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A B S T R A C T   

Microglia are the macrophages of the central nervous system (CNS), implying their role in maintaining brain 
homeostasis. To achieve this, these cells are sensitive to a plethora of endogenous and exogenous signals, such as 
neuronal activity, cellular debris, hormones, and pathological patterns, among many others. More recent 
research suggests that microglia are highly responsive to nutrients and dietary variations. In this context, 
numerous studies have demonstrated their significant role in the development of obesity under calorie surfeit. 
Because many reviews already exist on this topic, we have chosen to present the state of our reflections on 
various concepts put forth in the literature, bringing a new perspective whenever possible. Our literature review 
focuses on studies conducted in the arcuate nucleus of the hypothalamus, a key structure in the control of food 
intake. Specifically, we present the recent data available on the modifications of microglial energy metabolism 
following the consumption of an obesogenic diet and their consequences on hypothalamic neuron activity. We 
also highlight the studies unraveling the mechanisms underlying obesity-related sexual dimorphism. The review 
concludes with a list of questions that remain to be addressed in the field to achieve a comprehensive under
standing of the role of microglia in the regulation of body energy metabolism. 

This article is part of the Special Issue on “Microglia”.   

1. Introduction 

Microglia play an essential role in maintaining brain homeostasis. 
They actively participate in shaping neuronal circuits during develop
ment, clearing debris and dead cells, in modulating neuronal activity, as 
well as in mounting an inflammatory response in pathophysiological 
situations. As such, they are highly versatile, capable of rapidly chang
ing phenotype and function to adapt to signals present in their imme
diate environment. Among the signals capable of modulating microglial 
function, nutrients appear to be very potent. This has been particularly 
demonstrated in the arcuate nucleus of the hypothalamus, a structure at 
the constant interface with the periphery that is crucial in the control of 
food intake and body energy metabolism. We discuss the available data 
in this context and provide alternative and/or complementary in
terpretations whenever relevant. 

2. Excess calories prompt microglial response in the arcuate 
nucleus of the hypothalamus 

The response of microglia to an excess of calories has been an area of 
extensive research, with various detailed reviews covering this topic 
(Alexaki, 2021; Kim et al., 2023; Mendes et al., 2018; Milanova et al., 
2021; Ramírez-Carreto et al., 2023; Salvi et al., 2022; Valdearcos et al., 
2019; X.-L. Wang and Li, 2021, among many others). Here, we will focus 
on summarizing the most crucial information following the temporal 
progression of events. The microglial response to caloric excess unfolds 
in three distinct waves within the arcuate nucleus (ARC). The initial 
response to a high-fat diet (HFD) is rapid, manifesting within hours 
through the secretion of interleukins (IL-1β, IL-6), tumor necrosis factor 
alpha (TNF-α), and chemokines (CCL5, CCL2) within 1–3 h post-HFD 
ingestion, returning to basal levels by 6 h (Cansell et al., 2021). Subse
quently, a second wave ensues, occurring within one to seven days of 
caloric surplus exposure, marked by a resurgence in inflammatory 
cytokine production. This second phase, although not entirely charac
terized and subject to differing study results, suggests that these cells 
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may begin proliferating as early as three days after exposure to the diet 
(Thaler et al., 2012; Valdearcos et al., 2014, not observed in Baufeld 
et al., 2016). This coincides with the production of cytokines such as 
IL-1β, IL-6 and TNF-α in the hypothalamus (Baufeld et al., 2016; Kim 
et al., 2019; Thaler et al., 2012). This second inflammatory wave sub
sides after about seven days and then resumes after a month and beyond. 
During this third phase, microglial density is significantly increased in 
the ARC (André et al., 2017; Baufeld et al., 2016; Thaler et al., 2012; 
Valdearcos et al., 2014; Yi et al., 2017), as does the production of in
flammatory cytokines in the hypothalamus (Baufeld et al., 2016; De 
Souza et al., 2005; Thaler et al., 2012; Valdearcos et al., 2014; Yi et al., 
2017). Some studies also indicate that these cytokines are specifically 
produced by microglia (Baufeld et al., 2016; Cansell et al., 2021; Kim 
et al., 2019; Valdearcos et al., 2014). Moreover, microglia exhibit a 
change in their phagocytic activity in response to HFD, which partly 
depends, at least in males, on the EP4 receptor for prostaglandins 
(Niraula et al., 2023). 

While there is no consensus, it is believed that microglia are acti
vated directly by nutrients, specifically palmitate and sugars present in 
the HFD (Gao et al., 2017; Valdearcos et al., 2014), rather than by body 
weight gain per se. The vagal pathway might also contribute to the early 
activation of microglia, as reduced inflammation in the hypothalamus is 
observed after one day of HFD in vagotomised animals (Waise et al., 
2015). Although some studies propose that this activation is not related 
to the humoral pathway (Baufeld et al., 2016), others suggest that 
hormonal changes could be a relevant factor in microglial response to 
calorie surfeit (Gao et al., 2014, 2018). 

The depletion of microglia using PLX, the transgenic deletion of the 
main microglial inflammatory pathway NFκB, or the prevention of 
microglial proliferation, while or before exposing animals to HFD, 
significantly mitigate weight gain (Valdearcos et al., 2014, 2017; André 
et al., 2017). All these experiments suggest that the early microglial 
inflammation plays a critical role in the development of obesity. 

Nevertheless, it is necessary to consider certain caveats. Firstly, the 
evaluation often focuses solely on pro-inflammatory cytokine transcripts 
in the whole hypothalamus, disregarding the actual proteins synthesized 
specifically by microglia as well as the levels of anti-inflammatory cy
tokines. Furthermore, data suggests a potential lack of correlation be
tween cytokine production and the metabolic status of the animals 
(Wang et al., 2012). Additionally, the term “inflammation” might be 
somewhat misleading, as the observed elevation in cytokine mRNA 
production is relatively modest, typically only two to five times higher 
than controls. This increase stands significantly lower when compared to 
the robust cytokine production seen in response to a potent inflamma
tory stimulus, such as exposure to the endotoxin lipopolysaccharide 
(Buchanan et al., 2010; Layé et al., 1994; Rey et al., 2009, among many 
others). Some authors have conversely suggested that producing cyto
kines, particularly TNF-α, is a physiological response of microglia, which 
allows modulating the activity of ARC neurons (Yi et al., 2017). Another 
indication of the physiological and adaptive nature of this response is 
that the early production of cytokines in response to HFD is modulated 
by the circadian rhythm (Yi et al., 2017). 

3. Role of microglial energy metabolism in obesity 

In the last two decades, the concept of immunometabolism has 
developed, i.e. understanding how the activation and functional prop
erties of immune cells are controlled by adapting intracellular metabolic 
pathways to their needs in energy and in metabolites (Domblides et al., 
2018; O’Neill et al., 2016; Pearce and Pearce, 2013). Metabolic 
reprogramming plays a central role in all immune cells activation, 
including microglia (Borst et al., 2019; Ghosh et al., 2018; Paolicelli and 
Angiari, 2019; Voloboueva et al., 2013). 

3.1. Microglia are remarkably versatile in their metabolic capabilities 

The brain predominantly allocates energy consumption to neurons 
due to the high energetic expense of synaptic transmission. Nonetheless, 
a substantial portion of oxygen utilization is linked to non-signaling 
processes such as actin and microtubule cytoskeleton turnover, or to 
lipid synthesis (Engl et al., 2017). Microglia, serving as the brain’s 
resident macrophages, are highly motile cells continuously surveying 
their surroundings (Nimmerjahn et al., 2005). They repeatedly 
restructure their cytoskeleton to extend and retract their processes, 
enabling them to undertake various functions in the brain microenvi
ronment, including phagocytosis, synaptic refinement, and the release 
of soluble factors (Paolicelli et al., 2022). Consequently, these features of 
microglia entail a significant energy demand. 

Historically, microglia were believed to primarily rely on either 
glycolysis or oxidative phosphorylation (OXPHOS) to meet their energy 
requirements and adjust their function in response to environmental 
conditions (Chénais et al., 2002; Ghosh et al., 2018; Gimeno-Bayón 
et al., 2014; Moss and Bates, 2001; Vilalta and Brown, 2014; Voloboueva 
et al., 2013; Wang et al., 2014). According to this binary classification, 
microglia in a homeostatic or “surveillant” state, or in the presence of 
anti-inflammatory stimuli, predominantly produce energy through 
mitochondrial OXPHOS (Holland et al., 2018). This mechanism gener
ates reactive oxygen species (ROS) as a by-product, which are typically 
counterbalanced by antioxidant systems like glutathione. However, 
under specific environmental cues demanding microglia to initiate 
inflammation—such as stress or endotoxin-induced stimulation—these 
cells shift towards aerobic glycolytic activity (Lynch, 2020). This phe
nomenon, known as the Warburg effect, was initially described in cancer 
cells (Warburg et al., 1927) and later identified in immune cells, 
including macrophages (Liu et al., 2021). Despite glycolysis being less 
efficient in ATP generation than mitochondrial respiration, its speed in 
glucose metabolism is 10–100 times faster than that of OXPHOS 
(Schuster et al., 2015), enabling it to rapidly fuel energy-demanding 
processes such as proliferation, migration, cytokine secretion and 
phagocytosis. This is paralleled by excessive mitochondrial fission, 
which is implicated in the disruption of the electron transport chain, 
hence of the OXPHOS pathway (Nair et al., 2019; Park et al., 2013). 
Metabolic reprogramming also facilitates the accumulation of precursor 
metabolites for neurotrophic or inflammatory molecules and the storage 
of substrates required to meet the demands of cellular activation and 
proliferation (Orihuela et al., 2016). While the mechanisms are still 
poorly described, it has been suggested that the increased glycolytic 
activity in microglia is associated with the upregulation of the glucose 
transporter GLUT1, facilitating glucose intake. Blocking this receptor 
allows microglia to revert to oxidative phosphorylation, thus reducing 
microglial activation (Wang et al., 2019). 

Recent discoveries confront this binary perspective of microglial 
immunometabolism, highlighting the extraordinary metabolic flexi
bility of microglial cells (Lauro and Limatola, 2020; Monsorno et al., 
2022; Nadjar, 2018). Indeed, recent evidence shows that microglia can 
switch their metabolic profile to exploit whatever metabolites or nu
trients available in their environment, both in physiological states and 
notably in diseased brains, when glucose accessibility could be reduced. 
In line with this, transcriptomic data from the mouse cortex demonstrate 
that microglia express all key enzymes involved in major metabolic 
pathways (Zhang et al., 2014). This metabolic plasticity was further 
elucidated in vitro by supplying different metabolic fuels - glucose, 
glutamine, lactate, pyruvate, and ketone bodies - to microglial cultures 
(primary cultures or BV2 cell line) and assessing basal respiration under 
starvation conditions. The results show that microglia can utilize these 
substrates individually, with a pronounced role for glutamine (Nagy 
et al., 2018). Moreover, in the absence of glucose, cultured microglia 
retain their ability to proliferate, perform phagocytosis and undergo 
inflammatory activation. Specifically, microglia deprived of glucose 
display reduced lipid accumulation in lipid droplets over a 48-h period, 
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indicating the utilization of scavenged lipids as an alternative energy 
source during metabolic stress (Churchward et al., 2018). Bernier and 
colleagues demonstrated in vivo and in situ that, while microglia pri
marily depend upon glycolysis, they can rapidly adapt, utilizing alter
native sources in conditions of glucose deprivation, primarily supporting 
mitochondrial respiration through glutaminolysis (Bernier et al., 2020). 

Lactate, long considered as a metabolic waste product, is now also 
recognized as a bioenergetic substrate internalized by the cells, 
including microglia (Brooks, 2009). It has been recently demonstrated 
that microglia efficiently import lactate, primarily via the transporter 
MCT4, promoting lysosomal acidification. Notably, microglia lacking 
MCT4 exhibit impaired synaptic pruning in the early postnatal hippo
campus, underlining the substantial impact of microglial lactate meta
bolism on the brain environment and its homeostasis during 
neurodevelopment (Monsorno et al., 2023). 

3.2. Microglial metabolic adaptations in obesity 

In obese animals exposed to HFD, microglia within the ARC of the 
brain experience a substantial surge of energy-rich nutrients, namely 
saturated fatty acids (palmitate) and glucose. This is likely to lead to a 
profound reconfiguration of the microglial metabolic pathways, result
ing in significant cellular dysfunction. Essentially, we hypothesize that 
these nutrients may “highjack” the microglial energy metabolic system, 
thereby modulating their function (cf 1.1) (Fig. 1). 

Aligned with this hypothesis, several studies have observed meta
bolic shifts in microglia provoked by a HFD, which support their func
tional adaptation to the dietary challenge. For instance, it has been 
demonstrated that the combination of high fat and high glucose in
stigates an upsurge in mitochondrial respiration and ATP production, a 
process reliant on the mitochondrial protein UCP2 (for ‘uncoupling 
protein 2’) (Kim et al., 2019). Eliminating microglial UCP2 mitigates 
HFD-induced inflammation in the ARC and microglia lacking Ucp2 are 
unable to utilize fatty acids, thus highlighting the importance of mito
chondrial metabolism and lipid metabolism in the microglial response to 

HFD (Kim et al., 2019). This is concordant with the observation of lipid 
droplet accumulation in microglia following long-term exposure (6–9 
months) to HFD (Zhuang et al., 2022). In a complementary study, Gao 
et al. elucidated the role of lipid metabolism in the microglial reaction to 
a surplus of calories. They showed that lipoprotein lipase (LPL) governs 
microglial phagocytic capability and sustains mitochondrial integrity in 
response to HFD. Moreover, when the lpl gene is knocked down specif
ically in microglia, the loss of proopiomelanocortin (POMC) neurons 
accelerates in response to HFD (Gao et al., 2017). This is confirmed by 
data showing that under HFD, microglia prioritize the use of fatty acids 
over glucose or glutamine (Milanova et al., 2019). These findings sug
gest that microglia may potentially safeguard neuronal function by 
facilitating the uptake of excessive lipids (Gao et al., 2017). It thus also 
supports a beneficial role for microglia in the response to an obesogenic 
diet. In line with this hypothesis, a recent paper shows that acute 
exposure to HFD (3 days) induces profound metabolic changes in 
microglia, including mitochondrial fission, inhibition of respiratory 
chain complex II and production of derivatives such as glutamate, suc
cinate, itaconate, and lactate from palmitate β-oxidation. Their data also 
indicate a beneficial role of these microglial processes on hippocampal 
function, with improved memory performance in animals (Drougard 
et al., 2023). Despite all this data, the understanding of HFD effect on 
microglial lipid metabolism remains sparse. Considering the role of lipid 
receptors such as CD36, Trem2, or ApoE in controlling microglial 
functions in various pathophysiological contexts, it would be relevant to 
also test their role in obesity (Folick et al., 2021). 

In the context of obesity, lessons could also be learnt from macro
phages. Feng and colleagues showed that lactate produced by adipocytes 
during the onset of obesity acts as a paracrine signal, enhancing the 
polarization of adipose tissue macrophages into an inflammatory state, 
by binding the catalytic domain of PHD2 (for ‘prolyl hydroxylase 
domain’) and, thus, stabilizing HIF-1α (Feng et al., 2022). Since 
microglia are able to import lactate (Monsorno et al., 2023), this evi
dence leads to the hypothesis that lactate could play a role also in 
microglial activation during early stages of obesity. Moreover, in the 

Fig. 1. Obesogenic nutrients hijack the energy metabolism of microglial cells, resulting in a shift in their functional activity. Under homeostatic conditions, 
microglia function as opportunistic cells, utilizing available nutrients in their environment to generate ATP and neurotrophic metabolites. However, when exposed to 
a high-fat diet (HFD), obesogenic nutrients have the potential to alter their metabolic activity, resulting in a shift in functionality and subsequent neuronal 
dysfunction. The mTOR pathway could potentially coordinate the bioenergetic reaction of microglia to a high-fat diet (HFD). OXPHOS: Oxidative Phosphorylation, 
SFAs: Saturated Fats, TCA cycle: Tricarboxylic Acid cycle, LDs: Lipid Droplets, LPL: Lipoprotein Lipase, DRP1: Dynamin-related protein 1, UCP2: Uncoupling Protein 
2, mTOR: Mammalian Target of Rapamycin, ATP: adenosine 5′-triphosphate. 
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obese epididymal white adipose tissue (eWAT), adipocytes die and 
release lipids, that trigger the recruitment of eWAT-macrophages (MFs). 
eWAT-MFs proliferate around dying adipocytes, adopt a 
pro-inflammatory phenotype to clear those excess extracellular lipids 
(Wculek et al., 2022), indicating a notable metabolic reprogramming in 
these cells in a lipid-enriched environment. Finally, the maintenance of 
these pro-inflammatory macrophages in obesity strictly depends on 
mitochondrial respiration and not glycolysis, since an impaired 
OXPHOS is responsible for a decreased presence of pro-inflammatory 
eWAT-MFs (Wculek et al., 2023). 

On the whole, the sparse data in the context of obesity indicates 
significant metabolic alterations in the microglial response to an excess 
of saturated lipids, which sustains their functional shift. Additional 
research is necessary to gain a more comprehensive understanding of 
the various pathways at play and their interconnections, with the ulti
mate goal to manipulate these pathways effectively to regulate cellular 
activity. 

4. Role of the mTOR pathway in the control of microglial 
function 

The mammalian target of rapamycin (mTOR) pathway is highly 
likely to play a role in the microglial metabolic reprogramming. Indeed, 
it is the principal growth regulator that senses the nutritional cues and, 
in turn, controls cell metabolism (Baik et al., 2019a; Hu et al., 2020; 
Mossmann et al., 2018; Saxton and Sabatini, 2017; Sengupta et al., 2010, 
2010; Sengupta et al., 2010, 2010; Yang et al., 2021). mTORC1 (for 
‘complex 1’) activation shifts microglial metabolism towards glycolysis 
upon LPS treatment, increasing the production of ROS and of 
pro-inflammatory cytokine transcripts (Baik et al., 2019; Hu et al., 2020; 
Yang et al., 2021). Saturated fatty acids-induced inflammation, medi
ated via the Toll-like receptor 4 (TLR-4), is completely blocked upon 
mTOR inhibition (Lancaster et al., 2018). mTORC1 pathway has been 
shown to impair the autophagic flux resulting in high cytokine levels 
during brain ischemia (He et al., 2020). The amelioration of 
LPS-induced neuroinflammation by the mTORC1 inhibitor rapamycin 
further supports the notion that mTORC1-mediated inhibition of auto
phagy elevates cytokine levels (Ye et al., 2020). mTORC1 inhibition 
reduces the levels of CD68 which is highly expressed in inflammatory 
microglia and, in turn, limits the loss of retinal ganglion cells following 
optic nerve injury (Mou et al., 2021, p. 1). In vitro evidence further 
confirms that mTORC1 is involved in microglial inflammatory response, 
since its inhibition hampers the production of nitric oxide (NO) upon 
LPS-stimulation (Dello Russo et al., 2009). 

However, mTOR appears to play a regulatory role in key microglial 
functions across various pathological conditions. Suppressing microglial 
mTORC1 has been shown to decrease microglial viability in primary 
cultures (Lisi et al., 2015) and microglial mTORC1 deficiency in vivo has 
been linked to increased neuronal loss in a mouse model of epilepsy 
(Zhao et al., 2020). Microglial mTORC1 activation in tumor microen
vironments creates an immunosuppressive environment favoring tumor 
growth (Lisi et al., 2023). Specifically, it reduces iNOS expression and 
the production of pro-inflammatory cytokines by downregulating the 
NF-κВ pathway, while it upregulates the anti-inflammatory cytokine 
IL-10 by upregulating the STAT-3 pathway, which favours tumour 
growth (Dumas et al., 2020; Lisi et al., 2014, 2019). Additionally, 
mTORC1 activation has been linked to increased phagocytic activity 
(Zhao et al., 2018), by upregulating Trem2 and lysosomal biogenesis. 
This ultimately leads to better clearance of amyloid plaques in Alz
heimer’s disease models (Shi et al., 2022, p. 202). The first step of the 
mTORC1 signaling pathway that mediates microglial response is the 
upregulation of glycolysis and it is necessary for the induction of 
phagocytic activity and, in turn, the reduction of amyloid plaques (Baik 
et al., 2019b). 

All these data demonstrate the central role of the mTORC1 pathway 
in the regulation of microglia energy metabolism and associated 

functions. However, the intricacies of the system warrant further 
investigation. Indeed, it has been observed that genetic inhibition of the 
mTORC1 pathway in aged mice, despite elevating transcript levels of 
pro-inflammatory cytokines via the NFκВ pathway following LPS 
treatment, concurrently results in decreased protein levels (Keane et al., 
2021). Furthermore, the mTORC1 pathway occupies a strategic position 
between the amount of energy available in the local environment and 
the modulation of microglial inflammatory and phagocytic function. 
Therefore, it would be interesting to investigate its role in the microglial 
response to a calorie-rich diet, when the available energy is high (Fig. 1). 

5. Microglia-neuron interactions in the context of obesity 

Within the ARC, there are two functionally opposite neuronal pop
ulations: the orexigenic agouti-related peptide (AgRP) and neuropeptide 
Y (NPY) neurons, and on the other hand the anorexigenic POMC and 
cocaine- and amphetamine-regulated transcript (CART) neurons. HFD 
consumption induces profound and time-dependent neuronal remodel
ing in the arcuate nucleus of the hypothalamus, including significant 
changes in the activity of all ARC neurons, and, in their intra-ARC and 
extra-ARC connectivity, as well as in their sensitivity to peripheral cues 
(hormones, nutrients) (for review, see e.g. Jais and Brüning, 2022; 
Quarta et al., 2021). This imbalance in metabolic neuronal networks 
leads to the generation of disproportionate hunger and food intake 
signals. Since microglia triggers an inflammatory response in the ARC 
following consumption of a HFD (see above), one could hypothesize that 
neurons and microglia engage in a detrimental crosstalk, ultimately 
leading to compromised neuronal function and ensuing metabolic dys
regulation. Nonetheless, we lack knowledge about the molecules and 
pathways involved in the cross-talk between microglia and neurons in 
the ARC under HFD. Moreover, whether this communication prevents or 
promotes diet-induce obesity is mostly unknown. 

Upon HFD, microglia release pro-inflammatory molecules such as 
chemokines and cytokines (Valdearcos et al., 2017). The chemokine 
CX3CL1, also referred to as fractalkine, is released by neurons and 
maintains microglial homeostatic activity via the receptor CX3CR1, 
located on microglial surface (Arnoux and Audinat, 2015). Following 
HFD, the CX3CL1-CX3CR1 signaling decreases in vulnerable male mice, 
whereas resilient females (not gaining weight on HFD) maintain high 
CX3CL1-CX3CR1 tone. Knock-down of CX3CR1 in females induces a 
male-like phenotype (increase in body weight), whereas it has no effect 
on the metabolism of males (Dorfman et al., 2017). However, one study 
using siRNA found the opposite, showing that inhibiting hypothalamic 
CX3CL1 protects against diet-induced hypothalamic inflammation and 
the development of diet-induced obesity (Morari et al., 2014). These 
findings imply the essential role of fractalkine-mediated micro
glia-neuron interactions in obesity development, although further ex
periments are necessary to elucidate the precise processes involved. 

Banerjee and colleagues have subsequently proposed a potential 
mechanism elucidating how fractalkine signalling protects against body 
weight gain. Specifically, they showed that CX3CL1 treatment of HFD- 
fed mice restores POMC neuronal excitability and increased pomc 
expression, leading to reduced body weight and food intake, thus indi
cating fractalkine as a link between microglial activation and neuronal 
dysfunction (Banerjee et al., 2022). The prostaglandin PGE2 is a lipid 
mediator which acts as a key inflammatory factor (Smyth et al., 2009). 
This latter can affect microglial inflammatory activity through the re
ceptor EP4, highly expressed in microglia (Shi et al., 2010). Remarkably, 
PGE2 expression reaches elevated levels in the ARC of HFD-fed mice 
(Lee et al., 2021). A recent study showed that mice with EP4-deficient 
microglia exhibit a defective microglial phagocytic activity, associated 
with lower number of microglia-neuron cell-cell contacts and a higher 
density of POMC neuron fibres in the paraventricular nucleus of the 
hypothalamus (Niraula et al., 2023). 

As specialized phagocytes, microglia are responsible for the elimi
nation of excess synapses, a process called synaptic pruning, which is 
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critical during neurodevelopment (Paolicelli et al., 2011). However, 
ample evidence across various pathological contexts suggests that any 
dysregulation of these mechanisms (reduction or exacerbation of prun
ing) contributes to disease exacerbation (Henstridge et al., 2019). But 
what about obesity? HFD-induced obesity is associated with the 
long-term synaptic reorganization of hypothalamic POMC and AgRP 
neurons, which present fewer total synapses on their perikarya (Horvath 
et al., 2010). Moreover, already after 3 days of HFD, there is a significant 
increase in the excitatory inputs on POMC neurons, consistent with the 
progressive decrease in energy intake observed after HFD introduction 
(Benani et al., 2012). Since microglia are proliferating and producing 
inflammatory factors at 3 days post-HFD, they may be directly impli
cated in the rapid refinement of neuronal circuits, albeit no direct causal 
evidence supporting this model is yet available. Interestingly, microglia 
isolated from mice fed with a HFD show a higher internalization of 
synaptosomes compared to controls in vitro (Hao et al., 2016). Obesity is 
also associated with cognitive deficits in the prefrontal cortex (Bocarsly 
et al., 2015) and in the hippocampus (Hao et al., 2016; Valladolid-A
cebes et al., 2013), that goes along with synapse loss, suggesting a po
tential role for microglial synaptic pruning under HFD. Additional 
studies showed that the inhibition of the phagocytic activity of micro
glia, and thus of the potential premature engulfment of functional syn
aptic material, is sufficient to prevent obesity-associated cognitive 
decline (Cope et al., 2018). Interestingly, they also demonstrated that 
the partial knock-down of the microglial fractalkine receptor is capable 
of disrupting obesity-associated cognitive deficits and of dampening 
microglial activation in the hippocampus, indicating again a key role for 
this microglia-neuron signalling in the context of diet-induced obesity 
(Cope et al., 2018). 

In a model of obesity and type 2 diabetes characterized by impaired 
hypothalamic neuronal synaptic plasticity (Horvath et al., 2010; Mizuno 
et al., 1998), hypothalamic microglial cells show reduced expression of 
the phagocytic marker CD68 (Gao et al., 2014). Similarly, transgenic 
mice with a specific leptin receptor deficiency in myeloid cells 
(including microglia) display an obesity-like phenotype, a reduced 
number of hypothalamic ARC POMC-expressing neurons and signs of 
impaired microglial phagocytic capacity in the hypothalamus (Gao 
et al., 2018). It has to be remarked that microglial cells not only prune 
synapses, but they also promote synapse formation (Miyamoto et al., 
2016). However, no studies have investigated whether changes in 
microglial-mediated synaptogenesis occur during diet-induced meta
bolic stress, which represents an interesting angle for future in
vestigations. It is also worth noting that microglia continuously engulf 
and rapidly degrade apoptotic neurons and synaptic material (Peri and 
Nüsslein-Volhard, 2008). The HFD-triggered loss of synapses is likely to 
take place gradually over several days or even weeks. Moreover, the 
time window between the phagocytosis of synapses and their degrada
tion is short, potentially impeding the detection of synaptic material 
inside microglia, even though there is eventually an effective reduction 
in spine numbers. It is also plausible that under conditions of obesity, the 
degradation rate of synaptic proteins by microglia could be accelerated, 
or conversely defective, leading to a, respectively, reduced or increased 
accumulation of synapses in microglial lysosomes. More experiments are 
needed to understand whether and how a high-calorie diet exacerbates 
microglia-mediated synaptic pruning, leading to the disruption of the 
AgRP/NPY and POMC neurons activity, and thus contributing to the 
development of obesity. 

6. Do microglia play a role in the sexual dimorphism observed in 
obesity? 

Females and males show differential susceptibility to body weight 
gain under HFD, and many obesity-related comorbidities, such as type 2 
diabetes, show sex-specific pathways (Casimiro et al., 2021; Cooper 
et al., 2021; Dorfman et al., 2017; Hong et al., 2009; Oraha et al., 2022; 
Pettersson et al., 2012). However, most of the aforementioned studies 

have investigated the role of microglia in diet-induced obesity, focusing 
almost exclusively on male mice (Gao et al., 2014; Thaler et al., 2012; 
Valdearcos et al., 2014). When exposed to HFD, both male and female 
mice reduce their caloric intake, but this phenomenon is less pro
nounced in females, resulting in higher energy expenditure in females 
than in males (Casimiro et al., 2021; Oraha et al., 2022). This correlates 
with a faster and greater decline in respiratory quotient in females, 
suggesting a greater ability to use fatty acids as a primary fuel source. In 
addition, females experience a less pronounced decline in physical ac
tivity than males, and they sleep less than males. As a result, females 
accumulate less body fat than males and are protected from excessive 
weight gain induced by calorie overload (Casimiro et al., 2021; Oraha 
et al., 2022). 

Exposure of females to HFD does not induce microglial morpholog
ical changes, microglial expansion and macrophage infiltration in the 
ARC and does not alter levels of pro-inflammatory cytokines in the 
whole hypothalamus (Dorfman et al., 2017; Lainez et al., 2018). 
Conversely, female mice express high levels of the anti-inflammatory 
cytokine IL-10, which likely serves as a defense against diet-induced 
inflammation (Lainez et al., 2018). This sexually dimorphic phenotype 
appears to rely on two distinct mechanisms: an estrogen-mediated 
process (Hong et al., 2009; Morselli et al., 2016; Xu et al., 2011) and 
the CX3CR1-CX3CL1 signaling cascade (Dorfman et al., 2017). HFD 
induces the CX3CR1-CX3CL1 signaling and in turn attenuates microglial 
inflammation in females (Dorfman et al., 2017). Accordingly, 
CX3CR1-CX3CL1 deficiency in males after HFD exacerbates inflamma
tion, body weight gain, and glucose and insulin intolerance (Dorfman 
et al., 2017; Kawamura et al., 2022; Nagashimada et al., 2021). Inter
estingly, the protective role of estrogens appears to be facilitated by a 
different mechanism, as ovariectomized female mice are susceptible to 
weight gain (Hong et al., 2009; Lainez et al., 2018), but without stim
ulation of CX3CR1-CX3CL1 signalling (Dorfman et al., 2017; Lainez 
et al., 2018). 

The need for females to manage weight fluctuations during preg
nancy and lactation may rationalize their metabolic flexibility based on 
resource availability (Tinius et al., 2020). Another notable aspect that 
may contribute to the sex-specific phenotype in diet-induced obesity is 
the sex-specific phenotype of microglia themselves, including their 
metabolic characteristics (Bobotis et al., 2023; Guillot-Sestier et al., 
2021; Lynch, 2022; Maes et al., 2023; Villa et al., 2018). Finally, 
microglia show differential expression of a significant number of genes 
independent of sex steroids, and this pattern persists even after trans
plantation into the opposite sex (Villa et al., 2018). 

7. Is the microglial reaction to excess calories truly not adapted? 

Let’s reflect now on the role of the early response of microglia to 
calorie excess. These cells, as resident macrophages, function to main
tain brain homeostasis. In this context, their immediate response to any 
changes in the environment aims to preserve neuron integrity and thus 
ensure organism’s survival (Paolicelli et al., 2022). In response to HFD, 
the proliferation and inflammatory activation of microglia are impli
cated in exacerbated weight gain and could therefore be defined as 
detrimental and maladaptive for the organism. 

To comprehend this apparent contradiction, evolutionary constraints 
shaping the development of energy balance-regulating mechanisms 
must be considered. The regulation of energy balance is overseen by two 
conventionally termed systems: the homeostatic and non-homeostatic 
systems (Berthoud, 2003; De Castro and Plunkett, 2002). While the 
homeostatic system reacts to a decline in the organism’s internal energy 
status by stimulating hunger and food consumption, conversely, the 
non-homeostatic system is engaged simply by the presence of food in the 
environment (Berthoud, 2003, 2011; De Castro and Plunkett, 2002). 
Thus, individuals may eat even when satiated if presented with new 
and/or attractive foods. 

The adaptive value of this system is challenging to grasp in the 
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current environmental conditions of developed Western countries, 
where food availability is virtually unlimited. However, humans have 
been hunters and gatherers for approximately four million years (Harari, 
2015). In conditions where food presence was inconsistent and could not 
be stored, having a system capable of addressing immediate needs and 
increasing energy storage to endure forthcoming periods of scarcity was 
vital for survival. Individuals who better controlled motivational forces 
gained a clear advantage in species preservation (for review, Piazza 
et al., 2017). In this context, the early effects of microglia on calorie 
intake when high-calorie food is available may be viewed as a perfectly 
physiological and adaptive response, which allows the animals to ingest 
higher amount of food and save energy for periods of starvation to come. 
This hypothesis aligns with recent findings from the Thaler’s group 
(Douglass et al., 2023), indicating that the suppression of the 
HFD-triggered microglial inflammatory response not only diminishes 
weight gain but also exacerbates glucose intolerance in mice. Hence, the 
microglial response to HFD positively influences the regulation of 
glucose metabolism in mice while concurrently contributing to weight 
gain. In accordance with our hypothesis, the concurrent effects of 
increased body weight and restriction of glucose intolerance bolster the 
proposition that the microglial response might have a beneficial role in 
situations marked by limited environmental caloric intake. 

Changing the conceptual framework into which we study the role of 
microglia in obesity, especially in the early phase of exposure to HFD, 
could thus provide a different approach to apprehend and understand 
the response of these cells. 

8. Unresolved questions 

There are still many questions to be answered in this field before we 
have a clear idea of the role of microglia in the development of obesity. 
Here is a non-exhaustive list:  

1. What is the exact nature and timing of microglia-neuron interactions 
in response to calorie surfeit? The production of inflammatory cy
tokines by microglia has been the focus of most studies. However, it 
is very likely that other mechanisms, such as the refinement of syn
apses or the control of neuronal excitability, could also be at play in 
this context. Furthermore, all these mechanisms are likely to be time- 
dependent. Therefore, further comparative studies will be necessary 
for an understanding of the early and late microglial response to 
calorie excess.  

2. Role of lipid mediators in the microglial response to HFD? Most if not 
all studies focus on the production of inflammatory proteins (cyto
kines) by microglia, in response to HFD. However, it is highly likely 
that due to the lipid surfeit, microglia predominantly produce in
flammatory mediators derived from lipids, such as prostaglandins. 
This lipid landscape of the microglial inflammatory response has 
never been comprehensively studied. Lipidomics experiments would 
be necessary to assess these mechanisms.  

3. What triggers the microglial response to HFD? Some studies suggest 
that saturated fat and glucose may have a direct effect on microglial 
inflammatory activity in ARC. Others have shown that microglia 
respond to hormones such as leptin or insulin. Further studies are 
therefore needed to understand the different signals that trigger 
microglial reactivity and to look at other potentially relevant path
ways, such as the vagus nerve.  

4. Interactions with other glial cells. Astrocytes and tanycytes are also 
active players in the brain’s response to HFD, but almost no study is 
available on how all the glial cells combine their efforts to modulate 
neuronal activity in this context, if they do.  

5. Role of macrophages vs microglia? Although there is no clear 
consensus on their origin (local progenitors or periphery), macro
phages infiltrate the ARC in response to HFD and are likely to play a 
role in modulating the activity of local neurons. It would therefore be 
very interesting to develop approaches to distinguish between the 

role of macrophages and microglia in response to HFD, and to assess 
the relative importance of these two cell types in the development of 
obesity. Are their actions complementary or opposite remains an 
open question.  

6. Understanding the role of microglial in the obesity-related sexual 
dimorphism. Few studies have addressed the question of sexual 
dimorphism in the response of ARC to HFD. This is all the more 
important as men and women are not equal in terms of obesity and 
related metabolic complications. Whether microglia, which are 
sexually dimorphic cells, play a role in this remains to be 
investigated. 
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Eichmann, T.O., Vaz, F.M., Houtkooper, R.H., Van Der Wel, N., Verhoeven, A.J., 
Yan, J., Kalsbeek, A., Eckel, R.H., Hofmann, S.M., Yi, C.-X., 2017. Lipoprotein lipase 
maintains microglial innate immunity in obesity. Cell Rep. 20, 3034–3042. https:// 
doi.org/10.1016/j.celrep.2017.09.008. 

Gao, Y., Vidal-Itriago, A., Milanova, I., Korpel, N.L., Kalsbeek, M.J., Tom, R.Z., 
Kalsbeek, A., Hofmann, S.M., Yi, C.-X., 2018. Deficiency of leptin receptor in 
myeloid cells disrupts hypothalamic metabolic circuits and causes body weight 
increase. Mol. Metabol. 7, 155–160. https://doi.org/10.1016/j. 
molmet.2017.11.003. 

Ghosh, S., Castillo, E., Frias, E.S., Swanson, R.A., 2018. Bioenergetic regulation of 
microglia. Glia 66, 1200–1212. https://doi.org/10.1002/glia.23271. 
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2012. Obesity is associated with hypothalamic injury in rodents and humans. J. Clin. 
Invest. 122, 153–162. https://doi.org/10.1172/JCI59660. 

Tinius, R.A., Blankenship, M.M., Furgal, K.E., Cade, W.T., Pearson, K.J., Rowland, N.S., 
Pearson, R.C., Hoover, D.L., Maples, J.M., 2020. Metabolic flexibility is impaired in 
women who are pregnant and overweight/obese and related to insulin resistance 
and inflammation. Metabolism 104, 154142. https://doi.org/10.1016/j. 
metabol.2020.154142. 

Valdearcos, M., Robblee, M.M., Benjamin, D.I., Nomura, D.K., Xu, A.W., Koliwad, S.K., 
2014. Microglia dictate the impact of saturated fat consumption on hypothalamic 
inflammation and neuronal function. Cell Rep. 9, 2124–2138. https://doi.org/ 
10.1016/j.celrep.2014.11.018. 

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., Koliwad, S.K., 2017. Microglial 
inflammatory signaling orchestrates the hypothalamic immune response to dietary 
excess and mediates obesity susceptibility. Cell Metabol. 26, 185–197.e3. https:// 
doi.org/10.1016/j.cmet.2017.05.015. 

Valdearcos, M., Myers, M.G., Koliwad, S.K., 2019. Hypothalamic microglia as potential 
regulators of metabolic physiology. Nat. Metab. 1, 314–320. https://doi.org/ 
10.1038/s42255-019-0040-0. 

Valladolid-Acebes, I., Fole, A., Martín, M., Morales, L., Victoria Cano, M., Ruiz-Gayo, M., 
Olmo, N.D., 2013. Spatial memory impairment and changes in hippocampal 
morphology are triggered by high-fat diets in adolescent mice. Is there a role of 
leptin? Neurobiol. Learn. Mem. 106, 18–25. https://doi.org/10.1016/j. 
nlm.2013.06.012. 

Vilalta, A., Brown, G.C., 2014. Deoxyglucose prevents neurodegeneration in culture by 
eliminating microglia. J. Neuroinflammation 11, 58. https://doi.org/10.1186/1742- 
2094-11-58. 

Villa, A., Gelosa, P., Castiglioni, L., Cimino, M., Rizzi, N., Pepe, G., Lolli, F., Marcello, E., 
Sironi, L., Vegeto, E., Maggi, A., 2018. Sex-specific features of microglia from adult 
mice. Cell Rep. 23, 3501–3511. https://doi.org/10.1016/j.celrep.2018.05.048. 

Voloboueva, L.A., Emery, J.F., Sun, X., Giffard, R.G., 2013. Inflammatory response of 
microglial BV-2 cells includes a glycolytic shift and is modulated by mitochondrial 
glucose-regulated protein 75/mortalin. FEBS Lett. 587, 756–762. https://doi.org/ 
10.1016/j.febslet.2013.01.067. 

Waise, T.M.Z., Toshinai, K., Naznin, F., NamKoong, C., Md Moin, A.S., Sakoda, H., 
Nakazato, M., 2015. One-day high-fat diet induces inflammation in the nodose 
ganglion and hypothalamus of mice. Biochem. Biophys. Res. Commun. 464, 
1157–1162. https://doi.org/10.1016/j.bbrc.2015.07.097. 

Wang, X.-L., Li, L., 2021. Microglia regulate neuronal circuits in homeostatic and high-fat 
diet-induced inflammatory conditions. Front. Cell. Neurosci. 15, 722028 https://doi. 
org/10.3389/fncel.2021.722028. 

Wang, X., Ge, A., Cheng, M., Guo, F., Zhao, M., Zhou, X., Liu, L., Yang, N., 2012. 
Increased hypothalamic inflammation associated with the susceptibility to obesity in 
rats exposed to high-fat diet. Exp. Diabetes Res. 1–8. https://doi.org/10.1155/2012/ 
847246, 2012.  

Wang, B., Liu, T., Lai, C.-H., Rao, Y., Choi, M.-C., Chi, J.-T., Dai, J., Rathmell, J.C., 
Yao, T.-P., 2014. Glycolysis-dependent histone deacetylase 4 degradation regulates 
inflammatory cytokine production. Mol. Biol. Cell 25, 3300–3307. https://doi.org/ 
10.1091/mbc.e13-12-0757. 

Wang, L., Pavlou, S., Du, X., Bhuckory, M., Xu, H., Chen, M., 2019. Glucose transporter 1 
critically controls microglial activation through facilitating glycolysis. Mol. 
Neurodegener. 14, 2. https://doi.org/10.1186/s13024-019-0305-9. 

Warburg, O., Wind, F., Negelein, E., 1927. The metabolism of tumors in the body. J. Gen. 
Physiol. 8, 519–530. https://doi.org/10.1085/jgp.8.6.519. 

Wculek, S.K., Dunphy, G., Heras-Murillo, I., Mastrangelo, A., Sancho, D., 2022. 
Metabolism of tissue macrophages in homeostasis and pathology. Cell. Mol. 
Immunol. 19, 384–408. https://doi.org/10.1038/s41423-021-00791-9. 

Wculek, S.K., Heras-Murillo, I., Mastrangelo, A., Mañanes, D., Galán, M., Miguel, V., 
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