–Wallis/median-notched box-and-whisker 
analysis (G). 
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the AMPK inhibitor Compound C (30 μM; B; n = 8) The PACAP-induced outward current in (A) 
was reproduced under ad libitum-fed conditions in the presence of the AMPK activator 
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Figure 6. The fasting-induced switch in the polarity of the PACAP response in POMC neurons involves the activation
of protein tyrosine phosphatases. Representative traces show that the PACAP-induced outward current (A; n = 12) and
hyperpolarization (C; n = 10) seen under fasting conditions reverts back to an inward current (B; n = 9) and depolarization
(D; n = 7) in the presence of the PTP1B/TCPTP inhibitor CX08005 (20 µM; B). This is further substantiated by the composite
bar graphs in (E–G) as well as the pie charts in (H,I). Bars represent means, and lines 1 SEM of the PACAP-induced
change ∆I, ∆V or normalized firing rate under fasted conditions, alone and in combination with CX08005, Compound C or
metformin. * p < 0.05, relative to PACAP alone, Student’s t-test (E,F); relative to baseline, Kruskal–Wallis/median-notched
box-and-whisker analysis (G).

An equally dramatic switch in the polarity of the PACAP response in POMC neurons
was observed during voltage clamp recordings in slices from both fasted eGFP-POMC
mice that were pre-treated with AMPK inhibitor Compound C (Figure 7A,B,D–F), and
from ad libitum-fed animals that were pre-treated with the AMPK activator metformin
(Figure 7C,D,G; 7D: one-way ANOVA/LSD, F = 41.35, df = 2, p < 0.0001).
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Figure 7. The fasting-induced reversal of the PACAP response in POMC neurons is also dependent upon activation of
AMPK. The outward current caused by PACAP under fasting conditions in POMC neurons (A; n = 12) is transformed into
an inward current in the presence of the AMPK inhibitor Compound C (30 µM; B; n = 8) The PACAP-induced outward
current in (A) was reproduced under ad libitum-fed conditions in the presence of the AMPK activator metformin (500 µM;
C; n = 10). The data from these representative traces is summarized in composite form by the bar graph in (D) and the pie
charts in (E–G). Bars represent means and lines 1 SEM. *, p < 0.05 relative to PACAP alone, one-way ANOVA/LSD.

Consistent with these changes in cellular signaling, we also observed through im-
munohistofluorescent staining of coronal hypothalamic slices that fasting significantly
increased the number of PTP1B- and pAMPK-positive ARC neurons as compared to that
seen in the ad libitum-fed state (Figure 8; 8C: Student’s t-test, t = 7.748, p < 0.002; 8F:
Student’s t-test, t = 5.598, p < 0.006).
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Moreover, the flipped PACAP-induced change in the excitability of POMC neurons 
yielded parallel alterations in energy intake. Indeed, the pronounced anorexigenic 
response generated by PACAP administered directly into the ARC of ad libitum-fed 
wildtype male mice (Figure 9A; repeated measures multifactorial ANOVA/LSD, Ftime = 
45.21, df = 1, p < 0.0001; FPACACP = 71.82, df = 1, p < 0.0001; Finteraction = 0.72, df = 1, p < 0.40) 
was completely reversed in fasted animals, such that there was no change in cumulative 
energy intake at three hours post-injection and a significant increase six hours after 
administration (Figure 9B; repeated measures multifactorial ANOVA/LSD, Ftime = 28.18, 
df = 1, p < 0.0001; FPACAP = 4.32, df = 1, p < 0.04; Finteraction = 4.79, df = 1, p < 0.04; one-way 
ANOVA/LSD, F = 12.88, df = 3, p < 0.0001). A similar profile was observed in OVX wildtype 
female mice; with PACAP decreasing cumulative energy intake in ad libitum-fed, sesame 
oil vehicle-treated OVX females, which was significantly potentiated in estradiol benzoate 
(EB)-treated OVX females (Figure 9C; repeated measures multi-factorial ANOVA/LSD: 
Ftime = 417.17, df = 1, p < 0.0001), FPACAP = 9.00, df = 1, p < 0.004, FEB = 20.59, df = 1, p < 0.0001, 
Finteraction = 0.91, df = 1, p < 0.35). Conversely, the decrease in cumulative energy intake 
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Figure 8. Fasting augments the activity and expression of PTP1B and AMPK in the ARC. The
four 20× images depict the PTP1B (A,B; 1:100) and pAMPK (D,E; 1:100) immunoreactivity under
ad libitum-fed (A,D) and fasting (B,E) as visualized with AF546 (1:600). The composite data in
the bar graphs summarize the fasting-induced increase in the number of PTP1B- (C) and pAMPK-
immunoreactive (F) cells per capita in the ARC. Bars represent means and lines 1 SEM. * p < 0.05,
relative to ad libitum-fed conditions, Student’s t-test.

Moreover, the flipped PACAP-induced change in the excitability of POMC neurons
yielded parallel alterations in energy intake. Indeed, the pronounced anorexigenic response
generated by PACAP administered directly into the ARC of ad libitum-fed wildtype male
mice (Figure 9A; repeated measures multifactorial ANOVA/LSD, Ftime = 45.21, df = 1,
p < 0.0001; FPACACP = 71.82, df = 1, p < 0.0001; Finteraction = 0.72, df = 1, p < 0.40) was
completely reversed in fasted animals, such that there was no change in cumulative energy
intake at three hours post-injection and a significant increase six hours after administration
(Figure 9B; repeated measures multifactorial ANOVA/LSD, Ftime = 28.18, df = 1, p < 0.0001;
FPACAP = 4.32, df = 1, p < 0.04; Finteraction = 4.79, df = 1, p < 0.04; one-way ANOVA/LSD, F =
12.88, df = 3, p < 0.0001). A similar profile was observed in OVX wildtype female mice; with
PACAP decreasing cumulative energy intake in ad libitum-fed, sesame oil vehicle-treated
OVX females, which was significantly potentiated in estradiol benzoate (EB)-treated OVX
females (Figure 9C; repeated measures multi-factorial ANOVA/LSD: Ftime = 417.17, df =
1, p < 0.0001), FPACAP = 9.00, df = 1, p < 0.004, FEB = 20.59, df = 1, p < 0.0001, Finteraction
= 0.91, df = 1, p < 0.35). Conversely, the decrease in cumulative energy intake caused
by PACAP in ad libitum-fed, vehicle-treated OVX females was once again completely
reversed under fasting conditions. Surprisingly, EB per se failed to exert its prototypical
anorexigenic effect in fasted OVX females, but it did abrogate the PACAP-induced increase
in cumulative energy intake seen at six hours post-administration (Figure 9D; repeated
measures multi-factorial ANOVA/LSD: Ftime = 74.67, df = 1, p < 0.0001), FPACAP = 8.64, df
= 1, p < 0.004, FEB = 3.18, df = 1, p < 0.08, Finteraction = 14.88, df = 1, p < 0.0003; one-way
ANOVA/LSD, F = 15.53, df = 7, p < 0.0001).
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Figure 9. Fasting completely reverses the effect of a direct injection of PACAP into the ARC on energy
intake, which is attenuated by EB in OVX females. Under ad libitum-fed conditions, PACAP (30pmo;
n = 6l) significantly decreases cumulative energy intake in wildtype males compared to saline-treated
controls (0.2 µL; A; n = 6). This PACAP-induced decrease in energy intake is no longer apparent in
fasted males, and PACAP actually causes an increase in cumulative consumption which is evident at
six hours post-administration (B; n = 7–9). PACAP also decreases energy intake in ad libitum-fed
OVX wildtype females, and this effect is potentiated by EB (20 µg/kg; s.c.; C; n = 6). Again, the effect
of PACAP on consummatory behavior in fasted OVX females is exactly the opposite of that seen
under ad libitum conditions, as is the modulatory effect of EB (D; n = 6). Bars represent means and
lines 1 S.E.M. of the cumulative energy intake seen in ad libitum-fed or fasted mice injected with
either PACAP or its saline vehicle. #, p < 0.05 relative to cumulative energy intake seen at three hours
after PACAP injection, repeated-measures, multi-factorial ANOVA/LSD; *, p < 0.05 relative to saline
vehicle, repeated measures, multi-factorial ANOVA/LSD; ˆ, p < 0.05 relative to sesame oil vehicle,
repeated measures, multi-factorial ANOVA/LSD. Figure adapted from [12].

Taken together, this demonstrates that under conditions of negative energy balance,
PAC1 receptor/effector coupling reverts from TRPC5 channel-induced excitation to KATP
channel-induced inhibition, which completely reverses the effect of PACAP on energy
intake. Thus, it is clear that postsynaptic PAC1 receptors at VMN PACAP/ARC POMC
synapses effectively serve as metabolic switches that provide flexibility in the face of
dynamic changes in energy status.

6. Concluding Remarks

To summarize, the N/OFQ/NOP and PACAP/PAC1 systems exert pleiotropic actions
in the homeostatic and hedonic regulation of energy balance. In short, the N/OFQ/NOP
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system elicits a net orexigenic effect via the homeostatic energy balance circuitry, and
dampens the consumption of palatable food via inhibitory actions within the hedonic
energy balance circuitry. These effects are sexually differentiated, accentuated by diet-
induced obesity in males and hypoestrogenic females, and attenuated by E2 in OVX
females. On the other hand, the PACAP/PAC1 system contributes a net anorexigenic effect
via the homeostatic and hedonic energy balance circuitries. A thorough investigation of
the anorexigenic VMN PACAP/ARC POMC synapse reveals that the neurophysiological
and accompanying behavioral effects described above are diminished by diet-induced
obesity in males, potentiated by E2 in OVX females, and completely reversed under fasting
conditions. The manner in which alterations in energy balance status can influence NOP
and PAC1 receptor-mediated signaling in POMC neurons is summarized schematically in
Figure 10.
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Figure 10. Schematic diagrams illustrating how PAC1 and NOP receptor signaling in POMC neurons is altered under
various energy balance states. (A), In POMC neurons from ad libitum-fed animals, N/OFQ activates the NOP receptor that
initiates Gi/o-mediated signaling and subsequent activation of GIRK channels through positive allosteric modification by
the βγ complex. This in turn promotes K+ efflux and inhibition of POMC neurons, effects which are dampened by E2 acting
through ERα and Gq-mER to stimulate PI3K and nNOS as well as PLC, PKC and PKA signaling pathways, respectively.
(B), In POMC neurons from obese animals, NOP receptor/effector coupling is enhanced; leading to a greater inhibitory
effect of N/OFQ on POMC neurons. This N/OFQ-induced inhibition of POMC neurons is once again abrogated by E2

in POMC neurons from obese females. (C), Under ad libitum conditions, PACAP activates its cognate PAC1 receptor to
elicit Gq-mediated signaling; working through PI3K as well as PLC, IP3, DAG and PKC to promote Ca2+ mobilization from
intracellular stores and the coupling of PAC1 receptors to TRCP5 channels. This leads to cation flux through the channel
pore that depolarizes and thereby excites POMC neurons. In females, E2 can act via ERα and Gq-mER to potentiate PAC1
receptor/TRPC5 channel coupling and PACAP-induced excitation of POMC neurons. (D), Under conditions of diet-induced
obesity, the PAC1 receptor-mediated activation of TRPC5 channels in male POMC neurons is attenuated. However, in obese
females the PACAP-induced excitation of POMC neurons is maintained due to the potentiating effect of E2. (E), Under
conditions of fasting, the expression and activity of AMPK and protein tyrosine phosphatases like PTP1B is elevated in
POMC neurons. This triggers a switch in the coupling of PAC1 receptors, such that they now are no longer linked with
TRPC5 channels and instead inhibit rather than excite POMC neurons via activation of KATP channels. This inhibitory effect
of PACAP in POMC neurons from fasted animals is diminished by E2 in females.
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Over the past few decades, the neuroscience and neuroendocrine communities have
made great strides in advancing our understanding of how the brain coordinates energy
balance regulation via the homeostatic and hedonic energy balance circuitries. With the
plethora of methodological tools currently at our disposal (e.g., optogenetics, chemoge-
netics, proteomics and transcriptomics, to name but a few), it is more than reasonable
to expect that further advances will be readily and rapidly achieved. Just like the case
made for PACAP in this very piece, it will be imperative to systematically evaluate all of
the major players implicated in regulating energy homeostasis (including, but certainly
not limited to, endocannabinoids, N/OFQ, NPY/AgRP neurons, POMC neurons, A10
dopamine neurons) not only under normophysiologic conditions but also under negative
(e.g., fasting) and positive (e.g., obesity) energy balance states. Only in this way will we
develop a comprehensive picture of how all of these functioning components are altered
under these adaptive (e.g., fasting) and maladaptive (e.g., obesity) scenarios. In addition,
it will be equally important to thoroughly dissect the impact of sex on the functioning of
the central energy balance circuitries, and the cross-talk between gonadal hormones, the
neurotransmitter/modulator systems and the signaling molecules involved. One final
critical crowning achievement will be realized once we gain a firmer grasp on how the
output from the homeostatic and hedonic energy balance circuitries functionally translates
into clearly defined changes in the brain-gut axis and autonomic tone, as well as changes
in gustatory and motivated behavior. We currently stand on the shoulders of pioneering
giants who have paved the way by elucidating the mechanisms that provide the basis
of our current understanding involved in the central control of energy homeostasis. In
looking to the future, we welcome the next generation of innovative scientists to carry the
torch and further advance our understanding.
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Abstract: Obesity currently represents a major societal and health challenge worldwide. Its preva-
lence has reached epidemic proportions and trends continue to rise, reflecting the need for more
effective preventive measures. Hypothalamic circuits that control energy homeostasis in response
to food intake are interesting targets for body-weight management, for example, through interven-
tions that reinforce the gut-to-brain nutrient signalling, whose malfunction contributes to obesity.
Gut microbiota–diet interactions might interfere in nutrient sensing and signalling from the gut to
the brain, where the information is processed to control energy homeostasis. This gut microbiota–
brain crosstalk is mediated by metabolites, mainly short chain fatty acids, secondary bile acids or
amino acids-derived metabolites and subcellular bacterial components. These activate gut–endocrine
and/or neural-mediated pathways or pass to systemic circulation and then reach the brain. Feeding
time and dietary composition are the main drivers of the gut microbiota structure and function.
Therefore, aberrant feeding patterns or unhealthy diets might alter gut microbiota–diet interactions
and modify nutrient availability and/or microbial ligands transmitting information from the gut to
the brain in response to food intake, thus impairing energy homeostasis. Herein, we update the scien-
tific evidence supporting that gut microbiota is a source of novel dietary and non-dietary biological
products that may beneficially regulate gut-to-brain communication and, thus, improve metabolic
health. Additionally, we evaluate how the feeding time and dietary composition modulate the gut
microbiota and, thereby, the intraluminal availability of these biological products with potential
effects on energy homeostasis. The review also identifies knowledge gaps and the advances required
to clinically apply microbiome-based strategies to improve the gut–brain axis function and, thus,
combat obesity.

Keywords: microbiota; gut–brain axis; nutrient sensing; food intake and obesity

1. Gut and Brain Control of Energy Homeostasis

The gastrointestinal tract is a huge sensory organ able to transmit nutrient-related
information to the brain where diverse endocrine and neural inputs converge to ultimately
control feeding behaviour and whole-body energy homeostasis through efferent outputs.
Nutrient sensors are receptors that bind molecules derived from the macronutrient diges-
tion. They are located in enteroendocrine cells (EECs), which are the primary chemosensory
cells in the gut, and are in direct contact with the luminal environment [1]. The activation
of nutrient sensors of EECs initiates the secretion of gut hormones that in turn trigger the
downstream processes required to maintain energy homeostasis postprandially. The most
extensively studied gut hormones are cholecystokinin (CCK), gastric inhibitory polypep-
tide (GIP), mainly secreted in the upper part of the intestine, and glucagon-like peptide-1
(GLP-1) and peptide tyrosine tyrosine (PYY), mainly secreted in the distal part [2]. EECs
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specifically sense carbohydrates, proteins and lipids through a diverse repertoire of nutrient
sensors. Among others, sodium/glucose cotransporter 1 (SGTL1) mediates carbohydrate
sensing, mainly sensed in the form of glucose, and, then, induces GIP and GLP-1 secretion;
calcium-sensing receptor (CaSR) senses dietary amino acids and, then, secretes CCK and
GLP-1; and G-protein coupled receptor (GPR) 120 (FFAR4), GPR40 (FFAR1) and GPR119
sense products from lipid digestion and induce the secretion of CCK, GIP, GLP-1 and
PYY [1,3]. EECs are in close proximity to vagal afferent nerve terminals in the lamina
propria, which express intestinal hormone receptors. Enteroendocrine hormones secreted
after a meal activate nutrient-sensing signalling via endocrine routes, when gut hormones
reach the brain or other organs through systemic circulation, or via paracrine routes, when
hormones stimulate vagal afferents nearby in the intestinal mucosa and, then, the signal
reaches the brain.

The arcuate nucleus (ARC) of the hypothalamus is accessible to humoral signals since
is not fully protected by the blood–brain barrier [4]. The ARC contains two subpopulations
of neurons; those expressing anorexigenic propiomelanocortin (POMC), the precursor
of α-melanocyte-stimulating hormone (αMSH), and the cocaine and amphetamine reg-
ulated transcript (CART); and those neurons expressing the agouti gene-related peptide
(AgRP) and neuropeptide Y (NPY) [5]. The activation of the POMC/CART neurons after
feeding induces the release of α-melanocyte stimulating hormone (α-MSH) that binds
to melanocortin 4 receptor (MC4R) in the paraventricular nucleus (PVN) where the in-
formation is integrated to suppress food intake and regulate body weight [6]. Thus, the
increased levels of gut hormones such as CCK, GLP1 or PYY after a meal reach, via en-
docrine routes, the ARC to suppress food intake [7]. Via paracrine routes, gut hormones
can stimulate vagal afferents [8], which are bipolar neurons whose somas converge in the
nodose ganglion and their proximal extensions terminate in the nucleus of the solitary tract
(NTS) in the brainstem [9]. This, together with the hypothalamus, represents an important
integrative gut–brain hub. The NTS also contains POMC neurons and, through monoamine
neurotransmission, transmits sensory information to upstream brain areas including the
PVN and the dorsal vagal complex (DVC) that send efferent outputs involved in the vago–
vagal reflex [5]. In summary, there are different paths for transmitting nutrient signals
to the brain. The hypothalamus senses nutrients through the action of enteroendocrine
hormones released in the intestine, which reach the brain by humoral pathways [10–12],
that is through the circulatory system, or by paracrine pathways, that is by activating the
nerve terminals of intestinal vagal afferents, which are the main focus of the present review.

The increased intake of energy-dense and palatable foods impairs the brain circuits
controlling energy homeostasis, whose deficient response to nutrient signals alters feeding
behaviour, which contributes to obesity. Accordingly, the restoration of nutrient signalling
via the gut–brain axis represents a promising strategy to improve the central control of
energy homeostasis in response to meals and, thus, help combat obesity [13–15]. The gut
microbiota is a biological factor that might directly or indirectly influence nutrient-sensing
and, theoretically, its modulation could aid in the restoration of gut-to-brain communication
and maintaining energy homeostasis. The role of gut microbiota in obesity has been proven
through faecal transplantation experiments, which produce the metabolic phenotype of
the donor in the recipient organism [16]; however, the mechanisms by which microbiota
influence energy homeostasis and body-weight regulation are not yet fully understood.
Western diets, rich in saturated fat and simple sugars, alter the gut ecosystem reducing
bacterial diversity and increasing the abundance of potential pathogens [17]. This, in turn,
could alter the metabolism of macronutrients and, thereby, the ligands available for nutrient
sensors in the intestinal lumen as well as the presence of structural microbial components
that might also act as ligands of sensors that mediate the gut-to-brain communication.
Sensors of microbially produced metabolites and bacterial components are located in EECs,
vagal afferents and, occasionally, in the hypothalamus and can be activated by ligands
reaching the brain through the systemic circulation. These receptors sense microbial-
derived metabolites such as short chain fatty acids (SCFAs), secondary bile acids (BAs) and
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amino acid-derived metabolites and subcellular bacterial components such as caseinolytic
peptidase B (ClpB), lipopolysaccharide (LPS) or muramyldipeptide (MDP).

Here, we review the role of dietary factors, including feeding patterns and diet
composition, in modulating gut microbiota structure and function and potentially affecting
gut-to-brain nutrient sensing, mainly via endocrine and neural routes. We also compile
evidence of microbial molecules able to modulate specifically hypothalamic-mediated
control of the energy homeostasis, placing special emphasis on their role in regulating food
intake and, thereby, obesity.

2. Circadian Rhythms, Eating Patterns and Gut Microbiota in Energy
Homeostasis Control

Most of the physiological functions display circadian rhythms. At cellular level,
these are governed by clock proteins that generate self-sustained daily oscillations of the
biological processes that allow cells to anticipate and thus to optimally respond and adapt
to environmental variations [18,19]. In mammals, most cells throughout the body express
clock genes that elicit autonomous circadian oscillations [20]. The hypothalamic clock
located in the suprachiasmatic nucleus acts as a master pacemaker that synchronizes the
secondary clocks [21,22]. Eating behaviour and energy metabolism show a well-defined
circadian pattern through the day. In humans and rodents, the timed feeding patterns are
governed by metabolic hormones and nutrients [23] and shift certain secondary clocks
without affecting the suprachiasmatic nucleus, whose circadian oscillations are mainly
governed by light–dark cycles [24,25]. Circadian rhythmicity, specially that affecting eating
behaviour, is required to maintain energy homeostasis. Indeed, humans with disrupted
circadian rhythms have higher risk of developing obesity and type 2 diabetes (T2D) [26,27]
and mistimed eating increases adiposity in rodents [28] and also favours obesity and
increases postprandial glycaemia in humans [29,30].

Circadian rhythmicity is involved in gut microbiota–host interactions. Gut microbiota
play a role in maintaining the circadian rhythms of the host, including those related to
eating patterns and energy homeostasis, and vice versa. The abundance of bacterial species,
as well as of their derived metabolites, vary throughout the day, suggesting associations
between gut microbes and eating behaviours in humans [31]. A recent study by Reitmeier
et al. [32] supports the link between diurnal fluctuations of the gut microbiota and metabolic
health in humans. The authors identified these diurnal oscillations in faecal samples of
three independent large-scale population studies and detected aberrant oscillations in
subjects with metabolic disorders such as obesity or T2D [32].

2.1. Gut Microbiota Influences Circadian Rhythms Affecting Metabolism

The influence of gut microbiota on the host circadian rhythms and on energy metabolism
has been demonstrated in peripheral tissues such as the gut, liver or white adipose tissue. In
mice, gut microbiota is required to maintain the circadian rhythmicity of the expression of
the Toll-like receptors (TLRs), through which the microbiota-associated molecular patterns
(MAMPs) communicate with the intestinal epithelial cells (IECs) of the host [33]. The
absence of gut microbiota impairs the circadian clock of the IEC leading to an increased
synthesis of ileal corticosterone, which impairs systemic metabolic homeostasis. This
is evidence for the role of the microbiota–IEC dialogue oscillation during the day in
metabolic health maintenance [33]. Similarly, germ free mice show altered expression
of circadian-related genes in liver and white adipose tissue [34]. Microbiota-derived
molecules, especially those that activate aryl hydrocarbon receptor (AHR) and pregnane
X receptor (PXR), are crucial to maintain the rhythmicity and sexual dimorphism of the
growth hormone secretion, which maintains rhythmic gene expression and metabolome in
liver in a sex-dependent manner [34].

2.2. Eating Patterns, Gut Microbial Diurnal Oscillations and Energy Homeostasis

The eating rhythms of the host cause microbiota oscillations, which seem flexible
and able to adapt to the nutritional environment. Mice deficient in the clock gene Per1/2
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or mice submitted to an experimental “jet-lag” show altered eating rhythms throughout
the day linked to aberrant microbiota fluctuations [35]. Time-restricted feeding of Per1/2
knock-out mice partially restores the microbiota oscillations, proving that eating behaviour
is the main driver of microbiota diurnal oscillations [35]. A fat-rich diet also blunts the
cyclical changes of the gut microbiota [36,37] and, consequently, their derived-metabolites,
thus affecting host metabolism. For instance, the fluctuations of species belonging to the
family Lachnospiraceae and their derived metabolite butyrate disappear under a high
fat diet (HFD), which affects hepatic clock genes and metabolism [36]. Additionally, the
spatial distribution of microbes in the gut seems to follow daily fluctuations. In rodents,
bacterial adherence to the intestinal epithelium and their proximity to the mucosal surface
are higher in the dark than in the light phase and, over the course of the day, some bacterial
species show oscillations of epithelial adherence, findings that are dependent on feeding
time [38]. Importantly, the nutrient-induced microbiota oscillations throughout the day
lead to fluctuations of luminal and serum metabolites, such as amino acids and polyamines,
responsible for the circadian hepatic transcriptome required for physiological processes
such as detoxification functions [38]. Eating rhythmicity persists in antibiotic-induced
microbiota depletion [38] but obese-associated hyperphagia might be transmissible through
gut microbiota transplants to germ-free mice; this occurs in hyperphagic TLR5 knock-out
mice [39] although not in ob/ob mice. This suggests that eating rhythmicity is driven mainly
by the host circadian clock machinery driving endocrine hormone secretion, but nutrient
signalling could also be modulated by gut microbiota activated pathways.

Interestingly, the diurnal bacterial growth dynamics, which are controlled by bacterial
quorum sensing, availability of nutrients, gut motility and immunity, apparently overlap
with host-feeding cycles [40]. In this regard, a bacterial growth-based model of appetite
control has been proposed, in which the exponential and stationary growth phases of
the bacteria are associated with satiety-induced signals of the prandial and postprandial
phase, respectively, while the decline growth phase is coupled with hunger-related signals,
defining intermeal intervals [40]. Therefore, to understand how the gut microbiota shapes
eating rhythms it is necessary to investigate the bacterial growth fluctuations parallel
to the generation of dietary and bacterially derived ligands of nutrient sensors able to
centrally control energy homeostasis (such as SCFAs, secondary BAs or amino acid-derived
metabolites—see Section 4 for details). For instance, ClpB, an antigen mimetic of αMSH
produced by Escherichia coli [41], activates host satiety pathways following nutrient-induced
bacterial growth [42]. Similarly, nutrient-induced bacterial growth might enhance the gen-
eration and release of bacterial ligands, such as cell wall and membrane components (e.g.,
lipopolysaccharide, LPS, or muramyldipeptide, MDP) or quorum sensing molecules, which
in turn activate nutrient sensing pathways in the gut. Although the causal link between
the diurnal oscillations of these molecules and feeding rhythms has yet to be proven, LPS
and MDP are known to suppress food intake through immune sensing pathways linked
to satiety and sickness behaviour [43–45]. Through an immune-related cascade in which
LPS and MDP bind to TLR4 and NOD2, respectively, both molecules seem to modulate
GLP-1-mediated signalling [46–48]. Nevertheless, the extent to which nutrient-induced
bacterial growth and the consequent release of LPS or MDP synchronize meal-related host
rhythms under physiological conditions is still unknown. Indeed, the effects of LPS and
MDP on feeding behaviour have mainly been described in the context of bacterial infection,
where these bacterial molecules reach the systemic circulation. However, their role as
modulators of nutrient signalling in the gut, for instance as GLP-1 secretagogues, remains
mostly unexplored. In this regard, LPS could act as an inducer of GLP-1 secretion when
administered orally only if the gut barrier integrity is impaired [46]

3. Diet Composition Influences Gut Microbiota and Gut-to-Brain Nutrient-Sensing

Adherence to a particular dietary pattern, such as a Western, vegetarian or Mediter-
ranean diet, or dietary interventions characterized by large variations in the macronutrients
proportions, such as high protein or high fat (ketogenic) diets, impacts gut microbiota
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composition and function [49–51]. The composition in macronutrients of these diets ex-
erts an important effect on the availability of microbially derived ligands of dietary and
non-dietary nature in the luminal content able trigger gut-to-brain sensing routes and
controlling food intake and energy metabolism (summarized in Table 1). The availability of
these ligands depends on multiple biological processes, including the microbiota-mediated
catabolism of ingested nutrients and their absorption by enterocytes.

Most of the simple carbohydrates, proteins and fats are absorbed in the proximal
regions of the small intestine while indigestible complex carbohydrates, the preferred
carbon source of gut microbiota, reach the colon, favouring the growth of anaerobic
bacteria and species diversity. The gut microbiota structure and composition are flexible,
showing rapid adaptations to macronutrient shifts (24–48 h) that remain for short periods
while more permanent changes might require longer adherence to a dietary pattern [52,53].
When the dietary macronutrient composition is high in non- or low-fermentable nutrients
(e.g., lipids or proteins) these macronutrients overwhelm their intestinal absorption and
reach the colon, where they are used by the best adapted microbes with the subsequent
shift in their ability to activate gut nutrient sensing routes.

Although the diet per se modulates the energy metabolism, here we focus on effects
possibly mediated by the interactions between the gut microbiota and the main macronutri-
ents of different diets for which there is substantial scientific evidence. A special emphasis
is placed on those interactions that potentially affect gut-to-brain nutrient sensing and,
thereby, energy homeostasis.

3.1. Western Diets

Over the last two decades, the dietary patterns of modern societies have exhibited
a shift towards a diet low in fibre and high in saturated fats, simple sugars and refined
foods, termed the “Western diet” [54]. The Western diet is frequently associated with
altered eating patterns, leading to hyperphagia and obesity onset. Specifically, the over-
consumption of saturated fats and simple sugars in Western diets contributes to impair
eating behaviour as a consequence of an overstimulation of the nutrient sensing routes that
disturbs how brain senses these nutrient-related signals to control food intake patterns.
Particularly, the intake of dietary fats amplifies meal sizes in humans; this phenomenon is
exacerbated in obese subjects [55] that also showed reduced PYY secretion following a lipid
load [56,57]. Studies in obese individuals reported increased postprandial levels of GLP-1
and CCK and occasional reductions of GLP-1 secretion [58,59] while investigations in
rodents demonstrated that HFD diminished the sensitivity of GLP-1 and CCK contributing
to alter eating behaviour and energy homeostasis [60,61]. In addition to the effects on
eating behaviour, mouse studies also demonstrate that diets rich in saturated fats impair
the enteric detection of glucose required to induce glycogen depots in muscle through a
GLP-1 receptor mechanism in the arcuate NPY-expressing neurons [62].

Sugar-enriched foods also contribute to increasing weight gain as demonstrated by the
meta-analyses of randomised controlled intervention trials and observational studies [63].
Excessive intake of sugar is associated with overeating due to impaired hedonic and
homeostatic brain circuits [64–66] related to defective gut-to brain glucose sensing. In
lean humans, calories from dietary sugars negatively correlate with glucose-induced GLP-
1 secretion and positively with dorsal striatal food cue reactivity to palatable food [67].
Obesity in combination with increased dietary sugars has an additive effect reducing
circulating levels of GLP-1 after a glucose load [68]. Functional magnetic resonance imaging
also reveals that, compared with lean individuals, obese subjects show altered sucrose-
related functional connectivity of lateral hypothalamus and NTS with reward-related brain
areas resulting in reduced sucrose-associated hedonic responses [69] while studies in mice
indicate that the Western diet impairs glucose sensing in POMC-expression neurons [70].

Together with the altered feeding behaviour and energy homeostasis, the Western diet
also decreases the bacterial diversity in the human gut, partly due to its reduced content
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of complex carbohydrates [71] and especially if diets are rich in high saturated fatty acids
(SFAs) [72].

Compared with children from rural areas of Africa, European children eating a typical
Western diet showed a higher abundance of Firmicutes with an overrepresentation of
Faecalibacterium, while genera from Bacteroidetes, such as Alistipes and Prevotella, are
increased and decreased, respectively [50]. These associations can reflect a metabolic
adaptation of the intestinal bacteria to a new nutritional environment. How gut microbiota,
through their interactions with Western diet-derived nutrients (i.e., saturated fats and
simple sugars), influences the pool of bacterial-derived metabolites potentially activating
gut nutrient sensing routes to control eating patterns and energy homeostasis is in an early
stage of investigation. Herein, we compile associative studies in humans and mechanistic
studies in rodents which provide evidence of these interactions affecting the central control
of energy homeostasis.

In humans, short-term adaptations of the gut microbiota to an animal-based diet
consist of a predominance of bile-tolerant microorganisms such as Alistipes or Bilophila and
a decrease in bacteria adapted to metabolize dietary plant polysaccharide such as Roseburia,
Eubacterium rectale and Ruminococcus bromii [53]. In vitro human gut simulator assays have
demonstrated the predominance of lipid degradation-related genes and the downregulation
of carbohydrate degradation genes, along with an increase in Gammaproteobacteria and the
genera Alistipes and Bilophila in bacterial communities exposed to a fat-based medium [73].
In mice, a SFAs-enriched diet, especially high in palmitic acid, boosts overgrowth of
Bilophila wadsworthia, which aggravates the HFD-induced metabolic disturbances [74]. The
increased abundance of B. wadsworthia seems to be a secondary consequence of the SFAs
on BAs metabolism [75]. Specifically, the SFAs-enriched diet increases the host production
of BAs conjugated with taurine, which increase the fitness and growth of B. wadsworthia,
while inhibiting other bacteria. B. wadsworthia also exacerbates the HFD-induced decrease
in deoxycholic acid (DCA) and hyodeoxycholic acid (HDCA), secondary BAs that mediate
gut nutrient sensing routes [75] (see Section 4 for details).

Studies in mice fed saturated fat-enriched diets combined with microbiota transplants
or antibiotic treatments have provided insights into the causal relationship between specific
bacterial genera or species and nutrient sensing routes involved in the central control of
glucose homeostasis. For instance, the abundance of Lactobacillus gasseri (which is reduced
by Western diets) helps to sense oleic and linoleic acid in the small intestine to ultimately
reduce hepatic glucose production through downregulation of the bile acids receptor
farnesoid acid receptor (FXR) and upregulation of the long-chain acyl-CoA synthetase-
3 (ACSL3) [76]. In addition, the Western diet-induced lactobacilli decrease seems to be
involved in the defective GLP-1 receptor/nitric oxide synthase (nNOS)-mediated signalling
in response to oral glucose load to centrally control insulin secretion and gastric emptying,
a process initiated by LPS and MDP [47].

Western diet also provides an excess of non-absorbable glucose and fructose to the
small intestine and subsequently reach the colon. Gavage of [13C]fructose in mice reveals
that high doses of fructose saturate the fructose-to-glucose conversion in the small intestine,
enhancing fructose utilization by the microbiota in the colon via the hexokinase pathway
to further generate tricarboxylic acid cycle (TCA) intermediates, such as essential amino
acids (valine and leucine) and SCFAs (succinate, butyrate and acetate) [77,78]. In addition,
sucrose-derived glucose and fructose in the colon downregulate a gene involved in gut
bacteria colonization, reducing the fitness of bacterial species such as Bacteroides thetaio-
taomicron associated with a lean phenotype by some studies [79]. The Western diet-induced
decrease in the abundance of Lactobacillus spp. in the small intestine also impairs the
glucose transporter SGLT1 and the GLP-1 receptor-mediated glucose sensing in the gut
required to centrally control energy homeostasis in rats [80].
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3.2. Vegetarian Diets

Vegetarian diets largely vary in composition according to the interindividual choice
of foods. Commonly, they are devoid of meat and can include eggs and dairy products
(lacto-ovo-vegetarian, lacto-vegetarian or ovo-vegetarian); exclude eggs and dairy products
(vegan diets) or only include vegetables, fruit, nuts, seeds, legumes and sprouted grains
(raw vegan diet) [81].

Compared with omnivorous diets, individuals adhering to vegan or vegetarian diets
show less uncontrolled eating and emotional eating [82]. In the short-term, compared
with a processed meat meal, a plant-based tofu meal enhances the secretion of GLP-1 in
T2D individuals with a concomitant increase in satiety and a reduction of triglycerides in
plasma [83,84].

Deciphering which are the vegetarian/vegan diet-associated nutrients and molecules
that facilitate the gut-to brain nutrient sensing would provide valuable knowledge for
designing effective anti-obesity dietary interventions for subjects who chose this dietary
pattern. Overall, well-implemented vegetarian diets meet or exceed the recommended
fibre intake [81,85]. A comparative study demonstrated that while the daily intake of
sugars does not differ between vegan, vegetarian and omnivorous diets and the intake
of proteins shows slight differences, subjects who adhered to a vegetarian/vegan diet
consumed fewer calories and saturated and monounsaturated fats and higher amounts
of dietary fibre [86], pointing out a main role of fibres in the ability of plant-based diets to
modulate the gut–brain axis.

Dietary fibres, complex carbohydrates unable to be digested and absorbed in the upper
part of the human intestine and which pass to the distal part, serve as substrate for intestinal
microbes [87]. These complex polysaccharides, highly abundant in plant-based diets, per se
display protective effects against the progression of obesity; moreover, new investigations
suggest that the gut microbiota might be an intermediate player of the fibre benefits. Fibre
fermentation generates diverse molecules including lactate, pyruvate and succinate as
well as the SCFAs including acetate, propionate and butyrate in a molar ratio of 60:20:20,
approximately [88]. Specifically, acetate is produced by phosphate acetyltransferase and
acetate kinase; propionate is catalysed via the succinate, acrylate and propanediol pathways;
and butyrate is produced by phosphate butyryltransferase and butyrate kinase [89].

Overall, an overrepresentation of the genera Prevotella and Ruminococcus is present in
faeces of humans who adhere to plant-based diets [90]. Interventional studies in humans
also show that different types of fibres favour the growth of bacteria with the enzymatic
machinery directly involved in their fermentation. For instance, the abundance of Bifi-
dobacterium spp., whose genome encodes transporters and enzymes involved in complex
carbohydrate catabolism [91], are increased in the human colon as a result of dietary supple-
mentation with inulin-type fructans [92], resistant starch [93], galactoologosacharides [94]
or arabyno-oligosaccharides, which also increase Prevotella [95,96]. Some studies also asso-
ciate the bifidogenic effect of the inulin-type fructans supplementation with improvements
in oral glucose tolerance in obese women and reductions in body weight z-score in obese
children [92]. Nonetheless, most of the human studies only show associations between
specific bacterial taxa and metabolic benefits, and further studies are needed to demon-
strate causality. Thus, it is also possible that the microbiota-mediated metabolic benefits of
prebiotic fibres could depend on the initial microbiota configuration of the human subject
and its capability to enhance the production of enough fermented products (e.g., SCFAs or
others) and that this variation explains the inconsistency of the results across intervention
trials [96,97].

Nevertheless, some studies in germ-free mice intentionally colonized with specific mi-
crobiotas have already demonstrated that, for example, plant-based diets induce microbiota-
dependent benefits. In particular, Prevotella copri seems to mediate the fibre-induced glucose
tolerance improvement as revealed by a study conducted in germ-free mice colonized
with the gut microbiota from individuals that favourably respond to barley kernel-based
bread consumption [98]. An important route of communication between the gut and the
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brain is the intestinal gluconeogenesis that, via portal glucose sensing, is essential for
maintaining the postprandial regulation of the hypothalamic energy homeostasis control,
including food intake and endogenous production of glucose [99]. It seems that P. copri
could modulate the gut–brain axis to centrally control glucose homeostasis antagonizing
the effects of other intestinal bacteria. Particularly, P. copri seems to limit the effects of Bac-
teroides thetaiotaomicron on energy metabolism impairment, possibly due to the ability of the
latter bacterium to reduce colonic gluconeogenesis [98]. This idea was later demonstrated
by de Vadder et al. 2016 [100] who evidenced the capacity of the P. copri colonization in
mice to increase the intraluminal content of succinate, which could be used as substrate
for the intestinal gluconeogenesis to then reduce hepatic glucose production via portal
glucose sensing.

3.3. Mediterranean Diet

The Mediterranean diet is characterized by a high-level consumption of fruits, vegeta-
bles, grains, and fish and seafood as the main animal protein [101,102]. Scientific evidence
supports that most of the benefits, mainly cardiovascular, of the Mediterranean diet are
attributed to the high content of monounsaturated fatty acids (MUFAs), mainly oleic acid;
ω-3 polyunsaturated fatty acids (PUFAs), mainly α-linolenic acid, eicosapentaenoic acid
and docosahexaenoic acid; polyphenols, flavonoids and non-flavonoids, and fibre [103,104].

Contrary to SFAs, unsaturated fats are associated with metabolic benefits [105,106]
and, accordingly, the Mediterranean diet is considered adequate to promote metabolic
health without restricting total fat intake. Oleic and α-linolenic acid are GLP-1 secret-
agogues [107–109] and initiate lipid sensing routes to centrally control the endogenous
production of glucose [110].

Dietary polyphenols present in vegetables and fruits might also display protective
effects against obesity by the modulation of the hypothalamic function. Polyphenols can
reach the brain and also initiate gut nutrient sensing routes. In the gut, polyphenols are
able to induce the secretion of GLP-1, and PYY [111] in postprandial periods favouring
the insulin-mediated glucose-lowering effects [112,113]. Whether or not these effects are
mediated by the central nervous system should be further ascertain.

The Mediterranean diet also shapes the gut microbiota and the associated metabolome.
Obese individuals adhere to a Mediterranean diet for 2 years show increases in the gen-
era Bacteroides, Prevotella, and Faecalibacterium, and most importantly of Roseburia and
Ruminococcus and the species Parabacteroides distasonis and Faecalibacterium prausnitzii [114].
Compared with Western diet non-human primate’s consumers, Mediterranean diet con-
sumers also show higher levels of genera Lactobacillus, Clostridium and Oscillospira [115].
The overrepresentation of these gut bacteria species could represent an adaptation of the
microbial ecosystem to the higher preabsorptive abundance of PUFAs, polyphenols and
complex carbohydrates, not absorbed in the upper gut, and thus able to interact with intesti-
nal bacteria to modulate the pool of nutrient and microbe-derived metabolites activating
the gut–brain axis.

Studies in mice reveal that, compared with saturated fats, intake of polyunsaturated
fats limit the progression of obesity and induce different changes to the gut microbiota
composition [116,117]. Overall lipids are not primarily digested by intestinal microbes but
lipid-induced gut microbiota changes can equally influence how the gut senses nutrients.
Lactobacillus spp. might be overrepresented under a diet rich in linoleic acid since they
specifically develop resistance to its toxicity [118] and also use this ω6 fatty acid to pro-
duce PUFAs-derived metabolites such as 10-hydroxy-cis-12-octadecenoic acid (HYA) [119].
HYA improves metabolic health, suppressing food intake through lipid sensing-mediated
signalling in L cells, in which GPR40 and/or GPR120 activation induces GLP-1 secretion in
mice [119]. In addition, gut bacteria might influence lipid sensing routes and the expor-
tation of fatty acids to extra-intestinal tissues by influencing the fatty acid storage in the
enterocyte. For instance, Lactobacillus paracasei and Escherichia coli decrease the intestinal
secretion of the absorbed oleic acid but through different metabolites derived from the
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fermentation of complex carbohydrates [120]. Specifically, intestinal storage of oleic acid is
promoted by L. paracasei-produced L-lactate by inhibiting malonyl-CoA-induced fatty-acid
beta oxidation, a route activated by E.coli-produced acetate, which increases oleic acid
degradation [120].

Additionally, gut microbiota favours the bioavailability of polyphenols from food
in the intestinal lumen through complex multienzymatic reactions [121] modulating the
polyphenol-associated gut nutrient sensing. To date, the identification of bacteria species
specifically modulating polyphenol metabolic routes is under an early stage of investigation.
Nevertheless, some evidence is available indicating, for instance, that Bacillus subtilis,
which protects against obesity in mice [122], may produce protocatechuic acid from dietary
quercetin in the human gut, which can virtually bind to the GLP-1 receptor as predicted by
molecular docking simulations [123].

3.4. Diets Based on Macronutrients Ratio Variations

Herein we review the effects of diets used for weight loss, which are based on varia-
tions of the macronutrients proportions, such as high protein diets and low carbohydrate-
high fat diets. We also focus on the potential role of these diets in the postprandial modula-
tion of the gut–brain axis by changes in the pool of microbial and nutritional ligands in the
intestinal lumen derived from the dietary macronutrients.

High protein diets are characterized by an increased intake of food rich in proteins
(25–35% of energy compared with 12–18% of the standard protein diets) [124] and fre-
quently associated with reduced carbohydrate consumption. These type of diets seem to
be appropriate to rapidly induce weight loss [125]. Indeed, high protein diets positively
regulate energy metabolism since, compared with other macronutrients, proteins strongly
induce satiety and stimulate intestinal gluconeogenesis and thermogenesis [99,126]. Never-
theless, in the long-term, diets with different macronutrients ratios but the same energy-
restricted content have similar effects on body weight maintenance, which could also be
due to a poor long-term adherence to all diets [127–129].

In normal weight or obese human subjects, high protein meals induce the greatest sati-
ety compared with isocaloric diets with high content of carbohydrates or fats, an effect that
is dependent on PYY, the secretion of which is preferentially enhanced by proteins [130].
In addition to gut hormones, high protein diets modulate the gut–brain axis to control
food intake and energy metabolism by stimulating the intestinal gluconeogenesis from
postprandial to postabsorptive periods [99]. Digested peptides in the upper gut antagonize
the µ-opioid receptors in the spinal and vagal afferents of the portal vein, a signalling that
centrally activates the intestinal gluconeogenesis involved in the glucose sensing-induced
food intake suppression [131,132]. Additionally, enriched-protein meals are a source of glu-
coneogenesis substrates for the gut such as glutamine and glutamate [99]. Compared with
carbohydrates and fats, proteins also have the highest effect inducing thermogenesis [126].
Although the underlying mechanisms needs to be clarified specifically for proteins, some
studies have identified thermogenesis-dependent gut–brain axis mechanisms mediated
by gut hormones. For instance, GLP-1 centrally enhances thermogenesis through sym-
pathetic efferents [133] and the duodenal hormone secretin postprandially activates the
thermogenesis to induce satiety [134].

High protein diets also increase the amount of amino acids that can be fermented
by gut microbiota in the colon to obtain energy and to produce nutrient sensing ligands.
These include amino acid-derived SCFAs, branched chain fatty acids (BCFAs: isobutyrate,
2-methylbutyrate and isovalerate) and other molecules derived from tryptophan or gluta-
mate, among others.

Compared with carbohydrates, the fermentation of proteins produces fewer SCFAs,
although it still contributes substantially to microbial organic acid production. Amino
acid-derived acetate is produced from glycine, alanine, threonine, glutamate, lysine and
aspartate; butyrate is produced from glutamate and lysine and propionate from threo-
nine [135].
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Tryptophan is also biochemically transformed by gut microbiota, leading to the pro-
duction of either serotonin (5-HT), indole, kynurenine or other derivative compounds [136].
Intestinal bacteria modulate the production of 5-HT in the gut directly or indirectly through
microbe–host interactions. Members of the gut microbiota also possess tryptophanase
activity, mediating the conversion of tryptophan into indole, which serve as interspecies
signalling molecule that control bacterial physiology [137]. Indole-producing bacteria
include, among others, species belonging to Bacillus, Clostridium, Enterococcus, Bacteroides,
Enterobacter, E. coli, Prevotella, Shigella and Vibrio [138]. In addition, the gut microbiota
modulates the expression of the rate-limiting host enzyme involved in the conversion of
tryptophan to kynurenine, indoleamine 2,3-dioxygenase (IDO1), thus influencing the levels
of kynurenine and its derivatives such as kynurenic acid [139]. Although some of these
compounds might be toxic, such as indoxyl sulphate and quinolinic acid [140,141], others
can potentially activate 5-HT receptors, aryl hydrocarbon receptor (AhR), and GPR35,
which affect energy homeostasis (see Section 4 for details).

Intestinal bacteria can also decarboxylase glutamate, producing γ-aminobutyric acid
(GABA) via the enzymatic activity of the glutamate decarboxylase, which helps to maintain
the intracellular pH of the bacteria [142]. Strains belonging to the genera Lactobacillus,
Bifidobacterium, Lactococcus, Streptococcus, Escherichia, Listeria, and Aspergillus have been
reported to produce GABA [143–145], which also modulate nutrient sensing in the gut (see
Section 4 for details).

Nevertheless, few studies address associative or causative links between the gut
microbiota and high-protein diets on the control of food intake and energy homeostasis via
the gut–brain axis.

Overall, diets high in proteins and low in carbohydrates reduce faecal abundance
of SCFAs; i.e. butyrate [146], acetate and propionate [147,148], while increasing branch
chain fatty acids; i.e., 2-methylbutyrate [146], isobutyrate and isovalerate [53,148,149].
Additionally, high intake of dietary proteins often increases the levels of kynurenic acid
and indoxyl sulphate in plasma [150].

Concerning the effects on gut microbiota composition, interventional studies in hu-
mans with high protein diets initially suggest that variations (such as reductions of Bifi-
dobacterium, Roseburia and Eubacterium rectale), were a consequence of the reduced intake
of dietary fibres or the caloric restriction associated with these interventions [151]. More
recent studies comparing the effects of different protein sources suggest that proteins also
play a direct role in driving at least microbial-mediated metabolite changes with potential
health impacts [146]. This study shows associations between bacterial abundance and fae-
cal metabolites in overweight subjects conducting a 3-week high-protein diet intervention
(either soy- or casein-based diet). For example, the study identified a positive correla-
tion between Oscillospira and Odoribacter and amino acid-derived bacterial metabolites
measured by targeted metabolomics and 1H nuclear magnetic resonance [146].

In humans, protein intake is positively associated with ClpB-like gene function [152]
and in vitro studies demonstrate that, compared with other macronutrients (D-fructose
and oleic acid), E.coli requires protein supplementation (bovine serum albumin) to increase
the mRNA and protein levels of ClpB, which induces a dose-dependent stimulating effect
on PYY secretion [153]. However, future investigations are needed to assess whether
postprandial increases in ClpB coupled with bacterial growth account for the PYY-mediated
food intake suppression in high protein diets in humans [130].

Larger-scale human interventions are needed to elucidate to what extent changes in
microbiota-derived metabolites from dietary proteins affect nutrient sensing and, ultimately,
control energy homeostasis, with an especial emphasis on intestinal gluconeogenesis and
gut-mediated enhancement of thermogenesis. This will shed light on the link between
protein-derived microbial metabolites and high protein-associated weight loss. Further-
more, additional studies are needed to assess the risk and benefits of high-protein dietary
interventions in improving metabolic health, since these reduce butyrate production (the
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main energy source for colonic enterocytes) and increase levels of mucosal and renal toxic
compounds (e.g., tyrosine-derivate p-cresol and indoxyl sulphate) [151,154].

Low carbohydrate diets are frequently defined as diets with less than 20% of calories
from carbohydrates with high content of fats (55–65%) and occasionally high in proteins
(25–30%) [155]. These types of diets include ketogenic diets, frequently characterized by
high content of fats, which were originally used to treat epilepsy due to their associated
anticonvulsant effect driven by the increased production of ketone bodies and the modula-
tion of GABA neurotransmission and mitochondrial metabolism [156]. Currently, these
diets are also conceived for weight loss purposes. The metabolic benefits of ketogenic
diets are based on their reduced capacity to postprandially increase glycemia and insuline-
mia and the concomitant enhancement of cellular catabolic routes using fats as the main
source of energy. Accordingly, fat depots are reduced and gluconeogenesis, followed by
ketogenesis, are also enhanced to supply glucose to cells [157]. These diets are effective to
rapidly lose weight although long-term adherence poses challenges due to their associated
contraindications [158]. Some studies reveal that ketogenic diets also induce less hunger
and reduce the desire to eat in humans when comparing the appetite assessments before
and during adherence to the diet [159]. Low carbohydrate diets also induce satiety in T2D
patients [160] and, compared with diets with high content in carbohydrates, have lower
capacity to stimulate food intake-related brain areas [161]. Nevertheless, the exact underly-
ing mechanisms of the satiety effects caused by these diets remained elusive, especially
those possibly dependent on gut microbiota.

Some studies indicate that diet-induced ketogenesis seems to mediate the reduced
circulating levels of ghrelin associated with lower appetite in overweigh/obese individuals
following a low energy diet [162] although ketone bodies inhibit the GLP-1 release by
the EECs [163] and directly activate orexigenic hypothalamic routes in the brain [164].
Similar to SCFAs, ketone bodies also initiate GPR41 and GPR43 signalling to control
energy metabolism. In particular, the acetate binds to GPR43 to induce lipid utilization
in plasma [119] and β-hydroxybutyrate antagonizes GPR41 in sympathetic neurons to
attenuate the sympathetic mediated metabolism [165]. To date, how these ketone bodies
impact on the hypothalamus via the GPR41/43 has not been explored.

Ketogenic diets also change the gut microbiota structure and function in obese in-
dividuals with an overall decrease in butyrate and butyrate-producing bacteria, such as
Roseburia spp. and Eubacterium rectale and Bifidobacterium spp. These changes are mainly
attributed to the reduced content of the diet in complex carbohydrates and the concomitant
reduction of SCFAs production [148].

Since ketogenic diets are also diets rich in fats, the identification of the main mech-
anisms through which these diets impact on the gut–brain axis through gut microbiota-
dependent mechanisms is complex. These mechanisms could be related to the reduction
of SCFAs generated in the gut by the intestinal microbiota. Nevertheless, the role of other
specific gut microbiota adaptations to these diets in shaping the specific pool of bioactive
ligands and the existence of potential interactions with the levels of ketone bodies and their
effects remain to be investigated.

In this regard, it is unknown whether the ketogenic diet-associated gut microbiota play
a causative role in the postprandial control of the gut–brain axis. A recent study conducted
in humans and mice identified that, compared with a conventional HFD, a ketogenic diet,
high in fats and low in proteins, specifically reduces species from the genus Bifidobacterium
by a direct effect of intestinal ketone bodies inhibiting their growth [166]. Additionally, the
ketogenic diet displays metabolic improvements in mice, although these were attributed
to a protective effect on the intestinal immunity rather than to the modulation of the
gut–brain axis [166]. A direct role of ketogenic diets modulating the gut–brain axis was
evidenced in another study in mice demonstrating that a carbohydrate-restricted diet with
high content of fats favours cross-feeding between Akkermansia muciniphila and Parabac-
teroides, resulting in a reduced gamma-glutamyltranspeptidase activity in faeces driving
an increased GABA/glutamate ratio in the hippocampus that in turn confers protection
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against refractory epilepsy [167]. Although how ketogenic diets centrally control energy
homeostasis through gut microbiota-mediated mechanisms remains uncertain, given the
role of GABAergic neurotransmission on the central control of energy homeostasis and
food intake (see Section 4 for details) it seems plausible that ketogenic diet modulates the
gut–brain axis in postprandial periods by a similar gut microbiota-dependent mechanism
operating in the hypothalamus. On the other hand, the gut microbiota, by modulating the
lipid metabolism, seems to influence the circulating levels of β-hydroxybutyrate, which
exerts neuroprotective effects on the brain, although this effect has not been explored for
its relationship with metabolic health [168].

4. Microbial Ligands Mediating Gut–Brain Communication and Energy Homeostasis

Here, we review the microbial products, including bacterial metabolites and bacterial
cell components, that might impact on brain functions by modulating nutrient sensing
signalling through enteroendocrine humoral and neural pathways, and could contribute
to controlling energy homeostasis (Figure 1, Table 1). Beyond the control of food intake,
gut microbiota might influence the whole-body energy metabolism by modulating the
parasympathetic and sympathetic efferent tone [47,169], although this mechanism has been
the subject of far fewer studies. Thus, this section focuses on the role of gut microbiota in
controlling food intake and energy homeostasis, mainly through effects on the hypothalamus-
mediated food-intake suppression and, specially, in the postprandial periods.
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Figure 1. Bacterially produced metabolites from dietary nutrients and structural components of non-dietary origin modulate
food intake in the brain (hypothalamus) through humoral and/or enterodocrine and neural signalling pathways. Here, we
represent the pathways by which bacterial metabolites and non-dietary bacterial components (LPS, MDP and ClpB) induce
an anorexigenic response in postprandial periods and a long-term food intake control. 5-HT3R, 5-hydroxytryptamine
type 3 receptor; aa, amino acid; AgRP, agouti gene-related peptide; AHR, aryl hydrocarbon receptor; BA, bile acids; ClpB,
caseinolytic peptidase B; GLP-1, glucagonlike peptide-1; GPR41/FFAR3, free fatty acid receptor 3; GPR43/FFAR2, free
fatty acid receptor 2; IEC, intestinal epithelial cells; LPS, lipopolysaccharide; MDP, muramyldipeptide; NOD2, Nucleotide-
binding oligomerization domain 2; NTS, nucleus tractus solitarius; PYY, peptide YY; POMC, proopiomelanocortin; SCFA,
short-chain fatty acids; TGR5, takeda G protein-coupled receptor 5; TLR, Toll-like receptor.
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4.1. Short Chain Fatty Acids

The function of SCFAs in protecting against metabolic alterations of diet-induced
obesity is relatively well-established. Supplementing diet with fermentable carbohydrates,
such as inulin, oligofructose or pectin, reduces food intake and improves HFD-induced
glucose intolerance and weight gain in rodents and humans [170,221–225]. These effects
are associated with SCFA production.

Although the three main SCFAs activate both GPR43/FFAR2 and GPR41/FFAR3,
acetate is a potent agonist of FFAR2 [226], whereas propionate and butyrate have higher
affinity for FFAR3 [226]. Both receptors are expressed in L-cells [227,228], and FFAR3 has
been detected in enteric neurons [229] and in nodose ganglia cells [230]. Besides being
agonists of FFAR2 and FFAR3, all SCFAs and lactate can potentially affect food intake
by inhibiting the signalling of the orexigenic hormone ghrelin. In Hek293a cells stably
expressing human growth hormone secretagogue receptor type 1a (GHSR1a), the three
SCFAS (acetate, propionate, butyrate) and lactate reduced the Ca2+ influx in presence
of ghrelin and showed antagonistic GHSR-1a properties as they attenuated the ghrelin-
mediated receptor internalization [231]. As this SCFAs-mediated signalling is still under
an early stage of investigation (revised by [232]), here we focus on the role of SCFAs in
food intake suppression, acting as FFAR2/FFAR3 agonists.

SCFAs are known to regulate food intake by modulating hypothalamic function, either
reaching systemic circulation to the brain or via nutrient signalling mediated directly by
GLP-1 and PYY generated in EECs or via vagal afferents. Among SCFAs, acetate seems to
reach the brain through systemic routes, while propionate and butyrate mainly activate
gut nutrient sensing pathways.

The analysis of biodistribution of 11C-acetate infused in the mouse colon indicates that
acetate crosses the blood–brain barrier and reaches the hypothalamus, suppressing food in-
take short-term [171]. Moreover, acetate from fermentable fibre increases the hypothalamic
neuronal activation in the ARC, but not in the ventral medial hypothalamus (VMH) or the
PVN [170,171]. These changes are accompanied by an increase in hypothalamic activity of
acetyl-CoA carboxylase and AMP-activated protein kinase (AMPK), subsequently inducing
a downstream acute rise in POMC expression and reduction in AgRP expression [171,172].
In addition, systemic acetate enhances leptin release from adipocytes, possibly via an as yet
undetermined FFAR2-dependent mechanism [173], thus contributing to a shift towards an
anorexigenic neuronal activation pattern in the ARC [233]. Contrary to the abovementioned
control diet-based research, a study in rats indicates that, under an energy-dense diet, gut
microbiota enhance the production of acetate from glucose and fatty acids, contributing to
diet-induced obesity [234]. Indeed, HFD increases acetate levels in the intestinal lumen and
also systemically results in hyperphagia and an enhanced parasympathetic tone in β-cells,
which impairs glucose stimulating insulin secretion [234]. The role of acetate in signalling
through gut nutrient sensing routes is less evident. Some studies reveal that acetate does
not stimulate GLP-1 or PYY secretion [171,235] and others report acetate-induced PYY
secretion in the distal, but not proximal colon in a small cohort of obese humans without
exploring its effects on food intake [236,237].

In overweight humans, the acute administration of inulin-propionate ester, which
enables propionate delivery in the colon specifically, increases the postprandial secretion of
GLP-1 and PYY along with reduced food intake, together with a non-significant trend to
decrease long-term energy intake [225]. In mice, propionate also robustly stimulates both
GLP-1 and PYY secretion either in vivo or in primary murine colonic cultures, probably
via a FFAR2-dependent mechanism [174]. Additionally, propionate acts as a food intake
suppressor through independent mechanisms of the endocrine actions of gut hormones.
Indeed, independently of changes of the circulating levels of GLP-1 and PYY, non-obese
healthy men receiving inulin-propionate showed reduced ad libitum food intake and lower
oxygen level-dependent signal in reward-related brain structures [238]. Thus propionate
can impact on brain function through vagal afferents innervating the gut and the portal vein.
In this regard De Vadder and colleagues demonstrated that luminal propionate controls
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the postprandial levels of glucose through a gut–brain loop [175]. In particular, this process
is initiated by the propionate-induced activation of FFAR3 expressed in the afferents of the
portal vein, which leads to the activation of neurons in brain regions receiving vagal and
spinal inputs, i.e., DVC, spinal C1 segment and the parabrachial nucleus (PBN), respectively,
as well as in the hypothalamic areas receiving inputs from DVC and PBN, i.e., PVN, the
lateral, hypothalamus (LH) and the ARC. Apparently, propionate centrally controls the
intestinal gluconeogenesis, a process that induces metabolic benefits [132,176], including
the reduction of the endogenous production of glucose independently of insulin [175].

Furthermore, like acetate, elevated plasma propionate levels induce leptin release
from adipocytes via the somewhat controversial FFAR2- or FFAR3-dependent mecha-
nism [173,177], promoting hypothalamic anorexigenic neuronal activation [233].

Among the three main SCFAs, butyrate may be the strongest stimulator of anorex-
igenic peptides [178] and the most potent suppressor of food intake [179]. In obese and
healthy humans, all three main SCFAs separately administered increase plasma levels of
PYY in both fasting and postprandial conditions [236]. In mice, oral, but not intravenous,
administration of butyrate reduces food intake, according to decreased neuronal activity
in NTS and DVC [180]. Additionally, butyrate influences the hypothalamic circuitry, sup-
pressing the activity of orexigenic neurons [180], decreasing AgRP expression [181] and
enhancing POMC expression [181]. In addition, subdiaphragmatic vagotomy eradicates
the anorectic effects of butyrate, suggesting that the vagal nerve is necessary to convey the
short- and long-term satiety signalling of acute or chronic administration of butyrate in the
context of obesity [180]. Moreover, intraperitoneal butyrate induces activation of nodose
ganglia neurons [179]. Intestinal butyrate may transmit satietogenic signals by stimulating
GLP-1 and GIP secretion in L-cells and K-cells, respectively [178], and these effects are
probably reinforced by ghrelin inhibition [181]. It is not clear whether butyrate induces PYY
secretion, since studies report no changes [181], decrease [235] or slight increase [178] in
PYY release as a result of butyrate increase in the caecal content of animals orally receiving
a probiotic, a pea protein supplementation or oral butyrate administration. Furthermore, it
is not yet clear whether butyrate-induced gut hormone secretion is mediated by a FFAR3-
dependent mechanism [178,181]. Therefore, the evidence about the mechanism through
which SCFA are involved in satiety signalling is not fully consistent, probably due to
experimental differences, for instance, in hormone measurement timings, types of dietary
fibre supplementation, administration site and the use of different animal models.

4.2. Microbial Metabolites of Bile Acids

Bile acids (BA) are steroid acids synthesized in the liver from cholesterol, conjugated
to either taurine or glycine and postprandially released in the duodenum to facilitate the
absorption of dietary lipids and fat-soluble vitamins [239–241]. The majority of primary
BA secreted in the intestine are actively reabsorbed in the ileum and transported back
through the portal circulation to the liver (enterohepatic circulation) [242]. The remaining
small portion of primary BA are deconjugated and dehydroxylated in the ileum and
colon by intestinal bacteria into secondary BAs [243,244], mainly DCA and lithocholic acid
(LCA) in humans and rodents, and murideoxycholic acid in rodents [239,245]. Bacterial
bile salt hydrolases (BSH) are essential enzymes for deconjugation of primary BA to
secondary BAs [190]. In humans, BSH genes and enzymes have been characterized in Gram-
positive bacterial species of the genera Lactobacillus [182,183,190], Bifidobacterium [184,190],
Enterococcus [185,186], Clostridium [187,190] and Listeria [188,190] and in Gram-negative
bacteria of the genus Bacteroides [189,190].

Besides their role in lipid digestion, BAs have recently been characterized as ligands
of takeda G protein-coupled receptor 5 (TGR5), regulating lipid and glucose metabolism
once activated [246–248]. Dietary macronutrients and feeding patterns influence the com-
position and secretion of bile acids, respectively, and thus the microbiota-mediated bile
acids’ effects on the host. Interventional studies in humans reveal that a fibre-rich low-fat
diet is associated with low levels of all secondary BAs, and both glycine- and taurine-
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conjugated bile acids in faeces [249]. By contrast, a high fat diet increases the abundance of
unconjugated and secondary BAs (DCA, TDCA, 12keto-LCA, 3b-DCA and TLCA) coupled
with changes in species belonging to the genera Bacteroides, Clostridium, Bifidobacterium and
Lactobacillus and a positive correlation between Bacteroides and DCA [250].

Studies in humans and rodents report that microbial BAs modulate energy home-
ostasis directly by reaching the brain through systemic circulation and/or activating gut
nutrient sensing routes. The main functional effects of BAs reported are on feeding be-
haviour or glucose homeostasis. Plasma BAs levels notably rise postprandially in hu-
mans [251,252] and rodents [253], thus fluctuating in the systemic circulation along with
the circadian rhythm upon food intake, suggesting a role of BA as lipid-sensing molecules
and short-term satiety signals that reach the brain through a humoral route. Diet fat content
is positively associated with plasma BAs concentrations in humans [252] and mice [191],
and with hypothalamic BAs concentrations in mice [191]. Interestingly, DCA and other
BAs have been detected in the rat brain [254,255], and their levels are positively correlated
with plasmatic levels [254], indicating that secondary BAs may reach the brain from the
intestine by diffusion across the blood–brain barrier [254]. Accordingly, TGR5 expression
has been detected in neurons [192] and more recently in the hypothalamus related to
glucose metabolism [191]. Altogether, this evidence suggests secondary BAs generated by gut
microbiota activity potentially play a role in the direct control of hypothalamic function.

In addition, secondary BAs activate enteroendocrine and/or neural gut nutrient
sensing routes. Studies in mice demonstrate that downregulation of TGR5 in the context
of diet-induced obesity impairs glucose tolerance [193] and increases food intake coupled
with a substantial decrease in the plasma levels of GLP-1 and PYY [194,195]. By contrast,
TGR5 overexpression in mice improves oral glucose tolerance by inducing a marked
enhancement of the postprandial secretion of GLP-1, probably due to increased BAs
flow after a highly lipidic meal, [193]. Gut bile acid sensing is also supported by other
in vitro [196] and in vivo [195,197] studies in mice showing that secondary BAs trigger GLP-
1 and PYY secretion from EECs via TGR5 activation. Human colonic GLP-1-producing
EECs also express TGR5, the activation of which by TDCA increases the secretion of
GLP-1 [256]. Importantly, obese subjects with or without diabetes show an impaired
BA metabolic pathway [256] which might contribute to aberrant GLP-1 secretion [257].
Similarly, experiments in mice demonstrate that secondary BAs induce the secretion of
5-HT [198] subsequently activating 5-HT3 receptors on vagal afferent terminals [199].
The impact of secondary BAs resulting from gut microbiota activity on the brain is still
understudied [247] but secondary BAs, through TGR5-GLP-1 and/or 5-HT gut sensing
pathways, can potentially modulate food intake and energy homeostasis via efferent
routes. Specifically, the role of secondary BAs in inducing satiety through TGR5-activation
in vagal afferent neurons has been demonstrated. Indeed, TGR5 expression has been
detected in the nodose ganglia cells colocalizing with CCK-1R in rats [200]. Moreover, vagal
TGR5 mediates DCA-specific activation of POMC and CART-expressing neurons, but not
orexigenic neurons, in the hypothalamus resulting in reduced spontaneous postprandial
food intake [200]. Additionally, silencing TGR5 and CCK-1R in the nodose ganglia has an
additive effect increasing spontaneous food intake and suggesting a synergistic effect of
BA and CCK in hypothalamic short-term satiety signalling via the vagal pathway [200].

Therefore, the bacterial BAs bioconversion capacity may have a strong impact on the
intestinal availability of secondary BAs [258,259]. Subsequently, the postprandial enhance-
ment of the TGR5-mediated signalling may be affected by these secondary BAs generated
in the intestine as well as by the BAs pool that reaches the brain [247], contributing to the
modulation of hypothalamic function. However, to our knowledge, there are currently
no studies reporting the effects of specific bacterial species or strains on BA sensing to
centrally control energy homeostasis.
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4.3. Amino Acid Derived Metabolites

In the gut, as well as in the brain, 5-HT is synthesized from tryptophan [260], an
essential amino acid obtained from dietary proteins [261]. Studies in rats demonstrate
that 5-HT is released by enterochromaffin cells (ECs) in response to nutrient stimuli such
as carbohydrates, glucose or lipids [262,263]. 5-HT binds to 5-HT3 receptors in the vagal
afferents, acting thus as sensory transducers [262]. Functionality, the activation of 5-HT
signalling in vagal afferents mediates glucose induced inhibition of gastric emptying
and lipid-induced food intake suppression, which occurs simultaneously with CCK1
signalling [263,264]. Similarly, in humans, inhibition of 5-HT3 receptor increases the liquid
meal ingested [265].

Hafnia alvei, E. coli K-12 and species and strains of the genera Lactococcus, Lactobacil-
lus, Streptococcus and Klebsiella have been shown in vitro to synthesize 5-HT from trypto-
phan [266]. The mechanisms by which gut bacteria directly synthesize 5-HT are not clearly
established as bacteria lack tryptophan hydroxylase 1 (TPH1), an essential enzyme for 5-HT
biosynthesis. Therefore, an alternative mechanism has been proposed, in which tryptophan
is decarboxylated to tryptamine [267]. The role of gut microbiota as an enhancer of 5-HT
biosynthesis and release from ECs may partly occur through host–microbe interactions me-
diated by bacterial structural components or metabolites according to certain reports. For
example, Escherichia coli modulates the host tryptophan hydroxylase-1 activity, enhancing
the synthesis of the 5-HT precursor 5-hydroxytryptophan (5-HTP) and the extra-cellular
levels of 5-HT through interaction with secreted host derived factors [268]. This strain
also contributes to 5-HT clearance by its uptake into enterocytes through the serotonin
transporter SERT, which is required for completion of the serotonin circuit synthesis. Other
studies show that spore-forming microbes from a healthy human increase 5-HT in colon
and blood, through a process that seems to involve host interactions with bacterially pro-
duced metabolites such as deoxycholate and SCFAs [269,270]. Probably acting through
SCFAs, gut microbiota upregulates the expression of THP1 in colonocytes as demonstrated
by the colonization of germ-free mice with mouse or human gut microbiota [270].

A recent study reveals that ECs differentially express chemical sensors according to
their spatial location in the gut. Surprisingly, in the small intestine, ECs do not express
nutrient sensors but might indirectly release 5-HT in response to nutrient stimuli through
the paracrine action of GLP-1, from the neighbour EECs [271]. By contrast, compared
with small intestine ECs, colonic ECs present higher expression of microbial sensors such
as TGR5, which binds to secondary BAs; GPR132, to acyl amides and lactate; GPR35, to
aromatic acids, OLFR558, to isovalerate and FFAR2, to SCFAs, all able to trigger 5-HT
release [271]. Accordingly, gut microbiota, through their metabolites, would induce the
release of 5-HT in colon and indirectly in the small intestine by stimulating GLP-1 secretion.
In fact, although 5-HT cannot cross the blood–brain barrier [139], peripheral 5-HT has
been demonstrated to reduce food intake [272–274], suggesting an alternative signalling
pathway for the effects of gut-derived 5-HT on the regulation of appetite [275,276].

Studies indicate that, in contrast to 5-HT, its precursor 5-HTP can cross the blood–brain
barrier, probably leading to 5-HT production in the brain [139,277,278] and accounting for
the role of gut-derived 5-HTP in eliciting satiety. In fact, 5-HTP biosynthesis is enhanced in
ECs by gut microbiota-derived SCFAs by upregulating expression of TPH1 as indicated
above [278]. Thus, these findings support a role of the gut microbiota-induced 5-HT and
5-HTP in food intake, although further investigations are needed to specifically identify
the postprandial microbially produced metabolites and structural products potentially
influencing feeding behaviour via this route.

Tryptophan can be fermented into indole [201] which is a ligand of aryl hydrocarbon
receptor (AHR), a transcription factor that regulates gene expression. In vitro experiments
with GLUTag cell lines show that activation of AHR with an agonist increases the expression
of proglucagon as well as GLP-1 secretion [202]. In line with this, experiments with primary
mouse colonic L cells demonstrate that indole elicits rapid GLP-1 release during short
exposure but that release is inhibited over longer periods and at lower doses [203]. How
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these actions are coordinated with eating patterns remains unknown; however, the authors
proposed that indole at low concentration suppress GLP-1 from L colonic cells but induces
an opposite effect in response to high-protein diet. Although indole-mediated nutrient
sensing signalling is in an early research stage, the evidence above suggests that AHR might
act as a sensor of microbially produced metabolites capable of triggering GLP-1-mediated
nutrient signalling from the L cells of the gut to the brain.

In mice, obesity has been associated with increased intestinal IDO1, an enzyme
catalysing tryptophan degradation via the kynurenine pathway, thus limiting the bacterial
production of indole from tryptophan and increasing kynurenine and its derivatives such
as kynurenic acid [279]. In mice, intraperitoneal administration of kynurenic acid induces
energy expenditure without affecting locomotion or food intake [280]. This effect seems to
be dependent on the activation of GPR35 in the adipose tissue [280], a receptor that has also
been detected in sensory neurons of the extrinsic intestinal innervations [281], suggesting
that kynurenic acid could play a role in gut-to-brain sensory transmission, which is as
yet unexplored.

To our knowledge, so far, studies are lacking on the impact of GABA produced by
gut microbes from the dietary amino acid glutamate on the gut–brain communication and,
thus, on the control of energy homeostasis. Therefore, the pathways by which microbially
produced GABA may influence the hypothalamus function can only be hypothesized
from unconnected observations. GABA is the main inhibitory neurotransmitter in the
central nervous system. Peripheral GABA cannot cross the blood–brain barrier [282], but
activates gut nutrient sensing signalling pathways. First, GABA has been demonstrated to
stimulate GLP-1 release from the EECs line GLUTag [204]. Moreover, GABAB receptors are
expressed along the gastrointestinal tract [283,284], and co-localized with 5-HT-producing
cells identified as morphologically similar to EECs [284], probably inhibiting 5-HT-release
by ECs [285]. Second, GABA transmits sensory information by activating GABAA [205]
and GABAB receptors [206] expressed in vagal afferents or by secreting exosomes from
GABA-stimulated intestinal cells that, in turn, activate neurons [207]. Nonetheless, specific
studies are needed to understand the contribution of gut microbiota-derived GABA to
nutrient sensing from the gut to the brain and, thus, to the control energy homeostasis in
both lean and obese subjects.

4.4. Cellular Components of Gut Bacteria

Certain cellular components of intestinal bacteria stimulate gut-to-brain routes of
communication, which may be involved in the central control of energy homeostasis,
especially through food intake modulation. This is the case for protein fragments of gut
bacteria displaying molecular mimicry with human appetite-regulatory peptides and
neuropeptides; i.e., protein fragments of the human α-MSH sequence being identical to gut
bacterial-derived proteins from E. coli, Bifidobacterium longum, Bacillus cereus, and certain
enteropathogenic bacterial strains [286]. In particular, ClpB produced by E. coli K12 is a
mimetic of the anorexigenic peptide α-MSH [41], which has a discontinuous five-amino
acid overlap containing part of the α-MSH sequence [287]. ClpB is a heat-shock protein
with ATPase and chaperon activity mediating the resolubilization of heat-denaturated
protein aggregates, thus having a protective function for bacterial cell-induced damage.
More recently, the α-MSH-like motif identified within ClpB protein has been confirmed to
be specific to the order Enterobacteriales and conserved among its taxa, including E. coli
strains and Hafnia genus [209].

Recent preclinical and clinical studies have demonstrated the effectiveness of ClpB
protein on modulating energy homeostasis. In humans, shotgun metagenomic analysis of
faeces revealed that gut microbiota ClpB gene, which is associated with decreased weight
gain [152], was lower in obese compared to lean individuals [152]. In obese mice, oral
administration of the native E.coli K12 strain, unlike the ClpB-deficient strain, decreased
body weight gain [209], while its food-intake suppression activity was lost when the ClpB-
deficient E. coli was administrated [41]. In addition, intragastric administration of Hafnia
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alvei HA4597, a ClpB-producer, reduces caloric intake and increases lipolytic effects in
ob/ob mice coupled with reduced fat mass and body weight gain in both genetically and
diet-induced obese mice [209]. Along with the aforementioned effects, Lucas et al. found
a decrease in glycaemia, plasma cholesterol and alanine aminotransferase, a marker of
obesity-induced steatohepatitis [208]. Mechanistically, ClpB modulates the hypothalamic
circuit that controls food intake. In particular, AgRP expression is decreased in obese
mice administered the ClpB-producer H. alvei [209], while in an animal model of anorexia
increased ClpB plasma levels were associated with increased POMC expression [210].
Moreover, bdnf mRNA levels increased in mice receiving E. coli proteins collected at
stationary phase, which include ClpB [42]. These findings prove the contribution of ClpB
in upregulating the expression of hypothalamic anorexigenic neuropeptides.

In addition, it is known that ClpB transmits nutrient information from the gut to the
brain, directly reaching the hypothalamus when traveling in the systemic circulation, or
indirectly by the activation of gut nutrient sensing signalling. The presence of ClpB has been
reported in the plasma and in the hypothalamus of rodents and healthy humans [211,288].
Moreover, ClpB protein plasma levels in obese mice are increased by treatment with the
ClpB-producer H. alvei HA4597, in accordance with food intake reduction [209] and patients
with eating disorders show elevated ClpB plasma concentrations compared to healthy
individuals [288]. Ex vivo electrophysiological experiments also reveal that ClpB from
the stationary stage of E.coli directly stimulated the firing rate of POMC neurons, while
systemic administration of E.coli in the stationary stage increased cFos immunolabelled
POMC neurons in the ARC and VMH [42].

ClpB has also been found in the colon of mice, rats, and healthy humans [211]. ClpB
stimulates PYY secretion in cultured rat intestinal mucosa in a dose-dependent man-
ner [211] and the ClpB-induced PYY secretion may be enhanced by nutrient-induced bacte-
rial growth [42]. Accordingly, in response to food intake, ClpB initiates a PYY-mediated
endocrine or neural nutrient sensing signalling that ultimately regulate the hypothalamic
function in suppressing food intake. However, the receptor linking the ClpB agonist with
PYY secretion has yet to be identified [153].

A synthetic fragment of ClpB has partial agonist activity on MC3R and MC1R, but not
on MC4R [287], whose activation by α-MSH induces PYY secretion [289]. However, the
ability of the ClpB-α-MSH-like motif to activate MCRs [287] supports a spatial complemen-
tarity of bacterial-derived ClpB and MCRs and, therefore, further investigations regarding
the receptors by which ClpB drives its satiating effects are required.

Overall, ClpB is suggested to have a satietogenic effect by systemic and/or neu-
ral/endocrine routes. By a systemic route, plasmatic ClpB depends on the quantity of
ClpB-producing bacteria in the intestine and, therefore, plasmatic ClpB might be a long-
term satiety signal by modulating hypothalamic neuropeptide expression, ultimately
influencing meal patterns. By a neural/endocrine route, ClpB might also be a short-term
meal termination signal by stimulating release of satiety hormones in the intestine.

Some studies also indicate that LPS and MDP may play a role as food intake modula-
tors. LPS is the outer membrane’s major component of Gram-negative bacteria [290]. In
obesity, LPS plasma levels are increased due to elevated gut permeability [212], leading to
the low-grade inflammation characterizing this metabolic disorder [291]. MDP is a minor
component of the peptidoglycan of the cell wall of Gram-negative and more abundant in
Gram-positive bacteria [219]. Under normal conditions, MDP is released constantly from
degraded gut bacteria [45]. LPS and MDP are CD14/TLR4 and NOD2 agonists, respectively,
and both enhance GLP-1-induced nitric oxide production in enteric neurons [47], which
may contribute to satiety signalling to the hypothalamus by promoting a shift towards
anorexigenic neuropeptides expression [213]. Moreover, MDP activates NOD2 expressed in
L-cells to induce GLP-1 release in healthy, but not diet-induced obese mice [220]. Although
these effects have been related to glucose tolerance [220] MDP-induced GLP-1 release
should also be studied for its effects on food intake.
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Interestingly, several studies with rodents report clear effects of LPS and MDP on satiety.
Acute or chronic intraperitoneal injections of LPS or MDP reduce food intake [43,45,214,215].
Some studies have found LPS to induce stronger anorexigenic effects in the brain compared
to MDP [44,216,292]. The satiety-producing potential between both bacterial components
is probably explained by their different abilities to enhance cytokine expression in the
hypothalamus [216], since no changes have been detected in the expression of the neu-
ropeptides POMC, NPY or leptin after LPS or MDP administration to the brain [216].

The anorexigenic effects of LPS and MDP seem to be mediated by CD14 for both and by
TLR4 for LPS and TLR2 for MDP [217]. The LPS from E. coli isolated from healthy humans
has been demonstrated to increase murine nodose ganglia neurons excitability in vitro via
a TLR4-dependent mechanism [218], suggesting that the intestinal-derived LPS effects on
hypothalamic regulation of food intake is mediated by vagal afferent neurons. In contrast
to these findings, subdiaphragmatic vagal deafferentation in rats did not suppress food
intake reduction after intraperitoneal injection of LPS or MDP, suggesting that peripheral
administration of both bacterial components enhances appetite reduction via a humoral but
not vagal pathway [214]. Moreover, MDP gavage in rats has no effects in MDP circulating
levels nor in feeding patterns, while intraperitoneal MDP reduces food intake, indicating
the importance of the humoral pathway for MDP satiety signalling [45]. However, intestinal
MDP translocation should be specifically investigated to better define the underlying
mechanisms of intestinal-derived MDP on appetite regulation.

Lugarini et al. found that LPS and MDP suppress food intake in obese rats to a
similar extent as in non-obese rats [215], suggesting that both bacterial components exert
anorexigenic effects regardless obesity. However, the doses of injected LPS and MDP in this
study may not reflect the amount of LPS and MDP crossing the intestinal epithelial barrier,
whose integrity depends on the metabolic state [212]. Further investigation is required to
fully unravel the mechanisms and pathways through which intestinal structural bacterial
components reach the hypothalamic centre of appetite regulation under healthy and
pathological conditions in vivo.

5. Tackling Obesity with Gut Microbes Mediating in Gut–Brain Communication

Hyperphagia and obesity are caused by defective sensitivity in the hypothalamus
or in food reward brain areas to peripheral signals reflecting the nutritional status of
the body. Current antiobesity drugs mainly target the central nervous system to sup-
press appetite. Monotherapies including the agonist of 5-HT2C receptor, lorcaserin, or
the protease-resistant long-acting GLP-1, liraglutide, as well as combinational therapies
of stimulators of noradrenaline or serotonine-release combined with sympathomimetic
anticonvulsant or opiod receptor antagonist are currently approved for treating obesity and
T2D, combined with exercise and a balanced diet [14,15,293]. As emerging pharmacothera-
pies, gut peptides acting as potential agonists of lipid sensing and bile acids receptors and,
thereby, as secretagogues are being preclinically and clinically tested as potential drugs
to improve metabolic disturbance, especially T2D [294]. Notably, bariatric surgery is the
most effective therapy for treating obesity, producing important and sustained weight-loss.
This is conducted only in a limited number of subjects with a body mass index (BMI) > 40
and also implies surgical risks [295,296]. It is hypothesized that, rather than mechanical
alterations, bariatric surgery alters gut signals sensed by the brain, including amplifica-
tion of postprandial secretion of gut hormones, resulting in a beneficial impact on energy
homeostasis [13]. Research is underway to advance the clinical management of obesity
with less invasive pharmacotherapies, which mimic the molecular adaptations of bariatric
surgery, including those based on gut–peptide combinatorial strategies [13]. However,
the applicability of new drugs is frequently limited by unwanted side effects and safer
alternatives are being considered, such as devices to modulate the vagal nerve [14].

In the light of this review, the gut microbiota represents a potential target for favourably
regulating gut–brain communication and thereby controlling food intake, energy home-
ostasis and obesity. Indeed, the supplementation of key intestinal bacteria could increase
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the microbiota-derived bioactive molecules acting as enhancers of gut hormone secretion
and as vagal afferent stimulators, optimizing the response to nutritional clues via gut–brain
signalling in obesity. Notably, promising studies have revealed that the gut microbiota
might act in harmony with the postprandial processes in the gut that control food intake,
as occurs for bacterial-produced ClpB.

Currently, microbiome-based approaches, including faecal microbiota transplantation
(FMT) and the administration of intestinal bacteria (probiotics or bio-therapeutic products),
are being explored for their impact on gut microbiota structure and function for therapeutic
or preventive purposes.

The clinical applicability of FMT to treat obesity is being explored in experimental
clinical trials. To date, a couple of studies have been completed and indicate that the
microbial shift towards a lean-like profile induced by the oral administration of capsules
containing the faecal microbiota from lean donors was not associated with metabolic
benefits in the recipients [297,298]. By contrast, an improvement in insulin resistance
was observed in male volunteers with metabolic syndrome after a duodenal infusion
of gut microbiota from lean donors obtained from small intestine biopsy species [299].
Nevertheless, investigations in this field provide limited data regarding how the microbiota-
based approaches specifically control the gut–brain axis in obesity [300].

New indigenous intestinal bacterial species are also being identified and tested for
their potential use as next generation probiotics or live biotherapeutic products [301] to
maintain metabolic health and combat obesity. This strategy may also contribute to pro-
gressing towards the development of safer and more effective microbiome-based strategies
for the clinical management of obesity as compared to FMT [302]. Some examples of
these new bacterial species and strains are Eubacterium hallii L2–7, Akkermansia muciniphila
ATCC® BAA-835™ or Bacteroides uniformis CECT 7771. These were initially selected based
on associations between an increased abundance of the bacterial species and a healthy
metabolic phenotype in a substantial number of human studies. To date, the clinical effi-
cacy in overweight volunteers has already been demonstrated for A. muciniphila (clinical
trial no. NCT02637115). The pasteurized A. muciniphila significantly improved metabolic
parameters (insulin sensitivity, insulinemia and cholesterol) and tended to reduce body
weight and fat mass [303]. Nonetheless, the investigations on the mechanisms by which
these bacteria induce their benefits have mainly focused on the regulation of immune
pathways involved in obesity-associated inflammation, generally resulting in metabolic
improvements in preclinical trials [304]. Although evidence of the possible action of these
bacteria through the modulation of the gut–brain axis is scarce [305–307], preclinical studies
demonstrated that A. muciniphila administration to obese mice increases the intestinal pro-
duction of the endocannabinoid, 2-arachidonoylglycerol (2-AG); and the endocannabinoid
analogue, oleoylglycerol (2-OG) [305]. These ligands can modulate the secretory function
of L cells and, theoretically, the activity of vagal afferents [308,309].

Other emerging strategies to identify new probiotics or live bio-therapeutic products
tend to mimic drug discovery approaches. In this case, the selection of effector intestinal
bacteria is based on in silico predictions (computational molecular modelling) of their
capacity to produce bioactive molecules [310]. Based on this strategy, the strain Hafnia alvei
4597 was selected to provide the protein ClpB, a bacterial mimetic ofα-MSH, which induced
satiety. This discovery was based on the initial detection of α-MSH reactive autoantibodies
in plasma of humans and rodents [311] and in the in silico screening of the presence of ClpB
in members of the family Enterobacteriaceae, including the genus Hafnia [312]. Studies
in obese mice demonstrated that the administration of Hafnia alvei 4597 suppressed food
intake and improved the metabolic disturbances associated to obesity [209]. Clinical studies
in humans to show the efficacy are underway (clinical trial no. NCT03657186).

In spite of this progress, further advances are still needed to increase the effectiveness
and clinical applicability of microbiome-based strategies. In fact, interindividual variabil-
ity of the human host and its gut microbiota could change the response to these thera-
pies [313]. Therefore, efforts are also underway to develop precision probiotics through
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a deep understanding of their mode of action and the factors influencing the individual
host response [310]. This requires the integration of the person-specific genotypic and phe-
notypic variables, including microbiome data (strain-level composition, transcriptomics,
metabolomics, etc.), that may help to predict the health outcomes of a specific intervention.
This strategy may also be applied to the identification of personalized microbiome-based
strategies that improve nutrient sensing routes and, thus, control energy homeostasis. To
this end, further efforts are needed for the identification of cross-feeding pathways between
different intestinal bacteria of a specific host and the resulting dietary and bacterial-derived
effector molecules, considering the person’s meal timings and dietary composition.
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Abstract: Sirtuins are NAD+ dependent deacetylases that regulate a large number of physiological
processes. These enzymes are highly conserved and act as energy sensors to coordinate different
metabolic responses in a controlled manner. At present, seven mammalian sirtuins (SIRT 1-7) have
been identified, with SIRT1 and SIRT6 shown to exert their metabolic actions in the hypothalamus,
both with crucial roles in eliciting responses to dampen metabolic complications associated with
obesity. Therefore, our aim is to compile the current understanding on the role of SIRT1 and SIRT6 in
the hypothalamus, especially highlighting their actions on the control of energy balance.

Keywords: SIRT1; SIRT6; energy balance; food intake; body weight; adiposity; type 2 diabetes; obesity

1. Introduction
1.1. Obesity

The incidence of obesity has reached pandemic proportions and become a major cause
of various social, economic and health problems in our society [1]. In fact, worldwide
obesity has nearly tripled since 1975 and the World Health Organization has declared
that overweight is among the top ten conditions of major health risk in the world and
among the top five in developed countries [2]. Obesity is defined as a state on excess of fat
produced as a consequence of a high energy intake and a low energy expenditure that leads
to serious health problems [3,4]. While food intake is tightly regulated by homeostatic
and hedonic drives [5], changes in energy expenditure can be explained by differences in
basal metabolism (energy expended to keep the body functioning at rest), physical activity
and adaptive thermogenesis [6]. Therefore, obesity is a complex and multifactorial disease
involving genetic, biological but also behavioral factors.

The first line of treatment of obese people is to follow a healthy diet and do regular
exercise. However, these guidelines are difficult to adhere to for the obese population and
most people with obesity that lose weight will regain it over time, ultimately with a higher
body weight than before starting the weight loss [7,8]. Bariatric surgery is currently the
most efficient method for long-term weight loss. However, this is a costly and invasive
intervention not without risk and side-effects, and is only recommended to a small propor-
tion of morbidly obese people [9]. The currently available pharmacological treatments to
combat obesity have limited effectiveness and more efficient drugs are urgently needed.
Therefore, it is necessary to ascertain in depth the molecular mechanisms underlying this
disease and to identify novel therapeutic targets for treatment.
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1.2. The Hypothalamus as the Master Regulator of Energy Balance

The central nervous system (CNS) is a key organ in energy balance and body weight
regulation. The CNS elicits these functions through three mechanism: (a) controlling food-
related behaviors, including food intake (b) controlling the autonomic nervous system,
which regulate the energy expenditure and other metabolic processes; and (c) controlling
the neuroendocrine system by modulating hormone secretion. The modulation and coordi-
nation of this complex systems occurs in different brain areas [10,11]. However, it is well
known that the hypothalamic neuronal networks integrate peripheral information (i.e.,
nutrients and hormones) to modulate energy balance [12,13]. The hypothalamus, a central
structure composed of anatomically distinct nuclei interconnected via axonal projections,
is at large the most studied area in term of its regulation of food intake and body weight.
In this neuronal network, we can distinguish the hypothalamic arcuate nucleus (ARC)
as the best positioned nucleus to receive signals from the periphery and to mediate a
subsequent homeostatic response to peripheral tissues. This nucleus is considered the
“master hypothalamic center” for feeding control [13,14].

The ARC is composed by two antagonist neuronal populations, neuropeptide Y/Agouti
related peptide (NPY/AgRP) neurons that induces a positive energy balance and proopi-
omelanocortin (POMC) neurons and cocaine and amphetamine related transcript (CART)
that when activated induces negative energy balance. Both neuron types regulate food
intake, energy expenditure and nutrient partitioning. When energy intake exceeds expendi-
ture, the expression of orexigenic neuropeptides, such as AgRP and NPY decreases, whereas
the expression of anorexigenic neuropeptides, such as CART and POMC increases [3,10].
Opposite changes occur when energy expenditure exceeds intake.

Hypothalamic neurons in the ARC respond to peripheral nutrients, such as glucose
and fatty acids as well as hormones, such as leptin and ghrelin, the two most important
hormones in the regulation of food intake and body weight [11,12]. Leptin, secreted by,
and in proportion to white adipose tissue (WAT), informs the hypothalamus of energy
buildup and activates POMC/CART neurons and inhibits NPY/AgRP neurons, resulting
in an inhibition of feeding and an increase in energy expenditure. In contrast, ghrelin is
a stomach-derived peptide that increases food intake through increased NPY and AgRP
expression. Therefore, both leptin and ghrelin use these pathways in opposite ways to
exert their roles on energy balance.

Adjacent to the ARC we find the ventromedial nucleus (VMH), a hypothalamic
area that receives projections mainly from NPY/AgRP and POMC neurons. These VMH
neurons express steroidogenic factor 1 (SF1) and project their axons at the same time to
the ARC and to secondary hypothalamic nuclei, as well as regions of the brain stem [15].
These neurons are activated in respond to changes in circulating leptin and other metabolic
signals, and due to their projections to the ARC, an elaborate neuronal circuitry underlying
metabolic homeostasis is formed [15,16].

Another relevant metabolic nucleus is the lateral hypothalamic area (LHA), a region
of the brain that has for long been known for its role in the regulation of eating and
considered the most interconnected area of the hypothalamus. This hypothalamic area is
mainly composed of two types orexigenic neuronal populations, namely orexin-producing
neurons and melanin-concentrating hormone (MCH)-producing neurons [17–19].

Taking into account that several mechanisms are involved in the development and
maintenance of obesity within the hypothalamus, in the next section we introduce the role
of a highly conserved family of class III deacetylases denominated Sirtuins, (SIRTs) as one
of these relevant metabolic regulators.

2. Sirtuins: Metabolic Sensors

Mammalian SIRTs are homologous to the Sir2 gene of Saccharomyces cerevisiae. Seven
Sir2 orthologues, members of the SIRT family (SIRT1-7), have been described in mammals.
All members share the conserved SIRT domain, but they differ in subcellular location and
function [20–22]. SIRTs actively participate in the regulation of energy metabolism related
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to diet/caloric restriction, but they also have an important role in other metabolic processes,
such as aging, cell survival, and DNA repair [23,24].

The aim of this review is to describe the hypothalamic actions of SIRTs in a metabolic
context. Until now, only SIRT1 and SIRT6 have been shown to act in the hypothalamus
to control energy balance. Therefore, in this review, we will describe in detail some
of the most important hypothalamic mechanisms by which these two SIRTs regulate
energy metabolism.

2.1. Hypothalamic SIRT1 in the Control of Energy Balance

SIRT1 is expressed in a wide range of tissues and organs, such as the liver, pancreas,
heart, muscle, and adipose tissue (Reviewed in [20–22]). SIRT1 is also expressed in im-
portant metabolic centers of the brain, including ARC, VMH, dorsomedial nucleus and
paraventricular nucleus of the hypothalamus (PVN), the area postrema and the nucleus of
the solitary tract in the hindbrain (For review see [20–22]). SIRT1 is involved in the control
of metabolic processes that regulate body weight, such as control of food intake [25–28],
adiposity [26,29], energy expenditure [29], thermogenesis of brown adipose tissue (BAT)
and “browning” of WAT [29] (Figure 1).
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Figure 1. Description of the metabolic actions elicited by SIRT1 in mice and humans. Pharmacological
or genetic modulation of SIRT1 regulates body weight, adiposity in WAT and liver, food intake,
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With regard to genetic animal models for SIRT1, the global knock out (KO) mice
for SIRT1 are not viable or have several metabolic complications [30], whereas moderate
overexpression of SIRT1 in mice improves several metabolic parameters associated with
obesity [31] (Figure 1). Consistently, the pharmacological activation of SIRT1 produces a
variety of beneficial metabolic actions in vivo (Figure 1). In this sense, natural activators of
SIRT1, such as the polyphenol resveratrol (RSV) [32,33] or synthetic molecules [34–36], have
been used for this purpose. These pharmacological activators improve insulin sensitivity,
increase insulin secretion, enhance mitochondrial function, decrease adiposity and lower
glucose levels [37–41]. Intriguingly, a negative energy balance was also observed in mice
following pharmacological inhibition of SIRT1 [26,27]. Therefore, a controversy exists
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on the role of SIRT1 in regulation of energy metabolism and more studies are needed to
ascertain the mechanism of action of these SIRT1 modulators.

2.2. SIRT1 and Food Intake

Several studies have shown that pharmacological inhibition of SIRT1 in the hypothala-
mus reduces the caloric intake and body weight in rodents [26,27], which occur through the
modulation of the central melanocortin system [25,27,28]. In fact, central administration of
a melanocortin receptor antagonist (SHU9119) reversed the anorectic effect of hypothalamic
SIRT1 inhibition [27]. Indeed, this anorexigenic action is mediated by the repression of
AgRP and stimulation of POMC levels. In addition, SIRT1 requires the Forkhead Box O1
transcription factor (FOXO1) to exert these actions, since FOXO1 inhibition blocks the
actions of SIRT1 on AgRP and POMC neurons [27]. However, SIRT1 has other downstream
effectors, e.g., the actions of SIRT1 on food intake are mediated by the mitochondrial
redox machinery, because the decrease in feeding induced by the action of EX-527, a
pharmacological SIRT1 inhibitor, is impaired in uncoupling protein-2 KO animals [28].

In agreement with these data, hypothalamic SIRT1 can act as a mediator of several
nutritional hormones (reviewed in [42]). In fact, the pharmacological blockade of SIRT1
in the CNS or the genetic inhibition of p53, a downstream effector of SIRT1, prevents the
orexigenic action of ghrelin, by impairing the regulation of this hormone on its target
neuropeptides NPY/AgRP and its target transcription factors namely FOXO1, cAMP
response element-binding protein and brain-specific homeobox transcription factor [25].
Subsequent studies with conditional KO mice models for SIRT1 and p53 in specific neuronal
populations show that the food intake induced by ghrelin rely on the action of these
energy sensors specifically in AgRP neurons [28,43]. These data highlight the relevance of
SIRT1/p53 pathway in the orexigenic action of ghrelin.

Consistently with these findings, it has been shown that SIRT1 mediates the metabolic
actions regulated by other orexigenic hormone such as MCH. In this study, it was shown
that the action of MCH on food intake, glucose homeostasis and adiposity rely on SIRT1 in
POMC neurons, due to the specific deletion of SIRT1 on a subset of these neurons comprise
the metabolic actions of MCH [26]. These data reveal for the first time the neuronal basis of
the metabolic effects of MCH on body weight and food intake.

Another study demonstrated the importance of SIRT1 in food selection, and that SIRT1
mediates the regulation of macronutrient choice [44]. In this study, targeting central SIRT1
by gain-of function and loss-of-function mice models, it was shown that the preference
for high sucrose diet was reduced when SIRT1 was stimulated at neuronal level, while
it was increased when SIRT1 was inhibited at this level. These effects of diet preference
over sucrose were shown to be mediated by SIRT1 specifically in oxytocin neurons, since
overexpression or deletion of SIRT1 in oxytocin PVN neurons displayed the same results
on sucrose preference as the neuronal manipulation of SIRT1. However, when standard
diet (SD) vs. high fat diet (HFD) was offered to the animals in the latter mentioned mice
model, no differences were found, which show that SIRT1 in oxytocin neurons regulates
the preference for sucrose, but not for fat. The fibroblast growth hormone-21 (FGF-21) is a
peripheral signal targeting oxytocin neurons to regulate macronutrient preference. In the
same study SIRT1 was identified as a regulator of sucrose preference by promoting FGF21
sensitivity in oxytocin neurons.

2.3. SIRT1 in Hypothalamic Neurons

Studies with conditional mice models have shown that the effects of SIRT1 in the
hypothalamus may depend on the neuronal type in which it acts (Figure 2).
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It has been reported that inhibition of SIRT1 specifically in POMC neurons does not
significantly alter body weight or adiposity in SD-fed mice [29]. However, these mice are
more vulnerable to diet-induced obesity (DIO) due to a reduction in energy expenditure
and a reorganization of WAT through the sympathetic nervous system. Consistent with
these data, overexpression of SIRT1 in POMC neurons has the opposite effect, and these
mice showed a lean phenotype due to an increase in energy expenditure and activation of
sympathetic nervous system in adipose tissue [45].

Additionally, SIRT1 is essential for the metabolic functions of AgRP neurons. The
inhibition of SIRT1 specifically in AgRP neurons decreases the consumption of food, which
leads to a decrease in adiposity and consequently a reduced body weight [28]. There are,
however, also opposing experimental data, demonstrating that overexpression of SIRT1
in AgRP neurons improves weight gain and reduces the food intake associated with age
in mice [45].

Overexpression of SIRT1 in SF1 neurons shows protective effects against DIO, with
reduction in body weight, fat mass, and leptin levels, and increased energy expenditure [46].
Accordingly, the specific inhibition of SIRT1 in SF1 neurons makes HFD fed mice more
susceptible to obesity and diabetes mellitus [46].

These data indicate that SIRT1 plays an essential role in hypothalamic neurons that
are associated with the metabolic adaptations that determine body weight gain in obesity.

2.4. SIRT1 a Link between Metabolism and Reproduction

SIRT1 has been shown to be the link between metabolism and reproduction through
hypothalamic neurons [47]. First, it has been observed how female animals that overexpress
SIRT1 have a normal body weight and show a delay in the development of puberty. Using
virogenetic techniques, it was demonstrated that the overexpression of SIRT1 specifically
in the ARC promoted this delay. Moreover, in this work it was also shown that SIRT1 is
expressed in kisspeptin, neurokinin B and dynorphin (KNDy) neurons, which express
the Kiss1 pubertal activator gene. It is important to highlight that the content of SIRT1 in
the KNDy neurons of the ARC and the recruitment of SIRT1 towards the Kiss1 promoter
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in vivo change depending on the nutritional status of the animal. In states of overnutrition,
the neuronal content of SIRT1 and its association with Kiss1 decrease, which accelerates
and promotes puberty [47]. In contrast, malnutrition raises SIRT1 levels, prolongs the
repression of Kiss1 by SIRT1, and delays puberty. These results identify SIRT1-mediated
Kiss1 inhibition as a key epigenetic mechanism by which nutritional cues and obesity
influence puberty in mammals.

In summary, hypothalamic SIRT1 signaling appears to be a key mediator of energy
metabolism and the physiological response to obesity.

3. Hypothalamic SIRT6 in the Control of Energy Balance

SIRT6 is a nuclear protein associated with physiological and pathological processes,
regulating obesity, insulin resistance, inflammation and energy metabolism [48]. It is
expressed in various tissues, with the highest level of expression in adipose tissue, skeletal
muscle and heart [49–51]. SIRT6 is also highly expressed in the CNS, and its expression
is regulated by the availability of nutrients, showing low levels in the hypothalamus and
specifically in POMC neurons in obesity [52]. Therefore, SIRT6 is postulated as a relevant
energy sensor at the central level and a promising pharmacological target in the regulation
of energy metabolism.

A seminal work in the study of SIRT6 described that global SIRT6 KO mice suffer a
severe multisystemic phenotype, with severe hypoglycemia and a short life expectancy [49].
A remarkable characteristic of these mice is that they show a delay in postnatal growth
associated with low levels of insulin-like growth factor 1. In agreement with these results,
mice in which SIRT6 was inactivated at the neural level (NSIRT6-KO) display a significantly
reduced growth during development, smaller adult phenotype and lower body weight
compared to controls [50]. These results demonstrate that neural inactivation of SIRT6 is
sufficient to cause growth retardation. However, elderly male NSIRT6 KO mice, but not
female mice, were significantly heavier than controls [50].

Mice deficient for SIRT6, specifically in POMC neurons (SIRT6 POMC KO), showed
no changes in body size or differences in glucose levels [52]. Therefore, hypoglycemia
in SIRT6 KO mice and growth retardation in NSIRT6 KO mice were not due to SIRT6
deficiency in POMC neurons. On the contrary, SIRT6 POMC KO mice showed a modest,
but significant, increase in body weight under SD that was greater when the mice were
fed HFD [52]. This increase in body weight is associated with a higher adiposity in WAT
and liver, caloric intake, glucose intolerance and less energy expenditure. Consistently, it
was also found that the activity of the leptin signaling pathway was significantly reduced
in SIRT6 POMC KO mice, showing high levels of leptin in the serum of these mice both
under SD and HFD [52].

Interestingly, and in line with these previous results the global overexpression of SIRT6
decrease body weight, adiposity and glucose tolerance [51]. Moreover, and consistent with
these data, the study of Tang et al. has demonstrated that overexpression of SIRT6 in the
ARC of obese mice decreases body weight, adiposity and food intake [52]. These data
suggest that the activation of SIRT6 in POMC neurons could be the responsible of this
effect, however this possibility was not tested yet.

Altogether, these studies postulate to SIRT6 as an essential player in the regulation of
body energy homeostasis.

4. Therapeutic Options

The positive effects of SIRTs in animal models on prevention and treatment of obesity
and metabolic syndrome suggested their use as therapeutic agents. However, the knowl-
edge about the involvement of SIRTs on clinical trials for the treatment of metabolic disease
is limited.

In this sense, the administration of RSV, the most studied natural SIRT1 activator,
reduces adipocyte size, blood glucose, preserves pancreatic β-cells and improves insulin
action in rhesus monkeys fed a high-fat, high sugar diet for 2 years [53,54]. Importantly,
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treatment with RSV during 30 days in obese men confirmed these initial reports in non-
human primates [55]. Other epidemiological studies in humans showed positive effects
of RSV in patients with diabetes or obesity-mediated insulin resistance [40,56,57]. Accord-
ingly, RSV improves plasma triglyceride concentration [37,41], lowers circulating cytokine
levels [37–39], elicits better metabolic flexibility with lower homeostatic model assessment
for insulin resistance index [37], suppresses postprandial glucagon responses, decreases
resting metabolic rate and improves respiratory quotient in obese subjects [37,58]. Inter-
estingly, all of these effects elicited by RSV on energy balance, glucose homeostasis and
insulin sensitivity were not observed in non-obese healthy humans [59].

It is important to highlight that in spite of these results, the use of the natural activator
RVS as a therapeutic target bear some controversies. For example, the use of RVS shows
low tolerability and specificity, inconsistent dosages activity and interactions with other
compounds (for a discussion of this issue see [60]). These shortcomings have stimulated
to the development of a number of new small synthetic molecules activators. However,
although these molecules are 1000 times more potent and their bioavailability are improved
compared to the natural compounds, they do not show a superior efficacy in preclinical or
clinical studies [34–36]. For example, some epidemiological observations with the synthetic
SIRT1 activator, SRT2104, showed that the administration of this compound during 28
days produces a mild reduction in the glucose levels and slightly improvement in the
body weight [61]. Other studies in elderly or type 2 diabetic patients shows that the
administration of SRT2104 reduces the lipid profile and the body weight [62] without
changes in glucose levels [36,61].

Despite these controversies, SIRT1 activators often show an acceptable efficacy in
treating metabolic disturbances in clinical trials, where improvements are restricted to
subjects with a pathological condition. Thus, more studies with larger cohorts are neces-
sary to obtain a consensus for the actions, specificity, dosage, and effectiveness of these
SIRT1 activators.

5. Conclusions and Remarks

In this review we cover the most relevant studies focusing on the metabolic actions
of SIRT1 and SIRT6 at the hypothalamic level. In this sense, it is important to highlight
that the effect of hypothalamic SIRT1 on energy balance depends on the neuronal type
where it acts, which has been demonstrated for a variety of metabolic effects. E.g., the
specific deletion of SIRT1 in POMC and SF1 neurons from HFD-fed mice shows that SIRT1
regulates metabolism through energy expenditure but does not affect food intake, whereas
specific modulation of SIRT1 in AgRP neurons specifically affects eating behavior. Other
examples of the relevance of this deacetylase in the regulation of metabolic processes came
from studies that describe its involvement in the signaling pathways of some relevant
metabolic hormones. More specifically, it has recently been shown that SIRT1, in addition
to mediate the orexigenic action of ghrelin, is essential for the metabolic actions of MCH.
Importantly in both cases, the ARC melanocortin system plays a fundamental role in the
action of SIRT1 in these processes.

SIRT1 may also regulate diet preference via actions in the PVN Oxitocin neurons. This
is relevant since the effectiveness of the diet and its impact on body weight depends both
on the amount of caloric intake that is consumed and the balance of macronutrients of the
ingested meal. It is also important to highlight the effects of SIRT1 on conditions related
to obesity, such as puberty. SIRT1 has been shown to be a key factor in the development
of puberty. Specifically, it has been identified that the ARC is the main integrator area of
these effects, with epigenetic inhibition of Kiss1 by SIRT1 as a key mechanism by which
nutritional signals and obesity influence puberty of children.

In addition to the effects of SIRT1, this review also provides a comprehensive overview
on the involvement of hypothalamic SIRT6 in the control of energy metabolism. It has been
shown recently that the specific deletion of SIRT6 in POMC neurons increases food intake
and decreases energy expenditure, promoting an obesogenic phenotype in mice. These
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results suggest that SIRT6 has a protective effect against DIO by its action in POMC neurons.
In this sense, future studies should focus on the possible effects of SIRT6 modulation in
other hypothalamic neurons such as AgRP or SF1 neurons. Therefore, all these results
strongly support SIRT6 as a new hypothalamic molecular mediator in the regulation of
energy homeostasis.

The data described in this review reveal SIRT1 and SIRT6 as multifaceted mediators
of energy metabolism, affecting processes such as food intake, food preference, puberty,
body weight, adiposity, glucose homeostasis and insulin resistance.

Apart from these considerations there are controversial results regarding the central
actions of these SIRTs that we have discussed. While it seems clear that SIRT1 activators
improve several metabolic parameters, in some circumstances this is also true for SIRT1
inhibitors. For example, neural deletion of SIRT1 improves insulin sensitivity and glucose
intolerance in mice, while the administration of the pharmacological inhibitor EX-527
improves body weight, food intake, hepatic steatosis and fibrosis in diabetic rats [25–27,63].
In this sense, the healthy phenotype observed in these rodent models following SIRT1
inhibition may at first seem contradictory, but there are other previous examples in the
literature involving other mammalian SIRTs that show similar results. Indeed, SIRT6 over-
expression protected against DIO [51] in the same way that SIRT6 deletion did [49]. There
is currently no clear explanation for the controversial results regarding the central actions
of these SIRTs, but it is believed that the processes that involves metabolic regulation are
highly complex and that this may sometimes lead to counterintuitive findings. Therefore,
these data imply that the implications for these variety of effects are that their levels must
be under a fine-tuning regulation and that their alterations may lead to unpredictable side
effects without an evident dose-response relationship.

In spite of these somewhat contradictory results, we believe that SIRT1 and SIRT6
emerge as important targets for the development of novel therapies in the control of obesity
and its comorbidities. Importantly, it should be noted that the fact that these proteins
regulate energy balance in specific high-calorie regimens is of paramount importance for
the development of new strategies to combat metabolic diseases. Finally, we should not
forget the potential involvement of the other SIRTs different from SIRT1 and SIRT6 in
the control of energy balance at the hypothalamic level, which should be the focus of
future studies.
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Abstract: Despite the substantial role played by the hypothalamus in the regulation of energy balance
and glucose homeostasis, the exact mechanisms and neuronal circuits underlying this regulation
remain poorly understood. In the last 15 years, investigations using transgenic models, optogenetic,
and chemogenetic approaches have revealed that SF1 neurons in the ventromedial hypothalamus are
a specific lead in the brain’s ability to sense glucose levels and conduct insulin and leptin signaling
in energy expenditure and glucose homeostasis, with minor feeding control. Deletion of hormonal
receptors, nutritional sensors, or synaptic receptors in SF1 neurons triggers metabolic alterations
mostly appreciated under high-fat feeding, indicating that SF1 neurons are particularly important for
metabolic adaptation in the early stages of obesity. Although these studies have provided exciting
insight into the implications of hypothalamic SF1 neurons on whole-body energy homeostasis, new
questions have arisen from these results. Particularly, the existence of neuronal sub-populations of
SF1 neurons and the intricate neurocircuitry linking these neurons with other nuclei and with the
periphery. In this review, we address the most relevant studies carried out in SF1 neurons to date,
to provide a global view of the central role played by these neurons in the pathogenesis of obesity
and diabetes.

Keywords: SF1 neurons; ventromedial hypothalamus nucleus; obesity; diabetes; energy homeostasis;
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1. Introduction

Obesity is a multifactorial chronic disease associated with a higher risk of developing
cardiovascular diseases, diabetes, cancer, and, more recently, COVID-19 infection. Ac-
cording to the World Health Organization (WHO), in 2016, worldwide obesity had nearly
tripled since 1975, with 39% of adults and 18% of children and adolescents overweight
or obese [1]. The main metabolic comorbidity of obesity is type-2 diabetes that occurs
when body tissues become resistant to insulin and is estimated to be the seventh leading
cause of death [2]. Therefore, understanding the molecular and physiological mechanisms
underlying the control of feeding behavior, energy balance and glucose homeostasis is
crucial for the prevention and treatment of obesity and diabetes.

The regulation of peripheral metabolism and glucose homeostasis not only resides in
the tissue’s autonomous responses to nutrients and hormonal signals but also in some brain
regions, particularly the hypothalamus. The hypothalamus integrates multiple metabolic
inputs from peripheral organs with afferent stimuli coming from other brain regions and
coordinates a diversity of efferent responses to control food intake, fat metabolism, hormone
secretion, body temperature, locomotion, and behavior in order to maintain energy balance
and blood glucose levels. Within the hypothalamus, the ventromedial nucleus (VMH)
located above the arcuate nucleus (ARC) and the median eminence, was identified in the
mid-1900s as the satiety center because its injury produced hyperphagia, insulin resistance,
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and body weight gain [3,4]. At that point, VMH was demonstrated to play a key role in the
control of energy expenditure and glucose homeostasis [3,5]. Since then, intensive research
has been done on VMH and it is currently known that this hypothalamic area encompasses
a heterogeneous set of neurons, which are differentiated by the genes they are expressing
(Figure 1). Many of the genes highly expressed in the VMH have been identified and their
functions have been explored (Figure 1) [6–8].
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from Choi et al. [8] and Yi et al. [6]. 
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specific and selective to VMH in the brain. Outside the brain, SF1 can be found in the 
adrenal gland and gonads with differential roles during development [13]. For many 
years, SF1 was classified as an orphan nuclear receptor, but between 2005 and 2007 several 
pieces of evidence demonstrated that phospholipids can be ligands of SF1, such as 
phosphatidic acid being an activator and sphingosine an inhibitor of SF1 transcriptional 
activity [13]. Interestingly, SF1 can suffer different post-translational modifications, which 
regulate its stability and transcriptional activity [14], but also control the expression of 
numerous downstream target genes, including CB1, BDNF, and Crhr2 [13]. Considering 
this, in order to explore the importance of SF1 neurons, transgenic mice lacking this 
nuclear receptor were studied by different researchers. Mice lacking SF1 were not viable 
due to a failure in the proper development of adrenal glands and gonads [11,13,15]. 
However, when rescued from lethality by adrenal transplantation from WT littermates 
and corticosteroid injections, mutant mice displayed robust weight gain resulting from 
both hyperphagia and reduced energy expenditure [16]. Interestingly, a similar 
phenotype was observed in humans with mutations of the SF1 gene, who often show mild 
to severe obesity [17,18]. To avoid the confounding metabolic effects of glucocorticoid 
injections and adrenal transplantations to global SF1 KO mice, Elmquist’s group 
generated an alternative mouse model in which SF1 was specifically deleted in the VMH 

Figure 1. Schematic illustration of the pattern of genes highly expressed in the VMH. The majority of
VMH cells, especially in the dorsomedial and central regions of VMH, express the nuclear receptor
steroidogenic factor 1 (SF1). Leptin receptor (LEPR) positive cells mainly converge in the dorso-
medial part, whereas insulin receptor (IR) maps the central region. Cells expressing brain-derived
neurotrophic factor (BDNF) are mainly distributed in central and lateral areas of the VMH, estro-
gen receptor (ERα)-expressing cells are limited to the lateral region, and glucokinase (GK)-positive
cells are present throughout the VMH. This schematic diagram is based on previous articles from
Choi et al. [8] and Yi et al. [6].

The majority of VMH cells, especially in the dorsomedial and central regions of VMH
(VMHdm and VMHc, respectively) [9], express the nuclear receptor steroidogenic factor
1 (SF1) (Figure 1), also known as NR5A1, which is essential for VMH development and
function [10–12] and is considered a key marker of that nucleus since SF1 expression is
specific and selective to VMH in the brain. Outside the brain, SF1 can be found in the
adrenal gland and gonads with differential roles during development [13]. For many years,
SF1 was classified as an orphan nuclear receptor, but between 2005 and 2007 several pieces
of evidence demonstrated that phospholipids can be ligands of SF1, such as phosphatidic
acid being an activator and sphingosine an inhibitor of SF1 transcriptional activity [13].
Interestingly, SF1 can suffer different post-translational modifications, which regulate its
stability and transcriptional activity [14], but also control the expression of numerous
downstream target genes, including CB1, BDNF, and Crhr2 [13]. Considering this, in order
to explore the importance of SF1 neurons, transgenic mice lacking this nuclear receptor
were studied by different researchers. Mice lacking SF1 were not viable due to a failure in
the proper development of adrenal glands and gonads [11,13,15]. However, when rescued
from lethality by adrenal transplantation from WT littermates and corticosteroid injections,
mutant mice displayed robust weight gain resulting from both hyperphagia and reduced
energy expenditure [16]. Interestingly, a similar phenotype was observed in humans with
mutations of the SF1 gene, who often show mild to severe obesity [17,18]. To avoid the
confounding metabolic effects of glucocorticoid injections and adrenal transplantations
to global SF1 KO mice, Elmquist’s group generated an alternative mouse model in which
SF1 was specifically deleted in the VMH after completion of the nucleus development
using CamKII-Cre [19,20]. These postnatal VMH-specific SF1 KO mice showed increased
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weight gain and impaired thermogenesis in response to a high-fat diet (HFD), being the
first demonstration that the transcription factor SF1 is postnatally required in the VMH for
normal energy homeostasis, especially under the HFD condition.

In an attempt to clarify the contribution of this specific population of neurons to
hypothalamic regulation of obesity and diabetes, in the last 15 years, several transgenic
models have been developed by deleting specific targets in SF1 neurons related to energy
balance and glucose homeostasis. In 2013, a profound review article was published by Choi
and colleagues [8] summarizing the last updates of SF1 neurons in energy homeostasis.
Since then, new neuronal-based approaches (i.e., optogenetic and chemogenetic technology)
and the generation of new transgenic mice in key target proteins have provided exciting
insight into the implication of SF1 neurons on whole-body energy balance, particularly
thermogenesis and glucose homeostasis, that are compiled in the present review.

Despite these studies contributing to understanding the mechanisms by which SF1
neurons regulate energy homeostasis, new questions arose from these results. An important
issue to clarify is the heterogeneity of SF1 neurons in terms of glucose, leptin, and insulin
sensing or non-sensing neurons, indicating the operation complexity of SF1 neurons and
the intricate mechanisms of afferent and efferent neurocircuitry involved in the control of
energy balance. In this review, we address the most relevant studies carried out on SF1
neurons to date, from transgenic mice to neurocircuitry studies, in order to discuss the
most relevant findings of these investigations and provide an exhaustive overview of the
role played by SF1 neurons in the hypothalamic regulation of energy expenditure and
glucose homeostasis, and the potential mechanisms involved.

2. Unraveling the Functions of SF1 Neurons in Energy Balance by Optogenetic and
Chemogenetic Approaches

In order to selectively manipulate the SF1 neuronal activity in a physiological context,
optogenetic and chemogenetic approaches have emerged [21,22]. These tools use channels
that are activated by light and engineered G-protein coupled receptors controlled by exoge-
nous molecules, respectively [21,22]. The incorporation of these approaches into animal
models has greatly advanced our understanding of the SF1 role and neuronal circuits.

Mice engineered to activate SF1 neurons by optogenetics were designed through the
injection of adeno-associated virus (AAV) particles expressing a Cre-dependent channel-
rhodopsin (ChRs) into the VMH of SF1-Cre mice to produce SF1-ChRs animals [23,24].
The advantage of this technology is the light-controllable activation of SF1 neurons in a
spatiotemporal manner.

One of the first results obtained from this model revealed that SF1 neurons are closely
associated with defensive reactions. David J. Anderson and colleagues in 2015, demon-
strated that the optogenetic stimulation of SF1 neurons applying a frequency of 20 Hz
induced freezing or activity burst, while no response on feeding behavior or energy balance
was reported [25]. However, the electrophysiological record of the firing pattern observed
in these studies was generated by applying a high-frequency burst of spiking, while the
physiological spiking of the neurons in steady-state ranged between 3.5–6.3 Hz [26]. Con-
sidering this information, two years later, other researchers showed that SF1 neurons
exert a differential effect depending on the frequency of activation. They confirmed that
high-frequency activation (>20 Hz) evokes a profound defensive response which includes
freezing and escape attempts, but low-frequency activation (2 Hz) suppresses feeding after
fasting and reduces the time that mice spend near to the food [24]. These novel results
suggest that SF1 neurons dynamically modulate feeding and anxiety-related behaviors by
changing the firing pattern and also indicate that this subset of hypothalamic neurons is
involved in the fight or flight response.

The chemogenetic modulation of SF1 neurons under potentially more physiological
firing patterns has been performed using hM3Dq and hM4Di designer receptors exclusively
activated by designer drugs (DREADDs). The expression of DREADDs specifically in SF1
neurons allows to excite or inhibit them in response to clozapine (CNO) or JHU37160
dihydrochloride (J60) which is an in vivo DREADD agonist with high affinity and potency
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for hM3Dq and hM4Di receptors [27,28]. In agreement with the feeding behavior-related
results obtained from optogenetic approaches, the administration of CNO in fasted SF1-
hM3Dq mice revealed a reduction in food consumption. On the contrary, inhibition of
SF1 neurons in SF1-hM4Di mice increased cumulative food intake in ad libitum-fed mice.
Authors manifested that none of the dramatic defensive behaviors seen with high-frequency
optogenetic activation of SF1 neurons was observed [24]. At peripheral levels, they also
demonstrated that the chronic chemogenetic modulation of SF1 neurons modified the
body fat mass since the continuous administration of CNO (3 weeks) in SF1-hM3Dq and
SF1-hM4Di animals reduced and increased the fat mass content, respectively [24]. These
changes in fat mass could be explained by the SF1 modulation of fat oxidation. Very
recently, it was established that SF1-hM3Dq mice increased energy expenditure and fat
oxidation independent of the locomotion activity within 2-h post-activation [23]. Although
this study did not evaluate the energy expenditure profile in SF1-hM4Di mice, it was
expected that the inactivation of SF1 neurons reduced energy expenditure. This hypothesis
is supported by mice expressing tetanus toxin (TT) in SF1 neurons. Since TT prevents
neurotransmitter release, SFTT mice displayed reduced energy expenditure and increased
body weight [29].

Besides their implication in energy balance, the use of optogenetics has highlighted
the role of SF1 neurons in the hypothalamic control of systemic glucose levels. For a long
time, it was known that VMH triggered the counterregulatory response (CRR) induced by
hypoglycemia [30,31] but it was not clear the contribution of SF1 neurons to this feedback
response. In order to elucidate whether SF1 neurons are linked to this effect, an elegant
experiment using optogenetic and chemogenetic tools was done by Gregory J Morton
and colleagues, showing that selective inhibition of SF1 neurons blocked recovery from
insulin-induced hypoglycemia. Conversely, activation of SF1 neurons caused diabetes-
range hyperglycemia [32]. This evidence is concordant with those obtained from transgenic
models such as mice lacking vesicular glutamate transporter 2 (VGLUT2) specifically
in SF1 neurons since this genetic disruption attenuated recovery from insulin-induced
hypoglycemia [33].

Taken all together, these genetic approaches have revealed the specific involvement of
SF1 neurons in many aspects of metabolic regulation due to their direct or indirect role in
the maintenance of the energy balance and glucose levels, confirming the classification of
VMH as a primary satiety center [34,35].

3. Manipulation of Key Targets in SF1 Neurons: Lessons from Transgenic Mice

A particularly powerful strategy developed for the exploration of SF1 neurons in
obesity and diabetes has been the design of the SF1 Cre mice. Several groups have generated
different SF1 Cre transgenic lines in which the expression of Cre recombinase is derived
by Sf1 regulatory elements [20,36]. These lines allow for ablating general factors or targets
known to be associated with energy homeostasis by crossing them with floxed strains. In the
following sub-sections, we discuss different studies of SF1-CRE transgenic mice organized
by the type of molecular target under investigation (Table 1) as well as the sex-specific
effect of SF1 neurons in energy balance.

3.1. Hormone Receptors and Related Signaling Pathways

Due to the importance of the anorectic hormone leptin in the central control of energy
homeostasis, the physiological effects after deletion of leptin receptor (LEPR) in SF1 neurons
have been thoroughly investigated. The first and most representative study was performed
by Bradford Lowell and colleagues, in which genetic deletion of LEPR selectively from hy-
pothalamic SF1 neurons triggered an increase in body weight gain without changes in food
intake, leaving these mice unable to adapt to HFD or to activate energy expenditure [20].
To reinforce the key role of the leptin pathway in SF1 neurons, selective inactivation of
Socs3, a negative mediator of central leptin—pSTAT3 signaling, in SF1 neurons (Figure 2)
was developed. Conversely to the deletion of LEPR, mice lacking Socs3 showed improved
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weight-reducing effects of leptin, with a decrease in food intake and an enhanced energy
expenditure under chow diet or HFD condition [37]. The importance of leptin signaling in
energy balance through SF1 neurons was also reinforced by the specific deletion of the G
protein α-subunit Gsα [38]. Gsα couple receptors for hormones, neurotransmitters, and
other factors to activate adenyl-cyclase leading to cAMP generation, which is a negative
regulator of leptin action (Figure 2). Then, the lack of Gsα in SF1 neurons increases leptin
sensitivity [38].
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Figure 2. Leptin and insulin signaling in SF1 neurons. Leptin binds LEPR to regulate body weight gain, energy expenditure,
and insulin sensitivity in the VMH via STAT3 phosphorylation which is translocated into the nucleus and induces the
expression of genes such as SOCS3, a negative regulator of LEPR. Leptin also stimulates a PI3K-dependent pathway,
particularly involving subunits p110α, which contributes to energy expenditure regulation, and p110β, which contributes
to both brown fat thermogenesis and glucose metabolism regulation in SF1 neurons. The Gsα subunit of G protein-coupled
receptors (GPCR) of hormones and the protein-tyrosine phosphatase 1B (PTP1B) negatively regulates leptin action. The
activation of this leptin signaling pathway triggers protection against obesity and diabetes under a high-fat diet (HFD)
feeding. According to insulin signaling in SF1 neurons, exposure to HFD drives hyperinsulinemia, insulin binds insulin
receptor (IR), which in turn activates PI3K that indirectly phosphorylates FOXO1 to induce transcription factors and promote
obesity and glucose metabolism disruption.

The protein-tyrosine phosphatase 1B (PTP1B) is another negative regulator of leptin
signaling in SF1 neurons (Figure 2). Its action is mediated through selective dephosphory-
lation of the two signaling molecules JAK2 and STAT3. In vivo studies have demonstrated
that whole-brain deletion of PTP1B resulted in leanness, hypersensitivity to leptin, and
resistance to HFD-induced obesity, a phenotype partly associated with increased hypotha-
lamic activation of STAT3 [39]. Surprisingly, its specific deletion in SF1 neurons resulted
in increased adiposity in female mice exposed to HFD due to low energy expenditure,
whereas leptin sensitivity was enhanced, and food intake was attenuated, findings that
were likely explained by increased STAT3 activation [40]. Mice lacking PTP1B in SF1
neurons also had improved leptin and insulin signaling in VMH, suggesting that increased
insulin responsiveness in SF1 neurons could overcome leptin hypersensitivity and promote
adiposity [39,40].
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A more recent study tried to rescue native LEPR in SF1 neurons in LepR-deficient mice.
They concluded that LEPR signaling in the VMH is not sufficient to protect against obesity
in this null mouse [41]. This finding could explain that this neuronal population expressing
LEPR works in conjunction with other types of neurons expressing the same receptor, and
SF1 neurons by themselves cannot compensate for all receptor deficiency. Summing up,
leptin signaling in SF1 neurons plays a key role in energy homeostasis regulation and
mediates the proper physiological adaptation to HFD to avoid or delay the onset of obesity.

According to glucose metabolism, leptin has been long related to glucose homeostasis
improving insulin sensitivity, since intra-VMH injection of leptin increases glucose uptake
in peripheral tissues [42] and normalizes hyperglycemia [43]. Very recently it has been
demonstrated that central leptin infusion in mice with SF1 neuron-specific LEPR deficiency
corrected diabetic hyperglycemia [43]. Despite this result, re-expressing the receptor in
SF1 neurons of null mice showed that SF1 neurons were not sufficient to mediate the
antidiabetic action of leptin [44]. The essential action of leptin in SF1 to correct diabetic hy-
perglycemia was clarified by further investigations. Particularly, in the specific knock—out
of Socs3 in SF1 neurons, where leptin signaling is over-activated, Ren Zhang and colleagues
observed improved glucose homeostasis, showing protection against hyperglycemia and
hyperinsulinemia caused by HFD feeding [37]. These studies demonstrate that leptin in
VMH neurons improves glucose and insulin metabolism, although this area is not essen-
tial as there are redundant neuronal circuits regulating it. Optogenetic activation of SF1
neurons has the same output as leptin increasing glucose uptake but it does not normalize
blood glucose levels, which leads to an understanding of two different subsets of SF1
neurons, one subset increasing insulin sensitivity and the second one increasing blood
glucose levels.

Another key hormone implicated in the balancing of energy metabolism is insulin. It
is known that insulin acutely suppresses food intake and decreases fat mass in both rodents
and humans [45,46] (Figure 2). Mice lacking insulin receptors (IR) in SF1 neurons did not
show any differences in body weight when fed a chow diet but under HFD conditions,
mutant mice were protected against obesity and showed an enhanced leptin sensitivity
and glucose homeostasis [26]. Interestingly, exposure to HFD led to the overactivation of
insulin in the VMH, leading to a reduction in SF1 neurons firing frequency, in comparison
to the insulin resistance induced in ARC neurons. The differential dysregulation of insulin
action in these hypothalamic nuclei under HFD could indicate cooperation between these
responses to drive obesity [26]. These findings also suggest that hyperinsulinemia evoked
by HFD feeding controls SF1 neuronal activity, which leads to changes in the synaptic
inputs to other neuronal populations such as POMC, resulting in obesity and diabetes.
However, the specific contribution of insulin signaling in SF1 neurons and its relationship
to peripheral insulin resistance and glucose levels needs further investigation.

Leptin depolarizes or hyperpolarizes SF1 neurons, depending on the subpopula-
tion, while insulin only hyperpolarizes them, as both actions are in a downstream PI3K-
dependent manner [20,47–49] (Figure 2). PI3K is formed by two different subunits, p85 and
p110, and specifically, the subunit p110β is necessary for depolarizing and hyperpolarizing
SF1 neurons, while p110α is only needed in the hyperpolarization process [47]. Mice
lacking p110α in SF1 neurons had reduced energy expenditure in response to hypercaloric
feeding and, therefore, displayed an obesogenic phenotype. Moreover, this p110α subunit
was not required to regulate glucose metabolism in SF1 neurons [49]. Mice lacking p110β
in the same neuronal population had also decreased energy expenditure (reduced thermo-
genesis) leading to increased susceptibility to obesity, whereas, in contrast to the p110α
subunit, p110β involved changes in peripheral insulin sensitivity [50]. In line with this
evidence, deletion of FOXO1, a downstream transcription factor of insulin-PI3K (Figure 2),
in SF1 neurons resulted in a lean phenotype with high energy expenditure, even in fasting,
and these null mice presented an enhanced insulin sensitivity and glucose tolerance, in
concordance with genetic deletion of IR in SF1neurons [51]. Although leptin and insulin
can inhibit SF1 neurons using the same molecular cascade, they are anatomically segre-
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gated within the VMH (neurons expressing LEPR receptor are located in the VMHdm
when depolarizing and scattered throughout the nucleus when hyperpolarizing, whereas
those expressing IR are in the VMHc close to the ventricle) [47], which would explain the
different effects observed when deleting their receptors.

Other hormones studied in SF1 neurons are estrogens. Female mice lacking the estro-
genic receptor α (ERα) in SF1 neurons were obese due to a reduced energy expenditure [52].
Ablation of the ERα led to abdominal obesity with adipocyte hypertrophy in females,
but not in male mice [53]. Despite the fact that most of the studies on SF1 neurons until
now were performed only in male mice, these last results described, and others discussed
later [40,54], reinforce the notion that SF1 neurons may have a sex-specific effect on energy
balance and glucose metabolism.

Growth hormone (GH) also plays a role in glucose metabolism via SF1 neurons. GH
is secreted in a metabolic stress situation such as hypoglycemia. Deletion of its receptor
in SF1 neurons resulted in an impaired capacity for recovery from hypoglycemia [55].
These mice showed an altered CRR due to changes in the neurocircuit that regulates the
parasympathetic nervous system. This result supports the importance of SF1 neurons in
the proper functionality of glucose homeostasis.

Altogether, these findings identify SF1 neurons (the predominant VMH population)
as a key player in the regulation of energy expenditure and glucose homeostasis, being
particularly important in the adaptive response to HFD feeding. Most of the mutant mice
with deletion of several hormone receptors and associated proteins in SF1 neurons have
no changes or mild metabolic alterations under chow diet, but they show substantial
metabolic variations under HFD exposure. The action of hormones and related proteins
in SF1 neurons is also involved in the CRR to hypoglycemia to maintain glucose balance
between the brain and the periphery. Future studies are needed to describe the specific
molecular mechanisms and subsets of SF1 neurons underlying the effects of hormones in
glucose homeostasis and energy expenditure.
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3.2. Nutrient Sensors: AMPK and SIRT1

The regulation of energy homeostasis is importantly regulated by proteins acting
as nutrient and energy sensors, such as AMPK and SIRT1, which restore energy balance
during metabolic challenges both at the cellular and physiological levels (Figure 3). A
link between both AMPK and SIRT1 in hypothalamic SF1 neurons with central control of
obesity and diabetes has been established.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW  8 of 25 
 

 

 
Figure 3. Nutrient sensors in SF1 neurons regulate energy homeostasis. AMPK and SIRT1 are key 
nutrient sensors that restore energy balance under low energy availability. The role of both AMPK 
and SIRT1 in the central regulation of energy balance depends on their specific location in 
hypothalamic nuclei. AMPK in SF1 neurons of the VMH particularly regulates energy expenditure 
by acting in BAT thermogenesis and subcutaneous WAT browning (via sympathetic output) and 
liver lipogenesis (via parasympathetic output), whereas AMPK effects in feeding control and 
glucose balance mostly rely on ARC neurons. SIRT1 in SF1 VMH neurons controls insulin sensitivity 
in skeletal muscle protecting against diet-induced obesity, but in POMC neurons of the ARC, SIRT1 
regulates normal BAT-like remodeling in specific fat depots. SIRT1 in SF1 neurons also contributes 
to the synchronization of the circadian clock in the brain by nutritional inputs. The arrow means 
increase and + means activation. 

The identification of SF1 neurons as the main neuronal AMPK-expressing population 
in VMH to be targeted in obesity was demonstrated by several studies of Miguel Lopez 
lab. They generated an SF1 specific AMPKα1 null mouse by Cre-Lox recombination. 
Ablation of AMPKα1 in these neurons led to feeding-independent weight loss associated 
with an increase in energy expenditure [56]. In accordance with this, SF1-Cre 
AMPKα1flox/flox mice displayed BAT activation, which was confirmed by increased BAT 
temperature and UCP1 protein expression, elevated sympathetic activity, and higher 18F-
FDG uptake in brown fat [56]. SF1-Cre AMPKα1flox/flox mice fed with a long-term HFD had 
a feeding-independent decrease in body weight and adiposity, associated with increased 
energy expenditure and VO2, higher BAT thermogenesis activation, and browning of 
subcutaneous WAT. These findings point to AMPKα1, but not AMPKα2, in SF1 neurons 
as the main catalytic AMPK subunit in the VMH that regulate thermogenic control, 
particularly under HFD exposure. 

Other studies demonstrating that the stimulatory effect of thyroid hormones in BAT 
thermogenesis [65], WAT browning, and lipid metabolism are mediated by AMPKα1 
attenuation in SF1 neurons [68] strongly support the notion that specific targeting of the 

Figure 3. Nutrient sensors in SF1 neurons regulate energy homeostasis. AMPK and SIRT1 are
key nutrient sensors that restore energy balance under low energy availability. The role of both
AMPK and SIRT1 in the central regulation of energy balance depends on their specific location in
hypothalamic nuclei. AMPK in SF1 neurons of the VMH particularly regulates energy expenditure
by acting in BAT thermogenesis and subcutaneous WAT browning (via sympathetic output) and
liver lipogenesis (via parasympathetic output), whereas AMPK effects in feeding control and glucose
balance mostly rely on ARC neurons. SIRT1 in SF1 VMH neurons controls insulin sensitivity in
skeletal muscle protecting against diet-induced obesity, but in POMC neurons of the ARC, SIRT1
regulates normal BAT-like remodeling in specific fat depots. SIRT1 in SF1 neurons also contributes
to the synchronization of the circadian clock in the brain by nutritional inputs. The arrow means
increase and + means activation.

AMPK is a highly conserved master regulator of metabolism, which is activated
under low energy conditions, increasing energy production and reducing energy waste.
Current evidence demonstrates the critical role of hypothalamic AMPK in the regulation
of food intake and energy expenditure, as well as glucose and lipid homeostasis at the
whole-body level [56,64–67]. Interestingly, the regulation of these effects depends on the
anatomical location of AMPK in the hypothalamus: AMPK effects in feeding control and
glucose homeostasis mostly rely on ARC neurons [64,66,67], whereas its effects in energy
expenditure arise from the VMH [56,65,68], particularly in SF1 neurons (Figure 3).

The identification of SF1 neurons as the main neuronal AMPK-expressing population
in VMH to be targeted in obesity was demonstrated by several studies of Miguel Lopez lab.
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They generated an SF1 specific AMPKα1 null mouse by Cre-Lox recombination. Ablation
of AMPKα1 in these neurons led to feeding-independent weight loss associated with an
increase in energy expenditure [56]. In accordance with this, SF1-Cre AMPKα1

flox/flox

mice displayed BAT activation, which was confirmed by increased BAT temperature and
UCP1 protein expression, elevated sympathetic activity, and higher 18F-FDG uptake in
brown fat [56]. SF1-Cre AMPKα1

flox/flox mice fed with a long-term HFD had a feeding-
independent decrease in body weight and adiposity, associated with increased energy
expenditure and VO2, higher BAT thermogenesis activation, and browning of subcutaneous
WAT. These findings point to AMPKα1, but not AMPKα2, in SF1 neurons as the main
catalytic AMPK subunit in the VMH that regulate thermogenic control, particularly under
HFD exposure.

Other studies demonstrating that the stimulatory effect of thyroid hormones in BAT
thermogenesis [65], WAT browning, and lipid metabolism are mediated by AMPKα1
attenuation in SF1 neurons [68] strongly support the notion that specific targeting of the
discrete neuronal population in the VMH impacts obesity in a feeding-independent, but
the thermogenic-dependent manner [56]. These studies also suggest that simultaneous
targeting of AMPK in SF1 neurons of the VMH and neurons in the ARC would allow for
controlling both food intake and energy expenditure by inhibiting a common protein.

Although the protection of AMPKα1 deletion in SF1 neurons against HFD-induced
obesity was mainly associated with increased energy expenditure, slight alterations in
glucose balance (decreased glycemia and improved glucose tolerance without changes in
insulin sensitivity and insulin levels) found in mutant mice fed with an HFD, could be
involved [56]. The moderate role of AMPK in glucose sensing by SF1 neurons in the VMH
was also reported in a recent study in which AMPK activity suppression led to selective
depletion of SF1 glucose inhibitory (GI) neurons, and activated CRR without affecting the
presence of glucose excited (GE) neurons [69]. The authors suggested that the primary role
of AMPK in SF1 GI neurons is to control the expression of Txn2 (encoding a mitochon-
drial redox enzyme), providing protection against ROS produced during hypoglycemia.
Conversely, under hyperglycemia, a reduction in ROS production is mediated by UCP2
in GE SF1 neurons [62]. These findings support the idea of two different subsets of SF1
neurons: the one regulating hyperglycemia enhancing insulin sensitivity and the second
one regulating hypoglycemia by activating CRR.

In addition to AMPK, the metabolic sensor of nicotinamide adenine dinucleotide-
dependent deacetylase SIRT1, which is highly expressed in the VMH, has shown to con-
tribute to both control of energy balance and clock function from SF1 neurons [70–72].
SIRT1 deacetylates several proteins in central and peripheral tissues to provide adapta-
tion against redox/nutrient challenges. SIRT1 drives lipid mobilization from adipose
tissue, lipid oxidation in skeletal muscle and liver, and increased glucose production, all of
these responses protect against diminished energy availability [70]. In the hypothalamus,
SIRT1 has been revealed as an attractive target against obesity and type 2 diabetes in both
POMC [73] and SF1 [57] neurons. SIRT1 activation in these hypothalamic neurons triggers
a reduction in body adiposity and insulin resistance in obesogenic environments, while
the deleterious effects, such as increased glucose and lipid output from the liver, would
be avoided.

As observed with AMPK, the anatomical location of SIRT1 in the hypothalamus is
relevant for the protection against diet-induced obesity: although SIRT in POMC neurons
is required for normal BAT-like remodeling in the perigonadal fat depot [73], SIRT1 in SF1
neurons controls insulin sensitivity in the skeletal muscle [57] (Figure 3). Mice lacking SIRT1
in SF1 neurons showed hypersensitivity to hypercaloric diets, gaining more bodyweight
and lower energy expenditure compared to control mice after long-term HFD, whereas
food intake remained unchanged [57].

In addition, to protect against dietary obesity, SIRT1 in SF1 neurons is relevant for
homeostatic responses that can protect against dietary diabetes, since mice overexpressing
SIRT1 exclusively in SF1 neurons were protected from developing diet-induced insulin

151



Int. J. Mol. Sci. 2021, 22, 6186

resistance in skeletal muscle and hyperglycemia, whereas mice lacking SIRT1 in the same
neurons were more prone to develop insulin resistance in skeletal muscle after HFD [57].
It is important to note that these studies indicate that SIRT1 in SF1 neurons does not reg-
ulate food intake in either chow or HF feeding and that the regulatory effects on energy
expenditure and glucose homeostasis are predominantly observed in a hypercaloric diet
but not in a normal diet context. The latter evidence is intriguing since SIRT1 is known to
be activated in the low-energy state. According to Coppari [70], the possible explanations
are (i) HFD increases SIRT1 activity in SF1 neurons, and (ii) in chow-fed mice, compen-
satory mechanisms (i.e., enhancement of insulin sensitivity in the liver to provide normal
glycemia) counterbalance the defects related to SIRT1 deficiency in these hypothalamic
neurons. These hypotheses could explain that the metabolic imbalance is mainly observed
in transgenic mice exposed to an HFD when the compensatory mechanisms are unable to
prevent the whole-body effects produced to the lack of SIRT1 in hypothalamic neurons (i.e.,
insulin sensitivity is reduced in the skeletal muscle but is not increased in the liver).

In addition to these investigations, SIRT1 also contributes to the synchronization of
the circadian clock in the brain, by nutritional inputs, which is crucial to maintaining
cellular and body homeostasis [71]. Mice with targeted ablation of SIRT1 in SF1 neurons of
the VMH showed a reduction in the period length in the light-entrainable activity under
constant darkness and scheduled feeding, but not in ad libitum feeding [71]. Furthermore,
these effects were more pronounced in KO mice under scheduled high-caloric diet feeding.
This investigation suggests that SIRT1 in SF1 neurons contributes to the synchronization
and/or adaptation of the endogenous clock to feeding cues (Figure 3), a function that
would partially explain the metabolic alterations displayed by mice deficient in SIRT1 in
SF1 neurons previously reported [57]. Accordingly, deletion of BMAL1 in SF1 neurons of
the VMH in mice also drove a substantial alteration of the circadian clock in the brain, with
an impact in BAT activation, supporting the importance of SF1 neurons in the regulation of
clock function in the brain and the whole-body energy homeostasis [72]. The implication of
SIRT1 in SF1 neurons in healthy aging or lifespan via circadian clock modulation would be
also interesting to explore and would provide insight into the hypothalamic mechanisms
mediated by SF1 neurons regulating energy balance.

Overall, specific targeting of metabolic sensors such as AMPK and SIRT1 in SF1
neurons of the VMH would be enough to modulate body weight gain and energy expendi-
ture, in a feeding-independent manner, but associated with synchronization of the central
clock with the periphery. This is a challenging approach but with significant translational
relevance in obesity management.

3.3. Glutamatergic Neurotransmission and Synaptic Receptors

The expression and activity of synaptic receptors and glutamatergic neurotransmis-
sion in SF1 neurons of the VMH have been identified to contribute to energy balance
dysregulation in obesity and diabetes.

Since neurons in the VMH are largely glutamatergic, the importance of glutamate
neurotransmission versus other neurotransmitters and neuropeptides in mediating the
functions of these nuclei seem to be higher, not only in energy homeostasis but also in sex-
ual and defensive behaviors [8,33]. The first study reporting this evidence in SF1 neurons
was provided by Bradford Lowell and colleagues [33]. They generated a mouse lacking
the VGLUT2—a transporter mediating uptake of L-glutamate into synaptic vesicles—
specifically in SF1 neurons, driving to a disruption in transsynaptic communication by
glutamate in this specific population of neurons. The phenotype study was particularly
focused on glucose and insulin homeostasis: these mice displayed hypoglycemia in the
fasted state secondary to impaired fasting-induced glucagon increased and impaired glu-
coneogenesis induction in the liver [33] (Figure 4). VGLUT2 deficient mice in SF1 neurons
also had defective CRR to insulin-induced hypoglycemia and central 2-deoxyglucose, as
this greater degree of hypoglycemia again linked to an impaired glucagon response. It is
important to mention that SF1-Cre;Vglut2flox/flox mice did not become obese when exposed
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to a chow diet and had mild obesity when fed with an HFD [33]. A partial contribution of
GABA release, from a small number of SF1 neurons, in body weight regulation in these
mice could explain this mild obesogenic phenotype [33]. Importantly, this study was
the first demonstration of the importance of glutamate release in VMH neurocircuitry to
prevent hypoglycemia.
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firing activity of SF1 neurons which in turn regulate glucose metabolism in adipose tissue and 
skeletal muscle and lipolysis in white adipose tissue with no alterations in food intake. Finally, the 
endocannabinoid 2-arachidonoylglycerol (2-AG) released in the post-synaptic neuron, leads to 
retrograde activation of the CB1 receptor located in the presynaptic glutamatergic SF1 neurons, 
blocking calcium entry with subsequent inhibition of glutamatergic output and attenuation of 
POMC neurons activation, promoting food intake in diet-induced obesity. 

The relevant role of glutamatergic neurotransmission in SF1 neurons to regulate 
energy homeostasis was also recently established by the development of mice lacking the 
metabotropic glutamate receptor mGluR5 in these neurons [54]. The most remarkable 
finding of this study was that mGluR5 depletion in SF1 neurons did not affect energy 
balance, but it significantly impaired glucose balance control (Figure 4), as this 
dysfunction was only observed in female but not in male mice. The sex-specific 
impairment of insulin sensitivity and glucose tolerance was associated with a reduction 
in intrinsic excitability and the firing rate of SF1 neurons. This suggests a functional 
indirect interaction of mGluR5 with estrogen receptors to control the effects of estradiol 
on SF1 neurons activity and glycemic control, which switch from facilitatory to 
detrimental in the absence of the glutamate receptor in these neurons [54]. These results 
are in line with the previously described study reporting that ERα depletion in SF1 
neurons drives metabolic disturbances only in females [52]. However, the lack of 
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Figure 4. Glutamatergic neurotransmission and synaptic receptors in SF1 neurons and energy
balance. Lack of the glutamate vesicular transporter VGLUT2 in SF1 neurons disrupts the glutamate
effect in the postsynaptic receptors, leading to glucose metabolism dysfunction and a defective
counterregulatory response (CRR). In line with this, the glutamate receptor mGluR5 in SF1 neurons
also regulates glucose balance. The calcium channel subunit α2δ-1 is essential for excitability and
firing activity of SF1 neurons which in turn regulate glucose metabolism in adipose tissue and
skeletal muscle and lipolysis in white adipose tissue with no alterations in food intake. Finally,
the endocannabinoid 2-arachidonoylglycerol (2-AG) released in the post-synaptic neuron, leads
to retrograde activation of the CB1 receptor located in the presynaptic glutamatergic SF1 neurons,
blocking calcium entry with subsequent inhibition of glutamatergic output and attenuation of POMC
neurons activation, promoting food intake in diet-induced obesity.

The relevant role of glutamatergic neurotransmission in SF1 neurons to regulate
energy homeostasis was also recently established by the development of mice lacking the
metabotropic glutamate receptor mGluR5 in these neurons [54]. The most remarkable
finding of this study was that mGluR5 depletion in SF1 neurons did not affect energy
balance, but it significantly impaired glucose balance control (Figure 4), as this dysfunction
was only observed in female but not in male mice. The sex-specific impairment of insulin
sensitivity and glucose tolerance was associated with a reduction in intrinsic excitability
and the firing rate of SF1 neurons. This suggests a functional indirect interaction of
mGluR5 with estrogen receptors to control the effects of estradiol on SF1 neurons activity
and glycemic control, which switch from facilitatory to detrimental in the absence of the
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glutamate receptor in these neurons [54]. These results are in line with the previously
described study reporting that ERα depletion in SF1 neurons drives metabolic disturbances
only in females [52]. However, the lack of impairment in insulin-induced hypoglycemia in
mice deficient in mGluR5 is in contrast to the previous investigation in which inhibition of
glutamate release by SF1 neurons impaired the CRR to hypoglycemia [33].

Other receptors involved in neuronal activity have shown their contribution to the
regulation of obesity and diabetes by SF1 neurons in the VMH. Among them, the calcium
channel subunit α2δ-1 has a non-canonical role in SF1 neurons to control glucose and lipid
homeostasis (Figure 4). This neuronal receptor facilitates cell surface trafficking of calcium
channels mediating calcium current and neurotransmitters release [74] and also acts as a
receptor for thrombospondins, promoting excitatory synapse assembly [75]. The authors
show that α2δ-1 is essential for the excitability and firing activity of SF1 neurons. Deletion
of this receptor in SF1 neurons in mice led to neuronal hypoactivity, sympathetic tone
reduction to WAT and skeletal muscle, glucose intolerance, and insulin resistance, and
lipolysis alteration in WAT [58], as these metabolic alterations mainly observed in female
mice [59]. Despite these findings, mice did not display alterations in food intake and body
weight in response to HFD [58]. The reduction in SF1 neuronal activity observed in this
transgenic mouse did not compromise CRR to hypoglycemia, in contrast to previous studies
in which chemogenic or optogenetic silencing of these neurons impaired recovery from
hypoglycemia [32,76]. These conflicting results could be related to the heterogeneity of SF1
neurons, with functional diversity in the VMH (e.g., leptin-activated and leptin-inhibited
SF1 neurons) [47].

The endocannabinoid receptor CB1 located in SF1 neurons of the VMH has been
also involved in glutamatergic output regulating feeding and in the control of metabolic
flexibility in response to dietary changes. Hypothalamic slice preparations exposed to a CB1
receptor-specific agonist, displayed inhibition of the electrical activity of SF1 neurons [77].
In line with this, endocannabinoids release in postsynaptic neurons, led to retrograde
activation of CB1 receptors in pre-synaptic glutamatergic SF1 neurons of the VMH, blocking
calcium entry with subsequent inhibition of glutamatergic output and attenuation of
POMC neurons activation, promoting feeding in diet-induced obesity [78] (Figure 4). The
physiological relevance of CB1 receptors in SF1 neurons was also reported by Daniela
Cota and colleagues, showing that mice lacking CB1 receptor specifically in these neurons
showed a diet-dependent bidirectional metabolic phenotype: under a chow diet, deletion
of CB1 decreased adiposity by increasing sympathetic activity and WAT lipolysis, whether,
conversely, under HFD, lack of this receptor in SF1 neurons blunted peripheral use of lipids
and produced leptin resistance, hyperphagia, body weight gain and glucose intolerance [60].
Therefore, CB1 synaptic receptor in SF1 neurons seems to act as a molecular switch for
correct metabolic flexibility in the hypothalamus, protecting from the development of
HFD-induced leptin resistance.

Altogether, although these studies provide substantial evidence of the role of glu-
tamatergic neurotransmission and neuronal receptors in SF1 neurons to control glucose
homeostasis and metabolic adaptation to dietary challenges, they raise important questions
that still need to be clarified such as (i) the identification of the exact afferent and efferent
components of the neurocircuitry linking SF1 neurons with other brain areas and the
periphery (e.g., for the regulation of glucagon release in the pancreas), (ii) the evaluation of
sex-dependent function, (iii) the exploration of SF1 neuronal subpopulations in response
to different stimuli (e.g., important for the compensatory effects on feeding or the CRR
to hypoglycemia).

3.4. Modulators of Autophagy, Mitochondrial and Primary Cilia Function

Autophagy plays a critical role in several physiological processes such as metabolic
regulations. Deletion of essential autophagy genes, such as the autophagy-related gene
(Atg) 7 in peripheral tissues drives significant changes in body weight and glucose bal-
ance [79,80]. More recent investigations have demonstrated that autophagy is important
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in the hypothalamic regulation of energy homeostasis and feeding behavior, with these
effects affected differently depending on the neuronal types engaged. In the ARC, Atg7
deletion in POMC neurons implied an obesogenic phenotype, especially when feeding an
HFD [81,82], whereas loss of this gene in AgRP neurons promoted leanness [83]. A more
recent study reported the metabolic importance of autophagy in the VMH, by deleting
Atg7 in SF1 VMH neurons of mice [61]. The authors found that in fed conditions, loss
of Atg7 in this neuronal population has no effect on body weight, food intake, or energy
expenditure. However, when fasted overnight, mice lacking Atg7 displayed reduced O2
consumption, CO2 and heat production, and reduced food intake after refeeding. Atg7
deletion in SF1 neurons only implied moderate changes in fed plasma insulin levels and
insulin resistance, without changes in glycemia and glucose tolerance.

This study demonstrates autophagy activation in the VMH, in addition to other
regions such as the ARC, in response to fasting. This was supported not only by increased
expression of autophagy-related proteins in the area but also by a 2- to 3-fold increase
in the density of cFos-immunoreactive cells in the VMH, ARC, and DMH of control
mice in response to fasting, an induction that was abrogated in these three regions in
Atg7 deficient mice in SF1 VMH neurons [61]. Then, the lack of autophagy in SF1 VMH
neurons significantly impacts neurons outside of the VMH. This is in line with previous
investigations showing that POMC neurons in the ARC receive excitatory inputs from the
VMH, and the strength of this VMH-ARC input is reduced by fasting [84].

Loss of autophagy in SF1 VMH neurons also caused alterations in mitochondrial
function and morphology, which was associated with inadequate metabolic response to
fasting [61]. During fasting, mitochondrial efficiency must increase, and autophagy is
important to ensure the degradation of mitochondria that are damaged beyond repair,
that is, the process called mitophagy [85]. Mice lacking Atg7 in SF1 neurons showed a
reduced number of mitochondria-autophagosome contacts with alterations in mitochondria
morphology and respiration, indicating abnormal mitophagy [61]. Since UCP2 expression
in SF1 VMH neurons has been linked to mitophagy [62,86], the authors explored the
expression of this protein, and they found it was dysregulated in mutant mice [61]. In
agreement with these findings, UCP2 in SF1 VMH regulates mitochondria fission and the
excitability of GE neurons in the VMH, which in turn allows the appropriate response to
increased glycemia, enhancing insulin sensitivity in peripheral tissues [62]. However, the
moderate effects of autophagy loss in SF1 neurons observed in glucose homeostasis do
not correspond to the abnormal expression of UCP2 detected. The fact that UCP2-induced
mitochondrial fission in the VMH only affects GE neurons, but not GI neurons [62], could
explain the moderate phenotype of the mice deficient in Atg7 in glucose metabolism.

Very recently, the SF1 neurons’ primary cilia, a solitary antenna-like extension of
the plasma membrane, was demonstrated as an important organelle for the regulation
of energy homeostasis [63]. In this study, the authors deleted the intraflagellar transport
88 (IFT88), which is a critical protein in primary cilium biogenesis, specifically in SF1
neurons. Dysfunction of VMH primary cilia resulted in impaired activation of sympathetic
tone, central leptin resistance, and higher body weight gain under both chow and HFD
feeding. Obesity in the transgenic mice IFT88-KOSF−1 was caused by a marked decrease in
energy expenditure, hyperphagia (only under HFD feeding), blunted BAT function, insulin
resistance, and glucose intolerance. In addition, deletion of primary cilia in SF1 neurons led
to an impairment in bone homeostasis. The downregulation of the sympathetic activity in
IFT88-KOSF−1 mice was linked to the reduction of the metabolic rate and increase in bone
density, as this effect considered was independent of the obese phenotype [63]. Considering
the fact that primary cilia are required for proper neuronal circuit formation, deletion of
this organelle in SF1 neurons may therefore influence local neuronal circuits [63].

4. The Sex-Specific Effect of SF1 Neurons on Energy Balance

It is known that the VMH is sexually dimorphic, showing females higher ERα concen-
tration than males [87]. Additionally, as described in Section 3, selective deletion of this
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receptor in SF1 neurons resulted in increased abdominal obese phenotype with adipocyte
hypertrophy in females, but not in males [52]. Obesity in females was caused by decreased
energy expenditure as they had reduced basal metabolic rate and impaired BAT thermoge-
nesis [52]. It has been described also that estrogens regulate the activity of GI neurons of
the ventrolateral portion of VMH, since females showed an attenuated response to hypo-
glycemia compared to male mice, although in this study it is not specified if these neurons
were SF1 positive cells [88]. As has been already specified, there are other genetic deletions
that presented different outputs in a sex-specific manner. Expression of mGluR5 in SF1
neurons was necessary for estradiol protective effects in glucose balance in female but not
in male mice, and mGluR5 deletion resulted in reduced electrical activity only in female
mice [54]. Deletion of α2δ-1 expression in SF1 neurons also presented sexually dimorphic
effects depending on diet conditions. Particularly, female mice lacking α2δ-1 displayed
glucose intolerance and insulin resistance under chow or HFD, as this phenotype much
moderate in male mice [58,59]. Cheung et al. also observed sex-dependent changes when
deleting VGLUT2 in SF1 neurons, since female but not male mice presented attenuation
of DIO, and transgenic male mice showed behavioral changes not observed in female
mice [89].

Estrogens could affect and change some intracellular signaling cascades leading
to these differences observed between males and females, as female mice have greater
expression of ERα. This would explain why the presence or absence of different patterns
of receptors impacts the estrogenic effect on SF1 neurons, as some of the sex-specific
signaling cascades are being altered. Other sex-specific effects related to SF1 neurons can
be found in their synapses with POMC neurons, as estradiol attenuated the retrograde
endocannabinoid signaling from POMC to SF1 neurons, increasing the glutamatergic
inputs to POMC [78]. This study opens another possibility based on the fact hypothesis
that estrogens do not interact directly with the specific SF1 neurons targeted in each study,
but their effects fall on other cells acting on SF1 neurons.

Then, estrogen signaling in SF1 neurons is a must for metabolic health in female mice.
Despite the fact that many studies presented in this review were performed only in male
mice, these last results obtained in both sexes reinforce the idea of SF1 neurons having a
sex-specific effect on energy balance and glucose metabolism.

5. Exploring the Neurocircuitry That Links SF1 Neurons to Other Brain Areas in
Energy Balance

Remarkable progress in the neuroanatomy of VMH projections has been obtained from
novel biological tools. Some notions on how the VMH connects with other brain centers
come from stereotaxic injection with anterograde axonal tracers in adult rats [90,91]. While
the results from these studies established that VMH is organized in subregions depending
on their projection, the inherent limitations of this method make it difficult to assess the
specific neuronal network involved in SF1 neurons. To overcome these limitations, Sf-
1TauGFP and Z/EGSf1:Cre mice models were originally designed to trace the major VMH
axonal projections during embryonic and postnatal stages [9].

The first of these models is a knock-in line that contains the wheat germ agglutinin
(WGA) and Tau-green fluorescent protein (TauGFP) under the control of Sf-1 regulatory
elements. In the second model, the SF1 Cre mouse was crossed with a Z/EG reporter
mouse, resulting in constitutive expression of eGFP (enhanced GFP) after Cre-mediated
recombination [9]. The analysis of the results obtained from both models indicated the
efferent SF1 projection in ascending and descending tracts that innervate different structures
such as the hypothalamus, thalamus, the basal forebrain, and the brainstem. Interestingly,
SF1 projections targeting the general vicinity of gonadotropin-releasing hormone (GnRH)
neurons suggest the potential role in fertility physiology [9].

As expected, experiments using these models showed that SF1 neurons projected
to areas implicated in body weight regulation, including the paraventricular nucleus of
the hypothalamus (PVN) [9,92]. However, it was not possible to detect any GFP+ fibers
within the ARC. Thus, additional studies using synaptophysin or rabies virus would be
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helpful to explore the specific network between SF1 and hypothalamic nuclei involved
in energy balance. Recently, Yunglei Yang and colleagues have optogenetically identified
the downstream target underlying the SF1 suppression of food intake (Figure 5). The
authors used the SF1 ChR2 mice, but the fiber optic cannula was implanted above the PVN,
therefore the photostimulation of this area would only activate the SF1-PVN projections.
They showed that high-frequency stimulation of this circuit potently reduced food intake
even in 24 h food-deprived mice [23].
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Figure 5. Neurocircuitry linking SF1 VMH neurons to other brain areas in energy balance. Using
optogenetic tools, the paraventricular nucleus of the hypothalamus (PVN) has been identified as a
downstream target nucleus underlying the SF1 suppression of food intake. Downstream projections
of SF1 in the VMH involved in the control of glycemia are the bed nucleus of the stria terminalis
(aBNST) since photostimulation of the VMHSf1-aBNST circuit leads to increases in blood glucose
levels. Finally, SF1 neurons are innervated by upstream BNST neurons and send projection to the
nucleus tractus solitarius (NST) to regulate anxiety-like behavior and bone metabolism.

Downstream projections of SF1 neurons regulating glycemia were identified through
the same novel strategy derived from optogenetics. The researchers administrated flu-
orescently tagged ChRs into the VMH of SF1-Cre mice to visualize the projection fields
using histological imaging to detect the EYFP reporter in axonal projections [32]. Once
identified this target site, a fiber optic was implanted to depolarize the final projection by
laser stimulation. With this strategy, it was possible to demonstrate that VMHSF1→aBNST
is the most relevant circuit involved in controlling glycemia since the photostimulation of
this circuit triggered an increase of the blood glucose levels [32] (Figure 5). Interestingly,
other functions have been attributed to this specific circuit: Fan Yang and colleagues re-
cently demonstrated that SF1 neurons are innervated by upstream BNST neurons and send
projections to the NST nucleus to regulate anxiety-like behavior and bone metabolism [93]
(Figure 5).

The use of current and novel biological tools provides several clues about the neurocir-
cuits regulating blood glucose and energy balance, and the afferent and efferent connections
linking SF1 neurons with other neuronal populations. An improving understanding of the
functional organization of SF1 neurons may help to identify future strategies for metabolic
diseases such as obesity and diabetes.
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6. Concluding Remarks and Future Perspectives

In the last years, the critical role played by the hypothalamus in the regulation of
energy balance and glucose homeostasis has gained substantial importance. However, the
exact mechanisms and neuronal circuits underlying this regulation and the pathogenesis
of obesity and insulin resistance remain poorly understood. The growing literature is
demonstrating that the origin of these diseases is beyond feeding and pancreatic insulin
secretion, and needs further definition. Here we extensively review that SF1 neurons in
the hypothalamus provide a “central role” in the control of blood glucose levels, insulin
sensitivity in peripheral tissues, adipose tissue plasticity, and thermogenesis activation.
SF1 neurons are a specific lead in the brain’s ability to sense glucose levels and conduct
insulin and leptin signaling in energy expenditure and glucose homeostasis, with minor
feeding control. Interestingly, transgenic mice lacking different targets in SF1 neurons
show an altered metabolic phenotype mostly under HFD feeding, but not under chow
diet, indicating that SF1 neurons are particularly important for metabolic adaptation in the
early stages of obesity. These investigations also demonstrate the sex-specific effects of SF1
neurons in the VMH, and the importance of the analysis of the phenotype in both male
and female mice when exploring energy balance and metabolism in transgenic models.

Although optogenetic and chemogenetic tools have clearly demonstrated SF1 function
in glucose homeostasis, adiposity, and energy expenditure, there are still contradictory
results in these functions after deletion of specific receptors in SF1 neurons (e.g., mGluR5).
These controversies could be associated with the existence of several sub-populations of
SF1 neurons that respond differently to insulin, leptin, and glucose. For instance, whereas
some SF1 neurons seem to be specialized in the regulation of blood glucose levels, some
others are responsible for insulin sensitivity in the periphery.

When investigating the hypothalamic regulation of obesity and diabetes, in addition
to the identification of SF1 sub-populations, it is important to explore the coordination
of SF1 neurons with other neurons outside the VMH to trigger metabolic functions. For
instance, HFD-induced hyperinsulinemia drives SF1 neurons hyperpolarization, leading in
turn to functional changes in the synaptic output onto POMC neurons, causing obesity and
glucose intolerance. This evidence suggests that the nucleus-specific responses upon HFD
feeding can cooperate to cause obesity and diabetes, and disruption of this cooperation
could act as a link between both diseases.

Despite the advances in the neurocircuitry connecting SF1 VMH neurons with other
brain areas, the exact efferent circuits leading to changes in peripheral tissues need further
investigation. How mice lacking a protein only in SF1 neurons present a strong phenotype
in the periphery in terms of glucose homeostasis and energy expenditure under nutritional
challenges? Are these circuits restricted to SNS and PSNS? A new point of view also
emerges from these studies: a disruption in a specific type of neurons in the hypothalamus
could trigger the pathogenesis of type 2 diabetes and obesity. How this neuronal dysfunc-
tion drives peripheral insulin resistance, adiposity, and thermogenesis alteration remains
unclear. Reconsidering the pathogenesis of obesity and type 2 diabetes and now includ-
ing the essential role of SF1 neurons, new strategies to treat these diseases could emerge.
Targeting this specific population of neurons in the VMH, and even another cooperating
population outside the VMH at the same time could modulate specific metabolic functions,
a challenging approach but with significant translational impacts in the management of
obesity and diabetes.
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Abstract: The hypothalamic regulation of appetite governs whole-body energy balance. Satiety is
regulated by endocrine factors including leptin, and impaired leptin signaling is associated with
obesity. Despite the anorectic effect of leptin through the regulation of the hypothalamic feeding
circuit, a distinct downstream mediator of leptin signaling in neuron remains unclear. Angiopoietin-
like growth factor (AGF) is a peripheral activator of energy expenditure and antagonizes obesity.
However, the regulation of AGF expression in brain and localization to mediate anorectic signaling
is unknown. Here, we demonstrated that AGF is expressed in proopiomelanocortin (POMC)-
expressing neurons located in the arcuate nucleus (ARC) of the hypothalamus. Unlike other brain
regions, hypothalamic AGF expression is stimulated by leptin-induced signal transducers and
activators of transcription 3 (STAT3) phosphorylation. In addition, leptin treatment to hypothalamic
N1 cells significantly enhanced the promoter activity of AGF. This induction was abolished by the
pretreatment of ruxolitinib, a leptin signaling inhibitor. These results indicate that hypothalamic AGF
expression is induced by leptin and colocalized to POMC neurons.

Keywords: hypothalamus; AGF; leptin; POMC neuron

1. Introduction

The hypothalamus controls feeding behavior for the maintenance of whole-body en-
ergy balance, and dysregulation of energy intake leads to obesity [1]. Leptin is an anorectic
hormone to regulate the hypothalamic neural network including proopiomelanocortin
(POMC) neurons, producing α- melanocyte-stimulating hormone (MSH) [2]. Insensitivity
to leptin signaling is observed in obese patients, despite the increase in leptin produced
by adipose tissue [3,4]. It is reported that the combination of recombinant human leptin,
metreleptin and pramlintide enhanced the reduction of body weight in a clinical trial [5].
Additionally, celastrol, originated from thunder god vine roots, increased brain leptin sen-
sitivity to promote weight loss and food intake [6]. However, while considerable research
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on the beneficial effect of leptin on feeding control and energy expenditure has been done,
downstream molecules of leptin signaling in the hypothalamic neuron still remain elusive.

Hypothalamic leptin signaling initiates Janus kinase 2-signal transducers and activa-
tors of transcription 3 (JAK2-STAT3) signaling and extracellular signal-regulated kinase
(ERK) to regulate food intake [7] and adenosine monophosphate-activated protein kinase
(AMPK) signaling for energy homeostasis [8]. The POMC neuronal population is located
within the arcuate nucleus (ARC) of the hypothalamus. In postprandial state, a POMC
neuron produces an anorectic molecule on leptin binding to leptin receptor (LEP-R) [2].
Leptin promotes POMC expression through the phosphorylation of STAT3. A significant
increase in body weight was observed in Pomc-Cre, Leprflox/flox mice, in which the leptin
receptor was deleted in the POMC neuron [9]. Although leptin signaling in the POMC
neuron is important for the regulation of appetite, the mediator of leptin signaling in the
POMC neuron is only partially identified. In the current study, we identified angiopoietin-
like growth factor (AGF) as a downstream of leptin, and AGF expression is enhanced by
leptin in the hypothalamus.

AGF has been identified as a peripheral activator of energy expenditure [10,11] that
antagonizes obesity and insulin resistance. Whole-body AGF-knockout (KO) mice exhib-
ited severe obesity [12,13]. Adenovirus-mediated hepatic overexpression of AGF showed
to reverse the obesity of AGF-KO mice [12]. AGF is a member of the angiopoietin-like
proteins (ANGPTLs) family composed of eight members, all of which possess a coiled-coil
domain at the N-terminus and a fibrinogen-like domain at the C-terminus [14]. ANGPTLs
are orphan ligands that do not bind Tie1 (tyrosine kinase with immunoglobulin-like and
epidermal growth factor (EGF)-like domains 1) or Tie2 receptors—targets of angiopoi-
etin [14]. However, the existence of AGF and the regulating factor of AGF in brain is
unknown. In the present study, we demonstrate that AGF is induced by the leptin hormone
in the hypothalamus and expressed in POMC neurons.

2. Results
2.1. Angptl6 Is Expressed in the Hypothalamus and Induced after Feeding

Hypothalamic appetite control is critical for the maintenance of whole-body energy
balance, and the impairment of anorectic signaling is associated with obesity [1]. AGF is
known as an activator of energy expenditure in the liver and adipocytes [12,13]. Although
AGF protein expression and function in the hypothalamus have not been investigated,
AGF mRNA has been detected in the brain of C57BL/6 mice [15]. To determine whether
AGF is expressed in the hypothalamus, we performed immunohistochemistry on human
brain. As shown in Figure 1A, AGF immunoreactivity was detected in the hypothalamus
of postmortem human brain. Because the hypothalamus is sensitive to nutritional status
and governs whole-body energy homeostasis [1,2,16,17], we tested whether hypothalamic
AGF expression is affected by changes in nutritional status. Mice were allowed to freely
approach food, and the refed group was fed after overnight fasting. Fasting did not alter
AGF mRNA level in the hypothalamus or epididymal white adipose tissue (eWAT), but did
decrease hepatic AGF mRNA level (Figure S1A,B). In contrast, AGF mRNA level increased
~2-fold in the hypothalamus after refeeding (Figure 1B) and modestly increased in liver
and eWAT, indicating that feeding induces AGF expression in metabolic organs. Fasting
and refeeding status of mice were confirmed by measurements of blood glucose level and
insulin concentration in plasma (Figure S1C,D).
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Figure 1. Angiopoietin-like growth factor (AGF) is expressed in the hypothalamus. (A) Immuno-
histochemical detection of AGF in the human brain. The boxed area within the image indicates a
magnified field. (B) Agf mRNA expression in the hypothalamus of ad libitum-fed, overnight fasted or
refed mice, confirmed by qPCR analysis (n = 5/group). Data represent means ± SEM (* p < 0.05).
Scale bars: 50 µm.

2.2. Angptl6 Is Expressed in POMC Neurons of the Hypothalamus

The hypothalamus delivers pivotal anorectic signaling after feeding. Because AGF-
positive cells were found in the human hypothalamus (Figure 1A), we performed im-
munofluorescence staining of AGF in mice to identify the localization and cell type in the
hypothalamus. As shown in Figure 2A, AGF immunoreactivity was detected in the ARC
where the feeding regulatory circuit is localized. AGF immunoreactivity exhibited a 91%
overlap with the neuronal marker, NeuN. However, AGF did not colocalize with glial
fibrillary acidic protein (GFAP) (Figure 2B), one of a marker of astrocytes (a type of glial
cell). Leptin binds to the LEP-R of the POMC-expressing neuron, which is located in the
ARC of the hypothalamus and activates anorectic signaling in a postprandial state [18,19].
POMC activation reduces food intake through the release of α-MSH, and Pomc-deficient
mice in the ARC (ArcPomc−/−) showed obesity and hyperphagia [20]. Because AGF in the
hypothalamus was induced by feeding (Figure 1B), we verified the spatial expression of
AGF in relation to these major appetite-controlling neurons by performing immunofluo-
rescence staining for AGF in the brain of POMC-mCherry reporter mice. We found that
45.0% of AGF-positive neurons in the ARC of the hypothalamus were also POMC-positive
(Figure 2C,D). These results indicate that AGF localized to the POMC-expressing neuronal
population and it is not colocalized to GFAP-positive cells.

2.3. AGF Expression Is Associated with Leptin-Induced STAT3 Phosphorylation

Insulin and leptin, which are secreted from peripheral organs and act on the hy-
pothalamus, are induced during the postprandial state and serve to inhibit food in-
take [21,22]. Accordingly, we tested the possibility that this hormone might act through
effects on AGF level to modulate feeding behavior. Treatment of the insulin receptor-
expressing cell lines, SN4741 and C2C12, with insulin (100 nM) had no effect on AGF
protein or mRNA level (Figure S2A–C). Next, we examined the relationship between
AGF and leptin, the latter of which dominates feeding behavior through the activation of
anorectic signaling in the hypothalamus [18,23]. The leptin receptor (LepRb) is expressed
in hypothalamic neurons, and, upon binding leptin, induces the JAK2 (Janus kinase
2)-mediated phosphorylation of STAT3 (signal transducer and activator of transcription
3) [18,19,24]. To examine changes in AGF level induced by leptin in vivo, we injected
mice intraperitoneally with leptin (3 mg/kg) and sacrificed mice after 1 h. Leptin in-
duced an increase in AGF protein in the hypothalamus (Figure 3A,B), but not in other
brain areas, including the cortex, striatum and midbrain (Figure S3A). Immunostaining
for Tyr705–phosphorylated STAT3 (pSTAT3), a leptin signaling marker, was increased
in hypothalamus tissue (Figure 3A,C) and the ARC by leptin injection (Figure S3B).
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To demonstrate the response of AGF-expressing neurons to leptin, we immunostained
for AGF in the ARC of mice injected with leptin or vehicle (Figure 3D). This analysis
showed that leptin increased the number of AGF-positive neurons by 56% (Figure 3D,E).
Collectively, these data suggest that leptin induces hypothalamic AGF level.

2.4. AGF Promoter Activity Is Enhanced by Leptin

Consistent with in vivo experiments, both AGF and pSTAT3 expression were in-
creased after leptin treatment in N1 cells (Figure 4A–C). We further found that AGF
mRNA level was 2.5-fold higher in the hypothalamus of leptin-injected mice (Figure 4D)
and 2-fold higher in leptin-treated N1 cells compared with vehicle-treated controls
(Figure 4E), suggesting that leptin induces AGF transcription. To test this, we first
sought to identify transcription factor binding sites in the AGF promoter using an
online search program (http://tfbind.hgc.jp/ accessed on 23 May 2020), which pre-
dicted three consensus STAT3 binding sequences in a 1020-bp (−1072 to −52 bp) 5′

untranslated region (Figure 4F). Using a promoter-reporter construct in which this
1020-bp region was placed upstream of the luciferase gene, we tested whether the
promoter activity of AGF was affected by leptin treatment. In N1 cells transfected
with this promoter-reporter construct, leptin (100 ng/ml) induced a 2.6-fold increase
in reporter activity within 45 min (Figure 4G). Notably, induction of AGF promoter
activity by exogenous leptin treatment was ablated by a 1 h pre-incubation with ruxoli-
tinib (1 µM), a leptin signaling inhibitor that blocks JAK2-mediated phosphorylation
(Figure 4G). These results indicate that AGF transcription is induced by leptin and
mediated by phospho-STAT3, a downstream of leptin/JAK2 signaling.
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Figure 2. AGF is colocalized to proopiomelanocortin (POMC) neurons rather than glial fibrillary acidic protein (GFAP)-
positive cells in the hypothalamus. (A,B) Immunofluorescence staining of AGF (green) and NeuN (red), a neuronal nuclei
marker and GFAP (magenta), an astrocyte marker in the hypothalamus section. (C) POMC neurons in the hypothalamus,
detected based on red fluorescence in POMC-specific tandem dimer Tomato (tdTomato) expressing reporter mice, and AGF
immunofluorescence staining. Brain slices were prepared by cryosectioning (25 µm/section). Sections were incubated
overnight at 4 ◦C with Alexa 488-conjugated mouse anti-AGF antibody (1:100). Fluorescence was visualized by confocal
microscopy. A yellow-colored neuron represents the colocalization of AGF with POMC. (D) Number of AGF and POMC
double-positive neurons in the ARC (between −1.7 and −3.4 mm from bregma) presented as means ± SD (n = 10/slide).
Scale bars: 50 µm (upper).
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Figure 3. AGF expression is induced by leptin-stimulated signal transducer and activator of transcrip-
tion 3 (STAT3) activation. (A) AGF level in the hypothalamus of C57BL/6 mice after intraperitoneal
injection of recombinant mouse leptin (3 mg/kg) or vehicle, determined by Western blotting. AGF,
pSTAT3 (Tyr705), STAT3 and α-tubulin were detected in tissue lysates containing equal amounts of
protein from the hypothalamus of each group. (B,C) Band intensities of AGF and pSTAT3 measured
by the ImageJ program; values are normalized to vehicle-injected samples. (D) AGF and DAPI
(4′,6-diamidino-2-phenylindole) co-staining in brain sections from leptin- or vehicle-injected mice.
Immunoreactivity was detected by confocal microscopy. (E) Number of AGF-positive neurons in the
ARC. Data represent means ± SEM (* p < 0.05, ** p < 0.01).
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Figure 4. AGF promoter activity is increased by leptin. (A) AGF protein level in N1 cells, determined after treatment with
100 ng/ml leptin for 0, 30, 45 and 60 min. (B,C) AGF and pSTAT3 band intensities, measured using the ImageJ program.
(D,E) AGF mRNA expression level in the hypothalamus (D) and in N1 cells (E) after leptin administration, normalized
to 18s rRNA level, as determined by qPCR (n = 5/group). (F) Location of STAT3 binding sequences in the AGF promoter
(−1072 to −52 bp). (G) AGF promoter activity, measured in N1 cells transfected with an AGF promoter-luciferase reporter
plasmid after a 45 min incubation with leptin (100 ng/ml). Cells were pre-incubated in the presence or absence of the JAK2
inhibitor, ruxolitinib (1 µM) for 1 h. N1 cells were harvested and luminescence was measured. Data represent means ± SEM
(* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Discussion

Modulation of appetite by the hypothalamus is pivotal for energy homeostasis and
is associated with the regulation of body weight [1,2,17]. Leptin binding to LEP-R on
POMC neurons provokes anorectic signaling in the hypothalamus. It is reported that
leptin activates ERK1/2 in the ARC for anorectic and sympathetic effect as confirmed by
leptin-induced reduction of food intake was reversed by ERK inhibitor U0126 injection [7,8].
However, the downstream mediator of leptin signaling to modulate hypothalamic neuronal
activity that is associated with appetite control is still elusive.

AGF, a known peripheral activator of energy expenditure, is determined by leptin in
mice hepatocyte, and serum AGF level is paradoxically increased in human patients with
metabolic disease due to compensation [25]. In the previous report, whole-body AGF KO
mice showed extreme obesity due to a decrease in energy consumption with no change in
food intake. The adenovirus-mediated reconstitution of AGF leads to a decrease in body
weight and improved glucose tolerance [12], suggesting that peripheral AGF has a role in
energy expenditure. However, alteration of brain AGF expression in this model was not
examined and cell-type-specific AGF expression in the hypothalamus was unknown. In
the current study, we address the fact that AGF is expressed in the hypothalamus and has
leptin responsiveness. As we observed that AGF promoter activity was enhanced by the
treatment of leptin and ablated this effect by ruxolitinib, JAK1/2 inhibitor in hypothalamic
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N1 cells (Fig. 4G), it would be supportive to elucidate the involvement of AGF in leptin
signaling if reproducible effects similar with cells occur in the hypothalamus of mice.

To assess whether AGF expression is dependent on leptin in the hypothalamus, ob/ob
and db/db mice with leptin or leptin receptor deficiency could be useful. There is a possibility
that AGF expression is reduced in ob/ob mice and exogenous leptin may restore AGF
level in the hypothalamus. Additionally, feeding-induced hypothalamic increase in AGF
expression may be ablated in these mice. Hypothalamic control of feeding by leptin is
disrupted in obese subjects due to insensitivity to leptin signaling, despite the elevated
level of circulating leptin [26–28]. The alteration of hypothalamic AGF in obesity remains
to be elucidated.

AGF immunoreactivity was detectable in the hypothalamus of human postmortem brain
around the third ventricle. Neuronal cell type and nucleus where AGF is localized in the
human hypothalamus was not identified. The human protein atlas program (https://www.
proteinatlas.org/, accessed on 23 May 2020) revealed AGF expression in the hypothalamus,
but it does not present specific regions such as the paraventricular nucleus (PVN) and ARC.
In the case of mice, AGF immunoreactivity predominantly colocalized to POMC neurons in
the ARC (Figures 1A and 2C), not GFAP-positive cells. AGF expression was not restricted
to the ARC but observed in dorsomedial hypothalamic nucleus (DMH) and PVN (data
not shown). It is known that leptin administration activates NUCB2/nesfatin-1-expressing
neurons in PVN to inhibit food intake [29]. Additionally, stimulation of the Thyrotropin-
releasing hormone (TRH) neuron by leptin leads to an increase in pSTAT3 and neuronal
activation, reducing appetite [30]. Therefore, to determine whether PVN AGF colocalize
to neurons related to food intake regulation would give an insight into the role of AGF in
appetite control and metabolism. Recently, it has been reported that tanycytes transport leptin
into the hypothalamus and it is required for the regulation of normal hypothalamic leptin
signaling [31]. To determine distinct neuronal populations which express AGF in the ARC
and whether tanycytes co-express AGF could give an insight into AGF as a downstream
mediator of leptin signaling.

A physiological role of hypothalamic AGF as a downstream effector of leptin in POMC
neurons has not been determined in this study. Based on our finding that 45% of AGF-
expressing neurons colocalized with POMC neurons in the ARC, the highly overlapped
expression of AGF and POMC gives rise to the possibility that AGF has a role in POMC
neuron-mediated metabolic changes such as appetite regulation and energy expenditure,
which are promoted by leptin [32]. Both AGF expression and STAT3 phosphorylation were
significantly induced after 30 min of leptin treatment. In contrast, pSTAT3 level declined
after 60 min, whereas AGF level was sustained (Figure 4A). From this, we infer that, after
induction by pSTAT3, AGF could act to regulate leptin downstream signaling, for example,
by inducing JAK2 phosphatase, which is a negative regulator of this signaling [33]. It is
also implied that leptin-induced AGF interacts with leptin signaling pathways such as ERK
and AMPK in leptin receptor-expressing neurons to control appetite and energy balance.
Further study for verification of the physiological role of hypothalamic AGF is including
use of hypothalamic POMC neuron-specific AGF KO mice via assessment of an alteration
of leptin signaling and α-MSH level. In addition, recording the neuronal activity of POMC
in a condition of increasing AGF expression by leptin treatment using a patch-clamp study
could be a useful approach. Our study suggests that AGF is a downstream molecule of
leptin signaling in the hypothalamus.

4. Materials and Methods
4.1. Animals

Male C57BL/6 mice were purchased from Harlan Teklad (Indianapolis, IN, USA). Mice
were maintained at 22 ◦C under a 12 h light–dark cycle. For diet-induced obesity, 5-week-
old C57BL/6 mice were fed a high-fat diet (60% fat; Research Diets Inc., New Brunswick,
NJ, USA). Leptin (3 mg/kg, R&D systems, Minneapolis, MN, USA) was dissolved in 0.9%
saline and intraperitoneally injected into C57BL/6. Animal experiments were approved
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by the Institutional Animal Care and Use Committee of Chungnam National University
(Ethical approval number, 201903A-CNU-46, approved on 1 June 2019).

4.2. Cell Culture

HypoE-N1 mice embryonic hypothalamus cells were maintained in Dulbecco’s Mod-
ified Eagle Medium (DMEM) containing 10% fetal bovine serum (Gibco, Waltham, MA,
USA), 1% penicillin/streptomycin at 37 ◦C under 5% CO2/21% O2 condition.

4.3. Human Brain Tissue

The hypothalamus was obtained from postmortem brains of otherwise healthy in-
dividuals at the University of Miyazaki, Japan, with the approval of the institutional
review board (approval number, C-0037; 11 May 2018). Written informed consent was
acquired from each outpatient, and the study was conducted according to provisions of
the Declaration of Helsinki.

4.4. Immunofluorescence Staining and Immunohistochemistry

Postmortem hypothalamus was fixed in 4% paraformaldehyde for 24 h, embedded in
paraffin, and cut into 4-µm–thick sections. Immunohistochemistry was performed using an
anti-human AGF antibody, produced by immunizing rabbits with a synthetic peptide corre-
sponding to amino acids 392–408 (NDKPESTVDRDRDSYSG) of the AGF protein. Sections
were pretreated with periodic acid (Nichirei, Tokyo, Japan) and incubated with anti-human
AGF antibody (1:100) overnight. Then, the sections were washed with phosphate-buffered
saline (PBS) and immunostained using EnVision/horseradish peroxidase (Dako, Glostrup,
Denmark). After incubating with 3,3-diaminobenzidine solution, images were acquired
using an IX70 microscope (Olympus, Tokyo, Japan). Mice whole brain was dipped in the
4% PFA and moved to 30% sucrose solution. The brain section was cut into 25 µm and
blocked for 1 hour with 3% donkey serum (Dako, Glostrup, Denmark) and 0.3% triton
x-100. Then, brain sections, including the arcuate nucleus region, were obtained from
−1.7 to −3.4 mm from bregma and were incubated with primary antibodies, including a
mouse anti-AGF-488 alexa conjugated antibody (1:100, Bioss, MA, USA), anti-NeuN (1:500,
Abcam, Cambridge, UK), a chicken anti-GFAP (1:1000, Abcam, Cambridge, UK), and a
rabbit anti-POMC (1:300, Phoenix, CA, USA) antibody, overnight at 4 ◦C. Sections were
washed with PBS and incubated in secondary fluorescence antibody. Fluorescence was
visualized using a IX70 fluorescent microscope (Olympus, Tokyo, Japan).

4.5. RNA Iolation and Real-Time PCR

The hypothalamus was removed from mice brain and homogenized by TissueLyserII
(Qiagen, Netherlands). Total RNA was isolated using Isol-RNA lysis reagent (5 PRIME,
South San Francisco, CA, USA). cDNA was synthesized by an moloney murine leukemia
virus (M-MLV) reverse transcriptase kit (Invitrogen, Carlsbad, CA, USA). For real-time
PCR, after mixing cDNA, primers and 10X SYBR mix, mRNA expression was analyzed
using a Rotor Gene 6000 system (Corbett Life Science, Venlo, Netherlands) and normalized
to 18s rRNA. Gene-specific primers are listed in Table S1.

4.6. Western Blotting

Proteins of mice tissues were prepped and homogenized by TissueLyserII, and N1
cells were extracted using radioimmunoprecipitation assay (RIPA) buffer (1% Nonidet
P-40, 0.1% SDS, 150 mM NaCl, 50 mM Tris–HCl pH 7.5 and 0.5% deoxycholate) with 10%
of phosphatase and protease inhibitor (Roche, Basel, Switzerland). A total of 12 µg of
protein samples was loaded on SDS-PAGE gel and run by electrophoresis; afterwards,
it was transferred to polyvinylidene fluoride (PVDF) membrane, blocked by 5% skim
milk. Membranes were incubated with primary antibody including a mouse anti-AGF
(R&D systems, Minneapolis, MN, USA), a mouse anti-α-tubulin (Santa Cruz Biotechnology,
Dallas, TX, USA), anti-phospho-STAT3 and anti-STAT3 (Cell Signaling, Danvers, MA,
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USA) antibody at 4 ◦C overnight. Anti-Immunoglobulin G (IgG) horseradish peroxidase
antibody (Pierce Biotechnology, MA, USA) corresponds with the host of the primary
antibody and was used as a secondary antibody. A protein band was detected by the
enhanced chemiluminescence (ECL) system (Thermo Scientific, Waltham, MA, USA)

4.7. Promoter-Luciferase Reporter Assay

N1 cells were grown in 6-well plates and transfected with 1 µg pAGF prom-Luc DNA
mixture using lipofectamin reagents (Invitrogen, Carlsbad, CA, USA). The pLightSwitch-
prom plasmid encodes RenSP luciferase sequence under control of 1020 bp AGF promoter.
After transfection, cells were treated with 100 ng/ml leptin or vehicle for 45 min and
harvested for luminiscence reading. Luciferase activity was measured using a Berthold
LB9507 luminometer (Berthold Technologies, Black Forrest, Germany).

4.8. Statistical Analysis

All data are represented as mean ± standard error mean (SEM) from triplicate results.
The statistical analysis was determined using Prizm version 5 software (Graphpad, San
Diego, CA, USA). The significance of differences between two groups was analyzed by
one-tailed student’s t-test. p value < 0.05 was considered statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22073443/s1, Figure S1: AGF mRNA expression is increased after feeding in mice,
Figure S2: AGF expression is not affected by insulin, Figure S3: Leptin injection did not induce AGF
expression in various brain region excluding hypothalamus.
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Abstract: Adiponectin, an adipose tissue-derived hormone, plays integral roles in lipid and glucose
metabolism in peripheral tissues, such as the skeletal muscle, adipose tissue, and liver. Moreover,
it has also been shown to have an impact on metabolic processes in the central nervous system.
Astrocytes comprise the most abundant cell type in the central nervous system and actively participate
in metabolic processes between blood vessels and neurons. However, the ability of adiponectin
to control nutrient metabolism in astrocytes has not yet been fully elucidated. In this study, we
investigated the effects of adiponectin on multiple metabolic processes in hypothalamic astrocytes.
Adiponectin enhanced glucose uptake, glycolytic processes and fatty acid oxidation in cultured
primary hypothalamic astrocytes. In line with these findings, we also found that adiponectin
treatment effectively enhanced synthesis and release of monocarboxylates. Overall, these data
suggested that adiponectin triggers catabolic processes in astrocytes, thereby enhancing nutrient
availability in the hypothalamus.

Keywords: adiponectin; astrocyte; energy metabolism; hypothalamus; glycolysis; metabolic diseases

1. Introduction

The brain constitutes a metabolically active organ that requires the highest energy
demands in the human body. Although the adult brain represents approximately 2% of the
total body weight, it consumes approximately a quarter of the total glucose used for its energy
supply [1–4]. Therefore, nutrient availability in the central nervous system (CNS) is directly
linked to the maintenance of life. As neurons expend high levels of energy resources, such
as glucose and lactate, to initiate and propagate their action potentials [4,5], impairment of
the energy supply can lead to perturbation of neuronal excitability. Consistent with these
concepts, multiple brain disorders are also deeply associated with abnormalities of energy
metabolism in the CNS.

Astrocytes, which comprise the most abundant cell type in the CNS, support normal
neuronal functions by regulating the concentration of chemical substances in the synaptic cleft
area and providing nutrients between blood vessels and neurons [4–6]. Although astrocytes
are responsible for the metabolic processing of glucose absorbed by the brain [4,7], they do
not require as much energy as they uptake. Rather, the primary driving factor underlying
astrocyte participation in glucose uptake and utilization is the provision of energy sources
from astrocytes to neurons.

Adiponectin, an adipokine predominantly secreted from adipocytes, has functional
roles in regulating glucose and lipid metabolism along with insulin sensitivity. In particu-
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lar, adiponectin facilitates systemic glucose and lipid homeostasis by regulating several
major metabolic organs, such as adipose tissue, liver, and muscle [7–11]. Accordingly,
adiponectin elicits beneficial effects in multiple metabolic diseases and their related sec-
ondary complications. For example, adiponectin improves hyperglycemia by alleviating
glucose intolerance and insulin resistance [9,10]. Furthermore, it mitigates hepatic steatosis
and dyslipidemia through regulation of lipid metabolism [10]. Specifically, adiponectin
stimulates glucose uptake by skeletal and cardiac muscle and inhibits glucose production
by the liver, consequently decreasing blood glucose levels [7,8]. However, although it is
well established that adiponectin dynamically participates in the regulation of peripheral
energy metabolism, its impact on nutrient metabolism in astrocytes of the hypothalamus, a
central unit for the regulation of energy homeostasis, has not yet been clearly elucidated.

We hypothesized that central adiponectin regulates multiple metabolic processes in
hypothalamic astrocytes including glucose uptake, glycolytic activity, fatty acid oxidation
and metabolites secretion. To verify this hypothesis, in this study we mainly utilized
primary astrocytes extracted from the mouse hypothalamus and determined the active
roles of circulating adiponectin on hypothalamic astrocytes coupled to whole body energy
homeostasis.

2. Results
2.1. Central Administration of Adiponectin Results in the Activation of Hypothalamic Astrocytes

Based on the evidence that astrocytes respond to metabolic alterations and reactive
astrocytes display morphological changes [12], we evaluated the number of astrocytes and
their pattern of interaction with blood vessels in the hypothalamus assessed by immuno-
histochemistry with an antibody against Gfap, a molecular maker for the astrocyte after
central administration of adiponectin. Icv administration of recombinant adiponectin into
the lateral ventricle of mice resulted in an elevated number of astrocytes in the hypothala-
mus (Figure 1A,B). We further examined the contact ratio between astrocytes and blood
vessels by performing fluorescence immunohistochemistry combined with a visualization
of blood vessels by cardiac infusion of lectin to speculate whether adiponectin participates
in nutrient shuttling between astrocytes and blood vessels. Notably, icv administration of
adiponectin led to an increase in astrocytes interaction with the blood vessel (Figure 1C). In
order to further confirm whether adiponectin triggers reactive astrogliosis, we examined
the mRNA expression involved in the astrocyte activation. Semi-quantitative RT-PCR
results showed an elevation of Gfap and Catenin beta 1(Ctnnb1) transcripts involved in the
processes of astrocyte activation (Figure 1D,E), indicating that adiponectin induced reactive
astrogliosis.
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Figure 1. Central administration of adiponectin leads to activation of hypothalamic astrocytes. The whole brain was
collected from mice that received an intracerebroventricular (icv) injection of adiponectin (ADN, 3 µg/2 µL) and intracardiac
injection of lectin. The distribution of astrocytes was examined by immunohistochemistry using an antibody against glial
fibrillary acidic protein (Gfap), a molecular marker for astrocytes. (A) Representative images of Gfap immunolabeling
in the hypothalamus. Icv administration of adiponectin led to increased (B) number of astrocytes and (C) contact ratio
between astrocytes and blood vessels in the hypothalamus of the mouse brain (n = 5 for each group). Icv administration of
adiponectin elevated mRNA levels of (D) Gfap and (E) Ctnnb1 as determined by qRT-PCR (n = 5 for CTL; n = 6 for ADN).
Results are presented as mean ± SEM. * p < 0.05. Scale bar = 50 µm.

2.2. Adiponectin Enhances Glucose Uptake in Astrocytes

To validate the purification of primary astrocytes, we tested the enrichment of GFAP
protein in cultured primary astrocytes compared to that in primary microglial cells. GFAP
protein was predominantly present in primary astrocytes but not in primary microglia.
Additionally, the Iba-1 protein was almost absent in primary astrocytes (Figure 2A). Given
the well-known effect of adiponectin on phosphorylation of the AMPK protein, an evo-
lutionarily conserved energy sensor and regulator of energy metabolism, we evaluated
the induction of AMPK phosphorylation as determined by immunoblot assay to validate
the cellular impact of recombinant adiponectin in primary astrocytes. A treatment of
adiponectin resulted in a significant increase in AMPK phosphorylation (Figure 2B–D).

As multiple lines of evidence indicate that adiponectin enhances glucose uptake
and utilization in metabolically active peripheral organs, such as muscle and adipose
tissue [9], we interrogated whether adiponectin altered glucose uptake in astrocytes using
mouse hypothalamic primary astrocytes. We first identified that a significant elevation in
glucose uptake was observed in adiponectin-treated astrocytes compared to vehicle-treated
astrocytes (Figure 2E). In support of this finding, we observed that exogenous treatment of
adiponectin led to increased levels of glucose transporter-1 (Glut-1) protein (Figure 2F,G)
and mRNA (Figure 2H), consistent with the effects of adiponectin on glucose metabolism
in peripheral organs. To further verify the effect of adiponectin on glucose uptake, we
quantified the mRNA expression of Glut-1 after silencing the expression of adiponectin
receptor 1 (AdipoR1) and adiponectin receptor 2 (AdipoR2). We validated the reduced
levels of AdipoR1 and AdipoR2 mRNAs in response to transfection with siRNAs (Figure 2I,J).
An increase of Glut1 mRNA expression induced by adiponectin treatment was significantly
reversed by AdipoR1 and AdipoR2 siRNAs (Figure 2K). These observations suggest that
adiponectin has an active role for glucose uptake in hypothalamic astrocytes.
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Figure 2. Adiponectin enhances glucose uptake in primary astrocytes. The primary astrocytes and microglia were set up at
5 × 105 cell/well and subjected to western blot analysis by using antibodies for GFAP and Iba-1 proteins. (A) GFAP protein
was predominantly present in primary astrocytes but Iba-1 protein was almost absent in primary microglia. (B–K) Primary
astrocytes were seeded at 5 × 105 cell/well, starved overnight, and treated with adiponectin (ADN, 1 µg/mL) for 24 h.
Cell lysates were subjected to western blot analysis using antibodies against (B–D) pAMPK, total AMPK, β-actin and (F,G)
glucose transporter-1 (GLUT-1) proteins and qRT-PCR using a primer set of (H,K) Glut-1 gene. Exogenous treatment of
adiponectin led to increased levels of (F,G) Glut-1 protein and (H) Glut-1 mRNA in primary astrocytes. (E) Adiponectin
treatment enhanced glucose uptake in cultured primary astrocytes as determined by 2DG-glucose uptake assay. AdipoR1
and AdipoR2-specific siRNA were transfected into the primary astrocytes to confirm the mRNA expression of Glut1 induced
by adiponectin treatment. qPCR data showed a significant decrease in (I) AdipoR1 and (J) AdipoR2 mRNAs. Elevated (K)
Glut1 mRNA induced by adiponectin was effectively rescued by transfection of AdipoR1 and AdipoR2-specific siRNAs.
Results are presented as the means ± SEM. n= 4 for (B–D); n= 3 for (E); n= 4–5 for (F,G); n= 6 for (H); n= 4–5 for (I,J);
n= 5–6 for (K). All experiments were performed from at least three different preparations of astrocytes. * p < 0.05; ** p < 0.01;
*** p < 0.001; # p < 0.05.
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2.3. Adiponectin Enhances Glycolytic Activities in Astrocytes

We next examined the effect of adiponectin on the glycolytic activities in primary
astrocytes. Semi-quantitative RT-PCR results showed that adiponectin treatment elevated
the expression of hexokinase1 (Hk1), which catalyzes glucose phosphorylation during glycol-
ysis (Figure 3A). In addition, we further evaluated glycolytic activity utilizing a seahorse
XF-24 extracellular flux analyzer. The ECAR in primary astrocytes was significantly ele-
vated by adiponectin treatment (Figure 3B). To verify that enhanced glycolytic activity was
triggered by adiponectin, we performed GC-MS to measure the metabolites produced in
the glycolytic processes in the hypothalamus of mice injected with adiponectin. Central
administration of adiponectin led to an elevation of pyruvate and lactate levels, which
correlated with glycolytic activity (Figure 3C,D). Furthermore, icv injection of adiponectin
induced increased in levels of fumarate, malate, and citrate generated during the TCA
cycle (Figure 3E–G). Notably, elevated glucose levels were observed in the hypothalamus
of adiponectin-treated mice (Figure 3H). These data indicated that adiponectin facilitated
brain glucose utilization by reinforcing glycolytic activity in astrocytes.

Figure 3. Adiponectin enhances glycolytic activity in primary astrocytes. Primary astrocytes were seeded at
5 × 105 cell/well, starved overnight, and treated with adiponectin (ADN, 1 µg/mL) for 24 h. (A) The level of mRNA
encoding hexokinase 1 (Hk1) was upregulated in adiponectin-treated primary astrocytes compared to that in vehicle-treated
primary astrocytes as determined by qRT-PCR (n = 6 for each group). (B) The extracellular acidification rates (ECAR)
were elevated by adiponectin treatment (n = 3 for each group). GC-MS results showed increased levels of (C) pyruvate,
(D) lactate, (E) fumarate, (F) malate, (G) citrate, and (H) glucose in the hypothalamus of adiponectin-treated mice compared
with that of vehicle-treated mice (n = 4 for each group). Results are presented as the means ± SEM. qPCR and ECAR
experiments were performed from at least three different preparations of astrocytes. * p < 0.05; ** p < 0.01; *** p < 0.001.

2.4. Adiponectin Promotes Synthesis and Release of Monocarboxylates in Primary Astrocytes

As the production and release of monocarboxylates from astrocytes are coupled to
glycolytic processes [4,13], we next interrogated whether adiponectin alters production of
monocarboxylates by performing the analysis of mRNA expression in primary astrocytes
treated with recombinant adiponectin. We observed that adiponectin treatment led to
increased mRNA level of lactate dehydrogenase (Ldh), a catalytic enzyme that reversibly
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induces conversion of lactate to pyruvate (Figure 4A), and upregulated monocarboxylate
transporter-1 (Mct-1) (Figure 4B). In support of these molecular observations, an exogenous
treatment of recombinant adiponectin led to an elevation of lactate release in cultured
primary astrocytes (Figure 4C). In addition, adiponectin-treated astrocytes showed in-
creased mRNA levels of genes involved in the biosynthesis of ketone bodies including
hydroxymethylglutaryl-CoA synthase (Hmgcs) (Figure 4D) and hydroxymethylglutaryl-CoA lyase
(Hmgcl) (Figure 4E). In accordance with the patterns of mRNA expression, the medium level
of β-hydroxybutyrate was significantly elevated in adiponectin-treated primary astrocytes
(Figure 4F). To confirm the increased synthesis and release of ketone bodies, we identified
that adiponectin-treated astrocytes showed increased mRNA levels of fatty acid transport
protein (FATP), a fatty acid transporter and genes involved in fatty acid oxidation, such as
peroxisome proliferator-activated receptor-α (PPAR-α) and carnitine palmitoyltransferase 1-
α (CTP1-α) (Figure 4G–I). These findings indicate that adiponectin promotes synthesis and
release of monocarboxylates including lactate and β-hydroxybutyrate in the hypothalamic
astrocyte through promoting glucose and lipid utilization.

2.5. Central Administration of Adiponectin Leads to an Elevation of Catabolic Processes in the
Hypothalamic Astrocytes

To further specifically confirmed the impacts of adiponectin on the metabolic process
in hypothalamic astrocyte, we used Ribo-Tag technique with Gfap-Cre;Rpl22HA mice that
expressed HA-tagged ribosomal protein Rpl22 in astrocytes. The immunohistochemistry
experiment confirmed astrocyte-specific Cre recombination by identifying the immunosig-
nals of HA protein in the Gfap-positive hypothalamic astrocytes (Figure 5A). In addition,
we validated the purification of mRNA extracted from the hypothalamic astrocyte by
confirming a predominant expression of Gfap mRNA, a molecular maker for the astrocytes
and minor expression of Iba-1 mRNA, a molecular marker for microglia and NeuN mRNA,
a maker for neuron in purified sample compared with the input control sample (Figure 5B).
In consistent with mRNA expression data obtained from mouse total hypothalamus and
primary astrocytes, we observed that icv administration of adiponectin effectively elevated
mRNA levels of Glut-1 (Figure 5C) and Hk1 (Figure 5D), indicating enhanced glucose
utilization. In addition, Ribo-tag results revealed that central administration of adiponectin
resulted in an increase of mRNA levels of genes involved in the synthesis of monocar-
boxylates including Ldh (Figure 5E), Hmgcl (Figure 5F) and Hmgcs (Figure 5G), enzymes
for the synthesis of lactate and ketone body as well as Mct-1 gene (Figure 5H). In support
of these observations and in vitro findings, we also identified that central administration
adiponectin resulted in elevated levels of mRNAs involved in the fatty acid utilization
including FATP (Figure 5I), PPAR-α (Figure 5J) and CTP1-α (Figure 5K). From these data,
we successfully confirmed that adiponectin triggers enhanced the catabolic process of
nutrients such as glucose and fatty acids, and monocarboxylates production in hypothala-
mic astrocytes utilizing a mouse model that enabled the purification of astrocyte-specific
mRNA.
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Figure 4. Adiponectin promotes production of lactate and ketone body in primary astrocytes. Primary astrocytes were
seeded at 5× 105 cell/well, starved overnight, and treated with adiponectin (1 µg/mL) for 24 h. The elevated levels of mRNA
encoding (A) lactate dehydrogenase (Ldh) and (B) monocarboxylate transporter-1 (Mct-1) genes were observed in adiponectin-
treated primary astrocyte as determined by qRT-PCR (n = 6 for each group). (C) The concentration of medium lactate was
increased 24 h after adiponectin treatment (n = 5 for each group). The elevated mRNA levels of (D) hydroxymethylglutaryl-CoA
synthase (Hmgcs) and (E) hydroxymethylglutaryl-CoA lyase (Hmgcl) were observed in adiponectin-treated primary astrocytes
as determined by qRT-PCR (n = 8 for each group). (F) The medium concentration of β-hydroxybutyrate was increased 24 h
after adiponectin treatment (n = 5 for each group). The increased mRNA levels of (G) fatty acid transport protein (FATP),
(H) peroxisome proliferator-activated receptor-α (PPAR-α) and (I) carnitine palmitoyltransferase 1-α (CTP1-α) were observed in
the adiponectin-treated astrocytes compared with the that in vehicle-treated astrocytes (n = 6 for each group). Results are
presented as the means ± SEM. All experiments were performed from at least three different preparations of astrocytes.
* p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 5. Central administration of adiponectin leads to enhanced glucose utilization and monocarboxylates production in
hypothalamic astrocytes of the mice. Ribo-tag analysis were performed to determine alterations in astrocyte-specific mRNA
expression in the hypothalamus of Gfap-CreERT2:Rpl22HA mice. (A) Representative images revealing co-expression of HA
and Gfap immunosignals in the hypothalamus of Gfap-CreERT2:Rpl22HA mice. (B) qRT-PCR data showing enrichment of
Gfap mRNA, a molecular marker for astrocyte (but not Iba-1, a molecular maker for microglia and NeuN, a molecular marker
for neuron) in the purified RNA immunoprecipitated with HA antibody compared with the input RNA extracted from
hypothalamus. Elevated mRNA levels of (C) Glut-1, (D) Hk1, (E) Ldh, (F) Hmgcl, (G) Hmgcs, (H) Mct-1, (I) FATP, (J) PPAR-α
and (K) CTP1-α were observed in hypothalamic astrocytes from Gfap-CreERT2:Rpl22HA mice that received an icv injection of
adiponectin (ADN, 3 µg/2 µL) compared with vehicle-treated control group (CTL). Results are presented as mean ± SEM.
n = 6 for each group. * p < 0.05, ** p < 0.01, *** p < 0.001. Scale bar = 50 µm.
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2.6. Adiponectin Rescued 2-DG-Induced Hyperphagia

Central administration of 2-deoxy-D-glucose (2-DG) led to an increase in appetite,
suggesting that lower glucose availability drives feeding behavior in association with hy-
pothalamic circuit activity [14]. Thus, we further evaluated the effect of adiponectin on the
hyperphagic response induced by 2-DG treatment to identify the physiological relevance
of adiponectin-induced alteration in cellular metabolism of hypothalamic astrocytes. In
accordance with previous findings, icv administration of 2-DG led to an increase in food
intake compared to that in vehicle-treated mice (Figure 6A,B). Increased 2 h and 18 h cumu-
lative food intake induced by 2-DG administration was effectively rescued by adiponectin
treatment (Figure 6A,B). These observations suggest that the enhanced catabolic processes
of nutrients in hypothalamic astrocytes triggered by adiponectin may be coupled with the
homeostatic feeding behavior under the hypoglycemic conditions.

Figure 6. Central administration of adiponectin reversed increased food intake in response to icv injection of 2-DG. Icv
injection of adiponectin curbed the increase of (A) 2 h and (B) 18 h cumulative food intake induced by icv injection of 2-DG.
Results are presented as the mean ± SEM. n = 4–6 for each group. *** p < 0.001 for the 2-DG-treated versus the CTL groups;
# p < 0.05, ### p <0.001 for the 2-DG + ADN-treated versus 2-DG-treated groups.

3. Discussion

The current study highlights an active role of adiponectin in the regulation of nutrient
availability in hypothalamic astrocytes. In turn, this suggests that the alteration of nutrient
availability between the hypothalamic neuron-astrocyte-blood vessel axis controlled by
adiponectin might be tightly coupled to the function of the hypothalamic circuit that
controls whole-body energy metabolism [4,15].

Consistent with the concretized evidence that adiponectin affects glucose and lipid
utilization in peripheral organs, we here verified the active contributions of adiponectin in
glucose and lipid metabolism of hypothalamic astrocytes. We identified that adiponectin
facilitates the availability of nutrients in the hypothalamus by promoting the utilization of
glucose and fatty acids through the multiple in vitro and in vivo strategies. The hypothala-
mus constitutes the master organ that controls energy homeostasis by mediating afferent
signals derived from metabolically active peripheral organs [16]. In particular, adipose
tissue dynamically communicates with the hypothalamus through its own chemical mes-
sengers termed adipokines [17,18]. Notably, the circulating levels of most adipokines are
proportional to adiposity and long-term elevation of adipokines elicits adverse effects, such
as inflammation, oxidative stress, and endoplasmic reticulum stress, which might comprise
potential pathogenic elements for the development of metabolic disorders [19].

However, the effects of adiponectin on metabolic controls are distinct from those
of general adipokines. In particular, it exerts beneficial effects against multiple cellular
stresses and the development of metabolic disorders [15]. In accordance with previous
studies, which indicate that adiponectin improves inflammatory responses, [20,21], our re-
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sults validated the anti-inflammatory properties of adiponectin in hypothalamic astrocytes
(Supplementary Figure S1). Moreover, as most adipokines participate in the operation
of hypothalamic circuit activity, central adiponectin also acts as an appetite regulator
by targeting hypothalamic neurons associated with the brain glucose concentration [22].
Together with our data, these observations suggest that adiponectin-controlled glucose
metabolism in hypothalamic astrocytes might be linked to the hypothalamic control of
energy homeostasis. Consistent with this, a growing body of evidence has suggested that
the nutrient availability between hypothalamic astrocytes and neurons determines the
operation of the circuit activity triggering homeostatic feeding behavior [6,23]. Further-
more, recent reports have shown that the metabolic shift induced by fasting or high-fat
diet treatment results in alteration of hypothalamic metabolites, such as lactate and ketone
bodies [24]. In the present study, we also identified elevated synthesis and release of the
monocarboxylates such as lactate and ketone body in primary astrocytes in response to
adiponectin treatment. Thus, it is reasonable to hypothesize that adiponectin may affect
the excitability of hypothalamic neurons by modulating astrocyte-derived substances,
such as gliotransmitters and metabolites. Recently, considerable effort has been paid to
unmask the direct contributions of hypothalamic glial cells in regulation of the hypotha-
lamic neuronal circuit [4,25]. However, there is still insufficient information regarding
the astrocyte-derived tropic factors that give rise to homeostatic behaviors and responses
directly coupled to hypothalamic neuronal functions. In the present study, we proposed
that the hypothalamic astrocyte responds to fluctuations in circulating adiponectin and pre-
sumably participates in operation of the hypothalamic circuit by modulating the nutrient
availability linked to various cellular metabolic processes, including nutrient uptake and
release between the extracellular environment and hypothalamic neurons. Notably, a recent
study showed that adiponectin evokes the excitation of hypothalamic proopiomelanocortin
neurons, which promotes satiety signals under low glucose conditions [22]. In this regard,
we identified that central administration of adiponectin effectively curbed hyperphagic
behavior induced by 2-DG-mediated limited glucose utilization. As neuron-glia metabolic
coupling constitutes a critical cellular event to preserve normal brain functions and the
availability of oxygen and energy resources is tightly coupled to neuronal excitability and
functions [26], the impairment of nutrient shuttling between astrocytes and neurons may
serve as a primary pathological event in the development of multiple neurodegenerative
diseases. Thus, our findings raised an open question regarding the potential beneficial
effects of central adiponectin in the development of metabolic diseases caused by the
degeneration of hypothalamic neurons coupled with the impairment of the neuron-glia
metabolic interaction in the hypothalamic circuitry. Therefore, further studies are required
to clarify whether disruptions of neuronal functions linked to metabolic disorders can be
reversed by adiponectin treatment. Additionally, further investigations are warranted to
elucidate whether adiponectin-controlled astrocytes control the activity of hypothalamic
neurons linked to energy homeostasis via tropic factors or modulating synaptic inputs.
Nevertheless, the current findings collectively suggest that central adiponectin may sup-
port normal hypothalamic functions by promoting nutrient availability in hypothalamic
astrocytes.

4. Materials and Methods
4.1. Animals

Eight-week-old male C57BL/6 mice (Dae Han Bio Link, Seoul, Korea) were housed
in a 12-h light-dark cycle at 25 ◦C and 55 ± 5% humidity. The mice were allowed access
to normal diet and tap water ad libitum. All animal care and experimental procedures
were performed in accordance with a protocol approved by the Institutional Animal Care
and Use Committee (IACUC) at the Incheon National University (permission number:
INU-2016-001).
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4.2. Cannula Implantation for Intracerebroventricular (Icv) Injection

The mice were anesthetized with an intraperitoneal injection of tribromoethanol
(250 mg/kg, Sigma-Aldrich, St. Louis, MO, USA) and placed in a stereotaxic apparatus
(Stoelting, Wood Dale, IL, USA). The 2.5-mm cannula (26 gauge) was implanted into the
lateral ventricle (X: 1 mm, Y: 0.4 mm to the bregma) and secured to the skull with dental
cement. Animals were kept warm until they recovered from the anesthesia and then placed
in individual cages. After surgery, a recovery period of seven days was allowed prior to
the initiation of experiments.

4.3. Icv Injection of Adiponectin

Mice were matched based on body weight and food intake during the adaptation
period and divided into adiponectin and phosphate-buffered saline (PBS)-injected groups.
Recombinant globular adiponectin (Lugen Sci, Bucheon, Korea) was dissolved in PBS to a
concentration of 1.5 mg/mL. Each solution was freshly prepared on the day of administra-
tion and free of any contaminants, such as endotoxin. Mice were administered the first icv
injection of adiponectin (3 µg/2 µL) 24 h before sacrifice and hypothalamic tissues were
harvested 1 h after the second injection of adiponectin (3 µg/2 µL). For the test of feeding
behavior, mice were injected with recombinant globular adiponectin (3 µg/2 µL) 1 h before
icv injection of 2-deoxy-D-glucose (2.5 mg/2 µL, Sigma-Aldrich, St. Louis, MO, USA), and
their food intake was measured.

4.4. Immunohistochemistry

Mice were anesthetized, their thoracic cavities were opened, and 30 µg of tomato
lectin (Vectorlabs, Burlingame, CA, USA) in 100 µL volume was injected directly into the
left ventricle of the heart, over a period of approximately 30 s. The heart continued to beat
for approximately 1 min following injection. Subsequently, the animals were transcardially
perfused with 0.9% saline (wt/vol), followed by fresh fixative of 4% paraformaldehyde
in phosphate buffer (PB, 0.1 M, pH 7.4). Brains were collected and post-fixed overnight
before coronal sections (50µm thickness) were taken by vibratome (5100 mz Campden
Instruments, Leicestershire, England). After washing in PB several times, the sections were
pre-incubated with 0.3% Triton X-100 (Sigma-Aldrich) in PB for 30 min at room temperature
(RT) and incubated overnight with rabbit anti-GFAP antibody (1:1000 dilution, ab7260,
abcam, Cambridge, UK) or mouse anti-HA antibody (1:1000; MMS-101R, BioLegend, San
Diego, CA, USA) at RT. Immunofluorescence was performed with the secondary antibodies
(Alexa Fluor 488-labeled anti-mouse antibody, 1: 500; A11001, Invitrogen, Carlsbad, CA,
USA or Alexa Fluor 594-labeled anti-rabbit antibody, 1: 500; A21209, Invitrogen, Carlsbad,
CA, USA) for 2 h at RT. The sections were then mounted onto glass slides and covered by
coverslips with a drop of mounting medium (Dako North America Inc, Carpinteria, CA,
USA). The coverslips were sealed with nail polish to prevent desiccation and movement
of the samples under the microscope. The images were recorded using fluorescence
microscopy (Axioplan2 Imaging, Carl Zeiss Microimaging Inc., Thornwood, NY, USA) and
subjected to analyses.

4.5. IHC Image Capture and Analyses

Images were acquired by fluorescence microscopy (Axioplan2 Imaging; Carl Zeiss
Microimaging Inc.). For IHC analyses, sections were anatomically matched with the mouse
brain using atlas50 (hypothalamic region: between 1.46 and −1.82 mm from bregma).
Both sides of the bilateral hypothalamic region were analyzed for two brain sections per
mouse. The number of GFAP-positive astrocytes was counted using ImageJ 1.47 v software
(National Institutes of Health, Bethesda, MD, USA; http://rsbweb.nih.gov/ij/). Hoechst
(Sigma-Aldrich, St. Louis, MO, USA) staining was performed to identify cell nuclei. In
sections double-labeled with GFAP antibody and tomato lectin, the number of astrocytes
in contact with blood vessels was calculated as a percentage of the GFAP-positive cells in
contact with blood vessels per total number of GFAP-positive cells.
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4.6. Primary Astrocyte Culture

Following decapitation of five C57BL6 mice (5 days old), the hypothalamic tissues
were removed, combined in a sterile dish and triturated in Dulbecco’s modified Eagle
medium (DMEM) F-12 containing 1% penicillin-streptomycin. The cell suspension was
filtered through a 100-µm sterile cell strainer to remove debris and fibrous layers. The
suspension was centrifuged and the pellet was resuspended in DMEM F-12 containing 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells were grown in this culture
medium in 75-cm3 culture flasks at 37 ◦C and 5% CO2. When cells grew to confluence
(about 9 days), the flasks were placed in a 37 ◦C shaking incubator at 240 rpm for 16
h. The cells were then harvested using 0.05% trypsin-ethylenediamine tetraacetic acid,
resuspended in DMEM F-12 containing 10% FBS and 1% penicillin-streptomycin, and
centrifuged for 5 min at 1000 rpm. Cells were seeded at a concentration of 5 × 105 cells/mL
in culture plates previously treated with poly-L-lysine hydrobromide (50 µg/mL) and
grown for 24 h. The medium was changed to DMEM F-12 containing 1% antibiotics without
FBS; 24 h later, the same medium plus either 1 µg/mL of recombinant globular adiponectin
or vehicle was added. Cells and/or medium were collected 1 or 24 h after treatment. For
siRNA transfection, primary astrocytes were seeded (5 × 105 cells/mL) in 6-well culture
plates and transfected with siRNAs specific for AdipoR1 (# 72674–1, Bioneer, Daejeon,
South Korea) and AdipoR2 (# 68465–1, Bioneer, Daejeon, South Korea) using Lipofectamine
3000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocols.
A scrambled siRNA (Bioneer) was used as a negative control.

4.7. Measurement of Glucose Uptake

Mouse primary astrocytes were seeded at a concentration of 5 × 105 cells/well in
6-well plates. After 24 h treatment of globular adiponectin (1 µg/mL), the cells were
processed for a glucose uptake assay following the glucose uptake assay kit instructions
(Bio Vision Research Products, Milpitas, CA, USA).

4.8. Measurement of Monocarboxylates

The mouse primary astrocytes were seeded at a concentration of 1 × 105 cells/well in
12-well plates and treated with PBS (vehicle control) or globular adiponectin (1 µg/mL) for
24 h. After treatment, the medium were collected and centrifuged to eliminate remaining
cells and debris, and processed to measure the concentration of monocarboxylates. For the
lactate release assay, the concentration of lactate in the collected medium was examined by
using the lactate assay kit (Biomedical Research Service Center, Buffalo, NY, USA) according
to the manufacturer’s instructions. The concentration of β-hydroxybutyrate (ketone body)
in the collected medium was measured by using β-hydroxybutyrate colorimetric assay kit
(Cayman, 700190, MI, USA) according to the manufacturer’s instructions.

4.9. Extraction and Analysis of Hydrophilic Metabolites in the Hypothalamus

The extraction and analysis of hydrophilic metabolites in the hypothalamus was per-
formed as previously described [27]. Each sample was extracted with 1 mL of methanol:
water:chloroform solution (5:2:2, v/v/v) and 0.03 mL of L-2-chlorophenylalanine in distilled
water (0.3 mg/mL) as an internal standard (IS). A mixture of approximately 300 mg glass
beads (acid-washed, 425–600 µm, G8772, Sigma-Aldrich, St. Louis, MO, USA) was homog-
enized for 20 s using a bead beater (Mini Beadbeater-96, BioSpec Products, Bartlesville, OK,
USA) and sonicated for 10 min. Thereafter, the samples were incubated in a thermomixer
(model 5355, Eppendorf AG, Hamburg, Germany) at 1200 rpm for 30 min at 37 ◦C and
centrifuged at 16,000× g at 4 ◦C for 5 min. The liquid from upper layer (0.8 mL) was
transferred into a clean tube and mixed with 0.4 mL distilled water. After centrifugation
under the same conditions, 0.9 mL was separated in a new tube and dried using a cen-
trifugal concentrator (VS-802F, Visionbionex, Gyeonggi, Korea) for at least 3 h. The sample
was placed in a freeze-dryer (MCFD8512, Ilshin, Gyeonggi-do, Korea) for 16 h to achieve
complete concentration. Thereafter, 0.08 mL methoxyamine hydrochloride (20 mg/mL) in
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pyridine was added for derivatization and incubated at 1200 rpm at 30 ◦C for 90 min. Next,
0.08 mL N-methyl-N-(trimethylsilyl) trifluoroacetamide was added and allowed to react at
1200 rpm at 37 ◦C for 30 min. The derivatized hydrophilic metabolites (1 µL) were analyzed
using gas chromatography–mass spectrometry (GC–MS). The GC–MS system consisted of
an auto-sampler AOC-20i and GCMS-QP2010 Ultra system (both Shimadzu, Kyoto, Japan)
equipped with a DB-5 column (30 m× 0.25 mm id, film thickness 1.0 µm, 122–5033, Agilent,
Santa Clara, CA, USA). The flow rate of helium as carrier gas was 1.1 mL/min, and split
ratio was 1:10. The injector temperature was 280 ◦C. The column oven program was as
follows: 100 ◦C for 4 min, increased at a rate of 10 ◦C/min to 320 ◦C, and then maintained
at 320 ◦C for 11 min. The ion source temperature was 200 ◦C, and the interface was set at
280 ◦C. The scanned mass range was 45–600 m/z. Lab solutions GCMS solution software
(version 4.11; Shimadzu, Kyoto, Japan) was used to identify the hydrophilic metabolites in
the hypothalamus. The results were filtered with their retention times and mass spectra
with reference to standard compounds and the in-house library. Quantitative analysis was
conducted using the ratio of the analyte peak area to the IS peak area.

4.10. Ribo Tag Analysis

To specifically evaluated mRNA expression from hypothalamic astrocytes, we utilized
the Ribo-Tag translational profiling system [28,29]. In order to generate Ribo-tag mice
(Gfap-CreERT2: Rpl22HA), Rpl22HA mice (Stock No. 011029, Jackson Laboratory) were
crossbred with glial fibrillary acidic protein (Gfap)-CreERT2 mice (Stock No.012849), which
specifically expresses Cre recombinase in astrocytes. Since the Gfap-CreERT2 mice expressed
Cre recombinase under the control of the tamoxifen inducible GFAP promoter, 8-week-
old Gfap-CreERT2: Rpl22HA mice received daily intraperitoneal injections for 5 days of
tamoxifen (100 mg/kg,T5648, Sigma-Aldrich, St. Louis, MO, USA) dissolved in corn
oil (C8267, Sigma-Aldrich). RNA isolation with the Ribo-Tag system was performed as
described by a previous reporters [29,30]. Briefly, the hypothalamus was harvested and
homogenized before RNA extraction. RNA was extracted from 10% of the cleared lysate
and used as an input control. The remaining lysate was incubated with mouse anti-HA
antibody for 4 h at 4 ◦C followed by the addition of protein G agarose beads (LGP-1018B,
Lugen, Gyeonggi-Do, South Korea) and overnight incubation at 4 ◦C. The beads were
washed three times in high-salt solution. The bound ribosomes and RNA were separated
from the beads with 30 s of vortexing. Total RNA was extracted using a QIAGEN RNeasy
Micro Kit (74034, Qiagen, Hilden, Germany), according to the manufacturer’s instructions
and quantified with NanoDrop Lite (Thermo Scientific, Waltham, MA, USA). To evaluate
the levels of ribosome-associated mRNA in astrocytes, we synthesized cDNA using a
high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA)
and performed quantitative real-time PCR (qRT-PCR).

4.11. Quantitative Real-Time Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from the hypothalamus or cultured cells according to the Tri-
Reagent protocol, and cDNA was then synthesized from total RNA using a high-capacity
cDNA reverse transcription kit. Real-time PCR amplification of the cDNA was detected
using the SYBR Green Real-time PCR Master Mix (Toyobo Co., Ltd., Osaka, Japan) in a
Bio-Rad CFX 96 Real-Time Detection System (Bio-Rad Laboratories, Hercules, CA, USA).
The results were analyzed by the CFX Manager software and normalized to the levels of
β-actin and L19, housekeeping genes. The primer sequences used are shown in Table 1. All
reactions were performed under the following conditions: initial denaturation at 95 ◦C for
3 min, followed by 40 cycles of 94 ◦C for 15 s, 60◦C for 20 s, and 72 ◦C for 40 s.
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Table 1. Real-time PCR primer sequences.

Target Gene Direction of Primer Sequence (5′→3′)

Gfap
Forward TCA ATG ACC GCT TTG CTA GC

Reverse ACT CGT GCA GCC TTA CAC AG

Iba-1
Forward TCT GCC GTC CAA ACT TGA AG

Reverse TCT AGG TGG GTC TTG GGA AC

NeuN
Forward ATG GTG CTG AGA TTT ATG GAG G

Reverse CGA TGG TGT GAT GGT AAG GAT C

Ctnnb1
Forward ATC CAA AGA GTA GCT GCA GG

Reverse TCA TCC TGG CGA TAT CCA AG

Glut-1
Forward CTT CAT TGT GGG CAT GTG CTT C

Reverse AGG TTC GGC CTT TGG TCT CAG

Hk1
Forward AGA GGC CTA GAC CAC CTG AAT GTA A

Reverse ACT GTT TGG TGC ATG ATT CTG GAG

Ldh
Forward AGC CCT GAC TGC ACC ATC ATC

Reverse CGG AAT CGA GCA GAA TCC AGA

Mct-1
Forward AAT GAT CGC TGG TGG TTG TC

Reverse TTG AAA GCA AGC CCA AGA CC

Hmgcs Forward TTT GAT GCA GCT GTT TGA GG

Reverse CCA CCT GTA GGT CTG GCA TT

Hmgcl
Forward CCA GCT TTG TTT CTC CCA AG

Reverse TCA GAC ACA GCA CCG AAG AC

L19
Forward GGT GAC CTG GAT GAG AAG GA

Reverse TTC AGC TTG TGG ATG TGC TC

FATP
Forward GCA GCA TTG CCA ACA TGG AC

Reverse GTG TCC TCA TTG ACC TTG ACC AGA

PPAR-α
Forward ACG CTC CCG ACC CAT CTT TAG

Reverse TCC ATA AAT CGG CAC CAG GAA

CPT1- α
Forward CCA GGC TAC AGT GGG ACA TT

Reverse GAA CTT GCC CAT GTC CTT GT

AdipoR1
Forward TGA CTG GCT GAA AGA CAA CG

Reverse TTG GTC TCA GCA TCG TCA AG

AdipoR2
Forward ATC CCT CAC GAT GTG CTA CC

Reverse TAA AAG ATC CCC AGG CAC AG

IL-1β
Forward ATA CTG CCT GCC TGA AGC TCT TGT

Reverse AGG GCT GCT TCC AAA CCT TTG AC

IL-6
Forward TGG TCT TCT GGA GTA CCA TAG C

Reverse TCT GAA GGA CTC TGG CTT TGT C

β-actin
Forward GAT CTG GCA CCA CAC CTT CT

Reverse GGG GTG TTG AAG GTC TCA AA
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4.12. Immunoblotting

Primary astrocytes were seeded at 5× 105 cells/well in 6-well plates, allowed to attach
overnight, and then incubated in DMEM containing 1 µg/mL adiponectin for 24 h. The
cells were washed twice with PBS, followed by scraping and resuspension of the cell pellet
in RIPA lysis buffer containing protease inhibitors and centrifugation to remove debris,
unbroken cells, and cellular nuclei. Protein content was determined by Bradford’s method
using bovine serum albumin as a standard. Samples containing 10 µg of total protein
were separated using 12% sodium dodecyl sulfate acrylamide gels. After electrophoresis,
proteins were transferred to a nitrocellulose membrane and then blocked with 5% skim
milk in TBS (Tris-buffered saline, 0.1% Tween20) buffer for 2 h and incubated in the primary
antibodies, including anti-GFAP (1:1000 dilution, Sigma-Aldrich, USA), anti-Iba-1 (1:1000
dilution, Wako, Osaka, Japan), anti-Glut1 (1:500 dilution, Santa Cruz Biotechnology, Dallas,
TX, USA), anti-phosphorylated (p)AMPK, anti-total AMPK (1:1000 dilution, Cell Signaling,
Danvers, MA, USA), and anti-β-actin (1:10,000 dilution, Sigma-Aldrich, USA).

4.13. Measurement of Extracellular Acidification Rates (ECAR)

ECAR measurements were performed using the XF24 Extracellular Flux analyzer
(Seahorse Bioscience, North Billerica, MA, USA). Briefly, primary astrocytes were plated
into XF24 (V7) polystyrene cell culture plates (Seahorse Bioscience). Primary astrocytes
were seeded at 5 × 104 cells/well in poly-L-lysine hydrobromide-coated XF24 plates. The
cells were attached overnight and then incubated with globular adiponectin (1 µg/mL) for
6 h in a humidified 37 ◦C incubator with 5% CO2. Prior to performing an assay, growth
medium in the wells of an XF cell plate was exchanged with the appropriate assay medium
to achieve a minimum 1:1000 dilution of growth medium. Subsequently, 560 µL of the
assay medium was added to cells for an XF assay. While sensor cartridges were calibrated,
cell plates were incubated in a 37 ◦C/non-CO2 incubator for 60 min prior to the start of an
assay. All experiments were performed at 37 ◦C. Each measurement cycle consisted of a
mixing time of 3 min and a data acquisition period of 3 min (12 data points) for the XF24.
All compounds were prepared at appropriate concentrations in desired assay medium
and adjusted to pH 7.4. For XF24, 80 µL of compound was added to each injection port.
In a typical experiment, three baseline measurements were taken prior to the addition of
any compound, and three response measurements were taken after the addition of each
compound. ECAR were reported as absolute rates mph/min for ECAR.

4.14. Statistical Analysis

Data were analyzed using analysis of variance (ANOVA) followed by Student’s t-test
using Prism GraphPad. p value ≤ 0.05 was considered statistically significant. The values
are represented as the means ± standard error of the mean (SEM).

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-0
067/22/4/1587/s1, Figure S1: Adiponectin leads to decreased mRNA levels of proinflammatory
cytokines in primary astrocytes.
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Abstract: Increasing evidence links metabolic disorders with neurodegenerative processes including
Alzheimer’s disease (AD). Late AD is associated with amyloid (Aβ) plaque accumulation, neu-
roinflammation, and central insulin resistance. Here, a humanized AD model, the 5xFAD mouse
model, was used to further explore food intake, energy expenditure, neuroinflammation, and neu-
roendocrine signaling in the hypothalamus. Experiments were performed on 6-month-old male
and female full transgenic (Tg5xFAD/5xFAD), heterozygous (Tg5xFAD/-), and non-transgenic (Non-Tg)
littermates. Although histological analysis showed absence of Aβ plaques in the hypothalamus
of 5xFAD mice, this brain region displayed increased protein levels of GFAP and IBA1 in both
Tg5xFAD/- and Tg5xFAD/5xFAD mice and increased expression of IL-1β in Tg5xFAD/5xFAD mice, sug-
gesting neuroinflammation. This condition was accompanied by decreased body weight, food intake,
and energy expenditure in both Tg5xFAD/- and Tg5xFAD/5xFAD mice. Negative energy balance was
associated with altered circulating levels of insulin, GLP-1, GIP, ghrelin, and resistin; decreased
insulin and leptin hypothalamic signaling; dysregulation in main metabolic sensors (phosphorylated
IRS1, STAT5, AMPK, mTOR, ERK2); and neuropeptides controlling energy balance (NPY, AgRP,
orexin, MCH). These results suggest that glial activation and metabolic dysfunctions in the hypotha-
lamus of a mouse model of AD likely result in negative energy balance, which may contribute to AD
pathogenesis development.

Keywords: Alzheimer’s disease; 5xFAD; insulin signaling; energy expenditure; hypothalamus;
neuroinflammation

1. Introduction

Physical decline and impairment of metabolic homeostasis are the main features of
the human aging process [1]. The dysregulation of the metabolic network leads to an
age-related elevated risk of suffering from chronic metabolic disorders, especially insulin
resistance-related pathologies. In addition to the well-known peripheral role for insulin on
glucose and energy storage, insulin also regulates a series of cognitive processes such as
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memory formation through its effects on glial–neuronal metabolic coupling. Central insulin
resistance is a common feature linked to premature aging and observed in neurological
disorders, including early stages of Alzheimer’s disease (AD) [2].

AD dementia is the main form of dementia in humans. AD is a progressive neurolog-
ical disorder with a mostly sporadic origin that is characterized by the loss of cognitive
functions such as memory, reasoning, or language, leading to death at about 3–9 years after
diagnosis. Common features of AD are aberrant production and deposition of β-amyloid
(Aβ) peptides, either in Aβ40 or Aβ42 fragments and Tau protein hyperphosphorylation
aggregates (neurofibrillary tangles), disruption of normal autophagic processes, generation
of reactive oxygen species (ROS) and reactive nitrogen species (RNS), and cell death [3,4].
The combination of the above factors is seen be cause for cognitive impairment and memory
loss. Recent studies suggest that unhealthy dietary habits and microbiota changes mediate
neuroinflammation, modify neurovascular coupling, and create metabolic disturbances
deriving on oxidate/nitrosative stress and insulin resistance. All these factors have been
identified to contribute to the cognitive decline in AD patients.

Studies have shown AD progression is linked to dysregulated insulin signaling in
the frontal cortex and hippocampus, and postmortem analysis of human hippocampal
tissue shows correlation between high serine-inhibitory phosphorylation of insulin receptor
substrate 1 (IRS1) and those of oligomeric Aβ plaques, which were negatively associated
with working memory and episodic memory [5]. Further studies have shown that early hy-
peractivation of insulin signaling may cause negative feedback mediated by energy sensors
such as mTOR, thus leading to impaired metabolic sensing in the neuronal population [6,7].

Aside from metabolic impairment, epidemiological studies have long appreciated
weight loss associated with development of neurodegenerative diseases such as AD in the
elderly [8]. Clinical data shows that weight loss precedes development of dementia in AD
and may be a preclinical indicator of the disease [9]. Increased presence of AD markers
(Aβ and total Tau) in cerebrospinal fluid has been correlated to decreased body mass index
(BMI), which reinforces the link between body weight and metabolic disturbances with
development of dementia and AD [10]. This negative energy status in AD patients with
disturbed insulin signaling in the brain may exacerbate AD pathology. However, despite
the age-associated frailty, the molecular and physiological mechanisms deriving from
weight loss and metabolic impairment in AD patients are still poorly described, and data
on neuroendocrine changes preceding AD are scarce.

The hypothalamus is the key regulator of metabolic processes in the organism. Food
intake and energy expenditure are controlled by neuronal populations secreting orexi-
genic neuropeptides NPY and AgRP (responsible for promoting appetite and decreasing
metabolic rate) and anorexigenic neuropeptides POMC and CART (deriving on satiety and
promoting energy expenditure). Studies in AD mouse model 3xtg, which enhances Tau
hyperphosphorylation, have shown inflammation and loss of neuronal population con-
trolling energy expenditure and food intake such as POMC- and NPY-expressing neurons
in 6-month-old mice [11]. Other studies have shown a hypermetabolic state in 3xtg mice,
as observed by increased food intake and energy expenditure in young mice, whereas
energy expenditure is significantly decreased in 3xtg mice at 18 months old, accompanied
by decreased body weight [12]. NPY electrophysiological responses were also observed in
another mouse model of AD overexpressing the Swedish mutation of APP (Tg2576) [13].
Studies in mice have helped gain insight into how hypothalamic dysfunction and metabolic
disturbances play an early role in AD development. However, exact changes and molecular
mechanisms underlying these events are still to be discerned.

Changes in brain metabolism in humans have been observed to be distinct from
males and females, as the female brain undergoes earlier signals of hypometabolic status
preceding and stating susceptibility in developing cognitive decline and AD [14]. Given
differences in brain metabolic rate between males and females, sex differences should also
be regarded as a main factor in the development of AD. However, there is a lack of studies
on sex differences regarding the use of humanized preclinical models of AD.
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A relevant issue on the clinical approach to AD and related pathologies that lead
to cognitive impairment is the fact that most of the research effort on therapeutics have
focused on either fighting the symptoms by boosting certain deteriorated transmission
pathways (as it is the example of anti-acetylcholinesterase drugs to enhance cholinergic
transmission) or reducing Aβ load via immunotherapy. However, there is a clear lack of
therapeutic development designed to restore metabolic impairments associated with these
neurodegenerative disorders. In our study, we aimed to investigate food intake, energy
expenditure, and neuroinflammation and the mechanisms regulating these processes
in the hypothalami of 6-month-old male and female 5xFAD (FAD: family Alzheimer’s
disease) transgenic mouse model of AD, which is one of the most early onset AD models
of neurodegeneration and amyloid pathology, where cognitive decline starts by age of
4 months increases through age [15–17]. Biomarkers of neuroinflammation, metabolic-
regulating hormones, insulin signaling, energy sensors, and neuropeptide levels were
assessed in an attempt to gain insight into how energy balance is disrupted, contributing
to development of AD pathology.

2. Results

2.1. Heterozygous (Tg5xFAD/-) and Homozygous (Tg5xFAD/5xFAD) Transgenic 5xFAD Mice Showed
Decreased Body Weight, Food Intake, and Energy Expenditure at 6 Months

Since the first signs of glucose metabolism decline in 5xFAD mice brain regions are
observed at 6 months [18], we assessed body weight and metabolic parameters in 5xFAD
at this age. At 6 months old, two-way ANOVA showed no interactions between genotype
and sex (F2,43 = 2.766; p = 0.0741), but a main effect of sex (F1,43 = 120.6; p < 0.001) and
genotype F2,43 = 5.182; p = 0.0096) (Figure 1A). Multiple comparisons by Tukey’s test
showed decreased body weight in male Tg5xFAD/5xFAD as compared to non-Tg (p < 0.01)
and Tg5xFAD/- (p < 0.01). Both female Tg5xFAD/5xFAD and Tg5xFAD/- also showed significant
decrease in body weight as compared to non-Tg females (p < 0.05) (Figure 1A).

Next, we aimed to determine if these defects in body weight were related to changes in
food intake patterns and energy expenditure (EE) for 48 h as they were placed in metabolic
cages. Two-way ANOVA showed the main genotype effect on food intake per body weight
during light phase (day) (F2,47 = 4.096; p = 0.0229) (Figure 1B) and dark phase (night)
(F2,48 = 15.44; p < 0.001) (Figure 1C). Male Tg5xFAD/5xFAD showed a slight increase in food
intake as compared to Tg5xFAD/- mice during the day (Tukey’s test: p < 0.05) (Figure 1B).
However, during the night, male Tg5xFAD/5xFAD showed a great decrease in food intake
as compared to non-Tg (Tukey’s test: p < 0.001) (Figure 1C). Both female Tg5xFAD/- and
Tg5xFAD/5xFAD mice also showed decreased food intake as compared to non-Tg females
(Tukey’s test: p < 0.01 and p < 0.001, respectively) (Figure 1C).

EE is calculated by indirect calorimetry, using VO2 and VCO2 flow rates and normal-
ized to body weight (BW) and raised to the power 0.75, since small animals such as mice
show greater basal energy expenditure than larger animals such as humans (Figure 1D–G).
No interaction effect was observed by two-way ANOVA, but there was a main effect of
genotype during the day (F2,44 = 3.227; p = 0.0492) and night (F2,44 = 3.661; p = 0.0338), as
well as a sex main effect during the day (F1,44 = 17.41; p = 0.001) and night (F1,44 = 17.42;
p = 0.001), as female mice usually have a greater metabolic rate. Tukey’s test showed only
Tg5xFAD/5xFAD mice had slight decreases in EE, as shown by male mice during the day
(p < 0.05 vs. non-Tg group), as well as being more pronounced in female mice during
the day (p < 0.05 vs. Non-Tg and Tg5xFAD/- groups) and night (p < 0.05 vs. Non-Tg
and Tg5xFAD/- groups). Pattern of activity and rearing was also different between males
and females during the night (Figure S1A–D), as shown by main sex effect (F1,64 = 8.305,
p = 0.0054 for night activity; F1,64 = 16.41, p = 0.001 for night rearing), showing decreased
night activity in Tg5xFAD/5xFAD females compared to non-Tg females (p < 0.05) (Figure S1B).
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Figure 1. Negative energy balance in 5xFAD mice was associated with decreased food intake and
energy expenditure for 48 h. (A) Body weight showing significantly decreased body weight in
Tg5xFAD/5xFAD males, Tg5xFAD/- females, and Tg5xFAD/5xFAD females at 6 months of age. (B,C)
Decreased food intake per body weight in Tg5xFAD/5xFAD males during the day (light phase, 8 a.m.
to 8 p.m.) and night (dark phase, 8 p.m. to 8 a.m.). Decreased food intake also occurred in Tg5xFAD/-

females and Tg5xFAD/5xFAD females during the night. (D–G) Energy expenditure normalized per
body weight (EE/BW) in males and females, showing decreased mean EE/BW in Tg5xFAD/5xFAD

males during the day, and in g5xFAD/5xFAD females during the day and night. (H–K) Respiratory
quotient showing decreased ratio of vO2/vCO2 in Tg5xFAD/- females and Tg5xFAD/5xFAD females
during the night, indicating decreased glucose utilization/increased fatty acid oxidation as energy
source. n = 7–15 per group. Two-way ANOVA analysis with Tukey’s post hoc test: * = p < 0.05,
** = p < 0.01, *** = p < 0.001 versus same-sex non-Tg group; # = p < 0.05, ## = p < 0.01 versus same-sex
Tg5xFAD/- group.
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Respiratory quotient (RQ) as calculated by VCO2/VO2 indicates rate of glucose or fat
fuel utilization, since lower RQ measurements correlate to higher O2 consumption in lipid
β-oxidation (Figure 1H–K). Two-way ANOVA analysis determined only sex effect during
the day (F1,44 = 7.176; p = 0.0104). However, both female Tg5xFAD/- and Tg5xFAD/5xFAD mice
presented lower RQ during the night (Tukey’s test; p < 0.05 vs. non-Tg group) (Figure 1K).

2.2. Heterozygous (Tg5xFAD/-) and Homozygous (Tg5xFAD/5xFAD) Transgenic 5xFAD Mice Showed
Increased Hypothalamic Tau Phosphorylation and Inflammation Despite Absence of Aβ Plaques in
the Hypothalamus

We investigated if changes in body weight and metabolic parameters were related to
abnormalities in the hypothalamus, as it is the main brain region responsible for control of
energy homeostasis [19]. There were no visible Aβ plaques in the hypothalamus of none of
the three genotypes (Figure 2A–F). However, the presence of Aβ plaques was significantly
found in the hippocampus of both Tg5xFAD/- and Tg5xFAD/5xFAD male and female mice
(Figure 2G), indicating amyloid pathology affecting the brain region responsible for learn-
ing and memory, exhibiting a projection to the hypothalamus via fimbria-fornix bundle.

Despite the absence of Aβ plaques, as observed by immunohistochemical sections,
we aimed to determine by Western blotting if there were changes in Tau protein activity in
the hypothalamus, as its hyperphoshorylation that leads to formation of toxic microtubule
neurofibrillary tangles (NFTs), a hallmark of AD [5]. We also evaluated changes in protein
levels of Tau kinases (Figure 2H–N). Tau is seen to be a target of the protein kinase CDK5,
a member of the cyclin-dependent kinases (Cdks). CDK5 is activated physiologically via
p35. However, in pathological conditions, as observed in AD, CDK5 is hyperactivated by
p25, a truncated form of p35, leading to hyperphosphorylation [20].

Two-way ANOVA analysis revealed a significant main effect of genotype in Tau-AT8
phosphorylation (F2,28 = 5.22; p = 0.0118), CDK5 protein levels (F2,28 = 6.353; p = 0.0053), and
p25 protein levels (F2,28 = 10.72; p < 0.001), but also main sex effect in CDK5 (F1,28 = 32.17;
p < 0.001) and p25 protein levels (F1,28 = 17.04; p < 0.001). Interaction was also observed in
CDK5 (F2,28 = 6.438; p = 0.005). Multiple comparison showed increased Tau-AT8 hyper-
phosphorylation in both male and female Tg5xFAD/5xFAD compared to Non-Tg (p < 0.05)
(Figure 2G). Main sex effect was observed in kinase activity in females, as both Tg5xFAD/-

and Tg5xFAD/5xFAD female mice showed increased CDK5 protein levels (Tukey’s test;
p < 0.001 and p < 0.05, respectively) and p25 (p < 0.001 and p < 0.05, respectively) as
compared to Non-Tg females (Figure 2I,L). These results suggest male hyperactivation of
Tau may be regulated by different kinase activities. Intriguingly, despite high CDK5 and
p25 protein levels in heterozygous Tg5xFAD/- females, no significant increase in Tau activity
or protein levels were observed (Figure 2H).

We also evaluated protein expression of LRP1, a receptor that mediates Aβ internal-
ization and degradation in the brain, as well as Aβ clearance across the blood–brain barrier
(BBB) [21]. Intriguingly, LRP1 levels were significantly increased in Tg5xFAD/- (Figure 2M)
but not Tg5xFAD/5xFAD male mice (Tukey’s test; p < 0.01), and non-significantly in Tg5xFAD/-

female mice (p = 0.146). These results suggest heterozygous 5xFAD mice could exhibit a
more marked Aβ clearance as compared to homozygous 5xFAD mice.

As a means to assess pathogenicity in the hypothalamus, we determined mRNA and
protein expression of inflammatory cytokine neuroinflammatory markers (Figure 3A–G).
Two-way ANOVA analysis showed the main genotype effect on Tnf (F2,31 = 6.73; p = 0.0037)
and Il1b (F2,31 = 7.198; p = 0.0027) mRNA levels, but no significant changes in expression
of Il6. It should be noted that inflammatory response observed was different between
genotypes, since the expression of Tnf was significantly elevated in Tg5xFAD/- mice but
not in Tg5xFAD/5xFAD and, on the contrary, that of Il1b was augmented in Tg5xFAD/5xFAD

but not in Tg5xFAD/- as compared to Non-Tg mice (Figure 3A,B). Protein expression of
glia (GFAP) and microglia/macrophage (IBA1) markers was also significantly elevated in
Tg5xFAD/- and Tg5xFAD/5xFAD mice (Figure 3D,F). However, Il-1β protein levels were only
significantly increased in female Tg5xFAD/5xFAD mice (Figure 3E). These results showcase
that both heterozygous Tg5xFAD/- and homozygous Tg5xFAD/5xFAD showed an inflamma-
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tory response in the hypothalamus, despite absence of Aβ immunoreactivity, with little
differences between males and females and a different pattern of cytokine release profile.

Figure 2. Absence of amyloid-β 42 fragments in hypothalamus of 5xFAD mice at 6 months of age
but increased hypothalamic Tau phosphorylation. (A–F) Immunohistochemical sections of Aβ42

in the hypothalamus and hippocampus of 5xFAD mice, showing the presence of Aβ42 plaques in
hippocampus of Tg5xFAD/- and Tg5xFAD/- males and females, but in the absence in the hypothalamus
in all the groups. (G) Quantification of total Aβ plaques in the hypothalamus and hippocampus of
5xFAD mice, showing the absence of Aβ in hypothalamic sections and higher total Aβ content in
both male and female Tg5xFAD/5xFAD mice with respect to Tg5xFAD/+ mice. (H–M) Densitometric
evaluation of Tau activation (Tau-AT8/Tau), CDK5 protein levels, p35 protein levels, Tau protein
levels, p25 protein levels, and LRP1 protein levels (n = 5–6 per group). Protein levels were normalized
with γ-adaptin. Associated phosphorylations were normalized with respective total protein levels.
Non-Tg males were set as 1 for protein relative units. (N): representative Western blot images.
Two-way ANOVA analysis with Tukey’s post hoc test: * = p < 0.05, ** = p < 0.01, *** = p < 0.001 versus
same-sex non-Tg group; # = p < 0.05 versus same-sex Tg5xFAD/- group.
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Figure 3. Inflammatory markers were present in the hypothalamus of 5xFAD mice at 6 months
of age. (A–C) Representative quantification of expression of cytokine genes (TNF-α, IL-1β, IL-6)
in hypothalamus assessed by qPCR (n = 5–8 per group). (D–F) Representation of Western blot
membranes and (G) densitometric evaluation of GFAP, IL-1β, and IBA1 protein levels (n = 5–6 per
group). Protein levels were normalized with γ-adaptin. Non-Tg males were set as 1 for relative
mRNA units and protein relative units. Two-way ANOVA analysis with Tukey’s post hoc test:
* = p < 0.05, ** = p < 0.01, *** = p < 0.001 versus same-sex non-Tg group.

Correlation test was run to assess if neuroinflammation was directly associated with
decreased body weight in 5xFAD mice (Table 1). We found no correlation between body
weight and neuroinflammatory marker levels (IL-1β, TNF-α, GFAP, and IBA1), which were
significantly elevated in male mice of either genotype. In Non-Tg females, body weight
was negatively correlated to TNF-α (p < 0.05) and IBA1 (p < 0.05). In Tg5xFAD/- females,
IL-1β (p < 0.05) and IBA1 (p < 0.05) were also related to body weight. Tg5xFAD/5xFAD female
body weights showed more associations with IL-1β (p < 0.05), TNF-α (p < 0.05), and IBA1
(p < 0.05).

Table 1. Correlations between body weight and hypothalamic neuroinflammatory markers in 5xFAD mice at 6 months of age.

Males Females

Body Weight Versus: Non-Tg Tg5xFAD/- Tg5xFAD/5xFAD Non-Tg Tg5xFAD/- Tg5xFAD/5xFAD

Il-1β (hyp) ns 1 ns ns ns R2 = 0.820
p = 0.034

R2 = 0.593
p = 0.025

TNF-α (hyp) ns ns ns R2 = 0.799
p = 0.016

R2 = 0.713
p = 0.071

R2 = 0.548
p = 0.035

GFAP (hyp) ns ns ns ns ns ns

IBA1 (hyp) ns ns ns R2 = 0.769
p = 0.021

R2 = 0.783
p = 0.046

R2 = 0.783
p = 0.019

1 ns, not significant.
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2.3. Transgenic 5xFAD Mice Had Low Circulating Levels of Insulin, GLP-1, Ghrelin, and Resistin,
as Well as Altered Activity and Expression of Hormone Receptors in the Hypothalamus

Brain insulin resistance is a pattern observed in mice models of AD. Previous studies
have observed low plasma levels of leptin in a different mouse model of AD [13]. In
addition, the pancreas expresses amyloid precursor protein (APP), and there is a suspi-
cion of a contribution of Aβ-induced damage in the pancreas to insulin resistance-linked
alterations in AD [22]. Thus, we wanted to determine if metabolic dysfunction was associ-
ated with either increased or decreased plasma levels of insulin, insulin secretagogues, or
adipokines, as well as altered hormone receptor activity in the hypothalamus, in order to
explain metabolic changes in these animals. We found significant genotype differences in
basal plasma levels of insulin (two-way ANOVA; F2,33 = 10.26; p < 0.001), with a marked
decrease in plasma insulin Tg5xFAD/- and Tg5xFAD/5xFAD mice (Figure 4A). These results
were accompanied by decreased mRNA expression of insulin receptor (Insr) in female
Tg5xFAD/- and Tg5xFAD/5xFAD mice (Figure 4D). Activity of insulin receptor as measured
by tyrosine phosphorylation (p-IR/IR protein levels ratio) was not significantly different
between genotypes, although a non-significant decrease was observed again in female
Tg5xFAD/- and Tg5xFAD/5xFAD mice (Figure 4G,J).

GLP-1 is known to promote glucose-stimulated insulin release, but its effects in
absence of glucose bolus are under discussion [23]. Nevertheless, basal insulin levels
correlate to those of basal GLP-1, and decreased GLP-1 plasma is observed after weight
loss [24]. Interestingly, plasma levels of GLP-1 were decreased in female Tg5xFAD/5xFAD

mice (Figure 4B). Regarding GLP-1 activity, according to insulin and insulin receptor levels,
we also observed decreased GLP-1 receptor (Glp1r) mRNA expression in the hypothala-
mus of Tg5xFAD/- and Tg5xFAD/5xFAD mice (Figure 4E) with a significant genotype main
effect (F1,33 = 8.042; p = 0.0078) and a significant decrease in GLP1-R protein levels in
male Tg5xFAD/5xFAD mice as compared to Tg5xFAD/- and non-Tg male mice (Figure 4H,J).
These results over GLP-1 activity in the hypothalamus may agree with an impaired insulin
response. Despite this, we also observed decreased plasma levels of ghrelin in female
Tg5xFAD/5xFAD mice (Figure 4C). Ghrelin reduces glucose-stimulated insulin secretion, and
thus ghrelin levels would be expected to be either unchanged or slightly increased [25].
Since ghrelin is secreted in an autocrine fashion in the hypothalamus, we measured ghrelin
(Ghrl) mRNA levels and found a slight increase in male Tg5xFAD/5xFAD mice as compared
to Tg5xFAD/- mice (Figure 4F). However, ghrelin receptor (Ghsr) mRNA levels were signifi-
cantly decreased in male but not female Tg5xFAD/- and Tg5xFAD/5xFAD mice (Figure 4I).

Since Tg5xFAD/- and Tg5xFAD/5xFAD mice show a leaner phenotype, we also measured
profile of adipokines leptin and resistin. Basal levels of both hormones are normally
elevated in obese mice. Sexual dimorphism is also seen, with plasma leptin being increased
in male mice, whereas plasma resistin is higher in female mice [26]. In accordance with
this, we found significant sex differences in plasma leptin (two-way ANOVA; F1,33 = 8.826;
p = 0.0055) and resistin (F1,33 = 29.36; p < 0.001) and also genotype differences in resistin
(F2,33 = 9.612; p < 0.001) (Figure 5A,B).

Despite a leaner phenotype, no changes in leptin receptor mRNA expression or protein
activity (as determined by Tyr1077 phosphorylation) were observed, although there was a
non-significant trend towards lower receptor signaling in the hypothalamus of Tg5xFAD/-

and Tg5xFAD/5xFAD female mice (Figure 5D,G,H). Resistin is regarded as a promoter of
obesity-mediated hypothalamic inflammation via TLR4 receptor, being correlated to insulin
resistance [27]. It was surprising to find decreased plasma levels of resistin in both male and
female Tg5xFAD/- mice as compared to non-Tg mice (Figure 5B). We also measured central
resistin (Retn) mRNA expression, which showed a marked decrease in female Tg5xFAD/- and
Tg5xFAD/5xFAD mice as compared to non-Tg (p < 0.05 and p < 0.05, respectively) (Figure 5E).
These results were not accompanied by changes on TLR4 (Tlr4) mRNA, but increased
TLR4 protein levels were also observed in female Tg5xFAD/- (p < 0.001) and Tg5xFAD/5xFAD

(p < 0.05) mice (Figure 5C,F,H). It is seen that autocrine or central resistin infusion interferes
in food intake and peripheral insulin sensitivity fatty acid synthesis via modulation of
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neuropeptide NPY expression [28]. Changes in hypothalamic resistin expression and
TLR4 levels may be more in accordance with a metabolic rather than inflammatory role in
whole-body energy homeostasis.

Figure 4. Altered insulin, leptin, and GLP-1 plasma levels and hypothalamic receptors were genotype
and sex-specific in 5xFAD mice at 6 months of age. (A–C) Plasma levels of insulin, leptin, and GLP-1
(n = 6–7 per group). (D–F) Representative quantification of expression of insulin receptor (Insr), leptin
receptor (Lepr), and GLP-1 receptor (Glp1r) in hypothalamus assessed by qPCR (n = 5–8 per group).
(G–I) Representation of Western blot membranes, and (J) densitometric evaluation of insulin receptor
(IR) activation (p-IR/IR), leptin receptor (LepR) activation (p-LepR/LepR), and GLP-1 receptor
(GLP1R) protein levels (n = 5–6 per group). Protein levels were normalized with γ-adaptin. Associ-
ated phosphorylations were normalized with respective total protein levels. Non-Tg males were set
as 1 for relative mRNA units and protein relative units. Two-way ANOVA analysis with Tukey’s
post hoc test: * = p < 0.05, ** = p < 0.01, *** = p < 0.001 versus same-sex non-Tg group; # = p < 0.05,
## = p < 0.01 versus same-sex Tg5xFAD/- group.
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Figure 5. Decreased ghrelin and resistin plasma levels, with hypothalamic receptors being more
specific in 5xFAD female mice at 6 months of age. (A,B) Plasma levels of ghrelin and resistin
(n = 6–7 per group). (C–F) Representative quantification of expression of hypothalamic ghrelin (Ghrl),
resistin (Retn), ghrelin receptor (Ghsr), and resistin putative receptor (toll-like receptor 4, Tlr4)
assessed by qPCR (n = 5–8 per group). (G–H) Representation of Western blot membranes and (I)
densitometric evaluation of ghrelin receptor (GHSR) and resistin putative receptor (TLR4) protein
levels (n = 5–6 per group). Protein levels were normalized with γ-adaptin. Non-Tg males were set as
1 for relative mRNA units and protein relative units. Two-way ANOVA analysis with Tukey’s post
hoc test: * = p < 0.05, ** = p < 0.01, *** = p < 0.001 versus same-sex non-Tg group; # = p < 0.05 versus
same-sex Tg5xFAD/- group.

Along with GLP-1, GIP also promotes glucose-stimulated insulin release. We found a
main genotype effect for decreased GIP plasma levels (F2,33 = 3.394; p = 0.0457). GIP levels
were lower in male Tg5xFAD/- and Tg5xFAD/5xFAD mice compared to non-Tg, but changes
did not reach statistical significance in Tg5xFAD/- mice (p = 0.010 and p < 0.05, respectively)
(Figure S2A). Glucagon and PAI-1 levels were, however, not significantly different between
groups (Figure S2B,C).

Correlation test was run to assess if abnormal plasma and hypothalamic levels of
hormones were related to decreased body weight in 5xFAD mice (Table 2). We found
insulin levels were also directly related to body weight in Tg5xFAD/- males (p < 0.05),
Tg5xFAD/5xFAD males (p < 0.01), Tg5xFAD/- females (p < 0.05), and Tg5xFAD/5xFAD females
(p < 0.05). Leptin was also positively related to body weight only in Tg5xFAD/- males
(p < 0.001) and Tg5xFAD/5xFAD males (p < 0.05), but not females, indicating low leptin
levels were effectively lower with decreased body weight. Plasma levels of resistin were
positively related to body weight in Tg5xFAD/5xFAD males (p < 0.05), Tg5xFAD/- females
(p < 0.01), and Tg5xFAD/5xFAD females (p < 0.05). Hypothalamic resistin expression was
also related to decreased body weight in Tg5xFAD/- females (p < 0.01) and Tg5xFAD/5xFAD
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females (p < 0.05). As for hormones regulating insulin secretion, ghrelin and GLP-1 were
positively associated with body weight in Tg5xFAD/5xFAD females (p < 0.05) (p < 0.05 for
both hormones), whereas GIP was positively associated with body weight in Tg5xFAD/-

males (p < 0.05) and Tg5xFAD/5xFAD males (p < 0.05). Plasma levels of glucagon were not
associated with body weight in any cases.

Table 2. Correlations between body weight and hypothalamic and plasma hormones in 5xFAD mice at 6 months of age.

Males Females

Body Weight Versus: Non-Tg Tg5xFAD/- Tg5xFAD/5xFAD Non-Tg Tg5xFAD/- Tg5xFAD/5xFAD

Resistin (hyp) R2 = 0.584
p = 0.076 ns 1 ns ns R2 = 0.920

p = 0.009
R2 = 0.546
p = 0.036

Ghrelin (hyp) ns ns ns ns ns ns

Resistin (plasma) R2 = 0.594
p = 0.072

ns R2 = 0.704
p = 0.018

ns R2 = 0.894
p = 0.001

R2 = 0.755
p = 0.011

Ghrelin (plasma) ns ns ns ns ns R2 = 0.580
p = 0.046

Insulin (plasma) ns R2 = 0.760
p = 0.023

R2 = 0.851
p = 0.003

ns R2 = 0.708
p = 0.017

R2 = 0.578
p = 0.047

Leptin (plasma) ns R2 = 0.942
p =0.001

R2 = 0.612
p = 0.037

ns ns ns

GLP-1 (plasma) ns ns ns ns ns R2 = 0.622
p = 0.034

GIP (plasma) ns R2 = 0.813
p = 0.014

R2 = 0.644
p = 0.029

ns ns ns

PAI-1 (plasma) ns ns ns ns R2 = 0.628
p = 0.033

R2 = 0.708
p = 0.017

Glucagon (plasma) ns ns ns ns ns ns
1 ns, not significant.

Correlation tests were also run to assess if decreased insulin levels were related to
decreased incretins (GLP-1 and GIP) plasma levels or increased ghrelin and glucagon levels
(Table 3). Interestingly, decreased plasma levels of insulin were differently associated in
males and females, with insulin being positively associated with GIP in Tg5xFAD/- males
(p < 0.05) and Tg5xFAD/5xFAD males (p < 0.05), whereas it was associated with plasma levels
of GLP-1 in Tg5xFAD/5xFAD females (p < 0.01). No correlation was observed for plasma
levels of glucagon or ghrelin.

Table 3. Correlations between plasma insulin and insulin release-regulating hormones in 5xFAD mice at 6 months of age.

Males Females

Insulin (Plasma) Versus: Non-Tg Tg5xFAD/- Tg5xFAD/5xFAD Non-Tg Tg5xFAD/- Tg5xFAD/5xFAD

GIP ns 1 R2 = 0.712
p = 0.034

R2 = 0.572
p = 0.048

R2 = 0.659
p = 0.049

ns ns

GLP-1 ns ns ns ns ns R2 = 0.846
p = 0.003

Ghrelin ns ns ns ns ns ns

Glucagon ns ns ns R2 = 0.582
p = 0.077

ns R2 = 0.495
p = 0.077

1 ns, not significant.
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2.4. Insulin and Leptin Signaling Was Decreased in Hypothalamus of Transgenic 5xFAD Mice at
6 Months of Age

The classical mechanisms of action in insulin and leptin signaling have been ex-
tensively described and reviewed [29,30]. The binding of insulin to its receptor (IR) in
target tissues promotes tyrosine autophosphorylation, recruiting IR substrates as IRS1,
whereas hypothalamic leptin receptor (LepR) actions modulating metabolism include the
JAK-STAT3 and STAT5 signaling.

Since IRS1 activity is controlled by inhibitory and activating phosphorylations on
serine and tyrosine residues, respectively, we determined the ratio of activity by deter-
mining the pTyr892/pSer612 ratio and total protein levels (Figure 6A,D,G). There was
a main genotype effect to decrease IRS phosphorylation activity in 5xFAD mice (two-
way ANOVA; F2,28 = 8.865; p = 0.001). Tukey’s test also revealed significant decreased
pTyr892/pSer612 ratio in Tg5xFAD/- and Tg5xFAD/5xFAD male mice compared to non-Tg
males (p < 0.05; p < 0.01, respectively) and also in Tg5xFAD/5xFAD female mice compared
to both Tg5xFAD/- and non-Tg females (p < 0.05; p < 0.05, respectively) (Figure 6A). There
was also a main genotype effect observed in decreased IRS1 protein levels (F2,28 = 6.404;
p = 0.0051) (Figure 6D).

We also determined activity and total protein level LepR signaling elements STAT5
and STAT3 (Figure 6B,C,E–G). Phosphorylation of Tyr1077 on LepR, which we measured,
regulates primarily STAT5 [31]. In a similar trend to what we observed with pTyr1077
on LepR, there was a main genotype effect in a decreased STAT5 activating phosphoryla-
tion (F2,28 = 4.752; p = 0.0167). Again, Tukey’s test revealed particular significant STAT5
phosphorylation in both Tg5xFAD/- and Tg5xFAD/5xFAD female mice compared to non-Tg
females (p < 0.05; p < 0.01, respectively) (Figure 6B). Intriguingly, there were no changes
in STAT3 phosphorylation (Figure 6C,G), but we observed a main sex and genotype ef-
fect and interaction in increased STAT3 protein levels (two-way ANOVA; F1,28 = 20.78,
p < 0.001; F2,28 = 14.32, p < 0.001; F2,28 = 14.78, p < 0.001, respectively). Tukey’s test showed
Tg5xFAD/5xFAD males had higher STAT3 protein levels than Tg5xFAD/- (p < 0.001) and non-Tg
(p < 0.01) males, whereas Tg5xFAD/- and Tg5xFAD/5xFAD females had lower STAT3 protein
levels compared to non-Tg females (p < 0.001; p < 0.001, respectively) (Figure 6F,G).

2.5. Hypothalamic Energy Sensors Were Dysregulated in Transgenic 5xFAD Mice at 6 Months of Age

Energy sensors in the hypothalamus, such as AMPK, mTOR, and ERK proteins,
interplay in hormone receptor signaling pathways and regulate processes of food intake,
glucose uptake, mitochondrial metabolism, and whole-body energy homeostasis [32–34].
Normally, mTOR acts as a pro-anabolic factor in response to insulin signaling. AMPK, in
contrast, counteracts mTOR activity in fasting state. Changes in these energy sensors in the
hypothalamus could help interpretation of negative energy balance in transgenic 5xFAD
mice (Figure 7).

Two-way ANOVA analysis showed a main effect of genotype for increased phosphoryla-
tion of AMPK in 5xFAD mice (F2,28 = 5.317; p = 0.011), but also a main sex effect for increased
pAMPK in females (F1,28 = 14.9; p < 0.001) and interaction “sex x genotype” (F2,28 = 4.275;
p = 0.024). This is resumed in a particular significant increase in pAMPK only on Tg5xFAD/5xFAD

males compared to Tg5xFAD/- (p < 0.001) and non-Tg males (p < 0.001) (Figure 7A,I). There
were also significant main effects of sex (F1,14 = 5.665; p = 0.0321), genotype (F2,14 = 4.392;
p = 0.0331), and interaction “sex x genotype” in AMPK total protein levels (F2,14 = 6.305;
p = 0.0112). Tukey’s test showed Tg5xFAD/5xFAD female mice had increased AMPK pro-
tein levels compared to Tg (p < 0.05) and non-Tg females (p < 0.001) (Figure 7D,I). As
expected, phosphorylation of mTOR showed a contrary trend, with a main genotype effect
for decreased pmTOR (F2,28 = 3.399; p = 0.0477). In particular, female Tg5xFAD/5xFAD had
decreased pmTOR compared to non-Tg females (p < 0.05) (Figure 7B,I). mTOR total protein
levels were generally increased in 5xFAD mice, as observed with main genotype effect
(two-way ANOVA; F2,28 = 10.49; p < 0.001). This was also shown in significant differences
between mTOR total protein in Tg5xFAD/5xFAD males compared to Tg5xFAD/- (p < 0.05) and
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non-Tg males (p < 0.05), and also in Tg5xFAD/5xFAD females compared to Tg5xFAD/- (p < 0.05)
and non-Tg females (p < 0.05) (Figure 7E,I).

Figure 6. Insulin and leptin hypothalamic signaling were decreased in 5xFAD mice at 6 months of age, as shown by
secondary messengers IRS1 and STAT5. (A–F) Representation of Western blot membranes and (G) densitometric evaluation
of insulin receptor substrate 1 (IRS1) activation ratio (pTyr692-IRS1/pSer612-IRS1), IRS1 protein levels, signal transducer and
activator of transcription 5 (STAT5) activation (p-STAT5/STAT5), STAT5 protein levels, STAT3 activation (p-STAT3/STAT3),
and STAT3 protein levels (n = 5–6 per group). Protein levels were normalized with γ-adaptin. Associated phosphorylations
were normalized per activation/inhibition phosphorylation ratio (IRS1) or respective total protein levels (STAT5 and STAT3).
Non-Tg males were set as 1 for protein relative units. Two-way ANOVA analysis with Tukey’s post hoc test: * = p < 0.05,
** = p < 0.01, *** = p < 0.001 versus same-sex non-Tg group; # = p < 0.05, ### = p < 0.001 versus same-sex Tg5xFAD/- group.
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Figure 7. Metabolic sensors AMPK, mTOR, and ERK were altered as a consequence of impaired insulin signaling in the
hypothalamus of 5xFAD mice at 6 months of age. (A–H) Representation of Western blot membranes and (I) densitometric
evaluation of AMP kinase (AMPK) activation (p-AMPK/AMPK), AMPK protein levels, mammalian target of rapamycin
(mTOR) activation (p-mTOR/mTOR), extracellular-regulated kinase 1 (ERK1) activation (p-ERK1/ERK1), ERK1 protein
levels, ERK2 activation (p-ERK2/ERK2), and ERK2 protein levels (n = 5–6 per group). Protein levels were normalized with
γ-adaptin. Associated phosphorylations were normalized with respective total protein levels. Non-Tg males were set as 1
for protein relative units. Two-way ANOVA analysis with Tukey’s post hoc test: * = p < 0.05, ** = p < 0.01, *** = p < 0.001
versus same-sex non-Tg group; # = p < 0.05, ## = p < 0.01 versus same-sex Tg5xFAD/- group.
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As for ERK activity, there was a significant main effect of sex showing increased
pERK1 (F1,28 = 14.95; p < 0.001) and pERK2 (F1,28 = 11.77; p = 0.0019) in males. Tukey’s test
only showed a particular increase in pERK2 in Tg5xFAD/- males compared to Tg5xFAD/5xFAD

males (p < 0.01) and non-Tg males (p < 0.05) (Figure 7G,I). There was an interaction of “sex
x genotype” in ERK1 and ERK2 total protein levels (F2,28 = 4.661, p = 0.0179; F2,28 = 4.88,
p = 0.0152, respectively), showing a trend towards decreased total ERK1 and ERK2 in
5xFAD males and increase in 5xFAD females. Tukey’s test also showed increased ERK1
protein levels in Tg5xFAD/5xFAD females compared to non-Tg females (p < 0.05) and the
same trend for ERK2 protein levels in Tg5xFAD/5xFAD females compared to non-Tg females
(p < 0.001) (Figure 7F,H).

2.6. A Decrease in Orexigenic Neuropeptides Was Observed in Male Transgenic 5xFAD Mice at
6 Months of Age

Control of energy homeostasis in the hypothalamus resides ultimately in the interplay
of distinct neuropeptides NPY and AgRP, to promote body mass increase and suppress
appetite; POMC and CART, which cause weight loss by inhibiting food intake and stimu-
lating energy expenditure; and others such as orexin and MCH, linking appetite patterns
to circadian rhythms, with orexin increasing appetite and wakefulness in a food-seeking
context, and MCH stimulating consumption of palatable food and promoting paradoxical
sleep [19,35–37]. Balance in the secretion of these neuropeptides is essential in controlling
behavior intake and whole-energy homeostasis. We determined mRNA expression of these
neuropeptides in the whole hypothalamus.

Two-way ANOVA showed that there was a main effect of genotype to decrease
NPY hypothalamic mRNA expression (Npy) (F2,31 = 4.511; p = 0.0191) and also an inter-
action in “sex x genotype”, revealing decreased NPY primarily in males (F2,31 = 3.479;
p = 0.0434). Tukey’s test showed this decrease was more pronounced in Tg5xFAD/- males
than Tg5xFAD/5xFAD males as compared to non-Tg males (p < 0.01; p < 0.05, respectively)
(Figure 8A). AgRP mRNA expression (AgRP) showed a similar trend as NPY, but no
significant main effects nor particular differences were observed (Figure 8B). Contrary
to orexigenic neuropeptides, no overall changes in mRNA expression of anorexigenic
neuropeptides POMC (Pomc) and CART (Cartpt) were observed (Figure 8C,D). Intrigu-
ingly, as opposed to NPY, orexin mRNA expression (Hcrt) was significantly increased
in Tg5xFAD/- males compared to non-Tg males (p < 0.01) (Figure 8E). There was also a
main genotype effect in an increase in MCH mRNA expression (Pmch) in 5xFAD mice
(F2,31 = 3.317; p = 0.0495) with a significant increase in Tg5xFAD/5xFAD females compared to
non-Tg females (p < 0.05) (Figure 8F).

Correlation tests were run to assess if neuropeptide levels were directly associated
with cytokines that were significantly increased in 5xFAD mice (IL-1β and TNF-α) (Table 4).
POMC levels were negatively associated with IL-1β in Tg5xFAD/5xFAD females (p < 0.05).
MCH was associated with IL-1β in non-Tg males (p < 0.01), but not in transgenic 5xFAD
mice. Interestingly, hypothalamic resistin was negatively associated with IL-1β and TNF-α
differently in males and females. Resistin was negatively correlated to IL-1β in Tg5xFAD/-

females (p < 0.01) and Tg5xFAD/5xFAD females (p < 0.05), and also to TNF-α in Tg5xFAD/5xFAD

females (p < 0.01). In male mice, resistin was not significantly associated with IL-1β, but
correlation was observed with TNF-α in Tg5xFAD/- males (p < 0.05) and Tg5xFAD/5xFAD

males (p < 0.01). Since NPY dysfunction has been observed in AD mice [13], we also
ran a correlation test to determine if NPY expression was accompanied with expression
of other neuropeptides. NPY levels were associated to AgRP in all groups but Non-Tg
males, as they are expressed in the same neuronal population in the arcuate nucleus of the
hypothalamus (ARC). Interestingly, NPY levels were also related to hypothalamic POMC
in in Tg5xFAD/- females (p < 0.05) and Tg5xFAD/5xFAD females (p < 0.05). NPY levels were
also related similarly to orexin (HCRT) and MCH in Tg5xFAD/- males, Tg5xFAD/5xFAD males,
and Tg5xFAD/5xFAD females (p < 0.05 for all).
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2.7. Lipid Plasma Profile Was Altered in Female 5xFAD Mice

Plasma lipid profile in 5xFAD mice was determined in order to assess if AD metabolic
dysfunction was related to altered lipid metabolism as previously observed in AD pa-
tients [38,39]. We determined levels of plasma PAI-1, as it is associated with increased risk
of thrombolysis (Figure S2C). There was a significant sex effect in PAI-1 levels (F1,33 = 8.537;
p = 0.0062), with a tendency to increased PAI-1 plasma levels in female 5xFAD mice that
did not reach statistical significance. Biochemistry showed altered total cholesterol, HDL,
LDL, and triglyceride plasma levels and also hepatic glutamic oxaloacetic transaminase
(GOT) (Figure S3B–E). Two-way ANOVA showed interaction in “sex x genotype” in total
cholesterol (F2,42 = 3.39; p = 0.0432). Breaking down cholesterol results, we observed for
HDL a main effect of genotype (F2,42 = 5.653; p = 0.0067), sex (F1,42 = 16.64; p = 0.0002), and
interaction sex x genotype (F2,42 = 3.577; p = 0.0368), while in LDL there was also a main
effect in genotype (F2,42 = 3.331; p = 0.0454) and sex (F1,42 = 5.56; p = 0.0231). Triglyceride
levels showed an interaction “sex x genotype” (F2,42 = 3.275; p = 0.0477). GOT was dis-
tinctly affected by genotype (F2,42 = 6.773; p = 0.0028). Total cholesterol was significantly
decreased in Tg5xFAD/- females compared to non-Tg females (p < 0.01). Conversely, HDL
levels were significantly increased in Tg5xFAD/5xFAD females compared to both non-Tg and
Tg5xFAD/- females (p < 0.01 for both) (Figure S3C), whereas LDL was significantly decreased
in Tg5xFAD/5xFAD females also compared to both non-Tg and Tg5xFAD/- females (p < 0.05
for both) (Figure S3D). GOT levels were significantly increased in Tg5xFAD/5xFAD females
compared to Tg5xFAD/- females (p < 0.05) and non-Tg females (p < 0.01) (Figure S3H).

Figure 8. Hypothalamic orexigenic neuropeptide expression was decreased in 5xFAD males accompanied by altered orexin
expression in males and MCH expression in females. (A–F) Representative quantification of expression of hypothalamic
neuropeptide Y (Npy), agouti-related peptide (Agrp), pro-opiomelanocortin (Pomc), cocaine and amphetamine-regulated
transcript prepropeptide (Cartpt), orexin (hipocretin; Hcrt), and ppre-melanin concentrating hormone (Pmch) assessed by
qPCR (n = 5–8 per group). Non-Tg males were set as 1 for relative mRNA units. Two-way ANOVA analysis with Tukey’s
post hoc test: * = p < 0.05, ** = p < 0.01 versus same-sex non-Tg group.
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Table 4. Correlations between food intake-regulating hypothalamic neuropeptides and inflammatory markers IL-1β and
TNF-α, as well as NPY in 5xFAD mice at 6 months of age.

Males Females

Non-Tg Tg5xFAD/- Tg5xFAD/5xFAD Non-Tg Tg5xFAD/- Tg5xFAD/5xFAD

Il-1β versus

NPY ns 1 ns ns ns ns ns

AgRP ns ns ns ns ns ns

POMC ns ns ns ns R2 = 0.211
p = 0.009

R2 = 0.546
p = 0.036

CART ns ns R2 = 0.566
p = 0.051

ns ns ns

HCRT ns ns ns ns R2 = 0.765
p = 0.052

ns

MCH R2 = 0.868
p = 0.006

ns ns ns ns ns

Resistin (hyp) ns ns ns ns R2 = 0.947
p = 0.005

R2 = 0.513
p = 0.045

Ghrelin (hyp) ns ns ns ns ns ns

TNF-α versus

NPY ns ns ns R2 = 0.831
p = 0.011

ns ns

AgRP ns ns ns ns ns ns

POMC ns ns ns ns ns ns

CART ns R2 = 0.829
p = 0.031

ns ns ns ns

HCRT ns ns ns ns ns ns

MCH ns ns ns ns ns R2 = 0.436
p = 0.074

Resistin (hyp) ns R2 = 0.902
p = 0.013

R2 = 0.833
p = 0.004

ns ns R2 = 0.724
p = 0.007

Ghrelin (hyp) ns ns ns ns ns ns

NPY versus

AgRP ns R2 = 0.945
p = 0.005

R2 = 0.896
p = 0.001

R2 = 0.707
p = 0.035

R2 = 0.952
p = 0.004

R2 = 0.985
p < 0.0001

POMC ns R2 = 0.707
p = 0.074

ns ns R2 = 0.797
p = 0.041

R2 = 0.640
p = 0.017

CART ns ns ns ns R2 = 0.7987
p = 0.0409

ns

HCRT ns R2 = 0.780
p = 0.046

R2 = 0.692
p = 0.020

ns ns R2 = 0.511
p = 0.046

MCH ns R2 = 0.790
p = 0.043

R2 = 0.701
p = 0.018

ns ns R2 = 0.672
p = 0.012

1 ns, not significant.
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To assess if altered lipid plasma levels could be affected by white adipose tissue (WAT)
metabolism, we determined uncoupling protein 1 (UCP1) levels in WAT. We found a main
genotype effect in UCP1 (F2,28 = 4.995; p = 0.014) and interaction “sex x genotype” (F2,28 = 3.625;
p = 0.0398). UCP1 protein levels were significantly elevated in Tg5xFAD/5xFAD males com-
pared to non-Tg males (p < 0.05), and also in Tg5xFAD/- females compared to non-Tg females
(p < 0.05) (Figure S3J,K).

We ran a correlation test to assess if altered triglyceride and GOT levels in female
5xFAD mice were related to altered total cholesterol and cholesterol particle HDL and
LDL in plasma (Table 5). The triglyceride levels were positively correlated with total
cholesterol in females (p < 0.001 for non-Tg; p < 0.05 for Tg5xFAD/- and Tg5xFAD/5xFAD

females). Triglyceride levels were also related to HDL in Tg5xFAD/- females (p < 0.05) and
Tg5xFAD/5xFAD females (p < 0.05), and LDL in Tg5xFAD/5xFAD females (p < 0.01). Increased
GOT levels were negatively associated with LDL levels in Tg5xFAD/5xFAD females (p < 0.05).

Table 5. Correlations between cholesterol levels and triglyceride levels or glutamic oxaloacetic transaminase (GOT) in the
plasma of 5xFAD mice at 6 months of age.

Males Females

Non-Tg Tg5xFAD/- Tg5xFAD/5xFAD Non-Tg Tg5xFAD/- Tg5xFAD/5xFAD

Triglycerides versus

Total cholesterol ns 1 ns ns R2 = 0.912
p = 0.0002

R2 = 0.737
p = 0.013

R2 = 0.582
p = 0.010

HDL ns ns ns ns R2 = 0.746
p = 0.012

R2 = 0.570
p = 0.011

LDL ns ns ns ns ns R2 = 0.761
p = 0.001

GOT versus

Total cholesterol ns ns ns ns ns ns

HDL ns ns ns ns ns ns

LDL ns ns ns ns ns R2 = 0.426
p = 0.040

1 ns, not significant.

3. Discussion

AD is the most prevalent form of dementia, affecting 10% of the population over
65 years of age. Most of the approaches in neurodegenerative diseases such as AD are
carried out from a cognitive perspective, focusing on structural and molecular disturbances
in the hippocampus, prefrontal cortex, or motor cortex, since these brain regions are respon-
sible for the control of memory and locomotor capacities that are the most characteristic
features of AD. However, changes in body mass index (BMI) and weight loss occur in
the prodromal phases and predict AD development [40,41]. Extensive research links both
peripheral and brain insulin resistance with metabolic abnormalities and synaptic dysfunc-
tion, contributing to late-onset development of AD [42]. In the present study, we examined
the hypothesis that early metabolic deficits observed in AD are a result of hypothalamic dys-
function and a dysregulation in metabolic hormonal signaling derived in a negative energy
balance. We used both heterozygous (Tg5xFAD/-) and full transgenic (Tg5xFAD/5xFAD) mice,
aiming to determine how Aβ burden could affect peripheral metabolism. Since women are
at greater risk for development of AD [43], we also investigated sex differences between
male and female mice. We found that 5xFAD mice had a decreased body weight, which
was associated with a decreased food intake rather than changes in energy expenditure,
although 5xFAD female mice exhibited a decreased energy expenditure and respiratory
quotient, suggesting a sex-specific change in lipid oxidation resulting from Aβ overexpres-
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sion. As revealed by glial activation, 5xFAD mice had a neuroinflammatory status in the
hypothalamus despite absence of immunohistochemically traces of Aβ deposition. This
phenotype was more pronounced in the full transgenic phenotype and females. Energy
deficit was accompanied by low levels of plasma insulin in 5xFAD mice. Sex differences
were observed as insulin signaling was defective in both male and female 5xFAD mice, but
leptin signaling in the hypothalamus was impaired in females, albeit leptin levels were
unaltered, as observed by secondary messengers IRS1 and STAT5, and metabolic sensors
mTOR and AMPK. Intriguing results showed low orexigenic NPY levels in males but not
females, which may partially explain the decreased appetite observed. All together, these
observations provide evidence that hypothalamic dysfunction occurs in early–mid stages
of AD, before severe neuropathology and associated cognitive deficits are evident. They
also suggest that decreased food intake along with insulin impairment contribute to a
negative energy balance that may explain metabolic phenotypes observed in AD patients
in the prodromal stages (Figure 9).

3.1. Body Weight Deficit in 5xFAD Mice

Our data in the 5xFAD model of AD shows that, in the early–mid stages of cognitive
decline at 6 months of age, there was an evident decrease in body weight that was more
prominent in females, as both Tg5xFAD/- and Tg5xFAD/5xFAD showed this feature. Our
results are in accordance with previous studies in 5xFAD mice of 6, 7.5, 9, and 12 months of
age, showing weight loss in female full transgenic mice [44,45]. However, we also observed
male weight loss in Tg5xFAD/5xFAD males, but not in the Tg5xFAD/- mice. Studies in different
mouse models of AD such as the 3xTg have shown differences in body weight at early age,
showing decreased body weight in male mice but, conversely, increased in female mice
when other studies showed decreased body weight in both male and female 3xTG mice at
3 months of age [13,46]. According to previous studies in mouse models of AD, this body
weight deficit seems to be mainly associated with white fat mass loss [13,43,45]. Weight loss
is usually observed in AD patients, and BMI is also a marker for AD cognitive decline as
changes in stages of AD are related to cumulative weight loss [47–49]. Moreover, it has been
found that weight loss precedes one or two decades the appearance of cognitive symptoms
in patients with autosomal dominant AD (ADAD) [50]. The exact causes for weight loss
are, however, still under discussion and seem to be fairly related to decreased food intake
and disruptions in the sleep pattern [48,49]. In our study, we found that body weight
decrease was significantly associated with decreased food intake, more prominently during
the active phase (night), in accordance with previous studies in the same mouse model of
AD [45]. It has also been reported that behavioral factors such as anhedonia and depression
in AD patients are correlated to decreased food intake and weight loss [51]. Poor food
intake may lead to malnutrition in 5xFAD mice. Malnutrition is observed in AD and mild
cognitive deficit (MCI) patients and correlates with cognitive performance [52]. This result
supports a role of appetite in the manifestation of metabolic disturbances and a negative
energy balance in AD patients and may precede cognitive decline. We cannot discard
that transgenesis might direct or indirectly affect intestinal transit, nutrient absorption,
and microbiota composition. Current ongoing research will address this important aspect
to clarify whether weight loss has a neglected gastrointestinal component that has to be
controlled to identify early metabolic dysfunctions in AD.
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Figure 9. Schematic view of peripheral and hypothalamic alterations derived in negative energy
balance and decreased body weight in 5xFAD mice. Increased or decreased observed levels are
represented in blue for males and red for females. In the periphery, decreased insulin levels are
associated with decreased GIP in males and GLP-1 in females, which are related to decreased body
weight pattern. Low leptin levels were observed in males, whereas decreased ghrelin and resistin
were more pronounced in females. Females also showed lower total triglyceride and total cholesterol
levels, with increased HDL and decreased LDL, contributing to peripheral metabolic impairment.
In the hypothalamus, insulin signaling was decreased in 5xFAD mice, accompanied by decreased
leptin signaling and resistin hypothalamic levels in females. Despite absence of amyloid plaques,
hypothalamic neuroinflammation was observed and contributed to hypothalamic dysfunction and
lower body weight. Alterations in NPY/AgRP and orexin (Hcrt) in males seemed to contribute to
decreased food intake, whereas females showed a tendency towards decreased overall neuropeptide
expression but increased MCH levels. Hypothalamic and peripheral neuroendocrine dysfunction,
which are sex-specific and aggravated in the full transgenic (increased Aβ burden) mice, are proposed
as contributors to whole negative energy balance in 5RExFAD mice.
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3.2. Alterations in Food Intake and Energy Expenditure in 5xFAD Mice

Along with decreased food intake, it has been proposed that hypermetabolism may
also be a cause for decreased body weight in AD. There is some controversy over contribu-
tion of energy expenditure on metabolic deficits in AD patients. While some studies show
increased metabolism in AD [53], others indicate decreased or non-significant changes in
energy expenditure (EE) in AD patients [54]. As previously seen, the Tg4510 and 3xTg
mouse models of AD show a hypermetabolic state at an early age [13,46,55]. We, in contrast,
did not find increased EE when normalized per body weight and quantified by indirect
calorimetry. Instead, we also observed a decreased EE in full 5xFAD transgenic mice,
more preeminently in female mice during active phase (night), in accordance with the
food intake pattern of activity we observed. These results show that weight loss in 5xFAD
mice at 6 months of age are not related to hyperactivity nor energy expenditure, as other
studies have also shown decreased motility and locomotor activity in male and female
5xFAD mice, which were associated with increased frailty [45,56]. The main differences
between energy metabolism in 5xFAD and other mouse models of AD reside in either
mutation leading to Tau hyperphosphorylation or behavioral traits, which may be a cause
for observed hypermetabolism [55]. This seems to be consistent as suppression of transgene
overexpression of Tau in the Tg4510 model of AD attenuates observed hyperactivity [57].
Surprisingly, we also found a decreased respiratory quotient (RQ) in female 5xFAD mice.
This observation indicates a decline in glucose/fat fuel utilization ratio, since lower RQ
measurements correlate with higher O2 consumption in lipid β-oxidation. This tendency in
fatty acid utilization as fuel may be a triggering risk factor for the development of AD. One
of the most indicative risk factors for late-onset development of AD is the presence of the
APOE4 allele, causing a higher prevalence in female carriers. Previous studies have shown
that mice carrying APOE4 mutation exhibit decreased body weight and fat mass, and
increased fatty acid utilization as fuel [58]. A preliminary study in humans also observed
that young female E4 carriers displayed lower resting EE and a redirected flux towards
aerobic glycolysis instead of glucose oxidative phosphorylation. Overall, the phenomena
occurring in 5xFAD mice provided supportive evidence for the fact that negative energy
balance occurring in AD patients is likely related to alterations in appetite and energy
utilization, and that these are drifted away from normal ranges with more intensity in
females, making them more susceptible to aggravation of their metabolic dysfunctions.
These data support nutritional and metabolic interventions as a useful tool for management
of AD from a gender perspective.

3.3. Aβ Pathology and Neuroinflammation in the Hypothalamus of 5xFAD Mice

Because the hypothalamus has a marked role in integrating peripheral metabolic
and hormonal signals and controlling whole-body energy homeostasis [19], we examined
the Aβ pathology in the hypothalamus of 5xFAD mice in order to gain insight into the
mechanisms derived in negative energy balance that we previously observed. Several
studies have associated hypothalamic abnormalities in AD patients, showing decreased
hypothalamus volume [59] and atrophy [60], as well as the presence of amyloid deposits
and NFTs in all hypothalamic nuclei [61]. Although we did not find immunohistochemical
traces of Aβ plaques in the hypothalamus of 5xFAD mice at 6 months of age, we shall not
discard the possibility of influence of other forms of Aβ or APP fragments in hypothalamic
neuronal status. Other mouse models of AD have stated metabolic abnormalities before
detection of Aβ plaques in the brain [13]. In our case, other areas such as the hippocampus
and prefrontal cortex had widespread and large Aβ plaques at 6 months of age, which can
be fairly related to deficits in memory and decision tasks. There has been extensive research
suggesting that soluble oligomers, which we did not observe by immunohistochemistry, can
lead to activation of microglia, brain insulin resistance, and Tau hyperphosphorylation [62].
This should be highlighted as the possible cause for neuroinflammatory status observed in
5xFAD mice. This is especially relevant since glial cells are main regulators of Aβ levels in
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the brain and mediate Aβ clearance in the brain, and hence activation of microglia response
is likely triggered by soluble Aβ [63].

Inflammation in the hypothalamus is a common cause in metabolic diseases. Neuroin-
flammation is observed in several hypothalamic nuclei in obesity, and cytokine infiltration
worsens the disease [64]. We evaluated the expression of inflammatory markers and found
an increase expression of IL-1β in full transgenic and TNF-α in heterozygous 5xFAD mice,
but no changes on IL-6 expression. Although crucial information on inflammatory trans-
ducers such as NF-kB, cyclooxygenase, and nitric oxide synthase is lacking, data clearly
suggest that inflammation is triggered in the hypothalamus. The exact mechanisms derived
in this distinct pattern of cytokine release may depend on Aβ burden difference between
heterozygous and full transgenic genotypes. However, both cytokines are part of microglia-
activated response, and elevation in their expression is observed in AD patients and the
hippocampus, as well as the brain cortex, in mouse models of AD. Despite the absence of
Aβ plaques, Aβ oligomers may be present in the hypothalamus and bind to microglial cells,
triggering a pro-inflammatory response. The immune response was accompanied by in-
creased protein levels of GFAP (indicative of astrogliosis) and IBA1 (microgliosis). There is
evidence that neuroinflammation derived from astrocytes and microglia in a context of Aβ

deposition triggers Tau protein misfolding and hyperphosphorylation [65]. We observed
increased Tau phosphorylation in AD led by higher levels of p25 and CDK5 in 5xFAD mice.
As pointed out previously, Tau hyperphosphorylation in the hypothalamus of mice models
of AD leads to increased locomotor activity and EE. Since the 5xFAD mouse does not
contain Tau-specific mutations, this increased phosphorylation we observed as part of neu-
roinflammatory status in the hypothalamus may not be sufficient for lead and/or second
hypermetabolism. The placement of the hypothalamus next to the fourth ventricle makes it
highly sensitive to leakage of peripheral inflammatory molecules when disruptions on the
blood–brain barrier (BBB) occur, which is also a feature of neurodegenerative processes in
course with a chronic neuroinflammatory status. This inflammation of peripheral immune
cells and cytokines may contribute to worsening the hypothalamic neurodegeneration.

Inflammation in the hypothalamus is thought to induce several changes in metabolism.
Previous studies have also shown increased expression of IL-1β, TNF-α, and IL-6 in the
hypothalamus of the 3xTg mouse model of AD [11,46]. IL-1β in the arcuate nucleus of the
hypothalamus (ARC) is thought to play a major role in food intake, inducing hypopha-
gia and reducing body weight [66]. This mechanism may account for the detrimental
phenotype of the full transgenic 5xFAD mice as compared to the heterozygous 5xFAD
mice in energy balance. In turn, hypothalamic TNF-α reduces thermogenesis and energy
expenditure and leads to hypothalamic desensitization of insulin response [67].

3.4. Alterations in Plasma Hormones and Hypothalamic Signaling in 5xFAD Mice

The metabolic phenotype of 5xFAD mice was accompanied by decreased insulin,
leptin, and GLP-1 hypothalamic signaling, as shown by low activity of insulin and leptin
receptors and the secondary messengers IRS1 and STAT5, respectively. Moreover, low
plasma levels of insulin were observed in 5xFAD mice, as well as low GLP-1 in female
5xFAD mice. It is well known that hypothalamic inflammation impairs neuronal response
to neuroendocrine signals, such as insulin and leptin [68], and is observed in AD mice [69].
Both insulin are important neuroprotective growth factors, and impaired signaling of
insulin, leptin, and GLP-1 in the hypothalamus are seen to contribute to worsening of
Aβ pathology [8]. Recently, it has been demonstrated that cognitive impairment and AD
progression are related to a defective insulin signaling in the hippocampus and frontal
cortex. Postmortem analysis of human hippocampal tissue shows a correlation between
high serine-inhibitory phosphorylation of IRS1 and oligomeric Aβ plaques, which were
negatively associated with working memory and episodic memory [5]. The low insulin
levels are likely a major contribution to the negative metabolic balance phenotype observed
in 5xFAD mice. Supporting this, low-insulin plasma levels were positively correlated to
body weight in 5xFAD mice. It is commonly thought that high-insulin plasma levels in
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pre-diabetic to type 2 diabetes mellitus (T2DM) patients contributes to AD development,
with increasing evidence suggesting an exacerbation of cognitive impairment, neuroinflam-
mation, Aβ aggregation, and tau hyperphosphorylation in AD [70–72]. Moreover, diabetic
patients show a high prevalence and increased risk of developing AD [73]. However, low
insulin levels in plasma are also a predictor for late-onset dementia and AD. Two follow-up
studies have shown that low-insulin plasma levels during fasting were higher risk pre-
dictors for dementia and AD as compared to high insulin levels, and this association was
independent of preclinical T2DM [74,75]. This describes a U-shaped association between
fasting plasma insulin levels and risk for development of AD, as stated by studies in aging
men and women [74,76]. These studies support a role of low insulin levels observed in
5xFAD mice in the early onset of AD. Other authors have shown low insulin levels in
the Tg2576 mouse model of AD at 14 months of age [13]. This observation is, however,
concomitant with low leptin levels in earlier age, as also seen in the 3xTg mice with weight
loss [46]. Hypoleptinemia is also described in AD patients and seems to be related to low
fat adipose tissue mass in weight loss and defective adipokyne section [77,78]. We also
observed positive correlation between plasma leptin in male 5xFAD mice and body weight,
but not in females, suggesting a difference in the mechanism of leptin secretion between
both sexes. Despite the fact that we did not observe significant decreased plasma leptin
levels, impaired leptin hypothalamic signaling in 5xFAD mice, which is likely related to
neuroinflammation, may reproduce these mechanisms of metabolic dysfunction.

Sex bias is preeminently observed in other hormones previously described to con-
tribute to metabolic dysfunctions aside from insulin and leptin. Along with leptin and
insulin, both GIP and GLP-1 signaling in the hypothalamus are thought to contribute to
insulin sensitivity and also provide a neuroprotective effect and modulate food intake
and energy expenditure [79,80]. We observed that low insulin levels in male and female
5xFAD mice were related to a deficiency in both incretins. Male 5xFAD mice showed
decreased basal GIP plasma levels that were also positively correlated with insulin plasma
levels and body weight. Studies with GIP analogs in AD models have shown improved
cognitive performance [80]. Moreover, dual GIP/GLP-1 agonists are arising as a promis-
ing therapeutic for AD as they show neuroprotective effects in AD models [81]. Specific
GLP-1R stimulation reduces Aβ aggregation in vitro and in 3xTg mice in vivo. The fact
that we also observed low levels of plasma GLP-1 in female mice that were positively
correlated with low inulin plasma levels and body weight, but also low GLP-1R levels
in the hypothalamus, suggest a worsening pattern of hypothalamic control of energy
balance, especially in female mice. Ghrelin levels were also lower in female 5xFAD mice.
Ghrelin also exerts a neuroprotective effect in AD independently of insulin signaling and
promotes food intake [82,83]. Treatment of 5xFAD mice with ghrelin agonist MK-0677 has
been shown to decrease Aβ burden, neuroinflammation, and neurodegeneration in the
hippocampus [84]. Although there is no evidence of altered levels of GLP-1 and ghrelin in
AD patients, the mechanisms involving both signaling pathways in the hypothalamus may
account for cumulative deficits in hypothalamic control on energy balance, resulting in
metabolic dysfunction. Deficiencies in neuroendocrine signaling show an early age pattern
of metabolic dysfunction and weight loss.

We should highlight the finding of low levels of the adipokine resistin in the plasma of
5xFAD mice. This hormone is secreted in fatty tissue in mice and macrophages in humans
and is involved in fatty acid synthesis in adipose tissue and the triggering of an inflamma-
tory response in the brain and hypothalamic insulin resistance through its binding to TLR4
receptors [28,85,86]. Moreover, association between resistin levels and increased inflamma-
tory markers in AD patients suggests a pro-inflammatory role of resistin in AD [87]. We
found that low resistin plasma levels were positively related to low body weight in both
males and females, which could also have been due to reduced fat mass in 5xFAD mice.
Moreover, low hypothalamic localized resistin mRNA expression was also observed in
heterozygous and full transgenic 5xFAD mice. Since central resistin infusion modulates
hypothalamic neuronal activity and promotes food intake, the low levels of resistin may
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imply a major role in appetite regulation rather than neuroinflammatory process in 5xFAD
mice. Moreover, association between resistin levels and neuroinflammatory process in the
hypothalamus seems to be in the opposite direction, as we observed a negative correlation
between resistin and the cytokine IL-1β in female Tg5xFAD/- and Tg5xFAD/5xFAD mice as
well as TNF-α in female Tg5xFAD/5xFAD mice. This association was also observed with body
weight in female mice, suggesting an important interplay between hypothalamic neuroin-
flammation, resistin levels, and weight loss specifically observed in females. Our results
seem to be in accordance with previous results showing a reduction in hypothalamic re-
sistin fibers in both obese and food-deprived underweight young mice [88]. In accordance,
damage induced to the ARC, where resistin co-localizes with POMC neurons, decreases
resistin immunoreactivity [88]. Since metabolic dysfunction appears to be accompanied by
poor endocrine signaling involving a greater range of hormones in females, this may be a
cause that explains why they develop a more pronounced underweight phenotype.

3.5. Alterations in Energy Sensors in 5xFAD Mice

Energy sensors are constitutive of hypothalamic response to metabolites and hor-
mones, playing a major role on hypothalamic control of energy balance. AMPK is con-
sidered the main energy sensor in the organism and its activity depends on cell energy
status, having an important role on metabolic homeostasis, autophagy, cell growth, and
inflammation [32]. AMPK activity is characteristic of energy requirements in the cell, and
the higher phosphorylation levels observed in Tg5xFAD/5xFAD mice might indicate low en-
ergy availability. The main mechanism derived from hypothalamic AMPK activation is the
drive for an orexigenic response and increased appetite, implying release of NPY and AgRP
mainly in the ARC [89]. The fact that we observed counter-intuitive low levels of NPY and
AgRP in 5xFAD male mice shows that this response might be blunted. In fact, studies in
other mouse models of AD have shown the presence of Aβ fragments 1–42 blunts response
from NPY neurons [8]. Lower levels of both orexigenic and anorexigenic neuropeptides
in the hypothalamus have also been associated with neuronal loss in the aged 3xTg mice
of AD [11]. AMPK is also a negative regulator of the mTOR pathway, which is mainly
involved in the control cell cycle, autophagy, and neuronal plasticity [90,91]. Activity
of mTOR is also defined by energy requirements of the cell and is a key element of the
insulin signaling pathway, deriving an anabolic response. It has been defined that brain
insulin resistance occurs primarily with early hyperactivation of insulin signaling, includ-
ing mTOR hyperactivity, which causes negative feedback on the insulin receptor, IRS1 and
mTOR itself [6]. The fact that we observed low mTOR activity in 5xFAD mice measured by
its phosphorylation on the residue Ser2448 is in accordance with low insulin levels and
decreased pTyr/pSer ratio on IRS1, which translates into decreased insulin responsiveness
in the hypothalamus. mTOR opposes AMPK-mediated autophagy. Hence, low mTOR
activity and increased autophagy may help Aβ clearance, as previously seen [92]. However,
decreased mTOR activity has been observed in 5xFAD mice, APP/PS1 AD mice, and AD
patients, being impaired as a result of exposure to Aβ peptides, contributing to synaptic
and cognitive deficiencies [93–95]. Moreover, low mTOR signaling has been related to
increased cytokine expression in AD rats [96]. Hence, both impaired response to hormonal
cues and enhanced cytotoxic activity of Aβ may exacerbate hypothalamic insulin signaling
response and metabolic sensing through AMPK and mTOR, contributing to the negative
energy balance observed in 5xFAD mice. Along with AMPK and mTOR, ERK’s role in the
hypothalamic control of energy homeostasis is fairly involved in growth factor signaling
as a second messenger in the Ras–ERK pathway, with some events of crosstalk with the
mTOR pathway as an anabolic response [33]. However, we observed no influence of total
ERK activity as measured by its phosphorylation, but total protein levels tended to be
decreased in males as opposed to higher levels in females. We also observed higher levels
of total mTOR in both Tg5xFAD/5xFAD males and females. Higher total mTOR levels and
lower mTOR relative activity as measured by p-mTOR/mTOR ratio has been observed
in normal aging process in the hippocampi of mice [6]. Because insulin signaling in the
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hypothalamus was decreased, we also evaluated and observed low hypothalamic GSK3-β
activity in 5xFAD mice (Figure S4). Both mTOR and GSK3-β have been previously re-
lated to Tau hyperphosphorylation [97]. However, our results suggesting increased Tau
phosphorylation in 5xFAD mice seem to be related to CDK5 and neuroinflammation [98].

3.6. Alterations in Neuropeptides in 5xFAD Mice

Ultimately, hypothalamic control of food intake resides on the release of orexigenic/
anorexigenic neuropeptides. NPY/AgRP are co-localized in neurons in the ARC, pro-
moting food intake and lowering energy expenditure, whereas POMC/CART neurons
do the opposite [19,35–37]. Previous studies based on other mouse models of AD with
hypoleptinemia assumed hypothalamic neurons had abnormal or absent responses to
hormonal cues, causing the metabolic deficits observed [13,99]. In our study, we confirmed
that the hypothalamus of the 5xFAD mouse model of AD showed a blunted response to
insulin and leptin in both male and female mice, as well as low plasma levels of ghrelin,
GLP-1, and resistin in female mice, promoting an exacerbated status of negative energy
balance. The heterozygous model resulted in a less pronounced phenotype, especially
in male mice. However, distinct patterns of food intake and activity were observed in
accordance with hypothalamic neuropeptide expression. We found decreased NPY and
AgRP levels in heterozygous and full transgenic 5xFAD male mice after a night of food
deprivation. This result agrees with the decreased food intake pattern in the full trans-
genic Tg5xFAD/5xFAD mice. However, lower expression of orexigenic neuropeptides in the
heterozygous Tg5xFAD/- mice did not account for a significant decrease in food intake.
Nevertheless, we did find a peak in EE in the last hours of nighttime (active phase) and
first hours of daytime (resting phase) in heterozygous Tg5xFAD/- mice. Heterozygous mice
showed a tendency towards increased intake during the day, which, in the case of males,
was likely related to increased expression of orexin in the hypothalamus. Orexin promotes
wakefulness, appetite, and EE, and its expression is inhibited by NPY projections [100].
This is in accordance with the negative correlation we observed between NPY and orexin
expression in the hypothalamus. The fact that mice were sacrificed at the very first hours
of daytime, when energy expenditure was slightly increased in heterozygous mice, might
imply why orexin levels were higher. Both male and female 5xFAD mice have shown de-
creased sleep at 4–6.5 months of age, and sleep disruption was more prominent during late
hours of night time and early hours of day time, as matched with our results of EE in full
transgenic mice and more pronounced in heterozygous 5xFAD mice at the same age [101].
The reason why we observed this pattern in a more pronounced way in heterozygous
mice may rely upon a possible inability of orexin to compensate for low NPY levels in full
transgenic Tg5xFAD/5xFAD mice.

As previously reported in the Tg2576 mouse model of AD, hypothalamic NPY neurons
lose response to leptin, which has a hyper-polarizing effect, and ghrelin, which in turn
depolarizes NPY neurons and promotes neuropeptide release. This effect is mediated by
the presence of Aβ peptides [13]. The fact that we did not observe changes in NPY/AgRP
mRNA expression in female mice could have been a result of small fasting time before
sacrifice. Changes in NPY expression in the hypothalamus of Tg2576 mice were observed
after 48h of food deprivation, but not in the fed state [13]. However, male Tg2576 mice
showed low POMC and CART expression without food deprivation, which resembles
the non-significant tendency we observed in POMC mRNA expression in 5xFAD female
mice after a short period of food deprivation. In our study, NPY and POMC expressions
were positively correlated in female 5xFAD mice, as it would be expected to be inversely
correlated. This observation could imply a mechanism of generalized neuronal dysfunction
in the hypothalamus, leading to impaired food intake or energy expenditure response
during fasting.
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3.7. Plasma Lipid Profile and Increased PAI-1 Levels in Female 5xFAD Mice

PAI-1 is an inhibitor of tissue (tPA) and urokinase plasminogen activator (uPA),
playing an important role in inhibiting fibrinolysis, hence decreasing blood clot clearance.
Because of this, increased levels of plasma PAI-1 are observed in obesity and metabolic
syndrome, leading to increased risk of atherosclerosis development. Our results showed
a sex-biased increment in plasma PAI-1 levels in female Tg5xFAD/- and Tg5xFAD/5xFAD

mice and a negative correlation between body weight and PAI-1 plasma levels in the
aforementioned groups. Interestingly, altered PAI-1 levels have been observed in the brain
of APP/PS1 mice and AD patients, being increased in correlation to age and progress
of dementia. Studies in mice have showed inhibition of PAI-1 [102]. Addition of PAI-1
inhibitors in APP/PS1 and Tg2576 AD mice improve clearance and reduce levels of plasma
and brain Aβ and restore memory function [103,104]. The fact that plasma levels of PAI-1
are altered and seem to relate to prodromal weight loss suggest that systemic metabolic
imbalance may be related to worsening of AD pathology in females in a mechanism
different from obesity-related increments of PAI-1 levels.

We investigated plasma lipid profile of 5xFAD AD mice because several studies relate
altered plasma lipid levels in AD patients. We observed again a sex-specific decay in
triglycerides and total cholesterol of female 5xFAD mice that were positively correlated.
From a metabolic point of view, depletion of triglycerides in female 5xFAD mice may be
indicative of a shift in lipid utilization as energy source, in accordance with the results
observed and previously discussed on the low RQ observed and increased lipid utilization.
In fact, increased expression of WAT UCP1 and UCP2 was also observed in Tg5xFAD/- and
Tg5xFAD/5xFAD female mice. Previously, it has been observed patients with probable AD
have abnormally low levels of total cholesterol, triglycerides, and LDL cholesterol when
compared to control groups, and these low levels were inversely but not significantly cor-
related with cognitive performance. The specific reason why blood lipids are altered in AD
patients is not fully understood. Normally, higher levels of total cholesterol, triglycerides,
and LDL are related to metabolic syndrome and increased risk of AD, which implies a
specific relationship between obesity-derived problems and AD. Some other studies have
assessed increased risk of dementia in patients with higher mid-life and late-life levels
of total cholesterol [38,39]. However, a drastic decrease in total cholesterol occurs before
dementia diagnosis and is predictive of dementia appearance [39]. Cholesterol is a key
element for several processes such as maintenance and fluidity of cell membrane, synaptic
transmission, and synthesis of steroid hormones, all of which may experience a negative
outcome in AD patients. It should be noted that full transgenic Tg5xFAD/5xFAD female
mice had significantly low LDL and high HDL levels in plasma. It has been shown that
non-carriers of APOE4 allele AD patients manifest an improvement in cognitive perfor-
mance with lipid therapy increasing LDL levels, whereas an increment in HDL levels were
associated with a poorer score in cognitive tests [105]. Our results indicate that mechanisms
of dysregulation of lipid metabolism and altered lipid profile may contribute to worsening
of AD pathology, specifically in the higher incidence in females as compared to males in a
different pattern non-related to AD prevalence in obesity and diabetic patients.

3.8. Limitations of the Study

Some differences between AD patients and the 5XFAD mouse model of AD must
be taken into consideration when pointing out the results hereby obtained. 5xFAD mice
contain five mutations, two of the in presenilin-1 (PSEN-1) and three in APP, leading to
early production of Aβ fragments. 5xFAD mice hence develop early cognitive impairments
similar to those of AD patients. However, 5xFAD mice are unable to develop NFTs and
do not develop severe Tau hyperphosphorylation [106]. Although we observe increased
Tau phosphorylation in the hypothalamus of 5xFAD mice, this does not seem to reproduce
the hypermetabolic status observed in AD mice bearing mutations in Tau protein such
as 3xTg [12,13]. However, the higher similarities in neurodegeneration and cognitive
impairment in the 5xFAD with AD patients with respect to other AD mice may imply Aβ
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pathology linked to metabolic dysfunction could be reproduced with more accuracy in our
mouse model of AD. As our mice were fed standard chow diet, we could not ascertain
whether a high-fat diet (HFD) (a very common nutritional problem in western countries)
has or does not have an impact in the progression of metabolic and cognitive decline in
AD. Since 5xFAD mice presented impairments in insulin, leptin, and resistin signaling,
this could lead to a hyper-sensitive and detrimental response to exposure to fat-enriched
nutrition, as this has been previously observed in other mouse models of AD [46]. A
previous study has shown detrimental effects of HFD in 5xFAD glucose tolerance, lipid
profile, and microbiome composition [44]. However, we are still lacking information as
to whether HFD could differently affect the heterozygous non-full transgenic bearing less
Aβ burden and also if 5xFAD mice, which have been proven to be more susceptible to
metabolic impairments, could exert a more deteriorated phenotype. Moreover, the results
observed did not focus on the neuroendocrine system and hypothalamic regulation of
energy balance. Future studies should address these questions thoroughly and comparisons
should be made between 5xFAD and other AD mice.

In addition, the expression of either Aβ oligomers or plaque deposition in periph-
eral tissues (including gut mucosa and myenteric plexus, autonomic ganglia, pancreatic
islets, liver, and adipose tissue) has to be addressed in order of clarify the contribution of
peripheral tissues when amyloid deposition is boosted by mutations.

4. Conclusions

In conclusion, we found a negative energy balance in 5xFAD mice leading to weight
loss at 6 months of age that was related to alterations in food intake, hypothalamic dys-
function despite absence of observable Aβ plaques, and neuroendocrine dysregulation.
Decreases in body weight were differently regulated and more severe in female 5xFAD
mice and worsened with Aβ burden in the full transgenic genotype. The existence of clear
differences regarding the heterozygous versus homozygous conditions is remarkable, a
fact that might help in the search for models that boost amyloid deposition where there is
not a complete penetration mutation. Thus, heterozygous animals have to be included in
future studies as a way of analyzing non-genetic AD contributing factors.

In addition, we observed low plasma levels of insulin and insulin-releasing hormones
in both male and female 5xFAD mice that were related to decreased body weight and
decreased hypothalamic insulin and leptin signaling. Neuroinflammation and low resistin
levels in the hypothalamus were specifically related to weight loss in female mice, which
also exhibited altered plasma lipid profile, likely worsening the whole-body energy home-
ostasis. This study provides useful information for detection of possible early metabolic
markers indicative of the outcome of AD and serve as possible therapeutic targets in a
sex-specific point of view. This strategy should help in stratification of AD patients. Our
work also points out a different focus on ageing-related prodromal weight loss as a comor-
bid state of AD and focus on less-explored areas in the brain AD pathology such as the
hypothalamus, opening the scope of further research in AD.

5. Materials and Methods
5.1. Ethics Statement

The research procedures were approved by the Research and Clinical Ethics Com-
mittee of the Regional University Hospital of Malaga and the University of Malaga. All
experimental procedures with animals were carried out in strict accordance with the guide-
lines of Royal Decree 1201/2005 of 21 October 2005 (BOE no. 252), and in compliance with
Directive 86/609/ECC of the European Community (24 November 1986) in relation to the
regulation of research with animals. All efforts were made to minimize the suffering of the
animals, as well as to reduce the number of animals used.
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5.2. Animals

Animals used were 6-month-old male and female non-transgenic (non-Tg) mice
and heterozygous (Tg5xFAD/-) and homozygous (Tg5xFAD/5xFAD) transgenic 5xFAD mice.
5xFAD mice co-express and co-inherit familial Alzheimer disease (FAD) mutant forms
of human APP (the Swedish mutation: K670N, M671L; the Florida mutation: 1716V; the
London mutation: V7171) and PSI (M146L; L286V) transgenes under transcriptional control
of the neuron-specific mouse Thy-1 promotor (Tg6799 line) [15]. 5XFAD lines (B6/SJL
genetic background) were maintained by crossing heterozygous transgenic mice with
B6/SJL F1 breeders (The Jackson Laboratory, Bar Harbor, ME, USA). Non-Tg wild-type
littermate mice served as a control.

The rodents were housed in the Animal Center for Experimentation at the University
of Malaga. This center complies with all current regulations for breeding and housing. The
animals were housed individually with free access to food and water under standardized
conditions: 20 ± 2 ◦C of room temperature, relative humidity of 40 ± 5%, and light/dark
cycle of 12 h with dawn/sunset effect. The mice were fed on a standard pellet diet (STD)
(3.02 Kcal/g with 30 Kcal% protein, 55 Kcal% carbohydrate, and 15 Kcal% fat; purchased
from Harlam (Tecklad, Madison WI, USA)). All study animals were sacrificed at 6 months
of age with sodium pentobarbital (150 mg/kg, i.p.). Blood was drawn directly from the
right atrium and perfused with 0.1M PBS.

5.3. Sample Collection

Blood was drawn directly from the right atrium and perfused with 0.1M PBS. Blood
was centrifuged (2100× g for 10 min, 4 ◦C), and the plasma was kept at −80 ◦C for a
biochemical analysis. Histology samples were obtained from the left hemisphere of the
brain and kept in 4% paraformaldehyde for 48 h. Samples for biochemical analysis were
also obtained from the right hemisphere of the brain and brown fat. Samples from right
hemisphere and brown fat were flash frozen in liquid nitrogen, then stored at −80 ◦C
until analysis.

5.4. Measurement of Metabolites in Plasma

The following plasma metabolites were measured: glucose, urea, creatinine, triglyc-
erides, total cholesterol, HDL cholesterol, LDL cholesterol and the hepatic enzymes glu-
tamic oxaloacetic transaminase (GOT) and glutamate pyruvate transaminase (GPT). These
metabolites were analyzed using commercial kits, according to the manufacturer’s instruc-
tions, and a Hitachi 737 Automatic Analyzer (Hitachi Ltd., Tokyo, Japan). Each metabolite
concentration was expressed in mg/dL. Hepatic enzyme levels were expressed in IU/L.

5.5. Bio-Plex Pro Multiplex Diabetes Assay

Plasma levels of hormones insulin, glucagon, ghrelin, leptin, glucagon-like peptide-1
(GLP-1), plasminogen activator inhibitor-1 (PAI-1), gastric inhibitory polypeptide (GIP),
and resistin were determined by multiplex immunoassay system using commercial kits: Bio-
Plex Pro™ mouse diabetes 8-plex immunoassay (Bio-Rad, Hercules, CA, USA, cat. number:
#171F7001M). Plates were run on a Bio-Plex MAGPIX™ Multiplex Reader with Bio-Plex
anager™ MP Software (Luminex, Austin, TX, USA). Hormone concentrations were ex-
pressed in pg/mL, and detection limits were 68.29 (insulin), 0.50 (glucagon), 0.64 (ghrelin),
5.07 (leptin), 0.59 (GLP-1), 2.98 (PAI-1), 4.31 (GIP), and 184.89 (resistin) pg/mL.

5.6. RNA Isolation and RT-qPCR Analysis

We performed real-time PCR (TaqMan, ThermoFisher Scientific, Waltham, MA, USA)
as described previously [107] using specific sets of primer probes from TaqMan® Gene
Expression Assays, as shown in Table S1. Total RNA was extracted from tibia samples
using the Trizol® method according to the manufacturer’s instructions (ThermoFisher
Scientific). RNA samples were isolated with RNAeasy minelute cleanup-kit including di-
gestion with DNase I column (Qiagen) and quantified using a spectrophotometer to ensure
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A260/280 ratios of 1.8–2.0. After the reverse transcript reaction from 1 µg of mRNA, a quan-
titative real-time reverse transcription polymerase chain reaction (qPCR) was performed in
a CFX96TM Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) and the FAM
dye labeled format for the TaqMan® Gene Expression Assays (ThermoFisher Scientific). A
melting curve analysis was performed to ensure that only a single product was amplified.
After analyzing several reference genes, we normalized values obtained from the tibia
samples in relation to Actb levels (Mm02619580_g1, amplicon length: 143; ThermoFisher
Scientific), which were found not to vary significantly between experimental groups.

5.7. Protein Extraction and Western Blot Analysis

Total protein from 5–15 mg of hypothalamic samples was extracted using 500 µL ice-
cold cell lysis buffer for 30 min, as previously described [108,109]. A quantity of 50 µg of
protein was resolved on a 4–12% (Bis-Tris) Criterion XT Precast Gel (Bio-Rad Laboratories,
Inc., Hercules, CA, USA, cat. number: 3450124), and then transferred onto nitrocellulose
membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Total protein content was
visualized after staining with Ponceau red. Membranes were blocked in TBS-T (50 mM
Tris-HCl (pH 7.6), 200 mM NaCl, and 0.1% Tween 20) with 2% albumin fraction V from BSA
(Roche, Mannheim, Germany) for 1h at room temperature. For specific protein detection,
the membrane was incubated overnight at 4 ◦C in TBS-T containing 2% BSA and the
corresponding primary antibody (Table S2). Mouse γ-adaptin was used as the reference
protein. After several washes in TBS-T containing 1% Tween 20, an HRP-conjugated
anti-rabbit or anti-mouse IgG (H+L) secondary antibody (Promega, Madison, WI, USA)
diluted 1:10,000 was added, followed by incubation for 1 h at room temperature. After
extensive washing in TBS-T, the membranes were incubated for 1 min with the Western
Blotting Luminol Reagent kit (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and
the specific protein bands were visualized and quantified by chemiluminescence using a
Chemi-Doc TM MP Imaging System (Bio-Rad, Barcelona, Spain). For specific detection of
phosphorylated form of proteins, after measuring phosphorylation proteins, the specific
antibodies were removed from membrane by incubation with stripping buffer (2% SDS,
62.5 mM Tris HCl (pH 6.8), 0.8% β-mercaptoethanol) for 30 min at 50 ◦C. Membranes
were extensively washed in ultrapure water, and then re-incubated with the corresponding
antibody specific for the total protein. Quantification of results was performed using
ImageJ software (http://imagej.nih.gov/ij, accessed on 5 May 2020). The results are
expressed as either the phosphorylated form of target protein/target protein ratios or target
protein/γ-adaptin ratios. Results for Non-Tg male protein levels were arbitrarily set as 1.

5.8. Immunohistochemistry

Left hemisphere of the brains were post-fixed in 4% paraformaldehyde for 48h and
cryopreserved in 30% sucrose in 0.1M PBS solution for at 4 ◦C until processing. Free-
floating coronal sections of mouse hypothalamus and hippocampus were selected from
−1.22 to −1.94 mm of Bregma levels [110]. Serial sections were blocked with 5% donkey
serum, 0.5% Triton X-100 in 0.1M PBS for 45 min at room temperature, as previously
described [111]. For plaque amyloid-β analysis, we used rabbit anti-Aβ (1:500, Abcam).
For neuroinflammation analysis, we used rabbit anti-glial fibrillary acidic protein (GFAP;
1:1000; Dako) and rabbit anti-Iba1 (1:500, Abcam). Primary antibodies were incubated
overnight at room temperature. After rinsing, the sections were incubated with secondary
antibody biotinylated goat anti-rabbit (1:500, GE Healthcare) for 2 h at room temperature.
All antibodies were diluted in PBS, 0.5% Triton X-100, and 2.5% donkey serum (Sigma-
Aldrich, St. Louis, MO, USA). We used the peroxidase-conjugated ExtraAvidin method
and diaminobenzidine as the chromogen to visualize the reaction product. Quantification
was performed using ImageJ software (http://imagej.nih.gov/ij, accessed on 5 May 2020).
Total amyloid plaques were counted using three binarized sections of hypothalamus and
hippocampus per animal.
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5.9. Measurement of Energy Expenditure and Respiratory Quotient

For 48 h, mice were analyzed for energy expenditure (EE, kcal/kg lean mass), respira-
tory quotient (RQ, VCO2/VO2), and food intake using a calorimetric system (LabMaster,
TSE System, Bad Homburg, Germany) as previously described [112]. This system is an
open-circuit instrument that determines (1) the energy consumed by the amount of caloric
intake (kilocalories) along time (hours) and normalized by the lean mass (kilograms) and
(2) the ratio between the CO2 production and O2 consumption (VCO2/VO2). Activity was
measured by infrared system counting mice movement and rearing. Previously, all rats
were acclimated to the experimental room and habituated to the system for 48 h before
starting the measurements.

5.10. Statistical Analysis

Graph-Pad Prism 7.0 software was used to analyze the data. Values are represented as
mean ± standard error of the mean (SEM) for each in vivo experimental group, according
to the assay. The significance of differences within and between groups was evaluated by a
two-way analysis of variance (ANOVA), factors: “genotype” x “sex”, followed by Tukey
post-hoc test for multiple comparisons. Alternatively, for comparisons between two groups,
Student t-test was also used. A p-value ≤ 0.05 was considered to be statistically significant.
(* = p < 0.05; ** = p < 0.01; *** = p < 0.001) versus same-sex non-Tg group. (# = p < 0.05;
## = p < 0.01; ### = p < 0.001) versus same-sex Tg5xFAD/- group.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22105365/s1, Figure S1: Activity (A,B) and rearing (C,D) measured as counts by infrared
in 5xFAD mice placed in metabolic cages for 48 h, showing decreased activity in Tg5xFAD/5xFAD

females during the night (n = 8–15 per group). Two-way ANOVA analysis with Tukey’s post hoc test:
* = p < 0.05 versus same-sex non-Tg group. Figure S2: Plasma levels of grastric inhibitory polypeptide
((A), GIP), glucagon (B), and plasminogen activator inhibitor-1 ((C), PAI-1) plasma levels showing a
tendency to decreased GIP in males and increased PAI-1 in females (n = 6–7 per group). Figure S3:
Plasma biochemical analysis of glucose (A), lipids (B–E), urea (F), creatinine (G), and hepatic enzyme
(H,I) levels showing decreased trigyceride, total cholesterol, and LDL, and increased HDL and
GOT in 5xFAD female mice. (J) Representation of Western blot membranes and (K) densitometric
evaluation of UCP1 levels in white adipose tissue of 5xFAD mice at 6 months of age, showing
increased UCP1 levels in transgenic 5xFAD male and female mice (n = 5–6 per group). Protein levels
were normalized with γ-adaptin. Non-Tg males were set as 1 for protein relative units. Two-way
ANOVA analysis with Tukey’s post hoc test: * = p < 0.05, ** = p < 0.01, *** = p < 0.001 vs. same-sex
non-Tg group; # = p < 0.05, ## = p < 0.01, ### = p < 0.001 versus same-sex Tg5xFAD/- group. Figure S4:
Densitometric evaluation of the ratio of serine (inhibitory) and tyrosine (activating) phosphorylation
of GSK3-β (A) and GSK3-β protein levels (B) in the hypothalamus of 5xFAD mice at 6 months of
age, showing increased Ser/Tyr ratio in transgenic 5xFAD male and female mice (n = 5–6 per group).
Protein levels were normalized with γ-adaptin. Non-Tg males were set as 1 for protein relative
units. Two-way ANOVA analysis with Tukey’s post hoc test: * = p < 0.05, ** = p < 0.01, *** = p < 0.001
vs. same-sex non-Tg group; # = p < 0.05, ## = p < 0.01, ### = p < 0.001 versus same-sex Tg5xFAD/-

group. Figure S5: Unedited blots. Table S1: Primer references for TaqMan® Gene Expression Assays
(Applied Biosystems). Table S2: Antibody references for Western blot assays.
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87. Demirci, S.; Aynalı, A.; Demirci, K.; Demirci, S.; Arıdoğan, B.C. The Serum Levels of Resistin and Its Relationship with Other

Proinflammatory Cytokines in Patients with Alzheimer’s Disease. Clin. Psychopharmacol. Neurosci. 2017, 15, 59–63. [CrossRef]
[PubMed]

88. Wilkinson, M.; Wilkinson, D.; Wiesner, G.; Morash, B.; Ur, E. Hypothalamic resistin immunoreactivity is reduced by obesity in the
mouse: Co-localization with alpha-melanostimulating hormone. Neuroendocrinology 2005, 81, 19–30. [CrossRef] [PubMed]

89. Minokoshi, Y.; Alquier, T.; Furukawa, N.; Kim, Y.B.; Lee, A.; Xue, B.; Mu, J.; Foufelle, F.; Ferré, P.; Birnbaum, M.J.; et al. AMP-kinase
regulates food intake by responding to hormonal and nutrient signals in the hypothalamus. Nature 2004, 428, 569–574. [CrossRef]

90. López-Gambero, A.J.; Rodríguez de Fonseca, F.; Suárez, J. Energy sensors in drug addiction: A potential therapeutic target. Addict.
Biol. 2021, 26, e12936. [CrossRef] [PubMed]

91. Cota, D.; Proulx, K.; Smith, K.A.; Kozma, S.C.; Thomas, G.; Woods, S.C.; Seeley, R.J. Hypothalamic mTOR signaling regulates
food intake. Science 2006, 312, 927–930. [CrossRef]

92. Shibuya, Y.; Chang, C.C.; Huang, L.H.; Bryleva, E.Y.; Chang, T.Y. Inhibiting ACAT1/SOAT1 in microglia stimulates autophagy-
mediated lysosomal proteolysis and increases Aβ1-42 clearance. J. Neurosci. Off. J. Soc. Neurosci. 2014, 34, 14484–14501. [CrossRef]
[PubMed]

226



Int. J. Mol. Sci. 2021, 22, 5365

93. Lafay-Chebassier, C.; Paccalin, M.; Page, G.; Barc-Pain, S.; Perault-Pochat, M.C.; Gil, R.; Pradier, L.; Hugon, J. mTOR/p70S6k
signalling alteration by Abeta exposure as well as in APP-PS1 transgenic models and in patients with Alzheimer’s disease. J.
Neurochem. 2005, 94, 215–225. [CrossRef]

94. Avrahami, L.; Farfara, D.; Shaham-Kol, M.; Vassar, R.; Frenkel, D.; Eldar-Finkelman, H. Inhibition of glycogen synthase kinase-3
ameliorates β-amyloid pathology and restores lysosomal acidification and mammalian target of rapamycin activity in the
Alzheimer disease mouse model: In vivo and in vitro studies. J. Biol. Chem. 2013, 288, 1295–1306. [CrossRef]

95. Zeng, Y.; Zhang, J.; Zhu, Y.; Zhang, J.; Shen, H.; Lu, J.; Pan, X.; Lin, N.; Dai, X.; Zhou, M.; et al. Tripchlorolide improves cognitive
deficits by reducing amyloid β and upregulating synapse-related proteins in a transgenic model of Alzheimer’s Disease. J.
Neurochem. 2015, 133, 38–52. [CrossRef] [PubMed]

96. Wang, X.; Li, G.-J.; Hu, H.-X.; Ma, C.; Ma, D.-H.; Liu, X.-L.; Jiang, X.-M. Cerebral mTOR signal and pro-inflammatory cytokines in
Alzheimer’s disease rats. Transl. Neurosci. 2016, 7, 151–157. [CrossRef] [PubMed]

97. Mueed, Z.; Tandon, P.; Maurya, S.K.; Deval, R.; Kamal, M.A.; Poddar, N.K. Tau and mTOR: The Hotspots for Multifarious
Diseases in Alzheimer’s Development. Front. Neurosci. 2018, 12, 1017. [CrossRef]
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Abstract: A high-fat diet (HFD) quickly induces obesity with insulin resistance and hyperglycemia.
We previously reported that a novel hypothalamic small protein, named neurosecretory protein GL
(NPGL), stimulates feeding and fat accumulation in mice. However, the effects of NPGL on insulin
sensitivity and glucose homeostasis remain unknown. Hence, we subjected NPGL-precursor gene
(Npgl)-overexpressing mice to the oral glucose tolerance test (OGTT) and intraperitoneal insulin
tolerance test (IPITT) under normal chow (NC) and HFD conditions. Npgl overexpression promoted
body mass gain and tended to increase food intake of NC-fed mice, whereas it had little effect on
HFD-fed mice. The OGTT showed elevated blood glucose and insulin levels in Npgl-overexpressing
NC-fed mice 15 min after glucose administration. Both the OGTT and IPITT demonstrated that Npgl
overexpression decreased blood glucose levels in HFD-fed mice 60 min after glucose and insulin
treatments. Notably, Npgl overexpression increased adipose tissue masses only in NC-fed mice,
and it decreased blood glucose and insulin levels in HFD-fed mice at the experimental end point.
It also increased the mRNA expression of galanin, one of the feeding and metabolic regulatory
neuropeptides, in the hypothalamus of HFD-fed mice. Therefore, NPGL may alleviate HFD-induced
hyperglycemia and insulin resistance in mice.

Keywords: neurosecretory protein GL; hypothalamus; neuropeptide; obesity; glucose homeostasis;
insulin sensitivity

1. Introduction

Obesity is a disease that has reached epidemic proportions. It is a major health-related
concern worldwide because this condition and its comorbidities, such as depression, type
2 diabetes, cardiovascular disease, and certain cancers, have created a huge economic bur-
den [1–3]. The increase in the prevalence of obesity has emphasized the need for research
focusing on its biological causative factors [3]. During obesity development, excess fat
accumulation promotes insulin resistance and glucose intolerance, which is generally ac-
companied by chronic inflammation in adipose tissue [4–6]. As overfeeding and/or biased
feeding, such as continuous feeding of a high-fat diet (HFD), quickly leads to metabolic
disorders, the regulatory mechanisms of feeding behavior and metabolism have been
investigated [7–9]. To date, several hypothalamic neuropeptides involved in feeding behav-
ior have been identified in the arcuate nucleus of the hypothalamus, for instance, potent
orexigenic factors such as neuropeptide Y (NPY) and agouti-related peptide (AgRP), and
the anorexigenic factor, proopiomelanocortin (POMC)-derived α-melanocyte-stimulating
hormone [7–9]. Among peripheral factors, ghrelin and leptin are well-known, feeding-
regulatory peptides. Ghrelin, an orexigenic peptide secreted by the stomach, stimulates
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feeding behavior via NPY/AgRP neurons [10–12]. Leptin, an anorexigenic polypeptide
secreted from white adipose tissue (WAT) in proportion to body fat reserves, influences
NPY/AgRP and POMC neuron activities [13–16]. Moreover, insulin, a key regulator
secreted from pancreatic β-cells, converts dietary carbohydrates into fat deposits and
maintains systemic glucose homeostasis [17,18]. Although many factors involved in the
regulation of energy homeostasis have been identified in the last few decades, the hormonal
controls of insulin sensitivity and glucose homeostasis that underlie obesity development
are not fully understood.

To elucidate the regulatory mechanism of energy homeostasis, we investigated pre-
viously unknown bioactive substances and their modes of action in animals. The search
for novel neuropeptides and peptide hormone precursors in the hypothalamus led to the
identification of a novel cDNA in the chick hypothalamus [19]. As the deduced precursor
protein contains a small secretory protein of 80 amino acids with Gly-Leu-NH2 at the C-
terminus, the novel neuropeptide has been named neurosecretory protein GL (NPGL) [19].
Furthermore, homologous NPGL proteins have been discovered in mammals, including
humans, rats, and mice, suggesting that the primary structure of NPGL is highly conserved
in mammals and avian species [20]. In addition, its paralogous neuropeptide has been iden-
tified and named neurosecretory protein GM [21]. Similar to the effects of NPGL infusion
on energy metabolism in avian species [22,23], acute intracerebroventricular (i.c.v.) infusion
of NPGL stimulates feeding behavior in mice fed with normal chow (NC) [24]. Chronic
i.c.v. infusion of NPGL decreases locomotor activity during the dark period in mice [25].
In addition, chronic i.c.v. infusion of NPGL increases food intake with considerable fat
accumulation in mice fed with a medium fat/medium sucrose diet (MFSD), whereas it
induces moderate fat accumulation without changing food intake in NC-fed mice [25]. We
previously showed that chronic i.c.v. infusion of NPGL elicits food intake and subsequent
fat accumulation through de novo lipogenesis in rats [26]. Notably, overexpression of
the NPGL-precursor gene (Npgl) in the mouse hypothalamus increases food intake and
fat deposits under NC and MFSD conditions and elevates blood insulin levels without
changing the blood glucose levels [27]. However, the effects of NPGL on insulin sensitivity
and glucose homeostasis have not been elucidated.

In this study, we subjected Npgl-overexpressing mice to the oral glucose tolerance test
(OGTT) and intraperitoneal insulin tolerance test (IPITT) under a series of NC and HFD
feedings to investigate whether NPGL affects insulin sensitivity and glucose tolerance. Ad-
ditionally, we measured body mass gain, food intake, body composition, blood parameters,
and mRNA expression of feeding and metabolic regulatory genes at the experimental end
point to determine the effects of HFD feeding on NPGL action in mice.

2. Results
2.1. Effects of NPGL-Precursor Gene Overexpression on Food Intake and Body Mass Gain under
NC and HFD Conditions

To determine the effects of NPGL on feeding behavior, metabolism, glucose home-
ostasis, and insulin sensitivity under NC and HFD conditions, we conducted a series of
experiments, as shown in Figure 1A. Briefly, mice were fed NC for 28 days for the first
OGTT and IPITT, and subsequently fed an HFD for 28 days for the second OGTT and IPITT.
When NC feeding was started, control mice and Npgl-overexpressing mice were weighed
at 23.6 ± 0.2 g and 23.4 ± 0.3 g, respectively. When subsequent HFD feeding was started,
control mice and Npgl-overexpressing mice were weighed at 25.6 ± 0.4 g and 26.7 ± 0.3 g,
respectively. Quantitative RT-PCR (qRT-PCR) showed chronic adeno-associated virus
(AAV)-induced Npgl overexpression in the mediobasal hypothalamus (MBH) of mice at
the experimental end point (Figure S1). Npgl overexpression significantly increased body
mass gain from day 12 and tended to increase cumulative food intake in mice fed with NC
for 28 days (Figure 1B,C). In contrast, Npgl overexpression did not affect body mass gain or
cumulative food intake under HFD conditions (Figure 1B,C).
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Figure 1. Effects of Npgl overexpression on body mass gain and food intake in normal chow (NC)-fed and high-fat diet
(HFD)-fed mice. The panels show the data obtained upon injection of the AAV-based control vector (AAV-CTL) or the
AAV-based NPGL-precursor gene vector (AAV-NPGL) in NC-fed and HFD-fed mice. (A) Experimental procedure. After
animal surgery, mice were fed NC for 28 days until the first oral glucose tolerance test (OGTT) and intraperitoneal insulin
tolerance test (IPITT). Thereafter, the diet was changed to an HFD and mice were fed for 28 days until the second OGTT
and IPITT. (B) Body mass gain and (C) cumulative food intake. Circles in C represent individual data points. Each value
represents the mean ± standard error of the mean (n = 8; * p < 0.05, *** p < 0.005 for Student’s t-test).

2.2. Effects of NPGL-Precursor Gene Overexpression on Glucose Homeostasis and Insulin
Sensitivity under NC Conditions

After 28 days of Npgl overexpression under NC conditions, we performed the OGTT.
Blood glucose and insulin levels were significantly higher 15 min after oral glucose ad-
ministration in Npgl-overexpressing mice (Figure 2A,C). In contrast, a calculation of the
area under the curve (AUC) above the glucose baseline showed no significant difference
between control and Npgl-overexpressing mice (Figure 2B). After one week of recovery
from OGTT damage, we performed the IPITT. There was no significant difference in the
blood glucose level and inverse AUC below the glucose baseline after intraperitoneal
insulin administration (Figure 2D,E).
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Figure 2. Effects of Npgl overexpression on glucose tolerance and insulin sensitivity in normal chow (NC)-fed mice. The
panels show the data obtained upon injection of the AAV-based control vector (AAV-CTL) or the AAV-based NPGL-precursor
gene vector (AAV-NPGL) in NC-fed mice. (A–C) Results of oral glucose tolerance test (OGTT) (A: blood glucose levels, B:
area under the curve (AUC) for blood glucose levels, C: corresponding blood insulin secretion curves) for NC-fed mice
at multiple time points. (D,E) Results of intraperitoneal insulin tolerance test (IPITT) (D: changes in blood glucose levels
compared with those at time 0, E: inverse AUC for blood glucose levels) for NC-fed mice at multiple time points. Circles in
B and E represent individual data points. Each value represents the mean ± standard error of the mean (n = 8; * p < 0.05 for
Student’s t-test).

2.3. Effects of NPGL-Precursor Gene Overexpression on Glucose Homeostasis and Insulin
Sensitivity under HFD Conditions

After the OGTT and IPITT under NC conditions, we changed the diet from NC to
an HFD and performed the same tests after 28 days of rearing under HFD conditions
(Figure 1A). In the OGTT, the blood glucose level was significantly lower 60 min after
oral glucose administration in Npgl-overexpressing mice (Figure 3A). In addition, a slight
decrease in the AUC was observed for Npgl-overexpressing mice (Figure 3B), whereas
there was no significant difference in the blood insulin levels (Figure 3C). After one week
of recovery from OGTT damage, we performed the IPITT. In Npgl-overexpressing mice,
the blood glucose level was significantly lower 60 min after intraperitoneal insulin admin-
istration, and the inverse AUC below the glucose baseline tended to be higher but without
a significant difference (Figure 3D,E).
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Figure 3. Effects of Npgl overexpression on glucose tolerance and insulin sensitivity in high-fat diet (HFD)-fed mice. The
panels show the data obtained upon injection of the AAV-based control vector (AAV-CTL) or the AAV-based NPGL-precursor
gene vector (AAV-NPGL) in HFD-fed mice. (A–C) Results of oral glucose tolerance test (OGTT) ((A): blood glucose levels,
(B): area under the curve (AUC) for blood glucose levels, (C): corresponding blood insulin secretion curves) for HFD-fed
mice at multiple time points. (D,E) Results of intraperitoneal insulin tolerance test (IPITT) ((D): changes in blood glucose
levels compared with those at time 0, (E): inverse AUC for blood glucose levels) for HFD-fed mice at multiple time points.
Circles in (B,E) represent individual data points. Each value represents the mean ± standard error of the mean (n = 8;
† p < 0.05 for Student’s t-test).

2.4. Effects of NPGL-Precursor Gene Overexpression on Body Composition and Blood Parameters

To examine the effects of nutrition on NPGL action with respect to body composition
and blood parameters, we measured the masses of adipose tissues, muscle, and several
organs under NC and HFD conditions. Independent of the series of experiments described
in Figure 1A, we overexpressed Npgl in the hypothalamus for 40 days to analyze body
composition under NC conditions. Under NC, the masses of interscapular brown adipose
tissue (BAT) and WAT were significantly higher in Npgl-overexpressing mice than in control
mice (Figure S2A,B). In contrast, there were no significant differences in the tissue masses
of the control and Npgl-overexpressing mice under HFD conditions (Figure S2A,B). In
addition, under both feeding conditions, Npgl overexpression did not affect the masses
of the gastrocnemius muscle, liver, testis, kidney, and heart (Figure S3). Notably, the
blood glucose and insulin levels at the experimental end point without fasting under HFD
conditions were significantly lower in Npgl-overexpressing mice, whereas there were no
changes in blood triglyceride (TG) and free fatty acid (FFA) levels (Figure 4).
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Figure 4. Effects of Npgl overexpression on blood parameters in high-fat diet (HFD)-fed mice. The panels show the
data obtained upon injection of the AAV-based control vector (AAV-CTL) or the AAV-based NPGL-precursor gene vector
(AAV-NPGL) in HFD-fed mice. (A) Blood glucose, (B) insulin, (C) triglyceride (TG), and (D) free fatty acid (FFA) levels.
Circles represent individual data points. Each value represents the mean ± standard error of the mean ((A,C,D), n = 8; B,
n = 7; † p < 0.05 for Student’s t-test).

2.5. Effects of NPGL-Precursor Gene Overexpression on mRNA Expression of Neuropeptides and
Genes Related to Gluconeogenesis and Glucose Uptake

Since we observed decreases in blood glucose levels both in the OGTT and IPITT
under HFD conditions and at the end point of a series of experiments, we measured the
mRNA expression levels of neuropeptides, which are involved in whole-body energy
metabolism, in the MBH. The qRT-PCR showed that Npgl overexpression increased the
mRNA expression of galanin (Gal), whereas it had no effect on the expression of Npy,
Agrp, or Pomc under HFD conditions (Figure 5). On the other hand, we measured mRNA
expression of genes related to lipid metabolism, glycolysis, glucose and lipid uptake, and
browning in the inguinal WAT (iWAT), such as acetyl-CoA carboxylase (Acc), fatty acid
synthase (Fas), carbohydrate-responsive element-binding protein α (Chrebpα), carnitine
palmitoyltransferase 1a (Cpt1a), adipose triglyceride lipase (Atgl), hormone-sensitive li-
pase (Hsl), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), solute carrier family 2
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member 4 (Slc2a4), cluster of differentiation 36 (Cd36), peroxisome proliferator-activated
receptor γ coactivator 1α (Pgc1α), uncoupling protein 1 (Ucp1), and type II iodothyronine
deiodinase (Dio2). However, Npgl overexpression did not affect the expression of these
genes (Figure S4). In addition, when we measured mRNA expression of genes related to
gluconeogenesis and glucose uptake in the liver, such as glucose-6-phosphatase (G6pase),
phosphoenolpyruvate carboxykinase (Pepck), solute carrier family 2 member 2 (Slc2a2), and
fibroblast growth factor 21 (Fgf21), Npgl overexpression induced no changes in these genes
(Figure S5).

Figure 5. Effects of Npgl overexpression on mRNA expression of neuropeptides in high-fat diet (HFD)-fed mice. The graph
shows the data obtained upon injection of the AAV-based control vector (AAV-CTL) or the AAV-based NPGL-precursor
gene vector (AAV-NPGL) in HFD-fed mice. The mRNA expression levels of neuropeptide Y (Npy), agouti-related peptide
(Agrp), proopiomelanocortin (Pomc), and galanin (Gal) in the mediobasal hypothalamus. Circles represent individual data
points. Each value represents the mean ± standard error of the mean (n = 8; ††† p < 0.005 for Student’s t-test).

3. Discussion

Hypothalamic neuropeptides predominantly control feeding behavior and metabolism
and are closely linked to obesity development [28,29]. We recently demonstrated that
hypothalamic overexpression of Npgl, a novel small secretory protein precursor gene,
elicits food intake and fat accumulation in mice [27]. However, the effect of NPGL on
insulin sensitivity and glucose homeostasis has not been elucidated. In this study, we
subjected Npgl-overexpressing mice to the OGTT and IPITT under both NC and HFD
conditions. Our data showed that Npgl overexpression under HFD conditions restrained
an increase in blood glucose level in the OGTT, whereas it promoted a decrease in blood
glucose level in the IPITT. Furthermore, Npgl overexpression reduced blood glucose and
insulin levels in HFD-fed mice at the experimental end point.

Our data highlighted the effects of Npgl overexpression, which mitigated glucose
intolerance in the OGTT and insulin resistance in the IPITT under HFD conditions. In
contrast, we observed increases in blood glucose and insulin levels 15 min after oral glucose
administration in Npgl-overexpressing mice under NC conditions. Several studies have
indicated that an increase in blood glucose level immediately after glucose administration
can reflect glucose absorption into the circulation through the intestine [30–32]. In addition,
our previous study has suggested that Npgl overexpression promotes the absorption of
glucose, as a substrate of de novo lipogenesis, from the circulation into WAT in NC-fed
mice [27]. These data imply that NPGL affects multiple tissues, such as the intestine
and WAT, to orchestrate glucose absorption and carbohydrate use for efficient de novo
lipogenesis under NC conditions. In contrast to our previous study demonstrating that
Npgl overexpression is unable to affect the blood glucose level in NC-fed mice [27], we again
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emphasize the finding that Npgl overexpression alleviated glucose intolerance, insulin
resistance, and hyperglycemia in HFD-fed mice at the experimental end point of the present
study. Over the past 30 years, novel molecular mechanisms linking obesity and its related
disorders have been deciphered. Although the field has primarily focused on the direct
impact of obesity-associated alterations in peripheral tissues such as the liver, skeletal
muscle, and adipose tissue, the role of the central nervous system as a regulator of energy
homeostasis among different organs has not received the same attention [33]. In this study,
we found that Npgl overexpression upregulated the mRNA expression of Gal, a 29-amino-
acid peptide, in the hypothalamus. Several studies have recently uncovered new aspects
of neuropeptides in energy metabolism. For instance, GAL ameliorates insulin resistance
and improves glucose metabolism by activating the trafficking of glucose transporter 4 and
glucose uptake in the skeletal muscle and adipose tissue [34]. In addition, we have shown
the co-localization of GAL and NPGL in the same neurons of the hypothalamic arcuate
nucleus in mice [25], raising the possibility that these neuropeptides modulate each other
at the transcriptional level, perhaps via the autocrine system. In contrast, the receptor for
NPGL and its intracellular signaling remain unidentified. Although our data are limited to
transcriptional changes of the neuropeptides, future studies to analyze central hormonal
relay and peripheral insulin signaling will open up new avenues for the hypothalamic
regulation of insulin sensitivity and glucose homeostasis.

In this study, we observed differences in the effects of Npgl overexpression on body
mass gain and fat accumulation under NC and HFD conditions. Npgl overexpression
increased adipose tissue mass under NC conditions, whereas it had little effect under HFD
conditions. We previously demonstrated that NPGL stimulates fat accumulation in WAT
through de novo lipogenesis using dietary carbohydrates in rats [26]. In addition, we
recently revealed that NPGL promotes fat accumulation in high-sucrose diet (HSD)-fed
rats, although it does not induce an increase in food intake [35]. In contrast, it is well known
that an HFD suppresses de novo lipogenesis in rodents [36,37]. Moreover, the present
data indicated that Npgl overexpression hardly increased WAT mass in HFD-fed mice. In
addition, we could not observe activated de novo lipogenesis at the transcriptional level in
the WAT of Npgl-overexpressing HFD-fed mice (data not shown). Dietary carbohydrates
and fat regulate de novo lipogenesis partially via certain transcriptional factors in adipose
tissue. Among them, carbohydrate response element binding protein (ChREBP) is a critical
transcriptional factor of systemic lipid metabolism, including de novo lipogenesis, in
various peripheral tissues [38]. ChREBP is activated and promotes de novo lipogenesis
in response to carbohydrate intake, whereas dietary fat, such as polyunsaturated fatty
acids, inhibits ChREBP-induced de novo lipogenesis [39]. It has been shown that Npgl
overexpression upregulates mRNA expression of ChREBP in mice fed with NC and an
MFSD, which include a large amount of carbohydrates [27]. Hence, we speculate that
dietary carbohydrates and fat have opposite effects on NPGL action in fat accumulation,
perhaps via the transcriptional factors in peripheral tissues, such as WAT. Since these
transcriptional factors are regulated by post-translational modification as well as at the
transcriptional and translational levels, detailed analysis is required to understand the
regulatory mechanisms of lipid metabolism by NPGL. On the other hand, BAT mass was
also increased in NC-fed mice, but not HFD-fed mice in the present study. However, the
regulatory mechanisms of fat accumulation in the BAT and the functional relationship
between the WAT and BAT remain unknown at this time.

Our data supported the finding that Npgl overexpression stimulates food intake in
NC-fed mice [27], whereas it did not affect feeding behavior under HFD conditions. To date,
a considerable amount of research has revealed that dietary nutrients and metabolic status
influence neuropeptide functions in feeding behavior and metabolism [40,41]. For instance,
fasting and long-term HFD feeding evoke neuronal activation, including increased spike
frequency in NPY/AgRP neurons via peripheral signaling in mice [42,43]. Similarly, we
demonstrated that NPGL stimulates food intake at different intensities under feeding
with different nutritional compositions, based on the species. Under MFSD conditions,
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NPGL significantly stimulates food intake, whereas it has little effect under NC conditions
in rats [26]. In addition, we recently showed that NPGL cannot induce an increase in
food intake of an HSD in rats [35]. Since both HFD and HSD are highly unbalanced
nutrient diets, NPGL might stimulate feeding behavior only toward MFSD. A recent report
demonstrated that the hypothalamic corticotropin-releasing hormone promotes the intake
of carbohydrate over fat in mice [44]. Peripheral FGF21 suppresses simple sugar intake
as a negative feedback in response to dietary carbohydrates in mice [45,46]. In contrast,
although we observed that NPGL-like immunoreactive fibers contact the anorexigenic
POMC neurons in the arcuate nucleus in mice [24], the molecular mechanisms by which
NPGL influences feeding behavior remain unclear. Therefore, further study is needed to
elucidate the molecular mechanisms of feeding behavior, including feeding preferences.

In summary, this study revealed that Npgl overexpression exerted different effects on
feeding behavior and fat accumulation under NC and HFD conditions. The results of a
series of previous studies [25–27] strongly suggest that NPGL plays multiple roles in energy
homeostasis according to dietary nutrients. The present data showing the differences of
NPGL action in body mass gain and fat accumulation under NC and HFD conditions
require future study to analyze other metabolic parameters, including locomotor activity
and energy expenditure under different nutrition. Notably, under HFD conditions, the
OGTT and IPITT revealed a novel function of NPGL associated with insulin sensitivity
and glucose homeostasis. Based on the reduced blood glucose and insulin levels in Npgl-
overexpressing HFD-fed mice at the experimental end point, we propose that NPGL
prevents HFD-induced glucose intolerance, insulin resistance, and hyperglycemia in mice.
Further research on the NPGL action, including analysis of loss of function as well as
Npgl overexpression, will help understand the complicated mechanisms of the central and
peripheral energy metabolisms, including nutrient selection, obesity development, and
related disorders.

4. Material and Methods
4.1. Animals

Male C57BL/6J mice (7 weeks old) were purchased from SLC (Hamamatsu, Japan)
and housed individually in general cages (l: 26 cm, w: 18 cm, h: 13 cm, CL-0103-2; CLEA
Japan, Tokyo, Japan) under standard conditions (25 ± 1 ◦C under a 12-h light/dark cycle)
with ad libitum access to water and NC (CE-2; CLEA Japan) until animal surgery for Npgl
overexpression. Thereafter, the mice were fed NC followed by an HFD (45% of calories
from fat/17.5% of calories from sucrose, D12451; Research Diets, New Brunswick, NJ,
USA), as described below. Animals were operated on under isoflurane anesthesia.

4.2. Production of AAV-Based Vectors

AAV-based vectors were produced following a previously reported method [26]. In the
present study, the primers for mouse Npgl were 5′-CGATCGATACCATGGCTGATCCTG
GGC-3′ (sense primer) and 5′-CGGAATTCTTATTTTCTCTTTACTTCCAGC-3′ (antisense
primer). The AAV-based vectors were prepared at a concentration of 1 × 109 particles/µL
and stored at −80 ◦C until use.

4.3. Npgl Overexpression

For Npgl overexpression, mice were bilaterally injected with 0.5µL/site (5.0× 108 particles/
site) of AAV-based vectors (AAV-NPGL or AAV-CTL), using a Neuros Syringe (7001 KH;
Hamilton, Reno, NV, USA), at the mediobasal hypothalamic region with the following
coordinates: 2.2 mm caudal to the bregma, 0.25 mm lateral to the midline, and 5.8 mm
ventral to the skull surface. Npgl overexpression was maintained for 70 days during a series
of experiments, as shown in Figure 1A, or for 40 days in mice fed with NC alone. Npgl
overexpression was confirmed by qRT-PCR at the experimental end point. Food intake
and body mass were measured every morning (9:00 a.m.). Body composition and blood
parameters were measured at the experimental end point of Npgl overexpression.
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4.4. OGTT and IPITT

The OGTT and IPITT were performed according to a previously reported method [47].
Briefly, mice were fasted for 16 h (overnight fasting) for the OGTT and 4 h (morning
fasting) for the IPITT at weekly intervals. Using the GLUCOCARD G+ (Arkray, Kyoto,
Japan), blood glucose levels were measured 0, 15, 30, and 60 min after oral glucose (1 g/kg
body weight) administration and intraperitoneal insulin (0.75 units/kg) injection. A 35-µL
blood sample was collected from the tail vein using a heparinized plastic hematocrit
tube (Drummond Scientific Company, Broomall, PA, USA), and plasma was separated by
centrifugation at 2500× g for 30 min. After centrifugation, the plasma was stored at −80 ◦C
for future insulin measurement. The Rebis Insulin-mouse U ELISA kit (Shibayagi, Gunma,
Japan) was used to measure insulin levels. The AUC for blood glucose was calculated
using the linear trapezoidal method for both the OGTT and IPITT.

4.5. Quantitative RT-PCR

The MBH was dissected using fine forceps and small scissors, according to the mouse
brain atlas [48], and snap frozen in liquid nitrogen for RNA processing. The regions
included the supraoptic nucleus, dorsomedial hypothalamus, ventromedial hypothalamus,
arcuate nucleus, lateral hypothalamic area, and mammillary nucleus. Total RNA was
extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) for the MBH and liver,
and QIAzol lysis reagent (QIAGEN, Venlo, Netherlands) for the iWAT in accordance with
the manufacturer’s instructions. First-strand cDNA was synthesized from total RNA using
a PrimeScript RT reagent Kit with gDNA Eraser (Takara Bio, Shiga, Japan).

The primer sequences used in this study are listed in Table 1. The qRT-PCR was
conducted following previously reported methods [25,26]. Relative quantification of each
gene was performed by the 2−∆∆Ct method using beta-actin (Actb) for the MBH and liver,
and ribosomal protein S18 (Rps18) for the iWAT as an internal control.

Table 1. Sequences of oligonucleotide primers for quantitative RT-PCR.

Gene Sense Primer (5′ to 3′) Antisense Primer (5′ to 3′)

Npgl GGAACCATGGCTTAGGAAGG TCTAAGGAGCTGAGAATATGCA
Npy TATCTCTGCTCGTGTGTTTG GATTGATGTAGTGTCGCAGA
Agrp TGTTCCCAGAGTTCCCAGGTC GCATTGAAGAAGCGGCAGTAGCAC
Pomc AGCTGCCTTTCCGCGACA ATCTATGGAGGTCTGAAGCA
Gal GAGCCTTGATCCTGCACTGA AGTGGCTGACAGGGTCACAA
Acc TCCGCACTGACTGTAACCACAT TGCTCCGCACAGATTCTTCA
Fas AGGGGTCGACCTGGTCCTCA GCCATGCCCAGAGGGTGGTT
Chrebpα CGACACTCACCCACCTCTTC TTGTTCAGCCGGATCTTGTC
Cpt1a CCTGGGCATGATTGCAAAG GGACGCCACTCACGATGTT
Atgl AACACCAGCATCCAGTTCAA GGTTCAGTAGGCCATTCCTC
Hsl GCTGGGCTGTCAAGCACTGT GTAACTGGGTAGGCTGCCAT
Gapdh AAGGTCATCCCAGAGCTGAA CTGCTTCACCACCTTCTTGA
Slc2a4 GTAACTTCATTGTCGGCATGG AGCTGAGATCTGGTCAAACG
Cd36 TCCTCTGACATTTGCAGGTCTATC AAAGGCATTGGCTGGAAGAA
Pgc1α GCAACATGCTCAAGCCAAAC TGCAGTTCCAGAGAGTTCCA
Ucp1 CAAAAACAGAAGGATTGCCGAAA TCTTGGACTGAGTCGTAGAGG
Dio2 CCACCTTCTTGACTTTGCCA GGTGAGCCTCATCAATGTATAC
G6pase ACTGTGGGCATCAATCTCCTC CGGGACAGACAGACGTTCAGC
Pepck GTGCTGGAGTGGATGTTCGG CTGGCTGATTCTCTGTTTCAGG
Slc2a2 GGCTAATTTCAGGACTGGTT TTTCTTTGCCCTGACTTCCT
Fgf21 CCTCTAGGTTTCTTTGCCAACAG AAGCTGCAGGCCTCAGGAT
Actb GGCACCACACCTTCTACAAT AGGTCTCAAACATGATCTGG
Rps18 CCTGAGAAGTTCCAGCACAT TTCTCCAGCCCTCTTGGTG

4.6. Blood Biochemical Analysis

Blood biochemicals were analyzed at the experimental end point following previously
reported methods [25,26]. Briefly, the GLUCOCARD G+ meter was used to measure glucose
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content (Arkray). NEFA C-Test Wako (Wako Pure Chemical Industries, Osaka, Japan) was
used to measure FFA levels. Triglyceride E-Test Wako (Wako Pure Chemical Industries)
was used to measure TG levels. The Rebis Insulin-mouse T ELISA kit (Shibayagi) was used
to measure insulin levels.

4.7. Statistical Analysis

Group differences between AAV-NPGL- and AAV-CTL-injected animals were assessed
using the unpaired two-tailed Student’s t-test and Mann–Whitney U test. p values < 0.05
were considered significant. Statistical comparisons between every two groups at each
time point were conducted with the unpaired two-tailed Student’s t-test in Figure 1B and
the results of OGTT and IPITT.
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